
 10.1101/gad.1668708Access the most recent version at doi:
 2008 22: 2028-2033 Genes & Dev.

  
Woong-Yang Park, Do-Hyun Nam, Ronald A. DePinho, Lynda Chin and Hyunggee Kim 
Hye-Min Jeon, Xun Jin, Joong-Seob Lee, Se-Yeong Oh, Young-Woo Sohn, Hyo-Jung Park, Kyeung Min Joo,
  

 genesis through cyclin E and notch signaling
Inhibitor of differentiation 4 drives brain tumor-initiating cell
 
 

 data
Supplementary

 http://genesdev.cshlp.org/cgi/content/full/22/15/2028/DC1
 "Supplemental Research Data"

 References

  
 http://genesdev.cshlp.org/cgi/content/full/22/15/2028#References

This article cites 24 articles, 5 of which can be accessed free at: 

 service
Email alerting

 click heretop right corner of the article or 
Receive free email alerts when new articles cite this article - sign up in the box at the

 Notes   

 http://genesdev.cshlp.org/subscriptions/
 go to: Genes and DevelopmentTo subscribe to 

© 2008 Cold Spring Harbor Laboratory Press 

 Cold Spring Harbor Laboratory Press on August 16, 2008 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/cgi/doi/10.1101/gad.1668708
http://genesdev.cshlp.org/cgi/content/full/22/15/2028/DC1
http://genesdev.cshlp.org/cgi/content/full/22/15/2028#References
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;22/15/2028&return_type=article&return_url=http%3A%2F%2Fgenesdev.cshlp.org%2Fcgi%2Freprint%2F22%2F15%2F2028.pdf
http://genesdev.cshlp.org/subscriptions/
http://genesdev.cshlp.org
http://www.cshlpress.com


RESEARCH COMMUNICATION

Inhibitor of differentiation 4
drives brain tumor-initiating
cell genesis through cyclin E
and notch signaling
Hye-Min Jeon,1 Xun Jin,1 Joong-Seob Lee,1

Se-Yeong Oh,1 Young-Woo Sohn,1

Hyo-Jung Park,1 Kyeung Min Joo,2

Woong-Yang Park,3 Do-Hyun Nam,2

Ronald A. DePinho,4 Lynda Chin,4 and
Hyunggee Kim1,5

1School of Life Sciences and Biotechnology, Korea University,
Seoul 136-713, Republic of Korea; 2Department of
Neurosurgery, Sungkyunkwan University School of Medicine,
Seoul 135-710, Republic of Korea; 3Department of
Biochemistry and Molecular Biology, Seoul National
University School of Medicine, Seoul 110-799, Republic of
Korea; 4Department of Medical Oncology and Center for
Applied Cancer Science, Belfer Institute for Innovative Cancer
Science, Dana-Farber Cancer Institute, Harvard Medical
School, Boston, Massachusetts 02115, USA

Cellular origins and genetic factors governing the genesis
and maintenance of glioblastomas (GBM) are not well
understood. Here, we report a pathogenetic role of the
developmental regulator Id4 (inhibitor of differentiation
4) in GBM. In primary murine Ink4a/Arf−/− astrocytes,
and human glioma cells, we provide evidence that en-
forced Id4 can drive malignant transformation by stimu-
lating increased cyclin E to produce a hyperproliferative
profile and by increased Jagged1 expression with Notch1
activation to drive astrocytes into a neural stem-like cell
state. Thus, Id4 plays an integral role in the transforma-
tion of astrocytes via its combined actions on two-key
cell cycle and differentiation regulatory molecules.

