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Abstract

Members of microRNA-200 (miRNA-200) family play a regulatory role in epithelial to
mesenchymal transition (EMT) by suppressing Zebl and Zeb2 expression. Consistent with its role
in suppressing EMT, Hsa-miR-200c-3p (miR-200c), a member of miR-200 family is poorly
expressed in mesenchymal-like triple negative breast cancer (TNBC) cells and ectopic miR-200c
expression suppresses cell migration. In this manuscript, we demonstrated that miR-200c potently
inhibited TNBC cell growth and tumor development in a mechanism distinct from its ability to
downregulate Zeb1 and Zeb2 expression because silencing them only marginally affected TNBC
cell growth. We identified phosphodiesterase 7B (PDE7B) as a bona fide miR-200c target.
Importantly, miR-200c-led inhibition in cell growth and tumor development was prevented by
forcing PDE7B transgene expression while knockdown of PDE7B effectively inhibited cell
growth. These results suggest that miR-200c inhibits cell growth by targeting PDE7B mRNA. To
elucidate mechanism underlying miR-200c/PDE7B regulation of TNBC cell growth, we showed
that CAMP concentration was lower in TNBC cells compared to estrogen receptor-positive (ER+)
cells and that both miR-200c and PDE7B siRNAs were able to increase CAMP concentration in
TNBC cells. High level of cellular cAMP has been shown to induce cell cycle arrest and apoptosis
in TNBC cells. Our observation that ectopic expression of miR-200c triggered apoptosis indicates
that it does so by elevating level of cellular cAMP. Analysis of breast tumor gene expression
datasets revealed an inverse association between miR-200c and PDE7B expression. Especially,
both low miR-200c and high PDE7B expression were correlated with poor survival of breast
cancer patients. Our study supports a critical role of miR-200¢c/PDE7B relationship in TNBC
tumorigenesis.
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INTRODUCTION

MicroRNAs (miRNAs) are 20-22 nucleotide non-coding RNAs that downregulate the
expression of target genes mostly through base-pairing with their respective 3’-untranslated
regions (3’-UTRs) of mMRNAs (1). Extensive evidences have firmly linked miRNAs to every
event of tumor progression and development. For instance, miR-10b facilitates breast tumor
invasion and metastasis by abrogating HOXD10 translation and subsequent RhoC activation
(2) while miR-31 triggers apoptosis in breast cancer cells by targeting PKCe and blocks
invasion through the suppression of WAVES3 (3, 4). To characterize miRNAs differentially
expressed between estrogen receptor positive (ER+) breast cancer and triple negative breast
cancer (TNBC) cells, we previously found that Hsa-miR-200c-3p (miR-200c), miR-205 and
miR-375 are most significantly downregulated in TNBC cells (5). Consistent with the nature
of TNBC cells which are mostly basal-like and thus mesenchymal-like in nature, miR-200c
and miR-205 can deter EMT by targeting Zeb1 and Zeb2 (6) while miR-375 suppresses
EMT by diminishing SHOX2, a potent EMT regulator (7). In addition to its well-established
role in EMT, miR-200c also possesses the capability to suppress breast cancer stem cell self-
renewal (8) and can sensitize breast cancer cells to microtubule-targeting chemotherapeutic
agents (9). With the aid of Claudin-low TNBC mouse model, miR-200c was shown capable
of suppressing breast tumor outgrowth (10, 11). However, molecular mechanism associated
with miR-200c-led cell growth inhibition has not been clearly elucidated even though its
ability to alter EMT status was suggested as a possible cause (10).

Cyclic nucleotide phosphodiesterases (PDES) are enzymes regulating cellular cAMP (or
cGMP) concentration by controlling the rate of hydrolysis. Based on their sequence
similarity, PDEs are classified into 11 families (PDE1-PDE11) comprising of 21 PDEs and
16 of them can decomposes CAMP (12). Individual PDE has its own specific subcellular
distribution, and can thus regulate the activities of compartmental downstream cAMP (or
cGMP) effectors (e.g., EPAC, exchange protein directly activated by cAMP; PKA, cAMP-
dependent protein kinase; PKG, cGMP-dependent protein kinase) which act at the
crossroads of diverse signaling pathways and frequently altered in cancer (13). In fact,
differential expression of particular PDEs are detected in various malignancies (14). For
example, malignant melanoma cells overexpress PDEL1C and their growth is inhibited by
vinpocetine, a PDE1 inhibitor (15). PDE7B is overexpressed in chronic lymphocytic
leukemia (CLL) and is required for CLL cell survival (16, 17). The findings that cellular
cAMP concentration and PKA activity are often lower in cancer cells further implicate that
PDEs play an important role in cancer progression (18, 19). Hence, molecules capable of
inhibiting PDE activity represent as promising means to control cancer progression (20).

