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A gene therapeutic platform needs to be both efficient and safe.
The criterion of safety is particularly important for diseases
like hepatocellular carcinoma (HCC), which develop in a back-
ground of an already compromised liver. Gene vectors can be
constructed either by targeting HCC or by detargeting liver
and/or other major organs. miRNA-based negative detargeting
has gained considerable attention in recent times due to its
effectiveness and the ease with which it can be adapted into
current gene delivery vectors. In this study, we provide a
proof-of-concept using miRNA199a as a negative targeting
agent. We introduced vectors harboring reporters with
miRNA199a binding sites in cells expressing high endogenous
levels of miRNA199a and compared the reporter expression in
HCC cells with low endogenous miRNA199a. We observed
that the expression of reporters with miRNA199a binding
sites is significantly inhibited in miRNA199a-positive cells,
whereas minimal effect was observed in miRNA199a-
negativeHCCcells. In addition, we created a post-transcription-
ally regulated suicide gene therapeutic system based on
cytosine deaminase (CD)/5-fluorocytosine (5-FC) exploiting
miRNA199a binding sites and observed significantly lower cell
death for miRNA199a-positive cells. Furthermore, we observed
a decrease in the levels of miRNA199 in 3D tumorspheres of
miRNA199a-positive Hepa1-6 cells and a reduction in the inhi-
bition of reporter expression after transfection in these 3D
models when compared with 2D Hepa1-6 cells. In summary,
we provide evidence of miRNA199a-based post-transcriptional
detargeting with relevance to HCC gene therapy.
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INTRODUCTION
Hepatocellular carcinoma (HCC) accounts for the majority of liver
cancers, one of the cancer types with high incidence-to-mortality
rates.1 The limitation of available therapies, especially at advanced
stages, is clearly highlighted by their palliative nature and rising
trends in disease-associated mortality and morbidity rates.1,2 More-
over, the presence of underlying liver dysfunction in most patients
limits the application of conventional therapies like radio and chemo-
therapy.3 Sorafenib, with only amodest survival benefit, is the only US
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Food and Drug Administration (FDA)-approved drug for late-stage
HCC.4 Given the etiology of HCC, targeted therapies that can limit
the treatment to HCC while sparing the liver could have a significant
therapeutic benefit.5 In this regard, gene therapy, which provides
several strategies that can be exploited to target a certain cell type,
may be particularly attractive.5,6

Gene therapy offers different approaches for cancer-targeted gene
delivery; these include (but are not limited to) modification of gene
delivery vehicle (vector) and modification of the therapeutic payload
(controlled expression of the transgene).7 The former mostly com-
prises the use of capsid-modified viral vectors with an altered tropism,
displaying a preference for cancer cells6. Limiting the expression of
the therapeutic gene in cancer cells by transcriptional targeting, i.e.,
exploiting tumor-specific promoters, is another strategy with proven
efficacy.8,9 However, this method is limited by the number of available
promoters with a strong HCC specificity.6,10 Post-transcriptional
regulation of gene expression by utilizing cell-specific endogenous
microRNAs (miRNAs) is an emerging approach for targeted gene
expression. Since the first evidence of effective application of this
approach in antigen-presenting cells,11 a number of studies have
successfully used binding sites of tissue or disease-specific miRNAs
for regulating transgene expression.12–14 In this negative targeting
method, binding sites of miRNA expressed at high levels in target cells
are incorporated at the UTRs of transgene, and, as a result, transgene
expression gets inhibited in those cells (Figure 2A).15

In this proof-of-concept study, we demonstrate miRNA199a-based
detargeting after gene delivery. First, we probed the expression of
miRNA199a in cryopreserved human hepatocytes, HepaRG, and a
panel of HCC and non-HCC cell lines. After observing a significant
he Authors.
//creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Expression Pattern of miRNA199a

The expression levels of miRNA199a in primary hepatocytes HepaRG and a panel of

HCC (A) and non-HCC cell lines (B) as assayed by real-time qPCR. The copies of

miRNA199awere normalized against those of the RNU6 control and represented as

the number of copies per 1,000 control (n > 3 for all cell lines except HUM4150).
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downregulation of miRNA199a in HCC and non-HCC tumor cell
lines (except for Hepa1-6, which expressed miRNA199a at levels
comparable to those of primary hepatocytes and HepaRG cells),
we constructed expression vectors with miRNA199a binding sites at
the 30-UTR of reporters EGFP and Gaussia luciferase (GLuc) and
transfected both miRNA199a-positive and -negative cells with these
plasmids. A significant inhibition of the expression of reporter was
observed in cells with high endogenous miRNA199a levels, while
negligible effects were seen in others. These findings were further vali-
dated by targeted gene-directed enzyme prodrug therapy (GDEPT)
using the cytosine deaminase/5-fluorocytosine (CD/5-FC) system.
Next, we demonstrate that the inhibition of miRNA199 in
miRNA199-positive cells can rescue the expression of transgenes
with miR199a binding sites, while its overexpression with miRNA
mimic can inhibit the same in miRNA199a-negative HCC cells.

