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Abstract

A gene therapeutic platform needs to be both eflicand safe. The criterion of safety is
particularly important for diseases like hepatadall carcinoma (HCC) which develop in a
background of an already compromised liver. Gengtore can be constructed either by
targeting HCC or by detargeting liver and/or othesjor organs. miRNA based negative
detargeting has gained considerable attentiondentetimes due to its effectiveness and the
ease with which it can be adapted into current gietigery vectors. In this study, we provide
a proof-of-concept of using mMiRNA199a as a negatwgeting agent. We introduced vectors
harbouring reporters with miRNA199a binding sitescells expressing high endogenous
levels of miRNA199a and compared the reporter esgiom in HCC cells with low
endogenous mMiIRNA199a. We observed that the expressdi reporters with miRNA199a
binding sites is significantly inhibited in miIRNA28 positive cells whereas minimal effect
was observed in miRNA199a negative HCC cells. Iditawh, we created a post-
transcriptionally regulated suicide gene therapesyistem based on cytosine deaminase
(CD)/ 5-fluoro cytosine (5-FC) exploiting miRNA199ainding sites and observed
significantly lower cell death for miRNA199a posti cells. Furthermore, we observed a
decrease in levels of MIRNA199 in 3D tumoursphefeniRNA199a positive Hepal-6 cells
and a reduction in the inhibition of reporter exgsien after transfection in these 3D models
when compared with 2D Hepal-6 cells. In summary pvwvide evidences of miRNA199a

based post-transcriptional detargeting with releeaio HCC gene therapy.
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Introduction

Hepatocellular carcinoma (HCC) accounts for theamityj of liver cancer, one of the cancer
types with high incidence-to-mortality ratesThe limitation of available therapies, especially
at advanced stages, is clearly highlighted by tipailtiative nature and rising trends in
disease-associated mortality and morbidity ratésMoreover, the presence of underlying
liver dysfunction in most patients limit the applion of conventional therapies like radio
and chemotherapy. Sorafenib, with only a modest survival benefd, the only FDA

approved drug for late stage HCCGiven the aetiology of HCC, targeted therapiescivh

can limit the treatment to HCC while sparing theefi could have a significant therapeutic
benefit>. In this regard, gene therapy, which provides s#h\atrategies that can be exploited

to target a certain cell type, may be particulattyactive> ©

Gene therapy offers different approaches for catargeted gene delivery, these include (but
are not limited to) modification of gene deliverghicle (vector) and modification of the
therapeutic payload (controlled expression of taesgene). The former mostly comprises
of the use of capsid modified viral vectors withatered tropism, displaying preference for
cancer cells®. Limiting the expression of the therapeutic geme dancer cells by
transcriptional targeting i.e. exploiting tumor effie promoters is another strategy with
proven efficacy® ° however, this method is limited by the numberawvéilable promoters
with a strong HCC specificity’ *° Post-transcriptional regulation of gene expresdig
utilizing cell-specific endogenous microRNAs (miRB)Ais an emerging approach for
targeted gene expression. Since the first evidehedfective application of this approach in
antigen presenting celt$, a number of studies have successfully used hinsites of tissue,
or disease specific miRNAs for regulating transgeng@ression’?** In this negative

targeting method, binding sites of mIRNA expressddhigh levels in target cells is
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incorporated at the UTRs of transgene and as dt tegsnsgene expression gets inhibited in

those cells (Figure 24J.

In this proof-of-concept study, we demonstrate miRB9a based detargeting after gene
delivery. First, we probed the expression of miRNS84 in cryopreserved human
hepatocytes, HepaRG and a panel of HCC and non-id€lClines. After observing a
significant downregulation of mMiRNA199a in HCC aman-HCC tumor cell lines (except for
Hepal-6 which expressed miRNA199a at levels conmpbarto primary hepatocytes and
HepaRG cells), we constructed expression vectotts miRNA199a binding sites at the 3'-
UTR of reporters eGFP and gaussia luciferase (Glamg) transfected both miRNA199a
positive and negative cells with these plasmidsighificant inhibition of the expression of
reporter was observed in cells with high endogenoitRNA199a levels while negligible
effects were seen in others. These findings wetthdu validated by targeted gene directed
enzyme prodrug therapy (GDEPT) using cytosine deasa/5-fluorocytosine (CD/5-FC)
system. Next, we demonstrate that the inhibitiomdRNA199 in miIRNA199 positive cells
can rescue the expression of transgenes with mérbBfling sites while its overexpression

with miRNA mimic can inhibit the same in miRNA198agative HCC cells.

