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Introduction: Metastasis involves the accumulation of genetic and epigenetic alterations
leading to activation of prometastatic genes and inactivation of antimetastatic genes. Among
epigenetic alterations, DNA hypermethylation and histone hypoacetylation are the focus of
intense translational research because their pharmacological inhibition has been shown to
produce antineoplastic activity in a variety of experimental models.

Aims: This study aimed to evaluate the antimetastatic effect of the DNA-methylation inhibitor,
hydralazine, and the histone deacetylase inhibitor, valproic acid.

Methods: NIH 3T3-Ras murine cells were treated with hydralazine and valproic acid to evalu-
ate their effects upon cell proliferation, cell motility, chemotaxis, gelatinase activity, and gene
expression. Lung metastases were developed by intravenous injection of NIH 3T3-Ras cells in
BALB/c nu/nu mice and then treated with the drug combination.

Results: Treatment induced a growth-inhibitory effect on NIH 3T3-Ras cells, showed a trend
toward increased gelatinase activity of MMP2 and MMP9, and inhibited chemotaxis and cell
motility. The combination led to a strong antimetastatic effect in lungs of nude mice.
Conclusion: Hydralazine and valproic acid, two repositioned drugs as epigenetic agents, exhibit
antimetastatic effects in vitro and in vivo and hold potential for cancer treatment.
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Introduction

Metastases are the result of a complex series of cellular events in cancer cells and
surrounding stromata, as well as in distant organs.! During these processes, cells
must exhibit the ability to survive the harsh conditions imposed by physiological and
anatomical barriers, and hence must acquire advantageous genetic and epigenetic
traits to do so.> It is thought that epigenetic changes may aid tumor cells to turn
metastasis-related genes off and on in a timely manner, as gene expression is not
only dependent on the presence of the appropriate transcription factors that interact
with enhancer or promoter elements in a cell-type- or tissue-specific manner but also
dependent on the availability of binding sites regulated by higher-ordered chromatin
structures, specifically DNA methylation and histone deacetylation, among others.*
For instance, demethylation and reexpression of E-cadherin are thought to be essential
for the correct incorporation of metastatic cells into their new and normal cellular
environment.” Other metastasis-related genes, such as NM23 and RECK, are rarely
mutated in cancer and their silencing may occur through epigenetic mechanisms, which
could be reverted by epigenetic drugs, DNA methyltransferase inhibitors (DNMTIs),
and histone deacetylase inhibitors (HDAClIs).5

submit your manuscript
e
in

Dove

http:

OncoTargets and Therapy 2018:11 8823-8833 8823
© 2018 Pérez-Cirdenas et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S187306
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:alfonso_duenasg@yahoo.com

Pérez-Cardenas et al

Dove

Hydralazine and valproic acid are repositioned DNMTIs
and HDACTs, respectively.” This combination of drugs
has shown clinical activity in myelodysplastic syndrome,'*
cutaneous T-cell lymphoma,'® and in combination with
chemotherapy or radiation against several solid tumors. '8
Furthermore, it is known that cancer progression and metas-
tases may present downregulation of HLA class I antigens by
DNA hypermethylation and histone deacetylation, which can
be reverted by DNMTIs and HDACISs. In addition, altered
NK-cell activity may favor cancer metastasis.'”* Interest-
ingly, we and others have shown that hydralazine—valproic
acid treatment upregulates HLA class I antigen expression
and antigen-specific cytotoxic T-cell-lymphocyte response
in carcinoma cells, as well as upregulating NKG2D ligands
and enhancing NK-cell cytotoxicity in several carcinoma
cell lines.?' 2 In a proof-of-principle study on breast cancer,
this drug combination was able to upregulate a number of
tumor-suppressor genes, including the anti-metastatic gene
NM?23 >t is well known that the presence of R4S mutations
associates with the presence of metastases,” so to further
evaluate the potential role of this combination as antimeta-
static therapy, we used the widely known Hras-transfected
NIH 3T3 system, since these cells readily form lethal tumor
nodules in the lungs of nude mice after tail vein injection.?

