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Abstract

Follicular lymphoma (FL) is typically an indolent disease, but 30-40% of FL cases transform into 

an aggressive lymphoma (tFL) with a poor prognosis. To identify the genetic changes that drive 

this transformation, we sequenced the exomes of 12 cases with paired FL and tFL biopsies, and 

identified 45 recurrently mutated genes in the FL-tFL dataset and 39 in the tFL cases. We selected 

496 genes of potential importance in transformation and sequenced them in 23 additional tFL 

cases. Integration of the mutation data with copy-number abnormality (CNA) data provided 

complementary information. We found recurrent mutations of miR-142, which has not been 

previously been reported to be mutated in FL/tFL. The genes most frequently mutated in tFL 

included KMT2D (MLL2), CREBBP, EZH2, BCL2, and MEF2B. Many recurrently mutated 

genes are involved in epigenetic regulation, the JAK-STAT or the NF-κB pathways, immune 

surveillance, and cell cycle regulation, or are transcription factors involved in B-cell development. 

Of particular interest are mutations and CNAs affecting S1P-activated pathways through S1PR1 or 

S1PR2, which likely regulate lymphoma cell migration and survival outside of follicles. Our 

custom gene enrichment panel provides high depth of coverage for the study of clonal evolution or 

divergence.
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Introduction

Follicular lymphoma (FL) is the second most common subtype of non-Hodgkin lymphoma 

(NHL), and about 90% of the cases have the t(14;18) translocation, which results in BCL2 

over-expression.1 In addition to t(14;18), many recurrent chromosomal copy-number 

abnormalities (CNAs) also occur.2-7 Although some of the specific genes mutated in FL are 

known, such as CREBBP, KMT2D (MLL2), and EZH28-10, others remain to be defined. 

Next-generation sequencing (NGS) enables us to further clarify which genes and pathways 

are critical in the development and evolution of FL.

Although FL is usually an indolent disease, around 30-40% of FL cases will transition into 

an aggressive lymphoma (tFL), most commonly diffuse large B-cell lymphoma (DLBCL)1, 

with a poor prognosis. Identification of the genetic changes that drive transformation is key 

to better understanding the biology of this process and finding pathways to target 

therapeutically. We previously identified a number of CNAs associated with tFL7. To gain a 

deeper understanding of the spectrum of mutations that occur in FL and tFL, and to define 

driver mutations associated with critical CNAs, we performed whole exome sequencing 

(WES) on 12 cases with paired FL and tFL biopsies. From the recurrently mutated genes 

identified in this study and previously published sequencing studies of other B-cell 

lymphomas10-13, we developed a custom gene enrichment panel to sequence specific genes 

of interest. We sequenced three paired cases whose exomes we had previously sequenced 
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and 23 additional tFL cases to test the performance of this custom gene panel and determine 

its usefulness in the study of clonal evolution.

We identified mutations in miR-142 in our series, which have not been reported previously 

in FL/tFL. We also identified a number of mutations that appear to be more prevalent in tFL. 

This study provides additional support for the candidate genes and pathways that we and 

others previously suggested to be important in FL transformation.7, 14, 15

Materials and Methods

Patient materials

FL and tFL cases (n=35) with informed consent were identified from the University of 

Nebraska Medical Center (UNMC), the Lymphoma/Leukemia Molecular Profiling Project 

(LLMPP), or from Aarhus University Hospital, Aarhus, Denmark. tFL was defined as 

DLBCL that occurred in a patient previously or concurrently diagnosed with FL. This study 

was approved by the UNMC Institutional Review Board. Details are summarized in Table 

S1.

Exome capture and NGS

Exome capture was performed according to the manufacturer's protocol using either 

Illumina's TruSeq exome enrichment kit (11 paired samples) or Agilent's SureSelect exome 

enrichment kit (1 paired sample). The equivalent of 1 to 3 exomes was sequenced per lane 

on an Illumina HiSeq2000 or HiSeq2500 sequencer for an average of 90-fold coverage of 

coding regions after removing duplicated reads (range: 30×-199×). FASTQ files are 

available in the NCBI SRA database (SRP074519).

