Epigenetics 7:11, 1315-1330; November 2012; © 2012 Landes Bioscience

RESEARCH PAPER

PGE2 induces interleukin-8 derepression
in human astrocytoma through coordinated DNA
demethylation and histone hyperacetylation
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We haverecently reported thatin astrocytoma cells the expression of interleukin-8 (IL-8) is upregulated by prostaglandin E2
(PGE2). Unfortunately, the exact mechanism by which this happens has not been clarified yet. Here, we have investigated
whether /-8 activation by PGE2 involves changes in DNA methylation and/or histone modifications in 46 astrocytoma
specimens, two astrocytoma cell lines and normal astrocytic cells. The DNA methylation status of the /L-8 promoter was
analyzed by bisulphite sequencing and by methylation DNA immunoprecipitation analysis. The involvement of DNA
methyltransferases (DNMTs) and histone deacetylases (HDACs), as well as histone acetylation levels, was assayed by
chromatin immunoprecipitation. IL-8 expression at promoter, mRNA and protein level was explored by transfection,
real-time PCR and enzyme immunoassay experiments in cells untreated or treated with PGE2, 5-aza-2'-deoxycytidine
(5-aza-dC) and HDAC inhibitors, alone or in combination. EMSA was performed with crude cell extracts or recombinant
protein. We observed that PGE2 induced /L-8 activation through: (1) demethylation of the single CpG site 5 located at
position -83 within the binding region for CEBP- in the IL-8 promoter; (2) C/EBP- and p300 co-activator recruitment;
(3) H3 acetylation enhancement and (4) reductionin DNMT1, DNMT3a, HDAC2 and HDAC3 association to CpG site 5 region.
Treatment with 5-aza-dC or HDAC inhibitors of class | HDACs strengthened either basal or PGE2-mediated /L-8 expression.
These findings have elucidated an orchestrated mechanism triggered by PGE2 whereby concurrent association of site-
specific demethylation and histone H3 hyperacetylation resulted in derepression of /-8 gene expression in human

astrocytoma.

Introduction

Changes in DNA methylation status and alterations in chro-
matin structure by histone modification represent the major
epigenetic mechanisms implicated in the regulation of gene tran-
scription in mammals.'? Recent studies suggest that these altera-
tions may be important in the process of neoplasia, depending
on the target genes involved.*® Aberrant promoter methylation
or inappropriate recruitment of histone deacetylases (HDAC:)
might repress the transcription of tumor suppressor genes,
whereas DNA demethylation or histone hyperacetylation pro-
cesses could activate proto-oncogenes. Emerging evidence sug-
gests that these two epigenetic marks are strictly linked and can
reciprocally associate or interfere.”® The comprehension of the
role of these processes and of their reciprocal interaction in car-
cinogenesis is relevant because of their reversibility and the pos-
sibility of drug treatments in both processes. In several tumors,
IL-8 expression, which is tightly regulated under physiological
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conditions, strongly increases after a wide range of stimuli. IL-8,
which was initially known for its role in the recruitment and
activation of immune and inflammatory cells, is now believed
to favor the invasion and metastatic spread of cancer cells as well
as to increase angiogenesis in growing tumors.”'® Very recent
research data support that overexpression of IL-8 promotes glial
tumor neovascularity and invasiveness that it is associated with
patients’ survival.'"® As we have recently shown, the mRNA
levels of PGES-1, which is highly expressed in a large number
of astrocytoma samples, positively correlate with those of IL-8
and, in astrocytoma cells, exposure to PGE2 induces /L-8 gene
transcription.” Here we aimed at evaluating whether epigenetic
events play a critical role in the PGE2-induced transcriptional
activation of /L-8 in astrocytoma. To this end, we investigated
the functional relevance of DNA methylation status and histone
modifications in the PGE2-dependent regulation of /-8 gene
expression. We found that: (1) PGE2 induces demethylation
of a specific single CpG site located within the binding region
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for the transcription factor CEBP-B in the promoter-enhancer
of the /L-8 gene by reducing DNMT1 and DNMT3a recruit-
ment; (2) demethylation of this cytosine residue favors the bind-
ing of C/EBP-$ to the promoter-enhancer region in association
with the co-activator p300, leading to increased /L-8 expression;
(3) PGE2 dramatically enhances H3 acetylation by dissociating
HDAC?2 and HDACS3 from the /-8 promoter and (4) treatment
with demethylating agent 5-aza-dC or class I-selective or non-
class-selective HDAC inhibitors (HDACis) significantly raises
either basal or PGE2-induced /L-8 transcription.

Results

IL-8 mRNA levels correlate with the methylation status of
CpG site 5 in astrocytoma tumor samples. Forty-six astrocytic
glioma specimens were examined in order to determine the
methylation pattern of the six CpG sites in the /L-8 promoter
and the relative IL-8 mRNA levels. CpG sites located at -1311
(site 1), -1241 (site 2), -168 (site 3), -158 (site 4), -83 (site 5)
and -7 (site 6) from the transcription start site (Fig. 1A) were
analyzed by using the sodium bisulfite sequencing technique.
As shown in Figure 1B, evidence of methylation was observed
in 11 (23.9%), 12 (26.1%), 20 (43.5%), 21 (45.6%), 23 (50%)
and 21 (45.6%) tumoral samples for the sites 1, 2, 3, 4, 5 and 6,
respectively.

We analyzed astrocytoma samples for amount of IL-8 mRNA
by real-time PCR to elucidate whether the methylation status
affects IL-8 expression levels (Fig. 1C). Twenty-three (50%)
tumoral tissues showed a complete absence or very low levels of
IL-8 expression. This reflected the response at the protein level,
i.e., that there was a one-to-one correspondence of protein to
mRNA (Fig. 1D). A concordance between IL-8 mRNA expres-
sion and CpG site methylation was found in 12 (26.1%), 11
(23.9%), 3 (6.5%), 4 (8.7%), 46 (100%) and 4 (8.7%) tumoral
samples for the sites 1, 2, 3, 4, 5 and 6, respectively. Pearson cor-
relation analysis revealed that aberrant methylation of the indi-
vidual CpG site 5 was significantly associated with /Z-8 silencing
(p < 0.0001). No significant association between the methyla-
tion pattern of the other CpG sites and the levels of IL-8 expres-
sion was found. From these observations we speculated that, in
human astrocytoma, the methylation status of CpG site 5 in the
IL-8 promoter is critical for IL-8 expression.

