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family,'® we specifically determined whether Jmjd3 and
UTX, which both were shown to reverse H3K27me3 marks,
are regulated. Indeed, Jmjd3 and UTX mRNA expression
were time-dependently upregulated by hypoxia in vitro (Fig-
ure 6A) and were increased in muscle tissue after induction of
hind limb ischemia in vivo (9.1-fold in UTX and 10.2-fold in
Jmjd3 at day 4). Consistent with the increase of mRNA
expression, Jmjd3 protein and, to a minor extent, UTX
protein levels were up-regulated after hypoxic stimulation of
PACs (Figure 6B). To address whether Jmjd3 is recruited to
the eNOS promoter, we further performed ChIP experiments.
These experiments demonstrate that Jmjd3 is recruited to
some sites at eNOS promoter (Figure 6C). Taken together,
these data demonstrate that hypoxia-induced upregulation of
the histone demethylase Jmjd3 parallels the reduction of
repressive histone marks at the promoter of endothelial genes,
indicating that hypoxia may epigenetically modulate endo-
thelial commitment.

Silencing of Jmjd3 Induces Cell Death

and Senescence

To investigate whether the increase of Jmjd3 expression
indeed causally contributes to the hypoxia-induced expres-
sion of eNOS, we generated lentiviral vectors expressing
short hairpin RNAs (shRNA) against Jmjd3. However, de-
spite testing 5 different sequences, we only could reduce the
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Figure 5. Hypoxia up-regulated endo-
thelial nitric oxide synthase (eNOS)
gene expression and down-regulated
H3K27me3 at the eNOS promoter. A,
Quantitative eNOS, KDR mRNA levels in
proangiogenic cells (PACs) exposed to
hypoxia (1% O,). The expression level of
eNOS and KDR gene under normoxic
condition was set as 1 and fold induction
is shown. Data represents means=SEM,
n=>5 to 6. B, Western blot analysis of his-
tone proteins in PAC exposed to hypoxia
(1% O,). Histone H3 is used as a loading
control. C, Immunofluorescence image of
H3K27me3 (pink) in PAC exposed to nor-
moxia or hypoxia (1% O,). Nuclei are
stained in blue. Bars represent 20 um. D,
Quantitative chromatin immunoprecipita-
tion (ChlIP) analysis of H3K27me3 (top),
the ratio of active vs repressive chromatin
marks (H3K4me3/H3K27me3, bottom) at
the eNOS promoter locus in PAC
exposed to normoxia or hypoxia for 36
hours. Data were expressed as % input
as means=*=SEM. The enrichment level of
H3K27me3 and the level of H3K4me3/
H3K27me3 under normoxic condition was
set as 1 and fold induction is shown. n=6
to 12. *P<0.05.

level of Jmjd3 by about 35% in PACs and silencing of Jmjd3
was associated with an induction of apoptosis and an in-
creased expression of senescence markers (pl4 ARF, pl6
INK, p21 Cip, and p53, Figure 7A through 7C). Moreover,
the combination of shJmjd3 and hypoxia resulted in the death
of more than 30% of PACs indicating that Jmjd3 expression
is essential for PAC survival. Therefore, we were unable to
address the question whether Jmjd3 regulates eNOS expres-
sion in PACs. However, because previous studies demon-
strated that in other cell types Jmjd3 might have a different
effect on senescence,'® we additionally evaluated the function
of Jmjd3 in mesoangioblasts. In these cells, silencing of
Jmjd3 did not affect survival and did not affect the expression
of senescence marker genes (data not shown) allowing us to
test the requirement of Jmjd3 for the hypoxia-induced regu-
lation of eNOS. Indeed, silencing of Jmjd3 significantly
reduced the hypoxia-induced increase in eNOS expression
(Figure 7D).

