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ABSTRACT

Hepatocellular carcinoma (HCC) remains a significant clinical challenge with
few therapeutic options. Genomic amplification and/or overexpression of the MYC
oncogene is a common molecular event in HCC, thus making it an attractive target
for drug therapy. Unfortunately, currently there are no direct drug therapies against
MYC. As an alternative strategy, microRNAs regulated by MYC may be downstream
targets for therapeutic blockade. MiR-17 family is a microRNA family transcriptionally
regulated by MYC and it is commonly overexpressed in human HCCs. In this study,
we performed systemic delivery of a novel lipid nanoparticle (LNP) encapsulating an
anti-miR-17 oligonucleotide in a conditional transgenic mouse model of MYC driven
HCC. Treatment with anti-miR-17 in vivo, but not with a control anti-miRNA, resulted
in significant de-repression of direct targets of miR-17, robust apoptosis, decreased
proliferation and led to delayed tumorigenesis in MYC-driven HCCs. Global gene
expression profiling revealed engagement of miR-17 target genes and inhibition of key
transcriptional programs of MYC, including cell cycle progression and proliferation.
Hence, anti-miR-17 is an effective therapy for MYC-driven HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a generally
lethal cancer with increasing frequency in the Unites
States and world-wide [1]. Conventional chemotherapy
has limited efficacy. Targeted therapies like Sorafenib
or Regorafenib improve life expectancy only by a few
months [2, 3] Several other drugs have failed in phase
3 clinical trials for HCC likely due to the failure to
identify subpopulations amenable to targeted therapy
[4]. Therefore, it is imperative to develop novel effective
therapeutics and biomarker stratification strategies for
selecting the right drug for the right patient.

MY C genomic amplification and/or overexpression
is a common molecular event in HCC [5]. MYC is a
transcription factor that modulates the gene expression of

thousands of genes that regulate many programs which are
hallmarks of cancer including: metabolism, proliferation,
self-renewal, and survival [6, 7]. Experimentally,
inactivation of MYC oncogene in HCC is sufficient to lead
to tumor regression associated with proliferative arrest,
differentiation, and apoptosis [8]. Hence, therapies against
MYC have the potential to be highly effective treatment
for liver cancer. However, no existing therapies directly
inactivate the MYC oncogene, so identifying critical
downstream gene products that are essential for MYC to
maintain a neoplastic state can help us indirectly target
MYC.

Recently, we reported that MYC’s ability to maintain
proliferation, survival and self-renewal were regulated via
its induction of miR17~92 cluster [9]. The miR 17 family
(miR 17, miR 20a, miR 20b, miR106a, miR106b, miR
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93) is a part of this cluster and few studies have shown
that over-expression of miR-17 family promotes HCC
progression and cancer metastasis [10, 11]. We therefore
hypothesized that miR-17 is a promising therapeutic target
for MY C-driven HCCs.

Targeting microRNAs has been considered a desired
approach in cancer therapeutics [12]. However, several
challenges exist in achieving drug stability and ensuring
tissue-specific drug delivery [13, 14]. Recently, a novel
approach for targeting miR-17 with a tough decoy (TuD)
antisense miR 17 delivered via systemic lipid nanoparticle
(LNP) has been shown to be effective in HCC cell lines
[15]. We have evaluated the feasibility of liver-specific
anti-miR delivery to achieve sustained target de-repression
in the liver tumor without general liver toxicity. We found
that an anti-miR-17 LNP, in a transgenic mouse model of
MY C-driven HCC, impeded tumor progression without
overt signs of hepatic or systemic toxicity. Our results
demonstrate that anti-miR-17 therapy may have efficacy
for the treatment of MY C-driven HCC.
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RESULTS

The miR-17 family is overexpressed in MYC-
driven human HCC tumors

The miR-17 family (miR-17, miR-20a, miR 20-b,
miR 106-a, miR 106-b, miR-93) and MYC expression
was examined in human HCC from the cancer genome
atlas (TCGA) [16]. All six miRNAs were overexpressed
in HCC when compared to the adjacent normal liver,
with miR-17 and miR-106b (p value<0.001) being the
most overexpressed and miR20-b being minimally
overexpressed (p value=0.03) (Figure 1A). Tumors could
be classified into two groups based on the composite
expression of the six miR-17 levels using clustering
analysis. The miR-17 family was overexpressed in 60
tumors (16.0%). MiR-17 expression was correlated
with higher stage tumor (36.7%) compared to those
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Figure 1: The miR-17 family is overexpressed in MYC-driven human HCC tumors. A. TCGA analysis of microRNA
expression identifies six members of the miR-17 (miR-17, miR-20a, miR-20b, miR-93, miR-106a and miR 106b) in normal liver and
human HCC tumor tissue. B. MiR-17 expression is higher in tumors of higher stage than lower stage HCC. C. Patients with tumors
with higher versus lower miR-17 family expression had worse survival. D. MiR-17 expression is higher in tumors with MYC genomic

amplification than in those with normal diploid MYC.
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with lower miR-17 family expression (22%) (p<0.001)
(Figure 1B). Median survival in patients with low miR-17
family expression was 70.5 months (95% CI 50.2-90.8)
while those with high miR-17 family expression had a
significantly poorer median survival of 25.2 months (95%
CI 18.5-31.9) (p<0.0001; HR 2.1 (1.4-3.2)). Genomic
amplification of MYC oncogene was found in 17.4%
(65/374) of HCCs. The miR-17 family members exhibited
higher expression in tumors with MYC amplification
(Figure 1C and Supplementary Figure 1). Also, expression
of miR-17 was significantly correlated with MYC mRNA
expression (p=0.0017). Thus, our analysis in this large
cohort of human HCCs shows that the miR-17 family
is commonly overexpressed in MYC-driven HCC and
correlates with a worse clinical outcome.

