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Mantle cell lymphoma (MCL) is an incurable rare subtype of non-Hodgkin lymphoma and is
subject to relapse and therapeutic resistance. Molecular aberrations in MCL affect
pathogenesis, prognosis, and therapeutic response. In this systematic review, we searched
3 databases and selected 32 articles that described mutations in MCL patients. We then
conducted a meta-analysis using a Bayesian multiregression model to analyze patient-level
data in 2127 MCL patients, including prevalence of mutations. In tumor or bone marrow
samples taken at diagnosis or baseline, ATM was the most frequently mutated gene (43.5%)
followed by TP53 (26.8%), CDKNZ2A (23.9%), and CCND1 (20.2%). Aberrations were also
detected in IGH (38.4%) and MYC (20.8%), primarily through cytogenetic methods. Other
common baseline mutations were NSD2 (15.0%), KMT2A (8.9%), S1PR1 (8.6%), and CARD11
(8.5%). Our data also show a change in mutational status from baseline samples to samples
at disease progression and present mutations of interest in MCL that should be considered
for future analysis. The genes with the highest mutational frequency difference (>5%) are
TP53, ATM, KMT2A, MAP3K14, BTK, TRAF2, CHD2, TLR2, ARID2, RIMS2, NOTCH2, TET2,
SPEN, NSD2, CARD11, CCND1, SP140, CDKN2A, and S1PR1. These findings provide

a summary of the mutational landscape of MCL. The genes with the highest change in
mutation frequency should be included in targeted next-generation sequencing panels for
future studies. These findings also highlight the need for analysis of serial samples in MCL.
Patient-level data of prevalent mutations in MCL provide additional evidence emphasizing
molecular variability in advancing precision medicine initiatives in MCL.

Introduction

Mantle cell lymphoma (MCL) is a subtype of non-Hodgkin lymphoma, accounting for 5% to 10% of all
lymphomas." MCL is an incurable, rare B-cell malignancy that has a heterogeneous clinical course
ranging from indolent to aggressive and is disposed to resistance and relapse after initial response to
treatment. Significant progress has been made in the last decade as the treatment paradigm has shifted
from traditional chemoimmunotherapy toward targeted therapies such as ibrutinib, acalabrutinib, and
zanubrutinib, which are approved for use in the relapsed/refractory setting.

Molecular and cytogenetic profiling of MCL have been used to correlate genetic abnormalities with
clinical outcomes, including therapeutic resistance.>® Mutational profiling has also correlated genetic
aberrations with prognosis.* Cytogenetic traits of MCL include the t(11; 14)(q13; q32) translocation
that transposes CCND1. CCND1 is a cell-cycle regulator, and translocation of the immunoglobulin
H locus leads to overexpression of cyclin D1.° Although overexpression of cyclin D1 dysregulates
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the cell cycle, translocation of CCND1 and IGH genes is not
exclusively responsible for the development of MCL.2® Other
aberrations are implicated in early clonal expansion, proliferation,
and resistance mechanisms of MCL.>” Common mutations are
found in the TP53 gene, which are prevalent in most cancer types.
In MCL, patients with TP53 mutations have worse outcomes,
including overall survival and therapeutic response.®®

Various techniques, such as Sanger sequencing, polymerase chain
reaction (PCR), and next-generation sequencing (NGS) approaches,
including whole-genome sequencing (WGS), whole-exome se-
quencing (WES), and targeted panels, have identified mutations
with prognostic significance.*'® Mutations of chromatin modifier
genes such as NSD2* and genes in the oxidative phosphorylation”!"
and alternative NK-kB'%'? pathways also have clinical significance in
MCL progression and ibrutinib resistance.

Mutational profiling of MCL and other rare cancers is instrumental in
pioneering next-generation clinical trials and personalized oncol-
ogy."® Custom gene panels constructed from the most prevalent or
clinically significant regions of the exome facilitate clinical feasibility
in precision therapeutics by allowing deep targeted sequencing.'*
Targeted sequencing is particularly vital in utilizing cell-free DNA
or circulating tumor. This deep sequencing of small amounts of
fragmented free-floating cell-free DNA is useful in assessing
prognosis, therapeutic response, and minimal residual disease."®®

The MCL International Prognostic Index stratifies MCL patients into
3 risk groups: low, intermediate, and high. However, given the
heterogeneity of MCL in its clinical development and the number of
increasing biomarkers able to be obtained with emerging technol-
ogy, risk stratification may be improved with the addition of other
biomarkers.'” Molecular information that is clinically validated could
lead to a personalized risk assessment at diagnosis and at different
disease milestones.

