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Abstract

Background and Aims: Some oncogenes encode transcription factors, but few drugs have been
successfully developed to block their activity specifically in cancer cells. The transcription factor
SALLA4 is aberrantly expressed in solid tumor and leukemia cells. We developed a screen to
identify compounds that reduce the viability of liver cancer cells that express high levels of
SALL4 and we investigated their mechanisms.

Methods: We developed a stringent high-throughput screening platform comprising unmodified
SNU-387 and SNU-398 liver cancer cell lines and SNU-387 cell lines engineered to express low
and high levels of SALL4. We screened 1597 pharmacologically active small molecules and
21,575 natural product extracts from plant, bacteria, and fungal sources for those that selectively
reduce the viability of cells with high levels of SALL4 (SALL4M cells). We compared gene
expression patterns of SALL4N cells vs SALL4-knockdown cells using RNA-seq and real-time
PCR analyses. Xenograft tumors were grown in NOD/SCID gamma mice from SALL4M
SNU-398 or HCC26.1 cells or from SALL4!® PDX cells; mice were given injections of identified
compounds or sorafenib and the effects on tumor growth were measured.

Results: Our screen identified 1 small molecule (P1-103) and 4 natural compound analogues
(oligomycin, efrapeptin, antimycin, and leucinostatin) that selectively reduced viability of
SALL4N cells. We performed validation studies, and 4 of these compounds were found to inhibit
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oxidative phosphorylation. The ATP synthase inhibitor oligomycin reduced the viability of
SALL4N hepatocellular carcinoma and non-small—cell lung cancer cell lines with minimal effects
on SALLA4!° cells. Oligomycin also reduced the growth of xenograft tumors grown from SALL4M
SNU-398 or HCC26.1 cells, to a greater extent than sorafenib, but oligomycin had little effect on
tumors grown from SALL4!° PDX cells. Oligomycin was not toxic to mice. Analyses of chromatin
immunoprecipitation sequencing data revealed that SALL4 binds approximately 50% of
mitochondrial genes, including many oxidative phosphorylation genes, to activate their
transcription. In comparing SALL4M and SALL4-knockdown cells, we found SALLA4 to increase
oxidative phosphorylation, oxygen consumption rate, mitochondrial membrane potential, and
utilization of oxidative phosphorylation-related metabolites to generate ATP.

Conclusions: In a screen for compounds that reduce the viability of cells that express high
levels of the transcription factor SALL4, we identified inhibitors of oxidative phosphorylation,
which slowed the growth of xenograft tumors from SALL4N cells in mice. SALL4 activates
transcription of genes that regulate oxidative phosphorylation to increase oxygen consumption,
mitochondrial membrane potential, and ATP generation in cancer cells. Inhibitors of oxidative
phosphorylation might be used for treatment of liver tumors with high levels of SALLA4.

Lay Summary:

Liver tumors overexpress a protein called SALL4, which causes them to become dependent on
specific metabolic pathways for survival. We identified a set of compounds that induce the death
of these cancer cells by inhibiting this pathway.
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Introduction

Transcription factors are the second largest class of oncogenes®. However, the molecular
mechanisms by which these transcription factors exert their cancer-driving effects are not
well understood. There is renewed interest in phenotypic cell-based screens for studying the
underlying mechanisms of various diseases, aiding in subsequent drug discovery2. Common
methods for cell-based drug discovery include the screening of endogenous cell lines with
and without the gene or mutation of interest, or the use of isogenic cell line systems in which
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the gene of interest is altered or expressed in an unaffected cell to control for genetic
background?3. In both endogenous and isogenic systems, hits are defined by their ability to
selectively target cells expressing the alteration of interest, while not affecting the control
cells. The disadvantage of the endogenous system is that cell lines are genetically distinct, so
hits obtained may target pathways unrelated to the alteration of interest2. The isogenic
system avoids the genetic complexity of the endogenous system, but suffers the drawback of
compound interference with the transgene, resulting in hits that might not be biologically
relevant®. To overcome these drawbacks, we developed a screening platform that
encompasses both endogenous and isogenic methodologies, applying the platform to
identify vulnerabilities induced by oncogene SALL4 mis-expression in hepatocellular
carcinoma (HCC).

Liver cancer is the sixth most common cancer but is the second leading cause of cancer
deaths worldwide owing to limited therapeutic interventions®. HCC is the predominant
subtype of liver cancer, with 85% of liver cancer patients suffering from HCC. The only
approved targeted therapies for treating HCC, kinase inhibitors sorafenib and regorafenib,
target tumor vasculature, but they are largely ineffective and are used as a last resort”.
There is an increased urgency to discover precision medicine interventions for this unmet
need.