Methods

Reagents and cell lines

Valproic acid and hydralazine hydrochloride were obtained
from Sigma-Aldrich Co. (St Louis, MO, USA). Polyclonal or
monoclonal antibodies against pan-Ras, Nm23-H1, E-cadherin,
RECK, and actin were obtained from Santa Cruz Biotechnology
Inc. (Dallas, TX, USA), the polyclonal antibody against Smad4
was obtained from Cell Signaling Technologies (Danvers, MA,
USA), and gelatin type A was obtained from Sigma-Aldrich.
Embryonic mouse NIH 3T3 fibroblasts were obtained from
American Type Culture Collection (ATCC; Manassas, VA,
USA) and cultured in DMEM (Thermo Fisher Scientific,
Waltham, MA, USA) containing 10% FBS (Thermo Fisher
Scientific), 100 U/mL penicillin, and 0.1 mg/mL streptomycin
(Sigma-Aldrich), and incubated at 37°C in 5% CO,.

Generation of stable NIH 3T3-Ras cell line
NIH 3T3 cells were plated at a density of 5x10° cells per
dish (10 cm diameter) in DMEM containing 10% FBS.
Semiconfluent cells were electroporated with linearized
pEJ-neo (Hras**'?). Two days after transfection, 800 pg/mL
G418 antibiotic (Thermo Fisher Scientific) was added to the
medium. Stable NIH 3T3 cells transfected with this plasmid
were designated NIH 3T3-Ras.”’

Cell-viability assay

Cells were seeded into 24-well Falcon plates (Becton
Dickinson, Franklin Lakes, NJ, USA) at appropriate densities
in 1 mL of complete medium. At 24 hours later, they were
treated with hydralazine (10 uM) and valproic acid (1 mM)
for 5 days. Thereafter, the medium was aspirated and the
cells were fixed in 0.5 mL 10% buffered formaldehyde for
24 hours. Cells were washed and stained with 0.75% crystal
violet in phosphate solution. Cells were then washed and
the dye eluted with 33% acetic acid solution. Cell viability
was assessed by dye absorbance measured at 570 nm on
an automated ELISA reader. All assays were reproduced
sixfold in triplicate. The cytotoxic effect of each treatment
was expressed as a percentage of cell viability relative to
untreated control cells (percentage of control).

Cell-migration assay

The migratory ability of cells was evaluated using a wound-
healing assay. Cell lines were grown in 24-well plates and
treated with 10 uM hydralazine and 1 mM valproic acid
for 5 days. At day 6, the cell monolayer was mechanically
wounded in the center of each well with a sterile 200 UL
pipette tip. Cells were then washed three times to remove
detached cells and debris. Wound healing was monitored at
different time points with inverted bright-field microscopy
under a 4x objective. Only the cell-free area was selected,
then measured, photographed, and quantified using ImageJ
1.43 software, in agreement with the protocol described by
Valster et al,”® and calculated as percentage wound healing
using the equation (1 — [wound area at Tx hours/wound area
at TO)], where Tx is the respective time point and TO the time
immediately after wounding.

Chemotaxis assay

NIH 3T3-Ras cells were assayed for chemotaxis using a
modified Boyden-chamber method. Briefly, cells were
treated with 10 uM hydralazine and 1 mM valproic acid for
5 days. After this time, cells were detached and suspended
in serum-free DMEM. Thereafter, 15x10° viable cells, as
assessed by trypan blue exclusion, were placed in the upper
compartment of a microchemotaxis chamber (Neuro Probe,
Gaithersburg, MD, USA), onto gelatin-coated (type A;
Sigma-Aldrich) cellulose nitrate membranes with 8 um
pore diameter (Neuro Probe). DMEM containing no, 2.5%,
5%, 7.5%, 10%, and 15% FBS was placed in the lower
compartment of the chambers. After 24 hours of incubation,
cells that had moved to the lower surface of the filters were
fixed, stained with azure dye, and counted. Cellular motility
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observed with DMEM supplemented with 10% FBS was
taken as 100% migration.

Gelatinase activity

Gelatinase activity was evaluated by zymography. Cells were
cultured in 75 cm? culture flasks in 10 mL medium and treated
with hydralazine and valproic acid at 10 uM and 1 mM,
respectively. After 5 days, cells were cultured in unsupple-
mented medium (serum- and phenol red-free). At 24 hours
later, conditioned medium was removed, centrifuged at
1,500 g for 10 minutes, and concentrated by ultrafiltration
(Amicon). Proteins with molecular weight >10 kDa were
retained. Protein content was measured by Bradford assay
using BSA (Sigma-Aldrich) as a standard, and gelatinase
activity was determined by zymography. Gelatin zymogra-
phy was performed as previously described.? Briefly, 5 ug
of each concentrated conditioned medium were loaded onto
nonreducing 8% SDS-PAGE copolymerized with 1% gelatin.
After electrophoresis, gels were rinsed in 2.5% Triton X-100,
incubated in TNC buffer (Tris—HCI 50 mM, NaCl 150 mM,
and CaCl, 20 mM, pH 7.4) at 37°C for 14-16 hours, and
stained with Coomassie blue R250 (Sigma-Aldrich). MMPs
were detected as transparent bands (digested area) on the blue
background of the stained gel. Levels of proteolytic activity
were quantified by densitometry using ImageJ 1.45.

