confirmed in at least three independent karyotypes, whereas
other abnormalities were found in at least two karyotypes.?
Complex karyotypes were defined by the presence of more than
two independent karyotypes with at least three unrelated
aberrations according to the previous studies.'®'” Clinical
records were reviewed retrospectively at each hospital accord-
ing to the above criteria and after fully anonymized, the cases
who met the criteria were reported according to an indicated
form with regard to patients’ age, sex, diagnosis (French-
American-British (FAB)), date of diagnosis, cytogenetics
(G-banding), histories of chemo-radiotherapies, cellularity and
blast counts of bone marrow, complete peripheral blood counts
at diagnosis, presence or absence of leukemic transformation,
and date and cause of death. The list of the collaborating
hospitals is the Hematology unit of Akita University Hospital
and Dokkyo University Hospital, Honma Hospital, Jichi Medical
School Hospital, National Kyushu Cancer Center, Nishio
Municipal Hospital, Saitama Medical School Hospital, Showa
University Fujigaoka Hospital, Tokyo Medical School Hospital,
the Hospital of Tokyo Women’s Medical University and the
University of Tokyo Hospital. The diagnosis and sub-classifica-
tion of MDS and AML at each collaborating hospital were made
according to the FAB criteria.'® Mutation study was performed
for 20 cases each with der(1;7)(q10;p10) and —7/7g-, for which
genomic DNA from bone marrow was available. Another 20
MDS cases showing normal karyotypes were also subjected to

the mutation analysis, according to the approval from the ethical

committee, University of Tokyo (Approval No. 948-1).

Statistical analysis

The statistical difference in each clinical feature between
der(1;7)(q10;p10) and other —7/7q cases was tested by 2 x 2
contingency tables using the Fischer’s exact test or the Student’s
t-test. Overall survival was estimated using the Kaplan-Meier
method and the statistic significance was calculated using log-
rank tests. After possible association with overall survival was
individually tested for a number of variables, including age,
bone marrow blasts, peripheral blood counts, chromosomal
abnormalities and history of anticancer therapies, proportional

hazard modeling was used for identifying the independent risk .

factors that influence overall survival, where those factors that
showed potential significance in the univariate tests with
P<0.10 were subjected to the multivariate analysis using
backward stepwise selection of covariates. All P-values were
two-sided and P-values of 0.05 or <0.05 were considered
statistically significant.

Mutation analysis

Mutation status of the runx7/AML1 and N-ras genes was tested
on aforementioned 60 cases. Exons 3, 4, 5, 6, 7b and 8 of the
runx1 gene and exons 1 and 2 of the N-ras gene were amplified
from genomic DNA by polymerase chain reaction (PCR) as
described previously.'>?° Sequencing was performed using an
ABI Prism 3100 Genetic Analyzer with the same primers as used
in PCR amplification.

Literary review of der(1;7)(q10;p10) cases

Reported cases of der(1;7)(q10;p10) were retrieved from the
Mitelman Database of Chromosome Aberrations in Cancer
2006%' according to the following karyotypic descriptions:
der(1;7)(q10;p10); der(Dt(1;7)p11;p11); +t(1;7)p11;p11),-7;
der(1;7)(p10;q10); and dic(1;7)p11;q11).
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Results

Patients’ characteristics

In total,. 123 cases, including 22 AML, 98 MDS and 3 MPD,
were analyzed. The demographic features of these 123 cases
are summarized in Table 1. Seventy-seven cases were
der(1;7)(q10;p10), which contain 20 cases reported pre-
viously.?*?* The other 46 cases had -7/7q- other than
der(1;7)(q10;p10). Strong male predominance was evident in
both groups, especially in der(1;7)(q10;p10). The cases having
der(1,7)(q10;p10) accounted for 2.3% (10 cases) of 427 cases
who were diagnosed as having AML or MDS at the University of
Tokyo Hospital. —7/7g- was found in 38 cases among the 427
cases, of which 22 and 16 cases were diagnosed as having MDS
and AML, respectively. Both showed a high median age of the
disease onset but it was higher in der(1;7)(q10;p10) than for
~7/7q- (P=0.0027). In our series, 32.9% of der(1;7)(q10;p10)
and 25.0% of -7/7g- cases had one or more prior histories of
chemotherapies and/or radiotherapies for some malignancies. In
both groups, more cases are diagnosed as MDS than as AML.
Increased eosinophil counts in der(1;7)(q10;p10) have been
underscored in some literatures,'>?*2° but in our series it was
not so conspicuous and only six der(1;7)(q10;p10) and one
-7/7qg- cases had prominent eosinophilia (> 450/ul).

Cytogenetic features ‘

Karyotypic analysis revealed a number of cytogenetic features
which contrast der(1;7)(q10;p10) to other 7q- abnormalities
(Supplementary Table 1 and 2). der(1;7)(q10;p10) was always
present at the time of clinical diagnosis and even when multiple
subclones exist, it involves all the abnormal karyotypes. In 45
(58.4%) cases, it appeared as a sole chromosomal abnormality
during the observation periods. The remaining 32 cases had
additional chromosomal abnormalities, but they were limited in
number and mostly consisted of trisomy 8 (18 cases) and/or loss
of 20q (10 cases). In contrast, —7/7q- appeared as the solitary
abnormality was less common (28.3%) and it was more typically
accompanied by other frequently complex abnormalities, where
24 of the 46 —7/7qg- cases showed more than four additional
unrelated chromosomal abnormalities. Indeed, the mean
number of additional abnormalities was significantly higher in
the —7/7q cases than in der(1;7)(q10;p10) cases (P<0.0001)
(Table 1). Moreover, in some cases, it appeared only in partial
karyotypes (—-7/7g- cases 5, 6, 22, 23, 28, 31 and 35) and
evolved during the course of the diseases. 5q- was the most
common abnormality that was found in association with —7/7q-
(23/46), whereas trisomy 8 and 20g- were very rare in this

group.

der(1;7)(q10;p10) in MDS

Since the majority of cases in this study were diagnosed as MDS
(FAB classification'8), it is of interest to focus the analysis on
those cases having MDS (Table 2). In fact, clinical features were
considerably different between both cytogenetic groups in MDS.
According to the FAB classification, der(1;7)(q10;p10) cases
were more likely to be classified into RA (P=0.0002), whereas
RAEB/RAEB-t were the leading diagnosis. in the -7/7g- group
(P=0.0003). Similarly, der(1;7)(q10;p10) cases were more
frequently.classified into favorable risk groups than -7/7g- cases
(P<0.0001) in the International Prognostic Scoring System
(IPSS),'® where more Int-1-risk cases (P<0.0001) and less high-
risk cases (P<0.0001) were diagnosed in der(1;7)(q10;p10) than
in -7/7q- cases. In accordance with this was that bone marrow
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Table 1 Clinical characteristics of patients with der(1;7) and —7/7q-
der(1,7) -7/7q- P-value** der(1,7) Mittelman® P-value**”
Number of patients 77 46 125
Male/female 68/9 36/10 0.1963 74/51 <0.0001
Median age 67 (17-88) 58 (21-78) 0.0027 58 (7-86) <0.0001
Positive prior history of chemoradiotherapy 25/76 (32.9%) 10/40 (25.0%) 0.4045
Time to diagnosis (month}) 105 (8-224) 76 (15-135) 0.1057
Diagnosis .
MDS 64 34 0.2512 77 0.0015
AML 10 12 0.0888 33 0.0329
MO 2 1 2
M1 1 2 3
M2 3 4 4
M4 2 1 8
- M5 0 0 0
M6 0 3 0
M7 3
AML, NS 1 0 13
MLL{Ph+) 1 1 0
MPD 3 0 13
Additional chromosomal abnormalities
Total 32 (41.6%) 33 (71.7%) 0.0015 45 (36.0%) 0.4581 °
Trisomy 8 © 18 1 0.0014 25 0.5983
Trisomy 21 2 1 8 0.3235
Trisomy 9 ’ . 1 0 4 0.6513
del(20q) 10 4 0.5666 2 0.0014
-5/5g- 1 23 <0.0001 3
Number of additional chromosomal abnormalities
1 ‘ 23 7 0.0837 29 0.3223
2 7 2 0.4935 7 0.3975
3 1 4 0.0645 4 0.6513
24 2 24 <0.0001 5 0.7108
PB .
WBC ( x 10%/l) 3.0 (0.8-39) 3.35 (0.3-56.9) 0.1072
Hb (g/dl) 9.4 (2.8-13.8) 7.9 (3.8-15.0) 0.0150
PLT (x 10%ul) 8.1 (1.3-87) 5.75 (0.6-70.8) 0.2542
Eosino (/44) 45 (0-16932) 0 (0-740) 0.2720
> 450/ 6 - 1
BM
Hypercellular 16/69 17/42 0.0585
Normocellular 31/69 16/42 0.5544
Hypoceliular 22/69 9/42 0.2795

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; Eosino, Median eosinophil count; Hb, median hemoglobin level; MDS,
myelodysplastic syndrome; MLL., mixed lineage leukemia; MPD, myeloproliferative disorders; NS, not specified; PB, peripheral blood; PLT, median

platelet count; WBC, median white blood cell count.

