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Clathrin-mediated endocytosis (CME) regulates the uptake of cell-
surface receptors as well as their downstream signaling activities.
We recently reported that signaling can reciprocally regulate CME in
cancer cells and that this crosstalk can contribute to cancer pro-
gression. To further explore the nature and extent of the crosstalk
between signaling and CME in cancer cell biology, we analyzed a
panel of oncogenic signaling kinase inhibitors for their effects on
CME across a panel of normal and cancerous cells. Inhibition of
several kinases selectively affected CME in cancer cells, including
inhibition of ERK1/2, which selectively inhibited CME by decreasing
the rate of clathrin-coated pit (CCP) initiation. We identified an
ERK1/2 substrate, the FCH/F-BAR and SH3 domain-containing pro-
tein FCHSD2, as being essential for the ERK1/2-dependent effects
on CME and CCP initiation. Our data suggest that ERK1/2 phosphor-
ylation activates FCHSD2 and regulates EGF receptor (EGFR) endo-
cytic trafficking as well as downstream signaling activities. Loss of
FCHSD2 activity in nonsmall cell lung cancer (NSCLC) cells leads to
increased cell-surface expression and altered signaling downstream
of EGFR, resulting in enhanced cell proliferation and migration. The
expression level of FCHSD2 is positively correlated with higher
NSCLC patient survival rates, suggesting that FCHSD2 can nega-
tively affect cancer progression. These findings provide insight into
the mechanisms and consequences of the reciprocal regulation of
signaling and CME in cancer cells.
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Cancer progression involves tumor cell proliferation and me-
tastasis driven, in part, by altered intracellular signaling

downstream of plasma membrane (PM) receptors (1, 2). In tu-
mor cells, signaling activities can be altered by dysregulated
endocytic trafficking that increases receptor recycling and de-
creases lysosomal targeting and degradation (3–5). Hence, a link
between endocytosis and cancer behavior has been suggested (3,
6–8). Clathrin-mediated endocytosis (CME) is the major endo-
cytic pathway that determines the rates of internalization of PM
receptors, regulates their cell-surface expression, and controls
their downstream signaling activities (9, 10). Despite the well-
known fact that CME can regulate intracellular signaling path-
ways (11), whether and how signaling can feed back to regulate
CME during cancer cell progression has been less studied.
CME occurs when clathrin-coated pits (CCPs) assemble on the cell

surface, concentrate cargo molecules (i.e., receptors and their bound
ligands), invaginate, and undergo membrane fission catalyzed by the
GTPase dynamin to release clathrin-coated vesicles into the cytosol.
Once considered a constitutive process, recent studies have demon-
strated that CME can be dynamically regulated in response to cargo
and downstream signaling pathways (12–15). For example, in non-
small cell lung cancer (NSCLC) cells, dynamin-1 (Dyn1), the neuron-
enriched isoform, is frequently up-regulated and can be activated
downstream of a protein kinase B (Akt)/GSK3β signaling cascade,
resulting in increased rates of CCP initiation and dysregulated CCP
maturation (15). Moreover, the clathrin light chain b isoform (CLCb),

which functions primarily to regulate clathrin assembly and is neu-
ronally enriched (16, 17), is also selectively up-regulated in
NSCLC cells (18). CLCb-dependent alterations in CME lead to
Dyn1 activation via increased Akt/GSK3β phosphorylation associated
with APPL1-positive signaling endosomes (18). The crosstalk be-
tween signaling and CME contributes to abnormal trafficking of EGF
receptors (EGFRs) and altered downstream signaling, leading to
enhanced cancer cell migration and metastasis (18). Accordingly, it is
important to further understand the nature and extent of interactions
between CME and intracellular signaling in cancer cell biology.
To address this issue, we analyzed a panel of oncogenic signaling

kinase inhibitors for their differential effects on CME in several
human noncancerous and cancer cells. We identified ERK1/2 activ-
ity as being selectively required for rapid CME and CCP initiation in
cancer cells and FCH/F-BAR and double SH3 domains-containing
protein 2 [FCHSD2; Nervous Wreck (Nwk) in Drosophila] as the
downstream kinase substrate responsible for these effects. Our study
provides insight into the mechanisms and consequences of the re-
ciprocal regulation of signaling and CME in cancer cells.

