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Glioblastoma (GBM) is characterized by an aberrant yet druggable epigenetic landscape. One
major family of epigenetic regulators, the histone deacetylases (HDACs), are considered promising
therapeutic targets for GBM due to their repressive influences on transcription. Although HDACs
share redundant functions and common substrates, the unique isoform-specific roles of different
HDACs in GBM remain unclear. In neural stem cells, HDAC2 is the indispensable deacetylase to
ensure normal brain development and survival in the absence of HDAC1. Surprisingly, we find that
HDAC1 is the essential class | deacetylase in glioma stem cells, and its loss is not compensated for
by HDAC2. Using cell-based and biochemical assays, transcriptomic analyses, and patient-derived
xenograft models, we find that knockdown of HDAC1 alone has profound effects on the glioma
stem cell phenotype in a p53-dependent manner. We demonstrate marked suppression in tumor
growth upon targeting of HDAC1 and identify compensatory pathways that provide insights into
combination therapies for GBM. Our study highlights the importance of HDAC1in GBM and the
need to develop isoform-specific drugs.

Introduction

A well-regulated interplay between histone acetylation and deacetylation, mediated by histone acetyltrans-
ferases and histone deacetylases (HDACS), is essential for the dynamic fine-tuning of gene expression (1).
HDACs mediate chromatin compaction, favoring transcriptional repression, and are frequently overex-
pressed in human cancers, including glioblastoma (GBM,; refs. 2, 3). Hence, over the last decade, there has
been considerable interest in HDAC inhibitors (HDACH) in the field of oncology. However, systemic inhi-
bition of HDACs with pharmacological inhibitors fails to provide significant therapeutic benefit in clinical
trials for primary and recurrent GBM (4-8). HDAC:I currently in clinical trials have poor brain penetration
and a narrow therapeutic window due to their relatively low selectivity for individual HDAC isoforms (3,
7, 9-11). Notably, not all HDACs are equally expressed in GBM, and the specific functions of individual
HDAC isoforms in these tumors are not well understood (12). Hence, there is a need to dissect the func-
tional importance and requirement for individual HDACs in GBM, especially the therapy-resistant glioma
stem cells (GSCs), to provide a rationale for the development of isoform-selective HDACI.

While it is known that HDAC1 and HDAC?2 (class I HDACs) harbor highly specific and nonoverlap-
ping roles in the developing brain, it is unclear whether these nonredundant functions are retained in glio-
ma cells (2, 13). Our current knowledge on the role of HDACs in GBM is primarily based on pan-HDACI
studies and isoform-specific knockdown or knockout experiments in serum-grown, long-term cultures of
GBM cells and not in GSCs (14-20). Even the Cancer Dependency Map project, which profiled hundreds
of cancer cell lines to identify genetic and pharmacological vulnerabilities, utilized traditionally grown
glioma cell lines (20). Considering that GBMs frequently hijack normal developmental programs to their
advantage and the fact that there is an isoform-specific requirement for HDAC2 over HDAC1 during
normal brain development, we questioned whether GSCs maintain similar or divergent isoform-specific
requirements for class I HDAC activity to sustain tumor growth (21-24).

Here, we demonstrate that HDACI is critical for the proliferative potential of GSCs in a p53-depen-
dent manner. Knockdown of HDACI alone results in significantly prolonged survival in a patient-derived
xenograft (PDX) model and a mouse model of human glioma, and the resulting tumors exhibit a more
invasive growth pattern. Our data reveal an essential nonredundant role of HDACI in GSCs in contrast
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to its dispensability in normal neural stem cells (21). This molecular selectivity for HDAC1 was evident
upon its ablation in human GSCs (hGSCs), where its loss was not compensated by upregulation of its
paralogue HDAC?2 or other HDACs. Furthermore, we observe that ablation of HDAC] function in GSCs
suppressed expression of key glioma stemness markers like SRY-box transcription factor 2 (SOX2), Nestin,
and oligodendrocyte transcription factor 2 (OLIG2). In addition, HDACI silencing stabilized and acetyl-
ated p53, resulting in upregulation of key p53 target genes and induction of programmed cell death. This
demonstrates that HDAC1, but not HDAC?2, functions as a p53 deacetylase in hGSCs, as previously shown
in several normal and tumorigenic cell lines (25-27). Our results uncover a previously underappreciated
role for HDACI in regulating the GSC phenotype, and highlight opportunities for the development of
isoform-specific HDAC: for novel targeted and combinatorial therapies in GBM.

Results

HDACI expression is correlated with worse survival in GBM. We evaluated relative mRNA expression levels of
HDACI and HDAC?2 across different grades of glioma using the The Cancer Genome Atlas (TCGA), Chi-
nese Glioma Genome Atlas (CGGA), and Repository of Molecular Brain Neoplasia Data (REMBRANDT)
databases (12, 28, 29). HDACI expression increased with WHO tumor grade, and its expression was signifi-
cantly higher in grade IV (GBM) than in lower grade gliomas (P < 0.001; Figure 1A). In contrast, HDAC2
was expressed at high levels across all glioma samples (Figure 1B). HDACI expression does not differ signifi-
cantly across the 3 molecular subgroups of GBM (ref. 30 and Figure 1C), and its expression was higher in
GBM compared with normal brain tissue (Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.149232DS1). We also found that the expression of
HDACI was inversely correlated with patient survival in 3 independent data sets that include GBM and low-
grade gliomas (Figure 1D and ref. 31). We compared HDAC1 and HDAC2 protein expression in gliomas
using the Human Proteome Atlas and found that both were strongly expressed in most gliomas, although
HDACT1 expression is higher in GBM than in low-grade gliomas (32). One caveat with these analyses is that
they were conducted on bulk GBM tissue and thus do not provide information on the functions of these 2
HDAC paralogues within the GSC population. Hence, given these expression data and the role of HDAC1
as a global repressor of transcription (13), we sought to specifically understand its functional impact across
multiple patient-derived GBM GSCs (hGSCs).

HDACI and HDAC2 are abundantly expressed in hGSCs. We compared the expression of HDACI and
HDAC?2 across 8 hGSC lines (Figure 1E), normal human astrocytes (NHAs), and human neural progenitor
cells derived from induced pluripotent stem cells from a healthy individual (ihNPCs; Figure 1F). HDAC1
and HDAC?2 were equally and abundantly expressed in NHAs and hGSC lines (Figure 1, E and F), while
HDACI levels were lowest in normal ihNPCs (Figure 1F). The latter observation is in line with previous
reports that demonstrated that HDAC1 and HDAC?2 display different lineage-specific or developmental
stage expression patterns — with HDAC2 being more highly expressed than HDAC1 in neural precursors
and mature neurons (21, 33). Another class I HDAC that has been previously implicated in GBM biology
and whose expression correlates with increased glioma aggressiveness is HDAC3 (34, 35). However, we
found that HDAC3 protein levels were very low compared with HDACT1 across multiple primary hGSC
cell lines (see Supplemental Figure 1B). Hence, our goal was to investigate the significance of high HDACI1
expression in GBM tumors and assess whether hGSCs harbor differential dependencies or degrees of func-
tional redundancy with respect to the activity of the 2 class I HDAC paralogues.

HDACI knockdown suppresses viability of hGSCs in a p53-dependent manner. We silenced HDACI expression
in 4 distinct p53 wild-type (p53-WT) hGSC lines (BT145, GB3, BT286, and GB71), p53-mutant hGSC lines
(BT187, BT70, GB82, GB84), NHAs, and ihNPCs using 2 independent shRNAs targeting HDACI protein-cod-
ing regions (shHDACI_A and shHDACI_B). Acute knockdown of HDACI resulted in a dramatic reduction
in the viability of all 4 hGSC cultures (Figure 2A, Supplemental Figure 2A, and Supplemental Figure 3A;
approximately 85%-90% loss in viability compared with controls; P < 0.0001). HDACI knockdown had a sig-
nificant but much more attenuated impact on the survival of p53-mutant hGSCs (average 50%—55% reduction;
Figure 2A, Supplemental Figure 2B, Supplemental Figure 3B, and Supplemental Table 1; P < 0.001-0.0001).
Two isocitrate dehydrogenase—mutant hGSCs harboring p53 mutations were practically unaffected by loss of
HDACI (HK211, HK252; Supplemental Figure 2, E and F, and Supplemental Figure 3C). The viability of
nontumorigenic NHAs and ihNPCs was also significantly affected by absence of HDACI protein, albeit not
to the same extent as p53-WT hGSCs (Figure 2A, Supplemental Figure 2C, and Supplemental Figure 3D).
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Figure 1. HDAC1 expression levels in GBM. (A) HDACT (B) and HDAC2 expression levels across various grades of gliomas (OL, oligodendroglioma; OA, oli-
goastrocytoma; A, astrocytoma; GBM, glioblastoma) within the TCGA, CCGA, and REMBRANDT databases. HDACT, but not HDAC2, expression significantly
increases with malignancy; Tukey's post hoc test. (C) HDACT expression levels across the 3 GBM molecular subtypes (CL, classical; MES, mesenchymal; PN,
proneural). (D) Kaplan-Meier analysis stratifying glioma patients with HDACT high and low expression within the TCGA, CCGA, and Rembrandt databas-
es; log-rank test. (E) Immunoblot showing basal levels of HDAC1 and HDAC2 in p53-WT hGSCs (BT145, BT286, GB3, and GB71) and p53-mutant hGSCs
(BT187, BT70, GB82, and GB84) (n = 3). (F) Immunoblot showing basal levels of HDAC1 and HDAC2 in nontumorigenic normal human astrocytes (NHAs)

and induced pluripotent stem cell-derived (iPSC-derived) human neural progenitor cells (ihNPCs) alongside 2 hGSC lines (n = 3). The box plots depict the
minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. *P <
0.05; **P < 0.01; ***P < 0.001. See also Supplemental Figure 1.

