Cellular & Molecular Biology

Cell. Mol. Biol. 2015; 61 (3): 17-23

Published online June 8, 2015 (http://www.cellmolbiol.com)
Received on March 25, 2015, Accepted on June 2, 2015. ‘044
doi : 10.14715/cmb/2015.61.3.5

MRJF4, a novel histone deacetylase inhibitor, induces p21 mediated autophagy in PC3
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Abstract

Autophagy is a cellular defense mechanism which occurs through degradation and recycling of cytoplasmic constituents and represents a caspase-independent alter-
native to cell death by apoptosis. It is generally accepted that the suppression of autophagy in many cancer cells is directly correlated to malignancy; hence, the con-
trol of autophagy genes could represent a target for cancer therapy. The inhibition of cell proliferation through autophagy activation could be an important mechanism
for many anti-tumor drugs. Here we report the effects of a novel histone deacetylase inhibitor MRJF4 (racemic mixture) and of its two enantiomers [(+)-MRJF4 and
(-)-MRJF4] on the morphological and molecular mechanisms causing death and migration of PC3 prostatic cancer cells. In particular, we investigated the occurrence
of the autophagic process, both at morphological and molecular levels (LC3 expression), and its relationship with p2/, a key molecule which regulates cell cycle and
autophagy cell death. Moreover, pERK/Nf-kB driven intracellular signaling, the expression of MMP9 protein - a key component of cell migration - invasion, and
metastasis were assayed. Our results showed that the anti-proliferative effects of MRJF4 due to autophagy occurrence, documented by LC3 increase and ultrastruc-

tural modifications, and the reduction of invasiveness seem to be mediated by the down-regulation of pPERK/NF-kB signaling pathway, along with p2/ up-regulation.
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Introduction

Autophagy is a cellular defense mechanism which
occurs through degradation and recycling of cytoplas-
mic constituents; it represents a caspase-independent
alternative to cell death by apoptosis but, as well as the
latter one, implies mitochondrial involvement (1). Au-
thophagy is a fundamental and phylogenetically con-
served self-degradation process characterized by two
steps: a) formation of autophagosomes containing mor-
phologically intact cytosol or organelles; b) formation
of degradative autophagic structures (autolysosomes)
containing partially degraded cytoplasmic and organ-
elles (2). During the formation of mammalian autopha-
gosomes, LC3 target protein modification is essential to
the process and represents an autophagosomes marker
(3). Moreover, it has been generally accepted that au-
tophagy is suppressed in many cancer cells and that
cellular autophagic activity is inversely correlated to
malignancy (4). Thus, the breakdown of the autophagy
process may contribute to the development of cancer
and, conversely, control/execute autophagy genes could
represent a target for cancer therapy; in fact, the inhibi-
tion of cell proliferation through autophagy activation
could be an important mechanism for many anti-tumor
drugs. Data report that the treatment of breast carcinoma
cell line MCF-7 with the estrogen antagonist tamoxifen
(5), as well as the treatment of malignant glioma cells
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with arsenic trioxide (6), caused authopagy-mediated
cell death. Furthermore, autophagy is tightly linked to
endoplasmic reticulum stress (ERS) response which can
be triggered by disparate mechanisms including histone
deacetylase (HDAC) inhibition. Histone deacetylase
inhibitors (HDACi) constitute a structurally diverse
group of pharmacological agents, primarily known for
their epigenetic control of gene transcription (7-9), cell
growth arrest, and apoptosis occurrence in cancer (10).
In particular, recent reports have established a link be-
tween HDACi and ERS (11). Lately, the novel multi-
target ligand MRJF4 (sigma-1 antagonist, sigma-2 ago-
nist, and HDAC:i) has been prepared and suggested as a
new potential tool for the treatment of prostate and brain
cancers (12-14).