Of particular interest are the mutational profiles of patients throughout
a clinical course. It is hypothesized that there are multiple molecular
driver events that correspond to relapse, therapeutic resistance, and
disease progression.® Celline studies have suggested the oncogenic
potential of various mutations in MCL.'®

Several literature reviews have referenced molecular aberrations in
MCL."®2" However, there is no systematic or pooled analysis
representative of the genomic landscape of mutations in MCL
patients. The aim of this work was to examine the prevalence of
genetic mutations in MCL patients, analyze methods of sequencing
and genotyping, and demonstrate the possible clinical significance
of these mutations.

Methods

Eligible studies and characteristics

This systematic review and meta-analysis followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines.?? We searched PubMed, Embase, and
Web of Science for original studies reporting genetic mutations in
MCL patients, including those performed in the clinical trial
setting, prospective studies, retrospective studies, and case
reports. The search terms used included “mantle cell lymphoma,”
“mutation,” “therapy,” and “treatment.” We excluded editorials,
review articles, conference abstracts, and posters. Studies reporting
mutations discovered by fluorescence in situ hybridization (FISH)
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were eligible if accompanied by gene-specific probing or validation by
PCR or Sanger sequencing, providing appropriate resolution for
detecting mutations. Studies reporting only conventional cytogenet-
ics (eg, gains, deletions, translocations) and/or gene expression data
without genetic mutation data were excluded. Cell-line and animal
model studies were ineligible. Studies that only included other
subtypes of non-Hodgkin lymphoma (not MCL) were excluded.
Articles had to be in English. Studies containing MCL mutations that
were missed in the initial search were retrieved though cross-
referencing or so-called pearl growing, a citation mining technique
that involves searching the citations of included articles as well as
literature reviews excluded from the initial database search.

Data extracted from included articles included mutational data
(whether a gene was mutated), type of study (observational or
experimental), technology used to analyze mutations, sample
collection time point (baseline/diagnosis, relapse, progression),
and if there was a treatment or therapy mentioned in the study.
Both study-level and patient-level information was collected.
Study-level information consisted of aggregate mutational preva-
lence, whereas patient-level data were unique mutational obser-
vations per patient. Patient-level mutational data in either the
primary article or supplemental materials were available for all
included studies. Genes were included in the meta-analysis if
they were reported to be mutated in >1 study.

Statistical methods

To examine the frequency of genetic mutations in MCL patients, we
obtained the mutation status of the gene of interest from each
patient. Our primary response variable, whether the gene was
mutated, was assumed to follow a Bernoulli distribution. To explain
the between-participant variation in meta-analysis, the mutation
probability of genes at baseline was adjusted by patient-level
moderators (also called participant-level factors, including gene
and participant-wise heterogeneity), including participant ID, gene
ID, source of samples (article), study type (observational/
experimental), and technology used for genotyping.

We applied Bayesian multilevel regression models for data analysis
of baseline genetic mutations. According to the study designs, not
all genes of interest were tested for each MCL patient. Because we
extracted individual participant data from each study for meta-
analysis, the missingness in the mutational status of genes only
occurred when it was not tested in the original data set. As a result,
we considered these unknown data as missing completely at
random and excluded them from the meta-analysis. With a logit
transformation (logit[p] = loglp]l — logl[1 — pl) on the mutation
probability, we assumed the normal distributions on the additive
effects of patient-level moderators to adjust for participant-specific
effects. A noninformative prior distribution was proposed for the
mean parameters of normal distributions, and weakly informative
Cauchy prior distributions with the mode at 0 and scale at 2.5 were
proposed for the standard deviation parameters.?®2* A similar
statistical model was separately applied to the genetic mutations
of a combined set of patients with samples taken at disease
progression. For disease progression analysis, we used the same
patient-level moderators as described above in baseline sample
analysis.

