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Abstract
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Identification of recurrent mutations through next-generation sequencing (NGS) has given
us a deeper understanding of the molecular mechanisms involved in chronic lymphocytic
leukemia (CLL) development and progression and provided novel means for risk assessment
in this clinically heterogeneous disease. In paper I, we screened a population-based cohort
of CLL patients (n=364) for TP53, NOTCHI, SF3B1, BIRC3 and MYD§88 mutations using
Sanger sequencing, and confirmed the negative prognostic impact of 7P53, SF3B1 or NOTCH1
aberrations, though at lower frequencies compared to previous studies. In paper I1, we assessed
the feasibility of targeted NGS using a gene panel including 9 CLL-related genes in a large
patient cohort (n=188). We could validate 93% (144/155) of mutations with Sanger sequencing;
the remaining were at the detection limit of the latter technique, and technical replication
showed a high concordance (77/82 mutations, 94%). In paper 111, we performed a longitudinal
study of CLL patients (n=41) relapsing after fludarabine, cyclophosphamide and rituximab
(FCR) therapy using whole-exome sequencing. In addition to known poor-prognostic mutations
(NOTCH1, TP53, ATM, SF3B1, BIRC3, and NFKBIE), we detected mutations in a ribosomal
gene, RPS15, in almost 20% of cases (8/41). In extended patient series, RPSI5-mutant cases
had a poor survival similar to patients with NOTCHI, SF3B1, or 11q aberrations. In vitro
studies revealed that RPS15™" cases displayed reduced p353 stabilization compared to cases
wildtype for RPSI5. In paper 1V, we performed RNA-sequencing in CLL patients (n=50)
assigned to 3 clinically and biologically distinct subsets carrying stereotyped B-cell receptors
(i.e. subsets #1, #2 and #4) and revealed unique gene expression profiles for each subset.
Analysis of SF3B1-mutated versus wildtype subset #2 patients revealed a large number of splice
variants (n=187) in genes involved in chromatin remodeling and ribosome biogenesis. Taken
together, this thesis confirms the prognostic impact of recurrent mutations and provides data
supporting implementation of targeted NGS in clinical routine practice. Moreover, we provide
evidence for the involvement of novel players, such as RPS/5, in disease progression and
present transcriptome data highlighting the potential of global approaches for the identification
of molecular mechanisms contributing to CLL development within prognostically relevant
subgroups.
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Nothing in biology makes sense except in the light of evolution”
Theodosius Dobzhansky
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Introduction

B-cell maturation and differentiation are fundamental steps for the develop-
ment of an efficient immune system in higher organisms such as humans.
The accumulation of monoclonal B cells in the blood and their infiltration in
both primary and secondary lymphoid organs, as observed in chronic lym-
phocytic leukemia (CLL), represents a life threatening dysregulation of the
immune system. A close interaction with the microenvironment and the ac-
cumulation of genetic aberrations both contribute to the development and
progression of this disease. Until recent years, the understanding of the mo-
lecular basis of CLL was limited, however with the advent of massive paral-
lel sequencing numerous candidate genes involved in the pathogenesis of
CLL were revealed. This thesis provides the reader with a comprehensive
review of the most recent findings on genetics and immunogenetics in CLL.
In addition, prognostic markers, clonal evolution and transcriptome analysis
are core sections of the thesis that will be extensively discussed.
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Chronic lymphocytic leukemia

Clinical and biological heterogeneity

CLL is the most common leukemia among the elderly in western populations
with an incidence of 4.2/100,000/year and a male predominance.' The medi-
an age at diagnosis is 71 years although about 10% of CLL patients are
younger than 55 years." CLL is characterized by the accumulation of small,
mature B lymphocytes in blood, bone marrow and secondary lymphoid or-
gans.” CLL cells typically express the B-cell surface receptors CD19, CD20,
CD23 and co-express the CD5 antigen.” In addition to surface antigen detec-
tion by flow cytometry, the diagnosis of CLL requires a lymphocytosis with
a B-cell count equal to or higher than 5.0x10° cells/L."* A pre-leukemic con-
dition, defined as monoclonal B-cell lymphocytosis (MBL) can exist and,
although at low rate (1-2%), may evolve into CLL.?

The clinical outcome of CLL patients can be very diverse ranging from an
indolent disease, with no treatment required, to an aggressive disease with
reduced survival and refractoriness to treatment.* The majority of CLL pa-
tients (85%) are diagnosed at an early disease stage in the absence of symp-
toms; most patients undergo the ‘watch and wait’ strategy and will therefore
not receive treatment until signs of ‘active disease’ emerge, while the re-
maining 15% of patients have a symptomatic disease requiring immediate
treatment.”’ Several therapies are currently available, including chemother-
apy and monoclonal antibodies, and more recently small drug inhibitors.
Fludarabine-cyclophosphamide-rituximab (FCR) is today the standard
treatment for medically fit patients with a response rate in the range of 90%."
Bendamustine-rituximab (BR) is an alternative first-line treatment in patients
for whom FCR therapy is not feasible with a response rate similar to FCR.’

A large number of biomarkers have been proposed during the last decades in
an attempt to refine the prognostication of CLL;'® however only a few, main-
ly genetic markers are used today in clinical routine diagnostics to predict
disease progression and outcome.'' . The most plausible explanation for
the observed clinical heterogeneity in CLL may reside in the underlying
biological heterogeneity of the disease involving both cell-intrinsic, i.e. ge-
netic events, and cell-extrinsic, microenvironmental stimuli.'® In the next
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paragraph, the major mechanisms involved in the crosstalk of CLL cells with
the microenvironment are discussed.

The CLL microenvironment

Once considered a disease of resting B cells, CLL has clearly emerged as a
proliferative disorder.'” While circulating CLL cells are predominantly non-
dividing, resting cells, about 1% of CLL cells proliferate on a daily basis."”
Numerous lines of evidence support the microenvironment dependency of
CLL cells. Indeed, the establishment of cell lines is particularly difficult in
the absence of Epstein-Barr virus (EBV) infection and without external
stimuli CLL cells undergo apoptosis when cultured in vitro."" The interac-
tion between stromal cells, T cells and a plethora of chemokines comprise
the basis of the complex cross talk between CLL cells and the microenvi-
ronment which occurs in proliferative centers located in the bone marrow
(BM) and secondary lymphoid organs.”” In the BM, stromal cells (BMSC)
are in direct contact with CLL cells and protect them from apoptosis.'’ The
anti-apoptotic BCL2 signal is indeed activated by the interaction of VCAM-
1 expressed on the surface of BMSC with VLA-4 expressed on the CLL cell
surface.'”® At the same time, BMSC release chemokines to sustain the CLL
clones. Gene expression studies on CLL cells, derived from co-culture with

BMSC, showed a marked upregulation of the pro-survival molecule TCL1.*

CD40 \ T cells
—-—

ol
® CCL3
CCL4

antigen

CXCL12 , 4, BMSC

AAAAAA

CXCL13 A

@

Figure 1. The CLL microenvironment. CLL cells interaction with antigens, T cells, BMSC and NLC is
showed. The B cell receptor (BcR) recognizes its cognate antigen on the cell surface; T cells communi-
cated with CLL cells through CD40; bone marrow stromal cells (BMSC) signal to CLL cells via VLA-4
and chemokines (CXCL12, CXCL13); nurse like cells (NLC) communicate with CLL cells through the
CD38 receptor.
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Lymph nodes (LN) have emerged as particularly crucial sites for CLL cell
activation and proliferation. In a study by Herishanu et al, gene expression
profiling of patient-matched LN and peripheral blood (PB)/BM samples,
revealed increased B-cell receptor (BcR) and NFxB activation in LN.* In
fact, tumor proliferation (determined by the c-MYC and E2F expression
levels) was highest in the LN compartment compared to PB and BM.* Fur-
thermore, the presence of nurse-like cells (NLC) is of importance for CLL
cell proliferation; gene expression profiling of CLL cells co-cultured with
NLC and that of CLL cells derived from patients exhibited striking similari-
ties, with BcR and NFkB pathways being the most activated.” In fact, a
recent study from Gautam et al. proposed the reprogramming of NLC as an
effective method to abolish CLL cell survival,” since interferon-y shifted
NLC towards an effector-like state with enhanced rituximab-mediated phag-
ocytosis of CLL cells.”* In addition to microenvironmental interactions, ge-
netic aberrations are detected in a large proportion of CLL patients.

Cytogenetic aberrations

Fluorescence in situ hybridization (FISH) detection of cytogenetic aberra-
tions is an important tool that assists clinicians in treatment decision-making
in CLL.”?* Overall, more than 80% of CLL cases carry recurrent chromo-
somal aberrations, namely deletions of chromosomes 13q [del(13q)] and 11q
[del(11q)], trisomg of chromosome 12 (+12) and deletion of chromosome
17p [del(17p)].*® The most frequent chromosomal lesion observed is
del(13q), which occurs in more than 50% of CLL patients, while del(11q),

+1225a2r;<§odel(l7p) are less frequent (10-20%, 15-20% and 5-10%, respective-
ly).”>"

Despite the high frequency, del(13q), as the sole abnormality, is associated
with a more indolent disease course and a better clinical outcome, even when
compared to patients without any recurrent chromosomal aberration."**>!
Deletion of a critical region at 13q14.3 containing two micro-RNAs (miR-
NA), miR-15a/16-1, known targets of BCL2, has been proposed as the path-
ogenic mechanism in del(13q) cases.”” Nevertheless, patients with larger
del(13q) have an increased risk of progression, shorter time-to-treatment
(TTT) and shorter overall survival (OS), implying that other genes within the
deleted region could be responsible for disease progression.”> >’

CLL cases carrying trisomy +12 showed a better response to treatment with
FCR compared to FC alone™, albeit having an intermediate prognosis and
heterogeneous clinical outcome. The association of NOTCHI mutations with
+12 has been shown to confer poorer prognosis than +12 alone, potentially
refining the intermediate-risk prognosis of patients carrying +12."
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The prognosis for CLL patients with del(11q) has historically been poor,
however FCR treatment appears to be of benefit for patients carrying this
genetic aberration.® del(11q) encompasses a region containing numerous
genes, several of which could be of importance for tumor progression. The
ATM gene resides in the minimal deleted region of del(11q) and mutations in
this gene have been reported in 20-40% of del(11q) suggesting a biallelic
inactivation mechanism.”’ >’ However, the association of ATM aberrations
with tumor progression and survival is still under investigation.

del(17p), which encompasses the TP53 gene, has been associated with short
TTT, poor response to therapy and the worst survival of all CLL patients.>*’
While approximately 80% of patients with del(17p) carry a 7P53 mutation
on the other allele, patients harboring 7P53 mutations without co-existing
del(17p) have an equally poor prognosis as patients with del(17p).*"** The
frequency of TP53-aberrations (TP53abn), i.e. del(17p) and/or TP53 muta-
tions, steadily increases in more advanced disease stages, and are observed
in a high proportion of treatment-refractory patients.*>** While CLL patients
carrying TP53abn do not benefit from the addition of rituximab to fludara-
bine and cyclophosphamide (FCR), they appear to respond to two novel
inhibitors of the BcR pathway, ibrutinib (BTK) and idelalisib (PI3K).**
FISH-detection of del(17p) and 7P53 mutation screening are today mandato-
ry before the start of therapy or at relapse, since these aberrations are the
only %enetic markers with an immediate impact on treatment decisions in
CLL.