Supplemental material is available at http://www.genesdev.org.
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The self-renewal, differentiative, and proliferative states
of tissue stem and progenitor cells are maintained by a
variety of well-defined cell fate determinant factors
(Keller 2005). Disregulation of such key developmental
regulators and acquisition and maintenance of an imma-
ture differentiation phenotype are common themes
across a broad spectrum of cancer types, including pri-
mary brain cancers (Garraway and Sellers 2006). Indeed,
a growing body of evidence supports the view that de-
velopmental regulators play direct roles in driving aspir-
ing cancer cells toward a malignant phenotype, one that

is endowed with stem-like cell properties including ro-
bust renewal potential (Beachy et al. 2004). This cellular
phenotype, embodied in the cancer stem cell paradigm
(Pardal et al. 2003), has been well documented in the
highly malignant brain cancer, primary glioblastoma
multiforme (GBM) (Galli et al. 2004; Singh et al. 2004).
The cellular origins and specific genetic elements in-
volved in the genesis and maintenance of these so-called
brain cancer stem cells (BCSCs) remain areas of inten-
sive investigation.

Results and Discussion

Id4 is overexpressed human GBM, and can drive
transformation of murine Ink4a/Arf−/− astrocytes

Given the biological significance of stem cell fate deter-
minants in the regulation of normal self-renewal and dif-
ferentiation, we hypothesized that the genetic or epige-
netic alterations in classical cell fate determinants might
cooperate with prototypical oncogenes and tumor sup-
pressor genes to both effect malignant transformation
and endow stem cell-like renewal activity in these tu-
mors (Leung et al. 2004; Ligon et al. 2007). We were
particularly focused on the expression and functional ac-
tivity of inhibitor of differentiation 4 (Id4) in GBM given
its prominent role in governing neural stem cell (NSC)
fate decisions (Yun et al. 2004).

Id4 mRNA levels were found to be increased in nine of
15 GBM samples as compared with human normal brain
tissue (Supplemental Fig. S1A) and abundant Id4 mRNA
and protein levels were detected in five of seven human
glioma cell lines (A172, LN229, LN18, U87MG, and
T98G) and an immortalized human NSC line (HB1.F3)
(Cho et al. 2002), but not in the normal human astro-
cytes (NHA) (Supplemental Fig. S1B). Tumor microarray
analysis showed 38 of 68 newly diagnosed human GBM
(WHO Grade IV) specimens with robust Id4 expression
with heterogenous staining patterns within the same tu-
mor sample (Supplemental Fig. S1C). This heterogeneity
and importance of Id family members in endothelial cell
biology (Lyden et al. 1999) prompted coimmunofluores-
cence studies to evaluate expression of Id4 and the en-
dothelial cell marker, CD31. The majority of Id4+ cells
were CD31− and, notably, these Id4+ cells were found to
reside near the vasculature—a location postulated as the
preferred residence of BCSCs (Calabrese et al. 2007). In
contrast, only a few Id4+ cells were CD31+, and most of
these positive cells were associated with macrovessels in
the human GBM specimens (Supplemental Fig. S2).

These expression findings raised the possibility that
Id4 overexpression might be relevant to the genesis and
maintenance of a large fraction of GBM cases, prompting
us to determine whether enforced Id4 expression could
drive malignant transformation of primary murine astro-
cytes derived from Ink4a/Arf−/−, p53−/−, or wild-type
mice. Ectopic Id4 expression in Ink4a/Arf−/−, but not
wild-type or p53−/−, astrocytes significantly accelerated
cell proliferation in cell culture (Supplemental Fig. S1D;
data not shown) and enabled tumor formation in vivo
(n = 6 mice) (Supplemental Fig. S1E). Thus, Id4 can func-
tion as a potent oncogene in astrocytes deficient for the
signature GBM tumor suppressor, Ink4a/Arf.

