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Significance

Prostate cancer (PCa) is a major threat of men’s health worldwide, with 20% to 50% patients
harboring TP53 mutation. Non-coding RNAs, especially miRNAs, act as crucial regulators in tumor
initiation and progression, including PCa. Exploring the leading cause of miRNA abnormal
expression and the mechanism of miRNA in PCa tumorigenesis will help the design promising
therapeutic approaches. We find that miR-7 is regulated by TP53 gene and inhibits the acidic
microenvironment required for tumor formation, thus impacting on histone lactylation. Importantly,
in vivo assays demonstrate efficacy of miR-7 on p53-negative tumors, highlighting that miR-7 could
be a promising target for development of miRNA-based therapeutics, especially for PCa patients

with p53 mutations.

Abstract

Although miR-7 suppresses the initiation and metastasis in cancers, including prostate cancer
(PCa), little is known about its efficacy in the treatment of malignancy in vivo, especially in
transgenic mouse models. Herein, to demonstrate the safety of in vivo miR-7 gene editing and its
suppressive efficacy on p53-negative tumors, for the first time, a miR-7" transgenic mouse model
was constructed and hybridized with the TRAMP mice, whereby p53 was inhibited. miR-7
downregulated the glycolysis of PCa through the HIF pathway, thereby remodeling the acidic tumor
macroenvironment, affecting histone lactylation and increasing T cell infiltration. miR-7 suppressed
the PCa malignant behavior in LNCaP cells, prostatic primary tumor cells, and mice xenograft
models. Moreover, in vivo miR-7 treatment prolonged the survival of mice with PCa and generated
synergistic protective effects with PD-1 blockade due to the re-inflamed immune microenvironment.
Furthermore, p53 acted as a transcriptional factor upregulating miR-7 expression, and therefore, the
sensitization effects of exogenous miR-7 expression on PCa chemotherapeutic efficacy were
independent of the p53 status. In summary, our findings highlighted a novel role of miR-7 in PCa.
We describe herein, a promising target for the development of miRNA-based therapeutics,

especially for PCa patients carrying p5S3 mutations.
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Introduction

Prostate cancer (PCa) is the most common malignant tumor among men and the second leading

cause of cancer deaths worldwide [1, 2]. Although currently, androgen deprivation therapy (ADT)

is the major treatment for PCa, most patients show progression to castration-resistant prostate cancer

(CRPC) within two years of ADT failure, and this is the leading cause of death due to PCa[3]. Few

agents have been approved and these significantly improve the prognoses of patients with metastatic

CRPC. Although immunotherapy, including PD-1/PD-L1 pathway blockades, show satisfactory

clinical efficacy in different tumor types, the benefits for PCa patients remain limited.

TP53 encoding the tumor suppressor protein p53, a guardian of the genome, harbors the highest

mutation rate in human cancers, with the rate of more than 50% [4]. The wild-type TP53 mutation

has been identified as an indispensable prerequisite for cancer initiation and progression, including

PCa, harboring 20% to 50% TP53 mutations[5-8]. Evidence suggests that 7P53 mutations play an

important role in PCa chemotherapy resistance, thus preventing several patients with advanced PCa

from benefiting from this first-line treatment [9, 10]. However, directly targeting 7P53 mutations in

tumor treatment due to the functional and structural complexity of p53 wild-type proteins under

physiological conditions, remains largely unsuccessful [11, 12]. Therefore, there is an urgent need

for a deeper understanding of the role of p53 in tumorigenesis and examining alternative anti-tumor

strategies for patients carrying 7P53 mutations.

MicroRNAs (miRNAs), a subset of non-coding small RNA molecules of 21-25 nucleotides in length,

regulate gene expression in several pathways [13]. miRNAs can bind to specific mRNAs and inhibit

their expression or promote their degradation at the post-transcriptional level[14]. Since the

influences left by altered miRNA expression on human tumorigenesis are well-defined and
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therapeutic approaches based on their role have been previously highlighted, these are promising
targets for treating tumors. miR-7, one of the most studied miRNAs, is evolutionarily conserved
across most sequenced bilaterian species, including humans and mice. miR-7 suppresses initiation
and metastases by targeting different signaling pathways in cancers [15, 16]. Gao et al.[17] report
that miR-7 expression is downregulated in docetaxel-resistant PCa tissues and tumor cells. However,
the efficacy of miR-7 in the treatment of malignancies has not been verified experimentally, in vivo,
especially in transgenic mice models.

Herein, we constructed a miR-7" transgenic mouse model by overexpressing miR-7. Minimal organ
development abnormality was observed in these mice, indicating the safety of miR-7 editing in vivo.
The prostate tumor was significantly suppressed when the transgenic adenocarcinoma of the mouse
prostate (TRAMP) model, wherein 7P53 was inhibited, was crossed with miR-7" mice to generate
the TRAMP*/miR-7" mice. Further in vitro and in vivo experiments demonstrated the suppressive
role of miR-7 expression in both initiation and maintenance of PCa regardless of the p53 status.
Additionally, miR-7 could relieve the inhibitory effects of the acid microenvironment caused by
glycolysis upon T cell activation through HIF-1a gene expression and reduce histone lactylation,
thus promoting anti-PD-1 treatment efficacy. Collectively, our findings demonstrated that miR-7
has therapeutic potential as a target in PCa treatment, especially among patients carrying 7P53
mutations.

Materials and methods

Patient samples

Formalin-fixed paraffin-embedded PCa tissue samples were obtained from patients who underwent

radical prostatectomy in Affiliated Zhongda Hospital of Southeast University between February
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2020 and November 2021, and the pathological diagnoses were confirmed by at least two

pathologists. All patients did not receive any other treatments when they accepted radical

prostatectomy. Tissue microarrays (TMA) were constructed using punches measuring 0.6 mm in

diameter from blocks that included the tumor center, normal tissues adjacent to the tumor and lymph

node metastases. The study design was approved by the Ethics Committee of the Affiliated Zhongda

Hospital of Southeast University.

Cell lines and PCa organoids culture

Human (LNCaP, PC3, and PC-3M) and mouse (RM-1) PCa cell lines were obtained from the

American Type Culture Collection (ATCC, USA). Cells were cultured in RPMI 1640 (Gibco

Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS) (LONSERA,

Uruguay) and 1% penicillin-streptomycin solution (Keygen, China). For organoid culture, the

human PCa (HPCa) samples were obtained after receiving the written informed consent from the

patients. Tumor samples were cut into small chunks, rinsed twice with cold phosphate buffer saline

(PBS), and then digested in collagenase 1 (Gibco Life Technology, USA) and TrypLE express

(Gibco Life Technology, USA) in a 1:2 ratio in a 15 ml conical centrifuge tube (Corning, USA). The

incubation time of the specimens depended on the amount of tissue collected and ranged from 30

min to 90 min until the suspension of most cell clusters. After digestion, cells were cultured in

Dulbecco’s modified eagle medium (DMEM, Gibco Life technology, USA) supplemented with the

following growth factors: EGF 5-50 ng/ml (X-Bio technology, China), R-spondinl conditioned

medium or 500 ng/ml recombinant R-spondinl (X-Bio technology, China), Noggin conditioned

medium or 100 ng/ml recombinant Noggin (X-Bio technology, China), and 200 nM TGF-p/Alk

inhibitor A83-01 (X-Bio technology, China). Dihydrotestosterone (X-Bio technology, China) was
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added at a concentration of 0.1-1 nM. Medium composition and primary cell extraction were

obtained following a previously reported procedure[18]. All cell lines were authenticated and free

of mycoplasma.

