
Cancer Medicine. 2022;11:61–73.	 ﻿	    |  61wileyonlinelibrary.com/journal/cam4

Received: 22 December 2020  |  Revised: 13 September 2021  |  Accepted: 26 October 2021

DOI: 10.1002/cam4.4422  

R E S E A R C H  A R T I C L E

Identification of a genetic signature enriching for response 
to ibrutinib in relapsed/refractory follicular lymphoma in 
the DAWN phase 2 trial

Sriram Balasubramanian1   |   Brendan Hodkinson1  |   Stephen J. Schuster2  |    
Nathan H. Fowler3  |   Judith Trotman4  |   Georg Hess5  |   Bruce D. Cheson6  |   
Michael Schaffer1  |   Steven Sun7  |   Sanjay Deshpande7  |   Jessica Vermeulen8  |   
Gilles Salles9  |   Ajay K. Gopal10,11

1Janssen Research & Development, Spring House, Pennsylvania, USA
2Lymphoma Program, Abramson Cancer Center of the University of Pennsylvania, Philadelphia, Pennsylvania, USA
3Department of Lymphoma/Myeloma, The University of Texas MD Anderson Cancer Center, Houston, Texas, USA
4Haematology Department, Concord Hospital, University of Sydney, Sydney, New South Wales, Australia
5Department of Hematology/Oncology, Johannes Gutenberg-University, Mainz, Germany
6Lombardi Comprehensive Cancer Center, Georgetown University Hospital, Washington, District of Columbia, USA
7Janssen Research & Development, Raritan, New Jersey, USA
8Janssen Research & Development, Leiden, The Netherlands
9Hospices Civils de Lyon, Université de Lyon, Pierre-Bénite Cedex, Lyon, France
10Division of Medical Oncology, Department of Medicine, The University of Washington, Seattle, Washington, USA
11Clinical Research Division, Fred Hutchinson Cancer Research Center, Lymphoma Program, Seattle Cancer Care Alliance, Seattle, Washington, USA

This is an open access article under the terms of the Creat​ive Commo​ns Attri​bution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2021 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

Sriram Balasubramanian—Currently retired. 

Correspondence
Sriram Balasubramanian, Janssen 
Research & Development, 3210 
Merryfield Row, San Diego, CA 92121 
USA.
Email: srirambal2@gmail.com

Funding information
This study was sponsored by Janssen 
Research & Development, LLC.

Abstract
Background: The single-arm DAWN trial (NCT01779791) of ibrutinib mono-
therapy in patients with relapsed/refractory follicular lymphoma (FL) showed 
an overall response rate (ORR) of 20.9% and a median response duration of 
19.4 months. This biomarker analysis of the DAWN dataset sought to determine 
genetic classifiers for prediction of response to ibrutinib treatment.
Methods: Whole exome sequencing was performed on baseline tumor samples. 
Potential germline variants were excluded; a custom set of 1216 cancer-related 
genes was examined. Responder- versus nonresponder-associated variants were 
identified using Fisher's exact test. Classifiers with increasing numbers of genes 
were created using a greedy algorithm that repeatedly selected genes, adding the 
most nonresponders to the existing “predicted nonresponders” set and were eval-
uated with 10-fold cross-validation.
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1   |   INTRODUCTION

Follicular lymphoma (FL) is the second most common 
histology of non-Hodgkin lymphoma, with an inci-
dence of approximately 5/100,000 in Western Europe 
and 3.4/100,000 (age-adjusted) in the United States.1,2 
FL can be asymptomatic, which may not require imme-
diate treatment, and patients with symptomatic FL typi-
cally receive chemoimmunotherapy (CIT) as the first-line 
treatment.1,3,4 Despite the favorable survival outcomes 
with these therapies, FL is largely incurable, with ap-
proximately 20% of patients experiencing relapse within 
24 months of initial therapy.4,5 Several traditional thera-
pies are associated with significant acute and delayed tox-
icity, especially in older or infirm patients. Early relapse 
and initial CIT resistance are robust predictors of inferior 
outcomes, with 5-year survival rates of 34% to 50%,4 sug-
gesting an area for treatment improvement.

Bruton tyrosine kinase (BTK) is a key component of 
the B-cell receptor (BCR) signaling complex that plays an 
important role in the progression of B-cell malignancies.6,7 
Ibrutinib is a first-in-class, oral, covalent inhibitor of BTK, 
which disrupts signaling pathways essential for malignant 
B-cell adhesion, survival, and proliferation.7,8 Because of 

its favorable efficacy and safety profile, as demonstrated 
in clinical trials,9–14 ibrutinib has been approved for sev-
eral B-cell malignancies in the United States, European 
Union, and other countries,8,15 and for chronic graft ver-
sus host disease in the United States.

In early-phase clinical studies in relapsed FL, ibru-
tinib showed response rates ranging from 37.5% to 
62.5%.16–18 In the phase 2 DAWN study (NCT01779791) 
in patients with relapsed/refractory FL who received ≥2 
prior lines of therapy, ibrutinib monotherapy yielded an 
overall response rate (ORR) of 20.9%, with a 95% con-
fidence interval spanning 13.7% to 29.7%, which did 
not meet the 18% lower-bound threshold for the pri-
mary endpoint ORR.19 However, more than half (52.2%) 
of the responders achieved a complete response (CR), 
and the responses were durable, as demonstrated by a 
median response duration of 19.4 months. Preliminary 
biomarker analyses revealed that ibrutinib treatment 
decreased the level of regulatory T cells and increased 
T-helper cell type 1–promoting cytokines in responders 
versus nonresponders, suggesting that T-cell immuno-
modulatory effects may play a major role in the antitu-
mor activity of ibrutinib in FL,19 but the role of tumor 
genetics was not examined.

