


Global SUMOylation Study Reveals PTM Crosstalk

Fic. 6. PYK2 SUMOylation promotes its interaction with SRC. A, Comparison of phosphorylation at Tyr402/579/580/881 in WT versus
4KR mutant. V5-PYK2 constructs were cotransfected with MYC-tagged SUMO1 along with FLAG-tagged PIAS1 or PIAS4 as indicated. Lysates
were analyzed for phosphorylation status at Tyr402, Tyr579/80, and Tyr881 using phosphospecific antibodies. B, SUMOylation stimulates
autophosphorylation of PYK2 in vitro. Recombinant GST-PYK2 was SUMOylated by SUMO1 in the absence of an E3 ligase. Autophospho-
rylation was examined for the following conditions: untreated, autophosphorylated (kinase assay), SUMOylated, SUMOylated then autophos-
phorylated (kinase assay). The samples were resolved by SDS-PAGE and subjected to Western blotting with anti-pTyr402 antibody. C,
SUMOylation of PYK2 promotes interaction with SRC. Hela cells were transfected with plasmids encoding for V5-tagged PYK2, V5-PYK2
containing four lysine to arginine mutations (4KR), and V5-PYK2 Y402F. V5-PYK2 constructs were cotransfected with MYC-tagged SUMO1
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SUMOylation Stimulates SRC Association with PYK2 —Be-
cause it has been well established that Tyr402 autophos-
phorylation of PYK2 serves as the initial signal for recruiting
SRC kinase via its SH2 domain, leading to subsequent acti-
vation (36), we performed IP-WB analysis to examine the role
of SUMOylation on PYK2-dependent recruitment of SRC.
Compared with expression of WT PYK2 alone, PYK2 coex-
pressed with SUMO1 or SUMO1/PIAS1 showed a greater
ability to recruit SRC, in terms of both total SRC and its
activated form (i.e. pTyr416 SRC), presumably because of
enhanced pTyr402 PYK2 autophosphorylation (Fig. 6C). As
expected, 4KR PYK2 expressed alone or with SUMO1 showed
much reduced ability to recruit SRC (Fig. 6C). A surprising result
was the observation that Tyr402F PYK2 -SUMO1 was able
to rescue the association with SRC, despite the lack of
autophosphorylation.

WT PYK2, 4KR, and a PYK2 Tyr402F mutant expressed
with and without SUMO1, resulted in stimulation of SRC
interaction with PYK2-SUMO1, but non-SUMOylated PYK2,
4KR, or 4KR coexpressed with SUMO1 did not (Fig. 6C).
Because it was reported that SRC’s recruitment to PYK2 was
by direct binding to autophosphorylated Tyr402, we tested
whether PYK2 SUMOylation was affected by autophospho-
rylation activity. The observation that the PYK2 Tyr402F be-
came SUMOylated as efficiently as WT PYK2 (supplemental
Fig. S5B) indicated that Tyr402 phosphorylation does not
affect the SUMOylation status of PYK2. Surprisingly, SUMO1,
when cotransfected with PYK2 Tyr402F construct, could par-
tially rescue the association between SRC and PYK2 (Fig. 6C),
despite the lack of detectable autophosphorylation. There-
fore, PYK2-SRC interaction is not entirely dependent on
Tyr402 phosphorylation but instead, can also be mediated
through SUMOylation (Fig. 6C). Quantitative analysis further
confirmed our observation (Fig. 6D).

It was well established that interaction between SRC and
autophosphorylated PYK2 regulates SRC activity via phos-
phorylation at Tyr416 in SRC, which, in turn, fully activates
PYK2 activity via tyrosine phosphorylation at other sites on
PYK2 (36-38). We therefore performed IP-WB analysis to
examine the SRC Tyr416 phosphorylation status under vari-
ous conditions. As expected, Tyr416 of SRC was readily
phosphorylated in cells only when WT PYK2 was SUMOylated
following either cotransfection with SUMO1 or SUMO1/
PIAS1; whereas SRC Tyr416 phosphorylation was almost un-

detectable in cells transfected with the PYK2 4KR mutant
construct (Fig. 6C). Interestingly, though the PYK2 Tyr402F
mutant was SUMOylated and could interact with SRC, it failed
to stimulate Tyr416 phosphorylation in SRC (Fig. 6C). These
observations strongly suggest that autophosphorylation at
Tyrd02 and SUMOylation at K35/145/581/895 in PYK2 syner-
gistically enhance PYK2 and SRC interaction, serving as a
positive feedback loop that is necessary to fully activate the
SRC-PYK2 complex.

