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Targeted Inhibition of Purine Metabolism
Is Effective in Suppressing Hepatocellular
Carcinoma Progression
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Tumor-specific metabolic rewiring, acquired to confer a proliferative and survival advantage over nontransformed cells,
represents a renewed focus in cancer therapy development. Hepatocellular carcinoma (HCC), a malignancy that has
hitherto been resistant to compounds targeting oncogenic signaling pathways, represents a candidate cancer to in-
vestigate the efficacy of selectively antagonizing such adaptive metabolic reprogramming. To this end, we sought to
characterize metabolic changes in HCC necessary for tumorigenesis. We analyzed gene expression profiles in three
independent large-scale patient cohorts who had HCC. We identified a commonly deregulated purine metabolic sig-
nature in tumors with the extent of purine biosynthetic enzyme up-regulation correlated with tumor grade and a pre-
dictor of clinical outcome. The functional significance of enhanced purine metabolism as a hallmark in human HCC
was then validated using a combination of HCC cell lines, patient-derived xenograft (PDX) organoids, and mouse
models. Targeted ablation of purine biosynthesis by knockdown of the rate-limiting enzyme inosine-5'-monophosphate
dehydrogenase (IMPDH) or using the drug mycophenolate mofetil (MMF) reduced HCC proliferation in vitro and de-
creased the tumor burden in vivo. In comparing the sensitivities of PDX tumor organoids to MMF therapy, we found
that HCC tumors defined by high levels of IMPDH and guanosine nucleosides were most susceptible to treatment.
Mechanistically, a phosphoinositide 3-kinase (PI3K)-E2F transcription factor 1 (E2F1) axis coordinated purine biosyn-
thetic enzyme expression, deregulation of which altered the activity of mitogen-activated protein kinase/RAS signaling.
Simultaneously abolishing PI3K signaling and IMPDH activity with clinically approved inhibitors resulted in greatest
efficacy in reducing tumor growth in a PDX mouse model. Conclusion: Enhanced purine metabolic activity regulated
by PI3K pathway-dependent activation of E2F1 promotes HCC carcinogenesis, suggesting the potential for targeting
purine metabolic reprogramming as a precision therapeutic strategy for patients with HCC. (Hepatology Communications
2020;4:1362-1381).

epatocellular carcinoma (HCC) is the most burden, surgical resection and liver transplantation
@ and exist-
accounts for the second highest number of ing therapies for advanced unresected HCC offer

prevalent form of primary liver cancer and remain the only curative treatments,

cancer mortalities worldwide.”) Despite the global modest survival benefits.>* Several inhibitors that
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have demonstrated clinical benefits in other cancers,
such as sunitinib and erlotinib, as well as yttrium-90
radioembolization fail to show positive effects in
patients,®) highlighting the dearth of available treat-
ments and a need to identify new modalities for clin-
ical intervention in HCC. Cancer metabolism offers
an attractive target to selectively antagonize tumors
given that tumor cells exhibit altered metabolism to
gain a survival advantage over nontransformed cells.’
Metabolic reprogramming of tumors to consume glu-
cose and divert these metabolic intermediates into
lactate production, a phenomenon known as aerobic
glycolysis or the Warburg effect, was one of the first
reported distinctions between cancer and normal tis-
sues.”) Rewiring of amino acid, lipid, and nucleotide
metabolism has also been shown to be essential for
sustaining tumorigenesis in various cancers,(é) sug-
gesting a benefit of exploiting metabolic liabilities for
cancer therapy. Deregulation of tumor metabolism is
often achieved by alterations in the expression of met-
abolic enzymes either by gene amplification or dele-
tion or as a consequence of changes in the activation
status of upstream growth signaling pathways.® The
purine biosynthesis pathway has been demonstrated
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to be under the transcriptional control of myelocy-
tomatosis (MYC) signaling in cancers, such as gli-
oma, melanoma, lymphoma, and prostate cancer.’1?)
Insofar as purine metabolism has been implicated in
maintaining tumor-initiating cells and the pathogene-
sis of various malignancies through enhancing nucleic
acid synthesis to sustain rapid proliferation,(9’13) a
role for purine biosynthesis in HCC has remained
inconclusive.

Inosine-5"-monophosphate dehydrogenase (IMPDH)
is a critical enzyme that catalyzes the conversion of ino-
sine monophosphate (IMP) to xanthosine monophos-
phate (XMP), an irreversible and rate-limiting process
during purine biosynthesis that establishes the intracel-
lular pool of guanine nucleotides.™¥ IMPDH activity is
enhanced in tumor cells, with IMPDH a potential che-
motherapy target.™>'®) Two IMPDH inhibitors, myco-
phenolic mofetil (CellCept) and mycophenolate sodium
(Myfortic), are used as immunosup%)ressants in organ
transplants and autoimmune diseases."”"® Clinical trials
to assess the efficacy of CellCept in cancers have been
confined to hematologic malignancies, and investigations
into the therapeutic benefit of inhibiting purine biosyn-
thesis in solid cancers are lacking.
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Large-scale HCC cohort studies, such as The
Cancer Genome Atlas (TCGA), highlight extensive
interpatient tumor heterogeneity in terms of gene
expression levels and oncogenic mutations, indicat-
ing a patient-specific tumor profile and illustratin
the complexities of a one-size-fits-all approach.™
Although common mutations in telomerase reverse
transcriptase (7ERT), tumor protein p53 (7P53), and
catenin beta 1 (C7T!NINBI) exist in most patients, these
molecular alterations are not clinically druggable. The
promise of precision medicine in oncology has resulted
in tailor-made treatments based on tumor molecular
profile instead of tumor origin.?”) Despite advances
across tumor types, the development of molecularly
targeted therapeutics is missing in HCC due to the
absence of validated biomarkers to predict treatment
outcome.?? Here, we provide evidence that inhibition
of purine biosynthesis by targeting IMPDH in HCCs
distinguished by high purine biosynthetic activity
reduced the tumor burden. In combination with an
antagonist of phosphoinositide 3-kinase (PI3K), an
upstream regulator of purine biosynthetic enzyme
expression, to potently suppress purine metabolism,
we observed an enhanced reduction in tumorigenesis,
offering a novel combination for precision therapy of

HCC.

