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RESUME (French)

La leucénie lymphocytaire chronique (LLC) est trés ré@andue dans le monde occidental et se
concentre sur les hommes &és. La maladie pré&ente une h&&ogenéteéimportante, ce qui rend
particulieeement important de trouver des biomarqueurs et des tests stables pour guider le
pronostic et les options de traitement de la maladie. Ce projet de recherche doctorale vise a
amd@iorer I'é@ude des biomarqueurs dans la LLC par le séuencage de nouvelle géné&ation
(NGS). D'une part, nous avons développé€ une nouvelle approche pour déecter le statut
mutationnel de I''GHV, un biomarqueur pronostique essentiel dans la LLC. Par rapport ala
méhode de routine actuelle, le 5’RACE est plus sensible pour traiter les ré&rrangements
multiples de I'lGH. De plus, gr&e ala supé&ioritédu NGS, nous pouvons obtenir simultanénent
des informations sur la chame l&gé&e de I'immunoglobuline (IGL). Par consé&juent, en
combinaison avec les connaissances sur les chames I&ées, nous avons constatéque la plupart
du temps, la chame lourde pré&entait un statut d'identitémutationnelle avec la chame l&gere.
Cette dé&ouverte confirme que la chame I&é&e peut éalement guider la straté&yie diagnostique
et thé&apeutique de la LLC, en particulier dans les cas limites. Nous avons &jalement confirmé
I'existence d'un groupe spe€&ial présentant des mutations ponctuelles en position 110 de
I''GLV3-21, dont le pronostic est aussi mauvais que celui des patients non mutés, méne si la
plupart de leurs IGHV sont mutés.

D'autre part, la fonction de tp53, un autre biomarqueur important de la LLC, n'est pas trés claire.
Pour éudier la relation entre I'éissage alternatif de tp53 et I'aberration de tp53, nous avons
déectél'expression de chaque exon-jonction de tp53 pour obtenir la situation de I'éissage
alternatif par transcription inverse, amplification de sonde multiplexée par ligature (RT-MLPA)
combiné au s&juengage ahaut débit. Nous avons éjalement comparéles ré&ultats de NGS et
FISH au niveau de I'ADN de l'aberration tp53 avec les réultats de RT-MLPA au niveau de
I'ARNmM. Un patient préentant une mutation du site d'éissage testé& par NGS a également
montréun épissage alternatif anormal entre les exons 4 et 5 déectépar RT-MLPA. Le plus
inté&essant est que certaines jonctions d'exon speéeiales ont montré des niveaux
significativement diffé&ents chez les patients de bon et de mauvais pronostic. Et lorsque nous
combinons d'autres biomarqueurs pronostiques de la LLC pour éablir un systéne de notation,
le niveau d'expression de ces jonctions d'exon speeiales concorde &jalement avec le pronostic.
Ces jonctions d'exon appartiennent speeifiqguement aun type d'isoformes de p53, ce qui nous
rappelle le r@e critique des isoformes de p53 dans la LLC.

C'est la premiére fois que I'on utilise le NGS pour déecter la chame lourde et I€gere de
I'immunoglobuline et I'éissage alternatif de tp53 au niveau du transcriptome. A I'ée du NGS,
nos ré&ultats soulignent l'efficacitéet la préeision des méhodes permettant de déouvrir
davantage d'informations sur la LLC. Notre éude a mis en & idence I'importance des isoformes
d'IGL et de p53 dans la LLC et leur valeur pronostique et théapeutique en clinique.

Mots clé& : Leucémie lymphocytaire chronique, immunoglobuline, réepteur des cellules B,
5'RACE, RT-MLPA, tp53.



ABSTRACT (English)

Chronic lymphocytic leukemia (CLL) is highly prevalent in the Western world and is
concentrated in older men. The disease exhibits significant heterogeneity, making it particularly
important to find stable biomarkers and assays to guide the prognosis and treatment options for
the disease. This Ph.D. research project aims to improve the study of biomarkers in CLL by
next-generation sequencing (NGS). On the one hand, we developed a novel approach to
detecting the mutational status of the IGHV, an essential prognostic biomarker in CLL.
Compared with the current routine method, 5’RACE is more sensitive to handling multiple
rearrangements of IGH. Moreover, due to the superiority of NGS, we can obtain information
on the immunoglobulin light chain (IGL) simultaneously. Therefore, combined with the
knowledge of light chains, we found that mostly, the heavy chain showed mutational identity
status to the light chain. This finding support that the light chain can also guide the diagnostic
and therapeutic strategy of CLL, especially in borderline cases. We also confirmed a special
group with point mutations in position 110 of IGLV3-21, which showed a similarly poor
prognosis to IGHV-unmutated patients, even though most of their IGHV are mutated.

On the other hand, the function of tp53, another important biomarker of CLL, isn’t very clear.
To investigate the relationship between alternative splicing of tp53 and tp53 aberration, we
detected the expression of each exon-junctions of tp53 to get the situation of alternative splicing
by reverse transcription multiplex ligation-dependent probe amplification (RT-MLPA)
combined with high-throughput sequencing. We also compared the results of NGS and FISH
at the DNA level of tp53 aberration with the results of RT-MLPA at the mRNA level. One
patient with splicing site mutation tested by NGS also showed abnormal alternative splicing
between exons 4 to 5 detected by RT-MLPA. The most exciting thing is that some special exon-
junctions showed significantly different levels in favor and poor prognosis patients. And when
we combine other prognostic CLL biomarkers to establish a scoring system, the expression
level of these special exon-junctions is also concordant with the prognosis. These exon
junctions specifically belong to one kind of p53 isoforms, which reminds us of the critical role
of p53 isoforms in CLL.

It is the first time using NGS to detect the immunoglobulin heavy and light chain and the
alternative splicing of tp53 at the transcriptome level. In the era of NGS, our results emphasized
the efficiency and accuracy of methods to discover more information about CLL. Our study
highlighted the importance of IGL and p53 isoforms in CLL and their prognostic and
therapeutic value in the clinic.

Keywords: Chronic lymphocytic leukemia, immunoglobulin, B-cell receptor, 5’RACE, RT-
MLPA, tp53.
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INTRODUCTION

I.  General Information of CLL
A. The development of CLL

The general approach to the workup of lymphocytosis.

Chronic lymphocytic leukemia (CLL) is the most popular adult leukemia in the western world,
mainly found in older malest (the ratio of males to females is around two, and the median age
at diagnosis is around 72 years old). It is diagnosed based on the clonal expansion of mature
cells marketed by CD5+ and CD23+? detected in the blood, bone marrow, lymph nodes, and
spleen, and > 5x10%L of lymphocytes in the peripheral blood persisting for more than three
months (Figure 1). The expression of surface immunoglobulins?, CD19, CD20, and CD79b
was significantly lower in CLL than in normal B cells* (Table 1). Each clone of CLL cells
expresses k or/and A immunoglobulin light chains®. And CLL shows significant disease
heterogeneity, as some patients are found to only have increased lymphocyte counts by annual
physical examination and survive for a long time without appropriate treatment. In contrast,
some patients experience rapid disease progression and respond poorly to treatment regimens.
Therefore, for the last two decades, researchers have been working to better identify relevant
therapeutic and prognostic predictors to understand this disease’s development and provide
precise treatments for patients.

CLL phenotype

Count of B-cell -

| I
>5X10°L <5X10%9L,LN+| |<5X10%L, LN-

CLL SLL MBL

Figure 1: Diagnosis and differentiation of CLL.

After the appearance of lymphocytosis, the relevant and complete tissue physical examination and blood tests are
performed. These tests aim to determine the monoclonal nature of the cells by flow cytometry and detecting the
chronic lymphocytic leukemia phenotype, which is then classified according to the B-cell count as MBL, CLL,
and SLL. MBL: monoclonal B lymphocytosis; SLL: Small lymphocytic lymphoma.
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B lymphocytes with absolute B cell count below 5x10%L and without cytopenias,
lymphadenopathy, hepatomegaly, or splenomegaly are called monoclonal B lymphocytosis
(MBL). Recent research has shown that the expression levels of CD38, ZAP70, - amongst
others in MBL, which progresses to CLL at a rate of 1-2% per year®, are lower than in CLL. In
comparison, the levels of corresponding prognostic biomarkers are significantly higher, making
MBL a prodromal state of CLL®. It is also associated with an increased risk of infection and
second malignancies®.

Table 1: Different immunotyping to diagnosis by the expression of surface markers on lymphoid cells.

slg CD5 | CD23 | CD79% | FMC7 | CD20 | CD22 CD103 | CD200 CD25 ROR1

Normal | High | No No High High High High No No Low No

CLL Low | High | High | Low Low Low Low No Very Low High

High
MCL High | High | No High Very Very High No Low No High
High High

FL Very | No No High Low High Low No No No Low
High

HCL Very | No No Low High High Very High No Very High
High High High

MZL High | No No High High High High No No High Low

FL: Follicular lymphoma!
B. The risk classification of CLL

As previously mentioned, one of the significant characteristics of CLL is its highly
heterogeneous nature, which makes risk stratification for the disease especially important. The
two backbone of CLL clinical staging systems are RAI’, and Binet?, which have played a
considerable role in the treatment choice and prognostic evaluation in the past four decades
(Table 2). In these two staging systems, patients can be reliably classified into different risk
groups by physical examination and basic clinical laboratory tests alone, without manipulating
imaging and molecular biology, which can equally apply in poorly equipped medical facilities.
Moreover, in the past two decades, with the development of medical research and technology,
we have found that CLL with highly heterogeneous requires us to search for relevant
biomarkers. These biomarkers were combined with two clinical staging systems to enhance the
understanding of CLL’s genetic and molecular biology, determine the risk of disease
progression, and complement the information of classical staging systems®.
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Table 2: Classic risk stratification systems for CLL.

Rai’
Risk status Stage Characteristics Median survival
Low risk 0 Lymphocytosis >150 months
Intermediate risk I Stage 0 + lymphadenopathies Eight years
I Stage 0 +splenomegaly and /or | Six years
hepatomegaly associated with or
without lymphadenopathies
High risk Il Anemia, with serum hemoglobin | 19 months
level <11g/dL
v Thrombocytopenia, platelet count | 19months
<100,000/mm?
Binet®
Low risk A < 3 involved nodal areas enlarge >15 years
Intermediate risk B > 3 involved nodal areas enlarge 7-8years
High risk C Hemoglobin < 10g/dL and/or | 5-6 years
platelets < 10<10%/uL

The most critical biomarkers include the mutational status of the IGHV and tp53 aberrations.
More and more studies have demonstrated that the mutational status of IGHV can predict the
prognosis of CLL patients stable and independently. Patients with mutated IGHV showed a
slow disease progression and a better prognosis. In contrast, patients with unmutated IGHV had
amore rapid disease progression and suggested the necessity of early treatment®. However, due
to the 98% threshold of the IGHV, a group of patients expressed 97-99% identity, which we
called “borderline” cases, can’t always predict the correct outcoming. The treatment and
prognostic evaluation of this group of patients should pay attention to and require more research.

Another critical biomarker is tp53 aberrations, which include the mutations of the tp53 gene
and deletion of chromosome 17 short arm. Tp53 aberrations also can predict rapid disease
progression, poor prognosis, and an inadequate response to chemoimmunotherapy (CIT). The
mechanisms involved need to be further explored. The expression of p53 isoforms has been
gaining attention recently. The method for stable detection of the expression levels of different
isoforms remains to be explored.

Other relevant prognostic factors include the expression levels of molecules CD38, ZAP70%21,
gene mutations such as NOTCH1 and SF3B1°*, and changes in serum concentrations of [32-
microglobulin®, In an international prospective randomized clinical trial study, 3472 patients
were recruited to develop a regular prognostic index for CLL. Five independent prognostic
factors were identified, including tp53 aberrations, mutational status of IGHV, the concentration
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of serum B2-microglobulin, clinical stage, and age. After grading these five independent factors,
patients were classified into four risk groups with significantly different survival rates¢. The
reliability of this classification method was further validated in subsequent studies'’%. It,
therefore, provides an excellent theoretical basis for further individualized and precise treatment

of patients.
1981 2007 2014
Binet MDACC GCLLSG
*Lymphocuto »Lymph node *Age *Age *Age
sis involvement «B2M *Sex «Clinical
» Lymphadeno «Anemia « Absolute «B2M stage
pathy «Thrombocyto lymphocyte «TK «B2M
»Hepatomegal penia count *Dell7p *Del17p/TP53
y and/or «Gender delllq mutated
splenomegal «Rai «IGHV «Ighv
y «Lymph node mutational mutational
*anemia involvement status status
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Figure 2: The risk factors of the different risk staging systems.

Each risk system is described in the figure, including the Rai stage, Binet stage, MDACC nomogram, GCLLSG,
and CLL-IPI.

As we can see from the previous summary, the RAI and Binet staging system are the most
widely used classical risk stratification methods in clinical practice’®. Both systems are based
on routine and inexpensive physical examination findings, including peripheral blood, lymph
nodes, liver, and spleen, to classify patients into different prognostic groups and provide a
reliable basis for other predictive models. However, these two classifications, developed 40
years ago, also have some drawbacks. First, they cannot determine whether early-stage patients
will develop aggressive disease progression. They do not incorporate promising biomarkers
discovered recently, such as molecules found by immunofluorescence assays or NGS
technologies. Hence, both staging systems have a minimal prediction for treatment option
selection and response to therapy. Several centers have continuously updated their predictive
models for CLL through their strengths (Figure 2). The most classic include MD Anderson
Cancer Center in 2007%, 2010%, and 2012% through three further optimizations, adding
mutational status of IGHV, del17p, Binet staging, f2M, sex, and age in an integrated model to
estimate overall survival.

After two years, GCLLSG published a new prognostic scoring system that integrated sex, age,
Eastern Cooperative Oncology Group(ECOG) status, del17, mutational status of IGHV, s-f2M,
and serum thymidine kinase (s-TK) into four risk categories??. This novel classification system
remedied our previous analysis of the two cornerstone stratification systems by emphasizing
the role of biomarkers in CLL. The classification system was subsequently validated by other
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experimental groups®. Because early management of s-TK levels was not widespread,
investigators proposed a revised version that did not include such tests. And based on seven
other independent prognostic factors, the revised version still proved to be a stable predictor for
patients with early CLL at the time of the first treatment®.

A widely used risk scoring system in clinical management was developed in 2016 by combining
clinical parameters and cellular biological molecules, namely the CLL International Prognostic
Index (CLL-IPI)* (Figure 3). It includes the mutational status of IGHV, tp53, level of serum
B2-microglobulin, clinical stage, and age. This system classifies patients into four risk groups
by these five independent prognostic factors. The CLL-IPI has considered cellular biological
molecular abnormalities compared to the previous risk system. Several studies have confirmed
this system to provide stable predictive value for overall survival (OS) time, time to first
treatment (TTFT), free survival time, and response to CITY in newly diagnosed patients?2,
Because detection of IGHV mutational status is not available universally?’, researchers have
replaced IGHV-unmutated class with a doubling of lymphocyte count within six months
because of their relationship®®. Compared to IGHV detection, the LDT doubling time is easier
and cheaper to measure, and CLL-LIPI plays a significant role in the absence of IGHV mutation
status results. It should be mentioned that this single-center study enrolled only 218 patients,
and CLL-LIPI could predict TTFT but not time to next treatment (TTNT). In addition, CLL-IPI
is more sensitive in predicting overall outcome?.

14



100

WH—NHH‘I-H-Q—.
804
g
.Tg 60
c |
2
T 40 A—|
>
o 44
—— Low risk
204 —— Intermediate risk
—— High risk
—— Very high risk
0 Ll 1 1 T T T T T 1 1 1 1 1 T 1 T T 1 T ] 1 I T 1 T T
C D
100
H—HH—H
80_ H“_L‘M—‘
+44- #—44t +—+
g
—= 60+
2
2
2
§ 404
S
204
0 — T T T T T T T T T L
E F
g
3
c
2
T
g
<)
T T T T T T T T T T T T T T T T T T T T T T T T T
0 12 24 36 48 60 72 84 96 108 120 132 144 156 0 12 24 36 48 60 72 84 96 108 120 132 144 156
Time (months) Time (months)

Figure 3: Analysis of overall survival classified by the CLL-IPI.

(A) Rai stage 0. (B) Rai stage I-II. (C) Rai stage IlI-1V. (D) Binet stage A. (E) Binet stage B. (F) Binet stage C.
Adapted from the International CLL IPI working group (2016)*°.

With the development of NGS technology in recent years, more somatic mutations and
molecular pathways have been detected in CLL. Besides these biomarkers’ ability to help us
stratify risk for patient prognosis, the analysis of genetic molecules in CLL has improved our
understanding of the therapeutic targets?*®. It has been reported clinically significant
improvements in specific patients with novel target inhibitors®® Moreover, cellular
immunotherapy, including chimeric antigen receptor T cells (CAR-T) and allogeneic stem cell
transplantation (allo-SCT), have also been used in high-risk patients. However, the emergence
of novel drugs targeting different pathways, including the Bruton tyrosine kinase (BTK)
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inhibitors ibrutinib, acalabrutinib, and zanubutinib, the phosphatidylinositol 3-kinase (P13K)
inhibitor idelalisib, and the BCL-2 inhibitor venetovlax, has revolutionized the treatment
approach and prognostic evaluative system®. In the era of novel targeted drugs, researchers
found that these prognostic factors, including unmutated IGHV, tp53 aberration, and delllq,
have no predictive value in relapsed/refractory CLL patients who receive targeted therapy®,
which emphasized the need to improve the methods to understand the relationship between
target drugs and CLL. It has also been shown that the clinical impact of high-risk features in
the era of new drugs is not the same as in the era of CIT, with only del17p/tp53 mutations and
CD49d expression remaining indicators of poorer prognosis®. Tp53 aberrations play an
important role in predicting PFS of patients treated with ibrutinib %rituximab® or obinutuzumab
+ venetoclax®. Therefore, the predictive value of traditional biomarkers needs to be further
investigated, and the relevant assays for biomarkers should be more easy, rapid, and
individualized.

C. The therapeutic strategies of CLL

It is crucial to decide the necessary and choose timing of treatment for CLL patients, which still
determines through the staging system of RAI and Binet. Early asymptomatic patients include
RAI stage 0 and Binet stage A patients, who can engage in a watch-and-wait management
program until disease progression. At the same time, relevant studies have shown that early-
stage patients can’t get benefits from early intervention, while applying chemotherapeutic drugs
may cause specific side effects to patients®®. However, for patients with advanced stages,
including RAI stage 3-4 and Binet stage C patients, as well as patients with clinical symptoms,
including B symptoms (unexplained weight loss, 10% weight loss within six months, fever of
38 degrees or more, night sweats lasting more than one month without evidence of infection),
and doubling of lymphocyte count within a short period, early therapeutic interventions will
provide benefits to patients.

The choice of therapeutic strategy has also improved with the growing understanding of the
disease. Immunotherapy combined with FCR is the first-line treatment of physically fit CLL
patients!**°. Early improvements in survival time in younger patients were mainly achieved
through the combination of purines plus cyclophosphamide®. The introduction of CD20
monoclonal antibodies has increased overall survival in CLL patients*. At the same time,
treatment regimens with conventional chemotherapeutic agents in combination with CD20
monoclonal antibodies have also shown significant outcomes in older patients*, prolonging
PFS and increasing overall and complete response. In the CLL8 trial, patients with IGHV
unmutated, 13q deletion, 11q deletion, or trisomy 12 also benefited from this treatment
combination and were further able to achieve durable remission. Thus FCR chemotherapy
regimens have become the first-line treatment option for most CLL patients (Figure 4).
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Figure 4: For fit patients, the long-term benefit of first-line FCR regiments (fludarabine, cyclophosphamide,
and rituximab).

(A) Analyse the Progression-free survival of patients with FCR according to IGHV status in phase 3 study,
including 817 patients for frontline therapy with a median observation time of 5 9 years*. (B) The overall survival
of patients with FCR with mutated IGHV status in phase 3 study, including 817 patients for frontline therapy with
a median observation time of 5 9 years*,

Tp53 aberration often predicts an aggressive disease process and poor response to FCR
regimens'’* (Table 3). In the last decade, with the increasing research on the molecular level
of CLL, new targeted drugs have gradually appeared to be efficacious and approved for the
first-line treatment of CLL. As a BTK inhibitor, Ibrutinib binds to the C481 residue of the BTK
kinase structural domain and irreversibly inhibits BTK. Large-scale clinical trials have shown
good benefits of ibrutinib in multiple CLL subgroups, including relapsed or refractory cases,
del17p*, and elderly patients, with an overall response of approximately 60-90% and showing
durable remission. In tp53 aberrations CLL patients, the best therapeutic results were achieved
by ibrutinib combined with idelalisib*“. Despite this progress, tp53 aberrations in leukemic
clones still seem to harm prognosis compared to wild-type patients**. With a quickly
developing treatment field, making an excellent therapeutic strategy and choosing the best
initial treatment time for patients has become a task requiring experience and extensive clinical
trials.
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Table 3: First and second-line therapy strategies of CLL in healthy and unhealthy patients

First line treatment

Without TP53 aberration TP53 aberration

Fludarabine plus cyclophosphamide Ibrutinib or idelalisib plus rituximab or
Physically plus rituximab (age <65 years); or venetoclax (if ibrutinib therapy is not
fit bendamustine plus rituximab (age >65 suitable because of comorbidities or
years) comedication)

Chlorambucil plus obinutuzumab; or
Physically chlorambucil plus ofatumumab; or
unfit chlorambucil plus rituximab; or
ibrutinib monotherapy

Ibrutinib or idelalisib plus rituximab or
venetoclax (if ibrutinib is not suitable
because of comorbidities or comedication)

Second line treatment

Standard therapy Alternative therapies
Refractory or progression within three years

Ibrutinib possibly followed by an

Physically . -~ Idelalisib plus rituximab; venetoclax;
. allogeneic  hemopoietic  stem-cell . .
fit lenalidomide

transplant
Phvsicall Ibrutinib; idelalisib  plus rituximab;
umz?t y Change therapy venetoclax; lenalidomide; CD20 antibody

alone
Progression after three years

All fitness
levels

Change to another chemoimmunotherapy;

Repeat front-line therapy ibrutinib; idelalisib plus rituximab

Factors that should be considered include body composition, age, comorbidities, and genetic
status of tp53. With the development of large international clinical trials, researchers found that
the rate of complete remission (CR) with monotherapy of ibrutinib was not very high. Less than
5% of patients achieved CR and 15% of therapeutic non-responders, and 20% of
relapsed/refractory patients experienced disease progression after monotherapy. Ibrutinib also
requires sustained dosing until disease progression or the occurrence of intolerable drug toxicity
causes a financial burden to patients. These limitations have emphasized the complicated
molecular pathway in CLL and the need to develop a suitable combination of therapeutic
strategies. Researchers have developed combination regimens for ibrutinib based on different
signaling pathways. Anti-CD20 monoclonal antibodies®**, FCR or bendamustine-rituximab
(BR) regimens, CAR-T cell therapies, and novel targeted inhibitors, such as BCL-2 inhibitors
(venetoclax) and PI3K inhibitors (idelalisib and duvelisib), have been studied. In various
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clinical trials, the combination regimen of ibrutinib with venetoclax has shown better efficacy
in both first-accept-treatment and relapsed/refractory CLL patients, improving CR rates and
reducing minimal residual disease (MRD)* rates.

Another class of targeted agents, the third-generation BCL-2 antagonist venetoclax, is a potent
BH3 mimetic that selectively binds and neutralizes BCL-2 and has had a favorable response in
the treatment of CLL. High-risk cases with unfavorable prognostic factors, including TP53
aberrations*#, unmutated IGHV, and therapy with previous 3rd-line therapy*, or fludarabine
tolerance, especially in relapse/refractory (R/R) CLL patients, appear unaffected by treatment.
Venetoclax has recently been approved for treating patients with relapsed tp53 aberrations. Also,
in Europe, clinical trials of its combination with CD20 monoclonal antibody have shown some
favorable results®. 1t will be approved for the treatment of relapsed CLL% (Figure 5).

CDI19

BCR signaling

BTK Inlnhltur\ PI3K Inhibitor
ibrutinib idelasib

Survival and proliferation

A:LZ Inhibitor

venetoclax

CD20

Monoclonal
rituximab

Mitochondria

CLL cell

Figure 5: The different pathways of new target drugs.
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II. Basic biomarkersin CLL

The progression of CLL is not fully understood at this stage regarding which factors contribute
to the ongoing disease progression from MBL to CLL and later deterioration to Richter
syndrome. Considering CLL-related cytogenetic abnormalities have been revealed in the MBL,
we also have to reconsider the pathogenic mechanisms of various classical molecular biological
abnormalities and whether we can detect the disease progression to control the disease
progression from an early stage. At this time of the whole genome sequencing (WGS), more
and more new genes are being revealed, including MYD88*, NOTCH1%*, and SF3B1%, but these
genes are less mutated overall CLL cases, and there are no significant associations between
them. It is worth noting that there is often a close correlation between gene mutations and
chromosomal abnormalities, such as between SF3B1 and 11g%, NOTCHL1, and trisomy 1252, As
evidenced in several studies, gene mutations that recurrently appear in CLL cases seem to play
an essential role in disease progression, finally leading to the transformation to malignant
lymphomas**. Therefore, exploring these genes and their interrelationships will reveal the
molecular biological basis of CLL progression. These molecules also emphasize using different
techniques and experimental approaches for studying the molecular mechanisms in CLL (Table
4).

Table 4: Clinical predictive biomarkers of CLL.

Different kinds of biomarkers Clinical outcomes

TP53 aberrations (del 17p and/or TP53 mutation) Poor response to CIT

Mutated NOTCH1 Poor response to anti-CD20 therapy

Mutational status of IGHV Predict a long-term remission in younger, fit patients
with M-IGHV

Complex karyotypes Poor response to CIT

Micro-RNAs MiR-15/16: associates with BCL-2;

MiR-34a: associates with chemotherapy-refractory
disease;

MiR-155: predicts therapy response

CD49d Inhibits cell trafficking in the setting of novel BCR
target therapy

A. Gene mutation

Thanks to extensive sample cohort studies, somatic mutations that recurrently appear in CLL
are receiving increasing attention. The signaling pathways involved in these mutated genes and
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their roles have also been investigated. These genes function in pathways including DNA
damage, mRNA transcription, chromosome modification, WNT signaling, NOTCH signaling,
and inflammatory pathways. Although there is variability in data from different study cohorts,
two large international collections examined and characterized over 500 CLL samples from
around the world for whole gene or whole exon sequencing. Since one of the studies analyzed
pre-treatment CLL samples requiring initial treatment and the other one analyzed early CLL
patients and MBL patients, the percentage of frequently mutated genes has increased. As a
result, there was a slight difference in the rate of frequently mutated genes, including NOTCH1
(6% and 12.6%, respectively), ATM (15% and 11%, respectively), SF3B1 (21% and 8.6%,
respectively), and BIRC3 (4% and 8.8%, respectively)®®°. In addition to these most frequently
mutated genes, these extensive sample cohort studies also provided data to support new CLL
candidate genes, which include MYD88, XPO1, KLHL6, and IRAK1*. Meanwhile, mutations
in the noncoding region of some genes have also been found to affect patient survival. One
study reported that patients with mutations in the noncoding region at the 3’ end of NOTCH1
showed a poorer overall survival and suggested the need for early therapeutic intervention®®.

Another advantage of NGS is the ability to analyze the heterogeneity between individual cells
within CLL tumors. Reports show that some somatic mutations, such as MYD88, are often
expressed in all CLL tumor cells, suggesting that these genes are altered early in the
development of leukemia. In contrast, other genes, such as NOTCH1 and SF3B1, are usually
present only in a subset of CLL tumor cells and therefore represent subclonal populations of
cells, suggesting that their mutational events occur later in the development of CLL. And
notably, it was reported in subsequent studies that usually mutated genes of subclonal type are
more aggressive, especially when multiple mutations occur®®’. Moreover, the increased
proportion of tp53 aberrations after receiving chemotherapy also suggests that CLL tumor cells
undergo clonal metastasis while indicating the importance of such genes in studies related to
treatment regimens and drug resistance?®.

B. Chromosome aberration

proportion(%)
N
?

del17p dell11q tril12 del13q no known aberrations
chromosome aberrations

Figure 6: The frequency of chromosome aberrations in CLL.

In addition to mutations in hotspot genes, chromosomal abnormalities including deletion of the

long arm of chromosome 13 (del13q), trisomy of chromosome 12 (tri12), deletion of the long
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arm of chromosome 11 (del11q), and deletion of the short arm of chromosome 17 (del17p) have
been extensively studied in CLL patients (Figure 6).

The most common chromosomal abnormality in CLL patients is_the deletion of 13qg (del13q),
occurring in 50-60% of CLL patients®. Interestingly, del13q is primarily found in patients with
mutated IGHV, suggesting that most patients show a favorable prognosis. However, it is
essential to note that more than 60% of patients with del13g need to receive early therapeutic
intervention.

Following del13q, the second widespread chromosomal abnormalities are trisomies 12 (tril2),
which account for approximately 10% of CLL patients and are assessed as intermediate risk
cytogenetic aberrations®. Tril2 is heterogeneous in terms of clinical presentation and biological
characteristics. When the proportion of cells containing tril2 increases, patients show a poorer
prognosis®, while tril2 can co-presence with other trisomic chromosomal abnormalities in
some patients®, TTFT is prolonged, and the risk of recurrence is reduced®.

The deletion of 11g (dell1q) represents a poorer prognosis, although clinical studies show
shortened TFS with no effect or prolonged OS in del11q patients®t. However, most studies have
reported that the lower the frequency of del11q, the more favorable the prognostic outcome of
patients®2. For patients after receiving allogeneic HSCT, del11q can more consistently predict
shorter PFS and OS®,

The deletion of 17p (del17p) is mainly detected in 5-8% of chemotherapy-nawe CLL patients
and usually suggests a poorer prognosis®. Del17p could affect the therapeutic efficacy of CD20
monoclonal antibodies, which can lead to resistance or rapid relapse in CLL patients®. Due to
properties such as cell subcloning, the less ratio of del17p cells, the longer TTFT the patient
will have®. The results of another study indicate that, in addition to del17p, mutation of tp53
and complex karyotypes (CK) can also affect TTFT, suggesting that these biological factors
have a limited role in early stage development in CLL and mainly act on related molecular
activities after disease relapse®’.

Complex_karyotypes (CK) are associated with a poor disease prognosis, defined as the
existence of at least three cytogenetic abnormalities®®. However, it has been found that not all
complex karyotypes have an equal impact on disease®. Analyzed by a large clinical trial,
patients were classified into subgroups based on the number of abnormal genetic carriage.
Disease prognosis was consistently predicted between subgroups, independent of IGHV and
TP53 mutation status independently™.

Besides the chromosomal abnormalities commonly seen in CLL patients described above, other
chromosomal abnormalities can also impact the prognosis of CLL, such as del6q, del9p, and
del10q with full or partial triplication of chromosomes™. However, because of the low
percentage of these chromosomal abnormalities, large-scale clinical trials are needed later to
verify the biological significance of the molecules involved.

C. The clinical value of micro-RNA in CLL
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Besides directly affecting the survival of patients, chromosomal abnormalities can contribute
to the aggression and progression of CLL by affecting the expression of other small molecules.
Some findings showed that del13q affects the expression of mir-15 and mir-16, negatively
regulating the expression of BCL-2 by interacting with the 3’UTR (Figure 7). Thus the loss of
mir-15/16 is the leading cause of BCL-2 and ZAP70 overexpression in CLL"3. The current study
showed that mir-15/16 deleted or downregulated in approximately 60% of CLL patients and
exhibits dysfunction in a minority of cases. And these two small molecules also target MCL174
and affect the expression of anti-apoptotic proteins of the BCL-2 family. Thus, the reduced level
of these micro RNAs results in increased expression of the relative target genes that encode
proteins which would protect tumor cells from apoptosis’* and enhance BCR signaling®2.

Moreover, the most favorable mouse model equally supports our speculation. New Zealand
black mice, who exhibit low expression levels of mir-16-17, appear the characters of
monoclonal lymphoproliferative expansion by increasing CD5* B220%!' B cells. In contrast, the
complete emergence of CLL occurs in the mouse’s later life. This animal model not only
emphasizes the critical role of the deleted region of 13q14 for disease progression but also
suggests a strong correlation between this deleted region and the early development of the
disease, the progression from MBL to CLL. Also, considering the prolonged pathogenesis of
the mouse model, it suggests that aberrant gene expression, in addition to disrupting cell growth,
also acts synergistically with antigenic stimulation to induce clonal expansion of tumor cells™.
In a subsequent study, this conclusion was supported by the human CLL metastasis model
established in NOD/Sci-scid-IL2rg-/- mice”. At the same time, autologous CD4+ T cells
activated in vivo by alloantigens have a relevant role in promoting CLL cell survival and
expansion’,

Moreover, researchers have focused on micro-RNAs expressed in subpopulations with unique
clinical or biological characteristics’. For example, miR-223 and miR-125a were associated
with BCL-2 genes and STAT3 pathway®. Loss or reduced expression of miR-29a/b/c®, miR-
34a%, miR-150%3, and miR-3676 can reduce the target of 3’ UTR of TCL1A%, which enhances
the expression of TCL1A while promoting the development of CLL in transgenic mice®.
Conversely, increased expression of mir-155 is associated with enhanced BCR signaling, B-
cell proliferation, and lymphoma development®.
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Figure 7: the relationship among miR-15/16, 13q14-deleted region, and the expression of BCL2.
111, The importance of IGHV in CLL

To investigate the evolutionary process of CLL, researchers have observed that in MBL, which
represents the early stage of CLL, patients carry minimal genetic abnormalities, and some
patients do not have molecular biological alterations. Therefore, for 1-2% of MBL patients who
eventually transform into CLL, besides found out the key drivers, the stimulation in the
microenvironment may also support the continuous expansion and deterioration of subclonal
cells through various signaling pathways, the most critical of which is the antigenic stimulation
of B-cell receptors. Over the past 30 years, the continued progress of studies emphasized the
importance of the mutational status of IGHV on disease prognosis. The most exciting thing is
that more than 30% of CLL patients expressed similar sequences in the CDR3 of IGHV,
according to which we classified patients into different subsets, each with its molecular biology
and prognostic survival characteristics®#’, These findings reaffirm that the mutational status of
IGHV and the sequences of antigenic epitopes in the BCR play a vital role in tumor development.
Other experiments have confirmed that core receptors such as CD40/Toll-like receptors (TLRS)
play an active role in acquiring full activation of CLL cells®. Therefore, a deeper understanding

of the BCRs will allow exploring the key induction events for MBL development, further
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understanding the molecular mechanisms of different subgroups of CLL, and identifying
promising therapeutic strategies.

A. The normal development of B-cell
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Figure 8: The rearrangement of VDJ in the heavy chain and VJ in the light chain.

