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INTRODUCTION

Posterior fossa group A (PFA) ependymoma is a lethal pediatric brain tumor driven
predominantly by epigenetic dysregulation. Enhancer of Zeste Homologs Inhibitory Protein (EZHIP) is a
defining oncogenic factor in PFA ependymoma that inhibits PRC2 activity, inducing a global loss of
H3K27me3 and sustaining aberrant developmental transcriptional programs. Although the metabolic
modulator, metformin, reduces EZHIP protein levels, the mechanisms governing EZHIP regulation re-
main undefined.

PETEEE  We generated a stable HEK293T reporter cell expressing HA- and RFP-tagged
EZHIP together with a GFP viability control, enabling quantitative and viability-normalized assessment
of EZHIP abundance. In silico post-translational modification prediction was performed using Phos-
phoSitePlus and NetPhos 3.1 to identify candidate regulatory residues and upstream kinases. A fo-
cused panel of pathway targeting compounds was evaluated using fluorescence-based high-through-
put screening, followed by secondary validation including cell counting, LCso (half-maximal lethal
concentration) analysis, and Western blotting.

TS Computational analyses identified multiple high-confidence serine phosphorylation
sites on EZHIP and implicated AMPK, MAPK, PKC, AKT, and CK2 signaling pathways. High-through-
put screening revealed that activation of the AMPK axis robustly suppressed EZHIP protein levels.
Secondary validation demonstrated that biguanides activating AMPK reduced EZHIP abundance inde-
pendently of cytotoxicity and restored global H3K27me3 levels. In contrast, PKC activation increased
EZHIP protein abundance.

Our study identifies EZHIP as a dynamically regulated oncoprotein controlled by post-
translational signaling pathways. AMPK and PKC exert opposing effects on EZHIP stability, defining
actionable regulatory mechanisms for therapeutic targeting in EZHIP-driven cancers.

Keywords EZHIP protein; Ependymoma; Post-translational modification;

High-throughput screening assay; Drug development.

dren [1]. Among them, posterior fossa group A (PFA) epen-
dymoma has emerged as a clinically and molecularly distinct

Posterior fossa ependymomas represent one of the most
common malignant brain tumors in infants and young chil-
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subtype predominantly driven by non-genetic mechanisms
[2]. PFA tumors arise mainly during early childhood, recur
frequently despite maximal safe surgical resection followed
by focal radiotherapy, and exhibit markedly lower long-term
survival than other ependymoma subgroups [3]. Although
advances in neurosurgery, radiation planning, and supportive
care have extended patient lifespan, tumor relapse and treat-
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ment resistance remain the defining clinical challenges [4].
The absence of recurrent coding mutations highlights a funda-
mental epigenomic dependency, positioning chromatin-based
vulnerabilities as central drivers of disease biology and mak-
ing them primarily tractable through regulatory modulation.

Enhancer of Zeste Homologs Inhibitory Protein (EZHIP),
also known as CXorf67, is the defining molecular driver of
PFA ependymoma [5]. High EZHIP expression is observed in
the majority of PFA tumors, whereas other ependymoma sub-
types typically show minimal or absent expression [6]. EZHIP
directly binds EZH2, the catalytic subunit of the polycomb re-
pressive complex 2 (PRC2), inhibits H3K27 methyltransferase
activity, and induces global H3K27me3 depletion [7]. This
chromatin state phenocopies the epigenetic mechanism de-
scribed in H3K27M-mutant diffuse midline gliomas, despite
PFA tumors rarely harboring canonical histone mutations [8].
Diminished H3K27me3 disrupts PRC2-mediated transcrip-
tional insulation and lineage-restrictive programs. This per-
missive chromatin environment supports oncogenic tran-
scriptional modules associated with stemness and mitogenic
signaling, while also impairing neural identity maintenance
[6,9-11].