SALLA4 (Spalt-like transcription factor 4) is an oncofetal protein essential for self-renewal
and maintaining pluripotency in embryonic stem cells, and it plays a critical role in early
embryonic development®-11, It is subsequently silenced in most adult tissues, but aberrantly
re-expressed to drive tumorigenesis in various cancers®12. SALL4is highly expressed in
fetal liver but is silenced in the adult liver'3, and often reactivated in HCC, in which 30-50%
of tumours show significant SALL4 expression!4. There are two isoforms of SALL4
(SALL4A and SALL4B) that have overlapping but non-identical binding regions in the
genome, and SALL4B alone can maintain pluripotency®. Both isoforms are derived from
the same transcript, where SALL4A is the full length spliceoform and SALL4B lacks part of
exon 2916 |t has been observed that both SALL4 isoforms are co-expressed when SALL4 is
transcriptionally upregulated14. SALL4is a C2H2 zincfinger transcription factor that can act
as a transcriptional activator or repressorl>-17.18 The repressive function of SALL4 is
achieved through recruitment of the Nucleosome Remodelling and Deacetylase complex
(NURD)®. In cancer, SALL4 recruits NuRD to genes such as the P7EN tumour Suppressor,
deacetylating and silencing the locus!®. The transcriptional activation function of SALL4
also plays a role in cancer. SALL4 has been shown to transcriptionally activate the c-MYC
oncogene in endometrial cancer?? and HOXA9 in acute myeloid leukemia?L. The Jin vivo
tumorigenic potential of SALL4 is reflected in a mouse model of constitutive SALL4B
expression, which results in the onset of acute myeloid leukemia (AML) and HCC?2,
Therapeutic interventions that target SALL4 and its dependencies remain elusive.

Here, we developed a screening platform that encompasses both endogenous and isogenic
methodologies, applying the platform to discover drugs targeting oncogene SALL4-induced
dependencies in hepatocellular carcinoma (HCC). Our platform utilizes an endogenous pair
of SALL4-expressing (SALL4M) and SALL4 undetectable (SALL4'°) HCC cell lines, as
well as isogenic SALL4 undetectable cell lines engineered to express SALL4 isoforms. We
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screened both synthetic and diverse natural product extract libraries to identify hit
compounds that specifically decrease SALL4M cell viability. Unexpectedly, our screen
identified 4 oxidative phosphorylation inhibitors as being selective for SALL4M cells. Our
most potent and selective compound, ATP synthase inhibitor oligomycin, can selectively
target a panel of SALL4M HCC and lung cancer cell lines, over SALL4!° cells. Oligomycin
also demonstrates similar /n vivo tumor suppressive activity as HCC standard-of-care drug
sorafenib, but at a 200 times lower dose. This /n vivo efficacy is only observed in SALLA4-
high and not SALL4-low tumors. Analysis of SALL4 ChlP-seq data revealed SALL4
binding to a significant number of oxidative phosphorylation genes in SALL4M HCC.
SALL4 predominantly upregulates expression of these genes, as revealed by RNA-seq,
mMRNA expression and protein analyses. SALL4 expression functionally increases oxidative
phosphorylation, as measured by cellular oxygen consumption rate, and supported by
imaging and metabolite profiling. Our work demonstrates the ability of our endogenous-
isogenic combination cell-based screening methodology to successfully identify a metabolic
pathway vulnerability, which is therapeutically actionable with a good therapeutic index, in
SALLA4-expressing cancers.

Materials and Methods

Chemical genetic screen

SNU-387 empty vector, 7g-SALL4A, and Tg:SALL4B expressing isogenic cell lines were
generated by transducing WT SNU-387 cells with empty vector, SALL4A or SALL4B
FUWLuc-mCh-puro lentiviral constructs?0. Cells were plated in 50 pl of RPMI culture
media in 384well white flat-bottom plates (Corning) and incubated at 37°C in a humidified
atmosphere of 5% CO, overnight. Cell numbers per well were 1500 for SNU-398, and 750
for SNU-387 and SNU-387 isogenic lines. After overnight incubation, 0.5 pl of 100 pM
drug libraries or 10 mg/ml extract libraries were added to cells with the Bravo Automated
Liquid Handling Platform (Agilent). Cells were then incubated for 72 hrs at 37°C in a
humidified atmosphere of 5% CO» before 10 ul of CellTiter-Glo reagent was added to the
wells with the MultiFlo Microplate Dispenser (BioTek). Cells were incubated at room
temperature for a minimum of 10 minutes after which luminescence readings were recorded
by an Infinite M1000 Microplate Reader (Tecan).

HCC sample collection

The collection of HCC samples from HCC patients for research is performed under Domain
Specific Review Board (DSRB) protocol 2011/01580 approved by the National Healthcare
Group DSRB, which governs research ethics in Singapore that involves patients, staff,
premises or facilities of the National Healthcare Group as well as any other institutions
under its oversight.
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An endogenous-isogenic chemical genetic screening platform identifies SALL4-selective

compounds

Our SALL4-dependent chemical-genetic screening platform consists of a pair of
endogenous HCC cell lines and a trio of isogenic cell lines (Fig. 1A). For the endogenous
pair, SNU-398 expresses high levels of SALLA4 protein, and its survival is dependent on

SAL L4 expression'*. The endogenous control SNU-387 cell line has undetectable SALL4
RNA (Fig. S1A) and protein. The isogenic trio consists of lentiviral-mediated insertions into
the SNU-387 SALL4 undetectable line, in which the cells are transduced with either an
empty vector control, or a SALL4A or SALL4B expressing construct (Fig. 1A). The SALL4
expressing isogenic lines demonstrate SALL4 isoform-specific mRNA and protein
expression (Fig. S1B, S1C and S1D) and become sensitive to SALL4 knockdown (Fig. S1D
and S1E). SALL4 isoform expression in these isogenic cells does not alter their growth and
proliferation rates (Fig. S1F and S1G).