We assessed the proportion of actively cycling or dying cells after acute HDAC! knockdown through
immunocytochemistry in both p53-WT and p53-mutant hGSCs (Figure 2, B-E). We found that in p53-WT
cells (BT145), HDACI knockdown led to a significant reduction in the percentage of Ki67-positive cells
(>95% decrease; P < 0.001) and significant increase in the percentage of cleaved caspase-3—positive cells
(average 37% increase; P < 0.01; Figure 2, B-E). Conversely, HDACI knockdown did not affect proliferation
and survival of p53-mutant cells (BT187) compared to nontarget controls (Figure 2, B-E). Hence, reduced
proliferation and increased cell death contribute to the decrease in cell viability observed in p53-WT hGSCs.
To confirm whether the effects of HDACI knockdown on hGSC proliferation are indeed dependent on p53
status, we transduced a p53-WT hGSC line (BT145) with a dominant-negative form of 7P53 (p53-DN; ref.
36). As shown in Figure 2F, overexpression of p53-DN in BT 145 rescued the defect in proliferation observed
after HDACI knockdown. Next, to assess the impact of HDAC1 on p53 activation, we examined acetylation
status of p53 after HDAC1 knockdown. HDACI knockdown resulted in significantly increased acetylation
of p53 at lysines 382 and 373 and its stabilization (Figure 2G and Supplemental Figure 3, E and F). These
posttranslational modifications have been shown to be important for p53 stabilization, subsequent activation,
and transcriptional activity (26, 37, 38). HDACI knockdown did not result in increased transcription of 7P53
or decreased transcription of its negative regulator MDM?2 (Supplemental Figure 3G). These results indicate
that HDAC1 regulates p53 acetylation and suppresses its transcriptional functions in p53-WT hGSCs and
strongly suggest that p53 status dictates the response of hGSCs to acute loss of HDACI protein.

HDACI function is nonredundant in hGSCs and is not compensated for by other HDACs. We sought to determine
the global transcriptional consequences of HDACI loss and obtain insights into the mechanisms underly-
ing the distinct phenotypes exhibited by hGSCs and normal neural cells. We performed RNA-sequencing
(RNA-Seq) analysis of p53-WT (BT145, GB3) and p53-mutant (BT187) hGSCs as well as NHAs and ihN-
PC cultures after HDACI knockdown. We examined whether ablation of HDACI resulted in compensatory
upregulation of any other members of the HDAC family of proteins in hGSCs (Figure 3A). In all cell lines,
HDAC2 and HDAC3 expression levels were modestly but significantly reduced after HDACI knockdown (Fig-
ure 3A). The only HDACsS that were significantly upregulated following HDACI loss were HDACY in NHAs
and HDAC10 and HDACI1 in BT187 (Figure 3A). However, overall our data suggest that unlike the compen-
sation seen in normal neural stem cells (21), HDACI knockdown did not dramatically affect expression of
other HDAC:s in the majority of the cell lines tested.

HDACI1 and HDAC?2 are highly homologous and shown to have individual and overlapping regulatory
functions for proliferation and cell survival in other tissues (22). To understand whether these paralogues
harbor nonredundant functions in hGSCs, we performed knockdown of HDAC2 in hGSCs to see whether
silencing its expression would result in a phenotype comparable to that of HDACI knockdown (Figure 2A).
After HDAC2 knockdown, HDACI protein levels were significantly (~1.5- to 2-fold) upregulated as a result of
HDAC? silencing in both p53-WT and p53-mutant hGSCs (Figure 3, B and C). Unlike HDACI knockdown,
we found that knockdown of HDAC?2 did not significantly affect the viability of p53-WT and p53-mutant
hGSCs (Figure 3D and Supplemental Figure 4A). Additionally, knockdown of HDAC2 did not result in
increased p53 K382 acetylation, suggesting that p53 activation is a direct result of HDAC!I silencing. Hence,
we demonstrate that HDACI harbors unique functional roles in hGSCs that cannot be compensated for by
HDAC?2, and we identify HDACT as the essential class I deacetylase for hGSC proliferation and survival.

HDACI knockdown results in increased histone acetylation and reduces expression of key stemness and cell fate
factors. To assess the impact of HDAC1 knockdown on global histone acetylation, we analyzed changes in
common histone acetylation marks. We first confirmed that knockdown of HDACI in both cell lines led to a
dramatic increase in the acetylation of histone H3 at lysines 9, 14, and 27 (H3K9/14 and H3K27). These his-
tone marks are associated with higher activation of gene transcription: H3K9/14ac is highly correlated with
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Figure 2. Knockdown of HDAC1 reduces viability of hGSCs in a p53-dependent manner. (A) Quantification of the percentage of viable p53-WT and
p53-mutant hGSCs and 2 nontumorigenic cell lines (NHAs, ihNPCs) transduced with shHDACT_A or shHDACT_B, compared with control cells transduced with
nontarget shRNA (shNT) (n = 3). (B and €) Immunofluorescence staining (B) and quantification (C) of Ki67-positive hGSCs after acute HDACT silencing (n = 3).
(D and E) Immunofluorescence staining (D) and quantification (E) of cleaved caspase-3-positive cells after acute HDACT silencing (n = 3). (F) Quantification

of the percentage of viable p53-WT

hGSCs overexpressing p53-DN or EGFP after HDACT knockdown (n = 3). Schematic below illustrates how overexpres-

sion of a p53 mutant (p53-DN) affects p53 function. (G) Quantification of immunoblots for total and acetylated p53 (K382) after HDACT silencing (shH1_A,

shHDACT_A) in p53-WT BT145 (n = 3
data are compiled from at least 3 in

). Schematic below illustrates how HDACT opposes p53 activation through direct deacetylation. For each cell line, the
dependent experiments for each shRNA. Error bars indicate SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001. Original

magnification, 20x; scale bars, 2 um. P values were determined using the 2-way ANOVA with Tukey’s multiple comparisons test or unpaired 2-tailed t test.
See also Supplemental Figure 2, Supplemental Figure 3, and Supplemental Tables 1and 2.

active promoters, while the H3K27ac is an active enhancer mark (Figure 4A). Loss of HDAC1 in embryonic
stem cells affects stem cell proliferation due to increase in cell cycle inhibitor expression (39). We observed
marked upregulation of p21, a direct transcriptional target of p53, in the p53-WT but not p53-mutant cell
line (Figure 4, B-D). We then evaluated changes in the expression of several proteins associated with stem
cell identity or cell fate in p53-WT (BT145) and p53-mutant (BT187) hGSC lines. Knockdown of HDACI
resulted in a significant decrease in the expression of glioma master transcription factors SOX2 and OLIG2,
stem cell marker NESTIN, and the receptor tyrosine kinase epidermal growth factor receptor (EGFR; Fig-
ure 4, B-D). Overexpression of p53-DN mutant in p53-WT cells also resulted in similar expression changes
(Figure 4, B and E). While HDAC2 protein levels did dramatically decrease in the absence of HDACI in
p53-WT hGSCs (Figure 4C), they remained unchanged in p53-mutant cells, p53-WT cells overexpressing
p53-DN, ihNPCs, and NHAs after HDAC1 knockdown (Figure 4, D and E; Supplemental Figure 3D; and
Supplemental Figure 4B). Hence, while HDACI1 expression is upregulated in the absence of HDAC2 protein
(Figure 3, B and C), HDAC2 does not display any compensatory upregulation after HDACI knockdown
in hGSCs (Figure 4, B-E, and Supplemental Figure 4B). Together, these data indicate that knockdown of
HDACT results in a collapse of the stemness state (irrespective of p53 status) and activation of p53 down-
stream target genes in surviving p53-WT, but not in p53-mutant, hGSCs (Figure 4B).

HDACI knockdown in GSCs markedly attenuates their ability to form tumors and increases survival of tumor-bearing
mice. We next investigated whether loss of HDAC1 affected the tumor-forming potential of p53-WT hGSCs.
‘We orthotopically transplanted hGSCs (BT145) transduced with a luciferase reporter and either an shNT or 2
HDACItargeting shRNAs in immunocompromised mice. Using bioluminescence imaging, we compared the
differences in the tumor growth rate in shNT and shHDAC! tumors at an early time point after h\GSC engraft-
ment (7 weeks postinjection; Figure 5A). HDACI knockdown resulted in a significant lag in tumor growth
with both shRNAs, which was maintained throughout the study (Figure 5A and Supplemental Figure 5, A
and B). We confirmed that HDACI silencing was maintained in shHDACI tumors (Supplemental Figure 5, C
and D). In line with our in vitro phenotypes (Figure 4B), we also confirmed that shHDAC! tumors expressed
very low levels of OLIG2 — a master transcription regulator that has previously been shown to be critical for
the tumor-propagating potential of p53-WT GSCs (Supplemental Figure 5C and refs. 36, 40). Consistent with
low HDACI expression, the engrafted shHDACI cells exhibited an increase in H3K9/14ac relative to shNT
controls (Figure 5B). As shown in Figure 5, C and D, shHDAC! tumors had a significant reduction in the
proportion of proliferating cells compared with the controls. Knockdown of HDACI alone not only delayed
tumor growth but also resulted in significantly extended overall survival in a PDX model of GBM (BT145;
Figure 5E) and in a murine model of human glioma (Figure 5F).

HDACI knockdown affects expression of genes involved in apoptosis, the cell cycle, and cellular communication
and migration in p53-WT hGSCs. In our RNA-Seq analysis, we identified 2516 differentially upregulated and
3241 differentially downregulated genes across the 3 hGSC lines analyzed (Figure 6A). Although p53-WT
cell lines had a similar phenotypic response to loss of HDACI, each cell line appeared to have substantially
different responses to HDAC1 knockdown albeit with some overlapping genes, independent of p53 status.
This may be partly explained by the distinct genotypes/driver mutations present in each cell line (e.g., p53-
WT lines BT145 and GB3 are EGFR and PDGFRA driven, respectively), such that HDACI ablation may
impart similar phenotypes through regulation of different sets of genes. We performed functional enrich-
ment analyses in p53-WT cells (BT145 and GB3) compared with p53-mutant cells (BT187). Common genes
significantly upregulated in p53-WT cell lines were associated with programmed cell death while genes asso-
ciated with cell cycle and DNA-dependent DNA replication were significantly downregulated (Figure 6B).
These data are consistent with our in vitro results following HDACI silencing (Figure 2, A-E, and Figure
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4B). Interestingly, in p53-WT hGSCs we also found significant enrichment of genes associated with cellular
communication, cellular migration, cytokine production, and responses to stress (Figure 6, C and D).

