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Abstract: Cyclin E2, a member of the cyclin family, is a key cell cycle-related protein. This protein
plays essential roles in cancer progression, and as such, an inhibitor of cyclin E2 has been approved
to treat several types of cancers. Even so, mechanisms underlying how to regulate cyclin E2
expression in cancer remain largely unknown. The current study found that miR-3687 is up-
regulated in clinical bladder cancer (BC) tumor tissues, TCGA database and human BC cell lines.
Inhibition of miR-3687 expression significantly reduces human BC cell proliferation in vitro and
tumor growth in vivo, which are concurrently with the induction of GO/G1 cell cycle arrest and
downregulation of cyclin E2 protein expression. Interestingly, overexpression of cyclin E2 reversed
the inhibition of BC proliferation induced by miR-3687. Mechanistic studies suggest that miR-3687
could bind to the 3'-UTR of foxpl mRNA, downregulates FOXP1 protein expression, and in turn
promotes the transcription of cyclin E2, thereby promoting the growth of BC cells. Collectively, the
current study not only establishes a novel regulatory axis of miR-3687/FOXP1 in regard to regulation
of cyclin E2 expression in BC cells, but also provides strong suggestive evidence that miR-3687 and
FOXP1 may be potentially promising targets in therapeutic strategies of human BC.
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1. Introduction

Cyclin E2 is a protein encoded by the human CCNE2 gene at 8q22.1 and is mostly regarded as
being functionally redundant with cyclin E1 [1,2]. Both cyclin E1 and cyclin E2 display high sequence
similarity (69.3% in Homo sapiens) and important functional motifs are conserved. The latter include
domains for Cdk (cyclin-dependent kinase) and Cdk inhibitor interaction, a nuclear localization
sequence, and a centrosome localization sequence [3]. The principal function of cyclin E2 is to help
cells switch from GO/G1 to S phase by binding of CDK2 and phosphorylation of Rb protein [4,5].
Overexpression of cyclin E2 has been reported in many types of human cancers, including leukemia
[6], and breast cancer [7,8], lung cancer [9], ovarian cancer [10], nasopharyngeal carcinoma[11], and
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bladder cancer [3,12]. In many types of cancer, overexpression of cyclin E2 correlates with tumor
progression and mortality [3,13]. Additionally, dysregulation of cyclin E2 leads to chromosomal
instability, suggesting that aberrant cyclin E2 expression may contribute to tumorigenesis oncogenic
transformation, and cancer cell proliferation [14]. The cell cycle-dependent transcription of cyclin E2
is mediated by E2F transcription factors [15]. In the studies reported here, we found that the
expression of cyclin E2 is regulated by miR-3687 in an indirect manner.

MicroRNA (miRNA) is a class of highly conserved, non-coding small molecular containing 19-
25 nucleotides [16]. miRNAs are involved in the regulation of genes associated with cancer
development and progression, and therefore can act as oncogenes, contributing to tumor formation
[17,18] or as tumor suppressors by inhibiting the expression of oncogenes in different types of cancer
[19,20]. Many studies have shown that dysregulation of miRNAs plays a vital role in multiple
biological processes associated with bladder cancer (BC), including differentiation, proliferation, cell
cycle arrest, apoptosis, and metastasis [21-23]. For example, our group has identified dysregulated
miRNAs (e.g., miR-411) that are involved in BC cell function. Based on this information [24]. Thus,
the identification of an unknown dysregulated miRNA in human BC may provide valuable
information for defining new biomarkers for BC prognosis and/or new targets for therapeutic
paradigms. The current studies found that miR-3687 expression is altered in human BC tissues and
cell lines. We further explore the potential biological role and mechanisms underlying the miR-3687
regulation of human bladder tumorigenicity.

2. Results

2.1. miRNA-3687 was upregulated in human BC, and inhibition of miR-3687 expression suppressed cell
growth with induction of GO/G1 arrest in human BC cells.

The analyses of RNA-Seq data of 19 BC available in the TCGA database showed upregulation of
miR-3687 in human BC tissues in comparison to their paired normal bladder tissues (n=19, Figure 1A,
p < 0.05). miR-3687 expression levels in 19 BC tissues were compared with those in paired normal
tissues obtained from the TCGA BC database and results expressed as log2 fold-change (Figure S1).
Consistently, miR-3687 levels human invasive BC cell lines (e.g., UMUCS3, T24, T24T, ]82, TCCSUP)
were higher than that in normal urothelial cell lines (UROtsa) (Figure 1B).