EZHIP-driven epigenetic dysregulation extends beyond tu-
mors in the posterior fossa. A subset of osteosarcomas, an ag-
gressive bone malignancy characterized by pronounced chro-
mosomal rearrangements but scarce recurrent driver mutations,
exhibits aberrant EZHIP expression in approximately 20% of
patient cohorts across independent datasets [12]. In EZHIP-
positive osteosarcoma, high EZHIP abundance correlates with
poor response to neoadjuvant therapy, decreased overall sur-
vival probability, PRC2 inhibition, global H3K27me3 deple-
tion, developmental gene reactivation, and impaired mesen-
chymal progenitor differentiation. Loss-of-function modeling
demonstrates that reducing EZHIP restores residual H3K-
27me3, restricts developmental gene activation, decreases pro-
liferation, and disrupts tumor-supporting epigenomic plastic-
ity and aberrant lineage commitment toward smooth muscle
fate [12]. These findings reinforce that EZHIP protein stabili-
ty, rather than genetic alteration, constitutes a therapeutically
relevant and potentially druggable vulnerability suitable for
small-molecule regulatory screening.

Metformin, a widely used biguanide compound, has recent-
ly been explored for its metabolic effects in EZHIP-expressing
tumors [13]. Initially applied to reduce tumor-associated me-
tabolites elevated by EZHIP activity, metformin has been ob-
served in preclinical models to additionally reduce EZHIP
protein levels while suppressing tumor growth in PFA epen-
dymoma [13]. Although this dual reduction effect is repro-
ducible, the molecular basis underlying metformin-associat-
ed EZHIP suppression remains undefined. Current evidence
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confirms the phenomenon, yet it does not identify the signal-
ing cascade or post-translational modification (PTM)-depen-
dent regulatory mechanisms responsible for the decline of the
EZHIP protein abundance.

In this study, we established HEK293T cells engineered to
express EZHIP and performed a comprehensive computa-
tional prediction of EZHIP PTM sites using publicly accessi-
ble in silico platforms. Small molecules predicted to influence
these PTMs were screened through high-throughput platforms
to quantify EZHIP protein modulation and assess EZHIP-de-
pendent survival dynamics in cell-based models.

MATERIALS AND METHODS

Cell culture

HEK293T (ATCC, CRL-3216) cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Welgene, LM001-
05) containing 10% fetal bovine serum (Atlas Biologicals, FP-
0500-A) and 1% penicillin-streptomycin (Welgene, LS202-02).
Cells were grown in the incubator at 37°C with 5% CO,. All
cell lines were routinely tested for mycoplasma contamination.

Stable cell line generation

HEK293T cells were seeded at a density of 7x10° cells in 100
mm culture dishes (SPL Life Sciences, 20100). Upon reaching
70%-80% confluence, cells were transiently co-transfected with
a plasmid mixture containing pCDH-CMV-TagRFP-EZHIP-
HA-EFla-copGFP-T2A-Puro (2 pg; GenCefe), pMDLg/pRRE
(5 pg; Addgene, 12251), pRSV-Rev (5 ug; Addgene, 12253),
and pVSV-G (3.2 pg; Addgene, 138479). The plasmids were
diluted in serum-free DMEM and combined with 40 pg Gene-
Fect transfection reagent (TransLab, TLC-001). After incuba-
tion for 30 min at room temperature, the transfection com-
plexes were added dropwise to the cells. The viral supernatant
was harvested 48 hrs post-transfection, clarified by centrifu-
gation at 3,000 rpm for 4 min at 4°C, and filtered using a 0.45
pm syringe filter (Cytiva, 4614). For transduction, recipient
HEK293T cells were seeded at 2.4x10° cells per 100 mm dish
and incubated with the filtered viral stock for 48 hrs. Trans-
duced cells were selected with puromycin (3 ug/mL; BIOMAX,
SMP025) for at least 5 passages to establish a stable cell line.

