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Zyxin is a zinc-binding phosphoprotein known to regulate
cell migration, adhesion, and cell survival. Zyxin also plays a
role in signal transduction between focal adhesions and the
nuclear compartment. However, the mechanism of Zyxin
shuttling to nucleus is still unclear. Here, we identify that the
GlcNAc transferase (O-linked GlcNAc [O-GlcNAc] transferase)
can O-GlcNAcylate Zyxin and regulate its nuclear localization.
We show that O-GlcNAc transferase O-GlcNAcylates Zyxin at
two residues, serine 169 (Ser-169) and Ser-246. In addition,
O-GlcNAcylation of Ser-169, but not Ser-246, enhances its
interaction with 14-3-3γ, which is a phosphoserine/threonine-
binding protein and is reported to bind with phosphorylated
Zyxin. Furthermore, we found that 14-3-3γ could promote the
nuclear localization of Zyxin after Ser-169 O-GlcNAcylation by
affecting the function of the N-terminal nuclear export signal
sequence; functionally, UV treatment increases the O-GlcNA-
cylation of Zyxin, which may enhance the nuclear location of
Zyxin. Finally, Zyxin in the nucleus maintains homeodomain-
interacting protein kinase 2 stability and promotes
UV-induced cell death. In conclusion, we uncover that the
nuclear localization of Zyxin can be regulated by its
O-GlcNAcylation, and that this protein may regulate
UV-induced cell death.

Zyxin is a member of the LIN-11, Isl1, and MEC-3 (LIM)
domain protein family, primarily localizing in focal adhesion
plaques (1). LIM domains have been shown to participate in
specific protein–protein interactions or protein–DNA in-
teractions. Zyxin plays important roles in the actin cytoskel-
eton. Zyxin has an α-actinin-binding domain at the N
terminus, which specifically interacts with α-actinin (2–5). In
addition, the N terminus of Zyxin can also bind to vasodilator-
stimulated phosphoprotein (VASP), and the interaction be-
tween Zyxin and VASP mainly functions in the assembly of
stress fibers (6–8). Notably, Zyxin is closely related to the
genesis and development of tumors. For instance, recent
studies have shown that Zyxin is a positive regulator of Hip-
po–Yes-associated protein (YAP) signaling pathway. Zyxin
acts as a scaffold protein to form ternary complex with seven
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in absentia homolog 2 (SIAH2) and large tumor suppressor
kinase 2 (LATS2) regulating the activity of YAP and the
growth of cells (9). It has also been shown that Zyxin is
phosphorylated by cyclin-dependent kinase 1 (CDK1) during
mitosis, which is necessary for cell growth, suggesting that
Zyxin promotes colon cancer tumorigenesis through cyclin-
dependent kinase 8 (CDK8)–mediated YAP activation in a
mitotic phosphorylation–dependent manner (10).

Zyxin plays important roles in the nuclear–cytoplasmic
communication. Zyxin has two nuclear export signal (NES)
sequences near the N terminus and C terminus, respectively,
which indicates that Zyxin shuttles between the nucleus and
the cytoplasm. Addition of nuclear export inhibitor, lep-
tomycin B, leads to nuclear localization of Zyxin, indicating
that Zyxin functions both on focal adhesions and nucleus (11,
12). However, as Zyxin lacks canonical nuclear localization
signals, the mechanism of Zyxin translocation to nucleus is
still unclear (12–14). Zyxin may regulate gene expression in
nucleus through interacting with transcription machinery (15).
Interestingly, the nucleoplasm shuttle of Zyxin may also be
related to apoptosis. It has been reported that Zyxin serves as
an important regulator in homeodomain-interacting protein
kinase 2 (HIPK2)–p53 signaling axis in DNA damage response
(16, 17). Upon UV irradiation, Zyxin modulates the activity of
p53 by regulating the stability of HIPK2, which used to be
bound and degraded by the E3 ubiquitin ligase seven in
absentia homolog 1 (SIAH1). Zyxin is identified to stabilize
HIPK2, especially with nuclear localization. Zyxin in the nu-
cleus interacts with the SIAH1 and regulates HIPK2 stability
through interference with the functional active dimerization of
SIAH1, which stabilizes HIPK2 and activates p53 to modulate
UV-induced cell death (18).

Protein glycosylation with O-linked GlcNAc (O-GlcNAc) is
a post-translational modification that is widely present in
various intracellular components (19, 20). O-GlcNAcylation is
controlled by a pair of enzymes: O-GlcNAc transferase (OGT)
and O-GlcNAc glycosidase (O-GlcNAcase [OGA]) (21). OGT
transfers UDP-GlcNAc to the serine (Ser) or threonine (Thr)
residues of the target protein, whereas OGA catalyzes the
removal of UDP-GlcNAc from protein residues. O-GlcNAcy-
lation appears in various organelles, such as the endoplasmic
reticulum, Golgi apparatus, nucleus, and mitochondria, and
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Zyxin O-GlcNAcylation participates in DNA damage response
plays a pivotal role in multiple processes, such as mRNA
transcription, cell cycle, neurodevelopment, stress response,
and metabolic homeostasis (22–26). Moreover, it has been
reported that O-GlcNAcylation is abundant in cytoskeleton
proteins or its regulatory proteins and is closely related to
breast cancer metastasis, indicating that O-GlcNAcylation may
make a difference in coordinating cell migration (22, 27–29).

In this study, we showed that Zyxin is O-GlcNAcylated by
OGT at Ser-169 and Ser-246. O-GlcNAcylation of Zyxin at
Ser-169 could promote the nuclear localization of Zyxin in
14-3-3γ-dependent manner. Furthermore, O-GlcNAcylation
of Zyxin may play a critical role in UV-induced cell death
through regulating the HIPK2–p53 signaling axis. Our findings
provide novel insights into the regulatory mechanisms of
Zyxin nuclear shuttling and reveal the possible implications of
aberrant Zyxin O-GlcNAcylation in cancer malignancies.
Results

Zyxin is O-GlcNAcylated by OGT

We found that Zyxin could be O-GlcNAcylated byOGT. The
S protein-Flag-Streptavidin binding peptide (SFB)-Zyxin was
transfected into human embryonic kidney 293T (HEK293T)
cells and immunoprecipitated by streptavidin beads in indicated
conditions. Then, pan-O-GlcNAcylation antibody CTD110.6
was used to determine whether Zyxin could be O-GlcNAcy-
lated. The results showed that Zyxin could be apparently
O-GlcNAcylated, and the level of Zyxin O-GlcNAcylation
increased significantly when the cells were treated by thiamet-G
(TG, 10 μM), the inhibitor of OGA, or overexpression of Myc-
OGT (Figs. 1A and S1A). In contrast, when Myc-OGA was
overexpressed to reduce the global O-GlcNAcylation level, the
O-GlcNAcylationmodification of Zyxin decreased dramatically
(Fig. 1B). And we got the same results in cells with endogenous
OGT depletion or low glucose treatment (Fig. 1B). To examine
the O-GlcNAcylation status of endogenous Zyxin, we immu-
noprecipitated endogenous Zyxin and found that endogenous
Zyxin could also be O-GlcNAcylated (Fig. 1C). Furthermore,
Zyxin could interact with OGT (Fig. 1D). These data demon-
strated that Zyxin could be O-GlcNAcylated by OGT.