Furthermore, the possibility of delivering thesenstoucts with Adeno associated virus
(AAV) based delivery system was explored and theulte obtained with transfection
experiments were corroborated. Additionally, wecdigered that the levels of mMiIRNA199a is
downregulated in CD133CD44 Oct4 expressing tumorspheres of Hepal-6 illustratireg th
potential to use mMiIRNA199a to target these 3D nwdéHCC. Finally, we demonstrate that
tumorspheres of Hepal-6 can be efficiently targetdgth miRNA199a binding site

containing expression vectors. In conclusion, ttigdy provides evidence that negative

targeting after gene delivery can be achieved patoxytes by exploiting miRNA199a and
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suggests that this principle of negative targetwith miRNA199a could be exploited for

other cell types expressing high endogenous miRNA18vels.

Results

MiRNA199a is downregulated in HCC and other cancecell lines

To investigate the expression pattern of miRNA19®a, performed real time gPCR on
cDNA obtained from total RNA extracted from primdrgpatocytes, HepaRG and a panel of
HCC and non-HCC cell lines. After quantifying them@unts of miRNA199a with gqPCR,
high levels of miRNA199a was observed in cryopreseérhuman primary hepatocytes and
HepaRG cells (92 copies per 1000 copies of con{fébure 1a). Similarly, the HCC cell
line Hepal-6 was found to have higher copies of MAR99a (498 copies per 1000 copies of
RNU control)(Figure 1a). In HCC cell lines Hep3B, PLC/PRF/5, SKHepl, amnlUg23, no
copies of mMiRNA199a was detected using this metl&achilarly, little or no expression of
MiRNA199a was observed in the non-HCC cancer sedklused in this studyigure 1b).
Together, these results indicated that miRNA19%oisnregulated in HCC as well as non-
HCC tumor cell lines and established Hepal-6 asodemto study different aspects of

mMiRNA199a.

Incorporation of mMiIRNA199a binding sites at the 3'UTR of a transgene allows negative

targeting of cells with high endogenous expressiaf miRNA199a

To explore the effects of inclusion of MiIRNA199adiing sites at the 3-UTR of a transgene,
we constructed expression plasmids with GLuc witmiBNA199a binding sites at the 3'-
UTR (CMV-GLuc-miR199a*3). These plasmids were theansfected into miRNA199a
positive cell lines HepaRG, and Hepal-6 as welim@#NA199a negative HCC, and non-
HCC cell lines. The percentage of secreted luckerafter transfection with CMV-GLuc-

miR199a*3 was observed to be significantly lowerewltompared to that after transfection



119  with CMV-GLuc for both HepaRG (p<0.005), and He@l{({<0.001) Figure 2b).
120 Interestingly, the decrease in luciferase expressfier transfection with CMV-GLuc-
121 miR199a*3 in HepaRG cells was observed to be 2i9¥g (p<0.001) higher than that
122 observed for Hepal-6 which correlated with the esf miIRNA199a present in those cells.
123 As expected no significant decrease in GLuc exmpesw&as observed in HCC cell lines
124  Hep3B, SKHepl, PLC/PRF/5, and SNU4Elre 2¢) as well as non-HCC tumor cell lines
125  (Figure 2d) after transfection with CMV-GLuc-miR199a*3. Torther confirm this observed
126  miRNA199a mediated post transcriptional controlgaine expression, we used a second
127  reporter eGFP. Hepal-6 cells were transfected wither CMV-eGFP or CMV-eGFP-
128 miR199a*3 and GFP positive cells were quantified floyv cytometry. Like the GLuc
129  reporter, a significantly reduced GFP expressios wlaserved after transfection with CMV-
130 eGFP-miR199a*3 when compared to CMV-eGFP (p<0.qFigure 2¢. Together, these
131  results provided evidence that the incorporatiomd®NA199a binding sites at the 3'-UTR

132 of a gene can inhibit its expression in cells vhitih endogenous levels of mMIRNA199a.

133 Overexpression of mMiRNA199a in HCC cells inhibits xpression of transgene with its
134  binding sites at the 3’-UTR while its inhibition rescues the expression of the same in

135  cells with high endogenous expression levels

136 Next, we altered miRNA199a levels in Hepal-6 andCHs&lls using inhibitors and mimics
137  to define miRNA199a’s role in the expression ofakers with binding sites incorporated in
138 the 3-UTR. We co-transfected miRNA199a inhibitorttweither CMV-eGFP-199a*3 or
139 CMV-GLuc-miR199a*3 and compared expression to CMMiG or CMV-eGFP controls.
140 A significant increase (p<0.05) in the percentafy€BP positive cells was observed after co-
141  transfection of Hepal-6 with CMV-eGFP-miR199a*3 amdRNA199a inhibitor when
142  compared to transfection with CMV-eGFP-miR199a*8tfbreported as relative to CMV-

