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1. CHRONIC LYMPHOCYTIC LEUKEMIA: DISEASE OVERVIEW

Chronic lymphocytic leukemia (CLL) is a hematological disease characterized by
the clonal expansion and accumulation of small, mature and neoplastic B cells in the
blood, bone marrow and other lymphoid tissues!. CLL is the most common leukemia
in western countries, accounting for nearly 30% of all leukemias, with an incidence of
4.7 cases per 100000 inhabitants?. Males are more frequently affected than females, in
a male-to-female ratio of 1.7:1, and the median age at diagnosis is 70-72°. Early-stage
CLL diagnosis in younger patients seems to increase in the last years due to more
frequent blood testing. Although CLL is a sporadic disease, there is clear evidence of
inherited predisposition. Relatives of CLL patients show an increased risk of developing

the disease, as well as other types of non-Hodgkin lymphomas®%.
1.1 Diagnosis

The first consensus criteria for CLL diagnosis were established in the 1990s°,
and they have undergone multiple revisions over the last few decades'’. According
to the 2018 International Workshop on CLL (iwCLL) guidelines, CLL diagnosis is
mainly based on laboratory features, namely blood count, morphology and
immunophenotyping''. Most CLL patients present an indolent disease, while a
minority of cases can have B symptoms, defined as persistent fever, night sweats,
weight loss or fatigue, and in some cases, they also have palpable

lymphadenopathy, splenomegaly and/or hepatomegaly®.

CLL diagnosis requires the presence of more than 5x10°/L B-lymphocytes in
peripheral blood persisting for longer than 3 months, and the immunophenotype
needs to be assessed by flow cytometry to confirm the clonality of the B cells®. The
CLL immunophenotype is characterized by the co-expression of the T-cell
antigen CD5, and B-cell antigens CD19, CD20 and CD23. In addition, CLL B cells
often show lower CD20 and CD79B expression than normal B cells, and either
kappa or lambda immunoglobulin light chains expression in each clone'? !*. To

refine the diagnosis of CLL, the expression or other markers can be assessed, such



as CD43, CD81, CD200, CD10, or ROR1'“. Based on the antigenic profile, Matutes’
score (MS) system was designed to ensure CLL diagnosis. A score of 0 or 1 is
assigned according to the presence of a strong expression of CD5 and CD23, and
a low or absent expression of CD79b/CD22, sIgM and FMC?7. CLL cases have a
score of 4 or 5, while a score of less than 3 corresponds to non-CLL cases!* '3,
Regarding morphology, CLL cells are small, mature lymphocytes with a narrow
border of cytoplasm, a dense nucleus without discernible nucleoli and partially
aggregated chromatin® !°. Rarely, CLL cells can have an atypical morphology, with
cleaved nuclei and/or lymphoplasmacytoid features, and an atypical

immunophenotype (MS<4). This entity is referred to as atypical CLL!58,

CLL development may be preceded by monoclonal B-cell lymphocytosis
(MBL), an asymptomatic precursor state characterized by the presence of fewer
than 5x10°/L B-lymphocytes and the absence of lymphadenopathy or
organomegaly (as defined by physical examination or CT scans), cytopenias, or
disease-related symptoms'®. According to the number of B-lymphocytes in
peripheral blood, MBL can be classified into low-count MBL and high-count MBL
(< 0.5 x 10°/L and = 0.5 x 10°/L, respectively)?°22, MBL progresses to overt CLL

at a rate of 1-2% per year?®.

According to the World Health Organization (WHO) classification of
hematopoietic neoplasias, there is a clinical variant of CLL named small
lymphocytic lymphoma (SLL)*. SLL is defined by the accumulation of B cells in
the lymph nodes and the absence of peripheral clonal lymphocytes and cytopenias.
Although SLL is considered the same histological entity as CLL, its diagnosis should
be confirmed by a lymph node biopsy'! .

During the natural clinical course of CLL, the development of an aggressive
B-cell lymphoma occurs in 0.05%-0.5% of cases per year. This histological
transformation is known as Richter’s syndrome (RS), and it is associated with a
dismal prognosis** **. A lymph biopsy is required to determine Richter
transformation. Histologically, most RS cases (95%) transform to diffuse large B cell
lymphoma (DLBCL), and less frequently to Hodgkin lymphoma (5%)%** 2628, In most

cases (80%), RS clonally evolves from the CLL clone, showing a more aggressive



disease than RS clonally CLL-unrelated?® ?°. The latter transformation derives from
other B cell precursors and should be considered as a second independent

malignancy in the same patient, with an outcome more similar to de novo DLBCL?*

29

1.2 Prognostic markers and risk scoring systems

CLL displays a remarkably clinical heterogeneity, ranging from an
asymptomatic disease that does not require treatment, to a rapid disease
progression characterized by an urgent need for therapy, refractoriness to
treatment, and short overall survival (OS)* '°. Due to this variable clinical course,
several efforts have been made to identify prognostic markers that help clinicians
to predict the clinical outcome of patients, and predictive biomarkers able to

predict treatment response in the targeted therapy era®® 3!
1.2.1 Rai and Binet staging systems

For more than 4 decades, two clinical staging systems developed by Rai et
al and Binet et al. have been used to classify patients into different risk subgroups,
based on physical examination and blood counts® ** 33, Rai stage system classifies
patients into 5 categories, more recently grouped into low (0-I), intermediate (II)
and high risk (III-IV) subgroups?®* 3*. This stratification is defined by the presence
of lymphocytosis, anemia and/or thrombocytopenia, as well as the number of
enlarged lymph nodes, and palpable splenomegaly and hepatomegaly??. The Binet
stage system classifies patients into three categories (A, B and C), considering the
aforementioned parameters, in addition to hemoglobin levels and platelet count®:.
Other parameters such as the lymphocyte doubling time and bone marrow
infiltration were subsequently implemented as easily measurable prognostic

markers3? 36,

Due to their simplicity and low-cost requirements, these staging systems
remain the first approach for patients’ risk stratification. Nevertheless, their
inability to predict disease progression in early-stage patients (Binet A or Rai 0) is
a significant limitation nowadays. In order to complete these prognostication
systems, a plethora of new prognostic markers have been described in the last

decades?’.



1.2.2 Serum and immunophenotypic markers

More robust prognostic markers have been identified thanks to the
development of newer techniques such as immunoenzymatic assays, flow
cytometry, cytogenetics and molecular biology.* High levels of serum markers
measured by immunoenzymatic assays, including B-2 microglobuline (B:M),
timidine kinase (TK) or soluble CD23 have been related to higher burden disease
and poor outcome?*®**, Additionally, immunophenotypic markers such as CD38,
ZAP70 and CD49d have been validated as prognostic indicators***. The
expression of these markers (=30% of positive cells for CD38 and CD49d, and
>20% of positive cells for ZAP70) has been associated with the unmutated status

of the variable heavy chain of immunoglobulins (IGHV) and poor outcome**-*°,

1.2.3 Mutational status of the immunoglobulin heavy chain variable

(IGHV) region

CLL can be classified into two main subsets according to the mutational status
of the immunoglobulin heavy chain variable (IGHV) region: mutated or
unmutated*!: 464, The acquisition of mutations in the IGHV region (somatic
hypermutation-SHM) occurs during normal B cell development in the germinal

centers of lymph nodes after exposure to a T cell-dependent antigen*.

CLL cells with IGHV-unmutated (IGHV-UM) status originate from a B cell
that has not undergone differentiation in the germinal centers, while IGHV-
mutated (IGHV-M) cells come from a post-germinal B cell that does undergo
SHM, similar to the immune response of normal B cells to an antigen (Figure 1)*¢
%0, IGHV-M CLL subtype accounts for 60% of CLL cases and is defined when there
is less than 98% of homology with the germline nucleotide sequence. It is
associated with a favorable outcome and low-risk genetic alterations'! *!' 48,
Conversely, IGHV-UM subtype shows more than 98% of homology with the
germline sequence, and associates with poor prognosis, high-risk genetic lesions

and a higher propensity to undergo clonal evolution?® 4! 48 50.51,

In CLL the B-cell receptor immunoglobulin (BCR IG) repertoire is biased, and
there are subsets of cases with closely homologous or “steryotyped”

complementarity-determining region 3 (CDR3) sequences®?. The most common
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BCR IG stereotyped subsets in CLL are #1, #2, #8 and #4, showing different
clinical and biological features®¢. A recent study identified subset #2 as an
independent risk factor of prognosis, however, IGHV stereotypes are not routinely

assessed in clinical practice®’.
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Figure 1. Cellular origin of IGHV-M and IGHV-UM CLL cells. Schematic representation of
normal B cells that undergo somatic hypermutation in the germinal centers (dark zone), express
the fittest B cells receptor (light zone), and may subsequently experience immunoglobulin class-
switch recombination. CLL cells with IGHV-UM originate from CD5+ B cell prior to undergo SHM,
and most CLL cells with IGHV-M originate from CD5+ B cells that have passed through the
germinal center, and some of them have also experienced class-switch recombination (adapted

from Kipps et al. 2017)°.

1.2.4 Genetic biomarkers

Large-scale CLL genomic studies have revealed the presence of numerous
genetic alterations, reflecting a great genetic heterogeneity that underlies the
clinical heterogeneity observed in CLL3 % %8 A more extensive description of the
genetic alterations and their functional role in CLL pathogenesis will be addressed
in section 2. In this section, I will focus on the prognostic implications of some of

the most recurrent alterations reported in CLL.



Approximately, 80% of CLL patients present at least one cytogenetic
alteration®®. Given the low mitotic rate of CLL cells that hindered conventional
cytogenetics (CC), the implementation of fluorescence in situ hybridization (FISH)
improved the assessment of the most recurrent CLL chromosomal
abnormalities: 13q deletion (del(13q), in ~50% of cases at diagnosis), 11q deletion
(del(11q), 10-18%), trisomy 12 (+12, 12-20%) and 17p deletion (del(17p), 5-8%)*
60, Since the 2000s, FISH analysis has been considered the gold standard for
cytogenetic risk stratification, and the classic four-probe CLL FISH panel is usually
performed in clinical routine®!. Five prognostic categories were first defined by

Dohner et al, and were further validated in several studies (Figure 2)% 6163,

The presence of del(13q) is associated with a favorable prognosis, even better
than the absence of cytogenetic abnormalities (normal karyotype)®. Trisomy 12
has been related to an intermediate outcome, although its prognostic relevance
remains controversial®®. Patients with del(11q) and del(17p) show an adverse
clinical course, associated with rapid disease progression, short OS, and poor
response to treatment, especially to chemotherapy regimens®® ¢. In the targeted
therapy era, del(11q) prognosis has significantly improved, as patients with this
abnormality show better responses to BTK inhibitors®. Del(11q) and del(17p)
encompass tumor suppressor genes that can be mutated in the remaining allele:
ATM and TP53, respectively. ATM and TP53 mutations contribute to dismal
prognosis and are enriched in patients with resistance to DNA-damaging
chemotherapy-based regimens®®’?>. In addition to its prognostic value,
del(17p)/ TP53 mutation assessment is crucial for treatment decisions, especially
in the context of novel targeted therapies. Therefore, recent studies recommend
the implementation of 7P53 screening in clinical routine before each therapy and
at relapse™"°. More recently, CC has recovered its prognostic relevance since it
has been demonstrated that complex karyotype (=3 chromosomal abnormalities)

is associated with an adverse outcome?’s.

In the last decade, the expansion of next-generation sequencing (NGS)
techniques has led to the identification of several genetic alterations (somatic
mutations, copy number variations, non-coding alterations or epigenetic

modifications), many of them with potential implications in prognosis’-2.
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Mutations in NOTCH1, SF3B1, and BIRC3 have been associated with unfavorable
outcome and IGHV-UM 77 808387 while MYD88 mutations correlate with a better
prognosis and low-risk markers (IGHV-M and del(13q))®®*°. However, the low
incidence of these alterations and the technical limitations impair their

implementation in routine practice.
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Figure 2. Patients risk stratification by Dohner hierarchical model. Impact of cytogenetic
alterations (del(17p), del(11q), +12 and del(13q) as the sole abnormality) on overall survival among
CLL patients (taken from Cramer et al. 2011, adapted from Dohner et al. 2000)°" %°.

As previously mentioned, the search for new prognostic markers has
significantly increased in the last few years to develop more robust prognostic
models. After Rai and Binet staging systems establishment?®* 3%, other prognostic
scores have implemented new parameters considering also genetic features®-.
The most expanded prognostic score is the International Prognostic Index for
CLL (CLL-IPI)**. CLL-IPI combined five risk factors: age (>65 years), clinical stage
(Binet B-C or Rai I-1V), serum (3-2 microglobulin concentration (>3.5 mg/L), IGHV
mutational status (unmutated) and 7P53 status (del(17p) and/or TP53 mutation).
Using a weighted grading of these factors, this prognostic model stratifies patients
in four risk subgroups with significantly different OS®. Other prognostic models
also considered genetic mutations and complex karyotype to refine prognosis®-,
Nevertheless, most of the proposed prognostic models so far were designed

considering chemotherapeutic regimens. For that reason, new prognostic models



as well as new indicators are needed for the assessment of prognosis in the targeted

therapy era.
1.3 CLL treatments

CLL is a clinically heterogeneous disease and not all patients require therapy
at the time of diagnosis®. Patients should be under surveillance without treatment
initiation unless there is evidence of active or symptomatic disease. An “active”
disease needs to be well documented and met at least one of the iwCLL guidelines

criteria, based on biological and clinical parameters'!.

The assessment of the response should be performed by physical examination
and blood count evaluation at least 2 months after completion of therapy, or after
maximal response achievement in continued therapies (defined as the absence of
improvements for at least 2 months)* '!. According to the iwCLL guidelines, there
are five categories of treatment response: complete remission, partial remission,
progressive disease, stable disease and refractory disease. Nowadays, the
evaluation of minimal residual disease (MRD; <1 CLL cell per 10000 leukocytes)
by flow cytometry, PCR or high-throughput techniques is significantly increasing,
especially to determine treatment response in clinical trials®*-'°!. However, MRD

assessment is not always performed in routine practice.

In case of treatment initiation, many options are available for CLL patients,

highlighting chemoimmunotherapy and novel targeted therapies.
1.3.1 Chemoimmunotherapy

Chemotherapy has been considered the first option for initial CLL treatment
for more than 50 years. Cytostatic agents used in CLL included alkylating agents
(chlorambucil, bendamustine and cyclophosphamide) and purine analogs
(fludarabine and pentatostin)!®>. Chlorambucil monotherapy was the “gold
standard” of chemotherapy regimens, until the spreading of fludarabine-base
regimens and the combination of these agents with immunotherapy (especially
anti-CD20s: rituximab, obinutuzumab or ofatumumab). Some of the most prevalent

chemoimmunotherapeutic approaches were chlorambucil plus obinutuzumab,



and the triple combination FCR (fludarabine, cyclophosphamide and rituximab),

with higher response rates and longer progression-free survival'®®1%,
1.3.2 Novel targeted therapies

In the last few years, new advances in molecular biology and the identification
of druggable biological pathways in CLL have prompted the development of novel
targeted therapies. Moreover, due to the improvements in terms of overall
response rates (ORRs) and lower toxicity, these new approaches are gradually

displacing chemoimmunotherapeutic regimens %107,
BCR inhibitors

B-cell receptor (BCR) signaling plays an important role in CLL
pathogenesis'®®. Antigen binding to the receptor activates a network of upstream
kinases, including Bruton tyrosine kinase (BTK), spleen tyrosine kinase (SYK), or
phosphatidylinositol-3-kinase ~ (PI3K). = Subsequently, @BTK and PI3K
phosphorylation results in downstream activation of secondary molecular
pathways such as MAPK-ERK, PI3K-AKT-MTOR and/or NF-kB signaling,
dysregulating target gene expression, and promoting B cell proliferation, migration
and survival'®®!%, In CLL, continuous BCR stimulation is required to maintain B cell
survival, which makes it a potent druggable target'!!. BCR inhibitors are classified

as BTK and PI3K inhibitors (Figure 3).

The most widely used first-in-class BTK inhibitor for CLL treatment is
ibrutinib''2, Ibrutinib is an orally active and small molecule that irreversibly binds
to the cysteine 481 residue (C481) of BTK, inhibiting the phosphorylation of PLCG2
and downstream signaling!'®. Additionally, this drug also disrupts the interactions
of the B cell with the tumor microenvironment'!“. Ibrutinib is approved for frontline
treatment, as well as in patients at relapse, especially in those with del(17p) and/or
IGHV-UM!!*11¢  Acalabrutinib is a second-generation more selective covalent
BTK inhibitor that also targets C481 residue. It was approved by the FDA for first-
line treatment and after relapse, with fewer adverse effects!!® 20, Other second-
generation BTK inhibitors also targeting C481 residue are under investigation, such
as zanubrutinib and tirabrutinib'* '*2. In the last years, third-generation

noncovalent BTK inhibitors including pirtobrutinib (LOXO-305), ARQ-351,
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fenebrutinib, and vecabrutinib have been developed!** 2. These drugs inhibit BCR
signaling without binding to C481, maintaining their potency in patients harboring
mutations in this residue. Phase 1-2 clinical trials have already demonstrated a high

efficacy of pirtobrutinib in ibrutinib-refractory CLL patients'?.

PI3K inhibitors represent an alternative option for BCR inhibition, indicated
in relapse settings. Idelalisib is an inhibitor of the PI3K§ isoform, which reduces
B cell proliferation and survival by blocking BCR and chemokine-receptor-
mediated signaling!®®. Idelalisib was approved by the FDA for refractory CLL
patients, preferably used in combination with rituximab!?¢ 27, Dual PI3K
inhibitors such as duvelisib (PI3K6/y) and umbralisib (PI3K6/CK1¢) are currently
under evaluation, especially to assess their efficacy and safety in combination with
other inhibitors (anti-CD20, acalabrutinib or venetoclax)!?¥-!%°, Although umbralisib
showed a better safety profile than other PI3K inhibitors, the presence of adverse

events still limits their use as an alternative to BTK inhibitors!?" 139,
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Figure 3. Targeted therapies in CLL. Schematic representation of molecular pathways and

targets of BTK inhibitors (ibrutinib, acalabrutinib, zanubrutinib and non-covalent BTK inhibitors),
PI3K inhibitors (idelalisib, duvelisib and umbralisib) and BCL2 inhibitor (venetoclax) in the CLL
cell (adapted from Ferrer et al. 2018)"%.

BCL2 inhibitors

BCL2-family, consisting of pro-apoptotic (BAX, BAK) and anti-apoptotic
proteins (BCL2, BCLXL, MCL1), are crucial regulators of the apoptotic process.
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BCL2 sequesters the pro-apoptotic proteins BAX and BAK and prevents them from
oligomerization, inhibiting the permeabilization of the mitochondrial membrane.
BH3-only members (i.e. BIM, NOXA, PUMA) can bind to BCL2, releasing BAX and
BAK and promoting oligomerization and apoptosis'*’. Venetoclax is a small BH3-
mimetic molecule that binds to BCL2, activating pro-apoptotic proteins and
restoring the apoptotic process!®* !** (Figure 3). Venetoclax was previously
indicated for refractory CLL patients'®> 3¢, and results of CLL14 phase 3 trial
showed that the combination of venetoclax plus obinutuzumab also improved

progression-survival in untreated patients!?" 38,

Despite the improvements in survival, some CLL patients are refractory to
novel therapies and different mechanisms of resistance have been identified, as

described in section 2: clonal evolution and targeted therapies evasion mechanisms.

Besides chemoimmunotherapy and targeted therapies, there are other options
for CLL management. Allogeneic stem cell transplantation (allo-TPH) is a curative
approach, indicated for high-risk and refractory patients to BCR inhibitors!3® 40,
However, with the development of novel agents, the benefits and indications for
this approach are a matter of debate!*!. Chimeric antigenic receptor T (CAR-T) cell
therapy, another promising alternative for CLL treatment, is currently under
investigation, as initial ORRs were not as good as those observed in other

hematological diseases!4*!4,

Since CLL therapy has experienced a significant shift from chemotherapy to
novel agents, and new genetic prognostic markers have emerged, the treatment
algorithm has also changed in the last few years''%. Figure 4 shows the algorithm
for first-line treatment and refractory CLL patients. The wide variety of treatment
options and the new algorithm based on biological features (TP53 and IGHV status)
are contributing to developing a highly efficient and more individualized CLL
therapy. However, despite these advances, CLL still remains an incurable disease
and many patients relapse to current therapies, which brings to light the necessity

of searching for new combinations of treatments and novel CLL targets.
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Figure 4. Treatment algorithm for treatment naive and refractory CLL patients. CIT:
chemoimmunotherapy; BTKi: BTK inhibitor; BCL2i: BCL2 inhibitor; R: rituximab; Allo-TPH:

allogeneic stem cell transplantation (taken from Pérez-Carretero et al. 2021)*".
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2. CLL PATHOGENESIS

CLL represents an ideal model to explore cancer growth and evolution, as it
undergoes variable clinical courses conditioned by a wide variety of molecular
alterations. In addition, CLL cells are continuously circulating in peripheral blood,
facilitating the obtention of high-purity tumor samples for high-throughput studies.
CLL pathogenesis involves multilayered changes, ranging from specific genetic
alterations to variations in the interaction with the microenvironment, which confer
a phenotypic advantage to the B cell that may also be influenced by external
selective pressures, such as CLL treatments. All these events converge in disrupted
or constitutive activated biological pathways that determine clonal dynamics,

disease progression, and ultimately, resistances or vulnerabilities to CLL therapy.
2.1. CLL genetic alterations

Characterization of the CLL genome has revealed its great genetic
heterogeneity, with a small number of highly recurrent alterations, and multiple
rare genetic events with potential roles in CLL pathogenesis. Hence, there is a lack
of a common genetic alteration within this disease. The variable clinical course of
CLL patients reflects its genetic heterogeneity, and several studies have
demonstrated that the presence of certain genetic alterations correlates with
distinct clinical implications. Genetic CLL lesions include chromosomal
abnormalities, somatic mutations, non-coding genetic alterations and epigenetic

modifications.
2.1.1. Chromosomal abnormalities

Chromosomal abnormalities are the hallmark of CLL and were initially detected
by CC in the 1980s°® 45146, However, the low mitotic rate of CLL cells hampered the
identification of these alterations, which were detected in only 40-50% of patients®.
FISH allows the identification of chromosomal abnormalities irrespective of the B cell
mitotic activity, demonstrating that approximately 80% of CLL patients had at least one
cytogenetic alteration®®. The most recurrent chromosomal abnormalities detected by

FISH are 13q deletion (del(13q)), 11q deletion (del(11q)), trisomy 12 and 17p deletion
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(del(17p)). Other recurrent alterations that are not routinely assessed by FISH are 6q
deletion and 14q rearrangements, as well as deletions involving the IGH gene®® ¥,
Newer cytogenetic techniques with higher resolution, such as comparative genomic
hybridization (CGH) arrays, optical genome mapping (OGM) or next-generation
sequencing (NGS), provided a more comprehensive analysis of the CLL genetic
landscape, identifying less frequent chromosome gains and losses®® ¢ 4%, Moreover,
thanks to the implementation of novel cell stimulation protocols, CC has recovered its
relevance in the last years, especially for the assessment of translocations and complex

karyotypel47, 150, 151.
2.1.1.1. Recurrent chromosomal abnormalities in CLL

The most recurrent chromosomal abnormalities in CLL are routinely assessed in
the clinic by using the 4-probe FISH panel. The main features of these alterations are

described below.

13q deletion. Deletion of 13ql14 region is the most frequent chromosomal
abnormality in CLL, present in more than 50% of cases, being monoallelic in 80% of
them® 61.63. 152 Tt appears at the early stages of the disease and associates with good
prognosis and IGHV-M®* 133, The size of the del(13q) varies among patients, although
the minimal deleted region (MDR) encompasses long non-coding RNAs (DLEU2,
DLEU7), and the microRNA cluster MIR15A-MIR16-1'5*'¢, The microRNA cluster
has been suggested to have a role in apoptosis and cell cycle, by modulating Cyclin D2
and BCL2 expression'®® *’. A higher proportion of cells with del(13q) and an increased
size of the deletion has been related to a more aggressive disease, and in 20% of
del(13q) patients, the deletion extended to the tumor suppressor RB1, contributing to
a worse outcome within this subgroup!*®'¢%. By contrast, it has not been confirmed that

biallelic del(13q) associates with a poorer outcome!>* 164 165,

11q deletion. Deletion of 11g22-23 region can be found in 12-20% of CLL
patients at diagnosis, and is associated with adverse outcome, lymphadenopathies, and
IGHV-UM?® 61.166-168 * Ag reported by our group, the number of cells with this alteration
influences clinical outcome'®®. The size of this deletion is large (>20 Mb) and variable
among patients'”. Del(11q) encompasses the ATM gene, a tumor suppressor gene

with a relevant role in DNA damage response (DDR) and cell cycle arrest!”" 72, One-
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third of del(11q) patients harbor mutations in the remaining allele, resulting in a biallelic
alteration of this gene.!” Due to the DDR deficiency, del(11q) patients with ATM
mutations accumulate a high number of genomic alterations, which can be related to a
worse prognosis and chemorefractoriness® ¢ 174, Del(11q) may also encompass the
BIRC3 gene, a negative regulator of the non-canonical NF-kB signaling. BIRC3
mutations in the remaining allele have also been described, and recent studies have
demonstrated their important role in CLL progression, as well as their impact in
prognosis'”>!”’. The haploinsufficiency of other genes encompassed in del(11q) may
have a role in del(11q) pathogenesis, however, limited studies have investigated these

molecular mechanisms and their implications.

Trisomy 12. Trisomy 12 appears with a frequency of 10-20% in CLL>* 62 This
alteration has been correlated with an intermediate prognosis, suggesting that genes
located in chromosome 12 may have a role in CLL pathogenesis® "8, This entity is
characterized by an atypical morphology and immunophenotype, with high expression
of CD38 and CD49d'"* ¥, Trisomy 12 has been extensively associated with NOTCH1
mutations, which negatively refine the clinical outcome of patients harboring this
cytogenetic alteration® 818 Moreover, a high frequency of mutations in genes
involved in MAPK signaling has been reported within this subgroup'®* ¥, and whole
genome and exome studies suggested patterns of co-occurrence with other genetic
alterations, such as B/IRC3 mutations™ ®. In terms of cytogenetic alterations, trisomy
12 frequently co-occurs with trisomy 18 and 19, 14q deletions and 14q translocations
involving the /GH gene!’® %192 Nevertheless, these alterations only occur in the ~30%
of cases with trisomy 12, revealing the great heterogeneity of this entity and that further

pathogenic mechanisms underlying this alteration remain to be elucidated.

17p deletion. Deletions of 17p13 region are found in 5-10% of patients at
diagnosis, but the frequency increases up to 40% in patients at relapse®® 5" 1%, Del(17p)
is the highest risk cytogenetic alteration, associated with a marked poor outcome and
refractoriness to chemotherapeutic regimens, even when it is present in a low number
of cells %4, This alteration is more commonly found in the IGHV-UM subgroup and
has been related to Richter’s transformation®: 2% 195 1% Del(17p) encompasses the
tumor suppressor gene TP53, and 80% of patients with this deletion harbor

mutations in the remaining allele, being the main mechanism underlying the
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pathogenesis of CLLs with this alteration '*’. TP53 plays an important role in cell cycle
arrest, DDR and apoptosis. Hence, TP53 inactivation is determinant for chemotherapy
response, as it hampers the apoptosis induction of DNA-damaged cells® 70 198-200,
Del(17p) and TP53 inactivation promote the accumulation of alterations and genomic
instability, which seems to underlie Richter’s transformation and contributes to a

dismal prognosis and resistance to therapy 48 171 193195, 196,201,
2.1.1.2. Rare chromosomal abnormalities in CLL

In addition to the four most recurrent cytogenetic alterations, CC, FISH, CGH
arrays and NGS studies have identified a large number of less frequent copy number
alterations (CNAs), including trisomy 18 and trisomy 19, deletions or losses of 3p, 6q,
6p, 8p, 9p, 10q, 14q, 18p, and 20p, and gains of 2p, 8q, 17q, 20q® 148 171.172.202:205 Thege
alterations may encompass CLL driver genes such as XPO! in amp(2p)*®, MYC in
amp(8q)**, or TRAF3 in del(14q)*®. Besides chromosomal gains and losses,
chromosomal translocations have also been identified in CLL!#7-202206.207 * Although they
are not a hallmark of this disease, a low but not insignificant percentage of CLL patients

present 14q rearrangements that frequently involve the IGH gene?%-219,

6q deletion. Del(6q) is a rare CLL alteration detected in 3-7% of patients by CC
and FISH, generally as a second cytogenetic abnormality or in the context of complex
karyotype!’! 211214 The presence of del(6q) has been associated with an intermediate
and inferior outcome; however, its independent prognostic impact is still controversial,
due to its co-occurrence with complex karyotype and lack of studies in large cohorts?'"
214217 The size of the del(6q) is very heterogeneous and an MDR has not been
identified!”!. Nevertheless, 6q21-24 is the most commonly deleted region among
different studies!’! 213-216. 218 Bjologically, del(6q) has been associated with a low
expression of FOXO3, a candidate tumor suppressor gene that is encompassed in
6g21%8, FOXOJ3 is involved in the PI3K-AKT pathway, and its phosphorylation
modulates the transcription of pro-apoptotic factors?'®. TNFAIP3 gene, a negative
regulator of NF-kB signaling located in 623, has also been suggested as a tumor
suppressor gene involved in del(6q) pathogenesis?*. However, the role of these
candidate genes and the molecular mechanisms underlying this cytogenetic alteration

have not been well established in CLL. Besides, the 6q FISH-probe is not widely used
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in clinical routine, which limits the identification and further investigations of this

alteration.

14q rearrangements and deletions involving the IGH gene. Chromosome
14q32 rearrangements/translocations were first reported at a frequency of ~5% in CLL
patients® 22, However, with the emergence of high-throughput cytogenetic techniques
and large-scale genomic studies, the frequency of 14q translocations increased up to
10-15%.%21222 14932 rearrangements involve the immunoglobulin heavy chain
(IGH) gene, which can be translocated with multiple partners such as BCL2, BCL3,
BCL6, BCL11A or MYC, being the most common the t(14;18) or IGH.:BCL2 fusion
(Figure 5) 188 208,210, 224228 'The JGH translocation is associated with intermediate-
adverse outcome, although it has been suggested that the prognosis is dependent on
the translocated partner?¢-2%% 229 230 Some studies have shown that patients with
IGH::BCL2 fusions have a better outcome than those with other /GH translocations in
terms of time to first treatment (TFT) 22 227 31 The main pathomechanism of /GH
translocations relies on the overexpression of the /GH partner, (e.g.: t(14;18)) leads to
the overexpression of BCL2, an outer mitochondrial membrane protein that inhibits the
apoptotic process in B cells)*'*2%2, Moreover, /GH translocations associate with trisomy
12 and NOTCH1 mutations'’®. Nevertheless, IGH-translocated patients constitute a
heterogeneous subgroup, and further investigations regarding the pathogenesis and

molecular consequences as well as the clinical impact of the translocations are needed.

In addition to the translocations, /GH gene can also be involved in 14q deletions
(del(14q)) within CLL patients. Del(14q) appears in approximately 2-5% of patients, and
it has been associated with an intermediate or adverse clinical outcome, similar to
del(11q) prognosis'#® 18 191. 233 The size of the deletion ranges from 14q24 to 14932,
being the most frequent breakpoint the IGH locus (~50% of del(14q))'® " 23, In the
majority of IGH deletions, only part of the gene is deleted, concretely, the 3’-flanking
site?**, Del(14q) has been correlated with the presence of trisomy 12, NOTCHI
mutations and IGHV-UM! 233, This deletion may encompass tumor suppressor genes
with a key role in its pathogenesis such as TRAF3*>. TRAF3 is a negative regulator of
the non-canonical NF-kB signaling, which can be inactivated by the 14q deletion and
mutations in CLL and other B-cell malignancies?®> 2*>%7, Furthermore, this gene is

implicated in multiple functions such as inflammation or immune response, and more
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recently, metabolism 2%% 2%, QOther tumor suppressor genes may be targeted by del(14q)
and further molecular characterization would be of great interest. Nowadays, the
assessment of /GH alterations (translocations and deletions) can be easily performed
by FISH, but this probe is not included in the classic CLL FISH panel, hampering the
study of these cytogenetic alterations.
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Figure 5. Chromosomal translocations involving /GH and multiple translocated-partners (BCL6, c-
MYC, CCND! and BCL2) in B-cell neoplasms (adapted from Zheng et al. 2013)*%.
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2.1.1.3. Complex karyotype

Complex karyotype (CK) is defined as the presence of 3 or more cytogenetic
abnormalities, and it is found in 10-15% of patients at diagnosis, and in up to 30%
of patients at relapseb® 147 151. 202 241 Traditionally, CK has been assessed by CC,
nevertheless, CGH arrays and novel approaches such as optical genome mapping
(OGM) provide additional and valuable structural information at higher resolution,

becoming promising cytogenomic techniques for whole genome screening!4® 4°,

CK has been associated with poor prognosis and high-risk markers such as
del(17p)/ TP53, del(11q)/ATM alterations and IGHV-UM status’® 147 241243 [
recent years, the clinical outcome of patients with CK has been demonstrated to be

heterogeneous, and dependent on the type and number of chromosomal
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alterations!¥” 2*4, Concretely, the presence of 5 or more cytogenetic abnormalities
was identified as a risk factor independent of clinical stage or IGHV status'!.
Moreover, the presence of certain genetic alterations also contributed to refining
their prognosis. For instance, CK patients with ATM, TP53 alterations or
translocations have a worse outcome, while patients with trisomy 12 and additional
trisomy 18 or 19 in the context of CK had a better clinical course!®* 243246 A recent
study has also identified that the presence of chromothripsis refines prognosis
within patients showing CK?*”. In addition, CK has been associated with
refractoriness to chemoimmunotherapy, and with a poor response to novel
agents®: 246.248-230 \[plecular mechanisms responsible for the worse outcome of CK
patients could be related to a defective DDR, as many of these patients harbor ATM
and TP53 alterations but considering the high heterogeneity and genomic instability

of this group, additional biological mechanisms can be affected?".
2.1.2. Somatic mutations

Whole-genome and whole-exome sequencing studies (WGS, WES) have
provided a more comprehensive characterization of the mutational landscape of CLL,
with available data from more than 1000 patients’”"® 8. 25225  Considering the
mutational burden of ~1 mutation/Mb previously reported in CLL and the large
number of putative CLL drivers that mutates at low frequencies, at least 1000
CLL samples would need to be analyzed to confidently identify >90% of drivers
mutated in 2% of patients®®. Indeed, previous WES and WGS studies including ~500
samples identified approximately 50 putative driver genes, whereas in a recent multi-
omic study of ~1000 CLLs, the number of candidate drivers increased up to 828! In
addition, large-scale genomic studies developed new algorithms for the detection of
recurrent CNAs and shed light on the origin processes of somatic mutations. The main
mutation signatures or mechanisms responsible for mutation generation in CLL are the
aging-related signature, the APOBEC signature, the canonical activation-induced
cytidine deaminase (c-AID) and the non-canonical AID (nc-AID) signatures®’. AID is
involved in SHM, and the aberrant activity of this enzyme has been demonstrated to
be responsible for the generation of certain mutations®?. New signatures were also
found recently, such as SBS18, which could be related to the damage induced by
reactive oxygen species (ROS)?!.
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The average of single nucleotide variants (SNVs) or somatic insertion and
deletions (Indels) in CLL ranges from 15.3 to 26.9 per patient. A small number of
genes are mutated in 5-20% of patients, such as SF3B1, NOTCH1, ATM, TP53
or BIRC3, while the vast majority of CLL drivers mutate at lower frequencies (Figure
6) 77 78 80. 83, 252255 The biological and clinical implications of the most recurrently
mutated genes have been further investigated in the last few years.
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Figure 6. The genetic landscape of CLL. Frequencies of recurrent mutated genes and
chromosomal abnormalities within IGHV-M (pink bars) and IGHV-UM (purple bars) CLL subsets,
grouped into molecular pathways (taken from Fabbri et al. 2016)°.

The mutational frequencies of CLL drivers vary among studies®®, probably due
to the variable limits of detection for each NGS approach, the different bioinformatic
algorithms applied, and the characteristics of the CLL cohort. Some gene mutations are
associated with certain biological and clinical CLL subgroups: NOTCH1 mutations
appear in 25-30% of patients with trisomy 12178 181.190. 259" while ATM and BIRC3
mutations affect 30% and 10% of del(11q) patients, respectively, and SF3B1 mutations
also associate with the latter cytogenetic alteration®® 8 173 175. 176 Ag previously
commented, up to 80% of del(17p) patients harbor 7P53 mutations in the remaining
allele” %, Moreover, the frequency of mutation of the aforementioned genes increases
at relapse or when there is a need for treatment™ !7". 193. 259262 TP53 and NOTCH1

mutations are also remarkably high in Richter’s syndrome?® 8+ 1%, Thus, the mutational
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frequency depends to a great extent on the biological and clinical characteristics of the

study cohort.

In terms of biological consequences, SF3B1 encodes for a key component in the
spliceosome machinery and mutations in this gene are located in hotspot regions,
affecting the HEAT domains. The most recurrent missense variant results in the amino
acid substitution K700E, which disrupts the interaction between RNA and SF3B1%?3 264
NOTCH1 most recurrent mutation is a frameshift deletion in exon 34 that affects the
C-terminal PEST domain, required for proteasomal degradation. In addition, 3’-UTR
mutations that disrupt the PEST domain have been described. In both cases, mutations
contribute to the stabilization of NOTCH1 and the constitutive activation of Notch
signaling” # %9, In ATM, somatic SNVs, indels and splice-site mutations result in a
dysfunctional or truncated protein and have been identified along the gene, with no
hotspot regions®” 14175, TP53 mutations are missense, frameshift, non-sense and splice-
site substitutions that can lead to a gain-of-function or TP53 inactivation”" 2%, As already
mentioned, ATM and TP53 mutations contribute to a defective DDR and cell cycle
control® 68 72 266 \[ost BIRC3 mutations are frameshift substitutions affecting the C-
terminal RING domain, which results in defective E3 ubiquitin-ligase activity and in

constitutive activation of the non-canonical NF-kB pathway!"" 260. 267,

Several studies have demonstrated a negative clinical impact of SF3BI,
NOTCH1, ATM, BIRC3 and TP53 mutations on CLL outcome, all of them associated
with IGHV-UM?® 86.87.96.200 . NOTCH 1, SF3B1 and ATM mutations are associated with a
shorter TFT and their impact on OS is still controversial®” 8587 182.268 ' BJRC3 mutations
refine the negative outcome of del(11q) and IGHV-UM patients, contributing to a worse
prognosis®® 176, It is noteworthy to highlight that 7P53 clonal and subclonal mutations
are a high-risk prognostic factor associated with shorter OS, but also a predictive
marker of response’™ 7% 197 199. 265 Tp53 SF3B] and BIRC3 mutations have been
correlated with chemorefractoriness, while NOTCH I mutations associate with a poorer

response to anti-CD20 treatments."® 197 200. 260, 261, 269, 270

Besides the most recurrent genes, the frequencies of the remaining mutated
drivers form a long and decreasing tail. NGS studies identified previous

unrecognized genes such as XPO1, POT1, MED12, CHD2, MYD88, EGR2, SETD2, BRAF,
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RPS15 or NFKBIE, among many others’” 7® 81254 Despite the large number of putative
CLL drivers, they can be grouped into several molecular pathways, revealing the
different mechanisms that can underly CLL pathogenesis (see section: Molecular

pathways altered in CLL)* 5% %",

Subsequent studies have also tried to characterize the prognostic impact of some
of the rarely mutated genes. Mutations in NFKBIE, RPS15, EGR2 and POT1 have
been associated with IGHV-UM and shorter OS or TFT, as well as the mutations in
genes involved in the MAPK signaling pathway? 184 185.246.254.272.273 Eyrthermore, results
from a recent study of ERIC (European research initiative on CLL) pointed out that
mutations in XPO! together with SF3BI mutations, were able to negatively refine the
TFT of IGHV-UM patients, while NFKBIE and NOTCH1 mutations were significantly
associated with shorter TFT in the IGHV-M subgroup®’. Furthermore, RPS15 as well as
TP53, NOTCH1I, BIRC3, and ATM, are more frequently mutated in high-risk subgroups
and at relapse'®® %54, Conversely, other gene mutations such as those of MYD88 are
associated with IGHV-M, del(13q) and a better prognosis®® 2%, Despite all these
findings, further harmonization efforts are needed to achieve a consensus regarding the

prognostic significance of mutations in CLL.
2.1.3. Non-coding and epigenetic alterations

Apart from mutations in the coding regions, large-scale genomic studies also
identified recurrent non-coding mutations™ "® *"- 2> As mentioned, mutations in
3’'UTR of NOTCH1 are arecurrent event in 1-4% of CLL patients, with similar biological
and clinical implications to NOTCH 1 coding mutations’” 85276, Non-coding mutations in
the PAX5 enhancer region have been described, located in chromosome 9p13 and
resulting in a decreased expression of the gene?”’. A recent study reported non-coding
mutations in ATM and TCL1, and in other CLL drivers such as IKZF3, SAMHDI1, PAX5
and BIRC3, significantly associated with IGHV-UM?”’. Furthermore, the presence of
non-coding mutations in CLL drivers co-occurs with the concomitant mutations in the

coding regions, suggesting a functional role in the pathogenesis of the disease’ 2% 278,

Additionally, miRNAs expression has been shown to be altered in CLL. Two
of the main dysregulated miRNAs are miR-15a/16-1, located within the 13q deletion
MDR and with a functional role in modulating BCL2 expression by targeting the UTR
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region of the gene'** 57, Other miRNAs such as miR-34a in del(17p) or miR-155 had an
impact on DNA damage response and cell cycle, and BCR signaling, respectively?’%-282,
Moreover, a negative clinical impact of these alterations has been suggested in different

Studie3279’ 281, 282

In addition to the genetic alterations, CLL cells also display a wide variety of
epigenetic modifications?®®. Epigenomics comprises the study of DNA methylation,
chromatin accessibility, post-translational modifications, and three-dimensional (3D)
genomic structure. Regarding DNA methylation, chromatin marks and histone
modifications, CLL undergoes a distinct global reconfiguration when compared to
normal B cells?®. Indeed, a substantial intra-tumoral heterogeneity has also been
reported. Besides, CLL cells gradually accumulate hypomethylation in heterochromatin
with low-CpG content and hypermethylation in high-CpG content regions, after
subsequent rounds of mitosis?®®. According to this, specific epigenetic fingerprints have
been correlated with the cellular origin and the evolutionary history of the B cell*S.
Based on methylation patterns, 3 different CLL subgroups have been proposed: naive
B cell-like CLL and memory B cell-like CLL, which mainly correspond to IGHV-UM
and IGHV-VM, respectively, and a new intermediate subtype with a distinct epigenetic
imprint?®”. Moreover, each subgroup associates with different clinical and genetic

features?®.

Several efforts have been made to find a link between genetic and epigenetic
features. Despite the global epigenomic changes observed in CLL, only 1-4% of patients
harbored mutations in genes involved in chromatin remodeling or modification?®?. Thus
far, those changes cannot be just attributed to alterations at the DNA level
Nevertheless, distinct epigenetic patterns have been found in patients with MYD88
mutations and trisomy 12, suggesting a role of these alterations in epigenetics?®.
Epigenetic imprints have also been explored in the context of CLL therapy, and their
analysis could be useful to track the response to treatments such as ibrutinib*®.
However, due to the complexity of CLL epigenetic configuration, further investigations

are needed to better understand its biological and clinical implications.
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2.2. Molecular pathways altered in CLL

Despite the great number of genetic alterations reported in CLL, most of them
converge in a specific set of constitutively activated or disrupted molecular pathways.
Moreover, these pathways are interconnected, and many genes may be involved in
multiple molecular mechanisms. These include BCR-TLR-NF-kB signaling, Notch
signaling, DNA damage response, cell cycle regulation, chromatin remodeling and

RNA/ribosomal processing (Figure 6).

Antigen binding stimulates BCR signaling in normal B cells, activating a
downstream cascade. In CLL, different mechanisms contribute to the constitutive
activation of this pathway'®, such as gain-of-function mutations in genes that encode
for downstream MAP-ERK kinases (BRAF, KRAS, NRAS, MAP2K1, PTPN11)'8418 In
addition, other mutations indirectly deregulate BCR signaling (EGR2, BCOR, KLHL6,
CARD11, IKZF3, IGLL5, PAX5), and Toll-like receptor (TLR) and inflammatory
pathways (MYD88, IRF4, TRAF3, TLR2/6, IRAK1/2/4)™ ™8 8 110. 238 \[ytations and
CNAs have also been reported in NF-kB signaling, which is downstream of BCR and
TLR and consists of two main pathways: the canonical and the non-canonical or
alternative signaling®'. Alterations have been described in both of them, promoting
signaling activation (canonical: NFKBIE, TNFAIP3/del6q23, REL/amp2pl6; non-
canonical: BIRC3, TRAF3, TRAF2, NFKB2/del10q24)"" 78 177. 205,267, 272,292

Notch signaling is frequently dysregulated in CLL by mutations in 3’-UTR and
coding regions of NOTCH 1" %3, Positive and negative regulators of this pathway can
be also altered by gene mutations (FBXW?7, MED12, SPEN, CREBBP). All of them result
in Notch signaling activation and promote the translocation of NOTCH to the nucleus,
modulating the expression of NF-kB factors, TP53 or MYC'"* 2" Moreover, Notch
signaling can be activated in CLL independently of somatic mutations®®. In parallel,
MYC regulation is mediated by multiple genes, and some of them have been found
to be mutated in CLL (FUBP1, MGA, PTPN11, FBXW?7)"®. All these altered pathways
converge in a B cell activation responsible for an enhanced proliferation, differentiation

and survival'%.

As mentioned before, some of the most recurrently altered genes in CLL by

mutations and/or deletions (ATM/del(11q) and TP53/del(17p)) are involved in DNA
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damage response (DDR) and cell cycle regulation® 7 173.266.294 The disruption of
these genes results in a defective response to DNA lesions such as DNA double-strand
breaks (DSBs) or single-strand breaks (SSB), which hinders the activation of
checkpoints for cell cycle arrest and favors genomic instability?”. Besides ATM and
TP53, alarge number of genes are involved in DDR signaling, and some of them mutate
in CLL (POT1, CCND2, SAMHDI1 PTPN11, CHK2, CDKN2A/B)"" 78172 Moreover, TP53
disruption and other alterations such as BCL2 overexpression dysregulate the
apoptotic process, which enhances CLL cells survival and may affect treatment

response70, 77, 156, 157'

Additionally, mutations in genes involved in chromatin remodeling have been
reported in CLL (CHD2, ZMYM3, ARID1A, ASXL1, SETD2, HISTIH1B, HIST1HIE,
BAZ24), and a high number of gene alterations related to RNA export and
metabolism (SF3B1, XPO1, RPS15, FUBP1, DDX3X, NXF1, U1, ZNF292, RPSA, EWSRI)
have been identified in the last WES and WGS studies™ " 8%2% It should be noted that,
although some of them have been further examined by functional studies?? 2739 the
specific biological function of most of them in CLL pathogenesis remains to be

determined.
2.3. CLL microenvironment

The interactions between CLL and tumor microenvironment (TME) cells are
crucial for CLL proliferation and survival. Concretely, CLL cells depend on growth
and survival signals received from different types of TME cells, including bone
marrow stromal cells, monocyte-derived nurse-like cells (NLCs) and T cells, among
others. These CLL-TME interactions occur in the proliferation centers, located in
lymph nodes and bone marrow, and involve a wide range of survival factors,

chemokines, cytokines, adhesion molecules and their respective receptors.

Bone marrow stromal cells support survival of CLL cells and protect them
from apoptosis. Interactions with the stromal cells can be promoted by CXCL12
secretion, which is recognized by CLL cells through the corresponding receptor
(CXCR4). Adhesion can also be favored by the binding of a4f1 integrin on CLL
cells and VCAM1 on stromal cells, subsequently activating downstream signaling

cascades (AKT, NF-kB, etc.)3! 302,
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NLCs stimulate CLL cells chemotaxis through CXCL12/CXCL13 secretion
(recognized by CXCR4 and CXCRS5, respectively)®*®. NLCs express TNF ligands
APRIL and BAFF, which binds to the corresponding receptors BCMA, TACI and
BAFF-R on CLL cells®®. Moreover, CD31 (expressed by NLCs) interacts with the
CD38 CLL receptor®®. NLCs also secrete WNT5A, a ligand of CLL receptors ROR1
and ROR23%, In parallel, BCR stimulation in CLL cells induces the secretion of
CCL3/CCL4, chemokines detected by NLC and T cells®**”. CLL cells also interact
with CD40L-expressing T cells through the CD40 receptor, triggering NF-kB

activation?3°®.

In addition to these interactions, CLL cells may receive other pro-survival
signals from the aforementioned and other cell types (dendritic, endothelial cells,
etc), activating signaling cascades that promote the production of signals that in
turn stimulate TME cells!'®. Thus, the crosstalk between CLL and TME constitutes
a potent mechanism underlying CLL pathogenesis, which may contribute to clonal

evolution and may interfere with CLL therapy.

2.4. Clonal evolution and targeted therapies evasion

mechanisms

Clonal evolution is the process through which CLL cells acquire a phenotypic
advantage that allows them to develop and expand over time. CLL is characterized
by a great intertumoral heterogeneity underlying the variable clinical outcome of
patients, and by an intratumoral heterogeneity with different subclones that may
show distinct genetic patterns’™ 8 309311 Growth dynamics strongly rely on the
clonal genetic composition, but also on tumor-microenvironment interactions,
epigenetic and transcriptional changes®!?. All in all, clonal evolution based on the
acquisition of certain alterations will determine CLL progression, therapy response

and refractoriness®!3.

A recent study has identified at least two different growth patterns that could
explain the intertumoral heterogeneity within CLL: logistic growth and
exponential unbound growth?®’ In patients exhibiting logistic growth, the
subclonal composition remains stable, while patients with exponential CLL growth

show shorter time to treatment and IGHV-UM, together with a greater number of
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CLL driver mutations and more profound shifts in subclonal proportions during the

course of the disease®!?.