Results
Oncogenic Signaling Differentially Affects CME in Cancer Cells. Re-
cent studies have shown that the crosstalk between intracellular
signaling and CME can affect cancer progression and metastasis
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(8, 18). Thus, it is important to determine the extent of this
crosstalk as well as the signaling pathways that impinge on the
regulation of CME in cancer cells. To this end, we prioritized a
set of kinases and GTPases that are often implicated in cancer-
relevant signaling pathways and assessed the effects of their
validated inhibitors (19–23) on transferrin receptor (TfnR) en-
docytosis, a canonical marker for the quantification of CME (24,
25). Initially, we chose noncancerous ARPE-19 cells, which have
been routinely used to study TfnR endocytosis (24), and com-
pared these with H1299 NSCLC cells, which exhibit crosstalk
between signaling and CME (15, 18).
Strikingly, 10 of the 21 inhibitors we screened differentially

affected CME in H1299 vs. ARPE cells (SI Appendix, Fig. S1).
This included inhibition of Akt, which we previously showed
functions through an Akt/GSK3β signaling cascade to activate
Dyn1 and enhance endocytosis in H1299 and A549 NSCLC cells
(15, 18, 26). To further validate these findings, we extended the
functional comparison of these 10 inhibitors to more closely
matched cancerous and noncancer cell lines. We used another
NSCLC cell line, HCC4017, together with the syngeneic non-
tumorigenic HBEC cell line, HBEC30KT, derived from the
same patient (27). In addition, we compared the breast cancer
cell line MDA-MB-231 with normal human mammary epithelial
cells, MCF10A (28). Consistent with our initial screen, inhibition
of a subset of these kinases significantly reduced CME activity in
most cancer cell lines without affecting CME in their non-
cancerous counterparts (Fig. 1A). These findings reveal the un-
expected differential regulation of CME in cancer cells by
distinct intracellular signaling pathways.
Inhibiting some of these kinases selectively enhanced CME in

noncancerous vs. cancer cells. GSK3β enhanced rates of CME in
most cell lines tested, presumably through activation of Dyn1
(15, 26). Interestingly, inhibition of myosin light chain kinase
(MLCK) and Rho kinase (ROCK) accelerated endocytosis in a
subset of noncancer cell lines while inhibiting CME in a subset of
cancer cells. As these kinases control the actin cytoskeleton,
these results could reflect known cell-type differences in the role

of actin in cancer vs. noncancer cells (29, 30). While it will be
important to investigate how each of these signaling pathways
impinges on CME, we chose to focus our further studies on ERK
signaling, as the EGFR/Ras/ERK1/2 pathway is a major driver
of, and therapeutic target for, multiple cancers (31–34). In-
hibition of ERK1/2 selectively inhibits CME in all cancer cell
lines tested without affecting CME in several noncancerous cell
lines (Fig. 1B). All subsequent studies were performed in ARPE-
19 and H1299 cells and in the syngeneic pair HCC4017 and
HBEC30KT. In addition, given that the absolute rates of TfnR
uptake differ between cell lines (Fig. 1B), data were normalized
to the percent of TfnR uptake in treated cells relative to their
untreated controls.

ERK1/2 Specifically Regulates CME in Cancer Cells. ERK1/2 signaling,
downstream of EGFR and Ras is highly activated in many can-
cers. To confirm that ERK1/2 activity is selectively involved in
the regulation of CME in cancer cells, we used a second ERK1/2
inhibitor (SCH772984) as well as a well-characterized inhibitor
of the essential upstream kinase, mitogen-activated protein ki-
nase kinase (MEK, GSK1120212). As expected, these ERK1/2-
signaling inhibitors efficiently decreased ERK1/2 phosphoryla-
tion (Fig. 2A and SI Appendix, Fig. S2A). Importantly, they also
specifically inhibited CME both in H1229 cells relative to ARPE-
19 cells (Fig. 2B) and in HCC4017 cells relative to HBEC30KT
cells (SI Appendix, Fig. S2B).
CME is a multistep process that involves CCP initiation, sta-

bilization, maturation, and finally fission. To determine which
step(s) of CME was affected upon ERK1/2 inhibition, we mon-
itored CCP dynamics using total internal reflection fluorescence
microscopy (TIR-FM) (15, 18) in ARPE-19 and H1299 cells
stably expressing EGFP-clathrin light chain a (EGFP-CLCa) and
in HCC4017 cells stably expressing SNAP-CLCa. CCPs were
detected and tracked with high sensitivity and in a comprehen-
sive and unbiased manner using cmeAnalysis (35) to measure
initiation rates and lifetimes. As expected, CCP dynamics were
unchanged in the ARPE-19 cells upon inhibitor treatment