Results: Exome data were generated from 88 patient samples and 13,554 somatic 
mutation variants were inferred. Response data were available for 83 patients 
(17 responders, 66 nonresponders). Each sample showed 100 to >500 mutated 
genes, with greater variance across nonresponders. The overall variant pattern 
was consistent with previous FL studies; 75 genes had mutations in >10% of 
patients, including genes previously reported as associated with FL. Univariate 
analysis yielded responder-associated genes FANCA, HISTH1B, ANXA6, BTG1, 
and PARP10, highlighting the importance of functions outside of B-cell recep-
tor signaling, including epigenetic processes, DNA damage repair, cell cycle/pro-
liferation, and cell motility/invasiveness. While nonresponder-associated genes 
included well-known TP53 and CARD11, genetic classifiers developed using 
nonresponder-associated genes included ATP6AP1, EP400, ARID1A, SOCS1, 
and TBL1XR1, suggesting resistance to ibrutinib may be related to broad biologi-
cal functions connected to epigenetic modification, telomere maintenance, and 
cancer-associated signaling pathways (mTOR, JAK/STAT, NF-κB).
Conclusion: The results from univariate and genetic classifier analyses provide 
insights into genes associated with response or resistance to ibrutinib in FL and 
identify a classifier developed using nonresponder-associated genes, which war-
rants further investigation.
Trial registration: NCT01779791.
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Previous analyses have revealed that FL is a hetero-
geneous disease with varying genetic alterations un-
derlying its pathobiology. The t(14;18)/IGH-BCL2 gene 
rearrangement resulting in BCL2 overexpression is 
a hallmark of grade 1 to 2 FL, but is less common in 
grade 3 disease20,21; in the latter, BCL6 rearrangements 
(vs. BCL2) are often detected in t(14; 18).21 In addi-
tion, molecular genetic studies have identified recur-
rent somatic mutations that are significantly enriched 
in patients with FL.20,21 These mutations affect genes 
in various signaling pathways potentially implicated 
in FL or lymphomagenesis, including epigenetic mod-
ifiers (KMT2D/MLL2, CREBBP, EP300), histone genes 
(HIST1H1B, HIST1H1C, HIST1H1D), vacuolar ATPase 
genes (ATP6V1B2, VMA21), and components of the 
BCR or CXCR4 signaling pathway (CARD11, CXCR4, 
BTK).20,21 Notably, preliminary data from a small phase 
2 study suggested that mutations in CARD11, which 
constitutively activates NF-kB signaling downstream of 
BTK, may be associated with inferior response to ibru-
tinib in FL.17

Given the heterogeneity of FL and differential re-
sponses to treatment, identifying biomarkers that can po-
tentially predict therapeutic benefit may improve clinical 
outcomes for specific subsets of patients. Here, we pres-
ent the results of a biomarker analysis in which tumor 
samples from the DAWN study were examined to detect 
somatic mutations that could be used to identify patients 
with FL who are responsive to ibrutinib.

2   |   METHODS

2.1  |  Study design and patients

DAWN was a multicenter, open-label, single-arm, phase 2 
study evaluating ibrutinib in relapsed/refractory FL. The 
study was conducted in accordance with International 
Conference on Harmonisation Good Clinical Practice 
guidelines and was approved by an independent insti-
tutional review board. All patients provided written in-
formed consent. Detailed methodology for this trial is 
published elsewhere.19 In brief, ibrutinib 560  mg daily 
was administered until disease progression or unaccep-
table toxicity to patients aged 18 years or older who had 
a diagnosis of grade 1, 2, or 3a nontransformed FL, had 
been treated with at least two prior lines of therapy, and 
were relapsed/refractory to their last prior line of therapy 
with an anti-CD20 monoclonal antibody−containing CIT 
regimen. The primary endpoint was ORR, including CR 
and partial response (PR), assessed by an independent re-
view committee using the International Working Group 
Revised Response Criteria for Malignant Lymphoma.22

2.2  |  Whole exome sequencing

Formalin-fixed, paraffin-embedded (FFPE) tumor sam-
ples were collected at baseline for whole exome sequenc-
ing. Exome enrichment was performed using Nimblegen 
kits (Roche Sequencing Solutions), and sequencing librar-
ies were created using KAPA construction kits (Roche 
Sequencing Solutions). Sequencing was performed using 
the HiSeq2500 platform (Illumina), achieving a mean tar-
get coverage of 60.7×.

2.3  |  Variant selection

Results of the sequencing analyses were visually examined 
by generating histograms illustrating variant allele fre-
quency (VAF). This visual approach was used to qualita-
tively assess the degree to which somatic versus germline 
variants were present in the data by determining whether 
(i) low-VAF variants were sufficiently represented in the 
results and (ii) variants with VAF values near 0.5 and 1.0 
were sufficiently rare.

To improve the variant selection, an exome analy-
sis pipeline was run on DNAnexus using raw FASTQ 
sequence data files (DNAnexus), and somatic variants 
were selected using multiple filters in the R software en-
vironment.23 Quality was assessed using FastQC 1.0.0, se-
quences were aligned to the hs37d5 genome build using 
the BWA-MEM algorithm in BWA Software Package 0.5.9, 
alignments were recalibrated with the GATK 3.5 Exome 
Pipeline, and variants were annotated with MuTect 1.1.7, 
SnpEff 4.2 (using the GRCh37.75 database) and GEMINI 
0.20.0 (modified by using non-TCGA gnomAD and ExAC 
references).

Because the analysis was performed without matching 
normal samples, multiple filters were applied to nonsyn-
onymous coding variants to rule out sequencing artifacts 
and germline variants. Detailed filtering criteria, imposed 
using base R functions on GEMINI outputs, are shown in 
Figure  S1. All variants had a frequency of <0.001 in all 
four of the following databases of normal germline vari-
ants: ESP, 1kG, ExAC, and gnomAD. Potential somatic 
variants were further narrowed down for analysis to only 
those variants present in a selected set of 1216 known 
cancer-related genes. Certain variants were marked as 
“deleterious” based on meta-analytic support vector ma-
chine (MetaSVM) annotations in the database for non-
synonymous single nucleotide polymorphisms functional 
predictions (dbNSFP).

Variant frequencies were compared using Fisher's 
exact test to identify genes associated with responders 
(CR  +  PR) versus nonresponders (stable disease  +  pro-
gressive disease). Classifiers with increasing numbers 
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of genes were developed using nonresponder-associated 
genes, beginning with one gene and adding a single gene 
each time. Genes were added to classifiers based on their 
ranking by a greedy algorithm, which chose genes that 
allowed, in each iteration, the inference of the most ad-
ditional nonresponders until all nonresponders were cov-
ered. During this process, ties were broken at random and 
a penalty was enforced for mutations in responders, such 
that the selected gene could add the most nonrespond-
ers after removing a proportion of patients equivalent to 
twice the proportion of responder patients with a muta-
tion in the same gene. The performance of the classifiers 
was assessed by 10-fold cross-validation within the DAWN 
dataset, in which patients were binned as nonresponders 
if they harbored putative somatic mutations in any of the 
selected genes.

