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ABSTRACT
◥

Systematic testing of existing drugs and their combinations is an
attractive strategy to exploit approved drugs for repurposing and
identifying the best actionable treatment options. To expedite the
search among many possible drug combinations, we designed a
combinatorial CRISPR–Cas9 screen to inhibit druggable targets.
Coblockade of the N-methyl-D-aspartate receptor (NMDAR) with
targets of first-line kinase inhibitors reduced hepatocellular carci-
noma (HCC) cell growth. Clinically, HCC patients with low
NMDAR1 expression showed better survival. The clinically
approved NMDAR antagonist ifenprodil synergized with sorafenib
to induce the unfolded protein response, trigger cell-cycle arrest,
downregulate genes associated with WNT signaling and stemness,
and reduce self-renewal ability of HCC cells. In multiple HCC
patient-derived organoids and human tumor xenograft models, the
drug combination, but neither single drug alone, markedly reduced
tumor-initiating cancer cell frequency. Because ifenprodil has an
established safety history for its use as a vasodilator in humans, our
findings support the repurposing of this drug as an adjunct for HCC
treatment to improve clinical outcome and reduce tumor recur-
rence. These results also validate an approach for readily discovering
actionable combinations for cancer therapy.

Significance: Combinatorial CRISPR–Cas9 screening identifies
actionable targets for HCC therapy, uncovering the potential of
combining the clinically approved drugs ifenprodil and sorafenib as
a new effective treatment regimen.
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Introduction
It is becoming increasingly evident that combination therapy can

enhance efficacy in treating various cancers (1), including hepatocel-
lular carcinoma (HCC). HCC is the most common type of liver cancer
with a very poor prognosis, ranking fourth as the most common cause
of death among all cancers globally (2). First-line treatment options for
unresectable HCC include sorafenib and lenvatinib, which target
multiple kinases including Fms-related tyrosine kinase 4 (FLT4),
fibroblast growth factor receptor (FGFR), and platelet-derived growth
factor receptor and inhibit tumor growth and angiogenesis (3). How-
ever, these first-line treatments only extend overall survival of HCC
patients for a few months, and the presence of drug-resistant tumor-
initiating cells poses a high chance of tumor relapse (4, 5). There
remains a critical need to improve the treatment for this disease.

Prompted by the effectiveness of immune-checkpoint inhibitors in
eradicating melanoma (6, 7), clinical trials have been launched to test
on therapies that combine first-line drugs with immune-checkpoint
inhibitors in HCC patients (8). Combined treatment with immune-
checkpoint inhibitor atezolizumab and angiogenesis inhibitor beva-
cizumab, which targets programmed death-ligand 1 (PD-L1) and
vascular endothelial growth factor respectively, was also tested and
recently approved for treating unresectable and metastatic HCC (9).
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Cotreatment with immune-checkpoint inhibitors nivolumab and
ipilimumab, which target PD-L1 and cytotoxic T-lymphocyte-
associated protein 4, respectively, was approved as a second-line
option for advanced HCC patients previously treated with sorafe-
nib (10). So far, the trials on combination therapies are designed based
on potential additive effects brought by clinically proven drugs and are
largely confined to kinase inhibitors, immune-checkpoint blockers,
and angiogenesis inhibitors (8). These drug combinations only mod-
estly increase overall survival of HCC patients and do not effectively
prevent tumor relapse.

Systematic screening of therapeutic targets and combinations
using high-throughput technologies could broaden the search for
and accelerate the discovery of new treatment options. Screening
drug arrays may be automated using robotics, by which it requires
delicate equipment and is also expensive and offers limited scal-
ability and flexibility in evaluating a vast number of drug combina-
tions. Therapeutic target selection based on genetic evidence could
help predict and prioritize candidates for drug discovery and
repurposing (11, 12); however, low-throughput classic genetics
studies are tedious and time-consuming and much genetic evidence
for different types of cancers remains to be discovered. With the
development of CRISPR (clustered regularly interspaced short
palindromic repeats)-based high-throughput screens (13, 14),
pooled characterization of genetic perturbations allows many genes
and their pairs to be evaluated affordably using a simple experi-
mental setup. CRISPR screens have been applied in many labora-
tories to search for novel therapeutic targets for cancers and other
diseases. Through screening genes and their combinations from
which hits can be translated directly into drug combinations using
existing drugs, nonconventional drugs and drug combinations may
be discovered and repurposed for treating cancer. The availability of
drugs against the identified hits also avoids the need to start the
lengthy and costly drug development process, which often has a low
success rate (15).

As with other cancers, HCC cells are hypothesized to be het-
erogeneous and comprise a cancer stem cell (CSC; also known
as tumor-initiating cell) subpopulation with the unique ability to
self-renew that contributes to drug resistance and tumor recur-
rence (16, 17). Treatment of bulk cancer cell population within
tumors with chemotherapeutic agents and kinase inhibitors was
shown to leave behind CSC-enriched cells that re-form tumors (18).
We postulated that rendering CSCs susceptible to therapeutic
interventions may represent an effective strategy for cancer treat-
ment. Our attempt using Connectivity Map (CMap), a transcrip-
tomics-based drug-repurposing method (19), to map gene expres-
sion signatures with a library of FDA-approved drugs, however, did
not generate a hypothesis on drug candidates that could be repur-
posed to revert both CSC signatures (Supplementary Fig. S1). We
thus explored whether using a combinatorial targeting approach
could enhance efficacy and tackle the problem of recurrence. Using
CombiGEM technology (20, 21), we carried out a combinatorial
CRISPR–Cas9 screen focusing on a set of druggable targets, of
which, their expressions are upregulated in CSC marker-positive
HCC cells and/or have been reported to inhibit HCC growth, in
order to identify combination therapies with clinically approved
drugs for treating HCC. Indeed, our screen discovered two genetic
target combinations with strong inhibitory effect on HCC cell
growth. These two combinations harbor a common target known
as NMDAR1 and its paired targets are two kinases, of which, both
their corresponding drug inhibitor is sorafenib. Coadministration
of ifenprodil, an NMDAR inhibitor being clinically used as a

vasodilator, with sorafenib gave a similar strong inhibitory effect
as seen in the screen. This drug combination profoundly suppressed
cancer growth and self-renewal in HCC patient-derived organoids
and xenograft models. Our overall results reveal ifenprodil as a
potential drug candidate to be repurposed for enhancing the
treatment efficacy of HCC.

