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In aggressive prostate cancers, the oncoprotein STMN1 (also known as stathmin 1 and oncoprotein
18) is often overexpressed. STMNL is involved in various cellular processes, including cell
proliferation, motility, and tumor metastasis. Here, it was found that the expression of STMN1
RNA and protein is elevated in metastatic prostate cancers. Knockdown of STMNL1 resulted in
reduced proliferation and invasion of cells and tumor growth and metastasis /77 vivo. Furthermore,
miR-34a downregulated STMNL1 by directly binding to its 3'UTR. Overexpression of miR-34a in
prostate cancer cells reduced proliferation and colony formation, suggesting that it is a tumor
suppressor. The transcriptional corepressor C-terminal binding protein 1 (CtBP1) negatively
regulated expression of miR-34a. Furthermore, gene expression profiling of STMNZ1-modulated
prostate cancer cells revealed molecular alterations, including elevated expression of growth
differentiation factor 15 (GDF15), which is involved in cancer progression and potentially in
STMN1-mediated oncogenesis. Thus, in prostate cancer, CtBP1-regulated miR-34a modulates
STMNL1 expression and is involved in cancer progression through the CtBP1\miR-34a
\STMN1\GDF15 axis.

Introduction

Prostate cancer is the third leading cause of death from cancer and the most prevalent cancer
in men; over their lifetime, 19% of men in the United States develop prostate cancer (1).
Recent advances in genomic technology have allowed molecular characterization of these
cancers (2). Understanding the mechanism of action and regulation of differentially
expressed genes that regulate growth and progression of metastatic prostate cancer can
provide insight into the biology of the disease and offer targets for developing therapeutic
interventions for this lethal disease. Despite recent increments in survival of men with
metastatic, castration-resistant prostate cancer by use of taxane chemotherapy (docetaxel,
cabazitaxel), androgen inhibitors (abiraterone, enzalutamide), a vaccine (sipuleucel-T), and a
radiopharmaceutical (radium223), the disease remains incurable (3-8).

Our studies of expression profiling and transcriptomic sequencing using RNA from
metastatic prostate cancers showed overexpression of STMN1 (also known as stathmin 1,
oncoprotein 18, Op18, and metablastin), which is involved in cancer progression (9).
STMNL, a highly conserved, 18-KDa, cytosolic phosphoprotein involved in control of cell
proliferation, differentiation, motility, clonogenicity, and survival (10), regulates cell division
by destabilizing microtubules in a phosphorylationdependent manner (11). The
unphosphorylated form of STMN1 destabilizes microtubules in cell cultures and in animals
and binds to soluble B-tubulin dimers; phosphorylation switches off both of these activities.
In glioma cells, STMNL1 is involved in cellcycle progression and in cell migration and
invasion (12). In the STMNL protein of human esophageal adenocarcinoma, there is a Q18--
>E substitution (11). STMNL is overexpressed in ovarian (13), cervical (14), prostate (15),
breast (16), and gallbladder carcinomas (17). During mitosis, serine residues 16, 25, 38, and
63 of STMNZ1 are phosphorylated (18-25). Protein kinase A, the Ca2+/calmodulin-
dependent kinase IV/mitogen-activated protein kinase family (MAP/ERK), and cyclin-
dependent kinases phosphorylate STMNL1 (26). The efficacy of microtubule-directed
chemotherapeutics, such as docetaxel and cabazitaxel, suggests that STMNL1 is a therapeutic
target. Overexpression of STMNL is associated with poor outcomes for nasopharyngeal and
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ovarian cancers; estrogen receptor—positive, tamoxifen-treated breast cancers; and oral
squamous cell carcinomas (27-30). In the current study, we investigated the function and
regulation of STMN1 during prostate cancer progression.

