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Abstract
Purpose: Despite extensive research, an effective and safe treatment for diffuse intrinsic pontine glioma
(DIPG) has not been established. In this study, we investigate the therapeutic potential of combination
therapy with histone deacetylase (HDAC) and carbonic anhydrase 9 (CA9) inhibitors against DIPG.

Methods: We used RNA sequencing data from DIPG patient samples to evaluate the expression of the
carbonic anhydrase family and the activity of the hypoxia signaling pathway. Next, we performed a
synergy screen using CA9 inhibitor SLC-0111 and the HDAC inhibitors panobinostat, vorinostat,
entinostat, and pyroxamide. We selected the SLC-0111/HDACi combination showing the highest synergy,
and its effects on cell proliferation, invasion, and migration were evaluated. We also measured changes
in histone acetylation, apoptosis, cell cycle, and intracellular pH.

Results: CA9 was signi�cantly upregulated in human DIPG samples. Furthermore, pathways downstream
of CA9 were found to be activated when compared to normal brain tissue. The synergy screen revealed
that the combination of SLC-0111 and pyroxamide was most effective at inhibiting DIPG cell
proliferation. Furthermore, this combination reduced cell migration and invasion potential while
enhancing histone acetylation with subsequent reduction of cell population in S Phase. Finally, the SLC-
0111 and pyroxamide combination showed greater reduction of intracellular pH as compared to each
agent alone.

Conclusion: Our in vitro data suggest that the combination of SLC-0111 and pyroxamide shows promise
in the treatment of experimental DIPG. Based on these �ndings, further investigation of this combination
therapy in preclinical models is warranted.

Introduction
Diffuse intrinsic pontine glioma (DIPG) is a brain tumor affecting children between the ages of 6 and 9 [1]
and is universally fatal with a median overall survival of only 11 months from diagnosis [2]. Current
treatment consists of conventional fractionated radiation therapy which only prolongs overall survival by
an average of three months [3]. Efforts to �nd effective therapies for DIPG have resulted in the discovery
of many promising compounds at the preclinical stage; however, it is essential to understand the genetic
mechanisms underlying DIPG tumor formation and growth to ensure optimal tumor targeting, drug
e�cacy, and drug delivery.

The tumor microenvironment has been recognized as an important contributor to tumorigenesis. Tumor
cells can alter their own metabolism as well as the metabolism of normal cells in their immediate milieu
[4]. To meet the energy needs of rapid cell proliferation, tumor cells utilize aerobic glycolysis, resulting in
the accumulation of lactic acid, carbonic acid, and other reactive oxygen species [5]. Cancer cells can
increase the expression of monocarboxylate transporters and proton �ux regulators to extrude excess
protons and avoid acidic stress. Such regulators include the carbonic anhydrases, a large family of zinc
metalloenzymes that catalyze the reversible conversion of carbon dioxide to bicarbonate and protons [6].
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Carbonic anhydrase 9 (CA9) maintains pH balance in gastrointestinal cells, and its expression is normally
restricted to these cells in healthy individuals [7]. However, CA9 has also been shown to be overexpressed
in various solid cancers [8], and high CA9 expression correlates with poor prognosis in many types of
tumors, including glioblastoma (GBM) [9, 10]. Because of its limited expression in normal cells and
speci�c overexpression in tumor cells, CA9 is an attractive cancer therapy target [11]. In brain tumors,
high CA9 expression has been con�rmed in glioma, meningioma, and metastatic tumors [12]. In GBM, the
CA9 inhibitor SLC-0111 demonstrated effective inhibition of tumor growth in vivo [13]. To date, the effects
of CA9 inhibition in DIPG is unknown.

DIPG is currently de�ned as a diffuse midline glioma characterized by high prevalence of speci�c
mutations in the histone H3 gene, speci�cally HIST1H3B H3K27M or H3F3A H3K27M. These mutations—
lysine-to-methionine substitutions at position 27—induce a loss of methylation and result in aberrant
transcription and tumorigenesis [14, 15]. Although these mutations are key drivers in DIPG formation,
their functional role remains unclear, thus making them an active area of investigation. Histone
deacetylase (HDAC) inhibitors, a class of anti-cancer drugs targeting histone modi�cation, have shown
great promise. While effective against many types of tumors, recent reports indicate HDAC inhibitors
exhibit increased e�cacy when used in combination with other drugs suggesting additive or synergistic
effects between the two agents [16, 17]. Calorini et al. utilized the combination of the HDAC inhibitor
vorinostat and CA9 inhibitor SLC-0111, demonstrating signi�cant anti-tumor effects in melanoma,
colorectal, and breast cancer cell lines [17]. This suggests that the combination of CA9 and HDAC
inhibitors is a potential therapeutic strategy. As of yet, this combination has not been studied in brain
tumors.