3   |   RESULTS

3.1  |  Variants summary

In total, 88 out of 110 patients enrolled in the DAWN study 
had FFPE tumor biopsy samples (one sample per patient) 
available for sequencing analyses. Sequencing generated 
974,686 nonsynonymous coding variants and after filter-
ing out potential errors and possible germline mutations, 
the variant count was 12,890. Following in-house repro-
cessing and variant selection, the final VAF histogram 
showed a substantially increased somatic versus germline 
ratio for the variants (Figure S2). The VAF values across 
multiple patients for EZH2-Tyr646 and STAT6-Asp419, 
two known somatic FL-associated mutations,24,25 all fell 
below 0.4, indicating filters were appropriately applied.

Of 88 patients with exome data, 83 had response data 
per independent review committee assessment (17 re-
sponders and 66 nonresponders) and were included in 
this analysis. The background demographic and disease 
characteristics summarized in Table  S1 were generally 
similar to those published for the primary study popu-
lation.19 The number of mutated genes in each sample 
varied from 100 to ≥500. A larger number of samples 
from nonresponders than responders led to greater ge-
netic variance across nonresponder samples (Figure S3). 
Genes of interest from the selected cancer-related gene 
set, restricted to gene mutations occurring in >3 pa-
tients, revealed mutations in several genes previously 
reported in FL (e.g., CREBBP, BCL2, KMT2D; Figure 1). 
The full heatmap of genes mutated in >10% of samples 
(75 genes) in the 83 patients with response data is pre-
sented in Figure S4.

Univariate analysis of variants from the selected genes 
in responders versus nonresponders is summarized in 

Table 1. As the number of responders was small, relatively 
few variants in any given gene could result in a large pro-
portion of responders sharing that mutated gene. As a 
result, univariate analysis largely yielded genes mutated 
significantly more frequently in ibrutinib responders, al-
though these genes were still found to have very few vari-
ants overall, such as FANCA, HISTH1B, ANXA6, BTG1, 
DIAPH1, PARP10, PBRM1, PRDM1, RAD50, and RECQL4 
(Table 1). Several selected gene mutations more frequent 
in nonresponders, but not significantly associated with 
the nonresponder status (p value ≤0.05), are summarized 
in Table 2.

To determine whether gene mutations that were more 
frequent in responders were enriched in subgroups of pa-
tients who achieved a CR versus a PR, we compared the 
frequencies of mutations in patients who achieved a CR 
(n = 9) with a non-CR group, including patients with a 
PR (n = 8), as well as all nonresponders (n = 66; total 74 
patients). Gene mutations significantly enriched in pa-
tients with a CR (vs. non-CR) are presented in Table S2. 
Generally, with a caveat of small sample size, the results 
indicate that the majority of mutations significantly en-
riched in responders (HISTH1B, ANXA6, BTG1, PARP10, 
PBRM1; Table  1) are also associated with a CR, except 
FANCA mutation, which was found in two patients with a 
PR and in one patient with a CR. A direct comparison be-
tween responders with a CR versus those with a PR was in-
conclusive because of small sample size (9 vs. 8; Table S3). 
Of note, BCL2 mutation was enriched in patients with CR 
versus PR (6 vs. 2), while DIAPH1, PKD1, and TNFAIP3 
mutations occurred only in patients who achieved a PR 
(two each). Mutations in several genes, including ANXA6, 
BTG1, and PARP10, were found only in patients with CR 
(two each), but none of these results reached statistical 
significance (Table S3).

3.2  |  Classifier development and cross-
validation

Given that genes that were exclusively mutated in re-
sponders all had modest numbers of patients support-
ing them as biomarkers, genes that were mutated more 
often in nonresponders (vs. responders) were targeted 
for classifier development. Development started with 
a single gene that was ranked most informative, and 
subsequent classifiers were created by adding, one at a 
time, another gene in the order of decreasing new in-
formation. For the selected panel, 17 classifier models 
were developed including variants in ATP6AP1, EP400, 
ARID1A, SOCS1, TBL1XR1, CNOT1, and KDM2B 
(Figure 2). In 10-fold cross-validation, performance, in-
dicated by the ORR of the predicted responder group, 
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F I G U R E  1   Cancer-associated genes of interest that are mutated in more than three patients with follicular lymphoma. Left panel shows 
the percentage of individuals with a mutation in each gene; right panel shows the distribution of mutations in those genes in the 83 patients 
with response/nonresponse data
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increased steadily as more genes were added (Figure 3). 
Each tested classifier produced a moderate increase in 
response rate.

3.3  |  Genes of interest in nonresponders

Among the 83 patients in the DAWN study with both 
exome data and responder/nonresponder status, the top 
five mutations in the gene classifier, which were also ex-
clusively found in nonresponders, included ATP6AP1, 
EP400, ARID1A, SOCS1, and TBL1XR1 (Figure 4).

Six different mutations in seven patients were iden-
tified in the ATP6AP1 gene. Five of these patients had 
mutations in the ATP-synthase S1 region in the C-
terminal end, two of whom had the same G363R muta-
tion in this region (Figure 4A). Seven patients had eight 
somatic mutations in the EP400 gene, five of whom 
had mutations marked as “deleterious” by metaSVM, 
including one patient with two deleterious mutations 
in the N-terminal region (Figure  4B). Five patients 

had five different mutations across the length of the 
ARID1A gene; two of these mutations were located in 
the BAF250 C domain and two other introduced pre-
mature stop codons (Figure  4C). Five patients had six 
mutations in the SOCS1 gene; five of these were located 
in the SH2 domain and were predicted as deleterious by 
metaSVM (Figure 4D). Five patients had five mutations 
in the TBL1XR1 gene, of which four were predicted as 
deleterious by metaSVM; the remaining one mutation 
introduced a premature stop codon, which would likely 
impair the function of the protein (Figure 4E).

3.4  |  CARD11 and TP53 analyses

Six of 83 patients in the DAWN study with both exome 
data and response data had inferred somatic CARD11 
mutations (C49Y, D230N [also found in the Bartlett 
et al. study17], L245P, L251P [in two different patients], 
and Q265). In our analysis, five out of six patients with 
CARD11  mutations were nonresponders; four of these 

Gene 
mutation

Responder 
(n = 17) n (%)

