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Abstract:
Splenic marginal zone lymphoma (SMZL) is a rare B-cell malignancy with notable genetic, epigenetic,
and clinical heterogeneity. This study utilized coding and non-coding sequencing (n=74), including
whole-genome sequencing (WGS) on 24 paired tumour-normal samples, targeted sequencing (n=55) and
DNA methylation in 126 cases to characterize the disease. From WGS, we identified recurrent,
predominantly clonal, coding mutations in KLF2 (50%), KMT2D (25%) and NOTCH2 (25%), alongside rare
mutations in FLNC (8%), novel mutations in FAM135B (17%) and non-coding mutational hotspots in
BCL6, PAX5 and BACH2, linked to aberrant somatic hypermutation. At least one non-coding hotspot was
detected in 69% of cases. Copy-number aberrations (CNAs) were present in 73% of cases, including
del(7q) (27%), gain(3q) (17%) and trisomy 12 (13%). DNA methylation profiling revealed two
epigenetic subgroups: SMZL-HR (high-risk, n=67) and SMZL-LR (low-risk, n=59). SMZL-HR was
associated with adverse features such as female sex, IGHV1-2*04 usage, KLF2 mutations, del(7q),
shorter telomeres, and elevated epiCMIT scores. Transcriptomic analysis highlighted enhanced cell
proliferation in SMZL-HR, with enrichment of E2F and G2M checkpoint pathways and epigenetic
regulation via EZH2. SMZL-HR patients had significantly shorter time to first treatment (TTFT) (HR:
1.9, p=.003) and reduced overall survival (HR: 2.5, p=.039): 85% of SMZL-HR patients required
treatment and showed a higher frequency of transformation (p=.007) and mortality (p<.001).
Multivariate analysis confirmed SMZL-HR as an independent predictor of shorter TTFT (HR: 2.4,
p=.001). These findings demonstrate the role of DNA methylation and molecular profiling in SMZL
risk stratification.
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Data Sharing 47 
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available on request.  49 
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Key Points 50 

 We identify two robust SMZL subgroups, with distinct methylation, mutational, chromosomal, 51 

immunogenetic and transcriptional landscapes 52 

 53 

 The high-risk subgroup has poorer survival, higher transformation risk, and longer treatment time, 54 

surpassing other molecular models 55 

 56 

Abstract  57 

Splenic marginal zone lymphoma (SMZL) is a rare B-cell malignancy with notable genetic, epigenetic, and clinical 58 

heterogeneity. This study utilized coding and non-coding sequencing (n=74), including whole-genome 59 

sequencing (WGS) on 24 paired tumour-normal samples, targeted sequencing (n=55) and DNA methylation in 60 

126 cases to characterize the disease. From WGS, we identified recurrent, predominantly clonal, coding 61 

mutations in KLF2 (50%), KMT2D (25%) and NOTCH2 (25%), alongside rare mutations in FLNC (8%), novel 62 

mutations in FAM135B (17%) and non-coding mutational hotspots in BCL6, PAX5 and BACH2, linked to aberrant 63 

somatic hypermutation. At least one non-coding hotspot was detected in 69% of cases. Copy-number 64 

aberrations (CNAs) were present in 73% of cases, including del(7q) (27%), gain(3q) (17%) and trisomy 12 (13%). 65 

DNA methylation profiling revealed two epigenetic subgroups: SMZL-HR (high-risk, n=67) and SMZL-LR (low-risk, 66 

n=59). SMZL-HR was associated with adverse features such as female sex, IGHV1-2*04 usage, KLF2 mutations, 67 

del(7q), shorter telomeres, and elevated epiCMIT scores. Transcriptomic analysis highlighted enhanced cell 68 

proliferation in SMZL-HR, with enrichment of E2F and G2M checkpoint pathways and epigenetic regulation via 69 

EZH2. SMZL-HR patients had significantly shorter time to first treatment (TTFT) (HR: 1.9, p=.003) and reduced 70 

overall survival (HR: 2.5, p=.039): 85% of SMZL-HR patients required treatment and showed a higher frequency 71 

of transformation (p=.007) and mortality (p<.001). Multivariate analysis confirmed SMZL-HR as an independent 72 

predictor of shorter TTFT (HR: 2.4, p=.001). These findings demonstrate the role of DNA methylation and 73 

molecular profiling in SMZL risk stratification. 74 

  75 
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Introduction 76 

Splenic marginal zone lymphoma (SMZL) is a rare mature B-cell malignancy primarily involving the spleen, bone 77 

marrow, and peripheral blood (1-4). SMZL typically pursues an indolent course, with a median survival of 10–15 78 

years although only 40–50% of deaths are disease or treatment-related. However approximately 30% of cases 79 

have a shorter survival despite treatment and the prognosis is especially poor for the 5–15% of cases that 80 

undergo transformation to a large cell lymphoma (5, 6).  81 

Scoring systems based on routinely measured parameters namely hemoglobin (Hb), lactate dehydrogenase 82 

(LDH) and Albumin (6), and Hb, platelet count, LDH and extrahilar lymphadenopathy (7) can divide patients into 83 

risk groups with differing 5-year cause-specific or lymphoma specific survivals.  Importantly, no difference in 84 

lymphoma specific or progression free survival was found between patients treated with rituximab and 85 

chlorambucil at diagnosis and those receiving the same treatment after a period of watch and wait (8). 86 

