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Key points: This study sought to identify genomic alterations associated with progression in 
MCL by analyzing tumor specimens from a large cohort of patients sequenced prior to initiation 
of frontline treatment or at the time of progression, including a subset of patients with sequential 
samples. 

Our findings suggest that MCL relapse is predominantly driven by pre-existing malignant clones 
at diagnosis, rather than by new evolutionary events, underscoring the importance of early 
detection and eradication of resistant clones to improve long-term outcomes. 
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ABSTRACT 
 
Most patients diagnosed with mantle cell lymphoma (MCL) experience extended remissions 

following frontline chemoimmunotherapy, yet with with extended follow-up, relapses seem 

nearly inevitable. This study aimed to define the genomic landscape of MCL at diagnosis and 

relapse and investigate the clonal evolutionary dynamics associated with progression of disease 

(POD).  

We conducted comprehensive genomic sequencing on 214 tumor specimens from 189 patients, 

including 144 treatment-naïve and 70 POD samples, with 25 patients providing longitudinal 

paired samples pre-treatment and at POD. Comparative analyses were performed on single 

nucleotide variants (SNVs), insertions/deletions (indels), and copy number alterations (CNAs) to 

assess genomic differences between treatment-naïve and relapsed specimens. Additionally, 

mutational signatures were evaluated in pre-treatment samples, stratified by time to progression 

(≤24 months vs. >24 months). One hundred patients who received standard frontline 

chemoimmunotherapy were included in the survival analysis.   

 

Genomic profiles of pre-treatment specimens from patients who ultimately relapsed were 

strikingly similar to those observed in POD, while distinctly different from profiles associated 

with prolonged remissions. This genomic ‘stability’ was further confirmed by analysis of 25 

paired specimens, demonstrating a remarkable genomic concordance despite extended remission 

periods (median >3 years), without a clear pattern of acquired alterations 

 

Our findings suggest that MCL relapse is predominantly driven by pre-existing malignant clones 

at diagnosis, rather than by new evolutionary events, underscoring the importance of early 

detection and eradication of resistant clones to improve long-term outcomes.   
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INTRODUCTION 

 

Most patients diagnosed with mantle cell lymphoma (MCL) typically experience long remissions 

following frontline chemoimmunotherapy.1,2 However, with extended follow-up, relapses appear 

almost  inevitable, and are associated with progressively shorter remissions to subsequent 

therapies.3–5 This ultimate shift in disease course suggests an acquired molecular event that 

promotes to the emergence of a prevailing resistant clone.6 Consequently, understanding the 

evolutionary processes that occur during these extended remissions is a priority. 

Our understanding of the genomic evolution of MCL remains limited. 6–8 Similar to other 

lymphomas, two primary patterns of progression have been suggested.6 The first includes 

primary refractoriness and early relapses, frequently characterized by persistent minimal residual 

disease.9 The second pattern, is associated with prolonged MRD-negative remissions.6,7 The only 

abnormalities that have consistently predicted inferior responses and shorter remissions across 

studies have been mutations in TP53. However, these account for fewer than half of POD events, 

leaving many cases unexplained.10,11 Additional genomic alterations suggested to confer a poorer 

prognosis are mutations in KMT2D and deletions at the CDKN2A locus.12,13 In particular, it 

appears, that copy number alterations (CNAs) play a pivotal role in the disease course of MCL.13 

Notably, two prior studies on small cohorts of MCL with sequential samples before and after 

frontline treatment demonstrated a subset of patients acquiring CNAs, primarily affecting 

CDKN2A. However, there was no definite acquisition of abnormalities to clearly support an 

evolutionary process.6,7  

This study sought to identify genomic alterations associated with progression in MCL and to 

evaluate whether an identifiable evolutionary process underlies lymphoma persistence along the 

continuum of care. To achieve this, we studied tumor specimens from a large cohort of MCL 

patients who were sequenced either prior to initiation of frontline treatment or at the time of 

progression, including a subset of patients with sequential samples.  
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METHODS  

This study analyzed data from patients diagnosed with MCL who underwent tumor specimen 

sequencing during their disease course. Sequencing was conducted in a CLIA-certified 

laboratory at Memorial Sloan Kettering Cancer Center using the institutional targeted sequencing 

platform, IMPACT-HEME. The study received Institutional Review Board approval, and all 

patients provided informed consent. 

