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SUMOylation of Csk Negatively
Modulates its Tumor Suppressor

Function

Abstract

Csk, a non-receptor tyrosine kinase, serves as an indispensable negative regulator of the Src family kinases (SFKs).
However, little is known about regulation of Csk expression so far. SUMOylation, a reversible post-translational
modification, has been shown to regulate many biological processes especially in tumor progression. Here we
report that Csk is covalently modified by SUMO1 at lysine 53 (K53) both /n vitro and in vivo. Treatment with
hydrogen peroxide inhibited this modification to a certain extent, but PIAS3, identified as the main specific SUMO
E3 ligase for Csk, could significantly enhance SUMO1-Csk level. In addition, phosphorylation at Ser364, the active
site in Csk, had no effect on this modification. Ectopic expression of SUMO-defective mutant, Csk 3R, inhibited
tumor cell growth more potentially than Csk wild-type. Consistent with the biological phenotype, the SUMO
modification of Csk impaired its activity to interact with Cbp (Csk binding protein) leading to decreased c-Src
phosphorylation at Y527. Our results suggest that SUMOylation of Csk mainly at lysine 53 negatively modulates its
tumor suppressor function by reducing its binding with Cbp and consequently, inducing c-Src activation.

Neoplasia (2019) 21, 676-688

Introduction

In the late 1980’s, one tyrosine kinase, selectively catalyze the C-tail
phosphorylation at tyrosine 527 site in c¢-Src kinase, was identified
and named Csk (C-terminal Src kinase) [1,2]. Soon it was shown that
Csk also phosphorylates the conserved negative regulatory sites in
other Src family kinases (SFKs) [3,4]. Phosphorylation by Csk
stabilizes an inactive form of the Src kinases, in which the
phosphorylated tail binds to the Src homology 2 (SH2) domain
[5-7]. Its in vivo function has been demonstrated by the phenotypes
of mice deficient in Csk. Homozygous mutant embryos exhibit a
complex phenotype that includes defects in the neural tube and die at
day 9-10 of gestation [8]. The kinase activity of SFKs, such as ¢-Src,
Fyn and Lyn in these embryos, is greatly enhanced as an apparent
consequence of enhanced specific activity [9]. Recently, it has been
identified that deficiency of Csk results in the elevated activation of
the Src family kinases c-Src, c-Yes and Fyn in intestinal epithelial cells,
which is implicated in the pathogenesis of DSS-induced colitis
[10-12]. These findings indicate that Csk is crucial to act as a negative
regulator of SFKs. On the other hand, it is also mentioned that Csk
could regulate the tricellular junction protein Gliotactin endocytosis

independent of ¢-Src activity [13]. And Csk-mediated phosphoryla-

tion of eEF2 (eukaryotic elongation factor 2) enhances its proteolytic
cleavage and the nuclear translocation [14].

Csk is ubiquitously expressed in mammalian cells and evolution-
arily conserved from early-diverging metazoan Hydra to humans [15].
The Csk protein is about 50KD and composed of three Src homology
domains (SH3, SH2, kinase domain). SH3 domain bounds to
proline-rich peptide ligands for protein—protein interactions [16].

Abbreviations: Csk, C-terminal Src kinase; SFKs, Src family kinases; SH, Src homology;
PTM, post-translational modification; PIAS, protein inhibitor of activated STAT;
SUMO, small ubiquitin-like modifier; SENP1, sentrin-specific protease; GST,
glutathione S-transferase; Cbp, Csk binding protein.
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SH2 domain recognizes specific phosphopeptide sequences that bind
to tyrosine sites [17]. Csk is predominantly present in cytosol because
it lacks a transmembrane domain and an N-terminal fatty acylation
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signal, whereas its substrates SFKs are anchored to the membrane via
their N-terminal myristate and palmitate moieties. Therefore, the
relocation of Csk to the membrane, where SFKs are activated, is thought
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to be a critical step for Csk activity. One transmembrane phosphoprotein,
Cbp/PAG! (Csk binding protein/phosphoprotein associated with
glycosphingolipid-enriched membrane) has been identified as a
membrane anchor of Csk [18,19]. Cbp is localized in lipid rafts where
SFKs is located, so it is a readily available substrate of SFKs. Activation of
SFKSs results in the phosphorylation of Cbp followed by recruitment of
Csk to the membrane and consequently efficient inactivation of the SFKs
by Csk [20-22]. This negative- feedback signaling loop likely plays a
critical role in preventing tumorigenesis and controlling the cell mitotic
signals from activation of growth factor receptors.

Several different mechanisms are involved in the activity regulation
of Csk. Cbp protein positively regulates Csk function not only by
recruiting Csk to the membrane but also by induction of 2—4 fold Csk
activity [23,24]. Another regulatory mechanism is that Csk activity
can be regulated by the oxidation state of the disulfide bond in the
SH2 domain, implying that Csk could be regulated by the redox state
within the cells [25]. Furthermore, phosphorylation of Csk at Ser364
by PKA increases its kinase activity up to 2—4 fold [26].

One protein post-translational modification (PTM) by small
ubiquitin-like modifier (SUMO), termed SUMOylation, has become
widely recognized that targets a myriad of proteins in many
physiological processes. The SUMO conjugation to the lysine(s) of
substrates is carried out by SUMO E1, E2, and E3 enzymes [27].
Organisms examined so far contain only a single SUMO E1 and E2
enzyme. In striking contrast with the ubiquitination system, where
hundreds of E3 ligases identified, there is only the PIAS (protein
inhibitor of activated STAT) family and few other SUMO E3 ligases
have been described [28]. The correlation between SUMOylation
and cancer has been clearly established that SUMO regulation exists
in all cancer hallmark functions [29]. However, the exact role of
SUMOylation, considered either tumor promoting or tumor suppres-
sive, are not completely defined yet. For example, although much is
known about tumor suppressor p53, the function of p53 SUMOylation
in tumorigenesis is still controversial [30]. Recently, we have
demonstrated that ¢-Src is a SUMOylated protein [31]. In the present
study, we report that Csk could be SUMOylated at lysine53 both in
vitro and in vivo, and this modification is modulated by hydrogen
peroxide or SUMO E3 ligase PIAS3. Moreover, Csk SUMOylation
negatively regulates its tumor suppressor function by reducing its
binding with Cbp, therefore decreasing its phosphorylation on ¢-Src.