Consistent with this data, current indications for initiating treatment are based on clinical criteria, namely 87 

progressive and/or symptomatic disease.  88 

Biomarker studies in SMZL have identified disease-specific genomic, immunogenetic and epigenetic features 89 

providing insights into disease biology, prognosis that may have potential value in clinical trial design and as 90 

therapeutic targets.  Their prognostic significance is exemplified by two seminal studies. Arribas et al (9) 91 

identified two clusters of patients with differing levels of promotor methylation, showing that higher promotor 92 

methylation was associated with IGHV1-02 usage, NOTCH2 mutations, 7q31-32 loss, histologic transformation 93 

and shorter overall survival.  Bonfiglio et al (10) described two major genetic clusters and two differing splenic 94 

immune microenvironments. Those cases whose mutations involved NF-kB genes or KLF2 and had an immune 95 

suppressive microenvironment had a significantly higher 10-year mortality than a matched general population.   96 

 97 

We now seek to extend these findings by using the first whole genome sequencing analysis of tumour-germ-line 98 

duos in SMZL and employing more recent DNA methylation arrays with genome-wide coverage; the latter of 99 

which permits the analysis of EpiCMIT (epigenetically determined Cumulative MIToses), a DNA methylation-100 

based mitotic clock which reflects the proliferative history of B-cell tumour samples (11). Our study includes 101 

untreated patients and integrates genetic, immunogenetic, phenotypic, transcriptomic, and epigenetic data to 102 

delineate more precise molecular subgroupings and their clinical implications.   103 
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Methods  104 

Patient Cohort  105 

Our cohort includes 133 SMZL patients, diagnosed between 1992 - 2021 at centers with expertise in the disease, 106 

meeting established diagnostic criteria. (Table 1, Fig 1A). Informed consent was obtained from all patients in 107 

accordance with the Helsinki declaration, and the study was approved by regional and local ethics committees 108 

of participating institutions. Patients were sampled pre-treatment. Prior to DNA extraction (DNeasy blood and 109 

tissue kit, Qiagen, Hilden, Germany), the SMZL cells were purified from the peripheral blood (n=116) or spleen 110 

(n=17) using the EasySep Human B Cell enrichment kit without CD43 depletion (StemCell Technologies, 111 

Cambridge, UK). Tumor purity > 85% was confirmed in all cases by flow cytometry (CD19+/CD45+) (Fig S1).  112 

Whole-Genome Sequencing  113 

Whole-genome sequencing (WGS) was performed on 24 unselected SMZL cases (termed ‘WGS cohort’), using 114 

paired tumor B-cells and saliva (DNeasy Blood and Tissue Kit, Qiagen and Oragene DNA Saliva kit, DNA Genotek, 115 

Ottawa, Canada) with the SNP&SEQ Technology Platform (Science for Life Laboratory at Uppsala University, 116 

Sweden). Data was analysed using custom pipelines based on GATK Best Practices Workflows for somatic variant 117 

calling (Supp Methods). The coding tumor mutational burden (TMB) per Mb and Kataegis regions were identified 118 

using MAFTools v2.10.0. Mutational signatures were analyzed using SigProfilerExtractor (v.1.1.4) and SigMiner 119 

(v.2.1.3) and compared to COSMIC (12). Copy-number alterations (CNA) were called from WGS data using 120 

Battenberg (v2.2.10) and PhyloWGS (v1.0-rc1) was used to infer phylogenetic trees and determine the sub-clonal 121 

composition and evolution of individual samples (Supp Methods). Structural variants (SVs) were called using 122 

Delly (v.1.0.3). Each SVs required at least five reads covering each breakpoint. Only balanced rearrangements or 123 

those resulting in a concomitant CNA were considered. Each SV was manually curated by two experts. 124 

Targeted re-sequencing 125 

An additional 105 patients were screened using two Haloplex re-sequencing panels (Agilent Technologies, Santa 126 

Clara, CA, USA). Both panels targeted 45 genes/genomic loci selected for their established relevance in SMZL 127 

and other mature B-cell tumours, as previously described (13). The second panel also captured 15,413 novel 128 

coding and non-coding genes/genomic loci based on our WGS data and was applied to 50 patients (termed 129 

‘WGS extended cohort’). Mutations were identified using custom pipelines (Supp Methods). Patients were 130 

assigned a mutation-based classification, termed NNK-like, based upon the findings of Bonfiglio and colleagues 131 

(Supp Methods) (10).  132 

Telomere length analysis 133 

Telomere length (TL) was quantified in 108 cases using monochrome multiplex PCR (MMQ-PCR) (Supp Methods) 134 

(14). 82 CLL cases with Single Telomere Length Analysis (STELA) data were used for absolute TL extrapolation 135 

(15). Median TL (3.08kb) across the TL cohort was applied as the long/short TL cutoff.  136 
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Transcriptomic analysis 137 

PolyA enriched mRNA sequencing libraries were prepared from 15 patients using NEBNext Poly(A) mRNA 138 

Magnetic Isolation Module (NEB, Massachusetts, USA) before sequencing on an Illumina NovaSeq6000. Data 139 

was aligned and counted using STAR aligner v2.7.10b. Downstream analysis was performed in Rv4.3.1 140 

(RRID:SCR_001905) using the EdgeR and GSEA packages (Supp Methods) (16-19). 141 

DNA methylation profiling 142 

DNA from 126 samples were processed using the Infinium Human Methylation 450 BeadChip (n=95) or Infinium 143 

Methylation EPIC BeadChip (n=31) (Illumina, Hayward, CA, USA) platforms as previously reported (20, 21). Data 144 

processing was performed using RnBeads v2.93 (RRID:SCR_010958)(22). Tumor purity was estimated using 145 

LUMP (23) and was highly consistent with FACS-based purity scores (p<0.001) (Fig S2). CNAs were identified 146 

using Conumee (22). Clusters were identified by hierarchical clustering of the M-values from the 10,000 most 147 

variable CpG sites (24). This was selected as the optimal approach after comparison with alternative methods 148 