Oligonucleotide and lentivirus transfection

miR-7 mimics, negative control for miRNA (miR-NC), anti-miR-7 oligos (miR-7 inhibitor), and

negative control anti-miRNA (anti-miR-NC) were designed and synthesized by GenePharma

(Shanghai, China) based on the miRbase database. PIK3CD and p53 small interfering (si)RNAs,

NC siRNA were provided by GenePharma (Shanghai, China). miR-7 lentivirus, pcDNA-PIK3CD,

pcDNA-p53 were provided by GenePharma (Shanghai, China). Cell transfection was performed

using Lipofectamine 2000 (Beyotime, China), following the manufacturer’s protocol. Cells were

collected 48 h-72 h after transfection for subsequent experiments. Sequences used are listed in

Supplementary Table S1.

RNA extraction and quantitative real-time polymerase chain reaction (QRT-PCR) analysis

RNA extraction kit (Takara Kusatsu, Japan) was used to extract total RNA from the PCa cells, and

Hiscript II First-Strand cDNA Synthesis Kit was used to synthesize complementary DNA (cDNA).

Gene U6 was used as the endogenous control, and the experiments were conducted in triplicates.

Primers sequences were chemically synthesized by SprinGen Biotech (Nanjing, China) and are

listed in Supplementary Table S2.

Cell proliferation and colony formation assays

For the proliferation assay, 800 cells were seeded in 96-well plates for 24 h-96 h, and 10 pl Cell

Counting Kit-8 (Keygen, China) solution was added per well. After 37°C incubation for 4 h, optical

density (OD) at 450 nm was measured on a microplate reader (Bio-Tek, USA). For the colony
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formation, cells were seeded in 6-well plates at a density of 1-2x10° cells/well and incubated for
10-12 days at 37°C in 5% CO,. Next, cells were washed using PBS, fixed with 4%
polyformaldehyde (Service bio, China) and stained with 300 pL 0.1% crystal violet solution
(Keygen, China). Colonies containing >50 cells were counted using the ImageJ 2X software 2.1.4.7
(Rawak Software Inc, Germany).

Transwell assays

To evaluate cell migration and invasion, a 24-well Transwell chamber, with an 8 pm pore membrane
(Corning LifeSciences, USA), was utilized for the transwell assays. PC3 cells were inoculated in a
24-well Transwell cell apical chamber containing matrix gel (BD Biosciences, USA) for evaluating
invasion and gel-free for migration. The bottom and upper chambers contained RPMI medium and
FBS-free medium, respectively. Cells that invaded the bottom chambers were fixed with 4%
polyformaldehyde, stained with 0.1% crystal violet solution, counted, and photographed under a
microscope.

Flow cytometric analyses for cell cycle and apoptosis

For cell cycle detection, transfected cells were fixed with 75% cold ethanol overnight at -20°C,
followed by staining with propidium iodide (PI). FACS flow cytometer (BD Biosciences, USA) was
used for cell cycle distributions analyzed. The Beyotime apoptosis detection kit (China) was used
to detect cellular apoptosis. Transfected PCa cells were stained with Annexin V-FITC and PI for 15
min. Data analysis was performed using the CellQuest Pro software (BD Biosciences, USA).
Glucose consumption, lactate production, enzyme, and adenosine triphosphatase (ATP) assays
The glucose oxidase assay kit (Rsbio, China) and Lactate LD Assay Kit (Keygen, China) were

utilized to examine glucose uptake and lactate production, respectively. NADPH, citrate, G6PD and
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ATP were measured using an enzyme-linked immunosorbent assay kit (Biocalvin, China), according
to the manufacturer’s protocol.

Assays to estimate extracellular acidification and oxygen consumption rate assays

Seahorse XFe 96 Extracellular Flux Analyzer (Seahorse Bioscience, USA) was used to determine
the extracellular acidification rate (ECAR, mpH/min) and cellular oxygen consumption rate (OCR,
pmol/min). ECAR and OCR were measured using the Seahorse XF Glycolysis Stress Test Kit and
Seahorse XF Cell Mito Stress Test Kit, respectively (Seahorse Bioscience, USA), following the
manufacturer’s protocols. Data were assessed using the Seahorse XF-96 Wave software.

RNA sequencing and bioinformatics analysis

Cells stably overexpressing miR-7 were established by LV-miR-7 infection and puromycin selection.
RNA sequencing was performed by Beijing CapitalBio Corporation (Beijing, China). Briefly, a total
of 2 ug RNA was extracted from LV-miR-7 or LV-NC expressing cells, respectively. Then, RNA-
sequencing was performed on the Illumina-HiSeq4000 system. Gene enrichment set analysis
(GSEA) was used to identify gene sets or pathways which were relevant to the miR-7 expression
profile in cells (http://www.broadinstitute.org/gsea/index.jsp). Hallmark of gene sets was obtained
from the Molecular Signatures Database on that website. Normalized enrichment score (NES) and
false discovery rate (FDR) were used to analyze across the gene sets.

Luciferase reporter assays

In 24-well plates, 1x10° cells per well were seeded. Cells were transfected with luciferase reporters.
Lipofectamine 2000 (Invitrogen, USA) was used to co-transfect the wild-type or mutant
ENO2/DPYSL2/CAMKK?2/PIK3CD 3'-UTR constructs, in combination with miR-7 mimics or

miRNA-NC. For dual luciferase assay, we co-transfected 1x10° cells with wild-type or mutant miR-
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7 promoter reporter plasmids (GeneChem), in combination with pcDNA-p53. After incubation for

48 h, the cells were harvested. The Dual-luciferase Reporter Assay System (Promega, USA) was

used to analyse the luminescence, which was normalized against Renilla luciferase activity.

Chromatin IP (CHIP) assay

CHIP assay was performed using an EZ CHIP kit (Millipore, USA) following the manufacturer’s

protocols. The immunoprecipitated DNA was purified and quantified by gqRT-PCR to measure the

p53 binding levels, which were normalized agains 2% input. The primer sequences used in the CHIP

assay are listed in Supplementary Table S2.

Western immunoblotting analysis

Total proteins were extracted from PCa cells, lysed using radioimmunoprecipitation assay (RIPA)

(Keygen, China) buffer, and quantified by a bicinchoninic acid (BCA) assay (Keygen, China).

Proteins analyzed by 10% SDS-PAGE and the gels with separated proteins were transferred onto

polyvinylidene fluoride (PVDF) membranes. Subsequently, the BSA-blocked PVDF membranes

were incubated with specific primary antibodies ENO2(CST 9536,1:1000), DPYSL2(CST

35672,1:1000), CAMKK2(CST 16810,1:1000), PIK3CD (Thermo Fisher MA5-26514,1:500), p53

(CST 2527,1:1000), HIF-1a (CST 36169, 1:1000), total H3 (CST 4499, 1:2000), PanKLa (PTM

biolabs, PTM-1401, 1:1000), and GAPDH (Service bio GB11002, 1:3000) overnight at 4°C,

followed by incubation with secondary antibodies for 1 h. Finally, the protein bands were visualized

using an enhanced- chemiluminescence kit (vazyme, China). The primary antibodies used in this

experiment are listed in Supplementary Table S3.

