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A B S T R A C T   

Gastric cancer (GC) is frequently characterized by resistance to standard chemotherapeutic regimens and poor 
clinical outcomes. We aimed to identify a novel therapeutic approach using drug sensitivity testing (DST) and our 
computational SynerySeq pipeline. DST of GC cell lines was performed with a library of 215 Federal Drug 
Administration (FDA) approved compounds and identified clofarabine as a potential therapeutic agent. RNA- 
sequencing (RNAseq) of clofarabine treated GC cells was analyzed according to our SynergySeq pipeline and 
identified pictilisib as a potential synergistic agent. Clonogenic survival and Annexin V assays demonstrated 
increased cell death with clofarabine and pictilisib combination treatment (P<0.01). The combination induced 
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double strand breaks (DSB) as indicated by phosphorylated H2A histone family member X (γH2AX) immuno
fluorescence and western blot analysis (P<0.01). Pictilisib treatment inhibited the protein kinase B (AKT) cell 
survival pathway and promoted a pro-apoptotic phenotype as evidenced by quantitative real time polymerase 
chain reaction (qRT-PCR) analysis of the B-cell lymphoma 2 (BCL2) protein family members (P<0.01). Patient 
derived xenograft (PDX) data confirmed that the combination is more effective in abrogating tumor growth with 
prolonged survival than single-agent treatment (P<0.01). The novel combination of clofarabine and pictilisib in 
GC promotes DNA damage and inhibits key cell survival pathways to induce cell death beyond single-agent 
treatment.   

Introduction 

Although the incidence of GC has declined over the past few decades, 
it remains the third leading cause of cancer-associated death worldwide, 
causing more than 700,000 deaths each year [1,2]. In the United States, 
27,600 new cases of GC will be diagnosed in 2020, with an estimated 11, 
010 deaths [3]. Unfortunately, most patients with GC are initially 
asymptomatic and are diagnosed with late-stage disease once symptoms 
develop. Approximately 50% of patients will have tumors extending 
beyond locoregional confines at the time of diagnosis. Only half of those 
patients with localized tumors and will have tumors amenable to 
potentially curative resection [4]. The primary treatment option for 
patients with unresectable disease remains chemotherapy. Unfortu
nately, these therapies only achieve modest results and are often met 
with resistance and therapeutic failure [5]. Thus, there remains a sig
nificant need to discover novel therapeutic strategies in the treatment of 
GC. 

Precision medicine approaches using DST have grown in popularity 
as a part of institutional personalized medicine initiatives. Our DST 
platform has been previously used in hematologic and solid tumors for 
drug sensitivity profiling of ex-vivo tumor samples [6–8]. Additionally, 
we have previously developed a computation platform, SynergySeq, to 
identify compounds that can be used in synergistic combination with a 
reference compound [9]. The platform utilizes the L1000 
transcriptional-response profiles generated by the library of integrated 
network-based cellular signatures (LINCS) project. It creates 
perturbation-specific transcriptional signatures integrated with 
disease-specific profiles derived from The Cancer Genome Atlas (TCGA) 
transcriptional data. SynergySeq has been used to identify 
patient-specific drug combinations in glioblastoma multiforme (GBM) 
[10]. 

Clofarabine (CIB) is a next generation deoxyadenosine analogue 
derived from cladribine and fludarabine. It was rationally designed such 
that its deoxyadenosine analog structure inhibits DNA synthesis at two 
critical junctures: DNA polymerase I and RNA reductase [11]. This re
sults in significant DNA damage and DSB, ultimately culminating in 
apoptosis [12]. The FDA granted approval in 2004 for the use of clo
farabine monotherapy for pediatric patients with relapsed or refractory 
acute lymphoblastic leukemia (ALL) [13]. While most investigations 
have evaluated its effect in hematological malignancies, there is growing 
preclinical evidence that clofarabine may have efficacy in solid tumors 
as well, especially colorectal cancer [14,15]. However, the efficacy of 
clofarabine in solid tumors remains largely undetermined. 

The AKT/phosphoinositide 3-kinase (PI3K)/mechanistic target of 
rapamycin (mTOR) pathway has been shown to be constitutively acti
vated in approximately 80% of human gastric adenocarcinoma samples 
[16]. Moreover, alterations in this signaling pathway play an important 
role in chemoresistance of various standard chemotherapeutic regimens 
[17]. Pictilisib (PICT) is an orally bioavailable inhibitor of PI3K that had 
a clinical effect in various solid tumors [18,19]. Owing to the prevalence 
of PI3K pathway alterations in chemoresistance, pictilisib has been 
investigated in phase I clinical trials as a combination treatment with 
standard chemotherapy in various solid tumors [20,21]. 

In this study, we use DST screening to select a list of agents from a 
library of 215 FDA approved anti-cancer compounds available on 

compassionate care. This library consists of agents covering a variety of 
targets and pathways relevant to GC. Our screening identified clofar
abine as a potential therapeutic agent. We then performed next gener
ation sequencing of GC cells treated with clofarabine and analyzed the 
transcriptional expression pattern to identify a second agent that would 
function synergistically to achieve maximum antitumor effect. Utilizing 
this SenergySeq pipeline, we found that treatment with clofarabine 
resulted in a robust antitumor activity that was enhanced with the 
cotreatment of pictilisib in vitro and in vivo. 

Materials and methods 

Antibodies and reagents 

Clofarabine (S1218) was obtained from Selleck Chemicals (Houston, 
TX) and Pictilisib (HY-50094) was obtained from MedChemExpress 
(Monmouth Junction, NJ). AKT (4691), p-AKT (4060), checkpoint ki
nase 2 (CHK2) (6334), p-CHK2(2197), H2AX (7631), p-H2AX (9718), 
poly ADP-ribose polymerase (PARP) (9542), cleaved PARP (5625), ri
bosomal protein S6 kinase beta-1 (RPS6KB1) (9202), p-RPS6KB1 
(9205), BCL2 (15071), BCL2-associated X (BAX) (5023), p53 upregu
lated modulator of apoptosis (PUMA) (98672), and cleaved caspase 3 
(9661) antibodies were all obtained from Cell Signal Technology 
(Danvers, MA). Ki67 (27309) antibody was obtained from Proteintech 
(Rosemont, IL). β-Actin antibody was obtained from Millipore Sigma (St. 
Louis, MO). 