Furthermore, the possibility of delivering these constructs with an
adeno-associated virus (AAV)-based delivery system was explored,
and the results obtained with transfection experiments were corrob-
orated. Additionally, we discovered that the levels of miRNA199a
are downregulated in CD133+ CD44+ Oct4+-expressing tumor-
spheres of Hepa1-6, illustrating the potential to use miRNA199a
to target these 3D models of HCC. Finally, we demonstrate
that tumorspheres of Hepa1-6 can be efficiently targeted with
miRNA199a-binding-site-containing expression vectors. In conclu-
sion, this study provides evidence that negative targeting after
gene delivery can be achieved in hepatocytes by exploiting
miRNA199a and suggests that this principle of negative targeting
with miRNA199a could be exploited for other cell types expressing
high endogenous miRNA199a levels.

RESULTS
miRNA199a Is Downregulated in HCC and Other Cancer Cell

Lines

To investigate the expression pattern of miRNA199a, we performed
real-time qPCR on cDNA obtained from total RNA extracted from
primary hepatocytes, HepaRG, and a panel of HCC and non-HCC
cell lines. After quantifying the amounts of miRNA199a with
qPCR, high levels of miRNA199a were observed in cryopreserved hu-
man primary hepatocytes and HepaRG cells (92 copies per 1,000
copies of control) (Figure 1A). Similarly, the HCC cell line Hepa1-6
was found to have higher copies of miRNA199a (498 copies per
1,000 copies of RNU control) (Figure 1A). In HCC cell lines
Hep3B, PLC/PRF/5, SKHep1, and SNU423, no copies of miRNA199a
were detected using this method. Similarly, little or no expression
of miRNA199a was observed in the non-HCC cancer cell lines
used in this study (Figure 1B). Together, these results indicated that
miRNA199a is downregulated in HCC as well as non-HCC tumor
cell lines and established Hepa1-6 as a model for studying different
aspects of miRNA199a.

Incorporation of miRNA199a Binding Sites at the 30 UTR of a

Transgene Allows Negative Targeting of Cells with High

Endogenous Expression of miRNA199a

To explore the effects of inclusion of miRNA199a binding sites at the
30 UTR of a transgene, we constructed expression plasmids with GLuc
with 3 miRNA199a binding sites at the 30 UTR (cytomegalovirus
[CMV]-GLuc-miR199a*3). These plasmids were then transfected
into miRNA199a-positive cell lines HepaRG and Hepa1-6, as well
as miRNA199a-negative HCC and non-HCC cell lines. The percent-
age of secreted luciferase after transfection with CMV-GLuc-
miR199a*3 was observed to be significantly lower when compared
to that after transfection with CMV-GLuc for both HepaRG
(p < 0.005), and Hepa1-6 (p < 0.001) (Figure 2B). Interestingly, the
decrease in luciferase expression after transfection with CMV-
GLuc-miR199a*3 in HepaRG cells was observed to be 2.94 times
(p < 0.001) higher than that observed for Hepa1-6, which correlated
with the copies of miRNA199a present in those cells. As expected no
significant decrease in GLuc expression was observed in HCC cell
lines Hep3B, SKHep1, PLC/PRF/5, and SNU423 (Figure 2C), as
well as non-HCC tumor cell lines (Figure 2D) after transfection
with CMV-GLuc-miR199a*3. To further confirm this observed
miRNA199a-mediated post-transcriptional control of gene expres-
sion, we used a second reporter EGFP. Hepa1-6 cells were transfected
with either CMV-EGFP or CMV-EGFP-miR199a*3, and GFP-posi-
tive cells were quantified by flow cytometry. Like the GLuc reporter,
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 79
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Figure 2. Reporter Gene Expression under the Control of miRNA199a Binding Sites

(A) Principle of miRNA-mediated detargeting: inclusion of binding sites of miRNA expressed at high levels in a cell can limit the expression of transgene in that particular cell,

while minimal effects are expected in cells that do not express the miRNA. (B) To study the effect of the presence of miRNA199a binding sites at the 30 UTR of a transgene,

miRNA199a-positive cells HepaRG and Hepa1-6 were transfected with CMV-GLuc and CMV-GLuc-miR199a*3; GLuc expression with CMV-GLuc-miR199a*3 was

reported as a percentage of CMV-GLuc. Similarly, miRNA199a-negative (C) HCC cell lines and (D) non-HCC cell lines were transfected with CMV-GLuc and CMV-GLuc-

miR199a*3, and the amount of secreted GLuc was quantified. (E) Further confirmation of miRNA199a-mediated gene regulation was performed by transfection of Hepa1-6

cells with CMV-EGFP and CMV-EGFP-miR199a*3; 72 hr post-transfection, the percentage of GFP-positive cells was quantified with flow cytometry, and the percentage of

GFP-positive cells after transfection with CMV-EGFP-miR199a*3 was normalized with CMV-EGFP. A two-tailed t test was used for statistical analysis to compare the percent

expression of CMV-GLuc-miR199a*3 or CMV-EGFP-miR199a*3 with that of CMV-GLuc or CMV-EGFP, respectively, for both HepaRG and Hepa1-6 using GraphPad Prism

7.0 (data are reported as mean ± SD, n > 3; **p < 0.005; ***p < 0.001).
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a significantly reduced GFP expression was observed after transfec-
tion with CMV-EGFP-miR199a*3 when compared to CMV-EGFP
(p < 0.001) (Figure 2E). Together, these results provided evidence
that the incorporation of miRNA199a binding sites at the 30 UTR
of a gene can inhibit its expression in cells with high endogenous
levels of miRNA199a.

