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MicroRNAs (miRNAs) are small noncoding RNAs that regu-
late a variety of physiological and pathological functions.
miR-26a is one of the many miRNAs that have been identified
as regulators of cancer development and as potential anticancer
drug targets. However, the specific cellular and molecular
mechanisms by which miR-26a attenuates hepatocarcinogene-
sis are still elusive. Here, we interrogated mouse models with
miR-26a cell-specific overexpression in either hepatocytes or
myeloid cells to show that miR-26a strongly attenuated the
chemical-induced hepatocellular carcinoma (HCC). miR-26a
overexpression broadly inhibited the inflammatory response
in both hepatocytes and macrophages by decreasing several
key oncogenic signaling pathways in HCC promotion. These
findings thus reveal new insights into a concerted role of
miR-26a in both hepatocytes and Kupffer cells to suppress hep-
atocarcinogenesis, thereby highlighting the potential use of
miR-26a mimetics as potential approaches for the prevention
and treatment of HCC.
Received 13 March 2022; accepted 23 August 2022;
https://doi.org/10.1016/j.omtn.2022.08.036.
6These authors contributed equally

Correspondence: Xianghui Fu, Division of Endocrinology and Metabolism, State
Key Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu
610041, Sichuan, China.
E-mail: xfu@scu.edu.cn
Correspondence: Wendong Huang, PhD, Department of Diabetes Complications
and Metabolism, Arthur Riggs Diabetes and Metabolism Research Institute,
Beckman Research Institute, City of Hope National Medical Center, 1500 E. Duarte
Road, Duarte, CA 91010, USA.
E-mail: whuang@coh.org
INTRODUCTION
Hepatocellular carcinoma (HCC), the most common form of liver
cancer, remains the third leading cause of cancer mortality. In
contrast to the decreasing mortality rates observed for many other
types of cancers, overall death from liver cancer has significantly
increased in the United States over the past 20 years.1,2 Major hurdles
in developing effective therapies for HCC include its considerable in-
tratumoral heterogeneity and the absence of well-established, broadly
targetable oncogene addiction (presence of a single dominant onco-
gene responsible for growth and survival). Current evidence indicates
that during hepatocarcinogenesis, two main pathogenic mechanisms
prevail: (1) cirrhosis associated with pathological chronic liver inflam-
mation after tissue damage caused by hepatitis B virus (HBV), HCV,
toxins (e.g., alcohol, aflatoxin), or metabolic influences; and (2) mu-
tations occurring in single or multiple oncogenes or tumor suppressor
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genes.3,4 Both mechanisms have been linked with alterations in
several important cellular signaling pathways contributing to uncon-
trolled cell proliferation and growth. Furthermore, targeted therapies,
such as small-molecule receptor tyrosine kinase inhibitors or mono-
clonal anti-growth factor (receptor) antibodies, still have very limited
therapeutic effect for patients with HCC. For example, sorafenib,
which was initially developed as an inhibitor of Raf-kinase, showed
a broad activity against several tyrosine kinases, including the angio-
genic factors vascular endothelial growth factor receptor (VEGFR)
and platelet-derived growth factor receptor (PDGFR), and has been
demonstrated to have limited survival benefit, with a very low rate
of tumor response (2%–3%).5,6 The major unresolved issues that
hinder patient success in HCC are the following: lack of mechanistic
knowledge, lack of high-quality diagnostic markers, and lack of effec-
tive therapeutics. Therefore, better understanding of the pathogenetic
mechanisms of HCC and developing novel approaches to predict or
treat HCC are urgently needed.

MicroRNAs (miRNAs) constitute a large class of phylogenetically
conserved, single-stranded RNA molecules of 19–25 nt that are
involved in post-transcriptional gene silencing by binding to specific
regions of target mRNA transcripts and either destabilizing the target
mRNA transcript, blocking its translation, or both.7 A growing body
apy: Nucleic Acids Vol. 30 December 2022 ª 2022 The Author(s). 1
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Figure 1. miR-26a is equally expressed in

hepatocytes and Kupffer cells

(A) qRT-PCR analysis of miR-26a expression in 1 normal

and 2 HCC cell lines (HepG2 and huh7), as well as SK-

HEP-1 cells. (B) qRT-PCR analysis of miR-26a

expression in tumor (T) and nontumor (NT) from aged

FXR�/� mice. (C) qRT-PCR analysis of miR-26a

expression in primary Kupffer cells, stellate cells, and

hepatocytes isolated from C57BL/6 mice. The

expression levels of miRNAs were normalized to those

of 5S RNA. *p < 0.05.
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of evidence indicates that miRNAs are frequently deregulated in hu-
man malignancies and function as either oncogenes or tumor sup-
pressor genes.8 In recent years, the potential for miRNA biology to
clarify both the molecular pathogenesis of cancer and the inherent
complexities in translating its biology to the clinic has gained much
attention.9