143  eGFP) Figure 3a, b. Similarly, miRNA199a inhibition by co-transfech of Hepal-6 with
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CMV-GLuc-miR199a*3 and miRNA199a inhibitor resulteda 2.9-fold increase (p<0.05) of
GLuc expression when compared to GLuc expressiter afansfection with CMV-GLuc-
miR199a*3 alone (both normalized to CMV-GLuc colitr@Figure 3¢). In contrast, co-
transfection of CMV-GLuc-miR199a*3 and miRNA199ammc in miRNA199a negative
HCC cell lines Hep3B, PLC/PRF/5, SKHepl, and SNUARIIted in a significant decrease
(Figure 3d) (p<0.05) in GLuc expression when compared to CGIMic-miR199a alone (all
normalized to CMV-GLuc control). Taken togethergsh results further strengthen the
observation of mMiRNA199a mediated post-transcriyglaegulation of expression of reporter
gene containing its binding sites at the 3'-UTR g@mdvide evidence that its inhibition can

rescue the expression of these reporters.

Post-transcriptionally controlled gene directed engme prodrug therapy (GDEPT) for

HCC

Next, we constructed post-transcriptionally regulated GDEPT platforasdéd on suicide
gene CD and prodrug 5-FC for gene therapy. Eithd¥ €D or CMV-CD-miR199a*3 were
transfected into miRNA199a positive Hepal-6 as waslimiRNA199a negative HCC cell
lines Hep3B, PLC/PRF/5, SKHepl, and SNU423. Weistubdoth cell proliferation and cell
death Figure 4) after transfection with CMV-CD, and CMV-CD-miR1&%3. A 1.8-fold
higher proliferation rate was observed for Hepadf€er transfection with CMV-CD-
miR199a*3 when compared to transfection with CMV-@x0.05) and incubation with
prodrug 5-FC whereas no significant difference waserved in HCC cell lines Hep3B,
PLC/PRF/7, SKHepl, and SNU42Bigure 4a). Similarly, total cell death (quantified by
Pl/annexin staining) was significantly lower (p<@1) in Hepal-6 after transfection with
CMV-CD-miR199a*3 and incubation with 5-FC when camgd to CMV-CD positive
control Figure 4b, ¢ while no significant effects were observed in HC&I lines Hep3B,

PLC/PRF/7, and SKHepTigure 4b, d). These results demonstrate that a liver detadgete
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GDEPT system which simultaneously targets HCC aarcdnstructed using miRNA199a

mediated post-transcriptional gene regulation.

Adeno associated virus (AAV) mediated delivery ofransgenes with miR199a binding

site for detargeting cells containing high endogens miRNA199a levels

To examine the possibility of delivering miRNA19Based post-transcriptionally regulated
reporter and therapeutic genes using AAV vectoescanstructed self-complementary AAV
serotype 8 with or without miR199a binding siteshat 3'-UTR of the transgenes (SCAAVS8-
GLuc, scAAV8-GLuc-miR199a*3, scAAV8-CD, scAAV8-CD4R199a*3). Transduction of
MiRNA199a positive Hepal-6 cell line with scAAV8-Gt-miR199a*3 resulted in a
significantly reduced GLuc expression (p<0.05) wkkempared to scAAV8-GLuc while no
significance difference in GLuc expression was olesg in miRNA199a negative HCC cell
lines Hep3B, PLC/PRF/5, SKHepl, and SNU4Eg(re 5b). Similarly, after transduction
with scAAV8-CD-miR199a*3 and subsequent incubatwith prodrug 5-FC, a 3.4-fold
higher proliferation rate was observed in HepaEl&p<0.05) when compared to scCAAVS-
CD whereas no significant difference in cell preddtion was observed for both groups in
HCC cell lines Hep3B, PLC/PRF/5, SKHepl, and SNU4ERjure 5¢). These results
demonstrate the compatibility of our miRNA199a lshpest-transcriptionally targeted gene
delivery and therapy system with AAV vector basedivéry system, the most widely used

delivery vector for therapeutic purposes.

CD133 CD44" Oct4" enriched 3D tumorspheres can be targeted with veots

harbouring transgenes with miRNA199a binding sitesat the 3’-UTR

In order to assess the efficacy of mMiRNA199a tangein a more complex tumor-like
environment, we utilized Hepal-6 cells grown un8& tumorsphere culture conditions

(Figure 6a). These heterogeneous 3D tumor-like cultures laéa@been shown to enrich for
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cancer stem cell$®. Given the reported tumor supressing roles of nAR®9a and its
downregulation in cancer stem cells for other cangpes, we first investigated whether
maintaining Hepal-6 cells as 3D tumorspheres cewidch for classic cancer stem cell
markers. We quantified the levels of expressiotHGIC stemness markers CD4Eigure

6b), CD133 Figure 60, and Oct4 Figure 6d) in these tumorspheres and observed a
significant upregulation of these genes when coetpér 2D grown Hepal-6 cells (p<0.05).
The increase in stemness markers correlated tonvardgulation in levels of miIRNA199a

(Figure 66).