Herein, we evaluate the anti-tumor effects of combination therapy with HDAC and CA9 inhibitors in DIPG
cell lines. We analyzed the expression of CA9 and CA9-related signaling pathways in human DIPG
samples using RNA sequencing data, and con�rmed CA9 pathway overexpression as a potential target
for DIPG treatment. We then performed a drug synergy screen with multiple HDAC inhibitors in
combination with SLC-0111 in DIPG patient-derived cell lines. Based on the result of this screen, we
selected the HDAC1 inhibitor pyroxamide for subsequent experiments as it showed the highest
synergistic effect. Through proliferation, invasion, and migration assays, we found that SLC-0111
enhanced the anti-tumor effect induced by pyroxamide. We also measured the extent to which SLC-0111
affects histone acetylation, apoptosis, cell cycle, and intracellular pH (pHi) through western blotting, cell
cycle analysis, and pH measurement assay. Our data suggest the combination of CA9 inhibitor SLC-0111
and HDAC inhibitor pyroxamide is a promising novel treatment strategy for DIPG.

Materials And Methods

RNA sequencing analysis
We used human RNA-seq data available on the European Genomics Archive, accession number
EGAD00001006450 (https://ega-archive.org). RNA sequencing data from DIPG and normal brain tissue
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were generated as previously reported [18]. Gene expression was counted with HTSeq [19], and
differential expression was calculated with edgeR [20]. Genes with absolute fold-change > 1 and
Benjamini-Hochberg adjusted p-value < 0.05 were classi�ed as differentially expressed. Genes were
ranked by multiplying their fold-change sign with the -log10 (adjusted p-value) for pre-ranked gene set
enrichment analysis [21].

DIPG cell lines and culture conditions
DIPG cell lines (SU-DIPG-IV, SU-DIPG-VI, SU-DIPG-XVII, and SU-DIPG-XXXVI) were generously provided by
Dr. Michelle Monje (Stanford University). Cells were maintained in a 1:1 mixture of Neurobasal-A (Thermo-
Fisher Scienti�c) and DMEM/F12 (Wisent Bioproducts) supplemented with 10mM HEPES, 100µM MEM
non-essential amino acids, 1X GlutaMAX-I, 1mM sodium pyruvate (Thermo-Fisher Scienti�c), 1X
antibiotic-antimycotic solution (Wisent BioProducts), 1X B-27 without vitamin A (Gibco), 20ng/ml human
epidermal growth factor (Sigma-Aldrich), 20ng/ml human basic �broblast growth factor (Peprotech),
10ng/ml each human platelet-derived growth factors AA and BB (Shenandoah Biotechnology), 2µg/ml
heparin (Stem Cell Technologies) as previously described [22, 23]. Cells were incubated at 37°C in
humidi�ed atmosphere containing 5% CO2 and 21% O2 (normoxia) or 1% O2 (hypoxia). Cell lines were
validated via DNA �ngerprinting using short tandem repeat analysis (The Centre for Applied Genomics,
The Hospital for Sick Children).

Synergy screening and cell viability assay
To select a partner drug for CA9 inhibitor SLC-0111, four HDAC inhibitors were used for synergy
screening: panobinostat, entinostat, vorinostat (Selleck Chemicals), and pyroxamide (Sigma-Aldrich).
SLC-0111 was kindly provided by Welichem Biotech Inc (Vancouver BC, Canada). All drugs were dissolved
in DMSO and stored at -80°C until used. Cells were seeded onto 96-well plates at a density of 11,000–
20,000 cells/cm2, with three technical replicates per condition. Cells were allowed to grow for 24 hr, after
which drugs were dispensed onto the plate using a D300e Digital Dispenser (Tecan). Preliminary IC50
curves were determined, and in synergy screening, the concentration range for each HDAC inhibitor was
set to cover as wide a range as possible around the IC50. These ranges were adjusted for each cell line
due to their different sensitivity to each drug. The SLC-0111 concentration range was 2-200µM for all
lines. Cells were incubated with drugs under normoxic condition for 72 hr, after which AlamarBlue cell
viability reagent (Invitrogen) was added. Fluorescence at 590nm was measured using a VersaMax 190
plate reader (Molecular Devices). IC50 curves were generated using the Boltzmann algorithm in Prism 9.0
(GraphPad Software). Synergy scores were calculated with the Bliss method through SynergyFinder 2.0
whereby scores of 10 or higher were de�ned as synergistic [24].

