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Abstract. Glucocorticoids are largely used in the treatment of 
inflammatory pathologies and/or hematological malignancies 
and regulate the expression of a variety of genes involved in 
inflammation or metastasis such as matrix metalloprotein-
ases  (MMP). Long-term exposure to glucocorticoids can 
result in failure of responsiveness, which is often associated 
with an unwanted gene expression. Epigenetic mechanisms 
are involved in gene expression modulated after development 
of glucocorticoid resistance but how these mechanisms take 
place must be further studied. The effects of HDAC inhibi-
tors (HDACi) in a context of glucocorticoid resistance are 
still not well understood and need to be further investigated. 
We hypothesized that acquired glucocorticoid resistance 
associated to HDACi could disturbs epigenetic landscape, 
especially miR expression, leading to a modulation of MMP-9 
gene expression and/or protein secretion, described as largely 
involved in bone remodeling and tumor invasion in multiple 
myeloma. To this aim, we used sensitive RPMI-8226 cell line 
and its dexamethasone- and methylprednisolone-resistant 
derivatives. The resistant cell lines displayed an ‘open chro-
matin’ and an MMP-9 overexpression comparatively to the 
sensitive cell line. HDACi treatment with MS-275 increased 
even more MMP-9 overexpression not only at an mRNA 
level but also at the protein level. We showed that MMP-9 
expression regulation was not directly linked with HAT/
HDAC balance alterations but rather with the deregulation 
of MMP-9-targeting miRs. Then, we first demonstrated that 
miR‑149 downregulation was directly involved in the MMP-9 
overexpression following a chronic glucocorticoid exposure 

and that MS-275 could amplify this overexpression by inhi-
bition of miR‑149 expression and miR‑520c overexpression. 
Taken together, these results indicate that the use of HDACi in 
a context of acquired glucocorticoid resistance could modify 
the epigenetic landscape, highlighting the importance of 
taking the glucocorticoid response status into consideration in 
treatment with HDACi.

Introduction

Synthetic glucocorticoids have been widely used not only 
as treatment for inflammatory and autoimmune diseases but 
also for some hematological malignancies such as multiple 
myeloma, leukemia and lymphomas  (1-3). However, long-
term chronic exposure to glucocorticoids can lead to the 
development of glucocorticoid resistance and results in 
failure of responsiveness, which is often associated with an 
unwanted gene expression  (4-6). Through the glucocorti-
coid receptor  (GR) pathway, glucocorticoids regulate the 
expression of a variety of genes involved in inflammation 
or metastasis such as matrix metalloproteinases  (MMP), 
which are largely known as extracellular matrix remodeling 
proteins. MMP-9/gelatinase  B is a member of the MMP 
protein family (7-9). In inflammatory diseases, the MMP-9 
overexpression is downregulated by steroid treatment but often 
greater increased after glucocorticoid resistance develop-
ment. The mechanisms associated to this MMP-9 expression 
modulation are partially understood  (6,10-13). Notably 
several epigenetic mechanisms have been correlated with the 
glucocorticoid resistance phenomenon  (14-16). One of the 
well-described glucocorticoid resistance mechanisms has been 
associated with a change in histone acetylation status due to 
reduced histone deacetylase 2 (HDAC2) activity, subsequently 
and dramatically increasing the expression of inflammatory 
gene such as TNF-α, IL-8 and MMP-9 in inflammatory lung 
diseases (17-22). Besides its implication in the inflammatory 
processes, the relationship between glucocorticoid resis-
tance, HDACs regulation and gene expression modulation 
can also be of importance for tumor cell progression (23). In 
multiple myeloma, the MMP-9 plays a critical role in tumor 
invasion (24-26). However, the impact of new therapeutics 
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associating glucocorticoids and HDACs inhibitors (HDACi) 
on the MMP-9 expression is not elucidated (27-29).

Transcriptome regulation is also under the control of 
microRNAs (miRs), which interact with mRNA as a post‑trans-
criptional regulator of gene expression. Glucocorticoid 
treatment has been shown to up- or downregulate miR 
expression resulting in gene expression alterations. In turn, 
modulation of miR expression by glucocorticoid treatment 
may lead to glucocorticoid resistance (14,30-32). However, how 
the HDACs meet miR‑associated glucocorticoid resistance still 
need further investigation.

The aim of this study was to evaluate the impact of a 
glucocorticoid long-term exposure associated or not to HDACi 
treatment on the epigenetic control of MMP-9 expression and 
secretion in multiple myeloma. Our findings could deepen 
the understanding of the epigenetic response associated with 
glucocorticoid resistance to later on provide different thera-
peutic strategies.