In the pro- and pre-B cell stages, the rearrangement of VVDJ regions of heavy chain and VJ regions of light chain
can generate the mature BCR. Many VDJ (VJ) regions allow for generating a large variability of BCRs. The full
BCR is made up of two variable heavy (V) and light (VL) chains, respectively, which are responsible for binding
the antigen, as well as two constant heavy (Cw) and light (CL) chains involved in effector functions.

Maturation of B lymphocytes

The maturation of B lymphocytes can be divided into several stages. Firstly, pro-B cells are
generated in primary lymphoid tissues, including the liver of fetal, bone marrow, and adult bone
marrow®, after which the immature lymphocytes enter through peripheral tissues to stimulate
further maturation in second lymphoid tissue, including lymph nodes and spleen. The most
critical aspect of B lymphocyte maturation is the completion of rearrangement of
immunoglobulin heavy and light chains®. First, during the progenitor B-cell and precursor B-
cell phases, the V-D-J segment of the heavy chain is rearranged to produce a highly specific
antigen-binding HCDR3 region®. At this time, the immature BCR express on the surface of the
precursor B-cells. After B cells enter the differentiation phase, the V-J segment of the
immunoglobulin light chain is rearranged to form a complete BCR IgM heavy chain expression.
Due to the numerous VDJ segments of the heavy chains and VJ segments of light chains, the
immune system can generate approximately 310! BCRs after the rearrangement®2 (Figure 8).

After finishing the rearrangement, B lymphocytes undergo negative selection, eliminating
lymphocytes expressing self-reactive BCRs, and non-self-reactive cells that are not eliminated
continue to develop and evolve into mature B cells with IgD. IgM/IgD+ mature B lymphocytes,
through lymphatic circulation, enter lymph node germinal centers(GC), where the most critical
molecular events, including somatic hypermutation (SHM) in the IGHV and IGLV and class
switch recombination (CSR), happened. While the process of CSR induces DNA recombination
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within chromosomes, replacing immunoglobulin constant regions and generating different
antigens in response to varying infections®.

B. The development of BCR in CLL progress and its clinical value
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Figure 9: The progress of CLL evolution, from antigen (Ag) stimulation to molecular abnormalities.

MBL is considered to be a preclinical stage of CLL. In clinical practice, MBL is more common
than CLL, with only 1-2% of MBL progressing to CLL. In CLL, only a tiny percentage of
patients transform to advanced disease, evolving to Richter’s syndrome or undergoing
prolymphocytic transformation (Figure 9). It has been suggested that CLL patients may carry
an intrinsic abnormality in the earliest stages of the disease. This abnormal B-cell encounter
with an appropriate external stimulus triggers the clonal development of MBL and may enhance
cellular stimulation.

Another possibility is that external stimuli may precede the appearance of genetic abnormalities.
Over time, the pressure of the stimulus leading to enhanced proliferation favors the acquisition
of molecular abnormalities, and some MBLs may develop into apparent CLL. More aggressive
CLL is acquired if and when the acquired genetic abnormality (e.g., relapse can replace the
necessity of external stimulation by shocking the same final pathway (either in the form of
refractory disease or Richter syndrome or in the form of proto form of lymphocytic
transformation).

The diagnostic feature of CLL is the accumulation of clonal CD5" mature B cells. As we
concluded in part on B cell maturation, the essential processes for B cell maturation and normal
differentiation are SHM and CSR, so any instability affecting these two processes will increase
the possibility of malignant transformation of the cells®. With the results of several studies
demonstrating that CLL is a BCR-associated immune cell malignant transforming disease® %,
the study of SHM in the IGHV has helped to track tumor transformation stages. Because of the
independence of IGHV from clinical staging and other biological markers and the maintenance
of a stable state over time has made it possible to achieve patient classification, which has been
continuously demonstrated in the last 20 years®.
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Figure 10: The process of maturation of B cell.

In the bone marrow, B cells undergo a series of steps to produce mature B cells that express IgM and IgD isotype
receptors on their surface. B cells then travel with the peripheral circulation to secondary lymphoid organs to
continue maturation. After antigenic stimulation, BCRs increase their diversity through somatic hypermutation
(SHM) and class switch recombination (CSR). CLL can arise from different stages of B cell abnormalities. U-CLL
is derived from naive B cells expressing unmutated IGHV, while M-CLL is derived from memory B cells
undergoing SHM. A smaller, 1gG-expressing subpopulation can arise from memory B cells that have undergone
CSR%,

Somatic mutational status of IGHV

Based on a comparison with the germline gene, the cut-off value for SHM was defined as 2%.
Patients were classified as mutated CLL (M-CLL) when the cellular mutation was >2% and as
unmutated CLL (UM-CLL) when the percentage of somatic mutations was lower than 2%
(Figure 11). Many studies have shown that M-CLL patients have a slower disease progression
and are more sensitive to conventional chemotherapeutic agents than UM-CLL patients®*1%, In
addition to the clinical differences between the two groups of CLL patients, it has been found
that the two types of cells in different groups belong to different origins and are only
morphologically similar. UM-CLL cells were derived from pre-GC naive B cells with low
differentiation maturity (Figure 10). It highly expressed IgM and ZAP70 on the cell surface,
and increased tyrosine phosphorylation levels further promote CD38 expression, which
supports expansion and avoids apoptosis of tumor cells. In contrast, M-CLL cells showed
anaphylactic responsiveness with reduced expression levels of ZAP70 and CD38 and reduced
activation of Ca?* signaling.
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Figure 11: Characteristics of UM-CLL and M-CLL patient subsets.

CLL patients can be classified into two groups, UM-CLL and M-CLL, according to the different mutational
statuses of IGHV. These two groups showed significantly different phenotypes and clinical outcomes.

However, since a simple numerical threshold can’t provide a comprehensive overview of all
biological events, different somatic mutation percentage thresholds have also been proposed in
recent years, including 95%* and 97%2. These cut-offs are valuable in predicting treatment
responsiveness, disease progression, overall survival (OS), and time to first treatment (TTFT)
in CLL. But the most common cut-off is 98%. However, there is a group of CLL patients whose
mutation percentage is near the threshold, i.e., 97-99%, called borderline cases. The predictive
assessment appears contradictory to the mutational status of these patients. So some problems
are necessary to pay attention to. Firstly, many factors can influence the judgment of BCR
characteristics, such as primer design for polymerase conjugate reactions (PCR), choice of
sequencing method (Sanger sequencing or NGS), and database selection for data analysis.
Secondly, some high-frequency immunoglobulin heavy chain types in CLL patients, such as
VH1-69, VH3-07, VH3-23 and VH4-34, showed a bias towards the mutational status, such as
VH1-69 and VH4-39 are more likely to be unmutated status, while VH4-34 and some VH3
family genes, such as VH3-07 and VH3-23 are more likely to express mutated. Some IGHV
showed a bias to use specific light chains and predicted a different disease’s course, for example
IGHV4-34/IGKV2-30 expressed in younger patients and followed an indolent desease, on
contrary, IGHV3-21/IGLV3-21 experienced and aggressive disease, regardless of IGHV
mutations. These findings emphases the crucial role of BCR in CLL. This also makes it
particularly important for finding standard assays and data analysis systems for
immunoglobulins, large-scale assessments, and other valuable molecular studies such as light
chains.

Stereotype of 1G

Another characteristic of BCRs is nearly 30%' CLL patients expressed highly similar
sequences of HCDR3. More notably, 60% of all CLLs are UM-CLLs (Figure 12).
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The most common subset is #2°¢, which accounts for 2.8% of all CLL patients (Table 5). Even
though 70% of IGHV3-21 exhibit a mutated status, #2 has a significantly poorer survival than
other M-CLL%. In addition to expressing highly similar or even identical VH CDR3 sequences
(Figure 13), this group of patients is characterized by the fixation of their combined light chain
gene to IGLV3-211%, Compared to other types of IGHV3-21/IGLV, IGHV3-21/IGLV3-21
patients have a significantly worse prognosis and are often accompanied by mutations in SF3B1,
high expression of MYC and CXCR4 expression at ground level.

Another collaborative group with a significantly poor prognosis is subset #1, which is involved
in the regulation of cell proliferation and BCR signaling, as well as in genetic changes related
to apoptosis and NF-KB signaling pathways. Most cases express IGHV unmutated phenotypes.

Other subsets that exhibit homogeneous clinical and biological features are the stereotyped #4
and #8. The two categories show some sequence similarity but belong to different cell types
(Figure 14). Subset #4 CLL cells are characterized by features such as an allergic functional
phenotype'?’, identified by mutated 1IGHV4-34 and IGKV2-30, have long VH CDR3, are
primarily diagnosed in young patients, show an unstable clinical course, and a good prognosis.
At the same time, researchers indicate that IgG-CLL mainly expresses IGHV4 family
immunoglobulin heavy chains, similar to the edited autoantibodies®, expressed by CLL cells
of subset #4.

Subset #8 expresses IGHV4-39/IGKV1(D)-39, which is the opposite prognosis of subset #4, is
a poor prognostic biomarker with a high risk of Richter transformation and is highly associated
with several different genetic aberrations, such as trisomy 12 and mutated NOTCH1. Some
parts of subset #8 can also express y-constant, while the mechanism of 1gG conversion is not
fully understood.

Table 5: Summaries the clinical and molecular characteristics of the most common stereotyped subsets.

Stereotyped Subset #1 Subset #2 Subset #4 Subset #8
subset
Frequency ~2.4%103.109 ~2.8% 103109 1% 108109 0.5 % 13
IGHV/IGVL gene||IGHV1-69 genes/||IGHV3-21/ IGHJ6/||y-switched y-switched  IGHV4-39/
identity IGHD6-19 IGLV3-2] 103104 IGHV4-34/ IGHD6-13/ IGHJ5/
/IGHJ4/IGKV1[D]-39 IGHJ6/ IGKV1[D]-39 03110
103,110 IGKV2-30
103,110
IGHV mutational|{|Unmutated 203110 Mutated (60%)||Mutated®®®1% ||Unmutated 103110
status Unmutated (40%)
103,110,111
BCR  signaling|[functional BCR||functional BCR|lanergic BCRs||functional BCR signaling
properties signaling signaling to7 12
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Stereotyped Subset #1 Subset #2 Subset #4 Subset #8
subset
Genetic lesions in||del11q, del13q, del13q 3014117 litrisomy 12,
treatment-nawe
CLL dell7p, SF3B1mutations®®1 NOTCH1mutations 3114
NOTCH1 mutation,
NFKBIE mutations 13-
116
Clinical course/||Aggressive Aggressive Indolent Aggressive
Risk of
transformation  ||(median TTFT of 1.6||(median TTFT of 1.9|[(median TTFT||(median TTFT of 1.5
yrs)&’ yrs)8 of 11 yrs)®¥ yrs),% increased risk of
Richter’s
transformation*®
“heterogeneous”
70%
other “stereotypes" £}

18%

—
......
_____
______
_____
______

"major" subsets
12%

#201; 23
#28A: 23

#77:25
#16: 26
#31;29

#8:3
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#1184
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[No. of cases

Figure 12: The information of major and other subsets in CLL.
30% of CLL patients expressed VH CDR3 stereotypes, of which 12% are a major subset, suggesting a significant

fraction of CLL cases represent stereotypes*®.



A Subset é
No. of cases: 68
Phylogenetic clan: |
SHM status: unmutated
VH CDR3 length: 21 aa

B Subset 2
No. of cases: 213
Phylogenetic clan: il
SHM status: mainly mutated
VH CDR3 length: 9 aa

—

Figure 13: The sequence comparison from subsets #6 and subset #2 in CLL.

(A) There are 68 UM-CLL IGHV1-69/IGHD3-16/IGHJ3 rearrangements classified into subset# 6, except 4 VH
CDR3 positions (show in parentheses), are characterized by variability, and 17 other positions, even if not fully
conserved.

(B) Subset # 2 is the most popular subset in CLL. It character a 9-aa long VH CDR3 and an acidic residue
(aspartate D) at position 107 (indicated in parentheses)'%,
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A Subset 8

Number of cases: 68
Phylogenetic clon: il
SHM status: unmutated
VH CDR3 length: 19 aa

A
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B Subset 4
Number of cases: 74
Phylogenetic clon: il
SHM status: mutated
VH CDR3 length: 20 aa

hYA"4

——

Figure 14: The sequence comparison from subsets #8 and #4 in CLL.

(A) Subset # 8 consists of the unmutated IGHD6-13 and IGHJ5 regions. In contrast, the N-diversity areas at the
junction (N1 and N2) are diverse.

(B) The pattern of subset # 4 consists of junctional N2 amino acids [KR]R located at 112.4 (top of CDR3 loop)
and 112.3 patterns, YYYG encoded by IGHJ6%,

C. The routine method to test the mutational status of IGHV
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a productive CDR3 with C and W anchors

104 VHCDR3 118

C 4 > W
\' N1 D N2 J
tgtgcaaaag gacc gactacggtggtaactcc gggg tttgactactgg

cCc A K G P TTVV TP G F D Y W
tgt gca aaa gga ccg act acg gtg gta act ccg ggg ttt gac tac tgg

b unproductive (out-of-frame CDR3)

104 105 106 107 108 109 110 112 113 114 115 116 117 118

C AR DUPV V R YV L|#|D Y W
tgt gcg aga gat ccg gta gtc cge gta ctgl.tt|gac tac tag

Cc unproductive (CDR3 with stop codon)

104 105 106 107 108 109 110 111 11111112 1122 1121112 113 114 115 116 117 118

C AAK H P Y D I L T G|*"|E DWUF D P W
tgt gca asa cat cct tac gat att ttg act ggt|taa|gag gac tgg ttc gac ccc tgg

d CDR3 with missing J-TRP 118 but with preservation of GLY-X-GLY motif

104 105 106 107 108 109 110 112 113 114 115 116 117|118

C AR L R G WRUDCF D F|IC|G Q G T L V Patient
tgt gcg aga ctc cgt ggt tgg cgg gac tgc ttt gac ttc|tgc|ggc cag gga acc ctg gtc

e o Lo L 4 L e

Y F D Y|IW|G Q G T L V IGHJ402

Figure 15: Some problematic cases indicated by ERIC.

Analyze the VH CDR3 junction. Figure 15 presents VH CDR3 from 3’ to 5°, including part of IGHV, the whole
IGHD, and part of IGHJ. The two non-templated nucleotides encode for VH CDR3, which extends from 104 C to
118 W. The VH CDR3 here is productive because the reading frame is correct, there are no stop codons, and C
and W are preserved. In b, unproductive rearrangement is due to the out-of-frame of CDR3. In ¢, unproductive
because of a stop codon in position 112. In d, position 118 isn’t preserved because of a point mutation®*®.

We have described that the heavy and light chains of immunoglobulins have successively
completed further rearrangement of variable genes (V), diversity genes (D), and junctional
genes (J) of the heavy chain and V and J of the light chain. The reconstituted immunoglobulins
constitute four relatively conserved framework regions (FR1, FR2, FR3, FR4) and three
variable complementary decision regions (CDR1, CDR2, CDR3). The CDR3 particular
sequence plays a crucial role in the heavy chain. More and more CLL guidelines emphasize the
importance of determining IGHV gene function, VDJ rearrangement, and CDR3 sequence. For
the guideline of ERIC, they have suggested several kinds of CDR3 of heavy chain could be
problematic cases (Figure 15) which need to pay more attention to. The current routine method
of IGHV sequencing is Biomed-22° which mainly includes a two-part operation (Figure 16).
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Firstly, we amplified the sample by PCR and detected the genetic clonotype by capillary
electrophoresis. Secondly, we can obtain the sequence of the corresponding cloned
immunoglobulin heavy chain using Sanger sequencing. Two databases are used for comparison,
IMGT*, and IgBlast'?. Both websites automatically give the identity of immunoglobulin heavy
chain V, D, and J used segments and the mutation percentage of VV segment. Researchers will
classify CLL patients as M-CLL or UM-CLL according to a consensus 2% threshold.

a VH DH JH

T —— I I -

6 VH-FR1 primars JH primer

CTETGLAAGA GO CTATGETTCAGGGACGT TAT e CTACTACGETATGGACGTCTGS
CTETECAAGAG Lo ACAG TAAC TeocC TAC TACTACTAC GG TATGGACGTC TGS
CTGTECAAGAG A AGTATAGCAGCTCGTACAACTGETTCGACTCCTGE
CTGTGCAAGAGA I oueAGCTCGTTTTGCTTTTGATATCTGE

, E E el CTGTGCAAGAG cTencTecaTasmuTamnanC TACTGE
Heteroduplex analysis 225 CTGTGCAAGAG acraeTcoaccesCTTTGACTACTGS
=28 CTGTGCAAGAGE T eaATGCTTT TGATATCTGG
monoclonal moncclonal cells  polyclonal = § g &= CTGTGCAAGAGIGTGEGAGCTACTAGACTACTGG
calls in polyclonal cells CTETGOAAGHGTAGCTAAACCTTTGACTACTGG
backpround CTETECAA M CTACTTTGACTACTGG
- —=— —=—
= = — c
== == - . heterodupleves GE.‘I'I'E'SCEII'II"]II"IQ
—— ——-—— —-— e potyclonal
' ' ' 0=
denaturation (34°C) § renaturation (4°C) A J
= i =i TR — -
= = = .
_l:’r-L homoduplexes
=== = - == monoclonal
—_— —_— M
—_— —_—— -
atla

Figure 16: The process of Biomed-2.

This conventional assay is sufficient to provide stable and accurate results for patients
expressing a single clonal rearrangement. Moreover, Biomed-2 is available in most hospitals
and laboratories, and the procedure has been highly standardized. However, at the same time,
in the face of the increasing research on CLL, this conventional method also exhibits several
shortcomings. Firstly, it is less sensitive for samples expressing two or more rearrangements,
especially multiple rearrangements with different mutational status'®. According to the
guideline of ERIC, the diagnosis of multiple rearrangements patients are always inconclusive
(Table 6). Secondly, because of its low throughput, Sanger sequencing requires high-quality
samples, and some results obtained for formalin-fixed paraffin-embedded (FFPE) samples are
inaccurate. Thirdly, Biomed-2 sequencing starts from the V segment, which is often not long
enough to cover all CDR3 sequences, so there is a possibility of missing some critical
information. Last but not least, this method cannot be operated simultaneously with other assays
and does not provide much data to support the study of light chains, immunoglobulin subclonal,
and internal structure. Therefore, developing and standardizing new methods for CLL
immunoglobulin assays is particularly important.
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Table 6: Suggestions for reporting the IGHV mutational status for various types of sequences

Single rearrangement

productive Definitive conclusion

unproductive Inconclusive

productive+unproductive

similar mutational status Definitive conclusion
unmutated productive+mutated unproductive Inconclusive
mutated productive+unmutated unproductive Mutated

double productive rearrangements
similar mutational status Definitive conclusion

discordant mutational status Inconclusive

D. The research on the light chain in CLL

Studies on immunoglobulins have mainly focused on rearranging the heavy chain VDJ segment,
while studies related to the light chain k and A have been limited. During the last 30 years, the
mutational status of IGHV, as an independent predictive factor, was used to evaluate the
prognosis and therapeutic strategy of CLL patients. However, with the ongoing studies of CLL,
several studies have begun to discuss and uncover the biological and clinical value of light
chains in CLL. Studies on light chains have mainly focused on their repertoire, function, and
mutational relationship with their heavy chains. A large-scale study, which included 279 CLL
patients, showed that 21 functional genes were identified in 179 IGK rearrangements, in which
the five most frequently used V region of light chain genes were IGKV3-20, IGKV1-39/1D-
39, IGKV4-1, IGKV1-5, and IGKV2-30'%3,

In comparison, 20 functional IGLV genes were identified in 97 IGL rearrangements, and the
top five expressed light chain genes were IGLV3-21, IGLV2-8, IGLV2-14, IGLV1-40, and
IGLV3-1. It is interesting to note that 77% of 179 IGKV and 71% of 79 IGLV gene
rearrangements used proximal cluster (closest to the IGLJ-IGLC pairs).

Moreover, a complete analysis of the CDR3 region showed that for most IGKV genes, similar
recombination patterns of CLL cells were observed in the sequences of normal and autoreactive
cells. A “CLL-biased” recombination pattern of IGKJ1-2 with IGKJ3-5 was found in some
IGKVs. For example, the IGKV3-11 is preferent combined with the IGKJ3-5. The length of
CDRa3 regions of light chains was considered to have a relationship with multiple antibodies or
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self-reaction reactions. KCDR3 was 6 to 11 amino acids in length (median nine amino acids);
LCDR3 was 8 to 13 amino acids in length (median 11 amino acids).

A study on the classification of g from CLL patients revealed that not only did the heavy chain
sequences show high similarity, but also their paired light chains showed a highly restricted
bias, thus opening up the understanding of light chains. Among these researches, one of the
most well-known light chains is IGLV3-21, expressed explicitly in subset #2 CLL, which
predicted patients to exhibit a poor prognosis. In recent studies, BCR-BCR interactions were
found in IGLV3-21 cells. Along with point mutation at the shear site between IGLJ3 and the
constant variable region due to SHM, resulting in the conversion of glycine to arginine at amino
acid position 110, the researchers found that this class of mutations, called IGLV3-21R10,
exhibits unique biological and clinical features in CLL2* (Figure 17). 62% of IGLV3-21R!10
patients do not express stereotyped IGHV, and all subset #2 CLL carry IGLV3-21R"1° which
means that subset #2 may be a subgroup of IGLV3-21R1%and emphasizes the importance of
this point mutation in CLL.
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Figure 17: Ca+ signaling by CLL subset #2 1IgM BCRs depends on a specific mutation from the germline
sequence.

The somatic mutation on the position of Arg110LGly (R100G) , Asp50LAla/Asp52LAla (D50A/D52A) , and
Lysl6LAla (K16A) can influence the Ca+ signal®?4.

To uncover the function of IGLV3-21RM0 researchers have compared the survival, and
phenotypic clusters between normal B cell, M-CLL, UM-CLL, and IGLV3-21R110 analyzed
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the characteristic of IGLV3-21R? patients, including identity to germline IGHV, VJ segments
usage. Most light chains expressed the same mutational status as their heavy chain. But IGLV3-
21R10 always showed composite mutational status compared with their IGHV. It showed
similar phenotype and clinical outcomes of U-CLL, independent of the mutational status of
IGHV, even though most of its concordant heavy chain identify between 97-99%. It has been
reported that the IGLV3-21R10 and lysine 16 (K16) in one BCR and aspartate (D) 50 and 52 in
the YDSD motif of a neighbor BCR, which correspond to trigger autonomous BCR signaling
of aggressive clinical course. And in the three reported IGLV3-21 alleles, only IGLV3-21*01
was associated with K16, and YDSD motif, compared with IGLV3-21 just used IGLV3-21*02
and IGLV3-21*03'% (Figure 18).
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Figure 18: The useage of heavy chains in IGLV3-21 with or without point mutation

The unique usage of IGHV and IGLV was shown in the bar graph. IGLV3-21 without mutation was more likely
combined with other IGHV or IGHV3-21*02 and 03. On the contrary, IGLV3-21 with point mutation was more
likely to be combined with IGHV3-21*01, especially in subset # 2125,

According to the results, researchers identified a subtype group 2L, which should expend subset
#2 CLL patients into IGLV3-21R10 CLL. Subtype 2L represented a poor prognosis and similar
clinical phenotype to UM-CLL, which comprises a large group of CLL patients, especially
borderline cases. The appearance of subtype 2L can answer the question of diagnosis in CLL
patients with 97-99% identity to germline IGHV.
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IV. The function of tp53 aberration in CLL
A. The role of tp53 in cancer

The tumor suppressor protein p53 is regarded as the guardian of the genome!?® and the
coordinator of the underlying processes of cancer'?’. Deletions of the short arm of chromosome
17 or tp53mutations, collectively known as tp53 aberrations, are the most common genetic
damage in solid and hematologic cancers. They lead to a significantly increased risk of cancer
development by many different pathways. P53 is a DNA-binding protein in which various stress
signals can act, including genotoxic damage, nutritional deficiencies, hypoxia, and sustained
inflammatory stress (e.g., I-interferon, interleukin 6)'%8. As a tumor suppressor protein, it
promotes tumor cell clearance by inducing cell death, fundamentally hindering the proliferation
of cells with DNA damaged *2° and helping to inhibit the growth of tumor cells. At the same
time, p53 induces cell cycle arrest!3°, which helps to resolve damage or helps cells to adapt to
stress™®!.

DNA-damaged cells lacking p53 protein due to tp53 aberration can tolerate genomic instability
and increase the risk of activating oncogenic signaling and the likelihood of cancer development
because p53 cannot bind to the target DNA32, As p53 can combine and regulate many vital
genes, it has been used as a predictive factor of different cancer types, evaluated the
developmental course and prognosis of cancer, as well as help to make therapeutic strategies
for routine chemotherapy and novel target drugs. However, the mechanism of p53 is not
understood very well. So the study of p53, whether in DNA, RNA or protein level, is
increasingly important in disease research and clinical practice, especially in the development
and progression of tumors.

B. Alternative splicing

Alternative splicing is a complex regulatory process. Exons are usually taken out of the genes,
after which they are arranged, joining adjacent exons. The differential selection of alternative
splicing leads to some exons or part exons being skipped and producing mRNAs in different
alignments. Alternative splicing is a necessary process because of the procedure of various
MRNA. One gene can generate different protein isoforms, which promotes protein diversity in
different tissues and plays a crucial role in biological differentiation and genome evolution. It
has been found that more than 95% of human genes depend on alternative splicing for
development, tissue specificity, and cell signaling. With the different isoforms, an isoforms
network exists, whether in isoforms of the same genes or among different genes. The regulation
of alternative splicing is a complex process that includes regulating cis-acting elements and
trans-acting factors. While additional molecular features, such as chromosome structure and
RNA structure, act synergistically to regulate alternative splicing and biological protein
diversity. Disruption of these processes may disrupt normal cellular function and disease
development.
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Figure 19: The mechanisms of the alternative transcription and alternative splicing.
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In recent years, more and more studies have reported the critical role of alternative splicing in
cancer. Abnormal alternative splicing can generate tumor-specific protein or break the balance
among isoforms (Figure 19). Besides the regulate factors, genetic mutations or chromosomal
aberration can also influence protein expression. Therefore, abnormal alternative splicing could
be essential and promising research whose prognostic and therapeutic values are not understood
clearly. Consequently, it is necessary to combine the mutational information of genes on DNA,
the chromosomal aberration, and the situation of alternative splicing on RNA to figure out the
relationship between chromosomal aberration, DNA mutations, and mRNA expression.

C. The research on the isoform of tp53 in cancer

In CLL, the mutation rate of tp53 is around 10%, which increases in patients who have relapsed
after accepting chemotherapy. Recently, with the development of NGS technology, there has
been an increasing number of studies on low-load tp53 mutations with a variant allele frequency

(VAF) of less than 10%. There has been attention to the fact that for patients with a VAF of
0.1%-10%"%, although their mutation burden is low, studies have found that most low
mutation-load tp53 has a poor prognostic impact on the patients. Therefore, despite the current
generation of VAF threshold determination with only a 10% tp53 mutation rate, some other
factors must influence the function of tp53, including protein and transcriptome level analyses.
Hence, it is crucial to make a combination of different kinds of abnormality, like tp53 mutation,
deletion of chromosome 17p, and expression level of p53 isoforms in transcription and
translation level, to reveal its role in the development and progression of CLL. To accomplish
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this, we need to understand the principles and potential mechanisms of p53 isoforms and
molecular interactions.
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Figure 20: Human tp53 Isoforms.

Because of two promoters and alternative splicing, the tp53 gene can transcript into 12 kinds of mRNA. As shown
in the figure 20, at the N-terminal, they can start at codon 1 or 40, expressing the full-length p53 and A40p53,
respectively. The other two transcriptions were produced by promotor 2. Their protein begins at positions 133 and
160, respectively, named A133p53 and A160p53. At the c-terminal, the alternative splicing site was located on
exons 9, named o, B, and .

The tp53 gene is distributed on 11 exons on chromosome 17p13. So far, researchers have found
that tp53 can generate 12 different kinds of p53 protein isoforms®34, where isoform expression
is regulated at the transcriptional level by two promoters and alternative splicing among 11
exons (Figure 20). The mRNA fragment transcript by promoter 1 (P1) translates either full
length p53 (TAp53) or A40p53 starting from codon 40. While mRNA transcript by promoter 2
(P2) would translate from methionine at codons 133 and 160, synthesizing A133p53 and
A160p53 isoforms. In addition to different splicing sites at the N-terminal, alternative splicing
of C-terminal exon 9 generates three other isoforms, o, and y. Among them, o retains all exons,
while both exons 9B and 9y have stop codons that result in post-translational C-terminal
truncations of different lengths.

The function of p53 is dependent on the six structural domains. Starting at N-terminal, there are
two trans-activating structural domains I and Il (TAD I and TAD II) with amino acid codes 1-
40 and 41-67, respectively, which can independently activate the transcription of target genes.
The proline-rich structural domain (PRD) with amino acid codes 68-98 mediates the interaction
between proteins in signal transduction'®® that are required to trigger apoptosis and growth
inhibition!®. The DNA binding domain (DBD), the most critical part of p53, can specifically

recognize and bind the double-stranded response element on target genes'®’. The oligomeric
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structural domain (OD) contributes to the deformation of bound DNA, and its interaction with
the DBD facilitates binding to DNA. It is noteworthy that all isoforms of p53 contain OD. The
C-terminal structural domain (CTD) controls the structure and function of the complete protein.

Table 7: p53 isoforms: their cellular effects and appearance in various cancer types.

Description of p53 Isoformst® Biological effects Associated cancers

Colorectal cancer

AML

TAp53B lacks 52 amino

TAPS3p acids from the C-terminus Promotes senescence Renal cell carcinoma
Breast cancer
Squamous cell carcinoma
TAp53 lacks 47 amino acids Cyto_toxm . e cancer
TAp53y from the C-terminus predict a favorable overall survival  AML
and a low cancer reoccurrence Uterine carcinoma
-terminal truncate nduces ce ea .
N-t |t ted p53 Ind I death Mucinous ovarian cancer
A40p53 . Ovarian cancer
starts from Met 40 tumor suppression . .
Li-Fraumeni syndrome
Pro-survival factor Colorectal cancer
A133p530 N-terminal truncated p53 Inhibits senescence oo oo cancer
p starts from Met 133 May rescue embryogenic cells Primary breast cancer
from radiation-induced apoptosis y
Enhances cancer cell
N-terminal truncated p53 S stemness in breast cancer
Promotes epithelial-mesenchymal .
starts from Met 133 and also o Expressed in melanoma cell
A133p53p lacked 52 amino acids from transition in breast cancer cells lines
. Fosters cancer stem cell potential
the C-terminus Increased  breast  cancer
pervasiveness
. Induce mutant-like phenotypes
A160p53 ltigEiEe Gl e, Involved in oncogenic mutant p53 -

starts with Met 160

gain of functions

P53 isoforms have clear clinical relevance!®, as p53 isoforms have shown differential
expression in different tumor studies®**, and some isoforms are aberrantly expressed in specific
tumor tissues. For example, in breast cancer, the tp53gene mutation rate was only 25% in all
patients, but its 60% reduction in P53 and y expression was accompanied by a 40% increase
in A133p53 expression®*?. Similar results were observed in acute myeloid leukemia (AML),
where the expression of both p53p and y isoforms were significantly altered, but only 10% of
patients showed tp53 mutations'*!. Thus, all these results emphasize the vital role of p53
isoforms in cancer disease and the need for a clinical database of p53 isoforms between normal
and tumor samples from different tissues.
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The different isoforms of p53 can homodimerize or oligodimerize to perform their function.
As summarized in the Table 7, A40p53 is translated from codon 40. It retains most of its
functional regions compared to the full-length p53 protein, lacking only TAD | but maintaining
the function of the TAD Il region. This isoform binds to TAp53 in vivo and thus regulates its
activity’*2. Due to its different trans-activating structural domains can combine with various
target genes and induce a different response than full-length p53 protein. A40p53 has a higher
propensity to form oligomers than TAp53, so a small number of A40p53 can significantly
impact the p53 pathway*®, and studies have shown that A40p53 balances the regulation of
tissue regeneration and tumor suppression#4,

A133p53 truncates a region that included all TAD (I and Il region) and part of DBD, so the
A133p53 isoform showed a more dramatic effect on the p53 pathway. Studies have shown that
this isoform can support cell survival by inducing the expression of specific genes to inhibit
apoptosis* and regulate immunity and angiogenesis?*®. It is also concordance that in many
malignance diseases, A133p53 is always expressed more highly than in normal tissues.
A160p53 is the minimal isoform of p53. Due to its deletion of a significant part of the DBD
region, it may produce effects similar to tp53 mutations. Interestingly for frequent tp53point
mutations, such as in R175H, R248Q, A160p53 expression levels are significantly elevated®’.

D. The routine method of testing the expression of p53 isoforms

The researchers usually detect the p53 isoforms at mMRNA and protein levels.

TP53

PI TApS3 (q, B, V) TAp53a: E1-E2-E3/8-E9-E10-E11
TAp53B: E1-E2-E3/8-E9-E9-E10-E11
TApS3y: E1-E2-E3/8-E9-E9y-E10-E11
A40p53 (@, B, Y) A40p53a; E1-E2-12-E3/8-E9-E10-E11
A40p53B: E1-E2-12-E3/8-E9-E9B-E10-E11
A40p53y: E1-E2-12-E3/8-E9-E9y-E10-E11

P2 A133p53 (a, B, V) A133p53at: 14-E5/8-E9-E10-E11
A133p53p: 14-E5/8-E9-E9B-E10-E11
A133p53y: 4-E5/8-E9-E9y-E10-E11

Figure 21: The promoters of p53 and each sequence of isoform.

On the transcriptional level, the tp53can generate at least nine different mature mRNA variants
by two other promoters. Researchers used reverse transcription polymerase chain reaction (RT-
PCR) to detect the expression of p53 at the RNA level (Figure 21). Real-time quantitation PCR
(RT-gPCR) is also used if the studies need precisely quantify the expression level. For
quantifying the p53 isoforms, specific regions corresponding to each isoform were selected.
The primers forward and reverse were near the particular areas. After amplification, the probe
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belonging to the specific region will quantify the expression level of different isoforms. There
is also a common region expressed in all isoforms to quantify total p53 mRNA expression.
Many reports have investigated that different human tissues express different p53 isoforms at
transcriptional levels. However, cancers can develop when the balance between different
isoforms is broken. For example, many cancers have shown a higher expression level of
A133p53 than normal tissues, whereas p and y isoforms seem to disappear in human cancer
cells!*8. Considering different isoforms showed different functional regions, it is necessary to
build up a database of the mMRNA expression level of normal and malignant tumors. And so,
because of the limited number of antibodies of all p53 isoforms, the only method to quantify
the expression level of p53 isoforms is RT-qPCR. Therefore it’s crucial to establish the standard
protocol to uncover the characteristic of p53 isoforms at the mRNA level.