Materials and Methods
HUMAN SUBJECTS AND DATA

Protocols involving human patients were approved
by the SingHealth Institutional Review Board at the
National Cancer Center Singapore (NCCS). Tumor
samples were surgically removed at the NCCS with
informed consent from the patients. TCGA-liver
hepatocellular carcinoma (LIHC) gene expression data
and clinical parameters were downloaded from the
University of California Santa Cruz Cancer Genomics
Browser (https://xenabrowser.net/) and cBioPortal for
Cancer Genomics (https://www.cbioportal.org/). Data
from the Roessler Liver 2 data set were downloaded
from the Oncomine platform (https://www.oncom
ine.org/resource/login.html) with default thresholds
set for P values and gene ranks. Gene expression data
of HCC cell lines were downloaded from the Cancer
Cell Line Encyclopedia (CCLE) portal (https://porta

Is.broadinstitute.org/ccle).
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ANIMALS AND TUMOR
XENOGRAFT MODEL

All animal studies were approved by the institu-
tional animal care and use committees at A*STAR and
the National University of Singapore. We purchased
6-8-week-old male C57BL/6, female CrTac:NCr-
Foxnithymic mude () 04 female NOD.Cg-
Prkdcsevere combined  immunodeficiency (scid)IlzrgtmIle /SZJ
(NOD scid gamma [NSG]) mice from InVivos,
Singapore. All mice were maintained under pathogen-
free conditions on a 12-hour light/dark cycle with
free access to water and standard chow diet (1324;
Altromin). To chemically induce HCC, 5 mg/mL
diethylnitrosamine (DEN) (NO0258; Sigma) was
injected intraperitoneally into 2-week-old C57BL/6
mice at a dose of 20 mg/kg body weight, followed by
eight consecutive administrations of 1,4-Bis[2-(3,5-
dichloropyridyloxy) Jbenzene (TCPOBOP) (T1443;
Sigma) at a dose of 3 mg/kg body weight every
14 days starting at 4 weeks of age. At 7 months, tumor
size and multiplicity were evaluated by counting the
number of visible tumor nodules and determining
the largest diameter of each nodule with a caliper.
For the tumor xenograft model, 10° cells in 100 pL
Dulbecco’s modified Eagle’s medium (DMEM) were
mixed with an equal volume of Matrigel (354230;
Corning) and injected subcutaneously into the hind
flank of 6-8-week-old nude/NSG mice.
growth was allowed to proceed for a month. Mice
with no tumors were not used for analysis. The tumor
burden was determined by measuring tumor weight
and volume (V), where V = (tumor length x tumor
width [W] x W)/2. For patient-derived xenograft
(PDX) experiments, freshly resected human HCC tis-
sues were transplanted subcutaneously into NSG mice.
Mice were euthanized when tumors reached 1.5 cm
in dimension. PDX tumors were subsequently har-
vested and processed into PDX cells, as described.?
PDX tumors were maintained as a continuous source

Tumor

of tumor cells using NSG mice. For drug treatment
of tumors, mycophenolate mofetil (MMF) was resus-
pended in a vehicle comprising 0.9% sodium chloride,
0.5% methyl cellulose, and 0.4% TWEEN 80, while
the PI3K inhibitor PI-103 was dissolved in dimethyl
sulfoxide (DMSO). One week after tumor cell injec-
tion, mice were administered a regimen of 120 mg/kg
MMEF by oral gavage twice a day and 10 mg/kg
PI-103 by intraperitoneal injection daily for 3 weeks.
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Results

DE NOVO PURINE BIOSYNTHESIS
IS UP-REGULATED IN HCC

Previous studies demonstrated that dysregulation
of hepatic metabolism is crucial for the development
and progression of liver disease.?** To identify met-
abolic pathways essential for HCC tumorigenesis, we
assessed the gene expression pattern of key enzymes
involved in cellular metabolism in patients from the
TCGA-LIHC data set. We found that enzymes in
the de novo purine biosynthesis pathway showed a
significant increase across 360 HCC tumor sam-
ples compared to nontransformed liver (Fig. 1A). In
contrast, we did not observe a consistent differential
up-regulation of enzymes in four other core metabolic
pathways: glycolysis, glutathione, one carbon metabo-
lism, and pyrimidine (Supporting Fig. S1A). Increased
expression of enzymes in the pentose phosphate path-
way (PPP) in tumors, however, suggested enhanced
levels of ribose 5-phosphate (R5P), a core product and
intermediate of the PPP that is also a critical precur-
sor for purine biosynthesis. Purine metabolism is ini-
tiated by the sequential activities of several enzymes,
such as phosphoribosyl pyrophosphate amidotransfer-
ase (PPAT), phosphoribosylformylglycinamidine syn-
thase (PFAS), and 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase (ATIC)/IMP cyclo-
hydrolase, functioning in the main branch leading to
stepwise formation of IMP from R5P. IMP can then
be converted into adenosine monophosphate (AMP)
or guanosine monophosphate (GMP) through two
distinct reactions catalyzed by adenylosuccinate lyase
(ADSL), and IMPDH and guanine monophosphate
synthase (GMPS), respectively (Supporting Fig.
S1B). Higher grade tumors (G2 and G3), patho-
logically defined as poorly differentiated and highly
metastatic, exhibit progressively higher levels of PFAS,
ATIC, IMPDHI1, IMPDH?2, GMPS, and ADSL com-
pared to low-grade tumors (G1) or normal liver tis-
sue (Supporting Fig. S1C). We also determined that
stage T2 and T3 tumors, clinically manifested as large
tumors with high multiplicity, were characterized by
up-regulated expression of these enzymes (Supporting
Fig. S1D). Consistent with a critical role for enhanced
purine biosynthesis in the pathogenesis of aggressive
HCC, high expression of these enzymes correlated
with poor patient survival outcome (Fig. 1B). Further

CHONGETAL.

interrogation of transcriptomic data from tumor and
matched normal tissue of a cohort of 48 patients with
HCC from the Singapore General Hospital (SGH)
revealed a corresponding enrichment of purine bio-
synthetic enzymes in tumors (Fig. 1C). Analysis of
the Roessler human HCC data set comprising 220
normal and 225 tumor samples on the Oncomine
platform®>2
biosynthetic genes was significantly up-regulated in
tumors (Fig. 1D). Surprisingly, we did not find any
correlation between overall patient survival and tumor
levels of IMPDH1 or IMPDH?2 (Supporting Fig. S2)
in 11 other gastrointestinal cancers in the TCGA,
suggesting a specific dependence on purine biosyn-
thesis for HCC growth and sustenance.

