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Abstract: Targeting phosphatidylinositol 3-kinase 0 (PI3KJ) is an important therapeutic strategy for indolent non-
Hodgkin lymphomas (NHLs). However, we previously observed reactivation of phosphatidylinositol 3-kinase (PI3K)
pathways in aggressive NHL cell lines following continuous exposure to PI3KJ inhibitors (PI3Kai), which limited their
efficacy and suggests that more studies should be focused on this reactivation to improve current PI3Kdi-based
treatments. Herein we conducted a drug synergy screening that combined a marketed PI3Kai, idelalisib, with 14
well-characterized epigenetic drugs across several types of aggressive NHL cell lines. We identified BRD4 inhibitors
(BRD4i) as potent partners that, in combination with idelalisib, were capable of synergistically exerting anti-prolif-
erative activity and inducing cell apoptosis in a panel of aggressive NHL cell lines through continuous suppression
of PI3K pathways. More importantly, the combination of BRD4i and PI3Kdi simultaneously inhibited transcription
and translation of the oncogenic transcription factor c-MYC, downregulating the expression of c-MYC and continu-
ously suppressing the proliferation of cancer cells in vitro, as well as the growth of tumors in vivo even after drug
withdrawal. This study, thus, reveals the potential of simultaneously targeting PI3K3 and BRD4 as a new therapeutic
strategy for aggressive forms of NHL.
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Introduction for BCR signaling and are key driving factors in
several cancers [5-8].

Non-Hodgkin’s lymphoma (NHL) is the most

common hamatological malignant B-cell tumor
in humans and includes both indolent and
aggressive types. Despite improvements in
survival owing to the approval of several mo-
noclonal antibodies and kinase inhibitors, the
survival rate for NHL patients remains low due
to disease progression or recurrence [1]. Hen-
ce, there remains a need to develop safer and
more effective therapeutic strategies. Activat-
ing B-cell receptor (BCR) signaling is important
in the growth of lymphoid tumors derived from
mature B-cells [2-4]. Meanwhile, the phospha-
tidylinositol 3-kinases (PI3Ks), comprising four
catalytic isoforms (p110«, (3, v, and 0) and two
regulatory subunits (p85 and p101), are pivotal

The 0 isoform of the p110 catalytic subunit
(p1100) is highly expressed primarily in the
B-cell hematopoietic system and plays an es-
sential role in B-cell survival, migration, and ac-
tivation [9, 10]. Indeed, idelalisib (GS1101/
CAL-101), a PI3Kd inhibitor (PI3Kdi), was the
first agent approved by the US Food and Drug
Administration (FDA) to treat, in combination
with rituximab, indolent NHL (iNHL) and rela-
psed or refractory chronic lymphocytic leuke-
mia (CLL) [11-13]. In contrast to its significant
clinical benefit in iINHL and CLL, idelalisib was
not effective against aggressive NHLs [14, 15].
Reactivation of PI3K-dependent pathways af-
ter PI3Ki treatment was reported in several
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types of malignancies, which could partially
explain disease relapse [16]. Moreover, activa-
tion of the MYC proto-oncogene, bHLH tran-
scription factor (MYC) also overrides PISK/AKT/
mTOR-dependent proliferation in multiple can-
cer cell lines [17]. Therefore, to improve the effi-
cacy of PI3Kdi against aggressive NHL, two
important problems must be solved: (i) prevent-
ing of reactivation of the PISK pathway after
PI3Kdi treatment by ensuring durable inhibition
and (ii) downregulation of MYC expression to
restore sensitivity to PI3Kdi.

PI3Kdi-based combinations, such as idelalisib
and ibrutinib or rituximab, have been approved
by the FDA and demonstrated significant clini-
cal efficacy, however, only a few patients with
aggressive NHL have benefited from the cur-
rent combinatorial therapies. In addition, most
combination strategies are in the preclinical
stage or in early clinical trials [18]. Additional
combinations need to be developed to benefit
more NHL patients and to provide more thera-
peutic options.

Epigenetic proteins are fundamental compo-
nents that control gene expression and have
been unequivocally linked to tumorigenesis
and tumor progression [19-22]. Several small
molecules targeting epigenetic proteins have
been reported for cancer therapy. These epi-
genetic modulators, which function at the gene
level by regulating the expression of oncogen-
es and anti-oncogenes, provide us with possi-
ble strategies to address the limitations of tra-
ditional kinase inhibitors that act only on sin-
gle signaling pathways. Furthermore, several
clinical and preclinical studies have provided
convincing evidence that the combination of
epigenetic modulators and kinase inhibitors is
an attractive therapeutic strategy [18, 23].
Therefore, combining epigenetic and kinase
inhibitors could provide improved alternative
treatment options for some patients.

The bromodomain and extra-terminal domain
(BET) family of proteins (BRD2, BRD3, BRD4,
and BRDT) constitute epigenetic readers that
regulates gene transcription through recogniz-
ing acetylated-lysine residues in nucleosome
histones, facilitating the recruitment of tran-
scriptional factors to chromatins and subse-
quently regulating the transcription of cell pro-
liferation-related genes such as MYC and MYCN
[19]. BRD4i, specifically, comprises a class of
epigenetic inhibitors for lymphoma, acute leu-
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kemia, and various solid tumors treatments
and are used in drug combination therapies
to overcome adaptive resistance of different
types of cancer [24-26].