Regarding the intra-tumoral heterogeneity of CLL, WES and WGS studies
have identified founder clones, which often harbor alterations in genomic drivers
consistently clonal, such as MYD88 mutation, del(13q) or trisomy 1278, On the
other hand, subclonal alterations may emerge during the disease, being present in
a small fraction of cells (subclone), and may confer a clonal advantage that drives
progression, such as ATM, TP53, BIRC3 or SF3BI mutations™ 8 34 Genetic
alterations are often accompanied by transcriptomic and epigenetic changes?8> 31>,
Clonal evolution of the competing subclones will be determined by the growth
acceleration rates that confer each alteration or the co-occurrence of different
alterations within the same subclone?!2. Moreover, these different growth rates may
result in different patterns of clonal evolution: linear and branching evolution.
In linear evolution, there is a founder clone that sequentially acquires additional
alterations, which allow the latter subclone to outcompete, while in branching
evolution, multiple subclones with different alterations co-evolve and compete for
dominance, with mutations in the same driver (convergent evolution) or in different

drivers (divergent evolution)?3!! 316. 317,

A determinant factor for clonal evolution is CLL therapy. CLL treatments
reduce the subclonal populations more sensitive to the selective pressure, in favor
of the more resistant clones 3!33'7. As different treatments exert different selective
pressures, the alterations that confer resistance are also variable depending on the
type of treatment. Furthermore, a higher clonal diversity could increase the
probability of evading the treatment selective pressure?® 309 310. 312 Eor instance,
CLL subclones with TP53 alterations are frequently selected after
chemotherapeutic regimens, while different evasion mechanisms have been

identified in response to targeted therapies!0® 104 134,197, 317-319,

The most common mechanisms of resistance to novel agents are
alterations in the binding site of the target (Figure 7). Mutations in BTK and in
PLCG2 genes confer resistance to the BTK inhibitor ibrutinib (Figure 7A) 320-322,
BTK-C481S mutation in the binding site is the most predominant, inhibiting the
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drug binding to the target3®. A recent study has reported other BTK mutations at
relapse (V416L, A428D, M437R, T4741, and L528W), which also confer resistance
to novel non-covalent BTK inhibitors®***. Gain-of-function PLCG2 mutations
(R665W, S707Y and L845F) activate BCR signaling independent of BTK inhibition
322,325 Thus far, BTK and PLCG2 mutations are subclonal, rarely co-existing within
the same clone and with different growth rates that may be conditioned by the
acquisition of additional alterations®?¢. Besides, other mechanisms of resistance to
ibrutinib have been described, such as del(8p). This region encompasses a TNF-
family extrinsic apoptotic receptor (TRAIL), whose loss may contribute to

apoptotic resistance.?*
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Figure 7. Molecular alterations driving the development of resistance to A) ibrutinib and
B) venetoclax. Evolutionary paths undertaken by CLL cell through point BTK, PLCG2 and BCL2
mutations and the co-evolution of multiple subclones with different genetic alterations (adapted
from Kwok et al. 2022)*.

Regarding venetoclax, BCL2-G101V mutation is the most common
resistance mechanism, resulting in a diminished binding affinity of this drug to
BCL25% (Figure 7B). BCL2 mutations have also been identified as subclonal events,
and multiple mutations can be found within the same patient (convergent
evolution)®?® 32°  Nevertheless, there is still a significant number of refractory

patients without BCL2 mutations, which suggests the presence of other
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mechanisms of resistance. Among them, the upregulation of anti-apoptotic factors
such as MCL1 or BCLXL, the downregulation of the pro-apoptotic effector BAX, as
well as CDKN2A /B and BTGI mutations could be driving venetoclax resistance?!*
330,331 Amp(1q) has also been reported as a recurrent alteration in a subset of
venetoclax-resistant patients. This region contains MCL! and PRKAB2 genes.
PRKAB2 overexpression enhances oxidative phosphorylation, conferring a
metabolic advantage to CLL cells*!. Recent studies have also reported metabolic
dysregulation and NF-kB activation after venetoclax treatment, revealing that
multiple mechanisms may be involved in the emergence of resistance to this

drugBSO, 332.

Nevertheless, it is still undetermined whether these alterations emerge during
treatment or are already present before treatment initiation. Thus, to better
understand the clonal dynamics and evolutionary process underlying the
mechanisms of resistance, it would be of great interest to perform further

multiomic, longitudinal and single-cell studies in large CLL cohorts.
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3. METABOLISM: A NEW HALLMARK OF CANCER

Metabolic reprogramming is considered one of the hallmarks of cancer and
consists of different metabolic alterations that sustain new biomass generation and
tumor development, especially under restricted conditions. Multi-layer adaptations
promote enhanced metabolic flexibility and plasticity of tumor cells, including
dysregulation of nutrient uptake, alterations of intracellular metabolic pathways, and
metabolite-induced changes in cancer and TME cell gene expression. Metabolic
changes are mediated by the activation of oncogenic pathways, which may be directly

or indirectly dependent on genetic mutations.
3.1. Cancer-associated metabolic changes

Nutrient uptake is essential for cell growth and proliferation®*®. The main
sources of energy in proliferating cells are glucose and glutamine®** *4 These
nutrients undergo different intracellular processes for ATP production and
macromolecule biosynthesis, being oxidative phosphorylation (OXPHOS) the
dominant pathway for ATP production in aerobic conditions. The reducing power of
the carbon skeletons derived from glucose or glutamine oxidation is captured by
NAD+/FAD+ to generate NADH/FADH, which transfers electrons to the electron
transport chain (ETC) for ATP generation, in the mitochondrial membrane. This

process depends on the presence of O,**,

Since the last century, solid tumor cells are known to metabolize glucose in a
distinct manner than normal cells for ATP production, increasing its consumption
through the glycolytic pathway, which is called the “Warburg effect” or aerobic
glycolysis®*® (Figure 8A). In this process, the excess of pyruvate is converted to lactate,
instead of being used as a fuel of the tricarboxylic acid (TCA) cycle, even with sufficient
oxygen availability to completely oxidate glucose. More recently, it has been reported
that enhanced glycolysis also facilitates the synthesis of biomolecules from different

intermediates in tumor cells®** (Figure 8B).

An increased demand for glutamine has been demonstrated as the second

major metabolic mechanism for cancer proliferation®*® **’. Glutamine can be a carbon

30



source for the TCA cycle after being converted to a-ketoglutarate in a series of
metabolic reactions. Additionally, glutamine can be used as a nitrogen source for
amino acids and nucleotide synthesis and maintains redox homeostasis by
synthesizing glutathione, an antioxidant that regulates reactive oxygen species (ROS)
levels®¢, Whereas high ROS levels may result in cell death, controlled ROS
accumulation promotes tumorigenesis by inhibiting tumor suppressors such as PTEN

and activating MAP kinases and hypoxia-inducible factors (HIF-1a)®%.
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Figure 8. Schematic representation of glycolysis and tricarboxylic acid (TCA) cycle in
and NADH production. A)

cellular metabolism for intermediates biosynthesis
Representation of the preferential use of oxidative phosphorylation OXPHOS in resting cells
comparing to the increased glycolytic metabolism in cancer or proliferating cells. B) Representation
of the central carbon metabolism through the glycolytic pathway in the cytoplasm and oxidative
reactions in TCA cycle in the mitochondria. RTK, receptor tyrosine kinase; GLUT1, glucose
transporter 1; PKM2, pyruvate kinase M2; ACSS2, acetyl-CoA synthetase 2; LDH-A, lactate
dehydrogenase A; PDH, pyruvate dehydrogenase; PDK1, pyruvate dehydrogenase kinase 1; ACLY,

ATP-citrate lyase; MCT1, monocarboxylate transporter 1; ASCT2/SN2/SLC1A5, glutamine

transporter (taken from Pavlova et al., 2016)*%.
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Under the nutrient or oxygen deprivation often occurring in the TME, tumor cells
can modify their metabolic specificities and redirect their metabolism to alternative
metabolic pathways and self-catabolic autophagy processes®°. Pyruvate is the main
fuel of the TCA cycle in normal conditions (Figure 8). However, during glucose
deprivation, pyruvate levels derived from glycolysis decrease, and tumor cells may
redirect glutamine metabolism to restore TCA cycle activity®**. Several studies have
mimicked glucose deprivation by inhibiting the mitochondrial pyruvate carrier (MPC),
demonstrating the importance of glutamine metabolism under nutrient-restricted
conditions®!!. Conversely, glutamine deprivation may be compensated by an increased
metabolism of other amino acids, such as asparagine or alanine, to maintain TCA cycle
function®? 342, Additionally, fatty acids play an important role in tumor development
under metabolic stress conditions, as certain cancer types associate with a profound
increase in lipid biosynthesis and appear to prefer fatty acid oxidation as a source of

energy for maintaining cell proliferation and survival**® (Figure 8B).

Metabolites are not only the intermediates of metabolic reactions or recipients of
aberrant growth signals but also, they are able to directly drive changes in cell gene
expression and TME?®* 344 Acetyl-CoA serves as an enzymatic substrate in histone
acetylation, and its availability mediates the deposition of acetyl marks that regulates
the accessibility of chromatin for transcription factors assembly3#°. Increased glucose
uptake and activation of MAPK-AKT signaling significantly promote histone
acetylation and the activation of gene expression®®. Other metabolites such as S-
adenosylmethionine or o-ketoglutarate also work as cofactors or substrates of
enzymatic reactions, affecting histone methylation and diverse posttranslational
modifications®** ***. Moreover, tumor cells may reprogram TME cells by secreting
growth factors or metabolites that alter the cellular microenvironment. For
instance, the high metabolism of glucose and glutamine results in extracellular lactate
accumulation, which has been demonstrated to attenuate the immune response of T
cells, monocytes and macrophages, and promote HIF-1a stabilization and NF-kB and

PI3K signaling activation in endothelial cells®*.

A wide variety of oncogenic alterations underly metabolic reprogramming,
promoting transcriptional dysregulation of key metabolic genes such as enzymes or

transporters. PI3K/AKT signaling induces glucose uptake by activating the expression
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of glucose transporter GLUT1 and the first glycolytic enzyme hexokinase 3%, KRAS
activation also upregulates GLUT1, and modulates the expression of key enzymes of
glutamine metabolism?®¥’. Additionally, GLUT transporters expression is regulated by
TP53, and inactivation of this gene may favor glucose uptake and glycolysis**®. MYC
overexpression has multiple metabolic effects, inducing the expression of enzymes
involved in aerobic glycolysis (lactate dehydrogenase (LDHA): catalyzes the conversion
of pyruvate to lactate) and glutaminolysis (glutaminase (GLS1): converts glutamine to
glutamate), or glutamine transporters such as SLCIA5/ASCT25*. Activation of mTOR
signaling mediates autophagy and biosynthesis of macromolecules such as proteins or
fatty acids, by the integration of different signals®*®°. Interestingly, glutamine appears to
be a sensitive regulator of mTOR pathway®!. Nonetheless, despite all these findings,
many questions regarding the implications and causes of metabolic reprogramming

remain to be determined.
3.2. Targeting cancer metabolism

The field of cancer metabolism has become a topic of a renewed interest in the
last few years. Although most studies focused on glucose and glutamine metabolism, a
wider range of metabolites and alternative metabolic pathways may be used by tumor
cells to achieve an enhanced proliferation and adaptation capacity to nutrient scarcity
conditions. Furthermore, understanding the cancer metabolomic landscape may
encourage the identification of metabolic vulnerabilities and new targets for

cancer treatment.

A broad spectrum of metabolic inhibitors is currently used for research and some
of them have been proposed as potential strategies for cancer therapy, alone or in
combination with chemotherapy, radiotherapy, or novel agents®?%3*, Table 1 shows
the different type of available drugs targeting metabolism, which can either inhibit
metabolic enzymes and transporters or work as analogs of metabolites at different steps
of metabolic reactions. However, the clinical implementation of metabolic inhibitors is
limited by their high toxicity rates.3*® For instance, the development of promising
OXPHOS inhibitors which target mitochondrial protein complex 1 (PC1) such as IACS-
010 has been discontinued after phase I trials due to neurotoxicity®’. Nevertheless,

other drugs such as CB-839, a glutamine metabolism inhibitor, are under investigation
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in multiple clinical trials with high efficacy and tolerable toxicity (NCT02071862,
NCT02771626, NCT02861300), being a promising strategy especially in combination
with other agents 3.

Table 1. Summary of preclinical inhibitors or clinical therapeutic drugs and their mechanisms of action

in cancer cell metabolism.

Metabolic target Type of inhibitor Drug Mechanism of action References
Glucose analogue 2-deoxy-D-glucose  Inhibits hexokinase activity 353
Glucose
i Glucose transporter
metabolism inhibitor P Ritonavir Inhibits glucose transporter GLUT4 352
Pyruvate transporter =~ CHC Inhibit MPC (pyruvate import to the mitochondria)
Pyruvate inhibitors UK-5099 359
metabolism Thiazolidinediones 360
LDHA inhibitor Oxamate Inhibits pyruvate conversion to lactate 354
Glutamine analogue DON Inhibits glutamine metabolism (low selectivity)
JHUO083 Pro-drug of DON 361
GLS inhibitors BPTES Inhibit glutaminolysis (conversion of glutamine to 362
Glutamine Compound 968 glutamate) 363
metabolism CB-839 358
Glutamine transporter GPNA Inhibits glutamine transporters SLC1A5/SLC7A5 364
inhibitors Sulfasalazine Inhibits cysteine-glutamine transporter SLC7A11 365
V-9302 Inhibits glutamine transporter SLC1A5 366
Fatty acid transporter ~Etomoxir Inhibit CPT1 (fatty acids import to the 367
Fatty acids inhibitors ST1326 mitochondria) 368
metabolism LPL inhibitor Orlistat Inhibits lipid synthesis/lipolysis -
PC1 inhibitors Metformin Inhibit protein complex I in the mitochondrial 352
IACS- 010759 electron transport chain 357
OXPHOS ASP4132 370
IM156 s

CHC, alpha-cyano-4-hydroxycinnamate; MPC, mitochondrial pyruvate carrier; LDHA, lactate dehydrogenase; DON,
6-Diazo-5-oxo-L-norleucine; BPTES, Bis-2- (5-phenylacetamido -1,3,4-thiadiazol-2-yl) ethyl sulfide; GLS, glutaminase; GPNA,
L-y-glutamyl-p-nitroanilide; CPT, carnitine palmitoyl transferase; LPL, lipoprotein lipase; PC1, protein complex I.

3.3. Metabolic changes in hematological malignancies: CLL

Though metabolism of solid tumors has been extensively investigated for
decades, few studies have explored the metabolic changes that occur in hematological
neoplasms **. Hematological cells are reported to show metabolic dysregulation too,
although the metabolic processes seem to differ to some extent from those of solid
tumors and are not well characterized yet. Several hematological cancers such as acute
myeloid leukemia, B-cell lymphomas or multiple myeloma have an aberrant increase
of glycolysis and OXHPOS for enhanced proliferation and survival®**. Moreover, recent
studies have demonstrated that fatty acid oxidation and biosynthesis are key processes

in their metabolism 333 334372,
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In CLL, the cellular metabolism remains largely unknown. Warburg effect is not
the predominant process in CLL cells, although it can be stimulated upon Notch-c-Myc
activation®”®. In contrast, a significantly increased OXPHOS has been described in
CLL when compared to normal B cells’* "%, Some studies identified an aberrant
expression of the lipoprotein lipase (LPL) in IGHV-UM CLL, which metabolizes
triacylglycerol into fatty acids, and an upregulation of the carnitine palmitoyl
transferases CPT1 and CPT2, suggesting a preference for fatty acid metabolism as
a source of energy for cell survival®’* ">, Regarding other metabolic pathways, recurrent
cytogenetic alterations such as 11q deletion have been related to an altered
glutamine metabolism, which has been identified as a target of ibrutinib treatment
376, TME plays an important role in CLL proliferation centers and affects CLL
OXPHOS®*”. In addition, stromal cells metabolize cystine into cysteine, which is
secreted to the extracellular medium and incorporated into CLL cells for glutathione
synthesis, enhancing cell survival®’®. A recent study demonstrated that CD40 and BCR
stimulation by TME engaged glucose and glutamine metabolism, as well as TCA cycle

activity and OXPHOS in CLL?",

Additionally, some studies have suggested that certain CLL therapies may
induce metabolic alterations. Venetoclax-resistance can be accompanied by
increased OXPHOS, and several metabolic changes may take place in the CLL lymph
node after venetoclax or ibrutinib treatment?*! 3¢°, Furthermore, novel strategies based
on the combination of venetoclax or ibrutinib with metabolic inhibitors have been

proposed as an alternative therapy to manage CLL and overcome drug resistance®"

379

As shown in previous sections, CLL exhibits multiple genetic alterations, and
some of them may have an impact on metabolism, such as 7P53 deficiency, del(11q) or
MYC dysregulation3 372 376. 381, 382 Eyrthermore, some of the newly identified CLL
drivers are likely to induce metabolic changes by affecting different oncogenic
pathways®'. Nonetheless, despite the recent advances, CLL metabolism is still poorly
understood. Thus, the investigation of the metabolic alterations as well as their clinical
and biological implications would be of great interest, improving the knowledge of CLL

pathogenesis and enabling the identification of novel therapeutic vulnerabilities.
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4. CYTOGENOMIC AND HIGH-THROUGHPUT TECHNIQUES FOR
THE STUDY OF CLL

4.1. Cytogenomic techniques

The introduction of conventional cytogenetics (CC) in the late 1970s has
been one of the most important innovations in cytogenetics, allowing the
identification of chromosomal abnormalities by an overview of the genomic
architecture of condensed chromosomes (karyotype)®®. This technique is based on
chromosomal banding staining of cells in metaphase. CLL cells have a low mitotic
rate and mitogens for cell division induction are required, being the most
commonly used nowadays the CpG-oligonucleotide and IL-2'*°. Despite CLL cell
stimulation, the difficulty of achieving suitable metaphases and the low resolution
(10Mb) still limited the implementation of this technique for the routinely analysis
of CLL genetic alterations. Nevertheless, according to ERIC recommendations, CC
still remains the gold standard methodology, as it is capable of providing an
overview of the clonal landscape and intraclonal hierarchy, and identifies structural
and numerical aberrations and hence, the presence of complex karyotype, which

has been demonstrated to show a relevant clinical significance in the last years'! %

243, 383

In the late 1990s, fluorescence in situ hybridization (FISH) allowed to
identify CLL cytogenetic abnormalities not only in metaphase but also in interphase
nuclei, overcoming the main CC limitation and with a higher resolution (100Kb)
and sensitivity (alterations detected down to 5% of cells)*®. FISH probes are
complementary to a specific region of the genome, labeled with a fluorescent
reporter. Different types of probes can be used for the assessment of structural and
numeric alterations of a gene or chromosomal region (locus-specific probe),
chromosomal rearrangements (break-apart probe: one of the rearranged genes is
unknown; dual-fusion probe: both genes are known) or chromosomal gain or losses

(centromeric probes).
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FISH studies demonstrated that chromosomal abnormalities were more
frequent than previously reported in CLL*. Nowadays, FISH analyses enable
patients classification into different risk subgroups according to the presence of
cytogenetic alterations (del(13q), del(11q), del(17) and +12) by the assessment of
the classical 4-probe CLL panel*®. In addition to the clinical applications, the high
sensitivity, specificity and rapid turnover of FISH make this technique a useful tool
for different research applications such as gene mapping, the study of 3D
chromosome organization in interphase nuclei or the identification of translocation

breakpoints.3*

In addition to these techniques, higher-resolution methodologies such as
genomic arrays, optical genome mapping (OGM) and next-generation sequencing
(NGS) allow not only the assessment of numerical and structural genomic
variations, but also the identification of copy number alterations (CNAs) of specific
genes involved in the genomic alterations®! !4 149385 Hence, they are becoming
useful tools for achieving a more comprehensive genome characterization of CLL

patients.
4.2. Next-generation sequencing

Next-generation sequencing (NGS) approaches have revolutionized the
comprehension of the genomic landscape of CLL 2°5, Whole-genome and whole-
exome sequencing (WGS, WES) studies provided valuable genetic information from
coding and non-coding regions, revealing novel candidate CLL drivers and
recurrent CNAs™ 78 8! In parallel, next-generation RNA sequencing (RNAseq) has
also contributed to CLL molecular characterization, identifying transcriptionally
dysregulated pathways in this disease’” "® 8!, Despite the panoramic genetic view
provided by these studies, high costs and time-consuming bioinformatic analyses
and interpretation of the results hinder the implementation of these approaches in

daily routine.

Targeted NGS approaches allow for the evaluation of the mutational status
and/or CNAs of chosen genes or regions of interest in a more cost-effective manner
and with a great depth of coverage that increase technical sensitivity*®. Indeed,

several CLL studies have used custom-designed gene panels for the identification
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of mutations, with lower limits of detection than WES or WGS studies*®*’. Two main
forms of targeted NGS have been described: amplicon or capture-based
approaches. Amplicon-based enrichment is the most widely used in CLL studies
and utilizes designed primers to amplify the regions of interest*®®. By contrast, in
capture-based approaches, the regions of interest are enriched by the
hybridization of sequences attached to biotinylated probes®®. Amplicon-based
enrichment is a cheaper option and requires less amount of starting material,
whereas hybrid-capture presents other advantages, such as less production of PCR
duplicates and higher specificity in regions of repeated sequences, difficult to
amplify®®, In sum, captured-based targeted NGS is more accurate and provides a
more uniform target selection, making the amplicon-based approach more
desirable on small scale and under cost or sample availability constraints. Detailed
procedures regarding library preparation, data analyses and variant interpretation
of capture-based NGS are described in the methods section and supplementary
appendixes of Chapters 2 and 3. It should be noted that, despite the advantages of
targeted NGS approaches for research and their utility to detect clonal and
subclonal mutations, MRD or Ig rearrangements in CLL% 3!!.389.3% standardization
of protocols and pipeline bioinformatic analyses is still needed in order to

implement this technology in clinical practice.
4.3. Genome-editing CRISPR/Cas9 technology

In vitro and in vivo models that mimic the genetic alterations observed in
patients have been traditionally used to study the individually functional or
biological implications of the large number of alterations described in cancer.
Regarding in vitro settings, limited CLL lines with different genetic alterations are
currently available, highlighting MEC1 cell line harboring del(17p), HG3 with
del(13qg) and PGA1 cell line with trisomy 12 and del(13q)**'.

Notably, these models have experienced a huge development in the last few
years, mainly due to the implementation of the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/Cas9 system (Figure 9). This
technology makes it possible to reproduce loss-of-function mutations, which results

in a complete gene inactivation, and also to introduce specific DNA substitutions
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or a short DNA sequence in the genome, resulting in a gain-of-function
phenotype*®? (Figure 9). In addition to the rapid and precise engineering of these
alterations, CRISPR/Cas9 system versatility offers almost unlimited options for
genome editing, from triggering chromosomal deletions to targeting multiple genes

in large-scale genome screens? 3%,

DNA repair mechanisms
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Figure 9. CRISPR/Cas9-genome editing system. The nuclease Cas9 cleavage in the
recognition site protospacer adjacent motif (PAM) sequence, adjacent to the region of interest, by
complementary binding of a single-guide RNA molecule (sgRNA). Cas9 induces a double-strand
break (DSB) within nucleotides 17-18 of the target sequence, which can be repaired by non-
homologous end joining (NHEJ) repair mechanism of the cell, inducing indels that result in loss-
of-function mutations, or homologous recombination (HR) repair, which in the presence of a donor
template introduce precise DNA modifications (adapted from Montario et al. 2018)**.

In CLL, several studies have mimicked CLL driver mutations such as
NOTCH1, TP53, FBXW?7, RPS15, ATM or BIRC3 in in vitro and in vivo models by
applying CRISPR/Cas9-editing technology, to delve into their biological
functions?66: 267. 294, 300, 395397 Thygs, this approach has significantly expanded the
possibilities for the study of CLL pathogenesis by modeling cancer biology in
cellular and animal models, being an extremely useful tool to discover novel
functions of the edited targets, and to identify new therapeutic vulnerabilities and

resistances.
4.4. Extracellular flux analysis

Increased glycolysis and OXPHOS are the main metabolic processes used by

cancer cells for ATP production, which allows them to develop and maintain a
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proliferating phenotype®®. The extracellular flux analysis by applying Seahorse Real-
Time Cell Metabolic methodology has been pivotal to characterize cancer metabolism,
as it measures OXPHOS and glycolysis by monitoring the cellular oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR)3*% 3%  OCR
corresponds to the aerobic component and ECAR to the glycolytic one, as the latter is

an indicator of lactate production3®,
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Figure 10. Extracellular flux analysis using Seahorse technology. A) Representation of OCR
measurement expressed by pg per protein in mito stress test. Indices of basal respiration, ATP
production, proton leak, maximal respiration, respiratory reserve and non-mitochondrial
respiration, are assessed by a sequential application of FCCP and the OXPHOS inhibitors
oligomycin and the combination of rotenone and antimycin (R+A). B) ECAR measurement
expressed by pg per protein in gluco stress test carried out by a sequential application of glucose
(glu), oligomycin and 2-deoxyglucose (2-DG) to assess glycolysis, glycolytic capacity and glycolytic
reserve. C) Inhibition of protein complexes in the electron transport chain (ETC) in the
mitochondrial membrane by rotenone (Complex I), antimycin A (Complex III) and oligomycin
(Complex V), which block electron transportation at different points during extracellular flux
analysis. FCCP dissipates H+ gradient mimicking ATP synthase (Complex V) maximal activity.
(adapted from Yang et al. 2017 and Underwood et al 2020)>%° 4°°,

The respiratory and glycolytic activity can be determined by measuring the time

course of OCR and ECAR upon dissecting different components of the electron
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transport chain (ETC) with metabolic inhibitors or substrates (Figure 10)*. Two stress
tests have been developed: the mitochondrial stress test (Mito stress test) and the
glycolytic stress test (Gluco stress test), which measure mitochondrial respiration
and glycolysis respectively, through different indices (Figure 10)*®. In addition to OCR
and ECAR measurement, seahorse technology assesses the activity of components of
the ETC and the associated supercomplexes, using different metabolic substrates or

inhibitors in permeabilized cells 3% **°(Figure 10).

This approach has been extensively applied for metabolic characterization of
different types of cancer®! “2. In CLL, contemporary studies to this thesis have
identified metabolic changes in the lymph node and treatment-associated metabolic
alterations by using the seahorse technique3*! 3" %03, Moreover, OCR and ECAR
measurement in response to CLL drugs or metabolic inhibitors could provide valuable
information to depict CLL metabolic specificities for mitochondrial respiration, and to

identify new metabolic vulnerabilities.

4.5. Metabolomic liquid chromatography coupled to mass

spectrometry

Multiple approaches have been developed to study metabolism in cancer
cells?*4%  Liquid chromatography coupled to mass spectrometry (LC-MS)
constitutes a powerful technology for metabolite profiling of biological samples**.
This approach can assess the presence and abundance of hydrophilic metabolites,
which account for most metabolites involved in cancer metabolism. Metabolite
extraction methods have been optimized for each biological sample (culture media,

cells, tissue, urine or serum)*.,

Liquid chromatography (LC) enables the separation of hydrophilic
metabolites, which permits quantitative and qualitative metabolite detection by
mass spectrometry (MS) (Figure 11). Two main types of LC can be used:
hydrophilic interaction liquid chromatography and ion-pairing reagent
application*?. Once the metabolites have been eluted and ionized, they can be
distinguished by a targeted analysis (triple-quadrupole) or by a high-resolution MS
non-targeted analysis (Q-TOF or Q-orbitrap (exactive)), based on the molecular

mass of the metabolite to charge ratio (m/z). Finally, the relation between the
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retention time (RT) from chromatographic separation and metabolite MS specificity
determines the metabolite identity*’* (Figure 11). It is important to highlight that
this technique exclusively uncovers the analysis of hydrophilic metabolites, and
there is a lack of analytic platforms that provides coverage for the whole spectrum
of metabolites. Concretely, in hematological malignancies, lipids are essential
macromolecules for cellular architecture and metabolism and tumor development,
and their study needs to be addressed through specific MS-based lipidomics

techniques*®”- 4%,
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Figure 11. Schematic representation of chromatography coupled to mass spectrometry (LC-
MS) methodology for metabolite profiling. Liquid chromatography (LC): during hydrophilic
interaction liquid chromatography (HILIC), water-soluble metabolites interact with the hydrophilic

stationary phase, whereas ion-pairing reagent application (with both hydrophilic and hydrophobic
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residues in the same molecule) is based on the interaction of metabolites with the hydrophobic
stationary phase. Consecutively, metabolites are eluted from the column through a mobile phase
gradient. Mass spectrometry (MS): electrospray ionization (ESI) is applied for ionizing metabolites
in the liquid mobile phase and metabolites are charged by the high voltage of the probe to enter
the MS compartment. Metabolite ID: metabolites can be distinguished by a targeted analysis
(triple-quadrupole) or by a high-resolution MS non-targeted analysis (Q-TOF or Q-orbitrap
(exactive)), according to the molecular mass of the metabolite to charge ratio (m/z). Metabolite
identity will be determined by the relation between the retention time (RT) from chromatographic
separation and metabolite MS specificity. TCA: tricarboxylic acid, SGOC: serine, glycine, and one
carbon, Q-TOF: quadrupole-time of flight, CAN: acetonitrile; MeOH: methanol (adapted from Kang
et al. 2018)".

All in all, LC-MS-based approaches have been crucial for relevant advances
in the comprehension of cancer metabolism*’® 4%, Several metabolomic studies
have been performed in CLL, and they have revealed new roles of TME in
metabolic reprogramming, as well as metabolic preferences of CLL cells and
potential biomarkers for CLL treatment indication3’” 37 4% However, many
questions about CLL metabolism are still unresolved, and further multi-omics
studies by integrating genomic and metabolomic approaches could help to
elucidate whether and how the wide range of CLL drivers may be underlying

metabolic changes in the CLL cell.
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Chronic lymphocytic leukemia (CLL) displays a heterogeneous clinical and
biological behavior. In the last decade, the explosion of high-throughput molecular
techniques has significantly improved the comprehension of the pathogenesis of
the disease, offering new perspectives that may finally translate into the assessment
of new prognostic biomarkers and novel therapeutic strategies for a better

management of patients.

Chromosomal abnormalities are a hallmark of CLL and each cytogenetic
alteration associates with a different outcome, which enables to stratify patients in
risk subgroups. For the last decades, the most recurrent cytogenetic alterations
have been routinely assessed by the classical 4-probe CLL FISH panel. With regard
to the less frequent chromosomal abnormalities that are not included in the
standard FISH analysis, 6q21 deletion, 14q32 deletions or 14q32 translocations
have been suggested to impact prognosis, although there is still some controversy
among studies. Furthermore, the prevalence of these alterations is probably
underestimated, which makes it difficult to establish their real incidence and hence,

their prognostic significance.

The widespread next-generation sequencing (NGS) techniques have allowed
the identification of a plethora of genetic alterations, including mutations and copy
number alterations (CNAs), in a large number of CLL drivers, demonstrating a lack
of a disease-specific genetic aberration. Several efforts have been made to obtain
a comprehensive characterization of the molecular landscape of CLL, by
integrating chromosomal and mutational information. These approaches have
revealed that certain genetic mutations have a clinical impact, which may
contribute to better refine CLL prognosis, especially within the cytogenetic-risk
stratification model. Although the vast majority are coding mutations, some studies
demonstrated that non-coding mutations may also affect the pathobiology and
clinic of the disease, such as the 3’'UTR NOTCH 1 mutations. It should be noted that
just a few genetic mutations have been investigated as potential prognostic

markers, and the clinical impact of several alterations remains to be determined.

Additionally, NGS approaches permitted to further investigate CLL

pathogenesis, identifying patterns of co-occurrence between chromosomal
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alterations and somatic mutations that may drive CLL progression. A common
pathogenic mechanism related to these concurrent events is the biallelic
inactivation of genes encompassed within the altered chromosome by the presence
of mutations in the remaining allele, such as ATM in del(11q) or TP53 in del(17p).
Regarding 6q and 14q deletions and translocations, inactivation of certain
suppressor genes by haploinsufficiency has been suggested, but it has not been
further confirmed. TRAF3, a tumor suppressor located in 14q32, appears to be
inactivated by a double-hit alteration (deletion and mutation) in other B-cell
malignancies such as multiple myeloma (MM) or Non-Hodgkin lymphoma (NHL).
However, despite the identification of 14q deletions in CLL, the incidence and
association of TRAF3 mutations with this alteration, as well as its biological role,
are mostly unknown, probably due to their low incidence and limited evaluation at

both biological and clinical levels.

In the last few years, to overcome the sample availability constraints and the
difficulty of manipulating CLL cells ex vivo, CRISPR/Cas9-edited in vitro and in vivo
models have become a useful tool for evaluating the biological implications of CLL
alterations. Moreover, recent advances in the study of cellular metabolism in
cancer have demonstrated that hematological malignancies may alter their
metabolic specificities to sustain a proliferating phenotype, and concretely,
metabolic alterations have been identified in CLL, mainly after therapy
refractoriness. Nevertheless, despite these advances, whether and how metabolic
changes may be influenced by the wide range of CLL drivers or how they could
affect CLL pathogenesis and disease progression is largely unexplored. Thus, the
study of metabolism could contribute to improve the knowledge of CLL molecular

pathomechanisms and to identify new therapeutic vulnerabilities and resistances.

Altogether, | believe it is essential a further expansion of the molecular
characterization of CLL, considering rare chromosomal abnormalities, CNAs, as
well as coding and non-coding mutations, and also to assess unexploited biological
implications of candidate CLL drivers in the disease. Taken this into consideration,
the integration of genome-editing, genomic and metabolomic approaches would be
of great utility to address these questions and to better understand the role of rare

genetic alterations in CLL pathogenesis, progression, and therapy response.
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GENERAL AIM

To characterize the prognostic impact and the molecular profile of CLL patients

with rare cytogenetic alterations involving chromosome regions 6q and 14q32, as

well as to evaluate the clinical and biological implications of the candidate CLL

gene drivers more frequently altered within these subgroups through the

combination of high-throughput sequencing, genome-editing and metabolic

approaches.

SPECIFIC AIMS

1.

To evaluate the prognostic significance and clinical implications of 6q deletion,
del(6q), 14q32/IGH translocations (IGHR) and 14q32/IGH deletions in CLL

outcome.

. To characterize the mutational profile of CLL patients carrying del(6q), focusing on

those with del(6q) as the sole abnormality, and its implication in refining CLL

patients’ prognosis.

. To analyze the mutational pattern of CLL patients with IGHR and to evaluate the

prognostic impact of the mutations identified within this subgroup.

To determine the molecular characteristics of CLL patients showing IGH deletion,
and the incidence and clinical significance of biallelic TRAF3 inactivation in this

subgroup of patients.

. To elucidate the biological consequences of biallelic TRAF3 inactivation in NF-«kB

signaling and cellular metabolism through CRISPR/Cas9-edited cellular models that

mimic TRAF3 mutations observed in CLL patients.

To assess the impact of TRAF3 inactivation on treatment response to CLL drugs and

novel combinations of metabolic inhibitors in cellular models and primary CLL cells.
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ABSTRACT
Objectives: Deletion of the short arm of chromosome 6,

del(6q), is a rare cytogenetic alteration that appears in ~5%
of patients with chronic lymphocytic leukemia (CLL). Alt-
hough del(6q) has been traditionally related to an intermedi-
ate outcome, the molecular mechanisms underlying patho-
genesis and its impact in prognosis are still not well charac-
terized. For that, we aimed to assess for the first time the
mutational profile of del(6q) CLL patients and evaluate the
clinical implications of this alteration.

Patients and Methods: Patients’ samples and clinical data
were collected from 3 different institutions in a multicenter
study. A targeted next-generation sequencing (NGS) ap-
proach using a custom-designed panel of 54 CLL-related
genes was applied for the mutational analysis of 39 patients
with del(6q). Within this cohort, 15 patients showed del(6q)
as the sole cytogenetic abnormality.

*Correspondence: anerv@hotmail.com.

Results: CLL patients with del(6q) as the sole abnormality
had shorter time to first treatment (TFT) (median 0 months
vs. 36 months, p=0.0013) and a distinct mutational profile,
with a significantly high mutational frequency of RPSIS5
(40%), associated with a shorter TFT (5 vs. 13 months,
p=0.027). Furthermore, our results revealed that 7P53 muta-
tions were more frequent in CLLs carrying del(6q) in addi-
tion to other cytogenetic alterations (38%), showing more
genomic instability and shorter overall survival (median 31
months vs. median not reached, p=0.046).

Conclusion: Mutational and clinical analyses showed that
CLL patients displaying del(6q) as the only cytogenetic ab-
normality had a distinct mutational profile with a high fre-
quency of RPS15 mutations that may be driving pathogene-
sis and the adverse outcome.

1 INTRODUCTION

Chronic lymphocytic leukemia is a clinically heterogene-
ous disease, with survival times ranging from months to
decades, reflecting a great biological diversity (1). FISH-

© Universidad de Salamanca 2023
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based classification has been used to identify chromosomal
abnormalities commonly associated with CLL, including
del(17)(p13), del(13)(ql4), del(11)(q22), and trisomy 12
(2). Other less-common cytogenetic aberrations have also
been noted, including del(6q)in 3—7% of cases (2-4) mostly
as a secondary chromosome anomaly or in the context of
complex karyotypes (5).

The prognostic significance of del(6q) remains controver-
sial, likely due to its uncommon occurrence compared to the
four others more routinely-noted FISH defects. Several
studies have suggested an association of del(6q) with inferi-

or outcomes, allocating these CLL cases in an intermediate-
risk category (6, 7), although other studies have shown no
difference in outcomes (4, 8). Cytogenetic analysis recur-
rently detected del(6q) in other B cell malignancies and sol-
id tumors (9-13). The recurrence of a 6q deletion in cancer
strongly suggests that this region contains unidentified tu-
mor-suppressor gene(s) and therefore it deserves further
investigation for its role in the malignant process (5, 14, 15).

Next-generation sequencing (NGS) studies have provided
a better knowledge of the genetic complexity and heteroge-
neity of CLL, and new insights into the molecular landscape

Table 1. Karyotype and FISH information of 39 chronic lymphocytic leukemia patients with del(6q). % Indicates the proportion of cells
that were positive for the FISH probe (cut-off for clonal abnormality: 6q->9%, 11q-, +12, 13q- and 17p->10%).

1D Karyotype

6q- by FISH 11qg- by FISH +12 by FISH 13q- by FISH 17p- by FISH

(% of cells) (% of cells) (% of cells) (% ofcells) (% of cells)
P1 46,XX,del(6q)[6]/46,XX,sl del(11q)[4]/46,XX[7] 0 28 0 0 2
P2 47 XX,1{2;7)(p12;p21)+5+del(6){q21),del(9)(q21),add(11){q24,)[2] /46 XX [18] 0 0 0 0 0
P3 47,XY,+21[4]/46 XY,del (6)(q22q25)[2]/46,XY[7] 0 0 0 0 0
P4 46,XX,del(6)(q21),add(7)(p21),del(11){q13),del{13){q14q21}[2]/46,XX [18] 9 61 0 82 0
P5 46,XX,der(6)t(6;13)(q21;q14)+del(6)(q21),+8,-13,-15,-17,+mar [15] 0 0 0 80 87
P6 46,Xx,del(6)(q21)[2]/46,XX[18] 90 0 0 0 0
P7 82-90,XXXX,del(6){q21),add(11)(q21)x2[10]/46,XX[5] 0 21 45 0 0
P8 46,XY,del(6)(q21q26)[2]/46,XY,sl,del (13){q14),add(11)(q24),add(14)(q32)[7]/46,XY[6] 0 0 0 90 0
P9 46,XX,del(6)(q16q26),add(10)(q26)[7]/46,XX[13] 0 0 0 0 0
P10 46,XX,del(6)(q16g26)[10]/46,XX[10] 0 0 0 0 0
P11 46,%X,del(6)(q21)[2]/46,%X[9] 11 0 0 0 0
P12 47,XY +12[8]/47,5l,del(6)(q21)[2]/46,XV[6] 0 0 0 0 0
P13 46,XY,del(6)(q21),add(9)(p13),add(17)(q13)[15]/46,X¥[13] 0 0 0 7 68
P14 46,XY,del(6)(q21)[10] 0 0 0 0 0
P15 46,XY,del(11)(q21)[4]/46,X¥ del(6)(q21)[2] 0 40 0 0 15
P16 46,XX,del(6)(q16q26)[10]/46,XX[10] 0 0 0 0 0
P17 47,X¥,+12[2]/47,XY,sl,dup(1){q24q42),del(6)(q22q26),del(11)(q13q24)[7] 0 0 69 0 17
P21 46,XY,del(6){q21)[4]/46,X¥[12] 0 0 0 0 0
p22 46,XY,del(6){q23)[6]/46,X¥[14] 0 0 0 0 0
P23 46,XY,del(6){q21)[6]/46,X¥[14] 0 0 0 0 0
44,XY,-5,del(6)(g11),-8,der(10)t(10;721){g22;7g21),del(11)(q11)},del(13){q14),
P24 del(14)(g24)+der(14)t(5;14)(q21;q32),add(17)(p11),-21[13]/46,X¥[5] 0 0 0 72.5 96
P25 46,XX,del(13)(q22q31[5]/46,5,del(6)(22)[2]/46XX[20] 0 0 0 0 0
47,XY,add(1)(p36),der(2)t(2;?)(p23;7),del(3)(p21),del(6)(q23),+12,del(13)(q12q14),
P26 del(14)(q24),der(17)t(17;?){q25;?)[16]/46,XY[4] 0 0 68 23 0
P27 46,XX,del(6)(q21),del(11){q13),del(13){q14q22)[11]/46,XX[9] 0 86.5 0 26 0
P28 46,XX,del(13)(q14q22),del(17)(p12) [6]/46,51 XX,del(6)(q21)[6]/46,XX[8] 0 0 0 27 27
P29 46,%Y,del(6)(q21),del{13)(q12q14)[3]/46,XY,sl,add(10)(q26)[4]/46,XY[13] 0 0 0 30 0
P18 46,XX,del(6)(q13q25)[13]/46,XY[7] 0 0 0 0 0
P19 46,XY,del(6)(q21q25)[3]/46,51,del(9)(p22p24)[11]/46,XY[6] 0 0 0 15 0
P20 46,XX,del(6)(q13q21)[12]/46,XX[8] 0 0 0 0 0
P30 46,XY,del(6)(q21q25)[13]/46,XY[7] 0 0 0 0 0
46,X¥,del(6)(q13g21)[2]/46,sl,del(11)(q13q23)[7]/46,5d1,del{11){q21q23)[5]/
P31 45,%Y,dup(2)(p13p25),der(17)t(17;19)(p13;p12),-19[cp4]/46,X¥[2] 0 20.5 0 0 16
P32 45 ,X¥,add(5)(q31),der(6;17)(q10;q10)[12]/46,XX[8] 0 0 0 0 84
P33 46,XY,del(6)(q21q25)[5]/46,51,1(3;17)(p21;q25),del(19)(p13)[2]/46,X¥[13] 0 0 0 0 0
P34 46,XX,del(6)(q15q25)[12]/46,XX[3] 0 0 0 0 0
P35 46,XY,del(6)(q13q27)[14]/46,XY[6] 0 0 0 0 0
P36 46,XY,del(6)(q13q15)[8]/46,XY[6] 0 0 0 0 0
P37 45,XY,del(6)(q23),-18[20] 0 0 0 0 0
P38 46,XY, del(6)(g271g274), add(14)(q32)[3]/44 X,-Y,i(6)(p10),-17[1]/45,X,-Y[6]/46,X¥[10] 0 0 0 0 0
P39 46,XX,del(6)(q21q26)[19]/46,XX[1] 0 0 0 0 0

60



of CLL have been achieved.(16-18). In addition to the well-
documented 7P53 aberrations, recurrent somatic mutations
have been discovered within genes involved in key cellular
processes (e.g., NOTCH signaling, RNA splicing, nuclear
factor kB signaling). Such mutations tend to be enriched in
high-risk CLL patients and have been associated with infe-
rior outcome and even chemo-refractory disease (19-22).

However, del(6q) CLL patients remain poorly character-
ized at the molecular level, partly due to the low incidence
of cases, inclusion of both previously untreated and treated
CLL patients, the co-occurrence with other cytogenetic al-
terations, and lack of adequate accounting of other con-
founding factors. In our study, we comprehensively charac-
terize for the first time the genetic landscape of CLL with
del(6q) identified by karyotyping, since we believe that a
mutational screening by NGS could allow for a refinement
of our capability to predict overall survival (OS) and time to
first treatment (TFT) in these patients, as well as provide
novel insights into del(6q) CLL pathobiology.

2 PATIENTS AND METHODS
2.1 Patients

Patients’ samples and clinical data were collected from 3
different institutions: Brigham and Women's Hospital (MA,
USA), Hospital of Ferrara (Italy) and University Hospital of
Salamanca (Spain) in the time-frame between 1997 and
2018, diagnosed according to the International Workshop on
CLL (iwCLL) criteria (23). The study was based on 39 CLL
patients carrying del(6q) and 315 as the control group. Pa-
tients included in the control group were representative of
the disease in terms of clinical and biological characteristics
and CLL-IPI scores, as shown in a previous study (24).

The study was approved by the local ethical committees.
Written informed consent was obtained from all participants
before they entered the study.

2.2 Conventional cytogenetics and fluorescence in situ
hybridization (FISH)

Conventional cytogenetics were performed to assess the
presence of 6q deletion (del(6q)) in a total of 39 samples, 28
of them analyzed before therapy. Median time from diagno-
sis to karyotyping was 2 years (range: 0-11). Interphase
FISH was performed on peripheral blood or bone marrow
samples using the 4-probe CLL panel (ATM, CEP12,
D13S319, and TP53, Vysis, Abbott Laboratories, IL, USA),
and the 6921 probe (CytoTest) was used to validate the
presence of the deletion when it appeared in <2 metaphases.
The methods used for FISH analysis have been described

elsewhere (25). Signal screening was carried out in at least
200 cells with well-delineated fluorescent spots.

2.3  Next-generation sequencing (NGS)

Mutational analysis by next generation sequencing (NGS)
was performed in the same sample as the karyotype and the
FISH. Genomic DNA was extracted from mononucleated
cells isolated from peripheral blood. The Agilent SureSe-
lectQXT Target Enrichment system for Illumina Multi-
plexed Sequencing (Agilent Technologies, Santa Clara, CA,
USA) was used to produce custom-designed libraries of
exonic regions from 54 CLL-related candidate driver genes.
Paired-end sequencing (151-bp reads) was run on the Illu-
mina NextSeq instrument (Illumina, San Diego,CA, USA).
Data analysis was performed using a previously validated
in-house pipeline (26-28)(Supplementary Methods).

2.4  Statistical analysis

Statistical analyses were performed using IBM SPSS
v23.0 for Windows (IBM Corp., Armonk, NY, USA) and R
v4.0.2. Mann—Whitney U test was used for assessing statis-
tical associations considering continuous variables, while
the chi-square and Fisher's exact tests were used to deter-
mine associations between categorical variables and patterns
of mutual co-occurrence or exclusivity. Overall survival
(OS) and time to first treatment (TFT) were calculated from
the date FISH test was performed to the date of death, first
treatment, or last follow-up (considering disease-unrelated
deaths as competing events). Statistically significant varia-
bles related to OS and TFT were estimated by the Kaplan—
Meier method, using the log-rank test to compare the curves
of each group. Results were considered statistically signifi-
cant for values of p<0.05.

3 RESULTS

3.1 Cytogenetic characteristics of del(6q) patients

Thirty-nine patients had a 6q deletion (del(6q)-CLLs)
identified by karyotyping. Within this subgroup, 15 out of
39 del(6q)-CLLs (38%) had del(6q) as the sole abnormality
(69- only). In the remaining 24, del(6q) co-occurred with
other cytogenetic alterations (6q-/+others) assessed by kary-
otyping and/or FISH, being the most common the presence
of 13q deletion (13g-) in 23% of cases (9/39), 17p deletion
(17p-) in 20.5% (8/39), 11q deletion (11g-) in 18% (7/39)
and trisomy 12 (+12) in 7.7% (3/39). Notably, 15 of them
showed complex karyotype (=3 abnormalities) (Table 1). In
16 out of 24 6q-/+others cases, del(6q) was a primary cyto-
genetic aberration, being present in the major clone with
abnormal karyotype.

61



Pérez Carretero et al.

A)
Del(6q)
001

g 0.75

E Del(6q) (N=28)

o

5 i - No del(6q) (N=317)
]

e

(]

E

E

p =0:0012
0.00
0 50 100 150 200
Number at risk
Del(6g)

No dei(6q) 2

100 150 200

Time (months)

B)
Del(6q) only

2ol
g Del(6q) only (N=12)
E -+ No del(6q) only (N=317)
z 0
= 0.25

‘ p=0.0013

Number at risk

Def(6q)
anly

No deif6g) 1 ]
only o = =

100 150 200

Time (months)

Figure 1. Clinical impact of del(6q) on CLL. Kaplan Meier analyses of time to first treatment according to A) the presence of 6q dele-
tion (del(6q)) and B) the presence of del(6q) as the sole abnormality (del(6q) only).

3.2  Del(6q) patients show an intermediate-adverse
clinical outcome

The whole series of 39 patients with del(6q) showed more
adverse risk markers including unmutated /GHV (75.8% vs
45.7%, p=0.003), CD38 positivity (51.7% vs 28.3%,
p=0.017), and ZAP70 positivity (63.3% vs 15.9%, p>0.001)
(Suppl. Table S1). The median follow-up of del(6q) pa-
tients was 6.1 years. Del(6q) was detected at or near diagno-
sis in 24/39 cases (cut-off: 2 years from diagnosis), while
15/39 showed the deletion later in the disease course. A total
of 11 patients received treatment before sampling date, and
82% were treated during follow-up. The presence of del(6q)
was associated with shorter time to first treatment (TFT)
when compared to the control group (N=317) (median: 6 vs
36 months, p=0.0012) (Figure 1A), independently of the
presence of additional cytogenetic abnormalities. In addi-
tion, the TFT from the karyotyping date of patients with
del(6q) as the sole abnormality was shorter than in the con-
trol group (0 vs 36, p=0.0013) (Figure 1B). However, no
statistically significant differences were noted in overall
survival (64 vs 144, p=0.319) (data not shown).