miRNAs participate in tumorigenesis through modulating the expression of their cognate
target genes by binding to the 3'-untranslated regions (UTR) of target mRNAS, causing their
translational inhibition or cleavage (31). Thus, it is of interest to identify an miRNA that
interferes with STMN1 expression and thereby leads to cancer invasion and metastasis. Our
in silico analysis predicted binding of miR-34a to STMN1, which could regulate its
expression in prostate cancers. miR-34a is involved in various biological and pathologic
processes, including the cell cycle, cell proliferation, and antiapoptosis (32). However, the
underlying mechanism for miR-34a— mediated regulation of STMN1 remains poorly
understood. However, in cancers, other miRNAs also negatively regulate STMN1
expression. These include miR-223 in malignant pleural mesothelioma (33) and
hepatocellular carcinoma (34), miR-101 in hepatocellular carcinoma (35) and breast cancer
(36), miR-193b in pancreatic cancer (37), miR-9 in glioma (38), and miR-1247 in non—small
cell lung cancer (39). We and others have shown that tumor suppressor miRNAs target
oncogenes associated with various cancer pathways. Examples include miR-101 and 26a,
which target the histone methyltransferase EZH2 (40, 41); miR-124, which targets collagen
prolyl hydroxylase PAHA1 (42); miR-101, which targets SUB1 (43); let-7a (44) and
miR-34b (45), which target MYC; miR-29b, which targets MCL1 (46); and let-7, which
targets RAS (47). In the current report, we show that miR-34a binds to the 3'UTR of
STMNL1 and regulates its expression. In addition, miR-34a is a target of the transcriptional
corepressor CtBP1. We have earlier shown that, in metastatic prostate cancer, CtBP1 is
overexpressed (48). We now show that STMNL1 affects proliferation of prostate cancer cells
and tumor growth in animals and that reduced expression of miR-34a, a tumor suppressor,
negatively regulates STMNL1 expression. The oncoprotein GDF15 promotes metastasis of
colorectal cancers and radioresistance in head and neck cancers ((49, 50). In summary, our
results indicate that, in aggressive prostate cancers, CtBP1 negatively regulates miR-34a,
which upregulates STMN1, which, in turn, upregulates GDF15. Through this process,
STMNL1 is involved in the development and progression of prostate cancers.

Materials and Methods

Cell cultures

The human prostate cancer cell lines, DU145, PC3, LNCaP, and 293T, were from ATCC.
Cells were cultured in RPMI1640 (Life Technologies) supplemented with 10% FBS (Life
Technologies) and penicillin—streptomycin (100 U/ml) under 5% CO»,. Normal human
prostate epithelial cells (PrEC, Lonza) were grown in PrEGM™ Prostate Epithelial Cell
Growth Medium (Lonza), and human benign prostate cells RWPE-1 (henceforth referred as
RWPE; ATCC) were grown in keratinocyte-serum free medium with supplements (Life
Technologies) as specified by the supplier. Cells were established as free of mycoplasma and
bacteria following instructions of ATCC. Lenti- and adenoviruses were generated by the
University of Michigan Vector Core (Ann Arbor, MI). Prostate cancer cells were infected
with lentiviruses expressing STMN1 or CtBP1 shRNAs or with nontargeting (NT)-shRNA
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controls; stable cell lines were generated by selection with 1 ug/mL puromycin (Thermo
Fisher Scientific). For transient overexpression, PrEC cells were infected with adenoviruses
expressing CtBP1 or lacZ.

Benign and tumor tissues

Tissues were from patients with clinically localized prostate cancer who underwent radical
prostatectomy. Samples were also obtained from patients with androgen-independent
metastatic prostate cancers from a rapid autopsy program through the University of
Michigan Prostate SPORE Tissue Core, as described previously (51, 52). The Institutional
Review Board at the University of Michigan Medical School approved this study. All
methods were performed in accordance with the university guidelines and regulations.

Gene expression from TCGA

The Cancer Genome Atlas (TCGA) gene expression profile of STMN1 and GDF15 were
obtained from a web portal UALCAN (53). In UALCAN (http://ualcan.path.uab.edu/), the
clinical data for patients with prostate cancer and Level3 TCGA RNA-seq data (including
raw_read_count and scaled_estimate for each sample) for primary tumors and matched
normal samples were downloaded using TCGA assembler (54). For each gene, transcript per
million values were obtained by multiplying the scaled estimate by 1,000,000. Boxplots
were generated by use of R (https://cran.r-project.org/).

RNAI and lenti-miRNA overexpression

STMN1 shRNAs (pGreenPuro Vector) were generated by System Biosciences
(Supplementary Table S1). Human premiRNA expression constructs lenti-miR-34a
(M10000268), -135b (M10000810), -193b (M10003137), and -196a (M10000279) were
purchased from System Biosciences. Lentiviruses for these constructs were generated by the
University of Michigan Vector Core. For transient knockdowns, two independent SiRNAs
specific for STMN1 were purchased from Dharmacon (GE Healthcare). Transfections were
performed with Lipofectamine RNAIMAX reagent (Life Technologies). Stable knockdowns
of STMNL1 and CtBP1, and overexpressions of miRNAs were generated in prostate cancer
cells, which were harvested for RNA isolation or Western blot analysis.