For all Bayesian analyses, we found the joint posterior distributions
of model parameters using Markov chain Monte Carlo methods.
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Figure 1. PRISMA flow diagram of the study
selection process. 1577  Citations Identified
Through Databases
902 Citations Excluded
> After Title/Abstract
Screen
675 Citations for Full
Text Screen
5 Citations Found
Through Pearl - . 635 Articles Excluded After
Growing/Cross - - Full Text Screen
Referencing
45 Articles selected for data
extraction
+ 13 Atrticles Excluded During
- Data Extraction
Studies Included in
Meta-Analysis

Because closed forms of the full conditional distributions were not
available, we generated these distributions using Gibbs sampling
and the Metropolis-Hastings algorithm. The mutation frequencies
and their 95% probability intervals (Bayesian credible intervals
[Cls]) were plotted by study and type of gene, respectively, using
forest plots. Statistical software R (version 3.4.1; https://www.
r-project.org [with packages rjags_v4-8 and coda_v0.19-2]) and
JAGS (version 4.3.0; http://mcmc-jags.sourceforge.net) were
applied for data analysis.

Results

Eligible studies/participants

The PRISMA chart related to the selection of studies is described
in Figure 1. In the considered timeframe (January 1990 to January
2020), we identified 1577 nonduplicate studies from the
selected databases. Of these studies, 675 met the inclusion
criteria of being a randomized controlled trial (RCT) or
observational study involving human participants and concern-
ing MCL; 902 studies that did not meet these criteria were
excluded. After full-text retrieval, 635 articles were excluded
because they did not contain mutational data on MCL genes;
they only contained gene expression data or were abstracts,
review articles, or conference posters. Five study articles were
found by pearl growing. If relevant inclusion criteria were found in
supplemental materials, these articles were also included. Among
the remaining full-text selections, 12 articles were excluded primarily
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for containing only cytogenetic studies, gene expression data,
or exclusively other NHL subtypes. We excluded 1 study?® that
contained duplicate data reporting from an included study.®

A total of 32 articles were selected and included in the final
analysis 2-4,7,9,10,26-35,37-52

Characteristics of the 32 studies are listed in Table 1. A
distinction is shown in both the number of mutations observed
and the technique for sequencing or genotyping in the years of
the studies. The earlier studies in the pregenomic era more
commonly used techniques such as Sanger sequencing,
probed FISH, and PCR to identify mutations. In the more
recent era, single-nucleotide polymorphism arrays and NGS,
including targeted gene panels, WES, and WGS, are more
frequently seen. Most studies obtained molecular data from
patient tumor samples taken at baseline or diagnosis. Three
studies reported exclusively on samples taken at relapse.®”*’
Four studies included serial samples from the same patient

that were sequenced at different clinical milestones or end
points.2'27’4°’48

Eligible mutations

A total of 164 genes were investigated in the 32 included studies,
and 32 genes were mutated in patient samples in >1 study. The 32
studies included data from 2275 patients. Patient-level data were
included from patients (n = 2127) who were found to have =1 of
the 32 genes mutated in their samples. Some patients had multiple
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Table 1. Summary of 32 articles included in systematic review and meta-analysis

Source (first author) Year Most prevalent mutations Sequencing or genotyping technique

Greiner et al*2 2006 TP53, ATM Sanger sequencing

Fernandez et al®° 2010 CCND1, IGH, TP53, ATM PCR (or microarray)

Hartmann et al®® 2010 TP53 PCR (or microarray)

Gualco et al®® 2010 CCND1, IGH FISH (validated)

Halldorsdottir et al®* 2011 TP53 PCR (or microarray)

Kridel et al*® 2012 CCND1, NOTCH1 Sanger sequencing

Navarro et al*® 2012 TP53, ATM, CDKN2A PCR (or microarray)

Bea et al* 2013 TP53, ATM, CCND1, IGH, KMT2D, NSD2 WES, WGS, and targeted panel

Meissner et al*® 2013 TP53, ATM, CCND1, NOTCH1, IGH, UBR5, MEF2B, TRAF2 NGS panel (18 genes)

Chapman-Fredricks et al 2014 TP53, ATM, CCND1, IGH FISH (validated)

Rahal et al'® 2014 BIRC3, KMT2D, NOTCH1, TRAF2, UBR5 NGS gene panel

Zhang et al®® 2014 TP53, ATM, CCND1, KMT2D, NOTCH1, COL16A1, SMARCA4, Sanger sequencing, WES, array
KMT2C

Chiron et al®” 2014 BTK WES and targeted sequencing

Delfau-Larue et al®® 2015 TP53, ATM, MYC, CDKN2A, RB1 FISH (validated)

Wu et al*® 2016 ATM, KMT2D, CARD11, MEF2B, CHSY3 WES

Martin et al*' 2016 BTK WES and targeted panel

Eskelund et al® 2017 TP53, ATM, CCND1, CDKN2A, BIRC3 NGS panel (8 genes)