Next, we examined whether Hepal-6 cells tumor4igkeroids could be efficiently targeted
by the miR199a TS vectors. To do this, we trariefkdhese stem-cell enriched 3D
tumorspheres of Hepal-6 and 2D Hepal-6 with CMV-6GiiR199a*3 and examined
reported expression. We observed a significantease in the reporter expression in 3D
tumorspheres compared to the miRNA199a expressihgutures (p<0.05)Kigure 6f).
Similarly, a 2.19-fold increase in GLuc expressfpr0.005) was observed after transduction
of 3D tumorspheres of Hepal-6 with scAAV8-GLuc-m#Ra*3 when compared to 2D
culture fFigure 6¢g). Using GDEPT with CD/5-FC system also resultedaisignificantly
higher cell death (p<0.001) in 3D tumorspheres ep&l-6 cells when compared to the 2D
culture Figure 6h). These results suggest that miRNA199a targetiiagegjies have utility in
targeting more complex tumor-like spheroids and naso have utility in targeting

hepatocellular CSC with decreased miRNA199 expoessi
Discussions

mMiRNAs are small, untranslated, endogenous RNA ocubds that efficiently regulate the
expression of a gene by binding to a specific segeian its mRNA (binding sites). In

addition to having a cell specific expression patt@nd being involved in several important
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biological processes ranging from development top#gsis, several miRNAs have been
reported to be dysregulated in several diseaségding cancer. Inclusion of binding sites of
mMiRNAs that are downregulated in cancer while begressed at high levels in normal

cells is an attractive approach for limiting traesg expression in cancer cells.

In this study we first, investigated the expresdmrels of mMiIRNA199a in hepatocytes and a
panel of HCC and non-HCC cell lines. We showed nhi&NA199a was significantly down
regulated in HCC and non-HCC lines, while remairtingh in primary hepatocytes, HepRG
cells and Hepal-6. The observation that murine Hé&paell line contains mMiIRNA199a at
levels comparable to hepatocytes allowed us toituss a model for normal hepatocyte
expression. These results were in line with otheidies showing miRNA199a down
regulation in HCC but expression at high levelsha cells of the liver including hepatocytes
17.18 hepatic stellate ceffSand liver sinusoid endothelial ceff§ It has been reported as one
of the key miRNAs dysregulated in HCC developmemdl @rogression with a role as a
diagnostic markef" *?as well as a therapeutic targ&t* miRNA199a has also been shown
to be downregulated in a number of non-liver camcgich as breast canc@rrenal cell

cancer’® osteosarcomd, thyroid cancef® and bladder cancét.

In line with previous studies performed with liv@secific miRNA122&° *! transfection of

reporters with three miRNA199a binding sites at 8idJTR resulted in a significant

inhibition of the reporter expression in miRNA198asitive primary hepatocytes HepaRG,
and Hepal-6 cells while no significant effects webserved in miRNA199a negative HCC
and non-HCC cell lines. No effect in expression g@an when a control miRNA binding site
was incorporated at the 3'-UTR (supplementary Fagly. Next, we generated plasmids
harbouring cytosine deaminase (CD) and miRNA199adibg sites and observed
significantly reduced cell death in miRNA199a pisitcell Hepal-6 after transfection and

incubation with the prodrug 5-FC while in miRNA199&gative HCC cells, cell death
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equivalent to CMV driven CD expression was observHtese results validated a post-
transcriptionally targeted suicide gene therapesgistem for HCC. Given the complete
homology between murine and human miRNA189ave were able to model the effects of
incorporating binding sites of mMiRNA199a at thelBIR using Hepal-6 which was useful
especially for targeted GDEPT studies which isrofiteoblematic in primary hepatocytes due
to culture conditions. We chose to use perfectinglementary binding sites as imperfectly
complementary binding sites can cause saturatiorenofogenous miRNA even at low

§5, 33

concentration of transcript , Similarly, utilizing perfectly complementary bimmdj

induces target RNA degradation facilitating quicknover®* %

Next, we explored the possibility of constructingeageted AAV vector harbouring our
MiRNA199a based post-transcriptionally regulatedchegeherapeutic system. Similar to
reports by Perutat al., who utilized the liver specific nature of AAV® tconstruct
mMiRNA122a based post-transcriptionally liver detdegl gene delivery system, we observed
that transduction of Hepal-6 with scAAV8-GLuc-miR&33 leads to a significant reduction
of reporter expression when compared to scAAV8-GElcThis observation was further
corroborated by post-transcriptionally detargetettide gene therapy with scAAV8-CD-
miR199a*3 in Hepal-6. Given the ability of AAV8 toansduce liver and tissues of liver

origin, our system could provide an option to taijeseminated tumours.

