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Abstract






Chronic lymphocytic leukemia (CLL) is the most common form of adult leukemia
in Western countries. Although the disease might follow an indolent course, it rapidly
progresses in a fraction of cases, become resistant to treatment, and eventually
transform to a more aggressive B-cell lymphoma, known as Richter syndrome. The
mechanisms underlying these distinct clinical courses are not fully understood. In this
Thesis, we aimed to elucidate the genomic determinants of CLL progression, to provide
tools to characterize these tumors from next-generation sequencing data, and to extract

key biological findings that could improve the management of the patients.

In the first chapter (Studies 1 and 2), we characterized a noncoding mutation
effecting the small nuclear RNA U1, a component of the spliceosome involved in the 5’
splice site recognition via base paring. Mutations in this gene altered the splicing and
expression of multiple genes, were found in CLL tumors lacking clinically relevant
genomic alterations, and were independently associated with patients’ outcome. In the
next chapter (Studies 3, 4, and 5), we aimed to deeper into the subclonal architecture
of CLL. We identified mutations present in small subpopulations associated with disease
progression, recognized common evolutionary trajectories, and showed that the
integration of the whole tumor architecture into prognostic models could improve the
stratification of the patients. In the third chapter (Study 6), we analyzed the whole
genome of CLL patients undergoing Richter syndrome and observed that this
transformation was accompanied by an increased mutational and genomic complexity.
We identified a unifying mutational process that could orchestrate this genomic chaos.
In the fourth chapter (Studies 7 and 8), we developed a bioinformatic algorithm aimed
to reconstruct the immunoglobulin gene rearrangements in lymphoid neoplasms from
whole-genome sequencing, which might facilitate the use of this methodology in the
future clinical practice. By applying this algorithm, we studied a recurrent mutation in
the IGLV3-21 gene associated with an aggressive disease with a strong influence on the
current and future risk stratification of CLL patients. Altogether, this Thesis has
contributed to understand the genomic determinants of CLL progression through the

analysis of its dynamic and heterogeneous genetic makeup.
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Introduction






This Introduction was written in parallel to the Reviews:

- Nadeu, F., Diaz-Navarro, A., Delgado, J., Puente, X. S., Campo, E. Genomic and
epigenomic alterations in chronic lymphocytic leukemia. Annual Review of
Pathology: Mechanisms of Disease, 2020, 15:149-177.

- Delgado, J., Nadeu, F., Colomer, D., Campo, E. Chronic lymphocytic leukemia: from
molecular pathogenesis to novel therapeutic strategies. Haematologica, 2020, in

press.

Some sections of this Introduction overlap in the content.
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Chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL) is a lymphoid neoplasm characterized by the
proliferation and accumulation of mature, CD5"small B cells in the bone marrow, blood,
lymphoid tissues, and/or extranodal sites, resulting in lymphocytosis, leukemia cell
infiltration of the marrow, lymphadenopathy and splenomegaly.! With >20,000 newly
diagnosed patients per year and >3,900 estimated deaths in the United States in 2019,
CLL is considered the most common form of adult leukemia in Western countries
(statistics from the US National Cancer Institute Surveillance, Epidemiology, and End
Results Program, NIH SEER). Intriguingly, CLL is very rare in high-income, Eastern
countries such as Japan. The risk of developing CLL is about two-times higher for men
than for women (6.8 per 100,000 men and 3.5 per 100,000 women), and increases with
age (median age at diagnosis ranges from 70 to 72 years) (NIH SEER). Of note, first-
degree relatives of CLL patients have a 2.4- to 8.5-fold increased risk of developing the
disease, and up to 9% of patients have a family member who has CLL.2? These patients
also have an increased risk of developing other lymphoid neoplasms.?* Recent studies
have elucidated that CLL susceptibility loci mapping onto an active promoter or
enhancer in CLL cells modifies the binding site of different transcription factors (TFs),
with disruption of sites for SPI1 and NF-kB, and increasing the binding affinity for
members of the FOX, NFAT, and TCF/LEF families, leading to the modulation of genes
involved in critical biological pathways including immune response, cell survival and Wnt
signaling (Figure 1).>® Besides, germ line variants in genes such as DAPKI and POT1 have
been shown to segregate with familial CLL,>° and a significant increase in rare variants

in ATM have been identified in the germ line of patients with sporadic CLL.*!

Although the global five years percent surviving is 85% (NIH SEER), the biological
and clinical evolution of CLLis very heterogeneous. The earliest clinically recognized step
is monoclonal B cell lymphocytosis (MBL), a clonal expansion of mature B cells with the

CLL phenotype. Some patients with MBL will progress to an overt leukemia that is
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distinguished from MBL only by the threshold of atypical cells in the peripheral blood
(5x10° per liter). The disease may have a stable or indolent course, but in some patients,
it progresses and becomes aggressive, with frequent relapses after treatment, and in
approximately 5-10% of cases, it transforms into a high-grade lymphoma, usually diffuse

large B-cell lymphoma (DLBCL), known as Richter syndrome.?

Susceptibility loci

Y Y 1

Noncoding region Coding region
Active
lf promoter/enhancer Nl
SPI1 FOX
NF-kB NFAT
TCF/LEF

\_/

7T

Immune Cell Wnt
response survival signaling
(SP140, IRF8) (BCL2, BMF, (UBR5, LEFT)
CASP8, BCL2L11)

Figure 1. Genetic susceptibility mechanisms

Most susceptibility loci map to noncoding regions of the genome, are mainly located in active
promoters or enhancers, and modify the binding sites of a number of transcription factors.
As a consequence, the binding site for SPI1 and NF-kB are disrupted, whereas there is an
increased affinity for members of the FOX, NFAT and TCF/LEF families. This, in turn, alters the
expression of genes involved in the immune response (SP140, IRF8), cell survival (BCL2, BMF,
CASP8, BCL2L11) or Wnt signaling (UBR5, LEF1). Figure published in Delgado, J., et al.,
Haematologica 2020.
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Aiming to anticipate the heterogeneous clinical courses of CLL, the Rai and Binet
staging systems were built using purely clinical parameters to stratify patients with
distinct clinical needs.>* The Rai staging system was based on the concept of CLL as a
disease of progressive accumulation of nonfunctioning lymphocytes: stage 0, bone
marrow and blood lymphocytosis only; stage |, lymphocytosis with enlarged nodes; stage
I, lymphocytosis with enlarged spleen or liver or both; stage Ill, lymphocytosis with
anemia; and stage IV: lymphocytosis with thrombocytopenia.l? Similarly, the Binet
staging system classifies patients in three groups: group A: no anemia, no
thrombocytopenia, less than three involved areas; group B: no anemia, no
thrombocytopenia, three or more involved areas; and group C: anemia and/or
thrombocytopenia.® The significant correlation of both staging systems with the overall
survival (OS) of patients, which has been extensively confirmed in independent cohorts,
placed these staging systems in the clinical routine to guide the stratification and

management of patients.

Chemotherapy has been the mainstay of therapy in CLL with alkylating agents
(chlorambucil, cyclophosphamide, bendamustine) and purine analogues (mainly
fludarabine). In the early 2000s, the use of the anti-CD20 monoclonal antibodies
rituximab, obinutuzumab or ofatumumab in combination with chemotherapy
significantly improved the outcome of patients, and became the cornerstone of CLL

14716 The recent approval of indefinite-length, oral

therapy for the last decades (Figure 2).
therapies with small molecules inhibiting the B cell receptor (BCR) signaling pathway
(BTK inhibitors: ibrutinib,’"* acalabrutinib?®?%; PI3K inhibitors: idelalisib,?? duvelisib)?2*

or inducing apoptosis by inhibiting BCL2 (venetoclax)?>?®

is revolutionizing the
management of patients due to their clinical benefit specially in high risk CLL patients.
Although the use of these agents may change the natural history of the disease, CLL is

still considered incurable.
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Figure 2. Overall survival of 1,636 CLL patients according to year of diagnosis

Overall survival of CLL patients diagnosed at the Hospital Clinic of Barcelona between 1960
and 2018. Patients were stratified by year of diagnosis (solid lines): before 1992 (enriched for
patients treated with chlorambucil), between 1992 and 2001 (enriched for fludarabine-based
regimens), and patients diagnosed after 2001 (enriched for chemoimmunotherapy). All
pairwise comparisons had p values < 0.002. Dotted lines correspond to the expected survival
of the age- and sex-matched Spanish population (data from the Human Mortality database).
Dashed lines indicate 50% overall survival. Data courtesy of Dr. Tycho Baumann.

During the last twenty years, research on the immunogenetic, genetic, genomic,
and epigenetic aspects underlying CLL pathogenesis have provided clues for a better
understanding of the origin and heterogeneous behavior of the disease. Some of these
findings have been already introduced into the clinical routine to refine prognostic

classifications.
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Immunoglobulin gene

Mature normal and tumor B cells express a unique rearranged immunoglobulin
(IG) gene in their surface. This individual 1G is formed during the first steps of B-cell
development in the bone marrow where both heavy (IGH) and light chains [kappa (IGK)
or lambda (IGL)] are rearranged by a hierarchical process in which distant variable (V),
diversity (D, only in the IGH locus) and joining (J) genes are joint through deletions (or
inversions in the IGK locus) of the genomic sequence between them (Figure 3).2” This
recombination reaction requires recombination-activating genes 1 and 2, which
introduce a double-strand break between the terminus of the rearranging gene segment
and its adjacent recombination signal sequence. These breaks are then repaired by
nonhomologous end-joining. During this process of cut-and-joining of different genes,
random nucleotides known as N nucleotides are added by the terminal deoxynucleotidyl
transferase in the junctions to increase the diversity of the |G repertoire.?’ Later on,
upon antigen activation, the IG gene rearrangements undergo further diversification by
the process of somatic hypermutation (SHM), which introduces mutations in the V(D))
regions at a rate of up to 103 changes per base pair per cell cycle. This physiological
mutagenic process is driven by the single-strand activation-induced cytidine deaminase
(AID) (Figure 3). The final diversification step of the IG gene is the so-called class switch
recombination (CSR), a process in which the constant region of the IGH is changed,
and enables the B cell to tailor both the receptor and the effector ends of the IG to meet

a specific need (Figure 3).%’

The identification of a clonal B-cell population (i.e. large B-cell population
expressing the same IG) in the context of a lymphoid proliferation is used as a marker of
leukemia/lymphoma diagnosis in the appropriate morphological and phenotypic
context. Besides, the presence of SHM in the V(D)J region of the IGH is a surrogate
imprint of the cell of origin of the lymphoid neoplasm with marked clinical implications

in distinct neoplasms including CLL.
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Figure 3. Immunoglobulin gene rearrangement in the light of B cell differentiation

Representation of the main steps of the B cell differentiation in the bone marrow, peripheral
blood, and lymph nodes (Top). The step in which occurs each specific immunoglobulin gene
rearrangement is depicted (Top). Gene-level schema of the heavy and light chain gene
rearrangements, somatic hypermutation, and class switch recombination. White arrows
represent the coding strand (Bottom).

Cell-of-origin and CLL subtypes

The initial steps in the development of CLL are not well known, but the earliest
changes may already occur in hematopoietic stem cells (HSCs). Xenotransplantation
experiments have suggested that HSCs from CLL patients may be primed to develop
clonal or oligoclonal expansions of CLL-like cells.?® These CLL HSCs expressed higher
levels of the early lymphoid and B lineage TFs IKZF1, TCF3, and IRF8 than did HSCs from
healthy individuals. The possible early involvement of these TFs in CLL is intriguing,
following the recent observation that some CLL susceptibility loci increase the binding
of TCF3 or the expression of IRF8, suggesting that genetic and epigenetic modifications

in these regulatory regions may play an initiating role in CLL.> Common CLL genetic

24



alterations, such as trisomy of chromosome 12 (tri12) and deletion of chromosome 13q
[del(13q)], have been found in the hematopoietic progenitors of some patients.?
Mutations in driver genes, such as SF3B1, NOTCH1, and XPO1, may be acquired in HSCs
in some patients and also at more advanced stages after the B cell lineage commitment
of precursor cells.3%*! These observations suggest that the epigenetic and genetic
changes leading to CLL appear in the hematopoietic progenitors or early B cell
differentiation steps, although the development of their full oncogenic potential appears

at different stages of mature B cells.

Immunogenetic CLL subtypes

Immunogenetic studies revealed that two major molecular subtypes of CLL are
derived from different cells of origin that determine, at least in part, the subsequent
acquisition of genomic and epigenomic alterations, and the behavior of the disease.?233
CLL with unmutated immunoglobulin heavy-chain variable region (IGHV) status (known
as unmutated-CLL, U-CLL) originates from B cells that have not passed through the
germinal center, and it has a more aggressive behavior than CLL with mutated IGHV
(known as mutated-CLL, M-CLL), which derives from post-germinal center B cells.>* The
analysis of the IGHV status is performed both in research and clinical setting by Sanger
sequencing or specific next-generation sequencing (NGS) protocols of the IGHV region,
and a clinical cutoff of >98% identity between tumor and germ line sequences was
stablished to stratify patients as U-CLL or M-CLL.3%3® The clinical value of the IGHV
mutational status has been further emphasized by the observation that U-CLL patients
have a poorer response to chemoimmunotherapy than M-CLL. In this sense, M-CLL
patients treated with chemoimmunotherapy regimens maintain a long-term disease
remission, which translates into a plateau on the progression-free survival curve, no
relapses beyond 10 years, and an OS similar to the one expected in healthy subjects
(Figure 4).2>’ Based on this prognostic and predictive value, guidelines recommend the

assessment of the IGHV status at diagnosis or before treatment initiation.*
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Figure 4. Overall survival of 1,079 CLL patients according to IGHV mutational status

A cutoff of 298% of identity was used to stratify patients as M-CLL or U-CLL. Dotted lines
correspond to the expected survival of the age- and sex-matched Spanish population (data
from the Human Mortality database). Dashed lines indicate 50% overall survival.

The role of antigen selection in the clonal expansion of CLL is supported by the
striking bias in the use of certain IGHV genes, such as IGHV1-69, IGHV3-21, IGHV3-7, and
IGHV4-34. In addition, some cases have an identical or quasi-identical amino acid
sequence in complementarity-determining region 3 of IG genes, supporting the crucial
role of antigen interactions in the selection and promotion of these clones.?**° These
highly homologous |G rearrangements in unrelated CLLs have been called stereotypes,
and they are detected in approximately 30% of cases.* Several hundred different
stereotypes have been defined, but 19 are considered to be the major subsets, with 20
or more cases in each subgroup. Most of the cases correspond to U-CLL, but they can

also be found in M-CLL. CLLs with some of these stereotypes have particular clinical and

biological features (Table 1).
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Table 1. Clinical and biological characteristics of the major stereotype subsets in CLL

Subset IGHV somatic Epigenetic Mutated Clinical outcome
|G genes . . .
(frequency) hypermutation subtype drivers (median TTFT)
Subset #1 IGHV1, -5, -7 U-CLL Naive-like NOTCH1 Very aggressive
(~2.4%) IGHD6-19 NFKBIE (1.6 years)
IGHJ4 TP53
IGKV1-39
Subset #2 IGHV3-21 U-CLLand M-CLL  Intermediate  SF3B1 Very aggressive
(~2.8%) IGHJ6 del(11q) (1.9 years)
IGLV3-21 Rarely TP53
Subset #4 IGHV4-34 M-CLL Memory-like ND Very indolent
(~1%) IGHD5-18 Ongoing SHM (11 years)
IGHJ6
IGKV2-30
Subset #6 IGHV1-69 U-CLL ND NOTCH1 Very aggressive;
(~0.9%) IGHJ3 (1.6 years)
Subset #8 IGHV4-39 U-CLL ND NOTCH1 Very aggressive
(~0.5%) IGHD6-13 Trisomy 12 (1.5 years);
IGHJ5 Rarely TP53 Richter
IGKV1-39 transformation

Data from References 40, 114, and 115. ND, no data. Table published in Nadeu, F., et al., Annu.
Rev. Pathol. Mech. Dis. 2020.

The marked bias in IG use seems related to clonal selection by certain auto- and
external antigens in the initial steps of the disease.*! Interestingly, the IG may also
recognize homotypic epitopes, thus generating interactions between Ig molecules that
may trigger downstream signaling of different intensities.**** The mutation at position
110 of IGLV3-21*01 (G>C, glycine-arginine) is mediated by somatic hypermutation and
it is essential for autonomous BCR signaling.**** This change seems responsible for the
adverse outcome associated with the use of IGLV3-21 independently of the mutational
status of the IG.** CSR also seems to characterize subsets of patients (switched vs.
unswitched) with distinct clinical and biological features.*® Besides, the presence of

specific translocations involving the |G heavy locus identifies CLL tumors with atypical
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morphological features [described in section “Chromosomal abnormalities”].
Methodologically relevant, independent assays are required to assess heavy and light
chain rearrangements, flow cytometry is needed to determine the presence of CSR, and
fluorescence in situ hybridization (FISH) and/or conventional cytogenetics are used to

study IG translocations.

Epigenetic CLL subtypes

Recent epigenetic studies have found that M-CLL maintains a DNA methylation
signature of a normal post-germinal center B cell (i.e.,, memory-like), whereas U-CLL
retains a naive-like methylation signature (Figure 5).4”* Interestingly, these studies have
also identified a third epigenetic CLL subtype with an intermediate methylation profile,
that is, between naive-like and memory-like, suggesting that it could originate in a not-
yet-identified normal B cell. The three epigenetic CLL subtypes, naive-like, intermediate,
and memory-like, differ in their profile of somatic mutations, use of IGHV genes, and
clinical outcomes (Table 1).474%° Naive-like CLLs usually have unmutated IGHV genes,
with frequent use of IGHV1-69, mutations in NOTCH1, deletions in chromosome 11q,
and gains in chromosome 2p16. The intermediate CLL group carries moderate IGHV
mutation levels, with increased use of IGHV3-21, IGHV1-18, and BCR stereotype #2, and
higher frequencies of mutations in SF3B1 and MYD88. The memory-like cases carry

mutated IGHV genes, with frequent use of IGHV4-34 and IGHV3-7.4°

The three epigenetic subtypes also differed in the time to first treatment (TTFT)
and OS, with independent prognostic value in multivariate analyses including other
classical parameters, such as IGHV mutational status (Figure 5).>! This prognostic value
has been confirmed in four independent studies.*°%>2 Of note, the epigenetic subtypes
predicted TTFT and OS among newly diagnosed CLL patients, and time to progression
and OS in patients treated with chemoimmunotherapy as well as ibrutinib.> The latter
scenario is specially remarkable since the IGHV status does not seem to be associated

with CLL outcome (neither progression free survival nor OS) in patients treated with
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ibrutinib.>® All of these observations suggest that the cell of origin of the disease, defined
by its immunogenetic or epigenetic profile, is an important determinant of the biology

of the tumor.
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Figure 5. Epigenetic changes seen in the light of B cell maturation process

Extensive demethylation occurs both during normal B cell maturation through the germinal center
and through the transformation from normal to leukemic cells. This leukemic demethylation
mostly occurs in heterochromatin, but it also occurs in specific transcription factor binding sites
(TFBS) and enhancers. The expression of specific transcription factors has been linked with de
novo activation of super-enhancers in CLL cells. Three epigenetic subtypes of CLL have been
identified: naive-like, memory-like, and intermediate. Naive-like CLLs have higher methylation
heterogeneity than memory-like CLLs. These three epigenetic subtypes have different clinical
outcomes. The illustrated curves of TTFT are representative of different studies. Methylation level
refers to the global methylation level. Methylation values: 0, unmethylated; 1, methylated. Figure
published in Nadeu, F., et al., Annu. Rev. Pathol. Mech. Dis. 2020.
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Chromosomal abnormalities

Chromosome banding and fluorescence in situ hybridization

Initial chromosome banding analyses (CBAs) revealed the presence of numerical
and structural alterations in CLLs.>**> These studies provided the first insights into the
genetic heterogeneity of this disease, despite the relatively low number of chromosomal
alterations, with an average of one per tumor. However, it was the use of FISH that
allowed Déhner and colleagues®® to identify genomic aberrations in more than 80% of
patients. The finding of four recurrent cytogenetic alterations -del(13qg)/miR-15a/16-1,
del(11q)/ATM, del(17p)/TP53, and tril2- that strongly correlated with patients’
outcomes, brought this four-alteration FISH panel into routine clinical use.®® The
introduction of more effective mitogens has expanded the use of CBA in CLL, showing
that approximately 20-35% of the abnormalities are not assessed by the FISH panel. CBA
also identifies balanced and unbalanced translocations in up to 35% of cases (Figure 6).
Although most of these translocations are nonrecurrent, the involved break points occur
in regions frequently deleted in CLL [e.g., del(13g)].>”® The most common
translocations involve IGH and different oncogenes. The IGH BCL2 translocation
[t(14,18)] is found in 2% of cases, predominantly M-CLL, and is associated with increased
expression of BCL2. IGH BCL3 [t(14;19)] and BCL11A [t(2;14)] occur in less than 1% of
cases and are enriched in U-CLL, with atypical morphological features.®2%* Some studies
have questioned whether all cases described as CLL with these translocations fulfill the

current criteria for this entity or correspond to a different category.®

Microarrays

The introduction of chromosomal microarray analysis (CMA) has expanded the
landscape of chromosomal alterations in CLL with the identification of a larger number
of regions involved by copy number alterations (CNAs) and copy number neutral loss of
49,66,67

heterozygosity (CNN LOH), some of these of potentially clinical value (Figure 6).

These novel CNAs encompass, among others, gains of 2p16 (7-30%), with minimal
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gained regions including BCL11A, REL, MYCN, and XPO1;*9%¢6859 |osses of 2937 (1%),
involving SP140 and SP110;*° del(3p21) (2%), affecting SMARCC1 and SETD2;*7°
del(6q15) (2.5%), involving ZNF292;%7* and del(15q15) (4%), with the smallest common
region, including MGA.®® Regions with CNN LOH have been detected in 5% of patients,
and this affects frequently deleted loci, such as 11q, 13q, and 17p, and it is associated

with inactivating mutations of the target gene, particularly TP53.4:66.68

Copy number deletion
! 55%

<5%
Copy number gain
! 55%

<5%
Copy number neutral
loss of heterozygosity

E 55%
<1%
Translocations

IGH translocations (<2%)
13q14 translocations (<0.5%)

Figure 6. Recurrent chromosomal alterations and target genes

Circular plot showing the chromosomes (outer ring), recurrent copy number deletions (red),
gains (blue; middle ring), and copy number neutral loss of heterozygosity (green; inner ring) in
CLL patients. Colors for the chromosomes were selected arbitrarily for illustrative purposes.
Intensity-scaled color represents the fraction of patients carrying each alteration. The frequency
of each aberration was extracted from References 49 and 67. Translocations are represented
using links. The main genes located in the minimal region of these alterations are depicted.
Figure published in Nadeu, F., et al., Annu. Rev. Pathol. Mech. Dis. 2020.
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Complex karyotypes

Early genetic studies using CBA identified an increased number of cytogenetic
alterations (i.e., genomic complexity) in up to 20% of CLLs. Complex karyotypes, defined
by the presence of three or more numerical or structural abnormalities, or both, were
predictive of disease progression, worse outcome, and refractoriness.>® Recent studies
in large cohorts of patients and in the context of clinical trials have confirmed and refined
the clinical impact of complex karyotypes in CLL.°>7>73 The prognostic value of a complex
karyotype is independent of TP53 aberrations, and in some studies it has been
associated with the presence of unbalanced translocations.”>’® Interestingly, an
increasing genomic complexity gradually worsens the clinical outcome since patients
with more than five alterations showed shorter overall survival than patients with low
or medium complex karyotypes (i.e., three or four alterations, respectively).”* The
relationship between increased genomic complexity and poor clinical outcome has also
been observed both by CBA and CMA.%>’> However, a subset of patients carrying
complex karyotypes that include tril2, tri1l9, and additional trisomies or structural
abnormalities, seems to correspond to a particular genetic subgroup of CLL that has
distinctive clinicobiological features (e.g., IgG expression, younger age) and longer
overall survival than patients without complex karyotypes.”*’® Complex karyotypes have
been observed in 8% of patients with MBL, suggesting that they may appear early in the

development of the disease.”*

Next-generation sequencing

NGS allows for the identification of genome-wide large and focal CNAs, CNN
LOH, and balanced and unbalanced structural variants (Figure 6).”8 Whole-genome
sequencing (WGS) has also identified chaotic rearrangements in CLL, such as
chromothripsis and chromoplexy.*® Chromothripsis is a massive, localized chromosome
fragmentation and repair rearrangement that seems to occur as a one-off catastrophic

event.”” Chromoplexy is also a complex rearrangement phenomenon that is
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characterized by a lengthy series of rearrangements (from 3 to more than 40) between
chromosomes, often occurring as closed chains, frequently associated with large DNA
deletions at their junctions.®’ These complex rearrangements may also be detected by
CMA and have been associated with U-CLL, TP53 and SETD?Z2 alterations, a high number
of chromosomal alterations, and worse clinical outcome.**’%’> The advantage of using
WGS to assess the complete catalogue of genomic alterations through a single technique

may support its introduction in future clinical studies.”®

Mutational landscape

Impact of genome sequencing on CLL

The development of NGS technologies provided the opportunity to characterize
the genomic alterations present in CLL tumors at an unprecedented resolution. In 2011,
the first glimpse of the mutational landscape of CLL was obtained by sequencing the
genome of four CLL tumors.2! Despite the presence of more than 1,000 mutations per
tumor, none of them were shared between the four analyzed tumors, but the use of a
validation cohort of more than 200 samples allowed for the identification of four CLL
driver genes: NOTCH1, MYD88, XPO1, and KLHL6. Since this initial study, hundreds of
samples have been analyzed by whole-exome sequencing (WES), as well as >200 tumors
by WGS.*%778186 These studies, which together comprise more than 1,000 tumors, have
provided the most comprehensive characterization of genetic and genomic alterations

in CLL.

On average, each CLL tumor accumulates 2,500 somatic mutations (0.87
mutations per mebagase), but the mutation burden correlates with IGHV mutational
status. Thus, M-CLL tumors accumulate more mutations than U-CLL ones (3,000 versus
2,000).% While most mutations in a tumor are C>T substitutions at CpG sites initiated by
spontaneous or enzymatic deamination of 5-methylcytosine to thymine in a mitotic

clock manner, the higher burden of mutations in M-CLL tumors is mainly caused by the
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action of a mutational process that appears to be specific for germinal center-
experienced neoplasms, including CLL and DLBCL.**®” This mutational signature, which
has been related to the activity of the of AID, can be detected genome-wide in M-CLL
tumors but is different from the known mutation features of canonical AID. The action
of the canonical AID is highly specific for IG loci as well as some off-target genes, and is
enriched with C>T/G mutations at WRCY motifs (W=A or T, R=purine, and Y=pyrimidine).
Contrarily, the genome-wide AlD-related signature, known as non-canonical AID, might
be caused by the deamination of cytosine to uracil driven by AID during B-cell
development. The resolution of these lesions by the error-prone DNA polymerase n (eta)
finally results in A>C mutations at WA motifs.8%8” Therefore, this signature appears to
reflect the transit of cells through the germinal center, and its contribution to the
transformation process appears to be limited as M-CLL tumors have a lower number of
mutated drivers and a better prognosis than U-CLL, despite the overall increase in

mutational burden.

The global picture that emerges from these studies confirms that CLL is a
heterogeneous disease, with more than 60 driver genes and 20 recurrent structural
variants, none of them mutated at diagnosis in more than 15% of tumors, depending on
the characteristics of the cohort, with the exception of del(13qg) and tri12 (Figure 7). Only
a few genes are mutated in more than 5% of tumors at diagnosis, including NOTCH1 (8-
12%), SF3B1 (9-11%), TP53 (5-8%), or ATM (5-7%). This list of driver genes is followed by
a long tail of genes mutated at low frequencies, most of them in less than 2% of tumors,
highlighting the challenges facing the molecular diagnosis of CLL in the clinic. Many of
these genes appear to have a higher frequency of mutation in U-CLL tumors, although
few genes, such as CHD2 or MYDSS, are highly specific for M-CLL (Figure 7).88%°
Furthermore, the frequency at which these genes appear to be mutated varies
considerably depending on whether samples were obtained at diagnosis, during
progression or in patients entering clinical trials.®* These results reflect the impact of

these driver alterations in the clinical evolution of CLL.”’
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Figure 7. CLL driver genes

Mutation frequency of CLL drivers according to the IGHV status of the tumor. Most driver genes
are mutated in both subtypes but at different frequencies, with only a small subset of genes
being subtype specific. Figure adapted from Nadeu, F., et al., Annu. Rev. Pathol. Mech. Dis.
2020.

Despite the diverse number of mutated genes in CLL, most of them cluster in a
small number of cellular pathways, including DNA damage response (ATM, TP53, and
POT1), NOTCH1 signaling (NOTCH1 and FBXW?7), RNA splicing and metabolism (SF3B1,
XPO1, DDX3X, and RPS15), NF-«kB signaling (BIRC3, NFKB2, NFKBIE, TRAF3, and TRAF2),
B cell receptor and Toll-like receptor signaling (EGR2, BCOR, MYD&S8, TLR2, IKZF3, KRAS
and NRAS), and chromatin modifiers (CHD2, SETD2, KMT2D, ASXL1) (Figure 8).

With the few exceptions mentioned in the previous section, most of these genes
are mutated at low frequencies, and, therefore, their impact on prognosis or response
to treatment is still poorly characterized. The fact that many of these genes belong to
specific signaling pathways raises the possibility that their clinical impact might be
similar, which may benefit the interpretation of this large amount of information. Thus,
tumors with mutations in the RAS/BRAF/MAPK/ERK pathway appear to define a

subgroup of patients with adverse clinical features, and in vitro, these tumors are
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characterized by a poor response to BRAF inhibitors but may respond to a pan-ERK
inhibitor.? Current efforts aimed at increasing the number of sequenced tumors and
improving follow up of patients might improve our understanding of this information, as

it relates to either individual genes or specific pathways.
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Figure 8. Main molecular pathways affected by mutations in CLL

Recurrently mutated genes in CLL affect different signaling pathways, including DNA repair; B
cell, NOTCH1, and NF-kB signaling; RNA maturation and export; translation; gene expression;
and chromatin modification. PAX5e refers to the enhancer of PAX5. The figure was adapted
from an image created using Servier Medical Art and licensed under a Creative Commons
Attribution 3.0 Unported License. Note that recurrent mutations affecting the small nuclear
RNA U1 have been identified and characterized during this thesis (discussed in section
“Results, Chapter 1: U1 spliceosomal RNA mutations”). Figure published in Nadeu, F., et al.,
Annu. Rev. Pathol. Mech. Dis. 2020.
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Genomic stability and DNA damage response

Mutations in the tumor suppressor genes TP53 and ATM or deletion of their
respective loci (17p and 11q) constitute two of the most frequent alterationsin CLL. They
are usually associated with poor prognosis and have been classically used for patient
stratification, although this is mainly limited to the detection of chromosomal deletions
by FISH. These two genes are key elements in the DNA damage response pathway, and
their aberrations are associated with increased levels of genomic complexity.>*° TP53
and ATM mutations also play a role in chemoresistance in CLL that seems to be

overcome, at least in part, by novel agents.*

POT1 is one of the novel cancer genes revealed by NGS studies, being mutated
in 4-8% of CLLs.5¥82%7 |t encodes a component of the shelterin complex of the telomeres,
and virtually all somatic mutations are missense and occur in the domains required to
bind telomeric DNA. CLL cells carrying somatic POT1 mutations have numerous
telomeric and chromosomal abnormalities that suggest these mutations favor the
acquisition of the malignant features of CLL cells.®” POT1 mutations confer an adverse

prognosis that is independent of IGHV mutational status.®’

NOTCH1 pathway

Apart from TP53 and ATM, NOTCH1 has emerged as the most recurrently
mutated gene in CLL, with more than 12% of patients harboring mutations in this known
oncogene.*® Most of these tumors contain a recurrent 2 base pair deletion, causing a
frame shift (fs) in the protein (p.P2514fs*4) and leading to the disruption of the PEST
sequence required for degradation of the NOTCH1 intracellular domain (ICN1).
Furthermore, the integration of WGS information with RNA sequencing data has
revealed that approximately 20% of tumors with mutations in NOTCH1 are not caused
by mutations in the coding region but are due to the presence of a few recurrent
mutations in the 3’ untranslated region (3'UTR) of the gene.*>*° When transcribed, these

mutations create aberrant splicing that removes 530 bases of the canonical NOTCH1
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MRNA, including the last 158 coding bases. This event results in the loss of the PEST
domain and the accumulation of INC1, highlighting the relevance of noncoding
mutations in cancer and the need to properly address them to achieve an accurate

diagnosis.

The relevance of NOTCH1 in CLL is further supported by the finding that
approximately 50% of CLLs without mutations accumulate ICN1 within the nucleus and
show a NOTCH1 expression signature similar to that detected in cases with mutations in
NOTCH1.%81% The molecular mechanisms by which peripheral blood CLL cells are able
to activate NOTCH1 signaling in the absence of mutations as well as its clinical relevance
are still unknown. In this regard, while NOTCH1 is more frequently mutated in patients
with U-CLL than in those with M-CLL (29% versus 2.9%, respectively),*>*% The
expression of ICN1 in CLL cells with wild type NOTCH1 occurs at similar frequency in both
IGHV CLL subtypes.®® This suggests that NOTCH1 signaling in these tumors may be
activated by additional extrinsic factors, such as the microenvironment. The fact that
NOTCHI1-mutated cases have a worse prognosis than unmutated cases raises the
possibility that despite the general accumulation of ICN1 in CLL cells, a PEST-lacking ICN1
may be more stable and have additional biological effects, contributing to the worse
prognosis in these patients. In this sense, it has been shown that NOTCH1 regulates
growth and homing of CLL cells by dictating the levels of the tumor suppressor gene
DUSP22, which become downregulated due to a NOTCH1-dependent mechanism that
methylates its promoter region. This effectis enhanced by PEST domain mutations which
stabilize the protein and prolong NOTCH1 signaling.!®® Homing of CLL cells is also
influenced by NOTCH1 mutations since modulation of DUSP22 levels impacts STAT3
phosphorylation, CCR7 levels, and chemotaxis towards CCL19.1°! A recently identified
feed-forward loop of functional cooperation between NOTCH1 and the BCR might also
cooperate in sustaining CLL cell survival.!® This interplay between the two pathways
seems to further persist in the presence of PEST domain mutations, emphasizing the

relevance of NOTCH1 mutations in CLL biology.2?
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Of clinical significance, NOTCH1 mutations were found to be a predictive marker
for a reduced benefit from the addition of rituximab and ofatumumab to

chemotherapy,1931%4

which could be explained by the low levels of CD20 observed in
NOTCH1 mutated CLL cells.®% This downregulation of CD20 is related to higher levels
of histone deacetylases interacting with the promoter of CD20 through a NOTCH1
mutation-driven mechanism.?®® These results suggest that patients carrying NOTCH1

mutations might benefit from novel targeted therapies.

The E3 ubiquitin ligase FBXW7, a negative regulator of NOTCH1, is mutated in 1-
4% of CLLs. A recent study has demonstrated that these mutations stabilize ICN1 and

are associated with increasing levels of genes regulated downstream of NOTCH1.1%

Splicing machinery and RNA metabolism

The introduction of NGS has uncovered the splicing machinery as a target of
numerous mutations, both in hematological malignancies and in solid tumors 8831077110
In CLL, SF3B1, encoding a subunit of splicing factor 3B, is mutated in up to 10% of cases.
These mutations lead to mis-splicing near the 3' splicing sites in multiple genes, having
an impact on processes such as DNA damage response, telomere maintenance, and
NOTCH1 signaling.*"**2 Although SF3B1 mutations are more frequent in U-CLL, they are
especially enriched in cases carrying stereotyped BCR subset #2 (44%).411411°> Recent
studies ina murine model have shown that SF3B1 mutations in B cells induce senescence
and require the concomitant inactivation of ATM to generate a neoplastic
transformation of the cells.}'® SF3B1 mutations seem to decrease BCR signaling and
render tumor cells more sensitive to BTK inhibitors.'*® In addition to SF3B1 mutations,

CLL carries mutations in other genes regulating splicing and RNA transport, such as XPO1

and DDX3X, but their particular functions in the disease are not well known .82#3

The discovery of RPS15, a component of the ribosome involved in translational

machinery, as a novel driver in CLL has expanded knowledge of the role of RNA
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processing in the pathogenesis of the disease. RPS15 is mutated in approximately 1-12%
of CLLs, depending on the cohort studied.!*’!® These mutations interfere with the
translational fidelity of the proteins, leading to a major change in the proteome of the
cells, with modulation of different pathways, particularly metabolism and RNA biology.
Similar to SF3B1, mutation in a single gene triggers a cascade of downstream alterations
in different mRNA transcripts and proteins that may influence the pathogenesis of the

disease.

NF-kB signaling

NF-kB activation plays an important role in the pathogenesis of CLL, but only a
few genes in this pathway are recurrently mutated in the disease.'*® BIRC3 is an E3
ubiquitin ligase that acts as an inhibitor of the noncanonical NF-kB pathway. The BIRC3
gene is mutated in less than 1% of CLLs at diagnosis, but the frequency increases as the
disease progresses and reaches more than 25% of cases who are refractory to
fludarabine.*?° Mutations are usually truncating and frequently associated with
deletions of the 11q region, where it is mapped close to ATM. NFKBIE is a negative
regulator of the canonical NF-kB pathway, and its associated gene, NFKBIE, is inactivated
by truncating mutations in 1-7% of CLLs. These mutations are associated with poor
prognosis and co-occur with other adverse genetic alterations.'?! Other genes mutated

are NFKBZ2 and TRAF3, although these mutations occur in less than 2% of patients.”’

B cell receptor and Toll-like receptor signaling

BCR signaling is a major determinant in CLL biology.> However, contrary to other
lymphoid neoplasms, activating mutations in this pathway are uncommon in CLL. EGR2
is a TF that seems to act downstream of the BCR pathway and carries activating
mutations in 2-8% of CLLs.>® Patients with mutations in EGR2 are usually diagnosed at a
younger age but have an aggressive disease, presenting at an advanced clinical stage;
EGR2 mutations are associated with adverse prognostic factors and having other

mutated genes.?®12
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MYD88 is an adaptor element in the Toll-like receptor signaling pathway; MYD88
carries activating mutations in around 3% of patients. Tumor cells with the MYD&8
p.L265P mutation release high levels of CCL2, CCL3, CCL4, interleukin (IL)-6, and IL1RA
in response to Toll-like receptor stimulation.® Similarly, TLR2 mutations are occasionally
present in patients, are activating, and also increase the secretion of IL6 and IL1RA,**
suggesting that these mutations may promote a favorable microenvironment for the
survival of tumor cells. MYD88 and TLR2 mutations are almost exclusively seen in M-CLL.
Patients with MYD88 mutations are usually younger than those with the wild-type gene.
The impact on outcome is controversial, being identified as favorable in one study but
not in others.8 % Interestingly, in preclinical studies, novel inhibitors of IRAK4, an

element of this pathway, seemed to be effective .91

Epigenomic modulation

Methylation landscape

Normal naive B cells undergo strong demethylation when they go through the
germinal center and differentiate into memory B cells (Figure 5). The CLL genomes of
both U- and M-CLL also have marked global hypomethylation and lower
hypermethylation when compared with their normal naive and memory B cell
counterparts. Interestingly, in U-CLL, the difference in the demethylation process from
that of the normal counterparts is stronger than it is in M-CLL, and these differences
lead to a confluence of the methylation profiles of both subtypes of CLL*" which is
concordant with the relatively small differences in the transcriptome profiles of these
two CLL subtypes.t1125126 Hypnomethylation mainly occurs in heterochromatin, but it
also occurs at TF binding sites and enhancers that modulate genes with relevant function
in B cell biology, such as BCR signaling, the NF-kB pathway, and the interaction between
cytokines and their receptors, among others.*”*® Gains in hypomethylation also occur at

binding sites for TFs such as TCF3 and PU.1/SPIB, which are related to B cell
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development, and NFAT and EGR, known to be downstream effectors of BCR
activation.*® Hypermethylation in CLL cells is targeted at Polycomb-related repressing
marks, certain promoters, transcribed regions associated with H3K36me3, and the
binding sites of some TFs (e.g., EBF1 and FOS) involved in B cell differentiation,

suggesting that a reduced maturation of B cells may contribute to leukemogenesis.*’#

The global methylation profile of CLL is already acquired at the MBL stage,* and
it seems relatively stable over time, including during posttreatment evolution.*®%
Minor changes in the methylation of regions targeted by PRC2 have been observed in
approximately 25% of progressive CLLs after therapy, with a pattern that resembles the
evolution from naive to memory B cells.)?® In spite of this global stability of the
methylome, some CLLs have intratumoral variability in certain regions that may have an
impact on the levels of expression of different genes, thus facilitating cell plasticity and
tumor cell evolution.!? Interestingly, increased methylation heterogeneity is higher in
U-CLL than M-CLL and is also associated with the presence of subclonal populations,
suggesting that both phenomena may be linked in more unstable and aggressive
tumors.129139 These observations suggest that the methylation profile may be more
dynamic than initially thought. However, most studies have been performed at single
time points during tumor evolution or in small cohorts of patients. Longitudinal studies

using sequential samples may provide insights to improve understanding of the role of

epigenomic modulation in the evolution of the disease.

Regulatory chromatin landscape

The epigenomic profile of CLL has been recently expanded with the analysis of
the full reference epigenome of seven representative CLLs, including a genome-wide
map of several histone marks that identify nonoverlapping functional regions, chromatin
accessibility, and three-dimensional chromatin architecture, combined with
transcriptomic information and WGS information.!®! Expanded information about

regulatory regions measured by the chromatin accessibility ATAC-seq (assay for
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transposase-accessible chromatin with high-throughput sequencing) assay and mapping
of H3K27 acetylation has been generated in large cohorts of patients.?*¥** A remarkable
finding is the variability of active regulatory regions between individual cases, with
approximately 30% of these sites present only in very few cases. Nonetheless,
approximately 10% of these regions are common to virtually all tumors, and 60% are
present in 5-95% of cases.’® The variability of active regions is larger in U- than M-CLL,
and U-CLL carries a significantly larger number of active sites than M-CLL, two features
that may be related to the more aggressive behavior of this subtype.’*%!33 Comparison
of the functional regions in CLL with those that are dynamically changing during normal
B cell differentiation has revealed that most regions modulated in CLL (approximately
80%) are already active in normal, naive, germinal center, memory, or plasma cells.’*
The significance of these changes is not fully understood, but they may reflect common
functions, as suggested by the shared active genomic regions between U-CLL, but not
M-CLL, and germinal center cells that control genes related to proliferation.’3! The
chromatin accessibility regions shared between U-CLL and other hematopoietic cell
subtypes suggests that these tumors maintain a less differentiated state, whereas active
regions in M-CLL are enriched in more mature and memory B cells.?*? Similar to the cell-
of-origin methylation signature, U-CLL and M-CLL share a number of ATAC sensible
regions with their respective normal naive and memory B cell counterparts. However,
the active regulatory regions recognized by H3K27ac in U-CLL and M-CLL do not show a
significant overlap with those of naive or memory B-cells. These findings indicate that
the methylation and chromatin accessibility signatures related to the cell of origin in U-
and M-CLL reflect the functional past history of the cell but not the active disease

status.'3!

The active genomic regions present in all CLLs and not seen in any normal B cell
subtype may play specific roles in the pathogenesis of the disease. The majority of these
regions are active super-enhancers.’**132 These newly active regions are enriched in the

TF binding motifs of members of the NFAT, FOX, and TCL/LEF families (Figure 5). These
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findings are concordant with the tumor-specific hypomethylation sites also enriched in
binding sites for these TFs.*”*® Functional studies have demonstrated the role of some
of these TFs in the pathogenesis of the disease.*®°! Only the super-enhancer related to

EBF1, active in normal B cells, appears to lose activity in CLL.13%132

Three-dimensional chromatin configuration studies have shown that de novo
active regions in CLL have a high number of genomic interactions with actively
transcribed genes that regulate functions relevant for CLL biology, such as surface
receptor signaling, cell adhesion, and activation.’*! Functional studies have highlighted
the crucial role of the PAX5 super-enhancer as an upstream master regulator of
expression networks in CLL and its requirement for tumor cell survival.’*2 These findings
are intriguing, given that somatic mutations in this super-enhancer downregulate PAX5
expression and occur exclusively in the less aggressive M-CLL subtype.*® The role of
super-enhancer activation in CLL is relevant because its function can be targeted by

pharmacological agents, thus opening new perspectives on treatment of the disease.*?

