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Abstract:

Background and Aims: Some oncogenes encode transcription factorsgbutfugs have been
successfully developed to block their activity dpeally in cancer cells. The transcription factor
SALL4 is aberrantly expressed in solid tumor angkémia cells. We developed a screen to
identify compounds that reduce the viability ofelivcancer cells that express high levels of
SALL4 and we investigated their mechanisms.

Methods: We developed a stringent high-throughput screeplatiorm comprising unmodified
SNU-387 and SNU-398 liver cancer cell lines and S387 cell lines engineered to express low
and high levels of SALL4. We screened 1597 phartoaomally active small molecules and
21,575 natural product extracts from plant, baateand fungal sources for those that selectively
reduce the viability of cells with high levels ofABL4 (SALL4™M cells). We compared gene
expression patterns of SALl'4ells vs SALL4-knockdown cells using RNA-seq aedl#time
PCR analyses. Xenograft tumors were grown in NOIDS§amma mice from SALL% SNU-
398 or HCC26.1 cells or from SALI4PDX cells; mice were given injections of identifie
compounds or sorafenib and the effects on tumoxiravere measured.

Results: Our screen identified 1 small molecule (PI1-103) anhnatural compound analogues
(ollgomycm efrapeptin, antimycin, and leucinostatthat selectively reduced viability of
SALL4™ cells.We performed validation studies, and 4 of thesepmmds were found to inhibit
oxidative phosphorylation. The ATP synthase inlibibligomycin reduced the viability of
SALL4" hepatocellular carcinoma and non-small—cell luaigcer cell lines with minimal effects
on SALL4° cells. Oligomycin also reduced the growth of xeafttumors grown from SALLY
SNU-398 or HCC26.1 cells, to a greater extent g@afenib, but oligomycin had little effect on
tumors grown from SALL'& PDX cells. Oligomycin was not toxic to mice. Ansdg of
chromatin immunoprecipitation sequencing data rexkethat SALL4 binds approximately 50%
of mitochondrial genes, including many oxidativeopphorylation genes, to activate their
transcription. In comparing SALI"and SALL4-knockdown cells, we found SALL4 to inase
oxidative phosphorylation, oxygen consumption ratétochondrial membrane potential, and
utilization of oxidative phosphorylation-related talgolites to generate ATP.

Conclusions:In a screen for compounds that reduce the vigtmfitcells that express high levels
of the transcription factor SALL4, we identifiedhibitors of oxidative phosphorylation, which
slowed the growth of xenograft tumors from SAlL4ells in mice. SALL4 activates
transcription of genes that regulate oxidative phasylation to increase oxygen consumption,
mitochondrial membrane potential, and ATP genenatincancer cells. Inhibitors of oxidative
phosphorylation might be used for treatment ofrltvenors with high levels of SALLA4.

Keywords: chemical genetic screen; HCC; metabolicuinerability; metabolism



Introduction

Transcription factors are the second largéssscof oncogenésHowever, the molecular
mechanisms by which these transcription factorstekeir cancer-driving effects are not well
understood. There is renewed interest in phenotymlt-based screens for studying the
underlying mechanisms of various diseases, aidingubsequent drug discovéryCommon
methods for cell-based drug discovery include treening of endogenous cell lines with and
without the gene or mutation of interest, or the o$ isogenic cell line systems in which the
gene of interest is altered or expressed in anfextefl cell to control for genetic backgroand
In both endogenous and isogenic systems, hits efreed by their ability to selectively target
cells expressing the alteration of interest, whit¢ affecting the control cells. The disadvantage
of the endogenous system is that cell lines aretgatly distinct, so hits obtained may target
pathways unrelated to the alteration of intéredthe isogenic system avoids the genetic
complexity of the endogenous system, but suffeesditawback of compound interference with
the transgene, resulting in hits that might nothbibeogically relevarit To overcome these
drawbacks, we developed a screening platform thedrapasses both endogenous and isogenic
methodologies, applying the platform to identifylnerabilities induced by oncogene SALL4
mis-expression in hepatocellular carcinoma (HCC).

Liver cancer is the sixth most common earuut is the second leading cause of cancer
deaths worldwide owing to limited therapeutic imtamtions. HCC is the predominant subtype
of liver cancer, with 85% of liver cancer patiersisffering from HCC. The only approved
targeted therapies for treating HCC, kinase inbikitsorafenib and regorafenib, target tumor
vasculature, but they are largely ineffective arelused as a last resbttThere is an increased
urgency to discover precision medicine interverditor this unmet need.

SALL4 Spalt-like transcription factor 4) is an oncofetal piatessential for self-renewal and
maintaining pluripotency in embryonic stem cellsdat plays a critical role in early embryonic
developmerft™. It is subsequently silenced in most adult tissbes aberrantly re-expressed to
drive tumorigenesis in various cancefs SALL4 is highly expressed in fetal liver but is silenced
in the adult livel’, and often reactivated in HCC, in which 30-50%ufiours show significant
SALL4 expressioflf. There are two isoforms oBALL4 (SALL4A and SALL4B) that have
overlapping but non-identical binding regions ir thenome, an@ALL4B alone can maintain
pluripotency®. Both isoforms are derived from the same transcvihere SALL4A is the full
length spliceoform and SALL4B lacks part of exolt2It has been observed that b&N_L4
isoforms are co-expressed wHeKLL4 is transcriptionally upregulatét SALL4 is a C2H2 zinc-
finger transcription factor that can act as a ftraipsional activator or repressoer’*® The
repressive function of SALL4 is achieved througbrugment of the Nucleosome Remodelling
and Deacetylase complex (NuRDP)In cancer, SALL4 recruits NURD to genes such tas t
PTEN tumour suppressor, deacetylating and silencindabes®. The transcriptional activation
function of SALL4 also plays a role in cancer. SALbhas been shown to transcriptionally
activate thec-MYC oncogene in endometrial can®eand HOXA9 in acute myeloid leukemta
The in vivo tumorigenic potential of SALL4 is reflected in aouse model of constitutive
SALL4B expression, which results in the onset of acuteloiy leukemia (AML) and HCE.
Therapeutic interventions that target SALL4 andlgpendencies remain elusive.

Here, we developed a screening platform émmompasses both endogenous and isogenic
methodologies, applying the platform to discoveugdr targeting oncogene SALL4-induced
dependencies in hepatocellular carcinoma (HCC). @atform utilizes an endogenous pair of



SALL4-expressing (SALLY) and SALL4 undetectable (SALI% HCC cell lines, as well as
isogenic SALL4 undetectable cell lines engineemaxpress SALL4 isoforms. We screened
both synthetic and diverse natural product extidwtiries to identify hit compounds that
specifically decrease SALIMcell viability. Unexpectedly, our screen identifigl oxidative
phosphorylation inhibitors as being selective fé.64" cells. Our most potent and selective
compound, ATP synthase inhibitor oligomycin, calestively target a panel of SALI'4HCC
and lung cancer cell lines, over SALf 4ells. Oligomycin also demonstrates similarvivo
tumor suppressive activity as HCC standard-of-chtgy sorafenib, but at a 200 times lower
dose. Thisin vivo efficacy is only observed in SALL4-high and not ISA-low tumors.
Analysis of SALL4 ChIP-seq data revealed SALL4 lmgpto a significant number of oxidative
phosphorylation genes in SALI'HCC. SALL4 predominantly upregulates expressiotheke
genes, as revealed by RNA-seq, mRNA expressionpaoigin analyses. SALL4 expression
functionally increases oxidative phosphorylatios,naeasured by cellular oxygen consumption
rate, and supported by imaging and metabolite lprgfi Our work demonstrates the ability of
our endogenous-isogenic combination cell-basedrorg methodology to successfully identify
a metabolic pathway vulnerability, which is therafpeally actionable with a good therapeutic
index, in SALL4-expressing cancers.

Materials and Methods

Chemical genetic screen

SNU-387 empty vectoilg:SALL4A, and Tg:SALL4B expressing isogenic cell lines were
generated by transducing WT SNU-387 cells with gnmyaictor, SALL4A or SALL4B FUW-
Luc-mCh-puro lentiviral construds Cells were plated in 50 of RPMI culture media in 384-
well white flat-bottom plates (Corning) and incukditat 37°C in a humidified atmosphere of 5%
CO, overnight. Cell numbers per well were 1500 for SBRS8, and 750 for SNU-387 and SNU-
387 isogenic lines. After overnight incubation, @/5of 100 uM drug libraries or 10 mg/ml
extract libraries were added to cells with the Bradutomated Liquid Handling Platform
(Agilent). Cells were then incubated for 72 hr3@tC in a humidified atmosphere of 5% £0
before 10ul of CellTiter-Glo reagent was added to the wellshwthe MultiFlo Microplate
Dispenser (BioTek). Cells were incubated at roomperature for a minimum of 10 minutes
after which luminescence readings were recordecamyinfinite M1000 Microplate Reader
(Tecan).

HCC sample collection

The collection of HCC samples from HCC patefur research is performed under Domain
Specific Review Board (DSRB) protocol 2011/0158(praped by the National Healthcare
Group DSRB, which governs research ethics in Siogaghat involves patients, staff, premises
or facilities of the National Healthcare Group aslvas any other institutions under its oversight.

Results

An endogenous-isogenic chemical genetic screeningatform identifies SALL4-selective
compounds



Our SALL4-dependent chemical-genetic screepiiatform consists of a pair of endogenous
HCC cell lines and a trio of isogenic cell linesg(FLA). For the endogenous pair, SNU-398
expresses high levels of SALL4 protein, and itsvisiat is dependent oSALL4 expressiotf.
The endogenous control SNU-387 cell line has urntiideSALL4 RNA (Fig. S1A) and protein.
The isogenic trio consists of lentiviral-mediatedsertions into the SNU-387 SALL4
undetectable line, in which the cells are transduegh either an empty vector control, or a
SALL4A or SALL4B expressing construct (Fig. 1A). TH8ALL4 expressing isogenic lines
demonstrate SALL4 isoform-specific mRNA and protekpression (Fig. S1B, S1C and S1D)
and become sensitive 8\LL4 knockdown (Fig. S1D and S1E). SALL4 isoform expres in
these isogenic cells does not alter their growth@woliferation rates (Fig. S1F and S1G).

The five endogenous and isogenic cell linesenscreened with 1,597 pharmacologically
active small molecules from the Selleck Anti-caneed LOPAC1280 libraries, and 21,575
diverse natural product extracts of plant, fungadd actinobacteria origin from the A*STAR
Bioinformatics Institute collectidi. Each natural product extract contains varying ners of
compounds, allowing multiplexing to achieve a soregth hundreds of thousands to millions of
compounds efficiently. Cell viability was assessafier 72 hrs of compound or extract
incubation (Fig. 1A). Extracts and compounds tretuced cell viability of the SALLY cell
lines (SNU-398, SNU-38Tg: SALL4A andTg: SALL4B) by more than 1.5-fold but had minimal
effect on SALL® (SNU-387, and SNU-387 Empty Vector) cell viabiligere identified as hits.
The controls for the screen were proteasome irgrilliortezomib, which significantly reduced
cell viability of all cell lines, and the sole Hitom the small molecule library screen, PI-103,
which selectively targets the SALI'zells (Fig. S2A). The Z-factor of the screen wasaeen
0.70 and 0.86.

We obtained three categories of hits from sheeen: compounds/extracts that selectively
targeted endogenous SALT4SNU-398 over SALL# control SNU-387 (117 hits),
compounds/extracts that selectively targefgdSALL4A cells over Empty Vector control (420
hits), and compounds/extracts that selectivelyetadTg: SALL4B cells over control (960 hits)
(Fig. 1B). Each category gave at least 100 hitstéken together, the overlapping results gave
only 17 hits (1 small molecule and 16 natural paidextract hits). Our combined screening
methodology yields a small number of hits that oomf to stringent SALL4-specificity
requirements, decreasing the time and cost fohdéantalidation and work-up of hits.

Since each natural product extract we screenadnixture of compounds, we determined the
specific active components responsible for the SALtesponse. 31 natural product extract hits
from the Tg:SALL4A-SNU-398 overlap (3 hits), Tg:SALB-SNU-398 overlap (12 hits), and
all three cell line overlap (16 hits) were retestadthe screening assay, and only 18 were
reproducible (Fig. 1C). These 18 hits were theidesd with dose response curves, where only
12 hits from the all three cell line overlap catggeere validated (Fig. 1C). No hits from the
Tg:SALL4A-SNU-398 or Tg:SALL4B-SNU-398 categorieagsed through this validation step.
Next, we fractionated the 12 validated hit extrdote 38 fractions each. Fractions were then
screened to identify 9 discrete fractions that waslkective for SALL4-high cells, and positive
fractions were subjected to Q-TOF mass spectronstdynuclear magnetic resonance analysis
to identify active components (Fig. 1C).