Drug concentration

The working concentrations were determined based on pub-
lished studies, cited as references, reporting target protein inhi-
bition or activation at concentrations below LCs, (half-maxi-
mal lethal concentration). The working concentrations, product
numbers, and corresponding references for all drugs used are
listed below:

BAY 11-7082 (MedChemExpress, MCE, HY-13453); 2 uM



[14], Metformin (Tokyo Chemical Industry, TCI, M2009); 5
mM [15], Phenformin (MCE, HY-16397A); 50 uM [16], Bu-
formin (MCE, HY-B2099A); 50 uM [17], A-769662 (MCE,
HY-50662); 5 uM [18], MK-8722 (MCE, HY-111363); 100 nM
[19], AICAR (MCE, HY-13417); 500 pM [20], SC79 (MCE,
HY-18749); 10 M [21], Recilisib (MCE, HY-101625); 10 uM
[22], Ionomycin (MCE, HY-13434); 1 uM [23], A23187 (MCE,
HY-N6687); 1 uM [24], Spermine (MCE, HY-B1777); 200 uM
[25], Anisomycin (MCE, HY-18982); 5 uM [26], Forskolin
(MCE, HY-15371); 10 uM [27], Phorbol 12-myristate 13-ac-
etate, PMA (MCE, HY-18739); 50 nM [28], Dexamethasone
(MCE, HY-14648); 1 uM [29], LY294002 (MCE, HY-10108);
10 uM [30], 3-Methyl Adenine (MCE, HY-19312); 5 mM [31],
Decitabine (MCE, HY-A0004); 1 uM [32], Azacitidine (MCE,
HY-10586); 1 uM [33], Bobcat339 (MCE, HY-111558A); 5 uM
[34], JQ1 (MCE, HY-13030); 10 uM [35], C646 (MCE, HY-
13823); 10 uM [36], GSK-J4 (Cayman Chemical, 12073); 1 pM
[37], Tazemetostat (MCE, HY-13803); 10 uM [38], GSK126
(MCE, HY-13470); 10 uM [39].

Histone extraction

Cells were harvested and lysed in a hypotonic buffer consist-
ing of 10 mM Tris-HCI (pH 8.0; Biostem, M1364), 1 mM KCI
(Sigma, P3911), and 1.5 mM MgCl, (Sigma, M9272), supple-
mented with a protease inhibitor cocktail (Roche, 11873580001)
and phosphatase inhibitors (Apexbio, K1015). Nuclei were pel-
leted by centrifugation at 10,000xg for 10 min at 4°C. Histones
were extracted by resuspending the nuclear pellet in 0.4 N
H,SO; (Sigma, 258105) and rotating overnight at 4°C. After
centrifugation to remove debris, the supernatants were precip-
itated with trichloroacetic acid (TCA; Sigma, T4885) to a final
concentration of approximately 25% on ice for 30 min. The
histone pellets were collected by centrifugation at 16,000%g for
10 min at 4°C, washed twice with ice-cold acetone (Duksan,
D507), and air-dried at room temperature. Pellets were resus-
pended in autoclaved distilled water.

Western blot assay

For whole cell lysate (WCL), cells were lysed on ice with
RIPA buffer (Biomax, BRA0500) supplemented with a prote-
ase inhibitor cocktail and phosphatase inhibitors. Samples were
sonicated and centrifuged at 15,000 rpm for 15 min at 4°C.
Protein concentrations of WCL and histone samples were de-
termined using a BCA assay (Biomax, BCA0500). For West-
ern blot analysis, proteins (10 uyg WCL or 1 ug histone) were
mixed with 5 SDS-PAGE sample buffer (TransLab, TLP-
102.1) and resolved by SDS-PAGE using Ez-PAGE Gel Solu-
tion (TransLab; TLP-S05 for 5% stacking gels; TLP-R08 for
8% resolving gels, or TLP-R12 for 12% resolving gels). WCL
samples were resolved on 8% resolving gels, and histone sam-
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ples on 12% resolving gels. Electrophoresis was conducted us-
ing ProNA G-Effect (TransLab, TLP-105). Proteins were trans-
ferred to PVDF membranes (Merck, IPVH00010) using the
Trans-Blot Turbo Transfer System (Bio-Rad). Briefly, mem-
branes were blocked with 5% skim milk (MBcell, MB-S1667)
in TBS-T (Biostem, M1310) for 1 hr at room temperature and
then incubated with primary antibodies against HA (1:20,000;
BioLegend, 901501), VINCULIN (1:20,000; Sigma, V9264),
(-actin (1:10,000; Bioss, bsm-33036M), H3K27me3 (1:5,000;
Abclonal, A16199), or total H3 (1:5,000; Cell Signaling, 3638S)
overnight at 4°C. Following three washes with TBS-T, the mem-
branes were incubated with secondary antibodies against mouse
(1:10,000; Bio-Rad, 170-6516) or rabbit (1:10,000; Bio-Rad,
170-6515) for 2 hrs at room temperature. Immunoreactive
bands were visualized using WestGlow PICO PLUS ECL re-
agents (Biomax, BWP0400) and the Fusion FX imaging sys-
tem (Vilber). Band intensities were quantified using Evolu-
tionCapt Edge software.