Immunoglobulin mutational status

In addition to the aforementioned genetic markers, immunoglobulin gene
(IG) analysis of CLL patients has dramatically changed the view of the dis-
ease. Indeed, IG analysis revealed that CLL consists of two clinically distinct
subsets harboring either mutated or unmutated IG heavy variable (IGHV)
genes (M-CLL or U-CLL, respectively).”* " Moreover, the findings of so-
matically hypermutated IGHV genes changed the prevailing view of CLL
cells as antigen-unexperienced, naive B cells.*”'>* An important finding was
also the association of the IGHV mutational status with prognosis whereby
M-CLL have a significantly better outcome than U-CLL.* In numerous
studies, IGHV mutational status has been shown as one of the strongest
prognostic markers in CLL.”® Recently, it was shown for the first time that
FCR could potentially represent a cure for M-CLL patients. At the follow-up
of 12.8 years, almost 80% of M-CLL who achieved minimal residual disease
(MRD) negativity in BM following FCR treatment exhibited long-term dis-
ease-free survival.””®
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Prognostic models

As mentioned earlier, due to the inherent disease heterogeneity, it remains a
major challenge to accurately predict risk at diagnosis that can also guide
treatment decisions. Two staging methods based on physical examination
and standard laboratory tests are currently in use world-wide: the Rai and the
Binet systems.®” In the Rai staging system, patients who have lymphocytosis
with CLL cells in the blood and/or bone marrow are considered stage 0 (low-
risk). Involvement of secondary lymphoid organs (LN, spleen) and liver
defines stages I-1I (intermediate risk) patients, while the presence of disease-
related anemia or thrombocytopenia defines stages III-IV (high risk) pa-
tients.' In the Binet staging system, organomegaly or enlarged LN in certain
areas, such as head and neck, axillae and groins, are taken into consideration
as well as anemia and thrombocytopenia. Involvement of up to two areas
defines stage A, while three or more areas involved in presence of anemia
defines stage B. Stage C is characterized by anemia and thrombocytopenia
irrespective of the number of areas with LN involvement.'

With the introduction of FISH-detection of cytogenetic aberrations, a hierar-
chical model proposed by Déhner et al. is commonly applied for prognosti-
cation of CLL patients.”” In this model, del(17p) carries the highest
risk/worst outcome, followed by del(11q), trisomy 12, and no aberrations,
while del(13q) is associated with the lowest risk and best prognosis.

More recently, the CLL International Prognostic Index (CLL-IPI) working
group proposed a novel model combining genetic, biochemical and clinical
parameters.”” Over 3470 untreated CLL patients were included in the analy-
sis and five independent prognostic factors were identified: 7P53 status,
defined as the presence of 7P53 mutations and/or del(17p); IGHV mutation-
al status, with unmutated IGHV associated with a poor prognosis; high 83,
microglobulin concentration in the serum (>3.5 mg/L), age over 65 years and
clinical stage (Binet A and Rai 0 vs. Binet B-C and Rai I-IV). The prognos-
tic index was derived from the grading of the aforementioned factors using a
score ranging from 0 to 10 and four risk groups were defined: very high,
high, intermediate and low. The presence of TP53abn is conditio sine qua
non to assign the patient to the very high-risk group while, in the absence of
other risk factors, it alone confers high risk.

Novel treatment options

In the era of chemoimmunotherapy, patients with refractory CLL typically
experienced an unfavorable disease course with inferior progression-free
survival (PFS) compared to those responding to treatment."* Over the past 5
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years, novel therapeutic agents targeting the bruton tyrosine kinase (BTK),
phosphoinositide-3 kinase (PI3K) and B-cell lymphoma 2 (BCL2) have been
studied and approved.**** Introduction of the kinase inhibitors ibrutinib
and idelalisib and the BCL2 inhibitor venetoclax has since remarkably im-
proved therapy for relapsed patients.”**** Compared to FCR, ibrutinib and
idelalisib are less toxic and could hence represent valid future alternatives to
chemoimmunotherapy.” However, due to the lack of prospective random-
ized trials and the current limited experience with these drugs, FCR remains
the standard regimen for medically fit patients with untreated CLL and nega-
tive for TP53abn.’

Ibrutinib: Upon BcR activation, the cytoplasmic tyrosine kinase BTK is
activated by LYN and SYK to induce proliferation and differentiation.®
BTK is highly expressed in B cells but not in T cells and, aside from its role
in BeR signaling, is involved in cell adhesion and migration.®” Ibrutinib is an
irreversible inhibitor of BTK, capable of preventing the crosstalk between
the lymphocytes and the microenvironment, thus impeding CLL cell adhe-
sion and homing.®” Ibrutinib has been shown to induce apoptosis in the pres-
ence of pro-survival factors such as TNF-a, IL-6, IL-4 and CD40L and the
drug can inhibit CLL cell survival by blocking the homing of CLL cells in
the LN.% Indeed, a characteristic clinical feature of ibrutinib is the redistri-
bution of CLL cells from lymph nodes to the PB. Ibrutinib is currently ap-
proved by the US Food and Drug Administration (FDA) for high-risk pa-
tients carrying del(17p) and patients with refractory or relapsed CLL.® In a
recent report, the response to treatment improved with the duration and in-
duced death of almost 3% of CLL cells per day.®’ Despite the presence of
circulating tumor cells, complications arising due to infections decreased
during treatment, possibly due to the immune-modulating activity of ibru-
tinib.”' However, about 20% of patients discontinued the treatment for caus-
es that need to be further clarified.®’ In these patients, circulating CLL cells
might home to lymphoid tissues and the disease may become more aggres-
sive.”' Despite remarkable responses in patients with refractory and relapsed
CLL, 5% of patients treated with ibrutinib still experience disease progres-
sion.’’ Although the mechanisms of resistance remain largely unknown,
mutations in the binding site of ibrutinib (p.C481S) have been observed.”
These mutation were not present prior to the administration of ibrutinib, nor
during the response to therapy, thus suggesting a late clonal event, although
a subclonal, early event cannot be excluded.”

Idelalisib: PI3Ks regulate numerous cellular functions including survival
and proliferation.”” Several isoforms exist and, while PI3Ka and PI3Kp are
ubiquitous, the expression of the PI3Ky isoform is restricted to the hemato-
poietic compartment, thus representing an attractive therapeutic target in
CLL."" Idelalisib is a reversible PI3K inhibitor which is highly selective
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for B cells and able to break the effect of the protective CLL microenviron-
ment.” This drug is FDA approved for the treatment of relapsed and refrac-
tory CLL patients in combination with rituximab. Similar to ibrutinib, pa-
tients receiving idelalisib experience a redistribution of CLL cells to the PB
during the initial weeks of treatment.” In a recent study from Woyach et al.,
MYC and PI3K amplifications were suggested to be responsible for the re-
sistance to idelalisib observed in 23% of patients who did not reach an objec-
tive response.*®

Venetoclax: BCL2 is a regulator of apoptosis with anti-apoptotic
properties.”* Initially described in follicular lymphoma, BCL2 has been as-
sociated with a number of cancers including CLL.”’® Venetoclax, a selec-
tive inhibitor of BCL2 showed an overall response rate (ORR) comparable to
that achieved with ibrutinib or idelalisib and a complete remission (CR) rate
of 23% with a median follow-up of 15 months.** Unlike BTK and PI3K in-
hibitors, venetoclax induces minimal residual disease-negative CRs,” and it
was very recently approved for the treatment of del(17p) relapsed-refractory
CLL.
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Next-generation sequencing in CLL

DNA-based sequencing

The advent of massively parallel sequencing, or next-generation sequencing
(NGS), has revolutionized our view of cancer genetics. On the one hand,
NGS offers the possibility to sequence billions of DNA bases allowing us to
uncover entire genomes, unravel the mutational landscape of hematological
and solid cancers, and identify mutations at an unprecedented rate.'"””””" On
the other hand, by using a targeted sequencing approach, it is possible to
increase the depth of sequencing to obtain more comprehensive results or to
investigate the presence of small tumor clones (subclones) in detail.

Whole-genome sequencing (WGS) allows for the detection of virtually every
single base in a genome, including both coding and non-coding regions.
A major advantage of WGS is the possibility to identify novel genomic
events such as mutations, deletions or insertions without any a priori
knowledge of candidate genes. However, given the massive number of bases
to be sequenced, WGS does not provide high sequence depth, typical output
is in the order of 30X, which means that only clonal events can be confident-
ly identified. Another drawback resides in the fact that WGS requires ad-
vanced high-throughput sequencing platforms and bioinformatics with obvi-
ous economical and technical implications. Despite recent advancements,
our understanding of non-coding mutations remains limited® and for this
reason exons still represent the most attractive target for investigation in
cancer genetics.

Whole-exome sequencing (WES) focuses exclusively on exons thus reduc-
ing the volume of data generated. Indeed, the major advantage of WES ap-
proach is the possibility to investigate all coding regions within a genome at
a significantly higher coverage than WGS. In addition to the detection of
clonal events, aberrations that occur at an allelic frequency as low as 10%
can be confidently identified with a typical WES coverage being in the range
of 100X. However, even at this depth, the detection of microclones, thus
well below the 10% allelic frequency, is not plausible using WES, but in-
stead a deep sequencing targeted approach is required.
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Using targeted NGS, selected genomic regions are enriched and sequenced,
with the possibility to multiplex many samples in a single run. Therefore, a
targeted NGS approach requires an additional step during which probes tar-
geting the selected regions are designed. These probes are used in an initial
enrichment step during the library preparation. Depending on the instrument
to be used for the sequencing run, adapter sequences are added to the ampli-
cons prior to sequencing. The choice of the sequencing platform is based on
the desired sequence depth. For small gene panels, the laborious aspect of
library preparation can be balanced by the possibility to use lower perfor-
mance sequencing platforms. Once sequencing has been performed, bioin-
formatics analysis is necessary to condense the results into manageable for-
mats; this step still represent a bottleneck for all types of NGS due to the
lack of robust methods and the heavy computational load required. Targeted
NGS offers numerous advantages over Sanger sequencing. For example, it is
possible to sequence the entire length of multiple genes, samples can be mul-
tiplexed (currently up to 384 in one run) and a confident detection limit for
calling mutations can go well below the 10% allelic frequency threshold
since the reliability is strongly related to the sequence depth. Additionally,
genes comprising a large number of coding exons, which makes the muta-
tional analysis unfeasible by Sanger sequencing in a clinical diagnostic set-
ting, can also be investigated.

