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Mutant Isocitrate Dehydrogenase 1 Disrupts PKM2-3-Catenin-
BRG1 Transcriptional Network-Driven CD47 Expression
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ABSTRACT A gain-of-function mutation in isocitrate dehydrogenase 1 (IDH1) affects
immune surveillance in gliomas. As elevated CD47 levels are associated with immune
evasion in cancers, its status in gliomas harboring mutant IDH1 (IDH1-MT cells) was in-
vestigated. Decreased CD47 expression in IDH1-R132H-overexpressing cells was accom-
panied by diminished nuclear B-catenin, pyruvate kinase isoform M2 (PKM2), and TCF4
levels compared to those in cells harboring wild-type IDH1 (IDH1-WT cells). The inhibi-
tion of B-catenin in IDH1-WT cells abrogated CD47 expression, B-catenin-TCF4 interac-
tion, and the transactivational activity of B-catenin/TCF4. The reverse effect was ob-
served in IDH1-MT cells upon the pharmacological elevation of nuclear B-catenin levels.
Genetic and pharmacological manipulation of nuclear PKM2 levels in IDH1-WT and
IDH1-MT cells suggested that PKM2 is a positive regulator of the p-catenin-TCF4 interac-
tion. The Cancer Genome Atlas (TCGA) data sets indicated diminished CD47, PKM2, and
B-catenin levels in IDH1-MT gliomas compared to IDH1-WT gliomas. Also, elevated BRG1
levels with mutations in the ATP-dependent chromatin-remodeling site were observed
in IDH1-MT glioma. The ectopic expression of ATPase-deficient BRG1 diminished CD47
expression as well as TCF4 occupancy on its promoter. Sequential chromatin immuno-
precipitation (ChIP-re-ChlP) revealed the recruitment of the PKM2-B-catenin-BRG1-TCF4
complex to the TCF4 site on the CD47 promoter. This occupancy translated into CD47
transcription, as a diminished recruitment of this complex was observed in glioma cells
bearing IDH1-R132H. In addition to its involvement in CD47 transcriptional regulation,
PKM2-B-catenin-BRG1 cross talk affected the phagocytosis of IDH1-MT cells by micro-

glia.
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omatic mutations in the isocitrate dehydrogenase 1 (IDH1) gene in gliomas have been

associated with a better prognosis than in gliomas harboring wild-type IDH1 (1, 2). IDH1
decarboxylates isocitrate to a-ketoglutarate (a-KG), and IDH1 mutations not only result in
a loss of the enzymatic wild-type IDH1 function but also are associated with a gain-of-
function activity that converts a-KG to p-2-hydroxyglutarate (p-2-HG) (2). The common
point mutation R132H in IDH1 (IDH1-R132H) is the most prevalent mutation in gliomas (3).
IDH1 is increasingly being recognized as an independent prognostic marker in gliomas, as
the occurrence of IDH1 mutations predicts longer survival (4). IDH1 mutations are known
to establish CIMP (CpG island methylator phenotype) by remodeling the methylome and
transcriptome, with established G-CIMP-positive mutant IDH1-expressing glioblastomas
(GBMs) being predictive of improved survival (5). Also, decreased immune cell infiltration in
IDH1 mutant gliomas contributes to improved clinical outcomes observed in these patients
(6). Not only do IDH1 mutant gliomas escape natural killer cell immune surveillance by the
downregulation of NKG2D ligand expression (7), IDH1 mutations also impact CD8* T cell
accumulation and, thereby, immune-evasive responses (8).

The persistent activation of B-catenin is crucial for glioma progression (9), with increased
levels of nuclear B-catenin and elevated expression of B-catenin target genes being
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associated with high-grade GBM (10). Interestingly, the IDH1-R132H mutation in gliomas
negatively regulates B-catenin signaling (11). In addition to its well-known role in glycolysis,
pyruvate kinase isoform M2 (PKM2) participates in the regulation of gene transcription
(12-14). Nuclear PKM2 acts as a coactivator of B-catenin to regulate the Warburg effect (14),
and the nuclear expression of PKM2 is upregulated in GBM (15). Also, PKM2-regulated
histone modification is essential for its epigenetic regulation of gene expression and glioma
tumorigenesis (16). Moreover, BRGT (SMARCAA4), a key subunit of the SWI/SNF chromatin-
remodeling complex, binds directly to B-catenin and regulates nucleosome rearrangement
at WREs (Wnt-responsive elements) of target genes (17). In addition, meta-analyses of
cancer genome sequencing data suggest that SWI/SNF complex subunits are mutated in
human cancers with a high frequency (18).

CD47, a transmembrane glycoprotein that mediates a “self/do-not-eat-me” signal on
normal cells, communicates with signal regulatory protein « (SIRPa) on macrophages
to prevent phagocytosis (19, 20). The upregulation of antiphagocytic CD47 in a variety
of cancers renders malignant cells resistant to classical immune surveillance machinery
(21). Macrophage-mediated phagocytosis of tumor cells via the blockade of antiphago-
cytic CD47-SIRP« interactions using anti-CD47 antibodies has shown promise in several
solid tumors, including gliomas (20). The enhanced expression of CD47 in malignant
tumors facilitates the immunological evasion of tumor cells by rendering tumor
cells resistant to immune surveillance. As IDH1 mutation alters the transcriptional
program and gene expression in gliomas (5), we examined whether IDH1 mutations
affect the status of CD47 in gliomas that exhibit marked difference in effector
immune cell functions compared to those of IDH1-WT gliomas (6). Also, since PKM2
regulates B-catenin transactivation to affect gliomagenesis (14) and as B-catenin
regulates major histocompatibility complex class (MHC-I) genes associated with
immune-evasive responses in gliomas (22), the possible involvement of PKM2 and
B-catenin in regulating CD47 associated with immune-evasive responses in
IDH1-MT cells was investigated.