 

Targeted sequencing 

Following consent, archival or new tumor biopsy samples were sequenced with saliva or nails 

used as a source of normal control (germline) DNA.14 The MSK-IMPACT platform, a 

hybridization capture-based assay, was used to sequence all protein-coding exons of 399 cancer-

associated genes on the Illumina HiSeq2500 (Table S1). Average sequencing coverage across all 

tumors was 748-fold. Paired-sample variant calling identified single nucleotide variants (SNVs) 

and small indels (<30 bp) in tumor samples matched with normal controls.14 

 

Identification of copy number alterations 

CNA analysis used a modified version of Sequenza v2.1.2, optimized by BostonGene to 

minimize focal false-positive segments particularly in centromere regions. FACETS v0.5.14 

SNP database provided comprehensive extraction coverage. Given the limited heterozygous loci 

in the targeted sequencing approach, Strelka2 v2.8.2 germline caller was used to identify 

heterozygous variants, which were incorporated into individual reference files, improving 

statistical segmentation and CNA calling. CNAs were limited to genes validated by SNP array 

and described in the literature (Supplementary figures S1 and S2). CNAs were limited to genes 

validated by cases with available SNP array data (N=18; Table S2) and those described in the 

literature.  

Clustering, prognostic features and survival analyses 

To identify tumors with shared genetic features we applied hierarchical clustering with Jaccard 

distances and Ward linkage. We selected this approach as it is particularly suited for asymmetric 

binary data and offers the added advantage of intuitive dendrogram visualization.15 We 

compared genomic features between samples grouping on time of sequencing (pre-treatment vs. 

relapse) and stratified by Ki67 proliferation index (<30%, 30–59%, ≥60%). We further sub-
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divided the pre-treatment group to POD24 (progression of disease ≤24m post-therapy, and LR 

(long remission - those with a follow-up ≥24m without progression) and compared to samples at 

relapse. For sequential samples, a minimum of three months elapsed between frontline treatment 

initiation and the relapse sample. For patients with multiple relapse samples, the earliest 

specimen was selected. Only patients sequenced prior to standard frontline 

chemoimmunotherapy were included in survival analyses. Patients with concurrent malignancies 

(apart from low-grade or non-life-threatening cancers) were excluded. 

 

Statistical analysis 

Genomic abnormality frequencies were compared between groups using the Fisher exact test; 

paired samples were analyzed with McNemar and t-tests. Kaplan-Meier survival analysis and the 

log-rank test evaluated progression-free and overall survival (PFS/OS), calculated from 

treatment initiation to progression, death, or censoring. P-values and false discovery rate (FDR) 

corrections by Bonferroni-Hochberg were reported, with FDR significance set at q < 0.1. 

Analyses were conducted in R version 4.2. 

 

Supplementary analyses included 125 additional samples excluded from the primary analysis for 

lack of validated CNA data. Of these, 99 were omitted due to informed consent restrictions 

preventing CNA assessment and 26 sequenced by FoundationHeme without use of individual 

matched-normal data. 

  

RESULTS 

We sequenced 334 samples from patients diagnosed with MCL. Of these, CNA data were 

available for 214 samples (189 unique patients; 88 cases excluded due to informed consent 

restrictions; 28 cases due to inadequate samples for CNA analysis). There were 144 patients 

sequenced prior to initiation of frontline therapy or while on expectant management and 70 

patients were sequenced at the time of relapse (Table 1). Of these, 25 patients had samples 

sequenced prior to frontline treatment and at the time of relapse. One hundred patients were 

eligible for survival analysis (Figure 1; Supplementary figure S3 – expanded analysis n=321 

without CNA data).  
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The most common genomic alterations were mutations in ATM (48%), TP53 (28%), and KMT2D 

(22%). Gains or amplifications were observed in TP63 (41%) and MYC (31%) and deletions 

were found in RB1 (35%), ATM (34%), CDKN2A (28%), ARID1B (26%), and TP53 (22%) 

(Figure 2; supplementary tables S3-4; figure S4 – expanded analysis without CNA data).  

 

Deletions of TP53 (17p13.1) co-occurred with mutations in TP53 (65% of TP53mut were also 

delTP53; and 52% of delTP53 were also TP53mut, p<0.001) and with amplification of TP63 

(3q28). The latter was also associated with mutations in WHSC1 (NSD2) (Figure 3). Deletions of 

ATM (11q22.3) often co-occurred with mutations in either ATM or BIRC3, but not both (despite 

the proximity between the genes on the long arm of chromosome 11). Deletions of TP53 and 

mutations of TP53 were almost completely exclusive of deletions of ATM and mutations in ATM 

respectively. Deletions of RB1 (13q14.2) co-occurred frequently with deletions of ATM 

(11q22.3), deletions of CDKN2A (9p21.3), deletions of ARID1B (6q25.3) and with mutations in 

MEF2B. MEF2B mutations were also mutually exclusive of amplifications of MYC (8q24.21) 

and mutations in TP53. Together, the above interactions generated three major clusters: the first 

converging around double-hit (deletion and mutation) in ATM (ATM-DH); the second around 

double-hit in TP53 (TP53-DH) and the third characterized by absence of mutations in TP53 and 

of CNA in TP53 and ATM, but with common mutations in ATM (ATM-MUT) (Figure 3). 

