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in tubule dilation. Renal tubular epithelial cell proliferation
increases significantly and renal wubules start o dilate at
3 days after UUO [, 1], The extent of wbule dilation is
related to the progressive increase in tubular epithelial cell
number caused by proliferation. This process ultimately
results in the fracture of the mbular basement membrane
of the dilated renal tubules. Tn damaged kidneys, tubular
epithelial cells trans-differentiate into mesenchymal cells
that express g-smooth muscle actin (¢-SMA) in response
to kidney inflammation. These cells enter the tubular inter-
stitium through the broken tubular basement membrane
["°. 1. The trans-differentiated tubular cpithelial cells
further differentiate into myofibroblasts (i.c., fibroblasts
expressed o-SMA) in the interstiium. Concurrently, mac-
rophages in the renal interstitiuin release several cytokines,
including epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), and fibroblast growth factor-2
(FGF-2), which activate {ibroblasts. The interstitial myofi-
broblasts undergo hyperproliferation because of their high
cell responsiveness, resulting in irreversible progression of
renal interstitial fibrosis (Fig. 7). There are many reports of
establishing UUO in knockout mice and the roles of many
cell cyele-related molecules in renal damage have been
investigated in UUQO kidneys [ 7],

Another experimental model of chronic progressive glo-
merulonephritis can be induced in rats by repeated injec-
tions of ATS. In this model, irreversible glomerulosclerosis
and twubulomnterstitial fibrosis are induced after the second
ATS injection and are associated with a gradual decline of
renal function [~ |. Alternatively, chronic renal failure
cun also be studied in the 5/6 nephrectomy model {20, 0]
and in diabetic nephropathy [+, '],

Signal transduction pathways involved in renal damage
Transforming growth factor-1 (TGE-$1)/Smad pathway

TGF-p1 is a multifunctional signaling protein that regulates
cell eycle, apoptosis, differentiation, and extracellular matrix
accumulation { - J. TGF-B1 also has a significant role in the
progression of renal fibrosis in clinical and experimental
kidney discases [+, -~ ]. Following the onset of nephropa-
thy, TGF-B1 is released from macrophages in the damaged
renal interstitium and influences the tbular epithelial cells.
The damaged tubular epithelial cells also release TGF-f1,
which exacerbates renal damage. TGF-81 was also reported
o stimulate the epithelial-mesenchymal transition (EMT)
[ = ¢]. Finally, tubular epithelial cells that acquire a fibro-
blastic phenotype via EMT migrate into the intersticium,
probably through the ruptured tubular basement membrane.
TGF-B1 also promotes the differentiation of interstitial fibro-
blasts to myofibroblasts and their production of extracellular

matrix [, ] The accumuladon of extracellular matrix
in the tubulointerstiium and in the glomerulus is also
stimulated by TGF-p1. Conversely, TGF-31 promotes apop-
tosis of tubular epithelial cells via a p38 mitogen-activated
protein kinase-dependent mechanism [0, 7] Overall,
upregulation of TGF-§1 contributes to EMT during renal
fibrosis and apoptosis, and it induces the progression of
nephropathy.

In terms of the TGFE-B1 signaling pathway, Smad pro-
teins play important roles as signal transducers downstream
of TGF-B1 receptors [17, ). TGF-p1 binds to the TGF-§
type II receptor, which recruits and phosphorylates the
TGF-§ type I receptor, ALKS. In tun, ALKS phosphoryl-
ates Smad?2 and Smad3, which then bind to Smad4 [ -, /]
The resulting complexes can then enter the nucleus [ 5—7],
Another Smad, Smad7, has an inhibitory role in the TGF-
B1 signaling pathway [ ~]. It was also reported that chronic
progressive renal injury can be suppressed by inhibiting
the TGF-f/Smad axis using an anti-TGF-§ antibody [ ].
Although TGF-p1 signaling is also mediated by ALKI,
another TGE-p type I receptor that phosphorylates Smad1/5
[-+]. litde is known about the roles of the ALK1/Smadl/5
pathway in renal injury. It was also suggested that TGE-f
promotes translocation of Skp2 into the nucleus, where it
is degraded by the anaphase-promoting complex/cyclosome
(APC/C)-Cdhl E3 ligase. In addivon, TGE-f decreases
Cksl mRNA expression, which allows p27 to accumulate
following G1 arrest [+ =" ']. Taken together, these findings
indicate that TGF-p is an important upstream signal that
regulates the Skp2/p27 axis.

Tumor necrosis factor-a (TNF-a)/nuclear factor
{(NF)-kB pathway

TNF-a is a multifunctional cytokine that induces a wide
range of cellular responses, including proliferation, differen-
tiation, and activation of apoptosis [~ ']. TNF-u is produced
by activated macrophages, and it stimulates the proliferation
and apoptosis of renal tubular epithelial cells and interstitial
cells in renal injury [~ =" ~]. TNF-a binds to two different
TNF receptors (TNFR), type 1 and type 2 receplors [, -]
On binding of TNF-u to TNFR1, TNFR1 recruits TNFR-
associated death domain (TRADD) as an adaptor protein
thorough death domain within 2 min. In turn, TRADD
serves as an assembly platform protein o arborize TNFRI
signaling between apoptosis and anti-apoptosis/proliferas
tion. TRADD recruits Fas-associated death domain protein
(FADD) to its death domain and activates the Caspase-8/-3
cascade to induce apoptosis [, = 1. TRADD also recruits
TNF-associated factor 2 (TRAF2) and receptor interaction
protein (RIP), leading to the activation of NF-xB, which has
anti-apoptotic effects [+, ©1]. Tt has been reported that the
TNFRI/TRADD/TRAF2/RIP complex is produced more
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quickly than the TRADD/FADD complex because of the
antagonistic effects of the TNFRI/TRADD/FADD on apop-
tosis signaling pathways.

TNF-u can also bind to TNFR2, which recruits TRAF2
and activated NF-xB [~ ]. However, binding of TNF-¢ to
TNFR?2 promotes TRAF2 degradation through the ubiguitin-
dependent proteasome pathway, resalting in the suppression
of NF-kB activation by inhibition of TRADD/TRAF2/RIP
complex formation, In addition, TNF-¢ decreases TRADD
protein fevels by enhancing its ubiquitin-dependent degra-
dation in obstructive renal damage [77]. In the kidneys, it
was reported that renal damage caused by cisplatin was less
severe in TNFR2-deficient mice than in TNFRI1-deficient
mice [~7]. However, renal damage in UUO mice was less
severe in TNFR1-deficient mice than in TNFR2-deficient
mice [o-] It was also reported that a reduction of TRADD
inhibits TNFR1 signaling and that TNFR [-mediated TNF-¢
signaling may transfer to TNFR2 signaling in UUQO mice
[ ]. Another report revealed that the two TNFRs may act
collaboratively to regulate signal transduction {7, .
However., it has been unclear how TNFR2 regulates the
TNF-a signaling pathway until now.

The transeription factor NF-kB, a downstream factor of
TNF-a. is activated in renal damage and controls the activa-
tion of many genes related o inflammation [+, . NF-«kB
is an inductive homo- or heteradimeric transeription factor
composed of the Rel family members of DNA-binding pro-
teins, including pS0/p10S (NF-kB1). pS2/p100 (NF-xB2),
RelA (p65), RelB, and e-Rel {77}, Activated NF-kB behaves
as an important regulator o milammation and tmmune
responses by mediating the expression ol pro-inflamma-
tory genes, including cytokines, chemokines, growth fac-
tors, and adhcesion molecules, which are implicated in the
progression of renal inflammatory discase [+, ). The

Fig. 2 The mechanism of

P27 degradation by Skp2

E3 ubiquitin ligase, SCF
(Skpt/Cul1/Skp2 as F-box)
ubiquitin ligase induces p27
degradation by a protcasome-
dependent pathway. Cksi is

an essential cofactor for p27
degradation by SCF/Skp2 that
induces rigid binding between
Skp2 and p27. Conversely,
Skp2 has multiple targets and
may also regulate p21, eyclin E,
b-Myhb, and c-Myc protein lev-
els in unilateral ureteral obstruc-
tion (UUO). However, Skp2

did not affect the regulation of
cyclin A, eyelin 1, TOBI, p57,
or p130 in UUO kidneys
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downstream targets of NF-«B are also important regulators
of cell proliferation. For example, the IkB-inducing kinase
(IKK)-regulated signaling pathway accelerates cell prolif-
eration. Furthermore, IKK-q, an essential component of the
NF-kB pathway, affects many physiologic activities in both
healthy and disease states [ 1], including mammary epithe-
lial cell proliferation [ 1], In renal injury, NF-«B stimulates
tubular epithelial cells and fibroblasts, and induces their
proliferation and differentiation, which ultimately promote
the progression of renal fibrosis [ °]. It was reported that
the NF-kB pathway regulates Skp2 expression {7, 771 As
described below, we have suggested that TNF-o stimutates
Skp2 and Cksl mRNA expression via the NF-«B pathway
in chronic nephropathy [ ], Therefore, TNP-« is likely to
participate in Skp2/Cks1-dependent degradation of p27 as a
precipitating factor of chronic nephropathy.