Fig. 1. Differential effects of kinase inhibitors on CME in cancer cells. (A) Heatmap illustrating results from a systematic analysis of the effects of phar-
macological kinase inhibitors on TfnR endocytosis in human noncancerous and cancer cell lines. (B) Absolute rates of endocytosis of TfnR were measured in
different pairs of human noncancerous and cancer cells without or with treatment with the ERK1/2 inhibitor FR180204 (10 μM). The percentage of in-
ternalized TfnR was calculated relative to the initial surface TfnR. Data represent mean ± SEM (n = 3). Two-tailed Student’s t tests were used to assess
statistical significance for comparison with controls (Ctrl). *P < 0.05, **P < 0.005, ***P < 0.0005.
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(Fig. 2C). However, inhibition of ERK1/2 signaling dramatically
reduced the rate of CCP initiation without significantly altering
the lifetime distribution or median lifetimes of CCPs in both

H1299 cells (Fig. 2D) and HCC4017 cancer cells (SI Appendix,
Fig. S2C). These data indicate that ERK1/2 signaling differen-
tially regulates the first key step of CME (i.e., CCP initiation)
(36) in cancer cells. As SCH772984 was the most potent ERK
inhibitor, it was used in all further studies.

FCHSD2 Regulates CME in Cancer Cells. ERK1/2 kinases are ubiq-
uitously expressed serine/threonine kinases that regulate diverse
biological processes (37–40) by phosphorylating multiple sub-
strates (41). We screened the literature for ERK1/2 substrates
and identified FCHSD2 (42), the human ortholog of Nwk in
Drosophila, which has been implicated in membrane remodeling
(43) and the regulation of growth factor signaling (44, 45) at the
synapse. FCHSD2 was of interest because it shares an N-
terminal F-BAR domain with FCH domain-only (FCHo) pro-
teins known to play a role in CCP initiation (46, 47) and has two
C-terminal SH3 domains shown to interact with components of
the actin and CME machinery (48).
To test its potential role in CME, we first investigated the

effects of efficient siRNA-mediated knockdown of FCHSD2
(Fig. 3A and SI Appendix, Fig. S3A) in noncancerous and cancer
cells. Like ERK1/2 inhibition, depletion of FCHSD2 did not
significantly alter CME activities in nontumorigenic ARPE-19 or
HBEC30KT cells but potently inhibited CME in H1299 and
HCC4017 NSCLC cells (Fig. 3B and SI Appendix, Fig. S3B). We
confirmed that FCHSD2 is expressed in all these cell lines, albeit
at different levels that do not correlate with their sensitivity to
FCHSD2 knockdown (i.e., H1299 > HBEK30KT > HCC4017 ∼
ARPE) (SI Appendix, Fig. S4). Importantly, FCHSD2-depleted
cancer cells were no longer sensitive to ERK1/2 inhibition (Fig.
3C and SI Appendix, Fig. S3C), even though they remained
sensitive to SP600125 (SI Appendix, Fig. S3C), a JNK inhibitor
that also specifically affects CME in cancer cells (Fig. 1A). These
data suggest that FCHSD2 might be the CME-relevant down-
stream target of ERK. Consistent with this, like ERK inhibition,
knockdown of FCHSD2 specifically inhibited the rate of CCP
initiation without affecting CCP lifetimes (Fig. 3D). The reduced
rate of CCP initiation in FCHSD2-depleted cells was now in-
sensitive to ERK1/2 inhibition. Together, these data demon-
strate that FCHSD2 plays a role in CME, especially in CCP
initiation, and suggest that it functions as a relevant downstream
effector of ERK1/2 kinases.

