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ABSTRACT

Use of the tyrosine kinase inhibitor sorafenib iatignts with advanced hepatocellular carcinoma
(HCC) is often hindered by the development of tasise, which has been recently shown to be
associated with the emergence of a cancer stenf@®{) subpopulation. However, it remains largely
unknown whether epigenetic mechanisms, especialiyorie posttranslational modifications, are
causally linked to the maintenance of stem-likepprties in sorafenib-resistant HCC. In this stude,
report that the activity of lysine-specific histodemethylase 1A (KDM1A or LSD1) is required for the
emergence of cancer stem cells following prolongm@fenib treatment. As such, KDM1A inhibitors,
such as pargyline and GSK2879552, dramatically mgspstem-like properties of sorafenib-resistant
HCC cells. Mechanistically, KDM1A inhibitors deregss the expression of multiple upstream negative
regulators of the Wnt signaling pathway to downtatpthep-catenin pathway. More importantly,
KDM1A inhibition resensitizes sorafenib-resistanC@& cells to sorafenilin vivo, at least in part
through reducing a CSC pool, suggesting a promisiogortunity for this therapeutic combination.
Together, these findings suggest that KDM1A inlitstmay be utilized to alleviate acquired resis¢anc

to sorafenib, thus increasing the therapeutic &tfyaof sorafenib in HCC patients.



1. Introduction
As a multiple tyrosine kinase inhibitor, sorafersba mainstream molecular targeted drug approved fo
the treatment of hepatocellular carcinoma (HCCk ohthe most common and lethal malignancies
worldwide [1-4]. However, the curative effect isntlered due to the frequent occurrence of drug
resistance, especially in patients with advancedH%&}. Thus, elucidating the potential mechanisms
underlying resistance to sorafenib is importantifi@ntifying novel agents to use in combinationhwit
sorafenib to reduce development of resistance acase efficacy. Recently, multiple studies have
revealed that cancer stem cells (CSCs) are redgenfsir tumor relapse and primary resistance to
molecular targeted drugs[6]. Moreover, acquiredstasce to molecular targeted therapy such as
sorafenib could also be induced by the enrichmdnseaif-renewing CSCs that leads to tumor
progression and dissemination[2, 7-9]. Therefanether understanding of the molecular mechanisms
underlying the enrichment of stem-like propertiesorafenib treated HCC cells may be an important
step in reducing and reversing sorafenib resistance

Previous studies have identified multiple mechasisthreduced sensitivity to sorafenib in HCC
[2], including various molecular and signaling pa#ly changes, such as activation of the EGFR
pathway [10], epithelial-mesenchymal transition (EM11] and induction of autophagy [12, 13].
Although epigenetic abnormalities, which regulagme expression without alterating DNA sequence
[14], has been shown to be an important moleculachanisms of drug resistance in molecular
targeted therapy [15], it remains unclear how empégie aberrations are involved in sorafenib

resistance.



Epigenetic modifications include posttranslatiomaldifications to histones, DNA methylation and
RNA editing [16]. There is accumulating evidencatthistone modifications play an important role in
many biological processes due to regulating exmesef relevant genes. Aberrancies in histone
modifications such as histone methylation and dbeyh&tion, is tightly associated with hepatocellular
carcinoma tumorigenesis [17]. In this regard, weeheecently identified that lysine-specific histone
demethylase 1A (KDM1A), also known as lysine (Kesiic demethylase 1A (LSD1) [18], is a key
histone demethylase responsible for the maintenahaelf-renewal in liver cancer stem cells [19].
KDM1A demethylates H3K4mel/2 or H3K9mel/2 at tardget to maintain self-renewal of leukemic
stem cells in acute myeloid leukemia (AML) [20, Zk]d pluripotency of embryonic stem cells [22].
Here, we further investigate whether aberrancieXDM1A activity are causally linked to the

enrichment of CSCs in sorafenib-resistant HCC @ails its potential translational implications.



3.RESULTS

3.1 Sorafenib-resistant hepatoma cells acquir e stem-like properties

To investigate the molecular mechanism of sorafamibistance, we obtained sorafenib-resistant
subclones from parental PLC and Huh7 HCC cell liodswing a stepwise dose incremental protocol
(Figure 1A). The resistant subclones were dramltioasistant to sorafenib compared to parentdkcel
as measured by cell viability of parental and tesis cells treated with sorafenib for 24 hours,
(Supplementary Figure 1A).