(Supp Methods). EpiCMIT scores were calculated as per Duran-Ferrer et al (11). Cases were assigned to the 149 

Arribas-High (AH, n=29) or -Low (AL, n=97) methylation subgroup as per Arribas et al (9) (Supp Methods). For 150 

cases with methylation, CNA and mutational data available (n=122), the clonal cell fraction (CCF) was calculated 151 

for all somatic variants, considering variant allele frequency (VAF), local CNA and purity information (25, 26). 152 

Statistics 153 

Relationships between common clinico-biological variables (defined as ≥2% of cases (n=5)) were compared using 154 

the Fisher’s exact, Mann-Whitney U test or Pearson’s correlation coefficient (significance; p=0.05). Univariate 155 

cox regression analysis of the differences in time to first treatment (TTFT) (months from date of diagnosis to 156 

date of first treatment or last follow-up) and overall survival (OS) (months from date of diagnosis to date of 157 

death from any cause or last follow-up) was performed (significance; Benjamini Hochberg corrected p=0.05). 158 

Kaplan-Meier analysis was utilized to investigate OS and TTFT. Multivariate Cox Proportional Hazard models 159 

were generated for TTFT using stepwise backwards elimination. Analyses were performed in R v3.6.1 160 

(RRID:SCR_001905).  161 

  162 
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Results  163 

Whole genome sequencing identifies disease specific mutations 164 

The overview of our cohort designs and methodological approaches is depicted in Fig 1A. In our cohort of 24 165 

matched-normal WGS patients, we detected a median of 4,175 (range: 2,264-23,219) coding somatic 166 

mutations/sample. Consistent with prior studies, the most frequent coding mutations were identified in KLF2, 167 

(50%), KMT2D (25%), NOTCH2 (25%), TNFAIP3 (21%), and TRAF3 (17%) (13, 27-30). Less frequent recurrent 168 

mutations were identified in EZH2 (12%), FLNC (8%) and BCL10 (4%), together with novel mutations in FAM135B 169 

(17%), ARID5B (12%) and RRAGC (8%) (Fig 1B).  170 

Non-coding mutations represent 99.3% (129,559/130,356) of detected variants in our WGS cohort, including 171 

recurrent mutations in the 5’ UTRs of BACH2 (17%) and the 3’ UTRs of DSG3 (12.5%) and FGF13 (8%). Mutational 172 

hotspots, or kataegis regions, were identified in the introns of BACH2, BCL6, PAX5, BTG2, CXCR4, and LTB (Fig 173 

1B). We identified mutational reference signatures from COSMIC in SMZL: SBS40 and SBS5 (both age-related) 174 

and SBS9 (linked to polymerase eta activity of somatic hypermutation) (Fig 1B). The SBS5 signature contributed 175 

most to the mutational landscape (median=41.6%). A significant correlation was observed between increasing 176 

IGHV mutational burden and an increased SBS9 signature proportion in individual samples (p<.05, R=0.68) (Fig 177 

1C). We also detected significant enrichment of the somatic hypermutation signature (SBS-SHM) described by 178 

Machado and colleagues (12) and associated with activation-induced cytidine deaminase (AID) in the germinal 179 

center, within non-coding mutational hotspots of BCL6, BACH2, PAX5, and KLF2 coding mutations (Fig 1D). Based 180 

on our WGS analysis, a targeted extension panel was designed to validate findings in an additional 50 patients 181 

(WGS extension cohort). This revealed at least one non-coding hotspot in 69% of cases, with recurrent mutations 182 

in intron 1 of BCL6 (26%) and PAX5 (33%) (Table S1). Additionally, two novel missense mutations were found in 183 

the EZH2 coding region, bringing the total mutation count to five (p.I55M, p.K199N, p.A255T, p.A692V and GOF 184 

mutation p.Y646F). 185 

Phylogenetic trees were inferred where possible for 21 cases with purity >0.7 and somatic SNVs >3000. 186 

Branching sub-clonal trajectories were most common (86%, n=18), with linear trajectories observed in only 3 187 

cases (Fig 1E). Notably, the del(7q) and gain(3q) CNAs (n=12 and 5, respectively) originated from the main clonal 188 

population in 80% of cases. Similarly, mutations in KLF2 were always found in the original clone with clonal cell 189 

fractions (CCF) of 1.0. In contrast, there was greater variability in the clonality of other coding drivers, including 190 

TRAF3 and KMT2D, and within our non-coding hotspots.  191 

Copy-number alterations and structural variations in SMZL 192 

After CNA calling, utilizing both methylation array (n=126) and paired WGS data, we revealed at least one CNA 193 

(range=0-14) in 73% of patients, with 29 patients (23%) harboring a complex genome (>=3 CNA per genome). 194 

The most prevalent CNAs were del(7q) (27%), gain(3q) (16.6%), trisomy 12 (12.7%), and gain(12q) (9.5%) (Fig 195 

2A). Minimally deleted or gained regions were identified on chromosomes 3q, 6q, 8p, 12q, 13q and 17p (Table 196 

S2). All patients with deletions of chromosome 17p (n=8) had concomitant TP53 mutations. While chromosome 197 
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7q deletion breakpoints were heterogenous in both size and location, a 1.75 Mb minimally deleted region (MDR) 198 

(128.57-130.32 Mb) was identified, that encompassed 24 coding genes, including FLNC, and 12 non-coding RNAs 199 

(Fig 2B). FLNC mutations were all missense (n=11, 4%), with a single case harbouring biallelic loss, with both a 200 

deletion and a missense mutation (p.P1060L) (Fig 2C).  201 

Using our WGS cases (n=24), we focused on the further characterization of 33 SVs localized to regions of 202 

recurrent CNAs and the IGH locus. 20 translocations targeted chromosomes 3 (n=8), 7 (n=5), 12 (n=5) and 14 203 