The objective of this study is to investigate the role of miR-200c/PDE7B relationship in
breast cancer cell growth. Using multiple breast cancer cell lines, we showed that miR-200c
potently inhibited both cell growth and tumor development of TNBC cells by causing
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apoptosis. These miR-200c-led events were apparently mediated by reducing the abundance
of PDE7B because ectopically expressing PDE7B transgene prevented miR-200c from
inhibiting cell growth and tumor development while PDE7B siRNA inhibited TNBC cell
growth. We showed that PDE7B is a bona fide miR-200c target and the expression of
miR-200c and PDE7B is inversely correlated in both established breast cancer cells as well
as breast tumor specimens. To elucidate the molecular mechanism underlying miR-200c/
PDE7B regulation of cell growth, we demonstrated that both miR-200c and PDE7B siRNAs
greatly increased cellular cAMP concentration in TNBC cells. Since agents elevating
cellular cAMP concentration can inhibit tumor cell growth, our results suggest that
miR-200c/PDE7B relationship regulates TNBC cell growth by modulating cellular cAMP
concentration. Finally, we analyzed publicly available breast cancer gene expression dataset
and revealed that both low miR-200c and high PDE7B expression are correlated with poor
overall survival of breast cancer patients. Immunohistochemistry further showed that PDE7B
positivity was associated with higher tumor grade. This study demonstrates that miR-200c/
PDET7B relationship is critically involved in TNBC cell growth.

MiR-200c inhibits TNBC cell growth in a mechanism that is not through the downregulation
of EMT-associated Zeb1/2

Our previous study on miRNA expression profiles revealed that miR-200c, miR-205 and
miR-375 were underexpressed in TNBC cells (5), which is consistent with their role as
potent EMT-suppressors (6, 7). To determine how these miRNAs affected TNBC cell
growth, we performed MTT assay on MDA-MB-231 cells that ectopically express
miR-200c, miR-205 or miR-375 (21). In a growth period of 3 days, miR-200c blocked over
70% of cell growth compared to the control while miR-205 and miR-375 exerted little effect
on cell growth (Fig.1A), indicating that miR-200c possesses a unique growth-inhibitory role
that other EMT-suppressive miRNAs lack. To substantiate this finding, we determined
growth-inhibitory effect of miR-200c on additional TNBC (BT549, Hs578T and MDA-
MB-436) and ER+ lines (MCF7 and T47D). Treatment of miR-200c mimic resulted in
growth inhibition ranging from 41 to 72% in TNBC lines compared to mimic control
(Fig.1B). In contrast, miR-200c mimic did not significantly alter growth of MCF7 and T47D
cells (Fig.1B). These results demonstrate that miR-200c specifically inhibits TNBC cell
growth.

MiR-200c is known to suppress the level of EMT-associated Zeb1 and Zeb2 (6). To
determine whether miR-200c’s growth-inhibitory function was associated with
downregulation of Zeb1/2, the expression of Zebl and Zeb2 were silenced either alone or
together in Hs578T, MDA-MB-231 and BT549 cells using distinct siRNA pools (Fig.1C).
Consistent with EMT-suppressing role of Zeb1/2, knockdown of Zeb1 or Zeb2 impaired cell
migration (Fig.1D and S1). However, knockdown of Zeb1 or 2 only marginally decreased
cell growth (Fig.1E). Our data indicate that miR-200c inhibits TNBC cell growth in a
mechanism that is not through the downregulation of EMT-associated Zeb1/2.
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PDE7B is a miR-200c target

To elucidate molecular mechanism underlying miR-200c-led cell growth inhibition, we
examined 28 genes we previously identified as putative miR-200c targets in breast cancer
cells (5). Among them, we paid particular attention on PDE7B because cancer cell growth is
often sensitive to elevated cellular cAMP concentration (22-24) and PDE7B functions to
reduce cellular cAMP concentration. We first performed quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) to assess miR-200c and PDE7B expression in 3 ER+
and 3 TBNC lines. Little or no miR-200c was detected in TNBC lines (BT549, Hs578T and
MDA-MB-231) while it was readily seen in ER+ lines (BT-474, MCF7 and T47D) (Fig.2A).
In contrast, PDE7B mRNA and protein were highly expressed in TNBC lines but their
abundances were much lower in ER+ lines (Fig.2B and 2C). To determine the effect of
miR-200c on PDE7B expression, we treated MDA-MB-231, Hs578T and BT549 cells with
control or miR-200c mimic. Western blot analysis showed that miR-200c, but not the control
dramatically reduced the amount of PDE7B in all 3 lines (Fig.2D and Fig.S2). The effect of
miR-200c appeared to be specific because miR-200c antagomiR greatly increased the
amount of PDE7B in Hs578T and MDA-MB-231 cells with ectopic miR-200c expression
(Fig.2E).