To assess if CSCs have a role in the developnfesdrafenib resistance in our model, we found
that the relative mRNA and protein levels of selvbvar CSC markers, including Lgr5, Sox9, Nanog
and CD90, were elevated in sorafenib-resistantlenbs, compared to parental cells (Figure 1B and
Supplementary Figure 1B). Moreover, compared teemat cells, the resistant subclones exhibited
enhanced sphere formation capacity in stem cellimgdforming significantly more spheres with
larger diameters (Figure 1C, D). Furthermore, tleecentage of cells expressing Lgr5, a putative
marker for liver CSCs, was increased in sorafea#istant subclones compared to parental cells
(Figure 1E). Together, resistant cells were reddyivnsensitive to sorafenib and exhibited enhanced
stem-like properties compared to parental cellggesting that stem-like properties are acquirethdur

the development of sorafenib resistance in hephiderecarcinoma.

3.2 Histone demethylase activity of KDM 1A iscritical for the induction of a stem-like population

in sorafenib-resistant HCC cells.

Histone modifications play a significant role iretdevelopment of resistance to targeted theraply [23
we therefore examined whether changes in histordifitations are associated with acquired stem-like

traits and sorafenib resistance. To this end, veessed several histone methylation marks and the



expression levels of KDM1A and its homology KDM1BSD2) [24]. We found that H3K4me1l and
H3K4me2, but not other histone methylation markanexed, were down-regulated in both PLC and
Huh7 sorafenib-resistant cell lines compared tcemial control cells (Figure 1F). Although both
KDM1A and KDM1B have been reported to target H3K4nmand H3K4me2 [23], the expression
levels of KDM1A were increased in sorafenib-resistaell lines with minimal change in the
abundance of KDM1B (Figure 1F). Moreover, over-egsion of KDM1A increased several liver CSC
markers, including Lgr5, Sox9, Nanog and CD90 adliced the sensitivity of sorafenib in HCC cell
lines (Figure 1G, H). In contrast, depletion of KIDM expression attenuated several liver CSC
markers, including Lgr5, Sox9, Nanog and CD90 inafmib-resistant cell lines (Figure 2A), and
SshKDM1A cells from both sorafenib-resistant celids were more sensitive to sorafenibvitro
(Figure 2B). However, depletion of KDM1B expressioid not affect sensitivity to sorafenib
(Supplementary Figure 2A, B). These results sugtfestt KDM1A hyper-activation and resulting
reduction in H3K4mel1/2 levels may contribute touation of sorafenib resistance in these stem-like
cells.

The KDM1A protein contains a SWIRM domain and anirmoxidase domain with catalytic
activity [24]. To further ascertain the role of KOM in sorafenib resistance, we introduced a
lysine-to-alanine mutation at lysine 661 (K661A) KDM1A (KDM1A-K661A) to disrupt its
demethylase activity [24] and ectopically express&k®M1A-WT or KDM1A-K661A in
KDM1A-deplted HCC cells (Figure 2C). Depletion of enduges KDM1A in the sorafenib-resistant
cell lines led to reduced sphere formation in steth medium, forming significantly less sphereshwit
smaller diameters, which could be efficiently restuby re-introducing KDM1A-WT but not
KDM1A-K661A (Figure 2D and Supplementary Figure 2€urthermore, depletion of endogenous

KDMI1A in the resultant sorafenib-resistant celilinreduced the Lgi3iver CSC population, whereas



ectopic expression of KDM1A-WT, but not KDM1A-K661Anaintained the LgiSliver CSCs subset
(Figure 2E and Supplementary Figure 2E). In norsslm-containing medium, sorafenib-resistant
cell lines expressing endogenous KDM1A or ectopi2MKLA-WT exhibited enhanced proliferative
capacity, compared t&KDM1A-depleted cells or cells expressing KDM1A-K661A dihie 2F and
Supplementary Figure 2D). These results demondtratehe histone demethylase activity of KDM1A
is required for the induction of a stem-like popigia during the development of sorafenib resistance

HCC cells.

3.3 Inhibiting histone demethylase activity of KDMI1A attenuates the stemness of

sor afenib-resistant cells.

