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Abstract

The growth factor and cytokine regulated transcription factor STAT3 is required for the self-
renewal of several stem cell types including tumor stem cells from glioblastoma. Here we
show that STATS3 inhibition leads to the upregulation of the histone H3K27me2/3 demethy-
lase Jmjd3 (KDM6B), which can reverse polycomb complex-mediated repression of tissue
specific genes. STAT3 binds to the Jmjd3 promoter, suggesting that Jmjd3 is a direct target
of STAT3. Overexpression of Jmjd3 slows glioblastoma stem cell growth and neurosphere
formation, whereas knockdown of Jmjd3 rescues the STAT3 inhibitor-induced neurosphere
formation defect. Consistent with this observation, STAT3 inhibition leads to histone H3K27
demethylation of neural differentiation genes, such as Myt1, FGF21, and GDF15. These
results demonstrate that the regulation of Jmjd3 by STAT3 maintains repression of differen-
tiation specific genes and is therefore important for the maintenance of self-renewal of nor-
mal neural and glioblastoma stem cells.

Introduction

Glioblastoma stem cells (GBM-SC) are highly tumorigenic, and share many properties with
normal neural stem cells [1, 2]. GBM-SC have gene expression patterns that more closely
resemble their tumor of origin than do matched serum-derived cell lines [1]. STAT3 is a tran-
scription factor that is activated by many cytokines and growth factors, and has a demon-
strated role in oncogenesis of many human tumors including glioblastoma [3, 4]. STAT3 is
required for the maintenance of pluripotency of murine embryonic and neural stem cells and
facilitates reprogramming of somatic cells to the pluripotent state [5-7].

We and others have previously shown that the transcription factor STATS3 is essential for
glioblastoma stem cell proliferation and multipotency [8-11]. Inhibition or RNAi knockdown
of STAT3 leads to a dramatic decrease in proliferation and neurosphere formation, as well as
loss of stem cell markers [11]. Interestingly, this phenotype is irreversible. Transient treatment
with STAT3 inhibitors for as little as four hours leads to a permanent loss of neurosphere
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formation capacity, despite the fact that STAT3 signaling is restored upon drug removal [11].
This observation suggests that STAT3 regulates the epigenetic state of the cells, thereby causing
a stable change in the ability of the cells to respond to stem cell growth factors.

In stem cells, including normal neural stem cells and GBM-SC, polycomb-mediated repres-
sion of differentiation specific genes is a major mechanism by which multipotency is main-
tained [12]. PRC2 adds methyl groups to histone H3K27, which leads to the recruitment of the
PRC1 and the heritable inhibition of transcription [13, 14]. The H3K27me2/3 histone demethy-
lase Jmjd3 (KDM6B) antagonizes the enzymatic activity of the polycomb repressive complex 2
(PRC2) [15-18]. Jmjd3 demethylates histone H3K27 at the promoters of neuronal-specific
genes in mice [19], and is required for neural differentiation of murine embryonic stem cells
and for proper neural differentiation in adult mice[20, 21]. Jmjd3 expression can also be rapidly
induced in macrophages in response to LPS stimulation [16].

It is becoming increasingly apparent that H3K27 trimethylation is aberrantly regulated in
several cancers. Inactivating mutations have been identified in the H3K27 demethylase UTX
(KDM6A), suggesting that UTX acts as a tumor suppressor [22]. Overexpression of EZH2 has
been demonstrated in multiple cancer types as well, including medulloblastoma and glioblas-
toma brain tumors [23-25]. EZH2 expression is necessary for the self-renewal of glioblastoma
stem cells [24]. Mutations in histone H3 itself have been found in pediatric glioblastoma [26-
28]. Recently, it has been shown that Jmjd3 is induced during glioblastoma stem cell differenti-
ation and is mutated in some GBM-SC and that constitutive Jmjd3 expression in GBM-SC
inhibits their tumorigenesis [29]. These findings suggest that the aberrant maintenance of
H3K27 methylation contributes to oncogenesis. Based on these observations and the STAT3
inhibition phenotype, we investigated the possibility that the H3K27 demethylase Jmjd3 may
mediate effects of STAT3 in glioblastoma stem cells.

Materials and methods
Culture of glioblastoma stem cells and normal neural stem cells

Glioblastoma stem cell lines and culture conditions were described previously [11]. Normal
human neural stem cells derived from H9 embryonic stem cells were obtained from Gibco
(Carlsbad, CA). Cells were grown according to instructions of the manufacturer. For neuro-
sphere formation assays, cells were dissociated from the coated plates with accutase and plated
in neural stem cell media in uncoated plates. STAT3 inhibitors S31-201, STA-21 (NCI/DTP
Open Chemical Repository) or BP1-102 (EMD Millipore, Billerica, MA) were used at the indi-
cated concentrations. Recombinant BMP4 (Life technologies, Grand Island, NY) was added to
the culture media when indicated.

Immunoblotting

Immunoblots were performed as previously described [11] with the exception that immuno-
blots to be probed with anti-Jmjd3 antibody were transferred in 10 mM CAPS (3-[Cyclohexy-
lamino]-1-propanesulfonic acid, pH 10.5) buffer. Anti-f3-Actin (1:2000) was obtained from
Sigma (St. Louis, MO); anti-STAT3 (1:1000), anti pSer-STAT3 (1:200), anti-pTyr STAT3
(1:500) were obtained from Cell Signaling Technologies (Beverly, MA). Anti-Jmjd3 was
obtained from Abgent (San Diego, CA) or generously provided by the lab of Yang Shi.

RT-gPCR

RT-qPCR was performed as previously described [11]. Fold changes were calculated relative to
control by the 2"*4“* method [30]. Statistical analysis was performed according to the
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comparative Ct method. All primer sets amplify a single product of the predicted size; primer
sequences can be found in supplemental experimental procedures. 8-actin was used as the
constitutive control gene.

Lentiviral shRNA infection and overexpression retrovirus infection

Cells were infected with either PLKO.1 non-targeting control lentivirus (Sigma) or shSTAT3
PLKO.1 lentivirus (clones TRCN0000020843 and TRCN0000020842), shjmjd3 (V2LHS_139678,
Open Biosystems,), shjmjd3 2 (pSico-R-PGKPuro lentivirus from [20]), in the presence of 8 ug/
mL polybrene. 24 hours post-infection the virus containing media was removed and replaced
with fresh stem cell media for 24 hours. Cells were then treated with 2.5 pug/mL puromycin. After
2-3 days of puromycin selection, cells were plated for assays as described in the figure legends.

The MSCV-Jmjd3 (Addgene plasmid 21212, [31]) MSCV-Jmjd3 mutant (Addgene plasmid
21214, [31]) and MSCV-Tap Control (Addgene plasmid 12570, [32] retroviral plasmids were
obtained from Addgene (Cambridge, MA). The viruses were packaged in 293GPG cells as
described by Ory et al [33]. Glioma stem cells were infected at an approximate MOI of 1 over-
night, and then overnight again. 96 hours after the first infection cells were treated with 2.5 ug/
mL puromycin for 4 days. After 4 days of puromycin selection cells were plated for assays as
described in the figure legends.

ChIP and ChlP-sequencing

Cells were lysed, fixed, and sonicated according to the methods of De Santa et. al [34]. Soni-
cated lysates were incubated overnight with either anti- STAT3 (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-H3K27me3 (Millipore, Billerica, MA), or IgG control. Immunoprecipi-
tation was carried out using StaphA cells according to the protocol of Kirmizis, Bartley [13] or
using Protein A-Sepharose beads according to the nano ChIP-seq protocol (Adli and Bernstein
[35]). After washing and cross-link reversal, immunoprecipitated DNA was purified using the
Qiagen PCR Purification kit (Qiagen, Valencia, CA) and subjected to either qPCR or PCR as
indicated in figure legends. For nano ChIP sequencing and nano ChIP-qPCR, the immuno-
precipitated DNA was subjected to two intermediate rounds of amplification (Adli and Bern-
stein [35]) with custom primers containing barcodes that allowed us to multiplex 3 replicates
for each of the two treatment groups in a sequencing lane (supplemental procedure). It was
then subjected to either library amplification using TruSeq ChIP Sample preparation kit (Illu-
mina Inc, San Diego, CA) followed by next generation sequencing on HiSeq 2500 (Illumina
Inc, San Diego, CA) or qPCR. Mytl primers were first described in [36]. FGF21 and GDF15
primers were designed to span regions of H3K27me3 enrichment near the gene promoter
from ChIP-Sequencing data analysis. Primers used appear in supplemental experimental pro-
cedures. ChIP qPCR data was analyzed according to the percent of input method described by
Haring et. al [37].

ChlIP-sequencing data analysis

ChIP Sequencing reads were aligned to the human genome (hg19) using Bowtie in GALAXY
platform and visualized in the UCSC genome browser [38]. The average read count through
the 5kb upstream promoter region of each gene was computed across the genome. The nor-
malized read counts at the promoters of STAT3 inhibited and control treatment groups was
compared and a list of genes that showed reduction in H3K27me3 mark upon STAT3 inhibi-
tion was obtained [39, 40].