Since putative miR-200c targeting site is present in the 3’-UTR of PDE7B mRNA (Fig.2F),
we investigated whether PDE7B mRNA is a miR-200c target. We linked PDE7B mRNA’s
3’-UTR to the downstream of the luciferase reporter gene in plasmid pMiR. MiR-200c, but
not control mimic reduced luciferase activity in both Hs578T and MDA-MB-231 cells
(Fig.2G and S3). However, introducing G/C—C/G and A/U—U/A mutation on miR-200c
targeting site in 3’-UTR of PDE7B mRNA prevented miR-200c from reducing luciferase
activity (Fig. 2F, 2G and S3). These results confirm PDE7B as a bona fide target of
miR-200c in TNBC cells.

Growth-inhibitory capability of miR-200c is associated with reduced PDE7B abundance

To investigate potential functional link between miR-200c and PDE7B in TNBC growth
regulation, we treated BT549, Hs578T and MDA-MB-231 cells with control or two
sequence-specific PDE7B siRNAs (Fig.S4). MTT assay showed that silencing PDE7B
expression decreased cell growth in all 3 lines (Fig.3A). In parallel, we lentivirally
introduced PDE7B transgene (only PDE7B coding region and thus not targetable by
miR-200c) into BT549 and Hs578T cells followed by treatment of miR-200c mimic. Forced
expression of PDE7B transgene abolished more than half of miR-200c-led growth inhibition
(Fig.3B), suggesting that miR-200c inhibits TNBC cell growth at least partially by
downregulating PDE7B expression.

We next investigated miR-200c/PDE7B relationship in regulation of tumor outgrowth using
an orthotopic breast tumor model (24-26). Empty vector-transduced MDA-MB-231 cells,
MDA-MB-231 cells ectopically expressing miR-200c alone or together with PDE7B
transgene were injected into mammary fat pad area of female athymic nude mice and tumors
were allowed to develop for 8 weeks. Tumors were observed in all mice injected with
vector-transduced cells or cells with ectopic expression of both miR-200c and PDE7B and
had an average weight of 0.79+ 0.45 and 0.75 £ 0.32 g/mouse respectively (Fig.3C and 3D).
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In contrast, tumors were only detected in 2 out 6 mice injected with cells ectopically
expressing miR-200c and their weights were also much smaller (an average weight of 0.19+
0.01 g/mouse in 2 mice with tumors) (Fig.3C and 3D). Western blot of tumor extracts further
showed reduction of cyclin D1 abundance and appearance of cleaved PARP in tumors
developed from cells ectopically expressing miR-200c¢ while such alteration was not
observed in tumors developed from cells expressing both miR-200c and PDE7B transgene
(Fig.3E and S5), indicating that miR-200c-mediated inhibited in tumor outgrowth is
associated with reduced level of PDE7B and is likely due to the effect of apoptosis. Since
ectopic expression of miR-200c does not distinguish between tumorigenesis and tumor
growth effect, we determined how administering affected the development of established
tumors. MDA-MB-231 cells were injected into nude mice and tumors were allowed to
develop for 5 weeks. Cholesterol-conjugated control and miR-200c mimic (Chol-agomiR-
NC and Chol-agomiR-200c) (27) were synthesized and directly injected to established
tumors once every three days for 3 weeks. As indicated tumor volumes, intratumoral
injection of Chol-agomiR-200c, but not Chol-agomiR-NC greatly slowed tumor outgrowth
compared to PBS control group (Fig.3F). Similarly, weights of tumors developed on mice
receiving Chol-agomiR-NC were similar to those on PBS-treated mice while administering
Chol-agomiR-200c led to almost 50% reduction in tumor weights comparing to PBS group
(Fig.3G and 3H). To ensure the reduced tumor outgrowth resulted from miR-200c-induced
downregulation of PDE7B, we analyzed the abundance of miR-200c and PDE7B in two
individual tumors from each group. QRT-PCR showed that level of miR-200c in mice
receiving Chol-agomiR-200c was more than 40 fold higher over those receiving Chol-
agomiR-NC (Fig.S6A). Western blotting further revealed that Chol-agomiR-200c led to
almost 70% reduction in the abundance of PDE7B in excised tumors (Fig.S6B).

The observation that miR-200c was preferentially expressed in ER+ cells (Fig.2A) prompted
us to investigate how neutralizing miR-200c affected their cell growth. MCF7 and T47D
cells were treated with 100 nM control or miR-200c mimic antagomiR for 4 days followed
by cell growth assessment. MTT assay showed that treatment of miR-200c antagomiR led to
a moderate increase in cell growth over the control-treated cells (Fig.S7A). Similarly,
ectopically expressing PDE7B increased a similar extent of cell growth in both cell lines
(Fig.S7B). These results are consistent with the notion that miR-200c inhibits breast cancer
cell growth by downregulating the abundance of PDE7B.