Here, to further explore the pharmacological profile
of this new multi-target ligand, we have studied the ef-
fect of MRJF4 (racemic mixture) and its two enantio-
mers [(+)-MRJF4 and (-)-MRJF4] on the morphological
and molecular mechanisms driving PC3 prostatic can-
cer cells to death and migration. In particular, we have
investigated the occurrence of the autophagic process
both at morphological and molecular levels (LC3 ex-
pression) and its relationship with: a) p21, a key mole-
cule which regulates cell cycle and autophagy cell death
(15, 16); b) pERK/Nf-kB driven intracellular signaling
(17); c) the expression of metalloproteinase-9 (MMP9),
a key component of cell migration and invasion mecha-
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nisms (18-20).
Materials and methods

Cell culture and treatment

PC3 human prostate cancer cells were purchased
from the American Type Culture Collection (ATCC)
and maintained in RPMI 1640 supplemented with 2 mM
Glutamine, 100 pg/mL penicillin-streptomycin, and
10% FBS. Cells were grown at 37 °C in a humidified
atmosphere of 5% CO, and treated from 6 to 72 hours
with 5 uM (+)-MRJF4, (+)-MRJF4, and (-)-MRJF4,
synthesized as previously reported (12), and with com-
mercial 4-phenylbutyric acid (PhBA) and haloperidol
metabolite Il [(£)-HP-mlI]. The chosen concentration
was 5 uM based on previously published data on C6
rat glioma cells using the prodrug (obtained through
conjugation of (+)-HP-mlI to PhBA via an ester bond)
concentrations ranging from 0.1 to 5 uM, as elsewhere
reported (14). Regarding time points, longer time inter-
vals (24-72 h) were chosen to evaluate changes in bio-
logical parameters like cell viability and apoptosis oc-
currence, while shorter treatments (6-24 h) were used to
investigate the effects on protein expression and modifi-
cations (i. e. phosphorylation and acetylation).

Cell viability assay

Cell viability was measured by MTT (3 [4,5-di-
methylthiazol-2yl]-2,5-diphenyl tetrazolium bromide)
growth assay (Sigma Aldrich, St Louis, USA). Cell
number was quantified by the amount of tetrazolium re-
duction in viable mitochondria (21). Cultured cells were
seeded into 24-well plate at 5x10* cells/well and ex-
posed to 5 uM concentration of each compound. After
24 and 48 h cells were processed according to manufac-
turer’s instructions and the absorbance of each sample
was detected at 570 nm. Percentage of viable cells was
calculated using the equation A /A x100 where A4 is the
absorbance value obtained for a sample containing cells
in the presence of a given concentration of agent, and 4,
is the absorbance value of vehicle treated control. Four
independent experiments were performed under the
same experimental conditions.

Flow cytometry detection of acetylated histone H4
PC3 cells were stained for hyperacetylated histone
4 (penta-H4) as previously described (22). Briefly, after
incubation, cell culture medium was removed and cells
fixed for 15 min in 1% p-formaldehyde on ice. Then,
cells were trypsinized and pellets were washed with 1%
PBS/BSA and centrifuged at 130 g for 10 min at 4 °C.
Cells were permeabilized in 0.1% Triton X-100/PBS for
10 min and pellets were resuspended in 10% goat serum/
PBS and incubated for 20 min on ice. Anti-hyperacetyl
histone-H4 rabbit polyclonal antibody (Merck Milli-
pore, NH, USA) was added to the solution (1:100) and
incubated for 1 h on ice. Primary antibody was removed
and a FITC-conjugated goat anti-rabbit [gG (H+L) sec-
ondary antibody (Millipore) was added and incubated
on ice in the dark for 45 min. Secondary antibody was
removed and, prior to running on the FC500, cells were
resuspended in PBS/BSA. About 10000 events were
collected for all samples using 488 nm laser excitation
and analyzed with CXP software (Beckmann Coulter,
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FL, USA). Mean fluorescence intensity (MFI) was ob-
tained by histogram statistics.

Annexin-V/PI detection of apoptotic and necrotic cells
in flow cytometry

To assess apoptosis a commercial Annexin V-FITC/
PI Kit (Bender Med System, Vienna, Austria) was used
according to the manufacturer’s instructions. Briefly,
2.5x10° cells were gently suspended in binding buffer
and incubated for 10 min at room temperature in the
dark with Annexin-V-FITC (23). Samples were then
washed, supravitally stained with propidium iodide (PI),
and analyzed on a FC500 flow cytometer with the FL1
and FL3 detector in a log mode using the CXP analysis
software (Beckman Coulter). For each sample, at least
10* events were collected. Viable cells were Annexin-
Vreg/PI*e (unlabelled), early and late apoptotic cells
were Annexin-VP*, and necrotic cells were Annexin-
Vieg/pros (24).