In an interesting observation, we observed reddeeels of miRNA199a in 3D Hepal-6
tumorspheres of enriched in stemness markers imgudD44. This observation is in line
with the reported tumor suppressive role of miRN®d9in HCC and the fact that
miRNA199a directly regulates the expression of stess marker CD44 in other cancfs
3 While we have not directly shown the existenceaicer stem cells (CSC) in this study,
others have shown that tumorspheres derived fr@€ ldre enriched in stem like cells and

exhibit high chemoresistané® The potential utility of miRNA199 to target a spbpulation
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of CSCs is intriguing and could be explored in fatstudies. Although this particular study
doesn’t answer the question of how and what rolé&d\NA199a might play in HCC stem cell
biology, the decreased levels of mMIRNA199a in Hepaamorspheres allowed us to not only
assess the effectiveness of miRNA199a targeting mimRNA199a negative cell population
but also showed its effectiveness in terms of imsed expression and increased death when
used in conjunction with GDEPT in a complex 3D tusike environment. Similar 3D
tumoursphere culture systems are widely used tapredate some of the tumor
heterogeneitgeenin vivo, and to screen for novel drug candidates whileiced) the need of

animal model4® 4!,

In conclusion, this proof-of-concept study estdi#is negative targeting based on post-
transcriptional gene regulation by miRNA199a in ttemtext of HCC gene therapy. This
system was found to efficiently target HCC cellshadownregulation of miRNA199a while
at the same time detargeting miRNA199a positivedR&p and Hepal-6. Furthermore, AAV
based delivery of this system was found to be fdasand effective. Finally, given that
MiRNA199a has been reported to be downregulatechutiiple cancer types, this system

could be exploited to detarget any cell type withhrendogenous levels of miIRNA199a.

Materials and Methods

Cell culture

Hepal-6 cell line which expresses high levels dRNA199a and HCC cell lines Hep3B,
PLC/PRF/5, SKHepl, and SNU423 with miR199a downlegn were obtained from
ATCC and maintained in DMEM media (Thermo Fishere8tific, Scoresby, Australia)
supplemented with 10% fetal bovine serum (FBS) ¢Gjb Australia) and 1%
penicillin/streptomycin (P/S) (Gibco, Australia). ustralian Genome Research Facility

(AGRF) cell line ID service was used to confirm fdentity of the human cell lines. Breast
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cancer cell lines T47D and MCF-7 were maintainedtandard DMEM media. Melanoma
cell lines 92.1, and Mel270 (gifted by Nicholas Mayd) and ovarian cancer lines SW626,
CAOV3, TOV21G were grown in RPMI media (Thermo HEslScientific) supplemented
with 10% FBS and 1% P/S. Prostate cancer cell lim&ap and DU145 were maintained in
standard DMEM media. All the other cell lines wemgaintained as per the ATCC
recommendations. Cryopreserved primary human hepa® (HUM4150) and NoSpin
HepaRG (NSHPRG) cells were obtained from Lonza,tralia and maintained as per the

manufacturer’s protocol.

Quantitative RT-PCR and quantification of miRNA levels

To quantify the endogenous expression levels ofNiR99a, total RNA was isolated with
trizol and cDNA was synthesized with the MystiCqcroRNA cDNA Synthesis Mix (Sigma
Aldrich, St. Louis, MO, United States) as per thanefacturer’'s protocol. The synthesized
cDNA was then used for quantitative real time PQRT-PCR) with Bioline Lo-Rox Sybr
(Bioline, Alexandria, Australia) in the ViiA7 RT-FCmachine (Thermo Fisher Scientific) at
the following conditions: 95°C- 10mins followed @Y cycles of 95°C- 5s, 60°C -10s and
70°C -10s. The MystiCq Universal PCR (MIRUP, Sigmapnd 5'-
CCCAGTGTTCAGACTACCTG- 3’ primers were used to amplmiRNA199a and the
amount of miR199a was calculated as number of sopier 1000 copies of RNUG6
(MIRCPO00001) control using the formula (27(Ct camMCt sample))*1000. A 100%
homologous nature of murine and human miRNA199anadtl usage of the same primer for
amplification. Similarly, markers for the level stemness (CD44, CD133, and Oct4) were

measured relative to GAPDH control (primers listedupplementary table 1).