To identify the O-GlcNAcylated sites on Zyxin, the protein
sequence of Zyxin was analyzed using YinOYang 1.2 Server
(http://www.cbs.dtu.dk/services/YinOYang/) to find the possible
O-GlcNAcylation sites (Fig. S1, B and C). We then constructed
the indicatedZyxinmutations based on the predicted potential of
O-GlcNAcylation to determine the real O-GlcNAcylation sites
on Zyxin (Figs. 1E and S1D). Zyxin mutations were transfected
into HEK293T cells, and the O-GlcNAcylation modification was
determined as in Figure 1A. The results show that S169A or
S246A mutation could obviously affect the O-GlcNAcylation of
Zyxin (Figs. 1E and S1D). To further confirm this finding, we
constructed the Zyxin mutants in which both Ser-169 and Ser-
246 sites were replaced with alanine (Ala), called Zyxin-dA.
Wildtype, S169A, S246A, or dA was expressed in HEK293T
cells, and the O-GlcNAcylation of each mutant was determined.
These cells were treated with TG to inhibit endogenous OGA to
enhance O-GlcNAcylation signals or cotransfected with
2 J. Biol. Chem. (2022) 298(4) 101776
Myc-OGA to reduce O-GlcNAcylation. The results showed that
the O-GlcNAcylation of S169A or S246A mutant decreased
significantly in contrast to wildtype Zyxin (Fig. 1F). Intriguingly,
the O-GlcNAcylation of dA mutant was completely abolished
(Fig. 1F), suggesting that Ser-169 and Ser-246 are the major O-
GlcNAcylation sites on Zyxin.

To further confirm the presence of O-GlcNAcylation on
Zyxin, we used purified glutathione-S-transferase (GST)-OGT
and His-Zyxin to perform in vitro O-GlcNAcylation assay to
determine the O-GlcNAcylation on Zyxin. The result showed
that Zyxin was directly O-GlcNAcylated by GST-OGT, and the
O-GlcNAcylation level of wildtype Zyxin was much higher than
that of S169A mutant (Fig. S1E), suggesting that Ser-169 of
Zyxin could be directly O-GlcNAcylated byOGT. Furthermore,
we examined the O-GlcNAcylation of Zyxin and S169Amutant
using another O-GlcNAcylation recognition antibody, RL2,
which confirmed that Ser-169 was the real O-GlcNAcylation
site on Zyxin (Fig. S1F). Thus, we demonstrated that Ser-169 of
Zyxin could be O-GlcNAcylated by OGT.

It has recently been reported that OGT could recognize
cysteine (Cys) and generate a thio-linked GlcNAc, which is hy-
drolytically stable and accurate structural mimic of O-GlcNAc
(30–32). To examine the site-specificO-GlcNAcylation of Zyxin,
we constructed SFB-Zyxin mutants in which Ser-169 or Ser-246
sites was replaced by Cys. The results showed that O-GlcNAcy-
lation of wildtype Zyxin was reduced when OGA was overex-
pressed (Fig. 1G). Intriguingly, the thio-linked GlcNAc
modification on the S169C–S246A mutant slightly decreased in
contrast to S246C–S169A mutant, which showed significant
decrease withOGAoverexpression, indicating that Ser-169 is the
major O-GlcNAcylation site of Zyxin instead of Ser-246.

OGT promotes migration of breast cancer cell in a
Zyxin-dependent manner

OGT could O-GlcNAcylate actin cytoskeletal regulatory
proteins (28), such as cofilin (27), paxillin (33), and others, and
regulate cell mobility (27–29). To confirm this phenomenon,
we depleted endogenous OGT using shRNA and assessed the
cell mobility by wound healing assay. The cell mobility
dramatically declined when OGT was depleted (Fig. 2, A–C).
As Zyxin is an actin-binding protein and plays an important
role in cell migration, we assumed that the O-GlcNAcylation
of Zyxin may also regulate cell migration. To test this hy-
pothesis, we depleted endogenous Zyxin in MDA-MB-
231 cells through shRNA and rescued cells with wildtype
Zyxin or dA mutant, respectively (Fig. 2D). We found that the
mobility of Zyxin-depleted cells was impaired. Interestingly,
the cell motility defects in Zyxin-depleted cells could be
rescued by wildtype Zyxin but not dA mutant, indicating that
the O-GlcNAcylation of Zyxin promotes cell migration (Fig. 2,
E and F). These data suggested that O-GlcNAcylation of Zyxin
was also involved in the regulation of cell mobility.

The O-GlcNAcylation of Zyxin Ser-169 enhances its interaction
with 14-3-3γ

The N terminus of Zyxin contains four proline-rich ActA
repeats that mediate the interaction between Zyxin and the
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Figure 1. OGT O-GlcNAcylated Zyxin at Ser-169 and Ser-246. A, empty vector or SFB-Zyxin was transfected into HEK293T cells, and cells were treated
with DMSO or TG for 12 h. SFB-Zyxin was immunoprecipitated (IP) using the streptavidin beads and then immunoblotted using the indicated antibodies.
B, cells overexpressing SFB-Zyxin were transfected with Myc-OGA or cultured with low glucose medium to decrease endogenous O-GlcNAcylation. The
O-GlcNAcylation of Zyxin were detected as in (A). C, endogenous Zyxin was immunoprecipitated using anti-Zyxin antibody, and the O-GlcNAcylation of
Zyxin was determined. D, Zyxin interacted with OGT. HEK293T cells overexpressing empty vector or SFB-Zyxin were immunoprecipitated using streptavidin
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actin regulator VASP (6, 7). We wondered whether
O-GlcNAcylation of Zyxin, which also locates at the N ter-
minus, would affect the interaction between Zyxin and VASP.
We examined the interactions between Zyxin and VASP at
different O-GlcNAcylation levels and found that there was no
significant change (Fig. S2), indicating that Zyxin O-GlcNA-
cylation did not affect ActA repeat–mediated protein in-
teractions. Meanwhile, we found that Zyxin O-GlcNAcylation
did not affect its interaction with SIAH2 neither (Fig. S2),
which mediates the role of Zyxin in regulating Hippo pathway
(9).

