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CDC14 is an essential dual-specificity phosphatase that counteracts
CDK1 activity during anaphase to promote mitotic exit in Saccharo-
myces cerevisiae. Surprisingly, human CDC14A is not essential for
cell cycle progression. Instead, it regulates cell migration and cell
adhesion. Little is known about the substrates of hCDC14A and
the counteracting kinases. Here, we combine phospho-proteome
profiling and proximity-dependent biotin identification to identify
hCDC14A substrates. Among these targets were actin regulators,
including the tumor suppressor eplin. hCDC14A counteracts EGF-
induced rearrangements of actin cytoskeleton by dephosphorylating
eplin at two known extracellular signal-regulated kinase sites, serine
362 and 604. hCDC14APD and eplin knockout cell lines exhibited
down-regulation of E-cadherin and a reduction in α/β-catenin at
cell–cell adhesions. Reduction in the levels of hCDC14A and eplin
mRNA is frequently associated with colorectal carcinoma and is cor-
related with poor prognosis. We therefore propose that eplin de-
phosphorylation by hCDC14A reduces actin dynamics to restrict
tumor malignancy.
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The highly dynamic nature of the actin network of nonmuscle
cells contributes to its functions in cell migration, cell synaptic

transmission, endocytosis, and the immune response (1–3). It is
therefore not surprising that deregulation of actin is associated with
a range of human diseases, including leukemia, kidney disorders,
and cancer development (4, 5). Long lists of actin-associated pro-
teins from Rho GTPases, kinases, phosphatases, and actin-binding
proteins regulate actin filament dynamics (1, 3, 4, 6–8). Actin-
bundling proteins such as α-actinin, fascin, and filamin cross-link
actin filaments into bundles and play important roles in regulating
membrane protrusions and cell mobility (9–13). Cofilin severs
existing actin filaments to generate more free ends and thus plays a
critical role in actin dynamics (9, 10, 14, 15). The protein epithelial
protein lost in neoplasm (eplin) bundles F-actin filaments and can
control G-actin nucleation by regulating the activity of the Arp2/3
actin complex (16). Interestingly, the activity of eplin is regulated
through phosphorylation by extracellular signal-regulated kinase
(ERK) at serine residues 362 and 604 (17). However, the phos-
phatase that reverses these important phosphorylations is unknown.
In Saccharomyces cerevisiae, the dual-specificity phosphatase

CDC14 counteracts cyclin-dependent kinase (Cdk1) activity to
drive mitotic exit (18, 19). Therefore, CDC14 is essential for the
viability of S. cerevisiae. In contrast, its ortholog, CDC14A, is not
essential for the viability of either human or chicken DT40 cells.
Surprisingly, cells in which the hCDC14A coding sequence had
been disrupted did not show any obvious defects in cell cycle
progression (18, 19). However, we recently reported that
hCDC14A colocalizes with F-actin at the leading edge of cells
and stress fibers where it regulates actin dynamics. This regula-
tion is important for cell migration and cell adhesion (20).

Because there have been no systematic attempts to identify
phospho-sites that are regulated by hCDC14A, we know relatively
little about the identity of either the proteins that are dephos-
phorylated by hCDC14A or, indeed, the kinases that counteract
hCDC14A in human cells. The only known substrate of hCDC14A
that acts within the actin cytoskeleton is the protein Kibra (20, 21).
However, considering the broad distribution of hCDC14A
throughout the actin network, it is highly likely that hCDC14A
dephosphorylates additional actin-associated proteins.
To identify hCDC14A substrates and decipher the molecular

mechanisms by which hCDC14A controls cell migration, we com-
bined phospho-proteome analysis with the biotin identification
(BioID) proximity assay (22). These approaches identified the
potent tumor suppressor eplin as a key actin-associated hCDC14A
substrate. We show that hCDC14A controls actin-bundling activity
of eplin to locally modulate actin rearrangements by counteracting
EGF-induced ERK-mediated phosphorylation of eplin. Eplin also
links F-actin to the E-cadherin–α/β catenin complex (23). Consis-
tently, we found a reduction in the enrichment of α/β catenin at
cell–cell junctions and decreased E-cadherin levels when either
hCDC14A phosphatase activity was ablated or eplin was removed.
This striking correlation indicates that hyperphosphorylated eplin
lacks the ability to interconnect the E-cadherin–α/β catenin com-
plex with F-actin. As down-regulation of hCDC14A and eplin is a
common feature of colorectal cancer and is associated with poor
prognosis, our data strongly suggest that loss of hCDC14A–eplin
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regulation may be a key step in driving the malignancy of invasive
colorectal cancers.

