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Molecular Therapy
Original Article

MiR-22 gene therapy treats HCC
by promoting anti-tumor iImmunity
and enhancing metabolism

Ying Hu,' Tahereh Setayesh,! Farzam Vaziri,! Xuesong Wu,> Samuel T. Hwang,” Xin Chen,’

and Yu-Jui Yvonne Wan'

!Department of Pathology and Laboratory Medicine, University of California Davis Health, Sacramento, CA 95817, USA; 2Department of Dermatology, University of
California Davis Health, Sacramento, CA 95817, USA; 3Cancer Biology Program, University of Hawaii Cancer Center, Honolulu, HI 96813, USA

MicroRNA-22 (miR-22) can be induced by beneficial metabo-
lites that have metabolic and immune effects, including reti-
noic acids, bile acids, vitamin D3, and short-chain fatty acids.
The tumor suppressor effects of miR-22 have been suggested,
but whether miR-22 treats orthotopic hepatocellular carci-
noma (HCC) is not established. The role of miR-22 in regu-
lating tumor immunity is also poorly understood. Our data
showed that miR-22 delivered by adeno-associated virus sero-
type 8 effectively treated HCC. Compared with FDA-approved
lenvatinib, miR-22 produced better survival outcomes without
noticeable toxicity. miR-22 silenced hypoxia-inducible factor 1
(HIF1oet) and enhanced retinoic acid signaling in both hepato-
cytes and T cells. Moreover, miR-22 treatment improved meta-
bolism and reduced inflammation. In the liver, miR-22 reduced
the abundance of IL17-producing T cells and inhibited IL17
signaling by reducing the occupancy of HIFla in the Rorc
and Il117a genes. Conversely, increasing IL17 signaling amelio-
rated the anti-HCC effect of miR-22. Additionally, miR-22
expanded cytotoxic T cells and reduced regulatory T cells
(Treg). Moreover, depleting cytotoxic T cells also abolished
the anti-HCC effects of miR-22. In patients, miR-22 high
HCC had upregulated metabolic pathways and reduced IL17
pro-inflammatory signaling compared with miR-22 low
HCC. Together, miR-22 gene therapy can be a novel option
for HCC treatment.

INTRODUCTION

Hepatocellular carcinoma (HCC) is an emerging health burden
caused by the increasing levels of obesity.” However, there is a
lack of optimal therapies for HCC.” The tyrosine kinase inhibitors
including sorafenib, lenvatinib, regorafenib, and cabozantinib have
been used as first- or second-line drugs for patients with unresectable
HCC.*® However, these agents are associated with considerable tox-
icities and poor quality of life outcomes, and the survival benefit is
limited to a few months.® Although immunotherapy has been revolu-
tionary in the management of different types of cancer, the outcomes
of HCC treatment are poor.7’8 Therefore, there is an urgent need to
identify novel treatment options for HCC.
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MicroRNA-22 (miR-22) is implicated in the development of different
cancers, including liver, colorectal, cholangiocarcinoma, prostate,
breast, and stomach.” miR-22 is generally considered a tumor suppres-
sor but may have oncogenic effects depending on the experimental
models.””"” For the liver, surprisingly, it has been shown that miR-22
promotes HBV -related HCC development.'® However, we have uncov-
ered that the expression of miR-22 is induced by beneficial metabolites
generated by the microbiota and the host within the gut-liver axis.'**’
These metabolites include retinoic acid (RA), short-chain fatty acids
(SCFAs), bile acids (BAs), and vitamin D3, which have metabolic and
anti-cancer benefits.'” ' Signaling regulated by these chemicals and
their receptors is usually compromised during dysbiosis-associated

. . . . . 22—
inflammation or liver tumorigenesis.”* >

In the past, we have shown
that miR-22 has anti-cancer effects in the colon by exporting the nuclear
receptors RARB and NUR77 to the cytosol and targeting mitochondria
to induce apoptosis.”” Other mechanisms include silencing of cyclin A2
(CCNA2) and inhibition of cancer cell migration.”’27 miR-22 also si-
lences fibroblast growth factor 21 and its receptor FGFRI to inhibit
metabolism-driven growth and proliferation controlled by ERK1/2
signaling.”® Further, miR-22 levels are inversely correlated with serum
a-fetoprotein (AFP) levels, suggesting its tumor-suppressive role in
HCC.”” However, whether miR-22 treats HCC has not been studied

in orthotopic preclinical models.

The role of miR-22 in the modulation of the tumor immune microen-
vironment is less understood. Recent studies showed that miR-22
downregulates checkpoint molecule programmed death-ligand 1,
which inhibits T cell-mediated immune responses in colon cancer.”’
miR-22 is highly expressed in regulatory T cells (Treg) from multiple
sclerosis patients.”’ Additionally, miR-22 indirectly regulates the T
helper 17 (Th17) responses by controlling the activation of myeloid
dendritic cells in an emphysema mouse model.*> However, it is still
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unclear how miR-22 regulated the functions of T cells. Thus, the current
study examined the anti-HCC effects of miR-22 particularly focusing on
its immunomodulatory functions in T cells using orthotopic mouse
HCC models.

Our data revealed that miR-22 treated HCC and prolonged survival
time. Compared with lenvatinib treatment, miR-22 therapy provided
a longer survival time without detectable toxicity. Moreover, miR-22
treatment effectively silenced hypoxia-inducible factor 1 (HIF1a) and
enhanced RA signaling in both hepatocytes and T cells, which
improved metabolism and anti-tumor immunity. The miR-22-tar-
geted metabolism and inflammation signaling observed were human
relevant, as indicated by comparing miR-22 high vs. low human
HCC. miR-22 gene therapy, targeting both hepatocytes and T cells,
may become a novel option for HCC treatment.

