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Cancer stemness, chemoresistance, and metastasis are related biological events. However, whether they have
common molecular mechanisms remains to be determined. Here, we report that imiquimod (IMQ) facilitates the
acquisition of stem-cell-like properties and chemoresistance via the upregulation of matrix metalloproteinase 1
(MMP1) and downregulation of microRNA-145 (miR-145). MiR-145-5p was found to suppress MMP1 expression
through direct binding, and miR-145-mediated downregulation of MMP1 reversed the effects of IMQ. In addi-

tion, IMQ downregulated miR-145 by promoting DNA methylation at its promoter. DNA methyltransferase in-
hibitors limited IMQ-induced MMP1 expression, stemness, and chemoresistance. Collectively, our results
highlight the miR-145-MMP1 axis as a potential coordinator of cancer stemness and chemoresistance. Given the
role of MMP1 in the initiation of metastasis, the miR-145-MMP1 axis serves as a promising therapeutic target for

improved cancer treatment.

1. Introduction

Cancer stemness properties, treatment resistance, and metastasis are
involved in cancer progression and recurrence [1-3]; these biological
events are interconnected and influence one another. It is well accepted
that cancer stem cells (CSCs) are often resistant to conventional
chemotherapy [4]; in recent years, several studies have also found as-
sociations between treatment resistance and metastasis [5,6], as well as
between stemness and metastasis [7,8]. It has further been suggested
that the molecules and signaling pathways might be common to these
three events, providing promising therapeutic targets for improved
cancer treatment.

Matrix metalloproteinase 1 (MMP1), a member of the matrix met-
alloprotease (MMP) family, is overexpressed in various cancer types [9,
10]. High MMP1 expression is a conventional marker of the
epithelial-mesenchymal transition (EMT) and is associated with tumor

metastasis [11,12]; in this process, microRNAs (miRNAs) are involved in
the transcriptional regulation of MMP1, either directly or indirectly [10,
13,14]. MMP1 is essential for the migratory activities of mesenchymal
stem cells (MSCs), and its functional inactivation abrogates MSC tumor
tropism [15,16]. In cancer cells and CSCs, MMP1 levels are positively
correlated with the expression levels of stem cell markers [17,18].
However, the functional role of MMP1 in cancer cell stemness has not
been definitively established. Similarly, although EMT is known to be
associated with chemoresistance [19,20], the involvement of MMP1 in
chemoresistance is less well understood.

As a tumor suppressor miRNA, miR-145 is expressed at low levels in
various human malignancies, including breast cancer [21], colorectal
cancer [22], lung cancer [23], glioblastoma [24], and prostate cancer
[25]. A low level of miR-145 contributes to tumor metastasis [21,26,27]
and is associated with a high risk of recurrence and poorer survival [24,
28,29]. Notably, miR-145 negatively modulates cancer cell stemness by
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regulating its target genes, which include some stemness-related
markers (e.g., CD44 [30] and SOX2 [31]), as well as
pluripotency-related genes (e.g., Oct4 [32]). The expression of miR-145
is affected by post-transcriptional control as well as transcriptional
regulation. In cancer cells, DNA hypermethylation has been reported to
be closely related to miR-145 downregulation [21,33].

Imiquimod (IMQ) is a small-molecule immunomodulator with anti-
tumor effects. IMQ cream has been used to treat superficial skin cancers
[34]. Previous studies have suggested that IMQ could directly induce
cancer cell apoptosis or proliferation in distinct tumor types [35]. We
previously reported that IMQ could increase the stemness of glioma stem
cell (GSC)-like cells via GDF15-mediated activation of the LIF-STAT3
pathway [36]. However, the regulatory effect of IMQ on stemness in
differentiated cancer cells remains to be explored.

In this study, we demonstrated that IMQ promotes the acquisition of
CSC-like properties in differentiated cancer cells while reducing the
sensitivity of cancer cells to chemotherapy. Through data mining, we
found that IMQ upregulates MMP1 expression by inhibiting miR-145
transcription. Then, we investigated the specific molecular mechanism
by which miR-145-5p targets MMP1 and the miR-145-MMP1 axis to
modulate stemness and chemoresistance in IMQ-treated cancer cells.
These findings provide evidence that a regulatory network involving the
miR-145-MMP1 axis might be common to cancer stemness, chemo-
resistance, and metastasis.