Materials and Methods
Cell culture

Human HCC cell lines (HepG2 and Hep3B) and HEK293T were
purchased from ATCC. The sorafenib-resistant HepG2 cells were
established in our previous work (22). Human HCC cell line Huh7
was purchased from the JCRBCell Bank.HepaRGcells were purchased
from Thermo Fisher Scientific. Human HCC cell line MHCC97L was
obtained from Liver Cancer Institute, Fudan University. Human liver
cell line L02 was obtained from the Institute of Virology, Chinese
Academy ofMedical Sciences, Beijing, China. RIL-175 cell line is a gift
from Dr. Lars Zender (University of T€ubingen, T€ubingen, Germany).
To generate cell lines stably expressing Cas9 protein (i.e., MHCC97L-
Cas9 and Hep3B-Cas9), cells were infected with lentiviral pAWp30
(Addgene, 73857; SupplementaryTable S1) vector, followed by 2weeks
of selection with Zeocin (200 mg/mL, Thermo Fisher Scientific). To
generate the UPR-depleted cells, MHCC97L-Cas9 cells were infected
with vectors expressing sgRNAs targeting IRE1-alpha, PERK, and
ATF6, and cultured for 6 days prior to downstream assays. Cells were
regularly tested for Mycoplasma contamination using PCR detection
and were confirmed to be negative.

Organoid culture
HCCpatient-derived organoids labeledHCC#23 andHCC#10were

gifts fromMeritxell Huch of The Gurdon Institute at the University of
Cambridge. HCC organoid lines, named as HCC-HK P1 (or KYM)
and HCC-HK P2 (or LKY), were established from resected HCC
tissues of HCC patients undergoing hepatectomy at Queen Mary
Hospital, Hong Kong SAR. Samples were collected from patients who
had not received any previous local or systemic treatment prior to
operation. Written informed consent was obtained from all patients
before the collection of liver specimens. The studies were conducted in
accordance with the ethical guidelines and the protocol for use of
human clinical specimens was approved by the Institutional Review
Board of The University of Hong Kong/Hospital Authority Hong
Kong West Cluster.

Mouse
All experimental procedures were approved by the Committee

of the Use of Live Animals in Teaching and Research at The
University of Hong Kong and the Animals (Control of Experi-
ments) Ordinance of Hong Kong, and performed in compliance
with the institutional guidelines.

Cell viability assay
To validate the growth inhibition effects brought by the selected

sgRNA combinations, MTT assay was applied. On day 7 after infec-
tion, 2,000 lentivirus-transduced HCC cells expressing the sgRNA
combinations were seeded onto each well of a 96-well plate. Cell
viability was then determined every 24 hours by performing MTT
assay according to the manufacturer’s protocol. Absorbance was
detected at 570 and 650 nm (as a reference) by spectrophotometry
using the Synergy H1 Microplate Reader (BioTek). To validate the
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growth inhibition effects brought by the drug(s) in HCC cells, 2,000
HCC cells were seeded onto each well of a 96-well plate, and drugs
were added to the cells on the next day. Cell viability was determined
by MTT assay after 2 days of drug treatment. To measure the
growth inhibition effects brought by the drug(s) in HCC organoids,
CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) was
used following the manufacturer’s instructions. 1,000 cells were
seeded onto each well of a 384-well plate supplemented with
Matrigel and complete organoid growth medium, and cultured for
3 days to form organoids. Fresh culture medium together with the
2� concentration of the drug(s) were then added to each well and
cultured for another 72 hours. CellTiter-Glo Reagent was added to
each well and incubated at room temperature for 30 minutes.
Luminescence was detected using the VICTOR3 Multilabel Plate
Reader (PerkinElmer).

Drug response study in mice
A total of 5 � 105 MHCC97L cells, and 3.5 � 105 cells (for PDX1)

and 1 � 105 cells (for PDX2) dissociated from HCC patient-derived
xenograft (PDX), were injected subcutaneously into the left flank of 4-
to 5-week-old male BALB/c nude mice and NOD/SCID mice, respec-
tively. 1� 104 RIL-175 cells were injected into the right median lobe of
the livers from 9- to 12-week-old male C57BL/6N mice. Size of
subcutaneously xenografted tumors was measured by an external cali-
per, and tumor volume was estimated by the equation: volume ¼ 1/2
(length � width2), where the length and width represent the largest
and smallest diameters, respectively. Drug administration began
when the subcutaneous tumor reached �0.05 cm3 in size or at day
5 after injection (for RIL-175 cells), at which point, mice were divided
into four groups randomly for daily treatment with DMSO, ifenprodil
(20 mg/kg/day, intraperitoneally), sorafenib (28 mg/kg/day, orally),
or the combination. Ifenprodil and sorafenib were purchased from
Selleckchem (#S4091) and LC Laboratories (#S-8502), respectively.
The drug treatment was started after grouping, and lasted for 21 days.
Tumor volume and body weight of each mouse were then measured
every two days. The estimated tumor volume served as a guide for
determining the day when the mice were sacrificed to take actual
measurements on the resected tumors. The mice were sacrificed and
the tumor tissues were collected at the end of treatment. Part of
the tumor tissues was snap-frozen in liquid nitrogen for protein
extraction and immunoblot analysis. Part of the tissues was fixed in
4% paraformaldehyde (PFA) at room temperature for histologic
staining. The remaining tissues were dissociated into single cells
for the limiting dilution spheroid formation assay. To evaluate the
tumor-initiating and self-renewal abilities of the drug-treated
tumors derived from MHCC97L cells and PDX1 in vivo, limiting
dilution and serial transplantation assays were performed. 500,
1,000, 5,000, 10,000 cells dissociated from the residual tumor tissues
were injected subcutaneously into either flank of 4- to 5-week-old
mice. No drug treatment was further applied. The mice were
checked every two days, and tumor incidence and latency were
recorded. To evaluate HCC metastases, 4 � 104 RIL-175 cells were
injected through tail vein into 6- to 8-week-old male nude mice.
Drug administration began at day 5 after injection, and daily
treatment with DMSO, ifenprodil (20 mg/kg/day, intraperitoneal-
ly), sorafenib (28 mg/kg/day, orally), or the combination was
applied for 10 days before resection of lung tumors. At 5 and
12 days after the tail-vein injection, the mice were administered
100 mg/kg D-luciferin via peritoneal injection for bioluminescent
imaging (using the PE IVIS Spectrum in vivo imaging system) to
monitor the lung metastasis.

Data and code availability
The sequencing data generated during this study are available.