*Non-Asian cases from the Mitelman database of chromosome aberrations in cancer.
*P.values are calculated between der(1;7)(q10;p10) and —7/7g- cases in the current series or ***P-values between ours and Mittelman’s

der(1,7)(Q10;p10) cases.

blast counts were significantly lower in der(1;7)(q10;p10) cases
than in =7/79- cases (P<0.0001). Also anemia tended to be
less severe at the time of diagnosis in der(1,7)(q10;p10) than in
—7/7q- cases (P=0.0075). More than half cases in both groups
were transformed into AML but der(1;7)(q10;p10) cases showed
significantly slower progression to AML than —7/7g- cases
(P=0.0043). Accordingly more patients tend to have been
treated by chemotherapy in -7/7q- group than in
der(1,7)(q10;p10) group (P=0.049). In total, 57 deaths had
occurred during the observation period. Infection was the most
common cause of deaths in the der(1;7)(q10;p10) group without
leukemic transformation (11 of 16 informative cases), whereas
MDS patients were more frequently transformed to AML before
death in the —7/7q- group (14/22 in ~7/7g- vs 14/35 in
der(1;7)(q10;p10)). '

Leukemia

Allogeneic stem cell transplantation was performed in two
der(1;7)(q10;p10) and three —7/7q- cases. The two
der(1;7)(q10;p10) cases survived 1184 and 1508 days after
transplantation, whereas two of the three —7/7q- cases
succumbed to death within a year due to relapse or complica-
tion of the transplantation. Among non-transplanted cases, the
der(1;7)(q10;p10) group showed significantly better clinical
outcome than other —7/7q- cases, although there was significant
heterogeneity with regard to therapies. The median overall
survivals were 710 and 272 days in der(1;7)(q10;p10) and other
-7/7q- cases, respectively (P<0.0001) (Figure 1). In univariate
analyses of all MDS cases, > 10% blast counts (P=0.0006) and
cytopenia in two or more lineages (P=0.0189) were also
extracted as significant risk factors. However, after the backward
step-wise liner regressions, only —7/7g- karyotypes (P<0.0001)



and 60 years or more ages (P=0.0148) were extracted as
independently significant risk factors, indicating der(1;7)
{q10;,p10) and —7/7g- karyotypes define separate risk groups
(Table 3).

Table 2 Clinical characteristics of MDS patients with der(1;7) and
-7/7q-
der(1,7) -7/7g- P-value
MDS 64 : 34
Male/female 57/7 27/7 0.2310
Median age 67 (17-88) 60 (22-78) 0.0974
De novo MDS 44 20 0.9999
Positive prior history of 20 8
chemoradiotherapy
WBC { x 10%/ul) 3.0(0.8-34.0) 2.4 (0.3-24.0) 0.7043
Hb (g/dl) 9.0(2.8-13.7) 7.8(3.8-12.1) 0.0075
PLT ( x 10%/ul) 8.0 (1.3-87) 8.1 (0.8-71) 0.9293
BM blast (%) 3.0 (0-14.0) 7.2(0-29) <0.0001
Trisomy 8 17 1 0.0048
del(20q) 10 4 0.7651
-5/5q- 0 20 <0.0001
Diagnosis
RA 39 7 0.0002
RAEB 9 12 0.0203
RAEBt 6 9 0.0379
CMMoL 4 3 0.6908
MDS, NS 6 3 0.9999
IPSS
High 5 14 0.0002 -
Int-2 29 17 0.6766
Int-1 31 2 <0.0001
Therapy
Chemotherapy 11/59 10/24 0.0491
Allo HSCT ¢ 2 3
Transformation to AML 33 (51.6%) 22 (64.7%) 0.2853
(%)
Median time to transform 12.0 423 0.0043
(month)
Median overall survival . 237 9.07 <0.0001
(month)
Death (infection) 39 (18) 22 (8)

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow;
CMMoL, chronic myelomonocytic leukemia; Hb, median hemoglobin
level; HSCT, hematopoietic stem cell transplantation; IPSS, interna-
tional prognostic scoring system; MDS, myelodysplastic syndrome;
NS, not specified; PLT, median platelet count; RA, refractory anemia;
RAEB, refractory anemia with excess of blasts; RAEBt, RAEB in
transformation; WBC, median white blood cell count.

der(1;7)(q10;p10) in myeloid neoplasms
M Sanada et af

Mutation of runx1 and N-ras genes

Since high rates of runx1 mutations have recently been reported
in association with —7/7q- cases,'%?62” we examined mutation
status of runx? in 20 der(1;7)(q10;p10) as well as 20 —7/7g-
cases together with additional 20 MDS cases without cytoge-
netic abnormalities. More runx? mutations were found in
der(1;7)(q10;p10), but it was not significant (7 der(1;7)(q10;p10),
2 —7/79- and two other cases with normal karyotypes). There
were no correlations between mutations and specific FAB
subtypes, blast counts or over all survivals, although the sample
numbers being too small. N-ras mutaions were found in one
der(1;7)(q10;p10) cases (at codon 12), two —7/7g- cases (at
codon 12) and two normal karyotypes (at codons 12 and 13),
which are comparable to the rates reported previously in
MDS,20-28.29

Literary review of 125 der(1,7)(q10;p10) cases reported
previously in the literatures '
In total, 164 entries were retrieved from the Mitelman database
as having der(1;7)(q10;p10), of which 39 Asian cases were
excluded from the further analyses to prevent duplicated
retrievals and to explore the ethnic difference in the clinical
and cytogenetic pictures of this translocation (Table 1). They had
almost similar demographic and cytogenetic features to the
current series, but still showed marked difference in several
respects. Compared with Asian cases, the male preponderance
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Figure 1 Comparison of survival between der(1;7)(q10;p10) and
other -7/7q- cases in MDS. Kaplan-Meier curves of overall survival in
MDS cases are compared between der(1;7)(q10;p10) and other -7/7q-.
P-values in log rank tests are shown.

Table 3 Factors on overall survival
Univariate Multivariate
P-value HR (95% Cl) P-value ' HR (95% Cl)

MDS cases

der(1;7) vs =7/7q- <0.0001 4.240 (2.202-8.164)* <0.0001 4.787 (2.455-9.333)°

Age >60 0.0855 1.724 (0.959-3.096) 0.0148 2.088 (1.155-3.774)

Cycytopenia® 2/3 © 0.0189 1.984 (1.107-3.546)

BM blast > 10% 0.0006 2.810 (1.518-5.205)

Additiona! cytogenetic changes 0.1598 1.470 (0.856-2.526)

Secondary MDS 0.1872 1.473 (0.836-2.470)

Abbreviations: BM, bone marrow; Cl, cumulative interval; HR, hazard ratio; MDS, myelodysplastic syndrome.

®Hazard ratio of ~7/7qg- to der(1;7) group.
PFound in more than two lineages as defined by neutrophil count < 1800/, platelets <10,000/ul, Hb <10g/dl.
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is not prominent and diagnosis of MDS and del(20g) abnorm-
alities seem to be less common in the Western cases.

Discussion

We retrospectively analyzed 77 der(1;7)(q10;p10) cases in order
to disclose clinical and cytogenetic features of this translocation,
focusing on comparison to other —7/7q- cases, since loss of 7q
material is a cardinal consequence of this unbalanced translo-
cation as well as gain of 1q material. In spite of the common 7q
loss, we found significant differences between both cytogenetic
groups in terms of hematological pictures, clinical outcome and
cytogenetic characteristics.

der(1;7)(q10;p10) cases tend to be presented with milder
anemia, lower blast counts, thus more RA diagnosis, and to
show slower progression to AML and have significantly better
clinical outcome than other —7/7g- cases. The cytogenetic
profiles exhibit a more striking contrast between both groups.
der(1;7)(q10;p10) appears as the sole chromosomal abnormality
in more than half cases and if not, the additional abnormalities
are limited in number and variation, consisting mostly of trisomy
8 and loss of 20q, although the latter has not been described in
the Western literatures.'® In contrast, —7/7q- as the sole
abnormality is less common in adult cases but more likely to
coexist with other frequently complex abnormalities of partial
karyotypes.® Common additional abnormalities in —7/7g- cases
include —5/53-, which predicts grave clinical outcomes among
—7/7g- group®® but is rarely found in der(1;7)(q10;p10) cases.

Comparison with der(1;7)(q10;p10) cases reported from the
Western countries mostly confirmed the results from our series,
but also disclosed a marked contrast between both series.
Extreme male predisposition and the common 20q abnormality
in our series may indicate that genetic or ethnic background
play an important role in the pathogenesis of der(1;7)(q10;p10)
positive neoplasms. In our series only two of nine female
patients with der(1;7)(q10;p10) are de novo cases.

In the past studies, involving relatively small numbers of
patients, reported very poor prognosis for this translocation,
typically showing less than 1 year of median survival.>'*'?
However, in the current study including 64 der(1;7)(q10;p10)
cases, it appears to have better clinical outcome than reported
previously, where the survival curve is roughly overlapped with
that of the Int-2 IPSS category with a median survival of 23
months for der(1;7)(q10;p10) cases, which was significantly
longer than 9 months of —7/7qg-positive MDS cases. This may be
explained by the fact that —7/7g- cases showed higher bone
marrow blast counts and lower hemoglobin concentration than
der(1;7)(q10;p10) cases, which were extracted as significant risk
factors in univariate analyses (Table 3). Unexpectedly, however,
in multivariate analysis using backward stepwise selection of
covariates, only the —7/7q- karyotypes and 60 years or more
ages were selected as independent risk factors. Indeed, when the
effects of blast counts and. cytopenia were adjusted by a
proportional hazard model, difference in- karyotypes still

remains to be significant (P=0.0034). These observations

suggest that der(1;7)(q10;p10) defines a separate prognostic
group that shows significantly better clinical outcome than
—7/7q- cases and also indicate a possibility that the
der(1;7)(q10;p10) may be more appropriately assigned to an
intermediate rather than high-risk karyotype in the IPSS'® or
GCEGCH' scoring system for better prediction of prognosis.
Unfortunately, however, we were not able to test the latter
possibility using our series due to a small number of the cases.