2. Materials and methods
2.1. Cell lines and cell culture

Cell lines U87, T98G, and HCT116 were purchased from Procell Life
Science & Technology Co., Ltd. (Wuhan, China). All cell lines were
authenticated using short tandem repeat profiling. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (FBS; Biological In-
dustries, Kibbutz Beit Haemek, Israel), 100 U/mL penicillin (HyClone),
and 100 pg/mL streptomycin sulfate (HyClone). U87-Luc cells trans-
duced with a luciferase gene were cultured in DMEM supplemented with
10% FBS, and the culture medium was further supplemented with 1 pg/
mL puromycin (Life Technologies, Grand Island, NY, USA).

2.2. RNA isolation and quantitative PCR (qPCR)

Total RNA was extracted using an EasyPure RNA Kit (Transgen
Biotech Co., Ltd., Beijing, China), cDNA was synthesized using the
TransScript First-Strand ¢DNA Synthesis SuperMix (Transgen Biotech
Co., Ltd.), and miRNAs were reverse-transcribed using TransScript
miRNA First-Strand ¢cDNA Synthesis SuperMix (Transgen Biotech Co.,
Ltd.). qPCR was performed using FastStart DNA Master SYBR Green
(Roche Diagnostics, Indianapolis, IN, USA) on an ABI Plus Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The primers
used (Supplementary Table 1) were synthesized by Comate Bioscience
(Changchun, China). Samples were analyzed in triplicate.

2.3. Western blotting

Samples were washed with ice-cold phosphate-buffered saline and
lysed in radioimmunoprecipitation lysis buffer (Cell Signaling Tech-
nology, Danvers, MA, USA) on ice for 30 min. The samples were pre-
pared for loading by adding 5 x sample buffer (Invitrogen, Carlsbad, CA,
USA) and heating at 100°C for 10 min. Equal amounts of cell lysates
were resolved using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene difluoride membranes.
After blocking with 5% bovine serum albumin, the blots were incubated
with primary antibodies overnight at 4°C. The following day, secondary
antibodies diluted in blocking buffer were added and incubated for 1 h
at room temperature. Specific protein bands were visualized using
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Western Lightning Plus-ECL (Perkin Elmer Biosciences, Waltham, MA,
USA) on a ChemiDoc™ Imaging System (Bio-Rad, Hercules, CA, USA).

Anti-CD133 (Invitrogen, #PA5-38014), anti-SOX2 (R&D System,
Minneapolis, MN, USA, #MAB2018), anti-MMP1 (Proteintech, Wuhan,
China, #10371-2-AP), and anti-p-actin (Transgen, #HC201-02) were
the primary antibodies used. Horseradish peroxidase-labeled anti-mouse
IgG (#AB150113) or anti-rabbit IgG antibodies (#AB150080) (Perkin
Elmer Biosciences, Boston, MA, USA) were used as secondary
antibodies.

2.4. Infection and transfection

Adenoviruses harboring pre-miR-145 (adv-miR-145) and a non-
specific control were obtained from Vigene Biosciences (Shandong,
China). After infection with 40 MOI of adv-miR-145 or control for 72 h,
the cells were harvested for subsequent experiments.

For short interfering RNA (siRNA) transfection, cells were plated (2
x 10°/well) in six-well plates. The following day, cells were transfected
with 160 nmol MMP1 siRNA or scrambled control using 6 pL of jet-
PRIME transfection reagent (Polyplus-transfection SA, Illkirch, France)
in 200 pL of jetPRIME buffer. After 72 h, the knockdown efficiency was
verified.

2.5. Luciferase reporter assay

Synthetic oligonucleotides were generated for the 3'- and 5'-un-
translated regions (UTRs) of wild-type MMP1 with potential miR-
145-5p binding sites or mutants of each binding site (Supplementary
Table 2) and cloned into the pMIR-REPORT luciferase vector. HEK293T
cells were seeded into 96-well plates and infected with miR-145-5p.
After 6 h, the medium was replaced with normal medium and cultured
overnight. The next day, the pMIR-REPORT luciferase vector and Renilla
plasmid were co-transfected into the HEK293T cells using jetPRIME
transfection reagent for 6 h, followed by culture in normal media for 48
h. For the luciferase reporter assay, the cells were harvested and lysed,
and the luciferase activity was assessed using a Dual-Luciferase Reporter
Assay System (Transgene) and normalized to Renilla luciferase activity
as per the manufacturer’s protocol.