Overexpression of miRNA199a in HCC Cells Inhibits Expression

of Transgene with Its Binding Sites at the 30 UTR, while Its

Inhibition Rescues the Expression of the Same in Cells with High

Endogenous Expression Levels

Next, we altered miRNA199a levels in Hepa1-6 and HCC cells using
inhibitors and mimics to define miRNA199a’s role in the expression
of reporters with binding sites incorporated in the 30 UTR. We co-
transfected miRNA199a inhibitor with either CMV-EGFP-199a*3
or CMV-GLuc-miR199a*3 and compared expression to CMV-
GLuc or CMV-EGFP controls. A significant increase (p < 0.05) in
the percentage of GFP-positive cells was observed after co-transfec-
80 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
tion of Hepa1-6 with CMV-EGFP-miR199a*3 and miRNA199a
inhibitor when compared to transfection with CMV-EGFP-
miR199a*3 (both reported as relative to CMV-EGFP) (Figures 3A
and 3B). Similarly, miRNA199a inhibition by co-transfection of
Hepa1-6 with CMV-GLuc-miR199a*3 and miRNA199a inhibitor re-
sulted in a 2.9-fold increase (p < 0.05) of GLuc expression when
compared to GLuc expression after transfection with CMV-GLuc-
miR199a*3 alone (both normalized to CMV-GLuc control) (Fig-
ure 3C). In contrast, co-transfection of CMV-GLuc-miR199a*3 and
miRNA199a mimic in miRNA199a-negative HCC cell lines Hep3B,
PLC/PRF/5, SKHep1, and SNU423 resulted in a significant decrease
(Figure 3D) (p < 0.05) in GLuc expression when compared to
CMV-GLuc-miR199a alone (all normalized to CMV-GLuc control).
Taken together, these results further strengthen the observation of
miRNA199a-mediated post-transcriptional regulation of expression
of reporter gene containing its binding sites at the 30 UTR and
provide evidence that its inhibition can rescue the expression of these
reporters.
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Figure 3. Overexpression and Inhibition of miRNA199a and Its Effect on the Expression of Reporters Containing miRNA199a Binding Sites at the 30 UTR
To investigate the effects of inhibiting miRNA199a on the expression of reporter genes with binding site at the 30 UTR, Hepa1-6 cells were co-transfected with either

CMV-EGFP or CMV-EGFP-miR199a*3 and miRNA199a inhibitor (A) and either CMV-GLuc or CMV-GLuc-miR199a*3 and miRNA199a inhibitor (C). The percentage of

GFP-positive cells for each group was quantified with flow cytometry and expressed as the percentage of GFP-positive cells after transfection with CMV-EGFP. Similarly, the

amount of secreted luciferase was quantified and expressed as a percentage of quantity of secreted luciferase after transfection with CMV-GLuc for each treatment group.

(B) Representative fluorescent microscopic and flow-cytometric images for each treatment group. (D) The effects of overexpressing miRNA199a on reporter expression in

HCC cell lines by co-transfecting either CMV-GLuc or CMV-GLuc-miR199a*3 and miRNA199a mimic were studied. The secreted luciferase was quantified and represented

as the percentage of secreted luciferase after transfection with CMV-GLuc for each treatment group. A two-tailed t test was performed to compare the difference between

indicated groups using GraphPad 7.0 (data are reported as mean ± SD, n > 3; *p < 0.05).
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Post-transcriptionally Controlled GDEPT for HCC

Next, we constructed a post-transcriptionally regulated GDEPT
platform based on suicide gene CD and prodrug 5-FC for gene ther-
apy. Either CMV-CD or CMV-CD-miR199a*3 was transfected into
miRNA199a-positive Hepa1-6 as well as miRNA199a-negative HCC
cell lines Hep3B, PLC/PRF/5, SKHep1, and SNU423. We studied
both cell proliferation and cell death (Figure 4) after transfection
with CMV-CD and with CMV-CD-miR199a*3. A 1.8-fold higher
proliferation rate was observed for Hepa1-6 after transfection with
CMV-CD-miR199a*3 when compared to transfection with CMV-
CD (p < 0.05) and incubation with prodrug 5-FC, whereas no signif-
icant difference was observed in HCC cell lines Hep3B, PLC/PRF/7,
SKHep1, and SNU423 (Figure 4A). Similarly, total cell death (quan-
tified by propidium iodide [PI]/annexin staining) was significantly
lower (p < 0.001) in Hepa1-6 after transfection with CMV-CD-
miR199a*3 and incubation with 5-FC when compared to CMV-
CD-positive control (Figures 4B and 4C), while no significant effects
were observed in HCC cell lines Hep3B, PLC/PRF/7, and SKHep1
(Figures 4B and 4D). These results demonstrate that a liver
detargeted GDEPT system that simultaneously targets HCC can be
constructed using miRNA199a-mediated post-transcriptional gene
regulation.
AAV-Mediated Delivery of Transgenes with miR199a Binding