(n=2) (Table S3). Of the 12 WGS cases with del(7q), four were shown to be the result of a derivative chromosome. 204 

In case T32, the del(7q) was the result of a der(7)t(7;15)(q32.1;15q.1), with breakpoints in intron 1 of RTF1 205 

(chr15:41425102) and exon 2 of ATP6V1FNB (chr7:128870589). In case T14, we identified a 206 

der(7)t(7;12)(q31.1;q13.12), with a breakpoint in intron 7 of NRCAM (chr7:108,227,210) and duplication of 12q 207 

(chr12:51040961). Finally, in case T43, deletion of 7q and duplication of 3q were the result of a 208 

der(7)t(3;7)(q13.13;q31.31), with breakpoints in intron 1 of KCND2 (chr7:120299899) and intron 14 of MORC1 209 

(chr3:109040204) (Fig 2D). Interestingly, in case T7T2, we identified a der(9)t(9;14)(p13.3;q32.33), which results 210 

in a translocation between PAX5 intron 1 (chr9:37033006) and the IGH locus (chr14:105709625), a novel 211 

observation in SMZL. Inversions were less common (n=13) and notably, two patients harboured a 6.9 Mb 212 

chromosome 7 inversion with breakpoints occurring within 30 base pairs of each other (patient-T7T2 and T32) 213 

(Table S3). In both patients the inversion results in the disruption of the lncRNA LOC105375294 and the ZYX 214 

gene. 215 

Finally, we calculated the CCF for somatic variants, in cases with CNA data (n=122). The mutations within the 216 

coding drivers KLF2, KMT2D, and NOTCH2 were predominantly clonal, with an average CCF greater than 0.8. In 217 

contrast, SPEN, TRAF3, ARID5B and TP53 had primarily sub-clonal mutations, though a wide distribution of CCFs 218 

was observed across most genes (Fig 2E). In 5/6 samples with multiple KLF2 mutations, at least one mutation 219 

was clonal (CCF > 0.8), with additional sub-clonal mutations likely representing later events often with lower 220 

CCFs. Clonal mutations were predominantly missense (n=4/6), whilst the sub-clonal mutations were typically 221 

frameshift (n=4/6) (Fig 2F). 222 

The presence of two epigenetically defined patient subgroups with differing clinico-biological features 223 

Next, we aimed to define epigenetically distinct subtypes of SMZL using methylation array data. In the absence 224 

of a validation cohort, the methylation cohort was randomly divided into discovery (n=63) and validation 225 

(n=63) sets. Hierarchical clustering of the 10000 most variable CpG sites identified two clusters in both groups. 226 

Bootstrapped survival analyses confirmed TTFT differences (Suppl methods and Fig S3). Subsequently, we 227 

performed hierarchical clustering on the entire cohort: SMZL-HR (high risk) (n=67, 53% cases) and SMZL-LR 228 

(low-risk) (n=59, 47% cases). We identified 6,891 differentially methylated CpGs sites, 6352 and 541 hyper- and 229 

hypomethylated CpGs, respectively, in the SMZL-HR group (Fig 3A-B). 230 

Sixteen clinico-biological features were significantly enriched in SMZL-HR cases, including female sex (p<.01),  231 

short TL (p<.001), key driver gene mutations (KLF2 (p<.001), KMT2D (p<.0001), TRAF3 (p=.004), NOTCH2 (p=.02), 232 

BCL10 (p=.006), FLNC (p=.02)) (Fig 3C) and chromosomal alterations (del(7q), gain(3q), gain(12q) (all CNAs, 233 
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p<.01)) (Fig 3D). Crucially, all patients with IGHV1-2*04 usage were assigned to the SMZL-HR subgroup (p<.001). 234 

The fraction of the SBS40 mutational signatures was also increased in SMZL-HR compared to SMZL-LR (p<.001) 235 

(Fig S5). In contrast, SMZL-LR was significantly associated with a high IGHV mutational load (<97% germline 236 

identity) (p<.001) (Fig 3C) and showed a non-significant trend towards trisomy 12 (p=.06). The distribution of 237 

blood and spleen samples was similar between epitypes (p=0.34), suggesting that the observed biological 238 

differences are unlikely to be driven by tissue of origin.  239 

The SMZL-HR epitype exhibits evidence of elevated cell proliferation 240 

We next calculated the epiCMIT proliferative history score (11) for each patient (Fig 4A). We observed that 241 

SMZL-HR patients exhibited significantly higher epiCMIT values compared to SMZL-LR patients (p<.001) (Fig. 4B). 242 

They were also significantly linked to the presence of the IGHV1-2*04 gene usage (p=.007) (Fig. 4B) and 243 

positively correlated with TMB (r=0.35, p<.001) (Fig. 4C). Telomere length (TL) data was available on 101 cases 244 

and ranged from 2.38-7.57 kb (median 3.06 kb) (Fig 4Di). Interestingly, we observed a significant negative 245 

correlation between epiCMIT and TL (R=-0.3, p=.002) supporting the association between cell proliferation and 246 

concomitant telomere attrition (Fig. 4Dii). Transcriptomic comparisons between SMZL-HR (n=10) and SMZL-LR 247 