Hu et al36 2017 CCND1, IGH FISH (validated)

Zlamalikova et al®' 2017 TP53 FISH (validated)

Khodadoust et al®” 2017 TP53, ATM, CCND1, UBRS5, TTN WES

Clot et al*® 2018 TP53, CDKN2A, IGH Sanger sequencing, WES

Jain et al? 2018 TP53, ATM, CCND1, CDKN2A, UBR5, NSD2, KRAS, FAT1 NGS panel (300 genes)

Yang et al*® 2018 TP53, ATM, WHSC1 WES

Obr et al*® 2018 TP53 Sanger sequencing, WES, array

Lin et al®® 2019 TP53 NGS gene panel

Agarwal et al® 2019 TP53, ATM, BIRCS3, IGH, WHSC1, SMARCA4, ARID1B, WES and NGS panel (42 genes)
ARID1A

Mori et al** 2019 TP53, ATM, KMT2A PCR (or microarray)

Zhang et al” 2019 TP53, ATM, KMT2D, RB1, CCND1 WES

Mareckova et al*® 2019 TP53, ATM NGS panel (TP53 and ATM)

Martin-Garcia et al*? 2019 TP53, ATM, CCND2, CCND3 WES, WGS, Sanger sequencing, FISH

Sakhdari et al*” 2019 TP53, ATM, CARD11 NGS panel (29 and 53 genes)

Ferrero et al®? 2019 ATM, NSD2, KMT2D, CCND1, TP53, NOTCH1, BIRC3, TRAF2, NGS panel (9 genes)

KMT2D

samples taken at different clinical time points, increasing the total
number of samples from included patients to 2173.

Of the 2127 patients and 2173 samples included, 2045 patients
had baseline samples, 71 had samples taken at relapse, 31 had
samples taken at disease progression, and 7 had samples take
posttreatment. The designations coded “relapse,” “disease pro-
gression,” and “posttreatment” came from terms used in the primary
study articles.

Overall, 2045 of 2127 MCL patients had baseline samples with
genetic mutation information for =1 of the 32 genes. Samples were
taken at relapse or progression from 102 MCL patients, 71 MCL
patients were tested for =1 of 22 genes after relapse, and 31 MCL
patients were tested for =1 of 26 genes after progression. Among

2930 HILL et al

2045 MCL patients sampled at baseline, 1113 (54.4%) had at least
1 reported mutation.

Overall frequency of genetic mutations

Mutational status of 32 selected genes was reported in 32 studies.
Overall, 2045 (96.19%) of 2127 patients from 29 studies were
tested at baseline, 102 (4.8%) of 2127 patients were tested after
relapse or progression, and 7 (0.3%) of 2127 were sampled either
during treatment or posttreatment.

The overall probability of genetic mutation of the 32 genes was
11.3% (95% CI, 9.3%-13.4%) for patients at baseline; it was
18.4% (95% CI, 14.9%-22.4%) for patients tested after relapse or
progression. Figure 2 shows the mean mutation frequencies of all
genes at baseline across 29 studies from 2006 to 2019. Based on
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Figure 2. Mutation frequency at baseline

by study. Studies
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study type, observational studies (13.11%; 95% CI, 5.1%-31.9%)
had similar genetic mutation rates at baseline compared with RCTs
(9.6%; 95% Cl, 3.4%-23.2%).

Paired samples were collected at baseline and at another time point
(relapse or progression) from 30 patients in 4 studies. Changes in
mutational status in 10 genes from samples from these studies are
summarized in Table 2.

For our pooled analysis, we grouped mutations at relapse and
progression (disease progression) and compared them with
baseline mutations. As shown in Figure 3B, the most common
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genetic mutations in samples taken at disease progression were
ATM (57.6%; 95% Cl, 46.6%-68.1%), TP53 (43.0%; 95% ClI,
31.9%-54.7%), CDKN2A (29.5%; 95% Cl, 17.4%-44.6%), and
CCND1 (27.7%; 95% Cl, 18.4%-38.6%). Table 3 and Figure 3C
show 20 genes in which the pooled frequency of mutation between
patients sampled at baseline and those sampled at disease
progression changed >5%, followed by Bayesian probabilities.

