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Abstract 

Glioma is the most prevalent and deadly type of intracranial tumor. Understanding the molecular drivers 
and their underlying mechanisms in glioma development is urgently needed. EYA1 is a unique protein 
phosphatase that drives gliomagenesis, yet its substrates remain largely uncharacterized. In this study, we 
identify BCL2L12 (BCL2-like 12), a critical oncoprotein in glioma, as a novel substrate of EYA1 
phosphatase in glioma cells. Our findings demonstrate that EYA1 dephosphorylates BCL2L12 at 
threonine-33 (T33), which in turn protects BCL2L12 from ubiquitination and subsequent proteasomal 
degradation. Our results indicate that BCL2L12 partially mediates the oncogenic roles of EYA1 in 
promoting glioma cell proliferation, highlighting the significance of EYA1’s dephosphorylation of BCL2L12 
in tumor progression. Moreover, we validate a positive correlation between EYA1 and BCL2L12 protein 
levels in glioma patient samples. In summary, our study reveals how EYA1-BCL2L12 interaction functions 
in glioma development, implicating EYA1 as a potential therapeutic target for glioma treatment. 
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Introduction 
Glioma is the most common intracranial tumor, 

representing 78.3% of all primary malignant tumors in 
the central nervous system [1]. Despite the 
widespread use of surgery, radiotherapy, and 
chemotherapy, glioma patients still have a poor 
prognosis [2-4]. Understanding the molecular factors 
that drive glioma formation and progression is a key 
focus in glioma research. 

The eyes absent (EYA) gene family, comprising 
EYA1-4, encodes a group of protein phosphatases 
crucial for mammalian embryo development, 
including craniofacial morphogenesis, organogenesis 
of bone, cartilage, inner ear, kidney, and thymus 
[5-11]. Recent studies reveal that EYAs are 
dysregulated in various brain tumors and play a key 

role in brain cancer development, including glioma, 
medulloblastoma, and neuroblastoma. In comparison 
to healthy tissues, the expression levels of EYAs are 
elevated in glioma tumors [12-14]. EYA1 is required 
for the maintenance of stemness and survival of 
glioblastoma stem cells (GSCs) [15]. Additionally, 
EYA2 phosphatase inhibition has been shown to 
prevent gliomagenesis and medulloblastoma 
progression [16-18]. However, the molecular 
mechanisms by which EYAs regulate glioma 
development still require further investigation. 

EYAs, as protein phosphatases, remove 
phosphate groups from tyrosine or threonine residues 
in their substrates [19-22]. Dephosphorylation by 
EYAs significantly impacts various biological 
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processes. For example, EYAs dephosphorylate the 
tyrosine-142 (Y142) on the histone H2AX in response 
to DNA damage, promoting DNA repair rather than 
apoptosis [23, 24]. EYA1/4 dephosphorylate the 
tyrosine 445 (Y445) on PLK1 in the G2 phase to 
promote centrosome maturation in cell division [25]. 
Importantly, dephosphorylation by EYAs influences 
the turnover of their substrates. For instance, the 
dephosphorylation of threonine-58 (T58) on c-Myc by 
EYAs prevents it from ubiquitination, which enhances 
c-Myc stability in nephrogenesis and breast 
carcinogenesis [8, 26]. In our previous study, we show 
that EYA1 dephosphorylates threonine-2122 (T2122) 
on Notch1, which promotes Notch1 protein stability 
and maintains Notch signaling activity to regulate 
neurogenesis in mammalian craniofacial 
morphogenesis [27, 28]. Notably, both c-Myc and 
Notch1 have a conserved “TPXXSP” motif where 
EYA1 dephosphorylates the threonine (T) in this motif 
[27]. However, the specific substrates and molecular 
functions of EYA phosphatases in glioma 
development remain largely uncharacterized.  

In this study, we employed an unbiased 
phosphoproteomic approach and identified the 
essential glioma oncoprotein BCL2L12 as a novel 
substrate of EYA1 in glioma cells. We demonstrate 
that BCL2L12 interacts and colocalizes with EYA1 in 
glioma cells. EYA1 dephosphorylates threonine-33 
(T33) on BCL2L12, thereby stabilizing BCL2L12 by 
preventing its ubiquitination and subsequent 
proteasome-mediated degradation. Additionally, we 
show that BCL2L12 partially mediates the oncogenic 
function of EYA1 in glioma cells in a 
dephosphorylation-dependent manner. Furthermore, 
we validated the regulatory relationship between 
EYA1 and BCL2L12 in glioma by examining protein 
expression in patient samples. Our study reveals that 
EYA1 controls the turnover of BCL2L12 by regulating 
BCL2L12 dephosphorylation and stabilization, 
implicating EYA1 as a potential therapeutic target for 
glioma treatment. 

Results 
BCL2L12 is a potential substrate of EYA1 in 
glioma cells 

To analyze EYA1 expression pattern across 
various tumors, we first employed Tumor Immune 
Single Cell Hub (TISCH), a database collecting 
2,045,746 cells from 28 types of human cancers [29]. 
Our analysis revealed that EYA1 was remarkably 
overexpressed in glioma malignant cells, unlike in 
other cell types and cancers (Figure S1A-C). To select 
an appropriate glioma cell model, we assessed EYA1 
expression levels across multiple glioma cell lines 

from the Cancer Cell Line Encyclopedia (CCLE) [30]. 
We selected T98G, U87MG, and U251MG for 
subsequent phenotypic and mechanistic studies based 
on their varying EYA1 expression levels: high, 
medium, and low, respectively (Figure S2A). 

