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Glioblastomas are the most prevalent and lethal primary brain tumor and are comprised of hierarchies with self-
renewing cancer stem cells (CSCs) at the apex. Like neural stem cells (NSCs), CSCs reside in functional niches
that provide essential cues to maintain the cellular hierarchy. Bone morphogenetic proteins (BMPs) instruct NSCs
to adopt an astrocyte fate and are proposed as anti-CSC therapies to induce differentiation, but, paradoxically,
tumors express high levels of BMPs. Here we demonstrate that the BMP antagonist Gremlin1 is specifically
expressed by CSCs as protection from endogenous BMPs. Gremlin1 colocalizes with CSCs in vitro and in vivo.
Furthermore, Gremlin1 blocks prodifferentiation effects of BMPs, and overexpression of Gremlin1 in non-CSCs
decreases their endogenous BMP signaling to promote stem-like features. Consequently, Gremlin1-overexpressing
cells display increased growth and tumor formation abilities. Targeting Gremlin1 in CSCs results in impaired
growth and self-renewal. Transcriptional profiling demonstrated that Gremlin1 effects were associated with
inhibition of p21WAF1/CIP1, a key CSC signaling node. This study establishes CSC-derived Gremlin1 as a driving
force in maintaining glioblastoma tumor proliferation and glioblastoma hierarchies through the modulation of
endogenous prodifferentiation signals.
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Stem cell proliferation is tightly constrained by niches
that provide maintenance cues and prevent uncontrolled
growth. Upon exiting its niche, a stem cell undergoes loss
of self-renewal and lineage specification, thereby linking
the microenvironment with the normal cellular hierarchy.
Many cancers display similar hierarchies, with stem-like
neoplastic cells or cancer stem cells (CSCs) that maintain
tumors and give rise to differentiated progeny (Reya et al.
2001). Like their nontransformed relatives, CSCs reside in
defined niches but are capable of actively modifying their
microenvironment (Bao et al. 2006b; Cheng et al. 2013).

Glioblastoma, World Health Organization grade IV
astrocytoma, is a deadly primary brain tumor typically
presenting in patients over the age of 40. The prognosis
for glioblastoma is dismal, as tumors inevitably recur

despite multimodal therapy, with a median overall sur-
vival of <11 mo in population-based studies and 15 mo for
patients treated in clinical trials (Weller et al. 2013).
Among solid cancers, glioblastomas have demonstrated
one of the most reliable models of cellular hierarchies,
with CSCs at the top of the hierarchy and more differen-
tiated progeny (nonstem glioma cells) below (Singh et al.
2004). CSCs share a number of properties with normal
neural stem cells (NSCs), such as the expression of stem
cell markers (Sox2, Olig2, and Nestin) and differentiation
potential, albeit often with aberrant patterns (Li et al.
2009). However, they are distinct from their normal
brethren, as they harbor genetic abnormalities and form
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tumors in vivo. Furthermore, they contribute to tumor
spread (Cheng et al. 2011a), angiogenesis (Bao et al.
2006b), immune evasion (Yi et al. 2011; Ye et al. 2012),
and therapeutic resistance (Bao et al. 2006a), providing
a rationale to target CSCs and their supporting niche for
therapeutic benefit.

CSCs are functionally defined by their capacity to self-
renew and propagate tumors that phenocopy the parental
tumor (Reya et al. 2001), while non-CSCs are unable to
propagate tumors in the same time frame. We and others
have shown that CSCs are resistant to current treatment
modalities of radiation and chemotherapy (Bao et al.
2006a; Liu et al. 2006; Chen et al. 2012b). Together, these
two properties of tumor formation ability and therapeutic
resistance suggest that CSCs might contribute to tumor
recurrence and, ultimately, the death of the patient.
Therefore, there have been multiple endeavors to uncover
therapies to selectively target the CSC population. A
number of potential therapeutic targets have arisen in
recent years that are expressed by CSCs. These include
TGFb (Ikushima et al. 2009; Penuelas et al. 2009; Anido
et al. 2010; Tchaicha et al. 2011; Eichhorn et al. 2012),
MELK (Gu et al. 2013; Joshi et al. 2013), iNOS (Eyler et al.
2011), Ephrins (Binda et al. 2012; Day et al. 2013),
transcription factors such as Ascl1 (Rheinbay et al.
2013) and Myc (Wang et al. 2008; Zheng et al. 2008),
and epigenetic modifiers such as MLL (Gallo et al. 2013),
among others. Differentiation therapy offers an alterna-
tive approach that has been used in hematopoietic
cancers with success (Ades et al. 2010). However, similar
approaches in brain tumors with retinoids and deacety-
lase inhibitors have had limited efficacy to date (Grauer
et al. 2011; Friday et al. 2012).

To improve on differentiation-based therapies, it is
notable that despite the growth advantages of CSCs in
vivo, tumors derived from CSCs rapidly recreate hierar-
chies, with CSCs often representing a minor fraction of
the neoplastic compartment. These observations are
challenging to reconcile with cell-autonomous evolution-
ary models of cancer growth, which suggest that clones
with selective growth advantages will dominate the
tumor bulk, but the competitive advantages of molecular
pathways are dependent on the host environment. Dif-
ferentiated cell populations are not strictly responsible
for tumor propagation, but these cells may serve as
components of the microenvironment to maintain the
CSCs, suggesting a potential drive toward continuous
creation of a hierarchy. In brain tumors, differentiated
tumor cells secrete cytokines such as interleukin-6 (Wang
et al. 2009) and extracellular matrix (laminins) (Lathia
et al. 2012) that stimulate CSC survival and tumor
growth. A similar relationship is found in the normal
colon, where Lgr5-positive crypt cells act as a highly
proliferative stem cell pool in direct proximity with
CD24+ Paneth cell progeny that provide ligands for stem
cell proliferation (Sato et al. 2011).