Discussion
The data of the present study demonstrate that endothelial
committed genes are epigenetically silenced in different
subtypes of human EPCs including cultured PACs and
isolated bone marrow-derived CD34" cells. Silencing of
promoters of endothelial committed genes occurred at the
level of DNA methylation and histone modifications. Partic-
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ularly, H3K27me3 was prominent at all promoters studied
(eNOS, KDR, vWF, and VE-cadherin) suggesting that the
regulation of H3K27 methylation may play a crucial role in
regulating endothelial commitment of adult progenitor cells.
In addition, most of the promoters of endothelial committed
genes lacked active histone marks that are typically required
for active gene expression in PACs and CD34* cells. These
data indicate that the cells studied are not (yet) determined to
the endothelial lineage and that the induction of endothelial
commitment may require epigenetic remodeling at the pro-
moters of the endothelial lineage committed genes.

In order to reverse epigenetic silencing to facilitate com-
mitment to an endothelial cell fate, we used a pharmacolog-
ical approach to inhibit the methylation of H3K27, the
silencing mark that was highest at the promoters of the EPCs.
The pharmacological inhibitor DZNep thereby blocks the
enzyme Ezh2, which catalyzes the trimethylation of H3K27.
Although DZNep reduced the levels of overall H3K27me3
and the prevalence of H3K27me3 at the eNOS promoter,
DZNep alone was not sufficient to augment eNOS expression
in PACs. Because active H3 marks are necessary for eNOS
expression in embryonic stem cells and DZNep exhibits some
inhibitory effects on active histone marks (see Figure 4A), we
speculated that activating histone modifications may be
required to support eNOS expression. Therefore, we com-
bined DZNep with low concentrations of the histone deacety-
lase inhibitor TSA and indeed showed that the combination of
the substances facilitates eNOS expression. Of note, these
effects were dose-dependent and higher concentration of TSA
and DZNep were exhibiting toxic effects and even suppressed
eNOS expression. This finding is consistent with previous
data showing that the complete blockade of histone deacety-
lases reduces eNOS levels in EPCs.®

Interestingly, the derepression of eNOS was cell-type
specific. In CD34 " cells, DZNep alone significantly induced

normoxia hypoxia

eNOS expression and the combination of DZNep and TSA
further increased to levels much higher compared to PACs,
whereas in HUVEC and SMC no increase in eNOS expres-
sion was seen. These data indicate that CD34" cells (and
PACs) are sensitive to the derepression of the eNOS promoter
by pharmacological inhibition of the methyltransferase Ezh2.
Consistently, the expression of Ezh2 was higher in CD34"
cells and PACs compared to HUVEC and SMC (Supplemen-
tal Figure IIC). However, the increases in eNOS expression—
although significant—were only modest and the levels
achieved under optimal dosing of both inhibitors in PACs and
CD34™" cells were not comparable to that of HUVEC. These
findings are consistent with a remaining DNA methylation of
the eNOS promoter observed in PACs after incubation with
DZNep and TSA (Supplemental Figure V). Therefore, the
removal of silencing histone marks is not sufficient to induce
a DNA demethylation of the eNOS promoter within a few
days. Because it is known that DNA methylation, particularly
of promoters with low CpG island content (as the eNOS
promoter), does not fully block transcriptional activation,?°
the removal of silencing histone modification and increase of
activating histone marks may be sufficient to partially acti-
vate the eNOS promoter.