3.3 Patients with del(6q) as the sole abnormality dis-
play a distinct mutational pattern

According to the mutational analyses, 92% of del(6q)
CLLs exhibited at least one mutation in one of the 54 genes
analyzed, and the most frequently mutated genes were 7P53
(28%), RPSI5 (26%), NFKBIE (15%) and ATM (15%)
(Figure 2A). Interestingly, in patients with del(6q) as a pri-
mary event (n=31), the most recurrent mutated genes were
RPS15 (25.8%), TP53 (25.8%) and NOTCH]I (19.3%).

Notably, the mutational landscape varies depending on the
presence of additional cytogenetic alterations (Figure 2B).
Patients with del(6q) as the sole abnormality (6q- only),
exhibited higher mutational frequencies in RPS15 (6/15,
40%), XPOI and ATM (3/15, 20% each). Regarding RPS15,
most mutations were missense and located in hotspot co-
dons in exon 4 (Suppl. Figure S1A). RPS/5-mutated pa-
tients presented other genetic mutations such as NOTCHI,
NFKBIE, TP53, ATM and XPOI (Figure 2A), although the
analysis of patterns of co-occurrence showed that certain
combinations of gene mutations are significantly rare events
within this cohort, highlighting the presence of simultaneous
RPS15 and TP53 mutations (p<0.001) (Suppl. Figure S1B).
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Figure 2. Mutational landscape of CLLs with del(6q). (A) Waterfall plot of genetic landscape of 39 patients grouped according to the
presence of del(6q) as the sole abnormality (del(6q) only) or combination with other cytogenetic alterations (del(6q) other). Mutations
are shown in red and FISH alterations in green. Karyotype, treatment and IGHV status information are shown below the mutational
heatmap. CK: complex karyotype. B) Mutational frequencies of del(6q) CLLs according to the presence of del(6q) as the sole abnormali-

ty or in combination with other cytogenetic alterations.

In patients with del(6q) and additional cytogenetic altera-
tions (6q-/+others), the most frequently mutated gene was
TP53 (9/24, 38%), followed by NOTCHI (5/24, 21%) and
NFKBIE (4/24, 17%)(Figure 2B). Within this subgroup,
TP53-mutated 6q-/+others patients also showed mutations
in other genes: BIRC3, NOTCHI, RPS15 and DDX3X (2/11
each) and, as expected, 5/11 exhibited del(17p) and complex
karyotype (Figure 2A). Interestingly, 7P53 and ATM muta-
tions were mutually exclusive events in this study (p<0.001)
(Suppl. Figure S1B).

3.4 The presence of RPS15 and TP53 mutations could
be associated with a dismal prognosis in CLL pa-

tients displaying del(6q)

Given the high incidence of RPS/5 and TP53 mutations
within this cohort, we next assessed their clinical impact.
Strikingly, only RPS15 mutations contributed to a worse
outcome in del(6q) subgroup in terms of TFT (5 vs. 13
months, p=0.027) (Figure 3A) (Suppl. Figure S2). Con-
versely, the presence of 7P53 mutations was associated with
a significant shorter OS in this subgroup of patients (31
months vs. median not reached, p=0.046) (Figure 3B),
while RPS15 mutations did not impact OS (p=0.12) (Suppl.
Figure S3).

It is noteworthy to mention that while most RPS/5 muta-
tions (8/10) were detected in untreated patients, and located
in different codons, two of them were detected at relapse in
2 patients in the same codon (S139, NM_001018), after
anti-CD20 (P7) and chemotherapeutic (P39) regimens. In-
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terestingly, the patient treated with anti-CD20 (P7) exhibit-
ed the del(6q) as the sole cytogenetic abnormality, and both
of them (P7, P39) were refractory to ibrutinib (Suppl. Fig-
ure S4).

4 DISCUSSION

Detection of genetic changes has remarkably improved
the risk stratification of CLL. Nevertheless, the prognostic
significance and molecular underpinnings of 6q deletion in
CLL remain unclear. Despite its low incidence, we evaluate
a large cohort of del(6q) CLL patients, combining cytoge-
netic and mutational analysis.

Previous studies suggested that del(6q) is acquired late in
the disease, as a secondary abnormality(5). However, our
work showed that this alteration may occur as the first and
only cytogenetic alteration (Table 1). Besides, our results
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demonstrated a strong association between del(6q) and bad
prognosis markers, as well as a short time to first treatment,
which is consistent with previously reported data (Suppl.
Table S1 and Figure 1)(4, 6). Although some works at-
tributed the adverse outcome of del(6q) CLLs to concomi-
tant high-risk alterations (5, 7), here we proved that 6q dele-
tion as the single cytogenetic abnormality contributed to a
worse prognosis, showing that the intermediate-adverse
outcome is not just due to genomic instability or the accu-
mulation of different genetic alterations (4, 7, 8).

The major finding of our study was the presence of a sig-
nificant association between del(6q) and genetic mutations,
with a distinct mutational profile depending on whether the
del(6q) appears as the sole abnormality or in combination
with other cytogenetic alterations (Figure 2). Surprisingly,
the most frequently mutated gene in del(6q) only CLL pa-
tients was RPSI15 (40%). In treatment-naive CLL patients,

B)
TP53 mutations
6g- & others
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Figure 3. Figure 3. Clinical impact of mutations on del(6q) patients. A) Incidence of RPS15 mutations in del(6q)-CLL and clinical
impact on time to first treatment. B) Incidence of 7P53 mutations in del(6q)-CLL and clinical impact on overall survival.
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RPS15 mutations are infrequent (~4%), but enriched at re-
lapse or in high-risk subgroups such as dell7p (~20%) (29-
31), which would be in line with the fact that these muta-
tions contributed to a worse outcome in del(6q) CLL pa-
tients (Figure 3). Although most RPS/5 mutations were
detected before treatment initiation in our cohort, two pa-
tients showed these alterations at relapse, and moreover,
those patients were refractory to the subsequent ibrutinib
administration. These findings may indicate that del(6q)
together with RPS/5 mutations are clonally selected after
treatment and may have a predictive significance for follow-
ing therapies, revealing a significant impact on the patho-
genesis and outcome of CLL.

On the other hand, del(6q) CLL patients with additional
cytogenetic aberrations had 7P53 as the most frequently
mutated gene. Despite the previously reported association
between RPSI5 and TP53 mutations (29, 30), they are not
significantly concurrent events within this subgroup (Suppl.
Figure S1B). RPS15 was more recurrently mutated in com-
bination with del(6q) only, while 7P53 mutations appeared
together with del(6)q more commonly in the context of
complex karyotype and with other alterations such as
del(17p), suggesting a higher genomic instability that might
be responsible for the poor outcome observed in this sub-
group. Altogether, these results could indicate the presence
of different driving forces of tumor development within
del(6q) CLL patients. To further confirm the pathogenic
impact and clonality of these alterations, it would be neces-
sary to perform further functional analysis in in vitro or in
vivo models harboring these concurrent alterations and vali-
date these results in larger del(6q) CLL cohorts by applying
single-cell sequencing approaches at different time points
during the disease course.

5 CONCLUSIONS

In summary, our work demonstrates the genetic complexi-
ty of patients carrying 6q deletion and their association with
mutations previously related to relapse (RPS15 and TP53),
highlighting the presence of higher mutational frequencies
of RPS15 in patients with del(6q) as the sole abnormality.
Moreover, the co-occurrence of these genetic alterations
with 6q deletion contributed to a worse clinical outcome and
disease progression, demonstrating the importance of as-
sessing their mutational status and considering all of them in
the CLL genetic context to improve treatment decision-
making.

CONFLICT OF INTEREST
The authors declare no competing financial interests.

AUTHOR CONTRIBUTIONS

CPC designed research, performed sample selection, carried out
NGS and statistical analyses and drafted the manuscript. TG per-
formed sample selection and FISH analyses. AVR performed data
analysis and interpretated the results. MQA and AR performed
NGS studies and data analysis and critically reviewed the manu-
script. INR, AR, JD, MJV, LG and IGGM provided patients’ clini-
cal data. JAHR, AD, MD, JA, GMR, AC and PDC provided pa-
tients” samples and clinical data and critically reviewed the manu-
script. RB designed sequencing studies and contributed to data
analysis. AERV performed data analysis and together with JMHR
conceived the study, designed and supervised the research, and
critically reviewed and approved the final version of the manu-
script. All authors discussed the results and revised the manuscript.
results.

FUNDING

This work was supported by grants from Instituto de Salud Car-
los III (ISCIII) &FEDER (P121/00983) (co-funded by the Europe-
an Union), Consejeria de Educacion-Junta de Castilla y Ledn
(SA118P20), Gerencia Regional de Salud-SACYL
(GRS2140/A/20, GRS2385/A/21), Fundaciéon Mutua Madrilefia
(FMM, AP176752021), Red Tematica de Investigacion Cooperati-
va en Cancer (RTICC) (RD12/0036/0069) and Centro de Investi-
gacion Biomédica en Red de (CIBERONC
CB16/12/00233).

CPC is supported by a research grant from FEHH (“Fundacion

Cancer

Espafiola de Hematologia y Hemoterapia”; Beca de Investigacion
FEHH 2022). AR is fully supported by an “Ayuda predoctoral de
la Junta de Castilla y Leon” by the Fondo Social Europeo Plus
(FSE+) (JCYL- EDU/1868/2022 PhD scholarship).

ACKNOWLEDGMENTS

We are grateful to I. Rodriguez, S. Gonzalez, M.A. Ramos, A.
Martin, A. Diaz, A. Simén, M. del Pozo, V. Gutiérrez and S. Pu-
jante from the Centro de Investigacion del Cancer, Salamanca, for
their technical assistance.

REFERENCES

1. Rodriguez-Vicente AE, Diaz MG, Hernandez-Rivas JM. Chronic lym-
phocytic leukemia: a clinical and molecular heterogenous disease. Can-
cer Genet. 2013;206(3):49-62.

2. Dohner H, Stilgenbauer S, Benner A, Leupolt E, Krober A, Bullinger L,
et al. Genomic aberrations and survival in chronic lymphocytic leuke-
mia. N Engl ] Med. 2000;343(26):1910-6.

3. Stilgenbauer S, Bullinger L, Benner A, Wildenberger K, Bentz M,
Dohner K, et al. Incidence and clinical significance of 6q deletions in B
cell chronic lymphocytic leukemia. Leukemia. 1999;13(9):1331-4.

4. Wang DM, Miao KR, Fan L, Qiu HR, Fang C, Zhu DX, et al. Interme-
diate prognosis of 6q deletion in chronic lymphocytic leukemia. Leuk
Lymphoma. 2011;52(2):230-7.

5. Finn WG, Kay NE, Kroft SH, Church S, Peterson LC. Secondary ab-
normalities of chromosome 6q in B-cell chronic lymphocytic leukemia:

65



Pérez Carretero et al.

a sequential study of karyotypic instability in 51 patients. Am J Hema-
tol. 1998;59(3):223-9.

6. Cuneo A, Rigolin GM, Bigoni R, De Angeli C, Veronese A, Cavazzini
F, et al. Chronic lymphocytic leukemia with 6q- shows distinct hemato-
logical features and intermediate prognosis. Leukemia. 2004;18(3):476-
83.

7. Audil HY, Hampel PJ, Van Dyke DL, Achenbach SJ, Rabe KG,
Smoley SA, et al. The prognostic significance of del6q23 in chronic
lymphocytic leukemia. Am J Hematol. 2021;96(6):E203-E6.

8. Jarosova M, Hruba M, Oltova A, Plevova K, Kruzova L, Kriegova E, et
al. Chromosome 6q deletion correlates with poor prognosis and low rel-
ative expression of FOXO3 in chronic lymphocytic leukemia patients.
Am J Hematol. 2017;92(10):E604-E7.

9. Merup M, Moreno TC, Heyman M, Ronnberg K, Grander D,
Detlofsson R, et al. 6q deletions in acute lymphoblastic leukemia and
non-Hodgkin's lymphomas. Blood. 1998;91(9):3397-400.

10. Thelander EF, Ichimura K, Corcoran M, Barbany G, Nordgren A,
Heyman M, et al. Characterization of 6q deletions in mature B cell
lymphomas and childhood acute lymphoblastic leukemia. Leuk Lym-
phoma. 2008;49(3):477-87.

11. Walker GJ, Palmer JM, Walters MK, Hayward NK. A genetic model of
melanoma tumorigenesis based on allelic losses. Genes Chromosomes
Cancer. 1995;12(2):134-41.

12. Noviello C, Courjal F, Theillet C. Loss of heterozygosity on the long
arm of chromosome 6 in breast cancer: possibly four regions of dele-
tion. Clin Cancer Res. 1996;2(9):1601-6.

13. Hyytinen ER, Saadut R, Chen C, Paull L, Koivisto PA, Vessella RL, et
al. Defining the region(s) of deletion at 6q16-q22 in human prostate
cancer. Genes Chromosomes Cancer. 2002;34(3):306-12.

14. Amiel A, Mulchanov I, Elis A, Gaber E, Manor Y, Fejgin M, et al.
Deletion of 6q27 in chronic lymphocytic leukemia and multiple mye-
loma detected by fluorescence in situ hybridization. Cancer Genet Cy-
togenet. 1999;112(1):53-6.

15. Juliusson G, Merup M. Cytogenetics in chronic lymphocytic leukemia.
Semin Oncol. 1998;25(1):19-26.

16. Landau DA, Tausch E, Taylor-Weiner AN, Stewart C, Reiter JG, Bahlo
J, et al. Mutations driving CLL and their evolution in progression and
relapse. Nature. 2015;526(7574):525-30.

17. Puente XS, Bea S, Valdes-Mas R, Villamor N, Gutierrez-Abril J, Mar-
tin-Subero JI, et al. Non-coding recurrent mutations in chronic lympho-
cytic leukaemia. Nature. 2015;526(7574):519-24.

18. Knisbacher BA, Lin Z, Hahn CK, Nadeu F, Duran-Ferrer M, Stevenson
KE, et al. Molecular map of chronic lymphocytic leukemia and its im-
pact on outcome. Nat Genet. 2022;54(11):1664-74.

19. Mansouri L, Sutton LA, Ljungstrom V, Bondza S, Arngarden L, Bhoi
S, et al. Functional loss of IkappaBepsilon leads to NF-kappaB deregu-
lation in aggressive chronic lymphocytic leukemia. J Exp Med.
2015;212(6):833-43.

20. Messina M, Del Giudice I, Khiabanian H, Rossi D, Chiaretti S, Rasi S,
et al. Genetic lesions associated with chronic lymphocytic leukemia
chemo-refractoriness. Blood. 2014;123(15):2378-88.

21.Rossi D, Fangazio M, Rasi S, Vaisitti T, Monti S, Cresta S, et al. Dis-
ruption of BIRC3 associates with fludarabine chemorefractoriness in
TP53  wild-type  chronic  lymphocytic  leukemia.  Blood.
2012;119(12):2854-62.

22.Mansouri L, Thorvaldsdottir B, Sutton LA, Karakatsoulis G, Meggen-
dorfer M, Parker H, et al. Different prognostic impact of recurrent gene
mutations in chronic lymphocytic leukemia depending on IGHV gene
somatic hypermutation status: a study by ERIC in HARMONY. Leu-
kemia. 2022.

23.Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G,
Dohner H, et al. iwCLL guidelines for diagnosis, indications for treat-
ment, response assessment, and supportive management of CLL. Blood.
2018;131(25):2745-60.

24. Pérez-Carretero C, Hernandez-Sanchez M, Gonzalez T, Quijada-Alamo
M, Martin-Izquierdo M, Santos-Minguez S, et al. TRAF3 alterations are
frequent in del-3'IGH chronic lymphocytic leukemia patients and define
a specific subgroup with adverse clinical features. Am J Hematol.
2022;97(7):903-14.

25. Gonzalez MB, Hernandez JM, Garcia JL, Lumbreras E, Castellanos M,
Fernandez-Calvo J, et al. The value of fluorescence in situ hybridization

for the detection of 11q in multiple myeloma. Haematologica.
2004;89(10):1213-8.

26. Quijada-Alamo M, Hernandez-Sanchez M, Alonso-Pérez V, Rodriguez-
Vicente AE, Garcia-Tufion I, Martin-Izquierdo M, et al. CRISPR/Cas9-
generated models uncover therapeutic vulnerabilities of del(11q) CLL
cells to dual BCR and PARP inhibition. Leukemia. 2020.

27. Quijada-Alamo M, Pérez-Carretero C, Hernandez-Sanchez M, Rodri-
guez-Vicente AE, Herrero AB, Hernandez-Sanchez JM, et al. Dissect-
ing the role of TP53 alterations in del(11q) chronic lymphocytic leuke-
mia. Clin Transl Med. 2021;11(2):e304.

28. Hernandez-Sanchez M, Rodriguez-Vicente AE, Gonzalez-Gascon Y
Marin I, Quijada-Alamo M, Hernandez-Sanchez JM, Martin-Izquierdo
M, et al. DNA damage response-related alterations define the genetic
background of patients with chronic lymphocytic leukemia and chro-
mosomal gains. Exp Hematol. 2019.

29. Ljungstrom V, Cortese D, Young E, Pandzic T, Mansouri L, Plevova K,
et al. Whole-exome sequencing in relapsing chronic lymphocytic leu-
kemia: clinical impact of recurrent RPSI5 mutations. Blood.
2016;127(8):1007-16.

30.Yu L, Kim HT, Kasar S, Benien P, Du W, Hoang K, et al. Survival of
Dell7p CLL Depends on Genomic Complexity and Somatic Mutation.
Clin Cancer Res. 2017;23(3):735-45.

31.Machnicki MM, Goérniak P, Pgpek M, Szymczyk A, Iskierka-
Jazdzewska E, Steckiewicz P, et al. Predictive significance of selected
gene mutations in relapsed and refractory chronic lymphocytic leuke-
mia patients treated with ibrutinib. European Journal of Haematology.
2021;106(3):320-6.

66



CHAPTER 2

Chronic lymphocytic leukemia patients with /GH translocations

are characterized by a distinct genetic landscape with prognostic

implications

Claudia Pérez-Carretero'?, Maria Hernandez-Sanchez'?3, Teresa Gonzalez'?, Miguel

Quijada-Alamo'?, Marta Martin-Izquierdo'?, Jesus-Maria Hernandez-Sanchez'?, Maria-

Jesus Vidal4, Alfonso Garcia de Coca®, Carlos Aguilar®, Manuel Vargas-Pabon’, Sara

Alonso®, Magdalena Sierra®, Araceli Rubio-Martinez!®, Julio Davila'!, José R. Diaz-

Valdés'?, José-Antonio Queizan'?, José-Angel Hernandez-Rivas!?, Rocio Benito'?, Ana

E. Rodriguez-Vicente'? and Jesus-Maria Hernandez-Rivas!?

N W=

Universidad de Salamanca, IBSAL, Centro de Investigacién del Cancer, IBMCC-CSIC, Salamanca, Spain.
Servicio de Hematologia, Hospital Universitario de Salamanca, Salamanca, Spain.

Department of Medical Oncology, Dana Farber Cancer Institute, Boston, Massachusetts, USA.

Servicio de Hematologia, Hospital Universitario, Le6n, Spain.

Servicio de Hematologia, Hospital Clinico, Valladolid, Spain.

Servicio de Hematologia, Complejo Hospitalario de Soria, Soria, Spain.

Servicio de Hematologia, Hospital Jarrio, Asturias, Spain.

Servicio de Hematologia, Hospital Universitario Central de Asturias, Oviedo, Spain.

Servicio de Hematologia, Hospital Virgen de la Concha, Zamora, Spain.

. Servicio de Hematologia, Hospital Miguel Servet, Zaragoza, Spain.

. Servicio de Hematologia, Hospital Nuestra Sefiora de Sonsoles, Avila, Spain.

. Servicio de Hematologia, Hospital General de Segovia, Segovia, Spain.

. Servicio de Hematologia. Hospital Universitario Infanta Leonor. Universidad Complutense. Madrid, Spain.

International Journal of Cancer. 2020 Nov 15;147(10):2780-2792. doi: 10.1002/1jc.33235

67



68



Received: 16 January 2020 Revised: 19 June 2020 Accepted: 7 July 2020
DOI: 10.1002/ijc.33235

CANCER GENETICS AND EPIGENETICS Ianainl ol of G

Chronic lymphocytic leukemia patients with IGH translocations
are characterized by a distinct genetic landscape with
prognostic implications

Claudia Pérez-Carretero®? | Maria Hernandez-Sanchez'?® | Teresa Gonzalez!? |
Miguel Quijada-Alamo®? | Marta Martin-lzquierdo™? |

Jestis-Maria Hernandez-Sanchez? | Maria-Jests Vidal® | Alfonso Garcia de Coca® |
Carlos Aguilar® | Manuel Vargas-Pabon’ | Sara Alonso® | Magdalena Sierra® |
Araceli Rubio-Martinez!® | Julio Davila'! | José R. Diaz-Valdés!? |

José-Antonio Queizan'?> | José-Angel Hernandez-Rivas'® | Rocio Benito'? |

Ana E. Rodriguez-Vicente!? | Jests-Maria Hernandez-Rivas'~

LUniversidad de Salamanca, IBSAL, Centro de Investigacion del Cancer, IBMCC-CSIC, Salamanca, Spain
2Servicio de Hematologia, Hospital Universitario de Salamanca, Salamanca, Spain
3Department of Medical Oncology, Dana Farber Cancer Institute, Boston, Massachusetts
“Servicio de Hematologia, Hospital Universitario, Ledn, Spain

5Servicio de Hematologia, Hospital Clinico, Valladolid, Spain

%Servicio de Hematologia, Complejo Hospitalario de Soria, Soria, Spain

7Servicio de Hematologia, Hospital Jarrio, Asturias, Spain

8Servicio de Hematologia, Hospital Universitario Central de Asturias, Oviedo, Spain
Servicio de Hematologia, Hospital Virgen de la Concha, Zamora, Spain

1%ervicio de Hematologia, Hospital Miguel Servet, Zaragoza, Spain

Uservicio de Hematologia, Hospital Nuestra Sefiora de Sonsoles, Avila, Spain

125ervicio de Hematologia, Hospital General de Segovia, Segovia, Spain

13Servicio de Hematologia, Hospital Universitario Infanta Leonor, Universidad Complutense, Madrid, Spain

Correspondence

Ana E. Rodriguez-Vicente, PhD, IBSAL, Abstract

IBMCC-Centro de Investigacion del Cancer Chromosome 14g32 rearrangements/translocations involving the immunoglobulin
(USAL-CSIC), Campus Miguel de Unamuno, . . . . .

37007 Salamanca, Spain. heavy chain (IGH) are rarely detected in chronic lymphocytic leukemia (CLL). The
Email: anaerv@hotmail.com prognostic significance of the IGH translocation is controversial and its mutational
Funding information profile remains unknown. Here, we present for the first time a comprehensive next-
Instituto de Salud Carlos IIl, Grant/Award generation sequencing (NGS) analysis of 46 CLL patients with IGH rearrangement
Numbers: PI15/01471, PI18/01500; Instituto L. . "
de Salud Carlos Ill/Fondo Social Europeo ‘El (IGHR-CLLs) and we demonstrate that IGHR-CLLs have a distinct mutational profile
Fondo Social Europeo invierte en tu futuro’, with recurrent mutations in NOTCH1, IGLL5, POT1, BCL2, FBXW7, ZMYM3, MGA,
Grant/Award Numbers: CD19/00222, FI119/ . . e e
00191; European Regional Development Fund; BRAF and HIST1H1E genes. Interestingly, BCL2 and FBXW7 mutations were signifi-
Spanish Fondo de Investigaciones Sanitarias; cantly associated with this subgroup and almost half of BCL2, IGLL5 and HISTH1E

Abbreviations: CLL, chronic lymphocytic leukemia; COSMIC, Catalogue of Somatic Mutations in Cancer; DLBCL, diffuse large B-cell lymphoma; FISH, fluorescence in situ hybridization; FL,
follicular lymphoma; ICGC, International Cancer Genome Consortium; IGH, immunoglobulin heavy chain; IGHR-CLLs, CLL patients with IGH rearrangements; IGHV, immunoglobulin heavy-chain
variable; NGS, next-generation sequencing; NHL, non-Hodgkin lymphoma; OS, overall survival; TFT, time to first treatment; VAF, variant allele frequency.

Ana E. Rodriguez-Vicente and Jesuis-Maria Hernandez-Rivas contributed equally to this study.

Int. J. Cancer. 2020;1-13. wileyonlinelibrary.com/journal/ijc © 2020 Union for International Cancer Control 1

69



2 @uvcc

PEREZ-CARRETERO ET AL.

International Journal of Cancer

Ayuda Predoctoral de la Junta de Castilla y
Ledn, Grant/Award Number: JCYL-
EDU/529/2017; Centro de Investigacion
Biomédica en Red de Cancer, Grant/Award
Number: CB16/12/00233; Red Tematica de
Investigacion Cooperativa en Cancer, Grant/
Award Number: RD12/0036/0069; Fundacién
Memoria Don Samuel Solérzano Barruso;
Fundacion Cientifica Asociaciéon Espafiola
Contra el Cancer; Fundacion Espafiola de
Hematologia y Hemoterapia/Janssen;
Proyectos de Investigacion del SACYL, Grant/
Award Numbers: GRS1653/A17, 1847/A/18;
Consejeria de Educacion, Junta de Castilla y
Ledn, Grant/Award Number: SA271P18

mutations reported were previously identified in non-Hodgkin lymphomas. Notably,
IGH/BCL2 rearrangements were associated with a lower mutation frequency and car-
ried BCL2 and IGLL5 mutations, while the other IGHR-CLLs had mutations in genes
related to poor prognosis (NOTCH1, SF3B1 and TP53) and shorter time to first treat-
ment (TFT). Moreover, IGHR-CLLs patients showed a shorter TFT than CLL patients
carrying 13g—, normal fluorescence in situ hybridization (FISH) and +12 CLL, being
this prognosis particularly poor when NOTCH1, SF3B1, TP53, BIRC3 and BRAF were
also mutated. The presence of these mutations not only was an independent risk fac-
tor within IGHR-CLLs, but also refined the prognosis of low-risk cytogenetic patients
(13g—/normal FISH). Hence, our study demonstrates that IGHR-CLLs have a distinct
mutational profile from the majority of CLLs and highlights the relevance of incorpo-
rating NGS and the status of IGH by FISH analysis to refine the risk-stratification CLL

model.

KEYWORDS

1 | INTRODUCTION

Chronic lymphocytic leukemia (CLL) is a disease that displays extreme
clinical heterogeneity, clearly reflecting the marked biological diversity,
which has led to the identification of a plethora of prognostic
markers.>™ Chromosomal abnormalities are the hallmark of the disease
and their correlation to the clinical course has contributed to patients
risk stratification since the 2000s.” In the last years, CLL molecular and
cellular biology has been enriched by seminal insights that have led to a
better understanding of CLL pathogenesis? and, consequently, to the
identification of molecular markers whose evaluation is well-established
in clinical routine, such as the immunoglobulin heavy-chain variable
(IGHV) mutational status or TP53 gene abnormalities. The integration of
these markers together with the new relevant genetic alterations
reported in next-generation sequencing (NGS) studies, specifically
those of NOTCH1, SF3B1 and BIRC3 genes, could be used to refine
Déhner hierarchical cytogenetic model.2¢12

Although more than 80% of CLL patients carry cytogenetic alter-
ations, chromosome 14q32 rearrangements/translocations involving
the immunoglobulin heavy chain (IGH) gene was considered a rare aber-
ration affecting fewer than 4% of CLL patients.>*® Nevertheless, with
the emergence of new molecular approaches and large-scale genomic
studies in CLL, a higher incidence of IGH rearrangements has been
reported in the recent years (5%-15%).141¢ This cytogenetic abnormal-
ity contributes to CLL pathogenesis by deregulating the IGH-partner

17,18

genes and their prognostic significance remains controversial. Pre-

vious studies have shown that patients carrying 14q32 rearrangements

19-21

(IGHR-CLLs) have an intermediate-adverse outcome, particularly

when compared to favorable and intermediate-risk cytogenetics.??23

However, some studies have reported that patients carrying 14q32

rearrangements with BCL2 have a better clinical course.?42>

chromosomal translocations, chronic lymphocytic leukemia, clinical molecular genetics,
cytogenetics, high-throughput sequencing, prognostic biomarkers

What's New?

The prognostic significance of the immunoglobulin heavy
chain (IGH) translocation in chronic lymphocytic leukemia
(CLL) is controversial and its mutational profile remains
unknown. Here, the authors assessed for the first time the
genetic landscape of CLL patients with IGH rearrangements
by targeted next-generation sequencing, characterising
recurrently-mutated genes with prognostic implications and
demonstrating that these entities exhibit an intermediate
mutational profile between CLL and non-Hodgkin lym-
phoma. Moreover, the findings showed that the incorpora-
tion of next-generation sequencing and the IGH-probe in
the CLL-fluorescence in situ hybridisation panel used in clini-
cal routine could be useful, especially for elucidating progno-
sis in normal FISH cases.

CLL patients with IGH rearrangements remain poorly character-
ized at the molecular level, partly due to the low incidence of cases,
the IGHR cooccurrence with other cytogenetic alterations, and the
difficulty of distinguishing between IGHR-CLLs and forms of non-
Hodgkin lymphoma (NHL).2® Furthermore, the IGH probe is not
included in the classic four-probe CLL FISH panel for the 13q14,
12p11.1-g11, 11922 and 17p13 regions used in routine clinical

practice,?

which is partially responsible for this subgroup passing
unnoticed. In our study, we characterize the genetic landscape of CLL
patients with 14g32/IGH translocations for the first time, demonstrat-

ing that IGHR-CLLs have a distinct mutational profile from other
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classic cytogenetic groups of CLLs, dependent on whether BCL2 is
involved or not in the IGH rearrangement, and as well as the presence
of certain mutations. Taken together, our results improve our under-
standing of the molecular underpinnings of this cytogenetic CLL sub-
group, allowing us to refine the prognosis of IGHR-CLL patients.

2 | METHODS

2.1 | Patients

The study was based on 862 CLL patients, diagnosed according to the
International Workshop on CLL criteria.?”?8 All of them were screened
for IGH translocation and positive cases for IGH rearrangement were
individually reviewed to rule out the possibility that they represented a
different lymphoproliferative disorder (see Supplementary Methods).
Samples and clinical data were collected from 16 Spanish institutions.

Mutational analysis was performed in 233 untreated CLL patients:
46 with 14932/IGH rearrangements and 187 as the control group.
Patients in the control group were selected according to sample and clin-
ical data availability and absence of treatment and were representative
of the disease in terms of demographic and clinical characteristics
(Supplementary Table S1). Patients risk classification criteria is described
in Supplementary Methods and a diagram of the patients included in the
different outcome analyses is shown in Supplementary Figure S1.

In the IGHR-CLL group, the median time between diagnosis and
IGH rearrangement detection was 1 month (range: 0-117 months), and
the median follow-up was 57 months (range: 1-157 months). Within
IGHR-CLLs, 31/46 (67.4%) received treatment after FISH test, with a
median time to first treatment (TFT) of 19 months (range: 7-30). Most
of them (93.5%) received conventional chemoimmunotherapy and two
patients were treated with ibrutinib.

The study was approved by the local ethical committee (Comité
Etico de Investigacion Clinica, Hospital Universitario de Salamanca).
Written informed consent was obtained from all participants before
they entered the study.

2.2 | Fluorescence in situ hybridization (FISH)

Interphase FISH was performed on peripheral blood or bone marrow
samples using the following commercially probes: ATM, CEP12,
D135319 and TP53 (Vysis, Abbott Laboratories, IL). Dual color break-
apart FISH probes were performed for IGH/BCL2 and IGH/BCLé trans-
locations. The methods used for FISH analysis have been described
elsewhere.?? Signal screening was carried out in at least 200 cells with
well-delineated fluorescent spots. In all cases, a score of 210% was
considered positive, based on the cutoff value used by our laboratory.

2.3 | Next-generation sequencing

NGS studies were performed in 233 cases and in the same sample as
the FISH test. Genomic DNA was isolated from peripheral blood or

bone marrow by magnetically activated cell sorting CD19+ B-lympho-
cytes. B-cell purity was greater than 98% by flow cytometry, as previ-
ously described in our group.3° The Agilent SureSelect®T Target
Enrichment system for lllumina Multiplexed Sequencing (Agilent Tech-
nologies, Santa Clara, CA) was used to produce libraries of exonic
regions from 54 genes CLL-related as well as from BCL2, IGLL5 and
NOTCH1 UTR regions (Supplementary Methods). Genes included in

the custom-designed panel312

are involved in CLL pathogenesis and
the UTR regions were considered due to the previous identification of
IGLL5, BCL2 and NOTCH1 UTRs somatic mutations in CLL83334
(Supplementary Table S2). Paired-end sequencing (151-bp reads) was

run on the lllumina NextSeq instrument (lllumina, San Diego, CA).

2.4 | Data analysis

Raw data quality control was performed with FastQC (v0.11.8) and
Picard tools (v2.2.4) to collect sequencing metrics. Demultiplexed files
(FASTQ) were aligned to the reference genome (GRCh37/hgl9
genome), read duplicates were marked with SAMTools (v1.3.1) and
postalignment was performed with Genome Analysis Toolkit (v3.5).
Coverage for each region was assessed using BEDTools (v.2.26.0). A
minimum quality score of Q30 was required for ensuring high-quality
sequencing results. Finally, somatic variant calling, and annotation
were performed using an in-house pipeline, based on VarScan (v2.4)
and ANNOVAR (v.2017Jul16), respectively.

Median coverage of target regions was 600 reads/base, with at
least 100X in 97% of them. To validate variants detected with variant
allele frequency (VAF) <5% using the custom panel, samples were
conducted to resequencing using different amplicon-based
approaches (lllumina Nextera XT/454 Roche®®) with read depth above
1000X, allowing to report variants down to 2% (Supplementary
Methods).

Data were then filtered according to the severity of the conse-
guence, considering variants that lead to an amino acid change in the
protein sequence (missense, nonsense, frameshift) and those in the
splice site and UTRs. To discard single nucleotide polymorphisms
(SNPs), minor allelic frequencies (MAFs) were consulted in several
databases (dbSNP, 1000 genomes, Exome Aggregation Consortium
and our in-house database) and only variants with a MAF of <0.01
were selected for further analysis. In addition, variants with a VAF
between 40% and 60% or greater than 90% were manually reviewed
prioritizing variants described in in silico tools (Polymorphism
Phenotyping v2 [PolyPhen-2], Sorting Intolerant From Tolerant [SIFT]
and ClinVar)
pathogenic.

as deleterious, damaging, pathogenic or likely

Aligned reads were manually reviewed with the Integrative Geno-
mics Viewer to confirm and interpret variant calls and reduce the risk
of false positives. Variants described in the Catalogue of Somatic
Mutations in Cancer database (COSMIC82 database) or mutations in
driver genes previously described in seminal papers were rescued for
the analysis (CLL and NHL).”#333537 Manually screening in VarSome
and International Cancer Genome Consortium (ICGC) Databases was

performed for assessing the functional impact of mutations.
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2.5 | Statistical analysis

Statistical analyses were performed using IBM SPSS v23.0 for Win-
dows (IBM Corp., Armonk, NY) and SDM-PSI v6.21 software for the
false discovery rate (FDR) correction in multiple comparisons. Contin-
uous variables were analyzed with the Mann-Whitney U test, while
the chi-square and Fisher's exact tests were used to assess associa-
tions between categorical variables. Overall survival (OS) and TFT
were calculated from the date FISH test was performed to the date of
deatbh, first treatment or last follow-up (considering disease-unrelated
deaths as competing events). Statistically significant variables related
to OS and TFT were estimated by the Kaplan-Meier method, using
the log-rank test to compare the curves of each group. Univariate and
multivariate analyses of the OS and TFT employed the Cox regression
method. Results were considered statistically significant for values of
P < .05. FDR was used to correct P-values for multiple hypotheses
testing when appropriate, by applying the Benjamini and Hochberg
method.3® Adjusted P-values (Q-values) were considered significant
when Q < .1.

3 | RESULTS

3.1 | CLL patients with IGH translocations have a
distinct mutational profile with high mutation
frequencies in NOTCH1, BCL2, FBXW7, ZMYM3

and MGA

NGS analysis of the 233 CLL patients revealed that 75% of cases had
at least one mutation in any of the 54 genes included in the targeted-
NGS approach, and the median frequency of mutations per patient
was 2 (range: 0-7). The most frequently mutated genes were NOTCH1
(19.3%), IGLL5 (15%), SF3B1 (10.7%), TP53 (10%), ATM (9%), POT1
(8.5%), RPS15 (6.9%), CHD2 (6%), NFKBIE (5.1%), BIRC3 (5.1%) and
XPO1 (4.3%).

Regarding the 46 IGHR-CLLs, we identified a total of 109 muta-
tions located in 35 genes. The median frequency of mutations per
patient was 2 (range: 0-6), and 82% of patients (38/46) harbored at
least one mutation. Moreover, 61% of patients (28/46) presented
more than one mutated gene. The most frequently mutated genes in
this cohort were NOTCH1 (30.4%), IGLL5 (17.4%), SF3B1 (13%), POT1
(13%), TP53, BCL2, FBXW7, ZMYM3 and MGA (8.7% each) followed by
BRAF, EGR2 and RPS15 (6.5% each) (Figure 1A; Supplementary
Table S3). Other genes such as ATM (4.3%) or CHD2 and MYD88
(2.2% each) were mutated at low frequencies.

The comparison between the mutational profiles of IGHRs-CLLs
and the control group showed higher mutation frequencies in
NOTCH1, BCL2, FBXW7, ZMYM3 and MGA within IGHR-CLLs, espe-
cially those of BCL2 and FBXW?7 (Q = .048, Q = .06, respectively) (Fig-
ure 1A; Supplementary Table S3).

Furthermore, 61% of IGHR-CLLs (28/46) carried additional FISH
alterations (Figure 1B). Their mutational profile was analyzed with
respect to the presence of IGHR together with 13q, 11q, 17p deletion

or trisomy 12, and only TP53 mutations were significantly associated
with 17p or 11q deletion in IGHR-CLLs (Q = .048). We observed that
the mutational profile of patients with IGHR as a sole aberration
(18/46) was similar to that of the entire IGHR-CLL cohort: NOTCH1
(33.3%), IGLL5 (27.8%), SF3B1 (16.7%), BCL2, ZMYM3, MGA and
FUBP1 (11.1% each) followed by FBXW?7 and BRAF (5.6% each). All
mutation frequencies are shown in Supplementary Table S4.

Interestingly, we reported a higher incidence of IGLL5, BCL2 and
HIST1H1E mutations in this subgroup compared to the described in
previous large-scale CLL studies”*® (Figure 1B). IGHR-CLL patients
showed IGLL5 mutations targeting the signal peptide domain (4/10)
and the 5'UTR region (3/10), BCL2 mutations affecting the 5'UTR
region (2/6) and the exon 2 (4/6), and HIST1H1E mutations located in
the exon 1 (Figure 2). According to the ICGC Database, most of the
coding mutations in IGLL5 (6/7), BCL2 (3/4) and HIST1H1E (1/2) iden-
tified in our study had functional impact in the gene function
(Table 1). In addition, 6 out of 17 mutations detected in the aforemen-
tioned three genes were previously described in NHL (as reported in
the COSMIC and ICGC database and whole-exome and whole-
genome data from NHL patients3°-37:3%:40),

Moreover, five of the mutations reported in IGLL5 and BCL2 were
located in the 5'UTR of the gene. Specifically, the novel BCL2 recur-
rent mutation identified in the 5’UTR region (genomic position
chr18:60985900) was exclusively found in IGHR-CLLs when com-
pared to the control group (P = .048) (Supplementary Figure S2).

Detailed lists of the mutations detected in the IGHR-CLLs and the
control group are shown in Supplementary Tables S5-S7.

3.2 | CLL patients with IGH/BCL2 exhibit a lower
mutation frequency and a different mutational profile
than patients with other IGH translocations

We next sought to assess whether the mutational landscape changes
depend on the IGH translocation partner, for example, BCL2 and
BCL6. In our study, 13/46 patients (28%) carried IGH/BCL2 transloca-
tion (Figure 1B) and 2/46 (4.3%) IGH/BCL6
rearrangement (ID 8 and 20). Due to the small number of BCLé

harbored an

rearrangements, we performed further analysis comparing IGH/BCL2
vs the rest of IGHR cases.

In the IGHR patients, fewer CLLs with IGH/BCL2 translocation
had mutations in at least one gene compared to the subgroup with
other IGH translocations (7/13, 54% vs 31/33, 94%; P = .001). The
median mutation frequency per patient was significantly lower in the
group with IGH/BCL2 compared to that without it (1 vs 2, P = .030).

The most frequently mutated genes in the IGH/BCL2 group
were BCL2 (23%), IGLL5 (23%), HISTIH1E (15%) and NOTCH1
(15%), whereas for all other IGHR-CLLs, the most frequently
mutated genes were NOTCH1 (36%), SF3B1 (18%), POT1 (18%),
TP53 (12%), and FBXW?7 (12%) (Supplementary Figure S3A). It is
worth mentioning that neither TP53 nor SF3B1 mutations, widely
associated with poor prognosis, were detected in CLL patients with
an IGH/BCL2 translocation, reflecting a different mutational profile
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Mutational profile of CLL patients with IGH rearrangements. A, Mutational frequencies and associations in the CLL cohort

according to the presence of IGH rearrangements. Significant p/g-values are annotated with asterisks (N = 233). B, Each column represents a
patient; each row corresponds to a genomic alteration. Patients are clustered according to the IGHR (IGH/BCL2 translocation is indicated in light
blue; other IGH translocations are shown in dark blue). Missense, frameshift, nonsense, splicing and UTR mutations are reported in red, green,
yellow, pink and brown, respectively. The presence of a cytogenetic alteration is shown in gray and the IGHV unmutated status is represented in

purple (N = 46) [Color figure can be viewed at wileyonlinelibrary.com]

from all other IGHR-CLLs. The mutational analysis of nine IGH/
BCL2 cases previously reported in a WES/WGS study of CLL® also
showed the presence of mutations in BCL2, and NOTCH1, and the
absence of poor-prognosis genes such as TP53 or SF3B1
(Supplementary Figure S3B). However, no statistically significant
associations were detected in our analysis, probably due to the
small number of cases (Supplementary Table S8).

In IGH/BCL2 cases that also harbored BCL2 mutations, we
observed that 60% to 87% of the cells carried the rearrangement,
while BCL2 mutations VAFs range from 11% to 40%, suggesting that

somatic mutations occurred later in time than the rearrangement
(Table 1).

3.3 | Patients carrying IGH translocations exhibit
an intermediate-adverse outcome

We also analyzed the clinical and biological characteristics of IGHR-
CLLs within the entire cohort (N = 862) (Table 2). Patients carrying
this cytogenetic alteration showed a higher incidence of poor
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with red lines; mutations reported in the COSMIC database in CLL are indicated with blue lines; all other mutations are shown in black. Aa,

aminoacid [Color figure can be viewed at wileyonlinelibrary.com]

prognosis markers such as Binet stage B or C (Q = .039), high
B2-microglobulin (Q = .0007) and lactate dehydrogenase levels
(Q = .054), unmutated IGHV) (Q = .054) and need for treatment
(Q = .007). In addition, two IGHR-CLLs developed Richter syndrome
during follow-up (patient IDs: 18 and 35). Regarding the presence of
additional cytogenetic alterations, 34.8% of IGHR-CLL patients
(16/46) carried trisomy 12, showing significant co-occurrence of the
two events (trisomy 12 and IGHR) (Q = .0007). By contrast, the pres-
ence of the 13q deletion in IGHR-CLLs was significantly less frequent
than in CLLs without IGH rearrangements (Q = .0014) (Table 2).
Within IGHR-CLLs, 31/46 (67.4%) received treatment after FISH
test, with a median TFT of 19 months (95% confidence interval [CI]:
7-30 months). Patients with an IGH translocation showed shorter TFT
than the 13g— and normal FISH subgroups (median: 19 vs 120 and
184 months; P < .0001, P < .0001), and longer TFT than the 11g— and
17p— subgroups (19 vs 5, 6 months; P = .042, P = .31). The median

TFT of the +12 subgroup was slightly higher than that of IGHR-CLLs
(28 vs 19 months; P = .37). In terms of OS, we observed similar trends
(Supplementary Figure S4A). Differences in outcome among the cyto-
genetic subgroups were consistent with the prevalence of unfavorable
clinical and biological features in IGHR-CLLs, suggesting that this sub-
group exhibits an intermediate-adverse prognosis. In addition, the
clinical comparison between IGHR-CLLs and control CLLs selected for
the mutational analysis (N = 233) showed quite similar results to the
presented in this section, also demonstrating that control group was
representative of the entire cohort (Supplementary Table S1; Supple-
mentary Figure S4B).

In our entire cohort (N = 862), 31% of patients showed no alter-
ations using 13914/D13S319, 12p11.1-q11/CEP12, 11g22/ATM,
17p13/P53 probes. However, it is worth mentioning that 6.7% of
patients who would be classified as normal FISH in our cohort using

the four-probe CLL FISH panel customarily used in routine clinical
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practice, actually carried an IGH rearrangement. The presence of this
cytogenetic alteration had a negative effect on the TFT within this
group of patients: CLL patients with IGHR as the sole FISH abnormal-
ity had a significantly shorter TFT than those without any FISH aber-
ration (23 vs 120 month, P = .01) (Figure 3A).

The presence of the IGH/BCL2 translocation was associated with
mutated IGHV (P = .001), and patients with this alteration showed a
longer TFT than those with another IGHR (56 vs 4 months, P = .05).
By contrast, the presence of IGH/BCL2 rearrangement was not associ-
ated to any additional cytogenetic alteration (13g—, Q = .822; +12,
Q =.822; 11g—/17p—, Q = .822) and there was no significant differ-
ence in terms of OS between patients with IGH/BCL2 and patients
with other IGH rearrangements (P = .433) (Supplementary Figure S5).

3.4 | Genetic mutations refine the prognosis
of IGHR and low-risk cytogenetic CLL patients

IGHR-CLL untreated patients with at least one mutated gene showed
a shorter TFT than IGHR-CLLs without gene mutations (10 months vs
median TFT not reached, P = .026) (Figure 3B). These differences
were more significant among recurrent gene mutations previously
associated with worse prognosis (NOTCH1, SF3B1, TP53, BIRC3 and

BRAF) (2 vs 88 months, P < .0001) (Figure 3C). Specifically, TFT was
shorter in IGHR patients with TP53 mutations (0 vs 23 months,
P < .0001) as well as with BRAF mutations (2 vs 23 months, P = .042)
(Supplementary Figure S6). In contrast, the presence of IGLL5 or BCL2
mutations showed a better impact in terms of TFT, as IGHR-CLL
patients with mutated IGLL5 or BCL2 showed a longer TFT than those
without mutations in any of these genes (median TFT not reached vs
9 months, P = .001) (Figure 3D).

In the univariate analysis, other variables associated with a
shorter TFT were Binet's stage B/C (P = .001), splenomegaly (P =
.025), unmutated IGHV status (P = .013), TP53 disruption/mutation
(P = .003) and the absence of IGLL5/BCL2 mutations (P = .008). Only
the presence of mutations in NOTCH1, SF3B1, TP53, BIRC3 and BRAF
was significantly related to a shorter TFT within IGHR-CLL patients in
the multivariate analysis (HR = 0.255, 95% Cl = 0.07-0.9, P = .030)
(Table 3).

Since the presence of mutations in these five genes has a prog-
nostic impact within IGHR-CLL patients as well as in the control group
(median TFT not reached vs 12 months, P < .0001) (Supplementary
Figure S7), we propose an integrated mutational and cytogenetic
model to account for our observations in the studied cohort (187 con-
trol and 46 IGHR-CLLs). Low-risk patients in our control series (13q
—/normal FISH, N = 134) segregated into two groups according to the

TABLE 2 Clinical and biological characteristics of CLL patients depending on the presence of IGH rearrangements (N = 862)

Characteristic IGH-translocation (N = 46) no IGH-translocation (N = 816) P Q
Median age at diagnosis, years (range) 69 (43-89) 66 (25-97) 112° 542
Gender male, % 63 63.8 .698°¢ .814
Median time from diagnosis to FISH, months (range) 1(0-117) 1(0-253) .568° .808
Binet B or C, % 38.6 222 .014°¢ .039
Median WBC? count, -10%/L (range) 17.6 (2.3-196) 17.8 (2.4-964) 721 841
Median lymphocytes count, -10/L (range) 11.6 (0.6-186) 12.2 (0.8-960) .874° 874
Median platelet count, -10%/L (range) 172 (55-295) 187 (2-587) 456° .808
Median hemoglobin level, g/dL (range) 14.1 (6.6-16.5) 14.2 (4.4-18.9) 577° .808
High p2-microglobulin level, % 67.4 36.3 <.0001°¢ .0007
High lactate dehydrogenase level, % 27.3 15.7 .027¢ .054
Hepatomegaly, % 7.1 6.9 .824¢ .852
Splenomegaly, % 15.9 16.8 .852°¢ .852
B symptoms, % 111 7.9 .595¢ 757
Richter transformation 4.3 1.7 .148°¢ 259
IGHV-unmutated, % 60.6 44.9 .025°¢ .054
13q deletion, % 26.1 431 .0003° .0014
trisomy 12, % 34.8 14.5 <.0001° .0007
11q deletion, % 4.3 10.9 426° 596
17p deletion, % 6.5 4.3 .334¢ .520
Need for treatment, % 67.4 440 .002° .007
Median follow-up, months (range) 57 (1-157) 133 (106-159) .155° .543

Note: Significant values are shown in bold.
#White blood cells.