[Keywords: Id4; Ink4a/Arf−/− astrocyte; notch signaling; cyclin E; neural
stem-like cells; glioblastoma]
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Id4 drives conversion of Ink4a/Arf−/− astrocytes
into neural stem-like cells

Embryonic expression patterns of Id4 differ significantly
from the other three Id family members (Id1, Id2, and
Id3) in that Id4 expression is primarily restricted to the
developing central nervous system (Jen et al. 1996). Dis-
ruption of the Id4 gene in mice results in neural tube
proliferation defects, premature neuroblast differentia-
tion, and overall reduction in brain size with drastic dis-
ruption in brain architecture (Bedford et al. 2005; Yun et
al. 2004). Accordingly, we observed that Id4 mRNA lev-
els are high in the developing cerebral cortex, remaining
relatively constant from embryonic day 13.5 (E13.5) to
E19.5, and then declining markedly in postnatal life
(Supplemental Fig. S3A). This Id4 expression profile is
consistent with its role as a critical regulator of NSC/
progenitor cell biology and cerebral cortex development.

The defining properties of BCSCs include cancer-ini-
tiating ability upon implantation, extensive self-renewal

potential, sequential neurosphere formation capacity,
impaired multilineage differentiation potential, and ca-
pacity to generate nontumorigenic progeny (Vescovi et
al. 2006). To assess the potential of Id4 to commandeer
the mature differentiation state of astrocytes, we audited
astrocyte (GFAP and S100�) and NSC (Nestin, Cd133,
and Sox2) markers following transduction of Ink4a/
Arf−/− astrocytes with vectors encoding Id4-EGFP or
EGFP only (designated hereafter as Id4-transduced or
vector-transduced cells). As shown in Figure 1A and
Supplemental Figure S3, B and C, the expression levels of
GFAP and S100� declined markedly, while all NSC
markers increased dramatically in Id4-transduced Ink4a/
Arf−/−astrocytes relative to vector-transduced control
cells. Furthermore, upon placement of low numbers of
Id4- or vertor-transduced Ink4a/Arf−/− astrocytes (one
cell per square millimeter at the 24-well culture plates)
into NSC culture media, the former showed increased
capacity to produce neurosphere-like aggregates (Fig. 1B).
Specifically, 43 neurospheres were generated in 38 of 96
single-cell-seeded wells in the Id4-transduced Ink4a/
Arf−/− astrocytes compared with seven neurospheres in
96 single-cell-seeded wells for the control cells (data not
shown). Id4-transduced neurospheres possessed Nestin+

and Cd133+ cells (Fig. 1C) and exhibited self-renewal ac-
tivity as single dissociated cells, i.e., these cells could be
serially passaged under the NSC culture conditions (Fig.
1D). Thus, Id4 appears capable of driving Ink4a/Arf−/− as-
trocytes toward a dedifferentiated phenotype with charac-
teristic NSC/progenitor markers and renewal activity.

Figure 1. Conversion of Ink4a/Arf−/− astrocytes to neural stem-like
cells by Id4. (A) Up-regulation of neural stem cell markers in the
Id4-transduced Ink4a/Arf−/− astrocytes. Immunofluorescence im-
ages (400×) of GFAP (astrocyte marker), Nestin, Cd133, and Sox2
(neural stem and progenitor cell markers) in the vector-transduced
Ink4a/Arf−/− astrocytes and Id4-transduced Ink4a/Arf−/− astrocytes
grown in DMEM + 10% FBS culture conditions. (B) Neurosphere
formation of Id4-transduced Ink4a/Arf−/− astrocytes grown in neural
stem cell culture conditions (DMEM/F12 + EGF [20 ng/mL] + bFGF
[20 ng/mL]). (Left panel) Representative photos showing vector-
transduced Ink4a/Arf−/− astrocytes and Id4-transduced Ink4a/Arf−/−

astrocytes grown in the neural stem cell culture for 7 d. (Right panel)
Number of neurospheres (10–20 µm and >20 µm) of vector-trans-
duced Ink4a/Arf−/− astrocytes and Id4-transduced Ink4a/Arf−/− astro-
cytes (4000 cells per 24-well plate or one cell per square millimeter)
grown in neural stem cell culture for 10 d. (*) P < 0.01. (C) Repre-
sentative immunofluorescence images (100×) showing Nestin and
Cd133 in the cryomicrodissected neurospheres (10 µm) derived from
Id4-transduced Ink4a/Arf−/− astrocytes. (D) Neurosphere formation
during three serial passages of Id4-transduced Ink4a/Arf−/− astro-
cytes (4000 cells per 24-well plate) grown in neural stem cell culture
for 10 d. (*) P < 0.01.