To confirm a role for KDM1A in the maintenance d¢émness in sorafenib-resistant cells, we used
GSK2879552 [18] and pargyline [21, 25], two poté&DM1A inhibitors, to inhibit the histone
demethylase activity of KDM1A. To this end, soraberesistant cells treated with pargyline or
GSK2879552 displayed reduced mRNA expression leskeltem cell markers, such as Lgr5, Sox9,
Nanog and CD90, and elevated mRNA expression levelifferentiation markers Alb and Hnf4,
while the hepatic stem/progenitor cell marker CH28, 27] remained unchanged (Figure 3A, B).
Consistently, the protein levels of these biomaglexhibited similar expression patterns (Figure 3C,
D). Remarkably, treatment with increasing conceiuing of KDM1A inhibitors in sorafenib-resistant
cells led to reduced sphere formation in stem melium, resulting in significantly less sphereshwit
smaller diameters (Figure 3E-G and SupplementagyrEi 3A). Moreover, treatment with KDM1A
inhibitors in the sorafenib-resistant cell linegrsficantly reduced the Lgf5liver CSCs population
(Figure 3H; Supplementary Figure 3B, C, D). Thagjhition of KDM1A histone demethylase activity

in sorafenib-resistant cells attenuates their dtkenproperties.



3.4 KDM1A inhibitors derepress the transcription of Wnt antagonists and downregulate B

-catenin signaling activity in sor afenib-resistant cells.

Previous studies have demonstrated that KDM1A deyfrees histone H3K4Mel/2 at the promoters
of multiple Wnt antagonists to promdiecatenin activity, thus it is conceivable that KDMinhibitors
might exploit a similar molecular mechanism to bihstemness of sorafenib-resistant HCC cells [6].
To this end, we observed that the mRNA expressawel$ of three antagonists of tiecatenin
signaling pathway, including Pricklel [19, 28], ARZ9, 30] and Sfrp5 [31] were upregulated in
resistant cells treated with KDM1A inhibitors (Frgu4A, B and Supplementary Figure 4A, B).
Moreover, we performed ChIP in PLC resistant cekbsaited with pargyline using antibodies against
KDM1A, H3K4mel, H3K4me2 and H3K4me3. We found thatgyline treatment enriched H3K4mel
and H3K4me2 on the promoter of Pricklel, APC amp®in sorafenib-resistant PLC cells (Figure 4C
and Supplementary Figure 4C, D), suggesting thaMKB inhibitors may enhance activating histone
marks on the promoters of Wnt antagonists to prerttweir transcriptional activity.

Consistently, treatment with KDM1A inhibitors eb#ed protein expression levels of three
antagonists of thel-catenin signaling, including Pricklel, APC and pSir thereby inactivating
downstream f-catenin signaling in sorafenib-resistant cells ggfe 4D, E). Moreover,
sorafenib-resistant PLC cells treated with pargylexhibited relatively reduced TOP/FOP activity,
compared to control cells treated DMSO (Figure 4HF)e KDM1A inhibitors also reduced mRNA
levels of B-catenin signaling pathway target genes c-Myc agdli€ D1 in sorafenib-resistant PLC
cells (Supplementary Figure 4E), suggesting atteuactivity of thep-catenin signaling pathway

upon KDM1A inhibition. These results indicate tH@DM1A inhibitors activate the expression of



multiple Wnt antagonists, Pricklel, APC and Sfrad downregulat@-catenin signaling activity in
sorafenib-resistant cells.

3.5 Targeting KDM1A sensitizes resistant stem-like cells to sorafenib by suppressing
Wnt/g-catenin signaling.

Next, we assessed whether redugezhtenin signaling activity underlies the physiatad) function of
KDM1A inhibitors in suppressing stem-like propestief sorafenib-resistant cells. Sorafenib-resistant
cells treated with KDM1A inhibitors were furthercubated with CT99021[32], a GSK-3 inhibitor that
stabilized the expression @Fcatenin by suppressing its proteasomal degradaBgnperforming
sphere formation assay, we found that similar tpleteng KDM1A, KDM1A inhibitors exhibited
inhibitory effect on sphere formation, reducing r@age sphere diameter and numbers of spheres
(Figure 5A, B; Supplementary Figure 5A, B), whitesteffect of KDM1A inhibitors could be rescued
by CT99021.

We next utilized CCK8 assays to assess if thesébitoh combinations could resensitize
sorafenib-resistant cells to sorafenib treatmeatthis end, KDM1A inhibitors treated in combination
with sorafenib inhibited cell proliferation compdrt cells treated with KDM1A inhibitor or soraféni
alone (Figure 5C, D and Supplementary Figure 5CHoyever, reactivatinf-catenin signaling using
the GSK-3 inhibitor CT99021 efficiently restoredl@rowth in the presence of both KDMZ1A inhibitor
and sorafenib. Consistently, reduced colony foromaif sorafenib-resistant cells due to combined
treatment with KDMZ1A inhibitor and sorafenib was@kescued by addition of CT99021 (Figure 5E, F
and Supplementary Figure 5E, F). These results dstmate that KDM1A inhibition resensitizes
resistant HCC cells to sorafenib which is, at leaspart, through suppressing the V@atatenin

signaling pathway.
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3.6 Targeting KDM 1A attenuates resistance to sorafenib in vivo.