Immunofluorescence microscopy analysis

Cells grown in slide chambers were fixed in 4% para-
formaldehyde for 10 min and washed in PBS, then per-
mealized in 0.1% Triton X-100, incubated in 5% goat
serum in PBS at room temperature and in the presence
of 10 pg anti-LC3B rabbit polyclonal antibody (Sigma,
San Louis, MI, USA) in PBS, 5% Tween -20, 2% BSA
for 1 h at 37 °C. After two washings in PBS, slides were
allowed to react with FITC-conjugated goat anti-rabbit
immunoglobulin antibody in PBS, 5% Tween-20, 2%
BSA. Nuclei were counterstained with glycerol DAB-
CO (1-4-diazabicyclol [2-2-2]octane) containing 5 pg/
mL DAPI (4-6 diamidino-2-phenyl-indol) (Santa Cruz,
Santa Cruz Biotechnology, CA, USA) for 5 min at room
temperature. The negative control, performed by omit-
ting the primary antibody, has not been subjected to FITC
staining (25). The labelled slides were observed with a
Leica DM4000 fluorescence microscope equipped with
Leica DFC 320 videocamera (Leica Cambridge Ltd,
Cambridge, UK) to acquire computerized images.

Computerized morphometry measurements and image
analysis

After digitizing the images deriving from immu-
nofluorescence, Leica Qwin 3.5 Plus Software Sys-
tem (Leica Cambridge Ltd) was used to evaluate LC3
expression. Image analysis of protein expression was
performed through the quantification of thresholded
areas for immunocytochemical fluorescent colour per
ten fields of light microscope observation. LeicaQwin-
Plus 3.5 assessments were logged to Microsoft Excel
and processed for Percentage, Standard deviations, and
Histograms.

Transmission electron microscopy

Pelleted cells were fixed in 1% glutaraldehyde in 0.1
mol/L phosphate buffer pH 7.6 for 1 h at 4 °C. After
two washings in phosphate buffer, samples were post
fixed in 1% osmium in 0.1 M phosphate buffer for 1 h,
acetone dehydrated, embedded in Epon 812 catalyzed
for 3 days at 60 °C. Semithin sections (700 nm) were
Toluidine blue stained (1% in H,O) and observed in
light microscopy. Ultrathin sections (80 nm) were coun-
terstained using uranyl acetate and lead citrate, mounted
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Figure 1. Effect of 5 uM (+)-MRJF4, (+)-MRJF4, (-)-MRIJF4,
PhBA and (+)-HP-mlII compounds on PC3 prostate cancer cells pro-
liferation (n=4). Graphs show results of MTT assay after 24 and 48
h of treatment. *p < 0.05 and **p < 0.01 relative to control sample.

on 300 mesh nickel grids, and processed for electron
microscopy analysis.

Western blotting analysis

Total cell lysates (60 pg) were electrophoresed on
a 10% sodium dodecyl sulphate (SDS)-polyacrylamide
gel and transferred to nitrocellulose membrane. Nitro-
cellulose membranes, blocked in 5% BSA, 10 mmol/L
Tris-HCI pH 7.5, 100 mmol/L. NaCl, 0.1% Tween-20,
were probed with mouse B-tubulin monoclonal anti-
body (Sigma, USA), mouse p-IkBa, IkBa, p27 mono-
clonal antibodies (Santa Cruz, Santa Cruz Biotechnolo-
gy, CA, USA), mouse anti-MMP9 monoclonal antibody
(Calbiochem, Darmstadt, Germany), rabbit Erk poly-
clonal and rabbit p-Erk monoclonal antibodies (Cell
Signalling, UK), incubated in the presence of specific
enzyme-conjugated IgG horseradish peroxidase. Immu-
noreactive bands were detected by ECL detection sys-
tem (Amersham Intl., Buckinghamshire, UK) and ana-
lysed by densitometry. Densitometric values, expressed
as Integrated Optical Intensity (I.O.1.), were estimated
by a CHEMIDOC XRS system by the QuantiOne 1-D
analysis software (BIORAD, Richmond, CA, USA).
Values were normalized basing on densitometric values
of internal B-tubulin.