2.6. Bisulfite sequencing PCR (BSP)

Genomic DNA was extracted from cells using a TIANamp Genomic
DNA kit (Tiangen Biotech, Beijing, China) and then treated with bisulfite
according to the EZ DNA Methylation-Gold™ Kit instruction manual
(ZYMO Research, Freiburg, Germany). Specific regions of the BSP pro-
moter construct containing the miR-145 promoter fragment were
amplified using PCR; the sequences of the primers used for PCR are
shown in Supplementary Table 3. After purification, the PCR products
were cloned into pEASY-T1 and sequenced.

2.7. Immunofluorescence

Cells were cultured in 35 mm glass-bottom cell culture dishes (NEST,
Wuxi, China) and incubated in medium containing IMQ for 5 days. The
cells were then stained using standard procedures. Samples were first
incubated with primary antibodies at 4°C overnight and subsequently
with the corresponding Alexa Fluor-conjugated secondary antibody
(1:1000 dilution) for 1 h at room temperature. Nuclei were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI, Life Technologies),
and the dishes were observed under a confocal microscope (Olympus
FV3000; Olympus, Tokyo, Japan).

2.8. In vivo tumor studies

NOD/SCID mice (female; 12-14 weeks old) were purchased from
Vital River Laboratory Animal Technology Co. (Beijing, China). Animal
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experiments were performed according to institutional guidelines and
were approved by the ethics committee of The First Hospital of Jilin
University (license No.: 2018-042). To investigate the effects of IMQ
treatment on the survival of tumor-bearing mice, NOD/SCID mice were
subcutaneously injected with U87-Luc cells (2 x 10%/mouse) in 0.1 mL
of saline on their right flank. The occurrence of glioma was confirmed
via bioluminescence imaging on day 5 after inoculation, after which the
tumor-bearing mice were randomly divided into two groups. Mice were
intratumorally injected with IMQ VacciGrade (20 pg each; InvivoGen,
San Diego, CA, USA) in 30 pL saline (IMQ group) or with 30 pL saline
(saline group) on days 10, 12, 14, 16, 18, 20, and 22 after tumor cell
inoculation. Subsequently, tumor growth was measured with calipers
every 2 days, and the tumor volumes were calculated using the
following formula: V = [(length) x (width)z]/2.

2.9. Sphere formation assay

Cells (500 cells/well) were seeded into six-well ultra-low-attachment
plates (Corning, Inc., Corning, NY, USA) and cultured in a chemically
defined serum-free medium containing DMEM/F12 base (Thermo Fisher
Scientific, San Jose, USA), 1 x N2 (Thermo Fisher Scientific), 1 x B27
(Thermo Fisher Scientific), 20 ng/mL EGF (PeproTech, Rocky Hill,
USA), 20 ng/mL bFGF (PeproTech), and 2.5 mg/mL heparin (Life
Technologies). After 14 days of culture, primary tumorspheres with di-
ameters > 70 um were counted. During passaging, tumorspheres were
harvested via centrifugation, digested with Accutase solution (Sigma-
Aldrich, St. Louis, MO, USA), and then reseeded (500 cells/well) to
develop secondary spheres after another 14 days of growth. This pro-
cedure was repeated for ternary tumorspheres.

2.10. Chemosensitivity assay

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bro-
mide (MTT) assays were performed to evaluate the chemosensitivity of
cancer cells. Briefly, cells were plated in 96-well plates at a density of
3.5 x 10° cells/well overnight. The following day, chemotherapeutic
agents were added to the culture medium, and the cells were incubated
for 4 days. Cell growth was evaluated using MTT staining (Sigma-
Aldrich). Following 4 h incubation, the medium was removed and
dimethyl sulfoxide was added. The optical density at 490 nm was
measured using a microplate reader (Biotech Instruments, Winooski, VT,
USA), and half-maximal inhibitory concentrations (ICsg) values were
calculated using GraphPad Prism v7 (GraphPad Software Inc., La Jolla,
CA, USA).