Although the limited antibodies with a different efficiency are used in p53 isoforms, it is crucial
to detect the expression of p53 isoforms at protein level for analysising the function of each
isoform and understanding the network among different proteins (Figure 22). The standard
method to test the expression of proteins is Western Blotting by several specific antibodies to
distinguish functional regions of p53.

SAPU SAPU SAPU
Polyclonal pligl L1
Antibodies 1-92 280-290 340-393
Monoclonal | po7 BP53.10

DO-1 1801 DO-12 421 ICA9
Al1tib0dies 20-25 46-55 256-270 371-380 388-393
TADI TADII PXXP HD kDa
TApS3 |- ]| s
R s o = "
tapssy [ ] I (oooirRweyFLINSs 48
A40p33a - | a7
oy - p
A40p53y Il »oioiRwovFLINSs 42
MAP4-9

Al33p53a [Cx i [V ] V] - 1 35
A133pS3p /= 1 29
A133pS3y [ Il oooiRwovFLINSs 29
A160p53a [ |- ] =
A160p53p [ = 26
A160p53y [ Il »iioiRWCYFLINSS 26

Figure 22: The specific antibodies of p53 isoforms in humans.

According to the specific antibodies that combine with dinstinctive epitopes, we can compare
the different expression levels of isoforms. Some antibodies can also distinguish different kinds
of p53 isoforms shown in the picture. The MAP4-9 can detect the expression of A133p53
isoforms, including A133p53a, A133p53p, and A133p53y. The KLCS8 can combine with the
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epitopes unique to B p53 isoforms, including TAp53B, A40p53PB, A133p53B, and A160p53P.
Besides monoclonal antibodies, there are also polyclonal antibodies that are used in research.
They can combine N-terminal and C-terminal simultaneously, making it possible to compare
the different expression levels between isoform expressed N/C-terminal and truncated N/C-
terminal. However, the method of detection of p53 isoforms still needs to be improved,
especially in developing specific antibodies that can recognize single isoforms.
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V. The object of this thesis

This study aims to improve the practical application of NGS in CLL continuously. Researchers
can co-operate with multiple experiments on one platform and improve the cytological
information detection rate in CLL patients. By placing the detection of numerous vital genes
within the same testing environment and combining it with clinical data, we can assess the
survival prognosis and treatment of patients and identify biomarkers with the potential to play
a vital role in staging the disease and evaluating prognosis.

Therefore, we selected to detect the mutational status of heavy and light chains and the
expression of tp53 gene alternative splicing at the transcriptional level. Firstly, we want to
compare the conventional detection methods and get more information about immunoglobulin.
Because most studies now focus on the heavy chain's mutational status, the light chain's value
has been underestimated. The information on light chains obtained simultaneously by 5’RACE
can also help us further analyze the pathogenesis and prognostic value of light chains in CLL.
Secondly, tp53 aberration is another important biomarker in CLL, which play a crucial role in
relapse patients and evaluating immunochemotherapy strategy. The current methods to
diagnose the tp53 aberration are FISH, which detects chromosomal deletion at the tp53 gene-
related position on the short arm of chromosome 17, and sequencing exon 4-9 of tp53 to
calculate mutation VAF value. However, all these methods tested the abnormality at the DNA
level, and more and more studies have emphasized the value of alternative splicing of p53
transcription. So, in this study, we try to investigate the expression level of p53 mRNA, the
clinical significance of different isoforms of p53 mRNA, and analysis the influence of other
genes on the transcription of p53, including tp53 aberration, unmutated IGHV, NOTCH1mut,
SF3B1mut, and abnormal chromosome. It is the first study of alternative splicing of tp53 gene
expression at the transcriptional level in CLL. Also, it’s the first time RT-MLPA combined with
high-throughput sequencing to analyze the bio-information of MRNA p53 in CLL patients.
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MATERIALS AND METHODS
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I. Patients and samples

A series of 81 patients diagnosed with B-cell CLL with IGHV mutational status results from
Biomed-2 in Centre Henri Becquerel were included between July 1, 2002, and July 1, 2020. To
compare the sensitivity and ability of the two methods (Biomed-2 and 5’RACE), we chose
cases with different intervals of IGHV identity. There were 14 unmutated cases (99-100%), 21
borderline cases (97-99%), 34 mutated cases (<97%), and 12 double rearrangement cases which
Biomed-2 diagnosed.

To analyze the alternative splicing of tp53 in CLL, we retrospectively collected data from 114
patients diagnosed with CLL in Centre Henri Becquerel between January 1, 2002, and July 1,
2021. The CLL diagnosis was determined by at least two cytologists with ten years of
experience, according to the criteria of the recently updated WHO diagnosis guideline?.
Inclusion criteria were the complete clinical data and follow-up, available tumor RNA at the
time of diagnosis. Mutations of tp53 were identified through NGS sequencing (covering exons
2 to 11), allowing the detection of low-frequency variants down to 1% VAF. IGHV mutational
status was available for 94 patients. We also get the evaluation of single nucleotide
polymorphisms (SNPs) identified through the NGS by the same sequencing plateform.

Il.  Preparation of RNA

Mononuclear cells were isolated by density gradient centrifugation (lymphoprep, 15 min at
2000 g). According to the instruction manual, RNA was isolated from peripheral blood
mononuclear cells (PBMCs) using the RNA NOW kit (Biogentex, Seabrook, TX, USA) and
stored at —80°C in water. RNA concentrations were determined using a nanodrop
spectrophotometer.

1. S’RACE

It is a molecular biology technique that makes it easy to determine the 5 'sequence of an RNA
transcript expressed by a cell. We start by producing cDNAs from RNA, after which we add a
poly-A tail via a terminal transferase (TT) to allow the initiation of PCR amplification.

Stage 1: A mix containing, for each sample, 4pL of buffer 5% 2pL DTT at 100mM, 1 pL
Primers RT 0.1 pM (Table 8), and 11 RNA. And then, the mixture was incubated for 2
minutes at 80<C, 5 minutes at 37 <C, and finally cooled at four <. Added 1 L of transcriptase
inverse (RT MMLYV), incubated 1 hour at 37 <C, 2 minutes at 98 <C, and cooled at four <C.

Table 8: RT Primers.

Primers RT 5’---3’
Primer_RT_IgM AAGTGATGGAGTCGGGAAGG
Primer_RT_IgG CGCCTGAGTTCCACGACA
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Primer_RT_IgA GGAAGAAGCCCTGGACCAG
Primer_RT_IgE AGGTGGCATTGGAGGGAAT
Primer_RT_IgD AGGGCTGTTATCCTTTGGGT
Primer_RT_IgK CACACAACAGAGGCAGTTCC
Primer_RT_IgL123 TCAGAGGAGGGCGGGAAC
Primer_RT_IgL7 CCGGGTAGAAGTCACTTACGA

Stage 2: The resulting product from stage 1 is purified using bills Ampure. For each sample,
we added 20 pL H20 and 40 pi bills Ampure, mixed, and incubated at room temperature for
5 minutes. We used a plate magnet and magnetic beads to wash the samples. After adding 80%
alcohol to wash the magnetic beads twice, we entirely remove the alcohol and wait until after
the magnetic beads are dry (not more than 5 minutes). Add 12 ml of water to wash away the
cDNA contained on the magnetic beads. We used the magnetic plate again to suck out 10 ml of
the liquid. For the terminal transferase, we added 5L TdT Buffer 10X, 5l CoCI2 at 2.5 mM,
0.54L dATP at 10mM, 0.5l terminal transferase (20 units/pL), and 29 water for each
sample. The mixture was incubated for 30 minutes at 37 <C, 10 minutes at 70 <C, and cooled at
four <C.

Stage 3: The last step of 5’RACE is PCR (polymerase Chain Reaction). PCR allows the in vitro
exponential enzymatic synthesis of multiple copies of a DNA sequence by a cyclic process
(denaturation, hybridization, extension) based on temperature variations. The objective is to
obtain a considerable quantity of the DNA sequence studied to detect it.

1. First Amplification

For each sample, we mixed 25 L Q5 High-Fidelity 2X Master Mix, 1L 11_PolyT(20) at
2.5uM, and 23 cDNA with A-tailed. Then the mixture was placed in a thermocycler. After
the first cycle (Table 9) finished, 1L 12_Primer_Nested_Pool at 2.5pM was added (Table
10). The program restarted on the second cycle.

Table 9: The temperature of the first amplification.

Number of cycles Denaturation hybridization extension
First cycle 3minat98°C 5minat52°C 3minat72C
Infinite

Second cycle 30 sec at 98°C 5minat52 C 3minat72C
17 cycles 30 sec at 98°C 30 sec at50 'C 1minat72 C
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Last cycle 30 sec at 98°C 30 sec at 50C 2minat72C

Table 10: Nested 12 Primers.

Primers Nested
12_Primer_Nested_IgM AAAAGGGTTGGGGCGGAT
12_Primer_Nested_lgG GGAAGACCGATGGGCCCTTG
12_Primer_Nested_IgA GAGGCTCAGCGGGAAGAC
12_Primer_Nested_IgE AAGGGGAAGACGGATGGGCT
12_Primer_Nested_IgD ATGGGGAACACATCCGGAGC
12_Primer_Nested_1gK CAGATGGCGGGAAGATGAAG
12_Primer_Nested_IgL1 AGTGACAGTGGGGTTGGCCT
12_Primer_Nested_IgL237 ACAGAGTGACCGAGGGGGCA

2. Second Amplification

For each sample, 25 Q5 High-Fidelity 2X Master Mix, 18l H20, 1L P5 12 at 5pM, and
1l P7_Index_Hybl1-Truseq at five UM (Bar code) have been prepared for each 5l PCR1.
The mixture was lanced on the thermocycler (Table 11).

Table 11: The temperature of the second amplification.

Number of cycles Denaturation Hybridization Extension

First cycle 3minat 98°C 30 sec at 52°C 1minat72°C
18 cycles 30 sec at 98°C 30 sec at 52°C 1minat72°C
Last cycle 30 sec at 98°C 30 sec at 52°C 2minat 72°C

To 50 of PCR product, 50l of Ampure XP beads were added (mixed and incubated for 5
minutes at room temperature), then the ethanol washing steps were repeated (see above).

The sample was removed from the magnet, and 40 L of TE was added (mixed and incubated
for 2 minutes). Finally, the plate was put back on the magnet (1 minute) to transfer 38 of the
supernatant to a new plate. The samples were dosed to know the quantity of cDNA (pg / L)
and to determine the dilution factor using a Qubit type fluorimeter and a Qubit HS Kit.
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Next Generation Sequencing (NGS) (Figure 23)
1. Sample preparation

It is done by dilution, denaturation, and mixing of the purified PCR products. These products
were diluted to 4nM with EBT (convert pg/pL into nmol/l), and the pool samples (groups)
volume by volume to constitute a library. For the denaturation of the library, a mix containing
5 uL of a fresh solution of NaOH (probe) at 0.2 N and 5 pL of the library at 4 uM was prepared
(vortex, centrifuge, incubate for 5 minutes at room temperature). To this mix was added 990
pL of cold HT1. We obtained 1ml of library denaturation at 20 pM.
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Figure 23: Procedure of 5° RACE.

It included three steps before sequencing: step 1 is reverse transcription, producing a single strand cDNA, step
2 consists of adding the poly-A tail, and step 3 is a two-round PCR amplification adding P7 and P5 adaptors as
well as individual barcodes.
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2. Sequence

The sequencing cartridge, supplied in the NGS kit, and reagents were loaded with our reagents:
6004 of sequencing primers at 0.5uM in wells 18 and 19, 600 of the library in the "Load
Sample"” well. The flow cell was previously rinsed, dried, cleaned, and placed on the Miseq
plate. The flow cell is a slide comprising channels lined with primers sequences
(complementary to a portion of the adapters), on which the strands of DNA that one wishes to
sequence will attach. PR2 replaced the washing bottle, the cartridge was inserted in the
refrigerated compartment, and the run started.

[llumina method: according to the Illumina solexa method, the DNA fragments to be sequenced
hybridize and are amplified directly on the flow cell. We then obtain clusters (a large number
of copies of the fragment to be sequenced). Subsequently, the sequencer proceeds to sequence
these fragments via reversible fluorescent nucleotides (nucleotides A, T, C, and G carry a
fluorochrome and a blocker). The sequencing occurs in a succession of cycles (addition of a
complementary labeled nucleotide-fluorescence signal-photo). The blocker and the fluorescent
group are removed to move on to the following process. The sequencer converts the
fluorescence signal obtained in the photos by the incorporated nucleotide, forming a sequence.

Table 12: Primer of the search pattern.

Primer Search pattern

IgM GAATTCTCACAGGAGACGAGGGGGAAAAGGGTTGGGGCGGATGCACTCC

19G1234 GGAAGACCGATGGGCCCTTGGTGGAGG

IgA GAGGCTCAGCGGGAAGACCTTGGGGCTGGTCGGGGATG

IgE AAGGGGAAGACGGATGGGCTCTGTGTGGAGG

gD ATGGGGAACACATCCGGAGCCTTGGTGGGTG

IgK CAGATGGCGGGAAGATGAAGACAGATGGTGCAGCCACAGTTC
IgL1 AGTGACAGTGGGGTTGGCCTTGGGCTGAC

IgL237 ACAGAGTGACCGAGGGGGCAGCCTTGGGCTGAC

Bioinformatic analysis

Each FASTQ was analyzed using a dedicated bioinformatics pipeline composed of four steps:
identifying and trimming primer sequences, correcting sequencing artifacts, identifying VDJ
recombination, and finally, mutation rate estimation.

1. Sequence identification
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Primers were designed to capture immunoglobulin (Ig) heavy and light chains. An exact linear
search for primer patterns was first performed to assign each read to its chain. An Aho-
Corrasick!#® data structure is computed from the designs presented in Table 12 to ensure an
efficient linear search of the primer sequence in each read. Only sequences having an expected
primer were retained for further analysis.

2. Sequencing artifact correction

An occurrence table is built from all the trimmed sequences. To prevent reads with sequencing
errors from being considered real mutations, reads with a low occurrence are compared to those
with a high occurrence to identify whether a low base quality score could explain observed
substitutions. In practice, this comparison is performed exclusively for sequences of the same
length and within the limit of two substitutions at most. If the observed mismatches have a score
strictly less than Q30, then the wrong read is discarded.

3. ldentification of VDJ recombination

Reads were compared against known V, D, and J germline sequences using lgBlast v1.15.0°,
Germline V, D, and J sequences of Ig were downloaded from the international
ImMunoGeneTics information system® (IMGT/V-QUEST®™). All Ig V, D, and J sequences
were combined into separate FASTA files and used as search databases. Rearrangement
summary reports are then used to annotate the sequences and estimate the mutation rate.

4. ldentification of mutation status

Mutation status was determined by percent homology with germline. A clone with more than
98% homology was considered unmutated and vice versa. Some cDNAS can carry one or more
STOP codons (TGA, TAG, TAA), also called nonsense codons, or be out-of-frame (out of
reading frame). Not translated into immunoglobulin, this kind of transcribed DNA would be
identified as unproductive rearrangements.

IV. RT-MLPA

RT-MLPA high-throughput sequencing
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Figure 24: The principle of the RT-MLPA.

The probe pair for each tp53 exon junction comprised left hybridizing sequencing (LHS) and right hybridizing
sequencing (RHS). LHS included 5’ universal adaptor sequences, 7N random sequences (UMI), and left probe
oligonucleotide (LPO) from 5 to 3°. RHS had right probe oligonucleotide (RPO) and 3’ universal adaptor
sequences from 5’ to 3°. After the probes are hybridized and ligated, we use libraries by P5 and barcode P7 adaptor
primers to classify samples.

The probes of MLPA were designed according to the procedure named “Designing synthetic
MLPA probes” from MRC-Holland except for PCR primer sequences®®2. Probe pair for each
tp53 exon junction, including Left and Right Probe Oligonucleotide (as presented in figure 24).
To prepare the sequencing library, we added forward and reverse primers binding sites as 5’
adaptor sequences (5’GTGCCAGCAAGATCCAATCTAGA3’) on LPO and 3° adaptor
sequences (5"TCCAACCCTTAGGGAACCC3’) on RPO, named Left and Right Hybridizing
Sequence as sequencing primers. To eliminate PCR bias, we added 7 N random sequences at
the 5’ end of LHS as Unique Molecular Identifier (UMI). As illustrated in Figure 24, LHS and
RHS are directly adjacent and exactly reverse-complimentary to cDNA from target RNA.

The RNA obtained from samples was reverse transcribed into cDNA. Each sample added a 3.75
uL mix RT, which included 1.25uL Tampon 5X, 0.5uL DTT 100mM, 1uL dNTPs 10mM, and
one hexamers 100 pmoles/uL, reverse transcription by 80°C 2 minutes, followed 37°C for 5
minutes and added 0.5uL RT 100u in 37°C 15minutes and 98°C 2 minutes.
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After we got the cDNA, we hybridized it with LPOs and RPOs for each exon (Table 13). For
each sample from the first step, add 1.5uL. MLPA Buffer and 1.5uL Mix Oligos RT MLPA for
95°C 2 minutes and 60°C for an hour. Following that, we used Mix Ligase 65, including 25uL
H-0, 3uL Ligation buffer A, 3uL Ligation buffer B, and 1uL ligase 65, and directly added the
mixture on the Thermo at 54°C. After 54°C 15 minutes and 98 5°C minutes, we can do the PCR
to amplify the sequence.

We take five products of ligation of each sample and add 12.5uL mix Q5, 5.5uL H20, and 2uL
mix oligos P5 12 and P5 BC I1. The program of PCR starts at 94°C for 6 minutes, followed by
35 cycles at 94°C 30 seconds, 58°C 30 seconds, and 72°C 30 seconds, and ends at 72°C 4
minutes.

The ligated probes were purified by Ampure magnetic beads and used as PCR templates to
prepare libraries using P5 and barcode P7 adaptor primers. Different samples constituted
libraries were pooled into a single sequencing assay and then classified according to the barcode
contained in the P7 adaptor primers.

Sequencing data were aligned to the hybridizing sequences of all gene probes and analyzed to
calculate the number of sequence reads that contained both LHS and RHS. Relative expression
levels of each exon junction were compared with the ratio of corresponding reads among the
total reads of tp53.

Table 13: The probes of aim exon of tp53.

Probes Seq

TP53Exonl LPO GACACGCTTCCCTGGATTGG
TP53Exon2 RPO CAGCCAGACTGCCTTCCGG
TP53Exon2 LPO TCAGGAAACATTTTCAGACCTATGGAAACT
TP53Exon3 RPO ACTTCCTGAAAACAACGTTCTG
TP53Exon3 LPO ACTTCCTGAAAACAACGTTCTG
TP53Exon4 RPO TCCCCCTTGCCGTCCCAAGC
TP53Exon4 LPO AGCCAAGTCTGTGACTTGCACG
TP53Exon5 RPO TACTCCCCTGCCCTCAACAAGAT
TP53Exon5b RPO ATGTTTTGCCAACTGGCCAAGA
TP53Exon5 LPO AGCGCTGCTCAGATAGCGATG
TP53Exon6 RPO GTCTGGCCCCTCCTCAGCAT
TP53Exon6 LPO TGCCCTATGAGCCGCCTGAG
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TP53Exon7 RPO GTTGGCTCTGACTGTACCACCATCC
TP53Exon7 LPO CCATCATCACACTGGAAGACTCCAG
TP53Exon8 RPO TGGTAATCTACTGGGACGGAACAGCT
TP53Exon8 LPO CCCCAGGGAGCACTAAGCGAG

TP53Exon9 RPO CACTGCCCAACAACACCAGCT

TP53Exon9 LPO ACTGGATGGAGAATATTTCACCCTTCAG
TP53Exon9 RPO GACCAGACCAGCTTTCAAAAAGAAAATTGT
TP53Exon9g RPO ATGCTACTTGACTTACGATGGTGTTACTTC
TP53Exon9bg LPO CTGATAAACTCGTCGTAAGTTGAAAATATT
TP53Exon10 RPO ATCCGTGGGCGTGAGCGCTT

TP53Exon10 LPO GGGAGCAGGGCTCACTCCAG

TP53Exonll RPO CCACCTGAAGTCCAAAAAGGGTC
TP53Exon4 codon72 mut RPO GCGTGGCCCCTGCACCAGCAG

TP53Exon4 codon72 LPO ATGCCAGAGGCTGCTCCCC

TP53Exon4 codon72 wt RPO CCGTGGCCCCTGCACCAGCAG

V. QMPSF

Based on the simultaneous amplification of short genomic fragments using dye-labeled primers
under gquantitative conditions, QMPSF was proved a sensitive method for detecting genomic
deletions or duplications!®3!>4, Seven genes located in the commonly deleted regions of
chromosomes 6, 11, 13, 17 and the more frequently gained regions in trisomy 12 were selected
as target genes, namely SEC63 at 6921, ATM at 11922, DLEU?Z at 13914, and TP53 at 17p13
and 17p13.1, POU6GF1 at 12913 and MDM2 at 12q15.

VI.  Statistical analysis

The statistical analysis was performed using SPSS v17.0'* and GraphPad Prism 5.0 software®%®,
OS was measured from the time of diagnosis to the date of death or last living follow-up. TTFT
was calculated from the time of diagnosis to the date of the first treatment or last living follow-
up. All survival data were compared using the Kaplan—Meier and log-rank tests. The correlation
between heavy and light chains' mutations were established using Spearman’s correlation test.

Comparisons between variables were assessed by the Chi-square test (and Yates’ correction),
Fisher’s exact test for qualitative variables, and t-tests or non-parametric Mann—Whitney test
for quantitative data. To describe the linear association between the expression of each exon

junction, a multiple linear regression model was developed by the stepwise method. Correlation
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between the mutation ratio of p53R72P obtained by NGS and RT-MLPA high-throughput
sequencing was established using Spearman’s correlation test. All tests were 2-sided, and
statistical significance was defined as a P value < 0.05.
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RESULTS
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I. Relationship between the mutational status of IGHV and

IGLV and the clinical value of IGLV
A. Problem

B-cell CLL, the most common leukemia®®’, is a heterogeneous disorder with a remarkably
variable natural history and prognosis with leukemic B cells ranging from functionally allergic
to highly proliferating. Some CLL patients survive for years without therapy, while others pass
away quickly due to progressive disease. Even though different biologic markers are available
to help clinicians predict prognosis and make the best treatment decision, the biology and
pathogenesis of CLL remain poorly understood.

One of the best prognostic and therapeutic markers in CLL identified more than three decades
ago® is the mutational status of IGHV®8, Survival analysis has shown that patients with
mutated BCR (M), where the IGHV region has undergone SHM and expressed less than 98%
identity than the germline sequence, have more prolonged survival than unmutated cases (UM)
significantly. Furthermore, multivariate analyses have confirmed that this mutational status is
a solid independent poor prognostic marker in this pathology**®.

In the clinic, IGHV mutational status is commonly evaluated by PCR-based immunoglobulin
clonality testing addressed through the alignment of the sequence detected in CLL cells with
dedicated immunoglobulin gene databases using a 98% homology threshold!?’. However, as
the presence of a single mutation (representing the deviation from germline) can significantly
impact the biological results, this threshold has been challenged. The observation of so-called
‘borderline’ CLL cases with 97-98.9% IGHV identity has raised the question of whether they
should be considered M- or UM-CLL, To address this question, the European Research
Initiative on CLL (ERIC) has recently published guidelines emphasizing that caution should be
used when employing any threshold to evaluate biological results'®®. The ERIC initiative has
also identified three additional categories of problematic cases!'®: (1) an unproductive IGH
VDJ rearrangement (which does not code a functional BCR) is exclusively detected; (2) two
productive rearrangements with discordant mutational status are identified; and (3) the CDR3
region, which codes the whole D segment and part of the V and J segments, lacks critical
residues. The guidelines also emphasize the importance of analyzing the entire variable region
of the IGH gene to obtain reliable results.

In addition to the mutational status of the heavy chain, other features of the BCR can also
participate in classifying CLL patients into different prognostic subsets'®-163, For example, the
light chain repertoire is biased, and some IGKV/IGLV genes are used more often in CLL than
in normal B cells®?3, Other studies have also demonstrated that independent of IGHV
mutational status, the IGLV3-21 light chain is associated with a poor prognosis!?>1%4, However,
this characteristic is rarely evaluated during routine diagnosis due to the difficulty of analyzing
the rearrangements of the BCR light chains at the molecular level.

Today, amplifying the IGH VDJ region by PCR starting from gDNA extracted from a blood
sample followed by Sanger sequencing is regarded as the standard method for evaluating the
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IGHV mutational status'?°. This analysis requires six independent PCR amplifications, which
is time-consuming and needs a high level of expertise, particularly for interpreting problematic
cases. Other methodologies have recently been proposed to address these difficulties associated
with the democratization of NGS platforms in routine diagnosis laboratories!®,

In this study, we evaluated the advantages of one of the NGS methodologies based on a
simplified multiplex 5> RACE BCR analysis method adapted to a routine diagnosis workflow,
which allows the simultaneous characterization of the immunoglobulin heavy and light chains
repertoire in CLL.

B. Results
1) The stable of 5’RACE in testing the mutational status of IGHV
a. The concordance and discordance of two different methods

Comparison of the characterization of the mutational status by conventional methods and
by 5> RACE

The results of 81 patients assessed by 5° RACE and conventional multiplex PCR following the
Biomed-2 protocol are summarized in Table 14 and Figure 25. The evaluation of the IGHV
mutational status returned concordant results in 6 patients (93.8%) with 27 unmutated, 47
mutated, and two patients with double (one mutated and one unmutated) rearrangements. Five
patients obtained discordant results from the two methods. Specifically, three unproductive, 1
unmutated, and 1 double IGHV rearrangement were reported based on Biomed-2 results, which
were reported as 3 productive mutated, 1 mutated, and 1 triple IGHV rearrangement by 5’
RACE, respectively. When we compared the sequences of these five patients, different
conclusions were obtained for four patients (#64, 76, 78, and 80) based on the two methods,
mainly due to the poor quality of the Sanger sequencing, even though clones were identified on
gel electrophoresis.

In contrast, 5° RACE unambiguously demonstrated that all 4 cases expressed productive
sequences and solved technical problems due to the co-expression of three productive
rearrangements, 2 mutated and one unmutated gene. For patient #42, the two methods yielded
the same sequence and CDR3 results, but the mutation identification rate differed (98.3% for
Biomed-2 and 97.5% for 5> RACE). This result indicates that caution should be taken when
reporting conclusions regarding the mutational status of IGHV in borderline cases with 97-99%
homology. And we also observed different kinds of heavy and light chains were biased.

Table 14: 5° RACE and Biomed-2 Results.

IGH (Biomed-2) IGH (5° RACE) IGL (5’ RACE)
Mut Mut Mut

\Y; D J Ig \Y; D J Ig Vv J
UM 1d% UM 1d% UM 1d%

1

U

99

IGHV1 IGHD6 IGHJ4 U 100 M/D IGHV1-2 IGHD6-19 IGHJ4 U 100 K IGKV1-39 IGKJ2
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IGKV1-39

IGKV6-21

IGKV1-33

IGKV4-1

IGKV2-28

IGKV1-5

IGKV3-15

IGKV2-28

IGKV3-15

IGKV2-28

IGKV1-39

IGKV3-11

IGKV3-11

IGKV1-33

IGKV1-12

IGLV3-21

IGLV3-21

IGLV3-21

IGLV3-1

IGLV3-21

IGLV1-44

IGLV3-21

IGLV3-21

IGKV1-39

IGKV3-20

IGKV1-8

IGKV1-8

IGKV3-15




98.3

IGHV3-48

IGHD3-3

IGHJ6

97.5

M/D

IGHV3-48

IGHD3-10

IGHJ6

96.9

97.4

96.1

IGKV1-8

IGKV1-5

IGKV1-5

IGKV1-8

IGKV4-1

IGKV1-12

IGKV3-20

IGKV1-5

IGKV3-20

IGKV3-15

IGKV6-21

IGLV3-21

IGLV2-23

IGLV2-11

IGLV2-14

IGLV3-21

IGLV1-47

IGLV2-11

IGL

IGLV3-25

Polyclone light chain is short

98.7

98.8

98.8

98.7

99.3

99.4

98.9

99.6

99.6

98.3

K

IGKV2-30

IGKV1-16

IGKV4-1

IGLV3-21

IGLV3-21

IGLV3-21

IGLV3-21

IGLV3-21

IGLV3-21

IGLV3-21

IGLV3-21

IGKJ3

IGKJ1

IGKJ1

IGKJ1

IGKJ4

IGKJ4

IGKJ1

IGKJ2

IGKJ2




64

78

80

M

M

97.6

98.6

91

95

99.7

IGHV3-13*

IGHV4-39

IGHV1-69

IGHV4-34*

IGHVA4-61*

IGHV3-33*

IGHV1-69

IGHV3-33

IGHD2-2

IGHD6-13

IGHD2-15

IGHD5-18

IGHD2-2

IGHD3-10

IGHD5-24

IGHJ4

IGHJ5

IGHJ4

IGHJ5

IGHJ6

M

M

M

97.9

97.3

91.2

93.7

93.1

100

M/D

G/M

G

M

M

M

=

=

D

D

IGHV3-48

IGHV3-13*

IGHV4-39

IGHV1-69

IGHV4-59

IGHV4-4

IGHV3-23

IGHV1-69

IGHV2-5

IGHV3-33

IGHD4-17

IGHD2-2

IGHD6-13

IGHD2-15

IGHD6-19

IGHD3-10

IGHD2-21

IGHD3-10

IGHD1

IGHD5-24

IGHJ4

IGHJ4

IGHJ5

IGHJ4

IGHJ4

IGHJ4

IGHJ6

99.6 IGLV3-21 IGLJ3
99.1 IGLV3-21 IGLJ3
99.4 IGLV3-21 IGLJ3
99.6 IGLV3-21 IGLJ1
98.7 IGLV3-21 IGLJ1
99.6 IGLV3-21 IGLJ3
98.7 IGLV3-21 IGLJ1
98.7 IGLV3-21 IGLJ1
100 IGKV3-20 IGKJ1
98.9 IGLV3-21 1GLI2/3
100 IGLV3-19 IGLJ2
97.7 IGKV2-30 IGKJ2
94.6 IGKV3-20 IGKJ1
97.7 IGKV1-9 IGKJ2
91.8 IGLV1-40 1GLI2/3
94.8 IGLV3-1 IGLJ2
94.4 IGLV1-40 IGLJ3
95.2 IGLV6-57 IGLJ3
96.5 IGLV3-1 1GLJ2
94.8 IGLV3-1 IGLJ1
94.4 IGLV1-44 IGLJ3
100 IGKV1D-8 IGKJ1
100 IGKV2-28 IGKJ4
99.4 IGLV2-14 1GLJ2/3
100 IGLV3-27 IGLJ3
96.4 IGKV3-11 IGKJ5
100 IGLV1-47 IGLJL
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U 998 K IGKV2-28 IGKJ2

M 923 L IGLV3-16 IGLJ3
U: unmutated. M: mutated. * Unproductive rearrangement.

80
70
60
50

® Unproductive

Triple rearrangements

40 B Double rearrangements

= Unmutated

= Mutated
30
20
10

0

Biomed-2 S'RACE

Figure 25: The results of two methods.

Results of Biomed-2 and 5° RACE in 81 patients. Under the red line, patients received the same results from the
two methods. The rate of concordance is 93.8%. Green indicates IGHV-unmutated patients, blue indicates IGHV-
mutated patients, orange indicates IGHV-unproductive patients, and yellow and purple indicate multiple
productive rearrangements patients.
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We also chose 14 additional patients with blood samples collected at different times after CLL
diagnosis and tested the sample using 5 RACE (Table 15). The interval time between sample
collections in one patient is from 0.64 to 10.89 years, and the median time is 4.59 years. Our
methods detect the same productive immunoglobulin heavy and light chain and mutation status
for the samples collected at different time points. Moreover, six patients had the same IGHV
and IGLV mutation percentages. This result shows the stability and reproducibility of 5> RACE,
representing a reliable method for judging the treatment plan and patient prognosis.

Table 15: The results of patients tested by 5’RACE at different times.

IGH IGL/K

Date of Interval No. Kind Kind

sample time/year  patient Mut % of IgH v b J Mut % of IgL v J

2009/10/2 10.89 11252 99.37 M/D IGHV3-15 IGHD3-16  IGHJ5 100 L IGLV3-21 IGLI3
1

2020/6/26 37139 99.34 M/D IGHV3-15 IGHD3-16 IGHJ5 100 L IGLV3-21 IGLJ3

2011/1/1 7.09 14034 99.15 M/D IGHV4-59 IGHD2-8 IGHJ4 100 L IGLV3-21 1GLI1
2

2017/12/27 27541 99.15 M/D IGHV4-59 IGHD2-8 IGHJ4 100 L IGLV3-21 1GLI1

2015/8/26 2.12 21731 98.56 M/D IGHV3-15 IGHD2-21  IGH}  99.14 L IGLV3-21 1GLI1
3 2017/9127 162 26784 98.56 M/D IGHV3-15 IGHD2-21  IGHJM4  99.14 L IGLV3-21 1GLI1

2019/5/3 3.74 31556 98.56 M/D IGHV3-15 IGHD2-21  IGHJM4  99.14 L IGLV3-21 1GLI1

2015/7/9 3.03 21479 100 M/D IGHV3-33 IGHD3-10  IGHJ6 100 K IGKV2-28 1GKJ3
4 2018/7/5 2.23 29093 100 M/D IGHV3-33 IGHD3-10  IGHJ6 100 K IGKV2-28 1GKJ3

2020/9/14 5.26 39073 100 M/D IGHV3-33 IGHD3-10  IGHJ6 100 K IGKV2-28  IGKJ3

2014/2/28 3.32 18699 98.58 M/D IGHV3-33 IGHD3-3 IGHI6  99.13 L IGLV3-1 IGLJ2
5

2017/6/6 25912 98.58 M/D IGHV3-33 IGHD3-3 IGHI6  99.13 L IGLV3-1 IGLJ2

2015/5/20 3.60 21184 97.47 M/D IGHV3-15 IGHD4-17  IGH} 9931 L IGLV3-21 1GLI3
6

2018/12/5 30312 97.18 M/D IGHV3-15 IGHD4-17  IGHJ4  99.57 L IGLV3-21 IGLI3

2018/4/25 154 28534 96.85 M/D IGHV3-53 IGHD1-26  IGHJM4  99.13 L IGLV3-21 IGLI3
7

2019/10/30 32986 96.64 M/D IGHV3-53 IGHD1-26  IGHJ4  99.31 L IGLV3-21 IGLI3

2019/7/23 0.64 32212 94.71 M/D IGHV3-21 NA IGHJ6  99.44 L IGLV3-21 IGLI3
8

2020/3/11 34099 94.67 M/D IGHV3-21 NA IGHJ6 9957 L IGLV3-21 IGLI3

2018/3/16 2.29 28186 97.06 M/D IGHV3-48 IGHD2-15  IGH} 9957 L IGLV3-21 1GLI3
9

2020/6/16 37700 97.06 M/D IGHV3-48 IGHD2-15  IGH} 9957 L IGLV3-21 1GLI3
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97.27 G IGHV3-13* IGHD2-2 IGHJ4
2016/10/28 2.01

24345 99.57 L IGLV3-21 IGLJ3
97.91 M/D IGHV3-48 IGHD4-17  IGHJ4
10
2018/10/20 97.61 G IGHV3-13*  IGHD2-2 IGHI4
29984 99.31 L IGLV3-21 IGLJ3
97.33 M/D IGHV3-48 IGHD4-17  IGHJ4
2015/9/30 2.80 21946 97.58 M/D IGHV3-74 IGHD5-18  IGHJ4  99.56 L IGLV3-21 1GLIL
11
2018/7/5 29092 97.10 M/D IGHV3-74 IGHD5-18  IGHJ4  99.56 L IGLV3-21 1GLIL
95.43 M/D IGHV3-74  IGHD3-10  IGHJ3
2009/9/17 9.18
11199 98.67 L IGLV3-21 IGLJL
99.34 M/D IGHV6-1*  IGHD6-6 IGHI4
12
01871004 96.73 M/D IGHV3-74  IGHD3-10  IGHJ3
29783 98.72 L IGLV3-21 IGLJL
98.94 M/D IGHV6-1*  IGHD6-6 IGHI4
2018/4/11 138 28421 97.55 M/D IGHV3-48 IGHD3-10  IGHJ6  97.85 L IGLV3-21 1GLI1
13
2019/8/21 32412 97.55 M/D IGHV3-48 IGHD3-10  IGHJ6  97.85 L IGLV3-21 1GLI1
2011/9/1 7.52 14469 97.46 M/D IGHV4-34 IGHD4-17  IGHJ6  94.98 K IGKV1-5 1GKJ2
14
2019/1/28 30742 96.18 M/D IGHV4-34  IGHD4-17  IGHJ6  95.81 K IGKV1-5 1GKJ2

b. The distribution of IGHV and IGLV in CLL
Characterization of IGHV using 5° RACE

Based on 5’RACE, the isotype of the immunoglobulin heavy chain and sequences of the light
chain was available as determined by RT-PCR for mu, delta, gamma kappa, and gamma
constant region transcripts and NGS.