Cell culture 

The gastric adenocarcinoma cell lines AGS, SNU1, MKN28, MKN45, 
and STKM2 were used in the study. The immortalized nonneoplastic 
gastric (GES1) and esophageal (EPC2) cell lines were included as normal 
controls. AGS and SNU1 cells were purchased from American Type 
Culture Collection (ATCC, Manassas, VA). MKN28 and MKN45 cells 
were obtained from the Riken Cell Bank (Tsukuba, Japan). EPC2 cells 
were kindly provided by Dr. Anil Rustgi (University of Pennsylvania, 
Philadelphia, PA). GES1 cells were kindly provided by Dr. Dawit Kidane- 
Mulat (University of Texas at Austin, Austin, TX). AGS cells were 
cultured in Ham’s F12 media (GIBCO, Carlsbad, CA) supplemented with 
5% fetal bovine serum (FBS, Invitrogen Life Technologies, Carlsbad, CA) 
and 1% penicillin/streptomycin (P/S) (GIBCO). MKN28, MKN45, and 
GES1 cells were cultured in Roswell Park memorial institute (RPMI) 
medium (GIBCO) supplemented with 10% FBS and 1% P/S. EPC2 cells 
were cultured in Keratinocyte serum-free medium supplemented with 
recombinant epidermal growth factor and bovine pituitary extract 
(GIBCO). All cell lines were ascertained to conform to the original in vitro 
morphological characteristics and were authenticated using short tan
dem repeat (STR) profiling (Genetica DNA Laboratories, Burlington, 
NC). All cell lines reported here have been tested and had shown to be 
free of mycoplasma (R&D Systems, Minneapolis, MN). 

DST screening 

A range of FDA approved anti-cancer compounds (n = 215) were 
utilized in a compound library covering various targets and pathways 
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relevant to gastric adenocarcinoma. The compounds were obtained from 
the National Cancer Institute Drug Testing Program (NCI DTP) and 
commercial vendors (Enzo Life Sciences, Selleck Chemicals, Sigma- 
Aldrich, Tocris Biosciences). Drug sensitivity testing was performed as 
described previously [6–8]. All compounds were dissolved in 100% 
dimethyl sulfoxide (DMSO) and tested in duplicate using a 10-point 1:3 
dilution series starting at a nominal test concentration of 10 μM (20, 
000-fold concentration range). One thousand cells from the AGS, 
MKN28 and EPC2 cell lines were seeded per well in 384-well micro-titer 
plates and incubated in the presence of compounds in a humidified 
environment at 37 ◦C and 5% CO2. After 72 h of treatment, cell viability 
was assessed by measuring ATP levels via bioluminescence (CellTiter-
Glo; Promega, Madison, WI, USA) and dose–response curves were 
generated for each compound. Interpretation of curve parameters was 
performed according to the modified drug-sensitivity scoring (DSSmod) 
function we previously developed [6]. As a final step, the selective 
DSSmod (sDSSmod) for each drug in each patient screen was calculated 
according to the formula: sDSSmod=DSSmod (cancer cells) − DSSmod 
(normal cells). 

mRNA sequencing 

AGS and MKN45 cells were seeded in a 6-well plate at a density of 2 
× 105 cells per well. Cells were treated with clofarabine (200 nmol/L) 
for 48 h. According to the manufacturer’s specifications, RNA was iso
lated using the RNeasy Mini Kit (Qiagen, Valencia, CA). mRNA 
sequencing was performed by Novogene corporation (Sacramento, CA). 
RNA purity was assessed using the NanoPhotometer spectrophotometer 
(IMPLEN, CA). RNA integrity and quantitation were assessed using the 
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent 
Technologies, CA). A total of 1 µg RNA per sample was used as input 
material for the RNA sample preparations. According to the manufac
terer’s instructions, the clustering of the index-coded samples was per
formed on an Illumina Novaseq 6000 sequencer (Illumina Inc, CA, USA). 
After cluster generation, the libraries were sequenced on the same ma
chine and paired-end reads were generated. A sequencing depth of 20 
million paired-end 150 base pair reads was performed. The initial 
quality control services were performed by Novogene of data generated 
from the Illumina Novaseq 6000 sequencer. 

RNA sequencing analysis 

Following mRNA sequencing, the sequencing reads were aligned to 
the human reference genome using spliced transcripts alignment to a 
reference (STAR) [22]. The raw read count matrix was then analyzed 
using the DESeq2 R package to compute the gene expression levels be
tween the clofarabine treated cell lines and untreated cell lines [23]. 
Genes with log2FC > 1 with an adjusted P value < 0.05 were considered 
differentially expressed. 

Gene ontology (GO) enrichment analysis was performed on the 
differentially expressed genes (DEG) using R package cluster Profiler 
with org.Hs.eg.db used for annotation [24,25]. Enriched GO pathways 
with an adjusted P value < 0.05 were identified after the 
Benjamini-Hochberg correction for multiple testing [26]. Signaling 
pathways were identified using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) [27]. 

Data from various databases was processed, including the RNA 
sequencing data from the TCGA and L1000 datasets [28]. The TCGA 
data from stomach adenocarcinoma (STAD) comprised of 415 patients 
with tumors and 37 health controls and was downloaded from recount2 
[29]. The data was pre-processed using our previously described pipe
line [9]. We then used the R package TCGAbiolinks to compare the raw 
counts [30]. Differential expression analysis was performed on the 
filtered genes and genes with log2FC >1. The false discovery rate (FDR) 
threshold of 0.01 was considered significantly differentially expressed. 
We then performed a similar analysis on the L1000 dataset downloaded 

from the Broad Institute’s LINCS data portal (http://lincsportal.ccs. 
miami.edu/). This dataset consists of 978 landmark transcripts. Gene 
expression data were combined, and compound annotations were uni
fied for further data analysis. 