Scratch wound assay
Fifty thousand SU-DIPG-IV cells were seeded into each well of an Incucyte Imagelock plate (Sartorius)
coated with Matrigel (Corning) as per manufacturer’s instructions. After incubation at 37°C for 24 hr,
scratch wounds were made with a WoundMaker Tool (Sartorius). Upon con�rming successful wounding,
150µl of drug-containing medium was added to migration assay wells, while 50µl of drug-containing
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Matrigel and 100µl of drug-containing medium were added to invasion assay wells. Plates were
incubated under normoxia or hypoxia and imaged using an Incucyte S3 Live-Cell Analysis System
(Sartorius) for 3 days, after which the con�uency of each wound was measured using the instrument’s
software.

Western blotting
DIPG cells were harvested at 80–90% con�uence. To check CA9 protein expression, cells were incubated
in normoxic or hypoxic conditions for 3 days before harvest. To measure drug effects, cells were treated
with 0 or 5µM pyroxamide and 0 or 100µM SLC-0111 for 3 days under normoxia. Cells were washed with
ice-cold PBS and lysed in SDS lysis buffer (20mM Tris, 20mM EDTA, 2% SDS, 20% glycerol) containing
protease inhibitor cocktail (Roche). Protein concentrations were measured using the DC Protein Assay
(Bio-Rad). Equal amounts of protein (20µg) were loaded onto 10% tris-glycine polyacrylamide gels and
run at 80Vfor 2 hr. Fractionated proteins were transferred to PVDF membranes using the Trans-Blot Turbo
Semi-Dry system (Bio-Rad). Membranes were blocked for 1 hr at room temperature in either 5% BSA or 5%
skimmed milk in TBS containing 0.1% Tween-80. Blots were probed with primary antibody in block buffer
overnight at 4°C. The primary antibodies used were: anti-CA9 (Novus Biologicals NB100-417, 1:1000),
anti-poly ADP-ribose polymerase (Cell Signaling #9542, 1:2000), anti-cleaved caspase 3 (Cell Signaling
#9661, 1:1000), anti-p21 (Cell Signaling #2947, 1:2000), anti-acetyl-histone 3 (Sigma-Aldrich 06-599,
1:2000), anti-acetyl-histone 4 (Sigma-Aldrich 06-866, 1:1000), and anti-GAPDH (Cell Signaling #14C10,
1:10000). Subsequently, membranes were incubated at room temperature for one hr with HRP-conjugated
secondary antibody (Cell Signaling #58298, 1:10000). Proteins were visualized using enhanced
chemiluminescence substrate (PerkinElmer) on a Chemi-Doc MP system (Bio-Rad).

Cell cycle analysis
Cell cycle distribution was analyzed via propidium iodide (PI) staining. Cells were treated in each
condition for 48 hr, followed by �xation with 80% ethanol at 4°C overnight. Fixed cells were treated with
2mg/ml RNase A solution (Qiagen) for 5 minutes and stained with 0.1mg/ml PI (Thermo-Fisher
Scienti�c) in 0.1% Triton X-100 (Sigma-Aldrich) in the dark at room temperature for 30 min. Stained cells
were �ltered through a 40µm mesh and analyzed on an LSRII �ow cytometer (Becton Dickinson).
Experiments were repeated in triplicate, and raw data was analyzed using FlowJo 10 (Becton Dickinson).