Results
Phospho-Proteome Analysis Revealed Multiple Actin Regulators as
hCDC14A Substrates. We applied affinity purification of phospho-
peptides followed by large-scale phospho-proteomics to identify
hCDC14A substrates. HeLaTetON-hCDC14A-YFP and TetON-YFP
cells [stable integration into the flippase recognition target
(FRT) site] were grown in heavy (Arg13C15N Lys13C15N) and light
(Arg12C14N Lys12C14N) medium, respectively (Fig. 1A). After
eight passages, addition of doxycycline (Dox) to the medium in-
duced hCDC14A-YFP and YFP expression. Twenty-four hours
later, proteins were extracted, the extracts were mixed at a ratio of
1:1, and, after phospho-peptide enrichment, peptides were ana-
lyzed by LC-MS/MS. Over 14,000 phospho-sites were identified in
each of three independent replicate experiments. Surprisingly,
only 68 phospho-sites (0.5%) belonging to 51 proteins (threshold =
0.5) were hypo-phosphorylated upon hCDC14A-YFP expression
compared with the YFP control (Fig. 1B and Table S1). Of the
68 hypo-phosphorylated peptides, 65 (95.6%) contained phospho-
serine (P-serine) residues and only 3 (4.4%) phospho-threonine
(P-threonine), whereas P-serine represented 80.6% and P-threonine
18.6% of the global phospho-proteome of these cells. Thus, in line
with in vitro data, in vivo hCDC14A also appears to preferentially
target P-serine residues (24, 25).

Hypo-phosphorylated peptides were analyzed with the Perseus
program to generate a consensus dephosphorylation motif for
hCDC14A (Fig. 1C). This analysis is consistent with structural
data (26) indicating that hCDC14A shares a common preference
with cyclin-dependent kinases in being proline directed with a
preference for lysine or arginine three residues after the phos-
phorylation site (25). The presence of proline residues at positions
-1, -2, and +2 indicates that hCDC14A may also counteract other
kinases such as ERK1/2 and glycogen synthase kinase 3 (GSK-3β)
that emulate cyclin-dependent kinases in being proline-directed
kinases yet have a preference for additional proline residues sur-
rounding the phosphorylation site (www.phosphosite.org/). Con-
sistent with hCDC14A’s localization and function along F-actin,
gene ontology enrichment revealed that the majority of hCDC14A
substrates were either involved in the organization of the actin
cytoskeleton or associated with adherens junctions and focal ad-
hesion sites (Fig. 1D). Bioinformatic analysis using STRING and
BioGrid revealed a molecular network of multiple actin regulators
(Fig. 1E) that contained a high number of actin-bundling proteins
such as eplin, drebrin, filamin, and supervillin.
To validate the data arising from the transient hCDC14A over-

expression approach, we compared the phospho-proteomes of wild-
type (WT) and hCDC14A hCDC14B double knockout (hCDC14A/
B-KO) RPE1 cells. We used hCDC14AΔ/Δ hCDC14BΔ/flox cell lines
acutely infected with AdCre for this experiment (hCDC14A/B-KO)
to minimize adaptation in response to the absence of the hCDC14B
gene. Forty-nine cytoskeletal proteins were hyper-phosphorylated
in comparisons between the hCDC14A/B-KO and WT cells.
However, in contrast to the hCDC14A overexpression screen, in
which the vast majority of dephosphorylated sites were “pSP/pTP”
(Fig. 1C; 84.1%), only 60% of hyper-phosphorylated sites of the
hCDC14A/B-KO screen were pSP/pTP. The remaining sites were
not flanked by a proline residue and so probably arose from ad-
aptation to the consequences of the prolonged lack of hCDC14A
activity, for example, as a secondary consequence of the long-term
down-regulation of other phosphatase(s) or up-regulation of kinase
(s). Of the pSP/pTP substrates, the spectrum of the interaction
network of hyper-phosphorylated cytoskeletal proteins of hCDC14-
KO cells was reminiscent of the hypo-phosphorylated proteins of
TetOn-hCDC14A cells in being focused around eplin (Fig. 1 E and F
and Table S2). Given that hCDC14A associates with the actin cy-
toskeleton (20) and that hCDC14B is enriched in the nucleus
during interphase before associating with the mitotic chromatin
(Fig. S1A), the lack of hCDC14A activity is probably responsible for
the hyper-phosphorylation of actin-associated proteins in the RPE1
hCDC14A/B-KO cells.