Collectively, these observations suggest that the differ-
entiated progeny of CSCs are not ‘‘waste’’ cells, as has
been hypothesized, but rather are an essential component
of tumors. Therefore, there are likely to be effectors that

maintain both CSC and non-CSC components of the
tumor hierarchy. Consequently, an inefficient differenti-
ation therapy will be ineffective against the tumor, as
these driving forces will oppose such therapies to re-
equilibrate the balance of CSCs and non-CSCs. Targeting
these driving forces that maintain tumor hierarchies will
offer nodes of fragility that should synergize with current
differentiation therapies for therapeutic benefit.

Bone morphogenetic proteins (BMPs)—particularly
BMP2, BMP4, and BMP7—have been proposed as potential
differentiation therapies against glioblastoma that drive
astrocytic specification of glioblastoma CSCs (Piccirillo
et al. 2006; Lee et al. 2008; Chirasani et al. 2010). BMPs
represent a group of ;20 structurally related cytokines
within the TGF-b superfamily of cysteine knot proteins
(Varga and Wrana 2005; Sieber et al. 2009; Rider and
Mulloy 2010). They exist as homodimers and hetero-
dimers and bind to heteromeric complexes composed of
type 1 and type 2 BMP receptors. Canonical BMP signaling
involves the phosphorylation of receptor-regulated Smad
proteins (R-Smads)—Smad1, Smad5 and Smad8—by the
type 1 BMP receptor. Phosphorylation of R-Smads causes
a conformational change that leads to their interaction
with Smad4 (co-Smad). The activated Smad complex then
translocates into the nucleus to activate transcriptional
targets. BMP signaling is modulated tightly in tissue- and
developmental stage-specific manners through several dif-
ferent mechanisms, including receptor expression and
affinity as well as the presence of extracellular or intracel-
lular antagonists (Sieber et al. 2009; Rider and Mulloy 2010;
Walsh et al. 2010).

In a number of reports, BMPs have been demonstrated
to drive astrocytic differentiation in CSCs, as measured
by the induction of the astrocyte marker GFAP (Piccirillo
et al. 2006; Lee et al. 2008; Chirasani et al. 2010; Gargiulo
et al. 2013). Consequently, BMP-treated CSCs have a de-
creased proliferation rate and tumor formation in a xe-
nograft mouse model (Piccirillo et al. 2006) as well as
a decreased invasive potential in rat glioma (Zhang et al.
2002). Recent work has shown that the tumor-repressive
role of BMPs can be modulated through the transcriptional
factor Atf3 (Gargiulo et al. 2013). BMPs also cause differ-
entiation in colon cancer and osteosarcoma (Lombardo
et al. 2011; Wang et al. 2011). However, a paradox arises,
as a number of groups have demonstrated elevated BMP
expression, particularly BMP2, within human gliomas
(Liu et al. 2009; Zhang et al. 2009). Furthermore, endog-
enous NSCs, which demonstrate tropism toward gliomas
(Aboody et al. 2000; Lesniak 2006), offer an additional
source of BMP7 (Chirasani et al. 2010). Thus, high levels of
BMP ligands are present in gliomas despite their apparent
negative impact on CSCs. It is hard to rationalize BMPs as
a part of the CSC microenvironment, as unchecked BMP
signaling throughout gliomas, as suggested by these data,
would theoretically cause rampant differentiation, effec-
tively collapsing the glioma hierarchy.

Here, we resolve this apparent contradiction by in-
vestigating the regulation of BMP signaling within hu-
man gliomas. Our data show that although BMP ligands
are secreted by both CSCs and nonstem glioma cells,
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BMP downstream signaling is more active in the nonstem
glioma cells. This apparent difference in downstream
signaling can be explained by the secretion of the BMP
antagonist Gremlin1 by the CSC population. Exogenous
Gremlin1 production in nonstem glioma cells promotes
CSC-like properties, and targeting Gremlin1 in CSCs
impairs their growth. Gremlin1-mediated increases in
CSC proliferation can be explained by Gremlin1-medi-
ated down-regulation of the cyclin-dependent kinase
(CDK) inhibitor (CKI) p21WAF1/CIP1. Through this mech-
anism, we establish Gremlin1 as a key player in pro-
moting CSC self-renewal and maintaining the glioma
hierarchy in the context of endogenous differentiation
signals. Regulation of the BMP–Gremlin1 axis appears to
be essential for the tumor hierarchy. Thus, inhibition of
Gremlin1 will synergize well with a BMP-based differen-
tiation therapy for glioblastoma treatment.

Results

BMP signaling is attenuated in CSCs compared
with nonstem glioma cells

BMPs have been reported to be highly expressed by
human gliomas (Liu et al. 2009; Zhang et al. 2009) despite
their causing astrocytic differentiation of CSCs and sub-
sequently decreasing their proliferation rates. These data
are corroborated by BMP expression in patient tumors
in the Repository for Molecular Brain Neoplasia Data
(REMBRANDT) data set (Supplemental Fig. S1). To re-
solve this apparent paradox, we first determined BMP
signaling in different tumor subpopulations.