 
There were 164 patients with follow-up of at least 24 months from initiation of treatment. Of 

these, 70 remained disease-free after frontline systemic therapy (LR) and 94 patients experienced 

a relapse (POD). Of the latter, 49 cases were sequenced prior to frontline therapy and 70 

sequenced at relapse (25 patients contributed samples at two time points). The median time from 

sequencing prior to frontline therapy and POD was 21 months. Samples from patients who had 

ultimately experienced a POD, whether sequenced prior to frontline treatment or later, had 

higher rates of TP53mut (LR 10% vs. 33% for progressors sequenced prior to frontline therapy, 

and 42% for samples sequenced at subsequent lines of therapy, p≤0.001), delCDKN2A (19% vs. 

27% and 35%, p≤0.001) and delTP53 (11% vs. 24% and 28%, p≤0.001) (Figure 4; table S3). 

Among the 49 patients sequenced pre-treatment whose lymphoma later progressed, there were 

27 patients who experienced progression within the first 24 months from therapy initiation 

(POD24). Compared to samples sequenced prior to frontline therapy from patients who had long 
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remissions, samples from patients who later experienced a POD24 had numerically higher rates 

of TP53 (44% vs. 12%, p=0.1) and SMARCA4 mutations (26% vs. 9%, p=0.06, figure 4; figure 

S5 – expanded analysis mutation only). There was no significant difference in the variant allele 

frequency or number of mutations in any gene between patients sequenced at diagnosis and those 

at relapse (Table S3).  

 

Twenty-five patients had sequential samples from pre-treatment and at time of POD/relapse. The 

median time between samples was 42m (IQR 18-51m). Acquisition or disappearance of genomic 

abnormalities, mostly CNA, were seen in 24 out of 25 patients; however, these were sporadic 

changes that were each present in very few patients (Figure 5; Supplementary figure S7A). 

Therefore, there was no statistically significant difference in the overall rate of genomic 

abnormalities between sequential samples nor was there a difference in the number of mutations 

per gene or in variant allele frequencies (Supplementary figure S6A and S7A and tables S5). The 

most common changes were the acquisition of an ampCARD11 (6 pts), delATM (4 pts), delTP53 

(4 pts), and delCDKN2A (4 pts). In 6 out of 8 patients, ampCCND1 seen at diagnosis was not 

identified at the time of POD as was the case for BIRC mutations in 3 of 4 patients. TP53 

mutations were seen as a new event in only 2 patients and there was no difference in the genomic 

loci, number, or variant allele frequencies between pre-treatment and progression samples 

(Supplementary figure S6B; table S5). Of note, overall new events in the TP53 gene were seen in 

5 patients (2 of whom had TP53 mutations at baseline and acquired a deletion). 

 

 
There were 100 patients with samples sequenced prior to frontline treatment with 

chemoimmunotherapy, and eligible for survival analysis (table 2). Of these, 37% (n=37) 

experienced POD, half of whom experienced POD24. Though not statistically significant, 

patients who later experienced a POD were slightly older and with a higher rate of blastoid/high-

Ki67 MCL compared to patients with long remissions. There was also a lower use of high-dose 

chemotherapy with stem cell support (ASCT; 24% vs. 59%, p=0.03) in this group. Most patients 

(75%) were treated with the intent to use intensive regimens. Median follow-up was nearly 5 

years (57m; 95% CI 46-71m) with 95% of patients followed for at least 24 months (five patients 
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in remission who were followed for < 24m were excluded from analyses of long-remission). For 

LR patients the estimated 4y-PFS was 82% (95% CI 73-93%). 

 

There were 22 patients whose MCL harbored a mutation in TP53 and 20 patients with a deletion 

in TP53 (of these, 12 had both a mutation and a deletion). A mutation in TP53 was the only 

genomic abnormality associated with a shorter PFS in univariable and multivariable analyses 

(4y-PFS 26% vs. 76%, 95% CI 11-63% vs. 67-87%; HR 7.7; 95% CI 3-21, p<0.0001; q=0.002; 

table S6). This observation was also true for the subset of patients who proceeded to ASCT. The 

eight patients whose MCL harbored a deletion in TP53 in the absence of a TP53 mutation had a 

similar PFS as the TP53wt population (Figure 6; sample too small for statistical significance).  