hCDC14A Interaction Network by BioID.One of the challenges for the
identification of hCDC14A substrates is the transient nature of
the interaction between the phosphatase and its substrate (27, 28).
The BioID approach is therefore highly attractive for this task as it
is able to identify weakly interacting proteins because it supports
efficient enrichment by virtue of the fact that neighbors are iden-
tified as a result of their biotinylation by hyperactive promiscuous
biotin ligase BirA that has been fused to the protein of interest
(22). To confirm hCDC14A substrates, we performed a proximity
interactor screen with hCDC14A-BirA-HA as bait (Fig. 2A).
TetON-hCDC14A-BirA-HA and TetON-BirA-HA cells were analyzed
following the experimental stable isotope labeling with amino acids
in cell culture (SILAC) approach outlined in Fig. 1A. The bio-
tinylation reaction was initiated by the addition of biotin at the same
time as the TetON promoter was induced by doxycycline. After af-
finity purification of biotinylated proteins and mass spectrometric
analysis, 46 proteins were significantly more biotinylated in the
hCDC14A-BirA-HA cells than in the BirA-HA control (Fig. S1B;
threshold = 2). Gene Ontology (GO) analysis of partners revealed
an enrichment of proteins with functions in exosome formation at
focal adhesion and cell junction sites (Fig. S1C and Table S3). The
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Fig. 1. (A) HeLa hCDC14A-YFP and HeLa YFP-inducible stable cell lines were
labeled with heavy (Arg13C15N Lys13C15N) and light (Arg12C14N Lys12C14N)
medium, respectively. Phospho-peptides were enriched and then applied on
LTQ-Orbitrap for LC-MS/MS analysis. (B) Scatter plot of two replicate LC-MS/MS
experiments. (C) Peptides of B that were hypo-phosphorylated at least twofold
were included in this analysis. (D) Top five GO protein classifications based on
cellular components are shown with P values and protein counts. (E) Molecular
network based on the hypo-phosphorylated proteins upon hCDC14A over-
expression. (F) Molecular network based on the hyper-phosphorylated proteins in
hCDC14AKO hCDC14BKO cells. Only pSP/pTP sites were considered in this analysis.
Protein–protein interactions among the hits were extracted from STRING and
BioGrid and then integrated using Cytoscape. The size of the circle represents the
number of interactors. IMAC, immobilized metal affinity chromatography.
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Kibra paralogue WWC2 was identified in the hCDC14A BioID
(Table S3). The actin bundler eplin once again occupied a pivotal
position in the hCDC14A interaction network (Fig. 2B).
Because eplin plays a crucial role in the regulation of actin dy-

namics and cell transformation, we focused upon understanding
the relationship between eplin and hCDC14A. Eplin is expressed
as two isoforms, α- and β-eplin, which have translation starts in
exons 4 and 2, respectively (29) (Fig. S2 A and B). The actin-
bundling activity of both eplin isoforms depends on the centrally
localized LIM domain (exons 10–11) and two flanking regions (16,
29). Both isoforms contain the two previously characterized ERK
phosphorylation sites at positions 362 and 604 (numbering refers to
β-eplin). We began by monitoring the localization and biotinylation
status of eplin in the hCDC14A-BirA-HA and BirA-HA cells. Eplin
colocalized with hCDC14A-BirA-HA and the streptavidin signal at
the cell leading edge (Fig. 2C), a colocalization that was absent
from BirA-HA cells (Fig. 2C). Enrichment of biotinylated proteins
by streptavidin pull-down showed that both isoforms of eplin were
biotinylated in hCDC14A-BirA-HA but not in hCDC14B-BirA-HA
or BirA-HA cell lysates, confirming the specificity of the interaction
between hCDC14A and eplin (Fig. 2D). Moreover, the mobility
of the upper band of α- and β-eplin increased upon hCDC14A-
BirA-HA expression (Fig. 2D, lane 4), which is suggestive of an
hCDC14A-dependent dephosphorylation of both eplin isoforms.
Together, the hCDC14A phospho-proteome and BioID analyses

define an interaction network of hCDC14A with the actin-bundling
protein eplin at its heart.