In the second part of the article, we evaluated the influence
of physiological factors that may modify the epigenetic
signatures of PACs. Because hypoxia plays a critical role in
recruiting proangiogenic cells, we specifically determined the
effect of hypoxia. Hypoxia indeed increased the expression of
eNOS and KDR and altered histone modifications. Thereby,
the silencing H3K27me3 mark was significantly reduced by
hypoxia as shown by Western blotting and as confirmed by
immunohistochemistry and ChIP of the eNOS promoter. In
addition, hypoxia increased the levels of active histone
marks. These findings are consistent with data from others
showing that hypoxia improves EPC functions?! and activates
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eNOS expression in endothelial cells.?> However, a recent
study reported that hypoxia reduces histone H3 acetylation
and represses eNOS in endothelial cells?® via sustained
hypoacetylation at the eNOS promoter leadings to decreased
nucleosome accessibility. Consistent with this study, in
HUVEC histone acetylation (histone H3) at the proximal
eNOS promoter marginally decreased on hypoxia, whereas in
PACs histone acetylation at the eNOS promoter did not
decrease on hypoxia (data not shown). Beyond that, hypoxia
did not increase Jmjd3 expression and did not decrease
H3K27me3 marks in HUVEC (Supplemental Figure IV). The
reason for this discrepant reaction and the precise mecha-
nisms regulating Jmjd3 recruitment is unclear but may be due
to the different cell types used in the studies (mature
endothelial cells versus progenitor cell populations). Indeed,
EPCs and HUVEC are reported to display different responses
to hypoxia. Whereas hypoxia induced an increased prolifer-
ation in EPCs, a proliferation arrest was induced in
HUVEC.21.24

The mechanisms by which hypoxia modulates histone
modifications are not entirely solved but may include the
upregulation of histone demethylases of the JmjC-domain
containing family. Indeed, Jmjd3 mRNA and protein was
significantly increased by hypoxia and recruited to the

eNOS promoter. However, when we attempted to study the
causal involvement of Jmjd3 in hypoxia-mediated up-
regulation of eNOS, we observed that Jmjd3 silencing lead
to induction of apoptosis and senescence in PACs, which
precluded testing the original hypothesis. The induction of
apoptosis and senescence in PACs by Jmjd3 silencing was
surprising because it has been reported that Jmjd3 can
induce oncogene-mediated senescence in cancer cells.!®
However, Jmjd3 was recently shown to have an essential
function in myeloid cells.?> Because PACs resemble mono-
cytic cells, our observation may be related to a crucial role
of Jmjd3 in this cell type. To address the principal role of
hypoxia-mediated up-regulation of Jmjd3, we therefore
used an alternative circulating cell, mesoangioblast, which
does not express myeloid or hematopoietic markers.!*
Although mesoangioblasts also showed a high DNA meth-
ylation pattern of the eNOS promoter, eNOS expression
was upregulated by hypoxia and this effect was prevented
in the absence of Jmjd3. These results provide evidence
that, in some cell types, Jmjd3 expression contributes to
the regulation of the eNOS promoter on induction of
hypoxia.

Together, the present study is the first to evaluate the
epigenetic signature of promoters of endothelial committed
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genes in different subsets of cells that have been used to
augment neovascularization. Our findings demonstrating an
epigenetic repression of endothelial genes indicate that the
cells studied are not predetermined to the endothelial lineage.
This is consistent with previous reports showing that endo-
thelial marker gene expression detected in PACs might be a
consequence of transferred mRNA by contaminating cells,
such as platelets,® as well as by the lack of direct differen-
tiation of isolated hematopoietic stem cells to the endothelial
lineage.?” However, several other groups have shown that
hematopoietic cells can acquire an endothelial cell fate.?28
Therefore, we cannot exclude that the different culture
protocols might modify (or reprogram) the cells. Indeed, a
combination of pharmacological substances as well as hyp-
oxia changed the epigenetic signature indicating that modu-
lation in the cell environment might potentially result in a
change in cell fate.
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Novelty and Significance

What is Known?

e Several subsets of endothelial progenitor cells (EPCs) and
proangiogenic hematopoietic cells contribute to postnatal
neovascularization.

® The mechanism by which these cells contribute to neovascularization
is controversially discussed and includes paracrine effects and
differentiation to endothelial cells.