Site for Detargeting Cells Containing High Endogenous

miRNA199a Levels

To examine the possibility of delivering miRNA199a-based post-
transcriptionally regulated reporter and therapeutic genes using
adeno-associated virus (AAV) vectors, we constructed self-comple-
mentary AAV serotype 8 with or without miR199a binding sites
at the 30 UTR of the transgenes (scAAV8-GLuc, scAAV8-GLuc-
miR199a*3, scAAV8-CD, and scAAV8-CD-miR199a*3). Transduc-
tion of the miRNA199a-positive Hepa1-6 cell line with scAAV8-
GLuc-miR199a*3 resulted in significantly reduced GLuc expression
(p < 0.05) when compared to scAAV8-GLuc, while no significant dif-
ference in GLuc expression was observed in miRNA199a-negative
HCC cell lines Hep3B, PLC/PRF/5, SKHep1, and SNU423 (Fig-
ure 5B). Similarly, after transduction with scAAV8-CD-miR199a*3
and subsequent incubation with prodrug 5-FC, a 3.4-fold higher
proliferation rate was observed in Hepa1-6 cells (p < 0.05) when
compared to scAAV8-CD, whereas no significant difference in cell
proliferation was observed for both groups in HCC cell lines
Hep3B, PLC/PRF/5, SKHep1, and SNU423 (Figure 5C). These results
demonstrate the compatibility of our miRNA199a-based post-
transcriptionally targeted gene delivery and therapy system with the
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 81
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Figure 4. Targeted GDEPT Utilizing miRNA199a Binding Site

(A) Cells were seeded in a 96-well plate and transfected with CMV-CD and CMV-CD-miR199a*3; after incubation with 5-FC, an MTS assay was performed to quantify cell

proliferation. Percent proliferation with CMV-CD-199a*3 was normalized with CMV-CD for each cell line. (B) In order to quantify total cell death after GDEPT, cells were

transfected in 24-well plates with CMV-CD and CMV-CD-miR199a*3 and incubated with media containing 5-FC. Percentage of apoptotic cells was then calculated by

annexin/propidium iodide (PI) staining. Percent death after GDEPT with CMV-CD-199a*3 was normalized against that with CMV-CD. (C) Representative flow-cytometric

analysis of Hepa1-6 showing the difference of apoptotic cells after GDEPT with CMV-CD and with CMV-CD-miR199a*3 is indicated. (D) Representative flow-cytometric

images are shown of miRNA199a-positive Hepa1-6 and miRNA199a-negative Hep3B, PLC/PRF/5, and SKHep1, indicating the percentage of annexin- and PI-positive cells

after GDEPT with CMV-CD and CMV-CD-miR199a*3. Experiments were repeated thrice in triplicates, and the difference between CMV-CD and CMV-CD-miR199a groups

was checked for statistical significance using the two-tailed t test in GraphPad Prism 7.0 (data are reported as mean ± SD, *p < 0.05; ***p < 0.005).
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AAV-vector-based delivery system, the most widely used delivery
vector for therapeutic purposes.

CD133+ CD44+ Oct4+-Enriched 3D Tumorspheres Can Be

Targeted with Vectors Harboring Transgenes with miRNA199a

Binding Sites at the 30 UTR
In order to assess the efficacy of miRNA199a targeting in a more
complex tumor-like environment, we utilized Hepa1-6 cells grown
under 3D tumorsphere culture conditions (Figure 6A). These hetero-
geneous 3D tumor-like cultures have also been shown to enrich for
cancer stem cells.16 Given the reported tumor-suppressing roles of
miRNA199a and its downregulation in cancer stem cells for other
cancer types, we first investigated whether maintaining Hepa1-6 cells
as 3D tumorspheres could enrich for classic cancer stem cell markers.
We quantified the levels of expression of HCC stemness markers
CD44 (Figure 6B), CD133 (Figure 6C), and Oct4 (Figure 6D) in these
tumorspheres and observed a significant upregulation of these genes
82 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
when compared to 2D-grown Hepa1-6 cells (p < 0.05). The increase
in stemness markers correlated to a downregulation in levels of
miRNA199a (Figure 6E).