The five endogenous and isogenic cell lines were screened with 1,597 pharmacologically
active small molecules from the Selleck Anti-cancer and LOPAC1280 libraries, and 21,575
diverse natural product extracts of plant, fungal, and actinobacteria origin from the A*STAR
Bioinformatics Institute collection?3. Each natural product extract contains varying numbers
of compounds, allowing multiplexing to achieve a screen with hundreds of thousands to
millions of compounds efficiently. Cell viability was assessed after 72 hrs of compound or
extract incubation (Fig. 1A). Extracts and compounds that reduced cell viability of the
SALL4N cell lines (SNU-398, SNU-387 Tg.SALL4Aand Ty.SALL4B) by more than 1.5-
fold but had minimal effect on SALL4!® (SNU-387, and SNU-387 Empty Vector) cell
viability were identified as hits. The controls for the screen were proteasome inhibitor
bortezomib, which significantly reduced cell viability of all cell lines, and the sole hit from
the small molecule library screen, P1-103, which selectively targets the SALL4M cells (Fig.
S2A). The Z-factor of the screen was between 0.70 and 0.86.

We obtained three categories of hits from the screen: compounds/extracts that selectively
targeted endogenous SALL4M SNU-398 over SALL4!° control SNU-387 (117 hits),
compounds/extracts that selectively targeted 7g9.SALL4A cells over Empty Vector control
(420 hits), and compounds/extracts that selectively targeted 7g:SALL4B cells over control
(960 hits) (Fig. 1B). Each category gave at least 100 hits but taken together, the overlapping
results gave only 17 hits (1 small molecule and 16 natural product extract hits). Our
combined screening methodology yields a small number of hits that conform to stringent
SALLA4-specificity requirements, decreasing the time and cost for further validation and
work-up of hits.

Since each natural product extract we screened is a mixture of compounds, we determined
the specific active components responsible for the SALL4M response. 31 natural product
extract hits from the Tg:SALL4A-SNU-398 overlap (3 hits), Tg:SALL4B-SNU-398 overlap
(12 hits), and all three cell line overlap (16 hits) were retested in the screening assay, and
only 18 were reproducible (Fig. 1C). These 18 hits were then validated with dose response
curves, where only 12 hits from the all three cell line overlap category were validated (Fig.
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1C). No hits from the Tg:SALL4A-SNU-398 or Tg:SALL4B-SNU-398 categories passed
through this validation step. Next, we fractionated the 12 validated hit extracts into 38
fractions each. Fractions were then screened to identify 9 discrete fractions that were
selective for SALL4-high cells, and positive fractions were subjected to Q-TOF mass
spectrometry and nuclear magnetic resonance analysis to identify active components (Fig.
1C).

Oxidative phosphorylation inhibitors target SALL4-dependent cell viability

Overall, the screen identified one small molecule hit, PI-103, and 4 natural compound
analogues of oligomycin, efrapeptin, antimycin, and leucinostatin as being selective for
SALLA4N cells (Fig. 2A and S2A), with a hit rate of 0.02%. Oligomycin and leucinostatin are
known inhibitors of the Fy ATP synthase subunit, efrapeptin inhibits the F; ATP synthase
subunit, and antimycin targets cytochrome c reductase in Complex I11 of oxidative
phosphorylation?4:25 (Fig. 2B). P1-103 has been shown to induce mitochondrial apoptosis in
acute myeloid leukemia cells?5. Since the CellTiter-Glo reagent we used for the screen
quantifies ATP levels as a measure of cell viability, and our hits target oxidative
phosphorylation and the mitochondria, which is a major source of cellular ATP, we further
validated our hits with the CyQUANT DNA dye as an alternative measure of cell viability.
The dose response curves for the 5 hits using either CellTiter-Glo or CYyQUANT were highly
comparable (Fig. S2B and S2C). We also tested various analogues of oligomycin and
efrapeptin in our cell-based assay (Table S1A). The 4 natural compounds and their
analogues demonstrated potent 1Cgq values in the 0.1 to 10 nM range for the endogenous
SALL4N SNU-398 line and partial cell viability decreases in the SALL4M isogenic lines,
with selectivity ratios ranging from 200 to 20,000 fold compared to the ICgq values in the
SALLA4!® control cells (Fig. 1A and S1C, Table S1A). In SALL4-high cells, oligomycin A
seems to induce cell death through apoptosis, as suggested by the presence of cleaved
caspase-3 with oligomycin treatment in a dose response manner (Fig. S2D).