We isolated functionally validated matched CSC and
nonstem glioma cell populations from primary patient
specimens and xenografts using the CSC marker CD133.
While CD133 has been controversial as a CSC marker
because it has not been universally informative across all
tumors and is not likely exclusively expressed by CSCs,
in most models tested, we found that acute use of CD133
from an in vivo environment can segregate CSCs and
non-CSCs. As validation, we interrogated models to be
used in this study for the utility of CD133. CD133-
positive populations represented <5% of the cells in our
specimens (Supplemental Fig. S2A). CD133-positive pop-
ulations expressed stem cell markers (Supplemental Fig.
S2B–E) and had an increased ability for self-renewal
(Supplemental Fig. S2F–K) and tumor formation in im-
munocompromised mice (Supplemental Fig. S2L,M), sup-
porting CD133 as informative of CSC phenotypes in
these models. As a measurement for endogenous BMP
pathway activation, we quantified levels of phosphory-
lated/activated Smad1, Smad5, and Smad8 proteins, the
direct downstream mediators of canonical BMP signaling,
within matched CSCs and non-CSCs. Smad phosphory-
lation and consequent BMP signaling were higher in all
nonstem glioma cells tested compared with matched
CSCs (Fig. 1A). This observation suggests that while
BMP signaling is present in gliomas as a whole, the
CSC subpopulation possesses a mechanism to inhibit
BMP signaling and prevent differentiation.

To investigate the mechanism by which CSCs selec-
tively limit BMP signaling, we first determined the re-
lative levels of pertinent BMP ligands and receptors in
CSC and non-CSC fractions. While all tumors expressed
BMP ligands, the relative expression levels of BMP2,
BMP4, and BMP7 in CSCs and non-CSCs varied between
specimens. Overall, there was no uniform trend in ligand
expression that would result in consistent differential
BMP signaling (Fig. 1B; Supplemental Fig. S3A–C). Sim-
ilarly, we did not detect consistent changes in BMPR1a or
BMPR1b receptor expression across tumor specimens to
explain the preferential BMP pathway activation (Fig. 1C;
Supplemental Fig. S3A,D). Therefore, variations in the
levels of BMP ligands or receptors cannot account for the
consistent observed differences in BMP pathway activation.

CSCs secrete elevated levels of the BMP antagonist
Gremlin1

In development and in cancer, the BMP pathway is
regulated in a stage- and cell-specific fashion by a number
of extracellular antagonists (Rider and Mulloy 2010;
Walsh et al. 2010). These antagonists share a common
cysteine knot protein motif with BMPs and inhibit the
ligands by direct binding and prevention of ligand–re-
ceptor interaction (Groppe et al. 2002). Antagonists in-
clude Gremlin1, Noggin, Chordin, Ventroptin, and Brorin
and play protumorigenic roles in a number of different
cancer types (Namkoong et al. 2006; Sneddon et al. 2006;
Hsu et al. 2008; Secondini et al. 2011; Gao et al. 2012;
Kim et al. 2012; Mulvihill et al. 2012). In examining the
mRNA expression of several BMP antagonists in CSC and
nonstem glioma cell populations, we found robust ex-
pression of Gremlin1 in the CSCs, with comparatively
modest or absent expression of other antagonists (Fig.
1D,E). Therefore, we further interrogated the role of
Gremlin1 and found a striking elevation of Gremlin1
expression in CSCs compared with nonstem glioma cells
in all samples tested (Fig. 1F). There were no consistent
differences in the comparative expression of Chordin
across tumor populations (Supplemental Fig. S3E). We
confirmed the differences in Gremlin1 protein secretion
via ELISA (Fig. 1G). This observation suggested Gremlin1
production as a mechanism by which CSCs protect
themselves from BMPs within the tumor.

To further confirm that Gremlin1 is secreted in a CSC-
specific manner, we evaluated Gremlin1 levels both in
vitro and in vivo via immunofluorescent staining of bulk
tumor neurospheres in cell culture and xenografted and
primary patient tumor specimens. We sought to examine
Gremlin1 in the context of both stem and differentiation
markers. Therefore, we costained with CSC markers
Sox2, Olig2, Nestin, and CD133; oligodendrocyte pre-
cursor markers NG2 and O4; endothelial marker CD31;
and differentiation markers GFAP, Map2, Tuj1, and PLP.
In three xenografted tumors, a primary patient specimen
(Fig. 2A,B), and cultured neurospheres (Supplemental
Fig. S4), Gremlin was expressed on cells that were also
positive for Sox2 and Olig2. Furthermore, in these same
xenografts, Gremlin1 costained with stem markers Nestin
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and CD133 as well as oligodendrocyte precursor markers
NG2 and O4 (Fig. 2C–F). These observations suggest CSC-
specific secretion of Gremlin1.

In addition, Gremlin1 staining did not colocalize with
endothelial cells but was found on cells surrounding CD31-
positive tumor vasculature (Supplemental Fig. S5A), a well-
characterized niche for CSCs (Calabrese et al. 2007). GFAP
and Gremlin1 also had a mutually exclusive staining
pattern, consistent with Gremlin1’s role in limiting BMP
signaling (Supplemental Fig. S5B). Gremlin1 displayed lim-
ited costaining with neuronal markers Map2 and Tuj1,

suggesting a BMP-independent mechanism for neuronal
differentiation (Supplemental Fig. S5C,D). Finally, the differ-
entiated oligodendroglial marker PLP did not stain our
xenograft specimens despite potent staining in normal brains
(data not shown), implying the lack of a mature oligoden-
drocyte lineage in our tumors (Supplemental Fig. S5E).