In the cohort of 81 patients, the male-to-female ratio was 2.86 (60 males: 21 females), and the
median age was 64 (range 41-93). Here, 5 RACE identified specific clonal IGH and IGL
rearrangements in 81/81 and 80/81 patients (one patient showed polyclone light chain),
respectively, confirming the method's efficiency.

At least one productive IGH rearrangement was identified in all cases. Considering the number
and mutational status of arrangements, 64 cases presented a single productive rearrangement
(79.01%), 15 cases harbored two rearrangements (two productive sequences in 8 cases and one
productive and one unproductive sequence in 7 cases), and 2 cases presented three different
rearrangements (all productive). The most frequent variable segment was IGHV3 (51 cases
[63.0%] with a bias toward IGHV3-23 in 23 cases [28.4%]) followed by IGHV4 (24 cases
[29.6%] with a bias toward IGHV4-34 in 13 cases [16%]) (Figure 26).

Regarding the mutational status, 44 of the 64 cases that presented a single productive IGH
rearrangement were mutated, and 20 were unmutated. For the 15 cases that presented two

rearrangements, 8 harbored two productive rearrangements, including 3 concordant mutated
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cases, 3 concordant unmutated cases, and 2 discordant cases with one mutated and one
unmutated sequence. The 7 remaining cases showed one productive and one unproductive
rearrangement, including 2 with one productive mutated and one unproductive unmutated
arrangement (whose diagnosis should pay attention to), 2 with one productive mutated and one
unproductive mutated sequence (considered mutated cases), and 3 with one productive
unmutated and one unproductive unmutated sequence (considered unmutated cases). For the
last two cases, we detected three productive rearrangements. Specifically, one case showed
three unmutated sequences, and the other showed one mutated and two unmutated sequences
(considered mutated).

More importantly, 5 RACE also provides information about the BCR isotype. Most CLL cases
in our series expressed only Cprand Co heavy chains (65/81; 80.2%). Fifty-six of these cases
expressed a single productive rearrangement (with 18 unmutated and 38 mutated sequences), 4
expressed two productive rearrangements (3 concordant unmutated and 1 discordant with
mutated and unmutated sequences), and 4 expressed one productive and one unproductive
rearrangement (2 concordant unmutated, 1 concordant mutated and 1 discordant productive
mutated and unproductive unmutated). The last IgM case expressed three productive
rearrangements with 2 mutated and 1 unmutated sequence.

Eight other cases in our series expressed only a Cy heavy chain. Seven showed a single
productive rearrangement (6 mutated, 1 unmutated), and 1 showed two productive IgG
rearrangements. We observed a bias toward using the VH4 family in this population (6/8 cases),
with 5 patients expressing IGHV4-34 sequences.

Unexpectedly, the 8 remaining cases simultaneously expressed the IGH chain with different
isotypes, suggesting that the class switch recombination process was ongoing when the tumor
cell developed. One case expressed three unmutated productive rearrangements (two IgM/D
and one 1gG). Three cases expressed one productive IgM and one unproductive IgG
rearrangement, 3 cases expressed two productive but different IgM and 1gG sequences, and the
last case showed a very unusual pattern, expressing three different unmutated heavy chains
sharing the same CDR3 (IgM, D, and G). No case in our series expressed IgA or IgE.
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Figure 26: Situation of SHM and CSR in each productive rearrangements.

81 CLL patients have detected 93 productive rearrangements by 5’RACE, including 71 single productive
rearrangement cases, 8 double productive rearrangements cases and 2 triple productive rearrangements, for one
cases (#68), the same rearrangement present IgM/D/G which counts as G and M/D group.
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Figure 27: Relationship between IGHV and IGLV regions and the mutational statuses of different IGHVs.

35 Igk-positive cases expressed 39 productive rearrangements, 42 Igh-positive cases expressed 42 productive
rearrangements. 3 multiple cases expressed 8 productive rearrangements. One case showed poly clonal light
chains. There are also five cases who expressed double heavy chain only with single light chain. In order to
calculate the relationship of heavy and light chain, we counts these 5 cases twice.

Characterization of the IGLV gene using 5° RACE

Another advantage of 5° RACE is that it provides information about the sequence of the
immunoglobulin light chain. In our series, we characterized a monoclonal light chain in 80
cases, whereas only 1 case appeared to express polyclonal light chains. Different heavy chains
showed a bias to combined with different light chain (Figure 27). And in the Table 16 and
Table 17, we have summarized the top 5 rearrangements in k and A chain in different mutational
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status. As the data showed, mutated and unmutated light chain showed a bias in using the
different rearrangements.

Table 16: The top 5 usage of IgkV in CLL patients.

Rank %among %among
IGKV mutated Igkv unmutated
mutated No. IGKV (n=19) | unmutated No. IGKV (n=24)

1 1-8 4 21.1 2-28 5 20.8

2 1-5 3 15.8 1-39 3 12.5

3 3-20 3 15.8 3-20 2 8.3

4 3-15 2 10.5 3-15 2 8.3

5 1-39 1 5.3 3-11 2 8.3

Table 17: The top 5 usage of IgLV in CLL patients.

Rank % among % among
mutated unmutated
IGLV IGLV IGLV IGLV
mutated No. (n=17) unmutated No. (n=29)

1 3-1 4 23.5 3-21 23 79.3

2 1-40 2 11.8 3-1 1 34

3 2-11 2 11.8 1-44 1 3.4

4 3-21 2 11.8 1-47 1 3.4

5 1-44 1 5.9 2-14 1 3.4

Thirty-five patients expressed productive Igk rearrangements, 42 patients expressed productive
Ig\ rearrangements, and 3 patients showed a mixed Igk and IgA phenotype.

Thirty-one of the 35 Igk-positive cases expressed a single productive rearrangement (19
unmutated and 12 mutated), and 4 expressed two productive rearrangements (concordant
unmutated in one case, concordant mutated in two cases, and discordant unmutated and mutated
in the last case). All 42 Igi-positive cases expressed a single productive rearrangement (26
unmutated and 16 mutated). We also observed a significant bias with 23 of the 26 unmutated
IgA-positive cases expressing IGLV3-21 light chains (Table 17). The last 3 cases expressed
both Igk and IgA sequences, 1 harboring two productive rearrangements of one mutated IgA and
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one unmutated Igk, 1 with three unmutated productive rearrangements of one Igi and two Igx,
and 1 showing three productive rearrangements with two unmutated IgA and one mutated Igk.

Complete analysis of the LCDR3 region was possible in 80 patients. The CDR3 of the Igk light
chains ranged from 8 to 11 amino acids (median nine amino acids); the CDR3 of the IgA light
chains ranged from 8 to 13 amino acids (median 11 amino acids). Interestingly, we observed
that some cases in our series shared the same light chains with very similar CDR3 sequences,
especially for those cases that expressed IGLV3-21 rearrangements (Table 18).

Table 18: List of light chains that share identical CDR3 in 80 CLL patients.

Light chain Heavy chain
HOM
ARN IGLV IGLJ ;:A)C;M CDR3 IGHV IGHD IGH) CDR3
(%)
25 IGKV1-8 IGKJ5 96.5 QQYYDYPST IGHV3-48 IGHD6-6 IGHJ3 96.7 ARGRAYTSSPYDAFDV
31 IGKV1-8 IGKJ1 96.4 -H--S--W- IGHV3-23 IGHD1-26 IGHJ4 94.7 AKSLSGSYGQIDY
26 IGKV1-8 IGKJ4 97.1 ----G--L- IGHV3-23 IGHD3-10 IGHJ4 92.4 AKVHSDTEYGSLSY
18 IGKV1-8 IGKJ3 95.9 -----F-R- IGHV3-23 IGHD6-6 IGHJ6 90.2 AKGGSSSGSYYGMDV
79 IGKV1D-8 IGKJ1 100 ----SF-W- IGHV1-69 IGHD3-9 IGHJ6 100 ARGNTYYDILTGYYDGVYYGMDV
12 IGKV1-39 IGKJ3 100 QQSYSTPPFT IGHV5-51 IGHD1-26 IGHJ4 100 ARHPWYSGSYSFDY
1 IGKV1-39 1GKJ2 100 - Y- IGHV1-2 IGHD6-19 IGHJ4 100 ARLQWLVIGHFDY
2 IGKV1-39 IGKJ3 100 -eeeeeeee- IGHV1-3 IGHD6-19 IGHJ4 100 --E----LR----
24 IGKV1-39 IGKJ4 95.4 ---H-I- L- IGHV3-7 IGHD3-10 IGHJ4 98.6 ARSYGSGSYSLRGRFDY
9 IGKV2-28 IGKJ3 100 MQALQTPGFT IGHV3-30 IGHD3-10 IGHJ6 100 ARDRTSLGDPTLWGYYYYGMDV
6 IGKV2-28 IGKJ4 100 e L- IGHV3-23 IGHD3-3 IGHJ6 99.5 AKVTLEWLGYGMDV
11 IGKV2-28 IGKJ1 100 e - IGHV1-58 IGHD3-3 IGHJ4 100 AASYDFWSGYSH
81 IGKV2-28 IGKJ2 99.1 e Y - IGHV3-23 IGHD6-19 IGHJ4 87.4 ASGGPYGVAGNPFDY
79 IGKV2-28 IGKJ4 100 e Q- IGHV1-3 IGHD4-23 IGHJ3 100 ARDDSGGYAFDI
10 IGKV3-15 IGKJ2 100 QQYNNWPPSYT IGHV5-51 IGHD3-3 IGHJ4 100 ARRNYDFWSGYTPAPFDY
8 IGKV3-15 IGKJ2 100 - L-- IGHV3-23 IGHD4-17 IGHJ4 99.5 ANGPRGDYVFPFDY
27 IGKV3-15 IGKJ2 947 e F- IGHV3-23 IGHD2-8 IGHJ4 89.6 AKASVLQWVSSTYYFDY
36 IGKV3-15 1GKJ2 96.3 ---DT---R-- IGHV5-51  IGHD5-18 IGHJ6 935 VKGGYSYGYHYYMDV
76 IGLV3-1 1GLJ2 96.5 QAWDTSTAAVV IGHV4-59 IGHD6-19 IGHJ4 90.0 ARDLRSSGWSPYFDY
19 IGLV3-1 1GLJ2 99.1 ----S-- VWV IGHV3-33 IGHD3-3 IGHJ6 98.6 AKDAALTVSCMDV
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45 IGLV3-1 1GLJ2 97.4 ----§-- M- IGHV4-39 IGHD2-21 IGHJ4 97.6 GRRYGDSTNAIFDY

73 IGLV3-1 1GLJ2 94.8 ===-8- == IGHV4-34 IGHD3-9 IGHJ3 95.5 ARKQGEDMALRYFDWSYAFDI
7 IGLV3-1 IGLJ1 94.8 -==-§---Y- IGHV4-34 IGHD6-6 IGHJ6 94.3 ARVAGRPYGMDV

55 IGLV3-21 IGLJ3 99.6 QVWDSSSDHPWV IGHV3-21 IGHD1-14 IGHJ6 96.9 ATDRNGMDV

56 IGLV3-21 IGLJ3 983 - G------ IGHV3-21 NA IGHJ6 97.4 TR--T----

53 IGLV3-21 IGLJ3 994 - IGHV3-21 IGHD3-9 IGHJ6 97.0 L

61 IGLV3-21 IGLJ3 99.6 - IGHV3-21 NA IGHJ6 94.7 -A-----

54 IGLV3-21 IGLJ3 9.1 - IGHV3-21 NA IGHJ6 96.1 -R-A-V---

38 IGLV3-21 IGLJ3 97.0 ---E----Q--- IGHV3-21 NA IGHJ6 97.8 -R-ESV---

52 IGLV3-21 IGLJ3 99.3 - IGHV3-15 IGHD4-17 IGHJ4 97.5 TADGDYRGTLRN

16 IGLV3-21 IGLJ3 100 eeemeeeee- IGHV3-15 IGHD3-16 IGHJ5 99.4 TTDSFS

17 IGLV3-21 IGLJ1 991 e L- IGHV3-15 IGHD2-21 IGHJ4 98.6 TTDLHCGGDCNFDY
51 IGLV3-21 IGLJ1 987 e LY- IGHV1-24 IGHD3-10 IGHJ4 95.7 ATGGGSGSYTFDY

18 IGLV3-21 IGLJ3 99.6 IGHV3-23 IGHD6-25 IGHJ4 98.1 AKDLGDSSGYFDY
63 IGLV3-21 IGLJ1 987  eeeeed Q-Y- IGHV3-23 IGHD1-26 IGHJ4 97.2 --A-ELQ -----

58 IGLV3-21 IGLJ3 983 - IGHV3-23 IGHD5-24 IGHJ4 96.3 ---P-SDGFKKN

57 IGLV3-21 IGLJ3 983 - G-eeeem IGHV3-23 IGHD6-6 IGHJ4 97.4 --GD-T---H---

68 IGLV3-21 IGLJ2 989 e VRG - IGHV3-30 IGHD5-12 IGHJ6 100 ARDKGYDPSLGMDV
20 IGLV3-21 IGLJ3 99.1 IGHV3-48 IGHD6-13 IGHJ4 98.2 ARVGSSSYFDY

23 IGLV3-21 IGLJ3 99.1 - IGHV3-48 IGHD1-26 IGHJ4 98.0 ATDGVGAPH

59 IGLV3-21 IGLJ3 996 - IGHV3-48 IGHD2-15 IGHJ4 97.1 ASDPHCSGGSCYSGY
64 IGLV3-21 IGLJ3 996 - IGHV3-48 IGHD4-17 IGHJ4 97.7 ARAVTTGGGC

42 IGLV3-21 IGLJ1 979 - D---Y- IGHV3-48 IGHD3-10 IGHJ6 97.6 ARDFGGETVQPPWNV
60 IGLV3-21 IGLJ3 99.1 - IGHV3-53 IGHD1-26 IGHJ4 96.9 ARGQGANDY

65 IGLV3-21 IGLJ1 98.7 ~-G- -F IGHV3-74 IGHD3-10 IGHJ3 95.4 ARDDSGGNSFDI

62 IGLV3-21 IGLJ1 996 - L-Y- IGHV3-74 IGHD5-18 IGHJ4 97.6 AGDLVDTAGGVFDY
22 IGLV3-21 IGLJ1 99.7 e LY- IGHV4-59 IGHD2-8 IGHJ4 99.2 ARAPGDTGGYRIDY
66 IGLV3-21 IGLJ1 98.7 e L-Y- IGHV4-59 IGHD4-11 IGHJ3 97.4 AVWTVTDPFDI

c. The advantage and disadvantages of the two methods

Compared with the two methods, although the routine test is relatively cheap and shows the
data more directly because of the gel electrophoresis, there are also some disadvantages (Table
19). The Sanger sequencing doesn’t have insight into subclonal architecture and intraclonal
diversity and can’t combine with other assays in the same program. Even for the target segment,
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the PCR-amplified transcripts are necessarily shorter, which leads high risk of an inaccurate
diagnosis of immunoglobulin and calculation of percent identity of mutation. Last but not least,
many manuals manipulate the routine method, which can increase labor costs and the possibility
of making mistakes. So this method is just suitable for a small number of cases. However, the
5’RACE can solve these shortcomings. Because of the NGS workflow, S’RACE makes it
possible to operate more than one assay simultaneously. Though it needs a relatively long time
to sequence the amplification, it adapts to a large number of cases. Automated operation saves
more time and human resources and reduces the possibility of making errors. And a large
number of test cases can reduce sequencing financial and timing costs.

What’s more, the results of 5’RACE provide more details insight into subclonal architecture
and intraclonal diversity. With more and more research on IGH in CLL, the need to detect more
rearrangement is necessary'®. 5’RACE can circumvent the requirement of laborious techniques
in cases with biallelic rearrangement. But data interpretation of 5’RACE is more complicated
and not yet standardized, so we need more tests and research.

Table 19: Compare two methods.

Sanger sequencing 5’RACE
Pros  Relatively cheap Cooperated with other NGS-assays
Suitable for a small scale cases Suitable for large-scale cases
Data investigate directly More details of subclonal architecture and

intraclonal diversity

Avoid laborious (cloning) techniques in cases
with multiple rearrangements

Automatic processing and analysis can reduce
the operation and errors

Cons No date of subclonal architecture and Relatively costly ©
intraclonal diversity

No combination with other assays in one  Unavailable dedicated bioinformatics tools ©
workflow is possible

PCR-amplified transcripts are Data is more complicated, and the analysis
necessarily shorter system is not yet standardized

73



high risk of misamplification and
inaccurate calculation of percent identity

There is a financial and human cost

2) The mutational relationship between IGHV and IGLV
The relationship between the somatic mutational status of the heavy and light chains

We observed a strong relationship between the mutational status of the heavy chain and the
light chain in this cohort (Table 20 and Figure 28). In most cases, the mutational status of
IGHV rearrangements was associated with the mutational status of IGK/IGL rearrangements,
even though multiple light chain rearrangements were noted in some cases. For 3 cases co-
expressing Igk and IgA light chains, the mutational status of the heavy and light chains were
concordant in 2 cases. One expressed three unmutated rearrangements of heavy and light chains,
and the other expressed one mutated and two unmutated rearrangements of heavy and light
chains. Finally, the last case expressed a mutated heavy chain and two productive light chains
with different mutational statuses.

Table 20: The relationship of the mutational status of heavy and light chains.

IGHV IgLV

26 U U

1 U M 1 borderline case

30 M M

15 borderline cases

16 1gLV3-21 {

19 M U { 5 subset 2
3 disagreement

1 M M+U

1 M POLY

3 U+M U+M

Of the 35 Igk-positive cases, the mutational statuses of the heavy and light chains were
concordant in 30 cases, with 16 double-unmutated and 14 double-mutated cases. One case
expressed two productive heavy chains (one mutated and one unmutated) and two productive
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light chains (one mutated and one unmutated). Only 4 cases showed a discordant profile with a
mutated heavy chain and an unmutated light chain.

Of the 42 Ighk-positive cases, the mutational statuses of the heavy and light chains were
concordant in 25 cases, with 9 double-unmutated and 16 double-mutated cases. One patient
expressed double mutated and unmutated heavy chain with a unmutated light chain. All 16
other cases expressed a mutated heavy chain and an unmutated light chain. Strikingly, all 16
cases expressed an IGLV3-21 light chain with similar CDR3 sequences (QVWDSSSDHPWYV).

45 -
40 ~
35 A
4 16
30 - |
3
E 25 |
=]
F 16
-E 20 - 9
15 -
10 -
5 -
0 -
x-CLL A-CLL A+« -CLL
isotype oflight chain
BIGLV-M +IGHV-M OIGLV-U +IGHV-U EMultiple rearrangements concordant

B Multiple rearrangements discordant OIGLV-U + IGHV-M

Figure 28: The relationship of the mutational status of heavy and light chains.

In different isotypes, the relationship of the mutational status of heavy and light chains. Green represents the
concordant unmutated status of heavy and light chains. Blue represents the concordant mutated status of heavy
and light chains. Dark green represents concordant mutational statuses of multiple rearrangements of heavy and
light chains. Red means the discordant mutational status of heavy and light chains (the blank red box represents a
single rearrangement, and the solid red box represents multiple rearrangements).

3) The value of IGLV
a. Find a new kind of light chain
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K YDsD COVWDSSSDepuVF R | sz o
K yDsD COWDSsSDHPWV R | sumcaswmanmece
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Figure 29: Sequence of all IGLV3-21 alleles, including the IGLV3-21, IGLV3-21R and subset 2 IGLV3-
21R10 glleles.

Then, we assessed all light chains and found that 31% (25/80) were IGLV3-21. The light chain
in 25 IGLV3-21-CLL patients always shared a similar LCDR3, and most of them (24/25) had
a point mutation, termed R110, between the variable and constant junction, named IGLV3-
21RM10 (Figure 29). All IGLV3-21R10 cases carried germline K16 residue, and 20/24 cases
expressed the germline YDSD motif required for homotypic BCR-BCR interaction. The
remaining 4 cases carried a motif changed by one residue, which has similar properties in all
cases (three YDTD and one FDSD).

subset 2
7%

100+

3 IGLV3-21*01 IGLJ3*02
B IGLV3-21%01 IGLJ1*01
IGLV3-21R110 B IGLV3-21%02 IGLI3*02
239,

50 20 IGLV3-21*01 IGLI2*01

“o of total

IGLV+IGKV

)
0, n & Q_\\
69% ol A >
"

Figure 30: The information on IGLV3-21.

The pie chart showed the mutational relationship of IG heavy and light chains based on different types of light
chains. And the bar chart showed the distribution of the J segment in all IGLV3-21 rearrangements.

In these 24 IGLV3-21RM10-CLL patients, six belonged to subset#2 (Figure 30 left). The light
chain rearrangements differed among subset 2 IGLV3-21R10-CLL, IGLV3-21R-CLL, and
IGLV3-21-CLL patients (Figure 30 right). All six subset 2 IGLV3-21R*°-CLLs expressed
IGLV3-21*01 with IGLJ3*02, whereas only half of the IGLV3-21R1C-CLL patients (9/18)
showed identical rearrangements. The other half of IGLV3-21R110-CLL patients (8/18)

76



showed IGLV3-21*01 with IGLJ1*01. Only one patient with IGLV3-21 without the R110

mutation expressed IGLV3-21*01 with IGLJ2*01.

Table 21: The sequence of all the IGLV3-21 CLL patients.

IgH IgL
Num IGHV CDR3 Mut M/ IgLVv CDR3 Mut M/U
% u %
22451 IGHV3-21 ARDLSPGDILTGYSRWFDP 100 U IgKV1-33 QQYDNLLPT 100 V]
33901 IGHV3-21 ARDSGSYRSYYFDY 100 U IgKV6-21 HQSSSLPWT 100 U
28959 IGHV3-21 TRDRTGMDV 97.386 IgLV3-21 QVWDSGSDHPWYV 98.276 V]
25640 IGHV3-21 ALDRNGMDV 97.006 IgLV3-21 QVWDSSSDHPWYV 99.441 V]
34099 IGHV3-21 AADRNGMDYV 97.92 IgLV3-21 QVWDSSSDHPWYV 99.565 U
30176 IGHV3-21 ARDANVMDYV 96.078 IgLV3-21 QVWDSSSDHPWYV 99.057 V]
22743 IGHV3-21 ATDRNGMDYV 96.903 IgLV3-21 QVWDSSSDHPWYV 99.565 U
36281 IGHV3-21 ARDESVMDYV 97.758 M IgLV3-21 QVWESSSDQPWYV 96.957 M
22850 IGHV1-24 ATGGGSGSYTFDY 97.22 . IgLV3-21 QVWDSSSDLYV 98.696 V]
21731 IGHV3-15 TTDLHCGGDCNFDY 98.558 V] IgLV3-21 QVWDSSSDHLYV 99.142 V]
21184 IGHV3-15 TADGDYRGTLRN 97.468 . IgLV3-21 QVWDSSSDHPWYV 99.31 V]
11252 IGHV3-15 TTDSFS 99 V] IgLV3-21 QVWDSSSDHPWYV 100 U
25104 IGHV3-23 AKALELQGYFDY 97.183 IgLV3-21 QVWDSSSDQPYV 98.712 V]
15784 IGHV3-23 AKDPGSDGFKKN 97.22 IgLV3-21 QVWDSSSDHPWYV 98.261 U
30629 IGHV3-23 AKGDGTSSGHFDY 97.484 IgLV3-21 QVWDSGSDHPWYV 98.324 V]
34234 IGHV3-23 AKDLGDSSGYFDY 98.104 V] IgLV3-21 QVWDSSSDLPWM 99.558 U
30838 IGHV3-48 ARVGSSSYFDY 98.148 U IgLV3-21 QVWDSSSDHPWYV 99.13 U
28186 IGHV3-48 ASDPHCSGGSCYSGY 97.059 IgLV3-21 QVWDSSSDHPWYV 99.565 U
24345 IGHV3-48 ARAVTTGGGC 97.059 I IgLV3-21 QVWDSSSDHPWYV 99.565 V]
28421 IGHV3-48 ARDFGGETVQPPWNYV 97.706 M IgLVv3-21 QVWDSSDDHPYV 97.854 M
28652 IGHV3-48 ATDGVGAPH 98.013 V] IgLV3-21 QVWDSSSDHPWYV 99.13 V]
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28534 IGHV3-48 ARGQGANDY 96.847 IgLV3-21 QVWDSSSDHPWYV 99.13
21946 IGHV3-53 AGDLVDTAGGVFDY 97.576 IgLV3-21 QVWDSSSDLPYV 99.558
11199 IGHV3-74 ARDDSGGNSFDI 96.79 IgLV3-21 QVWDSSGDPEF 98.673
22500 IGHV4-59 AVWTVTDPFDI 97.345 IgLV3-21 QVWDSSSDLPYV 98.696
14034 IGHV4-59 ARAPGDTGGYRIDY 98.95 IgLV3-21 QVWDSSSDLYV 99.648
27953 IGHV3-7 ARSYGSGSYSLRGRFDY 98.26 IgKV1-39 QQSHSIPLT 95.349
18699 IGHV3-30 AKDAALTVSCMDYV 98.61 IgLV3-1 QAWDSSTVYV 99.134
37336 IGHV3-30 AKESYSSSWPSYYFDY 97.22 IgLV2-11 CSYAGTYTYL 91.903
14469 IGHV3-30 ARGSEEVDYDDMEYYYYYYMDYV 96.75 IgKV1-5 QQYDSHPYT 94,982
b. The relationship between IGHV and IGLV3-21
1004 100+
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Figure 31: The identification of IGHV and IGLV in different groups.

IGLV3-21”? IGLV identify%

Left scatter plots of the identification of IGHV and IGLV in non-IGLV3-21R10 CLL (N=56). And right scatter

plots for identifying IGHV and IGLV in IGLV3-21R*0 CLL (N=24).

Compared with other light chains, IGLV3-21"°-CLL was more likely to exhibit a discordant
mutational status of heavy and light chains (16/20 cases) (Table 21). We want to validate the
value of light and if, in the same patients, there always exists a light chain expressing the same
mutational status as the heavy chain. If the relationship works, in borderline cases, we can test
the mutational status of the light chain to aid the diagnosis and predict the prognosis of CLL
patients. As we can see in the Figure 31, the identification of the heavy chain and light chain
showed a linear correlation in the non-1GLV3-21R° group (p<0.0001), which means that in
most CLL patients, the mutational status of the light chain is concordance with a heavy chain.
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Still, it isn’t suitable for the IGLV3-21 R0 group (p=0.504), which advises the critical role of
IGLV3-21R"1% in the development and progress of CLL.
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Figure 32: Identifying IGHV in M-CLL non-IGLV3-21R% |GLV3-21R*0 and U-CLL non-1GLV3-21R10,

So that we divided patients into three groups based on the mutation status of the heavy chain
and the point mutation of IGLV3-21: M-CLL non-IGLV3-21R0 |GLV3-21R10 and U-CLL
non-1GLV3-21R10  the interesting thing is that when we compared the identification of the
heavy chain in different groups, we found that IGLV3-21R*% was more likely to exhibit
approximately 97-99% homology, representing borderline cases (Figure 32). The results
indicated the importance of the light chain in CLL, especially in borderline cases.

c. Theclinical value of the IGLV3-21R110
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Figure 33: The survival analysis of different groups.

(A) Overall survival analysis of M-CLL and U-CLL (p<0.05). (B) TTFT analysis of M-CLL and U-CLL
(p=0.031). (C) Overall survival analysis of M-CLL non-IGLV3-21R%0 |GLV3-21R° and U-CLL non-IGLV3-
21R110 (p<0.05). (D) TTFT analysis of M-CLL non-IGLV3-21R%0 |GLV3-21R*0 and U-CLL non-IGLV3-21R10
(p<0.000).
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Table 22: Clinical information of CLL patients.

1gG-CLL IgM-CLL  p  IGLV3- M-CLL U-CLL P

21RWO_CLL
N=13 N=67 (non- (non-

IGLV3-21 IGLV3-21

RllO) N=33 RllO) N=23
N=24

Gender (F: M) 4:9 16:51 086 3:21 13: 20 4:19 0.042

A 6(46.1%) 38 (56.7%) 9(37.5%) 24 (72.7%) 11 (47.8%)

c 2 (15.4%) 8 (11.9%) 6(25.0%) 2 (6.1%) 2 (8.7%)

FISH aberrations, no. (%)

Del 13¢14 (D-LEU2) 5(38.5%)  31(46.3%) 0.83 13 (54.2%)  13(39.4%) 10(435%)  0.39

Del 17q13 (TP53) 0(0.0) 2 (3.0%) 1.00 0(0.0) 0(0.0) 2 (8.7%) 0.18

Trisomy 12 (POUBF1) 2 (15.4%) 4 (6.0%) 017 1 (4.2%) 2 (6.1%) 3(13.0%)  0.66

unknown 4 (30.8%) 7 (10.4%) 4 (16.7%) 6 (18.2%) 1 (4.3%)

Karyotype no. (%)



Tri12 3(23.1%)  8(12.0%) 061 0(0.0) 4(121%)  7(30.4%)  0.011

Del6 2 (15.4%) 2 (3.0%) 0.14 1 (4.2%) 1(3.0%) 2 (8.7%) 1.0

SHM IGH (M: U) 9:4 42:25 098 18:6 33:0 0:23

Laboratory parameters at diagnosis

LDH (240-480 Ul/l) 415.4367.0  367.3#67.2 0.01 3359390.1  396.24233.6 388.0+106.0 0.18

mean £SD 3 325.0 (177.0,
387.0(349.0, 353.0(125.0, 562.0) 366.0 (125.0, 376.0(233.0,

Median (min, max) 523.0) 1288.0) 1288.0) 670.0)

Beta-2 microglobulin  2.140.64 2.61+1.13 0.53 2.63H.07 2.0340.43 3.16+1.43 0.92
(0.8-2.4 mg/L) mean =%
sD 1.9(1.3,3.0) 23(1.4,6.4) 24(1.4,5.00 21(1.3,3.00 29(156.4)

Median (min, max)

We have summarized the clinical data of all the patients (Table 22). A significant difference in
survival was noted between UM-CLL and M-CLL, previously reported in many studies (Figure
33 A and B). As noted above, we divided patients into three groups (M-CLL non-IGLV3-21R10,
IGLV3-21R10-CLL, and U-CLL non-IGLV3-21R'19), We found that IGLV3-21R"°-CLL and
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U-CLL non-IGLV3-21R0 were more likely to occur in males than females (p=0.042), and
these patients were more often classified as Binet stage B or C than A (p=0.013). Next, we
analyzed the predictive value of IGLV3-21R"1° (n=24). Expectedly, M-CLL non IGLV3-21R!10
(n=33) showed a longer OS and TTFT than UM-CLL non IGLV3-21R0 (n=23) (Figures 33 C
and D, p=0.001 and p<0.0001, respectively). Then, we compared the prognosis of IGLV3-
21RO positive cases. Regardless of the mutational status of IGHV, IGLV3-21R%positive
cases presented a similarly poor prognosis compared with UM-CLL patients (p=0.14 for OS
and p=0.602 for TTFT), even though most of them (18/24) presented mutated IGHV and
showed a shorter survival time than M-CLL non-1GLV3-21%'° (p=0.05 for OS and p<0.0001
for TTFT). IGLV3-21R"0-CLL showed a short TTFT and OS, similar to UM-CLL cases,
whereas M-CLL non-IGLV3-21R0 presented a favorable prognosis. IGLV3-21R10 defines a
CLL subgroup representing a clinically aggressive group and is exclusively defined by the
mutational status of the light chain regardless of the IGHV.

C. Conclusion and discussion

CLL, amost popular leukemia disease, generally occurs in older patients. Only 3.8% of patients
with CLL were younger than 50 in our study. More male than female patients (2.86 (60 males:
21 females)) were affected in this study. Over the past two decades, more and more molecular
and clinical studies have reported that immunoglobulin BCR sequences are the ideal biologic
marker for CLL. This marker is present from the birth of every CLL clone and remains stable
over time, IGHV mutations never change over time, and thus represent the fingerprint of the
disease!®’, and is an independent prognostic factor of CLL, which was also identified in this
study®°7. However, progress has also raised new questions, such as assessing the prognosis of
borderline cases and cases expressing multiple rearrangements, the value of the light chain, and
the difference between IgG-CLL and IgM/D-CLL. It highlights the need to extend the research
on the immunoglobulin gene. Not only on the mutational status of the IGHV but also a
comprehensive understanding of the biological and clinical value of classification and
characteristic of stereotype and more information and value of light chains6t,

The current routine method of detection sequences of the IGHV transcript requires analysis of
clones with gel electrophoresis and six subsequent rounds of PCR amplification by the primers
of leader region'?®1%8 Sanger sequencing was used to obtain each clone's information and
calculate the mutational status identity from the germline gene websites. Although this method
is relatively cheap and more directly presents the data based on gel electrophoresis, there are
also some shortcomings. Sanger sequencing does not provide insight into subclonal architecture
and intraclonal diversity and cannot be combined with other assays in the same program. Even
for the target segment, the PCR-amplified transcripts are shorter, which leads to a high risk of
an inaccurate diagnosis of immunoglobulin and calculations of the percent identity of the
mutation. Finally, numerous manual manipulations were performed in the routine method,
which caused a waste of time and human resources. For example, after detecting the clonal
rearrangements by gel electrophoresis, the amplified products must then be extracted from the
gel, purified, and sequenced, increasing labor costs and the possibility of making mistakes. This
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method can also be complicated when several rearrangements are present. Therefore, this
method is suitable for only a small number of cases.