Oxidative phosphorylation inhibitors target SALL4-dependent cell viability



Overall, the screen identified one small molechit, PI-103, and 4 natural compound
analogues of oligomycin, efrapeptin, antimycin, éutinostatin as being selective for SAl'L4
cells (Fig. 2A and S2A), with a hit rate of 0.02®@ligomycin and leucinostatin are known
inhibitors of the & ATP synthase subunit, efrapeptin inhibits theAFP synthase subunit, and
antimycin targets cytochrome c reductase in Comfleaf oxidative phosphorylaticit? (Fig.
2B). PI-103 has been shown to induce mitochondpaptosis in acute myeloid leukemia c&lls
Since the CellTiter-Glo reagent we used for theecrquantifies ATP levels as a measure of cell
viability, and our hits target oxidative phosphatydn and the mitochondria, which is a major
source of cellular ATP, we further validated outshwith the CyQUANT DNA dye as an
alternative measure of cell viability. The dosepmsse curves for the 5 hits using either
CellTiter-Glo or CyQUANT were highly comparable ¢FiS2B and S2C). We also tested
various analogues of oligomycin and efrapeptin um oell-based assay (Table S1A). The 4
natural compounds and their analogues demonstptght IGo values in the 0.1 to 10 nM
range for the endogenous SALLBNU-398 line and partial cell viability decreasesthe
SALL4" isogenic lines, with selectivity ratios rangingrft 200 to 20,000 fold compared to the
ICso values in the SALLA control cells (Fig. 1A and S1C, Table S1A). In SAkhigh cells,
oligomycin A seems to induce cell death throughpapsis, as suggested by the presence of
cleaved caspase-3 with oligomycin treatment ingedesponse manner (Fig. S2D).

Oligomycin A suppresses SALL4-dependent tumorigenes

We selected oligomycin A for downstream tursoppression and mechanistic studies since it
had the most potent SAL[cell ICs, of 0.5 nM and the highest selectivity of 20,00@ifover
the SALL4® cells. Oligomycin A is also readily available coermially. To determine if
oligomycin A could selectively target other SALL4ell lines, we performed dose response cell
viability experiments on a panel of HCC cell lindhis panel includes two patient-derived
primary cell lines, HCC9.2 and HCC26.1, from twa@ipore HCC cases, and an immortalized
normal liver cell line THLE-3 (Fig. 3A and S3A). Waso tested oligomycin A in a pair of non-
small cell lung cancer (NSCLC) cell lines, in whithe SALL4" H661 line was previously
shown to be dependent on SALL4 expression, while $ALL4° H1299 line was nét
(Fig. S3B and S3C, Table S1B). Our data suggestisaligomycin A is potent and selective
against SALLZ expressing HCC and NSCLC cell lines (Fig. 3A aBA<E, Table S1A and B).

To test thein vivo efficacy of oligomycin A in suppressing HCC tumorge utilized a
SALL4-high mouse xenograft model of SALL4-depend&NU-398 cells, a SALL4-high
patient-derived xenograft model derived from theG26.1 patient primary cell line expressing
high levels of SALL4 (Fig. S3A), and a SALL4-lowtgnt-derived xenograft model of a tumor
named PDX1. In the SALL4-high SNU-398 cell line negbligomycin A was able to suppress
tumor size to a similar degree to the standardaoé-cdrug in HCC, sorafenib, but at a 200 times
lower dose of 0.1 mg/kg compared to 20 mg/kg foatemib (Fig. 3B, 3C and S3D). Similarly,
oligomycin A or sorafenib treatment was able tomeps tumors in our SALL4-high PDX
model with tumor suppression synergy observed & sbrafenib-oligomycin combination
treatment (Fig. 3D, 3E and S3E). The PDX1 tumonsiciv showed very low SALL4 protein
levels (Fig. S3F), did not respond to oligomyceatment (Fig. 3F, 3G and S3G). Mouse weight
was not significantly affected by oligomycin treamt in all models (Fig. 3H-J). We examined
the known oligomycin side effects of muscle weaknesespiratory depression, and
convulsion®?° in mice treated with vehicle or oligomycin overw&eks. To assess muscle
weakness, we carried out the open field test, girgngth test, and rotarod test. In the open field



test, the distance travelled by the mice in 30 muas not significantly affected, while their
average velocity of movement was slightly decreasitd oligomycin treatment (Fig. S3H). In
the grip strength test, the normalized full bodycéowas not significantly affected, while the
forepaw force was slightly decreased with oligomygeatment (Fig. S3I). In the rotarod test,
the latency to fall of the mice was not signifidgrdffected by oligomycin treatment (Fig. S3J).
We did not observe any respiratory depression nvagions in the mice. Our data suggest that
the drug was not highly toxic to the mice at tihierpeutic dose.

To examine a potential correlation of oxidatphosphorylation inhibition in patients, we re-
examined a HCC patient dataset that we previoushfighed for SALL4 expressioh®™® The
first-line treatment for Type Il diabetes is thguimnide drug metformin, which has been shown
to inhibit oxidative phosphorylatidh®> We previously observed that 60% of HCC patient
tumors had detectable levels of SALL4, but when stiaatified patients with and without
diabetes, we noticed a significant difference (B8K). Non-diabetic patients showed the same
trend of 60% SALL4 positivity as all patients coméd, however, the trend was reversed in
diabetic patients with only 40% having SALL4 posititumors (Fig. S3K). Patient information
on the type of diabetes and metformin use is utaai so more clinical work is needed to
validate this correlation. We tested phenforminaaalogue of metformin with known oxidative
phosphorylation inhibition activif§, in our SALL4 isogenic cell lines. We observed tjadr
sensitivity to phenformin in the SALL4-expressinglls compared to the parental SALL4 low
line, but the effect was not as prominent as thHfablgomycin A (Fig. S3L). The lower
effectiveness of phenformin is expected since itaisless potent inhibitor of oxidative
phosphorylation (mM 16)** compared to oligomycin A (nM K>, Our data suggests the
possibility that oxidative phosphorylation inhiloiti by metformin treatment in diabetic patients
suppresses SALL4-positive tumorigenesis.

Oncogenic SALL4 binds oxidative phosphorylation gees and predominantly upregulates
them

Since the hits from our screen predontigatarget oxidative phosphorylation, we
examined our previous SALL4 and acetylated H3K27owgtatin  immunoprecipication
sequencing (ChIP-seq) data in the SNU-398 ¥elWe found that SALL4 binds up to 45% of
mitochondrial genes, as defined by the MitoCar@ @ene list, and gene ontology analysis
revealed that a significant number of these geresaolved in oxidative phosphorylation (Fig.
4A, Table S2). Gene meta analysis of SALL4 and HR2occupancy at these mitochondrial
genes revealed that SALL4 binds predominantly atgfomoter region, between the H3K27ac
double peak¥ (Fig. 4B and 4C).

To assess gene expression changes causedLhy S4tivity, we performed RNA-seq on the
isogenicSALL4 expressing cells and SNU-398 SALL4-high cells wa#i.L4 knockdown (Fig.
S4A). We observed that oxidative phosphorylatiod ather mitochondrial genes with SALL4-
bound promoters show increased mRNA expressionS#ith4 expression, particularly with the
SALL4B isoform (Fig. 4D). In additionSALL4 knockdown downregulates the expression of
these genes (Fig. S4B). We validated the obser&-§2q expression patterns of some of these
genes by gRT-PCR (Fig. S4C and S4D). Gene Setlneint Analysis (GSEAS of the RNA-
seq data revealed significant enrichment of oxigaphosphorylation genes in the SNU-398
control compared td&ALL4 knockdown, and in the SALL4B expressing isogenatl dine
compared to empty vector control (Fig. S4E, TaBA-F). This suggests that the binding of



SALL4, to oxidative phosphorylation and other mitoadrial gene promoters, predominantly
activates transcription of these genes. Genesatieahot bound by SALL4 such &MOL1 are
unaffected (Fig. 4C, 4D and S4B). Western blotsSAL L4-bound oxidative phosphorylation
genes ATP5D, ATP5E, ATP5G2, and NDUFA3, and oth&LISl-bound mitochondrial genes
ARG2, MRPL24, and SLC25A23, show similar trendgéne expression data, in whiSALL4
expression (predominanti$ALL4B) upregulates their protein levels whiBALL4 knockdown
downregulates these levels (Fig. 4E, 4F, S4F ai@).S4

SALL4 expression functionally increases oxidative lposphorylation

Since SALL4 expression in our HCC cell linehances oxidative phosphorylation gene
MRNA and protein expression, we examined if theBanges would result in functional
alterations in oxidative phosphorylation. We fins¢asured the oxygen consumption rate (OCR)
of the SALL4" and SALL# cells used in the screen, since oxidative phosfdiorn requires
oxygen. We observed that the OCR is significamtyréased in the SNU-398 SALt'4ine and
by expressing eitheBALL4A or SALL4B in the isogenic lines (Fig. 5A). The opposite ascu
with SALL4 knockdown in SNU-398 cells, in which OCR decreagegportionally with
decreasing SALL4 protein levels, as sShSALL4-2 reduSALL4 protein level to a greater degree
than shSALL4-1 (Fig. 5B and S4G). This suggests 8L 4 expression increases oxidative
phosphorylation-dependent OCR.

To assess mitochondrial localization and th&oehondrial membrane potential gradient
generated by oxidative phosphorylation, we perfarnmemunofluorescence imaging of the
SALL4 endogenous and isogenic cell lines with otiida phosphorylation membrane protein
Cytochrome ¢ and MitoTracker dye, a dye which lzesl to the mitochondrial membrane in a
membrane potential-dependent manner (Fig. 5C). tjigation of the fluorescence signals per
cell revealed that Cytochrome c is significantlyregulated in the SALL4A expressing cells
(Fig. 5D). In addition, the MitoTracker signal igmsificantly increased in the SNU-398 and both
SALL4A and SALL4B expressing cells (Fig. 5E). These results sugipedtSALL4 expression
increases oxidative phosphorylation-dependent md@odrial membrane potential.

Since oxidative phosphorylation is functiogaficreased by SALL4 expression, we analysed
the levels of oxidative phosphorylation-related abelites. We first measured ATP levels
normalized to DNA content in the SALL4 expressingls and found that ATP levels are
significantly increased in both th8ALL4A and SALL4B expressing lines (Fig. 5F). We also
performed metabolite profiling on the SALL4 expiagslines and through Metabolite Set
Enrichment Analysis (MSEA), observed that electron transport chain (oxidative
phosphorylation) and malate-aspartate shuttle métab are significantly altered in both
SALL4A andSALL4B expression (Fig. S5A and S5B). The malate-aspastatttle facilitates the
transfer of electrons from membrane impermeable NAd®Enerated during glycolysis in the
cytosol to mitochondrial oxidative phosphorylatfbriNADH levels are significantly lower in the
SALL4 expressing lines while NAD+ levels are signifidgritigher, implying that there is an
increased conversion of NADH into NAD+ by oxidatighosphorylation Complex | (Fig. 5G).
Malate-aspartate shuttle metabolites are also fgigntly increased, suggesting an increase in
the transfer of electrons (NADH) generated in glysis to oxidative phosphorylation (Fig.
S5C). Our metabolite profiling data implies tf#8LL4 expression increases the utilization of
oxidative phosphorylation-related metabolites toegate more ATP.
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Many cancers demonstrate the Warburg effetterev glycolysis is upregulated by the
PI3K/mTOR signalling pathway. Our small molecule SALL4-selective hit from thereen, PI-
103, is a pan PI3K inhibitor (Fig S2A). We theref@xamined the effects of SALL4 expression
on glycolysis in our oxidative phosphorylation-degent model. From our metabolite profiling
data, glycolytic metabolites are primarily downrkged with SALL4 expression (Fig. S5D).
The levels of L-lactate, the end product of anaieroéspiration, were unchanged with SALL4
expression (Fig. S5E). Further, we measured theadtular acidification rate (ECAR) of the
SALL4 isogenic cell lines, which measures lactating secreted into the extracellular
environment, and observed a slight decrease iIE@®R with SALL4 expression (Fig. S5F). In
the glycolysis stress test, we observed a markerkdse in glycolytic rate and a slight decrease
in glycolytic capacity in the SALL4 expressing &efFig. S5G). To ascertain if PI3K inhibition
is important for SALL4-selectivity, we tested a noen of PI3K isoform-specific and mTOR
inhibitors in our endogenous and isogenic celldindowever, most of these inhibitors did not
recapitulate the specificity for SALL4-expressiriges observed with PI-103 treatment (Fig.
S6A). The SALL4-selectivity of PI-103 could be dte an off-target effect, rather than by
modulating the PI3K pathway. From these experimeants likely that SALL4 expression in
cancer neither initiates the Warburg effect noatae a dependency on glycolysis.

Interestingly, the top altered metabolic patiivdue to SALL4 expression was the urea cycle
(Fig. S5A and S5B). We observed significant upratioh of urea cycle metabolites, particularly
in the SALL4B expressing cells, in our metabolitefing data (Fig. S7A). When we examined
our ChiP-seq data for urea cycle genes, we onlgrebd SALL4 binding at the promoter region
of ARG2 (Fig. S7B). This suggests a possible couplingxidiative phosphorylation and the urea
cycle throughARG2 regulation by SALL4. However, since SALL4 bindslyoone gene in the
urea cycle, it is unlikely that the urea cycle glaydirect role in SALL4-dependent cancer.

We also examined mitochondrial DNA (mtDNA) gopumber through gRT-PCR analysis
with mtDNA gene-specific primet$ and found that the examined mtDNA regions are
significantly amplified in SNU-398 SALLY cells andSALL4 expressing isogenic lines (Fig.
S7C). This suggests that SALL4 expression promatefncrease in mtDNA copy number in
relation to increased oxidative phosphorylationctionality in the mitochondria. We also
examined the expression of mitochondrial biogenesgulatorsPGC-1a, PGC-15, TFAM,
NRF1, andNRF2*™* in our SALL4-expressing isogenic lines. OMGC-1a was significantly
upregulated in the SALL4B-expressing line while rthavere no appreciable alterations in
TFAM, NRF1, andNRF2 (Fig. S7D).PGC-1p expression was not detected in these lines. In our
ChiP-seq data, SALL4 binding was only observedhat gromoters oNRF2 and TFAM (Fig.
S7E). Our data suggests that SALL4 does not dyreetjulate the expression of mitochondrial
biogenesis genes.