Gremlin1 antagonizes the functions of BMP in CSCs

To validate an intact BMP signaling pathway in CSCs
and that Gremlin1 could inhibit the effects of BMP

Figure 1. Glioma CSCs secrete Gremlin1 to inhibit BMP signaling. (A) Immunoblot of SMAD1/5/8 phosphorylation in matched CSC/
nonstem glioma cell populations. RT–PCR expression data of BMP2 (B) and BMPR1b (C) in matched CSC/nonstem glioma cell
populations. (D,E) RT–PCR expression data of a panel of BMP antagonists in CSC/nonstem glioma cell populations. (F) RT–PCR
expression data of Grem1 in CSC/nonstem glioma cell populations. (G) ELISA protein expression data of Gremlin1 in matched CSC/
nonstem glioma cell populations. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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ligands, we treated CSCs with exogenous recombinant
human BMP2 in conjunction with Gremlin1. By measuring
Smad1, Smad5, and Smad8 protein phosphorylation, we
found that BMP2 elicited canonical signaling in CSCs
and that Gremlin1 inhibited Smad activation (Fig. 3A).
Gremlin1 was able to maintain or increase the mRNA
expression of Olig2, a CSC marker, in the presence of
BMP (Supplemental Fig. S6A). Furthermore, Gremlin1
blocked BMP2-mediated increases in the astrocyte
marker GFAP (Supplemental Fig. S6A). A similar mainte-
nance of the stem cell state by Gremlin1 was confirmed
at the protein level by immunofluorescent staining.
BMPs decreased the protein expression of the stem cell
marker Sox2 with a corresponding increase in GFAP,
and Gremlin1 was able to block these effects (Supplemental
Fig. S6B).

By inducing differentiation in CSCs, BMPs cause a
functional decrease in CSC proliferation and tumor

growth (Piccirillo et al. 2006). We therefore investigated
the impact of Gremlin1 on these important CSC pheno-
types. Using a cell titer assay in which ATP is a surrogate
for cell proliferation, we determined that Gremlin1 was
able to attenuate BMP2-mediated growth inhibition (Fig.
3B–D). Upon addition of Gremlin1, CSCs continue to
proliferate even in the presence of BMP2. In addition,
in in vitro limiting dilution assays, we also found that
exogenous Gremlin1 blocked BMP2-mediated inhibition
of neurosphere formation (Fig. 3E–M).

Exogenous Gremlin1 expression promotes a stem cell
phenotype

We subsequently determined whether the addition of
Gremlin1 in the absence of exogenous BMPs would
promote a stem cell-like phenotype in our cells. As CSCs
express high levels of Gremlin1, we transduced non-CSCs

Figure 2. Gremlin1 colocalizes with stem cell markers in glioblastoma. Immunofluorescent staining for Gremlin1 in three patient-
derived xenografts and a primary human specimen with CSC markers Sox2 (A), Olig2 (B), Nestin (C), and CD133 (D) and oligodendrocyte
precursor markers NG2 (E) and O4 (F). White arrows indicate colocalization. Bar, 10 mm.
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Figure 3. Exogenous Gremlin1 can block BMP2-mediated growth inhibition and depletion of self-renewal. (A) Immunoblot of
phosphorylated and total Smad proteins following 30 min of BMP2 and/or Gremlin1 treatments. (B–D) Growth curves following BMP2
and/or Gremlin1 treatments. (E,H,K) Representative images of neurospheres in IN528, 3691, and 3565 CSCs following 10 d of BMP2
and/or Gremlin1 treatments. In vitro limiting dilution assays (F,I,L) and quantification (G,J,M) following 10 d of BMP2 and/or Gremlin1
treatments. (***) P < 0.001.



with lentiviruses expressing either Gremlin1 or a GFP
control under a CMV promoter. We validated Gremlin1
overexpression by immunoblot and RT–PCR (Fig. 4A,B).
As expected, Gremlin1 overexpression diminished en-
dogenous BMP signaling in these cells, measured by
phosphorylated Smad1/5/8 expression, indicating the
Gremlin1 was functional. Next, we examined differenti-
ation and stem cell marker expression by RT–PCR and
immunofluorescent staining (Fig. 4C–H). Consistent with
inhibition of endogenous BMP-mediated astrocyte dif-
ferentiation, Gremlin1-overexpressing cells exhibited
increased expression of stem markers Sox2 and Olig2
(Fig. 4C,D) and decreased expression of astrocyte markers
GFAP and S100B (Fig. 4E,F). In an examination of immu-
nofluorescent staining, Gremlin1 overexpression also
decreased GFAP and increased Sox2 expression (Fig.
4G,H). Gremlin1 overexpression did not alter the expres-
sion of neuronal (Map2 and Tuj1) or oligodendrocyte (GalC)
differentiation markers (Supplemental Fig. S7).

Consistent with a less differentiated phenotype, cells
transduced with Gremlin1 exhibited increased cell pro-
liferation. We quantified this increase using CellTiter-Glo
assays (Fig. 5A–C). We also noted that several tumors lost
contact inhibition and formed spheroidal colonies (data not
shown). When plated in an in vitro limiting dilution assay,
Gremlin1-overexpressing cells promote the formation of
tumor neurospheres (Fig. 5D–I). Finally, we implanted
equal numbers of GFP and Gremlin1-overexpressing cells
into immunocompromised mice. The addition of Gremlin1
was able to decrease tumor latency in a bulk tumor
population (Fig. 5J) and increase tumor initiation in a non-
stem glioma cell-enriched population (Fig. 5K).

Gremlin1 increases CSC maintenance

To establish a functional role of endogenous Gremlin1 in
CSCs, we knocked down the expression of Gremlin1 in
CSCs using lentiviral-based introduction of nonoverlap-
ping shRNAs: one in the Gremlin1 coding sequence
(shGrem1_485) and the other in the 39 untranslated
region (shGrem1_2456). We compared the effects of these
shRNAs with a control vector expressing a nontargeting
control shRNA sequence that is not expressed in the
human transcriptome (NT shRNA). Successful knock-
down of Gremlin1 was verified by immunoblot (Fig. 6A).
Knockdown of Gremlin1 in CSCs caused an increase in
GFAP expression (Supplemental Fig. S8A) and a decrease
in CD133 surface marker expression (Supplemental Fig.
S8B–D). In addition, knockdown of Gremlin1 caused
a decrease in cell proliferation quantified over time (Fig.
6B). Last, CSCs with Gremlin1 knockdown displayed
decreased sphere formation, a surrogate of self-renewal,
as measured by an in vitro limiting dilution assay (Fig.
6C,D; Supplemental Fig. S9). This effect was not due to
changes in cell apoptosis, as there was no significant
difference in Caspase activity (Supplemental Fig. S10).