2.11. Statistical analysis

Data are presented as the mean + SEM and were analyzed using
Student’s t-test or one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. Statistical analyses were performed using
GraphPad Prism v7.

3. Results
3.1. IMQ upregulates MMP1 via miR-145 downregulation in cancer cells

To assess the functional effect of the immunomodulator IMQ on
cancer cell stemness, we obtained U87-derived tumorsphere cells
(named U87 TS) under hypoxic (5% O2) conditions in serum-free cul-
ture; U87 TS cells have been characterized as GSC-like cells with
phenotypic and functional features of GSC [36]. RNA-sequencing
(RNA-seq) was then performed to analyze gene expression changes in
U87 TS cells after 5 days of IMQ treatment. The RNA-seq data revealed
that the MMP1 level was upregulated more than four-fold following IMQ
treatment (Fig. 1A). Consistent with the RNAseq data, IMQ enhanced the
mRNA and protein levels of MMP1 in U87 TS, U87 (glioma cells), T98G
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(glioma cells), and HCT116 (colon cancer) cells (Fig. 1B-C). Moreover,
RNAseq analysis demonstrated that IMQ suppressed the expression of
miR143HG (the host gene for both miR-143 and miR-145) in
IMQ-treated U87 TS cells (Fig. 1A). We further confirmed that IMQ
significantly downregulated the expression of miR-145-5p (the guide
strand) by approximately 60% in U87 TS and normal cancer cells
(Fig. 1D-E). MMP1 has been predicted to be a target of miR-145 [37,38].
Indeed, we verified that the adenovirus-mediated overexpression of
pre-miR-145 (adv-miR-145) significantly inhibited MMP1 expression in
cancer cells (Fig. 1F-G). In addition, MMP1 upregulation in IMQ-treated
cells was markedly repressed upon overexpression of miR-145
(Fig. 1H-I). Taken together, these data indicate that high levels of
MMP1 in cancer cells might depend on miR-145 suppression.

3.2. MiR-145 targets MMP1 by directly binding to both the 3'- and 5'-
UTRs of the MMP1 transcript

Previous findings showed that the increase in miR-145 levels was
paralleled by an MMP1 decrease [37,38]; however, this did not verify a
direct interaction between miR-145-5p and MMPI mRNA. Using the
BiBiserv server software (https://bibiserv.cebitec.uni-bielefeld.de/inde
x.html), we predicted that both the 3'-UTR and 5-UTR of MMPI
mRNA would have binding sites for miR-145-5p (Fig. 2A). Subse-
quently, both UTRs of MMP1 (containing wild-type or mutant binding
sites for miR-145-5p) were cloned into separate luciferase reporter
plasmids separately (Fig. 2B). In dual-luciferase reporter assays, plas-
mids containing either UTR alone (either 3’ or 5’) bound to miR-145-5p,
thereby reducing the relative luciferase reporter activity; by contrast,
plasmids bearing mutated binding sites (either 5Um or 3Um) failed to
repress the relative luciferase reporter activity, suggesting that both
MMP1 UTRs have binding sites for miR-145-5p (Fig. 2C). Remarkably,
the plasmids containing both MMP1 UTRs (5ULuc3U) showed a signif-
icant change in luciferase reporter activity compared with plasmids
containing Luc3U or 5ULuc alone (Fig. 2D). These data demonstrate that
miR-145 binds to 3’-UTR and 5'-UTR of MMP1 mRNA and that the two
binding modes act synergistically on MMP1 transcriptional repression.