Materials and methods

Chemicals. Dexamethasone, methylprednisolone and MS-275 
(entinostat) were purchased from Sigma-Aldrich (Saint‑Quentin 
Fallavier, France). The solutions of dexamethasone and methyl-
prednisolone were prepared at 10 mM with absolute ethanol 
and stored at -20˚C. MS-275 was dissolved in dimethylsulfoxide 
(DMSO) to obtain an initial concentration of 0.1 mM.

Cell culture. The RPMI-8226 human multiple myeloma cell 
(8226wt) and its glucocorticoid-resistant variants 8226d and 
8226m selected upon long-term treatment with dexamethasone 
and methylprednisolone respectively, were kindly provided 
by Pr J. Dufer (Reims, France) and cultured as previously 
described (33,34). All experiments were performed with cells 
in exponential growth phase. Cell viability was evaluated 
using trypan blue staining, all experiments were carried out 
with at least 95% of cell viability.

RNA extraction and reverse-transcription real-time polymerase 
chain reaction (RT2-PCR). After treatment in a serum free 
medium, 2x106 cells were washed twice in ice-cold Dulbecco's 
phosphate-buffered saline (D-PBS) and total RNA extraction was 
performed according to Chomczyński method with TRIzol™ 
reagent (Life Technologies, Villebon sur Yvette, France) (35). One 
microgram of total RNA was reverse-transcribed using Moloney-
murine leukemia virus reverse-transcriptase (M-MLV; Invitrogen, 
Cergy Pontoise, France) and random primers in a 20 µl final 
volume. MMP-9 and β2 microglobulin (β2m) transcripts were 
analyzed by semi-quantitative RT2-PCR using the following 
gene-specific oligonucleotide primers (Invitrogen): MMP-9 
forward, 5'-TGACAGCGACAAGAAGTGG-3' and reverse, 
5'-GGCGAGGACCATAGAGGTG-3'; β2m forward, 5'-ACCCC 
CACTGAAAAAGATGA-3' and reverse, 5'-ATCTTCAAACC 
TCCATGATG-3'. Real-time-PCR was performed on the 
LightCycler® machine (Roche, Meylan, France) with platinum 
SYBR®-Green qPCR supermix‑UDG (Life Technologies). 
Relative quantification was performed using the β2m house-
keeping gene as internal control. Gene expression level was 
calculated as 2‑ΔCt where ΔCt  =  target Ct-β2m Ct [cycle 
threshold (Ct)].

Zymography. Quantity of proMMP-9 was determined on condi-
tioned media by the zymography technique. Briefly, samples 
were electrophoresed on a 9%  SDS-polyacrylamide-gel 
impregnated with 0.1% of gelatin as substrate under non-
reducing conditions (9). The gels were subsequently fixed and 
stained with 0.25% Coomassie brilliant blue R-250 to visualize 
the proteolytic activity bands. Quantification was performed 
using ImageJ software (36).

Western blot analysis. Total protein extraction from 4x106 cells 
was realized on ice with RIPA buffer. To prevent proteolysis and 
maintain acetylation status, protease inhibitor cocktail (Roche) 
and 0.01 M butyric acid (Sigma-Aldrich) were added to the buffer. 
After centrifugation (11,500 rpm, 4˚C, 10 min), supernatants 
were harvested and the protein concentration was quantified. 
Isolation of nuclear and cytoplasmic proteins was performed on 
10x106 cells as previously described (37). Western blot analysis 
was performed using 20 µg of proteins separated by a 10% gel or 
15% gel for histone using SDS-PAGE, and probed after transfer 
onto nitrocellulose membrane with primary antibodies diluted in 
1% nonfat milk in TBS-T [mouse anti-α-tubulin‑human (1/500, 
DM1A, monoclonal antibody; Calbiochem, Meudon, France); 
rabbit anti-HDAC2-human (1/2,000, PA1-861, polyclonal 
antibody; Thermo Scientific, Courtaboeuf Cedex, France); 
rabbit anti‑acetylated histone H4-human (1/1,000, 06-866, 
polyclonal antibody; Millipore, Lyon, France); goat anti‑lamin 
B-human (1/500, C-20, polyclonal antibody; Santa  Cruz 
Biotechnology, Inc., Heidelberg, Germany)]. Immune complex 
was revealed using a specific peroxydase‑conjugated secondary 
antibody (donkey anti-rabbit IgG horseradish peroxidase (HRP) 
conjugate, 1/10,000, NA934, polyclonal antibody; Fisher 
Scientific, GE Healthcare, Saclay, France; goat anti-mouse IgG 
HRP conjugate, 1/5,000, 12-294, polyclonal antibody; Upstate 
Biotechnology, Saint‑Quentin-en-Yvelines, France; mouse anti-
goat/sheep IgG HRP conjugate, 1/20,000, A9452, monoclonal 
antibody; Sigma-Aldrich) and the enhanced chemilumines-
cent (ECL) detection kit (GE Healthcare). Chemiluminescence 
signals were quantified by densitometry using NIH ImageJ 
analysis software. Target signals were normalized to specific 
housekeeping signals (lamin B or α-tubulin).