SynergySeq analysis 

We applied our previously described SynergySeq pipeline [10] to 
identify compounds synergistic with clofarabine. As descrobed above, 
we first identified the DEG in clofarabine treated and untreated GC cell 
lines (AGS and MKN45). We then utilized the L1000 dataset to define the 
transcriptional signature of the compounds included in this dataset. The 
L1000 repository contains gene expression profiles for thousands of 
small molecules and drugs. The overlap between the transcriptional 
signatures of L1000 compounds and the DEG from GC cell lines treated 
with clofarabine was used to define the individual drug signatures. 
These L1000 compound drug signatures were ranked according to their 
similarity to the transcriptional signature of clofarabine treated cells. We 
then investigated the TCGA STAD tumor samples and same tissue con
trols to identify differentially expressed genes which we defined as the 
disease signature expression profile. Next, the disease signatures were 
computed to identify the L1000 molecules that reverse these reverse the 
STAD disease signature. Finally, an orthogonality score was computed 
for L1000 compounds based on their similarity to the clofarabine 
reference signature and reversal of the STAD reference disease 
signature. 

Clonogenic survival assay 

AGS and MKN45 cells were rinsed with PBS, trypsinized, and 
collected as a single cell suspension. Cells were seeded in a 6 well plate at 
a density of 1000 cells per plate. Cells were allowed to attach overnight. 
The following day, the cells were treated with clofarabine (100 or 200 
nmol/L) and pictilisib (0.5 or 1 µmol/L), as a single agent or in combi
nation or with vehicle control. After 48 h of treatment, media was 
replaced with regular drug-free media. After incubation for 10 days, 
colonies were fixed using 4% paraformaldehyde. Colonies were then 
stained using 0.05% crystal violet. Colonies were counted using ImageJ 
(https://imagej.nih.gov/ij/index.html) and the ColonyArea plugin 
(https://b2share.eudat.eu/records/39fa39965b314f658e4a198a78d7f 
6b5). 

Cell viability assay 

Cells were rinsed with PBS, trypsinized, and collected as a single cell 
suspension. Cells were seeded in a 96 well microplate at a density of 
1000 cells per well with 2% FBS media. Cells were treated with clofar
abine (0–4 µmol/L) and pictilisib (0–16 µmol/L), as a single agent or in 
combination or with vehicle control. After 96 h of treatment, the 
CellTiter-Glo Cell Viability Assay (Promega, Madison, WI, USA) reagent 
was added to the sample. According to the manufacturer’s instructions, 
luminescence was measured using the FLUOROstar Optima (BMG Lab
tech, Ortenberg, Germany). 

Synergism analyses 

Compound synergy was quantified using the Chou-Talalay method 
and the CompuSyn software (https://www.combosyn.com/). First, the 
dose-effect curve for each drug alone is determined using the median- 
effect principle. It is compared with the effect achieved with a combi
nation of the two drugs to derive a combination index (CI) value. The CI 
indicates the level of synergism or antagonism observed between two 
drugs: <0.9 indicates synergism (0.3–0.7 strong; 0.7–0.85 moderates; 
0.85–0.9 slight), 0.9–1.1 indicates an additive effect, and >1.1 indicates 
antagonism [31]. 
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Western blotting 

Cells were plated at a density of density of 2 × 105 cells per well and 
treated with clofarabine (500 nmol/L), pictilisib (2 µmol/L) or a com
bination of both agents for 6, 24, or 48 h. Following treatment, cells 
were lysed by sonication in a radioimmunoprecipitation assay (RIPA) 
protein lysis buffer (Santa Cruz Biotechnology, Dallas, TX). Cellular 
proteins were collected in the supernatant fraction following centrifu
gation at 13,000 rotations per minute (RPM) for 10 min at 4 ◦C. Proteins 
were separated on 10% or 12.5% sodium dodecyl sulfa
te–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore 
Sigma). Membranes were probed with specific antibodies, and proteins 
were visualized using horseradish peroxidase (HRP)-conjugated sec
ondary antibodies and Immobilon Western Chemiluminescent HRP 
Substrate detection reagent (Millipore Sigma). Gel loading was 
normalized for equal detection of the β-actin signal. All immunoblots 
were imaged using the Biorad ChemiDoc XRS+ system (Bio-Rad, Her
cules, CA). 

qRT-PCR 

AGS and MKN45 cells were seeded in a 6-well plate at a density of 2 
× 105 cells per well. Cells were treated with clofarabine (500 nmol/L), 
pictilisib (2 µmol/L) or a combination of both agents for 24 h. RNA was 
isolated using the RNeasy Mini Kit (Qiagen). Single-stranded comple
mentary DNA (cDNA) was synthesized using the High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Waltham, MA). Genes 
specific for human primers were designed using the online software 
Primer 3 (https://primer3.ut.ee/). Forward and reverse primers were 
designed to span two different exons for each tested gene. The primer 
sequences can be found in supplemental Table 1. All primers were 
purchased from Integrated DNA Technologies (Coralville, IA). qRT-PCR 
was performed using the CFX96 Real-Time PCR detection system (Bio- 
Rad). The threshold cycle number was determined according to the 
iCycler Software version 3.1. Reactions were performed in duplicate, 
and the threshold cycle numbers were averaged. Threshold values were 
normalized to the housekeeping gene Hypoxanthine-guanine phos
phoribosyltransferase (HPRT). Expression ratios were calculated with 
the ΔΔCt method [32]. 

Immunofluorescence 

AGS and MKN45 cells were seeded in an 8-well cell culture chamber 
slide at a density of 1 × 104 cells per well. Cells were treated for 48 h 
with clofarabine (0.5 µmol/L) and pictilisib (2 µmol/L) as a single agent 
or in combination or with vehicle control. Cells were then fixed with 
freshly prepared 4% paraformaldehyde in PBS solution for 45 min at 
room temperature. A permeabilization solution of 0.1% Triton X-100 
(Millipore Sigma) in 0.1% sodium citrate (Millipore Sigma) was then 
added for 5 min on ice. The cells were then blocked for 1 hour using 10% 
normal goat serum (Thermo Fisher Scientific, Waltham, MA). The cells 
were then incubated with an anti-γ-H2AX antibody overnight at 4 ◦C. A 
secondary antibody of Alex Fluor 568 goat anti-rabbit IgG (Thermo 
Fisher Scientific) was added, and coverslips were mounted with VEC
TASHIELD Mounting Medium containing 4′,6-diamidino-2-phenyl
indole (DAPI) counterstain cellular nuclei. γ-H2AX foci were scored 
manually using an Olympus fluorescence microscope. The number of 
cells with positively staining foci was calculated from a minimum of 250 
cells per treatment condition. Experimental data represents the average 
of three independent experiments. 