Leukemia

With regard to the pathogenetic role of der(1,7)(q10;p10), no
specific molecular targets have been identified for this translo-
cation. Since their breakpoints are distributed widely within the
large (~0.5-3 Mb) alphoid cluster regions on the centromeres of
chromosome 1 and chromosome 7,'” no specific gene target at
the breakpoints is likely to be involved in the recombination
event, but loss of 7q and/or gain of 1q should play a role in the
pathogenesis of this translocation. In this point of views, it may
be worth mentioning that gains of 1q material are also among
recurrent chromosomal abnormalities in MDS.*3' Of particular
note is that similar ‘dicentric’ translocations are found in
MDS and most frequently involve chromosome 1, resulting in
trisomy 1q."

On the other hand, it is still open to questions whether
additional genetic hits are required to develop der(1;7)
(q10;p10)-positive MDS. According to the cytogenetic profiles
of der(1;7)(q10;p10) and —7/7g- cases, different pathogenetic
models might be postulated in both cytogenetic groups.
der(1;7)(q10;p10) represents a relatively early genetic event
and a few additional genetic insults, including + 8 and/or 20g-,
could be involved in the neoplastic evolution.- On the other
hand, —7/7g- is likely to be shared by more heterogeneous
subgroups and could be a later genetic event during neoplastic
process which shows discrete cyfogenetic profiles from those
involved in der(1;7)(q10;p10). Runx1 and N-ras genes seem to
be among common targets of both cytogenetic groups.
Especially, a relatively high incidence of runx1 mutations
(7/20) in our der(1;7)(q10;p10) series should be further
confirmed, considering a possible link between runx1 mutations
and 7q loss.'®%6

Conclusion

der(1;7)(q10;p10) defines a unique clinicopathological entity of
myeloid neoplasm having a distinct cytogenetic profile and
clinical picture. In our study on heterogeneous MDS patients,
their clinical outcome is not as bad as reported previously, but
still poor with 23 months of median survival, which argues for
importance of stem cell transplantation as a potentially curative
treatment, and also for development of novel therapeutic
approaches.
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Extracellular signal-regulated kinase (ERK) is important for various cellular processes, including cell
migration. However, the detailed molecular mechanism by which ERK promotes cell motility remains
elusive. Here we characterize epithelial protein lost in neoplasm (EPLIN), an F-actin cross-linking
protein, as a novel substrate for ERK. ERK phosphorylates Ser360, Ser602, and Ser692 on EPLIN in vitro
and in intact cells. Phosphorylation of the C-terminal region of EPLIN reduces its affinity for actin
fitaments. EPLIN colocalizes with actin stress fibers in quiescent cells, and stimulation with platelet-
derived growth factor (PDGF) induces stress fiber disassembly and relocalization of EPLIN to peripheral
and dorsal ruffles, wherein phosphorylation of Ser360 and Ser602 is observed. Phosphorylation of these
two residues is also evident during wound healing at the leading edge of migrating cells. Moreover,
expression of a non-ERK-phosphorylatable mutant, but not wild-type EPLIN, prevents PDGF-induced
stress fiber disassembly and membrane ruffling and also inhibits wound healing and PDGF-induced cell
migration. We propose that ERK-mediated phosphorylation of EPLIN contributes to actin filament

reorganization and enhanced cell motility.

Extracellular signal-regulated kinase (ERK), a member of
the mitogen-activated protein kinase (MAPK) family, plays
pivotal roles in diverse cellular events, such as proliferation,
differentiation, migration, growth, and survival (4, 18, 30, 44).
Activation of ERK occurs in response to growth factor stimu-
lation through the Ras-Raf-MEK pathway, and activated ERK
translocates from the cytoplasm to the nucleus, where it phos-
phorylates several protein kinases, nuclear transcription fac-
tors, and other proteins (12, 17, 30). In addition to its role in
the nucleus, recent data show that ERK is involved as an
essential component in the migration of cells from many dif-
ferent organisms (9, 16, 21, 38). Certain substrates, such as
myosin light chain kinase (25), focal adhesion kinase (14),
paxillin (19), actopaxin (5), calpain (10), and vinexin (24), are
known to function in ERK-mediated cell migration (13).

Cell migration requires dynamic reorganization of the actin
cytoskeleton (31). Composite extracellular stimuli, including
growth factors and cell-matrix adhesions, trigger signals for cell
motility, which are then transduced by diverse intracellular com-
ponents, such as the MAPK family (13, 39), protein kinase B/Akt
(36), tyrosine kinases (6), and Rho family small GTPases (8, 34).
During dynamic remodeling of the actin system for cell migration,
a number of actin cross-linking/bundling proteins are crucial (1,
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37, 40, 46). In addition, actin bundles and cross-linked networks
play key roles in the generation of tension and flexibility in the
actin cytoskeleton (2, 33). Thus, ERK might mediate cell migra-
tion via phosphorylating some actin cross-linking/bundling pro-
teins.

Epithelial protein lost in neoplasm (EPLIN) was originally
identified as the product of a gene that is transcriptionally
down-regulated or lost in a number of human epithelial tumor
cells, including oral, prostate, and breast cancer cell lines (3,
22). EPLIN is expressed from a single gene as two isoforms, o
and B, the latter of which has an extra N-terminal sequence of
160 amino acids. Both EPLINa and -B contain a centrally
located LIM domain that may mediate self-dimerization and
N- and C-terminal actin-binding sites flanking the LIM domain
(23). EPLIN cross-links and bundles actin filaments, thereby
stabilizing actin stress fibers. Furthermore, EPLIN inhibits
Arp2/3 complex-mediated branching nucleation of actin fila-
ments. Thus, EPLIN controls actin filament dynamics by sta-
bilizing actin filament networks (23). It is therefore assumed
that the loss of EPLIN expression in cancer cells is involved in
the enhanced motility of these cells.

Recently, we identified EPLIN as a candidate substrate for
ERK by a proteomic approach using two-dimensional differ-
ence gel electrophoresis (2D-DIGE) combined with phospho-
protein enrichment. In this study, we show that ERK phosphor-
ylates EPLIN in vitro and in vivo. Phosphorylation of the
C-terminal region of EPLIN inhibits its actin-binding activity.
Stimulation with platelet-derived ‘growth factor (PDGF) in-
duces stress fiber disassembly and localization of phosphory-
lated EPLIN to peripheral and dorsal ruffles. Furthermore,
expression of a non-ERK-phosphorylatable mutant of EPLIN
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prevents PDGF-induced membrane ruffling as well as cell mi-
gration. These results suggest that phosphorylation of EPLIN
by ERK leads to reorganization of actin filaments and stimu-
lation of cell motility.

MATERIALS AND METHODS

Cell culture and transfection. AB-Raf:ER cells (NIH 3T3 cells expressing the
B-Raf kinase domain fused to the estrogen receptor ligand binding domain) (32)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) without phenol
red (Invitrogen, Carlsbad, CA) but containing 10% fetal bovine serum (FBS).
NIH 3T3 cells were cultured in DMEM containing 10% calf serum (CS). 293T
and HeLa cells were cultured in DMEM containing 10% FBS. Primary calvarial
osteablasts were isolated from 1-day-old Jc1:ICR mice by five sequential diges-
tions (for 10 min each) with 0.1% collagenase and 0.2% dispase. The cells from
the last four digestions were grown in a-minimum essential medium (Invitrogen)
containing 10% FBS. Transfections were performed by using Lipofectamine
2000 (Invitrogen) for 293T and AB-Raf:ER cells and Lipofectamine LTX (In-
vitrogen) for NIH 3T3 and osteoblastic cells, according to the manufacturer’s
instructions,

Plasmids and protein expression. The DNA fragments encoding mouse
EPLIN« (161-753), EPLINB (1-753), EPLIN-N (161-387), and EPLIN-C (440-
753) were amplified by PCR and cloned into pCMV-Tag3-Myc (Stratagene, La
Jolla, CA), pCMV-Tag2-Flag (Stratagene), or pGEX-4T-3 vector (GE Health-
_ care, Buckinghamshire, United Kingdom). For expression of enhanced green
fluorescent protein (EGFP)-fused EPLINa in mammalian cells, the DNA frag-
ment encoding EGFP was amplified by PCR and cloned into the C-terminal
coding region of pCMV-Tag3-Myc-EPLINa. Point mutations were introduced
using a QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions.

Antibodies and reagents. A rabbit polyclonal antibody (PAb) against mouse
EPLIN was generated against glutathione S-transferase (GST)-fused full-length
EPLINa expressed in Escherichia coli BL21-CodonPlus (DE3)-RIPL (Strat-
agene) and was affinity purified with immobilized EPLINa, from which the GST
moiety was removed by thrombin digestion. Anti-phosphorylated-EPLIN anti-
bodies were raised by immunizing rabbits with keyhole limpet hemocyanin-
conjugated synthetic phosphopeptides corresponding to 11-amino-acid se-
quences of EPLINa and were purified from antiserum as the bound fraction of
a phosphopeptide-conjugated SulfoLink column (Pierce, Rockford, IL) and the
unbound fraction of a non-phosphopeptide-conjugated column. The following
antibodies were also used: anti-Myc mouse monocional antibody (MAb) 9E10,
anti-Myc rabbit PAb A-14, anti-ERK1 rabbit PAb K-23 (Santa Cruz Biotech-
nology, Santa Cruz, CA), anti-p-ERK mouse MAb E10, anti-p-RSK (Thr573)
rabbit PAb (Cell Signaling Technology, Danvers, MA), antiactin mouse MAb
(Chemicon, Temecula, CA), anti-Flag mouse MAb M2 (Sigma, St. Louis, MO),
anti-EPLIN rabbit PAb BL1141 (Bethyl, Montgomery, TX), anti-GFP rabbit
PAb (Invitrogen), and antihemagglutinin (anti-HA) rat MAb 3F10 (Roche,
Base!, Switzerland). PDGF and 4-hydroxy-tamoxifen (4-HT) were obtained from
Sigma. U0126 was purchased from Promega (Madison, WI).