ERK1/2 Directly Regulates FCHSD2-Mediated CME in Cancer Cells. The
phosphorylation of FCHSD2 on S681 within a canonical ERK
phosphorylation motif (PXSP) was identified in a large-scale
screen for ERK2 substrates using an analog-sensitive ERK2
mutant (42). We first confirmed EGF-dependent phosphoryla-
tion of this site in serum-starved and EGF-treated HCC4017
cells by phospho-proteomic analysis (SI Appendix, Table S1).
To test whether FCHSD2 was indeed the ERK1/2 substrate

responsible for cancer cell-specific regulation of CME, we per-
formed FCHSD2 siRNA-mediated knockdown in H1299 and
HCC4017 cells followed by reconstitution with wild-type FCHSD2
(FCHSD2WT-Myc), a mutant that cannot be phosphorylated
by ERK1/2 (FCHSD2S681A-Myc), or a phosphomimetic mutant
(FCHSD2S681E-Myc) at nearly endogenous levels (Fig. 4A). As
expected, reconstitution of FCHSD2 siRNA-depleted H1299 or
HCC4017 cells with FCHSD2WT-Myc fully rescued CME activ-
ity and restored sensitivity to ERK1/2 inhibition (Fig. 4B, dark
gray bars). In contrast, reconstitution with nonphosphorylatable
FCHSD2S681A-Myc failed to rescue CME or restore sensitivity to
ERK1/2 inhibition (Fig. 4B, black bars). Reconstitution with
FCHSD2S681E-Myc also rescued CME in siRNA-treated cells.
However, in contrast to cells expressing WT FCHSD2, CME in
cells reconstituted with the phosphomimetic FCHSD2 mutant was
now resistant to ERK1/2 inhibition (Fig. 4B, hatched bars). To-
gether these data provide strong evidence that phosphorylation of

Fig. 2. ERK1/2 selectively affects CME activities in cancer cells. (A) Repre-
sentativeWestern blots used to measure the efficiencies of kinase inhibitors in
reducing ERK1/2 phosphorylation in control, ERK1/2 inhibitor (FR180204 and
SCH772984; 10 μM)-treated or MEK1/2 inhibitor (GSK1120212; 10 μM)-treated
ARPE-19 and H1299 cells. See SI Appendix, Fig. S2A for quantitation. (B) En-
docytosis of TfnR was measured in ARPE-19 and H1299 cells untreated (Ctrl) or
incubated with the indicated inhibitors, as described above. All data were
normalized to the percentage of TfnR internalized after 10 min in control cells
and represent mean ± SEM (n = 3). See Fig. 1B for examples of absolute ki-
netics of TfnR uptake, which vary among cell lines. (C and D) Rates of CCP
initiation (Left), median lifetimes (Middle) and average lifetime distribution
(Right) of all bona fide CCPs in control and inhibitor-treated ARPE-19 cells (C)
and H1299 cells (D). Data in C and D were obtained from at least 15 cells per
condition (>10,000 CCPs per condition). The box plots represent median, 25th,
and 75th percentiles, and error bars indicate the outermost data points. Two-
tailed Student’s t tests were used to assess statistical significance for com-
parison with controls. **P < 0.005, ***P < 0.0005.
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FCHSD2 on S681 is indeed required for the ERK1/2-dependent
effects on CME in cancer cells.
Reconstitution of FCHSD2-depleted cells with FCHSD2WT-

Myc, but not with the FCHSD2S681A-Myc mutant, restored ERK1/
2-dependent rates of CCP initiation (Fig. 4C, dark gray and black
bars). The fully restored rate of CCP initiation in siRNA-treated
cells reconstituted with FCHSD2S681E-Myc was no longer sensitive
to ERK1/2 inhibition (Fig. 4C, hatched bars). These results es-
tablish that the effects of ERK1/2 inhibition on CME and CCP
initiation are mediated by FCHSD2 activity through phosphory-
lation of S681.