PMann-Whitney U test.

x? test.
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presence of mutations in NOTCH1, SF3B1, TP53, BIRC3 and BRAF
(median TFT not reached vs 24 months, P < .0001) (Figure 3E). These
mutations also contributed to a worse outcome in intermediate-risk
patients (IGHR /+12, N = 72) (56 vs 2 months, P < .0001). However,
the small number of cases with these mutations was insufficient to
demonstrate a statistically significant difference in clinical impact in
27) (4 vs

the high-risk cytogenetics subgroup (11g—/17p—, N

0 months, P =.580). The median TFT of those intermediate-risk
patients with mutations was similar to that of patients with high-risk
cytogenetic alterations (2 vs 5 months; P = .548), and the TFT of low-
risk patients with mutations was not significantly different from that
of intermediate-risk patients without mutations in any of the five
genes (24 vs 56, P = .210). Therefore, by including NOTCH1, SF3B1,
TP53, BIRC3 and BRAF mutations in the cytogenetic model,
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TABLE 3 Univariate and multivariate analysis for time to first treatment (TFT) in IGHR-CLL patients (N = 46)

Univariate Multivariate
95% CI 95% ClI

HR Lower Upper P HR Lower Upper P
Male gender 0.675 0.33 1.37 276
Binet B/C 0.257 0.12 0.56 .001 0.558 0.22 1.43 221
CD38 positivity 0.810 0.36 1.82 614
IGHV-unmutated 0.325 0.13 0.79 .013 0.566 0.20 1.64 .29
LDH high 0.726 0.32 1.66 448
$2M high 0.558 0.25 1.27 163
Hepatomegaly 0.340 0.10 1.16 .085
Splenomegaly 0.368 0.15 0.88 .025 0.403 0.14 1.19 .099
B symptoms 0.483 0.18 1.27 141
11q deletion 0.421 0.09 1.82 246
IGH/BCL2 translocation absence 0.443 0.18 1.09 .076
IGLL5/BCL2 mutations absence 0.139 0.03 0.60 .008 0.821 0.14 476 .828
TP53 disruption/mutation 0.143 0.04 0.51 .003 0.304 0.07 1.28 .105
BRAF mutations 0.325 0.09 1.13 .076
NOTCH1/SF3B1/TP53/BIRC3/BRAF mutations 0.204 0.08 0.47 .0002 0.255 0.07 0.88 .030
Presence of mutation 0.238 0.05 10.0 .051

Note: Significant values are shown in bold.

Abbreviations: $2M, p2-microglobulin level; LDH, lactate dehydrogenase level.

approximately 27.6% (37/134) of low-risk patients were reclassified
into an intermediate-risk subgroup, and 51% (35/72) of intermediate-
risk patients were reclassified into a high-risk subgroup (Figure 3E).

4 | DISCUSSION

The identification of novel recurrent mutations in CLL has provided a
more comprehensive perspective on the genomic landscape and the
biological mechanisms underlying the clinical heterogeneity of the dis-
ease.>*7® Previous studies have shown that CLLs carrying IGH
rearrangement could have a worse outcome than low-risk cytogenetic
CLL patients.???® However, their clinical course and molecular charac-
teristics are not well defined.!?"2* Here, we adopted a targeted NGS
approach to assess for the first time the mutational profile of
46 IGHR-CLL patients.

Overall, the mutational analysis revealed that IGHR-CLL patients
had a high incidence of mutations, not only in well-known CLL drivers
such as NOTCH1, SF3B1, POT1, TP53 and FBXW?7—previously
described in unselected large CLL cohorts—but also in less commonly
mutated genes such as BCL2, FBXW7, ZMYM3 and MGA,”®%® being
BCL2 and FBXW?7 significantly associated with the IGH translocation
(Figure 1A). Although we observed the cooccurrence between IGHR
and trisomy 12 previously described, we demonstrated that IGHR-
CLLs mutational profile did not depend on the presence of additional
cytogenetic aberrations: CLLs with only IGHR also exhibited a high
mutation frequency in genes well-known associated with trisomy

12 such as NOTCH1,2 as well as in the majority of recurrently mutated
genes in the entire IGHR-CLL cohort (Figure 1B).

Strikingly, several IGHR-CLLs showed mutations in IGLL5, BCL2
and HISTIH1E, mainly those with IGH/BCL2
(Supplementary Figure S3A). Although these gene mutations have

translocations

been detected at low frequencies in other CLL cohorts,”® they have
been extensively reported in other hematological malignances such as
diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma
(FL)®>3739-44 (Table 1). Considering that our series of IGHR-CLL
patients is well characterized at the immunophenotypic and clinical
levels, the presence of mutations previously described in lymphomas
suggests that patients with IGH translocation are a cytogenetic sub-
group with a mutational profile distinct from the other CLLs and,
probably, with different genetic mechanisms underlying their disease
pathogenesis. Here, we demonstrated that IGHR-CLLs had an inter-
mediate genetic landscape between those of CLL and NHL, and we
suggest that the mutational analysis of patients with IGH transloca-
tions such as IGH/BCL2 could help distinguish between CLL and NHL
cases.

In this work, we have reported mutations in coding and non-
coding regions of BCL2 and IGLL5 and, specifically, we identified a
novel recurrent 5UTR mutation in BCL2. Although this mutation has
not been previously described, proximal mutations have been
detected in other CLL and NHL studies.®**** Moreover, the vast
majority of BCL2 mutations reported in Puente et al were detected in
cases harboring IGH/BCL2 translocations,® which is consistent with
our results (Supplementary Figure S3). Regarding IGLL5, a previous
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study identified 5UTR and coding mutations in low-risk IGHV-
mutated CLLs as well as in the presence of rearrangements.%® These
statements are consistent with our results, as most of patients harbor-
ing mutations in both genes exhibited mutated IGHV and were associ-
ated with longer TFT (Figure 3D). In addition, data compiled in the
ICGC repository suggested a functional impact of the BCL2 and IGLL5
coding mutations in the gene function. However, the functional impact
of UTR somatic mutations has not been well-established yet. Puente
et al demonstrated the negative impact of the 3'UTR mutation in
NOTCH1® and recent findings from the Pan-Cancer Analysis of Whole
Genomes Consortium identified novel driver candidates, including
mutations in UTR regions, with a potential role in CLL pathogenesis.*
Nevertheless, further investigation is needed in order to determine the
importance of BCL2 and IGLL5 non-coding mutations in CLL.

The clinical impact of IGH translocations is currently under discus-
sion.?”2> The median TFT was shorter in IGHR-CLLs than that of
patients with low-risk cytogenetic alterations, but similar to that of
patients with trisomy 12 (Supplementary Figure S4A), indicating that
IGH translocations could be associated with an intermediate-adverse
outcome. Indeed, 6.7% of CLL patients who would be considered
“normal FISH” using the customary four-probe CLL FISH panel in our
study, carried the IGH translocation and also had a worse prognosis
than CLLs lacking IGHR (Figure 3A), thus highlighting the value of
including the IGH probe in the CLL FISH panel to improve patient out-
come prediction.?’

Previous studies have shown that patients with an IGH/BCL2
translocation had a favorable clinical course, similar to that of patients
with low-risk chromosomal alterations, whereas patients with other
IGH rearrangements had a similar prognosis to the high-risk sub-
groups.?*2?> In our study, patients with IGH/BCL2 not only were asso-
ciated with IGHV-M and longer TFT (Supplementary Figure S5A), but
also exhibited lower mutation rate compared to other IGH transloca-
tions that may contribute to understand why these entities have a
better prognosis than the rest of IGHR. Regarding the mutational pro-
file of IGH/BCL2 translocations, a previous large-scale CLL study
showed mutations in BCL2, IGLL5 and NOTCH1 within nine IGH/BCL2
cases, which strongly supports findings (Supplementary
Figure S3B). On the other hand, IGHR-CLLs without IGH/BCL2
rearrangement presented higher mutation frequencies in genes
related to bad prognosis, such as NOTCH1, SF3B1, TP53, BRAF and
RPS15 (Figure 1B; Supplementary Figure S3A). The high frequency of

our

these mutations may reflect a genomic instability in IGHR-CLLs with-
out IGH/BCL2, which could be also influenced by the role of the trans-
located partner in the rearrangement. Furthermore, two IGHR-CLLs
developed Richter transformation to DLBCL. One of them harbored
IGH/BCL2 rearrangement together with trisomy 12 and NOTCH1, and
the other patient had an IGHR with unknown partner, NOTCH1 and
TP53 mutations. These observations are in line with previous findings
regarding the molecular pathways frequently altered at transforma-
tion.*¢*” Altogether, these molecular characteristics could be the
underlying mechanisms of the IGHR-CLLs poorer outcome.?”

In our cohort, patients harboring NOTCH1, SF3B1, TP53, BIRC3 or
BRAF mutations experienced an adverse clinical course (Figure 3C),

which is consistent with previous studies.®®*8 Within IGHR-CLLs,
the presence of these mutations contributed to shorter TFT being
identified as an independent adverse prognostic factor (Table 3). Spe-
cifically, IGHR-CLL patients harboring BRAF mutations exhibited an
adverse outcome (Supplementary Figure S6A), which corroborates
previous results showing that patients carrying these mutations dis-
play an aggressive disease.*”*°

Therefore, the present study proposes an integrated mutational
and cytogenetic model for CLL prediction that includes IGHR and
BRAF mutational status as novel components with respect to previous
prognostic models.”° The presence of mutations in any of the afore-
mentioned five genes caused a significant shift to a more aggressive
outcome in low (13g—/normal FISH) and intermediate-risk (+12/
IGHR) CLLs, refining their prognosis and providing information that
could help in therapeutic decisions. Interestingly, low-risk patients
with mutations in NOTCH1, SF3B1, TP53, BIRC3 or BRAF still had a
significantly better outcome than did intermediate-risk patients with
any of those mutations (Figure 3E). These results may indicate that
the cooccurrence of cytogenetic abnormalities and gene mutations
could have different clinical impacts, depending on the type of the
genetic alterations involved.

In conclusion, our study revealed significant differences in the
mutational profile and the frequencies of CLL-mutated genes in
patients with IGH rearrangements. The distribution of genetic muta-
tions differed within the IGHR-CLL subgroup: patients with IGH/BCL2
translocation had higher frequencies of BCL2 and IGLL5 mutations
than those without the translocation. Conversely, patients with other
IGHR showed higher mutation frequencies of genes related to bad
prognosis (NOTCH1, SF3B1, TP53, BIRC3 and BRAF) than did those
with the IGH/BCL2. Notably, the presence of those somatic mutations
enables us to refine not only the prognosis of IGHR-CLLs but also the
outcome of low-risk cytogenetic patients. Thus, this mutational analy-
sis improves our understanding of the molecular heterogeneity of CLL
patients and could help improve prognostic stratification of CLLs.
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Abstract

Interstitial 14932 deletions involving IGH gene are infrequent events in chronic lym-
phocytic leukemia (CLL), affecting less than 5% of patients. To date, little is known
about their clinical impact and molecular underpinnings, and its mutational landscape
is currently unknown. In this work, a total of 871 CLLs were tested for the IGH
break-apart probe, and 54 (6.2%) had a 300 kb deletion of 3'IGH (del-3'IGH CLLs),
which contributed to a shorter time to first treatment (TFT). The mutational analysis
by next-generation sequencing of 317 untreated CLLs (54 del-3’'IGH and 263 as the
control group) showed high mutational frequencies of NOTCH1 (30%), ATM (20%),
genes involved in the RAS signaling pathway (BRAF, KRAS, NRAS, and MAP2K1)
(15%), and TRAF3 (13%) within del-3'IGH CLLs. Notably, the incidence of TRAF3
mutations was significantly higher in del-3'IGH CLLs than in the control group
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1 | INTRODUCTION
Chromosome 14q abnormalities are infrequent events in chronic lym-
phocytic leukemia (CLL),*~® in comparison to other mature B-cell neo-
plasms such as multiple myeloma and B-cell lymphomas.*™® It is
noteworthy that the 14g32.33 chromosomal band, which contains
IGH locus, is clinically relevant in CLL, since the mutational status of
its variable chain (IGHV) represents one of the most powerful prog-
nostic markers.”® Moreover, 14q32 rearrangements involving IGH
gene have also a prognostic impact in CLL, showing these patients an
intermediate-adverse outcome and a distinct mutational profile from
other classic cytogenetic subgroups.” ** Furthermore, the long arm of
chromosome 14 has been shown to be involved not only in reciprocal
rearrangements in CLL, but also in deletions.*>*°

Deletions on 14q (del(14q) are present in 2%-5% of CLL
patients.>*¢ This aberration is heterogenous in size, mapping between
chromosomal bands 1424 and 1432, and the most frequent
breakpoint at the telomeric site involving the IGH locus (14g32.3) is
observed in 45%-65% of patients with the deletion.*>*” Considering
the IGH-deleted region, there is also some variability, as previous studies
have identified a deletion in the constant 3’ flanking site of the gene,
while others also described 5'IGH deletions in the variable region.*®*?

Regarding its prognostic significance, few studies have shown
that del(14q) CLL patients present an intermediate-adverse clinical
outcome.>'” However, due to its low incidence, its clinical impact
remains controversial in CLL. In addition, this deletion has been asso-
ciated with trisomy 12, as well as IGHV-unmutated (IGHV-UM) or
NOTCH1 mutations,*” although, so far, detailed molecular analyses
of del(14q) CLL cohorts are scarce. It has been speculated that IGH
rearrangements were suggestive for a transcriptional activation of an
oncogene by juxtaposition to the Ex enhancer of IGH, but this molec-
ular process still remains elusive.*> Alternatively, the hypothesis that
del(14q) might inactivate putative tumor suppressor genes has been
raised. Concretely, TRAF3 gene, a negative regulator of the NF-xB
pathway located within the deleted region (14932.32), can be
encompassed within del(14q) and it is also rarely mutated in CLL

patients.2%2

subgroup of patients.
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(p < .001). Copy number analysis also revealed that TRAF3 loss was highly enriched in
CLLs with 14q deletion (p < .001), indicating a complete biallelic inactivation of this
gene through deletion and mutation. Interestingly, the presence of mutations in the
aforementioned genes negatively refined the prognosis of del-3'IGH CLLs in terms of
overall survival (NOTCH1, ATM, and RAS signaling pathway genes) and TFT (TRAF3).
Furthermore, TRAF3 biallelic inactivation constituted an independent risk factor for
TFT in the entire CLL cohort. Altogether, our work demonstrates the distinct genetic
landscape of del-3’'IGH CLL with multiple molecular pathways affected, characterized

by a TRAF3 biallelic inactivation that contributes to a marked poor outcome in this

In the present study, we evaluate a large cohort of CLL patients
with del(14q), integrating for the first time their clinical and molecular
genetic characteristics. We show that CLL patients with 3'IGH
deletion (del-3'IGH) exhibit an intermediate-adverse prognosis, with a
distinct mutational profile characterized by TRAF3, NOTCH1, ATM,
and RAS mutations that also refine the prognosis of this subgroup.
Notably, we report for the first time a high frequency of TRAF3
biallelic alterations (deletion and mutation) with negative clinical
implications in a subset of CLL patients showing a loss in 14q32. This
biallelic inactivation is also an independent prognostic factor for short-
ening the time to first treatment (TFT), with a potential role in disease
progression within CLL patients with del(14q).

2 | METHODS

21 | Patients

The study was based on 871 CLL patients diagnosed according to the
International Workshop on CLL (iwCLL) criteria?? All of them were
screened for IGH deletion, and 54 patients exhibited a deletion of 300 kb
at the centromeric side of the IGH constant region (del-3'IGH). Cases
with this alteration were individually reviewed to rule out any different
lymphoproliferative disorder (see Supplementary Methods). Samples and
clinical data were collected between August 1995 and December 2020
from 16 Spanish institutions, and all centrally analyzed in the Molecular
Cytogenetics Unit of the Center for Cancer Research in Salamanca, Spain.
Clinical and biological data are summarized in Table S1. Median follow-up
of patients was 60 months (range: 1-340). In total, 47.5% of CLL patients
were treated according to iwCLL criteria. Most patients received chemo-
therapy or chemoimmunotherapy regimens (95.5%), and 5% received
new targeted therapies (ibrutinib, venetoclax, or idelalisib).

Mutational analysis by next-generation sequencing (NGS) was
performed in 317 CLL patients: 54 del-3'IGH and 263 as a control
group. All samples were analyzed before the initiation of first-line
treatment. Patients in the control group were selected according to

sample and clinical data availability and were representative of the
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disease in terms of demographic and clinical characteristics. Clinical
and biological characteristics of 317 CLLs included in NGS analyses
are shown in Table S2. Cytogenetic-risk classification criteria of
patients are described in Supplementary Methods. CLL-IPI and IPS-E
risk scores were calculated according to the original publications,
and patients were classified into low-, intermediate-, and high-risk
subgroups for both scoring systems?32# (Table 52).

The study was approved by the local ethical committee (Comité
Etico de Investigacion Clinica, Hospital Universitario de Salamanca).
Written informed consent was obtained from all participants before
they entered the study.

Additional CLL patient data for an external validation CLL cohort
(n = 450) were extracted from the International Cancer Genome Con-
sortium (ICGC) project in which 30 CLL patients showed 14q loss.?®

2.2 | Fluorescence in situ hybridization

Interphase fluorescence in situ hybridization (FISH) was performed on
peripheral blood or bone marrow untreated samples using the follow-
ing commercially available probes: ATM, CEP12, D13S319, and TP53
(Vysis, Abbott Laboratories, IL, USA). LSI IGH Dual Color Break-apart
FISH probe was performed for the identification of IGH cytogenetic
alterations. The methods used for FISH analysis have been described
elsewhere.? Signal screening was carried out in at least 200 cells with
well-delineated fluorescent spots. For the IGH probe, a score of 215%
was considered positive, and for the rest of probes >10%, based on
the cutoff value used by our laboratory. Median time from patients'

diagnosis to FISH assessment was 2 months (range: 0-253).

2.3 | Next-generation sequencing

NGS studies were performed in 317 cases and in the same sample as the
FISH test before the administration of any treatment, being 54 del-3'IGH
and 263 non-del-3'IGH. Genomic DNA was extracted from CD19+ B-
lymphocytes isolated from peripheral blood or bone marrow by magneti-
cally activated cell sorting (MACS). B-cell purity was greater than 98% by
flow cytometry, as previously described in our group.?” The Agilent Sur-
eSelect¥™T Target Enrichment system for lllumina Multiplexed Sequenc-
ing (Agilent Technologies, Santa Clara, CA, USA) was used to produce
custom-designed libraries of exonic regions from 54 CLL-related candi-
date driver genes as well as BCL2, IGLL5 and NOTCH1 UTR regions328-
30 (Supplementary Methods) (Table $3). Paired-end sequencing (151-bp
reads) was run on the lllumina NextSeq instrument (lllumina, San Diego,
CA, USA). Data analysis was performed using a previously validated
in-house pipeline®28 (Supplementary Methods).

24 | Copy number variations analysis

Targeted-capture NGS data were also used to assess the deletion of
TRAF3 gene in CLL patients. The mean coverage depth of each individual

B WiLeyL 2

target was first normalized in a set of 23 samples without deletion on
14q by FISH using the total read number of each sample. The mean cov-
erage of all these samples was used as the reference. To detect TRAF3
loss, the normalized coverage of targets of TRAF3 gene from each study
sample was compared with the mean coverage of the same target in the
reference file generated above. Copy number variations (CNVs) were
called using fixed thresholds representing the log, ratio of mean cover-
age of testing to that of reference. A log, ratio <—0.5 suggested a copy
number loss/deletion of TRAF3. This method was based on a previously
published analysis to detect deletions from targeted-capture NGS data.3!
It has been also used to determine CNVs in inherited platelet disorders®?
and, more specifically, in CLL patients using the same NGS approach.®®

2.5 | Single-nucleotide polymorphism arrays

DNA was purified, amplified, labeled, and hybridized to the Affymetrix
SNP6.0 platform (Affymetrix, Santa Clara, CA, USA) as previously
described®* for validation of IGH and TRAF3 loss in CLL samples with

available material.

2.6 | Statistical analysis

Statistical analyses were performed using IBM SPSS v23.0 for Windows
(IBM Corp., Armonk, NY, USA) and R v4.0.2. Continuous variables were
analyzed with the Mann-Whitney U test, while the chi-square and
Fisher's exact tests were used to assess associations between categori-
cal variables. Overall survival (OS) and time to first treatment (TFT) were
calculated from the date FISH test was performed to the date of death,
first treatment, or last follow-up (considering disease-unrelated deaths
as competing events). Statistically significant variables related to OS and
TFT were estimated by the Kaplan-Meier method, using the log-rank
test to compare the curves of each group. Univariate and multivariate
analyses of the OS and TFT used the Cox regression method. Results
were considered statistically significant for values of p < .05.

3 | RESULTS
3.1 | Del-3'IGH CLL patients display an
intermediate prognosis with distinct clinical features

FISH analysis, including the IGH probe, was performed in a total of
871 CLLs, revealing a deletion of 300 kb at the centromeric side of
the IGH constant region in 54 patients (54/871, 6.2%). The pattern
observed in the FISH analyses in these patients was a single orange signal
(3'IGH), and two green signals (5'IGH), corresponding to the two alleles
(Figure 1A). According to this, the alteration detected was monoallelic,
and the proportion of cells expressing the 3'IGH deletion (del-3'IGH) in
each sample ranged from 15% to 98%, with a median of 65%. This dele-
tion was confirmed by single-nucleotide polymorphism (SNP) arrays in
del-3'IGH cases with available material (Figure S1, Table S4).
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A detailed list of the clinical and biological characteristics of
patients with del-3'IGH is shown in Table S1. Median age at diagnosis
was 64.5 years (range: 43-89) and the gender ratio (M:F) was 2. In
addition, 51.1% of del-3'IGH cases exhibited IGHV-UM and 23.5%, a
Binet stage B or C. The presence of del-3'IGH was significantly associ-
ated with splenomegaly when compared with the control group
(28.5% vs. 15.9%, p = .028) (Table S1). In addition, a total of 35 out of
54 del-3'IGH patients received therapy during follow-up, which was
significantly more frequent than those patients in the control group
(64.8% vs. 46.4%, p = .011) (Table S1). No other significant differ-
ences were observed between both groups with respect to clinical
and biological parameters.

We observed that 77.8% (42/54) of del-3'IGH cases carried addi-
tional cytogenetic alterations, being the most common the del(13q)
(19/54, 35.2%), found as the sole abnormality besides the del-3'IGH,
followed by trisomy 12 (12/54, 22.2%), del(11q) (6/54, 11.1%), and
del(17p) (5/54, 9.3%). It is noteworthy to mention that the incidence
of trisomy 12 in the del-3'IGH subgroup tended to be higher than in
the control group, although it did not reach the statistical significance
(22.2% vs. 15.7%, p = .25) (Table S1).

In univariate analyses, the presence of del-3'IGH was associated
with reduced TFT (hazard ratio [HR] = 0.851, 95% confidence interval
[Cl] = 0.76-0.95, p = .005) (Figure 1B), although it was not an indepen-
dent prognostic marker in multivariate analyses (data not shown). CLL
patients showing del-3'IGH had a significantly shorter TFT than the
non-del-3'IGH subgroup (median 45 vs. 75 months, p = .004), especially
when compared with low-risk cytogenetics del(13q) (45 vs. 184 months,
p < .001) or normal FISH (45 vs. 116 months, p < .001) (Figure 1C,D).
By contrast, del-3'IGH CLL patients exhibited a similar prognosis to
those with trisomy 12 (45 vs. 26 months, p = .893). It should be noted
that del-3'IGH was detected in a subset of CLL patients categorized as
normal FISH with the standard four-probe panel, showing these patients
a significantly shorter TFT (5 vs. 116 months, p < .001) (Figure 1E). The
addition of del-3'IGH to trisomy 12 also contributed to a decreased TFT
close to the statistical significance (1 vs. 26 months, p .062)

(Figure 1F). In terms of OS, we did not observe statistically significant

differences in comparison to the control group (128 months vs. median
not reached, p = .578) (Figure S2).

3.2 | Mutations in NOTCH1, ATM, TRAF3, and RAS
signaling pathway genes are enriched in del-3'IGH CLL
patients

NGS analyses revealed that 81% of patients harbored at least one
mutation in any of the 54 genes included in the NGS panel, and the
median of mutations per patient was 2 (range: 0-7). The most recur-
rently mutated genes were NOTCH1 (20%), IGLL5 (12%), SF3B1 (11%),
ATM (11%), TP53 (11%), POT1 (8%), RPS15 (7%), XPO1 (5%), and
NFKBIE (5%).

In the del-3'IGH subgroup, we identified 150 mutations located
in 40 genes. Exactly 92.6% of patients (50 of 54) showed at least one
mutation, with a median of 2 mutated genes per patient (range: 0-5).

Most mutations (98 of 150) were clustered in 12 genes being the
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most frequently mutated: NOTCH1 (29.6%), ATM (20.4%), RAS signal-
ing pathway genes (BRAF, KRAS, NRAS, MAP2K1) (14.8%), and TRAF3
(13%) (Figure 2A).

A total of 18 NOTCH1 mutations were detected in 16 del-3'IGH
CLL patients (29.6%), being the hotspot variant p.P2514fs in exon
34 the most recurrent mutation (16/18) (Table S5). Of note, there was
a trend toward the enrichment of NOTCH1 mutations in del-3'IGH
CLL patients (29.6% vs. 19.6%, p = .09) (Figure 2A). The presence of
NOTCH1 mutations was significantly associated with del-3'IGH in
comparison to the control group not involving trisomy 12 (29.6%
vs. 14.8%, p = .016). Despite the association of NOTCH1 mutations
with trisomy 12 previously described in other cohorts, 75% (12/16) of
del-3'IGH patients harboring these mutations did not show this addi-
tional cytogenetic alteration, suggesting that the enrichment of
NOTCH1 mutations in del-3'IGH CLLs is independent of the presence
of additional trisomy 12 (Figure 2B).

The second most commonly mutated gene was ATM (20.4%). Var-
iants identified in this case included missense substitutions (4/15),
frameshift deletions/insertions (5/15), stop-gain (4/15), and splice-site
mutations (2/15) (Table S5). Interestingly, mutations in this gene were
significantly associated with the del-3'IGH (20.4% vs. 9.8%, p = .037)
(Figure 2A). In terms of cytogenetic alterations, del-3'IGH CLLs with
ATM mutations carried 13q deletion (6/11) and/or 11q deletion
(4/11), but none of them showed trisomy 12 (Figure 2B).

In addition, we observed a high mutational rate in RAS signaling
pathway genes in this subgroup (BRAF, KRAS, NRAS, MAP2K1) (8/54,
14.8%). This mutational frequency was higher than that observed in
the control group (14.8% vs. 8.1%, p = .13) (Figure 2A), and similar to
the one of CLLs with trisomy 12 (14.8% vs. 18.7%, p = .61). A total of
10 mutations were located in BRAF (5/10), KRAS (2/10), NRAS (2/10),
and MAP2K1 (1/10), mainly at hotspots (BRAF: G469A/R, V600E,
K601E, KRAS: G13D, NRAS: Q61R/H). Moreover, these variants were
present at low variant allele frequencies (VAFs) (1.85%-28%)
(Table S5), and samples with these mutations displayed a higher num-
ber of mutated genes than the rest of del-3'IGH CLLs (median 4 vs.
2, p = .001). However, only 38% of CLL patients with RAS-related
mutations had additional FISH cytogenetic alterations, and indeed,
only one of them carried additional trisomy 12 (Figure 2B).

3.3 | Del-3'IGH CLLs frequently exhibit a biallelic
TRAF3 inactivation by deletion and mutation

TRAF3 showed a higher mutational frequency (7/54, 13%) within del-
3'IGH CLL patients compared with the control group (1/263, 0.4%)
(b < .001) (Figure 2A), and to previously reported large cohorts of CLL
patients?12° (0.5%-1%). A total of 20 TRAF3 mutations were detected
in seven samples (Figure 2C). Interestingly, most TRAF3-mutated
patients carried more than one mutation in this gene (5/7), with a
median of 2 (range: 1-6) and at low VAFs (15/20 with VAF <15%)
(Table Sé). Regarding the type of mutations, whereas 11 out of
20 were frameshift insertion/deletion or encoded for a stop codon
that led to truncated proteins, the remaining (9/20) were missense

substitutions annotated as pathogenic by the bioinformatic predictors
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FIGURE 1 Deletion of the centromeric side of IGH constant region (del-3'IGH) and its clinical impact on chronic lymphocytic leukemia (CLL).
(A) Schematic interphase FISH signal pattern of 3'IGH deletion (del-3'IGH) obtained with the IGH break-apart probe in CLL. (B) Hazard ratios of
clinical-biological variables for time to first treatment (TFT) of CLL patients in univariate Cox regression analyses (n = 871). (C) TFT according to
the cytogenetic alterations (del(13q), del(11q), del(17p), trisomy 12, del-3'IGH). Cytogenetic-risk classification is described in the Supplementary
material. (D) TFT of del-3'IGH group versus control group in CLL. Control group represents those patients without del-3'IGH. (E) Clinical impact
of del-3'IGH as the only abnormality in the context of normal FISH. (F) Clinical impact of the co-occurrence of del-3'IGH and trisomy 12 when
compared with trisomy 12 as the sole abnormality. FISH, fluorescence in situ hybridization.
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of pathogenicity (Figure 2C, Table S5). Moreover, TRAF3 was the only
mutated gene in four cases, while three TRAF3-mutated patients also
exhibited other genetic mutations (Figure 2B, Table Sé6).

TRAF3 is located in chromosome 14g32.32 region, proximal to
the centromeric side of IGH locus (14g32.33). Due to this proximity,
we hypothesized that del-3'IGH could comprise TRAF3. Indeed, the
CNV analyses with NGS data in the whole cohort of 317 CLLs identi-
fied a TRAF3 loss in 11 patients within the del-3'IGH subgroup
(11/54, 20%) (Figures 2D and S3), but only 4 in the control group
(4/263, 1.5%) (Table S7). Therefore, TRAF3 loss was significantly
enriched in del-3'IGH CLL patients in comparison to the control group
(20 vs. 1.5%, p < .001). By SNP arrays, we confirmed the presence or
absence of TRAF3 deletion observed by NGS in two del-3'IGH CLL
patients with available material (Figure S1, Table S4). The size of the
deletion in patient A (ID 23) comprised only 14g32.33 region (IGH
locus), with an absence of TRAF3 loss, while deletion in patient B
(ID 28) mapped from 14q24.1 to 14g32.32, including 3'IGH locus and
TRAF3 (as we observed in CNV analysis) (Tables S4 and S7).

Integrating both mutational and CNV information, we observed
that 7 of 11 patients with a TRAF3 loss also displayed mutations in
this gene (Figure 2E, Table S6). To further validate these findings, we
reviewed the mutational status of 30 cases with 14q loss from an
external published cohort of CLL patients with mutational and CNV
information.2®> Within those patients, 14q loss comprised TRAF3 gene
in a total of 10 cases, and 4 of them harbored mutations in this gene,
corroborating the presence of biallelic TRAF3 alterations in this subset
of CLL patients (Figure 2F, Table S8).

As we confirmed that TRAF3 could be included in the 14g32.3
deletion, we next analyzed which event was earlier in time: mutation
or deletion. According to our results, the deletion was present in a
higher percentage of cells (mean: 70.5+ 6.5), while mutations
occurred at low VAFs (15.6 + 4.7), indicating that TRAF3 mutations
may appear as a second or subclonal event, leading to a biallelic inacti-
vation of this gene (Figure 2F).

3.4 | Co-occurrence of del-3'IGH and gene
mutations contributes to an adverse clinical outcome
in CLL patients

Given the high incidence of mutations in poor-prognosis genes, we
next wondered if the combination of del-3'IGH and these alterations
could have an impact in the clinic. Interestingly, only TRAF3 mutations
exhibited a significantly shorter TFT in this subgroup of patients
(median TFT: 6 vs. 51 months, p < .001) (Figure 3A). In addition, muta-
tions in NOTCH1, ATM, and RAS signaling pathway refined patients'
outcome in terms of OS (Figure 3B-D).

Patients harboring NOTCH1 mutations within del-3'IGH subgroup
showed a shorter median OS than NOTCH1-wt del-3'IGH CLLs
(16 months vs. median not reached, p = .009) (Figure 3B). Moreover,
considering the whole CLL cohort (n = 317), we observed that median
OS of cases with NOTCH1-mut and del-3'IGH was shorter than
NOTCH1-wt (16 vs. 144 months, p = .001), with a stronger statistical

significance than the comparison between NOTCH1-mut without the
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deletion and NOTCH1-wt cases (120 vs. 144 months, p = .155)
(Figure S4A).

Interestingly, ATM mutations had a significant negative impact on
del-3'IGH CLL OS (14 vs. median not reached, p = .04) (Figure 3C),
and the presence of mutations in the RAS signaling pathway also con-
tributed to a shorter OS in comparison to RAS-wt patients (12 vs.
median not reached, p = .004) (Figure 3D). As we observed in
NOTCH1-mutated cases with concurrent del-3'IGH, those patients
with mutations in ATM or in RAS signaling pathway genes that also
carried del-3'IGH had a significantly reduced OS than non-del-3'IGH
CLLs harboring these mutations, when compared with cases without
these alterations (ATM: 14 months vs. median not reached, p = .006;
92 months vs. median not reached, p = .99) (RAS-related genes:
12 months vs. median not reached, p = .001; 41 months vs. median
not reached, p = .001) (Figure S4B,C). Hence, these results demon-
strate that concurrent del-3'IGH and mutations in the aforementioned
genes could contribute to a worse outcome in CLL patients.

3.5 | TRAF3 biallelic inactivation drives progression
in del-3'IGH patients and constitutes an independent
prognostic marker of TFT

Considering that TRAF3 has an exceptional high frequency of muta-
tion and that it is the only gene with an impact on TFT within this sub-
group, we were prompted to delve into the clinical implications of
TRAF3 alterations (deletion and/or mutation). For that purpose, we
determined their statistical association with clinical parameters as well
as their impact in prognosis and survival when compared with the rest
of del-3'IGH and the CLL control group.

In terms of clinical features, patients carrying TRAF3 alterations
had a significant decrease of white blood cells, lymphocytes, and
platelets counts and lower levels of hemoglobin. A total of 45.5% of
patients exhibited Binet B/C stage and 54.5% were IGHV-UM
(Table S9). Notably, all TRAF3-altered patients (with mutations and/or
deletion) received treatment during their follow-up and showed a sig-
nificantly shorter median TFT than the rest of del-3'IGH patients
(6 vs. 54 months, p < .001) (Figure S5A). By contrast, we found no sig-
nificant statistical differences between median OS of TRAF3-altered
patients and that of the rest of del-3'IGH (68 vs. 144 months, p = .14)
(Figure S5B).

As expected, CLL-IPI and IPS-E score systems were able to strat-
ify patients in terms of TFT in the whole cohort (n = 317). However,
focusing on the del-3'IGH subgroup, CLL-IPI nor IPS-E discriminate
risk subgroups with different TFT. Strikingly, the presence of TRAF3
alterations was an independent risk factor in the multivariate analyses,
not only in the whole cohort but also in del-3'IGH patients (n = 54)
(Figure Sé).

In this work, we described a pathological mechanism well known
in CLL, consistent with a gene dysfunction caused by a biallelic alter-
ation (deletion and mutation). For this reason, we next carried out an
integrated clinical analysis to determine the prognosis impact of
biallelic TRAF3 alterations with respect to other biallelic inactivation

phenomena previously associated with an adverse prognosis (biallelic
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ATM, and TRAF3 in the TFT of CLL patients (n = 317)

TP53 (del(17p) and TP53 mutations) and ATM (del(11g) and ATM
mutations) in the entire CLL cohort (n = 317). Our results showed that
a total of 16 out of 317 CLLs had a biallelic loss of TP53 by deletion
and mutation, while 14 patients had ATM biallelic inactivation
(Table S2). All biallelic alterations analyzed had a significant negative
impact on TFT (median TRAF3: 5 vs. 59 months, p < .001, ATM: 2 vs.
59, p <0.001 and TP53: 12 vs. 59, p = .002) (Figure 3E). Interestingly,
median TFT of biallelic TRAF3 inactivation was similar to that of
biallelic ATM and TP53 loss, identifying a novel subgroup with inferior
outcome. Moreover, the presence of biallelic TRAF3 alteration was an
independent risk factor in the multivariate analyses, suggesting this
gene as a new potential biomarker of prognosis (HR = 0.21, 95%
Cl =0.05-0.85, p = .029) (Table 1).

4 | DISCUSSION

Chromosomal abnormalities involving 14q are recurrently observed in
B-cell neoplasms.® In CLL, interstitial 14q deletions are found in ~5% of

TABLE 1
patients (n = 317)

Binet stage B/C
IGHV-unmutated
CD38+

High LDH

High p2-M
Hepatomegaly
Splenomegaly

Biallelic TP53 alteration
Biallelic ATM alteration
Biallelic TRAF3 alteration

HR

0.16
0.36
0.72
0.69
1.00
0.32
0.95
0.19
0.75
0.21

95% ClI

Lower
0.08
0.20
041
0.35
0.56
0.10
0.47
0.04
0.9
0.05

Note: Significant values are shown in bold.
Abbreviations: Cl, confidence interval; CLL, chronic lymphocytic leukemia;
HR, hazard ratio; LDH, lactate dehydrogenase level; TFT, time to first

treatment; p2M, p2-microglobulin level.
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Multivariate Cox model analysis of TFT in CLL

Upper p

0.32 <.001
0.62 <.001
1.28 267
1.37 .289
1.80 988
1.04 058
1.92 896
0.88 034
1.93 549
0.85 029
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cases and have a variable size ranging from 1424 to 14g32.33 regions,
being the IGH locus the most frequent breakpoint at the telomeric
side.*>” Here, we report the largest CLL cohort with a 3'IGH deletion
analyzed by FISH and NGS. Specifically, 54 out of 871 CLL patients
(6.2%) had a del-3'IGH, representing a group characterized by an enrich-
ment of TRAF3 alterations, which had a negative impact in prognosis.
According to our results, the deletion of 3'IGH was monoallelic
and was present in a high percentage of cells in most cases (median:
65%). This alteration occurred simultaneously with other cytogenetic
alterations in 76% of cases, being the most frequent in the del(13q)
and trisomy 12. This enrichment of trisomy12 has been previously
reported, not only in CLL with del(14q),*>*”> but also in other neo-
plasms with this aberration,® and furthermore, with other IGH abnor-

malities such as IGH translocations,*%16:3¢-37

suggesting a strong
cooperation between both genetic events.

With respect to the clinical characteristics of del-3'IGH CLL
patients, the presence of the deletion had a negative impact on TFT,
especially when compared with low-risk cytogenetics, and quite simi-
lar to that of the intermediate-risk subgroups (Figure 1C). Previous
data also showed an adverse clinical impact of del(14q), although the
prognosis was closer to high-risk (del(11g) and del(17p)) than to
intermediate-risk cytogenetics.> Unlike previous studies,”!” we did
not observe a significant association between del-3'IGH and IGHV-
UM (Table S1). Nevertheless, we did find that del-3'IGH CLLs without
additional cytogenetic abnormalities showed a marked poorer out-
come in terms of TFT than patients with normal FISH, corroborating
the clinical impact of the del-3'IGH in CLL (Figure 1E). With respect to
trisomy 12, it is important to highlight that those patients with both
alterations (trisomy 12 and del-3'IGH) exhibited shorter TFT than
CLLs with trisomy 12 as the sole abnormality (Figure 1F), suggesting
that the prognosis observed in the entire del-3'IGH cohort is indepen-
dent of the trisomy 12 co-occurrence.>” Therefore, this study high-
lights the value of including the IGH probe in the CLL FISH panel to
improve CLL prognostic stratification, since it allows us to detect two
types of IGH abnormalities (deletion and rearrangement), both with a
clinical impact.>*113141740 Thys, this study contributes a significant
step forward in the improvement of CLL prognostication.**

For a deeper understanding of the molecular pathogenesis of del-
3'IGH CLLs, we assessed the mutational profile of this subgroup by
NGS. Interestingly, del-3'IGH CLLs harbored a median of two muta-
tions per patient and a high incidence of mutations in NOTCH1 (30%),
ATM (20%), TRAF3 (13%), and RAS signaling pathway genes (15%)
(BRAF, KRAS, NRAS, MAP2K1) (Figure 2). These results are consistent
with the enrichment of NOTCH1 mutations previously identified in
14q-deleted CLLs.)” The presence of TRAF3 mutations in patients
with del(14q) has also been described in some B-cell neoplasms,?® but
to our knowledge, this is the first time that it has been described a
remarkably high mutational rate within del-3'IGH CLLs as well as a
significant association between TRAF3 mutations and del(14q).

As NOTCH1 and RAS signaling pathway mutations have been
extensively related to trisomy 12,%27*® the mutational frequencies
observed in our del-3'IGH cohort could suggest that this entity
exhibits a similar mutational pattern. However, the presence of high
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mutational rates in ATM and TRAF3 identifies a distinct genetic profile
with multiple biological pathways affected, involved in proliferative
and pro-survival functions as well as in DNA damage repair. Notably,
the alteration of multiple pathways and the mutational burden have
been previously related to shorter TFT and 0S5.2° In our series, the
presence of mutations in NOTCH1, ATM, and RAS pathway within
del-3'IGH subgroup had a negative impact on the OS, whereas only
TRAF3 mutations were able to stratify del-3'IGH prognosis in terms of
TFT (Figures 3 and S4).

TRAF3 is a negative regulator of the non-canonical NF-xB pathway,
and their mutations may lead to a constitutive NF-xB activation.*’ Dys-
regulation of the non-canonical NF-kB signaling has been shown to play
an important role in B-cell transformation and CLL pathogenesis, espe-
cially due to BIRC3 alterations.®3*°~>2 Besides TRAF3 mutations, we also
detected mutations in other genes involved in this pathway, more related
to the canonical NF-xB signaling (MYD88 and NFKBIE), which may indi-
cate a deregulation of both canonical and non-canonical pathways in del-
3'IGH CLL patients. Remarkably, we did not observe co-occurrences of
mutations in NF-kB pathway-related genes, and most TRAF3 mutations
appeared as the only mutated gene within this pathway, suggesting
mutual exclusive phenomena.

TRAF3 is located at chromosome 14q32.32, proximal to the IGH
locus, and it is frequently included in the 14q deletion observed in CLL
and other B-cell neoplasms.*?° Indeed, our results show that both loss
and mutations of TRAF3 are significantly enriched in del-3'IGH CLL
patients. Additionally, we reported that TRAF3 mutations appeared at
lower VAFs than FISH IGH-deleted cells (Figure 2F), suggesting that the
mutation could be an acquired secondary event in CLL evolution. The
combination of deletion and mutation results in biallelic inactivation of
TRAF3, which resembles the mechanism of other CLL driver genes dys-
function with a relevant clinical significance in the disease (TP53 and
ATM). Besides the clinical impact of TP53 monoallelic alterations (deletion
or mutation) in CLL patients, it has been demonstrated that double null of
this gene contributes to a marked poor outcome.>®~>® Regarding ATM
alterations, latest studies may indicate a stronger negative impact when
combined ATM loss by 11q deletion and mutations in the remaining
allele,*®>7:58 although there is still some controversy. In our cohort, our
results showed that biallelic inactivation of TP53 and ATM had a strong
negative impact in the TFT of CLL patients and, interestingly, deletion
and mutation of TRAF3 also contributed to a poor outcome, in line with
those double-hit alterations (Figure 3E). Moreover, multivariate analysis
confirmed that TRAF3 alterations constitute an independent risk factor
of TFT, also in models with prognostic indexes (CLL-IPI and IPS-E) used
in clinical practice (Tables 1 and Sé), which could help physicians predict
the prognosis of CLL patients and guide follow-up approaches. Taken
together, our results also suggest that the biallelic inactivation of TRAF3
could be driving CLL progression, especially in this subgroup of patients
with del 3'-IGH.

Taking into account that this study was retrospective and more
than 90% of patients received chemotherapeutic regimens, several
limitations were found to answer further questions. It would be of
great interest to assess the response to novel drugs according to
TRAF3 status in CLL, as well as to evaluate its potential value as a
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prognostic and predictive biomarker in the era of novel agents.*>? In
addition, performing a sequential genetic analysis during disease evo-
lution could help to understand when the del-3'IGH usually appears
and if this cytogenetic alteration plays a role as an early or late alter-
ation in CLL. Moreover, 14q deletion including del-3'IGH may encom-
pass other genes (apart from those analyzed in this study) that could
also influence CLL pathogenesis and prognosis, and further investiga-
tions on the molecular landscape of this entity would be relevant.

In conclusion, a specific subgroup of CLLs carrying del-3'IGH was
characterized by a distinct genetic profile harboring mutations affect-
ing multiple biological pathways (NOTCH, RAS, DNA damage
response, and NF-xB signaling), which also had a negative impact in
CLL prognosis. Moreover, TRAF3 biallelic inactivation by deletion and
mutation, highly enriched in this del-3'IGH of CLL patients, contrib-
utes to a marked poor outcome in this subgroup of patients. Taken
together, our study provides new insights into the mechanisms of
pathogenesis of this CLL cytogenetic subgroup, as well as additional
clinical information regarding the combination of different genetic
alterations that suggests the emergence of novel molecular bio-
markers. In addition, these results also manifest the importance of the
IGH assessment, as it allows to classify CLL patients with poor out-
comes that would be considered as low-risk cytogenetics otherwise.
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ABSTRACT

TRAF3 is a tumor suppressor gene frequently inactivated by
mutations and 14q deletions in B-cell malignancies. In chron-
ic lymphocytic leukemia (CLL), TRAF3 losses and mutations
are rare genetic events (0.5-3%), and biallelic inactivation of
this gene has been related to a dismal prognosis. However,
the biological implications of TRAF3 in CLL pathogenesis are
largely unknown. In this study, we performed transcriptomic,
metabolomic and functional analyses in CRISPR/Cas9-
edited models harboring TRAF3 homozygous mutation to
elucidate the pathogenic functions of TRAF3 inactivation in
the disease. Our results showed that TRAF3 mutations pro-
moted the activation of non-canonical NF-kB signaling
through p52 and RelB activation and induced significant
metabolic changes in CLL cells. Metabolic studies revealed
an enrichment of metabolites involved in glycolysis, tricar-
boxylic acid (TCA) cycle and glutamate metabolism, as well
as an enhanced mitochondrial respiration and glycolysis in
TRAF3 mutated cells. Unlike in WT cells, blockade of py-
ruvate or glutamate import contributed to an enhanced respi-
ration capacity of TRAF3-mutated cells, suggesting a meta-
bolic reprogramming towards alternative metabolic path-
ways. By inhibiting pyruvate and glutamate import simulta-
neously, we observed a decrease in TRAF3-mutated CLL
cells proliferation, with equal levels of the previously
dysregulated metabolites to those of the WT. Altogether,
these results revealed a metabolic reprogramming in CLL
cells with TRAF3 inactivation, which may be inducing a met-
abolic plasticity for fueling mitochondrial activity (mitochon-

*Correspondance: anerv@hotmail.com

drial glycolysis/glutaminolysis) that is potentially targetable in
CLL.

1 INTRODUCTION

The TNF receptor-associated factor3 (TRAF3) located in
14932.32 has been identified as a tumor suppressor gene
involved in B-cell survival, immune response, and cellular
metabolism(1-3). TRAF3 is frequently encompassed within
14q deletion and affected by inactivating mutations in B-cell
neoplasms, such as multiple myeloma (MM) (20%), diffuse
large B-cell lymphomas (DLCBL) (15%), and other mature
B-cell malignancies such as chronic lymphocytic leukemia
(CLL)(4%)(4-7).

Losses on TRAF3 are infrequent in CLL (2-5%), and mu-
tations in this gene are present in 0.5-1% of CLL patients(8-
11). Notably, 50-60% of CLL patients with TRAF3 dele-
tions had mutations in the remaining allele, indicating a bi-
allelic inactivation of this gene(7, 12). Recently, our group
found that CLL patients harboring biallelic TRAF'3 inactiva-
tion (deletion and mutation) showed a dismal prognosis,
with a short time to first treatment (TFT)(12). Moreover,
other studies have suggested TRAF3 as a novel candidate
associated with Richter transformation and ibrutinib re-
sistance(13-15). Nevertheless, further validation in larger
CLL cohorts and more investigation regarding the underly-
ing mechanisms of these findings are needed.

Mechanistically, TRAF3 modulates a plethora of signal
transduction cascades through its ubiquitin-mediated degra-
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dation activity, including NF-kB signaling(16). Specifically,
TRAF3 is a negative regulator of the non-canonical NF-KB
pathway(17). TRAF3 inactivation promotes the stabilization
of NF-kB-inducing kinase (NIK) in the cytoplasm and the
subsequent processing of NF-KB2 from pl00 into p52,
which results in the translocation of p52-RelB heterodimers
into the nucleus and the activation of target gene expres-
sion(17, 18). However, how TRAF3-mediated NF-KB acti-
vation modulates gene expression and its implication in tu-
mor progression and drug resistance in CLL remains to be
elucidated.

It has been demonstrated that solid tumors, and more re-
cently also hematological neoplasms, modify their metabol-
ic preferences to provide cellular energy and favor tumor
development, especially, using an aerobic glycolysis in det-
riment of mitochondrial oxidative phosphorylation
(OXPHOS), known as the “Warburg effect”(19-21). Con-
cretely, metabolic alterations have been identified in periph-
eral blood (PB) and tumor microenvironment (TME) CLL
cells (22, 23). A study showed that PB cells from patients
with CLL had higher OXPHOS than healthy donors (22),
and other studies indicated that TME cells had an enhanced
glutathione, glutamate and glucose metabolism that stimu-
lates CLL cells survival (24-26). Notably, these metabolic
changes may also influence treatment response. It has been
proved that venetoclax administration induces metabolic
changes in TME cells(27), and independently of BCL2 inhi-
bition(28). Besides, venetoclax refractoriness may be ac-
companied by an increased OXHPOS(29). Interestingly,
new therapeutic approaches based on glutamine import in-
hibition have been proposed as an alternative to overcome
venetoclax resistance (26). In line with these findings, re-
cent studies have suggested new roles of TRAF3 in the me-
tabolism and mitochondrial activity of MM cells and mice-
derived B cells (30-32). However, many insights about the
impact of TRAF3 alterations on the cellular metabolism of
CLL remain elusive.

