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Hepatocellular carcinoma (HCC) remains a leading cause of
cancer-related deaths, warranting better therapies. Restoration
of tumor-suppressive microRNAs depleted in hepatocellular
carcinoma represents a new therapeutic strategy. Herein, we
sought to identify a potent microRNA (miRNA) agent that
could alleviate HCC tumor burden and improve survival.
Among a collection of bioengineered noncoding RNA mole-
cules produced through bacterial fermentation, we identified
let-7c agent as the most potent inhibitor of HCC cell viability.
Bioengineered let-7c selectively modulated target gene expres-
sion (Lin-28 homolog B [LIN28B], AT-rich interactive domain-
containing protein 3B [ARID3B], B cell lymphoma-extra large
[Bcl-xl], and c-Myc) in HCC cells, and consequently induced
apoptosis and inhibited tumorsphere growth. When formu-
lated with liposomal-branched polyethylenimine polyplex,
bioengineered let-7c exhibited serum stability up to 24 h.
Furthermore, liposomal polyplex-formulated let-7c could
effectively reduce tumor burden and progression in orthotopic
HCC mouse models, while linear polyethyleneimine-formu-
lated let-7c to a lower degree, as revealed by live animal and
ex vivo tissue imaging studies. This was also supported by
reduced serum a-fetoprotein and bilirubin levels in let-7c-
treated mice. In addition, lipopolyplex-formulated let-7c
extended overall survival of HCC tumor-bearing mice and eli-
cited no or minimal immune responses in healthy immuno-
competent mice and human peripheral blood mononuclear
cells. These results demonstrate that bioengineered let-7c is a
promising molecule for advanced HCC therapy, and liposomal
polyplex is a superior modality for in vivo RNA delivery.

INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common malignancy of
liver with an increasing incidence, a 5-year survival rate of 18%,1 and
an overall median survival of 29.8 months without improvement over
time.2 Given the molecular heterogeneity and complex etiology of
HCC, development of pharmacological interventions has been slow.

Although nivolumab, and anti-PD1 monoclonal antibody, has
recently been suggested as a promising therapy for HCC,3 the only
molecularly targeted drugs indicated for HCC are the multi-kinase
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inhibitors, sorafenib and regorafenib, and these show only modest
(approximately 3 months) improvements in overall survival.4,5 Over
the past two decades, the discovery of aberrant microRNA (miRNA
or miR) expression in cancer cells has evoked new targeted strategies
for HCC therapy.6–12 For example, tumor-suppressive miRNAs
(e.g., miR-124, -199a, and -206) depleted in HCC tissues may be
reintroduced into cancer cells to manage HCC progression.13–18

Because miRNA replacement presents a promising approach for
cancer therapy,7 efforts to translate this strategy into clinical pharma-
cological interventions is warranted to improve upon current stan-
dards of care.

To investigate miRNA-based cancer therapies, we have developed a
novel noncoding RNA (ncRNA) bioengineering platform to produce
recombinant miRNA agents via bacterial fermentation,19 based upon
a stable hybrid tRNA/pre-miRNA molecule (e.g., tRNAMet/pre-miR-
34a) identified in our lab.20,21 By replacing the miRNA (e.g., miR-34a)
duplexes with target miRNA (e.g., let-7c) or small interfering RNA
(siRNA; e.g., Nrf2-siRNA), we have produced a set of biologic miRNA
or siRNA agents containing a common tRNA/pre-miR-34amolecular
scaffold, which were all expressed at high levels in a common strain of
Escherichia coli HST08 and purified to a high degree of homogeneity
by anion exchange fast protein liquid chromatography (FPLC).21

These bioengineered miRNA agents are produced and folded in living
cells, without or with minimal posttranscriptional modifications, and
thus distinguished from conventional miRNA mimics or molecules
that are produced by chemical synthesis and typically consisted
of extensive degrees and various types of ribose and phosphate back-
bone modifications.19,22 Further studies have demonstrated that bio-
engineered noncoding RNA (ncRNA) agents are selectively processed
to target miRNA or siRNAmolecules in human cells, modulate target
gene expression, and control cellular processes.20,21,23–26
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Bioengineered let-7c Molecule Is Identified as the Most Potent Inhibitor against HCC Cell Proliferation among a Small Collection of ncRNAs

(A) Antiproliferative activities of a collection of bioengineered ncRNA agents (5 nM) against luciferase/GFP-expressing Huh7 cells were examined by luminometric ATP assay.