RESULTS

miR-22 treats HCC

Activation of AKT and the neuroblastoma RAS viral oncogene homo-
log (RAS) is frequently observed in patients with HCC.”*” To examine
the anti-HCC effect of miR-22, RAS/AKT-induced HCC female mice
were treated with either AAV8-miR-22 (miR-22 treated) or AAVS
control (untreated). Lenvatinib, an FDA-approved HCC drug, was
used for comparison (Figure 1A). In untreated control groups, 5 weeks
post oncogene injection, the liver-to-body weight (L/B) ratio reached
33.5%, 8-fold higher than that in healthy mice. Tumors accounted for
more than 90% of liver sections. Treatment with miR-22 and lenvati-
nib reduced the L/B ratio to 10.9% and 12.0%, respectively (Figures 1B
and 1C). The effectiveness of both treatments was confirmed by histo-
logical evaluation (Figures 1D and 1E). miR-22 and lenvatinib reduced
the serum alanine transaminase (ALT), aspartate aminotransferase
(AST), and cholesterol levels, indicating improved liver function
(Figures 1B and 1C). Additionally, miR-22 and lenvatinib treatment
markedly reduced the number of Ki67-positive cells (Figures 1D and
1E). Splenomegaly is typically found in HCC patients and mice, likely
due to increased infiltration of foreign cells in the spleen’*; both miR-
22 and lenvatinib reduced spleen size significantly (Figure 1C).

The anti-HCC effect of miR-22 was also confirmed in male mice.
miR-22 treatment significantly reduced tumor burden as indicated
by significant reductions in the liver weight and L/B ratio in male
HCC mice (Figures SIA-S1C). In addition, terminal deoxynucleo-
tidyl transferase dUTP nick end-labeling (TUNEL) analysis that
showed apoptosis of HCC cells was demonstrated in miR-22-treated
HCC (Figure S1D).

miR-22-treated mice have longer survival time without toxicity
compared with lenvatinib-treated mice

In the RAS/AKT-HCC female mice, the median survival time of the
HCC mice was 42 days. Two mice treated with miR-22 remained alive
60 days post oncogene injection. Excluding these two, miR-22 treat-
ment was found to extend the survival time to 50 days. In contrast, the
median survival time of the lenvatinib-treated group was 46 days
(Figure 1F).

Patients with HCC commonly have elevated serum globulin levels,
which was also observed in our mouse models.”> miR-22 treatment
reduced serum globulin levels; however lenvatinib did not. Moreover,
HCC mice had reduced serum glucose levels, which are also observed
in patients with HCC as indicators of hypoglycemia and poor prog-
nosis.”® Serum glucose levels were also reduced in response to miR-
22 treatment but not lenvatinib. Both miR-22 and lenvatinib reversed
the elevation in total protein and albumin levels. Blood urea nitrogen
(BUN) levels were not affected by HCC or either treatment, suggest-
ing no renal toxicity (Figure 1G).

Complete blood counts indicated that HCC mice had macrocytic ane-
mia, as evidenced by increased mean corpuscular volume and mean
corpuscular hemoglobin, as well as reduced mean corpuscular hemo-
globin concentration (Figure 1G). Macrocytic anemia is commonly
observed in HCC.?” Lenvatinib exacerbated this condition, whereas
miR-22 did not. Furthermore, lenvatinib-treated mice had the lowest
white blood cell and platelet counts. In contrast, miR-22 treatment
increased the levels of both (Figure 1G).

miR-22 treats B-catenin-positive HCC.

B-Catenin activation promotes immune escape.”® B-Catenin-positive
HCC, accounting for 50% of human HCC cases, is resistant to anti-
PD-1 treatment.’® The anti-cancer effect of miR-22 was studied in
B-catenin/AKT-induced female mouse HCC. miR-22 treatment was
initiated 4 weeks after oncogene delivery (Figure 1H) and significantly
reduced the L/B ratio compared with that in untreated mice (Fig-
ure 1J). The gross morphology and histology are shown in Figure 11.
Furthermore, miR-22 reduced the expression of the HCC markers
Afp and Gpc3 (Figure 1K).

miR-22 treatment restores hepatic metabolism and reduces
inflammatory signaling

To uncover the pathways altered due to HCC development and the
response to miR-22 treatment, RNA sequencing was performed using
the livers derived from female HCC mice, followed by gene set

Figure 1. miR-22 treats HCC and prolongs survival in female HCC mice

(A) Study design for miR-22 and lenvatinib treatment in RAS/AKT-induced HCC model, (B) representative liver morphology, (C) liver weight, L/B ratio, spleen weight, serum
ALT, AST, and cholesterol levels, and (D and E) H&E-stained liver sections and Ki67 IHC staining. The cellularity of the proliferating cells is seen at high magnification (insets).
The tumor score was quantitively evaluated, which is detailed in Table S3. The percentage of Ki67-positive cells was determined in five random x10 microscopic fields for
each section. Scale bar, 100 pm. (F) Kaplan-Meier survival curves of overall survival of three groups (n = 15-25/group). (G) Toxicology for the studied groups. (H) Study design
of miR-22 treatment in B-catenin/AKT-induced HCC model. (I) Representative liver morphology and H&E-stained liver sections (scale bar, 100 um), (J) L/B ratio, and
(K) hepatic mRNA levels of HCC markers Afp and Gpc3 for studied group. Data represent mean + SD (n = 6-8/group for B, C, E, G, |, J, and K). *p < 0.05, **p < 0.01,

**p < 0,001 by one-way ANOVA (C, E, F, G, J, and K).
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enrichment analysis (GSEA) using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) gene set. Compared with healthy livers, down-
regulated pathways found in HCC were related to the metabolism of
retinol (RA), propanoate and butanoate (SCFAs), fatty acids, steroid
hormones (BAs), peroxisomes (functions of BA), tryptophan, sugar,
and amino acids. Among these, many are miR-22 inducers (pathways
in parentheses). Importantly, miR-22 treatment induced 14 of the 19
downregulated pathways (Figure 2A).