What New Information Does This Article Contribute?

e We demonstrate that the endothelial genes are epigenetically si-
lenced in several subsets of endothelial progenitor cells and
proangiogenic hematopoietic cells including CD34+ cells and
early EPCs.

e Epigenetic silencing of endothelial promoters is mediated by repres-
sive histone methylation at lysine 27 (H3K27me3).

e Pharmacological inhibition of histone methylation and histone deacet-
ylation or physiological stimulation with hypoxia in part reversed

epigenetic silencing and enhanced expression of endothelial
marker genes.

Although various subsets of EPCs were shown to therapeutically
augment angiogenesis and recovery after ischemia, it is unclear
whether these cells are committed to the endothelial lineage.
Here, we demonstrate that endothelial promoters are epigeneti-
cally silenced by repressive histone methylation marks in
different populations of EPCs demonstrating that these cells are
not committed to the endothelial linage. Treatment with phar-
macological inhibitors of the histone methyltransferase Ezh2 and
histone deacetylases reversed the silencing and induced expres-
sion of endothelial marker genes such as the endothelial nitric
oxide synthase. Likewise, hypoxia modulates the epigenetic
signature in part by inducing the histone demethylase Jmjd3.
These data demonstrate that pharmacological inhibitors or
physiological stress can modulate cell fate decisions in EPCs.
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SUPPLEMENTAL MATERIAL

Detailed Methods

Isolation and cell culture of PACs, CD34", HUVEC, and Mesoangioblasts

Approval for these studies was obtained from the ethics review board of J. W. Goethe University, and the
study was conducted with the Declaration of Helsinki. Informed consent was obtained from each patient.
Mononuclear cells (MNCs) were isolated by density gradient centrifugation with Biocoll (Biochrom)
from human peripheral blood buffy coats as previously described.! Immediately after isolation,
8 x 10° MNCs/ml were plated on culture dishes coated with human fibronectin (Sigma) and maintained in
endothelial basal medium (EBM; Lonza) supplemented with hydrocortisone, bovine brain extract,
gentamicin, amphotericin B, epidermal growth factor and 20% fetal calf serum. After 3 days in culture,
nonadherent cells were discarded by thorough washing with PBS and adherent cells were incubated in
fresh medium for 24 h before starting the experiments. Mesoangioblasts were isolated as previously
reported.? Briefly, MNCs were isolated from blood which were extracted during open heart surgery and
plated on a fibronectin-coated dish. On 14 day after plating, growing cells are collected and re-plated on
another dish. To eliminate the contamination of other cells, re-plating was repeated at least 3 times before
use. Surface marker profile of these outgrowing cells is distinct from hematopoietic and endothelial
progenitor cells (absence of CD45, CD34, CD133, CD31, and CD14) and represents a phenotype of
embryonic dorsal aorta-derived mesoangioblasts (the expression of mesenchymal markers such as CD13
and CD73, and endothelial marker such as KDR). Human umbilical vein endothelial cells (HUVECS)
were purchased from Cambrexand cultured until the third passage. CD34" cells for ChIP experiment
(Figure 2 and 3) were purchased from Lonza and cultured in HPGM medium (Lonza) without cytokines
for 4 hours before using in experiments to keep primitive state. Immuomagnetically selected CD34"
hematopoietic progenitor cells for DNA methylation analysis were obtained from cryopreserved samples.?
CD34" hematopoietic progenitor cells for drug treatment and hypoxia experiments were isolated from
bone marrow and purified by immunomagnetic beads conjugated with anti-CD34 antibody and cultured
in medium containing SCF 25ng/mL, TPO 50ng/mL, and FL 50ng/mL. For drug treatment, PACs were
treated with 0.5 to 5 uM DZNep (kindly gifted by Dr. Marquez VE, NCI), 32nM TSA (Sigma), and 1 to
10 uM 5-Azacytidine (5-aza, sigma) for the indicated times.