RESULTS

Diminished CD47 expression in glioma cells overexpressing IDH1-R132H. The
expression of CD47 on cancer cells allows them to evade innate immune surveillance
by serving as an antiphagocytic signal (19, 20). As the IDH1-R132H mutation affects
immune-evasive responses (6, 7), we investigated the status of CD47 expression in
glioma cells overexpressing IDH1-R132H. A decrease in CD47 expression was observed
in glioma cells stably transfected with IDH1-R132H compared to cells transfected with
IDH1-WT or the empty vector (Fig. 1A). An increase in the IDH1 mRNA level was
observed in stable IDH1-WT cells compared to that in cells transfected with the empty
vector (see Fig. S1A in the supplemental material). The oncometabolite 2-HG accumu-
lates to levels of up to 50 mmol/liter in IDH1-R132H-expressing cancer cells (23). The
overexpression of IDH1-R132H in U87MG cells induced significant 2-HG accumulation
(Fig. S1B). Thus, the stable cell lines recapitulated the IDH1-R132H phenotype in terms
of both 2-HG release and IDH1-R132H expression. A decrease in the CD47 level was also
observed in T98G those transiently transfected with IDH1-R132H compared to those
transfected with IDH1-WT (Fig. 1B). Western blot analysis with a mutation-specific
antibody confirmed IDH1-R132H expression in IDH1-MT cells but not in IDH1-WT cells
(Fig. 1B). Moreover, similar abundances of IDH1 were observed in both IDH1-WT-
expressing and IDH1-R132H-overexpressing cells (Fig. 1B). Upon determining whether
2-HG overproduction contributed to CD47 expression, a reduction in the CD47 level
was seen in glioma cells treated with 2-HG (Fig. 1C).

We next analyzed the status of CD47 in glioma cells harboring IDH1-R132H in two
public data sets, The Cancer Genome Atlas (TCGA) and UCSF (34, 35, 52, 53). While
~88% of low-grade glioma (LGG) cells exhibited an IDH1 mutation, ~5% of GBMs
exhibited an IDH1 mutation (Fig. 1D). Upon comparing the CD47 expression levels in
GBMs to those in LGGs, a significant decrease in CD47 expression was observed in LGGs
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FIG 1 Ectopic expression of IDH1-MT decreases CD47 expression and enhances phagocytosis of glioma cells. (A and B) Western blot analysis depicting CD47
expression in glioma cells stably (A) or transiently (B) overexpressing IDH1-WT and IDH1-R132H. The transfection efficiency of IDH1-R132H is shown. EV, empty
vector. (C) Treatment with 2-HG diminishes CD47 levels in U87MG cells compared to those in untreated controls. The blots in panels A to C are representative
of data from three independent experiments with similar results. Blots were stripped and reprobed for B-actin to establish equivalent loading. Densitometric
measurements were performed on the immunoblots by using Imagel. The values indicate fold changes over the values for the controls. Bands were normalized
to their corresponding B-actin levels. (D) Graphical representation of the number of patients bearing IDH1-WT and IDH1-MT in LGG and GBM. The data are from
multiple LGG and GBM data sets downloaded from the cBioPortal for Cancer Genomics database (http://www.cBioportal.org/). (E) Comparison of CD47
expression levels between LGG and GBM data sets. (F) LGG and GBM data sets were segregated into IDH1-WT and IDH1-MT, and the CD47 expression level
was found to be significantly lower in IDH1-MT cells than in IDH1-WT cells. P values were determined by a 2-tailed, unpaired t test using GraphPad Prism. (G)
Graph representing increased phagocytosis of IDH1-MT and 2-HG-treated glioma cells by microglia. The results represent averages of data from three different
experiments. The P value was determined by a 2-tailed, paired t test using GraphPad Prism. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

(Fig. 1E). Further in silico analysis revealed diminished CD47 expression in glioma
patients bearing IDH1-MT, compared to those with the wild-type IDH1 gene (Fig. 1F).

Increased phagocytosis of IDH1-MT glioma cells by microglia. Microglia are
regarded as the professional phagocytes of the central nervous system (CNS), and
phagocytosis of glioma cells by microglia leads to a reduction of the number of glioma
cells without affecting glioma apoptosis and proliferation (24). Moreover, a significant
infiltration of macrophages and microglia occurs in gliomas (25). As CD47 provides an
inhibitory signal for macrophage phagocytosis (20), we investigated the ability of
microglia to phagocytose IDH1-MT cells expressing diminished CD47 levels. The ability
of microglia to phagocytose U87MG cells overexpressing IDH1-MT was greater than the
ability of microglia to phagocytose cells expressing IDH1-WT (Fig. 1G). A similar increase
in the ability of microglia to phagocytose U87MG cells treated with 2-HG was observed
(Fig. 1G).
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Decreased nuclear B-catenin and PKM2 accumulation in IDH1-R132H-over-
expressing glioma cells. We have previously shown that B-catenin regulates MHC-|
expression associated with immune-evasive responses in glioma cells (22). Interestingly,
the IDH1 mutation in glioma cells negatively regulates B-catenin signaling (11). To
better understand whether B-catenin regulatory mechanisms affect CD47 expression,
we used STRING to predict putative interacting partners of B-catenin. This search led to
the identification of glycogen synthase kinase 38 (GSK-38), TCF4, BRG1, and PKM2 as
components of the B-catenin interactome (see Fig. S1C in the supplemental material).
Importantly, these components were predicted to be involved in transcriptional regu-
lation (Fig. S1C). Decreases in nonphosphorylated B-catenin (involved in the activation
of the B-catenin/TCF4 pathway) and total B-catenin levels were accompanied by
elevated GSK-33 expression and diminished nuclear TCF4 levels in IDH-MT cells com-
pared to IDH1-WT cells (Fig. S1D). The B-catenin-interacting protein GSK-33 regulates
B-catenin phosphorylation and its subsequent degradation (26). The inhibition of this
interaction results in B-catenin stabilization followed by its nuclear accumulation to
facilitate complex formation with TCF4 (27). As the activation of the B-catenin pathway
can occur through alterations in CTNNBT (encoding B-catenin) expression, analysis of
TCGA data for these molecules in IDH1-MT gliomas was performed. In silico analysis
revealed a pronounced upregulation of GSK-38 (Fig. 2A) and diminished B-catenin
(CTNNB1) levels (Fig. 2B) in IDH1-MT gliomas compared to those in IDH1-WT gliomas.
Interestingly, analysis of TCGA data revealed diminished expression levels of the
B-catenin-interacting partner PKM2 in glioma patients bearing IDH1-MT (Fig. 2Q).

Upon investigation of the status of B-catenin in cells that either stably or transiently
overexpress IDH1-R132H, a significant decrease in nuclear B-catenin levels compared to
those in cells harboring IDH1-WT was noted (Fig. 2D). Also, treatment with 2-HG
diminished nuclear B-catenin levels in U87MG cells compared to those in untreated
control cells (Fig. 2D). As STRING predicted that PKM2 is an interactive partner of
B-catenin, and since nuclear PKM2 regulates gene expression (12) by acting as a
coactivator of B-catenin (14), we next determined the status of PKM2 in cells that stably
or transiently overexpressed IDH1-R132H or those that were treated with 2-HG. A
decreased nuclear PKM2 level was observed in cells stably or transiently transfected
with the IDH1-MT construct (Fig. 2D) or treated with 2-HG (Fig. 2D). This decrease in the
nuclear localization of B-catenin and PKM2 was found to be significant in cells that
either stably or transiently expressed IDH1-R132H or cells that were exposed to 2-HG
(Fig. 2D).

