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Abstract

Although histone deacetylase (HDAC) inhibitors have been shown to effectively induce the
inhibition of proliferation and migration in breast cancer, the anticancer mechanism remains
poorly understood. Our studies show that miR-200c was significantly downregulated in breast
cancer cell lines compared to normal cell lines and inversely correlated with the levels of class lla
HDACSs and CRKL. HDAC inhibitors and the ectopic expression of miR-200c as tumor
suppressors inhibited the proliferation, invasion, and migration of breast cancer cells by
downregulating CRKL. These results indicate that the anticancer mechanism of HDAC inhibitor
was realized partially by regulating miR-200c via CRKL targeting. Our findings suggest that the
HDAC-miR200c-CRKL signaling axis could be a novel diagnostic marker and potential
therapeutic target in breast cancer.
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1. Introduction

Histone deacetylases (HDACSs) have demonstrated to play vital roles in key steps associated
with proliferation, invasion and migration in several cancers [1-3]. The recent studies have
indicated that HDAC inhibitors are considered promising novel anticancer drugs, and prove
useful in preclinical and preliminary clinical trials [4, 5]. A number of HDAC inhibitors
have been characterized that inhibit tumor growth both /n vitro and in vivo at amounts that
have little or no toxicity. HDAC inhibitors have been shown to induce the inhibition of
proliferation, apoptosis, invasion, and migration in breast cancer cell lines in vitro [6-9].
Nevertheless, little is known about the anticancer mechanism of HDAC inhibitors in breast
cancer and whether the coregulatory signaling might involve microRNA (miRNA).

MiRNAs are small non-coding RNAs of approximately 19-25 nucleotides that can
negatively regulate gene expression at both transcriptional and post-transcriptional levels
[10, 11], and play important roles in diverse biological processes. MiRNASs have been shown
to be aberrantly expressed in breast cancer while also functioning as regulators of tumor
behavior and progression [12, 13]. The miR-200 family has been shown to suppress
epithelial-mesenchymal transition (EMT) and invasion and to govern many biologic
processes essential to tumor survival such as apoptosis, proliferation, and chemoresistance
[14-16]. MiR-200c has been reported to serve as a potential tumor suppressor to regulate
tumor angiogenesis, proliferation, invasion and migration in breast cancer [15, 17, 18].
Recently, HDAC inhibitors have been shown to reverse PELP1-mediated suppression of
miR-200 family members [6]. The finding demonstrated that there was a direct relationship
between HDAC inhibitor and miR-200 family members.

Crk-like (CRKL) is an adapter protein that has crucial roles in multiple biological processes,
including cell proliferation, adhesion, and migration. The CRKL gene is located on
chromosome 22, band q11, and is strikingly similar to the cellular component of the v-crk
oncogene product[19]. CRKL is a key substrate and effective downstream molecule of the
BCR-ABL1 oncogenic tyrosine kinase in chronic myelogenous leukemia [20, 21].
Accumulating studies show frequent upregulation of CRKL in several malignant tumors,
including breast, lung, pancreatic, and colon cancers, as well as B-cell lymphoma and
chronic lymphocytic leukemia [21-24]. Overexpression of CRKL was demonstrated in
human breast cancers and showed direct correlation with tumor stage, with the ability to
promote breast cancer cell proliferation [25, 26]. CRKL as a primary genetic driver of
tumorigenesis may play an important role in tumor proliferation and migration in breast
cancer, with implications as a possible novel diagnostic marker and potential therapeutic
target.

In this study, we investigated the anticancer mechanism of HDAC inhibitors and more
specifically, significance of the HDAC-miR200c-CRKL signaling axis in the regulation of
proliferation, migration, and invasion of breast cancer cells. Our results showed that the
anticancer mechanism of HDAC inhibitor in breast cancer cells was achieved in part by
regulating miR-200c through downregulating CRKL. These novel findings suggest that the
HDAC-miR200c-CRKL axis may be a critical component for inhibiting proliferation,
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migration, and invasion of breast cancer cells, and that HDAC inhibitors serve as attractive
therapeutic agents for breast cancer.

2. Materials and methods

2.1. Cell culture, cell transfection, and cell treatment with SAHA

Breast cancer cell lines MDA-MB-231, HCC-1143, HCC-1395, MCF-7, SKBR3,
HCC-1419, and MDA-MB-361, as well as two normal mammary epithelial cell lines,
MCF-10A and A1N4, were purchased from the American Type Culture Collection
(Mediatech Inc, Manassas, VA, USA) and freshly recovered from liquid nitrogen. The breast
cancer cells were maintained in RPMI-1640 (Mediatech Inc, Manassas, VA, USA)
supplemented with 10% fetal bovine serum. MCF-7 was grown in the medium along with 5
mg/mL insulin. The MCF-10A and A1N4 cells were cultured in IMEM (Mediatech Inc,
Manassas, VA, USA) supplemented with 0.5% fetal calf serum, 0.5 mg/mL hydrocortisone,
5 mg/mL insulin, and 10ng/mL epidermal growth factor. All cells were grown and
maintained at 37°C in a 5% CO», humidified incubator.

The hsa-miR-200c-3p mimics (Catalog No. 4464066), hsa-miR-200c-3p inhibitors (Catalog
No. 4464084), and CRKL siRNA (Catalog No. 4392420) were purchased from
ThermoFisher Scientific (Waltham, MA, USA). These mimics or inhibitors were transfected
into the cells. All cell transfections were introduced by Lipofectamine 2000 Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. For each cell
transfection, three replicate experiments were performed.