Here, we established a platform to systema-
tically screen epigenetic inhibitors along with
PI3Kdi to improve the response of aggressive
NHLs to PI3Kd inhibition. BRD4i showed a po-
tent synergistic effect with idelalisib against
aggressive NHLs, including GCB-DLBCL, MCL,
and BL, that was always involved in drug com-
bination therapies and might overcome adap-
tive resistance mechanisms [24-26]. The result-
ing combination of PI3Kdi and BRD4i was fur-
ther investigated for in vitro and in vivo antican-
cer effects and their mechanisms of action
were elucidated in different aggressive NHL
models. To further validate the therapeutic ad-
vantages of this co-treatment, the in vitro and
in vivo anticancer effects after drug withdrawal
were also evaluated. This study provides a fo-
undation for further investigation of PI3K&i and
BRD4i combinatorial therapy for the clinical
treatment of aggressive NHL.

Materials and methods
Cell culture and preparation of compounds

All cell lines used for in vitro and in vivo experi-
ments were purchased from American Type
Culture Collection (Manassas, VA, USA) in 2017.
SU-DHL-6, SU-DHL-4, JEKO-1 cells were authen-
ticated using DNA fingerprinting short-tandem
repeat (STR) assays, other cell lines were not
authenticated. Cells were cultured in Rosewell
Park Memorial Institute (RPMI) 1640 media
supplemented with 20% fetal bovine serum
(Gibco, Grand Island, NY, USA) and Penicillin-
Streptomycin (Life Technologies. Carlsbad, CA,
USA) under humidified conditions at 37°C, 5%
carbon dioxide. Cells were cultured for less
than 3 months.

All compounds were obtained from Selleckch-
em (Houston, TX, USA) in 2017. Inhibitors for
in vitro studies were dissolved in Dimethyl
Sulfoxide (DMSO) to 10 mM stock solutions
and stored at -80°C.

Cell proliferation assay and drug synergism
analysis

CellTiter 96® AQueous One Solution Cell Proli-
feration Assay (Promega, Madison, WI, USA)
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was used according to manufacturer’s proto-
col. Briefly, cells were seeded (6 x 103-8 x 103
cells per well) in 96-wells plates and then treat-
ed with different doses of drugs in a total vol-
ume of 200 L. After indicated times, 10 uL
of CellTiter 96® AQueous One Solution rea-
gent was added to the cells and incubated
for 2-4 h at 37°C and luminescence was mea-
sured using a microplate spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA) at
495 nm. The IC, values were calculated using
the GraphPad Prism 7 software (GraphPad,
Inc., La Jolla, CA, USA).

The 6*6 orthogonal design was used for ana-
lyzing the effects of drug combinations and
drug synergism using CompuSyn software (ver-
sion 1.0), which is based on the combination
index-isobologram theorem (Chou-Talalay) and
generates combination index (Cl) values. Whe-
re CI>1.4 indicates strong antagonism, CI>1.2,
<1.4 indicates antagonism, CI>0.8, <1.2 indi-
cates nearly additive, CI>0.6, <0.8 indicates
synergism and CI<0.6 indicates strong syner-
gism.

Cell apoptosis analysis

The apoptosis assay was conducted using flow
cytometry (FCM). Cells were treated with idelal-
isib and JQ1 alone or in combination for 24, 48,
72 h, respectively. Next, the cells were harvest-
ed and washed with PBS, and stained with an
annexin V-fluorescein isothiocyanate (FITC)/pro-
pidium iodide (Pl) apoptosis detection kit (Ro-
che, Indianapolis, IN, USA) according to the
manufacturer’s protocol. A minimum of 1 x 10
cells were analyzed using the BD FACSCanto™
Il (BD Biosciences, San Jose, CA USA) and the
data was processed with FlowJo software
(V10.4, Ashland, OR, USA).

Western blotting analysis

Cells were treated with idelalisib and JQ1 alone
or in combination for indicated time, and then
were harvested and washed with PBS. The har-
vested cells were lysed in RIPA buffer (Beyoti-
me, Beijing, China) supplemented withcocktail
(1:2000) and phosphatase inhibitors (Roche,
Basel, CH) for 30 min and equalized before
loading. The samples were separated by SDS-
PAGE and transferred onto nitrocellulose (NC)
filter membranes (Merck Millipore, MS, USA).
The membranes were incubated with appropri-
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ate primary antibody overnight at 4°C, wash-
ed thrice and then incubated with correspon-
ding secondary antibody. Chemiluminescence
detection were used to detect specific protein
bands. Details of the antibodies used in this
article can be found in the Table S1.

Quantitative real time-PCR (qRT-PCR) analysis

Cells were treated with idelalisib and JQ1 alone
or in combination, for 24 h. Total cellular RNA
was extracted using an mRNeasy kit (QIAGEN,
Valencia, CA), with DNAse treatment and RNA
was reverse transcribed into cDNA with the
Gene touch System (Bioer, CN), following manu-
facturer’s protocol (Mei 5 Biotechnology, Co.,
Ltd). Targeted gene expression was performed
using SYBR Green RT-PCR Kit from Takara on a
BIO-RAD CFX96 Real-Time PCR system, follow-
ing manufacturer’s instructions. The PCR prim-
er sequences used in this article can be found
in the Table S2.