Increasing evidence suggests that miRNAs are promising therapeutic
targets.10–13 We and others have shown that miR-26a plays critical
roles in a variety of physiological and pathological processes,
including pancreatic cell differentiation,14,15 liver disorder,15,16 and
glucose/lipid metabolism.17,18 We have also previously shown that
miR-26a acts as a modulator of miRNAmaturation in cancer.19 There
is also clinical evidence for the tumor-suppressive roles of miR-26a in
HCC.20,21 However, the exact cellular and molecular mechanisms by
which miR-26a attenuates HCC are still elusive. Although therapeutic
modulation of miRNAs, including miR-26a, is an emerging field, the
ability to inhibit groups of genes that regulate cancer development
and the ability to target tumor cells as well as the tumor microenvi-
ronment has tremendous potential for HCC treatment.

In the present study, we determined the cellular and molecular mech-
anisms by which miR-26a attenuates hepatocarcinogenesis using
transgenic mice with either hepatocyte- or myeloid cell-specific
2 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
miR-26a overexpression. Both cell-type-specific
miR-26a transgenic mice showed strongly
reduced susceptibility to chemical-induced
HCC. The results thus provide mechanistic in-
sights into a concerted role of miR-26a in both
hepatocytes and Kupffer cells to attenuate
hepatocarcinogenesis.

RESULTS
miR-26a is equally expressed in

hepatocytes and Kupffer cells in the liver

To identify miRNAs involved in hepatic cell
proliferation and HCC development, we previ-
ously developed a miRNA dot blot array by
spotting antisense miRNA oligonucleotides
onto N+ membranes. Endogenous liver miRNA
labeling was performed using the mirVana
miRNA labeling kit with minor modifications (Ambion).22 We
detected the expression of �80 miRNAs in the liver. Substantial dif-
ferences in expression levels were observed: a few miRNAs, such as
miR-26a and miR-122, displayed high expression in liver tissue,
whereas most of the remaining miRNAs showed modest or weak
expression.22 We compared the expression of miR-26a in a normal
liver cell compared to three HCC cell lines (HepG2, Huh7, and SK-
HEP-1). The results showed a significantly reduced expression of
miR-26a in all three HCC cancer cells (Figure 1A). We then investi-
gated whether miR-26a is involved in HCC. We used the Farnesoid X
receptor (FXR) knockout mouse model for these experiments because
we have shown that aged (R12 months) FXR knockout mice sponta-
neously develop HCC and pathologically mimic human HCC pro-
gression.23,24 The expression of miR-26a was dramatically reduced
in tumors (T) as compared to nontumors (NT) from aged FXR
knockout mice (Figure 1B), and this result is consistent with the pre-
vious observations that miR-26a is significantly downregulated in hu-
man HCC.20,21,25 Thus, these lines of evidence suggest that miR-26a
may play a tumor-suppressor role in HCC development. To further
elucidate the functions of miR-26a, we profiled its expression pattern
in various tissues, as well as different cell types in the liver. Human
miR-26a was expressed at high levels in nearly all of the tissues we
examined.18 MiR-26a was also expressed broadly in various mouse
liver cell types and was equally expressed in hepatocytes and Kupffer
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cells (Figure 1C, left panel). In contrast, miR-26b was expressed
mainly in hepatocytes, but at a lower level (Figure 1C, right panel).
Because both hepatocytes and Kupffer cells are critical for the devel-
opment of HCC, the relative contribution of miR-26a in each cell type
during hepatocarcinogenesis remains to be determined.

