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Dephosphorylation of Six2Y129 protects tyrosine

hydroxylase-positive cells in SNpc
by regulating TEA domain 1 expression

Can-tang Zhang,' Deng-li Qin,? Xia-yin Cao,” Jia-shuo Kan,? Xin-xing Huang,” Dian-shuai Gao,” and Jin Gao?**

SUMMARY

Parkinson’s disease (PD) is a neurodegenerative disease characterized by selective
loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc).
We recently reported that Six2 could reverse the degeneration of DA neurons in
a dephosphorylation state. Here we further identified that Eya1 was the phospha-
tase of Six2 that could dephosphorylate the tyrosine 129 (Y129) site by forming a
complex with Six2 in damaged DA cells. Dephosphorylated Six2 then translocates
from the cytoplasm to the nucleus. Using ChIP-qPCR and dual luciferase assay, we
found that dephosphorylated Six2 down-regulates TEA domain1 (Tead1) expres-
sion, thus inhibiting 6-hydroxydopamine (6-OHDA)-induced apoptosis in DA cells.
Furthermore, we showed Six2Y129F/Tead1 signaling could protect against the
loss of SNpc tyrosine hydroxylase-positive (TH*) cells and improve motor function
in PD model rats. Our results demonstrate a dephosphorylation-dependent mech-
anism of Six2 that restores the degeneration of DA neurons, which could represent
a potential therapeutic target for PD.

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and is characterized by
the selective loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc). The main
symptoms of PD are movement disorder which includes tremors, rigidity, bradykinesia, and postural insta-
bility. Currently, drugs for PD management are either complementing or mimicking endogenous dopa-
mine. Although these treatments can relieve symptoms, they cannot stop or reverse the progression of
the disease. Therefore, the most significant challenge remains to develop treatments that protect and

restore DA neurons.' ™

The Sineoculis homeobox homolog 2 (Six2) transcription factor is a member of the SIX family, which be-
longs to the homeobox gene superfamily. To date, six family genes have been identified in various species
ranging from lower invertebrates, including nematodes to higher mammals, such as humans. There are six
members classified into three groups, Six1/Six2, Six3/Six6, and Six4/Six5, which are characterized by a six-
type homeodomain (HD, 60amino acids) and a six-type domain (SD, 110-115 amino acids).*> Extensive
studies have focused on the role of Six family protein control in cell proliferation, differentiation, and
cell fate determination.®® However, some recent findings suggested they also play an essential role in
cell apoptosis.”'® Our previous work showed that Six2 could mediate the anti-apoptotic function of the
glial cell line-derived neurotrophic factor on DA neurons by regulating smurf1 expression.'" In addition,
we also observed that Six2 exerted its anti-apoptotic effect under the dephosphorylated state.'? However,
which phosphatase regulates its dephosphorylation and the dephosphorylated sites of Six2 still need to be
clarified.

Eyes absent homolog1 (Eyal), a member of the Eya gene family, is a transcriptional co-activator with
intrinsic protein phosphatase activity. All mammalian Eya proteins contain a highly conserved C-terminal
Eya domain, which interacts with Six transcription factors, and a less conserved N-terminal Eya domain.'**
Like members of the Six family, Eya proteins are critical to multiple organ development, in part by acting on
Six proteins to promote the proliferation and survival of progenitor cell populations.'™'® Structurally, Eya
proteins belong to the halogenated acid dehalogenase superfamily'” and have dual protein tyrosine (Y) as
well as threonine (T) phosphatase activity.”>?® So far, only five active substrates of eya tyrosine
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Figure 1. Changes of Six2 phosphorylation level in dopaminergic (DA) cells injured by 6-hydroxydopamine
(6-OHDA)

(A) Changes and statistical analysis of Six2 and phosphorylated Six2 level in MES23.5 cells after treatment with 6-OHDA
(100 uM) for 30 min, 1h, and 3h.

(B) Changes and statistical analysis of Six2 and phosphorylated Six2 level in MN9D cells after treatment with 6-OHDA
(100 uM) for 30 min, 1h, and 3h. The statistical analysis was carried out using one-way ANOVA followed by post hoc
Dunnett's tests.*p < 0.05, **p < 0.07, ***p < 0.001 and ****p < 0.0007; n = 3; p-S/T/Y: phosphoserine/threonine/tyrosine.

phosphatase have been identified, and they are the DNA damage-related histone H2AX,?*?° the B-form of

the estrogen receptor (ERB),”® the proto-ontogene Myc,?® the Notch1?” and atypical protein kinase C
(aPKC),?® as well as other potential substracts have been proposed.?’ Some studies have demonstrated
that EYA and SIX proteins function as transcriptional activation complexes and play essential roles in organ-
ogenesis during development and disease.*” In previous work, we documented that knockdown of Eya
significantly increased Six2 phosphorylation levels in DA neurons at the early stage of the injury.'” However,
it is unclear whether Eya1 is the phosphatase of Six2.

In this study, we identified that Eyal was the phosphatase of Six2 and could dephosphorylate the tyro-
sine 129 (Y129) site of Six2 by forming a complex with Six2 in injured DA cells. Then the dephosphory-
lated Six2 translocated from the cytoplasm to the nucleus and directly inhibited the expression of Tead1,
antagonizing the apoptosis of DA neurons and improving motor function in PD rats. This study will pro-
vide a theoretical target for drug development to halt or reverse the progressive degeneration of DA
neurons in PD.