In situ hybridization (ISH) and immunohistochemical staining (IHC)

The microRNA ISH Buffer and Control Kit (Boster, China) was used for ISH. The double (5’-3")
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digoxigenin-labelled miR-7 probe, U6 probe, and microRNA ISH Optimization Kit from Boster
were used to conduct ISH, following the manufacturer’s protocol. IHC was performed using mouse
anti-human ki-67 (Proteintech, 27309-1-AP;1:1000), mouse anti-human HIF-la (Proteintech,
20960-1-AP;1:200), mouse anti-human CD4 (CST, 25229S; 1:50-1:200) and mouse anti-human
CD8 (Abcam, ab209775, 1:2000). Based on the intensity score, the percentage of positive cells was
multiplied to obtain final immunoreactivity scores (IRSs) for Ki-67" cells.

Xenograft studies and bioluminescence imaging analysis

Subcutaneous models

BALB/c nude mice (male, 6 weeks old) were purchased from ALF Biotechnology Co., Ltd (Jiangsu,
China). PC3 cells (5x10°) transfected with LV-miR-7/ LV-miR-NC were subcutaneously injected
into the outer flanks of the nude mice. Seven days later, tumor sizes were measured at 4-day intervals
to calculate tumour volume. At the endpoint of the experiments, mice were sacrificed, and the
tumours were weighed.

Lung metastasis model

RM-1 cells (4x10°) transfected with LV-miR-7/ LV-miR-NC (n = 5) were intravenously injected
into the tail vein of C57BL/6 mice (male, 6 weeks old). At the endpoint of the experiments (30 days
after tail vein injection), these mice were sacrificed and their lungs were photographed and fixed
with 4% paraformaldehyde.

Orthotopic model

PC-3M cells (5x10°, with fluorescence) were transfected with the LV-miR-7 construc and injected
into the dorsal prostate lobes of nude mice. Bioluminescence imaging was performed 5 min and 28

days after injection, respectively.
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Vivo-jetprime-miR-7/miR-NC treatment in subcutaneous and metastasis models

A total of 5x10° PC3 cells were suspended in 100 pl PBS and inoculated subcutaneously into the
right flanks of nude mice. After 24 days, the transplanted nude mice were randomly divided into
two groups (n = 4). Subsequently, Vivo-jetprime -miR-7 (10 pg mimics in 20 pl jetprime reagent)
or Vivo-jetprime -miR-NC (Polyplus Illkirch France) subcutaneous intratumoral injection (twice a
week) was administered. Tumor volume (V) was monitored by measuring the length (L) and width
(W) using a Vernier caliper and calculated using the formula V = (LxW?) x0.5.

RM-1 cells (4x10°) were injected into the tail vein, following which the mice were randomly divided
into two groups (n = 5), with each group receiving miR-7 tail vein injection of in-vivo-jetprime
reagent (30 pg mimics in 20 pl jetprime reagent) or NC mimic (once a week). Intraperitoneal
injection of 200 pg anti-CD279 (PD-1) was administered every 3 days, starting on day 5 after
initiation of miR-7 jetprime tail vein injection. After feeding for 28 days, computed tomography
(CT) scanning was performed to calculate metastatic seeds.

All experimental animals were purchased from ALF Biotechnology Co., LTD (Jiangsu, China).
miR-7" transgenic mice and the TRAMP" model

miR-7" transgenic mice were constructed by Alingfei Biotechnology Co., Ltd (Jiangsu, China)
(Supplementary material 1), using the PiggyBac transposon technology. Briefly, the miR-7 cDNA
sequence was inserted into the pCAG systemic promoter, and the pCAG-miR-7 element was
constructed between the two inverted terminal repeat elements of the PiggyBac transposon system.
The constructed transgenic vector and transposase cRNA were co-injected into the zygotes of mice
by microinjection. The fertilized mice eggs after injection were transplanted into the embryos. The

founder mice were identified and screened by qRT-PCR and used for subsequent experiments.
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TRAMP" (C57BL/6, male, 6 weeks old) mice were obtained from the Jackson Laboratory (USA).
They were housed and crossed with C57BL/6 WT in the Animal Experimental Center of ALF, and
heterozygous TRAMP" males were used in these experiments. The miR-7"+TRAMP" double-
transgenic mice (miR-7"/ TRAMP") were obtained by crossing TRAMP" and miR-7" transgenic
mice. All animal experimental protocols were approved by the Ethics Committee of Zhongda
Hospital Affiliated to Southeast University and conducted following the National Guidelines for the
Health Use of Laboratory Animals. qRT-PCR and the RNA sequencing analyses for miR-7
transgenic mice and double transgenic mice are shown in the Supplementary Fig 1.

Statistical analysis

The original miRNA expression and clinical data for PCa from The Cancer Genome Atlas (TCGA;
www.cancergenome.nih.gov) were reanalyzed to investigate the clinical relevance of miR-7
expression for the pathologic traits of patients. Statistical analyses were performed using the SPSS
software version 22.0 (SPSS, USA). Independent Student’s t-tests and analysis of variance (ANOVA)
were used to compare between groups. Data are presented as mean and SD. P < 0.05 was considered
statistically significant.

Results

miR-7 expression impairs p53 null PCa development and inflames the immune
microenvironment

miR-7 is evolutionarily conserved in humans and mice (Supplemental Fig. 1A). Therefore, we
constructed transgenic mice overexpressing miR-7 (miR-7" mice) to explore the influence of miR-
7 in vivo (Fig. 1A). Enhanced miR-7 expression was verified by qRT-PCR in the tail samples from

17-week miR-7" mice (Supplemental Fig. 1B, P<0.05). Minimal morphological alterations or
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changes in weights of major organs including the prostate were observed in miR-7" mice of different
ages (Fig. 1B, Supplemental Fig. 1C); similar ki67 expression (44.13%+2.37 in WT mice and
44.00%13.39 in miR-7" mice, P>0.05) was observed between miR-7" or wild type (WT) mice
prostatic tissues (Fig. 1C), indicating the safety of in-vivo miR-7 gene editing. However,
subcutaneous tumors generated by injection of RM-1 cells in the flank of miR-7" mice grew
significantly slower as compared to the wild-type mice, and the average size (P=0.04) and weight
(P<0.05) of xenografted tumors reduced significantly in the miR-7" group (Supplemental Fig. 1D-
F).

Next, to verify the influence of miR-7 expression on PCa initiation and progression, transgenic
adenocarcinoma of the mouse prostate (TRAMP) model, typically employed for studying PCa
progression with inhibition of RB and TP53, were crossed with miR-7" mice to generate the
TRAMP/miR-7" line (Fig. 1A). TRAMP /miR-7" mice at 15 weeks of age showed lower displayed
less prostatic intraepithelial neoplasia (PIN) ratio (39.00%%2.37 in TRAMP" mice and 14.67%+2.08
in TRAMP"/miR-7" mice, P<0.05) and lower ki67 expression (13.67%*1.52 in TRAMP" mice and
4.33%40.58 in TRAMP/miR-7" mice P=0.0006) than the correspondingly paired TRAMP" mice
according to age, as evidenced by hematoxylin and eosin (HE) and immunohistochemistry (IHC)
staining assays (Fig. 1D-F). While at 20 weeks, a more obvious solid tumor formation was observed
in the prostate of TRAMP" mice relative to the TRAMP/miR-7" group (Fig. 1G). A significantly
higher PIN ratio (79.67%+4.73 in TRAMP" mice and 18.33%+3.06 in TRAMP"/miR-7" mice,
P<0.05) was detected in TRAMP" mice relative to the TRAMP/miR-7" group (Fig. 1H).
Furthermore, TRAMP/miR-7" mice showed a longer survival than TRAMP mice (Fig. 1M, n=8,