Integrating genomic and epigenomic alterations

The extensive genomic and epigenomic information about CLL generated
recently highlights the relevance of these alterations in modulating the heterogeneous
biological behavior of the disease. However, the possible interactions between these
layers are not well understood. Some observations suggest that epigenomic-genomic
cross talk occurs during the evolution of this disease. The methylation heterogeneity of
some CLLs is higher in tumors with marked genetic heterogeneity, and the degree of
methylation and genetic changes in the progression of the disease seem to evolve in
parallel.12139 These changes occur in tumors with more aggressive behavior, suggesting
that they are linked to the mechanisms driving the evolution of the disease, but how

these interactions occur is unclear.
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Somatic mutations in chromatin remodeler genes may modify the epigenomic
landscape of the tumors, but they are uncommon in CLL compared with other lymphoid
neoplasms. CHD2 binds to histone marks involved in transcriptional regulation,
particularly H3K4me3. CHD2 is mutated in 5% of CLLs and 7% of MBLs, particularly in M-
CLL. The mutations are truncating or affect functional domains interfering with the
normal nuclear distribution of the CHD2 protein; they are also associated with changes
in the transcriptomic profile.88 SETD2 is a histone methyltransferase responsible for the
trimethylation of the histone H3K36me3, which is related to active transcription. SETD2
has also been related to the maintenance of genomic stability. Somatic mutations and
gene deletions have been identified in 2-5% of CLLs, particularly in U-CLL.**"° These
alterations have been associated with TP53 mutations, genomic complexity,
chromothripsis, and poor outcome for patients. ARID1A is part of the large ATP-
dependent chromatin remodeling complex SNF-SWI, which is required for
transcriptional activation. AR/ID1A has truncating mutations in approximately 2% of CLLs.
The H2K27 methyltransferase EZH2 is not mutated in CLL, but it is overexpressed
predominantly in U-CLL and seems to promote cell survival.}3* Altogether, these findings
suggest that somatic mutations in epigenetic regulators are involved in a subset of CLLs,

but it is not known how they influence the epigenomic profile.

A recent study explored the possible reconfiguration of the tumor epigenome in
relation to common driver alterations.®* Only MYD88 mutations and tril2 are
associated with specific remodeling of chromatin activation and accessibility regions.
Concordant with the functional effect of MYD88 mutations in CLL, the particular
epigenomic profile targets regulatory regions related to the overexpression of genes
activated by NF-«B signaling. Intriguingly, the tril2 epigenomic profile was closer to that
of normal B cells than it is to CLL without tri12. These findings suggest that CLL tumors
carrying these drivers are distinct epigenetic subtypes that may underlie the particular

clinical and biological characteristics of individual patients.
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Genomic complexity

The high number of low-frequency driver alterations described in a previous
section (Mutational landscape) highlights the complex interpatient heterogeneity of CLL.
Along this line, the genomic landscape strongly differs among patients, with some
carrying multiple driver alterations (i.e., more than four), whereas, intriguingly,
approximately 15% of the patients have disease in which a known driver aberration may
not be identified.*>”” This interpatient divergence can be partially explained by three
major factors. (a) The cell of origin: M-CLLs have a lower number of driver alterations
and account for most cases carrying either no apparent diver mutation or a single driver
aberration [mainly isolated del(13q)].*”7 (b) Age of the patient: Some driver alterations,
such as those in MYD8S, seem to be enriched in young patients.?>#° (c) Clinical phase of
the disease: Mutations in SF3B1, POT1, ATM/del(11q), RPS15, and TP53, among others,
are more frequent in patients enrolled in clinical trials, while mutations in TP53, BIRC3,
MAP2K1, and DDX3X and deletions of 17p and 11g seem enriched in tumors after

treatment with immunochemotherapy.””

The high genomic complexity observed in more than half of patients results from
the co-occurrence of multiple driver alterations within the same tumor, which may
distort their clinical significance if analyzed independently.*® Along this line, a multi-hit
profile of concurrent driver alterations affecting TP53, ATM, and SF3B1, or some
combination of these, has been associated with a poorer response to conventional
regimens and shorter OS after relapse compared with patients with one or no mutations
in these genes.’ Interestingly, the increasing accumulation of driver alterations from
zero to more than four has been associated with gradual impairment of the TTFT and
0S,% a situation similar to the relationship between complex karyotypes and outcome.”
Of note, the OS of patients with no mutated drivers identified is similar to that of the
general population, further reinforcing the role of these mutations in the prognosis of

the disease. Most (90%) of these driverless cases with good prognosis are M-CLL, raising
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the possibility that as-yet-undescribed mutations are responsible for their
transformation or that specific BCR determinants might contribute to the growth and
expansion of this CLL cell population.’*® The driverless group of patients, although of
good prognosis, highlights the limitations of the previous studies to identify driver gene
mutations. Besides, only 40% of the driver alterations identified in two large-scale WES
studies were detected in both studies (Figure 9).*7” This is in line with the limited power
of the cohorts studied to identify driver genes mutated in small fractions of patients.
Based on the mutational burden of CLL, current studies might have saturated the

discovery of drivers present in >5% of the cases. To complete the discovery of drivers

present in 1% of patients will require the analysis of >3,000 patients (Figure 9).4%%’
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Figure 9. Discovery and saturation analysis of driver alterations in CLL

a. Overlap of driver alterations identified in two large-scale whole-exome sequencing studies
(Puente et al., Reference 48; Landau et al., Reference 76). Gene mutations are depicted in
black and copy number alterations in red [deletions (del)] and blue [trisomies, (tri) and
amplifications (amp)]. b. The number of patients (y axis) needed to achieve a specific power
(x axis) to detect significantly mutated genesin 1, 2, 3, 5 and 10% of the patients (color lines).
The horizontal, dashed line indicates the sample size of the cohort studied in Puente et al.
(Reference 48). Analysis performed using the Advanced Power Calculator (TumorPortal,
http://www.tumorportal.org/power, described in Reference 137) with a mutation
background of 0.87 mutations per megabase (Reference 49).
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In addition to the limited power to identify driver genes using previous WES
cohorts, the analysis of driver mutations in noncoding regions, which account for 98%
of the genome, has been largely overlooked. The difficulty to interpret their functional
relevance and the repetitive nature of noncoding elements, among other factors, have
impaired the discovery of noncoding driver alterations in cancer using current
bioinformatic pipelines. Overall, it is reasonable to speculate that the catalogue of CLL

driver alterations might have not yet been fully characterized.

Subclonal composition and spatial heterogeneity

When alterations are defined as clonal those that are present in virtually all
tumor cells and as subclonal those found in only a fraction, half of the CLL samples
analyzed by WES harbored subclonal driver alterations.””#* The study of subclonal

778 showed

architecture in CLL gained clinical attention when Landau and colleagues
that the presence of subclonal driver alterations was an independent risk factor for rapid
disease progression. This idea emphasizes the potential role of the global tumor
architecture in addition to the value of individual driver alterations on disease
progression, expanding the clinical relevance of an increasing genomic complexity.*
Whether an increasing genomic complexity (i.e. accumulation of driver alterations) or
the subclonal architecture of the tumor (i.e. presence of subclonal alterations) better

correlates with clinical outcome needs to be elucidated.*>””

Another potential source of subclonal heterogeneity in CLL may be the existence
of spatial or topographic differences. CLL cells recirculate back-and-forth between the
peripheral blood and lymph nodes where the crosstalk with non-neoplastic cells from
the microenvironment favors their maintenance and proliferation. In this sense, CLL cells
from the lymph nodes show up-regulation of gene signatures indicating BCR and NF-kB
activation, and higher proliferation than cells from the peripheral blood, which are

mostly found in a resting state.’®®13° Although different studies have shown that the

48



interactions between CLL cells and the microenvironment might be enhanced by certain
genetic drivers such as MYD88 or NOTCH18%'°? tumor heterogeneity related to
diversification at different topographic sites has been barely studied in CLL.}*° Based on
the continuous recirculation of CLL cells, marked genetic differences between
topographically distant cells seems unlikely. Nonetheless, the potential relevance of the
subclonal heterogeneity in CLL progression described before, as well as the different
representation of driver mutations between tissues in follicular lymphoma, emphasize

the need for a detailed analysis of spatial genomic heterogeneity in CLL.”7*4

Minor TP53 subclonal mutations

Deeping into the subclonal architecture of CLL, the use of a targeted deep NGS
approach allowed the identification of small TP53 mutated subclones below the
sensitivity of Sanger sequencing and WGS/WES in CLL.**? Studying 309 newly diagnosed
patients, more than half (50/85, 59%) of the TP53 mutations identified were below the
sensitivity of Sanger sequencing [variant allele frequency (VAF) <12%], and, therefore,
missed in previous studies. Of clinical relevance, patients carrying solely minor TP53
mutated subclones (VAF <12%) showed a comparable clinical phenotype and poor

survival as those of patients carrying clonal TP53 lesions (Figure 10).142

This study provided a proof-of-principle that very minor subclones detected at
diagnosis, even if representing <1% of the tumor population, might drive the subsequent
disease course. The validation of this finding in larger and independent cohorts might be
clinically relevant since clonal TP53 mutations have been related to resistance to
chemo(immuno)therapy,1914314 gnd efforts have been made to standardize Sanger
sequencing protocols for its assessment before treatment initiation.!*> Besides, the
presence and clinical impact of small subclonal mutations effecting other CLL driver
genes might help to further understand the heterogeneous clinical courses of this

disease.
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Figure 10. Clinical impact of minor TP53 subclonal mutations

a. Variant allele frequency of the 85 TP53 mutations identified by ultra-deep next-generation
sequencing in the study published by Rossi and colleagues (Reference 142). Mutations are
ordered according to their allelic abundance. Mutations that tested positive (clonal
mutations: gray bars) and negative (subclonal mutations: red bars) by Sanger sequencing are
indicated. b. Comparison of overall survival from chronic lymphocytic leukemia diagnosis
between patients harboring solely subclonal TP53 mutations, cases harboring solely clonal
TP53 lesions (i.e., mutations or deletions), cases harboring clonal TP53 lesions coexisting with
subclonal TP53 mutations, and cases harboring a wild-type TP53 gene. Figure and figure
legend adapted from Reference 142.

Clonal evolution

The analysis of clonal and subclonal alterations allows the reconstruction of the
phylogeny of the tumors.'*® Thus, clonal mutations represent early driving events (or
passenger events present at the time of transformation), while subclonal mutations
correspond to those acquired at later phases. Initiating events in CLL are more
commonly CNAs, mainly del(13q), tril2, and del(11q), followed by the late acquisition of
mutations in driver genes such as TP53, ATM, or BIRC3, among others.”” Although early
events may provide a proliferative advantage to normal B cells,**’ the acquisition of
secondary alterations seems to determine the subsequent clonal evolution and clinical
progression of CLL. The study of longitudinal samples using WGS and WES has shown

three recurrent patterns of evolution: stable equilibrium (i.e., the clonal or subclonal
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populations are maintained in relatively similar proportion over time), linear evolution
(i.e., mutations are sequentially acquired in a single clone), or a branched evolution (i.e.,
there is coexistence and evolution of distinct genetic subclones that maintain a common

ancestor) (Figure 11).77/84148-150

Acquision of Pretreatment acquisition Posttreatment acquisition
fitter subclones of resistant subclones of resistant subclones
SF3B1 TP53, BIRC3 BTK, PCLG2, BCL2
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Figure 11. Clonal evolution in CLL

Representation of the main evolutionary trajectories and temporal acquisition of driver
alterations throughout the course of the disease. CLL starts with the expansion of a subclone
carrying an early driver alteration (or alterations). (Top) Next, the acquisition of mutated
subclones with a proliferative advantage may expand before treatment, shaping the clonal
structure of the tumor. (Top) Similarly, the presence or acquisition of resistant subclones may
cause a rapid relapse. (Bottom) However, stable tumors with less fit subclones may evolve,
maintaining equilibrium between subclones both before and after treatment pressure. Note
that results obtained during this thesis contributed to the confirmation of this evolutionary
model (discussed in section “Results, Chapter 2: Minor subclonal mutations, subclonal
heterogeneity and genomic complexity in CLL”). Figure published in Nadeu, F., et al., Annu.
Rev. Pathol. Mech. Dis. 2020.
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Although cell populations are relatively stable before treatment, the presence
of certain mutations may confer competitive advantages, thus generating clonal
evolution even before any treatment. In this sense, subclonal SF3B1 mutations have
been associated with accelerated progression of the disease before treatment.’®! After
chemotherapy, the balanced equilibrium among populations may be disrupted, and in
most cases, the populations undergo major changes, with expansions of fitter or
resistant subclones, the reduction or disappearance of sensitive populations, or an
increase in previously undetectable subclones. However, in 5-30% of cases, during
relapse there is a stable composition of tumor cells that is similar to the population

before treatment (Figure 11).7784149.150

Few genes have been identified as being recurrently selected at relapse after
chemo(immuno)therapy. The most common is TP53, in which minor subclones present
before treatment are expanded after chemoimmunotherapy, thus dominating the
relapse, a finding concordant with the proposed poor prognosis of patients carrying
small subclonal TP53 mutations.!#21>2 Other genes identified as recurrently selected at
relapse in a smaller number of cases are IKZF3 and SAMHD1.7714%153 The possible clinical
relevance of these different patterns of clonal evolution is not well understood.
However, the observation that patients with clonal evolution have shorter overall
survival suggests that subclonal complexity may favor a more aggressive behavior of the

tumors.”’

Resistance to novel agents

Clonal evolution also has an important role in the development of resistance to
novel agents (Figure 11). Global clonal shifts after these treatments are associated with
worse outcome.’™ In addition, the acquisition of mutations in BTK or PLCG2 and BCL2
have been identified in roughly 50% of cases that have developed resistance to BCR

pathway inhibitors (BTK and PLGC2) and to the BCL2 inhibitor venetoclax.r>>%° BTK

52



mutations are virtually always missense mutations at cysteine 481 (C481), which could
be expected considering that ibrutinib binds covalently to the sulfhydryl group of the
C481 of BTK, resulting in irreversible inhibition of its kinase activity.*®* Contrarily, PLCG2
mutations are gain of function, and activate BCR signaling independently of the
upstream inhibition of BTK. Regarding BCL2 mutations, a recurrent substitution of
guanine for valine at residue 101 is found in most patients progressing with BCL2
mutations. This p.G101V mutation decreases the affinity of BCL2 for venetoclax, and
provides a survival advantage over wild-type cells in the presence of the drug.1%%% BTK,
PLCG2 or BCL2 mutations are not usually detected before treatment, or they are present
only at very low frequencies (<2 in 1 million),'®® but they emerge progressively after

therapy being detectable 3-15 months before clinical progression.°7158160

These BTK, PLCG2 or BCL2 mutations have been found in subclones in a fraction
of patients, suggesting that other mechanisms might be (co-)leading the resistance. In
some cases, different mutations in these genes may be detected in multiple subclones
and in different topographical locations, such as in blood and lymph nodes, emphasizing
the relevance of subclonal plasticity in the evolution of the disease.'®®®* |n addition to
mutations in specific drug targets, resistance to these treatments may involve more
complex mechanisms. Regarding ibrutinib resistance, mutations and CNAs in other
genes [e.g., del(8p) targeting TRAIL-receptor and ITPKB mutations], transcriptional
reprogramming, and, less commonly, transformation to DLBCL or transdifferentiation
to nonlymphoid-cell tumors (e.g., histiocytic sarcoma clonally related to the precedent
CLL), that may represent a pathway to escape from dependence on BCR signaling, have

been identified as alternative mechanisms of resistance.?*81>9163

Similarly,
overexpression of the anti-apoptotic proteins BCLxL and MCL1, a reprograming of the
cellular energy metabolism, and signals from the microenvironment have been shown

to drive venetoclax resistance independently of BCL2 mutations.6%16°
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Transformation to diffuse large B-cell ymphoma (Richter syndrome)

An extreme situationin the clonal evolution of CLLis its transformation to DLBCL,
known as Richter syndrome (RS). In most patients, RS represents a histological
transformation to DLBCL, whereas in others, it corresponds to transformation to
Hodgkin’s lymphoma.'®® Due to its low incidence, the biology of the Hodgkin’s lymphoma
transformation is less understood, but most cases seem to correspond to a second
lymphoma associated with Epstein-Barr virus infection. In contrast, approximately 80%
of DLBCL RS tumors are clonally related to the previous CLL, and, mostly, they evolve
through linear evolution from the predominant CLL clone observed at diagnosis.t6”18
Only a minority of DLBCL RS tumors evolve by following a branching pattern. CLL carrying
stereotyped BCR subset #8 (Table 1), NOTCH1, or TP53 mutations have an increased risk
of transformation after chemoimmunotherapy. DLBCL RS has also been observed in 10-
25% of patients treated with ibrutinib or venetoclax in which the RS lacked the canonical
BTK and PLCG2 or BCL2 mutations, respectively.?>”160169170 Negr-tetraploidy and
complex karyotype seem to be independent risk factors for discontinuing ibrutinib due

to transformation.'”?

Different studies have analyzed the genomic landscape of DLBCL RS tumors
compared with their pre-CLL phase and with de novo DLBCL. In this regard, WES and
CNA analyses identified a mean of 22 genetic lesions (range, 0-133) acquired from the
CLL phase through to DLBCL RS, with the deletion of CDKN2A [del(9p21)] being one of
the most recurrent alterations (30%) acquired at transformation.®®12 Other common
alterations found in DLBCL RS that may be present in the CLL phase are
mutations/deletions of TP53 (50%) and MYC translocations (16%) or amplification (10%)
(125, 128, 129).168172173 Qyerall, approximately 90% of DLBCL RS tumors carry
alterations in tumor suppression, cell proliferation, or cell cycle pathways, or some
combination of these, and have a genomic complexity (with 8.5 CNAs) that is

intermediate between CLL (with 3 CNAs) and DLBCL (with 16 CNAs). DLBCL RS tumors
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differ from de novo DLBCL because they lack common mutations in CREBBP/EP300,
B2M, TNFAIP3, PRDM1, or BCL2 and BCL6, whereas TP53, CDKN2A, and MYC alterations

occur at similar frequencies in both types of DLBCL.168172

Although previous studies have contributed to identify gene mutations and CNA
associated with RS in relatively small cohorts of patients treated with
chemoimmunotherapy, the mechanism(s) underlying this transformation remains
largely unknown. Besides, a proper genome-wide analysis of RS in the context of
targeted therapies is missing. Of note, RS occurs within the first two years of treatment

in patients receiving ibrutinib or venetoclax,*”1%°

suggesting that these inhibitors might
select a minor subclone present prior to initiation of therapy. Altogether, a proper
understanding of this process might help to anticipate RS before the pathological
manifestation of the transformation and potentially guide novel treatment regimens for

this high-risk group of patients.
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Objectives






With the hypothesis that a detailed analysis of CLL driver alterations together
with a deeper understanding of its clonal and dynamic architecture might improve the

management of the patients, the general aims of this Thesis were:

1. Toidentify and characterize novel CLL driver alterations.

2. Todetermine the presence and clinical value of small subclonal driver mutations
in the context of the clonal architecture and genomic complexity of CLL tumors.

3. To describe the genomic mechanisms underlying the progression of CLL to
diffuse large B-cell lymphoma (Richter syndrome).

4. To develop new bioinformatic tools to characterize CLL tumors from next-

generation sequencing data.
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Results






Chapter 1:
U1 spliceosomal RNA mutations






Summary

Genomic studies of CLL have uncovered >80 potential driver alterations. The
vast majority of these mutations affect coding regions and just two potential drivers
have been identified in noncoding elements. Mutations effecting protein-coding splicing
factors such as SF3B1 have been recurrently found in cancer, including CLL. By contrast,
cancer-related alterations in the noncoding component of the spliceosome -a series of
small nuclear RNAs (snRNAs)- have been barely studied, owing to the combined
challenges of characterizing noncoding cancer drivers and the repetitive nature of
snRNA genes. By integrating WGS and RNA-seq, we identified a recurrent A>C somatic
mutation at the third base (g.3A>C) of the U1 snRNA in multiple cancers, including 3.8%
(12/318) CLL (Study 1). The primary function of U1 snRNA is to recognize the 5' splice
site via base-pairing. This mutation changed the preferential A-U base-pairing between
U1 snRNA and the 5' splice site to C-G base-pairing. In this sense, this mutation created
>3,000 novel splice junctions and altered the splicing pattern of >1,500 genes in CLL,

including known drivers of cancer.

In Study 2, we characterized Ul mutations in two independent cohorts
encompassing 1,673 CLL patients. The g.3A>C hotspot mutation was enriched in U-CLL
but also present in five M-CLL cases with stereotype subset #2/1GLV3-21%. Clinically
relevant, this mutation was associated with a shorter time to first treatment of the
patients independently of the IGHV mutational status, disease stage, and other driver
alterations. By analyzing the whole genome of 401 CLL cases, we identified an additional
recurrent mutation in the position nine of the gene that was present in 1.4% of tumors
shaping their splicing profile. We extended the analyses of U1 mutations to 279 samples
of five distinct mature B-cell lymphoma entities and identified recurrent mutations in
diffuse large B-cell lymphoma and Burkitt lymphoma. These studies expanded the
catalogue of cancer driver genes and demonstrated that U1 mutations represent a novel

noncoding driver alteration in CLL with potential clinical and therapeutic implications.
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Study 1.
The U1 spliceosomal RNA is recurrently mutated in multiple cancers

Shuai, S.*, Suzuki, H.*, Diaz-Navarro, A.*, Nadeu, F., Kumar, S. A., Gutierrez-Fernandez, A.,

Delgado, J., Pinyol, M., Lépez-Otin, C., Puente, X. S., Taylor, M. D., Campo, E., Stein, L. D.
Nature. 2019, 574: 712-716.

*These authors contributed equally to this work.
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Cancers are caused by genomic alterations known as drivers. Hundreds of driversin
coding genes are known but, to date, only a handful of noncoding drivers have been
discovered—despite intensive searching'2 Attention has recently shifted to the role
of altered RNA splicing in cancer; driver mutations that lead to transcriptome-wide
aberrant splicing have been identified in multiple types of cancer, although these
mutations have only been found in protein-coding splicing factors such as splicing

factor 3b subunit1(SF3B1)*°. By contrast, cancer-related alterations in the noncoding
component of the spliceosome—a series of small nuclear RNAs (snRNAs)—have barely
beenstudied, owing to the combined challenges of characterizing noncoding cancer
driversand the repetitive nature of snRNA genes'”®, Here we report a highly recurrent
A>C somatic mutation at the third base of ULsnRNA in several types of tumour. The
primary function of U1snRNA is to recognize the 5’ splice site via base-pairing. This
mutation changes the preferential A-U base-pairing between U1snRNA and the

5 splice site to C-G base-pairing, and thus creates novel splice junctions and alters the
splicing pattern of multiple genes—including known drivers of cancer. Clinically, the
A>Cmutationis associated with heavy alcohol use in patients with hepatocellular
carcinoma, and with the aggressive subtype of chronic lymphocytic leukaemia with
unmutated immunoglobulin heavy-chain variable regions. The mutation in ULsnRNA
alsoindependently confers an adverse prognosis to patients with chronic lymphocytic
leukaemia. Our study demonstrates anoncoding driver in spliccosomal RNAs, reveals a

mechanism of aberrant splicing in cancer and may represent a new target for
treatment. Our findings also suggest that driver discovery should be extended to a
wider range of genomic regions.

To determine the extent of U1 snRNA (hereafter, Ul) mutationsin can-
cer, we first screened 2,583 whole-genome sequenced donors across
37 tumour types from the ‘Pan-Cancer Analysis of Whole Genomes’
(PCAWG) project’ (Supplementary Table 1). The human genome
(GRCh37) has 7 genes with the same canonical 164-bp Ul sequence,
and more than130 pseudogenes with variant Ul sequences; the flanking
sequences of the genes and pseudogenes are also highly similar’® (Sup-
plementary Note). We therefore called somatic mutations across canoni-
cal Ulgenes by using reads mapped only to them (Extended DataFig. 1a),
and reported all possible mutated genes for each Ul mutation. Within
the 2,434 donors who had sufficient coverage, we identified 277 somatic
mutationsin Ul genes that affected 240 donors, across 30 tumour types

(Fig. 1a, Supplementary Table 2). These mutations spanned 100 of the
164 bases of U1, but only 2 positions (base 3 and base 28) were mutated
inmore than 5% of donorsin at least 1 tumour type.

Base 28 of Ul falls in a stem loop, and was recurrently mutated in 4
outof23(17.4%) bladder cancers. This may be related to the previously
reported higher mutation rate among palindrome loops in bladder
cancer'. The third base of Ul contained 27 A>G and 21 A>C mutations
across five types of tumour. This base forms part of the highly conserved
5 splice-site recognition sequence (nucleotides 3-10) of U1, which base-
pairs directly with 5’ splice site". Five additional A>C mutations were
recovered from samples with insufficient coverage (Supplementary
Note). Collectively (Fig. 1b), the A>G mutation was found in 26 out of
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Fig.1|Overview of somatic mutationsin Ul. a, Distribution of mutationsin
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Distribution of mutations within the 5’ splice-site recognition sequence by

135 (19.3%) cases of medulloblastoma (which are described in detail in
the accompanying paper'?) and 1 out of 230 (0.4%) cases of pancreatic
adenocarcinomas. The A>C mutation (hereafter g.3A>C) was found in
8 out of 78 (10.3%) cases of chronic lymphocytic leukaemia (CLL), 16
out of 189 (8.5%) cases of hepatocellular carcinoma (HCC) and 2 out of
107 (1.9%) cases of B cell non-Hodgkin lymphomas. Mutations were also
found in other bases of the 5’ splice-site recognition sequence, but at
amuch lower frequency (Fig. 1c); a preponderance of non-third-base
mutations (9 out of 20) was observed in B cell non-Hodgkin [ymphomas.

To enlarge our sample size, we used widespread alterations in splic-
ing and expression patterns of samples with Ul mutations to infer the
mutational status of the third base in tumours that were associated
with RNA-sequencing (RNA-seq) data only (Extended Data Fig. 1b, ¢
and 2f). Using machine learning (Methods, Supplementary Note), we
predicted that an additional 4 out of 240 (1.7%) cases of CLL and 14 out
0f321(4.4%) cases of HCC contain the g.3A>C mutation. To benchmark
the classifier, we validated the g.3A>C status for 298 cases of CLL using a
PCR-based SNP genotyping system (rhAmp) (Methods). Only one sample
showed aninconsistent genotype, which was treated as mutated in sub-
sequent analysis (Supplementary Note). By combining the results based
onwhole-genome sequencing and analyses of the transcriptome, the
recurrent g.3A>C mutation was found in12 out of 318 (3.8%) donors with
CLLand 30 out of 510 (5.9%) donors with HCC (Extended DataFig.1de,
Supplementary Table 3).

The splice-site consensus motif prefers a U at the sixth position of
the 5’ splice site; we hypothesized that the g.3A>C mutation could shift
this preference towards a G (which we hereafter term the G6 5’ splice
site) (Fig. 1d). Using RNA-seq data from matched cases of CLL (11 with
Ul mutation versus 254 with wild-type U1) and HCC (20 with Ul muta-
tion versus 367 with wild-type U1), we performed differential splicing
analysis using annotation-free and intron-centric software (LeafCutter)”
(Methods). We identified 3,193 and 533 differentially spliced introns
in 1,519 and 303 genes (LeafCutter g < 0.1 and absolute log,(effective
size)>1)in CLLand HCC, respectively (Fig. 2a, Supplementary Table 4).

For eachintron, we further determinedits direction of change using
the change in per cent spliced in (APSI) (Extended Data Fig. 2b). When
comparing the base composition of the 5 splice site among introns
withincreased excision (APSI>0) and decreased excision (APSI<0) in
samples with Ul mutation, we observed significant differences at the
sixth position for both CLL (x* test, P=3.3 x 10™) (Fig. 2b) and HCC (x*
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tumour type.d, The RNA-RNA interaction between Ul and the 5’ splice site.
Bases 3to10 of Ul (red box and numbering) can base-pair with the 5’ splice site
(black box and numbering). The base-pairing affected by the g.3A>C mutation is
inblue. PhyloP scores show the conservation levels of human canonical 5’ splice
site (n=344,580 introns). Centre line, median; box limits, upper and lower
quartiles; whiskers, 1.5x interquartile range; points, outliers.

test, P=6.7x10"®) (Extended DataFig. 2c). Consistent with expectations,
introns with increased excision were highly enriched in the G6 5’ splice
site relative to introns with decreased excision (38.4% versus 16.4% in
CLL;47.0% versus 22.1% for HCC) (Fig. 2b), or to genome-wide canonical
introns (18.9%) (Fig. 1d). In consequence, we observed many novel splic-
ing eventsin samples with Ul mutation—especially for splicing with the
cryptic G6 5’ splice site in both types of tumour (Fig. 2c, Extended Data
Fig. 2d). Together, these data support the hypothesis that the g.3A>C
mutation increases the splicing rate of the G6 5’ splice site.

Because splicing and expression frequently correlate®*, we also
conducted differential expression analysis for the g.3A>C mutation
(Extended DataFig. 2e). This analysis revealed 869 and 68 differentially
expressed genes (¢ <0.1and absolute log,-transformed fold change >1)
(Supplementary Table 4) for CLLand HCC, respectively. More genes were
upregulated than downregulated in the samples with Ul mutations: 561
outof869 and 66 out of 68in cases of CLL and HCC, respectively (Fig. 2d).

We next investigated genes affected by the U1 mutation. We found
that 84 and 16 genes in the Cancer Gene Census (v.84) were mis-spliced
in cases of CLL and HCC, respectively". Among these genes, 44 and
10—-respectively—had increased excision of G6 5’ splice site introns,
including known drivers of CLL and HCC (Supplementary Table 4).
The most significant mis-spliced cancer gene in CLL was musashi RNA
binding protein 2 (MS/2) (LeafCutter g =1.2 x 10™?); CLL with Ul muta-
tions exclusively expressed a cryptic exon that contains a premature
termination codon, and was associated with a G6 5’ splice site (Fig. 3a,
Extended DataFig.3a). A similar pattern was observed for the gene DNA
polymerase delta1, catalytic subunit (POLDI) (g = 4.2 x107>) (Fig. 3b,
Extended DataFig.3a). As the cryptic exon affected the polymerase—but
not the exonuclease—domain of POLD], the g.3A>C mutation was not
associated with a higher mutation burden.

We also found mis-splicing in other genes related to CLL biology,
suchas the hyaluronic acid receptor gene CD44 molecule (Indianblood
group) (CD44). CD44 was the most significantly differentially spliced
gene (LeafCutter g =5.1x1077%). Alternative splicing of CD44 s tissue-
specific and has previously been associated with processes such as
lymphocyte homing and tumorigenesis; the gene is also thought to
regulate anti-apoptosis signalling in CLL'*". Patients with wild-type CLL
expressed predominantly the standard isoform (CD44s, which does
not contain exon v2-v10) (Fig. 3c), whereas cases of CLL with Ul muta-
tions overexpressed multiple variant isoforms (CD44v)—presumably
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Fig.2|Global gene splicing and expression changes associated with the
£.3A>Cmutation. a, Pvalue quantile-quantile plots for differential splicing
analysis. Pvalues are from LeafCutter.b, 5’ splice site (SS) for introns with
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becausethe presence of several G6 5’ splice sitesincreased the excision
rate of introns associated with variant exons (Fig. 3d). Another, similar
exampleis ATP-binding cassette sub-family D member 3 (ABCD3), afatty
acid transporter for peroxisomes; two cryptic exons were expressed
exclusively in cases of CLL with Ul mutations (Extended Data Fig. 3a-c).
The consistent combination of frequent mis-splicing (¢=7.1x10"°) and
overexpression (log,-transformed fold change =2.3 and g=3.7 x10*°)
inABCD3enabled us to create asingle-gene score that predicted g.3A>C
mutational status with 100% accuracy in CLL (Extended Data Fig. 3d,
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(€).MUT (n=11) and WT (wild type) (n=254) represent samples of CLL with and
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blue), the three tracks from top to bottom show splice junctions, average
expression levels in counts per million (CPM) and gene models, respectively.
Eachsplicejunctionis shown as a curve and weighted by PSlvalues from
LeafCutter.In gene models, black boxes are annotated exons, and red boxes
indicate the cryptic (a, b) or variant (c) exons. The introns for MS/2 are
downscaled for better visualization (dashed lines). Gene models for MS/2
(ENST00000284073.2) and POLDI (ENSTO0000599857.1) are based on primary
transcripts; the gene model of CD44is shown as a cartoon. d, Isoform expression
of CD44. Pvalues are from two-sided Wilcoxon rank-sum tests. MUT (n=6) and
WT (n=61) represents biologically independent CLL samples with and without
g.3A>C mutations, respectively. For the box plot, centre line, box limits,
whiskers and pointsrepresent the median, 25thand 75th percentiles, 1.5x
interquartile range and individual samples, respectively.
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ofeach category. The number of intronsis coloured by the sixth base of 5’ splice
site.d, Volcano plots for differential expression analysis. Pand g values are from
limma. NS, notssignificant (g>0.1or log,-transformed fold change <1).Fora, d,
biologically independent patient samples are used for CLL (11 with Ul mutation
versus 254 with wild-type U1) and HCC (20 with Ul mutation versus 367 with wild-
typeU1).

e). We experimentally validated the differentially spliced junctions of
MSI2, POLD1, CD44 and ABCD3 using quantitative PCR (Extended Data
Fig.4a-c).

Genes the aberrant splicing of which introduces a premature termina-
tion codon are expected to be targeted by nonsense-mediated decay.
However, mis-spliced forms of MS/2, POLDI and ABCD3 that contained
a premature termination codon were not downregulated in cases of
CLL with U1 mutation, even though the distance between the prema-
ture termination codon and the final exon-exon junction exceeded
the distance (55 nucleotides) needed for nonsense-mediated decay’®
(Extended Data Fig. 3a, b).

Next, we investigated the pathway-level changes that are associated
with the g.3A>C mutation in CLL using gene-set enrichment analysis'
(Supplementary Table 5). In CLL with Ul mutation, we found that genes
related to mRNA transcription, RNA splicing, protein ubiquitination
and telomere maintenance were upregulated (Extended Data Fig. 5a,
b), whereas genes related to apoptosis, B cell receptor signalling and
cytoplasmic ribosomes were downregulated (Extended Data Fig. 5c-g).
The downregulation of ribosomal genes may explain the reduced rates
of nonsense-mediated decay'® that were noted earlier.

To validate our findings, we introduced exogenous Ul genes with or
without the g.3A>C mutation into three CLL cell lines (JVM3, HG3 and
MECI). After confirming the exogenous expression of U1 (Extended Data
Fig. 6a), we performed the same transcriptome analysis using cell-line
RNA-seq data. In total, 7,238 introns in 2,365 genes were differentially
spliced, and 459 genes were differentially expressed in cell lines that
contained Ul mutations (Supplementary Table 4). Cell lines with U1
mutations alsohad many cryptic 5’ splice-site splicing events, and more
G6 5 splice site in introns with increased excision than in introns with
decreased excision (34.4% versus 15.3%; x* test P=1.9 x10™) (Extended
DataFig. 6b, c);39.1% of the G6 5’ splice site introns with increased exci-
sion in patients with Ul mutations were also shared by cell lines with
Ul mutations (Extended Data Fig. 6d). In addition, cell lines with U1
mutations also had more genes upregulated (361 genes) than downregu-
lated (97 genes) (Extended DataFig. 6e), and shared many differentially
expressed genes with primary CLL (Extended Data Fig. 6f, g). These
data validate a causal link between the g.3A>C mutation and global
splicing changes.

We further studied interactions between the g.3A>C mutation and
other drivers of CLL and HCC. The g.3A>C mutation significantly co-
occurred with the mutation of NFKBIEin CLL (Fisher'sg=0.0077) (Fig. 4a,
Extended DataFig. 7), the mutation of APOB in HCC (Mantel-Haenszel
test g = 0.018) (Extended Data Fig. 9), and the mutation of the TERT
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Fig. 4| Driver alterations and clinical features related to the g.3A>C
mutation. a, Clinical features and selected driver eventsin CLL (n=313
patients). Theright bar chart shows the Benjamin-Hochberg adjusted Pvalues
fromtwo-sided Fisher’s exact tests. Complete driver events are in Extended Data
Fig.7.CLL/MBL, CLL or monoclonal B cell lymphocytosis. b, Distribution of
effect size for mis-spliced introns in CLL with Ul mutations or SF3B1 mutations.
Dashed lines indicate the cutoff of absolute log,(effect size) =1. ¢, Euler plot of
mis-spliced intron clusters in CLL with Ul mutations or SF38I mutations. d, t-
distributed stochastic neighbour embedding plot showing CLL with U1
mutations or SF381 mutations can be well-separated on the basis of mis-splicing
patterns. e, Kaplan-Meier plot for time to first treatment in CLL. Patients with U1

promoter in one of two HCC projects (project code LIHC-US) (Fisher’s
@ =0.016). We found that none of the samples with Ul mutations had
SF3BImutationsin CLL, although alarger dataset is needed for sufficient
power to show mutual exclusion.

Because mutated SF3BI is also known to induce global splicing
changes', we compared samples with Ul mutation to samples with
SF3BImutations in CLL. Consistent with previous findings, SF381 muta-
tions induced many cryptic 3’ splice-site splicing events? (Extended
DataFig. 8a-c). Both mutations induced numerous mis-splicing events
with small effect sizes (Fig. 4b), but tended not to share events (Fig. 4c,
d). Using anexon-centric method, we found that CLL with UL mutations
tends toinduce intron retention and suppress exon skipping, whereas
CLL with SF3B1 mutations demonstrated the opposite trend (Extended
DataFig.8d, e). Notably, introns excised and exons retained in CLL with
Ul mutations were enriched for the G6 5" splice site (Extended Data
Fig. 8f).

We next investigated the clinical relevance of the g.3A>C mutation.
CLL has two major subtypes: one subtype in which the immunoglobulin
heavy-chain variable regions (IGHV) are mutated (M-CLL), and a more
aggressive subtype in which the IGHV are unmutated (U-CLL)*. The
£.3A>C mutation was frequently found in cases of U-CLL (12 out of 105,
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or SF3B1 mutations with U-CLL have a very similar disease course. f,
Relationships between major risk factors and the g.3A>C mutationin cases of
HCC. Pvalues are from the Cochran-Mantel-Haenszel test (project code LIHC-
US, n=335; project code LIRI-JP, n=124; definitions of project codes are
provided in the Methods). HBV, infection with hepatitis B virus; HCV, infection
with hepatitis C virus. g, Box plot for age at diagnosis in cases of HCC. Pvalues
are from two-sided Wilcoxon rank-sum tests. The LIHC-US has 15 patients with
the g.3A>C mutation (MUT) and 336 without (WT); the LIRI-JP has13MUT and
116 WT. Centre line, median; box limits, 25th and 75th percentiles; whiskers, 1.5x
interquartile range; jitter points, individual samples.

11.4%) (Fisher’s exact test P=5.6 x10°) (Fig. 4a) but not in M-CLL (0 out
of173). The mutation was also not found in monoclonal B cell lympho-
cytosis (MBL; n =29 cases), a lesion that precedes the overt leukaemia
phase?. Moreover, the g.3A>C mutation in CLL was significantly asso-
ciated with a shorter time to first treatment (log-rank test P=1x107),
whichindicates amore aggressive disease. The correlation with time to
first treatment was significant even after adjusting for known prognostic
markers, including disease stage (Binet stage), SF3B1 mutations and
IGHV status®? (multivariate Cox model P=0.043) (Fig. 4e, Extended
Data Fig. 10b). However, we observed no difference in overall survival
between cases of CLL with Ul mutation and wild-type Ul (Extended
Data Fig.10a). We noted that 7 out of 10 cases of CLL with U1 mutation
involved early-stage disease (Binet stage A) (Extended Data Fig. 10c),
a hint that the mutation may appear at an early phase of the disease.

HCChas multiplerisk factors, including infection with hepatitis Bor C
virus and heavy alcohol use®. We found that the Ul mutation was associ-
ated with increased alcohol intake (Mantel-Haenszel test, P= 0.0031)
but not withinfection with hepatitis B or C virus (Fig. 4f). The mutation
was also associated with increased age at diagnosis, but not with survival
(Fig. 4g, Extended Data Fig. 10d-f). As in CLL, the mutation was also
found in early disease stages of HCC (Extended Data Fig.10g).
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Here we provide an example of recurrent mutations in a noncoding
splicing factor across multiple types of cancer. Splicing factor muta-
tionsin SF3B1 and SRSF2that have previously been identified have been
thought to promote tumorigenesis by inducing transcriptome-wide
splicing changes that are subtle overall'*?*. The same global effect is
observed here for the Ul mutation. We also find mis-splicing of mul-
tiple known or putative cancer genes in cases of CLL and HCC with U1
mutations, which supports the theory that the tumorigenic effects of
spliceosomal mutations are mediated by the production of specific
aberrant isoforms®, although detailed functional analysis is required
to confirm the role of these isoforms.

The Ul mutation has potential clinical applications. Besides its use
as anindependent prognostic marker in CLL, the mutation may also
represent an opportunity for treatment. Inhibitors of SF3B1 have previ-
ously been demonstrated to preferentially kill tumour cells that contain
splicing factor mutations via synthetic lethality?*?; this may also work
for tumours with Ul mutations. Alternatively, one might also target
specific mis-spliced isoforms—such as the cell-surface protein CD44—via
oligonucleotides or antibodies?***. Genomic regions such as the Ul gene
locus described here are generally overlooked in cancer sequencing
studies. Future driver discovery studies that focus on these difficult
regions might discover additional noncoding cancer drivers.
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Any methods, additional references, Nature Research reporting summa-
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Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

1. Khurana, E. et al. Role of non-coding sequence variants in cancer. Nat. Rev. Genet. 17,
93-108 (2016).

2. Shuai, S., Gallinger, S. & Stein, L. D. DriverPower: combined burden and functional impact
tests for cancer driver discovery. Preprint at https://www.biorxiv.org/
content/10.1101/215244v1 (2017).

3. Yoshida, K. et al. Frequent pathway mutations of splicing machinery in myelodysplasia.
Nature 478, 64-69 (2011).

4. Wang, L. et al. SF3B7 and other novel cancer genes in chronic lymphocytic leukemia. N.
Engl. J. Med. 365, 2497-2506 (2011).

716 | Nature | Vol 574 | 31October 2019

5. Seiler, M. et al. Somatic mutational landscape of splicing factor genes and their
functional consequences across 33 cancer types. Cell Reports 23, 282-296.e4 (2018).

6. Quesada, V. et al. Exome sequencing identifies recurrent mutations of the splicing factor
SF3B1 gene in chronic lymphocytic leukemia. Nat. Genet. 44, 47-52 (2011).

7. Denison, R. A, Van Arsdell, S. W., Bernstein, L. B. & Weiner, A. M. Abundant pseudogenes
for small nuclear RNAs are dispersed in the human genome. Proc. Natl Acad. Sci. USA 78,
810-814 (1981).

8. Manser, T. & Gesteland, R. F. Human U1 loci: genes for human U1 RNA have dramatically
similar genomic environments. Cell 29, 257-264 (1982).

9. Campbell, P. )., Getz, G., Stuart, J. M., Korbel, J. O. & Stein, L. D. Pan-cancer analysis of
whole genomes. Preprint at https://www.bioRxiv.org/content/10.1101/162784v1 (2019).

10. Rheinbay, E. et al. Discovery and characterization of coding and non-coding driver
mutations in more than 2,500 whole cancer genomes. Preprint at https://www.bioRxiv.
org/content/10.1101/237313v1 (2017).

1. Kondo, Y., Oubridge, C., van Roon, A.-M. M. & Nagai, K. Crystal structure of human U1
snRNP, a small nuclear ribonucleoprotein particle, reveals the mechanism of 5' splice site
recognition. eLife 4, e04986 (2015).

12.  Suzuki, H. et al. Recurrent noncoding U1-snRNA mutations drive cryptic splicing in SHH
medulloblastoma. Nature https://doi.org/10.1038/s41586-019-1650-0 (2019).

13. Li, Y. 1. etal. Annotation-free quantification of RNA splicing using LeafCutter. Nat. Genet.
50, 151-158 (2018).

14. Wang, L. et al. Transcriptomic characterization of SF381 mutation reveals its pleiotropic
effects in chronic lymphocytic leukemia. Cancer Cell 30, 750-763 (2016).

15. Forbes, S. A. et al. COSMIC: somatic cancer genetics at high-resolution. Nucleic Acids
Res. 45, D777-D783 (2017).

16. Herishanu, Y., Gibellini, F., Njuguna, N., Keyvanfar, K. & Wiestner, A. CD44 signaling via
PI3K/AKT and MAPK/ERK pathways protects CLL cells from spontaneous and drug
induced apoptosis. Blood 112, 541(2008).

17.  Fedorchenko, O. et al. CD44 regulates the apoptotic response and promotes disease
development in chronic lymphocytic leukemia. Blood 121, 4126-4136 (2013).

18.  Popp, M. W. & Maquat, L. E. Leveraging rules of nonsense-mediated mRNA decay for
genome engineering and personalized medicine. Cell 165, 1319-1322 (2016).

19. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl Acad. Sci. USA 102, 15545
15550 (2005).