RNA extraction and qRT-PCR analysis

Total RNA was isolated from prostate cancer cells and prostate cancer tissue samples using
RNeasy Mini Kits (Qiagen). RNA was reverse transcribed into complementary DNA using
SuperScript 111 Reverse Transcriptase (Invitrogen). qRTPCR was performed as described
previously (42). SYBR Green was used to determine the mRNA expression level of genes of
interest. All primers for SYBR green were synthesized by Integrated DNA Technologies.
GAPDH or ACTB was used as a normalized control. Primer sequences used for SYBR
Green qRT-PCR are listed in Supplementary Table S2. miRNA was extracted using
miRNeasy Mini Kit (Qiagen) and was reverse transcribed using specific RT anchor primers
following the manufacturer's instructions. For TagMan miRNA assays, U6 SnRNA
(#001973) and hsa-miR-34a (#000426) were purchased from Applied Biosystems, Thermo
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Fisher Scientific. U6 snRNA was used as a normalized control. All PCR reactions were
performed in triplicate.

Western blot analyses

Cells, tissues, and mouse xenograft tumors were harvested following various treatments as
described above, lysed in NP-40 lysis buffer (Boston BioProducts), and quantified by a DC
Protein Assay (Bio-Rad). For Western blot analyses, protein samples (10 mg) were separated
on a NuPAGE 4%-12% Bis-Tris Protein Gel (Invitrogen) and transferred onto Immobilon-P
PVDF membranes (EMD Millipore). The membranes were incubated for 1 hour in blocking
buffer [5% nonfat dry milk in Tris-buffered saline and 0.1% Tween (TBS-T)], followed by
incubation overnight at 4 C with the primary antibody. After three washes with TBS-T, the
blots were incubated with horseradish peroxidase— conjugated secondary antibody, and
signals were visualized by Luminata Forte Western blot HRP substrate (EMD Millipore)
using an Amersham Imager 600RGB (GE Healthcare Life Sciences). Antibodies used are
listed in Supplementary Table S3.

Gene expression analysis

Gene expression profiling was accomplished with RNA isolated from STMN1 shRNA
knockdown PC3 and LNCaP cells and nontarget control cells. Profiling was performed using
the Agilent Whole Human Genome Oligo Microarray (Agilent), and the analyses were
performed according to the manufacturer's protocol. A bioconductor package "agilp"” (55)
was used to extract and normalize raw data from two-channel experiment arrays. Loess
normalization was applied on each array. The gene expression profiling data have been
deposited at gene expression omnibus (GSE96523). The differential expression of each gene
was estimated by subtracting loess-normalized, log-2—transformed signal intensity of control
samples from that of knockdown samples. Genes with an absolute fold change of 1.5 were
selected as differentially expressed. The heatmap.2 function of R package "gplots" was used
to create the heatmap.

Cell proliferation assays

Transient and stable STMN1 knockdown and cells stably overexpressing miR-34a were
used. The test cells were seeded at a density of 10,000 cells per well in 24-well plates (7=
3). Cells were harvested and counted at indicated time points by use of a Coulter counter
(Beckman Coulter). Untreated, NT-siRNA, shRNA, lenti-miRNA, or scramble miRNA
treated cells served as controls. Each experiment was performed with three replicates per
sample.

Colony formation assays

For study of STMNL, after 72 hours of transfection, nontargeting and STMN1 siRNA-
treated cells were counted and seeded at 800 cells per well of 6-well plates (in triplicates)
and incubated at 37 C under 5% CO, for 10 days. For study of miR-34a, scramble miRNA
and miR-34a cells were seeded as above and incubated for 10 days as described earlier (43,
56). The colonies were fixed with 5% (v/v) glutaraldehyde for 15 minutes and stained with
crystal violet (Sigma-Aldrich) for 15 minutes. Photographs of the colonies were taken using
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Amersham Imager 600RGB (GE Healthcare Life Sciences). Colony quantification was
accomplished with ImageQuant TL Colony v8.1 software (GE Healthcare Life Sciences).

Cellular migration assays

Scratch wound migration assays of PCA cells were performed as described (42, 43).

Matrigel invasion assays

Cell invasion was assessed by use of BD BioCoat Matrigel matrix (Corning Life Sciences)
Transwell chamber plates. Matrigel invasion assays were performed as described earlier (42,
43, 56). Various test cells were seeded onto the Transwell chambers of 24-well culture
plates. To the lower chambers, 750 uL of 10% FBS-RPMI11640 medium was added as a
chemoattractant. After 48 hours, the noninvading cells and the Matrigel matrix were
removed with a cotton swab. The invading cells on bottom surfaces of the membrane were
stained with 0.2% crystal violet in methanol for 15 minutes and air-dried. Cell images were
obtained with an inverted phase-contrast microscope (X4). Invasion was quantified by a
colorimetric assay. The inserts were treated with 150 uL of 10% acetic acid, and the
absorbance was measured at 560 nm.