We confirmed the impact of targeting Gremlin1 ex-
pression in tumor formation latency in an intracranial
xenograft model (Fig. 6E). Once the final mouse bearing
a tumor derived from control CSCs developed neuro-

logical signs (day 35), we sacrificed a mouse from one of
the shRNA conditions. H&E staining revealed that cells
transduced with the nontargeting shRNA formed highly
angiogenic tumors (Fig. 6F). In contrast, cells transduced
with shRNAs against Gremlin1 demonstrated no detect-
able tumor formation at day 35. Because of the lack
of tumor formation at day 35, we could not determine
whether the injected cells were expressing Gremlin1 at this
stage. However, when tumors finally formed in the mice in
the shRNA conditions, we found that the resulting tumors
were able to circumvent the Gremlin1 shRNA and re-
express Gremlin1 (Supplemental Fig. S11). Finally, to assess
whether Gremlin1 is relevant in the clinical realm, we used
publicly available survival and expression data from The
Cancer Genome Atlas (TCGA) to correlate Gremlin1
expression with patient survival. Patients were segregated
into Gremlin-high-expressing and Gremlin1-low-express-
ing groups based on whether Grem1 levels in each patient
were higher or lower than the mean Grem1 expression in
the data set. By this algorithm, 174 patients were segre-
gated into a Gremlin1-high group, and 352 patients were
segregated into a Gremlin1-low group. Plotting patient
survival by Grem1 expression, we determined that higher
levels of Gremlin1 expression are correlated with a worse
prognosis in patients (Supplemental Fig. S12).

Gremlin1 effects are associated with p21 inhibition

To determine potential effectors that mediate cell pro-
liferation effects downstream from Gremlin1, we per-
formed a whole-transcript microarray in two distinct
glioblastoma CSC models, comparing effects of the non-
targeting control sequence shRNA and two Gremlin1
shRNAs. Ingenuity analysis of gene expression changes
between each Gremlin1 shRNA and the corresponding
nontargeting shRNA revealed changes in genes consis-
tent with BMP up-regulation (Supplemental Fig. S13) as
well as a number of cell cycle-related genes (Fig. 7A).
Based on the phenotypic effects detailed above, we
suspected that the Gremlin1–BMP axis might be linked
to cell cycle progression in CSCs. We used Ingenuity’s
upstream analysis tool to determine top transcription
factors that might be responsible for the gene expression
changes in our data. Across both shRNAs in both tumor
specimens, the top transcription factor predicted by the
microarray to be affected by Gremlin1 was p21WAF1/CIP1

(Supplemental Table 1). Several p21-regulated genes were
modified in the array in a manner consistent with p21 up-
regulation by the Gremlin1 shRNAs (Fig. 7B).

Cells progress to the S phase of the cell cycle following
an accumulation of CDK activity at the end of the G1

phase. Cell cycle arrest is often mediated by CKIs that
inhibit G1-specific CDKs. TGFb family members, includ-
ing BMPs, modulate cell cycle progression through the
Cip/Kip family of CKIs, in which there are three members:
p21, p27, and p57 (Besson et al. 2008). While p21 is
thought to play an oncogenic role through inhibition of
apoptosis, its canonical role is as a tumor suppressor that
decreases proliferation (Abbas and Dutta 2009). In partic-
ular, BMPs have been shown to decrease cancer cell
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proliferation through modulation of p21 levels in a num-
ber of systems, including the colon (Beck et al. 2007),
breast (Chen et al. 2012a), prostate (Brubaker et al. 2004;
Miyazaki et al. 2004), and thyroid (Franzen and Heldin
2001). Therefore, we hypothesized that Gremlin1 is pro-
moting cell cycle progression in CSCs via p21 inhibition.

We confirmed that p21 is acting downstream from
Gremlin1 by blotting for its expression via immunoblot
following Gremlin1 overexpression and knockdown. In-
deed, Gremlin1 knockdown resulted in re-expression of
p21 in CSCs (Fig. 7C). Interestingly, there was little or no
change in p21 RNA expression (Fig. 7B). The oncogene

Figure 4. Gremlin1 expression blocks endogenous BMP2 signaling and differentiation. (A) Immunoblot of Gremlin1 and P-SMAD1/5/8
in GFP versus Gremlin1-overexpressing cells in four nonstem glioma cell-enriched models. (B–F) RT–PCR for Grem1 (B), Sox2 (C),
Olig2 (D), GFAP (E), and S100B (F) expression following Gremlin1 overexpression. (G) Staining for Sox2 and GFAP following Gremlin1
overexpression. (H) Quantification of staining in G. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. Bar, 10mm.
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c-myc, a reported downstream target of p21 (Vigneron
et al. 2006), was inhibited by Gremlin1 knockdown.
Meanwhile, levels of the related CKIs p27 and p57 were
unchanged by Gremlin1 knockdown (Fig. 7C). Further-
more, Gremlin1 overexpression decreases p21 expression
in nonstem glioma cell-enriched populations, with no
changes in p27 and p57 (Fig. 7D). Finally, cell cycle
analyses in CSCs showed that Gremlin1 shRNAs caused
a G1 cell cycle arrest consistent with p21 activation (Fig.
7E). Therefore, our data suggest that Gremlin1 is playing
a key role in suppressing p21 expression in CSCs.