Histone deacetylase assays: HDAC assays. Nuclear proteins 
(30 µg) were analyzed for HDAC activity using the colorimetric 
HDAC assay kit (catalog no. 56210; Active Motif, La Hulpe, 
Belgium). Briefly, samples were incubated in presence of 
their substrate in 96-well plates for 2 h at 37˚C. Then, HDAC 
activity was assayed by measuring optical density at 405 nm in 
a microtiter plate following manufacturer's instructions.

Histone acetyltransferase assays: HAT assays. Nuclear HAT 
activity (from 50 µg of nuclear proteins) was measured using 
the colorimetric HAT assay kit according to the manufacturer's 
instructions (catalog no. K332-100; Biovision, CliniSciences, 
Nanterre, France). Briefly, samples were incubated in the pres-
ence of the substrate in 96-well plates for 1 h at 37˚C and HAT 
activity was assayed by measuring optical density at 440 nm 
in a microtiter plate.

Epigenetic RT2-PCR array. After genomic DNA elimina-
tion, total RNA (1  µg) was reverse-transcribed using the 
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RT2 first strand kit (SABiosciences, Qiagen, Courtaboeuf, 
France) according to the manufacturer's instructions. The 
cDNA template was amplified using the ready-to-used RT2 
SYBR-Green Μaster Μix qPCR and the human epigenetic 
chromatin modification enzyme RT2 profiler™ PCR array 
(PAHS-085A) (both from SABiosciences, Qiagen) which 
allow the detection of DNA methyltransferases, histone acetyl-
transferases, histone methyltransferases, SET domain proteins 
(histone methyltransfesase activity), histone phosphorylation, 
histone ubiquitination, DNA/histone demethylases, histone 
deacetylase gene expression levels. cDNA amplification was 
carried out on the Stratagene Mx3005P qPCR system (Agilent 
Technologies, France). Ct of targeted genes were normalized 
by the mean of five housekeeping Ct, and expressions were 
expressed as 2‑ΔCt. Fold-regulation of 8226d and 8226m cell 
gene expressions were determined relatively to 8226wt gene 
expressions.

Chromatin immunoprecipitation (ChIP). Magna ChIP™ A/G 
kit (Millipore) was used to perform ChIP experiments. Analysis 
were realized according to the manufacturer's protocol as previ-
ously described (9). Briefly, nuclei suspension from 10x106 cells 
was sonicated on ice and 10-fold diluted in IP dilution buffer 
containing 1X protease inhibitor cocktail II (Roche). Before 
immunoprecipitation, 1% of the diluted chromatin solution was 
kept as input. The diluted chromatin solution was incubated 
overnight at 4˚C with 5 µg of the anti-RNApol II or 10 µg anti-
acetylated histone H4 antibodies (mouse anti-RNApol II-human, 
monoclonal antibody: 05-623, rabbit anti-acetylated 
histone H4-human, polyclonal antibody: 06-866; Millipore) and 
with 20 µl of resuspended protein A/G magnetic beads. After 
washing, the cross-linking between DNA and proteins was 
reversed and DNA was purified. Four microliters of diluted 
DNA (1/50) samples were analyzed by RT2-PCR (LightCycler®; 
Roche) with platinum SYBR®‑Green qPCR supermix-UDG in 
presence of 0.5 µM of each primers: TSS (-86 to +33 from tran-
scription site, NG_011468.1): forward, 5'-TGACCCCTGA 
GTCAGCACTT-3' and reverse, 5'-CTGCCAGAGGCTCAT 
GGTGA-3' or promoter (-660 to -487 from transcription site, 
NG_011468.1): forward, 5'-TGTCCCCTTTACTGCCCTGA-3' 
and reverse, 5'-ACTCCAGGCTCTGTCCTCTT-3' using a Tm 
at 58˚C. Enrichment level was calculated as 2‑ΔCt where 
ΔCT = target Ct-input Ct.

MicroRNA RT2-PCR. RNA (1 µg) was reverse-transcribed 
using miScript II RT kit (Qiagen) as described in manufac-
turer's protocol. Seven miRs were used: 5 miRs described 
to be involved in the direct or indirect pathway of MMP-9 
expression (miR‑149, miR‑149*, miR‑212, miR‑491 and 
miR‑520c) and 2  miRs (miR‑3123 and miR‑3145) found 
in silico data with the miRDB data bank (http://mirdb.org). 
Expression level of each miR was quantified by real-time 
PCR using target specific miScript primers [forward primers, 
miR‑149 (MS00003570), miR‑149* (MS00037702), miR‑212 
(MS00003815), miR‑491 (MS00031899), miR‑520c 
(MS00007413), miR‑3123 (MS00042077) and the miScript 
SYBR-Green PCR kit (all from Qiagen)], which also contains 
the miScript universal primer (reverse primer) and QuantiTect 
SYBR-Green PCR Master Mix. The human RNU6B (forward 
primer, MS00033740; Qiagen) miScript primer was used as 

internal normalized reference. PCR was performed on 2 µl of 
cDNA (100-fold diluted) as follow: 95˚C for 15 min, 50 ampli-
fication cycles of 95˚C for 15 sec, 55˚C for 30 sec and 70˚C 
for 30 sec on the LightCycler® II. Level of miR expressions 
was obtained by using the 2‑ΔCt methods where ΔCt = target 
Ct-RNU6B Ct.