(n=5) identified 399 differentially expressed genes (232 under-expressed, 167 overexpressed; FDR<.05, log fold 248 

change ≥1.5). Gene set enrichment analysis identified the enrichment of two pathways associated with elevated 249 

cell division; E2F targets (NES=1.98, p<.01) and G2M checkpoint (NES=2.07, p<.01), as well as epigenetic 250 

regulation via KAMMINGA_EZH2 targets (NES=1.91, p=.006) (Table S4).  251 

Finally, we included epiCMIT in a comprehensive correlation analysis of 63 variables (Table S5) with significant 252 

associations shown in Fig 4E and Table S6. A total of 18 co-occurring associations (FDR<.05) were detected, 253 

many confirming the significant associations of SMZL-HR with previously discussed clinico-biological variables. 254 

Additionally, significant associations were observed between KLF2 mutations, del(7q) and IGHV1-2*04, and 255 

BCL10 and TNFAIP3 mutations. Co-occurrences were noted for trisomies of chromosome 3 and 18. IGHV 256 

mutational loads <97% were mutually exclusive from IGHV1-2*04 usage, SMZL-HR status and KLF2 mutations. 257 

The clinical implications of molecular disease features including the SMZL-HR subgroup 258 

During the follow-up period (median: 5 years; range: 0–24 years), 95 of 133 patients required treatment (71%). 259 

Among these, 41% received rituximab (with or without chemotherapy), and 42% underwent splenectomy as 260 

first-line therapy. A subset of 21% of patients required subsequent treatment, with rituximab being the 261 

preferred therapy in 65% of cases. Thirty-six patients died during the study. Although data on disease 262 

transformation was limited (n=17), we observed associations with high-risk features including IGHV1-2*04 usage 263 

(p=.005), del(7q) (p=.003), SMZL-HR (p=.009), KLF2 (p=.02) and TP53 (p=.03) mutation.  264 

Univariate Cox regression analysis of 55 clinical and molecular features was performed to evaluate their 265 

prognostic significance for TTFT and OS  (Table S7 and S8), with significant associations displayed in Fig 5A. Key 266 

findings showed that SMZL-HR status (HR: 1.9, p=.003), IGHV1-2*04 (HR: 2.1, p=.003), NOTCH2 mutations (HR: 267 
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1.9, p=.013), female sex (HR: 1.8, p=.005) and gain of 3q (HR: 1.8, p=.003), were significantly associated with 268 

shorter TTFT. NOTCH1 mutations were included in a panel of 7 genes (CARD11, KLF2, NFKBIE, NOTCH1, NOTCH2, 269 

TNFAIP3, SPEN) used by Bonfiglio and colleagues to assign patients to a high-risk subgroup they termed NNK 270 

(10). Our patients were similarly defined as NNK-like (n=78) or “other” (n=51) based on the mutation status of 271 

these genes. Additionally, to compare our model to the 27K promoter array classification defined by Arribas in 272 

2015, we assigned patients an AH (Arribas-High meth) (n=29) and AL (Arribas-Low meth) (n=97) status, using 86 273 

of the top 100 most variable CpGs identified by the authors (11) (Table S9), showing that the AH group was 274 

significantly associated with shorter TTFT (HR: 1.8, p=0.02). Significant predictors of shorter OS include the SMZL-275 

HR epitype (HR: 2.5, p=.039), age >60 years (HR: 18.7, p<.001), del(7q) (HR: 2.3, p=.02) and genomic complexity 276 

(>3CNA) (HR: 2.8, p=.0038). 277 

Kaplan-Meier analysis further supported the prognostic value of the SMZL-HR entity, showing significant 278 

differences in both TTFT (p=.0034) and OS (p=.039) between SMZL-HR and SMZL-LR groups (Fig 5B). SMZL-HR 279 

patients also exhibited a higher frequency of therapeutic intervention (p<.001), disease transformation (p=.007), 280 

and increased mortality (p<.001) compared to SMZL-LR patients (Fig 5C). In analyses restricted to patients 281 

diagnosed since 2010, significant differences in TTFT and OS between epitypes were maintained, supporting the 282 

continued prognostic relevance of the score in the modern treatment era (Fig S5). SMZL-HR identified more 283 

poor risk patients (n=63) than the Arribas classifier (n=29) (9); UMAP analysis demonstrated that the Arribas 284 

classifier was able to capture only the most distinctly methylated cases from the SMZL-HR group (Fig 5D), with 285 

the more subtle methylation signatures missed by CpGs selected using the deprecated 27k array platform. 286 

Kaplan-Meier analysis confirmed that SMZL-HR patients experienced significantly shorter TTFT than SMZL-LR 287 

patients, regardless of their Arribas classification (Fig 5E). These findings represent a novel advancement of 288 

existing classifiers, where SMZL-HR identifies high risk patients missed by previous classifiers and is relevant for 289 

modern methylation assay technologies. 290 

We estimated the adjusted impact of the SMZL-HR epitype on TTFT using multivariate Cox proportional hazard 291 

analysis (MVA). The model incorporated the six variables predictive of shorter TTFT, as determined by univariate 292 

(UV) analysis (SMZL-HR, IGHV1-2*04, female sex, AH, NOTCH2 mutation and gain of 3q). It was built using data 293 

from 91 patients with complete data, encompassing a total of 65 events. In the final model, SMZL-HR (HR: 2.4, 294 

p=.001) and NOTCH2 mutations (HR: 1.84, p=.04) remained the only significant independent variables associated 295 

with TTFT.  We also developed a model to assess our SMZL-HR subgroup, in the context of the Arribas 296 

classification, epiCMIT scores, and NNK-like classifier. SMZL-HR remained the sole significant independent 297 

variable in the final model (HR: 1.96, p=.000), which was based on 115 patients with 84 events. Due to the low 298 

number of events, MVA for OS was not conducted.  299 

Discussion 300 

Herein, we conducted an analysis of the (epi)genomic landscape of SMZL, providing novel insights into its 301 

molecular and clinical features. Our WGS study, the first of its kind to include matched-normal duos, provides 302 
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crucial insights into the coding and non-coding mutational landscape of this lymphoma. We identified a median 303 

of 1.4 mutations per Mb of genomic DNA, higher than previous SMZL exome studies (31) and other indolent B-304 

cell neoplasm such as MCL (32), CLL (33) and HCL (34), more akin to certain DLBCL (35) and MM (36) studies. In 305 

addition to coding mutations in known driver genes, we identified novel recurrent mutations in FAM135B and 306 