Canonically, p21 is a downstream target of the tumor
suppressor p53. Therefore, we sought to determine whether
the effects of Gremlin1 on p21 are p53-dependent. As the
TP53 gene is frequently mutated in glioblastoma (The
Cancer Genome Atlas 2008), we performed p53 staining in
our tumor specimens along with parallel sequencing of the
TP53 gene. Positive p53 staining represents a mutation
resulting in increased protein stability of p53 (Yemelyanova
et al. 2011). In our hands, there was robust staining of p53
for one of our xenografts, IN528, and a point mutation
was discovered in this tumor through sequencing (Supple-

Figure 5. Gremlin1 expression promotes proliferation and tumor growth by nonstem glioma cells. (A–C) Growth curves following Gremlin1
overexpression in IN528, 3691, and 3565 nonstem glioma cells. (D–F) In vitro limiting dilution assay following 10 d of Gremlin1 overexpression
in IN528, 3691, and 3565 nonstem glioma cells. (G–I) Quantification of data in D–F. (J) Kaplan-Meier survival curve for immunocompromised
mice injected intracranially with GFP or Gremlin1-overexpressing bulk IN528 tumor cells. (K) Kaplan-Meier survival curve for immuno-
compromised mice injected intracranially with GFP or Gremlin1-overexpressing 3565 nonstem glioma cells. (*) P < 0.05; (**) P < 0.01.
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mental Fig. S14A,B). In contrast, tumor models 3691 and 3565
were p53 wild type. As Gremlin1 knockdown and over-
expression have similar effects in these tumors, it is likely
that Gremlin1’s effects on p21 are independent of p53 status.

Discussion

In glioblastoma as well as many other cancers, intratumoral
heterogeneity plays a large role in therapeutic resistance.

Resistant subpopulations of cells within tumors survive
traditional therapies and permit tumor regrowth. In
gliomas, an increasingly recognized model to explain
this heterogeneity is the existence of a cellular hierarchy
with CSCs at the peak (Reya et al. 2001). CSCs are
defined by their tumor propagation potential and are
often resistant to conventional therapies, suggesting that
they represent the resistant subpopulation responsible for

Figure 6. Gremlin1 knockdown inhibits CSC proliferation and tumor growth. (A) Immunoblot of Gremlin1 following infection with
a nontargeting control shRNA (NT) or shRNAs directed against Gremlin1 (485 and 2456) in two CSC models. (B) Growth curves
following Gremlin1 knockdown in IN528 and 3691 CSCs. (C) In vitro limiting dilution assay following 10 d of Gremlin1 knockdown in
IN528 CSCs. (D) Quantification of data in C. (E) Kaplan-Meier survival curves for immunocompromised mice injected intracranially
with a vector containing a nontargeting sequence control (NT) shRNA or Gremlin1 shRNA-infected 3691 CSCs. (F) H&E staining of
brains injected with 3691 CSCs expressing an NT shRNA or Gremlin1 shRNA-infected cells. (*) P < 0.05.
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tumor recurrence following treatment (Bao et al. 2006a;
Chen et al. 2012b). Many studies consider CSCs in iso-
lation, but an essential aspect of the claims of a CSC

identity requires that the original tumor contains a hierarchy
and that the non-CSCs are derived from the CSCs. While it
is clear that CSCs themselves contribute to tumor growth,

Figure 7. Gremlin1 promotes cell cycle progression in CSCs via p21. (A) Ingenuity pathway analysis of pathways up-regulated by Gremlin1
shRNA-derived gene expression data. (B) Heat map of gene expression changes following Gremlin1 shRNA knockdown in genes previously
characterized in the literature as up-regulated or down-regulated by p21; red is higher expression, and green is lower expression. (C) Western
blot of Gremlin1 knockdown in two CSC models for p21, p27, p57, c-Myc, and Gremlin1. (D) Western blot of Gremlin1 overexpression in
three CSC models for Gremlin1, p21, p27, and p57. (E) Cell cycle analysis following Gremlin1 shRNA knockdown in 3691 CSCs.
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there is increasing evidence that differentiated progeny
promote tumor growth by forming a supportive niche for
CSCs. For instance, non-CSCs support the tumor vascu-
lature (Cheng et al. 2013), secrete extracellular matrix
components (Lathia et al. 2012), and provide survival
signals back to enhance CSC maintenance (Wang et al.
2009). This suggests that within a given tumor, there is
a balance of differentiation and self-renewal to continu-
ously generate differentiated progeny while maintaining
the CSC population. Disrupting the balance between these
forces may represent a potential target for tumor therapy.

BMP signaling is instructive about the mechanisms for
maintenance of the tumor hierarchy. BMPs are key ligands
that cause differentiation in CSCs, with a corresponding
decrease in proliferation (Piccirillo et al. 2006). Despite this
apparent negative effect on CSCs, endogenous BMPs,
particularly BMP2, are secreted at high levels within bulk
tumors compared with normal brain tissue (Liu et al. 2009;
Zhang et al. 2009). While this seems paradoxical, these
observations suggest that BMPs might be drivers of differ-
entiation in the context of a balanced tumor hierarchy.
Therefore, our studies have focused on the potential of
a parallel driver of self-renewal to prevent the differentiation
that would be caused by high endogenous BMP signaling.

BMP antagonists are expressed as counterbalances to
modulate endogenous BMPs in both development and
cancer. For instance, controlled secretion of BMPs and
corresponding antagonists dictate embryonic patterning
during gastrulation (Kishigami and Mishina 2005) and
trigger termination of limb development (Verheyden and
Sun 2008). In basal cell carcinoma, Gremlin1 and Follistatin
are secreted by cancer-associated fibroblasts to inhibit BMP-
mediated decreases in cell proliferation (Sneddon et al.
2006). In melanoma, coordinated Noggin up-regulation
protects melanoma cells from BMP-mediated growth in-
hibition (Hsu et al. 2008). Furthermore, the BMP inhibitor
Coco is secreted to generate a permissive niche for lung
metastases of breast cancer cells (Gao et al. 2012). These
studies and others highlight the potential importance of
BMP antagonism in general tumor biology.