MiRNA reporter luciferase assays

3'-UTR luciferase assays were performed as described earlier (42, 43). The wild-type or
mutant 3-UTRs of STMN1 were cloned into the pMIR-REPORT miRNA Expression
Reporter Vector (Life Technologies). 293T cells were transfected with either pre-miR-34a
(#PM11030) or nontargeting miRNA for 4 hours, followed by transfection with wild-type or
mutant 3'UTR-luc, as well as a pRL-TK vector as an internal control for luciferase activity.
At 72 hours posttransfection, the cells were lysed, and luciferase assays were conducted
using the dual luciferase assay system (Promega) as per the manufacturer's instructions.
Each experiment was performed in triplicate.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChlIP) assays were accomplished with anti-CtBP1
(#C8741, Sigma-Aldrich) and IgG antibodies using iDeal ChIP-seq Kits for Transcription
Factors (#C01010055, Diagenode Inc.) following the manufacturer's instructions. The
primer sequences for the M/R34A promoter are provided in Supplementary Table S4.

Chick chorioallantoic membrane assay

In vivo cell invasion, intravasation, metastasis, and tumor (or xenograft) formation were
modeled by chick chorioallantoic membrane (CAM) assays (42, 43, 56). Briefly, fertilized
chicken eggs (Charles River Laboratories) were incubated for 10 days in a rotary incubator
at 38C and humidity of 58% to 60%. CAM, 1 cm away from the branch point of the
chorioallantoic vein, was dropped by applying gentle suction created with the aid of an
automatic pipette through a small hole in the air sac. The test cells [PC3-scramble, STMN1
shRNA1 and 2 (1 x 106 each)] in a volume of 50 uL of culture medium were applied to the
dropped CAM. At 3 days after cell implantation, the lower CAMs were harvested, and
extraembryonic tumors were isolated and weighed. For assay of metastasis, the embryonic
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livers were harvested on day 18 of embryonic growth and analyzed for the presence of tumor
cells by quantitative human Alu-specific PCR. Genomic DNA from the lower CAMs and
livers was prepared using the Puregene DNA purification system (Qiagen), and
quantification of human Alu was performed as described previously (42, 43, 56). An average
of eight eggs per group was used in each experiment.

Mouse tumor xenografts

All procedures involving mice were accomplished according to protocols reviewed and
approved by the University Committee on Use and Care of Animals at the University of
Michigan. Male Hsd: Athymic Nude-Foxn1™ mice (n = 8/group) were purchased from
Envigo. To evaluate the role of STMN1 in tumor formation, stable STMN1 knockdown PC3
cells were propagated using two independent shRNAs and non-T shRNA control cells, and
inoculated at 1 x 108 cells subcutaneously into the dorsal flanks of 5-weekold male athymic
nude mice. The tumor data obtained using scramble cells are the same as that used in an
earlier study, as the STMN1 tumor xenograft study was conducted simultaneously with
common control animals (42). Tumor sizes were measured biweekly, and tumor volumes
were calculated using the formula (rt/6) (Lx WA), where L is the length and Wis the width
of the tumor. After 5 weeks, mice from different groups were killed, the tumors were
photographed and weighed, and the results were plotted.

Statistical analyses

To determine significant differences between two groups, Student two-tailed ¢test was used
for all experiments, except for microarrays. P < 0.05 was considered statistically significant.

Results

Aggressive prostate cancers overexpress STMN1

To identify the expression of STMNL1 in prostate cancer, we utilized publicly available
cancer gene expression profiling and transcriptome sequencing data. In our /n silico analysis
of metastatic prostate cancer, there was upregulation of STMNL1 (Fig. 1A and B). TCGA
data for STMN1 were obtained using the "UALCAN" web portal for gene expression
analyses, which showed upregulation of STMNL1 in prostate cancer (Fig. 1C; ref. 53). Next,
to investigate the expression of STMNL1 in a cohort of benign and malignant prostate tissue
samples, qRTPCR, performed with RNA from these tissues, confirmed increased expression
of STMNL1 in metastatic prostate cancer tissues relative to benign prostate samples (Fig.
1D). To validate the mRNA results, Western blotting was performed on randomly selected
cases (benign, localized prostate cancer, and hormone-refractory, and metastatic prostate
cancer) by use of a mAD specific for STMN1. The amounts of STMNL1 protein were greater
in metastatic prostate cancers relative to localized prostate cancers or benign prostate (Fig.
1E). Thus, /n silico, tissue RNA and protein measurements demonstrated elevated expression
of STMNL1 in prostate cancer tissues.