To evaluate the effects of miR-3687 on the regulation of human BC, the miR-3687 sponge was
stably transfected into UMUC3 and T24 cells. Stable transfectants UMUC3(miR-3687i) and T24(miR-
3687i) and corresponding control vector transfectants were established (puromycin selection and
real-time qPCR; Figures 1C and 1D). Soft-agar assay data indicated that inhibition of miR-3687
expression led to a dramatic decrease in BC cell anchorage-independent growth (Figures 1E and 1F;
p < 0.05). Moreover, cell proliferation (using ATP assay) showed that monolayer BC cell growth
ability was also lower in the UMUC3(miR-3687i) and T24(miR-3687i) transfectants than in their
corresponding control vector transfectants, especially at a later time point day 5 (Figures 1G and 1H;
p <0.05).

To explore the underlying mechanisms of any pro-cancerous activity of miR-3687, any effect on
cell cycle progression regulation was determined by flow cytometry in the UMUC3 and T24 cells. As
shown in Figures 1I and 1], inhibition of miR-3687 expression induced significant GO/G1 arrest,
suggesting GO/G1 phase reduction might be associated with any promoting effect of miR-3687 in
human BC cells. Together, these results suggested that miR-3687 could promote BC cell growth in
vitro.
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Figure 1. miR-3687 overexpression in human BC samples and BC cell lines and its role in BC cell
growth and cell cycle progression. (A) miR-3687 expression levels in fresh BC tissues were compared
with paired normal tissues. (B) miR-3687 levels in human BC cell lines (UMUCS, T24, T24T, ]82,
TCCSUP) were determined and compared with normal urothelial cell lines (UROtsa) by real-time
PCR. miR-3687 expression was normalized to U6 expression. Bars represent means + SD. * Significant
change relative to control group (p < 0.05). (C and D) shRNA targeted miR-3687 and control vector
plasmids were stably transfected into UMUC3 (C) and T24 (D) cells; stable transfectants were
identified by real-time PCR. Bars represent the mean + SD. *Significant decrease relative to control
vector cells (p <0.05). (E and F) Soft agar assay was used to determine the effect of miR-3687 down-
expression on UMUC3 and T24 anchorage-independent growth. Representative images of colonies
in indicated cells were captured by microscopy after 3 wk of incubation. (G and H) Effect of miR-
3687i on monolayer proliferative rates was evaluated by ATP assays. Results presented as means +
SD; * significant increase relative to vector control cells (p <0.05). (I and ]) Indicated cells were seeded
into 6-well plates and cultured to 70-80% confluence; after synchronization, cells were cultured in
complete medium for another 24 h and then subjected to cell cycle analysis by flow cytometry.

2.2. Inhibiting of miR-3687 expression repressed tumor growth in vivo in xenograft nude mouse

To extend the in vitro findings that miR-3687 might promote BC cell growth to an in vivo scenario,
a xenograft tumorigenic nude mouse model was employed to examine the effect of miR-3687 on the
tumorigenicity of UMUC3 and T24 cells. The results showed that reduced miR-3687 expression
significantly attenuated tumor growth as compared with scrambled vector control cells (p < 0.05;
Figures 2A-2F).
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Figure 2. Effects of miR-3687 expression on tumor growth in xenograft nude mouse. (A-F) Female
BALB/c athymic nude mice were subcutaneously injected with UMUC3(miR-3687i) or T24(miR-
3687i) cells or their vector control transfectants. The mice were euthanized after 4-5 wk, and any
tumor present removed, imaged, and weighed. Results presented as means + SD; * significant
decrease relative to vector control cells (p < 0.05).

2.3. miR-3687 promoted BC cell growth by up-regulating cyclin E2

To further elucidate the mechanisms leading to G0/G1 arrest induced by inhibition of miR-3687
in BC cells, we examined modulators that have a significant effect on the GO / G1 phase-related cell
cycle. The results showed that inhibition of miR-3687 expression did not affect expression of cell cycle
regulators CDK2, CDK4, CDKS6, cyclin D1, or p21, but led to a remarkable decrease in cyclin E2
expression in the UMUC3(miR-3687i) and T24(miR-3687i) transfectants in comparison to their
corresponding scramble vector transfectants (Figure 3A). When cyclin E2 was overexpressed in
UMUC3(miR-3687i) cells (Figures 3B), reversed the inhibition of miR-3687 on the monolayer growth
and anchorage-independent growth (Figures 3C, 3D, 3F). Flow cytometry also indicated
UMUC3(miR-3687i/cyclin E2) exhibited a reverse effect of miR-3687i on inducing GO/G1 cell cycle
arrest (Figure 3E). The results suggested that inhibition of cyclin E2 contributes to miR-3687i-
mediated GO/G1 cell cycle arrest and reduction of anchorage-independent growth in BC cells.
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Figure 3. miR-3687 promoted BC cell growth by up-regulating cyclin E2. (A) Cell lysates from
indicated cells were evaluated for p21, CDK2, CDK4, CDK®6, cyclin D1, and cyclin E2 protein
expression via Western blots. e-Tubulin served as a loading control. (B) Cyclin E2 and vector control
plasmids were transfected into UMUC3(miR-3687i) cells and cyclin E2 overexpression was identified
by Western blot. (C and D) Soft agar assay was used to determine the effect of cyclin E2 over-
expression on anchorage-independent growth of UMUC3(miR-3687i). (E) Indicated cells were seeded
in 6-well plates and cultured to 70-80% confluence; after synchronization, cells were cultured in
complete medium another 24 h and then subjected to cell cycle analysis. (F) Effect of cyclin E2 on
monolayer proliferative rates of UMUC3(miR-3687i) cells was evaluated by ATP assay. Results
presented as means + SD. *Significant change relative to vector control cells (p < 0.05).