The aim of this investigation was to assess the biological
implications of a rare alteration recently identified as a can-
didate CLL driver: TRAF3 inactivation. To reveal the role of
this gene in B-cell pathogenesis within the CLL context, we
performed transcriptomic, metabolomic, and functional
studies in CLL cellular models and primary cells. We
demonstrated that CLL-derived cell lines with TRAF3 alter-
ations showed a dysregulation of NF-kB transcription fac-
tors and an altered metabolism with distinct metabolic de-
pendencies. Here, we described a new mechanism of patho-
genesis based on metabolic plasticity that could be targeta-
ble in CLL cells with TRAF'3 inactivation.

2 MATERIAL AND METHODS

2.1 CRISPR/Cas9-edited CLL cell lines

PGA1 cell line, derived from a CLL patient and harboring
trisomy 12, was used as the cellular model to mimic the
biallelic TRAF3 inactivation previously reported in CLL
patients, as the alterations detected in this gene were signifi-
cantly associated with this cytogenetic alteration (12). We
designed sgRNAs that targeted exon 11 (region that clusters
most of TRAF3 mutations previously reported), generating
truncating mutations in both alleles of Cas9-expressing
PGAI cells (PGA1-TRAF3™"), and a sgRNA that not target
the human genome as a negative control (PGA1-WT) (Sup-
plementary Figure S1). Sequences of the selected sgRNAs
are detailed in Supplementary Table S1. The procedures
and sgRNAs used for the generation of TRAF3 mutations in
PGALI cells were previously described (33). pLKOS vectors
(Addgene #57822) carrying the desired sgRNAs were nu-
cleofected into PGA1-Cas9 cells and single-cell flow-sorted
clones were expanded and screened. At least three different
clones harboring loss-of-function mutations were chosen for
each CRISPR-generated cell line to perform functional,
transcriptomic and metabolomic studies.

2.2 RNA sequencing

For RNA sequencing, CLL cells were cultured for 48
hours, pelleted and lysed, and total RNA was isolated using
the RNeasy micro kit (Qiagen) according to the manufactur-
er’s protocol. RNA quality was assessed using Bioanalyzer
2100 (Agilent Technologies) and libraries were generated
using the TruSeq Stranded mRNA library prep kit (Illumi-
na) from a total amount of 200 ng of RNA. Sequencing was
carried out in NextseqS500 (Illumina). Raw fastq files were
first quality filtered using fastp (v0.23.2). Processed fastq
files were aligned to the human genome (hgl9) using the
STAR aligner (v2.7.8a). FeatureCounts (v1.50) was used to
summarize the read counts across the genes. Differential
expression analysis between experimental groups was per-
formed using DESeq?2 (v2.11.40.6), and plotted with ggplot’
heatmap.2 function. Significant differential expression was
determined at FDR < 0.1. Gene set enrichment analysis
(GSEA) was performed on a matrix of normalized counts
using the GSEA desktop application v4.2.3. Our data was
aligned with Hallmark Signatures (h.all.v2022.1), Reactome
(reactome.v2022.1) and KEGG (kegg.v2022.1) gene sets
using 1000 permutations.
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2.3  Primary CLL samples

Viable cryopreserved peripheral blood mononuclear cells
(PBMCs) from 22 CLL patients were used in the ex vivo
studies. PBMCs were isolated by Ficoll-Paque Plus density
gradient media (GE Healthcare, Life Sciences) and a com-
plete immunophenotypic analysis was performed in all sam-
ples by flow cytometry. Only samples with a
CD19 +/CDS + fraction greater than 85% were included in
the study. Supplementary Table S2 summarizes the main
biological characteristics of CLL patients. The research was
conducted in accordance with the Declaration of Helsinki
and prior approval by the Bioethics Committee from our
institution. Written informed consent was obtained from all
patients.

2.4  NF-kB family members activity ELISA

Canonical (p65/RelA, NF-kB1 p50, c-Rel) and non-
canonical (NF-kB2 p52, RelB) NF-kB activity of nuclear
extracts of PGA1 clones and lysates from primary CLL
samples were measured using the TransAM NF-kB Tran-
scription Factor ELISA kit (Colorimetric) (Active Motif,
#43296) following manufacturer’s instructions.

2.5  Seahorse stress tests

Measurement of oxygen consumption rate (OCR) and ex-
tracellular acidification rate (ECAR) was carried out in the
Seahorse XF96 analyzer (Agilent). CLL cells were plated in
a density of 2-105 cells/well with 5 replicates per condition
and incubated for 24h (with or without treatment) at 37°C
5% CO2. For mitochondria stress test, culture medium was
replaced with XF Mito stress medium (DMEM supplement-
ed with 10mM glucose, 2mM glutamine, and ImM py-
ruvate). For the glycolysis stress test, the medium was re-
placed with XF base medium supplemented with 2mM Glu-
tamine (glucose-free). Cells were then transferred to a
XFe96 microplate (Agilent), pre-treated with 30 ul of Cell-
Tak solution (Corning™ Cell-Tak Cell and Tissue Adhe-
sive, Fisher Scientific) in 0.1M NaHCO3 and IN NaOH, to
ensure cell adhesion. The cell microplate was incubated at
37°C in a CO2-free environment for a minimum of 1 hour
before stress tests. OCR was measured after sequential in-
jections of Oligomycin (1 uM), FCCP (1 uM), and Rote-
none/Antimycin A (1uM), and ECAR was measured follow-
ing the injection of glucose (10mM), oligomycin (1uM) and
2-DG (10mM) by the Seahorse analyzer, following manu-
facturer’s instructions. OCR and ECAR rates were normal-
ized to the amount of protein per well, determined by a
BCA protein assay (Thermo Fisher, 23250). Results were

analyzed using Seahorse Wave (version 2.6.3). Basal OCR,
spare respiratory capacity, maximal respiration, basal gly-
colysis, maximal glycolytic capacity and glycolytic reserve
were calculated as previously described (34).

2.6 ddPCR

Gene expression of target genes in PGAI cell lines was
assessed by droplet digital PCR (ddPCR), using Bio-Rad
equipments and reagents, and following the manufacturer’s
instructions (see supplementary methods).

2.7 Targeted metabolomics

CLL cells were washed three times with ice-cold PBS,
drained, snap-frozen in liquid nitrogen, and stored at —80°C
until analyses. An extraction solution composed of 50%
methanol, 30% acetonitrile, and 20% water was added to the
cells. The supernatants were collected and separated by lig-
uid chromatography—mass spectrometry (LC-MS) using
SeQuant ZIC-pHilic column (MilliporeSigma). The aqueous
mobile-phase solvent was 20 mM ammonium carbonate
plus 0.1% ammonium hydroxide solution, and the organic
mobile phase was acetonitrile. The metabolites were sepa-
rated over a linear gradient from 80% organic to 80% aque-
ous for 15 minutes. The column temperature was 50°C and
the flow rate was 200 pL/min. The metabolites were detect-
ed across a mass range of 75-1000 m/z using the Q-
Exactive Plus mass spectrometer (Thermo Fisher Scientific)
at a resolution of 35,000 (at 200 m/z) with electrospray ioni-
zation and polarity switching mode (35). Lock masses were
used to ensure mass accuracy below 5 ppm. The peak areas
of different metabolites were determined using Thermo
Fisher Scientific TraceFinder software using the exact mass
of the singly charged ion and known retention time on the
HPLC column. Data analysis was performed in the
MetaboAnalyst 4.0 software (36).

2.8  Statistics

Statistical analyses were carried out using GraphPad
Prism software v8 (GraphPad Software). Student’s t test,
Mann—Whitney, ANOVA, or Kruskal-Wallis tests were
used to determine statistical significance. P-values lower
than 0.05 were considered statistically significant. At least
three independent clones per condition were used in the
functional studies. Otherwise specified, data are summa-
rized as the mean + standard deviation (SD).
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Figure 1. Transcriptomic and functional analyses of TRAF3 inactivation in NF-kB signaling. A) RNA-seq analysis
of transcriptionally upregulated (in red) and downregulated (in blue) Hallmark pathways (MSigDB) identified by Gene
Set Enrichment Analysis (GSEA) for the indicated comparison. B) Volcano plot showing the significant upregulated and
downregulated genes in PGA1-TRAF3™" cells. C) Validation of MAP3K 14 RNA expression by ddPCR and GSEA en-
richment analysis of NF-kB signaling. D) Nuclear DNA-binding activity of the non-canonical NF-xB transcription fac-
tors pS2 and RelB assessed by ELISA in nuclear and whole-cell extracts of PGA1 (top graphs) and primary cells (botton
graphs; n=19 WT; n=2 TRAF3™") respectively. E) RNA expression of apoptotic effectors at basal state of TRAF3-

mutated cells assessed by ddPCR. Data are represented as the mean + SD.
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2.9 Supplementary methods

Supplementary Methods section includes detailed proto-
cols of cell lines, culture and ex-vivo co-culture conditions,
drugs and reagents, NGS, FISH, MLPA, subcellular frac-
tionation, Western blot, viability and MitoSOX assays.

3 RESULTS

3.1 TRAF3 alterations promote non-canonical NF-kB
pathway activation

In order to characterize the molecular mechanisms under-
lying TRAF3 alterations, we performed a transcriptomic
characterization of the CRISPR/Cas9-edited cellular models
harboring a homozygous nonsense TRAF3 mutation (PGA1-
TRAF3™") and the cell lines used as a control (PGA1-WT)
by RNA-seq. A total of 56 transcripts were significantly
dysregulated (FDR<0.05) in TRAF3™" cells in comparison
to WT clones (Supplementary Table S3). Gene-set en-
richment analyses (GSEA) revealed differences in several
biological pathways in PGAI1-TRAF3™" cells, including
PI3K-AKT-MTOR, TGF-p signaling, apoptosis and glycol-
ysis (Figure 1A and Supplementary Table S4). We identi-
fied a significant upregulation of MAP3KI4 (NIK), a direct
target of TRAF3-mediated degradation that stimulates NF-
kB activity (Figure 1B), which was further validated by
ddPCR (p=0.01) (Figure 1C). Considering the role of
TRAF3 in the NF-kB signaling, we analyzed the enrichment
of gene sets related to this pathway and their targets (Sup-
plementary Figure S2), and consequently, TRAF3™" cells
showed a global alteration of the negative regulation of
NIK/NF-kB signaling (NES=1.64; p=0.02; FDR=0.03)
(Figure 1C).

Next, we assessed whether the dysregulation observed at
the RNA level translated into changes in the DNA-binding
activity of transcription factors involved in the NF-kB sig-
naling. Regarding the non-canonical NF-kB pathway, we
observed a higher nuclear activity of p52 (p=0.01) and a
marked increase in RelB activity (p=0.003) (Figure 1D). To
further validate these results, we tested the nuclear activity
of these transcription factors in a total of 14 CLL primary
samples (n=19 TRAF3"T; n=2 TRAF3™'). Remarkably, CLL
patients with TRAF3 mutation showed higher DNA-binding
activity of p52 and RelB (p=0.03, p<0.001, respectively)
(Figure 1D). Conversely, we found no significant differ-
ences between PGAI1-TRAF3™' and PGAI1-WT cells in
transcription factor involved in the canonical NF-KB path-
way (p50, RelA, c-Rel) (Supplementary Figure S3).

As NF-kB activation has been shown to be involved in the
dysregulation of apoptotic proteins, we next analyzed the
expression levels of anti-apoptotic (BCL2, MCL1, BCL-XL)
and pro-apoptotic effectors (BAX, BAK). Interestingly,
PGA1-TRAF3™" cells showed a higher RNA expression of
BAX (p=0.05) (Figure 1E). Moreover, we observed a trend
towards higher expression levels of BCL2 and MCLI in
TRAF3-mutated cells, although it was not statistically sig-
nificant.

3.2 TRAF3 loss induces metabolic reprogramming
and enhances mitochondrial activity

Previous studies have shown that B cells lacking TRAF3
undergo metabolic reprogramming that could be mediated
via NIK/NFKB signaling (30). Moreover, TRAF3 can regu-
late mitochondrial activity to control B cell apoptosis (32).
Taking this into account, we next sought to determine
whether and how TRAF3 inactivation mediates metabolic
reprogramming in CLL cells.

To decipher the metabolic specificities of PGA1-TRAF3™
cells, the abundance of 140 metabolites was assessed by
LC-MS. The top 25 differentially enriched metabolites in
PGA1-TRAF3™" cells as well as P-values and fold-change
values are shown in the heatmap and volcano plots, respec-
tively (Figure 2A, B). Remarkably, PGA1-TRAF3"™" cells
showed significantly higher levels of phosphoenolpyruvate,
pyruvate, and lactate (glycolysis intermediates), and also
increased levels of acetyl-CoA, a-ketoglutarate, and succin-
ate (tricarboxylic acid cycle-TCA- intermediates), suggest-
ing an enhanced mitochondrial activity (Figure 2C). En-
richment analysis revealed that the top 25 metabolites are
involved in Warburg effect, pyruvate metabolism, TCA or
citric acid cycle, and glutamate metabolism (FDR<0.01)
(Table 1).

To further assess the metabolic activity of TRAF3-mutated
cells, we analyzed their respiratory capacity or mitochondri-
al oxidative phosphorylation (OXPHOS) and glycolytic
capacity by measuring the oxygen consumption rates (OCR)
and extracellular acidification rates (ECAR), respectively.
Interestingly, PGA1-TRAF3™" cells showed significantly
distinct mitochondrial characteristics when compared to
WT: higher basal and maximal respiration levels and a more
important spare capacity and generation of ATP linked to
mitochondrial respiration, which is consistent with the high-
er abundance of TCA intermediates identified in the metab-
olomic study (Figure 3A). Considering the cellular bioener-
getic profile (Figure 3B), we observed a shift in the pres-
ence of TRAF3 mutations. Figure 3B shows that while the
proportion of OCR for basal and non-mitochondrial respira-
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Figure 2. Metabolomic analysis of PGAL1 cells with TRAF3 biallelic inactivation. A) Heatmap top 25 significantly
enriched metabolites identified by LC-MS. B) Volcano plot showing p-values and fold-changes of enriched metabolites.
C) Significantly enriched metabolites in TRAF3-mutated cells are shown in the graph. These metabolites are involved in
Warburg effect (phosphoenol-pyruvate-PEP-, pyruvate and lactate), citric acid cycle (TCA; acetyl-CoA, a-ketoglutarate
and succinic acid) and glutamate metabolism (a-ketoglutarate), indicating an enhanced mitochondrial glycolytic metabo-

lism.
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Table 1. Enrichment of metabolic pathways identified in Metabolite Set Enrichment Analysis for the comparison of
PGA1-TRAF3™" vs. PGA1-WT cells.

Metabolic pathway Total Expected Hits Rawp Holm p FDR
Warburg effect 58 0.57 6 0.000 0.000 0.000
Gluconeogenesis 35 0.34 5 0.000 0.001 0.000
Pyruvate metabolism 48 0.47 5 0.000 0.004 0.001
Citric acid cycle 32 0.31 4 0.000 0.014 0.004
Amino sugar metabolism 33 0.32 3 0.003 0.295 0.061
Aspartate metabolism 35 0.34 3 0.004 0.347 0.061
Glucose-Alanine cycle 13 0.13 2 0.006 0.582 0.089
Glutamate metabolism 49 0.48 3 0.010 0.887 0.100
Beta oxidation of very long chain fatty acids 17 0.17 2 0.011 0.972 0.106
Alanine metabolism 17 0.17 2 0.011 0.972 0.106
Glycine and serine metabolism 59 0.58 3 0.016 1.000 0.135
Tryptophan metabolism 60 0.59 3 0.017 1.000 0.135
Transfer of acetyl groups into mitochondria 22 0.21 2 0.018 1.000 0.135
Cysteine metabolism 26 0.25 2 0.025 1.000 0.142
Oxidation of branched chain fatty acids 26 0.25 2 0.025 1.000 0.142
Phytanic acid peroxisomal oxidation 26 0.25 2 0.025 1.000 0.142
Mitochondrial beta-oxidation of medium chain

saturated fatty acids 27 0.26 2 0.027 1.000 0.144
Lysine degradation 30 0.29 2 0.032 1.000 0.158
Ammonia recycling 32 0.31 2 0.036 1.000 0.170
Beta-Alanine metabolism 34 0.33 2 0.041 1.000 0.182
Fatty acid biosynthesis 35 0.34 2 0.043 1.000 0.183
Propanoate metabolism 42 0.41 2 0.060 1.000 0.245
Malate-Aspartate suttle 10 0.1 1 0.094 1.000 0.354
Pyruvaldehyde degradation 10 0.1 1 0.094 1.000 0.354
Valine, leucine and isoleucine degradation 60 0.59 2 0.112 1.000 0.407
Ketone body metabolism 13 0.13 1 0.120 1.000 0.422
Butyrate metabolism 19 0.19 1 0.171 1.000 0.560
Ethanol degradation 19 0.19 1 0.171 1.000 0.560
Carnitine synthesis 22 0.21 1 0.196 1.000 0.620
Caffeine metabolism 24 0.23 1 0.212 1.000 0.649
Mitochondrial beta-oxidation of short chain

saturated fatty acids 27 0.26 1 0.235 1.000 0.681
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tion decreased, the proportion of OCR for the spare capac-
ity increased from 11% to 40%. Furthermore, we measured
the levels of mitochondrial superoxide to assess the mito-
chondrial reactive oxygen species (ROS) production, and
we found that PGA1-TRAF3™" cells also had higher levels
of superoxide (Figure 3C). Glycolysis, maximal glycolytic
capacity, and glycolytic reserve measured by ECAR were
slightly enhanced in the TRAF3-mutated cells, in line with
the higher levels of anaerobic glycolysis intermediates (py-
ruvate and lactate) (Figure 3D). To further characterize this
enhanced mitochondrial glycolytic metabolism, we assessed
the response of our CRISPR/Cas9-generated models to 2-
deoxyglucose (2-DG), a competitive hexokinase inhibitor.
Interestingly, PGA1-TRAF3™ cells had lower cell viability
than the WT, which could suggest an increased dependency
on glucose metabolism (Supplementary Figure S4).

To investigate whether the distinct metabolism of PGA1-
TRAF3™ cells was correlated to gene expression changes,
we focused on the RNAseq data from key genes related to
these metabolic pathways. Interestingly, we identified a
dysregulation in glutathione metabolism and glutamine
transport, highlighting the significant upregulation of the
glutamine transporter SLC1A44 (log2(FC)=0.643;
FDR=0.007), in addition to the choline transporter SLC4442
(log2(FC)=0.549; FDR=0.045) (Supplementary Figure S5)
(Supplementary Table S3).

Collectively, these results suggest that PGA1-TRAF3™
cells had an increased mitochondrial glycolytic respiration
through an enhanced glucose and glutamate metabolism.

3.3 TRAF3 mutated cells showed metabolic plasticity
in response to metabolic inhibitors

Since pyruvate, TCA, and glutamate metabolism were
dysregulated in PGA1-TRAF3™* cells, we next tested meta-
bolic inhibitors that target these pathways to delve into the
metabolic dependencies of these cells. Specifically, we test-
ed the response of PGA1-TRAF3™ cells to oxamate (lactate
dehydrogenase-LDH- inhibitor, marker of anaerobic glycol-
ysis), UKS5099 (inhibitor of the mitochondrial pyruvate
transporter that regulates mitochondrial glycolysis) and
C968 (inhibitor of mitochondrial glutaminase that blocks
glutaminolysis), by measuring viability, OCR and ECAR.

In cell viability experiments, PGAI1-TRAF3™" cells
showed higher resistance to oxamate than PGA1-WT cells
(Supplementary Figure S6). Mechanistically, oxamate
significantly increased mitochondrial respiration in PGA1-
WT cells, which could be explained by the favoring of py-
ruvate uptake by the mitochondria after LDH blockade

(Figure 4A). Unlike WT cells, PGA1-TRAF3™" cells dis-
played similar maximal respiration rates and spare capacity
after oxamate treatment (Figure 4A). In parallel, TRAF3-
mutated cells showed no differences in glycolysis when
treated with the LDH inhibitor, while WT cells significantly
increased their basal glycolysis and maximal glycolytic ca-
pacity (Supplementary Figure S7). These findings may
indicate that PGA1-TRAF3™" cell metabolism is independ-
ent of anaerobic glycolysis inhibition.

After UK5099 exposure, PGA1-TRAF3™ cells exhibited
similar cell viability to WT cells (Supplementary Figure
S6). Nevertheless, UK5099 treatment led to an increase in
the maximal respiration capacity of PGA1-TRAF3™ cells
that was not observed in the WT (Figure 4B). Conversely,
UKS5099 reduced the basal glycolysis in PGA1-WT cells but
we observe no effects in PGA1-TRAF3™ cells (Supple-
mentary Figure S8). Remarkably, PGA1-TRAF3™" cells
had significantly higher spare and maximal respiration ca-
pacities after C968 injection, while there were no differ-
ences in WT cells under the same conditions (Figure 4C)
(Supplementary Figure S9).

The response of PGA1-TRAF3™ cells to both metabolic
inhibitors separately (UK5099 and C968) could indicate a
greater capacity to switch their metabolism to alternative
pathways and to increase their mitochondrial and glycolytic
activity in restricted conditions, demonstrating an improved
cellular plasticity in comparison to WT cells.

3.4 TRAF3 mutated primary CLL cells are targetable
by the combination of UK5099 and C968

Considering the metabolic dependencies and apoptosis
dysregulation of PGA1-TRAF3™ cells, we next assessed the
response of primary CLL cells (n=19 TRAF3"T n=3
TRAF3MUT) to a library of drugs, to explore therapeutic vul-
nerabilities and resistances in patients with TRAF3 altera-
tions. We tested CLL treatments (venetoclax, ibrutinb and
idelalisib) as well as metabolic inhibitors (oxamate,
UK5099 and C968), in the presence and absence of stromal
co-culture with HS-5 cells, IL2 and CpG to mimic CLL
microenvironment. Moreover, considering the increased
respiration upon pyruvate and glutamate import inhibition,
we assess the response to the combination of UK5099 and
C968 to further evaluate if cells may switch from pyruvate
metabolism to glutaminolysis and vice versa for fueling
mitochondria metabolism (Figure 5A).

Remarkably, TRAF3 mutated CLL cells were more re-
sistant to oxamate (as observed in the PGA1 cells: Supple-
mentary Figure S6). Interestingly, these cells showed sig-
nificant sensitivity to venetoclax in the absence of microen
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Figure 3. Bioenergetic phenotyping of PGA1-TRAF3™" cells. A) Mito stress test. Oxygen consumption rates (OCR)
of PGA1-WT and PGA1-TRAF3™ clones are expressed by ug/protein and bar graphs show the comparison between
TRAF3-mutated and WT cells according to spare capacity, ATP-linked, basal and maximal respiration. B) Proportions of
OCR due to basal respiration, spare capacity and non-mitochodrial respiration. The proportions are relative to the highest
OCR value, taken as the 100%. For this graph, two different seahorse experiments clones were used. C) Measurement of
superoxide production by MitoSox staining. D) Gluco stress test. Extracellular acidification rate is expressed by
ug/protein (ECAR) and bar graphs show the comparison between 7RAF3-mutated and WT cells according to basal gly-
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Figure 4. Analysis of mitochondrial respiration activity of PGA1-TRAF3™" cells in response to metabolic inhibi-
tors. A) PGA1-WT and PGA1-TRAF3MUT cells were treated for 48h with oxamate (40 mM) and OCR was measured by
seahorse technology (Mito stress test) and spare capacity is shown in the bar graphs. B) UK5099 effects on OCR (Mito
stress test) in PGA1-WT and PGA1- TRAF3YUT cells after injection in the seahorse experiment (50 uM; time: 14 min).
Maximal respiration shown in the graphs. C) C968 effects on OCR (Mito stress test) in PGAl- WT and PGAI-
TRAF3MUT cells after injection in the seahorse experiment (50 pM; time: 14 min). Maximal respiration shown in the
graphs. Color bars and graphs represent treated PGA1- TRAF3MUT (red) and PGA1-WT (blue) cells, and grey bars and
graphs represent untreated cells (both WT and TRAF3 mutated as indicated). Data represent the mean + SD. of five tech-
nical replicates from one representative experiment (out of two) in each case.

108



vironment, which was partially attenuated in the co-culture
with stromal cells (Figure SA). Strikingly, when we com-
pared the responses of TRAF3"T and TRAF3MUT CLL prima-
ry cells to the different treatments, we observed the same
shift in the presence of microenvironment, except for
UKS5099 and C968 combination: WT cells reduced their
sensitivity to this combination while TRAF3-mutated cells
maintained a similar response when co-cultured with HS-5
(Figure 5B). These results suggest that UK5099 and C968
combination not only reduced cell proliferation, but also
may block TRAF3-mediated microenvironmental stimuli in
CLL cells.

3.5 Simultaneous glutaminolysis and pyruvate
transport inhibition decrease 7RAF3 mutated
cells proliferation by relieving metabolic plasticity

Our findings suggest enhanced mitochondrial glycolysis
and an improved adaptive capacity of TRAF3 mutated cells
to pyruvate or glutaminolysis inhibition. Moreover, we hy-
pothesize that their metabolism may fluctuate between these
two pathways. As we identified a significant sensitivity to
UK5099 and C968 combination in the presence and absence
of microenvironment, we next tested the latter combination
in PGAI-TRAF3™" cells to explore the implications of this
treatment in an isolated model. It should be noted that this
combination induced more cell death in the PGA1-TRAF3™"
cells than in the PGA1-WT cells (p=0.03) (Figure 6A). Re-
garding OCR and ECAR (Figure 6B) (Supplementary
Figure S10), we no longer observe the differences that we
previously identified between PGA1-WT and PGAI-
TRAF3™* cells under the single treatments, which could
suggest that this combination relieves the metabolic plastici-
ty and sensitize PGA1-TRAF3™" cells.

To further analyze the effect of this combined treatment
on the metabolome, metabolomic studies after treating the
cells with UK5099 (25uM) and C968 (25 uM) were carried
out. Strikingly, we identified a reprogramming in the abun-
dance of key metabolites: pyruvate, lactate, acetyl-CoA and
a-ketoglutarate. In all cases, the levels of the metabolites in
PGAI1-TRAF3™" cells become equal to those of the WT
cells after treatment, by decreasing, increasing or maintain-
ing its concentration (Figure 6C). Collectively, our findings
demonstrate that the simultaneous inhibition of pyruvate
import to the mitochondria and glutaminolysis could reverse
the differential metabolic reprogramming observed in
TRAF3-mutated cells, unraveling the mechanistic insights
behind this targetable dependency in CLL with these altera-
tions.

4 DISCUSSION

Nowadays, the integration of multiomic data allows to
identify novel candidate drivers with a potential role in the
CLL pathogenesis and disease progression, which may con-
tribute to develop new therapeutic strategies (10, 11). How-
ever, little is known about the implications of these new
alterations at the biological level, which is indispensable to
understand the underlying mechanisms and to evolve to-
wards a better precision medicine. In this work, we deci-
phered new biological implications of TRAF'3, a CLL driver,
in NF-kB signaling and its role in the metabolic plasticity of
CLL cells.

In line with previously reported data regarding non-
canonical NF-kB activation (16, 17), our results indicated
that PGA1-TRAF3 mutated cells had an increased NIK up-
regulation and an enhanced activity of p52 and RelB tran-
scription factors. Notably, we identified a dysregulation of
specific apoptotic regulators, which are known NF-kB tar-
gets (Figure 1). TRAF3 biallelic mutation in our CLL cellu-
lar models was associated with a slightly higher expression
of anti-apoptotic BCL2 and MCLI genes, and a significant
increase of the pro-apoptotic BAX RNA levels. These results
differ to some extent from the obtained in other study,
where BIRC3 mutated CLL cells (another negative regulator
of non-canonical NF-kB signaling frequently disrupted in
CLL), showed higher BCL-2 and BCL-XL expression, but a
downregulation of BAX (37). It should be noted that the
expression of BCL2 family proteins in other TRAF3-
deficient models varies among studies (32, 38), suggesting
that anti- and pro-apoptotic gene expression levels upon NF-
kB activation could be dependent on the intermediate al-
tered, the type and the state of the cell.

In the last few years, new potential roles of TRAF3 in me-
tabolism have also been described (3). Metabolomic analy-
sis revealed a higher abundance of metabolites involved in
the “Warburg effect” (PEP, pyruvate and lactate), TCA cy-
cle (acetyl-coA, a-ketoglutarate and succinate) and gluta-
mate metabolism (o-ketoglutarate) in PGA1-TRAF3MUT cells
(Figure 2, Table 1). This metabolic profile is consistent with
the higher dependency on glucose metabolism observed in
these cells, and the enhanced mitochondrial respiration and
glycolysis (Figure 3), which is also in line with the previ-
ously reported (30, 32). Moreover, TRAF3-mutated cells
were more resistant to anaerobic glycolysis inhibition by
LDH blockade, to inhibition of pyruvate import to the mito-
chondria, and more resistant to glutaminolysis (Figure 4).
Therefore, we identified for the first time a higher capacity
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Figure 5. Response to metabolic inhibitors and CLL drugs of 22 CLL primary cells in the presence and absence
of stromal stimulation. A) Viability of the TRAF3"T (n=19) and TRAF3™" (n=3) CLL primary cells after 48h of treat-
ment with the inhibitors at the concentrations indicated in the panel below the graphs, seeded in co-culture with HS-5
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(-HS-5). Statistical analysis was performed relative to the untreated cells (DMSO) in each treatment (t-student test). B)
Viability of CLL primary cells with and without TR4AF3 mutations in response to oxamate, the combination of UK5099
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of these cells to switch towards alternative metabolic path-
ways under stress conditions (mimicked by the administra-
tion of different metabolic inhibitors), showing an enhanced
metabolic plasticity.

Intriguingly, similar metabolic dependencies and enhanced
mitochondrial and glycolytic activity have been described in
CLL cells upon CD40 stimulation, that subsequently acti-
vates NF-kB signaling (26). Additionally, RNAseq analysis
identified an upregulation of SLCI/A44, a glutamine trans-
porter(39), which could be favoring the metabolic adapta-
tion capacity to stress of PGA1-TRAF3MUT cells(40). The
main paralog of SLCIA4 is SCLCIAS, a target of NF-kB
signaling, which has been previously identified to be upreg-
ulated in CD40-stimulated B cells (26). It is noteworthy to
mention that recent data uncovered new functions of NF-kB
and more concretely, RelB activation, in metabolic repro-
graming in other B cell lymphomas(41, 42), which supports
our findings and suggests that TRAF3-induced metabolic
reprogramming could be dependent on NF-kB activation.
Though, it is known that TRAF3 is a multi-faceted gene that
may activate different biological functions (43, 44), and
hence, more investigations are needed to further confirm
this dependency.

Given the apoptosis deregulation and metabolic dependen-
cies of PGAI1-TRAF3™" cells, we next assessed whether
these pathways could be targetable in CLL cells with
TRAF3 mutations (Figure 5). Mechanisms underlying ve-
netoclax response often involve alterations in BCL2-family
proteins, such as BCL2 mutations, MCLI amplification or
BAX expression(45-48). In our study, CLL cells with
TRAF3 mutations were more sensitive to venetoclax than
the WT, which may be explained by the high expression of
the pro-apoptotic regulator BAX. However, in the co-culture
with stromal cells, primary 7RAF3-mutated CLL cells were
less sensitive to BCL2 inhibition in accordance with the
effect of stromal cells in the prevention of venetoclax-
induced apoptosis (49, 50). On the other hand, the use of
metabolic inhibitors as a new potential approach for cancer
treatment has been expanded the last few years(51-53). In-
terestingly, TRAF3-mutated CLL cells showed a reduced
viability when treated with the combination of glutaminoly-
sis and pyruvate transport inhibitors (C968 and UK5099,
respectively). Strikingly, in the presence of microenviron-
ment, primary TRAF3-WT cells showed an increased viabil-
ity than the isolated CLL cell culture, while TRAF3-mutated
cells remained as sensitive as isolated CLL cells to the com-
bination. Moreover, the combined treatment (C968 and
Uk5099) reverses the metabolic reprogramming reported in
PGAI1-TRAF3™ cells (Figure 6). Altogether, these findings

demonstrated the potential of the combination of metabolic
inhibitors as a new therapeutic approach in TRAF3-mutated
patients through its relieving effect on metabolic repro-
gramming.

In summary, we demonstrated the implications of TRAF3
in different biological CLL functions, highlighting its role in
metabolic reprogramming. In this work, we identified dis-
tinct metabolic dependencies and enhanced mitochondrial
glycolytic metabolism in CLL cells with TRAF3 inactiva-
tion, that could contribute to a metabolic plasticity potential-
ly targetable in CLL.

CONFLICT OF INTEREST
The authors declare no competing financial interests.

AUTHOR CONTRIBUTIONS

CPC designed research, performed CRISPR/Cas9 experiments,
carried out functional studies analyzed the data and drafted the
manuscript. MQA designed and performed CRISPR/Cas9 and
functional studies and contributed to analyze the data and interpre-
tation of the results. MT performed functional studies and contrib-
uted to interpret the data. LD and ARS performed functional stud-
ies. DJS performed RNAseq analysis. TG performed sample selec-
tion and FISH studies. RB designed sequencing and MLPA studies
and contributed to data analysis. EC and FN performed sample
selection and contributed to the interpretation of the results. AERV
contributed to data analysis and critically review the manuscript.
SAS and JMHR conceived the study, designed and supervised the
research, and critically reviewed and approved the final version of
the manuscript. All authors discussed the results and revised the
manuscript.

FUNDING

This work was supported by grants from Instituto de Salud Car-
los III (ISCIII) &FEDER (PI121/00983) (co-funded by the Euro-
pean Union), Consejeria de Educacion-Junta de Castilla y Leon
(SA118P20), Gerencia Regional de Salud-SACYL
(GRS2140/A/20, GRS2385/A/21), Fundacion Mutua Madrilefia
(FMM, AP176752021), Red Tematica de Investigacion Cooperati-
va en Cancer (RTICC) (RD12/0036/0069) and Centro de Investi-
gacion  Biomédica en Red de Cancer (CIBERONC
CB16/12/00233).

CPC is supported by a research grant from FEHH (“Fundacion
Espafiola de Hematologia y Hemoterapia”; Beca de Investigacion
FEHH 2022). AR is fully supported by an “Ayuda predoctoral de
la Junta de Castilla y Leén” by the Fondo Social Europeo Plus
(FSE+) (JCYL- EDU/1868/2022 PhD scholarship)

ACKNOWLEDGMENTS

We are grateful to I. Rodriguez, S. Gonzalez, M.A. Ramos, A.
Martin, A. Diaz, A. Simén, M. del Pozo, V. Gutiérrez and S. Pu-
jante from the Centro de Investigacion del Cancer, Salamanca, for

112



their technical assistance. We are grateful to Ivan Nemazanyy from
the Metabolomics Unit in the Faculté de Médecine Paris Descartes,
Paris (France), for his technical assistance.

REFERENCES

1. Xie P, Stunz LL, Larison KD, Yang B, Bishop GA. Tumor necrosis
factor receptor-associated factor 3 is a critical regulator of B cell home-
ostasis in secondary lymphoid organs. Immunity. 2007;27(2):253-67.

2. Hildebrand JM, Yi Z, Buchta CM, Poovassery J, Stunz LL, Bishop GA.
Roles of tumor necrosis factor receptor associated factor 3 (TRAF3)
and TRAFS in immune cell functions. Immunol Rev. 2011;244(1):55-
74.

3. Jung J, Gokhale S, Xie P. TRAF3: A novel regulator of mitochondrial
physiology and metabolic pathways in B lymphocytes Front. Oncol.
2023; 13:1081253.

4. Moore CR, Liu 'Y, Shao C, Covey LR, Morse HC, Xie P. Specific dele-
tion of TRAF3 in B lymphocytes leads to B-lymphoma development in
mice. Leukemia. 2012;26(5):1122-7.

5. Bushell KR, Kim Y, Chan FC, Ben-Neriah S, Jenks A, Alcaide M, et al.
Genetic inactivation of TRAF3 in canine and human B-cell lymphoma.
Blood. 2015;125(6):999-1005.

6. San Miguel JF. Introduction to a series of reviews on multiple myelo-
ma. Blood. 2015;125(20):3039-40.

7. Nagel I, Bug S, Toénnies H, Ammerpohl O, Richter J, Vater I, et al.
Biallelic inactivation of TRAF3 in a subset of B-cell lymphomas with
interstitial del(14)(q24.1q32.33). Leukemia. 2009;23(11):2153-5.

8. Landau DA, Tausch E, Taylor-Weiner AN, Stewart C, Reiter JG, Bahlo
J, et al. Mutations driving CLL and their evolution in progression and
relapse. Nature. 2015;526(7574):525-30.

9. Puente XS, Bea S, Valdés-Mas R, Villamor N, Gutiérrez-Abril J, Mar-
tin-Subero J1, et al. Non-coding recurrent mutations in chronic lympho-
cytic leukaemia. Nature. 2015;526(7574):519-24.

10. Knisbacher BA, Lin Z, Hahn CK, Nadeu F, Duran-Ferrer M, Stevenson
KE, et al. Molecular map of chronic lymphocytic leukemia and its im-
pact on outcome. Nat Genet. 2022;54(11):1664-74.

11.Robbe P, Ridout KE, Vavoulis DV, Dréau H, Kinnersley B, Denny N,
et al. Whole-genome sequencing of chronic lymphocytic leukemia iden-
tifies subgroups with distinct biological and clinical features. Nat Genet.
2022;54(11):1675-89.

12. Pérez-Carretero C, Hernandez-Sanchez M, Gonzalez T, Quijada—Alamo
M, Martin-Izquierdo M, Santos-Minguez S, et al. TRAF3 alterations are
frequent in del-3'IGH chronic lymphocytic leukemia patients and define
a specific subgroup with adverse clinical features. Am J Hematol.
2022;97(7):903-14.

13.Klintman J, Appleby N, Stamatopoulos B, Ridout K, Eyre TA, Robbe
P, et al. Genomic and transcriptomic correlates of Richter transfor-
mation in chronic lymphocytic leukemia. Blood. 2021;137(20):2800-16.

14. Ondrisova L, Mraz M. Genetic and Non-Genetic Mechanisms of Re-
sistance to BCR Signaling Inhibitors in B Cell Malignancies. Front On-
col. 2020;10:591577.

15.Nadeu F, Royo R, Massoni-Badosa R, Playa-Albinyana H, Garcia-
Torre B, Duran-Ferrer M, et al. Detection of early seeding of Richter
transformation in chronic lymphocytic leukemia. Nature Medicine.
2022;28(8):1662-71.

16. Moore CR, Edwards SK, Xie P. Targeting TRAF3 Downstream Signal-
ing Pathways in B cell Neoplasms. J Cancer Sci Ther. 2015;7(2):67-74.

17. Vallabhapurapu S, Matsuzawa A, Zhang W, Tseng PH, Keats JJ, Wang
H, et al. Nonredundant and complementary functions of TRAF2 and
TRAF3 in a ubiquitination cascade that activates NIK-dependent alter-
native NF-kappaB signaling. Nat Immunol. 2008;9(12):1364-70.

18. Zarnegar BJ, Wang Y, Mahoney DJ, Dempsey PW, Cheung HH, He J,
et al. Noncanonical NF-kappaB activation requires coordinated assem-
bly of a regulatory complex of the adaptors cIAP1, cIAP2, TRAF2 and
TRAF3 and the kinase NIK. Nat Immunol. 2008;9(12):1371-8.

19. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Sci-
ence. 2009;324(5930):1029-33.

20. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144(5):646-74.

21.Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer Me-
tabolism. Cell Metab. 2016;23(1):27-47.

22.Jitschin R, Hofmann AD, Bruns H, Giessl A, Bricks J, Berger J, et al.
Mitochondrial metabolism contributes to oxidative stress and reveals
therapeutic targets in chronic lymphocytic leukemia. Blood.
2014;123(17):2663-72.

23. Vangapandu HV, Ayres ML, Bristow CA, Wierda WG, Keating MJ,
Balakrishnan K, et al. The Stromal Microenvironment Modulates Mito-
chondrial Oxidative Phosphorylation in Chronic Lymphocytic Leuke-
mia Cells. Neoplasia. 2017;19(10):762-71.

24.Zhang W, Trachootham D, Liu J, Chen G, Pelicano H, Garcia-Prieto C,
et al. Stromal control of cystine metabolism promotes cancer cell sur-
vival in chronic lymphocytic leukaemia. Nat Cell Biol. 2012;14(3):276-
86.

25.Jitschin R, Braun M, Qorraj M, Saul D, Le Blanc K, Zenz T, et al.
Stromal cell-mediated glycolytic switch in CLL cells involves Notch-c-
Myc signaling. Blood. 2015;125(22):3432-6.

26. Chen Z, Simon-Molas H, Cretenet G, Valle-Argos B, Smith LD, Forco-
ni F, et al. Characterization of metabolic alterations of chronic lympho-
cytic leukemia in the lymph node microenvironment. Blood.
2022;140(6):630-43.

27.van Bruggen JAC, van der Windt GJW, Hoogendoorn M, Dubois J,
Kater AP, Peters FS. Depletion of CLL cells by venetoclax treatment
reverses oxidative stress and impaired glycolysis in CD4 T cells. Blood
Adv. 2022;6(14):4185-95.

28.Roca-Portoles A, Rodriguez-Blanco G, Sumpton D, Cloix C, Mullin M,
Mackay GM, et al. Venetoclax causes metabolic reprogramming inde-
pendent of BCL-2 inhibition. Cell Death Dis. 2020;11(8):616.

29. Guiéze R, Liu VM, Rosebrock D, Jourdain AA, Hernandez-Sanchez M,
Martinez Zurita A, et al. Mitochondrial Reprogramming Underlies Re-
sistance to BCL-2 Inhibition in Lymphoid Malignancies. Cancer Cell.
2019;36(4):369-84.

30. Mambetsariev N, Lin WW, Wallis AM, Stunz LL, Bishop GA. TRAF3
deficiency promotes metabolic reprogramming in B cells. Sci Rep.
2016;6:35349.

31.Gokhale S, Lu W, Zhu S, Liu Y, Hart RP, Rabinowitz JD, et al. Elevat-
ed Choline Kinase a-Mediated Choline Metabolism Supports the Pro-
longed Survival of TRAF3-Deficient B Lymphocytes. J Immunol.
2020;204(2):459-71.

32.Liu Y, Gokhale S, Jung J, Zhu S, Luo C, Saha D, et al. Mitochondrial
Fission Factor Is a Novel Interacting Protein of the Critical B Cell Sur-
vival Regulator TRAF3 in B Lymphocytes. Front Immunol.
2021;12:670338.

33. Quijada-Alamo M, Hernéndez-Sanchez M, Alonso-Pérez V, Rodriguez-
Vicente AE, Garcia-Tufidn I, Martin-Izquierdo M, et al. CRISPR/Cas9-
generated models uncover therapeutic vulnerabilities of del(11q) CLL
cells to dual BCR and PARP inhibition. Leukemia. 2020;34(6):1599-
1612.

34.Yang M, Chadwick AE, Dart C, Kamishima T, Quayle JM. Bioenerget-
ic profile of human coronary artery smooth muscle cells and effect of
metabolic intervention. PLOS ONE. 2017;12(5):e0177951.

113



Pérez-Carretero et al.

35.Bignon Y, Rinaldi A, Nadour Z, Poindessous V, Nemazanyy I, Lenoir
O, et al. Cell stress response impairs de novo NAD+ biosynthesis in the
kidney. JCI Insight. 2022;7(1).

36. Chong J, Wishart DS, Xia J. Using MetaboAnalyst 4.0 for Comprehen-
sive and Integrative Metabolomics Data Analysis. Current Protocols in
Bioinformatics. 2019;68(1):e86.

37.Quijada-Alamo M, Hernandez-Sanchez M, Rodriguez-Vicente AE,
Pérez-Carretero C, Rodriguez-Sanchez A, Martin-Izquierdo M, et al.
Biological significance of monoallelic and biallelic BIRC3 loss in
del(11q) chronic lymphocytic leukemia progression. Blood Cancer J.
2021;11(7):127.

38. Mambetsariev N, Lin WW, Stunz LL, Hanson BM, Hildebrand JM,
Bishop GA. Nuclear TRAF3 is a negative regulator of CREB in B cells.
Proc Natl Acad Sci U S A. 2016;113(4):1032-7.

39. White MA, Frigo DE. Regulation of SLC1A4 and SLC1AS in Prostate
Cancer-Response. Mol Cancer Res. 2018;16(11):1811-2.

40. Yoo HC, Park SJ, Nam M, Kang J, Kim K, Yeo JH, et al. A Variant of
SLC1AS5 Is a Mitochondrial Glutamine Transporter for Metabolic Re-
programming in Cancer Cells. Cell Metab. 2020;31(2):267-83.

41.Nuan-Aliman S, Bordereaux D, Thieblemont C, Baud V. The Alterna-
tive RelB NF-kB Subunit Exerts a Critical Survival Function upon Met-
abolic Stress in Diffuse Large B-Cell Lymphoma-Derived Cells. Bio-
medicines. 2022;10(2).

42.Lim SK, Peng CC, Low S, Vijay V, Budiman A, Phang BH, et al. Sus-
tained activation of non-canonical NF-kB signalling drives glycolytic
reprogramming  in  doxorubicin-resistant DLBCL. Leukemia.
2023;37(2):441-52.

43. Hicker H, Tseng PH, Karin M. Expanding TRAF function: TRAF3 as a
tri-faced immune regulator. Nat Rev Immunol. 2011;11(7):457-68.

44.Bishop GA. TRAF3 as a powerful and multitalented regulator of lym-
phocyte functions. J Leukoc Biol. 2016;100(5):919-26.

45.Blombery P, Thompson ER, Nguyen T, Birkinshaw RW, Gong JN,
Chen X, et al. Multiple BCL2 mutations cooccurring with Gly101Val
emerge in chronic lymphocytic leukemia progression on venetoclax.
Blood. 2020;135(10):773-7.

46. Thomalla D, Beckmann L, Grimm C, Oliverio M, Meder L, Herling
CD, et al. Deregulation and epigenetic modification of BCL2-family
genes cause resistance to venetoclax in hematologic malignancies.
Blood. 2022;140(20):2113-26.

47. Thijssen R, Tian L, Anderson MA, Flensburg C, Jarratt A, Garnham
AL, et al. Single-cell multiomics reveal the scale of multilayered adap-
tations enabling CLL relapse during venetoclax therapy. Blood.
2022;140(20):2127-41.

48. Haselager MV, Kielbassa K, Ter Burg J, Bax DJC, Fernandes SM,
Borst J, et al. Changes in Bcl-2 members after ibrutinib or venetoclax
uncover functional hierarchy in determining resistance to venetoclax in
CLL. Blood. 2020;136(25):2918-26.

49. Panayiotidis P, Jones D, Ganeshaguru K, Foroni L, Hoffbrand AV.
Human bone marrow stromal cells prevent apoptosis and support the
survival of chronic lymphocytic leukaemia cells in vitro. Br J Haematol.
1996;92(1):97-103.

50.Kurtova AV, Balakrishnan K, Chen R, Ding W, Schnabl S, Quiroga
MP, et al. Diverse marrow stromal cells protect CLL cells from sponta-
neous and drug-induced apoptosis: development of a reliable and repro-
ducible system to assess stromal cell adhesion-mediated drug resistance.
Blood. 2009;114(20):4441-50.

51. Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine me-
tabolism to cancer therapy. Nat Rev Cancer. 2016;16(11):749.

52.Schulte ML, Fu A, Zhao P, Li J, Geng L, Smith ST, et al. Pharmacolog-
ical blockade of ASCT2-dependent glutamine transport leads to anti-
tumor efficacy in preclinical models. Nat Med. 2018;24(2):194-202.

53.Luo Z, Xu J, Sun J, Huang H, Zhang Z, Ma W, et al. Co-delivery of 2-
Deoxyglucose and a glutamine metabolism inhibitor V9302 via a pro-
drug micellar formulation for synergistic targeting of metabolism in
cancer. Acta Biomater. 2020;105:239-52.

114



115



116



GENERAL
DISCUSSION

117



118



Chronic lymphocytic leukemia (CLL) is a heterogeneous disease characterized by
the presence of a wide range of genetic alterations that constitute the basis for the
variable clinical outcomes observed in patients® ' "8, Chromosomal alterations are a
hallmark of the disease, with an important role in CLL pathogenesis and prognosis, as
well as in therapy response® % 383, Recently, next generation sequencing (NGS) studies
have led to the discovery of a great number of genetic mutations in CLL drivers that
cluster into a specific set of molecular pathways, and some of these mutated genes have
demonstrated a significant prognostic value that could refine patients’ risk
stratification’” 78 887949 ©\oreover, CLL shows a remarkable subclonal heterogeneity,
and different patterns of co-occurrence among genetic alterations may affect clonal
evolution, disease progression and relapse’ ® 31, Therefore, improving the molecular
characterization of this disease is essential to better understand CLL pathogenesis and

move towards a better precision medicine.