It has been reported that protein O-GlcNAcylation could be
recognized by 14-3-3γ (34). As 14-3-3γ is a Zyxin-associated
protein, we conjecture whether the O-GlcNAcylation of
Zyxin regulates its interaction with 14-3-3γ. To confirm this
hypothesis, we purified the GST-tagged 14-3-3γ proteins and
found that GST-14-3-3γ could pull down SFB-Zyxin (Fig. 3A).
This GST pull-down assay was independently repeated for
three times, and the rate measurement of each experiment was
shown (Fig. S3A). Interestingly, OGA inhibitor treatment
enhanced this interaction, and OGA overexpression decreased
this interaction (Figs. 3A and S3A), indicating that the inter-
action between Zyxin and 14-3-3γ may be regulated by the
level of Zyxin O-GlcNAcylation.

To further validate role of Zyxin O-GlcNAcylation on its
interaction with 14-3-3γ, we transfected wildtype Zyxin or
S169A, S169C, S246A, S246C mutants into HEK293T cells,
respectively. GST pull-down assay showed that the interaction
between S169C mutant and 14-3-3γ was increased signifi-
cantly, whereas the interaction between S246C and 14-3-3γ
exhibited slight alterations (Figs. 3B and S3B), suggesting that
O-GlcNAcylation of Ser-169, but not Ser-246, promoted the
association between 14-3-3γ and Zyxin. It has been reported
that the phosphorylation of Zyxin Ser-142 was also involved in
its interaction with 14-3-3γ (35). We compared the effects of
phosphorylation of Ser-142 and O-GlcNAcylation of Ser-169
on the interaction between Zyxin and 14-3-3γ. First, we
found that S142D–S169C mutant showed strongest interac-
tion with 14-3-3γ, and S169C mutant also showed stronger
interaction with 14-3-3γ than S142D mutant (Figs. 3C and
S3C), indicating that the effect of Zyxin O-GlcNAcylation on
its interaction with 14-3-3γ may be stronger than Zyxin
phosphorylation. Furthermore, we constructed S169C–S142A
mutant, which maintains protein O-GlcNAcylation and lacks
protein phosphorylation. GST pull-down assay showed that
S142A–S169C mutant still have stronger interaction with
14-3-3γ (Figs. 3C and S3C), suggesting that Ser-169
O-GlcNAcylation alone could promote the interaction be-
tween Zyxin and 14-3-3γ.

As Ser-169 might also be a phosphorylation site, we
examined whether the effect of Ser-169 on the interaction
beads and immunoblotted using indicated antibodies. E, identification of O-G
wildtype SFB-Zyxin or indicated mutants, and the O-GlcNAcylation of Zyxin w
beads and then immunoblotted using the indicated antibodies. F and G, the O
treatments. To quantify the O-GlcNAcylation level of Zyxin, the intensities of an
converted into rate measurements. DMSO, dimethyl sulfoxide; HEK293T, hu
transferase; Ser, serine; SFB, S protein-Flag-Streptavidin binding peptide; TG, t
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between Zyxin and 14-3-3γ solely depends on Ser-169
O-GlcNAcylation but not Ser-169 phosphorylation. The
results showed that S169D mutant, which mimicked the Ser-
169 phosphorylation, did not increase the interaction be-
tween Zyxin and 14-3-3γ, which was the same as S169A,
implying that Ser-169 O-GlcNAcylation could be specifically
recognized by 14-3-3γ (Figs. 3D and S3D). We got the same
results by coimmunoprecipitation in HEK293T cells over-
expressing SFB-14-3-3γ and Zyxin mutants (Figs. 3E and
S3E). We also compared the affinity between 14-3-3γ and
Zyxin with different Zyxin O-GlcNAcylation level.
Decreasing O-GlcNAcylation level by overexpression of OGA
reduced the affinity between 14-3-3γ and wildtype Zyxin but
not S169C mutant (Figs. 3F and S3F), indicating that Ser-169
O-GlcNAcylation is important for its interaction with 14-3-
3γ. To determine whether 14-3-3γ directly bound with Zyxin,
we conducted in vitro GST pull-down experiments using
GST-14-3-3γ and His-Zyxin protein. We found that GST-14-
3-3γ but not GST protein could pull down wildtype His-
Zyxin, suggesting that these two proteins did interact
directly (Fig. S3H). Furthermore, to explore the role of
O-GlcNAcylation on the association between GST-14-3-3γ
and Zyxin, we first used His-OGT protein to O-GlcNAcylate
wildtype His-Zyxin or His-Zyxin S169A mutant for 4 h.
Then, we added GST-14-3-3γ to pull down these His-Zyxin
proteins. We found that, in contrast to His-Zyxin S169A,
OGT treatment significantly increased the association
between GST-14-3-3γ and wildtype His-Zyxin, indicating
that the interaction between these two proteins was regulated
by O-GlcNAcylation (Fig. 3G). Thus, we demonstrated that
O-GlcNAcylation of Zyxin facilitated the direct association
between GST-14-3-3γ and His-Zyxin.

Previous study showed that arginine (Arg)-57, tyrosine
(Tyr)-133, asparagine (Asn)-178, and valine (Val)-181 are the
key binding sites on 14-3-3γ, which is required for phos-
phorylation (Arg-57 and Tyr-133) or O-GlcNAcylation bind-
ing (Asn-178 and Val-181) (34). We constructed these mutants
of 14-3-3γ and checked their affinity with Zyxin S169C
mutant. The results revealed that V181W, one of O-GlcNA-
cylated group recognition-defective mutants, obviously
decreased its interaction with Zyxin S169C (Figs. 3H and S3G).
R57E or Y133E, which affects the recognition of phosphory-
lation modification by 14-3-3γ, did not affect its interaction
with Zyxin. N178Y mutant, which has been shown to be
important for its recognition of O-GlcNAcylation modifica-
tion, did not show obvious change when compared with
wildtype 14-3-3γ, suggesting that Val-181 is important for the
interaction between 14-3-3γ and Zyxin Ser-169 O-GlcNAcy-
lation. Taken together, these findings suggested Zyxin Ser-169
O-GlcNAcylation was an important regulator of its interaction
with 14-3-3γ.
lcNAcylation modification sites. HEK293T cells were transfected with either
as determined. SFB-Zyxin was immunoprecipitated using the streptavidin

-GlcNAcylation of wildtype Zyxin or mutants was determined after indicated
ti-O-GlcNAc and anti-FLAG bands were compared and shown on the top and
man embryonic kidney 293T cell line; OGA, O-GlcNAcase; OGT, O-GlcNAc
hiamet-G.