Immunohistochemistry 

Ki67 and cleaved caspase 3 immunohistochemical analysis was 
performed on formalin-fixed, paraffin-embedded tissues. Tissue sections 

were deparaffinized and antigen retrieval was carried out using either 
Tris-ethylenediaminetetraacetic acid (EDTA) (pH 9.0) or sodium citrate 
(pH 6.0) buffer based on primary antibody manufacturer recommen
dations. The Millipore IHC Select (Millipore Sigma) immunoperoxidase 
secondary detection system was utilized according to manufacturer in
structions. Diaminobenzidine staining signal was quantified using 
ImageJ FIJI as previously described [33]. 

14 in vivo experiments 

Five-week-old NOD.Cg-Prkdcscid/J mice were purchased from Jack
son Laboratory (Bar Harbor, ME). De-identified PDXs from human 
gastric adenocarcinoma were generated according to our previously 
described platform [34]. PDX lines 498 and 459 were used in the 
experiment. Both PDX lines were generated from patients with advanced 
(stage IV) disease and histologically were the intestinal subtype based on 
Lauren classification (Supplemental Table 2). Samples were cut to a 
uniform size and implanted subcutaneously into bilateral flanks. Tumors 
were measured every other day until tumor volume reached approxi
mately 150 mm3. The mice were then randomized into 4 groups con
taining 9 mice and treated with clofarabine, pictilisib, or a combination 
for 24 days. Clofarabine was delivered via intraperitoneal (IP) injection 
at a dose of 30 mg/kg every 3 days. The IP formulation consisted of 4% 
DMSO in PBS + 1% Tween-80. Pictilisib was delivered via oral gavage 
(OG) at a dose of 75 mg/kg administered according to the schedule 5 
days on, 2 days off. The OG formulation consisted of 0.5% methylcel
lulose in PBS + 0.2% Tween-80. Tumor growth was determined by 
measuring the width and length of the tumors with an electronic caliper 
every 3 days. Body weights were measured every 7 days to monitor for 
drug toxicity. Tumor volume was calculated using the following for
mula: tumor volume (mm3) = 1/2 (W)2 x (L). At the experimental 
treatment endpoint of 24 days, 6 mice from each group were followed 
for survival. These mice were sacrificed once tumors reached 1000 mm3. 
A Kaplan-Meier survival estimate was performed with a log-rank 
calculation to determine statistical significance. All in vivo experiments 
were approved by the University of Miami’s Institutional Animal Care 
and Use Committee and performed according to all guidelines (protocol 
number 20–110). 

Statistical analysis 

Values were expressed as a mean +/- standard deviation. All in vitro 
experiments were the results of at least three independent experiments. 
GraphPad Prism 8 (GraphPad Software Inc., CA) software was used for 
all statistical analyses. One-way analysis of variance (ANOVA) with Tu- 
Key post-hoc analysis was utilized to demonstrate statistical differences 
between control groups and treatment groups. The P value of ≤ 0.05 
were considered statistically significant and are marked in the figures: * 
represents P < 0.05, ** represents P < 0.01. 

Results 

Drug sensitivity profiling of GC cell lines identifies clofarabine an 
efficacious agent in vitro 

Neoplastic (AGS, MKN28) and normal (EPC2) gastroesophageal 
epithelial cell lines were exposed to a library containing 215 FDA- 
approved anti-cancer compounds. The modified drug sensitivity score 
(DSSmod) method has been described previously [6–8]. Briefly, The 
DSSmod represents a score of the compound’s 
anti-proliferative/cytotoxic activity that incorporates both potency and 
efficacy measures. The selective DSSmod (sDSSmod) was determined by 
calculating the difference in DSSmod between cancer cell lines and the 
normal EPC2 cell line. sDSSmod reveals therapies with the greatest 
tumor-selective activity (higher activity against cancer cells relative to 
normal non-cancer cells). Consequently, sDSSmod serves to deprioritize 
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treatments that exhibit high toxicity towards normal tissue and priori
tize treatments with high selective activity towards tumor tissue. Com
pounds with sDSSmod ≥ 5 were prioritized and ranked by their 
sDSSmod score. 54 and 41 compounds displayed responses above 
threshold in AGS and MKN28 cells, respectively (Supplemental Fig. S1A, 
B). AGS and MKN28 cell lines demonstrated similar drug sensitivity to 
most active compounds (Fig. 1A); however, the ranking of specific hits 
differed between cell lines (Supplemental Fig. S1A,B). A significant 
response (DSSmod ≥ 5) was observed in 29 compounds tested in EPC2 
cells, which serve as a normal tissue control (Supplemental Fig. S1C). 

Current standard chemotherapeutic regimens for GC often include a 
DNA damaging drug. Agents that are commonly used include cisplatin, 
oxaliplatin, and 5-fluorouracil (5-FU) [35]. Our drug sensitivity 
profiling identified several DNA damaging agents that were efficacious 
in GC cell lines (Fig. 1A). These drugs have distinct mechanisms of ac
tion, including DNA topoisomerase inhibitors, ribonucleotide reductase 
(RR) inhibitors, and folate antimetabolites. Of these agents, we elected 
to investigate clofarabine based on its unique ability to inhibit not only 
RR but also DNA polymerase I. This nucleoside analog also disrupts 
mitochondrial function and membrane integrity, resulting in the release 
of pre-apoptotic factors like cytochrome C, and apoptotic-inducing 
factors [12]. In fact, the unique biochemical modulation of clofar
abine, when used with other established chemotherapeutic regimens, 
has made it an attractive target for investigators as a component of 
combination chemotherapy [36]. Our drug sensitivity profiling of clo
farabine demonstrated good anti-tumor activity in both AGS and 
MKN28 cell lines with minimal effect in the EPC2 cell line (Supple
mental Fig. 1D–F). Thus, clofarabine was identified as a promising 
compound for our investigation. 

