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P300/CBP inhibition sensitizes mantle cell lymphoma to PI3Kd
inhibitor idelalisib

Xiao-ru Zhou"?3, Xiao Li'?, Li-ping Liao'?, Jie Han', Jing Huang'?, Jia-cheng Li', Hong-ru Tao'*?, Shi-jie Fan'?, Zhi-feng Chen’, Qi Li',
Shi-jie Chen', Hong Ding', Ya=xi Yang®, Bing Zhou®, Hua-liang Jiang', Kai-xian Chen'?3, Yuan-yuan Zhang'?, Chuan-xin Huang® and
Cheng Luo'?*?

Mantle cell lymphoma (MCL) is a lymphoproliferative disorder lacking reliable therapies. PI3K pathway contributes to the
pathogenesis of MCL, serving as a potential target. However, idelalisib, an FDA-approved drug targeting PI3K§, has shown intrinsic
resistance in MCL treatment. Here we report that a p300/CBP inhibitor, A-485, could overcome resistance to idelalisib in MCL cells
in vitro and in vivo. A-485 was discovered in a combinational drug screening from an epigenetic compound library containing
45 small molecule modulators. We found that A-485, the highly selective catalytic inhibitor of p300 and CBP, was the most potent
compound that enhanced the sensitivity of MCL cell line Z-138 to idelalisib. Combination of A-485 and idelalisib remarkably
decreased the viability of three MCL cell lines tested. Co-treatment with A-485 and idelalisib in Maver-1 and Z-138 MCL cell
xenograft mice for 3 weeks dramatically suppressed the tumor growth by reversing the unsustained inhibition in PI3K downstream
signaling. We further demonstrated that p300/CBP inhibition decreased histone acetylation at RTKs gene promoters and reduced
transcriptional upregulation of RTKs, thereby inhibiting the downstream persistent activation of MAPK/ERK signaling, which also
contributed to the pathogenesis of MCL. Therefore, additional inhibition of p300/CBP blocked MAPK/ERK signaling, which rendered
maintaining activation to PI3K-mTOR downstream signals p-S6 and p-4E-BP1, thus leading to suppression of cell growth and tumor
progression and eliminating the intrinsic resistance to idelalisib ultimately. Our results provide a promising combination therapy for

MCL and highlight the potential use of epigenetic inhibitors targeting p300/CBP to reverse drug resistance in tumor.
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INTRODUCTION
Mantle cell lymphoma (MCL) is a non-Hodgkin lymphoma (NHL) of
the pregerminal center of mature B cells characterized by
aggressive clinical courses and poor survival. The 10-year survival
rate is only 5%-10%, and the median overall survival time is only
~3 years, which is the shortest among all subtypes of NHL [1]. MCL
remains incurable due to the paucity of reliable curative therapies
[2]. Surgery is rarely indicated, and unlike most NHLs, MCL
typically progresses after chemotherapy; the median time to
treatment failure is less than 18 months [3]. Despite the marked
success of targeted therapy, the treatment outcomes of MCL
patients remain poor due to the emergence of drug resistance
and the unresolved mechanisms underlying resistance [4].
Identifying the molecular pathways resulting in resistance is
pivotal for the treatment of not only MCL but also some other
malignancies.

Numerous studies have identified that activation of the
phosphoinositide-3 kinase (PI3K) signaling axis, one of the most

frequently hyperactivated pathways in human malignancies [5],
contributes to the pathogenesis of MCL, and this pathway has
become a potential therapeutic target [6-8]. RAC-alpha serine/
threonine-protein kinase (AKT) phosphorylation often serves as a
surrogate readout for the PI3K signaling pathway [9]. PI3K and AKT
are involved in the activation of mammalian target of rapamycin
(mTOR) and mediate the phosphorylation cascade of multiple
downstream effectors. P70 ribosomal protein S6 kinase (S6K) and
elFAE-binding proteins (4E-BPs) are direct substrates that control
cell proliferation and survival by regulating protein and nucleotide
synthesis [10]. The PI3K family is divided into four different classes.
In mammals, class | PI3Ks have 4 catalytic subunit isoforms, p110aq,
p110B, p1106, and p110y, that dimerize with the p85 regulatory
subunit. The p1108 isoform is a key messenger and is highly
enriched in cells of hematologic origin, predominantly leukocytes
[11]. Dysfunction of the PI3K p1108 isoform is implicated in B cell
malignancies. Therefore, PI3KS is considered an attractive drug
target. However, in some lymphomas, the clinical outcomes have
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not been satisfactory. Idelalisib (Zydelig), an approved PI3K&
inhibitor, has been reported to produce limited responses in some
NHLs, including MCL [12]. In particular, preclinical studies reported
limited activity toward MCL cells with a half-maximal inhibitory
concentration (ICso) higher than 10 uM in proliferation assays [13],
suggesting intrinsic resistance to idelalisib treatment and PI3K$
inhibition. In addition, a large phase | trial of idelalisib in
individuals with hematologic malignancies reported inferior
responses in MCL patients compared with other patient subsets
[12]. In addition to the disappointing clinical outcomes, the reason
underlying the poor response to idelalisib in some hematologic
malignancies remains elusive. Given the limited efficacy of
idelalisib as a monotherapy, combinatorial studies are ongoing
to identify alternative treatment options and characterize the
underlying mechanisms of resistance.