Role of the Skp2/p27 axis in the progression of renal
damage

Skp2

The SCF/Skp2 ubiquitin ligase complex targets several
important regulator proteins that control the cell cycle,
including p27, p21, p57, cyclin E, cyclin A, and cyclin
D1 [71, by promoting their degradation via the ubiquitin
proteasome-dependent pathway. In this way, Skp2 ubiqui-
tin ligase promotes cell eyele progression to the S-phase by
stimulating the degradation of negative cell eycle regulators,
such as the CKT p27 [, +, ] (Fig. .). Moreover, it has been
reported that Kipl ubiqutination-promoting complex (KPC)
[ ] and Pirh2 [+ act as E3 ligases for p27, whercas it
has not been clarificd whether p27 is accumulated in their
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knockout mice. In human cancers, it was demonstrated that
Skp2 overexpression stimulates the degradation of p27,
indicating that Skp2 overexpression facilitates accelerated
twmor growth and malignant potential {77 ]. However, the
proteins that are targeted by Skp2 for degradation in spe-
cific biological processes or diseases have not been fully
characterized.

We previously reported that Skp2 mRNA expression
was increased in UUQO kidneys in the carly stages of renal
damage and that the progression of tubulointerstitial fibrotic
damage in UUO kidneys is attenuated in Skp2-deficient
mice [ ], Furthermore, as described ahove, the mRNA and
protein levels of Skp2 were increased in the ATS model of
chronic nephropathy inrats [ ] It was reported that the NF-
xB signaling pathway regulates the Skp2 promoter in cul-
tured cells [, 7). TNF-a was reported to enhance mRNA
expression of Skp2 in a normal rat epithelial kidney cell line
(NRK) but not in control cells, which suggests that TNF-u
facilitates the induction of Skp2 in nephropathy. In damaged
kidneys, exposure to TNF-o significantly increased in cyto-
plasm ol wbular epithelial cells. RelB and p52 proteins are
known as NF-kB, and they are mainly seen in the nuclei of
tubular epithelial cells. Skp2 is also expressed in the nuclei
of tubular epithelial cells, similar to RelB and p52. Skp2 and
RelB are colocalized in renal damage [ ], These data sug-
gest that Skp2 is induced by the TNF-a/RelB/p32 signaling
pathway in the early stages of renal injury and facilitates
ubiquitin-dependent degradation of p27 in tubular epithelial
cell proliferation and in the progression of chronic nephrop-
athy (Fig. ).

Cksl

Cksl is an essential cofactor for ligation of ubiquitin to p27.
It recognizes Thri87-phosphorylated p27 and is essential for
the rigid binding between p27 and Skp2 that results in Skp2-
mediated degradation of p27 {7, ' . We previously reported
that the mRNA and protein levels of’ Cksl are increased in
the carly stages of renal damage [ 7], Cksl protein is mainly
localized in the nuclei and to a lesser extent in the cytoplasm
of tubular epithelial cells. Similar to Skp2, Cks1 colocalizes
with RelB in the nuclet of tubular epithelial cells. These results
suggest that Skp2 and Cks1 collaboratively promote p27 deg-
radation via the ubiquitin proteasome pathway and- induce
tubular epithelial cell proliferation in the early stages of renal
damage, resulting in wbular dilation in chronic nephropa-
thy. The mRNA level of Cksl is also significantly upregu-
lated in TNF-g-stimulated NRK cells. We also reported that
a sequence (GGGACTTCC) in the rodent Cksl promoter is
similar to the putative NF-xB element (GGGACTTTCC) at
nine of the ten nucleotides. Therefore, it is seems likely that
the TNF-a/NF-«B signaling pathway promotes the transerip-
tion of both Skp2 and Cks1 in renal injury [+ ].

TNF-a

TNFR1
1

TRADD/TRAF2/RIP1

3

bg% _L degradation

-4

Non- dilate uuo Dilated
tubules tubules
Normal
kidney Nephropathy

Fig. 3 Skp2/Cksl is induced by the TNF-o/NF-x3 signaling path-
way in nephropathy. Tn normal kidneys, tbular epithelial cells highly
express p27 in the quicscent phase of the cell cycle, Following renal
damage, TNF-a activates RelB/p52, known as NI'-kB, via TNFRI.
The activated RelB/p52 complex induces the expression of both Skp2
and Cksl in the nuclens. The induced Skp2/Cksl degrades p27 in
wubular epithelial cells in UUQ kidneys, allowing tubular epithelial
cell proliferation to increase | J. Tubular dilation occurs as a result
ol the inerease in the whbular epithelial cell number and ultimately
leads (o progressive neplwopathy [

p27

The CKI p27 is an important regulator of cell proliferation
that negatively regulates the behavior of CDKs in the cell
cycle [ 1, © ']. p27 is abundantly expressed in most normal
quicscent cells, but its level decreases during progression
to the S phase in response to a proliferative/mitotic stimu-~
lus [, ]. In vitro studies have shown that an experimental
decrease of p27 protein enhances the proliferative response
to mitogens [, -], while forced overexpression of p27
protein inhibits cell proliferation [ ]. Additionally, p27 is
destabilized in many types of human cancer, which is impli-
cated in the aggressiveness and poor prognosis of tumors
[77, <= ]. The protein level of p27 is controlled transerip-
tionally and by proteolytic degradation of p27 protein via
the ubiquitin-proteasome pathway. p27 is phosphorylated
on Thri87 by CDK [, '], and Thri87-phosphorylated
P27 is a specific target for the SCF/Skp2/Cksl complex to
induce its ubiguitin-dependent degradation [, ] This is
consistent with observations that Skp2-deficient mice and/or
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Cksl-deficient mice exhibit cellular accumulation of p27
and a small body size compared with wild-type mice [, 1]

In normal kidneys, p27 is expressed in most tubular
epithelial cells to maintain their quiescent status. The level
of p27 protein decreases rapidly in UUO kidneys, allowing
proliferation of tabular epithelial cells and tbule diladon in
the early stages of nephropathy. The mRNA and protein lev-
els of p27 are subsequently upregulated in UUO mice [+,
-] Tewas reported that renal tubular epithelial cell prolifer-
ation and apoptosis arc markedly increased in the obstructed
kidney of p277" mice [ ]. Additionally, the magnitude of
p27 protein upregulation in obstructed kidneys is greater in
Skp2™~ mice than in Skp2™ mice. In the UUO kidneys of
Skp2™~ mice, tubular epithelial cell proliferation is inhib-
ited by the accumulation of p27, preventing an increase in
tubular epithelial cell namber. Furthermore, apoptosis and
tubulointerstitial fibrosis are markedly auenuated in the
obstructed kidneys of Skp2™"™ mice [ ]. It is well known
that renal fibroblast activation and proliferation are involved
in the progression of chronic kidney disease [ ©]. We also
reported that UUO stmulates renal interstitial cell prolif-
eration and significantly increased the number of interstitial
cells in the UUO kidney | ). The enhanced interstitial cell
proliferation and the increase in number of a-SMA-positive
myofibroblasts were partially inhibited by Skp2-deficiency.
p21 is the critical negative regulator of interstitial fibroblast
proliferation [+ ]. We have shown that p21 accumulation in
UUO kidneys is moderately enhanced by Skp2 deficiency
[ ]. In addition, the accumulation of p2i and p27 as a
result of proteasone inhibition s associated with inhibition
ol interstitial fibroblast proliferation | |. Therefore, p21
and p27 arc negative regulators of interstitial cell prolifera-
tion while upregulated Skp2 in the UUO kidney enhances
their degradation to promote interstitial fibroblast prolifera-
tion and myofibroblast formation as critical stages in the
EMT. Taken together, these results suggest that Skp2 has
important roles in the control of p27 and p21 in the kidney.
In addition, Skp2, as induced by renal damage, promotes
the proliferation of tubular epithelial cells and interstitial
{ihroblasts hy enhancing the degradation of p27 and p21.
Although further investigation is required to determine
whether renal function was recovered by Skp2 deficiency,
the histopathological features of Skp2™~ UUO kidney were
apparently improved compared with the WT UUO kid-
ney. Many other studies have demonstrated increased p27
expression in other models of renal disease, including dia-
betic nephropathy [ -, 1] and cisplatin-induced acute renal
failure [ -], In kidney cells, mesangial cells (MC) play a key
role in glomerular hypertrophy in carly diabetic nephropa-
thy [ 7] by secreting extracellular matrix proteins that con-
tribute to the development of glomerulosclerosis. Increased
p27 expression in the glomerulus causes proliferation arrest
and hypertrophy of MCs during early diabetic nephropathy.
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p27 is also highly expressed in the normal quiescent rat glo-
meruli, but its expression decreases in proliferating MCs
in the ATS model of nephropathy ['7°]. The p27 expression
level returns to the basal level afler the resolution of MC
proliferation [ ]. Podocyte proliferation is also markedly
increased in association with glomerulonephritis in p27~/~
mice [ ], These data indicate that p27 regulates the prolii-
eration of various types of renal cells, and s upregulation
stops excessive renal cell proliferation w protect cells and
tissues [rom inflammatory injury. '

