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Integrative genome-wide chromatin accessibility and
transcriptome profiling of diffuse large B-cell lymphoma

Dear Editor,

Diffuse large B-cell lymphoma (DLBCL) represents
the most common neoplastic disorder of B-lymphocytes
with significant clinicopathological, immunophenotypic
and molecular heterogeneity.! Aiming to investigate the
epigenomic and transcriptomic signatures as well as the
underlying pathogenetic mechanism and therapeutic
rationale of DLBCL, we performed assay for transposase-
accessible chromatin using sequencing (ATAC-seq) on
10 DLBCL patient-derived xenograft (PDX) models and
identified 93221 reproducible accessible peaks per PDX
(Figures S1-S4). In an unsupervised clustering analysis
with previously published ATAC-seq data on major
haematological cell types,>* all PDX tumours clustered
together and, as expected, their closest normal cell types
were cells of the B lymphocyte lineage, including naive
B (CD19P°CD27"°€), memory B (CDI19P%CD27P%),
plasmablast (CD19P%SCD27P°SCD138P°SCD20"¢8)
and common lymphoid progenitors (CLP,
Lin"*€CD34P°SCD38P*SCD10P*CD45RAPS) (Figures 1A
and S5a). Using the chromatin accessibility profiles of
normal B cells for comparison, we identified a set of differ-
entially accessible regions (DARs, Wald test, p adj < .01 by
pair-wise comparison) specifically active in PDX tumours
(Figure 1B, cluster 1; Figure S5b). The PDX-specific DARs
were significantly associated with leukocyte activation,
cytokine-mediated signalling, I-kappa-B/NF-kappa-B
(NF-xB) signalling and MAP kinase activity according
to GREAT analysis (see the Supporting Information
section) (Figure 1C). Moreover, chromVAR analysis (see
the Supporting Information section) of the ATAC-seq
data revealed a group of transcription factor (TF)-binding
motifs highly enriched in PDX tumours, including the
binding sequence motifs for AP-1 family, NF-x¥B family
and POU family (Figure 1D-F).

Next, to explore the trans-acting factors activated in
DLBCL, we performed RNA-sequencing (RNA-seq) on
PDX samples (n = 19, 9/10 PDXs had replicates) and
compared them with RNA-seq data set of CLP, naive B,

memory B and plasmablast,® as well as six reactive lymph
node hyperplasia (RLH), a benign condition character-
ized by the proliferation of non-neoplastic B lymphocytes
(Figures 2A and S5c,d). Based on k-means clustering analy-
sis, we identified two groups of TFs highly up-regulated in
PDX cells as compared to normal B-cell types (Figure 2B,
group 1 and 2 TFs). Group 1 TFs were also highly expressed
in RLH and enriched with genes of NF-xB family (e.g.
NFKBI, RELA, RELB), Spl zinc-finger protein family (e.g.
KLF16) and MYC/MAX family (e.g. MAX). Group 2 TFs
appeared to be specific to PDX tumours and included TFs
of AP-1 family (e.g. BATF, JDP2, FOS, JUN, ATF3, ATF5)
and POU family (e.g. POU2F2, POU3F1, POU5FI). By con-
trast, several well-established B-lineage determining TFs
(e.g. GATA3, FOXP3 and EOMES), and members of ETS
family (e.g. EBF1, ELF1, ETV6),*% were down-regulated
and might contribute to the differentiation defect of PDX
and RLH cells (Figure 2B, group 3 and 4 TFs). These
results were consistent with gene ontology analysis using
all differentially expressed genes (DEGs) (PDX vs. nor-
mal cells, or RLH vs. normal cells), which indicated that
DEGs enriched in PDX tumours were strongly associated
with MAPK pathway that utilizes AP-1 families of TFs for
signal transduction’ (Figure 2C). Consistently, the expres-
sions of AP-1 family and POU family TFs were specifically
increased in PDX tumours (Figure S6a,b). Together, these
results revealed an aberrant gene expression programme
characterized by activated AP-1 family and POU family
TFs, which distinguished DLBCL PDX cells from those of
normal B lymphocyte lineage and RLH.