STMN1 knockdown reduces proliferation and invasion of prostate cancer cells

To determine the role of STMNL1 in growth of prostate cancer cells, cells with stable STMN1
knockdown were generated by use of two specific and independent shRNAS in aggressive
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prostate cancer cell lines DU145 and PC3 and were used to conduct assays for cell
proliferation and invasion. Western blot analysis confirmed knockdown of STMN1 (Fig. 2A
and B). Simultaneously, cell proliferation assays were conducted for DU145 and PC3 cells
by counting the cells at various time intervals. STMN1 knockdown reduced proliferation of
prostate cancer cells (Fig. 2A and B). To determine whether STMN1 knockdown reduces
cell motility and migration, scratch wound migration assays were performed. The capacity
of the stable STMN1 knockdown cells to close a wound was lower relative to cells
expressing scramble shRNA (Supplementary Fig. S1). In addition, in DU145, PC3, and
LNCaP cells, transient knockdowns of STMN1 were achieved by use of two specific and
independent siRNA duplexes (Supplementary Fig. S2A). Transient knockdown of STMN1
reduced formation of cell colonies as compared with untreated cells and cells treated with
nontargeting siRNA (Supplementary Fig. S2B). As determined by Matrigel assays, the
stable knockdown cells also showed lower capacity for cell invasion as measured (Fig. 2C
and D). Thus, these experiments demonstrated the function of STMNL1 in prostate cancer
cell proliferation, invasion, and colony formation.

miR-34a downregulates STMN1

Earlier studies demonstrated that, in prostate cancer cells, miRNASs negatively regulate
various oncogenes (40-44, 46, 47). To investigate the upstream regulators of STMNL, freely
available web-based miR target prediction resources, miRNA.org (57) and miRSearch V3.0
(58, 59), were used. With these, we established that miR-34a could target STMN1. By
targeting various oncogenes, including ERBB2 in breast cancer (60), EGFR in glioblastoma
multiforme (61), and SIRT1 in colon cancer, miR-34a exerts tumor suppressor activity (62).
A binding site for miR-34a in the 3'-UTR of STMNZ1was present (Fig. 3A). Next, the role of
miR-34a in regulation of STMN1 was investigated by stably overexpressing nontargeting
miRNA, miR-34a, -135b, -193b, or -196a in DU145 and PC3 cells. STMNL1 protein
expression, evaluated by Western blot analyses, showed downregulation of STMN1 protein
levels (Fig. 3B). Cells treated with miR-34a showed reductions in STMNL1 protein levels,
whereas the control and other miRNAs did not alter expression (Fig. 3B). Downregulation of
STMN1 by miR-34a was due to an miRNA:mRNA interaction, as miR-34a inhibited the
expression of a luciferase reporter gene fused to a fragment of the STMN1 3'UTR
containing the target site (Fig. 3C). Mutation of the miR-34a target site reversed this effect
(Fig. 3C and Supplementary Fig. S3). Furthermore, the inhibitory effect of miR-34a on cell
growth was assessed by use of cell proliferation (Fig. 3D) and colony formation assays (Fig.
3E). Thus, STMNL1 is a target of miR-34a.

The corepressor CtBP1 modulates STMN1 expression by downregulating miR-34a

The transcriptional corepressor CtBP1 acts as an oncogene and is involved in PCA
progression; it can also act as tumor suppressor in context-dependent manner (48, 63, 64).
Moreover, CtBP1 mediates suppression of various tumor suppressors, such as the epithelial
cell markers, E-cadherin and LCN2, suggesting its role in the epithelial-to-mesenchymal
transition (48). In breast cancers, CtBP1 modulates various miRNAs involved in metabolic
processes, the cell cycle, and cell communication (63), and miR-124 is involved in
progression of PCA (42). Earlier studies, including ours, have demonstrated the role of
miRNAs in cellular processes, such as cell proliferation, invasion, and metastasis by
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repressing oncogenes (40, 41), including P4AHAL (42), SUB1 (43), MYC (44, 45), MCL1
(46), and RAS (47). To investigate the potential role of CtBP1 on miR-34a expression,
Tagman qRTPCR analyses were performed with normal prostate epithelial cells over-
expressing CtBP1 (Fig. 4A). CtBP1 negatively regulated miR-34a, leading to overexpression
of STMNL1 (Fig. 4A). Next, protein and RNA levels of STMN1 were measured in cells with
stable knockdowns of CtBP1 In CtBP1 knockdown cells, STMN1 expression was lower at
both protein (Fig. 4B) and RNA (Fig. 4C) levels. Thus, by repressing miR-34a expression,
CtBP1 enhanced expression of STMNL. To validate the binding of CtBP1 to the M/R34A
promoter, chromatin immunoprecipitation (ChlP) assays were conducted with DU145 cells
by use of a commercially available anti-CtBP1 antibody. CtBP1 was enriched at the
MIR34A promoter region (Fig. 4D). These data demonstrate that, in PCA cells, CtBP1
transcriptionally represses the MIR34A expression.