Real-time PCR array

Total RNA was extracted from NIH 3T3-Ras cells treated
for 5 days in the presence or absence of hydralazine and
valproic acid (10 uM and 1 mM, respectively), using Trizol.
Analysis of metastatic gene expression was performed with
an RT? Profiler PCR array kit to examine mRNA levels
of 84 genes associated with tumor metastasis, including
five housekeeping genes, one genomic DNA control, three
reverse-transcription controls, and three positive PCR con-
trols, in 96-well plates, following the manufacturer’s protocol
(Qiagen, Venlo, the Netherlands). Briefly, cDNAs were
synthesized from 1 g total RNA using the RT? First Strand
cDNA reagent kit according to the manufacturer’s protocol.
The reaction mixtures (20 uL) were incubated at 42°C for
15 minutes, followed by incubation at 95°C for 5 minutes,
and then cooled on ice. PCR arrays were performed inde-
pendently using a 7,500 real-time PCR system (Thermo
Fisher Scientific). Values were obtained for the threshold
cycle (C) for each gene and normalized using the average of
four housekeeping genes on the same array. Resulting values
are reported as fold change. Only genes showing double or
greater change were considered for the analysis.

Western blots

Whole-cell extracts were prepared in lysis buffer contain-
ing 50 mM Tris—HCI pH 7.4, 150 mM NaCl, 0.5% Nonidet
P40, 1 mM EDTA, and a protease inhibitor cocktail (Sigma-
Aldrich). For immunoblot analysis, 20 ug protein from cell
lysates were separated on 10% SDS-PAGE. Subsequently,
proteins were electrotransferred to a polyvinylidene difluo-
ride filter (Amersham Hybond) and probed with antibodies
against pan-Ras*!!? (mouse monoclonal antibody; Sigma-
Aldrich), Nm23-H1 (rabbit polyclonal IgG antibody; Santa
Cruz Biotechnology), E-cadherin (mouse monoclonal 1gG
antibody; Santa Cruz Biotechnology Inc.), Smad4 and RECK
(rabbit polyclonal IgG antibody; Cell Signaling Technology),
and actin (goat polyclonal IgG antibody; Santa Cruz
Biotechnology). Detection using species-specific [gG-HRP
secondary antibodies (Santa Cruz Biotechnology Inc.) was
performed with the Immobilon Western chemiluminescent
HRP substrate (Merck KGaA, Darstadt, Germany).

Lung-metastasis assay

Animal studies were approved by the Ethics Committee
of the National Cancer Institute of Mexico and the Institu-
tional Committee of Animal Care and Use and conducted in
accordance with federal laws in adherence with the Mexican
Official Norm (NOM-062-Z0O0-1999) policy. Six-week-old
male BALB/c nu/nu mice (Harlan Laboratories) received
108 NIH 3T3 cells or NIH-Ras cells injected in 0.1 mL PBS
through the tail vein. Five mice were inoculated with NIH
3T3 cells, nine mice with NIH-Ras cells, and six mice with
NIH-Ras cells. Two days later, the animals in the last group
were treated intraperitoneally with hydralazine at 5 mg/kg
body weight and valproic acid 300 mg/kg body weight every
day for 1 month. After 4 weeks, mice were killed by cervi-
cal dislocation under anesthesia to assess the presence of
metastases in the internal organs. Macroscopic examinations
were carried out for all internal organs, including lungs, and
microscopic examination of lung metastases was performed
on multiple sections of formalin-fixed, paraffin-embedded
lung tissue stained with H&E. Metastatic lesion counts in
the lungs of each mouse were carried out by microscopic
examination.