Here, we found that the BMP inhibitor Gremlin1 is
secreted in a CSC-specific manner to promote CSC main-
tenance, supporting the following model: First, BMPs are
secreted to induce CSC differentiation and generate differ-
entiated progeny important for tumor growth. Second,
Gremlin1 is secreted specifically by CSCs to shield CSCs
in a BMP-rich environment. Hence, by modulating the
levels of a driver of differentiation and a corresponding
antagonist, gliomas are able to balance the levels of CSCs
and differentiated progeny and thereby maintain the tumor
hierarchy.

We also found a differential expression of Noggin ex-
pression in CSCs compared with nonstem glioma cells.
However, Noggin expression levels were significantly
lower than Gremlin1, and shRNA knockdown of Noggin
did not alter CSC proliferation (data not shown). Further-
more, if Noggin and Gremlin1 played a similar role, we
would expect Gremlin1 knockdown to have less of an
effect due to compensatory Noggin secretion. Therefore,
while there might be some level of compensatory Noggin

secretion in CSCs, Gremlin1 still appears to be the
primary antagonist responsible for hierarchy mainte-
nance. Also, Gremlin1 treatments did not significantly
influence CSC biology in the absence of exogenous BMP
treatments. We suspect that the lack of an effect was
simply due to the fact that CSCs are already producing
substantial amounts of Gremlin1.

In this study, we also describe a link between Gremlin1
and the CKI p21. This is contrary to previous work in
which Gremlin1 promoted p21 transcription in medullo-
blastoma (Chen et al. 2002). However, here, Gremlin1
does not affect p21 mRNA levels and rather decreases p21
protein levels. In NSCs, which are a relatively quiescent
population, p21 promotes self-renewal through a number
of different mechanisms, including the feedback inhibi-
tion of BMP2 (Marques-Torrejon et al. 2013; Porlan et al.
2013). Unlike NSCs, CSC self-renewal is linked to p21
inhibition and cell cycle progression (Bao et al. 2008;
Wang et al. 2008). Furthermore, p21 has been established
as a downstream effector of BMPs in a number of cancers.
Therefore, Gremlin1 inhibition of p21 in CSCs provides
a key mechanism for Gremlin1’s promotion of CSC self-
renewal and prevention of differentiation.

Finally, in addition to uncovering the novel role of
Gremlin1 in maintaining hierarchies, this study is in-
formative for BMP-based glioblastoma therapies. BMP-
based therapies are designed to overwhelm tumors with
differentiation signals, thereby collapsing the hierarchy
and converting the entire tumor into a more differenti-
ated tumor mass. However, this study raises the possi-
bility that a patient’s CSCs might tune their levels of
secreted Gremlin1 in response to BMP-based targeted
therapies, simply compensating for the perturbation in
BMP levels by increased antagonist secretion. Further-
more, our overexpression studies suggest that Gremlin1
overexpression in non-CSCs antagonizes BMP signaling
in these populations as well and promotes a more stem-
like phenotype. This suggests that in the context of
a BMP-based therapy, compensatory Gremlin1 secretion
might revert partially differentiated populations back
into CSCs. This complication should be taken into
account as BMPs are considered as differentiation cancer
therapies. To bypass this complication, one alternative
would be to engineer a BMP variant that does not bind to
Gremlin1 (Tate et al. 2012). If the BMP variant is re-
fractory to Gremlin1 inhibition, it can be used to induce
differentiation in CSCs without the worry of compensa-
tory Gremlin1 secretion.

Another avenue for therapy would be to explore com-
bined therapies. As demonstrated by the use of antibodies
to target secreted vascular endothelial growth factor
(VEGF) (Khasraw et al. 2012), antibodies may be designed
to target Gremlin1 as well. Antibodies against Gremlin1
can then be packaged with BMP therapies, thereby
pushing differentiation in CSCs while at the same time
destroying their protective mechanisms to resist differ-
entiation. This would then enhance the effectiveness of
BMP-based therapies. Our study suggests that such
a combined therapy could be used to differentiate CSCs
for therapeutic benefit.
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Materials and methods

Isolation and tissue culture of glioma CSCs and matched
nonstem glioma cells

As described previously (Bao et al. 2006a,b; Cheng et al. 2011b;
Eyler et al. 2011), cell cultures enriched for or depleted of CSCs
were derived from primary patient brain tumor specimens or
specimens passaged for seven or fewer passages as xenografts in
immunocompromised mice. Tumor specimens were acutely
dissociated using a papain-based dissociation kit (Worthington
Biochemical) following the manufacturer’s protocol. Following
dissociation, cells were cultured for at least 6 h in Neurobasal
medium supplemented with B27 without vitamin A (Gibco),
L-glutamine, sodium pyruvate (Invitrogen), and 10 ng/mL each
epidermal growth factor (EGF; R&D Systems) and basic fibro-
blast growth factor (bFGF; R&D Systems) for surface antigen
recovery. After this brief incubation, CD133 antibody-conjugated
magnetic beads (Miltenyi Biotec) or allophycocyanin-coated
CD133 antibody (Millipore) were used to label the bulk tumor
population. After 1 h of antibody labeling on ice, magnetic
columns or flow cytometry were then used to segregate CD133+

and CD133� populations. Functional CSC assays were performed
immediately after CD133 sorting by differential expression of
stem cell markers, in vitro limiting dilution assays, and tumor
formation assays. Cultures enriched for CSCs had increased stem
cell marker expression and increased abilities for self-renewal and
tumor initiation (Supplemental Fig. S2).