In the next paragraph, seminal NGS studies in CLL, in particular WGS and
WES, are discussed.

The CLL genome

The typical CLL genome harbors about 1000 somatic mutations which cor-
responds to almost 1 mutation per megabase, a significantly lower mutation-
al frequency compared to many solid tumors.”” In CLL, WGS studies have
not only identified key genomic players, but also mapped the pathways used
by the tumor cells to escape immune surveillance and gain a proliferative
advantage.”*"** Examples include the DNA damage response and cell cycle
control, which are among the cellular functions whose molecular pathways
carry a heavy mutational load.”””>® In a seminal study by Puente ef al., re-
current mutations were found in NOTCH1, XPO1, and MYD&88, among other
genes.”’ More recently, a study applying WGS and/or WES to 452 CLL pa-
tients and 54 cases with MBL, identified additional putative driver aberra-
tions in both coding and non-coding region of the CLL genome.* More spe-
cifically, the authors showed that mutations in the 3’region of NOTCHI
could be 81:)uncti0nally relevant for aberrant splicing and increased activity of
the gene.
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In addition to WGS, WES has also been widely applied in CLL studies. An
important result using this latter method in CLL was the finding of recurrent
mutations in SF3B1, a major component of the alternative splicing machin-
ery.""”® Deregulation of the spliceosome has since been observed in several
other tumors and there is a growing interest in targeting its core machinery
as a novel therapeutic approach.** More recently, a WES study by Landau et
al.® identified 20 subclonal candidate CLL drivers (see Table 1) including
TP53, NOTCHI, SF3B1, ATM, MYD88, CHD2 and POTI previously associ-
ated with CLL;""*>®*. These 20 candidate genes belong to seven distinct and
well-characterized signaling pathways including DNA repair, Notch signal-
ing, Wnt signaling, inflammation, AS, BcR signaling and chromatin modifi-
cation.®” More recently, 24 additional subclonal candidate drivers were iden-
tified through WES of over 500 CLL cases collected in a prospective clinical
trial.*” A recent work from Puente ef al. extended the list of CLL driver mu-
tations (e.g. ARIDIA, ZMYM3) and identified mutations in the 3’ region of
NOTCHI, supporting a role in CLL for non-coding DNA.*
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Figure 2. Candidate CLL drivers. Among the more frequently mutated are 7P53, NOTCHI, BIRC3,
MYDS88 and SF3BI.

Unlike other hematological tumors such as chronic myeloid leukemia (CML)
or Burkitt’s lymphoma where chromosomal translocations are almost uni-
versally found and can drive the tumor transformation, deep-sequencing
studies have confirmed the absence of a single driver aberration leading to
CLL. Rather, it appears that the accumulation of genetic lesions confers a
selective advantage to the clone, and it is a combination of these aberrations
together with the microenvironment that may represent the general mecha-
nism by which CLL clones evolve.**** By investigating selected pathways,
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additional pathogenic mechanisms have recently been identified in CLL.*""’
For instance, the finding that NFKBIFE truncating mutations leads to constitu-
tive NF-kB activation and a worse patient outcome, underscores the critical
role of NF-«B in the pathobiology of CLL and opens up the possibility of
future targeted therapy against components of NF-«kB, at least in certain sub-
sets of patients.”

With more than 1000 CLL exomes sequenced thus far, the number of driver
mutations identified has steadily increased. Among the more frequently
identified are recurrent mutations in NOTCHI, BIRC3, MYDS88 and SF3BI
that have been more extensively investigated. The most important findings
related to these gene mutations are discussed below.

Notch homolog 1, translocation-associated (NOTCH]1)

Four NOTCH receptors are found in mammals (NOTCH1-4). Following the
engagement of the ligand, the cleaved NOTCH intracellular domain translo-
cates to the nucleus to convert the DNA binding protein CSL into an activa-
tor of transcription. Genes involved in cell cycle control, such as MYC,
CCNDI (cyclin D1) and CDKNIA (p21) are then transcribed. Notch activa-
tion is terminated through ubiquitination by FBXW7 and subsequent degra-
dation.”” NOTCH] has been implicated in apoptosis, cell differentiation and
proliferation. A 2 base-pair frameshift deletion (7544 7545delCT) in the C-
terminal PEST domain accounts for over 90% of all identified mutations,
and was recently shown to confer a stabilizing effect on NOTCHI1 signal-
ing.” NOTCHI mutations have been reported in 5-15% of CLL patients and
are associated with shorter OS and PFS."”'*'™% The association of
NOTCHI with +12 has been shown to confer poorer prognosis than +12
alone, refining the intermediate-risk prognosis of patients carrying +12."
Nevertt;seless, the independent prognostic value of NOTCHI is still under
debate.

Baculoviral IAP Repeat Containing 3 (BIRC3)

BIRC3 acts downstream of the tumor necrosis factor (TNF) and mediates
cell proliferation, caspase activity, apoptosis and inflammatory signaling.”®
BIRC3 has E3 ubiquitin-ligase activity and regulates both the canonical and
non-canonical NF-kB pathways.”® Although a low frequency of BIRC3 mu-
tations have been identified at diagnosis (<5%), up to 20% of patients refrac-
tory to fludarabine treatment were shown to carry BIRC3 mutations and/or
deletions, suggesting an association of BIRC3 disruption with chemorefrac-
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toriness in patients with wild-type TP53." In agreement with this result,
BIRC3 disrupted cases have a poor prognosis similar to patients harboring
TP53abn, and the two genetic lesions appear to be mutually exclusive.”
BIRC3 is located at 11q22, and similar to mutations within the ATM gene,
the frequency of mutations within B/RC3 is higher in patients harboring
del(11q).”> However, screening of del(11q) patients within the UK CLL4
trial cohort showed that BIRC3 deletion exclusively co-occurred with ATM
deletion and that BIRC3 aberrations had limited impact on OS and PFS."’

Myeloid differentiation primary response gene 88 (MYDS&S)

MYDSS is a cytosolic adapter for interleukin-1 (IL-1) and Toll-like receptor
(TLR) signaling. Mutations in the MYD&88 gene are relatively infrequent in
CLL (2-5%)"*"" and are almost exclusively associated with M-CLL pa-
tients and thus with a favorable prognosis. However, the prognostic value of
MYDS88 mutations is not fully elucidated. A recent study by Martinez-Trillos
et al. analyzed mutations in the TLR/MYDS88 pathway in a series of 587 CLL
patients.” The authors reported that 3.2% of patients (n=19) carried MYDS88
mutations, while aberrations in /[RAKI (n=2), TLR2 (n=2), TLR5 (n=1) and
TLR6 (n=1) were relatively rare. Patients carrying TLR/MYDS&8 mutations
had a young median age at diagnosis (<50 years) and displayed a favorable
outcome.” In a publication by Baliakas ez al. which investigated 1039 CLL
cases, MYDS&8 mutations were also found exclusively in M-CLL.” However,
when limiting survival analysis to only M-CLL cases, no significant differ-
ence was found when comparing the age at diagnosis or survival in MYD§8
mutated versus MYDS88 wild type cases.”.

Splicing factor 3B subunit 1 (SF3B1)

SF3B1 is a key component involved in pre-mRNA splicing that specifically
functions in the recognition of the branch point site by the U2 snRNP com-
plex.'” Several independent studies have associated SF3B/ mutations with
disease progression, treatment refractoriness and poor prognosis in
CLL"PH+1911% Among CLL cases, p.K700E is the predominant mutation;
in addition, SFF3B1 mutations have been identified at a remarkably high fre-
quency (45%) in CLL subset #2 patients.'®'** The identification of a hot-
spot region in the HEAT domain, with the highest frequency reported for
p-K700E, G742D and p.K666E suggests a role for SF3B1 in conferring a
selective advantage to the mutated clone.'"'”” Despite a large number of
studies pointing to the involvement of SF3B/ in the pathogenesis of CLL,'"
the functional implications of these findings remains elusive. A number of
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recent studies provided insights into alternative roles of SF3B1.'"""'" For
instance, the observed association of SF3BI with nucleosomes could be of
importance for the correct recognition of the splice-site and could be driven
by the chromatin structure.'

Integration of cytogenetic and molecular findings

Since accurate definition of risk groups at diagnosis is a major issue in CLL,
an integrated hierarchical model including both chromosomal aberrations
and gene mutations could improve the prognostic ability compared to FISH
alone®. Rossi er al. recently proposed a prognostic algorithm including
chromosomal abnormalities and gene mutations in which four CLL risk
groups were hierarchically classified.”’ TP53 and/or BIRC3 aberrations iden-
tified the high-risk group while the intermediate-risk group was character-
ized by NOTCH]I and/or SF3B1 mutations and/or del(11q). Cases harboring
+12 were classified among the low-risk group together with patients without
recurrent chromosomal aberrations (RCA). A very low-risk group, whose
OS did not appear to differ from the general age-matched population, in-
cluded patients carrying del(13q) as the sole aberration.”’ Another hierar-
chical model, considering a comparable in size cohort of patients, has been
proposed by Jeromin et al. following the analysis of novel genetic, cytoge-
netic and immunophenotypic markers."” In their model, SF3B1 mutations,
NOTCHI mutations and 7P53 disruption identified a group with short OS
and TTT."” While SF3B] mutations, IGHV mutational status and del(11q)
were the only independent genetic markers for TTT, SF3BI mutations,
IGHV mutational status and 7P53abn were able to independently predict
0S." In a study from our group based on the screening of 3490 patients for
novel genomic markers, we could demonstrate that NOTCHI mutations,
SF3B1 mutations and TP53abn correlated with shorter TTT.” Interestingly,
SF3B1 mutations and 7P53abn, but not NOTCH1, retained significance in-
dependently of the IGHV mutational status.”” Differences among the select-
ed populations could account for discrepancies between the proposed hierar-
chical models. Nevertheless, all of them support the clinical relevance of
novel recurrent mutations in CLL highlighting the need for harmonization of
screening methods and large-scale screening to reach a consensus model
integrating cytogenetic and molecular findings.