Haloplex custom gene enrichment and NGS

496 genes potentially involved in the FL/tFL disease process were included in the custom 

panel (Table S2). Criteria for selection included: 1) B-cell expressed genes16 that were 

recurrently mutated in the 11 initial WES cases, 2) classic cancer genes (http://

cancer.sanger.ac.uk/cancergenome/projects/classic), 3) genes frequently mutated in 

lymphomas according to the Catalog of Somatic Mutations in Cancer (http://

cancer.sanger.ac.uk/cancergenome/projects/cosmic/) or 4) genes recurrently mutated in 

previously published B-cell lymphoma sequencing studies.10-13, 17 The custom gene panel 

was designed using Agilent's SureDesign software (https://earray.chem.agilent.com/

suredesign). 200 ng of DNA was used for capture according to the manufacturer's 

instructions. 10-12 samples were sequenced per lane.

Sequencing data analysis

Raw reads were mapped to the hg19 human genome using the Burrows-Wheeler Aligner 

(0.7.5a-r405). Genome Analysis Toolkit (v3.1-1-g07a4bf8) was used for local realignment 

and base quality recalibration. Duplicate marking was done with Picard (v1.115).

Variant calling and filtering were performed with VarScan (v2.3.6). The variants were 

annotated using ANNOVAR18. In order to detect subclonal mutations present at a low 
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variant-allele frequency (VAF), modifications were made as detailed in the supplement. To 

obtain a confident somatic variant list, a customized two-step filtering process was applied 

with integration of CNA data (Supplementary Methods). This pipeline generated a mutation 

list with two tiers of confidence. Mutations in B-cell-expressed, recurrently mutated genes 

according to the Tier 1 and 2 lists were rescued to avoid underestimation of prevalence of 

important genes and designated Tier 3.

Validation of the somatic filters in normal-tumor paired cases

The customized pipeline was validated using a separate dataset with paired normal 

controls15. Somatic mutation lists were generated using (1) our algorithm and two-step 

filters ignoring the paired normal data and (2) a standard somatic calling pipeline using 

VarScan 2 (v2.3.6) taking into account the normal data. Comparison between the two lists 

showed that the false discovery rates of the somatic filters for Tier 1 and 1+2 were 7.3% and 

31.6%, respectively, and the false negative rates for Tier 1 and 1+2 were 26.9% and 6.5%.

Gene expression analysis

Gene expression profiling (GEP) data were previously generated at UNMC as part of the 

Strategic Partnering to Evaluate Cancer Signatures (SPECS)/LLMPP initiatives using HG-

U133Plus2.0 arrays according to the manufacturer's protocol (Affymetrix). GEP data is 

available in NCBI's GEO database (Series GSE81183). See supplementary Methods for 

additional details.

Results

Genome-wide somatic mutations in exon regions in FL and tFL

685 different genes were mutated in at least one WES sample, but only 449 of these genes 

appear to be expressed in B-cells according to published data16 (Table S3). A total of 45 

genes (24 expressed) were recurrently mutated in the 12 paired exomes sequenced; 39 genes 

(21 expressed) were recurrently mutated in the tFL samples (Figure 1; Table 1). We 

classified mutations found in the tFL biopsy but not in the FL biopsy of a paired case as tFL-

only mutations, and identified two genes with recurrent tFL-only mutations, USH2A and 

TP53 (Figure 1; Table 1).

