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Abstract

To gain insight into the molecular pathogenesis of patients with mantle cell lymphoma (MCL), next-generation whole-
exome sequencing of 16 MCL patients was performed. We identified recurrent mutations in genes that are well known to be
functionally relevant in MCL, including ATM (37.5%), TP53 (31.3%), WHSC1 (31.3%), CCND1 (18.8%), NOTCH2 (6.3%),
and CDKN2A (6.3%). We also identified somatic mutations in genes for which a functional role in MCL has not been
previously suspected. These genes included CCDC15, APC, CDHI, SIPRI, ATRX, BRCA2, CASPS8, and NOTCH3. Further,
we investigated the prognostic factors associated with MCL from clinical, pathological, and genetic mutations. Mutations of
TP53 (P=0.021) was a significant prognostic factor with shorter overall survival (OS). Although there was no statistical
difference, the median survival time of patients with WHSCI mutations was shorter than those without mutations (P =
0.070). Mutations in ATM and CCNDI had no prognostic value (P = 0.552, 0.566). When adjusted for MCL International
Prognostic Index (MIPI) or combined MCL-International Prognostic Index (MIPI-c), TP53 and WHSC1 mutations were the
most important prognostic factors in MCL (P < 0.05). Our data provide an unbiased view of the landscape of mutations in
MCL and commend that all patients benefit from mutations of 7P53 and WHSC1 at diagnosis, in addition to MIPI and MIPI-

C score.

Introduction

Mantle cell lymphoma (MCL) is an uncommon hetero-
geneous subtype of non-Hodgkin lymphoma, with dis-
tinctive clinical, biologic, and molecular characteristics.
MCL comprises 3—6% of non-Hodgkin lymphomas with
an annual incidence of 0.5 per 100,000 populations in
Western countries. MCL is an aggressive B-cell lymphoma
that occurs more than four times as often in males. The
median age at diagnosis is about 60 years [1-5]. Most MCL
cases have a rapid evolution and an aggressive behavior
with an unfavorable outcome. Despite advances in the
development of clinical agents leading to high-remission
rates in previously untreated patients, relapse within a few
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years is common, contributing to a rather short median
survival of 5—7 years [6]. There is important significance to
investigate the molecular mechanisms that contribute to
MCL pathogenesis, and how improved understanding of
these molecular mechanisms offers new perspectives for the
treatment in MCL.

MCL typically possess the hallmark t(11;14)(q13;q32)
chromosomal translocation, which causes overexpression of
CyclinD1, resulting in disordered progression of the cell
cycle and aggressive lymphomagenesis [7]. In addition to
this constitutive dysregulation of the cell cycle, other
mechanisms such as DNA damage response alterations
(e.g., changes in genes ATM, CHK2, TP53) and activation
of cell survival pathways (e.g., mTOR, NF-kB, and
NOTCH) have been found to play crucial roles in the
pathogenesis of MCL [8, 9].

Whole-exome sequencing as a powerful approach to
discover novel oncogenic mechanisms has been used in
tumor research [10, 11]. As the clinical course of MCL
patients is variable, the genetic landscape of tumors might
be quite heterogeneous. Whether there are differences in the
pathogenesis of different races is unknown, and there is also
no report of genomic mutations in Chinese patients with
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MCL. To gain insight into the molecular pathogenesis of
Chinese patients with MCL, we performed next-generation
whole-exome sequencing of 16 MCL patients. The clinical
and biological characteristics of the patients were analyzed
retrospectively. In our study, prognostic factors associated
with gene mutations and clinical parameters were analyzed.