For proliferation, invasion, and Western blot assays, MDA-MB-231 breast cancer cells were
treated for 24 hrs with 1 pM Vorinostat (Suberoylanilide Hydroxamic Acid, SAHA)
(Shelleckchem, Houston, USA).

2.2. Quantitative RT-PCR assays

Total RNA was isolated from the cells using Trizol Reagent (Invitrogen, Carlsbad, CA,
USA). The sequences of all primers used in this study are outlined in Table 1. U6 snRNA
was used as the endogenous control for miR-200c amplification and B-Actin as the
endogenous control for CRKL and HDAC1-11 respectively. Total RNA was quantified by
detection of absorbance at 260nm. 2jug of each RNA sample was reverse-transcribed into
complementary DNA. Quantitative PCR analysis was performed using the Prism 7900HT
Sequence Detection System (ABI, Foster City, CA, USA) with the comparative threshold
method. Thermal cycling conditions were as follows: 95°C for 10 minutes, followed by 36
cycles of 95°C for 20 seconds and 60°C for 30 seconds. SYBR Green quantitative PCR
reaction was performed in a 20 pl reaction volume containing 10 pl of 2x SYBR Green PCR
Master Mix (Life technologies, Grand Island, NY, USA). The relative expression levels of
each sample were measured using the 2-22Ct method. All experiments were performed in
triplicate and repeated once more.
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2.3. Western blotting analysis

Total proteins from treated cells were extracted using cell RIPA buffer. Proteins were loaded
and separated on 10% SDS-PAGE gels, and then transferred onto PVDF membranes (Bio-
Rad, Hercules, CA, USA). The membranes were incubated overnight at 4°C with
monoclonal antibodies against CRKL (Millipore, Billerica, MA, USA) at a 1:10000 dilution
with 5% non-fat dried milk. After washing with TBST, the membranes were incubated for 1
h with peroxidase-conjugated anti-mouse IgG (Bio-Rad, Hercules, CA, USA) at 1:20000
dilution, and bound proteins were visualized using ECL and detected using the SPX-101A
Biolmaging Systems (Konica Minolta, Inc., Tokyo, Japan). The relative protein levels were
calculated by normalizing to B-Actin (Sigma—Aldrich, St. Louis, MO, USA) protein as the
endogenous control. All experiments were performed in duplicate for each sample and the
process was repeated once more. Quantification of protein bands was measured using the
ImageJ software.

2.4, Cell proliferation assays

The viability and proliferation of MDA-MB-231 cells were determined by Cell Titer 96
AQueous Non-Radioactive Cell Proliferation Assay (MTS) Kit (Promega, Madison, WI,
USA). The cells were plated in 96-well plates at 1x10* per well in a final volume of 100l
culture medium and treated with HDAC inhibitor. After incubation for 24, 48, 72, and 96
hours, 20ul of 96 AQueous solution was added to each well and incubated for an additional
2h at 37 °C, and the absorbance was measured at 490nm by ELISA plate reader Synergy HT
Microplate Reader (Biotek, Winooski, VT, USA). The cell viability was normalized to that
of cells cultured in the culture medium without treatment.

2.5. Matrigel invasion assays

After transfecting with miR-200c mimics or treating with HDAC inhibitors, the cells (5 x10*
per well) were seeded in BioCoat Matrigel invasion chamber 24-well plates (Becton
Dickinson Bioscience, Franklin Lakes, NJ, USA). Cells in the upper chambers were allowed
to invade overnight at 37°C with 5% CO,. Non-invasive cells remaining on the upper side of
the inserts were scratched away with a cotton swab. Invasive cells were fixed with 100%
ethanol for 15 min, stained with hematoxylin-eosin, counted in 10 microscopic fields at 40x
magnification, and averaged.

2.6. Wound healing assays

To analyze cell migration, the transfected cells were seeded in 6-well plates. When the cells
reached 80% confluence, the supernatant was removed and a scratch was made using a
sterilized 200 pl pipette tip. The debris was removed by washing with PBS. Serial
photographs were obtained at different time points using the inverted microscope (Olympus
IX51, Tokyo, Japan). The distances between the cell fronts on either side of the scratch were
measured and recorded.

2.7. Computational target

For the identification of miR-200c targets, TargetScan 6.2 software was used to find
conserved target sites throughout mammalian transcriptomes. We scanned the genome for

Biochem Pharmacol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bian et al.

Page 5

putative miR-200 binding sites and 1057 transcripts with conserved sites, with a total of
1202 conserved sites and 525 poorly conserved sites. We focused on the theoretical genes
that had high (>0.80) probability of conserved targeting (Targetscan aggregate Pct) scores,
and those that might contribute to the proliferation and invasiveness of breast cancer.

2.8. Statistical analysis

3. Results

Three replications were performed for each experiment. Statistical differences among groups
were analyzed using either Student’s t-test or XZ test as appropriate. A<0.05 was considered
significant; £<0.01 was considered highly significant. SPSS version 19.0 (SPSS Inc., IL,
USA) will be used for statistical analysis.

