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Abstract. Nagy Á, Bátai B, Kiss L, Gróf S, Király
PA, Jóna Á, et al. Parallel testing of liquid biopsy
(ctDNA) and tissue biopsy samples reveals a higher
frequency of EZH2 mutations in follicular lym-
phoma. J Intern Med. 2023;00:1–19.

Background. Recent genomic studies revealed
enhancer of zeste homolog 2 (EZH2) gain-of-
function mutations, representing novel therapeu-
tic targets in follicular lymphoma (FL) in around
one quarter of patients. However, these analyses
relied on single-site tissue biopsies and did not
investigate the spatial heterogeneity and temporal
dynamics of these alterations.

Objectives. We aimed to perform a systematic anal-
ysis of EZH2 mutations using paired tissue (tumor
biopsies [TB]) and liquid biopsies (LB) collected
prior to treatment within the framework of a
nationwide multicentric study.

Methods. Pretreatment LB and TB samples were col-
lected from 123 patients. Among these, 114 had
paired TB and LB, with 39 patients character-
ized with paired diagnostic and relapse samples

available. The EZH2 mutation status and allele
burden were assessed using an in-house-designed,
highly sensitive multiplex droplet digital PCR
assay.

Results. EZH2 mutation frequency was found to be
41.5% in the entire cohort. In patients with paired
TB and LB samples, EZH2 mutations were identi-
fied in 37.8% of the patients with mutations exclu-
sively found in 5.3% and 7.9% of TB and LB sam-
ples, respectively. EZH2 mutation status switch
was documented in 35.9% of the patients with
paired diagnostic and relapse samples. We also
found that EZH2 wild-type clones may infiltrate
the bone marrow more frequently compared to the
EZH2 mutant ones.

Conclusion. The in-depth spatio-temporal analysis
identified EZH2mutations in a considerably higher
proportion of patients than previously reported.
This expands the subset of FL patients who most
likely would benefit from EZH2 inhibitor therapy.

Keywords: ctDNA, ddPCR, EZH2, follicular lym-
phoma, liquid biopsy, tazemetostat
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Introduction

Follicular lymphoma (FL) is the most common
indolent non-Hodgkin lymphoma (NHL) charac-
terized by a long median overall survival of
approximately 15–20 years [1, 2]. Despite its
indolent nature, the disease remains incur-
able and is associated with multiple relapses
in the majority of patients. In approximately
10% of the cases, high-grade transformation to
a more aggressive lymphoma occurs within 5
years [3].

Significant advancements were made in the last
decade in understanding the genetic background
of FL [4–9]. Strikingly, nearly all FL patients carry
molecular alterations in at least one of the epi-
genetic modifiers [10–12]. One of the most com-
mon alterations affecting the epigenetic machin-
ery is the gain-of-function mutations of enhancer
of zeste homolog 2 (EZH2), previously detected
in up to 27% of all cases, in studies predomi-
nantly focusing on the analysis of single tissue
biopsies [4, 13–17]. The seven different activat-
ing mutations of this gene affect the catalytic SET
domain of the protein and are located in exon 16
(p.Y646F/N/H/C/S) and exon 18 (p.A682G and
p.A692V). These alterations are considered early
clonal events. However, cases with EZH2 mutation
restricted to disease progression or relapse were
also described [7, 14, 15]. Tazemetostat—a first-in-
its-class small molecular inhibitor of EZH2—has
recently been approved in the United States for
the treatment of relapsed/refractory FL with EZH2
mutations [18–21], making EZH2 the first target
in FL for precision oncology. Tazemetostat showed
superior activity in patients harboring EZH2muta-
tions [19]. Consequently, diagnostic tests able to
detect these alterations reliably and sensitively are
needed.

Although histological analysis of tumor biopsies
(TB) remains the cornerstone in the diagnosis of
NHLs, it is well established that a single TB does
not necessarily represent a spatially heterogeneous
disease such as FL [22, 23]. Detection and analysis
of circulating cell-free DNA (cfDNA)—also known
as liquid biopsy (LB)—can overcome this limita-
tion and recover genetic alterations restricted to
sites not captured by tissue biopsy [24, 25]. Circu-
lating tumor DNA (ctDNA) fraction of cfDNA usu-
ally has a low abundance in indolent diseases
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such as FL [26]. Therefore, sensitive techniques—
including next-generation sequencing (NGS) or
droplet digital PCR (ddPCR)—are required [27–
29]. Moreover, the amount of ctDNA may more
precisely represent the total tumor burden com-
pared to currently used imaging-based methods
and may convey valuable ancillary information
for staging in the future. Indeed, the prognos-
tic role of ctDNA is being increasingly recog-
nized. However, limited data is available on the
potential clinical relevance of liquid biopsy in
FL.

The minimal invasivity of liquid biopsy allows
for serial sampling, enabling longitudinal ther-
apy monitoring. Treatment monitoring in FL is
performed by imaging-based methods, mainly
PET/CT—18F-fluorodeoxyglucose positron emis-
sion tomography combined with computer
tomography—which is hampered by its lim-
ited sensitivity and specificity, leading to dif-
ficulties in interpreting cases with residual
metabolic activity [30, 31]. On the contrary,
liquid biopsy may offer a rapid, radiation-free, sen-
sitive disease monitoring alternative with better
resolution [32].