Phosphatase treatment. Myc-EPLINB was transfected into AB-Raf:ER cells.
Cells were then treated with 4-HT for 2 h, and cell lysates were immunoprecipi-
tated with an anti-Myc (9E10) antibody. Immunoprecipitates were resuspended
in a reaction buffer containing 4 units of calf intestinal alkaline phosphatase
(CIAP; Takara, Shiga, Japan) and incubated at 37°C for 60 min. The reaction
was stopped by adding Laemmli’s sample buffer and boiling the samples. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and subjected to immunoblotting with an anti-Myc (A-14) anti-
body.

RNAi and rescue assays. EPLIN small interfering RNA (siRNA) and
siCONTROL nontargeting siRNA 1 were obtained from Dharmacon
(Lafayette, CO). The sequences of siRNA duplexes that target mouse EPLIN
are as follows: sense, 5'-GGACGAAUCUACUGUAAGCUU-3’; and anti-
sense, 5'-GCUUACAGUAGAUUCGUCCUU-3'. ERK1 and ERK2 Stealth
siRNA duplexes were obtained from Invitrogen. The sequences of mouse
ERKI1 siRNAs are as follows: sense, 5'-GGAAGCCAUGAGAGAUGUUU
ACAUU-3'; and antisense, 5'-AAUGUAAACAUCUCUCAUGGCUUCC-
3'. The sequences of mouse ERK2 siRNAs are as follows: sense, 5'-GGCU
AAAGUAUAUCCAUUCAGCUAA-3'; and antisense, 5'-UUAGCUGAAU
GGAUAUACUUUAGCC-3'. These siRNA duplexes were transfected into NIH
3T3 or primary osteoblastic cells by using DharmaFECT 1 reagent (Dharmacon);
and cells were cultured for 72 h. For rescue assays, we constructed an RNA inter-
ference (RNAi)-refractory EPLINa ¢cDNA (EPLINar) and EPLINa(S360/602/
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692A) cDNA [EPLINar(8360/602/692A)). Three silent mutations were introduced
into the mouse EPLINa and EPLINa(S360/602/692A) cDNAs, changing the nucle-
otide sequence at positions 817 to 825 of EPLINa/EPLINa(S360/602/692A) to CG
CATATAT.

In vitro kinase assay. Phosp.horylat‘ion of recombinant GST-EPLINa, GST-
EPLIN-N, GST-EPLIN-C, and their Ala substitutes by ERK was performed by
incubation of 50 ng of recombinant active ERK2 (New England Biolabs, Beverly,
MA) with 3.0 pg each of GST-EPLINg, -N, -C, and their mutants and 50 pM
[v-**PJATP (2.5 uCi; GE Healthcare) in 30 ul of a kinase buffer (50 mM
Tris-HCl, pH 7.5, 15 mM MgCl,, 1 mM EGTA, and 2 mM dithiothreitol [DTT])
for 20 min at 30°C. The reaction was stopped by adding Laemmli’s sample buffer
and boiling the samples. Half of the sample was subjected to 10% SDS-PAGE,
and the phosphorylation reaction was visualized by autoradiography.

LC-tandem mass spectrometry (LC-MS/MS) analysis. GST-EPLINa phos-
phorylated by ERK in vitro was separated by SDS-PAGE. In-gel digestion was
performed using sequencing-grade trypsin (Promega) or endoproteinase Glu-C
(Roche). The resulting peptides were separated by C,4 reversed-phase high-
pressure liquid chromatography (LC), and each peptide was analyzed with a
matrix-assisted laser desorption ionization—time-of-flight tandem mass spectrom-
eter (model 4700 proteomics analyzer; Applied Biosystems, Foster City, CA).
Detected masses and peptide sequences were subjected to database searches
with the Mascot search engine (Matrix Science, London, United Kingdom).

Actin cosedimentation assays. Binding of EPLIN to F-actin was tested in a
cosedimentation assay as described previously (23). Briefly, rabbit muscle G-
actin (Cytoskeleton, Denver, CO) and GST-EPLIN-C or GST-EPLIN-C(S602/
692A) were separately precleared by centrifugation at 100,000 X g for 30 min at
4°C. G-actin (2.5 pM) was polymerized in 5 mM Tris-HCI, pH 7.5, 100 mM KCl,
2 mM MgCl,, 0.2 mM ATP, and 0.5 mM DTT at room temperature for 30 min.
Fifty microliters of F-actin was then incubated with 10 pl of ERK-phosphory-
lated or nonphosphorylated GST-EPLIN-C or GST-EPLIN-C(S602/692A) for
30 min at 4°C. Afier being centrifuged at 100,000 X g for 30 min at 4°C, the
supernatant and pellet were separated and analyzed by SDS-PAGE and Coo-
massie brilliant blue (CBB) staining. ’

Immunoprecipitation. Cells were lysed with immunoprecipitation buffer (20
mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM NaF, 25 mM B-glycerophosphate,
2 mM EGTA, 2 mM MgCl,, 1% NP-40, 10% glycerol, 1 mM phenylmethylsul-
fonyl fluoride, 20 pg/ml aprotinin, and 2 mM DTT) for 15 min on ice. Lysates
were clarified by centrifugation and incubated with agarose beads conjugated
with the 9E10 anti-Myc antibody for 1 h at 4°C. The beads were then washed
three times with immunoprecipitation buffer and finally resuspended in Lae-
mmli’s sample buffer. Proteins were resolved by SDS-PAGE for immunoblot
analysis.

Immunofluorescence microscopy. Cells were grown on coverslips coated with
poly-L-lysine and fixed with 3.7% formaldehyde for 10 min at room temperature.
Fixed cells were then permeabilized with 0.1% Triton X-100 for 10 min. After
being washed with phosphate-buffered saline, the cells were incubated with
primary antibodies in phosphate-buffered saline containing 2% goat serum for
2 h, followed by incubation with Alexa Fluor-conjugated secondary antibodies
(1:1,000 dilution; Invitrogen) for 1 h. F-actin was detected by staining with
rhodamine-phalloidin or Alexa Fluor 647-conjugated phalloidin (Invitrogen).
Samples were observed on an inverted microscope (model IX71; Olympus,
Tokyo, Japan) equipped with a PlanApo 60X, 1.4-numerical-aperture (NA) oil
immersion objective. Images were obtained with a cooled charge-coupled device
camera (ORCA-ER; Hamamatsu Photonics, Shizuoka, Japan) controlled by
Aqua-Lite software (Hamamatsu Photonics) and were processed using Adobe
Photoshop CS3.

Boyden chamber assay. Cell migration was assayed in Boyden chambers (8.0-
wm-pore-size polyethylene terephthalate membrane with Falcon cell culture
insert; Becton Dickinson, Mountain View, CA) as previously described (7). NIH
3T3 cells transfected with EGFP, EPLINa-EGFP, or EPLINa(S360/602/692A)-
EGFP were serum starved with DMEM containing 0.2% CS and then trypsinized
and counted. Cells (5 X 10* to 10 X 10%) in DMEM containing 0.2% CS (0.8 mi)
were added to the upper chamber, and 1.8 ml of appropriate medium. with or

-without 30 ng/ml PDGF, was added to the lower chamber. When the MEK

inhibitor was used in this assay, cells were treated with 20 uM U0126 for 30 min
before trypsinization, and U0126 was also added to both the upper and lower
chambers during migration. For RNAI rescue assays, cells were sequentially

- transfected with control siRNA or EPLIN siRNA and EGFP, EPLINar-EGFP,

or EPLINar(5360/602/692A)-EGFP. For primary osteoblasts, a-minimum essen-
tial medium with 0.2% FBS was used. Transwells were incubated for 6 h at 37°C.
EGFP-positive cells on both sides of the membrane were counted, and then cells
on the inside of the insert were removed with a cotton swab and EGFP-positive
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cells on the underside of the insert were counted. The number of cells in five
randomly chosen fields per filter was counted by microscopic examination.
Live imaging. To observe PDGF-induced membrane ruffling, NIH 3T3 cells
transfected with EPLINa-EGFP or EPLINa(S360/602/692A)-EGFP were stim-
ulated with 50 ng/ml PDGF for 15 min after time-lapse recording. Time-lapse
microscopy was performed using a DeltaVision deconvolution microscope sys-
tem controlled by soft WoRx software (Applied Precision, Issaquah, WA) con-
figured around an Olympus IX70 inverted microscope. Images were acquired
using a UPlanSApo 20X, 0.85-NA oil immersion objective. For wound-healing
assays, after scratching of a monolayer of NIH 3T3 cells transfected with
EPLINa-EGFP or EPLINa(S8360/602/692A)-EGFP, live cells were recorded at
37°Cina 5% CO, atmosphere, using a confocal microscope (CSU22; Yokogawa,
Tokyo, Japan) equipped with a cooled charge-coupled device camera
(DV887DCS-BV; Andor Technology, Belfast, Northern Ireland). Images were
acquired using a UPlanApo 20X, 0.80-NA oil immersion objective and were
analyzed with MetaMorph software (Molecular Devices, Downingtown, PA).