Intracellular pH measurement
pHi was measured using a �uorometric intracellular pH assay kit (Sigma-Aldrich MAK150) following
manufacturer’s instructions. SU-DIPG-IV cells were seeded onto 96-well plates at 40,000 cells/well and
incubated for 24 hr. The medium was replaced with 50µl BCFL-AM dye loading solution containing 5mM
Probenecid and incubated at 37°C for 30 min. Compounds in HBSS were administrated and incubated for
15 min. Fluorimetry was carried out at 490nm excitation and 535nm emission wavelengths using a
VersaMax 190 plate reader.

Statistical analysis
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Data was analyzed using one-way ANOVA with Tukey’s post-hoc test via Rstudio. Synergy maps were
generated in SynergyFinder 2.0 [24], and �gures were created using Prism 9 (GraphPad Software).

Results

CA9 gene, as well as hypoxia, epithelial-mesenchymal
transition, and glycolysis pathways, are upregulated in DIPG
Given that carbonic anhydrases are elevated in GBM and their inhibition blocks tumor growth in vivo, we
analyzed the expression patterns of carbonic anhydrase genes in human DIPG samples using RNA-seq
datasets [18]. In the DIPG samples, CA1, 3, 6, 9, 12, 13, 14 were found to be signi�cantly upregulated, and
CA4, 7, 10, 11 were signi�cantly downregulated compared to normal brain (Fig. 1a, b, and Supplementary
data 1). Notably, both CA9 and CA12, the target genes of SLC-0111, were upregulated. No signi�cant
differences were found in CA2, 5, 8, 15. We also analyzed the CA9-related gene sets of hypoxia, epithelial-
mesenchymal transition (EMT), and glycolysis. Gene set enrichment analysis (GSEA) revealed that all
three pathways were signi�cantly upregulated in DIPG (Fig. 1c). As with GBM, these data suggest that
CA9 is a potential target for chemotherapy in DIPG [13, 17].

Hypoxia induces CA9 expression in DIPG cell lines
We performed western blot analysis to measure CA9 protein expression in four DIPG cell lines (Fig. 1d).
CA9 was not detected under normoxia; however, all four lines showed signi�cant CA9 expression 72 hr
after hypoxic conditions were initiated. Previous experiments from our group showed that the DIPG line,
SU-DIPG-XIII, does not express CA9 even under hypoxia (data not shown), and was not included in the
current study.

Pyroxamide exhibits synergy with SLC-0111 in all DIPG cell
lines
Prior to synergy screening, we determined the IC50 for each drug (Fig. 2a, b, and Supplementary Fig. 1).
The IC50s of SLC-0111 and HDAC inhibitors panobinostat, entinostat, vorinostat, and pyroxamide ranged
from approximately 180–300, 0.014–0.02, 0.50–1.45, 0.40–1.10, and 2–5µM respectively, due to
variable sensitivity in each cell line (Supplementary Data 1). Notably, SLC-0111 did not suppress cell
proliferation at concentrations less than 100µM.

After determining the IC50s, we performed synergy screening to determine if HDAC inhibitors synergize
with SLC-0111. The summary of this screening is shown in Table 1. Each value represents the synergy
score of the most synergistic region in the evaluated range. Pyroxamide showed the highest synergistic
effect, particularly in the range of 50–150µM SLC-0111 and 3–10µM pyroxamide, in SU-DIPG-VI, XVII, and
XXXVI (Fig. 2c, d and Supplementary Fig. 2). In SU-DIPG-IV, synergy occurred in the lower concentration
range. Entinostat and vorinostat also showed synergy in SU-DIPG-IV and VI respectively, while
panobinostat did not show synergy in any of the cell lines (Table 1). Since pyroxamide consistently
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demonstrated higher synergy scores, we selected the combination of pyroxamide and SLC-0111 for
subsequent experiments.

Table 1
Bliss synergy scores at most synergistic area

  SU-DIPG-IV SU-DIPG-VI SU-DIPG-XVII SU-DIPG-XXXVI

Panobinostat 8.181 2.886 6.538 0.298

Entinostat 12.717 3.942 7.354 -0.768

Vorinostat 6.725 11.312 5.701 0.017

Pyroxamide 10.237 21.37 13.702 18.693

We next sought to compare the proliferation rates of DIPG cell lines under treatment, speci�cally using 0,
5, or 10µM pyroxamide and/or 0 or 100µM SLC-0111. Single agent treatment with either drug signi�cantly
inhibited proliferation—except for SLC-0111 in SU-DIPG-VI and XVII, which did not show a difference (Fig.
2e and f). Combination treatment with SLC-0111 and pyroxamide resulted in signi�cant inhibition of
proliferation when compared to pyroxamide alone at both 5µM and 10µM.