Our method overcomes these shortcomings. Because of the NGS workflow, 5° RACE allows it
to expand the field of using RNA-sequencing assays, directly leading to clinical application
development in CLL. With concordance levels greater than 90% concerning the mutation status
and the characterization of the V, D, and J segments compared with routine methods, 5° RACE
appears more stable and sensitive in handling multiple rearrangements and poor-quality RNA
samples. The 5° RACE can provide more data on subclonal and intraclonal diversity of
immunoglobulin in CLL. Given the increasing research on IGH in CLL, the need to detect more
rearrangement is necessary*® (Figure 34). In addition, this kind of RNA-sequencing approach
can also extend to the light chains and the details of the T-cell receptor at the same time.
Although most studies investigating the significant value of predicting survival have focused
exclusively on the heavy chain!®%’, some researchers have found that the light chains can also
influence the function of BCR and showed a predictive value in the clinical analysis'®®. With
the development of CLL studies, there are an increasing number of problematic cases*®, and it
is not easy to evaluate the treatment programs and prognosis of patients by simply determining
the mutation status of the heavy chain. Through 5> RACE, we obtained more details of the Ig
gene, allowing us to get more BCR pathway information and closely understand
immunoglobulin's value in CLL. When using NGS-based methods to determine IGHV gene
SHM status, it is necessary to consider that this biomarker is useful for prognosis and aids in
guiding therapeutic decisions. All processes must be highly stable and reproducible, including
lab workflow, library preparation, and bioinformatics data analysis system.

CDR1 CDR2 CDR3

FR1 2 | FR2 FR3 FR4

D Sanger sequencing )

Figure 34: The different characteristics of the two methods.

Through 5> RACE, we found that most cases expressed identical mutational statuses of the
heavy and light chains, except IGLV3-21. Interestingly, 92% (23/25) of IGLV3-21 light chains
showed unmutated status considering a strict 98% cut-off, but their corresponding heavy chains
frequently expressed mutated with an identity between 97-99% (16/25). Then, we analyzed the
characteristics of IGLV3-21-positive cases, which were the bias to particular heavy chains.
According to our study, the IGHV3 family represented 60% (15/25) of all IGHVs/IGLV3-21,
especially IGHV3-21, IGHV3-48, and IGHV3-23. This finding confirms that the heavy and light
chains in CLL patients are globally conserved and biased®:1%%123162  Some reports found a

different RNA expression characteristic between IGLV3-21 and others'’®"*, In our method,
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we found that 94% (24/25) of IGLV3-21, which showed a similar CDR3 (QVWDSSSDHPWYV),
harbored a point mutation in the position between FR4 and the constant region termed R110.
Combined with clinical data, we found that IGLV3-21R10-CLL presented a high-risk stage and
worse prognosis than M-CLL non-IGLV3-21R10 even though 75% of IGLV3-21R10-CLL
(18/24) cases harbored heavy chain mutations. Researchers have also reported that the allele
IGLV3-21*01 is more prevalent in IGLV3-21R'9 patients, including more than half of IGHV
others/IGLV3-21R11% and all of subset#2, which reminds us that IGLV3-21*01 may be a risk
factor for IGLV3-21R0 positive CLL. As reported, the residues K16 and R110 of one BCR
and the residues D50 and D52, made of YDSD motif on the other BCR, can promote the
interaction between BCR!?*, Recently, studies have also shown that IGLV3-21R10-CLL,
although their corresponding IGHV showed mutated status, exhibits a similar clinical outcome
to UM-CLL?%%, These findings suggest that the immunoglobulin light chain plays an essential
role in Ig genes' clonal selection and somatic hypermutation (SHM). There is a greater need for
improved methods for detecting immunoglobulins.

There are also some limitations with 5 RACE that we need to mention. First, expanding high-
throughput RNA-sequencing methods in clinical and laboratory environments need a standard
NGS working platform and automatic data analysis application and specialists that bring
immune biological knowledge, technical experience with NGS, and immune informatics
expertise!®®. These requirements suggest that this method cannot be applied on a large scale.
Second, the data interpretation of NGS is more complicated, and a standardized methodology
does not currently exist. Thus, more studies of NGS in BCR, especially in the light chain, are
necessary.

In conclusion, the results suggest that 5> RACE could be used as an alternative to routine
methods for analyzing immunoglobulin rearrangements in research and clinical assessment of
chronic lymphoid leukemia.

1. The expression of tp53 at mMRNA level in CLL and the

influence of other important biomarkers

A. The critical biomarkers in CLL
1) Problem

Dell7p, in about 5-8% of cases, usually showed a mutation of tp53gene, these two genetic
abnormalities were usually called tp53 aberration. No matter whether the del17p or mutated
tp53 can cause the functional inactive of the tp53 pathway*2. Until now, the mechanism of tp53
in CLL is not understood very well. As we have discussed before, many biomarkers showed
the function in progress of CLL. The dell3q in about 55% of CLL patients causes low
expression of miRNAs (miR-15a and miR-16-1), which can also influence the expression of
BCL-2173, Del11q is observed in about 10% of CLL patients, and it can influence the expression
of the ATM gene, which code the DNA damage kinase. The other crucial somatic mutation gene
included NOTCH1, XPO1, KLHL6, MYD88, and SF3B141" (Figure 35).
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Figure 35: Common genetic markers in CLL

With understanding the function of each molecule in CLL, a pathway of genetic abnormality in CLL patients was
shown in the figure!. The gain or loss of the chromosome can initially drive the disease. An additional gene
mutation can promote the disease's progress. At the late stage of the disease, specific gene mutation and aberration
of chromosomes during illness would make the condition more aggressive and resistant to chemotherapy?®.

The aim of this project is to take advantage of NGS to improve the method of detection the
influence of tp53 at the transcriptional level and figure out the relationship between the
expression of tp53 and other genetic abnormalities in CLL.

2) Results
a. The relationship of each biomarker

According to the results from clinic, we summarized the relevant genetic biomarkers and the
survival data of the patients. All the mutational information of 114 patients have shown in the
Figure 36. The red areas represented the poorer prognostic factors, including tp53mut, deletion
of tp53 at 17p13 and 17p13.1, unmutated IGHV, deletion of chromosome 11 and ATM at 11922,
deletion of chromosome 11 and DLEU2 at 13g14, trisomy 12 and POU6F1 at 12q13 and MDM2
at 12q15, deletion of chromosome 6 and SEC63 at 6g21. The white box represented the favor
wildtype. The grey box means the results unavailable. We also studied the relationship of these
genetic factors by correlation analysis in our 114 CLL patients.
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Figure 36: The characteristic of each important genetic molecule in CLL.

The summary of different genetic factors in the 114 CLL patients. Red presented unmutated IGHV and mutated
other genes, which are all poor prognostic factors. White presents mutated IGHV and wildtype of other genes, and
grey presents not evaluated items.
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Figure 37: The relationship between expression of tp53 and different prognostic markers.

In correlation of different genes, the line connected two genes showed positive relation (p<0.05).

As we can see from the picture of relationship (Figure 37), it showed a large network of each
factors in CLL, what remind us the interaction of each biomarker. For the next step to analysis
the expression of tp53 at the mMRNA level, we would use this network as a guideline to classify
different groups. For example, tp53mut showed a high correlation to the deletion of tp53 at the
del17p13 and SNP rs2909430, all these three will be considered as one factor in score system.
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Table 23: The clinical information of 114 CLL patients.

Variable TP53 MUT (n=18) TP53 WT (n=96) P-value
Gender 0.58
Male 12 63
Female 6 33
Age at diagnosis (years) Median (min; max) | 72.2 (56-100) 71.3 (32-94) 0.75
Binet stage 0.87
A 11 60
B 3 19
C 4 17
Laboratory parameters at diagnosis
Platelets (150-450 Giga/L) 227.7488.8 (n=17) 201.1477.0 (n=88) 0.25
Haemoglobin (13.0-17.0 g/dL) 12.142.5(n=18) 13.242.1 (n=88) 0.04
White blood cells (4.0-11.0 Giga/L) 55.8+109.4 (n=18) 47.74117.8 (n=89) 0.21
LDH (240-480 UI/) 391.2+145/9 (n=17) 343.0+118.9 (n=86) | 0.12
Protein (66-87 g/L) 68.2146.3 (n=17) 67.5:4.3 (n=86) 0.59
Albumin (40-49 g/L) 41.145.0 (n=17) 41.543.8 (n=86) 0.97
Beta-2 microglobulin (0.8-2.4 mg/L) 3.442.4 (n=18) 2.941.6 (n=95) 0.16
Karyotype n=16 n=90
Deletion11 4(25.0%) 17(18.9%) 0.82
Trisomy12 1(6.3%) 21(23/3%) 0.22
Deletion13 3(18.8%) 11(12.2%) 0.76
Deletion6 2(12.5%) 6(6.7%) 0.76
Trisomy19 0(0.0%) 3(3.3%) 1.00
QMPSF n=18 n=95
ATM (del11q12) 4(22.2%) 17(17.9%) 0.92
D-LEU2 (del13q14) 10(55.5%) 35(36.8%) 0.14
MDM2 (trisomy12) 2(11.1%) 11(11.6%) 1.00
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TP53 (del17p13) 6(33.3%) 1(1.1%) <0.001
TP53 exonl (del17p13) 6(33.3%) 1(1.1%) <0.001
POUGF1 (trisomy12) 1(5.6%) 12(12.6%) 0.73
SEC63 (del6q12) 1(5.6%) 4(4.2%) 0.59
IGHV Unmut (98% cut-off) 13(92.9%, n=14) 44(55.0%, n=80) 0.006
NGS n=18 n=96
RS1042522 17(94.4%) 84(87.5%) 0.66
RS2909430 8(44.4%) 10(10.4%) 0.001
RS1625895 8(44.4%) 10(10.4%) 0.001
RS1800372 3(16.6%) 4(4.2%) 0.14
SF3B1 2(11.1%) 6(6.3%) 0.81
NOTCH 1 2(11.1%) 18(18.8%) 0.66

According to the results of NGS, we have divided patients into tp53 mutated and wildtype
groups to confirm the characteristic of tp53 mutation (Table 23). We found that unmutated
IGHV, deletions of the short arm of chromosome 17 (del17p13) correlated with tp53 and tp53
exonl were highly correlated with the mutated tp53 (p=0.005, p<0.0001 and p<0.0001,
respectively). Regarding the results of NGS, the most frequent single nucleotide
polymorphisms (SNP) were rs1042522 (101, 88.6%), rs162895 (18, 15.8%) and rs2909430 (18,
15.8%). The last two SNP were systematically present in the same patients and showed similar
mutational frequency and a close correlation with tp53 mutation (p=0.001). Patients with
mutated tp53 were more likely to have a lower hemoglobin level (mean of 12.1 g/dL with
mutated tp53) than a mean of 13.2 g/dL with wide type tp53, p=0.04).

b. The predictive value of each biomarker

Not only the relationship of these genetic factors, we also confirmed their clinical value in our
series. Consistently, the mutational status of IGHV can consistently predict the overall survival
and the time from diagnosis to first treatment in CLL patients. In contrast, the tp53 gene
mutation does not well reflect the characteristics of its prognostic biomarkers, which may be
related to the small sample size or the lack of calculation of deletion of chromosome 17.
Therefore, we can find that the detection of tp53 mutations does not consistently predict patient
survival. In contrast, the mutational status of other biomarkers such as NOTCH1 and SF3B1
can consistently predict the overall survival of patients but not the time to first treatment. Finally,
we also identified deletion of chromosome 6, affecting poor prognosis in CLL.
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Figure 38: The survival analysis of different prognostic markers.

The curve of the OS of IGHV mutated (green) with unmutated (red) (p=0.003) and the curve of the TTFT of IGHV
mutated (green) with unmutated (red) (p<0.0001).

The curve of the OS of tp53 wildtype (green) with mutated (red) (p=0.07) and the curve of the TTFT of tp53
wildtype (green) with mutated (red) (p=0.30).

The curve of the OS of NOTCH1 wildtype (green) with mutated (red) (p=0.04) and the curve of the TTFT of
NOTCH1 wildtype (green) with mutated (red) (p=0.51).
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The curve of the OS of SF3B1 wildtype (green) with mutated (red) (p=0.002) and the curve of the TTFT of SF3B1
wildtype (green) with mutated (red) (p=0.51).

The curve of the OS of chromosome 6 wide type (green) with deletion 6 (red) (p=0.001) and the curve of the TTFT
of chromosome 6 wide type (green) with deletion 6 (red) (p=0.06).

In general, through our survival analysis of each biomarker in 114 CLL patients (Figure 38),
we can see that, as expected, unmutated IGHV, NOTCH1mut, SF3B1mut, and deletion 6
predicted poor OS in CLL patients (p=0.003, 0.04, 0.002, 0.001, respectively). Unmutated
IGHV also showed a shorter TTFT (p<0.0001). Multivariate Cox proportional hazards
regression analysis indicated that unmutated IGHV (RR=11.5, p=0.03), del(6) (RR=10.0,
p=0.021) and NOTCH1 mutation (RR=9.1, p=0.017) were associated with poor survival and
unmutated IGHV (RR=2.7, p= 0.002) and Binet stage (RR=1.5, p=0.021) predicted for
treatment to be initiated.

However, mutation of tp53 can’t be a stable predict factors in our CLL patients, which means
that besides mutation of tp53, there are also other mechanisms which can regulate the activation
of tp53 family.

B. The function of tp53 in CLL
1) Problem

As many researches have confirmed, tp53 aberration is a crucial factor in CLL. The routine
methods to diagnose tp53 aberration are targeted NGS of exon 4 to 9 of tp53 and FISH to detect
the deletion of chromosome 17. However, the threshold of VAF in targeted NGS has been
controversial because many researchers have found that a low tumor mutational load, VAF
around 0.1-10%, still predicts an unfavorable prognosis in CLL patients. That may explain why
we can’t confirm the clinical value of tp53 mutation in our series. So it is crucial to understand
the role of tp53 in CLL and improve the method to detect the expression change of tp53 at
MRNA level.

2) Results
a. The mutation of tp53 in CLL

In our 114 CLL patients, there are 18 patients showed mutated tp53 diagnosed by target NGS.
We have described the mutation sites of tp53 on the gene map. Interestingly, all the mutations
were concentrated in the DNA binding region, which was related to the N-terminal of p53
isoforms. In order to analysis the expression of tp53 at mRNA level, we introduced the RT-
MLPA to detect each exon junction. On the one hand, it can show the specific regions of each
isoforms. On the other hand, it can also reflect the total expression of p53 mRNA and the
relationship among each exon junctions.
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Figure 39: The structure of tp53.

Eleven exons make up six domains, and the different colors represent different domains: as we have shown in the
figure, according to the amino acid residues, the position from 1 to 67 make up the transactivation domains,
including TAD I (red) and TAD Il (light purple)). From residues, 68-98 are the domains of the proline-rich region
(PRD, yellow). The core domain of tp53 is the DNA-binding domain (DBD, green), made up of residues 94-292.
On the C-terminal, there are three functional domains, including the hinge domain (HD, dark purple), the
oligomerization domain (OD, orange), and the carboxy-terminal regulatory domain (CTD, brown). Other variants
of the C-terminal are exon9b (light blue) and 9g (dark blue). All the mutated sites were directed at the genetic
picture, all gathered on the DNA-binding domain.

C. The influence of isoforms of tp53 in CLL
1) Problem

As we mentioned, there is no large-scale study on the variability splicing of tp53, resulting in
differential expression at the transcriptome level in CLL. The commonly used methods for the
detection of tp53 gene mutation are targeted sequencing and whole exon sequencing, in which
the definition of the VAF value threshold is still debated. So the impact of the tp53 gene on the
disease solely from the mutation ratio can no longer explain the poor prognosis of patients, we
need to develop new methods to reveal the important role of variability splicing of the tp53
gene in CLL from the transcriptional level.

2) Results
a. The total information of the tp53 mMRNA expression in CLL

The structure of tp53 is presented in Figure 39. Theoretically, the structure can generate 12
kinds of proteins because of alternative splicing. For the N-terminus, there are two promotors
named P1 and P2. The mRNA transcribed by P1 will translate two types of proteins, the full-
length p53 (TAp53) and the A40p53 isoform, which started at codon 40. Promotor P2 can
transcribe the isoforms A133p53 and A160p53, started at codon133 or 160, respectively. Three
variants in the C-terminus are also present due to alternative splicing of the exon9, named a, B,
and y. Exon9p and y have stop codons, leading to translational termination. Isoform o also
translates exon10 and exonll. There are six domains of tp53 which are directed by different
colours.

We detected the expression of each exon junction by RT-MLPA to find more information in
the mRNA and to determine the percent of mutation on codon 72 to confirm the stability of this
method.
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Figure 40: The stable of RT-MLPA used in CLL.

Comparing the mutational frequency of codon 72 on the exon 4 detected by NGS and RT-MLPA showed positive
correlations (p<0.0001).

More than 3000 reads of tp53 in each patient among the 114 included were detected. Firstly,
we evaluated the frequency of codon 72 mutation detected by NGS versus RT-MLPA,
illustrated in figure 39, showing a positive correlation (p<0.0001). It means that RT-MLPA can
also catch the mutation frequency in the coding site and reflects the situation of mMRNA
expression stably (Figure 40).

To detect the accuracy and efficiency of this method, we also established a positive control cell
line derived from human origin diffuse large cell B lymphoma (DLBCL), named SU-DHL-16,
which showed a splicing site mutation between exon 9 to 10 (NM_000546: ¢.994-1G>A) with
an allelic frequency of 100% (Figure 41 A). Point mutation on the acceptor consensus site at
the end of the intron 9 causes a junction between exon 9 to 11 and skipping exon10, detected
by RT-MLPA (Figure 41 D). We also used RT-PCT and Sanger sequencing methods to verify
MRNA expression in the SU-DHL-16 sample. Although we observed the exon junction of 9 to
11 and exon 10 skipping, it was not the main isoform. The sequencing result indicated another
segment with the retention of a part of intron 9 between exon 9 to 10, using an alternative
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splicing site acceptor in intron 9 (Figure 41 C). However, because of the absence of a specific
probe, RT-MLPA cannot detect this kind of isoform.
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Figure 41: TP53 splicing isoforms of SU-DHL-16 cell line characterized by RT-MLPA and RT-PCR.

(A) In the left side, the green line showed the alternative splicing in normal, and orange line showed the howed an
exon 10 skipping and the expression of a junction between exon 9 and 11. In the right side, by using the biomarkers
of B-cell and T-cell, we can ensure the purify of the DLBCL cell lines. (B,C,D) Tp53 splicing isoforms
characterization by RT-PCR and Sanger sequencing. The capital letters correspond to the sequence transcript on
mMRNA, and the small caps correspond to the deduced DNA sequence. (A) The sequencing of the normal control
cell has shown the expression of exons 9 to 10 to 11 in normal order. (B) The main isoform detected in the SU-
DHL-16 cell line which expression part of intron 9 because of an alternative splicing site acceptor in intron 9. (C)
The minor isoform found in the cell line RT-MLPA also detected, expressed junction of exon 9 to 11 and skipping
exon 10.

The expression percent of all tp53 exon junctions of 114 CLL patients was shown below
(Figure 42). Using a multiple linear regression model that was developed by a stepwise method,
we presents the linear association between the expression of exon9-10 (p53a), exon9-9b (p53p),
exon9bg-10 (p53pB and y), and a set of other expression exon junction, respectively (Table 24).
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The expression of exon9-9b and exon9bg-10 had the most impact according to the value of

standardized coefficients.

Table 24: Multiple linear regression model of the expression of exon junction.

Model B t R? F P Durbin-Watson
Exon9-10 Constant 7.01 0.724 56.72 <0.0001 1.932
(p53w) Exon9bg-10 -3.26
Exon2-3 4.86
Exon7-8 2.81
Exon8-9 -2.76
Exon9-9b -2.26
Exon9-9b Constant 2.93 0.841 593.03 <0.0001 2.057
(pS3B) Exondbg-10 | 24.35
Exon9bg-10 Constant 5.45 0.881 271.23 <0.0001 2.171
(p53B and y) | Exon9-9b 14.16
Exon6-7 -5.23
Exon9-10 -3.19
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Figure 42: The expression of each exon junction in 114 CLL patients.
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b. Special patient change

Moreover, RT-MLPA can also reflect the frequency of the splice site mutation. In our series,
we found a patient that received 6 cycles of chemotherapy and showed a splice site mutation
between exon 4 and 5 (c.376-2A>G) with a mutational frequency of 45% tested by NGS.
Interestingly, when we tested this sample by RT-MLPA, this splice site mutation caused 47.4%
of exon 4 LHS ligated with normal exon 5 RHS and 52.6% ligated with exon5 truncated at
A133 site (exonbb) (Figure 43), which is concordance with the data of NGS. After 2-year
treatment of ibrutinib (a kind of Bruton’s tyrosine kinase (BTK) inhibitors, which can
irreversibly inhibit BTK), the expression of exon4-5b decreased to 5.9%, while the mutational
frequency of splice site detected by NGS was of 1.4%. Therefore, besides the fact that RT-
MLPA can reflect the mutational frequency, it can also notice the change of mMRNA expression
caused by splice site mutation and treatment strategy.
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Figure 43: The results of RT-MLPA in a CLL patient with splicing site mutation.

The RT-MLPA results of a patient presented splice site mutation between exon 4 to 5 (¢.376-2A>G). The top
picture showed the expression of exon4-5 and exon4-5b when the patient had just received six cycles of FCR. The
picture below presented a change in expression after the 2-year treatment of BTK inhibitor ibrutinib, which
concord with the result of NGS. The picture on the right has showed the expression level of biomarkers of T-cell
and B-cell, which made a control to compared the expression level of TP53 and B-cell.

c. In the different expressions of exon junction groups
i.  Exon 4-5 special for TA/A40p53

Although several studies investigate the clinical influence of tp53, the mMRNA expression of
tp53 is controversial. Therefore, firstly, we analyzed the relationship between different genes
and illustrated the significant positive correlations (p<0.05) between them with lines. Secondly,
we highlighted that the expression of some exon junctions was statistically different between
various mutational statuses of genes.
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Figure 44: The markers expressed a lower level of exon 4-5.

For example, tp53 mutated cases expressed a lower level of exon 4-5, the only part in FL and
A40p53 isoforms. The same situation was identified in del17p13 (tp53exonl), rs2909430 and
SF3B1mut patients (Figure 44). Positives correlations were also detected between tp53mut,
del17p13 (tp53exonl) and rs2909430 (Figure 37, represented in green). Consequently, we
divided patients into three groups, as presented in table classification 1. The three groups not
only expressed different levels of exon4-5 but also showed a difference in the OS, as illustrated
in Figure 45.

Classification 1

Biomarker Score | Biomarker Score | Risk group Group B

SF3B1 Tp53 net Group A 0
Wildtype | O Wildtype 0 Group B 1
Mutated 1 TP53mut/del17p13/rs2909430 | 1 Group C 2
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Figure 45: The survival analysis of different groups classified by the expression of exon4-5.

According to classification 1, the genetic groups showed significant differences in the expression of exon4-5 and
OS (p<0.0001).

ii.  Exon9-9b and exon9bg-10 special for p53p

p=0.056 p=0.072

c

5 0.047 — = 014 H—H — IGHY Mut
B WT =) 0.12

c z 3 IGHV Unmut
3 0D a6 5 0.0

c 0.031 = 0.081

[=] =

= $ 0064 * *

5 002 S 00251 — —

@ < 00201

5 01 = 0.015+

= S 0.0104

[= =4

g 2 0.005-

3 0.00407— 0.000 T T T T T T T T

= 9-0p 56 9-10 9-0p 9bg-10

Figure 46: The markers expressed a lower level of exon9-9b and exon9bg-10.

Additionally, we also compared the expression of tp53 in other genetic groups. Unmutated
IGHV cases expressed a lower level of exon9-9b and exon9bg-10, which may represent the
isoform of p53p and p53y. A similar situation also appeared in the deletion 6 group (Figure
46). According to Figure 37 red box, we made the score system of classification 2. We divided
patients into three groups with increasingly different levels of expression; the higher points they
scored, the higher level of exon 9-10 and the lower level of exon 9-9b and 9bg-10 it expressed
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(Figure 47). This trend was maintained in the OS and TTFT analysis (p<0.0001 and 0.001,
respectively).

Classification 2

Biomarker Score | Biomarker Score | Risk group Group B

Deletion 6 IGHV Group A 0
Wildtype | O Mutated 0 Group B 1
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Figure 47: The survival analysis of different groups classified by the expression of exon 9-9b.

According to classification 2, the different groups showed different expressions of exon9-9b and exon9bg-10 and
OS, TTFT (p<0.0001 and 0.001, respectively).

iii.  All crucial biomarkers in CLL

As the results shown, patients divided into high-risk groups are more likely to expressed higher
level of exon 4-5, which is special for isoform TA/A40p53, and lower level of exon 9-9b, which
is special for isoform p53p. Considering the influence of all the clinical biomarkers in our series,
we build the classification 3, and divided patients into three groups. We found that higher risk
groups expressed a lower level of exon9-9b and exon9bg-10 and a higher level of exon10-11.
The same trend could also be observed in the analysis of OS and TTFT (p=0.0003 and 0.004,
respectively) (Figure 48).
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Classification 3
Biomarker Score Biomarker Score | Risk group Score
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Figure 48: The survival analysis of different groups classified by all the important biomarkers in CLL.
According to classification 3 (including all genes that showed prognostic value), the different groups showed

different expressions of exon9-9b, exon9bg-10, and exon10-11, and OS, TTFT (p=0.0003, 0.004, respectively). *
Present the significant analysis (p<0.05)

3) Conclusion and discussion

With the discovery of tp53 in CLL, we found that most mutations of tp53 were detected in the
DNA binding domain. This kind of mutation has been considered the leading cause of p53
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inactivation!’®. Although only 10% of patients showed a genetic mutation in CLL, tp53 is still

a significant predictor of treatment response and prognosis. Among the clinical data of our CLL
patients, mutational status of IGHV, tp53 at 17p13 and 17p13.1 genes detected by QMPSF,
SNP rs29009430 and rs1625895 tested by NGS, and low level of haemoglobin were shown a
close relationship with mutated tp53. As we know, the frequency of tp53 mutation is
consistently higher in chemo-refractory patients than in treatment-nawe CLL patients. It may
decrease after the treatment of target inhibitors. Compared the results of one patient after
receiving routine first-line treatment followed by BTK inhibitor, we found that RT-MLPA high-
throughput sequence can also serve as a surveillance tool to monitor the change of the
mutational frequency in tp53.

Traditionally, point mutations of the tp53 gene have been identified as a fundamental cause of
the occurrence of cancer!’®. However, various truncated forms of p53 can also be responsible
for its inactivation. Especially the N-terminally truncated deletion part of the DNA binding
domain. Some researchers have suggested that p53 isoforms involve in carcinogenesis**. It has
been reported in many different kinds of tumours that, compared to normal control samples,
tumorigenic tissue expressed various levels of the p53 isoforms!’’,

Moreover, several researchers have reported that even though some cancers showed a low
mutation rate of tp53, their expression of p53 isoforms has significantly changed. For example,
breast cancer with a 25% mutation rate of tp53 expressed different levels of p53 isoforms. They
decreased more than half of the expression of p53p, and p53y isoforms increased half of the
expression of the A133p53178, A similar situation was also observed in acute myeloid leukemia,
which only shared a 10% mutation rate and showed a large different level of the p53p and p53y
isoforms!’®. These studies have expanded the perspective to discover the mechanisms of the
p53 isoforms and improve cancer treatment.

In the report, RT-MLPA was designed to detect transcript expression levels of mMRNA. Because
this is an RNA-sequencing technology, the procedure started with combining probes with the
RNA and ligating the cDNA. PCR followed it amplified with the universal PCR primer.
Because each probe of tp53 needs only about 30 bps, the length of the cDNA template will not
be too big. The other advantage of our method was the combination with second-generation
sequencing to detect target RNA. The high-throughput platform can analyse the specific
sequences in left and right hybridizing sequencing, allowing as many probes in one assay as
possible.

Furthermore, the Illumina-compatible sequencing primers allowed a more flexible pooling
strategy when the RT-MLPA sequence needs extremely little data. The disjunction between
cytogenetic and molecular testing leads to the challenge of estimating these factors into a
prognosis model to guide the clinical decision. We combined the results of the RT-MLPA high-
throughput sequence with other molecular factors to find more information on mRNA and the
relationship among multiple genes with tp53 in CLL. It is the first time to use the RT-MLPA
high-throughput sequence in CLL patients to discover the transcriptional level of mMRNA.
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The different expressions of exon junction between various prognostic factors are always
related to the exon4-5, exon5-6, exon9-10, exon9-9b, and exon9bg-10, which may represent
the distribution of TAp53 and A40p53, A133p53 and A160p53, p53a, P53, and p53y isoforms,
respectively. And when we classify patients according to the factors expressing a similar level
of exon junction, different groups can predict the treatment and prognosis of CLL. The low
expression level of exon4-5, exon9-9b, and exon9bg-10 and high expression level of exon5-6,
exon9-10, and exon10-11 indict shorter overall survival and a highly necessary to be treated.

In summary, RT-MLPA high-throughput technology is a stable and economical technology to
analyse the expression levels of RNA in CLL patients, which can be used in both research and
clinical. It’s the first time we have studied the expression of tp53 by testing the expression level
of all exon junctions. Our finding is in concordance with the research on other cancers. The
short N-terminal truncated isoforms, including A133 and A160 p53, are more likely to
aggressive the disease, and the expression of p53p and p53y isoforms may release the disease.
There are also some limits. Firstly, there are not many studies of mMRNA expression in CLL.
The standard guideline is needed in the future. And our study, which included 114 patients, was
also too small. More multi-centre cooperation is required.
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CONCLUSION AND GENERAL DISCUSSION
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I.  Conclusion

In this study, we aimed to extend the use of NGS technology in CLL and explore valuable
biomarkers with the help of this high-throughput sequencing tool, which can be used to evaluate
treatment options and predict prognosis. Among them, IGHV is the crucial prognostic indicator
in CLL. The conventional detection tool Bio-med2 has shown some drawbacks in operation. It
is necessary for detection throughput and subsequent automated analysis and combination with
other experiments, so we used the 5’RACE technique with the help of second-generation
sequencing technology to detect immunoglobulin heavy chain mutations. At the same time,
information about the immunoglobulin light chain can also be obtained. Also, since the 5’RACE
technique starts from the constant region sequence, we can get the complete sequence
information of the CDR3 region, which is crucial in evaluating the function of immunoglobulins.
We also found that most CLL patients' heavy and light chains express the same mutation status.
This finding gives a solution for the borderline cases group previously defined by the
international organization ERIC. When the percentage of immunoglobulin heavy chain
mutations in patients is between 97-99%, we cannot directly determine the prognosis of patients.
We can use the information obtained from the light chain to guide the evaluation of the patient's
prognosis by the light chain mutation. A particular group of patients expressing the IGLV3-21
sequence with a point mutation at amino acid sequence 110, resulting in a change from G to R,
is called IGLV3-21R1% When analyzed with the clinical data, we found that although most of
the IGHV in this group were mutated, the patients still showed a similar immunoglobulin heavy
chain non-mutation status. The OS and TTFT were significantly shorter, even though most of
the patients in this group exhibited a mutated immunoglobulin heavy chain status. The
percentage of IGHV mutations in this group of patients was mainly distributed in borderline
cases, thus further emphasizing the role of immunoglobulin light chains in the diagnosis and
prognosis of CLL.

II.  General discussion
A. NGSintest IGHV in CLL
1) The importance of IGHV in CLL

The role of the mutational status of IGHV in CLL has been strengthened over the past 30
years!®9_ It is a stable predictor of patient therapeutic outcome and survival prognosis
independent of other prognostic factors, making IGHV mutation status a critical consideration
in most clinical staging at this phase.

The mutational status of the IGHV is defined by the percentage of similarity between the
detected heavy chain sequence in the patient and the identified germline gene. The threshold
value for mutation status is 98%%°. When the identity of the IGHV is greater than or equal to
98%, the patient is defined as mutated, called M-CLL. On the contrary, when the patient's
identity is less than 98%, it is defined as non-mutation, called UM-CLL. Some scholars have
studied the use of 97%'% or even 95% to describe the immunoglobulin heavy chain mutation
status.
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However, no mathematical threshold can define a biological phenomenon because even a point
mutation at a relatively important site can also lead to a variation in the disease process.
Therefore, as the study of immunoglobulin heavy chains continues to progress and many
clinical problems cannot be explained simply by the 98% threshold, scholars have raised
another issue that needs to be addressed: the consideration of borderline cases.

Borderline cases'®, whose identity to the germline genes is between 97-99%, can not judge the
treatment outcome and the survival prognosis simply by the numerical threshold, suggesting
that there may be other biological molecules at work. Therefore, the International Chronic
Lymphocytic Leukemia Organization appeals to clinicians to exercise great caution when using
the 98% threshold to evaluate patients with immunoglobulin heavy chain mutation rates from
1-3%.

With continued research on IGHV, researchers have identified that 30% of individuals with
CLL have highly similar CDR3 sequences in their immunoglobulin heavy chain sequences.
They always deviate from the same light chains that make up the immunoglobulin, a group of
cases known as subsets'®. Instead, they belong exclusively to a different group exhibiting
specific clinical features and prognoses.

In developing the body's immune system, high-frequency mutations in somatic cells increase
the diversity of immunoglobulins and thus respond to different in vitro invasions. However,
nearly 30% of CLL patients express identical or similar heavy chain CDR3 sequences while
matching the corresponding light chain with bias. Thus, the role of immunoglobulins in CLL
goes well beyond the mutant state. The study of HCDR3 sequences and the critical value of
immunoglobulin light chains still needs to be continuously investigated and discovered.

2) The value of IGLV in CLL

Late studies of immunoglobulin light chains in CLL*?? reported the immunoglobulin light chain
repertoire in 276 and 207 patients. By comparing with normal groups and associated tumor
cells, the authors defined A and « light chain, commonly used functional genes. When
identifying the light chain homologous complementary determining region 3, specific light
chains bind to fixed heavy chains, and a subset consisting of a given IGLV-J with homologous
IGHV-D-J provides a theoretical basis for the role of immunoglobulins in the development of
CLL.