Results
A CRISPR–Cas9 screen identifies combinatorial therapeutic
targets that inhibit HCC growth

To identify combinatorial actionable targets for HCC, we
adopted the CombiGEM-CRISPR v2.0-based screening strategy
(Fig. 1A; refs. 20, 21, 23). In our screening library, we covered a
set of genes that are existing or potential drug targets for suppres-
sing HCC growth, as well as those that are upregulated in two liver
CSC subsets and have matching drugs being available for targeting
them readily. Data mining was performed in search for genes that
are upregulated in liver CSCs, using our in-house transcriptome
data comparing the sorted CD133þ liver CSCs versus CD133�

differentiated subsets (24, 25) and a publicly available transcrip-
tome data set comparing sorted EpCAMþ liver CSCs versus
EpCAM� differentiated subsets (GSE5975; ref. 26). Based on the
above selection criteria, we shortlisted 27 genes to be included in
our library (Supplementary Table S2). Three additional genes that
were previously identified by our team to be preferentially over-
expressed and activated in tumorigenic CD133þ liver CSCs were
also included (Supplementary Table S2; refs. 22, 24, 27). We
designed three single-guide RNAs (sgRNA) per gene, which have
high on-target scores (i.e., at least 0.60 based on the Azimuth 2.0
model; ref. 28), and selected three nontargeting control sgRNAs
from the GeCKOv2 library (29) that do not have on-target loci in
the human genome for library construction (Supplementary
Table S2). We then assembled a high-coverage (98.7%) barcoded
pairwise sgRNA library with 93 � 93 sgRNAs (i.e., 8,649 total
combinations; Supplementary Fig. S2A).

We conducted a pooled screen to isolate pairs of sgRNAs that modu-
late growth of MHCC97L HCC cells stably expressing Streptococcus
pyogenes Cas9. Barcode abundances between days 7 and 0 (baseline)
groups were compared to yield log2 fold changes as a measure of cell
growth (see Supplementary Materials and Methods). Based on the
genetic screen data, 11 gene combinations had at least two sets of
sgRNA combinations with mean log2 ratios of < �0.51 (with at least
30% fewer barcode counts in day 7- versus day 0-cultured cells) and
P values of < 0.05 based on results obtained from two biological
replicates (Fig. 1B; Supplementary Fig. S2B–S2E; Supplementary
Table S3). The resulting hit list contained gene combinations
(FLT4 þ PDGFRA and FLT4 þ FGFR2) that encode the protein tar-
gets of the first-line multikinase inhibitors sorafenib and lenvatinib
for HCC treatment. The list also included the FGFR3 þ ANXA3
combination that can be targeted by using sorafenib plus an anti-
ANXA3–neutralizing antibody and was shown to inhibit HCC growth
(22). This result highlights the applicability of our screen to isolate
anticancer therapeutic targets. Our screen also uncovered new drugg-
able combinations that significantly reduce MHCC97L growth. Among
those, NMDAR1 þ FLT4 and NMDAR1 þ FGFR3 were identified as
the top hits to be characterized in this study, because four independent
sets of sgRNA combinations targeting those genes gave a mean log2
ratios of < �0.51 at P < 0.05 and their gene products can be inhibited
by using same matching drug pairs. Further analysis with The Cancer
Genome Atlas (TCGA)–Liver Hepatocellular Carcinoma (LIHC) data
set found NMDAR1 expression in HCC tumor to be higher than that
in nontumor liver tissues (Fig. 1C) and patients with low NMDAR1
expression showed better overall survival (Fig. 1D), highlighting its
potential clinical relevance that awaits further investigation.
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Figure 1.

A CRISPR–Cas9-based pairwise gene knockout screen identifies combinatorial therapeutic targets that inhibit HCC growth and self-renewal ability. A,Workflow of
the combinatorial CRISPR screen. A barcoded pairwise sgRNA library was assembled using CombiGEM-CRISPR v2.0. MHCC97L-Cas9 cells were infected with the
library via lentiviruses (on day�11), sorted for the infected cells (on day�3), and harvested on days 0 and 7. Illumina HiSeqwas applied to quantify the abundance of
the barcodes. Screen hitswere identified via comparisonof barcode abundance betweendays 7 and0 cell pool samples.B,Volcano plot showing barcode abundance
changes of each dual-gene (dark gray) and single-gene targeting sgRNA (light gray) combinations at day 7 versus day0. Multiple sgRNA combinations targeting the
same pair of genes showed amean log2-fold change <�0.51 and a P < 0.05. They include FLT4þ PDGFRA and FLT4þ FGFR2 (green) that encode kinases being the
molecular targets of FDA-approved drugs sorafenib and lenvatinib, as well asNMDAR1þ FLT4 andNMDAR1þ FGFR3 (red) that were identified as top hits for further
validation. Data were collected from two biological replicates. (Continued on the following page.)
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Using individual non-pooled cell viability and colony formation
assays, we separately validated the growth inhibition effects on
MHCC97L cells by the four sgRNA combinations for NMDAR1 þ
FLT4 or FGFR3 (Fig. 1E–H). No or much less inhibition was observed
when those genes were genetically ablated individually (Fig. 1E–H).
The growth inhibition effects brought by the sgRNA combinations
were not due to excessive double-strand DNA breaks (30, 31) because
simultaneous targeting of two safe harbor loci did not inhibit growth
(Supplementary Fig. S3A). The DNA copy numbers of NMDAR1,
FLT4, and FGFR3 loci are also not amplified in MHCC97L’s
genome (32). Similar growth inhibition effects brought by the sgRNA
combinations were also observed in Hep3B cells (Supplementary
Fig. S4). Because NMDAR1 was upregulated in both EpCAMþ and
CD133þ HCC cell subpopulations in our transcriptome analyses
described above, we sought to evaluate whether those sgRNA combi-
nations suppressed the self-renewal ability of CSCs that fuels cancer
cell growth. Using in vitro limiting dilution spheroid formation assays,
we demonstrated that the genetic coablation ofNMDAR1þ FLT4 and
NMDAR1 þ FGFR3 substantially reduced MHCC97L’s ability to
assemble tumor spheres (Fig. 1I and J; Supplementary Fig. S3B),
albeit that the effect brought by NMDAR1 ablation was not further
enhanced when combined with FGFR3 ablation.