PGE2 induces demethylation at the CpG site 5 of IL-8
promoter in astrocytoma cells. As we have previously shown
that astrocytoma cells overexpressed IL-8 when stimulated with
PGE2," we tested the hypothesis that PGE2 may regulate IL-8
production through active DNA demethylation. To this aim, we
determined the methylation status of IL-8 enhancer/promoter in

20 individual clones obtained from untreated or PGE2-treated
1321N1 and A172 astrocytoma cell lines and normal human
astrocyte (NHA) cells. As shown in Figure 2A, CpG site 5
(nucleotide -83) was methylated in 60% of clones derived from
1321N1 cells, 45% of clones isolated from A172 cells and 90%
of clones obtained from NHA cells, whereas it resulted to be
largely unmethylated in PGE2-stimulated cells (80% in 1321N1
cells, 90% in A172 cells and 75% in NHA cells). In contrast,
the methylation status of the other CpG sites was unmodified by
PGE2 treatment (data not shown).

PGE2-induced demethylation at the CpG site 5 was asso-
ciated with IL-8 reactivation. To investigate the role of the
demethylation at CpG site 5 in the transcriptional regulation of
the /L-8 gene, we examined the effects of either PGE2 or DNA
methyltransferase inhibitor 5-aza-2'-deoxycytidine (5-aza-dC)
on IL-8 at the mRNA, protein and promoter level in 1321N1,
A172 and NHA cell lines. We found that 5-aza-dC increased
IL-8 at mRNA (Fig. 2B), protein (Fig. 2C) and promoter
(Fig. 2D) level with an effect that can be compared with the
activation induced by PGE2. These results suggest that demeth-
ylation at CpG site 5 reactivates /L-8 gene expression.

In vitro methylation of the /L-8 promoter at CpG site 5
abrogated the binding of C/EBP-B. Since the CpG site 5 lies
within the cis-regulatory elements that bind the transcription
factor C/EBP-B, we performed EMSA with an unmethylated
(UnM) or methylated (M) probe spanning the C/EBP- active
site of the /L-8 enhancer. A strong complex was observed when
nuclear extracts from 132IN1 astrocytoma cells stimulated
with PGE2 were incubated with UnM-probe C/EBP-$3 (Fig. 3,
lane 4). The band was supershifted by the antibody against C/
EBP-B (Fig. 3, lane 5). In contrast, no nucleoprotein complex
was observed when the M-probe C/EBP-f3 (probe B) was used
(Fig. 3, lanes 6 and 7). The nuclear extracts from A172 and NHA
cell lines showed a similar behavior (see Fig. S1). To provide evi-
dence that the protein bound to the site was C/EBP-3, we per-
formed EMSA analysis using a purified recombinant C/EBP-3
protein. The interaction pattern was identical to the one obtained
with crude cell extracts (Fig. 3, lanes 10-13). This suggests that
C/EBP-B is indeed the protein that occupies the response ele-
ment containing the CpG site 5 within the /Z-8 promoter.

These results indicate that methylation of the CpG site 5 abro-
gates the binding of C/EBP-B to the /-8 promoter-enhancer
element.

Methylation of CpG site 5 of the IL-8 promoter downregu-
lates 7L-8 transcription. According to the EMSA results, it is
likely that the methylation of CpG site 5, abrogating the binding
of C/EBP-B transcription factor, also prohibits /Z-8 gene tran-
scription. To solve this issue, we methylated CpG site 5 using a

Figure 1 (See opposite page). CpG methylation patterns of /L-8 promoter and IL-8 mRNA and protein levels in astrocytoma specimens. (A) Sequence
of the IL-8 upstream region. The /L-8 promoter contain 6 CpG sites (underlined) located at -1311 (site 1), -241 (site 2), -168 (site 3), -158 (site 4), -83 (site

5) and -7 (site 6) respect to IL-8 transcriptional starting site (arrow). (B) Detailed methylation analysis of the 6 CpG residues at the /-8 promoter in 46
astrocytoma specimens was determined by PCR-based direct sequencing of bisulfite-treated DNA. White square, unmethylated CpG site; black and
white square, heterozygous methylated CpG site; black square, homozygous methylated CpG site. (C) Real-Time PCR analysis of /L-8 gene expression
levels. Total RNA was extracted, reverse-transcribed, and analyzed by quantitative Real Time-PCR. mRNA levels were normalized by using the house-
keeping gene B-actin as the inner control. Data are depicted as the mean + SD of three independent experiments. (D) The amount of IL-8 protein was
measured by ELISA. Data are depicted as the mean + SD of three independent experiments.
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Figure 1. For figure legend, see page 1316.
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Figure 2. The PGE2-induced demethylation of CpG site 5 (nucleotide -83) in the IL-8 enhancer-promoter region increased IL-8 expression in astrocy-
toma cells. (A) 1321N1, A172 and NHA cells were stimulated with 10 wM PGE2 for 5 h. The methylation status of CpG site 5 was determined by bisulfite
sequencing analysis in 20 individual clones from each cell line (white circle, unmethylated; black circle, methylated). (B) Cells were treated with PGE2
or 5-aza-dC. Total RNA was extracted, reverse-transcribed, and analyzed by quantitative real time-PCR. IL-8 mRNA levels were normalized by using the
housekeeping gene B-actin as the inner control. Data are depicted as the mean * SD of three independent experiments. (C) Cells were treated with
PGE2 or 5-aza-dC. The amount of IL-8 protein was measured by ELISA. Data are depicted as the mean + SD of three independent experiments. (D) Cells
were transiently transfected with 1 g of the IL.-8 promoter construct and subsequently treated with PGE2 or 5-aza-dC. Data are expressed as mean

+ SD of results in three independent experiments. Statistical analyses were performed compared with untreated control cells. *p < 0.001; absence of

asterisks, not significant.