Migration assay

Cell migration was assayed by using a trans-well
chamber containing a polycarbonate insert with 8 pm
pores placed between the upper and lower well (Corn-
ing, NY, USA). Cells were cultured to 70-80% of con-
fluence and starved for 24 h in serum free condition.
PC3 cancer prostatic cells were then trypsinized, cen-
trifuged, and resuspended in serum free HAM’S F12 at
a concentration of 10° cells/mL. 100 pL of such sus-
pension have been added to the upper chamber of the
trans-well and 600 pL of HAM’S F12 with 5% FCS
were added to the lower chamber. MRJF4 and its enan-
tiomers, at a final concentration of 5 uM, were added 2
h later to allow cells to adhere to the membrane. After
24 h of incubation at 37 °C, cells on the upper side of
the filter were removed with a cotton swab, while cells
that migrated through the pores to the lower side of the
membrane have been fixed with absolute methanol and
stained with DAPI. Subsequently, the filter was cut out
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Figure 2. Effect of 5 pM (+)-MRJF4, (+)-MRJF4, (-)-MRIF4, PhBA
and (+)-HP-mII compounds on histone H4 acetylation in PC3 cells
(n=3). A: Graph shows the mean MFI (Mean Fluorescence Intensi-
ty) £ SD of hyperacetylated H4 after 6, 15 and 24 h of treatment. *p
< 0.05 relative to control sample. B: Histograms are representative
of 6 h treatment. In each histogram the indicated sample (continuous
line) is plotted with DMSO (dotted line).

with a scalpel, mounted on a slide, and nuclei counted
under a microscope in five random fields of a known
area.

To calculate migration, the total number of cells was
determined counting and averaging the total number of
cells in each of the random fields. The resulted num-
ber was divided by the area of the microscope viewing
field and multiplied by the entire area of the trans-well
insert. The result represented the total number of cells.
Percentage of migration was calculated by dividing the
total number of cells by the number of cells seeded and
multiplying this value by 100.

Statistical analysis

The significance of the differences recorded between
the diverse experimental conditions tested was evalu-
ated using Student ¢ test. Probability levels of < 0.05
were considered statistically significant.

Results

A reduction of viability of about 20% is observed
in samples treated with either the racemic mixture or
(+)-MRJF4. The (-)-MRJF4 enantiomer shows a re-
duction of viable cells below 50% after 24 and 48 h
of treatment, comparable to the effects of PhBA and
(x)-HP-mlI (Figure 1). In parallel, to evaluate the in-
hibitory activity of our compounds on histone 4 (H4)
deacetylase enzyme, flow cytometric acetylation assay
was performed (Figure 2). After 6 h, H4 acetylation
results mainly increased by (+)-MRJF4, similar to the
effect exerted by (x)-HP-mlI, while other compounds
do not seem to affect histone acetylation. Anyway, af-
ter 15 h, (+)-MRJF4 seems to significantly reduce H4
acetylation, while (-)-MRJF4 shows a slight inhibitory
effect on HDAC. After 24 h, all the compounds show
an effect on histone acetylation similar to or lower
than the control sample. To understand if apoptosis oc-
currence justifies the observed viability reduction, an
Annexin-V/PI assay was performed at 24, 48, and 72
h time intervals and no difference was evidenced upon
treatment in all the experimental conditions (Figure 3).
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Figure 3. Annexin/PI detection of apoptotic and necrotic cells in
PC3 cells treated with 5 uM (+)-MRJF4, (+)-MRJF4, (-)-MRJF4,
PhBA and (+)-HP-mlII compounds for 24, 48 and 72 h (n= 3).
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Figure 4. Effect of 5 uM (+)-MRJF4, (+)-MRJF4, (-)-MRJF4,
PhBA and (+)-HP-mlII compounds on LC3 expression in PC3 cells
after 6 and 15 h of treatment (n=3). A) Histogram shows the mean
percentage (£ SD) of positive area/100 cells B) Representative im-
ages of PC3 cells staining with LC3 antibody. *p < 0.05 and **p <
0.01 relative to control sample.