Values were normalized to Lipofectamine 3000 transfection reagent/vehicle control (0% inhibition). (B) Dose-response curves of the top ranked ncRNA agents were further

determined, and (C) their pharmacodynamic parameters were estimated, which indicate that let-7c is the most potent inhibitor of HCC cell viability in this collection of ncRNA

agents. Values are mean ± SD (n = 3 per group). *p < 0.05, compared with MSA control.
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Systemic RNA therapy is hampered by the susceptibility of RNAmol-
ecules to serum RNases and the ability to cross the membrane barrier,
warranting proper delivery systems. Polyethylenimine (PEI)-RNA
complexes offer high delivery efficiency; however, PEI is cytotoxic
with the increase of doses.27 Lipidation of PEI-RNA polyplexes can
reduce the toxicity of polyplexes28 as the resultant lipopolyplexes
(LPPs) exhibit more favorable biocompatibilities.29–31 Using a bio-
engineered GFP siRNA agent as model molecule, we have found
that PEI-based cationic LPP nanocomplex offers efficient delivery
of bioengineered RNAmolecules in orthotopic HCC xenograft mouse
models, leading to more consistent knockdown of target gene expres-
sion than polyplex in tumor tissue.32

Herein, we present our findings on the identification of bio-
engineered let-7c as the most potent inhibitor against HCC cell
viability among a small collection of recombinant miRNA or siRNA
agents that are known to exhibit anti-proliferative activities.
Following the validation and delineation of mechanistic actions of
let-7c on target gene expression, as well as HCC cell stemness and
apoptosis, our results demonstrate the utility of intravenously (i.v.)
administered LPP/let-7c nanotherapeutics to reduce tumor progres-
sion and improve overall survival in orthotopic HCC xenograft
mouse models. In addition, LPP-formulated let-7c treatment is
well tolerated in mice, showing no or minimal immunogenicity in
human peripheral blood mononuclear cells (PBMCs) and immuno-
competent mice.

RESULTS
Bioengineered let-7c Is the Most Potent Inhibitor against HCC

Cell Proliferation among a Collection of ncRNA Agents

Screening of a small collection of bioengineered miRNA agents was
predictive for their anti-proliferative activities (Figure 1A), in which
the truncated RNA, namely MSA (methionine tRNA with Sephadex
aptamer), just containing the tRNA portion that was proven as a
good control to define the actions of tRNA-carried miRNAs20,21
consistently yielded the least inhibition of cell viability. Several
miRNA agents, including miR-298, miR-124, let-7c, miR-328,
miR-144, and miR-126, showed greater antiproliferative activities
in Huh7 cells, and thus were pursued for dose-response studies (Fig-
ure 1B). Let-7c was revealed as the most potent ncRNA, with the
lowest EC50 value (0.51 nM) in the inhibition of Huh7 cell prolifer-
ation (Figure 1C). Furthermore, let-7c was as pure (>97%, by high-
performance liquid chromatography [HPLC]) as other tested
ncRNAs purified by the same anion exchange FPLC method21 and
had a low endotoxin level (Figure S1), suggesting minimal interfer-
ence by impurities.

Bioengineered let-7c Reduces Protein Levels of Target Genes

To verify the actions of recombinant let-7c prodrug, we first exam-
ined protein levels of several known let-7c targets important in
cancer. Lin-28 homolog B (LIN28B), a canonical target of let-7
family miRNAs,33 was reduced by biologic let-7c over 60%
and 85% in Huh7 and Hep3B cells, respectively (Figure 2A).
This was associated with much higher levels of let-7c in cells
treated with biologic let-7c- than control MSA (data not shown).
Furthermore, AT-rich interactive domain-containing protein 3B
(ARID3B) protein level34 was suppressed consistently by bio-
engineered let-7c prodrug in both Huh7 and Hep3B cells, whereas
downregulation of B cell lymphoma-extra large (Bcl-xl)35 and
c-Myc36 was obvious only in Huh7 cells at 72 h post-transfection
(Figure 2A). Interestingly, significant downregulation of c-Myc in
let-7c-transfected Hep3B cells was observed in Hep3B cells at
48 h after transfection (data not shown). In addition, the expres-
sion of HMGA2,37,38 as detected by immunofluorescence, was
reduced significantly by biologic let-7c in both Huh7 and Hep3B
cells (Figure 2B).

Induction of Apoptosis of HCC Cells by Bioengineered let-7c

Let-7 family miRNAs have been shown to induce apoptosis via target-
ing of Bcl-xl, among other mechanisms.35 Likewise, our data showed
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Figure 2. Suppression of Protein Levels of Target Genes by Bioengineered let-7c Agent in HCC Cell Lines

(A) Immunoblot analyses of let-7c targeted ARID3B, c-MYC, LIN28B, and Bcl-xl protein levels and (B) immunofluorescent analysis of HMGA2 in Huh7 and Hep3B cells

treated with 15 nM let-7c or control MSA. Immunoblot intensity was normalized to total protein and Lipofectamine 3000/vehicle control for comparison between groups.
ap < 0.05 compared with vehicle; bp < 0.05 compared with MSA (one-way ANOVA with Bonferroni’s post hoc test). Immunofluorescent intensity of HMGA2 staining was

normalized to total DAPI-positive cells. *p < 0.05 compared with MSA (Student’s t test).
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that a low dose (5 nM) of biologic let-7c prodrug induced amodest yet
robust increase in early and late apoptotic cell populations in Huh7
cells (Figure 3), compared with either vehicle or MSA control treat-
ments. Additionally, necrotic cell populations were not altered
following the transfection of let-7c and MSA.