Epigenetic modifications are generally observed in all of the
recognized hallmarks of cancer and underlie multiple necessary
biological events during tumorigenesis and tumor progression. In
particular, epigenetic dysregulation makes an important contribu-
tion to the formation and progression of MCL. For example, some
tumor suppressor genes are silenced by epigenetic modifications
and are involved in the pathogenesis of MCL. Whole-genome
expression profiling of MCL cell lines identified the hypermethyla-
tion in promoter regions of suppressor genes [14]. In addition,
epigenetic modifications are involved in the deregulation of cyclin
D1 in MCL. For example, abnormal histone acetylation and DNA
methylation were found in the cyclin D1 promoter in MCL [15, 16].
In clinical trials, the histone deacetylase inhibitor vorinostat and
hypomethylating agent cladribine have been used as part of
combination regimens in MCL treatment [17-19].

In recent years, it has become clear that epigenetic dysfunction
not only is a well-established driver of cancers but also mediates
intrinsic and acquired resistance to targeted therapies [20, 21].
However, the epigenetic mechanisms underlying drug resistance
have not been fully elucidated, although some patterns of how
epigenetic modifications ultimately drive bypass resistance
mechanisms have been reported [21-23]. In particular, no studies
have determined the role of epigenetic modification in mediating
resistance to PI3KS inhibitors. It is important to investigate whether
epigenetic regulation engages in crosstalk with the PI3K pathway
and to discover new strategies for overcoming resistance to PI3K&
inhibitors. In this study, we explored the epigenetic mechanism of
resistance to an approved PI3K$ inhibitor, idelalisib, in MCL and
identified a new combination therapy containing an epigenetic
agent that sensitizes MCL to idelalisib.

MATERIALS AND METHODS

Cell lines and cell culture

Human MCL cell lines, including Z-138, Maver-1, and Jeko-1, were
purchased from American Type Culture Collection (ATCC, Mana-
ssas, VA, USA). Human normal cell lines, including HUVECs and
RPTECs, were purchased from ATCC. The human normal cell line
L02 was a gift from Xin Hua Hospital Affiliated with Shanghai Jiao
Tong University School of Medicine. Cells were cultured in the
appropriate medium following the instructions of ATCC and
maintained at 37°C in a 5% CO, incubator. Cell lines were
authenticated by short tandem repeat (STR) profiling at regular
intervals. Mycoplasma detection was routinely performed
throughout the study.

Cell viability assays and combinatorial drug screening

Experiments were carried out in 96-well plates in triplicate. The
viable cell number in each well was determined using CellTiter-Glo
reagent (Promega, Madison, WI, USA), and the plates were read
in an automated Envision plate reader (PerkinElmer, Waltham,
Mass) after 96 h of incubation. The percent inhibition values were
calculated using the formula (sample result/mean value of the
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entire plate) x 100%. For the combinatorial drug screen, resistant
cell lines were treated with increasing doses of each of 45
epigenetic agents with or without 2 uM idelalisib. The area under
the curve was calculated for each agent. The combination index
(Cl) was calculated using CalcuSyn software (Biosoft, Cambridge,
MA, USA), which defines Cl< 1 as synergistic, CI=1 as additive,
and Cl> 1 as antagonistic.

Compounds

Forty-five epigenetic compounds were purchased from Med-
ChemExpress (Monmouth Junction, NJ, USA) and are listed in
Supplementary Table 1 with detailed information. For in vitro
experiments, idelalisib (BD224801, CSNpharm, Chicago, USA), BI-
D1870 (Monmouth Junction), LJH-685 (Monmouth Junction) and
epigenetic compounds were dissolved in DMSO and stored until
use, and the final concentration of DMSO in the culture medium
was <0.1%.

Cell cycle analysis

Cells were plated in 12-well plates at a concentration of 1x 10°
cells/well and treated with the indicated concentrations of drugs
for 72 h. Cells were then washed with PBS, permeabilized with
70% ethanol, treated with RNase A, and stained with propidium
iodide (Vazyme Biotech Co., Ltd., Nanjing, China) for 30 min at
room temperature. The cell cycle distribution was analyzed with a
FACSCalibur flow cytometer (BD Pharmingen, San Diego, CA, USA).

Western blotting

Total protein was obtained from cultured cells. Samples contain-
ing equal amounts of protein were subjected to 4%-16% SDS-
PAGE, and proteins were transferred onto nitrocellulose mem-
branes (Millipore, Temecula, CA, USA). After blocking with 5%
nonfat milk, membranes were incubated at 4 °C overnight with
primary antibodies and then with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for 1 h. The
antibodies used are listed in Supplementary Table 2. Target
protein bands were detected by the enhanced chemilumines-
cence (ECL) method in a ChemiScope 3400 imaging system using
ECL substrate (Clinx, Shanghai, China).

Mouse xenograft studies )

Four- to six-week-old female CB17/Icr-Prkdc*“/IcricoCrl (SCID)
mice provided by Shanghai Laboratory Animal Center, Chinese
Academy of Sciences, were used for establishment of Maver-1
and Z-138 xenografts. A total of 5x10° cells suspended in
100 pL of 1 x PBS and Matrigel matrix (Corning, Shanghai, China)
were inoculated subcutaneously in the right flank. Mice bearing
xenografts were randomly assigned to four groups when the
tumor volume reached ~100 mm?3. Each group of mice (n=6)
was treated daily with vehicle, 30 mg/kg idelalisib (by oral
gavage), 50 mg/kg A-485 (intraperitoneally), or a combination of
both agents. The animals’ body weights and tumor sizes were
measured ever%l 3 days, and the tumor volume was calculated as
length x width“/2. All mice were humanely sacrificed by
euthanasia after almost 3 weeks of drug treatment, and the
final tumor volumes and tumor weights were measured. Tumors
were processed for H&E staining and immunohistochemical
staining. All animal experiments were conducted in compliance
with the Institutional Animal Care and Use Committee guide-
lines of Shanghai Institute of Materia Medica, Chinese Academy
of Sciences.