HDACI knockdown results in aberrant differentiation and invasion of p53-WT hGSCs. Prolonged treatment
with pan-HDACI has previously been shown to induce differentiation in hGSCs (41). Regulatory network
analysis identified 61 transcription factors associated with the regulation of genes upregulated after HDAC1
knockdown (Figure 6D). Interestingly, upregulated genes include neuronal differentiation transcription fac-
tors such as DLX]and DLX6 (42—44), oligodendrocyte differentiation transcription factors such as NKX6-
2 (45) and EMX]I (46), and transcription factors expressed in developing and mature astrocytes such as
NFATC2, CEBPB, CEBPE, and POU3F2 (47).

Considering that knockdown of HDACI led to significant upregulation of expression of transcription
factors that promote tissue invasion (48-50) (e.g., NFATC2 and CEBPB; Figure 6D), we questioned whether
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Figure 4. HDACT knockdown reduces expression of key stemness and cell fate factors. (A) Immunoblots showing increase in H3K4/19ac and H3K27ac after
HDACT silencing in BT145 and BT187 (shH1_A, shHDACT_A; shH1B, shHDAC1_B) (n = 3). (B) Representative immunoblots of p53-WT (BT145), p53-mutant (BT187)
and p53-WT cells overexpressing p53-DN (BT145 + p53-DN) hGSCs after acute silencing of HDACT probed for various markers (n = 3). Black arrow indicates expres-
sion of WT EGFR. (C-E) Quantification of expression of proteins (normalized to Vinculin) after HDACT knockdown from immunoblots using p53-WT (C), p53-
mutant (D), and p53-WT cells overexpressing p53-DN (E). For each cell line, the data are compiled from at least 3 independent experiments for each shRNA. Error
bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P values were determined using the 2-way ANOVA with Tukey’s multiple comparisons test.
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shHDACI tumors exhibited a different growth pattern in vivo. While there was a marked difference in tumor
burden across the 2 groups 7 weeks postimplantation, extensive infiltration of GFP-positive shHHDAC! tumor
cells was seen throughout the brain parenchyma compared with shNT tumor cells — demonstrating that
HDAC 1-deficient tumors displayed a more invasive phenotype in vivo (Figure 6, E and F).

Ablation of HDACI expression did not result in significant shifts between different cellular states described
by Neftel et al., (51), although some trends were evident: BT'145 cells adopted a more astrocyte-like state, and
GB3 cells adopted a more hypoxia-dependent mesenchymal-like (MES2) state, while p53-mutant BT187 cells
tended to shift from a hypoxia-independent (MES1) to a hypoxia-dependent MES2 state (Supplemental Fig-
ure 6). Our results suggest that HDACI knockdown results in transcriptional changes that not only alter cell
survival and death programs but also alter cell invasion in hGSCs in a p53-dependent manner.

Genetic ablation of HDACI results in increased STAT3 activity in p53-WT hGSCs. We validated upregulation
of genes involved in regulating cancer cell invasion, migration, and survival upon HDACI knockdown using
quantitative reverse transcription PCR (RT-qPCR) in p53-WT (BT145) and p53-mutant (BT187) hGSCs (Figure
7A). We found that expression of STAT3, TGFB2, MET, ICAMI, CSF1, ITGB5, BDNF, NRPI, and NRG5 was



RESEARCH ARTICLE

JQl insigHT
A shHDAC1_A shHDAC1_B B
ek *k
1500000 800000+ H3K9/14ac H3K9/14ac GFP H3K9/14ac GFP
L ]
- 10000004 o > 600000
s s
= = 400000 -
= 3 z
i 500000 fra r=
200000 @
0- 0-
?.
=T
hl
<
E o)
=
5 =
w
g
w
C DAPI Ki67 Kie7 Ki67 hMitochondria D .
25+
®
: 2 .
& 5
s 20-
b=
c
g N
3
T
< T 15-
(\3' ‘ r(‘é [ ]
Q < —=+
Q BN )
I
B
10 I T
shNT shHDAC1_A
E BT145 (hGSC) F Cdkn2a”-; hEGFRvIIl
" p<0.01 *p<0.05 *p<0.05
100 = 100 100 e
_ me= ShNT _ = shNT _ = shNT
(1] o w
£ == shHDACT.A % == shHDACTB % == ShHDAC1_A
= = =
“ 504 2 50 @ 50
[ c c
] 3 3
8 b4 b4
O+ "1 0= b= T T T T 0+— = T T
050 100 120 140 50 120 140 160 0 60 80 100
Days Elapsed Days Elapsed Days Elapsed
shNT shHDACT KDA shNT shHDACT KDA shNT shHDACT KDA
HDAC1 [™= ssus| 4 HDACT |t | 62 HDAC1 [ e 62
WVinculin |- - 124 Vinculin — S Vinculin _.3 124

Figure 5. Knockdown of HDAC1 significantly extends survival in PDX and mouse models of GBM. (A) Average photon flux (p/s) measured 7 weeks postinjection
through bioluminescence imaging of mice implanted with cells expressing control (shNT) and HDAC1-knockdown (shHDACT_A and shHDAC1_B) cells and represen-
tative heatmap of bioluminescence intensity between the 2 groups. (B) Immunostaining for acetylated histone H3 at lysines 9 and 14 (H3K9/14ac; red) in tumor
tissue. Arrowheads indicate GFP-positive cells with H3K9/14a-positive nuclei. (C) Immunostaining for Ki67 (red) and human mitochondria (hMitochondria, green)
in shNT and shHDACT BT145 tumor tissue. Arrowheads indicate double-positive (Ki67*hMitochondria*) nuclei. (B) Quantification of human Ki67-positive cells in
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shNT and shHDACT BT145 tumors (n = 3 per cohort). (E) Kaplan-Meier survival analysis of mice implanted intracranially with p53-WT hGSCs (BT145) transduced
with HDACT shRNA (shHDACT_A, n = 4; shHDAC1_B, n = 3) or nontarget shRNA (shNT; n = 4 in both studies). (F) Kaplan-Meier survival analysis of mice implanted
intracranially with murine GSCs (Cdkn2a~- hEGFRuvIII) transduced with HDACT shRNA (shHDACT_A, n = 5) or shNT (n = 4). Inset below shows immunoblots confirm-
ing HDACT-knockdown in the implanted GSCs. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Original magnification, 20x and 63x; scale bars, 100
pum. Pvalues were calculated using unpaired 2-tailed t test and Kaplan-Meier method with the Mantel-Cox log-rank test. See also Supplemental Figure 5.

significantly induced after HDACI knockdown almost exclusively in p53-WT but not p53-mutant hGSCs (Figure
7A). Out of the 9 genes we analyzed, 5 have been shown to be direct targets of or are modulated by p53: TGFB2,
STAT3, MET, ICAM1, and CSFI (52-56). Several of these genes (BDNF, TGFB2, MET) are also direct target
genes of transcription factors that are upregulated after HDAC knockdown in p53-WT hGSCs (Figure 6D).

We were particularly intrigued to find that STAT3 — an important oncogenic driver and established master
regulator of mesenchymal transformation in GBM (57, 58) — was significantly induced after HDACI knock-
down uniquely in p53-WT hGSCs (Figure 7, A and B). Moreover, in our transcriptional regulatory network
analysis (Figure 6D), we found that CEBPB — regulator of STAT3 expression in GBM (57) — was significantly
upregulated in p53-WT hGSCs. Given the intrinsic phenotypic plasticity of glioma cells, we sought to determine
whether the STAT3 signaling axis could be a potential compensatory mechanism that is adopted by surviving
HDACI-deficient hGSCs. Downstream STAT3 enrichment analysis from our RNA-Seq data sets revealed that
several STAT3 target genes were significantly differentially regulated in p53-WT hGSCs (Supplemental Table 3).
In addition to increased STAT3 mRNA expression, the phosphorylation of STAT3 at tyrosine 705 (p-STAT3),
a transcriptionally active form of the protein, increased significantly following HDAC! silencing in p53-WT
hGSCs (Figure 7C). The levels of p-STAT?3 are already elevated in p53-mutant hGSCs and remained unchanged
following HDACI knockdown (Figure 7C), and this phenotype could be reproduced when we overexpressed a
p53-DN in p53-WT hGSCs (Supplemental Figure 7). Chromatin immunoprecipitation assay supported that
HDACI knockdown resulted in increased H3K27ac deposition in the C/EBPf binding site on the STAT3 pro-
moter region relative to control p53-WT cells (Figure 7D). In agreement with increased STAT3 phosphory-
lation, we observed increased nuclear localization of STAT3 in p53-WT cells after HDAC! knockdown (P <
0.0001; Figure 7, E and F). Furthermore, we also showed that STAT3 expression was significantly elevated in
shHDACI p53-WT PDX tumors relative to control tumors (P < 0.05; Figure 7, G and H).

Discussion
Considering the role of HDACS in oncogenesis, there has been an increased interest in testing HDAC] for
several malignancies, including both adult and pediatric gliomas (7, 59). However, almost all HDACi used
in clinical trials for primary and recurrent GBM to date are unable to provide significant therapeutic benefit
to patients (60). These HDAC: (e.g., TSA, vorinostat, SAHA, panobinostat) are broad-spectrum and have
poor pharmacokinetic profiles as well as a narrow therapeutic index (4-8). Isoform specificity for HDACi
is important given that not all HDAC enzymes are equally expressed in GBM (12). Most of our knowledge
on the presumed roles of HDAC:sS in gliomas is largely based on preclinical studies with pan-HDACH, which
preclude a true understanding of the requirement and role of individual HDACsS in these tumors, especially
within the therapy-resistant cancer stem cells (24, 61, 62). To this end, we specifically investigated the func-
tional importance of HDACI in GSCs, an HDAC isoform whose expression increases with brain tumor
grade and is correlated with decreased survival (12, 28) (Figure 1). Although several CRISPR/Cas9 screens
conducted on hGSCs did not identify HDACI as an essential fitness gene governing hGSC growth and sur-
vival (63, 64), recent studies corroborate our findings that HDACI is an attractive therapeutic target for GBM
(23, 24). Bastola et al. identified HDAC:i through a large-scale screen of small molecules that demonstrated
increased efficacy in targeting glioma cells within the tumor core versus the invasive edge (24). They also iden-
tified HDACI1 as a regulator of CD109 expression, a marker of aggressive mesenchymal GBM cells. Song et
al. focused on the role of NFAT2 and demonstrated that NFAT?2 binds to the HDACI promoter and regulates
its expression to promote mesenchymal transformation of hGSCs (23). Here, we demonstrate that genetic
silencing of HDACI alone attenuates the tumorigenic and stemness potential of GSCs in a p53-dependent
manner and substantially extends survival in PDX and mouse models of GBM in vivo. Our data provide a
rationale for the development of isoform-specific HDACI for the treatment of GBM.