Conclusions:

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

Our chemical genetic screening platform witfd@yenous and isogenic SALL4 expressing
HCC cell lines allows for the efficient and strimyedentification of a small number of hits that
target both the endogenous and isogenic SALlides, increasing the likelihood that these hits

11



are specifically affecting SALL4-related biology.h& endogenous pair gives biological
relevance while the isogenic trio controls for genbackground. Our combination endogenous-
isogenic screen is therefore able to identify coomals that target SALL4-specific biology in a
biologically relevant fashion. The 4 natural compdthits identified target different oxidative
phosphorylation components and by doing so, theterply and selectively targefALL4
expressing cells in both HCC and NSCLC systemsdéfaonstrate that ATP synthase inhibitor
oligomycin A effectively targets SALL% cells in a panel of HCC cell lines and can suppres
tumorsin vivo to a similar degree as the current standard-ad-daurg sorafenib. Oligomycin and
sorafenib also act in synergy to suppress tumoegjsnwvhen combined. This suggests that our
system can identify tool compounds that are speddi transcription factor cancer biology
efficiently and effectively. Our proof-of-conceptreen could have important implications for
future academic studies of oncogenic transcriptamtor downstream pathways, and potential
precision medicine applications.

A previously unknown metabolic role of SALL4 in tumorigenesis

From prior work, the widely accepted role i@niscription factor SALL4 in cancer has been
to modulate the expression of both pro- and antceagenes, such as by recruiting the NuRD
complex to chromatin to silence PTEN, or by dingatbregulating oncogene MYC levels.

Our screening results and subsequent invéistiganto the altered processes in SALL4-
dependent tumorigenesis reveals a previously unknm&tabolic reprogramming function of
SALL4. We demonstrate that SALL4 binds a significanmber of oxidative phosphorylation
and other mitochondrial genes at their promoteid predominantly upregulates their mRNA
expression. This gene expression upregulation atéiy leads to increased protein levels of
these genesSALL4 expression also leads to a functional increasexidative phosphorylation,
with increased cellular OCR, mitochondrial membrawgential, oxidative phosphorylation-
related metabolites and mtDNA copy number. SincelSkexpression in our isogenic cell lines
does not affect cell proliferation, we believe tloxidative phosphorylation is specifically co-
opted by SALL4 mis-expression in cancer, and notaagsult of increased proliferation rate
upregulating non-specific housekeeping processeswork proposes th&ALL4 expression in
cancer confers a dependency on oxidative phosmtayl through direct gene expression
regulation, although the underlying preference fibnis metabolic reprogramming in
tumorigenesis is still unclear.

We did not observe the Warburg effect, thefguemce for cancers to upregulate anaerobic
glycolysis for energy, in ouiSALL4-expressing cancer cell models. Recent studies have
challenged the hypothesis that the Warburg effectincer specific, suggesting that the effect is
a result of metabolic changes associated with kfgnative state, rather than a unique feature of
malignancy®. Many non-malignant cells utilize the Warburg efféo proliferate. There are
many advantages of non-Warburg aerobic respiratigoroliferating cells, such as the supply of
large quantities of anabolic precursors such atentides, proteins, and lipids. Many tumor cells
have been shown to utilize the TCA cycle and oxigaphosphorylation to generate ATP and
balance reactive oxygen speéfesTumorigenesis has also been shown to be depemaent
mitochondrial function. Cancer cells can use fattids and amino acids, rather than glucose, to
supply intermediates for the TCA cycle and maintaiitochondrial respiration, particularly
during changes in the tumor microenvironni&ft This might explain why SALL4-expressing
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cells upregulate oxidative phosphorylation to beedomorigenic, thereby becoming sensitive to
oxidative phosphorylation inhibitors, rather thantbnstrating the Warburg effect.

Other than being a potent oncogene, SALLAigngortant developmental gene in the fetal
liver and in stem cells. It would be interestingdetermine if oxidative phosphorylation and
other metabolic processes are similarly regulatgdhbmeostatic SALL4 expression in the
developing embryo or the stem cell compartmentrduliver regeneration post injury. The role
of SALL4 in liver regeneration is poorly understoaad future studies are prudent for dissecting
this role in greater detail.

SALL4 as a potential biomarker for oxidative phosplorylation precision medicine in
cancer

Clinical trials have been conducted to asslessffectiveness of oxidative phosphorylation
inhibitors as effective cancer theraffe$iowever, the direct molecular mechanisms of diida
phosphorylation phosphorylation upregulation ingganare not well understood, particularly in
liver cancer. This, coupled with toxicity assocehteith targeting a ubiquitous cellular pathway,
currently make these inhibitors less appealinggaser drugs.

Our study demonstrates the possibility of SAltb be used as a companion biomarker to
select cancer patients who may benefit from oxi@apihosphorylatiomnhibitors in the clinic.
Mechanistically, we propose a direct link betweelLIS4 upregulation and an increase in
oxidative phosphorylation, where SALL4 binds andnscriptionally activates oxidative
phosphorylation genes during tumorigenesis. Tuntioas express significant levels of SALL4
are more sensitive to oxidative phosphorylationibition at very low doses, as we have
demonstrated botln vitro and in vivo. A larger therapeutic window for clinical oxidagiv
phosphorylation inhibitors is therefore possibleatients harboring SALL4-expressing tumors.
Targeting SALL4-dependent cancer with oxi oxidatplesphorylation inhibitors could lead to
an effective suppression of tumorigenesis with matitoxicity. The patient data we examined
shows promise for precision medicine use of oxi@dgaphosphorylation inhibitors in SALL4
patients, but the limitations of the annotatedeydtbio-data, the small samples size, and the low
potency of biguanides as oxidative phosphorylairdmbitors, means that more clinical studies
are needed to confirm the clinical utility of oundings.

A limitation of our study is that we did nobtain SALL4A- and SALL4B-specific hits.
Further studies are needed to determine the ummgpehanisms by which each isoform drives
cancer. A confounding issue is that SALL4A and B en-expressed from the same gene locus
as splice isoforms, and from prior work, are alwagsexpressed in the same cell line or tumor
tissue. Our study demonstrates that both SALL4ois0$ can functionally upregulate, and thus
create a dependency on, oxidative phosphorylafi@igeting this pathway shared by both
isoforms with oxidative phosphorylation inhibitois therefore a viable therapeutic option for
SALL4-expressing cancers. We have observed that 8Ad upregulated in about 20-30% of all
solid tumors*** so the potential clinical utility of oxidative psphorylation inhibitors with a
companion SALL4 diagnostic is highly significant.

Our study demonstrates that a SALL4 biomadger be used in conjunction with oligomycin,
a highly potent oxidative phosphorylation inhibittvat has not yet been tested extensively in
clinical trials to our knowledge. The LD33 (lethddse that kills 33%) of oligomycin in rats is
0.5 mg/kg (1 mg/kg in mice), while 100% of rats\sued with 0.1 mg/kg of drug (0.2 mg/kg in
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mice¥®*® Our study doses mice at the sub-lethal dose biniy/kg oligomycin, which is 10
times less than the LD33, and we observe signifieawl selective tumor size suppression in
SALL4-high tumors with low toxicity. It might be wthwhile to explore the clinical use of
oligomycin in SALL4-expressing tumors.

Figures Legends

Fig. 1. A chemical genetic cell-based screen to identify egpounds targeting SALL4
dependencies(A) Schematic of screen involving the use of endoger®ALL4° and SALLA
HCC lines and engineered isogenic SALL4 expressimgs. B) Venn diagram illustrating
overlap of hit compounds which selectively decreesk viability of the SALLA' lines over
their respective SALL? controls. C) Workflow of natural product extract screen toritify
individual compound hits from extracts containingltiple chemical entities.

Fig. 2. SALL4-dependent cells are susceptible to mitochondil oxidative phosphorylation
inhibitors. (A) Cell viability dose-response curves for cellsatesl for 96 hrs with hit
compounds from the natural product extract scredigomycin, efrapeptin, antimycin, and
leucinostatin, measured with CellTiter-Glo reagantd normalized to untreated cell viability
(mean of 3 replicates £ SD)B) Diagram indicating oxidative phosphorylation &g of
validated hit compounds.

Fig. 3. Oligomycin A suppresses SALL4-dependent HCC(A) Cell viability dose-response
curves for a panel of HCC cell lines treated willgamycin A for 72 hrs, measured with
CellTiter-Glo reagent and normalized to untreated weiability (mean of 3 replicates + SD).
(B) Tumor size plot of SALL4-high SNU-398 mouse xeradts injected (intraperitoneal) with
vehicle, sorafenib, or oligomycin A (mean + SDE)(Plot of tumor size at day 13 of the
xenograft experiments irBj (mean + SD).[®) Tumor size plot of SALL4-high PDX HCC26.1
mouse xenografts injected (intraperitoneal) withhigke, sorafenib, oligomycin A, or a
combination of 20 mg/kg sorafenib and 0.1 mg/kgatnycin (mean + SD).H) Plot of tumor
size at day 25 of the xenograft experimentddh(fnean + SD).K) Tumor size plot of SALL4-
low PDX1 mouse xenografts injected (intraperitoheeth vehicle or oligomycin A (mean *
SD). G) Plot of tumor size at day 32 of the xenograftexkpents in F) (mean + SD). H-J)
Mouse weight quantification plot from the respeetmouse xenograft experiments B-G)
(mean = SD).

Fig. 4. SALL4 binds and upregulates oxidative phosphorylattn gene expressiorfA) Venn
diagram of mitochondrial genes from the MitoCarfd @ataset bound by SALL4 from our prior
SALL4 ChIP-seq experiment performed on SNU-398scébelected significant pathways from
Gene Ontology analysis of the SALL4 bound geneshosvn. B) ChlP-seq region plots of the
SALL4 bound mitochondrial genes iA), representing the regions bound by SALL4 and
marked by H3K27ac in SNU-398 cells (from analysispdor data),—3 kb upstream of the
transcription start site (TSS) and +3 kb downstreaimthe transcription end site (TES).
(C) Representative ChiP-seq input, H3K27ac, and SApkdks for control genBUMO1 and
electron transport chain gen@3P5D, ATP5E, and NDUFA3. (D) RNA-seq expression level
fold change for a panel of mitochondrial genes fitbe SALL4 bound list in4), in the SALL4
expressing cell lines, normalized to expressioelein the empty vector control, performed in
singlet. E) Western blots for SALL4-bound oxidative phospHatipn genes and ACTB loading
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control in the cell lines used in the screen. Bamdee quantified by densitometry with SNU-387
and EV bands as references) (Western blots for the genes iB)(with SALL4 knockdown for
72 hrs in the SNU-398 cell line. Bands were quatdifby densitometry with sh-scr bands as
reference.

Fig. 5. SALL4 expression upregulates oxidative phosphorylan (A) OCR measurements of
SALL4 endogenous and isogenic lines used in theesgmormalized to DNA content measured
by CyQUANT reagent (mean of 3 replicates + S[B) OCR measurements fdgALL4
knockdown in SNU-398 endogenous SALL4-high cellsrnmalized to DNA content measured
by CyQUANT reagent (mean of 3 replicates + SOJ) Representative images of SALL4
endogenous and isogenic cell lines stained with DARBclear dye, Mitotracker Red
mitochondrial membrane potential dye, and immunosthwith cytochrome ¢ antibody. Scale
bars are 2Qum in length. D) Quantification of cytochrome c fluorescence sigper cell,
normalized to DAPI signal (median, quartile andgan €) Quantification of MitoTracker
fluorescence signal per cell, normalized to DARJnai (median, quartile and rangefy) ATP
levels per DNA content for the SALL4 isogenic cklies measured by CellTiter-Glo ATP
detection reagent values normalized to CyQUANT D¢jAantification reagent values (mean of
3 replicates + SD).G) NADH/NAD+ values measured by HPLC-mass spectroynaietabolite
profiling of the SALL4 isogenic cell lines (mean ®feplicates + SD).
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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: Thiswas achemical screen for compounds that affect the viability of a
small number of cell linesin culture and growth as xenograft tumorsin 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 aterationsin gene expression and identify
the mechanisms regulated by these aterations.

Lay Summary: Liver tumors overexpress aprotein 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.