hCDC14A Dephosphorylates Eplin. Next, we verified the interaction
between eplin and hCDC14A by coimmunoprecipitation. We
cotransfected flag-β-eplin and myc-hCDC14A in HEK293T cells
and performed immunoprecipitation experiments. The phospha-
tase dead mutant (C278S) version of hCDC14A but not the WT
hCDC14A or GFP was coimmunoprecipitated by flag-β-eplin
(Fig. 3A). This preferential association of the mutant hCDC14A
protein with eplin is consistent with the previous demonstration

that CDC14C278S functions as a substrate trap that binds substrates
tighter than the WT CDC14 (27). Thus, eplin and hCDC14A are
present in common complexes.
Expression of hCDC14A in HeLa cells prompts the de-

phosphorylation of serine residues 362, 374, 604, and 609 of both
isoforms of eplin (Fig. 1). These residues are conserved throughout
mammals (Fig. S3A). To further confirm that these sites in eplin
are regulated by hCDC14A in vivo, HEK293T cells were trans-
fected with flag-β-eplin without (mock) or with myc-hCDC14A.
Mass spectrometric analysis of the immunoprecipitated flag-
β-eplin showed that phosphorylation of all four serine residues was
strongly reduced by the expression of myc-hCDC14A (Fig. S3B).
Thus, hCDC14A has the ability to dephosphorylate serine residues
362, 374, 604, and 609 of eplin in cells.
EGF treatment of cells activates ERK, which in turn phos-

phorylates α- and β-eplin at two serine residues at positions
362 and 604 (17, 30). Because both ERK sites were identified in
the hCDC14A phospho-proteomic analysis (Fig. 1 and Fig. S3B),
we asked whether hCDC14A could antagonize ERK phosphory-
lation of eplin. In logarithmically growing HeLa cells, both eplin
isoforms were resolved as multiple bands in immunoblots. Ex-
pression of hCDC14A increased the migration of α- and β-eplin
(Fig. 3B, lane 3), reflecting a reduction in phosphorylation of eplin.
This dephosphorylation was not observed when the phosphatase
dead hCDC14C278S was expressed (Fig. 3B, lane 7). EGF treatment
invoked a reduction in the migration of α- and β-eplin (Fig. 3B,
lanes 2 and 6). However, when cells were treated with EGF after
hCDC14A induction, α- and β-eplin migrated at an intermediate
position in between the hyper- and hypo-phosphorylated forms,
indicating that there was an antagonistic impact of hCDC14A on
the ERK phosphorylation events on eplin (albeit a partial one; Fig.
3B, lane 4). The diminished eplin phosphorylation did not arise
from a reduction in ERK activity because the levels of active
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phosphorylated ERK that are universally used as indicators of
ERK activity were unaffected by hCDC14A induction (Fig. 3B,
P-ERK). As before, expression of hCDC14C278S had no influence
upon eplin phosphorylation by ERK (Fig. 3B, lane 8). We conclude
that hCDC14A dephosphorylates eplin to counteract phosphory-
lation of eplin by ERK kinase.
Given this striking in vivo correlation between hCDC14A and

dephosphorylation of the ERK target sites in both eplin isoforms,
we assessed the ability of hCDC14A to directly dephosphorylate
these residues in an in vitro phosphorylation/dephosphorylation
assay. Because α-eplin was expressed to higher levels in Escherichia
coli than β-eplin, we used this protein as the substrate for this assay
(Fig. S3 C–E). Phosphorylation of recombinant α-eplin by human
ERK1 kinase invoked an upshift of the α-eplin band in the SDS/
PAGE (Fig. 3C, lane 2). Incubation with the nonspecific alkaline
phosphatase triggered a downshift of this eplin back toward the
position at which the initial recombinant, nonphosphorylated
α-eplin migrated. Thus, the mobility shift of recombinant α-eplin
was a consequence of direct phosphorylation by ERK1. Importantly,
incubation of ERK1-phosphorylated α-eplin with recombinant
hCDC14A induced an identical downshift of the α-eplin band (Fig.
3C). Mass spectrometry analysis showed that the serine residues
362, 374, and 604 of eplin were phosphorylated by ERK and sub-
sequently dephosphorylated of recombinant hCDC14A (Fig. 3C).
For unknown reasons, the peptide carrying S609 was not identi-
fied in three repeated mass spectrometry analyses. We conclude
that hCDC14A has the ability to directly dephosphorylate the
ERK1 kinase target phosphorylation sites of eplin.
Dephosphorylation of eplin by hCDC14A implies that both

proteins colocalize in cells. Indeed, in RPE1 hCDC14A-YFP stable
cells, endogenous eplin colocalized with hCDC14A-YFP at the cell
edge and along stress fibers (Fig. 3D) to suggest that hCDC14A
dephosphorylates eplin at these locations.