Alongside ctDNA, circulating tumor cells (CTC) can
be detected and monitored in the blood peripheral
mononuclear cell (PBMNC) fraction in the major-
ity of patients with FL [33–35]. Although ctDNA
appears to be more abundant in the peripheral
blood prior to therapy compared to CTCs with data
mainly restricted to high-grade lymphomas, it is
still debated which method would be more applica-
ble for minimally invasive detection andmonitoring
in the future for low-grade lymphomas, including
FL [36].

In this study, we aimed to perform a systematic
analysis of EZH2 mutations using paired tissue
and LB collected prior to treatment and during
therapy within the framework of a nationwide mul-
ticentric study. We also tested whether pretreat-
ment EZH2 variant allele frequencies (VAF) mir-
ror tumor burden and extent, compared to clinical,
radiological, and histological parameters. To our
knowledge, this is the first spatio-temporal anal-
ysis of EZH2 mutations in paired tissue and LB
using a highly sensitive, self-developed multiplex
droplet digital PCR approach in a multicenter FL
patient cohort.

2 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Patients and methods

Sample recruitment and patient information

Paired pretreatment LB and TB samples were
obtained from 114 FL patients treated in 10 Hun-
garian hematology centers. Seventy-seven patients
were recruited at the time of diagnosis, 36 at the
time of relapse and 1 patient had paired TB and LB
samples at both timepoints. Detailed histological,
clinical, and radiological information of the patient
cohort is provided in Table S1. Additionally, 69 LB
samples were collected longitudinally at the first
day of the treatment cycles from 19 patients (from
the same cohort) being actively treated, with two–
six sequential samples per patient. Samples col-
lected during surveillance were also analyzed in 12
patients (from the same cohort). LB samples from
nine progressing/relapsed patients who lacked
paired relapse TB samples were also included.
Altogether, we analyzed 181 LB, 215 TB, and 53
PBMNC samples collected from 123 FL patients. All
patients had at least one TB with histologically con-
firmed FL (grade 1–3 A) with patients presenting
exclusively with grade 3B or transformed histology
excluded from the study. EZH2 mutation status
from PBMNC samples (potential CTCs) was inves-
tigated if the corresponding LB sample collected at
the same time proved to be EZH2 mutant.

Relapse was defined as progression after at least
one previous line of therapy or at least 12 months
of watch and wait approach without therapy. The
study was conducted in accordance with the Decla-
ration of Helsinki, and the protocol was approved
by the Ethics Committee of the Hungarian Med-
ical Research Council (45371-2/2016/EKU and
IV/5495-3/2021/EKU).

DNA isolation from LB samples

LB samples were collected using Cell-Free DNA
Collection Tubes (Roche, Switzerland). Plasma
fraction of 3–4 mL volume was isolated using a
two-step centrifugation protocol (whole blood was
centrifuged at 1600g for 20 min at 4°C, subse-
quently the plasma fraction was centrifuged at
16,000g for 10 min at 4°C), then plasma sam-
ples were frozen at −20°C and stored at −70°C for
a prolonged time until further processing. cfDNA
was isolated using the QIAamp Circulating Nucleic
Acid Kit (Qiagen, Germany) following the manu-
facturer’s instructions. Isolated cell-free DNA sam-
ples were stored at −20°C. Quantity and quality
of cfDNA were assessed by a Qubit 4 Fluorometer

(Thermo Fisher Scientific, USA) and 4200 TapeS-
tation System (Agilent Technologies, USA), respec-
tively.

DNA isolation from TB samples

Lymph node, bone marrow (BM), or extranodal tis-
sue samples were available from 125 patients for
tumor DNA isolation from formalin-fixed paraffin
embedded tissues (FFPE). Tumor DNA from FFPE
samples was isolated using QIAampDNA FFPE Tis-
sue Kit (Qiagen, Germany). Isolated DNA samples
were quantified by a Qubit 4 Fluorometer (Thermo
Fisher Scientific, USA) and stored at 4°C.

DNA isolation from PBMNC samples

Mononuclear cell fraction of peripheral blood sam-
ples drawn into EDTA containing blood collec-
tion tubes was separated with Ficoll gradient cen-
trifugation (400g for 30 min). Cellular DNA was
extracted using the MagCore Plus II Automated
Nucleic Acid Extractor (RBC Bioscience Corpora-
tion, Taiwan). Isolated DNA samples were quanti-
fied by a Qubit 4 Fluorometer (Thermo Fisher Sci-
entific, USA) and stored at 4°C.

Droplet digital PCR

EZH2 mutation status was determined with a
QX200 ddPCR system (Bio-Rad Laboratories,
USA). All PCR reactions were performed using
ddPCR Supermix for probes (no dUTP) (Bio-Rad
Laboratories, USA) for single PCR reactions and
ddPCR Multiplex Supermix (Bio-Rad Laborato-
ries, USA) for multiplex PCR reactions. Variable
amounts of mutation specific assays and 25 ng
of template DNA (for all sample types, including
TB, LB, and PBMNC samples) were used in each
reaction. Amplification was carried out in a C1000
Touch Thermal Cycler (Bio-Rad Laboratories, USA)
with a standard ddPCR protocol: 10 min at 95°C for
enzyme activation, 30 s at 94°C for denaturation,
and 1 min at 55°C for annealing. After 40 cycles,
98°C for 10 min was applied for enzyme inacti-
vation. ddPCR reactions were accepted for subse-
quent analyses if >7000 droplets were detected.
Results were analyzed and translated to copy num-
bers per μL values and VAF using the QuantaSoft
software (version 1.7; Bio-Rad Laboratories, USA).