20. Darman, R. B. etal. Cancer-associated SF3B1 hotspot mutations induce cryptic 3' splice
site selection through use of a different branch point. Cell Reports 13, 1033-1045 (2015).

21. Kipps, T.J. et al. Chronic lymphocytic leukaemia. Nat. Rev. Dis. Primers 3, 16096 (2017).

22. Nadeu, F. etal. Clinical impact of clonal and subclonal TP53, SF3B1, BIRC3, NOTCH1, and
ATM mutations in chronic lymphocytic leukemia. Blood 127, 2122-2130 (2016).

23. Llovet, J. M. et al. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2, 16018 (2016).

24. Zhang, J. et al. Disease-associated mutation in SRSF2 misregulates splicing by altering
RNA-binding affinities. Proc. Natl Acad. Sci. USA 112, E4726-E4734 (2015).

25. Dvinge, H., Kim, E., Abdel-Wahab, O. & Bradley, R. K. RNA splicing factors as oncoproteins
and tumour suppressors. Nat. Rev. Cancer 16, 413-430 (2016).

26. Lee, S.C.-W. & Abdel-Wahab, O. Therapeutic targeting of splicing in cancer. Nat. Med. 22,
976-986 (2016).

27.  Seiler, M. et al. H3B-8800, an orally available small-molecule splicing modulator, induces
lethality in spliceosome-mutant cancers. Nat. Med. 24, 497-504 (2018).

28. Zhang, S. et al. Targeting chronic lymphocytic leukemia cells with a humanized
monoclonal antibody specific for CD44. Proc. Natl Acad. Sci. USA 110, 6127-6132 (2013).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2019

73



Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and investigators were not blinded
toallocation during experiments and outcome assessment.

Datacollection

All samples used in this study were from participants recruited and
anonymized by individual International Cancer Genome Consortium
(ICGC) and The Cancer Genome Atlas (TCGA) projects. Written informed
consent was obtained from all human participants through individ-
ual projects. The PCAWG dataset consisting of 2,583 donors across
37 tumour types was collected from the ICGC Data Coordination Center
(ICGC DCC). For whole-genome sequencing, all tumour and paired
normal aligned BAMs (n=5,166) were retrieved. The use of PCAWG data
was approved by the University of Toronto Research Ethics Board under
RIS Human Protocol Number 30278 and protocoltitle ‘Pan-cancer Analy-
sis of Whole Genomes: PAWG'.

For CLL, atotal of 141 normal-tumour paired whole-genome sequenc-
ingand 299 RNA-seq from 318 donors were used in this study (122 donors
with both). This cohort included 29 cases of high-count monoclonal
B cell lymphocytosis (MBL) of the CLL-type, an early phase of overt CLL.
In addition to data from the PCAWG lymph-CLL cohort (n = 90) that
originated from the CLLE-ES (Chronic Lymphocytic Leukaemia - Spain)
project, wealsoincorporated additional CLLE-ES data deposited in the
European Genome-phenome Archive (EGA) and ICGC DCC (datarelease
27). All samples in this cohort had been studied before any treatment.
The specific clinical and biological data of these cases have previously
beendescribed”. The use of genomic data, clinical dataand CLL samples
was approved by the Hospital Clinic of Barcelona Institutional Review
Board under protocol number HCB/2015/0814 and protocol title ‘Func-
tional and Clinical Impact of Genomic Analysis in CLL".

For HCC, 315 normal-tumour paired whole-genome sequencing
and 387 tumour RNA-seq from 613 HCC donors were used in total
(89 donors had both forms of data available). The PCAWG liver-HCC
cohort (n=315) included data from four projects: LICA-FR (n=5; Liver
Cancer -France), LINC-JP (n=28; Liver Cancer - National Cancer Center,
Japan), LIRI-JP (n=229; Liver Cancer - RIKEN, Japan) and LIHC-US (n=53;
Liver Hepatocellular Carcinoma - TCGA, US). Additional HCC samples
from the LIHC-US project were collected from the National Cancer Insti-
tute Genomic Data Commons (NCI GDC).

Allgenomic dataincluded in this study used GRCh37 as the reference
genome and GENCODE v19 as the reference gene annotation.

Mutation calling for U1

First, samples without enough coverage were flagged as genotype-unde-
termined and left to manually review. The coverage was determined by
themedianread depthat the 5’ splice-site recognition sequence of seven
Ulgenes. For 2,434 donors with enough coverage (=15 median coverage
inatleast five Ul genes), all reads mapped by BWA MEM to Ul genes and
pseudogenes as well as their flanking 1-kb regions were extracted with
samtools and saved as miniBAMs®'. These miniBAMs were then con-
verted into paired FASTQ files and re-aligned with Bowtie2 (v.2.3.4.1) to
GRCh37 in multiple mapping report mode (-k)*. Non-default parameters
for Bowtie2 were ‘~score-min L,-0.3,-0.3-no-mixed-no-discordant -k
100-very-sensitive’. Then, for each pair of multiple mapped reads, only
alignments with minimal total edit distance (sum of edit distance in two
mates) were kept. Reads mapped to Ul pseudogenes or other genomic
regions were discarded. Next, for eachre-aligned BAM, we counted the
number of variant reads and the read depth (number of reference reads
+number of variant reads) for each position, and for forward and reverse
strand separately. To account for multiple mapping, we performed an
extra procedure only for the read depth counting: that is, when a read
had kequally good alignments, we only counted it as 1/k read. We then
used a beta-binomial error model trained on a project-specific panel
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of normal samples to call mutations, which was implemented with a
modified version of EBCall*, Finally, we used IGV to manually curate all
mutation calls and filtered out mutations that were supported by reads
with multiple mismatches in the same gene, or that had three or more
variant reads in the paired normal sample according to BWA MEM or
Bowtie2 alignments*. To further minimize the false-negative rate for
the g.3A>C mutation, we also assigned tumours that were called as wild
type but that had two or more variant reads at the third base of any Ul
genes to the undetermined group.

RNA-seq data processing

To analyse additional samples and PCAWG samples together, we uni-
formly processed additional CLL and HCC RNA-seq data with aslightly
modified version of the PCAWG RNA-seq STAR 2-pass pipeline*>¢. To
maximize the sensitivity of novel junction discovery, we added a cus-
tomized junction file that was extracted from PCAWG STAR alignments.
Gene-level expression was counted by htseg-count (v.0.9.1)”. Transcript-
level expression was estimated by Kallisto (v.0.44.0)*. The quality con-
trol process was done with FastQC (v.0.11.7) and multiQC (v.1.5)*. The
transcriptintegrity number was calculated with RSeQC (v.2.6.4)*. In this
study, we kept only RNA-seq data that met the following criteria: first,
FASTQ files passed at least three main FastQC flags (overrepresented
sequences, per base N content, per base sequence quality, per sequence
GC content and per sequence quality scores); second, more than 50%
reads were uniquely mapped and the total number of reads mapped by
STAR was greater than 1 million; third, the total number of fragments
counted by htseq-count was greater than 5 million; and fourth, the tran-
script integrity number was greater than 50.

Differential splicing and expression analysis

Forintron-centric differential splicing analysis, the LeafCutter package
was used to quantify intron usage and identify differentially spliced
intron clusters between two conditions®. Splice junction files (S).out.
tab) generated by STAR were used as input for LeafCutter. Only splice
junctions supported by uniquely mapped reads and with at least 6-bp
maximum overhang were used. Anintron was considered as significantly
differentially spliced when g < 0.1and absolute log,(effective size) >1.
The limma package was used for differential expression analysis*.
Gene-level expression from htseq-count was used as input. A gene was
considered as significantly differentially expressed when g < 0.1and
absolute log,-transformed fold change > 1. For CLL, we used the IGHV
status (U-CLL or M-CLL) as the covariate, and compared 11 tumours with
Ul mutation and wild-type SF3B1 and 26 tumours with wild-type Uland
SF3BImutationwith 254 tumours with wild-type Uland SF3B1.For HCC,
we used project code (LIRI-JP or LIHC-US) as the covariate to control
for batch effects and compared 20 tumours with Ul mutation with 367
tumours with wild-type UL We also used randomized comparisons as
controls by permuting ‘MUT and ‘WT’ labels for both differential splic-
ing and differential expression analysis.

We also performed exon-centric differential splicing analysis for
U-CLL (6 cases with U1 mutation and wild-type SF3BI, 6 cases with
wild-type Uland SF3BI mutation, and 30 cases with wild-type Ul and
SF3BI) using the rMATS package (v.4.0.2) with default parameters*.
Differential splicing events with g < 0.1 and absolute APSI > 0.1 were
considered as significant.

Inference of U1g.3A>C status

Separate models were built for CLL and HCC. Cross-validations were
used to compare different models and settings (Supplementary Note).
For CLL, we used RNA-seq data for 7 cases with UL mutation and 60 cases
with wild-type Ul as training data, and RNA-seq data from 232 cases
as test data. For HCC, we used RNA-seq for 10 cases with Ul mutation
and 60 cases with wild-type Ul as training data, and RNA-seq data from
317 cases as test data. For splicing-based models, training data were
used to identify differentially spliced introns (3,174 features for CLL and
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600 features for HCC) and the use of these introns was then used to
train a random forest classifier with 100 trees. For expression-based
models, training data were used to identify differentially expressed
genes (502 features for CLL) and normalized expression of these genes
was thenused to trainarandom forest classifier with 100 trees. Finally,
t-distributed stochastic neighbour embedding (¢-SNE) was used to verify
and visualize all predictions*®.

Calculation of ABCD3 splice score

The ABCD3 splice score for CLL was built with the number of uniquely
mapped RNA-seq reads that support cryptic splice junctions (n.,ypic)
or annotated splice junctions (1,,n0teq)- In total, one annotated junc-
tion (chrl: 94,946,163-94,948,725) and four cryptic junction (chrl:
94,946,163-94,948,144, chr1:94,946,163-94,946,964, chr1: 94,948,575~
94,948,725 and chrl: 94,947,112-94,948,144) were used. Then, the score
was calculated as follows:

ABCD3 splice score = _IOg10{"annotated/("annmated+"cryptic)}

Ahighscore (>1) indicated that the patient with CLL was a carrier of the
g.3A>C mutation.

PCR-based SNP assay

Genomic DNA from 298 primary samples was tested using custom
rhAmp SNP assays (Integrated DNA Technology). In brief, locus and
allele-specific primers were generated individually for RNU1_batch
(RNUI-1, RNUI-2, RNUI-3, RNUI-4 and RNVUI1-18) and RNU1_pseudo
(RNUI1-27P and RNUI-28P). Assays were run in technical triplicate in 5
pl volume (DNA concentration sampled at least 10 ng), with control
gBlocks for wild-type, mutant and heterozygous genotypes. Reporter
mix used Yakima Yellow (mutant) and FAM (wild-type) dyes as well as
ROX dye for passive reference. Plates were read on the StepOnePlus
(Applied Biosystems) RT-PCR machine, and genotypes called using
the StepOnev.2.3 software. The primer sequences are available in Sup-
plementary Table 6.

Celllines and exogenous expression of the U1g.3A>C mutation
The pLKO.1-puro U6 sgRNA BfuAl stuffer lentiviral vector (Addgene)
was modified by removing the internal U6 promoter (between Ndeland
EcoRl), and replacing it with the Ullocus, including 393 bases of internal
promoter, the Ul sequence and 39 bases of 3’-flanking region using
the following oligonucleotides (Ul-For_EcoRI: 5-GTCGAGAATTCTTG-
GCGTACAGTCTGTTTTTG; Ul-Rev_Ndel: 5-CTATCATATGTAAGGAC-
CAGCTTCTTTGGGA). The g.3A>C mutation was introduced by PCR with
thefollowing oligonucleotides (U1-A_C-for: 5-GCCAGGTAAGGATGAGA-
TCTTCGGG; UI-A_C-rev:5’-CCCGAAGATCTCATCCTTACCTGGC) incom-
bination with the corresponding previous primers. The PCR products
were digested with Ndel and EcoRlI, and cloned in the modified pLKO.1
plasmid. All plasmids were verified by Sanger sequencing.

CLL cell lines JVM3 and HG3 were grown in RPMI 1640, 10% FBS, 1%
PSG and 1% AA; MEC1 was grown in IMDM, 10% FBS, 1% PSG and 1% AA;
and the HEK-293T cell line was grown in DMEM, 10% FBS, 1% PSG. CLL
celllines HG3, MEC1 and JVM3 were obtained from DSMZ (https://www.
dsmz.de/catalogues/catalogue-human-and-animal-cell-lines.html). The
authenticity of the cell lines was tested with the AmpFLSTR Identifiler
Plus PCR AmplificationKit. CLL cell lines have tested negative for myco-
plasma. For the production of lentiviral particles, the protocol from the
manufacturer (Addgene) was used with minor modifications. Thus, HEK-
293T cells (5 x 10° cells) were cultured in 10-cm plates and transfected
using Lipofectamine Plus (Invitrogene) with 2 pg of either pLKO.1-UI**
(containing the wild-type Ul locus) or pLKO.1-U15** (containing the
g.3A>C mutation), together with 1 pg of psPAX2 packaging plasmid
and1pgof pMD2.G envelope plasmid. Twelve hours after transfection,
the medium was replaced with complete medium, and 24 h later 10
ml of supernatant were filtered (0.45 pm), and 4 ml was used to infect

CLL cell lines in the presence of 8 pg/ml polybrene. The infection was
repeated 24 h later, and after 24 h cells were plated in complete medium
for one day, and then selected with 1.2 pg/ml of puromycin. Cells were
selected for four days, and total RNA was extracted with the Trizol
method.

Verification of the expression of the U1 g.3A>C mutation by 5
rapid amplification of cDNA ends

Rapid amplification of cDNA ends (RACE) was performed using 1 pg
of total RNA from JVM3, HG3 or MECI cell lines infected with either
pLKO.1-U1* or pLKO.1-U1**< following the recommendations of the
manufacturer (Sigma-Aldrich), and the following specific oligonucleo-
tides (UI-RACE_SP1: 5'- CAGGGGAAAGCGCGAACGCAGT; U1-RACE_SP2:
5’- CCCACTACCACAAATTATGC). A single amplification band of the
expected size (160 bp) was excised from the gel, purified and sequenced
with the internal oligonucleotide UI-RACE_SP2.

RNA-seq and data analysis for CLL cell lines

In total, 12 libraries—including 2 technical replicates for each of the
3 cell lines (JVM3, HG3 or MEC1) and 2 conditions (mutation or wild
type)—were prepared as stranded total RNA-seq libraries and then
sequenced with the lllumina HiSeq 4000 system (2 x 76 bp) with >40
million paired-end reads per sample. Cell line RNA-seq data were pro-
cessed and analysed the same way as were primary tumour RNA-seq
data. For differential splicing analysis, the same set of intron clusters
used in primary CLL was tested in cell lines, so that their results were
directly comparable. For the overlap test, a one-tailed Fisher’s exact
test was used.

RT-PCRand qPCR validation of mis-splicing events in primary
CLL

For PCR with reverse transcription (RT-PCR), RNA was obtained for
samples from 14 patients with CLL, including 6 cases of U-CLL with U1
mutation, 4 cases of U-CLL with wild-type Uland 4 cases of M-CLL with
wild-type Ul. cDNA was synthesized using the iScript cDNA Synthesis Kit
(Bio-Rad 1708890). PCRs were performed using 1 pl cDNA and the Taq
PCRMaster Mix Kit (Qiagen 201445) using 35 cycles. Products wererun
onthe QlAxcel Advanced System (Qiagen). For quantitative PCR (qPCR),
the same set of CLL samples was used except that one case of U-CLL with
Ul mutation was exhausted. qPCR was performed using 1 ul cDNA and
the PowerUp SYBR Green Master Mix (Applied Biosystems A25742) in
duplicates in a StepOnePlus Real-Time System (Applied Biosystems).
Relative quantification was analysed with the 22“ method using GAPDH
asthe endogenous control. The primer sequences are available in Sup-
plementary Table 6.

Gene-set overrepresentation and enrichment analysis

Weidentified gene lists that were significantly overrepresented in differ-
entially spliced genes from Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes and Reactome databases using g:Profiler***. We also con-
ducted gene-set enrichment analysis (GSEA) for differentially expressed
genes using pre-ranked gene lists ordered by —log,,(P value) x (sign of
fold change)". Both classical and weighted enrichment statistics were
usedin GSEA. For GSEA, we focused on C2 (curated) and C5 (Gene Ontol-
ogy) gene sets in the Molecular Signatures Database (MSigDB v.6.2)*.

Mutual-exclusivity and co-occurrence analysis

We collected lists of CLL and HCC driver alterations from the litera-
ture??, All CLL samples and whole-genome-sequenced HCC samples
were used in the analysis. HCC samples were analysed separately based
on project (LIRI-JP or LIHC-US), and as acombined cohort. To determine
the pairwise significance between the Ul mutation and other driver
events, we used the Cochran-Mantel-Haenszel y* test for the combined
HCC cohort, and Fisher’s exact test for each project. As the detection
of TERT promoter mutations was underpowered in many PCAWG HCC
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samples (especially for the LIRI-JP project), we also included rescued
TERT promoter mutations as previously described*.

Clinical data analysis

All clinical data analysed here have previously been described®*°*,
Patient outcomes were analysed with the log-rank test for a single vari-
ate and Cox proportional hazards regression model for multivariates.
For CLL, we analysed overall survival and time to first treatment from
the time of sampling. Cases with MBL were notincluded in the outcome
analysis. For HCCin LIRI-JP, we only analysed overall survival. ForHCCin
LIHC-US, we analysed two endpoints (overall survival and progression-
free interval) as recommended by the TCGA PanCancer Atlas*2. Age at
diagnosis between mutated and unmutated groups was tested with two-
sample Wilcoxon rank-sum tests. The association between Ul mutations
and categorical patient characteristics (such as gender, IGHV status,
infection with hepatitis B or C virus and alcohol history) were analysed
with Fisher’s exact test. For alcohol history, two HCC projects used dif-
ferent indicators. For LIHC-US, we used binary alcoholic liver disease
history. For LIRI-JP, we collapsed its four-level alcohol intake indicators
(a, no alcohol intake; b, social drinker; ¢, about 60 g every day; d, 60 g
and more every day) into a binary factor (0,aand b; 1, cand d).

Statistical analysis

Allstatistical tests were two-sided unless otherwise stated. All statistical
methods are described in the corresponding sections and P< 0.05 was
considered as significant when only asingle test was performed. All false-
discovery rate controls were conducted with the Benjamini-Hochberg
procedure and false-discovery rate of 10% (g < 0.1) was selected as the
significant threshold.

Code availability

All published computational programs used in this study are indicated in
corresponding sections. Scripts used to perform U1snRNA mutational
calling are available at https://github.com/smshuai/Ul-snRNA.

Data availability

PCAWG data are available at ICGC DCC (https://docs.icgc.org/pcawg/
data/; donor identifiers in Supplementary Table 1). Additional CLL
data (donor identifiers in Supplementary Table 3) are available at
ICGC DCC (https://dcc.icgc.org/releases/release_27/Projects/CLLE-
ES) and EGA (raw data under accession numbers EGASO0001000374
and EGAS00001001306). Additional HCC data are available at GDC
Data Portal (raw and processed data under project code TCGA-LIHC;
donoridentifiersin Supplementary Table 3). CLL cell line RNA-seq data
areavailable at GSE134197.
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Abstract

The small nuclear RNA Ul involved in 5” splice site (5’SS) recognition has been recently found
mutated in some solid tumors and chronic lymphocytic leukemia causing marked splicing and
expression abnormalities. However, the clinical significance of these mutations and possible
involvement in other lymphoid neoplasms is not well known. In this study, we have characterized U1
mutations in 1,673 CLL, including 401 whole genome sequences, and in the whole genome
sequences of 279 B-cell lymphoma combined with transcriptome analysis. We confirmed the
previously described g.3A>C mutation in 3.5% CLL, virtually exclusive in cases with unmutated
immunoglobulin genes, epigenetically naive-like or intermediate with stereotype #2, that was
associated with a shorter time to first treatment (TTFT) of the patients independently of the disease
stage, immunoglobulin status, and known driver alterations. We also identified a novel recurrent U1l
2.9C>T mutation in 12/615 (2%) M-CLL and 2/417 (0.5%) U-CLL (P=0.05) that induced significant
downstream splicing alterations, and conferred a shorter TTFT. Transfection studies in CLL cell
lines confirmed the causal effect of this mutation in the splicing profile. We also detected the novel
mutation g.7C>T in 4/17 (23%) Burkitt lymphomas and g.3A>C and g.4C>T mutation in 20%
diffuse large B-cell lymphomas of germinal center subtype and 7% of activated B-cell subtype. All
these mutations were associated with significant down-stream splicing alterations. Altogether, this
study identified new recurrent Ul mutations in B-cell lymphomas and highlighted Ul as a novel

CLL driver with prognostic value.

Introduction

The small nuclear RNA Ul involved in 5’ splice site (5’SS) recognition via base-paring has
been recently found mutated in cancer.!”? The third base of the gene is a hotspot site with an A>C
mutation (g.3A>C) found in 3.8% (12/318) chronic lymphocytic leukemia (CLL) and 5.9% (30/510)
liver hepatocarcinoma patients.! Besides, an A>G mutation was found in 50% of cases with Sonic
Hedgehog medulloblastoma.? In CLL, the g.3A>C mutation induces global gene splicing and
expression changes with more thanl,500 differentially spliced introns and 800 differentially
expressed genes between Ul mutated and wild-type tumors. Transfection experiments of the mutated
allele in CLL related cell lines confirmed the causality of this mutation generating the transcriptome
wide mis-splicing events observed in primary cases.! Our initial study identified the g.3A>C

mutation only in CLL with unmutated immunoglobulin genes (U-CLL),>* and it was associated with
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a shorter time to first treatment of the patients.! Nonetheless, this study focused on a small cohort of
CLL patients and, therefore, the clinical implications of this g.3A>C Ul mutation, its relationship
with other driver alterations, its dynamics through the disease course, and the possible relevance of
other Ul mutations are still not well defined. Besides this finding in CLL, the initial analysis of Ul
in the cohort of the Pan-Cancer Analysis of Whole Genomes (PCAWG) Consortium observed a few
Ul mutations in B-cell non-Hodgkin lymphomas suggesting that these alterations may be also
relevant in other lymphoid neoplasms.! However, the number and characterization of these tumors in
the PCAWG cohort was very limited. Here we studied Ul mutations by integrated genomic,
transcriptomic, and methylation data from 1,673 CLL patients comprising 2 independent cohorts. We
also characterized the presence and down-stream effect of Ul mutations in other mature B-cell
neoplasms by analyzing the whole genome and transcriptome of 279 samples of 5 distinct mature B-

cell lymphoma entities.

Methods

Cohorts studied

A total of 1,673 CLL cases were included in this study. CLL patients were divided in two
independent cohorts: cohort 1 (C1)-CLL comprised 1,120 CLL patients from our International
Cancer Genome Consortium (ICGC),” which included the 318 cases analyzed previously;! and
cohort 2 (C2)-CLL comprising 553 patients from three distinct centers [University Hospital of
Zurich (n=259), Karolinska University Hospital (n=172), and Danna-Farber Cancer Institute (DFCI,
n=122)]. The main clinical and biological characteristics of these cohorts are summarized in
supplemental Table 1. We also studied 279 B-cell previously published lymphoma samples including
162 diffuse large B-cell lymphoma (DLBCL),%” 61 mantle cell lymphoma (MCL) (Nadeu ef al, in
press), 36 follicular lymphoma (FL),” 17 Burkitt lymphoma (BL),” 2 marginal zone B-cell lymphoma
(MZL),” and 1 post-transplant lymphoma.” Informed consent was obtained from all patients. The

study was approved by the Ethics Committee of the Hospital Clinic of Barcelona.
IGHY status, epigenetic subgroups, gene mutations and CNA

The immunoglobulin gene (IG) and mutational status of the IG heavy chain variable region

5.8-10

(IGHV) for CLL samples was obtained from previous publications, assessed by Sanger

sequencing (SSeq) and/or next-generation sequencing (NGS), or obtained from whole-
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genome/exome data (WGS/WES) using IgCaller.!! SSeq was performed following current

guidelines,'?

while the LymphoTrack IGHV Leader Somatic Hypermutation Assay (Invivoscribe
Technologies) was performed from 50 ng of genomic DNA and analyzed using the LymphoTrack
MiSeq Data Analysis (v2.3.1), as previously described.!> SSeq and NGS-based 1G characterization
for 51 randomly-selected cases showed fully concordant results (supplemental Table 2). Stereotypy

was analyzed using ARResT/AssignSubsets.'*

The classification of CLL patients based on the three described epigenetic subgroups (naive-
like, intermediate, and memory-like)!> was obtained from previous publications (n=537 C1-CLL,
243 C2-CLL)*>*!6 or de novo classified using bisulfite pyrosequencing assays for 5 CpG sites (n=320
C1-CLL).'® Methylation levels were quantified with the PyroMark CpG software (Qiagen) and the
epigenetic subgroup was assigned using a support vector machine model as previously described.'®
Overall, the epigenetic-based classification was available for 1,100 patients (857 C1-CLL, 243 C2-
CLL). Note that C2-CLL patients were classified according to the classification described by Oakes
and colleagues!’ as low-programmed CLL (mainly n-CLL), intermediate-programmed CLL (mainly
i-CLL) and high-programmed CLL (mainly m-CLL). Considering the high concordance between the
two classifications,!” we decided not to re-classify patients according to one, arbitrarily chosen
classification but have adopted the n-CLL/i-CLL/m-CLL nomenclature for both cohorts to simplify
the reading.

The mutational data of 28 CLL driver genes and 21 driver copy number alterations (CNA) for
691 CI1-CLL cases was obtained from previous publications.>® Gene mutations were previously
assessed by targeted NGS (n=385) or WGS/WES (n=306). CNA were previously investigated by
high density SNP-arrays (Affymetrix Genome-wide Human SNP Array 6.0) and evaluated using
Nexus Biodiscovery software (Biodiscovery, version 7).>® The main CLL driver alterations for C2-
CLL cases were obtained from previous publications and included SF3B1, NOTCHI, ATM, BIRC3,
TP53, trisomy12, and del(13q).>'°

U1 mutation calling from WGS

A total of 401 CLL (152 C1-CLL,>'® 249 C2-CLL) and all 279 B-cell lymphoma cases were
analyzed by WGS. Following a similar framework as previously described,! BWA-mem!® aligned
reads mapping to Ul genes and pseudogenes and within their 1kb flanking region were extracted,
converted to paired FASTQ files, and re-aligned to the hg38 human reference genome using Bowtie2

in multiple mapping report mode (v.2.3.2).2° Only alignments with minimal total edit distance were
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kept for multiple mapped reads. Finally, we call mutations using a Bayesian binomial mixture mode
collapsing the read counts of the eleven Ul isoforms (supplemental Table 3), and a maximum
likelihood approach was used to determine which Ul gene/s were most likely to be mutated in a

given sample (supplemental Methods).!
PCR-based genotyping

Screening of the g.3A>C and g.9C>T Ul mutations was performed using custom rhAMP
SNP assays (Integrated DNA Technology) using 10ng of DNA.' The assay was run in technical
duplicates in 5ul. on a StepOnePlus instrument (Applied Biosystems). Primer sequences are

available at supplemental Table 4.
Cell lines and exogenous expression of the Ul g.9C>T mutation

Exogeneous Ul wild-type and g.9C>T genes were introduced using pLKO.1-puro lentiviral
vectors (Addgene) in three CLL cell lines (JVM3, HG3, and MEC1), as previously described.! After

transfection and selection, total RNA was extracted with the Trizol method.!
Verification of the expression of Ul mutations by S'RACE in CLL cell lines and cases

Rapid amplification of cDNA ends (RACE) was performed using 1 pg of total RNA from
CLL cases and cell lines, as previously described.! A single amplification band of the expected 160

base pairs was excised from the gel, purified and Sanger sequenced.
RNA-seq analyses

RNA-seq reads were aligned with STAR (twopassMode, v2.6.0c). Leafcutter (v0.2.8) was
used to perform an intron-centric differential splicing analysis. The IGHV mutational status (U-CLL,
M-CLL) was used as a covariate when analyzing CLL cases. Introns with a O value < 0.1 and
absolute log2 effective size > 1 were considered significant.! The g.3A>C status (mutated or wild-
type) of the 122 C2-CLL samples from DFCI was predicted using our previously described random
forest classifier build using the differentially spliced introns between mutated g.3A>C mutated and

wild-type CLL cases.!
Gene expression microarray analyses

Gene expression profiling of our previously published 468 C1-CLL samples (Affymetrix

Human Genome Array U219 array)® were used to extract a g.3A>C U1l microarray-specific gene
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signature. We selected 75 cases as a training cohort and 393 cases for testing. The normalized
expression values of the differentially expressed genes identified in the training cohort (absolute log
fold change > 0, Q < 0.01) were used to train a random forest classifier with 100 trees. T-distributed

stochastic neighbor embedding (t-SNE) was used for visualization.?!
Statistical analyses

The clinical impact of Ul mutations in CLL was assessed for time to first treatment (TTFT)
and overall survival (OS) measured from time of sampling. Deaths previous to any treatment were
considered as competing events for the TTFT analysis. The Gray’s test and the log-rank test were
used to compare cumulative curves (TTFT) and Kaplan-Meier curves (OS), respectively.
Multivariate models were modeled using the Fine-Gray (TTFT) and Cox (OS) regression models.
Associations between variables were assessed by Fisher’s exact test or ¥ test. Comparison of
number of driver alterations within specific subgroups was assessed by Wilcoxon test. P values were
adjusted using the Benjamini-Hochberg correction (Q values) to account for multiple comparisons.

All tests were two-sided, and analyses were performed in R (v3.4.4).

Results

U1 mutations in 401 CLL whole genomes

We initially re-analyzed the WGS of 401 CLL patients to further characterize the distribution
of Ul mutations in CLL. We identified 50 mutations affecting 45 cases (supplemental Table 5). Ul
mutations spanned 16/164 (10%) positions of the gene. Nonetheless, most mutations (38/50, 76%)
were found within positions 3 to 10, which bind the 5°SS via base-pairing (Figure 1A). The most
frequently mutated site was the recently described position 3 of the gene with 27 (6.7%) cases
carrying the g.3A>C mutation. We also observed a recurrent C>T mutation in the position 9 (7 cases,
6 somatic and 1 germ line mutations; 1.7%). CLL cases carrying the g.9C>T mutation included both
M-CLL (3/7) and U-CLL (3/7) cases [note that IGHV status was not available for the remaining
2.9C>T mutated cases] (Figure 1B). Based on the downstream effect associated with the g.3A>C
mutation,'? the novel g.9C>T mutation could also alter the 5°SS recognition and binding. Based on
the recurrence of these two mutations (g.3A>C and g.9C>T), we focused on their characterization in

the context of CLL biology and patient’s outcome.
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Figure 1. U1 mutations in 401 CLL WGS. A. Distribution of Ul mutations in 401 CLL patients along the Ul
sequence. The region highlighted in red (positions 3 to 10) corresponds to the 5°SS recognition sequence of Ul. B.
Percentage of cases carrying mutations within position 3 to 10 depicted according to their IGHV mutational status.

Splicing and expression changes caused by the g.3A>C U1 mutation

We analyzed 75 C2-CLL cases with RNA-seq data available to further confirm the previously
identified effect on mis-splicing caused by the g.3A>C mutation. First, we identified the g.3A>C
mutation in 4/75 (5%) cases by WGS and thAMP assay (supplemental Table 6). A differentially
splicing analysis identified 8,010 differentially spliced introns between Ul mutant and wild-type
CLL (Figure 2A-B, supplemental Table 7). As previously observed,' 5°SS of introns with increased
excision in g.3A>C mutated cases were highly enriched in guanine at position 6 (G6) compared to

introns with decreased excision (Figure 2B), specifically enriched with cryptic G6 5'SS (Figure 2C).

Based on the distinct expression profile of the g.3A>C mutant CLL cells identified by RNA-
seq in independent CLL cohorts, we speculated that a specific g.3A>C gene expression signature
could be extracted from microarray data. We first performed a differentially expression analysis
using a training cohort of 75 cases (8 g.3A>C and 67 WT by both WGS and thAMP) and identified
49 genes (64 probes) differentially expressed in Ul mutated tumors compared to WT samples. Only
genes differentially expressed between g.3A>C MUT vs WT M-CLL and g.3A>C MUT vs WT U-
CLL were considered (supplemental Table 8). Of note, 40/49 (82%) of these genes were found
differentially expressed by RNA-seq in our previous study.! A random forest classifier build using
the normalized expression values of the differentially expressed genes predicted 7/393 (1.8%) cases
from the test cohort as carrying this g.3A>C mutation. The predicted Ul g.3A>C status (MUT or
WT) was confirmed in all but one case by ThAMP assay (Figure 2D). The discordant case was
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classified as mutated by thAMP assay but predicted as WT by the microarray-based classifier.
Nonetheless, this sample clustered together with the Ul mutated samples in a t-SNE plot (Figure
2E). Overall, this microarray-based signature might facilitate the study of the g.3A>C U1l mutation in

CLL cohorts analyzed using gene expression microarrays.
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Figure 2. g.3A>C Ul mis-splicing in an independent CLL cohort and identification of a microarray-based
gene expression signature. A. P value quantile-quantile plots for differential splicing analysis. P values are from
LeafCutter. B. 5’ splice site for introns with increased or decreased excision in CLL cases with g.3A>C Ul
mutation. Top, bar chart shows Q values from y* tests for base composition difference. Red line indicates the Q =
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0.1 cutoff. C. Category of mis-splicing events in CLL. The number of introns is colored by the sixth base of 5’
splice site. D. Heatmap representing the clustering of cases according to the expression values (scaled) of the 49
genes in the training (/eff) and validation cohort (righf). Ul_consensus, Ul g.3A>C status by WGS and/or rhAMP;
Ul _predicted, Ul g.3>AC status based on microarray-based prediction. E. t-SNE representation of all 468 CLL
cases based on the microarray expression values of the 49 differentially expressed genes. The predicted U1 g.3A>C
status, IGHV mutational status, and cohort (training/validation) is shown for each case. Patients clustered based on
the presence/absence of the g.3A>C mutation. No effect of the IGHV mutational status is observed. The predicted
WT case carrying the g.3A>C mutation by thAMP assay clustered together with the remaining mutated samples.

Clinical and biological features associated with g.3A>C Ul mutations in CLL

We next studied the clinic-biological characteristics of CLL patients carrying the g.3A>C Ul
mutation. We identified the g.3A>C mutation 30/1120 (2.7%) C1-CLL cases using thAMP assay.
The percentage of cases carrying this mutation was similar between samples analyzed before and
after therapy (27/1021 (2.6%) vs 3/99 (3%), P=0.74, respectively) (Figure 3A). Among cases
analyzed prior to any therapy, the g.3A>C U1 mutation was mainly found in patients diagnosed with
CLL rather than MBL (26/848 (3.1%) vs 1/173 (0.6%), P=0.07), similarly distributed among Binet
stages (P=0.56), present in all but one case with unmutated IGHV (P<0.0001), and highly enriched
within the naive-like epigenetic subgroup (P<0.0001) (Figure 3A). Of note, g.3A>C Ul mutated
cases accounted for 6.4% and 7.3% of unmutated IGHV and naive-like CLL subgroups, respectively.
The sole M-CLL case carrying the g.3A>C mutation was classified as intermediate-CLL based on
the epigenetic subtypes, carried the IGHV3-21 gene, and belonged to stereotype subset #2, which is
known for its aggressive behavior although carrying mutated IGHV (Figure 3B).2%%

To study the potential co-occurrence/exclusivity of Ul mutations with other CLL driver
alterations, we integrated the U1 status with 28 gene mutations and 21 CNA from 691 C1-CLL cases
(Figure 3C). We observed that Ul mutations did not co-occur significantly with any of the clinically-
relevant alterations analyzed. None of the Ul mutated cases carried mutations in SF3B1, only one
case carried concomitant NOTCHI and ATM mutations, and two cases carried 7P53 mutations. Of
note, 4 cases with the g.3A>C U1 mutation harbored del(13q) as a sole previously recognized driver
alteration, and one case lacked all known CLL drivers analyzed. Overall, g.3A>C Ul mutant cases
harbored a similar number of previously recognized driver alterations than Ul WT U-CLL cases

(Figure 3D).
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Figure 3. Clinic-biological characteristics of the 1,120 C1-CLL patients according to the presence of the
¢.3A>C U1l mutation. A. Bar plots showing the distribution of Ul WT and g.3A>C mutated cases among samples
analyzed before or after the initiation of therapy, cases diagnosed as MBL or CLL, Binet stages, IGHV status, and
epigenetic subgroups. M-CLL, memory-like CLL; i-CLL, intermediate CLL; n-CLL, naive like CLL. B.
Stereotyped subsets of Ul mutated cases. C. Oncoprint showing the co-occurrence of g.3A>C Ul mutations with
known CLL driver alterations and clinic-biological variables. The total number of previously recognized driver
alterations (Num. drivers) is shown. The bar plot on the right represent the Q value of the two-sided Fisher’s exact
tests applied to study the co-occurrence/independence of U1 and other driver alterations. D. Distribution of known
driver alterations in CLL cases carrying the g.3A>C mutation, and WT cases separating M-CLL and U-CLL.

Considering the validation C2-CLL cohort, we identified the g.3A>C mutation in 28/553

(5.1%) cases. As observed in C1-CLL patients, this mutation was significantly enriched in U-CLL
cases [23/238 (8.1%) U-CLL; 4/238 (1.7%) M-CLL; P=0.001] and in the naive-like CLL subgroup
[11/100, (11%) naive-like; 1/38 (2.6%) intermediate; 1/105 memory-like; P=0.004]. Of note, 3/4 M-

CLL cases carrying the g.3A>C Ul mutation in this cohort belonged to subset #2. The remaining
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case carried non-stereotyped immunoglobulin genes but expressed IGLV3-21 carrying the R110
mutation, which is associated with aggressive disease.?*?* In this cohort, the Ul mutation was not
associated with any of the driver alterations studied, and only 1 case carried concomitant SF3B1 and

Ul mutations.

2.9C>T Ul mutation in CLL

To study the functionality of the g.9C>T mutation identified in the WGS of 7 CLL cases, we
first genotyped this mutation using the thAMP assay in 1,051 C1-CLL cases (note that these cases
included the 152 C1-CLL cases studied by WGS as controls; 3 mutated). Altogether, we identified
14 (1.4%) cases carrying the g.9C>T mutation; 12/615 (2%) M-CLL and 2/417 (0.5%) U-CLL
(P=0.05). Next, a differentially splicing analysis identified 938 differentially spliced introns between
2.9C>T (n=4) and wild-type (n=264) U1 CLL cases (Figure 4A, supplemental Table 9). As expected,
we observed significant differences in their -1 position of the 5’SS with introns with increased usage
in g2.9C>T Ul CLL tumors enriched for adenine (Figure 4B), specifically enriched in cryptic 5’SS
and annotated junctions (Figure 4C). After introducing exogeneous Ul genes with and without the
2.9C>T in three CLL cell lines, the same transcriptome analysis using cell-line RNA-seq data
confirmed the downstream effect of the g.9C>T mutation observed in primary tumors (Figure 4D-F,
supplemental Table 10). Altogether, the g. 9C>T Ul mutation is present in around 1.5% of CLL
cases, slightly enriched in M-CLL, and alters the splicing pattern of multiple genes. Nonetheless, the

number of genes modulated by this mutation was lower than the one associated to the g.3A>C

mutation.
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Figure 4. Downstream effect of g.9C>T Ul mutations in primary CLL tumors and cell lines. A. P value
quantile-quantile plots for differential splicing analysis. P values are from LeafCutter. B. 5’ splice site for introns
with increased or decreased excision in CLL cases with g.9C>T Ul mutations. Top, bar chart shows Q values from
» tests for base composition difference. Red line indicates the Q = 0.1 cutoff. C. Category of mis-splicing events in
CLL. The number of introns is colored by the -1 base of 5" splice site. D, E, F. Same than A, B, and C,
respectively, but for the splicing analysis using cell-line RNA-seq data.

Clinical implications of Ul mutations in CLL

Finally, we studied the clinical implications of Ul mutations in CLL. In the C1-CLL cohort,
the g.3A>C Ul mutation was associated with a shorter TTFT (P=0.007) in univariate analysis. This
effect was similar if considering the entire CLL cohort or restricting the analysis to early stage (Binet
A) patients (P=0.002, supplemental Figure 1). We next stratified patients according to their g.3A>C
status, IGHV mutations, and presence of SF3BI, NOTCHI, and/or ATM alterations, which are
known to be associated with an aggressive clinical course.®?° Patients carrying the g.3A>C mutation
had a similar TTFT to those carrying SF3BI, NOTCHI, and/or ATM alterations (P=0.66), and
shorter than U-CLL patients lacking these alterations (P=0.064) (Figure 5A, supplemental Figure 1).
Contrarily, the g.3A>C Ul mutation was not associated with a shorter OS of the patients neither in
cases analyzed at a pretreatment stage of the disease (P=0.59) neither in the subgroup of patients
analyzed at relapse after chemoimmunotherapy (CIT) (P=0.75, supplemental Figure 2). The analysis
of sequential samples pre- and post-CIT of 33 cases (4 MUT, 29 WT) showed that the g.3A>C
mutation was stable during the disease course. On the other hand, C1-CLL cases carrying the
2.9C>T mutation (8 M-CLL and 2 U-CLL) had a TTFT similar to U-CLL cases and shorter than M-
CLL (P=.003) in univariate analysis in spite of having predominantly mutated IGHV (Figure 5B,
supplemental Figure 3).

A multivariate model including Ul mutations, IGHV status, disease stage, SF3B1, NOTCHI
and ATM alterations identified that the g.3A>C Ul mutation, but not the g.9C>T mutation, was
independently associated with a shorter TTFT of the patients (Figure 5C). Taking advantage of the
detailed characterization of this cohort, we integrated this g.3A>C Ul mutation with the global
genomic landscape of the tumors. A multivariate model including the g.3A>C Ul mutation together
with the IGHV status, Binet stage, and number of driver alterations, a surrogate of the genomic
complexity of the tumors,> showed that all four variables were independently associated with shorter
TTFT (Figure 5D). The clinical data of the C2-CLL cohort was not available at the time of the

preparation of this manuscript.
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Figure 5. Clinical implications of Ul mutations in CLL. A. TTFT curve of C1-CLL patients according to the
presence of g.3A>C U1l mutation, ATM, NOTCH1 and/or SF3B1 mutations, and IGHV status (U-CLL, M-CLL). P
values for all pairwise comparisons are shown inside the plot area B. TTFT curve of C1-CLL patients according to
the presence of g.9C>T Ul mutations and IGHV status. C. Forest plot showing a multivariate model for TTFT
including the IGHV status, Binet stage, presence of g.3A>C and g.9C>T Ul mutations, NOTCH1, ATM and SF3B1
alterations. Backward-stepwise elimination was used to identify variables with an independent prognostic value. D.
Multivariate model for TTFT including the IGHV status, Binet stage, number of previously recognized driver
alterations (surrogate of the genomic complexity of the tumors), and g.3A>C Ul mutation.

U1 mutations in mature B-cell lymphomas

We identified 35 Ul mutations within its 5’SS recognition sequence (position 3 to 10) in 279
B-cell lymphoma samples analyzed by WGS (supplemental Table 11). The prevalence of these
mutations was remarkably different between entities: 25/162 (15.4%) DLBCL, 4/17 (23.5%) BL, and

2/61 (3.3%) MCL cases carried at least one mutation. No mutations were found in FL and MZL.
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Intriguingly, we also identified substantial differences in their mutated sites: all four BL carried an
A>G mutation in the position 7 of gene while DLBCL carried mutations in positions 3 (A>C; n=7,
4.3%), 4 (C>T, n=13, 8%), 5 (T>A; n=1, 0.6%), 6 (C>T; n=1, 0.6%), 8 (C>T; n=3, 1.9%), 9 (C>T,;
n=3, 1.9%), and 10 (T>A; n=1, 0.6%) (Figure 6A). Regarding DLBCL, we observed that Ul
mutations were enriched within the germinal center B-cell like subtype (GCB; 11/54, 20%)
compared to the activated B-cell subtype (ABC; 3/42, 7%) (P=0.08) [the cell of origin information
was not available for DLBCL from the PCAWG cohort] (Figure 6B).” Ul mutations were also
present in 3/16 (18%) unclassified DLBCL cases. Within GCB cases, g.3A>C and g.4C>T mutations

accounted for 7.4% and 11.1% of cases, respectively (Figure 6C).