Mice with overexpression of miR-26a in hepatocytes (miR-26aH)

are resistant to N-nitrosodiethylamine (DEN)-induced

hepatocarcinogenesis

We previously established and used DEN-induced HCC models to
delineate the function and mechanism of potential regulators in hep-
atocarcinogenesis.23,26 The advantage of chemical-induced models,
such as the DEN model, is their similarity to the injury-fibrosis-ma-
lignancy cycle seen in humans, making them the favored models for
HCC research. To determine the effect of miR-26a overexpression in
hepatocytes on HCC development, we used our previously estab-
lished HCC model to compare HCC development in wild-type
(WT) and miR-26a transgenic mice.27 This approach involves an
initial injection of DEN, followed by sequential treatments with 1,4
bis[2-(3,5-dichloropyridyloxl)] benzene (TCPOBOP). This protocol
induces liver tumors in all mice after approximately 4–5 months.
As shown in Figures 2A–2C, both sexes of miR-26aH mice showed
a greatly reduced number of total and large tumors compared to those
of control WT littermates. We also used a second HCC model:
15-day-old miR-26aH and their littermate WT controls were sub-
jected to DEN + TCPOBOP-induced hepatocarcinogenesis
(Figures 2D–2F). The results showed a similar outcome that both
sexes of mice with overexpression of miR-26a in hepatocytes (miR-
26aH) are resistant to DEN-induced hepatocarcinogenesis. Finally,
we used a third HCC model that male mice received one DEN injec-
tion when they were 15 days of age; 8 months later, miR-26aH mice
developed much less HCC compared to the WT control mice (Fig-
ure 2G). We measured the expression levels of mature miR-26a and
Pre-miR-26a in either nontumor or tumor liver tissues from WT
and miR-26aH mice. The results show an overexpression of miR-
26a in either nontumor or tumor liver tissues from miR-26aH but
not WT mice, indicating that hepatic miR-26a expression remained
stable during DEN-induced hepatocarcinogenesis (Figure S2).
Consistently, expression of mature miR-26a, but not pre-miR-
26a-1, was significantly reduced compared to that in nontumor liver
tissues.

Overexpression of miR-26a in hepatocytes suppresses DEN-

induced liver inflammation

Inflammation, such as chemical-induced liver inflammation, is well
known to promote HCC development. To determine whether overex-
pression of miR-26a in hepatocytes suppresses DEN-induced inflam-
mation, we measured the expression levels of several well-known
cytokines involved in inflammatory responses in tumor and nontu-
mor liver tissues. The results indicated that overexpression of miR-
26a in hepatocytes significantly suppressed the expression of cyto-
kines promoting liver inflammation in nontumor tissues, including
interleukin-6 (IL-6) and tumor necrosis factor a (TNF-a). However,
inducible nitric oxide synthase (iNOS) is lower only in liver tumors
(Figure 3A). In contrast, the cytokines (mainly IL-10, macrophage
galactose-type lectin 1 [MGL1]) that suppress inflammation were
significantly upregulated in miR-26aH liver tumor tissues compared
to the control littermates (Figure 3B). We also conducted western
blotting analysis to examine several major pathways regulating liver
inflammation in DEN-induced liver tumors. As expected, generally
these signaling pathways, including Stat3, p65, and IkBa are more
activated in tumor (T) compared to nontumor tissues (NT). To our
surprise, compared to the WT controls, the overexpression of miR-
26a in hepatocytes did not significantly change the activation of these
signaling pathways (Figure 3C). These results not only confirmed a
tumor suppressor role of miR-26a in hepatocytes but also imply
that other cells in addition to hepatocytes may play roles during
DEN-induced hepatocarcinogenesis.