To determine substrates of EYA1 threonine 
phosphatase in glioma, we stably overexpressed 
EYA1 in U87MG cells and conducted 
phosphoproteomic analysis (Figure 1A and Figure 
S2B). This analysis identified 15,777 modified 
peptides from 4,032 proteins (Supplementary Data). 
Among 12,706 modified sites, 820 showed significant 
changes in phosphorylation levels in response to 
EYA1 overexpression (|Fold change| > 1.5 and P < 
0.05). Among these, 478 were upregulated, and 342 
were downregulated in EYA1 overexpressing cells. 
Enrichment analysis of these differential 
phosphorylated proteins indicated that EYA1 
overexpression impacted diverse signaling factors 
related to cell growth, including chromatin 
organization and cell cycle signaling pathway (Figure 
S3A-C).  

Notch1 and c-Myc are well-established targets 
regulated by EYA1’s threonine phosphatase activity. 
Both proteins contain a conserved “TPXXSP” motif, 
where EYA1 dephosphorylates the threonine residue 
[27]. Building on this finding, we screened for 
potential substrates of EYA1 in glioma cells using two 
criteria: the presence of the conserved “TPXXSP” 
motif; and the threonine phosphorylation level in this 
motif should be decreased in response to EYA1 
overexpression (Figure 1B). We found that, besides 
the well-established c-Myc, only BCL2L12 met both 
criteria in our phosphoproteome data (Figure 1C and 
Figure S4), suggesting that BCL2L12 might be a 
potential EYA1 substrate in glioma cells. Interestingly, 
the predicted 3D structures of Notch1, c-Myc, and 
BCL2L12 showed that the potential 
dephosphorylation sites targeted by EYA1 were 
found in the flexible loop region, which is exposed to 
the external environment, making these sites 
accessible for dephosphorylation (Figure S5A-C). 
Given that c-Myc is a known EYA1 substrate in other 
biological contexts, and BCL2L12 is an essential 
oncoprotein in glioma development, we decided to 
focus our further investigations on BCL2L12.  

Based on our phosphoproteomic data, we 
predict that EYA1 may dephosphorylate the 
threonine-33 (T33) of BCL2L12, which is highly 
conserved across various species (Figure 1D). To test 
this hypothesis, we employed phosphatase assays 
using an anti-phospho-threonine-proline antibody 
that specifically recognizes phosphorylated threonine 
with a neighboring proline (pT-P) in a peptide [27]. 
Currently, there is no commercially available 
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antibody that specifically recognizes phosphorylated 
BCL2L12. Since T33 is adjacent to proline (P34) at the 
carboxyl end of BCL2L12, we hypothesized that the 
anti-phospho-threonine-proline antibody, previously 
used to confirm T2122 as a dephosphorylation site on 
Notch1 [27], could also be used to detect the 
phosphorylation level of T33 on BCL2L12. There are 
three threonine-proline dipeptides (T33P, T87P, and 

T222P) in the primary sequence of BCL2L12, and two 
of them (T33 and T87) can be phosphorylated, as 
previously reported [31] (Figure 1F). To validate 
EYA1's dephosphorylation of BCL2L12 at T33, we 
generated several phospho-dead mutants (T33A, 
T87A, and the double site mutation TTAA) that 
represent the unphosphorylated forms (Figure 1F). 

 

 
Figure 1. EYA1 potentially dephosphorylates BCL2L12 at T33 in glioma cells. A, Scheme flow chart of phosphoproteomic analysis. B, Criteria for searching novel 
substrate of EYA1 in glioma cells. C, Table showing the changes of phosphorylation level of representative peptides in response to EYA1 overexpression. Phosphorylation sites 
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were highlighted with red color. “TPXXSP” motif is highlighted with black underline. D, Sequence alignment of potential EYA1-regulated region in BCL2L12 among various 
species. E, T33 was a potential dephosphorylation site of BCL2L12 by EYA1. HEK293T cells were transfected with wild-type or various phospho-dead mimic mutations of 
BCL2L12. Cells were lysed and subjected to IP using anti-flag beads and immunoblotting using p-TP specific antibody. F, Schematic diagram of BCL2L12 “T-P” dipeptide and 
phosphor-dead mimic mutants. G-I, Quantitative statistic results of the phosphorylation level of wild-type and phospho-dead mimic mutations of BCL2L12 with or without EYA1 
overexpression. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance. 

 
Figure 2. EYA1 interacts and colocalizes with BCL2L12 in glioma cells. A, Co-IP showing physical interaction between Flag-EYA1 and HA-BCL2L12 in HEK293T cells. 
B, Co-IP showing physical interaction between Flag-EYA1 and HA-BCL2L12 in U87MG cells. C, Live-cell imaging shows that EYA1 (green) colocalizes with BCL2L12 (red) in 
HEK293T cells. Bar=20 μm. D, Live-cell imaging shows that EYA1 (green) colocalizes with BCL2L12 (red) in U87MG cells. Bar= 20 μm. E, Schematic diagram of EYA1 truncations. 
F, Mapping essential domains mediating protein-protein interaction between EYA1 and BCL2L12.  

 
Flag-BCL2L12, either wild-type or mutated, was 

transfected into HEK293T cells, both with and 
without HA-EYA1. The cell lysates were then 
analyzed using an anti-Flag antibody to detect total 
BCL2L12 and an anti-pT-P antibody to assess 
phosphorylated BCL2L12. Consequently, a notable 
reduction in BCL2L12 phosphorylation was observed 
in the T33A, T87A, and TTAA mutants when EYA1 
was not overexpressed, indicating the effective 
performance of the anti-pT-P antibody (Figure 1E and 
G). Interestingly, the reduction in phosphorylation of 
the T87A mutant was greater than that of the T33A 
mutant (Figure 1E and G). This suggests that the 
phosphorylation status of T33 is affected by the 
phosphorylation level of T87; when T87 is not 
phosphorylated, T33 remains relatively 
unphosphorylated. Furthermore, EYA1 over-
expression significantly reduced phosphorylation of 
wild-type BCL2L12 (Figure 1E and H). However, this 
reduction was blocked by the T33A mutation (Figure 
1E and I), indicating that T33 may serve as a potential 
dephosphorylation site for EYA1 on BCL2L12. 