Anti-miR-17 therapy
tumorigenesis

impeded MYC-driven

Anti-miR-17 therapy was examined in an
autochthonous transgenic mouse model of MY C-driven
HCC (LAP-tTA/tet-O-MYC) [17]. A lipid nanoparticle
(LNP) encapsulating anti-miR-17 family oligonucleotide
was utilized, as has been described previously (RLO1-

A

C

17(5))[15]. In LAP-tTA/tet-O-MYC transgenic mice MYC
expression was induced at 4 weeks after birth leading
to tumorigenesis. MRI imaging was used to identify
individual tumor nodules and their size.

First, we showed that LNP anti-miR-17
oligonucleotide can be delivered to the liver. Tumor-
bearing mice were treated either with anti-miR-17
oligonucleotide (n=3) or with control oligonucleotide
(n=3) for three doses before the mice were sacrificed and
the concentration of the oligonucleotide was determined
by mass spectrometry (LC/MS). Both the control and anti-
miR-17 oligonucleotide compound were detected in both
the liver and the tumor, but the concentration in the tumor
(mean 5.7 microgm/gm) was lower than in the normal
liver (mean 25.4 microgm/gm) (p<0.05) (Figure 2A).
Immunohistochemistry using an antibody that recognizes
the phosphorothioate backbone of the oligonucleotide
confirmed delivery both to the liver and the tumor (Figure
2B). Functional drug delivery was confirmed based on
predicted transcriptional changes in liver tumors. Anti-
miR-17 oligonucleotide but not control oligonucleotide
de-repressed known miR-17 family mRNA targets like
TGFBR2 [18], PTPN4 [19] and CROT 15] in MY C-driven
HCC tumors (Figure 2C). Hence, LNP delivery of anti-
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Figure2: Lipid nanoparticle anti-miR-17 was effectively delivered to theliver. A. The control and anti-miR-17 drugs were equally
detected in both the liver and in the tumor The concentration in the tumor was lower than in the liver (*p<0.05). B. Immunohistochemistry
for control and anti-miR-17 confirmed drug delivery to both the liver and the tumor. C. Anti-miR-17 but not control de-repressed known
miR-17 family mRNA targets -TGFBR2, PTPN4, CROT, in MYC-driven HCC tumors (*p<0.05, **p<0.01, ***p<0.001).
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miR17 is indeed distributed to HCC tumors and associated
with de-repression of miR-17 targets.

Next, therapeutic efficacy of anti-miR-17 therapy
was determined. MY C-induced transgenic tumors were
treated when tumors had reached a size of at least 50mm?,
as measured by MRI. Intravenous delivery of anti-miR-17
LNP (4 mg/kg) (n=7) or control oligonucleotide (n=7)
once a week for 4 weeks was performed. The treatment
was well tolerated and there was no significant weight loss
in either group. Treatment with anti-miR-17 versus control
impeded tumorigenesis (Figure 3B). Three dimensional
tumor volume assessment by MRI showed that normalized
tumor volume at week 4 was significantly higher in the
mice treated with control compound (430+£107 mm?) than
the mice treated with anti-miR-17 oligonucleotide (mean
147437 mm?®) (p=0.028) (Figure 3C; Supplementary
Figure 2A). Also, anti-miR-17 treated transgenic mice
had smaller and fewer liver tumors (4.1+0.32 grams)
than control mice (6.2+0.7 grams) (p=0.03) (Figure 3D,
supplementary Figure 2B). Our results demonstrate that
systemic delivery of LNP-encapsulated anti-miR-17
family oligonucleotide significantly delayed tumor
progression in a mouse model of MY C-driven HCCs.
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Anti-miR-17 inhibits HCC cell proliferation and
increases apoptosis

We examined the mechanism by which miR-17
inhibition blocked MY C-induced HCC tumorigenesis.
Mice treated with anti-miR-17 therapy versus control
demonstrated significantly increased apoptosis as
measured by activated caspase staining and decreased
cellular proliferation as measured by phospho histone3
staining by immunohistochemistry (Figure 4A and 4B).
Further, we observed no overt toxic effects on normal liver
tissue (Supplementary Figure 3). MYC and miR-17~92
have been implicated in modulation of anti-tumor immune
response [20, 21]. To see if miR-17 suppression influenced
the immune response or if the LNP led to any deleterious
immunostimulatory effects, we measured T-cells (CD4+)
and macrophages (F4/80) infiltration in anti-miR-17
versus control treated MY C-induced HCC and found no
significant differences (Supplementary Figure 4).