RESULTS

ERK-mediated phosphorylation of EPLIN in living cells. To
globally identify protein kinase substrates, we recently devel-

oped a system consisting of phosphoprotein purification by

immobilized metal-affinity chromatography, fluorescent 2D-
DIGE, and MS protein identification (20, 41). We applied this
method to the ERK signaling pathway and identified 24 can-
didates for novel ERK targets, one of which was EPLIN (H.
Kosako, N. Yamaguchi, M. Ushiyama, E. Nishida, and S. Hat-
tori, submitted for publication).

To examine whether EPLIN is phosphorylated by ERK in
living cells, Myc-tagged EPLIN was expressed in AB-Raf:ER
cells. This cell line is a derivative of NIH 3T3 cells in which the
protein kinase domain of mouse B-Raf is expressed as a fusion
protein with the hormone-binding domain of the human es-
trogen receptor (32). ERK can be activated by 4-HT, an an-
tagonist of estrogen. To suppress the ERK pathway, the MEK
inhibitor U0126 was used. The lysates of these cells were sub-
jected to immunoblotting with anti-Myc antibody (Fig. 1A, left
panel). Both Myc-EPLINa and Myc-EPLINB showed mobility
shifts on SDS-PAGE upon treatment with 4-HT compared to
treatment with UQ126. To confirm phosphorylation as the
cause of these shifts, we examined the effect of phosphatase
treatment. Myc-EPLINP was immunoprecipitated from 4-HT-
treated AB-Raf:ER cells, and the immunoprecipitates were
incubated with CIAP. As shown in Fig. 1A (right panel), the
4-HT-induced band shift of Myc-EPLINB was completely re-
versed by CIAP treatment. These results suggest that EPLIN is
phosphorylated by the activation of the ERK pathway. To
determine the phosphorylation site on EPLIN that induces the
mobility shift, HA-tagged wild-type EPLINB and two Ser-to-
Ala mutants were expressed in AB-Raf:ER cells, and then the
cells were treated with 4-HT or U0126. HA-EPLINB-S360A
did not show the mobility shift (see Fig. S1 in the supplemental
material), indicating that the shift was due to the phosphory-
lation of Ser360 (see below).

We generated a polyclonal antibody by immunizing a rabbit
with bacterially expressed full-length mouse EPLINa fused to
GST. To examine the specificity of the generated antibody,
Flag-tagged EPLIN was expressed in NIH 3T3 cells. Both
Flag-EPLINa and Flag-EPLINB were detected by immuno-
blotting with our anti-EPLIN, commercially available anti-
EPLIN (BL1141), and anti-Flag antibodies (Fig. 1B). The
commercial anti-EPLIN (BL1141) antibody showed very little
reactivity to endogenous EPLINe (Fig. 1B, middle panel). In

MoL. CELL. BIOL.

contrast, our affinity-purified anti-EPLIN antibody specifically
recognized endogenous EPLINa and also EPLING, as a faint
band (Fig. 1B, left panel, and C). Since EPLINB includes the
entire sequence of EPLINa, EPLINB is thought to be ex-
pressed at a much lower level than EPLINa in NIH 3T3 cells.
When AB-Raf:ER celis were treated with 4-HT or when NIH
3T3 cells were stimulated with PDGF for 30 min, endogenous
EPLINo and -B were phosphorylated, and this was prevented
by pretreatment with U0126 (Fig. 1C). '

ERK phosphorylates Ser360, Ser602, and Ser692 on EPLIN
in vitro and in vivo. As described in the previous section,
EPLIN is phosphorylated upon ERK activation. To test
whether EPLIN is a direct substrate of ERK, we prepared GST
fusion proteins of full-length EPLINa and the N-terminal and
C-terminal portions of EPLINGg, as illustrated schematically in
Fig. 2A. An in vitro kinase assay was then performed, using
recombinant active ERK, [y-*P]ATP, and recombinant GST-
EPLINa, GST-EPLIN-N, and GST-EPLIN-C as substrates.
Both GST-EPLINa and GST-EPLIN-C were strongly phos-
phorylated by ERK, whereas GST-EPLIN-N phosphorylation
was rather weak (Fig. 2B, lanes 1, 3, and 6). It has been
established that ERK preferentially phosphorylates Ser or Thr
residues just before Pro residues (11). EPLIN has seven Ser-
Pro sequences that are conserved between mouse and human
EPLIN proteins (Fig. 2A). To identify ERK phosphorylation
sites on EPLIN, we replaced each Ser residue with Ala. As
shown in Fig. 2B, lane 4, the S360A substitution completely
abolished ERK phosphorylation of EPLIN-N. On the other
hand, replacement of either Ser602 or Ser692 by Ala partially
abolished phosphorylation, and replacement of both residues
(EPLIN-C-S602/692A) markedly reduced phosphorylation
(Fig. 2B, lanes 9, 11, and 12). When full-length EPLINa was
used as a substrate, replacement of Ser360, Ser602, and Ser692
by Ala (EPLIN«-8360/602/692A) strongly impaired phosphor-
ylation by ERK (Fig. 2B, lane 2). This suggests that Ser360,
Ser602, and Ser692 are the primary sites at which ERK phos-
phorylates EPLIN in vitro.

To further confirm the phosphorylation sites, EPLIN phos-
phorylated by ERK in vitro was digested with trypsin or V8
protease, and the resulting peptides were subjected to LC-
MS/MS analysis. As shown in Fig. S2 in the supplemental
material, phosphorylation of Ser360, Ser602, and Ser692 was
confirmed by this analysis. Phosphorylation of Ser488 and
Ser607 was also observed, and these may be minor phos-
phorylation sites, as suggested by the slightly reduced phos-
phorylation of EPLIN-C-S488A and -S607A (Fig. 2B, lanes
8§ and 10).

We then produced phospho-specific antibodies by using syn-
thetic phosphopeptides that harbor phosphorylated Ser360,
Ser602, or Ser692. The anti-pS360 antibody recognized wild-
type GST-EPLIN-N and the S372A mutant of GST-EPLIN-N
upon ERK-mediated phosphorylation but did not recognize
the S360A mutant (Fig. 2C). Similarly, anti-pS602 and anti-
pS692 antibodies recognized wild-type and S692A mutant
GST-EPLIN-C and wild-type and S602A mutant GST-
EPLIN-C, respectively, only when phosphorylated by ERK.
These results indicate that the anti-pS360, anti-pS602, and
anti-pS692 antibodies specifically recognize EPLIN phosphor-
ylated at Ser360, Ser602, and Ser692, respectively.

To examine whether the anti-pS360, anti-pS602, and anti-
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FIG. 1. ERK-mediated phosphorylauon of EPLIN in living cells. (A) AB-Raf:ER cells transfected with Myc-EPLINa or -B were treated with
20 uM U0126 or 1 pM 4-HT for 2 h, and the lysates were immunoblotted with the A-14 anti-Myc rabbit antibody (left panel). Myc-EPLINB-
transfected cell lysates obtained for the left panel were immunoprecipitated with the 9E10 anti-Myc mouse antibody, and the immunoprecipitates
were incubated with or without CIAP (right panel). (B and C) Our affinity-purified anti-mouse EPLIN antibody specifically recognized mouse but
not human EPLIN. (B) NIH 3T3 cells were transfected with vector, Flag-EPLINa, or Flag-EPLINB, as indicated, and immunoblotted with 0.25

pg/ml each of our anti-EPLIN, commercial anti-EPLIN (BL1141), and anti-Flag (M2) antibodies. All panel photos were taken at the same
exposure time. The asterisk indicates nonspecific bands that migrated slightly faster than endogenous EPLINa. (C) AB-Raf:ER cells were treated
with U0126 or 4-HT for 30 min, and serum-starved NIH 3T3 cells were stimulated with 50 ng/ml PDGF for 30 min in the presence or absence of
a 30-min pretreatment with U0126. The lysates were immunoblotted with our anti-EPLIN and anti-ERK antibodies. EPLINB bands became

apparent after a longer exposure of the blot (data not shown).

pS692 antibodies can detect endogenous EPLIN phosphory-
lated by physiological stimuli that activate ERK, immunoblot
analysis was performed on lysates from PDGF-stimulated NIH
3T3 cells. As shown in Fig. 2D, after the addition of PDGF, all
three antibodies reacted with bands corresponding to EPLINa
and EPLINB. The time course of Ser602 and Ser692 phos-
phorylation was-similar to that of ERK activation, but Ser360
phosphorylation proceeded slowly and increased for up to 240
min. Since the phosphorylation of Ser360 caused the mobility
shift, anti-pS602 and anti-pS692 antibodies detected both
EPLINa and -B as doublets at later time periods. When im-
munoblot analysis was performed on lysates from PDGF-stim-
ulated primary calvarial osteoblasts, all three antibodies re-
acted with bands corresponding to EPLINa (see Fig. 10A).
Phosphorylation of these three residues was strongly inhibited
by pretreatment with U0126 (Fig. 2D; see Fig. 10A) or trans-
fection with siRNA for ERK2 or ERK1 plus ERK2 (see Fig.
6A). Because the level of ERK2 expression in NIH 3T3 cells is
significantly higher than that of ERK1 (note that comparable
amounts of ERK1 and ERK2 bands were detected by immu-

noblotting with the K-23 anti-ERK1 antibody in all figures), it
may be reasonable that phosphorylation of EPLIN as well as
p90 ribosomal S6 kinase, a well-known ERK substrate, was not
clearly inhibited by ERK1 depletion (see Fig. 6A). We there-
fore concluded that EPLIN is phosphorylated at Ser360,

.Ser602, and Ser692 by ERK in living cells.

