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Secretion-mediated STAT3 activation promotes self-renewal of
glioma stem-like cells during hypoxia
DA Almiron Bonnin1,2, MC Havrda1,2, MC Lee3, H Liu1,2, Z Zhang1,2, LN Nguyen4, LX Harrington5, S Hassanpour2,5, C Cheng1,2,5

and MA Israel1,2,6

High-grade gliomas (HGGs) include the most common and the most aggressive primary brain tumor of adults and children. Despite
multimodality treatment, most high-grade gliomas eventually recur and are ultimately incurable. Several studies suggest that the
initiation, progression, and recurrence of gliomas are driven, at least partly, by cancer stem-like cells. A defining characteristic of
these cancer stem-like cells is their capacity to self-renew. We have identified a hypoxia-induced pathway that utilizes the Hypoxia
Inducible Factor 1α (HIF-1α) transcription factor and the JAK1/2-STAT3 (Janus Kinase 1/2 - Signal Transducer and Activator of
Transcription 3) axis to enhance the self-renewal of glioma stem-like cells. Hypoxia is a commonly found pathologic feature of HGGs.
Under hypoxic conditions, HIF-1α levels are greatly increased in glioma stem-like cells. Increased HIF-1α activates the JAK1/2-STAT3
axis and enhances tumor stem-like cell self-renewal. Our data further demonstrate the importance of Vascular Endothelial Growth
Factor (VEGF) secretion for this pathway of hypoxia-mediated self-renewal. Brefeldin A and EHT-1864, agents that significantly inhibit
VEGF secretion, decreased stem cell self-renewal, inhibited tumor growth, and increased the survival of mice allografted with
S100β-v-erbB/p53−/− glioma stem-like cells. These agents also inhibit the expression of a hypoxia gene expression signature that is
associated with decreased survival of HGG patients. These findings suggest that targeting the secretion of extracellular, autocrine/
paracrine mediators of glioma stem-like cell self-renewal could potentially contribute to the treatment of HGGs.

Oncogene advance online publication, 20 November 2017; doi:10.1038/onc.2017.404

INTRODUCTION
The cancer stem cell model proposes that cells within a tumor
exhibiting the features of stem cells drive tumor development.1

Cancer cells expressing markers of normal stem cells and having
the ability to self-renew have been identified in a variety of human
cancers including high-grade gliomas (HGGs).2–6 Glioma-derived
stem-like cells have been demonstrated to have potent tumori-
genic capacity4–6 and display increased resistance to treatments
such as radiation and chemotherapy.7–9 In addition, these stem-
like cells have also been implicated in tumor recurrence.10–12

Successfully targeting this cell population could have significant
implications for the future treatment of tumors like HGG, which
despite optimal medical treatment, have a poor prognosis.10–12

Several studies suggest that the tumor microenvironment plays
a key role in cancer stem cell biology.12–19 Hypoxia, which is a
defining feature of the HGG microenvironment,20,21 has been
shown to promote self-renewal of glioma stem-like cells,13,16,19 but
to date little is known about the specific mechanisms driving
hypoxia-mediated self-renewal in these tumors. Tumor hypoxia is
thought to arise in solid tumors due to rapid tumor growth and
aberrant blood vessel formation.22,23 The presence of hypoxic
tumor tissue has been shown to be a prognostic factor associated
with advanced stages of malignancy and poor clinical
outcome.24–27 Important molecular and cellular effects of hypoxia
are mediated by the hypoxia-inducible factor 1α (HIF-1α) which is
a transcription factor that is stabilized in the absence of

oxygen.28,29 High levels of HIF-1α have been observed in a wide
variety of human cancers30,31 and are correlated with poor
prognosis in HGG patients.25,32 Research on HIF-1α activity to date
has focused on its role in inducing angiogenesis, metabolic
alterations, and other adaptive changes.28,33,34

We sought to examine the role of hypoxia in the self-renewal of
glioma stem-like cells.13,16,19 Using cells from the S100β-v-erbB/
p53−/− mouse model of spontaneous HGG,35 we discovered that
hypoxia leads to increased HIF-1α expression resulting in
enhanced signal transducer and activator of transcription 3
(STAT3)-mediated self-renewal. Janus Kinase (JAK) 1 and 2 were
required for STAT3 activation in these glioma stem-like cells, as
was Vascular Endothelial Growth Factor (VEGF). Our findings
suggest that when glioma stem-like cells respond to hypoxia,
HIF-1α enhances expression of secreted factors such as VEGF,
which act in a paracrine/autocrine fashion to initiate a signaling
pathway leading to the activation of the JAK/STAT axis to promote
self-renewal.

RESULTS
The increase in glioma stem cell self-renewal during hypoxia is
dependent on HIF-1α and STAT3 phosphorylation
To study the effect of hypoxia on glioma-derived stem-like cells,
we derived tumor sphere cultures (TSCs) from spontaneous HGGs
arising in the S100β-v-erbB/p53−/−mouse model.35 Tumors arising
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from S100β-v-erbB/p53−/−animals have been reported to present
the histopathologic features classic of HGGs including increased
cellularity, endothelial proliferation, necrosis, and increased
nuclear atypia35,36(data not shown). We utilized TSCs for the
propagation of glioma stem-like cells, as these conditions have
been shown to maintain glioma-derived stem-like cell
proliferation4,5,37 and to preserve more accurately than conven-
tional serum-based monolayer cultures the phenotype and
genotype of the primary glial tumors from which these cultured
tumor cells are derived.38,39 The S100β-v-erbB/p53−/−model is
characterized by the spontaneous development of central nervous
system (CNS) tumors (Supplementary Figure 1A) as the result of
the transgenic expression of two of the most frequent mutations
found in HGGs; namely, high-level expression of EGFR and loss of
p53.40 Stem-like cells isolated from these CNS tumors grow as
spheroids in culture (Supplementary Figure 1B), and they express
classic stem cell markers (Supplementary Figure 1C).41 When
grown as spheroids they also demonstrate defining functional
properties of tumor stem-like cells such as self-renewal
(Supplementary Figure 1D) and tumor initiating capacity
(Supplementary Figure 1E).
We examined the effect of hypoxia on the self-renewal capacity