promoter-directed siRNA method.” We constructed a short hair-
pin RNA (shRNA) targeted to the /Z-8 promoter that included
CpG site 5 in an expression vector and used it to transfect astro-
cytoma cells. Methylation of CpG site 5 was observed in 90%
and 85% of sequences of 132IN1 and A172 cells, respectively
(Fig. 4A), paralleled by reduced /L-8 gene expression (Fig. 4B).
The other CpG sites were not affected (Fig. 4A). We introduced
IL-8 shRNA into astrocytoma cells in the presence of 5-aza-dC
to verify whether the methylation at the specific cytosine resi-
due 5 was necessary and sufficient to decrease /L-8 expression.
Treatment with 5-aza-dC strongly reduced the DNA methyla-
tion at CpG site 5 (data not shown) and restored /-8 expression
(Fig. 4B). In order to establish that CpG site 5 was involved in
IL-8 transcription, we studied the effect of in vitro methylation
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of this site on /L-8 expression by using a reporter assay. These
experiments showed that methylation of CpG site 5 completely
disabled the ability of the promoter to direct the reporter gene
expression, as shown in Figure 4C.

Combined, these findings indicate that the methylation status
of the CpG site 5 is a crucial factor regulating /Z-8 promoter
transcription in astrocytoma cells.

PGE2 induces the binding of C/EBP-f3 and p300 to /L-8
promoter and histone H3 acetylation. Chromatin immunopre-
cipitation (ChIP) experiments were conducted to examine the
in vivo accessibility of C/EBP-f to the /Z-8 promoter region in
the presence of PGE2. As it is shown in Figure 5A and B, in
untreated cells, C/EBP-B binding to the /Z-8 promoter was very
weak, whereas, within 3 h from PGE2 treatment, the amount of

Volume 7 Issue 11
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Figure 3. CpG site 5 methylation inhibits the binding of C/EBP-8 to /L-8 promoter. Nuclear extracts prepared from untreated (lanes 3,6) or 10 uM
PGE2-treated (lanes 4,7) 1321NT1 cells, or recombinant C/EBP-3 protein (lanes 10-13), were incubated with double-stranded oligonucleotide probe
(-95/-52 bp) containing either unmethylated cytosine (UnM-probe C/EBP-) or methylated cytosine (M-probe C/EBP-) at CpG site 5 (nucleotide -83).

In supershift analysis, 2 g antibody against C/EBP- (lanes 5,11,13) was incubated at room temperature (for 20 min) with the nuclear extracts prior to
probe addition. Competition with a 200-fold excess of either unlabeled UnM-probe C/EBP-(3 (lane 8) or unlabeled M-probe C/EBP-{ (lane 9) showed the

endogenous C/EBP-B that occupied the /Z-8 promoter in vivo
was consistently higher. The interaction of C/EBP-f3 with IL-8
promoter peaked after 5 h and subsided after 6 h but remained
elevated relative to untreated cells. These findings indicate that
PGE2 increases the occupancy of endogenous C/EBP-f3 on 7L-8.
As C/EBP-B and p300 are thought to assemble on promoters,
thus forming a transcription complex,'®'® we verified whether the
PGE2-induced C/EBP-f recruitment regulates also the appear-
ance of p300 on /L-8 promoter and activates its transcription.
A Re-ChlIP assay was performed to reach this aim. The second
IP with anti-p300 identifies p300 in the C/EBP-f immunopre-
cipitate, indicating that a complex containing both p300 and C/
EBP-B occupies the same /Z-8 promoter DNA. Conversely, when
the first anti-p300 immunoprecipitate was similarly re-immuno-
precipitated with anti-C/EBP-f3, C/EBP-f was also identified in
the p300 complex associated with /Z-8 DNA. PGE2 also caused
marked enhancement of phosphorylated RNA polymerase 11
(P-RNAP II) recruitment to the /L-8 gene promoter. It is worth
noting that the timing for association of C/EBP- and p300 with
the promoter and for activation of RNAP II paralleled the tim-
ing of activation of /L-8 transcription that we have previously
observed."

www.landesbioscience.com

Epigenetics

We then investigated whether p300 recruitment via associa-
tion with C/EBP-B works in coordination with histone acety-
lation during PGE2-induced derepression of the /L-8 gene. As
shown in Figure 5, association of the /-8 gene promoter with
acetylated histone H3 at K9 or K14 was significantly increased in
the presence of PGE2. Similar results were observed in the A172
and NHA cell lines (Fig. S2).

These findings indicate that PGE2 induces the recruitment of
p300 and C/EBP-f at the /L-8 promoter as well as histone H3
hyperacetylation.

Class I HDAC inhibitors increase IL-8 gene transcription.
In order to verify whether /Z-8 gene expression was regulated
by histone acetylation state, we treated cells with SAHA (a non-
selective HDACi), MS275 (a class I-selective HDACi), MC1568
(a class II-selective HDACi) and MCI1575 (a class II-selective
HDACI), and measured IL-8 mRNA and protein levels. The
results, shown in Figure 6, indicated that both SAHA and MS275
induced a concentration-dependent increase of IL-8 mRNA lev-
els, starting 6 h after treatment in each cell type. Conversely, no
effects were observed when cells were treated with MC1568 and
MCI1575. The mRNA levels of IL-8 were consistent with protein
content (data not shown).
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Figure 4. CpG site 5 methylation reduced /-8 expression. (A) Induction of CpG site 5 methylation in genomic DNA using the RNAi method. 1321N1
and A172 cells were transfected with either control shRNA or target shRNA directed against CpG site 5 (IL-8 shRNA). The methylation status of the CpG
site 5 was determined by bisulfite sequencing. (B) 1321N1 and A172 cells were transfected with either control shRNA or IL-8 shRNA in the presence or
absence of 5-aza-dC. Expression levels of IL-8 mMRNA were determined by Real-Time PCR. The results shown are the means + SD of three independent
experiments. (C) Demethylation of CpG site 5 is necessary for the enhancement of IL8-promoter-driven transcription. Luciferase activity produced by
the indicated plasmids, either methylated (black circle) or unmethylated (white circle), was determined after their transfection into 1321N1 and A172
cells untreated (white boxes) or treated with 10 uM PGE2 (black boxes). Data are depicted as the mean + SD of three independent experiments. Statis-
tical analyses were performed compared with respective untreated control cells. *p < 0.01; absence of asterisks, not significant.