Xenograft mouse model

NOD-SCID (6- to 9-week-old) mice used in this
study were purchased from Beijing HFK bios-
cience Co. Ltd (Beijing, China). Mice mainte-
nance were performed in a specific-pathogen-
free (SPF) condition facility and all animal ex-
periments were approved by the Institutional
Animal Care and Treatment Committee of Si-
chuan University in China (Permit Number:
20170135), which were carried out in accor-
dance with the approved guidelines. Mice were
subcutaneously inoculated with ~1 x 107 SU-
DHL-6 or JEKO-1 cells. Once the mice devel-
oped tumors of approximately 100 mm?2, they
were randomly divided into four groups: (i) Ve-
hicle (Vehicle, oral gavage, n = 5); (ii) Idelalisib
(25 mg/kg, oral gavage, n = 5); (iii) JQ1 (50 mg/
kg, oral gavage, n = 5); (iv) Combination group 1
(25 mg/kg idelalisib plus 50 mg/kg JQ1, oral
gavage, n = 5). The treatment groups, or the
vehicle group (2.5% DMSO, 2.5% ethyl alcohol,
10% castor oilin normal saline (NS) solution)
were administered at the indicated doses once
per day for 18 or 21 days. Tumor volumes were
measured by electronic slide caliper every th-
ree days and calculated using the following
formula: tumor volume (mm3) = 0.52 x length x
width2. After administration, three mice were
euthanized and tumors were extracted, others
were monitored for 12 or 9 days, at which time
mice were euthanized and tumors were extract-
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ed. The tumor growth inhibition (TGI) values
were calculated with the following formula: TGl
= [1—aTn-TO)/(Cn-CO)] x 100%, where TO repre-
sents average tumor volume before treatment
and T represents average tumor volume that of
n dayns after treatment. C_represents average
tumor volume before treatment and Cn repre-
sents average tumor volume on day n after
treatment in vehicle group.

Immunohistochemistry (IHC) analysis

Tumor tissues were fixed overnight in 4% para-
formaldehyde and then embedded in paraffin.
Sections were subjected to immunohistochemi-
cal staining with antibody following standard
protocols after cut into 5 um sections. The anti-
bodies are listed in the Table S1. The investiga-
tor who measured Immunohistochemistry (IHC)
analysis was unaware of group allocation.

Statistical analysis

The Student’s t-test was used to examine sta-
tistically significant differences between con-
trol and treatment groups. All statistical analy-
ses were performed using SPSS software (Ar-
monk, NJ, USA) and quantitative results are
expressed as mean values + SD. Statistically
significant P-values were expressed as follows:
*P<0.05; **P<0.01; ***P<0.001.

Results

Drug combination screening identified syner-
gistic effects of BRD4i and PI3Kdi

To determine whether epigenetic regulatory
molecules sensitize aggressive NHL cells to PI3-
Kdi, we screened drug combinations using the
SU-DHL-6 DLBCL cell line, which highly expre-
sses and modestly responds to PI3KA3. An FDA-
approved PI3KJi, idelalisib (GS1101/CAL-101),
and 14 well-characterized epigenetic inhibi-
tors targeting seven epigenetic regulators (two
compounds for each class, Figures 1A and S1)
were initially screened using SU-DHL-6 cells
that were treated for five days with each com-
bination. The average combination index (Cl)
values of idelalisib and each epigenetic dr-
ug are summarized in Figure 1A. Two BRDA4i
(JQ1 and OTX015) showed strong synergis-
tic effects with idelalisib in the SU-DHL-6 cell
line.
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This observation was also validated by the sig-
nificantly higher inhibition of phosphorylated
AKT (p-AKT), a representative marker of PI3K
pathway activation, induced by co-exposure to
JQ1 and idelalisib than exposure to other com-
binations (Figure 1B). Inhibition of the PI3K sig-
naling by idelalisib was only transient because
AKT phosphorylation rebounded over time, in-
dicating PI3K pathway reactivation (Figure 1B).
Consistent with our initial cell proliferation sc-
reening, additing a BRD4i (JQ1) strongly atte-
nuated p-AKT reactivation in SU-DHL-6 cells,
whereas other epigenetic drugs did not exhibit
satisfactory inhibition (Figure 1B). The results
of the two methods were consistent and the
correlation analysis between the two screening
methods showed that there was a positive cor-
relation between the combination index and
the inhibition rate of p-AKT, indicating that the
effectiveness of the drug combination effec-
tiveness was closely related to the continuous
inhibition of the downstream of PI3K pathway
(Figure 1C).

These findings were validated using eight cell
lines originating from three main aggressive
NHL types, DLBCL (SU-DHL-6, SU-DHL-4, and
OCI-LY-3), MCL (JEKO-1 and Granta 519), and
BL (namalva, CA-46, Raji, and Ramos). In addi-
tion, other hematological cell lines were investi-
gated, including the acute myeloid leukemia
MV4-11 cell line and two T-cell acute lympho-
blastic leukemia cell lines CCRF-CEM and Jur-
kat cell lines, which reportedly express PI3KA.
Consistently, a synergistic effect was observed
with the combination of idelalisib and JQ1 in
the eight tested cell lines derived from NHL
while only additive to antagonistic effects were
observed in the other hematological cell lines
(Figure 1D, 1E).