Construction of expression plasmids
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The gene encoding GLuc with three miRNA199a-5p ioigd sites
(GGGTCACAAGTCTGATGGACAAG*3) at the 3-UTR was arttially synthesized
(Thermo Fisher Scientific). The gene with and withmiRNA binding sites was then cloned
in the pscAAV-GFP (a gift from John T Gray, Addggulasmid # 32396) using enzymes
EcoRI, Stul and EcoRI, EcoRV to obtain CMV-GLuc am@MV-GLuc-miR199a*3
respectively. For the construction of cytosine dease (CD) expressing plasmids, the gene
was artificially synthesized separately and cloimethe above-mentioned plasmids replacing
GLuc to obtain CMV-CD and CMV-CD-miR199a*3. A cooltr miRNA binding site
GGGTCACAAGTCTGATGGACAAG *3 was also incorporatedtae 3'-UTR of reporters
(Supplementary figure 1). A representation of plaseonstruction has been included in

Figure 5 (a).

Transfection and gaussia luciferase reporter assays

All transfection studies for investigating the rejeo expression were performed with
Lipofectamine 3000 (Thermo Fisher Scientific) irR4 well plate as per the manufacturer’s
protocol. Briefly, 30,000 cells were seeded in an&ll plate and transfection was performed
with 500ng of plasmids. 72 hours post-transfectithre amount of GLuc secreted in the
media was quantified with the Pierce gaussia lva#fe glow assay kit (Thermo Fisher
Scientific) as per the manufacturers recommendatio The chemiluminescence
measurement was done with the Infinite 200 Pro Kammt (Tecan Trading AG,

Switzerland). In order to regulate the differeneeransfection efficiencies across cell lines,
chemiluminescence detected with CMV-GLuc-miR199&/8& normalized with CMV-GLuc

for individual cell type.

Inhibition and overexpression of miR199a
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For knockdown experiments in Hepal-6 cells, 5 pofomiRNA199a inhibitor (4464084,
Life Technologies, Mulgrave, Australia) was co-sfatted using Lipofectamine 3000 with
either CMV-GLuc or CMV-GLuc-199a*3 and either CM\GE&P or CMV-eGFP-miR199a*3
in a 24 well plate as per the manufacturer's pmrtoSimilarly, for overexpression,
mMiRNA199a mimic (4464066, Life Technologies) wastansfected with either CMV-GLuc
or CMV-GLuc-miR199a*3. 72 hours post transfectipeycentage of GFP positive cells or
secreted GLuc was quantified for each group andessed as percentage of either CMV-

eGFP or CMV-GLuc respectively.
Cell proliferation assay

Cell proliferation assay was performed with the [O&r96 Aqueous One Solution Cell
Proliferation Assay kit (Promega Corporation, MadisWI USA). Briefly, 10,000 cells were
seeded in a 96 well plate and transfected witree@MV-CD or CMV-CD-199a*3. 24 hours
post-transfection, fresh media containing 10um 5viF€S added. After 48 hours, the cells
were incubated with MTS reagent as per manufactunerotocol and absorbance was
measured at 540nm with the Infinite 200 Pro NanoQu®ercentage proliferation was
calculated for CMV-CD and CMV-CD-199a*3 for eacHldime and percentage proliferation
with CMV-CD-199a*3 was subtracted from that with @MCD to account for the difference

in transfection efficiencies.
Cell death assay with Annexin V/PI

In order to quantify the amount of cell death aftex expression of the suicide gene CD with
or without miRNA199a binding site at the 3'-UTRoW cytometry based on Annexin V/PI
staining (Life Technologies) was performed as satgge by the supplier. Briefly, 30,000
cells were transfected with CMV-CD or CMV-CD-199aitBa 24-well plate. 48 hours post

transfection, the media was replaced with fresh iamedntaining 10 uM 5-FC. After 24
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hours, the cells were washed, collected and stawigd Annexin V/Pl. Annexin V/PI
positive cells were quantified using tRACS Canto Il and data analysis was performed with
FCS express 3 (BD Biosciences; North Ryde, Austyallhe percentage of apoptotic cells

after transfection with CMV-CD-199a*3 was normatizaeith CMV-CD for each cell type.

Adeno-associated virus production and transduction

AAV serotype 8 was produced using the triple traogbn method using polyethylenimine
(PEI). Briefly, HEK293 cells were seeded in 15 chat@s and transfected with pHelper
(Agilent Technologies, Mulgrave, Australia), AAV&gsid and either psc-CMV-GLuc, psc-
CMV-GLuc-miR199*3, psc-CMV-CD, psc-CMV-CD-miR199*® a 2:1:1 ratio. After 48-
72 hours, the cells were washed with PBS and sidgeto 3 freeze-thaw cycles with
ethanol/dry ice followed by incubation at 37°C tease the AAV. The crude lysate was
then treated with benzonase (Sigma Aldrich), pasisedigh the Amicon Ultrafilter 100 kDa
(Sigma Aldrich) and buffer exchange was perfornteed times with PBS following which
the end product was filtered through 0.22-micrdters. The number of vector genomes (vgs)
was quantified with quantitative PCR (primers haeen listed irsupplementary table J.