Cell sorting
Immuomagnetically selected CD34" hematopoietic progenitor cells (a purity of more than 97% was
determined by flow cytometry) were labeled with allophycocyanin (APC)-anti CD34 (555824, BD



pharmingen) and phycoerythrin (PE)-anti KDR (FAB357P , R & D) and subsequent separation of
CD34"-KDR"" subpopulations was performed by a FACSAria (Becton Dickinson, San Jose, CA).

Hypoxic treatment
In order to induce hypoxia, PACs were cultured in hypoxic chamber (BINDER, Germany) witha

humidified atmosphere of 1% oxygen for the indicated duration.

RNAI knockdown
PACs or mesoangioblasts were transduced with pLKO.1-lentivirus carrying shRNA encoding human
Jmjd3 (CCGGCGCTGACCATTACCAAA) or non-target shRNA control (both from Sigma).

Sodium bisulfite sequencing

Sodium bisulfite treatment of genomic DNA was carried out according to manufacturer’s protocol (EZ
DNA methylation kit, ZYMO). Amplified bisulfite PCR products were subcloned into TOPO TA vector
(Invitrogen) and sequenced to determine the presence of methylated cytosines. The primers used in this

assay are available upon request.

Quantitative PCR

Total RNAs were isolated using TRIzol (Invitrogen) or RNeasy PlusMini Kit (Qiagen). RNA was reverse
transcribed to cDNA and subjected to quantitative PCR on StepOnePlusTM Real

Time PCR System (Applied Biosystems). 28srRNA was used in hypoxia experiments and GAPDH was

used in other experiments to normalize gene expression data. Primer sequences are available upon request.

Western blot

PACs were lysed in cell lysis buffer (Cell Signaling) and briefly sonicated. Equal amounts of proteins
were separated in SDS-polyacrylamide gel and then transferred to a polyvinylidene difluoride (PVDF)
membrane. Immunoblotting was performed with the antibody against H3K4me3 (07-473 Millipore),
H3K9me3 (07-422 Millipore), H3K27mel (07-448 Millipore), H3K27me2 (07-322 Millipore),
H3K27me3 (07-449 Millipore), Acetylated H3 (06-599 Millipore), Histone H3 (9715 Cell Signaling),
Jmjd3 (AP1022a ABGENT), UTX (ab36938 abcam), and B-actin (Sigma).

Immunostaining
Cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% saponin (Sigma). Cells were
incubated with the antibody against H3K27me3 (07-449 Millipore) and eNOS (610296 BD Transduction



Laboratories). Nuclei were counterstained with DAPI according to the manufacturer’s instructions. The
images were recorded by confocal microscope (LSM510-META, Carl Zeiss, Germany) and analyzed by

LSM 510 microscope software.

Chromatin immunoprecipitation (ChlP)

ChlIP assays were performed according to the manufacture’s protocols (PACs; ChIP-IT Express, Active
Motif, CD34" cells and HUVEC; Magna-ChIP, Millipore). Briefly, after fixation by 1% formaldehyde,
PACs chromatin was enzymatically digested by enzymatic shearing cocktail according to the protocol of
the manufacturer (Active Motif), whereas in CD34" cells and HUVEC chromatin was sheared by
sonication using the Branson 450 Sonifier. Chromatin shearing was optimized for the different cell types
and the efficiency (chromatin DNA fragments ranging from 200 to 1000 bp) was confirmed for all
protocols. Sheared chromatin was immunoprecipitated with antibodies against H3K4me3 (17-614
Millipore), H3K9me3 (07-442 Millipore), H3K27me3 (07-449 Millipore), AcetylH3 (06-599 Millipore),
IgG (12-370 Millipore), Jmjd3 (AP1022a ABGENT, ARP40102 AVIVA), and Spl (17-601 Millipore).
The purified chromatin was used in quantitative real-time PCR (Applied Biosystems). ChlP-quantitative
PCR data were normalized as percent input. For that purpose, Ct values obtained from the ChIP were
divided by the Ct value from the input control. The primer sequences used to amplify the target regions

were designed according to previous publications “*°

characterizing the promoter regions that are
involved in endothelial gene expression and by rVISTA software. Primer sequences are available as

requested.