Subgroup analysis of mutation frequency by function

The 32 genetic mutations included in the analysis were catego-
rized by their major function according to various databases®®°°

MUTATIONS IN MANTLE CELL LYMPHOMA 2931



Table 2. Mutational status change in paired samples (n = 30)

ATM TP53 KMT2D CARD11

MEF2B BTK RIMS2 S1PR1 CDKN2A BIRC3

B P B P B P B P

B P B P B P B P B P B P

Chiron et al,?” patient 1
Chiron et al,?” patient 2
Chiron et al,?” patient 3
Chiron et al,?” patient 4
Chiron et al,?” patient 5
Chiron et al,?” patient 6
Chiron et al,?” patient 7

Chiron et al,?” patient 8
Chiron et al,?” patient 9

Chiron et al,?” patient 10

Jain et al, patient 5 Mut  Mut WT WT WT WT WT WT
Jain et al,? patient 6 Mut  Mut  Mut Mut WT WT WT WT
Jain et al, patient 8 Mut Mut WT WT WT WT Mut Mut
Jain et al,? patient 12 WT  Mut WT Mut WT WT WT WT
Jain et al, patient 15 WT Mut Mut Mut WT WT WT WT
Wau et al,*® patient 1 Mut  Mut Mut  Mut WT WT
Wau et al,*® patient 2 Mut  Mut WT WT WT WT
Wau et al,*® patient 4 Mut  Mut WT  WT  WT  WT
Wau et al,*® patient 5 Mut  Mut WT WT Mut Mut
Wau et al,*® patient 6 WT  WT WT  WT  WT  WT
Wau et al,*® patient 7 Mut  Mut WT WT WT WT
Wau et al,*® patient 8 WT  WT Mut  Mut  WT  WT
Wau et al,*® patient 9 WT  WT WT WT WT  Mut
Wau et al,*® patient 10 Mut  Mut WT WT WT WT
Wau et al,*® patient 11 WT  WT Mut  Mut WT  WT

Mareckova et al,*® patient 197 ~ Mut  Mut  Mut  Mut WT  WT
Mareckova et al,*® patient 294 ~ Mut  Mut WT  WT
Mareckova et al,*® patient 351  Mut  Mut  WT  WT
Mareckova et al,*® patient 388  Mut  Mut WT  WT

Mareckova et al,*® patient 441 Mut  Mut  WT  WT

WT  Mut

WT  Mut

WT  WT

WT  WT

WT  WT

WT  WT

WT  WT

WT  WT

WT  WT

WT  WT
WT WT WT WT Mut  Mut  Mut  WT
WT WT WT WT Mut  WT  WT WT
WT WT WT WT WT WT WT WT
Mut  Mut  WT  WT WT WT WT WT
WT WT WT WT Mut  Mut WT WT
WT  WT WT WT WT WT
WT  WT Mut  Mut WT WT
WT  WT WT WT WT WT
WT  WT WT WT WT WT
Mut  Mut WT  WT WT  Mut
WT  WT WT WT WT WT
WT  WT WT  WT WT WT
Mut  Mut WT WT Mut Mut
WT  WT WT WT WT WT
WT  WT WT WT WT WT
Mut  Mut WT WT WT WT

B, baseline or diagnosis; Mut, mutated; P, progression or relapse; WT, wild type.

(Figure 3; supplemental Table 4). We acknowledge the role that
pleiotropy may play in their functions and impact on phenotypic
expression.”® We were unable to validate functions through additional
functional studies in the selected articles; therefore, this classification
serves only as a resource for future investigations.

Among the 32 genes under investigation (Figure 3), ATM (DNA
damage response) had the highest mutation rate at baseline
(43.5%; 95% ClI, 39.7%-47.4%) and after relapse/progression
(57.6%; 95% CI, 46.6%-68.1%). IGH (IGHV; immune response)
was second to ATM among all genes tested at baseline (38.4%);
95% Cl, 31.2%-46.1%). Other genes with high mutation rates at
baseline were tumor suppressor genes, including TP53 (26.8%;
95% Cl, 24.2%-29.6%) and RB1 (24.3%; 95% ClI, 17.6%-32.1%),
followed by CDK kinase regulators, including CDKN2A (23.9%);
95% CI, 20.1%-28.2%) and CCND17 (20.2%; 95% ClI, 16.8%-
24.1%).