3.3. MiR-145-mediated MMP1 downregulation reverses the acquisition of
stem cell-like properties of IMQ-treated cells

Our previous work confirmed that IMQ promoted the stemness of
GSC-like cells [36]. In differentiated cancer cells, IMQ downregulates
the level of miR-145; the latter participates in the regulation of cancer
stemness [30-32]. Therefore, we postulated that IMQ stimulation could
result in the acquisition of stemness in differentiated cancer cells.
Indeed, we observed that IMQ treatment significantly upregulated the
expression of stemness markers (Fig. 3A-B). Immunofluorescence re-
sults showed a more pronounced expression of CD133 in the membrane
and cytoplasm of cancer cells following IMQ treatment. Meanwhile,
upregulated SOX2 was primarily observed within the nucleus (Fig. 3C).
Furthermore, IMQ promoted tumorsphere formation (Fig. 3D). Next, we
used a subcutaneous xenograft mouse model to assess the in vivo effect of
IMQ treatment on glioma cells. The survival of mice receiving IMQ in-
jection was significantly shorter than that of control mice (Fig. 3E). Both
CD133 and SOX2 levels increased in the IMQ-treated group tumor
compared with those in the control group tumor tissues (Fig. 3F). These
results indicate that IMQ enhances the stemness of glioma cells both in
vivo and ex vivo.

To assess the functional role of MMP1 in IMQ-induced stemness, we
silenced endogenous MMP]1 in cancer cells using two commercially
available siRNAs that target different regions of the gene. As shown in
Fig. 4A, high levels of cancer stem markers in IMQ-treated cells were
significantly suppressed by MMP1 silencing; similar results were
observed with miR-145 overexpression (Fig. 4B). Moreover, as expected,
MMP1 silencing effectively inhibited tumorsphere formation in IMQ-
treated cells (Fig. 4C). These observations suggest that the miR-
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Fig. 1. Imiquimod (IMQ) upregulates matrix metalloproteinase 1 (MMP1) and downregulates miR-145, whereas overexpression of miR-145 suppresses MMP1
expression in cancer cells. (A) Volcano plot of differentially expressed genes in control and U87 TS cells treated with 5 pg/mL imiquimod (IMQ). (B) qPCR analysis of
MMP1 expression in U87 TS, U87, T98G, and HCT116 cells treated with 5 pg/mL IMQ. (C) Western blot analysis and statistical evaluation of MMP1 levels in cancer
cells after treatment with IMQ. (D) qPCR analysis of miR-143 HG, miR-143-3p, and miR-145-5p levels in control and IMQ-treated U87 TS cells. (E) qPCR analysis of
miR-145-5p levels in control and IMQ-treated U87, T98G, and HCT116 cells. (F) gPCR analysis of miR-145-5p levels and MMP1 expression in U87 cells with
adenoviruses harboring pre-miR-145 (adv-miR-145). (G) Western blot analysis and statistical evaluation of MMP1 levels in cancer cells overexpressing miR-145.
(H-I) qPCR and western blot analysis of MMP1 level in cancer cells treated with IMQ after adenovirus-mediated overexpression of pre-miR-145. Values in (B-I)
are from three independent experiments and are presented as the mean + SEM; * p < 0.05, ** p < 0.005, *** p < 0.0005. Unpaired t-test (B-G); one-way ANOVA
with Tukey’s multiple comparison test (H-I).
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Fig. 2. Matrix metalloproteinase 1 (MMPI) is a direct target of miR-145-5p, which binds to both untranslated regions (UTRs) of MMP1 mRNA. (A) MMP1 was
determined to be the primary target of miR-145-5p. MMP1 possesses binding sites for miR-145-5p in its 3'- and 5'- UTRs. (B) Schematic depiction of luciferase
reporter vectors containing wild-type and mutant 3'- and 5'-UTRs of MMP1. (C-D) Luciferase activity was detected in HEK293T cells co-transfected with the indicated
reporter plasmids and pre-miR-145. Renilla luciferase activity was normalized to firefly luciferase activity as a control for transfection efficiency. Values in (C-D) are