miR mimic and anti-miR transfection. The 8226wt, 8226d and 
8226m cell lines were transfected using HiPerFect transfec-
tion reagent (Qiagen) according to manufacturer's protocol 
with 1 µg of AllStars Hs cell death control siRNA (positive 
control; Qiagen) to establish cell transfection efficiency 
(estimated at 95%, 48 h post-transfection with trypan blue 
exclusion assay). Experiments were conducted with 1  µg 
of AllStars Hs cell death control siRNA, AllStars negative 
control siRNA (mock, negative control), anti-hsa-miR‑149 
(miR‑149 inhibitor, MIN0000450), syn-hsa-miR‑149 (miR‑149 
mimic, MSY0000450), anti-hsa-miR‑520c (miR520c inhib-
itor, MIN0002846) or syn-hsa-miR‑520c (miR‑520c mimic, 
MSY0002846) (all from Qiagen). Briefly, a mix containing 
1 µg of siRNA or miR and 9 µl of HiPerFect transfection 
reagent was added to cell culture without fetal calf serum (FCS) 
for 8 h, and then medium was replaced by complete medium 
(RPMI-1640 glutamax medium supplemented with 10% of 
FCS, and 1% of antibiotics). Eighteen hours before gathering 
for zymography analysis as described above, cells were 
deprived of FCS and treated or not with 10 µM of MS-275.

Results

MMP-9 expression is upregulated in glucocorticoid-resistant 
cells. Wild-type RPMI-8226 cells (8226wt), dexamethasone 
resistant cells (8226d) and methylprednisolone resistant cells 
(8226m) were cultured for 18 h in a corticoid- and serum-free 
medium to investigate long-term steroid-induced resistance 
effects on MMP-9 expression by RT2-PCR and zymography 
analysis. MMP-9 mRNA level was upregulated in 8226d and 
in 8226m resistant cells (7- and 18-fold, respectively) compared 
to wild-type 8226 cells (Fig. 1A). Accordingly, MMP-9 secre-
tion was significantly increased in resistant cells with respect 
to control cells (1.5- and 2.5-fold in 8226d and 8226m cells, 
respectively) (Fig. 1B and C).

Histone acetylation is upregulated in glucocorticoid‑resistant 
cells. We then investigated whether among the several molecular 
mechanisms proposed to explain reduced steroid responsive-
ness and then MMP-9 upregulation, the acetylated histone level 
was modulated in our cellular model. Compared to 8226wt 
cells, western blot analysis revealed that histone H4 acetyla-
tion level was significantly increased by 1.5- and 1.8-fold in 
8226d and 8226m resistant cells, respectively (Fig. 2A and B). 
However, the increase of H4 acetylation was not associated with 
a modification of HDAC2 protein expression in the three cell 
lines tested (Fig. 2C and D). To further investigate whether 
the alteration of the HAT/HDAC balance could be involved 
in the H4 acetylation upregulation, we measured both global 
HAT and HDAC activities in the three cell lines using specific 
colorimetric assays. Global HDAC activities were similar in 
both sensitive and resistant cells (Fig. 3A), whereas global HAT 
activities were significantly upregulated in 8226d cells (1.9-fold) 
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and 8226m cells (2.5-fold) (Fig. 3B) compared with 8226wt 
cells. To further investigate the epigenetic influence of steroid 
resistance on MMP-9 expression in our cellular model, we 
analyzed by RT2-PCR 84 key genes encoding enzymes known 
to regulate chromatin accessibility. Expression of seven genes 
varied in 8226d and 8226m resistant cells compared to 8226wt 
cells. Apart for HDAC9 in 8226d, no variation was observed 
in expression of other histone deacetylase genes. Within the 
histone acetyltransferase family group, NCOA1 expression was 
increased in 8226d and in 8226m (>2-fold). Besides enzymes 
involved in the HAT/HDAC balance, we also found that the 
DNMT3B DNA methyltransferase expression was upregulated 
in 8226m (>2-fold), while the SMYD3 histone methyltrans-
ferase expression was downregulated in both 8226d and 8226m 
(>2-fold). Also, the KDM5B histone lysine demethylase was 
downregulated in 8226d and 8226m (>4-fold). Finally, expres-
sion of NEK6 and PAK1, involved in histone phosphorylation 
was downregulated in both 8226d and 8226m (Fig. 3C).