also confirmed that expression of purine

IMPDH ACTIVITY IS NECESSARY
FOR HCC PROLIFERATION

Elevated biosynthetic
enzymes in HCC suggests that HCC may be sensi-
tive to inhibition of purine metabolism. To this end,
we targeted the first committed and rate-limiting step
in guanine nucleotide biosynthesis by using MME,
a U.S. Food and Drug Administration-approved
prodrug of mycophenolic acid (MPA) that inhib-
its IMPDH activity, in a chemically induced mouse
model of HCC. DEN-induced tumors expressed
elevated levels of both IMPDH isoforms compared
to adjacent nontransformed liver (Supporting Fig.
S3A). Tumors were visibly smaller after a 3-week
regimen of MMF (Fig. 2A). Despite a decrease in
tumor size (Fig. 2B), we did not observe an effect
of MMF on the frequency of tumor formation (Fig.
2C). We next turned to an HCC cell line model to
elucidate the mechanisms regulating purine biosyn-
thesis. To select an optimal HCC line that demon-
strates maximal response to MPA, we mined the
CCLE database to identify cell lines with highest
expression levels of purine biosynthetic enzymes.”
Clustering analysis resulted in the segregation of 25
HCC cell lines into two distinct groups with con-
trasting expression profiles (Supporting Fig. S3B).
Because MPA directly targets both IMPDH iso-
tforms, we validated by quantitative polymerase chain
reaction (QPCR) that Huh7 cells expressed highest
levels of both IMPDH1 and IMPDH2 (Supporting
Fig. S3C,D). Treatment of Huh7 cells with MPA
completely attenuated the proliferation of these cells

expression of purine
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FIG. 1. Purine biosynthesis pathway gene expression is up-regulated in HCC. (A) Heatmap showing relative transcript levels of
de novo purine biosynthesis pathway genes in TCGA-LIHC samples. Z scores were calculated from the log, transformed FPKM values
for each sample. Purine-high samples denote a cluster of HCC with universally elevated enzyme expression. (B) Kaplan-Meier survival
curves of overall patient survival according to expression levels of purine biosynthesis pathway genes. Log-rank test. (PPATOW, n = 233;
PPAT™®" n = 123; P= 0.0012. ATIC®", n = 236; ATIC"®", n = 120; P = 0.0022. IMPDH1"", n = 235; IMPDH1"¢", n = 121; P = 0.0001.
IMPDHZ2", n = 264; IMPDH2"" n = 92; P = 0.021. ADSL"", n = 239; ADSL"¢", n = 117; P = 0.0095. GMPS"", n = 214; GMPS"#",
n = 142; P < 0.0001). (C) Heatmap showing relative transcript levels of de novo purine biosynthesis pathway genes in tumor and matched
normal samples from a cohort of 48 SGH patients. (D) Expression levels of purine biosynthesis pathway genes from the Roessler et al.
data set in the Oncomine database. The extent of up-regulation of each enzyme in tumors relative to normal tissues is indicated by its
overexpression gene rank. Nontumor, n = 220; tumor, n = 225; data are mean = SEM; **P < 0.001. Abbreviations: FPKM, fragments per
kilobase of transcript per million mapped reads; N, nontumor; O/E, overexpression; T, tumor.

(Fig. 2D), a phenomenon reversed by exogenous
addition of guanine or guanosine (Fig. 2E), consis-
tent with studies demonstrating that the only nucle-
otides that had intracellular levels reduced by MPA
treatment were guanylates.*

We generated stable knockdowns of both IMPDH
isoforms in Huh?7 cells by using three independent
short hairpin (sh)RNA sequences (Supporting Fig.
S3E-G). Reduction of either IMPDHI or IMPDH?2
decreased cellular proliferative capacity (Fig. 2F), a
phenomenon reversed by exogenous supplementa-
tion of guanine or guanosine (Supporting Fig. S3H).
Treatment of IMPDH knockdown cells by MPA
further attenuated their proliferation (Supporting
Fig. S3I). These cells also displayed impaired tum-
origenic activity when xenografted into nude mice
(Fig. 2G,H). Similarly, IMPDH]I or IMPDH?2 knock-
down in SNU398 cells impacted their proliferation
(Supporting Fig. S3]-M). Treatment of SNU398 cells
with MPA also abolished their proliferative capacity,
a phenomenon that was reversed by guanine or gua-
nosine (Supporting Fig. S3N). In support of purine
synthetic activity being critical for the growth and
proliferation of HCC cells with elevated expression of
IMPDH, HepG2 cells, which express comparatively
low levels of both IMPDHI1 and IMPDH?2, were
resistant to MPA (Supporting Fig. S30). In addition
to its catalytic role in the conversion of IMP to XMP,
IMPDH is also capable of binding nucleic acids and
regulating transcription, a function exclusively medi-
ated by its Bateman domain, a moiety dispensable for
the enzymatic activity of IMPDH.?3 To explore a
contribution by this noncatalytic feature toward the
tumorigenic potential of IMPDH, we constructed
IMPDH1 mutants lacking the Bateman domain
(Supporting Fig. S4A) and overexpressed them
in IMPDHI1-knockdown Huh?7 cells (Supporting
Fig. S4B). Restoration of cellular proliferation was

observed in cells transduced with Bateman-deficient
IMPDH1 (Fig. 2I). The lack of a functional role
for the Bateman domain in tumorigenesis was con-
firmed using two IMPDHI isoforms: canonical
IMPDH1 expressed ubiquitously (isoform E) and a
longer isoform containing an additional exon at the
amino terminus (isoform B). Both isoforms exhibited
a cytoplasmic localization, although isoform B was
also found concentrated in rod/donut-like structures
devoid of actin or microtubules (Supporting Fig. S4C).
Collectively, these results demonstrate that the par-
ticipation of IMPDH in the catalytic biosynthesis of
purines is necessary for HCC growth.