H&E staining and immunohistochemical analysis

Xenograft tumors were fixed in 4% paraformaldehyde overnight
before being embedded in paraffin. Sections were stained with
hematoxylin and eosin (H&E). For immunohistochemistry, anti-p-
S6 (#4858, Cell Signaling Technology, MA, USA) and anti-p-4E-BP1
(#2855, Cell Signaling Technology) antibodies were used. Images
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were acquired under a fluorescence microscope, and immunor-
eactivity was measured and quantified with Image-Pro Plus 6.0.

RNA sequencing and bioinformatic analysis

Maver-1 cells were treated with two treatments—control and a
combination of idelalisib and A-485—for 8 h. Three biological
replicates were performed. Total RNA was extracted to prepare
cDNA libraries, which were sequenced on the lllumina HiSeq 2000
platform using paired-end approaches. ViaSTAR 2.5, the sequen-
cing reads were mapped to hgl19, and gene expression was
quantified by featureCounts software [24]. Differential gene
expression analysis was performed by the DESeq2 R package
[25], and significantly changed genes were identified as those with
a P value<0.05 and a log2 (fold change) >1.2. Differentially
expressed genes (DEGs) were subjected to Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis. All gene readouts were subjected to gene set
enrichment analysis (GSEA) using GSEA 4.0.3 software available
online (www.gsea-msigdb.org).

RNA extraction and quantitative RT-PCR

Total RNA from cells was extracted using TRIzol reagent (Vazyme
Biotech Co., Ltd., Nanjing, China) and was then subjected to
reverse transcription using HiScript I gRTSuperMix (Vazyme
Biotech Co., Ltd.) according to the manufacturer’s protocol. Real-
time PCR was performed using AceQ qPCR SYBR Green Master Mix
(Vazyme Biotech Co., Ltd.), and gene expression was detected
using quantitative RT-PCR in a Quant Studio 6 Flex Real-Time PCR
system (ABI, Waltham, USA). The expression levels of target genes
were normalized to those of GAPDH, ACTB, and B2M and
calculated using the AACt method. The detailed primer sequences
are listed in Supplementary Table 3.

ChIP-gPCR assay

The chromatin immunoprecipitation (ChIP) assay was performed
using a Simple ChIP Plus Enzymatic Chromatin IP Kit (#9005, Cell
Signaling Technology) according to the procedures provided by
the manufacturer. Cells were fixed with formaldehyde and lysed.
Harvested chromatin was fragmented using sonication and was
then incubated overnight with antibodies against H3K27ac
(#8173, Cell Signaling Technology) or with normal rabbit IgG.
Immunoprecipitated DNA was analyzed by qPCR to detect the
enrichment of H3K27ac at the promoter regions of EPHA2 and
ERBB2. The detailed sequences of the primers used for ChIP-qPCR
are listed in Supplementary Table 4.

Cell transfection

Transfection of Z-138 cells was carried out using an Amaxa 4D-
Nucleofector system (Lonza, Cologne, Germany). In brief, 1 million
cells were resuspended in SF solution (Lonza) and mixed with 2
UM EphA2 and ErbB2 plasmids (Youbio Biological Technology Co.,
Ltd., Changsha, China). In each reaction, a GFP-expressing plasmid
was used as a control.

Statistical analyses

Mean, SD and SEM values were calculated using GraphPad Prism
software. Comparisons between the indicated groups were made
using two-tailed Student’s t test, one-way analysis of variance
(ANOVA) and two-way ANOVA with Dunnett's multiple compar-
isons test. P values < 0.05 were considered statistically significant
for all experiments.

RESULTS

Combinatorial drug screen identifies P300/CBP inhibitors as
sensitizers to idelalisib in MCL cell lines

Through recent research, a combinatorial drug screening method
has been designed and a new combination of CDK4/6i and PI3Ki
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has been identified to overcome PI3Ki resistance in breast cancer
[26]. Inspired by this work and aiming to identify potential
epigenetic sensitizers to idelalisib in MCL cells, we performed a
combinatorial drug screen using an epigenetic compound library
containing 45 small molecule modulators. The collection consists
of agents targeting epigenetic writers, including DNA methyl-
transferases (DNMTs), histone acetyltransferases (HATs), lysine
methyltransferases (KMTs), and protein arginine methyltrans-
ferases (PRMTs); epigenetic erasers, encompassing histone deace-
tylases (HDACs), sirtuins, and histone demethylases (KDM); and
epigenetic readers (Fig. 1a). The bioactivity and safety of these
agents have been confirmed in preclinical studies and/or clinical
trials. Resistant MCL Z-138 cells were seeded in 96-well plates
and treated with increasing doses of each candidate drug in
the presence or absence of 2uM idelalisib [13]. Epigenetic
compounds were applied at doses across a broad spectrum to
ensure that the single-agent activities were well reflected. Cell
proliferation was assessed after 96 h, and drugs were ranked
based on the difference between the combination treatment and
the single-agent treatment (Fig. 1b). Compounds with the greatest
difference were considered potential sensitizers to idelalisib.