Next, we examined whether Hepa1-6 cell tumor-like spheroids
could be efficiently targeted by the miR199a target sequence (TS) vec-
tors. To do this, we transfected 3D tumorspheres of Hepa1-6 and 2D
Hepa1-6 with CMV-GLuc-miR199a*3 and examined the reported
expression. We observed a significant increase in the reporter expres-
sion in 3D tumorspheres compared to the miRNA199a-expressing
2D cultures (p < 0.05) (Figure 6F). Similarly, a 2.19-fold increase in
GLuc expression (p < 0.005) was observed after transduction of
3D tumorspheres of Hepa1-6 with scAAV8-GLuc-miR199a*3
when compared to 2D culture (Figure 6G). Using GDEPT with
the CD/5-FC system also resulted in significantly higher cell
death (p < 0.001) in 3D tumorspheres of Hepa1-6 cells when
compared to the 2D culture (Figure 6H). These results suggest that



Figure 5. AAV-Vector-System-Mediated Targeted Gene Therapy Based on Post-transcriptional Action of miRNA199a

To investigate the possibility of vector-mediated delivery of a transgene harboringmiR199a binding site, AAV8 harboring GLuc as a reporter and cytosine deaminase (CD) as a

therapeutic gene was constructed with or without miR199a binding sites at the 30 UTR of the transgenes, and cells were transduced at an MOI of 100,000 vgs per cell.

(A) Construction of plasmid harboring GLuc is indicated, as well as CD flanked by self-complementary inverted terminal repeats of the AAV. (B) Reporter expression after

delivery with AAV: both miRNA199a-positive and -negative cells were transduced with scAAV8-GLuc and scAAV8-GLuc-miR199a*3, and the amount of secreted GLuc was

quantified. Relative expression of GLuc after transduction with scAAV8-GLuc-miR199a*3 was reported as a percentage of that after transduction with scAAV8-GLuc.

(C) Targeted GDEPT after AAV-mediated suicide gene therapy: cells were transduced with scAAV8-CD and scAAV8-CD-miR199a*3 and incubated with the prodrug 5-FC.

The percent proliferation was then calculated for scAAV8-CD-miR199a*3 and represented as a percentage of that for scAAV8-CD for each cell type. The significant difference

between groups was tested by two-tailed t test using GraphPad Prism v7.0 (data are reported as mean ± SD, n > 3; *p < 0.05).
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miRNA199a-targeting strategies have utility in targeting more com-
plex tumor-like spheroids with decreased miRNA199 expression.

DISCUSSION
miRNAs are small, untranslated, endogenous RNA molecules that
efficiently regulate the expression of a gene by binding to a specific
sequence in its mRNA (binding sites). In addition to having a cell-
specific expression pattern and being involved in several important
biological processes ranging from development to apoptosis, several
miRNAs have been reported to be dysregulated in several diseases,
including cancer. Inclusion of binding sites of miRNAs that are
downregulated in cancer while being expressed at high levels in
normal cells is an attractive approach for limiting transgene expres-
sion in cancer cells.

In this study, we first investigated the expression levels of miRNA199a
in hepatocytes and a panel of HCC and non-HCC cell lines. We
showed that miRNA199a was significantly downregulated in HCC
and non-HCC lines while remaining high in primary hepatocytes,
HepRG cells, and Hepa1-6. The observation that the murine
Hepa1-6 cell line contains miRNA199a at levels comparable to that
of hepatocytes allowed us to use it as a model for normal hepatocyte
expression. These results were in line with other studies showingmiR-
NA199a downregulation in HCC but expression at high levels in the
cells of the liver, including hepatocytes,17,18 hepatic stellate cells,19

and liver sinusoid endothelial cells.20 It has been reported as one of
the key miRNAs dysregulated in HCC development and progression,
with a role as a diagnostic marker21,22 as well as a therapeutic
target.23,24 miRNA199a has also been shown to be downregulated
in a number of non-liver cancers such as breast cancer,25 renal cell
cancer,26 osteosarcoma,27 thyroid cancer,28 and bladder cancer.29

In line with previous studies performed with liver-specific
miRNA122a,30,31 transfection of reporters with three miRNA199a
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 83
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Figure 6. Expression of miRNA199a in Tumorspheres of Hepa1-6 and Its Implication for Targeted Gene Delivery

(A) Photomicrographs of tumorspheres of Hepa1-6 after 5 days in culture in serum-free, stem-cell-enriching media (scale bars, 50 mM on the left and 200 mm on the right).

Real-time qPCRwas performed on cDNA of the Hepa1-6 and Hepa1-6 tumorspheres to compare themarkers of stemness, (B) CD44, (C) CD133, and (D) Oct4, as well as (E)

miRNA199a. Comparison of miRNA199a levels in Hepa1-6 and Hepa1-6 tumorspheres: (F) Hepa1-6 and Hepa1-6 tumorspheres were transfected with CMV-GLuc-

miR199a*3, and secreted GLuc was reported as percentage of CMV-GLuc. (G) Hepa1-6 and Hepa1-6 tumorspheres were transduced with pscAAV8-GLuc and pscAAV8-