Subsequent large-scale studies have also revealed non-random pairing between
immunoglobulin heavy chains and specific light chains in CLL. Most notably, immunoglobulin
heavy chain IGLV3-21, whose third complementary determining region expresses two types of
amino acid sequences, motif-1 (DANGMDV) and motif-2 (DPSFTSSSWTLFDY). In contrast,
HCDR3 with motif-1 usually pairs with IGLV3-21, and HCDR3 with motif-2 pairs with IGKV3-
20. In contrast, in 2021, some researchers found that 1GLV3-21-expressing CLL cells may
acquire a point mutation at position R110 that triggers autonomous BCR signaling, which
defines a subgroup of CLL with specific biological characteristics and prognosis and is
independent of IGHV mutation status and epigenetic subtype.
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The lack of research on immunoglobulin light chains is mainly because the results of the current
assay do not give the sequence information of heavy and light chains at the same time very
conveniently. The Bio-med 2 method!?°, which includes PCR, gel electrophoresis, and Sanger
sequencing after PCR amplification, is routinely used in clinical practice and requires a lot of
labor input. At the same time, the later analysis of sequencing results is also manual. The study
of sequencing results is also manual, compared to the gene sequence results on the website.
Another drawback is that, with the increasing research on CLL, more and more critical
biomarkers play an important role in the development and prognosis of the disease, and BIO-
MED?2, as a single-item study, does not allow the simultaneous detection of multiple items on
the same research platform. Therefore, finding a more efficient and convenient assay that can
be used in combination with other items is important.

At the present stage, thanks to the continuous development of second-generation sequencing
technology, more and more technologies are emerging for the detection of immunoglobulins.
And we use the second-generation sequencing platform in our laboratory to detect
immunoglobulin sequences in CLL patients using 5’'RACE technology, and its accuracy is up
to 94% compared with the traditional gold standard. We also analyzed the cases with
inconsistent results. We found that 5’RACE technology can more sensitively handle poor RNA
quality samples and detect multiple and non-functional rearrangements more accurately than
B1O-MED?2, the second-generation sequencing technology.

The advantage of 5’RACE is that its preparation work is relatively simple, reducing manual
operation steps. At the same time, using high-throughput sequencing means more information
can be obtained regarding subcloning and molecular internal structure. The subsequent
sequencing analysis work is all done automatically by the corresponding bioinformatics
software. The final results are output as a combination of data and graphical means, which
facilitates statistical analysis and visualization of data, and is simple and easy to understand. It
saves labor costs and increases the probability of human error.

Another advantage of 5’'RACE is that the sequence information of both immunoglobulin heavy
chain and light chain can be obtained for a single sample. In most of the cases we analyzed, the
mutational status of the light chain was always the same as that of its corresponding heavy chain.
It reminds us that for the CLL borderline cases, where the percentage of IGHV mutations is 1-
3%, the therapeutic and prognostic analyses are inconsistent with their heavy chain mutation
status. And we found that in most cases, the mutation status of the heavy chain is consistent
with that of the light chain. Clinicians can also use the light chain information obtained by
5'RACE to complement the heavy chain mutation status to guide the selection of treatment
options. We also identified a group of specific mutations in the light chain.

We also confirm a specific subgroup of CLL cases expressing IGLV3-21 with a single point
mutation at amino acid sequence 110 of the light chain, which we named IGLV3-21R0, The
mutational rate of their corresponding IGHV was between 97-99%. When they were divided
into three groups, namely IGHV-M non-IGLV3-21R10 CLL, IGHV-U non-1IGLV3-21R10CLL,
and IGLV3-21RY0 CLL groups, we found that this particular group consistently exhibited
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similar clinical features as the unmutated patients, i.e., shorter survival and the need to receive
treatment as soon as possible, even though 75% of the IGLV3-21R patients expressed mutant
immunoglobulin heavy chains.

Therefore, in our study, we not only highlighted the impact of efficient methods on IGHV but
also demonstrated that immunoglobulin light chains play an important role in CLL. Therefore,
efficient sequencing methods exploring immunoglobulin heavy and light chains will provide
more information and data to support our study in future research and clinical treatment.

B. Using a more straightforward method to test the expression of tp53mRNA
in CLL

Tp53 tumor suppressor gene is frequently mutated in cancer, and its mutation usually leads to
enhanced chromosomal instability, including amplification of oncogenes and profound deletion
of oncogenes!’®. Tp53 mutations can predict treatment outcomes and survival in many cancers.
Numerous studies have shown that mutations in tp53 are involved in various signaling pathways,
like cell cycle'?®, apoptosis, and tumor microenvironment regulation.

The primary outcome of tp53 mutations is to destroy the function of p53, depriving the cell of
its tumor suppressive ability. Most tp53 undergoes missense mutations, i.e., a single base
change within the DNA binding domain of the protein. Mutated tp53 can provide tumor cells
with the ability to cope with challenging conditions during tumor development, including DNA
damage, nutritional deficiencies, and anti-tumor immune responses.

Specific tp53 mutations have been reported to disrupt key cellular pathways while promoting
tumor cell proliferation and invasion and increasing their resistance to chemotherapy. Although
tp53 mutant phenotypes contributing to tumor growth have been described, the mechanisms
determining tp53 promotion of cancer maintenance and progression remain incompletely
understood.

In recent years, the study of p53 isoforms has gained much attention'*'’” because of the
deletion of some of its N-terminal and C-terminal amino acid sequences, its ability to produce
12 different types of proteins through variable splicing, and the absence of its N-terminal
deletion resulting in the lack of the DNA-binding region of some isoforms, making its function
different from that of normal wild-type p53. Therefore, at the transcriptome level, the level of
MRNA obtained by alternative splicing will be able to indirectly respond to the alteration of the
molecules involved in the transcription of the tp53 gene to p53.

We analyzed the expression levels between different exon-binding regions in CLL patients with
the help of RT-MLPA technology to detect whether variable splicing between different exons
occurs in patients and its impact on the disease. By targeted sequencing, we used probes to
detect the status of mutations in the tp53 gene. We combined data from other common
biomarkers in CLL to analyze the p53 mRNA expression levels between different gene
mutations. Our results showed that both mutations in the tp53 gene itself and deletions in the
tp53 gene-related part of chromosome 17 and mutations in other genes, such as NOTCHL1,
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SF3B1, Del6, and IGHV mutation states, the differences in p53 expression levels were always
present in exons 4-5, 5-6, 9-9b, 9bg-10 and 10-11. And these exons are the missing parts in the
middle of the N-terminal and C-terminal isoforms. A molecular prognostic scoring system can
be established by analyzing the relationship between biomarkers. We found that the expression
levels of different tp53 exon-junction appear to be hierarchically different between molecule
groups. Therefore, we can assume that differences in the expression of p53 mRNA levels also
affect the disease progression and prognosis of CLL.

Meanwhile, we found that one of the patients, who developed tp53 shear site mutation, resulted
in MRNA levels expressing the 4-5b binding site, while the normal exon 4-5 expression level
was reduced by half. After the patient was treated with BTK inhibitors for one year, tp53 splice
site mutations decreased to 5%. And his RT-MLPA assay results likewise showed that exon 4-
5 expression levels largely returned to normal, while exon 4-5b levels were significantly
reduced. Therefore, using RT-MLPA to detect inter-exon expression levels can reliably reflect
the changes of relevant biological markers in patients after receiving treatment. It can help
clinicians evaluate the treatment effect on patients.

Compared with other real-time quantitative PCR methods, we have studied the relationship
between each exon-junction by high-throughput sequencing. It can more comprehensively
reflect the expression of the tp53 gene at the transcriptional level mMRNA, not only to detect
abnormal exon variable splicing but also to analyze its mutational status on the tp53
transcriptional level in combination with other biological markers. The relationship between
MRNA expression and tp53 transcript levels can be established more accurately with the
prognostic assessment system of patients.

However, our study was mainly focused on the mRNA level and was not validated at the
subsequent protein level. At the same time, we did not do a more in-depth analysis of the effects
of tp53 expression differences due to variable splicing on the signaling pathways involved, so
more research is needed in the future to investigate the mechanisms behind this and the effects
of other signaling pathways downstream.

110



ANNEXE

Journal Pre-proof
=

Leukemia
5’ Rapid amplification of cDNA ends (5’RACE): Research
A simpler method to analyze immunoglobulin P ——
genes and discover the value of the light chain in
chronic lymphocytic leukemia M et

Xuan Lan, Philippe Ruminy, Elodie Bohers,
Vinciane Marchand, Mathieu Viennot, Pierre-Julien
Viailly, Pascaline Etancelin, Hervé Tilly, Sorina
Mihailescu, Florian Bouclet, Stéphane Leprétre,
Fabrice Jardin

PII: S0145-2126(22)00178-3
DOI: https://doi.org/10.1016/].leukres.2022.106952
Reference: LR106952

To appear in:  Leukemia Research

Received date: 1 August 2022
Revised date: 4 September 2022
Accepted date: 15 September 2022

Please cite this article as: Xuan Lan, Philippe Ruminy, Elodie Bohers, Vinciane
Marchand, Mathieu Viennot, Pierre-Julien Viailly, Pascaline Etancelin, Hervé
Tilly, Sorina Mihailescu, Florian Bouclet, Stéphane Leprétre and Fabrice Jardin,
5” Rapid amplification of cDNA ends (5’RACE): A simpler method to analyze
immunoglobulin genes and discover the value of the light chain in chronic
lymphocytic leukemia, Leukemia Research, (2022)
doi:https://doi.org/10.1016/j.leukres.2022.106952

This is a PDF file of an article that has undergone enhancements after acceptance,
such as the addition of a cover page and metadata, and formatting for readability,
but it is not yet the definitive version of record. This version will undergo
additional copyediting, typesetting and review before it is published in its final
form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier.
111



5 Rapid amplification of cDNA ends (S’RACE): A simpler method to analyze immunoglobulin genes and
discover the value of the light chain in chronic lymphocytic leukemia

Xuan Lan"?, Philippe Ruminyl, Flodie Bohers', Vinciane Marchand', Mathieu Viennot', Pierre-Julien Viaillyl,
Pascaline Etancelin’, Hervé Tilly'~, Sorina Mihailescu’, Florian Bouclet®, Stéphane Leprétre® and Fabrice
Jardin'?

1 INSERM U1245, Team Genetic and biomarkers in lymphomas and solid tumors, Centre Henri Becqurel,
University of Normandie: Rouen, France

2. Department of molecular biology, Centre Henri Becquerel, Rouen, France
3. Department of clinical Hematology, Centre Henri Becquerel, Rouen, France

4. Clinical Research Unit, Centre Henri Becquerel, Rouen France

Corresponding author: Fabrice Jardin fabrice jardin@chb.unicancer. fr

Permanent address: Centre Henri Becquerel Rue d’Amiens 76038 Rouen

Abstract

The mutational status of the variable region of the immunoglobulin heavy chain gene (/GHV) is a very important
biomarker for chronic lymphocytic leukemia (CLL) patients. However, the routine detection of /GHV mutational
status is time-consuming and costly. Therefore, we performed 5° Rapid amplification of ¢cDNA ends (5 RACE)
in 81 CLL patients who previously underwent detection using Biomed-2. The agreement rate of these two
methods was 93.8%. Regarding the discordant cases, 5° RACE was more sensitive to identify unproductive and
multiple rearrangements. Furthermore, 5° RACE can also be used to simultaneously sequence light chains. In
most CLL cases, the mutational statuses of heavy and light chains are concordant, except in IGLV3-21. Most
IGLV3-21 (24/25) rearrangement shared a similar LCDR3 (QVWDSSSDHPWYV) and harbored a single point
mutation, namely, IGLV3-21R10, Compared to mutated-CLL non IGLV3-2MY [GLV3-21*M"_CLL exhibited a
shorter overall survival (OS) and time to first treatment (TTFT) (p=0.05, p<0.0001, respectively) even though
75% (18/24) of these patients expressed mutated heavy chains. Altogether, IGLV3-21*"" defines a CLL
subgroup with specific biological features and an unfavorable prognosis independent of the /GHV mutational
status and emphasizes the important value of the light chain. This study is the first to use 5> RACE to detect the
mutational status of IGH in CLL. Here, 5" RACE was a reliable and effective method to test the mutational
status of heavy and light chains. In addition, 5> RACE can be combined with other assays in the NGS workflow
to obtain more detailed insight into subclonal architecture and intraclonal diversity.

Keywords: Chronic lymphocytic leukemia (CLL), 5’Rapid amplification of c¢DNA ends (5’RACE),
immunoglobulin heavy chain (IGH), immunoglobulin light chain (IGL), IGLV3-21%'"
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Introduction

B-cell chronic lymphocytic leukemia (CLL), the most common leukemia in the western world'? is a
heterogeneous disorder with a remarkably variable natural history and prognosis with leukemic B cells ranging
from functionally allergic to highly proliferating. Some CLL patients survive for years without any treatment,
whereas others pass away rapidly due to progressive disease. Even though different biologic markers are
available to help clinicians predict prognosis and make the best treatment decision, the biology and pathogenesis
of CLL remain poorly understood.

At present, one of the best prognostic and therapeutic markers in CLL identified more than 20 years ago™ is the
mutational status of /GHV®. Survival analysis has shown that patients with mutated BCR (M), where the IGHV
region has undergone somatic hypermutation (SHM) and shows less than 98% identity when compared to the
487 Furthermore,
multivariate analyses have confirmed that this mutational status is a strong independent poor prognostic marker

in this pathology™’.

germline sequence, have a significantly longer survival than unmutated cases (UM)

In routine, /GHV mutational status is commonly evaluated by PCR-based immunoglobulin clonality testing
addressed through the alignment of the sequence detected in CLL cells with dedicated immunoglobulin gene
databases using a 98% homology threshold'®. However, as the presence of a single mutation (representing the
deviation from germline) can have a major impact on the results, this threshold has been challenged, and the
observation of so-called ‘borderline” CLL cases with 97-98.9% IGHV identity has raised the question of whether
they should be considered M or UM CLL''"™". To address this question, the European Research Initiative on
CLL (ERIC) has recently published guidelines emphasizing that caution should be used when employing any
threshold to evaluate biological results'*. The ERIC initiative has also identified three additional categories of
problematic cases'™: (1) an unproductive /GH VDJ rearrangement (which does not code a functional BCR) is
exclusively detected; (2) two productive rearrangements with discordant mutational status are identified; and (3)
the CDR3 region, which codes the whole D segment and part of the V and J segments, lacks critical residues.
The guidelines also emphasize the importance of the analysis of the entire variable region of the /GI1 gene to
obtain reliable results.

In addition to the mutational status of the heavy chain, other features of the BCR can also participate in the
classification of CLL patients into different prognostic subsets'*'®"?. The light chain repertoire is, for example,
biased, and some /GKF/IGLYV genes are used more often in CLL than in normal B cells”?'. Other studies have
also demonstrated that, independent of /GHV mutational status, the use of the /GLF3-21 light chain is associated
with a poor prognosis®>>'. However, this characteristic is rarcly evaluated during routine diagnosis due to the
difficulty of analyzing the rearrangements of the BCR light chains at the molecular level.

Today, amplification of the /GI{ VDJ region by polymerase chain reaction (PCR) starting from genomic DNA
extracted from a blood sample followed by Sanger sequencing is regarded as the standard method for the
evaluation of the /GHV mutational status'’. This analysis requiring six independent PCR amplifications is time-
consuming and needs a high level of expertise, particularly for the interpretation of problematic cases. To
address these difficulties, other methodologies have recently been proposed that are associated with the
democratization of next-generation sequencing (NGS) platforms in routine diagnosis laboratories®.
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In this study, we evaluated the advantages of one of NGS methodologies based on a simplified multiplex 5’
RACE BCR analysis method adapted to a routine diagnosis workflow, which allows the simultancous
characterization of the immunoglobulin heavy and light chains repertoire in CLL.

Materials and Methods
Blood sample preparation

A series of 81 patients who were routinely diagnosed B-cell CLL with /GHV mutational status results from
Biomed-2 in Henri Becquerel Centre between July 1, 2002 and July 1, 2020 were included. To compare the
sensitivity and ability of the two different methods, we chose cases with different intervals of IGHV
identification. There were 14 unmutated cases (99-100%), 21 borderline cases (97-99%), 34 mutated cases
(<97%) and 12 double rearrangement cases. This study was performed according to the Declaration of Helsinki
and local laws, and the protocol was approved by the Institutional Review Board of Henri Becquerel Centre.
Biological material was obtained after receiving patient consent. The diagnosis of CLL was made according to
the established iwCLL/National Cancer Institute (NCI) criteria®’. RNA was isolated from peripheral blood
mononuclear cells (PBMCs) using the RNA NOW kit (Biogentex, Seabrook, TX, USA) according to the
instruction manual and stored at —80°C in water. RNA concentrations were determined using a Nanodrop
spectrophotometer.

5’ RACE (rapid amplification of ¢cDNA ends)

The first step of 5° RACE consists of cDNA synthesis (as presented in Figure 1) followed by an AMPure XP
magnetic beads purification. The primers of Ig reverse transcription were listed in Appendix 1. The second step
involves the addition of a poly A tail. The cDNA is amplified by two rounds of Polymerase chain reaction (PCR)
extension, performed using a thermal cycler. The first PCR amplified the total first-strand cDNA with I1 and 12
(Appendix 2), and the second PCR was performed to add P5 and P7 adaptators. AMPure XP was added directly
to the second PCR for product purification. The samples concentrations were assessed to determine the quantity
of cDNA (pg/pL) and the dilution factor using a Qubit HS kit (Thermofisher, Waltham, MA, USA). Using P5
and barcode P7 adaptor primers, different sample libraries could be pooled into a single sequencing assay and
classified according to the barcode contained in the P7 adaptor primers.
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Figure 1 Procedure of 5° RACE. It included three steps before sequencing: step 1 is reverse transcription,
producing a single strand ¢cDNA, step 2 consists in the addition of the poly A tail, and step 3 is a two rounds PCR
amplification adding P7 and P5 adaptors as well as individual barcodes.

Next generation sequencing (NGS)

For preparation, PCR products were diluted to 4 nM with EBT (converting pg/ul. into nmol/L), and the samples
(groups) were mixed by volume to constitute a library. The concentration of library is 8 pM, and we analysis the
sequence according to the Illumina sequence manufacturer’s instructions. The library concentration is
15491.9+7549.1 (4920-38900) pg/pl, the number of raw reads per sample 1s 217057.5+1.1 (3571-779822), the
number of P-C-* reads 1s 86408.6+£79576.0 (6613-722655), the percent of P-C-* in raw reads 1s 36.9+12.8 (2.1-
56.27) %, the mean length of P-C-* is 234.5+56.0 (112.1-339.9). All the data was showed mean+SD (Min-Max).
In the 81 patients, only one patient showed polyclone light chain.

Bioinformatic analysis

Each FASTQ was analyzed using a dedicated biomnformatics pipeline composed of four steps: the identification
and trimming of primer sequences, the correction of sequencing artifacts, the identification of VDIJ
recombination and finally mutation rate estimation.

1. Sequence identification

Primers were designed to capture immunoglobulin (Ig) heavy and light chains. We implement Aho-Corrasick
string-searching algorithm®™ to find primer sequences and assign each read to its chain. Found primers were
trimmed and only raw sequences having an expected primer were retained for further analysis. List of primers
are presented in Appendix 3.
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2. Sequencing artifact correction

An occurrence table 1s built from all the trimmed sequences. To prevent reads with sequencing errors from being
considered real mutations, reads with a low occurrence are compared to those with a high occurrence to identify
whether observed substitutions could be explained by a low base quality score. In practice, this comparison is
performed exclusively for sequences of the same length and within the limit of two substitutions at most. If the
observed mismatches have a score strictly less than Q30, then the wrong read is discarded.

3. Identification of VDJ recombination

Reads were compared against known V, D and J germline sequences using IgBlast v1.15.0%. Germline V, D and
J sequences of Ig were downloaded from the international ImMunoGeneTics information system® (IMGT/V-
QUEST™). AllIg V, D and J sequences were combined into separate FASTA files and used as search databases.
Rearrangement summary reports are then used to annotate the sequences and estimate the mutation rate.

4. Identification of mutation status

Mutation status is determined by percent homology with germline. A clone with greater than 98% homology is
considered to be unmutated and vice versa. Some cDNAs can carry one or more STOP codons (TGA, TAG,
TAA), which are also called nonsense codons, or be out-of-frame (out of reading frame). This kind of
transcribed DNA not translated into immunoglobulin, will be identified as unproductive rearrangements.

Statistical analysis

The statistical analysis was performed using SPSS v17*' and GraphPad Prism 5.0°” software. Comparisons
between variables were assessed by Chi-square test (and Yates’ correction) or Fisher’s exact test for qualitative
variables and t tests or non-parametric Mann—Whitney test for quantitative data. Correlation between mutation
ratio of heavy and light chain obtained by 5’RACE was established using Spearman’s correlation test in non-
IGLV3-21""" group and Pearson test in IGLV3-21*''" group. Overall survival (OS) was measured from the time
of diagnosis to the date of death from any cause. Time-to-first-treatment (TTFT) was calculated from the time of
diagnosis to the date of the first treatment initiation. Survival probabilities were calculated using the Kaplan—
Meier method. Log-rank tests were performed to evaluate the impact of mutational status on survival. A two-
tailed p-value below 0.05 was considered statistically significant.

Results

1. Comparison of the characterization of the mutational status by conventional methods and by §°
RACE

The results of 81 patients assessed by 5° RACE and by conventional multiplex PCR following the Biomed-2
protocol are summarized in Table 1 and Figure 2A. Evaluation of the /GHV mutational status returned
concordant results in 76 patients (93.8%) with 27 unmutated, 47 mutated and 2 patients with double (one
mutated and one unmutated) rearrangements. Five patients obtained discordant results from the two methods.
Specifically, 3 unproductive, 1 unmutated and 1 double /GHV rearrangements were reported based on Biomed-2
results, which were reported as 3 productive mutated, 1 mutated and 1 triple /GHV rearrangement by 5° RACE,
respectively. When we compared the sequences of these 5 patients, different conclusions were obtained for four
patients (#64, 76, 78 and 80) based on the two methods mainly due to the poor quality of the Sanger sequencing,
even though clones were identified on gel electrophoresis. In contrast, 5> RACE unambiguously demonstrated
that all 4 cases expressed productive sequences and solved technical problems due to the co-expression of three
productive rearrangements, 2 mutated and one unmutated genes. For patient #42, the two methods yielded the
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same sequence and CDR3 results, but the mutation identification rate differed (98.3% for Biomed-2 and 97.5%

for 5° RACE) (Figure 2B).

Table 1. 5" RACE and Biomed-2 Results

1GH (Biomed-2) IGH (5 RACE) IGL (5 RACE)
Mut Mut Mut
uM 1 b ! unM 1w S v b ! oM e 2V !
T U 9  IGHVI IGHDG _ IGHM U 100 MD _ IGHVI2 IGHDG-19  IGHIA U 100 K IGKVI39  IGK:2
2 U 995 IGHVIS IGHDG-19_ 1GHA U 10 MD _ IGHVI3 1GID6-19 1G4 U 10 K IGKVI3  IGKD:
3 U 96 IGHV32l  IGHDI26 IGHM U 100 MD _ IGHV32l  IGHDI26  IGHHM U 100 K IGKV62l  IGKI
T U 996 IGHV32l  IGHD3®  IGHIS U 100 MD _ IGHV32l _ IGHD3 9 IG5 U 10 K IGKVI3s  IGKIS
5 U 100 IGHV3-23 _ IGHD33  IGHM U 100 MD  IGHV323 _ IGHD33 IGHIA U %6 K IGKVA1 1GKJ5
5 U 997 IGHV323  IGHD33  IGHI6 T 95 MD _ IGHV323  IGHD33 GHI6 U 10 K IGKv228  IGKM
7 U 100 IGHV323  IGHD3 _ IGHM U 100 MD _ IGHV323 _ IGHD3 TG U %5 K IGKVIS TGKI1
8 U 995 IGHV323  IGHD417 IGHM U w7 M IGHV3 23 IGHD417  IGHHM U 100 K IGKV31s  IGKR2
9 U 986 IGHV333  IGHD3-16 IGHIG U 100 MD _ IGHV333  IGHD10 _ IGHIG U 10 K IGKv22s  IGKD3
10 U 100 IGHV551  IGHD33  IGHM U 100 MD _ IGHVSSI  IGHD33 IGHIA U 10 K IGKV315  IGKR2
U 2 IGHVIS8  IGHD33  IGHM U 100 MD _ IGHVIS8  IGHD33 1GHIA
11 U 100 K IGKV228  IGKI
U 996 IGHV3TI*  NA IGHIS U 100 MD  IGHV37I*  IGHD3-9 IGHIA
U 92 IGHVSSI _ IGHDI-26 IGHHM U 100 MD _ IGHVS-SI _ IGHDI.26  IGHHA -
12 T ’ U 100 K IGKVI-39  IGKI
U 992 IGHV330*  IGHD22  IGHM U 0 G IGHV3-30*  IGHD2:2 IGHI
U 100 IGHVA3l  IGHD5-18  IGHNA U 100 MD _ IGHVA3l  IGHDS-18  IGHM
13 U 100 K IGKV31l  IGKM
U 100 IGHVI2 IGHD6-19  IGHJ4 U 100 MD  IGHVI2 IGHD6-19  IGHM
U 100 MD _ IGHVA39  IGHD322  IGH?3 -
4 U 986 IGHV439  IGHD322  IGHT3 U 995 K IGKV3L  IGKS
U 100 MD  IGHV3-23  IGHDA-1l  IGHIG
U 100 IGHVA39  IGHD33  IGHHM U 100 MD _ IGHVA30  IGHD33 TGHIA U 10 K IGKVI33  IGK:
Py 0 cHvi:  GHD3M3  IGHIS U 100 MD  IGHV333  IGHD33 IGHI6 U 100 K IGKVI-IZ  IGKI
16 U 9  IGHV3-15 _ IGHD3>16 IGHM U 993 MD _ IGHV3-15 _ IGHD3-16  IGHIS U 100 L IGLvaal 1GL13
17 U 986 IGHV3-S _ IGHD221 IGHM U 986 MD _ IGHV3-15 __ IGHD2:21 _ IGHIA U %1 L IGLV32l GLI1
1§ U 983 IGHV323  IGHD625 IGHM U 981 MD _ IGHV323  IGHD625 _ IGHHM U %6 L IGLvial GL3
© U %6 IGHV3 IGHDs  1GHIG U 986 MD _ IGHV333  IGHD33 GG U %1 L GVl G112
0 U 986 IGHV34s  IGHDG13 IGHM U 981 MD  IGHV348  IGHDG13  IGHHM U %1 L IGLvs2l 1GLI3
21 U 100 IGHVA34 _ IGHD33  IGHIG U 100 MD _ IGHVA34 _ IGHD33 IGHIG U 10 L IGIVILM  IGLI
22 U 99 IGHVAS9  IGHD3-22 IGHM U 91 MD  IGHVAS0 _ IGHD2S IGHIA U 10 L IGLvaal GLIL
3 U 986 IGHV348  IGHD423 IGHJI W B ) | e G el il U %1 L IGLV321 IGLI3
U 995 MD  IGHVSSI*  IGHDI-l IGHIA
2 U 983 IGHV3T IGHD3-10 _ IGH)A U 986 MD _ IGHV3.7 IGHD3-10  IGHA M 953 K IGKVI30  IGKH
5 U 10 IGHVIG  1GHDS3  IGHIG U 100 MD  IGHVI69  IGHD33 1GHI6 U 10 K IGKv320  IGKIS
M 969 IGHV348  IGHD6-6  IGHI3 M 97 MD  IGHV348  IGHD6= IGHI3 M %5 K IGKVIS IGKJS
6 M 90  IGHV323  IGHD3-10 IGHM M 924 MD  IGHV323  IGHD-10  IGHHM M 971 K IGKVIS 1GKJ
37 M 885 IGHV323  IGHDG.19 IGHM M 896 MD  IGHV323  IGHDG19  IGHHM M 947 K IGKV315  IGK2
28 M 92 IGHV3-23  IGHDG.6  IGHIG M 92 MD  IGHV3-23 _ IGHDGG IGHI6 M 959 K IGKVIS 1GKJ3
0 M 883 IGHV323  IGHD33  IGHM M 897 MD _ IGHV323  IGHD33 1GHIA M 93 K IGKVIS 1GKI1
30 M 90  IGHV323  IGHDI26  IGHIS M 95 MD  IGHV323  IGHDI26  IGHS M 958 K IGKVIS 1GKI1
31 M 944 IGHV323  IGHDI-26 IGHM M 947 MD _ IGHV323 _ IGHDI26 _ IGHM M 94 K IGKVIS 1GKJ1
M %1 K IGKVA1 1GKI4
32 M 944 IGHV323  IGHD3-16  IGHIS M 949 MD  IGHV3-23  IGHD3-16  IGHJS
M 905 K IGKVI-12  IGKH
3 M 959 IGHVA34  IGHD3-22 IGHM M 9%  MD _ IGHvVA34  IGHD322  IGHM M %64 K IGKV320  IGKI
31 M 968 IGHVA34  IGHD417_ IGHI6 M 975 MD _ IGHVA34  IGHD&17  IGHIG M 9 K IGKVIS 1GKI2
35 M 923 IGHVA34  IGHD215 IGHM M 913 MD _ IGHVA34  IGHDZ15  IGHHM M 932 K IGKV320  IGK2
M 938 IGHVSSI  NA 1GHI3 M 95 MD _ IGHVSSI  IGHDS.1§  IGHIG
36 ! ‘ M 93 K IGKV31S  IGKR2
M 75 IGHV1-3* IGHD3-22 IGHJS M 90.1 M/D IGHV1-3* IGHD3-22 IGHJS
37 M 953 IGHV6-] IGHD3-10 _IGHIS M %7 D IGHV6-1 IGHD3-10 __ IGHJ6 M 93 K IGKV62l  IGKI2
38 M 976 IGHV32l  IGHD3-22  IGHIG6 M 978 MD _ IGHV32l  NA 1GHIG M 97 L IGLva2l 1GL13
39 M §73 IGHV323 _ IGHDG-13 IGHIS M 852 MD _ IGHV323 _ IGHDG-I3 _ IGHI M %9 L IGLvz23 IG5
0 M 972 IGHV323  IGHD613  IGHM M %5 M IGHV323  IGHD6-13  IGHHM M ol9 L IGLvzll TGLIL
al M 923 IGHV323  IGHDG-13 IGHM M 925 MD  IGHV323  IGHD&-13  IGHHM M 97 L IGLVZ14 _ IGL
72 U 983 IGHV34s  IGHD33  IGHIG M 975 MD _ IGHV348  IGHD310  IGHIG M 979 L IGLv32l GLIL
93 M 891 IGHV434  IGHDI1 _ IGHM M 91  MD _ IGHVA34 _ IGHDLI IGHIA M 95 L IGLVI47 __ IGL2
M M 915 IGHVA31  IGHDA-11 IGHJS M 915 MD _ IGHVA31 _ IGHDA-1I  IGHTS M 969 L IGLVZ11 IGLIL
75 M 902 IGHV439  IGHD2-21 IGHM M 976 MD _ IGHVA30  IGHDZ2l  IGHM M 974 L IGLVAI 1GL12
W6 M 948 IGHVA-6l  IGHDI-11  IGHI6 M 91 MD _ IGHVA-6l  IGHDI-14  IGHIG M 9.1 L IGLvs25  IGL1Z
7 M 938 IGHV323  IGHD3-10 IGHR3 M 99 MD _ IGHV323 _ IGHD10 _ IGHIG Polyclone light chain is short
18 M 927 IGHV323  IGHD619 IGHM M 918 MD  IGHV323  IGHD619  IGHH U 987 K IGKV230  IGKD3
1 M 92 IGHV372  IGHD2®  IGHIG M 948 MD _ IGHV372  IGHD2S GHL6 U %8s K IGKVL.16  IGKI
S0 M 972 IGHVA39  IGHD3-10 IGHM M 96 MD  IGHVA39  IGHD-10  IGHH U 988 K IGKVAl 1GKI2
S M 972 IGHVI24  IGHD3-10 IGHM M 97 MD _ IGHVI24  IGHD:10  IGHHM U 987 L IGLva2l GLIL
52 M 969 IGHV3-15S  IGHDA-17 IGHM M 975 MD _ IGHV3.15  IGHDA17  IGHHM U %3 L IGLvs2l G113
55 M 956 IGHV321  IGHD3®  IGH) M 97 MD _ IGHV32l _ IGHD39 GG U %4 L IGLvi2l GLI3
51 M 967 IGHVISS  IGHD22  IGH)S M 91 MD _ IGHV32l  NA IGHI6 U %89 L IGLvs2l 1GL3
55 M 963 IGHV321  IGHDI.14  IGHIG M 99 MD _ IGHV32l _ IGHDL14 _ IGHIG U %6 L IGLvV32l 1GL13
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56 M 972  IGHV3-21 NA IGHI6 M 974 MD IGHV3-21 NA IGHI6 u 996 L IGLV3-21 IGLT3
57 M 97.6  IGHV3-23 IGHD6-6 IGHJ4 M 975 M/D IGHV3-23 IGHD6-6 IGHI4 U 98.3 L IGLV3-21 IGLT3
58 M 97.2  IGHV3-23 IGHDS5-24  IGHJ4 M 963 MD IGHV3-23 IGHDS-24 IGHI4 u 98.3 L IGLV3-21 IGLI3
% M 972  IGHV3-48 IGHD2-15  IGHJ4 M 97.1 M/D IGHV3-48 IGHD2-15 IGHI4 u 9296 L IGLV3-21 IGLT3
60 M 96.8  IGHV3-53 IGHD1-26  IGHJ4 M 96.8 M/D IGHV3-53 IGHD1-26 1GH14 9] 99.1 L IGLV3-21 1GLI3
61 M 97.9  IGHV3-21 NA IGHI6 M 947 M/D IGHV3-69 NA IGHI6 U 99.4 L IGLV3-21 IGLI3
62 M 97.6  IGHV3-74 IGHDs-18  IGHJ4 M 976 MD IGHV3-74 IGHD5-18 IGHI4 u 996 L IGLV3-21 IGLIL
M 88 IGHV3-23 NA IGHJ4 M 972 MD IGHV3-23 IGHDI1-26 IGHI4
63 u 987 L IGLV3-21 IGLIL
M 975  IGHV2-10* IGHD6-13  IGHIS u 995 GM IGHV2-10* IGHD6-13 IGHI5
M 979 MD IGHV3-48 IGHD4-17 IGHI4
64 M 97.6  IGHV3-13* IGHD2-2 IGHI4 . u 996 L IGLV3-21 IGLI3
M 973  GM IGHV3-13* IGHD2-2 IGHI4
M 954 MD IGHV3-74 IGHD3-10 IGHI3
65 M 96.8  IGHV3-74 IGHD3-10  IGHI3 u 987 L IGLV3-21 IGLI
u 993 MD IGHVG6-1* IGHDG6-6 IGHI4
66 M 97.5  IGHV4-61 IGHD4-11  IGHI3 M 973 MD IGHV4-59 IGHD4-11 IGHI3 u 987 L IGLV3-21 IGLIL
67 U 100 IGHV4-34 IGHDG-6 IGHI6 U 100 G IGHV4-34 IGHD6-6 IGHI6 u 100 K IGKV3-20 TGKJ1
68 U 99.6  IGHV3-30 IGHD1-20  IGHJ6 U 100 M/D/G IGHV3-30 IGHD5-12 IGHI6 U 989 L IGLV3-21 IGLJ2/3
u 98.6  IGHV4-39 IGHD6-13  IGHIS u 989 G IGHV4-39 IGHD6-13 IGHIS
69 u 100 L IGLV3-19 IGLT2
M 91 IGHV1-69 IGHD2-15  IGHJ4 M 912 G IGHV1-69 IGHD2-15 IGHI4
0 M 96.7  IGHV4-34 IGHD3-22  IGHJ6 M 973 G IGHV4-34 IGHD3-22 IGHI6 M 977 K IGKV2-30 IGKJ2
M 936 MD IGHV4-34 IGHD1-26 IGHI4 M 946 K IGKV3-20 TIGKIJ1
m1 M 94.7 IGHV4-34 NA IGHI2
M 945 G IGHV1-8 IGHD6-25 IGHIS M 977 K IGKV1-9 IGKJ2
77 M 959  IGHVI-2 IGHD3-22  IGHJ4 M 966 G IGHV1-2 IGHD3-22 IGHI4 M 918 L IGLV1-40 IGLI2/3
3 M 95.9 IGHV4-34 IGHD3-9 IGHT3 M 955 G IGHV4-34 IGHD3-9 IGHI3 M 948 L IGLV3-1 IGLI2
M M 90.7  IGHVA4-34 IGHD6-13  IGHJS M 896 G IGHV4-34 IGHD6-13 IGHIS M 94.4 L IGLV1-40 IGLT3
75 M 96.5  IGHV4-34 IgHD3-16  IGHIS M 959 G IGHV4-34 IgHD3-16 IGHI5 M 952y L IGLV6-57 IGLI3
76 M 808  IGHV4-34* NA NA M 90 G IGHV4-59 IGHD6-19 IGHI4 M 96.5 L IGLV3-1 IGLT2
M 94.7  IGHV4-34 IGHD6-6 IGHI6 M 943 MD IGHV4-34 IGHD6-6 IGHI6
77 M 948 L IGLV3-1 IGLI1
M 649  IGHVI-3 IGHD2-15  IGHJ6 M 835 MG IGHV1-3 IGHD2-15 IGHI6
M 69.5  IGHV4-61* IGHDS5-18  IGHJ4 M 892 G IGHV4-4 IGHD3-10 1GHI4 N
78 M 944 L IGLV1-44 IGLT3
M 95 IGHV3-33* IGHD2-2 IGHIS M 937 M IGHV3-23 IGHD2-21 IGHI4
u 100 IGHV1-69 IGHD3-9 IGHI6 U 100 M/D IGHV1-69 IGHD3-9 IGHI6 u 100 K IGKVID-8 IGKIJ1
79 u 100 M/D IGHV1-3 IGHD4/5 IGHI3 u 100 K IGKV2-28 IGKJ4
u 100 IGHV3-11 IGHD2-2 IGHI6
U 100 G IGHV3-11 IGHD2-2 IGHI6 U 99.4 L IGLV2-14 IGLI2/3
M 972 IGHVI1-69 IGHD3-10  IGHJ6 u 100 M/D IGHV1-69 IGHD3-10 IGHJ6 u 100 L IGLV3-27 IGLI3
80 M 931 M/D IGHV2-5 IGHD1 IGHI4 M 94 K IGKV3-11 IGKJS
u 99.7  IGHV3-33 IGHD5-24  IGHI6
100 MD IGHV3-33 IGHD5-24 IGHI6 u 100 L IGLV1-47 IGLJL
u 998 K IGKV2-28 IGKI2
81 M 90 IGHV3-23 IGHD6-19  IGHJ4 M 894 MD IGHV3-23 IGHD6-19 IGHI4
M 923 L IGLV3-16 IGLI3

U: unmutated. M: mutated. * Unproductive rearrangement.
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Figure 2 the results of two methods and complete information regarding /GH}V and IGLV.