HDAC inhibition enhanced MMP-9 secretion in glucocorticoid-
sensitive and -resistant 8226 cells. To further demonstrate the 
importance of histone acetylation in glucocorticoid resistance-
associated MMP-9 expression, we used different class of HDAC 
inhibitors. Treatment with the pan-inhibitor suberoylanilide 
hydroxamic acid (SAHA) for 18 h in corticoid- and serum-free 
medium significantly upregulated MMP-9 mRNA expression 
in the three cell lines by 250-, 68- and 16-fold in the 8226wt, 
8226d and 8226m cells, respectively  (Fig.  4A). Similarly, 
all class I HDAC inhibitors used such as MS-275, valproic 
acid  (VPA), and apicidin also largely upregulated MMP-9 
mRNA expression in these cell lines. The most important effect 
was obtained with MS-275, which increased approximately by 
1700-, 200- and 90-fold the MMP-9 mRNA expression in the 
8226wt, 8226d and 8226m cell lines, respectively (Fig. 4A). 
No significant variation of MMP-9 mRNA level was observed 
using the class II inhibitor MC1568 (Fig. 4A). Although basal 
MMP-9 mRNA level differed between the three cell lines 
analyzed, the MMP-9 mRNA levels reached after MS-275 
treatment were similar in those cells (Fig. 4A). Zymography 
analysis showed that both the pan-inhibitor and class I HDAC 
inhibitors significantly upregulated MMP-9 secretion, whereas 
the class II inhibitor remained ineffective (Fig. 4B and C). Like 
for mRNA expression, MS-275 effects on MMP-9 secretion 
were more pronounced than other class I HDAC inhibitors. 
However, MS-275-cell stimulation led to a weaker increase of 
MMP-9 secretion in glucocorticoid resistance cells compared 
to 8226wt cells, contrary to the MMP-9 secretion observed in 
untreated cells.

Increase in MMP-9 expression and secretion did not only rely 
on the gene transcription upregulation. To better understand 
MS-275 effects on MMP-9 expression regulation in glucocor-
ticoid-resistant cells, we carried out ChIP experiments using 
primers encompassing the -86 to +33 region (transcription start 
site, TSS) and the upstream -660 to -487 region, which contain 
the main DNA response elements for the transcriptional regula-
tion of the MMP-9 promoter (NG_011468.1, from transcription 
site). ChIP experiments were conducted with RNApol II anti-
body to analyze MMP-9 gene transcriptional activity, and 
with an antibody against acetylated H4 to investigate MMP-9 
promoter accessibility to the transcriptional machinery. 
Immunoprecipitation with the acetylated H4 antibody revealed 
that the basal accessibility of the TSS region was significantly 
increased in the two resistant cell lines compared with the 
8226wt cells (2.2- and 4.7-fold for 8226d and 8226m respec-
tively, p<0.05), and was further significantly enhanced upon 
MS-275 treatment in the three cell lines (Fig. 5A, right panel). 
Concomitantly the basal accessibility of the promoter upstream 
region was only increased in the 8226m cells with respect to 
8226wt cells, and increased in all cell lines upon MS-275 
treatment (p<0.01), although such increase was observed after 
12 h stimulation with MS-275 in the 8226m cell line (data not 
shown). The use of the RNApol II antibody showed that both 
the TSS and upstream regions were similarly involved in the 
MMP-9 gene basal transcription in the three cell lines, and 
were not affected by MS-275 treatment (Fig. 5B).

miR‑149 and miR‑520c are inversely regulated in glucocor-
ticoid-resistant cells after MS-275 treatment. As the MMP-9 

Figure 1. Upregulation of MMP-9 expression in glucocorticoid-resistant 
cells: 8226wt, 8226d and 8226m cells were cultured without glucocorticoid 
and FCS for 18 h. (A) MMP-9 mRNA levels were analyzed by RT2-PCR. 
β2 microglobulin (β2m) was used as internal control. Results were expressed 
as normalized MMP-9/β2m ratio. (B) ProMMP-9 secretion analysis were 
performed by zymography. Conditioned culture medium was harvested after 
18 h, 10-fold concentrated and loaded on zymography gel. (C) Quantification 
of zymography gels was achieved with ImageJ software. All experiments 
were performed at least in triplicate. Results were expressed as mean ± SEM. 
Significant p-values (Student's t-test) are indicated as *p<0.05, **p<0.01 and 
***p<0.001.
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Figure 2. Upregulation of histone acetylation without HDAC2 expression modification in glucocorticoid-resistant cells: 8226wt, 8226d and 8226m 
cells were cultured without glucocorticoid and FCS for 18 h. (A and C) Histone H4 acetylation and HDAC2 levels were analyzed by western blotting. 
(B and D) Quantification of bands of western blotting was achieved with ImageJ software. Results were expressed as the ratio of target band density normalized 
by lamin B (for acetylated histone H4) or α-tubulin (for HDAC2) band density. All experiments were performed at least in triplicate. Results were expressed as 
mean ± SEM. Significant p-values (Student's t-test) are indicated as *p<0.05, **p<0.01 and ***p<0.001.