The upregulated pathways in HCC were related to inflammation,
including IL17 signaling, cytokine-cytokine receptor interaction,
extracellular matrix (ECM)-receptor interaction, and chemokine
signaling. Additionally, cell cycle, p53 signaling, and focal adhesion
pathways were upregulated in HCC. In contrast, miR-22 treatment
reduced IL17 signaling, TNF signaling, cell cycle, and ECM-receptor
interaction (blue, Figure 2A, lower panel). Increased IL17 signaling in
HCC was accompanied by enriched IL6/JAK/STAT3, crucial for IL17
transcription and Th17 differentiation (Figure 2B). Increased hypoxia
signaling observed in HCC was also inhibited by miR-22 treatment
(Figure 2B). Overall, miR-22 treatment improved metabolism, in-
hibited inflammation, and reduced hypoxia signaling.

Hepatocytes and T cells isolated from HCC have reduced miR-

22 and increased HIF1«, which are reversed by miR-22 treatment

Hypoxia induces HIF1a, a master transcription factor that regulates
metabolism and inflammation.’*** HIF1e is an miR-22 target*'; an
miR-22 homolog motif is shown in the 3’ untranslated region (3’
UTR) of the Hifla gene (Figure 2C). Thus, the expression levels of
miR-22 and HIF1a were quantified in the liver, as well as in isolated
hepatocytes and T cells, using western blotting or RT-PCR, respec-
tively. The purity of isolated cells was validated by the expression of
cell-type-specific markers (Figure S2). In both HCC hepatocytes and
T cells, reduced miR-22 and increased Hifla expression were
observed. miR-22 treatment reversed the expression pattern found
in both the RAS/AKT- and B-catenin/AKT models (Figure 2D). Taken
together, miR-22 treatment impacted both hepatocytes and T cells.

Western blotting validated these findings at the protein level. In both
RAS/AKT- and B-catenin/AKT HCC models, untreated HCC had
increased HIFla, activated STAT3, and increased inflammatory
signaling of IL6R and IL17A, which were all reduced by miR-22
(Figure 2E).

HIF1a has known metabolic roles, and the expression of HIF1o.-regu-
lated metabolic genes was altered due to HCC development and the

response to miR-22 treatment. HCC increased the expression of
glycolysis-related genes including Pfkfb4, Pkm, Aldoa, Enol, Pgaml,
Slc2al, Pfkl, and Gpil.*> Whereas, two known HIFla-suppressed
lipid metabolism-related genes, Ppara (fatty acid oxidation) and
Chka (phospholipid synthesis), were reduced in HCC livers.">*
Upon miR-22 treatment, these changes were reversed (Figure 2F).

The anti-HCC effect of miR-22 is cytotoxic T cell dependent
Hypoxia and HIFla can induce tumor cells to become resistant to
cytotoxic T cells.*> Flow cytometry was performed to investigate the
contribution of cytotoxic T cells to the anti-HCC effect of miR-22.
Treatment with miR-22 increased CD8'IFNy*/CD8"CD107A*
T cells, indicating activation of cytotoxic CD8" T cells (Figure 3A).
In parallel, miR-22 increased CD8" effector memory T cells, which
are known to enhance the therapeutic effects of anti-PD-1 in head
and neck cancers (Figure 3A)."® CD8 blockade was then performed
(Figure 3B). While anti-CD8 antibody did not affect the L/B ratio
and tumor development, CD8 blockade inhibited the anti-HCC ef-
fects of miR-22 (Figures 3C and 3D). Flow cytometric analysis
confirmed that the anti-CD8 antibody significantly reduced the num-
ber of CD8" T cells in the liver (Figures 3E and S3).

miR-22 activates cytotoxic T cells and induces apoptosis of HCC
cells

The essential role of cytotoxic CD8" T cells in miR-22 treatment was
further examined. T cells isolated from livers of healthy, HCC, and
miR-22-treated HCC mice were co-cultured with mouse Hepal-6
HCC cells for 36 h, followed by an apoptosis assay. The data showed
that T cells from miR-22-treated mice induced the highest apoptotic
rate (Figure 3F), and the culture supernatant also had the highest
levels of IFNy and granzyme B. Compared with healthy controls,
HCC T cells produced elevated levels of IL17A and IL6, which were
reduced by miR-22 treatment (Figure 3G).

miR-22increases RA and reduces Th17/Treg signaling in hepatic
T cells

We have previously shown that RA via RARP induces miR-22, which
in turn induces RARP by silencing HDCAs. Thus, RARB is involved
in both upstream and downstream signaling of miR-22.”° This posi-
tive regulatory loop ensures sustained RARP expression. RA, via
RARB, has profound effects on the inhibition of Th17 cell differenti-
ation.”” Hepatic transcriptomics revealed an improved retinol meta-
bolism in response to miR-22 treatment. Therefore, we investigated
RA signaling in hepatic T cells.