Biologic let-7c Suppresses HCC Cell Stemness

Negative feedback between let-7 and LIN28 influences the stemness
of cancer cells,33 which can have important impact on therapeutic
efficacy. As such, we evaluated cancer stem cell (CSC) growth using
a tumorsphere assay in Huh7 cells. Following transfection in
adherent conditions and subsequent growth in ultra-low-attach-
ment, serum-free conditions, we observed a significant half-diam-
eter reduction in primary tumorsphere size, but not tumorsphere
count, in let-7c-treated cells (Figure 4). Upon subsequent dissocia-
tion, transfection, and growth in ultra-low-attachment, serum-free
conditions to form secondary tumorspheres, a similar 50% reduc-
tion in diameter was observed in biologic let-7c-treated cells.
Although sphere formation efficiency from primary tumorspheres
was not significantly reduced, sphere count and individual cell num-
ber were significantly reduced in secondary tumorspheres by let-7c
treatment (Figure 4).
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Preparation and Characterization of Biologic let-7c-Loaded LPP

Nanocomplex

We thus employed LPP to load bioengineered let-7c molecule (Fig-
ure 5A) toward therapy study in animal models because our recent
study demonstrated the effectiveness of LPP to deliver biologic
RNA molecules to liver tissues.32 The size of biologic let-7c-loaded
LPP was 98.35 ± 5.11 nm with a zeta potential value of 43.9 ±

2.2 mV, which was complemented by transmission electron micro-
scopy (TEM) examination (Figure 5B). Control MSA was formulated
in the samemanner, and LPP/MSA nanocomplex showed similar size
(102.4 ± 5.9 nm) and zeta potential (45.1 ± 1.2 mV) (Figure S2). In
addition, LPP could effectively protect bioengineered let-7c agent
from degradation in both FBS and human serum up to 6 h, whereas
modest degradation had occurred by 24 h (Figures S3A and S3B).

LPPEfficiently DeliversBiologic let-7c Prodrug intoHCCCells to

Elicit Inhibition of Cell Growth

We further assessed in vitro delivery efficiency by LPP in Huh7 cells,
in parallel to Lipofectamine 3000 (LF3000). Our data demonstrated
that biologic let-7c prodrug was efficiently delivered into Huh7 cells
by LPP nanocomplex, as manifested by the increase in comparable
levels of let-7c as those delivered by LF3000 (Figure 5C), which led



Figure 3. Apoptotic Cell Death Is Significantly

Induced by Bioengineered let-7c Agent

Huh7 cells were transfected with 5 nM Lipofectamine

3000-carried MSA or let-7c for 48 h, stained with propi-

dium iodide and Annexin V-FITC, and counted by a flow

cytometer with a total cell gate of 10,000 events. A sig-

nificant shift of the total population toward early and late

apoptotic cells was observed, whereas total necrotic

population showed no difference. Values are mean ± SD

(n = 3 per group). *p < 0.05; **p < 0.01; ***p < 0.001 (one-

way ANOVA with Bonferroni’s post hoc test).
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to a sharp suppression of cell proliferation (Figure 5D). These data
were also complemented by efficient delivery of another bio-
engineered ncRNA molecule, GFP-siRNA,20,21 by LPP nanoparticles,
as indicated by the knockdown of target GFP levels in GFP/luciferase-
expressing Huh7 cells (Figure S4).

Bioengineered let-7c Prodrug Significantly Reduces HCCTumor

Progression in Orthotopic Xenograft Mouse Models and Is Well

Tolerated

We thus established orthotopic HCC xenograft mouse models with
luciferase/GFP-expressing Huh7 cells to investigate the efficacy of
let-7c therapy (Figure 6A). As revealed by bioluminescent imaging
in live animals (Figure 6B), HCC tumor burden was inhibited by
approximately 50% by both i.v. administered LPP- and in vivo-jetPEI
(IPEI)-formulated let-7c prodrug, compared with untreated mice,
whereas control MSA had no impact. Ex vivo imaging of liver tumoral
GFP signals (Figure 6C) further demonstrated the effectiveness of
let-7c for the control of HCC, which was reduced over 70% by
LPP/let-7c and around 33% by IPEI/let-7c as compared with un-
treated mice. Suppression of HCC was associated with higher levels
of let-7c in both healthy livers and tumors isolated from let-7c-treated
mice (Figure 6D). Moreover, the efficacy of biologic let-7c therapy in
the inhibition of orthotopic HCC was supported by significantly
lower serum a-fetoprotein (AFP) levels in let-7c-treated mice (Fig-
ure 6E), as well as less HCC tumors in let-7c-treated mouse liver slices
with variable degrees of necrosis determined by histopathological an-
alyses (Figure 6F). In addition, immunohistochemistry (IHC) studies
on HCC xenograft tissues demonstrated that, although there is no
significant difference in the level of cell proliferation (i.e., Ki-67)
among various treatments, biologic let-7c prodrug therapy, especially
the LPP formulation, led to an obvious higher degree of apoptosis
(i.e., active-caspase-3), as compared with MSA control (Figure S5).
It is also noteworthy that LPP/let-7c nanotherapeutics was efficient
in the control of HCC, as indicated by a more ubiquitous and signif-
icantly greater degree of reduction of tumor burden determined by
multiple measurements (Figure 6).