Drug SNU-387 (SALL4 low) IC50 (uM) SNU-398 (SALL4 high) IC50 (uM) Selectivity (low IC50 / high IC50)

PI-103 18 1.4 13
Oigomycin A 10 0.0005 20000
Oligomycin A, B and C mix 20 0.00098 20408
21-hydroxyoligomycin A 20 0.0076 2632
Efrapeptin D 11 0.015 733
Efrapeptin Ea 2 0.0051 392
Efrapeptin G 2 0.0092 217
Efrapeptin H 2 0.006 333
Antimycin A 50 0.004 12500

Leucinostatin A 1 0.002 500



Drug SNU-387 (SALL4 low) IC50 (uM) SNU-398 (SALL4 high) IC50 (uM) Selectivity (low IC50 / high 1C50)
Oigomycin A 7.5 0.001 7500



Symbol
ABCA9
ABCB10
ABCB6
ABCB8
ABCB9
ABCD2
ABCD3
ABCF2
ABHD10
ABHD11
ACAA1l
ACACA
ACACB
ACAD9
ACADM
ACADVL
ACCS
ACLY
ACO1
ACO2
ACOT7
ACOX3
ACP6
ACYP2
ADCK1
ADCK3
ADCK4
ADCK5
AFG3L2
AK2
AKAP1
AKAP10
AKR7A2
ALAS1
ALDH3A2
ALKBH3
AMACR
ANGEL2
APOPT1
ARG2
ASAH2
ATAD3A
ATAD3B
ATIC
ATP5D
ATP5E
ATP5G1
ATP5G2
ATP5
ATP50
ATP5S
ATP5SL
ATXN2
AUH
AURKAIP1

Description

ATP-binding cassette, sub-family A (ABC1), member 9

ATP-binding cassette, sub-family B (MDR/TAP), member 10

ATP-binding cassette, sub-family B (MDR/TAP), member 6

ATP-binding cassette, sub-family B (MDR/TAP), member 8

ATP-binding cassette, sub-family B (MDR/TAP), member 9

ATP-binding cassette, sub-family D (ALD), member 2

ATP-binding cassette, sub-family D (ALD), member 3

ATP-binding cassette, sub-family F (GCN20), member 2

abhydrolase domain containing 10

abhydrolase domain containing 11

acetyl-CoA acyltransferase 1

acetyl-CoA carboxylase alpha

acetyl-CoA carboxylase beta

acyl-CoA dehydrogenase family, member 9

acyl-CoA dehydrogenase, C-4 to C-12 straight chain

acyl-CoA dehydrogenase, very long chain
1-aminocyclopropane-1-carboxylate synthase homolog (Arabidopsis)(non-functional)
ATP citrate lyase

aconitase 1, soluble

aconitase 2, mitochondria

acyl-CoA thioesterase 7

acyl-CoA oxidase 3, pristanoyl

acid phosphatase 6, lysophosphatidic

acylphosphatase 2, muscle type

aarF domain containing kinase 1

aarF domain containing kinase 3

aarF domain containing kinase 4

aarF domain containing kinase 5

AFG3-like AAA ATPase 2

adenylate kinase 2

A kinase (PRKA) anchor protein 1

A kinase (PRKA) anchor protein 10

aldo-keto reductase family 7, member A2 (aflatoxin aldehyde reductase)
aminolevulinate, delta-, synthase 1

aldehyde dehydrogenase 3 family, member A2

alkB, alkylation repair homolog 3 (E. coli)

alpha-methylacyl-CoA racemase

angel homolog 2 (Drosophila)

apoptogenic 1, mitochondrial

arginase 2

N-acylsphingosine amidohydrolase (non-lysosomal ceramidase) 2

ATPase family, AAA domain containing 3A

ATPase family, AAA domain containing 3B
5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase
ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit
ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit
ATP synthase, H+ transporting, mitochondrial Fo complex, subunit C1 (subunit 9)
ATP synthase, H+ transporting, mitochondrial Fo complex, subunit C2 (subunit 9)
ATP synthase, H+ transporting, mitochondrial Fo complex, subunit E

ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit

ATP synthase, H+ transporting, mitochondrial Fo complex, subunit s (factor B)
ATP5S-like

ataxin 2

AU RNA binding protein/enoyl-CoA hydratase

aurora kinase A interacting protein 1



Rank Gene Set
1 HALLMARK_MYC_TARGETS_V1
2 HALLMARK_E2F_TARGETS
3 HALLMARK_G2M_CHECKPOINT
4 HALLMARK_OXIDATIVE_PHOSPHORYLATION
5 HALLMARK_FATTY_ACID_METABOLISM
6 HALLMARK_MYC_TARGETS_V2
7 HALLMARK_PANCREAS_BETA_CELLS
8 HALLMARK_WNT_BETA_CATENIN_SIGNALING
9 HALLMARK_MTORC1_SIGNALING
10 HALLMARK_MITOTIC_SPINDLE
11 HALLMARK_ANGIOGENESIS
12 HALLMARK_PI3K_AKT_MTOR_SIGNALING
13 HALLMARK_DNA_REPAIR
14 HALLMARK_ANDROGEN_RESPONSE
15 HALLMARK_GLYCOLYSIS
16 HALLMARK_TGF_BETA_SIGNALING
17 HALLMARK_UNFOLDED_PROTEIN_RESPONSE
18 HALLMARK_ADIPOGENESIS
19 HALLMARK_HEME_METABOLISM
20 HALLMARK_PROTEIN_SECRETION
21 HALLMARK_PEROXISOME

Gene count Enrichment score

196
196
191
193
124
58
20
39
189
193
22
88
137
88
165
53
106
169
157
92
91

0.54422325
0.45119676
0.4186637
0.3870408
0.3794251
0.44597328
0.5358952
0.40879318
0.2773534
0.2657652
0.4013473
0.2899007
0.26718286
0.29277417
0.23361187
0.2779019
0.22229196
0.19637655
0.19404869
0.20814914
0.17128518

Normalized enrichment score  Nominal p-val

2.903786
2.416688
2.1925008
2.0754309
1.9089539
1.9018548
1.7685649
1.6528691
1.4608389
1.4121544
1.3787901
1.3589194
1.3469937
1.3432475
1.2149675
1.1678144
1.0556718
1.0165602
1.004472
0.9693294
0.80474705

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.007246377
0.015503876
<0.001
0.008130081
0.0925
0.037383176
0.021201413
0.043887146
0.086142324
0.17886178
0.32413793
0.42205322
0.4522059
0.509375
0.8702065

FDR g-val
<0.001
<0.001
<0.001
0.0004

0.00244659
0.00203883
0.00404024
0.01053979
0.04107863
0.05260091
0.06191985
0.06560664
0.06728908
0.06404232
0.16305687
0.21046484
0.40546182
0.4795793
0.4878528
0.55203885
0.8828335

FWER p-val
<0.001
<0.001
<0.001
0.001
0.009
0.009
0.021

0.06
0.245
0.329
0.399

0.44
0.477
0.487
0.848
0.923
0.993
0.998
0.999
0.999

1

RANK AT MAX
3117
3489
3592
4453
2613
4511
3376
3624
3593
3861
2586
3874
4039
2888
3351
3059
3592
2625
3248
4174
2947

LEADING EDGE
tags=57%, list=24%, signal=74%
tags=48%, list=27%, signal=65%
tags=45%, list=28%, signal=61%
tags=56%, list=35%, signal=84%
tags=34%, list=20%, signal=42%
tags=71%, list=35%, signal=108%
tags=70%, list=26%, signal=95%
tags=49%, list=28%, signal=68%
tags=39%, list=28%, signal=53%
tags=39%, list=30%, signal=55%
tags=41%, list=20%, signal=51%
tags=47%, list=30%, signal=66%
tags=42%, list=31%, signal=60%
tags=35%, list=22%, signal=45%
tags=35%, list=26%, signal=46%
tags=36%, list=24%, signal=47%
tags=34%, list=28%, signal=47%
tags=25%, list=20%, signal=32%
tags=29%, list=25%, signal=39%
tags=39%, list=32%, signal=57%
tags=24%, list=23%, signal=31%



Rank Gene Set

1 HALLMARK_TNFA_SIGNALING_VIA_NFKB

2 HALLMARK_KRAS_SIGNALING_DN

3 HALLMARK_INTERFERON_GAMMA_RESPONSE
4 HALLMARK_KRAS_SIGNALING_UP

5 HALLMARK_INTERFERON_ALPHA_RESPONSE
6 HALLMARK_APOPTOSIS

7 HALLMARK_INFLAMMATORY_RESPONSE

8 HALLMARK_HYPOXIA

9 HALLMARK_UV_RESPONSE_UP
10 HALLMARK_P53_PATHWAY
11 HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
12 HALLMARK_MYOGENESIS
13 HALLMARK_COAGULATION
14 HALLMARK_IL6_JAK_STAT3_SIGNALING
15 HALLMARK_COMPLEMENT

16 HALLMARK_IL2_STATS_SIGNALING

17 HALLMARK_ALLOGRAFT_REJECTION

18 HALLMARK_UV_RESPONSE_DN

19 HALLMARK_APICAL_JUNCTION
20 HALLMARK_ESTROGEN_RESPONSE_LATE
21 HALLMARK_APICAL_SURFACE
22 HALLMARK_HEDGEHOG_SIGNALING
23 HALLMARK_BILE_ACID_METABOLISM
24 HALLMARK_SPERMATOGENESIS
25 HALLMARK_ESTROGEN_RESPONSE_EARLY
26 HALLMARK_XENOBIOTIC_METABOLISM
27 HALLMARK_NOTCH_SIGNALING
28 HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY
29 HALLMARK_CHOLESTEROL_HOMEOSTASIS

Gene count Enrichment score Normalized enrichment score  Nominal p-val

156
86
130
122
63
126
111
161
137
171
160
132
81
50
132
141
108
133
147
147
33
28
74
78
163
137
31
41
65

-0.45459783
-0.4672904
-0.41349
-0.3830037
-0.39885956
-0.3316926
-0.33296204
-0.31716335
-0.30827212
-0.28917313
-0.26905727
-0.27447602
-0.2895137
-0.3073006
-0.25579098
-0.24269316
-0.24634904
-0.23273733
-0.2279322
-0.2231084
-0.29412365
-0.28716204
-0.23093244
-0.21840073
-0.19200788
-0.17221908
-0.22198269
-0.19056673
-0.16615808

-2.0974655
-1.9812888
-1.8862952
-1.703266
-1.6034104
-1.4844469
-1.4842857
-1.4745462
-1.404627
-1.3605517
-1.2489592
-1.2466431
-1.2150875
-1.1906862
-1.1527556
-1.1036245
-1.0750725
-1.0567168
-1.0511376
-1.0323237
-1.0264652
-0.96032095
-0.9477847
-0.9144027
-0.8973891
-0.77554655
-0.76860005
-0.704662
-0.665276

<0.001
<0.001
<0.001
<0.001
0.003100775
0.008595988
0.005813954
0.008032128
0.021067416
0.029023746
0.096045196
0.10787172
0.14837712
0.18354431
0.19648094
0.26902175
0.3371266
0.3347339
0.3619186
0.3916084
0.43192488
0.5083612
0.5518248
0.60932946
0.6953456
0.9101124
0.81391585
0.9122807
0.9785276

FDR g-val
<0.001
<0.001

8.38E-04

0.0114271

0.02396705
0.06410802
0.05494973
0.05338081
0.09326451
0.12670156
0.28560853
0.26622012
0.30610412
0.33441827
0.39766258

0.497507

0.5461092

0.5668574

0.5523831

0.5742521

0.561653

0.7118046

0.7136509

0.7703243

0.7827583

0.99863005
0.97040075
0.99662876
0.98081714

FWER p-val
<0.001
<0.001
0.003
0.053
0.134
0.375
0.375
0.405
0.629
0.789
0.978
0.979
0.993
0.998

1

PR RRPRPRPRPRPRERRE LR R

RANK AT MAX
3441
2459
3471
3365
3431
2589
3889
3131
1773
1840
1625
3013
3487
743
3676
1747
3347
2676
1597
634
2000
2052
3220
1359
2740
3005
2120
3036
3603

LEADING EDGE
tags=49%, list=27%, signal=66%
tags=41%, list=19%, signal=50%
tags=44%, list=27%, signal=59%
tags=45%, list=26%, signal=60%
tags=43%, list=27%, signal=58%
tags=31%, list=20%, signal=38%
tags=48%, list=30%, signal=68%
tags=35%, list=24%, signal=45%
tags=23%, list=14%, signal=27%
tags=22%, list=14%, signal=26%
tags=20%, list=13%, signal=23%
tags=30%, list=23%, signal=39%
tags=41%, list=27%, signal=55%
tags=14%, list=6%, signal=15%
tags=37%, list=28%, signal=51%
tags=20%, list=14%, signal=23%
tags=36%, list=26%, signal=48%
tags=25%, list=21%, signal=31%
tags=19%, list=12%, signal=21%
tags=12%, list=5%, signal=12%
tags=30%, list=15%, signal=36%
tags=29%, list=16%, signal=34%
tags=30%, list=25%, signal=39%
tags=15%, list=11%, signal=17%
tags=23%, list=21%, signal=29%
tags=24%, list=23%, signal=31%
tags=19%, list=16%, signal=23%
tags=24%, list=24%, signal=32%
tags=29%, list=28%, signal=40%



Rank Gene Set

1 HALLMARK_INTERFERON_ALPHA_RESPONSE
2 HALLMARK_PANCREAS_BETA_CELLS

3 HALLMARK_KRAS_SIGNALING_UP

4 HALLMARK_COAGULATION

5 HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

6 HALLMARK_INTERFERON_GAMMA_RESPONSE
7 HALLMARK_COMPLEMENT
8 HALLMARK_BILE_ACID_METABOLISM
9 HALLMARK_PEROXISOME
10 HALLMARK_ALLOGRAFT_REJECTION
11 HALLMARK_APICAL_SURFACE
12 HALLMARK_INFLAMMATORY_RESPONSE
13 HALLMARK_HYPOXIA
14 HALLMARK_PROTEIN_SECRETION
15 HALLMARK_KRAS_SIGNALING_DN
16 HALLMARK_MYOGENESIS
17 HALLMARK_ANGIOGENESIS
18 HALLMARK_SPERMATOGENESIS
19 HALLMARK_APICAL_JUNCTION
20 HALLMARK_XENOBIOTIC_METABOLISM
21 HALLMARK_UV_RESPONSE_DN
22 HALLMARK_IL6_JAK_STAT3_SIGNALING
23 HALLMARK_FATTY_ACID_METABOLISM
24 HALLMARK_GLYCOLYSIS
25 HALLMARK_HEDGEHOG_SIGNALING
26 HALLMARK_ADIPOGENESIS
27 HALLMARK_APOPTOSIS
28 HALLMARK_UV_RESPONSE_UP
29 HALLMARK_IL2_STAT5_SIGNALING
30 HALLMARK_TNFA_SIGNALING_VIA_NFKB
31 HALLMARK_CHOLESTEROL_HOMEOSTASIS
32 HALLMARK_OXIDATIVE_PHOSPHORYLATION
33 HALLMARK_HEME_METABOLISM
34 HALLMARK_PI3K_AKT_MTOR_SIGNALING