NMDAR inhibitors synergize with sorafenib and lenvatinib to
reduce growth and self-renewal ability of HCC cells

The genetic data led us to evaluate the efficacy of targeting
NMDAR1 þ FLT4 or FGFR3 for HCC treatment. We examined
the growth inhibition effects by treating HCC cells with the
matching inhibitor drugs. MK-801 and ifenprodil (IFEN) were
used to inhibit NMDARs, whereas infigratinib (INF), erdafitinib
(ERA), SAR131675 (SAR), sorafenib (SOR), and lenvatinib (LEN)
were used to target FLT4 and/or FGFR3. In line with our genetic
data, we found that IFEN when combined with the FGFR inhibitors
(INF and ERA) and the selective FLT4 inhibitor (SAR) greatly
reduced the growth of MHCC97L cells (Fig. 2A–C; Supplementary
Fig. S5). IFEN and the broad-spectrum kinase inhibitors SOR/LEN
also act synergistically to suppress the growth of MHCC97L
cells (Fig. 2D and E; Supplementary Fig. S5). Similar synergy was
observed when MHCC97L cells were treated with MK-801 and SOR
(Fig. 2F; Supplementary Fig. S5). MK-801 blocks all NMDAR sub-
units in a nonselective manner, which poses high toxicity and is
less tolerated when used as a therapeutic agent (33), whereas IFEN
is more selective for NMDAR1/NMDAR2B subunits and has been
used as a vasodilator in some countries including Japan and France
with known safety history (34). Like when NMDAR1 was genetically
ablated, growth inhibition was also observed when NMDAR2B was
ablated in SOR-treated MHCC97L cells (Supplementary Fig. S6A).

We observed minimal effects on growth inhibition when IFEN was
added together with SOR to the NMDAR1- and NMDAR2B-ablated
cells (Supplementary Fig. S6B), indicating that the IFEN-induced
growth inhibition is likely NMDAR1/NMDAR2B-dependent. We
therefore decided to focus on using IFEN in all subsequent work.
SOR/LEN were also selected for the further experiments because
they are the first-line drugs used in HCC treatment. Similar
synergistic effects by IFEN and SOR/LEN were observed for addi-
tional HCC cell lines such as Hep3B, Huh7, and HepG2 HCC cells
(Fig. 2G–I; Supplementary Figs. S5; S7A–S7D), albeit that the
synergy observed for treatment with IFEN and SOR in Huh7 cells
was relatively weaker. Hepatic L02 and HepaRG cells showed
minimal synergistic effects to the IFEN and SOR cotreatment
(Supplementary Fig. S8A–S8D). We also observed that cotreatment
of IFEN and SOR did not effectively inhibit growth of sorafenib-
resistant HepG2 cells and no synergy was detected, suggesting
the additional anticancer effect brought by ifenprodil requires
sorafenib’s activity (Supplementary Fig. S9). This result is consistent
with the model that while synergism can provide a steep increment
in efficacy when a second drug is added to the treatment regimen, it
would also mean that the efficacy to the second drug would likely be
decreased if cancer cells develop single-drug resistance to the first
drug (35).

Tomeasure the inhibition of HCC cell’s self-renewal ability brought
by the drug combination, in vitro limiting dilution spheroid forma-
tion assays were performed (Fig. 2J). Cotreatment with IFEN and
SOR/LEN markedly suppressed the ability of all four tested lines of
HCC cells, but not L02, to form tumor spheres (Fig. 2K–N; Supple-
mentary Figs. S7D and S8D). Notably, similar levels of suppression
were also observed when IFEN and SOR were only treated for two
days to the HCC cell cultures prior to plating for spheroid formation
assays (Supplementary Fig. S10), suggesting that the drug combination
had eliminated the tumor-initiating cell population or abrogated the
self-renewal capacity of the cells.

Cotreatment of ifenprodil and sorafenib induces unfold protein
response, downregulatesWNT signaling, and results in G1 phase
cell-cycle arrest in HCC cells

We then explored the mechanism through which the IFEN þ SOR
combination inhibited HCC cell growth and self-renewal. It was
previously reported that a competitive NMDAR antagonist 1l aug-
ments the cytotoxic action of sorafenib in murine HCC cells, and it
may act by interfering with the lipid signaling pathway, reducing
expression of multidrug resistance transporters (MDR), and thereby
increasing the accumulation of sorafenib in cancer cells (36).
Unexpectedly, we did not observe reduction of MDR transporter
expressions in IFEN þ SOR-treated MHCC97L cells (Supplementary

(Continued.) C, High expression level of NMDAR1was detected in HCC tumor samples. Data were extracted from TCGA database. Number of nontumor tissues and
HCC tissues are 50 and 371, respectively (left). The 50 paired nontumor and HCC tissues are plotted on the right. D, High expression of NMDAR1was associated with
poor overall survival of HCC patients. Data were extracted from TCGA database: 92 cases with high expression levels (top 25%) and 96 cases with low expression
levels (bottom 25%). E–H, Individual validation of the pairwise combinations’ growth inhibitory effects in HCC cells. MHCC97L-Cas9 cells were infected with
vector control, and the indicated single and paired sgRNAs for 6 days. Cell viability was measured by MTT assay every 24 hours on the next 4 consecutive days
(left). Data are mean � SD from biological replicates (n ¼ 4). Statistical significance was analyzed by one-way ANOVA with Tukey post hoc test. Colony
formation assay was performed on MHCC97L-Cas9 cells that were infected with vector control, and the indicated single and paired sgRNAs for 6 days
and plated and cultured for 14 more days. The colony numbers and areas were quantified using ImageJ. Data shown are mean � SD from biological replicates
(n ¼ 3). I and J, Genetic ablation of NMDAR1 þ FLT4 and NMDAR1 þ FGFR3 suppressed the ability of HCC cells to form tumor spheres. MHCC97L-Cas9 cells
were infected with vector control, and the indicated single and paired sgRNAs for 6 days. Cells were then replated in spheroid growth medium at limiting
dilutions for tumor sphere formation. The number of tumor spheres formed was counted after a 10-day culture. Stem cell frequency and 95% confidence
intervals were calculated. Data were collected from three biological replicates. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 2.