Mice with overexpression of miR-26a in myeloid cells (miR-

26aM/N) are resistant to DEN-induced hepatocarcinogenesis

MiR-26a has been reported to regulate macrophage functions.28–30 To
determine the impact of miR-26a in macrophages on hepatocarcino-
genesis, we crossed LysM-Cre mice with miR-26aTg mice and gener-
ated a new mouse line that specifically overexpressed miR-26a in
myeloid lineage cells (MiR26aM/N). As shown in Figure S1C, the
expression of miR-26a in intraperitoneal macrophages was approxi-
mately six times higher in MiR26aM/N mice compared to their WT
littermates. MiR26aM/N mice and their WT control littermates were
then treated with DEN, followed by six sequential treatments with
TCPOBOP (Figure 4A). The tumor burden was assessed 20 weeks
after DEN injection. As shown in Figure 4B, similar to the results ob-
tained with miR-26aH mice, overexpression of miR-26a in myeloid
cells significantly reduced the DEN-induced hepatocarcinogenesis.
The number of HCC in MiR26aM/N mice was much lower compared
to that in WT control mice (Figure 4C, left panel), and the maximum
tumor size was also significantly smaller in miR-26aM/N mice
compared to that in WT control mice (Figure 4C, right panel).
These results revealed that specific overexpression of miR-26a in
myeloid cells is sufficient to protect mice from DEN-induced
hepatocarcinogenesis.

Overexpression of miR-26a in myeloid cells reduces chemical-

induced acute inflammation in vivo

To further understand how myeloid-specific miR-26a overexpression
suppresses HCC tumorigenesis, we examined the chemical-induced
acute inflammation in vivo. We subjected both miR-26aH and miR-
26aM/N mice to a single dosage of DEN injection (100 mg/kg), and
4 h later, they were euthanized to collect liver tissues to measure
the expression of several key cytokines involved in inflammatory re-
sponses. The results showed a trend of reduced expression levels of
three major cytokines (IL-6, TNF-a, and IL-1b) in miR-26aH livers
compared to the WT control (Figure 5A). Strikingly, in miR-
26aM/N mice, all of these cytokines displayed significantly lower
expression levels compared to the WT control, indicating a stronger
effect of miR-26a overexpression inmyeloid cells to inhibit inflamma-
tion compared to that in hepatocytes (Figure 5B). The results were
confirmed by ELISA assay to measure protein levels (Figure S3). To
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 3
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Figure 2. Hepatic overexpression of miR-26a in mice-attenuated DEN-induced hepatocarcinogenesis

(A–C) Six- to 8-week-old hepatic overexpression of miR-26a transgenic mice (miR-26aH) and their littermate controls (WT) were subjected to DEN + TCPOBOP-induced

hepatocarcinogenesis (male: n = 6–7 mice/group; female: n = 4 mice/group). (A) Schematic showing the experimental model and the treatment strategy. (B) Representative

images of liver tumorigenesis. (C) Number of visible tumor foci in mouse livers. (D–F) Fifteen-day-old miR-26aH and their littermate WT controls were subjected to g DEN +

TCPOBOP-induced hepatocarcinogenesis (n = 3–4 mice/group). (D) Schematic showing the experimental model and the treatment strategy. (E) Representative images of

liver tumors. (F) Number of visible tumor foci in mouse livers. (G) Fifteen-day-old miR-26aH and their littermate WT controls were subjected to DEN-induced hep-

atocarcinogenesis (n = 4–6 mice/group). *p < 0.05; **p < 0.01; ***p < 0.005.
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Figure 3. Hepatic overexpression of miR-26a reduced inflammation in DEN-induced hepatocarcinogenesis

(A and B) qRT-PCR analysis of expression of genes regulating liver inflammation in tumors and nontumor liver tissues. (C) Representative western blot analysis of major

pathways involved in regulating liver inflammation in tumor (T) and nontumor (N) tissues from WT and miR-26aH mice. mRNA expression levels were normalized to those of

b-actin. *p < 0.05; **p < 0.01; ***p < 0.005.
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further confirm these observations, we switched to another pro-in-
flammatory stimulate: lipopolysaccharides (LPS) (20 mg/kg body
weight) injection. We observed a similarly significant reduction in
IL-6 expression levels in miR-26aM/N but not miR-26aH mice (Fig-
ure 5C). More interestingly, we observed a significantly reduced phos-
phorylated STAT3 at Tyr 705 in miR-26aM/N livers compared to the
WT controls (Figure 5D). These results revealed that miR-26a over-
expression in myeloid cells strongly reduced the acute induction of
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 5
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Figure 4. Myeloid-specific overexpression of miR-