Figure 2. miR-22 treatment restores metabolic programs and reduces inflammatory signaling accompanied by reduced HIF1« expression in the liver,

hepatocytes, and T cells

(A) Pathways enriched due to HCC formation or miR-22 treatment revealed by GSEA based on KEGG gene sets. miR-22-reversed pathways are underlined and highlighted in
red (upregulated) or blue (downregulated). NES, normalized enrichment score. (B) Enriched IL6/JAK/STAT3 and hypoxia signaling by comparing HCC vs. healthy livers or
miR-22 treated vs. untreated HCC as demonstrated by GSEA based on hallmark gene sets. (C) Human and mouse miR-22 have conserved sequences, which partially pair
with the 3" UTR of the human and mouse Hif1a gene. (D) The level of miR-22 and HIF1a. in hepatocytes and T cells isolated from livers of healthy, HCC, and miR-22-treated
HCC mice (n = 3). (E) The levels of indicated proteins in the HIF1a/IL6/STAT3/IL17 axis were determined by western blot (n = 3). (F) The fold changes of HIF1a-regulated
metabolism-related genes are shown in the heatmap based on RNA-seq data. Data represent mean + SD. *p < 0.05, **p < 0.01, **p < 0.001 by one-way ANOVA (D).
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Consistent with the bulk liver transcriptomic data, RA signaling was
reduced in HCC T cells, which was reversed by miR-22 treatment.
This was evident by the induction of genes encoding RARB, as well
as RA oxidation enzymes CYP26A1 and CYP26B1. Moreover, miR-
22-treated T cells showed increased expression of RA-regulated genes
that control immunity,*® including the gut-homing genes Itga4, Itgb7,
Ccr9, Ccl25, and Madcaml. Other miR-22-induced RA signaling
genes, Ifihl and Dhx58, can recruit T cells to inflammation sites
and enhance CD8" T cell survival (Figure 4A).%°

IL17 signaling genes significantly upregulated in HCC included I117a/
f, Il17a transcription regulators Rorc, Runx1, and Hifla, upstream reg-
ulatory cytokines I6, I123a, and their receptors, as well as Th17 cell
downstream signaling 1122, Ccl20, Ccr6, S100a8, and S100a9. miR-22
treatment suppressed all these IL17 signaling genes (Figure 4A). Tregs
have immunosuppressive functions in cancer. Many Treg genes were
elevated in HCC T cells but repressed by miR-22 treatment, including
112, surface markers II2ra, Nt5e, Lag3, Nrpl, Ctla4, and downstream
factors Lgals1, 1110, Il12a, and II35b (Figure 4A).

Similarly, in B-catenin-positive HCC, qRT-PCR data showed that
many genes involved in RA signaling were downregulated in HCC
T cells but induced by miR-22. In contrast, IL17 signaling-associated
genes were induced in HCC and reduced in miR-22-treated T cells
(Figure S4).

miR-22 treatment reduces IL17-producing T cells as well as Treg
Flow cytometry was performed to validate these findings. Compared
with healthy livers, HCC had increased CD3"IL17A" T cells, which
miR-22 treatment then reduced (Figure S5). The CD4" subsets
(Th17, Treg, Thl) and Tcl7 (CD8'IL17A*) T cells were increased
in HCC. While miR-22 treatment reduced Th17 and Treg cells, it
did not affect Thl and Tc17 cells (Figure 4B). Taken together, miR-
22 suppressed the expansion of IL17-producing cells and Tregs,
which likely favored cytotoxic CD8" T cell activation.”

HCC mice spleens had increased Treg cells, whereas Th17, Tc17, and
Th1 cells were similar to healthy mice. In contrast, miR-22 treatment
reduced Treg and Th1 cells but had no effect on Th17 and Tc17 cells
(Figure S6). Thus, Th17 expansion in HCC and its reduction by miR-
22 were tumor specific.

miR-22 silences HIF1« and inhibits //17a expression by reducing
the recruitment of HIF1&/RORYT/STAT3

There are two RORYT and two STAT3 binding sites in the regulatory
region of the I117a gene (Figure 4C).”">* Moreover, the Rorc promoter

contains two hypoxia response elements (HREs).”' The occupancy of
the transcription factors HIF1a, RORYT, and STAT3 was examined
by chromatin immunoprecipitation-qPCR (ChIP-qPCR) in HCC
T cells. In untreated HCC T cells, HIF1a. bound to the two HREs
located in the Rorc promoter, while miR-22-treated T cells showed
reduced binding. Similarly, miR-22-treated HCC T cells showed
reduced recruitment of HIF1a, RORYT, and STATS3 to the Il17a pro-
moter (Figure 4C). These results showed that miR-22 silenced the
Il17a gene, leading to Th17 cell reduction by decreasing the recruit-
ment of RORYT/HIF1a/STATS3 to Il17a promoter in T cells.

Overexpression of IL23/IL17 attenuates the anti-HCC effect of
miR-22

To further establish that IL17A signaling inhibition contributes to the
anti-HCC effect of miR-22, a low dose of IL23 minicircle DNA was
introduced to boost IL17 (Figure 5A).” The results showed inducing
IL17 attenuated the anti-HCC effect of miR-22, as evidenced by tu-
mor load and histology (Figures 5B-5D). Furthermore, in HCC
T cells, IL23 increased 1123, Il17a, II17f, $100a8, S100a9, Ccr6, and
Ccl20 levels (Figure 5E). IL23 overexpression prevented miR-22
reduction of HCC markers Afp, Gpc3, Cd133, and Ccna2 (Figure 5F).
Together, reduced IL17 signaling contributed to the anti-HCC effects
of miR-22.

The similarity between human and mouse HCC based on miR-22
expression

Based on miR-22 expression, the TCGA LIHC dataset was grouped
into miR-22 high (miR-22 Hi, n = 89) and miR-22 low (miR-22 Lo,
n = 92) HCC. Comparing the two groups, 30 pathways (27 upregu-
lated and three downregulated pathways) were significantly changed
(Figure S7). In mouse HCC, miR-22 treatment enriched 30 pathways
(19 upregulated and 11 downregulated; Figure 2A); 15 pathways over-
lapped with human pathways by comparing miR-22 high vs. low hu-
man HCC (Figure 6A). Human miR-22 Hi HCC or miR-22-treated
mouse HCC consistently showed increased retinol, propanoate, buta-
noate, and tryptophan metabolism, improved steroid biosynthesis, as
well as glycolysis and detoxification, but reduced cell cycle signaling.
This congruence suggests human relevance for the mice data.