EYA1 interacts and colocalizes with BCL2L12 
in glioma cells 

Next, we investigated the biochemical 
interaction between EYA1 and BCL2L12 in 
mammalian cells and its potential impact on glioma 
development. Co-immunoprecipitation (Co-IP) 
experiments were conducted to verify the interaction 
between EYA1 and BCL2L12. HEK293T cells were 
transiently transfected with Flag-EYA1 or/and 
HA-BCL2L12, and cell lysates were immuno-
precipitated with anti-Flag or anti-HA antibodies. The 
results indicated that Flag-EYA1 and HA-BCL2L12 
pulled each other down, providing evidence of a 
biochemical interaction between the two proteins 
(Figure 2A). The same assay was performed using 
U87MG cells, and the results showed that EYA1 
associated with BCL2L12 in U87MG cells (Figure 2B). 
To determine whether EYA1 and BCL2L12 colocalize 
in cells, GFP-tagged EYA1 and mCherry-tagged 
BCL2L12 were co-transfected into HEK293T and 
U87MG cells. The live-cell imaging results showed 
that EYA1 and BCL2L12 were primarily colocalized in 
the nucleus (Figure 2C-D).  
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 EYA proteins have two conserved domains. 
Specifically, the N-terminal domain has both 
transcription activation and threonine phosphatase 
activities, while the C-terminal domain (also called 
EYA domain, ED domain) is highly conserved that 
has tyrosine phosphatase activity [22] (Figure S5D-E). 
To identify the EYA1 domain responsible for binding 
to BCL2L12, we created constructs for both the 
N-terminal domain (AA 1-322) and the C-terminal ED 
domain (AA 323-592) of EYA1 (Figure 2E). The Co-IP 
assay results revealed that EYA1 interacted with 
BCL2L12 through its C-terminal domain (Figure 2F). 
Taken together, these results demonstrate that EYA1 
colocalizes and physically interacts with BCL2L12 in 
glioma cells. 

EYA1 regulates BCL2L12 turnover by 
dephosphorylating BCL2L12 at T33 

In previous studies, EYA1 regulates the substrate 
turnover by its threonine phosphatase activity. For 
instance, EYA1 dephosphorylates c-Myc at T58 to 
prevent it from E3 ligase recognition. This action 
increases c-Myc stability, promoting kidney 
development or mammary tumor progression [8, 26]. 
Similarly, our earlier study indicates that EYA1 
preserves Notch1 stability by dephosphorylating 
T2122, which is essential for normal craniofacial 
development [27]. Given these findings, we examined 
whether EYA1 influences the turnover of BCL2L12. 
HEK293T cells were co-transfected with a constant 
amount of HA-BCL2L12 and increasing amounts of 
Flag-EYA1. The WB results indicated that increasing 
levels of EYA1 led to an increase in BCL2L12 protein 
levels, suggesting that EYA1 may enhance the 
stability of BCL2L12 (Figure 3A). To evaluate the 
dephosphorylation effects of EYA1 on BCL2L12 
stability, HEK293T cells were transfected with 
wild-type (Flag-BCL2L12-WT) or phospho-dead 
BCL2L12 (Flag-BCL2L12-T33A) in the presence or 
absence of HA-EYA1, and the protein stability assay 
was employed using cycloheximide (CHX). Our 
results revealed that the wild-type BCL2L12 protein 
decreased to half its amount within 10 hours, while 
the overexpression of EYA1 significantly enhanced 
BCL2L12 protein stability (Figure 3B and D). 
Importantly, compared with wild-type BCL2L12, the 
phospho-dead BCL2L12 was much more stable, and 
the overexpression of EYA1 could not further increase 
T33A mutant’s stability (Figure 3C-D). Together, these 
data indicate that the EYA1-mediated 
dephosphorylation of BCL2L12 at T33 plays a crucial 
role in regulating BCL2L12 stability. 

 To distinguish whether BCL2L12 is regulated by 
the proteasome or lysosome mediated degradation 
pathways, we conducted rescue experiments in EYA1 

knockdown glioma cells using the proteasome 
inhibitor MG132 and the lysosome inhibitor 
chloroquine (CQ). The results indicated that MG132 
significantly restored BCL2L12 levels after EYA1 
suppression, while CQ had no effect. This suggests 
that BCL2L12 degradation occurs through the 
proteasome pathway (Figure 3E). This finding is 
consistent with previous studies that BCL2L12 
undergoes proteasome degradation via the 
ubiquitination pathway [31, 32]. To identify the 
ubiquitination sites in BCL2L12, we accessed the 
PhosphoSitePlus database [33]. This database 
revealed three known ubiquitination sites in BCL2L12 
(Figure S2D). We then generated a 
ubiquitination-deficient BCL2L12 mutant by 
substituting lysines K107, K122, and K143 with 
alanines. Ubiquitination assays showed that the 
mutant lacked ubiquitination compared to the 
wild-type BCL2L12. This finding confirms that the 
lysine residues K107, K122, and K143 are essential for 
ubiquitination in BCL2L12 (Figure S2E).  