PDE7B is critical for reduced level of cellular cAMP in TNBC cells

Previous studies have shown that agents elevating cellular level of cAMP can inhibit TNBC
cell growth (24, 28, 29), indicating that a reduced cellular cAMP concentration is required
for robust TNBC cell growth. We thus hypothesized that miR-200c inhibits TNBC cell
growth by downregulating PDE7B, which in turn leads to elevation of cellular cAMP
concentration. To test this hypothesis, we initially measured cellular cAMP concentration in
both TNBC (low or no miR-200c/high PDE7B) and ER+ cells lines (high miR-200c/low or
no PDE7B). ELISA with anti-cAMP antibody showed that level of cellular cAMP was much
lower in TNBC lines than ER+ cell lines (Fig.4A), signifying that cellular cAMP
concentration is positively correlated to miR-200c but negatively associated with PDE7B
abundance in breast cancer cells. To determine how miR-200c affects cellular cAMP

Oncogene. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

concentration in TNBC cells, we introduced control or miR-200c mimic into BT549,
Hs578T and MDA-MB-231 cells. MiR-200c mimic, but not control mimic led to a
remarkable increase in cellular cAMP concentration in all 3 lines (Fig.4B). However,
ectopically expressing PDE7B transgene disabled miR-200c to elevate cellular cAMP
concentration (Fig.4B). In parallel, we treated ER+ BT474 and T47D cells with 100 nM
control or miR-200c antagomiR. Compared with cells treated with control, we observed 65
and 70% reduction in the level of cellular cAMP in BT474 and T47D cell respectively
(Fig.4C). In addition, we also analyzed cellular cAMP concentration in Hs578T and MDA-
MB231 cells treated with PDE7B siRNAs. Compared with scramble control, both PDE7B
siRNAs greatly increased the level of cellular cAMP (Fig.4D), further supporting the notion
that miR-200c elevates cellular cAMP concentration by diminishing PDE7B expression.

MiR-200c-led cells growth inhibition results from apoptosis

To define molecular mechanism underlying miR-200c-led cell growth inhibition, we
performed flow cytometry to examine cell cycle progression on control MDA-MB-231 and
MDA-MB-231 cells ectopically expressing miR-200c alone or together with PDE7B
transgene. Compared with control cells, much higher percentage of MDA-MB-231 cells
ectopically expressing miR-200c were present at sub-G1 stage (0.9 v510.3%) (Fig.5A).
However, percentage of cells in sub-G1 stage was almost identical between control and cells
ectopically expressing both miR-200c and PDE7B transgene (0.9 vs1.0%) (Fig.5A). Similar
to what was observed with cells ectopically expressing miR-200c, knockdown of PDE7B
also led to dramatic increase in the population of cells at sub-G1 (10.2%) (Fig.5A). To
determine whether the occurrence of apoptosis was the cause of high percentage of
miR-200c-expressing MDA-MB-231 cells at sub-G1 stage, we performed Annexin V/
propidium iodine (PI) staining-based flow cytometry. While approximately 9.3 and 7.7% of
apoptotic cells (Q2 + Q3) were detected in control and cells ectopically expressing both
miR-200c and PDE7B transgene, percentage of apoptotic cells increased to 77.1% in MDA-
MB-231 cells with forced expression of miR-200c (Fig.5B). Western blot further revealed
reduced levels of phosphor-Akt (both T308 and S473) and appearance of cleaved PARP in
MDA-MB-231 cells with forced miR-200c expression but not in cells ectopically expressing
both miR-200c and PDE7B (Fig.5C). These results suggest that miR-200c inhibits TNBC
cell growth by inducing apoptosis most likely through the suppression of Akt activity.

High PDE7B expression is a poor indicator of breast malignancies

To investigate whether our laboratory studies recapitulated clinical breast tumors, we
evaluated correlation between miR-200c and PDE7B expression in breast tumors using
TCGA breast tumor gene expression dataset. Pearson correlation coefficient analysis showed
a strong negative correlation between miR-200c and PDE7B expression (R = — 0.446, P<
0.0001) in all breast cancer patients (Fig.6A), which is consistent with the observation in
which their expression was inversely associated in established breast cancer cell lines
(Fig.2A, 2B and 2C).

Abundance of miR-200c has been previously shown to negatively correlate with clinical
stage, local relapse, distant metastasis and survival with limited specimens of breast cancer
patients (30). The inverse association between miR-200c and PDE7B in breast cancer
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patients prompted us to further assess the relevance of miR-200c and PDE7B to overall
survival of breast cancer patients using TCGA datasets because they possess large sample
size, molecular profiles and clinical outcome information. Cutoff Finder analysis showed
that both low miR-200c and high PDE7B expression correlate with poor overall survival of
breast cancer patients (Fig.6B and 6C).

We extended our studies by examining PDE7B level in human tissue arrays that contained
17 normal breast and 178 breast tumor specimens (131 invasive ductal carcinomas, 44
infiltrating lobular carcinomas, 1 medullary carcinoma, 1 mucinous adenocarcinoma and 1
invasive papillary carcinoma) (Table S1). Immunohistochemistry (IHC) showed that
positivity of PDE7B staining was 73.4% in breast tumor samples while 23.5% in normal
breast tissues (Fig.6D, 6E and Table S1). Given the observation that the positivity of PDE7B
staining in invasive ductal carcinomas was statistically higher than that in normal breast
tissues (Fig.6D, 6E and Table S1), we analyzed the correlation between PDE7B positivity
and various clinicopathological parameters in these tumor specimens. Although PDE7B
positivity was independent of age, tumor size (T) and degree of spread to regional lymph
nodes (N), it was associated with histological tumor grades (Table 1). As TNBCs are
generally poorly differentiated (in grade I11), positive correlation between the positivity of
PDET7B staining and tumor grades is again consistent with the observation that PDE7B is
preferentially expressed in TNBC cell lines.