INTERTUMORAL
HETEROGENEITY IN PURINE
SYNTHETIC PATHWAY ACTIVITY
DETERMINES TUMOR RESPONSE
TO MPA

HCC:s exhibit extensive heterogeneity with regards
to proteomic, metabolomics, and immune profiles as
well as responses to anticancer drugs, contributing to
different metabolic requirements across tumors.®13?
We hypothesized that every tumor would thus have
a unique growth dependency on IMPDH-driven
purine biosynthesis and demonstrate varying sen-
sitivities and tolerance toward MPA. PDX mouse
models offer a clinically relevant system to test this
hypothesis, with drug studies being able to be per-
tormed in vivo as well as in vitro on PDX organoids
in the context of heterogeneous molecular alter-
ations in patients. HCC cells from 13 patients were
implanted into immunodeficient mice, and the char-
acteristics of these distinct PDX lines were interro-
gated with respect to the status of purine metabolic
activity (Fig. 3A). Immunoblotting performed on
tumors validated the heterogeneous expression of
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purine biosynthetic enzymes (Fig. 3B,C). Analysis of readout of pathway activity. In agreement with protein
transcript levels yielded a tight correlation between and mRNA expression, the levels of metabolites in
messenger RNA (mRNA) and protein expression both the AMP and GMP branches showed compre-
(Fig. 3D). We next measured the levels of metabo- hensive variation among PDX tumors, suggesting dif-
lites in the purine metabolic pathway as a functional ferential purine requirements for sustenance of tumor
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FIG. 2. Inhibition of IMPDH1/2 disrupts HCC proliferation and tumor progression. (A-C) Tumor burden in DEN-administered mice
treated with vehicle control (-MMF) or MMF at a dosage of 120 mg/kg twice daily for 3 weeks (+MMF). (A) Macroscopic images of livers.
Arrowhead indicates visible tumor nodule. Scale bar, 1 cm. (B,C) Quantification of (B) tumor size and (C) tumor multiplicity. (-) MME,
n =7; (+) MME, n = 7. (D) Dose-dependent cell-proliferative index of Huh7 cells 72 hours after exposure to MPA, quantified by MTS
absorbance measurements and manual hemocytometer counting. (E) Dose-response curves of Huh7 cells to increasing concentrations
of MPA with and without addition of adenine, guanine, adenosine, or guanosine (50 uM). (F) Cell-proliferative index of Huh7 cells
stably infected with a scrambled control or with two independent shRNA targeting IMPDH1 (shIMPDH1) or IMPDH?2 (shIMPDH?2),
quantified by MTS absorbance measurements and manual hemocytometer counting. (G,H) Tumor burden in Huh7-derived xenografts
in nude mice 1 month after subcutaneous injection with Huh7 shCtrl, shIMPDH1-3, or shIMPDH2-3 cells. (G) Macroscopic images
of tumors. Scale bar, 1 cm. (H) Quantification of tumor volume and weight. shCtrl, n = 5; shIMPDHI1, n = 4; shIMPDH2, n = 3.
(I) Cell-proliferative index of Huh7 shIMPDH1-3 cells overexpressing two full-length IMPDH1 isoforms (IMPDH1-b/IMPDH1-e)
or truncated IMPDH1 lacking the Bateman domain (IMPDH1-bABateman/IMPDH1-eABateman). Data are mean + SD; *P < 0.05,
P < 0.01,"*P < 0.001. Abbreviation: KD, knockdown.

proliferation (Fig. 3E). A pairwise correlation analysis
revealed that the purine metabolic signature correlated
positively with genes involved in cellular proliferation
(Fig. 3F), consistent with an oncogenic role for purine
metabolism. Treatment with MPA of PDX tumors
cultured as organoids dramatically inhibited the pro-
liferation of some tumors (PDX #1 and #11) while
exhibiting a negligible effect on others (PDX #12 and
#19) (Fig. 3G). MPA treatment also resulted in ele-
vation of the upstream metabolite 5-aminoimidazole-
4-carboxamide-1-p-D-ribofuranoside (AICAR) in
MPA-sensitive tumors (Fig. 3H), suggesting that
AICAR levels could be a useful biomarker to monitor
the effectiveness of MPA therapy. Intriguingly, PDX
tumors that were MPA sensitive were characterized
by two distinct features that implied tumor-specific
vulnerabilities to IMPDH inhibition: elevated expres-
sion of either IMPDH1 or IMPDH2, and high levels

of guanosine nucleosides.

PI3K SIGNALING REGULATES
PURINE SYNTHETIC ENZYME
EXPRESSION

Metabolic reprogramming of tumor cells is reg-
ulated by oncogenic pathways, activation of which
enables tumor adaptation in an altered nutritional
microenvironment to sustain rapid proliferation and
evade apoptosis.®® In this context, we tested a panel
of drugs targeting oncogenic pathways previously
implicated in cancer metabolic reprogramming on
Huh7 shIMPDH1 and shIMPDH2 cells to iden-
tify signaling pathways that drive purine metabo-
lism. The rationale for this was that down-regulated
expression of IMPDH1 or IMPDH2 would lead to

decreased purine synthetic activity, rendering increased

susceptibilities to a drug that inhibits a protein directly
regulating the expression levels of purine synthetic
enzymes. Given that purine metabolic activity is nec-
essary for proliferation of Huh7 cells, a drug-induced
reduction in enzyme levels would result in enhanced
sensitivities of shIMPDH1 and shIMPDH2 cells in
the same manner that these cells exhibited increased
vulnerability to MPA, which has a higher affinity
for IMPDH2 than IMPDH1 (3-fold and 13-fold
decrease in median inhibitory concentration [IC]
in shIMPDH1 and shIMPDH2 cells, respectively)
(Fig. 4A). Indeed, only the PI3K inhibitor PI-103
conferred added vulnerability of Huh7 shIMPDH1
and shIMPDH?2 cells (1.5-fold and 1.8-fold decrease
in IC,, respectively) (Fig. 4B). In contrast, IMPDH
down-regulation did not alter Huh7 sensitivity to
drugs targeting proteins previously shown to regu-
late HCC tumorigenesis (Supporting Fig. S5A-H).
Importantly, Huh7 shIMPDH1 and shIMPDH2
cells were also resistant to mammalian target of rapa-
mycin (mTOR) inhibition by rapamycin (Supporting
Fig. S5I), suggesting that a PI3K-induced mTOR-
independent signaling mechanism regulates purine
synthesis in Huh?7 cells.