All treatments were well tolerated as body weights of all mice showed
steady increases over time (Figure S6A). To further investigate the
safety of bioengineered let-7c prodrug, blood biochemistry profiles
were determined (Figures S6B–S6F). Biomarkers of hepatic and renal
functions including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and creatinine
were all within the normal ranges. To our surprise, blood total bili-
rubin levels in untreated and MSA-treated mice were highly variable
and inclined to be above normal range, whereas they retained within
normal range in biologic let-7c-treated mice, which may be another
indication of the effectiveness of let-7c prodrug therapy in the control
of HCC.

LPP/let-7c Nanotherapeutics Significantly Improves the Overall

Survival of Orthotopic HCC Tumor-Bearing Mice

A separate cohort of orthotopic HCCHuh7 xenograft mice was estab-
lished and employed to define the magnitude of benefit of i.v. admin-
istered LPP/let-7c nanotherapeutics on overall survival. After the
development of HCC was confirmed by quantitative bioluminescence
imaging of live mice, subjects showing the same degrees of tumor
burden were randomized for LPP/let-7c and control LPP/MSA treat-
ments (Figure 7A). Survival analysis showed that, compared with
LPP/MSA, LPP/let-7c therapy significantly improved overall survival
of HCC tumor-bearing mice (Figure 7B). This was also indicated by a
longer median survival of LPP/let-7c-treated mice (26.0 days) than
LPP/MSA controls (19.5 days). In agreement with the safety profiles
of let-7c treatment in the other therapy study (Figure S6), LPP/let-7c
treatment did not alter mouse body weights compared with LPP/MSA
(Figure 7C).

LPP/let-7c Produces No or Minimal Immunogenicity in Human

PBMCs and Immunocompetent Mice

Lastly, we assessed whether LPP/let-7c nanotherapeutics induces
any immune response in human PBMCs and two different strains
of healthy immunocompetent mice (BALB/c and CD-1). As ex-
pected, LPS treatment provoked a robust cytokine release in both
human PBMCs (Figure 8A) and BALB/c (Figure 8B) and CD-1
(Figure 8C) mice, as indicated by a significantly sharp 1,000- to
30,000-fold elevation of interleukin (IL)-6 levels, as well as increase
in tumor necrosis factor alpha (TNF-a) and IL-10 levels. By
contrast, LPP/let-7c treatment did not alter the levels of IL-6,
IL-4, or IL-10 in human PBMCs, whereas it slightly increased
TNF-a levels, which is not statistically significantly different from
untreated cells. Although LPP/vehicle, LPP/MSA, and LPP/let-7c
all caused a mild increase in serum IL-6 levels in BALB/c and
CD-1 mice, as compared with untreated mice, the elevated IL-6
levels were two to three orders of magnitude lower than those
induced by LPS, indicating that LPP/let-7c shows minimal immuno-
genicity compared with LPS.
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Figure 4. Bioengineered let-7c Prodrug Sharply Reduces Tumorsphere Growth

Following transfection with Lipofectamine 3000-formulated MSA or let-7c in adherent conditions, an equal number of Huh7 cells were grown in serum-free, ultra-low-

attachment conditions for 7 days to yield primary tumorspheres. Primary tumorspheres were then digested to single cell, transfected again, and grown for another 7 days in

serum-free, ultra-low attachment conditions to yield secondary tumorspheres. let-7c treatment resulted in smaller primary and secondary tumorspheres. Values are mean ±

SD (n = 3 per group). *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA with Bonferroni’s post hoc test).
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DISCUSSION
miRNA replacement therapy represents a promising strategy for the
control of tumor progression given the loss of expression of tumor-
suppressive miRNAs in cancerous cells, including miR-122 and
let-7 family miRNAs (e.g., let-7c and let-7a) in human HCC sam-
ples.35,39,40 However, due to the complexity in dysregulation of
miRNAs, as well as other regulatory factors and pathways, reintro-
duction of functional miRNAs may not necessarily coincide with
optimal efficacy. As such, although miR-122 is the most abundant
hepatic miRNA and is frequently attenuated in HCC,41 we found
that bioengineered let-7c showed the highest antiproliferative activity
against HCC cells among a small collection of ncRNA agents
including miR-122. Although the in vivo efficacy of other miRNAs
is not compared with let-7c herein, this screening method is predic-
tive of potential benefits of let-7c in relieving in vivo HCC tumor
burden and improving overall survival revealed in this study.