We set up a unique multiplex PCR scenario capa-
ble of analyzing seven EZH2 mutation hotspots
in two distinct PCR reactions. In the first PCR
reaction, we used four mutation-specific (EZH2

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–19
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p.Y646F/C/S and EZH2 p.A682G) and two cor-
responding wild-type (WT) probes. In the sec-
ond PCR reaction, three mutation-specific (EZH2
p.Y646N/H and EZH2 p.A692V) and two corre-
sponding WT probes were used (Table S2). A TB
sample was considered mutant if the detected VAF
was above 1%. The EZH2 VAF values for all BM
samples were normalized for the tumor cell con-
tent using the following formula: VAF measured by
ddPCR × (100/tumor content %). A VAF cutoff of
0.03% was applied for LB samples if the analyt-
ical sensitivity was below this value (determined
from the measured limit of detection [LOD] values
from the serial dilution experiments). Otherwise,
analytical sensitivity was considered. If only one
droplet was found mutant, the PCR reaction was
repeated. The mean detected copy number was 333
copies/μL and 66 copies/μL for TB and LB sam-
ples, respectively. Therefore, the mean analytical
sensitivity of the ddPCR reactions was 0.02% and
0.08% for TB and LB samples, respectively. This
was calculated from the reciprocal sum of mutant
and WT DNA fragments detected in 22 μL and mul-
tiplied by 100.

Serial dilution

A PBMNC-derived DNA mix pooled equimolarly
from five healthy subjects was used to gener-
ate serial dilutions up to 100,000× from known
EZH2 mutant FFPE samples corresponding to the
seven EZH2 hotspots analyzed. To increase accu-
racy, additional dilution points were used (2000×,
5000×, 20,000×, and 50,000×) beside the 10-
fold dilution series points (10×, 100×, 1000×,
10,000×, and 100,000×). To determine the analyt-
ical sensitivity, 100 ng DNA was used in each reac-
tion, and PCR reactions near the sensitivity cutoff
were run in triplicates for both single and multiplex
ddPCR reactions.

Data analysis and statistical methods

Statistical analysis was performed using the Prism
8.0.1 software (GraphPad Software, Inc, USA).
We investigated the statistical connection between
EZH2 mutation status and EZH2 VAF levels and
histological, clinical, and radiological parameters
of the patients. Normal distribution of continuous
variables was tested with the Shapiro–Wilk test.
For the analysis of continuous variables, unpaired
T-test, Mann–Whitney U test, one-way analysis
of variance (ANOVA), or the Kruskal–Wallis, one-
way ANOVA was used depending on the num-
ber of groups analyzed and on the distribution of

variables. Categorical variables were studied with
Chi-square test for trend. The interdependence of
two continuous variables was tested with Pear-
son correlation and linear regression. Paired vari-
ables and samples were tested with paired T-
test, Wilcoxon signed-rank test, and Friedman test
depending on the number of groups analyzed and
on the distribution of variables. All tests were two-
sided, p value threshold for significance was set to
0.05%, and 95% confidence interval was applied
for all analyses.

Results

EZH2 mutation detection using a novel multiplex
ddPCR assay

First, we designed a novel multiplex droplet digi-
tal PCR approach for the simultaneous detection
of distinct EZH2 mutations. We performed a series
of measurements with varying probe concentra-
tions and combinations, resulting in an assay mix,
which can stably and reproducibly detect the seven
EZH2 hotspot mutations in only two PCR reactions
instead of performing seven distinct single PCR
measurements (Fig. S1A,B).

We compared the LOD of single versus multi-
plex PCR amplifications for all EZH2 mutations
using serial dilutions. With regard to all ana-
lyzed hotspots, no statistical difference was found
between the difference in the LOD of the single
versus the multiplex PCR approach (paired T-test,
p = 0.75). Upon analyzing all hotspots individu-
ally, we have not found a difference in the LOD for
mutation-specific assays of p.Y646N/F/C/S and
p.A682G. However, we detected decreased LOD for
p.Y646H and p.A692V assays in the multiplex PCR
setup, although neither exceeded one log difference
and the analytical sensitivity remained below 0.1%
for these targets as well (Table S3). Upon compar-
ing LB- to TB-based EZH2 analysis, we found that
the LB-based approach slightly outperforms the
TB-based one in terms of sensitivity and negative
predictive value (NPV) (Fig. S2A,B).

EZH2 mutation detection in TB and pretreatment
LB samples

The median isolated cfDNA yield from LB samples
was 70.6 ng (range: 2–968.8 ng) per mL of ini-
tial blood plasma. EZH2 mutations were detected
in 41.5% (51/123) of the patients when consid-
ering all available sample types (diagnostic TB,
relapse TB, or pretreatment LB specimen) (Fig. 1A,

4 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Table S4). Analyzing the paired TB–LB samples
(n = 114), the EZH2 mutation frequency was
37.8% (43/114), and it did not differ significantly
between the TB and the LB samples (29.9% vs.
32.5%, respectively, Chi-square test, p = 0.67).
However, in six patients (5.3%), the EZH2 muta-
tion was detected exclusively in the TB samples,
whereas in nine (7.9%) patients, the EZH2 muta-
tion was only detected in the corresponding LB
sample (Fig. 1B,C, Table S4). The EZH2 frequency
in patients with paired TB–LB (n = 78) samples at
diagnosis proved to be 37.1% (29/78). In the cohort
of patients with paired TB and LB samples, 51 dif-
ferent mutations were found in 43 patients. Among
these 51 mutations, 28 mutations were present
in both compartments, whereas 9 and 14 were
only present in the TB or in the LB, respectively
(Fig. 2).