Idelalisib and JQ1 mildly inhibited cell prolifera-
tion in assays of the three aggressive NHL cell
lines. The half-maximal inhibitory concentration
(IC,,) values of idelalisib and JQI against SU-
DHL-6, SU-DHL-4, and JEKO-1 cells were 117,
300, and 123 nM, respectively, and 59, 122,
and 88 nM, respectively (Figure 1F). Additi-
onally, cell viability assays showed strong syn-
ergistic effects with the combination of idelal-
isib and JQ1 in SU-DHL-6, SU-DHL-4, and JEKO-
1 cells treated for 5 days (Figure 1G, 1H, all
median confidence intervals [Cls]<0.5). How-
ever, this drug combination did not show strong
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Figure 1. A. A total of 14 well-characterized compounds targeting seven classes of epigenetic regulators were tested in a combination screening with the PI3Kdi
idelalisib, in DLBCL SU-DHL-6 cell. The CI values are described as synergism (Cl<1), additive effect (Cl=1), and antagonism (CI>1). The color intensity showed the
mean of Cl (blue, synergism; red, antagonism). B. Western blotting analysis of p-AKT expression after exposure to the seven classes of epigenetic regulators alone
or in combination with idelalisib. C. The correlation analysis between between the combination index and the inhibition rate of p-AKT. D. Mean Cl values obtained
in 12 lymphoma cell lines treated with different concentrations of idelalisib in combination with JQ1. Y-axis, Cl (CI<0.8, synergism; 0.8<CI<1.2, additive effect;
CI>1.2, antagonism). Results are expressed as mean * SD. E. Mean Cl values and 95% Confidence Intervals (C.l.) of the combination upon treatment with idelalisib
in combination with JQ1. F. Dose-inhibition curves for SU-DHL-6, SU-DHL-4 and JEKO-1 cells treated with the indicated concentrations of idelalisib and JQ1 alone.
Data represent average * SD of three replicates. G. Cl values for SU-DHL-6, SU-DHL-4 and JEKO-1 cells when treated with idelalisib in combination with JQ1 at the
indicated concentrations. Mean Cl values represents data from at least three independent experiments are shown. H. The combination effects (Cl values) of two
BRD4 inhibitors (JQ1 and OTX015) in combination with idelalisib in SU-DHL-6, SU-DHL-4, and JEKO-1 cells.

220 Am J Cancer Res 2021;11(1):215-235



Synergistic effects of BRD4i and PI3Ki on aggressive NHL

synergistic effects until after 72 h (Figure S2),
probably because epigenetic regulators might
take longer to exert anti-proliferative activity
[20-22].

Furthermore, the synergistic anti-proliferative
effects of BRD4 and PI3Kd inhibition against
the three aggressive NHL cell lines were fur-
ther validated by combining other BRD4i (OT-
X015 and AZD5153) with idelalisib, indicating
that the combined effect of idelalisib and a
BRD4i was not specific to one agent (Figures
1H and S3A).

Combined PI3Kd and BRD4 inhibition syner-
gistically induced apoptosis of aggressive NHL
cell lines

Both PI3K& and BRD4 protein inhibition obstr-
uct cell proliferation by inducing apoptosis [12,
24]. Therefore, we speculated that combining
a PI3Kdi and a BRD4i could enhance cancer
cell apoptosis. We assessed induction of ap-
optosis after single or combined exposure to
inhibitors in the three NHL cell lines using an-
nexin V (AnnV) and propidium iodide (PI) co-
staining followed by flow cytometry. Time-de-
pendent apoptotic cell death was observed in
SU-DHL-6, SU-DHL-4, and JEKO-1 cells follow-
ing treatment with idelalisib and JQ1 alone, as
well as in combination (Figure 2A, 2B).

Furthermore, apoptotic cell proportion in the
co-treated group was significantly higher than
that in either single inhibitor-treated group. Mo-
reover, treatment of all three cells lines with
idelalisib and JQ1 together for only 24 h signifi-
cantly induced apoptosis, whereas either single
drug exposure only slightly increased apoptosis
(Figure 2A, 2B). These results suggest that the
combination of idelalisib and JQ1 exerted syn-
ergistic anti-proliferative activity by enhancing
and accelerating apoptosis.

We next examined the expression patterns of
apoptosis-related proteins (poly-ADP ribose po-
lymerase [PARP], B-cell lymphoma 2 [BCL2]
family, and caspase 3) in these cell lines. Wes-
tern blotting showed that idelalisib combined
with JQ1 induced cleavage of PARP and cas-
pase-3, two important indexes of cellular ap-
optosis, more potently than single treatment,
which showed only a minimal effect (Figure
2C). Moreover, the combinatorial strategy also
downregulated expression of BCL2 family pro-
teins, including the anti-apoptotic BCL2 and
BCL2-like 1 (BCL2L1, also known as BCL-X) pro-
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teins. In addition, the synergistical apoptosis
inhibition of BRD4 and PI3Kd in the aggressive
NHL cell lines was further validated by combin-
ing another bivalent BRD4i (AZD5153), with
idelalisib, indicating that the combined benefi-
cial effect of idelalisib and BRD4i was not de-
pendent on a specific BRD4i (Figure S3B, S3C).

Combined PI3Kd and BRD4 inhibition blocked
PI3K signal reactivation in aggressive NHL cell
lines

Previously, we found that reactivation of p-AKT
in SU-DHL-6 cells after exposure to PI3Kdi was
suppressed by BRD4i (Figure 1A). To elucidate
the effects of BRD4i on PI3K pathway reactiva-
tion and of combining PI3Kdi and BRD4i in
growth inhibition, we first treated all three cell
lines with different concentrations (0.1-9 uM)
of idelalisib or JQ1 and examined the effects on
protein expression. Western blotting analysis
indicated that idelalisib or JQ1 treatment alone
caused a dose-dependent downregulation of
p-AKT and c-MYC expression at the indicated
times in all cell lines (Figure 3A).

We then treated all three cell lines with idelal-
isib and JQ1 alone or in combination and har-
vested cells at multiple time points (0, 2, 4, 8,
12, 24, and 48 h) from all three cell lines. We
found that treatment with JQ1 downregulated
p-AKT expression and the downstream path-
way, as well as ¢c-MYC, in a time-dependent
manner in all cell lines (Figure 3B). However,
idelalisib treatment only transiently blocked
the PI3K signaling, as evidenced by the resto-
ration of AKT, P70S6K, and 4E-BP1 phosph-
orylation 4-24 h later. The expression levels of
these proteins recovered to the same or even
higher levels than those of the control group
after sustained idelalisib treatment (Figure 3C).
The combination of JQ1 and idelalisib inter-
fered with p-AKT restoration and consequently
attenuated reactivation of the downstream pa-
thway and ¢-MYC for up to 48 h in all three
cell lines (Figure 3C). Consistently, combining
AZD5153 with idelalisib also synergistically
suppressed the PI3K pathway consequently
(Figure S3D).