(A) Results of Biomed-2 and 5° RACE in 81 patients. Below the red horizontal line, patients’ results were concordant using the two methods;
the rate of concordance is 93.8%. Green indicates JGHV-unmutated patients, blue indicates JGHV-mutated patients, red indicates IGHV-
unproductive patients, and purple and yellow indicate double and triple, respectively, productive rearrangements patients. (B) Relationship
between JGHV and IGLV regions and the mutational statuses of different IGHV. (C) In different isotypes, relationship of mutational status of
heavy and light chains. Green represents concordant unmutated status of heavy and light chains. Blue represents concordant mutated status of’
heavy and light chain. Dark green represents concordant mutational statuses of multiple rearrangements of heavy and light chains . Red
represents discordant mutational status of heavy and light chains (Red blank box represent single rearrangement and red solid box represent
multiple rearrangements).

We also chose 14 additional patients who had blood samples collected at different times after CLL diagnosis and
tested the sample using 5° RACE (Appendix 4). The interval time between sample collections in one patient is
from 0.64 to 10.89 years, and the median time is 4.59 years. For the samples collected at different time points,
our methods detect the same productive immunoglobulin heavy and light chain and mutation status. Moreover, 6
patients had the same /GHV and /GLV mutation percentages.

2. Characterization of IGHV using 5’ RACE

Based on 5’RACE, the isotype of the immunoglobulin heavy chain and sequences of light chain were available
as determined by RT-PCR for mu, delta, gamma kappa and gamma constant region transcripts and NGS.

In the cohort of 81 patients, the male-to-female ratio was 2.86 (60 males: 21 females), and the median age was
64 (range 41-93). Here, 5° RACE identified specific clonal JGH and IGL rearrangements in 81/81 and 80/81
patients (one patient showed polyclone light chain), respectively, confirming the efficiency of the method.

At least one productive /GH rearrangement was identified in all cases. Considering the number and productive
status of arrangements, 64 cases presented a single productive rearrangement (79.01%), 15 cases harbored two
rearrangements (two productive sequences in 8 cases and one productive and one unproductive sequence in 7
cases), and 2 cases presented three different rearrangements (all productive). The most frequent variable segment
was JGHV3 (50 cases [61.7%] with a bias toward /GHV3-23 in 23 cases [28.4%]) followed by IGIHV4 (24 cases
[29.6%] with a bias toward IGHV4-34 in 13 cases [16%]).

Regarding the mutational status, 44 of the 64 cases who presented a single productive /G rearrangement were
mutated, and 20 were unmutated. For the 15 cases who presented two rearrangements, 8 harbored two productive
rearrangements, including 3 concordant mutated cases, 3 concordant unmutated cases, and 2 discordant cases
with one mutated and one unmutated sequence. The 7 remaining cases showed one productive and one
unproductive rearrangement, including 2 with one productive mutated and one unproductive unmutated
sequences, 2 with one productive mutated and one unproductive mutated sequence (considered mutated), and 3
with one productive unmutated and one unproductive unmutated sequence (unmutated cases). For the last two
cases, we detected three productive rearrangements. Specifically, one case showed three unmutated sequences,
and the other showed one mutated and two unmutated sequences (considered mutated).

More importantly, 5 RACE also provides information about the BCR 1sotype. A majority of CLL cases in our
series expressed only Cp and C8 heavy chains (65/81; 80.2%). Fifty-six of these cases expressed a single
productive rearrangement (with 18 unmutated and 38 mutated sequences), 4 expressed two productive
rearrangements (3 concordant unmutated and 1 discordant with mutated and unmutated sequences) and 4
expressed one productive and one unproductive rearrangement (2 concordant unmutated, 1 concordant mutated
and 1 discordant productive mutated and unproductive unmutated). The last IgM case expressed three productive
rearrangements with 2 mutated and 1 unmutated sequences.

Eight other cases in our series expressed only a Cy heavy chain. Seven showed a single productive
rearrangement (6 mutated, 1 unmutated), and 1 showed two productive IgG rearrangements. Interestingly, we
observed a bias toward the usage of the VH4 family in this population (6/8 cases) with 5 patients expressing
1gG4-34 sequences.
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Unexpectedly, the 8 remaining cases simultaneously expressed the /GH chain with different isotypes, suggesting
that the class switch recombination process was ongoing in the tumor. One case expressed three unmutated
productive rearrangements (two IgM/D and one IgG). Three cases expressed one productive IgM and one
unproductive [gG rearrangement, 3 cases expressed two productive but different IgM and IgG sequences, and the
last case showed a very unusual pattern, expressing three different unmutated heavy chains sharing the same
CDR3 (IgM, D and G). No case in our series expressed IgA or IgE.

3. Characterization of the IGLV gene using 5* RACE

Another advantage of 5° RACE is that it provides information about the sequence of the immunoglobulin light
chain. In our series, we characterized a monoclonal light chain in 80 cases, whereas only 1 case appeared to
express polyclonal light chains. Thirty-four patients expressed productive Igk rearrangements, 43 patients
expressed productive Igh rearrangements, and 3 patients showed a mixed Igk and IgA phenotype.

Thirty of the 34 Igk-positive cases expressed a single productive rearrangement (18 unmutated and 12 mutated),
and 4 cases expressed two productive rearrangements (concordant unmutated in one case, concordant mutated in
two cases and discordant unmutated and mutated in the last case). All 43 Igh-positive cases expressed a single
productive rearrangement (26 unmutated and 17 mutated). We also observed a very significant bias with 23 of
the 26 unmutated Igh-positive cases expressing IGLV3-21 light chains. The last 3 cases expressed both Igk and
Igh sequences, 1 harboring two productive rearrangements of one mutated IgA and one unmutated Igk, 1 with
three unmutated productive rearrangements of one Igh and two Igk and 1 showing three productive
rearrangements with two unmutated Igh and one mutated Igk.

Complete analysis of the LCDR3 region was possible in 80 patients. The length of the CDR3 of the Igk light
chains ranged from 8 to 11 amino acids (median 9 amino acids); the length of the CDR3 of the IgA light chains
ranged from 8 to 13 amino acids (median 11 amino acids). Interestingly, we observed that some cases in our
series shared the same light chains with very similar CDR3 sequences, especially for those cases that expressed
IGLV3-21 rearrangements (Table 2).

Table 2. List of light chains that share identical CDR3 in 80 CLL patients

Light chain Heavy chain
ARN IGLV IGLY (H“(DZ;M CDR3 IGHV IGHD IGHT :—::’))M CDR3
25 IGKV1-8 1GKJ5 96.5 QQY¥YDYPST IGHV3-48 IGHD6-6 IGHI3 96.7 ARGRAYTSSPYDAFDV
31 IGKV1-8 IGKJ1 96.4 ~-H-—-5--W- IGHV3-23 IGHD1-26 IGHI4 94.7 BKSLSGSYGQIDY
26 IGKV1-8 1GKJ4 97.1 ————G--L- IGHV3-23 IGHD3-10 IGHJ4 92.4 AKVHSDTEYGSLSY
18 IGKV1-8 IGKJ3 95.9 F-R IGHV3-23 IGHD6-6 IGHI6 90.2 AKGGSSSGSYYGMDV
79 IGKVID-§ IGKI1 100 —-—-SF-W- IGHV1-69 IGHD3-9 IGHI6 100 ARGNTYYDILTGYYDGVYYGMDV
12 IGKV1-39 IGKI3 100 QQSYSTPPET IGHV35-51 IGHD1-26 1GHI4 100 ARHPWYSGSYSFDY
1 IGKV1-39 IGKJ2 0 e Y- IGHV1-2 IGHD6-19 IGHI4 100 ARLQWLVIGHFDY
2 IGKV1-39 IGKI3 100 e IGHV1-3 IGHD6-19 IGHI4 100 —-E----LR----
24 IGKV1-39 IGKJ4 95.4 H-I- L IGHV3-7 IGHD3-10 IGHI4 98.6 BRSYGSGSYSLRGREDY
9 IGKV2-28 IGKI3 100 MQALQTPGET IGHV3-30 IGHD3-10 IGHI6 100 ARDRTSLGDPTLWGY Y YYGMDV
6 IGKV2-28 IGKJ4 100 L IGHV3-23  IGHD3-3 IGHI6 99.5 AKVTLEWLGYGMDV
11 IGKV2-28 IGKI1 1w - IGHVI-58 IGHD3-3 IGHI4 100 RASYDFWSGYSH
81 IGKV2-28 IGKJ2 991 - Y - IGHV3-23 IGHD6-19 IGHI4 87.4 ASGGPYGVAGNFPFDY
79 IGKV2-28 IGKJ4 100 Q IGHV1-3 IGHD4-23 IGHI3 100 ARDDSGGYAFDI
10 IGKV3-15 IGKIJ2 100 QQYNNWPPSYT IGHVS5-51 IGHD3-3 IGHI4 100 ARRNYDFWSGYTPAPFDY
8 IGKV3-15 IGKI2 100 L IGHV3-23  IGHD4-17 IGHI4 99.5 ANGPRGDYVFPFDY
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27 IGKV3-15 1GKI2 947 @ ——————— F - IGHV3-23 IGHD2-8 IGHI4 89.6 AKASVLOWVSSTYYFDY

36 IGKV3-15 IGKIJ2 96.3 ——-DT---R-- IGHV35-51 IGHDS5-18 IGHI6 935 VKGGYSYGYHYYMDV
76 IGLV3-1 IGLI2 96.5 QAWDTSTAAVV IGHV4-59 IGHD6-19 IGHJ4 90.0 ARDLRSSGWSPYFDY
19 IGLV3-1 IGLI2 99.1 —=5-- WV IGHV3-33 IGHD3-3 IGHI6 98.6 AKDAARLTVSCMDV
45 IGLV3-1 IGLI2 97.4 ———-5-- M- IGHV4-39 IGHD2-21 IGHJ4 97.6 GRRYGDSTNAIFDY
73 IGLV3-1 IGLI2 94.8 —===8-- - IGHV4-34 IGHD3-9 IGHI3 95.5 ARKQGEDMALRYFDWSYAFDL
77 IGLV3-1 IGLI1 94.8 ———=5---Y- IGHV4-34 IGHD6-6 IGHI6 943 ARVAGRPYGMDV

55 IGLV3-21 IGLI3 99.6 QVWDSSSDHPWV IGHV3-21 IGHD1-14 IGHI6 96.9 ATDRNGMDYV

56 IGLV3-21 IGLI3 983 G-~ IGHV3-21 NA IGHI6 974 TR--T---—-

53 IGLV3-21 IGLI3 994 IGHV3-21 IGHD3-9 IGHI6 97.0 L

61 IGLV3-21 IGLI3 926 0 IGHV3-21 NA IGHI6 94.7 A

54 IGLV3-21 IGLI3 991 IGHV3-21 NA IGHI6 96.1 ~R-A-V--=

38 IGLV3-21 IGLI3 97.0 --—-E----Q--- IGHV3-21 NA IGHI6 97.8 —R-ESV---

52 IGLV3-21 IGLI3 993 0 - IGHV3-15 IGHD4-17 1GHI4 97.5 TADGDYRGTLRN

16 IGLV3-21 IGLI3 00 e IGHV3-15 IGHD3-16 IGHI5 99.4 TTDSFS

17 IGLV3-21 IGLI1 991 ———————— L - IGHV3-15 IGHD2-21 IGHT4 98.6 TTDLHCGGDCNFDY
51 IGLV3-21 IGLI 987  ——mmmee- LY- IGHV1-24 IGHD3-10 IGHI4 95.7 ATGGGSGSYTFDY
18 IGLV3-21 IGLI3 9§ - ————— L--M IGHV3-23 IGHDG-25 IGHI4 98.1 AKDLGDSSGYFDY

63 IGLV3-21 IGLI 9287 0 Q-Y- IGHV3-23 IGHD1-26 IGHI4 97.2 --A-ELQ ————-
58 IGLV3-21 IGLI3 98.3 IGHV3-23 IGHDs5-24 IGHI4 96.3 P-SDGFKKN

57 IGLV3-21 IGLI3 983 - G-————- IGHV3-23 IGHD®6-6 IGHI4 97.4 —--GD-T---H---
68 IGLV3-21 IGLI2 989 ——————- VRG - IGHV3-30 IGHD3-12 IGHI6 100 ARDKGYDPSLGMDV
20 IGLV3-21 IGLI3 991 e IGHV3-48 IGHD6-13 IGHT4 98.2 BRVGSSSYFDY

23 IGLV3-21 IGLI3 991 IGHV3-48 IGHD1-26 IGHJ1 98.0 ATDGVGAPH

59 IGLV3-21 IGLI3 99.6 — == IGHV3-48 IGHD2-15 IGHI4 97.1 ASDPHCSGGSCYSGY
64 IGLV3-21 IGLI3 996 @ —am———f——2 IGHV3-48 IGHD4-17 IGHI4 97.7 ARAVTTGGGC

42 IGLV3-21 IGLI1 979  ————— P---Y- IGHV3-48 IGHD3-10 IGHJ6 97.6 ARDFGGETVQPPWNV
60 IGLV3-21 IGLI3 99.1 ~ IGHV3-53 IGHDI-26 IGHT4 96.9 BARGOGANDY

65 IGLV3-21 IGLI 98.7 ———==-G- -F IGHV3-74 IGHD3-10 IGHI3 954 ARDDSGGNSFDI

62 IGLV3-21 IGLI1 996 —------- L-Y- IGHV3-74 IGHDS5-18 IGHT4 97.6 AGDLVDTAGGVEDY
22 IGLV3-21 IGLIT 297 0 L Y- IGHV4-59 IGHD2-8 IGHI4 99.2 ARAPGDTGGYRIDY
66 IGLV3-21 IGLI1 987 L-Y- IGHV4-59 IGHD4-11 IGHI3 97.4 AVWTVTDPFDI

4. The relationship between the somatic mutational status of the heavy and light chains

We observed a strong relationship between the mutational status of the heavy chain and the light chain in this
cohort. In most cases, mutated IGHV rearrangements were associated with mutated IGK/IGL rearrangements
and vice versa (Figure 2C) even though multiple light chain rearrangements were noted in some cases. For 3
cases co-expressing Igk and Igh light chains, the mutational status of the heavy and light chains were concordant
in 2 cases. One expressed three unmutated rearrangements of heavy and light chains, and the other expressed one
mutated and two unmutated rearrangements of heavy and light chains. Finally, the last case expressed a mutated
heavy chain and two productive light chains with different mutational statuses.

Of the 34 Igk-positive cases, the mutational statuses of the heavy and light chains were concordant in 30 (88.2%)
cases with 16 double-unmutated and 14 double-mutated cases. One case expressed two productive heavy chains
(one mutated and one unmutated) and two productive light chains (one mutated and one unmutated). Only 3
cases showed a discordant profile with a mutated heavy chain and an unmutated light chain.
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Of the 43 Igh-positive cases, the mutational statuses of the heavy and light chains were concordant in 26 (60.5%)
cases with 10 double-unmutated and 16 double-mutated cases. One patient (the only one in our whole series)
expressed an unmutated heavy chain and a mutated light chain. All 16 other cases expressed a mutated heavy
chain and an unmutated light chain. Strikingly, all 16 cases expressed an IGLV3-21 light chain with very similar
CDR3 sequences (QVWDSSSDHPWYV).

5. IGLV3-21"" defines a new group of CLL

Then, we assessed all light chains and found that 31% (25/80) were IGLV3-21. The light chain in 25 IGLV3-21-
CLL patients always shared a similar LCDR3 (Figure 3A), and most of them (24/25) had a point mutation,
termed R110, between the variable and constant junction, named IGLV3-21*1° All IGLV3-21*"" cases carried
germline K16 residue, and 20/24 cases expressed the germline YDSD motif required for homotypic BCR-BCR
interaction. The remaining 4 cases carried a motif changed by one residue, which has similar properties in all
cases (three YDTD and one FDSD). In these 24 IGLV3-21*"°-CLL patients, 6 belonged to subset 2 (Figure 3B).
Compared with other light chains, IGLV3-21*""-CLL was more likely to exhibit a discordant mutational status
of heavy and light chains (16/20 cases, Figure 3C). We divided patients into three groups based on the mutation
status of the heavy chain and the point mutation of IGLV3-21: M-CLL non IGLV3-21*"% IGLV3-21*""" and U-
CLL non IGLV3-21*'". When we compared the identification of the heavy chain in different groups, we found
that IGLV3-21*""" was more likely to exhibit approximately 97-99% homology, representing borderline cascs
(Figure 3D). The rearrangements of the light chain were also different among subset 2 IGLV3-21*"-CLL,
IGLV3-21*""°-CLL and IGLV3-21-CLL patients (Figure 3E). All six subset 2 IGLV3-21*"""-CLLs expressed
IGLV3-21*01 with IGLJ3*02, whereas only half of IGLV3-21*"""-CLL patients (9/18) showed the same
rearrangements. The other half of IGLV3-21*""°-CLL patients (8/18) showed IGLV3-21*01 with IGLI1*01.
Only one patient with IGLV3-21 without the R110 mutation expressed IGLV3-21*01 with IGLJ2*01. The
identification of the heavy chain and light chain showed a linear correlation in the non IGLV3-21*"" group
(p<0.0001) but not in the IGLV3-21 """ group (p=0.504) (Figures 3F and 3G).
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Figure 3 Value of the light chain.
(A) Sequence of all IGLV3-21 alleles, including the IGLV3-21, IGLV3-21%1% and subset 2 IGLV3-21*" alleles. (B) Mutational relationship
of IG heavy and light chains based on different types of light chains. (C) Distribution of IGL.V3-21 in the total mutational status of heavy and
light chains. (D) Identification of IGHV in M-CLL non-IGL.V3-21%""" IGLV3-21%"" and U-CLL non-IGL.V3-21¥"°, (E) Distribution of the
J segment in all IGLV3-21 rearrangements. (F) Scatter plots of the identification of IGHV and IGLV in non-IGLV3-21 ' CLL (N=56). (G)
Scatter plots of the identification of IGHV and IGLV in IGLV3-21™!° CLL (N=24).

6. The clinical value of 5° RACE and IGLV3-21*"
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We have summarized the clinical data of all the patients (Appendix 5). A significant difference in survival was
noted between UM-CLL and M-CLL (Figures 4A and 4B),. We divided patients into three groups as noted
above (M-CLL non IGLV3-21*""°, IGLV3-21*""-CLL and U-CLL non IGLV3-21"'"). We found that IGLV3-
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21*M°_CLL and U-CLL non IGLV3-21*"'? were more likely to occur in males than females (p=0.042), and these
patients were more often classified as Binet stage B or C than A (p=0.013). Next, we analyzed the prognostic
value of IGLV3-21*"" (n=24). Expectedly, M-CLL non IGLV3-21*""" (n=33) showed a longer OS and TTFT
than UM-CLL non IGLV3-21*"" (n=23) (Figures 4C and D, p=0.001 and p<0.0001, respectively). Then, we
compared the prognosis of IGLV3-21%""positive cases. Regardless of the mutational status of /GHV, IGLV3-
21*1M% positive cases presented a similar poor prognosis compared with UM-CLL patients (p=0.14 for OS and
p=0.602 for TTFT), even though most of them (18/24) presented mutated /GHV and showed a shorter survival
time than M-CLL non IGLV3-21*""" (p=0.05 for OS and p<0.0001 for TTFT). Taken together, IGLV3-21%!1-
CLL had a short time to first treatment and overall survival similar to unmutated CLL cases, whereas M-CLL
non-IGLV3-21*""° had a good prognosis. IGLV3-21*"'" defines a CLL subgroup representing a clinically
aggressive group that shows a high-risk stage and is exclusively defined by LC identity regardless of /GHV
family and mutational status.
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Figure 4 Survival analysis of the different groups.

(A) Analysis of overall survival in M-CLL and UM-CLL patients (p=0.007). (B) Analysis of time to first treatment in in M-CLL and UM-
CLL patients (p=0.031). (C) Analysis of overall survival in in M-CLL non IGLV3-218*, UM-CLL non IGLV3-21*"'? and IGLV3-21*"
(p=0.011). (D) Analysis of time to first treatment in M-CLL non IGLV3-21*"°, UM-CLL non IGLV3-21""" and IGLV3-21*"? (p<0.0001).

DISCUSSION

CLL is one of the most frequent types of leukemia in Western countries. It generally occurs in elderly patients,
and only 3.8% of patients with CLL were younger than 50 years in our study. More male than female patients
were affected in this study, and the gender effect seems to be stable across several studies®>*. Over the past two
decades, clinical and biological evidence has established that the BCR IG sequence is the ideal clonal marker for
CLL. This marker is present from the birth of every CLL clone. In contrast to other markers, it remains stable
over time and is unaffected by disease progression, which was also identified in this study. Recent evidence has
reinforced the important prognostic and predictive value of immune genetic analysis in CLL****3%; however,
progress has also raised new questions, such as how to assess the prognosis of borderline cases and cases
expressing multiple rearrangements, the value of the light chain, and the difference between IgG-CLL and
IgM/D-CLL. These new problems highlight the need to move from a single determination of /GHV gene
mutational status to a more comprehensive assessment of the /GHV-D-J gene rearrangement, including
stereotyped subset assignment and light chain information, at least in certain cases'**’.

The current standard method of interrogating the /GHV transcript requires analysis of clones with gel
electrophoresis and 6 subsequent rounds of PCR amplification with consensus degenerate primers in the leader
region'*"’. Although this method is relatively cheap and more directly presents the data based on the gel
electrophoresis, there are also some shortcomings. Sanger sequencing does not provide insight into subclonal
architecture and intraclonal diversity and cannot be combined with other assays in the same program. Even for
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the target segment, the PCR-amplified transcripts are shorter, which leads to a high risk of inaccurate diagnosis
of immunoglobulin and calculations of percent identity of the mutation. Finally, numerous manual manipulations
are performed in the routine method. For example, the amplification products must then be extracted from the
gel, purified and then sequenced, which can increase labor costs and the possibility of making mistakes. In
practice, this method can also prove to be particularly difficult when several rearrangements are present.
Therefore, this method is suitable for only a small number of cases.

Our method overcomes shortcomings. Because of the NGS workflow, 5 RACE makes it possible to expand the
spectrum of utility of RNA sequencing experiments, opening the door to direct clinical application in CLL. With
concordance levels greater than 90% concerning both the mutation status and the characterization of the V-D-J
segments compared with routine methods, 5° RACE appears more stable and sensitive in handling multiple
rearrangements and poor-quality RNA samples. In 5 discordant patients, four are caused by the poor quality of
Sanger sequence and only 1 case is truly bordline case, which indicates that caution should be taken when
reporting conclusions regarding the mutational status of JGHV in borderline cases with 97-98.9% homology. We
also observed that different kinds of heavy and light chains were biased. The results of 5 RACE provide more
detailed insight into subclonal architecture and intraclonal diversity. Given the increasing research on /G/{ in
CLL, the need to detect more rearrangement is necessary’. In addition, this approach is extendable to
immunoglobulin light chains as well as the T-cell receptor. Although the majority of studies investigating the
prognostic significance of the BCR have focused exclusively on the heavy chain®!, emerging evidence indicates
that the light chains might also play a crucial role in BCR function in CLL*. With the development of CLL
studies, there are an increasing number of problematic cases'”, and it is not casy to cvaluate the treatment
programs and prognosis of patients by simply determining the mutation status of the heavy chain. Through 5’
RACE, we obtained more details of the Ig gene, which allowed us to better understand the value of the BCR
pathway. When using NGS-based methods to determine GV gene SHM status, it is necessary to consider that
this biomarker is not only useful for prognosis but also aids in guiding therapeutic decisions. All of the processes
involved, including lab workflow, library preparation and bioinformatics data analyses, must be highly stable
and reproducible. In our study, 5’RACE shows the stability and reproducibility in handling different timepoint
samples of same patients, which represents a very reliable method for judging the treatment plan and patient
prognosis.

Through 5° RACE, we found that most of the cases expressed identical mutation statuses of the heavy and light
chains, except IGLV3-21. Interestingly, 92% (23/25) of IGLV3-21 light chains were unmutated, and the
corresponding heavy chains were frequently mutated with 97-99% identity (16/25). Then, we analyzed the
characteristics of IGLV3-21-positive cases, which were also predominantly associated with particular heavy
chains. The IGHV3-21, IGHV3-48, and IGHV3-23 families represented 60% (15/25) of all IGHVs/IGLV3-21.
This finding confirms that the BCR, including its light chain, is globally conserved and biased'*""?'. Some
reports found that gene expression profiles obtained from total RNA sequencing revealed genes that were
differentially expressed between IgLV3-21-expressers and other patients ***. With our RACE approach, we
found that 94% (24/25) of IGLV3-21, which showed a similar CDR3 (QVWDSSSDHPWYV), harbored a point
mutation in the position between FR4 and the constant region termed R110. Combined with clinical data, we
confirmed that IGLV3-21"""-CLL presented a high-risk stage and worse prognosis than M-CLL non-IGLV3-
21%M even though 75% of IGLV3-21*""°-CLL (18/24) cases harbored heavy chain mutations. It has been also
reported that the allele IGLV3-21*01 is a risk factor for IGLV3-21%""® CLL. The crucial residues for the BCR—
BCR interaction in CLL include residues R110 and K16 in one BCR and residues D50 and D52 of the YDSD
motif in a neighboring BCR. Recently, studies have also shown that IGLV3-21%""°-CLL, although composite in
terms of IGHV mutational status, exhibits a similar clinical outcome to U-IGHV CLL***. These findings
suggest that the immunoglobulin light chain plays an important role in the clonal selection and somatic
hypermutation (SHM) of Ig genes, and there is a greater need for improved methods for detecting these
immunoglobulins.

There are also some limitations with 5° RACE that we need to mention. First, implementation of this high-
throughput technology into routine clinical applications requires a network of laboratories with specialists that

bring immune biological knowledge, technical experience with NGS methodology and immune informatics
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expertise”™. Second, the data interpretation of NGS is more complex, and a standardized method does not
currently exist. Thus, additional studies using NGS to define more accurately BCR features, especially in the
light chain, are necessary.

In conclusion, the results suggest that 5° RACE could be used as an alternative to routine methods for the
analysis of immunoglobulin rearrangements in research and clinical assessment of chronic lymphoid leukemia.
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Appendix 1. RT Primers

Primers RT 5---37

Primer RT IgM AAGTGATGGAGTCGGGAAGG
Primer RT_IgG CGCCTGAGTTCCACGACA
Primer RT IgA GGAAGAAGCCCTGGACCAG
Primer RT IgE AGGTGGCATTGGAGGGAAT
Primer RT IgD AGGGCTGTTATCCTTTGGGT
Primer RT IgK CACACAACAGAGGCAGTTCC
Primer RT _Igl.123 TCAGAGGAGGGCGGGAAC
Primer RT IgL7 CCGGGTAGAAGTCACTTACGA

Appendix 2. Nested [2 Primers

Primers Nested

12_Primer_Nested IgM AAAAGGGTTGGGGCGGAT

12 Primer Nested IgG GGAAGACCGATGGGCCCTTG
[2_Primer_Nested IgA GAGGCTCAGCGGGAAGAC
12_Primer_Nested IgE AAGGGGAAGACGGATGGGCT
12_Primer_Nested IgD ATGGGGAACACATCCGGAGC
12_Primer Nested IgK CAGATGGCGGGAAGATGAAG
I2_Primer_Nested Igl.1 AGTGACAGTGGGGTTGGCCT
12_Primer_Nested_Igl.237 ACAGAGTGACCGAGGGGGCA

Appendix 3. Primer of search pattern

Primer Search pattern

IeM GAATTCTCACAGGAGACGAGGGGGAAAAGGGTTGGGGCGGATGCACTCC

1gG1234 GGAAGACCGATGGGCCCTTGGTGGAGG

IgA GAGGCTCAGCGGGAAGACCTTGGGGCTGGTCGGGGATG
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IgE AAGGGGAAGACGGATGGGCTCTGTGTGGAGG

IgD ATGGGGAACACATCCGGAGCCTTGGTGGGTG

IgK CAGATGGCGGGAAGATGAAGACAGATGGTGCAGCCACAGTTC
Igl1 AGTGACAGTGGGGTTGGCCTTGGGCTGAC

Igl.237 ACAGAGTGACCGAGGGGGCAGCCTTGGGCTGAC

Appendix 4. The results of patients tested by 5° RACE at different time.