In prostate cancer cells, STMN1 modulates gene expression

To assess STMN1-mediated effects in prostate cancer progression, gene expression analyses
were conducted by use of a microarray with RNA from STMN1 knockdown PC3 and
LNCaP cells. Genes modulated by STMN1 knockdown included growth differentiation
factor GDF15 (Fig. 5A). GDF15, a secreted ligand of the TGFp superfamily of proteins,
shows elevated expression or secretion in colorectal (49), pancreatic (65), esophageal (66),
ovarian (67), and endometrial (68) cancers. This elevated expression is often associated with
diseases that are more aggressive. GDF15 also contributes to the radioresistance of head and
neck cancer (50). However, GDF15 has different functions, depending on the specific tissues
and disease conditions. STMN1 knockdown downregulated GDF15 at the mRNA level (Fig.
5B and C). Furthermore, coexpression analyses between STMN1 and GDF15 using the
Oncomine gene expression analyses platform (Life Technologies) showed that these genes
are overexpressed in prostate cancers (Fig. 5D) compared with normal tissues (69). TCGA
data showed that aggressive primary tumors overexpress GDF15 (Fig. 5E). Thus, GDF15
acts downstream to the STMN1-mediated proliferation and invasion of prostate cancer cells.

STMNL1 is involved in growth and metastasis of prostate cancers

To determine the effects of STMNZ1 on tumor growth /n vivo, a CAM assay was used to
measure local intravasation and metastasis to distant organs. The CAM assay was performed
as described previously with prostate cancer PC3-STMN1 knockdown cells (42, 43, 56).
Knockdown of STMN1 resulted in reduced tumor weights compared with control cells
expressing nontargeting shRNA (Fig. 6A). Compared with control cells, STMN1
knockdown in PC3 cells impaired their capacity to invade the CAM basement membrane
and resulted in fewer numbers of intravasated cells in the lower CAM (Fig. 6B). In addition,
STMN1 knockdown reduced the numbers of metastatic cells in the chick livers compared
with control cells expressing nontargeting shRNA (Fig. 6C). STMN1-mediated
tumorigenesis in a mouse xenograft model was examined using NT-shRNA and two
independent STMNL1 stable knockdown PC3 cells. Relative to controls, cells treated with
STMN1-shRNA 1 or 2 showed less tumor growth and lower tumor weights (Fig. 6D and E).
Furthermore, STMNL1 expression in the tumor tissues was determined by Western blot
analysis. STMN1 expression was lower in the STMN1 shl and 2 groups compared with the
level in the NT-shRNA group (Fig. 6F), demonstrating that STMN1 inhibition attenuates
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tumor growth (CAM and mouse models) and metastasis (CAM model). These observations
suggest a role for STMNL1 in prostate tumor growth.

Discussion

The STMNL1 protein, which has functions in various cellular processes, including cell
proliferation, differentiation, motility, clonogenicity, and survival (10), is linked to breast
(16, 30), ovarian (13), cervical (14), prostate (15), and gallbladder (17) cancers. However,
the function of STMNL1 in prostate cancer is not clear. In the current study, we confirmed
that prostate cancer tissues frequently overexpress STMN1 mRNA and protein relative to
noncancerous prostate tissues. Knockdown of STMNL1 inhibited cell proliferation, invasion,
and colony formation and tumor growth of prostate cancer cells in the CAM assay and in
mice. The elevated expression of STMNL1 in aggressive prostate cancer tissues was
confirmed. Earlier, STMN1 expression was measured in prostate cancer (70). Such
expression of STMNL1 is associated with the proliferation and metastasis of a variety of
cancer cells (71). The silencing of STMN1 causes a decrease in cell proliferation, migration,
and invasion and growth of human gallbladder carcinomas (17). Likewise, our results
showed that knockdown of STMN1 caused less tumor growth, invasion, and metastasis.