Notably, for the first time, A-485, the highly selective catalytic
inhibitor of p300 and CBP [27], was identified as the most potent
sensitizer to the PI3K& inhibitor in Z-138 MCL cells (Fig. 1c).
Additionally, most of the inhibitors targeting HDACs also showed
certain cooperative effects on Z-138 cells. In particular, the first-in-
class alkylating HDAC inhibitor EDO-S101 ranked second in our
assay, combined treatment of HDACi and PI3Ki has been previously
reported to be effective in particular types of cancer, such as MYC-
driven medulloblastoma [28]. To confirm the initial screening
results, three MCL cell lines in which the ICsq value was higher than
10 uM were exposed to increasing doses of A-485 and idelalisib as
single agents or in combination. Similarly, the combination of A-
485 and idelalisib markedly decreased the viability of MCL cells
(Fig. 1d) and exhibited a synergistic effect with a Cl of 0.2-0.8 as
assessed by the CalcuSyn model [29] (Fig. 1e). To further evaluate
the safety of the drug combinations, we evaluated the effects of
the combinations on HUVECs, RPTECs, and L02 cells, which are
normal human cells. When treated with the same concentration of
the drug combination, normal human cells exhibited significantly
higher viability than MCL cells (Fig. S1). These results suggest that
these two drugs have combinatorial inhibitory effects on MCL cells
but have greatly reduced effects on normal cells.

Combined A-485 and idelalisib-induced cell cycle arrest in MCL
cells is mediated by coinhibition of PI3K downstream signaling
Having confirmed that cotreatment with A-485 overcomes resistance
to idelalisib in MCL cell lines, we examined the effect on the cell cycle
to determine how this combination results in growth inhibition. Z-
138 and Maver-1 cells, the most resistant cell lines, were treated with
either 10 uM idelalisib or/and 0.5 puM A-485 for 72 h. Cells were
analyzed by flow cytometry using PI-DAPI staining. Of note, an
increase in the population of cells in GO/G1 phase was observed
upon combination treatment with Z-138 (Fig. 2a, c), which offered
more insight into the intense combination effect in MCL cell lines.
Similarly, an increasing proportion of Maver-1 cells accumulated in
G0/G1 phase (Fig. 2b, d) upon cotreatment.

To gain more insight into the underlying mechanism respon-
sible for the combination effect, we focused on signal transduc-
tion along the PI3K-AKT-mTOR axis. Z-138 and Maver-1 cells were
treated with increasing doses of idelalisib, A-485, or the
combination for 24 h and were then harvested. Treatment with
idelalisib alone led to prominent suppression of AKT phosphor-
ylation, but the phosphorylation levels of rpS6 and 4E-BP-1 were
not decreased in resistant Maver-1 and Z-138 cells in response to
idelalisib. Only modest inhibition was seen in the higher-dose
setting of >3.3 uM. Remarkably, the addition of A-485 blocked the
maintenance of p-S6 and p-4E-BP-1 (Fig. 2e, f), both of which are
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Fig. 1 P300/CBP inhibitor A-485 was identified as a sensitizer to idelalisib by a combinatorial drug screen in MCL cells. a Epigenetic

compound libraries used for the screen. The numbers in parentheses indicate the numbers of compounds in each category used for the
screen. b A schematic showing the approach used for the combinatorial drug screen. Z-138 cells were seeded in triplicate in 96-well plates
and treated with increasing doses of each of the 45 candidates in the presence or absence of 2 uM idelalisib (idela). ¢ Histogram showing the
results of the idelalisib screen. Agents were ranked according to the largest difference in AUC between the two dose-response curves in Z-138
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critical mediators of mTOR-dependent G;-phase progression [30]
and control cell proliferation and survival. Collectively, these
results suggested that the combination effect resulted from
suppression of cell cycle arrest through coinhibition of PI3K-AKT-

induced tumor formation in immunodeficient mice via transplanta-
tion of Maver-1 cells. When the tumors became measurable, the
mice were randomly assigned to four groups and were then treated
with vehicle, A-485 at 50 mg-kg~"-d ', idelalisib at 30 mg-kg™~"-d™"

mTOR downstream signaling. Furthermore, failure of mTOR
downstream inhibition may be responsible for the resistance to
single-agent idelalisib treatment, and a cotreatment strategy with
P300/CBP inhibition could reverse this escape.

Combined therapy synergistically suppresses mantle cell
lymphoma in xenograft models

To determine whether the combination of idelalisib and A-485 can
synergize to suppress MCL tumor growth in xenograft models, we
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or the combination at the same doses. Notably, treatment with
idelalisib or A-485 alone moderately slowed tumor growth, while
treatment with the combination of idelalisib and A-485 significantly
inhibited tumor growth, with a reduction of ~60% relative to the
control group in the Maver-1 xenograft model (Fig. 3a). After
treatment for ~24 days, when the vehicle tumors had reached the
allowed maximum tumor size, the animals were sacrificed, and
tumor samples were harvested and weighed. Compared with the
control treatment, idelalisib and A-485 alone had partial therapeutic