Renal damages in Skp2~/~p27~"~ mice

Unlike the marked amelioration of renal injury associates
with renal accumulation of p27 in whular epithelial cells
in Skp2™"~ mice. Skp2™/p27~" double knockout mice
show marked progression of tubular dilatation as a result
of the enhanced tubular epithelial cell proliferation that
occurs through the loss of p27 [7]. Notwably, the tubular
epithelial cell number in UUO kidneys is much greater
in Skp2~"p27~~ mice than in wild-type mice. Further-
more, interstitial cell proliferation in UUO kidneys is also
areater in Skp2~"p27~"" mice than in Skp2™~ mice. The
expression levels of vimentin, a-SMA, type T collagen, and
fibroncetin, components of the extracellular matrix, are sig-
nificantly decreased in the UUO kidneys of Skp2™ mice.
While extracellular mauwix production and macrophage
infiltration are more pronounced in these mice, wbuloint-
erstitial fibrosis progresses more in Skp2 ™ p277" mice
compared with Skp2™ mice |, ]. These results sug-
gest that Skp2 may regulate extracellular matrix synthesis
by modulating p27 expression/activity in renal discases.
Taken together, these results indicate that the ameliorative
cifects of Skp2 deficiency following UUO arc canceled by
p27 deficiency in Skp2™"p27~"" mice. As described above,
it has been reported that proliferation is inhibited, and that
the expression of p21 and p27 is increased by proteasome
inhibitors in two nasal fibroblast cell lines. In these cell
fines, treatment with a proteasome inhibitor suppressed
fibrosis together with reduced MCP-1 production and TGF-
B~ and TNF-e-induced collagen mRNA expression. More-
over, the inflammatory response in fibroblasts is inhibited
by suppression of IL-15-/TNF-u-induced NF-kB activation
and TL-18-induced TL-6/8 production [ 1. These results
suggest that the accumulated p21 and p27 in fibroblasts can
inhibit tissue inflammation and progressive fibrosis. In the
UUO kidneys of Skp2™"~ mice, extracellular matrix produc-
tion, inflammation, and renal fibrosis may be ameliorated by
p27 accumulation.

In addition 1o p27. Skp2 targets several ather proteins
that control the cell eycle, including p21. p37, cyclin E,
cyclin A, and cyclin D1, for degradation via the ubiquitin-
dependent proteasome pathway. Tnterestingly, the protein
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levels of other Skp2 targets, including p37, p130, TOBI,
cyclin A, and cyclin D1, in UUO kidneys were not signifi-
cantly increased in Skp2™~ mice compared with wild-type
mice. Although the levels of p21, c-Myc, b-Myb, and cyclin
E. in the UUO kidneys were slightly increased in Skp2™'~
mice, the magnitudes of the increments did not reflect the
accumulation of p27 [ . These findings suggest that p27 is
the main target of Skp2 and that the reduction in p27 levels
has a pathogenic role in the progression of nephropathy.

Other cell cycle regulators involved in nephropathy
p2l

The CKI protein p21 has important roles in controlling cell
proliferation, terminal differentiation, cellular senescence,
and apoptosis [~ ]. p21 inhibits the cell cycle progression by
binding to cyclin/CDK complexes. p21 also directly binds
to proliferating cell nuclear antigen (PCNA), which inhibits
the involvement of PCNA in DNA replication [, ]. The
protein level of p21 increases in Skp2™™ mouse embryo
fibroblasts during the S-phase, and its degradation is low in
Skp2~~ cells, which suggests that p21 is a target of Skp2
degradation in the S-phase [ 1+ ). The p21 protein level is
mainly controlled by transcription, but it is also subject to
ubiquitin-independent and -dependent degradation [ 1], Tn
the kidneys. p21 is upregulated in the carly stages of renal
wjury in UUO mice [0} and ATS nephropathy [0 ], as
well as in ischemia [ ] and cisplatin-treated mice 100 ]
p21 levels increase dramatically following growth wrrest
induced by the tumor suppressor protein p33 and in the
carly stage of differentiation [« 1, = ~]. p21 is also induced
in p33-mediated apoptosis, as the p33-dependent pathways
arc involved in ransactivation of the p21 gene [ ]. How-
ever, p21 mRNA expression was enhanced in pS3-deficient
mice with nephropathy, which suggests that p21 transcrip-
tional activation oceurs via a p53-independent pathway in
renal damage [ -], Huge et al. also reported that the prolif-
cration of interstitial cells, particularly myofibroblasts, was
promoted in the UUO kidneys from p21~~ mice compared
with wild-type mice resulting in progression of renal failure,
although there was no difference in the rate of interstitial
cell apoptosis between these two strains. Tubular epithe-
lial cell proliferation and apoptosis were also unchanged in
the obstructed kidney from p?l_"' mice [ ]. p21 plays a
limited role in the proliferation of myofibroblasts in renal
damage, and is not essential for the regulation of tubular
epithelial cell proliferation or apoptosis following UUO.
However, it was reported that p21 expression is increased in
experimental diabetic nephropathy and inhibits mesangial
cell proliferation [ ). Moreover, glomerular cell prolif-
eration is significantly increased in glomerulonephrids in

p21™"" mice [ +]. Taken together, these results indicate
that p21 regulates the proliferation of myofibroblasts and
glomerular cells in nephropathy.

\p5'7

The CKT protein p57 inhibits cell eycle progression into the
S-phase. Overexpression of p37 induces Gl-phase arrest
[ oo, e and is implicated in cell eycle exit accompany-
ing terminal differentiation [, 7 1. p57 is constitutively
expressed in terminally differentiated normal mature podo-
cytes [0, ] In glomerular diseases, p37 cxpression
15 decreased in podocytes, allowing mature podocytes o
profiferate and acquire an immature phenotype in response
to renal injury. In the ATS model, which is associated with
podocyte injury, p37 expression is markedly decreased in
proliferating podocytes [ -], However, the p37 protein
level remains unchanged during differentiation in cultured
podocytes. These properties suggest that p37 controls the
proliferation of mature podocyltes in nephropathy.

p53

P33 is associated with cell proliferation, DNA repair,
maintenance of DNA integrity, and apoptosis [ 7], p33
regulates the induction of p21 and growth-arrested DNA
damage protein 45 (GADDA43) to control cell replication
oo is] p53 mRNA expression increases rapidly after
UUO. p33 induces apoptosis of severely damaged (ubular
cells 1o imit renal damage [0 ], However, tubular apop-
tosis alter UUQO is also mediated by p33-independent path-
ways [+ .

Perspectives

The number of paticnts with end-stage renal disease
requiring renal replacement therapy is steadily increasing
worldwide. However, the most effective therapies for this
devastating disease are dialysis or kidney transplantation.
Therefore, it is important to develop novel molecular targets
for chronic kidney discase and avoid its progression to end-
stage renal disease. Considering the results of that reports
described above, it scems likely that proteasome inhibitors
have some effects on Skp2-dependent protein degradation
and may offer a new therapeutic drug for nephropathy, such
as kidney obsuruction. It has been reported that renal fibrosis
is ameliorated by proteasome inhibitors in rat obstructive
nephropathy [ ], Therefore, Neubert et al. [ 1] sug-
gested that proteasome inhibitors are effective for treatment
of nephrepathy, and Pujols et al. [V} reported that a pro-
teasome inhibitor could reduce prolileration, collagen pro-
duction, and inflammatory responses in nasal fibroblasts.
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However, proteasome inhibitors reportedly show severe side
effects because they accumulate many proteins by inhibition
of proteasome-mediated degradation [ ©7]. A described
above, renal damage in UUO kidneys, including interstitial
fibrosis. is markedly attenuated in Skp2™~ mice compared
with wild-type mice. The decreased wbular epithelial cell
proliferation and reduced twbule dilation may effect the inhi-
bition of EMT [, ~~ ] in the UUO kidneys of Skp2™'~
mice. We suggest that the progression of renal damage is
stopped at an early stage by Skp2 deletion, reducing the
extent of renal fibrosis in UUO kidneys of Skp2™ mice.
Cksl also increascs p27 degradation in the carly stage of
renal damage, and Skp2 and Cks1 promote p27 degradation
selectively in a collaborative manner. Therefore, we think an
inhibitor for SCF-Skp2/Cks1 E3 ligase will offer a specific
therapeutic target for renal injury and is likely to inhibit the
progression of nephropathy.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Auribution License which permits any use, distribution,
and reproduction in any medium, provided the original author(s) and
the source are credited.
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The tumour suppressor gene product Mig-6 acts as an
inhibitor of epidermal growth factor (EGF) signalling.
However, its posttranslational modifications and regula-
tory mechanisms have not been elucidated. Here, we
investigated the phosphorylation of human Mig-6 and
found that Chk1 phosphorylated Mig-6 in vivo as well as
in vitro. Moreover, EGF stimulation promoted phosphor-
ylation of Mig-6 without DNA damage and the phosphor-
vlation was inhibited by depletion of Chkl. EGF also
increased Ser280-phosphorylated Chkl, a cytoplasmic-
tethering form, via PI3K pathway. Mass spectrometric
analyses suggested that Ser 251 of Mig-6 was a major
phosphorylation site by Chkl in vitro and in vive.
Substitution of Ser 251 to alanine increased inhibitory
activity of Mig-6 against EGF receptor (EGFR) activation.
Mareover, EGF-dependent activation of EGFR and cell
growth were inhibited by Chkl1 depletion, and were res-
cued by co-depletion of Mig-6. Our results suggest that
Chkl phosphorylates Mig-6 on Ser 251, resulting in the
inhibition of Mig-6, and that Chkl acts as a positive
regulator of EGF signalling. This is a novel function of
Chkl1.
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Introduction

Mig-6 (also called Ralt, Errfil and Gene 33) is a negative -

regulator of epidermal growth factor (EGF) signailing. Mig-6
binds to all EGF receptor (EGFR) family members and
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' inhibits their tyrosine kinase activity [Anastasi er al, 2003).