In human cancers, there is often downregulation of miRNAs, which are related to tumor
progression and negatively regulate expression of their target mMRNASs (40-47). miR-34a, a
master tumor suppressor downstream of p53 (72), is downregulated in various cancers (73).
miR-34a antagonizes oncogenic processes by regulating genes that function in various
cellular pathways, including those that relate to the cell cycle and to proliferation,
antiapoptosis, cancer stemness, metastasis, oncogenic transcription, and chemoresistance
(32). MRX34, a synthetic miR-34a mimic loaded in liposomal nanoparticles, is the first
miRNA-based therapy specifically for cancer (74). For lung cancer, local and systematic
administration of the lipid-based miR-34a formulation to animals leads to accumulation of
miR-34a in the tumor tissues and to downregulation of miR-34a targets (75). In esophageal
carcinoma cells, miR-34a is regulated at the transcriptional level by NF-kB (76) and, in
acute myeloid leukemia, by the transcription factor, CCAAT enhancer binding protein alpha
(C/EBPa), which in turn leads to E2F3 repression and inhibition of cell-cycle progression
(77). Recently, it was shown that miR-34a regulates stathmin 1 via 3'UTR in osteosarcoma
(78).

In the current study, we showed that, in prostate cancer cells, miR-34a is repressed by the
transcriptional corepressor CtBP1, thus elevating STMN1 expression. The oncoprotein
CtBP1, overexpressed in prostate cancer (48), represses miR-124 expression, thereby
sustaining activity of collagen prolyl hydroxylase PAHAL (42). In various cancers, reduced
expression of miR-34a leads to overexpression of oncogenes (79-82). Our investigations
demonstrated the role of an miR-34a target, STMNL, in proliferation and invasion of
prostate cancer cells by regulating GDF15, a member of the TGF superfamily. Although
earlier studies showed the involvement of STMNL1 in cancer, its mechanistic role in
oncogenesis was not fully understood. The current study shows increased expression of
STMNL1 in prostate cancer. Moreover, it is involved in tumorigenesis, potentially through the
activation of GDF15 during cancer progression. GDF15 is involved in various cellular
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processes, including radioresistance of head and neck cancer (50). GDF15 is upregulated in
cancers (50, 83), and elevated expression is associated with cancers that are more aggressive.
In the current work, we demonstrated that STMN1 upregulates expression of GDF15.

In summary, elevated expression of CtBP1 reduced miR-34a expression, and downregulation
of miR-34a resulted in overexpression of STMN1. STMN1 was found to be involved in
regulation of prostate cancer cell proliferation, invasion, and metastasis and modulated
expression of various genes, including GDF15 (Fig. 6G). The current results show STMN1
overexpression in aggressive prostate cancers and reveal therapeutic options to block
STMN1-mediated oncogenesis.
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The CtBP1\miR-34a\STMN1\GDF15 axis is a potential therapeutic target for treatment

of aggressive prostate cancer.

Implications

Mol Cancer Res. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chakravarthi et al. Page 17

A

O

Log2 Relative Expression

STMN1/GAPDH

vy
O

P<0.0001
P<0.0001 ’m TCGA
rP<0.0007 | _ . 125 ™ P=0.0006 |
4] STMN1 - s |STMM1 < T [sTMN1 —
. | & 100] |
I g ° E i
| [ H
21 %1001 —_ g™ :
[0} : —— !
N > ' Loy
E i 50 A 2] \
0| == 5= i 5 - é o5d
- 8 R — —_ I N
1 o é o] —— T 0
Benign PCa METS Benign PCa METS Normal Primary Tumor
(N =26) (N =33) (N =32) (N=20) (N=63) (N=26) (n=52) (n=497)
P<0.0001
P<0.001
STMN1 ¢
121 .
. <STMN1
81 !
. i
%] e < B-actin
===

Benign PCa METS -
(N=19) (N=35) (N=32) Benign PCa METS

Figure 1.
STMNL1 is overexpressed in prostate cancer. STMNL1 gene expression from A, microarray, B

and C, next-generation RNA sequencing data from benign tissue, prostate carcinoma tissue,
and metastatic prostate cancer (MET) tissue from the University of Michigan and TCGA
datasets, respectively (B and C). D, qRT-PCR of STMN1 using RNA from benign, prostate
cancer, and MET tissues. E, Western blot analysis of the STMN1 protein from prostate
tissue extracts using an STMNZ1-specific antibody. B-Actin was used as a loading control.
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Figure 2.
STMNL1 expression is essential for prostate cancer cell proliferation and invasion. A and B,