Synergy-seq pipeline analysis to identify compounds with potentially 
synergistic activity with clofarabine 

AGS and MKN45 cell lines were treated with clofarabine (0.3 µmol/ 
L) for 48 h and total RNA was extracted for RNA sequencing. The RNA 
sequencing data was used to determine the differential expression levels 
in clofarabine treated GC cell lines and untreated samples. The dataset 
included 3 replicates from each group. Initially, clustering was per
formed on the raw expression dataset. By comparing the clofarabine 
treated GC cell lines to untreated control samples, we separated the drug 
treated samples from the untreated samples, as depicted by the principal 
component analysis (PCA) plot (Fig. 1B). In AGS cells, our analysis 
revealed 1882 genes with significant differences (log2FC>1 and 
P<0.05); 1490 genes were upregulated, and 392 genes were down
regulated in clofarabine treated cells compared to untreated samples 
(Fig. 1C) (Supplemental Table 2). In MKN45 cells, 1071 genes were 
found to be significantly differentially expressed with 901 upregulated 
and 170 down-regulated genes (Fig. 1D) (Supplemental Table 2). We 
performed the functional enrichment analysis on the DEG, including GO 
and KEGG pathway analyses. The top terms of GO functions were 
enriched in cell motility, migration, and differentiation. KEGG pathways 
were enriched for cytokine-cytokine receptor interaction and P53 
signaling pathways (Supplemental Fig. 2A,B). Differential expression 
analysis of the TCGA RNAseq expression data identified 4982 DEG in 
gastric adenocarcinoma samples than healthy controls (Fig. 2A) (Sup
plemental Table 2). 

We then attempted to evaluate the transcriptional difference be
tween the clofarabine treated GC cell lines and the L1000 dataset. We 
identified 64 (AGS) and 35 (MKN45) genes out of a total of 978 L1000 
genes that were shown to be differentially expressed in the clofarabine 
treated samples compared with untreated controls. The compounds with 
a low number of genes in the L1000 dataset were excluded. A concor
dance ratio was derived for each compound, describing the ratio of a 
compound’s genes with similar regulation clofarabine to genes with the 
opposite regulation. This is represented as the orthogonality score 
compared to reference clofarabine treatment (Fig. 2B). 

Next, we analyzed 168 significantly differentially expressed genes in 
the TCGA dataset that were present in the L1000 gene set. An optimal 
compound has the potential to reverse these 168 disease specific sig
natures. To determine suitable compounds, we computed the disease 
specific discordance ratio (DR) analogous to clofarabine (DEG in AGS 
and MKN45 cell lines) for all compounds. DR is used to describe the ratio 
of drug induced DEG that have opposite regulation to the disease 
signature (STAD) to those with the same regulation (Fig 2B). The L1000 
compounds were ranked according to their concordance to the reference 
clofarabine signature in GC cell lines. To identify top agents suitable for 
potential synergism with clofarabine, we first ranked compounds based 
on their disease discordance ratio. The top 5 agents were selected from 
the list and then ranked according to orthogonality to reference clofar
abine signature (Fig. 2B,C). A synergy plot was computed based on a 
compound’s similarity to the reference clofarabine signature (x-axis) 
and the reversal of the disease signature (y-axis) (Supplemental Fig. 3A, 
B). Utilizing this pipeline, we were able to identify several candidate 
compounds with theoretical synergistic activity with clofarabine in GC 
cell lines. 

Clofarabine and pictilisib demonstrate synergism in inhibiting GC cell 
viability 

Utilizing the top results from the synergy pipeline; we next sought to 
validate the combinatorial effects of clofarabine with these agents. We 
performed the ATP-Glo cell viability assay in cells treated with clofar
abine in combination with either NVP-TAE 684, simvastatin, foretinib, 
or pictilisib (Supplemental Fig. 4). We discovered that the combination 
of clofarabine and pictilisib performed better than others and substan
tially decreased cell viability in numerous cell models of GC (AGS, 
MKN45, SNU1), as compared with single agent treatments (Fig. 3A–C). 
We did not detect significant changes in cell viability of immortalized 
normal gastric epithelial cells (GES1) (Fig. 3D). Furthermore, we 
determined the CI utilizing the Chou-Talalay isobologram method [31]. 
Results demonstrated synergistic activity of combined clofarabine and 
pictilisib treatment in all tested GC cell lines (CI<0.7) (Fig. 3E). 

For further validation, we performed a long-term (10 days) clono
genic survival assay. AGS and MKN45 cells were treated with clofar
abine (0.1 µmol/L) and pictilisib (0.5 µmol/L) for 48 h. The results 
indicated a decrease in cell viability by 80% and 60% in AGS and 
MKN45 cells, respectively, with combined clofarabine and pictilisib 
treatment compared to vehicle control. This decrease in cell viability 
was significantly greater than single agent treatment with clofarabine 
(25%, 45%) or pictilisib (35%, 55%) (Supplemental Fig. S5A,B, 
P<0.01). Together, these results validate the synergistic activity of 
clofarabine and pictilisib in GC cell lines. 

Combination treatment with clofarabine and pictilisib increases levels of 
DNA damage and induces cell death 

Clofarabine mechanistically generates DSB that results in the in
duction of apoptosis [12]. An early cellular response to DSB is the 
phosphorylation of H2AX at the sites of DNA damage. Rapid phos
phorylation at serine 139 results in discrete γ-H2AX foci at the DNA 
damage sites [37]. We analyzed the extent of DSB by performing 
immunofluorescent staining of γ-H2AX in AGS and MKN45 cells treated 
with clofarabine (0.5 µmol/L) and pictilisib (2 µmol/L) for 48 h. Cells 
treated with clofarabine alone had a significantly increased percentage 
of cells with DSB (AGS 31%, MKN45 25%) compared with vehicle 
control or pictilisib alone. When pictilisib was added in combination 
with clofarabine, DSB was significantly increased (AGS 68%, MKN45 
54%) compared to all other treatment conditions, as demonstrated by 
positively staining γ-H2AX foci (Fig. 4A,B, P < 0.01). 