RRAGC. Whilst RRAGC mutations have been reported in 9-18% of FL (37, 38) where they have a role in 307 

deregulating MTOR signalling downstream of nutrient sensing and induce murine lymphomagenesis (39, 40), we 308 

found the same RRAGC variants in SMZL (n=3, 8%) (37, 41). Notably, 4% of cases harbour missense mutations in 309 

Filamin C (FLNC), confirming it as a target of recurrent mutations in SMZL and highlighting the need for future 310 

mechanistic studies (13, 27). FLNC has been linked to various cancers, including gastric and prostate cancer, 311 

where methylation and transcriptomic changes relate to tumour progression (42-47). We also characterized 312 

recurrent mutations in the EZH2 gene, including Y646F and A255T, previously seen in other haematological 313 

malignancies (48). The Y646F mutation is a known biomarker for Tazemetostat responsiveness and 314 

transformation in patients with FL (49, 50). However, the K199T mutation in the PRC2 domain is newly identified 315 

in SMZL and has not been reported in other B-cell malignancies, marking a novel discovery. Our phylogenetic 316 

analysis revealed predominantly branching sub-clonal trajectories in SMZL. While KLF2 mutations typically arise 317 

from the main clonal population, several cases exhibited convergent KLF2 lesions, highlighted by one clonal and 318 

one sub-clonal mutation, underscoring the critical role of this gene in SMZL lymphomagenesis. 319 

Recurrent non-coding mutations were identified in the 5' UTRs of BACH2 and BCL6 and the 3' UTRs of PAX5, 320 

DSG3 and FGF13. While these mutations are previously unreported in SMZL, similar patterns have been reported 321 

in related B-cell malignancies, such as BACH2 promoter mutations in CLL (25), PAX5 (51) and the BCL6 non-322 

coding mutations in various B-cell lymphomas(52-54). Validation in an additional cohort of 50 patients confirmed 323 

non-coding hotspot mutations in 69% of cases, underscoring their relevance in the disease. We identified three 324 

mutational signatures linked to aberrant somatic hypermutation, with a significant correlation between IGHV 325 

mutational burden and the SBS9 signature. Notably, we observed a novel enrichment of the SHM signature in 326 

KLF2 coding mutations, suggesting that aSHM may play a role in the acquisition of these mutations. While this 327 

is the first report in SMZL, aberrant SHM is well-documented in other lymphomas (55-59), where activation-328 

induced cytidine deaminase (AID) misfires introduce mutations in key genes for B-cell function and 329 

transformation (59). 330 

Hierarchical clustering of the methylation data and survival analysis revealed two distinct patient subgroups: 331 

SMZL-HR and SMZL-LR, with SMZL-HR patients experiencing markedly shorter TTFT. This high-risk subgroup 332 

exhibited adverse features, including recurrent mutations in key driver genes such as KLF2, NOTCH2, KMT2D 333 

and TRAF3, along with chromosomal alterations like del(7q), gain(3q), and gain(12q). Notably, while SMZL-HR 334 

was associated with structural alterations affecting the 12q chromosome, the SMZL-LR subgroup demonstrated 335 

complete trisomy 12, suggesting potentially convergent evolution targeting this chromosome. Furthermore, the 336 

SMZL-HR epitype demonstrated a heightened history of, and potential for, cell proliferation, as evidenced by 337 

elevated epiCMIT scores. We also found a positive correlation between tumour mutational burden (TMB) and 338 

epiCMIT scores, underscoring the relationship between cellular proliferation and the accumulation of somatic 339 
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mutations. Conversely, a negative correlation between telomere length and epiCMIT scores suggests that 340 

increased cellular proliferation may coincide with telomere attrition, potentially driving clonal evolution and 341 

disease progression. This study marks the first investigation of telomere length and epiCMIT in SMZL, revealing 342 

that epiCMIT serves as a more robust biomarker than telomere length, which can be influenced by transient 343 

telomerase upregulation in germinal center-derived B-cells (60). Additionally, transcriptomic analysis identified 344 

differentially expressed genes within the SMZL-HR subgroup involved in cell division pathways, further 345 

supporting the concept that SMZL-HR patients also possess the potential for future cellular division that likely 346 

drives the progressive phenotype observed in these patients. 347 

By identifying two distinct disease entities, we revealed significant differences in their mutational, clinico-348 

biological, and transcriptomic profiles, which impact clinical behaviour. Whilst the SMZL-HR subtype emerged 349 

as an independent predictor of TTFT, it did not reach significance for overall survival (OS), likely due to treatment 350 

heterogeneity and unrelated causes of death in elderly patients. Our SMZL‑HR epitype substantially extends the 351 

important observations of Arribas and colleagues (9) by delivering a more comprehensive DNA‑methylation–352 

based definition of the high‑risk subgroup. This refined SMZL‑HR category identifies a markedly larger cohort of 353 

poor‑risk patients and offers a more granular view of the underlying biology, encompassing coding and 354 

non‑coding mutational profiles, mutational processes, co‑occurrence with recurrent genomic lesions, 355 

proliferative history and telomere dynamics. Importantly, the SMZL‑HR classifier shows superior discriminatory 356 