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 3/17


https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

Microarray

Microarray gene expression data was generated using GeneChip Human gene U133A 2.0
Arrays (Affymetrix, Santa Clara, CA). The CEL files were processed by Transcriptome Analy-
sis Console (Affymetrix) software to analyze differentially expressed genes based on fold
change.

Results
STATS represses Jmjd3 expression in glioblastoma stem cells

We first examined Jmjd3 expression in response to STAT3 inhibition in two glioblastoma
stem cell lines, GS6-22 and GS7-2, which we have previously characterized [11]. Upon STAT3
inhibition with the SH2-domain-targeting small molecule inhibitors STA-21 and S31-201 [41,
42], Jmjd3 expression is upregulated at both the protein and mRNA levels by 2-15 fold (Fig
1A, S1A and S1B Fig). Jmjd3 mRNA is also upregulated upon STAT3 knockdown using two
different shRNAs (Fig 1B, S1D and S1E Fig). Additionally, Jmjd3 mRNA is upregulated by a
highly potent next-generation STAT3 inhibitor BP-1-102 [43] and S31-201 treatment in addi-
tional GBM-SC lines tested (S1B Fig). Thus, multiple STAT3 specific inhibitors lead to upregu-
lation of Jmjd3 expression in different GBM-SC lines.

By chromatin immunoprecipitation assay, STAT3 was found to bind to the Jmjd3 promoter
at a position containing a conserved STAT3 binding site (Fig 1C, S1C Fig), suggesting that
Jmjd3 is a direct STAT3 target gene. Previously it has been shown that Jmjd3 is upregulated
during murine neural stem cell differentiation, and that it targets several neural specific genes
upon differentiation of neural stem cells [19, 20]. Consistent with this we have found that
Jmjd3 is upregulated during GBM-SC differentiation as well (Fig 1D, SIF Fig). UTX, another
member of the Jmjd3 family of H3K27me3 demethylases, is not consistently upregulated by
the two STAT3 inhibitors, S31-201 and STA-21, in both of our cell lines (S1G Fig).

Interestingly, STAT3 appears to repress Jmjd3 expression, rather than activate it as is typical
for STATS3 target genes [44]. However, STAT3 has been shown to repress genes in other cell
types, and is associated with both transcriptionally active and repressed genes in embryonic
stem cells [45] and in neural stem cells[46]. In murine neural stem cells, Jmjd3 is repressed by
the NCoR and SMRT nuclear co-repressors, which associate with the retinoic acid receptor to
repress transcription [19]. STAT3 has been shown to associate with the retinoic acid receptor
(RAR), so we considered the possibility that NCoR repression is involved in regulating Jmjd3
in glioblastoma stem cells [47, 48]. Retinoic acid treatment of GS6-22 cells leads to a rapid
increase in Jmjd3 mRNA (Fig 1D). Additionally, the NCoR co-repressor can be found at the
Jmjd3 promoter by chromatin immunoprecipitation (Fig 1E and 1F). NCoR can be immuno-
precipitated using the same primers as STAT3, suggesting it binds a similar region of the
Jmjd3 promoter. Furthermore, treatment with the STAT3 inhibitor S3I-201 decreases NCoR
binding to the Jmjd3 promoter (Fig 1E and 1F). It is possible, then, that STAT3 represses
Jmjd3 expression by interaction with the NCoR-RAR complex, and that treatment with S31-
201 abolishes this interaction, thereby relieving the repression of Jmjd3.

STATS regulates GBM-SC neurosphere formation and proliferation
through repression of Jmjd3

Neurosphere formation is a hallmark of neural stem cells, and the ability to culture neuro-
spheres from glioblastomas strongly correlates with poor patient prognosis [49]. Because
STATS3 represses Jmjd3 expression in GBM-SC, we investigated whether knockdown of Jmjd3
expression could rescue the abrogation of neurosphere formation that accompanies STAT3
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Fig 1. STAT3 represses Jmjd3 expression in glioblastoma stem cells. A. RT-gPCR of GS6-22 cells
treated with S31-201 or STA-21 demonstrates that Jmjd3 mRNA is upregulated at both 4 hours and 24 hours
after inhibitor treatment. Values represent the fold change relative to DMSO treated cells for three experiments;
bars SD (**p<0.01). B. Knockdown of STAT3 using an shRNA-containing lentivirus leads to the upregulation of
Jmjd3 mRNA in GS6-22 cells, two days after selection. Values represent the fold change relative to DMSO
treated cells for three experiments; bars SD (**p<0.01). C. Chromatin immunoprecipitation using anti-STAT3
antibody, followed by PCR using primers to the Jmjd3 promoter demonstrates STAT3 binding in GS7-2 and
GS6-22 cells. Enrichment of DNA in STAT3 immunoprecipitation (relative to input) was quantified by Imaged. D.
Treatment of GS6-22 cells with retinoic acid increases Jmjd3 mRNA levels. GS6-22 cells were treated for 1 and
4 hours with 1 uM RA. Values represent the fold change relative to DMSO treated cells for three experiments;
bars SD (*p<0.05, **p<0.01). E. S3I-201 treatment decreases NCor binding at the Jmjd3 promoter. GS6-22
cells were treated with S31-201 (50 uM) or DMSO for 4 hours, fixed, lysed, and sonicated. Sonicated lysates
were incubated overnight with anti-NCor or IgG control and subjected to chromatin immunoprecipitation. The
resulting DNA was subjected to PCR using primers to the Jmjd3 promoter. F. Densitometry of E was performed
using ImageJ.

https://doi.org/10.1371/journal.pone.0174775.9001

inhibition. GS6-22 and GS7-2 cells were infected with lentiviruses expressing shRNA to Jmjd3
or with control lentiviruses. Control infected cells exhibited decreased neurosphere formation
in response to S31-201 treatment as expected (Fig 2A, 2B and 2C). shJmjd3 infected cells, how-
ever, were able to form spheres in the presence of S31-201 (Fig 2A, 2B and 2C). This was also
true for cells infected with a second, distinct shRNA to Jmjd3, indicating that this is a specific
effect of Jmjd3 knockdown (S2A and S2B Fig). This effect was more pronounced in the GS7-2
cells (Fig 2C) than the GS6-22 cells (Fig 2B) likely due to the enhanced degree of knockdown
in the GS7-2 cells (78% knockdown in the GS7-2 cells versus 55% for GS6-22 cells) (S2C and
S2D Fig). These data indicate that STAT3 repression of Jmjd3 is necessary for neurosphere
formation.
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Fig 2. STAT3 controls GBM-SC neurosphere formation and proliferation through repression of Jmjd3. A.
Knockdown of Jmjd3 rescues neurosphere formation in the presence of S3I-201. Representative images of GS6-
22 and GS7-2 cells infected with either control or shdmjd3 containing lentivirus treated with DMSO or S31-201

(50 uM). Images for GS6-22 cells were taken after 6 days and GS7-2 cells were taken after 4 days, based on
differences in sphere formation rate in these lines. B. Quantification of neurosphere formation in GS6-22 cells.
After 6 days of inhibitor treatment, the number of spheres per 100 cells was counted. Values represent the mean
of triplicates within each treatment; bars SE (**p<0.01). C. After 4 days of inhibitor treatment, GS7-2 cell sphere
formation was quantified as described for GS6-22 cells. Values represent the mean of triplicates within each
treatment; bars SE (**p<0.01 relative to DMSO control, upon shJMJD3 infection). D. Representative images of
GS6-22 and GS7-2 cells infected with overexpression retrovirus containing either a control (empty) plasmid,
Jmjd3, or a catalytic domain mutant of Jmjd3. After three days of selection, cells were dissociated and replated at
100 cells per ml. Pictures were taken at 50X seven days after replating. E. Quantification of neurosphere formation
capacity in GS6-22 and GS7-2 cells infected with the Jmjd3 overexpression retrovirus. Neurosphere formation
assay was performed in triplicate (**p<0.01). F. GS6-22 and G. GS7-2 cells were infected with either control,
Jmjd3, or Jmjd3 mutant retroviruses as previously described. Cells were pulsed with 30 uM BrdU for 16 hours.
After 24 hours, cells were fixed and stained with an anti-BrdU antibody. Cells were also stained with 7-AAD at this
time. The percentage of BrdU positive cells was analyzed using flow cytometry. Values represent the mean of 3
experiments; bars SD of the mean (*p<0.05).

https://doi.org/10.1371/journal.pone.0174775.g002
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Consistent with this, overexpression of Jmjd3 recapitulates significant aspects of the STAT3
inhibition phenotype. Both GS6-22 and GS7-2 cells that had been engineered to constitutively
express Jmjd3 fail to form neurospheres in stem cell media (Fig 2D and 2E). Overexpression of
a catalytic dead mutant of Jmjd3, however, does not inhibit sphere formation (Fig 2D and 2E).
In addition, overexpression of Jmjd3, but not mutant Jmjd3, decreased proliferation in both
GS6-22 and GS7-2 cells (Fig 2F and 2G). This effect was more pronounced in GS7-2 cells, but
the degree of overexpression was also higher in these cells (S2E and S2F Fig). This indicates
that the demethylase activity of Jmjd3 is necessary for the inhibition of sphere formation and
proliferation of GBM-SC. STATS3 repression of Jmjd3, then, is required for GBM-SC neuro-
sphere formation and proliferation.