of S100β-v-erbB/p53−/− glioma stem-like cells, as determined by
assaying subsphere formation at limiting dilution and colony
formation in soft agar (Figures 1a and b). We found that in cultures
derived from two different tumors more spheroids arose when
incubated under hypoxic conditions than when incubated under
normoxic conditions as observed in two representative cultures,
S100β-v-erbB/p53−/− TSC1 (TSC1) and S100β-v-erbB/p53−/− TSC2
(TSC2), in Figure 1a. Consistent with this observation, the number
of colonies formed in soft agar when these two cell cultures were
incubated under hypoxic conditions was significantly increased
compared to the cells cultured in normoxic conditions (Figure 1b).
These data provide evidence that hypoxia enhances self-renewal
of S100β-v-erbB/p53−/− stem-like cells.
We observed that the level of HIF-1α, the main mediator of

the cellular response to hypoxia,28 increased during
hypoxia (Figures 1c and d). We sought to determine whether this
transcription factor regulated the enhanced self-renewal of
S100β-v-erbB/p53−/− TSCs that occurs during hypoxia (Figures 1a
and b). We utilized shRNAs to decrease HIF-1α expression
(Supplementary Figures 2A-B). When HIF-1α expression was
inhibited in hypoxia, the proportion of sphere forming cells was
significantly reduced in a representative S100β-v-erbB/p53−/− cell
line, TSC1 (Figure 1e), abrogating the enhanced subsphere
forming capacity observed during hypoxia (Figure 1a).
Similarly, inhibition of HIF-1α expression with shRNA
eliminated the increase in colony formation associated with
hypoxia in S100β-v-erbB/p53−/− TSCs (Figure 1f). These data
suggest that HIF-1α contributes to the increase in self-renewal
during hypoxia.
We found that phosphorylated STAT3, which has been reported

to participate in the cellular response to hypoxia,42–47 also
increased in S100β-v-erbB/p53−/− TSCs during hypoxia (Figures 1c
and d). We sought to determine whether STAT3 mediated the
enhanced self-renewal of S100β-v-erbB/p53−/− TSCs observed
during hypoxia (Figures 1a and b). To inhibit STAT3 activity, we
utilized the small molecule inhibitor, S3I-201, which selectively
binds the SH2 domain of STAT3 to inhibit STAT3 phosphorylation
and thus its transcriptional activity (Supplementary Figure 2C–E).48

We observed that following STAT3 inhibition with S3I-201, the
subsphere forming potential of S100β-v-erbB/p53−/− glioma stem-
like cells was significantly decreased (Figure 1g), abrogating the
enhanced subsphere formation associated with hypoxia
(Figure 1a). Similarly, S100β-v-erbB/p53−/−colony formation in soft
agar was markedly decreased in cells treated with S3I-201
(Figure 1h), and this inhibition was sufficient to eliminate the
increase in colony formation associated with hypoxia (Figure 1b).

These findings suggest that, during hypoxia, increased STAT3
phosphorylation mediates the increase in self-renewal observed in
S100β-v-erbB/p53−/− TSCs.

HIF-1α mediated STAT3 phosphorylation enhances glioma stem
cell self-renewal during hypoxia
We found that decreased HIF-1α expression in these TSCs was
associated with decreased levels of phosphorylated STAT3
(Figure 2a). Using a STAT3-dependent luciferase reporter assay,
we determined that STAT3-dependent transcription, which is
typically increased during hypoxia,42–47 was significantly
decreased when HIF-1α expression was decreased in hypoxic
S100β-v-erbB/p53−/− cells. (Supplementary Figure 2F). These data
suggest that HIF-1α contributes to STAT3 activation that occurs in
hypoxic conditions. To evaluate further the role of STAT3
activation during hypoxia, we sought to determine whether
STAT3 activation could restore the self-renewal potential that had
been reduced by inhibition of HIF-1α during hypoxia (Figures 1e
and f). We co-transfected S100β-v-erbB/p53−/− cultures with HIF-1α
shRNA and a constitutively activated form of STAT3 (STAT3C)49

(Supplementary Figure 2G). Hypoxic S100β-v-erbB/p53−/− cultures
in which HIF-1α expression was decreased formed fewer spheres
than control cells transfected with scrambled shRNA (Figure 2b);
however, when STAT3C was expressed simultaneously with HIF-1α
shRNA, S100β-v-erbB/p53−/− formed subspheres at a frequency
indistinguishable from cells transfected with scrambled shRNA
alone (Figure 2b). Consistent with this finding, we found that
when HIF-1α expression was decreased, expression of STAT3C
restored the enhanced hypoxia-induced self-renewal in S100β-v-
erbB/p53−/− cultures as determined by colony formation in soft
agar (Figure 2c). These data indicated that the role of HIF-1α in the
self-renewal of S100β-v-erbB/p53−/− TSCs during hypoxia is at least
in part mediated by STAT3 activation.
The Janus family of kinases are well-known mediators of the

activation of STATs by phosphorylation.50 Given the relatively high
expression of JAK1 and JAK2 among the Janus family of kinases in
S100β-v-erbB/p53−/− cultures (Supplementary Figure 3A), we
sought to confirm the expectation that JAK1 and JAK2 mediated
the increase in STAT3 phosphorylation observed during hypoxia
and thereby contributed to enhanced TSCs self-renewal. Hence,
we treated S100β-v-erbB/p53−/− cultures with Ruxolitinib, a small
molecule inhibitor of JAK1 and JAK2 (Supplementary Figure 3B–E).
Immunoblotting revealed decreased levels of STAT3 phosphoryla-
tion in hypoxic S100β-v-erbB/p53−/− cells treated with increasing,
sub-lethal doses of Ruxolitinib (Supplementary Figure 3B and C).
Consistent with these observations, Ruxolitinib inhibited the
hypoxia-induced increase in TSCs self-renewal as determined by
subsphere formation and colony formation in soft agar
(Supplementary Figure 3D and E). Similarly, we observed that
direct inhibition of JAK1 and JAK2 mRNA expression with shRNA
reduced the levels of phosphorylated STAT3 during hypoxia
(Supplementary Figure 3F and G). Taken together, these data
provide evidence that JAK1 and JAK2 mediate enhanced STAT3
phosphorylation and thus contribute to glioma self-renewal
during hypoxia in this mouse model.