P<0.01), suggesting the in-vivo efficacy of miR-7 expression in suppressing PCa in p53 null mice.
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PCa is an immunologically ‘cold’ tumor due to a low infiltration of T lymphocytes although
androgen deprivation therapy (ADT) can promote T cell infiltration[19]. Herein, the tumor
microenvironment in TRAMP"/miR-7" mice tumor microenvironment showed an increased
infiltration of CD4" (3.63%+0.70 in TRAMP" mice and 12.00%+0.56 in TRAMP"/miR-7" mice
P<0.05) and CD8" (2.77%%0.72 in TRAMP" mice and 14.50%+0.89 in TRAMP/miR-7" mice
P<0.05) T cells and lower HIF-1a expression (29.70%1.54 in TRAMP" mice and 8.33%+1.10 in
TRAMP/miR-7" mice, P<0.05) as compared to the TRAMP mice (Fig. 1I-L), indicating greater
immune microenvironment inflammation in PCa, which was moderated by miR-7. Taken together,
these results demonstrated that the miR-7 has a prominent role in impairing p53 null PCa
tumorigenesis and remodeling the tumor microenvironment of PCa.

miR-7 inhibits glycolysis in prostate cancer cells through the HIF-1a pathway

Previous results showed the effects of miR-7 on PCa suppression, thus we further examined the
target genes and downstream pathways of miR-7. RNA sequencing for miR-7 overexpressing PCa
cells as compared to miR-NC cells followed by GO analysis and GSEA showed negative enrichment
of metabolism-related pathways including, glycolysis and the HIF-1a signaling pathway (Fig. 2A).
HIF-10, which can be stabilized in a hypoxia tumor microenvironment, can regulate a cluster of
glycolytic genes, including HK2, PKM2, and LDHA[20-22]. Herein, we confirmed that HK2,
PKM?2 and other glycolysis rate-limiting enzymes in glycolysis were downregulated after miR-7
was overexpressed in LNCaP cells (Fig. 2B).

To verify the role of miR-7 expression in glycolysis, LNCaP cells were firstly transfected using
miR-7 mimics and inhibitors. The transfection efficiency in PCa cells is shown in Supplementary

Fig. 3A-B. We found that miR-7 mimics decreased extracellular acidification rate (ECAR) and
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increased the oxygen consumption rate (OCR), thereby suppressing the Warburg effect (Fig. 2C, D).

miR-7 mimics significantly reduced glucose consumption, lactate production, and ATP content in

cancer cells, whereas the miR-7 inhibitor significantly enhanced these glycolytic processes (Fig.

2E-G, Supplementary Fig. 3J-L). Furthermore, miR-7 inhibited the expression of key enzymes in

glucose metabolism, including G6PD, NADPH, and CITRATE in LNCaP and PC3 cells

(Supplementary Fig. 3G-I). The effects of miR-7 on cellular proliferation in the presence of two

metabolic inhibitors, glycolysis inhibitor 2-DG and ATP synthase inhibitor oligomycin, were

examined. The results revealed differences in the cell proliferation between miR-7 overexpressing

LNCaP cells and control cells, which were reduced in a 2-DG dose-dependent manner. Consistently,

LNCaP cells overexpressing miR-7 were less sensitive to the glycolysis inhibitor, 2-DG, as

compared to the control group (Supplementary Fig. 1M, N, O and P).

To further examine the downstream targets of miR-7, eight genes were likely to be regulated by

miR-7 based on the overlap in the results from Targetscan, miRDB, and the microarray for PC3 and

LNCaP cells. Among these genes, PIK3CD, CAMKK2, DPYSL2, and ENO2 reportedly

participated in the process of glycolysis, and their involved pathways were all upregulated or

directly targeted by HIF-1a[23-28]. Herein, we also confirmed downregulated expression by miR-

7 through western blotting (Fig. 2H, I). Additionally, a stably high HIF-1o and PanKLa (Histone

pan lysine lactylation) expression under cobalt chloride conditions were also detected in the miR-

NC PCa cells as compared to the miR-7 group (Fig. 2I). Luciferase reporter gene assays showed

that miR-7 directly inhibited the transcriptional activity of PIK3CD, CAMKK?2, DPYSL2 and

ENO?2 by binding to their promoter regions (Fig. 2J-M). As PIK3CD is a crucial member in the

classic PI3K/AKT/HIF-10 axis regulating tumor metabolism and that glycolysis is regulated by
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miR-7, we next examined whether miR-7’s effects on PCa cell glucose metabolism were regulated

by it. LNCaP cells treated with PIK3CD siRNA or PI3K/AKT pathway inhibitor, LY294002,

showed significantly reduced glucose consumption, lactate production, and proliferation

(Supplemental Fig. 2). PIK3CD could reverse the suppressed proliferation, colony formation, and

glycolysis in LNCaP cells through miR-7 (Supplemental Fig. 3C-F). Collectively, these results

indicated the suppressive role of miR-7 on HIF-1a, thereby downregulating the glycolysis process

in prostate cells.

miR-7 suppresses PCa cell proliferation and tumorigenesis

Next, in vitro experiments were performed to examine the effects of miR-7 expression on the

malignant behavior of PCa cells. LNCaP cells were transfected with vectors to overexpress or knock

down miR-7, and these corresponding changes were verified by qRT-PCR (Supplementary Fig. 3A).

The proliferation and colony formation abilities of malignant cells were attenuated upon miR-7

overexpression but enhanced upon miR-7 knockdown (Fig. 3A, B). Moreover, miR-7

overexpression induced cells apoptosis (Fig. 3C) and blocked cell cycle progression (Fig. 3D).

Although miR-7 expression was negatively associated with the malignant behavior in PCa cell lines,

some studies on primary human prostate cancer (HPCa) cells have been reported. To evaluate the

biological functions of miR-7 in PCa primary cells and organoids, tumour specimens were quickly

processed and epithelial HPCa cells were purified, transfected with miR-7 or NC oligos. HPCa

cells overexpressing miR-7 showed reduced glucose consumption, lactate production, impaired cell

proliferation, and colony formation capacities (Fig. 3E-H). Strikingly, the PCa organoids’ average

radii and area in the miR-7 transfection group were smaller relative to the miR-NC transfection

group (Fig. 3I), indicating that miR-7 also manifested its inhibitory effects in primary PCa cells.
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Collectively, we demonstrated that miR-7 negatively regulated the malignant behavior of PCa cells.
Next, subcutaneous xenografts were used to confirm the suppressive effects of miR-7 on PCa in
vivo. miR-7-overexpressing PC3 cells were subcutaneously injected, and the tumor sizes and
weights were recorded. The results showed a reduction in the average size (P<0.05) and weight (P<
0.05) of the tumor xenografts in the miR-7 overexpression group as compared to the control group
(Fig. 3J-L). Moreover, ki67" expression was suppressed in lentivirus-miR-7 treated tumours (Fig.
3M, 12.8%7+2.26 in lentivirus-miR-NC treated cells and 4.00%=1.31 in in lentivirus-miR-7 treated
cells, P=0.0043). Subsequently, luciferase-labelled LV-miR-7 or LV-miR- NC vector-transfected
PC-3M cells were inoculated into the dorsal prostate lobes of male nude mice (Fig. 3N). After 28
days, bioluminescence imaging showed that the signal intensity in the miR-7 overexpression group
was weaker relative to the control vector group (Fig. 30, 1.61 X 10%+0.38 X 10° in luciferase-labelled
LV-miR-NC treated cells and 0.02 X 10°+0.04 X 10° in luciferase-labelled LV-miR-NC treated cells,
P< 0.05), suggesting that miR-7 transfection inhibited PCa formation in vivo. As miR-7 is
evolutionarily conserved between humans and mice, a metastatic model was constructed using
murine PCa cells, RM-1, which possesses the favorable metastatic ability (Fig. 3P). The tail vein
injection of LV-miR-7 treated RM-1 cells resulted in a significant reduction in metastatic seeding
and growth in explanted lungs as compared to the LV-miR-NC vector group, which was confirmed
through pathological screening of pulmonary specimens (Fig. 3Q, R).