To examine the polyubiquitination type of 
BCL2L12, we first transfected HEK293T cells with 
Flag-BCL2L12 and HA-Ub, then immunoprecipitated 
the cell lysates using an anti-Flag antibody. Our 
immunoblotting analysis using anti-HA antibodies 
showed that BCL2L12 underwent ubiquitination 
(Figure 3F). To determine the polyubiquitination type 
on BCL2L12, the antibodies recognizing total 
ubiquitination, K48-linked polyubiquitination, and 
K63-linked polyubiquitination were used. The IP and 
immunoblotting assays revealed that BCL2L12 
showed a ubiquitination signal with antibodies for 
total ubiquitination and K48-linked 
polyubiquitination, but not with K63-linked 
polyubiquitination (Figure 3G). This indicates that 
BCL2L12 is modified by K48-polyubiquitination, 
consistent with the understanding that K48-linked 
polyubiquitination primarily facilitates proteasomal 
recognition and degradation of substrates. Next, we 
aimed to determine if EYA1 regulates BCL2L12 
stability by modulating its ubiquitination. We first 
compared the ubiquitination level of BCL2L12 with or 
without EYA1 overexpression. Indeed, our results 
indicated that the overexpression of EYA1 suppressed 
the total ubiquitination level of BCL2L12 (Figure 3H), 
which is consistent with our finding that EYA1 
improves BCL2L12 stability (Figure 3A-D). 
Furthermore, to examine the effects of T33 
dephosphorylation on BCL2L12 ubiquitination, we 
designed and constructed two mutants of BCL2L12 
(T33E and T33D) that mimic the phosphorylated 
forms. Compared with the wild-type (WT) and 
phospho-mimic forms of BCL2L12 (T33E and T33D), 
the phospho-dead mutant (T33A) showed obviously 
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lower level of ubiquitination of BCL2L12 (Figure 3I), 
which is in line with the higher stability of T33A 
mutant of BCL2L12 than that of wild-type BCL2L12 
(Figure 3B-D). Taken together, these data demonstrate 

that EYA1 inhibits the ubiquitination and proteasomal 
degradation of BCL2L12 by dephosphorylating it at 
T33. 

 

 
Figure 3. EYA1 regulates BCL2L12 turnover. A, Immunoblotting showing the level of BCL2L12 protein is elevated with EYA1 amount increasing. B-D, HEK293T cells 
were transfected with HA-EYA1 and Flag-tagged wild-type (B) or T33A (C) BCL2L12. 24 hours later, cells were treated with protein synthesis inhibitor cycloheximide as 
indicated. Protein level was detected, and protein stability curve was showed (D). E, Immunoblotting showing the level of BCL2L12 protein is restored by MG132 treatment in 
T98G and U87MG cells. F, BCL2L12 was modified by ubiquitination. HEK293T cells were transfected with HA-ubiquitin and BCL2L12 under MG132 treatment. Cells were lysed 
and subjected to IP using anti-flag beads and immunoblotting. G, IP-immunoblotting showing BCL2L12 was modulated by K48-polyubiquitination under MG132 treatment. H, 
EYA1 suppressed BCL2L12 ubiquitination. HEK293T cells were transfected with Flag-BCL2L12, HA-EYA1, His-Ub and treated with MG132 as indicated. Cells were lysed and 
subjected to Flag IP and immunoblotting using indicated antibodies. I, Ubiquitination assay showing the ubiquitination level of wild-type, phosphor-mimic (T33E and T33D), and 
phosphor-dead (T33A) BCL2L12 under MG132 treatment. 
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Figure 4. EYA1 is essential for glioma cell growth in vitro. A-B, T98G and U87MG cells transfected with siControl or siEYA1 (-1 and -2) were subjected to cell 
proliferation assay. Corresponding quantitative results are shown (B). C-D, T98G and U87MG cells transfected with siControl or siEYA1 (-1 and -2) were subjected to clone 
formation assay. Corresponding quantitative results are shown (D). E-F, U87MG and U251MG cells transfected with siControl or siEYA1 (-1 and -2) were subjected to 
tumorsphere formation assay. Corresponding quantitative results are shown (F). *P < 0.05, **P < 0.01, ***P < 0.001. 

 

EYA1-BCL2L12 signaling pathway is essential 
for glioma development 

To investigate the role of EYA1-BCL2L12 
signaling pathway in glioma development, we 
initially knocked down endogenous EYA1 in the 
glioma cell lines T98G, U87MG, and U251MG using 
siRNAs. The expression status of EYA1 in the 
resultant cell lines was validated by immunoblotting 
(Figure S2C). In glioma cells, silencing EYA1 impaired 
cell proliferation (Figure 4A-B), clonogenicity ability 
(Figure 4C-D), and tumorsphere formation (Figure 

4E-F). To assess the impact of EYA1 on glioma tumor 
formation in vivo, we used the luciferase-expressing 
mouse glioma cell line GL261 for tumor 
transplantation assays. Stable knockdown of mouse 
Eya1 in GL261 was performed and validated by 
immunoblot (Figure S2C). In the nude mouse model, 
Eya1 suppression significantly reduced tumor volume 
and weight compared to the control groups (Figure 
5A-C). In the intracranial tumor transplantation 
mouse model, tumor formation was also inhibited by 
suppressing Eya1 (Figure 5D and G). The expression 
level of the cell proliferation marker, Ki67, was 
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decreased in the tumors derived from 
Eya1-knockdown cells (Figure 5E). Moreover, 
silencing Eya1 increased the overall survival time of 
the mice (Figure 5F). Taken together, our data is 
consistent with the previous reports that EYA1 is 
essential for glioma cell growth in vitro and tumor 
formation in vivo. 

We then asked whether BCL2L12 could mediate 
the oncogenic effects of EYA1 on glioma 
development. We first evaluated the effects of EYA1 
on BCL2L12 expression in glioma cells. Suppressing 
EYA1 decreased BCL2L12 expression in T98G and 
U87MG cells, while overexpressing EYA1 raised 
BCL2L12 expression in U87MG and U251MG cells 
(Figure 6A-B). This finding supports our earlier 
observation that EYA1 regulates BCL2L12 turnover 
(Figure 3). To examine the role of BCL2L12 in EYA1’s 
tumor-promoting effects, we overexpressed BCL2L12 
in EYA1-knockdown cells (Figure 6C). Cellular assays 
revealed that overexpressing BCL2L12 partially 
restored cell proliferation in T98G and U87MG cells 
(Figure 6D-G). Similarly, the overexpression of 
BCL2L12 also partially rescued the cell clone 
formation ability in T98G and U251MG cells (Figure 
6H-J). Collectively, these findings indicate that 
BCL2L12 partially mediates the oncogenic effects of 
EYA1 on glioma cell proliferation. 