DISCUSSION

In our previous attempt to identify miRNAs differentially expressed between TNBC and ER
+ breast cancer cells, we demonstrate that miR-200c is one of the miRNAs consistently
underexpressed in TNBC cells (5). In additional to its well-established role in breast cancer
cell EMT (31-33), miR-200c has also been reported to play a tumor-suppressive role by
negatively regulating self-renewal of breast cancer stem cells and chemosensitivity (10, 34,
35). Importantly, nanoparticle-delivered miR-200c was shown to enhance both chemo- and
radio-sensitivities in breast cancer (36-39). In fact, analyses of primary breast tumor tissues
reveals that low level of miR-200c is associated with metastasis (40) and poor patient
survival (30). In this study, we show that miR-200c effectively inhibits TNBC cell growth
(Fig.1), thus adding an additional anti-tumorigenic function of miR-200c.

MiR-200c suppresses EMT by targeting Zeb1/2, two EMT-essential transcription factors (6,
41). Interestingly, we show that depleting Zeb1/2 exhibits little effect on TNBC cell growth
(Fig.1), thus indicating that miR-200c inhibits TNBC cell growth in a mechanism that is not
through the downregulation of EMT-associated Zeb1/2. In this study, we present evidence
that PDET7B is a bona fide target of miR-200c (Fig.2). This finding is consistent with several
available CLIP-based miRNA targetome datasets which also demonstrate PDE7B as a
miR-200c target (42-44). This is clearly consistent with our observation that level of
miR-200c is inversely correlated with PDE7B abundance in established breast cancer cell
lines (Fig.2). Moreover, bioinformatics studies further revealed that miR-200c and PDE7B
expression are inversely associated in human breast tumor specimens (Fig.6).
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This inverse correlation between miR-200c and PDE7B suggest that miR-200c specifically
inhibits TNBC cell growth by diminishing PDE7B expression. This notion is supported by
our findings that depleting PDE7B resulted in cell growth suppression (Fig.3A) and forced
PDET7B expression greatly prevented miR-200c-led cell growth suppression and tumor
outgrowth (Fig.3B, 3C, 3D and 3E). However, we observed that forced PDE7B did not fully
rescue miR-200c-led growth suppression (Fig.3B). MiR-200c has been reported to target K-
Ras and CRKL (45, 46); it is thus highly likely that in addition to PDE7B, miR-200c may
also inhibit TNBC cell growth by suppressing other growth-relevant genes.

PDE7B has been shown to play a critical role in CLL because PDE7B is not only
overexpressed in CLL but also required for their survival (16). Analyses of clinical
specimens further demonstrate that PDE7B is an unfavorable characteristic in CLL and
Mantle cell lymphoma (17, 47). Recently, PDE7B was reported to be overexpressed in
glioblastoma and serve as a significant cell growth mediator (48). In this study, we found
that PDE7B is preferentially expressed in TNBC cells (Fig.2) and depletion of PDE7B led to
TNBC growth inhibition (Fig.3), suggesting that PDE7B is involved in TNBC
tumorigenesis. The role of PDE7B in breast cancer development is apparently also
supported by the finding that high expression of PDE7B correlates with poor breast cancer
patient survival (Fig.6). We propose a notion that concurrent loss of miR-200c and gain of
PDE7B expression may potentially be an important event in breast tumor progression.

As a PDE isotype, PDE7B functions to reduce cellular cAMP concentration through
hydrolysis (12). We show that abundance of PDE7B is inversely correlated with cellular
cAMP concentration in breast cancer cells (Fig.4), indicating that low level of cellular
CAMP in TNBC cells may be maintained by PDE7B (Fig.4). This notion is supported by our
observation that both miR-200c and PDE7B siRNAs are able to increase cellular cAMP
concentration in TNBC cells (Fig.4). It has been well established that agents raising cellular
cAMP concentration can suppress growth of various cancer types including breast, colon
and medullary thyroid cancer cells (22-24). In this study, we found that miR-200c raised
cellular cAMP concentration by downregulating PDE7B expression (Fig.4). Cell cycle arrest
and apoptosis have been implicated as the mechanisms responsible for cAMP-induced cell
growth inhibition (49, 50). We showed that ectopic miR-200c expression resulted in
spontaneous apoptosis in TNBC cells in both /n vitroand in vivo models (Fig.3 and 5),
suggesting cAMP-induced apoptosis as the most likely mechanism responsible for
miR-200c-led inhibition in both cell growth and tumor development. A recent study by
Weinberg’s group reported that increase in cellular cAMP concentration and subsequently
PKC activation induce a mesenchymal-to-epithelial transition in breast cancer cells, which
promotes their differentiation and loss of tumor-initiating ability (51). We showed that
exogenously administering synthesized miR-200c mimic effectively deterred tumor
development (Fig.3). We reason that miR-200c’s tumor-suppressive effect can also be
contributed by the ability of cAMP/PKA signaling axis to trigger MET and cause loss of
tumor-initiating ability of breast cancer cells.