Tracking clonal evolution in CLL with NGS

Targeted therapy improves the chances of interfering specifically with a
single pathway, thus achieving higher efficacy and safety. Therefore, it is of
crucial importance to understand the mechanisms behind the acquisition of
resistance to therapy.
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Genetic lesions in minor clones within the tumor population, i.e. subclonal
events, and their dynamics have only recently been investigated using NGS
methodologies.”™"""™'* In one study of three patients, longitudinal WGS
analysis of relapsed CLL cases detailed the series of events following treat-
ment and documented a complex pattern of clonal evolution.®' Different
somatic mutation profiles identified subclones that expanded or declined
over time, pointing to heterogeneous clonal evolution patterns at the individ-
ual level.* In seminal work from Landau et al, by applying WES combined
with copy-number analysis to 149 CLL cases, the concept of clonal driver
mutations, i.e. lesions present in the entire tumor clone (e.g. +12, del(13q))
vs. subclonal events, i.e. detected in a fraction of the clone (e.g. TP53) was
introduced.*> Moreover, the presence of subclonal driver mutations could
independently predict a rapid disease progression, and evolution of sub-
clones83with SF3BI and TP53 mutations was associated with treatment re-
lapse.

In a recent study on FCR relapsing cases from the German CLLS trial co-
hort, tracing of clonal evolution of 59 patients pre- and post-treatment re-
vealed mixed patterns, suggesting that CLL evolution after therapy is com-
plex.*” In 30% of cases the relapsing clone was detectable before treatment
initiation, thus pointing to a possible anticipation of the clonal evolution."
More specifically, the burden of 7P53 and /KZF3 mutated clones (measured
as cancer cell fractions) markedly increased at relapse indicating a fitness
advantage over the rest of the cellular populations®’, while instead, clones
harboring SF3B1 and ATM aberrations did not show any clear pattern, possi-
bly due to a lower “fitness’ as compared to TP53abn.”’
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Figure 3. Model of clonal evolution. In the progression phase, mutations are acquired that drive the
disease evolution. While therapy may reduce the tumor burden significantly, microclones already present
at diagnosis (red circle) may be resistant to treatment and pave the way for a relapse.

Pre-treatment identification of subclones capable of expanding under selec-
tive pressure to become clonal at relapse has further elucidated the im-
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portance of detecting small clones at diagnosis. A recent work by Rossi et al.
revealed that 7P53 subclonal mutations already present at diagnosis can
impact on the clinical outcome in a similar fashion to clonal 7P53 muta-
tions.'"” Malcikova et al. tracked therapy-driven clonal evolution in CLL and
they confirmed that 7P53-mutated small subclones can impact on OS and
can be detected at diagnosis.''® However, not all subclonal events detectable
at diagnosis appear to impact on the clinical outcome. A recent study by
Nadeu et al. suggested that only 7P53 lesions but not SF3B1, NOTCHI and
BIRC3 subclonal events were associated with OS.'"” However, cases carry-
ing NOTCH 1 subclonal mutations exhibited shorter TTT.

Next generation RNA-sequencing

Next-generation RNA-sequencing (RNA-seq) is a high throughput technolo-
gy used to detect and quantify the RNA molecules transcribed at a given
moment in a population of cells.""® The RNA-seq process requires the frag-
mentation of total RNA followed by the synthesis of cDNA with the possi-
bility to deplete certain RNA populations prior to sequencing including ribo-
somal RNA (rRNA) species.'”” For example, mRNA can be purified by
poly(T) oligos conjugated with beads that will bind the poly(A) tail of cod-
ing RNA. Additionally, noncoding populations such as miRNA can be iso-
lated by size selection with magnetic beads, purified and used for sequenc-
ing. Since about 90% of total RNA is represented by rRNA, the depletion of
this RNA population highly increases the sequencing efficiency and the use-
fulness of the transcriptomic data obtained.'*

RNA-seq allows the identification of the whole transcriptome without any a
priori knowledge of the transcripts of interest thereby providing a considera-
ble advantage over hybridization-based microarrays. When considering only
expressed protein coding transcripts, RNA-seq represents a valid method for
the detection of small nucleotide variants (SNV), splicing events and fusion
transcripts in addition to gene expression.''® Furthermore, RNA-seq detects
noncoding transcripts including miRNA, long noncoding RNA (IncRNA),
small nucleolar RNA (snoRNA) and pseudogenes. Once the sequencing run
is completed, the transcriptome is assembled to the reference genome by
using specialized software such as the universal ultrafast RNA-seq aligner
STAR."" It is then possible to know which genes were transcribed (qualita-
tive information) and at which level (quantitative information), based on the
number of mapped reads. There are currently several specialized algorithms
which are designed to count mapped reads (e.g. TopHat).'* This gene-based
approach does not include any information on alternative transcripts and it is
useful for gene expression analysis only. Further analysis (e.g. with the R
package DESeq2) is performed to produce differential analysis of count data
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- . 123,124
and calculate normalized gene expression results. " The exon-based

count, instead, contains information on every exon and can thus be used to
study alternative transcripts. Downstream analysis of exon-based counts (e.g.
with the R package DEXSeq) can be helpful to infer exon usage and identify
alternative splicing events.'”

In the next paragraph, microarray-based gene expression and RNA-seq stud-
ies in CLL are discussed.

The CLL transcriptome

Seminal microarray-based studies revealed distinct gene expression signa-
tures for U-CLL and M-CLL, although the number of differentially ex-
pressed genes were relatively low.”"'**"' From these studies, it was demon-
strated that both the U-CLL and M-CLL expression profile was more similar
to memory B cells rather than germinal center B cells or naive B cells.””" In a
recent study by Seifert e al.,”*' a novel post-germinal center B cell subset
(CD5" CD27") was postulated as the cell of origin for M-CLL, "' while U-
CLL instead was suggested to derive from an unmutated CD5" B-cell subset.

Using RNA-seq, a comprehensive transcriptome characterization'”> of a
cohort of 98 CLL patients revealed that genes related to metabolic pathways
showed higher expression when compared to B cells obtained from healthy
donors, while genes involved in the ribosome, proteasome and spliceosome
were down-regulated. Moreover, RNA-seq quantification uncovered two
separate transcriptional groups, defined as C1 and C2, which retained clini-
cal significance independent of the IGHV mutational status."’” Cases belong-
ing to the C1 group exhibited a more favorable outcome, while patients in
the C2 group experienced a more aggressive disease course.'”” Intriguingly,
the analysis of splicing variants revealed a large number of deregulated tran-
scripts. In particular, splicing variants in SF3B1-mutated cases displayed the
usage of alternative 3’ cryptic splicing sites, as previously described in other
studies and malignancies.””'"** The annotation of non-coding transcripts
unraveled a notable deregulation of IncRNA and pseudogenes in CLL com-
pared to normal B cells."** Currently, our knowledge on IncRNA is still lim-
ited and therefore, future functional studies are required in order to dissect
the molecular basis behind noncoding RNA and cell regulation in general
and CLL in particular. That said, a recent study of over 200 CLL cases iden-
tified three snoRNA that could independently predict survival.'*

The potential of RNA-seq in elucidating the pathogenesis of stercotyped
subsets of CLL (for a detailed description of BcR stereotypy please refer to

the Immunogenetics chapter) has been recently put forward in a pilot study
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that uncovered profound differences in gene expression and the existence of
novel splice variants among different subsets."*® In this thesis, a comprehen-
sive analysis of the transcriptome of stereotyped subsets is presented in pa-
per IV. An overview of the deregulation of the alternative splicing machin-
ery is given in the next paragraph.

The deregulation of the spliceosome

Among all possible mechanisms responsible for malignant transformation of
a cell, alternative splicing (AS) was not previously among the most-likely
suspects. However, numerous pieces of evidence, including the selective
usage of certain transcripts and the abundance of aberrantly spliced isoforms
in the transcriptome of neoplastic cells, pointed to the involvement of the
spliceosome in cancer.””” In humans, over 90% of genes contain multiple
exons and AS is considered to be a critical mechanism; however the question
still remains how the spliceosome could be deregulated without causing cat-
astrophic events for the cell. WES studies revealed the presence of mutations
in numerous key players of the spliceosome in MDS, acute myeloid leuke-
mia (AML) and CLL but also in breast cancer and uveal melanoma. Alt-
hough SF3B1, to date, has been reported to be the most dysregulated mem-
ber of the spliceosome, numerous other splicing factors including SF341,
SRSF2, PRP40B, U2AF35, ZRSR2, SF1 and U2AF65 have been identified at
various frequencies in different malignancies, thus indicating that dysregula-
tion of the spliceosome could be a new hallmark of cancer.'**'*
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Immunogenetics

Though genome and transcriptome studies have provided great insights into
CLL biology and identified previously unrecognized players with important
impact on disease progression and outcome, genetics is only one aspect of
the disease. Indeed, B cells have a master regulator, the BcR. The entire
development process of a B lymphocyte revolves around building a func-
tional BcR and mature B cells are dependent on the activation of the BcR to
exert their immunological function. Immunogenetics studies, focused on IG
gene sequences, have provided revolutionary insights into the pathobiology
of CLL. In the next paragraphs, the BcR and B cell development are de-
scribed. Subsequently, the revelations made from immunogenetic studies in
CLL are detailed.