26a in mice-attenuated DEN-induced

hepatocarcinogenesis

(A–C) Six- to 8-week-old myeloid-specific overexpression

of miR-26a transgenic mice (miR-26aM/N) and their

littermate controls (WT) were subjected to DEN +

TCPOBOP-induced hepatocarcinogenesis ((n = 4–6

mice/group). (A) Schematic showing the experimental

model and the treatment strategy. (B) Representative

images of liver tumors. (C) Number of visible liver tumors

(left panel) and the maximum size of liver tumors (right

panel). *p < 0.05; ***p < 0.005.
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cytokines promoting inflammation and STAT3 activation upon
DEN-induced liver damage or LPS treatment.

miR-26a overexpression decreases expression of

proinflammatory cytokines and reduces nuclear factor kB (NF-

kB) activation in macrophages

Kupffer cells are liver resident macrophages that are known to pro-
duce cytokines promoting inflammation through NF-kB activation.4

To determine a direct role of miR-26a in suppressing the inflamma-
tory response in macrophages, we first transfected the pre-miR-26a or
a negative control (NC) into RAW264.7 cells and J774A.1 cells, fol-
lowed with LPS (10 ng/mL) treatment in vitro for different time
points. The expressions of several cytokine genes were measured.
The results showed that, compared to NC, pre-miR-26a significantly
suppressed LPS-induced IL-6 and TNF-a expression in RAW264.7
cells (Figure 6A) and IL-1b expression in J774A.1 cells (Figures S4
and S5A). We then isolated bone marrow-derived macrophages
(BMDMs) from WT mice and the cells then transfected the pre-
miR-26a or an NC, followed by LPS (10 ng/mL) treatment in vitro
for 3 or 6 h. The expressions of cytokine genes were then measured.
The results showed that pre-miR-26a significantly suppressed LPS-
induced IL-6 at 6 h and IL-1b at 3 h compared with BMDMs treated
with NC (Figures 6B and S4). Next, we evaluated the activation of
NF-kB by LPS using western blot analysis. As expected, overexpres-
sion of miR-26a in macrophages repressed LPS-induced phosphory-
lation of p-65 (Figures 6C and S5B). Consistently, the nuclear p65
protein levels were also significantly reduced compared to that in
the control cells (Figure 6D). These data indicated that miR-26a nega-
tively regulated the NF-kB signaling pathway, resulting in lower levels
of proinflammatory cytokine expression.

miR-26a directly targets several genes regulating liver

inflammation

We previously showed that miR-26a significantly reduced the lucif-
erase activity of the IL-6 reporter containing a WT 30 untranslated re-
gion (UTR) but not a mutant 30-UTR (Figure S6), suggesting that IL-6
is a direct target of miR-26a.31 In addition to IL-6, we ask whether
6 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
there are other miR-26a targets that are poten-
tially involved in the regulation of macrophage
activity, including TLR3,32 PKCd,33 GSK3b,34

and PTEN.35,36 To answer this question,

HEK293T cells were transfected with reporter constructs containing
the 30 UTR of selected target genes and co-transfected with
either miR-26a mimics (miR-26a) or NCs. These dual-luciferase re-
porter assays showed that coexpression of miR-26a, but not NCs,
significantly suppressed the activity of firefly luciferase carrying the
30 UTR of TLR3, PTEN, GSK3b, PKCd, and ZFP462 (Figure 7A).
In contrast, miR-26a inhibitor increased the expression of the same
genes. We selected two genes (TLR3-1 and PKCd) to mutate the pu-
tative miR-26a-binding sites. The results showed that miR-26a failed
to activate the reporter genes containing the mutants, suggesting that
at least TLR3-1 and PKCd were bona fide miR-26a direct target genes
(Figure 7B). The effect of miR-26a on the endogenous cellular expres-
sion of the above-mentioned targets was examined by quantitative
reverse transcriptase PCR in RAW264.7 and J774A.1 cells. The results
showed that introduction of miR-26a significantly decreased the
expression of the mRNA levels of TLR3, PKCd, GSK3b, PTEN, and
RTF1 (Figures 7C and S7A), which were further confirmed by the
reduced protein levels of PKCd, GSK3b, and PTEN (Figures 7D
and S7B). Taken together, the results indicated that miR-26a may
directly inhibit a number of key genes that are involved in regulating
liver inflammation.