Although HDACI1 and HDAC?2 have been shown to be functionally redundant in many cellular con-
texts because of their high sequence homology, several studies have demonstrated that this redundancy
is not observed during early embryogenesis and central nervous system development (21, 65, 66). For

JCl Insight 2021;6(17):€149232 https://doi.org/10.1172/jci.insight.149232 10



JClinsicHT

| I

Up-regulated Genes
38848 Total

Down-regulated Genes
38123 Total

Programmed Cell Death

RESEARCH ARTICLE

NR4AZ

NUPR1

SFRP4

TGFB2

RNASEHZA

nR3

BT145 BT187 BT145 BT187 %ﬂ 1 +
5
53 (g2 861 29| 642 .i-{- +TT .
o1
44 61/ £,
50 \/176 438 S -
3 8 &8 z & © g3
o i %] T
780 1572
Cel Cycle
— 0
GB3 GB3 3
'y il Lyttt 1
S [t e L
£ -2
(o] 1
5 -
g4 sE3ed8:zp2355853zy
3, BgaczzBtgues3fER
3 -
5 2 DNA-dependent DNA Replication
1 50
0 2
] - c @ . [=] w m
£ %5 Bg & fp 2 FR g Lttt TLog
§ 9B g8 & 2% gv 3% B, 1
= ¥ e & o« . =
g
o o _3,-3 ________________________
gg;&:”gzggo;fﬁz“fﬁ
8888aaks5383883%
D Fakes TR =
LMX18 e joi
rale A Limitess Reglicative
DL
rsraimass Repcoamrifieeny ok e
| Evdghimee ! iR = whe & 22
: Do | Fo rde SATBY UNCX
| Iammain ! L] ' reerslily o i
. P " : Arbigowth Sigrels : P2 Evardng Appkess
HTF Tissie! ke :Sﬁi&ldswh : MAF y
= n:mm | GowhSgus *B
SHO al "7 =
EMXI ul AN
NHX25
A = P v TRARA b MARK
10e e
RO i POX BT i
FRARR 1 ! NFEAZ | TF :
| |
Sustined Argogeresis B ESRRG : Halmark of !
R | WA cancer
POLEF3 AD SPOEF
E GFP DAPI GFP F GFP DAPI GFP
‘(I
|_ bl
z =
7 o]
I
=
w

Figure 6. HDAC1 knockdown upregulates cell migration programs and results in more invasive tumors. (A) Venn diagram illustrating the overlap between the
significantly up- and downregulated genes between GSC cell lines after shHDACT knockdown. (B) Log, fold change of gene expression after shHDACT knock-

down in p53-WT hGSCs BT145 (red) and GB3 (green) hGSCs (adjusted P < 0.05). (€) Negative log,; P value for functional enrichment of relevant Gene Ontology
Biological Process (GO BP) terms for genes with significantly increased gene expression after shHDACT knockdown in BT145 (red) and/or GB3 (green) tumorigenic
cell lines. (D) BT145 and GB3 specific regulatory network for upregulated genes following HDACT knockdown. Red triangles are transcription factor regulators and
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parallelograms are hallmarks of cancer. Edges indicate association between the target genes of the regulator and a hallmark of cancer and are colored according
to its corresponding hallmark. For each cell line, the data are compiled from 3 independent experiments. (E and F) Stitched whole-brain images of DAPI (blue)
and GFP-positive engrafted tumor cells (green) in (E) shNT and (F) shHDACT BT145 brain tissue 7 weeks postengraftment. GFP expression reveals HDACT-defi-
cient tumors are more invasive than control shNT tumors. Original magnification, 10x; scale bars, 1 mm. See also Supplemental Figure 6.

instance, targeted deletion of Hdacl in mice results in embryonic lethality due to severe proliferation and
differentiation defects during development (67). On the contrary, in the developing brain, HDAC2 was
identified as being both essential and sufficient to ensure normal brain development and survival in the
absence of HDACI in Nestin-Cre—transgenic mice (21). Here, we show that HDACI is required for the via-
bility and proliferative potential of p53-WT GSCs, while p53-mutant GSCs, normal neural progenitor cells,
and astrocytes were significantly but more modestly affected by HDACI silencing (Figure 2A). Given that
we did not observe increased HDAC2 activity following HDACI knockdown, the severe phenotype exhib-
ited by HDAC]1-deficient GSCs reveals that HDAC1 and HDAC2 harbor previously underappreciated,
nonredundant functions in GBM. This is further highlighted by our observations that HDAC?2 silencing did
not affect the viability of p53-WT and p53-mutant hGSCs and that HDAC1 displayed significant compen-
satory upregulation in these cells when HDAC2 expression was silenced (Figure 3, B and C). With respect
to the impact of HDACI silencing in normal cells (NHAs, ihNPCs), our results support previous studies
that have shown that deletion of Hdac! in mature astrocytes does not result in cellular catastrophe and that
HDAC?2 is the essential class I deacetylase in neural progenitor cells in absence of its paralogue (21, 68). We
did see a marked increase in HDAC10 and HDACI1 in p53-mutant GSC lines and HDACY in NHAs, so it is
likely that these HDACs play a compensatory role in astrocytes and p53-mutant lines.

Our findings suggest that HDAC1 function may be dispensable or irrelevant in a context where p53 is
mutated in GSCs. Unlike p53-WT GSCs, we did not observe p53-mediated cell growth arrest and apoptosis
in p53-mutant cells after acute HDACI silencing (Figure 2). Despite this, we found that HDACI knockdown
still resulted in an average 30%—40% loss in cell viability in p53-mutant hGSCs. This phenomenon might
be explained by previous studies that have shown that the presence of functional p53 can dictate the fate
of various cancer cell lines in response to HDAC]I, wherein p53-WT cells preferentially undergo apoptosis
while p53-deficient or p53-mutant cells undergo autophagy (69, 70). Whether p53 status dictates the induc-
tion of autophagy over apoptosis in the absence of specific HDAC isoforms (such as HDAC1) in hGSCs
remains an important question to be addressed in future studies.

Our results also yield new insights into the previously described molecular mechanism underlying the
oppositional relationship between OLIG2 and p53 present in both neural progenitors and malignant glioma
(36). Olig2 has been shown to directly repress p21 and oppose p53 functions by suppressing its acetylation
(thereby activation) and transcriptional functions (36, 71). Here we show that HDAC! knockdown in p53-WT
hGSCs results in downregulation of OLIG2, induction of p21, and increased p53 stabilization and acetyla-
tion (Figure 3G, Figure 4B, and Figure 8) as previously hypothesized by Meijer et al. (72). Additionally, our
observations are consistent with reports demonstrating that deacetylation of p53 is primarily mediated by
HDACI and not HDAC2 in various nonglioma cell lines (e.g., 293T, 3T3 cells; refs. 25, 26) and is indicative
of the reversal of OLIG2-mediated suppression of p53 DNA targeting (36). Acetylation has been shown to
be important to promote increased protein stability and transcriptional functions of p53; however, we do not
exclude that there are several other possible mechanisms that can affect the regulation of p53 gene expression
in the absence of HDACI (73). Previous studies have shown that certain RNA-binding proteins can control
the kinetics of 7P53 mRNA translation (74). However, since we did not observe increased transcription of
TP53 mRNA in p53-WT hGSCs after HDAC! knockdown (Supplemental Figure 3G), the observed increase
in p53 target gene expression (e.g., p21) might be due to either increased stability of p53 protein and/or tran-
scriptional activity of p53. In addition to acetylation, other posttranslational modifications such as phosphor-
ylation and methylation can also promote p53 stability by enhancing interactions with acetyltransferases and
blocking MDM?2 association (75, 76).

Knockdown of HDACI — a single HDAC isoform — is sufficient to prolong survival in vivo (Figure 5, E
and F). Intriguingly, although HDACI-silenced p53-WT hGSCs fail to proliferate and die in vitro, these cells
can form tumors in immunocompromised mice — albeit at a slower rate compared with controls (Figure 5SA
and Supplemental Figure 5, A and B). This strongly suggests that standard GSC in vitro culture conditions
may lack the appropriate soluble factors and cellular interactions that are required for these cells to thrive
in the absence of HDACI activity or that a persister population of cells survives HDACI ablation in vivo
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Figure 7. HDAC1 knockdown results in increased STAT3 signaling in p53-WT hGSCs. (A) RT-gPCR for genes involved in cellular invasion or survival in BT145
(p53-WT) and BT187 (p53-mutant) hGSCs (n = 3 per target). (B) RNA-Seq analysis for STAT3 expression in BT145 and BT187 after HDACT knockdown. The box
plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile
range. (C) Lysates were collected from BT145 and BT187 after acute silencing of HDACT (shH1_A, shHDAC1_A; shH1_B, shHDAC1_B). Immunoblots were probed
with antibodies for phosphorylated STAT3 (Tyr705), STAT3, HDAC1, and Vinculin. Bar graph below shows quantification of the normalized ratio of p-STAT3
over total STAT3 protein after HDACT knockdown in BT145 and BT187 hGSCs (n = 3). (D) Chromatin immunoprecipitation assay for H3K27ac deposition in the C/
EBPp binding site on the STAT3 promoter in BT145 (n = 3). (E) Immunocytochemistry staining for STAT3 in BT145 after acute HDACT knockdown. (F) Quanti-
fication of immunocytochemistry experiments showing significantly increased nuclear localization of STAT3 after HDACT knockdown in BT145. Graph shows
values from individual experimental values from multiple experiments (1 = 4). (G) Immunofluorescence staining for STAT3 in BT145 PDX tumor tissue 7 weeks
postengraftment in HDACT-silenced tumors relative to controls. (H) Quantification of mean pixel intensity for STAT3 staining in BT145 shNT and shHDACT PDX
tumors. Graph shows average values from 3 independent animals per experimental condition. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
**¥*P < 0.0001. For each cell line, the data are compiled from at least 3 independent experiments. Original magnification, 20x; scale bars, 2 um and 100 um.