Anti-miR-17 therapy leads to de-repression of
miR-17 targets

We further examined the effects of anti-miR-17
therapy using MYC-induced HCC tumor derived cell
lines. Notably, we confirmed that MYC regulates miR-
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Figure 3: Anti-miR-17 therapy impeded MYC-driven tumorigenesis. A. Schematic representation of experimental methods.
MYC HCCs were induced by activating MYC at 4 weeks of age. Mice were treated with control or Anti-miR-17 oligonucleotide once
tumor volume of 50 mm3 was reached. Mice were imaged every week with MRI and tumor volume measured. Mice were sacrificed after
they received 4 doses of therapy at weekly intervals. B. Serial MRI images of representative mouse from control and anti-miR 17 groups
showing delayed tumor progression in latter group. Red arrows point to the tumors. C. Tumor volume from mice treated with control of
anti-miR-17 oligonucleotide at week 4 was normalized to tumor volume at week one. At week 4, tumors were larger in the control group
than in the anti-miR-17 group. Also, the growth curve of the tumors from week one to week 4 has been plotted to demonstrate the difference.
D. Gross morphology of liver tumors after 4 doses of treatment shows that mice treated with control oligonucleotide had larger tumors and

more numerous tumors than those treated with anti-miR-17 therapy.
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Figure 4: Anti-miR-17 inhibited HCC cell proliferation and increased apoptosis. A. H&E, IHC staining for cleaved caspase
3 (CC3) and phospho histone 3 (PH3) at 10X and 40X magnification from representative tumor samples from mice treated with control or
anti-miR-17 therapy. B. Quantification of CC3 and pH3 staining by determining the average staining in five 40X magnification fields shows
apoptosis is increased with anti-miR-17 therapy and proliferation is decreased.
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17, but not miR-19 or miR-20 expression (Supplementary
Figure 5), as has also been described by us previously
[9]. Next, we evaluated the influence on gene expression
of miR-17 inhibitor TuD to inhibit endogenous miR-17
family activity. A total of 1323 genes were differentially
expressed between the anti-miR-17 treated and control
groups (Figure 5A) (p<0.05) (Supplementary Table 1).
The top 20 most differentially expressed genes are shown
in Figure 5B. Pathway analysis revealed activation of
several pathways (Supplementary Figure 6A) involved
in apoptosis and cell cycle arrest like PTEN pathway
and p53 signaling pathway (Supplementary Figure
6B). Furthermore, by TargetScan and Sylamer analysis,
we found global de-repression of transcripts that
contain putative miR-17 binding sites in their 3’-UTRs

(Supplementary Figure 7). A total of 743 genes considered
to be potential direct targets of miR-17 family were
identified (Supplementary Table 2). The de-repression
of several known targets of miR-17 [22-24] like E2f1,
Tgfbr2 and Cdknal was observed (Figure 5C). Network
analysis of differentially expressed genes revealed that
enhancement of cell death and inhibition of cellular
proliferation (p=1.9X10%) were key functional changes
induced by anti-miR 17 therapy (Figure 5D).

Anti-miR-17 therapy inhibits MYC induced
transcriptional program

MY C maintains tumorigenesis via the upregulation
of miR-17~92 family and suppression of its target genes
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Figure 5: Anti-miR-17 therapy leads to de-repression of miR-17 targets. A. Volcano plot shows genes differentially expressed
with anti-miR-17 treatment. Genes colored in blue represent the differentially expressed genes. B. Heat map of the top 20 genes differentially
expressed upon treatment with control versus anti-miR-17 oligonucleotide. C. De-repression of several known targets of miR-17 was seen
including E2f1, Tgfbr2 and Cdknal in tumors treated with anti-miR-17 therapy. D. Pathway analysis of differentially expressed genes
revealed that enhancement of cell death and inhibition of cellular proliferation (p=1.9X10) were key functional changes induced by anti-
miR 17 therapy. The lines in orange represent inhibition and the lines in blue show activation.
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[9]. We compared the transcriptional changes induced by
treatment with anti- miR-17 therapy with those induced by
inactivating the MYC oncogene. The MYC oncogene was
inactivated in the conditional MY C cell line by treating the
cells with doxycycline (supplementary Figure 8). Global
transcription profiling was performed at 24, 48 or 72 hours
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after MYC inactivation. A total of 2885 genes (p<0.05)
were differentially expressed between the MYC on and
off states (Supplementary Table 3); whereas 1323 genes
were differentially expressed upon anti-miR-17 therapy,
with 153 genes overlapping. Next, we identified genes
amongst these that are targets of miR-17 by TargetScan
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Figure 6: Anti-miR-17 therapy inhibits MYC induced transcriptional program. A. Venn diagram showing overlap of three
separate gene sets i) Genes differentially expressed in conditional cell lines when MYC is inactivated ii) genes differentially expressed
in MYC conditional cell lines when treated with anti-miR-17 therapy iii) Genes that are identified to be targets of miR17 on Targetscan
analysis. B. Heatmap shows expression of the 33 genes identified as overlapping between above 3 gene sets in MY C ON versus OFF states.
C. Bar graph shows log fold change of expression changes of these 33 genes in cell lines treated with control versus anti-miR-17 therapy.
D. Network analysis of the 33 genes revealed the most activated pathways were cell death and survival, cell cycle regulation and apoptosis.
The molecules in red are the most over expressed in the tumors treated with anti-miR-17 therapy while the other molecules in yellow are