The B cell receptor: structure and signaling

The BcR is a transmembrane protein located on the outer surface of B cells.
It is composed of two main parts: (i) the IG molecule (IgM, IgD, IgA, IgG or
IgE) which is involved in antigen recognition; and (ii) the CD79 heterodi-
mer, which is composed of two distinct chains called Ig-a and Ig-p. This
CD79 heterodimer is associated with the IG molecule and upon antigen
recognition, propagates the signal to the cell through the immunoreceptor
tyrosine-based activation motifs (ITAMs) located within its intracellular
domains.'*" BeR signaling is initiated by the encounter with the cognate
antigen.'* The duration and amplitude of BcR signaling are determined by
the availability of adaptor molecules (e.g. GAB1, GRB2) and are influenced
by the activity of downstream phosphatases, i.e. SHP-1 and kinases, 1i.c.
LYN and SYC." BcR activation induces the recruitment of transcription
factors in the nucleus to promote cell proliferation through the NF-xB path-
way.'* Briefly, the CD79 molecule signals to phospholipase C (PLC-y) pro-
ducing the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 amplifies
the signal by inducing the release of calcium from the endoplasmic reticulum
(ER) to, in turn, activate the NF-kB signaling complex. The IkB kinase
(IKK) is activated and phosphorylates the NF-kB inhibitor IkB that, once
tagged for degradation, allows NF-kB to shuttle to the nucleus.'*
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Two heavy and two light chains form the IG molecule and interaction be-
tween the chains is via disulphide bridges leading to the formation of hetero-
dimers."** Both the IG heavy and light chains contain a variable (V) domain
which is responsible for antigen recognition and a constant (C) domain
which is important for anchoring and signaling.'** The IG heavy (IGH) locus
is located on chromosome 14 and contains 129 IGH variable (IGHV) genes
upstream of 27 IGH diversity (IGHD) genes and 9 IGH joining (IGHJ)
genes.'* Nine IGH constant (IGHC) genes are also located at this locus.
IGHV genes have been grouped based on sequence homology into seven
subgroups (IGHV1-7); the IGHV3 group is the largest and contains 21
genes. IGHV4 contains 10 genes while 9 genes form the IGHVI1
subgroup.'** However, not all gene segments can produce a functional IGH
rearrangement and of the 129 IGHV genes only 46 are functional. The two
IG light chain loci are located on different chromosomes: the IG kappa
(IGK) locus is found on chromosome 2, while the IG lambda (IGL) locus is
on chromosome 22."* Between 34-37 functional IGKV genes are found at
the IGK locus and 30-33 functional IGLV genes at the IGL locus.'** In addi-
tion, 5 IGKJ genes, 4-5 IGLJ genes and only 1 IGLC gene have been identi-
fied."* IG light chain genes lack any diversity gene segments.

The variable domains of both the IG heavy and light chains contain distinc-
tive regions: (i) the framework region (FR); and (ii) the complementarity
determining region (CDR).'"** Each chain is comprised of four FRs whose
function is to maintain the structural integrity of the molecule and three
CDRs that form the actual binding pocket for the antigen.'** While FRs have
a relatively conserved sequence, the CDRs display large variability. In par-
ticular, the heavy chain CDR3 (VH CDR3) is believed to be the most diverse
among all the CDRs and the main determinant of antigen specificity.'*

Somatic recombination

IG genes go through a rearrangement process, termed somatic recombination
(SR), during the maturation step of a B cell in order to produce a functional
IG heavy and light chain.'* SR generates a vast repertoire of IG molecules
(specifically IgM/IgD) capable of recognizing antigens derived from bacte-
ria, parasites, worms and viruses.'* This complex IG gene rearrangement
process involves IGHV-IGHD-IGHJ genes and occurs at both the IGH and
IGK/IGL loci."” SR is a tightly controlled event in which only pro-B cells
that carry a productive 1G rearrangement (about 50%) are capable of further
differentiating.'*® SR follows a “cut and rejoin” model with the RAG!1 and
RAG?2 enzymes being responsible for the cleavage and non-homologous end
joining (NHEJ) factors involved in the rejoining of the cleaved fragments.'*®
RAG1 and RAG?2 introduce double strand breaks following their binding to
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specific recombination signal sequencing (RSS) flanking the IGHV, IGHD
and IGHJ regions.'*® The excised DNA is removed and the ends of the frag-
ments are joined together.'*® During the SR process, a further source of vari-
ability is introduced by the terminal transferase (TdT) enzyme which is ca-
pable of inserting nontemplated nucleotides at the end of the DNA seg-
ments."*® In addition to their role in cleaving the DNA, RAG1 and RAG2
can also increase 1G variability through the introduction of palindromic nu-
cleotides which inversely repeat the DNA sequence thus favoring the for-
mation of helix loops."*® SR begins with the formation of the IGHD-IGHJ
(DJ) complex that involves the joining of an IGHD gene with an IGHJ
gene.'” An IGHV gene then joins the DJ complex to form the IGHV-IGHD-
IGHJ (VDJ) complex.'” A functional rearrangement at the IGH locus is
completed when the IGHC gene joins the VDJ gene complex.'* During the
recombination of the IGK and IGL loci, the IGK locus rearranges first the
IGKV and the IGKJ genes to produce a functional kappa light chain. In case
of failure on both the kappa alleles, rearrangement at the IGL locus will
begin.'*
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Figure 4. Somatic recombination of the IG genes. At the IGH locus, V-D-J rearrangement produces the
functional heavy chain, while V-J rearrangement at the IGL(K) locus produces the functional light chain.
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B-cell development

Differentiated plasma and memory B cells have the scope to protect the host
from pathogens and the whole defense process relies on the ability of the B
cells to recognize their cognate antigens.'*’ During their long developmental
path, B cells are initially primed in the BM to reach maturity and express
IgM and IgD on their surface with unique antigen specificity.'*® In the matu-
ration step, pro-B cells differentiate into pre-B cells upon SR of the IGH
locus."*® At this stage, the BcR is not yet formed and the p chain is mounted
on a surrogate light chain.'*® Subsequently, the crosslinking by stromal-cell
ligands causes allelic exclusion and induces the rearrangement of the light
chain genes."”® The successful IG light chain rearrangement replaces the
surrogate chain to form a fully functional IG molecule and the cells, now

31



termed immature B cells, leave the BM to circulate through lymph and blood
before reaching the secondary lymphoid organs.'*® Full maturation requires
co-expression of IgM and IgD on the surface membrane and at this stage a
large proportion of cells become anergic or die due to the lack of IgD. A
switch in the RNA processing of the heavy chain allows the transcription of
two mRNAs to produce both p and y chains to be co-expressed on the sur-
face of mature naive B cells.'*®

In secondary sites, following the encounter with their specific antigens, B
cells undergo clonal expansion and differentiate into antibody-secreting
plasma and memory B cells.'* However, of the 5x10° naive B cells that exit
the BM, approximately 90% undergo apoptosis within a few weeks due to
not encountering their cognate antigen.'*® Germinal centers are the anatomi-
cal sites where mature B cells (follicular B cells) proliferate and differenti-
ate.'” A first crucial event is represented by the isotype switch; following
the acquisition of the antigen from dendritic follicular cells, mature B cells,
now called centroblasts, present the antigen to T helper (Ty) cells in the dark
area at the border between the B-cell follicles and the T cell area.'* In turn,
the centroblasts receive the signal to undergo isotype switch. Class switch
recombination (CSR) allows the expression of IgA, IgE and IgG genes in-
stead of IgM and IgD."”’ The isotype switch does not affect the affinity of
the IG molecule for binding to the antigen since the IGHV region of the an-
tibody remains unaltered. Upon the completion of several rounds of expan-
sion, centroblasts are subjected to somatic hypermutation (SHM) in order to
generate pools of different clones broadening the ability of the immune sys-
tem to recognize various antigens.'*’ In fact, during the SHM process, the
coding regions of the IG molecule involved in the antigen recognition ac-
quire mutations that change their affinity for the ligand."” Once SHM is
completed, centroblasts migrate to the light zone of the germinal center (GC)
to become centrocytes capable of expressing antibodies on their surfaces.'*
In a process known as GC selection, because of an activated death program,
centrocytes need survival signals to avoid apoptosis. Such selection probably
relies on the affinity of the antigen with the antibody. Indeed, only those
centrocytes that underwent efficient SHM can be rescued and receive a dif-
ferentiation signal to enable them to exit the GC and become plasma or
memory B cells.'*

In addition to the follicular B cells that proliferate in the GC and require
contact with Ty cells, marginal zone (MZ) B cells mature at the boundary
between the white and the red pulp of the spleen to provide a barrier against
T cell independent antigens such as polymeric proteins, mostly of bacterial
origin.”® Sequencing of the IGHV gene of MZ B cells reported the presence
of both unmutated and mutated IGHV, thus suggesting the co-existence of
both naive and memory B cells in the same site."'
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B-cell receptor diversity

SR, SHM and additional changes in the sequences of IG heavy and light
chain genes contribute to the creation of an enormous variability among the
IG molecules; the possibility to find an identical BcR on two independent
clones is very unlikely, if not negligible. Indeed, the permutation of V, D and
J genes at the IGH locus produces over 7x10° combinations that coupled
with the probability of two clones to carry the same IGK or IGL rearrange-
ment, results in a probability in the range of 10°.'* Furthermore, the SHM,
that catalyzes nucleotide changes at a frequency 10° higher than the average
mutational frequency throughout the genome, greatly contributes to the en-
hanced variability, thus lowering the probability of finding two healthy indi-
viduals carrying the same BcR to 1:10'2.'%

Stereotyped subset classification

Immunogenetics analysis in CLL boomed over the years revealing the
strongest evidence for antigen selection in the disease pathogenesis: unrelat-
ed groups of CLL patients can carry similar or quasi-identical IG sequences
in their BcR.""*'>* This phenomenon is now known as BcR stereotypy.'™
The identification of restricted repertoire of variable regions in the IG led to
the current definition of BcR stereotypy. To begin with, SR appears to be a
random process in healthy individuals but the repertoire of IG genes utilized
by CLL patient is biased towards a restricted number of genes:'>'"*® IGHV 1-
69, IGHV3-7, IGHV3-21 and IGHV4-34."* The SHM process also shows
remarkable differences; while IGHV1-69 displays no or few mutations,
IGHV3-7 and IGHV3-21 exhibit higher mutational load."”’ This skewed
prevalence of mutation indicates that SHM is not uniform among different
IGHV genes, but instead it is influenced by the 1G usage. Moreover, despite
the low probability of finding two B-cells with the same BcR, subgroups of
CLL patients were observed that carried highly similar VH CDR3 with
shared amino acid motifs. The immense effort to characterize those similari-
ties resulted in a conclusive study involving over 7500 CLL patients and 16
laboratories showing that approximately 30% of all CLL patients can be
assigned to a stereotyped subset and that 19 major subsets exist.'”” Both M-
CLL and U-CLL cases can exhibit stereotyped BcR, however stereotyped
subsets are more frequently found among U-CLL." For instance, subset #2
(IGHV3-21/IGLV3-21) accounts for 5-6% of CLL, thus representing the
largest subset, and comprises both M-CLL and U-CLL."”® Among the sub-
sets including only U-CLL, subset #1 (Clan I genes/IGKV1(D)-39) is the
largest (2%) while subset #4 (IGHV4-34/IGKV2-30) is the most frequent
among M-CLL cases (1%)."” Subset classification is challenging and IG
sequences have to meet three criteria in order to be assigned to the same
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stereotyped subset: (a) use the same IGHV gene or a member of the same
phylogenetic clan, (b) the respective VH CDR3 sequence must have at least
70% similarity and (c) 50% amino acid identity.'>’