Current miRNA research and drug development primarily uses syn-
thetic miRNA mimics, which carry extensive and variable chemical
modifications expected to improve systemic stability.19 Although these
miRNA agents are assumed to retain the same “sequences” because of
the presence of identical nucleobases, they are chemically differentmol-
ecules and inevitably have distinct higher-order structures, as well as
physiochemical and biological activities. Moreover, synthetic RNA
502 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
agents pose risk for the induction of cytokine release syndrome.42,43

This is also in contrast to protein research and therapy, wherein recom-
binant or bioengineered proteins expressed in living cells have been
preferably utilized instead of synthetic polypeptides and proteins. Bio-
engineered miRNA molecules presented herein represent a novel class
of biologicmiRNA agents, which are folded and tolerated in living cells,
and thus may better capture the properties of cellular RNAmacromol-
ecules.19,22 With minimal natural modifications and exhibiting
favorable stability in human cells,25,44 recombinant miRNA agents are
selectively processed to target mature miRNAs that rewrite cellular
miRNome profile and execute regulatory functions.21

The pleiotropic nature of miRNA-controlled gene regulation behind
cancer cellular processes warrants extensive validation. The interplay
between LIN28 and let-7 family miRNAs33,45 is a critical component
in the regulation of pluripotency as well as HCC and other liver
diseases.46 LIN28, shown to be upregulated in stem-like cells, can
reprogram cells into an undifferentiated state,47 and thus LIN28
may be a druggable target for the suppression of CSCs and tumor
initiation. By contrast, LIN28-regulatory let-7 family miRNAs shown
to inhibit pluripotency and favor differentiation may be employed to
manage CSC maintenance and replication.48,49 This study demon-
strated a consistent action of bioengineered let-7c prodrug in the in-
hibition of tumorsphere growth, which is likely attributable to the



Figure 5. Biologic let-7c Is Efficiently Delivered into

HCC Cells by LPP Nanocomplex to Control Cell

Proliferation

(A) Schematic illustration of let-7c-loaded lipopolyplex

(LPP). (B) TEM image of let-7c-loaded LPP (indicated by

arrows) nanocomplex, as well as the size and zeta

potential measured by dynamic light scattering. Scale

bar indicates 500 nm. (C) Efficient delivery of let-7c

(15 nM) into Huh7 cells led to (D) sharp suppression of

cell growth. Lipofectamine 3000 (LF3000) treatments

were used for comparison. Values are mean ± SD of

triplicate treatments (n = 3 per group). **p < 0.01; ***p <

0.001 (one- or two-way ANOVA with Bonferroni’s post

hoc test).
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strong suppression of LIN28B expression in Huh7 cells that is consis-
tently shown in Hep3B cells as well. Moreover, induction of apoptosis
is a common mechanism of antineoplastic agents, and resistance to
apoptosis is a common feature of CSCs. let-7 family miRNAs have
also been shown to either induce or sensitize cells to apoptosis via
attenuation of anti-apoptotic proteins, including Bcl-xl.35 In this
study, we found the suppression of Bcl-xl expression by biologic
let-7c in Huh7 cells, which is consistent with the induction of
apoptotic, but not necrotic, cell populations by a low dose of let-7c
prodrug. It is also interesting to observe variable effects of let-7c on
different targets (e.g., c-MYC versus LIN28B) in the same cell line
and/or the same target (e.g., Bcl-xl) in different cell lines (e.g.,
Huh7 versus Hep3B). This is understandable because a specific
gene is often regulated by multiple regulatory mechanisms; among
them, miRNA-controlled posttranscriptional regulation may have
certain degree of contribution to that gene. In addition, genotypes
and regulatory signaling pathways, as well as miRNA machinery,
may be variable in different HCC cell lines, highlighting the chal-
lenges in molecular therapy and demands for precision medication.

RNA drugs for systemic administration currently under clinical inves-
tigation are mainly delivered by lipid-based systems (e.g., liposomes),
given their excellent biocompatibility and favorable lipid composi-
tion.50–52 For example, a phase I trial is under way to evaluate a small
activating, double-stranded RNA targeting the transcription factor
C/EBP-a formulated in SMARTICLES liposomal nanoparticle for
advanced HCC (https://clinicaltrials.gov/ct2/show/NCT02716012).
Among lipid-based delivery systems, LPPs convey the favorable prop-
erties of both liposomes and polyplexes.28,29,53 Our recent studies have
demonstrated that IPEI is able to deliver biologic RNAs to livers to
achieve target gene knockdown,20 as well as tumor tissues to control
disease.21,23,26,54 In the present study, we identified a more favorable
serum stability of let-7c formulated in LPP nanocomplex, which
was improved to even greater degrees as compared with IPEI,32 owing
to the outer PEGylated lipid coating of polyplex. As a result, LPP
showed high in vitro delivery efficiency in HCC cell lines. Most
notably, LPP/let-7c provided a significantly greater extent of suppres-
sion of orthotopic HCC tumor burden in vivo, consistently supported
by multiple independent endpoints including ex vivo GFP reporter
intensity, serum AFP level, and histological tumor area. In addition,
we revealed that LPP/let-7c nanotherapeutics significantly improved
the median survival of orthotopic HCC mice by 6.5 days. Although
modest, the HCC xenograft used in this study is incredibly aggressive,
occupying more than 50% of total liver tissue after 2 weeks.

Consistent with previous findings,25,26 this study demonstrated that
bioengineered RNAs were well tolerated in HCC tumor-bearing
immunodeficient mice and caused no or minimal degree of cytokine
release in immunocompetent mice. Interestingly, serum bilirubin
level, an indicator of liver damage, fell within normal range in let-
7c-treated mice only. This is likely attributable to the effectiveness
of let-7c therapy in the control of HCC tumor growth, suppressing
further liver damage, and highlighting the aggressive nature of this
HCC model.55 Moreover, the present study showed for the first
time that bioengineered RNAs show minimal immunogenicity in hu-
man PBMCs, an addition to the safety profile of recombinant miRNA
molecules that are produced and folded in living cells.