Combined PI3K0di and BRD4 inhibition simul-
taneously inhibited ¢c-MYC transcription and
translation

Previous studies have reported that c-MYC
upregulation impairs responses to PI3Ks, which
may be a potential mechanism of resistance to
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Figure 2. Combined PI3Kd and BRD4 inhibition induced synergistic apoptosis of aggressive NHL cell lines. A. FCM analysis of the degree of apoptosis in three cell
lines after treatment with idelalisib alone or in combination with JQ1 for 24, 48, 72 h. For SU-DHL-6 and JEKO-1, idelalisib and JQ1 were at 1 uM; for SU-DHL-4,
idelalisib and JQ1 were at 3 uM. B. Quantification of the FCM analysis was shown. *P<0.05, **P<0.01, ***P<0.001. The combined group vs idelalisib or JQ1 alone.
Results are expressed as mean + SD. C. Western blotting analysis of apoptosis cascade related protein expression levels, including cleaved PARP, BCL2, BCL2L1
and cleaved caspase-3, after treated by idelalisib and JQ1 alone or in combination for 72 h.
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Figure 3. Combined PI3Kd and BRD4 inhibition blocked PI3K signal reactivation in aggressive NHL cell lines. A. Western blotting analysis for p-AKT, AKT and ¢c-MYC
after treatment with idelalisib for 24 h or JQ1 for 48 h. For SU-DHL-6 and JEKO-1, idelalisib and JQ1 were at 1 uM; for SU-DHL-4, idelalisib and JQ1 were at 3 uM. B.
SU-DHL-6, SU-DHL-4 and JEKO-1 cells were treated with JQ1 for the indicated time points, and the expression levels of p-AKT, AKT, p-P70S6K, P70S6K, p-4EBP1,
4EBP1 and c-MYC were assessed by western blotting. For SU-DHL-6 and JEKO-1, JQ1 was at 1 uM; for SU-DHL-4, JQ1 was at 1 uM. C. Western blotting analysis in
SU-DHL-6, SU-DHL-4 and JEKO-1 cells treated with idelalisib with or without JQ1 for the indicated time points. For SU-DHL-6 and JEKO-1, idelalisib and JQ1 were at
1 uM; for SU-DHL-4, idelalisib and JQ1 were at 3 uM.
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this class of drugs with direct clinical implica-
tions [17]. We have demonstrated that combin-
ing a PI3KOdi (idelalisib) with a BRD4i (JQ1) sup-
pressed c-MYC protein expression in DLBCL
and MCL cell lines. Next, we sought to examine
the mechanism of action of this drug combina-
tion on ¢-MYC by analyzing transcription and
translation. Exposure to idelalisib or JQ1 alone
reduced c-MYC protein levels in a concentra-
tion dependent manner, whereas co-treatment
resulted in a more significant reduction (Figure
3A-C).

Furthermore, expression of c-MYC was not re-
stored by a potent proteasome inhibitor, MG-
132, implying that idelalisib and JQ1 alone or
in combination could not induce degradation of
c-MYC (Figure 4A). Studies have demonstrat-
ed that BRD4 inhibition downregulates c-MYC
expression by inhibiting transcription [27, 28].
Our subsequent quantitative real time-PCR
(QRT-PCR) analysis showed that JQ1 alone, but
not idelalisib, substantially reduced the tran-
scription of c-MYC (Figure 4B). Furthermore, ad-
ding idelalisib also did not increase the inhibi-
tion of transcription by JQ1, suggesting that the
enhanced inhibition of ¢c-MYC expression by
co-treatment with idelalisib and JQ1 could not
synergistically suppress transcription of c-MYC
(Figure 4B).

Previous studies have reported that idelalisib
stimulated the mTOR pathway through AKT
and further activated P70S6K and 4EBP-1, ac-
tivating target translation in DLBCL and MCL
cells [29, 30]. To further confirm the effect of
combining these two drugs on ¢-MYC transla-
tion, we performed western blots on the three
cell lines against two well-known translation-
related targets of the PI3K pathway, eukaryo-
tic translation initiation factor 4B (elF4B) and
elFAE. As shown in Figure 4C, elF4B and elF4AE
proteins were significantly reduced in the com-
bination groups of all cell lines, confirming th-
at co-treatment with idelalisib and JQ1 sup-
pressed translation of ¢c-MYC (Figure 4C). To-
gether, these results demonstrate that com-
bined PI3Kd and BRD4 inhibition served to
control the expression of c-MYC protein by spe-
cifically silencing its transcription and transla-
tion, increasing the response to PI3Kdi (Figure
4D).

225

Combined of PI3K6 and BRD4 inhibition sup-
pressed tumor growth of aggressive NHL in
vivo

The combination of idelalisib and JQ1 exhibited
high synergistic activity in vitro. Therefore, we
assessed the efficacy of the compounds alone
or in combination in reducing tumor growth of
two in vivo lymphoma models: SU-DHL-6 and
JEKO-1 cells engrafted into NOD-SCID mice
(Figure 5A). Strikingly, the idelalisib and JQ1
combination greatly reduced tumor growth in
both models more than either compound al-
one (Figure 5A, 5B). In the SU-DHL-6 model,
idelalisib and JQ1 exhibited tumor growth inhi-
bition (TGI) of 48.76% and 54.15%, respective-
ly, whereas co-treatment showed near stasis
with a TGl of 70.64%. In the JEKO-1 model, ide-
lalisib and JQ1 alone or in combination result-
ed in TGl of 48.86%, 59.20%, and 78.00%, re-
spectively, implying that the observed syner-
gistic in vitro anti-proliferative activity was re-
produced in vivo. In addition, both mono- and
co-treatments were well tolerated by the mice
with no body weight loss was detected (Figure
5C).