Acta Pharmacologica Sinica (2022) 43:457 - 469



P300/CBP inhibition sensitizes idelalisib

XR Zhou et al.
461
a
Control idela A-485 idela+A-485
g G,-G,:37.25% & G,-G,:44.60% G,-G,:53.65% & G,-G,:70.37%
" S :56.06% 5 S :51.01% S :39.27% " S :26.11%
e G,-M :6.69% : G,-M: 4.38% G,-M :7.08% G,-M :3.52%
o 3 is
e E
=]
N E 8
©
(8]
1 ! 5 & "
DNA content
b
Control idela A-485 idela+A-485
g G,-G,;:39.11% ¢ G,-G,:44.94% ¢ G,-G,:56.19% ¢ G,-G,:73.94%
. S :53.69% . S :45.82% S :34.49% S :20.20%
5| G,M:7.21% G,-M: 9.25% G,-M :9.31% G,-M: 5.86%
‘T o 3 5 g
E 5 is 58 58
© <
= HR 8 ]
o
: ! " 13 h 13 15 1N - & ! A S
DNA content
c d
Z-138 Maver-1
150 150
ek Bl GyM o B G,-M
. = s _ =S
bl g
< 100 B GG % 100 B Gy-G
8 b1
2 2
o o
3 50 3 50
o o
0 0
> @ H ) o 0 o) 5
& ¢ #\»’Q & & F 'g‘v’ﬁ
N
\b@\ &
e f
Z-138 Maver-1
& A o & A o
idela M) o o e TS o SN aPe delauM) & SVOTATHTS o S P
A485 (3pM) - - - - - - + + + + o+ o+ A485(3uM) - - - - - -+ + + + o+ +
p-AKT (T308) | - p-AKT (T308) | e . =1
p-AKT (S473) | e = P-AKT (S473) | == -
AKT | S o g s "0 —— - AKT |-

p-S6 (S235/236)

p-S6 (S235/236)

S6 S| == - - — - - = - = =
P-4E-BP-1(S65) |Se_—_—— P-4E-BP-1(S65) | wmm s s s s

AE BP-1 | (D e, . . e AE-BP-1 | M - -

Q-TUDUTIN [ e e o ————— [B-aCtin | S——————— ——— - —

Fig.2 Combination treatment with idelalisib and A-485 caused G,/S arrest and coinhibition of PI3K signaling in MCL cells. a, b Cells were
treated with DMSO (control), idelalisib (10 pM), A-485 (0.5 pM), or a combination of two compounds for 72 h. ¢, d The percentages of cells
in G;, S, and G, phases were quantified. The data shown here are the mean+SD of three independent experiments. ****P < (0.0001.
e, f Immunoblotting of phosphorylation changes in PI3K pathway molecules. Z-138 and Maver-1 cells treated with the indicated doses of
idelalisib were exposed to A-485 for 24 h. a-Tubulin and p-actin were used as controls.

Acta Pharmacologica Sinica (2022) 43:457 - 469 SPRINGER NATURE



P300/CBP inhibition sensitizes idelalisib

XR Zhou et al.
462
a b Maver-1 xenograft tumors
Maver-1 xenograft tumors
20007 = Control TS 3.0 Liiid
o ~— Idela °
€ Control ' Q ’ 254 _—
‘E' 15004 [ A-485 @
s ——_Idela+A-485 % 2.04 ®e
S ¥ ldela+A-485 e 0 . =
2 1000+ . ® &6 ® ¢ e ——
o 1.54 .
5] °
£ 500 A-485 e £ 1.01 LS
g 000 5 5
0.54 .o
0 5 10 15 20 25 idela @ @ ® 9 Y 0.0 . . . .
Treatment Days S N i P
& & » »
® ¥ M
N
&
C d Z-138 xenograft tumors
Z-138 xenograft tumors =
N IR L Sekkok
2000+ e —
- Control e
< —— Idela control - ® © @ (] . 520 . r o 1
€ 15004 | A485 2 .
;" —— |dela+A-485 'g) 1.54
£ Idela+A-485 . Y e . 5 -
: £ T e
2 1000+ . e
S A-485 Y o O 5 1.01 . °
& 50 ' 5 ¢ -
E 1 L F 0.54
k Idela (2] ® © -
0 2 4 6 8 10 12 14 16 18 20 o0 N 5 , s
> 2 » H
SRS S
Treatment Days 000 N ¥ R
&
e &
p-S6 p-4E-BP-1 H&E p-S6 p-4E-BP-1 H&E
g| 3
E -]
of o
o o
4 e &
] S !
£ 5 13 o
= [} = [
- k-] = T
| £ -
g &
o o
o o
£ c
[ § [}
x x
L o wn © wn
i 0 f ® ©
[ I - Y B
3 < N i
=
3 n
0
¥ §
< <
+5 -
5 Kud
[} @
3 ]
p-S6 p-4E-BP1 p-S6 p-4E-BP1
6.0 6.0 6.0 6.0 o
55 - 5.5 ! — 5.5 oo 55 -
g 50 == i g 50 E é g 50{ === o 50 - == ==
= = =2 \4 2
Sus % 84s 84 T [ | 8as
4.0 ; 4.0 4.0 @ 4.0
35 . . " + 35 . : : . 35 - . . 1 35 . . . :
> Y & > » » 5 > » »
iy ¢ & & & ¢ & o <,o“"‘Se & v’é & °°<g° & &
& & & s
S S A A