Deep sequencing using custom gene enrichment

We designed a 496-gene panel (Table S2) and deep sequenced an additional 23 cases, 

including 15 with only tFL biopsies available. Three paired cases were sequenced with both 

whole-exome and targeted sequencing platforms, and our results show that all variants found 

in WES were validated by custom-sequencing (Table S4). The WES results were then 

integrated with the results from the custom gene enrichment panel (Figure 1; Tables 1, S3 

and S5). Analysis of Affymetrix HG-U133Plus2.0 gene expression data in the cases with 

available data did not reveal any clear correlation of expression level and mutation status for 

any of the genes; however, the specific expression level of the mutant allele cannot be 

assessed by microarray data (Figure S1A, Table S3). Given a sample size of n = 35 (WES

+custom samples), we can detect mutations occurring at 10% frequency at 97.5% 

probability.
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All paired samples were clearly clonally related as evidenced by high-confidence shared 

mutations and, in most cases, shared CNAs (Supplementary Figure S2 A-C). In some pairs, 

however, the FL and tFL have both evolved considerably from their common progenitor, as 

observed by others.17, 18

Though there were some differences in the reported frequency of mutations between our 

series and others, such as for TNFRSF14, EZH2, and STAT614, 15, 19, the recurrent 

mutations identified in this series and those in recent FL/tFL sequencing reports14, 15, 20 

were generally highly concordant, affirming the effectiveness of our filtering strategy. We 

also combined our data with two other published FL/tFL reports14, 15 to enhance 

identification of recurrent tFL-only mutations. A gene was classified as a recurrent tFL-only 

mutation if it was mutated more than once in the combined dataset. We thereby constructed 

a list of recurrent tFL-only mutations from all available data (Figure 2).

Somatic mutations within regions of recurrent CNAs

Mutations within minimal common regions (MCRs) of recurrent CNAs (Table S6) in FL/

tFL7 were identified. TNFRSF14 is a likely driver gene in one of the most frequent CNAs in 

FL and tFL (loss of 1p36.33-p36.31, MCR122). It was mutated in >11% of cases (4 of 35; 8 

[23%] including Tier 3 mutations). One mutation in a paired case occurred only in the FL 

biopsy. The other 3 cases with mutations (excluding Tier 3 cases) were unpaired tFLs. One 

of the cases had a copy number loss (CNL) affecting TNFRSF14. Of the four Tier 3 

apparent mutations, two shared mutations were associated with a CNL. Thus, homozygous 

loss of wild-type TNFRSF14 is a relatively frequent event in FL and tFL.

Our previous study7 identified several recurrent losses where the likely driver gene was 

evident. For example, a MCR of homozygous loss on 6q occurred in 10% of tFLs and 

included only TNFAIP3 (Table S6, MCR37)2, 7. Three cases were found to have a TNFAIP3 
mutation, indicating that TNFAIP3 may be inactivated by either CNL or mutation (Figures 1 

and S1). A larger heterozygous MCR on 6q occurring in 10% of tFLs includes 102 genes 

and a recurrent mutation of the kinase SGK1 (Table S6, MCR340). A small loss on chr16 (in 

5% of tFLs) encompasses CREBBP and 7 other genes (Table S6, MCR564), and is likely 

driven by CREBBP, the second most frequently mutated gene in our study (19/35 cases; 

54%). One case had a shared FL-tFL CREBBP mutation and a CNL affecting CREBBP in 

the tFL.

A 17p loss occurs in 9% of FLs and >15% of tFLs (Table S6, MCR593).7 Seven genes in 

this region had Tier 1 mutations in our dataset ; however, TP53 was recurrently mutated only 

in tFL, involving 26% (9/35) of cases. One case had heterozygous CNL affecting TP53 in 

both the FL and tFL (Figure 1, Figure S1B), though the mutation was only in the tFL biopsy. 

It appears that TP53 is inactivated by CNL early in the disease process, but mutations likely 

occur later, as they were only found in tFL.

Somatic mutations acquired during transformation of FL

To identify the genes likely to be involved in transformation, we analyzed the paired cases 

and identified genes that were only mutated in the tFL biopsies. Among the 12 WES cases, 

only two recurrently mutated genes were found exclusively in tFL biopsies: TP53 and 
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USH2A, but USH2A is probably not expressed in B-cells. TP53 was also affected by CNL 

as noted above. Expanding the analysis to include all 20 paired cases, we identified two 

additional genes that were recurrently mutated only in tFL biopsies: CARD11 and MLL3. 