2.4. FOXP1 was responsible for miR-3687 up-regulating of cyclin E2 at the transcriptional level

To ascertain how miR-3687 up-regulated cyclin E2, cyclin E2 mRNA levels were assessed. It was
seen that cyclin E2 mRNA expression was profoundly down-regulated in UMUC3(miR-3687i) and
T24(miR-3687i) transfectants in comparison to corresponding scramble vector transfectants (Figure
4A). To test whether miR-3687 regulates cyclin E2 mRNA transcription, the cyclin E2 promoter-
driven luciferase reporter was used to compare promoter transcription activity in both cells. As seen
in Figure 4B, promoter-driven luciferase reporter transcription activity in UMUC3(miR-3687i) and
T24(miR-3687i) transfectants was significantly lower than scramble vector transfectants. This reflects
the possibility that miR-3687 positively regulates cyclin E2 mRNA transcription. To test this,
TFANSFAC® Transcription Factor Binding Sites Software (Biological Database, Wolfenbiittel,
Germany) was used for bioinformatic analysis of the cyclin E2 promoter. The results indicated the
cyclin E2 promoter region contains a putative DNA-binding site of OCT2, CDX2, and FOXP1 (Figure
4C). Therefore, this study next determined the effect of miR-3687i on the expression of transcription
factors in human BC cells.

As shown in Figure 4D, increasing FOXP1 protein expression was seen in UMUC3(miR-3687i)
and T24(miR-3687i) transfectants compared to the scramble vectors. There was no marked change in
OCT2 and CDX2 expression. FOXP1 is a member of the FOX family of transcription factors and
specifically acts as a transcriptional repressor for its downstream-regulated gene [25]. FOXP1
regulates a variety of important developmental aspects, including tissue development in the lung,
brain, thymus, and heart [26]. Thus, we anticipate that FOXP1 might play a role in miR-3687i
inhibiting cyclin E2 transcription in human BC cells.
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Figure 4. Inhibition of miR-3687 attenuated cyclin E2 transcription with upregulating FOXP1 protein.
(A) Relative Cyclin E2 mRNA expression detected in UMUC3(miR-3687i) and T24(miR-3687i) was
compared to their vector control cells. (B) UMUC3(Vector) vs. UMUC3(miR-3687i) cells and
T24(Vector) vs. T24(miR-36871) cells were transiently transfected with a cyclin E2 promoter-driven
luciferase reporter together with pRL-TK. Transfectants were seeded into 96-well plates to determine
cyclin E2 promoter transcriptional activity. pRL-TK used as internal control to normalize transfection
efficiency. Bars indicate means + SD from three replicate assays. (C) Potential transcriptional factor
binding sites in the cyclin E2 promoter region (-2000---+1) were analyzed via the TRANSFAC 8.3
engine online. (D) Cell lysates from indicated cells were evaluated for OCT2, CDX2, FOXP1, and
cyclin E2 protein expression. GAPDH served as loading control.

2.5. miR-3687 direct targeted 3’-UTR of foxpl mRNA and down-regulated its protein expression