To investigate the effects of the phosphorylation 
status of T33 in BCL2L12 on glioma development, we 
stably overexpressed various versions of BCL2L12 in 
U251MG cells, including wild-type (WT), 
phospho-mimic (T33E), and phospho-dead (T33A) 

mutant, and xenografted them into the 
immunocompromised mice. Overexpression of 
BCL2L12-T33A significantly enhanced tumor 
formation, as indicated by increased tumor volume 
and weight, whereas cells overexpressing 
BCL2L12-T33E showed a weaker tumor formation 
ability, although still greater than that of the control 
group (Figure 6K-M). Taken together, these results 
suggest that EYA1-mediated dephosphorylation of 
BCL2L12 at T33 plays a crucial role in glioma tumor 
formation. 

EYA1 and BCL2L12 positively correlate in 
glioma patient samples 

To evaluate the clinical relevance of EYA1 and 
BCL2L12 in glioma, we investigated their expression 
using immunohistochemical (IHC) staining on a 
glioma tissue microarray (TMA). In glioma patient 
samples, EYA1 was predominantly found in the 
nucleus, whereas BCL2L12 was mainly nuclear but 
also weakly detectable in the cytoplasm (Figure 7A). 
Pearson correlation analysis showed a positive 
correlation between EYA1 and BCL2L12 proteins in 
glioma patient samples (Figure 7B). Additionally, 
glioma patients with higher BCL2L12 mRNA levels 
experienced poorer overall and progression-free 
survival (Figure 7C-D and Figure S6). This suggests 
that BCL2L12 may serve as a valuable biomarker for 
predicting patient prognosis. Collectively, these 
findings indicate that the EYA1-BCL2L12 signaling 
pathway is important in clinical settings. 

 

 
Figure 5. EYA1 is essential for glioma tumor formation in vivo. A-C, GL261 cells stably expressing shControl or shEya1 were subcutaneously injected into the right 
flanks of nude mice as indicated (n = 5 each group). After 32 days of injection, mice were sacrificed, and xenograft tumors were removed. Representative tumor images (A), tumor 
volume development curve (B), and tumor weight (C) are shown. D-G, GL261 cells stably expressing shControl or shEya1 were orthotopically transplanted into mice brain as 
indicated (n = 8 each group). Representative luminescence images (D), H.E. staining of mice brain tumor (E), survival curve (F), and statistical analysis of tumor luminescence (G) 
are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance.  
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Figure 6. EYA1-BCL2L12 signaling pathway is essential for glioma development. A, T98G and U87MG cells transfected with siControl or siEYA1 were subjected to 
immunoblot analysis and BCL2L12 antibody was used to detect the endogenous BCL2L12 protein level. B, U87MG and U251MG cells overexpressing EYA1 were subjected to 
immunoblot analysis and BCL2L12 antibody was used to detect the endogenous BCL2L12 protein level. C, BCL2L12 is overexpressed in the EYA1-silencing cells in T98G and 
U87MG and cell lysates were subjected to immunoblot analysis for validation. D-G, T98G and U87MG cells transfected with indicated siRNAs or plasmids were subjected to 
CCK-8 assay (D and E). Corresponding quantitative results (F and G) are shown. H-J, T98G and U251MG cells transfected with indicated siRNAs or plasmids were subjected to 
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clone formation assay (H). Corresponding quantitative results (I and J) are shown. K-M, U251MG cells stably expressing empty vector, wild-type, phosphor-mimic (T33E), and 
phosphor-dead (T33A) BCL2L12 were subcutaneously injected into the right flanks of nude mice as indicated (n = 5 each group). After 32 days of injection, mice were sacrificed, 
and xenograft tumors were removed. Representative tumor images (K), tumor volume development curve (L), and tumor weight (M) are shown. *P < 0.05, **P < 0.01, ***P < 
0.001, ns, no significance. 

 

 
Figure 7. EYA1 and BCL2L12 positively correlate in glioma patient samples. A, Representative immunohistochemical staining of EYA1 and BCL2L12 proteins in 
glioma patient samples from low to high level. B, Pearson correlation analysis of EYA1 and BCL2L12 protein expression in glioma patient samples. C-D, Kaplan–Meier analysis of 
the overall survival (C) and progression-free survival (D) of glioma patients with high and low BCL2L12 expression from TCGA cohort. E, The proposed working model. This 
image was created with BioRender.com. 
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Discussion 
EYAs are unique protein phosphatases essential 

for the early embryonic development [34]. Recent 
studies show that EYAs are upregulated in numerous 
brain tumors and are required for brain tumor 
formation and progression, including glioma [12-18]. 
However, little is known about the specific targets 
that mediate the oncogenic roles of EYAs in brain 
tumor development. Using unbiased 
phosphoproteomics combined with a novel screening 
strategy, we identify BCL2L12 as an EYA1 threonine 
phosphatase substrate in glioma cells. BCL2L12 is an 
important oncoprotein that promotes cell 
proliferation and prevents apoptosis in glioma. We 
also describe a signaling pathway where EYA1 
regulates BCL2L12 turnover by dephosphorylating 
T33, which contributes to glioma development 
(Figure 7E). 

Like the well-known EYA1 substrates c-Myc and 
Notch1, BCL2L12 also features a conserved “TPXXSP” 
motif, where threonine serves as the 
dephosphorylation site for EYA1. This leads to the 
hypothesis that the “TPXXSP” motif is a common 
regulatory element for EYAs, suggesting that proteins 
with this motif may serve as potential substates for 
EYAs’ threonine phosphatase activity. Our study 
offers new insights into the regulatory mechanisms of 
protein phosphorylation and dephosphorylation, 
making it interesting to validate this hypothesis in 
future research. In addition, atypical protein kinase C 
(aPKC), another substrate of EYA1 threonine 
phosphatase, does not contain the “TPXXSP” motif 
[35]. EYA1 dephosphorylates aPKC at T410 to 
promote symmetric cell divisions during cerebellar 
development. Therefore, we still need to identify 
other potential substrates of EYA1 threonine 
phosphatase that do not follow the “TPXXSP” motif, 
as indicated by our phosphoproteomic results. 