Factors released by hypoxic S100β-v-erbB/p53−/− glioma stem-like
cells promote STAT3 phosphorylation and enhance self-renewal of
glioma stem-like cells
While examining how HIF-1α regulated the activity of the JAK/
STAT axis, we observed that incubating TSCs in media conditioned
by these same S100β-v-erbB/p53−/− cells cultured under hypoxic
conditions (HCM) resulted in a level of STAT3 activation and self-
renewal that was much greater than that observed in the same
cells cultured in media that had been conditioned by these cells in
normoxia (NCM) (Figures 3a–c). This enhanced level of phos-
phorylated STAT3 following the incubation of S100β-v-erbB/p53−/−

Secretion promotes self-renewal in high grade gliomas
DA Almiron Bonnin et al

2

Oncogene (2017) 1 – 12



cells in HCM was easily detectable by immunoblotting (Figure 3a).
Consistent with this observation, TSCs incubated in HCM formed
subspheres at a significantly higher frequency than TSCs
incubated in NCM (Figure 3b). Also, TSCs incubated in HCM
produced a significantly higher number of colonies than cells
incubated in NCM (Figure 3c). We used PCR to examine the
expression of a number of genes encoding various known
regulators of self-renewal in S100β-v-erbB/ p53−/− cultures and
found that their expression was markedly increased in cells
incubated in HCM when compared to these same cells incubated
with fresh media (Figure 3d). Taken together, these results indicate
that media conditioned by hypoxic S100β-v-erbB/p53−/− glioma
stem-like cells can promote STAT3 phosphorylation and thus
enhance glioma self-renewal.

VEGF secreted by hypoxic S100β-v-erbB/p53−/− glioma stem-like
cells increases STAT3 phosphorylation and enhances glioma
self-renewal
While studying the effect of HCM on the self-renewal of glioma
stem-like cells, we discovered that the enhancement of subsphere
formation and colony formation in soft agar observed in S100β-v-
erbB/p53−/− glioma stem-like cells after incubation in HCM was
abrogated by heat inactivation of HCM (Supplementary Figure 4A
and B). This finding suggested that a protein may be mediating
the increased stem-like cell self-renewal we measured in soft agar
during hypoxia. Therefore, we used a multiplexed Luminex-based
immunoassay to evaluate NCM and HCM for 32 commonly
secreted proteins, many of which are known promoters of STAT3
activation50 (Supplementary Figure 4C). After reviewing the results

Figure 1. HIF-1α and STAT3 phosphorylation enhances glioma self-renewal during hypoxia. (a) Effect of hypoxia on TSC1 and TSC2 tumor
subsphere formation (7 days). Data points represent the percentage of plated cells that grew as spheres in three independent experiments
conducted in triplicate and are presented as the mean± s.d. (*Po0.05). (b) Effect of hypoxia on TSC1 (left) and TSC2 (right) colony formation
in soft agar (7 days). Data points represent three independent experiments conducted in triplicate and are presented as the
mean± s.d. (*Po0.01). (c) Western blot analysis of HIF-1α, phospho-STAT3, and total STAT3 in TSC1 incubated in hypoxia. (d) Western blot
analysis of HIF-1α, phospho-STAT3, and total STAT3 in TSC2 incubated in hypoxia. (e) Effect of shRNA HIF-1α expression on TSC1 tumor
subsphere formation in hypoxia (7 days). Data points represent the percentage of plated cells that grew as spheres in three independent
experiments conducted in triplicate and are presented as the mean± s.d. (*Po0.05). (f) Effect HIF-1α shRNA expression on TSC1 colony
formation in soft agar during hypoxia (7 days). Data points represent three independent experiments conducted in triplicate and are
presented as the mean± s.d. (*Po0.01). (g) Effect of S3I-201 (100 μM) treatment on TSC1 tumor subsphere formation in hypoxia (7 days). Data
points represent the percentage of plated cells that grew as spheres in three independent experiments conducted in triplicate and are
presented as the mean± s.d. (*Po0.05). (h) Effect of S3I-201 (100 μM) treatment on TSC1 colony formation in soft agar during hypoxia
(7 days). Data points represent three independent experiments conducted in triplicate and are presented as the mean± s.d. (*Po0.01).
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of this Luminex evaluation, we initially studied IL1α and VEGF
because they increased significantly with hypoxia and reagents for
their study were readily available (Supplementary Figure 4C).
Our examination of IL1α (Supplementary Figure 4C) revealed

that the IL1α/IL1R pathway was not required for the activation of
STAT3 during hypoxia (Supplementary Figure 4D–F). We therefore
turned our attention to VEGF, which was highly responsive to
hypoxic conditions (Figure 4a). VEGF has been previously
identified as a canonical target of HIF1α during hypoxia.51 To
study the role of VEGF in mediating the self-renewal effects of

HCM on S100β-v-erbB/p53−/− cultures, we prepared HCM from
which VEGF was depleted, as described in the Materials and
Methods section. We confirmed the removal of VEGF from the
conditioned media using a Luminex assay (Supplementary
Figure 4G). S100β-v-erbB/p53−/− cells cultured in HCM depleted
of VEGF revealed decreased levels of phosphorylated STAT3
compared to cells cultured in HCM (Figure 4b). Consistent with
this observation, a non-toxic dose of Ki8751 (Supplementary
Figure 4H), a small-molecule inhibitor of VEGFR2, readily
abrogated the increase in TSCs cultured in HCM of subsphere

Figure 2. HIF-1αmediated STAT3 phosphorylation enhances glioma self-renewal. (a) Western blot analysis of HIF-1α, phospho-STAT3, and total
STAT3 in TSC1 cells expressing scramble shRNA or HIF-1α shRNA and incubated in normoxia or hypoxia (16 h). (b) Rescue of TSC1 subsphere
formation by STAT3C after inhibition of HIF-1α expression. Data points represent the percentage of plated cells that grew as spheres in three
independent experiments conducted in triplicate and are presented as the mean± s.d. (*Po0.05). (c) Rescue of TSC1 colony formation in soft
agar by STAT3C after inhibition of HIF-1α expression. Data points represent three independent experiments conducted in triplicate and are
presented as the mean± s.d. (*Po0.05).