Mig-6 is induced by stimulation with fetal calf serum, insulin,
and growth factors, including EGF, as an immediate early-
response  gene (Zhang and Vande Woude, 2007).
Transcription of Mig-6 is also induced by varicus stresses
(Makkinje er al, 2000). Mig-6 functions as a feedback
inhibitor of EGFR family signalling via its induction by the
Ras/mitogen-activated protein kinase (MAPK) pathway
(Fiorentino er al, 2000; Hackel er al, 2001; Anastasi er al,
2003; Xu et al, 2005; Anastasi et al, 2007).

Overexpression of Mig-6 leads to inhibition of EGFR
autophosphorylation, and reduces MAPK activity (Anastasi
et al, 2003; Xu et al, 2005; Anastasi et g, 2007). Mig-6 hinds
to EGFR family tyrosine kinases via its EGFR-binding domain
(BDJ and acts as a specific inhibitor of their signalling, while
Mig-6 is suggested to contribute several biochemical
functions as a multi-adaptor protein with many interactive
domains. It is reported that Mig-6 binds to the GTP-bound
form of Cdc42 via the CRIB domain and activates stress-
activated protein kinases {Makkinje et al, 2000). The binding
of Mig-6 to Cdc42 inhibits the activity of Cdcd2, resulting in
the inhibition of hepatocyte growth factor-induced cell
migration (Pante et al, 2005). 1t is also reported that the
processed CRIB domain of Mig-6, which is derived by limited
proteolytic processing, binds to IsB and competes with NFrB,
resulting in the activation of NF«B and its signalling
{Tsunoda et al, 2002; Mabuchi et al, 2005).

Downregulated expression of the Mig-6 gene is observed in
breast carcinomas, in which it correlates with reduced overall
survival (Amatschek et al, 2004; Anastasi et al, 2005). Mig-6
is also downregulated in other human cancers such as
hepatocellular carcinomas (Reschke er al, 2010) and thyroid
cancers. Mig-6 expression correlates with survival and is an
independent predictor of recurrence in papillary thyroid
cancers (Ruan et al, 2008). Recently, it has been reported
that the Mig-6 gene is mutated in the buman non-small-cell
lung cancer cell lines NCI-H226 and NCI-H 322M, as well as
in primary human lung cancer (Zhang et al, 2007). Mig-6-
deficient mice show hyperactivation of endogenous EGFR
and sustained signalling through the MAPK pathway,
resulting in overproliferation and impaired differentiation of
epidermal keratinocytes. Furthermore, Mig-6-deficient mice
develop spontaneous tumours in various organs and are
highly susceptible to chemically induced skin tumours.
Inhibition of endegenous EGT signalling by the EGIR
inhibitor gefitinib (Tressa), or replacement of wild type
(WT) EGFR with a kinase-deficient EGFR, rescues the skin
defects in Mig-6-deficient mice (Ferhy et al, 2006). Therefore,
Mig-6 plays a twnour suppressor role as a specific negative
regulator of EGF signalling.

Although Mig-6 is known to be an important tumour
suppressor through negative regulation of EGF signalling,
its posttranslational modifications such as phosphorylation
have not been fully elucidated (Fiorentinoe er al, 2000; Fiorini
er al, 2002). It has been reported that EGF promotes tyrosine

The EMBO Journal VOL 31 | NO 1012012 2365
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phosphorylation of Mig-6 by EGFR tyrosine kinase (Tong for Chkl phosphorylation and investigated the functional
et al, 2008}, the biological implications of which are regulation of Mig-6 via Chkl-mediated phosphorylation in
unknown. Another report indicated that Mig-6 can bind the EGF signalling.

phospho-serine binding adaptor protein 14-3-3 via its
consensus motif for 14-3-3 binding, but the responsible

kinase has not been identified (Makkinje et al, 2000). Results
One of the kinases that phosphorylates at the 14-3-3 Effects of protein kinase inhibitors on Mig-6
consensus motif is Chkl. If DNA stability is perturbed, phosphorylation
Chkl is activated by ATM/ATR and phosphorylates a Ser Mig-6 acts as a negative feedback regulator of EGF signalling.
residue in the 14-3-3 muotifs of human Cdc23A, B, and C However, little is known about its postiranslational modifica-
(Niida and Nakanishi, 2006). Chkl is essential not only for tions or regulatory mechanisms. We first investigated phos-
checkpoint activation but also for cell viability in the absence phorylation of Mig-6 because many cellular proteins are
of DNA perturbation. ChkI-knockout mice show embryonic regulated by phosphorylation. FLAG-Mig-6 was transfected
lethality at an early stage of development. ChklI-conditional into HEK293 cells and immunoprecipitated (IP} with anti-
knockout embryonic stem cells and somatic cells also died, FLAG antibody, and then the cell lysate were 1P and analysed
even in the absence of DNA damage (Liu et al, 2000; Niida by SDS-PAGE followed by a Phos-tag BTL phosphoprotein
et al, 2005}. These phenotypes indicate that Chkl has an detection method (Figure 1A). The result indicated that Mig-6
important role during normal cell proliferation. However, the is phosphorylated in these cells. To identify the responsible
DNA damage-independent functions of Chkl have not been kinase, we tested various protein kinase inhibitors
fully elucidated. {Supplementary Table $1) in the in vive phosphorylation
In the present study, we investigated phosphorylation assay. We found that phosphorylation of Mig-6 was decreased
of Mig-6 and found that it is phosphorylated by Chkl remarkably by the Chkl inhibitor SB218078 (Figure 1B,
in vitro and in vivo. Moreover, we identified the sites Supplementary Figure $1). As shown in Figure 1B, 10pM
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Figure 1 Effects of protein kinase inhibitors on Mig-6 phosphorylation in vive. (A} Mig-6 is phosphorylated in HEK293 cells. pcDNA3-FLAG-
Mig-6 was transfected into HEK293 cells. The whole cell lysates were IP with anti-FLAG M2 antibody and resolved by SDS-PAGE.
Phosphorylated Mig-6 (p-Mig-6) was detected by a Phos-tag BTL system as described in Materials and methods. (B) Phoesphorylation of
Mig-6 is inhibited by Chkl inhibitor (SB218078] in vivo. HEK293 cells were transfected with FLAG-Mig-6 and treated with the indicated kinase
inhibitors for 3 h before harvesting. FLAG-Mig-6 was IP with anti-FLAG antibady from the cell lysates and p-Mig-6 was detecied by the Phos-lag
BTL systemn. Details of the kinase inhibitors are indicated in Supplementary Table S1. The intensities of the p-Mig-6 bands and total Mig-6 bands
are indicated relative to the control {without inhibitor}. {C) Phosphorylation of Mig-6 is inhibited by & Chkl1 inhibitor in a dose-dependent
manner. HEK293 cells were transfected with FLAG-Mig-6 and treated with the Chkl inhibitor SB218078 at the indicated concentrations for 3h
befare harvest. FLAG-Mig-6 was IP with anti-FLAG antibody from the cell lysate and separated by 6% Phos-tag SDS-PAGE (upper panel) or
normal SDS-PAGE (lower panel) followed by [B with anti-FLAG antibody. (D) Phosphorylation of endo Mig-6 is inhibited by Chkl inhibitor.
MDA-ME-231 cells were treated without or with 5 or 10 pM SB218078, 10 uM Chk2 inhibiter 2, or 5 mM caffeine for 3 h. The cell lysates were
separated by 6% Phos-tag SDS-PAGE {upper panel) or normal SDS-PAGE (fower panel] followed by 1B with anti-Mig-6 antibody. Figure source
data can be found with the Supplementary data.
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5B218078 inhibited phosphorvlation of Mig-6t0 25.6% of the
control level. To confirm this, we performed Phos-tag SDS=
PAGE analysis of Mig-6. Phosphorylation-dependent mobility
shifts of Mig-6 were suppressed by SB218078 in a dose-
dependent manner (Figure 1C). We next investigated whether
the phospherylation of endogenous Mig-6 (endo Mig-6) was
also inhibited by the Chk1 inhibitor. Using MDA-MB-231 cells,
in which Mig-6 is endogenously highly expressed, we con-
firmed that phosphorylation of endo Mig-6 was inhibited by
Chk1 inhibitor, whereas Chk2 inhibitor 2 or caffeine (ATM/
ATR inhibitor) did not affect it (Figure 1D). This suggests that
Chkl phosphorylates Mig-6 in vivo.

Chk1 phosphorylates Mig-6 in vitro
To examine whether Chk1 directly phosphorylates Mig-6, we
performed an in vitro kinase assay. Recombinant (rec)

389

Regulatien of Mig-6 by Chk1
N Liu er g/

Mig-6 protein was incubated with **P-labelled ATP and rec
GST-Chk1 kinase at 30 °C for 30min. As shown in Figure 24,
phosphorylation of Mig-6 was observed in the presence of
Chkl kinase, and autophosphorylation of Chkl was also
observed in the lane with Chkl. Moreover, both the Chkl-
mediated phosphorylation of Mig-6 and autophosphorylation
of Chkl were inhibited by SB218078 in a dose-dependent
manner {(Figure 2B).