Oligomycin A suppresses SALL4-dependent tumorigenesis

We selected oligomycin A for downstream tumor-suppression and mechanistic studies since
it had the most potent SALLA4M cell ICsy of 0.5 nM and the highest selectivity of 20,000 fold
over the SALL4!° cells. Oligomycin A is also readily available commercially. To determine
if oligomycin A could selectively target other SALL4M cell lines, we performed dose
response cell viability experiments on a panel of HCC cell lines. This panel includes two
patient-derived primary cell lines, HCC9.2 and HCC26.1, from two Singapore HCC cases,
and an immortalized normal liver cell line THLE-3 (Fig. 3A and S3A). We also tested
oligomycin A in a pair of nonsmall cell lung cancer (NSCLC) cell lines, in which the
SALL4N H661 line was previously shown to be dependent on SALL4 expression, while the
SALLA4!° H1299 line was not?? (Fig. S3B and S3C, Table S1B). Our data suggests that
oligomycin A is potent and selective against SALL4N expressing HCC and NSCLC cell
lines (Fig. 3A and S3A-C, Table S1A and B).

To test the /n vivo efficacy of oligomycin A in suppressing HCC tumors, we utilized a
SALL4-high mouse xenograft model of SALL4-dependent SNU-398 cells, a SALL4-high
patient-derived xenograft model derived from the HCC26.1 patient primary cell line
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expressing high levels of SALL4 (Fig. S3A), and a SALLA4-low patient-derived xenograft
model of a tumor named PDX1. In the SALL4-high SNU-398 cell line model, oligomycin A
was able to suppress tumor size to a similar degree to the standard-of-care drug in HCC,
sorafenib, but at a 200 times lower dose of 0.1 mg/kg compared to 20 mg/kg for sorafenib
(Fig. 3B, 3C and S3D). Similarly, oligomycin A or sorafenib treatment was able to suppress
tumors in our SALL4-high PDX model with tumor suppression synergy observed in the
sorafenib-oligomycin combination treatment (Fig. 3D, 3E and S3E). The PDX1 tumors,
which showed very low SALL4 protein levels (Fig. S3F), did not respond to oligomycin
treatment (Fig. 3F, 3G and S3G). Mouse weight was not significantly affected by oligomycin
treatment in all models (Fig. 3H-J). We examined the known oligomycin side effects of
muscle weakness, respiratory depression, and convulsions28:29 in mice treated with vehicle
or oligomycin over 3 weeks. To assess muscle weakness, we carried out the open field test,
grip strength test, and rotarod test. In the open field test, the distance travelled by the mice in
30 mins was not significantly affected, while their average velocity of movement was
slightly decreased with oligomycin treatment (Fig. S3H). In the grip strength test, the
normalized full body force was not significantly affected, while the forepaw force was
slightly decreased with oligomycin treatment (Fig. S3I). In the rotarod test, the latency to
fall of the mice was not significantly affected by oligomycin treatment (Fig. S3J). We did
not observe any respiratory depression or convulsions in the mice. Our data suggest that the
drug was not highly toxic to the mice at this therapeutic dose.

To examine a potential correlation of oxidative phosphorylation inhibition in patients, we
reexamined a HCC patient dataset that we previously published for SALL4 expression14:30,
The first-line treatment for Type Il diabetes is the biguanide drug metformin, which has been
shown to inhibit oxidative phosphorylation31:32, We previously observed that 60% of HCC
patient tumors had detectable levels of SALLA4, but when we stratified patients with and
without diabetes, we noticed a significant difference (Fig. S3K). Non-diabetic patients
showed the same trend of 60% SALL4 positivity as all patients combined, however, the
trend was reversed in diabetic patients with only 40% having SALL4 positive tumors (Fig.
S3K). Patient information on the type of diabetes and metformin use is unavailable so more
clinical work is needed to validate this correlation. We tested phenformin, an analogue of
metformin with known oxidative phosphorylation inhibition activity32, in our SALL4
isogenic cell lines. We observed partial sensitivity to phenformin in the SALL4-expressing
cells compared to the parental SALL4 low line, but the effect was not as prominent as that of
oligomycin A (Fig. S3L). The lower effectiveness of phenformin is expected since it is a less
potent inhibitor of oxidative phosphorylation (mM 1Cs0)32 compared to oligomycin A ("M
ICs50)33. Our data suggests the possibility that oxidative phosphorylation inhibition by
metformin treatment in diabetic patients suppresses SALL4-positive tumorigenesis.

Oncogenic SALL4 binds oxidative phosphorylation genes and predominantly upregulates

them

Since the hits from our screen predominantly target oxidative phosphorylation, we examined
our previous SALL4 and acetylated H3K27 chromatin immunoprecipication sequencing
(ChIP-seq) data in the SNU-398 cells34. We found that SALL4 binds up to 45% of
mitochondrial genes, as defined by the MitoCarta 2.0 gene list, and gene ontology analysis
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revealed that a significant number of these genes are involved in oxidative phosphorylation
(Fig. 4A, Table S2). Gene meta analysis of SALL4 and H3K27ac occupancy at these
mitochondrial genes revealed that SALL4 binds predominantly at the promoter region,
between the H3K27ac double peaks3® (Fig. 4B and 4C).