Figure 3. Secreted factors from hypoxic S100β-v-erbB/p53−/− spheroid cells promote STAT3 phosphorylation and enhance self-renewal.
(a) Western blot analysis of phospho-STAT3 and total STAT3 in TSC1 cells cultured in NCM, HCM, or growth medium supplemented with OSM
(50 ng/ml) (4h). (b) Effect of incubation in NCM or HCM on TSC1 and TSC2 subsphere formation cultured in normoxia (7 days). Data points
represent the percentage of plated cells that grew as spheres in three independent experiments conducted in triplicate and are presented as
the mean± s.d. (*Po0.01). (c) Effect of incubation in NCM or HCM on TSC1 and TSC2 colony formation in soft agar cultured in normoxia
(7 days). Data points represent three independent experiments conducted in triplicate and are presented as the mean± s.d. (*Po0.01).
(d) Quantitative RT-PCR analysis of mRNA expression of an array of known regulators of self-renewal in TSC1 incubated in fresh media (M) or
HCM (4 h). Data points are from a representative experiment conducted in triplicate and are presented as the mean± s.d. (*Po0.05).
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formation and colony formation in soft agar (Figures 4c and d).
Conversely, S100β-v-erbB/p53−/− cells cultured in NCM supplemen-
ted with super-physiologic levels of recombinant VEGF protein
showed an increase in the level of STAT3 phosphorylation
compared to cells cultured in NCM (Figure 4b). While the VEGF
levels observed during hypoxia were in the range of 200 pg/ml
(Figure 4a), as much as 2.0 × 106 pg/ml of mouse recombinant
VEGF was required to produce an increase in STAT3 phosphoryla-
tion in S100β-v-erbB/p53−/− cells cultured in NCM (Figure 4b).
However, the addition of 200 pg/ml of recombinant VEGF to HCM
depleted of endogenous VEGF was sufficient to produce an
increase in STAT3 phosphorylation (Supplementary Figure 4I). We
interpret these findings to indicate that while VEGF secretion is
required for STAT3 activation during hypoxia, VEGF secretion
alone may not be sufficient.

Pharmacological inhibition of secretion eliminates the hypoxia-
mediated enhancement of self-renewal in glioma stem-like cells
To examine further the importance of secreted factors in
mediating the self-renewal of glioma stem-like cells observed
during hypoxia (Figures 1a and b), we examined the effect of
Brefeldin A (BFA), a known inhibitor of secretion,52 and EHT-1864,
which inhibits Rac1,53,54 a known mediator of secretion,55–64 on
S100β-v-erbB/p53−/− cells. BFA and EHT-1864, at non-toxic doses
that do not affect the proliferation, extent of apoptosis, and
viability of these cells (Supplementary Figure 5A–E), markedly

decreased VEGF secretion in S100β-v-erbB/p53−/− cells (Figure 5a).
To determine if BFA and EHT-1864 would inhibit the increase in
self-renewal of S100β-v-erbB/p53−/− cells observed during hypoxia
(Figures 1a and b), we examined TSCs treated with BFA and
EHT-1864 and found that treatment abrogated the hypoxia-
mediated increase in subsphere formation and colony formation
in soft agar (Figures 5b and c). Consistent with their function
inhibiting secretion, BFA and EHT-1864 had little effect on
subsphere formation and colony formation in soft agar when
S100β-v-erbB/p53−/− cultures were incubated in HCM (Figures 5d
and e).
As shown in Figure 5a, the level of VEGF detected in the media

of S100β-v-erbB/p53−/− cultures after incubation in hypoxic
conditions for 16 h is in the range of 400 pg/ml. However, the
addition of 400 pg/ml of VEGF to the media was not sufficient to
rescue the BFA and EHT-1864 induced inhibition of subsphere
formation or colony formation in soft-agar (Figures 5b and c). This
finding is consistent with our interpretation of the data shown in
Figure 4b; namely, VEGF alone, although required (Figures 4b–d),
is not sufficient to promote self-renewal and VEGF alone is not
sufficient to drive STAT3 phosphorylation (Figure 4b). The addition
of VEGF at 2 μg/ml, however, is capable of increasing STAT3
phosphorylation in BFA or EHT-1864 inhibited TSC1 cell cultures
(Supplementary Figure 5F). Taken together, these data provide
evidence that BFA and EHT-1864 disrupt secretion decreasing the
level of secreted VEGF, which is required (Figures 4b-d), though

Figure 4. VEGF secreted by S100β-v-erbB/p53−/− tumor spheres during hypoxia increases STAT3 phosphorylation and enhances glioma self-
renewal. (a) Luminex assay evaluation of VEGF secreted by TSC1 cells cultured under hypoxia (0 h, 8 h, 16 h). Data points are from a
representative experiment conducted in triplicate and are presented as the mean± s.d. (*Po0.01). (b) Western blot analysis of phospho-STAT3
and total STAT3 in TSC1 cells cultured in NCM, NCM with bovine serum albumin (BSA) (2 μg/ml), NCM supplemented with recombinant VEGF
protein (2 μg/ml), HCM, HCM supplemented with immunoglobulin G (IgG), or HCM depleted of VEGF (4h). (c) Effect of Ki8751 (1 μM) on TSC1
(left) and TSC2 (right) subsphere formation in HCM (7 days). Data points represent the percentage of plated cells that grew as spheres in three
independent experiments conducted in triplicate and are presented as the mean± s.d. (*Po0.05). (d) Effect of Ki8751 (1 μM) on TSC1 (left)
and TSC2 (right) colony formation in soft agar in HCM (7 days). Data points represent three independent experiments conducted in triplicate
and are presented as the mean± s.d. (*Po0.05).
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other secreted factors seem to also be required for the increased
self-renewal induced by hypoxia in S100gh other sec−/− cells
(Figures 5b and c).

BFA and EHT-1864 reduce VEGF secretion in vivo, slow tumor
growth, and increase the survival of mice harboring S100β-v-erbB/
p53−/− allografts
To test whether the inhibitory effects of BFA and EHT-1864 on the
self-renewal of glioma stem-like cells in vitro could be translated to
an in vivomodel, we treated mice bearing syngeneic S100β-v-erbB/
p53−/− tumor allografts with non-toxic doses of either BFA (60 mg/
kg), EHT-1864 (80 mg/kg), or 0.9% saline, the drug diluent65–67

(Supplementary Figures 6A and B).
Once tumors resulting from the injected cells were palpable

(approximately 50 mm3), mice were randomly separated into
groups (n= 7) and treated with one of the following: BFA twice a
day for a course of 7 days,65 EHT-1864 once a day for a course of
10 days,66 or 0.9% saline (n= 8) twice a day for 10 days
(Supplementary Figure 6A). Consistent with our observations
in vitro, BFA and EHT-1864 effectively eliminated detectable
plasma VEGF after 7 days of treatment (Figure 6a). These
treatments did not have a toxic effect on the animals as
determined by percent weight change from baseline
(Supplementary Figure 6B) and careful observation during these
treatment periods did not reveal evidence of pathology or altered
behavior. Importantly, we found that treatment with either BFA or