We next examined the effect of PI-103 and protein
kinase B (AKT) inhibitor MK-2206 on the expression
of purine synthetic enzymes. Protein levels of ATIC,
phosphoribosyl pyrophosphate synthetase 1 (PRPS1;
functioning in the main branch leading to IMP gen-
eration), IMPDH1, IMPDH2 (involved in converting
IMP to GMP), and ADSL (involved in converting
IMP to AMP) were decreased in a dose-dependent
fashion in Huh?7 cells (Fig. 4C). This decrease was also
observed at the mRNA level for all 11 purine synthetic
enzymes (Supporting Fig. S6A). We observed a sim-
ilar dependency in PDX #11 organoids (Fig. 4C), a
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FIG.3. Heterogeneous purine metabolism in HCC-PDX tumors determines tumor response to MPA. (A) Schema of the PDX workflow.
(B) Western blot showing purine biosynthetic enzyme levels in PDX tumors. HSP90 is used as a loading control. (C-E) Heatmaps
showing (C) western blot quantification, (D) transcript levels of purine biosynthesis pathway genes, and (E) levels of purine metabolites
in PDX tumors. (F) Heatmap of clustered correlation matrix displaying Spearman rank correlations for the expression (QPCR) of HCC-
essential genes in PDX tumors. The relationship distance between genes is ordered by hierarchical clustering. Genes involved in purine
metabolism (black) were found to be highly correlated with cell proliferation (red). (G) Dose-response curves to MPA of PDX tumors
cultured as organoids. Highly MPA-sensitive, IC ) < 10 pM; MPA-resistant, IC. ) = NA. (H) Relative abundance of AICAR metabolites
in PDX tumor organoids treated with 10 ulM MPA for 24 hours. Data are mean + SD; *P < 0.05. Abbreviations: CSC, cancer stem cell;
Diff, differential; Func function; IL6, interleukin 6; JAK, Janus kinase; NA, not applicable; STAT, signal transducer and activator of

transcription; WB, western blot.

patient-derived line most vulnerable to IMPDH inhi-
bition (Fig. 3G). To mimic nutrient deprivation and
insulin resistance in the tumor environment, we grew
serum-starved Huh7 cells with 1 g/L glucose, which is
one fifth the glucose concentration in standard cell cul-
ture conditions, in the presence of insulin. Under these
conditions, elevated expression of purine synthetic
enzymes was decreased to near baseline levels in cells
treated with PI-103 (Fig. 4D). Importantly, overex-
pression of phosphatase and tensin homolog (PTEN),
a negative regulator of PI3K signaling, in Huh7 cells
also resulted in attenuated expression of purine syn-
thetic enzymes (Supporting Fig. S6B). The tight asso-
ciation between PI3K signaling and purine synthesis
prompted us to interrogate their relationship in the
TCGA-LIHC cohort. Mutations in genes encoding
PI3K pathway components, which alter the activation
status or expression levels of the enzymes, are a frequent
34 A pairwise correlation anal-
ysis revealed a strong correlation between the purine
metabolic signature and PI3K pathway components
(Fig. 4E). In addition, deleterious mutations in PI3K
pathway components were enriched in tumors over-
expressing purine synthetic enzymes (Supporting Fig.
S6C), linking aberrant PI3K pathway activation to ele-
vated expression of these enzymes. Decreased expres-
sion of the tumor suppressor PTEN and up-regulation
of the oncogenic phosphoinositide-3-kinase regulatory
subunit 6 (PIK3R6) also correlate with poor prognosis
in HCC (Supporting Fig. S6D). Transcriptomic analy-
sis of the SGH-HCC cohort revealed a similar correla-
tion between purine biosynthetic and PI3K pathway
genes (Supporting Fig. S6E). We next performed
drug combination studies to determine if inhibitors
of these pathways synergize in inhibiting Huh?7 via-
bility. Using the Chou-Talalay method,® the combi-
nation index values for the combination of PI-103 and
MPA were 0.21 and 0.76 in Huh7 cells (Fig. 4F) and
PDX #11 organoids (Fig. 4G), respectively, indicating

occurrence in cancers.

strong synergy. Taken together, these results establish
the nonredundant requirement of purine synthesis on
PI3K signaling in maintaining HCC proliferation and

tumorigenesis.

E2F TRANSCRIPTION FACTOR 1
IS A DOWNSTREAM EFFECTOR
OF PI3K SIGNALING IN THE
REGULATION OF PURINE
SYNTHESIS

The dispensability of mTOR for purine synthesis-
dependent survival of Huh7 cells implied an mTOR-
independent branch of PI3K signaling functioning to
manipulate the expression of purine synthetic enzymes.
To identify the PI3K effector activating gene transcrip-
tion, we analyzed the gene promoters of all purine syn-
thetic enzymes to identify top candidate transcription
tactor (TF) occupancy. We focused our analysis to only
include sites that had published evidence of TF binding
so as to select for TFs that demonstrate highest func-
tional binding potential. mRNA down-regulation of all
purine synthetic enzymes in response to PI3K inhibi-
tion (Supporting Fig. S6A) suggested a common TE,
prompting us to compare across all 11 gene promoters,
yielding cyclic adenosine monophosphate response ele-
ment-binding protein (CREB), E2F transcription fac-
tor 1 (E2F1), and MYC as candidate TFs (Fig. 5A).
MYC inhibition had no effect on the mRNA levels of
genes encoding purine synthetic enzymes (Supporting
Fig. S7A), whereas CREB inhibitor 666-15 resulted in
a modest increase in transcript levels (Supporting Fig.
S7B), suggesting that MYC and CREB binding to
these loci occurred in a manner distinct and indepen-
dent of PI3K regulation of purine synthesis pathway
gene expression. In contrast, expression levels of these
genes were down-regulated in a dose-dependent fash-
ion in response to E2F1 inhibition by HLMO006474
(Fig. 5B). E2F1 knockdown using two independent
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FIG. 4. PI3K signaling regulates purine biosynthesis pathway enzymes in HCC. (A,B) Dose-response curves to (A) MPA and (B) PI-
103 of Huh7 control (black), shIMPDH1 (red), and shIMPDH2 (blue) cells. (C) Western blot showing decreased ATIC, IMPDHI1,
IMPDH2, ADSL, and PRPS1 levels in Huh7 cells (left panel) and PDX #11 organoids (right panel) treated with PI-103 and MK-2206
for 48 hours. For PDX #11 cells, 1 pM PI-103 and 5 uM MK-2206 were used. The * indicates a nonspecific band. (D) Western blot
showing ATIC, IMPDH1, IMPDH2, ADSL, and PRPS1 levels in Huh7 cells under glucose and serum-restricted conditions (1 g/L
glucose and 0.5% serum) and after addition of 100 nM insulin with or without 1 uM PI-103 for 48 hours. (E) Pairwise correlation analysis
of six representative genes in the PI3K signaling pathway (PIK3C4, PIK3CG, PIK3R2, PIK3R4, KRAS, and NRAS) and the purine
synthesis pathway (PRPS1, PPAT, GART, PFAS, IMPDHI, and GMPS). Plots indicate gene expression data of patients from TCGA-
LIHC. Spearman correlation coefficient (r) values are shown. (F,G) Combination index analysis with MPA and PI-103 in (F) Huh7
cells and (G) PDX #11 organoids. Upper graph shows dose-response curves. Drug-dependent inhibition of cell viability is plotted on the
vertical axis as the fraction of cells affected by the drug treatment (Fa), and the drug concentration is plotted on the horizontal axis as a
fraction of the IC,,. Lower graph shows Fa-CI plot generated using the Chou-Talalay method to determine the extent of synergy. Data
are mean *+ SD. Abbreviations: CI, combination index; Conc, concentration; eq, equivalent; Fa, fraction affected; KRAS, KRAS proto-
oncogene, guanosine triphosphatase; MK, MK-2206; NRAS, NRAS proto-oncogene, guanosine triphosphatase; PI, PI-103.