High-throughput screening (HTS)

HEK293T-EZHIP cells were seeded in clear-bottom, black
96-well plates (SPL Life Sciences, 33396) at a density of 3X10°
cells/well. Following incubation for 24 hrs, cells were treated
with compounds for 48 hrs. Fluorescence intensities were mea-
sured using a BioTek Synergy HTX Multimode Reader (BioTek
Instruments, BTS1LASI) in bottom-read mode. Green fluores-
cent protein (GFP; Ex/Em 485/528 nm) signals were used to
estimate cell viability, while red fluorescent protein (RFP; Ex/
Em 530/590 nm) signals indicated EZHIP expression levels.
Normalized EZHIP levels were calculated using the follow-
ing formula: [(Compound RFP intensity)/(Compound GFP
intensity)]/[(Control RFP intensity)/(Control GFP intensi-
ty)]x100%. Each condition was measured in technical tripli-
cate in at least three independent experiments.

Cell counting

Cells were seeded in 96-well plates (3% 10° cells/well) and in-
cubated for 24 hrs. Cells were then treated with 50nM PMA,
5uM anisomycin, or 10uM recilisib for 48 hrs, detached with
Trypsin-EDTA (Welgene, LS015-10), neutralized with com-
plete medium, and centrifuged (3,000 rpm, 4 min, room tem-
perature). Pellets were resuspended in 500 pL medium, mixed
1:1 with 0.4% Trypan Blue, and viable cells were counted us-
ing an EVE™ Plus automated cell counter (Nanoentek) by
averaging four fields per sample.

Cell viability assay

Cells were seeded into 96-well plates (3x10° cells/well) in
100 uL of growth medium and incubated for 24 hrs. Cells were
then treated with phenformin or buformin at the concentra-
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tions indicated (0-2,500 uM) in fresh medium for 48 hrs.
Following treatment, Cell Counting Kit-8 (CCK-8; Dojindo,
CKO04-13) reagent (10 pL; 1:10) was added to each well, and
plates were incubated for 1 hr at 37°C protected from light.
After shaking for 1 min and removing bubbles, absorbance at
450 nm was measured using a BioTek Synergy HTX multi-
mode reader (BioTek Instruments).

Statistical analysis

Data visualization and statistical analyses were performed
using GraphPad Prism (version 10.4.1; GraphPad Software).
Comparisons between two groups were performed using un-
paired two-tailed t-tests. Statistical analysis for cell counting
experiment was performed using two-way anlaysis of vari-
ance (ANOVA), followed by Sidak’s multiple comparisons test
to compare column means. Cell viability was normalized to
the 0 uM control, and LCs values were determined by non-
linear regression (log(inhibitor) vs. response, three parame-
ters). For the drug-screening experiments involving multiple
compounds compared with control, ordinary one-way ANO-
VA followed by Dunnett’s multiple comparisons test (com-
pound vs. control) was used. A p-value <0.05 was considered
statistically significant. The statistical tests used for each ex-
periment are indicated in the figure legends.