Chromosomal alterations are present in up to 80% of CLL patients, being the most
recurrent ones 13q deletion, del(13q), 11q deletion, del(11q), 17p deletion, del(17p) and
trisomy 12, +125% %5 The assessment of cytogenetic alterations by FISH has become
the gold standard for prognosis risk stratification, as specific abnormalities identify
patients with a more aggressive disease such as del(11q) and del(17p) or an indolent
one (del(13q))*°. In addition, other cytogenetic alterations have been identified at lower
but not insignificant frequencies, although their clinical significance remains
controversial. These abnormalities include the 6q deletion, del(6q) and 14q
rearrangements involving the IGH gene (14q32/IGH translocations (IGHR) and
deletions (del(14q)(q32))®8 5 27,

In the first study of this PhD research (Results section: Chapter 1), the clinical
implications of del(6q) in CLL were addressed. The incidence of del(6q) ranges from
3 to 7%, mainly detected by conventional cytogenetics, as the 6q probe is not included
in the classical 4-probe CLL FISH panel®'" 2!% 215 Besides its low incidence, the
characterization of this abnormality has been limited by the co-occurrence with other
factors and the small number of cases identified with del(6q) as the sole abnormality?'“.
Whereas in some studies this alteration did not appear to influence outcome, in others
del(6q) was associated with an adverse or intermediate prognosis?!! 214 216. 410 We

analyzed one of the largest del(6q) series so far (N=39), being the only cytogenetic
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alteration in 15 patients. To achieve this cohort size, samples were collected from three
different institutions in a collaborative study. Regarding clinical characteristics, del(6q)
correlated with poor prognosis makers including ZAP70 and CD38 positivity and
IGHV-UM. In terms of clinical impact, del(6q) patients showed a short median time to
first treatment (TFT), which was further validated in patients with del(6q) as the sole
abnormality (Results section-Chapter 1: Figure 1). These results demonstrated the
relevant clinical impact of this abnormality in prognosis, independent of the presence
of additional cytogenetic alterations and similar to that of del(11q) cases. Thus, routine
assessment of del(6q) could be of great utility to refine risk stratification of CLL,
although there are still some limitations. First, which FISH probe should be used to
assess del(6q), as the size of the deletion ranges from 6q15 to 6q27, without a specific
MDR. In addition, despite conventional cytogenetic analysis has recovered its
relevance and it is commonly performed, especially for clinical trials, its use is
hampered by the low mitotic rate of CLL cells and the necessity of expert

cytogeneticists’ analyses.

In this PhD research, we also focused on the study of other less frequent
cytogenetic alterations: 14q32 rearrangements and deletions involving the /GH gene
(Results section: chapters 2 and 3), by screening a total of 871 CLL patients using

the break-apart /GH FISH probe.

Although the clinical significance of 14q32/I/GH translocations (IGHR) has been
analyzed in several studies, the great /GH promiscuity and the differential prognosis
regarding the translocated partner hinder the validation of their prognostic impact?’®
208,209,220, 224,245, 411, 412 Tn the CLL cohort analyzed in this PhD research, the median TFT
of IGHR patients (N=46) was shorter than those of low-cytogenetic risk
(del(13g)/normal FISH) and similar to that of trisomy 12 patients. Indeed, those
patients with an /GH translocation as the only cytogenetic aberration had a shorter
median TFT than patients with normal FISH (Results section-Chapter 2: Figure 3).
By segregating IGHR patients according to the presence of the most common
translocation t(14;18) or IGH::BCL2 fusion, we identified two IGHR subsets with a
significantly different prognosis: patients with /GH::BCL2 fusion showed a better
outcome, close to low-risk cytogenetics subgroups, while patients with other /GHR had

a similar outcome to del(11q) and del(17p) cases (Suppl. Appendix-Chapter 2:
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Figure S5). Thus, these findings corroborate and refine the intermediate-adverse
outcome previously described in patients with 14q32/IGH translocation and shed light

into the prognostic differences within the high heterogeneity of /GH rearrangements.

Regarding 14q32/IGH deletions (del(14q)(q32)), /GH locus has been previously
identified as the telomeric breakpoint in approximately 50% of del(14q) CLLs, but few
studies have investigated the real incidence and prognostic value of this alteration in
CLL!8191.222.233 "The presence of del(14q) has been related to short TFT, irrespective of
whether /GH is encompassed in the deletion'®® !, Therefore, the clinical impact of IGH
deletion needs to be further assessed. In the third chapter of this thesis, we demonstrate
that patients displaying del(14q)(q32) (N=54) show an intermediate prognosis, similar
to that of trisomy 12. Furthermore, patients harboring del(14q)(q32) as the only
cytogenetic abnormality had a significantly shorter TFT than the rest of CLL patients
(Results section-Chapter 3: Figure 1). Thus, we determined the prognostic
significance of /GH alterations, concretely, the negative impact of IGHR and IGH
deletion, both associated with intermediate-adverse outcomes. Taken together, these
results highlight the value of incorporating the /GH probe in the standard CLL FISH
panel, in order to improve CLL prognostic stratification in an easy and cost-effective

manner.

In CLL, the development of high-throughput sequencing techniques has led to the
identification of genes affected by chromosomal abnormalities and revealed specific
patterns of association among genetic alterations, providing a more comprehensive
view of the CLL genetic landscape®® 7> 78 82.86. 176 Based on this premise, we aimed to
investigate the mutational profile of CLL patients with rare cytogenetic
alterations, to decipher the molecular underpinnings of these chromosomal
abnormalities and how they may contribute to patients’ prognosis refinement. For that
purpose, in this PhD work we performed for the first time a molecular characterization
of CLL patients with del(6q), IGHR and del(14q) by integrating CC and/or FISH, and

NGS information.

In del(6q) cases, cytogenetic analyses by CC and FISH revealed a great genetic
heterogeneity (Results section: Chapter 1). Del(6q) co-occurred with additional

cytogenetic alterations in 24 out of 39 patients, being the most common del(17p),
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followed by del(11q). Moreover, del(6q) was present in the context of complex
karyotype in 39% of patients. According to the NGS analysis, 92% of del(6q) patients
had mutations in at least one of the 54 CLL-related drivers evaluated, with TP53, RPS15
and NFKBIE as the most recurrently mutated genes (Results section-Chapter 1:
Table 1, Figure 2). Given this mutational burden and the presence of high-risk
cytogenetics, as previously reported??, del(6q) could be considered as a secondary
abnormality that may arise as a result of the genomic instability observed in this
subgroup. Nevertheless, in this PhD research, we also reported that del(6q) appeared
as the sole chromosome anomaly with a significant prognostic impact in 15/39
patients, and in the major clone with abnormal karyotype of del(6q) patients with other
cytogenetic alterations (16/24), thus demonstrating that del(6q) can be a primary event

driving CLL pathogenesis.

NGS analysis identified distinct mutational patterns within this subgroup
depending on whether del(6q) appeared alone or in combination with other
abnormalities, suggesting the alteration of different molecular mechanisms. In del(6q)-
only patients, the most recurrently mutated gene was RPS15 (40%), followed by XPO1
and ATM (20% each), while del(6q) patients with additional cytogenetic alterations
showed higher mutational frequencies in TP53 (38%), NOTCH1 (21%) and NFKBIE
(17%) (Results section-Chapter 1: Figure2). Remarkably, despite the previously
reported association between RPS15 and TP53 mutations,'®* %** we did not recognize
these alterations as significantly concurrent events. Notably, RPS!5 mutations
negatively refined TFT, while 7P53 contributed to shorter OS of del(6q) patients, which
reinforces the potential cooperating role of these alterations in del(6q) pathogenesis
(Results section-Chapter 1: Figure 3). Taken all together, we suggest the presence
of two different driving forces of CLL progression within this subgroup: a) the
occurrence of del(6q) as a primary event with a strong pattern of co-occurrence with
gene mutations involved in RNA and ribosomal processing (RPS15 and XPQO!I), and b)
del(6q) as a second abnormality in the context of high genomic instability, probably

prompted by 7P53 inactivation.

Although molecular investigations of del(6q) in CLL are scarce, its biological
implications have been further analyzed in other neoplasms. Del(6q) is a cytogenetic

alteration that frequently occurred in non-Hodgkin lymphomas (NHL), acute
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lymphoblastic leukemia (ALL), and in solid tumors such as prostate cancer®3'°
Regarding the molecular mechanisms of tumorigenesis underlying del(6q), TNFAIP3, a
negative regulator of NF-kB located in 6q23, is frequently inactivated by a loss of
heterozygosity and mutations in NHL*'¢ 47, However, mutational analyses of TNFAIP3
in CLL revealed the absence of mutations in this gene and suggests that TNFAIP3 does
not play a significant role in CLL pathogenesis®** *¢, Conversely, in our research, we
did identify a high frequency of mutations in NFKBIE, another negative regulator of NF-
kB signaling. Moreover, a recent study has demonstrated that del(6q) in T-ALL
encompasses SYNCRIP and SNHG) genes, located in 6q15, with biological implications
in RNA and ribosomal modulation, similar to those of RPS75 in CLL3 4° In prostate
cancer, ZNF292 has been identified as a tumor suppressor gene targeted by 6ql4
deletion*® and, indeed, in our del(6q) cohort we reported ZNF292 mutations in two
patients, one of them with a 6q deletion in the proximal region of 6q14, suggesting a
biallelic inactivation of this gene in CLL. These findings may indicate that multiple
tumor suppressors are targeted by del(6q), with different molecular or genetic
alterations among different neoplasms, which, intriguingly, seem to converge in a very
specific set of common signaling pathways: RNA and ribosomal modulation and NF-kB

signaling.

The main limitation of this work is the impossibility of assessing the size of the
deletion and the encompassed genes with the methodology applied. Moreover,
conventional cytogenetics is not accurate in evaluating the real proportion of cells
affected by the deletion, and this would prevent from identifying the sequence of
acquisition of genetic alterations (deletion and/or mutations) through the evolution of
the disease. To overcome these issues, further investigation by applying other
techniques such as genomic arrays or optical genome mapping (OGM) and single-cell
sequencing would be helpful to confirm the haploinsufficiency of the candidate tumor
suppressor genes and the co-occurrence among chromosomal abnormalities and

mutations within the same or different clones during disease progression.

Regarding 14q32/IGH alterations (translocations or rearrangements), the
investigation of their molecular pathomechanisms has been hampered by several

factors, namely their low incidence, the heterogeneity regarding the translocated
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partner, and their occurrence in leukemic forms of NHLs that may be equivocally

diagnosed as CLL.

In this PhD research (Results section: Chapter 2), we assessed for the first time
the mutational profile of a large cohort of IGHR CLLs by targeted NGS (N=46). Notably,
IGHR CLLs showed a distinct mutational profile with high mutational frequency of
NOTCH1, IGLL5, POT1, BCL2, FBXW7, ZMYM3, MGA, BRAF and HISTIHIE genes,
being BCL2 and FBXW?7 mutations significantly associated with the IGHR (Results
section- Chapter 2: Figure 1). Considering the significant association of 14q32/IGH
translocation and trisomy 12 previously described!™ %°, and also observed in this work,
the high incidence of NOTCH I mutations (a well-known trisomy 12-associated mutated
gene!’® 182.190) could be ascertained by the presence of the trisomy 12 rather than the
IGHR. However, these mutations were also present in patients with IGHR as the sole
abnormality, whose mutational pattern did not significantly differ from the reported in
the whole IGHR cohort, demonstrating the association between IGHR and NOTCH1
mutations. Moreover, a subsequent study to this thesis has explored the mutational
profile of a Chinese CLL population with /GHR, identifying a similar genetic profile to
the reported in this research, and also the statistically significant association between
FBXW?7 mutations and IGHR, further validating and demonstrating the relevance of our

findings*¥°.

Notably, the mutational pattern varied according to the translocated partner
within this subgroup of patients. In our study, thirteen patients showed the t(14;18) or
IGH /BCL2 rearrangement. From the remaining IGHR CLLs, two cases rearranged with
BCL6, a common /GH rearrangement described. Given the small number of cases with
this rearrangement and the great heterogeneity previously reported, we differentiate
two IGHR subgroups: those with /GH::BCL2 fusion and the rest of IGHRs (non-
IGH::BCL2). Of note, cases with IGH::CCND1 fusion were excluded to avoid the
inclusion of leukemic forms of mantle cell lymphoma. IGHR without /GH::BCL2 showed
a higher mutational burden and recurrent mutations in NOTCH1, SF3B1, POT1, TP53
and FBXW?7, whereas patients with /GH.:BCL2 fusion showed a higher incidence of
mutations in BCL2, IGLL5, NOTCH1 and HIST1HIE (Suppl. Appendix-Chapter 2:
Figure S3). BCL2 and NOTCH1 mutations had been previously identified in a cohort
of nine /GH::BCL2 cases by Puente et al.”’, while TP53 and FBXW?7 mutations were
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observed in a study of three CLL cases with /GH.::BCL3 fusion, thus corroborating the
robustness of our results*?!. Interestingly, these mutational patterns are consistent with
the worse prognosis observed in the group of non-IGH::BCL2 IGHR CLLs, which
associated with bad-prognosis genes, and the longer TFT of patients with /IGH::BCL2
fusion!® 224 227. 230. 231 Tt should be noted that most mutations appeared at lower variant
allele frequencies (VAFs) than the /GH translocations, indicating that mutations are
likely acquired as secondary events during CLL clonal evolution. Altogether, these
observations contribute to unravel the molecular mechanisms that could be responsible

for the clinical outcome of IGHR patients.

Additionally, mutations in non-coding regions were identified in IGHR CLLs,
located not only in the hotspot of the 3’'UTR region of NOTCH1, but also in 5’UTR
IGLL5 and 5’UTR BCL2 (Results section-Chapter 2: Figure 2). Although these
mutations had been previously described in CLL"" 27, here we newly reported the
association between these non-coding mutations and /GH translocations, as well as
examined their clinical relevance. To date, there is a lack of functional studies assessing
the implications of non-coding mutations in the disease, albeit recent findings such as
those from the Pan-Cancer Analysis of Whole Genomes Consortium have revealed an
increased number of driver candidates with mutations in UTR regions, which have a
potential role in CLL pathogenesis** **, Regarding 3’'UTR NOTCH 1 mutations, their
functional consequence in the protein and clinical impact have been demonstrated to
be similar to those of the hotspot NOTCH I coding mutations’” 8> 276, Puente et al. showed
that patients harboring /GH.:BCL2 fusion, with a high incidence of 5UTR BCLZ2
mutations, presented higher levels of BCL2 expression’. However, it was difficult to
determine whether this BCL2 overexpression was a consequence of the translocation
or the UTR mutations. In a contemporary study to this thesis, Robbe et al. specifically
demonstrated the association between 5'UTR BCL2 mutations and BCL2

overexpression?%,

In the present PhD work, we found that 5’UTR BCL2 mutations were also present
in IGHR CLLs different from /GH::BCL2 fusions, indicating that these mutations are not
just restricted to these rearrangements. Moreover, we demonstrated for the first time
that the occurrence of IGLL5 and BCL2 mutations (including coding and UTR

mutations) within this subgroup was associated with a longer TFT than that of the rest
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of IGHR CLLs, which could point to these mutations as good prognostic markers
(Results section-Chapter 2: Figure 3). Nevertheless, more investigations are still
needed to decipher the molecular implications of UTR regions in CLL. This issue could
be addressed through the characterization of the translocated /GH partners and other
UTR regions altered in this disease by using techniques such as OGM and WGS, and
then mimicking these mutations in in vitro and in vivo CRISPR/Cas9-edited models to

discover their functional and biological consequences.

Another important and novel aspect that we identified regarding the molecular
features of IGHR in CLL, is the presence of mutations previously reported in NHL*24-426,
Whereas IGH translocations occur at low frequencies in CLL, the incidence of IGHR in
NHL significantly increases according to the hematological malignancy and the IGH-
translocated partner. For instance, /GH.:BCL2 or t(14;18) appeared in the 70-95% of
cases of follicular lymphoma (FL), IGH::MYC or t(8;14) in the 60-70% of Burkitt
lymphomas, and one third of diffuse large B-cell lymphomas (DLBCL) present t(3;14)
or IGH::BCL6 fusion**" *2¢, We detected mutations previously reported in lymphomas,
especially in FL and DLCBL*%6- 429432 such as mutations in /GLL5, BCL2 and HIST1H IE,
within the IGHR CLL subgroup (Results section-Chapter 2: Table 1). Strikingly, the
clinical implications of some of these mutations are different in CLL and NHL: BCL2
mutations are related to a higher risk of transformation and aggressive disease in FL,
while they associated with a better prognosis in our IGHR cohort**®. Moreover, IGHR
CLLs also showed mutations in well-known CLL driver genes, indicating that this entity
displays a distinct and intermediate mutational profile between CLL and lymphoma,
with multiple genetic mechanisms underlying pathogenesis, which may affect Notch
signaling (NVOTCHI1, FBXW?7), cell cycle and apoptotic processes (7P53, BCL2) or
chromatin modification (HISTIHIE, ZMYM3).

In the chapter 3 of this PhD research, we delved into the molecular characteristics
of 14q32/IGH deletion (del(14q)(g32)) which affects the 3’ flanking site of the IGH,
detected as the loss of one red signal using the /GH break-apart FISH probe (N=54).
As in the previously analyzed rare cytogenetics subgroups, del(14q)(q32) CLLs showed
a high frequency of mutations in specific genes, standing out NOTCHI, ATM, genes
involved in the RAS signaling pathway (BRAF, MAP2K1, KRAS, NRAS) and TRAF3

(Results section-Chapter 3: Figure 2). In terms of additional cytogenetic alterations,
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del(14q)(q32) patients displayed a high incidence of trisomy 12, further corroborating
the high concurrence of this chromosomal abnormality, 14q32/IGH alterations
(translocations and deletions) and NOTCH! mutations in CLL and suggesting a

cooperation between these genetic events in the pathogenesis of the disease!"s 18 191,

Undoubtedly, the major finding in chapter 3 was the significant enrichment of
TRAF3 mutations in del(14q)(g32) (Results section-Chapter 3: Figure 2). This gene
appears to be mutated in 0.5-1% of patients in unselected CLL cohorts’ 78 2% whereas
its mutational frequency increased up to 13% in our cohort. Intriguingly, TRAF3 is
located in 14932.32, proximal to the IGH locus, suggesting that the /IGH deletion
observed could extend to TRAF3. Nagel et al, demonstrated that 14q deletions in
different B-cell malignancies may encompass TRAF3, and reported two CLL cases with
a heterozygous deletion and TRAF3 mutations in the remaining allele?®. In this PhD
work, we identified a TRAF3 loss in 20% of patients with del(14q)(q32) (11/54), 64% of
them harboring mutations in this gene. In terms of clinical significance, the presence of
TRAF3 alterations associated with shorter TFT than the rest of del(14q)(q32). Besides,
TRAF3 mutations appeared at lower VAFs than FISH /GH-deleted cells, which may
indicate that the mutation is an acquired secondary event in CLL evolution, resulting

in the biallelic inactivation of TRAF3 in this subgroup of patients.

TRAF3 biallelic inactivation by deletion and mutation resembles the mechanism
of other CLL driver genes dysfunction with a relevant clinical significance in the
disease, such as TP53/del(17p) and ATM/del(11q)®" ™ ™ &, Within the whole cohort
analyzed during this PhD research by NGS and FISH (N=317), the biallelic inactivation
of TP53 and ATM had a strong negative impact in the TFT of CLL patients and,
interestingly, deletion and mutation of TRAF3 also contributed to a poor outcome, in
line with those double-hit alterations. Moreover, multivariate analysis confirmed that
TRAF3 alterations constitute an independent risk factor of TFT (Results section-
Chapter 3: Figure 3, Table 1), and recent studies have proposed this gene as a
candidate CLL driver involved in Richter transformation®'* %, Taken all this together,
in this PhD work we identified a molecular mechanism based on the biallelic
inactivation of the candidate CLL driver TRAF3 that could be driving CLL progression,
specifically in a specific CLL subset with del(14q)(q32).
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Despite the prognostic relevance of biallelic TRAF3 inactivation found in this PhD
work, little is known about the biological role of TRAF3 in CLL pathogenesis and how
it can affect therapy response. TRAF3 is a negative regulator of NF-kB signaling, with
multiple additional functions described in B and T cells, involving immune and
inflammatory response*>*®, Recently, it has been demonstrated that TRAF3 may
modulate metabolic pathways and mitochondrial physiology in MM and NHL in in vitro
and in vivo models?*® 402 49 n the last chapter of this thesis, we investigated the
biological role of TRAF3 in NF-kB signaling and metabolism in CLL through
CRISPR/ cas9-edited cellular models that mimic the TRAF3 mutations reported in CLL

patients (Results section: Chapter 4).

CLL cells harboring biallelic TRAF3 mutation showed a transcriptional
dysregulation of non-canonical NF-kB signaling. Concretely, the inactivation of this
gene prompted NIK upregulation, a direct target of TRAF3-mediated proteasomal
degradation (Results section-Chapter 4: Figure 1). According to previous studies,
NIK stabilization triggers non-canonical NF-kB activation by processing the
transcription factor NF-kB2 or p100 to p52, which subsequently translocates into the
nucleus in the form of p52-RelB heterodimers and activates gene expression®” 43¢, By
measuring the DNA binding activity of p52 and RelB, we reported a higher activity of
these NF-kB transcription factors in TRAF3 mutated CLL cells, in line with previous
CLL studies regarding NF-kB activation®" **®, BIRC3, a well-known CLL driver, is
frequently inactivated in CLL by mutations and/or del(11q)® '7®. This gene, together
with TRAF3, BIRC2 and TRAF2 assembles a complex that constitutively targets NIK,
and its inactivation also promoted non-canonical NF-kB activation via p52 and RelB
nuclear translocation!”” #3267, Here, we demonstrated that the dysfunction of TRAF3
gene in CLL may have a similar functional consequence to BIRC3 inactivation in NF-

kB signaling.

In a previous study, TRAF3 inactivation has been associated with a subgroup of
DLBCL showing a constitutive RelB activation, which is consistent with the marked
correlation observed in our research*. Conversely, other studies have proposed that
TRAF3 deficiency may coordinate also canonical NF-kB pathway*" *!. However, we
did not find any statistically significant correlation in our study, although we noticed a

trend towards higher p50 activity in TRAF3-mutated CLL cells.
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This PhD work also explored new functional consequences of the inactivation of
this gene in cellular metabolism. Thus, metabolomic analyses revealed a distinct
metabolic profile in TRAF3-mutated CLL cells, with a higher abundance of metabolites
involved in “Warburg Effect” (phosphoenol-pyruvate, pyruvate and lactate),
tricarboxylic acid cycle (TCA) (acetyl-CoA, a-ketoglutarate and succinate) and
glutamate metabolism (a-ketoglutarate) (Results section-Chapter 4: Figure 2,
Table 1). The enrichment of these metabolites suggests a higher dependency of
glucose uptake to uncover the enhanced metabolism of the intermediates involved.
Indeed, we identified that TRAF3-mutated cells were more sensitive to the inhibition of
glucose metabolism by the administration of a glucose analogue. However, in the
transcriptional analyses we did not observe an upregulation of the glucose transporter
GLUTI, or the glycolytic enzyme hexokinase 2, previously reported in a TRAF3-
deficient B-cell murine model**, suggesting that the dysregulation of other genes might

be responsible for this altered glucose metabolism.

In accordance with these findings and previous data, TRAF3-mutated CLL cells
showed an enhanced mitochondrial respiration and glycolysis?*® 9% 43 Moreover, we
identified that TRAF3-mutant cells were more resistant to anaerobic glycolysis
inhibition by lactate-dehydrogenase (LDH) blockade, suggesting a more pronounced
mitochondrial glycolytic metabolism. Additionally, TRAF3-mutated cells showed a
higher maximal respiration in response to the mitochondrial pyruvate carrier inhibitor
UK5099, as well as to the glutaminolysis inhibitor C968, which may indicate a higher
resistance to pyruvate import and glutaminolysis inhibition in comparison to CLL cells
without TRAF3 mutations (Results section-Chapter 4: Figure 3 and 4). Based on
these results, we hypothesized that TRAF3 inactivation in CLL may enhance metabolic
plasticity through metabolic reprogramming, allowing cells to fluctuate between
mitochondrial glycolysis and glutaminolysis for fueling mitochondrial metabolism.
Hence, in this thesis we reported for the first time that TRAF3 inactivation may induce
an improved adaptive capacity of CLL cells to switch to alternative metabolic pathways

under stress conditions.

After demonstrating the TRAF3-dependent metabolic reprogramming and
considering the potential role of TRAF3 in modulating gene expression via NF-kB

activation, we next wondered whether these metabolic changes would be correlated
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with a specific gene expression dysregulation. To address this question, in this PhD
work we analyzed the gene expression profile of TRAF3-mutated CLL -cells.
Transcriptional studies revealed a dysregulation of glutathione metabolism and
glutamine transport (Suppl. Appendix-Chapter 4: Figure S2). Concretely, TRAF3-
mutated cells presented a significant upregulation of the choline transporter SLC44A2
and the glutamine transporter SLC1A4. Intriguingly, both genes are greatly related to
glutamine metabolism*#?. Choline can be metabolized into cysteine and glutathione
and, in parallel, glutathione can be derived from glutamine and glutamate
metabolism*#2. Previous studies identified elevated choline metabolism in TRAF3-
deficient cells, which is consistent with our results®** *3. Thus, the upregulation of
SLC44A2 and SLC1A4 could be favoring the metabolic adaption capacity to
glutaminolysis inhibition in TRAF3-mutated CLL cells.

Furthermore, SLC1A4 is the main paralog of SLCIA5, a target of NF-kB signaling,
previously identified to be upregulated in CD40-stimulated B cells®”® 44 CDA40
stimulation subsequently activate NF-kB signaling, and interestingly, similar metabolic
dependencies and enhanced mitochondrial and glycolytic activity to TRAF3-mutated
cells has been described upon CD40 stimulation of B cells®*”®. Notably, contemporary
works to this thesis uncovered new functions of NF-kB and more concretely, RelB
activation, in metabolic reprograming in other B cell lymphomas, which supports our
findings and suggests that TRAF3-induced metabolic reprogramming could be
dependent on NF-kB activation**> #%, Even though, TRAF3 is a multi-faceted gene that
may activate different biological functions, and hence, more investigations are needed

to further confirm this dependency**’.

Given the dysregulated molecular pathways identified in TRAF3-mutated CLL
cells, we explored if they could be potentially targetable by CLL drugs and metabolic
inhibitors in primary CLL cells with TRAF3 mutations, in the presence and absence of
microenvironment (Results section-Chapter 4: Figure 5). Moreover, considering
the metabolic plasticity (mitochondrial glycolysis/glutaminolysis), we also assessed the
response to the combined treatment of the metabolic inhibitors UK5099 and C968. The
results of this PhD research showed a higher sensitivity of TRAF3-mutated cells to
venetoclax, as well as a reduced viability after the combined treatment of

glutaminolysis and pyruvate transport inhibitors. However, in the presence of
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microenvironment, TRAF3-mutated CLL primary cells were less sensitive to BCL2
inhibition, in accordance with the effect of stromal cells in the prevention of venetoclax-
induced apoptosis*®, whereas TRAF3-mutated cells remained as sensitive to the
combination of the metabolic inhibitors as isolated CLL cells. These results suggest that
the simultaneous inhibition could be blocking TRAF3-mediated microenvironmental
stimuli. Remarkably, the combined treatment (C968 and UK5099) targeting pyruvate
import and glutaminolysis reverses the differential metabolic reprogramming reported
in TRAF3-mutated cells with respect to the WT (Results section-Chapter 4: Figure
6), further corroborating their metabolic specificities and plasticity that we have
described in this work. Altogether, these findings demonstrate the potential of the
combination of metabolic inhibitors as a new therapeutic approach in TRAF3-mutated

patients through its relieving effect on metabolic reprogramming.

All in all, this PhD research contributes to an improved molecular
characterization of rare cytogenetic alterations in CLL. Despite the low incidence
of the alterations analyzed, we achieved a sufficient number of cases to determine
relevant molecular alterations underlying CLL pathogenesis of each subgroup.
Concretely, we identified distinct mutational patterns within del(6q), IGHR and
del(14q)(q32) subsets, which shed light into the specific set of molecular pathways
altered. In this PhD work we reported a high incidence of biallelic inactivation of TRAF3
gene in a specific CLL subset del(14q)(g32), with a relevant biological role in NF-kB
and metabolism. Furthermore, we described a novel pathomechanism in CLL based on
an enhanced tumor adaptive capacity mediated by metabolic reprogramming, and

dependent on the inactivation of a specific driver gene.

Additionally, we determined the prognostic impact of rare cytogenetic
alterations and candidate CLL drivers that could contribute to refine traditional
risk stratification models. RPS15 mutations have been previously associated with high-
risk subsets (del(17p) and refractory CLL)!**%* and here, we demonstrate that their co-
occurrence with 6q deletion could further aggravate CLL outcome. In parallel, the
presence of well-established poor prognosis genes (VOTCH1, SF3B1, TP53, BIRC3 and
BRAF) not only negatively refined TFT in intermediate risk subgroups such as IGH
translocations or trisomy 12, but also prompted a shift to a more aggressive outcome

in low-risk subsets of patients (del(13q) and normal FISH). And last but not least, we
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firstly reported the clinical implication of the biallelic inactivation of the candidate CLL
driver TRAF3, identified as an independent risk prognostic factor with similar
statistically significance to the biallelic 7P53 inactivation, also in patients already
stratified according to CLL-IPI and IPS-E prognostic indexes. Altogether, these findings

could mean a step forward in CLL prognostication.

In addition to the prognostic implications, this PhD research shed light into the
molecular mechanisms that could affect therapy response of CLL patients
with these rare cytogenetic abnormalities. Concretely, the presence of RPS15 has
been identified in ibrutinib-refractory patients and in our study, two patients with
del(6q) and RPS15 mutations relapsed to subsequent ibrutinib treatment, which may
suggest an alternative treatment indication to ibrutinib in this CLL subgroup*®.
Moreover, the high incidence of NOTCH ! mutations in CLL patients within IGHR and
del(14q)(q32) CLLs could affect the response to anti-CD20 therapy, and BCLZ2
overexpression in /GH.:BCL2 patients could suggest venetoclax as the better treatment
option?*”°, Furthermore, we proposed a novel therapeutic approach based on the
combination of metabolic inhibitors in those patients with TRAF3 alterations. However,
further investigations are needed to confirm the potential clinical implications of this

research.

In summary, the results of this PhD research reinforce the statement that the co-
occurrence or accumulation of genetic alterations have a relevant implication on CLL
pathogenesis and prognosis, highlighting the importance of the assessment of different
genetic alterations and their interpretation from a global and integrative point of view,
to improve the understanding of CLL pathogenesis and move towards a more efficient

personalized medicine.
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FUTURE
PERSPECTIVES
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In the last years, the study of cancer metabolism has significantly expanded the
comprehension of the pathogenic mechanisms involved in tumorigenesis, identifying
metabolic reprogramming as a promising therapeutic target**. Recent investigations
suggest that metabolic changes in CLL could be mediating cell proliferation or
survival’’>. However, the specific roles of metabolic reprogramming in CLL

pathogenesis are currently under investigation.

Thanks to my research stay abroad at Dr. Santos A. Susin lab in the Sorbonne
Université in Paris, we were able to demonstrate the implications of the CLL driver
TRAF3 in cellular metabolism, with a relevant role in metabolic reprogramming.
Concretely, TRAF3-mutated cells showed an enrichment of certain glycolytic and TCA
cycle intermediates, as well as an enhanced metabolic plasticity under stress
conditions. Nevertheless, many questions regarding the functional consequences of

TRAF3 inactivation in CLL metabolism remain to be elucidated.

Our findings revealed an upregulation of genes related to glutamine metabolism
in TRAF3-mutated cells, which would explain the abundance of certain intermediates
related to this pathway and the resistance to glutaminolysis inhibition. However, at
basal state, we did not detect any statistically significant transcriptional change
regarding glycolysis or pyruvate mitochondrial metabolism, which could explain the
metabolic alterations observed in these cells. To decipher the additional genetic
and/or metabolic changes that might be occurring in TRAF3-mutated cells and
overcome RNAseq limitations, I propose to apply a multiplexed CRISPR/Cas9
screening (Figure 12) using CLL cellular models. This methodology is based on
targeting simultaneously several genes by a sgRNAs lentiviral library, and generating a
pool of cells where each one harbors a different loss-of function gene mutation»*. By
using this technique, we could identify gene essentialities of TRAF3-mutated cells in the
absence or presence of certain treatments. Hence, we could design two sgRNAs
libraries targeting 1) genes involved in glycolysis, and 2) genes involved in pyruvate
metabolism. At the end of the experiment, the underrepresentation of certain sgRNAs
in TRAF3-mutated cells but not in the WT cells would indicate that genes targeted by
those sgRINA are essential for proliferation in these models and therefore, for metabolic
reprogramming. Moreover, those genes could be potential targets, revealing novel

therapeutic approaches in CLLs with TRAF3 alteration.
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CRISPR/Cas9-based screening has already been used for the study of cancer
metabolism, identifying novel metabolic dependencies in specific cellular models**
(Figure 12). Our group has recently implemented this technology to study
vulnerabilities and resistances of CLL cell lines to PI3K inhibitors (Pérez-Carretero et al,
SEHH-SETH Congress 2022), uncovering the potential of mTOR inhibitors to overcame
PI3Ki resistances. Thus, the next step will be to apply this methodology to decipher

TRAF3-mediated metabolic alterations in CLL, as described above.
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Figure 12. CRISPR/Cas9 loss-of-function screening for the study of metabolic
dependencies. A library of sgRNAs targeting the regions of interest will be cloned into a lentiviral
vector, followed by packaging into lentiviral particles that will be used to infect cells expressing
the nuclease Cas9. Subsequently, cells will be treated with a vehicle or a metabolic inhibitor,
passaged, and sequenced. By comparing the abundance of sgRNAs at the end of the experiment to
their initial representation, the selective depletion of sgRNAs in the inhibitor treated population

can be determined (negative selection) (adapted from Kang et al. 2018)*.

In the light of our results, we suggested that the metabolism of TRAF3-mutated
cells may fluctuate between two different pathways (mitochondrial pyruvate
metabolism/glutaminolysis) for fueling mitochondrial activity under stress conditions.
However, to further demonstrate this, it would be necessary to perform metabolomics
after the treatment with each metabolic inhibitor, and trace glutamine and glucose
to assess the flux or through which pathways they are metabolized. For that purpose,
the use of isotope-labeled substrates Glucose (**C) and glutamine (**C, °N) has
been extensively described in metabolomics, as it allows to determine the changes of
bioenergetic demands in tumor cells**. RNAseq analyses of TRAF3-mutated cells

treated with the metabolic inhibitors would be of great interest to further investigate
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the metabolic reprogramming and the dysregulation of other pathways in these cell
lines. Altogether, these approaches would contribute to unravel the TRAF3-medited

metabolic changes in CLL.

Additionally, this PhD research shows that the combination of certain metabolic
drugs may inhibit a TRAF3-dependent microenvironmental stimulation in CLL primary
cells, which suggests that the TRAF3-mediated metabolic reprograming affects TME
cells survival and proliferation. However, due to the low incidence of TRAF3 in CLL
patients, these experiments could be performed in just three TRAF3-mutated CLL
samples. Recent studies have demonstrated that secretion of certain metabolites may
alter TME?®*?, thus, it would be of great interest to analyze if the metabolic
reprogramming observed in TRAF3-mutated cells could promote the secretion of
specific metabolites that activate TME cells. In parallel, recent data demonstrated that
CD40 or BCR stimulation results in a metabolic reprogramming of CLL cells®™.
Altogether, these findings may indicate a metabolic reprogramming upon TME-
tumor cells interaction in both cell types, which could also influence proliferation
and treatment response. To investigate the metabolic implications of these cell-cell
interactions, metabolomics could be performed in both stromal and CLL cell lines with
and without TRAF3 mutations after co-culture, an also after the administration of CLL

or metabolic drugs.

Finally, our findings and recent data suggest that TRAF3 inactivation could induce
metabolic reprograming through non-canonical NF-kB activation'*> *¢. In
addition, activation of this pathway has been related to the appearance of resistances
to venetoclax and ibrutinib®?*%, In CLL, this molecular pathway is frequently activated
by inactivating mutations, mainly in BIRC3, but also by less frequent mutations or CNA
losses in TRAF2 and NFKB2, respectively, in addition to the TRAF3 gene, extensively
described in this thesis™. In our laboratory, we have generated CRISPR/Cas9-edited
cellular models harboring truncating mutations in BIRC3, TRAF2 and NFKBZ,
mimicking the reported ones in CLL patients. Given the potential implication of non-
canonical NF-kB signaling in metabolic reprogramming, and also in treatment
response, we believe it is worth deepening into the biological implication of these
drivers in cellular metabolism through metabolomic, transcriptional and functional

approaches, in order to expand the characterization of metabolic changes in CLL.
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. The presence of the rare cytogenetic abnormalities del(6q), IGHR and del(14q)(q32)
significantly impacts CLL prognosis, identifying intermediate/adverse-risk
subgroups with similar times to first treatment to trisomy 12 or del(11q).

. Patients with del(6q) as the sole abnormality present a distinct mutational profile
with a high incidence of RPS15 mutations, which impairs CLL outcome within del(6q)
subset. Conversely, patients with del(6q) and additional cytogenetic abnormalities
have recurrent mutations in 7P53 and show a higher karyotype complexity.

. The mutational landscape of patients with IGHR is characterized by the presence of
NOTCHI1, FBXW7, POT1, IGLL5, BCL2 and HIST1HIE mutations, indicating an
intermediate mutational profile between CLL and NHL. Moreover, the IGHR
subgroup displays mutations in the 5’UTR non-coding regions of /GLL5 and BCL2,
which is associated with a better prognosis.

. The mutational pattern and clinical outcome of IGHR patients varies depending on
the type of the IGH rearrangement. /GH::BCL2 fusion associates with IGLL5, BCL2
and HIST1HIFE mutations and a longer time to first treatment, while the other CLLs
showing IGHR present higher frequencies of mutation in poor-prognosis genes
(TP53, SF3B1).

. Patients harboring del(14)(q32) display a high frequency of mutations in NOTCH1,
ATM, genes involved in the RAS signaling pathway (BRAF, MAP2K1 and KRAS), and
a high incidence of TRAF3 biallelic inactivation by deletion and mutation.
Furthermore, TRAF3 biallelic inactivation has a negative impact in prognosis, being
an independent risk factor of the time to first treatment.

TRAF3 homozygous mutation in CLL cells promotes the activation of non-canonical
NF-kB signaling, through the upregulation of NIK, a target of proteasomal TRAF3-
mediated degradation, and higher DNA-binding activity of the transcription factors
p52 and RelB.

. CLL cells harboring TRAF3 inactivation show a metabolic reprogramming based on
an enrichment of metabolites involved in the “Warburg effect”, tricarboxylic acid
(TCA) cycle and glutamate metabolism, and an enhanced mitochondrial respiration.
Moreover, TRAF3-mutated CLL cells present a higher respiration activity than
TRAF3-wild type cells after inhibition of the glycolytic pyruvate metabolism,
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glutaminolysis and pyruvate import to the mitochondria, indicating a metabolic
plasticity and an enhanced adaptive capacity of TRAF3-mutated cells to stress
conditions.

. Simultaneous inhibition of glutaminolysis and pyruvate import decreases TRAF3-
mutated CLL proliferation by relieving TRAF3-dependent metabolic
reprogramming. Thus, these findings would indicate that the metabolic plasticity
relies on the ability of TRAF3-mutated cells to switch towards alternative metabolic
pathways (mitochondrial glycolysis/glutaminolysis) for fueling mitochondrial

activity, being potentially targetable in CLL.
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INTRODUCCION

La leucemia linfocitica crénica (LLC) consiste en una proliferacién de linfocitos B
maduros en sangre periférica, médula 6sea o ganglios linfaticos, caracterizada por un
comportamiento clinico muy heterogéneo, debido a la gran heterogeneidad genética
subyacente. En la ultima década, los grandes avances en técnicas moleculares de alto
rendimiento han mejorado significativamente la comprension de la patogénesis de la
enfermedad, ofreciendo nuevas perspectivas que pueden finalmente traducirse en la
identificacion de nuevos biomarcadores prondsticos y nuevas estrategias terapéuticas

para mejorar el manejo de los pacientes.

Las alteraciones cromosdmicas son un sello distintivo de la LLC y cada alteracion
citogenética se asocia con un pronostico diferente, lo que permite estratificar a los
pacientes en distintos subgrupos de riesgo. Durante las ultimas décadas, las
alteraciones citogenéticas mas recurrentes (delecion de 13q, del(13q), delecién de 11q,
del(11q), delecion de 17p, del(17p) y trisomia del cromosoma 12, +12) se han evaluado
de forma rutinaria mediante el panel clasico de FISH de 4 sondas disefiado para la LLC.
Con respecto a las anomalias cromosdmicas menos frecuentes que no se incluyen en
este panel de FISH, se ha observado que la delecion 6g21, las deleciones 14g32 o las
traslocaciones 14q32 pueden influir en el pronodstico, aunque todavia existe cierta
controversia entre distintos estudios. Ademas, la prevalencia de estas alteraciones esta
probablemente infravalorada, ya que no se evaluan de manera rutinaria, lo que dificulta

establecer su incidencia real y, por tanto, su importancia prondstica.

La expansion de las técnicas de secuenciacion de nueva generacion (NGS) ha
permitido identificar un gran numero de alteraciones genéticas, donde se incluyen
mutaciones y alteraciones del numero de copias que afectan a genes driver de la LLC,
de manera que no existe una unica aberracion genética especifica de la enfermedad.
En los ultimos afios, se han llevado a cabo multitud de estudios para obtener una
caracterizacion exhaustiva del panorama molecular de la LLC, integrando tanto
informacion cromosomica como mutacional. Estos enfoques han demostrado que
ciertas mutaciones genéticas tienen un impacto clinico, lo que puede contribuir a

refinar mejor el prondstico de la LLC, especialmente dentro del modelo de
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estratificacion de riesgo citogenético. Aunque la gran mayoria son mutaciones
codificantes, algunos estudios demostraron que las mutaciones no codificantes
también pueden afectar a la patobiologia y la clinica de la enfermedad, como las
mutaciones en 3'UTR de NOTCH1. Cabe destacar que apenas se ha investigado un
numero reducido de mutaciones genéticas como posibles marcadores pronosticos, y

el impacto clinico de varias alteraciones aun esta por determinar.

Del mismo modo, la NGS ha permitido investigar mas a fondo la patogénesis de
la LLC, identificando patrones de concurrencia entre alteraciones cromosémicas y
mutaciones somaticas, que pueden estar implicados en la progresiéon de la LLC. Un
mecanismo patogénico frecuente relacionado con estos eventos concurrentes es la
inactivacion bialélica de genes mediante delecion y mutacién, como la inactivacién de
ATM mediante mutaciones y la delecion de 11q, y la de TP53 mediante mutaciones in
la delecion de 17p. En cuanto a las deleciones y traslocaciones 6q y 14q, se ha sugerido
la inactivacion de ciertos genes supresores por haploinsuficiencia, pero no se ha
validado la inactivaciéon bialélica de estos genes. TRAF3 es un supresor de tumores
localizado en 14q32, y se ha observado que puede estar inactivado por una alteracion
doble (deleciéon y mutacion) en otras neoplasias malignas de células B como el mieloma
multiple (MM) o el linfoma no Hodgkin (NHL). Sin embargo, a pesar de la identificacion
de deleciones 14q en LLC, la incidencia y asociacién de mutaciones de TRAF3 con esta
alteracion, asi como su impacto en la biologia de la enfermedad se desconocen,
probablemente debido a su baja incidencia y a la ausencia de estudios que hayan

profundizado en ello.

En los ultimos afios, para superar las limitaciones de disponibilidad de muestras
y la dificultad de manipular células de LLC ex vivo, los modelos in vitro e in vivo editados
con CRISPR/Cas9 se han convertido en una herramienta muy util para evaluar las
implicaciones biologicas de las alteraciones de la LLC. Ademas, los recientes avances
en el estudio del metabolismo celular en cancer han demostrado que las neoplasias
hematologicas pueden alterar sus especificidades metabdlicas para mantener un
fenotipo proliferativo y, concretamente, se han identificado alteraciones metabdlicas
en la LLC, especialmente tras la recaida. Sin embargo, a pesar de estos avances, aun
no se ha estudiado si los cambios metabdlicos pueden verse influidos por las

mutaciones en genes driver observadas en la LLC, ni cémo pueden afectar a la
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patogénesis y a la progresion de la enfermedad. Asi pues, el estudio del metabolismo
podria contribuir a mejorar el conocimiento de los mecanismos patogénicos de la LLC

y a identificar nuevas vulnerabilidades y resistencias terapéuticas.

En resumen, a la vista de lo descrito anteriormente, es esencial ampliar la
caracterizacion molecular de la LLC, teniendo en cuenta las alteraciones cromosémicas
poco frecuentes, las alteraciones en el numero de copias, las mutaciones codificantes
y no codificantes, asi como evaluar las implicaciones de los genes drivers en nuevas
funciones biolégicas no estudiadas hasta el momento en la LLC. Teniendo esto en
cuenta, un andlisis que integre estudios de ediciébn genomica, gendmica y
metabolomica seria de gran utilidad para abordar estas cuestiones y comprender mejor
el papel de las alteraciones genéticas raras en la patogénesis, la progresién, y en la

respuesta a tratamiento en la LLC.
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OBJETIVOS

OBJETIVO GENERAL

Caracterizar el impacto pronéstico y el perfil mutacional de los pacientes con LLC
con alteraciones citogenéticas poco frecuentes que afectan a las regiones
cromosomicas 6qy 14q32, asi como evaluar las implicaciones clinicas y biolégicas
de los genes drivers de la LLC maés frecuentemente alterados en estos subgrupos
mediante la combinacién de secuenciacién de nueva generacion, edicion del

genoma y estudios metabolicos.

OBJETIVOS ESPECIFICOS

1. Evaluar la relevancia pronéstica y las implicaciones clinicas de la delecién
69, del(6q), las traslocaciones 14q32/IGH (IGHR) y las deleciones 14q32/IGH en

la evolucion de la LLC.

2. Caracterizar el perfil mutacional de los pacientes con LLC que presentan
del(6q), centrandonos en aquellos con del(6q) como unica alteracion, y su

capacidad para definir el pronéstico de los pacientes con LLC.

3. Analizar el perfil mutacional de los pacientes con LLC y IGHR, y evaluar el

impacto pronostico de las mutaciones identificadas dentro de este subgrupo.

4, Determinar las caracteristicas moleculares de los pacientes con LLC que
presentan delecion de IGH, asi como la incidencia e importancia clinica de la

inactivacion bialélica de TRAF3 en este subgrupo de pacientes.

5. Dilucidar las consecuencias biologicas de la inactivacion bialélica de TRAF3
en la sefializacion de NF-kB y el metabolismo celular mediante modelos celulares
editados con CRISPR/Cas9 que imitan las mutaciones de TRAF3 observadas en

pacientes con LLC.

6. Evaluar el impacto de la inactivacion de TRAF3 en la respuesta al
tratamiento con farmacos para la LLC y nuevas combinaciones de inhibidores

metabdlicos en modelos celulares y células primarias de LLC.
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CAPITULO 1: RESUMEN

Los pacientes con leucemia linfatica créonica y delecion de la
region cromosomica 6q como unica alteraciéon presentan una

alta incidencia de mutaciones en RPS15 y pronéstico adverso
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INTRODUCCION Y OBJETIVOS

La delecién de 6q del(6q) es una alteracion citogenética poco frecuente que
aparece en un 3-7% de los enfermos de Leucemia Linfatica Croénica (LLC). Aunque
en algunos estudios se asocia a una menor supervivencia global, su impacto
pronostico y las caracteristicas moleculares de los pacientes con esta delecion aun
no se han establecido, debido en parte a su baja frecuencia, la variabilidad de la
delecién, o la detecciéon de esta alteracién tras la administracion del tratamiento.
Los obejtivos de este estudio son evaluar el impacto pronéstico de esta delecién y
analizar perfil mutacional en enfermos de LLC con del(6q) para elucidar los

mecanismos de patogenicidad y su impacto clinico.
PACIENTES Y METODOS

Se analizaron un total de 39 muestras de pacientes con LLC y del(6q) y 315
como grupo control. El cariotipo se analizé mediante citogenética convencional y
se evaluo el estado mutacional de 54 genes relacionados con la patogénesis de la
LLC, mediante un panel personalizado de NGS de captura (Agilent, SureSelect) en
la plataforma NextSeq (Illumina). Los resultados se correlacionaron con las
caracteristicas clinicas de los pacientes mediantelos correspondientes tests

estadisticos.
RESULTADOS

El analisis citogenético de los pacientes con LLC y del(6q) revel6 que ésta era
la unica alteracién en 15 casos, mientras que 24 presentaban otras alteraciones
citogenéticas (15 de ellas con cariotipo complejo). El 40% de los enfermos con 6qg-
presentaban un estadio Binet B/C, y tenian con mds frecuencia parametros
biologicos de mal pronodstico con respecto al grupo control: IGHV-UM (76% vs.
46%, p=0,003), ZAP70 positivo (63% vs. 7,6%, p<0,001) y CD38 positivo (52% vs.
28%, p=0,017).

En cuanto al perfil mutacional de los pacientes con del(6q), el 92% de los
pacientes (36/39) presentaban al menos una mutacion en alguno de los genes
analizados. Los genes mas frecuentemente mutados en este subgrupo fueron TP53
(28%), RPS15 (25%), NFKBIE (15%) y ATM (15%), todos ellos asociados a mal

pronostico y recaida. De manera interesante, RPS15 era el gen méas mutado en las
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LLCs con del(6q) como alteracion unica (6/15, 40%), mientras que en las LLCs con

del(6q) y otras alteraciones fueron TP53 (9/24, 38%) y NFKBIE (4/24, 17%).