Of note, we noticed considerable variations of TF expres-
sion and binding motif variations between MYC/BCL2
double expressor (DE) and non-DE subtype of DLBCL
PDX. For example, 9 DLBCL-enriched TFs were highly
expressed in DE subtype, including AP-1 family and POU
family (Figures 2D and S7). The chromatin profiles sur-
rounding the loci of these genes also appeared more acces-
sible in DE subtype based on ATAC-seq data (Figure 2E).
We thus hypothesized that these gene regulatory
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FIGURE 1 Cis-regulatory signatures of diffuse large B-cell lymphoma (DLBCL) patient-derived xenograft (PDX) models. (A) Principal

component analysis (PCA) plot of normalized reads counts in assay for transposase-accessible chromatin using sequencing (ATAC-seq)
peaks. Common lymphoid progenitors (CLP) (n = 5), naive B (n = 4), memory B (n = 4), plasmablast (n = 3) and PDX models (n = 10). (B)
Differentially accessible peaks between PDX models and each normal cell type. Dark blue shows the peaks that are more accessible in PDX

models. Light blue shows the peaks that are less accessible in PDX models. (C) Density heat map of normalized ATAC-seq signals. Gene

ontology terms associated with these peaks by GREAT analysis are shown on the right. Three clusters of peaks showed sample-specific
accessibility profiles. Cluster 1 and cluster 2 peaks were specific to PDX and CLP, respectively. (D) T-SNE plot using chromVAR motif
incidence deviation scores of the ATAC-seq experiments. (E) Hierarchical clustering of chromVAR motif deviation scores. k-Means analysis
(k = 3) revealed many transcription factor (TF) motifs that were respectively more active in differentiating B cells (including CLP, naive B and

memory B; group 1), plasmablast (group 2) and PDX (group 3). Representative TF families are shown on the right. (F) T-SNE plots of

representative motif deviation scores enriched in PDX models
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FIGURE 2 Transcriptomic signatures of diffuse large B-cell lymphoma (DLBCL) patient-derived xenograft (PDX) models. (A) Principal

component analysis (PCA) plot of RNA-sequencing (RNA-seq) data of common lymphoid progenitors (CLP) (n = 3), naive B (n = 4), memory
B (n = 3), plasmablast (n = 1), PDX models (9/10 PDXs had replicates, n = 19) and reactive lymph node hyperplasia (RLH) (n = 6). (B)
k-Means clustering (k = 4) of differentially expressed transcription factors (TFs). Group 1 and 2 TFs were up-regulated, whereas group 3 and 4
TFs were down-regulated, in double expressor (DE) subtype and non-DE subtype PDX cells with respect to cells of the B lymphocyte lineage.

(C) Gene ontology terms associated with genes enriched in PDX models (9/10 PDXs had replicates, n = 19) or RLH (n = 6), as compared to

normal cells (n = 11), including CLP (n = 3), naive B (n = 4), memory B (n = 3) and plasmablast (n = 1). The line is corresponding to p = .01.
(D) Dot plot of the differentially expressed genes between DE subtype (5/6 PDX had replicates, n = 11) and non-DE subtype (4/4 PDX had
replicates, n = 8) of PDX models. (E) Integrative Genome Browser view of assay for transposase-accessible chromatin using sequencing
(ATAC-seq) peaks in DE subtype (n = 6) and non-DE subtype (n = 4) of PDX models at the loci of indicated genes