Fig. 3 Antitumor efficiency of p300/CBP and PI3K$ inhibition in vivo. a Tumor growth curve in the Maver-1 model. Mice were treated with
A-485 via i.p. administration of 50 mg/kg, idelalisib via p.o. administration of 30 mg/kg, or the indicated combination at the same doses daily for
24 days. b Representative Maver-1 xenografts harvested from mice. Tumor samples were weighed after the mice were sacrificed. ¢ Tumor
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effects, as displayed by the decreased tumor weight. However,
tumors in the combination group had significantly lower tumor
weights than tumors in the other groups (Fig. 3b). We also
performed a similar tumor xenograft experiment using the Z-138
cell line. Consistent with the above results, treatment of mice
bearing Z-138 cell-derived tumors with either idelalisib or A-485
alone only partially inhibited tumor growth, while the combination
treatment led to a significant reduction in Z-138 tumor growth
(Fig. 3c). Furthermore, after treatment for 21 days, the harvested
tumor samples from the combination group demonstrated
markedly lower tumor weights (Fig. 3d). Importantly, we found
that the combination therapy was well tolerated in the animals, as
there were no substantial changes in the body weights of the mice
in the four groups throughout the experiment (Fig. S2a, b).

At the end of the observation period, the tumors were collected
and used for immunohistochemical analysis. Treatment with
idelalisib alone resulted in modest suppression of PI3K-mTOR
downstream signaling, as evidenced by the observation that
sustained p-S6 and p-4E-BP1 signaling was observed in both
allografted cell lines. Consistent with the observations at the
cellular level, the maintenance of mTOR downstream signaling
activation was blocked by p300/CBP inhibition in vivo, and
sustained suppression of PI3K-mTOR signaling was observed in
the collected tumor samples in the combination group (Fig. 3e, f).
Taken together, these findings showed that the combination of
idelalisib and A-485 synergistically inhibited tumor growth and
progression in MCL preclinical models without increasing toxicity.
The data confirmed the synergistic suppression of sustained PI3K-
mTOR downstream signaling in vivo, which could be the
underlying mechanism of resistance to idelalisib in MCL.

Gene expression profiling identifies cancer-related pathways and
predicts a role for suppressing MAPK/ERK signaling in MCL by
combined treatment

Aiming to investigate the molecular mechanisms leading to the
lack of mTOR downstream signaling inhibition upon single-agent
treatment with idelalisib, we analyzed the transcriptome of Maver-
1 cells treated with combination therapy using RNA sequencing
(RNA-seq) and compared this transcriptome to that of control
cells. Maver-1 cells were treated with control or with the
combination of 1uM idelalisib and 3uM A-485 for 8h. As
expected, combination treatment altered the global transcription
profile, including upregulation of 833 genes and downregulation
of 1096 genes (Fig. 4a).

KEGG pathway analysis to identify more specific clustering of
these DEGs revealed several pathways significantly affected by
combination therapy (Fig. 4b). Among the enriched pathways, we
focused on the top-ranked downregulated Rap1 signaling path-
way. Rap1 was found to be activated by stimulation of multiple
transmembrane receptors, including RTKs, GPCRs, cytokine
receptors and cell adhesion molecules [31]. Previous studies have
identified that the main function of Rap1 signaling is regulating
the activation of the mitogen-activated protein kinase (MAPK)
pathway, which is involved in cell proliferation and survival [32].
GO analysis indicated that these DEGs were enriched in cell
proliferation, activation, and adhesion within lymphocytes, which
could constitute the normal response of Maver-1 cells to drug
stimulation, since MCL is characterized as a lymphocyte disorder;
in addition, this result was consistent with the growth suppression
effects found in the above proliferation assays. Importantly,
regulation of MAPK was also identified in GO analysis and were
highly ranked (Fig. 4c).

Using the complete mRNA expression profiles generated from
the two collections instead of only the DEGs, we characterized the
pathway features via GSEA. Consistent with the above results, the
GSEA results demonstrated that the combination treatment
markedly regulated genes involved in cell proliferation [normal-
ized enrichment score (NES) [13]=—2.44] and the cell cycle
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(NES = —1.66), which was highly consistent with our findings from
the in vitro and in vivo experiments described above (Fig. 4d, e).
Notably, the similar significant downregulation of the ERK1/2
cascade (NES = —1.51), enriched in the GSEA results, attracted our
attention (Fig. 4f).

The inhibitory effects of the combination therapy on the MAPK/
ERK pathway are mediated by a reduction in upstream RTKs
MAPK signaling plays a crucial role in extracellular signal transduc-
tion and triggers cellular responses [33]. Abnormally activated
MAPK/ERK signaling can impair the efficacy of PI3K signaling
inhibitors [34-39]. A study identified that activated RSK3/4, which
are directly regulated by ERK, can mediate the resistance of breast
cancer to PI3K pathway blockade by regulating transcriptional
regulators, including rpS6 and elF4B [39].