 
Overall, there were 63 patients in the entire cohort whose lymphoma harbored a mutation in 

TP53 (46% sequenced prior to frontline, 32% at first relapse and 22% at later lines of therapy). 

Having demonstrated that mutations in TP53 were an early event in MCL, we analyzed data for 

this cohort collectively (i.e., regardless of the time of sequencing). Patients with TP53 mutated 

MCL had a lower response rate to frontline chemoimmunotherapy compared to TP53wt. 

Nonetheless most of these patients did display a response to treatment (ORR 76%; CR 59%). 

There were 65 patients who underwent an ASCT in first CR, of whom 16 had a TP53 mutation. 

All but one patient with TP53-mutated MCL displayed a CR after ASCT; however, their PFS 

was considerably shorter than that of patients with TP53-wt (2y PFS 63% and 4y PFS 31% 

compared to 2y PFS 98% and 4y PFS 86%, p<0.0001, Figure 6).   

DISCUSSION 

 

We evaluated 214 samples from MCL patients sequenced either prior to frontline treatment 

(n=144) or at relapse (n=70). Samples from diagnosis from patients who ultimately progressed 

displayed a genomic profile, similar to that of samples sequenced at relapse and distinct from 

those of those with long remission. This trend was corroborated in 25 sequential samples, which 

showed similar profiles between pre-treatment and relapse samples, even when separated by a 

prolonged remission period (median remission time was >3 years). Notably, these acquired 

alterations did not follow a common pattern, though a trend toward acquisition of CNAs was 

observed. While recognizing the limitations of targeted sequencing and sample size, these 
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observations suggest that in most MCL cases, relapse is not driven by a uniform genomic 

evolution but rather by the persistence of resistant clones present at diagnosis. 

 

Observed rates of SNV, indel, and CNA were consistent with those previously reported in 

retrospective MCL cohorts.6,16,17 Notably, the observed rates of TP53 and CDKN2A associated 

abnormalities in prospective clinical trials have been lower.11,12,18 Importantly, a considerable 

variability in CNA rates across studies suggests that algorithmic criteria used to infer CNAs from 

NGS data contribute to these differences. Consequently, we made extensive efforts to optimize 

our CNA calling pipeline.  

 

In keeping with our observation, in a recent study of sequential samples sequenced prior to 

frontline treatment and at POD, 9 out of 16 patients were noted to have newly acquired genomic 

abnormalities; however, these were primarily sporadic CNAs, each present in a single case.6 The 

only repeatedly acquired CNAs (seen in three cases each) were deletions of 9p21.3-13.1 which 

includes CDKN2A and amplifications of 12q13.3-14.1 and which includes CDK4 (not covered 

by our panel). As with our data, acquired deletion or mutation of TP53 were only seen in one 

patient each, indicating this is an early event.6,7 Similarly, in our sequential cohort, though not 

statistically significant, non-sporadic acquired abnormalities were limited to CNAs and included 

deletions of CDKN2A (9p21.3), ATM (11q22.3) and TP53 (17p13.1) and amplifications of 

CARD11 (7p22.2). 6,7 Interestingly, in 6 out of 8 patients with an amplification of CCND1 

(11q13.3), the abnormality was no longer evident at relapse. Though not statistically significant, 

higher rates of deletions in CDKN2A and ATM were seen when comparing pre-treatment samples 

of patients who later relapsed versus relapsed samples (a similar trend was not observed for 

CCND1 amplifications), suggesting chromosomal instability may be a key evolutionary process 

in MCL.7,17 This would further explain why relapsed samples were enriched for deletions in 

CDKN2A, yet this chromosomal abnormality was not prognostic in the frontline setting. Using 

hierarchical clustering we defined three major clusters which resemble those defined previously 

by Yi et. al..  The first cluster converged around double-hit (deletion and mutation) in ATM 

(corresponding to ‘Cluster 2’); the second around double-hit in TP53 (corresponding to ‘Cluster 

4’) and the third characterized by common mutations in ATM in absence of mutations in TP53 

and of CNA in TP53 and ATM (corresponding to ‘Cluster 3’). Cluster 1 by Yi et. al. representing 
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non-nodal leukemic MCL was not captured, probably due to the smaller sample size and absence 

of IgHV status data in our clustering.  