Figure 2. O-GlcNAcylation of Zyxin mediates the migration of breast cancer cells. A, negative control or OGT shRNA was transfected into MDA-MB-
231 cells, and OGT protein level was determined. B and C, schematic (B) and quantification (C) of the wound heal assay in measuring the ability of migration
in cell lines in (A). D, immunoblot analysis showing the Zyxin protein level in indicated cell lines. E and F, schematic (E) and quantification (F) of the wound
heal assay in measuring the ability of migration in cell lines in (D). All error bars indicate SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS.
Two-tailed unpaired Student’s t test. The scale bars represent 200 μm. NS, not significant; OGT, O-GlcNAc transferase.
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Figure 3. Zyxin interacts with 14-3-3γ through Ser-169 O-GlcNAcylation. A, interaction between Zyxin and 14-3-3γ in different O-GlcNAcylation level.
Empty vector or SFB-Zyxin was transfected into HEK293T cells, and cells were treated with TG or Myc-OGA overexpression. Cell lysate was incubated with
purified GST-tagged 14-3-3γ proteins. GST pull-down assay was performed using the GST-agarose and immunoblotted using the indicated antibodies. The
GST-fused 14-3-3γ proteins were detected by Coomassie blue staining. B–D, interaction between Zyxin and 14-3-3γ was analyzed in different conditions.
Indicated SFB-Zyxin mutant was transfected into HEK293T cells. GST pull-down assay was performed using the GST-agarose and immunoblotted using the
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The O-GlcNAcylation of Zyxin promotes its nuclear
localization induced by 14-3-3γ

There are two leucine-rich NESs within Zyxin protein, and
Zyxin can shuttle between cytoplasm and nucleus. It has been
reported that 14-3-3γ triggers Zyxin nuclear localization, which
requiresAkt-dependent Ser-142 phosphorylation (34). As Zyxin
O-GlcNAcylation enhanced the association between 14-3-3γ
and Zyxin, we hypothesize that Zyxin O-GlcNAcylation may
also promote 14-3-3γ-dependent Zyxin nuclear localization. To
verify our speculation, we analyzed the cytoplasmic and nuclear
distributions of Zyxin in HCT116 cells treated with TG or
dimethyl sulfoxide by immunofluorescence (IF) and Western
blot assay. We found that around 18% of cells showed obvious
Zyxin nuclear localization with TG treatment in contrast to 9%
in dimethyl sulfoxide–treated cells (Fig. 4A). Consistently, nu-
clear fraction of Zyxin increased remarkably uponTG treatment
(Fig. 4B). These results suggested that proteinO-GlcNAcylation
may promote the nuclear distribution of Zyxin. Next, we
compared Zyxin nuclear distribution of wildtype GFP-Zyxin
and indicated Zyxin mutants. The nuclear distribution of
S169Amutant decreased greatly compared with wildtype Zyxin
or S169C mutant (Figs. 4C and S4A). Interestingly, nuclear
distribution of Zyxin or S169C increased greatly after OGT
overexpression. On the contrary, nuclear distribution of S169A
did not change after OGT overexpression (Figs. 4C and S4A),
indicating that Zyxin Ser-169 O-GlcNAcylation contributed to
the nuclear localization of Zyxin. Consistently, OGT over-
expression greatly increased the nuclear localization of S169C
but not S169A by analyzing the cytoplasmic and nuclear dis-
tribution of Zyxin using Western blot assay (Fig. 4D).

As Zyxin Ser-169 O-GlcNAcylation promotes its association
with 14-3-3γ, we examined whether 14-3-3γ participated in
the O-GlcNAcylation-mediated Zyxin nuclear localization.
Overexpression of 14-3-3γ increased the nuclear fraction of
endogenous Zyxin (Fig. 4E), which is consistent with previous
report. Then, we compared the effect of 14-3-3γ over-
expression on wildtype Zyxin or S169C and found that the
nuclear distribution of S169C was higher than wildtype Zyxin
after 14-3-3γ overexpression (Fig. 4F). After determining the
cellular distribution of Zyxin by IF, we found that over-
expression of 14-3-3γ did enhance the nuclear localization of
wildtype Zyxin or S169C but not S169A (Figs. 4G and S4B),
indicating that 14-3-3γ was involved in Zyxin Ser-169
O-GlcNAcylation-mediated nuclear localization.

Ser-169 O-GlcNAcylation regulates the Zyxin nuclear
localization through affecting the function of N-terminal NES

Zyxin has two NES motifs, and the two NES sequences are
located at 143 to 156 amino acids (NES1) and 351 to 367
indicated antibodies. GST-fused 14-3-3γ protein was detected by Coomassie bl
HEK293T cells. SFB-14-3-3γ and Myc-Zyxin mutants were transfected into HEK2
analyzed by indicated antibodies. G, OGT-mediated Zyxin O-GlcNAcylation prom
to O-GlcNAcylate His-Zyxin in vitro. The interaction between the modified His-
between Zyxin and 14-3-3γ mutants was analyzed in HEK293T cells. Indicated
HEK293T cells. SFB-14-3-3γ mutants were immunoprecipitated using streptavid
the top of each figure. GST, glutathione-S-transferase; HEK293T, human emb
protein-Flag-Streptavidin binding peptide; TG, thiamet-G.
amino acids (NES2), respectively (36, 37). The position of the
first NES was predicted by bioinformatics analysis (38), and it
is not clear whether NES1 is functional. We constructed
deletion variants of Zyxin (Fig. 5A) and compared the sub-
cellular distributions of full-length Zyxin and several deletion
variants. The results showed that the nuclear distribution of
Zyxin (1–350 amino acids) (15%), which lacks the NES2, and
Zyxin (Δ143–156 amino acids) (20%), which lacks NES1, was
slightly increased, compared with full-length Zyxin (9%).
When two NES sequences were deleted simultaneously, the
nuclear localization rate of Zyxin increased significantly (90%)
(Fig. 5, B and C), implying that deletion of both NESs totally
abolished the nuclear export of Zyxin. These results indicate
that both NES sequences of Zyxin are functional.

