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10The David H. Koch Institute for Integrative Cancer Research at MIT, Cambridge, MA 02139, USA
11Department of Pathology, Microbiology, and Immunology, School of Veterinary Medicine, University of California, Davis, Davis,

CA 95616, USA
12Department of Stem Cell Biology and Regenerative Medicine, Lerner Research Institute, Cleveland, OH 44195, USA
13Department of Molecular and Cellular Biochemistry, Osaka University Graduate School of Dentistry, Suita, Osaka 565-0871, Japan
14Department of Biochemistry, Showa Pharmaceutical University, Machida, Tokyo 194-8543, Japan
15Division of Hematology and Medical Oncology, New York University Cancer Institute, New York University Langone Medical Center,

New York, NY 10016, USA
16Brain Tumor Center, New York University Cancer Institute, New York University Langone Medical Center, New York, NY 10016, USA
17Department of Genomic Medicine, MD Anderson Cancer Center, Houston, TX 77030, USA
18Department of Biomedical Informatics, Columbia University, New York, NY 10032, USA
19Department of Biochemistry and Molecular Biophysics, Columbia University, New York, NY 10032, USA
20Institute for Cancer Genetics, Columbia University, New York, NY 10032, USA
21Herbert Irving Comprehensive Cancer Center, Columbia University, New York, NY 10032, USA
22Department of Pathology, Brigham and Women’s Hospital, Boston, MA 02115, USA
23Department of Pathology, Boston Children’s Hospital, Boston, MA 02115, USA
24Department of Neurology, Memorial Sloan-Kettering Cancer Center, New York, NY 10065, USA
25Human Oncology and Pathogenesis Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10065, USA
26Department of Pharmacology, Weill-Cornell Graduate School of Biomedical Sciences, New York, NY 10021, USA
27Howard Hughes Medical Institute, Cambridge, MA 02139, USA
28Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA 02115, USA
29Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115, USA

*Correspondence: sabatini@wi.mit.edu (D.M.S.), william_hahn@dfci.harvard.edu (W.C.H.)
http://dx.doi.org/10.1016/j.celrep.2013.12.032

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works

License, which permits non-commercial use, distribution, and reproduction in any medium, provided the original author and source

are credited.
SUMMARY

Glioblastoma (GBM) harbors subpopulations of
therapy-resistant tumor-initiating cells (TICs) that
are self-renewing and multipotent. To understand
the regulation of the TIC state, we performed an
image-based screen for genes regulating GBM TIC
maintenance and identified ZFHX4, a 397 kDa tran-
C

scription factor. ZFHX4 is required to maintain TIC-
associated and normal human neural precursor cell
phenotypes in vitro, suggesting that ZFHX4 regu-
lates differentiation, and its suppression increases
glioma-free survival in intracranial xenografts.
ZFHX4 interacts with CHD4, a core member of the
nucleosome remodeling and deacetylase (NuRD)
complex. ZFHX4 and CHD4 bind to overlapping
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sets of genomic loci and control similar gene expres-
sion programs. Using expression data derived from
GBM patients, we found that ZFHX4 significantly
affects CHD4-mediated gene expression perturba-
tions, which defines ZFHX4 as a master regulator of
CHD4. These observations define ZFHX4 as a regula-
tory factor that links the chromatin-remodeling NuRD
complex and the GBM TIC state.

INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive

primary brain tumor, with an average survival of 14.6 months

despite surgery, radiation, and chemotherapy (Stupp et al.,

2005). GBM tumor-initiating cells (TICs) are stem cell-like, multi-

potent cells that aremore resistant to therapy than themajority of

the tumor. Their persistence may explain the inevitable recur-

rence of the tumor and the poor prognosis of patients with

GBM (Bao et al., 2006; Piccirillo et al., 2006; Singh et al., 2003,

2004; Stiles and Rowitch, 2008). Although some genes that regu-

late aspects of TIC behavior have been identified (Ding et al.,

2013; Gargiulo et al., 2013; Goidts et al., 2012; Hubert et al.,

2013; Piccirillo et al., 2006; Rheinbay et al., 2013; Wurdak

et al., 2010; Zheng et al., 2010), the molecular pathways that

maintain the TIC state and drive the behavior of GBM TICs

remain incompletely understood.

To identify genetic networks that regulate GBM TIC self-

renewal and multipotency, we performed an image-based

RNAi screen for genes involved in TIC maintenance. Previous

short hairpin RNA (shRNA) screens in GBM TICs (Ding et al.,

2013; Gargiulo et al., 2013; Goidts et al., 2012; Hubert et al.,

2013; Wurdak et al., 2010) have targeted human kinases and

phosphatases, Bmi1 targets, or a subset of known nucleic-

acid-binding proteins and assessed cell survival, proliferation,

and clustering. Given the association of transcription factors

such as SOX2 with TIC functions, we sought to ascertain key

transcriptional regulatory networks of GBM TICs by targeting a

distinct and larger gene set that included most known transcrip-

tion and chromatin-binding factors. We identified ZFHX4 as

essential for TIC and normal human neural precursor cells. We

demonstrate that ZFHX4 associates with CHD4, a core member

of the nucleosome remodeling and deacetylase (NuRD) complex

and affects CHD4-mediated gene expression perturbations,

which defines ZFHX4 as a master regulator of CHD4.