RESULTS

Six2 is dephosphorylated in damaged MES23.5 DA cells

To investigate whether the phosphorylation level of Six2 decreased in injured DA cells, we cultured
MES23.5 and MN9D DA cells and treated them with 6-OHDA for 30 min, 1 h, and 3 h, respectively. IB anal-
ysis showed that the protein expression of Six2 increased in MES23.5 DA cells compared with control
groups, especially at 1 h after 6-OHDA treatment. However, the serine/threonine/tyrosine (S/T/Y) amino
acid phosphorylation level of Six2 decreased significantly at 1 h after 6-OHDA treatment (Figure 1A).
The changing trend of Six2 and p-Six2 in MN9D cells treated with 6-OHDA was similar to that in
MES23.5 cells. However, the changing trend was more evident in MES23.5 cells (Figure 1B).
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Six2 is dephosphorylated by Eya1 in damaged MES23.5 DA cells

Our previous work has shown that overexpression of Eya1 could reduce the phosphorylation level of Six2 in
injured DA cells.'” To assess whether Eyal is the phosphatase of Six2, we first evaluated the possibility of
the interaction between the two proteins. IF results showed that both Eyal and Six2 were co-expressed in
MES23.5 DA cells (Figure 2A). Co-IP analysis using extracts from MES23.5 DA cells showed evident inter-
action between Eyal and Six2 in control groups (Figure 2B); however, a weaker interaction between the
two proteins was detected in DA cells treated with 6-OHDA for 1 h (Figure 2C). And further GST-pull-
down analysis using extracts from 293T cells transfected with GST-Eya1/Six2 confirmed that Eyal could
form a complex with Six2 directly (Figures 2D and 2E).

Next, we tested whether the interaction between Eya1 and Six2 could represent an enzyme-substrate rela-
tionship. We co-expressed Eya1/Six2 and Eya1D327A/Six2 in MES23.5 DA cells because the 327D site is
essential for its phosphorylase activity. Results showed that the expression of Eyal, Eya1D327A, and
Six2 increased in overexpressed groups than in control groups (Figures 2F and 2H). Moreover, the phos-
phorylation level of Six2 has dramatically upregulated in the phosphatase inactive mutant Eya1D327A
group compared with the wild-type group in injured DA cells (Figure 2I). Because current evidence sug-
gests that Eyal is a tyrosine and therosine-specific phosphatase, we evaluated whether Eyal functions
as a tyrosine or threonine phosphatase on Six2 in injured DA cells. Results showed that the phosphotyro-
sine level of Six2 decreased clearly. In contrast, phosphotherosine level had no change compared with the
control group in DA cells treated with 6-OHDA for 1h (Figure 2J). Taken together, phosphatase Eya1 could
form a complex with Six2 and dephosphorylate the tyrosine of Six2 in DA cells treated with 6-OHDA.

Six2Y129 site was dephosphorylated by Eya1 in injured DA cells

We next sought to identify precisely which tyrosine residue(s) on Six2 were phosphorylated. Mutagenesis of
each of the six tyrosine residues of phenylalanine (F) in Six2, including Y67F, Y92F, Y109F, Y129F, Y143F, and
Y148F, were expressed in MES23.5 DA cells (Figure 3A). IB analysis revealed that only mutation of tyrosine
residue 129 blocked Six2 tyrosine phosphorylation compared with other mutant and wild-type Six2 groups
(Figure 3B), indicating that Y129 was the phosphorylated tyrosine.

Furthermore, mutants of tyrosine residue 129 to aspartic acid (D) of Six2 (Six2Y129D) were co-expressed with
Eyalin MES23.5 DA cells (Figure 3C). Then these cells were treated with 6-OHDA, IB analysis showed that the
wild-type Six2 group displayed a loss of tyrosine phosphorylation in response to 6-OHDA, Six2Y129F overex-
pressed cells also significantly decreased tyrosine phosphorylation levels, whereas tyrosine phosphorylation
levels of Six2Y129D groups did not affect compared with the Six2 groups (Figure 3D). These results indicate
that Y129 is the dephosphorylated site of Six2 in damaged DA cells, and we further confirmed this view by
in vitro phosphatase analysis. The immunopurified His-fusion wild-type Eyal and its mutant Eya1D327A
were mixed with Six2-pY129 peptides, and the results of phosphatase analysis showed that wild-type Eya’
effectively removed the phosphate group from Six2, whereas the phosphatase-inactive mutant Eya1D327A
proteins had little or no effect (Figure 3E), we also used the known substrate H2AX of Eya1 as a positive control
(Figure 3F). These data establish the ability of Eyal to dephosphorylate the Y129 site of Six2 directly.

Dephosphorylated Six2 translocated from cytoplasm to nucleus

In the above results, we have shown a weaker interaction between Eyal and Six2 proteins in DA cells after
treatment with 6-OHDA (Figure 2B). To explore the reason why the binding of the two proteins becomes
weaker, we further detected the distribution of Eyal and Six2 in DA cells using laser confocal analysis. Re-
sults showed that both Eyal and Six2 primarily distributed in the cytoplasm in control cells, however, Six2
translocated from the cytoplasm to the nucleus after 6-OHDA treatment, whereas Eya1 still located mainly
in the cytoplasm (Figure 4A). These results of laser confocal indicate that maybe the phosphorylation state
of Six2 affects its localization in DA cells. We further overexpressed Six2Y129F and Six2Y129D mutants in
DA cells, respectively. Laser confocal results showed that Six2Y129F was mainly localized in the nucleus,
whereas Six2Y129D was primarily located in the cytoplasm even after 6-OHDA treatment (Figure 4B).
Then, we detected the expression of wild-type and mutants of Six2 in cytoplasm and nucleus by IB analysis.
Results indicated that the expression of Six2 in the cytoplasm was higher than that in the nucleus, whereas
Six2Y129F was mainly expressed in the nucleus in untreated MES23.5 cells. However, after treatment with
6-OHDA, the Six2 protein in the nucleus was significantly higher than that in the cytoplasm, whereas
Six2Y129D was primarily expressed in the cytoplasm (Figure 4C). These data suggest that the dephosphor-
ylation of Six2Y129 is essential for its translocation from the cytoplasm to the nucleus.
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Figure 2. Six2 is dephosphorylated by Eya1 in damaged MES23.5 DA cells

(A) Immunofluorescence analysis detects the co-expression of Eyal and Six2 in MES23.5 DA cells. The yellow color in the pie chart represents the percentage
of cells colocated by Eyal and Six2 in total cells, and blue shows the percentage of cells without significant co-localization in total cells, n = 4.

(B and C) Co-immunoprecipitation (Co-IP) analysis evaluates the interaction between Eya1 and Six2 in control cells and cells treated with 6-OHDA (100 uM)
for 1 h.

(D) The expression of GST-Eyal in cultured 293T cells.