Based on the KEGG pathways, the expression of genes involved in
retinol metabolism and IL17 signaling was analyzed in miR-22 Hi
vs. Lo HCC (Figure 6B). For retinol metabolism, 30/32 related tran-
scripts showed higher levels in miR-22 Hi HCC than in miR-22 Lo
HCC. In addition, miR-22 Hi HCC had reduced IL17 signaling in
20/27 transcripts. Fold changes with significance levels are indicated
in Figure 6B.

Figure 3. The anti-HCC effect of miR-22 is cytotoxic T cell dependent, and miR-22 activates cytotoxic T cells to induce apoptosis of HCC cells

(A) Representative flow cytometry plots and percentage of CD8*IFNy*, CD8"CD107A*, and CD8" naive and EM T cells. Hepatic lymphocytes were isolated from livers of
healthy, HCC, and miR-22-treated HCC mice followed by flow cytometry. (n = 6). (B) Study design of anti-CD8 antibody blockade. (C) Representative liver morphology, (D)
L/B ratio (n = 6), and (E) percentage of CD8" T cells measured by flow cytometry in studied groups (n = 4). (F) Representative flow cytometry plots of Annexin V/7-AAD staining
and apoptosis rates of mouse HCC Hepal-6 cells co-cultured with hepatic T cells. Hepatic-isolated T cells from healthy livers, HCC, and miR-22-treated HCC were co-
cultured with Hepa1-6 at a 1:1 ratio for 36 h. (G) The concentrations of IFNy, granzyme B, IL17A, and IL6, and in the supernatant were quantified by ELISA. Data are
representative of two independent experiments (F and G). Data represent mean + SD. *p < 0.05, **p < 0.01, **p < 0.001 by one-way ANOVA (A, D, E, F, and G).
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Reduced miR-22 in human HCC predicts poor survival outcomes
miR-22 expression in human HCC was analyzed using the TCGA
LIHC dataset. miR-22 levels were significantly lower in 379 HCC
specimens compared with the 59 healthy livers. Additionally, miR-
22 levels were much lower in stage III and IV HCC (90 cases) than
in stage I (172 cases) (Figure 6C). Furthermore, survival analyses re-
vealed that miR-22 levels positively correlated with overall survival,
disease-specific survival, disease-free interval, and progression-free
interval (Figure 6D). In summary, reduced miR-22 expression pre-
dicted poor survival outcomes in patients with HCC.

DISCUSSION

The current study revealed that miR-22 could be a new therapeutic
target for HCC treatment. miR-22 gene therapy was effective and pro-
longed survival without causing detectable toxicity. The current study
is also the first to reveal the metabolic and anti-tumor immunity roles
of miR-22 in the liver; miR-22 targeted both hepatocytes and T cells
by silencing HIF1a and increasing RA signaling, both of which have
metabolic and anti-inflammatory effects.

Our data revealed that miR-22 had profound effects on reducing
inflammation. In T cells, miR-22 affected Il17a expression at multiple
levels: (1) miR-22 reduced HIF1a and its occupancy of the Rorc gene,
leading to reduced expression. (2) miR-22 diminished the recruit-
ment of HIFla and RORYT to Il17a and reduced IL17 expression.
(3) miR-22 inhibited IL6/IL23 signaling, deactivated STAT3, and
reduced its recruitment to Il17a, suppressing IL17 levels. Addition-
ally, miR-22 activated cytotoxic T cells, induced apoptosis in tumor
cells, and suppressed Treg cells, which can inhibit the activation of
anti-tumor effector cells, leading to tumor immune escape.” These
results are summarized in Figure 7.

RA self-regulates via RARB binding to induce Rarb expression.”” RA
also increases RARP via the induction of miR-22.%° Thus, multiple
pathways induce and sustain RA signaling, signifying its importance.
Increasing RA signaling has several benefits. RA and its receptors,
including RXRa, facilitate lipid metabolism by dimerizing with
FXR and PPARa. RA also inhibits the production of Th17 cells by
blocking 1L23/IL6 signaling and reducing Rorc expression.”””° In
line with this, our data revealed that restoration of RA signaling by
miR-22 was accompanied by reduced Rorc, Runxl, Il6, Il6r, 1123,
and II23r mRNA in T cells. Furthermore, IL23 overexpression
boosted IL17 signaling and attenuated the anti-HCC effects of miR-
22, indicating that miR-22 treatment was partly mediated by the in-
hibition of inflammatory IL17A signaling. Thus, miR-22 and RA

mutually regulate one another. Whether miR-22-suppressed IL17
signaling is RA dependent would be of interest for future studies.

Patients with HCC have a high frequency of Tregs, which is correlated
with poor prognosis and reduced survival.”” Depleting these tumor-
infiltrating Treg cells improves immunotherapy of HCC.”® Our data re-
vealed that miR-22 reduced Tregs and the expression of Treg marker
genes in HCC cells. However, RA plays a role in Treg expansion, and
this mechanism is partially mediated by RARa-mediated TGFf and
FOXP3 induction.”””' Whether miR-22-regulated RA signaling affects
Treg regulation in the HCC environment remains to be addressed.

Interestingly, the synthesis of RA in intestinal dendritic cells is
controlled by aldehyde dehydrogenase ALDH1A, whose expression
is induced by HDAC inhibitors, such as butyric acid and propionic
acid, which are miR-22 inducers.?*” Thus, there are interactive effects
between SCFAs and RA signaling. Our transcriptomic data revealed
that the metabolic pathways for SCFAs and retinol were both reduced
in HCC but induced in response to miR-22 treatment. The effect of
miR-22 on the regulation of the gut microbiome remains to be eluci-
dated. These data suggest that the intertwined signaling pathways
found in the gut affect liver health. Targeting these pathways in the
gut-liver axis may provide novel therapeutic options for treating HCC.