Los pacientes con LLC y del(6q) presentaban un menor tiempo hasta el primer
tratamiento (TPT) (6 vs. 36 meses, p=0,002), independientemente de la presencia
de alteraciones citogenéticas adicionales. Cabe destacar que los pacientes con
del(6q) y mutaciones en RPS15 presentaban un menor TPT que las LLCs con del(6q)
y RPS15 wild-type (5 vs. 13 meses, p=0,042), permitiendo definir el pronéstico de

este subgrupo de pacientes.
CONCLUSIONES

Los enfermos de LLC con del(6q) presentan menor tiempo hasta el primer
tratamiento y un mayor porcentaje de mutaciones en RPS15y TP53, asociadas a
mal pronostico. Su perfil mutacional varia dependiendo de si del(6q) aparece como
alteracién unica o en combinacién con otras alteraciones citogenéticas. Las

mutaciones en RPS15 permiten definir el prondéstico de las LLC con del(6q).
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CAPITULO 2: RESUMEN

Los pacientes con leucemia linfatica créonica y traslocacion de
IGH presentan un perfil genético caracteristico con

implicaciones prondsticas
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INTRODUCCION Y OBJETIVOS

La traslocacion de la region 14q32, que contiene el gen de la cadena pesada
de las inmunoglobulinas (I/GH), aparece en el 5-15% de pacientes de leucemia
linfatica crénica (LLC). Aunque algunos estudios le atribuyen a este subgrupo un
pronostico desfavorable, sus caracteristicas clinicas y biolégicas no se conocen en
profundidad. La secuenciacién masiva (NGS) ha mejorado notablemente el
conocimiento de la heterogeneidad genética y clinica de la LLC, por lo que nos
planteamos el andlisis del perfil mutacional de estos pacientes para profundizar en

sus mecanismos moleculares de patogenicidad y para definir mejor su pronostico.
PACIENTES Y METODOS

Se analizaron 233 muestras de pacientes con LLC, de los cuales 46
presentaban traslocacion de 14q32. En todos los casos se disponia de datos clinicos
y FISH para las 4 sondas del panel de LLC (del(11)(q22)/ATM, del(13)(q14.3),
del(17)(p13)/TP53 y +12) ademas de la sonda break-apart para el gen IGH (Vysis).
Se disefi6 un panel de captura personalizado de 54 genes para el analisis mediante
NGS, seleccionados por su frecuencia e implicacion en la patogenia de la
enfermedad. La secuenciacion se realizo en la plataforma NextSeq (Illumina). El
panel cubre el 97% de las regiones (>100X) con una profundidad de 606
lecturas/base, permitiendo la deteccion de variantes presentes en >3% de las

células.
RESULTADOS

El andlisis del tiempo hasta el primer tratamiento (TPT) mostré que los
pacientes con reordenamiento de /GH tienen un pronostico intermedio-adverso,
con una mediana inferior a la de los pacientes con del(13q) (19 meses vs. 120 meses,

p<0,001) y mas préxima a las LLCs con +12 (19 meses vs. 28 meses, p=0,37).

En el estudio mutacional, el 82% de los pacientes (38/46) tenia al menos una
mutacion. Se identificaron 109 mutaciones en 35 genes, siendo la mediana de
mutaciones por paciente 2 (0-6). Los genes mas frecuentemente mutados fueron
NOTCH1 (30%), IGLL5 (17%), SF3B1 (13%), POT1 (13%), TP53, BCL2, FBXW?7,
ZMYM3 and MGA (9% cada uno). Ademas, las mutaciones en BCL2 (Q=0,048) y

FBXW?7 (Q=0,06) se asociaban exclusivamente a este subgrupo. De manera
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interesante, la frecuencia de mutacién en los genes IGLL5, BCL2 y HISTIHIE era
significativamente mayor a la descrita en estudios previos de LLC y algunas de las
mutaciones se habian observado en otros tipos de NHL. Ademas, no solo se
identificaron mutaciones en las regiones codificantes, sino también en las regiones
5’UTR de IGLL5 y BCL2, asociadas con un mayor TPT que los pacientes con
reordenamiento de /GH sin estas mutaciones (mediana de TPT no alcanzada vs. 9
meses, p=0,001). Ademaés, la incorporacién del anélisis mutacional en la evaluacion
del impacto clinico permitié demostrar que la presencia de mutaciones en los genes
mads frecuentemente mutados en estos pacientes (VOTCH1, POTI, TP53, SF3B1 y
BRAF) reduce significativamente el TPT en este subgrupo de LLC (2 meses vs. 88
meses, p<0.0001), siendo un factor de riesgo independiente (HR=0,255,

95%CI=0,07-0,9, p=0,030).

Por otro lado, el 28% de pacientes con reordenamiento de IGH (13/46)
presentaban la t(14;18), siendo la mediana de mutaciones por paciente
significativamente menor que el resto de traslocaciones (1 vs 2, p=0,03). En el
subgrupo con t(14;18), los genes mas frecuentemente mutados fueron BCL2 (23%),
IGLL5 (23%), HISTIHIE (15%), NOTCH1 (15%), mientras que en el resto fueron
NOTCH1 (36%), SF3B1 (18%), POT1 (18%) y TP53 (12%). Estas diferencias podrian
explicar el hecho de que las t(14;18) se asocien a marcadores de buen prondstico
como IGHV-M (p=0,001) y mayor TPT que el resto de traslocaciones (56 meses vs.
4 meses, p=0,05).

CONCLUSIONES

Los pacientes de LLC con reordenamiento de /GH se caracterizan por: a) una
elevada frecuencia de mutacion; b) la presencia de un alto porcentaje de
mutaciones en genes que mutan con poca frecuencia en LL.C: POT1, BCL2, FBXW?7,
IGLL5, ZMYM3, MGA, BRAF and HISTIHIE y c) presentar un pronostico
intermedio-malo que se agrava en presencia de mutaciones genéticas. Ademads, los
pacientes con t(14;18) tienen una frecuencia de mutacion menor que el resto de
reordenamientos, presentan mutaciones en BCL2 e HISTIHIE y se asocian con

marcadores de buen pronostico como IGHV-M y menor TPT.
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CAPITULO 3: RESUMEN

Las alteraciones de TRAF3 son frecuentes en pacientes con

leucemia linfatica créonica y del-3’IGH y definen un subgrupo con

caracteristicas clinicas de mal pronéstico
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INTRODUCCION Y OBJETIVOS

Los reordenamientos del gen /GH son un evento poco comun en la Leucemia
Linfatica Croénica (LLC). Ademéas de estas traslocaciones, se han descrito
deleciones intersticiales que incluyen este gen (localizado en la region 14q32.33).
Sin embargo, no se conoce en profundidad su impacto clinico ni los mecanismos
moleculares subyacentes a estas alteraciones. El objetivo de este estudio es
analizar el perfil mutacional en enfermos de LLC con delecién parcial o intersticial

de IGH para elucidar los mecanismos de patogenicidad y su impacto clinico.
PACIENTES Y METODOS

Un total de 871 muestras de pacientes con LLC se analizaron mediante FISH
con una sonda ‘break-apart’ (Vysis) que cubre el gen IGH. Se consider¢ la presencia
de microdelecién de IGH en aquellas muestras con una pérdida de un extremo de
la sonda con un ‘cut off’ >20% de las células de sangre (del-3’IGH). Ademas, se
utilizé el panel de 4 sondas de LLC para del(11)(q22)/ATM, del(13)(ql4.3),
del(17)(p13)/TP53 y +12. Se evalu6 mediante un panel personalizado de NGS el
estado mutacional de 54 genes relacionados con la patogénesis de la LLC en
muestras no tratadas de 317 LLCs (54 con microdelecion de /GH y 263 controles),
con la plataforma NextSeq (Illumina). La pérdida de TRAF3 se analiz6 mediante el
andlisis de variacion en el numero de copias (CNVs) mediante NGS, validadas

mediante SNP arrays 6.0.
RESULTADOS

Un total de 54 LLCs presentaban una delecion del extremo 3’ de 300kb del
gen /GH mediante FISH (del-3’'IGH). La presencia de esta alteracion se asociaba
con un menor tiempo hasta el primer tratamiento (TPT) respecto a las LLCs con
alteraciones citogenéticas de buen pronéstico (13g- o FISH normal) (45 vs. 184,
116 meses; p<0,001, p<0,001 respectivamente), y similar al de aquellas con

pronostico intermedio (+12) (45 vs 75 meses; p=0,004).

En cuanto al perfil mutacional, el 93% de los pacientes del-3’'IGH presentaban
al menos una mutacion en alguno de los genes analizados. Ademas, la mediana de
mutaciones por paciente fue 2 (0-6). E1 30% tenian mutaciones en NOTCH1, el 20%

en ATM, 15% en algun gen de la via de sefializacién de RAS (BRAF, KRAS, NRAS y
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MAP2K1) y el 13% presentaba mutaciones en TRAF3. Las mutaciones en ATM Y
TRAF3 se asociaban con la presencia de del-3’'IGH (p=0,037, p<0,0001
respectivamente). Los pacientes con TRAF3 mutado presentaban mas de una
mutacion en dicho gen siendo al menos una mutacion truncadora. De manera
interesante, este gen se localiza en la region 14932, una zona muy proxima al gen
IGH, por lo que analizamos si estaba incluido en la deleciéon. En los andlisis de
CNV se identificaron 11 pacientes con pérdida de TRAF3, siete de ellos con
mutaciones en el otro alelo. Ademas, la frecuencia de variacion alélica (VAF) de las
mutaciones era inferior al porcentaje de células con la delecién (media: 15,6%+4.7
vs. 70,5%6.5), indicando que la aparicion de las mutaciones es un evento secundario

que resulta en la inactivacion bialélica de TRAF3.

En cuanto al impacto clinico, la presencia de las mutaciones en NOTCHI,
ATM, via de RAS y TRAF3 permitia definir el pronostico de los pacientes con del-
3’IGH. Aquellos con mutaciones en NOTCH1, ATM y via de RAS presentaban una
menor supervivencia global que el resto de pacientes con del-3’IGH, mientras que
los pacientes con mutaciones en TRAF3 presentaban un menor tiempo hasta primer
tratamiento (6 vs. 51 meses, p<0,001). Ademaés, la inactivacion bialélica de TRAF3
se asociaba con un pronéstico desfavorable, similar al de los pacientes con
inactivacion bialélica de ATM o TP53, siendo un factor de riesgo independiente en

el andlisis multivariante (HR=0,21, 95%CI=0,05-0,85, p=0,029).
CONCLUSIONES

Los enfermos de LLC con microdelecién del extremo 3’ de IGH presentan un
menor tiempo hasta el primer tratamiento que las LLCs con del(13q) o FISH normal.
Los pacientes con esta alteracion citogenética presentan un perfil mutacional
caracteristico con mayor frecuencia de mutaciones en NOTCH1, ATM y via de RAS,
cuya concurrencia podria agravar el pronostico de los pacientes, y una alta incidencia
de la inactivacién bialélica de TRAF3 mediante mutacion y delecion, contribuyendo a

un menor tiempo hasta el primer tratamiento siendo un factor de riesgo independiente.

167



168



CAPITULO 4: RESUMEN
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INTRODUCCION Y OBJETIVOS

El gen TRAF3 (TNF receptor-associated factor 3), localizado en 14q32, esta
frecuentemente alterado por delecion y/o mutacién en el mieloma multiple, el
linfoma y otras neoplasias malignas de células B como la leucemia linfocitica
cronica (LLC). Este gen aparece mutado en el 0.5-1% de pacientes con LLC, y
delecionado en alrededor del 2% de casos, ya que puede estar afectado por la
delecién 14q. En concreto, nuestro grupo ha descrito recientemente una alta
incidencia de la inactivacion bialélica de TRAF3 (13%) en un subgrupo de pacientes
con delecion de 14q32/1GH, asociada con un pronostico desfavorable. En cuanto
a su funcion biologica, TRAF3 es un regulador negativo de la ruta no canénica NF-
kB, y datos recientes han descubierto funciones adicionales de este gen en la
inflamacion, la inmunidad antiviral o el metabolismo celular en neoplasias como
mieloma multiple o linfoma no Hodgkin. Sin embargo, se desconoce la importancia
a nivel funcional de las alteraciones de TRAF3 en la LLC. Por ello, el objetivo de
este estudio fue evaluar la implicacion biologica de las alteraciones de TRAF3 en la

patogénesis de la LLC mediante modelos generados con CRISPR/Cas9.
PACIENTES Y METODOS

Se utilizo el sistema CRISPR/Cas9 para reproducir mutaciones homocigéticas
de pérdida de funcién de TRAF3 en la linea celular PGA1 derivada de CLL.
Posteriormente, caracterizamos estas células mediante andlisis transcriptémico
con la tecnologia de RNAseq (Illumina), andlisis metabolémico mediante
cromatograifa liquida (MilliporeSigma) acoplada a espectrometria de masas
(Thermo Fisher Scientific) (LC-MS) y estudios funcionales. Los estudios funcionales
incluyen el andlisis de la expresién de genes antiapoptoticos mediante PCR digital
(Bio-Rad), analisis de la actividad de unién de factores de transcripcion al DNA
mediante ELISA (Active Motif), y la evaluacion de la respiracion mitocondrial y
glicolisis midiendo las tasas de consumo de oxigeno (OCR) y de acidificacion del
medio extracelular (ECAR) en estos modelos mediante la tecnologia Seahorse
(Agilent). Ademas, se analiz6 la viabilidad celular de un total de 22 muestras de
células primarias de LLC en respuesta a distintos tratamientos e inhibidores

metabolicos (CellTiter-Glo, Promega).
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RESULTADOS

Los analisis RNA-seq identificaron 54 genes desregulados enriquecidos en
vias como la sefializacion NIK/NF-kB (FDR=0,029). Concretamente, NIK (una
diana directa de la degradacién mediada por TRAF3) aumento significativamente
(Q<0,001) en los clones TRAF3-mutados, lo que se correlacioné con una mayor
actividad nuclear de los factores de transcripcién NF-kB no canénicos p52 (p=0,05)
y RelB (p=0,02). Ademas, las células PGA1-TRAF3 mutadas mostraron mayores
niveles de BAX (p=0,05).

En el estudio metabolémico, se encontré un enriquecimiento de metabolitos
implicados en el efecto Warburg, el ciclo del 4cido citrico (TCA) y el metabolismo
del glutamato (FDR<O0,001, 0,003, 0,1 resp.), con niveles significativamente
mayores de o-cetoglutarato (intermediario del TCA sintetizado a partir del
glutamato), piruvato y lactato (productos de la glucdlisis) (p<0,001, p<0,001,
p=0,002) en las células PGA1-TRAF3 mutadas. Cabe destacar que estas células
mostraron caracteristicas mitocondriales distintas: mayores niveles de respiracién
basal y maxima y una mayor capacidad de reserva y generacion de ATP ligada a la

respiracion mitocondrial, asi como una mayor glicolisis.

Asi, las células con mutacion de TRAF3 eran mas sensibles a la 2-deoxi-D-
glucosa (inhibidor de la captacion de glucosa) y mas resistentes al oxamato
(inhibidor de la lactato-deshidrogenasa, marcador de la glucolisis anaerobica). En
general, estos resultados indican que, a diferencia de las células WT, las TRAF3
mutadas utilizan un metabolismo glucolitico mitocondrial. Sorprendentemente, al
utilizar UK5099 (inhibidor del transportador mitocondrial de piruvato que regula la
glucdlisis mitocondrial) las células mutantes mostraron niveles maximos de
respiracion superiores a las WT, lo que sugiere una reprogramacion metabolica
hacia una via metabdlica alternativa que alimenta el metabolismo mitocondrial. Por
lo tanto, probamos el efecto del C968 (inhibidor de la glutaminolisis) y descubrimos
que las células TRAF3 mutadas también eran mas resistentes a este farmaco, lo que
revela una plasticidad metabolica especifica (glucolisis mitocondrial/

glutaminolisis) en las células PGA1-TRAF3 mutadas que no existe en las WT.
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Curiosamente, el tratamiento combinado (UK5099 y C968) indujo m&s muerte
celular en las células TRAF3 mutadas que en las WT (p=0,03). De manera
interesante, esta combinacion revertia la reprogramacion metabolica observada en
estado basal (tras el tratamiento combinado, los niveles de metabolitos
previamente alterados eran ya igual en las WT y en las TRAF3-mutadas), y las
TRAF3-mutadas presentaban el mismo nivel de respiracién y glicélisis que las WT.
Ademas, las células primarias de LLC con mutaciones de TRAF3 también eran
sensibles a esta combinaciéon (p<0,05), lo que sugiere una nueva oportunidad

potencial para tratar a pacientes con alteraciones de TRAF3.
CONCLUSIONES

Las células con TRAF3 mutado presentan una mayor activacion de la via no
canodnica de NF-kB y una reprogramacién metabodlica hacia un aumento de la
glucdlisis mitocondrial y la glutamindlisis. La inhibicion simultdnea de estas dos
vias revierte dicha reprogamacioén metabolica y disminuye la proliferacion en las
células con mutacion de TRAF3. Por lo tanto, en este estudio identificamos un
mecanismo de adaptacion celular potenciado en las células TRAF3 mutadas,
basado en una mayor plasticidad metabdlica, que puede ser una potencial diana

terapéutica en pacientes con LLC.
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CONCLUSIONES

. La presencia de las alteraciones cromosémicas poco frecuentes del(6q), IGHR y
del(14qg)(q32) influye significativamente en el pronostico de la LLC, identificando
subgrupos de riesgo intermedio/adverso con tiempos hasta el primer tratamiento
similares a los de la trisomia 12 o del(11q).

. Los pacientes con del(6q) como unica alteracién presentan un perfil mutacional
distinto con una alta incidencia de mutaciones RPS15, lo que agrava el pronodstico
de la LLC dentro del subgrupo del(6q). Por el contrario, los pacientes con del(6q)
y alteraciones citogenéticas adicionales presentan mutaciones recurrentes en
TP53 y muestran una mayor complejidad del cariotipo.

. El perfil mutacional de los pacientes con IGHR se caracteriza por la presencia de
mutaciones en NOTCHI, FBXW?7, POT1, IGLL5, BCL2 e HISTIHIE, lo que indica
un perfil mutacional intermedio entre la LLC y el LNH. Ademas, el subgrupo IGHR
presenta mutaciones en las regiones no codificantes 5'UTR de IGLL5 y BCL2,
asociadas a un mejor pronostico.

. El perfil mutacional y el curso clinico de los pacientes con IGHR varian en funcién
del tipo de reordenamiento /GH. La fusion IGH.::BCL2 se asocia a mutaciones en
IGLL5, BCL2 e HISTIHIE y a un mayor tiempo hasta el primer tratamiento,
mientras que el resto de LLC que presentan IGHR presentan mayores frecuencias
de mutacion en genes de mal pronostico (TP53, SF3B1).

. Los pacientes que presentan del(14)(q32) muestran una alta frecuencia de
mutaciones en NOTCH1, ATM, genes implicados en la via de sefializacion RAS
(BRAF, MAP2K1y KRAS), y una alta incidencia de inactivacion bialélica de TRAF3
por delecién y mutacion. Ademas, la inactivacién bialélica de TRAF3 tiene un
impacto negativo en el pronostico, siendo un factor de riesgo independiente del
tiempo hasta el primer tratamiento.

. La mutacién homocigota de TRAF3 en células de LLC promueve la activacion de
la ruta no canénica de NF-kB, a través de la sobreexpresién de NIK, una diana de
la degradacion proteasomal mediada por TRAF3, y una mayor actividad de unién

al ADN de los factores de transcripcién p52 y RelB.
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7. Las células de LLC que presentan inactivacion de TRAF3 muestran una
reprogramacion metabolica basada en un enriquecimiento de metabolitos
implicados en el "efecto Warburg", el ciclo del acido tricarboxilico (TCA) y el
metabolismo del glutamato, y una mayor respiracion mitocondrial. Ademas, las
células de LLC con TRAF3 mutado presentan una mayor actividad respiratoria
que las células TRAF3-wild type tras la inhibicién del metabolismo glucolitico del
piruvato, la glutaminolisis y la importacion de piruvato a la mitocondria, lo que
indica una plasticidad metabdlica y una mayor capacidad de adaptacion de las
células mutadas con TRAF3 a condiciones de estrés.

8. La inhibicion simultanea de la glutaminolisis y la importacién de piruvato
disminuye la proliferacion de las células de LLC con mutacion de TRAF3 al
revertir la reprogramacion metabolica dependiente de TRAF3. Por lo tanto, estos
hallazgos indicarian que la plasticidad metabdlica se basa en la capacidad de las
células con mutaciéon TRAF3 para cambiar hacia vias metabdlicas alternativas
(glucolisis mitocondrial/glutaminolisis) para impulsar la actividad mitocondrial,

siendo potenciales dianas terapéuticas en la LLC.
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SUPPLEMENTARY METHODS

Target deep sequencing

All genomic DNA samples underwent targeted-deep sequencing using an in-house 54
gene custom capture-enrichment panel (682 regions) designed using Agilent SureDesign and
previously validated"***. A SureSelectXT Custom 416.393 kbp target enrichment library
containing 8951 oligonucleotide probes against H.sapiens hgl9 GRCh37 sequence was
prepared by Agilent for use with I[llumina multiplexed sequencing platforms.
Patient genomic DNA was isolated from blood and prepared for sequencing using the
SureSelectQXT Reagent Kit (G9681B) according to the manufacturer's instructions. Targeted
DNA sequencing libraries were constructed using SureSelect®*” Reagent Kit (Agilent
Technologies, Santa Clara, CA) with 50ng of genomic DNA. Briefly, tumor DNA was
enzymatically fragmented and tagged to generate adapter-tagged libraries. Biotin-labeled
probes specific to the targeted regions of interest) via hybridization, and libraries were enriched
for regions of interest using streptavidin beads, then amplified, dual-indexed, and pooled for
sequencing; quality of the libraries were measured with 4200 TapeStation (Agilent) and

quantified using Qubit 3.0 (ThermoFisher Scientific, Waltham, MA).
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NGS data analysis

Raw data quality control was performed with FastQC (v0.11.8) and Picard tools (v2.2.4)
to collect sequencing metrics. Demultiplexed files (FASTQ) were aligned to the reference
genome (GRCh37/hg19 genome), read duplicates were marked with SAMTools (v1.3.1) and
post-alignment was performed with GATK (v3.5). Coverage for each region was assessed using
BEDTools (v.2.26.0). A minimum quality score of Q30 was required for ensuring high-quality
sequencing results. Finally, somatic variant calling, and annotation were performed using an
in-house pipeline, based on VarScan (v2.4) and ANNOVAR (v.2017Jul16), respectively.
Median coverage of target regions was 600 reads/base, with at least 100X in 97% of them. To
validate variants detected with VAF <5% using the custom panel, samples were conducted to
resequencing using different amplicon-based approaches (Illumina Nextera XT/454 Roche)
with read depth above 1000X, allowing to report variants down to 2% previously described by
our group**°.

Data was then filtered according to the severity of the consequence, considering
variants that lead to an amino acid change in the protein sequence (missense, nonsense,
frameshift) and those in the splice site and UTRs. To discard single nucleotide polymorphisms
(SNPs), minor allelic frequencies (MAFs) were consulted in several databases (dbSNP, 1000
genomes, ExAC and our in-house database) and only variants with a MAF of <0.01 were
selected for further analysis. In addition, variants with a VAF between 40-60% or greater than
90% were manually reviewed prioritizing variants described in in silico tools (Polymorphism
Phenotyping v2 (PolyPhen-2), Sorting Intolerant From Tolerant (SIFT) and ClinVar) as
deleterious, damaging, pathogenic or likely pathogenic.

Variants were annotated using automated pipelines and potential pathogenic variants were
identified. Further validation was performed by manual review using the Integrative Genomics
Viewer (IGV)®. Variants were classified, and the pathogenicity analyzed using ClinVar and

Varsome web tool’.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Clinical and biological features of CLL patients with 6q deletion (N=39) and
the control group (n=317).

Characteristic Del((:g?;g)us le(::;f;())up p
Age of diagnosis, median 61 72 <0,001
Male, % 53,8(21/39) 65,6(208/317) 0,194
Leucocytes (109/L), median (range) 18,7 (5,6-238) 18,9 (7,3-369) 0,752
Lymphocytes (109/L), median (range) 15,1 (2,4-101) 14,3 (6,6-355) 0,908
Platelets (109/L), median (range) 192 (55-442) 177 (23-456) 0,231
Binet stage B/C, % 37,8 (14/37) 26,8(82/305) 0,177
Hepatomegaly, % 2,7(1/37) 4,9(14/284) 1
Splenomegaly, % 16,2(6/37) 19,2(55/287) 0,824
Adenopaties, % 57,14 (20/35) 42,55 (120/282) 0,108
ZAP70+, % 63,6 (14/22) 15,9(48/301) <0,001
CD38+, % 51,7(15729) 28,3(58/205) 0,017
High B2-M, % 45,5(15/33) 41,3(104/252) 0,709
High LDH, % 11,4(4/35) 19(53/278) 0,355
IGHV-unmutated, % 75,8(22/29) 45,7 (123/269) 0,003
del(13q), % 23 (9/39) 57,4(181/315) 0,001
Tril2, % 8(3/39) 19,1(60/314) 0,165
del(11q), % 18(7/39) 16,8(53/315) 0,814
del(17p), % 21(8/39) 9,2(29/315) 0,063
Treatment, % 82(32/39) 54,3(170/313) 0,001
Death, % 28,2(11/39) 27,4(87/317) 0,694
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Supplementary Figure S1. RPS15 mutations in CLL patients with del(6q). A) Diagram
of RPS15 mutations representing the position of the mutations in the aminoacid (AA) sequence
and the AA change induced. Ref transcript: NM_001018. B) Mutual-exclusivity diagram of
mutated genes in CLL patients with del(6q). Color and size of the circles are plotted in the graph
based on the proportion of events involved in the analysis (from white (3%) to dark blue (50%),
percentage related to the whole cohort, n=39) and level of significance per interaction,

respectively.
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Supplementary Figure S2. Clinical impact of TP53 mutations on the time to

first treatment of del(6q) CLL patients.
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Supplementary Figure S4
Kaplan-Meier analysis in CLL patients included in the study according to the presence

of FISH aberrations.

Supplementary Figure S5
Kaplan-Meier analysis of TFT and OS in IGHR-CLL patients according to the /IGH
translocation (/GH/BCL2 vs. non-IGH/BCL2).
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SUPPLEMENTARY METHODS

Patients’ exclusion and risk classification criteria

Patients with clinical features, histopathology or immunophenotype inconsistent with
CLL or Matutes Score >3 were excluded'. As distinction of /GH/CCNDI translocation-
associated CLL and mantle cell lymphoma (MCL) leukemic forms might not be unequivocal,

we also excluded all IGH/CCND1 positive cases.

Within control group, the cytogenetic risk classification of patients that carried more than
one chromosomal alteration was determined by the worst risk abnormality, according to the
Dohner hierarchy?. For example, patients carrying 13g- and 11g- were categorized in the 11q
group, while patients with 11g- and 17p- were characterized as 17p-. Patients with /GH
rearrangements/translocations were included in the CLL-IGHR group, irrespective of the

presence of additional abnormalities.
Cell isolation and DNA extraction

B lymphocytes (CD19-positive cells) extracted from bone marrow or peripheral blood
samples of CLL patients were positively selected using magnetically activated cell sorting
(MACS) CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and frozen in RLT
plus at 80°C. DNA was isolated using a commercial kit (Qiagen, Valencia, CA, USA). To assess
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DNA quantity and quality we used the Qubit dsDNA HS Assay kit (Invitrogen, Life
Technologies, Carlsbad, CA, USA), and the TapeStation 4200 system (Agilent Technologies,
Santa Clara, CA, USA). The required concentration and quality to ensure optimal sequencing

were 25 ng/pl and DIN>6 respectively (as specified in the [llumina/Agilent protocols).
Target deep sequencing

All genomic DNA samples underwent targeted-deep sequencing using an in-house 54
gene custom capture-enrichment panel (682 regions) designed using Agilent SureDesign and
previously validated®* (Supplementary Table S2). A SureSelectXT Custom 416.393 kbp
target enrichment library containing 8951 oligonucleotide probes against H.sapiens hgl9
GRCh37 sequence was prepared by Agilent for use with Illumina multiplexed sequencing

platforms.

Patient genomic DNA was isolated from blood and prepared for sequencing using the
SureSelectQXT Reagent Kit (G9681B) according to the manufacturer's instructions. Targeted
DNA sequencing libraries were constructed using SureSelect®*” Reagent Kit (Agilent
Technologies, Santa Clara, CA) with 50ng of genomic DNA. Briefly, tumor DNA was
enzymatically fragmented and tagged to generate adapter-tagged libraries. Biotin-labeled
probes specific to the targeted regions of interest) via hybridization, and libraries were enriched
for regions of interest using streptavidin beads, then amplified, dual-indexed, and pooled for
sequencing; quality of the libraries were measured with 2200 TapeStation (Agilent) and

quantified using Qubit 2.0 (ThermoFisher Scientific, Waltham, MA).

PCR amplification-based methods were applied for validating mutations detected at low
frequencies (Supplementary Table S7). Validation assays using the 454 Titanium Amplicon
system (Roche Applied Science) were carried out for a previous study of our group®. For the
new validations, PCR libraries were prepared using Nextera XT DNA Sample Preparation Kit
(lumina) and indexed using Nextera XT Index Kit (Illumina). The indexed libraries were then
purified using Agencourt AMPure XP beads, quality checked on a Bioanalyzer DNA 1000 chip
and then quantified by fluorometry using Qubit HS dsDNA assay kit. The libraries were then
diluted to an equimolar concentration of 4 nM before pooling for sequencing. A final
confirmation of the pooled library concentration was done by a fluorometric measurement
before denaturing and sequencing. The pooled genomic libraries were then sequenced using
the Illumina NextSeq or MiSeq platform (Ilumina). Resequencing was also performed in the

CD19- cell fraction of patients carrying BCL2 mutations, to further validate they were somatic.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Clinical and biological characteristics of CLL patients depending on the presence of IGH rearrangements
(N=233).

Characteristic IGH-translocation (N=46) no IGH-translocation (N=187) P Q

Median age at diagnosis, years (range) 69 (43-89) 67 (28-91) 0.310° 0.691
Gender Male, % 63 65.2 0.780°¢ 0.78

Median time from diagnosis to FISH, months (range) 1(0-117) 0(0-221) 0.579° 0.691
BinetBorC, % 38.6 24.6 0.060¢° 0.135
Median WBC? count, -10%/L (range) 17.6 (2.3-196) 19 (5.7-964) 0.691° 0.691
Median lymphocytes count, -10%/L (range) 11.6 (0.6-186) 14.4 (1.1-960) 0.564° 0.691
Median platelet count, -10%/L (range) 172 (55-295) 177 (2-587) 0.451° 0.691
Median hemoglobin level, g/dL (range) 14.1 (6.6-16.5) 14.2 (4.4-18.9) 0.618° 0.691
High B2-microglobulin level, % 67.4 36.3 0.0002° 0.002
High lactate dehydrogenase level, % 27.3 17.7 0.150° 0.25

Hepatomegaly, % 7.1 5.4 0.668° 0.771
Splenomegaly, % 15.9 17.9 0.751¢ 0.78

B Symptoms, % 11.1 8.9 0.655¢ 0.771
Richter transformation 4.3 1.6 0.257¢ 0.385
IGHV-Unmutated, % 60.6 40 0.028¢ 0.084
13q deletion, % 26.1 62 <0.0001°¢ 0.0002
trisomy 12, % 34.8 13.9 0.001°¢ 0.005
11q deletion, % 4.3 14.4 0.063¢ 0.135
17p deletion, % 6.5 2.1 0.119¢ 0.223
TP53 disruption (deletion/mutation),% 8.7 11.2 0.619¢ 0.771
Need for treatment 67.4 45.5 0.008°¢ 0.03

Median follow-up, months (range) 57 (1-157) 60 (0-264) 0.344° 0.691

aWBC: white blood cells, ®"Mann Whitney U test, x2 test
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Supplementary Table S2. List of regions and mean coverage of genes included in the custom-designed panel of NGS.

Mean coverage

Mean coverage

Gene Transcript Regions Rl p Gene Transcript Regions (Rl p
ARID1A ENST00000324856 Exons 1-20 808 KLHL6 ENST00000341319 Exons 1-7 707
ASXL1 ENST00000375687 Exons 1-13 691 KRAS ENST00000311936 Exons 2-5 522
ATM ENST00000278616 Exons 2-63 443 MAP2K1 ENST00000307102 Exons 1-11 553
ATRX ENST00000373344 Exons 1-35 274 MED12 ENST00000374080 Exons 1-4 356
BAX ENST00000345358 Exon 2-6 815 MGA ENST00000570161 Exons 2-23 680
BAZ2A ENST00000551812 Exons 2-28 829 MYDS88 ENST00000396334 Exons 2-5 781
BCL2 ENST00000398117 Exons 2-3 and 5'UTR 629 NFKBIE ENST00000275015 Exons 1-2 969
BCOR ENST00000378444 Exons 2-15 448 NOTCH1 ENST00000277541 Exon 34 and 3'UTR 1183
BIRC3 ENST00000263464 Exons 2-9 479 NRAS ENST00000369535 Exons 2-3 601
BRAF ENST00000288602 Exons 11-16 503 NXF1 ENST00000294172 Exons 3-21 644
BTK ENST00000308731 Exons 2-19 418 PAX5 ENST00000358127 enhancer 783
CARD11 ENST00000396946 Exons 3-17 801 PCDH10 ENST00000264360 Exons 1-5 550
CCND2 ENST00000261254 Exons 1-5 814 PIK3CD ENST00000377346 Exons 3-24 848
CD19 ENST00000324662 Exons 1-6 856 PLCG2 ENST00000564138 Exons 2-33 618
CDC73 ENST00000367435 Exons 1-16 440 POT1 ENST00000357628 Exons 5-19 405
CHD2 ENST00000394196 Exons 2-39 475 PTPN11 ENST00000351677 Exonso 2-15 641
DDX3X ENST00000399959 Exons 1-16 356 RPS15 ENST00000593052 Exons 2-4 676
EGR2 ENST00000242480 Exons 1-2 1001 SAMHD1 | ENST00000262878 Exons 1-16 504
FAM50A ENST00000393600 Exons 2-12 528 SETD2 ENST00000409792 Exons 1-21 506
FAT1 ENST00000441802 Exons 2-27 765 SF3B1 ENST00000335508 Exons 14-16 519
FBXW7 ENST00000281708 Exons 7-12 710 SORCS2 ENST00000507866 Exons 1-27 894
FUBP1 ENST00000370768 Exons 1-19 451 TP53 ENST00000269305 Exons 4-10 650
HIST1IH1B | ENST00000331442 Exon 1 963 TRAF3 ENST00000392745 Exons 1-12 610
HISTIHI1E | ENST00000304218 Exon 1 669 XPO1 ENST00000401558 Exons 15-16 540
IGLL5 ENST00000526893 Exons 1-3, 5'UTR 553 ZC3H18 ENST00000301011 Exons 2-18 770
IKZF3 ENST00000346872 Exon 5 696 ZMYM3 ENST00000373998 Exons 2-25 499
IRF4 ENST00000380956 Exons 2-9 691 ZNF292 ENST00000339907 Exons 1-8 395
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Supplementary Table S3. Distribution of mutations according to the presence of IGH rearrangements detected by

FISH in untreated CLL patients (N=233).

Gene CLLs with IGH rearrangement (N=46) CLLs without /GH rearrangement (N=187) p Q
Mutated cases (N) Frequency (%) Mutated cases (N) Frequency (%)
NOTCH1 14 30.4 31 16.6 0.033* 0.154
IGLL5 8 17.4 27 144 0.616 0.894
SF3B1 6 13.0 19 10.2 0.571 0.894
POT1 6 13.0 14 7.5 0.228 0.532
TP53 4 8.7 19 10.2 0.765 0.913
BCL2 4 8.7 1 0.5 0.006* 0.048%**
FBXW7 4 8.7 2 11 0.015* 0.060**
ZMYM3 4 8.7 4 2.1 0.029* 0.154
MGA 4 8.7 4 2.1 0.029* 0.154
BRAF 3 6.5 2 11 0.054 0.108
EGR2 3 6.5 2 11 0.054 0.108
RPS15 3 6.5 13 7.0 0.918 0.972
NFKBIE 3 6.5 9 4.8 0.639 0.894
HISTIHIE 2 4.3 1 0.5 0.100 0.160
BIRC3 2 4.3 10 53 0.783 0.913
ATM 2 4.3 19 10.2 0.217 0.532
FUBP1 2 4.3 3 1.6 0.257 0.293
MAP2K1 2 4.3 4 2.1 0.338 0.338
IRF4 2 4.3 3 1.6 0.257 0.293
ZNF292 2 4.3 5 2.7 0.551 0.894
MYD88 1 2.2 4 2.1 0.972 0.972
CHD2 1 2.2 13 7.0 0.222 0.532
*P<0.05
** (0<0.1
**% Q<0.05
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Supplementary Table S4. Frequencies of recurrent gene mutations according to the presence of additional cytogenetic aberrations in untreated IGHR-CLLs.

t(IGH)+ 13g-  Rest of t(IGH) t(IGH)+ 11q/17p- Rest of t(IGH) t(IGH) + tri12 Rest of t(IGH) t(IGH) only Rest of t(IGH)

Gene (N=8) (N=38) (N=5) (N=41) (N=15) (N=31) (N=18) (N=28)
% % P Q % % P Q % % P Q % % P Q
NOTCH1 12.5 34.2 0.403 1.000 40.0 29.3 0.633 1.000 333 29.0 1000 1000 333 28.6 0.753 0.927
SF381 25.0 10.5 0.277 1.000 0.0 14.6 1.000 1.000 6.7 16.1 0647 1000 16.7 10.7 0.666 0.888
lGLLs 25.0 13.2 0.613 1.000 0.0 17.1 0.569 1.000 6.7 19.4 0243 0768 27.8 10.7 0.232 0.864
POT1 12.5 13.2 1.000 1.000 20.0 122 0.520 1.000 20.0 9.7 0375 0857 5.6 17.8 0.380 0.888
P53 00 10.5 1.000 1.000 60.0 24 0.003 0.048* 6.7 9.7 1.000 1000 0.0 143 0.144 0.864
BCL2 0.0 10.5 1.000 1.000 0.0 9.8 1.000 1.000 133 6.5 0587 1000 1.1 7.1 0.639 0.888
ZMYM3 125 79 0.548 1.000 0.0 9.8 1.000 1.000 6.7 9.7 1.000 1000 11.1 7.1 0.639 0.888
MGA 25.0 53 0.134 1.000 0.0 9.8 1.000 1.000 0.0 12.9 0288 0768 11.1 7.1 0.639 0.888
FBXW7 00 10.5 1.000 1.000 200 7.3 0.379 1.000 133 6.5 0587 1000 56 10.7 1.000 1.000
BRAF 00 79 1.000 1.000 0.0 7.3 1.000 1.000 133 32 0244 0768 56 7.1 1.000 1.000
EGR2 0.0 7.9 1.000 1.000 0.0 7.3 1.000 1.000 20.0 0.0 0030 0480 0.0 10.7 0.270 0.864
RPS15 125 53 0.444 1.000 0.0 7.3 1.000 1.000 133 32 0244 0768 0.0 10.7 0.270 0.864
HISTIHIE 0.0 5.3 1.000 1.000 0.0 4.9 1.000 1.000 133 0.0 0101 0768 0.0 7.1 0513 0.888
BIRC3 125 26 0.321 1.000 200 24 0.208 1.000 0.0 6.5 1.000 1000 0.0 7.1 0.513 0.888
ATM 00 53 1.000 1.000 0.0 49 1.000 1.000 6.7 32 1.000 1000 56 36 1.000 1.000
FUBP1 0.0 53 1.000 1.000 0.0 4.9 1.000 1.000 0.0 6.5 1.000 1000 111 0.0 0.148 0.864
*Q<0.05
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Supplementary Table S7. List of mutations detected at low frequency and validated by amplicon-based NGS systems (lllumina Nextera XT/454 Roche).

Frequency | Frequency sspiicom i) Previous!y
Group ID Patient Gene [Chromosomg  Start End Reference | Altered (Capture- | (Amplicon- NGS system reported in
NGS) NGS) CLIAS
Control 94 ATM chril 108186590 108186590 A G 435 485 Illumina Nextera XT
Control 84 ATM chril 108186742 108186742 C T 447 45 Illumina Nextera XT YES
Control 53 ATM chrll 108201020 108201020 T - 47 48 Illumina Nextera XT
Control 53 ATM chrll 108206581 108206581 G A 5.26 48 Illumina Nextera XT YES
Control 45 ATM chrll 108141874 108141874 G A 6 3 Illumina Nextera XT YES
Control 34 ATM chrll 108142079 108142079 - T 6.03 55 454 Roche YES
Control 91 ATM chril 108098515 108098515 A T 6.92 13 454 Roche YES
Control 46 BIRC3 chril 102207657 102207657 C - 492 5.15 Illumina Nextera XT YES
Control 24 BIRC3 chril 102207657 102207657 C - 5.17 498 Illumina Nextera XT YES
Control 3 NFKBIE chré 44232739 44232742 GTAA - 244 19 Illumina Nextera XT YES
Control 7 NFKBIE chré 44232739 44232742 GTAA - 245 24 Illumina Nextera XT YES
Control 101 NOTCH1 chr9 139390649 139390650 AG - 264 3 454 Roche YES
Control 58 NOTCH1 chr9 139390649 139390650 AG - 283 29 454 Roche YES
Control 44 SF3B1 chr2 198267360 198267360 T A 3.27 455 Illumina Nextera XT YES
Control 87 SF3B1 chr2 198266769 198266769 G C 384 476 Illumina Nextera XT
Control 24 SF3B1 chr2 198266611 198266611 C T 2.7 442 Illumina Nextera XT YES
Control 100 SF3B1 chr2 198266834 198266834 T C 397 3 454 Roche YES
Control 109 SF3B1 chr2 198267361 198267361 T C 461 8.93 Illumina Nextera XT YES
Control 33 TP53 chrl?7 7577569 7577569 A T 203 201 Illumina Nextera XT
Control 58 TP53 chrl7 7577570 7577570 C A 3.85 5.58 Illumina Nextera XT
Control 33 TP53 chrl?7 7578406 7578406 C T 3.86 5 Illumina Nextera XT YES
IGHR 12 BIRC3 chril 102207676 102207679 AAGA - 3.08 49 Illumina Nextera XT
IGHR 26 FBXW7 chrd 153249385 153249385 G A 4 3.21 Illumina Nextera XT YES
IGHR 34 KRAS chri2 25378647 25378647 T A 423 7.92 Illumina Nextera XT YES
IGHR 34 MYD88 chr3 38182641 38182641 T C 3.29 6.09 Illumina Nextera XT YES
IGHR 22 NFKBIE chré 44232739 44232742 GTAA - 24 147 Illumina Nextera XT YES
IGHR 13 NFKBIE chré 44232739 44232742 GTAA - 441 2.28 Illumina Nextera XT YES
IGHR 29 NOTCH1 chr9 139390649 139390650 AG - 2.75 5.72 Illumina Nextera XT YES
IGHR 20 NOTCH1 chr9 139390649 139390650 AG - 347 86 Illumina Nextera XT YES
IGHR 20 POT1 chr7 124532398 124532398 G A 452 453 Illumina Nextera XT YES
IGHR 41 SETD2 chr3 47164048 47164048 - C 312 5 Illumina Nextera XT
IGHR 13 SF3B1 chr2 198266611 198266611 C T 492 498 Illumina Nextera XT YES
IGHR 13 SF382 chr3 198266834 198266834 T C 5.85 6.04 Illumina Nextera XT YES
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Supplementary Table S8. Frequencies of the most recurrently mutated genes according to the
IGH translocation in untreated patients: IGH/BCL2 vs non-IGH/BCL2.

Gene IGH/BCL2 (N=13), % non-IGH/BCL2 (N=33), % P Q

NOTCH1 15.38 36.36 0.286 0.487
SF3B1 0.00 18.18 0.163 0.487
IGLL5 23.08 12.12 0.196 0.487
POT1 0.00 18.18 0.163 0.487
TP53 0.00 12.12 0.313 0.487
MGA 0.00 12.12 0.313 0.487
FBXW?7 0.00 12.12 0.313 0.487
BRAF 0.00 9.09 0.548 0.590
EGR2 0.00 9.09 0.548 0.590
BCL2 23.08 3.03 0.062 0.487
ZMYM3 7.69 9.09 1.000 1.000
RPS15 0.00 9.09 0.548 0.590
HIST1HIE 15.38 0.00 0.075 0.487
ZNF292 7.69 3.03 0.490 0.590
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Supplementary Figure S1. Consort diagram of patients included in the study
for outcome and mutational analyses. IGHR: /GH rearrangement/translocation,
CA: cytogenetic abnormalities, NF: normal FISH, 13qg-: 13q deletion, +12: trisomy
12, 11g-: 11q deletion, 17p-: 17p deletion.
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Supplementary Figure S2. Frequencies of BCL2, IGLL5 and NOTCH! UTR
mutations according to the presence of an /GH rearrangement in 233 CLL patients.
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Supplementary Figure S3. Mutational landscape of IGH/BCL2
rearrangements. A) Mutational frequencies in /GH /BCL2 cases with respect to the
rest of rearrangements (p/q values; see Supplementary Table S8). B) Mutational
profile of /IGH/BCL2 rearrangements. Each column represents a patient; numbers
referes to the patient ID in our study while alphabet letters corresponds to the cases
reported in Puente el al®; each row corresponds to a genetic alteration.Mutations
shown in Puente et al. samples are restricted to the gene regions included in our
panel (Supplementary Table S2).
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SUPPLEMENTARY METHODS

Patients’ exclusion and risk classification criteria

Patients with clinical features, histopathology or immunophenotype
inconsistent with CLL or Matutes Score =3 were excluded'. Within control group,
the cytogenetic risk classification of patients that carried more than one
chromosomal alteration was determined by the worst risk abnormality, according to
the Dohner hierarchy?. For example, patients carrying 13g- and 11g- were
categorized in the 11q group, while patients with 11g- and 17p- were characterized
as 17p-. Patients with I/GH deletion were included in the del-3’IGH group,

irrespective of the presence of additional abnormalities.

Target deep sequencing

All genomic DNA samples underwent targeted-deep sequencing using an in-
house 54 gene custom capture-enrichment panel (682 regions) designed using
Agilent SureDesign and previously validated®**° (Table S3). A SureSelectXT Custom
416.393 kbp target enrichment library containing 8951 oligonucleotide probes
against H.sapiens hg19 GRCh37 sequence was prepared by Agilent for use with
[llumina multiplexed sequencing platforms.

Patient genomic DNA was isolated from blood and prepared for sequencing
using the SureSelectQXT Reagent Kit (G9681B) according to the manufacturer's

instructions. Targeted DNA sequencing libraries were constructed using
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SureSelect®T Reagent Kit (Agilent Technologies, Santa Clara, CA) with 50 ng of
genomic DNA. Briefly, tumor DNA was enzymatically fragmented and tagged to
generate adapter-tagged libraries. Biotin-labeled probes specific to the targeted
regions of interest) via hybridization, and libraries were enriched for regions of
interest using streptavidin beads, then amplified, dual-indexed, and pooled for
sequencing; quality of the libraries were measured with 4200 TapeStation (Agilent)

and quantified using Qubit 3.0 (ThermoFisher Scientific, Waltham, MA).

NGS data analysis

Raw data quality control was performed with FastQC (v0.11.8) and Picard
tools (v2.2.4) to collect sequencing metrics. Demultiplexed files (FASTQ) were
aligned to the reference genome (GRCh37/hg19 genome), read duplicates were
marked with SAMTools (v1.3.1) and post-alignment was performed with GATK
(v3.5). Coverage for each region was assessed using BEDTools (v.2.26.0). A
minimum quality score of Q30 was required for ensuring high-quality sequencing
results. Finally, somatic variant calling, and annotation were performed using an in-
house pipeline, based on VarScan (v2.4) and ANNOVAR (v.2017Jul16), respectively.

Median coverage of target regions was 600 reads/base, with at least 100X in
97% of them. To validate variants detected with VAF <5% using the custom panel,
samples were conducted to resequencing using different amplicon-based
approaches (lllumina Nextera XT/454 Roche) with read depth above 1000X,
allowing to report variants down to 2% previously described by our group®’.

Data was then filtered according to the severity of the consequence,
considering variants that lead to an amino acid change in the protein sequence
(missense, nonsense, frameshift) and those in the splice site and UTRs. To discard
single nucleotide polymorphisms (SNPs), minor allelic frequencies (MAFs) were
consulted in several databases (dbSNP, 1000 genomes, ExAC and our in-house
database) and only variants with a MAF of <0.01 were selected for further analysis.
In addition, variants with a VAF between 40-60% or greater than 90% were manually
reviewed prioritizing variants described in in silico tools (Polymorphism Phenotyping
v2 (PolyPhen-2), Sorting Intolerant From Tolerant (SIFT) and ClinVar) as

deleterious, damaging, pathogenic or likely pathogenic.

236



Variants were annotated using automated pipelines and potential pathogenic
variants were identified. Further validation was performed by manual review using
the Integrative Genomics Viewer (IGV). Variants were classified, and the

pathogenicity analyzed using ClinVar and Varsome web tool°.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Clinical and biological characteristics of the whole cohort of CLL patients
(n=871) depending on the presence of 3’IGH deletion (del-3’IGH).

Characteristic De(ll;i'SIgH Non(:i;f ;GH P

Median age at diagnosis, years (range) 64.5 (43-89) 66 (25-97) 0.585°
Gender Male, n (%) 36/54 (66.7) 528/817 (64.6) 0.883¢
Binet B or C, n (%) 12/51 (23.5) 177/806 (22.0) 0.862°
Median WBC? count, -10%/L (range) 16.9 (4.5-93.8) 17.8 (2.4-964) 0.115°
Median lymphocytes count, -10°/L (range) 11.0 (2.7-84) 12.2 (0.8-960) 0.160°
Median platelet count, -10%/L (range) 190.5 (17-376) 187 (2-587) 0.914°
Median hemoglobin level, g/dL (range) 13.8 (7.7-17.1) 14.2 (4.4-18.9) 0.185°
CD38 positivity, n (%) 9/38 (23.7) 138/533 (25.9) 0.850
High B2-microglobulin level, n (%) 17/39 (43.6) 279/728 (38.3) 0.505°¢
High lactate dehydrogenase level, n (%) 8/50 (16.0) 127/799 (15.9) 1€

Hepatomegaly, n (%) 1/48 (2.1) 57/793 (7.2) 0.244°
Splenomegaly, n (%) 14/49 (28.6) 127/800 (15.9) 0.028¢
Lymphoadenopathy, n (%) 17/47 (36.2) 232/718 (32.3) 0.630
B Symptoms, n (%) 4/47 (8.5) 64/787 (8.1) 0.788°
Richter transformation, n (%) 2/54 (3.7) 14/817 (1.7) 0.253¢
IGHV-Unmutated, n (%) 24/47 (51.1) 283/622 (45.5) 0.536°
13q deletion, n (%) 24/54 (44.4) 352/817 (43.1) I°

trisomy 12, n (%) 12/54 (22.2) 129/817 (15.7) 0.250¢
11q deletion, n (%) 6/54 (11.1) 90/817 (11.0) I°

17p deletion, n (%) 5/54 (9.3) 37/817 (4.5) 0.175¢
Need for treatment, n (%) 35/54 (64.8) 379/817 (46.4) 0.011¢
Second neoplasms, n (%) 7/54 (12.9) 97/779 (12.4) 0.831°
Median follow-up, months (range) 60 (2-217) 59 (1-340) 0.433

* WBC: white blood cells

® Mann Whitney U test

“y2 test
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Supplementary Table S2. Clinical and biological features of CLL patients analyzed by NGS (n=317).