Materials and Methods
Antibodies and Reagents

Antibodies against Csk (#2109 and #4980), phospho-Src (Tyr
416) (#2101; used for detecting human Src pY419), phospho-Src
(Tyr 527) (#2105; used for detecting human Src pY530), His-Tag

(#2366) were purchased from Cell Signaling Technology. Anti-Csk
antibody (#17720-1-AP) for immunoprecipitation was purchased
from proteintech. Antibodies against GAPDH (#ab37168), SUMO1
(#ab32058) were from Abcam. Anti-Flag (M2), anti-HA and anti-
Myc antibodies were from Sigma-Aldrich. Protein A/G PLUS
Agarose beads (#K0115) were obtained from Santa Cruz Biotech-
nology. Ni**-NTA agarose beads were from Qiagen. Glutathione
Sepharose 4B beads (#17-0756-01) were from GE Healthcare Life
Sciences. Puromycin (#P8833) and EDTA-free Protease Inhibitor
Cocktail were from Sigma-Aldrich.

Plasmids

The human Csk CDS was cloned by RT-PCR and sequenced, and
then digested with BamH I and Not I, and sub-cloned into pEF-
SHA. The forword primer is CGGGATCCATGTCAGCAATACA
GGCCGC and the reverse primer is ATAAGAATGCGGCCGCT
CACAGGTGCAGCTCGTGGG. For other constructs based on
pEF-5HA-Csk, PCR and digested with Hind III and Xhol I for
pCMV-Tag2B-Csk, digested with Xbal and Not I for CD513B-HA-
Csk and pGEX-4 T-1-Csk. Flag-SUMO1-Csk was constructed by
inserting SUMO1(2-96aa) into the Flag-Csk plasmid with restriction
enzyme sites BamH I and Hind III, then CD513B-Flag-Csk and
CD513B-Flag-SUMO-Csk were constructed by digesting with Xbal
and Not I from Flag-SUMOI1-Csk plasmid. The Cbp CDS was
cloned by RT-PCR and sequenced, and then digested with EcoR 1
and Xba I, and sub-cloned into pPCMV-c-Myc to generate the Myc-
Cbp. The forword primer is CCGGAATTCGCCACCAT
GGGGCCCGCGGGGAGCCTGCTGG and the reverse primer is
CTAGTCTAGAGAGCCTGGTAATATCTCTGCCTTGC. All
the mutants were generated using PCR-directed mutagenesis and
sequenced. The pE1E2S1 and PIASs plasmids were kind gifts from
Dr. Jiemin Wong and Dr. Nansong Xia, respectively.

Cell Cultures

Human embryonic kidney cell line 293 T and 293FT, prostate
cancer cell line DU145 and cervical cancer cell line HelLa were
cultured in Dulbecco's modified Eagle's medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) (Hyclone) at 37°C in a 5% CO,
humidified incubator. Cell transfection was performed using
Lipofectamine 2000 (Invitrogen).

SUMOylation Assays

Csk SUMOylation was analyzed in HEK293T by the method of
in vivo SUMOylation assay using Ni**-NTA agarose beads as
previously described [32]. In vitro Csk SUMOylation analysis was
also performed by the method of E.coli BL21-based SUMOylation
assay with the plasmid pE1E2S1 as described [34]. A method to
effectively identify the endogenous SUMOylated Csk as described

Figure 1. Csk is SUMOylated /n vivo and in vitro. (A) HEK293T cells transfected with either HA-Csk or His-SUMO1, alone or together, were
lysed and purified by Ni2*-NTA resin following immunoblotted with anti-HA and anti-Csk antibodies. GAPDH is a loading control.(B)
HEK293T cells transfected with indicated plasmids were lysed and purified by Ni?"-NTA resin following immunoblotted with anti-HA
antibody. GAPDH is a loading control.(C) HEK293T cells transfected with either HA-Csk or Flag-SUMO1, alone or together, were lysed and
immunoprecipitated using anti-Flag antibody, followed by immunoblotting with anti-HA antibody. GAPDH is a loading control.(D) E.coli
BL21 transformed with GST-Csk with or without pET1E2S1. Bacteria lysates were used for GST pulldown, and immunoblotted with anti-
SUMO1 and anti-GST antibodies after stripping.(E) Stable SENP1-knockdown Hela cells were directly lysed and immunoprecipitated with
anti-Csk or normal IgG, then immunoblotted with anti-SUMO1 and anti-Csk antibodies.(F) Stable SENP1-knockdown HEK293T cells were
directly lysed and immunoprecipitated with anti-Csk or normal IgG, then immunoblotted with anti-SUMO1 antibody.(G) Equal Hela or
SENP1-knockdown Hela cells were directly lysed and immunoprecipitated with anti-Csk antibody, then immunoblotted with anti-SUMO1
antibody.
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Figure 2. K53 is the main SUMOylation site of Csk. (A and C) HEK293T cells were transfected with either HA-Csk or KR mutants, alone or
with His-SUMO1. SUMOylated proteins were purified by Ni2*-NTA affinity resin following immunoblotted with anti-HA antibody. GAPDH
is a loading control.(B) The single-mutant HA-Csk 5% or HA-Csk “'°%% or double-mutants HA-Csk®3/196RR \ith His-SUMO1 were co-
transfected into HEK293T cells followed by Ni2*-NTA pull down for SUMOylation assay. GAPDH is a loading control.
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[33] was modified and performed. Generally, SENP-/1 HeLa cells or
HeLa cells or SENP-/1 HEK293T(1.5 X 10”) were lysed in 0.3 ml
of RIPA buffer (20 mM sodium phosphate (NaP), pH 7.4, 120 mM
NaCl, 1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate,
1 mM EDTA, 1 mM EGTA, 20 mM NEM, 1 mM Naz;VOy,
10 mM NaF, 5% glycerol, protease inhibitor cocktail). The viscous
lysate was sonicated until it became fluid. The cell lysate was then
supplemented with 50 mM dithiothreitol (DTT), boiled for 10 min
and finally diluted 1:10 with RIPA buffer without SDS. The lysate
was centrifugal and the supernatant were immunoprecipitated with
appropriate antibody overnight at 4°C and subjected to 8% SDS-
polyacrylamide gels for Western blotting analysis.

Cell Growth, Colony Formation Assay and Soft-Agar Colony Assay
For cell growth assay, 1 x 10 ® /well DU145 cells were inoculated
in 96-well plates. Each sample equally spread 6-8 wells. 3—4 h before
measuring, each well was added with 10 pl CCK 8 solution. The
absorbance was finally determined at 450 nm using a microplate
reader. The absorbance values of the cells were recorded at 0, 24 h, 48
h, 72 h and 96 h, respectively. Data are expressed as mean + SD.
Statistical differences between groups were analyzed by the two-way
ANOVA test. P < .05 was considered statistically significant.