P values were calculated using unpaired 2-tailed t test or 2-way ANOVA with Tukey’s multiple comparisons test. See also Supplemental Figure 7.
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Figure 8. Proposed model: consequences of HDAC1 silencing in p53-WT hGSCs. Summary of the cellular and molecular effects of HDACT loss in p53-WT
hGSCs. Absence of HDACT results in increased histone acetylation and restoration of p53 activation and stability. These changes are accompanied by
marked changes in gene expression, wherein genes involved in maintaining stemness are downregulated while genes involved in promoting differentiation
and cellular migration and communication are upregulated. In vitro, these cells fail to proliferate and die; however, when transplanted in vivo these cells
form slower growing but more invasive tumors. STAT3 activity, which is known to drive aggressive phenotypes in GBM, is upregulated after HDAC1 loss and
may be a potential druggable compensatory pathway that may be targeted in combination with more selective HDACTi.

(77). Our transcriptional regulatory network analysis (Figure 6D) revealed that HDACT silencing in p53-WT
hGSCs resulted in the upregulation of multiple transcription factors that are associated with several hallmarks
of cancer (e.g., tumor-promoting inflammation, evasion of apoptosis, tissue invasion, and metastasis), which
promote tumor growth and survival. The observation that shHDACI tumors are significantly more invasive
at early stages of tumorigenesis thereby prompted us to investigate potential alternative mechanisms that are
adopted by these cells to grow in the absence of HDACI (Figure 6, E and F). Indeed, we found that ablation
of HDACI expression resulted in marked upregulation of a vast array of genes that have previously been
implicated in promoting tumor cell survival, invasion, and metastasis in gliomas and other cancers (e.g.,
TGFB2, ITGB5, CSF1, NRG1, NRPI, ICAMI1, MET; Figure 7A, Figure 8, and refs. 78-85).

We identified STAT3 signaling axis as a promising and druggable compensatory pathway that is upreg-
ulated after HDACI1 loss in p53-WT hGSCs. STAT3 is an established master regulator of the mesenchy-
mal gene expression signature in GBM, which imparts a highly aggressive, treatment-resistant phenotype
that predicts poor clinical outcome (57, 86, 87). While we did not observe any evident shift toward the
mesenchymal cell state in our cells (Supplemental Figure 6), STAT3 is known to promote tumor survival
and proliferation and is a major driver of glioma cell migration and invasion (88). Moreover, HDAC1
has previously been implicated in regulating STAT3 nucleocytoplasmic partitioning and activity, wherein
HDACI1 expression was shown to reduce nuclear accumulation of STAT3 in commonly used cancer and
nontumorigenic cell lines (89-91). Indeed, we observed nuclear translocation of STAT3 in p53-WT GSCs
after HDACI knockdown (Figure 7E).

We found that in p53-mutant cells and p53-WT cells overexpressing a p53 mutant, which were only
modestly affected by HDACI silencing, p-STAT3 levels were already elevated at baseline and did not change
after HDAC1 loss — this is in line with previous studies that have shown cancer cell lines that harbor p53
mutations or deletions express constitutively active STAT3 (Figure 7C, Supplemental Figure 7, and refs.
56, 92, 93). These data highlight the importance of the HDAC1/STATS3 signaling axis, which has practical
overtones for combination therapy in p53-WT GBMs. As seen in our RNA-Seq data, knockdown of HDACI
results in distinct changes in every cell line (p53-WT and mutant). Hence, future studies are required to iden-
tify additional genetic markers beyond p53 that predict responsiveness to HDACI inhibition. Considering
the plastic nature of glioma cells and transitions between cell states (51), relying on molecular subtypes to
identify HDACi-responsive tumors might not be a reliable approach.
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As seen from clinical trials with class I-specific HDACIi such as romidepsin (6), it is unlikely that a
monotherapeutic strategy with more isoform-selective HDACi would result in a durable response in
patients. Based on our data, we propose that combination therapies with brain-penetrant STAT3 inhibitors is
a promising treatment strategy for p53-WT GBM tumors. Although preclinical studies with several HDACi
have been shown to suppress growth in murine PDX models (24, 61), these inhibitors are either toxic at
human-equivalent doses and/or have high plasma protein binding (>96% for AR-42; ref. 94), which will hin-
der translating these findings to the clinic. A putative brain-available STAT3 inhibitor, WP1066, is currently
under clinical trial (NCT01904123). Future combination studies with isoform-specific HDACi and STAT3
inhibitors that incorporate pharmacokinetic and pharmacodynamic analysis in multiple PDX models will
allow translation of these findings to the clinic.

In summary, our data highlighted an unmet need for isoform-specific HDAC inhibitors in GBM and
identified a potential druggable compensatory mechanism that can guide future combination studies.

Methods

Primary cell culture. Patient-derived glioma stem cell lines (hGSCs; GB3, GB82, GB71, and GB84) were estab-
lished from resected primary GBM tumor tissue at Barrow Neurological Institute (BNI). BT145, BT70, BT187,
and BT286 hGSCs were obtained from Keith Ligon’s laboratory at the Dana-Farber Cancer Institute, Boston,
Massachusetts, USA. Finally, 211 and 252 hGSCs were obtained from Harley Kornblum’s laboratory at Univer-
sity of California, Los Angeles, Los Angeles, California, USA. All human GSCs were cultured as described pre-
viously (36, 71). NHAs were purchased from Thermo Fisher Scientific. Human neural progenitor cells (hINPCs)
were derived from iPSCs from control subjects at the BNI (ihNPCs) (provided by Rita Sattler’s laboratory). ihN-
PCs, hGSCs, and murine GSCs were cultured as spheres on non-tissue culture—treated 10 cm plates or as adher-
ent cultures on laminin on tissue culture—treated 10 cm plates (Thermo Fisher Scientific). ihNPCs and hGSCs
were grown in DMEM/F12 media, supplemented with B27 and N-2 (Invitrogen, Thermo Fisher Scientific) in
the presence of 20 ng/mL epidermal growth factor and basic fibroblast growth factor (MilliporeSigma). Primary
human astrocytes (NHA; ScienCell) were grown in Astrocyte Media (5% FBS, Astrocyte Growth Supplement,
1% pen-strep) on poly-L-lysine—coated plates according to manufacturer recommendations.

Lentivirus production. Lentiviruses were generated in HEK293FT cells (Thermo Fisher Scientific, R70007)
through Polyfect-mediated (QIAGEN) transfection with fourth-generation packaging plasmids coding for
HDMH.Hgpm2, TAT, REV, HDM.G, and lentiviral transfer vector (pGFP-C-shLenti). The HDACI-tar-
geting shRNA lentiviral vectors were obtained from Origene (ShHDACI_A: 5-GTCCAAAGTAATG-
GAGATGTTCCAGCCTA-3" and shHDACI B: 5-ATTTGCTGCTCAACTATGGTCTCTACCGA-3').
The HDAC2-targeting shRNA lentiviral vector was obtained from Horizon Discovery (sShHDAC2: 5'-TCAT-
GAACAGCATCTTCTG-3'). As a negative control we used a nontarget shRNA sequence (shNT: 5-CAA-
CAAGATGAAGAGCACCAA-3"), which does not target any human genes. Retroviruses were generated in
HEK293FT cells by Polyfect-mediated transfection with packaging plasmids encoding VSVG and gag-pol and
a retroviral transfer vector (pWZL) encoding the gene of interest (p53-DN; ref. 36).

Cell viability assays. GSCs, hNPCs, and NHAs transduced with either shNT or shHDACI shRNAs at an MOI
of 3 were selected with 2 pg/mL puromycin 72 hours posttransduction. Control or HDACI-knockdown GSCs
and NPCs were seeded in laminin-coated, tissue culture-treated, 96-well plates (clear bottom, white plate; Corn-
ing) at a density of 10002000 cells per well (cell line dependent) in GSC media (described in Primary cell culture).
Transduced NHAs were seeded using their normal growth conditions without laminin (10% FBS in DMEM).
Seeded cells were grown for 7 days at which point cell viability was measured and quantified. All cell viability
measurements were performed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) following
the manufacturer’s instructions. All cell viability results represent the mean of at least 2 biological replicates,
each containing 3 technical replicates.

Western blotting. Cellular protein from cultured cells was homogenized in RIPA lysis buffer containing pro-
tease and phosphatase inhibitors (Thermo Fisher Scientific), rotated at 4°C for 20 minutes, and then centrifuged
at 25,200g for 10 minutes at 4°C. Protein concentration from whole-cell extracts was determined using the Brad-
ford Protein Assay (Thermo Fisher Scientific). Equal amounts of protein (1040 pg/lane) were loaded onto a
7.5%, 10%, or 12.5% SDS-PAGE gel and transferred to a polyvinylidene fluoride membrane (MilliporeSigma).

Membranes were blocked with 5% nonfat milk for 1 hour at room temperature and incubated overnight
with primary antibody at 4°C. Primary antibodies used in this study were mouse anti-HDAC1 (1:1000;
Cell Signaling Technologies, 5356), rabbit anti-HDAC1 (1:1000, Cell Signaling Technologies, 2062), rabbit
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anti-HDAC2 (1:1000; Cell Signaling Technologies, 2540), mouse anti-HDAC3 (1:1000, Cell Signaling Tech-
nologies, 3949), rabbit anti-SOX2 (1:1000; Cell Signaling Technologies, 3579), mouse anti-human Nestin
(1:1000; Novus Biologicals, 10C2), rabbit anti-OLIG2 (1:1000, gift from the Stiles lab, Dana-Farber Can-
cer Institute), rabbit anti-p21 (1:500; Abcam, ab109520), rabbit anti-EGFR (1:10,000; Abcam, ab52894),
mouse anti-STAT3 (1:1000, Cell Signaling Technologies, 9139), rabbit anti—p-STAT3 Tyr705 (1:500, Cell
Signaling Technologies, 9145), mouse anti-p53 (1:1000, Cell Signaling Technologies, 2524), rabbit anti-acetyl
p53 K382 (1:500, Cell Signaling Technologies, 2570), rabbit anti-acetyl p53 K373 (1:5000, Abcam, 62376),
rabbit anti-H3K27ac (2 ug/mL, Abcam, ab4729), rabbit anti-H3K9/14ac (1:1000, Cell Signaling Technolo-
gies, 9677), mouse anti—B-actin (1:1000, Bio-Rad, MCA5775GA), and mouse anti-Vinculin (1:10,000, Milli-
poreSigma, 05-386). Membranes were probed with fluorophore-conjugated anti-mouse or anti-rabbit second-
ary antibodies (1:10,000; Thermo Fisher Scientific). Western blots were developed using the LI-COR Odyssey
CLx imaging system (LI-COR Inc.) and quantitated using the Image Studio Lite software. All Western blots
are representative images from a minimum of 3 biological replicates.