(E) GST-pull down analysis detects the direct interaction between GST-Eyal and Six2 proteins in 293T cells.

(F) The expression of Six2 in cultured DA cells.

(G) The expression of Eyal in cultured DA cells.

(H) The expression of Eya1D327A in cultured DA cells, D: aspartic acid; A: alanine.

(I) The effect of phosphorylase inactivation of Eyal(Eya1D327A) on the phosphorylation level of Six2 in cultured MES23.5 DA cells.

(J) IP coupled with B analysis show the phosphotyrosine (pY) level and phosphotherosine (pT) level of Six2 in MES23.5 DA cells treated with 6-OHDA for 1 h.
The statistical analysis was carried out using t tests. *p < 0.05; n = 3.
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Figure 3. Six2Y129 site was dephosphorylated by Eya1 in injured DA cells
(A) IB analysis detect the over-expression of wild type and mutagenesis of Six2 (Y67F, Y92F, Y109F, Y129F, Y143F, and Y148F) in MES23.5 DA cells, Y: tyrosine;
F: phenylalanine.

(B) IP coupled with IB analysis showed the phosphotyrosine level of Six2 and its mutagenesis (Y67F, Y92F, Y109F, Y129F, Y143F, and Y148F) in MES23.5 DA
cells.

(C) IB analysis detected the over-expression of wild type and mutagenesis of Six2 (Y129D) in MES23.5 DA cells.

(D) IP coupled with IB analysis showed the phosphotyrosine level of Six2 and its mutants (Y129F and Y129D) in MES23.5 DA cells treated with 6-OHDA for 1 h.
(E) In vitro phosphatase analysis to evaluate whether Eyal is the phosphorylase of Six2.

(F) Positive control of Six2 using the known substrate H2AX of Eyal. The statistical analysis was carried out using t tests, one-way ANOVA followed by post
hoc Newman—Keuls tests, and one-way ANOVA followed by post hoc Dunnett’s tests. **p < 0.01, ***p < 0.001 and ****p < 0.0007; n = 3.

Dephosphorylated Six2 regulates the expression of Tead1 in injured DA cells

The primary function of transcription factors is to regulate gene expression. Our results demonstrated
that dephosphorylated Six2 could translocate into the nucleus from the cytoplasm. For an unbiased
assessment of the plausible mechanisms of Six2, we performed a genome-wide ChlP-seq analysis for
Six2 in MES23.5 DA cells. The ChIP-seq data presented differentially expressed genes between DA cells
treated with the 6-OHDA and control groups. Of the Six2-binding sites, 14.63% were located in the re-
gion of 2000 bp upstream from the transcription start site of the differential genes (Figure 5A). The Gene
Ontology (GO) analysis showed that the genes participated in the biological processes (Figure 5B).
Meanwhile, the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses showed that the gene
expression levels in Hippo pathways significantly differed between the two groups (Figure 5C). We
also performed de novo motif discovery to identify specific sequences bound by Six2 (Figure 5D). We
then detected the expression levels of TEA domain1 (Tead1) involved in Hippo pathways using qRT-
PCR. The results showed that the mRNA expression level of Tead1 was significantly downregulated after
6-OHDA treatment (Figure 5E). Double luciferase reporter gene analysis showed that Six2Y129F mutants
significantly inhibited the transcriptional activity of TeadT compared with the wild-type Six2 group in DA

iScience 26, 107049, July 21, 2023 5
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Figure 4. Dephosphorylated Six2 translocated from cytoplasm to nucleus in injured MES23.5 cells

(A) Laser confocal analysis detects the localization of Eyal and Six2 in untreated MES23.5 DA cells and cells treated with 6-OHDA for 1 h. The proportion of
Six2 puncta in cytoplasm and nucleus was analyzed by ImageJ, n = 4.

(B) Laser confocal analysis detects the localization of Eyal and mutants of Six2 (Six2Y129F and Six2Y129D) in control and cells treated with 6-OHDA for 1 h.
The proportion of Six2 puncta in cytoplasm and nucleus was analyzed by ImageJ, n = 4.

(C) IB analysis detects the expression of wild-type and mutants of Six2 (Six2Y129F and Six2Y129D) in cytoplasm and nucleus in control and 6-OHDA treated
cells. The statistical analysis was carried out using t tests. *p < 0.05, **p < 0.07; n = 3.

cells treated with 6-OHDA, in contrast, Six2Y129D mutants significantly enhanced the transcriptional ac-
tivity (Figure 5F). ChIP-gPCR results also showed that the binding ability of Six2Y129F to the Tead1 pro-
moter region increased compared with the Six2 group, whereas the binding ability of Six2Y129D
decreased (Figure 5G). These results suggest that dephosphorylated Six2 negatively regulates the
expression of Tead1 by binding to its promoter.
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Figure 5. Dephosphorylated Six2 negatively regulates the expression of Tead1 by binding to its promoter
(A) Loci distribution of Six2-bound differential expressed target genes in MES23.5 DA neuron models after treatment with 6-OHDA (100 uM, 1 h). The word
‘down2k’ means 2000 bp downstream of the transcription termination site of the genes, 'up2k’ means 2000 bp upstream from the transcription start site of

the genes, ‘exon’ means exon region of the genes, 'intron’ means intron region of the genes.

(B) GO analysis showed that the cell function distribution of selected proteins that might regulated by Six2.

(
(
(

C) KEGG analysis showed associated signal pathway that might be regulated by Six2.
D) Potential candidate motifs prediction of Six2 in MES23.5 DA neuron models after treatment with 6-OHDA (100 uM, 1h).
E) gRT-PCR detected the expression of genes in MES23.5 DA neuron models after treatment with 6-OHDA (100 uM, 1 h).
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Figure 5. Continued

(F) Double luciferase reporter gene analysis detects the transcriptional activity of wild-type Six2 and Six2Y129F mutant to Tead1 in DA cells treated with
6-OHDA.

(G) Chromatin immunoprecipitation assay with anti-Six2 antibody for Tead1 in MES23.5 DA cells treated with 6-OHDA (100 uM, 1 h), ChIP DNA was
quantified by gPCR and normalised to input. The statistical analysis was carried out using t tests and one-way ANOVA followed by post hoc Newman—Keuls
tests. *p < 0.05, **p < 0.07 and ***p < 0.007; n = 3.