For colony formation assay, 2 x 10 /well DU145 cells or HeLa
cells were seeded in 6-well plates. Each sample equally spread 3—4
wells. Cells were cultured in DMEM medium containing 10% FBS
for 2-3 weeks. To visualize cell colonies, cells were fixed with 10%
formaldehyde and stained with Giemsa stain.

For soft-agar colony assay, the method was described before [52].
This assay was performed in 6-well plates in triple with a base of 2 ml
of DMEM medium containing 5% FBS with 0.6% Bacto agar
(Amresco). DU145 cells were seeded at a density of 2 x107 cells /well
in 2 ml 0f 0.35% agar gel with 5% FBS, and were layered on the base
gel. The photographs of the colonies developed in soft agar were taken
and the number of colonies was scored by Photoshop about 2—
3 weeks after seeding.

Data are expressed as mean + SD. Statistical differences between
groups were analyzed by the two-tailed Student's t test. P < .05 was
considered statistically significant.

Coimmunoprecipitation (co-IP)

Cells transfected with the indicated plasmids were lysed in the RIPA
buffer (50 mM Tris—-HCI, pH 7.4, 1% Triton X-100, 0.5% sodium
deoxycholate, 1 mM EDTA, 1 mM NazVOy, 10 mM NaF, 20 mM
NEM, 5% glycerol, protease inhibitor cocktail with 250 mM NaCl for
Cbp, and 350 mM NaCl for PIASs, respectively) on ice. The lysate was
centrifugal and the supernatant were immunoprecipitated with
appropriate antibody overnight at 4°C and subjected to 8% SDS-
polyacrylamide gel for Western blotting analysis.

Western Blotting

Western blot analysis was performed as previously described [52].
The proteins either from whole cell lysates in the SDS-lysis buffer
(62.5 mM Tris—HCI, pH 6.8, 2% SDS, and 1 mM NazVOy), or
derived from immunoprecipitations, were resolved on 8% SDS-
PAGE, then transferred to a polyvinylidene difluoride (PVDEF)
membrane. Blocking was performed with 5% nonfat milk in Tris-
buffered saline and Tween 20 (TBST) buffer. The membrane was
subsequently probed overnight at 4°C with the indicated primary and
second antibodies (at 1:5000 dilutions in TBST with 5% non-fat

milk), and then exposured in ImageQuant LAS 4000 (GE) after
incubating with ECL substrate.

Results
Csk Protein Occurs SUMOylation Both in vitro and in vivo

SUMOylation is an important mechanism for modulation of
cellular functions by regulating tyrosine kinase activity. Most recently,
our study demonstrated that SUMOylation of ¢-Src at lysine 318
negatively modulates its oncogenic function by inhibiting Src-FAK
complex activity. Since Csk is the specific negative regulator of ¢-Src,
we tend to ask whether Csk can also be SUMOylated. To verify this
hypothesis, we transiently transfected HEK293T cells with HA-
tagged Csk and His-tagged SUMO1. Then the His-tagged SUMO1
conjugates enriched with Ni**-NTA resin affinity pulldown assay as
described before [32] were immunoblotted with appropriate
antibody. A predicted band at about 70 kD (the expected size of
Csk is about 50 kD, and SUMOL is 15-20 kD) appeared with anti-
HA or anti-Csk antibody in cells transfected with HA-Csk / His-
SUMOI, but not in HA-Csk or His-SUMO1 alone (Figure 1A).
Moreover, the specific 70 kD band was greatly enhanced by the
SUMO E2 ligase Ubc9 but attenuated by SENP1, a main de-SUMO
enzyme (Figure 1B, lane 4 and 5). Both the results suggest that Csk
can be SUMOylated in cells. Additionally, one immunoprecipitation
(IP) method described as sensitive to detecting endogenous SUMO
targets was performed [33]. HA-Csk with or without Flag-SUMO1
were transfected in HEK293T cells. 48 h later after transfection, the
lysates, boiled for 10 min with 1% SDS and 50 mM DTT, then
diluted 1:10 with RIPA buffer, were used for IP with Flag beads
overnight, and immunoblotted with HA antibody. As shown in
Figure 1C, as expected, SUMOI can be covalently conjugated with
Csk. Furthermore, we investigated SUMOylation of Csk by using an
in wvitro E.coli-based SUMOylation assay by pEIE2S1 [34,35].
PEIE2S] is a tri-cistronic plasmid for the overexpression of SUMO-
E1 enzyme (AOS1/UBA2), E2 enzyme (UBCY9) and SUMOI, and
modifies the substrate protein with SUMO1. Co-expression of GST-Csk
with pEIE2S] in bacteria BL21 (DE3) showed that GST-Csk were
SUMOylated by SUMO1 with two bands but not in the E.coli
transformed with GST-Csk alone (Figure 1D).This result suggested that
there might be more than one SUMO sites for Csk. Significantly, we also
detected endogenous SUMO1-Csk form both in SENPI-/- Hela
cells (Figure 1E) and SENP1-/- HEK293T cells (Figure 17) by the
method of immunoprecipitation described above. Meanwhile, we also
detected weaker endogenous SUMO1-Csk in HeLa cells compared with
SENP1-/- Hela cells (Figure 1G). Collectively, all the results indicate
that Csk is a SUMOylated protein covalently with SUMOL.

K53 is the Main SUMOylation Site of Csk

To determine the SUMOylation sites in Csk protein, based on the
SUMOylation prediction softwares (Figure S1), we constructed
seven single lysine—arginine (K/R) mutants and checked their
SUMOylation level compared with Csk wild type (WT) with the
method of Ni**-NTA resin pulldown assay. Unexpected, there was
no obvious different between each of these K/R mutants and WT,
which means the main SUMOylation Site of Csk do not be in this
group (Figure S2). After that, we mutated all the rest lysines in Csk
and SUMOylation assay revealed that only K53 is a potential
SUMOylation site (Figures 24 and C and S$3). What is more, in our



Neoplasia Vol. 21, No. 7, 2019

SUMOylation of Csk in Tumorigenesis ~ Cuietal. 681

project process, we searched one paper concerning large-scale
SUMOylation and ubiquitylation crosslink, in which K196 was
identified as the SUMOylation site of Csk [36], so we verified
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of Csk WT. Moreover, the low SUMOylation level of Csk*>%/196RR
was same as that of Csk™>*®, strongly suggesting that K53, but not
K196, was the major SUMOylation site of Csk protein.