Materials and methods
Patients and samples

Patients with MCL and lymphoma tissues available at the
time of diagnosis were identified by searching databases of
stored formalin-fixed paraffin-embedded specimens at the
Peking University Third Hospital. The specimens were
collected between 2009 and 2016. In all cases, the diagnosis
of MCL was made using appropriate diagnostic criteria for
the 2008 WHO classification of lymphoid tumors with
combinations of histologic, immunohistochemical, flow
cytometric, and genetic evaluation. Medical records were
reviewed for demographic and clinical data. Clinical data
reviewed included physical examination, laboratory tests
(blood counts, renal and hepatic function exams, lactate
dehydrogenase, and [2microglobulin), bone marrow
biopsy, contrast-enhanced CT scans, and PET scans. Dis-
ease stage was defined by using Ann-Arbor staging criteria,
and efficacy was evaluated according to the International
Working Group (IWC) standard [12]. We used two prog-
nostic indexes for patient risk stratification, including the
MCL-International Prognostic Index (MIPI) that incorpo-
rates age, performance status, normalized LDH level, WBC
level and the combined MCL-International Prognostic
Index (MIPI-c) that incorporates MIPI with Ki-67 pro-
liferation index [13, 14]. All patients received combination
chemotherapy regimens. Tumor DNA samples were
extracted from frozen lymph node biopsies at diagnosis.
The above medical records, specimens, and study protocol
conform to the ethical requirements of Peking University
Third Hospital.

Whole-exome sequencing and data analysis

Genomic DNA was extracted from 16 MCL samples with
DNeasy Blood & Tissue Kit (cat# 69504, QIAGEN, Ger-
many) following the manufacturer’s protocol and sequenced
the whole exome. We constructed genomic DNA libraries
and capture the whole exome with the Ton AmpliSeq Exome
RDY Kit (A29855) and sequenced the captured libraries on
the Ion S5 XL genome analyzer.

Mutations (SNV and indel) were identified from 16 MCL
samples using GATK Best Practices pipeline [15, 16].
Quality control of raw data was constructed with FastQC

software (Version 0.11.2). The sequencing reads were
aligned to the reference of human genome hgl9 using the
BWA software [17]. Indel realignment of each bam files
and base quality score recalibration were constructed with
GATK (version 3.2) without marked PCR duplicates.
Mutations and indels were identified using VarScan (ver-
sion 2.3.7) [18]. Mutations (SNV and indel) of each sample
were annotated with ANNOVAR software.

To filter SNP and avoid false-positive calls, we used
stringent filter criteria: (a) common SNP referenced in
dbSNP138; (b) SNP with a frequency more than 1% in
1000 Genomes Project were removed; (c) SNP with a fre-
quency more than 1% in esp6500 database (with about 6500
exomes) were removed; (d) SNP with a frequency more
than 1% in EXAC database (with about 60,000 exomes)
were removed. The quality of these mutations was manually
reviewed with Integrated Genomics Viewer (IGV).

Pathway analysis and survival statistical analysis

The Reactome tool with default parameters was used for
pathway analysis [19]. Enriched pathways of mutational
genes shown in main figures were manually curated, only P
< 0.05 pathways were shown.

The end point of the analyses was overall survival (OS),
which was defined as the time from diagnosis to death
(regardless of the cause) or date of the last follow-up eva-
luation. Univariate analyses of the prognostic value of
clinical factors, pathological factor, and genetic mutations
were done using Kaplan—Meier estimates and log-rank
tests. We adjusted for clinical prognostic factors summar-
ized in the quantitative MIPI and MIPI-c score. The
adjusted index was calculated using the following method:
(a) High index group: with TP53 or WHSC1 mutation or
high-risk group of MIPI or high-risk/middle—high-risk
group of MIPI-c; (b) Low index group: without TP53 or
WHSC1 mutation and low-risk group of MIPI or low/low
—middle-risk group of MIPI-c.

The data meet the assumptions and there is an estimate of
variation within each group data. All reported P values are
two-sided and descriptive. A statistical significance level of
P <0.05 was used.