presented as the mean + SEM. * p < 0.05, ** p < 0.005; unpaired t-test.
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Fig. 3. Imiquimod (IMQ) facilitates the acquisition of stem cell-like properties of cancer cells. (A) qPCR analysis of CD133, SOX2, Nanog, and ALDH]1 expression in
U87 cells treated with 0, 5, or 10 pg/mL IMQ. (B) Western blot analysis and statistical evaluation of CD133 and SOX2 levels in U87 and T98G cells after treatment
with IMQ. (C) Representative images of U87, T98G, and HCT116 cells treated with 5 pg/mL IMQ for 5 days. Immunofluorescence was performed with anti-CD133
(red) and anti-SOX2 (green) antibodies with 4',6-diamidino-2-phenylindole (DAPI) staining (blue). Scale bar = 20 ym. (D) Sphere formation assays were used to
analyze the sphere-forming rates of the control and IMQ-treated U87 cells. Left: representative images of the rates of sphere formation. Right: the sphere-forming rate
was assessed at the indicated times by sphere counting. (E) Tumor growth curve and survival curve in the saline and IMQ groups. Tumor volumes were determined
using external calipers, and growth curves for U87 xenografts in NOD/SCID mice were plotted (n = 6 mice per group). Data were analyzed using the log-rank test
(survival curve comparison). (F) Immunohistochemical staining for CD133 and SOX2 in mice bearing subcutaneous U87 tumors. Values in (A-B and D) are from three
independent experiments and are presented as the mean + SEM; * p < 0.05, ** p < 0.005, *** p < 0.0005; unpaired t-test.

145-MMP1 axis is involved in the regulation of cancer stemness in

differentiated cancer cells.

3.4. The miR-145-MMP1 axis mediates the chemoresistance of IMQ-
treated cells

Cancer cells with high stemness properties often exhibit resistance to
conventional chemotherapy. To elucidate whether IMQ confers che-
moresistance in cancer cells, we generated dose-response curves for two
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broad-spectrum chemotherapeutic agents and calculated their ICsg
values. As shown in Fig. 5A-B, IMQ reduced the sensitivity of cancer
cells to the chemotherapeutic agent cisplatin and doxorubicin (DOX).
According to the results of the Annexin V apoptosis assay, IMQ protected
U87 cells from cisplatin-induced apoptosis (Fig. 5C). Next, we aimed to
determine whether the miR-145-MMP1 axis mediated the chemo-
resistance of IMQ-treated cells. MMP1 was silenced using siRNA in IMQ-
treated cells; then, the cells were treated with chemotherapeutic agents.
The results showed that IMQ-treated cells were not sensitive to cisplatin
or DOX; however, this situation was effectively reversed by MMP1
silencing (Fig. 5D). Similarly, miR-145 overexpression limited the che-
moresistance of IMQ-treated cells (Fig. 5E). Overall, these results
demonstrate that the miR-145-MMP1 axis could be a critical factor in
chemoresistance of cancer cells.

3.5. IMQ-induced miR-145 promoter hypermethylation contributes to
MMP1 expression, cancer stemness, and chemoresistance

To further investigate the mechanism of miR-145 regulation by IMQ,
we probed several essential steps of miR-145 transcription and found
that IMQ upregulated DNA methylation of the miR-145 promoter region
in glioma cells and colon cancer cells (Fig. 6A). Next, we used two DNA
methyltransferase (DNMT) inhibitors, 5-azacytidine (5-Aza) and deci-
tabine (DAC) to determine whether miR-145 suppression depended on
promoter DNA methylation. As shown in Fig. 6B, both DNMT inhibitors
significantly upregulated miR-145 levels and reversed the IMQ-induced
miR-145 suppression. Moreover, the MMP1 upregulation in IMQ-treated
cells was significantly attenuated by DNMT inhibitors (Fig. 6C-D).
Overall, these results suggest that IMQ suppresses miR-145 expression
by enhancing its promoter methylation, which also increases expression
of MMP1, and DNMT inhibitors could also indirectly regulate MMP1
expression.

Finally, we tested whether miR-145 promoter hypermethylation was
sufficient for cancer stemness and chemoresistance. As expected, DNMT
inhibitors impeded the upregulation of stem marker levels and restored
the sensitivity to chemotherapeutic agents in IMQ-treated cells
(Fig. 7A-B). These results suggest that DNMT inhibitors can attenuate or
overcome cancer stemness and chemoresistance by reversing the effects
of the miR-145-MMP1 axis.