Csk SUMOylation Independent of its Phosphorylation is
Inhibited by Hydrogen Peroxide

Oxidative stress can affect apoptosis and proliferation of cells and
change the development of tumor. We have found that hypoxia
inhibits SUMOylation of Src via Y419 phosphorylation in tumor
biological behaviors previously [31]. It has been reported that the
disulfide bonds in the structure domain of Csk SH2 can be affected
by oxidative stress. Therefore, we want to explore whether oxidative
stress affects the SUMO modification of Csk. We designed
experiments as following. HA-Csk and His-SUMO1 were over-
expressed in 293 T cells, with only one mixed system and evenly
divided into each cell culture dish to ensure that each group was the
same. 48 h later after transfection, hydrogen peroxide (H,0O,) with a
final concentration of 100 uM was added to simulate the hyperoxic
state. The samples were treated for 0, 3 and 6 hours respectively.
According to the experimental result, the SUMOylation of Csk
decreased with hydrogen peroxide treatment in a time-dependent
manner (Figure 34). Similarly, endogenous Csk SUMOylation in
SENP-/- Hela cells was also inhibited obviously 6 hours later after
treated with hydrogen peroxide (H,O,) with a final concentration of
100 pM (Figure 3B). On the other hand, previous studies have
shown that Csk phosphorylation at Ser 364 is induced by PKA. So we
ask whether this phosphorylation affect Csk SUMOylation. With the
method of Ni**-NTA resin pulldown assay, we found that the level of
SUMOylation of Csk®**** was equal to that of Csk WT (Figure 30).
Taken together, our results suggest that SUMOylation of Csk is down-
regulated by hyperoxia and unaffected with its phosphorylation status.

PIAS3 is the Main E3 Ligase of Csk SUMOylaion

Recent evidence indicates that SUMOylation is directly involved in
the regulation of oncogenic networks. Although it is not completely
understood how substrate recognition is achieved in the SUMOyla-
tion system, one SUMO E3 ligase family, PIAS, are often over-
expressed in cancer [37]. In mammals, there are four PIAS proteins
exist: PIAS1, PIAS2 (also known PIASx, two splice variants « and ),
PIAS3 (also known PIASP) and PIAS4 (also known PIASy). PIAS
proteins are emerging as key positive regulators of many cancer-
related proteins as PML [38], p53 and PTEN [39]. We have set up
coimmunoprecipitation experiment (co-IP) to explore the specific
PIASs interacting with Csk. As shown in Figure 3D, PIAS1, PIAS3
and PIAS4 could bind to Csk. Moreover, comparing the binding
intensity in IP test and expression level in input group, we supposed

that PIAS3 was the main E3 ligase for Csk SUMOylation. To enforce
this viewpoint, we constructed a RING domain deletion form of
PIAS3, and found that PIAS3 ARING could still bind to Csk (Figure
3E), which is consistent with the reports that both PIAS1 and PIAS4
regulate LEF-1 and p53, regardless of the integrity of the RING
domain, which is necessary for their E3 ligase activity [40,41].
Furthermore, as expected, PIAS3 could significantly enhance the
SUMOylation of Csk in SUMOylation assay using Ni**-NTA resin
affinity pulldown (Figure 3F). However, none of PIASI, PIAS4 or
ARING PIAS3 could enhance the SUMOylation of Csk (Figure 3G).
All the data support that PIAS3 is the main SUMO E3 ligase for Csk.

Csk SUMOylation Negatively Regulates its Anti-Oncogenic
Function

We next examined further the role of the Csk SUMOylation in
proliferation and tumorigenesis. To investigate this, we generated
stable DU145 cell lines and HelLa cell lines over-expressing the lenti-
vector, HA-Csk or HA-Csk®>*® with the polyclonal lentiviral
infections (Figures 44 and S4). Then Cell Counting Kit 8 (CCKS8)
assay was used to examine the cell proliferation. As shown in Figure
4B, the rate of cell proliferation was moderately decreased in the HA-
Csk group compared with lenti-vector group, which is consistent with
Csk tumor suppressor function. However, the SUMO-defective
form, HA-Csk™>*® cells displayed a slower, even less significant,
proliferation rate than HA-Csk cells, which indicated that SUMO
modification might have a negative effect for Csk function. To
support this hypothesis, plate-colony forming assay and soft-agar
anchorage-independent growth test were carried out. As expected, the
numbers of plate clones from stable HA-Csk **°® cells were much
less than those from HA-Csk cells (Figures 4C and S5). Consistently,
Csk "R effectively suppressed the size and the numbers of colonies
in soft-agar medium (Figure 4D). Furthermore, to better verify the
function of Csk SUMOylation rather than by mutation of amino
acids (K to R) method, we made a SUMOI1-Csk gene fusion
construct (Figure 5A4), of which was described before [42]. The
measurements as cell proliferation, plate colony formation and soft-
agar anchorage-independent growth were carried out again. In
contrast, SUMO1-Csk stable cells could rescue the phenotype of Csk
KSR cells with faster growth, more colonies formation compared with
Csk WT. However, it should be noted that it appears that SUMO1-
Csk still has inhibitory effect on cell growth and survival as compared
to the vector control, which means SUMOylation modification has
partial negative regulation ability for Csk anti-oncogenic function
(Figure 5B-D). Collectively, these data from both Csk K53R (SUMO-
deficient form) and fused SUMO1-Csk (high -SUMO form) stable

Figure 3. upstream regulators on Csk SUMOQylation. (A) HEK293T cells were transfected with either HA-Csk or His-SUMO1, alone or
together. 48 h later after transfection, cells were treated with 100 uM H,O, for 0, 3, 6 h before being harvested. Then cells were lysed and
purified by Ni?*-NTA resin following immunoblotted with anti-HA antibody.(B) Stable SENP1-knockdown Hela cells were treated with/
without 100 uM H,O, for 6 h before being harvested, directly lysed and immunoprecipitated with anti-Csk antibody, then immunoblotted
with anti-SUMO1 antibody.(C) HEK293T cells transfected with either HA-Csk or HA-CskS3%**, alone or together with His-SUMO1 were
lysed and purified by Ni2"-NTA resin following immunoblotted with anti-HA antibody.(D) HEK293T cells transfected with Flag-Csk, alone
or together with HA-PIASs (PIAS1, PIAS3, PIAS4, PIAS2a, PIAS2[3) were lysed and immunoprecipitated using anti-Flag antibody, followed
by immunoblotting with anti-HA antibody.(E) HEK293T cells transfected with Flag-Csk, alone or together with HA-PIAS3 or HA-
PIAS3-ARING were lysed and immunoprecipitated using anti-Flag antibody, followed by immunoblotting with anti-HA antibody.(F)
HEK293T cells transfected with either HA-Csk or Flag-SUMO1, alone or together with EBG-SENP1 or HA-PIAS3 were lysed and
immunoprecipitated using anti-Flag antibody, followed by immunoblotting with anti-HA antibody.(G) HEK293T cells transfected with
either HA-Csk or Flag-SUMO1, alone or together with HA-PIAS1 or HA-PIAS3 or HA-PIAS4 or HA-ARING PIAS3 were lysed and
immunoprecipitated using anti-Flag antibody, followed by immunoblotting with anti-HA antibody.GAPDH is a loading control (A, C-G).
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cells demonstrate that SUMO modification negatively regulates anti-
oncogenic function of Csk.