Dephosphorylated Six2 inhibited apoptosis of MES23.5 DA cells by downregulating Tead1
expression

We further observed whether dephosphorylated Six2 could protect DA cells by inhibiting the expression of
Tead1 in vitro. CCK8 analysis revealed that overexpression of Six2Y129F rescued the viability of 6-OHDA
treated MES23.5 DA cells; however, Tead1 blocked the protective effect of Six2Y129F When they were co-ex-
pressed in MES23.5 DA cells (Figure 6A). Moreover, overexpression of Six2Y129F inhibited the 6-OHDA
induced upregulation of bax and downregulation of bcl-2. At the same time, Tead1 reversed the effect of
Six2Y129F on the expression of bax and bcl-2 (Figure 6B). In addition, we detected cell apoptosis by
TUNEL analysis, the data also demonstrated that Six2Y129F reversed the 6-OHDA induced cell apoptosis,
and Tead1 abolished the anti-apoptosis effect of Six2Y129F (Figure 6C). Together, these results indicate
that dephosphorylated Six2 could inhibit apoptosis of DA cells by downregulating Tead1 expression.

Dephosphorylated Six2 inhibited the loss of SNpc TH™ cells in 6-OHDA-induced PD model rats

The above results strongly supported dephosphorylated Six2 reversed apoptosis of MES23.5 cells by inhib-
iting Tead1 expression. We wondered whether Six2 and Tead1 signaling prevents the loss of SNpc TH"
cells in vivo. Therefore, we used a PD model via stereotactic injection of 6-OHDA into the SNpc of rats (Fig-
ure 7A). The apomorphine-induced rotation test confirmed that the motor abilities of PD rats were signif-
icantly improved in the Six2Y129F group, whereas Tead1 blocked the effect of Six2Y129F (Figure 7B). In
addition, the posture asymmetry experiment indicated that the frequency of head turning to the lesioned
side improved after Six2Y129F rescue, whereas Tead1 blocked the effect of Six2Y129F (Figure 7C). To
further verify the protection of Six2Y129F and Tead1 signaling on damaged DA neurons, the numbers of
TH" cells in the SNpc were counted. Results showed that the loss of TH™ cells induced by 6-OHDA signif-
icantly reduced in Six2Y129F group, and these effects were blocked by co-treatment with Tead1 (Fig-
ure 7D). We also examined TH expression in the midbrain and found that Six2Y129F increased the expre-
sion of TH, and the effect of Six2Y129F was blocked by Tead1 (Figure 7E). These results suggest that
dephosphorylated Six2 significantly protects damaged DA neurons in the SNpc of PD rats by negative
regulation of Tead1 expression.

DISCUSSION

PD is a neurodegenerative illness characterized by the selective loss of DA neurons. Previous research has
shown that the Six2 transcription factor could protect against DA neurodegeneration in a dephosphory-
lated form. In this study, we confirmed that the phosphatase Eyal dephosphorylated Six2 through forming
a complex in which Eyal dephosphorylated Six2 at the tyrosine 129 site in damaged DA neurons, then Six2
translocated from the cytoplasm to the nucleus and inhibited Tead1 expression, reducing damaged DA
neuron loss and improving motor function in PD rats.

A previous study has shown that Six2 can directly bind to the Glial cell line-derived neurotrophic factor pro-
moter region to regulate its transcription during kidney development.®' Qur previous study further demon-
strated that Six2 can protect DA cells by promoting Glial cell line-derived neurotrophic factor expression in
a low phosphorylation state.'? In this study, we provided additional evidence that Six2 phosphorylation
levels were reduced in DA cells treated with 6-OHDA for 1 h, suggesting that the transcription factor
Six2 might exert its transcriptional activity in the dephosphorylation state.

The EYA family protein is a transcriptional cofactor with phosphatase activity, in its transactivation role, a
crucial step is an interaction with the SIX family of homeodomain proteins.’**° Although some studies
have shown that Eyal can cooperate with Six2 to transcriptionally activate other target genes,*”** and
Eya1 can interact with Six2 and Myc to regulate the expansion of the nephron progenitor pool during neph-
rogenesis,”” they do not show that Eyal can directly combine with Six2 to form a complex. In this study, we
provided direct evidence that Eyal and Six2 are co-expressed in DA cells and can interact to form a com-
plex. Eyal is a transcriptional cofactor with phosphatase activity, and D327 is the crucial site to determine
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Figure 6. Dephosphorylated Six2 protects MES23.5 DA cells by downregulating Tead1 expression

(A) CCK8 analysis showed the effect of Six2Y129 and Tead1 on cell viability of MES23.5 cells treated with 6-OHDA (100 uM, 1 h).

(B) IB analysis detects the effect of Six2Y129 and Tead1 on protein expression of Bcl-2 and bax in MES23.5 cells.

(C) TUNEL analysis shows the effect of Six2Y129 and Tead1 on cell apoptosis of MES23.5 cells. The statistical analysis was carried out using one-way ANOVA
followed by post hoc Newman-Keuls tests. *p < 0.05, **p < 0.01, ***p < 0.007 and ****p < 0.0007; n = 3.

the activity of Eyal phosphatase. In this research, we found that the phosphorylation level of Six2 increased
significantly, whereas the phosphatase activity of Eyal was inactivated by mutating the 327D site to A, and
the in vitro phosphatase assay further confirmed that Eyal was the phosphatase of Six2 in injured DA cells.
These results suggest that Eyal is the phosphatase of Six2 in injured DA neurons, it can dephosphorylate
Six2 by forming a complex with Six2.

It has been shown that the highly conserved C-terminal domain of the Eya family members contained tyrosine
phosphatase activity.”'***> Although the less conserved N-terminal domain does not contain a sequence
motif that shares homology with any other known phosphatase, it has been suggested that the N-terminal
domain of Eya members harbors threonine phosphatase activity.””*” Here, we demonstrated that Eya1 de-
phosphorylated the tyrosine rather than threonine residues of Six2 in damaged DA neurons and identified
the Y129 site as the dephosphorylation site of Six2.