GLuc-miR199a*3, and relative GLuc expression was reported. (H) Similarly, Hepa1-6 and Hepa1-6 tumorspheres were transfected with CMV-CD and CMV-CD-miR199a*3,

and percent proliferation was calculated following incubation with 5-FC. Percent proliferation for CMV-CDmiR199a*3 was normalized with CMV-CD. A two-tailed t test was

performed to analyze the difference between groups (data are reported as mean ± SD, n > 3; *p < 0.05; **p < 0.01; ***p < 0.001).
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binding sites at the 30 UTR resulted in a significant inhibition of the
reporter expression in miRNA199a-positive primary hepatocytes,
HepaRG cells, and Hepa1-6 cells, while no significant effects were
observed in miRNA199a-negative HCC and non-HCC cell lines.
No effect in expression was seen when a control miRNA binding
site was incorporated at the 30 UTR (Figure S1). Next, we generated
plasmids harboring CD and miRNA199a binding sites and observed
84 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
significantly reduced cell death in miRNA199a-positive cell Hepa1-6
after transfection and incubation with the prodrug 5-FC, while,
in miRNA199a-negative HCC cells, cell death equivalent to
CMV-driven CD expression was observed. These results validated a
post-transcriptionally targeted suicide gene therapeutic system for
HCC. Given the complete homology between murine and human
miRNA199a,32 we were able to model the effects of incorporating
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binding sites of miRNA199a at the 30 UTR using Hepa1-6, which was
useful especially for targeted GDEPT studies, which is often problem-
atic in primary hepatocytes due to culture conditions.We chose to use
perfectly complementary binding sites, as imperfectly complemen-
tary binding sites can cause saturation of endogenous miRNA, even
at a low concentration of transcripts15,33; similarly, utilizing perfectly
complementary binding induces target RNA degradation, facilitating
quick turnover.34,35

Next, we explored the possibility of constructing a targeted AAV vec-
tor harboring ourmiRNA199a-based post-transcriptionally regulated
gene therapeutic system. Similar to reports by Peruta et al., who uti-
lized the liver-specific nature of AAV8 to construct miRNA122a-
based post-transcriptionally liver detargeted gene delivery system,
we observed that transduction of Hepa1-6 with scAAV8-GLuc-
miR199a*3 leads to a significant reduction of reporter expression
when compared to scAAV8-GLuc.36 This observation was further
corroborated by post-transcriptionally detargeted suicide gene ther-
apy with scAAV8-CD-miR199a*3 in Hepa1-6. Given the ability of
AAV8 to transduce liver and tissues of liver origin, our system could
provide an option to target disseminated tumors.

In an interesting observation, we observed reduced levels of
miRNA199a in 3D Hepa1-6 tumorspheres of enriched in stemness
markers, including CD44. This observation is in line with the reported
tumor-suppressive role of miRNA199a in HCC and the fact that
miRNA199a directly regulates the expression of stemness marker
CD44 in other cancers.37,38 While we have not directly shown the
existence of cancer stem cells in this study, others have shown that
tumorspheres derived from HCC are enriched in stem-like cells and
exhibit high chemoresistance.39 The potential utility of miRNA199
to target a sub-population of cancer stem cells is intriguing and could
be explored in future studies. Although this particular study does
not answer the questions of how and what roles miRNA199a might
play in HCC stem cell biology, the decreased levels of miRNA199a
in Hepa1-6 tumorspheres not only allowed us to assess the effective-
ness of miRNA199a targeting in a miRNA199a-negative cell popula-
tion but also showed its effectiveness in terms of increased expression
and increased death when used in conjunction with GDEPT in a com-
plex 3D tumor-like environment. Similar 3D tumorsphere culture sys-
tems are widely used to recapitulate some of the tumor heterogeneity
seen in vivo and to screen for novel drug candidates while reducing the
need of animal models.40,41

In conclusion, this proof-of-concept study establishes negative target-
ing based on post-transcriptional gene regulation by miRNA199a in
the context of HCC gene therapy. This system was found to efficiently
target HCC cells with downregulation of miRNA199a while, at the
same time, detargeting miRNA199a-positive HepaRG and Hepa1-6.
Furthermore, AAV-based delivery of this system was found to be
feasible and effective. Finally, given that miRNA199a has been re-
ported to be downregulated in multiple cancer types, this system
could be exploited to detarget any cell type with high endogenous
levels of miRNA199a.
MATERIALS AND METHODS
Cell Culture

The Hepa1-6 cell line, which expresses high levels of miRNA199a,
and HCC cell lines Hep3B, PLC/PRF/5, SKHep1, and SNU423 with
miR199a downregulation were obtained from ATCC and maintained
in DMEM media (Thermo Fisher Scientific, Scoresby, Australia)
supplemented with 10% fetal bovine serum (FBS) (GIBCO, Australia)
and 1% penicillin-streptomycin (P/S) (GIBCO, Australia). The
Australian Genome Research Facility (AGRF) cell line ID service
was used to confirm the identity of the human cell lines. Breast cancer
cell lines T47D and MCF-7 were maintained in standard DMEM
media. Melanoma cell lines 92.1 and Mel270 (gifted by Nicholas
Hayward) and ovarian cancer lines SW626, CAOV3, and TOV21G
were grown in RPMI media (Thermo Fisher Scientific) supplemented
with 10% FBS and 1% P/S. Prostate cancer cell lines LnCap and
DU145 were maintained in standard DMEM media. All the other
cell lines were maintained as per the ATCC recommendations.
Cryopreserved primary human hepatocytes (HUM4150) and NoSpin
HepaRG (NSHPRG) cells were obtained from Lonza (Sydney,
Australia) and maintained as per the manufacturer’s protocol.
Real-time qPCR and Quantification of miRNA Levels