Combination treatment inhibits cell invasion and migration
We evaluated the effect of combination drug therapy on the invasion and migration of SU-DIPG-IV using
the scratch wound assay (Fig. 3). Under normoxia, treatment with 100µM SLC-0111 alone signi�cantly
inhibited invasion and had a greater effect than 5µM pyroxamide alone (Fig. 3a and c). Importantly,
combination treatment regimens showed a signi�cantly greater inhibitory effect when compared to the
respective single agent treatments. Moreover, in hypoxic conditions—considered to be representative of
the original tumor environment—the inhibitory effects of both single and combination treatments were
enhanced. This combination treatment also showed the most effective inhibition of cell migration;
however, the effects were not as profound under normoxia, especially with single treatment (Fig. 3b and
d). Under hypoxic conditions, as with the invasion assay, the inhibitory effects on cell migration were
enhanced in all treatment groups. These results suggest that combination therapy with SLC-0111 and
pyroxamide can restrain cell invasion and migration in DIPG cells.

SLC-0111 enhances the cell cycle arrest induced by
pyroxamide
To elucidate any alterations in cell cycle following drug treatment, we performed cell cycle analysis using
propidium iodide staining (Fig. 4a). SLC-0111 single treatment resulted in a signi�cantly higher
population of SU-DIPG-IV cells in the G1 phase compared to control; interestingly, this was not observed
in the other cell lines. Furthermore, pyroxamide shifted the cell cycle from the S phase to the G1 phase in
all cell lines. Strikingly, combination treatment signi�cantly reduced the S phase population, while also
decreasing the G1 population and increasing the G2 population. The sub G1 population was also
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elevated in the combination treatment; this was most evident in SU-DIPG-XVII and SU-DIPG-XXXVI, where
the differences were signi�cant.

In short, pyroxamide reduced the S phase cell population and induced cell cycle arrest in DIPG cells. SLC-
0111 further enhanced cell cycle arrest and increased the sub G1 phase population indicative of cell
apoptosis. However, in terms of cell distribution, SLC-0111 did not enhance the effect of pyroxamide in
increasing the G1 population.

SLC-0111 potentiates the effect of pyroxamide on histone
acetylation and apoptosis
We sought to determine how the addition of SLC-0111 may affect the histone acetylation and apoptosis
response induced by pyroxamide (Fig. 4b). As expected, the HDAC inhibitor pyroxamide increased both
acetyl-histone 3 (acH3) and acetyl-histone 4 (acH4) in all cell lines, while SLC-0111 only slightly increased
these markers in SU-DIPG-IV and SU-DIPG-XXXVI. However, in all cell lines, SLC-0111 enhanced the effect
of pyroxamide, resulting in substantially increased levels of acH3 and acH4. We also evaluated apoptosis
by measuring levels of poly ADP-ribose polymerase (PARP) and cleaved caspase 3. When treated with
SLC-0111 alone, cleaved PARP and cleaved caspase 3 slightly increased in SU-DIPG-VI and XVII,
respectively. Single drug treatment with pyroxamide showed an increase in cleaved PARP and cleaved
caspase 3, but only a slight increase was observed in SU-DIPG-XVII. In contrast, upon combination
therapy, all cell lines showed robust expression of both cleaved PARP and cleaved caspase 3.
Additionally, we measured expression of the cyclin-dependent kinase inhibitor p21, a downstream
surrogate marker of pyroxamide activity [25, 26]. Indeed, pyroxamide increased p21 levels in our DIPG cell
lines; however, in combination with SLC-0111, p21 was unexpectedly attenuated in all lines except SU-
DIPG-XXXVI. Taken together, we have shown that pyroxamide increases acetylated histones and induces
apoptosis, and the addition of SLC-0111 enhances these effects.

Combination treatment with SLC-0111 and pyroxamide
reduces intracellular pH
Finally, we compared pHi between the treatment groups to investigate how pyroxamide may affect the
action of SLC-0111 (Fig. 4c). Neither 100µM SLC-0111 nor 5µM pyroxamide alone caused any signi�cant
changes in pHi. However, when used in combination, the drugs elicited a signi�cant reduction in pHi as
compared to control. These results suggest that SLC-0111 and pyroxamide may enhance each other’s
effect on pHi.