ERK1/2 Activity Is Required for FCHSD2 Recruitment to the PM and
CCPs. Nwk has been shown to regulate actin assembly through ac-
tivation of neural Wiskott–Aldrich syndrome protein (N-WASP)
(49), and studies in Drosophila have suggested it regulates sorting in
early endosomal compartments (45). Thus, the effects on CCP
initiation might be indirect. To test this, we examined the sub-
cellular localization of FCHSD2. While the commercially available
antibodies could be validated by siRNA knockdown for Western
blotting, immunofluorescent staining was nonspecific (SI Appendix,
Fig. S5A). In addition, C-terminally GFP-tagged FCHSD2 formed
aggregates in the perinuclear region of the cell (SI Appendix, Fig.
S5A) that were not seen with myc-tagged protein (SI Appendix, Fig.
S5C). Given that the myc-tagged protein was fully functional (Fig.
4), we confirmed the specificity of Myc-DDK epitope antibodies by
Western blotting and immunofluorescence (SI Appendix, Fig. S5 B
and C) and used this antibody for colocalization studies in H1299
andHCC4017 cells expressing FCHSD2WT-Myc, FCHSD2S681A-Myc,
or FCHSD2S681E-Myc (Fig. 5 and SI Appendix, Fig. S6).
Total internal reflection fluorescence (TIRF) imaging of

H1299 (Fig. 5A) and HCC4017 (SI Appendix, Fig. S6A) cells

revealed that FCHSD2WT-Myc could be detected on the PM in
punctate structures partially colocalizing with clathrin (Fig. 5B
and SI Appendix, Fig. S6B). Recruitment of FCHSD2 to the PM
was regulated by ERK1/2 activity. Thus, upon inhibition of
ERK1/2, the recruitment of FCHSD2WT-Myc to the PM was sig-
nificantly reduced (Fig. 5A), as was its colocalization with clathrin
(Fig. 5B). Moreover, the nonphosphorylatable FCHSD2S681A-Myc
was inefficiently recruited to the PM, whereas FCHSD2S681E-Myc
exhibited increased PM recruitment. Both mutants were now re-
sistant to ERK1/2 inhibition. Although the colocalization of
FCHSD2S681E-Myc with clathrin was significantly increased rela-
tive to WT cells, the degree of colocalization remained at <40% in
H1299 cells (Fig. 5B) and ∼50% in HCC4017 cells (SI Appendix,
Fig. S6B). This partial colocalization might indicate an only tran-
sient association of FCHSD2 with CCPs. In any case, these data
suggest a phosphorylation-dependent recruitment of FCHSD2 to
the PM in a position to regulate CME.

FCHSD2 Regulates the Endocytic Trafficking and Surface Expression of
EGFR. Many properties of progressive cancer cells are driven by
altered signaling downstream of membrane receptors (50).
EGFR is the predominant oncogenic receptor in NSCLC, and its
downstream signaling can be changed by alterations in endocytic
trafficking (51, 52). Given that the crosstalk between ERK1/2
signaling and FCHSD2 functions to regulate CME, we next ex-
amined whether FCHSD2 might be selectively required for
EGFR endocytosis even in noncancerous cells. Consistent with
TfnR endocytosis, neither ERK1/2 inhibition nor siRNA-
mediated knockdown of FCHSD2 significantly affected EGFR
endocytosis in nontumorigenic ARPE-19 cells (Fig. 6A). How-
ever, in HBEC30KT cells, EGFR uptake was more sensitive to

Fig. 3. FCHSD2 is specifically enlisted for CME in cancer cells. (A) Representative Western blots and the quantification of FCHSD2 knockdown efficiency in
control and FCHSD2 siRNA-treated ARPE-19 and H1299 cells. (B) Endocytosis of TfnR was measured in control and FCHSD2 siRNA-treated ARPE-19 and
H1299 cells. All data were normalized to control as in Fig. 2. (C) Endocytosis of TfnR was measured, as described in B in control and FCHSD2 siRNA-
treated H1299 cells without or with treatment with the ERK1/2 inhibitor SCH772984 (10 μM). Data in A–C represent mean ± SEM (n = 3). (D) Rates of ini-
tiation (no. CCPs·μm2·min) (Left) and median lifetimes (Right) of bona fide CCPs in control and FCHSD2 siRNA-treated H1299 cells treated or not treated with
the ERK1/2 inhibitor SCH772984 (10 μM). Data were obtained from at least 15 cells per condition (>10,000 CCPs per condition). The box plots represent the
median, 25th, and 75th percentiles, and error bars indicate the outermost data points. Two-tailed Student’s t tests were used to assess statistical significance
for the indicated dataset. **P < 0.005, ***P < 0.0005; n.s., not significant.
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ERK1/2 inhibition and FCHSD2 knockdown than was TfnR
uptake (compare Fig. 6A with SI Appendix, Figs. S2B and S3B).
As expected, ERK1/2 inhibition reduced EGFR endocytosis in