Results

Clinical features of mantle cell ymphoma patients
in the study

The clinical features of 16 MCL patients who underwent
whole-exome sequencing are shown at Table 1. As pre-
viously reported, median age was 61.5 years (range, 43—84
years) with male-dominated, and all cases with evaluable
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Fig. 1 The mutational spectrum of mantle cell lymphoma samples. The mutational spectrum of 16 mantle cell lymphoma samples, showing the
mutation frequency of each gene (right) and clinical data of each sample (bottom)

A

staging information had advanced disease. Bone marrow (n whom had splenic rupture during treatment, and three cases
= 14) was the most commonly involved extranodal site;  had gastrointestinal tract involvement. Conventional cyto-
five cases had leukemic presentation (cases 5, 7, 8, 11, 15). genetic and FISH analyses were performed in our study.
Splenic involvement was seen in nine patients, one of = The majority of patients had cytogenetic aberration of
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Fig. 2 Mutational signature analysis of mantle cell lymphoma samples. a, b Percentage of the six possible mutation classes in the exome of mantle
cell lymphoma. ¢ Distribution of the six mutation classes in 16 mantle cell lymphoma cases

t(11;14)(q13;q32) chromosomal translocation and one
patient also had a deletion of chromosome 13 and chro-
mosome 17. All patients received combination chemother-
apy from among the following regimens: CHOP, R-CHOP,
VR-CAP, R-HyperCVAD, R-lenalidomide, Ibrutinib with
Rituximab and Bendamustine in initial therapy. One patient
underwent autologous hematopoietic stem cell transplanta-
tion as consolidation therapy. The overall remission rate of
the initial treatment was 68.8%, with complete remission
rate and partial remission rate of 18.8 and 50% respectively,
and 63.6% patients relapsed after initial treatment. At last
clinical follow-up, 11 patients died, 5 were alive, median
OS was 37.5 months (range 8—104 months). Kaplan
—Meier analysis for OS estimated the 3-year and 5-year OS
rates to be 68.8 and 38.2%, respectively.

The mutational spectrum of the mantle cell
lymphoma cases

The MCL samples displayed a characteristic pattern of
mutated genes. Among them, ATM, TP53, and WHSC1
had the top three mutation frequencies in the MCL cases,
which contributed to 68.75% of all samples (11/15) (Fig. 1).
A stop-gain was found in TP53 and WHSC1 in patient #11
with the second lowest OS (15 months). ATM had the
highest mutation frequency in the MCL cases and has
also been reported to have a high mutation frequency in
previous studies on head and neck carcinomas [20, 21].
Twelve of 16 (75%) MCL samples have the translocation
of t(11;14) (ql13;q32) (Fig.1). ATM, TP53, WHSCI
gene mutations and t(11;14) (ql3;q32) translocation
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contribute to 100% of all the 16 samples (Fig. 1). WHSC1
mutation observed in exon 18 has been recently detected in
an acute lymphoblastic leukemia patient. The WHSC1
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Table 2 Univariable analysis of prognostic factors mantle cell lymphoma patients in our cohort
Prognostic factors Number (%) Median survival (months) P value
Clinical factors
Age 0.050
<60 years 37.5% (6/16) 104.0
> 60 years 62.5% (10/16) 37.0
p2-MG 0.034
<3 ng/ml 50% (8/16) 66.0
>3ng/ml 50% (8/16) 37.0
LDH 0.920
Normal 50% (8/16) 43.0
Elevated 50% (8/16) 38.0
MIPI 0.050
Low/middle-risk groups 62.5% (10/16) 104.0
High-risk group 37.5% (6/16) 37.0
MIPI-¢ 0.037
Low/low—middle risk groups 43.75% (7/16) 104.0
High—middle/high risk groups 56.25% (9/16) 38.0
Pathological factor
Ki-67 0.339
<30% 31.25% (5/16) 104.0
230% 68.75% (11/16) 43.0
Genetic mutations
TP53 mutations 0.021
Positive 31.25% (5/16) 17.0
Negative 68.75% (11/16) 66.0
ATM mutations 0.552
Positive 37.5% (6/16) 47.0
Negative 62.5% (10/16) 38.0
WHSC I mutations 0.070
Positive 31.25% (5/16) 17.0
Negative 68.75% (11/16) 47.0
CCND Imutations 0.566
Positive 18.75% (3/16) 38.0
Negative 81.25% (13/16) 47.0