We next conducted a differential splicing analysis between 6 g.4C>T and 42 wild-type GCB-
DLBCL cases. This analysis revealed 1,905 introns differentially spliced with a significant
enrichment of adenine at position 5 of the 5’SS in introns with increased excision in g.4C>T GCB-
DLBCL (Figure 6C-E, supplemental Table 12). Altogether, these results suggest that Ul mutations
might h a relevant role in the biology of B-cell lymphomas including DLBCL and BL.
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Figure 6. Ul mutations in B-cell lymphomas. A. Distribution of Ul mutations within the 5’SS recognition
sequence in BL, DLBCL and MCL cohorts. B. Percentage of DLBCL cases carrying U1 mutations according to the
cell-or-origin classification. C. Percentage of DLBCL cases carrying each specific Ul mutation within each
subtype. D. P value quantile-quantile plots for differential splicing analysis between g.4C>T and wild-type GCB-
DLBCL cases. P values are from LeafCutter. E. 5’ splice site for introns with increased or decreased excision in
GCB-DLBCL cases with g.4C>T U1 mutations. Top, bar chart shows Q values from y? tests for base composition
difference. Red line indicates the Q = 0.1 cutoff. F. Category of mis-splicing events in GCB-DLBCL. The number
of introns is colored by the Sth base of 5 splice site.
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Discussion

We have previously identified a novel noncoding recurrent mutation affecting the third base
of the small nuclear RNA Ul in distinct cancer types.'? This mutation was found in 12/318 CLL
cases studied and caused downstream splicing and expression changes in a remarkable number of
genes.! In this small cohort, the presence of the Ul mutation was associated with a shorter TTFT of
the patients. Here we provide a characterization of Ul mutations in 1,673 CLL cases to further
describe its clinical and biological consequences. Besides, we analyzed the incidence of Ul

mutations in other B-cell neoplasms.

By analyzing the whole genome of 401 CLL cases, we identified a new recurrent Ul
mutation in the position 9 of the gene (g.9C>T), which caused down-stream splicing changes in CLL
cases and engineered CLL cell lines. Nonetheless, the incidence of this g.9C>T mutation was
relatively low (1.3%) and we could not demonstrate a strong association of this mutation with the
outcome of the patients. Contrarily, after studying 1,673 CLL cases from two independent cohorts,
the g.3A>C mutations was present in 58 (3.5%) cases, highly enriched within the U-CLL and naive-
like epigenetic subgroups of the disease, and did not significantly co-occurred with any previously
recognized driver alteration with prognostic relevance. Of note, 5 cases carrying this mutation had
mutated IGHV genes. All but one belonged to the stereotype subset #2, which is known for its
aggressive behavior and enrichment of SF3B1 mutations.?”?® The remaining case expressed IGLV3-
21 carrying the R110 mutation, which is also associated with poor prognosis.?*?* Thus, all g.3A>C
Ul mutations were identified in aggressive CLL. Remarkably, only one CLL case carried
concomitant Ul and SF3BI mutations in the entire CLL series studied. Regarding the potential
clinical value of our findings, the presence of the g.3A>C mutation did not impair the OS of the
patients, but was associated with shorter TTFT independently of the disease stage, IGHV mutational
status, and presence of previously recognized driver alterations. Besides, we observed that this
mutation was stable during the disease course in patients treated with chemoimmunotherapy.
Nonetheless, the potential clinical value of this mutation in the setting of novel targeted therapies
remains to be elucidated. Altogether, the prevalence of the g.3A>C mutation in treatment-naive
patients and its association with a rapid disease progression confirms that the Ul gene should be
considered as a novel driver alteration in CLL. This finding expands the catalogue of driver
alterations recognized in this disease emphasizing the heterogeneous genetic makeup of these

tumors.>10
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After studying the whole genome of patients with DLBCL, MCL, FL, and BL, we identified
a recurrent g.4C>T mutation in 13/162 (8%) DLBCL cases, somatically acquired in all but one case.
Similar to the effect observed for the mutations in the positions 3 and 9 in CLL, this g.4C>T
mutation was associated with down-stream splicing modulation. Also of interest, Ul mutations were
remarkably enriched in GCB-DLBCL cases. We also identified a recurrent g.7A>C U1 mutations in
23.5% BL, which together with GCB-DLBCL has a germinal center origin. Further analyses are
deserved to characterize the biological and clinical consequences of this mutation. Our results

suggest that Ul mutations might represent novel driver alterations in DLBCL and BL.2%3°

In summary, this study further characterized the biological and clinical consequences of Ul
mutations in CLL and identified a potential new driver mutation in DLBCL and BL. Based on its
downstream effect on gene expression and splicing in independent cohorts, its prevalence in 3% of
cases, and its association with the progression of the disease, this study places the g.3A>C Ul
mutation in the catalogue of CLL driver alterations with proven phenotypic and clinical

consequences.
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Chapter 2:
Minor subclonal mutations, subclonal heterogeneity, and
genomic complexity in chronic lymphocytic leukemia






Summary

Previous evidences suggested that minor subclonal populations carrying TP53
mutations might lead disease progression and impair the outcome of the patients. In
this chapter, we aimed to broadly characterize the prevalence and clinical value of
subclonal driver mutations in CLL. In a first study (Study 3), we confirmed that the
presence of minor subclonal TP53 mutations were associated with a shorter overall
survival of the patients comparable to those carrying clonal TP53 aberrations. Likewise,
subclonal mutations in NOTCH1 impaired the TTFT of the patients similar to their clonal
counterparts. Nonetheless, clonal but not subclonal NOTCH1 mutations were associated
with shorter overall survival. We also identified that clonal evolution might occur both
before and after treatment pressure and it was associated with an unfavorable outcome.
Next, we expanded the analysis to 28 driver genes and genome-wide CNA (Study 4). We
found that subclonal driver alterations were more frequent than clonal alterations and
present as a sole abnormality in virtually all studied genes. We also deciphered common
evolutionary trajectories of the disease, expanded the clinical relevance of subclonal
driver mutation to other recurrently altered genes such as NFKBIE, MGA or POT1, and
showed that the integration of the genomic complexity and subclonal composition of
the tumor, rather than considering single driver alterations, might better predict CLL
outcome. Finally, an extra layer of subclonal heterogeneity in CLL could be related to
topographic diversification. In this regard, we studied synchronous samples from
peripheral blood and lymph node of 15 cases by WGS/WES and found that CLL at
diagnosis presents minimal spatial heterogeneity (Study 5). Overall, along this chapter
we shed light on the subclonal architecture of CLL and its clinical relevance, distilling key

findings that might orient the design of integrative prognostic and predictive models.
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Study 3.
Clinical impact of clonal and subclonal TP53, SF3B1, BIRC3, NOTCH1, and ATM
mutations in chronic lymphocytic leukemia

Nadeu, F., Delgado, J., Royo, C., Baumann, T., Stankovic, T., Pinyol, M., Jares, P., Navarro, A,,
Martin-Garcia, D., Bea, S., Salaverria, I., Oldreive, C., Aymerich, M., Suarez-Cisneros, H.,
Rozman, M., Villamor, N., Colomer, D., Lopez-Guillermo, A., Gonzdlez, M., Alcoceba, M.,

Terol, M. J., Colado, E., Puente, X. S., Lopez-Otin, C., Enjuanes, A., Campo, E.

Blood. 2016, 127: 2122-2130.

This paper was accompanied by an Inside Blood Commentary entitled ‘Not all subclones

matter in CLL" by Lesley-Ann Sutton and Richard Rosenquist [Blood. 2016, 127: 2052-2054].
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Clinical impact of clonal and subclonal TP53, SF3B1, BIRC3, NOTCHI1,
and ATM mutations in chronic lymphocytic leukemia
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Genomic studies have revealed the complex clonal heterogeneity of chronic lymphocytic
leukemia (CLL). The acquisition and selection of genomic aberrations may be critical
to understanding the progression of this disease. In this study, we have extensively
characterized the mutational status of TP53, SF3B1, BIRC3, NOTCH1, and ATM in 406
untreated CLL cases by ultra-deep next-generation sequencing, which detected
subclonal mutations down to 0.3% allele frequency. Clonal dynamics were examined in
longitudinal samples of 48 CLL patients. We identified a high proportion of subclonal
mutations, isolated or associated with clonal aberrations. TP53mutations were presentin
10.6% of patients (6.4% clonal, 4.2% subclonal), ATM mutations in 11.1% (7.8% clonal,
1.3% subclonal, 2% germ line mutations considered pathogenic), SF3B1 mutations in
12.6% (7.4% clonal, 5.2% subclonal), NOTCH1 mutations in 21.8% (14.2% clonal, 7.6%
subclonal), and BIRC3 mutations in 4.2% (2% clonal, 2.2% subclonal). ATM mutations,
clonal SF3B1, and both clonal and subclonal NOTCH1 mutations predicted for shorter
time to first treatment irrespective of the immunoglobulin heavy-chain variable-region
gene (IGHV) mutational status. Clonal and subclonal TP53 and clonal NOTCH1 mutations
predicted for shorter overall survival together with the IGHV mutational status. Clonal evolution in longitudinal samples mainly
occurred in cases with mutations in the initial samples and was observed not only after chemotherapy but also in untreated patients.
These findings suggest that the characterization of the subclonal ar ture and its dyr inthe evolution of the disease may be
relevant for the management of CLL patients. (Blood. 2016;127(17):2122-2130)

Key Points

¢ Clonal and subclonal
mutations of NOTCH1 and
TP53, clonal mutations of
SF3B1, and ATM mutations
in CLL have an impact on
clinical outcome.

¢ Clonal evolution in
longitudinal samples occurs
before and after treatment
and may have an unfavorable
impact on overall survival.

Introduction

The clinical course of patients with chronic lymphocytic leukemia
(CLL) is highly heterogeneous.” The mutational status of the immu-
noglobulin heavy-chain variable-region genes (IGHV) and deletions/
mutations of 11q/ATM/BIRC3 and 17p/TP53 are important determi-
nants of the clinical outcome of the disease.' In recent years, next-
generation sequencing (NGS) studies have provided a complete profile
of somatic mutations in CLL.>® Few genes have mutations with mid/
low frequencies around 11% to 15%, whereas a larger group of genes
are mutated at much lower frequencies (2%-5%), highlighting a striking
interpatient heterogeneity.'® The most commonly altered genes cluster

in a limited number of pathways, including DNA damage response and
cell cycle control, the nuclear factor—«B signaling pathway, messenger
RNA processing, and NOTCH signaling among others.***!'' Multiple
studies on population-based or clinical trial cohorts have demonstrated
the adverse prognostic value of TP53, ATM, SF3B1, NOTCHI, and
BIRC3 mutations.>'>*

Combined copy number analysis'>'>2% and NGS'"'>2! have
shown that CLL cases may be composed of heterogeneous tumor cell
populations with subclonal mutations that may evolve over the course
of the disease and influence its biological behavior. The acquisition and
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selection of genomic aberrations over the disease course may be critical
to understanding the progression and resistance to treatment.?? In
addition, the presence of subclonal driver mutations may influence a
more aggressive evolution of the disease.'* The high sensitivity of
ultra-deep NGS allows for the study of the clonal heterogeneity of
tumors and the detection of very small mutated subclones.?*** Recent
studies have shown the clinical relevance of the detection of 7P53
mutation at very low allele frequency. 1224 However, the presence and
prognostic impact of minor mutated subclones of other genes with
prognostic impact in CLL and their clonal dynamics in the evolution of
the disease are not well known. The goals of this study were to explore
the presence of clonal and subclonal mutations of TP53, ATM, SF3B1,
NOTCH1, and BIRC3 in CLL using an ultra-deep NGS strategy, define
the evolution of these subclones at different time points of the disease,
and determine their influence in the outcome of patients.

Materials and methods

Patients and samples

Samples from 406 untreated CLL patients were included in this study (Table 1).
In 48 patients, longitudinal samples obtained at different time points of the
disease, including stable phase, progression before treatment, or relapse, were
also examined. Tumor cells were purified from fresh or cryopreserved mono-
nuclear cells using a cocktail of magnetically labeled antibodies as described
(AutoMACS; Miltenyi Biotec). 10 The median final fraction of tumor cells
determined by flow cytometry was 98% with 85% samples having a tumor
purity >90%. The frequency of mutant alleles detected by ultra-deep NGS
was corrected for the specific tumor cell content of each tumor. DNA from
purified normal blood cells from the same patients was also obtained. The
study was approved by the Hospital Clinic ethics committee. All patients gave
informed consent according to the International Cancer Genome Consortium
guidelines.”

Molecular and genetic characterization

Copy number alterations (CNAs) were investigated as described (supplemental
Methods, available on the Blood Web site).” Targeted ultra-deep NGS of
TP53 (exons 4-10), ATM (exons 2-63), BIRC3 (exons 2-9), SF3B1 (exons
14-16 and 18), and NOTCHI1 (exons 26, 27, 34, and 3’ untranslated region
[UTR]) was performed. Specific primers for TP53, ATM, BIRC3, and SF3B1
were designed with the D3 Assay Design web-based tool (https://www.
fluidigm.com/assays) (supplemental Table 1). Amplicon libraries were gen-
erated using the Access-Array system (Fluidigm), pooled, and paired-end
sequenced in MiSeq equipment (Illumina). A mean coverage >3000x was
obtained for each gene. Across the whole target region, a coverage >1000x
was obtained in >85% of the sequence in 95% of the samples (supplemental
Figure 1). NOTCH I-specific primers were designed using the Primer3 program
(supplemental Table 2).2**" Long polymerase chain reaction (PCR) amplifi-
cations were performed using the KAPA HiFi DNA Polymerase HotStart
ReadyMix (Kapa Biosystems) and normalized with the SequalPrep Normal-
ization Plate kit (Invitrogen).?® Libraries were generated with the Nextera
XT DNA Library Preparation kit (Illumina) and sequenced in a MiSeq. The
average sequencing coverage was 2310x; a coverage >250x and >500x was
obtained in >85% of the target region in 87% and 71% of the samples, respectively
(supplemental Figure 1).

Bioinformatic workflow

Sequencing reads were mapped to the human reference genome (GRCh37) using
the Burrows-Wheeler Aligner—-MEM algorithm (version 0.7.10).° Coverage
along the targeted regions was analyzed using SAMtools (version 1.1)** and
custom scripts. Variant calling was performed using the VarScan2 (version
2.3.6).%' Moreover, the entire pipeline established on the MiSeq Reporter
software (MSR; version 2.4.60) was run in parallel. All variants detected by
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Table 1. Patients’ baseline characteristics at the time of sampling

Parameter Category CLL, n = 406
Sex % Male/Female 57/43
Age, y Median (range) 66 (19-94)
Time from diagnosis to sampling, mo <12 206
>12 200
Binet stage A 313
B 52
C 15
Unknown 26
Rai stage 0 253
1=l 109
n-v 17
Unknown 27
CNAs Trisomy 12 52/376 (13.8%)
Del13q 163/376 (43.4%)
Del17p 19/398 (4.7%)
Dell1q 36/398 (9.0%)
IGHV mutational status Mutated 218/382 (57.1%)
Patients treated during follow-up n (%) 208/406 (51.2%)

Follow-up from sampling, mo Median (range) 35 (6-224)

Del, deletion; IGHV unmutated, =98% identity with germ line.

any of these 2 algorithms were combined and annotated using ANNOVAR
(version 2()14Jull4)32 as well as custom scripts. Two additional callers,
UnifiedGenotyper and HaplotypeCaller (Genome Analysis Toolkit [GATK],
version 3.3—0),3 3 were tested but no additional variants were detected by these
2 algorithms. Variant calling was executed after performing the indel realignment
and the base quality score recalibration steps defined in the GATK Best Practice
recommendations.>*> All programs were executed following the authors’
recommendations. The complete bioinformatic pipeline is shown in supple-
mental Figure 2, and a comparison of variant callers in supplemental Figure 3.
Synonymous variants and polymorphisms described in the Single Nucleotide
Polymorphism Database (dbSNP138) with a European population frequency
higher than 1% (1000 Genomes Project database) were removed. TP53 and
SF3BI variants were considered as somatic mutations when, in addition to
fulfilling the previous criteria, they were truncating, affected splicing sites, or
were identified as somatic mutations in COSMIC (http://cancer.sanger.ac.uk/
cosmic), the International Agency for Research on Cancer 7P53 database (http:/
p33.iarc.fr/), or in our CLL-genome project database.” NOTCHI truncating
mutations were considered somatic whereas all nontruncating variants were
confirmed to be in the germ line by sequencing the respective normal DNA
sample. All ATM and BIRC3 variants were investigated in the germ line DNA of
the patient. All truncating BIRC3 mutations were identified as somatic whereas the
missense variants were present in the germ line and not considered for further
studies. ATM mutations identified in the germ line were classified as rare
polymorphisms, mutations of unknown significance, rare missense mutations,
and likely/definitively pathogenic according to previous criteria (supplemental
Table 3).%*° To assess the sensitivity of this methodology to detect low-
frequency mutations, we performed 4 independent dilution experiments using
DNA from 4 cases with TP53, ATM, and NOTCH1 mutations in >90% of the
cells. Our approaches were able to call these mutations down to a variant allele
frequency (VAF) <1% (supplemental Figure 4).

Verification of clonal and subclonal mutations

Sanger sequencing was used to verify a selected number of mutations. As
in previous studies, our VAF threshold to detect mutant alleles by Sanger was
12% (supplemental Figure 5).2* Therefore, mutations were considered subclonal
(ie, low-allele frequency) when VAF was <12% and clonal (ie, high-allele
frequency) when VAF was =12%. To verify clonal mutations, Sanger sequenc-
ing was performed on 69 high-frequency mutations and in 233 unmutated
regions/genes. All results obtained by our pipeline were confirmed by Sanger
(supplemental Methods; supplemental Table 4). In addition, 43 cases carrying
high frequency mutations were subjected to a second round of NGS showing
concordant results in all cases. All subclonal mutations (VAF <12%) were
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verified by a second independent NGS experiment and/or confirmed by allele-
specific PCR, as described (supplemental Table 5; supplemental Figure 6).*4
According to the verification step, the specificity of our analysis on calling
low-frequency mutations was 73%.

Statistical methods

Primary end points were overall survival (OS) and time to first treatment (TTT).
OS was calculated from the date of sampling to the date of death or last follow-up.
TTT was calculated from the date of sampling to the date of first treatment or last
follow-up, considering disease-unrelated deaths as competing events. The log-
rank test was used to compare Kaplan-Meier curves of OS; the Gray test was
used to compare cumulative incidence curves of TTT. Multivariate analyses of
prognostic factors were modeled using Cox and Fine-Gray regression models as
previously described.*! Thresholds for VAF that offered the best prediction in
terms of TTT or OS were calculated for every gene using maximally selected
rank statistics and receiver operating characteristic curves (supplemental Results).
All calculations were performed using R, version 3.2.2. Double-sided P values <
.05 were considered significant. A detailed explanation of the statistical
methods is available in supplemental Methods.

Results
Clonal and subclonal mutations

The minimal mutant allelic fractions observed in our cases were 0.3%
for TP53 and NOTCH|1, 0.5% for BIRC3, 1% for SF3B1, and 2% for
ATM. Missense mutations were the most frequent aberration in SF3B/
and TP53, whereas all BIRC3 and NOTCH mutations were truncating.
ATM-truncating variants accounted for half of the variants detected.
Clonal and subclonal mutations had similar molecular features and
gene distribution (Figure 1). Convergent evolution (acquisition of inde-
pendent genetic mutations in the same gene) was observed in 30 cases
(NOTCHI, 13; ATM, 12; TP53, 9; BIRC3, 5, SF3BI, 4).

TP53. A total of 55 TP53 mutations were found in 43 of the 405
patients (10.6%) studied: 28 clonal (51%) and 27 subclonal (49%)
(Figure 1A; supplemental Table 6). Mutations were mainly located at
the DNA-binding domain of the protein (Figure 1B), and around 70%
were missense (Figure 1C). Subclonal mutations were the only 7P53
aberration in 16 of 405 patients (4%) and co-occurred with other ab-
normalities in 5 of 405 patients (1%): 4 TP53 clonal mutations and
1 17p deletion (Figure 2). In contrast, 14 of 22 patients (64%) with
TP53 clonal mutations also had a 17p deletion. Isolated 17p deletions
were only observed in 4 of 405 patients (1%) (Figure 2B).

ATM. ATM had 126 variants in 95 patients. To determine whether
these variants were somatic, we sequenced the germ line DNA of all
mutated patients. Fifty-three mutations were classified as somatic
(supplemental Table 7) and 73 as germ line variants. The latter were
67 missense (92%) and 6 truncating (8%) mutations. These germ
line variants were classified as definitely (n = 8) or likely (n = 2)
pathogenic (2 of these 10 were present in the same patient), rare
missense (n = 33), variants of unknown significance (n = 12), or
polymorphisms (n = 18) (supplemental Table 8). Interestingly, 4 of
9 cases (44%) with germ line pathogenic but only 3 of the 53 (6%)
with nonpathogenic variants acquired 11q deletions (P < .01), sug-
gesting a possible role of these germ line variants in the progression of
the disease through deletion of the remaining allele (supplemental
Figure 8).>” On the other hand, most somatic mutations (40 of 53, 75%)
were clonal and 27% (13 of 53) subclonal (Figure 1 A). Mutations were
detected in 32 of 63 exons, with no hotspot regions (Figure 1B).

Combining both ATM somatic mutations and pathogenic germ line
variants, 63 mutations were identified in 44 of 398 patients (11%). All
but 1 subclonal alterations were detected in cases that already carried a
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clonal mutation (4 patients), 11q deletion (4 patients), or clonal muta-
tion, and 11q deletion (4 patients) (Figure 2). Among the remaining 31
patients, 17 carried isolated clonal ATM mutations whereas in the other
14 cases, clonal ATM mutations coexisted with 11q deletions. Isolated
11q deletion without mutations was observed in 12 patients (Figure 2B;
supplemental Figure 7). Both ATM mutations and 11q deletions mainly
occur in IGHV-unmutated CLL (87%). Coexistence of 7P53 and ATM
mutations was only observed in 2 of 87 cases (2%).

BIRC3. We found 25 BIRC3-truncating mutations in 17 of 399
patients (4%), 9 clonal (36%), and 16 subclonal (64%) (Figure 1A;
supplemental Table 9). All but 1 mutation were located in exons 6 to 9
(Figure 1B). Nine of the 17 patients (53%) had subclonal mutations,
3 of which were associated with 11q deletions. Eight patients (47%)
had clonal BIRC3 mutations, 3 coexisting with a subclonal mutation
(Figure 2).

SF3B1. We detected 56 SF3BI mutations in 51 of 401 patients
(13%), 30 clonal (54%), and 26 subclonal (46%) (Figure 1A; sup-
plemental Table 10). Mutations were found in the 4 evaluated exons,
although the hotspot p.K700E mutation was the most prevalent (19 of
56, 34%) (Figure 1B). All but 1 were missense mutations (Figure 1C).
Clonal SF3B1 mutations were seen in 28 of 51 patients (55%), mutated
subclones in 21 of 51 (41%), and only 2 of 51 cases (4%) had both
clonal and subclonal mutations (Figure 2). SF3BI mutations were
found together with 7P53 or ATM mutations in 5 and 13 CLL cases,
respectively, and none with BIRC3.

NOTCHI. We found 104 NOTCHI mutations in 86 of 391
patients (22%), 57 clonal (55%), and 47 subclonal (45%) (Figure 1A;
supplemental Table 11). All mutations were truncating and detected
in exon 34 (82, 79%) or the 3'UTR region (22, 21%) (Figure 1B-C).
p.P2514fs*4 (n = 66) and 3'UTR’ (n = 22) mutations accounted for
85% of all NOTCH I mutations (Figure 1B). Interestingly, only subclonal
NOTCHI mutations were observed in 30 of 86 (35%) of the mutated
cases, only clonal mutations in 46 cases (53%), and the remaining 10
cases (12%) carried both clonal and subclonal mutations (Figure 2).
NOTCH1 mutations mostly occur in IGHV-unmutated CLL (82%),
with no difference between clonal and subclonal alterations.

Clinical impact

Time to first treatment. The impact of clonal and subclonal
mutations was initially evaluated in the 206 patients in whom the
sample was obtained within 1 year of diagnosis. ATM mutations
had a significant effect on TTT independent of the presence of 11q
deletions. Seventy-one percent of patients with ATM mutations and
no 11q deletions had received therapy within 1 year of sampling
compared with only 37% of unmutated patients (P = .0014). Patients
with 11q deletions also had a significantly shorter TTT compared with
patients without ATM disruption (74% vs 37%, P < .0001). There
was no significant difference between patients with ATM mutations
without 11q deletion and patients with 11q deletion (P = .93)
(Figure 3A). SF3B1 clonal (P < .0001), but not subclonal (P = .22),
mutations had a significant impact on TTT. At | year from sampling,
87% of patients with clonal mutations in SF3B/ had required therapy
compared with 51% with subclonal mutations and 40% with wild-type
(WT) SF3BI (Figure 3B). In contrast, both clonal (P < .0001) and
subclonal (P = .0001) NOTCH1 mutations predicted for a shorter TTT
compared with patients with a WT NOTCHI sequence (Figure 3C).
Indeed, 74% of patients with clonal and 69% of patients with subclonal
NOTCH]I mutations had received first-line therapy within 1 year of
sampling compared with 34% of WT patients. Other covariates with
a significant impact on TTT were IGHV mutational status (P < .0001)
(Figure 3D) and Rai stage (P < .0001) (Figure 3E). All 5 covariates
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TP53, ATM, BIRC3, SF3B1, and NOTCH1 mutations. (A) VAF of the mutations identified by

NGS in each of the studied genes. Blue bars correspond to clonal mutations (VAF =12%) whereas orange bars to the subclonal mutations (VAF <12%). (B) Schematic
diagram of TP53, ATM, BIRC3, SF3B1, and NOTCH1. Exons are represented by boxes and the main protein domains are colored. Color-coded shapes indicate the position
and type of the mutation. Variants represented on the top of the protein correspond to high-frequency mutations (clonal) whereas variants represented under the diagram
correspond to low-frequency mutations (subclonal). Shaded area corresponds to the region sequenced. (C) Comparison of the molecular profile of the identified clonal and
subclonal mutations. Each pair of bars represent clonal (dark) and subclonal (light) mutations. No statistical differences were observed by the Fisher exact test.

were independently associated with TTT according to the Fine
and Gray regression model: IGHV mutational status (hazard ratio
[HR] = 1.78; 95% confidence interval [CI], 1.06-2.98; P = .028),
SF3BI mutations (HR = 1.73;95% CI, 1.05-2.86; P = .031), ATM
aberrations (mutations/deletions) (HR = 1.36; 95% CI, 1.05-1.76;
P = .021), NOTCHI mutations (HR = 1.39; 95% ClI, 1.11-1.76;
P =.0049), and Rai stage (HR = 4.34;95% CI, 2.71-6.96; P < .0001).
On the other hand, the presence of 7P53 or BIRC3 mutations, either
clonal or subclonal, was not significantly associated with TTT (P = .63
and P = .97, respectively) (supplemental Figure 9). The TTT impact of
clonal and subclonal mutations was also evaluated in the entire cohort
of 406 patients with similar results for all 5 genes (supplemental
Results; supplemental Figure 10).

Overall survival. The 5-year OS of patients harboring TP53
mutations was significantly shorter for patients with both clonal (54%)
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and subclonal (64%) mutations compared with those with WT TP53 (82%)
(P <.0001 and P = .011, respectively), with no significant dif-
ference between clonal and subclonal mutations (P=.44) (Figure 4A).
Given the frequent co-occurrence of 7P53 mutations with 17p
deletions, we also evaluated the impact of isolated mutations vs 17p
deletions. All 3 subgroups (17p deletions, TP53 clonal mutations
without deletions and TP53 subclonal mutations without deletions)
had prognostic impact compared with the WT sequence (P < .0001,
P = .037, and P = .037, respectively [supplemental Figure 11]).
Patients harboring clonal, but not subclonal, NOTCHI mutations
had a significantly shorter OS compared with those having a WT
sequence (P = .001 and P = .94, respectively) (Figure 4B), whereas
clonal BIRC3 (P = .049) or SF3B1 (P = .097) mutations had a trend
toward a shorter OS compared with the WT cases (supplemental
Figure 12). Finally, other covariates with a significant impact on OS by
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Figure 2. Graphical representation of gene aberrations observed in the entire cohort. (A) CNA, IGHV status, and mutational status of the studied genes are
represented. Each column represents an untreated CLL case carrying at least 1 mutation in any of the studied genes. Bar plot on the right represents the number of times at
which each CNA and IGHV status was observed in all mutated cases. Blue bar plots refers to the number of cases carrying isolated subclonal mutations, only clonal
mutations, or both regarding the mutational status of the studied genes. Cases carrying ATM definitely/likely pathogenic germ line variants are also shown. (B) Incidence of
TP53, ATM, BIRC3, SF3B1, and NOTCH]1 alterations classified regarding its clonal representation in the study cohort. Del, deletion; mut, mutation/s.

univariate analysis were IGHV mutational status (P = .0006) and Rai
staging (P=.001) (Figure 4C-D). In contrast, neither 11q deletions or
ATM mutations nor biallelic ATM inactivation had a significant impact
on OS (P = .69 and P = .91, respectively) (supplemental Figure 13).
A multivariate analysis revealed that CLL patients harboring TP53
aberrations (clonal and subclonal mutations/deletions) had a 1.71-fold
increased risk of death (95% CI, 1.28-2.26; P = .0001), and also
patients with clonal NOTCH I mutations (HR, 1.5;95% CI, 1.13-1.99;
P = .0049). Other factors independently associated with a shorter OS
were unmutated IGHV (HR = 1.84;95% CI, 1.05-3.21; P = .032) and
Rai stage I-IV (HR = 2.33;95% CI, 1.41-3.85; P = .0009). The internal
validity of the model was evaluated using bootstrapping, and the 4
covariates were selected for the model in 69% of 1000 replications.

Clonal evolution

‘We also performed a longitudinal analysis in 48 patients with sequential
samples available (median time between samples [months]: 38, range:
1-198) (supplemental Table 12-13; supplemental Figure 14). Twenty of
them lacked mutations in any of the 5 genes analyzed at sampling. Only
4 of the 17 cases (24%) in which the second sample was examined
before treatment acquired mutations: 1 in 7P53, 2 in NOTCH1, and the
other acquired 2 mutations in BIRC3 (Figure 5 case 84). This contrasts
with patients evaluated after therapy, in which all 3 (100%) acquired
mutations in 7P53 (2) or BIRC3 (1). Eight of the 28 cases (29%) with
mutated genes at sampling expanded the mutated clone in the

subsequent study: 5 at the moment of progression (3 7P53, 1 SF3B1, and
1 TP53 + SF3BI) and 3 at relapse posttreatment (1 7P53, 1 SF3B1, and
1 NOTCH1). Two of the latter 3 cases also acquired additional mutations
after treatment (7P53 and SF3BI). Four mutations observed before
treatment in 3 patients (1 7P53, 1 SF3B1,and 2 BIRC3 in cases 7,75, and
84, respectively) were not detected in the relapsed sample after
treatment. The negative detection was confirmed by allele-specific PCR
and/or a second NGS round. More complex patterns of evolution
involving several mutated subclones in the same case were also observed
in 5 cases: 4 before treatment and 1 at relapse. No evolution was seen
before treatment in 4 cases with small mutated subclones (1 ATM +
SF3BI,1 NOTCHI + ATM + TP53,1 ATM, and 1 SF3BI + NOTCH]I),
and in 9 cases (4 before treatment, 5 after treatment) in which virtually all
cells carried a driver mutated gene (with a VAF around 50% or 100%).

The allele frequency of 7P53 mutations expanded before treatment
in 5 cases. Three samples examined at relapse showed an expansion
(Figure 5 case 27), persistence, or disappearance of the initial 7P53-
mutated clone. We also observed that SF3B/-mutated subclones also
expanded before any treatment in 4 of the 6 cases (Figure 5 case 320).
NOTCH1 mutations appeared before treatment in 3 patients, expanded
in one after treatment and remained stable in the others with and without
treatment (Figure 5 case 48). On the contrary, no evolution was ob-
served in cases with clonal or subclonal ATM mutations (Figure 5 case
48), although the mean time between samples was relatively short in
these cases.
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Figure 3. TTT according to gene aberrations. (A) Comparison of TTT among patients carrying ATM mutations without 11q deletion (blue line), 11q deletion (red line), and
cases carrying a WT ATM gene (gray line) (P = .0014 for ATM mutations vs WT; P < .0001 for 11q deletion vs WT; P = .93 for ATM mutations vs 11q deletion). (B)
Comparison of TTT among cases carrying isolated subclonal SF381 mutations (light blue line), clonal SF3B1 mutations (dark blue line), and cases carrying a WT SF3B1 gene
(gray line) (P < .0001 for clonal mutations vs WT; P=.22 for subclonal mutations vs WT; P = .045 for clonal vs subclonal mutations). (C) Comparison of TTT among patients
carrying subclonal NOTCH1 mutations (light blue line), clonal NOTCH1 mutations (dark blue line), or WT NOTCH1 gene sequence (gray line) (P < .0001 for clonal mutations
vs WT; P=.0001 for subclonal mutations vs WT; P = .88 for clonal vs subclonal mutations). (D) Comparison of TTT among patients carrying the mutated (black line) or
unmutated IGHV gene sequence (gray line) (P < .0001). (E) Comparison of TTT among patients diagnosed with Rai I-IV (orange line) or Rai 0 disease (gray line) (P < .0001).

P, P values by Gray test.

We then evaluated the impact of “clonal evolution” on the OS of
these 48 patients with sequential samples. Clonal evolution was
observed in 21 patients, 13 of 34 untreated (38%) and 8 of 14
after treatment (57%). These patients had a significant shorter OS
than those with no evidence of clonal evolution (HR = 2.95;95% CI =
1.16-7.5; P = .023).

Discussion

Genomic studies in CLL have recently emphasized the complex
heterogeneity of the disease.'"**! The characterization of the clonal
architecture at early and subsequent phases of the disease may
provide relevant information to orient management strategies more
related to the biology of the tumor.*> Whole-genome and exome-
sequencing studies have revealed a large number of driver genes and
the influence of their subclonal heterogeneity in the outcome of the
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patients.”'*'4#2%3 However, these comprehensive approaches have

limited power to detect very small subclones of mutated driver genes
that can expand over time and influence the evolution of the disease.'*
Recent studies using ultra-deep NGS have confirmed the clinical
relevance of low-frequency 7P53-mutated subclones on the outcome
of CLL patients but whether this phenomenon occurs for other
drivers is not well known.'>%*

Using a highly sensitive NGS strategy, we have detected small
subclones (down to 0.3% allele frequency) of 5 major CLL drivers
(TP53, SF3BI1, BIRC3, NOTCHI, and ATM) in a relative high
proportion of patients (93 of 406, 23%). These subclonal mutations
have similar molecular characteristics as their respective high-
allele frequency mutations supporting a comparable pathogenic
effect.”?**?% In this sense, we have confirmed the unfavorable
impact on OS of TP53 subclonal mutations, which was analogous
to that of clonal alterations, even in the absence of deletions of the
other allele.'>** We have also observed that both clonal and subclonal
NOTCH 1 mutations and clonal, but not subclonal, SF3B1 mutations
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have a significant impact on TTT, independent of IGHV mutations.
The unfavorable prognosis of clonal SF3B/ and NOTCHI
mutations has been confirmed in several studies but the impact of

Figure 5. Representative examples of clonal evolu-
tion observed in a 48-sample longitudinal analysis.
llustration of 4 representative CLL cases of clonal
evolution showing the decrease or expansion of the
BIRC3, TP53, SF3B1-, ATM-, or NOTCH1-mutated
clone. Time O corresponds to the diagnosis time point.
Each circle represents a unique mutation and its size is
proportional to the VAF of the mutation corrected by
the sample’s tumor purity. Each mutation is repre-
sented at the time point at which a tumor sample was
collected. B+O, bendamustine, ofatumumab; B+R,
bendamustine, rituximab; Chl, chlorambucil; FC, fludar-
abine, cyclophosphamide; L, lenalidomide; RFCM, ritux-
imab, fludarabine, cyclophosphamide, mitoxantrone.

is relevant because
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Figure 4. OS according to gene aberrations. (A)
Comparison of OS among patients carrying subclonal
TP53 mutations (light blue line), clonal TP53 mutations
(dark blue line), and cases harboring an unmutated TP53
gene (gray line) (P < .0001 for clonal mutations vs WT;
P = .011 for subclonal mutations vs WT; P = .44 for
clonal vs subclonal mutations). (B) Comparison of OS from
date of sampling between CLL patients carrying subclonal
NOTCH1 mutations, clonal NOTCH1 mutations, and WT
NOTCH?1 gene (light blue, dark blue, and gray lines,
respectively) (P = .001 for clonal mutations vs WT;
P = .94 for subclonal mutations vs WT; P = .10
for clonal vs subclonal mutations). (C) Comparison of
OS among patients carrying mutated (black line), and
unmutated IGHV genes (gray line) (P = .0006). (D)
Comparison of OS among patients diagnosed with
Rai I-IV (orange line), or Rai O disease (gray line) (P = .001).
P, P values by log-rank test.

subclonal mutations had not been investigated.”>*>*® The
prognostic value of the NOTCH1 subclonal mutations shown here

deep-sequencing approaches might be able to
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identify these high-risk patients that were undetected by classical
techniques.

The mutational study of ATM is challenging due to its large size and
the need to distinguish potential pathogenic mutations already present
in the germ line from polymorphisms or nonpathogenic variants. In this
study, we have completely characterized the mutational status of ATM
in a large series of patients. Of note, isolated subclonal ATM mutations
were uncommon (only 1 case of 44). We found that ATM mutations had
a significant impact on TTT even in the absence of 11q deletions,
suggesting that fluorescence in situ hybridization or CNA are not
sufficient for a complete ATM characterization. No effect of ATM
mutations or 11q deletions on OS was observed, as previously
described.**4%°

ATM germ line variants previously described as definitively/likely
pathogenic were frequently associated with 11q deletions, confirming
the hypothesis that these germ line variants may influence disease
progression through loss of the other allele.’” Germ line variants
considered as nonpathogenic had no impact on outcome and were
rarely associated with 11q deletions. The advent of NGS platforms
will certainly help to better characterize both somatic and germ
line ATM mutations. The requirement of germ line DNA may be
also relevant for BIRC3 and NOTCH because missense variants
detected in the tumor sample were already present in the germ
line. On the contrary, all TP53 and SF3BI mutations detected
had been previously confirmed already as somatic or pathogenic,
suggesting that germ line DNA may be dispensable in these
studies.

Our longitudinal study reveals the complex clonal evolution
of this disease. We confirmed the expansion of most TP53-
mutated clones after therapy observed also in other studies.'>?%>*
However, TP53, SF3B1, and NOTCHI mutations appeared de
novo or expanded before any therapy in some patients,
indicating that progressive dynamics of these clones are not
only dependent on therapy selection. On the contrary, small
ATM-mutated clones seem to be more stable, although the time
between samples in our study was relatively short. We have also
observed 2 subclonal (TP53, SF3BI1) and 1 clonal (BIRC3)
mutations that apparently disappeared under the detection
threshold after treatment, suggesting that in some cases therapy
may control these small subclones. Although the number of cases is
limited, we observed that clonal evolution in longitudinal samples had
an unfavorable impact on OS, suggesting that, in addition to the
subclonal architecture of the tumor, the study of the clonal dynamics
may provide relevant information to understanding the outcome of
the patients.

In conclusion, this study shows the presence of a high number of
clonal and subclonal mutations and convergent evolution of 5 driver
genes in CLL and their impact on the outcome of the patients, as well
as their possible patterns of clonal evolution. Particularly, clonal
NOTCHI, SF3BI, and ATM mutations had an impact on shorter
TTT, whereas clonal NOTCHI and TP53 mutations conferred a
shorter OS. Regarding the subclonal mutations detected in this
study, only NOTCH1 subclonal mutations had an impact on TTT,
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whereas only subclonal 7P53 mutations influenced OS. Therefore,
once validated by prospective studies, targeted ultra-deep NGS may
well become a common approach for the assessment of patients’
genomic alterations in daily practice and may be relevant for manage-
ment strategies of CLL patients.
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Clinical impact of the subclonal architecture and mutational
complexity in chronic lymphocytic leukemia

F Nadeu'?, G Clot'?, J Delgado'??, D Martin-Garcia'?, T Baumann?, | Salaverria'?, S Bea'?, M Pinyol**, P Jares'*3, A Navarro'?,
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Genome studies of chronic lymphocytic leukemia (CLL) have revealed the remarkable subclonal heterogeneity of the tumors, but the
clinical implications of this phenomenon are not well known. We assessed the mutational status of 28 CLL driver genes by deep-
targeted next-generation sequencing and copy number alterations (CNA) in 406 previously untreated patients and 48 sequential
samples. We detected small subclonal mutations (0.6-25% of cells) in nearly all genes (26/28), and they were the sole alteration in 22%
of the mutated cases. CNA tended to be acquired early in the evolution of the disease and remained stable, whereas the mutational
heterogeneity increased in a subset of tumors. The prognostic impact of different genes was related to the size of the mutated clone.
Combining mutations and CNA, we observed that the accumulation of driver alterations (mutational complexity) gradually shortened
the time to first treatment independently of the clonal architecture, IGHV status and Binet stage. Conversely, the overall survival was
associated with the increasing subclonal diversity of the tumors but it was related to the age of patients, IGHV and TP53 status of the
tumors. In conclusion, our study reveals that both the mutational complexity and subclonal diversity influence the evolution of CLL.

Leukemia (2018) 32, 645-653; doi:10.1038/leu.2017.291

INTRODUCTION

Genome-wide studies have recently elucidated the mutational
landscape of chronic lymphocytic leukemia (CLL) characterized by
few genes mutated at moderate frequency and a larger amount
altered in less than 5% of the cases.'™ The remarkable genomic
plasticity of this disease has been further emphasized by the
subclonal composition,*® the identification of convergent muta-
tional evolution in few patients”® and the different patterns of
clonal diversification upon disease progression.”'2 This inter- and
intra-tumor mutational diversity may be a relevant cause of the
heterogeneous clinical outcome of these patients.

Different individual mutated genes have demonstrated their
prognostic value'>' and some models integrating gene mutations
and chromosomal alterations have been proposed.'®?*?*> However,
the results are still controversial, probably due in part to the complex
mutational composition of the tumors and the possible interactions
between mutated genes and chromosomal alterations, which may
not be well captured in studies of limited number of genes and
samples.>® The global perspective of the whole-genome/exome
sequencing studies have provided new insights on the influence of
the genomic complexity in the evolution of the disease. These
studies uncovered that both the subclonal composition®® and
mutational complexity characterized by the accumulation of driver
alterations of the tumors® impair the prognosis of the patients.
Moreover, initial studies using high-coverage next-generation
sequencing (NGS) have revealed the prognostic impact of mutations
present at very low allelic frequency.?*” Together, these studies

suggest that understanding the heterogeneous evolution of CLL
may require the integration of the subclonal architecture and
mutational complexity of the tumors. Therefore, the aims of this
study were to define the deep mutational architecture of the most
frequently altered driver genes in CLL, and determine its relevance
in the progression of the disease.

MATERIALS AND METHODS

Patients and samples

We studied 406 previously untreated CLL patients (Table 1). Tumor cells
were purified from fresh or cryopreserved mononuclear cells.' The median
final fraction of tumor content was 98% (85% of the samples had >90%)
as determined by flow cytometry. DNA was also extracted from purified
normal blood cells from the same patients (purity >97%, median 99.8%).
In 48 patients, longitudinal samples obtained at different time points of the
disease were also examined (Supplementary Table S1). Informed consent
was obtained from all patients according to the International Cancer
Genome Consortium (ICGC) guidelines.?® This study was approved by the
Hospital Clinic of Barcelona Ethics Committee.