Discussion
Numerous chemotherapeutic strategies have been attempted previously for patients with DIPG. The
classical cytotoxic agents such as cisplatin, cyclophosphamide, carboplatin, etoposide, and vincristine
were initially evaluated, but the response rates of children following the use of these drugs were lower
than those after conventional radiation therapy [27]. Temozolomide, the current standard
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chemotherapeutic treatment for GBM, was also attempted for DIPG patients; unfortunately, it did not
improve patient outcomes compared to radiation therapy alone [28]. Molecular-targeted therapies have
also been explored—for example, the PDGF/PDGFR inhibitor imatinib, the farnesyl transferase inhibitor
tipifarnib, the EGFR inhibitors erlotinib and ge�tinib, and VEGFR inhibitor vandetanib [29]—which function
to block oncogenic signaling pathways. Unfortunately, these attempts at novel therapeutics have also
failed to improve outcome of DIPG patients.

Recently, therapeutic focus has shifted towards targeting epigenetic alterations, the tumor
microenvironment, metabolism, and immunomodulation [16, 30]. Accordingly, the epigenetic landscape
altered by the H3K27M mutation has been considered as a reasonable target against DIPG, especially
since alternative mutations are not found in this tumor [31]. Reagents targeting the epigenetic
mechanism, such as H3K27 demethylase inhibitors, enhancer of zeste homologue 2 inhibitors, cyclin-
dependent kinase 7 inhibitors, and HDAC inhibitors, have been explored and reported [30]. Among these,
HDAC inhibitors showed the most promising effects on decreasing the viability of DIPG cells [32]; indeed,
panobinostat and vorinostat are currently undergoing clinical trials as single agents or in combination
with other drugs [33–36].

In the current study, we focused on pyroxamide based on the result of synergy screening. Pyroxamide has
not been prominently investigated, possibly because it was previously reported to be less effective than
other HDAC inhibitors and because it was associated with more side effects [25, 26, 37]. Erythrocytic
extramedullary hematopoiesis in the spleen or bone marrow, and splenomegaly have been observed in
mice treated with high doses of pyroxamide. Nevertheless, combination with other drugs may reduce the
minimum dosage, and thus side effects, of pyroxamide. In our study, pyroxamide exhibited anti-tumor
effects most effectively against DIPG cells in combination with the CA9/12 inhibitor, SLC-0111, although
its effectiveness and toxicity need to be con�rmed in vivo. This provides strong rationale for investigating
pyroxamide in combination with other drugs.

The mechanism of action by which HDAC inhibitors elicit their effect is still not fully understood; however,
various models have been proposed. HDAC inhibitors can affect cell cycle arrest, apoptosis, autophagy,
non-coding RNA, cell differentiation via extracellular signal-regulated kinase pathways, anti-angiogenesis,
and immunomodulation [38]. In terms of HDAC inhibitors’ effects on apoptosis, the p21 and p53 genes
have been the focus of prior investigations [39, 40]. Treatment with HDAC inhibitors releases HDAC1 from
Sp1 (Promoter-speci�c RNA polymerase II transcription factor) and increases p21 expression [39], which
mediates cell cycle arrest and apoptosis [41, 42]. HDAC inhibitors also increase the acetylation of the p53
protein, which in turn interacts with p21 [43]; thus, both p21 and acetylated p53 are thought to re�ect the
effect of HDAC inhibitors. We evaluated p21 in the current study because it is one of the few reported
downstream markers of pyroxamide activity [25]. We expect that p21 evaluation could be extrapolated as
a downstream biomarker of e�cacy of pyroxamide treatment in in vivo experiments. However, although
the addition of SLC-0111 indeed enhanced histone acetylation, cell cycle arrest, and apoptosis, the
expression of p21 decreased in three of four cell lines. The reason for this decrease may be that SLC-
0111 itself has some role in weakening p21 expression, or that we did not capture p21 at the optimal time
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point in its arc of transient expression [44]. Another compelling explanation might be that p21 acts as an
anti-apoptotic to restore balance in the cell cycle, as has been suggested previously [45]. Acetylated p53
may be a good indicator of HDAC inhibitors’ e�cacy even when combined with SLC-0111 [17];
nonetheless, p21 has also been reported to inhibit the effect of p53 [42]. Further experiments are needed
to account for the changes we noted in p21 expression. Taken together, our results suggest that SLC-0111
can enhance the effect of pyroxamide in terms of histone acetylation and apoptosis (Fig. 5); however, the
implications of p21 and acetylated p53 expression will need to be reconsidered when attempting to
measure the effect of HDAC inhibitors, at least in combination with the CA9 inhibitor, SLC-0111.