Immunocytochemistry. Cells were grown as adherent cultures on laminin-coated glass coverslips (Thermo
Fisher Scientific) in GSC media. Twenty-four hours after plating,the cells were transduced with nontarget
control or HDAC1-targeting shRNAs at an MOI of 3. Seventy-two hours posttransduction, puromycin was
added at a concentration of 2 ug/mL for 72 hours to select for successfully transduced cells. After selection
cells were fixed with 4% paraformaldehyde for 13 minutes at room temperature. Cells were washed with PBS
and subsequently permeabilized and blocked with 5% normal goat serum (MilliporeSigma) and 0.2% Triton
X-100 in PBS (blocking solution) for 30 minutes at room temperature. The cells were incubated with primary
antibodies overnight at 4°C in blocking solution. Primary antibodies used in this study included rabbit anti-
Ki67 (1:1000; Abcam, 15580), rabbit anti—cleaved caspase-3 (1:300; Cell Signaling Technologies, 9661), and
mouse anti-STAT3 (1:100; Cell Signaling Technologies, 9139). The following day, the cells were washed with
PBS 3 times, then incubated with fluorophore-conjugated secondary antibodies at 1:1000 dilutions (Alexa
Fluor 568 goat anti-mouse, Abcam, ab175473; Alexa Fluor 568 goat anti-rabbit, Abcam, ab175471) for 1
hour at room temperature, and finally washed in PBS 3 more times. Cells were mounted onto SuperFrost Plus
microscope slides using Fluoroshield Mounting Medium containing DAPI (Abcam). Images were acquired
using a confocal microscope (Leica Microsystems; TCS SP5) operated with LAS software. The fractions of
Ki67- and cleaved caspase-3—positive cells were counted from 5 independent images from each condition. The
average and standard deviation were calculated from 3 biological replicates for all control and HDACI-knock-
down (shRNAs A and B) experiments.

RNA-Seq analysis. GSCs, hNPCs, and NHAs transduced with either sShNT or shHDACI shRNAs at an
MOI of 3 were selected with 2 ug/mL puromycin 72 hours posttransduction. Then, 72 hours postselection,
total RNA was extracted from cells using the PureLink RNA Mini Kit (Ambion) in accordance to the man-
ufacturer’s instructions. Purified RNA was sent to NovoGene, where the RNA was turned into an RNA-Seq
library using the standard Illumina TruSeq method, and sequenced on an Illumina NextSeq 2500 sequencer.
FASTAQ files were aligned to the genome using STAR (95) and genome build GRCh38 V2.7.1a, counts were
tabulated using htseg-count (96), and DESeq?2 (97) was used for subsequent differential gene expression anal-
ysis. Quality of the sequencing was determined using FastQC, alignment quality was determined by requiring
at least 18 million uniquely mapping reads per sample from STAR, and replicate quality was determined
through principal component analysis in DESeq2. Differential expression between shHDAC!I and shNT was
computed in DESeq2, and differentially expressed genes were required to have a log, fold change > 1 and
Benjamini-Hochberg—adjusted P < 0.05. Eigengenes for the Neftel et al. 2019 developmental subtypes (51)
were computed from the genes in Supplemental Figure 6 using the module Eigengenes function in the WGC-
NA package in R (98). The data discussed in this publication have been deposited in NCBI’s Gene Expression
Omnibus (GEO) and are accessible through GEO series accession number GSE179882 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE179882).

Regulatory network inference. Genes found to be differentially expressed in BT145, GB3, and BT187 cells were
independently analyzed for significant enrichment of transcription factor (TF) binding sites in the promoters (£5
kbp from the transcription start sites of genes; ref. 99) using the TF targets python package (https://github.com/
cplaisier/ TF_targets). Significantly enriched TFs (P < 0.05) that were found to be regulators in both BT145 and
GB3 but not BT187 were selected for further analyses. The BT145- and GB3-specific TF regulator target genes
(with binding sites in their promoters) were tested for functional enrichment with GO BP terms using the enrichr
module from the gseapy package on pypi. Significant functional enrichment was determined by a P less than
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or equal to 0.01. The significantly enriched GO BP terms were then associated with hallmarks of cancer using
semantic similarity (99-101). Networks were visualized using Cytoscape (102).

Orthotopic xenograft studies. FoxnI™ nude 5- to 6-week-old male mice (The Jackson Laboratory) were used for
in vivo orthotopic transplantation of luciferized BT145 (male) cells transduced with either sShNT or shHDACI_A
lentivirus. Nude mice were anesthetized using gaseous isoflurane and immobilized on a Leica stereotaxic instru-
ment (39477001, Leica Microsystems). Following an incision at the midline, a fine hole was drilled 2.5 mm
lateral to the bregma. Using a 33-gauge needle syringe (700 series, Hamilton), 2 uL of dissociated viable cells (at
a density of 50,000 cells/pL) were injected 2 mm deep from the surface of the skull slowly at a constant rate of
1 uL per minute for 2 minutes. The needle was left for 1 additional minute to prevent reflux of the injected cells
and was then slowly removed. The incision was closed with surgical staples. All mice were observed daily and
were sacrificed upon the onset of severe neurological symptoms and more than 10% body weight loss. Survival
data were plotted and analyzed using GraphPad Prism 8 (GraphPad Software).

Immunofluorescence. Immunofluorescence was performed on free-floating PDX brain tissue sections (40
um sections). Sections were washed in 0.1 M phosphate buffer (PB) 6 times, followed (if required) by antigen
retrieval in 10 mM citrate buffer (pH 6.0) at 85°C for 30 minutes on a hot plate. Tissue sections were permeabi-
lized and blocked with 10% goat serum and 0.4% Triton X-100 in 0.1 M PB for 2 hours at room temperature.
To prevent unspecific staining, sections were further incubated with goat anti-mouse IgG and goat anti—rabbit
IgG (catalog numbers 115-007-003 and 111-005-003, Jackson ImmunoResearch Laboratories Inc.; 1:50) in
0.1 M PB and 0.4% Triton X-100 for 30 minutes at room temperature. Sections were then washed 3 times in
0.1 M PB and then incubated in primary antibodies diluted in 2% goat serum and 0.4% Triton X-100 in 0.1
M PB overnight at 4°C. Following washes in 0.1 M PB, incubation with secondary antibodies (Invitrogen;
Thermo Fisher Scientific) was performed for 2 hours at 4°C in 2% goat serum and 0.4% Triton X-100 in 0.1
M PB. Nuclear counterstaining was achieved with DAPI (0.5 ug/mL). The following primary antibodies were
used in this study: rabbit anti-Ki67 (1:150, Abcam), anti-human mitochondria (1:200, MilliporeSigma, 133-1),
mouse anti-OLIG2 (1:400, MilliporeSigma, 211F1.1), rabbit anti-HDAC1 (1:500, Abcam, 109411), rabbit anti-
H3K9/14ac (1:1000, Cell Signaling Technologies, 9677), and rabbit anti-STAT3 (1:500, Cell Signaling Tech-
nologies, 9139). Goat anti-mouse and anti-rabbit secondary antibodies were used at 1:1000 dilutions (catalog
numbers A11034, A11011, A11031, and A11001; Invitrogen, Thermo Fisher Scientific). For nuclear counter-
staining, DAPI (1:1000; MilliporeSigma) was used. Coverslips were mounted using ProLong Gold Antifade
Mountant (Thermo Fisher Scientific).

Image acquisition. Analysis of immunostaining on PDX brain tissue sections was performed on confocal
stacks (with a step size of 1.5 um) acquired with either a 10X or 20X water immersion objective on a laser-
scanning confocal microscope (Leica Microsystems; TCS SP5) operated with LAS software. The fraction of
nuclear STAT3 in vitro was quantified using the Intensity Ratio Nuclei Cytoplasm Tool on ImageJ (NIH; 5-8
images were processed for each experimental condition across 4 independent experiments). Fluorescence inten-
sity quantifications of STAT3 in PDX tissue were performed on Fiji. Otsu’s method (https://imagej.nih.gov/
ij/plugins/otsu-thresholding.html) was used to threshold engrafted GFP-positive glioma cells and create a selec-
tion. The mean gray values of STAT3 pixel intensity within the selected areas were then measured (4 to 5 images
were quantified per mouse, with 3 mice total in each experimental group).

Statistics. Data are presented as the mean = SEM. If comparing 2 conditions or cell lines, significance was
tested with unpaired 2-tailed Student’s ¢ test. Significance of the differences between conditions or cell lines were
tested by the 2-way ANOVA with Bonferroni’s multiple-comparison tests using GraphPad Prism 8 (GraphPad
Software). Survival studies were analyzed using the Kaplan-Meier method with the Mantel-Cox log-rank test
(GraphPad Software). Statistical significance was defined at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.

Study approval. GBM patients gave informed consent for the use of their tumor tissue for laboratory research.
All patient samples used for this research were provided by the Biobank Core Facility at St. Joseph’s Hospi-
tal and Medical Center and BNI. The samples were deidentified and conformed to the Biobank Institutional
Review Board—approved protocol. Animal husbandry was performed in accordance with the guidelines of the
St. Joseph’s Hospital and Medical Center and BNI under the protocol approved by the Institutional Animal
Care and Use Committee.