Copy number analysis

Copy number alterations (CNA) were investigated using Genome-wide
Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA) in 376 cases and 44
sequential samples (Supplementary Methods).” The proportion of tumor
cells (or cancer cell fraction, CCF) carrying each CNA was estimated from
the SNP array data (Supplementary Methods and Supplementary
Figure S1). CNA were considered as clonal if their CCF was >85%, while
subclonal otherwise.® CNA drivers were previously described.”
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646

Table 1. Patients' baseline characteristics at the time of sampling Sequenqng approach X . .
The mutational status of 28 CLL driver genes was examined using a deep-
Parameter Category CLL (n=406) targeted NGS strategy in the 406 patients and 48 sequential samples. The
genes were TP53, SF3B1, BIRC3, NOTCH1 and ATM, recently analyzed for the
Gender % male/female 57/43 same cohort,”® and 23 additional genes (POT1, NFKBIE, ZNF292, XPOT, EGR2,
Age (years) Median (range) 66 (19-94) FBXW?7, MGA, KLHL6, RPS15, MYD88, DDX3X, BRAF, NXF1, DTX1, BCOR,
Time from diagnosis to sampling <12 206 CCND2, KRAS, IRF4, MED12, ZMYM3, NRAS, TRAF3 and PIM1), which were
(months) selected among the most frequently mutated in prior whole-genome/
>12 200 exome sequencing studies (Supplementary Table $2).°° Deep-targeted
Binet stage A 315 NGS libraries were performed using the Access Array system (Fluidigm,
B 52 South San Francisco, CA, USA) (Supplementary Table S3) and/or the
C 15 Nextera XT DNA library preparation kit (lllumina, San Diego, CA, USA)
. Unknown 24 (Supplementary Table S4) before sequencing in a MiSeq equipment
Rai stage 2 253 (llumina) (Supplementary Methods).
- 1
[[[=Y; 17 ) )
Unknown 25 Mutational analysis
Copy number alterations ri(12) 54/376 (14.3%) A mean coverage >1500x was obtained for nearly all targeted regions
del(13q) 163/376 (43.4%) (Supplementary Table S1). A previously validated bioinformatic pipeline®®
del(17p) 15/376 (4%) allowed the detection of mutations down to 0.3% of variant allele
del(11q) 37/376 (9.8%) frequency (VAF) (Supplementary Methods and Supplementary Figure S2).
IGHV mutational status Mutated 218/382 (57.1%) Synonymous variants and known polymorphisms (dbSNP142, 1000
Patients treated during follow-up n (%) 211/406 (53%) Genomes Project, custom CLL database®) were automatically removed
Follow-up from sampling (years) Median (range) 4.3 (0.01-19.1) (Supplementary Methods). Variants were considered somatic if they were
Abbreviations: Del, deletion; IGHV unmutated, >98% identity with truncating or 'de”"ﬁe‘g as §omatlc mutatl9ns n COSM!C (V72,) 0{ in our
germ line. custom CLL database.” Variants not fulfilling the previous criteria were
investigated in the germ line DNA of the patients by NGS, Sanger
a 2 * Q<005 +Q<0.10 [ Subclonal-low [l Subclonal-high [ Clonal [ cases based on mutations:
x 36% (unmutated)
86 14% Q
AN
§ 15 0% subclonal)
8
=
b 100 -
100 % ' 4 g ° * ' . L J z ! W ‘ i LJ ]
s - s ¢ o 8 ! ° & o g & o . & .
75 ; P o8 2 ° ¢ . ;i . +
= 4 ° e e o © ® o ° ¢ ° )
w50 - ° ° 9 } e ° g . ° e o o ©
9] 8 ° 'S
o e ° o ¢ ° g ° o ©
%54 © g L * 5 * ¢ & g o °
23 8 0 @ o g s 9 o g o ° ° o %0, °
facsb38sf - TEEER
0 (] 5} ‘? Ld ) o o o
¢ =
ol I deepNGS M CLLICGC [ DFCI/Broad
15
?
2 %
g 10 o
B % %
* . *
5 o — _x
B N N PR L2 F P A® 0 B b D P F G D PP @
T T L @*‘ﬁ W @ (T o o T o @ & o e
Figure 1. Deep characterization of the mutational architecture of 28 CLL driver genes. (a) Pie chart of the proportion of cases grouped

according to their mutational clonality in the entire cohort of 406 patients (top-right corner). Percentage of cases carrying subclonal-low,
subclonal-high and clonal mutations in each gene. Only the mutation present at a higher CCF is represented in patients with multiple
mutations affecting the same gene. Genes with a Q-value < 0.1 in the Kolmogorov-Smirnov test applied to test for uniform distribution of the
mutated CCFs are indicated. (b) Distribution of the CCF where each dot corresponds to the mutation of one patient. (c) Comparison of the
mutational frequency of each gene identified in this study (deep NGS, blue) with the previously published data from the CLL-ICGC project®
(only CLL cases considered (n=428), orange), and DFCI/Broad series® (only 123 pretreatment cases considered, yellow). Genes in which the
mutational frequency observed in the different studies statistically differs are indicated.
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sequencing or allele-specific (AS)-PCR (Supplementary Tables S5 and S6
and Supplementary Methods). Overall, only somatic and/or truncating
mutations were considered. All mutations reported at low VAF (< 12%)
were verified by AS-PCR and/or a second independent round of NGS
(Supplementary Methods).

Estimation of the CCF of the mutations

The CCF carrying each specific mutation was calculated as follows:
CCFpmue= (((g-2)CCFcna+2)VAF m)/p, where g is the copy locus number for
the sample, CCFcya the CCF of the copy number alteration (0 to 1), VAF e
the VAF of the mutation, and p the tumor purity of the sample (0 to 1). As
applied to the CNA, mutations were classified as clonal or subclonal if their
CCFs was >85% or < 85%, respectively. Given that mutations with very
low CCF were frequently identified in this study, subclonal mutations were
further classified as subclonal with high or low CCF (hereafter referred to as
‘subclonal-high” and ‘subclonal-low’) using >25% as cutoff. This cutoff
value, which corresponds to 12.5% of VAF, represents the common
detection threshold of mutations by Sanger sequencing.?*?®

Inferring the temporal acquisition of alterations

First, we measured the variability in the estimation of the CNA and
mutation CCFs due to the SNP array and sequencing methodologies
(Supplementary Methods and Supplementary Figures ST and S3). Next, we
tested for each alteration the enrichment of out-going edges (instances
where the alteration was present at a higher CCF than other alterations in
the same tumor) compared with in-going edges (the alteration was
present at a lower CCF than other alterations) and classified them as early,
late or intermediate (not powered to be classified neither early nor late)
events, as previously described.® Temporal pairwise relationships were
analyzed for each pair of alterations connected by at least five out-/in-
going edges.®

Clinical impact of clonal architecture in CLL
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Statistical methods
The prognostic impact was evaluated for time to first treatment (TTFT) and
overall survival (OS) from the time of sampling. Deaths previous to any
treatment were considered as competing events for the TTFT analysis. The
Gray’s test was used for comparing cumulative incidence curves of TTFT,
while the log-rank test was used to compare Kaplan-Meier curves of OS.
Variables that were significant in the univariate analyses were subse-
quently included in the multivariate analyses modeled using Fine-Gray and
Cox regression models for TTFT and OS, respectively.?® Backward-stepwise
elimination was used to identify variables with an independent prognostic
value. No differences were observed for TTFT and OS when comparing the
subset of samples collected within the first year after diagnosis vs samples
obtained after the first year (Supplementary Figure S4). Consequently, all
clinical analyses were performed using the whole series of patients.
Associations between variables were assessed by Fisher's exact test,
Student’s t-test, Wilcoxon rank-sum test or Spearman's rank correlation
coefficient, as appropriate. Kolmogorov-Smirnov test was used to test for
uniform distribution of the mutated CCFs. Maximally selected rank
statistics>® was applied to find thresholds for continuous variables with
good prediction of clinical outcome (maxstat R package). P-values were
adjusted using the Benjamini-Hochberg correction (Q-value). P-values
< 0.05 were considered significant. All calculations were performed using
R (v3.2.4)”

RESULTS

Subclonal driver mutations are more common than clonal
mutations in CLL

We identified 609 mutations in 258 (64%) patients, 149 clonal, 201
subclonal-high and 259 subclonal-low (Supplementary Table S7).
Clonal mutations were seen in 28% of the patients, which were
the sole alterations in 10% and associated with additional
subclonal mutations in 18% (Figure 1a). Isolated subclonal
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Figure 2.

Acquisition of new CME

Stable CME

Convergent mutational evolution (CME) in CLL driver genes. (a) Bar plots of the percentage of mutated cases carrying one or more

mutations in each gene. The Ph on the KLHL6 bar denotes that multiple mutations in this gene are mainly identified in the same allele (that is,
phased events). (b) Graphical representation of ATM (CLL296) and BCOR (CLL385 and CLL335) mutations identified in three different patients.
The CCF of each mutation is represented as a dot and the intervals show the sequencing variability. Histogram (bottom) shows the number of
CME events with mutations at similar CCFs, different CCFs or both. (c) Patterns of CME in the longitudinal analysis. Representation of two cases
in which mutations conferring CME for NOTCH1 and TP53, respectively, are acquired at different time points (left), and two cases with stable
CME (that is, similar CCF of the mutations in the two samples analyzed) for SF3B1, and NOTCH1 and ATM, respectively (right).
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Figure 3.

CLL architecture and temporal acquisition of driver alterations. (a) Graphical representation of the mutational and CNA status of the

406 untreated CLL cases studied. Cases are sorted based of their clonality as shown by the outer and innermost layers. The outer bar plot
represents the number of genes mutated with clonal and subclonal, only clonal, subclonal-high and subclonal-low mutations for each case.
The following inner layer represents the total number of driver alterations per case and the IGHV mutations. In the innermost layers, the basic
genetic alterations and the total number of driver CNA are shown. (b) Representation of CLL driver alterations according to their classification
as early, late or intermediate events. Temporal relationships between specific pairs of alterations are represented by arrows. (c) Evolutionary
patterns observed in the longitudinal analysis regarding the driver CNA and gene mutations. Evol, evolution; mut, mutations (top). Mutations
acquired during the course of the disease before or after treatment (bottom). The P-value of the Wilcox test applied to compare the number of
mutations acquired in genes predicted as late events vs intermediate is shown.

mutations were found in 36% of the cases, 22% with high CCF
(subclonal-high) and 14% with low CCF (subclonal-low)
(Figure 1a). Remarkably, subclonal-low mutations were identified
as a sole abnormality in nearly all studied genes (26/28, 93%)
accounting for 6-63% of mutations per gene (median 38%)
(Figure 1a). Most genes showed a uniform continuous spectrum of
mutated CCFs with the exception of NOTCH1 and FBXW?7 in which
most mutations were either clonal or subclonal-low; NXF1 and
DTX1 that were predominantly clonal; and TP53, NFKBIE and BIRC3
that were mostly subclonal (Figures 1a and b). Both clonal and
subclonal (high or low) mutations were located in the same
regions of the gene (Supplementary Figure S5), suggesting they
confer a similar selective advantage to the cell. Similarly, no
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significant differences were seen in the clinico-biological features
of the patients according to the clonal/subclonal distribution of
the mutations (Supplementary Figure S6). Since subclonal-low
mutations were frequent, the mutation rates observed for most
genes were significantly higher than in previous whole-genome/
exome sequencing studies of untreated CLL patients (Figure 1c).>®

Convergent mutational evolution is a common phenomenon in
CLL driver genes

Convergent mutational evolution (CME), considered as the
acquisition of more than one mutation in the same gene (ranging
from 2 to 5), was identified in 19 (68%) of the 28 genes studied



(Figure 2a). The number of cases with CME for a particular gene
significantly correlated to its global mutational frequency (o =0.72,
P < 0.001). Overall, CME was observed in 66/406 (16%) of patients,
accounting for 26% (66/258) of all mutated cases. Of note,
multiple CME events affecting different genes within the same
tumor were found in eight cases. Patients with CME had a trend
towards a higher number of mutations in other genes (mean 2.23
vs 1.90, P=0.072), but not CNA (mean 1.25 vs 1.14, P=0.501),
compared with mutated cases without CME (Supplementary
Figure S7). The presence of CME was similarly observed across
patients with mutated or unmutated IGHV and was not associated
with age, Binet stage or clinical outcome (Supplementary Table S8
and Supplementary Figure S7).

A more detailed analysis of the CCFs of the mutations involved
in CME showed that mutations had similar CCFs in 50 CME events,
suggesting that they could represent either biallelic events or true
CME (Figure 2b). Our methodology could not completely
distinguish these two situations. A phasing analysis showed that
mutations were mostly found in independent alleles, with the
exception of KLHL6 in which virtually all mutations were present in
the same allele (data not shown). On the other hand, different
CCFs were observed in 24 CME events (6 of them carrying a mix of
similar and different CCFs), suggesting that these mutations
represented true CME events.

Besides, putative CME was identified in 10 of the 48 cases with
sequential samples (Supplementary Tables S1 and S9). In six cases
the CME were stable in both samples, whereas in four cases new
CME were observed in the second sample, confirming that these
mutations may be acquired at different moments of the disease
(Figure 2c).

Subclonal architecture and evolutionary pathways in CLL

CNA were identified in 295/376 (78%) cases (range 1-26, median
2) (Supplementary Table S10), with no correlation between the
CNA and the number of mutations of the tumors (o =0.18). Clonal
driver CNA (79%) were more frequently found than subclonal
(21%). Thus, 59% of the cases carried clonal driver CNA whereas
only 8% of the patients harbored isolated subclonal alterations
(Supplementary Figure S8).

Combining mutations and CNA, 86% (350/406) of patients
carried at least one driver alteration (range: 1-8, median: 2), which
was clonal in 66% (267/406) of cases (Figure 3a). Both clonal and
subclonal driver alterations were detected in 41% (166/406) of
patients whereas isolated subclonal driver alterations were seen in
19% (76/406) of cases (Figure 3a).

The deep sequencing with detailed information on the
spectrum of clonal-subclonal distribution of the mutations
together with CNA provided a thorough framework to refine
their temporal relationship and hierarchical acquisition in CLL. The
distribution of CCFs of the CNA and mutations suggested a
scenario in which driver CNA are acquired earlier (mostly found
clonal), whereas gene mutations may be acquired at any time

»

Ll
Figure 4. CCF-based patterns with prognostic impact. (a) Time to
first treatment (TTFT) or overall survival (OS) curves of some
representative mutated genes that follow a CCF-independent (top),
CCF-gradual (middle) or CCF-dominant pattern (bottom) with
impact on the outcome of the patients. The cutoff obtained by
maxstat is shown on the top of the curves included in the
CCF-dominant pattern. P-values for all pairwise comparisons are
shown inside the plot areas. P, P-values by Gray's test (TTFT) or log-
rank test (OS). (b) Heat map of the co-occurrence of the driver
alterations identified in > 10 cases and IGHV mutational status by
representing the adjusted P-value (Q-value) of the Fisher’s exact test.
Mutated genes with clinical impact in the univariate analysis are
depicted in bold.
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during CLL evolution (found clonal and subclonal, indistinctly)
(Supplementary Figure S9). To provide a detailed estimation of the
temporal acquisition of individual alterations, we performed a
specific statistical analysis which confirmed that CNA, particularly
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tri(12), del(13q), del(11q) and del(17p), but also other less
recurrent CNA, are usually earlier events (Figure 3b and
Supplementary Table S11). On the other hand, gene mutations
were either late (NOTCH1, BIRC3, TP53, ZNF292, NFKBIE) or
intermediate (ATM, POT1, SF3B1, RPS15, among others) supporting
the idea that most mutations may be acquired at any time in the
evolution of the CLL and frequently later than CNA (Figure 3b).
The low mutational rate of CLL driver alterations as well as the
much lower sensitivity for detecting subclonal CNA are limitations
of this analysis. To overcome these limitations, we repeated the
analysis considering only mutations identified above the sensitiv-
ity detection of the CNA (CCF > 25%). This analysis confirmed CNA
as early or intermediate events (only two CNA were classified as
potentially late), while all gene mutations were classified as late or
intermediate (Supplementary Table $12).

In this temporal study, tri(12), del(17p) and del(11q) were initial
hits preceding the acquisition of NOTCHI, TP53 and ATM
mutations, respectively (Figure 3b, Supplementary Table S13 and
Supplementary Figure S10). The only hierarchic relationship in
individual gene mutations was found between RPS15 and NFKBIE.
Regarding the temporary acquisition of alterations in specific
pathways, only mutations in the NF-kB pathway could be defined
as a later event than other driver mutations (Figure 3b and
Supplementary Table S14).

To confirm this model we analyzed both the CNA and
mutational profile in 44 sequential samples (Supplementary
Table S1). Most cases (39 cases, 89%) had a stable CNA profile
in both samples. However, mutational evolution, considered as the
expansion of a preexisting mutated subclone or acquisition of new
mutations, was seen in 17 of them, 5 post-treatment and 12
previous to any treatment (Figure 3c). In three (7%) cases there
was a concomitant evolution of CNA and mutations correspond-
ing to del(17p) and TP53 mutations. Only two (5%) cases had
stable mutations and evolution of CNA (increase of tri(12) and a
heterozygous del(13q) becoming homozygous, respectively).
Moreover, acquisition of mutations in subsequent pretreatment
samples was mainly observed in genes predicted as late events in
the previous analysis (NOTCH1, NFKBIE, TP53, and BIRC3) compared
with intermediate events (P=0.002; Figure 3c). Appearance of new
mutations in post-treatment samples was only observed in TP53
(n=5) and BIRC3 (n=1). All these analyses together suggest that
different CNA are the main initial events in CLL followed by an
increasing number of somatic mutations, which are mostly
acquired without any particular order among them
(Supplementary Figure S9).

The clinical relevance of mutated genes is related to their CCF
To determine whether the CCF of the mutations may influence the
outcome of the patients, we analyzed those genes mutated in
more than 10 cases with an algorithm that integrates maximally
selected rank statistics together with univariate continuous and
categorical analyses (Supplementary Methods and Supplementary
Figure S11). We identified three gene-specific CCF patterns
influencing prognosis (TTFT and/or OS): (1) CCF-independent
pattern: the mere detection of the mutation, even at very low
CCF, had prognostic impact (NFKBIE, BRAF, MGA, DDX3X, XPO1 and
POT1 for TTFT; TP53 and SF3B1 for OS) (Figure 4a and
Supplementary Figure S12); (2) CCF-gradual pattern: the prognos-
tic impact was related to the CCF of the mutated gene as a
continuous variable (RPS15, ATM, NOTCH1 and SF3B1 for TTFT)
(Figure 4a and Supplementary Figure S12); and (3) CCF-dominant
pattern: the mutated gene had prognostic impact only when its
CCF was above a certain threshold (FBXW7, and NOTCH1 for OS)
(Figure 4a). A summary of the clinical impact and CCF-based
pattern identified for each gene is shown in Supplementary
Table S16.

Several mutated genes with prognostic impact were signifi-
cantly co-occurring in the same tumors (Figure 4b). To identify
which of them had an independent value we performed a
backward-stepwise regression analysis including the mutated
genes with prognostic impact in the univariate analysis together
with high-risk CNA (del(17p), del(11q)), IGHV mutational status and
clinical parameters (gender, age, Binet stage). This analysis
revealed that SF3B1, BRAF, ATM, NOTCH1 and MGA mutations
had independent prognostic impact for TTFT, while mutations in
FBXW?7, NOTCH1, SF3B1 and TP53 had independent value for OS
(Table 2).

Tumor architecture predicts CLL progression and outcome

Finally, we explored the prognostic value of the global tumor
architecture compared with individual alterations and standard
parameters of poor prognosis. First, we confirmed the unfavorable
outcome of patients carrying subclonal driver alterations (muta-
tions and/or CNA)*® and the progressively worse effect on
outcome of the accumulation of driver alterations (1 to >4)
(Supplementary Figure S13).°> However, patients with subclonal
populations harbored higher number of driver alterations,
suggesting that these variables may be correlated (Figure 5a).
Therefore, we tested separately the number of driver alterations
(0 to >4) in clonal tumors (that is, all aberrations were clonal), and
the accumulation of clonal and subclonal driver alterations in

Table 2.

Mutated genes with independent prognostic value for TTFT and OS

Multivariate Fine-Gray regression model for TTFT

Muiltivariate Cox regression model for OS

Variable HR (95% Cl) P-value Variable HR (95% ClI) P-value
IGHV (unmut vs. mut) 2.41 (1.66-3.48) < 0.001 Age at sampling (> 65 vs <65 years) 2.50 (1.53-4.07) < 0.001
Binet stage (B/C vs A) 2.76 (1.95-3.89) < 0.001 del(17p) (presence vs absence) 5.65 (2.59-12.3) < 0.001
SF3B1 (mut vs unmut) 1.80 (1.28-2.54) < 0.001 IGHV (unmut vs mut) 2.29 (1.43-3.69) 0.001
BRAF (mut vs unmut) 2.23 (1.18-4.21) 0.013 FBXW?7 (mut CCF >52 vs unmut/mut CCF < 52%) 5.50 (2.07-14.6) 0.001
ATM (mut vs unmut) 1.58 (1.09-2.29) 0.015 NOTCHT (mut CCF >63% vs unmut/mut CCF < 63%) 2.08 (1.20-3.61) 0.009
NOTCH1 (mut vs unmut) 1.45 (1.05-2.00) 0.025 SF3B1 (mut vs unmut) 2.03 (1.15-3.57) 0.015
MGA (mut vs unmut) 1.82 (1.05-3.15) 0.033 TP53 (mut w/o del(17p) vs unmut/mut with del(17p)) 1.97 (1.01-3.82) 0.045

FBXW?7 and TP53 (without del(17p)) mutations.

N=359, events = 188, competing events = 27. Starting model: IGHV, Binet stage, age at sampling, gender, del(17p) (with or without TP53 mutation), del(11q)
(with or without ATM mutation), NOTCH1, SF3B1, ATM (without del(11q)), POT1, NFKBIE, XPO1, MGA, RPS15, DDX3X and BRAF mutations. N=319, events =84.
Starting model: IGHV, Binet stage, age at sampling, gender, del(17p) (with or without TP53 mutation), del(11q) (with or without ATM mutation), NOTCH1, SF3B1,
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Table 3. Independent prognostic value of the accumulation of driver
alterations for TTFT

Variable HR (95% ClI) P-value
Binet stage (B/C vs A) 2.44 (1.60-3.74) < 0.001
No. drivers (0, 1, 2, 3, >4) 1.44 (1.21-1.72) < 0.001
SF3B1 (mut vs unmut) 2.02 (1.39-2.94) < 0.001
IGHV (unmut vs mut) 2.07 (1.35-3.19) 0.001
ATM (mut/deletion vs wt) 1.82 (1.19-2.27) 0.006
Age at sampling (>65 vs <65 years)  0.66 (0.48-0.91) 0.011

N=307, events = 146, competing events = 27. Starting model: IGHV, Binet
stage, age at sampling, gender, TP53 aberration (mutation/deletion), ATM
aberration (mutation/deletion), SF387 mutation and number of driver
alterations (not including TP53, ATM and SF3B1 mutations, neither del(17p)
nor del(11q)).
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Figure 5. Role of the subclonal architecture and mutational

complexity in CLL evolution. (a) Boxplots of the number of driver
alterations in patients with or without a subclonal driver alteration
(left). Boxplots dividing the group of patients with a subclonal driver
present in three groups regarding their clonality: cases with clonal
and subclonal, subclonal-high and only subclonal-low alterations
(right). (b) Comparison of TTFT between patients carrying 0, 1, 2, 3 or
>4 driver alterations in the subgroup of patients with subclonal
(left) or clonal tumors (right). (c) Survival curves according to the
number of driver alterations in the subgroup of patients carrying
subclonal (left) or clonal tumors (right).

cases that had at least one subclonal driver aberration (0 to >4)
(number of driver alterations in subclonal tumors).

The number of drivers in both clonal and subclonal tumors
gradually shortened the TTFT of the patients with a similar
prognostic value (Figure 5b). A multivariate model including also
other markers of poor prognosis (IGHV mutations, Binet stage, age,
gender, and SF3B1, TP53 and ATM status) revealed that the
number of driver alterations retained its independent prognostic
value for TTFT (Table 3). These results suggest that the number of
drivers, rather than their clonal/subclonal representation, is the
main predictor for short TTFT.

Regarding OS, the number of drivers in subclonal tumors, but
not in clonal tumors, was steadily associated with a worse
outcome (Figure 5c). However, a multivariate analysis showed that
the prognostic value of this parameter was not independent of
the age of the patients and the IGHV and TP53 status of the
tumors (Supplementary Table S17).

Of note, these results were unaffected by the use of different
CCF cutoffs (70-95%) for defining the category of clonal/subclonal
alterations (data not shown). All these findings suggest that in
untreated patients the accumulation of driver alterations influ-
ences the rapid need for treatment independently of the
subclonal composition of the tumors and standard prognostic
parameters. In contrast, the increasing subclonal diversity, rather
than the simple accumulation of driver alterations, is associated
with a shorter OS of the patients, although this is mainly explained
by their age, IGHV and TP53 status.

DISCUSSION

The highly sensitive NGS strategy used in this study identified
frequent small subclonal mutations in virtually all genes, including
MYD88 and RPS15, previously considered as early clonal events in
CLL*®" These small subclonal mutations were undetected in
previous WG/WE/Sanger sequencing studies. Consequently, the
frequency of mutations for most of these drivers is higher than
previously considered.>® Intriguingly, isolated subclonal mutations
were more common than clonal mutations (55 vs 45% of mutated
cases), suggesting that these aberrations are not initiating events
in most CLL cases. These results were concordant with the analysis
of the temporal acquisition of genomic alterations which
confirmed CNA as frequent early events® usually followed by the
acquisition of somatic mutations. The longitudinal analysis of 44
cases confirmed this model accentuating that CNA tend to be
stable during the course of the disease, whereas gene mutations
are continually acquired during CLL evolution, which may evolve
until becoming the major clone, even without treatment pressure.
Although particular CNA tend to precede the acquisition of
specific mutations (for example, tri(12) and NOTCHT mutations, del
(11g) and ATM mutations, among others), we did not find a
stringent hierarchical pattern that could define the temporal order
of acquisition of mutated genes. This is in contrast to myelodys-
plastic syndromes, in which early gene mutations seem to dictate
the future acquisition of certain alterations.>? Intriguingly, contrary
to previous observations,® our clonal analysis revealed that del
(17p) may precede TP53 mutations in CLL, as we did not find any
case with del(17p) at lower CCF than mutations. On the other
hand, concomitant evolution of del(17p) and TP53 mutated
subclones was observed in longitudinal samples confirming
previous hypotheses® Of note, isolated del(17p) are rare
compared with isolated TP53 mutations (3 vs 28 cases)
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emphasizing that just performing FISH analysis will underestimate
the number of TP53 alterations (Supplementary Figure S10). The
interpretation of these findings is complex but may suggest that
at least some of the mutations may be dominant negative with
less pressure to select deletions of normal alleles.>*3*

CME has been identified in occasional CLL cases, particularly
involving TP53, SF3B1, NOTCH1, BIRC3 and DDX3X.”#%¢ Qur study
shows that CME is a common phenomenon in CLL (26% of
mutated cases) and occurs in most studied genes (68%). The CCF
analysis of the mutations conferring CME highlights the need to
differentiate among true CME, biallelic or phased events. Our
longitudinal analysis suggests that mutations conferring CME are
acquired at different stages of the disease and may evolve to
reach an interclonal equilibrium. The high incidence of CME
together with the frequent detection of small mutated subclones
reflects the plasticity of CLL and emphasizes the relevance of
specific driver genes for the evolution of the disease.

Previous studies have shown the clinical impact of small
mutated subclones of TP53 or NOTCH1.247273> The current study
extends these observations to other CLL driver genes (NFKBIE,
BRAF, MGA, RPS15 or POT1, among others) and identifies that the
prognostic impact of some of them may be related to the
quantitative representation of the mutated subclone. The
quantification of the mutational CCF of the tumors, once
confirmed in independent cohorts, may need to be considered
in the development of prognostic models based on the
mutational profile of the tumors.'®?2

Different studies have identified several mutated genes with
prognostic impact in CLL."**®'32" We have observed that a
number of them tend to occur simultaneously in the same tumors.
Here, we have identified the mutated genes that independently
shortened TTFT (SF3B1, BRAF, ATM, NOTCH1, MGA) and OS (FBXW?7,
NOTCH1, SF3B1, TP53). This information may be useful to design
the panel of relevant genes for future studies. In addition to
individual genes, recent genomic studies have suggested that
understanding the whole tumor architecture, rather than indivi-
dual driver alterations, may be crucial to assess the prognosis of
the patients. These studies identified the accumulative number of
alterations per tumor® or the presence of driver subclones*® as
promising parameters to improve the evaluation of CLL outcome.
Our results showed that the total number of driver alterations
(mutational complexity), regardless if they were clonal or
subclonal, steadily shortened the TTFT and this was independent
of the IGHV, Binet stage, and ATM, TP53 and SF3B1 status. The
number of driver alterations in our study includes both mutated
genes and CNA. Therefore, this finding expands the prognostic
value of the karyotype complexity observed in previous
studies.?>*° This observation is similar to the impact of driver
mutations in myelodysplastic syndromes in which the evolution of
the patients progressively deteriorated as the number of driver
mutations increased.>?

Conversely, our analysis reveals that the OS of the CLL patients
seems more influenced by the subclonal diversity of the tumors
rather than the number of driver alterations. Thus, the increasing
accumulation of driver alterations only shortened the OS in
tumors with subclonal populations (subclonal tumors). On the
contrary, patients with clonal tumors, independently of their
number of alterations, had a similar outcome than cases without
driver alterations. However, the prognostic value of the subclonal
diversity was not independent of age, IGHV and TP53 status. Our
findings highlight the relevance of these factors in the survival of
the patients treated with the available strategies. However, novel
treatments are influencing the outcome of the patients and these
parameters will need to be reevaluated in these new contexts.

In conclusion, we identified the relevance of the subclonal
architecture and mutational complexity in the evolution of CLL.
The progressive accumulation of driver alterations gradually
shortened the TTFT independently of the clonal architecture,
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whereas the OS of the patients was influenced by the increasing
diversity of the subclonal composition of the tumors, although this
phenomenon seemed to be related to the IGHV and TP53 status.
Our study has also identified relevant mutated genes that may
orient the design of specific gene panels for future studies.
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To the Editor:

Chronic lymphocytic leukemia (CLL) is characterized by the
accumulation of neoplastic B cells in peripheral blood (PB),
lymph nodes (LN), bone marrow, and other tissues. CLL
cells recirculate back-and-forth between the PB and LN
where the crosstalk with nonneoplastic cells from the
microenvironment favors their maintenance and proliferation
[1]. Recently, whole-genome/exome sequencing (WGS/
WES) studies focusing on large cohorts of samples from PB
have described the mutational landscape of CLL, and
uncovered a number of driver alterations associated with
clinical outcome [2, 3]. Besides, these studies have high-
lighted a significant intra- and inter-patient heterogeneity

Supplementary information The online version of this article (https:/
doi.org/10.1038/s41375-020-0730-3) contains supplementary
material, which is available to authorized users.

4 Elias Campo
ecampo@clinic.cat

Institut d’Investigacions Biomediques August Pi i Sunyer
(IDIBAPS), Barcelona, Spain

Centro de Investigacion Biomédica en Red de Cancer
(CIBERONC), Madrid, Spain

Barcelona Supercomputing Center (BSC), Barcelona, Spain

Myeloma Service, Department of Medicine, Memorial Sloan
Kettering Cancer Center, New York, NY, USA

Wellcome Trust Sanger Institute, Hinxton, Cambridgeshire, UK
Hospital Clinic of Barcelona, Barcelona, Spain

7 Unitat de Gendmica, IDIBAPS, Barcelona, Spain

Universitat de Barcelona, Barcelona, Spain

Departamento de Bioquimica y Biologia Molecular, Instituto
Universitario de Oncologia, Universidad de Oviedo,
Oviedo, Spain

that influence the evolution of the tumors [2-5]. Tumor
heterogeneity related to diversification at different topo-
graphic sites has been observed in solid tumors and myeloid
leukemias but it is less known in lymphoid neoplasms [6-9].
Based on the proposed continuous recirculation of CLL cells
between the PB and LN, marked genetic differences
between topographically distant CLL cells seems unlikely.
Nonetheless, genomic data confirming (or questioning) this
hypothesis is limited. Thus, we aimed to dissect the spatial
genomic heterogeneity of CLL between PB and LN invol-
vement in fifteen untreated, early-stage patients using WGS/
WES and identified subtle differences in the global archi-
tecture of the tumor at PB and LN only in a fraction of
patients. Spatial heterogeneity was not found among the
well-established CLL-driver alterations.

Synchronous PB and LN DNA samples obtained close to
diagnosis (within 1.5 years, n = 12) or at a stable phase of
the disease (n = 3) from fifteen CLL patients were analyzed
by WGS (n=2) or WES (n=13) (Table 1). Single
nucleotide variants and short insertions and deletions
(hereafter mutations), copy number alterations (CNA), and
structural variants (SV) were extracted from WGS/WES
(Supplementary Methods). The subclonal architecture of the
tumors was reconstructed by integrating the allele frequency
of the mutations, local copy number state and tumor purity
to asses for differences in the topographic representation of
clones (Supplementary Methods, Supplementary Table 1).

The two cases studied by WGS had 3539 and 2087
mutations (Supplementary Table 2), and 98.7% and 95.1%
of them were shared by the PB and LN in each patient,
respectively (Fig. 1a). Both cases also shared all CNA and
SV in both sites (Supplementary Fig. 1, Supplementary
Tables 3 and 4). More than 75% of the mutations identified
were clonal in both compartments. However, we identified
the presence of three distinct subclonal populations in each
patient. In patient CLL290, the three subclones were
equally represented in PB and LN with a pattern compatible
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Fig. 1 WGS/WES comparison of synchronous PB and LN samples
in CLL. a Venn diagrams showing the degree of shared mutations
between PB and LN in two patients analyzed by WGS. b, ¢ Density
plot showing the clustering of the CCF carrying each mutation in each
topographic site. Numbers define the position of the identified clusters/
subclones. On the right, the length of each branch in the reconstructed
phylogenetic tree is proportional to the mutations assigned to the
corresponding cluster. d Overlap of mutations identified by WES
between PB and LN. e Dot plots comparing the CCF of the mutations
between PB (x-axis) and LN (y-axis) in three representative cases of

To sum up, this study aimed to better characterize the
potential topographic heterogeneity present at CLL diagnosis
by analyzing synchronous samples from PB and LN of
15 patients. In line with the recently described early nature of
CNA in CLL [3-5], here we observed that CNA were mostly
clonal and always shared at similar proportions between PB
and LN. Regarding gene mutations, although most of them
were also shared between both sites at diagnosis, a fraction of
cases showed differences in the representation of small

ATM ATRX BIRC3 BRAF CHD2 DDX3X IRF4

+—— NOTCH1 — POT1 SETD1A +~SF3B1- SYNE1 TLR2 TP53 MED12

the three patterns observed (shared mutations at similar CCF, tissue-
specific mutations, and both tissue-specific mutations and different
subclonal representation of shared mutations). Note that a CCF>
100% should be interpreted as a mutation present in all 100% cells
(Supplementary Methods). f Representation of the CCF of gene
mutations showing spatial differences. g Comparison of the CCF of
known CLL-driver gene mutations between PB and LN. Note that
CCF>100% were rounded here to 100% for illustrative purposes
(Supplementary Methods).

subclones carrying mutations in genes related to cell growth,
migration, and BCR signaling between both topographic sites.
However, no major spatial diversification seems to occur in
well-established, clinically relevant CLL-driver genes and
CNA between PB and LN. Note that due to the WGS/WES
coverage performed in this study (mean coverage 33x and
58x, respectively), very minor subclonal mutations could be
missed during the analysis. To diminish this limitation, we
have applied a subclonal-aware bioinformatic pipeline aimed
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at rescue minor subclonal mutations initially missed by the
variant callers due to its low abundance (Supplementary
Methods). Although 15 cases might not be sufficient to
characterize the clinical relevance of the minimal spatial
heterogeneity found in these cases, we have not observed
differences between mutated and unmutated IGHV cases,
disease stage, or clinical evolution. A previous study ana-
lyzing eight CLL cases at disease progression and one case at
relapse post treatment described major topographic differ-
ences only in two cases, including the one analyzed at relapse
post-treatment, suggesting that marked spatial diversification
at disease progression is also uncommon, but could be
enhanced after treatment pressure [6]. This posttreatment
spatial heterogeneity has been recently shown to be clinically
relevant as it was the driving force leading postibrutinib dis-
ease progression and transformation in a CLL patient [13].
Altogether, these observations suggest that the genomic pro-
file of CLL remains relatively stable in different topographic
sites before treatment but clonal genomic diversification and
resistant clones may occur at different sites after treatment.
This highly conserved pretreatment genomic homogeneity
among tissues contrasts with the significant differences
observed in gene expression and proliferation between CLL
cells in PB and LN [1, 14]. Indeed, this genomic homogeneity
emphasizes that enhanced cell proliferation of CLL in LN is
related to the interactions between the tumor cells and the
tissue microenvironment rather than on distinct genetic clones
[1]. However, the interactions between CLL cells and the
microenvironment might be also enhanced by certain genetic
drivers such as NOTCHI, which mutations increase BCR
signaling and, vice versa, BCR signaling increases NOTCH1
ligand independent activation [15]. As observed in the present
study, CLL cells carrying these driver alterations also recir-
culate between tissue and PB. Compared with other hema-
tological malignancies, the limited genetic spatial
heterogeneity found in CLL mimics what has been described
for mantle cell lymphoma [8], but differs from potentially
more heterogeneous tumors such as follicular lymphoma, in
which driver mutations seem to be differentially represented
between LN and bone marrow [9]. Overall, the relative
similar distribution of genomic alterations in LN and PB in
CLL is consistent with the view of CLL cells recirculating
between both compartments [1, 14]. Our study suggests that
genomic profiling in PB captures the distribution of the major
drivers of CLL at diagnosis and early stages.

Accession number
The sequencing data of PB and nontumoral samples is

available from the European Genome-phenome Archive
(EGA) under accession number EGAS00001001306. The
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sequencing data of lymph node samples have been deposited
in the EGA under accession number EGAS00001003803.
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Abstract

Chronic lymphocytic leukemia (CLL) may transform into a high-grade lymphoma, usually diffuse
large B-cell lymphoma, conferring a dismal prognosis. This transformation, which is known as Richter
syndrome (RS), occurs in patients treated with chemoimmunotherapy and novel inhibitors. The
genomic mechanisms underlying this phenomenon are barely studied. Here, we aimed to decipher the
genomic landscape of RS by analyzing the whole-genome of 19 CLL cases at different time points of
the disease ranging from CLL diagnosis to the clinical manifestation of the transformation after
chemoimmunotherapy or targeted therapies. We identified driver alterations recurrently selected at
transformation such as TP53, CDKN2A/B and/or MYC aberrations found in all cases, MGA alterations
in 42%, alterations in genes involved in the NF-kB pathway in 66%, and NOTCH1-related mutations
in 42%. RS was characterized by the acquisition of genome-wide genomic complexity including a
median of 2,100 mutations per case and complex structural rearrangements. We identified a novel
mutagenic process active in RS that had not been recognized before in CLL nor in other cancer types.
This process could be related to the activity of the activation-induced cytidine deaminase, which indeed
became active in a fraction of RS clones. The longitudinal perspective of our analysis allowed us to
resolve the subclonal phylogeny underlying this transformation highlighting the presence of the RS
clone 21 months before its clinical manifestation in one case. We also observed the co-occurrence of
distinct RS subclones in two cases. This study contributed to better understand the genomic
mechanisms of RS through the identification of a novel mutagenic process that might orchestrate the

genomic complexity of this aggressive transformation.

Introduction

Chronic lymphocytic leukemia (CLL) is a lymphoid neoplasm characterized by heterogeneous
molecular features and a wide spectrum of clinical courses. In this sense, some CLL patients might be
followed with a watch and wait strategy for years while others rapidly progress, become aggressive
and frequently relapse after treatment.!? An extreme evolutionary step of these tumors is the
transformation of the CLL clone into a more aggressive lymphoid neoplasm such as diffuse large B
cell lymphoma (DLBCL), which is known as Richter syndrome (RS).! This transformation occurs in
5-10% of CLL cases after treatment with chemoimmunotherapy (CIT), and in 10-20% of patients
progressing under therapy with the novel inhibitors ibrutinib, idelalisib or venetoclax. Of note, RS

typically occurs within 1 year from initiation of treatment with these novel agents, suggesting that
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patients might enter therapy with a preexisting undetectable RS subclone. Clinically relevant, patients
with RS have a remarkable poor prognosis (1 year percent surviving is <50% after CIT, and 20-30%

after novel agents with previous lines of CIT).>*

While the genomic landscape of CLL and DLBCL have been extensively studied by whole-
genome/exome sequencing (WGS/WES), the genetic makeup of RS is poorly characterized.’° Only a
handful of studies have tried to identify the genomic alterations associated with RS after CIT using
WES or targeted approaches.>!®!! These studies identified that RS mostly evolve through a linear
evolution from the predominant CLL clone with the acquisition of approximately 20 coding mutations
per tumor. Alterations recurrently acquired at transformation were the deletion of CDKN2A4, mutations
and/or deletions of TP53, and MYC translocations or amplifications, which occurred at similar
frequencies compared to DLBCL. In terms of copy number alterations (CNA), the genomic complexity
of RS (with a mean of 8 CNA) appeared intermediate between CLL and DLBCL. RS in the context of
treatment with novel inhibitors has been less studied and the main finding was related to the lack of
BTK or PLCG2 and BCL2 mutations known to drive CLL progression under ibrutinib and venetoclax,
respectively, in the majority of cases.'? Although CLL carrying stereotyped subset #8 immunoglobulin
genes, NOTCHI mutations, or TP53 alterations have been associated with RS after CIT, the
mechanism(s) underlying this transformation remains unknown. Here we aimed to provide a broad
characterization of the genomic changes underlying RS, both after CIT and novel agents, by analyzing
the whole-genome of 19 RS patients at different time-points of the disease (range 2-8) from diagnosis

to the clinical manifestation of the transformation.

Methods

Cohort studied

A total of 19 patients fulfilling the criteria of transformation after pathological revision were
included in this study. Two patients developed transformation before therapy, while in the other cases
occurred after CIT (n=6), ibrutinib (n=7), duvelisib (n=2), idelalisib (n=1), or venetoclax (n=1). Note
that these patients received several lines of treatment before the transformation. In this sense, we
analyzed the WGS of 2 to 8 samples per case collected at different time-points of the disease from
diagnosis to RS (Figure 1). For 12 cases we had a complete WGS data set (germ line, CLL and RS

samples analyzed), while the previous CLL sample or germ line material was not available for 1 and
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6 cases, respectively. Regarding types of transformation, 17 cases had a DLBCL-RS while 2 cases had
a prolymphocytic transformation (case 3299) and plasmablastic lymphoma (case 1669)
transformation, respectively. For simplicity, all the cases were analyzed together as RS. The main
clinical and biological characteristics of the cases included might be found in supplemental Table 1.
Informed consent was obtained from all patients. The study was approved by the Hospital Clinic of

Barcelona Ethics Committee.
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Figure 1. Cohort studied. Representation of the disease course of the studied patients. Each sample analyzed,
treatment, and date of RS are depicted. We analyzed three synchronous samples from two patients (63 and 12) that
were obtained from different tissues. Note that the CLL sample at diagnosis for case 1669, which was obtained from
formalin-fixed paraffin-embedded tissue, was not analyzed by WGS but by copy-number array. Germ line DNA was
lacking for 6 cases: 102, 835, 3495, 4686, 4687, and 4690 (labelled in gray). A total of 12 cases had a complete WGS
data set (germ line, previous CLL sample/s, and RS). Abbreviations: RFCM: Rituxumab, Fluradabine,
Cyclophosphamide, Mitoxantrone; R-CHOP: Rituximab, Cyclophosphamide, Doxorubicin, Vincristine and
Prednisone; R: Rituximab; Benda/B: bendamustine; R-CVP: Rituximab, Cyclophosphamide, Vincristine and
Prednisone; R-DHAP: Rituximab, Dexamethasone, Cytarabine, Cisplatin; AlloSCT: Allogenic Stem Cell
Transplantation; CP: Cyclophosphamide and Prednisone.

Sample preparation

Tumor cells from peripheral blood were purified from fresh or cryopreserved mononuclear
cells using a cocktail of magnetically labeled antibodies (AutoMACS, Miltenyi Biotec), as previously
described.’> Germ line DNA was extracted from the non-tumoral fraction. DNA from lymph node
tumoral cells was obtained from OCT embedded samples. All extractions were performed using
Qiagen kits and DNA quality was checked by SYBR-green staining on agarose gels and quantified
using a Nanodrop ND-100 spectrophotometer.

Whole-genome sequencing

Library preparation for paired-end WGS was performed using the TruSeq DNA PCR Free or
the TruSeq DNA nano library preparation protocol based on the available material. Libraries were
sequenced in an [llumina HiSeq2000 (2x101 bp), Illumina HiSeq X Ten (2x150 bp) or in a
NovaSeq6000 (2x150 bp). Mean coverage obtained was 30x. We used the WGS of 4 previously
published CLL/non-tumoral pairs.> Note that the pre-transformation CLL sample was used as a
reference in the analysis of cases 6 cases lacking non-tumoral DNA (Figure 1). A sample-based
description of the library used, sequencing instrument, and coverage might be found in supplemental

Table 2.

Raw reads were mapped to the human reference genome (GRCh37) using the BWA-mem
algorithm (v0.7.15).)* BAM files were generated, sorted, indexed and optical or PCR duplicates
flagged using biobambam?2 (https://gitlab.com/german.tischler/biobambam?2, v2.0.65). Quality control
metrics were extracted using FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc, v0.11.5)
and Picard (https://broadinstitute.github.io/picard, v2.10.2). Somatic single nucleotide variants (SNV)
were analyzed using Sidrén,” CaVEMan (cgpCaVEManWrapper, v1.12.0),'* Mutect2 (GATK
v4.0.2.0),1> and MuSE (v1.0 rc).!® We applied caller-specific filters to remove low quality variants
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identified by CaVEMan and Mutect2. Variants detected by CaVEMan with CLPM > 0 and ASMD
values <90, <120 or <140 for sequencing read lengths of 100, 125, or 150 base pairs, respectively,
were excluded. Variants called by Mutect2 with MMQ < 60 were eliminated. Finally, mutations

detected by at least two algorithms were considered.