miRNAs play biological roles by modulating target gene expression via binding to the 3’-UTR
of target genes to cause mRNA stability alteration or protein translation suppression [27]. Inhibition
of miR-3687 expression increased foxpl mRNA levels (Figure S2A and S2B), indicating that miR-3687
might reduce foxpl mRNA stability. Given that the 3’-UTR region of foxpl mRNA contains potential
miR-3687 binding site (Figure 5A), this study next sought to determine whether the effect of miR-
3687 on FOXP1 protein translation is due to its specific direct binding to the potential binding site in
3’-UTR of foxpl mRNA. For this, foxpl mRNA 3’-UTR-driven luciferase reporter (wild-type WT) and
foxpl mRNA 3’-UTR mutant luciferase reporter (MUT) constructs were generated as shown in Figure
5A. The WT and mutant foxpl 3’-UTR luciferase reporter vectors were then transiently transfected
into UMUC3(miR-3687i) and T24(miR-3687i) and scramble vector cells with pRL-TK. As seen in
Figures 5B and 5C, miR-3687i significantly induced foxp1l 3’-UTR WT luciferase reporter activity in
both cells, whereas mutation of the miR-3687 binding site at the foxp1 3’-UTR impaired miR-3687i-
mediated increasing of foxpl 3’-UTR luciferase reporter activity. This indicates that miR-3687 binds
directly to the foxpl 3’-UTR to regulate FOXP1 mRNA stability.
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Figure 5. FOXP1 as a target of miR-3687 in human BC cells. (A) Potential miR-3687 targeting
sequences of foxpl mRNA 3'-UTR were analyzed using the TargetScan software. Schematic of
construction of foxpl mRNA 3'-UTR luciferase reporter and its mutants (MUT) were shown. (B) WT
and mutant pMIR-FOXP1 3"-UTR reporters were co-transfected with pRL-TK into indicated cells. At
24 h post-transfection, transfectants were extracted to assess luciferase activity; TK used as internal
control. Each bar indicates the mean + SD from three assays. *Significant difference (p < 0.05).

2.6. FOXP1 acts as a downstream regulatory gene of miR-3687 to promote its role in promoting BC cell
growth

These above results show that miR-3687 promotes BC cell proliferation and anchorage-
independent growth and FOXP1 is a direct target of miR-3687. To determine whether FOXP1 was
responsible for the promoting effect of miR-3687 on those two endpoints, FOXP1 expression was
knocked down by short hairpin RNA (shRNA) in miR-3687 down-expressing UMUCS3 cells. The
Western blot analysis showed that shFOXP1 No.1 and No.4 were able to successfully knock down
the expression of FOXP1 (Figure 6A). Consistently, knockdown of FOXP1 results in markedly
increasing cyclin E2 expression (Figure 6A), cell proliferation and anchorage-independent growth in
BC cells and reversing miR-3687i-inducing Go/G: arrest in comparison to scramble nonsense control
UMUC3(miR-3687i/Nonsense) cells (Figures 6B-6F). These results suggest that down-expression of
FOXP1 reversed the inhibitory effect of miR-3687i in BC cells. Collectively, the data provide evidence
that downregulation of FOXP1 is an important event associated with the cancer-promoting activity
of miR-3687 in human BC cells.
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Figure 6. Effects of FOXP1 expression on inhibition of BC cell growth and cell cycle G0/G1 transition.
(A) Western blotting was employed to identify the knock-down efficiency of FOXP1 in UMUC3(miR-
36871) cells. GAPDH was used as an internal protein loading control. (B and C) Soft agar assay was
performed to determine the effect of reduced FOXP1 expression on anchorage-independent growth.
(D) Effect of FOXP1 down-expression on monolayer proliferative rates evaluated by ATP assay.
Results presented as means + SD from triplicates; *significant increase relative to nonsense control
cells (p < 0.05). (E & F) Indicated cells were seeded into 6-well plates and cultured to 70-80%
confluence; after synchronization, cells were cultured in complete medium for another 24 h and then
subjected to cell cycle analysis.

2.7. FOXP1 and cyclin E2 expression correlates in response to miR-3687 inhibition

Immunohistochemistry (IHC) staining showed that FOXP1 expression was up-regulated in
tumor tissues obtained from tumor-bearing mice injected with miR-3687 down-expressed cells as
compared with that in the mice injected with corresponding vector cells (Figures 7A & 7B). In contrast
to FOXP1 expression, cyclin E2 expression was decreased in tumor tissues obtained from tumor-
bearing mice injected within miR-3687 down-expressed cells (Figures 7A-7C). Quantitative analysis
of the relative expression of FOXP1 and cyclin E2 in tumor tissues obtained from xenograft nude mice
revealed FOXP1, and cyclin E2 expression was negatively correlated in response to miR-3687 down-
expression (Figures 7D). Such results are consistent with the in vitro results herein and support the
conclusion that miR-3687 acts as a potent oncogene in human BC cells, and that its upregulation may
play a critical role in BC tumorigenesis.
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Figure 7. FOXP1 and cyclin E2 were negatively correlated in response to miR-3687 down-expression
in the tumor tissues obtained from xenograft nude mice. (A) Representative IHC images showing
expression of FOXP1 and cyclin E2 in tumor tissues from nude mice injected with UMUC3(Vector)
and UMUC3(miR-3687i) cells. (B and C) The optical density of IHC staining of FOXP1 and cyclin 2E
expression was analyzed as described in the section “Materials and Methods.” *Significant change in
comparison with vector control (p < 0.01). IOD/area = integrated optical density/stained area. (D)
Negative correlative expression of FOXP1 with cyclin E2 was analyzed in tumor tissues collected
from nude mice injected with indicated cells.