Nonresponder 
(n = 66) n (%) Odds ratio (95% CI) p value

FANCA 3 (17.6) 0 (0.0) Inf (1.721-Inf) 0.007

HIST1H1B 5 (29.4) 3 (4.5) 8.417 (1.426–61.654) 0.008

ANXA6 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

BTG1 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

DIAPH1 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

PARP10 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

PBRM1 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

PRDM1 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

RAD50 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

RECQL4 2 (11.8) 0 (0.0) Inf (0.750-Inf) 0.040

TANC2 3 (17.6) 2 (3.0) 6.634 (0.693–86.599) 0.056

KMT2C 4 (23.5) 5 (7.6) 3.677 (0.640–19.847) 0.080

LRP1B 3 (17.6) 3 (4.5) 4.391 (0.532–36.391) 0.097

MAST2 2 (11.8) 1 (1.5) 8.352 (0.410–516.902) 0.105

MYCBP2 2 (11.8) 1 (1.5) 8.352 (0.410–516.902) 0.105

NDRG1 2 (11.8) 1 (1.5) 8.352 (0.410–516.902) 0.105

NEK1 2 (11.8) 1 (1.5) 8.352 (0.410–516.902) 0.105

SETD2 2 (11.8) 1 (1.5) 8.352 (0.410–516.902) 0.105

SMARCA4 2 (11.8) 1 (1.5) 8.352 (0.410–516.902) 0.105

BAG6 2 (11.8) 2 (3.0) 4.167 (0.281–61.877) 0.184

CHD4 2 (11.8) 2 (3.0) 4.167 (0.281–61.877) 0.184

NAV3 2 (11.8) 2 (3.0) 4.167 (0.281–61.877) 0.184

TNFAIP3 2 (11.8) 2 (3.0) 4.167 (0.281–61.877) 0.184

Abbreviations: CI, confidence interval; Inf, infinite.
*Results are shown only for genes with p values <0.2.

T A B L E  1   Univariate analysis of 
gene variants more frequently mutated 
in responders from the selected cancer-
related gene set*
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patients had CARD11 mutations in the coiled-coil domain 
and one patient had CARD11 variant with a premature 
stop codon (Figure  4F). Interestingly, the remaining six 
patients were a responder, with C49Y mutation in the 
CARD domain (Figure 4F). Nine of 83 patients had muta-
tions in the TP53 gene, and eight of these patients were 
nonresponders. The presence of one responder in each 
group of patients with CARD11 and TP53 mutations pre-
cluded inclusion of these genes in the genetic classifier 
described above.

4   |   DISCUSSION

By using whole exome sequencing and a custom variant 
selection scheme, this analysis identified somatic gene 
mutations potentially associated with response/nonre-
sponse to ibrutinib in patients with relapsed/refractory FL. 

Comparison to previous genetic studies in FL established 
the validity of the variant selection scheme developed in 
this study, as the overall pattern of variant frequencies 
identified here was generally comparable to the earlier 
studies,17,20,26,27 with a few exceptions. In a sequencing-
based biomarker study in FL (n  =  105),20 the rates of 
KMT2D and TNFRSF14 mutations were higher than those 
seen in this analysis, but a large proportion of the muta-
tions was represented by indels, which were not assessed 
in the current study and explains the discrepancy. In addi-
tion, the rates of BCL2 and MUC4 mutations were higher 
in the present analysis, but the previous study showed a 
higher number of somatic mutations called in these genes 
when a matched normal sample was not present. Taking 
these factors into account, the overall results of the two 
studies compare favorably.

In the univariate analysis presented herein, many 
responder-associated gene mutations have shown 

T A B L E  2   Selected genes from the univariate analysis more frequently mutated in nonresponders

Gene mutation
Responder (n = 17)
n (%)

Nonresponder (n = 66)
n (%)

Odds ratio (95% 
CI)

p 
value

NBPF1 2 (11.8) 20 (30.3) 0.310 (0.032–1.539) 0.216

ATP6AP1 0 (0.0) 7 (10.6) 0.000 (0.000–2.689) 0.335

EP400 0 (0.0) 7 (10.6) 0.000 (0.000–2.689) 0.335

CNOT1 0 (0.0) 6 (9.1) 0.000 (0.000–3.327) 0.338

DTX1 0 (0.0) 6 (9.1) 0.000 (0.000–3.327) 0.338

SLX4 0 (0.0) 6 (9.1) 0.000 (0.000–3.327) 0.338

MUC17 2 (11.8) 16 (24.2) 0.420 (0.042–2.135) 0.340

MST1 1 (5.9) 10 (15.2) 0.353 (0.008–2.841) 0.446

PKD1 2 (11.8) 15 (22.7) 0.457 (0.046–2.340) 0.503

NBPF10 4 (23.5) 21 (31.8) 0.662 (0.140–2.497) 0.570

ARID1A 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

BTG2 0 (0.0) 5 (7.6) 0.000 (0.000, 4.310) 0.578

ETS1 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

F5 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

PRDM16 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

PRKDC 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

PRRC2A 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

SOCS1 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

TAF1 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

TBL1XR1 0 (0.0) 5 (7.6) 0.000 (0.000–4.310) 0.578

FRG1B 1 (5.9) 8 (12.1) 0.457 (0.010–3.858) 0.678

PRG4 1 (5.9) 8 (12.1) 0.457 (0.010–3.858) 0.678

TP53 1 (5.9) 8 (12.1) 0.457 (0.010–3.858) 0.678

BCL7A 1 (5.9) 7 (10.6) 0.530 (0.011–4.647) 1.000

ZNF91 1 (5.9) 7 (10.6) 0.530 (0.011–4.647) 1.000

CARD11 1 (5.9) 5 (7.6) 0.765 (0.015–7.571) 1.000

Abbreviation: CI, confidence interval.
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functions outside of BCR signaling. Mutations in histone 
genes and epigenetic modifiers have been frequently re-
ported in studies of FL,20,21,26 suggesting that epigenetic 
dysregulation is a major mechanism driving the pathogen-
esis of FL. In this study, the occurrence of some of these 
mutations in responders to ibrutinib may suggest a link 
to an ibrutinib-related mechanism of action. HIST1H1B 
is a histone H1 gene that was significantly mutated in pa-
tients with FL, with all known alterations being missense 
mutations.20 PBRM1, a gene also found mutated in FL, is 
a subunit of the chromatin-remodeling SWI/SNF com-
plexes.20,28 PARP10 has a role in the regulation of chro-
matin and gene transcription and cell proliferation,29 and 
PARP10 knockdown results in genomic instability and 
DNA damage hypersensitivity.30 Two other frequently 
mutated genes in responders, FANCA and RAD50, with 
three and two mutations each, respectively, are associated 
with DNA damage repair, and mutations in these genes 
are known to sensitize tumors to chemotherapeutics.31–33 
The BTG1 gene, mutated exclusively in two responders 
with a CR in this analysis, was previously characterized 
as a negative regulator of cell cycle progression and cell 
proliferation,34 and mutations in this gene were enriched 
in human B-cell precursor acute lymphoblastic leukemia 
and were associated with inferior outcomes.35 Lastly, pro-
tein expression of the ANXA6 gene (mutated only in two 
patients with a CR) is required for membrane localization 
of activated EGFR and persistent activation of MAP ki-
naseERK1/2 and PI3K/Akt pathways in invasive breast 
cancer cells. Depletion of ANXA6 expression in these 
cells leads to degradation of activated EGFR, inhibition of 