The expected result of HDAC inhibitor treatment is to restore the function of the histone. However, HDAC
inhibitors can affect a variety of pathways as described above [38]. Due to the universal importance of
histone acetylation in normal physiology, it might be challenging to eliminate the possibility of off-target
effects [31]. Moreover, HDAC inhibitors have shown anti-tumor effects against H3 wild-type DIPG cells as
well as H3K27M cells [46]. This may suggest that the effectiveness of HDAC inhibitors is not speci�c to
the epigenetic landscape of DIPG. Regardless, the e�cacy of HDAC inhibitors against DIPG cells has
been corroborated in several preclinical studies [32, 46]. Therefore, we still consider HDAC inhibitors to be
promising anti-cancer drugs. To fully uncover the potential of HDAC inhibitors, it is important to further
elucidate the complex nature of histones themselves, as well as to complete clinical trials that are
currently underway [31].

DIPG presents an additional challenge in terms of drug delivery. Unlike other high-grade gliomas such as
GBM, many DIPGs do not show gadolinium extravasation under magnetic resonance imaging indicating
that the blood-brain barrier (BBB) remains intact in DIPG [47]. The BBB prevents many drugs from
reaching the central nervous system, thus making it di�cult to treat brain tumors effectively with
chemotherapeutic agents. To overcome this problem, molecular, cellular, and physical strategies,
including focused ultrasound and convection-enhanced delivery, are being investigated [23, 48]. Despite
the promise shown by combination therapy with CA9 and HDAC inhibitors, this drug regimen may need to
be augmented with transient focal BBB opening to elicit su�cient effect and avoid systemic toxicity.

CA9 is overexpressed in solid tumors like breast and lung cancer [49]. In brain tumors, upregulation of
CA9 has been reported in astrocytoma, oligodendroglioma, meningioma, hemangioblastoma, choroid
plexus tumors, and in pediatric brain tumors, ependymoma, medulloblastoma, and primitive
neuroectodermal tumors [50]. Importantly, our study is the �rst report describing CA9 expression in DIPG.
Through our RNA sequencing data analysis, we found CA9 to be signi�cantly upregulated in DIPG
compared to normal brain tissue. Moreover, the pathways of hypoxia, EMT, and glycolysis, in which CA9
has a major role, were all activated. Although the CA9 inhibitor SLC-0111 did not suppress the
proliferation of DIPG cell lines, SLC-0111 single treatment inhibited cell invasion and migration, as has
been shown for other tumor types such as breast and pancreatic cancers [9, 51], supporting the rationale
for targeting the CA9 gene.
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Additionally, our pHi measurements indicate that pyroxamide may also enhance the primary effect of
SLC-0111—namely, a lowering of pHi. SLC-0111 did not decrease pHi in our studies possibly because the
exposure time to each reagent (15 min) might have been insu�cient to see an effect. HDAC inhibitors
may indirectly help reduce pHi by suppressing angiogenic pathways and the hypoxia-inducible factor 1
pathway as postulated previously [34]. In summary, CA9 is a valid and encouraging therapeutic target in
DIPG. Additionally, pyroxamide and SLC-0111 may mutually reinforce one another (Fig. 5), making the
combination of these two drugs a promising strategy against DIPG. Since no other studies focus on
carbonic anhydrase inhibition in the context of DIPG, we hope that our �ndings herein will encourage
future investigation into the DIPG microenvironment and hypoxia, ultimately spurring creative new
interventions for this devastating disease.

The CA family in mammals is divided into four broad subgroups comprised of several isoforms [52].
Another potentially important �nding of note from our study is the signi�cant downregulation of
expression of the CA4,7 and 11 in DIPG relative to normal brain. The tissue speci�c functional roles of
these CA isoforms are not well understood, but their signi�cant downregulation may provide clues about
DIPG pathophysiology and requires further investigation.