PYK2 SUMOylation Stimulates Phosphorylation of Down-
stream Signaling Molecules—As a focal adhesion protein,
paxillin constitutively interacts with PYK2 and FAK, and is a
known in vivo target of PYK2 phosphorylation. Therefore, we
examined whether PYK2 SUMOylation also played a role in
activating downstream targets of PYK2 involved in focal ad-
hesion dynamics. Phosphorylation of paxillin at tyrosine 118 is
associated with focal adhesion turnover (39). In a similar
IP-WB analysis, we observed that tyrosine 118 phosphoryla-
tion of endogenous paxillin was strongest when WT PYK2
was SUMOylated (i.e. cotransfected with SUMO1) but dimin-
ished when PYK2 could not be SUMOylated (i.e. the 4KR
mutant) or incapable of autophosphorylation (i.e. the Tyr402F
mutant) (Fig. 6E). On the other hand, the overall paxillin protein
level was not significantly affected by the status of PYK2
SUMOylation or Tyr402 autophosphorylation (Fig. 6E).

Paxillin plays an important role as a scaffold protein in
MAPK pathway activation, critical for regulating cytoskeletal
dynamics and cell migration (40). Based on our result that
PYK2-SUMO1 stimulates phosphorylation of paxillin at
Tyr118, which is within the Erk interaction site, we chose to
examine the effect of PYK2-SUMOylation on Erk activation
(40, 41). To better evaluate the role of SUMQylation within
this signaling pathway, HEK293 cells were transfected with
WT PYK2 and 4KR, with and without SUMO1 cotransfec-
tion, to examine downstream MAPK activation (Fig. 6F). In
the presence of WT PYK2, increased phosphorylated
ERK1/2 levels were observed in accordance with the trend
we noted with paxillin phosphorylation. Also in line with our
previous results, expression of the 4KR PYK2 impaired
ERK1/2 phosphorylation, although coexpression of SUMO1
modestly stimulated phospho-ERK1/2 signal. Phosphoryla-
tion of p38 was enhanced in the presence of WT and 4KR
PYK2, however, we did not observe a SUMO dependent
increase in activation. These experiments reveal that dis-

along with FLAG-tagged PIAS1. V5-PYK2 was immunoprecipitated under nondenaturing conditions to assess the interaction with endogenous
SRC. Phosphorylation status of PYK2 and SRC were also analyzed using phosphospecific antibodies. Inputs controls for MYC-SUMO1,
endogenous SRC and Tubulin are also shown. D, Quantitative analysis of PYK2 autophosphorylation and PYK2-SRC interaction based on
biological duplicates in Fig. 6C. E, SUMOylation of PYK2 promotes phosphorylation of paxillin. HeLa cells were transfected with plasmids
encoding for V5-tagged PYK2, V5-PYK2 4KR, or V5-PYK2 Y402F. V5-PYK2 constructs were cotransfected with MYC-tagged SUMO1 along
with FLAG-tagged PIAS1. Phosphorylation status of PYK2 adaptor protein paxillin was determined by Western blotting for pTyr118. F, PYK2
4KR mutant inhibits activation of ERK1/2 but not P38/MAPK. HEK293 cells were transfected with either WT or 4KR versions of PYK2, plus and
minus SUMO1 coexpression. Whole cell lysates were subject to Western blotting to probe for activation of ERK1/2 (pERK1/2), total ERK1/2,

activated P38 MAPK (pP38/MAPK), and PYK2 expression.
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ruption of SUMOylation by the 4KR mutant specifically im-
pairs ERK1/2 activation.