In this study, we establish the importance of miR-200c/PDE7B relationship in regulation of
TNBC cell growth using established lines. The detection of positive correlation between
PDE7B and overall survival but negative correlation between miR-200c and overall survival
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(Fig.6) are strongly consistent with our experimental findings and support a critical role of
miR-200c/PDE7B relationship in TNBC tumor cell growth and progression. We propose a
model (Fig.7) in which balance of miR-200c and PDE7B controls cellular cAMP
concentration. Increase in cellular cAMP concentration suppresses Akt activity, leading to
cell growth arrest and apoptosis. Meanwhile, elevated level of cellular cAMP also induces
MET and causes the loss of tumor initiating ability in breast cancer cells. This study
suggests that an anti-TNBC therapeutic strategy may be developed by modulating
miR-200c/PDE7B balance.

MATERIALS AND METHODS

Cell culture and other reagents.

All cell lines were obtained from American Tissue Culture Collection (Manassas, VA) and
verified for authenticity. Cells were cultured in DMEM containing 10% fetal bovine serum.
Detailed information on antibodies used for Western blot were described in Supplemental
Information. Micro-RNA, control mimics and antagomiR were purchased from Invitrogen
(Carlsbad, CA). Cholesterol-conjugated miRNAs (Chol-agomiR-NC and Chol-
agomiR-200c) were purchased from GenePharma (Shanghai, China). The specificity of
miR-200c mimic (agomiR-200c) were confirmed by several recent publications (39, 52)

Cell migration.

Cell growth.

gRT-PCR.

Transwells (Corning, Tewksbury, MA) were used to analyze cell migration as previously
described (21). Briefly, the undersurface of the upper chamber was coated with 10 ug/ml of
collagen 1. Cells were suspended in a density of 106cells/ml and 100pl of cell suspension
was added into the upper chamber of each Transwell. Cells were allowed to migrate for 4 h,
cells on the undersurface of the upper chamber were then stained and counted under a phase-
contrast microscope.

MTT assay was performed to measure cell growth as previously described (53). Briefly,
cells were suspended in a density of 10°cells/ml and 0.5 ml of cell suspension was added
into each well of a 24-well plates. Cells were cultured for 1 to 3 days followed by adding
MTT solution to cells for 2 h. After removing culture medium, MTT formazan crystals were
dissolved in DMSO and measured with a microplate reader at 560 nm.

Total RNA extracted from cells using Trizol (Invitrogen) was used to analyze the levels of
PDE7B and p-actin mRNA. The levels of miR-200c and U6 snRNA were measured using
miR-200c and U6 snRNA TagMan microRNA Assay Kits (Invitrogen). Level of PDE7B
mRNA was standardized using p-actin mRNA as the internal standardization while
miR-200c was standardized by U6 snRNA.
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Luciferase reporter gene constructs and luciferase assay.

PDE7B 3’-UTR luciferase reporter gene plasmid was constructed by inserting the entire
human PDE7B 3’-UTR sequence into the pMiR vector (Invitrogen). PDE7B 3’-UTR
containing mutation at miR-200c targeting site was generated through site-directed
mutagenesis on wild-type plasmid using QuickChange site-directed mutagenesis kit (Agilent
Technologies, Santa Clara, CA, USA). To determine the effect of PDE7B 3’-UTR on
luciferase activity, cells were transfected with empty pMiR or pMiR containing wild-type or
mutant PDE7B 3’UTR for 2 days and then lysed for measurement of luciferase activity. The
trransfection efficiency was normalized by including pTK-RLuc plasmid (1:200 ratio) in all
transfection experiments and Renella luciferase activity was determined for standardization.
Dual-Luciferase® Reporter Assay System (Promega, Madison, WI) was used to measure
both firefly and Renella luciferase activities.

Measurement of cAMP.

Cyclic AMP Assay Kit (Cayman Chemical, Ann Arbor, MI) was employed to quantitate
cAMP according to manufacturer’s protocol. To determine effect of miR-200c and PDE7B
knockdown on cellular cAMP concentration, cells were transfected with control, miR-200c
mimic or PDE7B siRNAs for 4 days prior to the analysis of CAMP.

Flow cytometry to analyze cell cycle and apoptosis.