With posttranslational modifications, spatial regulation of transcription factors is a common mechanism of
altering transcriptional activity. Studies in cultured COS7 cells revealed that vertebrate SIX subgroups are
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Figure 7. Dephosphorylated Six2 inhibits DA neuronal loss in 6-OHDA-induced PD model rats
(A) The schematic diagram showed the animal experimental procedure and the expression of the virus carrying Six2Y129F in SNpc.
(B and C) Results of apomorphine-induced rotation and postural asymmetry of rats in all groups (75 pg 6-OHDA for 23 days); n = 10.
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Figure 7. Continued

(D) Immunohistochemical staining was performed via anti-TH antibody to detect the change of TH* cells, and summarized data showed the total number of
TH* cells (% of contralateral side) in the SNpc. Scale bar, 200um. n = 5 per group.

(E) Rat midbrain were isolated and the proteins were collected to measure the protein levels of TH, Six2 and Tead1 in different groups using IB analyses,
n = 3. The statistical analysis was carried out using one-way ANOVA followed by post hoc Newman-Keuls tests. *p < 0.05, **p < 0.01, ***p < 0.001 and
**xkp < 0.0001.

located in the nucleus through its nuclear location signal. They could help EYA members translocate into
the nucleus.'* Another report showed that the Abelson tyrosine kinase-mediated phosphorylation relo-
cated EYA from the nucleus to the cytoplasm.?® Other studies have found that cytoplasmic EYA3 tyrosine
phosphatase activity promotes cell motility.”” However, the function of the EYA tyrosine phosphatase in
DNA repair is nuclear activity.”* Here, we found that phosphorylated Six2 was primarily localized within
the cytoplasm, and dephosphorylate Six2 was mainly present in the nucleus, whereas Eyal was mainly
located in the cytoplasm, either in the control group or in the 6-OHDA treatment group. These results sug-
gest that the dephosphorylation of Six2Y129 by Eyal occurs in the cytoplasm, and this change in Six2
dephosphorylation promotes its translocation from the cytoplasm to the nucleus in DA cells.

The central biological role of the transcription factor is to regulate gene expression. To uncover the precise
mechanism of Six2 regulation in injured DA neurons, we performed ChIP-Seq analysis to identify the
genome-wide Six2-binding sites, and further KEGG pathway analysis revealed that the Hippo signaling
pathway was one of the most significantly enriched pathways, further ChIP-gPCR and luciferase results indi-
cated the Six2 directly regulated the expression of Tead1. TEAD proteins constitute a family of highly
conserved transcription factors characterized by a DNA-binding domain called the TEA domain and a pro-
tein-binding domain that permits association with transcriptional co-activators. TEAD transcription factors
bind to the co-activator YAP/TAZ and regulate the transcriptional output of the Hippo pathway.***” Hippo
is a conserved signaling pathway that regulates the size of organs/tumorigenesis by inhibiting cell proliferation
and promoting cell apoptosis.’®? In this study, we found that Tead1 promoted the apoptosis of DA neurons
treated with 6-OHDA, and the dephosphorylated Six2 could significantly prevent the apoptotic effect by in-
hibiting the expression of Teadl. Meanwhile, behavioral results also showed that dephosphorylated Six2
significantly improved the motor ability of PD model rats by negatively regulating the expression of Tead1.

In conclusion, the present study indicates that the dephosphorylation of Six2Y129 by the phosphatase Eya'
is essential for its translocation into the nucleus to regulate Teadl expression, thereby inhibiting the
apoptosis of DA neurons and improving the motor ability of PD model rats. These results reveal a dephos-
phorylation-dependent mechanism of Six2 that restores the degeneration of DA neurons and provide a po-
tential target to prevent or slow the progressive degeneration of DA neurons in PD.

Limitations of the study

In the present study, we confirmed that the phosphatase Eyal dephosphorylated Six2 through forming a com-
plex in which Eyal dephosphorylated Six2 at the tyrosine 129 site in damaged DA cells, then Six2 translocated
from the cytoplasm to the nucleus and inhibited Tead1 expression, reversing damaged loss of TH* cells in SNpc
and improving motor function in PD rats. However, drug development for Six2 has a long way to go. Moreover,
whether these observed anti-PD effects of Six2 in this study could be recapitulated in humans is also unclear. In
addition, The DA neurons in the brain are mainly distributed in the SNpc, the ventral tegmental area and the
arcuate nucleus of the hypothalamus. However, only the DA neurons in the SNpc have selective vulnerability in
PD, and the neurons in SNpc are mainly DA neurons.* TH is a monooxygenase, it is a rate-limiting enzyme that
catalyzes organisms synthesize levodopa. Levodopa is the precursor of dopamine, dopamine is the precursor
of norepinephrine, and norepinephrine is the precursor of epinephrine. Neurons containing dopamine, norepi-
nephrine and epinephrine are collectively called catecholaminergic neurons. TH is usually used as the specific
marker for catecholaminergic neurons.*® Although the IHC analysis using TH antibody combined with the loca-
tion of SNpc was usually used to evaluate DA neurons,”*® in future research, we should consider employing
additional markers more specific to DA neurons to validate and extend our findings.
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Mouse monoclonal anti-SIX2
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threonine/tyrosine

Rabbit polyclonal anti-phosphothreonine
Rabbit anti-phospho-Tyrosine

Rabbit polyclonal anti-Eya1

Rabbit polyclonal anti-HA

Rabbit polyclonal anti-Lamin B1

Rabbit polyclonal anti-B-tubulin

Rabbit polyclonal anti- Bax

Rabbit polyclonal anti- Bcl-2
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Mouse monoclonal anti-B-actin

Santa Cruz, St. Louis
Sigma-Aldrich

Abcam

Cell Signaling Technology
Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Cat# sc-377193
Cat# 61-8300

Cat# ab9337; RRID: AB_307187

Cat# 8954; RRID: AB_2687925
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pLV-EGFP:T2A:Puro-SIX2 Y129F Yunzhou Biotechnology N/A
pLV-EGFP:T2A:Puro-SIX2 Y143F Yunzhou Biotechnology N/A
pLV-EGFP:T2A:Puro-SIX2 Y148F Yunzhou Biotechnology N/A
pLV-EGFP:T2A:Puro-SIX2 Y129D Yunzhou Biotechnology N/A
pLV-EGFP:T2A:Puro-TEAD1 Yunzhou Biotechnology N/A
Chemicals, peptides, and recombinant proteins