Gene count Enrichment score Normalized enrichment score  Nominal p-val

63
20
122
81
160
130
132
74
91
108
33
11
161
92
86
132
22
78
147
137
133
50
124
165
28
169
126
137
141
156
65
193
157
88

0.5913248
0.69303125
0.52421314

0.5259883

0.493705

0.4974793

0.4628288

0.4773267
0.44861767

0.4314686
0.51475394

0.3878241
0.36895123
0.39408895
0.38224345
0.36284634
0.46687984

0.3581901

0.3143143
0.30853093
0.30670384
0.33766794

0.2884738

0.283843
0.34655076
0.26693162
0.27075914

0.2636504
0.22654241
0.22286798
0.22961663
0.17608693
0.16875547
0.15667826

1.8732966
1.7767193
1.7628177
1.7234503
1.7112775
1.6995739
1.5813584
1.5218341
1.4573961
1.4534789
1.4487585
1.3112736
1.2833416
1.2806478
1.2540939
1.2478064
1.2221323
1.144081
1.0748835
1.06496
1.0638742
1.0140747
0.98608077
0.9825379
0.957465
0.93343526
0.9135117
0.90614545
0.7804112
0.7703876
0.7263374
0.622198
0.5843203
0.5101099

<0.001
0.002923977
<0.001
0.00232288
<0.001
<0.001
<0.001
0.007058824
0.019002376
0.010112359
0.046791445
0.056647398
0.07096774
0.08944954
0.116763
0.10843374
0.19971672
0.24214202
0.34323433
0.34323433
0.34444445
0.46201745
0.5106383
0.52029914
0.5416667
0.6099366
0.6460369
0.67320263
0.88273615
0.9001074
0.89205956
0.9989362
0.9978425
1

FDR g-val
0.00154545
0.00310069
0.00308816
0.0040106
0.0036885
0.00345738
0.0182552
0.03358193
0.06098207
0.05795202
0.05516059
0.1887083
0.2214807
0.20991223
0.24408081
0.24098326
0.2746853
0.44036126

0.6133307

0.61134

0.584868
0.70199645
0.75306004
0.73141646
0.76611716

0.7967666

0.8131792
0.80246556

1
0.9887274
1
1
1
0.9983632

FWER p-val
0.002
0.008
0.012
0.021
0.024
0.027
0.156
0.305
0.517
0.535
0.551
0.947
0.977
0.977
0.989
0.992
0.998

1

PR RPPRRPRERRPERPRRRRE PP

RANK AT MAX
2425
967
2242
2295
2057
2094
2184
2559
2559
2407
1145
2209
3422
3403
1567
2602
2356
1452
2121
3266
1591
2611
3871
3568
1649
3970
2328
1891
2403
2229
3975
4064
3848
1741

LEADING EDGE
tags=48%, list=19%, signal=58%
tags=40%, list=7%, signal=43%
tags=36%, list=17%, signal=43%
tags=38%, list=18%, signal=46%
tags=39%, list=16%, signal=46%
tags=35%, list=16%, signal=42%
tags=30%, list=17%, signal=36%
tags=41%, list=20%, signal=50%
tags=33%, list=20%, signal=41%
tags=32%, list=19%, signal=40%
tags=21%, list=9%, signal=23%
tags=26%, list=17%, signal=31%
tags=41%, list=27%, signal=55%
tags=36%, list=26%, signal=48%
tags=26%, list=12%, signal=29%
tags=32%, list=20%, signal=39%
tags=45%, list=18%, signal=56%
tags=15%, list=11%, signal=17%
tags=22%, list=16%, signal=27%
tags=31%, list=25%, signal=41%
tags=17%, list=12%, signal=19%
tags=32%, list=20%, signal=40%
tags=37%, list=30%, signal=52%
tags=35%, list=28%, signal=47%
tags=25%, list=13%, signal=29%
tags=38%, list=31%, signal=54%
tags=22%, list=18%, signal=27%
tags=16%, list=15%, signal=19%
tags=23%, list=19%, signal=28%
tags=22%, list=17%, signal=26%
tags=42%, list=31%, signal=60%
tags=37%, list=31%, signal=53%
tags=35%, list=30%, signal=49%
tags=8%, list=13%, signal=9%



Rank Gene Set Gene count Enrichment score Normalized enrichment score  Nominal p-val FDR g-val FWER p-val RANK AT MAX LEADING EDGE

1 HALLMARK_G2M_CHECKPOINT 191 -0.58563834 -2.7534144 <0.001 <0.001 <0.001 3952 tags=67%, list=31%, signal=95%
2 HALLMARK_E2F_TARGETS 196 -0.585082 -2.7252078 <0.001 <0.001 <0.001 3460 tags=62%, list=27%, signal=83%
3 HALLMARK_MYC_TARGETS_V2 58 -0.6770428 -2.6333227 <0.001 <0.001 <0.001 3128 tags=74%, list=24%, signal=97%
4 HALLMARK_MYC_TARGETS_V1 196 -0.5417159 -2.5153508 <0.001 <0.001 <0.001 4154 tags=63%, list=32%, signal=91%
5 HALLMARK_WNT_BETA_CATENIN_SIGNALING 39 -0.3811033 -1.355342 0.07053942 0.11256133 0.205 1219 tags=26%, list=9%, signal=28%
6 HALLMARK_UNFOLDED_PROTEIN_RESPONSE 106 -0.3134459 -1.3490728 0.010309278 0.09792489 0.211 3237 tags=37%, list=25%, signal=49%
7 HALLMARK_MITOTIC_SPINDLE 193 -0.28740817 -1.3351529 <0.001 0.09336001 0.234 3523 tags=35%, list=27%, signal=48%
8 HALLMARK_DNA_REPAIR 137 -0.2824273 -1.2578512 0.056818184 0.15466166 0.394 3076 tags=31%, list=24%, signal=41%
9 HALLMARK_ESTROGEN_RESPONSE_EARLY 163 -0.2661386 -1.2108046 0.028169014 0.2003904 0.519 1614 tags=25%, list=13%, signal=28%
10 HALLMARK_ESTROGEN_RESPONSE_LATE 147 -0.26500106 -1.1992086 0.07954545 0.19261722 0.545 2414 tags=32%, list=19%, signal=39%
11 HALLMARK_ANDROGEN_RESPONSE 88 -0.2664247 -1.1377987 0.15873016 0.27821615 0.718 1582 tags=18%, list=12%, signal=21%
12 HALLMARK_TGF_BETA_SIGNALING 53 -0.28065097 -1.0586255 0.34343433  0.4225494 0.882 1236 tags=13%, list=10%, signal=15%
13 HALLMARK_MTORC1_SIGNALING 189 -0.21982376 -1.0321668 0.45238096 0.46162638 0.918 3351 tags=29%, list=26%, signal=39%
14 HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 41 -0.2472416 -0.89039975 0.6814159  0.8461123 0.995 2605 tags=27%, list=20%, signal=34%
15 HALLMARK_NOTCH_SIGNALING 31 -0.25944173 -0.8851398 0.7035573  0.80249673 0.995 727 tags=13%, list=6%, signal=14%

16 HALLMARK_P53_PATHWAY 171 -0.18341176 -0.8738643 0.89705884  0.7768563 0.995 1539 tags=13%, list=12%, signal=15%



Rank Gene Set

1 HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

2 HALLMARK_KRAS_SIGNALING_UP

3 HALLMARK_PANCREAS_BETA_CELLS

4 HALLMARK_APICAL_SURFACE

5 HALLMARK_COAGULATION

6 HALLMARK_INTERFERON_GAMMA_RESPONSE
7 HALLMARK_APICAL_JUNCTION

8 HALLMARK_INFLAMMATORY_RESPONSE
9 HALLMARK_UV_RESPONSE_DN

10 HALLMARK_COMPLEMENT

11 HALLMARK_SPERMATOGENESIS

12 HALLMARK_INTERFERON_ALPHA_RESPONSE
13 HALLMARK_KRAS_SIGNALING_DN

14 HALLMARK_HEDGEHOG_SIGNALING

15 HALLMARK_TGF_BETA_SIGNALING

16 HALLMARK_MYOGENESIS

17 HALLMARK_PEROXISOME

18 HALLMARK_IL2_STAT5_SIGNALING

19 HALLMARK_ALLOGRAFT_REJECTION

20 HALLMARK_PROTEIN_SECRETION

21 HALLMARK_ESTROGEN_RESPONSE_EARLY
22 HALLMARK_NOTCH_SIGNALING

23 HALLMARK_ANGIOGENESIS

24 HALLMARK_WNT_BETA_CATENIN_SIGNALING
25 HALLMARK_TNFA_SIGNALING_VIA_NFKB
26 HALLMARK_PI3K_AKT_MTOR_SIGNALING
27 HALLMARK_HYPOXIA

28 HALLMARK_UV_RESPONSE_UP

29 HALLMARK_IL6_JAK_STAT3_SIGNALING
30 HALLMARK_XENOBIOTIC_METABOLISM
31 HALLMARK_HEME_METABOLISM

32 HALLMARK_ANDROGEN_RESPONSE

33 HALLMARK_BILE_ACID_METABOLISM

34 HALLMARK_MITOTIC_SPINDLE

Gene count Enrichment score Normalized enrichment score  Nominal p-val

160
122
20
33
81
130
147
11
133
132
78
63
86
28
53
132
91
141
108
92
163
31
22
39
156
88
161
137
50
137
157
88
74
193

0.5631628
0.546754
0.6420886
0.5892531
0.51908475
0.46743816
0.44177133
0.44543543
0.42810997
0.4239892
0.43680698
0.4066165
0.37158516
0.44328576
0.37623885
0.3378262
0.3442629
0.32731044
0.32650065
0.3327136
0.31122908
0.36926675
0.39032885
0.32578796
0.2672464
0.28026617
0.2651018
0.24478073
0.27176604
0.22142082
0.21620384
0.21335027
0.19959146
0.17491393

1.8430233
1.7617139
1.606871
1.6029812
1.5955353
1.514262
1.4351584
1.4149647
1.384296
1.3654386
1.3588853
1.2137375
1.162296
1.1480955
1.112709
1.0809702
1.0642002
1.0589854
1.036036
1.0340518
1.0194298
0.9955963
0.9799597
0.9079758
0.8707608
0.86962026
0.858664
0.7989102
0.79383034
0.7099682
0.70383143
0.66356516
0.611472
0.5790194

<0.001
<0.001
0.017402945
0.010256411
<0.001
0.003161222
0.007329843
0.014721346
0.014830508
0.022269353
0.0389755
0.18764044
0.2236842
0.27212682
0.31609872
0.3478261
0.3785558
0.38164756
0.41802388
0.43964562
0.45454547
0.5
0.5107239
0.61042184
0.7606218
0.7155172
0.7832461
0.86
0.80595237
0.9447917
0.9590164
0.9627193
0.9865471
0.9979571

FDR g-val
7.08E-04
0.00292092
0.02228971
0.0174725
0.0147415
0.0349614
0.07794385
0.08471427
0.10675002
0.11735058
0.11440013
0.39996493
0.53856945
0.54965526
0.6414548
0.72114754
0.7400807
0.7169069
0.755652
0.7247107
0.7357337
0.7750277
0.78438073
0.94310534
0.99170715
0.95581174
0.943692
1
0.99103963
1
1
1
1
0.9925043

FWER p-val RANK AT MAX LEADING EDGE

0.001
0.008
0.088
0.092
0.097
0.25
0.514
0.592
0.718
0.797
0.823
1

PR RPPRRPRREPRPPRRPREPRPPERRRERPERPRR

1931
1523
1805
1513
2435
2785
2224
2026
2104
2210
1655
3243
1893
2072
3518
2029
2064
2277
3366
3670
1742
1186
1931
914
1896
3821
2104
1934
3954
1524
3457
2334
2502
4116

tags=43%, list=15%, signal=50%
tags=34%, list=12%, signal=39%
tags=50%, list=14%, signal=58%
tags=33%, list=12%, signal=38%
tags=42%, list=19%, signal=51%
tags=41%, list=22%, signal=51%
tags=31%, list=17%, signal=37%
tags=33%, list=16%, signal=39%
tags=29%, list=16%, signal=34%
tags=28%, list=17%, signal=33%
tags=21%, list=13%, signal=23%
tags=40%, list=25%, signal=53%
tags=31%, list=15%, signal=37%
tags=43%, list=16%, signal=51%
tags=43%, list=27%, signal=59%
tags=24%, list=16%, signal=28%
tags=18%, list=16%, signal=21%
tags=28%, list=18%, signal=33%
tags=39%, list=26%, signal=52%
tags=36%, list=28%, signal=50%
tags=20%, list=13%, signal=23%
tags=19%, list=9%, signal=21%

tags=41%, list=15%, signal=48%
tags=13%, list=7%, signal=14%

tags=22%, list=15%, signal=26%
tags=31%, list=30%, signal=43%
tags=21%, list=16%, signal=25%
tags=15%, list=15%, signal=18%
tags=44%, list=31%, signal=63%
tags=12%, list=12%, signal=14%
tags=27%, list=27%, signal=36%
tags=19%, list=18%, signal=23%
tags=19%, list=19%, signal=23%
tags=28%, list=32%, signal=41%