4. Discussion

The role of MMP1 in cancer invasion and metastasis has been
established [10,39]; however, the exact functions of MMP1 in the
regulation of cancer stemness and chemoresistance remain nebulous. In
this study, we found that miR-145-mediated MMP1 downregulation
reversed the acquisition of stem cell-like properties and chemoresistance
in IMQ-treated cells, enabling us to elucidate the molecular mechanisms
underlying the miR-145-MMP1 axis in the regulation of cancer cell
stemness and chemoresistance. Several studies have also found associ-
ations between chemoresistance and metastasis [5,6], as well as be-
tween stemness and metastasis [7,8]. In light of this and the role of
MMP1 in initiating metastasis [10,39], it could be speculated that the
miR-145-MMP1 axis is common to cancer stemness, chemoresistance,
and metastasis. Thus, the miR-145-MMP1 axis is a promising thera-
peutic target that could be used to improve cancer treatment.

MicroRNAs act directly or indirectly on MMP1 regulation [10,13,
14]. An earlier study confirmed that elevated miR-145 expression
reduced MMP1 expression [38]. However, whether miR-145 could
trigger the transcriptional repression of MMP1 based on the sequence
complementarity between miRNA and mRNA remains to be determined.
Our results offer direct evidence of the physical interaction between
miR-145 and the 3'- and 5'-UTRs of MMP1 mRNA, demonstrating that
MMP1 is a direct downstream target of miR-145. Thus, miR-145 could
belong to a novel class of microRNAs that bind both the 3'- and 5'-UTRs
of target transcripts [40]. According to thermodynamic analysis using
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the BiBiServ-RNA hybrid database, miR-145 seemed to bind more
strongly to the 5-UTR of MMP-1 than to its 3'-UTR. In addition,
dual-luciferase reporter assays confirmed that miR-145 only slightly
reduced the luciferase activity from the MMP1 3’-UTR, whereas plas-
mids containing both the 3’- and 5-UTRs exhibited a significant
decrease in luciferase activity, suggesting that this dual binding had a
synergistic effect on the transcriptional repression of MMP1. These ob-
servations also indicate that the miR-145-MMP1 binding pattern differs
fundamentally from a conventional 3'-UTR binding mode; in other
words, they may explain why the prediction database ignores the pos-
sibility of MMP1 being a target gene of miR-145.

MMP1 has been shown to participate in the early stages of metastatic
progression in multiple cancer types by altering the extracellular matrix
to facilitate cancer invasion [10,39]. In addition, the data show that
MMP1 expression is increased in CSC subsets (CD133"/ side-cell pop-
ulation) [17] and is positively correlated with the levels of cancer stem
markers including CD44 [18] and SOX2 [41], suggesting that MMP1
could be involved in the regulation of cancer stemness, and warrant
further functional study. Here, we observed that MMP1 expression was
significantly upregulated in IMQ-treated cancer cells, and silencing it
impeded IMQ-induced cancer cell stemness, suggesting that MMP1
could have a role as a critical mediator of cancer stemness. Regarding
the mechanism through which MMP1 participates in cancer stemness
regulation, our work focused exclusively on the miR-145-MMP1 axis
and did not comprehensively assess downstream signaling pathways of
MMP1 associated with stemness regulation. Thus, these should be
explored in future studies.

Cancer cells with high stemness properties exhibit increased che-
moresistance [4]. Here, we confirmed that in glioma cells and colon
cancer cells, IMQ favored the acquisition of stem cell-like properties and
decreased sensitivity to chemotherapeutic agents. Of note, the
miR-145-MMP1 axis was also involved in IMQ-mediated chemo-
resistance, and MMP1 knockdown reversed the chemoresistance after
IMQ treatment, consistent with previous findings in pancreatic cancer
cells treated with 5-fluorouracil [42]. Furthermore, our experimental
data were supported by the results of several previous studies, in which
MMP1 was positively correlated with the expression of
chemoresistance-related genes [43,44]. Regarding the mechanisms by
which MMP1 contributes to chemoresistance, Hanrahan et al. [43]
previously highlighted the relevance of EMT in driving
docetaxel-resistant prostate cancer; thus, we cannot exclude the possi-
bility that MMP1 regulates chemoresistance through EMT induction.
Consequently, future studies should explore the association between
metastasis-related factors (e.g., MMPs), stemness regulation, and the
chemosensitivity of cancer cells.