MATERIALS AND METHODS

Mice and tumor models

Male and female 6-week-old FVB/N mice were obtained from Jack-
son Laboratory (Sacramento, CA, USA). Liver tumors were produced
via sleeping beauty transposon (SB)-mediated hydrodynamic injec-
tion using the plasmids pT3-EFla-HA-myr-AKT, pT3-EF1a-N90-
B-catenin, pT/Caggs-Nras-vl2, and pCMV-SB1l as previously
described.”® Briefly, oncogene plasmids and SB were diluted in
2 mL saline and injected into the mouse tail vein within 5-7 s.
Mice were housed, fed, and monitored according to protocols
approved by the Institutional Animal Care and Use Committee of
the University of California, Davis (Sacramento, CA, USA).

Drug administration

miR-22 was delivered by adeno-associated virus, serotype 8 (AAVS,
Applied Biological Materials, Richmond, BC, Canada). One dose (5
x 10'> GC/kg) of AAVS-miR-22 or AAVS blank control was injected
intravenously. Lenvatinib (10 mg/kg/day, MedChemExpress, Mon-
mouth Junction, NJ, USA) or saline was administered via oral gavage.
The treatment timeline for each experiment is presented in the
figures.

Figure 4. miR-22 suppresses IL17 signaling in the T cells by reducing the recruitment of HIF1«/RORYT/STAT3 in the //17a promoter

(A) The fold changes of RA signaling and Th17/Treg-related genes in hepatic T cells were quantified by RT-PCR and are shown in the heatmap. Hepatic T cells were isolated
from livers of healthy, HCC, and miR-22-treated HCC mice followed by flow cytometry (n = 3). (B) Representative flow cytometry plots and percentage of Th17 (CD4*IL17A"),
Tc17 (CD8*IL17AY), Th1 (CD4*IFNY*), and Treg (CD4*CD25"FOXP3*) T cells in studied groups (n = 6). (C) ChIP-gPCR using anti-HIF1a, anti-RORyt, and anti-STAT3
antibodies in hepatic T cells. Hepatic T cells that were isolated from three mice for each studied group were subjected to ChlP assay. The primers for amplifying non-binding
regions were used as a negative control. The regulatory regions of the /7 7a and Rorc genes are shown with the binding locations of the indicated proteins. The numbers are
relative to the transcription start site. Binding enrichment was expressed relative to the IgG-negative control. CNS, conserved non-coding sequence. Data represent mean +

SD, ™p < 0.01; **p < 0.001 by one-way ANOVA (B and C).
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Hepatic lymphocyte isolation and T cell enrichment

Hepatic lymphocytes were isolated from livers of healthy, HCC, and
miR-22-treated HCC mice using previously published methods.*” In
detail, the livers were mechanically dissociated followed by digestion
with Liberase (0.05 mg/mL, Roche Diagnostics, Basel, Switzerland) at
37°C for 30 min. The digested specimens were filtered through a 70-
pm cell strainer. Hepatocytes were removed by sequential centrifuga-
tion at 50 x g (5 min, 4°C). The supernatants containing nonparen-
chymal cells (NPCs) were collected by centrifugation at 500 x g for
5 min at 4°C. The NPCs were further fractionated by Percoll (GE
Healthcare, Little Chalfont, United Kingdom) density gradient
(70%/30%) centrifugation at 690 x g for 12 min at room temperature.
Red blood cells were removed by incubating in RBC lysis buffer
(Thermo Fisher Scientific, Waltham, MA, USA) for 5 min at room
temperature. After washing with PBS, NPCs were pelleted by centri-
fugation at 300 x g for 5 min. CD3" T cells were further purified using
a MojoSort mouse CD3" T cell Isolation Kit (Biolegend, San Diego,
California, USA) followed by RNA extraction, ChIP, or co-culture.
The purity of CD3" T cells was >90%.

Cloning and packaging of miR-22 overexpressed adeno-
associated virus

mmu-miR-22-3p (ID: MIMAT0000531, https://www.
mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0000531)  was
cloned into AAVS8 plasmid pAAV-miro-GFP-hGH-amp vector
with CMV promoter (Applied Biological Materials, Richmond, BC,
USA). The AAVS viruses were packaged and tittered by Applied Bio-
logical Materials.

Mature

RNA isolation and gene expression quantification

Total RNA was extracted using TRIzol Reagent (Thermo Fisher Sci-
entific), and cDNA was generated using a High-Capacity RNA-to-
cDNA Kit (Applied Biosystems, Carlsbad, CA, USA)."”*° qRT-PCR
was performed on a QuantStudio 6 Fast real-time PCR system using
Power SYBR Green PCR master mix (Applied Biosystems). Primers
were designed using Primer3 Input software version 0.4.0. Primer se-
quences are listed in Table SI.