shRNAs also resulted in decreased expression of purine
biosynthetic enzymes (Supporting Fig. S7C). PI-103
and HLMO006474 treatment led to a decrease of E2F1
occupancy on the promoters of these genes (Fig. 5C,D).
Combinatorial targeting of E2F1 and IMPDH using
HLMO006474 and MPA yielded synergism in both
Huh7 cells and PDX #11 organoids (Fig. 5E,F) with
combination index values of 0.60 and 0.67, respectively. A
combination of HLMO006474 and PI-103 was also syn-
ergistic in inhibiting the proliferation of Huh7 and PDX
#11 cells (Fig. 5G,H), with combination index values of
0.51 and 0.60, respectively. E2F1 activity is regulated by
interaction with the RB transcriptional corepressor (RB),
whereby hyperphosphorylated RB  dissociates from
E2F1, allowing for E2F1-dependent transcription of
target genes.(36’37) Importantly, PI-103 treatment atten-
uated RB phosphorylation at four distinct sites in Huh?7
and PDX #11 cells (Fig. 5I), supporting a role for PI3K
signaling as an upstream driver in hyperphosphorylating
RB and subsequent E2F1-mediated activation of genes
in the purine synthesis pathway.

DOWN-REGULATION OF

IMPDH ACTIVITY LEADS TO
PREFERENTIAL INHIBITION OF
MITOGEN-ACTIVATED PROTEIN
KINASE/RAS SIGNALING

To understand how purine biosynthesis pro-
motes HCC tumorigenesis, we performed RNA-
sequencing on Huh7 shIMPDH1 and shIMPDH?2
cells. Principal component analysis comparing the
transcriptomes indicated marked differences in
gene expression profiles despite similar proliferative
impairment (Fig. 6A). Pairwise comparison of short

hairpin control (shCtrl) cells versus shIMPDH1
(Supporting Fig. S8A) or shIMPDH?2 (Supporting
Fig. S8B) cells showed that depletion of either
IMPDH isoform was sufficient to induce large-scale
alterations in gene expression, despite both isoforms
having similar substrate kinetics for the conversion
of IMP to XMP. Because IMPDHI1 or IMPDH?2
knockdown impacted Huh7 proliferation, we rea-
soned that signaling pathways specifically affected
by perturbations in purine synthesis that contribute
to tumor proliferation should be down-regulated
in both Huh7 shIMPDH1 and shIMPDH2 cells.
Gene ontology analysis revealed that mitogen-
activated protein kinase (MAPK)/RAS signaling
was the most significantly down-regulated signaling
pathway (Fig. 6B). Reassuringly, genes associated
with cell-cycle progression and regulation of cell
proliferation were also significantly down-regulated.
mRNA transcripts of MAPK/RAS pathway compo-
nents were reduced by more than 2-fold in response
to IMPDH]I or IMPDH?2 knockdown (Fig. 6C,D).
We next interrogated the clinical relevance of the
association of MAPK/RAS signal activation with
IMPDH expression levels in the TCGA-LIHC and
SGH-HCC cohorts by performing a pairwise cor-
relation between IMPDHI and genes of MAPK/
RAS pathway components. We found that tumors
with high IMPDH] levels were marked by elevated
expression of MAPK/RAS pathway genes in both
the TCGA-LIHC (Fig. 6E) and SGH-HCC data
sets (Supporting Fig. S8C). Treating Huh7 cells
with MPA and measuring downstream readouts of
MAPK pathway activation revealed that IMPDH
inhibition significantly decreased phosphoryla-
tion of MAPK substrates on both threonine and
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FIG.5. E2F1 acts downstream of PI3K to regulate purine biosynthesis pathway enzymes in HCC. (A) The promoters of the 11 purine
biosynthesis pathway genes showing the binding sites of CREB (blue), E2F1 (green), and MYC (red) in relation to the transcription
start site. (B) Expression of purine biosynthesis pathway genes in Huh7 cells treated with DMSO or HLM006474 for 24 hours. (C,D)
Chromatin immunoprecipitation of E2F1 and IgG control in Huh7 cells treated with DMSO, PI-103 (1 pM), or HLM006474 (20 uM)
for 24 hours. Promoter expression levels of six representative genes in the purine synthesis pathway (PRPSI, GART, PFAS, PAICS, ATIC,
and 4DSS) in the immunoprecipitated chromatin normalized to input chromatin are determined by (C) qPCR and (D) semiquantitative
PCR analyzed on a 2.5% agarose gel. (E,F) Combination index analysis with HLM006474 and MPA in (E) Huh7 cells and (F) PDX
#11 organoids. Graph on the left shows dose-response curves. Graph on the right shows Fa-CI plot to determine the extent of synergy.
(G,H) Combination index analysis with HLM006474 and PI-103 in (G) Huh7 cells and (H) PDX #11 organoids. (I) Western blot
showing decreased phosphorylation of RB on four C-terminal phosphorylation sites (S608, S780, S795, and S807/5811) in Huh7 cells
and PDX #11 organoids treated with PI-103 for 2 hours. p-RB band intensity is quantified and normalized to RB. Data are mean + SD;
*P < 0.05, P < 0.01, P < 0.001. Abbreviations: AREG, amphiregulin; AXIN2, axin 2; BAX, BCL2 associated X, apoptosis regulator;
bp, base pair; CACNB3, calcium voltage-gated channel auxiliary subunit beta 3; CACNGH4, calcium voltage-gated channel auxiliary
subunit gamma 4; CCND1, cyclin D1; CI, combination index; DDX18, DEAD-box helicase 18; DUSP4, dual specificity phosphatase 4;
DUSP6, dual specificity phosphatase 6; EFNA3, ephrin A3; EGR1, early growth response 1; EPHA2, EPH receptor A2; eq, equivalent;
Fa, fraction affected; FGFR2, fibroblast growth factor receptor 2; FLNA, filamin A; FOS, Fos proto-oncogene, AP-1 transcription factor
subunit; GLUL, glutamate-ammonia ligase; GRB2, growth factor receptor bound protein 2; HLM, HLMO006474; IgG, immunoglobulin
G; IP, immunoprecipitation; JUNB, JunB proto-oncogene, AP-1 transcription factor subunit; LDHA, lactate dehydrogenase A; p,
phosphorylated; PDGFA, platelet derived growth factor subunit A; PDGFB, platelet derived growth factor subunit B; PDGFRA, platelet
derived growth factor receptor alpha; PI, PI-103; RASGRP2, RAS guanyl releasing protein 2; SPRY4, sprouty RTK signaling antagonist
4; TBX3, T-box transcription factor 3; TIMP2, TIMP metallopeptidase inhibitor 2; TSS, transcription start site.