3.1. MiR-200c expression levels are downregulated in breast cancer cells and inversely
correlate with expression levels of HDAC class lla members

The expression levels of HDAC1-11 in MDA-MB-231, HCC1143, HCC1395, MCF-7,
SBKR3, HCC1419, and MDA-MB-361 breast cancer cell lines, and two normal-like cell
lines, A1N4 and MCF-10A, were profiled with gRT-PCR analysis. Several breast cancer cell
lines demonstrated similar HDAC expression profiles; HDAC2 and class 1la HDACs
including HDAC9, HDAC4, HDACS5, and HDAC7 were significantly elevated (Fig. 1A) in
breast cancer cell lines compared to two normal-like cell lines. Particularly, HDAC9 was
expressed in much higher levels in all breast cancer cell lines compared to normal-like cell
lines AIN4 and MCF-10A (Fig. A).

To validate the role of miR-200c in HDACs-mediated breast cancer cell growth and
invasion, we analyzed the expression of miR-200c in breast cancer cells lines by gRT-PCR.
The gPCR results revealed that expression levels of miR-200c were downregulated in all
seven breast cancer cell lines compared to the two immortalized normal mammary epithelial
cell lines. Notably, miR-200c expression levels were consistently lower in triple-negative
cell lines, MDA-MB-231, HCC-1143, and HCC-1395 (Fig. 1B). Additionally, our data show
that miR-200c expression levels are inversely correlated with the levels of HDAC2 and class
Ila HDACs.

3.2. The ectopic expression of miR-200c inhibits the proliferation, invasion, and migration
of breast cancer cells

To investigate the potential role of miR-200c in breast cancer cells proliferation, invasion,
and migration, we transfected miR-200c mimics into the breast cancer cell line MDA-
MB-231 to overexpress miR-200c (Fig 2A). Cell proliferation assays showed that the
ectopic expression of miR-200c could markedly inhibit the proliferation and growth of
MDA-MB-231 cells compared to the mimic control (Fig. 2B). Moreover, Matrigel invasion
assays demonstrated that miR-200c-transfected MDA-MB-231 cells were significantly less
invasive than the cells transfected with mimic control (Fig. 2C). Wound healing assays
demonstrated that the ectopic expression of miR-200c inhibited the cells’ migration (Fig.
2D). Collectively, our results support the role of miR-200c as an important contributor to the
inhibition of breast cancer proliferation, invasion, and migration as a tumor suppressor.
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3.3. HDAC inhibitor inhibits proliferation and invasion in breast cancer cells by modulating
miR-200c and CRKL

Vorinostat (SAHA) is the most advanced HDAC inhibitor which is known to inhibit MCF-7,
MDA-MB 231, and SKBr-3 breast cancer cell lines by inducing G1 and G2-M arrest and
apoptosis [27]. Moreover, SAHA has entered clinical phase I-11 trials in breast cancers,
showing the potential for clinical benefit in terms of stable disease [28, 29]. Thus we focused
on SAHA as the prototypical HDAC inhibitor of this study. To confirm whether miR-200c is
the direct functional mediator contributing to the anticancer mechanism of HDAC inhibitor,
breast cancer MDA-MB-231 cells, after SAHA treatment, were transfected with miR-200c
inhibitors. Our results showed that miR-200c expression levels were upregulated in SAHA-
treated breast cancer cells (Fig. 3A), while CRKL expression at protein levels were
downregulated with SAHA treatment (Fig. 3B). Moreover, the miR-200c inhibitors could
partially abrogate the SAHA induction to miR-200c expression in breast cancer cells (Fig.
3A and B).

More importantly, the introduction of SAHA significantly decreased the proliferation of
breast cancer cells and blocked their invasion (Fig. 3C and D). The downregulation of
miR-200c by transfecting with 100 nM miR-200c inhibitor could impair HDAC inhibitor’s
ability to induce the inhibition of proliferation and invasion in breast cancer cells. Cell
proliferation assays showed that miR-200c inhibitors could partially abrogate the SAHA-
treated effects in breast cancer cells, and restore the proliferation and growth of MDA-
MB-231 cells at 48h (Fig. 3C). The results of Matrigel invasion assays demonstrated that the
invasion of the breast cancer cells could partially be restored by the introduction of
miR-200c inhibitors (Fig. 3D). The knockdown of CRKL with transient siRNA (Fig. 3B)
significantly inhibited the proliferation and invasion of MDA-MB-231 breast cancer cells
(Fig. C and D). Thus, the above results indicate the anticancer mechanism of HDAC
inhibitor was partially realized by regulating miR-200c through targeting CRKL.

3.4. MiR-200c levels are inversely consistent with those of CRKL that is directly targeted by
miR-200c in breast cancer cells

The expression profiles of miR-200c and CRKL were analyzed with gRT-PCR. The results
show that expression levels of CRKL were upregulated in all seven breast cancer cell lines
compared with the two immortalized normal mammary epithelial cell lines while miR-200c
was down-regulated in breast cancer. This demonstrates that miR-200c levels were inversely
consistent with CRKL in breast cancer cells (Fig. 4A).

To identify miR-200c target genes, we scanned the genome for putative miR-200 binding
sites with bioinformatic analysis and identified CRKL as predicted target gene of miR-200
(Fig. 4B). To verify whether the expression of CRKL is modulated by miR-200c in breast
cancer cells, MDA-MB-231 cells were transfected with miR-200c mimics. We further used
western blotting to analyze the protein expression of CRKL. Fig. 4C shows that the ectopic
expression of miR-200c downregulated CRKL expression by approximately 68%.
Therefore, we conclude that miR-200c directly targets CRKL.
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4. Discussion

Breast cancer is the most commonly diagnosed cancer and is the leading cause of cancer
death among females worldwide [30]. The study of epigenetic changes associated with the
development and progression of breast cancer is rapidly emerging as an attractive field of
study. HDACs exert their targeted action via posttranslational acetylation of core
nucleosome histones, thereby regulating gene expression [28]. MiRNASs can play a critical
role in HDAC regulation and control in cancer [31]. The anticancer mechanism of HDAC
inhibitor in breast cancer remains poorly understood. In this report, our findings, which
demonstrate the involvement of miR-200c through CRKL downregulation, provide novel
evidence in mechanisms of HDAC inhibitor treatment.