Phosphorylated peptides Sangon Biotech N/A
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HiScript Il Q Select RT SuperMix for gPCR Vazyme Cat# R232-01
AceQ gPCR SYBR Green Master Mix Vazyme Cat# R111-02
NaCl Beyotime Biotechnology Cat# ST347
KCI Beyotime Biotechnology Cat# ST345
MgCl2 Beyotime Biotechnology Cat# ST269
ETDA Beyotime Biotechnology Cat# C0196
DTT Beyotime Biotechnology Cati# STO41
Critical commercial assays

ChIP Assay Kit Beyotime Biotechnology Cati# P2078

Dual-LumiTM Luciferase Reporter Gene
Assay kit

Beyotime Biotechnology

Cat# RG088S
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CCK-8 Kit Vicmed Cat# C0038

TUNEL Kit Vazyme Cat# A113-01/02/03

Experimental models: Cell lines

MES23.5 cells Shanghai Institutes for Cell Resource N/A; RRID:CVCL_J351
Center at the Chinese Academy

of Sciences
MN9D cells Shanghai Institutes for Cell Resource N/A; RRID:CVCL_M067
Center at the Chinese Academy
of Sciences
293T cells Shanghai Institutes for Cell Resource N/A; RRID:CVCL_XY89
Center at the Chinese Academy
of Sciences
Experimental models: Organisms/strains
Male Sprague Dawley rats Gempharmatech Co., Ltd Strain NO.D000017
Oligonucleotides
Primers for Tead1: Forward: This paper N/A
TCATCTTATCAGACGAAGGCAA;
Reverse:CAGCTTGGAATGAAAATCACGA
Primers for B-actin: Forward: This paper N/A
CACCCGCGAGTACAACCTTC; Reverse:
CCCATACCCACCATCACACC
Primers for ChIP-gPCR: Forward: This paper N/A
CGTACAGGCCGAGGAGTTAT; Reverse:
CCTTCAGACTCCAGTTGCTCC
shRNA targeting sequence: SIX2: This paper N/A
GCTACTGCTTCAAGGAAAA
Recombinant DNA
Plasmid: pGL3-Tead1 Sangon Biotech N/A
Plasmid: Six2 Sangon Biotech N/A
Plasmid: Six2 Y129F Sangon Biotech N/A
Software and algorithms
ImageJ National Institutes of Health MathWorks https://imagej.nih.gov/ij/; RRID:SCR_003070
SPSS IBM.Lnc. https://www.ibm.com/cn-zh/spss;
RRID:SCR_002865
GraphPad Prism 9 GraphPad Software.Lnc. http://www.graphpad.com/;

RRID:SCR_002798

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jin Gao (gaojin@xzhmu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.
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® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental cellular models and subject details

The MES23.5 and MN9D DA cell lines, and 293T cells were obtained from the Shanghai Institutes for Cell
Resource Center at the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in Dul-
becco’s modified Eagle's medium (DMEM/High) supplemented with 10% foetal bovine serum (Hyclone,
Logan, UT, USA) and penicillin/streptomycin (PS) (Beyotime Biotechnology, Shanghai, China) in a 5%
CO2 atmosphere at 37°C. The 6-OHDA (H116) were purchased from Sigma (St. Louis, MO, USA). Cell lines
were treated with 6-OHDA (100 uM) for different times (30 min, 1 h, 3 h).

Experimental animals and ethics

Adult male Sprague Dawley rats (230-250 g) were provided by Xuzhou Medical University. These rats were
housed under controlled conditions (temperature 234 2 °C and illumination 12:12 h light—dark cycle) with
standard diet and water ad libitum. Animal housing and treatment of the rats were performed in accor-
dance with the Guidelines of the Ethical Committee for the Use of Laboratory Animals.

SNpc lentivirus injection and PD models construction

The Rats were anaesthetized by pentobarbital (50 mg/kg) and then injected with 2 pl virus which were pur-
chased from Shanghai Genechem Co.,Ltd. (Shanghai, China) or an equal volume of PBS to the left SNpc
(anteroposterior (AP) -5.2 mm, lateral (LAT) -1 mm and dorsoventral (DV) -8 mm). One week later,
6-OHDA was injected into the same site to construct the PD model.

The rats were divided into 4 groups (10 rats/group): (i) Control group: the rats received left SNpc injection
of empty virus and vehicle (0.1% ascorbate in 0.9% saline); (i) 6-OHDA group: the rats received left SNpc
injection of empty virus and 6-OHDA (3 pL, 25 pg/ul); (iii) 6-OHDA+Six2Y129F group: the rats received left
SNpc injection of virus containing Six2Y129F and 6-OHDA; (iv) 6-OHDA+Six2Y129F+Tead1: the rats
received left SNpc injection of virus containing Six2 and Tead1 and 6-OHDA. Twenty-three days after
the 6-OHDA injection, rats in every group were subjected to behavioural tests, and then, these rats were
anaesthetised with sodium pentobarbital and transcardially perfused for immunohistochemistry and 1B
analyses.

METHOD DETAILS

Immunoblotting (IB)

Total protein from the tissue samples and cell lines was extracted. Equal amounts of protein were sepa-
rated by sodium dodecyl sulphate/polyacrylamide gel electrophoresis and then transferred onto nitrocel-
lulose membranes (Bio-Rad, Hercules, CA, USA). Membranes were blocked for 1 hour with 5% non-fat dry
milk (Solarbio, Beijing, China) in Tris-HCl-buffered saline solution containing Tween-20, and then incu-
bated with primary antibodies overnight at 4°C. The primary antibodies included anti-SIX2 Rabbit antibody
(Abcam, Cambridge, UK), anti-Phosphoserine/threonine/tyrosine antibody (Sigma-Aldrich, St. Louis, USA),
anti-Phosphothreonine antibody (Abcam, Cambridge, UK), anti-Eyal antibody (Proteintech, Wuhan,
China), anti-HA antibody (Proteintech, Wuhan, China), anti-Phospho-Tyrosine antibody (Cell Signaling
Technology, Boston, USA), anti-Lamin B1 antibody, anti-B-tubulin antibody (Proteintech, Wuhan, China),
anti- Bax antibody, anti- Bcl-2 antibody, anti-TH antibody (Proteintech, Wuhan, China), and anti-B-actin
antibody (Proteintech, Wuhan, China). After washing, the specific blots were incubated with a fluorescent
secondary antibody (LI-COR, Lincoln, USA) for 2h at room temperature. Blots were detected by Odyssey
CLX infrared laser imaging system (LI-COR, Lincoln, USA). B- actin was used as control, and data was quan-
tified by ImageJ Software (National Institutes of Health, Bethesda, MD, USA).