With a median follow-up time of 29 months (range:
6–229), 50 patients (39.7%) relapsed after treat-
ment or progressed after at least 12 months of
watch and wait approach. From these 50 patients,
39 had an EZH2mutation analysis both at the time
of diagnosis and relapse/disease progression from
at least 1 sample. We observed a switch in the
EZH2 mutation status during the disease course
in 14 patients (35.9%) who had paired diagnostic
and relapse samples available (Fig. 3A,B). In four
patients with paired diagnostic and relapse TB,
the measured EZH2 VAF significantly increased
at the time of relapse (paired T-test, p = 0.02,
Fig. 3C). Altogether, 51.3% of relapsed patients
in this cohort harbored an EZH2 mutation at one
point during the disease course (Fig. 3A,B).

The spectrum of EZH2mutations in diagnostic and
relapse TB samples is summarized in Fig. 4A,B.
We found a relative increase in the proportion of
p.Y646N and decrease in the proportion of p.Y646F
and p.Y646H mutations at the time of relapse.
Median EZH2 mutation VAF was 21.8% (range
1.0%–54.6%) and 2.3% (range 0.1%–74%) in TB
samples and in pretreatment LB samples, respec-
tively (Fig. 5A,B).

Multiple TB samples collected at the same time
from distinct sites were available from 54 patients.
Spatial heterogeneity was documented in eight
patients (15%), in cases where different EZH2
mutation types were detected in distinct sites,
or in patients with at least one mutant and one
WT tumor site (Fig. 2, Table S4). Intra-tumoral
heterogeneity (multiple EZH2 mutations within a

single TB sample) was identified in 5.4% (3/56)
of all nodal mutant TB samples (Table S4). Mul-
tiple EZH2 mutations were found in 14% of
pretreatment LB samples (6/43) reflecting inter-
tumoral spatial heterogeneity (Fig. 2). For example,
in Pt-38, two distinct EZH2 mutations (p.Y646C
and p.Y646N) were detected in the LB specimen.
However, only the EZH2 p.Y646C mutation was
detected in the cervical lymph node biopsy. More-
over, this patient had a large retroperitoneal and
mediastinal mass on PET/CT, which raises the
possibility that the EZH2 p.Y646N mutant clone
was restricted to those sites (Fig. 6).

Correlation of EZH2 mutation status and VAF levels with
histological, clinical, and radiological parameters

Detailed patient characteristics stratified by EZH2
mutation status at the time of diagnosis are
displayed in Table S5. Altogether, we analyzed 215
TB samples collected from 122 patients at the
time of diagnosis or at relapse. We found a trend
between higher histological grade and mutant TB
EZH2 status (Chi-square test, p = 0.1) and LB
EZH2 VAF level (Mann–Whitney U test, p = 0.08)
(Fig. 7A,B). In addition, we found a significant asso-
ciation between TB grade and higher TB EZH2 VAF
level (unpaired T-test, p = 0.009) (Fig. 7C). We also
found a significant connection between TB EZH2
VAF and LB EZH2 VAF levels (linear regression,
p = 0.048) (Fig. S3A).

Interestingly, we found that WT EZH2 status may
be associated with increased risk of BM infiltra-
tion, although this did not reach statistical signif-
icance (Chi-square test, p = 0.1). However, histo-
logically confirmed BM infiltrates (with a median
17.5% infiltration by tumor cells) were more fre-
quently EZH2 WT, regardless of the mutation
status of the paired TB: only 6 out of the 10
patients with paired mutant TB displayed an EZH2
mutation in the BM as well. On the contrary,
only one patient harbored an EZH2 mutation in
the BM among the 34 patients with paired WT
TB (Fig. 7D, Table S6). Altogether, 16% (7/44)
of infiltrated BM samples harbored the muta-
tion. Meanwhile, 84% (37/44) proved to be EZH2
WT.

There was no difference between median EZH2 VAF
at the time of diagnosis and progression/relapse
(2.6% vs. 8%, Mann–Whitney U test, p = 0.09).
Importantly, we found a statistically nonsignificant
trend between LB EZH2 VAF levels and Follicular

6 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Fig. 2 Enhancer of zeste homolog 2 (EZH2) mutation pattern in 43 mutant follicular lymphoma patients with paired tissue
(TB) and liquid biopsy samples (LB). Saturation of the bars represents variant allele frequencies (VAF) in a log2 scale.
EZH2 VAFs (range: 0.1%–74.0%) were multiplied by 100 (to avoid zero and minus values) then transformed to a log2 scale.
Subsequently, each value was converted to percentage for illustration, where 100% VAF would occur as a fully saturated
bar. C2D1, cycle 2 day 1; C3D1, cycle 3 day 1; C4D1, cycle 4 day 1; C5D1, cycle 5 day 1; C6D1, cycle 6 day 1; D, diagnosis;
Pre-th, pretreatment; R, relapse; Surveill, surveillance sample (LB sample collected after therapy); WT, wild-type.
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Fig. 6 In the case of Pt-38, a subclonal enhancer of zeste homolog 2 (EZH2) mutation was found in the TB at the time
of relapse, with an additional EZH2 mutation present in the paired liquid biopsy sample. Extensive involvement of the
mediastinal and retroperitoneal region was found on imaging, in which unbiopsied regions may have been the source of the
additional p.Y646N mutation found only in the peripheral blood.