Short insertions/deletions (indels) were called by SMuFin,!” Pindel (cgpPindel, v2.2.3),'8
Platypus (v0.8.1),' SVABA (v7.0.2),° and Mutect2. As performed for SNVs, caller-specific filters
were applied: variants with MMQ<60, MQ<60, and MAPQ<60 for Mutect2, Platypus, and SVABA,
respectively, were removed. Only indels identified by at least two algorithms were retained for

downstream analyses.

Copy number alterations (CNA) were called using Battenberg (cgpBattenberg, v3.2.2)?' and
ASCAT (ascatNgs, v4.1.0).22 To confirm the aberrations identified from WGS, CNA previously
described for 4 samples using Genome-wide Human SNP Array 6.0 (Thermo Fisher Scientific) were
compared with fully concordant results.’ We used the tumor purities obtained by Battenberg, which
were corroborated (and adjusted if needed) based on the distribution of the variant allele frequency of

the clonal mutations. Tumor purities are listed in supplemental Table 2.

Structural variants (SV) were extracted from WGS data using SMuFin, BRASS (v6.0.5),2
SvABA and DELLY?2 (v0.8.1).2* We further filtered out variants detected by BRASS with MAPQ<90,
and those with MAPQ<60 for SYVABA or DELLY?2. Finally, SV identified by at least two programs
and passing caller-specific filters for at least one program were kept. All SV were visually inspected

using the Integrative Genomic Viewer (IGV).?

We took advantage of the longitudinal nature of our study to increase the sensitivity on the
detection of subclonal alterations in our 30x WGS data. Thus, for each case individually, SNVs called
in one time-point (i.e. sample) were automatically added in the second sample if at least one read with
the mutation was found in the BAM file using Rsamtools (v1.30.0).2° Only high-quality reads and
bases were considered (min_mapq = 13, min_base_quality = 10, min ALT count = 1). Similarly,
indels and SVs detected in one time-point were added in the sequential samples if any of the algorithms
detected the alteration, regardless of its filters. This allowed the identification of mutations down to a
variant allele frequency of <3%, and to better determine subclonal dynamics through the course of the

disease.
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Subclonal reconstruction

The subclonal architecture of the tumors was reconstructed using a Bayesian approach. First, a
Markov chain Monte Carlo sampler for a Dirichlet process mixture model was used to infer putative
subclones (assignment of mutations to subclones, and estimation of the subclone frequencies in each
sample) from the SN'Vs read counts, copy number states, and tumor purities, as described elsewhere.?’
Only mutations assigned to clusters with a posterior assignment probability >0.8 were considered.
Clusters with less than 100 mutations were excluded. The phylogenetic relationships between
subclones were identified following the “pigeonhole principle”. The length of each tree branch in the
reconstructed tree is proportional to the number of mutations assigned to the corresponding subclone.?’
Fish plots were plotted using the TimeScape R package (v1.6.0). The clonality (or cancer cell fraction,
CCF) of the indels was calculated integrating read counts, CNA and tumor purity as previously

described.?®
Mutational signatures

Mutational signatures were analyzed for SNVs according to their 5’ and 3’ base and were
extracted de novo using a hierarchical Dirichlet process (HDP, https://github.com/nicolaroberts/hdp,
v0.1.5) and SigProfiler (SigProfilerExtractor, v1.0.8).2 HDP was run with four independent posterior
sampling chains, followed by 20,000 burn-in iterations, and the collection of 200 posterior samples off
each chain with 200 iterations between each. SigProfiler was run with 1,000 iterations and a maximum
of 20 extracted signatures. Note that we also extracted signatures restricting the analysis to clustered
mutations.’® The extracted signatures were compared to the signatures described in COSMIC.? To
measure the contribution of each signature in each sample we used a fitting approach
(MutationalPatterns, v1.12.0) and iteratively removed the less contributing signature if removal of the
signature decreases the cosine similarity between the original and reconstructed 96-profile <0.005.%
This cutoff corresponded to the threshold that optimizes the identification of the non-canonical
activation-induced cytidine deaminase (AID) signature (SBS9) in CLL carrying mutated
immunoglobulin genes. For the study of mutational signatures we integrated the mutations identified

in the present studied cohort together with the mutation catalogue of 147 CLL.?
Driver alterations

Alterations were considered as drivers according to the catalogue of alterations considered as
such in CLL*® or DLBCL,%?*! or found recurrently mutated in other B-cell neoplasms (supplemental

Table 3). We integrated SNVs, indels, CNA and SV in the definition of driver.
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Immunoglobulin gene rearrangements, stereotypy, and IGHV mutational status

Immunoglobulin gene rearrangements (heavy and light chain rearrangements as well as class
switch recombination) and IGHV mutational status were analyzed from WGS data using IgCaller.>
Stereotypy was analyzed using the ARResT/AssignSubsets online tool.* Through the complete
characterization of the immunoglobulin gene in each time-point we confirmed that the all RS were
clonally related to the previous CLL clone, only one patient belonged to a specific stereotype (subset

#3), and four cases carried mutated IGHV genes (4690, 4687, 365, and 19) (supplemental Table 4).

Results

The whole-genome landscape of RS

The WGS performed in this cohort allowed us to characterize the entire genomic landscape of
this disease. First, considering the total number of mutations (SNV and indels), we observed that the
median mutational burden of RS was 1.75 mutations/mega base (Mb), which was higher compared to
CLL tumors analyzed at diagnosis (0.95 mutations/Mb) and at relapse post-treatment (1.3
mutations/Mb) (supplemental Tables 5-6) (Figure 2A). Thus, we observed that the number of
mutations tended to increase along the disease course, likely through clonal evolution influenced by
therapy, with the RS carrying the higher number of mutations in most cases. Nonetheless, the higher
mutational burden associated with the RS was present in the previous CLL in some patients, such as
case 3299 and 12 (Figure 2B). Similarly, RS also carried a higher number of CNA compared to their
previous CLL samples (median of 17 (4-73) for RS, 5.5 (0-11) for CLL at diagnosis, and 10 (1-47) for
relapsed CLL) (Figure 2A, supplemental Table 7). The CNA profile of these cases highlighted marked
evidences of clonal selection along the disease course with specific regions and cancer genes
recurrently effected by genomic rearrangements including 7P53, MYC or CDKN2A4/B (Figure 2C). Of
note, the CNA present in cases 3299 and 12 highlighted that the genomic complexity associated with
RS was already present in the previous CLL clone (Figure 2B-C). The high genomic complexity
identified in some RS cases was emphasized by the identification of chromothripitic-like patterns and
high number of SV including translocations, inversions, deletions and tandem duplications (Figure 2D,

supplemental Table 8).
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Driver alterations before and after the transformation

Next, we aimed to characterize the driver alterations that might have led the transformation by
specifically searching for known CLL and DLBCL recurrent aberrations. Similar to what has been
reported already for RS after CIT,'° 83%, 58% and 50% of the RS studied here harbored TP53
alterations, CDKN2A4/B deletions, and MYC aberrations, respectively. Note that all cases carried at
least one alteration in any of these three genes. Also of interest, 42% of cases carried
mutations/deletions in the MYC antagonist MGA, which lead to 75% RS carrying MYC/MGA
alterations. Besides, 66% of cases carried alterations in genes involved in NF-xB signaling pathway
including BIRC3, EGR2, NFKBIE, and TRAF3. Three cases carried NOTCHI (n=2) or SPEN (n=1)
mutations before transformation, while two additional cases acquired SPEN alterations at
transformation. Overall, 42% of RS carried mutations in NOTCHI pathway. Other CLL driver
alterations found relatively stable during the disease course included ATM, SF3B1 (only acquired at
RS in one case), SETD2 or POT1, among others. Regarding alterations found in de novo DLBCL, we
identified £EP300 and PTPN6 mutations in two cases at transformation (Figure 3). Of note, we did not
identify any BTK, PLCG2 and BCL2 mutations in any of the samples analyzed.

839 1563 4675 063 365 3299 019 012 184 816 1523 3034 _ AtRS:
Alterations TP53 ™ i Eiﬁ 83% "
pevesey | conaas _ | s 100"
with RS myc N= u 50%l 7504
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Figure 3. Driver alterations through RS transformation. Oncoprint including the main CLL and DLBCL driver
alterations identified in cases with complete WGS data set. Genes are depicted in rows while samples in columns.
The intensity of the color is proportional to the CCF of the alteration. De did not analyze the CCF of the translocations.
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Mutational processes active in RS

We next performed a mutational signature analysis to decipher the mutational processes behind
the genomic complexity associated with RS (supplemental Tables 9-12). This analysis identified 11
processes active in CLL and/or RS samples either genome-wide (n=9) or involved in clustered
mutations (n=2). Among the nine genome-wide processes, five signatures were previously reported in
CLL (signature 1 (SBS1) and SBSS5 [related to aging], SBS8 [unknown etiology], SBS9 [non-
canonical AID activity], and SBS18 [possibly damage by reactive oxygen species]); three signatures
were not recognized before in CLL but found in B non-Hodgkin lymphomas (SBS2 and SBS13
[attributed to activity of APOBEC family of cytidine deaminases] and SBS17b [unknown etiology]),
and one signature that was not recognized in previous studies and was named SBS-RS (Figure 4A-
B).>72%34 Note that APOBEC-related signatures SBS2 and SBS13 were not extracted by the algorithms
but manually identified based on their remarkable contribution among RS-private mutations of case
839 (Figure 4C). The two signatures identified in clustered mutations corresponded to SBS84 and
SBS85, which have been associated with direct and indirect effects of AID-induced mutagenesis,

respectively, in lymphoid neoplasms (Figure 4A-B).?

We next measured the contribution of each process in the catalogue of mutations of each
sample. We observed that signatures previously identified in DLBCL (and other lymphomas) but not
in CLL were only present in the RS samples for six cases, with a remarkable contribution in patient
839 compared to cases 1563, 835, 3495, 102, and 4686 (Figure 4D). Similarly, APOBEC-related
signatures were only present in 2/147 additional CLL samples included in the analysis of mutational
signatures and with lower abundance than in the RS (supplemental Table 13). On the other hand,
signatures previously identified in CLL were found in both CLL and RS (Figure 4D). Of note, all these
CLL-related signatures were also found in RS-private mutations of cases lacking germ line DNA in
which the pre-CLL tumor was used as a reference to identify the mutations acquired at transformation.
Intriguingly, this included the presence of non-canonical AID (SBS9) in two of these RS cases (both
unmutated IGHV). Also of interest, SBS9 was remarkably present in the RS sample of case 1669,
which also corresponded to an unmutated IGHV case. Although we cannot exclude the presence of
these mutations in the previous CLL clone of this case 1669 due to the lack of available material, the
specificity of SBS9 mutations for mutated IGHV cases strongly suggests that these mutations could
be acquired in the transition from CLL to RS as shown for the previous two cases (supplemental Table
13, Figure 4D). These results thus suggest that APOBEC and AID enzymes might become active

during (or as a consequence) of the transformation.
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Figure 4. Catalogue of mutational processes active in CLL and RS. A-B. Signatures extracted by the Hierarchical
Dirichlet Process (HDP) (A) and SigProfiler (B). COSMIC signatures needed to reconstruct the de novo identified
signatures are shown next to each extracted signature together with their contribution (in percentage). The cosine
similarity between the extracted signature and the reconstructed based on the signature(s) from COSMIC is shown
between brackets. SBS-RS extracted by HDP could not be reconstructed based on previously published signatures
and was considered novel. This signature was included with the ones reported in COSMIC to reconstruct the
signatures obtained by SigProfiler. Note that both HDP and SigProfiler identified the presence of SBS53, a signature
that has been linked to potential sequencing artifacts. Based on the fact that it was only present in one sample (see
section D), we did not consider this likely sequencing artifact as a potential mutational process. C. Profile of RS-
private mutations found in case 839 which had marked evidence of SBS2, SBS13, and SBS17b. D. Absolute
contribution of each mutational process in the total number of mutations of each sample. RS in red indicates the time

point in which the RS was diagnosed, while the previous CLL are labelled using numbers.

The novel SBS-RS was present in 10/19 (53%) RS, being only detected at time of
transformation in 8/10 cases. In the remaining two cases (3299 and 12), SBS-RS was detected in two
previous CLL samples of each case. Of note, the genomic complexity present in the RS sample of case
3299 was already detected in the previous CLL samples. These results suggest the presence of an
undetectable RS clone before the clinical manifestation of the transformation in these cases. The SBS-
RS was only detected in 1/147 (0.7%) additional CLL cases included in the analysis of mutational
signatures (supplemental Table 13). This CLL case carried NOTCHI and BCOR mutations, was
analyzed at relapse post-CIT, and died two days after sampling. Also of interest, the SBS-RS was
found both in cases developing RS after CIT (3/6) and novel agents (7/11, including cases 3299 and
12 in which the signature was identified before starting ibrutinib). Altogether, these results indicate
that the mutagenic process behind this novel SBS-RS mutational signature was not a direct

consequence of therapy but a potential mechanism linked to the transformation.

Evolutionary paths and timing of mutagenic processes

To further elucidate the dynamics and timing of the mutagenic processes identified, we next
resolved the clonal architecture of the tumors along the disease course for the twelve cases studied
with a complete WGS data set. In all but one case (case 184) we could identify a major clonal
population at time of transformation that could correspond to the RS clone (Figure 5A). Although we
recognized different evolutionary patterns (from complex branching evolution to simple linear

progression), the RS clone emerged from a previous CLL subclone in 7/11 cases (Figure 5A).
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Most RS clones carried a remarkable fraction of the mutations present in the previous CLL,
suggesting that they emerged from a late CLL clone (Figure 5B). Nonetheless, RS clones acquired a
median of 2,106 new mutations (range 580-5,231), among which 558 (range 328-1,096) were
attributed to the new SBS-RS in seven cases. Similarly, 543 mutations were attributed to APOBEC-
activity in case 839 (Figure 5B, supplemental Table 14). We also identified that 227 mutations acquired
in the RS clone in case 365 were attributed to SBS9 (non-canonical AID). Similarly, 76 mutations
associated to SBS9 were acquired on top of the RS clone of case 3299 (clone #1 emerging from the
RS clone labelled as #2) (Figure 5SB). Together with the identification of mutations associated to SBS9
in the RS-specific mutations of two cases lacking germ line DNA and in case 1669 (Figure 4D), these

results further suggest that AID might become active during the transformation.

The subclonal reconstruction of case 3299 also highlighted that the RS clone was already
present in the second and third CLL samples analyzed before the clinical manifestation of the RS,
which was in line with the identification of the SBS-RS in these two CLL samples (Figure SA-B). In
more detail, the RS clone accounted for 18% of the tumor population in the second CLL sample
analyzed (21 months before the clinical RS), 78% in the third sample (9 months before RS), and nearly
the whole tumor population at the time of RS. Contrarily, although SBS-RS was also identified in two
CLL samples before the RS in case 12, the major clone at transformation was exclusively detected at
time of RS, suggesting that the mutations associated to SBS-RS in these samples corresponded to a
distinct subclonal population (Figure 5A). In this regard, we identified a subclonal population of cells
(subclone #2) that accounted for 31% of the tumor population in the CLL samples collected five and
four months before the transformation and carried 881 mutations attributed to SBS-RS (Figure 5B).
Intriguingly, the immunophenotypic analysis of these samples revealed the presence of two B cell
populations, one of these corresponding to larger cells with distinct expression of several surface
markers (supplemental Figure 1A). Of interest, this subclone diminished at time of RS (represented
7% of the tumor population), while a new RS clone emerged (73% of the population) (Figure SA). To
study if this different proportion of RS clones could be influenced by a distinct topographic
representation of the clones, we studied synchronous samples from peripheral blood and bone marrow
before the transformation and at RS. No differences were found regarding the presence and abundance

of the distinct clones in the two studied tissues (supplemental Figure 1B).

The study of mutational signatures in the different subclones also highlighted the presence of
a subclone prior to RS that carried SBS-RS-related mutations in case 19, which recapitulated the

findings observed in case 12 (Figure 5B, subclone #2). This subclone diminished at RS leading to the
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expansion of another clone that also carried SBS-RS mutations (Figure 5A-B). The activity of the
SBS-RS in the first clone was lower compared to the observed in case 12 (i.e. lower number of
mutations associated to this signature), which could explain why this signature did not appear in the
sample-based contribution of mutational processes (Figure 4D). Overall, the reconstructed phylogeny
combined with the presence of SBS-RS in distinct clones in cases 12 and 19 suggests the co-occurrence

of different RS populations within the same tumor niche.

Canonical AID activity in RS

To further investigate the potential re-activation of AID during the transformation, we
measured the contribution of SBS84 and SBS85 among clustered mutations in the founding CLL
population (trunk of the phylogenetic trees) and in the dominant RS clone (Figure 5B). We observed
the presence of canonical AID mutations in 7/11 CLL and in 7/11 RS clones, with a similar number
of mutations (Figure 6A, supplemental Table 15). Canonical AID mutations were also found in RS-
specific mutations of 4/6 cases lacking germ line DNA (Figure 6A). Considering that canonical AID
mainly targets immunoglobulin (IG) loci, we next analyzed the presence of somatic mutations in the
IG heavy and light chain gene rearrangements. We observed the acquisition of somatic mutations in
the IGH/LV gene of the RS clone in 4 cases (cases 1669, 12, 816, 3495) (Figure 6B, supplemental
Table 4). Besides, we identified the acquisition of two IG translocations in two cases involving MYC
and KIFC2, respectively. The break point in the IG locus occurred within the class switch
recombination regions. These results further emphasize a potential re-activation of AID during the

transformation, which might contribute to the genomic complexity and mutational burden of RS.
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Discussion

In this study, we have provided a comprehensive characterization of the genomic alterations
found in RS after CIT and novel agents. In line with previous analyses of RS after CIT, we have
identified that RS after treatment with targeted therapies usually carried TP53 aberrations, CDKN2A/B
deletions, and MYC alterations.!® We also confirmed that these tumors harbored a higher number of
CNA as compared to their precursor CLL,' identified MGA alterations in 42% of the cases,*> and
found recurrent mutations in genes involved in NOTCH1 pathway (42%).!%3¢ As previously suggested,
RS after treatment with targeted therapies lacked the canonical BTK, PLCG2, and BCL2 mutations
usually identified in patients progressing after these regimens.*!>37-3 In addition, our whole genome
analysis uncovered the genomic landscape of RS, characterized by the acquisition of roughly 2,100
novel somatic mutations per case and complex genomic rearrangements. The longitudinal nature of
the study allowed us to dissect the evolution of the distinct CLL and RS subclones along the disease
course and to detect the RS clone 21 months before the clinical manifestation of the disease in one

case. We also identified two potential distinct RS subclones co-occurring in two additional cases.

We could decipher the mutagenic processes operating in RS through the analysis of mutational
signatures. In addition to the already known mutational processes active in CLL,>?° we identified
APOBEC-related mutations remarkably shaping the mutational landscape of one RS clone. Besides,
we measured the re-activation of AID in RS clones by the identification of mutations associated with
its canonical and non-canonical activities. The re-activation of AID contributed both to the mutational
burden of these clones as well as to the acquisition of mutations in the rearranged IGHV genes creating
a stop codon in one case and chromosomal alterations, such as a MYC-IG translocation in another case.
We also identified a novel mutational signature, named SBS-RS, highly specific of RS that is not found
in other tumor types including CLL and DLBCL.>723* This signature, which was found in ten RS
samples and accounted for a mean of 558 mutations per tumor, had some common features with SBS84
(associated with AID activity).?’ It has been proposed that treatment with idelalisib, duvelisib, and
ibrutinib blocks PI3K3 activity, potentially increasing AID expression.*? Although the activation of
AID under treatment with ibrutinib in primary cases might be limited,*' there are also evidences
showing that NF-kB activation might enhance AID expression leading to the accumulation of
mutations in off-targets regions and high genomic complexity.*? In our cohort, 66% of the cases carried
alterations in genes involved in the NF-kB pathway at transformation. Considering these findings
together with the AID-derived mutations detected in RS clones, one could speculate that AID might
be the mutagenic force behind the novel SBS-RS signature. Of note, SBS-RS and AID activity were
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also found in tumors transforming after CIT, emphasizing that these mechanisms seem to reflect the
natural process of the transformation rather than a particular side-effect of a specific regimen.
Altogether, our genome-wide, longitudinal characterization of RS has uncovered the genomic
footprints of this transformation decoding novel mechanisms that might drive its aggressive

phenotype.
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Chapter 4:
Assembling the immunoglobulin gene rearrangements from whole-
genome sequencing: from the algorithm to the clinical implications






Summary

All normal and tumor B cells express a unique IG gene rearrangement, which
characterization has prognostic and predictive value in different lymphoid neoplasms
including CLL. Besides, secondary, oncogenic |G translocations help the diagnosis of
different neoplasms and stratifies patients with distinct disease evolutions. Due to the
inherent complexity of the IG loci, which prevents its analysis from WGS with current
bioinformatic pipelines, |G gene rearrangements and oncogenic translocations are still
characterized using independent Sanger sequencing, targeted NGS and/or FISH
experiments. We developed IgCaller (Study 7), a bioinformatic algorithm aimed to
reconstruct the complete IG gene rearrangements and oncogenic translocations from
WGS. Using a cohort of 404 patients comprising different subtypes of B-cell neoplasms,
we demonstrated that IgCaller might replace Sanger sequencing, targeted NGS and FISH

for studying the genetic properties of the IG loci both in research and clinical settings.

In Study 8, we showed that IgCaller is also able to characterize 1G gene
rearrangements from WES. We then applied IgCaller to our International Cancer
Genome Consortium cohort of 506 CLL patients as well as to an independent cohort of
78 cases to study the biological and clinical consequences of the IGLV3-21 R110
mutation (IGLV3-21%%°) in CLL. The IGLV3-21"1% was significantly enriched in the
epigenetic intermediate CLL (i-CLL) subtype of patients (38%) compared to memory-like
(m-CLL, 1.7%) and naive-like (n-CLL, 0.5%). Although the IGLV3-21/1% captured all
stereotyped subset #2 cases, 62% of IGLV3-21%% i-CLL carried non-stereotyped |G
genes. i-CLL carrying the IGLV3-21"1° phenotypically resembled n-CLL/unmutated IGHV
tumors while i-CLL lacking this mutation mirrored m-CLL/mutated IGHV. Similarly, IGLV3-
21"10§_CLL cases had a poor outcome similar to n-CLL patients while non-IGLV3-21%10 -
CLL had a favorable prognosis similar to m-CLL. The IGLV3-21%!10 retained independent
prognostic value in multivariate analyses including the IGHV mutational status and

epigenetic subtypes. These results might impact the risk stratification of the patients.
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ARTICLE N
ature normal and tumor B cells express a unique
M immunoglobulin (Ig) gene rearrangement. This indivi-
dual Ig gene is formed during the first steps of B cell
development in the bone marrow where both heavy (IGH) and
light chains [kappa (IGK) or lambda (IGL)] are rearranged by a
hierarchical process in which distant variable (V), diversity (D,
only in the IGH locus), and joining (J) genes are joint through
deletions of the genomic sequence between them!. During this
process of cut-and-joining of the different genes, random
nucleotides known as N nucleotides are added in the junctions to
increase the diversity of the Ig repertoire. Later on, upon antigen
activation, the Ig gene rearrangements undergo further diversi-
fication by the process of somatic hypermutation (SHM), which
introduces mutations in the V(D)]J regions, and class switching of
the heavy chain in the germinal center of the lymphoid follicles!.
The identification of a clonal B cell population (i.e. large B cell
population expressing the same Ig) in the context of a lymphoid
proliferation is used as a marker of leukemia/lymphoma diag-
nosis. Besides, the presence of SHM in the V(D)J region of the
IGH is a surrogate imprint of the cell of origin of the lymphoid
neoplasm with marked clinical implications. In chronic lym-
phocytic leukemia (CLL)?>? and mantle cell lymphoma (MCL)4,
the identification of SHM distinguishes subtypes of tumors
[mutated (M-IGHV) or unmutated (U-IGHV)] with different
clinical and biological behavior. In CLL, different prognostic
models incorporate the IGHV mutational status®, and guidelines
recommend its analysis either at diagnosis or before treatment
initiation®. In addition, tumors carrying highly similar Ig (ie.
stereotyped Ig)7, specific Ig light chain (IGLC) rearrangements®,
or class switch recombination (CSR) of the constant region of the
heavy chain® characterize subsets of patients with distinct clinical
and biological features. Besides, the detection of oncogenic Ig
translocations genome-wide helps the diagnosis of different
neoplasms such as MCL, follicular lymphoma and Burkitt lym-
phoma, while stratifies patients with distinct clinical outcomes in
multiple myeloma (MM) and diffuse large B cell lymphoma
(DLBCL)!.
The analysis of the rearranged Ig gene is currently performed
both in the clinical routine and research by Sanger sequencing

(SSeq)® or by specific targeted next-generation sequencing (NGS)
protocols!!. Of note, independent assays are required to assess the
IGH, IGK and IGL sequences'?. Once the rearranged sequence is
obtained, several tools are available to identify the V(D)]J genes, its
functionality (i.e. productive or unproductive) and mutational
status (IMGT/V-QUEST!314 or IgBLAST!%), and stereotype
(ARResT/AssignSubsets'®). On the other hand, Ig translocations
are routinely assessed by fluorescence in situ hybridization (FISH)
and/or conventional cytogenetics in the clinical setting. Although
short-read whole-genome sequencing (WGS) of B cell neoplasms
should store the information to reconstruct the entire Ig gene, the
high genomic complexity of the Ig loci has prevented its analysis
using the current bioinformatic pipelines. The decreasing cost of
short-read WGS linked with its ability to characterize the entire
genomic landscape of these neoplasms in a single experiment!”,
even if complex and heterogeneous!®, suggests that WGS could
enter into the clinical setting in the near future.

Here we present IgCaller, a fast, easy-to-run, python program
designed to reconstruct the entire Ig gene rearrangements from
short-read WGS data of lymphoid neoplasms. We demonstrat the
accuracy of IgCaller using WGS data of 404 B cell neoplasms with
available SSeq/NGS of the IGH V(D)] and/or IGLC and isotype
expression for comparison: 230 cases of CLL in two independent
cohorts of 152 (cohort 1 [C1])1819 and 78 (cohort 2 [C2]), 64
cases of MCL2(, 30 MM?!, 73 DLBCL?2, and 7 mature B cell non-
Hodgkin lymphomas (B-NHL) (Supplementary Data 1).

Results

Overview of IgCaller. IgCaller takes as input the WGS aligned
reads (BAM file)2>-25 to assemble the rearranged IGH V(D)J
genes, IGK and IGL V] genes, and to identify the presence of CSR
and genome-wide Ig translocations. IgCaller also determines the
identity of the rearranged sequences compared to the germ line of
the patients or reference genome. Although IgCaller also pro-
duces a preliminary analysis of the functionality of the rearranged
sequences, these sequences can be used as input of downstream
programs such as IMGT/V-QUEST or IgBLAST, as usually done
for the sequences obtained from SSeq/NGS (Fig. 1a).

a
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Fig. 1 Overview of IgCaller and Ig loci at short-read WGS level. a Bioinformatic steps to fully characterize the rearranged Ig gene from short-read WGS
data. IgCaller extracts the rearranged sequences from already aligned reads (BAM file). The output of IgCaller might be used as input to downstream
specific programs for a complete Ig annotation. b Schema of the Ig loci at B cell genome level (top) and reference genome level (bottom) for the different
loci/rearrangements analyzed by IgCaller. Of note, although the IGK locus is oriented on the negative strand, the IGKV4-1, IGKV5-2, and IGKV genes
within the distal cluster are inverted and therefore oriented on the positive strand. Thus, rearrangements involving these IGKV genes are formed through
inversions rather than deletions. The WGS reads that cover the rearrangements and are used by IgCaller are depicted in each scenario. White arrows

represent the coding strand.
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IgCaller relies on two sets of reads to identify the break points ~ were observed in 2 cases (1 CLL, 1 MCL). These results were fully
at base pair resolution and to reconstruct the rearranged V(D)]  concordant with the SSeq/NGS of 139 C1-CLL, 67 C2-CLL, 60
sequences (Fig. 1b): (i) split reads (a fraction of the read maps to MCL, and 1 B-NHL (Supplementary Data 2-7). Small dis-
one location while the other fraction of the same read maps to a  crepancies (only J or V disagreement) were found when the J (n
different location of the genome) spanning the boundaries of both  =7) or V (n=1) genes identified by SSeq based on identity
V and ] genes [note that in the IGH loci, reads do no map to the (IMGT/V-QUEST) did not correspond to the rearranged genes
D gene due to its small length]; and (ii) abnormal insert size reads ~ detected by IgCaller, but were the second scoring genes in IMGT/
(reads with anomalous distance between read pairs) in which one ~ V-QUEST, suggesting that our non-identity WGS-based
read of a pair maps to a V gene and the other to a J gene. Once  approach might be more accurate in these scenarios (Supple-
the rearranged V-] gene is found by combining both sets of reads, mentary Fig. 1). Contrarily, rearrangements within genes not
the consensus unmapped sequence of the split reads is used to  annotated in the reference genome used by IgCaller could lead to
extract the sequence containing the N nucleotides-D gene-N  incongruent results. These errors occurred in five CLL patients
nucleotides (IGH locus) or the N nucleotides (IGK/IGL loci). The carrying rearrangements involving IGHV5-10-1 (n=4) or
germ line sequence of the patient is used, if available, to consider ~IGHV7-4-1 (n = 1), which are not annotated in the hg19 genome
potential polymorphisms when assessing the identity of the build used. All these rearrangements were recovered after aligning
rearranged sequence to the germ line. The read depth before and the WGS data to the hg38 reference genome (Supplementary
after the potential CSR identified is compared to determine the Fig. 2). Of note, the sequence of the complete IGH gene rear-
presence of isotype switching?®. Besides, using both types of reads  rangement identified by IgCaller could be used to determine the
as well as paired reads aligning to different chromosomes, stereotypy of the CLL cases (Supplementary Data 2 and 3).
IgCaller identifies genome-wide rearrangements (deletions, inver-  IgCaller also reports the unproductive rearrangements. In this
sions, gains and translocations) involving any of the Ig loci. A regard, IGH unproductive rearrangements were identified in 51
detailed explanation of the methodological framework and cases, all but four carrying productive rearrangements in the
instructions to run IgCaller might be found in the “Methods”. other allele (Supplementary Data 8). We verified by NGS 7 ran-

domly selected IGH unproductive rearrangements (Supplemen-

. . . . tary Data 8).

Ig heavy chain rearrangements and identity. Using the WGS of . . .

404 B cell neoplasms, IgCaller identified a complete productive Next, g‘e compar;sotr}ll of thellper_ceritgiggecf f(idf n6tl7tyC20 f(;gie
IGH gene rearrangement [V(D)]] in 131 (86%) C1-CLL, 75 (96%) rearranged sequence o the germ 1ne in N g D
C2-CLL, 63 (98%) MCL, 21 (70%) MM, 44 (60%) DLBCL, and in and 60 MCL obtained by SSeq/NGS and IgCaller showed a high
al 8 Bfi\THL A partial’ oD rearrange,ment was detecte;l in 10 significant correlation and concordance in all three cohorts
(7%) C1-CLL and 1 (3%) MM (Fig. 2a, Supplementary Data 2-7). (Fig. 2b, Supplementary Fig. 3). iny 2 (0.8%) cases with a
Two distinct productive IGHV-IGHD-IGHJ gene rearrangements complete rearrangement and a partial rearrangement by WGS,

C1-CLL C2-CLL MCL
100 4 100 | Passing-Bablok Regression Fit (n=139) | Passing-Bablok Regression Fit (1=67) | Passing-Bablok Regression Fit (n=60)
SSeq ° —— 0.03+1°SSeq —— -0,19+1"SSeq
E ] ° F
§ e ;
75 : B °
3 ° ° 4 4
2 = @ ) ° °
= ° i
0 H L]
© > J 3
8 £ °
2 50 2
° o} CJ
2 b
2 o 4
5 °
25 3
=
85 R=0.91; p=2.19e-54 | R=0.95; p=8.56e-36 R=0.97; p=7.89e-37
- T T T T T T T T T T T T
SR @\VQ%V@ 85 90 9% 100 85 % 9% 100 85 90 95 100
o> F® \“&O‘bﬁ SSeq % identity SSeq/NGS % identity SSeq % identity
NV S
9
IgCaller IGH rearrangement: [ll Complete productive O Partial i ive) (] No found
C Noases:2 11 8 2 129 C1-CLL
250047 og 5 ,;mweg ST o O o b 100 g
g 2000{ " 500 S ORRea0400 9067057604 001 0 5178 1 900069% b0 & 0 §
5 1500 80 £
@ 500
& =1 il __ll oI
& SSeqony ENEN Agreement between IgCaller, SSeq, and presence of signature 9 (SBS9) -
ge Er 0 sseq
§ & & e
§ F$
¥ oY

Fig. 2 Benchmarking of IgCaller: characterization of the IGH locus. a Bar plot showing the percentage of cases with productive IGH rearrangements by
IgCaller in each cohort. b Dot plots of the percentage of identity of the rearranged IGHV sequence to the germ line by IgCaller (y axis) and SSeq/NGS (x
axis). The 95% confidence interval is depicted by the light blue area. The gray area highlights cases in which the presence of a high density of clustered
mutations impairs an accurate identification of the percentage of identity. P values are from t-test. ¢ Comparison of the number of mutations associated
with signature 9 (SBS9, left y axis) and the identity of the rearranged sequence both by SSeq and IgCaller (right y axis) in the C1-CLL cohort. Source data
are provided as a Source data file.
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respectively, were differentially classified as M-IGHV or U-IGHV
between SSeq and WGS using the standard cut off of 98%. In line
with this, we observed that WGS reads carrying a high density of
clustered mutations might not align, and therefore the identity of
the rearranged sequence could be overestimated (Supplementary
Fig. 4). However, this non-alignment of highly mutated WGS
reads only affected a minority of CLL cases, and rarely miss-
classified patients as M-IGHV or U-IGHV (Fig. 2b). Besides, the
use of WGS allows the recognition of the germinal center reaction
imprint by the detection of a genome-wide mutational signature
associated to the activity of AID (non-canonical AID or signature
9 [SBS9])18:21:27. The number of mutations associated to
SBS9 significantly correlated with the IGHV gene identity
observed both by SSeq and IgCaller (Supplementary Fig. 5).
Therefore, SBS9 could help to corroborate the mutational status
observed by IgCaller. However, the use of SBS9 alone would have
miss-classified the Ig mutational status of 8 (5%) C1-CLL
patients, highlighting that a proper analysis of the Ig gene
rearrangement might be needed to correctly stratify patients
based on the clinically-accepted cut off of 98% of identity
(Fig. 2c¢).

Ig light chain rearrangements. A productive IGK or IGL gene
rearrangement was found in 147 (97%) C1-CLL, 76 (97%) C2-
CLL, 64 (100%) MCL, 27 (90%) MM, 45 (62%) DLBCL, and 7
(100%) B-NHL (Supplementary Data 9-14). These results were
fully concordant with the IGLC expression observed by flow
cytometry (FC) (Fig. 3a). Besides, we verified 5 randomly selected
inversion-IGK productive rearrangements by SSeq (Fig. 1b,
Supplementary Fig. 6, Supplementary Data 15). Furthermore,
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Fig. 3 Benchmarking of IgCaller: IGLC rearr

IgCaller is also able to characterize the deletions occurring within
the kappa deleting element (Kde) and the intron recombination
signal sequence (RSS) allowing for a full characterization of the
IGK locus?®. In this regard, IgCaller identified 178 Kde-RSS
deletions, 139 Kde-IGKV deletions, and 5 RSS-IGKV deletions
(Supplementary Data 16). We confirmed the presence of these
deletions by PCR in three selected cases (Supplementary Fig. 7).
IgCaller also identified 246 unproductive/unexpressed IGK/L
rearrangements in 177 cases (Supplementary Data 16). Con-
sidering that virtually all these cases expressed a productive IGK/
L rearrangement, this finding emphasizes the sensitivity of
IgCaller to detect multiple rearrangements.

The ability to determine the IGLC rearrangements from WGS
data is of clinical relevance due to its prognostic value. In fact, we
identified IGLV3-21 in 25/223 (11%) CLL, which was associated
with a shorter time to first treatment (TTFT) in M-IGHV cases,
and with a shorter overall survival independently of the IGHV
mutational status, as recently suggested (Fig. 3b)®.

Class switch recombination. IgCaller identified the CSR
matching the isotype expressed by FC analysis in 27/30 (90%)
MM (Fig. 3c, Supplementary Data 17). Two of the three poten-
tially discordant cases with IgG or IgM by WGS expressed only
IGLC by FC. In the latter case, two IGH translocations also
detected by IgCaller caused the loss of the constant IGH region of
both alleles leading to sole IGLC expression (Supplementary
Fig. 8). Overall, IgCaller could not identify the isotype switch in 1
(3%) MM expressing IgG (Supplementary Fig. 8). Next, CSR was
observed in 37/230 (16%) CLL, 2 (3%) MCL, 28 (38%) DLBCL
[18, 55%, germinal center B cell subtype (GCB); 7, 23%, activated
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detected by IgCaller and FC analysis. b TTFT and OS of patients with CLL according to the presence of IGLV3-21 rearrangements. P values for TTFT curves
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e Circular representation of the oncogenic Ig rearrangements (translocations

and deletions) identified by IgCaller genome-wide. Frequencies of recurrent alterations are shown. Source data are provided as a Source data file.
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B cell subtype; and 3, 33%, unclassified], and 4 (57%) B-NHL
(Fig. 3¢, Supplementary Data 17-22). The distribution of CSR in
the different tumor types is similar to that observed using FC or
$Seq®2°-31. We confirmed the WGS-derived CSR in 6 randomly
selected CLL cases by FC (Supplementary Fig. 9, Supplementary
Data 18). Noteworthy, the presence of CSR in 18/115 (16%) M-
IGHYV identified CLL patients with a tendency to a shorter TTFT
than non-switched M-IGHV CLL (p = 0.058, Fig. 3d). It is known
that CLL with stereotypes #4 and #16, although expressing IgG,
follow an indolent clinical course®3233. The stereotypy analysis of
our CLL cases showed that none of them carried these specific
subsets (Supplementary Data 2 and 3).

Oncogenic Ig translocations. IgCaller identified Ig translocations
in 11 (7%) C1-CLL, 5 (6%) C2-CLL, 63 (98%) MCL, 15 (50%)
MM, 34 (47%) DLBCL, and 2 (29%) B-NHL (Supplementary
Data 23). FISH/PCR data available for 54 cases confirmed all the
rearrangements identified by IgCaller in these tumors (Supple-
mentary Data 23). As previously described, the most common Ig
translocation in CLL was the #(14;18) [IGH-BCL2] in seven cases;
the #(11;14) [CCNDI-IGH, n = 62] or t(2;11) [IGK-CCNDI, n=
1] in all but one MCL (note that this later case had the char-
acteristics of a CyclinD1-negative MCL);3* the #(11;14) [CCNDI-
IGH, n = 7], MYC-IG (n =4), and t(4;14) [NSD2-IGH, n=2] in
MM; and the #(14;18) [IGH-BCL2, n =22] and t(3;14) [BCL6-
IGH, n =5] in DLBCL (Fig. 3e). Of note, IgCaller identified three
Ig rearrangements in two CLL cases [t(6;22) [IRF4-IGL] and t
(1;22) [RCCI-IGL]; IGK insertion in LINC01475] that were not
detected in previous WGS analyses (Supplementary Figs. 10 and
11)!8. Similarly, three Ig translocations identified by IgCaller in
DLBCL, two of them involving BCL6, were not previously
reported (Supplementary Data 23)?2. Altogether, these results
emphasizes the sensitivity of IgCaller to detect oncogenic Ig
translocation. Besides, the identification of chromosomal altera-
tions within the Ig loci of these samples suggests that the ability of
IgCaller to reconstruct the V(D)] rearrangement is not influenced
by secondary Ig structural events.

Effect of sequencing depth and tumor purity. Two main factors
that might influence the performance of IgCaller are the
sequencing depth (or coverage) and the tumor cell content (or
purity) of the sample. We did not observe a remarkable effect of
the mean coverage of the Ig loci and the percentage of Ig pro-
ductive rearrangements identified in the CLL and MCL cohorts
(mean depth ranging from 11x to 96x) (Fig. 4a, Supplementary
Data 2-4). To further analyze the effect of coverage, we next focus
on 29 cases (21 C1-CLL and 8 MCL) with a mean depth >30x,
tumor purity >90%, and carrying an identified IGH and IGK/L
productive rearrangements by IgCaller. We randomly down-
sampled the initial BAM files to mean coverages ranging from 5x
to 30x (Methods). The sensitivity of IgCaller to detect the com-
plete productive rearrangements was >0.9 at 20x and >0.85 at
15x (Fig. 4b, Supplementary Data 24). Sensitivity started to drop
at 10x (0.72 for IGH and 0.79 for IGK/L), while <15% and
<50% of the IGH and IGK/L rearrangements could be identified
at 5, respectively. Besides, two cases included in this analysis
carried a CSR expressing IGHGI that could be identified at 15x.
Similarly, eight cases carried oncogenic translocations that were
called at a minimum coverage of 10x (1), 15x (2), 20x (4), and
25% (1). Also of interest, the IGHV gene identity reported by
IgCaller was minimally effected by sequencing depth (Fig. 4c).
Altogether, these results suggest that IgCaller is robust at
sequencing depths ranging from >15x to 100x, while some
rearrangements can still be identified at lower coverage. We are

not aware of any potential limitation regarding the use of IgCaller
with WGS data with >100x of depth.

To analyze the effect of the tumor cell content, we created in
silico tumor samples at distinct tumor purities (ranging from 5%
to 95%) by mixing at different ratios the previous 29 tumor
samples with their respective non-tumoral WGS reads (Methods).
At a final mean depth of 30x, the sensitivity of IgCaller to detect a
complete IGH rearrangement was >0.85 with tumor purities
>50%, while it was >0.8 with purity >20% for IGK/L (Fig. 4d,
Supplementary Data 25). The limitation to detect a complete IGH
rearrangement at tumor cell contents around 20-35% could be
overcome at 60x of sequencing depth (Fig. 4e, Supplementary
Data 26). Of note, the identity of the IGHV gene was minimally
affected at tumor cell contents >35% when considering 30x WGS
data (Fig. 4f). As expected, the accuracy of the IGHV gene
identity was higher at 60x WGS, particularly for those samples
with low tumor burden (Supplementary Data 26). The sensitivity
of IgCaller was similarly influenced by an increasing contamina-
tion of a polyclonal-like population prepared by mixing 294
tumor samples (Fig. 4g, “Methods”, Supplementary Fig. 12,
Supplementary Data 27). As expected, in the context of
polyclonal contamination IgCaller also identified Ig rearrange-
ments present in the polyclonal population. Next, to demonstrate
that IgCaller might be used to characterize oligoclonal samples, as
suggested by the identification of multiple productive and/or
unproductive IGH and IGK/L rearrangements, we mixed at
different ratios two tumor samples carrying both a productive
and an unproductive rearrangement caused by the presence of
stop codon mutations (“Methods”). IgCaller was able to identify
all four IGH rearrangements with scores calculated based on their
number of reads that fitted with the pre-defined abundance of
each tumor in each mixed sample (Fig. 4h, Supplementary
Data 28). Overall, these data suggest that IgCaller is relatively
stable when normal or polyclonal contamination is present within
a clonal tumor sample. We have also shown that IgCaller is able
to characterize oligoclonal scenarios carrying both productive and
unproductive gene rearrangements.

Comparison of IgCaller to other available algorithms. Finally,
we aimed to compare the performance of IgCaller to other
available algorithms. After an exhaustive search we did not find
any study that demonstrated that Ig gene rearrangements could
be extracted from short-read WGS data. The lack of algorithms to
reconstruct the Ig gene from short-read WGS data contrasts with
the available set of programs to perform this analysis from
repertoire sequencing (Rep-Seq) data, which specifically amplify
the entire Ig sequence using long reads and specific primers>> as
well as RNA-seq data36-38, Nonetheless, one of the programs
(MiXCR)?¢ uses a general framework that allows the analysis of
the B cell receptor from both RNA and DNA sequencing data by
starting from raw sequences (FASTQ files). In order to compare
the performance of both programs, we run MiXCR on 194 tumor
samples (136 C1-CLL and 58 MCL). MiXCR identified the same
IGH CDR3 sequence compared to SSeq/IgCaller in all cases
analyzed, with only subtle differences in seven cases (Supple-
mentary Data 29). Similarly, the same V, D, and ] genes were
identified in 174/194 (90%) cases. The remaining cases differed in
the D or V gene (8%, 4%) or had multiple potential V or J genes
reported according to MiXCR (12%, 6%). These discrepancies in
the identification of the V, D and J genes are in line with the fact
that MiXCR did not report the complete V(D)J sequence in any
of the samples analyzed. The lack of the full V(D)] sequence
impaired the characterization of the IGHV identity using MiXCR
in the studied low-coverage, short-read WGS data (Supplemen-
tary Data 29).
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("Methods"). Source data are provided as a Source data file.