Rank Gene Set

1 HALLMARK_MYC_TARGETS_V2
2 HALLMARK_MYC_TARGETS_V1
3 HALLMARK_OXIDATIVE_PHOSPHORYLATION
4 HALLMARK_E2F_TARGETS
5 HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY
6 HALLMARK_UNFOLDED_PROTEIN_RESPONSE
7 HALLMARK_DNA_REPAIR
8 HALLMARK_ESTROGEN_RESPONSE_LATE
9 HALLMARK_P53_PATHWAY
10 HALLMARK_APOPTOSIS
11 HALLMARK_MTORC1_SIGNALING
12 HALLMARK_CHOLESTEROL_HOMEOSTASIS
13 HALLMARK_GLYCOLYSIS
14 HALLMARK_FATTY_ACID_METABOLISM
15 HALLMARK_G2M_CHECKPOINT
16 HALLMARK_ADIPOGENESIS

Gene count Enrichment score Normalized enrichment score  Nominal p-val

58
196
193
196
41
106
137
147
71
126
189
65
165
124
191
169

-0.56738687
-0.40018487
-0.3796833
-0.35362375
-0.41578227
-0.34554195
-0.30922142
-0.30134118
-0.28487146
-0.23724325
-0.22427857
-0.24175626
-0.195801
-0.21238084
-0.19583482
-0.19029619

-2.2106073
-1.8356504
-1.8051862
-1.6505095
-1.5237955
-1.4913799
-1.4292427
-1.3489654
-1.2902381
-1.0542336
-1.0487995
-0.9705008
-0.9216001
-0.92060536
-0.91855943
-0.8485383

<0.001
<0.001
<0.001
<0.001
0.016574586
<0.001
<0.001
0.029411765
<0.001
0.29090908
0.2631579
0.5221238
0.78125
0.76785713
0.8181818
0.92105263

FDR g-val
<0.001
0.00532222
0.00354815
0.02034265
0.03757852
0.03902749
0.05762914
0.08971082
0.11728057
0.52755076
0.4988658
0.7094553
0.80518925
0.7504106
0.7079213
0.81371844

FWER p-val RANK AT MAX LEADING EDGE

<0.001
0.004
0.004
0.024
0.05
0.062
0.099
0.167
0.238
0.751
0.764
0.897
0.94
0.942
0.944
0.97

3291
3314
3075
4179
2129
3980
3507
1242
867
1367
2557
1348
1689
3561
4300
3205

tags=55%, list=26%, signal=74%
tags=42%, list=26%, signal=55%
tags=35%, list=24%, signal=45%
tags=44%, list=32%, signal=64%
tags=34%, list=16%, signal=41%
tags=44%, list=31%, signal=64%
tags=42%, list=27%, signal=57%
tags=22%, list=10%, signal=25%
tags=15%, list=7%, signal=15%

tags=19%, list=11%, signal=21%
tags=21%, list=20%, signal=25%
tags=17%, list=10%, signal=19%
tags=18%, list=13%, signal=20%
tags=35%, list=28%, signal=47%
tags=39%, list=33%, signal=57%
tags=30%, list=25%, signal=39%
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Supplemental Materials and Methods:

Antibodies

Western blot antibodies are ACTB from Cell r&iling Technology (4970S), ARG2 from
Abcam (ab137069), ATP5D from Abcam (ab97491), ATRE&#N Santa Cruz Biotechnology
(sc-393695), ATP5G2 from Abcam (ab80325), CASP&fkell Signaling Technology (9662),
Cleaved CASP3 from Cell Signaling Technology (96618IRPL24 from Santa Cruz
Biotechnology (sc-393858), NDUFA3 from Abcam (ab88)) SALL4 from Santa Cruz
Biotechnology (sc-101147), and SLC25A23 from Sabtaz Biotechnology (sc-377109). The
SALL4 antibody used for immunohistochemistry isnffr&anta Cruz Biotechnology (sc-101147).
The antibody used for immunofluorescence is Cytoeta ¢ from BD Biosciences (556432).

Cell culture

Human hepatocellular carcinoma cell lines SB87; SNU-398, SNU-182, SNU-423, SNU-
475, SNU-449, and HCC-M, and non small cell lungoea cell lines H1299 and H661 (ATCC)
were grown on standard tissue culture plates tarfsterilized RPMI (Gibco) with 10% heat-
inactivated Fetal Bovine Serum (HyClone), 2 mM Lutamine (Gibco), and 1% Penicillin-
Streptomycin (Gibco). Human hepatocellular carciaoeell lines HepG2, Hep3B, and Huh-7
(ATCC) are grown on standard tissue culture platdater sterilized DMEM (Gibco) with 10%
heat-inactivated Fetal Bovine Serum (HyClone), 2 iH@lutamine (Gibco), and 1% Penicillin-
Streptomycin (Gibco). Human immortalized liver ciale THLE-3 is grown on standard tissue
culture plates in filtered BEGM with additives (Lza), 10% heat-inactivated Fetal Bovine
Serum (HyClone), and 1% Penicillin-Streptomycin l{&). Cells are incubated at 37°C in a
humidified atmosphere of 5% GCPrimary HCC cell lines HCC9.2 and HCC26.1 arduelin
a media containing Advanced F12/DMEM reduced semadium (1:1) (Gibco. 12643), 10mM
HEPEs (Gibco), 100U/ml Pen /Strep (Gibco), 2mM L#@mine (Gibco), 1% N2 (Gibco), 2%
B27 (Gibco), 50ng/ml EGF (Millipore), 250ng/ml R-@mlinl (R&D), and 2uM SB431542
(Tocris). The cells are cultured on standard tissutire dish coated with 3% matrigel (corning).
Cells are incubated at 37°C in a humidified atmesplof 5% CQ.



Natural product extract dereplication

Active extracts were subjected to a derepbicaprocedure as described in the literdture
Active fractions were analyzed by accurate MS ar®tWIS, and data matched against accurate
mass of natural product compounds and A*STAR caingi accurate mass and MS/MS mass
spectra records of compounds that have been adalys#er the same conditions. Oligomycin,
21-hydroxy oligomycin A, leucinostatin A and antioiry A were dereplicated by this mettod

Fungi Strain F36017 Fermentation (Efrapeptin prauyic

F36017Tolypocladium niveum is a soil fungus isolated from United Kingdom. Ad&y old
culture of F36017 grown on malt extract agar (Oxaoigs used to prepare 5 flasks of seed
cultures, comprising of 50mL of seed medium [yeadract 4 g/L (BD), malt extract 10g/L
(Sigma), glucose 4 g/L {1Base), pH 5.5] placed in 250 mL Erlenmeyer flasksese Seed
cultures were allowed to grow for 5 days at 24°Ghvehaking at 20€pm. At the end of the
incubation period, the 5 flasks of seed culturesewambined and homogenized using rotor
stator homogenizer (Omni). 5mL of the homogenizegdsculture were then used to inoculate
each of the 40 flasks containing 6g of vermicuditel 50mL of fermentation medium [maltose
30g/L (Sigma), glucose 10 g/L {Base), yeast extract 0.8 g/L (BD), peptone 2 @xdid),
potassium phosphate monobasic 0.5 g/L (Sigma), esagm sulphate heptahydrate 0.5 g/L
(Merck), ferric chloride 10 mg/L (Sigma), zinc shfge 2 mg/L (Merck), calcium chloride 55
mg/L (Sigma), pH 6.0]. Static fermentation was igarout for 14 days at 24°C. At the end of the
incubation period, the cultures from all 40 flaskere harvested and freeze dried. The dried
vermiculite cakes in each flask were scrambledtlyghefore extracting overnight 2 times with
100 mL methanol per flask. The insoluble materfatsn each extraction were removed by
passing the mixtures through cellulose filter pa®hatman Grade 4), and the filtrates were
dried by rotary evaporation.

Efrapeptin isolation

The culture broths (40x 50 mL, total 2 L)Taflypociadium niveum (F36017 were combined
and freeze-dried, partitioned with DCM:MeOH® 1:1:1. The organic layer was then
evaporated to dryness using rotary evaporation.dfieel dichloromethane crude extract (0.7 g)
was re-dissolved in methanol and separated by €i&sed-phase preparative HPLC (solvent
A: H20 + 0.1% HCOOH, solvent B: ACN + 0.1% HCOOHpW rate: 30 mL/min, gradient
conditions: 70:30 isocratic for 3 minutes; 30% @8#lof solvent B over 12 minutes, 30% to 65%
of solvent B over 60 minutes, followed by 65% to0%® of solvent B over 15 minutes, and
finally isocratic at 100% of solvent B for 20 mies) to give 0.6 mg of efrapeptin @, RT 18.5
min.), 1.0 mg of efrapeptind=(2, RT 20 min.), 0.5 mg of efrapeptin G,KRT 25min.), and 1.0
mg of efrapeptin H4, RT 27 min.). Efrapeptins were elucidated by congmariaccurate mass
andS;H NMR data to those of efrapeptins published withivity against bacteria and tumour
cells”.

Drug treatment
Drugs used in the study are PI-103 (Selleckgheligomycin A (Selleckchem, LKT Labs),

21-hydroxy oligomycin A (Enzo Life Sciences), oliggcin A, B, and C mix (Enzo Life
Sciences), sorafenib tosylate (Selleckchem), bondz (Selleckchem), antimycin A (Sigma),
cyclosporine A (LC Laboratories), leucinostatin BI(NPL collection), phenformin (Sigma),



alpelisib (Selleckchem), SB2343 (Selleckchem), aligib (Selleckchem), SB2602 (MedKoo
Biosciences), CUDC-907 (Selleckchem), and TGX-Z2dlleckchem).

MTT cell viability assay

The MTT assay was used to examine the effe®2d L4 knockdown on isogenic SNU387
cell viability. Three day after viral infection, B0 SNU-387 cells in a volume of 2QQ were
plated into 96-well plates in triplicate, and inatdxd for the indicated time points. On the day of
analysis, 20uL of MTT solution (5 mg/mL, Sigma) was added, aftelnich the plates were
incubated for 2 hours at 32 to. After removal of the medium, the purple fomaa crystals
formed were dissolved in 1. DMSO with 10 minute incubation at 37. The optical density
(OD) of dissolved purple crystal was measured by 8afire 2 plate reader (Tecan) at a
wavelength of 570 nm.

CyQUANT cell viability measurements

DNA content of plated cells was measured bpliegtion of the CyQUANT Direct Cell
Proliferation Kit (Thermo Fisher Scientific) thabrttains a cell-permeable fluorescent DNA
binding dye. Cells were plated in either 96- or-8&l black, clear bottom tissue culture plates
(Greiner) and allowed to reach the appropriate loenty before the addition of the appropriate
amount of CyQUANT reagent, as detailed in the mactuirer’'s protocol. Cells were incubated
for at least 1 hr at 37°C in a humidified atmosghef 5% CQ, after which fluorescence
readings were measured by an Infinite M1000 MiatwReader (Tecan) within a wavelength
range of 480-535 nm.

CCK-8 cell viability measurements

Cells were cultured overnigimt 96-well plates with 5 RPMI 1640 medium (10% FBS)
with 1,250 cells per well for SNU-387 Empty Vectmnd SNU-387 parental cells, and 750 cells
per well for SNU387 TgSALL4A and B cells. Cells wagrown overnight before drug treatment.
Phenformin, at varying concentrations, was dissbineculture media. 50l of the solution was
then added to each well. After 96 hr incubation ul@CK-8 reagent (Dojindo) was added to
each well. After 4 hr incubation, optical densilues were determined at a wavelength of 450
nm on a SpectraMax M3 Microplate Reader (MolecDlavices).

EdU cell proliferation assay

The Click-iT Plus EdU Alexa Fluor 488 Flow Owtetry Assay (Thermo Fisher Scientific) to
assess cell proliferation was carried out followitlge manufacturer’s protocol. SNU-387
isogenic lines were seeded in a 6-well plate oghtniafter which the cells were incubated with
10 uM Click-iT EdU for 3 hrs. The cells were harvestatt washed with 1% BSA in PBS, and
incubated with Click-iTixative for 15 mins. After fixation, the cells wewashed with 1% BSA
in PBS and permeabilized in Click-iT saponin-bagpedmeabilization and wash reagent. The
click-it reaction was then performed by incubatiba cells with Click-iT reaction cocktail for 30
mins to label the EdU-incorporated cells with Alexaor488 dye. A standard flow cytometry
method was used for determining the percentageptfaSe cells in the population using the BD
LSR II Cell Analyzer (BD Biosciences).

Cell counts
SNU-387 isogenic cell lines growing at expdra@rphase were seeded in 6-well plates at a
density of 1.5 x 10 cells/well. Every 3-4 days, the cells were trypsid, after which cell



numbers were counted to record the growth of tiis.CEnen the cells were plated at equal cell
number in new plates with fresh medium. Total celnber is presented as viable cells per well
after split-adjustment.

SALL4 knockdown by lentiviral transduction

The published lenti shRNA vector pLL3.7 forambled (sh-scr), shSALL4-1 and shSALL4-
2° were transfected into 293FT cells along with paohg plasmid (psPAX2) and envelope
plasmid (pMD2.G) using jetPRIME® DNA transfectioragent (Polyplus-transfection® SA)
according to the manufacturer’s protocol for vipalckaging. Viral supernatants were collected
twice at 48 hrs and 72 hrs after transfection, fiteted through 0.45um sterile filters. Virus
stocks were concentrated by ultra-centrifuge @@l g for 2 hrs at 4°C. Viral transduction were
carried out using spinoculation. Briefly, fresh nuwed containing lentivirus and mg/mL
Polybrene were added to plated cells. The platestiaan centrifuged at 800 g at 37 °C for 1 hr,
and incubated at 37°C in a humidified atmosphe®26iCQ.