DISCUSSION
HCC is characteristically associated with the pathologically
chronic liver diseases hepatitis and cirrhosis. For example, in the
DEN-induced HCC model, which causes chronic liver injury, he-
patocytes proliferate continuously and at higher rates than normal
liver cells. This uncontrolled proliferation or irregular liver regen-
eration is usually triggered by several cytokines in the liver,
including TNF-a and IL-6.37–43 Moreover, the critical roles of
IL-6 and Kupffer cells in HCC development are further confirmed
by its link to the gender disparity in HCC and obesity-enhanced
HCC development.44,45 Therefore, understanding the concerted
regulatory functions of different liver cells will provide mechanistic
insights into the pathogenesis of HCC as well as help develop po-
tential approaches to target several liver cell types simultaneously
for HCC treatment.
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Figure 6. miR-26a overexpression in macrophages reduces LPS-induced inflammation in vitro

(A) qRT-PCR analysis of expression of genes promoting inflammation in RAW264.7 cells transfected with an miR-26a mimic (miR-26a) or negative control (NC), followed by

LPS (10 ng/mL) treatment for different time points as indicated. mRNA expression levels were normalized to those of b-actin. *p < 0.05; **p < 0.01. (B) qRT-PCR analysis of

expression of genes promoting inflammation in bone marrow-derived macrophages from miR-26aM/N and their WT littermates treated with LPS (10 ng/mL) for different time

points as indicated. mRNA expression levels were normalized to those of b-actin. *p < 0.05; **p < 0.01. (C) Representative western blot analysis of p65 in RAW264.7 cells

transfected with an miR-26a mimic (miR-26a) or NC, followed by LPS (10 ng/mL) treatment for different time points as indicated. (D) Representative western blot analysis of

p65 in RAW264.7 cells transfected with an miR-26a mimic (+) or NC (�), followed by LPS (10 ng/mL) treatment for different time points as indicated.
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miRNAs are emerging new therapeutic targets. In the case of miR-
26a, there is strong clinical evidence for its potent tumor suppressing
roles in HCC.20,21 Although therapeutic modulation of miRNAs is
still an emerging field, the ability to inhibit groups of genes that regu-
late cancer growth and to target tumor cells as well as the tumor
microenvironment (which would be possible by targeting miR-26a)
has tremendous potential for cancer treatment. Previous studies
also identified miR-26a as a potential tumor suppressor in HCC
and other cancers.23,25,46 In the present study, we used cell-specific
miR-26Tg mice to demonstrate a potent effect of miR-26a in attenu-
ating DEN-induced HCC. We demonstrate that cell-specific overex-
pression of miR-26 in either hepatocytes or myeloid cells is sufficient
to inhibit HCC development in mice. Because hepatocytes and
Figure 5. miR-26a overexpression in myeloid cells reduces chemical-induced

(A and B) qRT-PCR analysis of expression of genes promoting inflammation in the livers

PCR analysis of IL-6 expression in the liver of LPS-treated miR-26aM/N and WT litterma

tumors from miR-26aM/N and WT littermate control mice. mRNA expression levels wer
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Kupffer cells are well-established major cell types during hepatocarci-
nogenesis, our findings not only confirm the previous observations
but also provide a potential miRNA-mediated therapeutic approach
to treat HCC. Therefore, miR-26a mimics may have the advantage
in targeting both liver cancer cells and Kupffer cells to achieve better
therapeutic outcomes compared to most of the drugs that target can-
cer cells only. Furthermore, it would be interesting to investigate
whether miR-26a also has functions in other liver cancer-infiltrated
immune cells, such as T cells and B cells. A few reports do support
a potential role of miR-26a in cancer-associated T cells,47,48 which
suggest a suppressive role of miR-26a in CD8+ cytotoxic T lympho-
cyte responses in the tumor microenvironment. It would be inter-
esting to investigate whether this role of miR-26a can be observed
acute inflammation in vivo

of DEN-treated miR-26aH (A), miR-26aM/N (B), and their WT littermate mice. (C) qRT-

te controls. (D) Representative western blot analysis of STAT3 in DEN-induced liver

e normalized to those of b-actin. *p < 0.05; **p < 0.01.