Interestingly, overexpression of both wildtype Jmjd3 and the mutant increased apoptosis in
GS6-22 cells (S2G Fig). It is possible the mutant Jmjd3 may interfere with some cellular func-
tions by substrate binding and sequestration. Consistent with this, Jmjd3 has been found to
have demethylase independent functions[50]. This effect was not observed in GS7-2 cells (S2H
Fig). This may be because these cells lack expression of the INK4A/ARF locus (see below).

STAT3 regulates H3K27 trimethylation and neural gene induction in
GBM-SC

To identify putative STAT3 regulated genes that show induction of gene expression concur-
rent with histone H3K27 demethylation in GS6-22, we performed microarrays and genome
wide CHIP-sequencing analysis using an antibody specific to H3K27me3, following STAT3
inhibition. Differential analysis of STAT3 inhibited and control GS6-22 cells yielded a ranked
list of genes that were likely to show reduction in H3K27me3 mark (S1 Table) or are induced
upon STAT3 inhibition with a fold change >2 (S2 Table). The intersected list of genes showing
both reduction in repressive H3K27me3 mark as well as 2 fold or higher gene expression upon
S3i treatment is tabulated in S3 Table.

We subsequently confirmed that STAT3 inhibition by the next-generation STAT?3 inhibitor
BP-1-102 [43] upregulates mRNA expression of Fibroblast Growth Factor 21 (FGF21) and
Growth Differentiation Factor 15 (GDF15) in GS6-22 and GS7-2 cells (Fig 3A, S3A Fig). These
genes are known to play roles in neural development [51, 52]. GDF15 has also been shown to
induce apoptosis and inhibit tumorigenesis in GBM [53, 54].

Consistent with the induction of gene expression, ChIP-sequencing data analysis suggested
loss of H3K27me3 peaks at FGF21 and GDF15 promoters in STAT3 inhibited GS6-22 cells
compared to control. This was confirmed using ChIP-qPCR analysis, which showed that
STATS3 inhibition by BP-1-102 decreases H3K27 trimethylation at FGF21 and GDF15 promot-
ers (Fig 3B), concurrent with JMJD3 upregulation in GS6-22 cells (Fig 3A). The amount of
total histone H3 does not change upon BP-1-102 treatment indicating that there is a loss of
H3K27 trimethylation at these promoters and not just a loss of histone H3 association (S3B
and S3C Fig). These results indicate that inhibition of STAT3 induces H3K27 demethylation
and subsequent expression of target genes involved in neural differentiation of GBM-SC.

Demethylation of H3K27 at the Myt1 promoter confers BMP4 inducibility

Because Jmjd3 inhibits sphere formation and proliferation of GBM-SC in a demethylase-
dependent manner, we examined the H3K27me3 status at the promoter of a known Jmjd3 and
polycomb target gene, myelin transcription factor 1, Mytl [13], which is a gene that has been
implicated in neuronal differentiation [55]. GS6-22 cells were treated with STAT3 inhibitor,
BP-1-102, and subjected to chromatin immunoprecipitation (ChIP) using an antibody specific
to H3K27me3. In GS6-22 cells, a decrease in H3K27 trimethylation was observed at the Myt1
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Fig 3. STAT3 regulates H3K27 trimethylation and neural gene induction in GBM-SC. A. RT-qPCR analysis
of FGF21, GDF15 and JMJD3 expression in GS6-22 cells treated with BP-1-102 (15uM) for 6 hours. Values
represent the fold change relative to control cells for three experiments; bars SD (**p<0.01, ***p<0.005). B.
GS6-22 cells were treated with BP-1-102 (15 uM) or DMSO for 6 hours, fixed, lysed, and subjected to chromatin
immunoprecipitation with an antibody to H3K27 trimethylation or total histone H3. Quantitative PCR using
primers to FGF21 or GDF15 or Myt1 genes was performed after immunoprecipitation, amplification and DNA
purification. Data is displayed as percentage of input DNA of H3K27me3/H3 ChlIP, normalized relative to control
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cells for three experiments (*p<0.05, **p<0.01, ***p<0.005). C. Demethylation of H3K27 at the Myt1 promoter

confers BMP4 inducibility of the gene. RT-gPCR analysis of Myt1 and JMJD3 expression in GS6-22 cells treated
with BP-1-102 (15uM), recombinant BMP4 (10 ng/ml) or a combination of both for 6 hours. Values represent the

fold change relative to DMSO treated control cells for three experiments; bars SD (*p<0.05, **p<0.01).

https://doi.org/10.1371/journal.pone.0174775.9003

promoter (Fig 3B, S3D Fig), concurrent with Jmjd3 upregulation. The degree of decrease in
H3K27 trimethylation is consistent with that seen at other promoters demethylated by Jmjd3
[19, 56] and suggests that Myt1 is a Jmjd3 target gene in GBM-SC.

However, STAT3 inhibition or expression of Jmjd3 in stem cell growth conditions was not
sufficient to induce Mytl gene expression (Fig 3C, S4B Fig), suggesting that other factors or
signals are required to activate expression of these neural specific genes. It has been previously
shown that Bone Morphogenetic Protein 4 (BMP4) activates the Smad signaling cascade and
induces differentiation of stem-like, tumor-initiating precursors of GBMs [57] and that
SMADs and Jmjd3 co-regulate genes in NSCs [58]. Myt1 expression is strongly induced upon
BMP4 treatment when STAT3 is inhibited in GS6-22 and GS7-2 cells (Fig 3C, S4A Fig). This
suggests that STAT3 inhibition and subsequent demethylation of histone H3K27 at the pro-
moter renders the chromatin accessible to BMP4 induced transcription factors at this locus.

Interestingly, we have not found a change in H3K27me3 at the INK4A/Arflocus (S4C Fig)
in GS6-22 cells. This locus is a well-characterized Jmjd3 target [15, 56, 59], and its demethyla-
tion is necessary for the induction of growth arrest and senescence in several cell types. In
GS7-2 cells, we failed to see PCR amplification of INK4A/ARF in genomic DNA, which sug-
gests that this locus is deleted in GS7-2 cells (S4D Fig). This is not surprising given that over
half of glioblastomas exhibit homozygous deletion of this locus [60]. Together, these observa-
tions suggest INK4A/ARF is not necessary for Jmjd3 regulation of GBM-SC proliferation and
sphere formation. Ene et al (2012) came to a similar conclusion[29].

STAT3 regulates Jmjd3 expression in human neural stem cells

Finally, we examined whether STAT3 repression of Jmjd3 was specific to glioblastoma stem
cells, or whether the STAT3 inhibition phenotype is recapitulated in normal human neural
stem cells. In neural stem cells derived from H9 embryonic stem cells [61, 62], STAT?3 is acti-
vated by phosphorylation on both pTyr705 and pSer727 (Fig 4A). S31-201 treatment of these
cells inhibited neurosphere formation (Fig 4B) and lead to upregulation of Jmjd3 mRNA (Fig
4C), as well as to dose-dependent inhibition of proliferation as judged by BrdU incorporation
(Fig 4D). STATS3, then, regulates neurosphere formation and proliferation in normal embry-
onic neural stem cells as well as in glioblastoma stem cells. STAT3 repression of Jmjd3 is also
maintained in normal neural stem cells. This indicates that STAT3 control of the epigenetic
program through Jmjd3 repression is a key mechanism of stem cell maintenance in both nor-
mal and tumorigenic neural stem cells.