Figure 3. Alteration of the HAT/HDAC balance and epigenetic modulators in glucocorticoid-resistant cells: 8226wt, 8226d and 8226m cells were cultured 
without glucocorticoid and FCS for 18 h. HAT and HDAC activities from nuclear extracts of each cell line were measured with colorimetric assay. (A) HDAC 
activity quantification at 405 nm. (B) HAT activity quantification at 440 nm. Results were expressed as mean ± SEM. Significant p-values (Student's t-test) 
are indicated as *p<0.05, **p<0.01 and ***p<0.001. (C) Epigenetic modulator alterations were analyzed by RT2-qPCR using ‘the human epigenetic chromatin 
modification enzyme RT2 profiler™ PCR array’ (PAHS-085A; SABiosciences; Qiagen, Courtaboeuf, France). Relative quantification of gene expression 
was established by comparing Ct values for each studied gene with the ones obtained from control genes (housekeeping genes) using the ΔΔCt method. All 
experiments were performed at least two times in duplicate. Gene expression modulations were considered of statistical significance when fold-change values 
were equal or greater than 2-fold.
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promoter study could only partially explain the basal variation 
of MMP-9 expression, we focused our attention on the expres-
sion of several miRs that could be involved in the MMP-9 
expression regulation. Although the miR‑149 was expressed 
in the three cell lines, its basal expression was significantly 
downregulated in the glucocorticoid-resistant cells as 

compared with the 8226wt glucocorticoid-sensitive cell line, 
and completely abolished in the three cell lines after treatment 
with MS-275 (Fig. 6A). Conversely, the miR‑520c was not 
expressed in the untreated cell lines, and was induced upon 
MS-275 stimulation (Fig. 6B). No expression variation was 
observed between the three cell lines neither before nor after 
MS-275 treatment for the miR‑149*, miR‑212, miR‑491 and 
miR‑3123 (Fig. 6C-F). Finally, the miR‑3145 was not detected 
in our cell lines (data not shown).

To validate the potential implication of the miR‑149 and 
miR‑520c in the regulation of MMP-9 expression at the basal 
and MS-275 stimulated conditions respectively, we performed 
either gain- or loss-of-function experiments using pre-miR 
(miR mimic) or anti-miR (miR inhibitor) delivered by cell 
transfection. The reduction of the miR‑149 expression level in 
8226wt cell transfected with the miR‑149 inhibitor was associ-
ated with a basal upregulation of MMP-9 secretion (Fig. 7A). 
Inversely, miR‑149 overexpression following 8226d and 8226m 
cell transfection with the miR‑149 mimic decreased the basal 
upregulation of MMP-9 secretion observed in the resistant 
non-transfected cells (Fig. 7B and C). The investigation of the 
role of the miR‑520c in the MS-275 associated modulation of 
MMP-9 secretion revealed a downregulation of the MMP-9 
secretion in the three sensitive and resistant cell lines (8226wt, 
8226d and 8226m) transfected with the miR‑520c inhibitor. 
No MMP-9 secretion modulation was observed in miR‑520c 
mimic transfected cell lines (Fig. 7D-F).

Discussion

In this study, we evaluated the impact of a glucocorticoid 
long-term exposure on the epigenetic mechanisms and its 
consequences on MMP-9 expression and secretion. We 
showed that a long-term exposure to glucocorticoids disturbed 
the HAT/HDAC balance and the miR expression leading to 
MMP-9 overexpression. Moreover, we showed that the miR 
altered pattern associated to glucocorticoid-induced resistance 
interfered on later HDACi-mediated MMP-9 regulation.