Figure 7. miR-26a targets a number of genes in

regulating liver inflammation

(A) Relative luciferase activity in HEK293T cells transfected

with reporter constructs containing the 30 UTR of target

genes and co-transfected with either miR-26a mimics

(miR-26a) or NC. (B) Expression of miR-26a target genes

in RAW264.7 cells transfected with an miR-26a mimic

(miR-26a) or NC. Mut, mutant. (C) qRT-PCR analysis of

genes in RAW264.7 cells transfected with an miR-26a

mimic (miR-26a) or NC. mRNA expression levels were

normalized to those of b-actin. *p < 0.05; ***p < 0.005. (D)

Raw264.7 cells were transfected with miR-26a mimic

(miR-26a) for 24 h, and cell lysates were prepared and

subjected to analysis by western blotting using the anti-

bodies as indicated.
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in the HCC tumor microenvironment, which would be our future
endeavor.

Although a variety of miR-26a target genes have been identified, we
and others have consistently shown that suppression of inflammatory
pathways during carcinogenesis is key to the tumor-suppressor func-
tion of miR-26a. We have recently shown that miR-26a attenuates
colitis and colitis-associated cancer by downregulating multiple intes-
tinal inflammatory pathways.31 Similarly, in this study, both in vivo
and in vitro data suggest that miR-26a strongly reduces hepatic
inflammation during DEN-induced hepatocarcinogenesis. Both acute
DEN and LPS treatments in mice result in lower expression levels of
pro-inflammatory cytokines in miR-26a transgenic mice. Transfec-
tion of miR-26a in either two macrophage cell lines or BMDMs re-
sulted in lower levels of TNF-a and IL-6 when stimulated by LPS.
Furthermore, miR-26a repressed the LPS-induced phosphorylation
of p65 and its nuclear translocation, indicating a role of miR-26a in
suppressing this cytokine production by negatively regulating
NF-kB signaling in macrophages. More interestingly, we have pro-
vided evidence that IL-6 could be a direct miR-26a target gene.
miR-26a overexpression also led to reduced STAT3 phosphorylation.
Taken together, these results indicated that NF-kB and STAT3
signaling pathways may be two major targets of miR-26a during hep-
atocarcinogenesis. We anticipate that miR-26a mimics may be also
effective in suppressing some chronic liver diseases related to chronic
Molecular The
inflammation, such as chronic viral hepatitis or
nonalcoholic steatohepatitis, because inflamma-
tion also plays a critical role in promoting these
types of hepatitis and they have been shown to
be closely linked to hepatocarcinogenesis.

In summary, overexpression of miR-26a in
either hepatocytes or Kupffer cells confer mice
resistant to DEN-induced hepatocarcinogenesis.
The strong suppression of either NF-kB or
STAT3 signaling pathways in hepatocytes and
Kupffer cells may underlie the miR-26a-medi-
ated HCC attenuation. These findings thus
provide mechanistic insights into a concerted role of miR-26a in
both hepatocytes and Kupffer cells to suppress hepatocarcinogenesis,
which highlight the potential use of miR-26a mimetics as therapeutic
approaches for the treatment of HCC.

MATERIALS AND METHODS
Animal models

We have generated miR-26a transgenic (TG) mice as shown in Fig-
ure S1 and as described in a previous study.14 Hypoxanthine guanine
phosphoribosyltransferase-Cre mice were bred withmice carrying the
target allele to delete the Neo-STOP cassette during embryogenesis.49

The Albumin-Cre and LysM-Cre mice (from The Jackson Labora-
tory) were bred withmice carrying the target allele to selectively delete
the Neo-STOP cassette in hepatocytes or macrophages.50 Heterozy-
gous transgenic mice and their littermate WT mice were used for ex-
periments. All of the procedures followed the guidelines for the care
and use of laboratory animals from the National Institutes of Health
and Institutional Animal Care and Use Committees (IACUCs) of in-
dividual institutions.

Induction of HCC

Three DEN-induced HCC models were conducted following a
protocol as described previously.23 In the first model, 6- to 8-week-
old mice were injected intraperitoneally with DEN (100 mg/kg
body weight, Sigma). After 7 days, 3 mg/kg TCPOBOP was injected
rapy: Nucleic Acids Vol. 30 December 2022 9
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intraperitoneally every 2 weeks for 6 times, and mice were euthanized
4–5 months after the DEN injection. In the second model, 15-day-old
mice were injected intraperitoneally with DEN (25 mg/kg body
weight), followed by 4 instances of TCPOBOP (3 mg/kg body weight)
intraperitoneal injection every 2 weeks, and mice were euthanized
4–5 months after the DEN injection. In the third model, 15-day-old
mice were injected intraperitoneally with DEN (25 mg/kg body
weight), and mice were euthanized 8 months after the DEN injection.