RESULTS AND DISCUSSION

An RNAi Screen in GBM TICs Identifies ZFHX4
To identify candidate genes needed for human GBMTICmainte-

nance, we performed a high-content imaging-based RNAi

screen (Figure 1A). The 0308 patient-derived TIC line (Lee

et al., 2006) forms neurospheres when cultured under stem cell

conditions (NBE medium) but acquires a flat and elongated

morphology upon growth factor withdrawal or serum exposure

(Figure S1A). In serum-exposed 0308 cells, expression of the

stem cell markers SOX2 and NG2 is reduced, expression of

differentiated lineage markers increased (Figures S1B and
314 Cell Reports 6, 313–324, January 30, 2014 ª2014 The Authors
S1C), and the ability of the cells to form invasive brain tumors

inhibited (Lee et al., 2006). The transition from neurosphere

formation to flat, elongated morphology also occurs upon

suppression of SOX2, a known driver of stem cell functions (Fig-

ure S1D). Thus, the morphologic features of flattening and

elongation correlate with a transition from the TIC to a state

resembling some, but not necessarily all, of the characteristics

of terminally differentiated cells.

To screen for genes involved in TIC state maintenance, we

transduced 0308 TICs in multiwell plates, under growth condi-

tions that favor the stem cell-like state, using a library of

11,816 shRNAs targeting 2,372 human genes encoding most

known and putative transcription factors, chromatin-binding

proteins, GTPases, and members of the PI3K-AKT-mTOR

pathway (one shRNA per well; median five shRNAs per gene)

and 124 control shRNAs targeting nonmammalian genes (Fig-

ure 1A). To quantify cell morphologic changes associated with

loss of the TIC state, we used high-content imaging and

software-based image analysis. Assaying the cells at the time

point at which we previously observed changes in morphology

and marker expression after serum exposure or SOX2 suppres-

sion (Figure S1), we stained cells for DNA and tubulin and imaged

in high throughput, collecting over 200,000 images. We used

CellProfiler and CellProfiler Analyst software (Carpenter et al.,

2006; Jones et al., 2009) to identify individual cells and multi-

cellular structures in each image (Figure 1B) and to collect size,

shape, and fluorescence intensity data for each object. Using

iterative machine learning, we classified objects into three

morphologic categories: neurospheres; flat, elongated cells;

and all other objects (Figure S1E). Each image from the screen

was scored using these rules to obtain the per-well frequency

of each of these phenotypes. This algorithm calculated enrich-

ment scores for each shRNA, indicating the statistical signifi-

cance of enrichment for each phenotype (Figures 1C, 1D, and

S1F; see the Supplemental Experimental Procedures).

Compared to uninfected wells or wells transducedwith control

shRNAs, the tail of the distribution of enrichment scores for the

flat, elongated cell phenotype was shifted higher among gene-

targeting shRNAs (Figure 1C), suggesting that a subset of the

shRNAs altered the morphology of the TICs. We ranked genes

by the strength of the second-best-scoring shRNA for each

gene and included the top 5% (116 genes) in a secondary

screen. Ranking by the second-best shRNA prioritizes genes

for which at least two shRNAs show strong and similar pheno-

typic effects, increasing confidence that the phenotype is due

to on-target effects. To ensure re-evaluation of potentially impor-

tant genes that failed to meet this criterion, we also included

genes that for which a single shRNA exhibited a differentiated

phenotype enrichment score in the top 1.5% of shRNAs (six

additional genes; Figure 1C), as well as genes that scored in

the top 1.5% by the Kolmogorov-Smirnov (KS)-based method

(23 additional genes) (Cheung et al., 2011; Luo et al., 2008)

(see the Supplemental Experimental Procedures). In sum, we

obtained 145 candidates whose suppression strongly alters

TIC morphology.

In a morphology-based validation screen, we confirmed that

132 of these candidates (91%, Figure 1E; Table S1, sheet 1)

scored at least as strongly as the serum-differentiated controls,



using the second-best-scoring shRNA method. In a parallel

screen of the same primary screen shRNA library in 0308 TICs,

we identified 76 genes whose suppression by at least two

different shRNAs significantly decreased relative cell number

(Table S1, sheet 2; Figure S1G). Notably, only 11 of the 132

confirmed genes whose suppression alters TIC morphology

are found among those whose suppression significantly

decreases relative cell number (Table S1), demonstrating that

this imaging-based approach identified distinct pathways that

drive glioma TIC functions. We note that suppression of several

of the other 121 genes that scored in themorphology screen also

decreased proliferation in the relative cell number screen; how-

ever, these candidates did not meet the stringent cutoff used

to identify cell number hits (Figure S1H).We havemade the entire

primary image set available (http://science.wi.mit.edu/research/

data/Glioma_TIC_Screen) to facilitate the use of these data with

other analyses and screens, such as high-throughput immu-

nofluorescent staining to assess marker expression (Kagey

et al., 2010).

We focused on a small number of candidates, including

NOTCH2, ZNF143, ING2, SALL3, and ZFHX4 (Figure S1H).