EHT-1864 significantly reduced tumor growth (Figures 6b–d).
Figure 6b shows tumors that had been removed from drug
treated animals which had been sacrificed at day 20 and control
animals sacrificed between days 12 and 20 for immunohisto-
chemical evaluation to assess STAT3 phosphorylation
(Supplementary Figure 7). Tumors from the control mice treated
with saline were clearly larger than tumors isolated from the mice
treated with either BFA or EHT-1864 at the end of this experiment
on day 20 of treatment (Figure 6b). Three of the five animals in the
saline treatment group shown in Figure 6b had to be sacrificed
before day 20 due to excessive tumor burden. Tumors from
animals treated with either BFA or EHT-1864 were smaller and
grew at a significantly slower rate than tumors treated with saline
(Figures 6b-d). Moreover, the mice treated with either BFA or
EHT-1864 demonstrated significantly higher survival rates than
mice treated with saline (Figure 6e). These findings are consistent
with our in vitro data indicating that BFA and EHT-1864 eliminate
hypoxia-mediated enhancement of self-renewal in glioma stem-
like cells (Figures 5a-c).

BFA and EHT-1864 disrupt the glioma stem-like cell hypoxia gene
expression signature associated with poor survival of glioblastoma
patients
In an initial effort to explore the clinical relevance of our current
findings, we developed a ‘stem-like cell hypoxia gene expression
signature’ comprised of genes whose expression differed most

Figure 5. Pharmacological inhibition of secretion inhibits the increased tumor cell self-renewal induced by hypoxia. (a) Luminex assay
evaluation of VEGF secreted by TSC1 cells cultured under hypoxia in the presence of BFA (0.1μM) or EHT-1864 (1 μM) (16h). Data points are
from a representative experiment conducted in triplicate and are presented as the mean± s.d. (*Po0.001). (b) Effect of BFA (0.1μM), EHT-1864
(1 μM), BFA (0.1 μM) supplemented with VEGF (400pg) or EHT-1864 (1 μM) supplemented with VEGF (400 pg) on TSC1 subsphere formation in
hypoxia (7 days). Data points represent the percentage of plated cells that grew as spheres in a representative experiment conducted in
triplicate and are presented as the mean± s.d. (*Po0.01). (c) Effect of BFA (0.1 μM), EHT-1864 (1 μM), BFA (0.1 μM) supplemented with VEGF
(400 pg), or EHT-1864 (1 μM) supplemented with VEGF (400pg) on TSC1 colony formation in soft agar during hypoxia (7 days). Data points are
from a representative experiment conducted in triplicate and are presented as the mean± s.d. (*Po0.01). (d) Effect of BFA (0.1 μM) or
EHT-1864 (1 μM) in the presence of HCM on TSC1 subsphere formation (7 days). Data points represent the percentage of plated cells that grew
as spheres in a representative experiment conducted in triplicate and are presented as the mean± s.d. (*Po0.01). (e) Effect of BFA (0.1 μM) or
EHT-1864 (1 μM) in the presence of HCM on TSC1 colony formation in soft agar (7 days). Data points are from a representative experiment
conducted in triplicate and are presented as the mean± s.d. (*Po0.01).
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extensively when these cells were incubated in hypoxia rather
than normoxia. To develop the signature, we compared RNA
expression profiles of S100β-v-erbB/p53−/− TSC1 cultures incubated
in hypoxia (n= 3) and S100β-v-erbB/p53−/− TSC1 cultures incubated
in normoxia (n= 3). We selected genes that had at least a 4-fold
change in expression and a t-test P-value of less than or equal to
0.005 (Supplementary Table 1). Unexpectedly, no downregulated
genes met these strict criteria. Genes whose expression met these
criteria were combined to prepare a ‘hypoxia signature’ that was
comprised of 19 genes found to be upregulated during hypoxia
(Figure 7a). Gene Ontology analysis of these genes in PantherDB68

revealed that the genes belonged to nine different protein classes
(Figure 7b) and potentially participate in six different pathways
including pathways well-known to be associated with hypoxia

such as the ‘Hypoxia response via HIF1a,’ ‘VEGF signaling’ and
‘Angiogenesis’ (Figure 7c).
We found that this signature was strongly associated with

survival in a cohort of 580 GBM patients from the Cancer Genome
Atlas (TCGA) database (Glioblastoma Multiforme TCGA,
Provisional).69 Using the Cox proportional hazards model, we
derived a ‘hypoxia signature score’ for each GBM patient within
this cohort based on the mRNA expression data of the genes from
our signature.70,71 Scores of o0 were categorized as ‘Low’ and
scores greater than 0 were categorized as ‘High.’We observed that
the population of GBM patients with high signature scores had
significantly decreased survival than those with low scores (Log
rank P-value = 0.0109) (Figure 7d).
Finally, to assess the ability of BFA or EHT-1864 to block the

downstream effects of hypoxia, we examined our hypoxia

Figure 6. BFA and EHT-1864 reduce VEGF secretion, slow tumor growth, and increase the survival of mice harboring S100β-v-erbB/p53−/−

allografts. (a) Plasma VEGF levels of mice growing glioma tumor allografts treated either with vehicle (n= 3), BFA (n= 4), or EHT-1864 (n= 4)
(7 days). Data points are presented as the mean± s.d. (*Po0.001) (b) Gross appearance of tumors extracted 12 to 20 days after treatment
initiation with vehicle (n= 5), BFA (n= 4), or EHT-1864 (n= 4). (c) Estimated tumor volumes of S100β-v-erbB/p53−/− allografts treated with vehicle
(n= 8) or BFA (n= 7). Dashed line indicates end of treatment. When comparing all vehicles against all BFA treated allografts, Po0.009. (d)
Tumor volume of TSC1 allografts treated with vehicle (n= 8) or EHT-1864 (n= 7). Dashed line indicates end of treatment. When comparing all
vehicles against all EHT-1864 treated allografts, Po0.0004. (e) Kaplan–Meier survival curve of mice that grew glioma tumor allografts and
were treated either with vehicle (n= 8), BFA (n= 7), or EHT-1864 (n= 7). Log-rank tests comparing the survival curves for vehicle control against
those of BFA and EHT-184 yield P-values of 0.0056 and 0.0017, respectively.
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signature in S100β-v-erbB/p53−/− TSC1 treated with either DMSO
(n= 3), BFA (n= 3), or EHT-1864 (n= 3) during hypoxia (Figure 7a
and Supplementary Tables 2 and 3). We found that glioma stem-
like cells treated with BFA or EHT-1864 had markedly decreased
expression levels of most genes from this signature (Figure 7a).
These findings suggest a potential role for the use of secretion
inhibitors like BFA and EHT-1864 in the treatment of GBM to inhibit
the downstream effects of hypoxia and improve patient survival.