3. Discussion

Bladder cancer (BC) is the ninth most common cancer in the world and the 14th leading cause
of death. It is a serious international public health problem [28]. According to the American Cancer
Society, 79,030 new BC cases were diagnosed in the United States in 2017, with 16,870 death [29]. In
China, the age-standardized BC incidence rate is 7.68/100,000, and the standardized mortality rate is
3.03/100,000 [30-32]. At present, the main treatment strategy for early BC is surgery, followed by
chemotherapy, radiotherapy, and biological treatment. In patients with advanced BC, it is a prevalent
life-threatening malignancy. Therefore, there is an urgent need to develop new diagnostic and
therapeutic targets so that BC can be caught earlier [33]. Since tumor development in BC involves
genetic alterations, epigenetic changes, and environmental factors [34], it is also critical to clarify the
molecular mechanisms underlying development/progression of BC so as to improve diagnostic
accuracy and clinical treatment.

MicroRNAs (miRNA or miR) are small non-coding single-stranded RNA of 19-25 nucleotides
(nt) in length and act as regulators of gene expression at the post-transcriptional level [35]. miRNAs
may also act as tumor suppressors or as oncogenes [36]. Recent literature suggests that miRNAs play
an essential role in various biological processes related to cancer, including cell differentiation,
proliferation, tumorigenesis, angiogenesis, invasion, and metastasis [37,38]. Previous reports have
shown that the expression of miR-3687 is elevated in cancer, including renal cell carcinoma (RCC)
and upper urinary tract urothelial carcinoma (UT-UC) [39]. This study suggests that dysregulation of
miR-3687 may be a common manifestation of renal cancer development/progression. miR-3687 is also
elevated in other types of cancers. For example, miR-3687 is elevated in conjunctival melanoma and
associated with a higher risk of local recurrence of conjunctival melanoma [40]. Compared to in
control cells, miR-3687 is up-regulated in Het-1A, immortalized non-tumorigenic esophageal
epithelial cells treated with 20% cigarette smoke [41]. On the other hand, miR-3687 is down-regulated
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in breast cancer and colon cancer cell lines [42]. Therefore, the role directly attributed to miR-3687 in
enhancing cancer risk (in specific organ systems) remains controversial. However, in the study here,
the TCGA database and fresh clinic human BC paired tissues collected from this study were used to
assess miR-3687 expression in BC. miR-3687 levels are elevated in BC and promote BC cell growth
both in vitro and in vivo by up-regulating cyclin E2 expression.

Cyclin E2 is up-regulated in many tumor types and appears to induce GO/G1 cell cycle arrest in
human BC cells. Cyclin E2 is regulated by a variety of mechanisms at the transcriptional/post-
transcriptional levels. Our data indicate that inhibition of miR-3687 expression results in down-
regulation of cyclin E2 mRNA levels and cyclin E2 promoter activity, indicating that cyclin E2 is
regulated at a transcriptional level. TRANSFAC® transcription factor binding site software showed
the cyclin E2 promoter region contains putative DNA binding sites for OCT2, CDX2, and FOXP1. Our
data indicate that expression of FOXP1 was up-regulated in UMUC3(miR-3687i) and T24(miR-36871)
compared to scramble nonsense control cells, while that there is no significant change in OCT2 or
CDX2. Further, we show that knockdown of FOXP1 remarkably increase cyclin E2 expression, BC
cell growth as well as promoting G0/GI1 cell cycle transition in miR-3687-inhibited BC cells. Therefore,
we draw the conclusion that FOXP1 is a downstream transcriptional regulator of miR-3687 that
negatively regulates cyclin E2, which in turn binds the cyclin E2 promoter and inhibits cyclin E2
transcription, resulting in inhibition of the GO/G1 cell cycle transition, and reduction in BC cell
proliferation and tumor growth.