Clinicobiological features of major stereotyped subsets

Mounting evidence suggests an involvement of B¢cR features beyond antigen
recognition. Indeed, stereotyped subsets appear to share IG sequences but
also genomic aberrations, DNA methylation and gene expression
profiles.'®*!#%15%10 Stereotyped subsets may hence represent distinct clinico-
biological entities of CLL. For instance, the acquisition of genomic aberra-
tions does not appear to be stochastic, instead enrichment of certain aberra-
tions appears to associate with certain subsets. When focusing on gene muta-
tions, SF3B1 mutations are highly enriched within subset #2 (45%) and sub-
set #3 (46%), while they are rare in all other subsets.'””'™ Subset #2
distribution of SF3B1 does not appear to be SHM-dependent since both M-
CLL and U-CLL subset #2 cases carry the mutations at relatively similar
frequencies.104 Of note, in subset #2, about 57% of SF3BI mutations are
represented by the substitution p.K700E and in about 20% codon p.G742D is
affected, with the latter being virtually absent in subset #3.'"* Mutations
within exon 34 of the NOTCH]I gene are more frequent in subsets #1, #58,
#99 and #6 while subsets #3, #5 and #7 display a relatively low frequency of
NOTCH1 mutations.'” Of note, all the above-mentioned subsets concern U-
CLL and utilize the same IGHV1-69 gene. Intriguingly, subset #8, which
carries a high risk for developing Richter’s transformation, is also highly
enriched for NOTCH1I mutations.'” TP53 mutations appear to be enriched in
subsets #1 and #99 while subsets #2, #4 and #8 display a low frequency of
these mutations.'**

The association of genomic features to distinct stereotyped subsets could
imply that the manner in which stereotyped BcRs interact with the microen-
vironment is associated with acquisition of certain genetic lesions, which
ultimately may determine clonal evolution and the disease outcome.
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Present investigations

Thesis aims

The main aim of this thesis was to perform genomic and transcriptomic se-
quencing to investigate the prognostic impact of recurrent mutations in CLL
and to unravel novel mechanisms behind CLL evolution and progression.
More specifically, the aims were as follow:

I

II

III

IV

To describe the frequencies of recently reported, recurrently mutated
genes and to evaluate their prognostic impact in a population-based
cohort of CLL. We focused on TP53, BIRC3, SF3B1, NOTCHI and
MYD&8 and sequenced 364 patients using Sanger sequencing.

To explore the feasibility of targeted NGS as a novel strategy to assess
the mutation status of genes with prognostic potential in CLL. We ap-
plied targeted NGS to 188 CLL cases with poor prognosis.

To uncover novel molecular mechanisms behind clinical aggressive-
ness and therapy resistance. We performed longitudinal WES in 41
cases, uniformly treated with FCR, that relapsed after a median of 2
years.

To characterize the transcriptome of stereotyped subsets of CLL and
to identify potentially aberrant transcriptomic events. We applied
RNA-sequencing to 50 CLL cases assigned to subsets #1, #2 or #4 to
investigate gene expression and alternative splicing.
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Patients and methods

Patients

All CLL cases were diagnosed according to the iwCLL guidelines' and dis-
played a typical CLL phenotype.'®"'®* Written informed consent was collect-
ed according to the Declaration of Helsinki and the local review committees
of participating institutions granted ethical approval. PB was the main source
of material. In paper I, 364 CLL patients from the Scandinavian population-
based case-control study called SCALE (Scandinavian Lymphoma Etiology)
were included. In paper II, 188 CLL patients with poor-prognostic features
were included from seven collaborating institutions (73% IGHV unmutated
and 27% IGHV3-21 subset #2 patients). In paper III, three different patient
cohorts were investigated. In the discovery cohort, 41 CLL patients from 7
collaborating institutions were screened using WES. All patients had re-
ceived FCR treatment; 32 patients obtained a CR and 9 patients had a partial
remission (PR), and relapsed at a median of 2.17 years (range, 1-11 years).
Response and relapse criteria were adopted according to the iwCLL guide-
lines.'® PB samples were collected before the start of FCR treatment and
after treatment relapse; constitutional DNA from sorted T cells or buccal
swabs was available for 28 patients. In the first validation cohort, targeted
sequencing of RPS15 exon 4 was performed on 790 CLL samples as well as
in 30 cases with Richter’s transformation. In the second validation cohort,
samples from 329 untreated patients enrolled in the UK Leukaemia Research
Fund Chronic Lymphocytic Leukaemia Trial 4 (CLL4) clinical trial were
investigated. In paper IV, 50 CLL patients from 7 collaborating centers
were selected based on their assignment to subset #1 (n=13), subset #2
(n=27) or subset #4 (n=10).
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Methods

PCR amplification and Sanger sequencing

PCR amplification and direct Sanger sequencing was performed using the
Big Dye terminator cycle sequencing reaction kit (Applied Biosystems) and
the automated DNA sequencer ABI3730XL for the following hotspot exons:
MYDS88 (exon 5), TP53 (exons 4-8), BIRC3 (exons 6-9), SF3BI (exons 14-
16), NOTCH1 (p.P2514 on exon 34) in paper I and RPSI5 (exon 4) in pa-
per III. In paper III, direct Sanger sequencing utilizing the pCMV6-Entry
specific primers confirmed the presence of mutations in the RSP15""'® and
RPS159"%** expression vector.

Targeted next-generation sequencing

In paper II, the Haloplex probe design for the 9 genes submitted to the
SureDesign service included 2,309 amplicons covering 41,962 bases; all
coding exons within selected genes were targeted and comprised 202 re-
gions, with 99.1% of target bases covered by at least one probe. The target
regions were captured using the Haloplex Target Enrichment kit according
to the manufacturer’s instructions. Paired-end sequencing (100 bp reads) was
performed across two lanes on the HiSeq2000 instrument (Illumina, San
Diego, CA, USA) and the mean read depth within the regions of interest was
~1500 reads/base. Illumina sequencing adapters were removed using Cu-
tadapt (v.0.9.5) and trimmed reads were aligned to the hg19 human reference
genome (February 2009 assembly) using MosaikAligner version 2.1.33
(http://arxiv.org/abs/1309.1149). Tumor variants were identified using
VarScan 2 in mpileup2cns mode with detection thresholds of 20x coverage,
variant allele frequency (VAF) 10%, a minimum of 10 reads supporting the
variant, and an average base quality of 15 at the variant position. Variants
had to meet the following conditions to be included in downstream analysis:
(1) be located within an exonic or splicing region; (ii) be non-synonymous;
(iii) not be listed in the European 1,000 genomes variant database; (iv) not
be listed in dbSNP137 unless also listed in the Catalogue of Somatic Muta-
tions in Cancer (COSMIC) 65 database; and (v) have a VAF >10%.

Whole-exome sequencing

Libraries for WES were constructed using the TruSeq Exome Enrichment
Kit (Illumina) and sequenced on an Illumina HiSeq 2000. The raw sequenc-
ing reads were processed using the bcbio-nextgen framework. Reads were
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aligned to the Hg19 reference genome using BWA-mem, version 0.7.10,21
realigned using GATK, version 3.2,22 and polymerase chain reaction dupli-
cates were marked using Sambamba, version 0.4.7. SNV and indels were
detected using VarScan2, version 2.3.6.23. Samples with matched germline
DNA were analyzed using the somatic mode and the remaining samples
using the mpileup2cns mode, both with a 10% VAF cutoff. Samples with
matched constitutional DNA were analyzed in all targeted regions as speci-
fied by the manufacturer. From this screening, genes mutated in >2 samples
at relapse were screened in samples without matched normal DNA. Somatic
copy-number aberrations were derived from WES data using EXCAVATOR
and the output was segmented using the R package DNAcopy.

In vitro functional characterization of RPS15

All methods described under this section refer to paper III in which we
described a novel role for RPS15 in p53 stabilization in vitro.

Cell culture Because of the inherent difficulties in transfecting existing CLL
cell lines, a well-characterized TP53wt colorectal cancer cell line HCT116

(ATCC) was selected.

Transient transfections Myc-DDK tagged RPS15 (RC210640), MDM?2
(RG219518), and MDMX constructs (RG209620) were purchased from
Origene. To generate RPS15 expression vectors with p.P131S or p.G132A
mutations, site-directed mutagenesis was performed using the QuikChange I1
kit (Agilent Technologies). Transfection of HCT116 colorectal cancer cells
was performed using lipofectamine 2000 (Thermo Fisher Scientific Inc.)
according to the manufacturer’s instructions.

Western blot Cells were lysed in NP40 buffer supplemented with phospha-
tase/protease inhibitors (Roche); an equal amount of total protein was run on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and trans-
ferred to nitrocellulose membranes. Following incubation with primary anti-
bodies, the membranes were washed in phosphate-buffered saline and incu-
bated with secondary horseradish peroxidase—coupled goat anti-mouse and
horse anti-rabbit antibodies. Immunoreactive proteins were visualized using
ECL western blotting detection reagent (GE Healthcare) on the ImageQuant
LAS 4000 imaging system (GE Healthcare).

Co-immunoprecipitation HCT116 cells were co-transfected, as described

previously, using an equal amount of plasmids. For immunoprecipitation,
cells were harvested 24 hours post transfection.
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Cycloheximide-chase assay The stability of p53 in the presence of RPS15
was detected by blocking protein synthesis using cycloheximide. Briefly,
after transfection, HCT116 cells were treated with cycloheximide and har-
vested at specified time points.

Ubiquitination assay For p53 ubiquitination assay, after transfection with
indicated plasmids, cells were treated with MG132 (Selleckchem, S2619).

Next generation RNA-sequencing

Total RNA was used to prepare the sequencing libraries using the TruSeq
stranded total RNA library preparation kit with ribosomal depletion using
Ribo-Zero (Illumina Inc., San Francisco, CA). Libraries were multiplexed
and sequenced across two flow cells, 5 samples per lane, on an Illumina
HiSeq 2500 system using v4 sequencing chemistry and 125 cycle paired-end
sequencing. Sequencing resulted in 21.1-176.4x10° aligned reads per sample
(median: 68.3 x 10%). FASTQ files were filtered prior to mapping, and quali-
ty trimming and adapter sequence removal was performed using Cutadapt
(v.0.9.5). Quality control was performed using Fastqc. Processed paired-end
reads were mapped to the human reference genome (hg19) using STAR ver-
sion 2.5.