To confirm the possible critical role that MAPK/ERK signaling plays
in reversing the resistance of MCL to PI3KS inhibitors, Maver-1 and
Z-138 cells were treated with 3puM A-485, 1/0.1 uM idelalisib, a
combination of both or DMSO for 24 h, and the phosphorylation
levels of the crucial nodes of MAPK/ERK signaling, namely, MEK, ERK
and RSK, were measured in harvested cells. Consistent with the
above results, the results showed that combined treatment with A-
485 completely inhibited MAPK/ERK pathway signaling. Moreover,
the sustained activation of the PI3K-mTOR downstream signaling
molecules p-S6 and p-4E-BP1, which was identified in vitro and
in vivo as indicated above, was adequately suppressed (Fig. 5a, b). In
addition, to further confirm that reactivation of MEK-ERK-RSK
signaling mediates the unsustained sensitivity to idelalisib, we
conducted a combinatorial study on Z-138 cells using idelalisib and
RSK inhibitors. As expected, the combined treatment exhibited
significant synergistic effects on reducing cell viability (Fig. S3a, b).

To gain more insight into why MAPK/ERK signaling was
regulated by the combination treatment, a more specific gene
expression analysis was performed. Interestingly, the top 25 most
downregulated genes in the MAPK/ERK pathway were RTK family
members or their homologous ligands (Fig. 5c). Specifically, ~30%
of the top 25 genes were RTK-related genes, including FGF8, EPHA2,
FGFR3, MET, ERBB2, PDGFA and EGF. All of these were highly ranked,
as shown (Fig. 5d). For further confirmation, Z-138, Maver-1, and
Jeko-1 cells were treated with the combination of 3 uM A-485 and
1uM idelalisib for 8h and were then harvested to detect the
variations in mRNA expression between the two groups. Similarly,
the mRNA expression of RTKs was significantly downregulated by
the combination treatment, among which FGF8, ERBB2, and
EPHA2 were the most affected genes in all three MCL cell lines
(Fig. 5e). Taken together, these results demonstrated that
combination treatment with a PI3K inhibitor and p300/CBP
inhibition led to effective anticancer effects, at least in part,
via reprogramming of the MAPK/ERK pathway and transcriptional
modulation of RTK-related genes.

RTK upregulation is required for feedback activation of MAPK/ERK
signaling and is transcriptionally blocked by P300/CBP inhibition
To demonstrate whether downregulation of MAPK activity
contributes to the reversal of idelalisib resistance, we treated Z-
138 cells with 1 uM idelalisib at multiple time points for up to 24 h.
The phosphorylation levels of MAPK signaling pathway compo-
nents were measured in harvested cells. Notably, upregulation of
the MAPK/ERK pathway over time was observed. Maximal
suppression of this signaling was only transient, as phosphoryla-
tion began to rebound at 4-12 h, indicating that MAPK activation
was triggered. In addition, a rebound in the phosphorylation of S6
and 4E-BP-1 was observed, demonstrating the crosstalk between
activation of the MAPK pathway and downstream mTOR signaling.
More importantly, additional treatment with A-485 interfered with
the rebound of MAPK signaling and consequently attenuated
reactivation of downstream signaling (Fig. 6a). These findings
indicated that idelalisib-induced activation of MAPK signaling was
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responsible for the resistance of MCL cells and that p300/CBP cellular responses [40]. The MAPK pathway is triggered to regulate
inhibition blocked this escape. RTKs are a group of transmem- cell proliferation and survival in response to the activation of
brane receptors constitution one of the most important families of RTKs [41]. Homeostatic feedback upregulation of RTKs induced by
molecular sensors for perceiving extracellular stimuli and evoking PI3K/AKT inhibition to maintain the equilibrium of the PI3K
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pathway has been reported, as has compensatory activation of Maver-1, and Z-138 cells treated with 1puM idelalisib were
the downstream MAPK pathway in some tumors [20, 42]. To harvested at multiple time points up to 24 h. As expected,
test whether idelalisib leads to feedback upregulation of RTKs, upregulation of EPHA2 and ERBB2 over time was observed in both
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cell lines (Fig. 6b, c), which confirmed that the MCL cells acquired
resistance to PI3K inhibition due to upregulation of RTKs and
downstream compensatory activation of MAPK signaling.

The next step was to understand how p300/CBP inhibitors
cause transcriptional downregulation of EPHA2 and ERBB2 in
cancer cells. p300/CBP are highly enriched in the enhancers and
promoters of active genes, regulating gene transcription by
relaxing the chromatin structure through their intrinsic histone
acetyltransferase (HAT) activity, which is required for acetylation of
H3K18 and H3K27 [43, 44]. To understand how p300/CBP
inhibition causes transcriptional downregulation of RTKs in MCL
cells, we conducted ChIP using anti-acetyl-histone (H3K27)
antibodies in Z-138 cells followed by qPCR. Treatment with 1 or
3 UM A-485 for 24 h reduced the abundance of the RTK gene
promoter region, as verified by three independent pairs of primers
specifically targeting the EPHA2 or ERBB2 gene promoter, in the
fraction precipitated with the anti-Ac-H3K27 antibody (Fig. 6d, e).
These findings indicated that A-485 treatment reduced histone
acetylation in the EPHA2 and ERBB2 promoters. To further confirm
that these two genes can affect MAPK/ERK activation, we
overexpressed EphA2 and ErbB2 in Z-138 cells, which displayed
strong activation of MAPK/ERK signaling. Moreover, the addition
of A-485 reduced the activation of MAPK/ERK signaling in RTK-
overexpressing cells (Fig. S4a, b).

Collectively, these results showed that feedback upregulation of
upstream RTKs induced by PI3K inhibition was responsible for the
compensatory activation of MAPK/ERK signaling. Additional p300/
CBP inhibition reversed idelalisib-induced upregulation of RTKs as
well as the subsequent abnormal activation of downstream PI3K-
mTOR signaling and eventually eliminated resistance to idelalisib
in MCL cells.