To quantify the endogenous expression levels of miRNA199a, total
RNA was isolated with TRIzol, and cDNA was synthesized with
the MystiCq microRNA cDNA Synthesis Mix (Sigma Aldrich,
St. Louis, MO, USA) as per the manufacturer’s protocol. The synthe-
sized cDNA was then used for real-time qPCR with the Bioline SYBR
Lo-ROX system (Alexandria, Australia) in a ViiA7 RT-PCR machine
(Thermo Fisher Scientific) in the following conditions: 95�C for
10 min followed by 40 cycles of 95�C for 5 s, 60�C for10 s, and
70�C for10 s. The MystiCq Universal PCR (MIRUP, Sigma) and
50-CCCAGTGTTCAGACTACCTG-30 primers were used to amplify
miRNA199a, and the amount of miR199a was calculated as the num-
ber of copies per 1,000 copies of RNU6 (MIRCP00001) control using
the formula 2^(Ct control� Ct sample) , 1,000. A 100% homologous
nature of murine and human miRNA199a allowed usage of the same
primer for amplification. Similarly, markers for the level of stemness
(CD44, CD133, and Oct4) were measured relative to GAPDH control
(primers are listed in Table S1).
Construction of Expression Plasmids

GLuc with three miRNA199a-5p binding sites (GGGTCACAAG
TCTGATGGACAAG*3) at the 3’-UTR flanked by StuI and EcoVI
was artificially synthesized (ThermoFisher Scientific). GLuc with
and without miRNA binding sites was then cloned in the pscAAV-
GFP (a gift from John T Gray, Addgene plasmid #32396) using
enzymes EcoRI and StuI to generate pscAAV-CMV-GLuc (CMV-
GLuc) or EcoRI and EcoRV to generate pscAAV-CMV-GLuc-
miR199a*3 (CMV-GLuc-miR199a*3). For the construction of CD-
expressing plasmids, the gene was artificially synthesized separately
and cloned in the aforementioned plasmids replacing GLuc to obtain
CMV-CD and CMV-CD-miR199a*3. A control miRNA binding site
GGGTCACAAGTCTGATGGACAAG *3 was also incorporated at
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 85
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the 30 UTR of reporters (Figure S1). A representation of plasmid
construction has been included in Figure 5A.

Transfection and Gaussia Luciferase Reporter Assays

All transfection studies for investigating the reporter expression were
performed with Lipofectamine 3000 (Thermo Fisher Scientific) in a
24-well plate as per the manufacturer’s protocol. Briefly, 30,000 cells
were seeded in a 24-well plate, and transfection was performed with
500 ng of plasmids. 72 hr post-transfection, the amount of GLuc
secreted in the media was quantified with the Pierce Gaussia
Luciferase Glow Assay Kit (Thermo Fisher Scientific) as per the
manufacturer’s recommendations. The chemiluminescence measure-
ment was conducted with the Infinite 200 Pro NanoQuant (Tecan
Trading, Zurich, Switzerland). In order to regulate the difference in
transfection efficiencies across cell lines, chemiluminescence detected
with CMV-GLuc-miR199a*3 was normalized with CMV-GLuc for
individual cell type.

Inhibition and Overexpression of miR199a

For knockdown experiments in Hepa1-6 cells, 5 pmol of miRNA199a
inhibitor (4464084, Life Technologies, Mulgrave, Australia) was
co-transfected using Lipofectamine 3000 with either CMV-GLuc
or CMV-GLuc-199a*3 and either CMV-EGFP or CMV-EGFP-
miR199a*3 in a 24-well plate as per the manufacturer’s protocol.
Similarly, for overexpression, miRNA199a mimic (4464066, Life
Technologies) was co-transfected with either CMV-GLuc or CMV-
GLuc-miR199a*3. 72 hr post-transfection, the percentage of GFP-
positive cells or secreted GLuc was quantified for each group and
expressed as the percentage of either CMV-EGFP or CMV-GLuc
respectively.

Cell Proliferation Assay

Cell proliferation assay was performed with the CellTiter96
Aqueous One Solution Cell Proliferation Assay Kit (Promega,
Madison, WI, USA). Briefly, 10,000 cells were seeded in a 96-well
plate and transfected with either CMV-CD or CMV-CD-199a*3.
24 hr post-transfection, fresh media containing 10 mm 5-FC
were added. After 48 hr, the cells were incubated with MTS (tetra-
zolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent as per the
manufacturer’s protocol, and absorbance was measured at 540 nm
with the Infinite 200 Pro NanoQuant. Percent proliferation was
calculated for CMV-CD and CMV-CD-199a*3 for each cell line,
and percent proliferation with CMV-CD-199a*3 was subtracted
from that with CMV-CD to account for the difference in transfec-
tion efficiencies.