RNA sequencing and bioinformatics data analysis

RNA samples used for RNA sequencing were isolated from RAS/
AKT-induced HCCs treated with AAV control or miR-22 as well as
normal healthy livers from the same genetic background, FVB/N
mice (n = 3). RNA was quantified with Nanodrop, and the quality
was determined using a Qubit and Agilent RNA 6000 Nano Kit (Agi-
lent Technologies, Santa Clara, CA, USA). Library preparation and
sequencing were performed by Novogene (Sacramento, CA, USA).
Libraries were prepared using a NEBNext Ultra II non-directional
RNA Library Prep kit (New England Biolabs, Ipswich, MA, USA). Li-
brary quality and concentration were assessed with LabChip GX

Touch nucleic acid analyzer (PerkinElmer, Waltham, MA, USA)
and qPCR. Libraries were sequenced on Novaseq6000 using PE150
sequencing. Reads quality was checked using the fastqc (v0.11.7,
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).*"

RNA sequencing data was analyzed using the Salmon-tximport-
DESeq2 pipeline. The pair-ended reads (FASTQ format) were map-
ped to the reference mouse genome assembly (GRCm39,
GENCODE release 25) and quantified with Salmon.> Gene-level
counts were imported with tximport,”> and differential expression
analysis was performed with DESeq2 (version 1.18) with the cor-
rected p value <0.05 and fold change >1.5.°* Pathway analysis was
performed with iDEP (http://bioinformatics.sdstate.edu/idep93/) us-
ing GSEA method,”>*® which is conducted in the pre-ranked mode
using a recent faster algorithm based on the fgsea package (bioRxiv,
http://biorxiv.org/content/early/2016/06/20/060012).””  Functional
pathways or processes with FDR <0.1 and Bonferroni value < 0.1
were accepted. KEGG gene set was used in the GSEA analysis.

TCGA analysis

miR-22 levels and survival analysis were performed using UCSC Xena
(http://xena.ucsc.edu/) based on the TCGA LIHC dataset.”® GSEA
analysis based on the KEGG and hallmark gene set was performed
by UCSC Xena differential gene expression analysis (http://analysis.
xenahubs.net/).®® The TCGA LIHC dataset includes 379 HCC and
59 adjacent normal liver specimens. For pathway analysis based on
differentially expressed miR-22 levels, 181 HCC specimens were clas-
sified into two groups based on the upper and lower quartiles of miR-
22 levels: (1) high miR-22 expression (miR-22 Hi) with
LogZ(RPM) > 17.48 (n = 89) and (2) low miR-22 expression (miR-22
Lo) with Log2®"™ < 16.5 (n = 92).

Co-culture of hepatic T cells and HCC cells

Murine Hepal-6 cells (ATCC CRL-1830) were seeded into 6-well plates
atadensity of 1 x 10°/well in RPMI 1640 culture medium (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (R&D
Systems, Minneapolis, MN, USA). At day 2, T cells isolated from livers
of healthy, HCC, and miR-22-treated HCC mice were mixed with
Hepal-6 cells at a 1:1 ratio. Cells and supernatants were collected after
36 h of incubation for further flow cytometry or enzyme-linked immu-
nosorbent assay (ELISA). For flow cytometry, 2 x 10° cells were stained
with anti-CD3e antibody (BD Bioscience San Jose, California USA) to
gate the CD3" T cell population. Annexin V/7-AAD staining (Thermo
Fisher Scientific) was applied to determine the apoptosis of Hepal-6
cells (CD3" cells) in round-bottom 96-well plates.

ELISA

The levels of IL17A, IL6, IFNY, and granzyme B in the supernatant of
the co-culture system were quantified by ELISA kits according to the
manufacturer’s protocol (Thermo Fisher Scientific).

Figure 5. Overexpression of IL23/IL17 attenuates the anti-HCC effect of miR-22

(A) Study design for miR-22 and IL23 overexpression in male HCC mice. (B) Representative liver morphology, (C) liver weight and L/B ratio, and (D) H&E-stained liver sections
in each group (n = 8); scale bar, 100 um. (E) mRNA levels of IL17A signaling-related genes in hepatic T cells isolated from indicated groups (n = 3). (F) Hepatic mRNA levels of
HCC markers in each group (n = 3). Data represent mean + SD. *p < 0.05, **p < 0.01, **p < 0.001 by one-way ANOVA (C, E, and F).
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Flow cytometry

Antibodies used for flow cytometric analysis are listed in Table SI.
They were tested for optimal dilution in-house based on lot, clone,
and vendor. 2 x 10° lymphocytes isolated from the livers and spleens
were stimulated with phorbol 12-myristate 13-acetate (PMA)/iono-
mycin (50 ng/mL and 500 ng/mlL, respectively) in the presence of
Golgi Stop (Thermo Fisher Scientific) for 6 h. Thereafter, the cells
were washed and stained for surface antigens. Zombie Aqua fixable
viability (1:500; BioLegend) was added to exclude dead cells. For sur-
face antigen staining only, cells were fixed in 4% paraformaldehyde.
For intracellular staining, cells were fixed and permeabilized using
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) fol-
lowed by staining of intracellular proteins. Data were acquired by a
BD LSRFortessa instrument running FACS DIVA software and
analyzed with Flow]Jo v10.7.1 software (Tree Star, OR).

Chromatin immunoprecipitation-qPCR

ChIP-qPCR was performed based on a previous publication.” Briefly,
chromatin lysate was precleared before incubation with anti-HIFla
(Novus Biologicals, Centennial, CO, USA), anti-RORYT (eBioscience),
or anti-phosphor (P)-STATS3 (Cell Signaling Technology, Beverly, MA,
USA). Rabbit IgG and H3Ac antibodies (MilliporeSigma, Burlington,
MA, USA) were used as negative and positive controls, respectively.
Samples were incubated with Dynase beads (Thermo Fisher Scientific)
at 4°C overnight followed by de-crosslinking and purification. ChIP
analysis was carried out according to the manufacturer’s protocol
(Upstate/Millipore, Massachusetts, USA). The immunoprecipitated
DNA was quantified via RT-PCR with a QuantStudio 6 Fast real-time
PCR system (Applied Biosystems) using SYBR Green. Primers and an-
tibodies used for ChIP assays are listed in Tables SI and S2.