Therapeutic effects of miR-7 in mouse prostate cancer and lung metastasis

Given the pivotal role of miRNAs in tumor initiation and progression, these non-protein-coding
RNAs are potential cancer biomarkers and therapeutics targets[29, 30]. To examine the therapeutic

potential of miR-7 in PCa, the tumour-inhibitory effects of miR-7 in a xenograft model were
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evaluated. PC3 cells (5x10° cells/40ul) were subcutaneously implanted in BALB/c mice. On day 14,
mice with approximately 100 mm? tumor volumes were randomly divided into two subgroups, with
each group either receiving an intra-tumor injection of either miR-7-jetprime agent or NC mimics
(Fig. 4A). The results showed that miR-7 injection slowed down tumor growth, and the tumor
volume (P<0.05) and weight (P<0.05) decreased significantly after 6 injections of miR-7-jetprime
as compared to the NC mimics injection group (Fig. 4B-D). IHC staining in the harvested tumor
specimens revealed a reduction in the ki67 expression in the miR-7-jetprime injection group (Fig.
4E,14.30£3.18 in miR-NC-jetprime injection group and 4.50%=1.77 in miR-7-jetprime injection
group, P=0.0017). Additionally, the subcutaneously transplanted tumors in mice were treated by
wrapping miR-7 with Polys (B-amino ester) (PABE) nanomaterials (Supplementary Fig. 4A). The
growth of subcutaneous tumors in mice was inhibited after treatment by wrapping miR-7 with PABE
(Supplementary 4B-C).

Intriguingly, significantly higher CD4 (3.80%%0.26 in miR-NC-jetprime injection group and
11.80%=0.60 in miR-7-jetprime injection group, P<0.05) and CDS8 (5.90%%0.79 in miR-NC-
jetprime injection group and 16.83%+0.40 in miR-7-jetprime injection group, P<0.05) positive
lymphocytes infiltration and lower HIF-1a expression (30.60%=3.34 in miR-NC-jetprime injection
group and 10.70%=1.78 in miR-7-jetprime injection group, P<0.05) were observed in miR-7-
jetprime-injected tumors (Fig. 4F-I). Considering the previously demonstrated role of miR-7 on the
tumor metabolic pathway, these results indicated that miR-7 inhibited glycolysis through the HIF
pathway, thereby moderating the acidic tumor microenvironment and creating favorable conditions
for anti-tumoral immune cell infiltration. Infiltration of T cells, which are recognized anti-tumor

effectors, is directly related to enhanced efficacy of anti-PD-1 therapy for tumors[31]. Therefore,
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the tail vein pulmonary metastasis model was used to investigate the therapeutic potential of miR-
7, as well as that in combination with anti-PD-1 therapy. Mice were randomly divided into three
subgroups after injection of RM-1 cells into the tail vein (80ul PBS containing 4x10° cells). Tail
vein injection treatment with miR-7/NC-jetprime reagent (once a week) or combined with PD-1
blockade (every 3 days) was administered. After feeding for 28 days, mice were anesthetized to
obtain the CT scans, wherein jetprime-miR-7 was found to significantly reduce the metastatic
seeding in the explanted lungs as compared to that in the jetprime-miR-NC group (Fig. 4J, K). The
result was validated by HE staining in the harvested lungs (Fig. 4L, M). Overall survival analysis
revealed that mice in the jetprime-miR-7 group survived longer than the jetprime-miR-NC group,
indicating the therapeutic potential of miR-7 in PCa (Fig. 4N). Additionally, when combined with
anti-PD-1 therapy, miR-7-jetprime showed the most significant therapeutic efficacy and the best
survival outcome among all the three examined groups(P<0.01). In summary, we demonstrated the
therapeutic effects of miR-7 in mouse prostate cancer and lung metastasis, along with its significant
synergy with anti-PD-1 therapy.

The tumor suppressor, TP53, transcriptionally upregulates miR-7

TP53 modulates miRNA expression as a transcription factor[32, 33], and the genomic location
analysis for p53 showed its location upstream of the pri-miR-7 sequence (Fig. SA). To identify the
role of p53 in miR-7 transcription, the effects of abnormal p53 levels on miR-7 expression were
analyzed. The qRT-PCR results showed that p53 overexpression led to the increased miR-7
expression, whereas downregulation of p53 led to decreased miR-7 expression (Fig. 5B, C). The
transfection efficiency was verified by western blot assay (Supplemental Fig. 4D, E). To confirm

the regulatory role of p53 on miR-7 transcription, p53 binding sites in the promoter region of pri-
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miR-7 were predicted using the Jaspar software (Fig. 5D). Reporter plasmid vectors contained the

WT or MUT seed sequences of p53 binding sites in the promoter region of pri-miR-7 (-806bp to -

823bp and -832bp to -849bp). The luciferase activity of the WT vector for the binding sites increased

as compared to the MUT vector (Fig. SE). Additionally, CHIP assays demonstrated that chromatin

fragments containing putative p53 binding sequences were specifically present in anti-p53

immunoprecipitated cells (Fig. SF). Therefore, based on the luciferase and CHIP assays, p53 could

potentially bind directly to the promoter region, thus upregulating miR-7 transcription.

Doxorubicin (Dox), which can promote the expression of p53, is an efficient chemotherapeutic

agent that is widely used in the treatment of various cancer types[34]. LNCaP cells (p53 WT) and

PC3 cells (p53 null) were treated with Dox to elucidate the different responses of cells. LNCaP cells

(p53 WT) and PC3 cells (p53 null) were treated with Dox to elucidate the differential responses of

these cells. The half maximal inhibitory concentration (IC50) in PC3 cells was higher relative to the

LNCaP cells (Fig. 5G, K), indicating that drug resistance persisted longer in p53 null cells as

compared to the pS3 WT cells. As chemoresistance is a major cause of cancer recurrence, the

potential of miR-7, which is regulated by p53, to reverse cellular resistance to Dox treatment was

further examined. p53 and miR-7 expressions were augmented with increasing Dox treatment in

LNCaP cells (Fig. SH, I, Supplementary Fig. 4F), and miR-7 could enhance the sensitivity of p53

WT cells to Dox, which was confirmed by LNCaP cellular apoptosis and IC50 assays (Fig. 5J).

Furthermore, miR-7 overexpression increased the sensitivity to Dox even in the p53 null PCa cell

line (Fig. 5K) although Dox itself did not influence the expression of miR-7 or p53 (Fig. 5L,

Supplemental Fig. 4G), thus indicating miR-7 could potentially reverse p53 mutation-induced cell

resistance to chemotherapy.
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Database analysis for miR-7 and 7P53 expression in prostate cancer

The PCa specimens collected in Affiliated Zhongda Hospital of Southeast University showed lower

miR-7 expression in tumor tissues as compared to the adjacent normal tissues (Supplemental Fig.