RESULTS

Establishment of a stable EZHIP-expressing cell line

To enable small-molecule screening, we generated an EZHIP-
expressing stable cell line using a lentiviral construct based on
the pCDH-CMYV vector (Fig. 1A). The plasmid encodes hu-
man EZHIP fused to both HA and RFP tags. The REP fusion
enabled quantitative monitoring of EZHIP abundance through
fluorescence intensity, while the HA tag allowed for a clear dis-
tinction between endogenous and exogenous EZHIP. In ad-
dition, GFP driven by a separate EF-1a promoter was incorpo-
rated to serve as a reporter for cell number and as an internal
normalization control. The lentiviral construct was transduced
into HEK293T cells, and stable integration was confirmed by
Western blot analysis using an HA antibody. EZHIP-express-
ing cells displayed a reduction in global H3K27me3 levels, re-
capitulating a hallmark epigenetic feature of PFA ependymoma
(Fig. 1B). To assess subcellular localization, cells were imaged
by fluorescence microscopy. RFP-tagged EZHIP localized
predominantly to the nucleus, whereas GFP was distributed
throughout the cytoplasm (Fig. 1C).

Identification of potential regulators of EZHIP
To investigate whether EZHIP is regulated through PTMs,
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Fig. 1. Global reduction of H3K27me3 following EZHIP overexpression in HEK293T-EZHIP cells. A: Schematic map of the pCDH-CMV-
TagRFP-EZHIP-HA-EF 10-copGFP-T2A-Puro lentiviral vector used to generate HEK293T-EZHIP stable line. B: Western blot analysis of HA-
tagged EZHIP and H3K27me3 levels in HEK293T-empty vector (EV) and HEK293T-EZHIP. B-actin and total H3 served as loading controls.
C: Representative fluorescence images showing GFP and RFP expression in HEK293T-EZHIP cells (Scale bars, 50 um). GFP, green fluo-

rescent protein; RFP, red fluorescent protein.
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A EZHIP Protein Structure
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Fig. 2. Overview of EZHIP phosphorylation-site predictions and high-throughput screening (HTS) compound selection. A: Schematic of the
human EZHIP protein indicating the intrinsically disordered region and the EZH2-interaction domain (magenta). Fifteen putative serine
phosphorylation sites are marked (yellow circles). B: Computational prediction of candidate upstream kinases for the 15 serine residues.
Motif sequences and predicted kinase candidates are summarized based on PhosphoSitePlus (left) and NetPhos 3.1 (right). C: Compound
classification for HTS. Compounds are grouped into kinase pathway modulators (left) and autophagy/epigenetic modulators (right) with
their respective working concentrations indicated.
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we integrated predictions from three independent PTM anal-
ysis platforms: PhosphoSitePlus and NetPhos 3.1. This com-
bined approach identified fifteen serine residues (S105, S222,
S229, 8259, S338, S363, S365, S385, S387, §397, §410, $412,
$443, $447, and $449) as high-confidence phosphorylation
candidates (Fig. 2A). Motif analysis using PhosphoSitePlus
consistently ranked kinase families such as CK2 (10), CDK (9),
MAPK (9), PKA (7), PKC (7), CaMK (3), AKT (2), CK1 (2),
and RSK (2) as the most probable upstream regulators of these
sites. The numbers in parentheses denote the frequency with
which each kinase family was predicted across the analyzed
phosphosites (Fig. 2B left). Predictions from NetPhos 3.1 sup-
ported these findings and additionally suggested potential in-
volvement of CDKS5 (6), GSK3 (5), CDK1 (4), PKA (4), MAPK
(3), RSK (3), CDK (2), CK1 (2), PKG (1), CK2 (1), and PKB (1)
(Fig. 2B right). Together, these data indicate that serine-rich
motifs within EZHIP may be phosphorylated downstream of
multiple kinase signaling pathways. To functionally assess these
predicted pathways, we assembled a panel of pathway-target-
ing compounds (Fig. 2C). To further evaluate the effect of met-
formin and its potential dependence on AMPK signaling, we
included metformin analogs (phenformin hydrochloride and
buformin hydrochloride) as well as diverse AMPK activators
(A-769662, MK-8722, and AICAR). Given that EZHIP alters
histone modification patterns, we also included a set of epi-
genetic inhibitors to test whether chromatin-modifying en-
zymes contribute to EZHIP regulation. Finally, to test the po-
tential role of ubiquitin-mediated degradation, we inhibited
ubiquitination using BAY 11-7082 (Fig. 2C).