All differential RNA and protein expression data were collected
from cell populations lysed immediately following magnetic or
flow cytometric sorting. For treatment and knockdown experi-
ments that necessitated extended cell culture, CSCs were cul-
tured in supplemented Neurobasal medium, and non-CSCs were
cultured in DMEM with 10% FBS briefly to maintain viability
after sorting. Media for both CSCs and non-CSCs were switched
to Neurobasal medium without EGF and FGF prior to performing
any treatment, knockdown, or overexpression experiments.

Lentiviral-mediated overexpression and knockdown

An HIV-based plasmid with the Gremlin1 cDNA sequence
driven by the CMV promoter (Genecopoiea) and a GFP control
were used for Gremlin1 overexpression experiments. An FIV-
based plasmid with shRNA clones (Genecopoiea) targeting
Gremlin1 (shGrem1_485 target sequence, 59-ACAGTCGCAC
CATCATCAA-39; shGrem1_2456 target sequence, 59-GCAACTC
GAGAAGCTGTTT-39) and a matched nontargeting control
shRNA sequence that is not expressed in the human tran-
scriptome (NT) were used for Gremlin1 knockdown experi-
ments. Plasmids were cotransfected with packaging vectors
psPAX2 and pCI-VSVG (Addgene) into 293FT cells using Lip-
ofectamine 2000 (Invitrogen) or a calcium phosphate transfec-
tion method to produce virus. Cells were infected at the time of
plating. Knockdown and overexpression were confirmed using
Western blot.

Immunofluorescent staining

Cultured cells or 10-mm-thick slices of human or xenografted
brain tissue were fixed in 4% formaldehyde and stained using the
following antibodies: rabbit anti-Gremlin1 (Santa Cruz Biotech-
nology), goat anti-Sox2 (Santa Cruz Biotechnology), goat anti-
Olig2 (R&D Systems), mouse anti-CD31 (DAKO), rat anti-CD31
(BD), mouse anti-Nestin (BD), mouse anti-CD133 (Miltenyi
Biotec), rat anti-GFAP (Invitrogen), mouse anti-NG2 (Millipore),
mouse ani-Map2 (Sigma), mouse anti-Tuj1 (Covance), mouse

anti-Sox2 (R&D Systems), and mouse anti-O4 and rat anti-PLP
(generous gifts from the laboratory of Dr. Paul Tesar, Case
Western University). Primary antibodies were incubated for
16 h at 4°C, followed by detection by the following secondary
antibodies: Alexa 488 goat anti-rabbit or Alexa 488 goat anti-rat
(Invitrogen), Alexa 568 goat anti-mouse, Alexa 568 goat anti-
rabbit or Alexa 568 donkey anti-goat (Invitrogen), and Alexa 633
goat anti-rat (Invitrogen). Nuclei were stained using DAPI, and
slides were mounted using Fluoromount (Calbiochem). Images
were taken using a Leica DM4000 upright microscope.

Microarray and microarray analysis

Microarray hybridization and processing were performed at the
Case Western Reserve University Genomics Sequencing Core
according to the manufacturer’s protocol using the GeneTitan
multichannel instrument (Affymetrix). Biotinylated cDNA frag-
ments were generated from 500 ng of total RNA, and 180 ng of
cDNA was hybridized onto the HuGene 2.1 PEG array (Affyme-
trix). The HuGene 2.1 array covers >30,000 coding transcripts
and 11,000 long intergenic noncoding transcripts.

Raw intensity values were normalized by robust multiarray
average (RMA) analysis as previously described (Irizarry et al.
2003) using the Bioconductor oligo R package (Carvalho and
Irizarry 2010). Using the raw gene expression values, fold
changes for each gene were calculated between each pair of
nontargeting and shRNA conditions. The fold changes were
analyzed using Ingenuity pathway analysis (IPA; Ingenuity
Systems) with the threshold of a more than twofold expression
difference. The array data have been deposited into Gene
Expression Omnibus (accession no. GSE52846).

In vitro limiting dilution assay

For the in vitro limiting dilution assay, CSCs were plated at one,
five, 10, 20, 40, and 80 cells per well into a 96-well plate via flow
cytometry. Ten days after plating, the number of neurospheres
found in each well was quantified by manual counting. Extreme
limiting dilution assay analyses (ELDAs) were performed on the
data as previously described (Hu and Smyth 2009).

In vivo tumor initiation assay

All animal procedures were performed in accordance with
Cleveland Clinic Institutional Animal Care and Use Commit-
tee-approved protocols. Animals were housed in a temperature-
controlled vivarium with a 14-h light, 10-h dark cycle at no more
than five animals per cage. Bulk tumor populations (10,000 cells
per mouse), nonstem glioma cell-enriched populations (50,000
cells per mouse), or CSCs (10,000 cells per mouse) were injected
intracranially into a NOD-SCID immunocompromised mouse
model. Mice were monitored over time for the development of
neurological signs, such as lethargy, seizures, and/or ataxia, upon
which their brains were removed. For immunofluorescent stain-
ing, anesthetized mice were perfused with PBS and 4% para-
formaldehyde (PFA) prior to removal of their brains. Their brains
were then fixed in 4% PFA for 24–48 h, sunk in 30% sucrose,
cryopreserved in OCT, and sectioned for staining. For H&E
staining, brains were removed without perfusion, fixed in 4%
PFA, paraffin-embedded, sectioned, and stained. Immunohisto-
chemistry staining for p53 was performed on paraffin-embedded
brains using mouse anti-p53 (Ventana).
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