F I G U R E  2   Heatmap of ranked nonresponder gene mutations 
in ibrutinib-treated patients with follicular lymphoma

Nonresponders
(n = 66)

Responders
(n = 17)

ATP6AP1

EP400

ARID1A

SOCS1

TBL1XR1

CNOT1

KDM2B

NBPF1

AHNAK

BCL9L

CLTC

MYBBP1A

NACA

NEDD4L

PRDM16

NCOA4

NBPF10

F I G U R E  3   Mean overall response 
rate (ORR) of predicted responders (gray 
line) based on 10-fold cross-validation 
for different responder/nonresponder 
classification models containing an 
increasing number of genes. The dotted 
blue line represents the ORR of the entire 
patient cohort regardless of classification. 
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F I G U R E  4   Plots of somatic 
mutations in the genes of interest 
associated with the lack of response to 
ibrutinib: (A) ATP6AP1, (B) EP400, (C) 
ARID1A, (D) SOCS1, (E) TBL1XR1, and 
(F) CARD 11. DEL = the mutation was 
predicted to be deleterious by metaSVM
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cell motility and invasiveness, and increased sensitivity to 
the EGFR-targeted tyrosine kinase inhibitors.36 Taken to-
gether, these data suggest that the biology relevant to ibru-
tinib activity in FL may extend beyond the BTK-NF-κB 
pathway, to epigenetic changes in the expression of key 
tumor-related genes, gene and protein regulation, DNA 
repair, cell cycle progression, and other cellular processes. 
However, the fact that relatively few conserved gene mu-
tations were identified in responders, mostly due to the 
modest numbers of samples, represents a limitation of the 
univariate analysis and obscures the interpretation of the 
link between gene mutations and response to ibrutinib.

The univariate analysis did not identify any significant 
nonresponder-associated gene mutations, which other-
wise would be of special interest as they may activate sur-
vival mechanisms that bypass BTK, including the mTOR 
and JAK/STAT pathways, and confer resistance to ibru-
tinib.37,38 This include genes previously linked with poor 
prognosis in FL, such as TP53 and CARD11,39 which did 
not reach significance in the univariate analysis described 
herein. When no predictive value of a single mutation 
can be ascertained, the classifier integration may become 
predictive. Further investigation of the top five ranked 
nonresponder-associated genes from gene classifier mod-
els (ATP6AP1, EP400, ARID1A, SOCS1, and TBL1XR1) 
has suggested potential mechanisms underlying resis-
tance to ibrutinib. In ATP6AP1, a v-ATPase complex me-
diating mTORC1 activation,37 the majority of mutations 
were in the ATP-synthase S1 region in the C-terminal 
end, which is hypothesized to convey a “false” amino acid 
sufficiency signal or alter interactions between v-ATPase 
and downstream signaling molecules, resulting in ab-
errant mTORC1 activation.37 As Akt/mTOR signaling is 
downstream of BTK, increased mTOR activity may re-
duce the effectiveness of ibrutinib.40 Mutations in EP400, 
a chromatin-remodeling protein and a transcriptional 
repressor, may activate gene expression implicated in FL 
oncogenesis, as is the case with other cancers.41 ARID1A 
mutations have been reported in many types of human 
cancers,42 including FL.26 In the DAWN dataset, muta-
tions in ARID1A showed a distribution pattern consistent 
with a previous analysis in FL.26 Of these mutations, one 
(R693*) was previously reported in FL,26 and two intro-
duced premature stop codons in the C terminal. Given 
that ARID1A is a negative regulator of TERS, loss of its ex-
pression caused by inactivating mutations would enhance 
TERT transcription, conferring a survival advantage for 
tumor cells by maintaining their telomeres.42 SOCS1 is 
a negative regular of JAK/STAT signaling. Mutations in 
SOCS1, including those in the SH2 domain, were reported 
in B-cell malignancies such as diffuse large B-cell lym-
phoma and FL.27 As the SH2 domain mediates the binding 
of SOCS1 to JAK, leading to the subsequent inactivation 

of the JAK/STAT signaling, mutations in this domain de-
tected in our analysis may prolong the activation of the 
JAK/STAT pathway.38 In chronic lymphocytic leukemia, 
preliminary data have shown that activated JAK/STAT 
signaling potentially contributed to the resistance to ibru-
tinib.43 TBL1XR1, a transducin β-like 1 X-linked receptor 
1, is a tumor-suppressor gene with E3 ubiquitin ligase 
activity, mediating transcriptional repression through 
NF-κB and WNT signaling pathways.44 Oncogenic NF-κB-
activating mutations were found in acute lymphoblastic 
leukemia, splenic marginal zone lymphoma, and primary 
central nervous system lymphoma.44 In the DAWN study, 
five TBL1XR1 somatic mutations were found in nonre-
sponders, indicating that mutations in this gene lead to 
alternative, BTK-independent NF-κB-activation and, 
therefore, resistance to ibrutinib, as reported in certain 
MCL cell lines.45

In a previous phase 2 consortium study of ibrutinib 
in FL, CARD11 was identified as the primary “nonre-
sponder” gene, with eight mutations reported in five pa-
tients (n = 31), all of whom were nonresponders.17 In our 
analysis, this trend was generally confirmed by identify-
ing CARD11 mutations in six patients, five of whom were 
nonresponders (mutations were mostly in the coiled-coil 
domain). One CARD11 mutation (C49Y, in the CARD 
domain) was found in a responder who achieved a PR 
after 5.5 months of ibrutinib treatment. This patient was 
a 53-year-old white female with stage II FL and low-risk 
Follicular Lymphoma International Prognostic Index 
score. The C49Y CARD11 variant has been reported in 
diffuse large B-cell lymphoma and was identified in an 
unbiased screen for gain-of-function CARD11 mutants 
capable of activating NF-κB and promoting human dif-
fuse large B-cell lymphoma tumor growth in vitro.46 This 
variant has also been reported to predict a gain of func-
tion resulting in B-cell expansion with NF-κB and T-cell 
anergy (BENTA) disease.47 However, some patients with 
C49Y CARD11 germline mutations present with relatively 
mild BENTA, suggesting that the gain-of-function effect 
of a C49Y CARD11 variant is weaker than that of a muta-
tion in the coiled-coil or LATCH domain, making patient 
outcome highly context dependent.48 It is possible that the 
responder in our study might have had a germline muta-
tion in the CARD domain that was associated with a weak 
CARD11 activation, but nonetheless responded to ibruti-
nib due to other factors, such as relatively young age and 
overall low-risk disease.