Figure 2. Gliomagenesis and in vivo differentiation of in the Id4
overexpressing Ink4a/Arf−/− astrocytes after intracerebral implanta-
tion. (A) No tumors (40× magnification from Supplemental Fig. S4A,
left photo) observed in a nude mouse injected with Ink4a/Arf−/−

astrocytes-Con-EGFP. Ink4a/Arf−/− astrocytes-Id4-EGFP-derived gli-
omas (40× magnification from Supplemental Fig. S4A, right photo)
showing a high cellularity, focal necrosis, and diffusive invasion. (B)
Immunofluorescence images (100×) showing Nestin+ cells (red) or
Tuj1+ neuronal cells (green) or merge; Nestin+ cells (red) or NG2+

oligodendrocyte cells (green) or merge; Nestin+ cells (red) or CD31+

endothelial cells (green) or merge in brain tissues derived from or-
thotopically injected Ink4a/Arf−/− astrocytes-Id4-EGFP (brain tumor
sections). Nuclei were stained with DAPI (blue).
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Tumor-initiating frequency and histological
characteristics of gliomas derived from Id4-transduced
Ink4a/Arf−/− astrocytes

Next, we assessed the tumorigenic potential of limiting
cell numbers following intracerebral injection and sub-
sequent detailed clinical and histological assessment of
injected brains. While no brain tumors formed with in-
jection of 50,000 vector-transduced Ink4a/Arf−/− astro-
cytes, the same number of Id4-transduced Ink4a/Arf−/−

astrocytes formed high-grade gliomas within 3–4 wk
(n = 5 mice) (Supplemental Fig. S4A). Furthermore, three
of three mice injected of 1000 Id4-transduced Ink4a/
Arf−/− astrocytes developed tumors within 5–6 wk (data
not shown), consistent with robust “tumor-initiating”
potential as defined previously (Singh et al. 2004). Upon
histological examination, the tumors derived from Id4-
transduced Ink4a/Arf−/− cells possessed hallmark fea-
tures of GBM including high cellularity, focal necrosis,
and diffuse invasion (Fig. 2A). Thus, Id4 cooperates with
Ink4a/Arf deficiency to enable primary astrocytes to at-
tain a classical GBM phenotype.

Given the role of Id4 in neuronal differentiation, we
assessed the differentiation profiles of cells or derivative
tumors from orthotopically injected Id4- and vector-
transduced Ink4a/Arf−/− astrocytes
which also express EGFP. The Id4-trans-
duced Ink4a/Arf−/− astrocyte-derived tu-
mors showed many EGFP+ cells which
stained positive for Nestin (NSC/pro-
genitor), Tuj1 (neuronal), or NG2 (oligo-
dendrocyte) markers and negative for the
CD31 (endothelial cell) marker (Fig. 2B
for tumors derived from injection of Id4-
transduced Ink4a/Arf−/− astrocytes;
Supplemental Figs. S4B for EGFP, S5A
for brain injected with vector-transduced
Ink4a/Arf−/− astrocytes). None of the
CD31+ cells expressed EGFP, whereas all
Nestin+, Tuj1+, or NG2+ tumor cells
were EGFP+ (data not shown), indicating
that these cells are derived from the in-
jected Id4-transduced Ink4a/Arf−/− astro-
cytes. The same marker profiles were ob-
served in tumor cells derived from sub-
cutaneous injection of Id4-transduced
Ink4a/Arf−/− astrocytes (Cd133+, Nes-
tin+, or Tuj1+ cells) (Supplemental Fig.
S5B). Notably, most Tuj1+ cells did not
express Cd133 or Nestin, and were
closely associated with Cd133+ or Nes-
tin+ cells. In contrast to the Id4-trans-
duced cells, the vector-transduced con-
trol cells failed to produce tumors and
coimmunofluorescence using Tuj1/
EGFP, NG2/EGFP, and GFAP/EGFP an-
tibodies did not show consistent colocal-
ization patterns for the residual EGFP+

cells (data not shown). Thus, tumor cells
derived from Id4-transduced Ink4a/
Arf−/− astrocytes express an array of
lineage markers consistent with astro-
cyte dedifferentation to an immature
NSC/progenitor state with multi-
lineage potential and developmental
plasticity.