Fluorescence-based HT'S of EZHIP regulators

A stable HEK293T-EZHIP reporter line was seeded into 96-
well plates and treated with the small molecule panel shown
in Fig. 2C. In this system, GFP fluorescence reflected viable
cell number (Fig. 3A), whereas RFP intensity reported EZHIP
abundance. EZHIP levels were quantified by normalizing RFP
to GFP, thereby restricting analysis to live cells and decoupling
EZHIP changes from cell proliferation (Fig. 3B-D). Heatmap
analysis of GFP intensity revealed heterogeneous effects on
cell viability across the compound panel. AICAR, spermine,
PMA, and tazemetostat maintained GFP levels similar to the
vehicle control, indicating minimal cytotoxicity (Fig. 3A). In
contrast, anisomycin induced the strongest decrease in GFP
signal. Metformin-like biguanides (phenformin and buformin)
also produced substantial reductions in GFP intensity. Addi-
tionally, the DNMT inhibitors (decitabine and azacitidine) as
well as the KDM6A/B inhibitor (GSK-J4) markedly suppressed
GFP fluorescence (Fig. 3A). These findings indicate that where-
as certain compounds substantially reduce cell viability, others
have no discernible effect on cell viability.
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Normalized RFP/GFP measurements revealed distinct ef-
fects on EZHIP regulation (Fig. 3B-D). Consistent with pre-
vious observations [13], metformin decreased EZHIP abun-
dance. Additional suppressors included phenformin, buformin,
MK-8722, recilisib, forskolin, 1Y294002, GSK-J4, and GSK126,
with A-769662 and AICAR producing the most substantial de-
creases in the heatmap. In contrast, PMA robustly increased
EZHIP levels, representing one of the most substantial upreg-
ulating effects in the screen. Although anisomycin showed an
apparent increase in normalized EZHIP signal, this effect co-
incided with a marked reduction in GFP intensity, suggesting
that the elevated RFP/GFP ratio may primarily reflect severe
loss of cell viability rather than a direct upregulation of EZHIP.
Among DNMT inhibitors, azacitidine increased EZHIP as pre-
viously reported [40], whereas decitabine had minimal impact.
Several compounds, including SC79, dexamethasone, JQ1,
tazemetostat, ionomycin, A23187, spermine, 3-methyl ade-
nine, bobcat339, and C646, did not statistically alter EZHIP
levels compared to the control (Fig. 3B-D). Because EZHIP
quantification was normalized to GFP, these changes reflect
specific regulatory effects rather than secondary consequences
of altered viability. Together, these data demonstrate that activa-
tion of the AMPK axis suppresses EZHIP levels, whereas PKC
activation and DNA hypomethylation drive robust EZHIP up-
regulation, revealing multiple candidate pathways involved in
EZHIP regulation.