We also identified a set of genes with tFL-unique mutations in two or more cases, including 

EZH2, CCND3, and MYD88 (Table S5; Figure S3). These mutations were not exclusive to 

tFL, and some of them are known to occur early in the development of FL. They may 

represent mutations present as a complement of mutations in the subclone that transformed, 

or they could occasionally be late mutations that cooperate with other mutations in 

transformation. Comparing each gene to all the others, three of the 50 genes in Fig. 1 

showed a significant difference in the fraction of tFL-mutated paired cases that had a tFL-

unique mutation. TP53 showed a significant increase (p= 0.0022, two-sided Fisher's exact 

test), consistent with its importance in transformation. In contrast, MLL2 showed a 

significant decrease (p=0.017) and CREBBP showed a trend toward a decrease (p=0.081), 

consistent with mutations in these genes usually being early events in FL.

Ten of 20 paired cases had EZH2 mutations, all of which occurred in the SET domain 

(Figures 1 & 2). In four of these cases, the mutations were only present in the tFL sample. In 

five cases, the mutation was shared with the FL biopsy, and in one case the FL biopsy and 

tFL biopsy each had a distinct mutation (Table S3).

When we combined our data with two published series14, 15 to gain a more comprehensive 

view of the genes that likely drive transformation (Figure 2), we identified additional genes 

that tend to be associated with transformation, including MYC, EBF1, IRF4, RPN1, SOCS1, 
SYNE1, SGK1, PIM1, EP300, BMP7, ETS1, SARDH, TAF1, FBX011 and HIST1H1E.

ABC- and GCB-like tFL and the NF-κB pathway

In our previous study7, we classified tFLs as activated B-cell (ABC)-like, unclassifiable 

(UC), or germinal center B-cell (GCB)-like based on gene expression profiling (GEP) using 

a previously published method21, 22. We reported that certain CNAs were more often 

associated with ABC-like/UC or GCB-like tFL.7 Classification information was available 

for 32/35 sequenced cases7. The CD79B locus was mutated in 14% of cases (5/35) (Figure 

3A), more commonly in the ABC-like (40%, 4/10) than in the GCB-like tFL (<5%; 1/21) 

(p=0.03, Fisher's exact test), consistent with what has been reported for de novo DLBCL.23

Because NF-κB pathway activation is a hallmark of ABC-like DLBCL and several 

mutations that can activate this pathway are preferentially associated with de novo ABC-

DLBCL, we investigated these mutations in FL/tFL cases and found mutations in CARD11 
(6/35 cases), MYD88 (4/35), TNFAIP3 (3/35), and BCL10 (1/35). The CARD11 locus is 

also commonly affected by gains in FL (24%, n=198) and tFL (39%, n=79), and TNFAIP3 
by losses (26% in FL, 34% in tFL) (Table S8). Most of the CARD11 mutations we identified 

occurred within or adjacent to the coiled-coil domain (CCD) (Figure 3B). These mutations 

likely disrupt binding of the CCD to the inhibitory domain (ID), allowing CARD11 to 

assume its active conformation even without phosphorylation, and consequently activating 

NF-κB in the absence of BCR engagement.24, 25 There was no significant difference in 

frequency of mutations between ABC-like and GCB-like tFL.
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The single BCL10 mutation (R58Q) occurred in its CARD domain near the acidic patch that 

binds to the basic patch of the CARD11 CARD domain, and three acidic residues (E50, E53, 

and E54) were identified as important for binding.26 The R58Q mutation substitutes a 

glutamine for the basic arginine, which could increase binding to CARD11 by increasing the 

net negative charge.

Four of 35 cases (3 with GEP data) had MYD88 mutations27. Two of 10 ABC-like tFLs had 

a MYD88 mutation compare to 1 of 21 GCB cases. All of the mutations were in the Toll/

interleukin-1 homology domain (TIR), including two cases with the most frequent mutation, 

L265P27.

BCL2, MLL2, EZH2 and SOCS1 were mutated more frequently in GCB-like tFL (Table 1). 