Cyclin E contributes to elevated growth rate
and tumorigenicity of Id4-transduced Ink4a/Arf−/−

astrocytes

The exuberant growth rates associated with Id4 trans-
duction prompted analysis of cell cycle-positive and
-negative regulatory factors, resulting in documentation
of increased nuclear cyclin E and hyperphosphorylated
Rb in Id4-transduced Ink4a/Arf−/− astrocytes relative to
controls (Fig. 3A–C). Next, gain- and loss-of-function
studies revealed that cyclin E transduction increased
proliferation in vector-transduced Ink4a/Arf−/− astro-
cytes (Fig. 3D) to rates comparable with those of Id4-
transduced Ink4a/Arf−/− astrocytes (Supplemental Fig.
S1D). Reciprocally, shRNA-mediated depletion of cyclin
E caused markedly decreased proliferation of Id4-trans-
duced Ink4a/Arf−/− astrocytes (Fig. 3E). These findings
are in line with a prolonged G1/S profile in the Id4 defi-
cient embryonic dorsal telencephalon (Yun et al. 2004).
In tumor studies, cyclin E overexpression in Ink4a/Arf−/−

astrocytes resulted in tumor formation, although these
tumors were smaller in size than those generated from
Id4-transduced Ink4a/Arf−/− astrocytes (Fig. 3F). Con-
versely, shRNA-mediated depletion of cyclin E in Id4-
transduced Ink4a/Arf−/− astrocytes resulted in signifi-

Figure 3. Overexpression of cyclin E in the Id4 overexpressing Ink4a/Arf−/− astrocytes is
responsible for elevated growth rate and tumorigenicity. (A) Expression of a variety of cell
cycle regulators in the vector-transduced Ink4a/Arf−/− astrocytes and Id4-transduced Ink4a/
Arf−/− astrocytes was determined by Western blot analysis. (B) Expression of cyclin E
protein in the vector-transduced Ink4a/Arf−/− astrocytes and Id4-transduced Ink4a/Arf−/−

astrocytes was determined by immunofluorescence. (C) Cyclin E mRNA levels in the
vector-transduced Ink4a/Arf−/− astrocytes and Id4-transduced Ink4a/Arf−/− astrocytes were
determined by real-time RT–PCR. (*) P < 0.05. (D) In vitro growth rate of vector-transduced
Ink4a/Arf−/− astrocytes and cyclin E-transduced Ink4a/Arf−/− astrocytes. (Inset) Expression
levels of cyclin E in these cells were determined by Western blot analysis. (*) P < 0.01. (E)
In vitro growth inhibition of Id4-transduced Ink4a/Arf−/− astrocytes that were subjected to
down-regulation of cyclin E through cyclin E-specific shRNA (cyclin E RNAi). Expression
levels of cyclin E in these cells were determined by semiquantitative RT–PCR (inset) and
immunofluorescence (right panel). (*) P < 0.01. (F) Decreased in vivo tumor growth via
down-regulation of cyclin E in the Id4-transduced Ink4a/Arf−/− astrocytes. Tumor weight
(left panel) and representative photos (right panel) showing nude mice injected subcutane-
ously with Ink4a/Arf−/− astrocytes-Con, Ink4a/Arf−/− astrocytes-Id4, Ink4a/Arf−/− astro-
cytes-cyclin E, and Ink4a/Arf−/− astrocytes-Id4 + cyclin E-shRNA (n = 6). (*) P < 0.01; (**)
P < 0.01.
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cant inhibition of tumor growth with an associated de-
crease in tumor cell proliferation as judged by PCNA
staining (Fig. 3F; Supplemental Fig. S6A). Finally, a link
between Id4 and cyclin E was further supported by colo-
calized expression in human GBM specimens (Supple-
mental Fig. S6B). Our cyclin E findings gain added sig-
nificance in light of previous studies establishing a posi-
tive correlation between increased cyclin E levels and
poor prognosis in brain tumors (Tamiya et al. 2001).
Thus, oncogenic activity of Id4 appears to be executed in
part through cyclin E-driven cell proliferation.