 

Samples from patients who ultimately experienced a POD, irrespective of whether the sequenced 

specimen was obtained at diagnosis or at relapse, exhibited considerably higher rates of genomic 

abnormalities in the apoptotic pathway, including mutations and deletions in TP53 and 

CDKN2A. These abnormalities were particularly evident in cases with an early progression 

(<24m).  As with prior studies, there was an incomplete overlap between TP53 mutations and 

deletions, with TP53 mutations emerging as the primary driver of dismal prognosis and 

accounting for nearly half of all relapses.6,11,12 . Similarly, presence of a TP53 mutation seems as 

a more specific predictor of dismal outcome compared to DH-TP53 cluster raising a question 

about the biological relevance of cluster allocation.  There was no difference in the number or 

loci of TP53 mutations between samples sequenced prior to frontline therapy or at POD.  

 

Although a large proportion of patients with mutations in TP53 initially achieved remission with 

standard chemoimmunotherapy, with many subsequently proceeding to ASCT, responses were 

generally short-lived, with nearly all patients experiencing progression within four years. 

Notably, however, most patients did demonstrate a significant response to frontline 

chemoimmunotherapy, an outcome that is relevant when considering the applicability of 

chemotherapy as a temporizing measurement when a rapid disease control is required.  

 

The lack of a distinct pattern of acquired genomic abnormalities between diagnosis and relapse 

samples (noting the small proportion of cases showing acquisition of CNAs) suggests two 

predominant patterns of progression for MCL. In the more common scenario, a resistant clone or 

sub-clone present at diagnosis may persist for years even during so-called periods of remission 

eventually driving relapse. In the second scenario, which may be more prevalent in later relapses, 

a divergent evolution occurs, where a new clone drives progression, possibly originating from a 

precursor pre-malignant lymphoid clone.19–21 The first scenario is supported by growing 

evidence linking undetectable minimal residual disease, as measured by ultra-sensitive 

techniques, with long-term remission.9,22,23 The second scenario may be supported by findings 

that MCL-associated germline mutations occur in the general population and are linked to an 
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increased risk of MCL development with acquired chromosomal abnormalities.20,21,24  In this 

context, divergent evolution in patients with delayed relapses has also been recently suggested in 

diffuse large B-cell lymphoma.25 

 

Several limitations must be acknowledged that may impact the interpretation of our findings. 

Firstly, the lack of a formal tumor evolutionary analysis, such as phylogenetic reconstruction or 

clonal trajectory inference, may restrict our ability to conclusively determine whether relapse is 

solely driven by pre-existing clones identifiable at diagnosis. Further, our use of a targeted 

sequencing panel, rather than whole-exome or genome sequencing (WES/WGS) may have 

missed alterations outside the interrogated genes. Finally, the clinically diverse nature of our 

real-world patient population, which included individuals with varied backgrounds, disease 

presentations, and treatment regimens may have introduced a degree of heterogeneity that might 

confound specific associations between genotype and treatment response. Nonetheless, our 

findings are in keeping with previous cohorts of MCL in smaller more homogenous patient 

populations sequenced with WES/WGS, while targeted panels allowed us to achieve high 

sequencing depths, supporting sensitive detection of low-frequency variants including subclonal 

mutations that might be missed by less sensitive approaches. 

 

Another limitation is that the size of our paired diagnosis-relapse cohort was limited (N=25), 

restricting statistical power for some evolutionary analyses. Notably, 5 out of 25 patients had 

new events in the TP53 gene (2 of whom had TP53 mutations at baseline and acquired a 

deletion) suggesting that, in a subset of patients, acquisition of new hits in the TP53 gene may 

play a role in disease evolution under treatment pressure.26 Notwithstanding, the striking 

genomic stability we observed in most pairs mirrors findings in chronic lymphocytic leukemia, 

diffuse large B cell lymphoma and follicular lymphoma where it has been shown that relapses 

are predominantly driven by selection of pre-existing resistant subclones.27–30 We further 

recognize the absence of integrative multi omic studies such as single-cell RNA sequencing or 

methylation analysis that could reveal non genomic resistance mechanisms. In this regard, we 

invested substantial efforts into robust CNA calling, identifying accumulation of chromosomal 

changes that likely highlights the key role of genomic instability in MCL progression. 