hCDC14A Regulates F-Actin Through Dephosphorylation of Eplin. The
fact that eplin is an actin bundler (16) and the finding that eplin is
an hCDC14A substrate (Fig. 3) raise the possibility that hCDC14A
regulates actin dynamics through eplin. This model predicts that
hCDC14A counteracts EGF-induced changes of the actin cyto-
skeleton. We tested this possibility by analyzing F-actin structures
in HeLa TetON-hCDC14A cells by combining EGF-induced eplin
phosphorylation with TetON-hCDC14A induction. EGF treatment
of HeLa cells promoted the formation of large plasma membrane
ruffles that are characterized by highly dynamic actin rearrange-
ments in their lamellipodia (Fig. 4 A and B; EGF, Dox−) (31, 32).
Dox-induced expression of hCDC14A inhibited this EGF-induced
ruffling of the membranes (Fig. 4 A and B; EGF, Dox+) to suggest
that hCDC14A can counteract EGF-induced changes of the actin
cytoskeleton.
We next performed experiments designed to interrogate the role

played by the EGF/hCDC14A control of eplin in this modulation
of the F-actin cytoskeleton. HeLa cells were treated with or with-
out EGF; cells were then transfected either with a mock control or
eplin-GFP constructs alongside myc-hCDC14A as indicated. Over-
expression of eplin-GFP induced the formation of robust stress fi-
bers without the formation of lamellipodia (Fig. 4 C–F). Addition
of EGF together with eplin-GFP expression promoted formation of
lamellipodia and reduced the number of stress fibers (Fig. 4 C–F;
compare eplin-GFP with EGF+eplin-GFP). These results are con-
sistent with the previous observation that phosphorylation of eplin
by ERK reduces its ability to bundle actin filaments (17). Consis-
tently, expression of the phospho-inhibitory eplinS362/S604A promoted
the generation of stress fiber but abolished lamellipodia formation
even in the presence of EGF (Fig. 4 C–E). Thus, inhibition of stress
fiber formation by EGF is mediated by ERK-induced phosphor-
ylation of eplin. We also analyzed the impact of the additional
phospho-sites in eplin (Fig. S4 A–C) and found that the inclusion
of the phospho-blocking mutations S374A and S609A alongside

S362A and S604A in the same molecule of eplin did not further
influence the ability of eplin to induce stress fibers under EGF
induction beyond the impact of the double S362A S604A
change. Thus, phosphorylation of S362 and S604 alone is suf-
ficient to inactivate the F-actin bundling activity of eplin. Finally,
coexpression of hCDC14A and eplin-GFP in EGF-treated cells
supported the formation of stress fibers and inhibited lamellipodia
formation (Fig. 4 C–F). We conclude that hCDC14A counter-
acts ERK-induced inactivation of the bundling activity of eplin
by directly dephosphorylating this key regulator of the F-actin
cytoskeleton.

hCDC14APD and eplinKO Cells Display a Reduction in E-Cadherin and a
Decline in the Enrichment of β-Catenin at Cell–Cell Adhesion Sites.
Eplin links the E-cadherin–catenin complex to F-actin (23). Down-
regulation of eplin frequently occurs in cancer tissues and con-
tributes to the epithelia-to-mesenchymal transition (EMT) that
enhances cancer cell metastasis and chemo-resistance of tumors
(23, 33–37).
To determine whether eplin regulation by hCDC14A and EGF