serine residues in consensus MAPK phosphory-
lation motifs as well as phosphorylation of p44
MAPK (ERK1) (Fig. 6F). MPA also resulted in
decreased MAPK target gene expression (Fig. 6G).
The minimal effect on wingless-related integra-
tion site (WNT) and MYC target genes supports
MAPK signaling as a selective signaling pathway
dependent on active purine biosynthesis. Such gra-
dation of pathway dependencies rules out a global
deregulation of oncogenic pathways in response to
antagonism of purine metabolism.

COMBINATORIAL TARGETING OF
PURINE BIOSYNTHESIS INHIBITS
INVIVO HCC TUMORIGENESIS

Our data suggest a critical role for purine biosyn-
thesis in the proliferation of HCC cells, mediated
in part by a PI3K-E2F1 axis that precisely regulates
purine biosynthetic enzyme expression. Given that
PI3K inhibition only partially blocks the expres-
sion of these enzymes but combining PI-103 with
MPA synergistically inhibited HCC cell viability,
we hypothesized that efficient blockage of purine
biosynthetic enzyme output through the cooperative
action of MPA and PI-103 is critical for abrogating
HCC tumor growth. To this end, we investigated
the in wvivo efficacy of combinatorial impediment
of purine biosynthesis in a PDX mouse model.
Mice transplanted with PDX #11 tumor cells were

subjected to one of four arms of treatment for 3
weeks: vehicle control, MMF monotherapy, PI-103
monotherapy, or a combination of MMF (120 mg/kg
twice a day) and PI-103 (10 mg/kg daily) (Fig. 7A).
Compared to vehicle control, the tumor burden was
decreased in animals receiving either monotherapy
regimen. Importantly, we observed strongest reduc-
tion in tumor growth in the cohort that received the
drug combination (Fig. 7B,C). Histologic analysis
revealed a loss of normal cord architecture in vehicle-
treated tumors that was partially negated in the group
administered the combinatorial therapy (Fig. 7D),
demonstrating the efficacy of sustained and targeted
inhibition of purine biosynthesis in HCC.

Discussion

Elevated energy consumption of tumor cells to
support rapid proliferation necessitates the integra-
tion of various metabolic processes to sustain high
levels of DNA replication and RNA production.® In
this study, we found that HCCs up-regulate enzymes
involved in purine metabolism. Such coordinated
increased expression of all enzymes in the pathway,
as opposed to regulation of purine synthesis through
modulation of a single enzyme, is significant in the
context of cancer metabolism because alterations in
metabolic flux are often achieved by the actions of an
upstream master transcriptional regulator to effect a
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FIG. 6. Purine biosynthesis regulates MAPK/RAS signaling in HCC. (A) Principle component analysis comparing transcriptomes of
Huh7 control, shIMPDH1-3, or shIMPDH2-3 cells. Each dot represents a biological replicate. (B) Significantly enriched biological
processes (Gene Ontology) of down-regulated genes common to Huh7 shIMPDH1 and shIMPDH2 cells relative to shCtrl cells.
(C,D) Volcano plot showing down-regulated expression of genes in the MAPK/RAS signaling pathway in (C) Huh7 shIMPDH1and
(D) shIMPDH2 cells. Boxed region has been magnified for clarity. (E) Pairwise correlation analysis of IMPDH1 and MAPK/RAS
signaling pathway genes. Plots indicate gene expression data of patients from TCGA-LIHC. Spearman correlation coefficient () values
are shown. (F) Western blot showing decreased phosphorylation of ERK1 (p44), and MAPK target substrates in Huh7 cells treated with
1 uM MPA for 24 hours. PXS*P and S*PXR/K are consensus MAPK phosphorylation sites. (G) Expression of MAPK/RAS, WNT, and
MYC target genes in Huh7 cells treated with MPA for 24 hours. Data are mean + SD; *P < 0.05, **P < 0.01, P < 0.001. Abbreviations:
p, phosphorylated; PC, principle component; WNT, wingless-related integration site.

synchronized and efficient mode of control over the
entire synthetic pathway.(sg) MYC has been shown to
transcriptionally regulate purine biosynthesis in vari-
ous cancers.” ' However, MYC does not perform a
similar role in HCC. Instead, we report a PI3K-E2F1
axis, suppression of which antagonized the activation
of the entire suite of purine synthetic genes to repress
HCC tumorigenesis. Identification of PI3K signaling
as a master regulator of purine metabolism is signifi-
cant because aberrant activation of this network occurs
frequently in cancers to decouple deregulated tumor
cell growth from the external nutritional milieu.®”
PIBK-mTOR signaling is an essential driver of cancer
metabolic reprogramming, in part through integration
of glycolytic intermediates into purine synthesis.“” It
was therefore surprising that mTOR inhibition did
not significantly alter HCC viability in the setting of
purine synthesis inhibition, consistent with a previous
report showing a mode of PI3K regulation of purine
synthesis independent of mTOR/S6 kinase in mouse
embryonic fibroblasts and C2C12 myoblasts.*? In
the context of HCC, a recent study comparing the
responses of 81 HCC cell lines to a panel of antican-
cer drugs demonstrated that, despite rapamycin and
PI-103 eliciting similar sensitivities in many lines, a
significant fraction exhibited o%)posing vulnerabilities
to PI3K or mTOR inhibition, 3D attesting to a sub-
set of HCC wherein mTOR is dispensable for PI3K
regulation. Here, we demonstrate that PI3K signaling
modulates E2F1 occupancy on purine synthetic gene
promoters through RB phosphorylation, thus relieving
sequestration of E2F1 to RB, consistent with a role for
E2F1 in regulating the cell cycle and metabolic adap-
tations of cancer cells.*” The effect of PI3K signaling
on RB phosphorylation is likely mediated by the cyclin