\
4 0f7 CLINICAL AND TRANSLATIONAL MEDICINE LETTER TO EDITOR
(A) (B) (©)
RNA-seq BATF JDP2
M DE patient (n=55) [l non-DE patient (n=131) BATF & MYC @ BATF & BCL2 JDP2 & MYC ® JDP2 & BCL2
R=-0.0758 R=0.1927 R=0.2785 R=0.2202
Fold change
=0.3036 =0.0084 =0.0001 =0.0025
0 3 6 9 12 104 P P T P
c [
e X 5 5
BATF p=0.0031 2 @
- FC=1.816 £ g
x X
Ci L
*kk
JoP2 c»__n p<0.0001 g 2
= 4
FC=1.642 % =
w N
~
JUN E = a
p=0.0072 < q
FC=1.698 o . . . i , 2
2 4 6 8 10 2 4 6 8 10
FOS & p=0.0304 MYC/BCL2 mRNA expression MYC/BCL2 mRNA expression
FC=1.571
ATF3 $=0.0873 ATF5 (E) JDP2
FC=1.360 ATF5 & MYC ® ATF5 & BCL2 p=0.0003
R=0.1319 R=0.2265 FC=2.132
P p=0.0726 p=0.0019 p<0.0001
ATF5 p=0.0007 FC=1.810
FC=2.250 8 6 p=0.0373
2 8 FC=1523 ANOVA p value<0.0001
- Q
POU2F2 g p=0.0396 e 6 o
FC=1.273 3 s
=3
Z 4 T
POU3F1 p=0.0258 £ £
FC=1.455 © 21
= n=186
K R
POUSF1 p=0.0102 0 é "‘ '6 IS !
FC=2.306 MYC/BCL2 mRNA expression
(F) _ (©)] _ (H) _
R-CHOP PFS (n=155) R-CHOP PFS (n=155) R-CHOP PFS (n=155)
AP-1 family POU family p value OR (95% CI)
100 100 BATF  0.0948 }-+— 1.72(0.91-3.26)
p=0.0234 p=0.4454 JDP2 0.0075 —e—2.41(1.26-4.61)
>
= 75 _ 75 E|JUN 0.3058 —te— 1.39(0.74-2.63)
> [ -
2 §_ I |Fos 0.3788 —te— 1.33(0.71-2.51)
n 3 <
£ 50 2 50 ATF3  0.6019 —fe—  1.18 (0.63-2.23)
[
[
g 1 ATF5  0.1668 J-+— 1.57 (0.83-2.97)
o K .
25 25 £|POU2F2 08153 —¢—  0.93 (0.49-1.75)
-=-=median (1=76) ~+ >median (n=77) £|PoUsF1 0.6537—a— 087 (0.46-1.63)
—+ smedian (n=79 —+ <medi =78 o
0 (o°79) 0 median (nE78) &|pousF1 0.1891 Je— 153 (0.81-2.90)
0 40 80 120 160 0 40 80 120 160 051 2 4
Time (month) Time (month) Odds Ratio
(I) R-CHOP PFS (n=155) (J) AP-1 family (K) LASSO regression of AP-1 family
JDP2 6 6 6 6 6 6 6 54 44411 6 6 6 4 2 ]
100 11.2 1 T e P
o T . 0.3
2 T
§75 %11‘0_ e 0.2
E -] ]
® 3 . | g
2 | g
§°° 2108 | ‘ 5 0.1
e S - S
& = 3
2 g 10.6 L 7
~+ >median (n=78) § 00T |
| & ) 0.1
ol + <median (n=77) | ' H
T 5 T T T T T T T T T T T T T T T
0 40 80 120 160 7 -6 -5 -4 -3 2 -7 -6 -5 -4 -3 2

Log Lambda

Time (month) Log Lambda

FIGURE 3 Patient-derived xenograft (PDX) signatures distinguished double expressor (DE)-subtype from non-DE-subtype correlated
with disease progression in diffuse large B-cell lymphoma (DLBCL) patients. (A) Comparison of the mRNA expression of transcription factors
(TFs) between DE subtype (n = 55) and non-DE subtype of DLBCL patients (n = 131). Bonferroni correction is applied for multiple testings; *
indicates Bonferroni-adjusted p < .05, **p < .01, **p < .001. FC, fold change. (B-D) Pearson correlation analysis of BATF, JDP2 and ATF5 with
MYC/BCL2 mRNA expression. (E) Comparison of the mRNA expression of JDP2 among indicated groups. Data are represented as

mean =+ SD. FC, fold change. (F) Progression-free survival (PFS) curves of patients treated with R-CHOP (n = 155) according to the expression
of AP-1 family TFs. (G) PFS curves of patients treated with R-CHOP (n = 155) according to the expression of POU family TFs. (H)
Kaplan-Meier analysis of patients treated with R-CHOP (n = 155) according to the expression of each DLBCL signature TF. (I) PFS curves of
patients treated with R-CHOP (n = 155) according to the expression of JDP2. (J and K) Lasso regression analysis of AP-1 family TFs
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FIGURE 4 (A) Response of regulatory networks to tucidinostat and/or doxorubicin treatment in diffuse large B-cell lymphoma
(DLBCL). Schematic outline of study design on DLBCL patient-derived xenograft (PDX) models under tucidinostat and/or doxorubicin
treatments. (B) Tumour volume curves of PDX models under tucidinostat and/or doxorubicin treatment (left panel, n = 10 each group).