In conclusion, we have demonstrated the efficacy of LPP/let-7c
nanotherapeutics in an aggressive orthotopic HCC tumor mouse
model, showing marginal immunogenicity in mice and human
PBMCs. The first-in-class biologic let-7c prodrug was identified as
the most potent among a small set of miRNAs in inhibiting HCC
cell viability via interference of specific targets and critical cellular
functions. Our findings suggest that LPP-formulated biologic let-
7c may serve as an effective and safe treatment for HCC, warranting
clinical verification.

MATERIALS AND METHODS
Materials

In vivo-jetPEI (linear 22-kDa PEI; in vivo-jetPEI polyethylenimine
[lPEI]) was purchased from Polyplus Transfection (Illkirch, France).
Branched PEI with molecular weight 10,000 Da (bPEI10k) was
bought from Alfa Aesar (Wardhill, MA, USA). 1,2-Di-O-octade-
cenyl-3-trimethylammonium propane (DOTMA) and cholesterol
were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
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Figure 6. Systemic Administration of LPP/let-7c Nanotherapeutics Largely Reduces Tumor Growth in Orthotopic HCC Huh7 Xenograft Mouse Models

(A) Timeline of establishment of HCC xenograft mouse models and drug treatment. (B) Suppression of orthotopic HCC progression by LPP/let-7c was demonstrated by live

animal imaging of luciferase bioluminescent signals. In vivo-jetPEI (IPEI)-formulated biologic let-7c and MSA were used for comparison. (C) Ex vivoGFP fluorescence images

of HCC-bearing livers further demonstrated the effectiveness of bioengineered let-7c prodrug, which was associated with high levels of tumoral let-7c (D). (E) Serum AFP

levels were significantly reduced in let-7c-treated mice. (F) Representative H&E staining images (�40) of tumor-bearing liver tissues and quantitative measurement of the

percentage of tumors in corresponding liver slices. Areas circled in blue lines are necrotic areas, and the red lines are applied to distinguish tumors from healthy liver (L)

tissues. Values are mean ± SD (n = 4–6 in each group). *p < 0.05; ***p < 0.001 (one- or two-way ANOVA with Bonferroni’s post hoc test).
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1,2-Dimyristoyl-sn-glycerol, methoxypolyethylene glycol (DMG-
PEG2000) was purchased from NOF America Corporation (White
Plains, NY, USA). LF3000, TRIzol RNA isolation reagent, and bicin-
choninic acid assay (BCA) protein assay kit were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Direct-zol RNA
MiniPrep Kit was from Zymo Research (Irvine, CA, USA). Cell-
titer-Glo assay was purchased from Promega (Madison, WI, USA).
Matrigel was purchased from Corning (Corning, NY, USA). Human
AFP ELISA kit was purchased from R&D Systems (San Diego, CA,
USA). All other chemicals and organic solvents of analytical grade
were purchased from Sigma-Aldrich or Thermo Fisher Scientific.

Cell Culture

Huh7 cells were purchased from the Japanese Collection of Research
Bioresources and grown in DMEM (GIBCO, Grand Island, NY,
USA), and Hep3B and Sk-Hep-1 cells were obtained from American
Type Culture Collection and grown in Eagle’s minimal essential
medium (Cellgro, Manassas, VA, USA). All of the cell lines were
supplemented with 10% fetal bovine serum (GIBCO, Grand Island,
504 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
NY, USA) and 1% antibiotic/antimycotic (Cellgro, Manassas, VA,
USA). GFP/luciferase-expressing cell lines were established after
transduction of parental cells with pCCLc-Luc-EGFP lentiviral con-
structs (Vector Core; UC Davis Medical Center, Sacramento, CA,
USA). All cells were transfected by using the LF3000 (Invitrogen,
Carlsbad, CA, USA) per the manufacturer’s instructions for in vitro
RNA delivery, unless otherwise indicated.

Production of Recombinant miRNA Agents

Bioengineering of miRNA molecules was conducted as described
recently.21 In brief, inserts encoding target miRNA- or siRNA-con-
taining ncRNAs were cloned into a pBSMrna vector using In-Fusion
cloning technology and transformed into HST08 Escherichia coli.
Recombinant ncRNAs were purified by anion exchange FPLC21,24

to >96% purity as determined by a HPLC assay.25 Bioengineered
let-7c less than 95% pure was re-purified by the same FPLC method
to reach >96% homogeneity (Figure S1). Endotoxin activity was
examined with Pyrogent-5000 kinetic LAL assay (Lonza, Walkers-
ville, MD, USA).