It was reported that one third of human genes appear to be conserved miRNA targets, which
are regulators of many functional genes [32]. Aberrant expression of some miRNAS occurs
and plays critical roles in various cancers [31, 33-35]. Some miRNA deregulation has been
demonstrated to play important roles in breast cancer proliferation, migration, metastasis,
chemoresistance, and radioresistance through directly regulating expression of targeted
genes [12, 36-38]. Previous studies have shown that the downregulation of specific members
of the miR200 family members, which act as potential suppressors, was associated with the
growth, migration, and invasion of breast cancer cells [16, 39-41]. Our studies indicated that
miR-200c was downregulated in breast cancer cells. Upon transfection with miR-200c
mimics, the ectopic expression of miR-200c significantly inhibited the proliferation,
invasion, and migration of these cells. Furthermore, suppression of miR-200c expression
could partially abrogate the miR-200c-mediated effects in breast cancer cells to restore
proliferation and migration. Therefore, these results indicate that repression of miR-200c
may induce tumor development and progression in breast cancer carcinogenesis.

We identified CRKL as a direct target of miR-200c in breast cancer cells. The ectopic
expression of miR-200c led to a significant reduction in CRKL at the protein level. The
upregulation of CRKL protein expression was presented after repression of miR-200c in
MDA-MB-231 cells transfected with miR-200c inhibitors. MiR-200c expressions levels
were inversely correlated with CRKL protein levels. As an oncogene, CRKL is
overexpressed in a number of human malignant tumors [22, 42], and its overexpression
contributes to malignant transformation in multiple aspects of tumorigenesis. Young et al.
[23] demonstrated that amplification and resultant overexpression of CRKL contribute to
diverse oncogenic phenotypes in lung cancer, and knockdown of CRKL in lung cancer cell
lines has led to a significant decrease in cell proliferation and invasiveness; these findings
suggest that altered expression of CRKL by gene amplification may contribute to the
oncogenic phenotype in lung cancer. In regards to breast cancer, it was reported that the
overexpression of CRKL protein played a role in integrating signals for migration and
invasion of highly malignant breast cancer cell lines, and revealed a significant association
between highly proliferative breast tumors and poor outcome [26]. Our results show that
CRKL protein levels were up-regulated in breast cancer cells, and the overexpression of
CRKL protein promoted breast cell proliferation, invasion, and migration. Our findings are
the first to identify a significant inverse correlation between CRKL protein levels and
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miR-200c expression, which provided support for a novel diagnostic marker and potential
therapeutic target in breast cancer.

Interestingly, our data revealed that the expression levels of miR-200c were significantly
upregulated in breast cancer cell lines after HDAC inhibitor treatment, whereas, CRKL
expressions levels at both mRNA and protein were downregulated. Previous studies have
shown that HDAC inhibitors could reactivate gene expression and inhibit the growth and
survival of tumor cells, underlying the potential of HDAC inhibitors as exciting new agents
for the treatment of cancer [43]. HDAC inhibitors were identified to induce the inhibition of
proliferation and clonogenic growth in several cancer cell lines /n vitro [44, 45]. Vorinostat
was the first histone deacetylase inhibitor approved by FDA for the treatment of CTCL [46].
Subsequently, three more HDAC inhibitors, Romidepsin [47], Panobinostat [48], and
Belinostat [49], have been evaluated for safety and efficacy, and were approved by the U.S.
Food and Drug Administration (FDA) for clinical treatment. HDAC inhibitors have been
shown to rapidly induce p21Waf1/Cipl mRNA and activation expression of this critical
tumor suppressor gene is necessary for mediating the anti-proliferative effect /n vitroand in
vivo [50, 51]. Recently, SAHA has been shown to significantly promote /n vitro trafficking
of MDA-MB-231 and BT-549 cells via the induction of epithelial-mesenchymal transition
(EMT) [52]. Nevertheless, the downstream anticancer mechanism of HDAC inhibitor and
whether the coregulatory signaling involves an additional layer of epigenetic mechanisms of
action remain poorly understood in breast cancer. More importantly, recent studies revealed
that HDAC inhibitors can reverse PELP1-mediated suppression of miR-200 family members
[6], suggesting a direct relationship between HDAC inhibitors and miR-200 family members
in breast cancer. Our findings demonstrated that the decreased expression of miR-200c
weakened the inhibitory functions of HDAC inhibitors in breast cancer cells, suggesting that
the interactions of miR-200c with HDAC inhibitors played a critical role in the anticancer
process. Furthermore, miR-200c inhibits cell proliferation, migration, and invasion by
downregulating CRKL. We realize that our miR-200c inhibitors were unable to completely
neutralize SAHA effect on inhibiting the proliferation and invasion of breast cancer cells.
One possible reason is that our miR-200c inhibitors fail to completely block the increasing
levels of miR-200c induced via SAHA. Moreover, altered signaling via introduction of
either SAHA or miR-200c is likely connected to several downstream divergent pathways.
Thus, we think that SAHA anticancer action realizes at least partly through the miR-200c-
CRKL axis. It is imperative that more investigations explore the mechanism of HDAC
inhibitor action.