Fluorescence microscopy revealed a decreased association of nuclear B-catenin and
PKM2 in 2-HG-treated cells compared to that in untreated control cells (Fig. 2E), as
shown by quantitative image analyses (Fig. 2E).

Diminished levels of the PKM2-3-catenin-TCF4 complex in gliomas overex-
pressing IDH1-R132H. Given the diminished nuclear recruitment of PKM2 and
B-catenin in IDH1-MT cells, immunoprecipitation (IP) studies were performed to reveal
their association. The decreases in nuclear levels were concomitant with decreased
levels of the PKM2-B-catenin complex (Fig. 3A). TCF4 is a key transcription factor that
brings about the activation or repression of genes through the recruitment of B-catenin
and associated coactivators/corepressors (28). Since the association of B-catenin with
nuclear TCF4 triggers the transcriptional activation of its target genes, we next deter-
mined the status of TCF4 in this complex. Decreased TCF4 levels in the PKM2-B-catenin
complex were observed in IDH1-MT cells compared to IDH1-WT cells (Fig. 3A). To
investigate TCF4 transactivation activity, luciferase systems with a multimerized
WT-TCF4 binding site (TOP FLASH) and a mutated TCF4 binding site (FOP FLASH)
upstream of the luciferase reporter were used (29). Decreased levels of the PKM2-
B-catenin-TCF4 complex in IDH1-MT cells were accompanied by decreased TCF4
luciferase reporter activity, thereby indicating decreased B-catenin transactivation
activity (Fig. 3B). A similar decrease in TCF4 activity was observed in U87MG cells
treated with 2-HG (Fig. 3B).
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FIG 2 Decreased nuclear PKM2 levels are accompanied by diminished B-catenin expression in IDH1-MT cells. (A to C) GSK3B (encoding GSK-38), CTNNB1
(encoding B-catenin), and PKM (encoding PKM2) expression levels (obtained from TCGA) were compared between IDH1-WT and IDH1-MT cells. P values were
determined by a 2-tailed, unpaired t test using GraphPad Prism. (D) Western blot analysis showing diminished levels of B-catenin and PKM2, both nuclear and
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FIG 3 Diminished TCF4/B-catenin transactivation activity in IDH1-MT cells. (A) Coimmunoprecipitation assays with anti-B-catenin antibody show diminished
formation of the nuclear B-catenin-PKM2-TCF4 complex in cells overexpressing IDH1-R132H compared to that in cells overexpressing IDH1-WT. IB,
immunoblotting. (B) TCF4 transactivation activity in glioma cells was determined by a luciferase reporter assay using TOP Flash and FOP Flash (TOP Flash
mutant). The graph depicts TOP/FOP Flash fold changes in relative luciferase units with respect to the control. Values represent the means = standard errors
of the means from three independent experiments. P values were determined by a 2-tailed, paired t test using GraphPad Prism. *, P < 0.05; **, P < 0.01.

CDA47 expression is dependent on B-catenin levels. In the GBM data set of TCGA,
CDA47 expression was found to be significantly correlated with B-catenin expression
(Fig. 4A). Since decreased CD47 expression was concomitant with decreased nuclear
B-catenin accumulation, the involvement of B-catenin in CD47 expression was vali-
dated by its small interfering RNA (siRNA)-mediated knockdown in stably transfected
IDH1-WT cells. Transfection with B-catenin siRNA decreased CD47 expression (Fig. 4B).
Treatment of IDH1-WT glioma cells with iCRT14, which prevents the nuclear translo-
cation of B-catenin, also diminished CD47 expression (Fig. 4C). To confirm that CD47
expression is dependent on nuclear B-catenin levels, a complementary experiment was
performed to restore nuclear B-catenin levels in stable IDH1-R132H-overexpressing
cells. The upregulation of B-catenin nuclear translocation by a small-molecule synergist
of the Wnt/B-catenin signaling pathway, QS11, enhanced CD47 expression (Fig. 4C).
While the interaction between B-catenin and TCF4 in IDH1-WT cells was abrogated
upon iCRT14 treatment (Fig. 4D), an increase in this interaction was noted for IDH1-
R132H-expressing cells treated with QS11 (Fig. 4E). As the TCF4—-B-catenin interaction
and its subsequent binding at the TCF4 binding sites can affect B-catenin transactiva-
tion, TCF4/B-catenin transactivation activity was determined in IDH1-WT and IDH1-MT
cells upon the inhibition or pharmacological elevation of nuclear B-catenin levels,

FIG 2 Legend (Continued)

cytosolic, in cells overexpressing IDH1-R132H and in glioma cells treated with 2-HG compared to IDH1-WT and untreated glioma cells, respectively. The blots
are representative of data from three independent experiments with similar results. Blots were stripped and reprobed for C23 or B-actin to establish equivalent
loading. Densitometric measurements were performed on the immunoblots by using ImageJ. The values indicate fold changes over the values for the controls.
Bands were normalized to the levels of their corresponding loading controls. NE, nuclear extract; cyto, cytosolic extract. (E) 2-HG treatment diminishes nuclear
localization of B-catenin and PKM2. Cells were immunostained with anti-B-catenin (B-catenin) (red) and anti-PKM2 (PKM2) (green). The nucleus is stained with
DAPI (4’ 6-diamidino-2-phenylindole) (blue). Merged images are shown. Representative images at a X63 magnification from three independent experiments
are shown. Adjacent line profiles show relative mean fluorescence intensities. *, P < 0.05; ***, P < 0.001.
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respectively. The reduction in TCF4/B-catenin transactivation activity upon the inhibi-
tion of B-catenin by iCRT14 treatment or siRNA-mediated knockdown (Fig. 4F) in
IDH1-WT cells suggested the diminished assembly of TCF4 and B-catenin at the TCF4
binding site. This finding, together with the increased TCF4 promoter activity in
IDH1-R132H cells upon QS11 treatment (Fig. 4F), indicated that the association of
B-catenin with TCF4 is crucial for the regulation of B-catenin transactivation.