All transduction experiments to study GLuc expressivere performed in 96 well plates at
an MOI of 100,000 vgs/cells and luminescence wassmed as previously described.
Similarly, suicide gene therapy was performed vath MTS assay after transduction of
10,000 cells with 100,000 vgs/cells of either ps6éABMV-CD or pscAAV-CMV-CD-

miR199a*3 as previously described.

3D culture of Hepal-6

3D tumorspheres of Hepal-6 were maintained in stelhconditioned, serum free NSA
media containing DMEM/F12 (Thermo Fisher Scien}jfttOng/ml recombinant human basic

fibroblast growth factor (rhFGF) (Lonza), 20ng/nelcombinant human epidermal growth
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factor (rhEGF) (Lonza), bovine serum albumin (BS@igma Aldrich), 4pg/ml heparin
sulfate (Sigma Aldrich), and 1% P/S (Thermo Fis8eientific) as previously describéd
Briefly, 30,000 cells were collected, washed thrivseh PBS and seeded in ultra-low
attachment plates (Corning, NY, USA). Images of duspheres were taken with a digital
camera (Olympus DP21, Japan) connected to an eudemnicroscope (Olympus CKX41)
with imaging software (CellSens, Olympus, JapargllsCwere either collected for RNA
extraction (day 5), transfected at day 3 (with Ci@\uc or CMV-GLuc-miR199a*3), or

transduced at day 3 (with pscAAV8-GLuc) or pscAABRuUc-miR199a*3).
Statistical analysis

All experiments were repeated at least thrice, dad represented as mean + SD. To test
whether there were significant differences in ekpental results between groups, two tailed
t-test was performed with Graph Pad Prism 7.0 (&Paypl Software, Inc.) (* <0.05, ** <0.01,

*%<().001).
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Figure Legends

Figure 1: Expression pattern of miRNA199a:The expression levels of miRNA199a was

measured by quantitative real time PCR and wa®peéd in primary hepatocytes, HepaRG
and a panel of HCGa) and non-HCC cell linegb). The copies of miRNA199a was
normalized against that of the RNU6 control andrespnted as the number of copies per
1000 control. (n>3 for all cell lines except HUM41)5

Figure 2: Reporter gene _expression _under the control of miRN2A99a binding sites: (a)

Principle of miRNA mediated detargeting: Inclusioinbinding sites of miRNA expressed at
high levels in a cell can limit the expressionraitsgene in that particular cell while minimal
effects is expected in cells that don’'t express thBNA. (b) To study the effect of the
presence of mMiRNA199a binding sites at the 3'-UTiRadransgene, miRNA199a positive
cells HepaRG, and Hepal-6 were transfected with @BAVMic and CMV-GLuc-miR199a*3;
GLuc expression with CMV-GLuc-miR199a*3 was repdrtes a percentage of CMV-GLuc.
Similarly, miRNA199a negative HCC cell lineg) and non-HCC cell linegd) were
transfected with CMV-GLuc and CMV-GLuc-miR199a*3dathe amount of secreted GLuc
was quantified.(e) Further confirmation of miRNA199a mediated gengutation was

performed by transfection of Hepal-6 cells with CM@FP and CMV-eGFP-miR199a*3;



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

72 hours post transfection, the percentage of Gé3tipe cells was quantified with flow
cytometry and the percentage of GFP positive cafler transfection with CMV-eGFP-
miR199a*3 was normalized with CMV-eGFP. Two tailetest was used for statistical
analysis to compare percentage expression of CMUe3hiR199a*3 or CMV-eGFP-
miR199a*3 with CMV-GLuc or CMV-eGFP respectivelyrfboth HepaRG and Hepal-6

using Graph Pad Prism 7.0. (n>3, ** p<0.005, ***(801)

Figure 3: Overexpression and inhibition of MIRNA19% and its effect on the expression

of reporters _containing miRNA199a binding sites atthe 3'-UTR: To investigate the

effects of inhibiting MiIRNA199a on the expressidira@porter genes with binding site at the
3-UTR, Hepal-6 cells were co-transfected with e@thCMV-eGFP or CMV-eGFP-
miR199a*3 and mMIRNA199a inhibitora), and either CMV-GLuc or CMV-GLuc-
miR199a*3 and miRNA199a inhibitorc), The percentage of GFP positive cells for each
group was quantified with flow cytometry and exess as percentage of GFP positive cells
after transfection with CMV-eGFP. Similarly, the anmt secreted luciferase was quantified
and expressed as a percentage of quantity of eddtetiferase after transfection with CMV-
GLuc for each treatment groupb)( Representative fluorescent microscope and flow
cytometry images for each treatment groupg$.The effects of overexpressing miRNA199a
on reporter expression in HCC cell lines by co4faanting either CMV-GLuc or CMV-
GLuc-miR199a*3 and miRNA199a mimic was studied. Tkecreted luciferase was
guantified and represented as percentage of sddigtéerase after transfection with CMV-
GLuc for each treatment group. Two tailed t-test warformed to compare the difference

between indicated groups using Graph Pad 7.0 (hp30.05)