Id4 overexpression activates Notch signaling

Notch activation has been shown to be integral to stem
cell renewal (Chiba 2006), the control of neuronal cell
fate (Louvi and Artavanis-Tsakonas 2006), and the ma-
lignant transformation of many cancers particularly
lymphoid cells (Grabher et al. 2006; Hansson et al. 2004).
The dedifferentiation profile and NSC-like phenotype of
Id4-transduced cells prompted us to examine compo-
nents of the Notch signaling pathway (Artavanis-Tsako-
nas et al. 1999). Relative to vector-transduced controls,
Jagged1, Presenilin-1, Hes1, Hey1, and Hey3 levels were
significantly increased in Id4-transduced Ink4a/Arf−/− as-
trocytes, whereas Delta-like 1 and Hes6 expression lev-
els were comparable (Fig. 4A). While Notch1 levels were
unchanged, Id4 overexpressing cells showed markedly
increased levels of activated Notch1 (NIC; Notch intra-
cellular domain) (Fig. 4B; Supplemental Fig. S7A), as well
as increased Notch/CSL luciferase reporter activity (Fig.
4C). The high levels of the Notch1 ligand, Jagged1,

prompted analysis of Notch1 downstream signaling fol-
lowing shRNA-mediated depletion of Jagged1 in Id4-
transduced Ink4a/Arf−/− astrocytes. Jagged1 knockdown
resulted in decreased expression of NIC and its down-
stream targets, Hey1 and Hes1 (Fig. 4B). The relevance of
Jagged1–Notch signaling in GBM pathogenesis is further
supported by colocalization of Id4 and Notch1 in human
GBM specimens (Supplemental Fig. S7B).

Next, we assessed the pathogenetic contributions of
activated Notch1 to Id4-induced gliomagenesis. shRNA-
mediated Notch1 depletion in Id4-transduced Ink4a/
Arf−/− astrocytes or NIC overexpression in Ink4a/Arf−/−

astrocytes had no impact on proliferation rates (Fig.
4D,E; Supplemental Fig. S8). Furthermore, NIC overex-
pressing Ink4a/Arf−/− astrocytes were nontumorigenic
and, reciprocally, Notch1 knockdown (80%) did not in-
hibit the tumorigenic potential of Id4-transduced Ink4a/
Arf−/− astrocytes (n = 6 mice) (Fig. 4F), suggesting that
Notch1 does not play a direct role in the establishment
of tumors from Id4-transduced Ink4a/Arf−/− astrocytes.

Id4-activated Notch signaling, but not cyclin E,
is required to maintain the neural stem-like cell
properties of the Ink4a/Arf−/− astrocytes

We next examined the impact of activated Notch signal-
ing on the immature differentiation profiles and neuro-
sphere-forming capacity of Id4-transduced Ink4a/Arf−/−

astrocytes. Notch1, but not cyclin E, knockdown re-
sulted in a marked decrease in the expression of NSC
markers, Nestin, Cd133, and Hes1, and correspondingly,