Of note, BCL2 and SOCS1 were only mutated in GCB-like tFLs, consistent with what has 

been reported in DLBCL.12, 28

Mutations affecting miRNA

Four hundred twenty-two microRNAs were targeted in the exome capture, but only one was 

found to be mutated in our dataset. MiR-142 is a hematopoietic-specific microRNA 

precursor whose 3p and 5p arms are both functional and expressed at similar levels.29 

MiR-142 was mutated in three of 12 tFL cases, two of which were shared with the 

corresponding FL. Interestingly, all of the mutations were located in the seed sequences 

(nucleotides 2-8). One affected miR-142-5p, and two cases had the same mutation affecting 

miR-142-3p (Figure 3C). The mutation affecting miR-142-3p is identical to one that 

Kwanhain et al.30 identified, but the mutation affecting miR-142-5p is novel.

Recurrently targeted pathways

In addition to the NF-κB and p53 pathways described above, our previously identified CNAs 

strongly implicated B-cell transcription factors (TFs), cell cycle regulation, and immune 

surveillance in the transformation of FL.7 Similarly, we found that mutations also commonly 

target genes involved in these same pathways (Table 2). For example, several regions with 

small deletions or amplifications were likely driven by B-cell TF)7 (Table 2). Recurrent 

mutations affecting B-cell TFs were also identified, including mutation of MEF2B. Four of 

the cases harbored previously described MEF2B mutations31 that block association with the 

co-repressor CABIN1, increasing transcriptional activity (3 cases, D83V; 1 case E73K; 

Figure S3).

We used several bioinformatics programs to identify pathways significantly enriched for 

mutation in our tFL exome mutation dataset, including David Bioinformatics Resources 6.7. 

Table S9A shows BIOCARTA and KEGG pathways enriched in our list of mutations. The 

top three enriched pathways involved B-cell receptor signaling, IL-7 signaling, and JAK-

STAT activation. Clustering of gene ontology (GO) categories indicated that genes important 

for transcriptional regulation were overrepresented (Table S9B). Furthermore, genes 

involved in chromatin organization and modification were also enriched, as noted recently 

by others.14, 15, 20
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In tFL, SWI/SNF members appear to be targets of both mutation and copy loss. ARID1A is 

mutated in 9% of tFL cases (3/35), and our previous study7 found that 15% of tFL cases 

have a CNL affecting ARID1A (Table S8), including 5% with a small recurrent CNL that 

encompassed ARID1A (and 39 other genes)(Table S6, MCR124). Additionally, 1/35 tFLs 

had an ARID1B mutation and 1/12 cases had ARID4B and ARID5B mutation (Table S1). A 

rare, small, recurrent CNL affected ARID1B (and one other gene, TableS6, MCR316), but 

almost 23% of tFLs had a loss on chr6 that included ARID1B (Table S8). In addition to 

SWI/SNF family members, many genes involved in chromatin organization and 

modification were mutated in our cases (Figure 2), as also observed by others.14, 15, 20 EZH2 
and MLL3 mutations were described above.

We also identified frequent CNAs and mutations affecting genes that regulate B-cell 

migration and AKT/mTOR pathway activation. This pathway has recently been shown to be 

mutated in DLBCL tumors and cell lines 10-12, 32, 33. Figure 4 depicts the pathway with S1P 

interacting with its receptors. One is S1PR2, a G-protein-coupled receptor that signals 

through the G-protein GNA13, which interacts with a RHO guanine-nucleotide exchange 

factor, ARHGEF1. Interruption of this pathway promotes migration of B-cells out of the 

germinal center (GC) and activation of AKT. All three genes were mutated in our dataset 

(Table S3). The effect of S1P signaling through S1PR1 is the opposite to S1PR2 signaling, 

and CD69 interacts with and inhibits S1PR1. No mutation in CD69 or S1PR1 was detected 

by us or others, but analysis of our CNA data7 indicated CNL involving CD69 in 7.6% of 

tFLs (Table S8), which could partially reduce the normal inhibitory influence on S1PR1. 

Indeed, copy loss affecting S1PR2, GNA13, ARHGEF1, P2RY8, and/or CXCR4 loci occurs 

more frequently in tFL compared to FL [21.5% (n=79) vs 7.5% (n=198), Table S8].