Csk SUMOpylation Weakens its Binding with Cbp Leading to
Activation of Src

Our above results suggested that SUMOylation represented a
negatively regulatory mechanism for controlling the anti-oncogenic

function of Csk, but the details were still unknown. Since there was
no correlation between its SUMOylation and phosphorylation at
Ser364, the active form of Csk (Figure 3C), it didn't like that Csk
SUMOylation could directly affect its kinase activity. We have
noticed that the SUMO site, lysine 53, is located in the SH2 domain
(amino acid 16-65) of Csk, it was reasoned that this modification
could interfere with the SH2 domain-dependent function. It is well
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established that Cbp (Csk binding protein), a transmembrane
phosphoprotein that is ubiquitously expressed and binds specifically
to the SH2 domain of Csk, is involved in the membrane localization

of Csk as well as in the Csk-mediated inhibition of Src [43]. Thus, the

binding pattern between Csk and Cbp regulated by SUMOylation
was analyzed using coimmunoprecipitation (co-IP). As shown in
Figure 64, immunoprecipitation with anti-Flag antibody followed by
immunoblotting with anti-Myc antibody revealed that Cbp WT, but
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SUMO-deficient mutant, had a same binding intensity with Cbp
whether or not under SUMO condition (lane 2 and 4, Figure 6B).
Both results suggested that the SUMOylation occurring at K53
belong to the SH2 domain might block the interaction between Csk
and Cbp. Next, we detected the phosphorylation status of Src
regulated by Csk SUMOylation. HEK293T cells were transiently
transfected with HA-Csk or/and His-SUMOV, and anti-Src (pY416
and pY527) antibodies were used to monitor the Src activation. As
shown in Figure 6C, compared with the mock cells, phosphorylation
level of Src Y527 was moderately higher in Csk-transfected cells (lane
3), but this phenomenon was reversed along with pY416 increased
when co-transfected with SUMO1 (lane 4). It was noticed that the
level of either pY416 or pY527 had hardly change by Src
SUMOylation reported by our group previously [31] or by
transfected with SUMOI1 alone (lane 2), so the Src activation
(pY527 decreased and pY416 increased) was probably dependent on
Csk SUMOylation. In addition, the moderate increased pY416 was
also observed in fused SUMO1-Csk transfected cells (lane 3, Figure
6D). Notably, it is well accepted that SUMO can act as a ubiquitin
antagonist since SUMO conjugation could block other lysine
dependent modification such as ubiquitination [44]. Therefore, it
should be excluded that Csk SUMOylation function was attributed
to its ubiquitination. Indeed, the pattern of Csk ubiquitination was
unchanged when coexpressed with SUMO1 (Figure 6E). All the
results suggest that SUMOylated Csk weakens its binding with Cbp

leading to activation of Src.

Discussion

Since the initial link between SUMOylation and cancer originated
from the discovery of the tumor suppressor PML (promyelocytic
leukemia protein) as among the first known SUMO proteins [45,46],
SUMO conjugation has become a widely recognized posttranslational
modification in all cancer hallmark functions. In this study, we have
confirmed that Csk, one tumor suppressor as a negative regulator of
SFKs, can be modified by SUMO1 in HEK293T cells (Figure 14 and
B) using His-tagged SUMO1 conjugates bound to Ni** -NTA beads.
Indeed, co-transfection with Csk and SUMO1 but without Ubc9, the
SUMO1-Csk band can be detected clearly, which is different from
our previous reports, of which Ubc9 is essential to detect PTEN or
Grb2 SUMOylation [34,39]. Importantly, we also used a high
effective immunoprecipitation method and western blotting to show
the endogenous SUMOylated Csk both in SENP1-/- Hela cells
(Figure 1E) and SENP1-/- HEK293T cells (Figure 1F). Moreover,
during our project, it was reported that Csk can be SUMOylated in

HEK293 cells by mass spectrometry method [36] although the
identified SUMO site, lysine 196, has been denied by our
experiments (Figures 2B and S3). All the evidence support that Csk
is a bona fide SUMOylated protein.

It has been reported that low ROS level (<1 mM H,0,) are
sufficient for favoring the creation of oxidative disulfide
crosslink between the active site cysteine residues of SAE2 (E1) and
Ubc9 (E2) enzyme, thereby inhibiting SUMOylation while leaving
SENP activity intact [47], which means SUMOylation may function
as an important redox sensing mechanism. Intriguingly, our
present and previous studies showed that the level of SUMO1- Csk
was down-regulated whereas SUMO1- Src was up-regulated in a
time-dependent manner when treated with 100 uM H,0O,
(Figure 34 and B). Thus, hyperoxia may have a dual role in Csk-
Src signaling. In hyperoxia, deSUMO1-Csk promotes freed Csk
binding with Cbp, and SUMO1-Src weakens its kinase activity on
FAK Y925, both processes strongly imply that hyperoxia can inhibit
Src activity.

Notably, we have characterized PIAS3 as a main E3 ligage to Csk
SUMOylation meanwhile Csk also has a weak binding with PIAS1
and PIAS4 (Figure 3D). In considering of high salt concentration
(350 mM NaCl) used in Co-IP experiment, it is likely that PIASIor
PIAS4 has a possibility to be an alternative E3 ligase for Csk in
uncertain conditions. One reasonable explanation is PIAS family
share 40% of homology and domain organization [28]. A similar
conclusion is from the studies on p53 SUMOylation. It concludes
that all PIAS members physically interact with p53 in vizro assays
using both cell-free and cell culture-based assays [30], however, it is
still unclear whether different ligase-dependent SUMOylation either
activates or represses p53 activity. Further examination should be
performed which PIAS member is the physiological partner of Csk
probably depending on different cell types or tumor environment.

There is no significant change in the phosphorylation pattern of
Stc following Csk over-expression in our experiment (lane 1 and 3,
Figure 6C). We are in agreement with the view from Arbet-Engels
et al [48], in which it suggested that since Src is already
phosphorylated on Tyr527 in un-stimulated cells, and only a fraction
of Csk is involved in binding with Src resulting in phosphorylation of
Src on Tyr527, the lack of an observable change is not unexpected.