Secondary validation of HTS hits confirms viability-
independent regulation of EZHIP and H3K27me3
To validate the fluorescence-based screening results shown
in Fig. 3, we performed a series of secondary assays designed
to independently assess cell viability, EZHIP protein regula-
tion, and downstream chromatin effects. First, to confirm that
GFP fluorescence accurately reflected cell viability in the screen-
ing platform, representative compounds that produced sub-
stantial viability changes in the HT'S were selected for direct
cell counting analysis. Consistent with the GFP-based read-
outs, anisomycin treatment led to a pronounced reduction in
cell number, whereas recilisib treatment increased cell number.
In contrast, PMA, which showed minimal effects on GFP sig-
nal, did not substantially alter cell viability (Fig. 4A). It valida-
ties GFP as a reliable surrogate for cell survival in the HT'S as-
say. Next, compounds that showed increased EZHIP signal in
the screening data were further examined by Western blotting
to determine whether these effects reflected actual changes
in EZHIP protein abundance. Treatment with PMA, a strong
EZHIP upregulator identified in the screen, resulted in a ro-
bust increase in HA-tagged EZHIP protein levels (Fig. 4B),
confirming that the screening signal corresponded to genu-
ine EZHIP protein induction rather than fluorescence arti-
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Fig. 3. Fluorescence-based identification of compounds that decrease or increase EZHIP abundance. A: Heatmap of cell viability, ex-
pressed as a percentage of vehicle control (CTRL), estimated from GFP fluorescence following treatment with the indicated compounds.
Normalized GFP levels were calculated as [(Compound GFP intensity)/(CTRL GFP intensity)]x100%. B: Heatmap of normalized EZHIP
levels for the same treatments, calculated from the RFP-to-GFP ratio (RFP/GFP) and expressed relative to CTRL. Normalized EZHIP (%)
was calculated as [(Compound RFP intensity)/(Compound GFP intensity))/[(CTRL RFP intensity)/(CTRL GFP intensity)]x100%. C and D:
Quantification of normalized EZHIP levels for selected ubiquitin-pathway, kinase-pathway, autophagy, and epigenetic modulators. Com-
pounds that decrease normalized EZHIP are shown in panel C, whereas compounds that increase normalized EZHIP are shown in panel D.
Statistical significance was assessed by ordinary one-way ANOVA followed by Dunnett’s multiple-comparisons test (compound vs. CTRL).
Significance: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. 4. Regulation of EZHIP protein levels by PKC signaling and biguanide treatment. A: Live cell numbers of HEK293T-EZHIP cells follow-
ing treatment with the indicated compounds (PMA, anisomycin, or recilisib). Statistical significance was assessed by two-way ANOVA with
multiple-comparisons test (compound vs. CTRL). Significance: **p<0.01. B: Western blot analysis of HA-tagged EZHIP in HEK293T-EZHIP
cells treated with PMA (50 nM) or vehicle control. Vinculin serves as a loading control. C and D: Dose-response curves for cell viability fol-
lowing phenformin (C) or buformin (D) treatment. Viability was normalized to vehicle control and plotted against log-transformed drug con-
centration. LCso values: phenformin LCs=33.40 uM; buformin LCs=125.9 yM. E and F: Western blot analysis of EZHIP-HA in HEK293T-
EZHIP cells with dose dependent treatment of phenformin (E; 0-300 uM) or buformin (F; 0-100 uM). G: Western blot analysis of global
H3K27me3 levels in HEK293T-EZHIP cells with dose-dependent treatment of phenformin (0—300 uM). Total H3 is shown as a loading control.

facts. To determine whether EZHIP modulation observed in
the screen could be attributed to nonspecific cytotoxic effects,
we next assessed the LCs, of biguanide compounds. The LCs
values were determined to be 33.40 uM for phenformin and
125.9 puM for buformin (Fig. 4C and D). To compare LCs, val-
ues with the extent of EZHIP protein reduction, phenformin
and buformin were administered across a range of concen-
trations, and EZHIP protein levels were assessed by Western
blotting (Fig. 4E and F). Both compounds exhibited a clear
concentration-dependent decrease in EZHIP abundance. Im-
portantly, EZHIP suppression was observed at concentrations
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that did not induce overt cytotoxicity, indicating the presence
of a non-lethal concentration window in which phenformin
and buformin effectively reduce EZHIP expression. Further-
more, treatment with increasing concentrations of phenfor-
min resulted in a concomitant increase in global H3K27me3
levels that closely paralleled the reduction in EZHIP protein,
while total histone H3 levels remained unchanged (Fig. 4G).
Together, these experiments validate the HTS findings by
demonstrating that the observed EZHIP modulation is not a
secondary consequence of cytotoxicity, but instead reflects a
specific regulatory effect. Moreover, biguanide-mediated EZHIP



suppression functionally restores global H3K27me3 levels, sup-
porting a direct link between EZHIP abundance and PRC2-
dependent chromatin regulation.