Figure 7. LPP/let-7c Nanotherapeutics Significantly

Improves Overall Survival of Orthotopic HCC

Xenograft Tumor-Bearing Mice

(A) Bioluminescence images of HCC tumor-bearing

animals before the i.v. treatment with LPP/let-7c and

control LPP/MSA, and quantitative measurement of

bioluminescent intensities. (B) Survival analysis showed

that LPP/let-7c-treated mice lived much longer than

the control (**p < 0.01; n = 10 per group; log rank

[Mantel-Cox] test). The median survival was 26.0 days for

LPP/let-7c-treated mice and 19.5 days for LPP/MSA-

treated animals. (C) Mouse body weights during the

treatment. ; indicates days on which mice received

treatments.
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Cell Viability Assay

GFP/luciferase-expressing Huh7 cells (5,000 cells/well) were seeded
in 96-well plates and grown overnight. Biologic let-7c or MSA was
administered in triplicate with either LF3000 or LPP. Cell viability
was measured using Cell Titer-Glo kit. Inhibition of cell viability
was determined as relative to vehicle control (0% inhibition), and
pharmacodynamics parameters were estimated by fitting the data to
a normalized dose-response equation with variable slope:

Y =
100

1+ 10ðLogEC50�XÞ�Hill Slope

Given low efficacy, MSA (Emax, Emin = 100, 20.64%) and miR-144
(Emax, Emin = 44.42, 17.27%) in Huh7 cells were best fit to the full
dose-response equation:

Y = Emin +
Emax � Emin

1+ 10ðLogEC50�XÞ�Hill Slope

Immunoblot and Immunofluorescence Analyses

Huh7 and Hep3B cells were seeded in a six-well plate at 300,000
cells/well and transfected with 15 nM RNA. After 72 h, cells were
harvested and lysed in radio immunoprecipitation assay (RIPA)
buffer with protease inhibitor (Pierce, Rockford, IL, USA). Protein
levels were determined by BCA assay (Pierce, Rockford, IL, USA).
After separation on a 12% SDS-PAGE gel (Bio-Rad, Hercules, CA,
USA), proteins were transferred onto a polyvinylidene difluoride
membrane and blocked in 5% milk/0.1% Tween 20 in Tris-buffered
saline. Total immobilized protein was imaged per the manufac-
turer’s instructions. Membranes were incubated with primary anti-
bodies (Bcl-xl rabbit monoclonal antibody [mAb] [CST 2764],
Molecular Th
c-Myc rabbit mAb [CST 13987], and LIN28B
rabbit mAb [CST 11965] from Cell Signaling;
ARID3B rabbit polyclonal antibody [pAb]
[AB 92328] from Abcam) overnight at 4�C at
1:1,000 dilution in 5% BSA in TBS-T, followed
by horseradish peroxidase-conjugated goat-
anti-rabbit secondary antibody (1:10,000 dilu-
tion [111-035-003] from Jackson Immunore-
search) for 2 h at room temperature prior to
chemiluminescent imaging with Clarity ECL (Bio-Rad, Hercules,
CA, USA). Relative band intensity was normalized to total immobi-
lized protein.

To assay HMGA2 expression, Huh7 and Hep3B cells were grown
on glass chamber slides and transfected with MSA or let-7c. After
72 h, cells were fixed with 10% formalin, permeabilized with
0.3% Triton X-100, and incubated with HMGA2 rabbit mAb
(CST 8179) (1:400 dilution in 5% BSA) overnight at 4�C. Antigen
was detected with Alexa 488-conjugated anti-rabbit IgG Fab frag-
ment (CST 4412), and nuclei were counterstained with DAPI
(CST 4803).

Flow Cytometry

Huh7 cells were plated in six-well plates at a density of 150,000 cells/
well and transfected with 5 nM RNA. After 48 h, cells were stained
with propidium iodide (PI) and Annexin V-FITC (fluorescein
isothiocyanate) per manufacturer’s instructions (Trevigen, Gai-
thersburg, MD, USA). Cell count and fluorophore intensity were
measured using a BD Biosciences Fortessa 20 color cytometer.
Total event count was gated at 10,000 events, and quadrant gating
was set relative to vehicle control. Healthy cells were defined by
low PI/low Annexin V staining, early apoptotic cells were defined
by low PI/high Annexin V, late apoptotic cells were defined by
high PI/high Annexin V, and necrotic cells were defined by high
PI/low Annexin V intensity.

Tumorsphere Assay

Huh7 cells were seeded under adherent conditions at a density of
300,000 cells/well in six-well plates and transfected with 15 nM
erapy: Nucleic Acids Vol. 14 March 2019 505
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Figure 8. Safety of LPP/let-7c Nanotherapeutics

LPP/let-7c has no or limited impact on cytokine release in human PBMCs (A) and two stains of immunocompetent mice (B and C). LPS was used as positive control to induce

cytokine release storm, whereas untreated and LPP vehicle-treated mice or cells were considered as negative controls. Values are mean ± SD. For BALB/c and CD-1 mice,

three females and three males were included in each group (n = 6). Blood was harvested 1 h after i.v. administration of formulated RNAmolecules, and serum samples were

prepared for cytokine measurement. For human PBMCs, each treatment was conducted in triplicate (n = 3), and cell culture medium was collected 24 h post-treatment.