In addition to Cbp, other SH2-binding scaffolding proteins of Csk
have been identified, such as Paxillin [49] and caveorin-1 [50]. It was
also proposed that the caveorin-1-Csk interaction mediated a
feedback loop to regulate Src kinase activity in microdomains [51].
So it cannot be excluded that Csk SUMOylation may also weaken its
binding with these proteins other than Cbp. Nevertheless, both

Figure 6. Csk SUMOylation weakens its binding with Cbp leading to activation of Src. (A) HEK293T cells transfected with Flag-Csk, alone
or together with Myc-Cbp or Myc-CbpY317F or His-SUMO1 were lysed and immunoprecipitated using anti-Flag antibody, followed by
immunoblotting with anti-Myc and anti-Flag antibodies to analyze Csk-Cbp interaction.(B) HEK293T cells transfected with Flag-Csk®°F,
alone or together with Myc-Cbp or Myc-CbpY317F or His-SUMO1 were lysed and immunoprecipitated using anti-Flag antibody, followed
by immunoblotting with anti-Myc and anti-Flag antibodies to analyze Csk'®*" -Cbp interaction.(C) HEK293T cells were transfected with
either HA-Csk or His-SUMO1, alone or together. Whole cell lysates were immunoblotted with indicated Src phosphorylation antibodies.
(D) HEK293T cells were transfected with Flag-Csk or His-SUMO1 or Flag-SUMO1-Csk. Whole cell lysates were immunoblotted with Src
pY416 antibody.(E) HEK293T cells transfected with either HA-Csk or Myc-Ub, alone or together with His-SUMO1 were lysed and
immunoprecipitated using anti-HA antibody, followed by immunoblotting with anti-Myc antibody for ubiquitination of Csk.GAPDH is a
loading control (A-E).(F) A schematic model of the role of Csk SUMOylation in Cbp-Csk-Src complex. There exists an inherent Cbp-Csk-Src
negative feedback mechanism: phosphorylation at Y317 of Cbp by the activated Src binds to the SH2 domain of Csk, and this in turn
recruits the cytosolic Csk to the plasma membrane, where Csk inactivates Src by phosphorylating Y527 of Src to assume an inactive
conformation. SUMOylation of Csk mainly at K53, located at SH2 domain, is up-regulated by SUMO E3 ligase PIAS3 and down-regulated
under hyperoxia. SUMOylated Csk could not bind to Cbp, which disturbs the Cbp-Csk-Src feedback leading to the sustained activation of Src.
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evidences support that Cbp is most likely to be the molecule correlated
to Csk SUMOylation. One is the high stability of Csk-Cbp complex
still remained even in the presence of increased NaCl (1 M)
concentration, but other known Csk-interacting proteins such as
FAK and Paxillin were dissociated [18]. The other is the binding
between Cbp and Csk, but not Csk ***%, the SUMO-deficient mutant,
dramatically decreased under SUMO condition (lane 4, Figure 6A).
Generally, since there have been no reports of mutation in the Csk
gene, our findings might give a new clue for understanding the
biological significance of correlation between Csk and Src (also SFK).

Conclusions

In summary, our results revealed an unexpected mechanism
underlying specific regulation of Cbp-Csk-Src feedback loop by
Csk SUMOylation (model in Figure 6F). SUMOylation of Csk
mainly at K53, located at SH2 domain, is up-regulated by SUMO E3
ligase PIAS3 and down-regulated under hyperoxia. SUMOylated Csk
could not bind to Cbp, which disturbs the Cbp-Csk-Src feedback

leading to the sustained activation of Src.

Acknowledgements

The authors thank Jing Wang, Guofang Hou, Kezhou Wang and
Xinmin Zheng for expert technical assistance. This study was
supported by grants from the National Natural Science Foundation
of China (N0.81672709 and 81372190 to J.H, 81630075 to J.Y.,
No0.81572695) and the Science and Technology Commission of
Shanghai (17DZ2260100). The authors declare that they have no
conflict of interest.

Author Contributions

J.H. and J.Y. supervised the project. J.H. and N.C. designed the
experiments. N.C. performed most experiments. T.L., Y.G., ].D., Q.
Y., H.Z., RC., Y.W. and X.Z. helped with all the experiments. ].H.,
J.Y. and N.C. discussed the results. J.H. and N.C. wrote the
manuscript. All authors read and approved the final manuscript.

Appendix A. Supplementary Data
Supplementary data to this article can be found online at hteps://
doi.org/10.1016/j.ne0.2019.04.010.

References

[1] Okada M and Nakagawa H (1989). A protein tyrosine kinase involved in
regulation of pp60c-src function. / Biol Chem 264, 20886-20893.

[2] Nada S, Okada M, MacAuley A, Cooper JA, and Nakagawa H (1991).
Cloning of a complementary DNA for a protein-tyrosine kinase that
specifically phosphorylates a negative regulatory site of p60c-src. Nature
351, 69-72.

[3] OkadaM, Nada S, Yamanashi Y, Yamamoto T, and Nakagawa H (1991). CSK: a
protein-tyrosine kinase involved in regulation of src family kinases. / Biol Chem
266, 24249-24252.

[4] Bergman M, Mustelin T, Oetken C, Partanen J, Flint NA, Amrein KE, Autero
M, Burn P, and Alitalo K (1992). The human p50csk tyrosine kinase
phosphorylates p56lck at Tyr-505 and down regulates its catalytic activity.
EMBO J 11, 2919-2924.

[5] Schindler T, Sicheri F, Pico A, Gazit A, Levitzki A, and Kuriyan ] (1999). Crystal
structure of Hck in complex with a Src family-selective tyrosine kinase inhibitor.
Mol Cell 3, 639—-648.

[6] Sicheri F and Kuriyan J (1997). Structures of Src-family tyrosine kinases. Curr
Opin Struct Biol 7, 777-785.

[71 Xu W, Harrison SC, and Eck MJ (1997). Three-dimensional structure of the
tyrosine kinase c-Src. Nature 385, 595-602.

[24]

[25]

[260]

Imamoto A and Soriano P (1993). Disruption of the csk gene, encoding a
negative regulator of Src family tyrosine kinases, leads to neural tube defects and
embryonic lethality in mice. Cel/ 73, 1117-1124.

Nada S, Yagi T, Takeda H, Tokunaga T, Nakagawa H, Ikawa Y, Okada M, and
Aizawa S (1993). Constitutive activation of Src family kinases in mouse embryos
that lack Csk. Cell 73, 1125-1135.

Imada S, Murata Y, Kotani T, Hatano M, Sun C, Konno T, Park JH, Kitamura
Y, Saito Y, and Ohdan H, et al (2016). Role of Src family kinases in regulation of
intestinal epithelial homeostasis. Mol Cell Biol 36(22), 2811-2823.