NOTCH2, ZNF143, ING2, and SALL3 play known roles in stem

cell functions and tumorigenesis. Specifically, Notch signaling

drives neurosphere growth (Chen et al., 2010; Fan et al., 2010;

Hu et al., 2011), and inhibiting the Notch signaling pathway is

an active area of clinical development in GBM (National Cancer

Institute, 2000a, 2000b, 2000c, 2000d, and 2000e). The observa-

tion that NOTCH2 scored in our screen suggests our strategy

can uncover potentially important TIC drivers. ZNF143 is essen-

tial for normal development (Halbig et al., 2012) and associated

with cancer cell proliferation (Izumi et al., 2010), ING proteins

bind to H3K4me2 and H3K4me3 marks after genotoxic stress

(Ludwig et al., 2011), and SALLmembers are required for normal

embryonic development (Sweetman and Münsterberg, 2006).

We validated these five candidates: two different shRNAs target-

ing each of the genes caused a shift from neurosphere formation

to flat, elongated morphology, and the phenotypic effect corre-

lated with depletion of the target protein (Figure 1F). In addition,

suppression of each of these candidates decreased the prolifer-

ation of GBM TICs (Figure S1H).

To discover transcriptional regulators of glioma, we focused

on ZFHX4, a recently identified 397 kDa putative transcription

factor containing four homeodomains and 22 zinc fingers

(Hemmi et al., 2006), because of its association with brain devel-

opment and because five ZFHX4-specific shRNAs exhibited a

correlation between ZFHX4 suppression and the strength of

the observed phenotype. ZFHX4 may play a role in neural cell

maturation and region-specific brain differentiation (Nogami

et al., 2005). Zfhx4 expression peaks at the neural precursor

stage along with that of the neural stem cell marker Nestin and

is inversely correlated with expression of astrocyte marker

GFAP (Hemmi et al., 2006) when murine embryonic carcinoma

stem-like cells are differentiated with retinoic acid. ZFHX4 also

plays a role in human neural development, as ZFHX4 disruption

is associated with intellectual disability (Palomares et al., 2011)

and congenital bilateral ptosis (McMullan et al., 2002; Naka-

shima et al., 2008; Palomares et al., 2011). When we examined

ZFHX4 expression in previously published gene expression
C

data for the four molecular subtypes of GBM (Verhaak et al.,

2010), we found significantly higher expression of ZFHX4 in

clinical samples from the classical subtype as compared to the

other subtypes (false discovery rate [FDR] = 0, fold change =

1.89; see the Experimental Procedures). However, potential

roles of ZFHX4 in cancer have not previously been investigated.

To assess the role of ZFHX4 in maintaining the TIC state, we

suppressed ZFHX4 in four additional patient-derived GBM TIC

lines: BT112 (Mehta et al., 2011), BT145, BT147, and BT99 (Fig-

ure S2A). Although recent work has challenged the idea that TICs

in culture maintain the molecular subtype of the GBM of origin

(Bhat et al., 2013), the expression profiles of 0308, BT112,

BT145, and BT147 cells were most similar to those of GBMs of

the classical subtype, whereas the BT99 expression profile

resembled that of mesenchymal GBMs. As in 0308 cells (Fig-

ure 1F), ZFHX4 suppression led to inhibition of neurosphere for-

mation and induced a differentiated-like flat and elongated

morphology in all four additional lines (Figure 2A). Thus, ZFHX4

is required for TIC morphology in all GBM TICs examined, and

this requirement does not appear to be restricted to the classical

subtype.

Suppression of ZFHX4 Reduces Stem-Cell-like
Properties and Tumorigenicity of GBM TICs
To determine whether ZFHX4 regulates the TIC state, we as-

sessed the expression of TIC and differentiated cell markers

after silencing ZFHX4. We found that ZFHX4 suppression

downregulates the stem cell markers SOX2, NESTIN, NG2,

SSEA-1, Integrin alpha6, and the GBM oncogene EGFR and

induces the expression of neuronal markers DCX and p35 (Fig-

ures 2B and 2C). Unlike serum exposure, ZFHX4 suppression

failed to increase GFAP expression significantly (Figure 2B).

The downregulation of NG2, as well as either SSEA1 or Integrin

alpha6, was confirmed in all GBM TIC lines tested (Figure S2B).

Suppression of ZFHX4 decreased cell proliferation (Figure 2D)

in association with a G0/G1 arrest (Figure 2E) and decreased

clonogenic neurosphere formation in both 0308 (Figure 2F)

and BT112 (Figure S2C) TICs, but it did not induce TIC death

(Figure 2D). Unlike in TICs, ZFHX4 suppression did not affect

proliferation or marker expression of non-stem-like GBM cell

lines (Figures S2D and S2E). Altogether, these observations

suggest that ZFHX4 plays a role in maintaining the undifferen-

tiated, self-renewing state of GBM TICs. Others have reported

a role for ZFHX4 in neural maturation (Nogami et al., 2005),

suggesting that these observations may also be relevant to

fate decisions by normal neural precursor cells. Indeed,

ZFHX4 suppression in a human embryonic stem cell-derived

neural precursor cell (NPC) line decreased expression of the

stem cell marker SOX2 (Figure S2F) and increased expression

of neuronal markers MAP2 and DCX (Figure S2G), suggesting

that ZFHX4 also plays a role in maintaining the undifferentiated

state of nontumorigenic NPCs. The observations that ZFHX4

plays a role in the function of a subset of cells that constitute

GBMs and NPCs are similar to what has been observed with

the deletion of proto-oncogenes such as KRAS and MYC,

which also affect normal development and cell survival (Koera

et al., 1997; Laurenti et al., 2008; Nakhai et al., 2008; Stoelzle

et al., 2009).
ell Reports 6, 313–324, January 30, 2014 ª2014 The Authors 315
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To examine whether ZFHX4-mediated maintenance of the TIC