DISCUSSION

EZHIP has been identified in PFA ependymoma since its
discovery in 2018 [5,7,40,41]. It is highly expressed in PFA ep-
endymoma and H3-wildtype diffuse midline glioma [42], and
has also been reported in subsets of pediatric medulloblasto-
ma, high-grade glioma [43], endometrial stromal sarcoma [44],
squamous non-small cell lung cancer [45], and osteosarcoma
[12]. EZHIP functions as an intrinsic inhibitor of the PRC2,
leading to a global reduction in H3K27me3 and reactivation
of developmental and neuronal gene programs, thereby acting
as an oncogenic driver across multiple tumor contexts [6,7,43].
In particular, EZHIP has been shown to profoundly repro-
gram cellular metabolism in PFA ependymoma [13]. Nota-
bly, similar metabolic alterations have also been observed in
H3K27M-altered diffuse midline gliomas, which share close-
ly related epigenetic features with EZHIP-expressing tumors
[46,47]. Beyond metabolic reprogramming, EZHIP reshapes
three-dimensional genome organization and establishes aber-
rant transcriptional networks in PFA ependymoma, further
reinforcing malignant phenotypes [48]. More recently, EZHIP
has also been implicated in impairing homologous recombi-
nation-mediated DNA repair by disrupting key repair pro-
tein interactions, thereby promoting genomic instability and
creating potential therapeutic vulnerabilities, including sen-
sitivity to PARP inhibition [49]. Collectively, these findings
have motivated efforts to identify therapeutic strategies that
aim to reduce EZHIP expression or function in cancer.

To systematically interrogate regulators of EZHIP protein
abundance, we established an HT'S platform capable of quan-
titatively measuring EZHIP protein levels via RFP fluores-
cence intensity. To control for cell viability and transcription-
al effects, a separate GFP reporter was incorporated into the
EZHIP expression construct as an internal reference. Using
three independent PTM prediction algorithms, we identified
candidate regulatory pathways potentially governing EZHIP
abundance. Based on these predictions, small molecules tar-
geting the inferred modification pathways were selected and
evaluated using the HT'S system. Consistent with prior studies,
AMPK activation was found to be a robust mechanism for
EZHIP suppression. Previous work demonstrated that metfor-
min, an AMPK activator that inhibits mitochondrial complex
I and increases the AMP/ATP ratio, reduces EZHIP protein
abundance while restoring global H3K27me3 levels in EZHIP-
expressing PFA cells [13]. Similar effects were observed with
the AMPK activator AICAR, supporting an AMPK-depen-
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dent regulatory mechanism [13]. Our HTS results are in strong
agreement with these findings. Notably, all AMPK activators,
such as phenformin and buformin, reduced EZHIP levels in
our study, with AICAR producing the most pronounced ef-
fect. Furthermore, phenformin and buformin were selected
for secondary validation because they simultaneously reduced
cell viability and EZHIP protein levels. Both compounds also
led to increased H3K27me3, reinforcing the functional link
between EZHIP suppression and epigenetic restoration.

In contrast, treatment with the PKC activator PMA unex-
pectedly increased EZHIP protein abundance to approximate-
ly 700% of control levels. This observation suggests that kinase
signaling can exert divergent and context-dependent effects on
EZHIP regulation. To date, no studies have directly examined
kinase-mediated control of EZHIP, making it difficult to infer
how activation of PKC pathways leads to increased EZHIP
protein stability or accumulation. These findings highlight a
critical gap in our understanding of EZHIP post-translational
regulation and underscore the need for additional mechanis-
tic studies.

Together, our study establishes EZHIP as a dynamically reg-
ulated oncoprotein whose abundance is controlled by multi-
ple post-translational signaling pathways. While AMPK acti-
vation consistently suppresses EZHIP and restores repressive
chromatin states, activation of PKC signaling unexpectedly in-
creases EZHIP protein levels, revealing unanticipated regula-
tory complexity. These findings expand current understanding
of EZHIP regulation and suggest that context-dependent ki-
nase signaling may critically influence EZHIP-driven tumor
phenotypes. Elucidating the molecular mechanisms through
which AMPK and PKC regulate EZHIP will be essential for
refining therapeutic strategies targeting EZHIP-dependent
cancers.
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