In summary, the genes found to be most useful for 
predicting lack of response to ibrutinib in the DAWN 
dataset demonstrate a variety of biological functions. 
Some of these genes act directly through the BTK-NF-κB 
pathway. Among the top-ranked nonresponder genes, 
ATP6AP1 mutations may overcome BTK inhibition by 



      |  71BALASUBRAMANIAN et al.

activating mTOR signaling,37,40 and mutated TBL1XR1 
activates NF-κB, which could trigger resistance to ibru-
tinib treatment.44,45 The nonresponder-associated gene 
SOCS1, a regulator of the JAK/STAT pathway, acts not 
only as an intracellular pathway component, but also as 
a modulator of the tumor microenvironment.38 CARD11, 
which is associated with lack of response to ibrutinib,17 
encodes a scaffold protein required for BCR activation 
of NF-κB signaling and implicated in lymphoma tum-
origenesis,46 indicating that resistance to ibrutinib may 
be more closely linked to NF-kB-related pathways in 
the tumor. Interestingly, most genes in the final classi-
fier models, except ATP6AP1, have not been previously 
reported as major drivers of FL, and somatic mutations 
in the main genes known to be associated with FL did 
not appear to effectively predict the response to ibruti-
nib. These observations may have revealed additional 
molecular mechanisms contributing to FL pathogenesis 
or unique aspects of ibrutinib's activity in FL patients, 
which warrants further investigation.

The ORR with ibrutinib monotherapy in relapsed/
refractory FL ranged from 20.9% in the DAWN study to 
62.5% in the long-term follow-up phase 1 trial, with wide 
variation potentially attributed to different response 
assessment approaches, patient populations, and fol-
low-up periods.16–18 The identification of nonresponder-
associated genes has contributed to the understanding of 
possible molecular mechanisms underlying ibrutinib re-
sistance, including the activation of mTOR and JAK/STAT 
signaling and TERT-mediated telomere maintenance. 
These results may lay the groundwork for further devel-
opment of ibrutinib combination therapy with a partner 
that overcomes resistance to ibrutinib and improves out-
comes in FL.

The main limitations of this study include an unbal-
anced analysis cohort with more nonresponders than re-
sponders; the absence of normal matching samples; the 
classifier gene selection strategy may have resulted in 
“overfitting” of the model; and the lack of an independent 
cohort for external validation.

In conclusion, this analysis developed a viable ap-
proach to identify somatic mutations associated with 
response to ibrutinib in FL. Our results suggest that the 
pattern of response to ibrutinib in FL may be linked to 
a variety of non-BTK-related pathways and microenvi-
ronmental interactions. The genetic data suggest that 
resistance to ibrutinib in FL may be related to epigenetic 
modification and telomere maintenance, in addition to 
cancer-associated signaling pathways (mTOR, JAK/STAT, 
NF-κB). However, these results need to be validated in ad-
ditional patient datasets/prospective studies to fully deter-
mine their clinical predictive value.

ACKNOWLEDGMENTS
This study was sponsored by Janssen Research & 
Development, LLC. Writing assistance was provided by 
Ewa Wandzioch and Liqing Xiao of Parexel and funded 
by Janssen Global Services, LLC. The authors would like 
to thank all the patients who participated in this study, as 
well as the study investigators.

CONFLICT OF INTEREST
SB: Employment: Janssen Research & Development; 
Equity ownership: Janssen Research & Development. 
BH, MS, SS, SD, and JV: Employment: Janssen 
Research & Development. SJS: Consultancy and re-
search funding: Novartis, Pharmacyclics, Celgene; 
Research funding: Gilead, Janssen Research & 
Development, Hoffmann-La Roche, Merck; Board of 
directors or advisory committees: Nordic Nanovector; 
Consultancy: Genentech, Acerta. NHF: Consulting or 
advisory role: Pharmacyclics, Janssen; Research fund-
ing: Pharmacyclics, Janssen. JT: Research funding to 
institution: Janssen, PCYC, Roche, BeiGene, Takeda, 
Celgene; Cooperative group funding: Janssen; Advisory 
role (unremunerated): Janssen, Roche, Celgene, Takeda. 
GH: Research support: Roche, Pfizer, Celgene, CTI; 
Consultant: Roche, Pfizer, Janssen, Celgene, AbbVie; 
Honoraria: Roche, Pfizer, Janssen, Celgene, AbbVie; 
Advisory board: Roche, Pfizer, Janssen, Celgene, 
AbbVie. BDC: Advisory board: Acerta, AbbVie, Roche-
Genentech, Celgene, TG Therapeutics; Research fund-
ing to institution: Gilead, Pharmacyclics, Acerta, TG 
Therapeutics, AbbVie. GS: Research funding: Roche, 
Celgene; Consultancy: Novartis; Honoraria: AbbVie, 
Acerta, Amgen, Celgene, Epizyme, Gilead, Janssen, 
Merck, Morphosys, Novartis, Pfizer, Roche, Servier, 
Takeda, Celgene, Mundipharma. AKG: Research fund-
ing: Merck, Janssen, Spectrum, Takeda, Bristol Myers 
Squibb, Pfizer, Seattle Genetics, Gilead; Donations: 
Frank and Betty Vandermeer; Consulting fees: Seattle 
Genetics, Gilead, Janssen, Brim, Aptevo, Genzyme.

ETHICAL APPROVAL
This secondary analysis did not require ethical approval. 
The primary phase 2 study DAWN (NCT01779791) was 
conducted in accordance with International Conference 
on Harmonisation Good Clinical Practice guidelines 
and was approved by an independent institutional re-
view board. All patients provided written informed 
consent (Gopal AK, Schuster SJ, Fowler NH, et al. 
Ibrutinib as treatment for patients with relapsed/re-
fractory follicular lymphoma: results from the open-
label, multicenter, phase II DAWN study. J Clin Oncol. 
2018;36(23):2405–2412.)



72  |      BALASUBRAMANIAN et al.

DATA AVAILABILITY STATEMENT
The data sharing policy of the Janssen Pharmaceutical 
Companies of Johnson & Johnson is available at www.janss​
en.com/clini​cal-trial​s/trans​parency. Request for access to 
data from select studies can be submitted through the Yale 
Open Data Access (YODA) Project site at yoda.yale.edu.