H1299 and HCC4017 NSCLC cells (Fig. 6B), resulting in an
approximately twofold increase in the level of surface EGFR
(Fig. 6C, white bars). Knockdown of FCHSD2 similarly resulted
in a significant decrease in the rate of EGFR endocytosis and an
increase in surface EGFR, and these effects were insensitive to
ERK1/2 inhibition (Fig. 6 B and C, light gray bars). Re-
constitution of FCHSD2-depleted cells with FCHSD2WT-Myc
restored EGFR endocytosis rates and EGFR surface levels as
well as sensitivity to ERK1/2 inhibition (Fig. 6 B and C, dark gray
bars). In contrast, FCHSD2S681A-Myc failed to restore EGFR
trafficking or ERK1/2 sensitivity (Fig. 6 B and C, black bars), but
reconstitution with FCHSD2S681E-Myc increased rates of EGFR
endocytosis and reduced the level of surface EGFR relative to
siFCHSD2-treated cells, both effects were resistant to ERK1/2
inhibition (Fig. 6 B and C, hatched bars).

FCHSD2 Negatively Regulates EGFR Signaling, Proliferation, and
Migration. We next measured the downstream consequences of
these changes in EGFR endocytosis and surface expression on

Fig. 4. ERK1/2-mediated phosphorylation of FCHSD2 is required for CME in
cancer cells. (A) Representative Western blots of FCHSD2 expression in con-
trols, FCHSD2 knockdown (KD) cells, or FCHSD2–KD cells reconstituted with
FCHSD2WT-Myc, FCHSD2S681A-Myc, or FCHSD2S681E-Myc. (B) Endocytosis of
TfnR was measured in controls, FCHSD2–KD cells, or FCHSD2–KD cells
reconstituted with FCHSD2WT-Myc, FCHSD2S681A-Myc, or FCHSD2S681E-Myc, in
the absence or presence of the ERK1/2 inhibitor SCH772984 (10 μM). All data
were normalized to control and represent mean ± SEM (n = 3). (C) Rates of
initiation (no. CCPs·μm2·min) of bona fide CCPs in the cells as described in B.
Data were obtained from at least 15 cells per condition (>10,000 CCPs per
condition); the box plots represent median, 25th, and 75th percentiles, and
error bars represent the outermost data points. Two-tailed Student’s t tests
were used to assess statistical significance for comparison with siCtrl without
SCH772984 treatment and for the indicated dataset. *P < 0.05, **P < 0.005,
***P < 0.0005; n.s., not significant.

Fig. 5. FCHSD2 recruitment to the PM and CCPs is regulated by ERK1/2 activity.
(A) Representative TIR-FM images of CLC and Myc-DDK immunofluorescence
staining in FCHSD2WT-Myc–, FCHSD2S681A-Myc–, and FCHSD2S681E-Myc–
transduced H1299 cells in the absence or presence of the ERK1/2 inhibitor
SCH772984 (10 μM). (Scale bars: 25 μm in overviews, 6.25 μm in the magnified
views at far right.) (B) Colocalization of CLC and Myc-DDK immunofluorescence
staining in the cells as described in A. Data were obtained from n = 3 in-
dependent experiments with at least 40 cells in total per condition and repre-
sent the mean ± SEM. Two-tailed Student’s t tests were used to assess statistical
significance for comparison with FCHSD2WT-Myc without SCH772984 treatment
and for the indicated dataset. *P < 0.05, **P < 0.005; n.s., not significant.
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EGFR signaling and cell behavior. Depletion of FCHSD2 resulted
in dramatic increases in several EGF-dependent downstream sig-
naling events, including tyrosine phosphorylation of the EGFR
and activation of Akt and ERK1/2 in both H1299 and HCC4017
cells (Fig. 7 and Dataset S1). Reintroducing FCHSD2WT-Myc, but
not FCHSD2S681A-Myc, again suppressed these signaling activities
(Fig. 7 and Dataset S1). Expression of FCHSD2S681E-Myc also
reduced signaling activities to control levels (Fig. 7 and Dataset
S1). These findings suggest that the crosstalk between ERK1/
2 kinases and FCHSD2 contributes to the endocytic trafficking of
EGFRs and reciprocally regulates its downstream signaling
activities.
EGFR signaling affects both cancer cell proliferation and

migration (52). Therefore, we examined the effects of FCHSD2-
dependent alterations on the endocytic trafficking of EGFR and
its signaling activities on these cancer cell behaviors. Loss of