Since Ser-169 is close to NES1, we hypothesized that
O-GlcNAcylation of Zyxin might regulate its nuclear shuttling
by affecting the function of NES1. As Zyxin (1–350 amino acids)
only contains NES1, we analyzed the effect of O-GlcNAcylation
on Zyxin (1–350 amino acids) nuclear export in the following
experiments. The nuclear distribution of Zyxin (1–350 amino
acids) was slightly affected by S169Amutant (Figs. 5D and S5A).
On the contrary, S169Cmutant obviously increased the nuclear
distribution of Zyxin (1–350 amino acids) (Figs. 5D and S5A),
which is consistent with the effect of Ser-169 O-GlcNAcylation
on full-length Zyxin. As Ser-142 phosphorylation has been re-
ported to regulate nuclear distribution of Zyxin through
blocking the function of NES1, we analyzed the effect of Ser-169
O-GlcNAcylation on Zyxin (1–350 amino acids) nuclear dis-
tribution when Ser-142 was mutated to Ala and got the same
result (Figs. 5D and S5A), implying that Ser-142 has nothing to
do with Ser-169-mediated regulation of Zyxin nuclear distri-
bution. Meanwhile, S169A mutant decreased the nuclear
localization of Zyxin (1–350 amino acids) (Figs. 5D and S5A). In
addition, we used the S169Y mutant to mimic Ser-169
O-GlcNAcylation (39) and obtained the same result as S169C
mutant (Figs. 5D and S5A). Intriguingly, when we deleted NES1,
the effect of S169C or S169Y on nuclear distribution of Zyxin
diminished (Figs. 5E and S5B), suggesting that Ser-169
O-GlcNAcylation may regulate Zyxin nuclear distribution by
affectingNES1. Furthermore, we also examined the role of 14-3-
3γ on the function of NES1 and found that 14-3-3γ promotes
nuclear localization of Zyxin (1–350 amino acids) or S169C
Zyxin (1–350 amino acids) instead of S169A Zyxin (1–350
amino acids) (Figs. 5F and S5C), indicating that 14-3-3γ may
influence the function of NES1 when Ser-169 is O-GlcNAcy-
lated. These results demonstrated that 14-3-3γ is involved in the
regulation of Zyxin nuclear localization through affecting the
function of NES1, which may be mediated by O-GlcNAcylation
of Ser-169.
ue staining. E and F, interaction between Zyxin and 14-3-3γ was analyzed in
93T cells. SFB-14-3-3γ was immunoprecipitated using streptavidin beads and
otes the interaction between His-Zyxin and GST-14-3-3γ. His-OGT was used

Zyxin and GST-14-3-3γ was analyzed by GST pull-down assay. H, interaction
SFB-14-3-3γ mutants and Myc-Zyxin S169C mutants were transfected into
in beads. The results were converted into rate measurements and shown on
ryonic kidney 293T cell line; OGT, O-GlcNAc transferase; Ser, serine; SFB, S
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Figure 4. 14-3-3γ promotes Zyxin nuclear localization. A, subcellular localization of Zyxin. GFP-Zyxin was transfected into U2OS cells, the cell nuclei were
stained with Hoechst, actin was stained with TRITC–phalloidin, and localization of Zyxin was observed by fluorescence microscopy. The results were
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The O-GlcNAcylation of Zyxin promotes apoptosis through
HIPK2–p53 signaling axis pathway

The tumor suppressor p53 is a central player in cellular
DNA damage responses. The p53 is a nuclear protein and
activated after DNA damage to determine the cell fate, such as
cell cycle arrest or apoptosis (40, 41). It has been reported that
HIPK2 can phosphorylate p53 at Ser-46 to activate its tran-
scriptional activity after UV irradiation (16, 42), and Zyxin can
regulate UV-induced apoptosis by HIPK2–p53 signaling axis
(18). After UV treatment, nuclear Zyxin could inhibit the
SIAH1 dimer formation, which weakened the degradation of
HIPK2 and enhanced the activation of p53 (18). In consistent
with these previous reports, we found that UV treatment
clearly increased the Ser-46 phosphorylation of p53, and Zyxin
depletion significantly reduced this HIPK2-mediated phos-
phorylation on p53 (Fig. S6A). Meanwhile, we found that there
was no obvious interaction between Zyxin and p53 (Fig. S6B).

To investigate whether O-GlcNAcylation-mediated Zyxin
nuclear localization is involved in the regulation of HIPK2–p53
signaling axis, we first examined Zyxin O-GlcNAcylation in
HEK293T cells after UV treatment and found that the
O-GlcNAcylation level of Zyxin increased obviously after UV
treatment (Fig. 6A). Next, we analyzed the nuclear distribution
of Zyxin after UV treatment. Wildtype Zyxin or S169C mutant
showed significant nuclear localization of Zyxin in contrast to
S169A mutant after UV treatment, indicating that Zyxin
O-GlcNAcylationmay participate in UV-induced Zyxin nuclear
localization (Figs. 6B and S6C). We then examined the dimer
formation of SIAH1 under different conditions. Zyxin over-
expression decreased the dimer formation after UV treatment,
which is consistent with previous report (18). Interestingly,
S169C, but not S246C, greatly reduced the dimer formation of
SIAH1, demonstrating that Ser-169 O-GlcNAcylation nega-
tively regulated SIAH1 dimer formation (Fig. 6C). As SIAH1
dimer destabilizes HIPK2 after DNA damage, we checked the
HIPK2 level after Zyxin depletion. Consistent with previous
report, Zyxin depletion decreased HIPK2 protein level (Fig. 6,D
and E). Overexpression of wildtype Zyxin or S169C mutant
could rescue HIPK2 level, but not S169A (Fig. 6, D and E),
implying that the nuclear localization mediated by Ser-169 O-
GlcNAcylation may regulate the stability of HIPK2.

To determine whether O-GlcNAcylation-mediated Zyxin
nuclear localization influenced the p53 activation after DNA
damage, we examined the expression of PUMA, a p53 down-
stream gene by quantitative PCR (qPCR). Zyxin depletion
reduced the expression of PUMA after UV irradiation in
HCT116 cells. Wildtype Zyxin and S169C mutant could rescue
the expression of PUMA but not S169A mutant in
converted into rate measurements. B, endogenous Zyxin nuclear localization
cytosolic and nuclear fractions. Immunoblotting was performed using anti-Zyx
results were converted into rate measurements. C, the quantification of Zyxin
nuclei were stained with Hoechst, and localization of Zyxin was observed by
different conditions. Myc-Zyxin and SFB-14-3-3γ were transfected into HCT
Immunoblotting was performed using anti-Zyxin and anti-Myc antibody, La
converted into rate measurements. G, the quantification of Zyxin in nuclei. m
cells. The cell nuclei were stained with Hoechst, and localization of Zyxin was
**p < 0.01, ***p < 0.001, ****p < 0.0001, NS. Two-tailed unpaired Student’s t te
N, nuclear; NS, not significant; OGT, O-GlcNAc transferase; SFB, S protein-Flag
isothiocyanate.
HCT116 cells (Fig. 6F), which was consistent with the role of
each construct on HIPK2 stability. To determine these effects
was due to p53, we constructed HCT116 p53−/− cell line using
CRISPR–Cas9 (Fig. S6, D and E). Zyxin depletion in HCT116
p53−/− cell line did not affect the expression of PUMA
(Fig. 6F). We then assayed HCT116 cell lines expressing
different Zyxin constructs for the induction of apoptosis after
UV treatment using propidium iodide and annexin
V–allophycocyanin staining and subsequently flow cytometry.
Cells were exposed to 100 J/m2 UV and analyzed 24 h after UV
treatment. UV treatment resulted in significant increase of
cells undergoing apoptosis, and depletion of Zyxin led to
reduced cell apoptosis in HCT116 cells. Intriguingly, over-
expression of wildtype or S169C Zyxin in Zyxin-depleted cells
could rescue UV-induced apoptosis but not S169A.
Meanwhile, Zyxin depletion in p53−/− cell line did not affect
UV-induced apoptosis, indicating that the role of Zyxin on
UV-induced apoptosis also depended on p53 (Figs. 6G and
S6F). In addition, we found that depletion of Zyxin led to
enhanced cell viability by analyzing the viability of cells after
UV treatment, which could be rescued by wildtype or S169C
Zyxin overexpression but not S169A overexpression in
HCT116 cells (Fig. 6H). These findings collectively suggested
that Zyxin promotes cell apoptosis induced by UV treatment
through OGT-dependent Ser-169 O-GlcNAcylation.