Cell cycle was analyzed as previously described (24). Briefly, cells were detached with
trypsin, washed and fixed in 100% ethanol. Fixed cells were suspended in PBS containing
20pg/mL of propidium iodide and analyzed by flow cytometry using FACSCanto 11 flow
cytometer (BD Biosciences, Bedford, MA). Generated data were analyzed using the BD
FACSDiva Software. Extent of apoptosis was determined using Annexin V-FITC detection
kit (BD Biosciences) as previously described (54) and the percentage of apoptotic cells was
calculated using ModFit LT 3.0 software (BD Biosciences).

Tumorigenesis study.

Vertebrate animal procedures were approved by the Ethical Committee of Shanghai
University of Traditional Chinese Medicine and performed as previously described (25, 26).
Briefly, 1x106 cells were implanted into 4th mammary fat pad of 6-week-old female
BALB/c nude mice (Academia Sinica, Shanghai, China). After 8 week, mice were
sacrificed, tumors were excised and weighed. Parts of excised tumors were also
homogenized for western blotting. To determine the effect of miR-200c on the development
of established tumors, nude mice were first injected with 1x108 MDA-MB-231 cells. After 5
weeks, total of 1 OD Chol-agomiR-NC or Chol-agomiR-200c was injected at 3 different
spots on each established tumor. Treatment was repeated once every 3 days and rate of
tumor outgrowth was determined by measuring tumor volumes (V) which were calculated
using formula of V = 0.5 x Dypax X (Dmin)2, Where Dpax is the maximal tumor diameter and
Dnin is the corresponding perpendicular diameter. After 3 weeks of treatment, mice were
sacrificed and tumors were excised for weight measurement and miR-200c/PDE7B
quantitation.

Oncogene. Author manuscript; available in PMC 2020 July 15.
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Immunohistochemistry.

Intensity of PDE7B in breast tumors and normal breast tissues were evaluated by IHC using
anti-PDE7B polyclonal antibody on commercial tissue array (BR2086, Alena Biotechnology
Ltd, Xi“an, China) which contains 17 normal breast tissues and 178 breast tumor specimens.
Intensity of PDE7B immunostaining was graded based on the percentage of cells exhibiting
PDET7B staining and average 1,000 cells counted for each sample. “-” was negative PDE7B
staining; “+”, “++” and “+++” were <25%, 25~50% and >50% cells positive for PDE7B
staining respectively.

Statistical analysis.

Statistical analyses of cell growth, migration, tumor outgrowth and luciferase activities were
done by ANOVA. Adjusted XZ test was used to compare covariates between PDE7B staining
and clinicopathological parameters. Correlation between miR-200 or PDE7B expression and
overall survival of breast cancer patients was analyzed using breast cancer gene expression
dataset (TCGA_BRCA_miRNA-2015-02-24 or

TCGA _BRCA _exp_HiseqV2_ PANCAN-2015-02-24 respectively) with the aid of Cutoff
Finder (55). The cutoff values of high and low expression groups for miR-200c and PDE7B
are 11.14 and 0.5712 respectively, and p < .05 was considered as significant. Correlation
between PDE7B expression and clinical features were investigated using Pearson’s chi-
square tests. The correlation between miR-200c and PDE7B expression in human breast
cancer patients was analyzed by Pearson correlation coefficient using datasets
TCGA_BRCA exp_HiSeqV2_PANCAN-2015-02-24 and TCGA_BRCA_miRNA-2015-
02-24). p < 0.05 was considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MiR-200c suppresses TNBC cell growth in a Zeb1/2-independent mechanism.
A. Effect of miR-200c, miR-205 and miR-375 on growth of MDA-MB-231 cells. Data are

means + SE (n = 4). B. Effect of miR-200C on growth of various breast cancer cell lines.
Data are means + SE (n = 4). C. Western blotting to analyze the abundance of MDA-
MB-231, Hs578T and BT549 cells treated with Zebl and Zeb2 siRNA pools individually or
in combination. D. Effect of Zeb1/2-knockdown on cell migration. Data are means = SE (n =
4). *, p<0.05 vscontrol. **, p< 0.01 vscontrol. E. Effect of Zeb1/2-knockdown on cell
growth. Data are means + SE (n = 4).
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Figure 2. PDE7B isamiR-200c target and its expression isinversely correlated with miR-200c in
breast cancer cells.

A. QRT-PCR of miR-200c in panel of breast cancer cell lines. Data are means + SE (n = 4).
B. QRT-PCR of PDE7B mRNA in breast cancer cell lines. Data are means + SE (n = 4). C.
Western blot of PDE7B in breast cancer cell lines. D. Effect of forced miR-200c expression
on abundance of PDE7B in breast cancer cells. E. Effect of miR-200c inhibitor on
abundance of PDE7B in MDA-MB-231 cells with ectopic miR-200c expression. F.
Schematic diagram of miR-200c targeted site in 3’-UTR of PDE7B mRNA. G. Effect of
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miR-200c on activity of luciferase gene containing 3’-UTR of PDE7B in MDA-MB-231
cells. Data are means + SE (n = 4). *, p< 0.05 vscontrol.
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Figures. MiR-200c suppresses breast cancer cell proliferation by downregulating PDE7B
expression.