Stable knockdown of STMNL1 in prostate cancer cell lines reduced cell proliferation.
Western blot analysis of protein lysates from prostate cancer cell lines DU145 and PC3
stably transfected with two specific and independent STMN1 shRNAs. B-Actin was used as
a loading control. Cell proliferation assays using cells stably transfected with either STMN1
or NT-shRNA. C and D, Matrigel invasion assays were performed with STMNZ1 knockdown
cells. NT-shRNA-treated cells served as control. Invading cells were stained with crystal
violet, and the absorbance was measured at 560 nm.
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Figure 3.
miR-34a regulates STMN1 expression. A, The predicted miR-34a—binding site at the 3’-

UTR of STMNL1. B, Western blot analysis showing STMNL in lysates of DU145 and PC3
cells with lentiviral-mediated stable miR-34a, 135h, 193b, and 196a overexpression and
control stable lenti-miR-expression. B-Actin was used as a loading control. C, STMN1-3’-
UTR luciferase reporter assay. For this, 293T cells were transfected either with pre-miR-34a
or nontargeting pre-miR (NT-pre-miR) along with either STMN1-3’UTR wild-type or
mutant luciferase constructs. A pRL-TK vector was used as an internal control. D and E,
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Cell proliferation (D) and colony formation assays of untreated, lenti-scramble, and miR-34a
overexpressing DU145 and PC3 cells (E).

Mol Cancer Res. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Chakravarthi et al.

A

TARGET/U6
<
~

TARGET/ACTB

Fold enrichment

Prec
1.2, miR-34a

*P<0.05

*

o
ey

0.8

0.4

DU145

16

12

*P<0.05

Site 1

*P<0.0001

19G

Figure 4.
CtBP1 modulates STMNL1 levels by downregulating miR-34a expression. A, gRT-PCR

analysis of CtBP1, STMN1, and miR-34a in PrEC-adeno CtBP1 overexpressing cells. B,
Western blot analysis of CtBP1 and STMNL in lysates of PC3-CtBP1 stable knockdown
cells. B-Actin was used as a loading control. C, gRT-PCR analysis of CtBP1 and STMNL1 in
CtBP1-stable knockdown cells. D, miR-34a is a target of CtBP1. Schematic of amplicon
locations on chromosome 1, analyzed via ChlP-qPCR assays as described. ChlP assays were
performed with antibodies specific to CtBP1 and 1gG. The DNA purified after ChlP assays
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was evaluated by semiquantitative PCR with primers specific for regions of the M/R34A
promoter. IgG was used as a negative control.
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Figure 5.
Gene expression profiling of STMN1-modulated cells reveals regulation of GDF15

expression. A, Heatmap of selected genes from expression profiling of stable STMN1
knockdown PC3 and LNCaP cells. B and C, gRT-PCR analysis of STMN1 and GDF15 in
RNA of DU145, PC3, and LNCaP-STMN1 cells with stable knockdown. D, Expression of
GDF15 and STMNL are positively correlated. Heat map of GDF15 and STMN1 expression
levels across normal and prostate carcinoma tissues. The data was retrieved from Oncomine
(69). Blue and red color bars signify the lowest and highest levels of expression respectively
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(log2 median-centered ratio). E, The TCGA gene expression profile of GDF15 in benign
and prostate primary tumor tissues (53).
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Metastasis

STMNL1 is required for growth of prostate tumor cells. A, Tumor growth of stable STMN1
knockdown or control non-T shRNA PC3 cells in the chick CAM tumor assay. Tumors from
the upper CAM were harvested and weighed at 72 hours after implantation of cells. B and C,
STMN1 knockdown reduced intravasation and metastasis of PC3 cells in the lower CAM
and liver, respectively. Cells that moved to the lower CAMs and livers of chicken embryos
were quantified with human Alu-specific PCR. D, STMN1 knockdown in PC3 cells
inhibited tumor growth in mouse xenografts. A plot of mean tumor volume at indicated time
points for mice inoculated with cells treated with STMN1 stable knockdown shRNA 1 (solid
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line with filled squares) or 2 (solid line with filled triangles) or with NT-shRNA (solid line
with filled diamonds). Inset, photomicrographs of xenograft tumors. E, Tumor weights for
the NT-shRNA, STMN1 shRNA 1, and STMN1 shRNA 2 groups (n = 8 mice/group). F,
Western blot analyses showing STMN1 expression in mouse xenograft tumors. G, A
proposed model of CtBP1, miR-34a, STMN1, and GDF15 regulation in prostate cancer.
STMNL, regulated by miR-34a, is involved in cell proliferation, invasion, metastasis, and
tumor growth.
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