The crosstalk between different protein 
post-translational modification (PTM) is an important 
regulatory layer that affects protein structure and 
function. As two of the most abundant and 
best-studied PTMs, the interaction between 
phosphorylation and ubiquitination has especially 
been widely investigated [36-38]. Interestingly, the 
degradation of two well-established EYA1 substrates, 
c-Myc and Notch1, is strictly regulated by its 
phosphorylation and dephosphorylation at certain 
sites [26, 27]. The E3 ligase Fbw7 binds to c-Myc with 
phosphorylated T58, leading to c-Myc degradation 
via the proteasomal system [39]. In embryonic kidney 
or breast cancer cells, EYA1 dephosphorylates T58 on 
c-Myc using its threonine phosphatase activity, 
thereby preventing its ubiquitination. The 

enhancement of c-Myc stability by EYA1 is essential 
for normal kidney development and breast cancer cell 
growth [8, 26]. Similarly, our previous study also 
demonstrates that EYA1 dephosphorylates Notch1 at 
T2122 to prevent it from Fbw7-mediated 
ubiquitination-proteasomal degradation, which 
sustains Notch signaling activity in craniofacial 
development [27]. BCL2L12 is reported to be 
degraded by the ubiquitination-proteasome system 
[31, 32]. While it has been shown that EYA1 regulates 
substrates’ turnover by its phosphatase activity, our 
study is the first report that the dephosphorylation of 
BCL2L12 by EYA1 prevents BCL2L12 from 
degradation. In our study, enforced EYA1 expression 
increases BCL2L12 expression in glioma cells, and, 
conversely, silencing EYA1 results in downregulation 
of BCL2L12. Moreover, the protein expression level of 
EYA1 and BCL2L12 is positively correlated in glioma 
patient samples, suggesting that this positive 
regulatory relevance between EYA1 and BCL2L12 is 
also important in clinical settings. However, the 
detailed mechanism by which EYA1 regulates 
BCL2L12 ubiquitination remains unclear. Specifically, 
the E3 ubiquitin ligase responsible for recognizing 
phosphorylated BCL2L12 degron centered at T33 
remains to be characterized in the future 
investigations. 

Sustaining proliferative signaling and evading 
apoptosis are two fundamental hallmarks of cancer 
[40]. In previous study, EYA1 has been reported to be 
overexpressed in glioma tissues [12]. EYA1 is crucial 
for maintaining the stemness and survival of GSCs. 
When EYA1 is knocked down, GSCs lose their ability 
to self-renew and undergo cell death [15]. In 
comparison to normal brain tissues, BCL2L12 is also 
upregulated in glioma tumors [41, 42]. 
Overexpression of BCL2L12 promotes the growth of 
glioma cells, resulting in poorer survival rates for 
mice transplanted with glioma cells that ectopically 
express BCL2L12 [43, 44]. Conversely, knocking down 
BCL2L12 inhibits glioma cell proliferation, induces 
apoptosis, and extends the survival time of mouse 
models [42, 45]. The signaling transduction proposed 
in this study is consistent with the oncogenic roles of 
EYA1 and BCL2L12 in glioma development as 
previously reported. In line with previous reports, we 
also find that EYA1 inhibition suppresses glioma cell 
growth in vitro and in vivo. Our study importantly 
demonstrates that overexpression of BCL2L12 
partially rescues the cell growth defects induced by 
silencing EYA1. This finding links the biological 
functions of EYA1 and BCL2L12, suggesting that 
BCL2L12 partially mediates the oncogenic effects of 
EYA1 in glioma. In addition, we demonstrate that the 
protein stability of the phospho-dead mutant of 
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BCL2L12 (T33A) is much higher than that of 
wild-type BCL2L12, and that the phospho-dead 
mutant of BCL2L12 has stronger ability to promote 
tumor formation in vivo than that of wild-type or 
phospho-mimic mutant, suggesting the importance of 
the regulatory roles of EYA1 on BCL2L12 in glioma 
development. 

Traditional glioma treatment, like radiotherapy 
and chemotherapy, primarily inhibit glioma 
development by inducing malignant cell death. 
However, glioma patients often experience 
therapeutic resistance. This resistance is due to the 
glioma cells' strong proliferation and anti-apoptotic 
abilities. BCL2L12 plays a crucial role in regulating 
glioma cell growth and survival. It is typically present 
at low levels in adult brain tissue but is elevated in 
glioma tumors, making it a rational therapeutic target. 
The RNAi-based spherical nucleic acids targeting 
BCL2L12 has been designed, developed, and applied 
in a phase 0 clinical study [45, 46]. Currently, there are 
no small molecule drugs targeting BCL2L12 available 
in the clinic, partly due to the protein's flexible 
structure [46]. Because BCL2L12 stability is controlled 
by ubiquitination-proteasome system, targeting 
BCL2L12 stabilizer makes it possible to regulate 
BCL2L12 activity alternatively. In this study, we 
demonstrate that EYA1 maintains BCL2L12 stability. 
Considering EYA1 is a phosphatase with a stable 
enzymatic pocket, targeting EYA1 phosphatase 
activity provides a promising strategy for resolving 
the undruggable problem of BCL2L12. Several EYAs’ 
inhibitors have exhibited excellent anticancer effects 
in various cancers, such as lung cancer, breast cancer, 
medulloblastoma, and glioma [17, 18, 47-50]. 
Therefore, the study presented here may be of clinical 
significance and provide a rationale for the 
development and application of EYAs’ inhibitors for 
glioma treatment. 

In summary, this study identifies BCL2L12 as a 
new substrate for EYA1 threonine phosphatase 
activity in glioma development. Disruption of the 
EYA1-BCL2L12 signaling pathway effectively inhibits 
glioma formation and progression, implicating EYA1 
as a potential therapeutic target for glioma treatment. 