To assess gene expression changes caused by SALLA4 activity, we performed RNA-seq on
the isogenic SALL4 expressing cells and SNU-398 SALL4-high cells with SALL4
knockdown (Fig. S4A). We observed that oxidative phosphorylation and other mitochondrial
genes with SALL4-bound promoters show increased mRNA expression with SALL4
expression, particularly with the SALL4B isoform (Fig. 4D). In addition, SALL4
knockdown downregulates the expression of these genes (Fig. S4B). We validated the
observed RNA-seq expression patterns of some of these genes by gRT-PCR (Fig. S4C and
S4D). Gene Set Enrichment Analysis (GSEA)3 of the RNA-seq data revealed significant
enrichment of oxidative phosphorylation genes in the SNU-398 control compared to SALL4
knockdown, and in the SALL4B expressing isogenic cell line compared to empty vector
control (Fig. S4E, Table S3A-F). This suggests that the binding of SALL4, to oxidative
phosphorylation and other mitochondrial gene promoters, predominantly activates
transcription of these genes. Genes that are not bound by SALL4 such as SUMO1 are
unaffected (Fig. 4C, 4D and S4B). Western blots of SALL4-bound oxidative
phosphorylation genes ATP5D, ATP5E, ATP5G2, and NDUFA3, and other SALL4-bound
mitochondrial genes ARG2, MRPL24, and SLC25A23, show similar trends in gene
expression data, in which SALL4 expression (predominantly SALL4B) upregulates their
protein levels while SAL L4 knockdown downregulates these levels (Fig. 4E, 4F, S4F and
S4G).

SALL4 expression functionally increases oxidative phosphorylation

Since SALL4 expression in our HCC cell lines enhances oxidative phosphorylation gene
MRNA and protein expression, we examined if these changes would result in functional
alterations in oxidative phosphorylation. We first measured the oxygen consumption rate
(OCR) of the SALL4M and SALLA4!° cells used in the screen, since oxidative
phosphorylation requires oxygen. We observed that the OCR is significantly increased in the
SNU-398 SALL4Ni line and by expressing either SALL4A or SALL4B in the isogenic lines
(Fig. 5A). The opposite occurs with SALL4 knockdown in SNU-398 cells, in which OCR
decreases proportionally with decreasing SALL4 protein levels, as ShSALL4-2 reduces
SALLA4 protein level to a greater degree than shSALL4-1 (Fig. 5B and S4G). This suggests
that SALL4 expression increases oxidative phosphorylation-dependent OCR.

To assess mitochondrial localization and the mitochondrial membrane potential gradient
generated by oxidative phosphorylation, we performed immunofluorescence imaging of the
SALL4 endogenous and isogenic cell lines with oxidative phosphorylation membrane
protein Cytochrome c¢ and MitoTracker dye, a dye which localizes to the mitochondrial
membrane in a membrane potential-dependent manner (Fig. 5C). Quantification of the
fluorescence signals per cell revealed that Cytochrome c is significantly upregulated in the
SALLA4A expressing cells (Fig. 5D). In addition, the MitoTracker signal is significantly
increased in the SNU-398 and both SALL4A and SALL4B expressing cells (Fig. 5E). These
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results suggest that SAL L4 expression increases oxidative phosphorylation-dependent
mitochondrial membrane potential.

Since oxidative phosphorylation is functionally increased by SALL4 expression, we
analysed the levels of oxidative phosphorylation-related metabolites. We first measured ATP
levels normalized to DNA content in the SALLA4 expressing cells and found that ATP levels
are significantly increased in both the SALL4A and SALL4B expressing lines (Fig. 5F). We
also performed metabolite profiling on the SALL4 expressing lines and through Metabolite
Set Enrichment Analysis (MSEA)37, observed that electron transport chain (oxidative
phosphorylation) and malate-aspartate shuttle metabolites are significantly altered in both
SALL4A and SALL 4B expression (Fig. S5A and S5B). The malate-aspartate shuttle
facilitates the transfer of electrons from membrane impermeable NADH generated during
glycolysis in the cytosol to mitochondrial oxidative phosphorylation38. NADH levels are
significantly lower in the SALL4 expressing lines while NAD+ levels are significantly
higher, implying that there is an increased conversion of NADH into NAD+ by oxidative
phosphorylation Complex I (Fig. 5G). Malate-aspartate shuttle metabolites are also
significantly increased, suggesting an increase in the transfer of electrons (NADH) generated
in glycolysis to oxidative phosphorylation (Fig. S5C). Our metabolite profiling data implies
that SAL L4 expression increases the utilization of oxidative phosphorylation-related
metabolites to generate more ATP.

Many cancers demonstrate the Warburg effect, where glycolysis is upregulated by the PI3K/
mTOR signalling pathway3°. Our small molecule SALL4-selective hit from the screen,
P1-103, is a pan PI3K inhibitor (Fig S2A). We therefore examined the effects of SALL4
expression on glycolysis in our oxidative phosphorylation-dependent model. From our
metabolite profiling data, glycolytic metabolites are primarily downregulated with SALL4
expression (Fig. S5D). The levels of L-lactate, the end product of anaerobic respiration, were
unchanged with SALL4 expression (Fig. S5E). Further, we measured the extracellular
acidification rate (ECAR) of the SALL4 isogenic cell lines, which measures lactate being
secreted into the extracellular environment, and observed a slight decrease in the ECAR with
SALLA4 expression (Fig. S5F). In the glycolysis stress test, we observed a marked decrease
in glycolytic rate and a slight decrease in glycolytic capacity in the SALL4 expressing cells
(Fig. S5G). To ascertain if PI3K inhibition is important for SALL4-selectivity, we tested a
number of PI3K isoform-specific and mTOR inhibitors in our endogenous and isogenic cell
lines. However, most of these inhibitors did not recapitulate the specificity for SALL4-
expressing lines observed with P1-103 treatment (Fig. S6A). The SALL4-selectivity of
P1-103 could be due to an off-target effect, rather than by modulating the PI3K pathway.
From these experiments, it is likely that SALL4 expression in cancer neither initiates the
Warburg effect nor creates a dependency on glycolysis.