Figure 4: Targeted gene directed enzyme prodrug thepy (GDEPT) utilizing

mMiRNA199a binding site: (a) Cells were seeded in a 96-well plate and transfegtith
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CMV-CD and CMV-CD-miR199a*3; after incubation wisiFC, MTS assay was performed
to quantify cell proliferation. Percentage prolggon with CMV-CD-199a*3 was normalized
with CMV-CD for each cell line(b) In order to quantify total cell death after GDERE|Is
were transfected in 24 well plates with CMV-CD a@MV-CD-miR199a*3 and incubated
with media containing 5-FC. Percentage of apoptatatls were then calculated by
annexin/propidium iodide (Pl) staining. Percentatpath after GDEPT with CMV-CD-
199a*3 was normalized against that with CMV-C@) Representative flow cytometric
analysis of Hepal-6 showing the difference of apoptells after GDEPT with CMV-CD,
and CMV-CD-miR199a*3.(d) Representative flow cytometric images of miRNA199a
positive Hepal-6 and miRNA199a negative Hep3B, PRF/5, and SKHepl showing
percentage of annexin and PI positive cells aftBEBT with CMV-CD and CMV-CD-
miR199a*3. Experiments were repeated thrice inlitapes and the difference between
CMV-CD and CMV-CD-miR199a groups was checked fatistical significance using the

two tailed t-test in Graph Pad Prism 7.0 (*p< 0:09<0.005)

Figure 5: Adeno associated virus (AAV) vector systemmediated targeted gene therapy

based on post-transcriptional action of miRNA199a:To investigate the possibility of

vector mediated delivery of transgene harboring 18 binding site, AAV8 harboring
GLuc as reporter and cytosine deaminase (CD) aaphatic gene was constructed with or
without miR199a binding sites at the 3'-UTR of tinensgenes and cells were transduced at
an MOI of 100,000 vgs/cel{a) Construction of plasmid harboring GLuc, and Chked by
self-complementary inverted terminal repeats of Alteno associated virugb) Reporter
expression after delivery with AAV: Both miRNA199a positive and negative cells were
transduced with scAAV8-GLuc and scAAV8-GLuc-miR18%and the amount of secreted
GLuc was quantified. Relative expression of GLuerafransduction with scAAV8-GLuc-

miR199a*3 was reported as a percentage of that aftlesduction with scAAV8-GLuc.(b)
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Targeted GDEPT after AAV mediated suicide gene therapy: Cells were transduced with
SCAAV8-CD, and scAAV8-CD-miR199a*3 and incubatedtiwithe prodrug 5-FC. The
percentage proliferation was then calculated féA3¢8-CD-miR199a*3 and represented as
a percentage of that for scAAV8-CD for each cefletyThe significant difference between

groups was tested by two-tailed t-test using GiRagth prism 7.0. (n>3, *<0.05).

Figure 6: Expression of miRNA199a in stem cell enched tumorspheres of Hepal-6 and

its_implication for_targeted gene delivery: (a) Photomicrographs of tumorspheres of

Hepal-6 after 5 days in culture in serum free, stethenriching media (scale bar = 50uM).
Quantitative real time PCR was performed on cDNA tbé Hepal-6 and Hepal-6
tumorspheres to compare the markers of stemnes44 ¢i), CD133(c), and Oct4(d) as
well as miRNA199a(e) Comparison of miRNA199a levels in Hepal-6 and Hefpa
tumorspheres(f) Hepal-6 and Hepal-6 tumorspheres were transfedtbdCMV-GLuc-
miR199a*3 and secreted GLuc was reported as peagerdf CMV-GLuc(g) Hepal-6 and
Hepal-6 tumorspheres were transduced with pscAAV8eG and pscAAVS8-GLuc-
miR199a*3 and relative GLuc expression was repoii@dSimilarly, Hepal-6 and Hepal-6
tumorspheres were transfected with CMV-CD and CMY-@GiR199a*3 and percentage
proliferation was calculated following incubationthv 5-FC. Percentage proliferation for
CMV-CDmiR199a*3 was normalized with CMV-CD. Two ledl t-test was performed to

analyze the difference between groups. (n>3, *<0:88).01).
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