Figure 4. Notch signaling is activated by Id4, but is not associated with tumorigenicity of the Id4-transduced Ink4a/Arf−/− astrocytes. (A)
Expression levels of genes relative to Notch signaling were determined by semiquantitative RT–PCR. (*) P < 0.01; (**) P < 0.01. (B) Expression
levels of Jagged1 and active Notch1 in the Ink4a/Arf−/− astrocytes-Con, Ink4a/Arf−/− astrocytes-Id4, and Ink4a/Arf−/− astrocytes-Id4 + Jagged1-
shRNA were determined by Western blot analysis. �-Tubulin was used as a loading control. Expression levels of Hey1 and Hes1 (Notch-
downstream genes) in these cells were determined by semiquantitative RT–PCR. GAPDH was used as a loading control. (C) Relative Notch
transcriptional activity in the Ink4a/Arf−/− astrocytes-Con, Ink4a/Arf−/− astrocytes-Id4, Ink4a/Arf−/− astrocytes-Puro, and Ink4a/Arf−/− astro-
cytes-NIC was determined by Notch/CSL luciferase-reporter assay. (*) P < 0.01. (D) Cell proliferation rate of Ink4a/Arf−/− astrocytes-Id4 and
Ink4a/Arf−/− astrocytes-Id4 + Notch1-shRNA. (Inset) Expression levels of Notch1 in these cells were determined by semiquantitative RT–PCR.
(*) P < 0.01. (E) Cell proliferation rates of Ink4a/Arf−/− astrocytes-Puro, and Ink4a/Arf−/− astrocytes-NIC. (Inset) Expression levels of active NIC
in these cells were determined by semiquantitative RT–PCR. (F) Representative photos showing nude mice (n = 6) subcutaneously injected with
Ink4a/Arf−/− astrocytes-Con, Ink4a/Arf−/− astrocytes-Id4, Ink4a/Arf−/− astrocytes-NIC, and Ink4a/Arf−/− astrocytes-Id4 + Notch1-shRNA.
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NIC overexpression in Ink4a/Arf−/− astrocytes induced
expression of these immature markers (Fig. 5A). In the
neurosphere assay, Notch1 knockdown resulted in a sig-
nificant decrease in neurosphere number from the Id4-
transduced Ink4a/Arf−/− astrocytes compared with a
modest decrease in the cyclin E knockdown cultures
(Fig. 5B). Furthermore, NIC overexpression, but not cy-
clin E, was comparable with Id4 in promoting neuro-
sphere formation following their transduction into
Ink4a/Arf−/− astrocytes (Fig. 5C). Pharmacological inhi-
bition of Notch signaling (DAPT, a �-secretase inhibitor)
or Jagged1 knockdown in Id4-transduced Ink4a/Arf−/− as-
trocytes resulted in decreased neurosphere-forming ca-
pacity and NSC marker expression (Supplemental Fig.
S9A–C). Thus, Id4-induced activation of Jagged–Notch
axis in Ink4a/Arf−/− astrocytes plays an essential role in
promoting the neural stem cell-like phenotype.

Id4-dependent Notch signaling and cyclin E expression
in the human glioma cell lines

Next, we sought to corroborate the murine findings in
human glioma cells. shRNA-mediated depletion of Id4

in human LN229 glioma cells (which express the highest
levels of Id4) (Supplemental Fig. S1B) resulted in down-
regulation of cyclin E, Jagged1, NIC, Notch-downstream
target genes (Hes1, Hey1, and Hey2), and Notch tran-
scriptional activity, as well as a marked decrease in cell
proliferation (Supplemental Fig. S10A–C). Conversely,
Id4 overexpression in human A172 glioma cells (which
express low endogenous levels of Id4) induced up-regu-
lation of Jagged1, NIC, and cyclin E; Notch transcrip-
tional activity; cell proliferation; and neurosphere forma-
tion (Supplemental Fig. S10D–F). We also found that ex-
pression levels of Id4, NIC, Jagged1, and cyclin E were
markedly increased in the primary human glioma stem
cell line, NCI0822 (Lee et al. 2008), as compared with
NHA and HB1.F3 cells (Supplemental Fig. S10G).