Interestingly, the top altered metabolic pathway due to SALL4 expression was the urea cycle
(Fig. S5A and S5B). We observed significant upregulation of urea cycle metabolites,
particularly in the SALL4B expressing cells, in our metabolite profiling data (Fig. S7A).
When we examined our ChlP-seq data for urea cycle genes, we only observed SALL4
binding at the promoter region of ARGZ2 (Fig. S7B). This suggests a possible coupling of
oxidative phosphorylation and the urea cycle through ARGZ regulation by SALLA4.
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However, since SALL4 binds only one gene in the urea cycle, it is unlikely that the urea
cycle plays a direct role in SALL4-dependent cancer.

We also examined mitochondrial DNA (mtDNA) copy number through gRT-PCR analysis
with mtDNA gene-specific primers# and found that the examined mtDNA regions are
significantly amplified in SNU-398 SALL4N cells and SALL4 expressing isogenic lines
(Fig. S7C). This suggests that SALL4 expression promotes an increase in mtDNA copy
number in relation to increased oxidative phosphorylation functionality in the mitochondria.
We also examined the expression of mitochondrial biogenesis regulators PGC-1a, PGC-1p,
TFAM, NRF1, and NRF2*1-43 | in our SALL4-expressing isogenic lines. Only PGC-1a was
significantly upregulated in the SALLA4B-expressing line while there were no appreciable
alterations in TFAM, NRF1, and NRFZ2 (Fig. STD). PGC-1p3 expression was not detected in
these lines. In our ChlIP-seq data, SALL4 binding was only observed at the promoters of
NRF2and TFAM (Fig. STE). Our data suggests that SALL4 does not directly regulate the
expression of mitochondrial biogenesis genes.

Conclusions:

A combined chemical-genetic screening to discover oncogenic transcription factor
vulnerabilities as precision medicine

Our chemical genetic screening platform with endogenous and isogenic SALL4 expressing
HCC cell lines allows for the efficient and stringent identification of a small number of hits
that target both the endogenous and isogenic SALL4M lines, increasing the likelihood that
these hits are specifically affecting SALLA4-related biology. The endogenous pair gives
biological relevance while the isogenic trio controls for genetic background. Our
combination endogenous-isogenic screen is therefore able to identify compounds that target
SALL4-specific biology in a biologically relevant fashion. The 4 natural compound hits
identified target different oxidative phosphorylation components and by doing so, they
potently and selectively target SALL4 expressing cells in both HCC and NSCLC systems.
We demonstrate that ATP synthase inhibitor oligomycin A effectively targets SALL4N cells
in a panel of HCC cell lines and can suppress tumors /n7 vivoto a similar degree as the
current standard-of-care drug sorafenib. Oligomycin and sorafenib also act in synergy to
suppress tumorigenesis when combined. This suggests that our system can identify tool
compounds that are specific to transcription factor cancer biology efficiently and effectively.
Our proof-of-concept screen could have important implications for future academic studies
of oncogenic transcription factor downstream pathways, and potential precision medicine
applications.

A previously unknown metabolic role of SALL4 in tumorigenesis

From prior work, the widely accepted role of transcription factor SALL4 in cancer has been
to modulate the expression of both pro- and anti-cancer genes, such as by recruiting the
NuRD complex to chromatin to silence PTEN, or by directly upregulating oncogene MYC
levels.
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Our screening results and subsequent investigation into the altered processes in SALL4-
dependent tumorigenesis reveals a previously unknown metabolic reprogramming function
of SALL4. We demonstrate that SALL4 binds a significant number of oxidative
phosphorylation and other mitochondrial genes at their promoters and predominantly
upregulates their mRNA expression. This gene expression upregulation ultimately leads to
increased protein levels of these genes. SAL L4 expression also leads to a functional increase
in oxidative phosphorylation, with increased cellular OCR, mitochondrial membrane
potential, oxidative phosphorylation-related metabolites and mtDNA copy number. Since
SALLA4 expression in our isogenic cell lines does not affect cell proliferation, we believe that
oxidative phosphorylation is specifically coopted by SALL4 mis-expression in cancer, and
not as a result of increased proliferation rate upregulating non-specific housekeeping
processes. Our work proposes that SAL /L4 expression in cancer confers a dependency on
oxidative phosphorylation through direct gene expression regulation, although the
underlying preference for this metabolic reprogramming in tumorigenesis is still unclear.