contributes to EMT, we knocked out the eplin gene in human colon
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Fig. 4. (A) The formation of membrane ruffles was inhibited by ectopic
hCDC14A expression. The “Enlarged” panel reflects a sevenfold magnification
of the white boxed area in the “Merge.” (Scale bar: 20 μm.) (B) Line scans of
the cell edge (white lines in A). n = 10 regions of interest. Error bars: ± SEM.
(C) Eplin bundled F-actin to thick stress fibers in HeLa cells. The “Enlarged”
panel reflects a sevenfold magnification of the white boxed area in the
“Merge.” (Scale bar: 20 μm.) (D) Plot profiling of the F-actin fluorescence signal
across the cell leading edge. The scan was along the white line in C, “Enlarged
panel.” n = 10 regions of interest. Error bars: ± SEM. (E) Plot profiling of stress
fibers in the representative cell of C. After background subtraction, the scan
was along the white line in C, “F-actin panel.” (F) Quantification of stress fibers
(SF) in cells of C. n = 20 cells. Error bars: ± SD. Ctrl, control.
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cancer HCT116 cells using the CRISPR/Cas9 system (Fig. S2 B–D).
Independent knockout clones were confirmed by sequencing of the
chromosomal locus and immunoblot analysis with eplin antibodies
(Fig. S2 C and D). Two independent eplinKO clones, eplinKO-23 and
-33, showed an ∼50% reduction in E-cadherin protein levels (Fig. 5
A and B). The loss of linkage between the E-cadherin–catenin
complex and F-actin has previously been shown to destabilize the
E-cadherin protein at cell adhesion sites and promote a sim-
ilar reduction in E-cadherin levels (38, 39). Furthermore,
E-cadherin levels were also reduced in hCDC14APD (hCDC14A
phosphatase dead version) cells (Fig. 5 A and B) that carried hyper-
phosphorylated, inactive eplin (Fig. 1). Thus, hCDC14A-mediated
dephosphorylation of eplin plays an important role in stabilizing
the molecular linkage of cell–cell adhesion. This notion was fur-
ther supported by the observation that enrichment of β-catenin at
cell–cell junctions in hCDC14APD and eplinKO cells was decreased,
even though total cellular β-catenin levels remained constant
(Fig. 5 A–D).
To determine whether β-catenin mislocalization is a direct

consequence of the hyper-phosphorylation of eplin, we expressed
the eplinS362/S604 phospho-mimetic and -inhibitory forms in eplinKO

and WT cells. Interestingly, eplinS362A/S604A restored the β-catenin
organization as efficiently as WT eplin, yet eplinS362D/S604D failed
to do so (Fig. 5 E and F). This result suggests that phosphorylation
of eplin at S362 and S604 regulates recruitment of β-catenin to cell
adherens sites.
The β-catenin/E-cadherin phenotype of hCDC14APD and

eplinKO cells suggests that both hCDC14A and eplin stabilize the
E-cadherin–α/β-catenin complex. Consequently, it can be antic-
ipated that malfunction of either hCDC14A or eplin may even-
tually affect cell–cell adhesion and promote metastasis. We
therefore used a soft agar tumor formation assay as a test of this
hypothesis. Both HCT116 hCDC14APD and eplinKO cells formed
tumor colonies with rough edges, whereas WT cells formed
compact colonies with smooth edges (Fig. 5 G and H). In fact,
both hCDC14A and eplin are significantly down-regulated in
colorectal carcinoma (Fig. 5I) (20). This down-regulation is
associated with poor survival in cancer patients (Fig. 5J) (20).
Taken together, we suggest that hCDC14A regulates cell
migration and adhesion through dephosphorylation of eplin
(Fig. 5K).

Discussion
We have previously shown that human CDC14A regulates cell
migration and cell adhesion (20). One of the major bottlenecks for
understanding the phenotypes arising from manipulation of
CDC14A in functional studies of human CDC14 phosphatases has
been the lack of a defined cohort of substrates. We have therefore
combined phospho-proteomics and BioID analyses to generate a
comprehensive list of the components of the molecular network
regulated by hCDC14A. The actin regulator eplin occupies a
pivotal position within this network (Figs. 1, 2, and 5K). It is well
known that phosphorylation of eplin by ERK at S362 and S604
decreases its actin-bundling affinity (17). Strikingly, we find that
dephosphorylation of these sites by hCDC14A regulates the bal-
ance between formation of stress fibers and membrane ruffling
that is promoted by EGF stimulation (Fig. 4).
Eplin provides the molecular linkage between the actin cyto-

skeleton and the E-cadherin–catenin complex that is critical for
stabilizing cell–cell adhesion and maintaining apical cell polarity
(23) (Fig. 5). We recorded a reduction in β-catenin enrichment at
cell–cell junctions in both eplinKO and hCDC14APD cells to in-
dicate that the dephosphorylation of eplin by hCDC14A is re-
quired to stabilize this interaction (Fig. 5K). Moreover, the
protein level of E-cadherin was significantly reduced in both cell
lines, probably due to the destabilization of the E-cadherin–
α/β-catenin–F-actin association (Fig. 5). Because of the prominent
roles that E-cadherin plays in maintaining proper cell–cell