To further validate the increased sensitivity toagenib by KDM1A inhibition, we examined the
therapeutic efficacy of these agents on xenogfafteed by sorafenib-resistant HCC cells. To thid,en
sorafenib-resistant HCC cells were injected submdasly into nude mice. After xenograft
establishment, nude mice were treated with eithegydine or sorafenib alone, or with both pargyline
and sorafenib in combination. We found that treatnveith either pargyline or sorafenib alone could
only minimally reduce the growth of subcutaneousogeafts in nude mice (Figure 6A, B). However,
combined treatment with pargyline and sorafenilicieffitly suppressed growth of sorafenib-resistant
HCC cells (Figure 6A, B), suggesting that KDM1A iinition increases the therapeutic efficacy of
sorafenib on resistant cellsvivo.

Moreover, the Lgrb liver CSC population was enriched in xenograftsated with sorafenib,
whereas combined treatment with KDM1A inhibitor gpdine significantly reduced LgfSiver CSCs
(Figure 6C) and sphere formation capacity (Suppieerg Figure 6A). Consistently, analysis of tissue
lysates revealed that protein expression level$Vot antagonists Pricklel, APC and Sfrp5 were
unregulated, whileB-catenin was reduced in xenografts treated withgydsre and sorafenib in
combination, compared to sorafenib monotherapyufleéigeD). Therefore, our results suggest that

KDMI1A inhibitors can resensitizes sorafenib-resistddlCC xenografts to sorafenib in part by

suppressing Wrttcatenin signaling and eliminating stem-like cetisivo.
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4. Discussion

Sorafenib has been shown to provide longer suniwaHCC patients, but most patients develop
uncontrollable disease progression after treatrdaatto development of resistance to sorafenib [33].
In the present study, we demonstrates that thert@sdemethylase KDM1A is critical for the
development of sorafenib resistance, suggestiag & potential therapeutic target to increase soitaf
efficacy. Furthermore, we have identified a powntnechanism by which KDMZ1A inhibition
suppresses Wifi/catenin signaling and attenuates the stemnessrafesib-resistant HCC celi

vitro andin vivo.

The potential mechanisms of sorafenib resistange baen deeply investigated over several decades
[34-36], including the impacts of CSCs that haverb&entified in many cancers, such as brain, lung,
breast and liver [37, 38]. Self-renewal capaciiffedentiating into heterogeneous tumor cells andyd
resistance are all characteristics of CSCs. Wighstitcessful establishment of sorafenib-resistiis, ¢

we provide evidence that sorafenib resistant @{|sress enhanced levels of Lgr5, Sox9, Nanog and
CD90, which are key markers of liver CSCs. Furtlemenwe identified that sorafenib-resistant cells
had greater self-renewal capacity. We previousiynébthat KDM1A was crucial for the stemness of
liver CSCs by epigenetic modification, therefore tested if KDM1A was involved in the maintenance
of stemness in sorafenib-resistant cells througjuleging histone methylation. We assessed key
histone methylation marks along with the exprestorls of KDM1A and KDM1B and observed that

only H3K4mel/2, which are targets of KDM1A, wereteedd in sorafenib-resistant cell lines.

12



Importantly, the increased stemness and prolif@mati sorafenib-resistant cells were dependenhen t
demethylase activity of KDM1A. Previous studies @ahown that KDM1A is overexpressed in many
human cancers [18, 39-45], and depletion of KDM1Aynmhibit growth and metastasis of different
tumors, such as acute myeloid leukemia (AML), small lung carcinoma (SCLC) and colon cancer.
As a result, many KDM1A inhibitors have been depeld clinically for AML and small cell lung
carcinoma, such as GSK2879552[46]. It has beenrteghdhat treatment of SCLC cells with a
KDMZ1A inhibitor led to increased expression of gemeportant for differentiation and development
[18]. In another study, KDM1A inhibitor treatmergduced proliferation, migration, and invasion of
NSCLC cells [46]. Additionally, the effects of KDMLinhibitors on differentiation had also been
discovered in adipogenic differentiation of hES@g][ However, the mechanisms by which KDM1A
inhibitors function has remained elusive. Using theo established inhibitors of KDM1A,
GSK2879552 and pargyline, we confirmed our obsemathat inhibition of KDM1A attenuates the
stem-like properties of sorafenib resistant cditgs effect was similarly shown in glioblastoma,emt
KDM1A inhibitors reduced the stemness of gliomarsteells (GSCs) resulting in their differentiation

and apoptosis [48].