Compared with glucocorticoid-sensitive cells, dexametha-
sone and methylprednisolone-resistant cell lines displayed 
an increased expression of MMP-9, both at the mRNA and 
protein level. MMP-9 enhanced expression correlated with 
an increase of H4 acetylation, which reflects a higher level of 
chromatin accessibility in these drug-resistant cells. Then, our 
results were in line with previous studies demonstrating that 
alterations of epigenetic mechanisms in glucocorticoid-resis-
tant cells, were directly associated with increased expression 
of proinflammatory or metastasis genes (18,20,38). However, 
in our glucocorticoid-resistant cells the hyperacetylation was 
not bound to a decreased HDAC expression and activity, and 
especially not to HDAC2, a class I histone deacetylase shown 
to switch off inflammatory genes upon steroids treatment in 
asthma and chronic obstructive pulmonary disease or lung 
cancer  (17,19,39). Instead, a more important HAT activity 
was observed in both resistant cell lines (8226d and 8226m), 
and notably the steroid receptor coactivator 1 (SRC1/NCOA1) 
expression. Considering the complexity of the histone code, 
NCOA1 overexpression could be associated with other 
epigenetic partners to increase accessibility to the chromatin 
and upregulate the MMP-9 transcription in resistant cells. For 

Figure 4. Differential upregulation of MMP-9 expression and secretion after 
HDACi treatment: 8226wt, 8226d and 8226m cells were treated with HDACi 
(pan inhibitor: SAHA 10 µM, class  I HDAC inhibitor: MS-275 10 µM, 
VPA 1 mM, apicidin 2 µM or class II HDAC inhibitor: MC1568 10 µM) 
for 18 h in culture medium without glucocorticoid and FCS. (A) MMP-9 
mRNA levels were analyzed by RT²-PCR. β2 microglobulin  (β2m) was 
used as internal control. Results were expressed of normalized MMP-9/β2m 
ratio. (B) ProMMP-9 secretion analysis were performed by zymography. 
Conditioned culture medium was harvested after 18 h, 10-fold concentrated 
and loaded on zymography gel. (C) Quantification of zymography gels was 
achieved with ImageJ software. All experiments were performed at least 
in triplicate. Results were expressed as mean ± SEM. Significant p-values 
(Student's t-test) are indicated as *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5. Acetylated H4 enrichment and RNApol II recruitment at the promoter site and TSS of MMP-9 gene: 8226wt, 8226d and 8226m cells were treated 
with class I HDAC inhibitor: MS-275 (10 µM) for 18 h in culture medium without glucocorticoid and FCS. (A) Chromatin immunoprecipitation (ChIP) 
analysis on MMP-9 promoter site and TSS for the acetylated H4 relative enrichment. (B) ChIP analysis on MMP-9 promoter site and TSS for the RNApol II 
relative recruitment. Results were monitored by real-time PCR and were normalized with total input. Results were expressed by using the 2‑ΔCt methods where 
ΔCt = CtIP-Ctinput. Data are the mean ± SEM of four independent experiments. Significant p-values (Student's t-test) are indicated as *p<0.05, **p<0.01 and 
***p<0.001.

Figure 6. Up- and downregulation of MMP-9 expression involved miR in glucocorticoid-resistant cells treated or not with MS-275: 8226wt, 8226d and 8226m 
cells were treated or not with 10 µM of MS-275 for 18 h in culture medium without glucocorticoid and FCS. RNA was extracted from the cells then miRs 
were amplified by RT2-PCR. [(A-F) Relative expression (arbitrary unit) of respectively miR-149, miR-520c, miR-149*, miR-212, miR-491 and miR-3123)]. 
Relative expression was established by comparing Ct for each studied miR with the ones obtained from RNU-6B using the ΔCt method. All experiments were 
performed at least in triplicate. Results were expressed as mean ± SEM. Significant p-values (Student's t-test) are indicated as *p<0.05, **p<0.01 and ***p<0.001.
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example, we also found a down-regulation of histone lysine 
demethylase (KDM5B, 4-fold), which likely resulted in an 
accumulation of lysine 4 of histone H3 (H3K4) methylation (an 
active mark) and could lead to an increase of MMP-9 gene 
transcription. Then, HDAC1 and HDAC2 functions could be 
counterbalanced by compensatory epigenetic mechanisms 
interacting on repressive/active mark balance such as the H3K4 
methylation modulation as previously described (40). However, 
no transcriptional activity modulation was found between our 
cell lines neither at the MMP-9 promoter site nor at the TSS 
of MMP-9.

Taken together, these results suggested the involvement 
of a post-transcriptional mechanism such as microRNAs 
involved in the epigenetic regulation of MMP-9 expression. 
Indeed, in our model, we found that expression of the miR‑149 
was reduced in glucocorticoid-resistant cells with respect 
to sensitive cells and was inversely expressed to MMP-9 
secretion. This was further consolidated by transfection of 
our cell lines with pre- or anti-miR‑149 experiments, which 
showed a direct inversed link between the expressions of the 
miR‑149 and MMP-9. Then, we highlighted here for the first 

time that glucocorticoid long-term exposure can induce drug 
resistance and perturb MMP-9 secretion via miR‑149 expres-
sion modulation. Although the mechanisms by which miR 
control gene expression have been well demonstrated (41-43), 
the mechanisms involved in miR regulation remain complex. 
As above mentioned, glucocorticoid resistance modified the 
HAT/HDAC balance, leading to an enhanced histone acetyla-
tion level and to an ‘open chromatin’. Although this increase of 
chromatin accessibility, we found decreased miR‑149 expres-
sion, suggesting that the level of MMP-9 mRNA is rather 
related to an epigenetic modulation of miR. Then, our results 
suggested that both histone acetylation and miR modulation 
could act in concert to control MMP-9 expression in a context 
of glucocorticoid resistance.