DISCUSSION

Targeted therapies for human cancers have achieved remarkable
success; however, the development of drug resistance and the
undefined underlying mechanisms remain significant challenges.
In this study, we described a new combination approach that
exhibited a synergistic effect in MCL, which lacks effective
treatment. We screened an epigenetic compound library and first
identified the p300/CBP inhibitor A-485 as a sensitizer to idelalisib
in vitro and in vivo. Moreover, we were the first to elucidate the
molecular mechanism by which p300/CBP inhibition sensitizes
MCL to PI3K$ inhibitors.

Epigenetic dysfunction has long been recognized as a critical
driving factor in cancer cells, and the transcriptional and epigenetic
changes underlying resistant phenotypes have recently been
highlighted. Several studies have identified that despite their
potential as monotherapies, epigenetic drugs can show potent
synergistic effects with other targeted therapies or in reversin
tumor resistance. For example, FTO upregulation-mediated N°-
methyladenosine (m®A) hypomethylation improves mRNA stability
and increases the translation of proliferation and survival proteins,
resulting inintrinsic and acquired resistance in leukemia during
tyrosine kinase inhibitor therapy [45]. Similarly, targeting histone
deacetylase (HDAC) can block the expression of melanocyte
lineage transcription factor (MITF), which was identified as a driver
of MAPK inhibitor resistance in melanoma [46]. Based on the
prominent preclinical successes, a set of combinations of
epigenetic drugs and various targeted agents are currently
entering early phase clinical trials and are showing promising
efficacy [47-49].

However, few studies have investigated the synergistic effects
of p300/CBP inhibitors combined with other targeted therapies,
and the role of p300/CBP in drug resistance remains poorly
understood. Here, an epigenetic mechanism-based rationale for
combination therapy was provided. For the first time, we
identified that targeting p300/CBP with A-485 can modulate
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intrinsic drug resistance in MCL. These preclinical observations are
particularly encouraging since idelalisib is FDA-approved,
and agents targeting p300/CBP are available for clinical use
(NCT04068597, NCT03568656), allowing rapid evaluation of the
potential efficacy of this combination in human clinical trials.
Therapeutic studies using idelalisib and p300/CBP inhibitors in
MCL could be promising.

Mechanistically, we showed that idelalisib treatment results in
upregulation of RTKs and compensatory activation of MAPK/ERK
signaling. As the model illustrated (Fig. 6f), idelalisib treatment
particularly upregulated the expression of the RTK receptors
EPHA2 and ERBB2 and activated downstream MEK/ERK/RSK
signaling. Feedback activation of MAPK/ERK signaling can sustain
PI3K-mTOR downstream signaling activity, leading to the activa-
tion of p-S6 and p-4E-BP-1 and resulting in uncontrolled cell
growth and tumor formation. The results indicated that the
feedback activation of upstream RTKs is responsible for idelalisib-
induced resistance. In addition, we discovered that A-485
decreased histone acetylation at the EPHA2 and ERBB2 gene
promoters and reduced transcriptional upregulation of RTKs,
which could eventually overcome idelalisib-induced resistance.

Cotreatment with PI3K inhibitors and various agents targeting
each RTK seems impractical due to the potential triple toxicity and
the absence of potent inhibitors of some RTKs. PI3Ki-induced
feedback upregulation of RTKs was observed in a broad range of
malignant cells [20, 42, 50], indicating that the mechanism
elucidated in this work may not be limited to MCL. However,
RTK combination therapy is impossible due to the extreme
difficulty of predicting receptor feedback in different tumor types.
In particular, transcriptional upregulation of RTKs is increasingly
reported as a major mechanism of resistance to monotherapies
targeting the MAPK/ERK pathway in multiple cancers [51, 52].
Consequently, when seeking potential combination strategies to
reverse kinase resistance, it is essential to target epigenetic
alterations that drive the initial escape mechanism.

Based on our results, targeting the histone acetyltransferases
p300/CBP is promising. p300/CBP inhibition reduces the levels of
H3K27ac histone modification specifically at gene promoters,
which reduces the PI3Ki-induced transcriptional upregulation of
resistant RTKs, blocks the consequent activation of the MEK-ERK-
RSK bypass, and ultimately leads to sensitization to idelalisib
treatment. Notably, to accomplish sensitization to PI3Kis in various
tumor types, targeting p300/CBP could be more efficacious than
an RTK-specific inhibitorto block multiple resistance-related RTKs,
since H3K27ac loss could be unbiased and mediated by p300/CBP
inhibition. As histone acetyltransferases (HAT) and transcriptional
coactivators, p300/CBP are typically recruited to gene promoters
or enhancers and modulate transcriptional expression by acetylat-
ing chromatin, by which multiple cellular processes are influenced.

In summary, although some epigenetic modulators have been
reported to exhibit synergetic effects with targeted kinase
inhibitor therapies in resistant tumors, no studies have focused
on the function of p300/CBP in reversing drug resistance. Here,
using the potent inhibitor A-485, we demonstrated for the first
time the requirement for p300/CBP histone acetyltransferase
activity in the response to PI3K4i resistance. This intriguing finding
may have wider significance, since p300/CBP are frequently
overexpressed and dysregulated in a broad spectrum of cancer
types. Further studies investigating the potential function of p300/
CBP in reversing resistance in other tumors may be promising.
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