Discussion

Zyxin, as a member of the LIM protein family, is involved in
a range of biological processes, including cytoskeleton function
and gene transcription (14, 43–45). Proteomic studies have
shown that LIM protein families (Zyxin, Paxillin, and four and
a half LIM domains protein) are sensitive to mechanical stress
in the actin cytoskeleton (46–50). Previous studies have shown
that O-GlcNAcylation modification is widely present in a va-
riety of skeleton proteins and plays an important role in cell
migration (22, 23, 28, 51). For example, O-GlcNAcylation of
cofilin directly affects the cell migration process (27). In this
study, we identified that Zyxin can be O-GlcNAcylated by
OGT, which also plays an important role in cell migration.
This finding suggests that OGT participates in cell migration
through O-GlcNAcylation of several different substrates.

Different from other cytoskeleton proteins, Zyxin can shuttle
between nucleus and cytoplasm, and the underlying mechanism
is still illusive (12–14). Akt-mediated Zyxin Ser-142 phosphory-
lation has been reported to promote its nuclear localization
through 14-3-3γ binding (35). 14-3-3γ proteins typically bind
phosphorylated Ser and Thr consensus-bindingmotifs. Recently,
it has been reported that protein O-GlcNAcylation could also be
. HCT116 cells were treated with TG or DMSO for 12 h and separated into
in antibody. Lamin B together with tubulin acted as a loading control. The
in nuclei. GFP-Zyxin and Myc-OGT were transfected into U2OS cells. The cell
fluorescence microscopy. D–F, Zyxin nuclear localization was analyzed in

116 cells, and cells were separated into cytosolic and nuclear fractions.
min B together with tubulin acted as a loading control. The results were
Cherry-Zyxin and empty vector or GFP-14-3-3γ were transfected into U2OS
observed by fluorescence microscopy. All error bars indicate SD. *p < 0.05,
st. The scale bars represent 20 μm. C, cytoplasm; DMSO, dimethyl sulfoxide;
-Streptavidin binding peptide; TG, thiamet-G; TRITC, tetramethylrhodamine
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Figure 5. Ser-169 O-GlcNAcylation regulates Zyxin nuclear shuttling through affecting the function of NES1. A, scheme of full-length Zyxin and
C-terminal deletion variants. Representation of Zyxin domains according to Sabino et al. (36). B and C, GFP-Zyxin was transfected into U2OS cells, the cell
nuclei were stained with Hoechst, and localization of Zyxin was observed by fluorescence microscopy (B). Quantification of cells with nuclear Zyxin was
shown (C). D, the quantification of Zyxin1–350 in nuclei. GFP-Zyxin1–350 was transfected into U2OS cells. The cell nuclei were stained with Hoechst, and
localization of Zyxin was observed by fluorescence microscopy. Quantification of cells with nuclear Zyxin was shown. E, the quantification of ZyxinΔ143–156 in
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specifically recognized by 14-3-3γ (34). In this study, we
demonstrate that Ser-169 O-GlcNAcylation enhances the asso-
ciation between Zyxin and 14-3-3γ, which promotes Zyxin nu-
clear localization. In addition, Ser-169 O-GlcNAcylation rather
than Ser-142 phosphorylation modification gave rise to much
higher affinity of interaction betweenZyxin and 14-3-3γ (Fig. 3C),
suggesting that O-GlcNAcylation plays an important role in the
regulation of Zyxin nuclear localization. Interestingly, Zyxin Ser-
246O-GlcNAcylation is not involved in its associationwith 14-3-
3γ and nuclear localization, suggesting that specific O-GlcNA-
cylation motifs mediate 14-3-3γ binding, which is the same as
phosphorylation-mediated 14-3-3γ binding. The role of O-
GlcNAcylation modification at Ser-246 is still unknown, which
might participate in the interaction of Zyxin with other proteins.

As Zyxin lacks canonical nuclear localization signal, we
speculate that NESs of Zyxin may be affected by O-GlcNA-
cylation and 14-3-3γ. Zyxin contains two NES motifs. How-
ever, whether both NES motifs function independently is not
clear. We found that NES1 is functional. One to 350 amino
acids of Zyxin, which lacks NES2, localizes in cytoplasm, and
depletion of NES1 in 1 to 350 amino acids accumulates in
nucleus. Moreover, Ser-169 O-GlcNAcylation affected wild-
type Zyxin and 1 to 350 amino acids nuclear localization but
not NES1-deleted Zyxin mutant. As the O-GlcNAcylation of
Ser-169 is adjacent to NES1, we speculate that O-GlcNAcy-
lation-mediated 14-3-3γ binding can regulate Zyxin nuclear
localization through affecting the function of NES1.