Investigating other molecular mechanisms of progression would be of considerable interest but 
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was unfortunately beyond the scope of our present study. In fact, accumulating evidence 

suggests that drug tolerant states exist in absence of genetic evolution through mechanisms of 

phenotypic plasticity to resistant or quiescent states.31 

CONCLUSIONS 

In most patients with MCL, prognosis is primarily determined by malignant clones present at 

diagnosis, rather than by subsequent genomic evolution. In a subset of cases, however, 

acquisition of CNAs may suggest a form of genomic evolution likely driven by intrinsic 

abnormalities in apoptotic pathways characteristic of this malignancy. 
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Table 1: Cohort characteristics 
 

  

All 

N=214 

 Pre-treatment 

N=144 

POD 

N=70 

p value 

 

   N=214 (%)  N=144 (%) N=70 (%)   

Age, years [IQR]  66 [58;72] 64 [57;71]  68 [61;75] 0.006  

Sex (male), N (%) 168 (78.5%) 108 (75.0%) 60 (85.7%) 0.11 

Timing of Sequencing, N (%)   

Prior to frontline 144 (67.3%) 144 (100%)     

First relapse/second line 44 (20.6%)   44 (62.9%)   

Second relapse/third line 18 (8.41%)   18 (25.7%)   

Multiply relapsed 8 (3.74%)   8 (11.4%)   

Features at the time of sequencing 

IgHV unmutated (n=77), N (%) 58 (75.3%) 35 (79.5%) 23 (69.7%) 0.47 

del(17p) (by FISH/SNP; n=48) , N (%) 22 (45.8%) 11 (37.9%) 11 (57.9%) 0.29 

Blastoid/pleomorphic, N (%) 42 (19.7%) 17 (11.9%) 25 (35.7%)  <0.001 

Ki67 (n= 167) , N (%) 0.001 

<30% 53 (31.7%) 43 (41.3%) 10 (15.9%)   

>=30% 71 (42.5%) 42 (40.4%) 29 (46.0%)   

>=60% 43 (25.7%) 19 (18.3%) 24 (38.1%)   

FISH – flurecense in-situ hybridization; IgHV – immunoglobulin heavy chain; POD – progression of disease; SNP – 
single nucleotide polymorphism array.  
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Table 2: Baseline characteristics survival-analysis cohort 

  

ALL  Long-remission POD Insufficient 

follow-up 

p value 

  N=100 (%) N=58 (%) N=37 (%) N=5 (%)  

Age [IQR] 64 [57;71] 64 [56;68] 68 [56;72] 66 [63;72] 0.21 

Sex (male) 66 (74.0%) 42 (72.4%) 28 (75.7%) 4 (80.0%) 0.93 

ECOG > 1 96 (100%) 56 (100%) 35 (100%) 5 (100%)   

MIPI         0.39 

Low-risk 34 (37.4%) 21 (39.6%) 11 (33.3%) 2 (40.0%) 

Intermediate-risk 37 (40.7%) 24 (45.3%) 11 (33.3%) 2 (40.0%) 

High-risk 20 (22.0%) 8 (15.1%) 11 (33.3%) 1 (20.0%) 

Stage         0.16 

I 1 (1.00%)   1 (2.70%)   

II 7 (7.00%) 5 (8.62%) 1 (2.70%) 1 (20.0%) 

III 13 (13.0%) 5 (8.62%) 8 (21.6%)   

IV 79 (79.0%) 48 (82.8%) 27 (73.0%) 4 (80.0%) 

Spleen involvement 44 (45.4%) 26 (45.6%) 17 (48.6%) 1 (20.0%) 0.55 

Bone marrow 

involvement 63 (69.2%) 39 (68.4%) 22 (73.3%) 2 (50.0%) 0.67 

t(11;14) IGH:CCND1 96 (98.0%) 55 (96.5%) 36 (100%) 5 (100%) 0.57 

Blastoid/pleomorphic 14 (14.0%) 6 (10.3%) 8 (21.6%)   0.26 

Leukemic non nodal 6 (6.00%) 4 (6.90%) 2 (5.41%)   1.00 

del17p (FISH/SNP)  6 (37.5%) 2 (20.0%) 4 (80.0%)   0.06 

IgHV Unmutated 26 (81.2%) 10 (83.3%) 16 (84.2%)   0.24 

Ki67         0.22 

<30% 33 (40.2%) 18 (38.3%) 12 (40.0%) 3 (60.0%) 

30-59% 34 (41.5%) 23 (48.9%) 9 (30.0%) 2 (40.0%) 

>=60% 15 (18.3%) 6 (12.8%) 9 (30.0%)   

Frontline systemic 

treatment           

BR 23 (23.0%) 10 (17.2%) 11 (29.7%) 2 (40.0%) 