NMDAR inhibitor synergizes with sorafenib and lenvatinib in reducing viability and self-renewal ability of HCC cells. A–I, Cell viability of combined treatment of
NMDAR inhibitor (ifenprodil orMK-801) andFLT4/FGFR inhibitor(s) (infigratinib, erdafitinib, SAR131675, sorafenib, or lenvatinib) inMHCC97L (A–F), Hep3B (G), Huh7
(H), and HepG2 (I) cells. Cells were treated with the indicated drug pair at multiple doses for two days. Cell viability was measured by the MTT assay. Synergy was
determinedbased on theBliss independence andHSAmodels for eachdrugpair. Dose combinationswith a95% lower confidenceboundof the estimated excess over
Bliss scores that is greater than 0 (see Supplementary Fig. S5) are in bold. Data are mean � SD from biological replicates (n ¼ 3). J, The workflow of the limiting
dilution spheroid formation assay. Cells preseeded in spheroid growthmediumwere treatedwith ifenprodil and sorafenib. The number of tumor spheres formedwas
counted after 10 days. K–N, Combined treatment of ifenprodil and sorafenib suppressed the ability of HCC cells to form tumor spheres. Limiting dilution spheroid
formation assays were performed with MHCC97L cells treated with 10 mmol/L ifenprodil þ 5 mmol/L sorafenib (K), Hep3B cells treated with 5 mmol/L ifenprodil þ
5mmol/L sorafenib (L), andHuh7 andHepG2 cells treatedwith 10mmol/L ifenprodilþ 10mmol/L sorafenib (M–N), for 10days. Stemcell frequency and95%confidence
intervals were calculated. Data were collected from three biological replicates. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; n.s., nonsignificant.
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Fig. S11A). A transcriptome analysis was then performed using RNA-
seq to systematically identify differentially expressed genes and their
enriched pathways in drug(s)-treated MHCC97L cells as compared
with nontreated cells (Fig. 3A and B; Supplementary Fig. S11B–S11D;
Supplementary Tables S4–S6). Mapping of the differentially expressed
genes to Gene Ontology groups revealed that genes involved in
endoplasmic reticulum (ER) stress response are significantly upregu-
lated, whereas many cell-cycle– and DNA replication–related genes
are downregulated, in cells treated with IFEN þ SOR combination
(Fig. 3C).

Upon ER stress, cells activate the unfolded protein response (UPR;
ref. 37). We performed Western blot analysis and confirmed that
IFEN þ SOR treatment activates UPR effectors, including phos-
phorylated IRE1-alpha, ATF6, and C/EBP homologous protein
(CHOP), in MHCC97L cells (Fig. 3D and E). We also confirmed
that IFEN þ SOR combination treatment greatly increased the
expression of p21Cip1, a regulator of cell-cycle progression at G1–S
phase, which was accompanied by the downregulation of CDK2
(Fig. 3D) and other cell-cycle– and DNA replication–related proteins
including PCNA and TTK, as well as the activation of the apoptosis
signaling pathway (Supplementary Fig. S11E–S11G). Similar results
were also detected in another HCC cell line HepG2 treated with IFEN
þ SOR (Supplementary Fig. S12A and S12B). Cell-cycle analysis
was then performed, and G1-phase arrest was detected in MHCC97L
cells treated with IFEN þ SOR, but not with either IFEN or SOR
alone (Fig. 3F). To analyze whether IFEN þ SOR treatment causes
G1-phase arrest through UPR signaling, we created cells that are
deficient in UPR sensing. Because UPR is an integrated ER stress–
response pathway that is coordinated by three sensor proteins (i.e.,
IRE1-alpha, PERK, and ATF6), we thus generated cells that are
depleted of all the three sensors (Supplementary Fig. S13A and
S13B) as previously reported (38). We found that G1-phase arrest and
p21Cip1 expression induced by IFEN þ SOR treatment was rescued in
these cells (Fig. 3F; Supplementary Fig. S13C), indicating that the drug
combination-induced G1-phase arrest critically depends on UPR.

Previous studies have shown that UPR induction is associated with
the reduction of WNT- and stem cell–related gene expressions and
causes the loss of cell stemness properties (39–41). In line with these
findings, we detected in our RNA-seq data that WNT signaling–/
stemness-related genes (including Lgr5 and Axin2) were significantly
downregulated in MHCC97L treated with IFEN þ SOR (Supplemen-
tary Fig. S11C and S11G; Supplementary Table S4). We further
performed the TOPFlash assay to report on the activation of WNT
target genes. Our results showed that WNT signaling was markedly
downregulated in HCC cells treated with IFEN þ SOR, when com-
pared with those treated with vehicle and the single drugs alone
(Fig. 3G; Supplementary Fig. S12C). We further confirmed the
decreased expressions of WNT target genes including Lgr5, c-Myc,
CCND1, CTNNB1, andMMP-7 at the protein level (Fig. 3H; Supple-
mentary Fig. S12A). To directly evaluate whether the loss of cell
stemness brought by IFEN þ SOR treatment was UPR-dependent,
we performed limiting dilution assay on the UPR-depletedMHCC97L
cells and found that IFEN þ SOR treatment were less effective in
inhibiting the self-renewal of these cells (Fig. 3I). The reduced protein
expressions of the WNT target genes, including the cell stemness
marker Lgr5, brought by the IFENþ SOR treatment were also relieved
in the UPR-depleted MHCC97L cells (Fig. 3H). These results show
that the drug combination-induced loss of cell stemness requires UPR.

Collectively, our data suggest that IFEN and SOR synergized to
induce UPR, thereby suppressing the growth and self-renewal of
HCC cells.

Ifenprodil treatment enhances the efficacy of sorafenib in HCC
patient-derived organoids and xenograft models

Human primary liver cancer–derived organoid culture models the
pathophysiology of a growing tumor in vivo (42). We extended our
findings to a panel of organoids derived fromdifferentHCCpatients to
evaluate inhibitions of growth and self-renewal brought by the drug
combination. All HCC patient-derived organoids used in this study
have been thoroughly characterized, either in-house or in previous
studies (43), at both molecular and phenotypic levels, with compar-
isons made against the original tissue samples (Supplementary
Fig. S14; see Supplementary Materials and Methods). Consistent with
what we observed in the cell linemodels, strong synergy between IFEN
and SOR on suppressing HCC growth was evident in three out of four
different organoids tested (Fig. 4A; Supplementary Fig. S15).
Increased expression of phosphorylated IRE1-alpha, CHOP, phos-
phorylated-eIF2-alpha, and p21Cip1, as well as a decrease in CDK2 and
reduced WNT signaling, was detected in organoids treated with the
drug combination (Fig. 4B). Furthermore, the drug combination, but
not individual drugs alone, profoundly suppressed the ability of those
HCC organoids to assemble tumor spheres (Fig. 4C).