Chelakkot C, Ghim J, Rajasekaran N, Choi JS, Kim JH, Jang MH, Shin YK, Suh
PG, and Ryu SH (2017). Intestinal Epithelial Cell-Specific Deletion of PLD2
Alleviates DSS-Induced Colitis by Regulating Occludin. Sci Rep 7, 1573.
Taniguchi K, Wu LW, Grivennikov SI, de Jong PR, Lian I, Yu EX, Wang K, Ho
SB, Boland BS, and Chang JT, et al (2015). A gp130-Src-YAP module links
inflammation to epithelial regeneration. Nature 519, 57-62.

Samarasekera G and Auld VJ (2018). C-terminal Src kinase (Csk) regulates the
tricellular junction protein Gliotactin independent of Src. Mol Biol Cell 29,
123-130.

Yao Q, Liu BQ, Li H, McGarrigle D, Xing BW, Zhou MT, Wang Z, Zhang JJ,
Huang XY, and Guo L (2014). C-terminal Src kinase (Csk)-mediated
phosphorylation of eukaryotic elongation factor 2 (eEF2) promotes proteolytic
cleavage and nuclear translocation of eEF2. J Biol Chem 289, 12666-12678.
Segawa Y, Suga H, Iwabe N, Oneyama C, Akagi T, Miyata T, and Okada M
(2006). Functional development of Src tyrosine kinases during evolution from a
unicellular ancestor to multicellular animals. Proc Natl Acad Sci U S A 103,
12021-12026.

Yu H, Rosen MK, Shin TB, Seidel-Dugan C, Brugge JS, and Schreiber SL
(1992). Solution structure of the SH3 domain of Src and identification of its
ligand-binding site. Science 258, 1665-1668.

Songyang Z, Shoelson SE, Chaudhuri M, Gish G, Pawson T, Haser WG, King
F, Roberts T, Ratnofsky S, and Lechleider R], et al (1993). SH2 domains
recognize specific phosphopeptide sequences. Cell 72, 767-778.

Kawabuchi M, Satomi Y, Takao T, Shimonishi Y, Nada S, Nagai K,
Tarakhovsky A, and Okada M (2000). Transmembrane phosphoprotein Cbp
regulates the activities of Src-family tyrosine kinases. Nazure 404, 999-1003.
Brdicka T, Pavlistova D, Leo A, Bruyns E, Korinek V, Angelisova P, Scherer J,
Shevchenko A, Hilgert I, and Cerny J, et al (2000). Phosphoprotein associated
with glycosphingolipid-enriched microdomains (PAG), a novel ubiquitously
expressed transmembrane adaptor protein, binds the protein tyrosine kinase csk
and is involved in regulation of T cell activation. / Exp Med 191, 1591-1604.
Oneyama C, lino T, Saito K, Suzuki K, Ogawa A, and Okada M (2009).
Transforming potential of Src family kinases is limited by the cholesterol-
enriched membrane microdomain. Mo/ Cell Biol 29, 6462-6472.

Oneyama C, Hikita T, Enya K, Dobenecker MW, Saito K, Nada S, Tarakhovsky
A, and Okada M (2008). The lipid raft-anchored adaptor protein Cbp controls
the oncogenic potential of c-Src. Mol Cell 30, 426-436.

Kanou T, Oneyama C, Kawahara K, Okimura A, Ohta M, Ikeda N, Shintani Y,
Okumura M, and Okada M (2011). The transmembrane adaptor Cbp/PAG1
controls the malignant potential of human non-small cell lung cancers that have
c-src upregulation. Mol Cancer Res 9, 103—114.

Wong L, Lieser SA, Miyashita O, Miller M, Tasken K, Onuchic JN, Adams
JA, Woods Jr VL, and Jennings PA (2005). Coupled motions in the SH2
and kinase domains of Csk control Src phosphorylation. J Mol Biol 351,
131-143.

Takeuchi M, Kuramochi S, Fusaki N, Nada S, Kawamura-Tsuzuku J, Matsuda
S, Semba K, Toyoshima K, Okada M, and Yamamoto T (1993). Functional and
physical interaction of protein-tyrosine kinases Fyn and Csk in the T-cell
signaling system. J Biol Chem 268, 27413-27419.

Mills JE, Whitford PC, Shaffer J, Onuchic JN, Adams JA, and Jennings PA
(2007). A novel disulfide bond in the SH2 Domain of the C-terminal Src kinase
controls catalytic activity. / Mol Biol 365, 1460—1468.

Yaqub S, Abrahamsen H, Zimmerman B, Kholod N, Torgersen KM, Mustelin
T, Herberg FW, Tasken K, and Vang T (2003). Activation of C-terminal Src
kinase (Csk) by phosphorylation at serine-364 depends on the Csk-Src homology
3 domain. Biochem J 372, 271-278.

Johnson ES (2004). Protein modification by SUMO. Annu Rev Biochem 73,
355-382.

Rabellino A, Andreani C, and Scaglioni PP (2017). The Role of PIAS SUMO
E3-Ligases in Cancer. Cancer Res 77, 1542-1547.


https://doi.org/10.1016/j.neo.2019.04.010
https://doi.org/10.1016/j.neo.2019.04.010
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0005
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0005
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0010
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0010
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0010
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0010
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0015
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0015
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0015
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0020
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0020
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0020
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0020
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0025
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0025
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0025
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0030
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0030
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0035
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0035
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0040
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0040
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0040
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0045
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0045
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0045
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0050
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0050
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0050
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0055
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0055
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0055
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0060
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0060
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0060
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0065
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0065
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0065
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0070
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0070
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0070
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0070
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0075
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0075
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0075
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0075
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0080
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0080
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0080
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0085
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0085
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0085
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0090
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0090
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0090
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0095
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0095
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0095
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0095
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0095
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0100
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0100
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0100
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0105
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0105
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0105
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0110
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0110
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0110
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0110
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0115
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0115
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0115
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0115
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0120
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0120
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0120
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0120
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0125
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0125
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0125
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0130
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0130
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0130
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0130
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0135
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0135
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0140
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0140

688  SUMOylation of Csk in Tumorigenesis  Cui et al. Neoplasia Vol. 21, No. 7, 2019
[29] Seeler JS and Dejean A (2017). SUMO and the robustness of cancer. Naz Rev [40] Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F, and Grosschedl R (2001).
Cancer 17, 184-197. PIASy, a nuclear matrix-associated SUMO E3 ligase, represses LEF1 activity by

[30] Stehmeier P and Muller S (2009). Regulation of p53 family members by the sequestration into nuclear bodies. Genes Dev 15, 3088-3103.
ubiquitin-like SUMO system. DNA Repair 8, 491-498. [41] Schmidt D and Muller S (2002). Members of the PIAS family act as SUMO ligases

[31] Wang], DengR, CuiN, Zhang H, Liu T, Dou J, Zhao X, Chen R, Wang Y, and for c-Jun and p53 and repress p53 activity. Proc Natl Acad Sci US A99, 2872-2877.
Yu J, et al (2017). Src SUMOylation Inhibits Tumor Growth Via Decreasing ~ [42] Ross S, Best JL, Zon LI, and Gill G (2002). SUMO-1 modification represses Sp3
FAK Y925 Phosphorylation. Neoplasia 19, 961-971. transcriptional activation and modulates its subnuclear localization. Mol Cel/ 10, 831-842.