HDAC:s act with 5-aza-dC to increase PGE2-induced 7L-8
gene transcription. Since both HDACis and 5-aza-dC could syn-
ergistically activate the transcription of important genes in cancer
cells,”” we examined the effects of HDAC:s, either alone or in
concert with 5-aza-dC, on PGE2-dependent /Z-8 expression. We
showed that SAHA and MS275 induce a drastic enhancement
of PGE2-mediated IL-8 expression at mRNA (Fig. 7A), protein
(Fig. 7B) and promoter (Fig. 7C) level (p < 0.01). The combina-
tion of SAHA or MS275 with 5-aza-dC resulted in a much more
significant IL-8 increase (p < 0.001).

Effect of PGE2, 5-aza-dC and HDAC:s on the methylation
status of CpG site 5 and DNMTs/HDACs recruitment. The
methylation status of CpG site 5 on the /L-8 promoter was stud-
ied by MeDIP analysis in 1321N1 astrocytoma cells untreated
or treated with PGE2, 5-aza-dC, SAHA and MS275, alone or
in combination. Figure 8A and B clearly shows that treatment
with PGE2 or 5-aza-dC alone led to a significant reduction in
anti-mecyt antibody binding to the /Z-8 promoter region con-
taining CpG site 5. This reduction, induced by PGE2, started
1 h post-treatment, with the greatest inhibition observed after
5 h. Combination of PGE2 and 5-aza-dC further reduced the
methylation status at CpG site 5 when compared with each single
treatment, whereas the combination of PGE2 with either SAHA
or MS275 did not affect the pattern of methylation modified
by PGE2 alone. We then determined the effects of PGE2 alone
or in combination with 5-aza-dC, SAHA and M2752 on the
association of the major DNMTs identified in human, namely
DNMT1, DNMT3a and DNMT3b, with the /Z-8 promoter,
using ChIP assays. As shown in Figure 8C and D, treatment with
PGE2 reduced the level of association of DNMT1 and DNMT3a
with the /Z-8 promoter, with a maximum effect occurring 5 and
1 h after treatment, respectively. Co-treatment with 5-aza-dC led
to synergistic dissociation of DNMTT1 from the /Z-8 promoter,
whereas combined treatment with PGE2 and SAHA or MS275
resulted in a profile similar to that observed with PGE2 alone. In
striking contrast, under all treatments, there was little association
of DNMT3b with the /Z-8 promoter.

Given the cooperative linkage existing between DNMTs and
HDAGC:s in the epigenetic control of gene expression, we deter-
mined the possible association of HDACs with the /-8 pro-
moter in the presence of PGE2, alone or in combination with
5-aza-dC, SAHA and MS275. We focused on the main HDACs
involved in H3 histone acetylation, including HDAC1, HDAC2
and HDAC3,*** and performed immunoprecipitation experi-
ments with specific antibodies (Fig. 8C and D). Dissociation and
or masking of HDAC2 and 3 was highly significant 2 h after
PGE2 treatment. A more significant decrease was observed fol-
lowing co-exposure to PGE2/SAHA, whereas dual treatment
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with PGE2 and MS275 resulted in an additive reducing effect
only on HDAC3 recruitment. Combination treatments with
PGE2/5-aza-dC and SAHA/5-aza-dC had similar effects as
single treatment with PGE2. The association of HDACI with
the /L-8 promoter was not modified by PGE2, used either alone
or in combination with SAHA and 5-aza-dC. On the contrary,
co-exposure to PGE2/MS275 or 5-aza-dC/MS275 significantly
reduced HDACI recruitment.

Discussion

Over the last decade the contribution of epigenetic alterations to
the tumorigenic process has been studied worldwide, generating
promising results. Patterns and levels of DNA methylation and
histone acetylation are the most studied epigenetic modifications
in the context of gene transcription and abnormal events that
lead to oncogenic process. Evidence suggests that these marks are
dynamically linked in the epigenetic control of gene expression
and that their dysregulation plays an important role in tumori-
genesis. In the present study we were interested in investigating
the role of PGE2 as a potential epigenetic inducer of /Z-8 gene in
human astrocytoma, given its increased secretion® and activat-

1424 in this type of tumor. Various

ing effects on /L-8 expression
aspects of the /L-8 gene regulation in response to inflammatory
stimuli or in neoplastic conditions have been extensively stud-
ied.”*® However, in contrast to the elucidation of the cis element
and trans factors involved in the transcriptional control of this
gene, the evidence for the participation of epigenetic mechanisms
was only partially revealed, and contrasting results were some-
times obtained. In this regard, a marked CpG hypomethylation
of the /L-8 promoter has been detected in human colorectal ade-
nocarcinomas® and in aggressive and chronic periodontitis,***!
whereas other studies have proved that atypical methylation pat-
tern of the /L-8 promoter strongly correlates with an increase in
IL-8 expression and the metastatic potential of breast carcinoma
cells.?? A larger number of studies have been conducted to deter-
mine histone modifications associated with IL-8 gene expression
following a variety of stimuli, such as LPS in intestinal epithelial
cells,® leptin in synovial fibroblast cells,** UVR in keratinocytes®
and Moraxella catarrhalis in bronchial epithelial cells.*® On the
basis of these findings, here we have explored potential epigen-
etic cross-talk triggered by PGE2 responsible for the aberrant
expression of /-8 in human astrocytoma. Our results provided
compelling evidence to indicate that PGE2 activates /-8 tran-
scription through: (1) specific demethylation of the CpG site 5
located within the C/EBP-3 consensus sequence in the /-8 pro-
moter, as supported by bisulfite sequencing (Fig. 2) and MeDIP
analysis (Fig. 8) and (2) abnormal acetylation of histone H3 in
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Figure 5 (See opposite page). PGE2 increases occupancy of endogenous C/EBP-f3 and p300 on the /L-8 promoter and H3 acetylation. (A) 1321N1 cells
were treated with PGE2 for the indicated times. Primary ChIP was performed using anti-C/EBP-f3, anti-p300, anti-P-RNAP Il, anti-Ac-H3 (K9), anti-Ac-H3
(K14), and anti-Ac-H4. The beads from the first IP were washed and eluted for the second IP. The eluate from the first IP with anti-C/EBP-B was used for
the second IP with anti-p300 or no antibody as control (2nd IP, top). The eluate from the first IP with anti-p300 was used for the second IP with anti-C/
EBP-B or no antibody as control (2nd IP, bottom). Brackets indicate which of the first IP was used for second IP. Similar data were obtained in another
experiment. RT-PCR (A) and Real-time PCR analysis (B) of ChIPs were performed as described in Materials and Methods.