Increased phagocytosis of IDH1-MT glioma cells is dependent on B-catenin
levels. Since CD47 expression affects the ability of cells to be phagocytosed, and as
B-catenin regulates CD47 expression, we investigated the role of B-catenin in the ability
of IDH1-WT and IDH1-MT glioma cells to be phagocytosed. An increase in the phago-
cytosis of IDH1-WT glioma cells was observed upon the inhibition of B-catenin by
iCRT14 treatment (Fig. 4G) or siRNA-mediated knockdown (Fig. 4G). This finding,
together with the decreased phagocytosis of QS11-treated IDH1-MT glioma cells (Fig.
4G), indicated that the nuclear B-catenin level affects the phagocytosis of IDH1-WT and
IDH1-MT glioma cells, in addition to its ability to regulate CD47 expression. This ability
of B-catenin to regulate both CD47 expression and phagocytosis was reflected in data
from correlation analyses. While significant positive correlations were found between
CDA47 levels and (i) B-catenin expression, (ii) B-catenin-TCF4 interactions, and (iii)
TCF4/B-catenin transactivation activity (Fig. 4H to J), inverse correlations were observed
between phagocytosis and (i) B-catenin expression, (ii) B-catenin-TCF4 interactions,
and (iii) TCF4/B-catenin transactivation activity (Fig. 4H to J).

PKM2 serves as a coactivator of B-catenin to regulate CD47 expression. The
GBM data set of TCGA indicated that CD47 expression is significantly correlated with
PKM2 expression (Fig. 5A). Based on our observations that B-catenin regulates CD47
expression and PKM2 is crucial for B-catenin transactivation, the possible involvement
of nuclear PKM2 in the regulation of CD47 expression was investigated. siRNA-
mediated PKM2 knockdown diminished CD47 levels in IDH1-WT cells (Fig. 5B). Treat-
ment with leptomycin B (LMB), which abolishes the export of nuclear proteins, led to
the nuclear localization of PKM2 (30). The leptomycin B-mediated increase in nuclear
PKM2 accumulation enhanced CD47 levels in cells stably expressing IDH1-R132H (Fig.
5C). The inhibition of PKM2 in IDH1-WT cells or the increase in its nuclear retention in
IDH1-MT cells affected the interaction of B-catenin and TCF4 (Fig. 5D and E) as well as
TCF4 transactivational activity (Fig. 5F) the and phagocytosis of IDH1-WT and IDH1-MT
glioma cells (Fig. 5G). Positive correlations were found between PKM2 levels and (i)
CD47 expression, (ii) B-catenin-TCF4 interactions, and (iii) TCF4/B-catenin transactiva-
tion activity (Fig. 5H to 5J). Correlational analysis indicated an inverse correlation
between PKM2 levels and phagocytosis (Fig. 5H).

BRG1 is mutated in the ATPase domain in IDH1-MT gliomas. The recruitment of
BRG1 to target gene promoters by B-catenin facilitates transcriptional activation
through chromatin remodeling (31), and mutations of SMARCA4 (encoding BRG1)
have been implicated in many cancer types (18). Upon comparing the statuses of
SMARCA4 in IDH1-WT and IDH1-MT gliomas in TCGA data sets, the BRG1 expression

FIG 4 CD47 expression is B-catenin dependent. (A) Pearson correlation coefficient analysis of CTNNB1 (encoding B-catenin) and CD47 mRNA levels in the
GBM data set of TCGA. (B) siRNA-mediated B-catenin knockdown in IDH1-WT cells decreases CD47 levels as demonstrated by Western blotting. The
transfection efficiency of B-catenin siRNA is shown. NS, nonspecific. (C) Western blot demonstrating CD47 and B-catenin expression levels in whole-cell
lysates (WCL) and nuclear extracts (NE) of IDH1-WT cells treated with the B-catenin inhibitor iCRT14. Treatment with the B-catenin activator QS11 increased
CD47 expression in IDH1-MT cells. Blots (B and C) are representative of data from three independent experiments with similar results. DMSO (dimethyl
sulfoxide)-treated IDH1-WT and IDH1-MT glioma cells were used as controls for iCRT14 and QS11 treatments, respectively. Blots were stripped and reprobed
for C23 or B-actin to establish equivalent loading. (D) Inhibition of B-catenin by iCRT14 diminishes the B-catenin-TCF4 interaction in cells harboring IDH1-WT.
(E) Increased B-catenin-TCF4 interactions in IDH1-R132H-overexpressing cells upon treatment with the B-catenin activator QS11. (F and G) B-Catenin
regulates TCF4 transactivation activity positively (F) and phagocytosis negatively (G) in glioma cells, as demonstrated by siRNA-mediated knockdown or
pharmacological activation/inhibition of B-catenin. The graphs indicate fold changes with respect to the corresponding controls. Values represent the means
+ standard errors of the means from 4 or 5 independent experiments. P values were determined by a 2-tailed, paired t test using GraphPad Prism. (H to
J) B-Catenin expression (H), B-catenin-TCF4 interactions (I), and TCF4 transactivation activity (J) show positive correlations with CD47 levels and inverse
correlations with phagocytosis. Densitometry data for B-catenin and CD47 under different treatment conditions were normalized to the values for the
corresponding loading controls. Fold changes of normalized data were analyzed by using a Pearson correlation test in GraphPad Prism. Fold changes in
TOP/FOP Flash values are considered for TCF4 transactivation activity, and fold changes in fluorescence are considered for phagocytosis. *, P < 0.05; **, P
< 0.01; ***, P < 0.001. r indicates the Pearson correlation coefficient.
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level was found to be significantly elevated in IDH1-MT gliomas compared to that
in IDH1-WT glioma (Fig. 6A). An increase in the BRG1 level was observed in
IDH1-R132H-overexpressing cells compared to that in IDH1-WT cells (see Fig. ST1A in
the supplemental material). Despite the increase in the level of BRG1, its interaction
with B-catenin was diminished in IDH1-MT cells compared to that in IDH1-WT cells
(Fig. 6B). This could have resulted from an unavailability of p-catenin for binding
with BRG1 in IDH1-MT cells (Fig. 6B).

Interestingly, BRG1 is mutated in ~3% of all gliomas (32), which includes both
IDH1-WT and IDH1-MT gliomas. Amino acids 766 to 1246 in BRG1 contain the ATP
binding and helicase activity site. Mutations in this region can potentially inhibit the
binding of BRG1 to ATP to subsequently inhibit ATP-dependent nucleosome rearrange-
ment at the TCF4 binding site (33) (Fig. 6C). TCGA data suggested the likelihood that
BRG1 mutations disrupt gene function and manifest as either early truncating or
missense mutations. About >78% of BRG1 mutations occur in the ATP binding and
helicase activity site (Fig. 6C). We assessed the correlation between IDH1 mutational
status and BRGT1 alterations (including mutations, genomic alterations, and gene ex-
pression changes) across multiple CNS tumors using cBioPortal data sets (34, 35, 52, 54,
55). This analysis identified a positive correlation between the IDH1 mutational status
and Brg1 alterations across CNS tumor types included in the analysis (Fig. 6D). CNS
tumors that are prone to IDH1 mutations, such as LGGs, are more likely to have an
altered BRG1 mutational status. This indicated the presence of nonfunctional BRG1 in
cases bearing IDH1-MT despite its significant increase in expression. In TCGA LGG and
GBM data sets, patients were classified as bearing BRG1-WT (n = 381) and BRG1-MT
(n = 14). Upon comparison of CD47 and CTNNB1 (B-catenin) expression levels in
BRG1-WT and BRG1-MT gliomas, both CD47 and B-catenin levels were found to be
lower in BRG1-MT than in BRG1-WT gliomas (Fig. 6E and F).