Forkhead box (FOX) proteins constitute a large class of transcription factors with multiple
functions, from development and organogenesis to regulation of metabolic and immune functions
[43]. The Fox transcription factor is characterized by a 100 amino acid wing helix/forkhead DNA
binding domain. In addition, the Fox protein subfamily, including FOXP1-P4, contains a zinc finger
domain and a leucine zipper motif and can act as a transcriptional repressor by forming homo- or
heterodimers with other family members. The function of FOXP1 has been widely studied in blood,
lung, heart and immune cells [44-46]. Other studies have shown FOXP1 can act as an oncogene in
diffuse large B-cell lymphoma [47], mucosal-associated lymphoid tissue lymphoma [48] or act as a
tumor suppressor in gastrointestinal [49], lung cancer [50], genitourinary, and breast cancer [51]. In
the present study, FOXP1 is found to be responsible for the attenuation of cyclin E2 expression by
miR-3687i at the transcriptional level. Since FOXP1 can transcriptionally inhibit the transcription of
cyclin E2, indicating that FOXP1 acts as a tumor suppressor in BC cells, which has not been reported
in previous studies.

In summary, the current study showed for the first time that miR-3687 was up-regulated in BC
tissue and cell lines. Functional studies revealed that miR-3687 promotes BC cell growth in vitro and
tumor formation in vivo, and down-regulates FOXP1 expression (by targeting it's 3'-UTR).
Subsequent reduction of FOXP1 promotes the transcription of cyclin E2 by decreasing its binding to
the cyclin E2 promoter. Eventually, increased levels of cyclin E2 promote BC cell proliferation
through promoting the G0/G1 transition. Taken together, these results indicate that miR-3687 is a
critical cancer-promoting molecule in BC, and that miR-3687 and its downstream effectors may serve
as potential targets for early diagnosis and/or target during the treatment of BC patients.

4. Materials and Methods

4.1. Reagents, antibodies, and plasmids

Sponge inhibitor explicitly targeting miR-3687 and its control vector plasmids were purchased
from GenePharma (#C5619, Shanghai, China). The human foxp1 3'-untranslated region (3-UTR) was
cloned into the pMIR-Report luciferase vector through the Kpnl and HindIII sites. The FOXP1 3'-UTR
point mutation was amplified from the wild-type (WT) template by overlap PCR using the primers
(F) 5-ATT TAT CTA TCT GTC CTA ACC ATT TCT CTC AAA A-3'and (R) 5'-TTT TGA GAG AAA
TGG TTA GGA CAG ATA GAT AAT-3'. The dual luciferase assay kit was bought from Promega
(Madison, W1, USA), while TRIzol and a SuperScript™ First-Strand Synthesis system were purchased
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from Invitrogen (Grand Island, NY, USA). shRNA specifically targeting human FOXP1 were bought
from Open Biosystems (GE Healthcare, Pittsburgh, PA, USA). The cyclin E2 expression plasmid was
bought from Obio Technology (Shanghai, China). The cyclin E2 promoter-driven luciferase reporter
was obtained from Addgene (Cambridge, MA). Specific antibodies against P21 (sc-397), CDK2 (sc-
70829), CDK4 (sc-260), CDK6 (sc-177), cyclinD1 (sc-20044) were all bought from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Specific antibodies against FOXP1 (CST#4402), cyclin E2
(CST#4132), GAPDH (CST#5174) were all purchased from Cell Signaling Technology (Boston, MA,
USA). Specific antibodies against CDX2 (GTX#32513) was bought from genetex (Irvine, CA, USA)
and OCT?2 (#18996-1-AP) was bought from Proteintech (Chicago, IL, USA).

4.2. Cell culture and transfection

The human BC cell lines T24, T24T, UMUCS, J82, and TCCSUP, and the normal urinary epithelial
cell line UROtsa were used in this study. All BC cell lines were subjected to DNA tests and
authenticated before use. UROtsa was generously provided by Dr. Scott H. Garrent (University of
North Dakota, Grand Forks, ND) and used in our previous studies (Jin H, [24,52]). UMUCS3 cells were
maintained at 37°C in a 5% CO2 incubator in DMEM (#11995-065, Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS; #10437-028, Gibco). T24 and T24T cells were
cultured with a 1:1 mixture of DMEM/Ham’s F12 medium (#10565-018, Gibco) supplemented with
5% FBS. UROtsa cells were cultured in RPMI 1640 (#11875-093, Gibco) supplemented with 10% FBS.
TCCSUP and J82 cells were cultured with MEM (#11095-080, Gibco) supplemented with 10% FBS.
Stable transfections were performed with constructs using PolyJet™ DNA In Vitro Transfection
Reagent (SignaGen Laboratories, Gaithersburg, MD, USA) according to manufacturer’s instructions.
Stable transfectants were selected with puromycin (0.2-0.3 pg/ml) or hygromycin B (200-400 pg/ml)
for 3-4 wk, according to the different antibiotic resistance plasmids transfected.