EGF stimulates Chk1-mediated phosphorylation

of Mig-6

Previous studies have shown that Mig-6 functions as a feed-
back inhibitor of EGF signalling. Therefore, we next investi-
gated whether Chkl-mediated phosphorylation of Mig-6 was
associated with the EGF signalling pathwayv. As shown in
Figure 2C, we found that phosphorylation of endo Mig-6 was
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Figure 2 Chkl phosphorylates Mig-6 after EGF stimulation. (A) In vitro phosphorylation of Mig-6. rec Mig-6 protein (0.1 pg) was incubated in
20y} of kinase reaction buffer with *P-labelled ATP and 0.1 ug of purified rec GST-Chk1 kinase at 30°C for 30 min. The reaction was stopped
by the addition of SD$ sample buffer, then the proteins were separated by SDS-PAGE. p-Mig-6 was analysed by autoradiography.
{B} Phosphorvlation of Mig-6 is inhibited by a Chki inhibitor in a dose-dependent manner. rec Mig-6 proteins were pre-treated with
SB218078 at the indicated concentration for 5 min at room temperature and then subiected to an in vitro kinase assay as described above.
{C) EGF stimulation promotes phosphorylation of endo Mig-6. MDA-MB-231 cells were subjected to serum starvation for 16h. Cells were
pretreated with or without 10 pM SB218078 or 3 mM caifeine for 31, followed by stimulation with 20 ng/m!l EGF for 15 min. Cells were harvested
and the cell lysates were separated by 6% Phos-lag SDS-PAGE or normal SDS-PAGE, and subjected to IB with anti-Mig-6 antihody. (D) EGF-
promoted phosphorvlation of Mig-6 is suppressed by Chkl depletion, MDA-MB-231 cells were transfected with an siRNA for human Chkl or a
control siRNA {Cont) and serurm starved for 16 h, then stimulated with 20 ng/ml EGF for 15 min. Cell lysates were separated by 6% Phos-tag SDS-
PAGE or normal SDS-PAGE and analysed by 1B with the indicated antibodies. Figure source data can be found with the Supplementary data.
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promoted by EGF stimulation in MDA-MB-231 cells, and it
was suppressed by the Chkl inhibitor (Figure 2C, lane 2 versus
lane 4), suggesting that Chk1 is involved in EGF-stimulated Mig-
6 phosphorylation. Interestingly, caffeine, an ATM/ATR inhibi-
tor, did not affect the phosphorylation of Mig-6 (Figure 2C, lane
2 versus lane G) even though the same concentration of caffeine
could counteract the phosphorylation of Chkl induced by UV
stimulation (Sarkaria et al, 1999; Mailand et al, 2000). Because
caffeine did not affect EGF-stimulated Mig-6 phosphorylation,
which was observed without genotoxic stress, it is likely that the
Mig-6 phosphorylation by Chkl is induced in a DNA damage-
independent manner.

Next, we investigated the effect of Chk1 depletion on Mig-6
phosphorylation. Basal phosphorylation of Mig-6 in the
absence of EGF stimulation was suppressed by depletion of
Chkl {Figure 2D, lane 1 versus lane 3). Moreover, EGF-
stimulated Mig-6 phosphorylation was severely inhibited by
depletion of Chkl (Figure 2D, lane 2 versus lane 4).
Furthermore, we performed a phosphatase-treatment experi-
ment to prove that the smeared Mig-6 band on the Phos-tag
gel was because of phosphorylation (Supplementary Figure
S2B). We also demonstrated that the smeared Mig-6 band
prepared from EGF-stimulated MDA-MB-231 cells on a Phos-
tag gel did not indicate ubiquitylation (Supplementary Figure
S2C). To confirm the Chkl-mediated Mig-6 phosphorylation,
we designed and used another small interfering RNA (siRNA)
oligo, Chk1(04). As shown in Figure 2D and Supplementary
Figure S52A. depletion of Chkl by both siRNA({01} and
{04) attenuated phosphorylation of Mig-6. These results
indicate that EGF stimulation promotes Chki-mediated
Mig-6 phosphorylation.

Analysis of the phosphorylation sites in Mig-6
Next, we tried to identify the ChkI-mediated phosphorylation
site(s) in Mig-6. Chkl often phosphorylates serine or threo-
pine residues at an RxxS/T motif {O"Neill et al, 2002). After
comparing the amino-acid sequences of Mig-6 between
human, mouse, and rat, we selected five conserved serine
residues as candidates. $249 and $251 are in the 14-3-3-BD,
while §302, $334, and $369 are located in the AH domain,
which is involved in binding to EGFR (Figure 3A). We
substituted these serine residues with alanine to determine
the Chkl phosphorylation sites using an in viiro Kinase assay
with rec proteins. We found decreased phosphorylation in the
S249/251A and 5249/251/302/334/369A mutants but not in
the $302/334/369A mutant using **P autoradiography as well
as immunoblotting (B} with anti-phospho-serine (Figure 3B,
Supplementary Figure S3A). Moreover, the Chkl-mediated
phosphorylation of S251A but not 5249A mutant Mig-6 was
apparently decrcased compared with that of WT Mig-6
(Figure 3C). To confirm that 5251 is a phosphorylation site
in vive, WT or S251A Mig-6 was transfected into HEK293
cells, which were then stimulated with ECF. As shown in
Figure 3D, the phosphorylation-dependent mobility shift of
the S251A mutant was smaller than that of WT Mig-6, suggest-
ing that $251 is phosphorylated in vivo. At the same time, we
found that at least one of $302/334/369 was phosphorylated
following EGF stimulation: (Supplementary Figure 83B). We tried
to generate a Mig-6 phospho-S251-specific antibody to enable
further confirmation, but unfortunately were unsuccessful.

We next demonstrated the phosphorylation sites of
Mig-6 using mass spectrometry (MS). HEK293 cells were
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transfected with FLAG-Mig-6 and stimulated with EGF. Mig-
6 protein was prepared by immunoprecipitation with anti-
FLAG antibody from the lysates, separated by SDS-PAGE and
analysed by liquid chromatography {LC)-MS. We identified
S251-phosphorylated peptides such as SHpSGPAGSFNKPAIR,
indicating that Mig-6 was phosphorylated at S251 in vivo
{Supplementary Figure S4A). Next, endo Mig-6 prepared
from MDA-MB-231 cells treated with EGF was subjected to
LC-MS analysis. We identified S251-phosphorylated peptides
such as SHpSGPAGSFNKPAIR, indicating that endo Mig-6 was
also phosphorylated at S251 (Figure 3E). The numbers of
identified phosphorylated peptides in the exogenous FLAG-
Mig-6 (exo Mig-6) and the endo Mig-6 protein {endo Mig-6)
are indicated in Figure 3F. Because phospho-5251-containing
peptides were commonly detected in both exo Mig-6 and
endo Mig-6, we believe that $251 is an in wivo phosphoryla-
tion site in Mig-6.

As shown in Figure 3F, not only 5251, but also 5273, §276,
8302, and 5326 were phosphorylated in both exo and endo
Mig-6. These sites might include not only Chkl-mediated
phasphorylation sites but also Chkl-independent phosphor-
vlation sites. 5251 and 5302 are located within a putative
consensus motif for Chkl (R-X-X-5/T), whereas 8273, 5276,
and 8326 are not. To determine the Chkl-mediated phosphor-
ylation sites, rec Mig-6 protein was phosphorylated by GST-
Chkl in vitro followed by LC-MS analysis. We found that $251
and 5302, but not 5273, §276, or $326, were phosphorylated
by Chkl in vitro (Figure 3F, Supplementary Figure S4Bj.
Taken together, Chkl could directly phosphorylate both
5251 and S302 in Mig-6, suggesting that they are major
Chkl-mediated phosphorylation sites in Mig-6.

Effects of Chik1-mediated phosphorylation of Mig-6
5251 on EGF signalling

To determine the physiological relevance of Mig-6 phosphor-
vlation, we investigated the effect of substitution at the Chkl-
mediated phosphorylation sites on Mig-6 function as a nega-
tive feedback inhibitor of EGF signalling. WT, S2S1A, and
S251E (phospho-mimic form) Mig-6 were transfected into
HEK293 cells, and the cells were treated with or without
EGF. Phosphorylation of EGFR was analysed by 1B with anti-
phospho-EGFR or anti-phospho-tyrosine antibody. Similar to
NIH-EGFR (Anastasi et al, 2007} and Cos-7 cells (Zhang et al,
2007), we confirmed that WT Mig-6 suppressed autophos-
phorviation of EGFR in EGF-stimulated HEK293 cells
(Supplementary Figure SS5A, lane 2 versus lane 4). The
S251A mutant suppressed this autophosphorvlation much
more strongly than did WT Mig-6 (Supplementary Figure
SSA, lane 4 versus lane 6). In contrast, autophosphorylation
of EGFR was partially restored in cells expressing the S251E
mutant (Supplementary Figure SSA, lane 6 versus lane §,
and B), suggesting that phosphorylation of 251 in Mig-6
negatively regulates the inhibitory activity of Mig-6 on EGF
signalling.

To investigate the effect of Mig-6 5251 phosphorylation on
cell growth, we performed proliferation assays. Expression of
the $251A mutant markedly inhibited the proliferation of
HEK293 cells, whereas the WT and $251E mutant did not
affect cell growth (Supplementary Figure 55C). This is pre-
sumably because WT Mig-6 is phospharylated at 8251 in
HEK293 cells in normal culture medium without further
stimulation by EGF.