*) pecause

D—cyclin-dependent kinase 4/6 complex
we find no evidence of AKT phosphorylation sites on
RB. Elevated expression levels and copy number gains

in E2F1 in high-grade HCCs***) are consistent with

our analysis of the TCGA-LIHC data set where we
found up-regulation of purine synthetic enzymes in
high-grade HCC, further highlighting a functional
link between E2F1 and purine synthesis in promoting
HCC malignancy. Taken together, we establish a cen-
tral role for E2F1 at the interface of oncogenic signal
transduction and tumor metabolism. In light of our
findings that PI3K inhibition is sufficient to repress the
purine synthetic gene expression stimulated by excess
insulin, it is tempting to speculate a link between insu-
lin resistance and HCC pathogenesis that is mediated
by PI3K-regulated purine synthesis.

Preferential exploitation of purine synthesis to prop-
agate HCC tumorigenesis suggests that purine metab-
olism offers a point of vulnerability to therapeutically
target HHCC. Conventional therapies have not yielded
dramatic improvements in survival cohort studies.*¥
This is probably due to extensive tumor heterogeneity as
well as a complex interplay among oncogenic signaling
pathways and metabolic reprogramming. Indeed, our
findings that attenuation of purine synthesis resulted in
preferential down-regulation of MAPK/RAS signaling
rather than a global deregulation of cell signaling hints
at a convergence of the effects of purine metabolism on
nucleic acid synthesis and the generation of secondary
messenger cyclic (¢)AMP and cGMP. In this context,
treatment with cAMP target protein kinase A agonist
forskolin affected MAPK pathway activity and subse-
quent mitogenesis in HCC cell lines,*® and frequent
activation and up-regulation of MAPK pathway com-
ponents are detected in HCCs.”*®) Taken together,
attenuated MAPK signal transduction in response to
the inhibition of purine synthesis likely plays a sig-
nificant role toward decreased HCC tumorigenesis,
although the contributions of other signaling pathways
should not be discounted.

Given the limited success of current therapies, it
is noteworthy that we observe trifurcation of PDX
tumor response toward MPA treatment, suggesting
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FIG.7. Combined targeting of purine biosynthesis inhibits in vivo HCC tumorigenesis. (A) Workflow of MMF and PI-103 administration
in NSG mice subcutaneously transplanted with PDX #11 tumor cells. (B,C) Tumor burden in NSG mice bearing PDX #11 xenografts
treated with vehicle control, MMF monotherapy (120 mg/kg twice a day), PI-103 monotherapy (10 mg/kg daily), or a combination of
MMF (120 mg/kg twice a day) and PI-103 (10 mg/kg daily). (B) Quantification of tumor volume and weight; n = 5 per treatment group.
Data are mean + SD; *P < 0.05, **P < 0.01. (C) Representative macroscopic images of tumors. Scale bar, 1 cm. (D) Representative images
of H&E and reticulin-stained sections. Scale bar, 50 um. (E) Model depicting PI3K-E2F1 regulation of purine biosynthetic enzymes to
drive HCC tumorigenesis. Combinatorial targeting using MMF and PI-103 is most effective in suppressing tumor growth in patients
with HCC with enhanced purine metabolism. Abbreviation: H&E, hematoxylin and eosin.

that targeting of purine synthesis is most effective in a
subset of patients. This distinction in tumor response
can be accounted for by the graded expression of
purine synthetic enzymes and metabolites in the PDX
tumors, indicative of patient-specific requirements for
purine synthesis in driving HCC tumorigenesis. A
comparison of proteomic and metabolomic expres-
sion in MPA-resistant and susceptible PDX tumors
suggests that tumors that respond to IMPDH inhi-
bition are defined by two features: elevated expression
of IMPDH1 or IMPDH2, and high guanosine levels.
Conversely, tumors resistant to MPA express either
low guanosine levels despite high IMPDHI1 and
IMPDH2 expression (PDX #12) or exhibit elevated
guanosine levels despite no detectable IMPDH1 or
IMPDH2 (PDX #19). This discrepancy might be
accounted for by the enhanced contribution of the
purine salvage pathway, allowing for the IMPDH-
independent generation of guanosine nucleosides
from byproducts of DNA and RNA degradation.
Collectively, this suggests that enhanced levels of both
IMPDH1/IMPDH2 and guanosine could serve as
potential biomarkers to inform the design of person-
alized therapy for patients with HCC to select those
most likely to benefit from MMF treatment. It is also
noteworthy that we observed increased AICAR levels
in MPA-sensitive tumors following MPA treatment,
suggesting a potential utility of AICAR measurement
as a proxy to measure the effectiveness of IMPDH
inhibition.

An improvement over the use of a single therapeutic
agent is the combinatorial approach of simultaneously
targeting a key rate-limiting step in purine synthe-
sis driven by IMPDH and an upstream oncogenic
regulator to enhance the antitumorigenic efficacy. In
this regard, a recent study demonstrated the bene-
fit of blocking pyrimidine synthesis using terifluno-
mide in conjunction with PI3K inhibitor BKM120 to
increase the inhibition of glioblastoma tumorigenesis
in a xenograft model.“”” For our study, we observed

a synergistic effect of combining MPA with PI-103
or HLMO006474 in attenuating the proliferation of
Huh?7 cells and a PDX organoid culture (PDX #11).
PDX #11 exhibited highest inherent purine synthetic
activity among all PDX lines and therefore had the
most severely impacted viability by MPA treatment.
We subsequently showed that the tumor burden in a
PDX #11 mouse model was reduced to a greater extent
by cooperatively targeting purine biosynthesis using
MMEF and PI-103 compared to either monotherapy.
Our results, as summarized in Fig. 7E, demonstrate a
preferential requirement for purine synthesis mediated
by the activities of PI3K and E2F1 in the proliferation
and survival of a subset of patients with HCC. This
offers a tantalizing approach to delivering precision
therapy to patients by targeted inhibition of purine
metabolism at two distinct points of susceptibility.
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