Lymphoma International Prognostic Index (FLIPI)
score (Fig. 7E), LDH levels (Fig. S3B), bulky dis-
ease (Fig. S3C), presence of extranodal disease (Fig.
S3D), and clinical stage (Fig. S3E). The presence
of B symptoms was significantly (Chi-square test,
p = 0.045) associated with mutant EZH2 status
(Fig. 7F).

EZH2 mutation detection in longitudinally collected
follow-up LB samples

Follow-up LB samples collected on the first day of
at least two of each treatment cycle were available
from 19 patients. Four additional patients were
also analyzed with pre- and posttreatment (surveil-
lance) samples (Table S8). Median EZH2 VAF was
3.5% and 0.12% before treatment and at the time
of C2D1, respectively (Fig. 8A, Table S8). The dif-
ference between C1D1 and C2D1 VAF was not

significant (Wilcoxon signed-rank test, p = 0.06,
Table S7), although we observed a strong correla-
tion upon analyzing those patients who responded
to immune-chemotherapy (Wilcoxon signed-rank
test, p = 0.005) (Fig. 8B, Table S7). EZH2 VAF sig-
nificantly decreased at the beginning of all subse-
quent cycles compared to C1D1 (Fig. 8A) (Table S6).
Patients responding to therapy were characterized
by a prompt decrease in the EZH2 VAF level after
the initiation of treatment. Meanwhile, this did not
happen in Pt-3, Pt-6, and Pt-28 who initially did
not show clinical response (Fig. 8C). Pt-6, at the
time of relapse, was first treated with R-CVP (rit-
uximab plus cyclophosphamide, vincristine, and
prednisone) and showed no improvement in clin-
ical symptoms after two cycles; therefore, the ther-
apy was intensified to R-CHOP (rituximab plus
cyclophosphamide, doxorubicin, vincristine, and
prednisone combination), and a prompt response

10 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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was registered clinically and molecularly as well
(Fig. 8D).

Surveillance LB sampling provided proof-of-
concept for early relapse detection in the case of
Pt-118, who experienced EZH2 mutant relapse 1
year after rituximab monotherapy, where EZH2
p.Y646N mutation was detected in the LB speci-
men. Interestingly, the same EZH2 p.Y646N with
low VAF was detected 6 months before the clinical
relapse in a surveillance LB sample (Fig. S4).

Comparison of EZH2 mutation analysis in LB and
PBMNC specimens

We tested the EZH2 mutation status of PBMNC
samples of patients whose LB sample carried
an EZH2 mutation (Table S9). Fifty-three paired
PBMNC and LB samples were available for anal-
ysis with only 17/53 (32%) PBMNC samples car-
rying the EZH2 mutation detected in the corre-
sponding LB sample (Fig. S5). Interrogating these
17 samples, EZH2 VAF was significantly higher
in the LB samples compared to the correspond-
ing PBMNC samples (mean VAF: 5.7% vs. 0.04%,
Wilcoxon signed-rank test, p < 0.0001) (Fig. S5).

Discussion

In this study, we performed an in-depth spatio-
temporal analysis of EZH2 mutations in FL using
tissue- and liquid biopsy samples, and we iden-
tified gain-of-function mutations in a consider-
ably higher proportion of patients than previously
reported in studies focusing on single-tissue biop-
sies.

Tazemetostat—a novel, orally active inhibitor of
EZH2—was recently approved in the United States
for relapsed or refractory EZH2mutant FL patients
who received at least two prior systemic therapies
and for patients who have no satisfactory alterna-
tive treatment options, regardless of their EZH2
mutation status [21]. The approval was based on a
phase 2, multicenter, single-arm clinical study, in
which the objective response rate to single-agent
tazemetostat in a pretreated cohort was found
to be 69% and 35% in EZH2 mutant and WT FL
patients, respectively. In a preliminary commu-
nication of this study, the authors highlighted
that the presence of EZH2 mutation was the only
predictor of response in both TB and LB in patients
with FL [37]. It is also worth noting that around
one third of patients with WT EZH2 also showed
a response to the treatment. In this study, we

developed a novel, LB-based EZH2 mutation-
detection assay, which revealed a substan-
tially higher EZH2 mutation frequency in
a heterogeneous cohort of untreated and
relapsed/progressed FL patients. This obser-
vation, in addition to (epi)genetic alterations and
microenvironmental factors, may also explain at
least a proportion of the unanticipated response
to tazemetostat monotherapy in 35% of the EZH2
WT subcohort of the phase 2 study.

EZH2 gain-of-function hotspot mutations in exons
16 and 18 were discovered by Morin et al. [38,
39]. Subsequently, EZH2 mutation frequency in
FL was described to be 12% by Sanger sequenc-
ing [40]. More sensitive NGS-based methods later
revealed that 20%–27% of FL patients harbor these
mutations [4, 13, 15, 17]. The largest published
cohort of nearly 600 patients so far has confirmed
these results [14]. However, these studies relied on
single-site tissue biopsies obtained at single time-
points that may not represent the indolent system-
atic disease.

In this study, we report EZH2 mutations in 37.8%
of the 117 paired TB and LB samples with a muta-
tion frequency of 41.5% in the whole cohort of
123 FL patients. The higher mutation frequency
in our cohort can be explained by two reasons: (i)
the acquisition of EZH2 mutations during the dis-
ease course as a result of temporal evolution and
(ii) spatial heterogeneity in clonal processes lead-
ing to different clonal compositions both within one
tumor site and between different tumor sites.