indirectly involved in the network.
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analysis (Figure 6A). We identified 33 direct targets of
miR-17 (Supplementary Table 4) which were differentially
expressed either upon MYC inactivation (Figure 6B)
or upon inhibition of miR-17 (Figure 6C). Our results
indicated these genes are part of a common transcriptional
program between MY C and miR-17. Network analysis of
the 33 genes revealed that the most activated pathways
involved cell death (p=5.3X10?), cell cycle regulation
(p=5.0X10%®) and apoptosis (p=5.2X107) (Figure 6D).
Our results suggest that MYC induces a transcriptional
program which, in part, suppresses cell death and
apoptosis via miR-17 activation. To summarize, anti-
miR-17 therapy induces apoptosis and cell cycle arrest
by specifically de-repressing several targets in the MYC
pathway and thus delays tumorigenesis in MY C-driven
HCCs (Figure 7).

DISCUSSION

The MYC oncogene is overexpressed in most
human HCCs. Here we show that MYC can both induce
the expression and is correlated with the overexpression
of miR-17. Further, the inhibition of miR-17 using a LNP
delivery of an anti-oligonucleotide in an autochthonous
transgenic mouse model of MY C-induced HCC impedes
tumor growth. We confirmed delivery into tumors, de-
repression of miR-17 targets, but did not observe any
overt liver-specific or systemic toxicity with this therapy.
We conclude that anti-miR-17 therapy is potential novel
therapy for MY C-associated HCC.
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Proliferation

Tumor Progression

Previously we [17, 25-28] and others [29] induced
reversible tumorigenesis upon experimental MYC
inactivation. However, there are no existing therapies
that target MYC directly. Targeting MYC regulated
microRNAs is an attractive treatment approach since
miRNAs affect the expression of a network of target
genes and affect a pathway at multiple levels [30-32].
Earlier, we and others have reported that miR-17-92 is
causally responsible for at least part of the mechanism
by which MYC maintains a neoplastic state [9, 33, 34].
We hypothesized that targeting miR-17 could be effective
strategy for MYC driven cancers. Cell-line based studies
have shown that targeting miR-17 can suppress tumor
proliferation [15].

One of the main challenges in developing miRNA-
based therapies is ensuring tissue-specific delivery of
the anti-sense oligonucleotide [35]. We used a lipid
nanoparticle to deliver the anti-miR-17 oligonucleotide to
the liver and we successfully demonstrate that the drug is
delivered both to the tumor and to the normal liver. Several
barriers are known to impede effective drug delivery to
solid tumors including poorly organized vasculature
and increased interstitial fluid pressure [36]. This likely
explains the observation that the concentration of the drug
was lower in the tumor tissue than in the surrounding liver.
But we did confirm that LNP delivery of anti-miR-17
therapy, even at this lower concentration, was associated
with significant de-repression of known miR17 targets in
the tumor. Also, we demonstrated that the anti-miR-17
therapy can effectively delay tumor progression without
causing any observed liver toxicity. Further, we have
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Figure 7: Mechanism of action of anti-miR17 therapy in MYC driven HCCs. A. In the basal state, MYC transcriptionally
activates expression of miR-17 family which leads to repression of its known targets like Tgfbr2, Cdknal, E2f1 and Weel thus promoting
tumor progression. B. The lipid nano particle (LNP) delivered anti-miR-17 tough decoy anti sense oligonucleotide is delivered into the
HCC cell leading to inhibition of anti-miR-17 activity and de-repression of its targets. This results in cell cycle arrest and apoptosis, thus

impeding tumor progression.
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shown that anti-miR-17 therapy promoted apoptosis and
proliferative arrest in tumors. Finally, network analysis
of gene expression data suggested that the mechanism
of action of LNP delivered anti-miR-17 was related to
blocking a MYC induced transcriptional program which
regulates apoptosis and cell cycle progression.

To date, few studies have suggested efficacy of anti-
miR therapy in autochthonous primary tumor models.
Targeting miR-221 was reported to be effective in delaying
tumor progression but this was performed in a xenograft
model of liver cancer [37]. Anti-miR-34a was reported
to be an effective therapy but the efficacy was confined
to tumors with betacatenin mutation [38]. Recently, anti-
miR-17 LNP was shown to be effective in HCC but this
study was performed with cell lines and cell-line based
xenografts so they were unable to study liver-specific drug
delivery or the potential role of the host immune response
[15]. Our study is the first to demonstrate that anti-miR-17
therapy can impede MYC induced tumorigenesis in an
autochthonous mouse model.

MATERIALS AND METHODS

Transgenic mice

The LAP-¢TA4, and TetO-MYC transgenic lines have
been described previously [9, 20]. Doxycycline (Sigma)
was administered in the drinking water weekly at 0.1
mg/mL during mating and continuing until mice reached
approximately 4 weeks of age. Animals were euthanized
once treatment is completed or upon disease morbidity as
assessed by tumor burden. All procedures were performed
in accordance with APLAC protocols and animals were
housed in a pathogen-free environment.