[32] Yu], ZhangSS, Saito K, Williams S, Arimura Y, Ma Y, Ke Y, Baron V, Mercola ~ [43] Okada M (2012). Regulation of the SRC family kinases by Csk. /nz J Biol Sci 8,
D, and Feng GS, et al (2009). PTEN regulation by Akt-EGR1-ARF-PTEN axis. 1385-1397.

EMBO ] 28, 21-33. [44] Hay RT (2005). SUMO: a history of modification. Mol Cell 18, 1-12.

[33] Becker J, Barysch SV, Karaca S, Dittner C, Hsiao HH, Berriel Diaz M, Herzig S, [45] Sternsdorf T, Jensen K, and Will H (1997). Evidence for covalent modification
Urlaub H, and Melchior F (2013). Detecting endogenous SUMO targets in of the nuclear dot-associated proteins PML and Sp100 by PIC1/SUMO-1. J Cell
mammalian cells and tissues. Nat Struct Mol Biol 20, 525-531. Biol 139, 1621-1634.

[34] QuY, Chen Q, Lai X, Zhu C, Chen C, Zhao X, Deng R, Xu M, Yuan H, and  [46] Muller S, Matunis M], and Dejean A (1998). Conjugation with the ubiquitin-
Wang Y, et al (2014). SUMOylation of Grb2 enhances the ERK activity by related modifier SUMO-1 regulates the partitioning of PML within the nucleus.
increasing its binding with Sos1. Mo/ Cancer 13, 95. EMBO J 17, 61-70.

[35] Uchimura Y, Nakamura M, Sugasawa K, Nakao M, and Saitoh H (2004).  [47] Bossis G and Melchior F (2006). Regulation of SUMOylation by reversible
Overproduction of eukaryotic SUMO-1- and SUMO-2-conjugated proteins in oxidation of SUMO conjugating enzymes. Mol Cell 21, 349-357.

Escherichia coli. Anal Biochem 331, 204-206. [48] Arbet-Engels C, Tartare-Deckert S, and Eckhart W (1999). C-terminal Src

[36] Lamoliatte F, McManus FP, Maarifi G, Chelbi-Alix MK, and Thibault P (2017). kinase associates with ligand-stimulated insulin-like growth factor-I receptor. J
Uncovering the SUMOylation and ubiquitylation crosstalk in human cells using Biol Chem 274, 5422-5428.
sequential peptide immunopurification. Nat Commun 814109. [49] Sabe H, Hata A, Okada M, Nakagawa H, and Hanafusa H (1994). Analysis of the

[37] Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, binding of the Src homology 2 domain of Csk to tyrosine-phosphorylated proteins in the
Byrne CJ, Heuer ML, and Larsson E, et al (2012). The cBio cancer genomics suppression and mitotic activation of ¢-Stc. Proc Natl Acad Sci U S A 91, 3984-3988.
portal: an open platform for exploring multidimensional cancer genomics data.  [50] Cao H, Courchesne WE, and Mastick CC (2002). A phosphotyrosine-dependent
Cancer Discov 2, 401-404. protein interaction screen reveals a role for phosphorylation of caveolin-1 on tyrosine

[38] Kamitani T, Nguyen HP, Kito K, Fukuda-Kamitani T, and Yeh ET (1998). 14: recruitment of C-terminal Src kinase. / Biol Chem 277, 8771-8774.
Covalent modification of PML by the sentrin family of ubiquitin-like  [51] Cao H, Sanguinetti AR, and Mastick CC (2004). Oxidative stress activates both
proteins. J Biol Chem 273, 3117-3120. Src-kinases and their negative regulator Csk and induces phosphorylation of two

[39] Huang], Yan], Zhang ], Zhu S, Wang Y, Shi T, Zhu C, Chen C, Liu X, and targeting proteins for Csk: caveolin-1 and paxillin. Exp Cell Res 294, 159-171.
Cheng J, et al (2012). SUMO1 modification of PTEN regulates  [52] LaiX, Chen Q, Zhu C, Deng R, Zhao X, Chen C, Wang Y, Yu J, and Huang J

tumorigenesis by controlling its association with the plasma membrane.
Nat Commun 3, 911.

(2015). Regulation of RPTPalpha-c-Src signalling pathway by miR-218. FEBS |
282, 2722-2734.


http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0145
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0145
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0150
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0150
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0155
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0155
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0155
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0160
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0160
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0160
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0165
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0165
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0165
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0170
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0170
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0170
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0175
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0175
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0175
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0180
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0180
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0180
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0185
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0185
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0185
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0185
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0190
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0190
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0190
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0195
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0195
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0195
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0195
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0200
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0200
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0200
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0205
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0205
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0210
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0210
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0215
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0215
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0220
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0225
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0225
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0225
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0230
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0230
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0230
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0235
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0235
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0240
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0240
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0240
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0245
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0245
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0245
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0250
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0250
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0250
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0255
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0255
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0255
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0260
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0260
http://refhub.elsevier.com/S1476-5586(19)30067-3/rf0260

	SUMOylation of Csk Negatively Modulates its Tumor Suppressor Function
	Introduction
	Materials and Methods
	Antibodies and Reagents
	Plasmids
	Cell Cultures
	SUMOylation Assays
	Cell Growth, Colony Formation Assay and Soft-Agar Colony Assay
	Coimmunoprecipitation (co-IP)
	Western Blotting

	Results
	Csk Protein Occurs SUMOylation Both in vitro and in vivo
	K53 is the Main SUMOylation Site of Csk
	Csk SUMOylation Independent of its Phosphorylation is Inhibited by Hydrogen Peroxide
	PIAS3 is the Main E3 Ligase of Csk SUMOylaion
	Csk SUMOylation Negatively Regulates its Anti-Oncogenic Function
	Csk SUMOylation Weakens its Binding with Cbp Leading to Activation of Src

	Discussion
	Conclusions
	section19
	Acknowledgements
	Author Contributions
	Appendix A. Supplementary Data
	References