2932 HILL et al

Subgroup analysis of mutation frequency by
excluding FISH

FISH is primarily used as a cytogenetic method to detect
cytogenetic aberrations; however, somatic mutations can be
inferred by probing genetic loci. Resolution to detect mutations
differs from other more molecular techniques and may only show
translocations and larger deletions and insertions. FISH is largely
used in MCL to detect the CCND1/IGH fusion for diagnostics. By
excluding those patients diagnosed by FISH, 1799 (84.6%) of
2127 patients from 25 studies were tested at baseline. The overalll
probability of genetic mutation of the 32 genes was 8.8% (95% Cl,
7.3%-10.3%) for patients tested at baseline, lower than the overall
mutation frequency of 11.3% (95% ClI, 9.3%-13.4%) when FISH
was included in the analysis. Figure 4A shows the mean mutation
frequencies of genes at baseline across 25 studies from 2006 to
2019. Based on study type, observational studies (8.9%; 95% Cl,
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Genes Mutation Frequency [95% CI]
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BTK —— 55[1.0,19.5]
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CCND1 — 20.2 (16.8, 24.1]
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DNA Damage Response H
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Figure 3. Mutation frequency of genes. Mutation frequency at baseline by gene (A), at disease progression by gene (B), and in baseline and disease progression samples

(©).

6.0%-12.7%) had similar genetic mutation rates at baseline
compared with rcts (8.6%; 95% CI, 5.8%-12.4%). Among the 32
genes under investigation (Figure 4B), ATM had the highest
mutation rate at baseline (37.0%; 95% CI, 33.7%-40.5%) and after
relapse/progression (57.6%); 95% Cl, 46.6%-68.1%). IGH (IGHV)
was second to ATM among all genes tested at baseline (32.1%);
95% Cl, 25.3%-39.8%). Other genes with high mutation rates at
baseline were tumor suppressor genes, including TP53 (21.6%;
95% Cl, 19.4%-23.9%) and RB17 (18.9%); 95% ClI, 13.5%-25.4%),
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followed by CDK kinase regulators CDKN2A (17.5%; 95% CI,
14.4%-20.9%) and MYC (16.1%; 95% CI, 10.2%-23.8%).

Discussion

Our overview and analysis of mutations in MCL pool mutational data
from multiple studies and report the prevalence and increase in
pooled mutational frequency from baseline to disease progression.
Genes that had >5% increase in mutational frequency should be
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Table 3. Comparison of mutated genes at baseline and disease
progression in pooled MCL samples

MF, % PHMF rogression™
Gene Baseline Disease progression Change, % MFyaseline|data)
TP53 26.8 43.0 16.2 0.998
ATM 43.5 57.6 141 0.990
KMT2A 8.9 214 12.5 0.878
MAP3K14 24 14.2 11.8 0.994
BTK 5.5 171 11.6 0.928
TRAF2 4.5 15.7 11.2 0.996
CHD2 4.0 141 10.1 0.973
TLR2 4.3 143 10.0 0.964
ARID2 6.8 16.3 9.5 0.867
RIMS2 8.2 17.3 9.1 0.876
NOTCH2 5.8 143 8.5 0.971
TET2 5.6 141 8.5 0.942
SPEN 5.9 14.2 8.3 0.879
NSD2 15.0 22.8 7.8 0.931
CARD11 8.5 16.3 7.8 0.893
CCND1 20.2 27.7 7.5 0.923
SP140 8.4 143 5.9 0.799
CDKN2A 23.9 295 5.6 0.784
S1PR1 8.6 13.9 5.3 0.757

MCL, mantle cell lymphoma; MF, mutation frequency; Pr, Bayesian probability.

included in future genomic and functional studies to understand
their role in the relapse and progression of MCL and be included in
targeted NGS panels. Targeted panels for MCL could be
constructed using genes with the highest mutational rate combined
with recurrently mutated regions of the genes to understand their
clinical relevance in the era of novel precision therapies. Specific
locations and regions of recurrent mutations can be found using
publicly available databases such as COSMIC®” or ClinVar.?®