4.3. Lentivirus packaging and infection

Stable FOXP1 knockdown cells were established by lentivirus infection as described in our
published studies [53]. Briefly, 293T cells were seeded into 6-well plates until reaching 60-70%
confluence. The transfection complex consisted of 2.0 ug DNA plasmid and two packaging vectors
(1.2 ug pMD2.G and 1.2 pug psPAX2) diluted in 100 ul serum-free DMEM, and 4.0 ul PolyJet™ DNA
(SignaGen Laboratories, Rockville, MD, USA) diluted in 100 pul serum-free DMEM. The diluted
PolyJet™ reagent was immediately added to the diluted DNA solution, and the mixture was shaken
and then incubated for 15 min at room temperature to form a transfection complex. The latter, in turn,
was added to the 293T cells, and viral supernatant fractions produced at 48 h were isolated, purified
by centrifugation at 2500 rpm for 30 min, and filtered through a 0.45 um pore membrane. Viral
supernatant fractions were used to transfect target cells at a ratio of 0.1 ml: 1 ml (viral supernatant
fraction: medium). Cells were cultured in 6-well plates, and after 48 h, the medium was replaced with
complete fresh medium containing 3.0 ug puromycin/ml. Similar experiments were performed with
all cells until the control cells (without infections) completely died (2-3 days) in the puromycin-
containing medium.

4.4. Anchorage-independent growth

The potential inhibitory effect of miR-3687i on anchorage-independent growth of human BC
cells was determined in soft agar assay as described in our published studies [54]. In brief, 104
UMUC3(miR-3687i) or T24(miR-3687i) stable transfectants and control vector transfectants were
exposed to Basal Medium Eagle (BME) containing 0.33% agar and seeded on the bottom layer of 0.5%
agar in 10% FBS-BME in each well of 6-well plates. The cultures were then maintained at 37°C in a
5% CO2 incubator for 3-4 wk. Wells containing cell colonies with >32 cells were then scored. Colonies
were observed and counted using a DMil microscope (Leica, Frankfurt am Main, Germany). The
results were presented as [mean + SD] colonies /10,000 seeded cells.

4.5. Monolayer cell proliferation
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Confluent monolayers of UMUC3 and T24 cells were trypsinized with 0.25% trypsin (#25200-
072, Gibco), and then 0.4 x 103 viable cells suspended in 200 ul complete medium was added to each
well of 96-well plates. After adherence (6 h at 37°C), cells were synchronized by replacing with culture
medium containing only 0.1% FBS for 24 h. Thereafter, the cells were cultured in complete medium
for the indicated days. At each point, the cell proliferation index was determined using a Cell Titer-
Glo Luminescent Cell Viability Assay kit (Promega). Each time, luminescence was measured with a
Centro LB 960 luminometer (Berthold Technologies, Berthold, Germany).

4.7. Western blot

Cells were pelleted and then lysed on ice in a “boiling buffer” containing 1% SDS, 1 mM
Na3V0O4, 10 mM Tris-HCl (pH 7.4). The materials were heated at 100°C for 5-10 min, and then
ultrasonicated to break all nucleic acids. Protein concentration in the final suspension was determined
using the BCA Protein Assay kit (ThermoScientific, Pittsburgh, PA, USA). Samples of each cell extract
(40 pg/lane) were then subjected to SDS-PAGE, and the resolved proteins then electrotransferred to
polyvinylidene fluoride (PVDF) membranes (BioRad, Hercules, CA, USA). After blocking with 5%
non-fat milk in TBST, each dedicated membrane was incubated at 4°C overnight in a solution of 5%
BSA containing a given primary rabbit antibody CDK6 [1:1000], CDK4 [1:1000], CyclinE2 [1:1000],
FOXP1 [1:1000], OCT2 [1:800], CDX2 [1:800], or p21 [1:800]. To evaluate Cyclin D1 and CDK2 a mouse
antibody was employed [1:1000]. All blots were probed simultaneously with rabbit anti-GAPDH
[1:3000] or —Tubulin [1:3000]. The membranes were then gently rinsed with TBST and then incubated
for 3 h at 4°C in a solution of containing 5% non-fat milk alkaline phosphatase (AP)-conjugated
secondary antibody (anti-mouse or anti-rabbit IgG, 1:2000 dilution). Signals were then detected using
an ECF Western-blotting system and a Typhoon FLA 7000 imager (GE Healthcare).