To validate the in vivo assay results, we evalu-
ated the expression of PI3K pathway proteins,
p-AKT, p-4EBP1, p-P70S6K, and c-MYC and the
apoptosis marker, cleaved caspase 3, using
immunohistochemical (IHC) analyses of tumor
samples from the established mouse models.
The p-AKT-, p-4EBP1-, p-P70S6K-, and c-MYC-
positive areas of the IHC staining decreased
more markedly in the idelalisib and JQ1 combi-
nation group than in the single agent groups,
whereas more cleaved caspase 3-positive cells
were observed (Figure 5D, 5E). Cumulatively,
these findings suggest that combining PI3Kdi
and BRD4 inhibition suppressed the growth of
aggressive NHL in vivo.

Combined PI3Kd and BRD4 inhibition sup-
pressed aggressive NHL after drug withdrawal

Based on the high synergistic effect of with ide-
lalisib and JQ1 co-treatment, specifically result-
ing in inhibtion of the PI3K pathway and c-MYC,
we evaluated the potential residual anti-pro-
liferative effects after drug withdrawal. Cell
counting assays indicated that 24 h after wi-
thdrawal of idelalisib or JQ1 alone, cancer cells

Am J Cancer Res 2021;11(1):215-235
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Figure 4. Combined PI3Kdi and BRD4 inhibition simultaneously inhibited c-MYC transcription and translation. A. Western blotting analysis for c-MYC in idelalisib and
JQ1 treatment alone or in combination after addition of MG-132 (10 uM). B. Expression levels of c-MYC mRNA in SU-DHL-6, SU-DHL-4 and JEKO-1 cells treated as
indicated for 24 h. For SU-DHL-6 and JEKO-1, idelalisib and JQ1 were at 1 uM; for SU-DHL-4, idelalisib and JQ1 were at 3 yM. *P<0.05, **P<0.01, ***P<0.001. The
combined group vs idelalisib or JQ1 alone. Results are expressed as mean + SD. C. Western blotting analysis for two translation-related targets of PI3Ks pathway,

namely elF4B and elFAE after treatment with idelalisib and JQ1 alone or in combination for 48 h. D. A schematic model of the mechanism of PI3K&i and BRD4
inhibition in c-MYC and results in effects c-MYC transcription and translation program.
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Figure 5. Combination of PI3Kd and BRD4 inhibition suppressed tumor growth of aggressive NHL in vivo. In-vivo efficacy of idelalisib and JQ1 alone or in combination
in SU-DHL-6 and JEKO-1 xenograft models (n = 5). NOD-SCID mice were orally treated with vehicle control, idelalisib (25 mg/Kg), JQ1 (50 mg/Kg) or in combination
once every day for indicated days. A. Volume of tumors from sacrificed mice are shown, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Mean tumor volumes
+ SD. B. Weight of tumors from sacrificed mices were shown, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (Horizontal lines represent the means * SD). C.
Data showing average body weight changes of the vehicle, idelalisib, JQ1 and the combined group treated mice in xenograft model. Points, mean value; bars, SD. D.
Tumor tissues from SU-DHL-6 and JEKO-1 xenograft treated with vehicle control, idelalisib, JQ1 and the combined group for indicated days were immunohistochemi-
cally analyzed with anti-p-AKT, anti-p-P70S6K, anti-p-4EBP1, c-MYC and anti-cleaved caspase-3 (n = 4). Representative images were shown. Scale bar = 50 uym. E.
Quantification of percentage of positive staining was shown. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The combined group vs idelalisib or JQ1 alone.
Horizontal lines represent the means + SD.
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survived and proliferated continuously for up to
72 h. In contrast, the combination group cells
did not proliferate after prolonged withdrawal
(Figure 6A). These results demonstrate that
the combination of idelalisib and JQ1 continu-
ed to inhibit the growth of SU-DHL-6 and JEKO-
1 cancer cells after withdrawal.

Consistent with the results of the anti-prolifera-
tive assay, the levels of AKT, P7T0S6K, 4E-BP1,
and ¢c-MYC phosphorylation in the combination
group were persistently downregulated follow-
ing drug withdrawal, while in the single drug
groups the phosphorylation of PI3K downstre-
am components were readily restored after dr-
ug withdrawal (Figure 6B). These results sug-
gested that the combination strategy may achi-
eve superior anti-tumor activity in vivo com-
pared to single drug application.

We next assessed the in vivo residual anti-
tumor efficacy of the combination strategy af-
ter drug withdrawal in two lymphoma models.
In particular, rats treated with idelalisib (25
mg/kg) or JQ1 (50 mg/kg) alone exhibited ra-
pid tumor regrowth 12 and 9 days after drug
withdrawal in the SU-DHL-6 and JEKO-1 cell
models, respectively. Contrastingly, the combi-
nation group showed a durable anti-tumor res-
ponse even after drug withdrawal in vivo, with
only a slight increase in tumor volume (Figure
6C). Furthermore, the p-AKT-, p-4EBP1-, p-
P70S6K-, and c-MYC-positive area of the IHC
staining in the co-treated group also consis-
tently decreased (Figure 6D, 6E).