The ATPase subunit of BRG1 is crucial for TCF4 activity. The ATPase activity of
BRG1 is essential for its chromatin-remodeling activity, and loss-of-function mutations
in this domain inhibit transcriptional activation (36). To test the potential involvement
of ATP-dependent SWI/SNF chromatin-remodeling complexes in the transcriptional
activation of CD47, transient transfections of wild-type or ATPase-defective BRG1
(mutation in ATPase subunit K-R) were carried out in IDH1-WT cells. Inhibition of CD47
expression in IDH1-WT cells upon the ectopic expression of ATPase-deficient BRG1 but
not wild-type BRG1 (Fig. 6G) suggested that ATP-dependent chromatin remodeling is
required for BRG1 to regulate CD47 expression. A diminished interaction between TCF4
and B-catenin was also observed in IDH1-WT cells upon transfection with ATPase-
deficient BRG1 (Fig. 6H). Although ATPase-deficient BRG1 had no effect on TCF4 levels,
it decreased B-catenin levels (Fig. 6H). This could possibly account for the diminished
levels of B-catenin in IDH1-MT cells harboring ATPase-deficient BRG1 (Fig. 6F). To
further demonstrate the role of BRG1 in the TCF4-responsive reporter gene, the effect
of ectopic ATPase-deficient BRG1 in IDH1-WT cells was determined. Along with the
decrease in TCF4 transactivational activity (Fig. 6l), an increase in the phagocytosis of

FIG 5 PKM2 functions as a coactivator of B-catenin to regulate CD47 expression. (A) Pearson correlation coefficient analysis of PKM (encoding PKM2) and
CD47 mRNA levels in the GBM data set of TCGA. (B) siRNA-mediated knockdown of PKM2 decreases CD47 levels in IDH1-WT cells as determined by Western
blotting. The transfection efficiency of PKM2 siRNA is shown. NS, nonspecific. (C) Western blot depicting CD47 and PKM2 expression levels in whole-cell
(WCL) and nuclear extracts (NE) of IDH1-R132H cells treated with the nuclear export inhibitor leptomycin B (LMB). Blots in panels B and C are representative
of data from three independent experiments with similar results. Blots were stripped and reprobed for C23 or B-actin to establish equivalent loading.
Densitometric measurements were performed on the immunoblots by using Imagel. The values indicate fold changes over values for controls. Bands were
normalized to their corresponding B-actin or C23 levels. (D and E) siRNA-mediated knockdown of PKM2 in IDH1-WT cells decreases (D) while leptomycin
B treatment increases (E) the B-catenin-TCF4 interaction in IDH1-MT cells. Methanol-treated IDH1-R132H cells were used as a control for LMB treatment.
(F and G) PKM2 regulates TCF4 transactivation activity positively (F) and phagocytosis inversely (G) in glioma cells as demonstrated by siRNA-mediated
knockdown or upon the nuclear retention of PKM2 by LMB. The graphs indicate fold changes with respect to the values for the corresponding controls.
Values represent the means = standard errors of the means from three independent experiments. P values were determined by a 2-tailed, paired t test using
GraphPad Prism. (H to J) PKM2 expression shows positive correlations with CD47 levels (H), B-catenin-TCF4 interactions (I), and TCF4 transactivation activity
(J) and inverse correlations with phagocytosis (H). Densitometry data for PKM2 and CD47 under different treatment conditions were normalized to the values
for the corresponding loading controls. Fold changes of normalized data were analyzed by a Pearson correlation test using GraphPad Prism. Fold changes
in TOP/FOP Flash values are considered for TCF4 transactivation activity, and fold changes in fluorescence are considered for phagocytosis. *, P < 0.05; **,
P < 0.01; ***, P < 0.001. r indicates the Pearson correlation coefficient.
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FIG 6 BRG1 regulates CD47 expression. (A) TCGA data set analysis of SMARCA4 (encoding BRG1) expression in IDH1-WT and IDH1-MT cells. (B) Coimmunopre-
cipitation assays with anti-B-catenin antibody show diminished nuclear BRG1-B-catenin complex formation despite increased nuclear BRG1 levels in IDH1-MT
cells compared to those in IDH1-WT cells. (C) Mutational profile of BRG1 in LGGs and GBMs (modified from data from cBioPortal) indicating the missense
mutation in the ATP binding and helicase activity site of BRG1, which results in the loss of ATPase-dependent BRG1 transcriptional activation. (D) Regression
analysis indicates a positive correlation between IDH1 and BRG1 alterations across multiple CNS tumor data sets. R? values were generated by a linear-fit model
using GraphPad Prism. (E and F) Comparison of CD47 and CTNNB1 (B-catenin) expression levels between BRG1-WT and BRG1-MT obtained from TCGA. For
panels A, E, and F, P values were determined by a 2-tailed, unpaired t test using GraphPad software. (G) Western blot depicting diminished CD47 expression
in IDH1-WT cells transfected with pBJ5-BRG1-K-R. (H) Coimmunoprecipitation showing decreased B-catenin-TCF4 interactions in IDH1-WT cells transfected with

(Continued on next page)
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IDH1-WT cells was observed upon the ectopic expression of ATPase-deficient BRG1
(Fig. 6l).

Recruitment of TCF4 to its binding site on the CD47 promoter is BRG1 depen-
dent. The B-catenin-mediated recruitment of SWI/SNF complexes through its interac-
tion with BRG1 on TCF4 target gene promoters facilitates chromatin remodeling crucial
for transcriptional activation (31). A GenBank search for the TCF4 consensus binding
sequence (5'-[A/TI[A/TICAAAG-3’) on the CD47 promoter (positions —524 to —517)
identified such a site (Fig. 7A). To determine whether TCF4 binding to the defined
elements regulates CD47 expression, chromatin immunoprecipitation (ChIP) was per-
formed to determine the enrichment of TCF4 at this site. A significant decrease in TCF4
occupancy at this site was observed in IDH1-MT cells compared to IDH1-WT cells (Fig.
7B). We next investigated whether BRG1 mutants lacking ATPase activity affect TCF4
enrichment on the CD47 promoter. ChIP analysis revealed a decrease in TCF4 occu-
pancy in IDH1-WT cells upon the overexpression of ATPase-deficient BRG1 (Fig. 7C).