Author contributions

CLC and SM conceived and designed all experiments. CLC standardized the techniques, performed in vitro
and in vivo experiments, and analyzed the data. JBM performed in vitro experiments, assisted with in vivo

JCl Insight 2021;6(17):€149232 https://doi.org/10.1172/jci.insight.149232 17



. RESEARCH ARTICLE

experiments, and generated the lentiviruses. ELM performed in vivo experiments and immunohistochem-
istry experiments. EML and CLP performed all RNA-Seq and bioinformatic analyses. MED assisted with
in vivo experiments. JBM, ELM, MED, EML, NS, and CLP edited the manuscript. NS provided patient
tissues to establish patient-derived glioma cell lines. SM coordinated the project and helped analyze the data.
CLC and SM wrote the manuscript.

Acknowledgments

Patient-derived glioma cells were provided by the Biobank Core Facility at St. Joseph’s Hospital and BNI and the
Living Tissue Bank at Dana-Farber Cancer Institute. The biobank is funded by the Arizona Biomedical Research
Commission and the Barrow Neurological Foundation. We are grateful to Harley Kornblum and Keith Ligon for
providing multiple patient-derived glioma cell lines, and to Rita Sattler for providing iPSC-derived human NPCs.
‘We thank Charles D. Stiles, Cecile Marie, Emmanuelle Huillard, and Zaman Mirzadeh for helpful discussions
and manuscript comments. We thank all members of the Mehta Lab, especially Connor White and Zachary
‘Wannamaker, for technical assistance and manuscript comments. The schematics in Figure 2 and Figure 8 were
created with BioRender.com. SM is supported by UCLA SPORE in Brain Cancer (P50 CA211015). This work
was supported by grants to SM from the NTH National Institute of Neurological Disorders and Stroke (NINDS)
(RO1 NS088648A) and the Barrow Neurological Foundation. NS is supported by grants from the NIH/National
Cancer Institute (RO1 CA175391). SM and NS are supported by the Ben and Catherine Ivy Foundation. Fund-
ing sources were NIH/NINDS, Barrow Neurological Foundation, and the Ben and Catherine Ivy Foundation.

Address correspondence to: Shwetal Mehta, 2910 N. 3rd Ave., Ivy Brain Tumor Center, Barrow Neurological
Institute, Phoenix, Arizona 85013, USA. Phone: 602.406.3288; Email: smehta@barrowneuro.org.

1. Allis CD, Jenuwein T. The molecular hallmarks of epigenetic control. Nat Rev Genet. 2016;17(8):487-500.

2. Haberland M, et al. The many roles of histone deacetylases in development and physiology: implications for disease and therapy.
Nat Rev Genet. 2009;10(1):32-42.

. Lee P, et al. Mechanisms and clinical significance of histone deacetylase inhibitors: epigenetic glioblastoma therapy. Anticancer
Res. 2015;35(2):615-625.

4. Galanis E, et al. Phase II trial of vorinostat in recurrent glioblastoma multiforme: a north central cancer treatment group study.
J Clin Oncol. 2009;27(12):2052-2058.

. Hooker JM, et al. Histone deacetylase inhibitor, MS-275, exhibits poor brain penetration: PK studies of [C]MS-275 using Positron
Emission Tomography. ACS Chem Neurosci. 2010;1(1):65-73.

. Iwamoto FM, et al. A phase I/1I trial of the histone deacetylase inhibitor romidepsin for adults with recurrent malignant glioma:

North American Brain Tumor Consortium Study 03-03. Neuro Oncol. 2011;13(5):509-516.

Bezecny P. Histone deacetylase inhibitors in glioblastoma: pre-clinical and clinical experience. Med Oncol. 2014;31(6):985.

.LiY, Seto E. HDACs and HDAC inhibitors in cancer development and therapy. Cold Spring Harb Perspect Med. 2016;6(10):a026831.

. Suraweera A, et al. Combination therapy with Histone Deacetylase Inhibitors (HDACI) for the treatment of cancer: achieving
the full therapeutic potential of HDACI. Front Oncol. 2018;8:92.

. Yelton CJ, Ray SK. Histone deacetylase enzymes and selective histone deacetylase inhibitors for antitumor effects and enhancement

w

w

(=)}

~

O oo

1

o

of antitumor immunity in glioblastoma. Neuroimmunol Neuroinflamm. 2018;5:46.
. Tosi U, et al. PET, image-guided HDAC inhibition of pediatric diffuse midline glioma improves survival in murine models. Sci Adv.
2020,6(30):eabb4105.
12. Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human glioblastoma genes and
core pathways. Nature. 2008;455(7216):1061-1068.
13. Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase enzymes. Cold Spring Harb Perspect Biol. 2014;6(4):a018713.
14. Lee J, et al. Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and
genotype of primary tumors than do serum-cultured cell lines. Cancer Cell. 2006;9(5):391-403.
15.Li S, et al. Histone deacetylase 1 promotes glioblastoma cell proliferation and invasion via activation of PI3K/AKT and MEK/
ERK signaling pathways. Brain Res. 2018;1692:154-162.
16. Wang XQ, et al. Knockdown of HDAC1 expression suppresses invasion and induces apoptosis in glioma cells. Oncotarget.
2017;8(29):48027-48040.
17. Was H, et al. Histone deacetylase inhibitors exert anti-tumor effects on human adherent and stem-like glioma cells. Clin Epigenetics.
2019;11(1):11.
18. Zhang Z, et al. Silencing of histone deacetylase 2 suppresses malignancy for proliferation, migration, and invasion of glioblastoma
cells and enhances temozolomide sensitivity. Cancer Chemother Pharmacol. 2016;78(6):1289-1296.
19. Menezes A, et al. Live cell imaging supports a key role for histone deacetylase as a molecular target during glioblastoma malignancy
downgrade through tumor competence modulation. J Oncol. 2019;2019:9043675.
20. Meyers RM, et al. Computational correction of copy number effect improves specificity of CRISPR-Cas9 essentiality screens in
cancer cells. Nat Genet. 2017;49(12):1779-1784.
. Hagelkruys A, et al. A single allele of Hdac2 but not Hdacl is sufficient for normal mouse brain development in the absence of
its paralog. Development. 2014;141(3):604-616.

—
—

2

—

JCl Insight 2021;6(17):€149232 https://doi.org/10.1172/jci.insight.149232 18



22.

23.
24.

25

28.

29.

30.

3

—_

32.
33.

34.

35.

36.

37.
38.

3

Nel

40.

4

—_

4

IS8

43.
44.

45.
46.

47.
48.
49.
50.

51.
. Azzam G, et al. CSF1 is a novel p53 target gene whose protein product functions in a feed-forward manner to suppress apoptosis

5

w

56.

57.
58.

59.
60.

6

—_

62.

RESEARCH ARTICLE

Jurkin J, et al. Distinct and redundant functions of histone deacetylases HDAC1 and HDAC?2 in proliferation and tumorigenesis.
Cell Cycle. 2011;10(3):406-412.

Song Y, et al. NFAT2-HDACT signaling contributes to the malignant phenotype of glioblastoma. Neuro Oncol. 2020;22(1):46-57.
Bastola S, et al. Glioma-initiating cells at tumor edge gain signals from tumor core cells to promote their malignancy. Nat Commun.
2020;11(1):4660.

.Luo J, et al. Deacetylation of p53 modulates its effect on cell growth and apoptosis. Nature. 2000;408(6810):377-381.
26.
27.

Tto A, et al. MDM2-HDAC 1-mediated deacetylation of p53 is required for its degradation. EMBO J. 2002;21(22):6236—-6245.

Ni J, et al. Pathogenic heteroplasmic somatic mitochondrial DNA mutation confers platinum-resistance and recurrence of high-grade
serous ovarian cancer. Cancer Manag Res. 2020;12:11085-11093.

Madhavan S, et al. Rembrandt: helping personalized medicine become a reality through integrative translational research. Mol Cancer
Res. 2009;7(2):157-167.

Zhao Z, et al. Chinese Glioma Genome Atlas (CGGA): a comprehensive resource with functional genomic data from Chinese
Gliomas [published online March 2, 2021]. Genomics Proteomics Bioinformatics. https://doi.org/10.1016/j.gpb.2020.10.005.
‘Wang Q, et al. Tumor evolution of glioma-intrinsic gene expression subtypes associates with immunological changes in the
microenvironment. Cancer Cell. 2017;32(1):42-56.

. Dali-Youcef N, et al. Gene expression mapping of histone deacetylases and co-factors, and correlation with survival time and

1H-HRMAS metabolomic profile in human gliomas. Sci Rep. 2015;5:9087.

Uhlen M, et al. Proteomics. Tissue-based map of the human proteome. Science. 2015;347(6220):1260419.

MacDonald JL, Roskams AJ. Histone deacetylases 1 and 2 are expressed at distinct stages of neuro-glial development. Dey Dyn.
2008;237(8):2256-2267.

Li ZY, et al. Histone deacetylase inhibitor RGFP109 overcomes temozolomide resistance by blocking NF-kB-dependent transcription
in glioblastoma cell lines. Neurochem Res. 2016;41(12):3192-3205.

McLendon R, et al. Comprehensive genomic characterization defines human glioblastoma genes and core pathways. Nature.
2008;455(7216):1061-1068.

Mehta S, et al. The central nervous system-restricted transcription factor Olig2 opposes p53 responses to genotoxic damage in
neural progenitors and malignant glioma. Cancer Cell. 2011;19(3):359-371.

Ivanov GS, et al. Methylation-acetylation interplay activates p53 in response to DNA damage. Mol Cell Biol. 2007;27(19):6756—6769.
Tang Y, et al. Acetylation is indispensable for p53 activation. Ce/l. 2008;133(4):612-626.

. Zupkovitz G, et al. Negative and positive regulation of gene expression by mouse histone deacetylase 1. Mol Cell Biol.

2006;26(21):7913-7928.
Suva ML, et al. Reconstructing and reprogramming the tumor-propagating potential of glioblastoma stem-like cells. Ce/l.
2014;157(3):580-594.

. Chiao MT, et al. Suberoylanilide hydroxamic acid (SAHA) causes tumor growth slowdown and triggers autophagy in glioblastoma

stem cells. Autophagy. 2013;9(10):1509-1526.

. Eisenstat DD, et al. DLX-1, DLX-2, and DLX-5 expression define distinct stages of basal forebrain differentiation. J Comp Neurol.

1999;414(2):217-237.