In conclusion, this study demonstrates that the forced expression of miR-200c inhibited
proliferation, invasion, and migration of human breast cancers by downregulating CRKL.
We identified that HDAC inhibitors inhibited breast cancer cell proliferation and migration
by regulating miR-200c through direct CRKL targeting. HDAC-miR200c-CRKL signaling
axis may play an important role in the anticancer mechanism functions of HDAC inhibitor in
breast cancer cells. Our novel findings partially revealed theories for breast cancer clinical
treatment of HDAC inhibitor, and suggest that HDAC-miR200c-CRKL signaling axis could
be a novel diagnostic marker and potential therapeutic target in breast cancer.

Biochem Pharmacol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bian et al.

Page 9

Acknowledgments

Th

is study was financially supported by a Research Grant from NIH NCI (1R01CA109366) to HS.

Abbreviations

References
1.

10

11.

12

13.

14.

HDAC histone deacetylase

SAHA Suberoylanilide Hydroxamic Acid (MVorinostat)
miRNA microRNA

CRKL Crk-like

EMT epithelial-mesenchymal transition

Mann M, Krishnan S, Vadlamudi RK. Emerging significance of estrogen cancer coregulator
signaling in breast cancer. Minerva ginecologica. 2012; 64:75-88. [PubMed: 22334233]

. Oehme |, Deubzer HE, Wegener D, Pickert D, Linke JP, Hero B, et al. Histone deacetylase 8 in

neuroblastoma tumorigenesis. Clinical cancer research : an official journal of the American
Assaciation for Cancer Research. 2009; 15:91-9. [PubMed: 19118036]

. Marshall GM, Gherardi S, Xu N, Neiron Z, Trahair T, Scarlett CJ, et al. Transcriptional upregulation

of histone deacetylase 2 promotes Myc-induced oncogenic effects. Oncogene. 2010; 29:5957-68.
[PubMed: 20697349]

. Zhu P, Martin E, Mengwasser J, Schlag P, Janssen KP, Gottlicher M. Induction of HDAC2

expression upon loss of APC in colorectal tumorigenesis. Cancer cell. 2004; 5:455-63. [PubMed:
15144953]

. Yoo CB, Jones PA. Epigenetic therapy of cancer: past, present and future. Nature reviews Drug

discovery. 2006; 5:37-50. [PubMed: 16485345]

. Roy SS, Gonugunta VK, Bandyopadhyay A, Rao MK, Goodall GJ, Sun LZ, et al. Significance of

PELP1/HDAC2/miR-200 regulatory network in EMT and metastasis of breast cancer. Oncogene.
2014; 33:3707-16. [PubMed: 23975430]

. Cody JJ, Markert JM, Hurst DR. Histone deacetylase inhibitors improve the replication of oncolytic

herpes simplex virus in breast cancer cells. PloS one. 2014; 9:€92919. [PubMed: 24651853]

. LiuR, Wang L, Chen G, Katoh H, Chen C, Liu Y, et al. FOXP3 up-regulates p21 expression by site-

specific inhibition of histone deacetylase 2/histone deacetylase 4 association to the locus. Cancer
research. 2009; 69:2252-9. [PubMed: 19276356]

. Tate CR, Rhodes LV, Segar HC, Driver JL, Pounder FN, Burow ME, et al. Targeting triple-negative

breast cancer cells with the histone deacetylase inhibitor panobinostat. Breast Cancer Res. 2012;
14:R79. [PubMed: 22613095]

. Ambros V. microRNAs: tiny regulators with great potential. Cell. 2001; 107:823-6. [PubMed:
11779458]

He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regulation. Nature reviews
Genetics. 2004; 5:522-31.

. lorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, et al. MicroRNA gene
expression deregulation in human breast cancer. Cancer research. 2005; 65:7065-70. [PubMed:
16103053]

Khoshnaw SM, Green AR, Powe DG, Ellis 10. MicroRNA involvement in the pathogenesis and
management of breast cancer. Journal of clinical pathology. 2009; 62:422-8. [PubMed: 19398594]
Roybal JD, Zang Y, Ahn YH, Yang Y, Gibbons DL, Baird BN, et al. miR-200 Inhibits lung
adenocarcinoma cell invasion and metastasis by targeting FIt1/VEGFR1. Molecular cancer
research : MCR. 2011; 9:25-35. [PubMed: 21115742]

Biochem Pharmacol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bian et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 10

Cochrane DR, Spoelstra NS, Howe EN, Nordeen SK, Richer JK. MicroRNA-200c mitigates
invasiveness and restores sensitivity to microtubule-targeting chemotherapeutic agents. Molecular
cancer therapeutics. 2009; 8:1055-66. [PubMed: 19435871]

Teng Y, Mei Y, Hawthorn L, Cowell JK. WASF3 regulates miR-200 inactivation by ZEB1 through
suppression of KISS1 leading to increased invasiveness in breast cancer cells. Oncogene. 2014;
33:203-11. [PubMed: 23318438]

Jurmeister S, Baumann M, Balwierz A, Keklikoglou I, Ward A, Uhlmann S, et al. MicroRNA-200c
represses migration and invasion of breast cancer cells by targeting actin-regulatory proteins
FHOD1 and PPM1F. Molecular and cellular biology. 2012; 32:633-51. [PubMed: 22144583]