power in multivariate TTFT models that incorporate previously proposed risk predictors (9, 10, 61), highlighting 357 

its potential strength as an independent prognostic tool. Although our reconstruction of the Arribas classifier was 358 

necessarily limited to the 86 CpGs present on modern arrays and may not fully recapitulate their original subgroup, 359 

our SMZL-HR classification reliably identifies the same high–promoter methylation cases. Furthermore, the genome-360 

wide nature of the SMZL-HR epitype extends beyond this promoter restricted signal, capturing additional patients 361 

with more subtle methylation differences but comparably adverse clinico-biological features.  Additionally, we found 362 

a novel association between the SMZL-HR epitype and elevated epiCMIT levels, female sex and IGHV1-2*04 363 

usage. Recent findings suggest that SMZL cases expressing the IGHV1-2*04 gene exhibit a distinct 364 

immunogenetic profile influenced by microenvironmental factors (62). Since our SMZL-HR epitype included all 365 

IGHV1-0*24 cases, it may represent a biologically distinct subgroup of SMZL with unique epigenetic and 366 

immunogenetic characteristics. However, thorough immunogenetic profiling of non-IGHV1-02*4 cases within 367 

this epitype is needed to confirm this distinction at the immunogenetic level. 368 

A key strength of our study lies in the integrated analysis of a substantial cohort of patients with this rare 369 

lymphoma, incorporating extensive clinical, biological, and immunogenetic data. Although central pathology 370 

review was not feasible, diagnostic accuracy was maintained by including only high confidence cases provided 371 

by international experts using established diagnostic criteria. Unlike previous studies that predominantly 372 

examined splenic tissue (9, 10), our tumour material was mainly blood derived, and therefore reflects 373 

complementary, pre-treatment disease biology, using samples that are more accessible in the modern era when 374 

splenectomy is rare for diagnostic but also therapeutic indications. Whilst our sub-groups should be viewed as 375 

translational rather than clinical, as robust external validation in independent cohorts is required, our study 376 
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significantly advances previous genomic and epigenetic analyses of SMZL (9, 10) in two principal ways. First, by 377 

combining the first tumour-normal whole genome sequencing dataset in SMZL with genome wide methylation 378 

profiling and broader multi-omic integration, we identify fundamental biological drivers of the disease, including 379 

noncoding aSHM hotspots, detailed clonal architectures, telomere and proliferative dynamics, and coordinated 380 

immunogenetic features, none of which were captured in earlier, more limited studies. Second, the resulting 381 

SMZL-HR subgroup represents a biologically coherent and clinically meaningful high-risk category, characterised 382 

by markedly shorter TTFT, increased transformation risk, and enrichment of key adverse genomic lesions, 383 

providing a prognostic framework with substantially improved precision and independent predictive value. In 384 

summary, our study refines the understanding of SMZL pathogenesis and has direct implications for improving 385 

risk stratification and guiding more personalised clinical management strategies in SMZL. 386 

  387 
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Table 1. Key clinico-biological characteristics of the SMZL cohort. 569 
 570 

Variable % of patients (numbers) 
 

   

Female 59  (78/133)  

Age at diagnosis—median in years [range] 68 [36-86]  

Patients treated including splenectomy 72 (95/132)  

Patients transformed to large cell lymphoma 26 (17/66)  

Patients died 27 (36/131)  

OS—median in months [range] 63 [3-293]  

TTFT—median in months [range] 13 [0-179]  

   

HPLL / ABC score; A 78 (54/69)  

HPLL / ABC score; B/C 22 (15/69)  

   

IGHV1-2*04 usage 25 (27/107)  

IGHV 3-23 usage 15 (16/107)  

IGHV 4-34 usage 6 (6/107)  

IGHV 3-30 usage 9 (10/107)  

IGHV germline identity; 100% 9 (8/94)  

IGHV germline identity; 97-99.9% 39 (37/194)  

IGHV germline identity; <97% 52 (49/94)  

   

ARID1A mutations 5 (6/129)  

FLNC mutations 5 (7/129)  

KLF2 mutations 29 (38/129)  

KMT2D mutations  21 (27/129)  

MYD88 mutations 5 (7/129)  

NOTCH2 mutations 21 (27/129)  

TNFAIP3 mutations 13 (17/129)  

TP53 mutations  16 (20/129)  

TRAF3 mutations 15 (19/129)  

Bonfiglio NNK-like 29 (78/129)  

   

Presence of gain 3q 17 (21/126)  

Presence of Tri3 6 (8/126)  

Presence of del7q 27 (34/126)  

Presence of gain 12q 10 (12/126)  
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Presence of Tri12 13 (16/126)  

Complex genome (≥3 CNA) 6 (8/126)  

   

SMZL-HR subgroup 53 (67/126)  

Telomere length (Kb) - median [range] 3.08 [2.38-7.57]  

AH classification 23 (29/126)  

EpiCMIT- median [range] 0.745 [0.37-0.91]  

  571 
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Figure Legends  572 

Figure 1. SMZL WGS; non-coding landscape, mutational signatures and subclonality. 573 

A Consort diagram showing the experimental workflow and key analytical processes applied in our study. B 574 

Waterfall plot showing the top 20 most frequently mutated genes/ regions in the SMZL WGS Cohort (n=24), with 575 

non-coding mutations in bold. Horizontal bars below indicate the IGHV usage, sex, matched analyses and 576 

cytogenetic features for each patient. Bar charts show the base-pair context for mutations, and the contribution 577 

of the single base nucleotide (SBS) signatures to the mutational landscape.  C Scatterplot showing the significant 578 

negative Pearson’s correlation (p<.05) between IGHV mutational burden and the SBS9 signature fraction in the 579 

mutational spectra of individual SMZL samples. The linear regression model is depicted by the black line D. Bar 580 

chart showing the significant enrichment (in red) of the SBSSHM signature in non-coding mutations, compared 581 

to the genome-wide mutational background. E Bar graph showing the percentage of cases studied with a 582 

branching (yellow) or linear (lilac) sub-clonal trajectory, with genomic profiles of an example of each trajectory 583 

type. CCF= The cancer cell fraction of the sub-clonal tumour population/node.   584 