Cell Death Assay with Annexin V/PI

In order to quantify the amount of cell death after the expression of
the suicide gene CD with or without an miRNA199a binding site at
the 30 UTR, flow cytometry based on annexin V/PI staining (Life
Technologies) was performed as suggested by the supplier. Briefly,
30,000 cells were transfected with CMV-CD or CMV-CD-199a*3 in
a 24-well plate. 48 hr post-transfection, the media were replaced
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with fresh media containing 10 mM 5-FC. After 24 hr, the cells
were washed, collected, and stained with annexin V/PI. Annexin V/
PI-positive cells were quantified using the BD FACSCanto II, and
data analysis was performed with FCS Express 3 (BD Biosciences;
North Ryde, Australia). The percentage of apoptotic cells after trans-
fection with CMV-CD-199a*3 was normalized with CMV-CD for
each cell type.
AAV Production and Transduction

AAV serotype 8 was produced using the triple transfection method
using polyethylenimine (PEI). Briefly, HEK293 cells were seeded in
15-cm plates and transfected with pHelper (Agilent Technologies,
Mulgrave, Australia), AAV8 capsid, and either psc-CMV-GLuc,
psc-CMV-GLuc-miR199*3, psc-CMV-CD, or psc-CMV-CD-
miR199*3 in a 2:1:1 ratio. After 48–72 hr, the cells were washed
with PBS and subjected to 3 freeze-thaw cycles with ethanol and
dry ice followed by incubation at 37�C to release the AAV. The crude
lysate was then treated with benzonase (Sigma-Aldrich) and passed
through the Amicon Ultra 100-kDa filter (Sigma-Aldrich), and
buffer exchange was performed three times with PBS, after which
the end product was filtered through 0.22-mm filters. The number
of vector genomes (vgs) was quantified with qPCR (primers have
been listed in Table S1). All transduction experiments to study
GLuc expression were performed in 96-well plates at an MOI of
100,000 vgs per cell, and luminescence was measured as previously
described. Similarly, suicide gene therapy was performed with an
MTS assay after transduction of 10,000 cells with 100,000 vgs per
cell of either pscAAV-CMV-CD or pscAAV-CMV-CD-miR199a*3
as previously described.
3D Culture of Hepa1-6

3D tumorspheres of Hepa1-6 were maintained in stem-cell
conditioned, serum-free neurosphere assay (NSA) media containing
DMEM/F12 (Thermo Fisher Scientific), 10 ng/mL recombinant hu-
man basic fibroblast growth factor (rhFGF) (Lonza), 20 ng/mL re-
combinant human epidermal growth factor (rhEGF) (Lonza), BSA
(Sigma-Aldrich), 4 mg/mL heparin sulfate (Sigma-Aldrich), and 1%
P/S (Thermo Fisher Scientific), as previously described.42 Briefly,
30,000 cells were collected, washed thrice with PBS, and seeded in
ultra-low attachment plates (Corning, Corning, NY, USA). Images
of tumorspheres were taken with a digital camera (Olympus DP21,
Tokyo, Japan) connected to an inverted microscope (Olympus
CKX41) with imaging software (CellSens, Olympus, Tokyo, Japan).
Cells were either collected for RNA extraction (day 5), transfected
at day 3 (with CMV-GLuc or CMV-GLuc-miR199a*3), or transduced
at day 3 (with pscAAV8-GLuc) or pscAAV8-GLuc-miR199a*3).
Statistical Analysis

All experiments were repeated at least thrice, and data are represented
as mean ± SD. To test whether there were significant differences
in experimental results between groups, a two-tailed t test was per-
formed with GraphPad Prism 7.0 (GraphPad Software) (*p < 0.05,
**p < 0.01, and ***p < 0.001).
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Supplementary Table 1: List of primers used for qRT-PCR studies 

Gene Forward primer Reverse Primer 

CD44 5’-AGCGGCAGGTTACATTCAAA-3’ 5’-CAAGTTTTGGTGGCACACAG-3’ 

CD133 5’-TAGAGGGAAGTCATTCGGCT-3’ 5’-CCCAAGATACCTTCAATGCTG-3’ 

Oct4 5’-TTCTAGCTCCTTCTGCAGGG-3’ 5’-AGAGGGAACCTCCTCTGAGC-3’ 

  

Supplementary Figure 1 
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Supplementary Figure 1: Hepa1-6 cells were transfected with CMV-Gluc, CMV-Gluc-

miR199a*3, and the control plasmid CMV-Gluc-control TS. Similarly, cotransfection of 

miRNA199a inhibitor was performed with all three plasmids and the amount of secreted Gluc 

was quantified. Expression of the reporter after cell transfection with each group was reported 

as a percentage of that with CMV-Gluc. Two tailed t-test was performed to determine 

statistical significance of differences observed between indicated groups. (n>3, * p<0.05, *** 

p<0.001) 
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