Discussion

We have shown that STAT3 maintains normal neural and glioblastoma stem cells in a prolifer-
ative, self-renewing state via the repression of the histone demethylase Jmjd3. STAT3 repres-
sion of Jmjd3 is consistent with our previous data that STAT3 inhibition is irreversible in
GBM-SC. We have found that STAT3 inhibition or knockdown leads to rapid upregulation of
Jmjd3. We have also found that STAT?3 binds to the Jmjd3 promoter in human GBM-SC
which is consistent with published genomic data from murine ES cells [45] and suggests that
STATS3 is a direct regulator of JMJD3.
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Fig 4. STAT3 inhibition in human neural stem cells leads to a decrease in neurosphere formation and
proliferation, and an upregulation of Jmjd3 expression. A. STAT3 activation in human neural stem cells
was assessed by immunoblotting with phospho-specific antibodies. B. Human neural stem cells were plated
in serum free media supplemented with EGF and FGF2. 24 hours after plating, cells were treated with S3I-
201 (50 uM) or DMSO control. Pictures were taken 3 days after treatment. C. STAT3 regulation of Jmjd3 was
assessed by qRT-PCR. Human neural stem cells were treated with S31-201 (50 uM) for 24 hours. Values
represent the fold change relative to control cells for three experiments; bars SD (**p<0.01). D. Cells were
treated with DMSO or S3I-201 for 24 hours, and then subjected to a 15 uM BrdU pulse for 20 hours. Values
represent the average of three experiments; bars SE (*p<0.05, **p<0.01).

https://doi.org/10.1371/journal.pone.0174775.9004

While STATS3 is best known as a transcriptional activator, there is evidence that it can act as
arepressor [63, 64]. ChIP-ChIP and microarray studies suggest that STAT3 represses genes in
multiple cell types including in GBM-SC [45, 46, 65, 66] Previous studies indicated that NCoR
negatively regulates Jmjd3 [19]. We have found that following STAT3 inhibition NcoR binding
is reduced at the same promoter fragment that binds STAT3, suggesting that the mechanism
of repression is recruitment or stabilization of the NCoR repressor complex at the promoter.
While Ene et al (2012)[29] have found evidence that DNA methylation can also contribute to
Jmjd3 repression, the sites of that STAT3 binds to appear to be distinct from the regions of
DNA methylation [29]. However, given recent evidence that STAT3 can control DNA methyl-
ation [67], this mechanism of regulation merits further investigation.

We have also found that Jmjd3 overexpression inhibits neurosphere formation and cell pro-
liferation (Figs 2 and 3). Consistent with our data, Jmjd3 overexpression has been shown to
decrease the tumorigenicity of GBM-SC in vivo [29]. By contrast, another study reported that
GSK-J4 mediated inhibition of JMJD3 and UTX was shown to reduce the sphere forming
capacity of GBM-SC [68]. However, GSK-J4 has nonspecific inhibitory effects on other
Jumonji domain family members[69], which need to be assessed to resolve such context-
dependent effects. Moreover, targeted knockout of JMJD3 in the mouse brain indicates that
expression of JMJD3 and its demethylase activity is needed for adult brain neurogenesis con-
sistent with our results here[21].

We have found that overexpression of Jmjd3, which opposes PRC2 activity, also induces
apoptosis in GS6-22 cells. A similar effect on both proliferation and apoptosis of GBM-SC has
been reported for knockdown of BMI-1, part of the PRC1 complex [70]. Similarly, inhibition
of EZH2, the enzymatic part of the PRC2 complex, causes a decrease in sphere formation and
proliferation of GBM-SC [24]. Interestingly, EZH2 also methylates and regulates STAT3 in
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GBM-SC which further suggests a tight coordination between STAT3 and H3K27 trimethyla-
tion [71].

In this regard, it is also worth noting the role of histone H3K27 trimethylation in brain
tumors is complex. While induction and maintenance of this mark is pro-oncogenic in medul-
loblastoma and adult glioblastomas[23-25, 71], global loss of H3K27 methylation is oncogenic
in pediatric gliomas and in some adult GBMs[26, 27, 72]. Thus, the effects of H3K27 trimethy-
lation on oncogenesis are context dependent. This is consistent with findings from other can-
cers as well [73, 74].

We have also found that a catalytic mutant of Jmjd3 does not affect neurosphere formation
or proliferation. Thus, Jmjd3 upregulation and the subsequent demethylation of histone
H3K27 on target genes is likely necessary for the decrease in GBM-SC growth. This induction
of Jmjd3 likely imparts widespread changes to the chromatin and sustained mRNA expression
of target genes involved in neural differentiation of GBM-SC. This would explain why either
the restoration of STAT3 signaling following removal of S31-201 STAT3 inhibitor [11], or sus-
tained STATS3 signaling when Jmjd3 is constitutively expressed, does not rescue neurosphere
formation. This difference in epigenetic state may also explain how STAT3 can induce astro-
cytic differentiation of neural stem cells under some conditions and preserve neural stem cell
self-renewal in others [6, 75-77]. A similar persistence of a stable STAT3 phenotype has been
demonstrated in breast epithelial cells, in which a transient expression of either of two STA-
T3-regulated microRNAs is sufficient to induce and maintain a stably transformed state that is
also polycomb mediated [78, 79]. Thus, there is precedence for the transient upregulation of a
single STAT?3 target gene imparting permanent change to the cellular state.

Interestingly, although STAT?3 inhibition induces neural genes, such as FGF21 and GDF15,
neither Jmjd3 overexpression or STAT3 inhibition are sufficient to drive differentiation of the
glioblastoma stem cells (S4B Fig, [11]). While Jmjd3 overexpression is sufficient to induce dif-
ferentiation in some systems [19, 31], it is likely that additional positive differentiation signals
are required both in these cases and in the case of the GBM-SC. Histone H3K27 demethylation
may be sufficient to open the chromatin at specific genes, but positively acting transcription
factors are likely needed in addition to bind to these promoters to activate transcription. Con-
sistent with this, we have found that Jmjd3 overexpression can demethylate histone H3K27 at
certain differentiation-specific genes such as Mytl, but the gene is upregulated only in the
presence of recombinant BMP4. This situation is similar to previous results for the GFAP gene
where epigenetic changes must occur before factors like CNTF are able to induce the gene dur-
ing astrocytic differentiation [80-82]. Interestingly, STAT3 regulates GFAP as well [80-82].

In addition, Jmjd3 overexpression alone does not completely recapitulate the STAT3 inhi-
bition phenotype, at least with respect to BIII-tubulin expression (Fig 3D, S4B Fig, and [11]).
Given that STATS3 signaling likely regulates many genes in addition to Jmjd3 in GBM-SC, this
is not surprising. However, the fact that constitutive Jmjd3 expression substantially inhibits
neurosphere formation as well as proliferation indicates that Jmjd3 repression by STAT3 is
required for glioblastoma stem cell maintenance in the cell lines tested. As STAT3 regulation
of Jmjd3 was found in GBM-SC derived from multiple patient tumors, it is likely that this find-
ing indicates a broad role for STAT3/Jmjd3 regulation of GBM-SC maintenance.

Strikingly, we have also found that STAT3 repression of Jmjd3 is a mechanism shared by
both glioma stem cells and normal neural stem cells (Fig 4). While this could complicate thera-
peutic targeting of STAT3 in glioblastoma, it does provide further evidence that similar signal-
ing and epigenetic mechanisms that govern both cancer stem cells and tissue stem cells at least
in this case. STAT3 is necessary for the self-renewal of a variety of stem cell types, including
murine embryonic stem cells [5], and its regulation of the epigenetic program may prove to be
a widespread and developmentally critical mechanism of maintaining stem cell self-renewal.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 11/17


https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

Supporting information
S1 Fig. STATS3 represses JMJD3 expression in glioblastoma stem cells.
(PDF)

$2 Fig. JMJD3 knockdown partially rescues neurosphere formation in S31-201.
(PDF)

$3 Fig. Neural gene induction and H3K27 demethylation in BP-1-102treated GBM-SC.
(PDF)

S4 Fig. MYT1 expression and INK4A/ARF H3K27 methylation in GBM-SC.
(PDF)

S1 Table. GS6-22 cells were treated with S3I-201 (50uM) or DMSO control for 3 days.
ChIP Sequencing analysis using H3K27me3 antibody yielded a list of gene promoters that
likely show a reduction in repressive H3K27me3 mark upon S3i treatment.

(XLSX)

$2 Table. GS6-22 cells were treated with S3I-201 (50uM) or DMSO control for 3 days.
Microarray analysis yielded a list of genes that likely show 2 fold or higher gene expression
upon S3i treatment.

(XLSX)

S3 Table. GS6-22 cells were treated with S3I-201 (50uM) or DMSO control for 3 days.
Intersected list of genes showing both reduction in repressive H3K27me3 mark as well as 2

fold or higher gene expression upon S3i treatment.
(XLSX)

S1 File. Supplemental Experimental Procedures.
(PDF)

Acknowledgments

We thank G. Testa for shRNA to Jmjd3, Y. Shi for anti-Jmjd3 antibodies, P. Khavari for the
Jmjd3 retroviral vectors obtained from Addgene, and H. Wakimoto for the MGGS cell line.
S31-201 (NSC 74859) and STA-21 (NSC 628869) inhibitors were obtained from the NCI/DTP
Open Chemical Repository (http://dtp.cancer.gov). The Tufts Neuroscience Core (P30
NS047243) provided the Stratagene qPCR machine. We thank J. Wu and A. Yee for critical
reading of the manuscript. This work was supported in part by NIH R01NS072414 to BHC.

Author Contributions
Conceptualization: MS SS BHC.
Data curation: MS SS SK BHC.
Formal analysis: MS SS SK BHC.
Funding acquisition: BHC.
Investigation: MS SS SK.
Methodology: MS SS BHC.

Project administration: BHC.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 12/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174775.s008
http://dtp.cancer.gov/
https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

Resources: MS SS SK.

Supervision: BHC.

Validation: MS SS SK BHC.

Visualization: MS SS BHC.