Phosphorylation of the C-terminal region of EPLIN by ERK
reduces its affinity for F-actin in vitro and in vivo. Because
EPLIN has two actin-binding domains and cross-links actin
filaments into bundles (23), we next examined whether phos-
phorylation of EPLIN regulates its association with F-actin.
First, F-actin-binding properties of the nonphosphorylated and
ERK-phosphorylated C-terminal region of EPLIN (GST-
EPLIN-C) were compared by the F-actin cosedimentation as-
say in vitro (Fig. 3). In this assay, GST-EPLIN-C preincubated
with or without ERK was mixed with purified actin filaments,
the sample was ultracentrifuged, and the distribution of
GST-EPLIN-C in the supernatant and pellet was examined.
GST-EPLIN-C alone did not sediment, indicating that the
sedimentation was due to binding to F-actin. The recovery of
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FIG. 2. ERK phosphorylates Ser360, Ser602, and Ser692 of EPLIN. (A) Domain structure of EPLIN and its truncation mutants. Potential ERK
phosphorylation sites are indicated. For bacterial expression, EPLINa, EPLIN-N, and EPLIN-C were tagged with GST at the N terminus. (B) An
in vitro kinase assay was performed using wild- -type (WT) GST-EPLINa, GST—EPLIN N, GST-EPLIN-C, and their Ser-to-Ala mutants as
substrates and recombinant active ERK as a kinase in the presence of [y-**PJATP. After electrophoresis, the gel was stained with CBB (middle
panel) and subjected to autoradiography (upper panel). The relative intensities of phosphorylated bands were quantified by a Fujix BAS2000
bioimaging analyzer (lower panel). (C) GST-EPLIN-N, GST-EPLIN-C, and their Ala substitutes were incubated with or without ERK in vitro
and analyzed by immunoblotting with anti-pS360, anti-pS602, and anti-pS692 antibodies as indicated. (D) Serum-starved NIH 3T3 cells treated
with 10 ng/m! PDGF for the indicated times were analyzed by immunoblotting with the indicated antibodies.

ERK-phosphorylated wild-type GST-EPLIN-C in the pellet
(35%) was significantly less than that of the nonphosphory-
lated form (59%), whereas the nonphosphorylatable mutant
(S602/692A) of GST-EPLIN-C did not show ERK-dependent
changes (63% recovery in the absence of ERK and 62% re-

covery in its presence) (Fig. 3A). To determine the stoichiom-
etries of binding and dissociation constants (K,s), various con-
centrations of these proteins were assayed for cosedimentation
with a fixed amount of F-actin. As shown in Fig. 3B, the K;s of
nonphosphorylated and phosphorylated forms of wild-type
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FIG. 3. Phosphorylation of the C-terminal region of EPLIN by ERK reduces its affinity for F-actin in vitro. (A) Phosphorylated (+ERK) or
nonphosphorylated (— ERK) GST-EPLIN-C(WT) or GST-EPLIN-C(S602/692A) was mixed with (+) or without (—) 2.5 pM polymerized actin
and ultracentrifuged. Supernatants (S) and pellets (P) were analyzed by SDS-PAGE followed by CBB staining. (B) Quantitative analysis of binding
of the C-terminal region of EPLIN to actin filaments. The cosedimentation assay was performed by mixing 2.5 wM polymerized actin with various
amounts of phosphorylated (red) or nonphosphorylated (black) GST-EPLIN-C(WT) (left panel) or GST-EPLIN-C(S602/692A) (right panel).
Amounts of free and bound GST-EPLIN-C in the supernatant and pellet fractions were determined from a digitized CBB-stained gel.

GST-EPLIN-C for F-actin were calculated to be 0.65 uM and
1.2 pM, respectively. On the other hand, GST-EPLIN-C(S602/
692A) preincubated with or without ERK showed similar bind-
ing properties for F-actin, with K;s of ~0.6 M. These results
suggest that phosphorylation of the C-terminal region of
EPLIN by ERK reduces its affinity for F-actin. In contrast,

phosphorylation of full-length EPLIN and the N-terminal re-
gion of EPLIN by ERK did not significantly reduce their af-
finity for F-actin in a similar in vitro actin cosedimentation
assay (data not shown).

To test the effect of ERK phosphorylation of EPLIN on its
affinity for actin in vivo, Myc-tagged full-length EPLIN or the
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FIG. 4. Phosphorylation of the C-terminal region of EPLIN by ERK reduces its affinity for actin in vivo. 293T cells were cotransfected with
Myc-EPLINa, Myc-EPLIN-N, Myc~EPLIN-C, or their Ala substitutes and dominant-negative (SASA) or constitutively active (SDSE) HA-MEK
as indicated. The lysates were immunoprecipitated with an anti-Myc (9E10) antibody, followed by immunoblot analysis with antiactin and anti- -Myc
(A-14) antibodies (upper panels). The total lysates were immunoblotted with anti-Myc (9E10) and anti-ERK antibodies (lower panels).

N-terminal or C-terminal region of EPLIN was coexpressed
with constitutively active (SDSE) or dominant-negative
(SASA) HA-tagged MEK in 293T cells. Myc-EPLIN was im-
munoprecipitated with anti-Myc antibody, and immunopre-

cipitates were subjected to immunoblotting with anti-actin’

(Fig. 4). The coexpression of MEK-SDSE markedly decreased
the binding of EPLIN-C to actin compared to coexpression of
MEK-SASA, while the binding of EPLIN-C(S602/692A) did
not change upon ERK activation (Fig. 4, right panels). Full-
length Myc-EPLINa and Myc-EPLIN-N did not show such a
reduction (Fig. 4, left and middle panels). EPLIN may ho-
modimerize through a LIM domain and bind to the side of
an actin filament through two actin-binding domains (23).
Therefore, it may be reasonable that a reduction in the
actin-binding activity of the C-terminal region does not nec-
essarily result in a significant decrease in that of full-length
EPLIN (see Fig. 9F).

Stimulation with PDGF induces relocalization of EPLIN to
peripheral and dorsal ruffles. To examine whether phosphor-
ylation by ERK regulates EPLIN function in living cells, we
first investigated the subcellular localization of EPLIN during
ERK activation. Serum-starved NIH 3T3 cells were stimulated
with PDGF and then immunostained with anti-EPLIN (Fig.
5A). EPLIN colocalized with actm stress fibers in quiescent
cells (Fig. 5A, left panels). PDGF stimulation induced disas-
sembly of stress fibers and formation of peripheral and dorsal
ruffles, where EPLIN was relocalized (Fig. SA, middle panels).
When cells were treated with PDGF in the presence of U0126,
stress fiber disassembly was partially inhibited, and a fraction
of EPLIN localized on the remaining stress fibers (Fig. 5A,
right panels). Similar results were obtained with primary os-
teoblasts (see Fig. 10B).

Stimulation with PDGF induces phosphorylation of Ser360
and Ser602 at peripheral and dorsal ruffles. We then exam-
ined the localization of phosphorylated EPLIN in PDGF-stim-
ulated NIH 3T3 cells by indirect immunofluorescence micros-
copy using anti-pS360 and anti-pS602 antibodies (Fig. 5B and
C; the anti-pS692 antibody did not show specific staining). In
quiescent cells, phosphorylation of Ser360 was hardly detected.
When cells were stimulated with PDGF, Ser360-phosphory-
lated EPLIN appeared first in peripheral and dorsal ruffles and

gradually increased with time (Fig. 5B), consistent with the
results of immunoblot analysis (Fig. 2D). U0126 pretreatment
or siRNA-mediated depletion of ERK2 or ERK1 pilus ERK2
completely abolished the staining by the anti-Ser360 antibody
(Fig. 5B and 6B).

Immunostaining with the anti-pS602 antibody revealed that
phosphorylation of EPLIN at Ser602 proceeded earlier than
that at Ser360 ‘(Fig. 5C). After 5 min of stimulation with
PDGF, phosphorylation signals clearly appeared in dorsal ruf-
fles (Fig. 5C, arrowheads). The time course of anti-pS602 stain-
ing intensity also correlated well with the results of immuno-
blot analysis. Phosphorylated ERK (p-ERK) was observed
throughout the ‘cell body after 5 min, translocated into the
nucleus after 30 min, and returned to the cytoplasm after 120
min (Fig. 5C). These staining patterns with anti-pS602 and
anti-p-ERK antibodies were abolished by U0126 pretreatment
or siRNA-mediated depletion of ERK2 or ERK1 plus ERK2
(Fig. 5C and 6B and C). Nuclear staining with the anti-pS602
antibody was observed in quiescent cells and in cells pretreated
with U0126, suggesting that it may be nonspecific staining,

Ser360- and Ser602-phosphorylated EPLIN localizes to the
leading edge of migrating cells. The localization of phosphor-
ylated EPLIN at membrane ruffles prompted us to test
whether the phosphorylation of EPLIN occurs during cell mi-
gration. Wound healing of fibroblasts causes a rapid and tran-
sient activation of ERK at the leading edge, which can be
inhibited by U0126 (21, 26). Six hours after wounding of a
confluent monolayer of NIH 3T3 cells, cells were immuno-
stained with the anti-pS360 or anti-pS602 antibody (Fig. 7).
Both phosphorylated Ser360 and Ser602 were evident in cells
at the leading edge. As expected, pretreatment with U0126
completely abolished these staining patterns. These results in-
dicate that EPLIN is phosphorylated by ERK at the leading
edge of migrating fibroblasts.