Discussion

The characterization of Ig gene rearrangements and oncogenic
translocations is an important diagnostic and prognostic para-
meter in different B cell neoplasms, and guide the management of
the patients2-4610, In spite of the expansion of WGS analyses in
research and clinical settings, these rearrangements are still stu-
died using SSeq, NGS, and/or FISH due to the inherent com-
plexity of the Ig loci. In this report, we describe that the
rearranged Ig genes of B cell neoplasms, including CSR and
oncogenic Ig translocations, can be fully reconstructed from
short-read WGS data. To this aim, we developed IgCaller, an
algorithm that uses standard aligned BAM files to characterize the
Ig gene rearrangements without the need of any additional pre-
processing step. The usage of already aligned WGS data might
facilitate the implementation of IgCaller in virtually any bioin-
formatic pipeline, and will contribute to elucidate the genomic
landscape of B cell lymphomas and leukemias using a single
approach!”.

IgCaller reconstructed the complete Ig gene (IGH and IGK/L
productive rearrangements) of 79% of 404 B cell neoplams with
>98% accuracy when compared with standard SSeq/NGS and FC
analyses. The characterization of the complete Ig gene was higher
in CLL (87%) and MCL (98%) than in MM (63%) and DLBCL
(41%), probably due to the higher number of somatic mutations.
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samples carrying two IGH rearrangements each; one productive (Prod.) and
IgCaller is shown. A score of O is used for illustrative purposes for
Iculated based on the number of reads supporting each rearrangement

At least one IGH or IGK/L productive rearrangement was seen in
99% CLL, 100% MCL, 97% MM, and 81% DLBCL. The sensitivity
of IgCaller is similar to that observed with SSeq39. Besides, we
observed a highly significant correlation and concordance
between the identity of the rearranged IGHV gene sequences
obtained by IgCaller and SSeq/NGS. IgCaller also determined the
presence of IGLC rearrangements, CSR and oncogenic Ig trans-
locations of clinical value in these neoplasms. Of note, some Ig
translocations detected by IgCaller were not recognized in pre-
vious analyses, emphasizing the sensitivity of our algorithm!822.
We have shown that IgCaller is stable at low sequencing depths
(i.e. 10x), although its sensitivity increases with coverage. Simi-
larly, normal in tumor contamination had a minimal effect on the
sensitivity and specificity of IgCaller, especially when analyzing
60x WGS data. It is important to highlight that IgCaller is not
designed to work with polyclonal samples (ie. normal B cell
populations); an analysis that indeed is impaired by the low
coverage of WGS. To this aim, other available methodologies
(Rep-Seq or RNA-seq)? and tools (such as MiXCR)3¢ might be
more appropriate. These approaches might allow also the analysis
of B cell clonal evolution and/or ongoing somatic hypermutation.
Nonetheless, we have shown that IgCaller is also able to char-
acterize clonal tumor rearrangements in the context of con-
tamination of a polyclonal-like B cell population. Furthermore,
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IgCaller was able to identify multiple productive and unproduc-
tive Ig rearrangements within the same tumor sample allowing
the characterization of oligoclonal tumor populations.

Altogether, the complete characterization of the rearranged Ig
gene based on short-read WGS data, when available, could
facilitate the analysis of IGLC rearrangements, CSR, and onco-
genic Ig translocations, and replace the standard SSeq/NGS/FISH
of the Ig loci both in research and clinical settings.

Methods

Input files. IgCaller extracts the reads of interest from already aligned WGS data
(BAM files) avoiding to re-align the entire data set with custom or specific tools.
The functionality of this program was verified aligning the raw reads using the
BWA-MEM algorithm (v0.7.15 and v0.7.17)2? with default parameters, and con-
verting SAM files to BAM files using either samtools (version 1.6 and 1.9) or
biobambam?2 (v2.0.65, https://gitlab.com/german.tischler/biobambam2).These
programs are widely accepted and virtually the default algorithms used in most
cancer genomics projects2>. However, IgCaller should work well (or be easily
adapted to work well) with any BAM file obtained using any of the available
algorithms designed to align and process paired-end WGS data.

In addition to the WGS BAM file of the B cell neoplasm of interest (hereafter
tumor sample or tumor BAM file), the reference genome used to align the raw
reads and/or the BAM file of the germ line of the patient (hereafter BAM file of the
normal sample) are required to reconstruct the mutated rearranged sequence and
to assess its identity to the germ line. If the normal BAM file is available, it is used
to account for individual polymorphisms. If a given position is not fully covered in
the normal BAM file, the nucleotide present in the reference genome is considered.
If the reference genome is not available, these uncovered positions are not
considered in the identity calculation and reported as N in the output sequence. If
the normal BAM file is not available, the germ line sequence is directly extracted
from the reference genome. Note that the reference genome does not include
information regarding the presence of polymorphisms. Then, if the normal BAM
file is missing, polymorphisms will be considered to be mutations rather than germ
line polymorphisms, which will negatively influence the identity of the rearranged
IGHV sequence detected by IgCaller. Therefore, in this scenario, we strongly
recommend analyzing the rearranged sequence obtained by IgCaller using IMGT/
V-QUEST or IgBLAST, which will account for polymorphisms as traditionally
applied for tumor-only SSeq/NGS sequences.

The third required piece of information is the BED files containing the genomic
locations of the V and ] genes of IGH/IGK/IGL (wgEncodeGencodeBasicV19 for
hg19, and GencodeV29 for hg38), the CSR regions (Huebschmann et al., in
preparation)?S, and the sequences of the annotated D genes (extracted using the
coordinates of the D genes reported in wgEncodeGencodeBasicV19 for hgl9 and
GencodeV29 for hg38). Although the user could define their own regions and
sequences, these files are supplied within the IgCaller program both for hgl9 and
hg38. A set of optional parameters, which are described in a next section, might be
specified when running IgCaller.

Identification of V-J rearranged pairs and break points. The first step of
IgCaller consists of extracting the reads aligning to the Ig loci from the supplied
tumor and normal BAM files using samtools, and a mini BAM file is temporarily
created to speed up downstream executions. Reads that are not primary align-
ments, supplementary alignments, and PCR or optical duplicates are removed (-F
3318 option in samtools view). Once proper reads aligning to the regions of interest
are extracted, two types of reads are considered to identify potentially rearranged
V-] gene pairs: (i) split reads: soft clipped reads spanning the boundaries of a V
and J gene. Split reads only mapping to a V or J gene but with >20 bp soft clipped
bases (S in CIGAR) with no mapping information (no “SA:” field in the aligned
read) are also labelled as split reads and used as explained below. (ii) Abnormal
insert size reads: read pairs with anomalous insert size (here defined as insert size
>10,000 bp) in which one read maps to a V gene and its pair aligns to a ] gene. Note
that one pair of reads might be considered as both split and abnormal insert size
reads due to the fact that one read might be a split read spanning the V-J
boundaries while its pair might map to the J or V gene. It is important to notice
here that reads do not map to the D gene of the IGH locus due to is small length.
Once split reads and abnormal insert size reads fulfilling the previous considera-
tions are identified, the specific V and J break points are identified based on the
split reads spanning both genes. Then, a score based on the number of split reads (2
points for each read) and abnormal insert size reads (1 point for each pair) is given
to each V-] pair to discriminate likely real V-] rearranged pairs from random
sequencing artifacts. Note that if more than one pair of break points are found for a
given V-], all of them are kept and considered downstream, but each specific break
will have a different score based on its number of split reads. Besides, if the tumor
purity is known, these scores are adjusted by the tumor cell content of the BAM file
to increase the sensitivity in samples with low tumor purity as well as to make
comparable the rearrangements/scores obtained for different samples.

In the scenario that a given V-] pair is not supported by split reads spanning
both genes (i.e. only identified by abnormal insert size reads), the precise break

AMUNICAT!

points cannot not be identified. This is more likely to occur with extremely short-
read sequencing experiments (i.e. 2 x 90 bp, as some of the samples within the C1-
CLL cohort) than with the new available read lengths (i.e. 2 x 125 bp or 2 x 150 bp,
as applied in C2-CLL, MCL, and MM cohorts). However, if this situation occurred,
all potential combination of breaks coming from split reads mapping only to the V
and to the ] genes would be considered.

Once all potential V-] pairs are identified, each of them with their specific break
points, V and ] sequences are extracted using samtools mpileup from the start of
the gene to the break point (or from the break point to the end of the gene,
depending on the gene and its orientation in the human genome, see Fig. 1b). If
available, the germ line sequence is obtained from the normal BAM file using the
same set of coordinates/break points, and individual polymorphisms are
considered when assessing the percentage of mutations found in the tumor sample.

In order to increase the sensitivity of our approach, once the J and V sequences
are obtained, split reads mapping only a J or V break of one of the previously
identified J-V pairs with a soft clipped unmapped sequence of >20 bp are
considered to span a V-] pair if 25 bp of the soft clipped unmapped sequence can
be mapped to the second break. Thanks to this step, reads spanning J-V
boundaries can be rescued to better discriminate true from artifactual
rearrangements. Besides, it may allow for the identification of the specific break
points of a given V-] pair previously identified by sole abnormal insert size reads.

of the d j Once IgCaller has identified the V-]
breaks, the N nucleotides-D gene-N nucleotides sequence (N-D-N, for IGH) or N
nucleotides (N, for IGK and IGL) between V and ] genes are obtained from the
unmapped fraction of the split reads spanning the boundaries of both genes. Thus,
the unmapped sequence of all split reads spanning each specific V-] break are
retrieved, those with the most common length are kept, and only the most
abundant nucleotide in each position is considered to report a unique consensus N-
D-N/N sequence for each V-] specific pair. Note here that if the two most common
N-D-N/N lengths have the same number of supporting reads IgCaller reports both
potential rearrangements. Similarly, if all potential N-D-N/N sequences have dif-
ferent lengths, all of them are reported. To obtain the most likely D gene, a Smith-
Waterman alignment of the N-D-N sequence obtained is performed against all D
gene sequences supplied with a match score of 5 and mismatch and gap costs of 4
and 8, respectively. We noticed some discrepancies in around 10% of the cases
analyzed regarding the D gene obtained from IgCaller’s Smith-Waterman in
comparison to the D gene reported by IMGT/V-QUEST likely due to differences in
the alignment procedure. Therefore, we recommend using IMGT/V-QUEST or
IgBLAST to confirm the D gene reported by IgCaller.

Functionality and identity of the reconstructed sequence. Although the aim of
IgCaller is to retrieve the rearranged sequences of the Ig gene from short-read WGS
rather than to completely assess their functionality (to this aim there are specific
tools such as IMGT/V-QUEST and IgBLAST), IgCaller performs an assessment of
the functionality of the V(D)J (IGH) and V] (IGK/IGL) sequences obtained. This
assessment is performed by identifying the cysteine (C) 23, tryptophan (W) 41,
cysteine 104, and phenylalanine (F) or tryptophan 118 at the conserved FGXG or
WGXG motif (G, glycine; X, any amino acid). Then the CDR3 region (flanked by
C104 and F/W118) is translated to assess its productivity (i.e. in-frame or out-of-
frame junction). Note that IgCaller removes short insertions within the V gene
before assessing the functionality of a rearranged sequence. In this scenario, a tag is
added in the predicted functionality specifying that indels were found. That said,
note that short insertions are retained in the output sequence of IgCaller to retrieve
the original sequence as would be obtained by SSeq/NGS. Besides, IgCaller also
searches for stop codons within the FR1-FR3 sequence. Although IgCaller was able
to identify the correct functionality of around 95% of the obtained sequences when
compared to IMGT/V-QUEST, we suggest to use specific tools to corroborate these
results.

To assess the identity of the rearranged sequence, the germ line sequence is
obtained from the normal BAM file (if available) or the reference human genome.
The percentage of identity is calculated within the identified FR1 to FR3 regions. If
IgCaller fails in identifying the last C104, the entire sequence of the V gene is used
to calculate an approximate identity. Both the percentage of identity and the
number of nucleotides considered in this calculation are reported.

Locus specific considerations. Due to the inherent differences in the processing
and/or orientation of IGH, IGK, IGL and CSR, each of the analysis performed by
IgCaller have some peculiarities that need to be taken into account for a proper
analysis.

The IGK locus, in addition to the V and ] genes, also includes the so-called
intronic recombination signal sequence (RSS, downstream of the J genes) and the
kappa deleting element (Kde, found 24 kb downstream of the constant K region).
Once an unproductive IGK rearrangement is formed, a deletion within the Kde and
RSS may occur to eliminate the constant and enhancer region of the IGK
preventing the expression of the unproductive rearrangement. Similarly, a deletion
involving the Kde and a given V gene may occur to completely eliminate the
unproductive rearrangement?S. Both Kde-RSS and Kde-V gene deletions are
investigated by IgCaller to further characterize this locus. Moreover, although the
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IGKJ genes and proximal IGKV genes are oriented on the negative strand, the
IGKV4-1, IGKV5-2, and IGKV genes within the distal cluster are inverted and
therefore oriented on the positive strand. Thus, rearrangements involving the latter
IGKYV genes occur by inversions of the IGKV genes rather than deletions.

Regarding the IGL locus it is important to notice that all V and ] genes are
oriented in the forward orientation relative to the genome build while IGH is
oriented in the reverse orientation.

For class or isotype switching, IgCaller searches for deletions within the
described CSR of IGHM and IGHA1/2, IGHE or IGHG1/2/3/4 (Huebschmann
et al,, in preparation)?®. After an inspection of the CSR regions we observed that
split reads may confound a proper identification of the deletions within the CSR
due to their repetitive nature, high similarities within CSR regions, and presence of
a remarkable number of variants and/or sequencing artifacts. Therefore, the use of
split reads in CSR analysis hindered a robust identification of the exact break points
and added noise to the general identification of the potential deletions. As the exact
break points within the CSR are not required to properly assess the isotype switch,
we decided to exclude split reads in this specific analysis. However, in addition to
determine a potential deletion by abnormal insert size reads, the coverage of a 1500
bp window upstream and 1500 bp window downstream of the CSR identified is
compared to assess for a drop of coverage within the deleted region, which will
emphasize the presence of the CSR. For example, if a deletion occurs within the
IGHM and IGHG]I, a significant reduction of coverage (or read depth) should be
observed in the region within the IGHM-IGHG]. Therefore, following the previous
example, the coverage of a 1500 bp window upstream of the CSR of the IGHG1 and
a 1,500 bp window downstream of the CSR of IGHGI is compared using a
Wilcoxon test. Potential class switch deletions with no reduction of coverage are
automatically removed. If the normal WGS is available, the coverage at each
position of the window in the normal BAM file is subtracted to that of the tumor
sample to consider for fluctuations in coverage that are sequence/region specific.
Besides, as applied in the calculation of the score based on the number of reads, the
reduction of the coverage is adjusted by the tumor purity, if available, to increase
the sensitivity of IgCaller in samples with low tumor content. This comparison of
coverage enhanced the specificity of the CSR detection.

Pre-defined filter of low evidence rearrangements. IgCaller performs a pre-
defined filter to highlight high confidence rearrangements while separating them
from low evidence, likely artefactual, sequences. However, both high and low
confidence rearrangements are stored in locus-specific output files. The main two
filters applied to the IGH, IGK and IGL sequences are the requirement of a score
>3 (after adjusted by the tumor cell content of the sample), and that more than half
of the J and V sequences must contain a nucleotide other than N. Then, if two exact
V(D)J/V] rearrangements or highly similar V(D)] rearrangements (i.e. sharing two
of the three genes) are found, IgCaller keeps the productive one with the highest
score. For IGK, if IgCaller finds two rearrangements involving the same IGK] gene
and the same IGKV gene from the proximal and distal cluster, respectively (e.g.
IGKJ2-IGKV2-40 and IGKJ2-IGKV2D-40), it keeps the rearrangement with the
highest score. If both have the same score, the one involving an IGKV gene of the
proximal cluster, which usually has the higher mapping quality, is kept.

‘When analyzing the CSR, rearrangements considered as high confidence must
have a mean coverage >8x in the upstream window analyzed (the one not affected
by the deletion), a score >4 coupled with a reduction of the mean coverage of the
two windows >60% or a score >7 with a mean reduction of 230%, and a p value by
Wilcoxon test <le-10. This double combination of score and reduction of coverage
allows CSR strongly supported either by a remarkable drop of read depth or by a
high number of reads spanning the deletion. Note that if more than one class
switch deletion passes the previous filters, only the one with the highest reduction
of coverage will be reported in the high confidence output file. In our experience,
nearly all IGH V(D)] sequences identified by SSeq/NGS, productive kappa or
lambda rearrangements matching the light chain expression, and isotypes
identified by FC were called as high confidence rearrangements within the high
confidence passing rearrangements. However, we recommend to check low-
confidence rearrangements specially when analyzing low coverage and/or very
short-read (i.e. 90 bp) WGS data, or if there is an interest in identifying minor
subclonal populations carrying distinct Ig rearrangements.

lysis of Ig rear In addition to char-
acterize the rearranged V(D)] sequences and the presence of CSR, IgCaller sear-
ches for Ig rearrangements genome-wide. In this regard, any potential deletion,
inversion or gain with one break within any of the Ig loci (IGH, IGK or IGL) is
annotated if more than X (4 by default) abnormal insert sizes and/or split reads
mapping to a distant location of the chromosome (>10,000 bp) are found within a
distant <1000 bp from one another. Translocations are identified based on read
pairs in which one read maps to an Ig locus while its pair maps to a different
chromosome. Split reads mapping to both chromosomes are also considered. The
break points reported correspond to the most 5" position in the positive strand,
and the most 3’ position in the negative strand. Considering that to speed up the
execution of IgCaller it only works with reads aligned to the Ig loci, the non-Ig
break point might not be called precisely at a single-base resolution if split reads
supporting the rearrangement are not found. In this scenario, the approximate
non-Ig break point is extracted from the starting alignment location of the non-Ig
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reads (note that the exact break point would correspond to the ending alignment
location for rearrangements/reads mapping to the positive strand, but this
information could only be retrieved looking at the CIGAR information of

that read).

Next, to exclude artifactual rearrangements, the normal BAM file is used, if
available, to annotate the number of reads supporting each potential rearrangement
in the normal sample. In this scenario, a + 1000 bp window is considered from the
region in which reads supporting the rearrangement were observed in the tumor
sample. Finally, using the default parameters, rearrangements supported by a score
>10 in the tumor sample and <2 reads in the normal BAM file are considered as
high confidence and reported within the passing rearrangements. Besides, both
high and low confidence rearrangements are reported in a specific file for the
genome-wide oncogenic Ig rearrangements. Due to the well-known difficulties on
the detection of rearrangements genome-wide, we recommend to manually review
the alterations found using a visualization tool such as the Integrative Genomics
Viewer (https://software.broadinstitute.org/software/igv) to filter out potential
artifactual rearrangements that could have passed the permissive filters of IgCaller.

Running IgCaller. To run IgCaller it is necessary to have python3 installed with the
following modules: subprocess, sys, os, itertools, operator, collections, statistics,
argparse (v1.1), regex (v2.5.29 and v2.5.30), numpy (1.16.2 and v1.16.3), and scipy
(v1.2.1 and v1.3.0). Although providing the versions of the previous modules
tested, we are not aware about any specific version requirement for running
IgCaller. The only required non-python program is samtools (version 1.6 and 1.9
have been tested).

When running IgCaller the user must define a few mandatory arguments:

inputsFolder (-I): path to the folder containing the supplied IgCaller
reference files.
genomeVersion (-V): version of the reference human genome used when
aligning the WGS data (hgl9 or hg38).
chromosomeAnnotation (-C): chromosome annotation [ensembl = without
“chr” (i.e. 1); ucsc = with ‘chr’ (i.e. chrl)].
bamT (-T): path to tumor BAM file.
bamN (-N): path to normal BAM file, if available.
refGenome (-R): path to reference genome FASTA file (not mandatory, but
recommended, when specifying a normal BAM file. Mandatory when bamN not
specified).

There are also some optional arguments:
pathToSamtools (-ptsam): path to the directory where samtools is installed.
There is no need to specify it if samtools is found in PATH (default = empty,
assuming it is in PATH).
outputPath (-0): path to the directory where the output should be stored. Inside
the defined directory IgCaller will automatically create a folder named
tumorSample_IgCaller where output files will be saved (default, current
working directory).
mappingQuality (-mq): mapping quality cut off to filter out reads for Ig V(D)J
reconstruction (default = 0).
baseQuality (-bq): base quality cut off to consider a position in samtools
mpileup when reconstructing both normal and tumor sequences (default = 13).
minDepth (-d): depth cut off to consider a position (default = 1).
minAltDepth (-ad): alternate depth cut off to consider a potential alternate
nucleotide (default = 1)
vafCutoffNormal (-vafN): minimum variant allele frequency (VAF) to consider
a nucleotide when reconstructing the germ line sequence using the supplied
normal BAM file (if available) (default =0.2).
vafCutoff (-vaf): minimum VAF to consider a nucleotide when reconstructing
the tumor sequence (default=0.1). Try to increase this value if only
unproductive rearrangements are found due to stop codons. We have observed
that relatively high coverage WGS (i.e. 100x) might carry many variants (likely
sequencing artifacts) at VAFs around 10-20%.
tumorPurity (-p): purity of the tumor sample (i.e. tumor cell content) (default
=1). It is used to adjust the VAF of the mutations found in the tumor BAM file
before filtering them using the vafCutoff, to adjust the score of each
rearrangement, and to adjust the reduction of read depth in the CSR analysis.
minNumberReadsTumorOncolg (-mntonco): minimum score supporting an Ig
rearrangement in order to be annotated (default = 4).
minNumberReadsTumorOncolgPass (-mntoncoPass): minimum score sup-
porting an Ig rearrangement in the tumor sample in order to be considered as
high confidence (default = 10).
maxNumberReadsNormalOncolg (-mnnonco): maximum number of reads
supporting an Ig rearrangement in the normal sample in order to be considered
as high confidence (default = 2).
mappingQualityOncolg (-mqOnco): mapping quality cut off to filter out reads
when analyzing oncogenic Ig rearrangements (default = 15).
numThreads (-@): maximum number of threads to be used by samtools
(default =1).
keepMinilgBams (-kmb): should IgCaller keep (i.e. no remove) mini Ig BAM
files used in the analysis? (default = no).

As example, the command line to execute IgCaller would be:
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python3 path/to/IgCaller/IgCaller_v1.py -I path/to/IgCaller/IgCaller_reference_
files/ -V hg19 -C ensembl -T path/to/bams/tumor.bam -N path/to/bams/normal.
bam -R path/to/reference/genome_hg19.fa -0 path/to/IgCaller/outputs/.

IgCaller was tested on a MacBook Pro (macOS Mojave), Ubuntu (16.04 and
18.04), and MareNostrum 4 (Barcelona Supercomputing Center, SUSE Linux
Enterpirse Server 12 SP2 with python/3.6.1). IgCaller only requires 1 CPU, and it
usually takes <2-5 minutes to characterize the complete Ig gene of one tumor
sample. A longer execution time might reflect the identification of an unusual
larger number of potential rearrangements. A demo data set to run IgCaller is
provided along with the algorithm.

Outputs of IgCaller. The files generated by IgCaller are stored in the output directory
(if specified) or in the current working director inside a folder called tumor_sam-
ple_IgCaller, where tumor_sample is the name of the supplied tumor BAM file (i.e.
tumor_sample.bam). Inside this folder, IgCaller stores several temporary files, which
are removed once the execution finishes, and the following final output files:

tumor_sample_output_filtered.tsv: High confidence rearrangements passing the
pre-defined filters are stored in this file (an example along with a description of
the different fields might be found in Supplementary Data 30).
tumor_sample_output_IGH.tsv: file containing all IGH rearrangements identi-
fied by IgCaller (Supplementary Data 31).

tumor_sample_output_IGK.tsv: file containing all IGK rearrangements identi-
fied by IgCaller (Supplementary Data 31).

tumor_sample_output_IGL.tsv: file containing all IGL rearrangements identi-
fied by IgCaller (Supplementary Data 31).
tumor_sample_output_class_switch.tsv: file containing all CSR rearrangements
identified by IgCaller (Supplementary Data 32).
tumor_sample_output_oncogenic_IG_rearrangements.tsv: file containing all
oncogenic Ig rearrangements (translocations, deletions, inversions, and gains)
identified genome-wide (Supplementary Data 33).

e We used the previously published mutational data
of the 152 C1-CLL cases'®!°. Mutational signature analysis was performed as
recently described?!. Briefly, we de-novo extracted the mutational signatures found
in the C1-CLL cohort using a non-negative matrix factorization. Signatures extracted
were compared to the single base substitution (SBS) signatures reported in COSMIC
(https://cancer.sanger.ac.uk/cosmic), and the one with the highest cosine similarity
was kept. We identified the presence of signature 1 (or SBS1 in COSMIC), signature
5 (SBS5), signature 8 (SBS8) and signature 9 (SBS9). Next, we measured the con-
tribution of each signature in each case using a fitting approach (MutationalPatterns
R package). To avoid the inter-sample bleeding of signatures?!, we iteratively
removed the least contributing signature in each case if the cosine similarity of the
reconstructed mutational profile decreased <0.01. Due to their presence in all normal
and tumor tissues, signatures 1 and 5 were always included if their addition increased
the cosine similarity2”. The presence/absence of SBS9 was used as a surrogate of the
mutational status of the C1-CLL patients (M-IGHV or U-IGHYV, respectively). An R
script is available within IgCaller to facilitate this analysis.

Orthogonal verification of Ig gene rearrangements. The sequence analysis of the
IGH V(D)] rearrangements by SSeq was performed on either genomic DNA or
complementary DNA using leader or consensus primers for the IGHV FR1 along
with appropriate consensus constant primers'8. IGK rearrangements were ampli-
fied using previously described primers!2 on 20 ng of genomic DNA. PCR
amplifications were performed using the Taqg PCR MasterMix Kit (Qiagen), and
run on a QIAxcel Advanced System (Qiagen). Sanger sequencing was performed
on an ABI Prism BigDye terminator (Applied Biosystems).

The LymphoTrack IGHV Leader Somatic Hypermutation Assay (Invivoscribe
Technologies) was used to characterize IGH V(D)] rearrangements in 68 cases from
the C2-CLL cohort. Libraries were performed using 50 ng of genomic DNA
according to manufacturer recommendations. The bioinformatic analysis was done
using the LymphoTrack MiSeq Data Analysis (version 2.3.1), similar to previous
studies'!. Briefly, we considered the top 10 reads after merging those reads that only
differed from 1 or 2 nucleotides, and only reported rearrangements that accounted
for >2.5% of the total number of reads per sample with >90% of the V region
covered. These filters were used to remove rearrangements reflecting potential
contamination of normal B cells and likely artefactual sequences, respectively.

Tsotype and light chain expressions were assessed in the laboratory of their
respective hospitals using the antibodies that were routinely tested in each specific
time of assessment.

IMGT/V-QUEST and ARResT/AssignSubsets. The online IMGT/V-QUEST
tool was run using default parameters searching for insertions and deletions in V-
region!>!4. The online ARResT/AssignSubsets tool was used to study stereotypy in
CLL cases!S.

Downsampling and polyclonal-like WGS data. Downsampling of 29 tumor BAM
files at specific mean sequencing depths (5x, 10x, 15x, 20x, and 25x) was performed

AMUNICAT!

using the samtools. The command used was: samtools view -b -s frac input.bam >
output.bam, where frac was the fraction of reads from the initial BAM file to keep
for each sample and downsampling condition. Similarly, to study normal in tumor
contamination we first downsampled at 30x of mean coverage each tumor and
normal pair. Then, we mixed at different proportion each tumor and normal pair.
Tumor purities studied were 5%, 20%, 35%, 50%, 65%, and 80% at 30x of coverage.
We also analyzed 5%, 20%, 35% and 50% of purity at 60x. The tumor cell content of
the initial 29 tumor samples was summarized as 95% in these analyses considering
that all of them had tumor purities >90%. To create an in silico polyclonal-like
sample we merged 294 tumor BAM files (CLL and MCL) using samtools. Then we
randomly downsampled this merged BAM file to 30x. We next mixed the 29 tumor
samples used in the previous analyses with this polyclonal-like 30x WGS BAM file
at final tumor cell contents of 5%, 20%, 35%, 50%, 65%, and 80%. A oligoclonal
situation was created in silico by mixing at different proportions (0%, 25%, 50%,
75%, and 100%) two CLL samples both carrying a productive and unproductive
IGH gene rearrangement. Note that we used a different seed in samtools for each
experiment (downsampling, normal in tumor contamination, polyclonal-like con-
tamination, and oligoclonal situation) to increase the randomness of the analyses.
IgCaller was run using default parameters in all these experiments.

MiXCR specifications. We run MiXCR (version 3.0.12) using the following
command:

mixcr analyze shotgun -s hsa --starting-material dna --receptor-type bcr --contig-
assembly sample_A_1.fastq.gz sample_A_2.fastq.gz output_folder

MiXCR was run for C1-CLL and MCL samples with available raw sequences to
avoid any bias in the preparation of FASTQ files from previously aligned WGS
data. For each sample, the most abundant Ig clone carrying a productive IGH
rearrangement was used for comparison. The output sequences (called
targetSequences in the output of MiXCR) were used as input of the IMGT/V-
QUEST online tool to compare the functionality and identity of the sequences
obtained. We finally compare the V(D)] rearrangement and CDR3 sequence
identified by MiXCR, SSeq, and IgCaller.

Statistical analyses. Comparison of the percentage of identity to the germ line
between SSeq/NGS and IgCaller was performed using the Passing-Bablok regression
(mcr R package v1.2.1), Pearson correlation coefficient (stats R package v3.5.0), and
Bland-Altman plot (BlandAltmanLeh R package v0.3.1). The clinical relevance of
specific Ig rearrangements was assessed for time to first treatment (TTFT) and
overall survival (OS) calculated from the date of diagnosis to the date of first
treatment/last follow-up and to the date of death/last follow-up, respectively.
Disease-unrelated deaths were considered as competing events in TTFT analyses.
Cumulative incidence curves of TTFT were compared using the Gray test. Multi-
variate analyses of OS were modeled using Cox regression. Clinical analyses were
performed using the survival (v2.42-3) and cmprsk (v2.2-7) R packages. All tests
were two-sided. Based on the analyses performed, we did not apply any adjustment
for multiple comparisons. All analyses were performed in R (version 3.5.0).

General considerations. The study was approved by the Hospital Clinic of Bar-
celona Ethics Committee. Informed consent was obtained for all patients.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Sequencing data of the C1-CLL cohort, four MCL samples, MM, and DLBCL is available
from the European Genome-phenome Archive (EGA) under accession numbers
EGAS00001001306, EGAS00001000510, EGAS00001001299, and EGAS00001002936,
respectively. Previously unpublished data has been deposited at EGA under accession
numbers EGAS00001004165 (for tumor/normal WGS of 57 MCL cases) and
EGAS00001004298 (Ig reads for C2-CLL and B-NHL cohorts as well as 3 MCL cases). All
other data are included in the supplemental information or available from the authors
upon reasonable requests. Source data are provided with this paper.

Code availability
IgCaller is free-software and is available at https://github.com/ferrannadeu/
IgCaller. Source data are provided with this paper.
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Key points

- IGLV3-21R!"0 defines a subset of CLL with intermediate epigenetic subtype, moderate IGHV

mutations, specific drivers, and poor outcome.

- IGLV3-21R!% CLL have a transcriptional profile resembling unmutated IGHV CLL and a

specific signature including WNT5A4/B overexpression.

Abstract

B-cell receptor (BCR) signaling is crucial for chronic lymphocytic leukemia (CLL) biology. IGLV3-
21-expressing B-cells may acquire a single point mutation (R110) that triggers autonomous BCR
signaling conferring aggressive behavior. Epigenetic studies have defined three CLL subtypes based
on methylation signatures reminiscent of naive-like (n-CLL), intermediate (i-CLL) and memory-like
B-cells (m-CLL) with different biological features. i-CLL carry a borderline IGHV mutational load
and a significant higher usage of IGHV3-21/IGLV3-21. To determine the clinical and biological
features of IGLV3-21R1® CLL and its relationship to these epigenetic subtypes we have
characterized the immunoglobulin (IG) gene of 584 CLL cases using whole-genome/exome and
RNA sequencing. IGLV3-21R110 was detected in 6.5% of cases, being 30/79 (38%) i-CLL, 5/291
(1.7%) m-CLL and 1/189 (0.5%) n-CLL. All stereotype subset #2 cases carried IGLV3-21R!1? while
62% of IGLV3-21R!1% {-CLL had non-stereotyped IG genes. IGLV3-21R!10 i-CLL had significantly
higher number of SF3B1 and ATM mutations, and total number of driver alterations. Nonetheless, the
R110 mutation was the sole alteration in one i-CLL and accompanied only by del(13q) in three.
Although composite regarding IGHV mutational status, IGLV3-21R!10 i-CLL transcriptomically
resembled naive-like/unmutated IGHV CLL with a specific signature including WNT5A/B
overexpression. Contrarily, i-CLL lacking the IGLV3-21 mirrored memory-like/mutated IGHV
cases. IGLV3-21R10 i_CLL had a short time to first treatment and overall survival similar to n-
CLL/unmutated IGHV cases whereas non-IGLV3-21R1% i-CLL had a good prognosis similar to
memory-like/mutated IGHV. Altogether, IGLV3-21R!0 defines a CLL subgroup with specific
biological features and an unfavorable prognosis independent of the IGHV mutational status and

epigenetic subtypes.
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Introduction

Chronic lymphocytic leukemia (CLL) has a heterogeneous biological behavior highly
influenced by its immunogenetic, epigenetic, and genomic makeup.'? The mutational load within the
immunoglobulin heavy chain variable region (IGHV) identifies two main disease subtypes, with
unmutated IGHV (U-IGHV) and mutated IGHV (M-IGHV), associated with different biological and
clinical features.>> Immunogenetic studies have highlighted the importance of the B-cell receptor
(BCR) for CLL proliferation and survival,’® and antigen-independent, constitutive BCR activity is
driven by homotypic interactions between BCR heterodimers in some tumors.® A relevant BCR-BCR
interaction was found in CLL cells expressing IGLV3-21.!° In these tumors, somatic hypermutation
introduces a single G>C substitution on the splice site between the immunoglobulin (IG) lambda J
and constant genes, changing the glycine at position 110 to arginine (R). The presence of R110
together with lysine 16 (K16) in one BCR, and aspartates (D) 50 and 52 in the YDSD motif of a
neighbor BCR, triggers cell-autonomous BCR signaling.!® A recent study has shown that CLL cases
carrying the R110-mutated IGLV3-21 (IGLV3-21R!0)  although composite in terms of IGHV
mutational status, express a phenotype similar to U-IGHV CLL and have a similar adverse clinical
outcome.!! This is in line with the previously described poor prognosis of IGLV3-21-expressing
cases.!> Among the three IGLV3-21 alleles reported at the time of publication, only the IGLV3-
21*01 had the prerequisite K16 and YDSD motifs.!" Of note, the updated IMGT/V-QUEST
reference directory release (202018-4) includes a novel IGLV3-21 allele, named IGLV3-21*04,

which also fulfills the previous requirements. 34

Genome-wide methylation studies have identified three epigenetic CLL subtypes.!>!® These
subtypes, which correlated with IGHV mutational status and patient outcome, were called memory-
like CLL (m-CLL; mainly M-IGHV, good prognosis), intermediate CLL (i-CLL; mixed between M-
and U-IGHV, intermediate prognosis), and naive-like CLL (n-CLL; mainly U-IGHV, poor
prognosis). The prognostic value of this epigenetic classification has been confirmed in independent
population-based and clinical trial cohorts.!>!° Also of interest, i-CLL cases were biased towards

lambda light chain usage with approximately 50% of them expressing [GLV3-21.18

Altogether, these observations suggest that the IGLV3-21R"' might be enriched in i-CLL
cases and could identify a subset of patients with aggressive disease within this intermediate subtype.
Here, we studied the IGLV3-21R*!10 in 584 CLL cases through the integration of whole-
genome/exome sequencing (WGS/WES) and RNA sequencing (RNA-seq) data.?’ The IGLV3-21R!1°
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identified 38% i-CLL cases with a poor clinical outcome similar to n-CLL patients. Contrarily, i-

CLL lacking the IGLV3-21®!10 transcriptomically and clinically mirrored m-CLL/M-IGHV tumors.

Methods

Patients

We studied a total of 584 CLL cases from two independent cohorts: cohort 1 (C1)-CLL
comprised 506 CLL patients from our International Cancer Genome Consortium study,?® and cohort
2 (C2)-CLL included 78 patients from the Heidelberg University Hospital.?! The main clinic-
biological characteristics of these cohorts are summarized in Table 1. C1-CLL included 54 high-
count monoclonal B-cell lymphocytosis (MBL), which were considered together with the 452 CLL
samples for the biological analyses but were excluded for clinical studies. All patients gave written
informed consent. The study was approved by the Ethics Committee of the Hospital Clinic of

Barcelona.

IG gene characterization

The IG gene rearrangements and mutational status was obtained from WGS and WES using
our recently described algorithm IgCaller (v1.1),2> RNA-seq using MiXCR (v.3.0.12),2 and/or
Sanger sequencing (heavy chain only) (supplemental Table 1).29?* Stereotypy was analyzed using
the ARResT/AssignSubsets tool.?> Light chain gene rearrangements obtained were compared with
the light chain expression determined by flow cytometry. IG rearrangements obtained from

WGS/WES/RNA-seq were verified on Integrative Genomics Viewer.2¢

IGLV3-21 characterization

The current version of IgCaller?? does not phase single nucleotide polymorphisms (SNPs)
found within the V and J genes with the rearranged reads/allele. Although this issue did not affect the
reported identity of the rearranged sequences (i.e. IgCaller handles SNPs when calling somatic
mutations), it might impair the proper identification of the allele involved in the rearrangement. To
properly characterize the IGLV3-21 alleles, we manually curated the sequence reported by IgCaller
by phasing the SNPs found within the IGLV3-21 gene with the reads spanning the rearrangement.
Curated sequences were used as input of IMGT/V-QUEST (program version 3.5.18; reference
directory release 202018-4) to annotate the rearranged IGLV3-21 allele.'* Considering that only the

rearranged allele is transcribed, this phasing situation was evaded when using RNA-seq/MiXCR.
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Table 1. Clinic-biological characteristics of the studied cohorts

C1-CLL cohort

C2-CLL cohort

(n=506) (n=78)
Diagnosis
High-count MBL 54 (11%) 0
CLL 452 (89%) 78 (100%)
Gender
Female 205 (41%) 29 (37%)
Male 301 (59%) 49 (63%)

Median age at diagnosis, range

62 years (18-93)

62 years (38-83)

Binet stage at diagnosis

A 441 (87%) 54 (69.2%)
B 49 (10%) 12 (15.4%)
C 11 (2%) 1 (1.3%)
Not available 5 (1%) 11 (14.1%)
WGS/WES
WGS 65 (13%) 78 (100%)
WGS+WES 87 (17%) 0
WES 354 (70%) 0
RNA-seq 294 (58%) 75 (96%)
Epigenetic subtypes
m-CLL 269 (53%) 33 (42.3%)
i-CLL 69 (14%) 12 (15.4%)
n-CLL 163 (32%) 29 (37.2%)
Not available 5 (1%) 4 (5.1%)
IGHYV mutational status
M-IGHV 321 (63%) 46 (59%)
U-IGHV 185 (37%) 32 (41%)
Light chain expression
Kappa 333 (66%) 41 (52.6)
Kappa and lambda 5 (1%) 3 (3.8%)
Lambda 164 (32%) 34 (43.6%)
Not available 4 (1%) 0

Epigenetic subtypes

The classification of 575 patients according to the three epigenetic subtypes was obtained
from previous publications (501 C1-CLL, 74 C2-CLL) (supplemental Table 1).!7292! C2-CLL
patients had been classified according to the categories described by Oakes and colleagues'® as low-
programmed CLL (mainly n-CLL), intermediate-programmed CLL (mainly i-CLL) and high-
programmed CLL (mainly m-CLL). Based on the high concordance between the two
classifications,'® we decided not to re-classify patients according to one of them and have adopted

the n-CLL/i-CLL/m-CLL terminology to simplify the reading.
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Driver alterations

The mutational data of 104 CLL driver alterations (77 gene mutations and 27 copy number
alterations, supplemental Table 2)?°27-28 was already available for C1-CLL.2® For C2-CLL, the main
CLL driver alterations, including SF3BI1, NOTCHI, ATM, BIRC3, TP53, trisomy (tri) 12, and
deletion (del) 13q, were obtained from a previous study .2! The mutational status of Ul was

determined for all patients using rhAmp SNP genotyping system (Integrated DNA Technologies).?

RNA-seq analyses

RNA-seq data for 294 C1-CLL and 75 C2-CLL cases were obtained from previous
publications (supplemental Table 1).2%?! Sequencing reads were trimmed using trimmomatic
(v0.38)% and ribosomic RNA reads were filtered out using SortMeRNA (v2.1b).3° Gene-level counts
(GRCh38.p13, Ensembl release 100) were calculated using kallisto (v0.46.1)*' and tximport
(v1.6.0).3? Differential expression was conducted using DESeq2 (v1.18.1).33 Shrinkage of effect size
was performed using the apeglm method.* Adjusted P value (Q) <0.01 and absolute log2-
transformed fold change >1 was used to identify differentially expressed genes (DEG). IGHV
mutational status was used as covariate in differential expression analyses except when comparing
M- vs U-IGHV cases. Immunoglobulin genes were considered in the analysis only in the comparison
of M- vs U-IGHV cases. Variance-stabilizing transformation’? was used to transform the normalized
counts prior to dimensionality reduction analysis using the uniform manifold approximation and
projection (UMAP) algorithm.?* Gene set enrichment analysis (GSEA) were conducted using the
GSEA software (v4.0.3)3¢ using the whole set of DESeq2 normalized counts and focusing on curated

and hallmark gene sets in the Molecular Signatures Database (MSigDB v7.1).37

RT-qPCR verification

RNA was obtained for 14 i-CLL tumors (7 IGLV3-21R!1° cases) for quantitative PCR with
reverse transcriptase (RT-qPCR) studies. Cases were selected based on RNA availability. cDNA was
synthesized using the iScript cDNA Synthesis Kit (Bio-Rad). gPCR was performed using 1 pul cDNA
and the PowerUp SYBR Green Master Mix (Applied Biosystems) in duplicates in a StepOnePlus
Real-Time System (Applied Biosystems). Relative quantification was analyzed with the 24" method

using GUSB as the endogenous control (supplemental Table 3).

Statistical methods

Primary end points were time to first treatment (TTFT) and overall survival (OS) measured

from time of diagnosis in CI-CLL cohort with an updated follow-up. Deaths previous to any
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treatment were considered as competing events in TTFT analyses. The Gray’s test and the log-rank
test were used to compare cumulative curves (TTFT) and Kaplan-Meier curves (OS), respectively.
Multivariate models were modeled using the Fine-Gray (TTFT) and Cox (OS) regression models.
Only patients diagnosed with CLL were included in clinical analyses. Besides, only Binet A patients
were considered in TTFT analyses. Associations between variables were assessed by Fisher’s exact
test or chi-squared test, and P values were adjusted using the Benjamini-Hochberg correction. All

tests were two-sided. All analyses were performed in R (v3.4.4).

Results

IG gene reconstruction

We used WGS, WES and RNA-seq to characterize the IG gene rearrangements of 584 CLL
tumors (supplemental Tables 4-7). As reported previously,?? IgCaller identified 207 (90%) heavy and
223 (97%) light chain gene rearrangements in 230 CLL cases with WGS from the two CLL cohorts.
Although IgCaller was initially designed for WGS, we also applied the pipeline to the 441 WES of
CI-CLL and it was able to identify 228 (52%) IGH productive rearrangements. IgCaller also
identified 81 partial (V-J) IGH gene rearrangements. The lower success rate of IgCaller on WES data
is due to the limitations on sequencing coverage in the IG regions. A total of 226/228 (99%)
complete and all (81/81) partial IGH rearrangements obtained from WES were concordant with
Sanger sequencing, WGS//IgCaller and/or RNA-seq/MiXCR. IgCaller also identified 366/441 (83%)
productive light chain gene rearrangements matching in all but one case (334/335, 99.7%) the
kappa/lambda expression detected by flow cytometry. Besides, light chain gene rearrangements
obtained from WES and WGS were fully concordant in the 72 cases in which both results were
available. On the other hand, the productive heavy and light chain rearrangements identified by
MiXCR in 361/369 (98%) cases with RNA-seq data available were concordant with Sanger
sequencing, WGS, WES, and/or flow cytometry results. We observed a high significant correlation

between the IG(H/K/L)V identity obtained from the different data types (supplemental Figure 1).