We did not observe the Warburg effect, the preference for cancers to upregulate anaerobic
glycolysis for energy, in our SALL4-expressing cancer cell models. Recent studies have
challenged the hypothesis that the Warburg effect is cancer specific, suggesting that the
effect is a result of metabolic changes associated with a proliferative state, rather than a
unique feature of malignancy**. Many non-malignant cells utilize the Warburg effect to
proliferate. There are many advantages of non-Warburg aerobic respiration to proliferating
cells, such as the supply of large quantities of anabolic precursors such as nucleotides,
proteins, and lipids. Many tumor cells have been shown to utilize the TCA cycle and
oxidative phosphorylation to generate ATP and balance reactive oxygen species®®.
Tumorigenesis has also been shown to be dependent on mitochondrial function. Cancer cells
can use fatty acids and amino acids, rather than glucose, to supply intermediates for the TCA
cycle and maintain mitochondrial respiration, particularly during changes in the tumor
microenvironment3046. This might explain why SALL4-expressing cells upregulate
oxidative phosphorylation to become tumorigenic, thereby becoming sensitive to oxidative
phosphorylation inhibitors, rather than demonstrating the Warburg effect.

Other than being a potent oncogene, SALL4 is an important developmental gene in the fetal
liver and in stem cells. It would be interesting to determine if oxidative phosphorylation and
other metabolic processes are similarly regulated by homeostatic SALL4 expression in the
developing embryo or the stem cell compartment during liver regeneration post injury. The
role of SALL4 in liver regeneration is poorly understood and future studies are prudent for
dissecting this role in greater detail.

SALL4 as a potential biomarker for oxidative phosphorylation precision medicine in

cancer

Clinical trials have been conducted to assess the effectiveness of oxidative phosphorylation
inhibitors as effective cancer therapies#’. However, the direct molecular mechanisms of
oxidative phosphorylation phosphorylation upregulation in cancer are not well understood,
particularly in liver cancer. This, coupled with toxicity associated with targeting a ubiquitous
cellular pathway, currently make these inhibitors less appealing as cancer drugs.
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Our study demonstrates the possibility of SALL4 to be used as a companion biomarker to
select cancer patients who may benefit from oxidative phosphorylation inhibitors in the
clinic. Mechanistically, we propose a direct link between SALL4 upregulation and an
increase in oxidative phosphorylation, where SALL4 binds and transcriptionally activates
oxidative phosphorylation genes during tumorigenesis. Tumors that express significant
levels of SALL4 are more sensitive to oxidative phosphorylation inhibition at very low
doses, as we have demonstrated both /n vitro and in vivo. A larger therapeutic window for
clinical oxidative phosphorylation inhibitors is therefore possible in patients harboring
SALL4-expressing tumors. Targeting SALL4-dependent cancer with oxi oxidative
phosphorylation inhibitors could lead to an effective suppression of tumorigenesis with
minimal toxicity. The patient data we examined shows promise for precision medicine use of
oxidative phosphorylation inhibitors in SALL4 patients, but the limitations of the annotated
patient bio-data, the small samples size, and the low potency of biguanides as oxidative
phosphorylation inhibitors, means that more clinical studies are needed to confirm the
clinical utility of our findings.

A limitation of our study is that we did not obtain SALL4A- and SALL4B-specific hits.
Further studies are needed to determine the unique mechanisms by which each isoform
drives cancer. A confounding issue is that SALL4A and B are co-expressed from the same
gene locus as splice isoforms, and from prior work, are always co-expressed in the same cell
line or tumor tissue. Our study demonstrates that both SALL4 isoforms can functionally
upregulate, and thus create a dependency on, oxidative phosphorylation. Targeting this
pathway shared by both isoforms with oxidative phosphorylation inhibitors is therefore a
viable therapeutic option for SALL4-expressing cancers. We have observed that SALLA4 is
upregulated in about 20-30% of all solid tumors!214, so the potential clinical utility of
oxidative phosphorylation inhibitors with a companion SALL4 diagnostic is highly
significant.

Our study demonstrates that a SALL4 biomarker can be used in conjunction with
oligomycin, a highly potent oxidative phosphorylation inhibitor that has not yet been tested
extensively in clinical trials to our knowledge. The LD33 (lethal dose that Kills 33%) of
oligomycin in rats is 0.5 mg/kg (1 mg/kg in mice), while 100% of rats survived with 0.1
mg/kg of drug (0.2 mg/kg in mice)2848. Our study doses mice at the sub-lethal dose of 0.1
mg/kg oligomycin, which is 10 times less than the LD33, and we observe significant and
selective tumor size suppression in SALL4-high tumors with low toxicity. It might be
worthwhile to explore the clinical use of oligomycin in SALL4-expressing tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What you need to know:

BACKGROUND AND CONTEXT: The transcription factor SALL4 is mis-expressed in
cancer cells. We developed a screen to identify compounds that reduce the viability of
liver cancer cells that mis-express SALL4 and the mechanisms by which these
compounds act.

NEW FINDINGS: We identified a metabolic vulnerability in liver (and possibly lung)
cancer cells, due to overexpression of SALL4, which can be targeted by natural product
oxidative phosphorylation inhibitors.

LIMITATIONS: This was a chemical screen for compounds that affect the viability of a
small number of cell lines in culture and growth as xenograft tumors in mice. Additional
studies in other animal models of liver cancer, and on other cell lines, are needed.