PYK2 SUMOylation Promotes Cell Migration via Phospho-
rylation of Paxillin—Paxillin serves to coordinate activation of
ERK at sites of focal adhesion to potentiate cell migration (40,
42). Although SUMOylation has not previously been shown to
be involved in cell migration, our observations that PYK2
SUMOylation triggers paxillin phosphorylation raised the pos-
sibility that SUMOylation of PYK2 is an upstream event, which
promotes cell migration through phosphorylation of paxillin.
To test this hypothesis, we performed a cell migration assay
using MDA-MB-231 metastatic epithelial breast cancer cells.
Adenovirus encoding WT PYK2 or 4KR PYK2 was coinfected
with or without the SUMO1 construct in MDA-MB-231cells. A
confluent monolayer of cells expressing these constructs was
wounded and cell migration was monitored over the next 24 h.
As compared with the mock control and 4KR PYK2, expres-
sion of WT PYK2 stimulated cell migration into the wound, as
expected (p < 0.029, p < 0.036, respectively; two lower left
panels; Fig. 7A). Importantly, the number of migratory cells in
the WT PYK2 SUMO1 coinfected cells was the highest and
significantly larger (p < 0.046) than the 4KR PYK2
SUMO1infected cells (the 3™ and 5™ lower panels from left;
Fig. 7A). Consistently, cells infected with 4KR or SUMO1
constructs alone did not show any significant difference with
the un-infected cells (Fig. 7A).

To assess whether migration stimulated by PYK2 SUMO-
ylation triggers signaling through the focal adhesion pathway,
paxillin pTyr118 expression, at 4 h post wounding, was mon-
itored with a phosphospecific antibody (pTyr118) by immuno-
fluorescence staining. Coexpression of WT PYK2 with
SUMO1 showed augmented pTyr118 expression over all
other conditions (Fig. 7C), consistent with our biochemical
observations (Fig. 6E). WT PYK2, 4KR PYK2, 4KR PYK2
SUMO1 showed similar levels of pTyr118 paxillin staining,
indicating that SUMO1 stimulates phosphorylation of paxillin
through WT PYK2 to regulate cell migration. Similar levels of
pTyr118 paxillin staining among WT PYK2, 4KR PYK2, 4KR
PYK2 SUMO1 also suggests that the 4KR mutant is not
intrinsically less active than the WT.

DISCUSSION

In the past decade several large-scale studies have aimed
to characterize the full collection of proteins that comprise the
SUMOylome by employing MS/MS to identify SUMOylation
substrates and sites (10, 12, 13, 29, 43, 44). Although these
studies have provided us with a more detailed picture of the
cellular SUMOylation landscape, the absence of E3 ligases in
these data sets has hindered further understanding of the
molecular and functional mechanisms regulating SUMO-
ylation. Proteomic strategies that interrogate E3 ligase func-
tion, substrate identification, and SUMOylation conducted
solely using IP/MS are inherently limiting. By using recombi-
nant SUMO E3 ligases in conjunction with the richness of the
HuProt™ arrays, our study has allowed a global profile of
SUMO substrate-E3 ligase specificity to be generated and
has revealed previously unappreciated cellular processes that
are likely to be regulated via SUMOylation. Our direct in vitro
analysis has yielded a comprehensive data set that integrates
both E3 ligase and SUMO isoform specificity, enabling us to
define the role of E3 ligases in substrate selection and SUMO
isoform preference at a proteomic level. In this report, we
identify 3640 SUMOylation substrates (50X + All E3s) of
which 2150 were E3 ligase targets. This represents the first
effort to globally characterize E3 ligase specificity. Of note,
our study identified 118 (19.9%), 48 (19.1%), 1445 (36.7%) of
the SUMOylated proteins reported by Tammsalu et al. 2014,
Impens et al. 2014, and Hendriks et al. 2017, respectively.
These and other proteomic studies employ cell lines trans-
fected with tagged SUMO expression vectors, often sub-
jected to cellular stress, followed by affinity purification of
SUMOylated proteins coupled to MS/MS analysis. With this
specialized system, efficiently modified, high abundance sub-
strates are readily identified irrespective of E3 ligase activity.
Most of the substrates identified by Tammsalu and Impens
were SUMOylated within the consensus site that is known to
be SUMOylated via Ubc9-directed SUMOylation, presumably
because of Ubc9’s ability to directly bind to the consensus
motif (13, 44—-46). Although it is encouraging that our findings
do overlap with the results from these MS-based studies, we
suspect that the proteins modified in the protein microarray
screen represent a distinct set of substrates that may require