5. Conclusion

In this study, we demonstrated that IMQ facilitates the acquisition of
stem cell-like properties and chemoresistance via the upregulation of
MMP1 and downregulation of miR-145, whereas miR-145-mediated
downregulation of MMP1 restricted the effects of IMQ, suggesting that
the miR-145-MMP1 axis is involved in the regulation of cancer stemness
and chemoresistance. Our data also indicate that the miR-145-MMP1
axis serves as a potential connecting point among cancer stemness,
chemoresistance, and metastasis and thus has the potential to be a
crucial cancer therapeutic target.

CRediT authorship contribution statement

Shan Zhu: Conceptualization, Methodology, Formal analysis, Visu-
alization, Writing — original draft. Ning Yang: Investigation, Formal
analysis, Visualization, Writing — review & editing. Chao Niu: Investi-
gation, Formal analysis, Resources. Wan Wang: Investigation, Valida-
tion. Xue Wang: Investigation, Validation. Junge Bai: Validation. Yuan
Qiao: Validation. Shuanglin Deng: Validation. Yi Guan: Funding



S. Zhu et al.

Pharmacological Research 179 (2022) 106196

g7 Cisplatin DOX HCT116—Cisplatin HCT116—DOX
= Mock — MQ 8 wxx 0087 15 % 0.06 -
100 100 - X
°\° 80 80 ~ 6" 006' ~
2 = S 104 0.04 -
8 o e = 4 0.04 - 5
4 o o
=% 40 N 5 0.02
O 20 20 2 4 0.02 -
04 - - , 04 . r .
0 20 40 60 00 02 04 06 0- S 0.00 - g 0- s 0.00 - "
Cisplatin (uM) DOX (uM) &° & &O° & &
C *
- *
Vehicle Cisplatin IMQ IMQ+Cisplatin & *ekek
£ 30 Kkk kk
o] 00 | ] 17.3] « 0.40] ] 1.6 §
1 1 _] g 20 -
N N N & g
1 L 1 &
T [ 5 101
i i g
1 5.01| "1 276 *'1 c
7 a7 S ™ i i Sl R e S T S e S 8 ol
: > Ewa -+ -+
Annexin-V Vehicle Cisplatin
U87—Cisplatin U87—DOX HCT116—Cisplatin HCT116—DOX
%k k ::: *%k % % %
* % % % % %k *::*
80 1 kK 80 - X 100 1 kkk 60 - T
* % % T Xk * %
: *xx o T o 804 %% o e
® 60 - P ® 60 pee £ R ok
g —? rr _% 60 E:‘ 407 #
£ 40+ B 40- 5 5
> > > 409 > 20+
3 201 8 207 8 201 8
04 0 - 0- 0-
MQ — + - + - + MQ — + = + - + MQ — + - + - + MQ — + - + - +
siRNA Ctl _1# 3# siRNA Ctl _1# 3# siRNA Ctrl _1# 3# siRNA Ctrl _1# 3#
MMP1 MMP1 MMP1 MMP1
U87—Cisplatin U87—DOX HCT116—Cisplatin HCT116—DOX
% % %k
60 ExxFax 80 807 ~kx 80 1
*kk *okk kkk ******
- T Rk
N 40 X 601 * 604 - X 60
2 2 2 2 £
3 F 40 3 40 3 40 -
< ] ] 8
S 20 S S >
5 3 20 3 20 3 201
o o o
0- 0- 0- 0-
(1o P i (1Yo P i Mo -+ -+ mMa -+ - +
Adv  Ctrl miR-145 Adv  Ctrl miR-145 Adv  Ctrl miR-145 Adv  Ctrl miR-145

Fig. 5. Matrix metalloproteinase 1 (MMP1) silencing attenuates resistance to chemotherapeutic agents in imiquimod (IMQ)-treated cancer cells. (A-B) Cell viability
and half-maximal inhibitory concentrations (ICso) values in IMQ-treated U87 and HCT116 cells receiving different concentrations of cisplatin and doxorubicin
(DOX). Cell viability and ICso values were determined via MTT assays. (C) Apoptotic response of IMQ-treated U87 cells after 3 pM cisplatin treatment for 48 h.
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Fig. 7. DNA methyltransferase inhibitors reverse imiquimod (IMQ)-induced stemness and chemoresistance of cancer cells. (A) Western blot analysis and statistical
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