Statistical analysis

Unless specified, results are expressed as mean * SD of data
collected from at least three independent experiments carried
out in triplicate. Statistical significance was determined using
SigmaStat 2.03 or InerStat-A 1.3 software by ANOVA, and
P<0.05 was considered significant.
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Results
Hydralazine and valproic acid decrease

expression of Ras oncogene and viability
of NIH 3T3-Ras cells

NIH 3T3 cells stably transfected with mutated (Val'?) human
c-H-RAS gene and cultured under G418 selection, were
treated for 5 days with 10 UM hydralazine and 1 mM valproic
acid, and then tested for Ras Val12 protein expression. The
presence of the transfected Hras oncogene in the NIH 3T3-
Ras cell line was confirmed by Western blot, and was found
absent in untransfected wild-type cells (Figure 1A). To deter-
mine whether NIH 3T3-Ras cells remained viable after 5 days
of treatment with hydralazine and valproic acid at 10 uM and
1 mM, respectively, we assayed cell viability. The results
showed that after treatment, around 25.01%%1.8% of NIH
3T3-Ras cells remained viable compared to 39.7%%12.1%
of wild-type cells (P<<0.05; Figure 1B). Morphologically,
as expected after transformation, untreated NIH 3T3-Ras
cells showed transformed foci, whereas those treated with

A NIH 3T3-Ras
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Figure | Expression of Ras, viability, and morphological effects in NIH 3T3-Ras cells
treated with hydralazine and valproic acid.

Notes: (A) Protein expression of Ras*"'? in wild-type (WT) cells or NIH 3T3-Ras
cells treated with hydralazine 10 UM and valproic acid | mM (HV) for 5 days or
untreated (C). (B) Cell viability after HV treatment. Data represent means + SD,
*P<0.05. (C) Representative microscopy of WT NIH 3T3 cells or NIH 3T3-Ras cells
untreated or treated with hydralazine and valproic acid.

Abbreviation: MW, molecular weight.

the combination showed a reduction in transformed foci and
some cells showed rounded morphology (Figure 1C).

Hydralazine and valproic acid decrease

cell motility and chemotaxis

The effects of hydralazine and valproic acid on cell motility
were evaluated using the wound-healing assay and cell
chemotaxis after 5-day treatments. The results showed a 35%
decrease in wound healing compared with untreated cells,
though this effect was seen only at 24 hours after wounding
and not earlier (P<<0.05; Figure 2A and B). Chemotaxis of
NIH 3T3-Ras cells evaluated in the Neuro Probe chamber
also showed that treatment with hydralazine and valproic acid
resulted in an almost complete lack of migration to the lower
compartment of the chamber (Figure 2C and D).

Hydralazine and valproic acid do not

change gelatinase activity

Evaluation of gelatinase activity of NIH 3T3-Ras cells treated
with hydralazine and valproic acid showed a trend toward
increased MMP9 and MMP2 activity, though this change
was not statistically significant (P=0.603 and P=0.194,
respectively; Figure 3). Inhibition with EDTA indicated the
metalloproteinase nature of these bands (data not shown).
In addition, we verified equal amounts of protein in each
sample by staining the proteins after denaturing PAGE (data
not shown).

Hydralazine and valproic acid decrease
the metastatic ability of NIH 3T3-Ras

To evaluate the overall effect of these epigenetic drugs upon
metastatic ability, NIH 3T3-Ras cells were injected into tail
veins of male nu/nu mice. Two days after injection, epige-
netic drugs were administered intraperitoneally daily for one
month. The results indicated a strong antimetastatic effect
of these epigenetic drugs compared to untreated controls
(Figure 4A and B; Table 1). All untreated animals developed
numerous lung metastases, with a mean of 47.3 lung nodules,
whereas the average for hydralazine and valproic acid treat-
ment was 1.5 (P<<0.001 compared to control). Figure 4C
shows representative microscopy of histological sections.
No macroscopic metastases were observed in other organs.

Hydralazine and valproate changes in
gene expression

To analyze transcriptional changes in genes involved in metas-
tasis contained in a mouse-tumor-metastasis RT profiler, we
compared differential gene-expression profiles of 84 genes
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Figure 2 Effect of hydralazine 10 uM and valproic acid | mM (HV) treatment on migration of the NIH 3T3-Ras cell line.