The accumulation of DSB is a major cellular disturbance and cul
minates in apoptosis. To determine the degree to which treatment 
conditions resulted in apoptosis, we performed flow cytometry analysis 
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Fig. 1. Drug sensitivity profiling of GC cell lines and analysis of RNA sequencing signature of clofarabine treated GC cell lines. A: Table showing list of top agents 
with clinically actionable drug responses according to sDSSmod scoring in AGS and MKN28 cell lines. Displayed are agents that showed activity in both cell lines. 
Agents are ranked according to the average sDSSmod value in both cell lines. B: PCA plot showing AGS clofarabine treated samples (red, top left), AGS untreated 
samples (green, bottom left), MKN45 clofarabine treated samples (cyan, top right), and MKN45 untreated samples (purple, bottom right). The results represent 3 
replicate samples for each treatment condition. C-D: Volcano plot showing differentially expressed genes between the clofarabine treated and untreated samples in 
AGS (C) and MKN45 (D) cell lines. Each dot is representative of a single gene. The vertical lines correspond to the log2 fold change of − 1 and +1. The horizontal line 
indicates an adjusted P value of 0.05. The genes on the left are significantly downregulated and genes on the right are significantly upregulated. 
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Fig. 2. Identification of candidate compounds with predicted synergism with clofarabine treatment. A: Volcano plot showing differentially expressed genes in the 
TCGA dataset between STAD samples and normal tissue controls. Each dot is representative of a single gene. The vertical lines correspond to the log2 fold change of 
− 1 and +1. The horizontal line indicates an adjusted P value of 0.05. The genes on the left are significantly downregulated and genes on the right are significantly 
upregulated. B: Table listing the top 5 agents with predicted clofarabine synergism in AGS and MKN45 cell lines based on the SynergySeq pipeline. Compounds were 
first ranked based on disease discordance to DEG in STAD samples from the TCGA database. These compounds were then ranked according to orthogonality to 
reference clofarabine signature. C: Table depicting mechanism of action for candidate compounds with predicted synergism to clofarabine treatment. 

S. Khalafi et al.                                                                                                                                                                                                                                 



Translational Oncology 15 (2022) 101260

8

with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide 
(PI) staining. Annexin V detects phosphatidylserine that is translocated 
from the inner to the outer leaflet of the plasma membrane in apoptotic 
cells. PI is a viability stain that is excluded from cells with intact plasma 
membranes. Taken together, cells staining positive for Annexin V and 

negative for PI are actively undergoing apoptosis, while cells staining 
positive for both markers are necrotic [38]. AGS and MKN45 cells were 
again treated with clofarabine (0.5 µmol/L) and pictilisib (2 µmol/L) for 
48 h. We discovered a significantly increased population of apoptotic 
cells in both AGS and MKN45 cell lines when treated with clofarabine 

Fig. 3. Clofarabine and pictilisib act synergistically in GC cell lines. A–D: ATP-Glo assay for clofarabine and pictilisib combination and single agent treatment for 72 
h in GC cell lines (AGS, MKN45, SNU1) (A-C) and a normal, immortalized gastric epithelial cell line (GES1) (D). E: The summary of IC50 values of clofarabine, 
pictilisib, or clofarabine + pictilisib treatment of all malignant and normal gastric cell models. CI values display synergistic activity in the cell lines. CI was 
determined using the Chou-Talalay method for drug synergy. 
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Fig. 4. Clofarabine and pictilisib in combination increase DNA damage and cell death. A-B: γ-H2AX (red) staining in AGS and MKN45 cells following clofarabine 
and/or pictilisib treatments (left) and relative percentage of cells with positively staining foci (right). C-D: The Annexin V-FITC and PI staining was performed 
following treatments in AGS and MKN45 cells. Bar graphs (right) represent the sum of Q2+Q4 events for each treatment condition. One-way ANOVA with Tu-Key 
post-hoc analysis was utilized to demonstrate statistical difference between control groups and treatment groups. Each bar in the graph to the right represents the 
mean ± SD of three independent experiments. * P < 0.05, ** P < 0.01. 
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and pictilisib in combination compared with single agent or vehicle 
controls (Fig. 4C,D, P < 0.01). Our results suggest that the addition of 
pictilisib potentiates the intracellular accumulation of DSB from clo
farabine, thereby increasing cellular apoptosis. 

Clofarabine and pictilisib induce DNA damage while inhibiting cell- 
survival signaling pathways and potentiating major regulators of apoptosis 

We performed western blot analysis to validate our previous findings 
of increased DSB with combination treatment with clofarabine and 
pictilisib. In addition to measuring γ-H2AX activation, we investigated 
the phosphorylation of CHK2 and the cleaved fraction of PARP. CHK2 is 
a key component of the DNA damage response and is phosphorylated in 
response to DSB [39]. Consistent with our immunofluorescence findings, 
we found that AGS and MKN45 cells treated with clofarabine and pic
tilisib had increased activation of γ-H2AX, phosphorylation of CHK2, 
and cleaved PARP fraction compared with a single agent and vehicle 
control (Fig. 5A,B). This effect was seen prominently after 24 h of 
treatment and sustained for 48 h (Supplemental Fig. S6A,B). 

We also performed western blot analysis to elucidate the effect of 
pictilisib on pro-survival cellular mechanisms, namely the AKT/PI3K/ 
mTOR signaling pathway. We discovered that pictilisib inhibited AKT 
phosphorylation in both AGS and MKN45 cell lines. There was no 
discernable difference in this signaling pathway between cells treated 
with pictilisib alone and cells treated with both clofarabine and pictilisib 
(Fig. 5A,B). These effects were prominent at the 6 hour and 24-hour 
timepoints and dissipated after 48 h of treatment (Supplemental 
Fig. S6A,B). We also investigated the effects of drug treatment on the 
downstream mTOR target RPS6KB1. In both AGS and MKN45 cells 
treated with pictilisib or the combination of clofarabine and pictilisib 
there was decreased phosphorylation of RPS6KB1, suggesting down
stream mTOR pathway inhibition (Fig. 5A,B). This effect was most 
pronounced at the 24-hour timepoint in both cell lines. Interestingly, 
single agent treatment with clofarabine resulted in increased pAKT 
signaling at 6 h in both AGS and MKN45 cell lines. This suggests that the 
addition of pictilisib to clofarabine was needed to suppress a potentially 
AKT-dependent resistant mechanism. 