In this study, our results suggests the potentethanism by which KDM1A leads to sorafenib
resistance through the regulation of key antagsmitthep-catenin signaling pathway and observed
that KDM1A inhibitors upregulated their expresslewnels to downregulate Wifitcatenin signaling

pathway, which is consistent with previous findifd8]. Furthermore, our results suggest that
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KDM1A inhibitors may promote H3K4me1/2 methylation the promoters of Prickle1l, APC and
Sfrp5 to upregulate their expression. And moreoK&iV1A inhibitors weakened stemness of

sorafenib-resistant cells by suppresgircatenin signaling.

Finally, our study indicates that KDM1A inhibitonsay act to resensitize sorafenib-resistant tumers a
treatment of sorafenib-resistant cells with KDMI#ibitors had an inhibitory effect on sphere
formation and cell proliferatiom vitro and tumor formatioim vivo when administered together with
sorafenib. Moreover, we concluded that KDM1A intolos resensitizes sorafenib-resistant cells at leas
partially by suppressingrcatenin signaling and reducing their self-renewgapgability. Our findings
provide a more complete understanding of the mash@nof sorafenib resistance and help to elucidate
more effective drug therapeutic combinations forGH@atients. Taken together, we have demonstrated
that KDM1A is required for stemness maintenancgoirafenib-resistant cells, and KDM1A inhibitors

increase sensitivity to sorafenib by suppressing/B¥ratenin signaling pathway.
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2. Materials and methods

2.1.Cell culture and cell lines

HCC cell lines (PLC/PRF/5 and Huh7) were purchdsech the Shanghai Cell Collection (Shanghai,
China) were maintained in DMEM medium (HyClone, USéontaining high glucose, 10% fetal
bovine serum (FBS, HyClone, USA) and 1% antibiatitimycotic solution (Sigma) at 37°C in a
humidified atmosphere containing 5% £@nd cells were cultured under different condiion some

experiments, including treated with sorafenib (laBdratories, Boston, MA), GSK2879552, pargyline

or CT99021 (Selleckchem, Houston, TX).

2.2.Development of sorafenib resistant cell lines

PLC and Huh7 sorafenib-resistant cell lines wetected based on constant exposure of the parental
cells to sorafenib in a stepwise dose incrementateg)y. Through increasing selection pressure in
liquid culture, the surviving cells which becamsaisgant to sorafenib were picked and transferred to
DMEM medium containing increasing concentrationsafafenib. After establishment, these resistant

cell lines were continuously cultured in the preseaof sorafenib.

2.3.Cell viability assay

15



Viable cells were measured in Cell Counting Kite80K8) assay (Dojindo, Japan). Briefly, cells were
cultured in a 96-well plate overnight at a densitpx 1G cells per well and treated with the indicated
concentrations of sorafenib (0 uM, 40 uM or 80 uld) 24 hours. Subsequently, the cells were
incubated with 1Qu CCK8 for 60 mins at 37°C, 5% GOThe absorbance of optical density at 450 nm

(A450) was determined with Varioskan Flash (The®etentific, USA).

2.4. Tumorosphere formation assay

For tumorosphere cultures, the isolated cells atcs/well were cultured in the 24-well platestie
DMEM/F12 medium (GIBCO) containing 20 ng/ml of EGFGF, 10 ng/mL of HGF (PeproTech), B27
supplement (Invitrogen, Grand Island, USA), andgdmL of insulin (Sigma-Aldrich) as well as 1%
methyl cellulose (Sigma-Aldrich) for two weeks. Thells were exposed to fresh medium every 4

days. At least 20 tumorospheres were examinedaumitiicroscope to calculate the average diameters.

2.5.Quantitative reverse transcription PCR (gRT-PCR

According to the manufacturer’s protocol, total RMAs extracted with TRIzol reagent (Invitrogen,
USA) and then treated with DNase. Using primeSENPIRT kit (Takara, Japan), RNA was reverse
transcribed into cDNA and the relative levels of N#Rtranscripts were detected by real-time PCR

(BioRad, Hercules, CA, USA). The fold change betwésrget gene mRNA transcripts and control

16



B-actin were calculated and shown in the histogramimer sequences can be found in Supplementary

Table 2. All the experiments were performed inlicgte.