B2-MG, B2 microglobulin; LDH, lactate dehydrogenase (range of normal value :170—245 U/1); MIPI staging that incorporates age, performance
status, normalized LDH level, and WBC level, 0—3 points belong to the low-risk group, 4—5 points belong to the middle-risk group and 6—11
points belong to high-risk groups; MIPI-c staging that incorporates MIPI and ki-67 level (230%), divided into low risk, low—middle risk,high

—middle risk and high-risk groups.

[22]. Bea et al.,, Zhang et al., and Rossi et al. reported
WHSC1 mutation was in 10, 7, and 13% MCL patients
respectively [23, 24], and the mutation rate of WHSC1 was
31.3% in our study which was higher than previous
reported.

Three of 16 MCL samples (Fig. 1) had mutations in
CCNDI, which is located on the long arm of chromosome
11 (band 11q13, same with translocation arm). APC and
CDHI1 gene mutations were each observed in 2 of 16 MCL.
CCDC15 gene mutations, which previous studies have

shown genetic or epigenetic alterations in several CCDC
genes in human cancers including MCL, were observed in 2
of 16 samples, of which a frame shift mutation was
indentified [25-27]. SIPR1 mutation was observed in one
MCL sample. ATRX and BRCA2, which are known as
alternative lengthening of telomeres (ALT) and DNA
repairing enzymes, respectively, were observed in two
samples without ATM, TP53, WHSC1 mutations (Fig. 1).
NOTCH3 and NOTCH2 mutations were observed in two
and one MCL samples respectively.
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Fig. 4 The Kaplan—Meier curves for overall survival (OS) of mantle gene (TP53 and WHSC1) mutation and MIPI-c adjusted with gene
cell lymphoma patients. a—d The Kaplan—Meier curves for overall (TP53 and WHSC1) mutation. The log-rank test was used to compare
survival (OS) of mantle cell lymphoma patients in gene mutation status Kaplan—-Meier curves

(TP53 and WHSC1 mutation), MIPI and MIPI-c, MIPI adjusted with
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Table 3 Prognostic impact of TP53 and WHSC1 mutation on the MIPI and MIPI-c score
Prognostic factors Adjustment (0N P value
HR 95% CI
MIPI
None 2.981 1.043 to 14.23 0.050
TP53 mutation 3.427 1.245 to 15.14 0.028
WHSCI1 mutation 4.047 1.134 to 12.10 0.040
MIPI-c
None 3.463 1.167 to 12.66 0.037
TP53 mutation 4.758 1.525 to 16.23 0.015
WHSCI mutation * 1.417 to 17.66 0.016

MIPI staging that incorporates age, performance status, normalized LDH level, and WBC level, 0—3 points belong to the low-risk group, 4—5
points belong to the middle-risk group and 6—11 points belong to high-risk groups; MIPI-c staging that incorporates MIPI and ki-67 level (=30%),
divide into low-risk, low—middle risk, high—middle risk and high-risk groups; “*” means which cannot be detected. This group has not observed

dead cases at the specified time.

The mutational signature of mantle cell lymphoma

At the exome level, the single base substitutions (SBSs) in 16
MCL samples exhibited a mutational signature with a domi-
nant mutation pattern of C>T (equal to G>A) transitions
(Fig. 2). All the SBSs were classified into six mutation types
(C>A,C>G,C>T, T>A, T>C and T > G). The proportion
of C>T mutations was 69%, while the T>C was 10%
(Fig. 2a, b). The proportion of C>A, C>G, T>G, T> A was
8, 6, 4, 3% respectively (Fig. 2a, b). The mutational signature
in individual MCL cases was also analyzed. The proportion of
C>T mutations in individual MCL cases ranged from 50 to
90% (Fig. 2¢). The proportion of T > C mutations in individual
MCL cases ranged from 2 to 25% (Fig. 2c). The proportion of
T>C mutations is relatively high in MCL3, MCL6, and
MCL18 cases (Fig. 2c).