©2012 European Molecular Biology Organizetion
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mutant FLAG-Mig-6 was wransfected into HEK293 cells. After 16h serum starvasion, cells were stimulated with 20 ng/m! EGF for 15 min and
then harvested. Whale cell lysates were separated by 6% Phos-tag SDS-PAGE (upper panel) or normal SDS-PAGE and analysed by IB with the
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separated by SDS-PAGE and analysed by MS. Figure source data can be found with the Supplementary data.
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For further information, we performed rescue experiments cells that were transfected with Mig-6 plasmids
using siRNA-resistant Mig-6 wild type, S251A, or $25iE. {Supplementary Figure S5). These results were reproducible
MDA-MB-231 cells were infected with retrovirally encoded in three independent experiments, and the effect of the $S251A
Mig-6 wild type, S251A, or $251E, and then treated with an mutant was always moderate. Therefore, we conclude that
siRNA-targeting Mig-6. After EGF stimulation, autophosphor- phosphorylation of Mig-6 8251 is involved in the regulation of
vlation of EGFR was analysed by [B. As shown in Figure 4A EGF signalling.
and B and Supplement Figure 55D, treatment with a Mig-6 We tested additional phosphorylation site such as 5302 in
siRNA increased the autophosphorylation of EGFR to which phosphorylation as well as S251 was identified by MS
~120% of control levels. Introduction of WT Mig-6 Inhibited in in vitro, {n vivo, and endogenous status (Figure 3F}. As
the autophosphorylation of EGFR to 66% of that for the shown in the Supplementary Figure S6A, S302/334/369A
empty vector control. The S$251A mutant suppressed the mutant showed the same inhibitory effect on autophosphor-
autophosphorylation of EGFR significantly more strongly vlation of EGFR as WT Mig-6 in HEK293 cells. Furthermore,
than did WT Mig-6. Because Mig-6 is highly phosphorylated . retroviral expression of Mig-6 S302A had no effect on both
in EGF-stimulated MDA-MB-231 cells, the effect of $251E on autophosphorylation of EGFR and proliferation in MDA-MB-
autophosphorylation was almest the same as that of WT Mig-6. 231 cells (Supplementary Figure S6, B~D). Taken together,
Next, we performed rescue experiments on cell proliferation these results suggest that phosphorylation of Mig-6 S251 but
using siRNA-resistant Mig-6 wild type, S251A, or 5251E. As not $302 is important for its inhibitory function on EGF
described above, MDA-MB-231 cells were infected with retro- signalling and regulation of cell proliferation.
virally encoded Mig-6 wild type, 82514, or §251E, and then )
treated with siRNA for Mig-6. Then, ccll proliferation assays EGF stimulation promotes phosphorylation of
were performed. As shown in Figure 4C, the doubling time of Chk1 at 5280
cells expressing S251A was significantly prolonged compared To clarily the Chkl modification in EGF signalling pathway,
with that of the WT and the S251E mutant. Because Mig-6 is we performed quantitative phospho-proteome analysis of
highly phosphorylated in MDA-MB-231 cells in normal cul- EGF-stimulated Hela cells using 1L.C-MS, a technique termed
ture conditions, it is consistent that the effect of 5251E on cell phospho-iITRAQ (Leitner and Lindner, 2009). Phosphorylation
proliferation was almost the same as that of WT Mig-6. of EGFR (Y1172, Y1192} and PRAS40 (T246) indicating Akt
Mboreover, we obtained aimost the same data using HEK293 activity peaked at 5min after stimulation and then oscillated.
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Figure 4 Effect of Mig-6 5251 phosphorylation on EGF signalling. (A} Effect of Mig-6 5251 mutation on EGF signalling. ?viDA—i\fiB-?_iﬂ celis‘wetw
infected with retroviruses encoding Mig-6 wild type, S251A, or $251E, and then treated with an siRNA-targeting Mig-6 ar a contral siRNA
(Cont). After 16h serum starvation, cells were stimulated with 20 ng/ml EGF, then harvested 15 min later. Cell lysa{c§ were separate{l using
SDS-PAGE followed by 1B. The asterisk indicates retrovirally expressed Mig-6 protein without the FLAG-tag, which is lranslated using the
original first methionine of the Mig-6 cDNA. (B The intensity of p-EGFR {Y1068} protein in each condition in (A) was guantified by image
analysis. The data from triplicate experiments were evaluated statistically and are shown graphically relative to the data from the v\ecter only.
(C) Effect of 5251 status an cell growth, MDA-MB-231 cells were infected with retrovirally encoded Mig-6 wild type, S251A, or 5251E, :md then
treated with an siRNA for Mig-6 or a control SIRNA (Cont). Cell proliferation assays were performed. The doubling times were calculated and
are shown graphically. Figure source data can be found with the Supplementary data.
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Chkl became phosphorvlated at S280 from 10min after
stimulation (Supplementary Figure $7, A-C). This suggests
that phosphorylation of S280 in Chkl might be induced via
the PI3K/Akt pathway, which is consistent with a previous
report that PI3K activation promotes phosphorylation of Chkl
at S280 {Puc er af, 2005). These authors concluded that $280-
phosphorylated Chkl is preferentially tethered in the
cytoplasm. We then investigated whether EGF signalling
promoted S280 phosphorylation of Chkl in MDA-MB-231
cells. We found that EGF promoted phosphoerylation of Chkl
$280, with a similar duration to Mig-6 phosphorylation,
whereas Chkl 5345 was not upregulated {Figure SA). As
shown in Figure 5B, depletion of neither ATM nor ATR
affected EGF-dependent S280 phosphorvlation of Chkl. This
is consistent with the data shown in Figure 2C, in which the
ATM/ATR inhibitor caffeine did not affect the phosphorylation
of Mig-6.

Next, we investigated the PI3-kinase pathway {Figure 5C-E).
The PI3K inhibitor LY294002 inhibited the phosphorylation of
not only Akt $473 but also Chkl 5250 and Mig-6 (Figure 5C).
Similarly, Akt inhibitor 1V inhibited S280 phosphorylation of
Chk1 in a dose-dependent manner {Figure 5D). Depletion of
p70SGK, a downstream kinase of Akt, inhibited EGF-induced
5280 phosphorylation of Chkl (Figure 3E}. To address
whether Akt or p70S6K phosphorylates Chkl1 at $280 directly,
we performed in vitro phosphorylation experiments using
recombinant proteins. As shown in Figure 5F, it is p70S6K,
but not Akt, phosphorylated Chkl directly. These results
suggest that p70S6K, a downstream kinase of Akt, is involved
in phosphorvlation of Chkl at $280 via the EGFR-PI3K/Akt
pathway.

Chk1 phosphorylates and inhibits Mig-6, acting as a
positive regulator of EGF signalling

We next investigated the physiclogical relevance of EGF-
promoted phosphorylation of Mig-6 by Chkl. We transfected
MDA-MB-231 cells with an siRNA for ChkI(01) or Mig-6(01),
or a control siRNA, and then stimulated with EGF. EGF
promoted phosphorylation of EGFR, Chkl $280, and ERK
from Smin after stimulation, peaked at 15-30min, and re-
duced from 1h. Depletion of Chkl attenuated EGFR phos-
phorylation and ERK phosphorylation at 5-30 min after EGF
treatment. In contrast, depletion of Mig-6 enhanced EGFR
phosphorylation and ERK phosphorylation in the same period
(Figure 6, Supplementary Figure 59). These tendencies were
reproducible in three independent experiments (Figure 6 and
Supplementary Figure S8). Moreover, another Chk! siRNA
oligo {04) showed the same result as did Chkl siRNA oligo
{01} {Supplementary Figure 510). These data indicate that
depletion of Chkl results in a decreased phosphorylation of
EGFR. Therefore, Chkl may play a role as a positive regulator
of EGF signalling via phosphorylation of Mig-6.

Next, we investigated whether phosphorylation of Mig-6
affects activation of other EGFR family members. As shown
in Figure 7A, depletion of Mig-G facilitated the phosphoryla-
tion of not only EGFR but also of ERBB2 and ERBB3
(Figure 7A, lanes 2 versus 6). Moreover, we found that
depletion of Chkl inhibited the phosphorylation of not only
EGFR but also of ERBB2 and ERBB3 (Figure 7A, lanes 2
versus 4. These results suggest that Chki is also involved in
the activation of other EGFR members via phosphorylation
of Mig-6.
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To demonstrate that Mig-6 is a downstream target of Chk1
i EGF signalling, we investigated the effect of Mig-6 depie-
tion on the activation of EGFR promoted by Chki depletion.
The EGF-dependent activation of EGFR was inhibited by
Chkl depletion, but rescued by co-depletion of Mig-6
(Figure 7B). Next, we investigated the relationship between
Mig-6 and Chkl on cell proliferation and found that cell
growth was also suppressed by Chkl depletion, but was
rescued by co-depletion of Mig-6 (Figure 7C and D). Our
results suggest that Chkl phosphorylates Mig-6 on $251,
resulting in the inhibition of Mig-6, and is involved in the
regulation in EGF signalling as a positive regulator
(Figure 7E).