4]), which was validated by the ISH assay in large sections and tissue microarray (Fig. 6A, B).

Furthermore, a significant negative correlation was observed in PCa patients between the ISH score

and SUVmax obtained from PET-CT (Fig. 6C). miR-7 and p53 levels in the PCa normal and tumor

tissues and their correlation with clinical outcomes were further analyzed based on TCGA database.

The results showed that p53 expression was downregulated in PCa as compared to normal tissues

(Supplementary Fig. 4H), and patients with higher p53 expression (PCa patients were divided into

high/low groups according to the median expression of p53) or with wild-type p53 status showed a

longer overall survival (Fig. 6D, E, Supplementary Fig. 4I). Additionally, the expression of miR-7

was downregulated in PCa patients with TP53 mutations (Fig. 6F), and those with higher expression

of miR-7 (PCa patients were divided into high/low groups according to the median expression of

miR-7) survived longer relative to patients with low miR-7 expression (Fig. 6G). In summary, the

above results demonstrated that miR-7 was up-regulated by TP53, and exogenous miR-7 could exert

favorable anti-tumor effects even in the absence of p53.

Discussion

In recent years, the in-depth understanding of the miRNAs’ roles has made them attractive tools and

targets for designing novel therapies[35]. Several therapeutic targeted miRNAs have undergone/are

at different stages of clinical trials, including phase I clinical trials for treating cancer using a mimic

of miR-34[36], phase II trials for treating hepatitis targeted at miR-122[37], and those for treating

mesothelioma utilizing miR-16-based mimic drug[38]. miRNA-based anti-cancer strategies hold
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great promise for cancer treatment, especially those showing limited efficacy with conventional
therapies. miR-7, which is one of the most studied miRNAs, reportedly suppresses tumor
progression through multiple fundamental biological processes by affecting various signaling
pathways[39-42]. In prostate cancer, miR-7 inhibits tumor cell stemness and tumorigenesis through
the KLF4/PI3K/Akt signaling axis[43]. Activation of miR-7 increases the chemotherapeutic
sensitivity of prostate cancer[17]. Previous studies indicate the therapeutic potential of miR-7 in
tumors. However, currently, there is a lack of animal models to further determine the safety and
efficacy of miR-7 for tumor therapies. Herein, for the first time, we constructed miR-7
overexpressing transgenic mice (miR-7" mice), whereby no significant abnormality in organ
development or acceleration of cell proliferation was observed, thus indicating the safety of in-vivo
miR-7 gene editing. Moreover, in-vivo tumorigenesis experiments utilizing miR-7 overexpressing
prostate cancer cells and miR-7-jetprime in mice model validated the tumor suppressive effects of
miR-7 in the progression and metastasis of prostate cancer.

In addition, through in-vitro experiments, we demonstrated that p53 could transcriptionally
upregulate miR-7 expression by binding to its promoter region. 7P53 is a key tumor suppressor in
the development of various cancers, and its missense mutations could ruin the specific DNA binding
activity or cause misfolding, thereby promoting cancer initiation and progression[44].
Understanding how 7P53 signaling leads to changes in gene expression, ultimately resulting in
tumorigenesis is of paramount importance for the development of effective therapeutic strategies.
The TRAMP murine model, wherein 7P53 is inhibited, spontaneously produces prostatic tumor[45].
It is a typical model for studying PCa progression. Herein, we hybridized the miR-7" mice with

TRAMP" mice, and observed a significantly reduction in tumor volume and prolonged survival in
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TRAMP/miR-7" mice. Furthermore, in p53 wild-type prostate cancer cells (LNCaP), a significant
cellular response to a DNA-damaging chemotherapeutic drug, Dox, was observed. Dox is a
commonly used effective agent for PCa patients, which is known to induce apoptosis in malignant
cells[46]. PCa patients carrying 7P53 mutations lack sensitivity to Dox treatment, thus indicating
that p53 is required for Dox-induced apoptosis[47, 48]. However, in our study, p53-induced
apoptosis of tumor cells showed a remarkable reduction upon miR-7 inhibition. These results proved
that miR-7 expression was upregulated by p53, and the cellular function of the latter was also
significantly suppressed in the absence of the former.

According to multiple previous studies, 7P53 activated mutations are present in a large fraction of
human tumors including PCa, and this ratio in lethal metastasis castration-resistant PCa (mCRPC);
it ranges from 30% to 70%, which is significantly higher relative to primary PCa[49-52]. The
frequent mutation rate of 7P53 and its close association with tumorigenesis make it an attractive
target for developing anti-tumor strategies. However, it is extremely difficult to singly target the
TP53 mutation without disturbing the complex biological functions and structures of the wild-type
p53 protein[53]. Herein, we found that the sensitivity to Dox therapy was significantly lower in p53
null cell lines (PC3) relative to p53 wild-type LNCaP cells, wherein low p53 expression was
validated in PC3 cells by western blotting assay under either Dox or DMSO condition. However,
miR-7 re-sensitized the PC3 cells to Dox treatment. Moreover, as discussed previously, prostate
cancer initiation was promoted in p53-suppressed TRAMP+ transgenic mice, whereas
tumorigenesis progression was significantly reversed upon overexpression of miR-7 in TRAMP+
mice. Collectively, these results convincingly demonstrated that miR-7, a downstream factor of p53,

preserved a favorable anti-tumor activity even upon p53 deficiency.
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Glucose metabolism is the key source of metabolic carbon for cancer cells, even in the presence of
ample oxygen[54]. In the present study, RNA sequencing analysis of PCa cells revealed that the
metabolic pathways, especially HIF-1a signaling and glycolysis, were significantly enriched in
miR-7 overexpressing tumor cells. We then validated in-vitro that miR-7 inhibited glycolysis by
targeting HIF-1a signaling, thereby reducing glucose consumption and lactate production in
malignant cells. HIF-1a is a classic transcription factor that exists widely in mammals and humans
under hypoxic conditions and produces an acidic tumor microenvironment[55]. Lactate
accumulation by glycolysis is also a crucial factor causing a decrease in pH in the microenvironment,
thus promoting tumor immune escape[56]. Histone lactylation, the newly identified epigenetic
modification regulated by lactate accumulation, was shown to mediate the transcriptional of certain
genes associated with restoration of macrophage transformation[57-59]. Intriguingly, in this study,
ectopic miR-7 expression decreased lactate production and led to reduced PanKLa expression,
which suppressed PCa cell malignant behavior at last. This phenomenon interestingly demonstrated
that the suppressor role of miR-7 could be due to its effect on histone lactylation, which is influenced
by lactate production. Furthermore, HIF is directly involved in the regulation of the PD-1/PD-L1
pathway, suggesting the therapeutic potential of combining HIF and immune checkpoint inhibitors
(ICIs). ICIs have emerged as a durable therapeutic option for some specific tumor entities but PCa,
a typical “cold” tumor, which is characterized by a lack of anti-tumor T lymphocytes, shows
minimal benefit from this promising treatment strategy[60]. Herein, in the TRAMP /miR-7"
transgenic mice, we found that miR-7 not only inhibited the expression of HIF1a, but also promoted
the tumoral infiltration of CD4" T helper cells and CD8" cytotoxic T lymphocytes. Furthermore, the

combination of miR-7-jetprime with PD-1 blockade significantly delayed the formation of lung
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metastasis and prolonged the survival of PCa mice. Collectively, these findings not only revealed

the mechanism underlying miR-7 action for suppressed tumorigenesis but also provided a basis for

the synergistic potential of miR-7 and immunotherapy in PCa.