69

Histology, tumor grade, Ki67 immunohistochemistry, and
TUNEL assay

Tumor score was quantitively evaluated by pathologists based on
H&E staining using five criteria including the level of centrilobular
vacuolar degeneration, the number of proliferation foci, mitotic in-
dex, scirrhous type foci of proliferation, and inflammatory cells.”>”"
The tumor scoring criteria are described in Table S3.
Immunohistochemistry was performed as described previously.”>”*
To monitor hepatocyte proliferation, immunostaining was performed
with anti-Ki67 antibody (NeoMarkers, Fremont, CA, USA) in healthy
livers, HCC, miR-22-treated HCC, and lenvatinib-treated HCC. The
number of proliferating hepatocytes was determined by counting pos-
itive-staining cells in at least five random microscopic fields (x10) for
each specimen. Positive cells were determined using QuPath soft-
ware.”” To monitor apoptosis in response to miR-22, TUNEL assay

was performed with TUNEL assay kit (Abcam, Cambridge, MA), ac-
cording to the manufacturer’s instructions.

Serum biochemistry analysis

Blood samples were collected at the endpoint of the experiments, and
serum was separated within 2 h of the collection after centrifugation
at 3,000 x g for 10 min. Serum ALT, AST, cholesterol, glucose, glob-
ulin, albumin, total protein, and BUN levels were quantified using
FUJI DRI-CHEM 4000 veterinary chemistry analyzer (Heska Corpo-
ration, Loveland, CO) according to manufacturer’s instruction.

Blood hematology analysis

Blood samples were collected at the endpoint of the experiments.
100 pL aliquots were analyzed within 10 min of collection using a vet-
erinary Hematrue hematology analyzer (Heska Corporation) based
on the manufacturer’s instruction.”*

Western blotting

Western blots were performed as described previously.'*>**® Proteins
were extracted from the livers using a lysis buffer with cocktail protease
inhibitors and phosphatase inhibitors (Thermo Fisher Scientific). Pro-
tein concentration was measured using the Pierce BCA protein assay
kit, and 20-40 pg of total lysate was loaded and immunoblotted. An-
tibodies used were anti-IL6R (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), IL17A (eBioscience), phosphor (P)-STATS3, total (T)-
STAT3 (Cell Signaling Technology), B-ACTIN (MilliporeSigma),
and HIFla (Novus Biologicals), which are listed in Table S1.

Cytotoxic CD8" T cell depletion assay

At 1 week post oncogene injection, HCC-bearing mice were
randomly assigned into AAV-miR-22 or AAV blank treated groups.
On the same day, HCC mice from each group were randomly divided
into two groups to receive 200 pg of InVivoMAb anti-mouse CD8a
(BE004-1, Bio X cell, Lebanon, NH, USA) or InVivoMADb rat IgG2a
isotype control (BE0089, Bio X cell) via intraperitoneal injection twice
per week for six times as indicated.”

IL-23 minicircle DNA production and hydrodynamic injection in
HCC mice

Minicircle (MC)-RSV.Flag.mIL23.elastibpA or RSV.eGFP.bpA was
produced to induce IL17 signaling in HCC mice as described.”® Hy-
drodynamic delivery of 3 pug IL-23 or GFP MC DNA via tail vein in-
jection was performed as previously described.”” At 1 week post onco-
gene injection, HCC mice were randomly assigned into AAV-miR-22
or AAV blank treated groups. At 2 weeks post oncogene injection,

Figure 6. Mouse and human HCC have similar gene expression profiles based on miR-22 levels revealing human relevance of the findings

(A) Fifteen common pathways were identified by comparing miR-22 Hi (high, n = 89) vs. miR-22 Lo (low, n = 92) human HCC and miR-22 treated vs. untreated mouse HCC.
(B) The fold changes of RA and IL17 signaling-related genes in miR-22 Hi vs. miR-22 Lo human HCC. (C) The levels of miR-22 in human HCC vs. normal livers and different
stages of HCC. The numbers in parentheses are case numbers. Data were shown with medium +5 to 95 percentiles. (D) Kaplan-Meier survival curves of HCC patients with
high and low miR-22 levels based on TCGA LIHC. p values were calculated by the log rank test. *p < 0.05, *p < 0.01, **p < 0.001 by unpaired two-tailed Student’s t test

(B and C).
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Figure 7. The schematic diagram summarizes miR-22
treats HCC by inducing metabolism and modulating
T cell reprogramming

miR-22 treatment induces the metabolism of retinol, prop-

(Liver function normalization)

< T cell reprogramming )
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to positive treatment outcomes. Meanwhile, miR-22 inhibits
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inflammation pathways including IL17 signaling, cytokine-re-
ceptor interaction, and ECM-receptor interaction, which are
all upregulated due to HCC development. In the T cells, miR-
22 inhibits IL17 signaling at multiple levels: (1) miR-22 silences
HIF1e. and reduces its occupancy in the Rorc promoter. (2)
miR-22 reduces Rorc expressions and the recruitment of
RORYT/HIF1a to the /I17a gene leading to reduced expres-
sion. () miR-22 deactivates STAT3 and decreases its

Treg
cells

* Pentose and glucuronate

interconversions
l Inflammation

» IL6/JAK/STAT3 signaling
» IL17 signaling
» TNF signaling

* ECM-receptor interaction

mice from each subgroup were further divided into two groups to
receive one dose (3 pg) of either IL-23 MC or MC control.

Statistical analysis

Statistical analysis was performed using Prism software v8.2.1 (Graph
Software). Data were expressed as means + standard deviation (SD).
Statistical significance between two groups was evaluated using a two-
tailed Student’s t test. One-way ANOVA followed by Tukey’s t test
was used to compare the statistical difference among multiple groups.
Associations were analyzed by linear regression. A value of p < 0.05
was considered statistically significant.
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