this region (Fig. 5). Our results showed that PGE2 or 5-aza-dC
alone, and much more in combination with each other, demethyl-
ated CpG site 5 and reduced DNMT1 and DNMT?3a association
with this region. The reduction was already significant 1 h after
PGE2 treatment, but the greatest dissociation occurred earlier for
DNMT3a (1 h) than for DNMTT (5 h) (Fig. 8). Although sev-
eral reports provide evidence that PGE2 increases expression of
DNMT1 and DNMT3a in many cell types and a wide variety of

diseases,?”?® the present findings are consistent with recent data

reporting that PGE2 decreased the expression of DNMT1 and
DNMT3a in RAW macrophages.®® It can therefore be assumed
that PGE2 effects on DNA methylation machinery are cell
type-specific. Our results are indicative of the role of PGE2 in
inducing DNA demethylation, as they refer to the levels of inter-
action of DNMTs to the /Z-8 promoter. However, we elucidated
a more complex epigenetic role of PGE2 on /-8 expression, as
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Figure 7. Combined effects of PGE2, 5-aza-dC and HDACis on /L-8 expression. 1321N1, A172 and NHA cells were treated with 5-aza-dC (10 uM for
72 h), HDAC inhibitors (1.M) for 12 h, and PGE2 (10 M) for 5 h, alone or in combination. (A) Total RNA was extracted and subjected to real-Time PCR
analysis. IL-8 mRNA levels were normalized to B-actin levels and expressed as relative to untreated control cells. (B) The amount of IL-8 protein was
measured by ELISA. (C) Cells were transiently transfected with 1 g of the /L-8 promoter construct and subsequently treated as above mentioned. Data
are expressed as means + SD of results in three independent experiments. Significance: *p < 0.05, **p < 0.01, and ***p < 0.001, as compared with PGE2-
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we showed that HDAC2 and HDACS3 association at the /-8
promoter was significantly reduced at 2 h after PGE2 treatment
(Fig. 8). These effects were enhanced by SAHA co-treatment,
whereas co-exposure to MS275 enhanced only the effect of
PGE2 on HDAC3. ChIP experiments showing that PGE2 or
SAHA reduced the recruitment of HDAC-2 and -3 to the /L-8
promoter and that MS275 affected the presence of HDAC-1 and
-3 suggest that inhibition of HDACS3 is sufficient and necessary
to activate /L-8 promoter. The kinetics of DNA demethylation
and histone acetylation induced by PGE2 clearly indicates that
demethylation at CpG site 5 region preceded and perhaps favored
the successive chromatin hyperacetylation. These results imply
that DNA demethylation could trigger events needed for higher
levels of histone acetylation. The findings shown here support
a model of chromatin structure changes in human astrocytoma
where PGE2 orchestrates a coordinate process of specific CpG
demethylation followed by histone H3 hyperacetylation which
lead to /L-8 transcription through recruitment of C/EBP-$3 and
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p300 at /-8 gene regulatory region. This previously unrecog-
nized mechanism is supported by the significant role of CpG
site 5 demethylation—induced by PGE2—on IL-8 overexpres-
sion, as shown by either a promoter targeted siRNA method
(Fig. 4B) or a transient reporter assay using a reporter vector in
which only IL-8 promoter CpG site 5 of is methylated (Fig. 4C).
Identifying specific methylated sites is important for understand-
ing the mechanisms behind regulating gene expression, as it is
known that the interaction between only one CpG site and DNA
enhancer elements can be sufficient to modify gene transcrip-
tion.*” A strong regulation of the 7L-8 gene by HDAC inhibi-
4 To this regard, it
is worth mentioning that, in most instances, HDAC inhibitors

tors has been reported in several cell systems.

were positively acting mainly in cooperation with several induc-
ers of /-8 gene expression, such as IL-13*** or TNF-a..“%¢ On
the contrary, in some cell types, /L-8 expression was downregu-
lated by HDAC inhibitors.” Here we showed that in astrocytoma
cells SAHA and MS275 acted either alone (Fig. 6) or in synergy
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with PGE2 or 5-aza-dC (Fig. 7) in inducing chromatin remodel-
ing and enhancing /L-8 transcription. The fact that the effects
of DNA demethylating and histone hyperacetylating treatments
reinforce each other confirms that these events occur in sequence
in the same pathway that leads to activation of /Z-8 gene. Indeed,
a strong link between lineage-specific CpG demethylation events
and histone modifications was recently suggested.”#>° Aberrant
DNA methylation/demethylation and histone deacetylation/
hyperacetylation are highly regulated and dynamic processes that
may coexist in cancer cells, altering gene expression in opposite
directions. No previous data were available suggesting a potential
combinatory effect of PGE2 on both DNA promoter methylation
and histone acetylation, as we showed here. The role of PGE2 on
specific CpG site methylation/demethylation status has not been
investigated yet in any cell system, and its involvement in histone
acetylation has been shown only in few cases. In breast cancer
cells, PGE2 induced histone H3 hyperacetylation and increased
the binding of RNAP II to the liver receptor homolog-1 (LRH-I)
promoter.”’ In mink uterine stromal cells, PGE2 induced an
increase in histone H3 acetylation, inducing the transactiva-
tion of steroidogenic acute regulatory protein (StAR)>* and vascular
endothelial growth factor (VEGF)> genes.