Corecruitment of PKM2, B-catenin, and BRG1 to the TCF4 site of the CD47
promoter is diminished in IDH1-MT cells. The involvement of PKM2, BRG1, and
B-catenin in TCF4 transactivational activity led us to investigate whether PKM2,
B-catenin, and BRG1 are corecruited to the same TCF4 site using a sequential ChIP
(ChIP-re-ChIP) assay. IDH1-MT and IDH1-WT cells were subjected to the first ChIP using
anti-TCF4. A subsequent re-ChIP with anti-PKM2, anti-B-catenin, or anti-BRG1 was then
performed. Results revealed that B-catenin, PKM2, as well as BRG1 are corecruited to
the TCF4 site on the CD47 promoter in IDH1-WT cells (Fig. 7D). Although the enrich-
ment of BRG1 on the TCF4 site of the CD47 promoter was significantly reduced in
IDH1-MT cells, the levels of recruitment of PKM2 and B-catenin to the same site were
comparable between IDHT-WT and IDH1-MT cells (Fig. 7D). Although not significant, a
tendency toward diminished recruitment of PKM2 as well as B-catenin to the TCF4 site
on the CD47 promoter was observed in IDH1-MT cells. This study provides evidence for
a novel transcriptional regulatory network whereby the PKM2-B-catenin complex
along with BRG1 are corecruited to the TCF4 site to regulate CD47 expression (Fig. 7E).

DISCUSSION

Macrophage-mediated phagocytosis of tumor cells via blockade of the antiphago-
cytic CD47-SIRPa interaction has shown promise in preclinical studies of pediatric
high-grade gliomas (37). CD47 blockade is also known to promote the T-cell-mediated
elimination of immunogenic tumors (21). Previous studies on gene expression data
from several solid tumors, including gliomas, suggested that CD47 levels are a clinically
relevant prognostic factor (20). The expression of CD47 is a general mechanism through
which human solid tumor cells evade phagocytosis (20). Furthermore, using data
generated by TCGA, diminished CD47 expression levels were observed in IDH1-MT
compared to IDH1-WT gliomas. The ability of the IDH1 mutation to affect the immune
component of gliomas has been associated with improved clinical outcomes (6). Our
data indicate that the IDH1 mutational context of gliomas can significantly circumvent
immune escape mechanisms by facilitating phagocytosis.

The regulation of TCF4/B-catenin transcriptional activity relies on the degradation of
B-catenin by the axin-GSK-3B3 complex (38). Elevated GSK-38 levels coupled with
diminished nuclear B-catenin translocation in IDH1-MT cells translated into lower
expression levels of CD47. Given that the B-catenin-PKM2 interaction is crucial for
glioma growth (14), perhaps the most striking finding in this work is that the nuclear
PKM2 and B-catenin levels are positively correlated with CD47 expression. The ability of
nuclear PKM2 to regulate the expression of glycolytic genes such as LDHA, which is

FIG 6 Legend (Continued)
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pBJ5-BRG1-K-R. Blots in panels B, G, and H are representative of data from two to three independent experiments with similar results. Blots were stripped and
reprobed for B-actin and c23 to establish equivalent loading. () BRG1 regulates TCF4 transactivation activity positively and phagocytosis inversely in glioma
cells. The graphs indicate fold changes with respect to the values for the corresponding controls. Values represent the means = standard errors of the means
from three independent experiments. P values were determined by a 2-tailed, paired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 7 IDH1-MT decreases the occupancy of the PKM2-TCF4-B-catenin-Brg1 complex at the TCF4 site on the CD47 promoter. (A) Schematic representation
showing the putative TCF4 binding site on the CD47 promoter (bp —524 to —517). (B) ChIP-qPCR analysis indicating decreased TCF4 occupancy at the TCF4
binding site on the CD47 promoter in IDH1-MT compared to IDH1-WT cells. (C) Ectopic pBJ5-BRG1-K-R expression decreases the occupancy of TCF4 on the CD47
promoter in IDH1-WT cells. (D) ChIP-re-ChIP analyses indicate diminished recruitment of B-catenin, PKM2, and BRG1 at the TCF4 binding site of the CD47
promoter in IDH1-MT compared to IDH1-WT cells. Primary ChIP and secondary ChIP were performed with TCF4 and B-catenin, PKM2, or BRG1 and then analyzed
by gPCR. Values represent the means * standard errors of the means from two independent experiments. (E) Model depicting the role of PKM2 and BRG1 in
B-catenin/TCF4-dependent CD47 expression. P values were determined by a 2-tailed, paired t test. ***, P < 0.001.

crucial for the Warburg effect, is known (39). As LDHA is silenced in IDH-MT gliomas
(40), it is possible that decreased nuclear PKM2 levels in IDH1-R132H cells also contrib-
ute to the altered metabolic profile observed for these tumors (41). Our findings in
conjunction with data from a previous study highlight the nonmetabolic function of
PKM2 in gene transcription as a transactivator of B-catenin (14). Importantly, our study
has highlighted CD47 as a novel target of PKM2.

The SWI/SNF family of ATPases facilitates transcription factor binding to nucleo-
somal DNA in an ATP-dependent manner (42). The catalytic ATPase subunit in the
SWI/SNF complex mediates nucleosome repositioning to regulate the transcription of
its targets. Our ChIP and re-ChIP data revealed the recruitment of the PKM2-g-catenin-
BRG1-TCF4 complex to the TCF4 site on the CD47 promoter. Importantly, the signifi-
cant decrease in the recruitment of BRG1 to the TCF4 site in IDH1-MT cells points to the
importance of Brg1-facilitated chromatin remodeling as a prerequisite for the transcrip-
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tional activation of CD47. Moreover, PKM2 and B-catenin, which are components of the
BRG1-TCF4 transcriptional complex, also showed a tendency toward diminished re-
cruitment to the TCF4 site in IDH1-MT cells. The presence of nonfunctional BRG1 with
a mutation in the ATPase domain, coupled with diminished PKM2 and B-catenin levels
in IDH1-MT gliomas, may have important ramifications for the responsiveness of these
tumors to immune surveillance by exhibiting a greater propensity for phagocytosis. Our
observations consolidate some unrelated but well-established findings, such as (i) the
role of PKM2 as a transcriptional coactivator of B-catenin, (ii) altered immune-evasive
responses in IDH1-MT cells, and (iii) BRG1-mediated chromatin remodeling in TCF4
activation.