Fic. 7. PYK2 SUMOylation promotes cell migration. A, 2D scratch assay. MDA-MB-231 breast cancer cells were infected with
adenovirus constructs as indicated, at MOl 30. The monolayer was scratched 24 h following infection and cells were allowed to migrate
into the wound for 24 h in low serum (0.1% FBS). The number of migratory cells was counted 24 h post scratch (n = 3 per condition). B,
Quantification of cell migration. The number of migratory cells in the WT condition is significantly more than control and 4KR PYK2 (p <
0.029 and p < 0.036, respectively, two tailed, t test). WT PYK2 SUMO1 condition is significantly larger than 4KR PYK2 SUMO (p < 0.046,
two tailed, t test). C, Paxillin activation under PYK2-SUMOylation and wounding. Cells were set up identical to panel A. 4 h post scratch,
cells were fixed and immunofluorescence assays were performed to detect paxillin phosphorylatedTyr-118. Nuclei (Blue); p-Tyr-118
paxillin (Red). D, Crosstalk-mediated activation of PYK2 model. In step 1, SUMOylation of PYK2 occurs at Lys581 as well as other acceptor
lysine sites. SUMOylation triggers autophosphorylation at Y402, which stimulates interaction with SRC through its SH2 domain as well as
potential SIM-mediated interactions (step 2). SRC phosphorylates PYK2 at Tyr579, Tyr580, and Tyr881 resulting in full catalytic activity of
PYK2 (step 3). PYK2-SUMO1 phosphorylates focal adhesion protein paxillin at Tyr118 and activates ERK1/2. pTyr118 is linked to cell
migration likely through activation of the MAP kinase pathway (step 4). SUMOylation of PYK2 uncovers a novel crosstalk-mediated
mechanism for kinase activation and function.
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specific biochemical conditions to undergo modification, or
else be expressed at low levels in the cell lines tested in these
studies. Furthermore, as previously discussed, the majority of
E3 ligase-specific targets we report did not contain consen-
sus motifs, supporting the theory that E3 ligase-mediated
SUMOylation largely regulates modification of substrates
lacking the classical consensus SUMOylation site, which af-
finity purification-MS/MS screens may not be optimized to
detect.

Many scientists in the field have used hypothetical E3 ligase
function to explain how SUMOylation substrate specificity is
controlled; however, this theory was not supported by the
small number of empirical studies linking E3 ligases to
SUMOylation of specific substrates (47, 48). Here, we were
able to generate the largest data set to explain the numerous
roles that E3 ligases play in regulating SUMO substrate se-
lection. Indeed, this study revealed E3 ligase specific sub-
strates (e.g. those only modified in the presence of a particular
E3 ligase), substrates that are shared or redundant (e.g. those
modified in more than one condition), and those that do not
show E3 dependence (e.g. those only modified under high E1
and E2 conditions). Even superficially, we can note vivid dis-
tinctions in the E3 ligase properties. Perhaps, the most obvi-
ous is the great variation in the number of substrates that each
E3 modified in conjunction with different SUMO isoforms. A
unifying feature is that they each modify a subset of sub-
strates specifically. Although the literature indicates instances
where E3 ligase demonstrate SUMO isoform specificity (e.g.
PIAS4 preference for SUMOQO?2) (48), we were surprised by the
dramatic SUMO isoform preference exhibited by PIAS3,
PIAS4, and TOPORS. The molecular mechanism behind this
observation will require further investigation.

SUMO isoforms have been shown to have roles in different
biological processes and thus, we expected that the global
level of overlap in substrates modified by SUMO1 and
SUMO2 would be relatively modest. It has long been specu-
lated that E3 ligases are responsible for directing SUMO-
ylation specificity in two capacities: by selecting the substrate
and by discriminating between SUMO isoforms (1, 9). Our
observation that many substrates that were only modified by
one SUMO isoform under the 50X E1/E2 condition could be
readily modified by SUMO1 and SUMO2 in the presence of an
E3 ligase, suggests that E3 ligases may mediate selective
attachment of individual SUMO isoforms to hundreds of dif-
ferent proteins.