In summary, we show the safety and efficacy of miR-7 in p53-negative PCa treatment through

multiple in-vivo transgenic mice models. Furthermore, miR-7 downregulated the glycolysis of PCa

through the HIF pathway, thereby remodeling the acidic tumor macroenvironment, affecting histone

lactylation and increasing T cell infiltration. In addition, p53 acted as a transcriptional factor

upregulating miR-7 expression, and therefore, the sensitization effects of exogenous miR-7

expression on PCa chemotherapeutic efficacy were independent of the p53 status. With the

development of miRNA-targeted drugs, we believe that miR-7 mimic-based agents could serve as

a promising therapeutic option for PCa patients, especially those carrying 7P53 mutations.
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miR-7 expression impairs p53 null PCa development and inflames the immune microenvironment

(A) Schematic diagram for miR-7* and miR-7*/TRAMP* mice administration.

(B) Representative images of organ development in miR-7* and wild type C57BL/6 mice at 12 weeks and

20 weeks.

(C) Representative images of immunohistochemical (IHC) staining for Ki67 in resected prostate

specimens. Original magnification, scale bar, 50um.



(D, E) The anatomical structure and (D) Hematoxylin and eosin (HE) staining (E) in TRAMP* and
TRAMP*/miR-7* mice prostate specimens at 15 weeks. The ratios of prostatic intraepithelial neoplasia
were calculated using Image J. Bar, the SD of experimental triplicate. Scale bar, 50pm. *P < 0.05.

(F) Representative images of immunohistochemical (IHC) staining for Ki-67 in resected prostate
specimens. Survival analysis was performed to compare the survival conditions between TRAMP* and
TRAMP*/miR-7* mice. *P < 0.05. Original magnification, scale bar, 50uym..

(G, H) The anatomical structure and (G) Hematoxylin and eosin (HE) staining (H) for TRAMP™* and

TRAMP*/miR-7* mice prostate at 20 weeks. The ratios of prostatic intraepithelial neoplasia were
calculated using Image J. Bar, the SD of experimental triplicate. Scale bar, 50um. *P < 0.05.

(1) Representative images of haematoxylin-eosin (HE) staining and immunohistochemical (IHC) staining
for CD4, CD8, and HIF-1a in resected tumours. Original magnification, Scale bar, 50um.

(J, K, L) CD4 positive cells (J), CD8 positive cells (K) and HIF-1a moderate expression cells (L) in cells
from resected tumor specimens.

(M) Survival analysis was used to compare the survival condition between TRAMP* and TRAMP*/miR-7*
mice. *P< 0.05
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Figure 2

miR-7 regulates glucose metabolism in prostate cancer cells (PCCs)

(A) Gene set enrichment analysis (GSEA) and Gene Ontology (GO) for gene expression array data of
LNCaP cells transfected with miR-NC and miR-7. GSEA plot shows the enrichment of gene signatures
associated with the HIF-1, glycolysis in miR-NC and miR-7 transfected cells and GO analysis shows the



enrichment of gene signatures associated with the metabolic pathway in miR-NC and miR-7 transfected
cells

(B) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis for glucose metabolism-related
gene expression changes in LNCaP cells after miR-7 overexpression. The level of expression was
assessed using a relative ratio as compared to GAPDH. Bar, SD (SD) of experimental triplicate. *P < 0.05.

(C, D) Measurement of changes in the extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) in LNCaP cells after miR-7 transfection. The Seahorse XF Cell Energy Phenotype Test was
used to calculate the rate of ECAR and OCR. *P< 0.05.

(E, F and G) The measurement of glucose consumption (E), lactate levels in the culture media (F) and
ATP production (G) in LNCaP cells after miR-7 transfection. Bar, SD (SD) of experimental triplicate. *P <
0.05.

(H) As shown in the Venn diagram (pink), 875 genes are the binding candidates of miR-7 according to the
prediction using miRDB. The Venn diagram (green) also shows that 556 genes are the putative targets of
miR-7 according to Targetscan prediction. Furthermore, the Venn diagram (yellow) shows that 3687
genes are significantly downregulated in LNCaP cells. The Venn diagram (orange) shows that 4012
genes are significantly downregulated in PC3 cells transfection with miR-7. PIK3CD, CAMKK2, DPYSL2,
and ENO2 are the targets of miR-7.

(1) Western blot analysis for protein levels of ENO2, DPYSL2, CAMKK2, PIK3CD, HIF-1q, and PanKLa in
LNCaP cells transfected with miR-7 or miR-NC.

(J) Predicted binding sites of miR-7 within the 3-UTR of ENO2 (ENO2-wild type (WT)) or mutant (MUT)
variants (ENO2-MUT). LNCaP cells were co-transfected with GV208 dual-luciferase vectors cof ENO2-WT
or ENO2-MUT and miR-NC or miR-7. Bar, SD (SD) of experimental triplicate. *P < 0.05.

(K) Predicted binding sites of miR-7 within the 3'-UTR of DPYSL2 (DPYSL2-wild type (WT)) or mutant
(MUT) variants (DPYSL2-MUT). LNCaP cells were co-transfected with GV208 dual-luciferase vectors of
DPYSL2-WT or DPYSL2-MUT and miR-NC or miR-7. Bar, SD (SD) of experimental triplicate. *P< 0.05.

(L) Predicted binding sites of miR-7 within the 3'-UTR of CAMKK2 (CAMKK2-wild type (WT)) or mutant
(MUT) variants (CAMKK2-MUT). LNCaP cells were co-transfected with GV208 dual-luciferase vectors of
CAMKK2-WT or CAMKK2-MUT and miR-NC or miR-7. Bar, SD (SD) of experimental triplicate. *P < 0.05.

(M) Predicted binding sites of miR-7 within the 3'-UTR of PIK3CD (PIK3CD -wild type (WT)) or mutant
(MUT) variants (PIK3CD-MUT). LNCaP cells were co-transfected with GV208 dual-luciferase vectors of
PIK3CD-WT or PIK3CD-MUT and miR-NC or miR-7. Bar, SD (SD) of experimental triplicate. *P < 0.05.
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Figure 3

miR-7 inhibites proliferation, colony formation, migration, and invasion of PCa cells in vitro and in vivo.

(A) Cell proliferation assay in LNCaP cells after abnormal miR-7 expression. Bar, SD of experimental
triplicate. *P< 0.05.



(B) Cell colony formation assay in LNCaP cells after abnormal miR-7 expression. Bar, SD of experimental
triplicate. *P< 0.05.

(C) Cell apoptosis percentage in LNCaP cells after miR-7 transfection assessed by flow cytometry (FCM).
Bar, SD of experimental triplicate. *P < 0.05.

(D) Cell cycle analysis in LNCaP cells after miR-7 transfection assessed by FCM. Bar, SD of experimental
triplicate. *P< 0.05.

(E, F) The measurement of glucose consumption (E) and lactate levels in the culture media (F) of primary
prostate cancer (PCa) cells after miR-7 transfection. Bar, SD of experimental triplicate. *P < 0.05.

(G) Cell proliferation assay for the primary PCa cell line after miR-7 transfection. Bar, SD of the
experimental triplicate. *P < 0.05.