Lipid nanoparticle drug delivery

Cationic lipid RLO1 was synthesized by Regulus
Therapeutics. LNPs encapsulating anti-miR-17 or control
oligonucleotide were prepared by mixing oligonucleotide
with lipid mixture. The concentration of anti-miR-17 was
2.6mg/mL and lipid content was 57% and the percentage
of encapsulated anti-miR-17 was 98% (13).

Small animal imaging

MRI scans were performed using a 7T small animal
MRI scanner (Bruker Inc., Billerica, MA, Stanford Small
Animal Imaging Facility, CA) equipped with a 40 mm
Millipede RF coil (ExtendMR LLC, Milpitas, CA). Under
anesthesia by inhalation of 1-3% isoflurane mixed in with
medical-grade oxygen via nose-cone, the animals were
placed supine with the respiratory sensor, head first with

the kidneys centered with respect to the center of a RF
coil. MRI acquisitions were gated using the respiratory
triggering. The bore temperature was kept at 28+1 °C.
Two-dimensional (2D) scout images on three orthogonal
planes (axial, coronal and sagittal) were acquired to ensure
the positioning. For tumor detection, a respiration triggered
T2-weighted 3D turbo spin echo sequence was used (TR/
TE 3000/205 ms, voxel size (0.22 mm?®). The isotropic
voxel size of 0.22 mm in all directions provides a high in
plane and across plane resolution. Thereby, the location
of one tumor could be defined in all three orientations
using specific landmarks, such as major vessels or other
tumors. For respiration monitoring, a pressure-sensitive
pad was placed on the animal bed directly underneath
the animal. The compression and decompression of
the pad were measured and the generated signal (SAI
Instruments, Stony Brook, NY) was finally fed to the MRI
scanner. The average acquisition time was approximately
5 min, depending on the respiration rate of the animal.
T2-weighted anatomical imaging was performed
approximately once weekly. Anatomical and parametric
images were analyzed and tumor volumes were measured
using Osirix image processing software (Osirix, UCLA,
and Los Angeles, CA).

Drug concentration assessment

Mass spectrometry (MS) based methods were used
to measure concentrations of anti-miR oligonucleotides in
mouse liver and implanted tumor after systemic delivery of
LNPs. Dissected tissues were extracted by a combination
of liquid-liquid (LLE) and solid-phase extraction (SPE),
followed by HPLC separation and Time of Flight
(TOF) detection. In the HPLC-TOF method, specificity
was achieved through high-resolution MS signals that
allowed accurate molecular weight determination. The
obtained MS signals were integrated and normalized to
that of an internal standard (IS), which allowed analyte
concentrations to be determined.

Immunohistochemistry and immunofluorescence

Paraffin embedded tumor sections were
deparaffinized by successive incubations in xylene,
graded washes in ethanol, and PBS. Epitope unmasking
was performed by steaming in 0.01 mol/L citrate buffer
(pH 6.0) for 45 minutes. Paraffin embedded sections were
immunostained with MYC (1:150, Epitomics), or cleaved
capsase 3 (1:100, Cell Signaling technology), phospho
histone 3 (1:200, Cell Signaling Technology), CD4
(1:1000, Abcam) and F4/80 ( 1: 150, Life technologies)
overnight at 40C. The tissue was washed with PBS and
incubated with biotinylated anti-rabbit or anti-mouse
for 30 minutes at room temperature (1:300 Vectastain
ABC kit, Vector Labs). Sections were developed using
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3,3’- Diaminobenzidine (DAB), counterstained with
hematoxylin, and mounted with permount. Images were
obtained on a Nikon microscope.

TCGA analysis

We used microRNA expression, mRNA expression
and somatic copy number variation (CNV) data generated
by The Cancer Genome Atlas (TCGA) from HCC
specimens (373 tumors; 50 surrounding normal liver
tissues). We downloaded the file containing level 3
normalized microRNA data, level 3 normalized RSEM
(RNA-Seq by Expectation Maximization) data and the
level 3 somatic CNV data from the Firehose run of the
Broad Genome Data Analysis Center [39].

Tumor derived cell lines

Conditional HCC cell lines were derived from
LAP-tTA, and TetO-MYC mice. MYC inactivation was
achieved with 20ng/ml doxycycline treatment. Cells were
grown in DMEM (Invitrogen), supplemented with 10%
FBS (Invitrogen), and cultured at 37°C in a humidified
incubator with 5% CO,.

RNA sequencing and miRNA target analysis

Mouse MYC-driven HCC cells were transfected
with 25nM of anti-miR-17 compound or control in
triplicate. Total RNA was isolated from the cells 24
hours after transfection and processed for RNASeq
analysis. mRNA expression profiles were determined
using next-generation sequencing (NGS) on the Illumina
HiSeq 2000 platform producing 50bp paired-end reads.
A mean of 21,556,260 read pairs passed filter and were
successfully mapped to the reference per sample, with a
standard deviation of 4,906,270. In terms of genes, 77.3%
(8831/11427) had measurable expression, in at least
one of the six samples; and 67.9% (7758/11427) genes
saw measurable expression levels in all six samples.
Sylamer analysis was performed through a Sylarray web
server [40]. TargetScan 6.2 was used to identify putative
conserved targets of miR-17 [41]. De-repression in a cell
line was defined as upregulation >1.3 fold (p-value<0.05).
An absolute fold-change threshold of >1.2 (p value<0.05)
was used to select genes for pathway analysis.