By remodeling the epigenomic landscape through modulating methylation patterns
and changing transcriptional programs, the IDH1 mutation establishes CIMP (5). CIMP,
a prevalent molecular signature in low-grade gliomas, confers improved chances of
survival chances of in these tumors. The occurrence of IDHT mutations predicts longer
survival and greater sensitivity to chemotherapy in gliomas (43), and CD47 is also
known to regulate metabolic pathways that control resistance to ionizing radiation (44).
While the inactivation of the BRG1 ATPase domain increases sensitivity to known
chemotherapeutic drugs (45), the inhibition of CD47 signaling increases the radiosen-
sitivity of tumors while maintaining the viability of normal tissues (46). Importantly,
IDH1 mutations that are common in LGGs are predictive of a better outcome when
found in a GBM (47). It is possible that the presence of a mutation in the ATPase domain
of BRG1 coupled with diminished CD47 expression in LGGs harboring IDH1-MT cells not
only renders glioma cells vulnerable to immune surveillance but also could enhance
their responsiveness to therapy. As elevated CD47 levels have a direct bearing on the
immune escape mechanism in gliomas, future endeavors to inhibit CD47 by targeting
B-catenin-PKM2 cross talk may provide a novel therapeutic approach for modulating
immune-evasive responses in glioma. These data provide new insight into the biology
of IDH1 by suggesting mechanisms regulating the expression of CD47, a critical
regulator of innate immune surveillance. Given the significant contribution of immune
cells such as microglia in glioma, the increased ability of these professional phagocytes
to engulf IDH1-MT glioma cells may contribute in part to the differences in prognoses
associated with mutant IDH1 and wild-type IDH1.

MATERIALS AND METHODS

Cell culture and generation of stable cell lines. The human glioma cell lines U87MG (ATCC
CRL-11268) and T98G (ATCC CRL-1690) and the microglial cell line CHME3 (a gift from Anirban Basu,
National Brain Research Centre, India) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (Gibco, Gaithersburg, MD) and
penicillin (100 U/ml)-streptomycin (100 pwg/ml) (Gibco). For the establishment of stable glioma cell lines,
U87MG cells transfected with the pEGFP IDH1-WT and pEGFP IDH1-R132H constructs (gifts from Hai Yan,
Duke University School of Medicine, USA) were selected in G418 (700 wg/ml)-containing medium for 1
week. The G418-resistant cells were then evaluated for the expression of IDH1-R132H by Western
blotting.

Treatment and transfection. Glioma cells stably harboring IDH1-WT and IDH1-R132H were trans-
fected with 50 nmol/liter duplex PKM2, B-catenin or nonspecific siRNA, or plasmids pBJ5-BRG1 (plasmid
17873; Addgene, Cambridge, MA) and pBJ5-BRG1-K-R (plasmid 17874; Crabtree Lab, Addgene) by using
Lipofectamine RNAiMax reagent or Lipofectamine 2000 reagent (Life Technologies-Invitrogen, Carlsbad,
CA), respectively, as described previously (22). The control nontargeting siRNA (catalog no. D-001210-
03-20) as well as siRNAs targeting B-catenin (catalog no. L-003482-00-0005) and PKM2 (catalog no.
L-006781-00) were obtained from Dharmacon (Thermo Fisher Scientific, Waltham, MA). Upon attaining
semiconfluence, cells were transferred to serum-free medium (SFM), and after 6 h, cells were treated with
40 mM p-a-hydroxyglutaric acid disodium salt (catalog no. H8378; Sigma, St. Louis, MO) or 50 uM iCRT14
(catalog no. 4299, Tocris Biosciences, Bristol, UK), 10 uM QS11 (catalog no. 3324; Tocris Biosciences), or
15 nM leptomycin B (catalog no. L2913; Sigma) in SFM. For controls, cells were treated with dimethyl
sulfoxide (DMSO) or methanol. Similarly, T98G cells were cotransfected with IDH1-WT or IDH1-R132H
constructs and different siRNAs or plasmids, as was done for the stable cells. After 24 h or 48 h of
treatment, cells were harvested and analyzed by Western blotting.

Western blot analysis. Western blot analysis was performed with protein from whole-cell extracts,
cytosolic extracts, and nuclear extracts of cells transfected with different constructs or siRNA and treated
with different inhibitors and activators as described previously (22), using mouse monoclonal anti-CD47
(1:1,000) (catalog no. ab9089; Abcam, Cambridge, UK), rabbit monoclonal anti-PKM2 (1:1,000) (catalog
no. 4053; Cell Signaling, Boston, MA), rabbit monoclonal anti-GSK-38 (1:1,000) (catalog no. 9315; Cell
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Signaling), rabbit polyclonal anti-non-phospho-B-catenin (1:1,000) (catalog no. 4270; Cell Signaling),
rabbit monoclonal anti-B-catenin (1:1,000) (catalog no. 8480; Cell Signaling), mouse monoclonal anti-g-
catenin (1:1,000) (catalog no. ab19450; Abcam), goat polyclonal anti-TCF4 (1:1,000) (catalog no. sc-8631;
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-BRG1 (1:1,000) (catalog no. ab4081;
Abcam), mouse monoclonal anti-IDH1-R132H (clone HMab-1; Sigma-Aldrich), and rabbit polyclonal
anti-IDH1 (1:1,000) (catalog no. ab135659; Abcam). Horseradish peroxidase (HRP)-conjugated secondary
antibodies were purchased from Vector Laboratories Inc. (Burlingame, CA). After the addition of a
chemiluminescent reagent (Millipore, Billerica, MA), blots were exposed to the Chemigenius Bioimaging
system (Syngene, Cambridge, UK), and images were captured with Gene Snap software (Syngene). The
blots were stripped and reprobed with anti-B-actin (1:1,000) (catalog no. A3854; Sigma-Aldrich) or
anti-C23 (1:1,000) (catalog no. sc-55486; Santa Cruz Biotechnology) to determine equivalent loading as
described previously (48).

Coimmunoprecipitation. For endogenous IP, nuclear extracts from stable IDH1-WT and IDH1-MT
cells were incubated with 4 ug of the indicated antibodies at 4°C for 16 h. The lysate was then incubated
for 4 h with protein A/G-Sepharose beads (GE Health Care Life Sciences, Marlborough, MA). Beads were
washed five times in IP buffer, and immunoprecipitated proteins were resolved by 8 to 10% SDS-PAGE.
Briefly, the cells were lysed, and the endogenous B-catenin and TCF4 proteins were immunoprecipitated
with anti-B-catenin and anti-TCF4 antibodies. Western blot analysis was performed with the immuno-
precipitates by using specific antibodies (48).