Understanding somatic mutations in MCL can assist in stratifying
patients by prognostic risk. We found a high frequency of mutations
in ATM (43.5% in patients at baseline). ATM mutations have been
implicated in chemotherapy resistance and poor outcomes.®® TP53
was also highly mutated in our pooled analysis. Patients with TP53
mutations generally have poorer outcomes than those with wild-
type TP53 and may have inferior responses to chemotherapy.®2¢°
Somatic hypermutation of the /GVH genes in MCL also has
prognostic impact, and detection of immunoglobulin heavy-chain
gene aberrations is key in detecting minimal residual disease by
PCR.'%2 |GH and CCND1 were also found to be mutated in our
analysis, even after removing studies employing FISH to diagnose
MCL through detection of the t(11; 14)(q183; q32) translocation.
We acknowledge that this translocation may be distinct from other
molecular drivers of MCL prognosis, transformation, and resistance
mechanisms. CCND17 mutations have been implicated in cell-line
studies demonstrating ibrutinib resistance.®® A recently published
investigation that fell outside of our inclusion period also found CCND1
mutations to be associated with MCL with aggressive histology.®*
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Implementing a custom MCL gene panel in clinical use has potential
applications in matching precision treatments to a patient’s unique
tumor profile. For example, mutations in CDK regulator genes were
also quite prevalent in the patients analyzed (CDKN2A, 23.9%;
CCND1, 20.2% at baseline). It is also interesting to note that 1
study reported a high mutational prevalence of CCND3*?; however,
this gene was excluded from the pooled analysis because it was
reported in only 1 article. Kinase inhibitors of CDK4/6 such as
palbociclib have shown promise in MCL and could be matched to
patients with mutations in CDK regulator genes.®>%®

Targeted sequencing, WGS, and WES paired with gene expres-
sion data and additional technologies such as single-cell sequenc-
ing has the potential to shed light on additional genomic
considerations in MCL, especially on tumor mutational burden,
gene signatures, and epigenomics. Cytogenetic techniques such
as FISH are clinically suitable, economical, and widely used in MCL
diagnostics. After adjusting our analysis by excluding patient
samples analyzed by FISH we saw lower but similar frequencies
of detected genetic aberrations, including those regularly observed
in FISH, such as /IGH, CCND1, and MYC. Only 2 studies included
in the systematic review and meta-analysis used genome-wide
approaches,**? and we believe there is still much to uncover on the
topic of the panorama of genetic variance in MCL by utilizing
emerging NGS and bioinformatics techniques.

In paired sample analysis, we found that the mutational status of
S1PR1 changed from 1 at baseline to O after relapse in 1 of 18
patients. The mutational status of CDKN2A changed from 1 at
baseline to O after progression in 1 of 6 patients. The mutational
status of BIRC3 changed from 1 at baseline to O after progression
in 1 of 6 patients. We do not have sufficient information to
distinguish the origin of these changes. However, the loss of
mutational status in these patients may represent intratumor genetic
heterogeneity.®”

There are significant differences in the frequency of mutations
between baseline patient samples and those taken at other clinical
milestones such as relapse and progression (Table 3). Even after
acknowledging aspects of patient heterogeneity, there are sub-
stantial changes in the frequencies of these mutations. The
oncogenic role of these aberrations as driver mutations in clonal
evolution and expansion should be further studied.

Additional articles reporting mutations in MCL patients were published
after our inclusion period for the systematic review.®*®®7' These
articles describe prevalent mutations similar to those reported in our
analysis, including ATM, TP53, NOTCH1, and CCND1.