Phosphorylation of EPLIN by ERK is required for PDGF-
induced stress fiber disassembly and membrane ruffling. To
examine whether the phosphorylation of EPLIN by ERK is
involved in membrane ruffling, we constructed EGFP-fused

full-length EPLINa (EPLINa-EGFP) and a nonphosphorylat- .

able mutant EPLINa protein [EPLINa(S360/602/692A)-
EGFP] in which three major phosphorylation sites were re-
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FIG. 5. Stimulation with PDGF induces localization of phosphorylated EPLIN to peripheral and dorsal ruffles. Serum-starved NIH 3T3 cells were
stimulated with 50 ng/m! PDGF for the indicated times in the presence or absence of a 30-min pretreatment with U0126. (A) Cells were fixed and stained
with the anti-EPLIN antibody (green), rhodamine-phalloidin (red), and DAPI (4',6'-diamidino-2-phenylindole) (blue). (B) Cells were fixed and stained
with the anti-pS360 antibody (green), rhodamine-phalloidin (red), and DAPI (blue). (C) Cells were fixed and stained with the anti-pS602 antibody
(green), Alexa Fluor 647-phalloidin (red), and anti-p-ERK antibody (gray). Note that Ser602-phosphorylated EPLIN preferentially localizes to mem-
brane ruffles rather than stress fibers. The arrows and arrowheads indicate peripheral and dorsal ruffles, respectively. Bars, 30 wm.

placed with Ala. Expression of both types of EPLIN increased
the number and size of actin stress fibers in quiescent NIH 3T3
cells (Fig. 8A, left panels), as reported previously for MCF-7
cells (23). After stimulation with PDGF, EPLINa-EGFP-ex-
pressing cells lost their stress fibers and formed prominent
lamellipodia/membrane ruffies, but EPLINa(S360/602/692A)-
EGFP-expressing cells still retained stress fibers and formed
fewer membrane ruffies (Fig. 8A, right panels; see Videos S1
and S2 in the supplemental material).

EGPF-positive cells were categorized into four classes ac-
cording to their degree of ruffling (Fig. 8B). Among quiescent
cells, most wild type- and Ala mutant-transfected cells were
classified as type I (without ruffies). When cells were stimu-
lated with PDGF for 5 min, EPLINa-EGFP-expressing cells
were mostly classified into types III and IV, with marked la-
mellipodia/membrane ruffles, but in EPLINa(S360/602/692A)-
EGFP-expressing cells ruffie formation was significantly im-
paired. These data suggest that phosphorylation of EPLIN by
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FIG. 6. PDGF-induced phosphorylation of EPLIN is inhibited by siRNA-mediated depletlon of ERK2 or ERK1 plus ERK2. NIH 3T3 cells
were transfected with siRNA for control, ERK1, ERK2, or ERK1 plus ERK2, incubated for 48 h, serum starved, and then stimulated with 50 ng/mi
PDGF for 0 or 30 min. (A) The lysates were immunoblotted with the indicated antibodies. (B) Cells were fixed and quadruply stained with the
anti-pS360 antibody (green), Alexa Fluor 647-phalloidin (red), DAPI (blue), and anti-p-ERK antibody (gray). (C) Cells were fixed and triply
stained with the anti-pS602 antibody (green), rhodamine-phalloidin (red), and DAPI (blue). Bars, 30 um.

ERK is involved in PDGF-induced lamellipodium/membrane phorylation in cell migration, wound-healing assays were

ruffie formation.

performed using EPLINa-EGFP- and EPLINa(S360/602/

Phosphorylation of EPLIN by ERK is required for cell 692A)-EGFP-transfected NIH 3T3 cells. The proportion of
migration. Dynamic phosphorylation and dephosphoryla- EGFP-positive cells at the wound edge was assessed over an
tion of cytoskeletal proteins are essential for effective cell 8-h time period. The ratio of EPLINa-EGFP expression at
motility. To evaluate the potential role of EPLIN phos- the wound edge (approximately 20%) did not change during
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FIG. 7. EPLIN is phosphorylated at the leading edge of migrating
fibroblasts during recovery from a wound. A confluent monolayer of
NIH 3T3 cells was “wounded” by being scraped with a plastic
pipette tip and then cultured for 0 or 6 h in the presence or absence
of a 30-min pretreatment with U0126. Cells were fixed and doubly
stained with the anti-pS360 (A) or anti-pS602 (B) antibody and
rhodamine-phalloidin (red). The wound site is at the left of each
panel. Bars, 50 pm.

this period, indicating that EPLINa-EGFP-expressing cells
and surrounding untransfected cells migrated at similar ve-
locities (Fig. 9A; see Video 83 in the supplemental material).
In contrast, the EPLINa(S360/602/692A)-EGFP-expressing cells
showed a marked decrease in motility and gradually fell behind
the wound edge during recovery (Fig. 9A; see Video S4 in the
supplemental material). These results indicate that EPLIN
phosphorylation by ERK is required for cell migration during
wound healing.

The roles of EPLIN phosphorylation by ERK in cell motility
were evaluated in another experiment, a modified Boyden
chamber assay. The addition of PDGF to the lower chamber
induced migration of NIH 3T3 cells expressing EGFP or
EPLINa-EGFP, and pretreatment with U0126 inhibited
PDGF-induced migration of these cells (Fig. 9B). In contrast,
expression of EPLIN«(S360/602/692A)-EGFP significantly in-
hibited PDGF-induced migration compared with expression of
EGFP or EPLINa-EGFP (Fig. 9B). Similar results were ob-
tained with primary osteoblasts (Fig. 10C). These results sug-

PHOSPHOREGULATION OF EPLIN BY ERK 8199

gest that EPLIN phosphorylation by ERK is also required for
PDGF-induced cell migration.

To further investigate the functions of EPLIN in cell motil-
ity, siRNA-mediated depletion of EPLIN and rescue assays
were performed. We prepared RNAi-refractory versions of
EPLIN proteins [EPLINar-EGFP and EPLINar(S360/602/
692A)-EGFP] harboring silent mutations (Fig. 9C). EPLIN
depletion significantly enhanced the ability of NIH 3T3 cells to
migrate in both the wound-healing assay and the modified
Boyden chamber assay (Fig. 9D and E), suggesting that EPLIN
functions to negatively influence cell motility. While expression
of EPLINar-EGFP efficiently restored the enhanced migratory
activity to the level seen with control siRNA treatment,
EPLINar(S360/602/692A)-EGFP-expressing cells showed a
significant decrease in motility compared with control siRNA-
treated or EPLINar-EGFP-expressing cells (Fig. 9D and E).
We also confirmed these findings by performing modified Boy-
den chamber assays with primary osteoblasts (Fig. 10D). Taken
together, these results indicate that EPLIN phosphorylation by
ERK is required for cell migration.

DISCUSSION

In the present study, we have characterized an F-actin cross-
linking protein, EPLIN, as a novel ERK MAPK substrate.
First, ERK phosphorylates EPLIN on Ser360, Ser602, and
Ser692 in vitro and in living cells. Second, ERK phosphoryla-
tion of EPLIN decreases the affinity of its C-terminal region
for actin filaments. Third, EPLIN localizes to actin stress fibers
in quiescent cells, and stimulation with PDGF induces relocal-
ization of EPLIN to lamellipodia/membrane ruffies. Fourth,
phosphorylated EPLIN localizes to membrane ruffles both
upon PDGF stimulation and during wound healing. Fifth, a
non-ERK-phosphorylatable mutant of EPLIN inhibits PDGF-
dependent actin stress fiber disassembly, membrane ruffling,
and cell migration, while RNAi-mediated silencing of EPLIN
enhances cell motility. ERK thus controls actin organization
and cell motility by phosphorylating EPLIN.

. ERK phosphorylation sites within EPLIN were identified by
site-directed mutagenesis. We determined that the Ser360,
Ser602, and Ser692 residues of EPLIN are the major phosphor-
ylation sites for ERK. These phosphorylation sites were con-
firmed by LC:-MS/MS analysis of in vitro-phosphorylated
EPLIN (see Fig. S2A, C, and D in the supplemental material).
Immunoblot analysis using phospho-specific antibodies re-
vealed that these three sites are indeed phosphorylated by
ERK in intact cells (Fig. 2D and 10A). Although recent phos-
phoproteomic studies detected intracellular phosphorylation

" of mouse EPLIN at Ser360 (43) and of human EPLIN at

Ser604 and Ser698 (corresponding to Ser602 and Ser692 of
mouse EPLIN) (27, 28), spatiotemporal changes had not been
reported. Interestingly, PDGF-induced phosphorylation of
Ser360 occurred rather slowly compared to the rapid phosphor-
ylation of Ser602, Ser692, and ERK (Fig. 2D). This raises the
possibility that cellular phosphatase activity toward Ser360 is
high in the early phase or that ERK indirectly phosphorylates
Ser360 through a downstream kinase.