state is important for tumorigenesis in vivo, we assessed its role

using a xenograft model in mice. We injected control BT112 cells

or those in which we silenced ZFHX4 intracranially into NOD-

SCID mice (Singh et al., 2004). ZFHX4 suppression significantly

extended median cancer-free survival compared to control-

shRNA-transduced cells (p = 0.0057 for shZFHX4_1; p =

0.0098 for shZFHX4_2, Mantel-Cox log-rank test), with one

ZFHX4-targeting shRNA prolonging median survival beyond

the experimental time frame (Figure 3A). All of themice harboring

the control cells developed tumors, the majority being high-

grade gliomas with a high mitotic index and expressing NESTIN,

OLIG2, and SOX2; there were fewer infiltrative tumors in mice

that received cells in which ZFHX4 was suppressed (Figures

3B and 3C). We note that we were unable to maintain long-

term suppression of ZFHX4 in 0308 cells in vivo, as tumors

derived from these TICs regained ZFHX4 expression. Indeed,

because gliomas developed in some animals injected with cells

that had been treated with anti-ZFHX4 shRNAs (particularly

shZFHX4_2), we assessed ZFHX4 expression in brain tissue

from all three groups using immunohistochemistry (Figures 3D,

3E, and S3). All tumors, including those arising from TICs trans-

duced with ZFHX4-targeting shRNAs, expressed ZFHX4, while

normal brain around the injection track exhibited little to no

expression (Figures 3D and 3E). These observations indicate

that tumors that formed in the mice receiving ZFHX4 shRNA-

treated TICs originated from cells that had regained or failed to

silence ZFHX4 expression.We found that the shZFHX4_2 shRNA

was less effective in uniformly suppressing ZFHX4 over the

long-term compared to the shZFHX4_1 construct (Figure 3E),

accounting for the shorter median survival and higher incidence

of infiltrative tumors in mice injected with shZFHX4_2-treated

cells than in those injected with shZFHX4_1-treated cells (Fig-

ures 3A and 3B). When ZFHX4 expression was extinguished,

no tumors formed. We concluded that ZFHX4 expression is

required for TIC-driven tumorigenesis in at least a subset

of GBMs.

ZFHX4 Interacts with NuRD Core Member CHD4
To investigate themechanism bywhich ZFHX4maintains the TIC

state, we searched for ZFHX4-interacting proteins. Expression of

FLAG-tagged ZFHX4 or a tagged control protein in HEK293T

cells followed by FLAG immunoprecipitation (IP) andmass spec-

trometry identified several candidate binding proteins (Table S2,

sheet 1), the most abundant of which was CHD4, one of the core

catalytic subunits of the NuRD complex. NuRD is a modular
Figure 1. Large-Scale Loss-of-Function Screen, Confirmation Scree
Morphology, Including ZFHX4

(A) Schematic of high-content imaging shRNA screen and follow-up.

(B) CellProfiler software identified individual cells and multicellular structures and

(C) Distribution of enrichment scores of differentiated flat, elongated morphology

(D) Representative screen images with associated enrichment scores from the p

(E) Confirmation screen results for 145 gene hits from the primary screen. Relative

served as positive controls, and nontargeting shRNA wells served as negative co

serum treatment; 132 genes (hash marks under the black curve, to the right of th

(F) Bright-field images (left) and immunoblots (right) of 0308 TICs transduced with

the confirmation screen.

Scale bars, 100 mm each. See also Figure S1 and Table S1.

C

epigenetic regulatory complex that can activate or repress tran-

scription of target genes via multiple processes, including

nucleosome mobilization, histone deacetylation, and histone

demethylation (Ramı́rez and Hagman, 2009). Components of

the NuRD complex have been shown to play roles in mainte-

nance of the stem cell state and in differentiation (Lai and

Wade, 2011; Ramı́rez and Hagman, 2009; Whyte et al., 2012)

and are suspected to be involved in oncogenesis (Lai and

Wade, 2011; Ramı́rez and Hagman, 2009).

Immunoblot analysis of immune complexes confirmed that

CHD4 binds to FLAG-tagged ZFHX4 (Figure 4A) and that endog-

enous CHD4 from TICs interacts with endogenous ZFHX4 (Fig-

ure 4B).Whenwe suppressed ZFHX4 expression, ZFHX4 protein

in CHD4 immune complexes was also reduced to undetectable

levels (Figure 4C). In consonance with these findings, suppres-

sion of CHD4 (which was not targeted in our original screen)

induced similar prodifferentiation effects to those caused by

ZFHX4 silencing, including inhibition of neurosphere formation

and increased frequency of flat, elongated cells; decreased

expression of SOX2, NESTIN, NG2, and EGFR; and increased

expression of p35 (Figure 4D).