4.8. Quantitative RT-PCR

Total miRNA were extracted using a miRNeasy Mini Kit (Qiagen, Valencia, CA) and total RNA
(1.0 pg) was then used for reverse transcription following manufacturer instructions. miRNA
expression was determined using a Q6 real-time PCR system (Applied Biosystems, Carlsbad, CA)
and a miScript PCR Kit (Qiagen). The 5-TAGTAGACCGTATAGCGTACG-3' primer for miR-3687
was synthesized by Sunny Biotechnology (Shanghai, China). U6 was used as an internal loading
control. Cycle threshold (CT) values were determined, and the relative expression of miRNA
calculated from the values of 2-AACT.

4.9. Dual-luciferase reporter assay

UMUC3(Vector), UMUC3(miR-3687i), T24(Vector), and T24(miR-3687i) cells were transiently
co-transfected for 24 h with a foxp1 3'-UTR WT or FOXP1 3'-UTR mutant luciferase reporter and pRL-
TK. The transfectants were then washed with PBS and extracted with passive lysis buffer at room
temperature for 15 min to ensure complete lysis of the cells. Cell lysates were transferred to a 96-well
plate, and Luciferase Assay Reagent II (as part of Dual-Luciferase® Reporter Assay System
[Promega]) was added. After 15 min at room temperature, kit-provided Stop&Glo Reagent was
added to the wells, and pRL-TK activity was assessed using a Centro LB 960 luminometer (Berthold
GmbH, Bad Wildbad, Germany). The WT and mutant cyclin E2 promoter-driven luciferase reporter
in the FOXP1 binding site were the same as the foxp1 3’-UTR.

4.10. Xenograft model in nude mice in vivo

Female BALB/c athymic nude mice (3-4 wk old) were purchased from the Silaike Experimental
Animal Company (Shanghai). All mice were housed in specific pathogen-free facilities at the Animal
Institute of Wenzhou Medical University that were maintained at 26°C with 40% relative humidity
and a 12-h light/dark cycle. All mice had ad libitum access to standard rodent chow and filtered tap
water. After a 2-wk acclimatization, mice were randomly allocated into four groups and
subcutaneously injected in the right side (lower back) with 0.1 ml T24(miR-3687i) and T24(Vector) or
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UMUC3(miR-3687) and UMUC3(Vector) cells (in each case, 2.0 x 106 cells suspended in 100 pl PBS).
After 4-5 wk, the mice were sacrificed, and any tumor present was surgically removed, imaged, and
weighed. One-third of each total tumor was then fixed in 4% paraformaldehyde for later used in
immunohistochemical analyses (IHC), one third was frozen at -80°C, and the remaining third was
used to extract RNA (if necessary). All animal studies were performed using protocols approved by
the Laboratory Animal Ethics Committee of Wenzhou Medical University (ID Number: wydw2017-
0073; Approval Date: March 4, 2017).

4.11. Immunohistochemistry (IHC)

Tumor tissues from the mice were formalin-fixed and paraffin-embedded. For IHC staining,
antibodies against cyclin E2 (1:200 dilution; #ab109016, Abcam, Cambridge, UK) and FOXP1 (1:200
dilution, #sc-397, Santa Cruz Biotechnology, CA, USA) were used. Staining was done using a
commercial kit (Boster Bio-Engineering Company, Wuhan, China) according to manufacturer
instructions. Resultant immunostained sample images were captured using a DS-Ri2 Eclipse Ni
microsystem (Nikon, Tokyo, Japan). Protein expression levels were analyzed by calculating
integrated optical density/stained area (IOD/area) using Image-Pro Plus (v.6.0, Media Cybernetics,
Bethesda, MD, USA).

4.12. Clinical specimens

The presented study was approved by the Ethetics Committee of Wenzhou Medical University
(ID Number: No.KT2016-9; Approval Date: March 10, 2016). To provide a background for the actual
expression of miRNA-3687 in bladder cancer, human BC tissue samples and corresponding adjacent
normal tissues were isolated from patients at the First Affiliated Hospital of Wenzhou Medical
University (Zhejiang, China). All patients provided informed consent to having the biosamples
collected for study. In total, 19 pairs of BC/normal tissues were collected and detailed information
was described previously(23). Each sample was snap frozen in liquid nitrogen at the time of surgery;
subsequently, RNA was extracted, and cDNA was synthesized (using standard protocols) and stored
at -80°C until analysis.

4.13. Statistical analysis

A Student's t-test was used to determine the significance between any two groups of interest.
Results are expressed as mean o SD from at least three independent experiments. A p-value of < 0.05
was accepted as a significant difference between the specified two groups that were compared. All
data were analyzed using GraphPad software (La Jolla, CA, USA).

Supplementary Materials: Figure S1: TCGA database analysis of the expression of miR-3687 in human bladder
cancer tissues and adjacent tissues (n = 19)., Figure S2: miR-3687 downregulated foxpl mRNA stability.
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