Pathway analysis of mutational genes

Pathway analysis was conducted on the mutated genes of the
16 MCL samples. The predominantly enriched pathways
focused on the immune system, signal transduction, gene
expression, cell cycle, and programmed cell death (Fig. 3a).
Notably, ATM and TP53, which regulates transcription of
DNA repair genes, were enriched. Cell cycle and cyclin D
associated events in G1 are enriched. ATM, TP53, CDKN2A,
BRCA2, CDHI contribute to the cell cycle pathway. Immune
system-related pathways, such as interferon gamma signaling,
antigen processing, cross presentation, immunoregulatory
interactions between lymphoid and non-lymphoid cells, and
interleukin-2 signaling were also enriched pathways (Fig. 3b).

Prognostic factor analysis

We investigated the prognostic factors associated with MCL
from clinical and pathologic data as well as genetic

mutations. The results are shown in Table 2 and
Fig. 4. High tumor proliferation index (Ki67 230%) often
indicates that the tumor is growing fast and the prognosis
is poor. Although the risk stratification of MIPI combined
with Ki67 had a good prognostic model, the Ki67
itself did not show prognostic significance in our study
(P=0.339).

To investigate if gene mutations offer prognostic value,
we correlated genes with a high mutation rate including
ATM, TP53, WHSCI, and CCNDI to OS. The results
showed that patients with 7P53 mutations had a poor
prognosis with a 3-year survival rate of 40.0%, and were
statistically significantly different from those patients
without mutations in 7P53 (P = 0.021; Fig. 4a). Although
there was no significant difference between the two groups,
the median survival time of patients with WHSCI mutations
was shorter than those without mutations (median survival
time 17.0 months vs 47.0 months, P = 0.070; Fig. 4b). ATM
and CCNDI mutations were not prognostic in our study (P
=0.552, 0.566).

We adjusted for clinical prognostic factors including
MIPI and MIPI-c score by combining TP53, WHSCI
mutations (Table 3). The MIPI-adjusted OS hazard ratio
(HR) for TP53 mutations was 3.427 (P = 0.028), whereas it
was 4.047 (P=0.040) for WHSCI mutations. When
adjusted for the MIPI-c score, the prognostic impact of
TP53 mutations was modified by the inclusion of the MIPI-
¢ index (HR unadjusted, 3.463; adjusted for MIPI-c, 4.758,
P =0.015); meanwhile, the prognostic impact of WHSCI
mutations on OS was also significant (P = 0.016).

Discussion

Despite advances in the development of clinical agents
for treating MCL, treatment of MCL remains a challenge

SPRINGER NATURE



138

P. Yang et al.

due to complexity and frequent relapse. The incorpora-
tion of conventional and novel diagnostic approaches
such as genomic sequencing have helped improve
understanding of the pathogenesis of MCL, and have led
to development of specific agents targeting signaling
pathways for MCL treatment [5, 6]. Whole-exome
sequencing as a new diagnostic tool has been used to
explore new targets in tumor diagnosis and treatment. For
the first time, in our study, we examined the whole-exome
sequencing of Chinese MCL patients. Our data identify
the genetic heterogeneity underlying MCL and implicate
a number of novel genes in the development of the
disease.

Mutations identified in our study overlapped significantly
with recently published studies of tumor exomes and tran-
scriptomes, such as mutations in ATM, CCNDI, TP53,
WHSCI, and NOTCH?2 [23, 24]. Similar to other lympho-
mas, our data indicate a striking mutational heterogeneity
underlying MCLs, with relatively few genes mutated in 6
—20% of the cases. Our work implicates other mutated
genes, such as SIPRI, ATRX, BRCA2, rarely mentioned in
MCL.