DISCUSSION
An increasing body of studies describing the importance of factors
secreted by cancer stem cells has emerged in recent
years.12,18,72–74 These studies suggest that glioma stem-like cells
secrete soluble proteins into the tumor microenvironment
establishing autocrine/paracrine loops to promote their own
maintenance.12,18,72–74 For example, secretion of Gremlin1 by
glioma stem cells decreases bone morphogenetic protein (BMP)
signaling to inhibit BMP-mediated glioma stem cell differentiation
and loss of self-renewal capacity.18 Similarly, secretion of Sema3C
by glioma stem cells has been shown to promote stem cell self-
renewal through the activation of PlexinA2/PlexinD1 receptors.73

Recent studies have also demonstrated that cytokines, such as
interleukin (IL)-6, can establish autocrine loops to influence glioma
stem cell self-renewal.74 Soluble factors secreted by glioma stem
cells can also indirectly promote their growth and survival. For
example, glioma stem cell secreted factors promote activation of

myeloid differentiation primary response gene 88-Toll-Like
Receptor 4 (MyD88-TLR4).72 MyD88-TLR4 signaling promotes
microglial IL-6 secretion,72 which in turn can stimulate glioma
stem cell self-renewal.74 Thus, stem cell secretion can indirectly as
well as directly through paracrine/autocrine loops promote cancer
stem cell maintenance in HGGs.
Even though several studies of cancer stem cells have identified

the importance of environmental influences on stem cell
maintenance,13,15–17,75,76 the specific mechanisms regulating
stem-cell responses to those influences are still poorly understood.
In this study, we identified a pathway induced by tumor hypoxia, a
characteristic feature of the microenvironment found in HGG, that
promotes self-renewal by the secretion of VEGF and the resulting
activation of STAT3 (Figures 1–3). Using tumor stem-like cells
derived from the S100β-v-erbB/p53−/− mouse model of sponta-
neous HGG,35 we discovered that under hypoxic conditions the
expression of HIF-1α is greatly increased in HGGs. Increased HIF-1α
results in JAK-mediated activation of STAT3, which in turn
mediates enhanced glioma stem-like cell self-renewal (Figures 1
and 2, Supplementary Figure 3). Further, hypoxia-mediated VEGF
secretion is required for the activation of STAT3 and the increase
in self-renewal associated with hypoxia (Figures 4 and 5). While
prior studies describing the effects of VEGF secretion in response
to hypoxia have focused largely on their roles inducing
angiogenesis,77,78 we have identified VEGF as a key component
of a novel pathway regulating STAT3-mediated self-renewal of
HGGs during hypoxia (Figures 1–5) in a manner consistent to what

Figure 7. BFA and EHT disrupt a glioma stem-like cell hypoxia signature associated with poor survival. (a) Heat map representation of the
expression levels of the 19 genes conforming the glioma stem-like cell hypoxia signature in TSC1 cells treated with either DMSO, BFA (0.1 μM),
or EHT-1864 (1 μM) grown in hypoxia or normoxia (16 h) as indicated in the figure. (b) Pie charts describing the Gene Ontology protein classes
of the genes in a. (c) Pie charts describing the Gene Ontology pathways of the genes in a. (d) Kaplan–Meier survival curves comparing GBM
patients with high hypoxia signature scores (H) and GBM patients with low hypoxia signature scores (L). Log-rank test comparing these
survival curves has a P-value of 0.0109.
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has been previously described in other tumor types.14,79–81

Previous studies have identified VEGFR to be preferentially
expressed in CD133+ cells in comparison to CD133- cells in
human GBM tissue, and determined that VEGFR inhibition was
associated with decreased CD133+ survival.82 These investigators
also determined that GBM cells with higher levels of VEFGR show
increased tumor sphere formation capacity in patient-derived
GBM cells suggesting that autocrine/paracrine VEGF-VEGFR signal-
ing could play an important role in glioma stem cell biology.82 Our
finding that glioma-derived TSCs required VEGF secretion for the
increase in self-renewal observed during hypoxia is consistent with
this finding (Figures 4 and 5), and may have implications for
numerous tumor biologies including tumor initiation.
We have also identified two agents, Brefeldin A and EHT-1864,

that can significantly inhibit VEGF secretion, decrease stem cell
self-renewal, and inhibit tumor growth (Figures 5 and 6). This
inhibition resulted in the increased survival of mice grafted with
S100β-v-erbB/p53−/− glioma stem-like cells (Figure 6). Treatment of
HGG stem-like cells with these agents inhibited the expression of a
hypoxia signature that strongly associated with decreased survival
of HGG patients (Figure 7). In vivo, we observed the therapeutic
potential of BFA and EHT-1864 for the treatment of GBM. These
findings suggest a novel treatment strategy to inhibit hypoxia-
mediated self-renewal of glioma stem-like cells in HGG by
targeting the secretion of extracellular, autocrine/paracrine
mediators of self-renewal. Future studies in models utilizing
human HGG tissues to examine the role of secretion in stem-like
cell self-renewal will extend our understanding of glioma biology
and may lead to the use of agents that could modulate secretion
to improve clinical outcomes for glioma patients.

MATERIALS AND METHODS
Reagents
The following reagents were purchased from the companies indicated:
S3I-201 (Calbiochem, San Diego, CA, USA), Brefeldin A (BFA) (Selleckchem,
Houston, TX, USA), EHT-1864 (Selleckchem, Houston, TX, USA), Ki8751
(Selleckchem, Houston, TX, USA), Ruxolitinib (Selleckchem, Houston, TX,
USA), Interleukin-1 receptor-associated kinase (IRAK) inhibitor (Calbio-
chem), Interleukin-1a receptor antagonist (ProSpec, Rehovot, Israel),
Interleukin-1a mouse recombinant protein (ProSpec, Rehovot, Israel), and
VEGFA mouse recombinant protein (ProSpec, Rehovot, Israel). These
reagents were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
St Louis, MO, USA), distributed into small aliquots, and stored at − 20 ºC.
Drugs for in vivo experiments were dissolved immediately before use in
0.9% saline (Hospira, Lake Forest, IL, USA).