Discussion

BCR signaling and the downstream PI3K path-
way play several important roles in lymphoid
tumors derived from mature B-cells and con-
tain various potential therapeutic targets [2-4].
PI3K3d is highly expressed, primarily in the B-cell
hematopoietic system, and is crucial for B-cell
survival. Currently, targeting PI3K3d has been
one of the most successful strategies for treat-
ment of iINHL and CLL [9-11]. However, pati-
ents with aggressive NHLs, such as DLBCLs
and MCLs, have fewer therapeutic options as
they do not experience significant clinical ben-
efit from PI3KJ inhibitors.

In the current study we have demonstrated th-
at idelalisib failed to continuously suppress
PI3K signaling in aggressive NHL cell lines (Fi-
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gure 3C), demonstrating that new therapeutic
strategies are needed to for sensitize aggres-
sive NHLs to PI3Kai treatment. Drug combina-
tions can effectively enhance anticancer drug
efficacy and reduce the emergence of drug
resistance. We, therefore, screened epigenetic
drugs to identify possible candidates that co-
uld be combined with idelalisib to prevent PI3K
pathway reactivation after treatment and inhib-
it the proliferation of aggressive NHL cell lines.

Activity analysis of the 14 compounds against
seven epigenetic targets led to the identifica-
tion of two BRD4 inhibitors, JQ1 and OTX015,
that exhibited the most significant effect on
downregulating p-AKT and showed strong syn-
ergistic anti-proliferative effects in combination
with idelalisib in a panel of aggressive NHL cell
lines. Moreover, the synergistic anticancer ef-
fects were further reproduced in several DLBCL
(SU-DHL-6, SU-DHL-4) and MCL (JEKO-1) cell
lines as well as two xenograft models. More
importantly, the synergistic anticancer effects
persisted both in vitro and in vivo even after
prolonged drug withdrawal, demonstrating the
effectiveness of co-treatment with PI3Kdi and
BRD4i. Further investigations revealed that the
synergistic anti-tumor effects of co-treatment
with PI3Kdi and BRD4i could be attributed to
(i) BRD4i enhancing the inhibitory activity of
idelalisib on the PI3K pathway, which further
induced the expression of apoptotic proteins
and inhibited expression of anti-apoptotic pro-
teins thereby enhancing apoptosis; (ii) co-treat-
ment with BRD4i and idelalisib simultaneously
inhibited transcription and translation of c-MYC,
which synergistically downregulated c-MYC ex-
pression; (iii) sustained downregulation of the
PI3K pathway and c-MYC protein expression
induced by the combination strategy continu-
ously suppressing cell proliferation and tumor
growth in vivo over a longer period than that
induced by any single drug.

A recent study has also reported that BRD4
inhibition blocked feedback activation of nu-
merous tyrosine kinase receptors (RTKs), whi-
ch could activate PI3K signaling pathways.
Meanwhile, combining a pan-class | PI3Ki and
BRD4i sustained PI3K pathway inhibition and
enhanced tumor cell death [16]. Inhibition of
BRD4 also inhibited nuclear factor (NF)-kB
and attenuated expression of several NF-kB-
activated pro-growth and pro-survival genes,

Am J Cancer Res 2021;11(1):215-235
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Figure 6. Combined PI3Kd and BRD4 inhibition suppressed aggressive NHL after drug withdrawal. A. The quantifications of live cells after drug withdraw of the
indicated groups were in the bottom panel. *P<0.05, **P<0.01, ***P<0.001 vs base line (zero). B. Western blotting analysis of p-AKT, AKT, p-P70S6K, P70S6K,
p-4EBP1, 4EBP1 and c-MYC after drug withdraw of idelalisib and JQ1 alone or combined group for the indicated time points. C. In-vivo efficacy after drug withdraw
as indicated group were shown. Mean tumor volumes + SD of tumors from sacrificed mice (Horizontal lines represent the means + SD), *P<0.05, **P <0.01,
***P<(0.001, ****P<0.0001. D. Tumor tissues from SU-DHL-6 and JEKO-1 xenograft of drug withdraw as indicated group were immunohistochemically analyzed
with anti-p-AKT, anti-p-P70S6K, anti-p-4EBP1, c-MYC (n = 4). Representative images were shown. Scale bar = 50 ym. E. Quantification of percentage of positive
staining was shown. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The combined group vs idelalisib or JQ1 alone. Horizontal lines represent the means + SD.
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including BTK, in MCL cells [26]. These effects
could indirectly inhibit activation of the PI3K
pathway and rationally explain our observation
that BRD4i inhibited feedback activation of the
PI3K pathway after idelalisib treatment.

Moreover, previous studies have reported that
BETi enhanced the susceptibility of the ABC-
DLBCL and BL cell line-line derived lymphomas
to PI3Ki. This synergistic effect depends on
glycogen synthase kinase 3B (GSK3B) feed-
back induced by BRD4i, which is a result of the
consequential increase of p-GSK3B S9 expr-
ession levels [18]. In GCB-DLBCL and MCL cell
lines, BRD4i had no significant effect on p-
GSK3p S9 expression levels, however, persis-
tently inhibited the PI3K downstream pathway
in combination with the selective PI3Kdi. We
speculated that the inhibitory feedback regula-
tion of GSK3B was not the primary mechani-
sm mediating the synergistic anti-proliferative
effect of PI3Kdi and BRD4i on GCB-DLBCL and
MCL cell lines.