Gene expression analysis Gene counts or abundance estimates were calcu-
lated using the feature count tool version 0.6.1. These counts were subse-
quently used for differential gene expression analysis utilizing the DESeq2
Bioconductor package (version 1.10.1). DESeq2 relies on the negative bi-
nomial distribution in order to assess the significance of any detected chang-
es in expression levels. After normalizing the observed counts to enable
comparison across samples, variance-mean dependence was estimated for
the input count data and differences among two or more subgroups of pa-
tients were tested. Adjusted p-values (Benjamini and Hochberg correction)
were used to rank genes based on a significant difference in expression
(p<0.05) between subgroups. Spearman correlation coefficients were calcu-
lated by comparing transcript relative abundances across samples in a pair-
wise fashion and used to cluster samples using the Genesis software.'®*

Differential splicing Changes in splicing can be assessed through the identi-
fication of either differential exon usage (DEU) or differential transcript
usage events. The Bioconductor package DEXSeq v1.7.0, was applied to
infer DEU between various groups and a false discovery rate (FDR) thresh-
old of 0.01 was set to assess significance (Benjamini and Hochberg correc-
tion). DEXSeq, which relies on the same algorithmic principles as the
aforementioned DESeq?2, enables the identification of significant differences
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in the proportion of reads that overlap each exon, relative to the total number
of reads that overlap the corresponding gene.

Gene Ontology (GO) Enrichment analysis and functional annotation cluster-
ing were performed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) version 6.7. Annotation clustering was car-
ried out using the “highest stringency” settings and only groups with an en-
richment score above 1.3 (equivalent to a non-log scale value of 0.05) were
considered. An adjusted p-value of 0.05 was used for the identification of
significant GO terms (Benjamini and Hochberg correction). Non-coding
RNAs and IG genes were excluded from this analysis.

Statistical analysis

The main endpoints of the statistical analysis were TTT and OS. TTT was
defined as the time between diagnosis and date of treatment, while OS was
measured from the date of diagnosis to the date of death or last follow-up.
Survival curves were constructed using the non-parametric Kaplan-Meier
method. Cox regression analysis was utilized to determine the prognostic
impact of each factor; following univariate regression, multiple regression
was performed to test the association of single factors with OS taking into
account the effect on the outcome of the remaining factors. Tested factors
were ranked accordingly to their hazard ratio. Modeling of the hypothesis
was performed under normal distribution conditions and all tests were two-
sided. Significance was defined as a p-value < 0.05. Statistical analysis was
performed with the Statistica Software 10.0 (StatSoftInc, Tulsa, OK).

40



Results and discussion

Paper I

Reflecting the diverse nature of the investigated CLL cohorts, the novel re-
currently mutated genes TP53, BIRC3, SF3B1, NOTCHI and MYDS&8 have
been reported with variable frequencies.'®"****" In order to get a better esti-
mate of the true mutational frequencies at diagnosis, we screened a large
population-based cohort of CLL patients (n=364) for mutations in these
genes using Sanger sequencing. Since several of the novel recurrent genes
had been demonstrated to have a prognostic impact, we also aimed to test
their independent prognostic value in our sample cohort. Finally, given the
risk model previously suggested by Rossi et al.,’’ we tested their algorithm
to verify its validity in our population material.

We screened 364 CLL patients for the mutations within the hotspot regions
of 5 recurrently mutated genes; 7P53 exons 4 to 8, BIRC3 exons 6 to 9,
SF3B1 exons 14 to 16, NOTCH1 exon 34 and MYD&88 exon 5 by PCR ampli-
fication and Sanger sequencing. Of the 364 cases, 19 (5.2%) carried a TP53
mutation and/or deletion, 17 patients (4.7%) had a hotspot NOTCH1 P2524fs
mutation, 13 patients (3.6%) harbored mutations within SF3BI, 6 patients
(2.3%) had a p.L265P hotspot mutation in MYDS88 while only 1 case (0.4%)
carried a BIRC3 mutation. We next clustered cases where all 5 genes had
been investigated (n=262) according to their cytogenetic and mutational
profiles and observed that NOTCHI, SF3BI and MYD&88 mutations were
mutually exclusive. As expected, T7P53-mutated cases often carried del(17p)
and less frequently showed +12 and del(11q). A small number of cases (n=3)
showed co-existing 7P53 and NOTCH1 or SF3B1 mutations.

OS analysis for patients carrying TP53abn, NOTCHI, SF3B1 and MYD§8
mutations, +12, del(11q) or no RCA/del(13q) revealed a worse outcome for
SF3B1 or NOTCHI mutated patients compared to patients with del(11q) or
+12. Notably, no difference was observed between SF3B1/NOTCH1 mutated
and TP53abn cases. Following Cox regression analysis on OS we assessed
the prognostic independent value of TP53abn and SF3B1/NOTCHI muta-
tions. In addition to confirming that Binet stage, IGHV mutational status and
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age were independent factors for OS prediction, the presence of TP53abn
and/or SF3B1/NOTCHI mutations was independent factors for a dismal
outcome. Although our data partly supported the prognostic risk stratifica-
tion model proposed by Rossi et al. differences were also observed since
they questioned whether SF3BI/NOTCHI-mutated cases should always be
considered as intermediate-risk patients. Of note, M-CLL cases carrying
TP53abn showed a better OS compared to U-CLL (142 vs. 49 months).
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Figure 5. Prognostic impact of available data for all genes analyzed. Two cases harboring both a TP53
disruption and NOTCH! deletion were included in the del(17p)/TP53 mutation’ group; cases with both
del(11q) and SF3B1 mutation were included in the ‘SF3B/ mutation” group. B/RC3 was excluded as only
one patient carried a mutation.

A limitation of our study was the number of patients analyzed since prognos-
tic models can only be accurately tested with very large cohorts. That said,
despite the smaller cohort size, our data was highly concordant with the re-
cent study by Jeromin ef al. in which 1160 cases were analyzed." Screening
for selected exons may also negatively affect our ability to identify muta-
tions outside those regions even though the number of mutations found out-
side the mutational hotspot regions by WGS or WES is extremely small.
Furthermore, by applying Sanger sequencing, instead of a target deep se-
quencing method, important subclonal events may remain undetected. Nev-
ertheless, this study was designed when Sanger sequencing was still the
method of choice for mutational screening in clinical routine.

Paper 11

Targeted NGS represents an attractive methodology for the identification of
genomic aberrations not only in research but also in the clinical setting. Be-
fore this method can be transferred to routine practice the quality of the re-
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sults in terms of representation and coverage need to be assessed, as well as
the reliability of the method in terms of sensitivity, specificity and reproduc-
ibility. Our study was specifically designed to address these issues and to
determine whether targeted NGS gene panels could be successfully adopted
within clinical routine. We selected 188 CLL cases with poor-prognostic
features to be screened for all coding exons in 9 genes (SF3B1, NOTCHI,
TP53, XPOI1, POTI, ATM, BIRC3, MYD88 and KLHLG6), which have previ-
ously been shown to have prognostic relevance and/or to be recurrently mu-
tated in CLL,"""” using HaloPlex probes for targeted enrichment.

After sequencing, the panel design rendered targeted gene coverage of
99.1% and an average depth of 1500 reads per base. To ensure high quality
of the variants identified, we only included in the analysis those samples in
which at least 80% of bases reached 100% coverage in the targeted region.
Screening of the 9 genes revealed that 63% of patients carried at least one
mutation; mutations in SF3B1, NOTCHI, TP53, XPOI, and POTI accounted
for almost half of the total mutational hits (80/177). In concordance with
previous observations,'*””’® the great majority of SF3BI mutations were
localized within exons 14-16. Of note, ATM mutations were dispersed
among almost all coding regions, further underscoring the need of targeted
NGS for this particular gene. Furthermore, we observed that several patients
carried more than one mutation (114 cases and 177 mutations); in particular,
ATM mutations co-occurred with SF3B1 in eight cases and with NOTCH1I in
SiX cases.
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Figure 6. Localization and frequencies of mutations within ATM, NOTCHI, SF3B1 and TP53. This
schematic illustrates how mutations within NOTCHI, SF3BI and TP53 predominantly localize to
hotspots; recurrent mutations within SF3B/ are targeted to its highly conserved C-terminal domain, with
all but one mutation in this study being detected between the fifth to eighth HEAT domains (exons 14-
16). Similarly, a recurrent two base-pair deletion in exon 34 (PEST domain) accounts for the majority of
NOTCHI1 mutations observed in CLL. For TP53, 24/27 (89%) mutations occurred within the DNA-
binding motifs (exons 4-8); remaining mutations were located in exons 9 and 10. In contrast, mutations in
the ATM gene are unique and distributed throughout the gene’s 62 coding exons. To date, no mutational
hotspots have been identified in ATM.

Sanger sequencing was then used to assess the reliability and capability of
the targeted NGS panel to detect mutations and of the 155 mutations addi-
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tionally analyzed by Sanger we could confirm 93%, hence demonstrating a
high concordance. Notably, the discordant mutations showed low VAFs
(range 11-27%), bordering on the limitations of mutation detection by Sang-
er sequencing and thus possibly explaining this discrepancy. Sixty-three
CLL cases from the initial screening that harbored at least one mutation were
selected to be included in a validation target NGS panel including 6 genes to
assess the reproducibility of our method. We demonstrated high concordance
between the targeted NGS panels (94%) and no additional mutations were
found in the validation screen, providing us with zero false-positives. How-
ever, the latter screen failed to detect five variants from the initial screening,
resulting in a 3% false negative calling. Three of the low-frequent variants
that could not be confirmed by Sanger sequencing were validated by the
validation NGS panel, thus highlighting an advantage of NGS over Sanger
sequencing in terms of sensitivity.

Summarizing our results, we show that targeted re-sequencing is a feasible
approach for mutations screening within the clinical setting, however strin-
gent quality criteria must be determined and adhered to. The possibility to
investigate the full coding region of genes, such as ATM, is very attractive.
However, the finding of mutations outside hotspot codons or exons warrants
caution, in particular if they have not been verified as somatic or have not
been previously reported. In our study, we validated the initial screen by
repeating the assay and obtained promising results considering the low rate
of false positives and false negatives. However, to fully assess the reproduc-
ibility of our approach, several targeted NGS methods need to be compared
to cross-validate the findings in order to definitively rule out the need of
validation by Sanger sequencing, an activity that is ongoing within the Euro-
pean Research Initiative in CLL (ERIC).