AKT pathway activation can be enhanced by concurrent activating mutations affecting the 

mTOR pathway. Two cases harbored a shared FL-tFL mutation affecting conserved residues 

within the switch 1 region of RRAGC, and two other studies identified mutations in three FL 

cases affecting the same region14, 15(Figure 3D). Additional genes that affect the 

PI3K/AKT/mTOR pathway were mutated in our dataset including TSC2, PIK3R1, and 

PTEN.

Subclonal Mutations

Examination of paired cases revealed a number of genes in which the VAF increased after 

transformation (Table S7). A graph of the VAFs from a representative case illustrates that the 

VAF for subclonal mutations fall outside the grouping of VAFs of clonal mutations (Figure 

S4). Genes that are subclonal in FL but clonal in the tFL biopsy may help drive the 

transformation process. Several of the genes whose mutations were identified as subclonal in 

the FL biopsy, such as CARD11, FOXO1, HIST1H1E, and MYD88, are recurrently mutated 

in our dataset and likely important for disease progression. A mutation in S1PR2, which as 

previously mentioned, is involved in germinal center B-cell confinement,34 was also 

detected as subclonal in a FL sample but emerged as clonal in the transformed sample, 

suggesting it may play a role in transformation.
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Discussion

Understanding which genetic events drive the transition from FL to tFL is an important step 

in identifying which patients are at risk for transformation, determining the best course of 

treatment, and identifying promising targets for new therapies. In this study, we performed 

WES on 12 cases with paired FL-tFL biopsies and deep target sequencing on 23 additional 

cases, and identified recurrently mutated genes and pathways that may contribute to the 

transformation of FL. Only a few mutations appear unique to tFLs. Thus, transformation 

likely results from a combination of several genetic or epigenetic changes that cooperatively 

push the FL to become a tFL. Genes more commonly mutated in tFL, and thus likely to 

participate in transformation, include TP53, EZH2, MYC, CCND3, MLL3, and CARD11. 

Many of these have also been shown to be mutated in de novo DLBCL. The frequencies of 

some of these mutations differ however. For example, previous studies found EZH2 
mutation in about 20-25% of GCB-like DLBCLs and FL35-37, but almost half (16/35) of our 

tFL cases had a mutation. EZH2 is a promising candidate gene that promotes transformation 

when associated with certain additional abnormalities16.

Our mutation analysis corroborates our previous CNA observations and strongly suggests 

that activation of the NF-κB pathway is critically important for the transformation of FL. We 

have demonstrated that tFL may have a GCB- or ABC-like profile and certain genetic 

abnormalities are associated with each specific subtype.38 Intriguingly, recent evidence 

suggests that divergence into more GCB-like or ABC-like patterns may already be present at 

the FL stage,39 although it is not clear at what point these cases are in the trajectory to tFL. 

Certain mutations detected in our study, such as those in CARD11, MYD88, and TNFAIP3, 
are seen commonly in de novo ABC-DLBCL and are associated with NF-κB activation. 

They are, therefore, also expected to have similar functional effects in tFL. A correlation 

with CNA data indicated that some of these key mutations cooperated with CNAs to 

generate homozygous alterations that amplify their functional consequences, as illustrated 

by frequent CARD11 gains and TNFAIP3 losses.

In addition to the NF-κB pathway, our previously identified CNAs strongly implicated the 

p53 pathway, B-cell transcription factors, cell cycle regulation, and immune surveillance in 

the transformation of FL.7 Similarly, we find that mutations also commonly target genes 

involved in these same pathways (Supplementary Note).

Loss of GC confinement is a characteristic of tFL, and recent DLBCL sequencing studies 

have found mutations in several genes that are involved in GC homeostasis according to 

mouse studies32-34. As depicted in Figure 4, mutations and/or CNLs were found affecting 

S1PR2, GNA13, ARHGEF1, P2RY8, CXCR4, and CD69. Interruption of this pathway 

promotes migration of B-cells out of the GC and activation of AKT and may be a critical 

event in the change from a follicular to a diffuse state in the process of transformation. 