ORCID
Sriram Balasubramanian   https://orcid.
org/0000-0003-2018-2094 

REFERENCES
	 1.	 Dreyling M, Ghielmini M, Rule S, Salles G, Vitolo U, Ladetto 

M. Newly diagnosed and relapsed follicular lymphoma: ESMO 
Clinical Practice Guidelines for diagnosis, treatment and fol-
low-up. Ann Oncol. 2017;28(12):3109.

	 2.	 Teras LR, DeSantis CE, Cerhan JR, Morton LM, Jemal A, Flowers 
CR. 2016 US lymphoid malignancy statistics by World Health 
Organization subtypes. CA Cancer J Clin. 2016;66(6):443-459.

	 3.	 National Comprehensive Cancer Network. NCCN Clinical 
Practice Guidelines in Oncology. B-cell lymphomas. Version 
4. 2015. Available from: https://www.nccn.org/profe​ssion​als/
physi​cian_gls/defau​lt.aspx

	 4.	 Casulo C, Nastoupil L, Fowler NH, Friedberg JW, Flowers CR. 
Unmet needs in the first-line treatment of follicular lymphoma. 
Ann Oncol. 2017;28(9):2094-2106.

	 5.	 Bai B, Huang HQ. Individualized management of follicular 
lymphoma. Chin Clin Oncol. 2015;4(1):7.

	 6.	 Cheah CY, Fowler NH, Wang ML. Breakthrough therapies in B-
cell non-Hodgkin lymphoma. Ann Oncol. 2016;27(5):778-787.

	 7.	 Gayko U, Fung M, Clow F, et al. Development of the Bruton's 
tyrosine kinase inhibitor ibrutinib for B cell malignancies. Ann 
N Y Acad Sci. 2015;1358:82-94.

	 8.	 IMBRUVICA® (ibrutinib) [prescribing information]. 
Pharmacyclics LLC, Sunnyvale, CA, USA, Janssen Biotech, 
Inc., Horsham, PA, USA; 2018.

	 9.	 Burger JA, Tedeschi A, Barr PM, et al. Ibrutinib as initial ther-
apy for patients with chronic lymphocytic leukemia. N Engl J 
Med. 2015;373(25):2425-2437.

	10.	 Byrd JC, Brown JR, O'Brien S, et al. Ibrutinib versus ofatu-
mumab in previously treated chronic lymphoid leukemia. N 
Engl J Med. 2014;371(3):213-223.

	11.	 Byrd JC, Furman RR, Coutre SE, et al. Targeting BTK with ibru-
tinib in relapsed chronic lymphocytic leukemia. N Engl J Med. 
2013;369(1):32-42.

	12.	 Chanan-Khan A, Cramer P, Demirkan F, et al. Ibrutinib com-
bined with bendamustine and rituximab compared with pla-
cebo, bendamustine, and rituximab for previously treated 
chronic lymphocytic leukaemia or small lymphocytic lym-
phoma (HELIOS): a randomised, double-blind, phase 3 study. 
Lancet Oncol. 2016;17(2):200-211.

	13.	 Dimopoulos MA, Trotman J, Tedeschi A, et al. Ibrutinib for pa-
tients with rituximab-refractory Waldenstrom's macroglobulinae-
mia (iNNOVATE): an open-label substudy of an international, 
multicentre, phase 3 trial. Lancet Oncol. 2017;18(2):241-250.

	14.	 Wang ML, Rule S, Martin P, et al. Targeting BTK with ibrutinib 
in relapsed or refractory mantle-cell lymphoma. N Engl J Med. 
2013;369(6):507-516.

	15.	 IMBRUVICA (ibrutinib) [summary of product characteristics]. 
Janssen Pharmaceutica NV, Beerse, Belgium; 2018.

	16.	 Advani RH, Buggy JJ, Sharman JP, et al. Bruton tyrosine ki-
nase inhibitor ibrutinib (PCI-32765) has significant activity in 
patients with relapsed/refractory B-cell malignancies. J Clin 
Oncol. 2013;31(1):88-94.

	17.	 Bartlett NL, Costello BA, LaPlant BR, et al. Single-agent ibru-
tinib in relapsed or refractory follicular lymphoma: a phase 2 
consortium trial. Blood. 2018;131(2):182-190.

	18.	 Fowler N, Boyd TE, Sharman JP, et al. Long-term follow-up 
and analysis of dose groups with ibrutinib in relapsed follic-
ular lymphoma [abstract]. Presented at: American Society of 
Hematology Annual Meeting; 5-8 December 2015; Orlando, FL. 
2015. Abstract 2706.

	19.	 Gopal AK, Schuster SJ, Fowler NH, et al. Ibrutinib as treatment 
for patients with relapsed/refractory follicular lymphoma: re-
sults from the open-label, multicenter, phase II DAWN study. J 
Clin Oncol. 2018;36(23):2405-2412.

	20.	 Krysiak K, Gomez F, White BS, et al. Recurrent somatic muta-
tions affecting B-cell receptor signaling pathway genes in follic-
ular lymphoma. Blood. 2017;129(4):473-483.

	21.	 Taylor J, Xiao W, Abdel-Wahab O. Diagnosis and classification 
of hematologic malignancies on the basis of genetics. Blood. 
2017;130(4):410-423.

	22.	 Cheson BD, Pfistner B, Juweid ME, et al. Revised response crite-
ria for malignant lymphoma. J Clin Oncol. 2007;25(5):579-586.

	23.	 R Core Team. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. 2014. Available from: http://www.R-proje​ct.org/r

	24.	 Bösl MW, Osterode E, Bararia D, et al. STAT6 is recurrently and 
significantly mutated in follicular lymphoma and enhances 
the IL-4 induced expression of membrane-bound and soluble 
CD23 [abstract]. Presented at: American Society of Hematology 
Annual Meeting; 5-8 December 2015; Orlando, FL. 2015. 
Abstract 126.

	25.	 Morin RD, Johnson NA, Severson TM, et al. Somatic muta-
tions altering EZH2 (Tyr641) in follicular and diffuse large 
B-cell lymphomas of germinal-center origin. Nat Genet. 
2010;42(2):181-185.

	26.	 Li H, Kaminski MS, Li Y, et al. Mutations in linker histone 
genes HIST1H1 B, C, D, and E; OCT2 (POU2F2); IRF8; and 
ARID1A underlying the pathogenesis of follicular lymphoma. 
Blood. 2014;123(10):1487-1498.