In summary, our results support the existence of an epigen-
etic interplay that marks the PGE2-mediated /L-8 activation in
human astrocytoma. Results reported here provide a novel gene
derepression mechanism, emerging from integrated changes in
the levels of cytosine methylation and histone acetylation, which
control /L-8 transcription. Based on previous results showing
that IL-8 can account for the higher aggressiveness of astrocy-

toma cells,>#5¢

our data suggest that: (1) pharmacological reversal
of hypomethylation could be used as a useful tool for blocking
astrocytoma progression into the aggressive and metastatic stages
of the disease and (2) the use of HDAC inhibitors in anti-glioma
strategies, in particular those with class I-specific activity, could
have adverse effects by increasing the expression of pro-inflam-

matory molecules.
Materials and Methods

Reagents. Prostaglandin E2 (PGE2), 5-aza-2-deoxyazacytidine
(5-aza-dC), SAHA and MS-275 were purchased from Sigma
(Sigma-Aldrich). MC1575 and MCI1568 were synthesized as
previously described.”*® Restriction endonucleases, S-adenosyl-
l-methionine (AdoMet), T4 DNA Ligase, DNA polymerases,
DNA size standards and competent cells were from New England
Biolabs (Ipswich, MA). Recombinant human C/EBP-f3 was pur-
chased from Novusbio.

Tissue samples. Forty-six freshly resected astrocytic tumor
specimens were collected during the surgeries at the Department
of Neurosciences of the University Hospital of Messina from
October 2008 to December 2011. The tumors were located in
the cerebral hemisphere (10), in the cerebellum (21), in the optic
pathway/hypothalamus (4), in the thalamus (5) and in the brain-
stem (6). In 14 cases the tumors were diagnosed as low-grade
astrocytoma, in 13 cases as anaplastic astrocytoma, and in 19
cases as glioblastoma. Patient data are shown in Table 1. The
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histological grade of these tumors was classified according to the
World Health Organization (WHO) criteria. Soon after any sur-
gical removal, the specimens were frozen in liquid nitrogen and
stored at -80°C until any further use. This investigation adhered
to the Declaration of Helsinki and was approved by the Ethics
Committee of the University Hospital of Messina. An informed
consent was given by the patients.

Cells and culture conditions. Normal human astrocytes
(NHA) were purchased from Lonza and they were cultured
in the provided astrocyte growth media supplemented with
thEGF, insulin, ascorbic acid, GA-1000, L-glutamine and 5%
FBS. Human 1321N1 (derived from grade II astrocytoma) and
A-172 (derived from grade IV glioblastoma) cell lines (American
Type Culture Collection) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with
100 units/ml penicillin (EuroClone), 100 wg/ml streptomycin
(EuroClone), and 10% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich). Cells were maintained in a humidified atmosphere of
5% CO, at 37°C.

Demethylation with the DNA demethylating agent 5-aza-
dC. Cells were treated with DNA demethylating agent 5-aza-dC
by addition of fresh medium containing 5-aza-dC (10 pmol/L)
every day for three consecutive days. Cells were harvested for
DNA and RNA extractions.

DNA extraction. The isolation of DNA from fresh/frozen
tissue specimens was performed by QIAamp DNA Mini kit
(Qiagen Inc.). Total genomic DNA was extracted by cells using
the TRIZOL reagent (Invitrogen, Carlsbad) according to the
manufacture’s recommendation.

Bisulphite sequencing. Five hundred nanograms of DNA
was treated with sodium bisulphite using the Epitect Bisulfite kit
(Qiagen). One microliter of bisulphite-modified DNA contain-
ing ~10 ng DNA (range ~-4-20 ng) was amplified using primers
common to the methylated and unmethylated DNA sequences.
Cell PCR products were cloned into the pGEM-T Easy vector
(Promega), and 20 clones from each sample were sequenced in
forward and reverse directions with the CEQ DTCS Quick Start
Kit (Beckman Coulter S.p.A.), and with an automated DNA
sequencer (Beckman Coulter CEQ 2000 Analysis System). The
oligonucleotide primers used were as follows:

Sites 1-2 forward, 5-AAG TTT TAG GTT GGT TGG AGA
AAG A-3'.

Sites 1-2 reverse, 5-CCT CTA AAA ACC CAT AAT CAT
CAA C-3'.

Sites 3—6 forward, 5'-GTT ATA TGG TTT ATG ATA AAG
TTATTT AG-3".

Sites 3—6 reverse, 5'-CCA ATA ATT TCT TCC TAA CTC
TTATC-3.

RNA Extraction and Reverse Transcription. Total RNA was
extracted with TRIZOL (Invitrogen) from resected tissues and
cells. One microgram of total RNA was reverse-transcribed in a
total volume of 20 .l with IMProm-II™
(Promega) by using oligo-dT primers, according to the manufac-

reverse transcriptase kit
turer’s instructions.

Quantitative Real-Time PCR. Quantitative Real-Time PCR
(qRT-PCR) was performed using the ABI Prism 7500 Real-Time
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Figure 8 (See opposite page). CpG site 5 methylation and DNMTs/HDACs recruitment to this area in cells treated with PGE2, 5-aza-dC and HDACis,
alone or in combination. 1321N1 cells were treated with PGE2 (10 wM) from 1 through 5 h. For combination experiments with 5-aza-dC (10 uM for

72 h) and HDAC inhibitors SAHA and MS275 (1M for 12 h), PGE2 (10 wM) was used at the most effective times on CpG site 5 demethylation and DNMT/
HDAC association to /L-8 promoter. (A) MeDIP with anti-methyl-cytosine antibody and semiquantitative PCR analysis were performed as described

in Materials and Methods. Primers covering the CpG site 5 in IL-8 promoter region were used. (B) The immunoprecipitated complexes were tested by
real time-PCR as described in Materials and Methods. (C) ChIP (chromatin immunoprecipitation) with anti DNMT1, DNMT3a, DNMT3b, HDAC1, HDAC2
and HDAC3 antibodies followed by semiquantitative PCR analysis was conducted using primers as in A. (D) The immunoprecipitated complexes were
tested by real time-PCR as described in Materials and Methods. Data are expressed as means + SD of results in three independent experiments. Signifi-
cance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as compared with untreated cells.