IGH IGL/K
Delay
between
No. Date of sample diagnosis Mut % Type of IgH v D I Mut % Type of Igl v J
and each
evaluation
Diagnosis - 100 M/D IGHV3-33 IGHD3-10 IGHI6 100 K IGKV2-28 IGKI3
9 Evaluation 1 3.03 100 M/D IGHV3-33 IGHD3-10 IGHI6 100 K IGKV2-28 IGKI3
Evaluation 2 5.26 100 M/D IGHV3-33 IGHD3-10 IGHIo 100 K IGKV2-28 IGKI3
Diagnosis - 9937 M/D IGHV3-15 IGHD3-16 IGHI5 100 L IGLV3-21 IGLI3
16
Evaluation 1 10.89 99.34 M/D IGHV3-15 IGHD3-16 IGHIS 100 L IGLV3-21 IGLI3
Diagnosis - 98.56 M/D IGHV3-15 IGHD2-21 IGHI4 99.14 L IGLV3-21 IGLJ1
17 Evaluation 1 212 98.56 M/D IGHV3-15 IGHD2-21 IGHI4 99.14 L IGLV3-21 IGLJ1
Evaluation 2 3.74 98.56 M/D IGHV3-15 IGHD2-21 IGHI4 99.14 L IGLV3-21 IGLI1
Diagnosis - 98.58 M/D IGHV3-33 IGHD3-3 IGHI6 99.13 L IGLV3-1 IGLI2
19
Evaluation 1 332 9858 M/D IGHV3-33 IGHD3-3 IGHI6 9013 L IGLV3-1 IGLI2
3.3
Diagnosis - 99.15  M/D IGHV4-59 IGHD2-8 IGHI4 100 L IGLV3-21 IGLI1
22
Evaluation 1 7.09 99.15. M/D IGHV4-59 IGHD2-8 IGHI4 100 L IGLV3-21 IGLI1
Diagnosis - 9746 MD IGHV4-34 IGHD4-17 IGHI6 9498 K IGKV1-5 IGKI2
34
Evaluation 1 75 96.18 MD IGHV4-34 IGHD4-17 IGHI6 9581 K IGKV1-5 IGKI2
Diagnosis -~ 97.55 M/D IGHV3-48 IGHD3-10 IGHI6 9785 L IGLV3-21 IGLI1
42
Evaluation 1 138 97.55 M/D IGHV3-48 IGHD3-10 1GHI6 9785 L IGLV3-21 IGLI1
Diagnosis - 9747 MD IGHV3-15 IGHD4-17 IGHI4 9931 L IGLV3-21 IGLI3
52
Evaluation 1 16 97.18 M/D IGHV3-15 IGHD4-17 IGHI4 9957 L IGLV3-21 IGLI3
Diagnosis - 97.06 M/D IGHV3-48 IGHD2-15 IGHI4 99.57 L IGLV3-21 IGLI3
59
Evaluation 1 299 97.06 M/D IGHV3-48 IGHD2-15 IGHI4 99.57 L IGLV3-21 IGLI3
Diagnosis - 96.85 MD IGHV3-53 IGHD1-26 IGHT4 9913 L IGLV3-21 IGLI3
60
Evaluation 1 154 96.64 M/D IGHV3-53 IGHD1-26 IGHI4 9931 L IGLV3-21 IGLI3
Diagnosis - 9471 M/D IGHV3-21 NA IGHI6 99.44 L IGLV3-21 IGLI3
61
Evaluation 1 0.64 94.67 M/D IGHV3-21 NA IGHI6 99.57 L IGLV3-21 IGLI3
Diagnosis - 97.58 MD IGHV3-74 IGHDS-18 IGHI4 99.56 L IGLV3-21 IGLI1
62
Evaluation 1 28 971 M/D IGHV3-74 IGHDS5-18 IGHI4 99.56 L IGLV3-21 IGLJ1
9727 G IGHV3-13° IGHD2-2 IGHI4
64 Diagnosis - 9957 L IGLV3-21 IGLI3
97.91 MD IGHV3-48 IGHD4-17 IGHI4
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Joumal

9761 G IGHV3-13% 1GHD2-2 1GHHM
Evaluation 1 201 9931 L 1GLV3-21 IGLI3
9733 MD IGHV3-48 IGHD4-17 1GHI4
9543 M/D IGHV3-74 IGHD3-10 IGHI3
Diagnosis - 98.67 L IGLV3-21 IGLI1
9934 MD IGHV6-1° IGHD6-6 1GHI4
65
9673 M/D IGHV3-74 IGHD3-10 IGHJ3
Evaluation | 9.18 9872 L 1GLV3-21 IGLII
9894 MD IGHV6-1° 1GHD6-6 1GHI
* Unproductive arrangement
Appendix 5. Clinical information of CLL patients
T¢G-CLL TeM-CLL P IGLV3-21"-CLL M-CLL U-CLL P
N=13 N=67 (non-IGLV3-21 M) (non-IGLV3-21 2119
N=24 N=33 N=23

16:51 . 3:21 13:20 19
6 (46.1%) 38 (56.7%) 9 (37.5%) 24 (72.7%) - (47.8%)
2(15.4%) 8(11.9%) 6(25.0%) 2(6. _ 2(8.7%)
FISH aberrations, no. (%)
Del 13q14 (D-LEU2) 5 (38.5%) 31 (46.3%) 0.83 13(54.2%) - (39.4%) 10 (43.5%)
Del 17q13 (TP53) 0(0.0) 2(3.0%) 1.00 0(0.0 A 0 (0.0) 2(8.7%)
Trisomy 12 (POUGF1) 2(15.4%) 4(6.0%) 017 1 '!'a 2(6.1%) 3(13.0%)

unknown 4(30.8%) 7(10.4%) ‘ ‘ (16.7%) 6 (18.2%) 1(4.3%)

-

3(23.1%) 8(12.0%) . 0(0.0) 4(12.1%)

2 (15.4%) 2( W ‘ X 10(4.2%) 1(3.0%)

SHM IGH (M:U) : 5 . 18:6 330

Laboratory parameters at diagnosis

LDH (240-480 ULT) mean + SD 415.4+67.0 367.3+167.2 335.9£00.1 325.0 396.2+233.6 388.0106.0
349.0, 523.0) 353.0(125.0, 1288.0) (177.0, 562.0) 366.0 (125.0, 1288.0) 376.0 (233.0, 670.0)

Beta-2 microglobulin (0.8-2.4 mg/L) 2.1£0.64 2.61£1.13 . 2.63£1.07 2.03+043 3.16x1.43
mean + SD 19(1.3,3.0) 2.3(1.4,6.4) 24(14,50) 2.1(13,3.0) 29(15,64)
Median (min, max)

Legend: two comparisons were performed: firstly, between the IgG-CLL group vs. the IgM-CLL group and secondly, between the three following groups: IGLV3-21" °-CLL, M-CLL
(0on-IGLV3-21 M%) and U-CLL (non-IGLV3-21 ®19)
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Highlights

¢  The mutational status of /GIIV is a crucial biomarker for CLL patients. We developed a 5’RACE NGS

method, applicable in routine to determine IGHV mutational status and compare it to standard Biomed-
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2 procedure. The agreement rate between the two methods was 93.8%. 5° RACE assay was more
sensitive to identify unproductive and multiple rearrangements and provides more details regarding
subclonal architecture and intraclonal diversity.

The 5° RACE assay can also be used to simultaneously sequence light chains variables regions (/GLV).
In most CLL cases, the mutational status of heavy and light chains is concordant but may guide
therapeutic strategy and prognosis in borderline cases.

By this approach, we identified a molecular subgroup characterized by /GLV3-21 rearrangement

harboring a single point mutation IGLV3-21*"" and confirm its unfavorable prognosis impact,
emphasizing the importance to identify the JGVL chain in addition to the /GHV status.
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Abstract

Background: Chronic lymphocytic leukemia (CLL) is the most frequent leukemia in adults. 7753, mutated in 10%
of cases, is one of the most crucial prognosis factors and treatment guides. Several p53 isoforms have been
described in both physiological and pathological situations. Their clinical and biological relevance in CLL is still
unclear.

Aim: To evaluate the interplay between 7P53 mRNA expressions and 7P33 genetic variants, including mutations
and splice variants, and their relationship with other genetic factors in CLL collected in routine practice.

Methods: We collected clinical data and RNA samples from 114 CLL patients from our institution between 2002
and 2021, Expression of 753 mRNA was detected by Reverse-transcriptase multiplex ligation-dependent probe
amplification assay (RT-MLPA) with high-throughput sequencing to determine a single and routinely applicable
T'P53 mutation status, mRNA expression, and detect 7753 splice variants.

Results: Unmutated heavy chain of immunoglobulin genes (/gf{V), deletions of the short arm of chromosome 17
(dell17p13), rs2909430, and lower level of hemoglobin were highly correlated with the TP53 mutational status
(p=0.005, p<0.0001, p=0.036 and 0.001, respectively). Patients with 7P53 aberration and SF3B! mutations
expressed a lower level of 7P53 exond4-5 and showed a shorter overall survival (OS) compared with wildtype
(p<0.0001). Unmutated /gH} and del(6) showed higher expression of exon9-10 and lower expression of exon9-

9b and exon9bg-10 and predicted lower OS and time to first treatment (TTFT) (p=0.002 and p=0.015, respectively).

Finally, Combined unmutated IgHV, TP53 aberration, NOTCH Imut, SF3B Imut, and deletion 6 indicated a layered
model of OS, TTFT and correlated the expression of exon5-6, exon9-9b, and exon9bg-10.

Conclusion: The high-throughput RT-MLPA sequence technology is a suitable and reliable method for assessing
multiple molecular parameters targeting the 7P353 gene. The different expression level of several exon junctions,
which highlights the existence of various p53 isoforms, proved their interest in predicting the treatment and
prognosis in CLL.

Keywords: chronic lymphocytic leukemia, RT-MPLA high-throughput sequencing, biomarkers, 753 gene,
alternative splicing.
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Introduction

CLL is the most frequent adult leukemia in the western world, especially in the elderly population!, and has a
highly heterogeneous clinical course. In the last 30 years, various biological and genetic markers have been
reported, which expand novel therapeutic strategies and valuable prognostic landscape for the CLL> %, Specific
inhibitors were lately identified and approved as critical pathways of CLL cell survival and apoptosis while
replacing standard chemoimmunotherapy in the first and second-line indications’ 2. Despite this progress, CLL
remains incurable. Either the patient shares multiple gene mutation'® or the disease transforms into diffuse large
B-cell lymphoma (DLBCL)'*!*, both situations associated with poor prognosis.

Therefore, understanding biological and genetic predictors of response to therapy and disease prognosis become
crucial issues. The mutational status of /gHV is a powerful and stable predictor of treatment and OS in patients
treated by chemoimmunotherapy (CIT)'%!7. Another increasingly significant predictor is tumor suppressor protein
P53, responsible for the cell cycle and apoptosis. Although the rate of 7P53 mutation is around 10% in CLL, 7P53
aberrations, including mutations of the gene, especially in the DNA binding domain, and deletion of chromosome
17p, are still significant predictors of resistance to fludarabine-based chemotherapy and adverse prognostic factor
in CLL'®" Therefore, detecting JgHV and TP33 status is necessary to guide therapeutic strategies.

Deletion of 17p can be detected by fluorescence in situ hybridization (FISH). Next-generation sequencing (NGS)
was defined as the gold standard for detecting variant allele frequencies (VAFs) of TP53 mutation®’. Recent
research also found that low-burden 7P53 mutation with VAFs between 0.1%-10% shows a significantly poor
prognosis impact on OS?!. Recently, studies highlighted the importance of p33 isoforms, especially the N-
terminally truncated ones such as A40p53, Al133p53, and A160p53, suggesting their involvement in
carcinogenesis?. Due to the lack of method standardization and structural characterization, the clinical and
biological relevance of the p53 isoforms is still unclear. The European Research Infrastructure Consortium (ERIC)
has published guidelines recommending combining multiple methods for detecting 7P53 mutations®.

Moreover, other genetic factors were necessary for CLL's prognosis and treatment decision. In the context of
randomized, prospective clinical studies, CLL4 and CLLS trials showed that SF3B] and NOTCHI mutations were
predictive therapeutic markers'®*!. NOTCHI and SF3B!I mutations are detected in 5% to 20% of patients, both
occurring more frequently with unmutated IgHV. NOTCH1 is a transmembrane receptor that plays a crucial role
in cell differentiation and proliferation, and NOTCH! mutations can lead to oncogenic pathway activation in
various malignancies. SF3B81 mutations affect the splicing machinery as a novel pathogenic mechanism.

In this work, we described a new method that combined Reverse-transcriptase multiplex ligation-dependent probe
amplification (RT-MLPA) with high-throughput sequencing technology to quantify the expression of different
exon junctions of 7P53 in CLL patients and correlate these new molecular features to other CLL routine markers
including NGS sequencing data, FISH, and CNV (copy number variations)

Material and Methods

Patients

We retrospectively collected data from previously 114 patients including 27 untreated and 87 treated patients,
diagnosed with CLL from a single institution (Centre Henri Becquerel, Rouen, France) between January 1, 2002,
and July 1, 2021. The diagnosis of CLL was determined by cytomery, according to the criteria of the recently
updated WHO diagnosis guideline. This study was performed by the Declaration of Helsinki and local laws, and
the Institutional Review Board approved the protocol of the Henri Becquerel Centre. Biological material was
obtained after receiving patient consent. Inclusion criteria were available clinical data, follow-up, and tumor RNA
at the time of diagnosis. Mutations of 7P53 were identified through NGS sequencing (covering exons 2 to 11) of
DNA samples, allowing the detection of low-frequency variants down to 1% VAF.

RNA preparation
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Mononuclear cells were 1solated by density gradient centrifugation (lymphoprep, 15 min at 2000 g). RNA was
isolated from peripheral blood mononuclear cells (PBMCs) using the RNA NOW kit (Biogentex, Seabrook, TX,
USA) according to the instruction manual and stored at —80 °C in water. RNA concentrations were determined
using a nanodrop spectrophotometer.

QMPSF assays

CNV of targeted genes was determined using QMPSF (quantitative Multiplex PCR of Short Fluorescent Fragments)
assays as previously reported 27, Briefly, seven genes located in the commonly deleted regions of chromosomes
6,11, 13, 17 and the more frequently gained regions in trisomy 12 were selected as target genes, including SEC63
at6q21, ATM at 11q22, DLEU2 at 13q14, and 7P53 at 17p13 and 17p13.1, POUGF I at 12q13 and MDM?2 at 12q15.

RT-MLPA high-throughput sequencing

The probes of MLPA were designed according to the procedure named "Designing synthetic MLPA probes" from
MRC-Holland except for PCR primer sequences®. MLPA probe pair for each TP53 exon junction, including Left
Probe Oligonucleotide (LPO) and Right Probe Oligonucleotide (RPO) (as presented in Appendix 1). To prepare
sequencing libraries for NGS, we added forward/reverse primer binding sites as 5' universal adaptor sequences
(5'GTGCCAGCAAGATCCAATCTAGA3) on LPO and 3' umiversal adaptor  sequences
(5TCCAACCCTTAGGGAACCC3'") on RPO, named Left Hybridizing Sequence (LHS) and Right Hybridizing
Sequence (RHS) as sequencing primers. To eliminate PCR bias, we added a 7 N random sequence at the 5' end of
LHS as Unique Molecular Identifier (UMI). As illustrated in Figure.2B, LHS and RHS are directly adjacent and
exactly reverse-complimentary to cDNA from the target RNA.

The RNA obtained from samples was reverse transcribed into cDNA, hybridized with LPOs and RPOs for each
exon, and then ligated. The ligated probes were purified by Ampure magnetic beads and used as PCR templates to
prepare libraries using P5 and barcode P7 adaptor primers. Different samples constituted libraries were pooled into
a single sequencing assay, sequenced on an Illumina MiSeq System and then demultiplexed according to the
barcode contained in the P7 adaptor primers.

Sequencing data were aligned to the hybridizing sequences of all gene probes and analyzed to calculate the number
of sequence reads that contained both LHS and RHS. Relative expression levels of each exon junction were
compared with the ratio of corresponding reads among the total reads of 7P53.

Statistical analysis

The statistical analysis was performed using SPSS v17.0% and GraphPad Prism 5.0 software®. Comparisons
between variables were assessed by the Chi-square test (and Yates' correction), Fisher's exact test for qualitative
variables, and t-tests or non-parametric Mann—Whitney test for quantitative data. A stepwise method developed a
multiple linear regression model to describe the linear association between the expressions of each exon junction.
Correlation between the variant allele ratio of p53R72P obtained by NGS and RT-MLPA high-throughput
sequencing was established using Spearman's correlation test. Overall survival (OS) was measured from the time
of diagnosis to the date of death from any cause. Time-to-first-treatment (TTFT) was calculated from the time of
diagnosis to the date of the first treatment initiation. Survival probabilities were calculated using the Kaplan—Meier
method. Log-rank tests were performed to evaluate the impact of mutational status on survival. A two-tailed p-
value below 0.05 was considered statistically significant.

Results

1. Patient characteristics
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This study included 114 CLL patients with their clinical data summarised in Table 1. The male-to-female ratio
was 1.95 (76:39), and the mean age was 71.7 (range from 32 to 100 years old). The information of each gene was
described in the figure. 1 A. We found that unmutated IgHV, deletions of the short arm of chromosome 17 (del17p13)
correlated with 7P33, and 7P33 exonl were highly correlated with the mutated 7P53 (p=0.005, p<0.0001 and
p<0.0001, respectively). Regarding the results of NGS, the most frequent single nucleotide polymorphisms (SNP)
were rs1042522 (101, 88.6%), rs162895 (18, 15.8%) and rs2909430 (18, 15.8%). The last two dbSNP were
systematically present in the same patients and showed similar mutational frequency and a close correlation with
TP53 mutation (p=0.001). Patients with mutated 7P53 were more likely to have a lower hemoglobin level (mean

of 12.1 g/dL. with mutated 7P53) than a mean of 13.2 g/dL. with wide type TP53, p=0.04).

Table 1. The clinical information of 114 CLL patients

Variable TP53 MUT (n=18) TP53 WT (n=96) P-value
Gender 0.58
Male 12 (66.7%) 63 (65.6%)
Female 6(33.3%) 33 (34.4%)
Age at diagnosis (years) Median (min; max) 72.2 (56-100) T1.3 (32-94) 0.75
Accept treatment 10 77 0.051
Binet stage 0.87
A 11(61.1%) 60 (62.5%)
B 3 (16.7%) 19 (19.8%)
C 4(22.2%) 17 (17.7%)
Laboratory parameters at diagnosis
Platelets (150-450 Giga/L) mean = SD 227.7+88.8 201.1£77.0 0.25
Median (min, max) 216.0(101.0, 292.0) 199.5 (2.0, 409.0)
Haemoglobin (13.0-17.0 g/dL)) mean = SD 121£25 13.242.1 0.04
Median (min, max) 12.6 (6.7, 15.8) 13.4(6.7,17.3)
White blood cells (4.0-11.0 Giga/lL) mean = SD | 58.1+109.4 502+117.8 0.21
Median (min, max) 25.4 (6.6, 473.1) 18.8 (4.4, 996.3)
LDH (240-480 UI/T) mean + SD 391.2+145/9 343.0+£118.9 0.12
Median (min, max) 354.0 (117.0, 764.0) | 339.0 (118.0, 650.0)
Protein (66-87 g/L) mean = SD 682163 67.5£43 0.59
Median (min, max) 68.0 (57.0, 79.0) 68.0 (56.0, 79.0)
Albumin (40-49 g/L.) mean + SD 41.1+50 41.5+38 0.97
Median (min, max) 42.0 (30.0, 51.0) 42.0 (26.0, 50.0)
Beta-2 microglobulin (0.8-2.4 mg/L.) mean & SD | 34424 29+£1.6 0.16
Median (min, max) 2.7(1.0,10.8) 2.5(1.0,8.0)
Karyotype n=16 n=90
Deletion11 4(25.0%) 17 (18.9%) 0.82
Trisomyl2 1(6.3%) 21 (23/3%) 022
Deletion13 3 (18.8%) 11 (12.2%) 0.76
Deletion6 2 (12.5%) 6 (6.7%) 0.76
Trisomyl9 0 (0.0%) 3(3.3%) 1.00
QMPSF n=18 n=95
ATM (dell1q12) 4 (22.2%) 17 (17.9%) 0.92
D-LEU2 (dell3ql4) 10 (55.5%) 35 (36.8%) 0.14
MDM? (trisomy12) 2 (11.1%) 11 (11.6%) 1.00
TP53 (dell7pl3) 6(33.3%) 1 (1.1%) <0.0001
TP53 exonl (dell7pl3) 6(33.3%) 1(1.1%) <0.0001
POUGKF (trisomy12) 1 (5.6%) 12 (12.6%) 0.73
SEC63 (del6ql2) 1 (5.6%) 4 (4.2%) 0.59
IgHV Unmut (98% cut-off) 13 (92.9%, n=14) 44 (55.0%, n=80) 0.006
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NGS dbSNP n=18 =96
RS1042522 17 (94.4%) 84 (87.5%) 0.66
RS2909430 8 (44.4%) 10 (10.4%) 0.001
RS1625895 8 (44.4%) 10 (10.4%) 0.001
RS1800372 3 (16.6%) 4(4.2%) 0.14
SF3B1 2(11.1%) 6 (6.3%) 0.81
NOTCH 1 2 (11.1%) 18 (18.8%) 0.66
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Figure 1 Characteristic of each critical genetic marker in CLL. (A) Summary of different genetic and clinical factors in the 114 CLL
patients. Red presents unmutated /gHJ and mutation for other genes, white presents mutated /g//} and wildtype for other genes, and grey
presents not evaluated items. (B) The curve of OS for /gH/7 mutated (green) vs unmutated (red) (p=0.003) and the curve of TTFT for IeHV
mutated (green) vs unmutated (red) (p<0.0001). (C) The curve of OS for 7P35 3 wildtype (green) vsmutated (red) (p=0.07) and the curve of
TTFT for 7P53 wildtype (green) vsmutated (red) (p=0.30). (D) The curve of OS for NOTCH] wildtype (green) vs mutated (red) (p=0.04)
and the curve of TTFT for NOTCH1 wildtype (green) vs mutated (red) (p=0.51). (E) The curve of OS for SF3B1 wildtype (green) vs mutated

wildtype (green) vs deletion 6 (red) (p=0.001) and the curve of TTFT for chromosome 6 wildtype (green) vs deletion 6 (red) (p=0.06).

For survival analysis, as expected, unmutated /g/V, NOTCHImut, SF3BImut, and deletion 6q predicted shorter
OS in CLL patients (p=0.003, 0.04, 0.002, 0.001, respectively). Unmutated /gHV also showed a lower TTFT
(p<0.0001). Multivariate Cox proportional hazards regression analysis indicated that unmutated IgF/V (RR=11.5,
p=0.03), del(6) (RR=10.0, p=0.021) and NOTCHI mutation (RR=9.1, p=0.017) were associated with poor survival
and unmutated /gHV (RR=2.7, p= 0.002) and stage (RR=1.5, p=0.021) predicted for treatment to be initiated.

2. RT-MLPA and high-throughput sequencing

The structure of 7P53 is presented in Figure 2A. The combination of two promotors, named P1 and P2, and
alternative splicing generate 12 major isoforms. . The mRNA transcribed by P1 will translate either the full-length
p53 (FLp53) or the A40p53 isoform, which started at codon 40. Promotor P2 can transcribe the isoforms A133p53
and A160p53, started at codon133 or 160, respectively. Three variants in the C-terminus are also present due to
alternative splicing of the exon9, named a, 3, and y. Exon9f and y have stop codons, leading to translational
termination. Isoform a also translates exonl0 and exonl1. There are six functional domains of 7P53 which are
depicted by different colors in Figure 2A. We have marked all the mutated sites on the 7P53 gene in our series
(Figure 2A), all gathered on the DNA-binding domain, which is the most important functional domain of P53.

The probes of RT-MPLA were designed as illustrated in Figure 2B. We detected the expression of each exon
junction to find more information in the mRNA and to determine the percent of variation on codon 72 to confirm
the stability of this method (and the number of allele/ the zygosity 7). More than 3000 reads of TP53 in each patient
among the 114 included were detected. Firstly, we evaluated the frequency of codon 72 variation detected by NGS
versus RT-MLPA, illustrated in Figure 2C, showing a positive correlation (p<0.0001). The result means that RT-
MLPA can also detect the mutation frequency in the coding site and reflects the situation of mRNA expression
stably. The expression level of each 7P53 exon junction for the 114 CLL patients was shown in Figure 2D. Table
2 presents the linear association between the expression of exon9-10 (p53a), exon9-9b (p53p), exon9bg-10 (p53p
and v), and a set of other expression exon junction, respectively, using a multiple lincar regression model that was
developed by a stepwise method. The expression of exon9-9b and exon9bg-10 had the most impact according to
the value of standardized coefficients.

Table 2. Multiple linear regression model of the expression of exon junction
Model B t Rr? F p Durbin-Watson
Exon9-10 Constant 7.01 0.724 56.72 <0.0001 1.932
(pS3a) Exon9bg-10 -3.26
Exon2-3 4.86
Exon7-8 2.81
Exon8-9 -2.76
Exon9-9b -2.26
Exon9-9b Constant 2.93 0.841 593.03 <0.0001 2.057
(p53P) Exon9bg-10 24.35
Exon%bg-10 | Constant 545 0.881 271.23 <0.0001 2.171
(p53fand y) | Exon9-9b 14.16
Exon6-7 -5.23
Exon9-10 -3.19
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Moreover, RT-MLPA can also reflect the frequency of a given splice site mutation. In our series, we found a
patient that, after receiving 6 cycles FCR, presented a splice site mutation in intron 4 (c.376-2A>G) with a
mutational frequency of 45% tested by NGS. Interestingly, when we tested this sample by RT-MLPA, this splice
site mutation caused a decrease (47.4%) in the number of normal junctions between exons 4 and 5 and and increase
(52.6%) in the number of junctions between exon 4 and exon5 truncated at A133 site (exon5b) (Figure 2E1 and
Figure 2E3 represented by the red lines), which correlates with the splice mutation found byNGS. After two years
the patient relapsed and received 2-year treatment of ibrutinib (an irreversible inhibitor of Bruton's tyrosine kinase
(BTK)), the expression of exon4-5b decreased to 5.9% (Figure 2E2 and Figure 2E3 represented by the green lines),
while the mutational frequency of splice site detected by NGS was of 1.4%. Therefore, besides the fact that RT-
MLPA can reflect the mutational frequency, it can also detect the change of mRNA expression caused by splice
site mutation and treatment strategy.
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oligonucleotide (LPO) from 5' to 3'. RHS contained a right probe oligonucleotide (RPO) and a 3' universal adaptor sequence from 5'to 3'.
After the probes are hybridized and ligated, we prepare libraries by PS5 and barcode P7 adaptor primers to classify different samples. (C)
Comparing the variant allele frequency of codon 72 on the exon 4 detected by NGS and RT-MLPA showed a positive relationship
(p<0.0001). (D) The expression of each exon junction in 114 CLL patients. (E) The RT-MLPA results of a patient presented splice site
mutation between exon 4 to 5 (¢.376-2A>(G), E1 showed the expression of exon4-5 and exon4-5b when the patient just received 6 cycles of
FCR and E2 presented the change of the expression of exon4-5 and exon4-5b after the 2-year treatment of Bruton's tyrosine kinase (BTK)
inhibitor, which is a concordance to the result of NGS. E3 showed the total expression level of exon4-5 and exon4-5b in 113 other CLL
patients (black) and patients with splice site mutation before (red line) and after (green line) treatment of BTK inhibitor.

3. Relationship between the expression of TP53 and multiple genes mutation

Although several studies investigate the clinical influence of 7P53 mutations, the role of 7P353 mRNA expression
is controversial. Therefore, firstly, we analyzed the relationship between different genes (Figure 3A) and illustrated
the significant positive correlations (p<0.05) between them with lines. Secondly, we highlighted that the
expression of some exon junctions was statistically different according to peculiar mutational profiles. For example,
TP53 mutated cases expressed a lower level of exon4-5, belonging only to FLp53 and A40p53 isoforms. The same
situation was identified in del17p13 (7P53exonl), rs2909430, and SF35Imut patients. Positive correlations were
also detected between 7P53mut, dell7pl3 (7P53exonl), and 152909430 (Figure 3A, represented in green).
Consequently, we divided patients into three groups according to the classification presented in Figure 3B (2). The
three groups not only expressed different levels of exon4-5 but also showed a difference in OS, as illustrated in
Figure3B (3) and (4).

Additionally, we also compared the expression of 7P53 in other genetic groups. Unmutated IgHV cases expressed
a lower level of exon9-9b and exon9bg-10, which may represent the p53[3 and p53y isoforms (Figure 3C (1)). A
similar situation also appeared in the deletion 6 group. According to Figure 3C (2), classification 2, we divided
patients into three groups with increasingly different levels of expression; the higher points they scored, the higher
level of exon9-10 and the lower level of exon9-9b and 9bg-10 they expressed (Figure 3C (3)). This trend was
maintained in the OS and TTFT analysis (Figure 3C (4), p<0.0001 and 0.001, respectively).

The last prognostic genetic molecular marker is mutations in NOTCHI. NOTCHI mutated patients expressed a
higher level of exon10-11 (Figure 3D (1)), which represents another kind of C-terminal isoform of 7P53 (p53 o).
When we combined all these 5 genetic factors, according to Figure 3D (2), classification 3, we found that higher
risk groups expressed a lower level of exon9-9b and exon9bg-10 and a higher level of exonl10-11 (Figure 3D (3)).
The same trend could also be observed in the analysis of OS and TTFT (Figure 3D (4), p=0.0003 and 0.004,
respectively).
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Figure 3 Relationship between expression of 7P53 and different prognostic indexes.
(A) Correlation between different genetic alterations, the line connected two genes showed positive relation (p<0.05). (B) (1) The index
expressed a lower level of exon4-5, (2) according to classification 1, the genetic groups showed a significant difference in expression of exon4-
5 (3) and OS (4). (C) (1) The index expressed a lower level of exon9-9b and exon9bg-10, and (2) according to classification 2, the different
groups showed different expressions of exon9-9b and exon9bg-10 (3) and OS, TIFT (4) (p<0.0001 and 0.001, respectively). (D) (1) The
different expression of exon10-11 between wildtype and mutated NOTCH]I, and (2) according to classification 3 (including all genes showed
prognostic value), the different groups showed different expression of exon9-9b, exon9bg-10, and exonl0-11 (3) and OS, TTET (4) (p=0.0003,

0.004, respectively).
* Present the significant analysis (p<0.05)
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Discussion

Mutations of TP53, particularly in the DNA binding domain, have been regarded as the leading cause of p53
inactivation®!. Although only 10% of patients showed a genetic mutation in CLL. TP53 is still a significant
predictor of treatment and prognosis. Among the clinical data of our CLL patients, mutational status of IgHV,
TP53 copy number variations detected by QMPSF, SNP rs29009430 and rs1625895 tested by NGS, and low level
of hemoglobin had a close relationship with mutational status of 7P53. Since it is well-known that the frequency
of 7P53 mutation is consistently higher at chemo-refractoriness than at the time of diagnosis, it may decrease afier
the treatment of target inhibitors. Compared to the results of one patient in our series who received FCR and BTK
inhibitor (ibrutinib), we found that RT-MLPA high-throughput sequence can also serve as a surveillance tool to
monitor the change of the mutational frequency in 7P53.

Traditionally, point mutations of the 7753 gene have been considered to be responsible for cancer occurrence®,
However, various truncated forms of p53 can also be responsible for its inactivation, especially the N-terminally
truncated ones. Some researchers suggest the involvement of p53 isoforms in carcinogenesis?? since different
expressions in normal and tumorigenic tissue in various types of cancer®®. The expression of p53 isoforms were
dependent on the tissue types in normal body. For example, in normal breast tissues, P53, p53f, p53y mRNA, but
not A133p53a, A133p53p and A133p53y were tested. However, in renal cell P53, p53[3, p53y A133p53a, and
A133p53y can detect except A133p53P. Several cancers that showed a low mutation rate of 7P33 have reported a
significant change in the expression of p53 isoforms. For instance, breast cancer which shares a 25% mutation rate
of 7P53, expressed different levels of p53 isoforms. A decrease of the p53[ and p53y isoforms by 60%, contrasting
with an increase of the A133p53 by 40%, is observed in this setting®*. Similarly, The same situation is also observed
in acute myeloid leukemia, which displayed only a 10% mutation rate but showed a large different expression
level of the p53p and p53y isoform™. These studies have expanded the perspective to discover the mechanisms of
the p53 isoforms and the improvement of cancer treatment.

In this study, RT-MLPA was designed to detect relative expression levels of mRNA, The detection procedure
included hybridization probes to DNA templates, ligation of matched probe pairs, and amplification with universal
PCR primers. Because each probe of 7P53 needed only about 30 bps, the length of the cDNA template may be
small and the assay is suitable for degraded RNA samples from FFPE tissues. The other feature of our method was
the high-throughput sequence for target RNA. NGS can analyze the specific nucleotide sequences in LHS and
RHS and thus have no limit on the number of probes in one assay.

Furthermore, using the Illumina-compatible sequencing primers allowed us to have a more flexible pooling
strategy when the RT-MLPA sequence needs extremely little sequencing space. The non-concordance between
cytogenetic and molecular testing leads to a challenge in estimating these factors into prognosis models to guide
the clinical decision. We combined the results of the RT-MLPA high-throughput sequence with other molecular
factors to find more information on mRNA and the relationship among multiple genes alterations including 7753
in CLL. It's the first time that the RT-MLPA high-throughput was used to sequence CLL patients to discover the
transcriptional level of mRNA.

The different expressions of exon junction between several prognostic factors were systematically related to the
exond-5, exon5-6, exon9-9b, exon9Ybg-10, and exonl0-11, which may represent the distribution of FLp53 and
A40p53, A133p53 and A160p5S3, pS53a, pS3P, and pS3y isoforms, respectively. When we classified patients
according to the factors that expressed a similar level of exon junction, different groups predicted the treatment
and prognosis well in CLL. The low expression level of exon4-5, exon9-9b, and exon9bg-10 and high expression
level of exon5-6, exon9-10, and exonl0-11 indicated lower overall survival and highlighted the importance of
treatment initiation in our study.

The principal limitation of our study is the single center design with a reduced number of patients included. We
performed this research on 114 patients since January 2002, among which only 18 showed mutated 7P353. Because
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of limited samples, we could not compare the change of expression before and after the different treatments in
each patient. Multicentre cooperation is required to achieve this goal.

In summary, high-throughput RT-MLPA technology is a robust and low-cost method to detect RNA expression
levels in CLL samples, which can be used in both research and clinical practice. To our knowledge, this is the first
study to evaluate the expression of 753 by testing the expression level of all exon junctions. Our findings are in
concordance with data reported in other cancers since the short N-terminal truncated isoforms, including A133 and
A160 p53, are more likely to be associated with aggressive disease, and the expression of p53 and p53y isoforms
may predict good prognosis®>.
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Appendix 1 The probes of aim exon of 7P53

Probes Seq

TP53Exonl LPO GACACGCTTCCCTGGATTGG
TP53Exon2 RPO CAGCCAGACTGCCTTCCGG
TP53Exon2 LPO TCAGGAAACATTTTCAGACCTATGGAAACT
TP53Exon3 RPO ACTTCCTGAAAACAACGTTCTG
TP53Exon3 LPO ACTTCCTGAAAACAACGTTCTG
TP53Exond4 RPO TCCCCCTTGCCGTCCCAAGC
TP53Exon4 LPO AGCCAAGTCTGTGACTTGCACG
TP53Exon5 RPO TACTCCCCTGCCCTCAACAAGAT
TP53Exon5b RPO ATGTTTTGCCAACTGGCCAAGA
TP53Exon5 LPO AGCGCTGCTCAGATAGCGATG
TP53Exon6 RPO GTCTGGCCCCTCCTCAGCAT
TP53Exon6 LPO TGCCCTATGAGCCGCCTGAG
TP33Exon7 RPO GTTGGCTCTGACTGTACCACCATCC
TP53Exon7 LPO CCATCATCACACTGGAAGACTCCAG
TP53Exon8 RPO TGGTAATCTACTGGGACGGAACAGCT
TP53Exon8 LPO CCCCAGGGAGCACTAAGCGAG
TP53Exon9 RPO CACTGCCCAACAACACCAGCT

TP53Exon9 LPO

ACTGGATGGAGAATATTTCACCCTTCAG

TP53Exon9b RPO GACCAGACCAGCTTTCAAAAAGAAAATTGT
TP53Exon9g RPO ATGCTACTTGACTTACGATGGTGTTACTTC
TP53Exon9bg LPO CTGATAAACTCGTCGTAAGTTGAAAATATT
TP53Exonl0 RPO ATCCGTGGGCGTGAGCGCTT

TP53Exonl0 LPO GGGAGCAGGGCTCACTCCAG

TP53Exonll RPO

CCACCTGAAGTCCAAAAAGGGTC

TP53Exond codon72 mut RPO

GCGTGGCCCCTGCACCAGCAG
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TP53Exon4 codon72 LPO ATGCCAGAGGCTGCTCCCC

TP53Exon4 codon72 wt RPO CCGTGGCCCCTGCACCAGCAG
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