Characteristic De(ll;i'slgH NOII(:SZ-S;GH P
Median age at diagnosis, years (range) 64.5 (43-89) 72 (38-97) <0.001°
Gender Male, n (%) 36/54 (66.7) 173/263 (65.8)  0.509¢
Binet B or C, n (%) 12/51 (23.5) 70/259 (27.0) 0.860¢
Median WBC? count, -10°/L (range) 16.9 (4.5-93.8)  18.9 (2.4-369) 0.015P
Median lymphocytes count, -10°/L (range) 11.0 (2.7-84) 14.2 (0.8-355) 0.012°
Median platelet count, -10%/L (range) 190.5 (17-376) 176.5 (23-456)  0.552°
Median hemoglobin level, g/dL (range) 13.8(7.7-17.1)  14.2(4.4-18.9)  0.185°
CD38 positivity, n (%) 9/38 (23.7) 49/172 (28.4) 1°
High B2-microglobulin level, n (%) 17/39 (43.6) 129/219 (41.1) I°
High lactate dehydrogenase level, n (%) 8/50 (16.0) 186/234 (20.5) 0.211°¢
Hepatomegaly, n (%) 1/48 (2.1) 13/242 (5.4) 0.702¢
Splenomegaly, n (%) 14/49 (28.6) 42/244 (17.2) 0.063¢
Lymphoadenopathy, n (%) 17/47 (36.2) 104/236 (44.0) 0.258¢
B Symptoms, n (%) 4/47 (8.5) 23/234 (9.8) 0.658°
IGHV-Unmutated, n (%) 24/47 (51.1) 103/228 (45.1)  0.615°
CLL-IPI Low risk 16/47 (34.0) 78/188 (41.3) 0.407°¢
Intermediate risk 21/47 (44.7) 55/188 (29.1) 0.055¢
High/Very high risk 10/47 (21.3) 55/188 (29.1) 0.362°¢
IPS-E (Binet A) Low risk 10/30 (33.3) 58/151 (38.4)  0.683¢
Intermediate risk 11/30 (36.7) 62/151 (41.1) 0.689°¢
High risk 9/30 (30.0) 31/151 (20.5) 0.334¢
FISH 13q deletion 24/54 (44.4) 159/263 (60.4)  0.023¢
trisomy 12 12/54 (22.2) 48/263 (18.3) 0.567°
11q deletion 6/54 (11.1) 47/263 (17.9) 0.316°
17p deletion 5/54 (9.3) 25/263 (9.5) 1°
NGS NOTCHI 16/54 (29.6) 50/263 (19.6) 0.097¢
SF3B1 7/54 (12.9) 29/263 (11.0) 0.642¢
ATM 11/54 (20.4) 26/263 (9.8) 0.037¢
P53 5/54 (9.2) 35/263 (13.3) 0.505¢
TRAF3 7/54 (13.0) 1/263 (0.4) <0.001°¢
Biallelic ATM inactivation (del(11q) & mutation) 4/54 (7.4) 16/263 (6.0) 0.758°
Biallelic 7P53 inactivation (del(17q) & mutation) 4/54 (7.4) 15/263 (5.7) 0.544¢
Biallelic TRAF3 inactivation (loss & mutation) 7/54 (13.0) 0/263 (0) <0.001¢
Need for treatment, n (%) 35/54 (64.8) 137/263 (52.1) 0.094¢
Median follow-up, months (range) 60 (2-217) 60 (0-264) 0.550°

2 WBC: white blood cells
b Mann Whitney U test
¢y2 test
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Supplementary Table S3. List of genes and their genomic regions included in the custom-designed panel of NGS.

Gene Transcript Regions Gene Transcript Regions
ARIDIA ENST00000324856 Exons 1-20 KLHL6 ENST00000341319 Exons 1-7
ASXLI1 ENSTO00000375687 Exons 1-13 KRAS ENST00000311936 Exons 2-5
ATM ENST00000278616 Exons 2-63 MAP2KI1 ENST00000307102 Exons 1-11
ATRX ENST00000373344 Exons 1-35 MEDI2 ENST00000374080 Exons 1-4
BAX ENST00000345358 Exon 2-6 MGA ENST00000570161 Exons 2-23
BAZ24 ENSTO00000551812 Exons 2-28 MYD88 ENST00000396334 Exons 2-5
BCL2 ENST00000398117 Exons 2-3 and 5'UTR NFKBIE ENST00000275015 Exons 1-2
BCOR ENST00000378444 Exons 2-15 NOTCHI | ENST00000277541 Exon 34 and 3'UTR
BIRC3 ENST00000263464 Exons 2-9 NRAS ENST00000369535 Exons 2-3
BRAF ENST00000288602 Exons 11-16 NXFI1 ENST00000294172 Exons 3-21
BTK ENST00000308731 Exons 2-19 PAXS5 ENST00000358127 enhancer
CARDI11 ENST00000396946 Exons 3-17 PCDH10 ENST00000264360 Exons 1-5
CCND2 ENST00000261254 Exons 1-5 PIK3CD ENST00000377346 Exons 3-24
CD19 ENST00000324662 Exons 1-6 PLCG2 ENST00000564138 Exons 2-33
CDC73 ENST00000367435 Exons 1-16 POTI ENST00000357628 Exons 5-19
CHD2 ENST00000394196 Exons 2-39 PTPNI11 ENST00000351677 Exonso 2-15
DDX3X ENST00000399959 Exons 1-16 RPS15 ENST00000593052 Exons 2-4
EGR2 ENST00000242480 Exons 1-2 SAMHDI1 | ENST00000262878 Exons 1-16
FAMS50A4 ENST00000393600 Exons 2-12 SETD2 ENST00000409792 Exons 1-21
FATI ENST00000441802 Exons 2-27 SF3B1 ENST00000335508 Exons 14-16
FBXW7 ENST00000281708 Exons 7-12 SORCS2 ENST00000507866 Exons 1-27
FUBPI ENST00000370768 Exons 1-19 TP53 ENST00000269305 Exons 4-10
HISTIHIB | ENST00000331442 Exon 1 TRAF3 ENST00000392745 Exons 1-12
HISTIHIE | ENST00000304218 Exon 1 XPO1 ENST00000401558 Exons 15-16
IGLLS ENST00000526893 Exons 1-3, 5'UTR ZC3H18 ENST00000301011 Exons 2-18
IKZF3 ENST00000346872 Exon 5 ZMYM3 ENST00000373998 Exons 2-25
IRF4 ENST00000380956 Exons 2-9 ZNF292 ENST00000339907 Exons 1-8
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Supplementary Table S4. Regions of losses in 14q detected by SNP arrays in CLL patients A and B (GRCh37

(hg19) reference genome).

Patient Cytl())gﬁl(lletic Start (Kb) | End (Kb) (Slizbe) Microarray Nomenclature (ISCN 2016)
14q11.2 22922238 | 22997833 75 arrffGRCh37] 14q11.2(22922238 22997833)x1
A 14q32.33 106401664 | 106603507 202 arr[GRCh37] 14q32.33(106401664 106603507)x1
(D 23) 14q32.33 106629557 | 106777331 148 arr[GRCh37] 14q32.33(106629557_106777331)x0
14q32.33 106825904 | 107198332 372 arr[GRCh37] 14q32.33(106825904 107198332)x1
14924.1-q24.3 | 69246576 | 77613858 8367 arr[GRCh37] 14q24.1q24.3(69246576_77613858)x1
(IDBZS) 14q24.3-q32.33 | 77617307 | 106199364 | 28582 | arrf[GRCh37] 14q24.3q32.33(77617307_106199364)x1
14q32.33 106401664 | 106603507 202 arr[GRCh37] 14q32.33(106401664 106603507)x1
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Supplementary Table S6. TRAF3 alterations detected in del-3’IGH CLL patients.

q TRAF3 AA change Other
Al
PaItll)e nt lz/el 3fIGl{-I’ TRIéI;.?Vdel, alterations (Transcript: VAF TR;F'? mut, cytogenetic Other mutated genes
o O cefls (del/mut) | ENST00000392745) ° alterations
6 38 YES del/wt - - tril2 (83%) NOTCHI, BCOR
NOTCHI, BRAF, TP53,
12 78 YES del/wt - - del(17p) (32%) SF3BI
NOTCHI, NRAS, MAP2K1,
14 30 YES del/wt - - - IGLLS, PTPNI1
18 97 YES del/wt - - - ATM, BRAF, FBXW7, ZNF292
2 62 YES del/mut W266X 2.0 tril2 (74%) NOTCHI, ZNF292
16 90 YES del/mut G416E 2.62 - NRAS, ATM, NOTCH1
27 60 YES del/mut E109fs; Q443K 88.36;2.98 tril2 (64%) -
C76G; G123D; 15.42;28.12; . o
28 95 YES del/mut Q501X: G533S 2.87:13.7 tril2 (9%) -
29 68 YES del/mut C105fs; Q384X 6.92; 48.24 tril2 (69%) -
K107X; E109X; 9.2;6.19; . o
30 79 YES del/mut K331X: G416V 38.18: 4.14 tril2 (70%) -
31 78 YES del/mut K52X; P63L; N312fs; | 7.64;5.13; 8.97; ) SAMHDI

Q443X; Y452C; V494G

6.02; 11.15; 3.42

CNV: copy number variations
VAF: variant allele frequency
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Supplementary Table S8. Region of losses in 14q and TRAF3 mutations detected in the validation
cohort (GRCh37 (hgl9) reference genome) (Puente et al. Nature 2015).

Co AA change
PaIt]i)en ¢ Chromosome Band Start End NumI;)yer Tﬁ:f'? Jﬁggjﬂ (Transcri[g)t:
(CN) ENST00000392745)

33 14 q24.1 -g31.1 68572622 82357949 CN Loss no no -

53 14 q23.3-q24.2 67079108 71399987 CN Loss no no -

53 14 q24.3 77853149 78299641 CN Loss no no -
141 14 q23.1 58585617 58808196 CN Loss no no -
155 14 qll.2-ql3.2 23966322 36014644 CN Loss no no -
155 14 q21.1 39423632 41532448 CN Loss no no -
155 14 q22.1 51407824 52035583 CN Loss no no -
176 14 q23.2-g24.3 62327857 78130190 CN Loss no no -
339 14 ql2 27457476 28352792 CN Loss no no -
382 14 q24.1 - g32.33 69220906 | 107262283 CN Loss yes yes N285fs
386 14 q23.3-g24.3 67231548 79167253 CN Loss no no -
519 14 q24.1 69124632 69205672 CN Loss no no -
733 14 q24.1-g24.3 69930247 75930247 CN Loss no no -
760 14 q24.2 - q24.3 73532123 74439436 CN Loss no no -
802 14 q24.1-q32.33 69250915 | 107171764 CN Loss yes no -
804 14 q23.2-q32.33 62767057 | 106505314 CN Loss yes yes W420X
813 14 q24.1-q32.33 68930247 | 107171764 CN Loss yes yes Y452C
1076 14 q32.2-g32.33 99770435 | 106221093 CN Loss yes no -
1169 14 q24.1 - g32.33 69263470 | 106235413 CN Loss yes no -
1191 14 q24.1 - g32.33 69258318 | 107276012 CN Loss yes no -
1191 14 q24.1-q32.33 69258318 | 107276012 CN Loss yes no -
1193 14 q24.1 - g32.33 69263470 | 106208981 CN Loss yes yes G533S
1222 14 q21.2 42969417 43118032 CN Loss no no -
1238 14 g31.3 - g32.12 87944826 93144278 CN Loss no no -
1339 14 q24.2-q31.3 71875306 89225297 CN Loss no no -
1403 14 q24.3 73885451 74030323 CN Loss no no -
1403 14 q32.12 92484165 92915976 CN Loss no no -
1431 14 q24.1 - g32.33 69244711 | 106198682 CN Loss yes no -
1446 14 g23.1-qg32.12 58544471 92647239 CN Loss no no -
1484 14 q24.1 68241574 69417627 CN Loss no no -
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Supplementary Table S9. Clinical and biological characteristics of CLL patients according to
the presence of TRAF3 alterations (deletion and/or mutations).

TRAF3
TR“:IELWT deletedimutated P
n=11

Age 64 (37-84) 65 (54-89) 0.371
Male, % 30/43 (69.8) 6/11 (54.5) 0.475
White blood cells (109/L) 19.3 (6.2-93.8) 10.2 (4.5-37.2) 0.001
Lymphocytes (IOQ/L) 13.8 (2.7-84) 7.1 (3.5-32.4) 0.026
Platelets (109/L) 192 (17-376) 147 (84.4-239) 0.043
Hemoglobin (g/dL) 14.3 (10-17.1) 12.4 (7.7-14.5) 0.003
Binet B/C, % 7/40 (17.5) 5/11 (45.5) 0.102

Hepatomegaly, % 1/37 (2.7) 0/11 (0) 1

Splenomegaly, % 11/38 (28.9) 3/11 (27.3) 1
Lymphadenopathy, % 12/36 (33.3) 5/11 (45.4) 0.493

B Symptoms, % 3/37 (8.1) 1/10 (10) 1
Richter transformation, % 0/43 (0) 2/11 (18.2) 0.038
CLL-IPI Low risk 14/36 (38.9) 2/11 (18.2) 0.287
Intermediate risk 15/36 (41.7) 6/11(54.5) 0.505
High risk 7/36 (19.4) 3/11 (27.3) 0.679
IPS-E (Binet A)  Low risk 7/24 (29.2) 3/6 (50) 0.372
Intermediate risk 10/24 (41.7) 1/6 (16.7) 0.372

High risk 7/24 (29.2) 2/6 (33.3) 1
CD38+, % 8/29 (27.6) 1/9 (11.1) 0411

High B2-microglobulin level, % 13/30 (43.3) 4/9 (44.4) 1
High lactate dehydrogenase level, % 8/40 (20) 0/10 (0) 0.184

IGHV-unmutated, % 18/36 (50.0) 6/11 (54.5) 1
del(13q), % 24/43 (55.8) 0/11 (0) 0.001
Trisomy 12, % 6/43 (14.0) 6/11 (54.5) 0.009
del(11q), % 6/43 (14.0) 0/11 (0) 0.327

del(17p), % 4/43 (9.3) 1/11 (9.8) 1
Need for treatment, % 24/44 (55.8) 11/11 (100) 0.005
Death during follow-up, % 7/43 (16.3) 5/11 (45.5) 0.100

Note: Significant values are shown in bold.
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SUPPLEMENTARY FIGURES
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Supplementary Figure S1. 14q losses revealed by SNP6.0 in two CLL cases with del-3’IGH
previously detected by FISH. For probes that are normal copy number, the signal intensity ratio of
the subject versus controls is expected to be 1, and log: R ratio should be approximately 0.0 (log.1 =
0). Loss of copy number resulting from deletion in the subject would result in a negative log, ratio
(mean log, ratio ~—0.5). Each dot in the upper histogram represents the log, intensity ratio for each
SNP locus and curves in the bottom represent copy number inferences based on local mean analysis
for 10 consecutive SNPs. Each patient is coded with different color: patient A (ID 23) in pink and
patient B (ID 28) in blue. The ratios are mapped horizontally in order of respective chromosomal
location, corresponding to the short arm of chromosome 14 (left) through the long arm of the
chromosome (right). The deletions detected in both patients are shown in the Table S4. All
coordinates listed are based upon the GRCh37 (hg19) reference genome (UCSC Genome Browser).
Red lines indicate the localization of TRAF3 and /GH (constant region) genes. Constant region of

IGH (3°IGH) was deleted in both patients and TRAF3 was deleted in patient B (ID 28).
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Supplementary Figure S2. Clinical impact of del-3’IGH on the outcome of CLL patients.
Kaplan Meier analyses of overall survival according to A) the presence of cytogenetic alterations
(del(13q), del(11q), del(17p), del-3’IGH and trisomy 12) and B) the presence of del-3’IGH vs. the
rest of CLLs (N=871).

246



ID2 ID6
2,0
15
1,0 TRAF3
o 2 o5
c L o SNEDL .
_‘c’? E,Eol,s o® © ..’ oy 00e®e °° o° ®07e,°
-1,0 0'0.
45 o ®°
20 2,0
<« ARIDIA | TRAF3, 4 PLCG2 > ARIDIA |  TRAF3 o ~ PICG2
chr1 chr14 chr16 chr1 chr14 chr16
ID 12 ID 14
2,0 2,0
15 15
o W TRAF3 oW TRAF3
2 o5 2 os
T 0 _e® 00 00 o ° ° o o° ° T o °
s r‘—ﬂ"o—.'—"—'ﬁ‘—.""—m—"‘v—"; 50 2oe0esgutergetee 050 000 0 e geeegogen
k) ?Z ® % o o ke j‘z 0.0.0.0.00
15 15
2,0 2,0
< ARID1A > < TRAF3V. PLCG2 > < ARID1A > < TRAF:)’I ¢ PLCG2 >
chr1 chr14 chr16 chr1 chr14 chr16
ID 16 1D 18
2,0 2,0
15
10 TRAF3
2 o5 o
B oo 8ua® o—2e o00e® 009,%,00,000° %0q,0 %,
o ® ° T
;an 05 * e .0..... (Y 50
10
1,5 L]
-2,0
ARID1A TRAF3 PLCG2 > ARID1A TRAF3 PLCG2 >
chr1 chri14 chr16 chr1 chr14 chr16
1D 27 1D 28
2,0 2,0
15 15
° ;’g TRAF3 R 1,0 TRAF3
=) 2 os
= = ° °
LY ° [ ] © ) ° [ (X
10 ooo ~ a0 o %0 °®
s 0”07 oo 00 o -
20 2,0
<« ARIDIA | ( TRAF3 ,  PICG2 ARID1A TRAF3 PLCG2
chr1 chr14 chr16 chr T chrid chr16
1D 29 1D 30
20 2,0
15 15
L TRAF3 10 TRAF3
205 o ° R 2 os - R
< 00 _._l..‘“‘_;'..‘.—'_o_l_.‘..!_._l.l.l.._'._... © o
Bos® . e %o o D *%s 3'3,:,2 sogs censt tetet 0 otueses o0 ev %%
10 o e e o oo o
15 15
2,0 2,0
<« ARIDIA _ TRAFS,,  PICG2 ARID1A TRAF3, PLCG2 s
chr1 chr14 chr16 chr1 chr14 chr16
ID31
2,0
15
° ;: TRAF3
0 . .
3 00 TSave sReTTESt e we_ofativenty we vt
o - o e.00_%
o o 00®%
5
20
ARID1A > < TRAF3 ¢ PLCG2 >
chr1 chr14 chr16

247



A)

Overall survival

Supplementary Figure S3. TRAF3 losses detected using targeted-capture NGS data in

CLL patients with del-3°’IGH. Profile of log> ratios of normalized mean coverage to that

of the reference of individual target exons of TRAF'3 (chr14) and other two genes of the panel
(ARIDI1A in chrl and PLCG?2 in chrl6), was plotted against the target. The x-axis shows

these targets in the panel plotted by relative genome order. The y-axis corresponds to the

log> ratio of the mean coverage of testing to that of reference. A log> normalized coverage

ratio <-0.5 indicates a TRAF3 loss/deletion. This analysis allowed us to determine whether
TRAF3 is deleted or not in CLL samples with del-3’IGH (Table S7). Copy number analyses
by SNP arrays in CLL samples with available material (ID 23, 28) validated these findings

(Table S4) (Figure S1).
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Supplementary Figure S4. Clinical impact of genetic mutations and del-3’IGH on 317 CLLs.

Kaplan Meier analyses of OS according to the presence of A) del-3’1GH and/or NOTCH 1 mutations,
B) del-3’IGH and/or ATM mutations and C) del-3’IGH and/or mutations in the RAS signalling

pathway.
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Supplementary Figure S5. Clinical impact of TRAF3 alterations (deletion/mutations) on del-
3’IGH CLLs (n=54). A) TFT and B) OS of CLL patients with del-3’IGH according to the presence
of TRAF 3 deletion and/or mutation (N=11).
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Supplementary Figure S6. Stratification of patients according to prognostic indexes CLL-IPI
and IPS-E in terms of TFT and multivariate analyses in the entire CLL cohort and del-3’1GH
CLLs for TRAF3 clinical impact assessment. Patients risk stratification in terms of TFT according
to A) CLL-IPI (N=235) and B) IPS-E in Binet A cases (N=181). Multivariate analyses of C) CLL-
IPI and TRAF3 alterations (deletion and/or mutation) in patients with both covariables in the entire
cohort (235/317), D) IPS-E and TRAF3 alterations in patients with both covariables in the entire
cohort (181/317), E) CLL-IPI and TRAF3 alterations (deletion and/or mutation) in patients with both
covariables in del-3’IGH subgroup (47/54) and F) ) IPS-E and TRAF3 alterations in patients with
both covariables in del-3’IGH subgroup (30/54). Boxes indicate the hazard ratio and horizontal lines
indicate 95% confident intervals (Cls). P values are shown in the right side of the panel. Hazard ratio
of each risk subgroup in the prognostic indexes have been calculated to respect the low-risk subgroup,

taking as the reference.
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SUPPLEMENTARY APPENDIX: CHAPTER 4

TRAF3 alterations enhance metabolic plasticity through metabolic
reprogramming in chronic lymphocytic leukemia

Claudia Pérez Carretero'2, Miguel Quijada Alamo'?, Mariana Tannoury?, Léa Dehgane?, Alberto Ro-
driguez Sanchez'?, David J. Sanz'?, Teresa Gonzalez'? Rocio Benito'? Elise Chapiro®, Florence
Nguyen*, Ana E. Rodriguez Vicente*'?, Santos A. Susin®, Jesus Maria Hernandez Rivas'?

1.University of Salamanca, IBSAL, IBMCC, CSIC, Cancer Research Center, Salamanca, Spain

2.Department of Hematology, University Hospital of Salamanca, Salamanca, Spain

3.Drug Resistance in Hematological Malignancies, Centre de Recherche des Cordeliers, UMRS 1138, INSERM, Sorbonne Université, Univer-
sité Paris Cité, F-75006 Paris, France

4.Drug Resistance in Hematological Malignancies, Centre de Recherche des Cordeliers, UMRS 1138, INSERM, Sorbonne Université, Univer-
sité Paris Cité, F-75006 Paris, France; Groupe Hospitalier Pitié-Salpétriére, Assistance Publique-Hoépitaux de Paris, F-75013 Paris, France

CPC and MQA contributed equally to this work

253



Table of contents supplementary appendix Chapter 4

Supplementary Materials & Methods

Supplementary Table S1

sgRNA sequences and PCR primers of sgRNA target sites.

Supplementary Table S2

Biological features of CLL patients included in ex vivo experiments.

Supplementary Table S3

List of 56 transcriptionally dysregulated genes analyzed by RNAseq in PGA1-TRAF3 mutated cells.

Supplementary Table S4

List of HALLMARK transcriptionally dysregulated pathways in GSEA enrichment analysis from PGA1-
TRAF3 mutated cells.

Supplementary Figure S1
CRISPR/Cas9-edited PGA1 cells generation and validation.

Supplementary Figure S2

Transcriptional analysis of TRAF3 inactivation in NF-KB signaling.

Supplementary Figure S3
Impact of TRAF3 inactivation in canonical NF-kB pathway.

Supplementary Figure S4
Glucose metabolism in PGA1-TRAF3 mutated cells.

Supplementary Figure S5
Transcriptional analysis of TRAF3 inactivation in glutathione and glutamine

metabolism.

Supplementary Figure S6
Response of PGA1-TRAF3 mutated and PGA1-WT cells to metabolic inhibitors.

Supplementary Figure S7
Analysis of mitochondrial respiration (OCR) and glycolytic activity (ECAR) of PGA1-

TRAF3 mutated cells after oxamate treatment.

Supplementary Figure S8

254



Analysis of mitochondrial respiration (OCR) and glycolytic activity (ECAR) of PGA1-
TRAF3 mutated cells after UK5099 injection

Supplementary Figure S9
Analysis of mitochondrial respiration (OCR) and glycolytic activity (ECAR) of PGA1-
TRAF3 mutated cells after C968 injection.

Supplementary Figure S10
Analysis of mitochondrial respiration (OCR) and glycolytic activity (ECAR) of PGA1-
TRAF3 mutated cells after UK5099 and C968 combined injection.

SUPPLEMENTARY METHODS

Cell lines, culture conditions, drugs and reagents

The human CLL-derived cell lines PGA1 was purchased from DMSZ (Deuthche
Sammlung von Mikroorganismen and Zellkulturen). PGA1 cells were cultured in RPMI 1640
medium (Life Technologies) supplemented with 10% Fetal Bovine Serum (FBS), 1% glutaMAX
and 1% penicillin/streptomycin (Life Technologies). HS-5 bone marrow stromal cells for ex vivo
co-cultures were purchased from ATCC and HEK 293T cells for lentiviral production were
obtained from DMSZ. Both cell lines were maintained in DMEM (Life Technologies)
supplemented with 10% FBS, 1% glutaMAX and 1% penicillin/streptomycin. Cell lines were
incubated at 37°C in a 5% CO2 atmosphere. The presence of mycoplasma was tested frequently

with MycoAlert kit (Lonza), only using mycoplasma-free cells in all the experiments carried out.

Venetoclax (ABT-199) was obtained from LC Laboratories, ibrutinib, idelalisib, sodium
oxamate, UK-5099 were purchased from Selleckchem and Compound C968 was from MERCK.
All drugs were resuspended in DMSO (Sigma). In the cell viability experiments, CLL cells were
treated with the indicated drug doses on each experiment and viability was measured by

CellTiter-Glo Luminescent Assay (Promega) and normalized with cells with no drug treatment.
Ex vivo co-culture conditions

HS-5 stromal cells were seeded 24 h prior to the ex vivo experiments at a concentration of 7.5
x 10* cells/well in a 96-well plate. On the following day, primary CLL cells were viably thawed
and resuspended in RPMI 1640 medium (Life Technologies) supplemented with 10% FBS, 1%

penicillin/streptomycin and 1.5 pg/mL CpG ODN (Sigma-Aldrich) plus 50ng/mL IL-2
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(Peprotech) and subsequently seeded onto the HS-5 cell layer at a co-culture ratio of 100:1 (7.5
x 10° CLL cells /well). CLL cells were carefully detached and lysed 24 h after co-culture for
protein extraction and luminescence was measured after 48h by applying Cell Titer Glo viability

assay.
Subcellular fractionation

Subcellular fractionation was performed using the Subcellular Protein Fractionation Kit
(ThermoFisher Scientific) according to the manufacturer’s instructions. For whole cell-lysates,
cells were washed with PBS and lysed in ice-cold lysis buffer (140 mmol/l NaCl, 50 mmol/1
EDTA, 10% glycerol, 1% Nonidet P-40, 20 mmol/]1 TrisHCl pH 7) containing protease inhibitors
(cOmplete™, Roche) and phosphatase inhibitors (PhosSTOP™, Roche).

MitoSOX assay

Mitochondrial reactive oxygen species were measured using MitoSOX Red staining (Thermo
Fisher Sientific, #M36008). Cells were incubated with the metabolic dye for 10 minutes at 37C
in 5% CO2, at a final concentration of 1 x10° cells per mL. Fluorescence was measured with
FACS Aria flow cytometer (BD Biosciences). Data was analyzed using FlowJo software (version

10.7.1).

Library preparation for RNA sequencing

The library for RNA-seq analysis was prepared using the TruSeq Stranded mRNA Sample
Preparation Kit version 1.0 (Illumina, San Diego, CA, USA), following the manufacturer’s
instructions. Briefly, mRNAs were purified using poly-T oligo-attached magnetic beads and the
RNA was fragmented. The mRNA fragments were used as templates for first-strand cDNA
synthesis by reverse transcription with random hexamers. Upon second-strand cDNA
synthesis, double-stranded cDNAs were end-repaired and adenylated at the 3’ ends. Universal
adapters were ligated to the cDNA fragments, then the sequencing library of DNA fragments
that had adapters on both ends was amplified by PCR and used to produce the clusters that
were then sequenced in an Illumina Nextseq 500 instrument (Illumina, San Diego, CA, USA).
Each sample was sequenced in a separate flow cell lane, producing 26.2—-32.4 million paired-

end reads, with a final length of 76 bases.

Fluorescence in situ hibrization (FISH)

Interphase FISH was performed in primary CLL cells using commercially available probes for

the using 13q14/D13S319, 12p11.1-q11/CEP12, 11q22/ATM, 17p13/P53probes and dual
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color break-apart FISH probe for IGH (Vysis, Abbott Laboratories, IL, USA) as previously
described!. Signal screening was carried out in at least 200 and the cut-off >10% was

considered positive, based on the cut-off value used by our laboratory.
Next-generation sequencing

Next-generation sequencing (NGS) approach was applied to analyze the mutational status of
54 CLL-related genes??, including TRAF3, in primary samples of CLL patients by using a
targeted-capture approach (Agilent, SureSelect) following the manufacturer’s instructions.
Sequence data generated by the platform NextSeq 500 (Illumina) was analyzed by an in-house
bioinformatic pipeline as previously reported*’. Supplementary Table Sx shows the list of

mutations of CLL patients included in this study.
Multiplex Ligation-Dependent Probe Amplification (MLPA)

MLPA reactions were performed using the SALSA MLPA P425 Multiple Myeloma probemix
(MRC-Holland, Amsterdam, Netherlands) according to the manufacturer’s instructions, to
assess TRAF3losses in exon 3 and 11 of primary CLL samples. DNA samples from three healthy
donors were used as controls. MLPA amplification products were analyzed on an ABI 3130xl
Genetic Analyzer (Applied Biosystems/Hitachi) with GeneMapper software V.3.7, using the
Genescan 500LIZ internal size standard (Applied Biosystems), as previously described by our
group®. The copy number at each locus was estimated according to Schwab et al.’, whereby
values above 1.3, between 1.3 and 0.75, between 0.75 and 0.25, and below 0.25 were

considered as gain, normal, hemizygous loss, and homozygous loss, respectively.
Western blot analysis

Cells were washed twice in PBS and lysed in ice-cold lysis buffer (50 nM TrisHCI pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100) containing protease inhibitors (Roche) and
phosphatase inhibitors (PhosSTOP™, Roche). Protein concentration was measured using the
Bradford assay (BioRad). Protein samples were subjected to SDS-PAGE and transferred to a
nitrocellulose membrane (GE Healthcare). After blockade, membranes were incubated with the
anti-TRAF3 primary antibodies purchased from Cell Signaling Technologies (#4729, Rabbit).
Horseradish peroxidase-linked anti-rabbit antibody (#7074, Cell Signaling Technologies) was
used as secondary antibody at 1:5.000 dilution. Antibody signal was detected using ECLTM
Western Blotting Detection Reagents (RPN2209, GE Healthcare).
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ddPCR
RNA was extracted from PGA1-TRAF3 mutated cells using the RNeasy mini kit (Qiagen)

according to the manufacturer’s protocol. Complementary DNA (cDNA) was synthesized from
500 ng of RNA with the SuperScript™ III First-Strand Synthesis SuperMix (ThermoFisher)
using random primers. Droplet Digital polymerase chain reaction (ddPCR) was performed
using Bio-Rad QX200 system with ddPCR Supermix for Probes (no dUTP) (Bio-Rad
Laboratories), 1 ul of template cDNA and gene specific Tagman probes (FAM/VIC labeled)
(ThermoFisher), according to the manufacturer’s protocol. The following FAM probes were
used: Hs01089753_m1 (MAP3K14), Hs00608023_m1 (BCL2), Hs00236329_m1 (BCL-XL),
Hs01050896_m1 (MCL1), Hs00180269_m1 (BAX), Hs00832876_g1 (BAK), Hs03405589_m1
(BCL2A1). ABL1-VIC probe (Hs01104728_m1) was taken as the reference for assessing the
gene expression ratio. Droplets were generated with the QX200 Droplet generator and
streamed with a QX200 Droplet Reader (Bio-Rad Laboratories). The raw data were analyzed
with QuantaSoft™ Software 1.0.596 (Bio-Rad Laboratories), and the results were expressed as

the target/reference concentrations (copies/ul) ratio.
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SUPPLEMENTARY TABLES

Supplementary Table S1. sgRNA sequences and PCR primers of sgRNA target sites.

Target Forward (5'-3') Reverse (5'-3')

Control sgRNA1 CACCGACGGAGGCTAAGCGTCGCAA AAACTTGCGACGCTTAGCCTCCGTC
TRAF3 exon 11 sgRNA1 CACCGCAGCCAAGCAGAGAAACTGA AAACTCAGTTTCTCTGCTTGGCTGC
TRAF3 exon 11 (PCR) ACAAGCACTTGATCCCAGGG TCACACCTCTGCGTGTTACC
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Supplementary Table S2. Biological features of CLL patients included in ex vivo experiments.

ID ;g ::IS Cytogenetics (FISH) TRAF3 mutations (VAF, %) TRA:::C::S;;(::;:’;T;' PA: Mutated genes
1 NA +12 ¢.T262C:p.C88R (81.4%) Yes (0.53; 0.57) ATM, TRAF3
2 UM del(13q), del(11q) ¢.C565G:p.L189V (36.3%) No TRAF3
. ;
3 M +12 c'?ézgggiizﬁfg(s 4(g;f)’ No TRAF3, KLHL6, IGLL5
4 M del(13q) No KLHLE
5 UM del(13q), del(11q) No ATM, NFKBIE
6 um +12 No FBXW7
7 um No ATM, BRAF, MAP2K1
8 um No SF3B1, NOTCH1
9 M No -
10 M del(13q), +12 No -
11 NA del(13q), del(17p) No -
12 um del(13q), del(11q) No -
13 NA +12 No SPEN
14 NA +12 No -
5 UM \o NOTCHI, AI\;II:'/Z 1/\;IGA, IKZF3,
16 M del(13q) No -
17 M del(13q) No ATM
18 um del(13q) No -
19 UM del(13q), del(11q) No ATM, NXF1
20 um del(13q), del(14q) No -
21 NA del(ljzl)(' 1d4eq|§11q), No ATM, ARIDIA, HISTIH1E
22 um del(14q) No -
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Supplementary Table S3. List of 56 transcriptionally dysregulated genes analyzed by RNAseq in PGA1-TRAF3
mutated cells.

GenelD log2(FC) Wald-Stats P-value P-adj Gene name
ENSG00000174600.14_8 -1.1804 -6.9479 0.0000 0.0000 CMKLR1
ENSG00000102024.18_6 -1.0426 -6.1678 0.0000 0.0000 PLS3
ENSG00000131323.16_7 -0.9648 -6.1008 0.0000 0.0000 TRAF3
ENSG00000118515.11_8 0.9572 5.3114 0.0000 0.0002 SGK1
ENSG00000107249.23_9 0.8857 5.3424 0.0000 0.0002 GLIS3
ENSG00000128242.13_8 0.9688 5.3544 0.0000 0.0002 GAL3ST1
ENSG00000230438.7_9 0.9021 5.2707 0.0000 0.0003 SERPINB9P1
ENSG00000102096.9_6 0.8721 5.2468 0.0000 0.0003 PIM2
ENSG00000277734.8_7 0.6054 5.1870 0.0000 0.0003 TRAC
ENSG00000006062.17_9 0.5888 5.0291 0.0000 0.0006 MAP3K14
ENSG00000100342.21_5 0.7954 5.0210 0.0000 0.0006 APOL1
ENSG00000162836.12_9 -0.9027 -4.8944 0.0000 0.0011 ACP6
ENSG00000146426.18_11 0.7292 4.8772 0.0000 0.0011 TIAM?2
ENSG00000103811.18_7 0.5516 4.8243 0.0000 0.0014 CTSH
ENSG00000120029.13_9 0.8129 4.6693 0.0000 0.0025 ARMH3
ENSG00000140545.15_7 -0.8206 -4.6835 0.0000 0.0025 MFGE8
ENSG00000215386.13_8 -0.7998 -4.6591 0.0000 0.0025 MIR99AHG
ENSG00000108091.11_6 -0.5024 -4.6306 0.0000 0.0027 CCDC6
ENSG00000163346.17_8 0.8155 4.6008 0.0000 0.0030 PBXIP1
ENSG00000152689.18_9 0.7669 4.5292 0.0000 0.0040 RASGRP3
ENSG00000140092.14_7 -0.8338 -4.5159 0.0000 0.0041 FBLN5
ENSG00000180616.9_7 -0.8246 -4.4613 0.0000 0.0050 SSTR2
ENSG00000082293.13_9 0.7193 4.4342 0.0000 0.0054 COL19A1
ENSG00000115902.11_5 0.6437 4.3576 0.0000 0.0071 SLC1A4
ENSG00000156011.17_8 -0.6061 -4.3602 0.0000 0.0071 PSD3
ENSG00000163492.15_7 0.7931 4.2926 0.0000 0.0092 CCDC141
ENSG00000198502.6_6 0.6227 4.2540 0.0000 0.0105 HLA-DRB5
ENSG00000163545.11_7 0.7622 4.2259 0.0000 0.0111 NUAK2
ENSG00000168405.17_7 0.7302 4.2251 0.0000 0.0111 CMAHP
ENSG00000196126.11_5 0.4546 4.1625 0.0000 0.0142 HLA-DRB1
ENSG00000114446.5_10 0.6111 4.0159 0.0001 0.0258 IFT57
ENSG00000232783.5_2 0.6839 3.9902 0.0001 0.0278 FRG2FP
ENSG00000198133.8_8 -0.7208 -3.9834 0.0001 0.0278 TMEM229B
ENSG00000196565.15_8 -0.5049 -3.9759 0.0001 0.0278 HBG2
ENSG00000028116.18_7 0.5632 3.9631 0.0001 0.0285 VRK2
ENSG00000224220.1_6 0.7064 3.8755 0.0001 0.0399 DTNB-AS1
ENSG00000138767.13_8 -0.7021 -3.8399 0.0001 0.0437 CNOT6L
ENSG00000120694.20_7 -0.5068 -3.8451 0.0001 0.0437 HSPH1
ENSG00000115414.21_10 0.7010 3.8157 0.0001 0.0449 FN1
ENSG00000187772.8_8 -0.4807 -3.7972 0.0001 0.0449 LIN28B
ENSG00000186193.9_6 -0.4308 -3.8222 0.0001 0.0449 SAPCD2
ENSG00000165507.9_10 -0.7025 -3.7995 0.0001 0.0449 DEPP1
ENSG00000170579.17_10 0.5176 3.7998 0.0001 0.0449 DLGAP1
ENSG00000165168.8_6 0.5958 3.8078 0.0001 0.0449 CYBB
ENSG00000132294.15_10 0.5036 3.7859 0.0002 0.0456 EFR3A
ENSG00000129353.15_8 0.5500 3.7823 0.0002 0.0456 SLC44A2
ENSG00000117016.10_6 0.6809 3.7626 0.0002 0.0478 RIMS3
ENSG00000065809.13_10 0.5206 3.7568 0.0002 0.0478 FAM107B
ENSG00000169508.7_6 -0.4620 -3.7547 0.0002 0.0478 GPR183
ENSG00000187240.16_9 0.6061 3.7417 0.0002 0.0484 DYNC2H1
ENSG00000197582.5_4 0.5457 3.7420 0.0002 0.0484 GPX1P1
ENSG00000150961.15_7 0.6396 3.7314 0.0002 0.0494 SEC24D
ENSG00000117115.13_6 0.6892 3.7108 0.0002 0.0498 PADI2
ENSG00000115107.20_7 -0.5190 -3.7229 0.0002 0.0498 STEAP3
ENSG00000213931.7_8 -0.4595 -3.7119 0.0002 0.0498 HBE1
ENSG00000133985.3_5 0.4611 3.7147 0.0002 0.0498 TTC9
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Supplementary Table S4. List of HALLMARK transcriptionally dysregulated pathways in GSEA enrichment

analysis from PGA1-TRAF3 mutated cells

NAME (MSigDB) ‘ SIZE | ES | NES |NOM p-val| FDR g-val| FWER p- | RANK AT

val MAX
HALLMARK_BILE_ACID_METABOLISM 68 0.45 1.64 0.000 0.278 0.190 1149
HALLMARK_MYOGENESIS 85 0.42 1.40 0.000 1.000 0.699 3298
HALLMARK_PI3K_AKT_MTOR_SIGNALING 87 0.36 1.35 0.089 0.900 0.727 4310
HALLMARK_HYPOXIA 133 0.40 1.35 0.054 0.701 0.727 2579
HALLMARK_ALLOGRAFT_REJECTION 135 0.39 1.32 0.035 0.688 0.818 2520
HALLMARK_HEME_METABOLISM 146 0.34 1.32 0.000 0.583 0.818 2733
HALLMARK_ANGIOGENESIS 16 0.59 1.28 0.235 0.606 0.904 2537
HALLMARK_COMPLEMENT 130 0.33 1.25 0.085 0.618 0.923 3128
HALLMARK_PEROXISOME 80 0.28 1.23 0.234 0.586 0.923 1473
HALLMARK_TGF_BETA_SIGNALING 41 0.32 1.21 0.179 0.566 0.923 3375
HALLMARK_SPERMATOGENESIS 65 0.34 1.19 0.241 0.583 0.923 1780
HALLMARK_APOPTOSIS 123 0.30 1.16 0.201 0.624 0.948 2488
HALLMARK_KRAS_SIGNALING_UP 101 0.30 1.11 0.177 0.704 0.972 1848
HALLMARK_WNT_BETA_CATENIN_SIGNALING 31 0.33 1.10 0.233 0.683 0.972 3021
HALLMARK_ESTROGEN_RESPONSE_LATE 116 0.31 1.10 0.373 0.653 0.972 1109
HALLMARK_ESTROGEN_RESPONSE_EARLY 112 0.28 1.06 0.179 0.726 0.972 2291
HALLMARK_GLYCOLYSIS 145 0.29 1.04 0.314 0.745 0.972 2593
HALLMARK_PROTEIN_SECRETION 86 0.31 1.01 0.432 0.790 0.972 3268
HALLMARK_MITOTIC_SPINDLE 184 0.21 1.00 0.433 0.767 0.972 3714
HALLMARK_NOTCH_SIGNALING 24 0.32 1.00 0.524 0.739 0.972 2075
HALLMARK_CHOLESTEROL_HOMEOSTASIS 60 0.34 0.94 0.374 0.849 1.000 2682
HALLMARK_APICAL_SURFACE 25 0.31 0.91 0.716 0.881 1.000 3001
HALLMARK_IL2_STATS_SIGNALING 141 0.24 0.86 0.686 0.947 1.000 2123
HALLMARK_INTERFERON_GAMMA_RESPONSE 174 0.31 0.82 0.732 0.990 1.000 3300
HALLMARK_INTERFERON_ALPHA_RESPONSE 88 0.37 0.82 0.687 0.958 1.000 3116
HALLMARK_KRAS_SIGNALING_DN 67 0.26 0.78 0.772 0.980 1.000 1530
HALLMARK_FATTY_ACID_METABOLISM 118 0.19 0.75 0.810 0.993 1.000 4685
HALLMARK_ADIPOGENESIS 149 0.16 0.74 0.795 0.982 1.000 3144
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 111 0.21 0.73 0.638 0.968 1.000 1999
HALLMARK_P53_PATHWAY 163 0.23 0.72 0.857 0.945 1.000 3144
HALLMARK_XENOBIOTIC_METABOLISM 114 0.18 0.72 0.863 0.921 1.000 1540
HALLMARK_APICAL_JUNCTION 114 0.20 0.68 0.946 0.927 1.000 3547
HALLMARK_MTORC1_SIGNALING 189 0.21 0.60 0.841 0.952 1.000 1917
HALLMARK_MYC_TARGETS_V1 198 -0.42 -1.45 0.177 0.617 0.414 4734
HALLMARK_MYC_TARGETS_V2 57 -0.65 -1.40 0.058 0.437 0.565 3565
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 89 -0.33 -1.19 0.086 1.000 0.900 1566
HALLMARK_COAGULATION 55 -0.29 -1.07 0.260 1.000 0.983 1537
HALLMARK_TNFA_SIGNALING_VIA_NFKB 165 -0.33 -1.02 0.563 1.000 1.000 1487
HALLMARK_G2M_CHECKPOINT 194 -0.22 -0.98 0.528 1.000 1.000 4245
HALLMARK_UV_RESPONSE_DN 95 -0.26 -0.95 0.527 1.000 1.000 1059
HALLMARK_UV_RESPONSE_UP 121 -0.23 -0.94 0.346 1.000 1.000 2554
HALLMARK_E2F_TARGETS 200 -0.20 -0.90 0.522 1.000 1.000 4659
HALLMARK_INFLAMMATORY_RESPONSE 131 -0.28 -0.90 0.706 0.952 1.000 1112
HALLMARK_IL6_JAK_STAT3_SIGNALING 60 -0.29 -0.89 0.553 0.896 1.000 1112
HALLMARK_HEDGEHOG_SIGNALING 22 -0.27 -0.79 0.886 1.000 1.000 832
HALLMARK_DNA_REPAIR 142 -0.13 -0.73 0.940 1.000 1.000 4192
HALLMARK_ANDROGEN_RESPONSE 69 -0.20 -0.60 0.847 1.000 1.000 1811
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 46 -0.18 -0.59 0.938 1.000 1.000 3287
HALLMARK_OXIDATIVE_PHOSPHORYLATION 194 -0.11 -0.47 0.938 0.988 1.000 4366
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SUPPLEMENTARY FIGURES
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Supplementary Figure S1. CRISPR/Cas9-edited PGA1 cells generation and
validation. A) Scheme of CRISPR/Cas9 induction of TRAF3 mutations in PGA1 cells, showing

the lentiviral transduction of Cas9 for its constitutive expression, followed by subsequent

nucleofections with the sgRNAs targeting exon 11 of TRAF3 and non-human genome region as

the control. Single-cell sorting was performed in the pool of nucleofected cells. B) Target region

of the TRAF3 sgRNAs in the gene and validation of the absence of protein by Western Blot and

C) targeted next generation sequencing.
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Supplementary Figure S2. Transcriptional analysis of TRAF3 inactivation in NF-KB

signaling. Gene Set Enrichment Analysis (GSEA) of MSigDB gene sets related to NF-kB

signaling and their targets for PGA1-TRAF3 mutated cells vs. PGA1-WT cells.
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Supplementary figure S3. Impact of TRAF3 inactivation in canonical NF-kB pathway.
Nuclear DNA-binding activity of the canonical NF-«B transcription factors p50, RelA and c-Rel
assessed by ELISA in nuclear extracts of PGA1-TRAF3 mutated cells. Data are represented as

the mean * SD.
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Supplementary Figure S4. Glucose metabolism in PGA1-TRAF3 mutated cells.
Assessment of TRAF3 implications in A) the response to the glycolytic inhibitor 2-Doxyglucose
(2-DG), and B) glucose abundance in the cell by metabolomics. Cell viability was assessed by

CellTiter-Glo luminescent assay. Data are represented as the mean * SD.
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Supplementary figure S5. Transcriptional analysis of TRAF3 inactivation in
glutathione and glutamine metabolism. Gene Set Enrichment Analysis (GSEA) of MSigDB

gene sets related to glutathione metabolic processes and glutamine transport for PGA1-TRAF3
mutated cells vs. PGA1-WT cells.
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Supplementary Figure S6. Response of PGA1-TRAF3 mutated and PGA1-WT cells to
metabolic inhibitors (oxamate, UK5099 and C968). Cell viability was assessed by

CellTiter-Glo luminescent assay. Data are represented as the mean * SD. Concentrations are
shown below the graph. *p<0.05.
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Supplementary Figure S7. Analysis of mitochondrial respiration (OCR) and glycolytic
activity (ECAR) of PGA1-TRAF3 mutated cells after 48h of oxamate treatment (40
mM). Color bars and graphs represent treated PGA1-TRAF3"'T (red) and PGA1-WT (blue)
cells, and grey bars and graphs represent untreated cells (both WT and TRAF3 mutated as
indicated). Mito stress test of OCR was performed to assess basal and maximal respiration, and
gluco stress test of ECAR to assess glycolysis, maximal glycolytic capacity and glycolytic
reserve. Data represent the mean * SD. of five technical replicates from one representative

experiment (out of two) in each case.
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Supplementary Figure S8. Analysis of mitochondrial respiration (OCR) and glycolytic
activity (ECAR) of PGA1-TRAF3 mutated cells after UK5099 injection (50uM). Color
bars and graphs represent treated PGA1-TRAF3MYT (red) and PGA1-WT (blue) cells, and grey
bars and graphs represent untreated cells (both WT and TRAF3 mutated as indicated). Mito

stress test of OCR was performed to assess basal respiration, and gluco stress test of ECAR to

assess glycolysis and maximal glycolytic capacity. Data represent the mean * SD. of five

technical replicates from one representative experiment (out of two) in each case.
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Supplementary Figure S9. Analysis of mitochondrial respiration (OCR) and glycolytic
activity (ECAR) of PGA1-TRAF3 mutated cells after C968 injection (50uM). Color bars
and graphs represent treated PGA1-TRAF3"Y" (red) and PGA1-WT (blue) cells, and grey bars
and graphs represent untreated cells (both WT and TRAF3 mutated as indicated). Mito stress
test of OCR was performed to assess spare respiration capacity, and gluco stress test of ECAR
to assess glycolysis and maximal glycolytic capacity. Data represent the mean + SD. of five

technical replicates from one representative experiment (out of two) in each case.
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Supplementary Figure S10. Analysis of mitochondrial respiration (OCR) and
glycolytic activity (ECAR) of PGA1-TRAF3 mutated cells after UK5099 and C968
combined injection (50puM: 50pM). Color bars and graphs represent treated PGA1-

TRAF3MYT (red) and PGA1-WT (blue) cells, and grey bars and graphs represent untreated cells

(both WT and TRAF3 mutated as indicated). Mito stress test of OCR was performed to assess

basal respiration and spare respiration capacity, and gluco stress test of ECAR to assess

maximal glycolytic capacity and glycolytic reserve. Data represent the mean * SD. of five

technical replicates from one representative experiment (out of two) in each case.
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