Notably, in the large-scale screen, suppression of another

NuRD component, MTA1, also induced a shift to flat, elongated

morphology (Table S1, sheet 1). Furthermore, we found that

endogenous MTA1 interacted with endogenous ZFHX4 in TICs

(Figure S4A). These observations suggested that several mem-

bers of the NuRD complex may play important roles in TIC

functions.

Because ZFHX4 is a putative transcription factor and the

NuRD complex is known to regulate gene expression via its inter-

action with transcription factors, we assessed potential direct

transcriptional targets of ZFHX4 and CHD4. We obtained micro-

array expression profiles of TICs transduced with control,

ZFHX4-targeting, and CHD4-targeting shRNAs at 3 days (prior

to the overt shift from TIC to differentiated cell morphology)

and 5 days after transduction. We identified 2,603 genes

whose expression significantly decreased and 2,868 genes

whose expression significantly increased in ZFHX4-depleted

TICs (FDR % 0.05, Significance Analysis of Microarrays [SAM]).

Of these genes, 1,496 and 1,366, respectively, also significantly

changed when we suppressed CHD4 (Figure 4E; Table S2,

sheets 2 and 3; gene intersection p % 2.2 3 10�16, chi-square

test). Additionally, we observed that CHD4 and ZFHX4 expres-

sion are significantly correlated in 543 GBM samples in The

Cancer Genome Atlas (TCGA) (Cancer Genome Atlas Research

Network, 2008) (Figure S4B; r = 0.54, p % 2.2 3 10�16, Pearson
n, and Validation Experiments Identify Genes that Regulate TIC

measured 147 different parameters per object.

by gene-targeting shRNA or control in primary screen.

rimary screen.

frequency histogram of gene-level differentiation scores. Serum-treated wells

ntrols. Dashed line indicates score cutoff for genes scoring at least as well as

e dashed line) met this criteria.

a control shRNA or two different shRNAs targeting five validated gene hits from
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Figure 2. ZFHX4 Suppression Causes Loss of Stem Cell-like Features and Reduces Proliferation of GBM TICs

(A) Bright-field images; ZFHX4 suppression induced a differentiated flat, elongated morphology in BT112, BT145, BT147, and BT99 glioma TIC lines. Scale bar,

100 mm.

(B) Decreased expression of stem cell markers Sox2, Nestin, and NG2 and the GBM oncogene EGFR, and increased expression of neuronal markers DCX and

p35 in 0308 TICs in which ZFHX4 was suppressed. Serum treatment served as a positive control for loss of stem cell markers (Lee et al., 2006), whereas

nocodazole treatment arrested cell growth.

(C) Immunofluorescent images showing downregulation of the stem cell markers NG2, SSEA1, Integrin alpha6, and Sox2, and upregulation of the neuronal

marker DCX in 0308 TICs upon ZFHX4 suppression. Scale bars, 50 mm.

(D) Effects of ZFHX4 suppression on cell growth and viability of 0308 TICs. For fold change at day 7, **p = 0.0025 shLacZ versus shZFHX4_1, *p = 0.0166 shLacZ

versus shZFHX4_2 (two-tailed t tests). Error bars reflect SD; n = 4.

(E) Effects of ZFHX4 suppression on cell cycle of 0308 TICs. G0/G1: *p = 0.0258 shLacZ versus shZFHX4_1, *p = 0.0237 versus shZFHX4_2; S: ***p = 0.0007

shLacZ versus shZFHX4_1, ***p = 0.0001 shLacZ versus shZFHX4_2;G2/M: *p = 0.0343 shLacZ versus shZFHX4_2 (two-tailed t tests). Error bars reflect SD; n = 3.

(F) Effects of ZFHX4 suppression on clonogenic sphere formation by 0308 TICs. shSOX2 served as positive control. *p = 0.0160 shLacZ versus shZFHX4_1, **p =

0.0051 shLacZ versus shZFHX4_2, and ***p = 0.0004 shLacZ versus shSOX2 (two-tailed t tests). Error bars reflect SD; n = 3.

See also Figure S2.
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Figure 3. ZFHX4 Expression Is Required for TIC-Driven Tumorigenesis
(A) Kaplan-Meier cancer-free survival curves of mice intracranially injected with BT112 TICs transduced with indicated shRNAs. **p = 0.0057 shLacZ versus

shZFHX4_1 and p = 0.0098 shLacZ versus shZFHX4_2 (Mantel-Cox log-rank test).

(B) Percent incidence of animals with no tumor detected; small, noninvasive tumors; and infiltrative tumors in the three groups.

(C) Representative immunohistochemical (IHC) images of hematoxylin and eosin (H&E), NESTIN, and Ki-67 staining of infiltrative glioma tissue and tumor-free

brain tissue. Scale bars: top row, 500 mm; all others, 50 mm.

(D) Representative images of ZFHX4 IHC of brain tissue from the three groups. Scale bar, 50 mm.

(E) IHC-based scoring of ZFHX4 expression in all postmortem tissue samples, on a scale of 0 to 3. A score of 0 indicates absence of 3,30-diaminobenzidine (DAB)

chromogen signal, while 3 indicates saturation of signal within the nuclei.

See also Figure S3.
correlation test). Altogether, this highly significant intersection of

regulated genes and strong expression correspondence sug-

gest ZFHX4 and CHD4 work in concert to regulate key effectors

of TIC functions.