Besides its role in cytoskeleton, several studies showed that
Zyxin is a positive regulator of Hippo–YAP signaling activity,
which plays an important role in tumorigenesis (9, 10). O-
GlcNAcylation of Zyxin does not affect its interaction with
VASP or SIAH2, suggesting that Zyxin O-GlcNAcylation may
not regulate its function in YAP pathway. It has also been re-
ported that nuclear localization of Zyxin regulates apoptosis
through theHIPK2–p53 signaling axis by stabilizing HIPK2 (17,
18). We found that Zyxin Ser-169 O-GlcNAcylation promotes
its nuclear localization after UV treatment, which stabilized
HIPK2 and further affected p53 transcription activity. However,
the UV-induced apoptosis in HCT116 p53−/− cell line was not
affected by Zyxin depletion, indicating that the role of Zyxin on
UV-induced apoptosis depends on p53. Thus, Zyxin O-
GlcNAcylation may play an important role in the UV-induced
apoptosis through regulating p53 activity. Recently, Wong
et al. (52) reported thatOGTdirectlyO-GlcNAcylatedHIPK2 in
Drosophila and human cells, which regulated HIPK2 stability.
Thus, there are two pathways through which OGTmay regulate
HIPK2 stability. It is interesting to elucidate the crosstalk be-
tween these two pathways in different physiological conditions.
As nuclear Zyxin could regulate gene expression (15, 53–56), it
is also interesting to study whether O-GlcNAcylation-mediated
Zyxin nuclear localization affects gene expression in the future.
nuclei. GFP-ZyxinΔ143–156 was transfected into U2OS cells. The cell nuclei were s
microscopy. F, GFP-Zyxin1–350 and empty vector or mCherry-14-3-3γ were tr
localization of Zyxin was observed by fluorescence microscopy. Quantification
**p < 0.01, ***p < 0.001, ****p < 0.0001, NS. Two-tailed unpaired Student’s t
significant; Ser, serine.
In summary, we propose a new model of the regulation of
UV-induced cell death, which is mediated by Ser-169
O-GlcNAcylation modification of Zyxin (Fig. 7). UV irradia-
tion enhances the O-GlcNAcylation of Zyxin, which promotes
the interaction between Zyxin and 14-3-3γ. Enhanced in-
teractions lead to nuclear localization of Zyxin and inhibit the
dimerization and activation of SIAH1. Inactive SIAH1 fails to
mediate the degradation of HIPK2, which promotes apoptosis
through the HIPK2–p53 signaling axis.
Experimental procedures

Cell culture and antibodies

U2OS, HCT116, MDA-MB-231, and HEK293T cells were
purchased from the American Type Culture Collection, U2OS
cells (HTB-96), HCT116 cells (CCL-247), MDA-MB-231 cells
(CRM-HTB-26), and HEK293T cells (CRL-11268). All the
cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37 �C and 5% CO2. The following antibodies
were used: antibodies against FLAG (Sigma; catalog no.:
F3165), Myc (Dia-an; catalog no.: 2097), GFP (Dia-an; catalog
no.: 2057), Zyxin (Proteintech; catalog no.: 10330-1-AP), OGT
(Proteintech; catalog no.: 11576-2-AP), CTD110.6 (Cell
Signaling; catalog no.: 9875S), RL2 (abcam; catalog no.:
ab2739), β-tubulin (Proteintech; catalog no.: 11094-1-AP),
Phospho-p53 (Ser46) (Cell Signaling; catalog no.: 2521T), and
HIPK2 (ABclonal; catalog no.: A9552).
RNA interference and RT–qPCR

For RNA interference, lentiviral packaging plasmids
psPAX2 and pMD2.G were cotransfected with the PLKO.1
backbone plasmid into HEK293T cells to produced virus. The
following targeting sequences were inserted into the pLKO.1
vector for indicated gene: ZYX, 5’-AGAAGGTGAGCAGTA
TTGATT-3’; OGT, 5’-TGCACAATCCTGATAAATTTGA-3’.
We used nontarget sequence as negative shRNA control. The
sequence is 5’-CAACAAGATGAAGAGCACCAA-3’.

For RT–qPCR, total RNA was extracted using the Trizol
RNA extraction reagent (TaKaRa; catalog no.: 9109). Com-
plementary DNA was reverse transcripted using the HIScriptII
One Step RT–qPCR Kit (Vazyme; catalog no.: R223-01). Gene
expression was analyzed by real-time qPCR using the SYBR
Green quantitative PCR Mix (Vazyme; catalog no.: Q311-00).
The relative mRNA abundance was calculated by normaliza-
tion to ACTB mRNA. The following primers were used for
RT–qPCR: PUMA (5’-GACCTCAACGCACAGTACGAG-30

and 5’-AGGAGTCCCATGATGAGATTGT-30); ACTB (5’-
CTCCTTAATGTCACGCACGAT-30 and 5’-CATGTACGTT
GCTATCCAGGC-30).
tained with Hoechst, and localization of Zyxin was observed by fluorescence
ansfected into U2OS cells. The cell nuclei were stained with Hoechst, and
of cells with nuclear Zyxin was shown. All error bars indicate SD. *p < 0.05,
test. The scale bars represent 20 μm. NES1, nuclear export signal 1; NS, not
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Figure 6. The O-GlcNAcylation of Zyxin impairs cell survival under UV treatment. A, empty vector or SFB-Zyxin was transfected into HEK293T cells, and
cells were treated with UV irradiation of corresponding energy, followed by recovering for 2 h. SFB-Zyxin was immunoprecipitated using streptavidin beads
and then immunoblotted using the indicated antibodies. B, quantification of Zyxin in the nuclei. U2OS cells transfected with GFP-Zyxin were treated with
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Figure 7. Zyxin regulated apoptosis under UV treatment. UV irradiation
enhances the O-GlcNAcylation of Zyxin. And O-GlcNAcylation of Zyxin
promotes the interaction between Zyxin and 14-3-3γ. The interaction be-
tween 14-3-3γ and Zyxin leads to nuclear accumulation of Zyxin, which
inhibits the dimerization and activation of SIAH1. Functionally, O-GlcNAcy-
lation-mediated nuclear accumulation of Zyxin enhances the stability of
HIPK2 and promotes apoptosis through the HIPK2–p53 signaling axis.
HIPK2, homeodomain-interacting protein kinase 2; SIAH1, seven in absentia
homolog 1.

Zyxin O-GlcNAcylation participates in DNA damage response
Genomic knockout of p53 using CRISPR–Cas9

For p53 knockout, lentiviral packaging plasmids psPAX2
and pMD2.G were cotransfected with the CRISPRv2 backbone
plasmid into HEK293T cells to produce virus. The following
targeting sequence was inserted into the CRISPRv2 vector:
TP53, 5’-CAGAATGCAAGAAGCCCAGA-3’.

DNA damage induction

For UV irradiation, cell culture medium was removed, and
cells were washed in PBS, cells were exposed to the indicated
UV-C dosages using a HL-2000 HybriLinker (UVP). After
addition of fresh medium, cells were allowed to recover for the
indicated periods.