PCR System (Applied Biosystems). The sequences of primers
and probe used for specific IL-8 PCR amplification were as fol-
lows: 5-CTC ACT GTG TGT AAA CAT GAC TTC CA-3'
(primer forward), 5-TTC ACA CAG AGC TGC AGA AAT
CA-3' (primer reverse) and 5-FAM-CCG TGG CTC TCT
TTG GCA GCC TTC-MGBNFQ-3' (probe). Thermal cycling
conditions included activation at 95°C (10 min) followed by 40
cycles each of denaturation at 95°C (15 sec) and annealing/elon-
gation (1 min) at 60°C. Each sample was analyzed in triplicate
with {3 actin (Applied Biosystems) as housekeeping gene, and the
mean values of IL-8 were calculated. The cycle threshold (Ct)
was used to calculate relative amounts of target DNA. The Ct
was determined as the number of PCR cycles required for a given
reaction to reach an arbitrary fluorescence value within the linear
amplification range.

Measurement of IL-8 levels. Cell-free culture supernatants
and the extracts from biopsy specimens were analyzed for IL-8
protein content using a commercial enzyme immunoassay
kit according to the manufacturer’s instructions (Bio Source
International). Measurement was done in triplicate. The values
of IL-8 protein were normalized to the total protein values of
each sample.

Luciferase reporter assay using a promoter with specific DNA
methylation of CpG site 5. The 5' region of human IL-8 was
amplified using the following primers containing artificial Kpnl/
and Xhol restriction sites: (1) sense, 5-ggt acC TCA AGT CTT
AGG TTG GTT G-3' and (2) antisense, 5'-ctc gaG CTC TGC
TGT CTC TGA AAG T-3'. The resulting 1497-bp PCR product
was subsequently cloned into the pCR 2.1-TOPO vector using
the TOPO TA cloning kit (InVitrogen). The pCR 2.1 TOPO
plasmid containing the /Z-8 promoter insert (hereafter referred
to as TOPO-IL-8) was linearized with Kpn/ and methylated in
vitro using Sss/ methylase, which non-specifically methylates all
CpG dinucleotides. Resistance to cleavage by the methylation-
sensitive restriction enzyme Msp/I confirmed the efficiency of in
vitro methylation. The linearized methylated and unmethylated
TOPO-IL-8 vectors were then digested with Xhol to excise the
IL-8 promoter fragments. After fractionation on a 1% agarose gel,
the DNA bands corresponding to 1497 bp were cut from the gel,
isolated using GenElute Spin columns (Supelco), ethanol-precip-
itated, and subcloned as a Kpni/Xhol fragment into the pGL3-
Basic vector (Promega) (hereafter referred to as pGL3-IL-8-meth
and pGL3-IL-8-unmeth).

It was constructed a reporter vector in which only this site
of IL-8 promoter was methylated in order to analyze the
effect of CpG site 5 methylation on 7L-8 gene expression. The
region encompassing the CpG residue 5 was generated by PCR
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amplification with the following primer set: (1) sense, 5-TTT
GAT AAG GAA CAA ATA GGA AGT G-3' and (2) anti-
sense, 5-TAG GGT GAT GAT ATA AAA AGC CAC-3' and
inserted into pCR 2.1-TOPO vector using the TOPO TA clon-
ing kit (Invitrogen). The pCR 2.1 TOPO plasmid containing the
desired region of /L-8 promoter (hereafter referred to as TOPO-
IL-8 CpG site 5 region) was linearized with Kpn/ and methylated
in vitro using Sss/ methylase. The efficiency of in vitro methyla-
tion was confirmed by resistance to cleavage by the methylation-
sensitive restriction enzyme Msp/l. The linearized methylated
and unmethylated TOPO-IL-8 CpG site 5 region vectors were
then digested with Xhol. After fractionation on a 1% agarose gel,
the DNA bands corresponding to 236 bps were cut from the gel,
isolated using GenElute Spin columns (Supelco), and ethanol-
precipitated. The fragments were then ligated into pGL3-Basic
vector (Promega) between the Kpnl and Xhol restriction sites
(hereafter referred to as pGL3-IL-8 CpG site 5 region-meth and
pGL3-IL-8 CpG site 5 region-unmeth).

Transient transfections. Cells were plated in 35-mm well
plates (5 x 10° cells/well) in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich) without fetal bovine serum and tran-
siently transfected with 1 g of IL-8 constructs using FuGENE_6
Transfection Reagent (Roche Diagnostics) according to the man-
ufacturer’s instructions. Twenty-four hours after transfection,
cells were treated with 5-aza-dC (10 wM for 72 h), HDAC inhibi-
tors (at various concentrations and times), and PGE2, alone or
in combination. Consistent with our previous data," 5-h treat-
ment and 10 pM PGE2 were used. Then, cells were harvested
and protein extracts were prepared for the luciferase activity using
luciferine (Promega) as the substrate. In each transfection, 0.2 pg
of pSVBgal was added and the luciferase activity was normalized
with respect to the 3-galactosidase activity.

RNAI analysis. We used the pcPUR hU6 vector (iGENE-
Inc.; www.iGENE-therapeutics.co.jp), which
contains the human U6 promoter, a puromycin resistance gene,

Therapeutics,

and BspMI cloning sites, to construct the siRNA expression vec-
tor. The sequences of the siRNAs used were 5-GGC CAT CAG
TTG CAA ATC GTG-3' (IL8 promoter) and 5-GGC CAT
CAG TTG CAA ATA ATG-3' (control).