R-DHAX 18 (18.0%) 11 (19.0%) 4 (10.8%) 3 (60.0%) 

R2CHOP-RHDAC 20 (20.0%) 12 (20.7%) 8 (21.6%)   

RBAC 1 (1.00%)   1 (2.70%)   

RCHOP 3 (3.00%)   3 (8.11%)   

RCHOP / RDHAX 7 (7.00%) 4 (6.90%) 3 (8.11%)   

RCHOP / RHDAC 17 (17.0%) 13 (22.4%) 4 (10.8%)   

RCHOP / RICE 11 (11.0%) 8 (13.8%) 3 (8.11%)   

Primary refractory 11 (11.0%)   11 (29.7%)    <0.001 

POD24 19 (19.0%)   19 (51.4%)    <0.001 

ASCT (frontline) 45 (45.0%) 34 (58.6%) 9 (24.3%) 2 (40.0%) 0.003 

ASCT – autologous hematopoietic stem cell transplant; BR – bendamustine rituximab; ECOG – Eastern cooperative 
oncology group performance status; FISH – flurecense in-situ hybridization; IgHV – immunoglobulin heavy chain; 
MIPI – mantle cell lymphoma international prognostic index; R2 – rituximab lenalidomide; RBAC – rituximab 
bendamustine cytarabine; RCHOP – rituximab cyclophophamide doxorubicin vincristine prednisone; RDHAC – 
rituximab high-dose cytarabine; R-DHAX – rituximab dexamethasone high-dose cytrarabine and oxaliplatin; RICE – 
rituximab ifosfamide carboplatin etoposide; POD24 – progression of disease within 24 months from initation of 
frontline therapy; SNP – single nucleotide polymorphism array.   
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Figure 1:  
Consort Diagram - We sequenced 334 samples from patients diagnosed with MCL. Of these, CNA data was available for 214 
samples (189 unique patients). 144 patients were sequenced prior to initiation of frontline therapy or while on expectant 
management and 70 patients were sequenced at the time of relapse. 100 patients were eligible for survival analysis.  
* 25 patients were sequenced prior to frontline treatment and at the time of relapse.  

 

Figure 2:  
Genomic landscape of MCL (grouped by Ki67) - Genomic landscape of MCL for 189 unique patients (excluding repeated 
samples). Higher Ki67 associated with enrichment of TP53mut and deletions in RB1, CDKN2A, TP53 and ARID1A (q<0.05 
after FDR correction; table S4).  
 
Figure 3:  
Genomic abnormalities association matrix and cluster analysis - Co-occurrence and mutual exclusivity of mutations and copy 
number alterations (A, C); genomic clusters by hierarchical clustering (B); 
In table C – number of samples with both alterations present (‘11’), both absent (‘00’) only one or the other present (‘10’/’01’). 

 

Figure 4:  
Genomic landscape at frontline and at later lines of treatment comparing patients with long remission to those with 
earlier progression of disease - Long Remission - follow-up of at least 24m without POD; Progression - disease relapse at any 
time (deaths without lymphoma not considered an event); Excluded are 49 samples of patients with insufficient follow-up or not 
treated with chemoimmunotherapy. (A) Samples prior to frontline therapy comparing patients with a long remission (>24m) to 
those of patients who experienced a relapse at any time; (B) Samples prior to frontline treatment from patients who experienced a 
POD24 (N=27) had a trend towards higher rates of TP53 and SMARCA4 mutations (*p ≤0.1; not meeting statistical significance 
due to sample size); (C) samples sequenced at frontline from patients with POD24 were very similar to those sequenced at 
relapse; (D) Samples from patients sequenced at frontline who later experienced a POD24 and those sequenced at relapse had 
higher rate of mutations in SMARCA4 and lower rate of mutations in FAT1 (*p < 0.05; insignificant after correction for FDR). 
Note: plots C&E exclude sequential samples from the same patient. 

 

Figure 5:  
Genomic landscape prior to frontline treatment and at POD (sequential samples) - Sequential samples where Time Seq 
(top_bottom_row) represent the timing of sequencing pre-treatment (light-green) or at the time of subsequent treatment, POD24 
(second row) represents whether the first relapse occurred within 24 months (POD24 light-green) or whether the relapse occurred 
after a longer remission (LR light-blue). Thus, a combination of a light-blue box and a dark-green box on this line indicates a 
couplet of samples from before frontline treatment and after a considerable remission (the length of time between samples can be 
inferred from the bars at the top of the plot). Blastoid/Ki67 refers to disease status at the time of sequencing.  
 