Induction of acute liver inflammation

Mice were injected intraperitoneally with DEN (100 mg/kg body
weight) or LPS (20mg/kg body weight) to induce acute inflammation.
Mice were euthanized and livers were collected for gene expression
analysis at 4 h post-DEN injection or 6 h post-LPS injection.

Cell culture and transfection

HEK293T and RAW264.7 cells were purchased from the American
Type Culture Collection. J774A.1 cells were provided by Dr. Mingye
Feng at City of Hope. Transfection of plasmids was performed with
Attractene (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. The miRNA mimic was purchased from Ambion (Aus-
tin, TX) and Exiqon (Vedbaek, Denmark), respectively. Transfections
of miRNAs or inhibitors were performed using HiPerfect (Qiagen,
Valencia, CA) according to the manufacturer’s protocol.

Real-Time-PCR

Real-time- PCR was performed using the Power SYBR Green PCR
Master Mix protocol (Applied Biosystems, Foster City, CA). To
analyze mRNAs, reverse transcription was performed with Super-
script III reverse transcriptase and Oligo(dT) 20 primers (Invitrogen,
Carlsbad, CA) at 50�C for 1 h. The expression levels of miRNAs were
normalized to those of 5S RNA. mRNA expression levels were
normalized to those of b-actin (Ambion, Austin, TX). The sequences
of the primers used are listed in Table S1.

ELISA

The protein levels of TNF-a and IL-6 in mouse livers and cell cultures
were detected by using specific ELISA kits according to the manufac-
turer’s guidelines. ELISA kits were purchased form Proteintech
Group (TNF-a, KE10002; IL-6, KE10007). Protein concentrations
of liver and cell lysates were used to normalize the cytokine levels.

Western blotting

Both liver tissues and cell lysates were prepared and subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis before trans-
ferring to nitrocellulose membranes. After blocking in 5% nonfat
milk, the membranes were incubated with the following primary an-
tibodies: anti-phospho-STAT3, anti-total STAT3, anti-IkBa, anti-
PKCd, and anti-PTEN obtained from Cell Signaling Technology
(Danvers, MA); anti-GSK3b from Abcam (Cambridge, UK); and
anti-p38, anti-pERK, and anti-GAPDH from Santa Cruz Biotech-
nology (Santa Cruz, CA). Membranes were washed and incubated
with peroxidase-conjugated secondary antibodies (Amersham Biosci-
ence, Amersham, UK).
10 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
BMDM culture and stimulation

BM cells were harvested from the femurs of mice and filtered through
a 70-mm strainer. After red blood cells were lysed with ACK lysis
buffer (Thermo Fisher, Waltham, MA), the cell pellet was washed
and suspended in DMEM containing 20% FBS and 10 ng/mL murine
M-CSF (BioLegend, San Diego, CA), and cells were plated in a 6-well
tissue culture plate at 2 � 106 cells per well and incubated for 7 days.
To activate BMDMs, 10 ng/mL LPS (Sigma) was added to the me-
dium. Six hours later, cells were harvested for analysis.

Luciferase activity assays

HEK293T cells were transfected with 40 nM miRNA precursors
(GenePharma, Shanghai, China) and 200 ng psiCHECK-2.2 (Prom-
ega, Madison, WI) constructs containing an insert of the 30 UTR or
flanking sequences of seed nucleotides of miR-26a target genes using
Attractene (Qiagen, Valencia, CA) in 96-well plates. Twenty-four
hours after transfection, cells were analyzed with a dual-luciferase re-
porter assay (Promega). To generate mutant reporter constructs, the
seed sequence of miR-26a binding site was mutated using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA).

Statistical analysis

Student’s t test (two-sided) was applied, and changes were considered
statistically significant if p < 0.05. In the figures, changes are noted us-
ing *p < 0.05, **p < 0.01, or ***p < 0.005. The data shown in the bar
graphs are the means and SDs of at least three biological replicates.
The statistical analysis was conducted using Microsoft Excel or
GraphPad Prism software.
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