**p < 0.01; ***p < 0.001 (two-way ANOVA with Bonferroni’s post hoc test). n.d., non-detectable.

Molecular Therapy: Nucleic Acids
RNA. After 48 h, live cells were transferred to 24-well ultra-low-
attachment plates (Corning, Kennebunk, ME, USA) at a density of
2,500 cells/well and grown in DMEM/F12+B27 with penicillin/strep-
tomycin, GlutaMAX (GIBCO, Grand Island, NY, USA), 20 ng/mL
human epidermal growth factor, and 10 ng/mL human basic fibro-
blast growth factor (PeproTech, Rocky Hill, NJ, USA). After 7 days,
primary tumorspheres (>10 mm diameter) were counted, and sphere
diameter was measured in ImageJ and dissociated with trypsin to a
single cell. After all cells were transferred to new wells in ultra-low-
attachment, serum-free conditions, cells were transfected again with
15 nM RNA. After 7 days, secondary tumorspheres were again
counted, and diameter was measured and dissociated to count indi-
vidual cells. Sphere formation efficiency (%) was calculated relative
to total single cells seeded from the previous generation.

Formulation and Characterization of LPP Nanocomplex

Details of formulation and characterization of LPP nanocomplex, as
well as serum stability and in vitro delivery efficiency, are provided in
the Supplemental Methods and as previously described.29

Therapy Studies in Orthotopic HCC Xenograft Mouse Models

All animal procedures were approved by the Institutional Animal
Care and Use Committee of the University of California, Davis.
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Establishment of Orthotopic HCC Xenograft Mouse Model

Luciferase/GFP-expressing Huh7 cells were mixed with Matrigel to a
final concentration of 1� 108 cells/mL. Four-week-old male athymic
nude mice (Jackson Laboratory, Bar Harbor, ME, USA) were anesthe-
tized, and an incision (�1 cm) along the linea alba in the midline of
the abdominal muscle layer wasmade. 20 mL of Huh7 cells inMatrigel
suspension (2 � 106 cells) was injected into the left lobe of liver. Suc-
cessful engraftment of Huh7 cells was confirmed by bioluminescent
imaging using ChemiDoc MP Imaging System (Bio-Rad, Hercules,
CA, USA), following the intraperitoneal injection of D-luciferin
(150 mg/kg) (BioVision, Milpitas, CA, USA).

Tumor Progression Study

One week post-inoculation, mice were assigned into five groups (un-
treated, lPEI/MSA, LPP/MSA, lPEI/let-7c, and LPP/let-7c) according
to tumor sizes determined by in vivo bioluminescence imaging, and
treated i.v. (40 mg RNA) three times per week through tail vein injec-
tion. Mice were imaged once per week to monitor tumor growth.
Mice were sacrificed 2 h after the last dose on day 15. Livers with en-
grafted tumors were harvested and imaged for GFP fluorescence us-
ing ChemiDoc MP Imaging System. RNA was extracted from healthy
livers and HCC tumors, and the levels of let-7c were quantified using
stem loop qRT-PCR using gene-selective primers (Table S1). Blood
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was collected for blood chemistry profiling (Comparative Pathology
Laboratory, UC Davis), and serum AFP was examined by ELISA
(R&D Systems, Minneapolis, MN, USA). H&E histopathological
study was performed by the Clinical Immunohistochemistry Labora-
tory at Roswell Park Cancer Institute (Buffalo, NY, USA).

Survival Study

One week post-inoculation, a separate cohort of tumor-bearing mice
was assigned into two groups (LPP/MSA and LPP/let-7c) according
to tumor sizes determined by bioluminescence imaging, and treated
i.v. with 40 mg RNA three times per week for 3 weeks. Body weights
were recorded twice a week to assess animal health. Survival was
analyzed by Kaplan-Meier method and compared by log rank
(Mantel-Cox) test.
Induction of Cytokine Release

Human PBMCs were purchased from Lonza (Walkerville, MD, USA)
and maintained in RPMI 1640 supplemented with 10% human AB
serum (Sigma, St. Louis, MO, USA). PBMCs were seeded onto a
96-well plate at a density of 2 � 105 cells/well and allowed to grow
overnight. Cells were treated with 10 ng/mL or 100 ng/mL LPS (pos-
itive control), LPP/MSA (5 nM), LPP/let-7c (5 nM), or LPP vehicle.
Twenty-four hours post-treatment, medium was harvested and cell
debris was removed by centrifugation. IL-6, TNF-a, IL-4, and IL-10
levels were quantified using corresponding human cytokine ELISA
assay kit (Invitrogen, Carlsbad, CA, USA).

Healthy BALB/c and CD-1 mice (5–6 weeks old) were randomly
assigned into different groups (three females and three males per
group) and injected i.v. with 40 mg of either MSA or let-7c-loaded
LPP nanocomplex, 20 mg of LPS (positive control), or LPP vehicle
(negative control). Blood was collected 1 h post-treatment, and serum
IL-6 and IL-4 levels were quantified using a mouse IL-6 and IL-4
ELISA assay kit (Invitrogen, Carlsbad, CA, USA).
Statistical Analysis

All values are mean ± SD. Statistical analysis was performed using
one- or two-way ANOVAwith Bonferroni’s post hoc test or Student’s
t test where appropriate (GraphPad Prism, San Diego, CA, USA).
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