Next, we used the MHCC97L cell– and HCC patient–derived
xenograft models to determine the efficacy of the drug combination
in vivo. In all three xenografts, tumor weight was significantly sup-
pressed in mice treated with the drug combination, but not the single
drugs alone (Fig. 5A–C; Supplementary Fig. S16). There were signs of
increased apoptosis (i.e., more small, swollen cells with hypereosin-
philic cytoplasm) in the tumors cotreated with IFEN and SOR
(Fig. 5A–C), which is consistent with the increase in Annexin V–
positive cells observed after the cotreatment in vitro (Supplementary
Fig. S11F). None of themice showed signs of behavior abnormalities or
significant changes in body weight (Fig. 5A–C). Corroborating with
the drug response in vitro, treatment with the drug combination in vivo
similarly led to an upregulation of UPR and an increase in p21Cip1 in the
MHCC97L cell– and HCC patient–derived xenografts (Supplementary
Fig. S17). IHC staining on tissue sections from the resected residual
xenografts confirmed the reduced expressions of WNT-/stem cell–
related Lgr5 and Axin2 proteins in xenografts of mice treated with the
drug combination (Fig. 6A). We further performed the spheroid
formation assay on cells harvested from the residual xenografts to
evaluate their self-renewal ability. The ability of those cells to assemble
into spheroids was profoundly inhibited after the IFEN þ SOR treat-
ment, but not after the vehicle, IFEN, or SOR treatment (Fig. 6B).When
the residual cells from thePDXxenograftswere serially transplanted into
secondary mouse recipients, the cells treated with drug combination
were less capable of re-forming tumors, whereas the ones treated with
only one of the drugs alone had faster and more tumor formation
(Fig. 6C). These results indicate the tumor-initiating property of HCC
cells is depleted by the IFEN and SOR cotreatment.

Discussion
The high incidence of recurrence and the limited efficacy offirst-line

drugs for liver cancer have demanded new therapeutic options. Here
we presented a strategy to rapidly discover effective combination
therapies and drug-repurposing opportunities by inhibiting multiple
druggable targets using a high-throughput functional genomic screen.
The screen results guided us to identify the coablation ofNMDAR1 and
FLT4/FGFR3 inhibits HCC cell growth and self-renewal. We further
validated the strong anticancer effects brought by the matching drug
pair IFEN and SOR in HCC cell lines, patient-derived organoids, and
two xenograft models. This provides compelling evidence that the
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Figure 3.

Combined treatment of ifenprodil and sorafenib upregulates UPR, suppresses WNT signaling, and triggers cell-cycle arrest in HCC cells. A, Log2-fold change values
[Log2(FC)] among differentially expressed genes (DEG) identified by RNA-seq. Log2(FC) of differentially expressed genes found in at least one treatment condition
(IFEN, 10mmol/L ifenprodil; SOR, 5 mmol/L sorafenib; and Iþ S, 10 mmol/L ifenprodil and 5mmol/L sorafenib; treated for 24 hours)was comparedwith DMSO-treated
control in the MHCC97L cell line. Differentially expressed genes are ordered from the lowest to the highest Log2(FC) in each condition, respectively. Data was
collected from three biological replicates. B, Log2(FC) among significantly differentially expressed Gene Ontology (GO) groups identified in the RNA-seq data.
Log2(FC) of differentially expressed genes belonging to the GO categories were found to be marked up-/downregulated in the Iþ S treatment. Highlighted genes
were subjected to further validations. C, Heatmap summary of GO enrichment analysis. Median Log2(FC) of differentially expressed genes (left), number of
differentially expressed genes (middle), and the�log10 (FDR; right) of the GO categories among the top hits in GO enrichment analysis are shown. Here the top-hit
child GO categories are collapsed into the parent GO, and only the parent ones are plotted. (Continued on the following page.)
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screening strategy is effective and could be applied as a standard
approach in identifying potent therapeutic combinations. Important-
ly, the presented strategy can be easily adopted by many laboratories
and used in studying various cancer cell types and other diseases.

We discovered the NMDAR inhibitor as a novel coblockade agent
for enhancing sorafenib’s efficacy in treating HCC. Previous studies
have reported the role of NMDAR signaling in promoting growth,
invasion, and metastasis in several cancer cell types, but the role of
NMDAR in HCC remains unclear. High NMDAR2B expression is
associated with poor prognosis of pancreatic cancer, breast cancer,
ovarian cancer, and glioblastoma (44). Pharmacologic inhibition of
NMDAR using MK-801 reduced tumor growth and invasiveness of
pancreatic cancer cells (44, 45), whereas genetic knockdown of
NMDAR2B reduced breast-to-brain metastasis (46). Based on TCGA
LIHC database, we found that high NMDAR1 expression correlates
with poor survival rate in HCC patients. Unlike in other cancers, we
found that inhibition ofNMDARusingMK-801 or IFEN alone did not
significantly suppress HCC growth. Notably, unanticipated drug
synergy between IFEN and SOR was revealed in our assays, in which
inhibitions of both growth and self-renewal ability of HCC cells were
greatly enhanced. The addition of IFEN to SOR offers an option to use
a lower dose of SOR to reduce its toxicity to normal liver cells that
express no or low level of NMDAR, while achieving greater or similar
anticancer effects. Being able to lower the treatment dose of SOR could
also reduce its discontinuation rate for HCC patients (47). Further-
more, in our experiments, we observed increased cancer stemness in
the HCCmouse models after SOR treatment, and addition of IFEN to
the treatment reverted such phenotype, suggesting that the combina-
tion treatment may be useful for treating HCC cells that gain CSC
properties after SOR treatment. The drug combination did not,
however, inhibit themetastatic ability ofHCC cells in a lungmetastasis
model in mouse (Supplementary Fig. S18). To evaluate HCC metas-
tases, the RIL-175 cells used for establishing lung metastasis model
were genetically modified to harbor p53 knockout and c-Myc over-
expression, so that the cells could colonize and invade the lung tissues
through tail-vein injection, whereas the RIL-175 cells used for
orthotopic injection into the liver do not harbor such modifications.
Loss of p53 has been reported to drive metastasis in liver can-
cer (48, 49). In our study, we showed that the combination
treatment could decrease the expression of c-Myc, which is a WNT
target gene. However, p53 expression or related signaling was not
decreased as shown in our RNA-seq data. We speculate that the
drug combination treatment may not affect the activated signaling
and metastatic phenotype resulted from p53 loss in RIL-175 cells;
therefore, we did not observe any inhibition of lung metastasis. As
advanced HCC patients often present with aggressive clinical
features such as tumor metastasis to different organs, it will be

worthwhile to investigate if the drug combination treatment could
inhibit the metastatic ability of HCC using human patient xeno-
grafts established from patients with different genetic mutations.