Discussion

Mig-6 as a novel target of Chk1

ATM-Chk2 and ATR-Chkl play critical roles in the DNA
damage stress response pathway (Zhou and Elledge, 2000).
In particular, the ATR-Chk] axis is essential to block the cell
cycle through inhibition of the Cdc25 family. Chkl also

 regulates Cdc25A {Chen et al, 2003; Lam and Rosen, 2004;

Uto et al, 2004} and Cdc2SB activities throughout an
unperturbed cell cycle {Schmitt er af, 2006). In contrast to
the well-characterized role of Chkl in the checkpoint
pathway, little is known about how Chkl acts in normal
cell cycle progression. The kinase activity of Chkl is
maintained during the cell cycle. Recently, Shimada et al
{2008) reported that Chkl bound chromatin and induced
cdkl and cyclin B transcripts by histone H3 Thril
phosphorylation in the absence of DNA damage. Here, we
revealed a novel function of Chkl. We found that the EGFR
inhibitor Mig-6 is a novel target of Chkl under normal cell
cycle conditions and in the absence of DNA damage. We
noticed that both exo Mig-6 and endo Mig-6 were
phosphorylated in living cells. Mig-6 has a PLTP consensus
sequence for phosphoryiation by ERKs (Gonzalez et ai,
1991}, a PPLTPI consensus sequence for phosphorylation by
cyclin D1-Cdk4 (Kitagawa et af, 1996], PRC (S/T-XR/K)
{Woodgett et al, 1986}, and several potential sites for phospho-
rylation by Chkl (O'Neill et al, 2002). We found that Chkl is
a candidate Mig-6 kinase using various kinase inhibitors and
demonstrated this function by depletion of Chkl. We also
found that EGF stimulation promoted phosphorylation of
Mig-6 in the absence of DNA damage, and that Mig-6
phosphorvlation was severely suppressed by a Chkl
inhibitor or by silencing Chkl by treatment with siRNA.
Depletion of ATM or ATR as well as wreatment with ATM/
ATR inhibitor caffeine did not affect EGF-stimulated Mig-6
phosphorylation. Our results indicated that Chkl could
phosphorylate Mig-6 by EGF stimulation, not via ATR, in a
DNA damage-independent manner. It has been reported that
$345 and $317 are the main phosphorylation sites of Chki in
the DNA damage response. We confirmed that phos-
phorylation of $345 and $317 was upregulated upon DNA
damage induced by UV light in MDA-MB-231 cells, but not by
EGF stimulation {Figure 5C and unpublished observations}.
In contrast, phosphorylation of Chk1 at 5280 was apparently
promoted by EGF signalling. Puc et al (2005) indicated that
PI3K activation promotes the phosphorylation of Chkl at
$280 and that $280-phosphorylated Chkl is preferentially
tethered in the cytoplasm. We believe that cytoplasmically
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Figure 5 Phosphorylation of Chkl at $280 is promoted by EGF stimulation via the PI3K pathway. [A) Time course of phosphorvlated proteins
in MDA-MB-231 cells treated with EGF. MDA-MB-231 cells were subjected to serum starvation for 16 h, then treated with 20 ng/ml EGF for the
indicated times. The cell lysates were analysed by IB with the indicated antibodies (Ex, without serum starvation and EGF stimulation).
(B) Depletion of ATM/ATR had no effect on $280 phosphorylation of Chk1l. MDA-MB-231 cells were transfected with an siRNA for human ATM
or ATR or a control siRNA {Cont). Quiescence was induced by 16-h serum starvation, and then the cells were stimulated with 20 ng/ml EGF for
15min. The cell lysates were analysed by [B with the indicated antibodies. (C) Effect of a PI3X inhibitor on Chkl phosphorylation. MDA-MB-
231 cells weve subjected to serum starvation for 16 h. Cells were pretreated with or without the PI3K inhibitor I¥Y294002 for th, followed by
stimulation with 20 ng/ml EGF for 15min. Cell lysates were separated by naormal SDS-PAGE or 6% Phos-tag SDS-PAGE and immunoblotied.
(D) Effect of an Akt inhibitor on Chk} phosphorylation, MDA-MB-231 cells were made quiescent by 16-h serum starvation, pretreated with or
without Akt inhibitor 1V for 1h, then stimulated with 20ng/ml EGF for 15min. The cell lysates were analysed by 1B with the indicated
antibodies. (E) Depletion of p70S6k1 inhibits Chkl phosphorytation. MDA-MB-231 cells were transfected with an siRNA for human S6K7 or a
control siRNA (Cont}, then made quiescent by 16-h serum starvation. Cells were harvested after EGF stimulation, and subjected to IB with the
indicated antibodies. (F} In vitro phosphorylation of Chkl S280 by Akt2 and p?0S6K. rec GST-Chk! (kinase-deficient mutant K38M) proteins
were incubated in 20ul of kinase reaction buffer with 50 uM ATP and 1 ul Akt2 {Abcam, ab79798) or p?086K {Abcam, ab84798) at 30°C for
30min. The reaction was stopped by the addition of SDS sample buffer, then the proteins were separated using SDS-PAGE followed by IB with
indicated antibodies. Figure source data can be found with the Supplementary data.

localized Chkl is susceptible to inleraction with Mig-6.
Moreover, EGFR activity suppressed by Chk1 depletion was
rescued by Mig-6 depletion. Therefore, Mig-6 is a
downstream target for phosphorylation by Chkl in a DNA

The EMBO Journal VOL 31 | NO 102012

damage-independent manner. The contribution of the Chkl-
Mig-6 pathway to EGFR aciivation is significant and
reproducible but moderate, because EGF signalling is
regulated by multiple mechanisms. We believe that the

©2012 European Molecular Biology Orgarization
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Figure 6 Effect of Chkl depletion on EGF signalling. (A) EGF-promoted phosphurylation of EGFR is suppressed by Chikl depletion. MDA-ME-
231 cells were transfected with an siRNA for Chk! or Mig-6, or a control siRNA {Cont}, serum starved for 16 h, then stimulated with 20ng/ml
EGF for the indicated times. Cell lysates were separated by SDS-PAGE and analvsed by IB with the indicated antibodies. (B~E). The intensities
of the indicated phosphorylated proteins were quantified by image analysis and are shown graphically. Three independent experiments were
performed as shown in Supplementary Figure S8, Figure source data can be found with the Supplementary data.

Chki-Mig-6 pathway modulates EGFR activation as one of
the regulatory mechanisms of EGF signalling.

Chk1-mediated phosphorylation sites in Mig-6

Tyrosine phosphorylation of Y394 in Mig-6 has been reported
by Guha er al (2008), which is consistent with our MS data
for endo Mig-6. However, serine/threonine phosphorylation
of Mig-6 has not been reported at all. Our results indicated
that S251 and S302 are two major phesphorylation sites of
Mig-6 by Chk1. However, substitution of serine 302 to alanine

22012 European Molscular Biology Organization

did not affect its inhibitory activity against EGFR comparing
with WT Mig-6 {Supplementary Figure 56). Therefore, we
presume that S251 is the main functional target site for
phosphorylation by Chkl in response to EGF stimulation.
§251 is located in the 14-3-3 binding site (R-$-X-S-X-P)
{(Muslin et al, 1996) in Mig-6; an interaction between exo
Mig-6 and 14-3-3 was reported by Makkinje et al (2000}, Our
data indicated that WT Mig-6 bound to 14-3-3f, 8, and &
(Supplementary Figure S11A), whereas S251A mutant showed
a low binding affinity to 14-3-3B and & but not 8. Moreover,

The EMBO Journal VOL 31 [ NO 10} 2012 2373
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Figure 7 Mig-6 is a downstream target for Chkl in EGF signalling. (A} Effect of Chkl knockdown on activation of ERBBs. MDA-MB-231 cells
were transfected with an siRNA for human Chk! or Mig-6 or a control siRNA {Cont). Quiescence was induced by 16-h serum starvation, then
the cells were stimulated with 20ng/ml EGF for 15min. The cell Iysates were analysed by 1B with the indicated antibodies. (B} Effect of Mig-6
depletion on activation of EGFR promioted by Chk1 depletion. MDA-MB-231 cells were transfected with siRNA for Chk! and/or Mig-6 or a
control siRNA (Cont), serum starved for 16h, then stimulated with 20ng/ml EGF for 15min. Cell lysates were separated by
SDS-PAGE and analysed by 1B with the indicated antibodies. (C, D) Involvement of Chkl in cell growth as an upstream vegulator of Mig-6.
MDA-MB-231 cells were transfected with siRNA for ChkT and/or Mig-6 or a control siRNA {Cont}. Cell numbers were measured at the indicated
times {C). The doubling times were calculated from the growth curves (D). Error bars indicate the s.d. of three independent experiments. (E] A
model of regulation of EGF signalling by Chkl-mediated phosphorylation of Mig-6, Figure source data can be found with the Supplementary

data.

depletion of Chk1 attenuated the binding of Mig-6 to 14-3-3Z,
but not to 14-3-3f and & (Supplementary Figure S11B).
Therefore, phosphorylation of 5251, which is located in the
putative 14-3-3 binding sequence in Mig-6, may be involved in
hinding of Mig-6 to 14-3-38.

We noticed that ne effect of Mig-6 phosphorylation on its
association with EGFR family members was detected using
co-immunoprecipitation (data not shown). We speculate that
Chkl-mediated phosphorylation of Mig-6 may increase acti-
vation of the EGFR family members via some conformational
change in the EGFR-Mig-6 complex. Alteration in the binding
of Mig-6 to 14-3-3¢ may affect the conformation of Mig-6-

2374 The EMBO Joumnal VOL 3T NO 10| 2012

EGFR family complex, although further study is required to
clarify the mechanism.