Scrambled:
GGGTACGGTCAGGCAGCTTCTTTCAAGAGAAGAAGCTGCCTGACCGTACCOTTTT
C

shSALL4-1:
GGCCTTGAAACAAGCCAAGCTATTCAAGAGATAGCTTGGCTTGTTTCAAGECTTT
TTC

shSALL4-2:
TGCTATTTAGCCAAAGGCAAATTCAAGAGATTTGCCTTTGGCTAAATAGCTITTTTC

Immunohistochemistry

Immunohistochemistry was performed using S@mte SALL4 antibody (sc-101147). Slides
were first deparafinized with xylene, 100% ethar@8% ethanol, 70% ethanol and distilled
water respectively. After deparafinizing, slidesrevéhen blocked for 30 mins in blocking buffer
(65 ml 100% methanol, 3.5 ml 30% hydrogen peroxRBe5 ml water) to block endogenous
peroxidase. Subsequently, antigen retrieval wasdwaed in 1x pH6 citrate buffer (Sigma
Aldrich) and boiled for 30 mins. Slides were wasBetiines with distilled water and blocked in
normal blocking serum provided by Vectastain AB€far 1 hour in room temperature. Next,
slides were then incubated in SALL4 primary antpaliluted 1:400 in blocking serum for 1
hour in room temperature. Prior to staining witba®lary antibody, slides were washed 3 times
in PBS with 0.1% triton-X. After staining with sawary antibody, slides were incubated in
ABC reagent (from Vectastain ABC kit) in a humidii chamber for 1 hour in room temperature
following 3 times wash in PBS. Washing was caroeatlin PBS for 3 times before detection was
done using DAB kit (Vector laboratory) and slideerev incubated in the dark at room
temperature for 5 mins. Lastly, counterstaining wagormed in hematoxylin for 15 mins and
dehydration in 70% ethanol, 95% ethanol, 100% ethand xylene respectively.

Mouse Xenograft

Animals were maintained and studies were edrout according to the Institutional Animal
Care and Use Committee protocols. For the SALL4+higpdels, the SNU-398 cell line and
HCC26.1 patient primary cells were cultured as itbgtain the aforementioned “Cell culture”
methodsNOD.Cg-Prkdc™® 112rg™"' SzJ (NSG) mice, both male and female, were anesthktize




using 2.5% Isofluorane (Sigma). 1,000,000 cell20@0 ul of RPMI/Primary HCC cell media +
Matrigel (1:1 ratio) were injected subcutaneousty mouse flank. For the SALL4-low model,
the PDX1 tumor was digested with collagenase agpadie, and passed through ailVDstrainer

to obtain a sincle-cell suspension in supplemem®&EM/F12 media. The suspension was
treated with red blood cell lysis buffer and DNagdter washing the cells with PBS, the
suspension was mixed with an equal volume of Maki@gd injected subcutaneously in the flank
of 7 female NSG mice for initial tumor propagatidime 7 PDX1 tumors were harvested after 4
weeks and processed for injection as describedqugly. Viable cells were counted and mixed
with Matrigel to obtain a 2,500,000 cells/ml singlel suspension. 500,000 PDX1 cells were
injected subcutaneously into the left flank of eadhl2 NSG mice. Isoflurane was used to
anesthetize mice during injections. Drug treatms&as carried out when tumors are visible.
Drugs were dissolved in vehicle, 5% DMSO (Sigma) &% corn oil (Sigma), and injected
intraperitoneal at a dose of 20 mg/kg for Sorafeamid 0.1 mg/kg for oligomycin A, with the
same doses used in the combination treatment, daibe on weekdays, with no injections on
weekends. Mouse weight and tumor size were recolsddre each injection. Once tumors
reached >1.5 cm in diameter, mice were euthanizet tamors were snap frozen in liquid
nitrogen.

Mouse Toxicity Testing

Female NSG mice were injected with vehicleOdr mg/kg of oligomycin A three times a
week every Monday, Wednesday, and Friday for 3 wetllen subjected to the following assays.
(1) Open field test (Locomotor testing): Mice weransported to the procedure room at least
two hours prior to experiments to allow for habitoa to the novel room. Locomotor activity
recordings were carried out using a square opdah @®x40cm) in a plexiglass cage, equipped
with two rows of photocells sensitive to infrareghtt. The testing apparatus was enclosed in a
ventilated, quiet procedure room. Measurements \weréormed under low levels of light to
minimize stress levels of the mice, and allow formal exploratory behavior. The mice were
introduced into the locomotor cage and allowed xpla@e freely for 30 mins. Locomotor
activity data was collected automatically. The exalory behaviors were also captured through
video recordings. The total distance travelled a8@rmins and the average velocity, from 6
independent measurements, was measured for eagdemou
(2) Grip strength tests: These tests were performsath a grip strength meter. The forelimb and
full body grips of each mouse were measured iretsigcessive trials and recorded. Hindlimb
measures were calculated using the difference leetwee grams-force (gF) recorded for the full
body and the forelimb. The results of the thretstegre averaged for each mouse.
(3) Rotarod test: Mice were placed on the rotorapgaratus which linearly accelerated from 4
to 40 rpm at a rate of 0.1 rpm/sec. Mice were testdfour trials, with a 15 minute rest period
between tests. The latency to fall and distanceelied by each mouse was recorded.
(4) Home cage recording: Each mouse was monitaratsihome cage for 24 hours through
video recording, to capture any instances of ababnaurological events such as seizures.

ChIP-seq analysis

ChIP-seq data were downloaded from NCBI GEGh veiccession number GSE112729
Reads were mapped by bowtie2 against human refegemome GRCh38. PCR duplicates were
removed in the paired-end alignments by samtooldugh Peak calling was performed by
macs2 with default options. Annotation of the peaks done by annotatePeaks.pl in Homer




software packages. Alignment files in BAM formatreeonverted to signals by using bedtBols
and the average coverage of each ChlP-seq expé¢rmanadjusted to 1. bedGraphToBigWig
was used to convert the result into bigWig fornilasf Heatmaps were generated by Deeptools2
along regions on mitochondria geheRegions were sorted according to the streng®AdfL4
signals.

RNA-seq

SALL4-targeting shRNA was transduced into SBRS hepatocellular carcinoma (HCC) cell
line as previously describédThree days after transduction, the cytoplasmhef ¢ells was
removed by dounce homogenizer and nuclear RNA waaated using the RNeasy Mini Kit
(Qiagen). For SNU-387 SALL4A and SALL4B-expressisggenic cell lines, SNU-387 HCC
cells were transduced with SALL4A or SALL4B FUW-L-uaCh-puro lentiviral constructs
Puromycin was used to select for stable SALL4A ALISAB-expressing cells. More than two
weeks after selection, RNA was harvested from thesgenic cells using RNeasy Mini Kit
(Qiagen). The quality of the harvested total RNAswanalyzed on Bioanalyzer prior to
generation of the sequencing libraries, a RIN valie9 from all samples were observed. cDNA
library construction was then performed using thergled ScriptSeq Complete Gold kit
(Human/Mouse/Rat) (Epicenter; now available throudijiimina). Ribosomal RNA depletion
was included in the library construction stepsré&thiend 76bp sequencing was done using the
lllumina HiSeq 2000 sequencer. The paired-end RBd@-sads were mapped by TopHat2
pipeline against human reference genome GRCh38geitle annotation GENCODE 24CR
duplicates were removed in the paired-end alignséyt samtools rmddp Alignments with
mapping quality < 20 were also removed. Based err¢hds mapped in the transcriptome, gene
expression levels in FPKM were determined by cifffii the Cufflinks packag®. GSEA
analysis was preformed following the manual of B®EA softwar&. Sequencing data has been
deposited in the NCBI Gene Expression Omnibus @a&lvith accession number GSE114808.

Immunofluorescence assay and image analysis

Cells were plated in 96-well black, clear-battplates overnight at 50-80% confluency. The
following day, MitoTracker Red CMXRos (300nM, Thesnrisher Scientific) was added into
live cells for 30 minutes at 37°C. Cells were thveashed three times for 5 mins in PBS and
fixed in 4% PFA for 15 mins at room temperaturelldwing 3 washes of PBS, cells were then
incubated in blocking buffer (5% horse serum, 19%AB&2% Triton-X in PBS) for 1h at room
temperature. Cytochrome-c antibody (BD Pharmigdaone 6H2.B4) was added at 1:1000
dilution in blocking buffer and incubated overnighit 4°C. The next day, cells were washed
three times for 5 mins in PBS and incubated witlexatFluor-488 conjugated anti-mouse
antibody (Life Technologies) at 1:400 dilution ifotking buffer for 1h at room temperature.
Nuclei were stained with DAPI in blocking bufferm&ging and quantification of relative
intensities of fluorescence signals were performéti the Cytation 5 multi-mode reader and
Genb software (BioTek).

Targeted mass spectrometry

Samples were re-suspended usingl2B8IPLC grade water for mass spectrometryl5vere
injected and analyzed using a hybrid 5500 QTRABIdriquadrupole mass spectrometer
(AB/SCIEX) coupled to a Prominence UFLC HPLC systéhimadzu) via selected reaction
monitoring (SRM) of a total of 256 endogenous wageluble metabolites for steady-state




analyses of sampfe Some metabolites were targeted in both positiereegative ion mode for
a total of 289 SRM transitions using positive/negaion polarity switching. ESI voltage was
+4900 V in positive ion mode and —4500 V in negation mode. The dwell time was 3 ms per
SRM transition and the total cycle time was 1.560s€s. Approximately 10-14 data points
were acquired per detected metabolite. Samples delreered to the mass spectrometer via
hydrophilic interaction chromatography (HILIC) ugi@ 4.6 mm i.d x 10 cm Amide XBridge
column (Waters) at 400L/min. Gradients were run starting from 85% bufiee(HPLC grade
acetonitrile) to 42% B from 0-5 minutes; 42% B & B from 5-16 minutes; 0% B was held
from 16-24 minutes; 0% B to 85% B from 24-25 mirsyt85% B was held for 7 minutes to re-
equilibrate the column. Buffer A was comprised & &M ammonium hydroxide/20 mM
ammonium acetate (pH=9.0) in 95:5 water:acetonitPeak areas from the total ion current for
each metabolite SRM transition were integratedgidinltiQuant v2.0 software (AB/SCIEX).

Metabolite profile analyses

Relative intensities of metabolites were ndized to cell number. Metabolite Set
Enrichment Analysis (MSEA) was performed on the dbetAnalyst web server with lists of
metabolites with fold change more than or equdl.Beither up or down in the isogenic SALL4
expression cell lines compared to empty vectorrognivith Student’s two-tailed t-test p-value
of less than 0.0%,

L-lactate cellular measurements

The L-lactate Assay kit (Abcam) was used tasuee cellular lactate levels. 2.2 x° 1@lls
were washed in ice-cold PBS twice, then lysed i 2P of assay buffer to achieve a
concentration of 10,000 cells pglc. Lysates were then spun down at 13,000 rpm fonirts at
4°C to pellet insoluble debris. Soluble fractionerevthen filtered through >30 kDa centrifugal
filter units (Amicon), spun at 14,000 rpm for 20nsiat 4°C, to remove endogenous lactate
dehydrogenase subunits (35 kDa) from the lysaths.aBsay was then performed according to
the manufacturer’s protocol with 5 of lysate (500,000 cells) per well in a 96-wdkhe, and
the inclusion of L-lactate standards to plot ad#ad curve for lactate quantification.

Oxygen consumption rate and glycolysis stressnesisurements

Cells were harvested and plated in the SeahdFe96 96-well miniplates (Agilent) coated
with collagen. Cell numbers plated were 15,000 84U-387, SNU-387 Empty Vector,
Tg:SALL4A and Tg:SALL4B cell lines, 25,000 for SNU-398 and SNU-398 sh-sell lines,
35,000 for the SNU-398 shSALL4-1 knockdown cellelinand 40,000 for the SNU-398
shSALL4-2 knockdown cell line. After overnight ination, cells were washed and media was
replaced with the recommended Seahorse MitostrddEND media and placed in a CO2-free
37°C incubator for 1 hr. Basal oxygen consumpti@s when measured by the Seahorse XFe96
Analyzer (Agilent) according to the manufacturerscommended protocol. The Glycolysis
Stress Test was also performed on the isogenic 8A&xpressing cell lines, prepared as
described above, according to the manufacture®menended protocol. Cells were also
subjected to the CyQUANT DNA quantification assaygrmo Fisher Scientific) to measure
DNA content, serving as a basis to normalize oxygensumption rates with respect to cell
number.