SUMO ES ligases coordinate modification of specific sub-
strates presumably for explicit biological purposes. Our GO
analysis revealed enrichment in previously reported catego-
ries, such as DNA damage, protein transport, transcription
regulation, and stress response, as well as many novel bio-
logical processes and molecular functions. These include
small GTPase signaling, phosphorylation, ligase activity, Wnt
receptor signaling, and protein folding - all currently unex-
plored areas for SUMOylation function. In combination with

the GO results from other SUMO proteomics studies we are
now building an extensive global map of cellular processes
where SUMOylation is critical. Enrichment for phosphoryla-
tion and kinase activity suggests possible systems level con-
nections between phosphorylation and SUMOylation. Individ-
ual studies of several substrates suggest that crosstalk
between SUMOylation and phosphorylation may coregulate
protein function (49-53). This phenomenon is further sup-
ported by a large-scale study of SUMO-regulated phosphor-
ylation wherein the authors report that expression of
SUMO2/3 in HEK293 cells stimulates an increase in global
tyrosine phosphorylation (54). Comodification of SUMQylation
and phosphorylation was also a major finding in the large
scale study MS/MS study which shares the largest overlap of
targets with our data set (29).

Our characterization of the function of PYK2 SUMOylation
exemplifies this earlier observation, linking SUMOylation and
enhanced global tyrosine phosphorylation. PYK2 autophos-
phorylation is well characterized in the context of integrin
signaling, G protein activation, and calcium signaling; how-
ever, the accepted mechanism described trans-autophos-
phorylation at pTyr402 as the key PTM controlling this proc-
ess (36, 55). Our study has revealed a novel paradigm for the
activation mechanism of PYK2 in which SUMOylation en-
hanced autophosphorylation of PYK2, in the absence of an
upstream stimulus. We found that the role of SUMOylation
extended beyond intramolecular activity, as SUMOylation of
PYK2 kinase-dead mutant (Tyr402F) was able to recruit bona
fide interaction partner SRC, which was presumed to interact
with autophosphorylated PYK2 only through its SH2 domain.
This interaction cannot produce full activation of the enzymes.
Our findings thus illustrate a new mechanism where the two
PTMs cooperate to generate full activation of the PYK2 at
Tyrd402, Tyr579, Tyr580, and Tyr881.

In this study, we have provided evidence that SUMOylated
PYK2 enhances motility of MDA-MB-231 metastatic breast
cancer cells via signaling through the SRC, paxillin, and
ERK1/2 signaling cascade. In the context of our results, over-
expression of PYK2 promotes cell migration, and coexpres-
sion with SUMO augments the migration phenotype. Identi-
fying the endogenous dynamics of PYK2 SUMOylation is
critical for understanding the importance of this finding.
Likely, PIAS1 or PIAS4 mediates SUMO modification of PYK2
in vivo, stimulating its autophosphorylation, association with
SRC, and phosphorylation of paxillin to elicit cell migration.
Based on our collective results, we propose a crosstalk-
mediated signaling cascade whereby SUMOylation of PYK2
stimulates its autophosphorylation activity, interaction with
SRC, paxillin phosphorylation, and ERK activation resulting in
initiation of cell migration pathways (Fig. 7C).

It is possible that SUMO plays a broader role in cell migra-
tion than simply mediating PYK2 dynamics. Rac1 is a member
of the Rho GTPase family that is known to regulate cell
migration, adhesion dynamics, and cytoskeleton remodeling
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(56, 57). SUMOylation was demonstrated to function in cell
migration by modifying and activating GTPase Rac1 in MEF
cells (56). PIAS3 was identified as an E3 ligase for RAC1, and
down-regulation of PIASS3 resulted in impaired migration com-
pared with controls. Phosphorylation of p38, which is a known
downstream mediator of Rac1 signaling, as well as a MAPK
SUMOylation substrate in our assays, was also impaired in
PIAS3-downregulated cells (56).

Our studies illustrate so-called “higher-order signaling ma-
chines” which rely on proximity driven enzyme activation to
generate signal amplification and possibly temporal spatial
regulation of signal transduction (58). Broadly, we have illu-
minated the connections between SUMOylated kinases along
a signaling axis, promoting enzyme activity, protein interac-
tions, and activation of numerous nodes in a pathway. More
specifically, characterization of PYK2 SUMOylation describes
a novel mechanism wherein SUMO modification drives am-
plification of autophosphorylation, interaction with SRC,
phosphorylation of paxillin, activation of ERK1/2, and cell
migration.
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