Chen J, Tian W, Cai H, He H, Deng Y. Down-regulation of microRNA-200c is associated with
drug resistance in human breast cancer. Medical oncology. 2012; 29:2527-34. [PubMed:
22101791]

ten Hoeve J, Morris C, Heisterkamp N, Groffen J. Isolation and chromosomal localization of
CRKL, a human crk-like gene. Oncogene. 1993; 8:2469-74. [PubMed: 8361759]

Oda T, Heaney C, Hagopian JR, Okuda K, Griffin JD, Druker BJ. Crkl is the major tyrosine-
phosphorylated protein in neutrophils from patients with chronic myelogenous leukemia. The
Journal of biological chemistry. 1994; 269:22925-8. [PubMed: 8083188]

Salgia R, Uemura N, Okuda K, Li JL, Pisick E, Sattler M, et al. CRKL links p210BCR/ABL with
paxillin in chronic myelogenous leukemia cells. The Journal of biological chemistry. 1995;
270:29145-50. [PubMed: 7493940]

Singer CF, Hudelist G, Lamm W, Mueller R, Handl C, Kubista E, et al. Active (p)CrkL is
overexpressed in human malignancies: potential role as a surrogate parameter for therapeutic
tyrosine kinase inhibition. Oncology reports. 2006; 15:353-9. [PubMed: 16391854]

Kim YH, Kwei KA, Girard L, Salari K, Kao J, Pacyna-Gengelbach M, et al. Genomic and
functional analysis identifies CRKL as an oncogene amplified in lung cancer. Oncogene. 2010;
29:1421-30. [PubMed: 19966867]

Birge RB, Kalodimos C, Inagaki F, Tanaka S. Crk and CrkL adaptor proteins: networks for
physiological and pathological signaling. Cell communication and signaling : CCS. 2009; 7:13.
[PubMed: 19426560]

Zhao T, Miao Z, Wang Z, Xu Y, Wu J, Liu X, et al. Overexpression of CRKL correlates with
malignant cell proliferation in breast cancer. Tumour biology : the journal of the International
Society for Oncodevelopmental Biology and Medicine. 2013; 34:2891-7. [PubMed: 23686806]
Fathers KE, Bell ES, Rajadurai CV, Cory S, Zhao H, Mourskaia A, et al. Crk adaptor proteins act
as key signaling integrators for breast tumorigenesis. Breast cancer research : BCR. 2012; 14:R74.
[PubMed: 22569336]

Munster PN, Troso-Sandoval T, Rosen N, Rifkind R, Marks PA, Richon VM. The histone
deacetylase inhibitor suberoylanilide hydroxamic acid induces differentiation of human breast
cancer cells. Cancer research. 2001; 61:8492—7. [PubMed: 11731433]

Luu TH, Morgan RJ, Leong L, Lim D, McNamara M, Portnow J, et al. A phase Il trial of
vorinostat (suberoylanilide hydroxamic acid) in metastatic breast cancer: a California Cancer
Consortium study. Clinical cancer research : an official journal of the American Association for
Cancer Research. 2008; 14:7138-42. [PubMed: 18981013]

Tu Y, Hershman DL, Bhalla K, Fiskus W, Pellegrino CM, Andreopoulou E, et al. A phase I-11
study of the histone deacetylase inhibitor vorinostat plus sequential weekly paclitaxel and
doxorubicin-cyclophosphamide in locally advanced breast cancer. Breast cancer research and
treatment. 2014; 146:145-52. [PubMed: 24903226]

Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA: a cancer
journal for clinicians. 2011; 61:69-90. [PubMed: 21296855]

Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006; 6:857-66.
[PubMed: 17060945]

Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates
that thousands of human genes are microRNA targets. Cell. 2005; 120:15-20. [PubMed:
15652477]

Biochem Pharmacol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bian et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 11

Yang H, Kong W, He L, Zhao JJ, O’Donnell JD, Wang J, et al. MicroRNA expression profiling in
human ovarian cancer: miR-214 induces cell survival and cisplatin resistance by targeting PTEN.
Cancer research. 2008; 68:425-33. [PubMed: 18199536]

Pekarsky Y, Santanam U, Cimmino A, Palamarchuk A, Efanov A, Maximov V, et al. Tcll
expression in chronic lymphocytic leukemia is regulated by miR-29 and miR-181. Cancer
research. 2006; 66:11590-3. [PubMed: 17178851]

Asangani 1A, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S, et al. MicroRNA-21
(miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 and stimulates invasion,
intravasation and metastasis in colorectal cancer. Oncogene. 2008; 27:2128-36. [PubMed:
17968323]

Valastyan S, Reinhardt F, Benaich N, Calogrias D, Szasz AM, Wang ZC, et al. A pleiotropically
acting microRNA, miR-31, inhibits breast cancer metastasis. Cell. 2009; 137:1032—-46. [PubMed:
19524507]

Liang Z, Li Y, Huang K, Wagar N, Shim H. Regulation of miR-19 to breast cancer
chemoresistance through targeting PTEN. Pharmaceutical research. 2011; 28:3091-100. [PubMed:
21853360]

Liang Z, Ahn J, Guo D, Votaw JR, Shim H. MicroRNA-302 replacement therapy sensitizes breast
cancer cells to ionizing radiation. Pharm Res. 2013; 30:1008-16. [PubMed: 23184229]

Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The miR-200 family and
miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nature cell
biology. 2008; 10:593-601. [PubMed: 18376396]

Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E, Spaderna S, et al. A reciprocal
repression between ZEB1 and members of the miR-200 family promotes EMT and invasion in
cancer cells. EMBO reports. 2008; 9:582-9. [PubMed: 18483486]

Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200 family determines the epithelial phenotype
of cancer cells by targeting the E-cadherin repressors ZEB1 and ZEB2. Genes & development.
2008; 22:894-907. [PubMed: 18381893]

Sattler M, Salgia R. Role of the adapter protein CRKL in signal transduction of normal
hematopoietic and BCR/ABL-transformed cells. Leukemia. 1998; 12:637-44. [PubMed: 9593259]
Johnstone RW. Histone-deacetylase inhibitors: novel drugs for the treatment of cancer. Nature
reviews Drug discovery. 2002; 1:287-99. [PubMed: 12120280]

Marks P, Rifkind RA, Richon VM, Breslow R, Miller T, Kelly WK. Histone deacetylases and
cancer: causes and therapies. Nature reviews Cancer. 2001; 1:194-202. [PubMed: 11902574]
Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of histone deacetylase inhibitors. Nat
Rev Drug Discov. 2006; 5:769-84. [PubMed: 16955068]

Mann BS, Johnson JR, Cohen MH, Justice R, Pazdur R. FDA approval summary: vorinostat for
treatment of advanced primary cutaneous T-cell lymphoma. The oncologist. 2007; 12:1247-52.
[PubMed: 17962618]

Campas-Moya C. Romidepsin for the treatment of cutaneous T-cell lymphoma. Drugs of today.
2009; 45:787-95. [PubMed: 20126671]

Laubach JP, Moreau P, San-Miguel JF, Richardson PG. Panobinostat for the Treatment of Multiple
Myeloma. Clin Cancer Res. 2015; 21:4767-73. [PubMed: 26362997]

Tabackman AA, Frankson R, Marsan ES, Perry K, Cole KE. Structure of ‘linkerless’ hydroxamic
acid inhibitor-HDAC8 complex confirms the formation of an isoform-specific subpocket. Journal
of structural biology. 2016; 195:373-8. [PubMed: 27374062]

Lagger G, O’Carroll D, Rembold M, Khier H, Tischler J, Weitzer G, et al. Essential function of
histone deacetylase 1 in proliferation control and CDK inhibitor repression. The EMBO journal.
2002; 21:2672-81. [PubMed: 12032080]

Archer SY, Meng S, Shei A, Hodin RA. p21(WAF1) is required for butyrate-mediated growth
inhibition of human colon cancer cells. Proceedings of the National Academy of Sciences of the
United States of America. 1998; 95:6791-6. [PubMed: 9618491]

Wu S, Luo Z, Yu PJ, Xie H, He YW. Suberoylanilide hydroxamic acid (SAHA) promotes the
epithelial mesenchymal transition of triple negative breast cancer cells via HDAC8/FOXA1
signals. Biological chemistry. 2016; 397:75-83. [PubMed: 26431101]

Biochem Pharmacol. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bian et al. Page 12

Aa
25 10 4

5 Normal- ;

e Breast cancer cell lines

4(;)“” 8 ........................................................ et
T © i ([——

2L

o _

cC o

’;o 6 -

oL

5=

© -

=E *

[

B o 2 5
© O 1

%o g
== o

CE T
.go_ 0 -

o £ = I I T T I I T

28 ! U O g U O U @)

B a O - > > x > x
38219 O O O O O 0©O 0O

P = 5 [§] [ ~ a @ ~1 ©
e I

538 4/

14
Bg_ 8 _Normallike
T T

Oé 7

2

2 64

2= Breast cancer cell lines T

ST Bd cimimimimim it s

O ©

[=3]

g2 4

¥

EE 31

5 8

oo 21

So

39 1.

c ©

oS

I

g o = 3 5 Z @ z z > =z
af o o (@) O O
s c > Q Q n 8y (0] ¥ Z 1

= et { i A b i &
o= = = 3 =~ & N = =)
=9 o ) ] © @ >
© N &

o) - >»

o —_

Fig. 1.
HDACSs and miR-200c relative expression levels in breast cancer cell lines compared to

those in normal-like cell lines. (A) Relative expression levels of HDAC1-11 in breast cancer
cell lines, MDA-MB-231, HCC1143, HCC1395, MCF-7, SKBR3, HCC1419, and MDA.-
MB-361, compared to those (mean value as 1) in normal-like cell lines, AIN4 and
MCF-10A, by quantitative RT-PCR analysis (£<0.01). (B) All seven breast cancer cell lines
expressed lower miR-200c levels compared to two normal-like cell lines by quantitative RT-
PCR analysis(/<0.01). All samples were performed in triplicate. All experiments were then
repeated once more.
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The ectopic expression of miR-200c inhibited the proliferation, invasion and migration of
breast cancer cells. (A) miR-200c overexpression in MDA-MB-231 breast cancer cells at
24hr post transfection of miR-200c mimics determined quantitative PCR analysis. MDA-
MB-231 cells were treated with 100 nM of miR-200c mimics or control oligonucleotides for
24 hours prior to qPCR. *, P< 0.01 compared to control. (B) Proliferation analysis of breast
cancer cells treated with miR-200c mimics. MDA-MB-231 cells were treated with miR-200c
mimics or control oligonucleotides for 24, 48, 72, or 96 hours before proliferation assays
were performed. *, < 0.05 and **, £< 0.01 compared to control, (C) Invasion of
ectopically miR-200c-expressed breast cancer cells. MDA-MN-231 cells were with treated
with 100 nM miR-200c mimics or control oligonucleotides for 16 hours prior to Matrigel
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invasion assays. *, £< 0.01 compared to control. (D) Migration of ectopically miR-200c-
expressed breast cancer cells. MDA-MB-231 cells were treated with 100 nM miR-200c
mimics or control oligonucleotides for 24 hours before a wound-healing assays were
performed. *, < 0.01 compared to control.
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Fig. 3.
HDAC inhibitor inhibited proliferation and invasion in breast cancer cells by modulating