Thus, autophagy occurrence has been hypothesized in
response to HDACi treatment. In fact, while after 6 h
of treatment both (+)- and (-)-MRJF4 show a signifi-
cant increase in the expression of the autophagy marker
LC3, after 15 h it is mainly increased upon (+)-MRJF4
treatment (Figure 4). This evidence was supported by
electron microscopy analysis, performed after 24 h of
treatment, which disclosed autophagic features like a
large amount of free membrane structures and double
membranes into the cytoplasm. Free membrane struc-
tures seemed to be pre-autophagosomes which turned
into autophagosomes containing portions of organelles,
such as endoplasmic reticulum and mitochondria. Con-
trol cells did not disclose any of these modifications
(Figure 5). The phosphorylation rate of Erk seems to be
downregulated by the racemic mixture as well as by the
two enantiomers. A similar behaviour is observed for
the IkB-a phosphorylation, while p21 expression shows
an increase at all the experimental points (Figure 6). In
addition, the invasiveness of such cells was investigated
by trans-well migration test showing that, upon (£)-

Copyright © 2015. All rights reserved.

ol

Figure 5. Toluidine blue stained semithin sections (left panel, mag-
nification: 40x) and electron microscopy pictures (right panel, mag-
nification: 3000x) of PC3 prostatic cancer cells treated with 5 uM
(+)-MRJF4, (+)-MRJF4 and (-)-MRJF4 for 24 h. Arrows indicate
the autophagic structures showed at higher magnification (30000x)
in the inserts.
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Figure 6. A: Effect of 5 uM (£)-MRIJF4, (+)-MRIJF4, (-)-MRJF4,
PhBA and (+)-HP-mlI compounds on Erk, ikBa and p2/ protein
expression and/or phosphorylation in PC3 cells after 6 h of treat-
ment (n=3). A Each blot is the most representative. B: Densitometric
analysis (mean = SD). *p < 0.05 relative to control sample.

MRIF4, (-)-MRIJF4, and (+)-MRJF4 treatment, cells
migration capability was reduced to 70% for the first,
66% for the second, and 52% for the third one (Figure
7 A and B). The expression of MMP9 protein, a key
enzymatic component of cell migration and invasion, is
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Figure 7. Effect of 5 uM (+)-MRIJF4, (+)-MRIJF4, (-)-MRJF4, PhBA
and (+)-HP-mlII compounds on PC3 prostate cancer cells migration
after 24 h of treatment (n=3). A: Representative images of PC3 cells
staining with DAPI. B: Histogram shows the mean percentage (£
SD) of PC3 cells attached to the membrane downsides of trans-well
migration chamber. C: Western blotting analysis of MMP9 protein
expression performed after 6 h of treatment (n= 3). The most rep-
resentative blot and the densitometric analysis (mean + SD) are
shown. *p < 0.05 and **p < 0.01 relative to control sample.

upregulated in the sample treated with the racemic mix-
ture and in the one treated with (+)-MRJF4 enantiomer,
while no significant change is observed in the other ex-
perimental points (Figure 7C).

Discussion

Prostate cancer is one of the most common cause of
death in men. It is reported that pharmacological treat-
ments, such as oridonin and atorvastatin, can inhibit the
proliferation of prostatic cancer cells by inducing cell
cycle arrest, apoptosis, and autophagy in PC3 cells (15,
16). Normally, in tumour cells the histone deacetylase is
hyperactive and, thus, linked to an uncontrolled growth
of cancer cells. This suggests that the inhibition of such
enzyme, determining the acetylation of the histone,
could be a suitable therapeutical target.