Writing - original draft: MS SS BHC.

Writing - review & editing: MS SS SK BHC.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, et al. Tumor stem cells derived from glioblasto-
mas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than
do serum-cultured cell lines. Cancer Cell. 2006; 9(5):391-4083. https://doi.org/10.1016/j.ccr.2006.03.
030 PMID: 16697959

Vescovi AL, Galli R, Reynolds BA. Brain tumour stem cells. Nature reviews. 2006; 6(6):425-36. https://
doi.org/10.1038/nrc1889 PMID: 16723989

Yu H, Jove R. The STATSs of cancer—new molecular targets come of age. Nature reviews. 2004; 4
(2):97-105. https://doi.org/10.1038/nrc1275 PMID: 14964307

Darnell JE. Validating Stat3 in cancer therapy. Nat Med. 2005; 11(6):595-6. https://doi.org/10.1038/
nm0605-595 PMID: 15937466

Niwa H, Burdon T, Chambers |, Smith A. Self-renewal of pluripotent embryonic stem cells is mediated
via activation of STAT3. Genes & development. 1998; 12(13):2048-60.

Rajan P, McKay RD. Multiple routes to astrocytic differentiation in the CNS. J Neurosci. 1998; 18
(10):3620-9. PMID: 9570793

Yang J, van Oosten AL, Theunissen TW, Guo G, Silva JC, Smith A. Stat3 activation is limiting for repro-
gramming to ground state pluripotency. Cell stem cell. 2010; 7(3):319-28. https://doi.org/10.1016/j.
stem.2010.06.022 PMID: 20804969

Li GH, Wei H, Lv SQ, Ji H, Wang DL. Knockdown of STAT3 expression by RNAi suppresses growth
and induces apoptosis and differentiation in glioblastoma stem cells. Int J Oncol. 2010; 37(1):103—10.
Epub 2010/06/02. PMID: 20514402

Carro MS, Lim WK, Alvarez MJ, Bollo RJ, Zhao X, Snyder EY, et al. The transcriptional network for
mesenchymal transformation of brain tumours. Nature. 2010; 463(7279):318-25. Epub 2009/12/25.
https://doi.org/10.1038/nature08712 PMID: 20032975

Wang H, Lathia JD, Wu Q, Wang J, Li Z, Heddleston JM, et al. Targeting Interleukin 6 Signaling Sup-
presses Glioma Stem Cell Survival and Tumor Growth. Stem Cells. 2009; 27(10):2393—-404. Epub
2009/08/07. https://doi.org/10.1002/stem.188 PMID: 19658188

Sherry MM, Reeves A, Wu JK, Cochran BH. STAT3 is required for proliferation and maintenance of
multipotency in glioblastoma stem cells. Stem Cells. 2009; 27(10):2383-92. Epub 2009/08/07. https://
doi.org/10.1002/stem.185 PMID: 19658181

Bracken AP, Helin K. Polycomb group proteins: navigators of lineage pathways led astray in cancer.
Nature reviews. 2009; 9(11):773-84. https://doi.org/10.1038/nrc2736 PMID: 19851313

Kirmizis A, Bartley SM, Kuzmichev A, Margueron R, Reinberg D, Green R, et al. Silencing of human
polycomb target genes is associated with methylation of histone H3 Lys 27. Genes & development.
2004; 18(13):1592-605. Epub 2004/07/03. PubMed Central PMCID: PMC443521.

Kuzmichev A, Nishioka K, Erdjument-Bromage H, Tempst P, Reinberg D. Histone methyltransferase
activity associated with a human multiprotein complex containing the Enhancer of Zeste protein. Genes
& development. 2002; 16(22):2893—-905.

Agger K, Cloos PA, Christensen J, Pasini D, Rose S, Rappsilber J, et al. UTX and JMJD3 are histone
H3K27 demethylases involved in HOX gene regulation and development. Nature. 2007; 449
(7163):731—4. Epub 2007/08/24. https://doi.org/10.1038/nature06145 PMID: 17713478

De Santa F, Totaro MG, Prosperini E, Notarbartolo S, Testa G, Natoli G. The histone H3 lysine-27
demethylase Jmjd3 links inflammation to inhibition of polycomb-mediated gene silencing. Cell. 2007;
130(6):1083-94. https://doi.org/10.1016/j.cell.2007.08.019 PMID: 17825402

Lan F, Bayliss PE, Rinn JL, Whetstine JR, Wang JK, Chen S, et al. A histone H3 lysine 27 demethylase
regulates animal posterior development. Nature. 2007; 449(7163):689-94. Epub 2007/09/14. https://
doi.org/10.1038/nature06192 PMID: 17851529

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 13/17


https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1016/j.ccr.2006.03.030
http://www.ncbi.nlm.nih.gov/pubmed/16697959
https://doi.org/10.1038/nrc1889
https://doi.org/10.1038/nrc1889
http://www.ncbi.nlm.nih.gov/pubmed/16723989
https://doi.org/10.1038/nrc1275
http://www.ncbi.nlm.nih.gov/pubmed/14964307
https://doi.org/10.1038/nm0605-595
https://doi.org/10.1038/nm0605-595
http://www.ncbi.nlm.nih.gov/pubmed/15937466
http://www.ncbi.nlm.nih.gov/pubmed/9570793
https://doi.org/10.1016/j.stem.2010.06.022
https://doi.org/10.1016/j.stem.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/20804969
http://www.ncbi.nlm.nih.gov/pubmed/20514402
https://doi.org/10.1038/nature08712
http://www.ncbi.nlm.nih.gov/pubmed/20032975
https://doi.org/10.1002/stem.188
http://www.ncbi.nlm.nih.gov/pubmed/19658188
https://doi.org/10.1002/stem.185
https://doi.org/10.1002/stem.185
http://www.ncbi.nlm.nih.gov/pubmed/19658181
https://doi.org/10.1038/nrc2736
http://www.ncbi.nlm.nih.gov/pubmed/19851313
https://doi.org/10.1038/nature06145
http://www.ncbi.nlm.nih.gov/pubmed/17713478
https://doi.org/10.1016/j.cell.2007.08.019
http://www.ncbi.nlm.nih.gov/pubmed/17825402
https://doi.org/10.1038/nature06192
https://doi.org/10.1038/nature06192
http://www.ncbi.nlm.nih.gov/pubmed/17851529
https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Xiang Y, Zhu Z, Han G, Lin H, Xu L, Chen CD. JMJD3 is a histone H3K27 demethylase. Cell research.
2007; 17(10):850-7. https://doi.org/10.1038/cr.2007.83 PMID: 17923864

Jepsen K, Solum D, Zhou T, McEvilly RJ, Kim HJ, Glass CK, et al. SMRT-mediated repression of an
H3K27 demethylase in progression from neural stem cell to neuron. Nature. 2007; 450(7168):415-9.
https://doi.org/10.1038/nature06270 PMID: 17928865

Burgold T, Spreafico F, De Santa F, Totaro MG, Prosperini E, Natoli G, et al. The histone H3 lysine 27-
specific demethylase Jmjd3 is required for neural commitment. PLoS ONE. 2008; 3(8):e3034. Epub
2008/08/22. PubMed Central PMCID: PMCPMC2515638. https://doi.org/10.1371/journal.pone.
0003034 PMID: 18716661

Park DH, Hong SJ, Salinas RD, Liu SJ, Sun SW, Sgualdino J, et al. Activation of neuronal gene expres-
sion by the JMJD3 demethylase is required for postnatal and adult brain neurogenesis. Cell reports.
2014; 8(5):1290-9. PubMed Central PMCID: PMC4201382. https://doi.org/10.1016/j.celrep.2014.07.
060 PMID: 25176653

van Haaften G, Dalgliesh GL, Davies H, Chen L, Bignell G, Greenman C, et al. Somatic mutations of the
histone H3K27 demethylase gene UTX in human cancer. Nature genetics. 2009; 41(5):521-3. https:/
doi.org/10.1038/ng.349 PMID: 19330029

Robinson G, Parker M, Kranenburg TA, Lu C, Chen X, Ding L, et al. Novel mutations target distinct sub-
groups of medulloblastoma. Nature. 2012; 488(7409):43-8. https://doi.org/10.1038/nature11213 PMID:
22722829

Suva ML, Riggi N, Janiszewska M, Radovanovic |, Provero P, Stehle JC, et al. EZH2 is essential for
glioblastoma cancer stem cell maintenance. Cancer Res. 2009; 69(24):9211-8. Epub 2009/11/26.
https://doi.org/10.1158/0008-5472.CAN-09-1622 PMID: 19934320

Zhang J, Chen L, Han L, Shi Z, Zhang J, Pu P, et al. EZH2 is a negative prognostic factor and exhibits
pro-oncogenic activity in glioblastoma. Cancer Lett. 2015; 356(2 Pt B):929-36. Epub 2014/12/03.