RNA isolation and quantitative real-time PCR
analysis

Total RNA and microRNAs were prepared from
cells and tissues using the miRNeasy miRNA isolation
kit (Qiagen) according to the manufacturer’s instructions.
c¢DNA and miR cDNA synthesis were performed with

high capacity RNA to cDNA kit and TagMan MicroRNA
Reverse Transcription kit respectively (Life Technologies).
TagMan assays were performed on a ViiA7 (Applied
Biosystems) or a QuantStudio 12K Flex Real Time
PCR System (Applied Biosystems) using the following
conditions: 50°C for 2 minutes; 95°C for 10 minutes; 40
cycles of 95°C for 15 seconds; and 60°C for 1 minute.
The expression of Ubiquitin was used for normalization of
mRNA samples, whereas U6 was used for normalization
of small RNA expression.

Statistical analysis

The results (Mean+SD) were subjected to statistical
analysis by Student’s t-test or one-way analysis of variance
(ANOVA) with a significance threshold of P <0.05. Chi
square test was used to compare categorical variables.
Kaplan Meier test was used for survival analysis. The
statistical software SPSS (IBM) and Graphpad Prism
(Graphpad Software Inc.) was used to perform the
analysis.

CONCLUSIONS

We report the first demonstration of an effective
use of an anti microRNA based therapy for MY C-driven
liver tumors. We confirmed delivery of anti-miR-17 lipid
nanoparticles and de-repression of miR-17 targets. Our
results suggest that a subgroup of human patients with
MYC and miR17 associated HCC may be good candidates
for anti-miR-17 therapy.

ACKNOWLEDGMENTS

We thank the members of the Felsher laboratory
for their generous advice and support. This work was
supported NIH RO1 CA170378, UO1 CA188383, and RO1
CA184384 and funding provided from Regulus to Dr.
Felsher; and a Junior Faculty Development Grant from
American College of Gastroenterology (ACG), Canary
Institute and the Stanford TRAM Program Award to to
Dr. Dhanasekaran, and support to the Stanford Small
Animal Imaging Facility, through a NIH S10 Shared
Instrumentation Grant SIORR026917-0, to Dr. Moselley.

CONFLICTS OF INTEREST

This work was in part supported by funding from
Regulus Therapeutics, San Diego, CA, USA.

REFERENCES

1.  White DL, Thrift AP, Kanwal F, Davila J, El-Serag HB.
Incidence of Hepatocellular Carcinoma in All 50 United
States, From 2000 Through 2012. Gastroenterology. 2017;

www.impactjournals.com/oncotarget

5526

Oncotarget



10.

11.

12.

152: 812-20.e5. doi: 10.1053/j.gastro.2016.11.020.

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E,
Blanc JF, de Oliveira AC, Santoro A, Raoul JL, Forner
A, Schwartz M, Porta C, Zeuzem S, et al. Sorafenib
in Advanced Hepatocellular Carcinoma. New England
Journal of Medicine. 2008; 359: 378-90. doi: 10.1056/
NEJMo0a0708857.

Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G,
Pracht M, Yokosuka O, Rosmorduc O, Breder V, Gerolami
R, Masi G, Ross PJ, et al. Regorafenib for patients with
hepatocellular carcinoma who progressed on sorafenib
treatment (RESORCE): a randomised, double-blind,
placebo-controlled, phase 3 trial. The Lancet. 2017; 389:
56-66. doi: 10.1016/S0140-6736(16)32453-9.

Llovet JM, Hernandez-Gea V. Hepatocellular carcinoma:
reasons for phase III failure and novel perspectives on
trial design. Clin Cancer Res. 2014; 20: 2072-9. doi:
10.1158/1078-0432.ccr-13-0547.

Chan KL, Guan XY, Ng IO. High-throughput tissue
microarray analysis of c-myc activation in chronic liver
diseases and hepatocellular carcinoma. Hum Pathol. 2004;
35:1324-31. doi: 10.1016/j.humpath.2004.06.012.

Gabay M, Li Y, Felsher DW. MYC activation is a hallmark
of cancer initiation and maintenance. Cold Spring Harb
Perspect Med. 2014; 4. doi: 10.1101/cshperspect.a014241.
Stine ZE, Walton ZE, Altman BJ, Hsich AL, Dang CV.
MYC, Metabolism, and Cancer. Cancer Discov. 2015; 5:
1024-39. doi: 10.1158/2159-8290.cd-15-0507.

Shachaf CM, Kopelman AM, Arvanitis C, Karlsson A, Beer
S, Mandl S, Bachmann MH, Borowsky AD, Ruebner B,
Cardiff RD, Yang Q, Bishop JM, Contag CH, et al. MYC
inactivation uncovers pluripotent differentiation and tumour
dormancy in hepatocellular cancer. Nature. 2004; 431:
1112-7. doi: 10.1038/nature03043.

Li Y, Choi PS, Casey SC, Dill DL, Felsher DW. MYC
through miR-17-92 Suppresses Specific Target Genes
to Maintain Survival, Autonomous Proliferation and a
Neoplastic State. Cancer Cell. 2014; 26: 262-72. doi:
10.1016/j.ccr.2014.06.014.