This study is the first meta-analysis to pool the findings of
studies reporting genetic mutations in MCL. The investigation
reveals a systematic overview of molecular aberrations in MCL
that is beneficial for constructing custom gene panels for targeted
sequencing and expanding research into the clinical utility of
molecular profiling. A significant strength of this meta-analysis
is that we collected individual patient-level data on genetic
mutations, resulting in better data quality and more reliable results
than a meta-analysis of aggregate (study-level) data.”? Superior
to the standard approach based on normal approximation with
continuity correction, the proposed Bayesian multilevel model
derives exact inference on the estimation of mutation rate and its
variance.”®7* Because of the nature of genetic studies, especially
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A
Studies Mutation Frequency [95% CI]
2006-Greiner-PNAS *2 e— 11.5[8.1,16.5]
2010-Fernandez-Cancer Res*® — 8.8(5.8,13.0]
2010-Hartmann-Blood *® —_—— 7.4 [4.4,11.1]
2011-Hallorsdottir-Leuk ** —e 65[3.9, 9.7]
2012-Kridel-Blood *® —— 8.1(6.2,124]
2012-Navarro-Cancer Res ** —— 8.7 (6.2,12.0]
2013-Bea-PNAS * —_ 74 (5.3, 9.9]
2013-Meissner-Blood ** —e— 76 [5.6,10.2]
2014-Rahal-Nat Med '® —— 9.7 [6.5,14.1]
2014-Zhang-Blood *® —— 76(6.3,10.2]
2014-Chiron-Cancer Discov?” _— 8546147
2015-Delfau Larue-Blood *° — 8.4(6.0,11.7]
2016-Wu-Oncotarget *® —.—.— 11.1(73,178]
2017-Eskelund-Blood® - 6.0 (4.4, 8.0]
2017-Khodadoust-Nature*” —— 9.6 [6.4,13.9]
2018-Clot-Blood *® —_—— 10.3 (7.1, 14.5]
2018- Jain-Br J Haematol —_— 9.2(6.1,13.4]
2018-Yang-Cancer Gene Ther *° B — 8.8 (5.8, 13.1]
2018-Obr-Clin Lymph Myel Leuk *® —— 8.4(5.3,12.7]
2018-Lin-Br J Haematol * e 12.6 [8.1,20.6]
2019-Mori~Clin Lymph Myel Leuk ** 10.3 (6.0, 19.8]
2019-Mareckova-Leuk Lymph *° —— 10.0 [70, 14.1]
2019-Martin Garcia-Blood ** — 9.6(5.8,16.2]
2019-Sakhdari-Ann Diagn Pathol *” —— 7815.0,11.2]
2019-Ferrero-Haematologica ® —- 74 [5.5, 9.6]
Overall > 8.8(7.3,10.3]
T T T T T T T
0 10 20 30
Mutation frequency, %
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Figure 4. Mutation frequency (excluding FISH studies). Mutation frequency at baseline by study (A) and by gene (B).

in rare cancers such as MCL, we were still subject to small-study
effects in our meta-analysis.

This review and analysis are limited by having a single reviewer and
data recorder for relevant literature. It should also be noted that
patient samples originating from the same patient may have been
reported in multiple studies, because MCL tissue banks are used for
many genotyping/sequencing studies. It was noted that 1 study*®
seemed to have resequenced patient samples that had been used
in a previous study.®® However, we believe that each patient
observed in the 32 studies was genotyped/sequenced uniquely for
that particular study and represents an independent observation.

The primary aim of this analysis was not to identify particular variants
in genes, but instead to provide a general overview of molecular
aberrations in MCL. Many studies lacked publicly available full
mutational data (including type of mutation [ie, synonymous or
nonsynonymous]); these data were usually given as incidental
findings in other clinical or observational studies. We cannot
account for the quality of genetic materials used or the variability in
quality control or bioinformatic analysis, and there was a lack of
accompanying copy-number variation data in most studies to
determine true mutation rates.

We were also limited by the lack of germline controls in most
studies; therefore, we were unable to definitively identify mutations
as somatic. Our analysis and comparison of RCTs were limited as
well. Because most of the selected studies were observational, we
did not have enough information on patients assigned to different
arms of trials to perform a direct comparison of mutational data.

€ blood advances 14 juLy 2020 - voLume 4, NUMBER 13

Another limitation of the study was the lack of complete patient-level
data on outcome, therapies, and therapeutic response, especially
with targeted agents such as ibrutinib and acalabrutinib. Even
though patient samples were characterized as baseline, we could
not determine if these patients were truly treatment naive.

Only 4 of the selected studies presented findings from serial
samples>274%48: therefore, we were unable to account for paired
samples in our regression analysis and performed separate
analyses. We recognize the limitations of any pooled analysis of
few paired or serial samples; however, we believe mutational
profiling of serial samples is central to understanding the clonal
evolution of MCL in progression and pathogenesis. In addition to
prognosis, future studies should validate this particular molecular
profile of MCL in its role in therapeutic response. Additionally, many
MCL patients undergo multiple treatments through remission,
relapse, and progression, and it would add insight into genomic
considerations in therapeutic response if complete data were
publicly available.

In summary, the principal aim of this systematic review and meta-
analysis was to define the prevalence of genetic mutations at
baseline in patients with MCL by fitting a Bayesian multilevel
regression model. Given the large sample size, such a global
overview of genetic mutations at baseline can be used as
a reference and guide development of targeted therapeutic agents
in clinical practice. There are significant differences in the frequency
of mutations between baseline patient samples and those taken at
other clinical milestones such as relapse and progression. These
genes should be included in future MCL-specific targeted NGS
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panels for further investigation. The patient-level data of prevalent
mutations in MCL provide additional evidence to existing literature
highlighting the importance of molecular variability in advancing
precision medicine initiatives in MCL.
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