Concomitant activation of the AKT pathway may be important for survival of cells that 

move out of the GC microenvironment. AKT pathway activation can be enhanced by 

concurrent activating mutations affecting the mTOR pathway. mTOR complex 1 (mTORC1) 

senses nutrient levels and integrates multiple signals to activate many cellular processes 

important for proliferation. We identified mutations in several genes that may activate the 
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mTOR pathway. RRAGC heterodimerizes with RRAGA or RRAGB and, given adequate 

amino acid levels, can recruit mTORC1 through RAPTOR to the lysosomal membrane, 

where mTORC1 can be activated by RHEB40. Recurrent RRAGC mutations in FL were very 

recently reported to activate mTORC141. TSC2 is a GTPase-activating protein (GAP) that 

inhibits mTORC1 activation by promoting the conversion of RHEB-GTP to RHEB-GDP42. 

Additional genes that were mutated such as PIK3R1 and PTEN also affect the PI3K/AKT/

mTOR pathway.

Several genes involved in the JAK-STAT pathway were mutated (Table 2). SOCS1 and 

STAT6 mutations have been reported and their roles discussed 43, 44 (Figure S3), but the role 

of STAT3 mutations is more complicated. In ABC-DLBCL, activation of the STAT3 

pathway likely serves an oncogenic function,43, 44 but STAT3 is generally not activated in 

FL, and BCL6, in fact, represses STAT3 expression. Four mutations were identified in 

STAT3, and Figure S5 shows their location within the STAT3 crystal structure45. The 

K658N substitution within the SH2 domain is identical to an activating mutation previously 

identified.43, 46 The case with this mutation was found unclassifiable according to GEP, and 

this gain-of-function mutation might function as expected for ABC-DLBCL.43, 47 In 

contrast, the K340T mutant may interfere with binding to the target sequence45 and likely 

represents a loss-of-function mutation. Because the mutant protein retains the ability to 

dimerize, it likely will have a dominant-negative effect. This mutation was found in a GCB-

like tFL where it may act to block further differentiation.

Deregulation and disruption of normal chromatin structure is clearly important in 

FL14, 15, 20. SWI/SNF family members are frequent targets for mutations in a variety of 

cancers.48 Our studies show that ARID1A and B appear to be frequent targets of both 

mutation and CNL in tFL. Additional genes involved in chromatin organization and 

modification were also mutated in our cases (Table 2). Among them, CREBBP and MLL2 
mutation are common in FL, frequently representing an early event. In contract, EZH2 
mutations are more likely to occur later in the disease and promote transformation, as it was 

mutated almost twice as frequently in tFL compared to FL. There is evidence of a positive 

feedback loop between EZH2 and MYC, via a microRNA network, and MYC was found 

exclusively mutated in tFLs (Figure 2). 49-51 The availability of specific inhibitors for EZH2 
makes it a promising target for treating tFL in the future.

A novel observation in our study was the presence of mutations affecting the seed sequence 

of miR-142 in three of 12 tFL cases (Figure 3C). TargetScan 5.2 (http://www.targetscan.org) 

showed differences in the predicted targets between mutant and WT (Table S10). Both 

mutations affected nucleotide-8 of the miRNA, and mutation at that position is expected to 

alter, but not abolish, complementarity to target genes. The mutation shared by two of our 

cases, affecting miR-142-3p, is identical to one that Kwanhain et al.30 identified. They found 

that this mutation results in both loss and gain of function. Novel target sites in the ZEB2 3′ 
UTR modestly down-regulate its expression; however, the mutant also had impaired ability 

to down-regulate RAC1 and ADCY9. The miR-142-5p mutation we found is novel. It is 

intriguing that CYLD, a negative regulator of NF-κB, is high on the list of novel predicted 

targets for the mutated microRNA (Table S10).
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In conclusion, we have identified recurrently mutated genes and important pathways that 

may be affected by mutation and CNAs in tFL. As there are no mutations that are 

completely unique to tFL, it is clear that a much larger dataset will be needed to decipher 