ZFHX4 Colocalizes with CHD4 at Genomic Loci and Is a
Master Regulator of CHD4
To understand the consequences of the interaction between

ZFHX4 and the NuRD complex on the regulation of target genes,

we employed two orthogonal approaches. To test whether

ZFHX4 and CHD4 colocalize to the same genomic regions, we

performed chromatin immunoprecipitation, individually for

endogenous ZFHX4 and CHD4 (Figure S4C), followed by high-

throughput DNA sequencing (ChIP-seq; Table S2, sheets 4–10;

Data S1 and S2). CHD4 protein was detected in ZFHX4 immune

complexes (Figure S4C), suggesting colocalization of CHD4 and

ZFHX4 at genomic sites. Furthermore, 29% of ZFHX4-bound

genomic regions overlap with those occupied by CHD4 (Fig-

ure 4F; Table S2, sheets 4–6; Data S1 and S2; 30-fold enrich-

ment over expected overlap, p % 2.2 3 10�16, two-tailed

Fisher’s exact test). A total of 77.2% of the co-occupied regions

fall into or near gene-coding regions (Figures S4D and S4E),

including 59.6% in introns or near transcription start sites of

genes, both being areas known to play important roles in the

regulation of gene expression (Barrett et al., 2012). Based on
C

the co-occupied regions, we identified 4,118 target genes

cobound by ZFHX4 and CHD4 (Table S2, sheet 10), and these

targets include known drivers of tumorigenesis, such as MYC,

PDGFRB, and ETS1, and tumor suppressors, such as SPRY1

(Figures 4F and S4E). Upon binding to regulatory regions of

target genes, the NuRD complex can either activate or repress

transcription (Hu and Wade, 2012; Ramı́rez and Hagman,

2009). Indeed, integrating the ChIP-seq data with expression

data, we found that 418 of the 1,366 genes whose expression

increased (30.6%; p = 1.5 3 10�13, chi-square test) and 512 of

the 1,496 genes whose expression decreased (34.2%; p %

2.2 3 10�16, chi-square test) upon ZFHX4 suppression and

upon CHD4 suppression are direct binding targets of ZFHX4

and CHD4 (Figure 4E; Table S2, sheets 2 and 3). These observa-

tions suggest that the ZFHX4-CHD4 complex binds to regulatory

regions of numerous target genes and directly regulates a large-

scale gene expression program.

In hematopoietic cells, the NuRD complex localizes to

genomic loci via various transcription factors (Ramı́rez and Hag-

man, 2009). To ascertain whether ZFHX4 may similarly regulate

CHD4-mediated gene expression in GBM TICs, we integrated

the results of gene suppression in these cells with GBM patient

sample data. This analysis consisted of the following three steps.

First, we ran the Algorithm for the Reconstruction of Accu-

rate Cellular Networks (ARACNe; Margolin et al., 2006) using
ell Reports 6, 313–324, January 30, 2014 ª2014 The Authors 319



Figure 4. ZFHX4 Interacts with CHD4, CHD4 Suppression Phenocopies ZFHX4 Suppression, ZFHX4 and CHD4 Regulate Overlapping Gene
Sets and Colocalize throughout the Genome, and ZFHX4 Is a Master Regulator of CHD4

(A) Immunoblots of FLAG immunoprecipitates (IPs) and lysates from HEK293T cells transfected with FLAG-tagged ZFHX4. FLAG-tagged Raptor served as

negative control.

(legend continued on next page)
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273 gene expression profiles of GBM patient samples from

TCGA (Cancer Genome Atlas Research Network, 2008)

to assemble a GBM-specific genome-wide transcriptional

network. The ARACNe method uses information-theoretic

approaches to calculate the mutual information (MI) between

every transcription factor and its putative targets, assesses the

statistical significance of each MI value, and discards insignifi-

cant interactions as well as false-positive interactions identified

by the data processing inequality. This approach, using as few

as 176 (Parsa, 2010) or 228 (Carro et al., 2010) patient samples

to identify genome-wide transcriptional networks, has been

used to identify C/EBPbeta and STAT3 as regulators of mesen-

chymal transformation in GBM (Carro et al., 2010). The GBM-

specific ARACNe-inferred network contained approximately

270,000 interactions between 1,173 transcription factors and

their putative targets. In particular, it predicted 119 direct tran-

scriptional targets of ZFHX4, of which 113 were represented in

our transcriptional profiling studies (Figure 4G; Table S3).