The recent identification of minor 7P53 mutated subclones with negative
impact on OS in CLL patients'"”, raises the question as to whether not only
clonal but also subclonal events should be investigated and reported at diag-
nosis. With adequate sequencing depth coverage, targeted re-sequencing can
help with the identification of such subclonal populations. In our study, we
successfully called, and subsequently validated as true variants, minor sub-
clones with a variant allele frequency ranging from 1-9.9%. The future usage
of unique molecular identifiers (UMI) or molecular barcodes to track single
DNA molecules may be a powerful tool to accurately detect mutations with
low VAFs.
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Paper III

Even though CLL patients treated with FCR generally exhibit high ORR to
treatment a proportion of patients will eventually relapse.'® In the German
CLL Study Group CLLS trial, the likelihood of relapse after FCR treatment
was 5.6% at 12 months and 14.3% at 24 months.’® While studies aimed at
identifying mechanisms leading to FC/FCR resistance typically included
cases at a single time point, limiting the identification of clonal evolution
events, we set out to whole-exome sequence longitudinal DNA samples from
41 CLL patients who relapsed after FCR treatment.

All patients had received FCR as first-line therapy and demonstrated a good
response initially; 32 patients achieved a CR, while nine patients had a par-
tial remission (PR) at <1 year, and relapsed within a median of 26 months
(12-132 months). We confirmed somatic mutations for 28 patients with
matched germline DNA. On average, 15.2 non-synonymous mutations were
found per case in the pre-treatment samples and 17.6 at relapse, implying
that the mutational load is not significantly increased following chemoim-
munotherapy per se.'"" However, analyzing the transversion pattern (substi-
tutions of two ring purines into single ring pyrimidines or vice versa) we
observed a shift from cytosine to guanine into adenine to thymine for sam-
ples at relapse. Furthermore, we report enrichment of certain mutations (e.g.
TP53, EGR?2) at relapse; in fact, 26 out of 41 screened cases (63.4%) har-
bored mutations in NOTCHI, TP53, ATM, SF3B1, MGA, BIRC3, NFKBIE
or EGR2 prior to treatment, while 33 patients (80.5%) carried mutations in
these genes at relapse.

Unexpectedly, we detected mutations (mostly missense single nucleotide
variants) in the ribosomal protein S15 (RPSI5) in almost 20% of cases
(8/41). RPS15 encodes for a small component of the ribosomal 40S subunit
and mutations within this gene were not previously associated with CLL
pathobiology. When RPSI5 mutations were present at both time points, we
detected them at a high allelic frequency suggesting RPS/5 mutations as
early initiating events in CLL. Copy-number WES data did not indicate the
presence of small genomic lesions encompassing the RPSI5 gene. All
RPS15 mutated cases were U-CLL and six cases carried T7P53abn or
del(11q). Screening of exon 4 in RPS15 in an extended CLL series compris-
ing 604 patients with adverse prognostic features revealed mutations in 36
cases (6%). Similar to the discovery cohort, we observed an enrichment of
TP53abn, SF3BI mutations and +12 in RPSI5-mutated cases.
RPS15™/TP53"" cases had OS similar to NOTCHI™"/SF3BI1™"/del(11q) and
a lower 10-year survival compared to RPS15"/TP53", pointing to a poor
prognosis for RPSI5-mutated CLL cases.

Since MDM2, a direct regulator of p53, has previously been shown to bind

45



RPS15, we hypothesized that RPS75 mutations could impair the ability of
RPS15 to regulate p53 activation via the MDM2/MDM4 axis. We therefore
investigated the functional implications of two RPS15 mutations, RPS15" "'
and RPS15°"**, on the regulation of endogenous p53 in vitro. RPS15™
displayed a major reduction of p53 stabilization compared to RPS15™.
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Figure 7. Recurrently mutated genes. Columns represent patients (n=41) and rows genes or genetic
lesions. Color-coding indicates the type of mutation or genomic alteration. Case names in gray were
analyzed without matched normal DNA. The majority of cases with TP53 aberrations harbored a muta-
tion without coexisting del(17p); this is explained by the fact that the 7P53 mutation status was not
known in most cases before the start of the FCR regime in contrast to fluorescence in situ hybridization
detection of del(17p), which had been performed in all cases. All TP53 mutations were deemed damaging
and have been reported previously. CNA, copy-number aberration; PR, partial relapse; UPD, uniparental
disomy.

In summary, we performed WES on patients relapsing after FCR therapy
and identify mutations in a ribosomal protein as a potential new mechanism
involved in CLL evolution. Our findings on RPSI5 are strengthen by the
results from Landau et al. which proposed RSP15 as a candidate driver mu-
tation in a large series of FCR relapsed patients.®” However, the cellular im-
plications of RPSI5 mutations are still largely unknown and investigating
the impact on the ribosomal machinery in presence of RPS/5 mutations may
give novel insight into CLL progression and relapse.

Paper IV

The characterization of the full transcriptomic landscape of CLL and the
potential impact of transcript diversity on CLL pathogenesis is currently
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limited, since only a few studies have thus far been performed using RNA-
sequencing.”>"*® We thus sought to investigate the transcriptome of sub-
groups of patients carrying stereotyped BcRs and exhibiting distinct clinical
and biological characteristics i.e. the poor-prognostic subsets #1 and #2 and
the more favorable-prognostic subset #4 (in total 50 patients) using RNA-
seq.

We first sought to characterize the subset-specific gene expression signatures
and our analysis revealed major differences between the individual subsets.
Not surprisingly, every subset showed marked upregulation of distinct
IGHV/IGKV/IGLV genes in agreement with the subset-specific IG rear-
rangements; which also served to confirm our analysis. Comparison of sub-
set #1 and #4 cases demonstrated that more than 1460 gene transcripts were
differentially expressed. Two thirds (60.5%) of these transcripts displayed
upregulation in subset #1 and were associated with cell proliferation and
activation, mirroring the aggressive clinical course observed in patients as-
signed to this subset.'™ On the other hand, subset #4 cases exhibited a lower
level of transcription indicating a lower proliferative ability of the CLL cells
in these patients. This finding fits well the more indolent disease course ob-
served in patients assigned to subset #4.'™* The comparison of subset #2 and
#4 identified over 640 genes differentially expressed; cell-cycle control and
regulation of transcription were among the most enriched pathways. Finally,
the comparison between the two poor-prognostic subsets revealed the lowest
number of differentially expressed transcripts (n=172).

20

PC2: 11% variance

subset #1 cases
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® subset #4 cases
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Figure 8. PCA based on gene count of CLL cases assigned to subset #1, #2 and #4.

Moving our focus to non-coding elements, we identified lincRNA as one of
the most deregulated classes of non-coding genes amongst the subsets ana-
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lyzed. In particular, 98 lincRNA distinguished subset #1 from subset #4.
Interestingly, the most differentially expressed lincRNAs, ZNF667-AS1 is
one such example, were completely absent in one subset while being highly
overexpressed in another. These extreme differences in expression indicate a
role for lincRNAs in CLL pathogenesis, potentially through a dysregulated
enhancer/silencer mechanism.

A growing body of evidence points towards the involvement of AS in the
pathogenesis of CLL. Our group recently reported that approximately 45%
of subset #2 cases harbor SF3B/ mutations'**'* but the biological signifi-
cance of such mutations remains unclear. We therefore thought to compare
the transcriptome of subset #2 cases carrying SF3B1 mutations with subset
#2 cases wildtype for SF3BI, however, no significant difference in gene
expression were observed. That said, analysis of splicing events between
these two subgroups revealed 187 differentially expressed transcripts, many
of which are involved in chromatin remodeling, NF-«kB pathway and ribo-
some biogenesis. Intriguingly, alternative transcripts were seen in SF3BI
mutated cases in RPL22L1, RPL24, RPL31 and RPL32, all involved in non-
sense mediated decay, a surveillance mechanism linked to splicing to reduce
errors in translation. Of note, results from a study on alternative splicing
events associated to SF3B/ mutations in breast cancer, largely overlap with
our findings. In particular, Maguire et al. identified RPL24 and RPL31 as
gene targets of deregulation'®” and we could confirm the inclusion/exclusion
of the same exons, supporting the idea that the splicing deregulation is high-
ly selective.

48



Concluding Remarks

As described in this thesis, by applying different types of NGS technologies,
we could show the feasibility of targeted NGS for clinical diagnostics and
identify novel putative drivers involved in progression and relapse in CLL.
Furthermore, NGS not only enabled us to investigate the genomic landscape
but also to explore the transcriptome of CLL.

Considering the expanding availability of NGS technologies, the rate at
which we can identify novel mutations/mechanisms is rapidly increasing;
however for many of these gene mutations we do not know their functional
role in disease ontogeny and evolution. For several of these mutations, we
could confirm their proposed prognostic relevance and showed that targeted
NGS could be used to screen for those mutations. In the end, risk-
stratification of early-stage CLL patients will probably benefit from integra-
tion of recurrent mutations with chromosomal aberrations and the IGHV
mutational status, although this has to be further investigated in larger pa-
tient cohorts and in prospective trials.

In recent years, several studies have reported that subclonal 7P53 mutations,
at time of diagnosis, can represent a risk for later disease progression and
relapse. Hence, the detection of low frequency mutations at an early stage
could become essential for risk-based design of therapy. Sanger sequencing
is limited by a detection threshold of 10-20%, far from the allelic frequencies
of subclonal events. Targeted NGS panels incorporating UMI with high se-
quence depth for areas of recurrently mutated genes of particular interest
could here represent a good solution, especially considering the fast pace at
which sequencing technologies are evolving. Moreover, an NGS approach
that would allow simultaneous detection of SNVs, indels as well as chromo-
somal aberrations would be highly warranted.

The molecular mechanisms behind CLL progression have not been fully
elucidated. In our longitudinal WES study, we identified mutations in the
ribosomal RSPI5 gene that appeared to associate with a worse prognosis.
While we found a link between RPS15 mutations and impaired p53 stability,
further analysis is now needed to define the functional consequences of these
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mutations including studies of the impact on translation. In this regard, it is
noteworthy to mention that additional ribosomal proteins have been found
mutated in other malignancies, such as in T-cell acute lymphoblastic leuke-
mia (T-ALL).

By transcriptome sequencing, we revealed distinct gene expression signa-
tures associated with each stereotyped CLL subset and identified extreme
differences in lincRNA expression between subsets, a finding that merits
further investigation. Furthermore, analysis of SF3BI-mutated subset #2
cases revealed over 180 deregulated transcripts of genes involved in chroma-
tin remodeling, NF-kB pathway and ribosomal biogenesis, further support-
ing a role for AS in CLL pathobiology. We hence conclude that a global
approach such as RNA-seq has the potential to advance our knowledge of
the molecular mechanisms responsible for CLL development. Indeed, the
integration of genomic data with information from gene expression and AS
can move the focus from the specific mutation to the dysregulated pathway
providing an attractive model for the identification of prognostic markers
and therapeutic targets.
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