Themechanisms throughwhich IFENand SOR cotreatment led to a
stronger and synergistic suppression of HCC growth and self-renewal
were investigated. Reports have shown that NMDAR inhibition could
result in different cellular perturbations depending on the cellular
context (36, 50, 51), though the underlying mechanisms remain
unclear. For example, the reduced expression of MDR transporters
observed inmurine HCC cells treated with NMDAR antagonist 1l, but
not in human HCC cells treated with IFEN, could be due to the
difference in cellular regulation in the two species. Another possibility
is that 1l bound on its other known targets including AMPA receptors
and kainic receptors at a higher affinity to reduce the expression
of MDRs, when the drug was used at a high concentration (i.e.,
100 mmol/L) to exert its cytotoxic effect with SOR in murine HCC
cells (36). In this study, our comparative transcriptomic analysis
reveals that UPR was intensified after combining IFEN with SOR in
treating MHCC97L cells, and we further confirmed that UPR is
important for their growth arrest and self-renewal. Across a panel of
HCC cell lines and patient-derived organoids, strong activation of
multiple UPR effectors was consistently detected at the protein level
when these two drugs were coapplied. In addition, we detected the
unexpected synergy between IFEN and SOR in downregulating both
CDK2 level andWNT signaling. The depletion of Cdk2 could account
for the corresponding cell-cycle arrest at G1 phase being observed in
IFEN þ SOR-treated cells. In our experiments, we also detected
increased apoptosis after cotreatment of IFEN and SOR (Supple-
mentary Fig. S11E and S11F). Further investigation will help
delineate the cell deathmechanism(s) utilized by the drug combination
to result in tumor reduction. On the other hand, WNT signaling is
one of the key regulators of cancer stemness (52). The suppressed
WNT signaling, including the reduced expression of functional
CSC marker protein Lgr5, in IFEN þ SOR-treated cells could con-
tribute to the reduced capacity of HCC cells to self-renew and regrow
into a tumor.

Clinically, much research has been carried out in search of potent
CDK2 blockers and WNT inhibitors for cancer treatment. CDK2 is
hypothesized to be dispensable in the cell cycle of normally func-
tioning cells but is important to the growth of cancer cells (53).
However, a CDK2 inhibitor is difficult to design given its high
similarity to other essential CDK proteins like CDK1 (54), whereas
nonselective CDK inhibitors are toxic to most cells (55). On the
other hand, many of the WNT inhibitors being developed are still
undergoing preclinical or early clinical trials to evaluate their efficacy
and safety (56). Our results uncovered IFEN as a safe drug candidate
that acts to augment sorafenib’s anticancer effects and repress CDK2

(Continued.) D, Cotreatment of ifenprodil and sorafenib altered the expression of UPR- and cell-cycle–related proteins. MHCC97L cells were treated with DMSO,
10 mmol/L ifenprodil, 5 mmol/L sorafenib, or combination of ifenprodil and sorafenib for 18 hours. E, Cotreatment of ifenprodil and sorafenib greatly increased the
cellular level of ATF6. MHCC97L cells were transfected with a luciferase-based reporter construct harboring ATF6 binding sites. The luciferase signals were detected
at day 2 after transfection. Data are mean� SD from biological replicates (n¼ 3). F, Cotreatment of ifenprodil and sorafenib induced UPR-dependent G1-phase cell-
cycle arrest. MHCC97L cells were treated with DMSO, 10 mmol/L ifenprodil, 5 mmol/L sorafenib, or combination of ifenprodil and sorafenib for 24 hours. Cells were
fixed and stained with PI and analyzed using flow cytometry. UPR-depleted MHCC97L cells were generated by infecting MHCC97L-Cas9 cells with three sgRNAs
targeting IRE1-alpha, PERK, and ATF6. Data are mean � SD from biological replicates (n ¼ 3). G, Cotreatment of ifenprodil and sorafenib reduced activity of WNT
signaling. MHCC97L cellswere transfectedwith a TOPFlash (firefly luciferase-based) plasmid and aRenilla-luciferase plasmid. Equal number of transfected cellswere
replated and treated with DMSO, 10 mmol/L ifenprodil alone, 5 mmol/L sorafenib alone, or combination of ifenprodil and sorafenib for 24 hours. Data are mean� SD
from biological replicates (n ¼ 3). H, Cotreatment of ifenprodil and sorafenib reduced the expression of WNT target genes in MHCC97L but not UPR-depleted
MHCC97L cells. Cells were treated with DMSO, 10 mmol/L ifenprodil, 5 mmol/L sorafenib, or combination of ifenprodil and sorafenib for 18 hours. Protein lysates
were collected for Western blot analysis. I, Depletion of UPR sensors impaired the inhibitory effects of the self-renewal ability induced by cotreatment of
ifenprodil and sorafenib. Limiting dilution spheroid formation assays were performed with MHCC97L cells or UPR-depleted MHCC97L cells treated with 10 mmol/L
ifenprodilþ 5mmol/L sorafenib for 10 days. Stem cell frequency and 95% confidence intervalswere calculated. Datawere collected from three biological replicates. � ,
P < 0.05; �� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001; n.s., nonsignificant.
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Figure 4.

Ifenprodil treatment enhances the efficacy of sorafenib in HCCpatient-derived organoids.A,Combined treatment of ifenprodil and sorafenib synergistically inhibited
the growth ofmultiple HCC patient-derived organoids. Dissociated cells of HCC-HK P1, HCC#23, HCC#10, and HCC-HK P2 organoidswere seeded in complete culture
medium. Three days after cell seedingwhen the cells formed small organoids,multiple doses of ifenprodil and sorafenibwere added for additional 3 days. Cell viability
was measured by CellTiter-Glo assays after the treatment. Synergy was determined based on the Bliss independence and HSA models for each drug pair. Dose
combinations with a 95% lower confidence bound of the estimated excess over Bliss score that is greater than 0 (see Supplementary Fig. S15) are in bold. Data are
mean� SD from biological replicates (n¼ 4).B, Ifenprodil in combinationwith sorafenib increased the level of UPR-related proteins (including phosphorylated IRE1-
alpha and CHOP) and p21Cip1 and decreased the level of CDK2 and WNT signaling in HCC-HK P1 and HCC#23 organoids. HCC-HK P1 and HCC#23 organoids were
treated with 20 mmol/L ifenprodil and 8 mmol/L sorafenib for 3 days. WNT signaling (bottom) was measured using a lentiviral-based TOPFlash reporter. Data are
mean� SD from biological replicates (n¼ 4 for HCC-HK P1; n¼ 3 for HCC#23). C, Ifenprodil in combination with sorafenib suppressed the cell self-renewal ability of
HCC organoids. Limiting dilution spheroid formation assayswere performedwith the organoids treatedwith 20 mmol/L ifenprodil and 8 mmol/L sorafenib for 3 days.
Stem cell frequency and 95% confidence intervals were calculated. Data were collected from three biological replicates. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001; n.s., nonsignificant.
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and WNT signaling in HCC. In addition to HCC, sorafenib is
indicated for treating other cancers including advanced renal cell
carcinoma, thyroid cancer, and FLT3-ITD–positive acute myeloid
leukemia, in which CDK2 and/or WNT signaling have also been
implicated in their tumorigenesis and recurrence (57–60). It will be
worthwhile to evaluate the therapeutic potential of combining IFEN
and SOR for treating those cancers in follow-up studies.