Venneti S, Garimella MT, Sullivan LM, Martinez D, Huse JT, Heguy A, et al. Evaluation of Histone 3
Lysine 27 Trimethylation (H3K27me3) and Enhancer of Zest 2 (EZH2) in Pediatric Glial and Glioneuro-
nal Tumors Shows Decreased H3K27me3 in H3F3A K27M Mutant Glioblastomas. Brain pathology
(Zurich, Switzerland). 2013.

Bender S, Tang Y, Lindroth AM, Hovestadt V, Jones DT, Kool M, et al. Reduced H3K27me3 and DNA
hypomethylation are major drivers of gene expression in K27M mutant pediatric high-grade gliomas.
Cancer Cell. 2013; 24(5):660—72. https://doi.org/10.1016/j.ccr.2013.10.006 PMID: 24183680

Wu G, Broniscer A, McEachron TA, Lu C, Paugh BS, Becksfort J, et al. Somatic histone H3 alterations
in pediatric diffuse intrinsic pontine gliomas and non-brainstem glioblastomas. Nature genetics. 2012;
44(3):251-3. Epub 2012/01/31. PubMed Central PMCID: PMCPMC3288377. https://doi.org/10.1038/
ng.1102 PMID: 22286216

Ene ClI, Edwards L, Riddick G, Baysan M, Woolard K, Kotliarova S, et al. Histone demethylase Jumonii
D3 (JMJD3) as a tumor suppressor by regulating p53 protein nuclear stabilization. PLoS One. 2012; 7
(12):51407. Epub 2012/12/14. PubMed Central PMCID: PMCPMC3517524. https://doi.org/10.1371/
journal.pone.0051407 PMID: 23236496

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods (San Diego, Calif. 2001; 25(4):402-8.

Sen GL, Webster DE, Barragan DI, Chang HY, Khavari PA. Control of differentiation in a self-renewing
mammalian tissue by the histone demethylase JMJD3. Genes & development. 2008; 22(14):1865-70.

Frias MA, Thoreen CC, Jaffe JD, Schroder W, Sculley T, Carr SA, et al. mSin1 is necessary for Akt/PKB
phosphorylation, and its isoforms define three distinct mMTORC2s. Curr Biol. 2006; 16(18):1865-70.
https://doi.org/10.1016/j.cub.2006.08.001 PMID: 16919458

Ory DS, Neugeboren BA, Mulligan RC. A stable human-derived packaging cell line for production of
high titer retrovirus/vesicular stomatitis virus G pseudotypes. Proc Natl Acad Sci U S A. 1996; 93
(21):11400-6. PMID: 8876147

De Santa F, Totaro M, Prosperini E, Notarbartolo S, Testa G, Natoli G. The histone H3 lysine-27
demethylase Jmjd3 links inflammation to inhibition of polycomb-mediated gene silencing. Cell. 2007;
130(6):1083-94. https://doi.org/10.1016/j.cell.2007.08.019 PMID: 17825402

Adli M, Bernstein BE. Whole-genome chromatin profiling from limited numbers of cells using nano-
ChlP-seq. Nature protocols. 2011; 6(10):1656-68. https://doi.org/10.1038/nprot.2011.402 PMID:
21959244

Sarma K, Margueron R, Ivanov A, Pirrotta V, Reinberg D. Ezh2 requires PHF1 to efficiently catalyze H3
lysine 27 trimethylation in vivo. Molecular and cellular biology. 2008; 28(8):2718-31. https://doi.org/10.
1128/MCB.02017-07 PMID: 18285464

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 14/17


https://doi.org/10.1038/cr.2007.83
http://www.ncbi.nlm.nih.gov/pubmed/17923864
https://doi.org/10.1038/nature06270
http://www.ncbi.nlm.nih.gov/pubmed/17928865
https://doi.org/10.1371/journal.pone.0003034
https://doi.org/10.1371/journal.pone.0003034
http://www.ncbi.nlm.nih.gov/pubmed/18716661
https://doi.org/10.1016/j.celrep.2014.07.060
https://doi.org/10.1016/j.celrep.2014.07.060
http://www.ncbi.nlm.nih.gov/pubmed/25176653
https://doi.org/10.1038/ng.349
https://doi.org/10.1038/ng.349
http://www.ncbi.nlm.nih.gov/pubmed/19330029
https://doi.org/10.1038/nature11213
http://www.ncbi.nlm.nih.gov/pubmed/22722829
https://doi.org/10.1158/0008-5472.CAN-09-1622
http://www.ncbi.nlm.nih.gov/pubmed/19934320
https://doi.org/10.1016/j.ccr.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24183680
https://doi.org/10.1038/ng.1102
https://doi.org/10.1038/ng.1102
http://www.ncbi.nlm.nih.gov/pubmed/22286216
https://doi.org/10.1371/journal.pone.0051407
https://doi.org/10.1371/journal.pone.0051407
http://www.ncbi.nlm.nih.gov/pubmed/23236496
https://doi.org/10.1016/j.cub.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/16919458
http://www.ncbi.nlm.nih.gov/pubmed/8876147
https://doi.org/10.1016/j.cell.2007.08.019
http://www.ncbi.nlm.nih.gov/pubmed/17825402
https://doi.org/10.1038/nprot.2011.402
http://www.ncbi.nlm.nih.gov/pubmed/21959244
https://doi.org/10.1128/MCB.02017-07
https://doi.org/10.1128/MCB.02017-07
http://www.ncbi.nlm.nih.gov/pubmed/18285464
https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

Haring M, Offermann S, Danker T, Horst |, Peterhansel C, Stam M. Chromatin immunoprecipitation:
optimization, quantitative analysis and data normalization. Plant methods. 2007; 3:11. https://doi.org/
10.1186/1746-4811-3-11 PMID: 17892552

Karolchik D, Hinrichs AS, Kent WJ. The UCSC Genome Browser. Current protocols in bioinformatics /
editoral board, Andreas D Baxevanis [et al]. 2009;Chapter 1:Unit1 4. PubMed Central PMCID:
PMC2834533.

Hebenstreit D, Gu M, Haider S, Turner DJ, Lio P, Teichmann SA. EpiChlIP: gene-by-gene quantification
of epigenetic modification levels. Nucleic Acids Res. 2011; 39(5):e27. Epub 2010/12/07. PubMed Cen-
tral PMCID: PMCPMC3061070. https://doi.org/10.1093/nar/gkq1226 PMID: 21131282

Maze |, Feng J, Wilkinson MB, Sun H, Shen L, Nestler EJ. Cocaine dynamically regulates heterochro-
matin and repetitive element unsilencing in nucleus accumbens. Proc Natl Acad Sci U S A. 2011; 108
(7):3035—40. Epub 2011/02/09. PubMed Central PMCID: PMCPMC3041122. https://doi.org/10.1073/
pnas.1015483108 PMID: 21300862

Siddiquee K, Zhang S, Guida WC, Blaskovich MA, Greedy B, Lawrence HR, et al. Selective chemical
probe inhibitor of Stat3, identified through structure-based virtual screening, induces antitumor activity.
Proc Natl Acad Sci U S A. 2007; 104(18):7391-6. https://doi.org/10.1073/pnas.0609757104 PMID:
17463090

Song H, Wang R, Wang S, Lin J. A low-molecular-weight compound discovered through virtual data-
base screening inhibits Stat3 function in breast cancer cells. Proc Natl Acad Sci U S A. 2005; 102
(13):4700-5. https://doi.org/10.1073/pnas.0409894102 PMID: 15781862

Zhang X, Yue P, Page BD, Li T, Zhao W, Namanja AT, et al. Orally bioavailable small-molecule inhibitor
of transcription factor Stat3 regresses human breast and lung cancer xenografts. Proc Natl Acad Sci U
S A.2012; 109(24):9623-8. PubMed Central PMCID: PMC3386073. https://doi.org/10.1073/pnas.
1121606109 PMID: 22623533

Bromberg J, Darnell JE Jr. The role of STATSs in transcriptional control and their impact on cellular func-
tion. Oncogene. 2000; 19(21):2468-73. https://doi.org/10.1038/sj.onc.1203476 PMID: 10851045

Kidder BL, Yang J, Palmer S. Stat3 and c-Myc genome-wide promoter occupancy in embryonic stem
cells. PLoS One. 2008; 3(12):€3932. https://doi.org/10.1371/journal.pone.0003932 PMID: 19079543

Park DM, Jung J, Masjkur J, Makrogkikas S, Ebermann D, Saha S, et al. Hes3 regulates cell number in
cultures from glioblastoma multiforme with stem cell characteristics. Scientific reports. 2013; 3:1095.
PubMed Central PMCID: PMC3566603. https://doi.org/10.1038/srep01095 PMID: 23393614

Yang L, Lian X, Cowen A, Xu H, Du H, Yan C. Synergy between signal transducer and activator of tran-
scription 3 and retinoic acid receptor-alpha in regulation of the surfactant protein B gene in the lung. Mol
Endocrinol. 2004; 18(6):1520-32. https://doi.org/10.1210/me.2003-0458 PMID: 15044588

Asano H, Aonuma M, Sanosaka T, Kohyama J, Namihira M, Nakashima K. Astrocyte differentiation of
neural precursor cells is enhanced by retinoic acid through a change in epigenetic modification. Stem
Cells. 2009; 27(11):2744-52. Epub 2009/07/18. https://doi.org/10.1002/stem.176 PMID: 19609931

Laks DR, Masterman-Smith M, Visnyei K, Angenieux B, Orozco NM, Foran |, et al. Neurosphere forma-
tion is an independent predictor of clinical outcome in malignant glioma. Stem Cells. 2009; 27(4):980-7.
https://doi.org/10.1002/stem.15 PMID: 19353526

Chen S, Ma J, Wu F, Xiong LJ, Ma H, Xu W, et al. The histone H3 Lys 27 demethylase JMJD3 regulates
gene expression by impacting transcriptional elongation. Genes & development. 2012; 26(12):1364—
75. PubMed Central PMCID: PMC3387663.