For each patient, we used a consensus heavy and light chain rearrangement selected after
careful manual examination (Table 1 and supplemental Tables 4-7). Altogether, we characterized the
full length of the productive IGH rearrangement in 567/584 (97%) cases (partial V-J rearrangements

were obtained in the remaining 17 cases) and productive kappa/lambda rearrangements in 549
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(94%). Among thirty-one cases in which a productive light chain rearrangement was not detected by
sequencing, flow cytometry detected the expression of kappa in 18, lambda in 11, and kappa/lambda

in 2 cases. Overall, we classified 580 (99%) cases according to light chain expression (Table 1).

IGLV3-21R10 and epigenetic subtypes

A lambda light chain rearrangement was detected in 169/502 (34%) C1-CLL and in 37/78
(47.4%) C2-CLL cases (Figure 1A). Among C1-CLL, 39/156 (25%) used the IGLV3-21 gene (the
rearranged lambda gene could not be identified in the remaining 13 cases). The prevalence of the
IGLV3-21 was similar between M-IGHV (6.5%) and U-IGHV (10.5%) (P=0.12, Figure 1A), but it
was significantly higher in the i-CLL epigenetic subtype (24/67, 36%) compared to m-CLL (7/258,
2.7%) and n-CLL (8/160, 5%) (P<0.001). Contrarily, the frequency of lambda non-IGLV3-21
rearrangements was similar among all three epigenetic subtypes (24% i-CLL, 27% m-CLL, 17% n-
CLL), suggesting that their difference relies on the IGLV3-21 usage rather than on a global increase
in the expression of lambda gene rearrangements (Figure 1A). All 24/24 (100%) IGLV3-21 i-CLL
cases expressed the IGLV3-21*04 allele and carried the R110 mutation, which contrasts with 3/7
(43%) m-CLL and 1/8 (12.5%) n-CLL cases (Figure 1B, supplemental Table 6). The n-CLL
(unmutated IGHV) carrying the R110 mutation had an IGLV identity of 99.3%, which is in line with

the somatic hypermutation origin of this mutation.

Highly concordant results were observed in the independent C2-CLL cohort in which 9/78
(11.5%) cases expressed the IGLV3-21R110 [GLV3-21 was similarly distributed between M-IGHV
(7/46, 15%) and U-IGHV (3/32, 9.4%) cases and it was significantly enriched in i-CLL cases (6/12,
50%). All IGLV3-21 i-CLL cases expressed the IGLV3-21*04 allele carrying the R110 mutation
(Figure 1C-D, supplemental Table 7). Combining both cohorts, IGLV3-21%!10 was detected in 3.7%
(2/54) high-count MBL and 6.8% (35/513) CLL samples (P=0.56). Altogether, 6.5% (37/567) of the
cases carried the IGLV3-21R!10 (23/354, 6.5% M-IGHV; 14/213, 6.6% U-IGHV; P=1), including
30/79 (38%) i-CLL but only 5/291 (1.7%) m-CLL and 1/189 (0.5%) n-CLL (P<0.001) (note that the

epigenetic subtype was not available for one IGLV3-21R!1? case).
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Figure 1. Prevalence of IGLV3-21 among CLL subtypes and presence of IGLV3-218""" mutations. (A) Bar
plot showing the light chain expression among CLL subtypes based on IGHV mutational status (/eff) and epigenetic
subtypes (right) for C1-CLL cases. (B) IGLV3-21 allele and presence/absence of the R110 mutation among cases
expressing the IGLV3-21 gene. (C, D) Same than 4 and B but for C2-CLL cases (validation cohort).

IGLV3-21 motifs required for autonomous BCR signaling

All IGLV3-21R10 cases carried the germline K16 and 27/37 cases maintained the germline

YDSD motif required for homotypic BCR-BCR interaction. The remaining 10 cases carried a motif

that differ by one residue, which has similar properties in all (YDTD, n=5; FDSD, n=4) but one case
(YDND, n=1) (supplemental Tables 6-7).
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IG gene rearrangement, somatic hypermutation, stereotype, and IGLV3-21R!10

Combining both cohorts, we observed that IGLV3-21R!10 i-CLL cases have a higher
incidence of stereotyped immunoglobulins (11/29, 38%) than m-CLL (16/291, 5.5%) and n-CLL
(34/187, 18%) (Figure 2A). All stereotyped IGLV3-21R10 i-CLL cases belonged to subset #2. The
remaining subset #2 patient was classified as m-CLL but also carried the IGLV3-21R*"10 (Figure 2B).
Therefore, all subset #2 cases carried the IGLV3-21R!10, Nonetheless, 18/29 (62%) IGLV3-21R110 j.
CLL cases carried non-stereotyped IG genes. Note that stereotype was not available for one IGLV3-
21R10 j.CLL case. On the other hand, none of the i-CLL lacking the IGLV3-21R!0 had any of the
reported stereotypes (Figure 2A). Cases carrying other stereotypes were exclusive n-CLL or m-CLL
(Figure 2B). IGLV3-21R10 i_CLL cases had a significantly lower IGHV mutational load than non-
IGLV3-21R10 i.CLL cases and frequently rearranged the IGHV3-21, as expected in stereotype #2,
but also IGHV1-18, IGHV3-53 and IGHV3-64 (Figure 2C-D). Contrarily, non-IGLV3-21R!10 i-.CLL
cases rarely used IGHV3-21 and were enriched in IGLV3-25 and IGKV1-8 (Figure 2E).

Cc D
Stereotyped IG: Subtype: [ll m-CLL [] i-CLL wio IGLV3-217" [l i~CLL w/1GLV3-217"" [J] n-CLL
I no [ Yes *ak

P<0.001

9
a

@
8

% usage wthin subgroup

IGHV gene

o

% usage wthin subgroup

SEEAEASE TSI IR LTS
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Figure 2. Stereotypy, somatic hypermutation, and V gene usage in CLL subtypes. (A) Frequency of
stereotyped IG genes in each CLL subtype. P value by chi-square. (B) Frequency of specific stereotypes within
each subtype of cases. (C) Boxplots showing the percentage of identity to the germ line of the IGHV gene in each
CLL subtype. P value by Wilcoxon test comparing i-CLL cases with and without IGLV3-21}%10_ (D) IGHV gene
use according to CLL subtypes. (E) IG(K/L)V gene use according to CLL subtypes. Note that the IGLV3-21 was
not represented. IGKV genes from the proximal and distal cluster were merged to simplify the figure. Only the
IGLV gene is represented for cases expressing kappa and lambda gene rearrangements. *, QO < 0.1; *, O < 0.05, **,
0<0.001, *** 0 <0.0001. Q values by chi-square test with Benjamini-Hochberg correction.
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Genomic landscape of IGLV3-21811° CLL

We used the mutational data of 104 driver alterations for C1-CLL cases to characterize the
genomic landscape of IGLV3-21R!11® CLL. IGLV3-21R!1% CLL had a significant increase of SF3BI
and ATM mutations (0<0.1) and a depletion of trisomy 12 (0=0.18) than non-IGLV3-21%!10 CLL
(Figure 3A, supplemental Table 8). Based on the IGLV3-21R!! enrichment in i-CLL cases, we next
focus in this subgroup of patients. Of note, 13/24 (54%) IGLV3-21R!10 i-CLL cases carried SF3B]
mutations compared to 2/43 (5%) i-CLL cases lacking IGLV3-21 expression (0<0.001) (Figure 3B).
ATM mutations also significantly co-occurred with IGLV3-21R10 within the i-CLL subtype
(0=0.04). The total number of driver alterations was higher in i-CLL expressing IGLV3-21R!10
(mean 2.8, range 0-7) than in non-IGLV3-21 i-CLL (mean 1.9, range 0-5; P=0.016) and m-CLL
(mean 1.5, range 0-5, P<0.001), but rather inferior than in n-CLL (mean 3.6, range 0-11, P=0.044).
One IGLV3-21R!1% j.CLL case did not harbor any previously identified driver alteration and 3 cases
carried del(13q) as a sole aberration (Figure 3B).

Transcriptomic profile of IGLV3-21R!!1"CLL

To determine whether CLL cases expressing the IGLV3-21R!10 had a distinct gene expression
profile, we first performed a differential expression analysis comparing U-IGHV (n=108) and M-
IGHV (n=186) cases of the C1-CLL cohort. This analysis revealed 825 DEG between the two groups
(603 and 222 genes were up-regulated and down-regulated, respectively, in U-IGHV) (supplemental
Table 9). In line with previous studies,’®*> Z4P70, LPL, and MSI2 were found among the most DEG
(supplemental Figure 3). As expected, a dimensionality reduction analysis based on the expression
levels of these 825 genes clearly separated most mutated and unmutated IGHV cases (Figure 4A,
left). This clustering was not influenced by the presence of specific driver alterations (supplemental
Figure 4). Interestingly, when considering the epigenetic subtypes, 60% of the i-CLL cases clustered
with m-CLL and 1 case (2.5%) with n-CLL. Of note, 37.5% i-CLL patients formed a small cluster
between m-CLL and n-CLL cases, which also included one n-CLL and two m-CLL. This latter
cluster included all but one IGLV3-21R!1? cases (Figure 4A, left). This remaining IGLV3-21R!10 case
(C1-CLL565, m-CLL/mutated IGHV) clustered with m-CLL and non-IGLV3-21 i-CLL cases. This
case had the YDND motif rather than YDSD or FDSD, suggesting that the substitution of one
residue of the YDSD by an amino acid with different properties might impair the homotypic BCR-
BCR interaction (Figure 4A, left). Altogether, C1-CLL565 was considered as non-IGLV3-21R110 in

subsequent analyses. Also of interest, IGLV3-21%14¢-5P¢ cases clustered based on their IGHV
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Figure 3. Genomic and immunogenetic landscape of IGLV3-21%""" CLL. (A) Presence of specific driver
alterations in cases with and without the IGLV3-21%!'°, Driver alterations found in >10 cases are shown. -, 0 <0.1;
*** (0<0.0001. Q values by Fisher’s exact test with Benjamini-Hochberg correction. (B) Oncoprint representation
(variables in rows, cases in columns) showing the main clinical variables (diagnosis and Binet stage), IGHV
mutational status and subset #2, features associated with the characterization of the IGLV3-21, and CLL driver
alterations. Bar plot on the bottom represents the total number of driver alterations for each case. Based on the
enrichment of IGLV3-21%1% in the i-CLL subtype of cases, all i-CLL cases were depicted for comparison purposes.
Contrarily, only m-CLL and n-CLL expressing IGLV3-21 were illustrated. The percentages on the right represent
the fraction of cases carrying each specific driver alteration among IGLV3-21%!° i-CLL cases (left) and i-CLL
lacking the IGLV3-21R!? (right). Bar plot on the right represents the Q values by Fisher’s exact test with

Benjamini-Hochberg correction. CN, copy number.
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mutational status, emphasizing the key role of the R110 mutation defining the transcriptional clusters

(Figure 4A, left).

To validate these observations, we next projected the C2-CLL normalized RNA-seq
expression counts of the 825 DEG identified on the C1-CLL-derived UMAP embedding. We
observed that C2-CLL cases clustered similarly on the previously identified scaffold, with IGLV3-
21R10 cases clustering together and distant from the remaining i-CLL cases (Figure 4A, right). Of
note, although three cases from the C2-CLL cohort carried an YDTD motif rather than the described
YDSD, all patients clustered together suggesting that the YDTD motif might also allow autonomous
BCR signaling similar to YDSD and FDSD. Altogether, these results suggest that IGLV3-21R!10

cases have a distinct transcriptomic profile different from that of non-IGLV3-21 i-CLL.

We next conducted a differentially expression analysis between 17 IGLV3-21R!1% and 277
non-IGLV3-21R110 cages from C1-CLL cohort. The 17 cases included 14 i-CLL, two m-CLL and one
n-CLL. Case C1-CLL565 carrying the YDND motif was considered with the non-IGLV3-21R!10 a5
defined above. This analysis revealed 64 DEG; 50 up-regulated and 14 down-regulated in IGLV3-
21RO cages (Figure 4B, supplemental Table 10). The most DEG was WNT54, which was up-
regulated in IGLV3-21R119 tumors. WNT5B was also significantly up-regulated in these cases (Figure
4B). These results were concordant in the C2-CLL cohort and verified by RT-qPCR (Figure 4C,
supplemental Figure 5). As shown in Figure 4B, a UMAP dimensionality reduction analysis based
on the 64 DEG also revealed that most IGLV3-21R!10 cases, including those with mutated IGHV,
clustered near n-CLL tumors, while non-IGLV3-21%110 i-CLL cases clustered with m-CLL cases.
The UMAP embedding obtained from CI1-CLL cases similarly clustered C2-CLL cases
(supplemental Figure 6).

In line with the clustering of IGLV3-21R!10 cases closer to n-CLL, a GSEA revealed that
IGLV3-21R10 cases have low expression of genes down-regulated in aggressive CLL as well as of
genes up-regulated in M-IGHV tumors (Figure 4D).#* Similar results were obtained when
considering only M-IGHV cases (supplemental Figure 7). Gene sets up-regulated in IGLV3-21R!10
tumors were related to the activation of mTORCI complex, MYC regulation, and p53 pathway
(0<0.28, (supplemental Figure 8). Of note, mTORCI1- and p53-related gene sets were also up-
regulated in U-IGHV cases compared to M-IGHV (0<0.25, supplemental Figure 9). No differences
in the expression profile was observed between subset #2 (n=6) and non-subset #2 (n=8) i-CLL
carrying the IGLV3-21R!0 (Figure 4E, supplemental Table 11). On the other hand, the profile of
non-IGLV3-21R10 i.CLL (n=23, all M-IGHV) was similar to that of m-CLL/M-IGHV (n=153)
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(Figure 4E, supplemental Table 12). Overall, the transcriptomic profile of IGLV3-21R*!% tumors

mirrors the phenotype of n-CLL/U-IGHV cases, although they have a specific signature of 64 genes
with WNT5A/B as hallmarks (Figure 4F).
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Figure 4. Gene expression profile of IGLV3-21”" CLL. (A) UMAP representation of the C1-CLL cases based
on the 825 DEG between unmutated and mutated IGHV cases (fop). Projection of the expression levels of these
825 genes from C2-CLL cases on the previous UMAP embedding (bottom). The C1-CLL565 carrying the YDND
motif is highlighted. (B) Heatmap representation of the 64 DEG between IGLV3-21%1? and non-IGLV3-21R11?
cases. Genes are ordered based on their log2-transformed fold changed. (C) Boxplots showing the expression levels
of WNT5A4 and WNT5B according to CLL subtypes in C1-CLL (top) and C2-CLL (bottom) cohorts. TPM, gene-
level transcripts per million. P values by Wilcoxon test: ns; not significant; -, P < 0.1; *, P < 0.05, **, P <0.001,
*% P < 0.0001. (D) Gene sets down-regulated in IGLV3-21R"1" CLL are related to genes down-regulated in
aggressive CLL (top) and genes up-regulated in M-IGHV tumors (middle and bottom). (E) Number of DEG
between subset #2 and non-subset #2 i-CLL cases carrying the IGLV3-21}10 as well as between i-CLL and m-CLL
cases with mutated IGHV and lacking the IGLV3-21%10, (F) Summary of the findings: cases carrying the IGLV3-
21”10 mytation have a transcriptome that mirrors the one observed in n-CLL. Considering that most patients
carrying the IGLV3-21R11? belong to the i-CLL subtype, this cartoon aimed to highlight that the IGLV3-21R!1
identifies a subset of i-CLL cases resembling n-CLL cases. Contrarily, the absence of this mutation is associated
with a phenotype typical of m-CLL tumors.

Clinical implications

In our C1-CLL cohort, the IGLV3-21R!1? was associated with a shorter TTFT (P<0.001) and
tended to a shorter OS (P=0.099) as compared to non-IGLV3-21R!1? (supplemental Figure 10). The
prognostic value of the IGLV3-21R1? was independent of the IGHV mutational status for TTFT but
not for OS (Figure 5A-C). We next speculated that IGLV3-21R!0] present in 38% of i-CLL cases,
could influence the evolution of i-CLL patients. First, we confirmed that i-CLL cases as a whole had
an intermediate TTFT between m-CLL and n-CLL (Figure 5D).!>!® Next, we split the i-CLL cases
based on the presence/absence of IGLV3-21R!1% and observed that IGLV3-21R10i-CLL had a TTFT
similar to n-CLL patients. Contrarily, non-IGLV3-21R!"%{-CLL cases had a longer TTFT similar to
m-CLL (Figure 5E). A multivariate analysis including the IGLV3-21R!!10 and epigenetic subtypes
confirmed that the IGLV3-21R!""? and n-CLL subtype retained independent prognostic value for
TTFT. Of note, the i-CLL subtype did not maintain independent prognostic value (Figure 5F).

Similar results were observed for OS. Although i-CLL cases as a whole had an intermediate
OS between m-CLL and n-CLL (Figure 5G),'>!¢ the IGLV3-21R!!0 identified i-CLL cases with a
shorter OS similar to n-CLL patients while non-IGLV3-21R!1% j-CLL cases had a longer OS that was
similar to m-CLL patients (Figure 5H). A multivariate analysis confirmed the independent
prognostic value of the IGLV3-21R!""0 and n-CLL subtype, whereas the i-CLL subtype lost its
prognostic prediction (Figure 51).
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Figure 5. Clinical impact of the IGLV3-21R!!"Y according to IGHV and epigenetic classifications. (A)
Comparison of TTFT among CLL patients stratified according to the IGHV status and presence/absence of IGLV3-
21R110 (B) OS of CLL patients according to the IGHV status and presence/absence of IGLV3-21R!"° (C)
Multivariate analysis of TTFT (top) and OS (bottom) integrating the IGHV status and IGLV3-21R!°. (D)
Comparison of TTFT among CLL patients grouped according to the epigenetic classification. (E) Comparison of
TTFT of CLL patients classified according to the epigenetic subtype and the presence of the IGLV3-21R!1°, Note
that i-CLL cases were divided according to the presence/absence of the R110 mutation. (F) Multivariate analysis of
TTFT integrating the epigenetic subtypes (m-CLL, i-CLL and n-CLL) and IGLV3-21}!"°_ (G) Comparison of OS
among patients classified according to the epigenetic subtypes. (H) Same than G, but dividing i-CLL cases
according to the presence/absence of the IGLV3-21R!'%, () Multivariate analysis of OS integrating the epigenetic
subroups and IGLV3-2181% N, number of patients included. N events, number of events. N comp. events, number
of competing events for TTFT. (J) Bar plot showing the relationship between the epigenetic subtypes, IGHV
mutational status and presence of IGLV3-21R!1°,

In terms of applicability in the clinics, the IGLV3-21R1° U-IGHV and n-CLL subtypes
identified patients with an aggressive disease. In our cohorts, all n-CLL cases were classified as U-
IGHV while 98% of m-CLL were M-IGHV (Figure 5J). Thus, either a complete IG characterization
(IGHV mutational status and IGLV3-21R1%) or the integration of the n-CLL subtype and IGLV3-

21R11% dentified virtually the same subset of patients with aggressive disease.

Discussion

Recent studies have highlighted the relevance of antigen-independent, autonomous BCR
signaling in CLL pathogenesis.””!! A single point mutation (named R110) in IGLV3-21-expressing
cells allows BCR-BCR interactions triggering BCR signaling.'” Here, we have studied the IGLV3-
21R110 5 584 CLL cases in the context of the epigenetic classification of the tumors as well as their
genomic and transcriptomic profiles. We uncovered that IGLV3-21R!0 identifies 38% of i-CLL
cases with an aggressive disease similar to n-CLL, and retained independent prognostic value in

multivariate analyses including the epigenetic and IGHV classifications.

After characterizing the complete IG gene rearrangement of a large cohort of CLL patients
using WGS, WES and RNA-seq data, we identified 6.5% of cases carrying IGLV3-21R1% which
was significantly enriched in i-CLL cases (38%) compared to m-CLL (1.7%) and n-CLL (0.5%).'8
All IGLV3-21R10 rearranged the IGLV3-21*04 allele rather than the reported IGLV3-21*01.!" The
IGLV3-21*04 has been recently added on the updated IMGT release and differs from the IGLV3-
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21*01 by one nucleotide.!> As previously observed,!-!24 all stereotype subset #2 CLL expressed
IGLV3-21R10 Subset #2 CLL is well-known for its aggressive disease.***° Nonetheless, 62%
IGLV3-21R10 cases carried non-stereotyped 1G with similar genetic and transcriptomic profiles
emphasizing that this biological subgroup of CLL is defined by the IGLV3-21R!!% This idea was
also supported by the observed similar gene expression profile of subset #2 and non-subset #2
IGLV3-21R!0 cages. Our transcriptomic analyses also showed that IGLV3-21R!0 i-CLL, although
composite in terms of IGHV mutational status, resembled n-CLL/U-IGHV tumors, confirming their
similar protein expression profile.!! We also identified that IGLV3-21R!10 up-regulates WNT54, a
ligand of ROR1/2 which up-regulation has been related to increased chemotaxis and proliferation of
CLL cells and associated with poor clinical outcome.’®’! Interestingly, high WNT5A4 expression
levels had been detected in CLL with borderline IGHV identity.! Based on the borderline IGHV
identity observed in IGLV3-21R!1% i-CLL, we can speculate that these previous findings were related
to i-CLL cases expressing the IGLV3-21R1% Previous studies had identified that i-CLL carried
significantly high number of SF3BI and ATM mutations.'®?° We have now shown that these
mutations in the i-CLL subtype are virtually exclusive of IGLV3-21R!1% cases. We also identified that
IGLV3-21R10 j.CLL cases carried a higher number of driver alterations than non-IGLV3-21R!10 j.
CLL. Nonetheless, the IGLV3-21R!'% was the only alteration in one case that had been considered as
driver-less based on the 104 CLL drivers identified in previous genomic studies?®?”?® and three cases
carried a sole del(13q) supporting the idea that the R110 mutation could be an initiating event in
CLL development. In this regard, this mutation was also found in two (3.7%) high-count MBL
samples. Overall, these results show that IGLV3-21R!1? i.CLL cases resemble n-CLL/U-IGHV
tumors and capture features associated with aggressive disease (subset #2, SF3BI and ATM
mutations), although some cases harbored good prognostic markers such as no other drivers or

del(13q).

We also identified that i-CLL lacking the IGLV3-21R!1% were not stereotyped, had a higher
IGHV mutational load than IGLV3-21R!1% i-CLL, frequently rearranged the IGLV3-25 and IGKV1-8
genes, lacked SF3B1 and ATM mutations, and phenotypically resembled m-CLL/M-IGHV tumors.
Therefore, the IGLV3-21R110 gplits i-CLL cases in two subtypes of cases with clear differences in

their genomic and transcriptomic makeup.

In agreement with the aggressive phenotype associated with IGLV3-21,'12 we found here
that IGLV3-21R!"0 had marked clinical implications on the epigenetic classification of CLL."> i-CLL

cases, which have been associated with an intermediate prognosis between m-CLL and n-CLL,'5!8
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can be divided in two subgroups of cases with opposed clinical evolutions. IGLV3-21R!1? j.CLL
cases had an aggressive disease with a shorter TTFT and OS similar to n-CLL while non-IGLV3-
21R10 i CLL cases follow an indolent disease with longer TTFT and OS similar to m-CLL. In this
line, the IGLV3-21R!10 retained independent prognostic value in multivariate models including the
epigenetic and the IGHV classification of the tumors. The complete IG characterization (IGHV
mutational status and IGLV3-21R!1%) identifies virtually the same subset of patients than the
epigenetic-based n-CLL subtype and the IGLV3-21R!10,

Altogether, we have characterized the link between the epigenetic i-CLL and IGLV3-21R!10
showing that the IGLV3-21R!1? has prognostic value beyond the IGHV and epigenetic classifications
of CLL. This subgroup of cases has also a particular transcriptional profile overexpressing WNT5A/B
and genes of different pathways associated with aggressive behavior of CLL. These findings support
the identification of IGLV3-21R!0 CLL as a particular subgroup of the disease with relevance in the

risk stratification of the patients.
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Discussion






Recent genomic and epigenomic studies have provided a comprehensive
overview of the alterations that may drive the initiation and progression of CLL.*>7’
Although >80 alterations have been recurrently found in CLL tumors, a key genomic
aberration that could explain the disease was not found in a fraction of patients.* It
suggests that current genomic studies might have not yet saturated the discovery of CLL
driver alterations in coding and noncoding regions of the genome. Regarding this latter,
the uncomplete annotation of noncoding regions, the repetitive nature of some of its
elements, and the increased cost to cover the whole-genome of a larger cohort of cases
might have contributed to the limited identification of noncoding drivers in CLL.
Similarly, the identification of noncoding drivers by multiple research consortiums has
also suffered these bottlenecks when aiming to find clues to explain cancer development

from the noncoding regions of the genome."’**"

In recent years, attention to the role of altered RNA splicing in cancer has
increased due to the progressive findings of alterations in genes regulating these
processes and the pathogenic role of splicing variants of multiple genes. Driver
mutations that lead to transcriptome-wide aberrant splicing have been identified in
multiple types of cancer, although these mutations have only been found in protein-
coding splicing factors such as SF3B1.8283176177 Driver mutations in the noncoding
component of the spliceosome have been barely studied due to the challenges of
characterizing mutations in noncoding, repetitive regions mentioned above. By applying
a multiple-mapping aware variant calling pipeline, in collaboration with Lincoln Stein’s
group in Toronto, we have identified and characterized a recurrent A>C mutation in the
position 3 (g.3A>C) of the U1 small nuclear RNA, which is responsible for the 5’ splice
site recognition via base-paring (Study 1). This hotspot mutation, which was enriched in
CLL and hepatocellular carcinoma tumors, promoted transcriptome-wide splicing
changes similar to the effect previously observed for mutations in SF3B81 and SRSF2,
112,178

which are thought to foster tumorigenesis as a consequence of this mis-splicing.

Besides, this U1 mutation also influenced the splicing of known cancer genes such as

201



MSI2 or POLD1, supporting the idea that its tumorigenic effect might be mediated by
the production of specific aberrant isoforms.'”® This study identified a novel noncoding
driver mutation in CLL, among other cancer types, and revealed a novel mechanism of
aberrant splicing in cancer suggesting that driver discovery should be extended to a

wider range of genomic regions.

By expanding the analysis of U1 mutations to 401 CLL WGS, we identified a
recurrent C>T mutation in the position 9 of the gene (Study 2). This g.9C>T mutation was
present in around 1.4% of cases, slightly enriched in M-CLL, and associated with a
shorter TTFT in a univariate analysis. In this second study, we also characterized the
g.3A>C U1 mutationin 1,673 CLL patients and found that it was presentin 3.5% of cases;
a frequency similar to that described for multiple driver alterations of the disease.*>”’
These U1l mutations were enriched within the U-CLL and the naive-like CLL subgroups
based on IGHV status and methylation profile, respectively. These subgroups of cases
are known to be associated with rapid disease progression and poor outcome. 3233475152
However, in a fraction of cases, this mutation was found among U-CLL patients carrying
the del(13q) as a sole driver alteration. Historically, this subgroup of cases has been
associated with good prognosis.>® Also of interest, this mutation was also found in five
M-CLL cases; four cases belonged to the stereotype subset #2 and one case expressed
the IGLV3-21 gene carrying the R110 mutation (IGLV3-21/19). Both subset #2 and IGLV3-
21710 have been linked to aggressive disease.***>11480 Clinjcally relevant, the presence
of the g.3A>C U1 mutation was associated with a shorter TTFT of the patients and similar
to those carrying SF3B1, ATM, and/or NOTCH1 alterations, which are known markers of
poor prognosis.**8 |n line with the lack of association of this U1 mutation with any of
the previously recognized driver alterations, this U1 mutation impaired the TTFT of the
patients independently of the IGHV status, disease stage, and total number of driver
alterations. In addition to its prognostic value, U1 mutations might also represent a new

opportunity for treatment considering that one might target specific mis-spliced

isoforms caused by the presence of this mutation, such as the cell-surface protein CD44,
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via oligonucleotides or antibodies.'® Overall, U1 mutations, for which we have shown
here its phenotypic and clinical consequences, has expanded the catalogue of driver
alterations in CLL further emphasizing the complex and heterogeneous genetic makeup

of this disease.

Within the previous study we also searched for U1 mutations in other mature B-
cell neoplasms. After analyzing 279 samples of five distinct mature B-cell lymphoma
entities, we recognized a recurrent mutation in the position four of the gene that was
exclusively found in DLBCL. This mutation was enriched in tumors belonging to the
germinal center B-cell like subtype (11.1%) and impacted their splicing profile. Besides,
we identified a recurrent mutation in the position seven in 4/17 (23%) Burkitt
lymphomas. Although the downstream consequences of the latter needs to be
addressed, this study identified new recurrent U1 mutation in B-cell lymphomas, which

might extend the list of driver alterations in these neoplasms.87184

The use of NGS at deep coverage performed along this Thesis (Study 3 and 4)
contributed to dissect the complex and heterogeneous architecture of CLL. First, the use
of this highly sensitive approach allowed the identification of driver mutations present
below 12% of variant allele frequency, which were missed in previous WGS/WES/Sanger
sequencing studies.*””18% With a sensitivity to detect mutations present in <1% of the
tumor cells, minor subclonal mutations could be identified for virtually all genes. This
approach has led to the identification of mutations at higher frequency for most of the
28 driver genes studied than previously reported, further expanding the heterogeneity
recognized in these tumors.#* We identified 4% of CLL cases carrying isolated minor
subclonal TP53 mutations, which conferred a shorter OS of the patients similar to those
carrying clonal TP53 alterations in the chemoimmunotherapy setting. This result
confirmed previous findings regarding the prognostic impact of minor clones carrying
TP53 alterations in CLL.X*? Although the impact of subclonal TP53 mutations has been

confirmed in independent retrospective studies including a recent multicenter analysis
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of 1,058 patients,*®® its prognostic value in randomized clinical trials is still unclear.'8
Based on the lack of validation in homogeneously treated, clinical trial cohorts,
guidelines recommend to take caution with the clinical interpretation of minor TP53
subclonal mutations.'®” Nonetheless, we and others have convincingly shown that small
subclones carrying TP53 mutations are positively selected at relapse post
chemoimmunotherapy.”#142153 Considering also the introduction of novel targeted
therapies with remarkable good clinical responses and longer OS rates even in the
subgroup of cases carrying high risk features,?*® the initiation of chemoimmunotherapy

on patients carrying subclonal TP53 alterations seems a rather questionable approach.

The previous findings also emphasize the need to sequence TP53 in the clinical
setting beyond the sole analysis of deletions of 17p. The use of NGS has shown that
approximately 60% of tumors with TP53 abnormalities carry both mutations and
deletions. Only 10% of tumors have chromosomal deletions without mutations, while
the presence of a mutated gene without a deletion is detected in 30% of tumors. These
results highlight the limitations of performing only FISH to detect these aberrations in

clinical practice.

The clinical relevance of subclonal mutations goes beyond TP53. It was
previously described that SF3B1 mutations could be associated with accelerated
progression of the disease before treatment.’ This finding correlates with our
observation that an increasing SF3B1-mutated subclonal population gradually shortened
the TTFT of the patients. Other driver alterations that gradually shortened the TTFT of
the patients were ATM, NOTCH1, and RPS15. This finding is in agreement with the
identification of clonal RPS15 mutations at time of disease progression before
treatment.'*” Nonetheless, not all subclonal mutations seems be associated with clinical
outcome as their clonal counterparts. For instance, we identified that only clonal
NOTCH1 mutations were associated with a shorter OS of the patients. These findings

have been confirmed in independent cohorts.8818°
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Although individual driver alterations are associated with CLL outcome, we
observed a remarkable co-occurrence of mutations that might confound their
prognostic value when analyzed independently. For instance, mutations in SF381, ATM,
POT1, and XPO1, all of which are associated with adverse prognosis, tend to co-occur,
raising the question of their individual contribution to the evolution of the tumor.
Following this idea, it was proposed that the presence of multiple TP53, ATM and/or
SF3B1 mutations, rather than each gene separately, better predicted CLL outcome in a
clinical trial cohort.}* Taking this idea to the extreme, two studies suggested that the
architecture of the tumors as a whole, inferred either by the total number of driver

7784 could be used to

alterations®® or by the presence of subclonal driver alterations,
predict CLL progression and outcome. The detailed analysis of the subclonal architecture
of CLL performed here allowed us to refine these concepts showing that the increasing
number of subclonal driver alterations, rather than just their presence or absence,
correlated with the OS of patients. In contrast, the accumulation of driver alterations
independently of their clonal or subclonal representation was a marker of a shorter
TTFT. The idea of an increasing genomic complexity progressively shortening the TTFT
of the patients has been now confirmed in an independent cohort of newly diagnosed
patients stratified by their number of biological pathways mutated.*® Of note, all these
studies have focused on patients treated with conventional chemo(immuno)therapy.
Larger and homogeneously treated cohorts of patients are needed to clarify the
relevance of the subclonal architecture in future predictive and prognostic models
specifically designed for a) each decision point (i.e. diagnosis, treatment initiation, and

initiation of subsequent treatment),*** b) each CLL subtype (M-CLL and U-CLL),**° and c)

patients treated with the so-called novel agents.

We also found that isolated subclonal mutations were more common than
clonal mutations, suggesting that these aberrations are not initiating events in most CLL
cases. These results were concordant with the analysis of the temporal acquisition of

genomic alterations which confirmed CNA as frequent early events’’ usually followed by
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the acquisition of somatic mutations. A longitudinal analysis confirmed this model
accentuating that CNA tend to be stable during the course of the disease, whereas gene
mutations are continually acquired during CLL evolution, which may evolve until
becoming the major clone, even without treatment pressure. As previously suggested,®*
the presence of clonal evolution, before or after treatment, correlated with CLL

outcome.

An additional layer of tumor heterogeneity in cancer is related to diversification

at different topographic sites. Although spatial heterogeneity has been observed in solid

192,193 123,140,141

tumors and myeloid leukemias, it is less known in lymphoid neoplasms.
Considering the continuous recirculation of CLL cells between the peripheral blood and
lymph nodes,'*® marked genetic differences between topographically distant CLL cells
seems unlikely. Nonetheless, spatial heterogeneity was the driving force leading post-
ibrutinib progression and Richter transformation in a CLL patient.’®* In the analysis of
patients at diagnosis or early disease stages (Study 5), we observed that CLL presents
minimal spatial heterogeneity, with only a minority of non-driver mutations found
exclusive in the peripheral blood or lymph node of the patients. This study confirmed
that the genomic profiling of CLL in samples from the peripheral blood of the patients,

as usually performed both in research and clinical practice, captures the distribution of

the main CLL drivers at diagnosis.

The last evolutionary step of CLLis the RS, in which the CLL clone transforms into
an aggressive DLBCL. The genomic mechanisms leading or facilitating this process are
unknown. In this thesis (Study 6), we sequenced the whole genome of 19 cases that
transformed after treatment with chemoimmunotherapy or targeted therapies. In this
cohort, we identified that TP53 aberrations, CDKN2A/B deletions, and MYC alterations
are recurrently selected at transformation also in patients receiving ibrutinib, idelalisib
or duvelisib.’® We also found that 66% of cases carried mutations in genes involved in

NF-kB signaling pathway. Nonetheless, our whole-genome approach was particularly
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useful to characterize, for the first time, the genome of RS. We identified that each CLL
clone acquired a median of 2,100 somatic mutations during the transformation. This
remarkable increase on mutational burden was accompanied by the acquisition of
several CNA and complex chromosomal rearrangements. The analysis of mutational
signatures allowed us to organize this genomic jumble by the identification of mutagenic
processes that became de novo active in RS. These processes included APOBEC-related
signatures and SBS17b, which is of unknown etiology but previously reported in B-cell
non-Hodgkin lymphomas.?®* We also identified a novel signature, named SBS-RS,
enriched for T>A substitutions in specific nucleotide contexts (N[T>A]A, where N is any
nucleotide). This signature shared common features with SBS84, which is thought to be
caused by an indirect effect of activation-induced cytidine deaminase (AID). Based on
these common features, we might speculate that the novel SBS-RS could be also caused
by an aberrant activity of AID. In this regard, we found RS-private mutations associated
to the non-canonical (SBS9) and canonical (SBS84) activity of AID. In this line, we also
identified new mutations in the IGH/L V gene of four RS clones that were not present in
the paired CLL sample before the transformation. It is also known that idelalisib and
duvelisb, and to a lesser extent ibrutinib, might enhance the activity of AID.1%>1%
Nonetheless, SBS-RS was also present in tumors transforming after conventional
chemoimmunotherapy suggesting that this mutagenic process is not only activated
under treatment with these target inhibitors. Clinically relevant, this signature was highly
specific of RS and could be identified up 21 months before the clinical manifestation of
the disease in one patient. Similarly, the presence of the SBS-RS linked with the subclonal
reconstruction of the tumors identified the presence of two potential RS populations in
two different cases. Altogether, this signature promises to be a predictive marker of RS

allowing anticipation in clinical decision making.

The CLL community is now facing the challenge to translate the comprehensive
genomic knowledge generated in the last years into meaningful clinical actions. To this

aim, the first inevitable step is to standardize methodologies and harmonize
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bionformatic analyses. This is of interest for the study of subclonal mutations at very low
frequencies where it is difficult to extract true signals from the background noise.*’ It is
also of interest if we aim to apply large-scale genomic profiling of CLL patients in the
clinical routine. In this sense, different studies have shown that short-read WGS might
properly characterize the complete genomic landscape of CLL,’® even if complex and
heterogeneous.*® Thus, WGS can be used a single technique to study gene mutations,
CNA, and structural variants. The decreasing cost of WGS also suggests that could enter
into the clinical setting in the near future replacing the current Sanger sequencing, NGS
panels, FISH, and conventional cytogenetic protocols. However, the |G gene
rearrangements and their IGHV identity, both prognostic and predictive markers in

CLL3%* and other B-cell neoplasms,>*®

are still analyzed using Sanger sequencing or, to
a lesser extent, by specific NGS protocols in research and in the clinics.®'*° Current
bioinformatic pipelines have failed to characterized the |G rearrangements from WGS
data due to the high genomic complexity of the IG loci. To overcome this limitation, we
have developed IgCaller, a bioinformatic algorithm aimed to reconstruct the IG gene
rearrangements and oncogenic translocations from WGS in B-cell neoplasms (Study 7).
We have shown that our algorithm is able to reconstruct the complete IG gene (heavy
and light chain rearrangements as well as their IGHV identity) of 79% B-cell neoplasms
analyzed (87% considering only CLL samples) with an accuracy >98% when compared to
standard Sanger sequencing and flow cytometry analyses. IgCaller also identified
clinically-relevant, oncogenic |G translocations that were missed in previous
analyses.*>?%° FISH and PCR verification analyses confirmed the rearrangements
identified by IgCaller. We believe this algorithm might accelerate the study of the IG

gene rearrangements and oncogenic translocations from WGS, facilitating the

introduction of clinical WGS in the routine diagnosis of CLL.

A complete characterization of the IG gene is of special interest in CLL since the
association of IGLV3-21 expression and presence of class switch with specific phenotypic

features and aggressive disease.**® The aggressiveness associated to the expression of

208



the IGLV3-21 gene has been linked with the acquisition of a single non-synonymous
mutation in the IGL segment (glycine to arginine (R) in position 110) that allows
homotypic BCR-BCR activation.**** In the last study presented in this Thesis (Study 8),
we used lgCaller to characterize the IGLV3-21%% in our International Cancer Genome
Consortium cohort of 506 cases with WGS, WES and RNA-seq data available to further
elucidate its role in CLL biology and patients’ outcome. We also analyzed and
independent cohort of 78 cases with available WGS and RNA-seq data. We identified
that the IGLV3-21"1% was significantly enriched within the intermediate CLL (i-CLL)
epigenetic subgroup of patients (38%) compared to naive-like (n-CLL, 0.5%) and
memory-like (m-CLL, 1.7%) patients. Although half of the cases carried mutated IGHV
genes according to the accepted 98% cut off of identity, the presence of the IGLV3-21%10
was associated with a transcriptomic profile that resembled n-CLL/unmutated IGHV
tumors. Of note, WNT5A was the most up-regulated gene in IGLV3-21/1° cases. Previous
studies have linked the up-regulation of WNT5A, a ligand of ROR1/2, to chemotaxis,
proliferation and poor clinical outcome.?®?°? Also of interest, this WNT5A over-
expression was previously found in CLL cases carrying intermediate levels of somatic
hypermutation (97-98% of IGHV identity). This finding agrees with the over-expression
that we observed in IGLV3-21/M% i-CLL, which carried intermediate mutation levels on
the IG genes. In terms of clinical implications, we found that the IGLV3-21f1° splits the
i-CLL cases in two subgroups with marked distinct clinical courses: i-CLL cases carrying
the IGLV3-21%10 had a shorter TTFT and OS similar to n-CLL whereas i-CLL lacking the
IGLV3-21%10 had a longer TTFT and OS similar to m-CLL cases. The IGLV3-21%10 retained
prognostic value in multivariate models thus emphasizing its prognostic value beyond
the IGHV mutational status®?*® and epigenetic subtypes.*”*¥*? It is also worth noting that
the IGLV3-21"19 was present in 6.5% of cases. The frequency of this mutation placed the
IGLV3-21 among the most frequently altered genes in CLL.°? This observation, together
with the identification of the IGLV3-21%1% in some tumors lacking previously described

driver alterations or carrying solely good prognostic factors, such as the del(13q),
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emphasizes the role of the IGLV3-21%1% 35 a driver of this disease. In addition to the
relevance of our findings regarding the risk stratification of the patients, these results
are a proof-of-concept that a complete characterization of the |G gene, which can be
accomplished using IgCaller, might translate into a better understanding of CLL biology

with clinical implications.

This Thesis has been a journey from hidden, noncoding mutations to complex
genomes of CLL. We dived into the depths of its origin and architecture in between.
| hope the results presented here will contribute to a better understanding of this
disease with the ultimate goal of improving the management and prognosis of the

patients.
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Conclusions






Mutations in the U1l spliceosomal RNA induce global splicing and expression
changes. These mutations have expanded the catalogue of driver genes in distinct
mature B-cell neoplasms and solid tumors. In CLL, a recurrent A>C mutation in the
position three of the gene is found in 3.5% of the cases and is independently
associated with a shorter time to first treatment of the patients.

Small subclonal populations carrying specific mutations might lead CLL evolution
and treatment resistance. Globally, the number and clonality of driver alterations, a
surrogate of the whole tumor architecture, strongly correlates with CLL outcome.
The minimal spatial heterogeneity observed at diagnosis suggests that genomic
profiling in peripheral blood captures the genomic determinants of CLL progression.
These results might orient the design of integrative prognostic and predictive
models.

Richter transformation is linked with an extensive increase of genomic complexity
orchestrated by the de novo activation of specific mutational processes. One of
these processes was not recognized before in other cancer types, could be related
to an unusual activity of the activation-induced cytidine deaminase, and anticipated
the clinical manifestation of this aggressive transformation. This study contributed
to characterize the genomic mechanisms behind the Richter syndrome.

IgCaller reconstructs the immunoglobulin (IG) gene rearrangements, IGHV identity,
and oncogenic translocations from whole-genome sequencing (WGS). IgCaller may
assist in the analysis of the I1G gene in B-cell neoplasms and facilitate the application
of clinical WGS in the diagnosis routine. The complete characterization of the IG
gene using IgCaller allows the identification of the R110 mutation in IGLV3-21, which
has strong implications on the risk stratification of CLL patients.

As a whole, this Thesis has contributed to understand the biological and clinical
consequences of the heterogeneous and evolving genetic makeup of CLL. We have
provided hints for the translation of this knowledge into the clinical setting for a

better management of the patients.
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Acronyms and abbreviations






AID: activation-induced cytidine deaminase
Amp: amplification/gain
BCR: B cell receptor
CBA: chromosome banding analysis
CLL: chronic lymphocytic leukemia
CMA: chromosomal microarray analysis
CNA: copy number alteration
CNN LOH: copy number neutral loss of heterozygosity
CSR: class switch recombination
Del: deletion
DLBCL: diffuse large B cell ymphoma
FISH: fluorescence in situ hybridization
HSC: hematopoietic stem cell
IG: immunoglobulin
IGH: IG heavy chain
IGHV: IGH variable region
IGK/IGL: IG light chains (kappa and lambda, respectively)
MBL: monoclonal B cell lymphocytosis
M-CLL/U-CLL: CLL with mutated/unmutated IGHV status
m-CLL/i-CLL/n-CLL: memory-CLL, intermediate-CLL, naive-CLL
NGS: next-generation sequencing
OS: overall survival
RS: Richter syndrome
SHM: somatic hypermutation
TF: transcription factor
Tri: trisomy
TTFT: time to first treatment
t(x;y): translocation between chromosome X’ and ‘y’
VAF: variant allele frequency

WGS/WES: whole-genome/exome sequencing
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