In translating the genetic targets that were identified in our screen
into matching drugs to be readily tested, we took references on the
DrugBank (61) to select drugs with known target information and
safety profile to maximize the repurposing opportunities. Sorafenib
and lenvatinib were used as thematching inhibitors to target FLT4 and
FGFR3 because they are the first-line drugs for treating HCC. We
chose IFEN to target NMDAR as it is an approved inhibitor drug with

Figure 5.

Treatment with ifenprodil in combination with
sorafenib suppresses tumor formation in
xenograft models. A, Combined treatment of
ifenprodil and sorafenib suppressed tumor
growth of MHCC97L-derived xenograft in
mice. MHCC97L cells were subcutaneously in-
jected in nudemice and treatedwith 20mg/kg
ifenprodil, 28 mg/kg sorafenib, or combi-
nation of ifenprodil and sorafenib for 21 days.
Images of ex vivo–resected tumors, tumor
sections stained with hematoxylin and eosin,
tumor size change, xenograft weight at end-
point, and body weight change during treat-
ment are shown (n ¼ 5 per treatment group).
Scale bars in resected tumor and hematoxylin
andeosin staining images are 1 cmand 100mm,
respectively. B and C, Combined treatment of
ifenprodil and sorafenib suppressed tumor
growth of two patient-derived xenografts in
mice. PDXs were subcutaneously injected in
NOD/SCID mice and treated with 20 mg/kg
ifenprodil, 28 mg/kg sorafenib, or combina-
tion of ifenprodil and sorafenib for 21 days.
Representative images of ex vivo–resected
tumors, tumor size change, xenograft weight
at endpoint, and body weight change during
treatment are shown (n ¼ 14 for PDX1 and
n ¼ 8 for PDX2 per group). Scale bars in
resected tumor and hematoxylin and eosin
staining images are 1 cm and 100 mm, respec-
tively. Arrows indicate the areas with
signs of apoptosis. � , P < 0.05; �� , P < 0.01;
���� , P < 0.0001; n.s., nonsignificant.
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known mechanism of action and was tested safe in human. IFEN was
originally developed as a drug to treat peripheral circulatory disorders,
and there have been ongoing investigations on repurposing IFEN for
treating patients with idiopathic pulmonary fibrosis and lung injury
associated with COVID-19 infection (NCT04382924). Here we
observed strong anticancer effects brought by combined treatment
of IFEN and SOR using HCC xenograft models, whereas no toxicity

was detected in the drug-treated mice. Using the body surface area
normalization method (62) to translate the dose of IFEN used in our
xenograft studies in mouse into a human equivalent dose, about
1.6 mg/kg/day of IFEN might be able to result in strong anticancer
effect when combined with SOR treatment in human, which is similar
to its dose being safe and effective for treating dizziness caused by
cerebral infarction sequela in patients. In our animal experiments, we

Figure 6.

Treatment with ifenprodil in combina-
tion with sorafenib suppresses tumor-
initiating cell frequency in xenograft
models. A, IHC images of Lgr5 and
Axin2 staining on tissues harvested
from the resected MHCC97L-derived
(top) and patient-derived (bottom)
xenografts treated with DMSO, ifen-
prodil, sorafenib, or combination of
ifenprodil and sorafenib. Scale bar,
100 mm. Bar chart represents the
intensity of indicated signal from five
random field under a light microscope
at�200magnification. B, Ifenprodil in
combination with sorafenib sup-
pressed the cell self-renewal ability of
xenografts. The xenograft residuals
from MHCC97L-derived and patient-
derived models were dissociated and
seeded for limiting dilution spheroid
formation assays. Stem cell frequency
and 95% confidence intervals were
calculated. C, Combined treatment of
ifenprodil and sorafenib decreased the
repropagation capability of HCC cells
in vivo. Residual tumor cells were har-
vested from the drug(s)-treated PDXs,
and 10,000, 5,000, 1,000, and 500
cellswere transplanted into secondary
NOD/SCID mouse recipients (n ¼ 6
per group). Average tumor latency
and incidence were recorded, and
tumor-initiating cell frequency was
calculated. � , P < 0.05; �� , P < 0.01;
���, P < 0.001; ���� , P < 0.0001;
n.s., nonsignificant.
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also evaluated the effect brought by the combined treatment of IFEN
and SOR on tumor vasculature. We observed reduction of CD31-
positive vascular structures after the single-drug treatments of IFEN
and SOR in xenografted tumors in mice, whereas the combined
treatment did not further enhance the reduction probably because
the number of CD31-positive vascular structures was mostly sup-
pressed after sorafenib treatment (Supplementary Fig. S17C). Our
result suggests that the drug combination at least retains similar
suppressive effect to sorafenib alone on tumor vasculature in the
tested animal model. Further studies will be needed to assess any
effects on tumor vasculature, as well as clinical toxicity or vasodilatory
side effects, for the combined drugs to effectively treat HCC in future
trials. For example, blood parameters of toxicity, hepatic function test,
and organ histology could be compared.

Our data indicate that IFEN plus SOR could be considered as the
initial treatment combination regimen, but not after the cancer cells
develop SOR resistance because this drug combination may not
effectively inhibit growth of SOR-resistant cells. Based on the model
described in Saputra and colleagues (35), nonsynergistic (i.e.,
antagonistic or additive) drug combinations appear to be more
likely than synergistic ones to suppress expansion of resistant
subclones and provide a long-term defense against the evolution
of therapeutic resistance. Future studies could help in identifying
additional or combining other existing drug candidates that may
interact with IFEN plus SOR nonsynergistically to help tackle SOR
resistance in HCC. In addition, other drug-repurposing candidates,
for example those identified by CMap that show connectivity to
gene expression signatures from cells cotreated with IFEN and SOR
(Supplementary Fig. S19), could be further tested for their efficacy
and combinatorial effects with IFEN and/or SOR for improving
HCC treatment.
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