Notes: (A) Representative microscopy of the wound area in confluent cell monolayers treated with vehicle control alone (C) or HV. (B) Percentage cell motility of NIH/3T3-
Ras cells. All data presented as means £ SD of quadruplicate values from three different experiments. *P<<0.05. (C) NIH 3T3-Ras chemotaxis across a polycarbonate filter
in response to different percentages of FBS. The image on the right shows control and treated cells with FBS at 10%. 4x magnification. (D) Cell chemotaxis, with results

expressed as mean percentage of migrated cells compared with 10% FBS (100% of chemotaxis). Blue line, C; red line, HV.

Abbreviation: t, time.

between NIH 3T3-Ras cells treated or not with valproic
acid and hydralazine. These genes encode several classes of
protein factors, including cell adhesion, extracellular matrix
components, cell cycle, cell growth, proliferation, apoptosis,
transcription factors, and regulators, and other genes that
participate in metastasis. The results showed that there were
15 downregulated and 33 upregulated genes with greater than
twofold change. The mean AC, for the downregulated genes

was 28.43 vs 32.34 (95% CI -7.1998 to —0.6202 P=0.0229),
whereas the corresponding mean AC for the upregulated genes
was 28.18 vs 26.18 (95% C1 1.32-2.66, P=0.0263; Table 2).
To get a better picture of gene-expression changes, Figure 5
shows the genes that underwent greater than fivefold change
in expression, either up or down. Among the downregulated
genes were CCL7, HTATIP, CXCL12, CDHI1,and MYCLI,
whereas those upregulated were MMP3, SMAD4, CXRC2,

A B MMP9 C MMP2
kDa MW C HV 2
130 ° %,
+MmMPY £ =
S S
75 . } }
<+« MMP2 S S 1
50 o I3
< <
0
C HV C HV

Figure 3 Effect of hydralazine 10 uM and valproic acid | mM (HV) treatment on gelatinase activity.
Notes: (A) Gelatin zymography of three representative experiments and corresponding densitometric analysis of NIH 3T3-ras cells treated with vehicle control (C) or HV.
(B) MMP9 average density. (C) MMP2 average density. These differences were not statistically significant (MMP9, P=0.603; MMP2, P=0.194).

Abbreviation: MW, molecular weight.
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Figure 4 Effect of hydralazine and valproic acid (HV) on metastatic potential.
Notes: (A) Representative images of metastatic nodules in lungs of mice, generated
after intravenous tail injection in nude athymic animals. Control and HV for | month.
The lower numbers represent the number of lung macroscopic nodules counted.
(B) Mean metastases in untreated group (C) vs HV group. (C) Representative
histological images of H&E-stained tissue sections from metastatic lungs obtained
from the two groups. Arrows show metastatic nodules. 10x magnification.

EPHB2, and FXYD5. The well-known metastasis-suppressor
gene NM23-HI was upregulated, but only 1.72-fold (not
statistically significant). Validation of protein expression
by Western blot confirmed increased expression of both
NM23-H1 and SMAD4 (Figure 6). Interestingly, E-cadherin,
which was upregulated in the microarray by 3.41-fold, was
actually slightly decreased in protein expression, though this
difference was not statistically significant. The RECK gene
was not included in the mouse-tumor-metastasis RT profiler;

nevertheless, it was analyzed by Western blot because it
reverses Ras activation in fibroblasts, and as expected there
was important upregulation.

Discussion

The results of this study show that the combination of
hydralazine and valproic acid has distinct in vitro effects upon
several phenotypic traits known to be involved in the meta-
static process, such as cell proliferation, invasion, and migra-
tion and gelatinase activity. These agents, while only showing
a tendency to increase metalloproteinase activity, do reduce
cell motility and cell migration. Whether this reduction in
cell motility and migration results from hydralazine—valproic
acid-induced gene-expression changes in metastasis-related
genes or a direct effect of these drugs on viability remains to
be analyzed. However, the overall result is a striking effect
showing reduction of lung metastases in vivo.