(H) Cell colony formation assay for the primary PCa cell line after miR-7 transfection. Bar, SD of
experimental triplicate. *P< 0.05.

(I) Organoid growth was evaluated by assessing the change in relative diameter after miR-7 transfection.
Bar, SD of experimental triplicate. Scale bar, 100um. *P< 0.05.

(J) Representative images of tumor-bearing nude mice and resected tumors 27 days after injection of
PC3 cells stably expressing miR-7.

(K) Tumor growth curves for xenografted mice models injected subcutaneously with PC3 cells
transfected with miR-NC or miR-7 (n = 5 in each group). The tumor volume was calculated using the

following formula: (shortest diameter)? * (longest diameter) *0.5. Bar, SD for 5 mice. *P< 0.05.

(L) Weights of the resected tumors between miR-NC or miR-7. Bar, SD for 5 mice. *P< 0.05.

(M) Representative images of IHC staining for Ki-67" cells in resected tumors. Original magnification,
scale bar, 50pm. *P< 0.05.

(N, O) Representative bioluminescence images of prostate specimens inoculated with luciferase-labeled
PC-3M cells transfected with miR-NC or miR-7 in male nude mice after injection (N) and at day 27 (0). Bar,
SD for 6 mice. *P< 0.05.

(P) The metastatic model schematic diagram. Lung metastasis was induced by tail vein injection of RM-1
cells transfected with miR-NC or miR-7 (n = 6 in each group).

(Q) Representative images for metastatic seeding and growth in explanted lungs. Black arrows indicate
metastatic lesions. Different numbers of lung metastasis nodules between the miR-NC group and miR-7
group (P). *P< 0.05. Scale bar, 5mm.



(R) Representative images for HE staining show the differences in the number of lung metastasis events
between the miR-NC and miR-7 groups. Scale bar, 2000pm and 200um.
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Figure 4

Administration of vivo-jetprime-miR-7 impairs the growth of PCa xenografts and lung metastasis in vivo

(A) Schematic diagram for vivo-jetprime-miR-7 administration. After two weeks of subcutaneous tumor
formation in a mouse model of PCa, jetprime-miR-7 or jetprime-miR-NC was injected intratumorally twice
every 7 days, 10ug each time, for a total of three weeks, and the tumor mass and volume were measured
after one week of its formation (n = 4 in each group).

(B) Representative images of the resected tumors at day 38 (n = 4 in each group).

(C) Tumor growth curves for xenografted mouse models after jetprime-miR-7/jetprime-miR-NC injection.

The tumor volume was calculated using the following formula: (shortest diameter)? * (longest diameter)
*0.5. Bar, SD for 4 mice. *P< 0.05.

(D) Weights of the resected tumors between the two groups. Bar, SD for 4 mice. *P< 0.05.



(E) Representative images for HE staining and IHC staining for Ki-67 in resected tumors. Original
magnification, scale bar, 50pm.

(F) Representative images of HE staining and IHC staining for CD4, CD8, and HIF-1a in resected tumors.
Original magnification, scale bar, 50pm.

(G, H, ) CD4 positive cells (G), CD8 positive cells (H), and HIF-1a moderate expression in cells (1) of
resected tumors.

(J) Representative images of computed tomography (CT) examination after the tail vein injection of
jetprime-miR-7, jetprime-miR-NC or jetprime-miR-7+anti-PD-L1 for four times (once a week).

(K) Representative images of metastatic seeding and growth in explanted lungs after the tail vein
injection of jetprime-miR-7, jetprime-miR-NC, or jetprime-miR-7+anti-PD-L1 for four times. Black arrows
indicate metastatic lesions. Scale bar, 5 mm.

(L) Representative images of HE staining for the differences in the number of lung metastasis events
among jetprime-miR-7, jetprime-miR-NC, or jetprime-miR-7+anti-PD-L1 group. Scale bar, 2000pm or
200pum.

(M) Differences in the lung metastasis nodules among jetprime-miR-7, jetprime-miR-NC, or jetprime-miR-
7+anti-PD-L1 group. *P< 0.05.

(N) Survival analysis was used to compare the survival conditions among the jetprime-miR-7, jetprime-
mMiR-NC or jetprime-miR-7+anti-PD-L1 group. *P< 0.05.
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Figure 5

p53 transcriptionally upregulates miR-7 expression

(A) The genomic location of p53 and pri-miR-7-1 genes.



(B, C) gRT-PCR analysis of miR-7 and p53 mRNA in LNCaP cells 48 h after transfection with p53
overexpression plasmids/ short interfering (si) RNA (si-p53, 20uM) constructs. The expressions of miR-7
and p53 were assessed using a relative ratio with that of (si) RNA (si-NC) transfected cells. The
transfection efficiency was verified by western blotting. Bar, SD of experimental triplicate. *P< 0.05.

(D, E) Luciferase reporter assay. LNCaP cells were transfected with reporter plasmid vectors, containing
the wild-type (WT) or mutant (MUT) seed sequences of p53 binding sites, in the pri-miR-7-1 promoter
region and pcDNA-p53. Bar, SD of experimental triplicate. *P< 0.05.

(F) Relative chromatin immunoprecipitation enrichment values in the indicated regions of the p53 binding
sites are expressed as percentages relative to the input DNA. Bar, SD of experimental triplicate. *P< 0.05.

(G, K) The half maximal inhibitory concentration (IC50) of doxorubicin (Dox)+anti-miR-NC/Dox+anti-miR-
7 treatment (48 h) in LNCaP cells (G), and IC50 of Dox+miR-NC/Dox+miR-7 mimics in PC3 cells (K).

(H, 1) gRT-PCR shows changes in p53 and miR-7 mRNA expression upon Dox treatment (48 h). The
expression of miR-7 (H) and p53 (I) was assessed using a relative ratio with dimethyl sulfoxide (DMSO)
treatment in LNCaP cells. Bar, SD of the experimental triplicate. *P < 0.05.

(J) Cell apoptosis percentage assessed by FCM in LNCaP cells after Dox+anti-miR-7/Dox+anti-miR-NC
treatment (48 h). Bar, SD of experimental triplicate. *P < 0.05.

(L) The expression of miR-7 was assessed using a relative ratio with that of negative control (NC) vector
or DMSO treatment in PC3 cells. Bar, SD of experimental triplicate. *P < 0.05.
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Figure 6

Database analyses for miR-7 and p53 expressions in PCa

(A) In situ hybridization (ISH) results for miR-7 in PCa tumor- and para cancerous tissues; scale bar,
2000pm or 20pm.

(B) Tumor microarray analysis between miR-7 in PCa tumor tissues (n = 41) and normal tissues (n = 12).
Scale bar, 200pm or 20pm. *P < 0.05.



(C) Correlation between ISH score and SUVmax in patients with PCa who underwent PET-CT scanning (n
= 14). Scale bar, 100pm. *P <0.05.

(D) Kaplan-Meier analysis reveals overall survival in patients with PCa (n = 562) based on the differential
expression of p53. * P=0.00053.

(E) Kaplan-Meier analysis reveals overall survival in patients with PCa (n = 562) based on the relative
expression of p53. * P=0.0011.

(F) Analysis of miR-7 expression in patients with PCa carrying p53 mutations (n = 44) as compared to
those with p53 wild type (WT) (n = 160) using The Cancer Genome Atlas (TCGA) database. *P< 0.05.

(G) Kaplan-Meier analysis reveals the overall survival in patients with PCa (n = 562) based on the relative
expression of miR-7. * P =0.026.
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