First, supporting the consideration of temporal
evolution in the evaluation of EZH2 mutation sta-
tus, our cohort contains 39 FL patients with paired
EZH2 analysis at diagnosis and relapse, where we
report EZH2 mutation status class switch (includ-
ing both gain and loss) in 35.9% of cases. This
data demonstrates that EZH2 mutation status can
dynamically change throughout the disease course
and may exhibit significant clonal tiding. There-
fore, EZH2mutation frequency in FL can be under-
estimated if not analyzed temporally before each
therapy line.

A second explanation for the higher EZH2 muta-
tion prevalence documented in this study is the
phenomenon of spatial heterogeneity. Here, we
report nine patients in which EZH2 mutations
were exclusively detected in the plasma specimen.
These patients harbored a median 5 (range 2–10),

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–19
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EZH2 mutations are more frequent in FL / Á. Nagy et al.

metabolically active, unbiopsied tumor region by
PET/CT, which may indeed represent the origin of
the EZH2 mutant ctDNA fragments detected in LB
samples. This finding underlines the value of LB in
capturing genetic information blinded to random
single-site biopsies. Analyzing paired LB and TB
samples, 8%–50% of all detected mutations were
found only in the ctDNA compartment in stud-
ies investigating Hodgkin lymphomas (HL) or DLB-
CLs [25, 41–45]. In a recent study using targeted
sequencing, 8% of all mutations were exclusively
found only in the LB specimen of FL patients [46].
In our study, interrogating only a single gene in
patients with paired TB–LB biopsies, the propor-
tion of patients in which EZH2mutation was exclu-
sively identified in the blood plasma was 7.9%.
Moreover, 27.5% (14/51) of EZH2 mutations were
exclusively found in the LB specimen, most likely
as a result of spatial heterogeneity.

Of note, we could not detect EZH2 mutation in the
LB specimen of six patients, albeit the paired TB
sample proved to be EZH2 mutant. This observa-
tion is in line with the reported result of Fernández-
Miranda et al., in which 25% of all mutations were
only found in the TB specimen of FL patients [46]—
whereas in our study, 17% of all EZH2 mutations
were not detected in the peripheral blood. Pt-44
carried a subclonal mutation (1.51%) in the TB
sample, most likely explaining the EZH2 WT sta-
tus in the LB sample. However, the discordant
mutation status could not be explained by histo-
logical, clinical, molecular, and radiological data
in patients Pt-40, Pt-41, Pt-42, Pt-43, and Pt-115.
The lower cfDNA yield may theoretically explain
the discordant mutation status in the remain-
ing LB samples with mutant corresponding TB
samples. However, these LB samples did not dif-
fer considerably in their quantity and QC metrics
from the cases with concordant LB–TB mutation
status. Based on this data, the NPV of our LB-
based approach is 92%, and the specificity is 89%.
These results show that LB analysis alone may not
always be sufficient in detecting disease-specific
biomarkers. However, one has to emphasize that
the statistical sensitivity and the NPV of the LB-
based mutation analysis were found to be supe-
rior compared to TB-based analysis. According to
our results, the best sensitivity for EZH2 mutation
analysis can be achieved with the parallel inves-
tigation of TB and LB samples, which may repre-
sent the future optimal screening strategy for EZH2
mutations in routine clinical practice before treat-
ment lines where the usage of targeted therapy is

considered. We envision that LB-based analysis
would be strongly advised in cases with advanced
disease and high tumor burden and in cases with
hard-to-biopsy tumor sites (e.g., central nervous
system and retroperitoneal involvement).

Huet et al. reported an inverse correlation between
EZH2 alterations (mutation and amplification) and
B symptoms and rate of BM infiltration in FL [47].
Here, we also observed an association between
EZH2 mutant FL and lack of BM infiltration. When
analyzing paired lymph node and BM biopsies, we
found that the EZH2 WT FL clone may be more
prone to infiltrate the BM compared to the EZH2
mutant clone. These findings raise the idea that the
lack of EZH2 mutation in FL may be a biomarker
indicating an increased risk of BM infiltration.
However, this needs to be confirmed in larger
cohorts. In contrast to the observations by Huet
et al., we detected a significant association between
the presence of EZH2 mutations and B symptoms.

Tumor burden is an established prognostic fac-
tor in lymphomas. Therefore, there is a great
clinical need for methods accurately measuring
this parameter. The increased metabolic activity
characteristic of aggressive lymphomas is usually
accompanied by increased ctDNA excretion to the
blood [26]. In line with this, here we report a trend
between LB EZH2 VAF levels and more aggres-
sive histology. In DLBCL and HL, it is also well
documented that pretreatment ctDNA levels inde-
pendently mirror distinct parameters that indi-
cate tumor burden (international prognostic index,
LDH level, stage, and total metabolic tumor vol-
ume [TMTV]) [29, 41, 42, 48]. In FL, TMTV is the
only parameter that has been independently linked
to LB ctDNA abundance [33, 49, 50]. However,
only limited and controversial results are avail-
able in connection with other indexes [46, 50]. We
did not find a significant correlation between LB
EZH2 VAF levels and basic clinical parameters,
although we found a trend with FLIPI, LDH levels,
bulky disease, presence of extranodal involvement,
and clinical stage. The nonsignificant associations
may be explained by the relatively small number
of investigated patients with EZH2 mutation in the
plasma (n = 41), so that sample size may not be
enough to uncover statistically significant asso-
ciations in an indolent lymphoma. Moreover, the
investigation of a single gene may not accurately
represent the total amount of ctDNA molecules in
the plasma with a genetically diverse disease such
as FL.