adhesion, polarity of epithelial cells, and sequestration of the
oncoprotein β-catenin at the plasma membrane, down-regulation
of E-cadherin is a frequent event during carcinogenesis (40–44).
Loss of E-cadherin often leads to EMT and enhanced invasion and
metastasis. This may explain why the eplinKO and hCDC14APD

colonies in soft agar have rough edges (Fig. 5G) (20). Importantly,
a reduction of hCDC14A and eplin levels is frequently observed
in colorectal carcinoma and is associated with poor prognosis
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I J

K

C D

Fig. 5. (A) Immunoblot of E-cadherin/β-catenin in HCT116 WT cells,
hCDC14APD, and the two eplinKO clones. (B) Quantification of the E-cadherin/
β-catenin ratio from A. n = 3 independent experiments. Error bars: ± SD.
(C) β-Catenin enrichment at cell–cell junction was reduced in hCDC14APD and
eplinKO cells compared with WT cells. (Scale bar: 10 μm.) (D) Quantification
of β-catenin signal at cell–cell junction in C. Line scan across the individual
cell was used to profile the signal distribution of β-catenin (white lines in C).
The two peaks represent the β-catenin enrichment at the cell–cell junction.
n = 20 regions of interest. Error bars: ± SEM. (E) HCT116 eplinKO cells were
transfected with the indicated eplin-GFP constructs. Fixed cells were analyzed.
(Scale bar: 2 μm.) The white box on the right side of each panel is a twofold
enlargement of the smaller boxed area. (F) Line scans along the white lines in the
β-catenin (E). n = 10 regions of interest. Error bars: ± SEM. (G) Soft agar colony
assay of the indicated HCT116 clonal cell lines. (H) Quantification of G. Number of
rough colonies was determined. n = 30. Error bars: ± SD. (Scale bars: 300 μm;
Inset, 20 μm.) (I) Eplin mRNA was significantly down-regulated in colorectal car-
cinoma compared with healthy colon. Data were extracted from the Oncomine
database (https://www.oncomine.org/index.jsp). (n = 12, colon; 68, colorectal
carcinoma). Bars: The whiskers go down to the smallest value and up to the
largest, respectively. (J) Poor prognosis of colon cancer patients was correlated
with a low level of eplin expression. Kaplan–Meier survival data were obtained
from R2: Genomics Analysis and Visualization Platform (https://hgserver1.amc.nl/
cgi-bin/r2/main.cgi). (n = high, 74; low, 204). (K) Model for the regulation of eplin
by ERK and hCDC14A. AA, eplin S362A/S604A; DD, eplin S362D/S604D.
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in cancer patients (Fig. 5 I and J) (20, 34, 35). Collectively, we
propose that the balance of eplin phosphorylation that is main-
tained by the antagonistic activities of ERK and hCDC14A toward
conserved phosphorylation sites on eplin plays a key role in reg-
ulating actin dynamics to modulate cell migration and adhesion of
both normal and transformed cells (Fig. 5K). Thus, hCDC14A and
eplin are important factors in restraining tumor aggressiveness.

Materials and Methods
Cell Culture. HeLa FRT and HEK 293T cell lines were cultured in DMEM Glu-
taMax medium containing 10% FBS, 100 units/mL penicillin, and 100 mg/mL
streptomycin at 37 °C and 5% CO2. Stable cell lines were constructed as
previously described (20).

Quantitative Phospho-Proteomic Analysis. HeLa FRT YFP and hCDC14A-YFP cells
were cultured in light and heavy SILAC medium, respectively. Proteins were

extractedandmixed at a ratio of 1:1. Phospho-peptideswere enriched asdescribed
(45). Peptide identification and quantification was achieved using the MaxQuant
software package (1.5.3.8) (46). Results were analyzed using Perseus (47).

CRISPR/Cas9-Mediated Eplin Knockout. Guide RNA (gRNA) targeting the exon
9 of eplinwas designed using aweb tool (crispr.mit.edu/) (48). The transfected cells
were sorted via FACS and seeded on 96-well plates for single-clone selection. The
clones were harvested and screened via genomic PCR and Western blot.

Details are in SI Materials and Methods including experimental procedures
and reagents.

No human or animal clinical experiment was done and no ethics approval
was needed for the study.
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