*p < .05, ¥*p < .01, ¥***p < .0001 compared with the untreated (green), tucidinostat (blue) or doxorubicin (yellow) group. Tumour volume
curves of double expressor (DE) subtype (pink, n = 6) and non-DE subtype (blue, n = 4) of PDX models under tucidinostat and doxorubicin
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signatures might be associated with the prognosis
of these two subtypes of DLBCL. To test this, we
examined RNA-seq data of 186 tumour samples from
newly diagnosed DLBCL patients treated with standard
immunochemotherapy rituximab, cyclophosphamide,
doxorubicin, vincristine and prednisone (R-CHOP,
n = 155) or those from a translational clinical trial of
tucidinostat plus R-CHOP (CR-CHOP; NCT02753647,
n = 31, Table S1). Of the TFs up-regulated in DLBCL
PDX cells, three - BATF, JDP2 and ATF5 — were signifi-
cantly up-regulated in DE subtype under the Bonferroni
correction (Figure 3A), and JDP2 was related to the
double expression of MYC and BCL2 in DLBCL patients
(Figure 3B-E). Univariate analysis showed that sample
enrichment scores® of AP-1 family TFs were significantly
related to poor progression-free survival (Figure 3F,G), the
expression of JDP2 alone was prognostically significant in
155 patients received R-CHOP (Figure 3H,I). Indeed, the
Lasso regression analysis showed that, among the AP-1
family TFs, JDP2 emerged as an independent prognostic
factor in R-CHOP-treated patients (Figure 3J,K). Addi-
tionally, in vitro experiments using a panel of DLBCL cell
lines indicated JDP2 as a critical factor in promoting MYC
and BCL2 expression (Figure S8), which supported the
importance of the AP-1 TF member, JDP2, in predicting
the prognosis of DLBCL patients.

Histone deacetylase inhibitors (HDACIs) are a major
group of anti-cancer agents that act through both epige-
netic and non-epigenetic mechanisms, leading to tumour
cell death, apoptosis and cell-cycle arrest.” In our transla-
tional clinical trial (NCT02753647), we found that incor-
porating HDACI tucidinostat to R-CHOP (CR-CHOP)
improved the clinical outcome of newly diagnosed DLBCL
patients, particularly in DE subtypes that are notoriously
refractory to R-CHOP.!” Interestingly, the combined treat-
ment of tucidinostat (12.5 mg/kg/day) and doxorubicin
(.6 mg/kg twice a week) profoundly inhibited the growth
of PDX tumours, an effect that was more obvious than
tucidinostat or doxorubicin alone (Figures 4A,B and S9).
We then collected biopsied tumour samples from these
PDX models at days 7 and 14 for RNA-seq analysis. Gene
set enrichment analysis revealed that NF-xB, MAPK, WNT
and NOTCH signalling pathways were significantly inhib-

ited upon combined treatment (Figure 4C-F), along with
the decreased expression of AP-1family TFs (Figure 4G,H).
Consistently, the adverse prognostic effect of AP-1 family
TFs, including JDP2, on R-CHOP-treated patients was no
longer significant among 31 patients received CR-CHOP
(Figure 41,J).

In conclusion, we established a series of PDX mod-
els for studying cis- and trans-regulatory factors involved
in DLBCL tumourigenesis. Together with the analysis of
patients receiving standard R-CHOP or novel CR-CHOP
regimen, our findings provided insights into epigenetic
and genetic regulatory signatures driving DLBCL progres-
sion and supported the use of tucidinostat in conjunction
SI with immunochemotherapy in treating DLBCL with
MYC/BCL2 double expression.
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