	27.	 Mottok A, Renné C, Seifert M, et al. Inactivating SOCS1 mu-
tations are caused by aberrant somatic hypermutation and 
restricted to a subset of B-cell lymphoma entities. Blood. 
2009;114(20):4503-4506.

	28.	 Wang X, Haswell JR, Roberts CW. Molecular pathways: SWI/
SNF (BAF) complexes are frequently mutated in cancer–
mechanisms and potential therapeutic insights. Clin Cancer 
Res. 2014;20(1):21-27.

	29.	 Yu M, Schreek S, Cerni C, et al. PARP-10, a novel Myc-
interacting protein with poly(ADP-ribose) polymerase activity, 
inhibits transformation. Oncogene. 2005;24(12):1982-1993.

	30.	 Nicolae CM, Aho ER, Vlahos AHS, et al. The ADP-
ribosyltransferase PARP10/ARTD10 interacts with prolifer-
ating cell nuclear antigen (PCNA) and is required for DNA 
damage tolerance. J Biol Chem. 2014;289(19):13627-13637.

	31.	 Flores-Pérez A, Rafaelli LE, Ramírez-Torres N, et al. RAD50 
targeting impairs DNA damage response and sensitizes human 

http://www.janssen.com/clinical-trials/transparency
http://www.janssen.com/clinical-trials/transparency
https://orcid.org/0000-0003-2018-2094
https://orcid.org/0000-0003-2018-2094
https://orcid.org/0000-0003-2018-2094
https://www.nccn.org/professionals/physician_gls/default.aspx
https://www.nccn.org/professionals/physician_gls/default.aspx
http://www.R-project.org/r


      |  73BALASUBRAMANIAN et al.

breast cancer cells to cisplatin therapy. Cancer Biol Ther. 
2014;15(6):777-788.

	32.	 Hosoya N, Miyagawa K. Targeting DNA damage response in 
cancer therapy. Cancer Sci. 2014;105(4):370-388.

	33.	 Litman R, Gupta R, Brosh RM Jr, Cantor SB. BRCA-FA pathway 
as a target for anti-tumor drugs. Anticancer Agents Med Chem. 
2008;8(4):426-430.

	34.	 Zheng H-C, Li J, Shen D-F, et al. BTG1 expression correlates with 
pathogenesis, aggressive behaviors and prognosis of gastric cancer: a 
potential target for gene therapy. Oncotarget. 2015;6(23):19685-19705.

	35.	 Scheijen B, Boer JM, Marke R, et al. Tumor suppressors BTG1 
and IKZF1 cooperate during mouse leukemia development and 
increase relapse risk in B-cell precursor acute lymphoblastic 
leukemia patients. Haematologica. 2017;102(3):541-551.

	36.	 Koumangoye RB, Nangami GN, Thompson PD, Agboto VK, 
Ochieng J, Sakwe AM. Reduced annexin A6 expression pro-
motes the degradation of activated epidermal growth factor 
receptor and sensitizes invasive breast cancer cells to EGFR-
targeted tyrosine kinase inhibitors. Mol Cancer. 2013;12(1):167.

	37.	 Okosun J, Wolfson RL, Wang J, et al. Recurrent mTORC1-
activating RRAGC mutations in follicular lymphoma. Nat 
Genet. 2016;48(2):183-188.

	38.	 Zhang J, Li H, Yu JP, Wang SE, Ren XB. Role of SOCS1 in 
tumor progression and therapeutic application. Int J Cancer. 
2012;130(9):1971-1980.

	39.	 Pastore A, Jurinovic V, Kridel R, et al. Integration of gene mu-
tations in risk prognostication for patients receiving first-line 
immunochemotherapy for follicular lymphoma: a retrospec-
tive analysis of a prospective clinical trial and validation in a 
population-based registry. Lancet Oncol. 2015;16(9):1111-1122.

	40.	 Wang J, Liu X, Hong Y, et al. Ibrutinib, a Bruton's tyrosine ki-
nase inhibitor, exhibits antitumoral activity and induces auto-
phagy in glioblastoma. J Exp Clin Cancer Res. 2017;36(1):96.

	41.	 Smith JA, White EA, Sowa ME, et al. Genome-wide siRNA 
screen identifies SMCX, EP400, and Brd4 as E2-dependent reg-
ulators of human papillomavirus oncogene expression. Proc 
Natl Acad Sci USA. 2010;107(8):3752-3757.

	42.	 Rahmanto YS, Jung J-G, Wu R-C, et al. Inactivating 
ARID1A tumor suppressor enhances TERT transcription 

and maintains telomere length in cancer cells. J Biol Chem. 
2016;291(18):9690-9699.

	43.	 Guo A, Lu P, Coffey G, Conley P, Pandey A, Wang YL. Dual 
SYK/JAK inhibition overcomes ibrutinib resistance in chronic 
lymphocytic leukemia: Cerdulatinib, but not ibrutinib, induces 
apoptosis of tumor cells protected by the microenvironment. 
Oncotarget. 2017;8(8):12953-12967.

	44.	 Amin AD, Peters TL, Li L, et al. Diffuse large B-cell lymphoma: 
can genomics improve treatment options for a curable cancer? 
Cold Spring Harb Mol Case Stud. 2017;3(3):a001719.

	45.	 Zhang SQ, Smith SM, Zhang SY, Lynn WY. Mechanisms 
of ibrutinib resistance in chronic lymphocytic leu-
kaemia and non-Hodgkin lymphoma. Br J Haematol. 
2015;170(4):445-456.

	46.	 Chan W, Schaffer TB, Pomerantz JL. A quantitative signaling 
screen identifies CARD11 mutations in the CARD and LATCH 
domains that induce Bcl10 ubiquitination and human lym-
phoma cell survival. Mol Cell Biol. 2013;33(2):429-443.

	47.	 Buchbinder DK, Stinson JR, Nugent DJ, et al. A novel gain-of-
function mutation in the CARD domain of CARD11 (C49Y) 
results in BENTA disease. Blood. 2013;122(21):3485.

	48.	 Buchbinder D, Stinson JR, Nugent DJ, et al. Mild B-cell lym-
phocytosis in patients with a CARD11 C49Y mutation. J Allergy 
Clin Immunol. 2015;136(3):819-821 e811.

SUPPORTING INFORMATION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Balasubramanian S, 
Hodkinson B, Schuster SJ, et al. Identification of a 
genetic signature enriching for response to 
ibrutinib in relapsed/refractory follicular 
lymphoma in the DAWN phase 2 trial. Cancer Med. 
2022;11:61–73. doi:10.1002/cam4.4422

https://doi.org/10.1002/cam4.4422