Petryniak MA, et al. DIx1 and DIx2 control neuronal versus oligodendroglial cell fate acquisition in the developing forebrain.
Neuron. 2007;55(3):417-433.

Wang Y, et al. DIx5 and DIx6 regulate the development of parvalbumin-expressing cortical interneurons. J Neurosci.
2010;30(15):5334-5345.

Vallstedt A, et al. Multiple dorsoventral origins of oligodendrocyte generation in the spinal cord and hindbrain. Neuron. 2005;45(1):55-67.
Kessaris N, et al. Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage. Nat Neurosci.
2006;9(2):173-179.

Zhang Y, et al. Purification and characterization of progenitor and mature human astrocytes reveals transcriptional and functional
differences with mouse. Neuron. 2016;89(1):37-53.

Kim GC, et al. Upregulation of Etsl expression by NFATc2 and NFKB1/RELA promotes breast cancer cell invasiveness. Oncogenesis.
2018;7(11):91.

Musa J, et al. MYBL2 (B-Myb): a central regulator of cell proliferation, cell survival and differentiation involved in tumorigenesis.
Cell Death Dis. 2017;8(6):€2895.

Xia P, et al. C/EBPp mediates TNF-o-induced cancer cell migration by inducing MMP expression dependent on p38 MAPK. J Cell
Biochem. 2015;116(12):2766-2777.

Neftel C, et al. An integrative model of cellular states, plasticity, and genetics for glioblastoma. Cell. 2019;178(4):835-849.

and enhance p53-mediated growth arrest. PLoS One. 2013;8(9):€74297.

. Elston R, Inman GJ. Crosstalk between p53 and TGF-p Signalling. J Signal Transduct. 2012;2012:294097.
54.
55.

Gorgoulis VG, et al. p53 activates [ICAM-1 (CD54) expression in an NF-kappaB-independent manner. EMBO J. 2003;22(7):1567-1578.
Hwang CI, et al. Wild-type p53 controls cell motility and invasion by dual regulation of MET expression. Proc Natl Acad Sci U S A.
2011;108(34):14240-14245.

Lin J, et al. p53 regulates Stat3 phosphorylation and DNA binding activity in human prostate cancer cells expressing constitutively
active Stat3. Oncogene. 2002;21(19):3082-3088.

Carro MS, et al. The transcriptional network for mesenchymal transformation of brain tumours. Nature. 2010;463(7279):318-325.
Bhat KPL, et al. Mesenchymal differentiation mediated by NF-kB promotes radiation resistance in glioblastoma. Cancer Cell.
2013;24(3):331-346.

Eckschlager T, et al. Histone deacetylase inhibitors as anticancer drugs. Int J Mol Sci. 2017;18(7):E1414.

Lee DH, et al. Advances in epigenetic glioblastoma therapy. Oncotarget. 2017;8(11):18577-18589.

.Pak E, et al. A large-scale drug screen identifies selective inhibitors of class I HDACs as a potential therapeutic option for SHH

medulloblastoma. Neuro Oncol. 2019;21(9):1150-1163.
Householder KT, et al. pH driven precipitation of quisinostat onto PLA-PEG nanoparticles enables treatment of intracranial

JCl Insight 2021;6(17):€149232 https://doi.org/10.1172/jci.insight.149232 19



6

7

8

8

8

8

8
89. Ray S, et al. Requirement of histone deacetylasel (HDAC1) in signal transducer and activator of transcription 3 (STAT3)

9

RESEARCH ARTICLE

glioblastoma. Colloids Surf B Biointerfaces. 2018;166:37—44.

63. Toledo CM, et al. Genome-wide CRISPR-Cas9 screens reveal loss of redundancy between PKMYT1 and WEEI in glioblastoma

stem-like cells. Cell Rep. 2015;13(11):2425-2439.

64. MacLeod G, et al. Genome-wide CRISPR-Cas9 screens expose genetic vulnerabilities and mechanisms of temozolomide sensitivity

in glioblastoma stem cells. Cell Rep. 2019;27(3):971-986.

65. Lagger G, et al. Essential function of histone deacetylase 1 in proliferation control and CDK inhibitor repression. EMBO J.

2002;21(11):2672-2681.

66. Dovey OM, et al. Histone deacetylase 1 (HDACI), but not HDAC2, controls embryonic stem cell differentiation. Proc Natl Acad

Sci US A.2010;107(18):8242-8247.
. Jamaladdin S, et al. Histone deacetylase (HDAC) 1 and 2 are essential for accurate cell division and the pluripotency of embryonic
stem cells. Proc Natl Acad Sci U S A. 2014;111(27):9840-9845.

~

68. Montgomery RL, et al. Histone deacetylases 1 and 2 control the progression of neural precursors to neurons during brain development.

Proc Natl Acad Sci U S A. 2009;106(19):7876-7881.

69. Mrakovcic M, Frohlich LF. p53-mediated molecular control of autophagy in tumor cells. Biomolecules. 2018;8(2):E14.
70. Mrakovcic M, et al. p53 at the crossroads between different types of HDAC inhibitor-mediated cancer cell death. Int J Mol Sci.

2019;20(10):E2415.
. Ligon KL, et al. Olig2-regulated lineage-restricted pathway controls replication competence in neural stem cells and malignant
glioma. Neuron. 2007;53(4):503-517.

—

72. Meijer DH, et al. An amino terminal phosphorylation motif regulates intranuclear compartmentalization of Olig2 in neural

progenitor cells. J Neurosci. 2014;34(25):8507-8518.

73.1to A, et al. p300/CBP-mediated p53 acetylation is commonly induced by p53-activating agents and inhibited by MDM2.

EMBO J. 2001;20(6):1331-1340.

74. Haronikova L, et al. The p53 mRNA: an integral part of the cellular stress response. Nucleic Acids Res. 2019;47(7):3257-3271.
7
76. Chuikov S, et al. Regulation of p53 activity through lysine methylation. Nature. 2004;432(7015):353-360.

w

.Reed SM, Quelle DE. p53 acetylation: regulation and consequences. Cancers (Basel). 2014;7(1):30-69.

77. Liau BB, et al. Adaptive chromatin remodeling drives glioblastoma stem cell plasticity and drug tolerance. Cell Stem Cell. 2017;20(2):233-246.

78. Wick W, et al. Glioma cell invasion: regulation of metalloproteinase activity by TGF-beta. J Neurooncol. 2001;53(2):177-185.
79. Kesanakurti D, et al. Essential role of cooperative NF-kB and Stat3 recruitment to ICAM-1 intronic consensus elements in the

regulation of radiation-induced invasion and migration in glioma. Oncogene. 2013;32(43):5144-5155.

. Coniglio SJ, et al. Microglial stimulation of glioblastoma invasion involves epidermal growth factor receptor (EGFR) and colony
stimulating factor 1 receptor (CSF-1R) signaling. Mol Med. 2012;18:519-527.

. Singh SK, et al. Post-translational modifications of OLIG2 regulate glioma invasion through the TGF-beta pathway. Cell Rep.
2017;19(11):2410-2412.

j=}

—_

82. Zhang LY, et al. Integrin beta 5 is a prognostic biomarker and potential therapeutic target in glioblastoma. Front Oncol. 2019;9:904.
8

@

. Hu B, et al. Neuropilin-1 promotes human glioma progression through potentiating the activity of the HGF/SF autocrine pathway.
Oncogene. 2007;26(38):5577-5586.

84. Zhao W1J, Schachner M. Neuregulin 1 enhances cell adhesion molecule 11 expression in human glioma cells and promotes their

migration as a function of malignancy. J Neuropathol Exp Neurol. 2013;72(3):244-255.
. Eckerich C, et al. Hypoxia can induce c-Met expression in glioma cells and enhance SF/HGF-induced cell migration. Int J Cancer.
2007;121(2):276-283.

[

86. Masliantsev K, et al. Impact of STAT3 phosphorylation in glioblastoma stem cells radiosensitization and patient outcome.

Oncotarget. 2018;9(3):3968-3979.

. Fedele M, et al. Proneural-mesenchymal transition: phenotypic plasticity to acquire multitherapy resistance in glioblastoma. Int J Mol
Sci. 2019;20(11):2746.

.de la Iglesia N, et al. STAT3 regulation of glioblastoma pathogenesis. Curr Mol Med. 2009;9(5):580-590.

~

oo

nucleocytoplasmic distribution. Nucleic Acids Res. 2008;36(13):4510-4520.
90. Ma JB, et al. KLF5 inhibits STAT3 activity and tumor metastasis in prostate cancer by suppressing IGF1 transcription cooperatively
with HDACL. Cell Death Dis. 2020;11(6):466.
.Icardi L, et al. The Sin3a repressor complex is a master regulator of STAT transcriptional activity. Proc Natl Acad Sci U S A.
2012;109(30):12058-12063.

—_

92.Lin J, et al. Modulation of signal transducer and activator of transcription 3 activities by p53 tumor suppressor in breast cancer

cells. Cancer Res. 2002;62(2):376-380.
93. Wormann SM, et al. Loss of P53 function activates JAK2-STAT3 signaling to promote pancreatic tumor growth, stroma modification,
and gemcitabine resistance in mice and is associated with patient survival. Gastroenterology. 2016;151(1):180-193.

94. Cheng H, et al. Preclinical pharmacokinetics study of R- and S-enantiomers of the histone deacetylase inhibitor, AR-42 (NSC

731438), in Rodents. AAPS J. 2016;18(3):737-745.

95. Dobin A, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21.
96. Anders S, et al. HTSeg--a Python framework to work with high-throughput sequencing data. Bioinformatics. 2015;31(2):166-169.

97. Love M, et al. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

98. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics. 2008;9:559.
99. Plaisier CL, et al. Causal mechanistic regulatory network for glioblastoma deciphered using systems genetics network analysis.

Cell Syst. 2016;3(2):172-186.

100. Plaisier CL, et al. A miRNA-regulatory network explains how dysregulated miRNAs perturb oncogenic processes across diverse

cancers. Genome Res. 2012;22(11):2302-2314.

101. Thorsson V, et al. The immune landscape of cancer. Immunity. 2018;48(4):812-830.
102. Shannon P, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res.

2003;13(11):2498-2504.

JCl Insight 2021;6(17):€149232 https://doi.org/10.1172/jci.insight.149232 20