Histone deacetylase inhibitors usually induce growth
arrest, differentiation, and cell death. While it is well
known that HDACi mediate their biological effects
through regulation of gene expression, DNA replication
and repairment via direct histone hyperacetylation (10),
recent reports have established a link between HDACi
and ERS (11). Histone deacetylases act by recruiting
misfolded proteins for transport to aggresome which
switches on a cytoprotective response preventing pro-
teotoxicity by compacting proteins and providing au-
tophagic clearance (26, 27). Inhibition of this process
seems to increase the cellular load of unwanted proteins
which, by inducing ERS, switches on cell death through
apoptosis, autophagy, or necrosis, thus suggesting that
HDAC: could be favourable therapeutic agents (28).

In the present paper, we report the effects of the ra-
cemic mixture and of the two separate enantiomers of a
novel inhibitor, MRJF4, on the morphological and mo-
lecular mechanisms driving autophagic occurrence in
PC3 prostatic cells. Here, in fact, the antiproliferative
effect of 5 uM MRIJF4 in PC3 was observed; converse-
ly, when an annexin assay was performed, no difference
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was evidenced in terms of apoptosis in the different ex-
perimental conditions. Thus, an autophagy cell death
was hypothesized and investigated: even if an increased
expression of LC3 autophagy marker was observed for
both the enantiomers at early time points, the effect of
(+)-MRJF4 is more pronounced and lasting. Moreover,
the early inhibition of histone deacetylase seems to be
properly correlated with the expression of the autopha-
gy marker only for the R-(+)-configuration.

Protein degradation by basal constitutive autophagy
is important to avoid accumulation of poly-ubiquiti-
nated protein aggregates and to prevent development
of diseases such as Huntington’s, Parkinson’s, and Al-
zheimer’s, as well as cancer (29, 30).

The morphological modifications, observed mainly
in the cells treated with the two enantiomers, indicate
the presence of autophagosome-like structures and
seem to correlate with LC3 expression.

Such modifications seem to be driven by a down-
regulation of pERK/NF-kB signaling pathway and a
parallel up-regulation of p21, as already reported for
other experimental models (13, 15, 31). In addition, be-
ing migration activity of tumour cells a marker of inva-
siveness and malignancy, the effect of our novel HDA-
Ci was also tested on cell migration and expression of
MMP?9, a protein reported as playing a crucial role in tu-
mour angiogenesis, invasion and metastasis occurrence
(19). Both the R-(+) and S-(-)-configurations show a
decreased migration ability while the MMP-9 expres-
sion appears to be slightly increased by the (+)-MRJF4.
Such controversial findings could be explained by the
fact that even though metalloproteinases are commonly
thought to be involved in cancer progression, they can
also exert numerous other effects (Sorsa 2006).

So we can hypothesize that the R-(+)-enantiomer
shows an early induction of histone 4 hyperacetylation,
LC3 expression, and regulation of the pERK/NF-kB/
p21 signaling pathway, followed by morphological
modifications and growth inhibition at 24 h. On the
other hand the timeline for the S-(-)-entantiomer is not
clear, since the acetylaton induction occurs later than the
LC3 expression. Such differences could be explained by
the fact that our compounds are not only HDACi but
also sigma-1 antagonists and sigma-2 agonists. The in-
teraction of both MRJF4 enantiomers with the catalytic
site of the 3D model HDAC4 has not been tested with a
docking procedure. However, our results suggested that
for the inhibition of HDAC4, the R-(+)-configuration
showed a greater inhibition than the corresponding S-(-
)-enantiomer, probably due to a more stable interaction,
demonstrating a stereospecific and selective interaction
of (+)-MRJF4 with the active site of HDAC4. We can
also assume that (+)-MRJF4 after 15 h and 24 h loses
its inhibitory capacity probably due to hydrolysis pro-
cesses involving the ester bond between haloperidol
metabolite II and phenylbutirric acid.

Thus, taken together our results showed that, start-
ing from the evidence that histone modification plays
an important role in the pathogenesis of various can-
cers and that in our experimental model (PC3 prostatic
cancer cell line) the inhibition of histone 4 deacetylase
enzyme results in anticancer activity, the novel MRJF4,
with a major extent for the R-(+)-configuration, exerts
anticancer activity through activation of the autophagic
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pathway.
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