A. Effect of PDE7B-knockdown on TNBC cell growth. Data are means + SE (n = 4). *, p<
0.05 vscontrol. B. Effect of miR-200c on growth of BT549 and Hs578T cells with or
without ectopic expression of PDE7B. Data are means + SE (n = 4). *, p< 0.005 miR-200c
vscontrol. #, p< 0.05 miR-200c vs miR200c/PDE7B. C. Image of Tumors excised from
mice injected with control MDA-MB-231 cells or MDA-MB-231 cells with ectopic
miR-200c alone or together with PDE7B transgene. D. Weight of tumors excised form nude
mice receiving control MDA-MB-231 cells or MDA-MB-231 cells with ectopic expression
of miR-200c alone or together with PDE7B. Data are means + SE. *, p< 0.005 vs control.
E. Western blot of tumor extracts to detect PDE7B, Cyclin D1, cleaved PARP and GAPDH.
F. MDA-MB-231 cells (106 cells/mouse) were injected to nude mice for 5 week followed by
administering PBS, 1 OD Chol-agomiR-NC or Chol-agomiR-200c once every three days for
3 weeks. Rate of tumor outgrowth was determined by measuring tumor volume once every
three days. Data are means + SD (n = 6). *, p< 0.01 vscontrol (PBS). G. Image of tumors
excised form tumor-bearing mice treated with PBS, Chol-agomiR-NC or Chol-
agomiR-200c). H. Weight of tumors excised from tumor-bearing mice treated with PBS,
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Chol-agomiR-NC or Chol-ago-miR-200c. Data are means + SE. *, p< 0.05 vs Chol-
agomiR-NC.
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Figure 4. Forcing PDE7B transgene expression decreases level of CAMP in breast cancer cells
with ectopic miR-200c expression.

A. Level of cAMP in breast cancer cell lines. Data are means + SE (n = 4). B. Level of
CAMP in TNBC cells ectopically expressing miR-200c alone or together with PDE7B
transgene. Data are means + SE (n = 4). *, p< 0.05 vscontrol. “_" denotes no treatment. C.
Level of cAMP in ER+ breast cancer cells treated with miR-200c antagomiR. Data are
means = SE (n = 4). *, p< 0.05 vscontrol. D. Level of cellular cAMP in TNBC cells with
PDE7B knockdown. Data are means + SE (n =4). *, p< 0.05 vscontrol.
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Figure 5. MiR-200c-led suppression in breast cancer cell growth isassociated with apoptosis.
A. Flow cytometry of cell cycle progression (control MDA-MB-231 cells, MDA-MB-231

cells ectopically expressing miR-200c alone or together with PDE7B transgene and PDE7B-
knockdown MDA-MB-231 cells). B. Annexin V/PI staining-based flow cytometry of control
MDA-MB-231 cells and MDA-MB-231 cells ectopically expressing miR-200c alone or
together with PDE7B transgene. C. Western blot of phosphor-Akt, Akt, cleaved PARP and
GAPDH in control MDA-MB-231, MDA-MB-231 cells ectopically expressing miR-200c
alone or with PDE7B.
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Figure 6. PDE7B expression is associated with poor prognosis of breast cancer patients.
A. Correlation between miR-200c and PDE7B expression in breast tumors. Data was

analyzed using TCGA_BRCA_exp_HiseqV2_PANCAN-2015-02-24 and
TCGA_BRCA_miRNA-2015-02-24 datasets; n =1192. B. miR-200c in breast cancer patient

overall

survival. Overall survival curve was calculated using TCGA_BRCA_miRNA-2015-

02-24 dataset with the aid of Cut-off Finder; n = 1,152. C. PDE7B in breast cancer patient

overall

survival. Overall survival curve was calculated using

TCGA _BRCA exp HiseqV2_ PANCAN-2015-02-24 datasets with the aid of Cut-off
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Finder; n = 1,176. D. Percentage of breast tumor specimens positive for PDE7B expression.
IDC, invasive ductal carcinoma; IFL, infiltrating lobular carcinoma. *, p< 0.001 vs Normal.
E. Immunohistochemistry of PDE7B on breast tumor specimens. Scale bars, 200um.
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Figure 7. Model of PDE7B/miR-200c regulation of breast cancer cell growth.
Balance of miR-200c and PDE7B controls cellular cAMP concentration in breast cancer

cells. Elevated cellular cAMP concentration both suppresses Akt activity and activates PKA,
leading to cell growth arrest/apoptosis and loss of tumor initiating ability.
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Correlation between Positivity of PDE7B Staining and Clinicopathological Parameters of Invasive Ductal

Table 1.

Carcinomas
PDE7B Positivity
n=131 ] - pvalue
Negative  Positive

Age 0.125
<50 16 60
250 6 49

Histologic Grade 0.017
| 1 7
1] 21 74
1l 0 28

T 0.283
1 4 14
2 13 79
3 4 8
4 1 8

N 0.839
0 17 87
1 5 20
2 0 1
3 0 1
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