Huang X, Hu J, Li Y, Zhuyun Yang Z, Zhu H, Zhou L, et al. The cell adhesion molecule L1 regulates the
expression of FGF21 and enhances neurite outgrowth. Brain Res. 2013; 1530:13-21. Epub 2013/08/
07. https://doi.org/10.1016/j.brainres.2013.07.043 PMID: 23916735

Carrillo-Garcia C, Prochnow S, Simeonova IK, Strelau J, HolzI-Wenig G, Mandl C, et al. Growth/differ-
entiation factor 15 promotes EGFR signalling, and regulates proliferation and migration in the hippo-
campus of neonatal and young adult mice. Development. 2014; 141(4):773-83. Epub 2014/02/06.
PubMed Central PMCID: PMCPMC3930467. hitps://doi.org/10.1242/dev.096131 PMID: 24496615

Lee SH, Krisanapun C, Baek SJ. NSAID-activated gene-1 as a molecular target for capsaicin-induced
apoptosis through a novel molecular mechanism involving GSK3beta, C/EBPbeta and ATF3. Carcino-
genesis. 2010; 31(4):719-28. Epub 2010/01/30. PubMed Central PMCID: PMCPMC2847092. https://
doi.org/10.1093/carcin/bggq016 PMID: 20110283

Shimizu S, Kadowaki M, Yoshioka H, Kambe A, Watanabe T, Kinyamu HK, et al. Proteasome inhibitor
MG132 induces NAG-1/GDF15 expression through the p38 MAPK pathway in glioblastoma cells. Bio-
chem Biophys Res Commun. 2013; 430(4):1277-82. Epub 2012/12/25. PubMed Central PMCID:
PMCPMC3558552. https://doi.org/10.1016/j.bbrc.2012.11.137 PMID: 23261467

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 15/17


https://doi.org/10.1186/1746-4811-3-11
https://doi.org/10.1186/1746-4811-3-11
http://www.ncbi.nlm.nih.gov/pubmed/17892552
https://doi.org/10.1093/nar/gkq1226
http://www.ncbi.nlm.nih.gov/pubmed/21131282
https://doi.org/10.1073/pnas.1015483108
https://doi.org/10.1073/pnas.1015483108
http://www.ncbi.nlm.nih.gov/pubmed/21300862
https://doi.org/10.1073/pnas.0609757104
http://www.ncbi.nlm.nih.gov/pubmed/17463090
https://doi.org/10.1073/pnas.0409894102
http://www.ncbi.nlm.nih.gov/pubmed/15781862
https://doi.org/10.1073/pnas.1121606109
https://doi.org/10.1073/pnas.1121606109
http://www.ncbi.nlm.nih.gov/pubmed/22623533
https://doi.org/10.1038/sj.onc.1203476
http://www.ncbi.nlm.nih.gov/pubmed/10851045
https://doi.org/10.1371/journal.pone.0003932
http://www.ncbi.nlm.nih.gov/pubmed/19079543
https://doi.org/10.1038/srep01095
http://www.ncbi.nlm.nih.gov/pubmed/23393614
https://doi.org/10.1210/me.2003-0458
http://www.ncbi.nlm.nih.gov/pubmed/15044588
https://doi.org/10.1002/stem.176
http://www.ncbi.nlm.nih.gov/pubmed/19609931
https://doi.org/10.1002/stem.15
http://www.ncbi.nlm.nih.gov/pubmed/19353526
https://doi.org/10.1016/j.brainres.2013.07.043
http://www.ncbi.nlm.nih.gov/pubmed/23916735
https://doi.org/10.1242/dev.096131
http://www.ncbi.nlm.nih.gov/pubmed/24496615
https://doi.org/10.1093/carcin/bgq016
https://doi.org/10.1093/carcin/bgq016
http://www.ncbi.nlm.nih.gov/pubmed/20110283
https://doi.org/10.1016/j.bbrc.2012.11.137
http://www.ncbi.nlm.nih.gov/pubmed/23261467
https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Romm E, Nielsen JA, Kim JG, Hudson LD. Myt1 family recruits histone deacetylase to regulate neural
transcription. Journal of neurochemistry. 2005; 93(6):1444-53. https://doi.org/10.1111/j.1471-4159.
2005.03131.x PMID: 15935060

Barradas M, Anderton E, Acosta JC, Li S, Banito A, Rodriguez-Niedenfuhr M, et al. Histone demethy-
lase JMJD3 contributes to epigenetic control of INK4a/ARF by oncogenic RAS. Genes & development.
2009; 23(10):1177-82. Epub 2009/05/20. PubMed Central PMCID: PMCPMC2685533.

Piccirillo SG, Reynolds BA, Zanetti N, Lamorte G, Binda E, Broggi G, et al. Bone morphogenetic pro-
teins inhibit the tumorigenic potential of human brain tumour-initiating cells. Nature. 2006; 444
(7120):761-5. https://doi.org/10.1038/nature05349 PMID: 17151667

Estaras C, Akizu N, Garcia A, Beltran S, de la Cruz X, Martinez-Balbas MA. Genome-wide analysis
reveals that Smad3 and JMJD3 HDM co-activate the neural developmental program. Development.
2012; 139(15):2681-91. https://doi.org/10.1242/dev.078345 PMID: 22782721

Agherbi H, Gaussmann-Wenger A, Verthuy C, Chasson L, Serrano M, Djabali M. Polycomb mediated
epigenetic silencing and replication timing at the INK4a/ARF locus during senescence. PLoS One.
2009; 4(5):e5622. Epub 2009/05/23. PubMed Central PMCID: PMCPMC2680618. https://doi.org/10.
1371/journal.pone.0005622 PMID: 19462008

lvanchuk SM, Mondal S, Dirks PB, Rutka JT. The INK4A/ARF locus: role in cell cycle control and apo-
ptosis and implications for glioma growth. J Neurooncol. 2001; 51(3):219-29. PMID: 11407594

Marei HE, Althani A, Afifi N, Michetti F, Pescatori M, Pallini R, et al. Gene expression profiling of embry-
onic human neural stem cells and dopaminergic neurons from adult human substantia nigra. PLoS
One. 2011; 6(12):e28420. Epub 2011/12/14. PubMed Central PMCID: PMCPMC3233561. https://doi.
org/10.1371/journal.pone.0028420 PMID: 22163301

Yan, Shin S, Jha BS, Liu Q, Sheng J, Li F, et al. Efficient and rapid derivation of primitive neural stem
cells and generation of brain subtype neurons from human pluripotent stem cells. Stem Cells Transl|
Med. 2013; 2(11):862—70. Epub 2013/10/12. PubMed Central PMCID: PMCPMC3808201. https://doi.
org/10.5966/sctm.2013-0080 PMID: 24113065

Fukada T, Ohtani T, Yoshida Y, Shirogane T, Nishida K, Nakajima K, et al. STAT3 orchestrates contra-
dictory signals in cytokine-induced G1 to S cell-cycle transition. Embo J. 1998; 17(22):6670-7. https:/
doi.org/10.1093/emboj/17.22.6670 PMID: 9822610

Rokavec M, Oner MG, Li H, Jackstadt R, Jiang L, Lodygin D, et al. IL-6R/STAT3/miR-34a feedback
loop promotes EMT-mediated colorectal cancer invasion and metastasis. J Clin Invest. 2014; 124
(4):1853-67. Epub 2014/03/20. PubMed Central PMCID: PMCPMC3973098. https://doi.org/10.1172/
JCI73531 PMID: 24642471

Dauer DJ, Ferraro B, Song L, Yu B, Mora L, Buettner R, et al. Stat3 regulates genes common to both
wound healing and cancer. Oncogene. 2005; 24(21):3397—408. Epub 2005/03/01. https://doi.org/10.
1038/sj.onc.1208469 PMID: 15735721

Androutsellis-Theotokis A, Leker RR, Soldner F, Hoeppner DJ, Ravin R, Poser SW, et al. Notch signal-
ling regulates stem cell numbers in vitro and in vivo. Nature. 2006; 442(7104):823-6. https://doi.org/10.
1038/nature04940 PMID: 16799564