Cell transfection

The lentivirus carrying Six2 (Six2Y67F, Six2Y92F, Six2Y109F, Six2Y129F, Six2Y143F, Six2Y148F, Six2Y129D or
Tead1) was purchased from Yunzhou Biotechnology Co., Ltd (Guangzhou, China). Lentiviruses were trans-
fected into MES23.5 DA cells according to the manufacturer's instructions, selected with puromycin
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(2 pg/mL, Meilunbio, Dalin, China) after 72 h of transfection and then established the MES23.5 DA cells stably
expressing Six2 (or Six2Y129F, Six2Y129D or Tead1).

Immunofluorescnce (IF)

MES23.5 DA cells were cultured into 24-well plate slides. When the cells reached 70% confluence, the slides
were fixed with 4% paraformaldehyde for 20 min. Washing the slides 3 times, 0.2% Triton X-100 (prepared in
PBS) was permeabilized at room temperature for 10 min. The slides were blocked with 5% BSA and 0.3%
Triton X-100 for 1 h and incubated with primary antibodies overnight at 4 °C. Primary antibodies included
anti-Eyal antibody (Proteintech, Wuhan, China), anti-SIX2 antibody (Santa Cruz, St. Louis, MO, USA). After
washing three times with PBS, the sections were then incubated with Alexa Fluor 488-conjugated donkey
anti-rabbit secondary antibody (1:400, Jackson ImmunoResearch Inc, Pennsylvania, USA) and Alexa Fluor
594-conjugated donkey anti-mouse secondary antibody (1:400, Jackson ImmunoResearch Inc, Pennsylva-
nia, USA) at room temperature for 2 h and stained with DAPI (Beyotime Biotechnology, Shanghai, China).
Mounting the slide with mounting solution containing anti-fluorescence quencher, and fluorescent images
were captured using a laser scanning confocal microscope (Leisa STELLARIS 5, Germany). The proportion
of Six2 puncta in cytoplsam and nucleus were analysed by image J.

Co-Immunoprecipitation (Co-IP)

Adding 400 pL of diluted antibody to the protein which we extract from cells, and incubating them in an
inversion mixer overnight at 4 °C. Another day, 25-50 pL of magnetic beads (MCE, New Jersey, USA)
were prepared and mixed with antigen-antibody complex in a 1.5 mL EP tube (4°C, 4 h). Separating the
magnetic beads, discarding the supernatant and washing four times. Adding 25-50 pL 1xSDS-PAGE
Loading Buffer to the magnetic beads, mix well, and heat at 95°C for 5 min. Separating the magnetic beads.
Collecting the supernatant, and performing SDS-PAGE detection.

GST pull down

The vector pGEX-4T-1 was used to express EYA1. GST-tagged EYAT were expressed in BL21 cells and then
purified with a GST protein interaction pull-down Kit. HEK-293T cells over-expressing His-tagged SIX2 pro-
tein in vector pcDNA3.1 were lysed in homogenization buffer. The GST pull-down experiment was per-
formed according to the manufacturer’s instructions. Briefly, GST-tagged protein (200 plL) was incubated
with the pre-equilibrated resin (henghuibio, Beijing, China) at 4°C for 2 h on a rotating platform. After
washing five times in TBS containing the pull-down lysis buffer, the SIX2 was co-incubated with GST-tagged
protein for 2 h. Finally, the bound proteins were eluted and subjected to IB analysis.

Protein expression and purification

Full-length Eya1 wild-type and mutant D327A protein in a His-fusion format were expressed in 293 cells.
The Ni Sepharose 6 Fast Flow (henghuibio, Beijing, China) was pretreated to make it at the same PH value.
Add the protein supernatant, which was collected by RIPA buffer into the purified filler to fully mix it, and
use 20 mM imidazole solution (BBI Life Sciences Corporation, Shanghai, China) to wash off the impurities
combined on the protein purification filler. At last, 200 mM imidazole solution was added to elute the pu-
rified protein. Purified Eyal and mutant D327A protein were concentrated to 1 mg/mL and frozen by liquid
nitrogen for long-term storage.

In vitro phosphatase assay

Tyrosine phosphorylated peptides were custom synthesized by Sangon Biotech (Shanghai, China), the pep-
tide sequence of Six2 was GEETSYCFKEKS, and the sequence of H2AX was GPKAPSGGKKATQASQRY. All
peptides were purified by high-performance liquid chromatography, and all purified products were analyzed
by mass spectrometry. The purity of each peptide was greater than 95%. Purified Eya1 protein (400 ng) was
incubated in a final volume of 20 uL with 1 mM peptide in a buffer containing 60 mM HEPES (Beyotime Biotech-
nology, Shanghai, China), 75 mM NaCl (Beyotime Biotechnology, Shanghai, China), 75 mM KCI (Beyotime
Biotechnology, Shanghai, China), 5 mM MgCl2 (Beyotime Biotechnology, Shanghai, China), 1 mM EDTA (Be-
yotime Biotechnology, Shanghai, China), and 1 mM DTT (Beyotime Biotechnology, Shanghai, China) at 37°C
for 2 h. The released phosphate was quantified using the Malachite Green Phosphate Assay Kit (Sigma-
Aldrich, St. Louis, USA). Duplicate values were background corrected and compared to the internal phosphate
standard.
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Real-time polymerase chain reaction (Real-time PCR)

The cultured MES23.5 cells were harvested and theAs described previously (Gao et al. 2020), total RNA
from MES23.5 cell lines was extracted using high pure RNA isolation kits (Roche Applied Science, Indian-
apolis, IN, USA). Then, the RNA was reversely transcribed to cDNA using a transcriptor first-strand cDNA
synthesis kit (Roche Applied Science). The expression of Six2 and TH genes was assayed using the SYBR
green PCR master mix (Roche Applied Science). The mRNA data were normalised to B-actin. The primers
were as follows:

Tead1 (Forward): 5-TCATCTTATCAGACGAAGGCAA-3,
(Reverse): 5'-CAGCTTGGAATGAAAATCACGA-3,
B-actin (forward): 5'- CACCCGCGAGTACAACCTTC-3,

(reverse): 5'- CCCATACCCACCATCACACC-3'.