We synthesized oligonucleotides with hairpin, termina-
tor and overhanging sequences. We annealed these fragments
and inserted them into the BspMI sites of pcPUR hU6. These
siRNA constructs were transfected into astrocytoma cells using
GeneJuice (Novagen). Transfected cells were selected in medium
supplemented with puromycin (2.5 pg/ml) for 2—4 d. Vector-
transfected cells were used as control. Live cells were isolated on a
Ficoll gradient and used for analyses.
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Table 1. Patient characteristics

Cases
GI1
G2
G3
G4
G5
G6
G7
G8
G9

G10
G11

G12
G13
G14
G15
G16
G17
G18
G19
G20
G21

G22
G23
G24
G25
G26
G27
G28
G29
G30
G31

G32
G33
G34
G35
G36
G37
G38
G39
G40
G41

G42
G43
G44
G45
G46
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Histological grade
Glioblastoma (WHO grade IV)
Astrocytoma (WHO grade Il)
Astrocytoma (WHO grade )
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade lll)
Astrocytoma (WHO grade ll)
Glioblastoma (WHO grade IV)
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade lll)
Glioblastoma (WHO grade IV)
Astrocytoma (WHO grade Il)
Glioblastoma (WHO grade IV)
Astrocytoma (WHO grade )
Astrocytoma (WHO grade Il)
Anaplastic astrocytoma (WHO grade lll)
Glioblastoma (WHO grade IV)
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade lll)
Glioblastoma (WHO grade V)
Glioblastoma (WHO grade IV)
Glioblastoma (WHO grade V)
Astrocytoma (WHO grade Il)
Anaplastic astrocytoma (WHO grade lll)
Glioblastoma (WHO grade V)
Astrocytoma (WHO grade Il)
Astrocytoma (WHO grade Il)
Anaplastic astrocytoma (WHO grade lll)
Anaplastic astrocytoma (WHO grade Il)
Glioblastoma (WHO grade V)
Anaplastic astrocytoma (WHO grade lll)
Anaplastic astrocytoma (WHO grade )
Astrocytoma (WHO grade Il)
Glioblastoma (WHO grade V)
Astrocytoma (WHO grade Il)
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade 1)
Glioblastoma (WHO grade V)
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade IlI)
Astrocytoma (WHO grade Il)
Astrocytoma (WHO grade Il)
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade 1)
Glioblastoma (WHO grade IV)
Anaplastic astrocytoma (WHO grade 1)
Astrocytoma (WHO grade Il)

Gender
F

mT =M mm 2" L2 m Lm0 o £ 2 1 L

Age
48
56
18
61
46
59
59
55
58
53
48
60
17
52
60
61
59
57
47
55
58
51
56
60
16
56
53
52
54
55
47
49
50
18
60
59
58
60
52
54
62
47
59
55
47
60
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Electrophoretic mobility shift assay (EMSA). Nuclear
extracts, prepared with NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Pierce), were subjected to electrophoretic
mobility shift assay using the LightShift Chemiluminescent
kit (Pierce). The binding reaction mixture containing 3 pg of
nuclear extract or 20 ng recombinant human C/EBP-f3 pro-
tein, 20 fmol of 5' biotin-labeled oligonucleotide probe(s), 1x
binding buffer, 50 ng of poly(dI_dC), 2.5% glycerol, 0.05%
Nonidet P-40, and 5 mM MgClI, was incubated at room tem-
perature for 20 min in a final volume of 20 wl. For supershift
assays, nuclear extracts were incubated with 2 g of anti-C/
EBP-B antibody (Santa Cruz Biotechnology) at room temper-
ature (for 20 min) prior to probe addition. An unmethylated
(UnM) or methylated (M) probe (C/EBP-B probe) encom-
passing the C/EBP-$ binding site and containing a mutation
of the adjacent NF-kB consensus sequence was used: 5-TCA
GTT GCA AAT CGT Gtt cgg gtt aCT CTG ACA TAA TGA
AAA GAT-3'. For competition assays, a 200-fold excess of unla-
beled double-stranded oligonucleotides was incubated with the
extracts at room temperature for 10 min before probe addition.
Bound complexes were separated on 8% polyacrylamide gels,
blotted onto membrane, and visualized by autoradiography
(Hyperfilm, Fuji).

Chromatin Immunoprecipitation (ChIP) Assay. The ChIP
enzymatic assay (Active Motif) was performed and the sheared
chromatin samples were used for immunoprecipitation with 2 ug
of anti-C/EBP- (Santa Cruz Biotechnology), anti-p300 (Santa
Cruz Biotechnology), anti-phosphorylated RNAP II (P-Pol
II) (Covance Research Products), anti-Ac-H3 (K9) (Upstate
Biotechnology), anti-Ac-H3 (K14) (Upstate Biotechnology),
anti-Ac-H4 (Upstate Biotechnology), anti-methylcytosine (anti-
mecyt; Anaspec, Fremont, CA), anti-DNMT1 (Abcam), anti-
DNMT3a (Abcam), anti-DNMT3b (Abcam), anti-HDACI1
(Abcam), anti-HDAC2 (Abcam) and anti-HDAC3 (Abcam)
antibodies overnight at 4°C. Immunocomplexes were subjected
to cross-link reversal, extracted, and precipitated as described in
the protocol. The eluted DNA and the aliquots of chromatin
prior to immunoprecipitation (input) were amplified by PCR.
To detect the DNA sequence from position -150 to +11 of the
IL-8 gene promoter, in which the CpG site 5 is located, we used
the following primer set: forward, 5-GAT AAG GAA CAA
ATA GGA AGT GTG-3'; reverse, 5-TGG CTT TTT ATA
TCA TCA CCC TAC-3".

The PCR conditions were as follows: 95°C for 4 min and
38 cycles of 94°C for 50 sec, 65°C for 50 sec, and 72°C for
1 min. PCR products were separated by 2% agarose gel contain-
ing ethidium bromide.

Real-time PCR quantification analysis of immunoprecipi-
tated DNA. Applied Biosystems 7500 system SDS software was
used for real-time PCR analysis of ChIP experiments. The analy-
sis was performed using SYBR Green DNA Master mix (Applied
Biosystems). Absolute quantification was performed using serial
dilutions of the input DNA samples to obtain standard curves.
The values of negative controls (no antibody) were subtracted
from the corresponding samples. Immunoprecipitated frac-
tions were estimated by human B-actin housekeeping gene
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amplification. Oligonucleotide sequences used for real-time PCR

are available upon request.

Statistical analysis. The one-way analysis of variance
(ANOVA) test, followed by a pair-wise multiple comparison test
(Bonferroni t test), was performed to identify the differences
among the groups. The Pearson’s correlation test was employed
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