A significant number of metastasis-related genes are
known to be dysregulated via epigenetic alterations, specifi-
cally CpG-island hypermethylation and disruption of normal
patterns of histone acetylation/deacetylation.’®3! As such,
DNA demethylating drugs and HDACIs, may have a role as
chemo- or radiosensitization agents by inducing synergistic
gene reactivation.’>*” However, there is a paucity of studies
with these agents regarding their antimetastatic effects.
An early study with 5-Aza-2’-deoxycytidine (5-Aza-dC)
showed reexpression of NM23-H1 with a reduction in
motility of breast cancer cells.” Another study showed that
5-Aza-dC treatment of MDA-MB435 cells reduced the rate
of lung metastases, which was attributed to demethylation
and reexpression of SYK, a metastasis-suppressor gene.*
Additionally, some class 1, 6, and 8 HDACs have been
found to be critical for invasion in breast cancer cells,* and
the HDACTs apicidin, vorinostat, entinostat, and romidepsin
reduce basal and CXCL12-mediated cell migration in several
human cancer cell lines by impairing CXCL12-dependent
signaling cascades through STAT3 and cSRC, suggesting
that they delay or prevent metastasis.*’ Likewise, Zhang et al
showed that valproic acid inhibits MDA-MB231 cell motility

Table | Number of lung metastases in BALB/c nu/nu mice injected with NIH 3T3-Ras cells and treated with hydralazine and valproic

acid (HV)
Group (treatment) Incidence Average number of Median (range) Nodule diameter (mm)
metastases (SE)
NIH 3T3 0/5 0(0) 0 (0) 0
NIH 3T3-ras 9/9 47.3 (12.9) 37 (6-113) 2-7
NIH 3T3-Ras (HV) 4/6 1.5 (0.6)* 1.5 (0-4) 1-2

Note: *P<<0.001.
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Table 2 Gene expression profile of NIH 3T3-Ras cells treated
with hydralazine and valproic acid compared with untreated

cells
Cell function | Upregulated (fold) Downregulated (fold)
Cell cycle BRMSI (2.16) TRP53 (-2.12)
NF2 (2.12)
RBI (3.3)
HRASI (2.66)
VEGFA (2.32)
Growth and CTBPI (2.14) CXCLI12 (-6.24)
development IL18 (2.34) SSTR2 (-3.75)
NF2 (2.12) CCL7 (-249.55)
EPHB2 (7.23) FLT4 (—2.04)
CSFI (2.14) MYCLI (-5.21)
HRAS| (2.66)
MET (2.22)
PLAUR (2.03)
SRC (2.01)
TGFBI (2.19)
CXCR2 (8.5)
FGFR4 (2.47)
MCAM (3.13)
Cell adhesion CD44 (2.45) GPNMB (-2.64)
CDHI (3.46) CDHI I (-5.24)
CDHI (3.46)
CTNNAI (2.86)
FATI (4.37)
ITGA7 (2.7)
FXYDS5 (6.87)
MCAM (3.13)
Apoptosis IL18 (2.34) TRP53 (-2.12)
SET (2.13)
Transcription RBI (3.3) TRP53 (-2.12)
factors SMAD4 (34.69)
EWSRI (2.02)
Extracellular MMP3 (35.07) MMP2 (-2.1)
proteins MMP9 (—4.44)
MMPI | (-3.35)
Cell adhesion KISST (2.12) HTATIP2 (-84.23)
RORB (—4.12)

Note: Upregulated and downregulated changes >5-fold are shown in bold.

by survivin downregulation.*! The ability of several HDACIs
to modulate the expression of invasive gene expression has
also been demonstrated in bladder cancer cell lines.** Studies
combining agents that have targeted DNA methylation and
histone deacetylation in metastasis models are limited.
In breast cancer cells, 5-Aza-dC plus depsipeptide induces
greater reactivation of both maspin and gelsolin compared to
each agent alone.* Furthermore, the same combination shows
synergy in expression of E-cadherin and TIMP3.#

The in vivo antimetastatic effect of the combination of
hydralazine and valproic acid has not been previously evalu-
ated. A study showed that they synergize in demethylation-
induced reexpression of E-cadherin in the human biliary tract

carcinoma cell line QBC939, which was associated with a
sharp decrease in invasiveness, and that was only slightly
decreased with either drug alone.*> While hydralazine has not
been tested alone, valproic acid has been shown to reduce
clonogenicity and invasion in Matrigel assays to different
extents in two bladder cell lines*® and to reduce growth sig-
nificantly of T24 bladder cancer xenografts.?’