2.6.Flow cytometric analysis of Lgr5+ HCC cells

Cells were suspended in blocking solution (PBS AB%6 - FBS 10%) for 5 min at 4°C after trypsin
digestion, and subsequently incubated with antibaftsr centrifugation for 20 min at 4°C. Lgrgells

were indicated by FCA.

2.7.Western blotting

Total protein was extracted from treated cells g9hPER Mammalian Protein Extraction Reagent
(Thermo  Scientific, Waltham, MA). Samples were sapad by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (SDS-EA@nd electro transferred onto a nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA). Membranesewalocked with 5% skim milk, and
incubated with primary specific antibodies for 28uls (see supplementary Table 1) and subsequently
with HRP conjugated secondary antibodies, and tetesith Immobilon Western Chemiluminescent

HRP Substrate detection reagents (Millipore, Bitlar USA).

17



2.8.Chromatin immunoprecipitation (ChlIP)

ChIP-gPCR assays were carried out on 2 % ddlls per well which were cross-linked with 1%
formaldehyde. Cells were lysed by SDS lysis butied sonicated to DNA fragments of lengths
between 200 and 1,000 bp [19]. The DNA fragmentevimmunoprecipitated with antibodies against
KDM1A, H3K4me2, H3K4mel and H3K4me3. Next, the ssapvere analyzed using PCR assays
with primers specific for the promoter of Pricklethput was collected for further analysis. Fold
changes relative to input DNA were quantified. Fnirset the KDM1A_peak 5254 of Pricklel locus
(forward: 5'-TGGGCTTGCTTTGAGGAT-3', reverse: 5'- GE&TCACGCGATGTACTAAC -3'). The

results were expressed as fold changes relativgptd DNA.

2.9.Lentivirus production and cell infection

For KDM1A knockdown experiments, PLC and Huh7 semdf-resistant cells were transfected with
doxycycline (Dox) inducible lentiviruses pLVT-shRNRDM1A and pLVT-scramble (SBO Medical
Biotechnology, Shanghai, China). Sequences for VKB CCACCTGACAGTAAGGAAT.
According to the manufacturer’s instructions, th®NM1lA-specific shRNA-expressing or control
lentiviruses were incubated together with lentiviteansfection enhancer (Polybrene 5 pg/ml,
Sigma-Aldrich). Cells were induced to express shRN#ith Dox (10 ng/mL, Sigma-Aldrich) after
selection with puromycin for 3 days. We ectopicakpressed KDM1A cells resistant to shRNA by a

18



similar strategy. In addition, KDM1A with mutatioat K661A (lysine-to-alanine mutation) in the

demethylase domain was generated by mutagenegim@ase chain reaction [50].

2.10.TCF/LEF reporter assay

The activation of the Wrjifcatenin was detected by TCF reporter luciferasayasThe cells were
transfected with a TCF reporter vector (TOPflagijllipore, Billercia, MA, USA) or the renilla
luciferase reporter vector (pRL-TK) (40:1), usingpdfectamine 2000 (Invitrogen). With a
dual-luciferase reporter assay kit (BMG Labtech Gimlisermany), TCF and renilla luciferase
activities were measured 48 hours after transfedtiothe cell suspension. The relative TOP/FOP

activity (%) was calculated to show the changeactivation of the Wnfi-catenin.

2.11.Tumorigenicity in vivo

4-weeks-old male nude mice were injected with stalbnes of cells subcutaneously. Tumor weights

were measured weekly over a period of 6 weeks llifinanors were harvested and photographed.

2.12.Statistical analysis

Differences among experimental groups were evaduiayean ANOVA and Student's t test using SPSS

software (version 17.0). Avalue less than 0.05 was considered statistisailyificant.
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Figure Legends

Figure 1. KDM1A demethylase activity is required for induction of a stem-like population in

sor afenib-resistant cells.

A. A schematic model depicting experimental protdooestablish sorafenib-resistant PLC and Huh7
cell lines in the present study.

B. Immunoblot analysis of stem cell markers in conor sorafenib-resistant cells. Representativea da
derived from parental and sorafenib-resistant Ph@€tduh7 cell lines is shown.

C. Representative floating tumorspheres generagguhlental or sorafenib-resistant cells in stenh cel
medium. Quantification of average sphere diamstshown.

D. Quantification of spheres generated by paremtabrafenib-resistant PLC and Huh7 cells shown as
numbers of spheres formed per 2,000 cells.

E. Flow cytometric analysis of the percentage ofStgells in parental and sorafenib-resistant PLC
and Huh7 cell lines.

F. The levels of multiple histone methyl marks wexamined by western blot analysis using whole
cell lysates from parental and sorafenib-resistatfis.