what combination of genetic events cooperate to drive an indolent FL to transform into an 

aggressive tFL. We have provided evidence for the usefulness of a custom gene enrichment 

panel that would be particularly suitable for a large study and in the evaluation of clonal 

evolution. Furthermore, investigation of the epigenetic changes associated with mutation of 

chromatin modifying genes will clarify how they influence the disease process and help 

identify promising targets for treatment in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Genes found to be recurrently mutated specifically in tFLs in 35 FL/tFL cases. Only genes 

with at least one Tier 1 mutation were included (Materials and Methods). The block color 

represents the mutation status of the individual cases by gene. Blocks with 2 colors indicate 

that more than one mutated codon was observed. For example, one case had a truncating 

mutation and a mutation affecting the initiating methionine codon that occurred on separate 

alleles, likely resulting in complete loss of functional SOCS1. The other cases had single 

missense SOCS1 mutations. Genes also affected by copy number gain or loss in the tFL case 
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are noted. Copy number data are not available for cases 8, 22, and 31. Tier 3 mutations 

which were “rescued” from the stringent filtering criteria associated with Tier 1 and 2 

mutations are noted as “cannot exclude being germline”.
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Figure 2. 
Diagram of tFL-only mutated genes found in more than two cases. The data were 

summarized from a combined set of 42 FL/tFL paired cases. Only genes expressed in B-

cells16 are shown. The color of each block represents the mutation type of the corresponding 

genes and cases.
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Figure 3. 
Schematic of domains/regions affected by mutations for CD79B (A), CARD11 (B), 

miR-142 (C) and RRAGC (D). The IG-like V-type domain, transmembrane domain, 

immunoreceptor tyrosine-based activation motif (ITAM), caspase activation and recruitment 

domain (CARD), coiled-coil domain, inhibitory domain, PDZ domain, SRC homology 3 

domain (SH3), guanylate kinase-like domain, and P-loop containing nucleoside triphosphate 

hydrolase domain are depicted. Sites of GTP binding are noted. The mutations from our case 
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series are labeled in regular font, while those from the other two published datasets14, 15 are 

labeled in italics.
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Figure 4. 
Abnormalities of the S1PR1 and S1PR2 pathway are associated with FL transformation. 

Black arrows and bar-headed lines indicate activation or inhibition, respectively; dotted lines 

indicate an indirect effect. Different color and border lines were used to mark the types of 

mutations or copy changes observed in our case series (n=35), within which, 80% of the 

cases carry at least one of the genetic abnormalities. Of note, one case had a mutation in 

S1PR2 in the tFL that was subclonal in the FL. That same case had 3 separate FL-tFL shared 

mutations in ARHGEF1. A second case had a shared mutation in GNA13. Additionally, 

Pasqualucci, et al12 identified GNA13 mutations in 3 cases (2 tFL-unique and 1 FL-unique).
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Table 2
Summary of the altered pathways and processes

Pathways and processes Representative altered genes

B cell receptor signaling CARD11, CD19, CD79B, LILRB3, PIK3R1, PPP3R1

IL-7 signal transduction BCL2, CREBBP, IL2RG, NMI

JAK-STAT pathway CBL, CCND3, CREBBP, IL2RG, IL4R, PIK3R1, PIM1, PRL, SOCS1, STAT2, STAT3, STAT6

NF-κB pathway BCL10, CARD11, MYD88, TNFAIP3

TP53 pathway TP53

Cell cycle regulation CCND3, PIM1, RB1

Immune surveillance B2M, CD58, FAS, TNFRSF14

B-cell migration and AKT pathway ARHGEF1, CD69, GNA13, P2RY8, PTEN, RRAGC, S1PR2, TSC2

Epigenetic regulation ARID1A, ARID1B, BPTF, BRD8, CABIN1, CHD9, CREBBP, EP300, EP400, EZH2, HDAC5, 
HUWE1, KDM4D, KDM6A, MLL2 (KMT2D), MLL3 (KMT2C)
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