Despite the fact that most studies demonstrate that epige-
netic drugs decrease one or more of the metastatic cascade
processes, it must be acknowledged that epigenetic drugs are
pleiotropic agents, and might activate prometastatic genes
while inhibiting antimetastatic genes. Therefore, the combi-
nation, at least in vitro, could promote the metastatic process.
In this regard, 5-Aza-dC increases the expression of the
metalloproteinases MMP1, -2, -3, -7, -9, and -14, increases
cell motility and in vitro invasion, and upregulates the pro-
metastatic genes UPA, VEGF, TGF, SNCG, and BAX in pan-
creatic and MCF7 breast cancer cells.*** Similarly, HDAC
inhibition by trichostatin A, sodium butyrate, and scriptaid,
increases Matrigel invasion through the overexpression of
uPA.% Therefore, it seems that while these opposite effects
may result solely from the experimental system used, the
majority of studies point to the antimetastatic effects of epi-
genetic drugs, suggesting that the overall effect upon global
gene expression may favor an “antimetastatic profile”.

Our results on gene-expression point toward an overall
antimetastatic gene profile. Among the most downregulated
genes is CCL7, which in cross talk with CCR3 and promotes
invasion and metastases in colon and oral cancer,’*> while
EGFR, CCR3, and CCR7 predict breast cancer metastasis.*
Downregulation of HTATIP, also known as TIP30, is required
to inhibit the prometastatic effects of sorafenib by metformin
in liver carcinoma.’* CXCL12 derived from tumor fibroblasts
is known to promote tumor-cell invasion in breast cancer.>*-
CDH11, an adhesion molecule, is involved in pancreatic cell
migration,” and its overexpression, combined with Cdh6 and
CD44, is associated with lymph-node metastases and poor
prognosis in oral carcinoma.*® Finally, MYCLI has not been
reported to play a role in metastasis, but is recurrently ampli-
fied in Merkel-cell carcinoma®® and its genetic deletion in lung
cancer models leads to strong tumor suppression.*

With regard to the upregulated genes observed, SMAD4
is a well-known antimetastatic gene in colorectal cancer,®!-%2
as is EPHB?2, since its loss is associated with invasion,
migration, and metastasis in colorectal cancer.*>** Moreover,
overexpression of EphA4 plus low expression of EPHB2
correlates with liver metastases in colorectal cancer.®
Nevertheless, CXRC?2 is well demonstrated to have a role

OncoTargets and Therapy 2018:1 |

submit your manuscript

8829

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Pérez-Cardenas et al Dove

50 =

30 4

10 4

CDH11 MYCL1 CXCL12 HTATIP2 CCL7

FXYD5 EPHB2 CXRC2 SMAD4 MMP3
~10 4

-30 +

Relative gene expression

—50
—80 =

—-90 -

—240 + I

—250

Figure 5 Genes that changed their expression fivefold (up/downregulated) upon treatment with hydralazine and valproic acid compared with untreated cells.
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Figure 6 Western blot analysis was used to validate the PCR array.

Notes: NIH 3T3-Ras cells treated with vehicle (C) or with a combination of 10 UM hydralazine and | mM valproic acid (HV). Cell lysates analyzed by immunoblotting with
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densities after normalization with actin. Results represent average of three experiments. *P<<0.01.
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in tumor progression and metastasis,® while FXYD35, also
known as dysadherin, facilitates cell motility and metastatic
potential in pancreatic cancer.’” Both genes were found to
be upregulated, as was MMP3, which is associated with
metastatic potential in a number of tumors.®® Interestingly,
MMP9 and MMP?2 were found to be downregulated (—4.4
and —2.1, respectively); however, their gelatinase activity
was increased, although not statistically significantly.
These data are intriguing, as at least one study has reported
that MMP9 expression decreases the metastatic potential
of chondrosarcoma.” In summary, five downregulated
genes are reported as pro-metastatic and one oncogenic,
whereas only two of six upregulated genes are known metas-
tasis suppressors. Interestingly, as oncogenic RAS inhibits
RECK expression” via promoter methylation’' and histone
deacetylation,” and RECK negatively regulates the activities
of matrix metalloproteinases, we analyzed the expression of
the RECK protein. Our results confirmed that hydralazine and
valproic acid upregulated its expression, suggesting that this
effect may also contribute to the almost complete inhibition
of metastasis in vivo.

Conclusion

While our results strongly suggest that this combination of
the epigenetic agents hydralazine and valproic acid could be
of value for the treatment of metastases, the meaning of our
results is limited by the use of the model of Hras-transfected
murine cells. Therefore, additional research on human tumor
models for metastasis are needed. Of note, epigenetic agents
are already in clinical trials for solid tumors, and thus a detailed
analysis of patient outcome regarding the course of metastatic
disease could also provide information on whether or not epige-
netic drugs can be clinically tested as antimetastatic agents.
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