Yau WL, Lam CS, Ng L, Chow AK, Chan ST, Chan
JY, Wo JY, Ng KT, Man K, Poon RT, Pang RW. Over-
expression of miR-106b promotes cell migration and
metastasis in hepatocellular carcinoma by activating
epithelial-mesenchymal transition process. PLoS One.
2013; 8: ¢57882. doi: 10.1371/journal.pone.0057882.

Zhu H, Han C, Wu T. MiR-17-92 cluster promotes
hepatocarcinogenesis. Carcinogenesis. 2015; 36: 1213-22.
doi: 10.1093/carcin/bgv112.

Kota J, Chivukula RR, O’Donnell KA, Wentzel EA,
Montgomery CL, Hwang HW, Chang TC, Vivekanandan
P, Torbenson M, Clark KR, Mendell JR, Mendell JT.
Therapeutic microRNA delivery suppresses tumorigenesis
in a murine liver cancer model. Cell. 2009; 137: 1005-17.
doi: 10.1016/j.cell.2009.04.021.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

Cheng CJ, Saltzman WM, Slack FJ. Canonical and non-
canonical barriers facing antimiR cancer therapeutics. Curr
Med Chem. 2013; 20: 3582-93.

Tyagi N, Arora S, Deshmukh SK, Singh S, Marimuthu S,
Singh AP. Exploiting Nanotechnology for the Development
of MicroRNA-Based Cancer Therapeutics. J Biomed
Nanotechnol. 2016; 12: 28-42.

Huang X, Magnus J, Kaimal V, Karmali P, Li J, Walls M,
Prudente R, Sung E, Sorourian M, Lee R, Davis S, Yang
X, Estrella H, et al. Lipid Nanoparticle-Mediated Delivery
of Anti-miR-17 Family Oligonucleotide Suppresses
Hepatocellular Carcinoma Growth. Mol Cancer Ther. 2017;
16: 905-13. doi: 10.1158/1535-7163.mct-16-0613.

http://cancergenome.nih.gov/.

Shachaf CM, Kopelman AM, Arvanitis C, Karlsson A, Beer
S, Mandl S, Bachmann MH, Borowsky AD, Ruebner B,
Cardiff RD, Yang Q, Bishop JM, Contag CH, et al. MYC
inactivation uncovers pluripotent differentiation and tumour
dormancy in hepatocellular cancer. Nature. 2004; 431:
1112-7. doi: 10.1038/nature03043.

Mestdagh P, Bostrom AK, Impens F, Fredlund E, Van
Peer G, De Antonellis P, von Stedingk K, Ghesquicre
B, Schulte S, Dews M, Thomas-Tikhonenko A, Schulte
JH, Zollo M, et al. The miR-17-92 MicroRNA Cluster
Regulates Multiple Components of the TGF-3 Pathway
in Neuroblastoma. Molecular Cell. 2010; 40: 762-73. doi:
https://doi.org/10.1016/j.molcel.2010.11.038.

Hafner M, Landthaler M, Burger L, Khorshid M, Hausser
J, Berninger P, Rothballer A, Ascano M Jr, Jungkamp
A, Munschauer M, Ulrich A, Wardle G, Dewell S, et al.
Transcriptome-wide identification of RNA-binding protein
and microRNA target sites by PAR-CLIP. Cell. 2010;
141:129-141. doi:10.1016/j.cell.2010.03.009.

Casey SC, Tong L, Li Y, Do R, Walz S, Fitzgerald KN,
Gouw AM, Baylot V, Gutgemann I, Eilers M, Felsher DW.
MYC regulates the antitumor immune response through
CD47 and PD-LI1. Science. 2016; 352: 227-31. doi:
10.1126/science.aac9935.

Baumjohann D, Kageyama R, Clingan JM, Morar MM,
Patel S, de Kouchkovsky D, Bannard O, Bluestone JA,
Matloubian M, Ansel KM, Jeker LT. The microRNA
cluster miR-17[sim]92 promotes TFH cell differentiation
and represses subset-inappropriate gene expression. Nat
Immunol. 2013; 14: 840-8. doi: 10.1038/ni.2642. http://
www.nature.com/ni/journal/v14/n8/abs/ni.2642.html -
supplementary-information.

Gerstein MB, Kundaje A, Hariharan M, Landt SG, Yan KK,
Cheng C, Mu XJ, Khurana E, Rozowsky J, Alexander R,
Min R, Alves P, Abyzov A, et al. Architecture of the human
regulatory network derived from ENCODE data. Nature.
2012; 489: 91-100. doi: 10.1038/nature11245.

Ji M, Rao E, Ramachandrareddy H, Shen Y, Jiang C, Chen
J, Hu Y, Rizzino A, Chan WC, Fu K, McKeithan TW. The
miR-17-92 microRNA cluster is regulated by multiple
mechanisms in B-cell malignancies. Am J Pathol. 2011;

www.impactjournals.com/oncotarget

5527

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

179: 1645-56. doi: 10.1016/j.ajpath.2011.06.008.

Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: a
comprehensive update on its genomics, genetics, functions
and increasingly important and numerous roles in health
and disease. Cell Death Differ. 2013; 20: 1603-14. doi:
10.1038/cdd.2013.125.