G. The expression of stem cell markers examineddstern blot analysis from lysates derived from
control or ectopically expressing KMD1A sorafenésistant cells.

H. Cell viability of control or ectopically expreaag KMD1A sorafenib-resistant cells.incubated with

sorafenib for 24 hrs.

27



Figure 2. KDM1A is critical for the induction of a stem-like population in sorafenib-resistant
HCC cdlls.

A. Western blot analysis of stem cell markers intoad or shKkDM1A expressing sorafenib resistant
cells. Representative data derived from sorafegdiistant PLC and Huh7 cell line are shown.

B. Cell viability of control or shKkDM1A expressimgprafenib-resistant cells following treatment with
sorafenib for 24 hrs.

C. A schematic diagram of domain structure of vijyijgde (WT) KDM1A and mutant KDM1A used in
this study, highlighting the KDM1A-K661A (lysine-mlanine) mutation deficient in histone
demethylase activity. The expression levels oflgtedintroduced KDM1A-WT or KDM1A-K661A in
KDM1A-depleted sorafenib-resistant HCC cells were vigdidy immunoblot analysis.

D .Quantification of sphere formation d€DM1A-depleted sorafenib-resistant HCC cells stably
expressing KDM1A-WT or KDM1A-K661A cultured in stecell medium .

E. Flow cytometric analysis of the percentage ofrSLgcells generated irKDM1A-depleted
sorafenib-resistant HCC cells stably expressing KIBMVT or KDM1A-K661A cultured in stem cell
medium.

F. Cell proliferation curves oKDM1A-depleted sorafenib-resistant HCC cells stably esging
KDM1A-WT or KDM1A-K661A cultured in serum-containgnmedium.
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Figure 3. Inhibition of KDMZ1A histone demethylase activity induces differentiation of
sor afenib-resistant cells and attenuates stemness proper ties.

A, B. qRT-PCR analysis of the relative mRNA levels stem cell and differentiation markers in
sorafenib-resistant cells treated with KDM1A inldss pargyline or GSK2879552 for indicated time.
C, D. Immunoblot analysis of the expression of steell and differentiation markers in
sorafenib-resistant cells treated with KDM1A inldos pargyline or GSK2879552 for indicated time.
E, F. Quantitative analysis of the average sphéaeneter of sorafenib-resistant cells treated the
indicated concentration of KDM1A inhibitors pargydi or GSK2879552.

G. Quantification of spheres generated by sorafessistant cells treated with indicated concerdrati
of KDM1A inhibitor GSK2879552.

H. Flow cytometric analysis of the percentage ofE.gells from sorafenib-resistant cell line treated

with indicated concentration of KDM1A inhibitor G2RB79552.
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Figure 4. KDM1A inhibitors reactivate transcription of multiple Wnt repressors and
downregulate g-catenin signaling pathway in sor afenib-resistant cells.

A, B. gRT-PCR analysis of mRNA levels of Prickl®dRC, and Sfrp5 in sorafenib-resistant PLC cells
incubated with or without KDM1A inhibitors, parggk or GSK2879552.

C. The abundance of KDM1A and H3K4mel/2 on the mi@mof Pricklel in sorafenib-resistant PLC
cells treated with or without pargyline determinsdChlIP assay.

D, E. Immunoblot analysis of Pricklel, APC and Sfigs well as H3K4mel, H3K4me2 fazatenin
and tf-catenin in sorafenib-resistant PLC cells treaté@t wr without pargyline or GSK2879552.

F. Relative TOP/FOP activity (%) following KDM1A liibition by paragyline reveals reduction in the

activity of B-catenin signaling pathway in treated sorafenilistast PLC cells.
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Figure 5. Targeting KDM1A resensitizes resistant stem-like cells to sorafenib in part by
suppressing Wnt/g-catenin signaling.

A, B. PLC sorafenib-resistant cells incubated v3t8K2879552, in the presence or absence of the Wnt
activator CT99021, were assessed for sphere stzawamber.

C, D. Cell Counting Kit-8 assays to measure celllifaration of PLC and Huh7 sorafenib-resistant
cells treated with GSK2879552 and/or sorafenibth@ presence or absence of the Wnt activator
CT99021.

E, F. Numbers of colonies formed by sorafenib-tastsstem-like PLC and Huh7 cells incubated with

GSK2879552 and/or sorafenib, in the presence araesof the Wnt activator CT99021.
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Figure 6. KDM 1A inhibitor sensitizesresistant stem-like cellsto sorafenib in vivo.