Cell culture
HGG tissue was obtained from CNS tumors arising in S100β-v-erbB/p53−/−

mice (3–6 months old) using sterile techniques. Throughout our
experiments we evaluated cells from TSCs. These cells invariably were a
mixture of tumor stem-like cells and cells that emerged from them during
culture. TSCs were established by re-suspending the dissociated tumor
cells from independent tumors in Dulbecco’s Modified Eagle’s Medium-F12
(DMEM/F-12; 50:50; Mediatech, Manassas, VA, USA) supplemented with
B27 (Invitrogen, Carlsbad, CA, USA), and 1% penicillin (10 000 units/ml)/
streptomycin (10 000 μg/ml) as previously described.83 Two of these
cultures, TSC1 and TSC2, were chosen for further experimentation. These
cells were derived and characterized in the Israel Laboratory. They have
been tested for mycoplasma contamination.
Hypoxic conditions were achieved using a hypoxia chamber (MIC-101;

Billups-Rothenberg, Del Mar, CA, USA) flushed with a mixture of 94% N2,
5% CO2, and 1% O2. To remove VEGF from tissue culture media, we
immunopreciptated VEGF from conditioned media utilizing an anti-VEGFA
antibody (R&D Systems, Minneapolis, MN, USA. Catalog #AF-493-NA) at a
concentration of 230 ng/ml and protein A/G beads (Pierce, Rockford, IL,
USA) following the manufacturer’s protocol. NCM and HCM were prepared
by incubating S100β-v-erbB/p53−/− TSCs in normoxic or hypoxic conditions,
respectively, for 16 h. No change in the viability of TSCs was observed
following 16 h of incubation in either normoxic or hypoxic conditions.

Following incubation, the conditioned media was clarified by centrifuga-
tion and filtration through a 0.40 μm filter.

Cell growth and viability
TSCs were seeded into six-well plates at 50,000 cells per ml and grown for
7 days. Cell counts and viability were determined in a Nexcelom Auto 2000
Cell Viability Counter (Nexcelom Bioscience, Lawrence, MA, USA) using a
Trypan Blue (Gibco, Gaithersburg, MD, USA) exclusion assay. Annexin V/PI
staining was performed using the Annexin V/PI Apoptosis Detection Kit II
(BD Biosciences, San Jose, CA, USA) following the manufacturer's protocol.
The FL1 and FL3 channels were used to detect Annexin V-FITC and PI,
respectively. To determine the drug response curves for BFA and EHT-1864,
cells were plated in a 96-well plate at a concentration of 5,000 cells per
well. They were allowed to grow overnight and then treated with several
concentrations of BFA and EHT-1864 for 7 days as indicated in
Supplementary Figure 5B and C. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium hydrobromide (MTT) was then added to each well at a final
concentration of 0.5mg/ml, and cells were incubated for four hours. The
absorbance of solubilized formazan was measured at an optical density of
570 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).84

Soft-agar colony formation assay
TSCs were incubated in Accutase as obtained from the manufacturer (EMD
Millipore, Billerica, MA, USA) for 5 min, dissociated into single cells, and
suspended in soft agar as previously described.85 Following incubation
under normoxic (21% oxygen) or hypoxic (1% oxygen) conditions for
7 days, colonies were fixed by adding ice-cold methanol to the agar plate
for 10 min. These cultured cells were then stained with 0.005% crystal
violet in phosphate-buffered saline, and colonies 4 0.2 mm in diameter
were counted. If a drug was used in these experiments, the soft agar
contained these drugs at the stated concentrations, and the cells were fed
with 300 μl/well (six-well plate) of fresh medium containing the drug every
3 days.

Subsphere formation assay at limiting dilution
Spheres were incubated with Accutase, dissociated into single cells, and
seeded into 96-well plates as previously described at either a limiting
dilution of one cell per well or as indicated in the text.86 Following
incubation under normoxic (21% oxygen) or hypoxic (1% oxygen)
conditions for 7 days, wells that contained at least one sphere of a
diameter of more than 0.05mm were scored as positive. The percentage
of sphere-forming cells was determined as the ratio of the total number of
wells containing at least one sphere of tumor cells to the total number
of wells into which cells were plated. If cells were transfected with plasmid
DNA, they were dissociated and seeded for this subsphere formation assay
24 h after transfection. If a drug was used in these experiments, cells were
fed with 50 μl/well (96-well plate) of fresh medium containing the drug
every 3 days.

Luciferase assay
Luciferase activity was measured using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA) and quantified using a LMax II
microplate luminometer (Molecular Devices, Sunnyvale, CA, USA) as per
the manufacturer’s protocol. TSCs were seeded at 300 000 cells per plate in
6 cm dishes and transfected with a STAT3-dependent Firefly luciferase
reporter and a Renilla luciferase reporter (phRL TK-luc) together with other
plasmids as indicated in the text. S3I-201 (Calbiochem) was added to cells
16 h before they were harvested for evaluation. Substrates for firefly
luciferase and Renilla luciferase were added to cell extracts immediately
following their preparation. STAT3-dependent luciferase activity was
normalized to Renilla luciferase values.

Plasmids and transfection
HuSHTM shRNA constructs (Origene Technologies, Rockville, MD, USA)
were used to reduce gene expression of mouse HIF-1α. MISSION shRNA
constructs (Sigma-Aldrich) were used to reduce the expression of JAK1 and
JAK2. shRNA sequences are provided in Supplementary Table 4. Control
cultures for these experiments were transfected with either the pRS-sh-
scrambled control vector (Origene Technologies, Rockville, MD, USA) or the
TRC1.5 (Sigma-Aldrich) control vector, respectively. The pRc/CMV-STAT3c
plasmid (plasmid 8722, Addgene, Cambridge, MA, USA)49 was used to
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express a constitutively active form of STAT3, STAT3C. pEGFP (Clontech,
Mountain View, CA, USA) was used in our studies as the control for STAT3C
transfection experiments. The m67 pTATA TK-luc plasmid (plasmid 8688,
Addgene, Cambridge, MA, USA)87 was used as the backbone for
constructing a luciferase reporter, pSTAT3 TK-luc, to measure the
transcriptional activity of STAT3. Four copies of the STAT-binding site
(TTCCCGTAA) were introduced into the AccI and BamHI sites of pTATA-TK-
Luc upstream of the minimal promoter. The Renilla luciferase reporter
phRL tk-luc (Promega, Madison, WI, USA) was used in the luciferase assay
as per the manufacturer’s protocol.