SIPRI can promote tumor cell survival, invasion, anti-
apoptosis, metastasis, and chemo-resistance in solid cancers
[28, 29]. Bouska reported S1P/SIPRI-activated pathway
can regulate lymphoma cell migration and associated with
FL transformation [30]. The SI/PRI gene is located on
chromosome 1p21, the mutation rate of S/PRI gene was
6.3% in our study and Wu et al. reported S/PRI mutation
was 15.4% in MCL patients [31]. Whether the SIPRI
mutation is associated with extranodal invasion of MCL
remains for further research, and may be potential ther-
apeutic target in MCL patients. ATRX was known to be
associated with alternative lengthening of telomeres (ALT)
in gliomas [32]. ATRX mutations, previously reported in
myelodysplastic syndromes, may act as a transcriptional co-
factor and play an important role in the epigenetic regula-
tion [33]. Mutations of BRCA2 gene that can inactivate
BRCA pathway often occur in patients with breast and
ovarian cancer [34, 35]. The BRCA pathway deficit causes
an underlying deficiency in error-free DNA repair that
increase the risk of leukemias and lymphomas, especially in
MCL with t(11;14)(q13;932) chromosomal translocation
[36]. The ATRX and BRCA2 mutations are reported here in
MCL for the first time. Notably, they were observed in
samples without major mutations such as ATM, TP53, and
WHSCI1. The functions of ATRX/BRCA2 need further
study in future.

MIPI and MIPI-c score are currently the most recognized
prognostic models for MCL. However, these models lack
prognostic factors in molecular biology, including genetic
mutations. The prognostic value of TP53 deletions is con-
troversial in the MCL literature, with reports either showing
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no or a deleterious prognostic value. However, recent stu-
dies showed that TP53 mutations are associated with sig-
nificantly shorter OS and poor prognosis [37]. Compared
with patients without TP53 mutations, TP53 mutations were
associated with aggressive factors including age, higher
serum lactate dehydrogenase, lymphocytosis, high-risk
MIPI, complex karyotype, and higher occurrence of TP53
deletions [38]. Nordic Lymphoma Group study showed that
TP53 was the only significant independent molecular mar-
ker that improved the prognostic value of MIPI [39]. A
recent study suggests that younger MCL patients with
deletions of CDKN2A and TP53 have poor prognosis, even
when treated with immunochemotherapy, high-dose cytar-
abine, and stem cell transplant. It also suggests that TP53
deletions and CDKN2A have independent deleterious
effects and should be considered for treatment decisions in
addition to MIPI and Ki-67 index [40]. In our study, as
previously reported, patients with TP53 mutations have a
shorter survival time, and TP53 mutations have important
prognostic implications in combination with MIPI and
MIPI-c (P <0.05).

An epigenetic modifier, WHSCI encodes a histone 3
methyltransferase oflysine-36 (H3K36), WHSCI mutation
observed in exon 18 has been recently reported in a patient
with acute lymphoblastic leukemia [23]. In our study, the
mutation rate of WHSC1 was higher than previously
reported in MCL. Patients with WHSCI mutations had
shorter survival time than those without mutations. Mean-
while, WHSC1 was the significant molecular marker that
can improve the prognostic value of MIPI and MIPI-c score
(P <0.05). There is no corresponding report on the prog-
nostic significance of WHSCI mutations in MCL, and
further expansion of the sample size is needed for
validation.

In summary, with the first draft of the genomic landscape
of MCL in Chinese patients now defined, we identified the
genetic heterogeneity in MCL. The next step for the field
should be to establish the functional consequence of the
observed mutations. Our work underscores the importance
of TP53 and WHSC1 mutations for the prognosis of
MCL. Patients may benefit from mutation analysis of TP53
and WHSC1 at diagnosis, in addition to MIPI and MIPI-c
score.
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