Chromatin immunoprecipitation (ChlP)-seq and ChIP-qPCR

ChlIP Assay Kit was obtained from Beyotime Biotechnology (Shanghai, China). The experiment was per-
formed according to the manufacturer’s instructions.MES23.5 DA cells were treated with 6-OHDA
(100 mM) for 1 h. After treatment, cells were fixed in 1% formaldehyde for 10 min, followed by quenching
with glycine and rinsing with cold PBS. Afterwards, cell nuclei were released and sonicated into 200-700
base pair (bp) DNA fragments. Aliquots of chromatin were incubated overnight with 5 mg anti-Six2 anti-
body or control rabbit immunoglobulin G (Proteintech, Wuhan, China). The chromatin-antibody complexes
were pulled down with prewashed magnetic beads (MCE, New Jersey, USA), then washed and eluted. DNA
fragments associated with Six2 or control antibodies were eluted and purified. Input genomic DNA was
obtained through similar elution and purification procedures. Prepared DNA was processed for ChlP-
seq or ChIP-qPCR. Real-time gPCRs were performed with the primer pairs as follows:

Tead1 (Forward), 5-CGTACAGGCCGAGGAGTTAT-3;

(Reverse), 5-CCTTCAGACTCCAGTTGCTCC-3.

Dual-luciferase reporter assay

Dual-LumiTM Luciferase Reporter Gene Assay kit was obtained from Beyotime Biotechnology (Shanghai,
China). The promoter region (-2000bp) of the rat Tead? gene was subcloned into pGL3 Basic luciferase re-
porter plasmid (Promega, Madison, USA). Plasmids carrying the Six2 and Six2Y129F plasmids were trans-
fected into MES23.5 DA cells. After 24 h, the cells were treated with 100 uM 6-OHDA for 1 h. Luciferase as-
says were then performed using the Dual-Luciferase Reporter Assay System according to the
manufacturer’s instructions (Promega). Luciferase activity was measured using an LB940 Multilabel Reader
(Berthold Technologies, Bad Wildbad, Germany).

Cell viability assay

Cells were cultured into 96-well plates. After 24 h of incubation, cells were treated with 6-OHDA (100 pm) for
1 h. After that, 10 pL CCK-8 (Vicmed, Xuzhou, China) was added to the culture medium, and the viability of
the cells was measured 2 h later at 450 nm using a multimode reader (Synergy 2) according to the manu-
facturer’s instructions.

Tunel staining

Apoptosis of MES23.5 cells was detected by TUNEL (Vazyme, Nanjing, China). MES23.5 cells were plated in
24-well plates. After treating with 6-OHDA (100 um) for 1 h, detecting cellular apoptosis according to the
manufacturer’s protocol. The labeled apoptotic cells may be visualized by fluorescence microscopy
(Olympus Co., Japan). The apoptosis rate was obtained by dividing the number of blue cells stained
by DAPI.
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Immunohistochemistry (IHC) and cell counting

The sections were incubated with 10% donkey serum albumin containing 0.3% Triton X-100 for 1 h to block
non-specific binding, and then incubated with anti-TH antibody (Proteintech, Wuhan, China) overnight. Af-
ter washing three times, the rabbit two-step detection kit (OriGene, Wuxi, China) was used for subsequent
staining. Then these sections were cleared in xylene, and cover-slipped with cytoseal for observation under
a microscope. The sections were imaged with the Olympus cellSens Entry and analyzed by ImageJ soft-
ware. The first sampling item was taken at random from the frontal part of the SNpc, and every sixth section
(20 pm thickness) was selected. For DA neuron quantification, tyrosine hydroxylase-positive (TH*) neurons
in the SNpc were counted from both brain heisispheres coronal sections from each rat between approxi-
mately -4.7 and -6.3 mm from bregma. The SNpc was carefully outlined to exclude other subdivisions of the
SNpc and the ventral tegmental area. TH neurons were counted only when present completely or partially
inside the frame. Counts of DA neurons were expressed as the percentage of contralateral side. We
compared the cell number differences within the same slices (control and lesion sides) and between
different treatment groups, which minimized potential sampling errors.

Behavioural analysis

The following behavioural tests were carried out 23 days after the 6-OHDA injection for screening the PD
rats, and for detecting the effect of Six2Y129F on PD rats.

Postural asymmetry: Postural asymmetry was analysed using the elevated body swing test.*”*° The rats
were examined for lateral movements with their bodies suspended by their tail 10 cm above the testing
table. The frequency of head turning contralateral to the lesioned side (ipsilateral side) was evaluated in
20 continuous trials. The computing method was: (contralateral turns — ipsilateral turns)/total turns.

Apomorphine-induced rotation analysis: Contralateral rotations of each rat were recorded after subcu-
taneous injection of apomorphine (0.5 mg/kg in normal saline containing 0.01% ascorbic acid) to confirm
the dopamine depletion in the nigrostriatal system. The rotation behaviour was counted over a period of
30 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were processed with SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Bar graphs are shown as mean-
s+ S.E.M. Difference was carried out using t-test to compare two independent samples, and one-way an-
alyses of variance (ANOVAs) followed by post hoc Newman—Keuls tests to compare all pairs of groups or
post hoc Dunnett's tests for comparing all experimental groups with the control group. P<0.05was consid-
ered statistically significant for all tests.
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