Lee H, Zhang P, Herrmann A, Yang C, Xin H, Wang Z, et al. Acetylated STAT3 is crucial for methylation
of tumor-suppressor gene promoters and inhibition by resveratrol results in demethylation. Proc Natl
Acad Sci U S A. 2012; 109(20):7765-9. https://doi.org/10.1073/pnas.1205132109 PMID: 22547799

Gallo M, Coutinho FJ, Vanner RJ, Gayden T, Mack SC, Murison A, et al. MLL5 Orchestrates a Cancer
Self-Renewal State by Repressing the Histone Variant H3.3 and Globally Reorganizing Chromatin.
Cancer Cell. 2015; 28(6):715-29. https://doi.org/10.1016/j.ccell.2015.10.005 PMID: 26626085

Heinemann B, Nielsen JM, Hudlebusch HR, Lees MJ, Larsen DV, Boesen T, et al. Inhibition of
demethylases by GSK-J1/J4. Nature. 2014; 514(7520):E1-2. https://doi.org/10.1038/nature 13688
PMID: 25279926

Abdouh M, Facchino S, Chatoo W, Balasingam V, Ferreira J, Bernier G. BMI1 sustains human glioblas-
toma multiforme stem cell renewal. J Neurosci. 2009; 29(28):8884—96. Epub 2009/07/17. https://doi.
org/10.1523/JNEUROSCI.0968-09.2009 PMID: 19605626

Kim E, Kim M, Woo DH, Shin Y, Shin J, Chang N, et al. Phosphorylation of EZH2 activates STAT3 sig-
naling via STAT3 methylation and promotes tumorigenicity of glioblastoma stem-like cells. Cancer Cell.
2013; 23(6):839-52. Epub 2013/05/21. PubMed Central PMCID: PMCPMC4109796. https://doi.org/10.
1016/j.ccr.2013.04.008 PMID: 23684459

de Vries NA, Hulsman D, Akhtar W, de Jong J, Miles DC, Blom M, et al. Prolonged Ezh2 Depletion in
Glioblastoma Causes a Robust Switch in Cell Fate Resulting in Tumor Progression. Cell reports. 2015.

Ntziachristos P, Tsirigos A, Welstead GG, Trimarchi T, Bakogianni S, Xu L, et al. Contrasting roles of
histone 3 lysine 27 demethylases in acute lymphoblastic leukaemia. Nature. 2014; 514:513-7. https:/
doi.org/10.1038/nature13605 PMID: 25132549

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 16/17


https://doi.org/10.1111/j.1471-4159.2005.03131.x
https://doi.org/10.1111/j.1471-4159.2005.03131.x
http://www.ncbi.nlm.nih.gov/pubmed/15935060
https://doi.org/10.1038/nature05349
http://www.ncbi.nlm.nih.gov/pubmed/17151667
https://doi.org/10.1242/dev.078345
http://www.ncbi.nlm.nih.gov/pubmed/22782721
https://doi.org/10.1371/journal.pone.0005622
https://doi.org/10.1371/journal.pone.0005622
http://www.ncbi.nlm.nih.gov/pubmed/19462008
http://www.ncbi.nlm.nih.gov/pubmed/11407594
https://doi.org/10.1371/journal.pone.0028420
https://doi.org/10.1371/journal.pone.0028420
http://www.ncbi.nlm.nih.gov/pubmed/22163301
https://doi.org/10.5966/sctm.2013-0080
https://doi.org/10.5966/sctm.2013-0080
http://www.ncbi.nlm.nih.gov/pubmed/24113065
https://doi.org/10.1093/emboj/17.22.6670
https://doi.org/10.1093/emboj/17.22.6670
http://www.ncbi.nlm.nih.gov/pubmed/9822610
https://doi.org/10.1172/JCI73531
https://doi.org/10.1172/JCI73531
http://www.ncbi.nlm.nih.gov/pubmed/24642471
https://doi.org/10.1038/sj.onc.1208469
https://doi.org/10.1038/sj.onc.1208469
http://www.ncbi.nlm.nih.gov/pubmed/15735721
https://doi.org/10.1038/nature04940
https://doi.org/10.1038/nature04940
http://www.ncbi.nlm.nih.gov/pubmed/16799564
https://doi.org/10.1073/pnas.1205132109
http://www.ncbi.nlm.nih.gov/pubmed/22547799
https://doi.org/10.1016/j.ccell.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26626085
https://doi.org/10.1038/nature13688
http://www.ncbi.nlm.nih.gov/pubmed/25279926
https://doi.org/10.1523/JNEUROSCI.0968-09.2009
https://doi.org/10.1523/JNEUROSCI.0968-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19605626
https://doi.org/10.1016/j.ccr.2013.04.008
https://doi.org/10.1016/j.ccr.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23684459
https://doi.org/10.1038/nature13605
https://doi.org/10.1038/nature13605
http://www.ncbi.nlm.nih.gov/pubmed/25132549
https://doi.org/10.1371/journal.pone.0174775

@° PLOS | ONE

Regulation of JIMJD3 by STAT3

74.

75.

76.

77.

78.

79.

80.

81.

82.

Yamaguchi H, Hung M-C. Regulation and Role of EZH2 in Cancer. Cancer research and treatment: offi-
cial journal of Korean Cancer Association. 2014; 46:209-22.

Lee J, Son MJ, Woolard K, Donin NM, Li A, Cheng CH, et al. Epigenetic-mediated dysfunction of the
bone morphogenetic protein pathway inhibits differentiation of glioblastoma-initiating cells. Cancer Cell.
2008; 13(1):69-80. https://doi.org/10.1016/j.ccr.2007.12.005 PMID: 18167341

Gu F, Hata R, Ma YJ, Tanaka J, Mitsuda N, Kumon Y, et al. Suppression of Stat3 promotes neurogen-
esis in cultured neural stem cells. Journal of neuroscience research. 2005; 81(2):163—71. https://doi.
org/10.1002/jnr.20561 PMID: 15948155

Bonni A, Sun Y, Nadal-Vicens M, Bhatt A, Frank DA, Rozovsky |, et al. Regulation of gliogenesis in the
central nervous system by the JAK-STAT signaling pathway. Science. 1997; 278(5337):477—-83. PMID:
9334309

lliopoulos D, Hirsch HA, Struhl K. An epigenetic switch involving NF-kappaB, Lin28, Let-7 MicroRNA,
and IL6 links inflammation to cell transformation. Cell. 2009; 139(4):693—-706. Epub 2009/11/03.
PubMed Central PMCID: PMCPMC2783826. https://doi.org/10.1016/j.cell.2009.10.014 PMID:
19878981

lliopoulos D, Jaeger SA, Hirsch HA, Bulyk ML, Struhl K. STAT3 activation of miR-21 and miR-181b-1
via PTEN and CYLD are part of the epigenetic switch linking inflammation to cancer. Mol Cell. 2010; 39
(4):493-506. Epub 2010/08/28. PubMed Central PMCID: PMCPMC2929389. https://doi.org/10.1016/j.
molcel.2010.07.023 PMID: 20797623

Song MR, Ghosh A. FGF2-induced chromatin remodeling regulates CNTF-mediated gene expression
and astrocyte differentiation. Nat Neurosci. 2004; 7(3):229-35. Epub 2004/02/11. https://doi.org/10.
1038/nn1192 PMID: 14770186

Urayama S, Semi K, Sanosaka T, Hori Y, Namihira M, Kohyama J, et al. Chromatin Accessibility at a
STAT3 Target Site Is Altered Prior to Astrocyte Differentiation. Cell Struct Funct. 2013; 38(1):55-66.
Epub 2013/02/27. PMID: 23439558

Takizawa T, Nakashima K, Namihira M, Ochiai W, Uemura A, Yanagisawa M, et al. DNA methylation is
a critical cell-intrinsic determinant of astrocyte differentiation in the fetal brain. Dev Cell. 2001; 1(6):749—
58. Epub 2001/12/13. PMID: 11740937

PLOS ONE | https://doi.org/10.1371/journal.pone.0174775  April 6, 2017 17/17


https://doi.org/10.1016/j.ccr.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18167341
https://doi.org/10.1002/jnr.20561
https://doi.org/10.1002/jnr.20561
http://www.ncbi.nlm.nih.gov/pubmed/15948155
http://www.ncbi.nlm.nih.gov/pubmed/9334309
https://doi.org/10.1016/j.cell.2009.10.014
http://www.ncbi.nlm.nih.gov/pubmed/19878981
https://doi.org/10.1016/j.molcel.2010.07.023
https://doi.org/10.1016/j.molcel.2010.07.023
http://www.ncbi.nlm.nih.gov/pubmed/20797623
https://doi.org/10.1038/nn1192
https://doi.org/10.1038/nn1192
http://www.ncbi.nlm.nih.gov/pubmed/14770186
http://www.ncbi.nlm.nih.gov/pubmed/23439558
http://www.ncbi.nlm.nih.gov/pubmed/11740937
https://doi.org/10.1371/journal.pone.0174775