EPLIN contains two actin-binding sites, in the N- and C-
terminal halves, and a LIM domain between these sites may
allow EPLIN to homodimerize. EPLIN therefore cross-links
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FIG. 8. Phosphorylation of EPLIN is required for PDGF-induced stress fiber disassembly and membrane ruffling. (A) NIH 3T3 cells transfected
with EPLINa-EGFP or EPLINa(S360/602/692A)-EGFP were stimulated with S0 ng/mi PDGF for 0 or 5 min. Cells were fixed and stained with
rhodamine-phalloidin and DAPI to detect F-actin (red) and DNA (blue), respectively. Bar, 30 pm. (B) NIH 3T3 celis transfected with EGFP,
EPLINa-EGFP, or EPLINa(S360/602/692A)-EGFP were stimulated with 50 ng/ml PDGF for 0 or 5 min. The degree of ruffling was categorized
into four classes, as exemplified in the bottom panels. At least 100 cells were counted per sample, and values are means * standard deviations (SD)

for three independent experiments.

and bundles actin filaments, but the two actin-binding domains
may have different functions in the cell (23). In cosedimenta-
tion assays with F-actin, we found that the C-terminal half of
EPLIN, but neither full-length EPLIN nor the N-terminal half
of EPLIN, reduces its association with F-actin upon ERK-
mediated phosphorylation. This observation was confirmed by
an in vivo experiment showing that the amount of actin coim-
munoprecipitated with the C-terminal half but neither full-
length EPLIN nor the N-terminal half of EPLIN was reduced

' by activation of ERK. Since EPLIN is supposed to bind to the

side of an actin filament through two actin-binding domains
(23), it may be reasonable that a reduction in the actin-binding
activity of the C-terminal region does not necessarily lead to a
significant decrease in that of full-length EPLIN (Fig. 9F).
The phosphorylation-dependent reduction of the affinity of
the C-terminal region for F-actin may affect the actin-bundling
activity of EPLIN to facilitate dynamic remodeling of actin
filament networks. Thus, we investigated the effects of EPLIN
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FIG. 9. Phosphorylation of EPLIN is required for cell migration. (A) Six hours after wounding of a confluent monolayer of NIH 3T3 cells
transfected with EPLINa-EGFP or EPLINa(S360/602/692A)-EGFP, cells were fixed and stained with rhodamine-phalloidin and DAPI to detect
F-actin (red) and DNA (blue), respectively (left panels; both EGFP-positive cells were located at the margin immediately after being wounded).
The wound site is at the left of each panel. Bar, 50 pm. At the indicated times after wounding, the proportion of EGFP-positive cells at the wound
margin was assessed (right panel). (B) NIH 3T3 cells were transfected with EGFP, EPLINa-EGFP, or EPLINa(S360/602/692A)-EGFP. After 24 h,
a modified Boyden chamber assay was performed in the absence or presence of 30 ng/ml PDGF in the lower chamber. PDGF-induced migration
was also observed in the presence of 20 .M U0126 in both the upper and lower chambers. (C) NIH 3T3 cells were transfected with control siRNA
or EPLIN siRNA, incubated for 24 h, and then transfected with EGFP, RNAi-refractory EPLINar-EGFP, or EPLINar(S360/602/692A)-EGFP.
After 24 h of incubation, the lysates were immunoblotted with the indicated antibodies. (D) At the indicated times after being wounded, a confluent
monolayer of NIH 3T3 cells that had been transfected simultaneously as indicated were fixed and stained as described for panel A, and the
proportion of EGFP-positive cells at the wound margin was assessed. (E) NIH 3T3 cells were sequentially transfected as described for panel C and
then subjected to a modified Boyden chamber assay in the absence or presence. of 30 ng/ml PDGF in the lower chamber. For panels A, B, D, and
E, at least 100 cells were counted per sample, and values are means * SD for three independent experiments. (F) Schematic representation of
the proposed mechanism by which ERK-mediated phosphorylation of the C-terminal region of EPLIN leads to reorganization of actin filaments,
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phosphorylation on its localization, actin dynamics, and cell
motility. It has been reported that endogenous EPLIN is dis-
tributed predominantly along actin stress fibers in U208 cells
(35). Consistent with this finding, immunostaining showed that
EPLIN colocalized with stress fibers in quiescent NIH 3T3
cells (Fig. 5A) and primary osteoblasts (Fig. 10B). Stimulation
with PDGF induced stress fiber disassembly and relocalization
of EPLIN to membrane ruffles within 15 to 30 min. When cells

were treated with PDGF in the presence of U0126, stress fiber,

disassembly was partly inhibited by blocking the ERK pathway
(29), and a fraction of EPLIN remained localized on the re-
sultant stress fibers.

We further demonstrated by indirect immunofluorescence
microscopy that both Ser360 and Ser602 are phosphorylated in
specific subcellular areas by PDGF stimulation or during cell

" migration, suggesting the physiological significance of these
phosphorylation sites in cellular processes. Both staining pat-
terns were not detectable when the cells were pretreated with
U0126 (Fig. 5B and C and Fig. 7) or transfected with siRNA
for ERK2 or ERK1 plus ERK2 (Fig. 6B and C), indicating
ERK-dependent phosphorylation. PDGF treatment induced
the phosphorylation of EPLIN at peripheral and dorsal ruffles.
In migrating NIH 3T3 fibroblasts, phosphorylated EPLIN pref-
erentially localized to the leading edge, which is consistent with
previous observations that activated ERK is also localized at
the leading edge during migration of rat embryo fibroblasts
and 3Y1 cells (21, 26). These findings support the possible
involvement of EPLIN phosphorylation by ERK in actin reor-
ganization and cell migration (see below).

To clarify the effects of EPLIN phosphorylation on actin
organization and cell motility, we used wild-type EPLIN and a
non-ERK-phosphorylatable mutant EPLINa fused to EGFP.
The nonphosphorylatable mutant inhibited both cellular pro-
cesses. The precise molecular mechanism by which ERK pro-
motes ruffle formation and cell migration via phosphorylating

EPLIN remains unclear. Since the mutant contains substitu-_

tions in both the N- and C-terminal regions, there remained
the possibility that the reduction of the affinity of the C-termi-
nal region for F-actin may not participate in this mechanism.
However, in a modified Boyden chamber assay, two substitu-
tions in the C-terminal region [EPLINa(S602/692A)-EGFP
migration index, 3.53 * 0.46] showed a similar inhibitory effect
to that by three substitutions [EPLINa(S360/602/692A)-EGFP
migration index, 3.03 * 0.35] compared with the wild type
(EPLINa-EGFP migration index, 5.17 = 0.47) or a protein
with one substitution in the N-terminal region [EPLINa(S360A)-
EGFP migration index, 4.67 = 0.52], indicating the importance
of a phosphorylation-dependent reduction in the C-terminal
binding activity. Phosphorylation of Ser360 in the N-terminal
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region causes an electrophoretic mobility shift (see Fig. Si in
the supplemental material), suggesting conformational and
functional changes that should be addressed in future studies.
Since nonphosphorylated EPLIN dimers can form thick actin
bundles through the N- and C-terminal actin-binding sites,
EPLIN in quiescent cells may stabilize stress fibers and inhibit
cell migration (Fig. 9F, upper panel). Phosphorylated EPLIN
dimers can cross-link actin filaments through only the N-ter-
minal actin-binding sites, and thereby EPLIN in migrating cells
may form a dynamic actin meshwork in membrane ruffles (Fig.
9F, lower panel). Taken together, the data show that PDGF
stimulation activates ERK, which phosphorylates EPLIN to
reduce the affinity of its C-terminal region for actin filaments,
and then phosphorylated EPLIN causes destabilization of
stress fibers and reorganization of the actin cytoskeleton to
form membrane ruffles and to enhance cell migration.

ERK is known to regulate actin organization and cell mo-
tility by phosphorylating a number of proteins, including
MLCK, FAK, paxillin, actopaxin, and vinexin. We demonstrate

in this study that EPLIN is also a mediator of ERK-regulated

cytoskeletal dynamics. Because the expression of phosphomi-
metic mutants of EPLIN had weak effects on these processes
(data not shown), many actin-binding proteins phosphorylated
by ERK are likely to act in concert to regulate actin dynamics.
Furthermore, various extracellular stimuli induce actin reorga-
nization and cell migration through other ERK-independent
pathways. For example, it was recently reported that Akt reg-
ulates these processes via phosphorylation of girdin, an F-actin
cross-linking protein (7). Other actin cross-linking proteins,
such as fascin (42, 45) and L-plastin (15), were also shown to be
regulated by phosphorylation to control actin cytoskeletal as-
sembly and cell motility.

It has been reported that EPLIN is down- regulated or lost in
a number of oral, prostate, and breast cancer cell lines (3, 22).
Since siRNA-mediated depletion of EPLIN enhanced cell mo-
tility during wound healing and in PDGF-induced cell migra-
tion, the down-regulation of EPLIN expression might be rele-
vant to migration and invasion of these cancer cells. Previously,
it was reported that ectopic expression of EPLIN can suppress
anchorage-independent growth of NIH 3T3 cells transformed
by Cdc42V12 or EWS/Fli-1 but not by RasV12 (35). This can
now be explained by actin reorganization and enhanced cell
motility through the Ras-Raf-MEK-ERK-EPLIN pathway.
Ras-mediated phosphorylation of EPLIN may be involved in
the invasion of tumor cells with Ras mutations. EPLIN is
highly conserved from zebra fish to humans and contains mul-
tiple Ser/Thr-Pro motifs that can potentially be phosphorylated
by ERK. The ERK-EPLIN pathway may play important roles
in diverse physiological processes in vertebrates.

FIG. 10. Phosphorylation of EPLIN by ERK is required for cell migration in primary calvarial osteoblasts. (A and B) Serum-starved osteoblasts
were treated with 50 ng/mi PDGF for the indicated times in the presence or absence of a 30-min pretreatment with U0126. (A) The lysates were
immunoblotted with the indicated antibodies. (B) Cells were fixed and stained with the anti-EPLIN antibody (green), rhodamine-phalloidin (red),
and DAPI (blue). Bar, 30 pm. (C) Osteoblasts were transfected with EGFP, EPLINa-EGFP, or EPLINa(S8360/602/692A)-EGFP. After 24 h, a
modified Boyden chamber assay was performed in the absence or presence of 30 ng/ml PDGF in the lower chamber. (D) Osteoblasts sequentially
transfected with control siRNA or EPLIN siRNA and EGFP, EPLINar-EGFP, or EPLINar(5360/602/692A)-EGFP were subjected to a modified
Boyden chamber assay in the absence or presence of 30 ng/m| PDGF in the lower chamber. The inset shows the depletion of endogenous EPLINa
by siRNA and the rescue by RNAi-refractory EPLINar-EGFP or EPLINar(5360/602/692A)-EGFP. For panels C and D, at least 100 cells were
counted per sample, and values are means = SD for three independent experiments.
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