IF microscopy

Cells were grown to 40 to 60% confluence on coverslips. The
cells werewashedwith PBS and fixedwith 4% paraformaldehyde
in PBS for 30 min at room temperature. The cells were per-
meabilized with Hybridlike 0.5% Triton X-100 in PBS for 5 min
at 4 �C. The coverslips were incubated with tetramethylrhod-
amine isothiocyanate–phalloidin (YEASEN; catalog no.:
40734ES75) in PBS. Digital images were captured on an
UV irradiation of corresponding energy and recovered for 2 h. The cell nucl
fluorescence microscopy. Quantification of cells with nuclear Zyxin was show
transfected into HEK293T cells. SFB-SIAH1 was immunoprecipitated using strept
were converted into rate measurements. D and E, immunoblot analysis (D) an
which were treated with 100 J/m2 UV irradiation and then recovered for 24
RT–qPCR. G, quantification of apoptotic cells in HCT116 cell lines, which were p
for 24 h. Apoptotic cells were analyzed through flow cytometry with propidiu
HCT116 cell lines, which were pretreated with 50 J/m2 UV irradiation and then
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and NS. Two-tailed unpaire
293T cell line; HIPK2, homeodomain-interacting protein kinase 2; NS, not si
peptide; SIAH1, seven in absentia homolog 1.
Olympus IX83 microscopy with 60× oil objective lens (numer-
ical aperture, 1.35) and Andor’s Zyla 5.5 sCMOS camera and
cellSens Dimension software in each experiment.

Immunoprecipitation and Western blot

For immunoprecipitation, cells were lysed in NETN420
(420 mM NaCl, 20 mM Tris–HCl [pH 8.0], 1 mM EDTA, and
0.5% NP-40) plus protease inhibitor. Cell lysates were incu-
bated with streptavidin beads for 3 h at 4 �C. The beads were
washed three times with washing buffer (100 mM NaCl,
20 mM Tris–HCl, pH 8.0, 1 mM EDTA, and 0.5% NP-40). For
coimmunoprecipitation experiments, cells were lysed in
NETN420 buffer. Cell lysates were incubated with 1 μg anti-
Zyxin antibody and Protein-A/G Magnetic Beads (MedChe-
mExpress; catalog no.: HY-K0202). After incubation at 4 �C for
3 h, the beads were washed three times with washing buffer.

For the immunoblotting assays, indicated samples were
separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes (Millipore). The membranes were
blocked with 5% milk in Tris-buffered saline with Tween-20
and probed with indicated primary and then secondary anti-
bodies. Signals were then visualized using ECL (Bio-Rad; cat-
alog no.: 1705061; US EVERBRIGHT; catalog no.: S6008). The
following antibodies were used: the dilution of primary anti-
bodies FLAG, Myc, GFP, β-tubulin, Zyxin, OGT, and HIPK2
was 1:3000, and the dilution of primary antibody CTD110.6,
RL2, and Phospho-p53 (Ser46) was 1:1500. The secondary
antibody horseradish peroxidase–Rb/M was purchased from
Jackson ImmunoResearch, and the dilution was 1:20,000. The
ImageJ software (National Institutes of Health) was used for
image analyses, and the quantification results were normalized
to the loading control.

GST pull-down assay

Recombinant GST proteins were purified from Escherichia
coli BL21 (DE3) cell by standard protocols. GST (2 μg) or GST
fusion proteins (2 μg) were incubated with Glutathione
Sepharose 4B (ABclonal; catalog no.: AS044) for 2 h at 4 �C,
followed by incubation with cell lysates at 4 �C for 3 h. After
1000 rpm centrifugation, supernatants were collected as input,
and the beads were washed three times in washing buffer and
resolved by SDS-PAGE. Immunoblotting signals were detected
with the indicated antibodies.

Cytoplasmic and nuclear fractionation

HEK293T cells and HCT116 cells were collected and
extracted using the nuclear and cytoplasmic protein extraction
ei were stained with Hoechst, and localization of Zyxin was visualized by
n. C, SFB-SIAH1 and Myc-SIAH1 as well as indicated mutants of Zyxin were
avidin beads and immunoblotted using the indicated antibodies. The results
d quantification (E) of the level of HIPK2 expression in indicated conditions,
h. F, relative mRNA level of PUMA in HCT116 cell lines was determined by
retreated with 100 J/m2 UV irradiation, then incubated with normal medium
m iodide and annexin V–APC staining. H, quantification of surviving cells in
incubated with normal medium for indicated time. All error bars indicate SD.
d Student’s t test. APC, allophycocyanin; HEK293T, human embryonic kidney
gnificant; qPCR, quantitative PCR; SFB, S protein-Flag-Streptavidin binding
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kit (Beyotime; catalog no.: P0028) according to the manufac-
turer’s instructions.

Wound healing assay

MDA-MB-231 cell lines were plated in 6-well dishes in tripli-
cates. Cell monolayer was scratched by a P100 pipette tip, then
were washed twice with PBS, and incubated with serum-free
Dulbecco’s modified Eagle’s medium for another 36 h. The per-
centage ofwound closurewas calculated byusing ImageJ software.

Apoptosis assay

An apoptosis assay was performed using annexin V–allo-
phycocyanin/propidium iodide Apoptosis Detection Kit
(KeyGEN BioTECH; catalog no.: KGA1030-20) in accordance
with the manufacturer’s protocol. The stained apoptotic cells
were then examined and quantified by LSRFortessaX20 flow
cytometer (BD).

Cell survival assay

HCT116 cell lines (8 × 103) were seeded on 96-well plate in
triplicates, further treated with UV irradiation (50 J/m2), and
then incubated with normal medium. Cell survival was
measured through Cell Counting Kit-8 (Beyotime; catalog no.:
C0040) at indicated time points.

In vitro O-GlcNAcylation assay

The following process is quoted from the study of Pei et al.
(57), and the details are as follows:

The purified GST-OGT or His-OGT protein (amino acids
323–1041) (3 μg) was incubated with 5 μg of recombinant
wildtype His-Zyxin or S169A mutant in 50 μl reactions
(50 mM Tris–HCl, 12.5 mM MgCl2, 2 mM UDP-GlcNAc,
1 mM DTT, and pH 7.5) for 4 h at 37 �C, prior to incuba-
tion with His-Agarose (ABclonal; catalog no.: AS045) for 3 h at
4 �C. After 1000 rpm centrifugation, supernatants were
collected as input, and the beads were washed three times in
washing buffer and resolved by SDS-PAGE. Immunoblotting
signals were detected with the indicated antibodies.

Statistical analysis

Three independent experiments were performed, and data
are presented as means ± SD. Student’s t test was performed,
and p values <0.05 were considered statistically significant.

Data availability

All data are available upon request. Sequences of shRNAs,
guide RNAs, and primer oligonucleotides are provided in the
“Experimental procedures” section.
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