RNA/DNA extraction & quantitative RT-PCR analysis




RNA isolation was performed wusing the RNeasyusP Mini Kit (Qiagen).
Genomic/mitochondrial DNA isolation was performeding the QlAamp DNA Mini Kit
(Qiagen). cDNA was synthesized from purified RNAttwthe High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). QuantitegiPCR for cDNA or genomic/mitochondrial
DNA was performed on the ViiA 7 Real-Time PCR syst@ hermoFisher Scientific) using the
PowerUP SYBR Green Master Mix (Applied BiosystemBhe AACt method was used for
relative quantification. RT-PCR primers are:
18SrRNA forward: 5’- GTAACCCGTTGAACCCCATT -3
18SrRNA reverse: 5’- CCATCCAATCGGTAGTAGCG -3
ACTB forward: 5- CAGAGCCTCGCCTTTGCCGATC -3’

ACTB reverse: 5- CATCCATGGTGAGCTGGCGGCG -3
ARG2 forward: 5’- CGCGAGTGCATTCCATCCT -3

ARG2 reverse: 5’- TCCAAAGTCTTTTAGGTGGCAG -3
B2M forward: 5’- CACTGAAAAAGATGAGTATGCC -3
B2M reverse: 5’- AACATTCCCTGACAATCCC -3

CLYBL forward: 5- TCCCCAGACTTGGATATAGTTCC -3’
CLYBL reverse: 5- TGCACAATCTACATTCAGGGATG -3
MinorArc forward: 5- CTAAATAGCCCACACGTTCCC -3’
MinorArc reverse: 5'- AGAGCTCCCGTGAGTGGTTA -3’
MRPL24 forward: 5'- GCCAGGTCAAACTTGTGGAT -3’
MRPL24 reverse: 5- CCCTGATCGTGTGGAGACTC -3
ND1 forward: 5- ACGCCATAAAACTCTTCACCAAAG -3
ND1 reverse: 5- GGGTTCATAGTAGAAGAGCGATGG -3’
ND4 forward: 5- ACCTTGGCTATCATCACCCGAT -3

ND4 reverse: 5’- AGTGCGATGAGTAGGGGAAGG -3’
NRF1 forward: 5'- AGGAACACGGAGTGACCCAA -3
NRF1reverse: 5- TGCATGTGCTTCTATGGTAGC -3’
NRF2 forward: 5'- AAGTGACAAGATGGGCTGCT -3

NRF2 reverse: 5'- TGGACCACTGTATGGGATCA -3’
PGC-1a forward: 5’- CAAGCCAAACCAACAACTTTATCTCT -3
PGC-1a reverse: 5’- CACACTTAAGGTGCGTTCAATAGTC -3
PGC-1p forward: 5'- GGCAGGTTCAACCCCGA -3’

PGC-1p5 reverse: 5'- CTTGCTAACATCACAGAGGATATCTTG -3’
SALLA4 forward: 5'- GCGAGCTTTTACCACCAAAG -3
SALL4 reverse: 5'- CACAACAGGGTCCACATTCA -3
SALL4A forward: 5- TCCCCAGACTTGGATATAGTTCC -3
SALL4A reverse: 5’- TGCACAATCTACATTCAGGGATG -3’
SALL4B forward: 5’- GGTGGATGTCAAACCCAAAG -3
SALL4B reverse: 5- ATGTGCCAGGAACTTCAACC

S C25A10 forward: 5’- GTGTCGCGCTGGTACTTC -3’

S C25A10 reverse: 5'- CACCTCCTGCTGCGTCTG -3
SUMOL1 forward: 5'- TTGGAACACCCTGTCTTTGAC -3’
UMOL1 reverse: 5- ACCGTCATCATGTCTGACCA -3’
TFAM forward: 5’- CCGAGGTGGTTTTCATCTGT -3’
TFAM reverse: 5'- ACGCTGGGCAATTCTTCTAA -3
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Fig. S1. SALL4 isogenic cell lines are dependenSam.L4 for cell viability.
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Fig. S3. Oligomycin A suppresses SALL4-dependemiotigenesis.
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Fig. S6. PI3K and mTOR inhibitors have limited sélgty for SALL4 expressing cells
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Table S1. Oxidative phosphorylation inhibitors potent and selective against SALL4-
expressing cancer cells.

Table S2. SALL4 binds a significant number of mitondrial genes.
Table S3. SALL4 upregulates oxidative phosphorgtatiene expression by RNA-seq GSEA.

Fig. S1. SALL4 isogenic cell lines are dependent dBALL4 for cell viability. (A) SALL4
MRNA expression irBALL4 endogenous cell lines used in the screen, measyefRT-PCR
and normalized t&CTB (mean of 4 replicates + SDBY SALL4 mRNA expression in SNU-387
isogenic empty vectoSALL4A, andSALL4B expressing cell lines used in the screen, measured
by qRT-PCR and normalized &CTB (mean of 2 replicates + SD)C) Western blot of SALL4
protein in theSALL4 endogenous cell lines, with ACTB loading cont®&nds were quantified
by densitometry with SNU-387 bands as refererdg Western blot of SALL4 protein isoforms
and SALL4 knockdown validation in the isogenic cell linestwACTB loading control. Bands
were quantified by densitometry with sh-scr bandsreference. ) MTT oxidoreductase-
dependent cell viability assay @ALL4 isogenic cell lines witlBALL4 knockdown, normalized
to day 5 sh-scr scrambled control (mean of 3 rapg + SD). ) Cell counts of SALL4-
expressing isogenic cell lines over 10 days (mdeéhreplicates + SD).G) EdU incorporation,
during DNA synthesis, measurements for the pergent#f EdU labeled cells after 3 hrs of
treatment for the SALL4-expressing isogenic celed (performed in singlet).

Fig. S2. Natural product and small molecule screeng hits. (A) Cell viability fold change
plots of control compounds obtained from the p#oteen and used for the complete screen,
measured with CellTiter-Glo cell viability reagerdand normalized to DMSO-treated cell
viability (mean of 3 replicates £ SDB]) Cell viability dose-response curves for cellatesl for
96 hrs with synthetic compound hit PI-103, measwwath CellTiter-Glo and CyQUANT
reagents and normalized to untreated cell viabffitgan of 3 replicates + SDXCY Cell viability
dose-response curves for cells treated for 96 hits mt compounds from the natural product
extract screen, oligomycin, efrapeptin, antimyang leucinostatin, measured with CyQUANT
reagent and normalized to untreated cell viab{ltgan of 3 replicates + SDD) Western blot
for apoptosis marker cleaved caspase-3 and cdiotiadl caspase-3 protein levels in oligomycin
A-treated SNU-398 cells. Bands were quantified bnsitometry with DMSO bands as
reference.



Fig. S3. Oligomycin A suppresses SALL4-dependent foorigenesis. (A) SALL4 mRNA
expression in HCC cell lines with respect to imrabzed normal liver cell line THLE-SALL4
transcript levels, measured by gRT-PCR and normdlip 18S rRNA (mean of 3 replicates +
SD). Oligomycin A 1Go values from dose response curves in Fig. 3A ata@ldd above the bar
graphs for corresponding cell line8)(SALL4 mRNA expression in a pair of SAL[4and
SALL4" NSCLC cell lines with respect to immortalized nairtiver cell line THLE-3SALL4
transcript levels, measured by gRT-PCR and normlip 18S rRNA (mean of 2 replicates +
SD). Oligomycin A IGo values from dose response curves in Fig. S3Ceteeled above the bar
graphs for corresponding cell line€)(Cell viability dose-response curves for lung aancell
lines in @) treated with oligomycin A, measured with CellTi@lo reagent and normalized to
untreated cell viability (mean of 3 replicates +)S{@) Tumor images from the SNU-398 mouse
xenograft experiment in Fig. 3BDJ Tumor images from the SNU-398 mouse xenograft
experiment in Fig. 3C.H) Tumor images from the HCC26.1 mouse patient-@erixenograft
experiment in Fig. 3E. H) SALL4 immunohistochemistry on a PDX1 tumor sect@and a
SALL4 positive control tumor sectionGj Tumor images from the PDX1 mouse patient-derived
xenograft experiment in Fig. 3G. Four tumors wexeised on day 32 as their size reached the
designated animal protocol endpoint while the rengi mice continued drug treatment till day
36, when all remaining tumors reached the endpdiht. Open field test conducted on mice
injected with vehicle (n=6) and 0.1 mg/kg oligomy@ (n=6) over 3 weeks (mean + SDJ) (
Grip strength test conducted on the miceHn (mean = SD).J) Rotarod test conducted on the
mice in H) (mean £ SD).K) HCC patient stratification by SALL4 expressiondasiabetics.
Numbers above bar graphs indicate absolute patemiers. I() Cell viability dose-response
curves for cells treated for 96 hrs with phenformmmoligomycin A, measured with CCK-8
dehydrogenase activity assay and normalized tceatdd cell viability (mean of 3 replicates *
SD).

Fig. S4. SALL4 expression upregulates oxidative plsphorylation gene expression(A)
RNA-seq expression level fold change for SALL4,the SNU-398SALL4 knockdown and
isogenicSALL4 expressing cell lines, normalized respectivelgxpression levels in the SNU-
398 input and SNU-387 empty vector control celle]irperformed in singlet.B) RNA-seq
expression level fold change for a panel of mitoxhi@l genes from Fig. 4D witl®ALL4
knockdown in the SNU-398 cells, normalized to espren levels in the SNU-398 control,
performed in singlet.G) mMRNA expression validation of selected mitochasddgenes in the
SALL4 expressing isogenic cell lines used in the scremgsured by gRT-PCR and normalized
to 18SrRNA (mean of 3 replicates = SDP)Y mRNA expression validation of the mitochondrial
genes from@) with SALL4 knockdown for 72 hrs in the SNU-398 cell line, m@ad by qRT-
PCR and normalized td8S rRNA (mean of 2 replicates £+ SDE)Y GSEA plots for oxidative
phosphorylation from analysis of the RNA-seq datis (A). (F) Western blots for SALL4-
bound mitochondrial genes and ACTB loading contidhe cell lines used in the screen. Bands
were quantified by densitometry with SNU-387 and BAnds as reference§)(Western blots
for the genes inK) in the SNU-398 cell line 72 hours aft8ALL4 knockdown. Bands were
guantified by densitometry with sh-scr bands asresfce.

Fig. S5. Oxidative phosphorylation and glycolysis etabolite changes induced by SALL

expression. (A) Metabolite Set Enrichment Analysis (MSEA) of gigrantly altered
metabolites (1.3 fold change, P < 0.05) in the SMJ-Tg: SALL4A cells compared to empty
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vector control. B) MSEA of significantly altered metabolites (1.3dahange, P < 0.05) in the
SNU-387 Tg:SALL4B cells compared to empty vector contrdC) (Fold change of malate-
aspartate shuttle metabolites in the SALL4-exprgsiogenic lines normalized to empty vector
control (mean of 3 replicates + SDP)(Fold change of glycolytic metabolites in the SAlL-L
expressing isogenic lines normalized to empty wembatrol (mean of 3 replicates = SDIE)(L-
lactate measurements, utilizing a lactate dehydragg enzymatic assay, in the SALL4 isogenic
cell lines and no enzyme controls, normalized diyraember (mean of 2 replicates + SDF) (
Extracellular acidification rate (ECAR) measurensepér DNA content in the SALL4 isogenic
lines, normalized to CyQUANT DNA quantification gEnt values (mean of 3 replicates = SD).
(G) Glycolysis stress test assessing ECAR when esistreated with glucose post starvation,
ATP synthase inhibitor oligomycin, and glycolysmhibitor 2-Deoxy-D-glucose that quantifies
glycolytic flux and glycolytic capacity, performedn the SALL4-expressing isogenic lines
(mean of 3 replicates + SD).

Fig. S6.PI3K and mTOR inhibitor have limited selectivity for SALL4 expressing cells.
(A) Cell viability dose-response curves for cellsatesl for 72 hrs with selective PI3K or mTOR
inhibitors alpelisib, SB2343, idelalisib, SB2602UBC-907, and TGX-221 measured with
CellTiter-Glo reagent and normalized to DMSO-treatell viability (mean of 3 replicates +
SD).

Fig. S7. SALL4 does not directly regulate the Ureacycle and increases mtDNA copy
number. (A) Fold change of urea cycle metabolites in the SAdkpressing isogenic lines
normalized to empty vector control (mean of 3 regikes £+ SD). B) Representative ChlP-seq
input, H3K27ac, and SALL4 peaks for urea cycle gei@ mtDNA quantification with primers

to the Minor Arc,ND1 andND4 genes irfSALL4 endogenous and isogenic cell lines used in the
screen, measured by gRT-PCR and normalizégPké (mean of 3 replicates + SDDY mRNA
expression of mitochondrial biogenesis genes irtfid 4 expressing isogenic cell lines used in
the screen, measured by gRT-PCR and normalizd83oRNA (mean of 3 replicates + SD).
(E) Representative ChlIP-seq input, H3K27ac, and SAlpeaks for the mitochondrial
biogenesis genes ibDJ.

Table S1. Oxidative phosphorylation inhibitors arepotent and selective against SALL4-

expressing cancer cells.(A) Summary of IG and selectivity values for oxidative
phosphorylatiorinhibitors tested in the SALL4 endogenous HCC tie#s used in the screen.
(B) Summary of 1Gy and selectivity values for oxidative phosphorgatinhibitors tested in the
SALL4 endogenous NSCLC cell line pair in Fig. S3C.

Table S2. SALL4 binds a significant number of mitobondrial genes. (A) List of
mitochondrial genes bound by SALL4 from previousbublished SNU-398 ChlIP-seq
experiments.

Table S3. SALL4 upregulates oxidative phosphorylatin gene expression by RNA-seq
GSEA. (A) Gene sets upregulated in the SNU-398 input samsplapared to SNU-398
shSALL4-1 knockdown. B) Gene sets upregulated in the SNU-398 shSALL4-dckdown
sample compared to SNU-398 input) (Gene sets upregulated in the SNU-387 Empty Vector
cell line compared to SNU-387Qg:SALL4A. (D) Gene sets upregulated in the SNU-387
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Tg:SALL4A cell line compared to SNU-387 Empty VectdE) (Gene sets upregulated in the
SNU-387 Empty Vector cell line compared to SNU-387SALL4B. (F) Gene sets upregulated
in the SNU-387Tg: SALL4B cell line compared to SNU-387 Empty Vector.
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