A. The representative images of subcutaneous xaftogmmors formed bysorafenib-resistant PLC
cells in nude mice treated with pargyline with athaut sorafenib. Six weeks after implantation, the
subcutaneous xenografts were dissected and shown.

B. Growth curves of subcutaneous xenografts forimgdorafenib-resistant PLC cells in nude mice
treated with GSK2879552 with or without sorafenib.

C. Flow cytometric analysis of the percentage ofSLgells in subcutaneous xenografts generated by
sorafenib-resistant HCC cells in mice treated wittombination of KDM1A inhibitor pargyline and/or

sorafenib.

D. Immunoblot analysis of the expression of \Brtatenin signaling in xenografts formed by

sorafenib-resistant PLC cells in nude mice treat#d pargyline and/or sorafenib.
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Supplementary Figure 1.

A. Cdl viability of parental and sorafenib-resistant cells incubated with indicated

concentrations of sorafenib for 24 hrs.

B. gRT-PCR analysis of the stem cell markersin control and sorafenib-resistant cells.



Supplementary Figure 2.

A. gRT-PCR and western blot analysis of KDM1B expression in sorafenib-resistant
cells either uninfected, or the cells infected with shGFP, shKkDM1B-a or
shK DM 1B-b.

B. Cell viability of control or shKDM1B expressing sorafenib-resistant cells treated
with sorafenib for 24 hrs.

C. Average sphere diameter of sorafenib-resistant cells stably expressing exogenous
KDM1A-WT or KDM1A-KG661A.

D. Céll proliferation of sorafenib-resistant Huh7 cells using CCK 8 assay.

E. Flow cytometric analysis of percentage of Lgr5" cells in sorafenib-resistant cells.



Supplementary Figure 3.

A. Quantification of spheres generated from sorafenib-resistant cells treated with
indicated concentrations of KDM 1A inhibitor pargyline.

B. Flow cytometric analysis of the percentage of Lgr5" cells from sorafenib-resistant
cell line treated with indicated concentrations of KDM1A inhibitor pargyline.

C, D. Flow cytometric analysis of the percentage of Lgr5" cells from
sorafenib-resistant cells treated with or without KDM1A inhibitors, pargyline or
GSK2879552.



Supplementary Figure 4.

A, B. gRT-PCR analysis of mRNA levels of Pricklel, APC, and Sfrp5 in
sorafenib-resistant Huh7 cells treated with or without KDM 1A inhibitors, pargyline or
GSK2879552.

C,D. The abundance of KDM 1A and H3K4mel/2 on the promoter of APC and Sfrp5
in sorafenib-resistant Huh7 cells treated with or without pargyline determined by
ChlIP assay

E. qRT-PCR analysis of c-Myc and CyclinD1 in sorafenib-resistant PLC cells
incubated with or without KDM 1A inhibitors, pargyline or GSK2879552.



Supplementary Figure5.

A, B. Huh7 sorafenib-resistant cells incubated with pargyline, in the presence or
absence of CT99021, were assessed for sphere size and number.

C, D. Cdl Counting Kit-8 assays to measure cell proliferation of PLC and Huh7
sorafenib-resistant cells treated with pargyline and/or sorafenib, in the presence or
absence of CT99021.

E. F. Representative images of colonies formed by sorafenib-resistant stem-like cells
incubated with GSK 2879552 and/or sorafenib, in the presence or absence of the Wnt
activator CT99021.



Supplementary Figure 6
A. Quantification of spheres generated by sorafenib-resistant cells in subcutaneous
xenografts generated by sorafenib-resistant HCC cells in mice treated with pargyline

and/or sorafenib.
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Targeting KDM1A attenuates Wnt/B-catenin signaling pathway to eliminate

sorafenib-resistant stem-like cellsin hepatocellular carcinoma

Mengxi Huang ' Cheng Chen '@ Tao Wang 2, Tao Xie 3, Liya Wang *, Ye Wang

3 Dong Han®, Jian Geng", Chun hua Wang®, Zengjie Lei **, Xiaoyuan Chu **

Highlights

1. The histone demethylase activity of KDM1A is critical for the acquired stem-like

properties of sorafenib-resistant HCC cells.

2. KDM1A inhibitors derepress multiple Wnt antagonists and down-regulate

B-catenin signaling activity in sorafenib-resistant HCC cells.

3. Targeting KDM 1A eliminates the stem-like cells and attenuates their resistance to

sorafenib both in vitro and in vivo.