STAT3 DNA binding assay
DNA binding activity of STAT3 was examined using a STAT3 Filter Plate
Assay (Signosis, Sunnyvale, CA, USA) following the manufacturer’s
instructions. Nuclear or cytoplasmic extracts were prepared as previously
described.88 Protein extracts (5μg) were mixed with biotin-labeled STAT3
DNA binding oligonucleotides and incubated at 16 °C for 30 min to allow
the formation of STAT3-DNA complexes. Following incubation, DNA-
protein complexes were bound to the Signosis filter plate, while unbound
DNA probes were removed. The DNA bound to STAT3 on the hybridization
plate was then incubated with a streptavidin-HRP conjugate. STAT3
binding was determined using a luminol-based chemiluminescence
reagent, West Pico Super Signal (Pierce, Rockford, IL, USA), per the
manufacturer’s instructions.

Multiplex luminex cytokine assay
Multiplex Luminex analyses of mouse plasma and tissue culture media
supernatants were carried out by the Norris Cotton Cancer Center Immune
Monitoring and Flow Cytometry Shared Resource.89

Mouse tumor allografts
To establish tumor allografts, we injected TSC1 (5.0 × 105 cells) subcuta-
neously into the flank of female, 4 to 6-week-old FVB-NJ mice. Tumor size
was measured in three dimensions every other day with calipers once the
tumors became palpable, and the tumor volume was calculated assuming
the shape was ellipsoid. This study was powered at 80% to see a volume
difference of 400 mm3 between treatment groups with a statistical
significance of P=0.05. Mice were allocated to treatment groups using a
random number generator. Brefeldin A (60 mg/kg) and EHT-1864 (80 mg/
kg) were administered to mice intraperitoneally either twice a day for 7
days65 or once a day for 10 days,66 respectively. Mice were sacrificed when
tumors reached 2000 mm3 in accordance with the principles and
procedures proscribed by the Dartmouth Institutional Animal Care and
Use Committee (IACUC). The date of sacrifice defined the duration of
survival in our studies. The groups were not blinded from the investigator
during monitoring. Blood was collected from the retro-orbital plexus and
mixed with heparin (Sagent Pharmaceuticals, Schaumburg, IL, USA) one
week after the initiation of treatment, and plasma was collected by
centrifugation, 15 min at 1500 g, 4 °C.

Real-time PCR
RNA was isolated using the RNeasy Kit (Qiagen, Germantown, MD, USA)
and reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA). To examine mRNA levels, we utilized the iQ SYBR Green
Supermix (Bio-Rad) and MyIQ Real-Time PCR system (Bio-Rad). Expression
data were expressed relative to untreated cells or to DMSO-treated cells
and normalized to 18S Ct values. PCR primer sequences are provided in
Supplementary Table 5.

Western blotting
Cellular extracts from cells lysed in RIPA buffer were size fractionated in 6%
SDS-PAGE gels and subsequently transferred to PVDF (EMD Millipore,
Billerica, MA, USA) or nitrocellulose (GE Healthcare Bio-sciences, Pittsburgh,
PA, USA). Antibodies reactive against total STAT3 (Cell Signaling, Danvers,
MA, USA. Catalog # 12640), phospho-STAT3 (Cell Signaling, Danvers, MA,
USA. Catalog # 9145), and HIF-1α (Novus Biologicals, Littleton, CO, USA.
Catalog #NB100-449) were diluted 1:1000 in Tris-Buffered Saline, 0.1%
Tween 20 (TBST) containing 5% bovine serum albumin (BSA) for overnight
immunoblotting. A horseradish peroxidase (HRP)-conjugated anti-actin
antibody (Sigma-Aldrich) was used at 1:50,000 dilution in TBST containing
5% BSA to detect β-actin, a loading control.

Immunohistochemistry
Tumor tissues were fixed in 4% paraformaldehyde in phosphate-buffered
saline and then embedded in paraffin. Immunohistochemical reactions
were performed in the Norris Cotton Cancer Center Research Pathology
Shared Resource (Lebanon, NH, USA) using standard techniques.

Microarray analysis
Mouse RNA samples were labeled using the Affymetrix WTPLus kit
according to manufacturer’s guidelines, and probed using the Clariom S
Mouse Array. Raw data generated from Clariom S Mouse Arrays were
processed using Affymetrix Expression Console Software. CEL files contain-
ing feature intensity values were converted into summarized expression
values using by Robust Multi-array Average (RMA) which consists of
background adjustment, quantile normalization and summarization across
all chips. All samples passed QC thresholds for hybridization, labeling and
the expression of housekeeping gene controls. The complete normalized
data set is available on GEO under Series accession number GSE103022.

Bioinformatics and statistical analysis
To generate a hypoxia signature score for each of the 580 GBM patients
from the TCGA database (Glioblastoma Multiforme TCGA, Cell 2013),69 we
utilized the Cox proportional hazards model as previously described.70,71

Scores of less than 0 were categorized as ‘Low’ and scores greater than 0
were categorized as ‘High.’ The code used to generate this is available at
GitHub (https://github.com/lharr/gbm_surv_sig). All data are representa-
tive of multiple independent experiments as indicated in the figure
legends, and they are presented as the mean± s.d. We used the two-tailed,
two-sample student’s T-test to evaluate the differences between two
groups accounting for variance, and Log-rank (Mantel–Cox) to perform
significance analysis of two survival curves. Po0.05 was considered
statistically significant. The data met the assumptions of the tests. To
compare the effect of BFA, EHT-1864 and vehicle control on tumor size in
our animal study, we used a mixed-effects model and multiple chained
imputation using Bayesian regression as previously described.90–93 No
samples or animals were excluded from the analysis. Heat maps and
statistical analyses were performed with GraphPad Prism (GraphPad
Software Inc, La Jolla, CA, USA) and R. Gene Ontology analysis was
performed using the Protein Analysis Through Evolutionary Relationships
(PANTHER) database.68
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