Jain M, Arvanitis C, Chu K, Dewey W, Leonhardt E, Trinh
M, Sundberg CD, Bishop JM, Felsher DW. Sustained loss
of a neoplastic phenotype by brief inactivation of MYC.
Science. 2002; 297: 102-4. doi: 10.1126/science.1071489.
Karlsson A, Giuriato S, Tang F, Fung-Weier J, Levan G,
Felsher DW. Genomically complex lymphomas undergo
sustained tumor regression upon MYC inactivation unless
they acquire novel chromosomal translocations. Blood.
2003; 101: 2797-803. doi: 10.1182/blood-2002-10-3091.

Tran PT, Fan AC, Bendapudi PK, Koh S, Komatsubara
K, Chen J, Horng G, Bellovin DI, Giuriato S, Wang CS,
Whitsett JA, Felsher DW. Combined Inactivation of MYC
and K-Ras oncogenes reverses tumorigenesis in lung
adenocarcinomas and lymphomas. PLoS One. 2008; 3:
e2125. doi: 10.1371/journal.pone.0002125.

Wu CH, van Riggelen J, Yetil A, Fan AC, Bachireddy
P, Felsher DW. Cellular senescence is an important
mechanism of tumor regression upon c-Myc inactivation.
Proc Natl Acad Sci U S A. 2007; 104: 13028-33. doi:
10.1073/pnas.0701953104.

Leon J, Ferrandiz N, Acosta JC, Delgado MD. Inhibition of
cell differentiation: a critical mechanism for MY C-mediated
carcinogenesis? Cell Cycle. 2009; 8: 1148-57. doi: 10.4161/
cc.8.8.8126.

Frenzel A, Lovén J, Henriksson MA. Targeting MYC-
Regulated miRNAs to Combat Cancer. Genes Cancer.
2010; 1: 660-7. doi: 10.1177/1947601910377488.

Jackstadt R, Hermeking H. MicroRNAs as regulators and
mediators of ¢c-MYC function. Biochim Biophys Acta.
2015; 1849: 544-53. doi: 10.1016/j.bbagrm.2014.04.003.
Psathas JN, Thomas-Tikhonenko A. MYC and the art of
microRNA maintenance. Cold Spring Harb Perspect Med.
2014; 4. doi: 10.1101/cshperspect.a014175.

Jin HY, Oda H, Lai M, Skalsky RL, Bethel K, Shepherd
J, Kang SG, Liu WH, Sabouri-Ghomi M, Cullen BR,
Rajewsky K, Xiao C. MicroRNA-17~92 plays a causative
role in lymphomagenesis by coordinating multiple
oncogenic pathways. Embo j. 2013; 32: 2377-91. doi:
10.1038/emboj.2013.178.

34.

35.

36.

37.

38.

39.

40.

41.

Benhamou D, Labi V, Novak R, Dai I, Shafir-Alon S,
Weiss A, Gaujoux R, Arnold R, Shen-Orr SS, Rajewsky
K, Melamed D. A c-Myc/miR17-92/Pten Axis Controls
PI3K-Mediated Positive and Negative Selection in B Cell
Development and Reconstitutes CD19 Deficiency. Cell
Rep. 2016; 16: 419-31. doi: 10.1016/j.celrep.2016.05.084.

Garzon R, Marcucci G, Croce CM. Targeting MicroRNAs
in Cancer: Rationale, Strategies and Challenges. Nature
reviews Drug discovery. 2010; 9: 775-89. doi: 10.1038/
nrd3179.

Minchinton AI, Tannock IF. Drug penetration in solid
tumours. Nat Rev Cancer. 2006; 6: 583-92.

Park JK, Kogure T, Nuovo GJ, Jiang J, He L, Kim JH,
Phelps MA, Papenfuss TL, Croce CM, Patel T, Schmittgen
TD. miR-221 silencing blocks hepatocellular carcinoma and
promotes survival. Cancer research. 2011; 71: 7608-16. doi:
10.1158/0008-5472.CAN-11-1144.

Gougelet A, Sartor C, Bachelot L, Godard C, Marchiol C,
Renault G, Tores F, Nitschke P, Cavard C, Terris B, Perret
C, Colnot S. Antitumour activity of an inhibitor of miR-
34a in liver cancer with B-catenin-mutations. Gut. 2016; 65:
1024-34. doi: 10.1136/gutjnl-2014-308969.

Broad Institute TCGA Genome Data Analysis Center
(2016): Analysis-ready standardized TCGA data from
Broad GDAC Firehose 2016_01 28 run. Broad Institute
of MIT and Harvard. Dataset. https://doi.org/10.7908/
C11GOKM9

Bartonicek N, Enright AJ. SylArray: a web server for
automated detection of miRNA effects from expression
data. Bioinformatics. 2010; 26: 2900-1. doi: 10.1093/
bioinformatics/btq545.

Lewis BP, Burge CB, Bartel DP. Conserved seed pairing,
often flanked by adenosines, indicates that thousands of
human genes are microRNA targets. Cell. 2005; 120: 15-
20. doi: 10.1016/j.cell.2004.12.035.

www.impactjournals.com/oncotarget

5528

Oncotarget