IMPACT: We developed a screen to identify compounds that kill cancer cells that
overexpress or underexpress a specific protein. This screen can be used to identify
compounds with toxicity to cells with other alterations in gene expression and identify
the mechanisms regulated by these alterations.
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Fig. 1. A chemical genetic cell-based screen to identify compounds targeting SALL4

dependencies.

(A) Schematic of screen involving the use of endogenous SALL4!° and SALL4M HCC lines
and engineered isogenic SALL4 expressing lines. (B) Venn diagram illustrating overlap of
hit compounds which selectively decrease cell viability of the SALL4N lines over their
respective SALL4'” controls. (C) Workflow of natural product extract screen to identify
individual compound hits from extracts containing multiple chemical entities.
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Fig. 2. SALL4-dependent cells are susceptible to mitochondrial oxidative phosphorylation
inhibitors.

(A) Cell viability dose-response curves for cells treated for 96 hrs with hit compounds from
the natural product extract screen, oligomycin, efrapeptin, antimycin, and leucinostatin,
measured with CellTiter-Glo reagent and normalized to untreated cell viability (mean of 3
replicates = SD). (B) Diagram indicating oxidative phosphorylation targets of validated hit
compounds.
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Fig. 3. Oligomycin A suppresses SALL4-dependent HCC.
(A) Cell viability dose-response curves for a panel of HCC cell lines treated with

oligomycin A for 72 hrs, measured with CellTiter-Glo reagent and normalized to untreated
cell viability (mean of 3 replicates + SD). (B) Tumor size plot of SALL4-high SNU-398
mouse xenografts injected (intraperitoneal) with vehicle, sorafenib, or oligomycin A (mean
+ SD). (C) Plot of tumor size at day 13 of the xenograft experiments in (B) (mean = SD).
(D) Tumor size plot of SALL4-high PDX HCC26.1 mouse xenografts injected
(intraperitoneal) with vehicle, sorafenib, oligomycin A, or a combination of 20 mg/kg

Gastroenterology. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tan et al.

Page 21

sorafenib and 0.1 mg/kg oligomycin (mean + SD). (E) Plot of tumor size at day 25 of the
xenograft experiments in (D) (mean = SD). (F) Tumor size plot of SALL4-low PDX1 mouse
xenografts injected (intraperitoneal) with vehicle or oligomycin A (mean £ SD). (G) Plot of
tumor size at day 32 of the xenograft experiments in (F) (mean £ SD). (H-J) Mouse weight
quantification plot from the respective mouse xenograft experiments in (B-G) (mean + SD).
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Fig. 4. SALLA4 binds and upregulates oxidative phosphorylation gene expression
(A) Venn diagram of mitochondrial genes from the MitoCarta 2.0 dataset bound by SALL4

from our prior SALL4 ChIP-seq experiment performed on SNU-398 cells. Selected
significant pathways from Gene Ontology analysis of the SALL4 bound genes are shown.
(B) ChIP-seq region plots of the SALL4 bound mitochondrial genes in (A), representing the
regions bound by SALL4 and marked by H3K27ac in SNU-398 cells (from analysis of prior
data), -3 kb upstream of the transcription start site (TSS) and +3 kb downstream of the
transcription end site (TES). (C) Representative ChIP-seq input, H3K27ac, and SALL4
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peaks for control gene SUMO1 and electron transport chain genes ATP5D, ATP5E, and
NDUFAS3. (D) RNA-seq expression level fold change for a panel of mitochondrial genes
from the SALL4 bound list in (A), in the SALL4 expressing cell lines, normalized to
expression levels in the empty vector control, performed in singlet. (E) Western blots for
SALL4-bound oxidative phosphorylation genes and ACTB loading control in the cell lines
used in the screen. Bands were quantified by densitometry with SNU-387 and EV bands as
references. (F) Western blots for the genes in (E) with SALL4knockdown for 72 hrs in the
SNU-398 cell line. Bands were quantified by densitometry with sh-scr bands as reference.
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Fig. 5. SALL4 expression upregulates oxidative phosphorylation
(A) OCR measurements of SALL4 endogenous and isogenic lines used in the screen,

normalized to DNA content measured by CyQUANT reagent (mean of 3 replicates + SD).
(B) OCR measurements for SALL4knockdown in SNU-398 endogenous SALL4-high cells,
normalized to DNA content measured by CyQUANT reagent (mean of 3 replicates + SD).
(C) Representative images of SALL4 endogenous and isogenic cell lines stained with DAPI
nuclear dye, Mitotracker Red mitochondrial membrane potential dye, and immunostained
with cytochrome c antibody. Scale bars are 20 um in length. (D) Quantification of
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cytochrome c fluorescence signal per cell, normalized to DAPI signal (median, quartile and
range). (E) Quantification of MitoTracker fluorescence signal per cell, normalized to DAPI
signal (median, quartile and range). (F) ATP levels per DNA content for the SALL4 isogenic
cell lines measured by CellTiter-Glo ATP detection reagent values normalized to CYQUANT
DNA quantification reagent values (mean of 3 replicates + SD). (G) NADH/NAD+ values
measured by HPLC-mass spectrometry metabolite profiling of the SALL4 isogenic cell lines
(mean of 3 replicates + SD).
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