AKT is known to promote pro-survival signaling through its influence 
on the BCL2 family of proteins. Previous investigations have demon
strated decreased BCL2 expression with AKT inhibition [40]. Concor
dantly, our qRT-PCR and western blot results demonstrate significantly 
decreased gene and protein expression of BCL2 in both AGS and MKN45 
cell lines following treatment with pictilisib. Additionally, combined 
clofarabine and pictilisib treatment suppressed BCL2 expression signif
icantly more than pictilisib alone (Fig. 5C,D, P < 0.01). It has been 
previously reported that PI3K inhibitors can upregulate several 
pro-apoptotic members of the BCL2 family, such as BAX and 
BCL2-associated agonists of cell death (BAD) [41,42]. This was again 
investigated with qRT-PCR and western blot. Results demonstrated 
significantly increased gene and protein expression of BAX and PUMA in 
both AGS and MKN45 cells following combined clofarabine and picti
lisib treatment compared to single agent treatment or vehicle control 
(Fig. 5C,D, P < 0.01). Taken together, these results demonstrate com
plementary molecular actions of clofarabine and Pictilisib serve to 
enhance cancer cell death and suppress AKT-dependent resistant 
mechanisms. 

The combination of clofarabine and pictilisib suppresses gastric 
adenocarcinoma PDX growth in vivo 

To confirm our in vitro observations that the combination of clofar
abine and pictilisib function synergistically to inhibit tumor growth, we 
evaluated NOD.Cg-Prkdcscid/J mice implanted with 2 PDX lines. Both 
PDXs were generated from patients with stage IV disease, were of in
testinal type, human epidermal growth factor receptor 2 (HER2) and 
Epstein-Barr Virus (EBV) negative. While PDX 459 was microsatellite 

stable and wild type for all PIK3 genes, PDX 498 demonstrated micro
satellite instability and demonstrated a frameshift in PIK3C2G. Notably, 
phosphatase and tensin homolog (PTEN) and mTOR were wild types in 
both PDX samples (Supplemental Fig. S7A,B). Treatment with clofar
abine 30 mg/kg as a single agent significantly inhibited tumor growth in 
both PDX lines compared with control tumors (Fig. 6A and D, P < 0.01). 
Combined treatment with clofarabine 30 mg/kg and pictilisib 75 mg/kg 
significantly inhibited tumor growth in both PDX lines compared with 
single agent treatment and control tumors (Fig. 6A and D, P < 0.01). 
There was no significant change in mouse weight to suggest toxicity ( 
Fig. 6B). A subset of mice (n = 6 per treatment group per PDX line) 
reaching the conclusion of treatment duration (24 days) was then fol
lowed for survival and sacrificed once tumors reached 1000 mm3. A 
Kaplan-Meier survival estimate was performed, and results demon
strated improved survival with single agent clofarabine therapy in both 
PDX lines compared with the control group (Fig. 6E, P<0.01). Survival 
analysis of the group receiving combined clofarabine and pictilisib 
therapy demonstrated significantly enhanced survival with combined 
therapy compared with single agent treatment or control tumors 
(Fig. 6E, P < 0.01) 

We then performed western blot and immunohistochemical analysis 
of tumors collected after 24 days of treatment. Immunostaining with 
anti-Ki67 and anti-cleaved caspase-3 antibodies indicated that the 
slowed tumor growth in the clofarabine and combined clofarabine and 
pictilisib groups were likely due to decreased cellular proliferation and 
increased apoptosis. Ki67 immunostaining demonstrated significantly 
decreased staining with clofarabine treatment compared to controls and 
significantly increased staining with combined clofarabine and pictilisib 
treatment compared with all other samples (Fig. 6C, P < 0.01). The 
converse was true with cleaved caspase-3 immunostaining with signif
icantly increased signal in the clofarabine group compared with un
treated tumors and significantly increased signal with combined 
clofarabine and pictilisib treatment compared with all other treatment 
groups (Fig. 6C, P<0.01). Western blot analysis demonstrated increased 
cleaved fraction of PARP, phosphorylation of CHK2, and phosphoryla
tion of H2AX with combined clofarabine and pictilisib treatment 
compared with control tumors and single agent treatment. There was 
also a decrease in phosphorylated AKT in tumors treated with clofar
abine, pictilisib, or a combination. This decrease was most pronounced 
in the combination treatment group (Fig 6F). 

Discussion 

GC is the third most common cause of cancer-related death world
wide, causing more than 700,000 deaths each year [2,3]. Unfortunately, 
in the United States, most GC patients are diagnosed at a late stage 
(Stage III or IV) with a poor response to therapy and a five-year survival 
rate of 5.2% [43]. Despite significant advances in diagnostic and ther
apeutic modalities, GC remains a significant source of cancer-related 
morbidity and mortality [44]. Current treatments for GC are often met 
with chemoresistance and poor clinical outcomes. The AKT/PI3K/m
TOR pathway is a major, frequently activated pathway in GC. It plays an 
integral role in chemoresistance [16,17]. Many drug-resistant tumors 
achieve chemoresistance through the epithelial-mesenchymal transition 
(EMT) and a key signaling pathway influencing EMT is AKT/PI3K [45]. 
Thus, this pathway is a logical source for further investigations into 
combinatorial efficacy with other chemotherapeutic agents. 