 
Figure 6:  
Progression Free Survival by TP53 status and Cluster - Progression free survival from frontline chemoimmunotherapy 
treatment. (A) PFS by TP53 mutation and CNA status; (B) PFS by cluster; and (C) PFS of all patients undergoing frontline 
ASCT including patients sequenced prior to frontline therapy or at relapse (i.e. selection of patients who were fit to undergo an 
ASCT and who may have been sequenced at the time of a later relapse). 
 
 
 

 















SUPPLEMENTARY MATERIALS 

Figure S1: Copy Number Altera0on (CNA) calling 

Figure S2: Example of the effect of heterozygous loci enrichment for CNA calling 

Figure S3: Consort Diagram (muta0ons only) 

Figure S4: Genomic landscape of MCL (grouped by Ki67; muta0ons only) 

Figure S5: Genomic landscape at frontline and at later lines of treatment comparing pa0ents 
with long remission to those with earlier progression of disease 

Figure S6: Genomic landscape prior to frontline treatment and at POD (sequen0al samples; 
muta0ons only) 

See Supplementary Excel files

Table S1: Gene list - MSK-IMPACT targeted Heme panel  

Table S2: CNA SNP validaFon: Evalua0on of CNA calling compared to SNP array (n=18) 

Table S3: MUT-CNA Diagnosis vs Relapse - Muta0onal and CNA landscape pre-treatment
 and at progression of disease 

Table S4: MUT-CNA Ki67 - Muta0onal and CNA prevalence by Ki67 

Table S5: SequenFal samples - Copy Number Altera0on (CNA) calling 

Table S6: MUT-CNA PFS mulFvariable - Associa0on of muta0ons and CNA with progression f
ree survival - mul0variable analysis 

Table S7: MUT-CNA OS mulFvariable - Associa0on of muta0ons and CNA with overall survival - 
mul0variable analysis 



 

 

 For CNA calling we used a modified algorithm of Sequenza v2.1.2, which was opAmized for beCer filtraAon (of possible focal false-posiAve segments in 
centromere regions), as well as being introduced to the usage of FACETS v0.5.14 SNPs database for beCer coverage extracAon and faster work. However, 
since all the samples were sequenced on a targeted plaPorm, we faced the problem of lacking heterozygous posiAons for calling allele-specific CNAs. This 
issue was solved with the usage of heterozygous germline mutaAons called by Strelka v2.8.2. PosiAons of heterozygous mutaAons were included into 
individual reference vcf files for each sample, thus enriching the targeted regions and providing us with more staAsAcal informaAon for reliable 
segmentaAon and CNA calling.  

Figure S1: Copy Number Altera0on (CNA) calling 

 



 

  

Figure S2: Example of the effect of heterozygous loci enrichment for CNA calling 

 



 

 

 

Figure S3: Consort Diagram (muta0ons only) 



 

  

Figure S4: Genomic landscape of MCL (grouped by Ki67; muta0ons only) 

Unique cases only, excluding sequen2al samples from the same pa2ent. 
POD24 – cases sequenced pre-treatment who experienced a POD within ≤24m vs LR pa2ents with a longer remission vs R/R samples 
sequenced at 2me of relapse.  



 
Figure S5: Genomic landscape at frontline and at later lines of treatment comparing pa0ents with long remission to those with earlier 
progression of disease 



 

 

  
Figure S6: Genomic landscape prior to frontline treatment and at POD (sequen0al samples) 

A) Overall rates of genomic altera2ons comparing paired pre-treatment and at POD samples; C) Lollipop plots of loci of muta2ons in the TP53 gene in 
sequen2al cases sequenced pre-treatment and at POD. 



 

 

 

 

 

Figure S7: Genomic landscape prior to frontline treatment and at POD (sequen0al samples; muta0ons only) 

A) Sequen)al samples where Time_Seq (top_bo9om_row) represent the )ming of sequencing pre-treament (light-green) or at the )me of subsequent treatment; POD24 
(second_row) represents whether the first relapse occurred within 24 months (POD24 light-green) or whether the relapse occurred aFer a longer remission (LR light-blue). 
Thus, a combina)on of a light-blue box and a dark-green box on this line indicates a couplet of samples from before frontline treatment and aFer a considerable remission 
(the length of )me between samples can be inferred from the bars at the top of the plot). Blastoid/Ki67 refers to disease status at the )me of sequencing. B)  Overall rates of 
genomic altera)ons comparing paired pre-treatment and at POD samples.  