Methods 
Cell culture 

The T98G, U87MG, U251MG, GL261, and 
HEK293T cells were obtained from ATCC. All cells 
were cultured DMEM (Gibco, CC11995500BT) 
supplemented with 10% FBS (Gibco, 10270106) and 
1% Penicillin/Streptomycin (Gibco, 15140122) with 
5% CO2 at 37 ◦C. 

RNAi and transfection 
Target siRNAs and non-targeting controls 

(General biosystems) were transfected into the cells in 
combination with Lipofectamine RNAiMax Reagent 
(Invitrogen, 13778150) and Opti-MEM (Gibco, 
31985-062) medium. Working concentration of all 
siRNAs was 20 nM. Knockdown efficiency was 
detected by immunoblotting. The targeting sequences 
of each siRNA were listed in Supplementary Table 1. 

Plasmid and transfection 
The human EYA1 cDNA clone was purchased 

from YouBio (G124280). For overexpressing EYA1, the 
coding sequence of EYA1 was subcloned into the 
pcDNA3.1 and pLVX vectors. For overexpressing 
BCL2L12, the coding sequence of BCL2L12 was 
purchased from YouBio (G103652) and was subclone 
into the pcDNA3.1 and pLVX vectors. HA- Ubiquitin 
was used in ubiquitination assays (18712, Addgene). 
pLVX-BCL2L12-T33A, pLVX-BCL2L12-T87A, 
pLVX-BCL2L12-TTAA, pLVX-BCL2L12-T33E, and 
pLVX-BCL2L12-T33D were generated by site-directed 
mutagenesis and confirmed by DNA sequencing 
(primer sequences shown in Supplementary Table 1). 
The shRNA targeting Eya1 was generated in pLKO.1 
according to standard protocol (shRNA oligos shown 
in Supplementary Table 1). Plasmids transfection was 
performed using Lipofectamine 3000 Reagent 
(Invitrogen, L3000015) according to the 
manufacturer’s instructions. 

Lentivirus package and stable cell lines 
For each virus package, 1 × 106 HEK293 T cells 

were seeded into a 6 cm dish. After 24 h, 2 ug 
targeting plasmids mentioned above, 0.5 ug pMD2. G 
(Addgene, 12259), and 1.5 ug psPAX2 (Addgene, 
12260) were mixed with Lipofectamine 3000 Reagent 
(Invitrogen, L3000015) and transfected into the 
HEK293 T cells. 48 h after transfection, the 
supernatant medium containing the lentivirus was 
collected and filtered by 0.45 µm syringe filter 
(Beyotime, FF365). The transduction was performed 
by incubating the viral containing medium to the 
targeting cells overnight in the presence of 8 ug/ml 
polybrene (OBiO, HYFW20190626003). 48 h after 
transduction, the cells were selected under 2.5 ug/ml 
puromycin (Gibco, A1113802) for further keeping and 
passaging. 

Western blotting 
The immunoblotting experiments were 

performed as described previously [51]. The 
antibodies used were listed in Supplementary table 3. 
The original uncropped western blots were uploaded. 
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Tissue microarray analysis and 
immunohistochemistry staining 

Human glioma tissue array was obtained from 
Alenabio (Bra1009b). The antibody against EYA1 
(Proteintech, 22658-1-AP) and BCL2L12 (Proteintech, 
16612-1-AP) were utilized for immunohistochemistry 
staining according to the manufacture’s protocol. 
Image-Pro Plus (NIH) was used to determine the 
integral optical density (IOD) of the positively stained 
signal (brown) and area of haematoxylin-stained 
signal (blue) for each slide. The IOD/mm2 of the 
haematoxylin-stained area was then calculated and 
normalized as the relative staining score. Tissue 
microarrays were used according to Institutional 
Review Boards (IRB) protocols approved by Southern 
University of Science and Technology and Alenabio. 
All human subjects gave informed consent. 

Cell viability assay 
The glioma cells (2000 cells per well) were 

seeded into a 96-well plate and cultured in 100 μl 
medium. When the cells attached to the well 
bottom,10 μl CCK-8 solution (YEASEN 40203ES92) 
was added and incubated at incubator for 2 hours. 
The absorbance was measured using a microplate 
reader (BioTek) at wavelength 450 nm. This value was 
regarded as the time point zero. Repeat to add the 
CCK-8 solution and measure values after 24, 48, and 
72 hours. The cell viability was finally calculated. 

Clonogenicity assay 
The glioma cells (500-1000 cells per well) were 

seeded into a 6-well plate and cultured in 2 ml 
medium. Around 10-14 days later, the single clones 
grew up until 50 cells aggregated into one single 
clone, the cells were fixed in 4% PFA and stained in 
0.5% crystal violet (Solarbio, G1026). The clones were 
imaged and counted in Lionheart FX (BioTek). 

Tumorsphere formation assay 
U87-MG and U251-MG (50-100 cells per well) 

were seeded into an ultra-low attachment 24-well 
plate (Corning 3473) and cultured in 500 μl 
tumorsphere medium. Tumorsphere medium consists 
of 500 ml DMEM/F12 (BI 01-172- 1ACS), 20 ng/ml 
EGF (Sino Biological 50482-MNCH), 10 ng/ml bFGF 
(Sino Biological 50037-M07E), 5 μg/ml insulin 
(Apexbio B7407), and 0.4% BSA (Sigma A4503). 
Around 10-14 days later, the tumorsphere could be 
observed under light microscope. The tumorsphere 
was imaged and counted under microscope (Nikon, 
ECLIPSE Ti2). The diameter of tumorsphere was 
measured and calculated using Image J. 