c-MYC is one of the most frequently altered
genes in aggressive NHL cell lines, and is thus
an attractive therapeutic target. However, the-
re are currently no known direct inhibitors of
¢c-MYC [27]. Upregulation of c-MYC could be an
underlying mechanism impairing responses to
PI3Ki (Figure 3C) and co-treatment with idelal-
isib and JQ1 could markedly decrease c-MYC
expression in DLBCL and MCL cell lines. The
addition of MG-132 did not recover the expr-
ession of ¢-MYC, and the combination of ide-
lalisib and JQ1 also did not decrease the tran-
scription of ¢-MYC when compared to JQ1 al-
one. Therefore, we believe that idelalisib alone
or in combination with JQ1, could inhibit the
translation of c-MYC.

c-MYC is reported to be a downstream tar-
get of the PIBK/AKT pathway [29]. Furthermo-
re, PI3K/AKT/mTOR-dependent phosphorylati-
on of 4EBP1 and P70S6K positively regulates
the elF4 complex, thus promoting the transla-
tion of MRNAs containing long 5'-untranslated
regions (5-UTRs) with complex RNA secondary
structures, such as ¢c-MYC [29]. Corresponding-
ly, the combination of idelalisib and JQ1 inhi-
bited 4EBP1 and P70S6K phosphorylation and
subsequently decreased elF4B and elF4E, the-
reby repressing c-MYC translation. However,
the mechanism underlying the inhibition of el-
FAB and elF4E in cells treated with idelalisib
and JQ1, as well as the relationship of that
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inhibtion to c-MYC downregulation require fur-
ther study.

Sustained inhibition of cancer cell proliferation
and tumor growth are crucial for clinical effica-
cy, but there are few available methods to eval-
uate the duration of anticancer effects after
drug withdrawal. Cancer cell proliferation and
tumor growth rates after drug withdrawal were
significantly lower in the combination treatment
than any single drug, indicating the therapeu-
tic value of this drug combination. The durable
anticancer effect may be mediated by persis-
tent inhibition of the PI3K pathway and expres-
sion of ¢-MYC. Although the mechanism under-
lying this persistent anticancer effect was not
fully elucidated, our study provides a reliable
pharmacodynamic method to evaluate the
advantages of drug combinations over single
drug use.

In conclusion, PI3Kd and BRD4 inhibition can
be effectively combined to achieve comprehen-
sive and durable suppression of the PIBK/AKT/
mTOR pathway, resulting in synergistic anti-
tumor activity against a broad range of aggres-
sive NHL cell models, especially in DLBCL and
MCL. This study provides a potential effective
treatment strategy for aggressive NHL. Further
studies on primary cancer cell lines would es-
tablish a stronger rationale for its clinical appli-
cation.
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Table S1. The list of antibodies and related information in this article

Antibody Phosphorylated site Company Dilution (WB) Dilution (IHC)
p-AKT Ser473 Cell signaling (4060) 1:1000 1:100
AKT / Cell signaling (9272) 1:1000 /
p-P70S6K Thr389 Cell signaling (9204) 1:1000 1:100
P70S6K / Cell signaling (2708) 1:1000 /
p-4EBP1 Thr37 and/or Thr46 Cell signaling (2855) 1:1000 1:100
4EBP1 / Cell signaling (9644) 1:1000 /
c-MYC / Abways (CY5150) 1:1000 1:100
elF4B / Cell signaling (3592) 1:1000 /
elFAE / Abcam (ab33766) 1:1000 /
PARP / Abcam (ab74290) 1:1000 /
Cleaved caspase-3 / Cell signaling (9664) 1:1000 1:100
BCL-2 / Cell signaling (3498) 1:1000 /
BCL2L1 / Cell signaling (2762) 1:1000 /

Table S2. The primer sequences used in qRT-PCR

Primer Sequences

MYC qPCR fwd 5" GCTCGTCTCAGAGAAGCTGG 3’
MYC gPCR rev 5" GCTCAGATCCTGCAGGTACAA 3’
GAPDH qPCR fwd 5’ TGCACCACCAACTGCTTAGC 3’
GAPDH qPCR rev 5" GGCATGGACTGTGGTCATGAG 3’
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Figure S1. Drug combination screening identifies BRD4i as acting synergistically with PI3Kai. A total of 14 well-
characterized compounds targeting seven classes of epigenetic regulators were tested in a combination screening
with the PI3KJdi idelalisib, in DLBCL SU-DHL-6 cell. Mean Cl values represents data from at least three independent
experiments are shown.
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Figure S2. The effect of combining PI3Kd and BRD4 inhibition was time dependence. Percentage inhibition for SU-DHL-6 and JEKO-1 cells when treated with idelal-
isib in combination with JQ1 at the indicated time is presented.
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Figure S3. The effect of combining PI3Kdi idelalisib and BRD4i AZD5153 in vitro. A. Cl values for SU-DHL-6 and JEKO-1 cells when treated with idelalisib in combi-
nation with AZD5153 at the indicated concentrations. Mean Cl values represents data from at least three independent experiments are shown. B. FCM analysis
of the degree of apoptosis in three cell lines after treatment with idelalisib (1 uM) alone or in combination with AZD5153 (100 nM) for 72 h. Quantification of the
FCM analysis was shown. *P<0.05, **P<0.01, ***P<0.001. The combined group vs idelalisib or AZD5153 alone. Results are expressed as mean + SD. C. Western
blotting analysis of apoptosis cascade related protein expression levels, including cleaved PARP, BCL2, BCL2L1 and cleaved caspase-3, after treated by idelalisib
(1 uM) and AZD5153 (100 nM) alone or in combination for 72 h. D. Western blotting analysis in SU-DHL-6 and JEKO-1 cells treated with idelalisib (1 uM) alone or in
combination with AZD5153 (100 nM) for 48 h.