Quantitation of p-2-hydroxyglutarate. The p-2-HG level was measured by using a p-2-HG assay kit
(catalog no. K213-100; Bio-Vision Inc., Milpitas, CA) according to the manufacturer’s instructions. Briefly,
protein extracts from glioma cells stably transfected with IDH1-WT and IDH1-MT were suspended in 100
wl of p-2-HG assay buffer. The lysates were further mixed with a reaction mixture (50 ul/reaction)
containing 44 ul of p-2-HG assay buffer, 2 ul of b-2-HG enzyme mix, and 2 ul of the substrate mix and
dispensed onto a 96-well microplate. This was followed by incubation at 37°C for 60 min. The optical
density (OD) was recorded at 450 nm from both samples and standards by using an enzyme-linked
immunosorbent assay (ELISA) plate reader (Tecan pro200; Mannedorf, Zirich, Switzerland). Results were
calculated as described above and expressed as fold changes over the values for the controls.

Luciferase reporter gene assay. Luciferase reporter gene assays were performed with cells trans-
fected with different combinations of TCF4 TOP Flash/FOP Flash luciferase, B-catenin-targeting siRNA,
PKM2-targeting siRNA, nonspecific siRNA, pBJ5-BRG1, and pBJ5-BRG1-K-R and treated with LMB, iCRT4,
and QS11. Briefly, IDH1-WT and IDH1-MT cells (T98G or U87MG stable cells) were transfected with 300
ng of the indicated luciferase reporter constructs and 20 ng of the Renilla luciferase vector (pRL-TK;
Promega, Madison, WI) for the normalization of the transfection efficiency. Cell lysates were analyzed
with the Dual-Luciferase reporter assay system (Promega) as described previously (22). Plasmid pBJ5-
BRGT1, plasmid pBJ5-BRG1-K-R, the M50 Super 8 TOP Flash TCF4 reporter plasmid, and the M51 Super
8X FOP Flash TCF4 reporter plasmid (plasmids 12456 and 12457; Moon Laboratory) were obtained from
Addgene.

Quantitative real-time PCR. To analyze the endogenous IDH1 mRNA levels in IDH1-WT and
IDH1-MT cells, RNA was isolated by using an RNeasy kit (Qiagen, Hilden, Germany), and cDNA was
synthesized by using a High Capacity cDNA reverse transcription kit (Applied Biosystems Inc., Foster City,
CA) on a Veriti thermal cycler (Applied Biosystems Inc.). Real-time PCR was performed as described
previously (49), using a ViiA7 real-time thermocycler (Applied Biosystems Inc.), and results were plotted
as fold changes over the values for the control (empty vector) for the IDH1 mRNA transcript. Values for
all samples were normalized to their respective 18S rRNA threshold cycle (C;) values.

The quantitative PCR (qPCR) primers used are as follows: IDH1 forward and reverse primers 5'-GTG
CCTGGAGTTTAAAAGGCGA-3’ and 5'-CTACCACAGAACCGCCACTG-3', respectively, and 18S rRNA forward
and reverse primers 5-CAGCCACCCGAGATTGAGCA-3'" and 5’-TAGTAGCGACGGGCGGTGTG-3’, respec-
tively.

Phagocytosis assay. Glioma cells under different treatment conditions were fluorescently labeled
with carboxyfluorescein succinimidyl ester (CFSE) according to the manufacturer’s protocol (Life
Technologies-Invitrogen). After 2 h, CFSE-labeled glioma cells were harvested and added to CHME3
microglial cells previously seeded into 24-well plates. Following incubation for 2 h at 37°C in a CO,
incubator, the CFSE-labeled glioma cells were removed, and 100 ul trypan blue was added to the wells
for 1 min at room temperature. Upon the removal of trypan blue, microglial cells were washed and
subjected to mild lysis. Phagocytosis was then quantified by measuring the fluorescence in a microplate
reader (Thermo Electron, Waltham, MA), using 480-nm excitation and 520-nm emission wavelengths (50).

ChIP, re-ChIP, and ChIP-qPCR assays. ChIP was performed by enzymatic DNA shearing (Chip-IT
Enzymatic; Active Motif, Carlsbad, CA) as previously described (22). Cells were fixed in 1% formaldehyde
at room temperature for 10 min. Isolated nuclei were lysed, and DNA was enzymatically sheared with the
Enzymatic Shearing kit (Active Motif). Anti-TCF4 (catalog no. sc-8631; Santa Cruz Biotechnology) antibody
was used for IP, and a nonspecific IgG antibody (Abcam) was used as a control. For re-ChIP, anti-TCF4
(catalog no. sc-8631; Santa Cruz Biotechnology) antibody was used for primary IP, followed by anti-PKM2,
anti-B-catenin, or anti-BRG1 for the second IP, and a nonspecific IgG antibody (Abcam) was used as a
control. Following reverse cross-linking and DNA purification, DNA from the input (diluted 1:10) and
immunoprecipitated DNA recovered by ChIP were analyzed by qPCR using Power SYBR green PCR master
mix (Applied Biosystems Inc.) with a ViiA7 real-time thermocycler (Applied Biosystems Inc.) for 40 cycles.
Relative fold enrichment with respect to the input was calculated based on the C; as100/22¢T, where
AC; = C; (IP) — (C; input — log, dilution factor). No target sequences were amplified from the same
material as a control for IP in each sample, and results were corrected accordingly. The sequences of the
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primers used for qPCR analyses of the amplified regions were as follows: CD47 (ChIP) forward and reverse
primers 5'-TGGGAGTGAAAGCAAAGAGG-3’" and 5'-CTTCCAGGTCACGTCCTGTC-3’, respectively, and no-
target-region forward and reverse primers 5'-AAGTCGGTGAGAAGGGGTTT-3" and 5'-AAGGAAGAGTTTC
CAGCAAGC-3’, respectively.

TCGA analysis. For studying CD47, B-catenin, PKM2, BRG1, and GSK-3 expression in IDH1 mutants,

transcriptome sequencing (RNA-seq) data from TCGA LGG and GBM data sets (51) were downloaded and
segregated by IDH mutation status. Patients were classified as bearing IDH1-WT or IDH1-MT tumors. The
mutation data for BRG1 were downloaded from cBioPortal (35), and patients were classified as bearing
BRG1-WT and BRG1-MT.

Statistical analysis. All comparisons between groups were performed by using two-tailed paired

Student’s t test unless otherwise stated. All P values of <0.05 were considered significant.
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