Only recently have investigators begun to perform robust molecular 
profiling gastric adenocarcinoma samples and have sub-classified tu
mors into 4 distinct molecular subtypes [46]. While these studies have 
expanded our understanding of the molecular characterization of GC, 
they serve to highlight the intense degree of heterogeneity that exists 
within this specific cancer site. Thus, a standardized therapeutic 
regimen may not be the optimal treatment for every patient. There re
mains an unmet need to identify novel therapeutic options to provide 
greater clinical benefit on a case-by-case basis. 
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Fig. 5. Clofarabine and pictilisib combination treatment induces DNA damage and blocks cell survival signaling pathways. A-B: Western blot analysis for PARP/ 
cleaved-PARP, CHK2, γ-H2AX, AKT, RPS6KB1, and β-actin following treatment with clofarabine and/or pictilisib for 6 and24 h in AGS (A) and MKN45 (B) cell 
lines. C-D: qRT-PCR and western blot analysis of BLC2, BAX, and PUMA in AGS (C) and MKN45 (D) cells treated with clofarabine and/or pictilisib for 24 h. ANOVA 
with Tu-Key post-hoc analysis was utilized to demonstrate statistical difference between control groups and treatment groups. Each bar in the graph represents the 
mean ± SD of three independent experiments. * P < 0.05, ** P < 0.01. 
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Fig. 6. Clofarabine and pictilisib combination treatment abrogates tumor growth in PDX mouse models. A: Representative PDX tumors of sacrificed mice at 
experimental endpoint of 24 days. B: Mean body weight (g) of PDX-implanted mice measured every 6 days for the treatment duration of 24 days. C: Immunohis
tochemistry staining for Ki67 and cleaved caspase 3 (top) and quantification of immunostaining intensity in each treatment group (bottom). D: Tumor volumes 
measured every 3 days of PDX mouse models treated with clofarabine and/or pictilisib. Each data point represents the mean ± SD of 9 PDXs. E: Kaplan-Meier survival 
estimate of 6 mice in each treatment group. F: Western blot analysis of PDX tumors for AKT, PARP, CHK2, H2AX, and β-actin in mice treated with clofarabine and/or 
pictilisib at the treatment endpoint of 24 days. A log-rank calculation was performed to demonstrate statistical significance in survival between treatment groups. 
One-way ANOVA with Tu-Key post-hoc analysis was utilized to demonstrate the statistical differences between control groups and treatment groups. Each bar in the 
graph represents the mean ± SD of three tissue sections. * P < 0.05, ** P < 0.01. 
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In this study, we utilize drug sensitivity screening and next genera
tion sequencing to identify a potential therapeutic combination effica
cious in pre-clinical models of GC. Our study represents the first 
investigation into clofarabine as a potential therapeutic agent in treating 
GC. DNA damaging agents/antimetabolites are considered standard of 
care in chemotherapeutic regimens for GC [35]. Clofarabine has a 
comparative advantage over these commonly used agents because it 
inhibits both RR and DNA polymerase. Thus, it is likely that there is a 
clinical role for the use of clofarabine in GC. 

Clofarabine is a monotherapy that demonstrated adequate anti- 
tumor activity in vitro and in vivo. This effect was further enhanced 
with the addition of the PI3K inhibitor pictilisib. Previous investigations 
have demonstrated that AKT/PI3K signaling is a means of overcoming 
the cellular insults caused by DSB through the promotion of non- 
homologous end joining-mediated DSB repair and cell survival [47]. 
In line with this mechanism, we observed an increase pAKT when cells 
were treated with clofarabine as a single agent. This suggests the acti
vation of this survival mechanism in response to DSB. Similarly, others 
have shown that the combination of clofarabine with the mTOR inhib
itor temsirolimus has preclinical efficacy in cellular models of acute 
myeloid leukemia (AML) [48]. While this provides a potential expla
nation for the observed synergism between clofarabine and pictilisib, we 
acknowledge that the exact mechanism by which combination treat
ment achieves its enhanced anti-tumor effect will require additional 
investigations. Furthermore, our investigation evaluated the simulta
neous administration of both drugs with favorable results. It is possible 
that different dose-sequence alterations may have different efficacy. 

Our identification of pictilisib as a synergistic agent represents our 
most recent validation of the previously published SynergySeq pipeline. 
We have previously demonstrated that this pipeline is effective in pre
clinical models of GBM in identifying novel therapeutic combinations 
[10]. In this investigation, we utilized the clofarabine gene signature in 
AGS and MKN45 cell lines to identify compounds that would have the 
least similarity to clofarabine and with the highest gastric adenocarci
noma disease signature reversal. All compounds that were tested in 
combination with clofarabine had relatively similar orthogonality to the 
clofarabine signature but differed in their disease signature reversal, 
most notably with the ALK inhibitor NVP-TAE 684. While this com
pound did have some synergistic effect with clofarabine in AGS cells (CI 
0.819), the synergistic effect was not as robust as pictilisib. This finding 
is explained by the presence of an ALK mutation in the AGS cell line, 
while MKN45 cells are known to be ALK wild type [49]. Oncogenic ALK 
mutations have been demonstrated to be present in 16% of TCGA GC 
samples with microsatellite instability [50]. Despite these results, the 
SynergySeq pipeline remains a powerful tool to predict drug efficacy in 
animal or human models of GC. Our findings represent an exciting op
portunity for further refinement of our methodology to provide maximal 
clinical impact. 

Numerous PI3K inhibitors have been approved by the FDA for 
treatment of hematological malignancies. While these agents have sig
nificant therapeutic benefits, there is some concern regarding the 
sometimes severe adverse effects associated with their use [51]. Other in 
vivo investigations of pictilisib have shown that doses of up to 150 
mg/kg/day can be safely tolerated [52]. In our investigation, we elected 
to limit the dosing of pictilisib to 75 mg/kg/day to minimize the risk of 
toxicity. We were still able to demonstrate significantly decreased tumor 
growth at lower doses of pictilisib without significant weight changes to 
suggest drug toxicity (Supplemental Fig. 7). This highlights the great 
advantage to the administration of synergistic agents: enhanced anti
tumorigenic effects at lower doses. 

In conclusion, our results validate a potentially transformative 
pipeline in individualized care for patients with GC. We demonstrate 
that the novel combination of clofarabine and pictilisib promotes DNA 
damage and inhibits key cell survival pathways to induce cell death 
beyond single-agent treatment. Our results provide a proof-of-concept 
for synergistic activity between DNA damaging agents and PI3K 

inhibitors in GC. While some limitations still exist, we envision that the 
workflow could be the future for targeted cancer therapeutics. As the 
cost of performing next-generation sequencing continues to decline, the 
possibility of patient-specific therapeutic becomes an ever-closer reality. 
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