Regulation of EGF signalling by the Chk1-Mig-6
pathway

Because Mig-6 is downregulated in many tumour cells, these
cells may escape from Mig-G-mediated growth control. EGF
signalling is negatively regulated by Mig-G in cells that
express a normal Jevel of Mig-6. Attenuation of Mig-6 activity
may be required for efficient activation of EGFR, leading to
the accelerated cell growth in these cells. EGF stimulation
may promote Chkl-mediated phosphorylation of Mig-6 to

©2012 Evropsan Molecular Biclogy Organization



negate the EGFR repression. Tt has been reported that EGF
activates the PI3K/Akt pathway (Klein and Levitzki, 2009,
and that lack of the PI3K inhibitor PTEN promotes
phosphoryiation of Chkl at $280, thereby sequestering
$280-phosphorylated Chkl in the cytoplasm {Puc et al,
2005; Jean et al, 2007). Our results also indicated that EGF
stimulation induced phosphorylation of Chk1 at 5280, which
could be inhibited by a PI3K inhibitor or an Akt inhibitor.
Moreover, we found that p70S6K, a downstream kinase of
Akt, is involved in the phosphorylation of Chkl at 5280 via
EGFR-PI3K/Akt pathway. Therefore, we . speculate the
following new insight into the regulation of EGF signalling,
EGF stimulation activates the PI3SK/Akt pathway 10 phospho-
rylate Chkl at S280 in the early stages of EGF signalling.
S5280-phosphorylated Chkl is sequestered in the cytoplasm
and phosphorvlates Mig-6 at $251. Then, the inhibitory
activity of Mig-6 on EGFR activation is attenuatéd by the
5251 phosphorylation, and thereby EGFR is fully activated to
promote downstream signal transduction and cell growth
(Figure 7E). Attenuation of Mig-6 activity may be required
for efficient activation of EGFR in the early stage. In the late
stages of EGF signalling, transcriptional induction of Mig-6 is
increased and Mig-G is gradually dephosphorylated; EGFR
phosphorylation and the downstream signal transduction
is therefore attenuated, preventing from overactivity.
(Figure 5A). In swmmary, Chkl functions as a positive
regulator in the early stages of EGF signalling.

Because the EGFR pathway is an important molecular
target for cancer therapy, many EGFR tyrosine kinase inhibi-
tors are being tested for an ability to prevent EGF-dependent
cancer cell growth. We believe that regulation of the EGFR-
Mig-6 pathway is also applicable to cancer therapy. Chkl
kinase inhibitors have been presented as sensitizers against
cancer chemotherapy to avoid Chkl-mediated cell cycle
arrest (Xiao et al, 2005). In the present study, we found
that Chkl promoted EGF signalling via Mig-6 inhibition.
Depletion of Chki and Chkl inhibition suppressed cancer
cell growth. Therefore, Chkl inhibitors may be useful to
inhibit ECF-dependent cell growth in Mig-6-positive cancer
cells.

Materials and methods

Cell cuiture

The human cell lines HEK293, Hela, MDA-MB-231, and retroviral
packaging cell line Platinum-A were grown in Dulbecco’s modified
Eagle’s medium (DMEM] supplemented with 10% fetal bovine
serum and maintained at 37°C in an atmosphere containing
5% CO,.

Antibodies and inhibitors

The antibodies used in this study were as follows: anti-FLAG
antibody M2 (Sigma), anti-Mig-6 antibody PE-16 (Sigma), anti-
Mig-6 antibody D-1 (Santa Cruz Biotechnology), anti-phospho-
Chk1 {Ser-280) antibody (Cell Signaling), anti-Chkl antibody G4
{Santa Cruz Biotechnology], anti-phospho-EGFR (Tyr-1068) anti-
body (Cell Signaling), anti-phospho-EGFR (Tyr-1173] antibody {Cell
Signaling), anti-phospho-EGFR {Tyr-845) antbody (UPSTATE), anti-
phospho-tyrosine antibody (4G10) {UPSTATE), anti-phospho-p44/
p42 MAPK (Thr202/Thr204) antibody {Cell Signaling), anti-phos-
pho-serine antibody {Invitrogenj, anti-EGFR amtibody (Santa Cruz
Biotechnology), anti-ATM antibody (N-19} (Santa Cruz Biotech-
nology), anti-ATR antibody (2Ci) (Santa Cruz Biotechnologyl,
anti-phospho-Akt (Ser-473) antibody (387F11) (Cell Signaling),
anti-Akt antibody (Cell Signaling), anti- phospho-p?036K (Thr-389)
antibody {Cell Signaling), anti-p7036K antibedy (Cell Signaling},
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anti-phospho-ERBB2 (Tyr-1248) antibody (UPSTATE), ant-ERBB2
antibody (Santa Cruz Biotechnology), anti-phospho-ERBBE3 (Tvr-
1289) antibody (Cell Signaling), ant-ERBB3 antibody {Santa Cruz
Biotechnology), anti-f-actin antibody (Sigma), and anti-a-tubulin
antibody DM1A (Sigma). The protein kinase inhibitors used in this
study are indicated in Supplementary Table 1.

Plasmids and rec proteins

pBabe-EGFR was kindly provided by Wallice Langdon, School of
Surgery and Pathology, University of Western Australia. A cDNA
encoding WT Mig-6 cloned into pcDNA3.1 was described in a
previous report (Tsunoda et af, 2002). All mutants of Mig-6 and
Chki were constructed using standard rec DNA techniques. WTand
mutant  ¢cDNA  were re-cloned into the pGEX-6P-1 vector
{Amersham) and the GST-Mig-6 fusion proteins were prepared as
described previously (Frangioni and Neel, 1993). GST-ag was
removed by PreScission Protease (GE Healthcare, Little Chalfoni,
UK) cleavage, and thereby Mig-6 proteins were eluted from
Glutathione Sepharose 48 (GE Healthcare].

Immunoprecipitation

Cells were lysed in immunoprecipitation lyvsis buffer {0.5% Triton
X-100, 300 mM NaCl, 25 mM Tris-HCI {pH 7.5)]). Cell lysates were
incubated with 2 pg of antibodies and protein G+ Sepharose 4FF
(GE Healtheare) at 4°C for 2h. Immunocomplexes were washed
four times with lysis buffer, then denatured by treatiment with an
SDS sample buffer at 100°C for Smin. 1P samples, as well as the
original cell lysates [input), were separaied by SDS-PACE and
transferred from the gel onto a pelyvinylidene difluoride (PVDF)
membrane (Millipore, Billerica, MA), followed by IB. The proteins
were visualized using an enhanced chemiluininescence system
{Perkin Elmer, Waltham, MA].

Immunoblot analysis of phosphorylated proteins

We performed three methods to detect phosphorylation of Mig-6.
The first was IB with anti-phospho-serine, anti-phospho-tyrosine, or
ant-phospho-EGFR antibodies. The second was chemiluminescent
detection using Phos-tag™ biotin (BTL; NARD Institute, Ltd.), which
selectively binds to phosphorylated proteins blotted on PVDF
membrane. Protein-blotted PVDF membrane was incubated with
PB-SH solution {0.2mM Phos<tag BTL, 0.4mM Zn(NQ;),, 1pl
streptavidin-conjugated horseradish peroxidase in Tris-buffered sal-
ine/0.1% Tween} for 30min at room temperature. Then, the
membrane was washed and the chemiluminescence observed
using ECL plus {GE Healthcare) on an X-ray film. The third method
was {he Phos-tag gel method, which can detect the mobility shifts of
phosphorylated  proteins  using  acrylamide-pendant  Phos-tag
(NARD Institute, [td.). The phosphate affinity SDS-PAGE was
conducted with 25uM Phos-tag acrylamide (AAL-107), 25pM
MnCly, 0.37M Tris-HCl (pH 8.8}, and 0.20% (w/v) SD5. After
electrephoresis, the gel was soaked in a general transfer buffer
containing 1 mM EDTA and then washed in the same transfer buffer
without EDTA. After the treatmen, it was transferred from the gel to
PVDF membrane and immunoblotted with anti-Mig-6 antibody. The
phospharylated protein forms migrated more slowly than the non-
phosphorylated forms.

In vitro phosphorylation assay

rec Mig-6 protein (0.1 pg) was incubated in 20l of kinase buffer
(S0mM Tris-HCl {pH 7.5}, I mM EGTA, 10mM MgCly, 1 mM DTT)
and p-labelled ATP with or without 0.1 ug of purified rec GST-
Chk1 kinase {Carna Biosciences, Kobe, Japan} at 30°C for 30 min
with or without pretreatment with $B218078. The reaction was
stopped by the addidon of SDS sample buffer then analysed by 8%
SDS-PAGE followed by autoradiography, or transferred to PVDF
membrane and hnmunoblotted with anti-phospho-serine antibody.

RNA interference

MDA-MB-231 cells were transfected with human Chk! siRNA, Mig-6
siRNA, or control siRNA oligonucleotides using Lipofectaming™
RNAIMAX (Invitrogen), according to the manufacturer’s protocal.
The nucleotide sequence of the Chk1{01} siRNA was 5-GCGUGC
CGUAGACUGUCCA-3" and Chki(04) siRNA was 5-GAAGUUGG
GCUAUCAAUGG-3' with a 3dTdT overhang., The nucleotide
sequence of the human Mig-6(01) SIRNA was 5-CUACACUUUCUGAU
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