In relapsed or refractory multiple myeloma, new therapeutic 
strategies headed towards treatments using glucocorticoids 
and/or HDAC inhibitors (28). However, as we demonstrated 
before, HAT/HDAC balance modifications can cause an 
upregulation of MMP-9 known to be involved in the bone 
matrix destruction. Then, we studied the impact of HDACi 
treatment on MMP-9 expression in glucocorticoid‑resistance 

Figure 7. Up- and downregulation of MMP-9 secretion by miR-149 and miR‑520c in glucocorticoid-resistant cells treated or no with MS-275: (A and D) 8226wt, 
(B and E) 8226d and (C and F) 8226m cell lines were transfected using the AllStars negative control siRNA (mock), anti‑hsa‑miR-149 (miR-149 inhibitor) 
and syn-hsa-miR-149 (miR-149 mimic) or anti-hsa-miR-520c (miR-520c inhibitor) and syn-hsa-miR-520c (miR-520c mimic). miR-149 regulation effects on 
proMMP-9 secretion were analyzed after 36 h and those of miR-520c after 64 h. Eighteen hours before gathered for zymography analysis, cells were deprived 
of FCS and treated or not with 10 µM of MS-275. All experiments were performed triplicate. Results are expressed as mean ± SEM. Significant p-values 
(Student's t-test) are indicated as *p<0.05, **p<0.01 and ***p<0.001.
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cell lines. Both pan-inhibitor and class  I HDACi drasti-
cally increased MMP-9 mRNA, whereas class  II HDACi 
remained ineffective. The increase of MMP-9 secretion was 
more pronounced in glucocorticoid-sensitive cells than in 
glucocorticoid-resistant cells in response to HDACi treatment. 
However, the MMP-9 mRNA levels reached upon HDACi-
cell stimulation were similar in glucocorticoid-sensitive 
and -resistant cells, suggesting that differences in MMP-9 
secretion must be related to a post-transcriptional regulatory 
mechanism. This hypothesize was strengthen by ChIP experi-
ments showing a similar MMP-9 promoter activity in all cell 
lines despite the difference of the acetylation status within 
the MMP-9 promoter. Also, mRNA stability experiments 
argued in favor of a post-transcriptional regulation of MMP-9 
expression (data not shown). Then, in setting with the potential 
interplay between histone acetylation regulation and miR 
expression modulation raised above, we found that HDACi 
induced variations in the expression level of different miR 
directly or indirectly involved in the regulation of MMP-9 
expression  (44-47). Upon MS-275 treatment, the expres-
sion of mature miR‑149 was completely abolished, while 
MMP-9 secretion was increased in all cell types, supporting 
the relation between the glucocorticoid cell responsiveness, 
the acetylation status, the miR‑149 expression level and the 
MMP-9 secretion demonstrated above. Of note, in all MS-275 
stimulated cell lines, the MMP-9 secretion was much more 
elevated as compared to the basal secretions observed without 
MS-275 treatment. However, upon MS-275 treatment, this 
secretion was lower in glucocorticoid-resistant cells with 
respect to sensitive-cells contrary to basal secretion, therefore 
suggesting the activation of another regulatory mechanism. 
Among several potential miR, we highlighted the differential 
expression of miR‑520c in both glucocorticoid-sensitive and 
-resistant cells upon MS-275 stimulation. Then, our results 
are in line with previous studies that showed that miR‑520c 
increased MMP-9 expression and secretion (45,48,49). Indeed, 
Liu and Wilson (45) showed that miR‑520c indirectly upregu-
lates MMP-9 expression by targeting mTOR and therefore 
Ras/Raf/MEK/Erk pathway in human fibrosarcoma cells.

In conclusion, we demonstrated for the first time that a 
glucocorticoid long-term exposure induces a complex epigen-
etic regulation of MMP-9 expression and secretion, which 
involves interplay between the histone acetylation mechanisms 
and miR expression. Independently of glucocorticoid resis-
tance, this interplay is also involved in an increase of MMP-9 
expression and secretion upon HDACi treatment. Then, our 
results raise the possibility that histone acetylation and miR 
interactions could lead to the establishment of a new powerful 
mechanism involved in proinflammatory and/or metastasis 
gene expression. As inhibitors of HDAC activity have clinical 
application, our results raise the question of the relevance of 
HDACi in certain clinical settings in which inflammatory 
and/or metastasis gene expression, especially MMP-9, have a 
critical role in the associated pathophysiological mechanisms.
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