miR-200c and CRKL. (A) Expression levels of miR-200c of breast cancer cells treated with
SAHA. MDA-MB-231 cells were treated with 1 uM SAHA alone or a combination of
SAHA and 100 nM miR-200C inhibitors for 24 hour before a quantitation RT-PCR assays
were performed. *, < 0.05 and **, < 0.01 compared to the control. (B) Expression levels
of CRKL in breast cancer cells treated with the inhibitors. Breast cancer MDA-MB-231 cells
were treated with 1 uM SAHA, 100 nM miR-200c, or 100 nM CRKL siRNA alone or a
combination of SAHA and miR-200c inhibitor for 24 hours before Western blot assays were
performed. The experiments were performed in duplicates for each sample. The process was
repeated once more. *, £< 0.01 compared to the control. (C) Proliferation of breast cells
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treated with the inhibitors. MDA-MB-231 breast cancer cells were treated with 1 pM
SAHA, 100 nM miR-200C, or 100 nM CRKL siRNA alone or a combination of SAHA and
miR-200c for 24 hours before a proliferation assay was performed. *, £< 0.01 compared to
the control. (D) Invasion of breast cancer cells treated with the inhibitors. MDA-MB-231
cells were treated with 1 uM SAHA, 100 nM miR-200c, or 100 nM CRKL siRNA alone or a
combination of SAHA and 100 nM miR-200C inhibitors for 24 hours before Matrigel
Invasion assays were performed. *, < 0.01 compared to the control.
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Fig. 4.

M?R—ZOOC directly targeted at CRKL. (A) CRKL expression levels are conversely correlated
with miR-200c levels in breast cancer cell lines and normal-like cell lines by qRT-PCR.
Seven breast cancer cell lines (labeled with read in the graph) are MDA-MB-231, HCC1143,
HCC1395, MCF-7, SKBR3, HCC1419, and MDA-MB-361. Two normal-like cell lines
(labeled with blue in this graph) are ALIN4 and MCF-10A. (B) A conserved targeted site of
miR-200c high (>0.80) probability of conserved targeting (Targetscan aggregate PcT) scores
in the 3"UTRs of CRKL indentified by TargetScan 6.2 software. (C) Expression levels of
CRKL of ectopically miR-200c-expressed breast cancer cells by Western blot assays. MDA-
MB-231 cells were treated with 100 nM miR-200c inhibitors or control oligonucleotides of
1, 10, and 100 nM miR-200c mimics respectively for 24 hrs prior to Western blot assays. B~
actin was used as a loading control. The experiments were performed in duplicates for each
sample. The process was repeated once more. Quantification of protein bands was measured
using the ImageJ software. *, P< 0.05 and **, £< 0.01 compared to control.
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PCR primers used in this study

Table 1

Gene Forward Primer 5'-3° Reverse Primer 5”-37 Gene-Bank Accession No.
miR-200c ~ CCCTCGTCTTACCCAGCAGT CCATCATTACCCGGCAGTAT NR_029779
CRKL ACTGCCTTGGCATTAGAGGT ACAAAGCAGCAGGAAACAGG NM_005207
HDAC1 TCGATCTGCTCCTCTGACAA GCTTCTGGCTTCTCCTCCTT AY 627042
HDACZ2 TTCCCTCAGCCCTTTTCTCT ATGAGGCTTCATGGGATGAC BC148797
HDAC3 GGAGCTGGACACCCTATGAA  GACTCTTGGTGAAGCCTTGC AF039703
HDAC4 TGAAGAATGGCTTTGCTGTG  ACGCTAGGGTCGCTGTAGAA AF132607
HDACS5 AGTGACACCGTGTGGAATGA AGTTTTGCGGTGATGGCTAC AF132608
HDAC6 AAGTAGGCAGAACCCCCAGT GTGCTTCAGCCTCAAGGTTC AF132609
HDAC7 CCCAGCAAACCTTCTACCAA  TATCCTGAAAGCAGCCAGGT AY 302468
HDACE GGCCAGTATGGTGCATTCTT GGCTGGGCAGTCATAACCTA AF245664
HDACY CAGCAACGAAAGACACTCCA CAGAGGCAGTTTTTCGAAGG BC152405
HDACI10 TCCACCCGAGTACCTTTCAC GTGTTTCTGCTTGGCATGTG AF426160
HDAC11 TCCGCACAGAACTCAGACAC AGTAGAGGAAGGGCCAGCTC  BCO009676
U6 snRNA  ACAACGTTGCAGTCATTGGA  CTGCTCGAATATTCCCCAAA NM_016200
B-Actin GACAGGATGCAGAAGGAGAT TGCTTGCTGATCCACATC TG X00351
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