Second, we defined a CHD4 suppression signature in 0308

TICs, which consisted of a ranked list of genes, from most to

least differentially expressed in CHD4-depleted TICs compared

to control TICs (Figure 4G). Third, using gene set enrichment

analysis (GSEA) with KS-like statistics (Subramanian et al.,

2005), we interrogated whether the inferred targets of ZFHX4

from patient GBM samples are enriched in the CHD4 suppres-

sion signature. We found that ZFHX4 targets were significantly

enriched in the signature (Figure 4G; Table S3; p = 0.002,

nonparametric test), with 58 of the 113 targets in the GSEA lead-

ing edge (Subramanian et al., 2005). The observation that the

candidate direct targets of ZFHX4 are enriched among genes

that undergo the strongest expression changes upon CHD4

suppression in TICs suggests that the transcription-regulatory

activity of ZFHX4 significantly affects the gene expression pro-

gram downstream of CHD4 and that ZFHX4 is amaster regulator

of CHD4 in GBM. In this analysis, we define master regulators as

genes that are sufficient and/or necessary to induce or describe
(B) Immunoblots of endogenous CHD4 and RNA polymerase II (Pol II) IPs and ly

Wade, 2011; Ramı́rez and Hagman, 2009), was used as a positive control for co

(C) Immunoblots of endogenous CHD4 IPs and lysates from 0308 TICs transduc

(D) Bright-field images in neurosphere culture (left) and immunoblots in adherent c

showing induction of flat, elongated morphology, decreased expression of SO

silencing. Scale bar, 100 mm.

(E) Venn diagrams demonstrating the overlap of genes significantly upregulated

enrichment of upregulated or downregulated intersecting genes for those gene

subregions). ****p % 2.2 3 10�16 for significantly upregulated or downregulated

genes for cobound genes, and p % 2.2 x 10�16 for enrichment of downregulated

(F) ChIP-seq results from 0308 TICs showing significant overlap between ZFHX4-b

reads from CHD4 (blue) and ZFHX4 (purple) ChIP-seq. Middle circle: chromosom

reads per million. For overlap of ZFHX4- and CHD4-bound regions, enrichment o

ChIP-seq binding profiles (reads per million) for CHD4 and ZFHX4 at the MYC, P

(G) Identification of ZFHX4 as a likely master regulator of CHD4 using ARACNe

scriptional targets of ZFHX4 from 273 microarray expression profiles (top) of prim

control-treated 0308 TICs (expressing an anti-LacZ shRNA) and CHD4-suppres

signature consisting of a ranked list of genes, from most- to least-differentially

generated after Z score transforming the expression values for each gene acros

compute enrichment of candidate ZFHX4 targets in theCHD4 suppression signatu

0.002 (nonparametric test with sample shuffling). Right: wheel plot illustrating that

blue) candidate ZFHX4 targets enriched upon CHD4 suppression.

See also Figure S4, Tables S2 and S3, and Data S1 and S2.

C

a cellular state change, in this case CHD4-mediated gene

expression perturbations (Ying et al., 2013). In summary, the

ChIP-seq, transcriptional profiling, and ARACNe/GSEA results

suggest that a ZFHX4-driven, NuRD-mediated gene regulatory

network serves to drive the TIC state.

Here, we identified ZFHX4 as a crucial molecular regulator of

TIC stem-cell-like functions and GBM pathogenesis in multiple

patient-derived samples. Importantly, ZFHX4 silencing

appeared to induce differentiation in GBM TICs, resulting in

decreased tumorigenesis and prolonged cancer-free survival.

We found that ZFHX4 interacts with CHD4, a core member of

the NuRD complex, which is known to play roles in stem cell

maintenance and differentiation within the hematologic system

(Yoshida et al., 2008), as well as in cancer progression (Lai and

Wade, 2011). The high concordance of gene expression signa-

tures induced by ZFHX4 or CHD4 depletion, significant colocal-

ization of ZFHX4 and CHD4 to target regions throughout the

genome, and the finding that ZFHX4 is likely a master regulator

of CHD4 are consistent with the notion that ZFHX4 acts as a tran-

scription factor that modulates NuRD-mediated gene expres-

sion, possibly by localizing the NuRD complex to the regulatory

regions of a specific subset of genes involved in TIC functions.

Thus, not only ZFHX4 but also,more broadly, CHD4 and possibly

the NuRD complex regulate genes important for stem cell-like

functions and tumorigenicity in at least a subset of GBMs.

Recent work implicates alterations in epigenetic regulation as a

key step during gliomagenesis (Lewis et al., 2013; Schwartzen-

truber et al., 2012; Wu et al., 2012). Here, we show that a tran-

scription factor with previously unknown roles in cancer interacts

with a core member of an epigenetic regulatory complex and

thereby drives a specific gene expression program and regulates

theGBMTIC state. Further studies of ZFHX4 and its downstream

effectors, as well as its interaction with CHD4 and the NuRD

complex, will enhance our understanding of glioma and may

eventually lead to new targeted differentiation-based therapies

for brain tumor patients.
sate from 0308 TICs. MTA1, a known member of the NuRD complex (Lai and

IP with CHD4.

ed with control (shLacZ) or ZFHX4-targeting shRNAs.

ulture (right) of 0308 TICs transduced with control or CHD4-targeting shRNAs,

X2, NESTIN, NG2, and EGFR, and increased expression of p35 upon CHD4

or downregulated after ZFHX4 or CHD4 suppression in 0308 TICs, as well as

s that were shown in ChIP-seq to be cobound by ZFHX4 and CHD4 (orange

intersecting genes, p = 1.5 3 10�13 for enrichment of upregulated intersecting

intersecting genes for cobound genes (chi-square tests).

ound and CHD4-bound genomic regions. Left: whole-genome plot of mapped

es (labeled in innermost circle), with cytogenetic bands shown. Peaks show

ver expected = 30-fold, p% 2.2 3 10�16 (two-tailed Fisher’s exact test). Right:

DGFRB, and SPRY1 loci, with the y axis floor set to 1.

and GSEA. Left: the ARACNe algorithm was used to identify candidate tran-

ary glioblastoma patient samples. In parallel, microarray analysis (bottom) of

sed TICs (both day 3 and day 5 posttransduction, both shRNAs) generated a

expressed, in CHD4-suppressed versus control cells. The heatmaps were

s all samples and capping the values at �3 and 3. Middle: GSEA was used to

re. Enrichment scores were computed using a Kolmogorov-Smirnov test. **p =

ZFHX4 is likely a master regulator of CHD4, with 58 (red) out of the 113 (red and
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EXPERIMENTAL PROCEDURES

Materials, cell lines, and shRNA and expression constructs used, as well

as detailed methods, are described in the Supplemental Experimental

Procedures.

RNAi Screen

0308 patient-derived TICs were seeded in 384-well plates (500 cells per well),

transduced with experimental or control shRNAs, and either left unselected or

selected with puromycin to ensure efficient transduction. After 1 week, two

selected and two unselected replicates were assayed for relative cell number

using CellTiter-Glo Luminescent Assay (Promega). Two additional unselected

replicates were stained for DNA and Tubulin and imaged on an automated

microscope. Cellular objects were identified, characterized, and classified

by phenotype using CellProfiler and CellProfiler Analyst software (Carpenter

et al., 2006; Jones et al., 2009), and gene hits were identified using GENE-E

software (Cheung et al., 2011). The confirmation screen was performed as

described in the Supplemental Experimental Procedures.

GBM Molecular Subtype Analysis on TIC Lines

We determined the association of ZFHX4 expression with the four GBM

molecular subtypes (Verhaak et al., 2010), and assigned a subtype to each

TIC line as described in the Supplemental Experimental Procedures.

Xenograft Tumorigenesis Studies

A total of 105 BT112 TICs, transduced and selected as above, were injected

into the forebrain striata of 6- to 8-week-old NOD.CB17-Prkdcscid/NcrCrl

female mice. Mice were sacrificed upon exhibiting signs of morbidity, and

brains were excised and processed for histology and immunohistochemistry.

Studies were approved by the Dana-Farber Animal Care and Use Committee

(Institutional Animal Welfare Assurance no. A-3023-01).

Chromatin Immunoprecipitation followed by DNA Sequencing

A total of 20 to 100million target cells were crosslinked and processed through

DNA elution steps following Agilent Technologies Mammalian ChIP-on-chip

protocol (version 10.2; http://www.chem.agilent.com/Library/usermanuals/

Public/G4481-90010_MammalianProtocol_10.2.pdf), with IP performed on

supernatants after sonication and centrifugation. After library preparation of

eluted DNA, seven barcoded libraries were run on two lanes of Hiseq 2000

in a 50 bp/50 bp paired end run, using the TruSeq SBS Kit v3 (Illumina).

ChIP-seq reads were aligned using Bowtie software (Langmead et al., 2009),

and sequences uniquely mapping to the genome were used in further analysis

for peak detection as described previously (Whyte et al., 2012). ZFHX4/CHD4

cobound regions were defined as having overlap of at least 1 bp between a

ZFHX4-occupied region and a CHD4-occupied region. ChIP antibody and

protocol details, ChIP-seq library preparation, details of ChIP-seq data

analysis, assessment of significance of ZFHX4 and CHD4 colocalization,

and identification of bound and cobound genes are described in the Supple-

mental Experimental Procedures.

Identification of Candidate Transcriptional Targets of ZFHX4 with

ARACNe

Using the bootstrap version of the ARACNe (Margolin et al., 2006) algorithm,

we generated a GBM-specific transcriptional network based on 273 gene

expression profiles (HG-U133A GeneChip arrays, Affymetrix) from 262 primary

glioblastoma patients, ten control samples, and one cell line control obtained

from TCGA (Cancer Genome Atlas Research Network, 2008), resulting in

approximately 270,000 interactions for 1,173 total transcription factors.

This network was parsed to identify 119 interactions for ZFHX4; 113

of these were represented in transcriptional profiles obtained after sup-

pressing CHD4.

Gene Set Enrichment Analysis of Candidate ZFHX4 Targets in CHD4

Suppression Signature

GSEA (Subramanian et al., 2005) with the KS test was used to determine

whether the 113 candidate transcriptional targets of ZFHX4, identified using

ARACNe, are overrepresented in the ranked list of genes from most to least
322 Cell Reports 6, 313–324, January 30, 2014 ª2014 The Authors
differentially expressed in CHD4-suppressed 0308 TICs compared to control

TICs. Significance of enrichment was calculated using a nonparametric

test with sample shuffling. Details of ARACNe analysis, GSEA, and signifi-

cance assessment are described in Supplemental Experimental Procedures.

ACCESSION NUMBERS

Transcriptional profiling and ChIP-seq data have been deposited in the NCBI

Gene Expression Omnibus under accession numbers GSE52363 and

GSE52419, respectively. The entire image set from the primary RNAi screen

is available at http://science.wi.mit.edu/research/data/Glioma_TIC_Screen.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, three tables, and two data files and can be found with this article

online at http://dx.doi.org/10.1016/j.celrep.2013.12.032.
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