Figure 2. Coding landscape in the integrated cohort  585 

A Frequency plot showing the genome-wide copy-number gains and losses. B Ideogram of chromosome 7q 586 

deletions. Blue bars represent the genomic location and size of individual deletions. The blue box indicates the 587 

MDR, and key genes located within this region are provided to the right. The pink and purple lines indicate 588 

previously described MDRs (127.5-130.8Mb (42) and 127.03M-130.07Mb (43), respectively). C FLNC lolliplot, 589 

showing the locations of 10 missense mutations (gray circles). ABD= Actin Binding Domain, RD= Rod Domain, 590 

DD=Dimerization Domain. D Circos plot displaying the structural variants originating from chromosome 3 (blue 591 

lines), 7 (red lines), 12 (green lines) and 14 (purple lines). Chromosome ideograms are displayed in the outer 592 

panel, with copy number changes (blue = loss, gain = red) shown in the inner panel.  E Shows the clonality of 593 

coding mutations in 7 driver genes, displayed in order of decreasing clonality. Bar charts (top panel) show the 594 

average percentage of cells in mutated cases that are clonal (red) versus subclonal (blue), whilst the box and 595 

whisker plots below show the distribution of cancer cell fractions. Mutations with a CCF greater than 0.8, as 596 

indicated by the dotted green line, are considered clonal. TP53 mutations that co-exist with a deletion of the 597 

second allele are indicated in red. F Trajectory plot of CCFs in double-hit KLF2 mutants. 598 

Figure 3. Clustering and the association with clinico-biological features.  599 

A Heatmap, showing the top 10000 most variable CpG sites that were used in the clustering of SMZL samples, 600 

with each patient represented on the 𝒙 axis. Samples and CpGs are clustered using a complete Euclidean 601 

distance method with Hierarchical clustering. The horizontal bars below show the cluster (SMZL1 (HR)= 602 

burgundy, SMZL2 (LR) = blue) B Scatter plot displaying the results from a principal component analysis of the 603 

top 10000 most variable CpG sites, that were used for clustering. C Frequency plot showing the copy-number 604 

gains and deletions (right- and left- hand panel, respectively) significantly associated with SMZL-HR and SMZL-605 
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LR patients. D Frequency bar chart showing the features that are significantly associated with SMZL-HR 606 

(burgundy) and SMZL-LR (blue) patients. Significant enrichment of all features was determined using a Fishers 607 

Exact or chi-squared test, with significance levels indicated by * (p>0.05) and ** (p<0.005).  608 

  609 

Figure 4. EpiCMIT and the association with clinico-biological features.  610 

A Heatmap showing the methylation status of 174 and 1055 CpGs used to calculate the epiCMIT-hyper and -611 

hypo scores, respectively, with each patient represented on the 𝒙 axis. The horizontal bars below show the 612 

EpiCMIT score, cluster and IGHV1-2*04 status for each patient. B Ridgeplots showing the distribution of epiCMIT 613 

scores for variables exhibiting statistically significant differences between two status groups. The number of 614 

cases with each variable is shown.  * and ** indicate p-values of p<0.05 and p<0.005, respectively. C Scatterplot 615 

showing the significant positive Pearson’s correlation (p<0.001) between the epiCMIT score and the tumor 616 

mutational burden (TMB) per Mb in coding regions. The linear regression model is depicted by the black line, 617 

and the grey area indicates the confidence intervals.  Di Histogram showing the frequency and distribution of 618 

telomere length (kb) in our cohort, with the median length of 3.1kb identified by the blue dotted line. Dii 619 

Scatterplot showing the negative Pearson’s correlation (p=0.001) between high epiCMIT score and telomere 620 

length. Points are colored to indicate SMZL epitype (burgundy= SMZL HR, blue= SMZL-LR). E Association plot of 621 

log odds ratios showing SMZL features that co-occur, or are mutually exclusive (green and pink squares, 622 

respectively) (p≤0.05, corrected p-values calculated using Benjamini-Hochberg FDR (p≤.05 *).  623 

 624 

Figure 5. Clinical outcome in SMZL is associated with genomic and epigenetic features 625 

A Forest plots showing the hazard ratios for variables significant (p<0.05) for time to first treatment (TTFT) and 626 

overall survival (OS) in univariate (UV) cox regression analysis. The proportion of cases positive for each variable, 627 

and the proportion of events in those cases is shown. B Kaplan Meier curves for TTFT and OS (months) for SMZL-628 

HR and SMZL-LR patients (burgundy and blue lines, respectively). C Stacked bar graph showing the significant 629 

difference in proportions of SMZL-HR and SMZL-LR patients that have received treatment, transformed or died. 630 

Mann-Whitney U test with Benjamini-Hochberg correction was used to determine statistical significance 631 

(p<0.05). D UMAP showing the distribution of patients classified as SMZL-HR and Arribas High-M (purple), SMZL-632 

HR but Arribas Low-M (Orange), and SMZL-LR and Low-M (blue) E Kaplan Meier curve for TTFT for SMZL-HR 633 

patients dichotomized by Arribas high-meth (AH) and Arribas low-meth (AL) (purple and orange lines, 634 

respectively), and SMZL-LR (blue line).  635 
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