14 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–19
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Undetectable ctDNA, or at least a 100-fold reduc-
tion in ctDNA levels after 2 cycles of therapy, indi-
cates excellent treatment response and outcome
in DLBCL, HL, and mantle cell lymphoma (MCL)
[28, 42, 51, 52]. Here, we found a significant drop
(>100-fold) in the EZH2 levels after two cycles
of immunochemotherapy comparing pretreatment
and C3D1 levels. No statistical difference was
observed between pretreatment and C2D1 time-
points regarding all patients. However, statistical
difference was detected between pretreatment and
C2D1 levels when restricting the analysis to the
responding patients, indicating that the investiga-
tion of LB samples may mirror early therapeutic
response in FL, and that dynamic monitoring of
ctDNA levels might have similar clinical value as in
DLBCL or in HL. The case of Pt-6 in our study, in
which initial refractoriness to R-CVP was followed
by a prompt decrease in the EZH2 VAF level after
initiation of R-CHOP, demonstrates that ctDNA-
based monitoring offers a real-time, radiation-free
disease monitoring alternative in FL as well. Dur-
ing surveillance, in the majority of DLBCL and
MCL cases, signs of lymphoma recurrence can be
detected with a 3–7-month lead time with LB anal-
ysis [48, 52, 53]. To the best of our knowledge, no
data is available in the context of minimal resid-
ual disease detection using ctDNA in FL. Here, we
demonstrate an FL case (Pt-118) where mutant
EZH2 ctDNA fragments could be detected during
surveillance, 6 months prior to the clinical relapse,
harboring an identical EZH2 mutation within the
relapse sample. This case indicates that LB-based
monitoring of FL may be valuable in predicting
future relapses.

Themajority of the studies in the last three decades
published on the minimally invasive detection and
monitoring of FL focus on the interrogation of
BCL2/IGH translocation or the clonal V(D)J rear-
rangements from PBMNCs [35, 54, 55]. To date, no
one has directly compared the value of the cellular
and acellular compartment of the peripheral blood
in FL for molecular analysis. Here, we show that
mutant EZH2 DNA fragments can be more sensi-
tively detected from ctDNA compared to PBMNCs.
In our cohort, the majority of PBMNC samples with
paired mutant LB samples lacked EZH2 mutation.
Moreover, the EZH2 VAF values in EZH2 mutant
PBMNCs were substantially lower compared to the
corresponding LB samples. This supports the the-
ory that ctDNA may be more reliable in detecting
traits of the disease compared to PBMNC-based
methods in FL.

Conclusions

In this study, we developed a highly sensitive novel
EZH2 mutation detection approach applicable to
LB specimens as well as classical TB samples.
Owing to the temporal analysis of paired diagnos-
tic and relapse samples and due to the ability of
this approach to resolve spatial heterogeneity, our
method detected a higher frequency of EZH2muta-
tions in FL patients compared to historical data
(37% vs. 27% at diagnosis). This result may further
expand the subset of FL patients who would most
likely benefit from the recently approved EZH2
inhibitor targeted therapy.
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marrow (percentage of infiltrating tumor cells).
FLIPI: Follicular Lymphoma International Prognos-
tic Index. GCB-DLBCL: germinal center B-cell like
diffuse large B-cell lymphoma. HL: Hodgkin lym-
phoma. LB: liquid biopsy. LDH: lactate dehydro-
genase. LG: low grade. NA: not available. PET/CT:
18F-fluorodeoxyglucose positron emission tomog-
raphy combined with computer tomography. SUV
max: maximized 18-fluorodeoxy glucose standard-
ized uptake value. TB: tissue biopsy.

Table S2. Content of the two multiplex PCR mixes
with unique single tube Bio-Rad© assay identifiers.

Table S3. Comparison of the analytical sensi-
tivity of single vs multiplex PCR amplification.
Dilution series were carried out on diagnostic for-
malin fixed paraffin embedded tissue biopsy sam-
ples. The variant allele frequencies (VAF) of the
initial samples were multiplied by the level of the
dilution point where the signal was last detected
in triplicates for calculating the limit of detection
(LOD) of each assay. For example, if the initial
VAF was 20% and the signal was last detected at
1.000x (10–1) dilution point, the LOD was deter-
mined to be 0.2 x 0.1 = 0.02. Analytical sensi-
tivity did not change considerably for mutations
p.A682G and p.Y646F/C/S/N. Analytical sensi-
tivity decreased in the multiplex PCR set up for
p.A692V and p.Y646H but did not exceed one log
difference and remained below 0.1%.

Table S4. EZH2 mutation status of all tissue and
liquid biopsy (TB, LB) samples included in the
study. VAF: variant allele frequency.

Table S5. Baseline patient characteristics and
clinical data stratified by EZH2 mutation status
at the time of diagnosis. Here, transformation
was only considered if it occurred at the time of
relapse after classical follicular lymphoma at the
time of diagnosis. BM: bone marrow. GCB-DLBCL:
germinal center B-cell like diffuse large B-cell
lymphoma. FLIPI: Follicular Lymphoma Interna-
tional Prognostic Index. R-B: rituximab plus ben-
damustine. R-CHOP: rituximab plus cyclophos-
phamide,doxorubicin, vincristine and prednisone.
R-CVP: rituximab plus cyclophosphamide, vin-
cristine and prednisone.

Table S6. EZH2 mutation status of paired tis-
sue biopsy samples (nodal/extranodal samples
vs bone marrow (BM) samples). D: diagnosis. R:
relapse/progression.