Furthermore, we used a Tet-On-inducible gene expres-
sion system to assess whether Id4 directly leads to in-
duction of cyclin E and Notch signaling. As shown in
Supplemental Fig. S10H, Id4 was markedly increased in
the Ink4a/Arf−/− astrocytes transduced with rtTA and
Rev-TRE-Id4 grown in the presence of doxycycline (Dox)
for 2 d compared with Dox-untreated counterpart cells.
We also found that Dox-treated cells showed marked el-
evations in the levels of cyclin E, Jagged1, and NIC.
These results strengthen the link between Id4 and the
control of cyclin E and Notch signaling in the astrocytes.

In conclusion, our findings that Id4 can drive the ma-
lignant transformation of astrocytes via disregulation of
cell cycle and differentiation control, achieved through
the up-regulation of cyclin E and activation of Jagged-
Notch1 signaling. These findings of Id4-induced devel-
opmental plasticity have implications for both the cel-
lular origins of GBM as well as its prominent renewal
potential in experimental and clinical trials setting.
Thus, these observations may inform the rational devel-
opment of anti-Id4 agents that may impede the insuper-
able nature of GBM recurrence.

Materials and methods

Cell culture and conditions
Mouse astrocytes were isolated from the cerebral cortices of 5-d-old
Ink4a/Arf−/− knockout mice as described previously (Bachoo et al. 2002).
Ink4a/Arf−/− astrocytes and human GBM cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) enriched with 10% fetal
bovine serum (Hyclone), 1% penicillin, and streptomycin (GIBCO-BRL),
and 2 mM L-glutamine (GIBCO-BRL). For neural sphere formation, cells
(a single cell in each well of a 96-well plate or 200 cells in a 24-well plate,
which corresponds to one cell per square millimeter) were maintained in
neural stem cell (NSC) culture conditions (DMEM/F12 medium enriched
with 20 ng/mL EGF, 20 ng/mL bFGF, 1× B27) and 1% penicillin and
streptomycin for 7–10 d as described previously, with minor modifica-
tion (Lee et al. 2006).

Full materials and methods are available in the Supplemental Ma-
terial.
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Figure 5. Id4-activated Notch signaling, but not cyclin E expres-
sion, is required to maintain the neural stem-like cell properties of
the Ink4a/Arf−/− astrocytes. (A) Immunofluorescence images (400×
magnification) of Hes1 (Notch signaling marker), Nestin, and
CD133 (neural stem and progenitor cell markers) in the Ink4a/Arf−/−

astrocytes-Con, Ink4a/Arf−/− astrocytes-Id4, Ink4a/Arf−/− astrocytes-
-Id4 + Notch1-shRNA, Ink4a/Arf−/− astrocytes-Id4 + cyclin E-shRNA,
and Ink4a/Arf−/− astrocytes-NIC grown in DMEM + 10% FBS cul-
ture conditions. (B, left panel) Number of neurospheres (>10 µm)
generated from Ink4a/Arf−/− astrocytes-Con, Ink4a/Arf−/− astrocytes-
Id4, Ink4a/Arf−/− astrocytes-Id4 + cyclin E-shRNA, and Ink4a/Arf−/−

astrocytes-Id4 + Notch1-shRNA (4000 cells per 24-well plate) grown
in neural stem cell cultures for 10 d. (Right panel) Representative
photos (40×) showing the morphologies of cells grown in neural
stem cell cultures. (*) P < 0.01. (C, left panel) Number of neuro-
spheres (>10 µm) generated from Ink4a/Arf−/− astrocytes-Con,
Ink4a/Arf−/− astrocytes-Id4, Ink4a/Arf−/− astrocytes-cyclin E, and
Ink4a/Arf−/− astrocytes-NIC (4000 cells per 24-well plate) grown in
neural stem cell cultures for 10 d. (Right panel) Representative pho-
tos (40×) showing the morphologies of cells grown in neural stem
cell cultures. (*) P < 0.01.
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