Annexin V staining
Apoptotic cells were stained with Annexian-V (BD Pharmingen) and analyzed by a flow cytometer, BD
FACS Calibur cell sorter (BD Bioscience).

Statistical analysis

Data are represented as mean = SEM. Unnormalized data were analyzed by using Unpaired Student’s t-
test, Mann Whitney test, and Paired t-test when comparing two groups, or a one-way ANOVA with
Bonferroni’s comparison test when comparing multiple groups. Normalized date are analyzed by using
Paired t-test, One sample t-test, and Wilcoxon Signed Rank test when comparing two groups, or Repeated
Measures ANOVA with Bonferroni’s comparison test when comparing multiple groups. The data
obtained after Probability values of < 0.05 were considered statistically significant and tests were

performed two-sided.
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Online Figure I. Histone modifications of eNOS and KDR upstream promoters in vasculogenic cells.
Quantitative ChIP analysis of histone H3 acetylation (Ace H3), trimethylation of histon H3 at lysine 4, 27, and 9
(H3K4me3, H3K27me3, and H3K9me3) of eNOS (-9730/-9670) and KDR (-5902/-5837) promoter of the
indicated cell types. 1gG was used as a negative control. Data was expressed as % input as means + SEM.

Green and red color indicate active and repressive histone modification, respectively. N=3-6.
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Online Figure 11. Cell context dependent effects of DZNep and TSA on eNOS expression (A) Quantitative eNOS
MRNA levels after DZNep (0.5-5 uM) treatment for 3 days. The expression level of untreated control cells was
assigned the arbitrary value of 1. Data represents means + SEM, n=3 (B) Quantitative eNOS mRNA levels were
evaluated in indicated cells treated with DZNep (1 uM) and/or TSA (32 nM) for 3 days. (C) Quantitative Ezh2 mRNA
levels in indicated cells.
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Online Figure I11. Hypoxia up-regulated eNOS expression.

(A) Immunofluorescence image of eNOS (green) in PACs exposed to normoxia or hypoxia (1% O,)
for 36h. Nuclei are stained in blue. Bars represent 5 um. (B) Quantitative analysis of eNOS positive
PACs versus whole nuclei. Data represents means + SEM, n=3.
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Online Figure IV
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Online Figure 1V. Hypoxia down-regulated eNOS gene and reduced the ratio of active H3K4me3 versus
repressive H3K27me3 at the proximal eNOS promoter in HUVEC.
(A) Quantitative eNOS mRNA levels in HUVEC exposed to hypoxia (1% O,) for 36h. The expression
level of eNOS gene under normoxic condition was set as 1 and fold induction is shown. Data represents
means + SEM, n=5. *P<.05. (B) Quantitative Chip analysis of H3K27me3 (top), H3K4me3(middle),

and the ratio of active versus repressive chromatin marks (H3K4me3/H3K27me3, bottom) at the eNOS
promoter locus in HUVEC exposed to normoxia or hypoxia (1% O,) for 36h. Data was expressed

as % input. The enrichment level of H3K27me3 and H3K4me3 under normoxic condition was set as 1 and

fold induction is shown compared to the normoxic cells.
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Online Figure V. DNA methylation status of eNOS 5’-flanking region after treatment
(Upper) Schematic illustration of the human eNOS promoter and transcription factor binding sites which are
involved in regulating eNOS expression. (Lower) Schematic diagram of the CpG sites of eNOS gene in PACs
treated in hypoxic condion for 36hr or with DZNep (1 uM) and TSA (32 nM) for 3 days. The degree of
methylation on each CpG dinucleotide was obtained from three individual clones. The horizontal numbers indicate
positions of the CpG sites relative to the transcription start site. Open squares represent unmethylated cytosines,

black filled squares represent methylated cytosines.