Table S7. Association between histological, clin-
ical, radiological variables and EZH2 mutation
status and EZH2 variant allele frequencies. BM:
bone marrow. C1D1: cycle 1 day 1. C2D1:C32
cycle 2 day 1. C3D1: cycle 3 day 1. D: diag-
nosis. FLIPI: FLIPI: Follicular Lymphoma Inter-
national Prognostic Index. GCB-DLBCL: germi-
nal center B-cell like diffuse large B-cell lym-
phoma. LB: liquid biopsy. LDH: lactate dehy-
drogenase. LG: low grade. MT: mutant. PBMNC:
peripheral blood mononuclear cell. PET/CT: 18F-
fluorodeoxyglucose positron emission tomography
combined with computer tomography. R: relapse.
SUV max: maximized 18-fluorodeoxy glucose stan-
dardized uptake value. TB: tissue biopsy. VAF:
variant allele frequency. WT:wild-type.

Table S8. Result of EZH2 monitoring on lon-
gitudinally collected samples and detailed clini-
cal data of 23 EZH2 mutant patients. Treatment
lines, under longitudinal samples were collected
are marked with an asterix. ABVD: doxorubicin,
bleomycin, vinblastine and dacarbazine. B: ben-
damustine monotherapy. C1D1: cycle 1 day 1.
C2D1: cycle 2 day 1. C3D1: cycle 3 day 1. C4D1:
cycle 4 day 1. C5D1: cycle 5 day 1. C6D1: cycle
6 day 1. CMR: complete metabolic remission. LB:
liquid biopsy. PD: progressive disease. PR: partial
remission. R2: rituximab plus lenalidomide. R-B:
rituximab plus bendamustine. R-CHOP: rituximab
plus cyclophosphamide, doxorubicin, vincristine
and prednisone. R-CVP: rituximab plus cyclophos-
phamide, vincristine and prednisone. R-DHAP: rit-
uximab plus dexamethasone, high-dose cytarabine
and cisplatin. VAF: variant allele frequency. WW:
watch and wait.

Table S9. Comparison of the EZH2 mutation sta-
tus between paired liquid (LB) and peripheral blood
mononuclear cell (PBMNC) samples. VAF: variant
allele frequency.

Figure S1. A-B: Droplet digital PCR dotplots after
applying the two multiplex assay mixes to a pool
of samples harboring the corresponding four and
three EZH2 mutations plus wild-type (WT) DNA.
In this scenario, where all four and three muta-
tion types are present, the two assay mixes gen-
erate up to 12 and 10 distinct fluorescent clus-
ters, respectively. Fluorescent clusters harboring
only one of the mutant DNA fragments are colored
blue, droplets harboringWTDNA are colored green,
clusters harboring bothmutant andWT are colored
orange, droplets without template DNA are grey.
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Mutant droplet clusters were always compared to
positive controls harboring a known EZH2 muta-
tion tested in the same run. To determine the vari-
ant allele frequency of a mutation we selectively
outlined the droplets containing the mutation with
the “lasso” function of the QuantaSoft software,
then similarly we outlined the corresponding WT
droplets (WT for exon 16 and WT for exon 16 + 18,
if the mutation is p.Y646X and WT for exon 18 and
WT for exon 16 + 18, if the mutation is p.A682G
or p.A692V). To determine the detected copy num-
ber if no mutation was present, we outlined only
droplets WT for exon 16 and WT simultaneously
for exon 16 and 18.Figure S2. A-B: Comparison
between statistical sensitivity, specificity and nega-
tive predictive value (NPV) of liquid biopsy (LB) and
tissue biopsy (TB) based EZH2 mutation detection
analysis of the 114 follicular lymphoma patients
with paired TB and LB samples. We determined
the specificity and the NPV of the TB and the LB
based EZH2 mutation detection compared to the
LB or to the TB based approach, respectively. We
did not consider those samples false positive where
the EZH2 mutation was only found in the LB sam-
ple, therefore statistical sensitivity was calculated
from the sum of mutant samples in TB and LB. MT:
mutant. WT: wild-type.
Figure S3. A: Linear regression analysis of paired
tissue (TB) and pre-treatment liquid biopsy (LB)
EZH2 VAF values. B-E: Connection between LB

EZH2 variant allele frequency (VAF) and clinical
parameters. Parenchymal organ or skin involve-
ments were considered as extranodal involvement,
bone marrow infiltration was evaluated separately.
LDH: lactate dehydrogenase.
Figure S4. Illustration of clonal expansion of
the EZH2 mutant clone in the case of Pt-118.
The patient was treated with upfront rituximab
monotherapy and subsequently reached complete
remission. Liquid biopsy (LB) sample collected at
this timepoint was found to be EZH2 wild-type.
Ten months later the patient relapsed to an EZH2
mutant FL, at this timepoint the EZH2 mutation
could be detected in the peripheral blood with a
relatively high variant allele frequency (VAF). When
analyzed retrospectively, the same mutation could
be detected in the LB specimen seven months prior
to relapse with low VAF.
Figure S5. Comparison of EZH2 variant allele
frequencies (VAF) between liquid biopsy (LB)
and peripheral blood mononuclear cell samples
(PBMNC). VAFs are displayed on a log2 scale. Orig-
inal VAFs (LB VAF range: 0.1–74.0%, PBMNC VAF
range: 0.008–0.77%) were multiplied by 1000 (to
avoid negative and zero values), then transformed
to a log2 scale. Values are sorted from left to right in
a descending order based on LB VAFs. Cases with
detectable EZH2 mutations in the PBMNC sample
are clustered to the left.

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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