Subcutaneous tumorigenicity assay 
BALB/c nude mice (4-6 weeks) obtained from 

the Animal Center in SUSTech were used for the 
subcutaneous tumorigenicity assay. 10 mice were 
randomly divided into two group. A total of 1×106 
GL261-luc cells (shcontrol or shEya1) resuspended in 
100 µl PBS were injected to the mice’ right back. 
Tumor length and width were measured every three 
days for one month. The tumor size was calculated as 
following formula: tumor volume (cm3) = (length × 
width2)/2. Finally, the animals were euthanized, and 
tumors were surgically dissected and weighed. The 
animal ethics was approved by the Animal 
Experimentation Ethics Committee in SUSTech, and 
all mice were maintained in the Laboratory Animal 
Center in SUSTech. 

Intracranial tumorigenicity assay 
C57BL/6J mice aged 6-8 weeks were 

anesthetized in the anesthesia system (isoflurane 
2L/min, oxygen 1L/min). Fixed the animal in a 
stereotaxic, applied eye ointment to protect animals’ 
eyes from light damage. Then sterilized and dehaired 
the scalp. A sagittal incision over the parieto-occipital 
bone was achieved using a sterile scalpel, 
approximately 1 cm long. To emerge bregma, 3% 
hydrogen peroxide solution was smeared on the skull 
surface. Used a microdrill to puncture the skull at 2 
mm to the right of the bregma and 2 mm anterior to 
the coronal suture to provide an opening for the 
injection of tumor cells. Loaded the syringe with 2×105 
GL261-luc cells resuspended in 5 µl PBS, placed the 
syringe to mice brain onto 3 mm depth through the 
hole created before and retracted back 1 mm, and 
slowly injected the cells at 1 µl/min. After injection 
completion, leaved the syringe for another minute to 
avoid spill, then slowly withdrawal. Finally, sterilized 
and sewed up the incision. After one week, the 
bioluminescence intensity of intracranial tumor could 
be measured using luciferin (15mg/ml) in IVIS 
Spectrum (PerkinElmer). The animal ethics was 
approved by the Animal Experimentation Ethics 
Committee in SUSTech, and all mice were maintained 
in the Laboratory Animal Center in SUSTech. 

Phosphoproteome 
U87MG cell lines stably expressing Flag-tagged 

EYA1 or empty vector were generated as described as 
above. A total of 2×107 cells for each group were 
collected and delivered to Novogene after quick 
freezing in liquid nitrogen. The protein extraction, 
protein digestion, phosphorus peptides enrichment, 
mass spectrometry analysis, and data analysis were 
performed under standard protocol in Novogene 
(described in supplementary information). 
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IP and Co-IP 
The plasmids encoding Flag-tagged protein were 

transiently transfected into HEK293T cells in a 10 cm 
dish. 48 hours later, the cells were collected and lysed 
in NP-40 buffer at 4℃ for 30 minutes with gentle 
rotation. The cell lysis was centrifuged at 12000 rpm at 
4℃ for 10 minutes. The supernatant was incubated 
with anti-Flag M2 affinity gel (Sigma A2220) at 4℃ for 
2-4 hours with gentle rotation. Washed the gel three 
times by cold NP-40 buffer. The IP products in beads 
could be used for further protein digestion and 
proteomics analysis, denatured for Coomassie blue 
staining, immunoblotting analysis, and biochemical 
activity assay. 

Phosphatase assay 
HA-EYA1 or Flag-BCL2L12 and various 

mutations were transiently transfected into a 10-cm 
dish HEK293T cells as indicated. 48 hours later, 
Flag-tagged BCL2L12 was enriched by 
immunoprecipitation as described above. The IP 
products were denatured for immunoblotting 
analysis. The phosphorous level of Threonine-Proline 
motif was measured using P-Thr-Pro-101 antibody 
(CST 9391). The total basal level of 
immunoprecipitated BCL2L12 was measured by 
Flag-HRP antibody (Sigma A8592). The quantification 
of phosphorylation level of Threonine-Proline was 
determined using the ratio of the intensity of 
P-Thr-Pro and Flag. 

Protein stability assay 
Transfected HEK293T cells were seeded into a 

12-well dish. 48 hours later, the culture medium was 
replaced by fresh medium containing 200 µM 
cycloheximide (MCE HY-12320) to stop new protein 
synthesis. Cells were collected and lysed every two 
hours at indicated time point for immunoblotting. The 
band intensity was determined by Image J. 

Ubiquitination assay 
Flag-tagged BCL2L12 and certain plasmids were 

transfected into HEK293T cells in 10cm dish. After 36 
hours, culture medium was replaced by fresh culture 
medium containing 20 µM MG132 (Selleck S2619) to 
suppress proteosome-mediated protein degradation. 
Transfected HEK293T cells were collected and lysed 
in NP-40 buffer as described above. The IP products 
were finally denatured and prepared for 
immunoblotting analysis using the antibody against 
ubiquitin. 

Public database mining 
The expression matrix of scRNA-seq data of 

EYA1 in different human tumors was generated in 

TISCH (http://tisch.comp-genomics.org/home/). 
The transcriptome data of LGG and GBM from TCGA 
were obtained from UCSC Xena (https:// 
xenabrowser.net/) and CGGA (http://www.cgga 
.org.cn/). Kaplan-Meier estimates and log-rank test 
were used to develop survival curves and survival 
analysis.  

Statistical analysis 
All experimental data was represented as mean ± 

SD. The significance between two groups was 
determined by two-pair t test. Significance was 
considered as P value less than 0.05 (* P < 0.05, ** P < 
0.01, and * P < 0.001). The n numbers for each group 
and group numbers are indicated in the figure or 
figure legends. GraphPad Prism 9 was used to 
perform statistical analysis. 

Abbreviations 
BCL2L12: BCL2-like 12; T33: threonine 33; EYA: 

eyes absent; GSCs: glioblastoma stem cells; Y142: 
tyrosine 142; Y445: tyrosine 445; T58: threonine 58; 
T2122: threonine 2122; TISCH: Tumor Immune Single 
Cell Hub; CCLE: Cancer Cell Line Encyclopedia; P34: 
proline 34; Co-IP: Co-immunoprecipitation; CQ: 
chloroquine; K107: lysine 107; WT: wildtype; IHC: 
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