Future studies in this �eld should evaluate drug response in DIPG samples that have low or no expression
of CA9 protein. Our RNA seq data analysis showed high expression of CA9 in DIPG, but on the other hand,
there are indeed samples that did not express CA9. Therefore, any proposed bene�t described in this
study can only be applied to CA9-positive DIPG, and should be further validated in CA9-negative samples.
Our study does not take into account the differences in synergy effect that may be seen with SLC-0111
and other HDAC inhibitors.

Conclusion
In this study, we have demonstrated the activation of hypoxic response pathways and CA9
overexpression in human DIPG samples. In addition, the CA9 inhibitor SLC-0111 and pyroxamide exhibit
mutual synergy, indicating that this drug combination could be a candidate for novel therapy against
DIPG. In vivo experimentation in preclinical models, as well as a greater understanding of the histone
response itself, will be essential to evaluate the true potential of this therapy. DIPG is a universally fatal
and relatively common pediatric brain tumor, stressing the urgent need to establish new and effective
treatments. Its refractory nature may also necessitate a multi-drug, multi-modality treatment strategy. We
hope that these studies will inspire and drive critical research needed for developing new treatment
approaches for DIPG.
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Figure 1

Carbonic anhydrase gene expression in DIPG and the activity of CA9-related pathways. (a) Box-Whisker
plot of the differential expression and the variability in relative RNA expression (log10 scale) for carbonic
anhydrase genes in 44 DIPG samples and 20 normal brain samples. *p < 0.05. (b) Hierarchical clustering
of carbonic anhydrase RNA expression in DIPG and normal brain samples. (c) Gene set enrichment
analysis of hypoxia, EMT and glycolysis-related genes in human DIPG samples. NES: normalized
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enrichment score. FDR: false discovery rate. (d) Western blot for CA9 in four DIPG cell lines treated under
normoxia or hypoxia

Figure 2

The effect of combination treatment with SLC-0111 and pyroxamide on DIPG cell proliferation. (a, b) IC50
curves of pyroxamide (a) and SLC-0111 (b) in four DIPG cell lines. Dashed lines indicate IC50 value. (c, d)
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The representative synergy map and percent response heat map using the Bliss scores for the
combination of SLC-0111 and pyroxamide in SU-DIPG-XXXVI. (e) Cell viability after 72h treatment with
control (DMSO), 100µM SLC-0111, 5 or 10µM pyroxamide, or a combination of these drugs, as measured
by AlamarBlue assay. ****p < 0.0001. (f) Micrographs of four DIPG cell lines after 72hr treatments in each
condition. Scale bar = 400µm 

Figure 3
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The effect of SLC-0111 and pyroxamide on cell invasion and migration. (a) Representative images of SU-
DIPG-IV invasion assay wells at 0 and 72 hr. Blue shading indicates cell-free area. (b) Representative
images of SU-DIPG-IV migration assay wells at 0 and 24 hr. Blue shading indicates cell-free area. (c, d)
Relative wound density of invasion and migration assay wells at endpoint. C: control (DMSO), S: 100µM
SLC-0111, P: 5µM pyroxamide. Scale bars = 400µm, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns:
not signi�cant
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Figure 4

Cell cycle changes resulting from SLC-0111 and pyroxamide treatment. (a) Distribution of SU-DIPG-IV cell
populations based on cell cycle phase and stacked bar graphs illustrating cell cycle distribution in all 4
lines. (b) Western blot of PARP, cleaved caspase 3, p21, acetyl H4, and acetyl H3 in DIPG cells treated with
SLC-0111 and/or pyroxamide. (c) Intracellular pH as measured by �uorescence intensity. C: control
(DMSO), S: 100µM SLC-0111, P: 5µM pyroxamide. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Figure 5

The proposed schema of histone acetylation and hypoxia-related pathway. Pyroxamide inhibits HDAC
and induces cell cycle arrest and apoptosis via p21. p21 can receive negative feedback when apoptosis is
highly induced. SLC-0111 potentiates the increase of acetylated histone. SLC-0111 inhibits CA9, and
pyroxamide can also enhance SLC-0111 by inhibiting the HIF-1 pathway.
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