FCHSD2 increased the rates of proliferation (Fig. 8A) in the
NSCLC cells. These effects were reversed upon reconstitution
with FCHSD2WT-Myc or FCHSD2S681E-Myc but less so by
FCHSD2S681A-Myc (Fig. 8A).
Similarly, EGF-dependent migration through Transwell filters

was enhanced by siRNA knockdown of FCHSD2 (Fig. 8 B and C).
Reconstitution with either FCHSD2WT-Myc or FCHSD2S681E-
Myc returned migration rates to control levels, whereas re-
constitution with FCHSD2S681A-Myc less potently suppressed the
migration abilities (Fig. 8 B and C), especially in the more rapidly
migrating H1299 cells.
Finally, we examined the relationship between FCHSD2 ex-

pression and survival by mining clinical data and found that
NSCLC patients with relatively high FCHSD2 expression had
significantly better survival rates than those in the low-expression
group (Fig. 8D). Together, these data suggest that FCHSD2
functions as a negative regulator for cancer aggressiveness.

Discussion
The reciprocal crosstalk between signaling and CME in cancer
cells contributes to abnormal trafficking of surface receptors and
altered downstream signaling (3, 7, 18). These findings have led
to the hypothesis that CME can be “adapted” by cancer cells to
support enhanced tumor cell proliferation and metastasis (8).
Here we explored the scope of this crosstalk and found that
CME can be differentially regulated in cancer cells by several
oncogenic signaling kinases. These studies reveal a more exten-
sive crosstalk between signaling and CME than previously ap-
preciated. Further studies are needed to dissect the direct or
indirect roles and relevant substrates for the many signaling
pathways that selectively impinge on CME in cancer cells.
We focused on the effects of ERK, given its importance as a

major driver and therapeutic target for multiple cancers (31–34).
Our data suggest that ERK1/2 inhibition decreased the rates of
CME of TfnR and EGFR in cancer cells by specifically inhibiting
CCP initiation, the critical first step in CME. ERK1/2 activity
accelerated CME and CCP initiation rates through phosphory-
lation and activation of FCHSD2. When activated, FCHSD2
negatively regulates EGFR signaling and cell proliferation and
migration in NSCLC cells. This study, together with our previous
findings (15, 18), further supports the concept of adaptive CME
and reveals a another mechanism for the reciprocal regulation of
signaling and CME in cancer cells.
The domain structure of FCHSD2 and its known protein in-

teractions (SI Appendix, Fig. S7) are suggestive of a role in CME
(53, 54). Indeed, FCHSD2 is a member of the mild curvature-
generating F-BAR family of proteins, whose prototypical mem-
bers, FCHo1/2, have been shown to function in the early stages
of CCP initiation and stabilization (46, 48). A recent study,
published while this manuscript was in preparation, confirmed a
role for FCHSD2 in CME (55). As these researchers used HeLa
cells as a model, their data are consistent with ours showing
activation of FCHSD2 in cancer cells. However, based on their
analysis of CCP dynamics, these authors concluded that FCHSD2
is required to activate actin and facilitate later stages of CCP
maturation: They did not measure the rates of CCP initiation.
While we did not detect an effect of FCHSD2 knockdown on CCP
maturation, the differences here may lie in how CCP dynamics
were analyzed. We employed an unbiased, comprehensive analysis
of all CCPs (35), whereas the previous study analyzed only a
subset of CCPs corresponding to the “brightest spots” and then
“manually selected for events showing fluorescence profiles com-
patible with typical endocytic events” (55). It is possible that the
maturation of the brightest and thus largest CCPs may be selec-
tively dependent on actin, as has been shown (56), and that
FCHSD2 may have a dual role in CME. Further studies are
needed to resolve differences between these two reports and to
elucidate the mechanism(s) by which FCHSD2 regulates CME.

Fig. 6. FCHSD2 mediates EGFR trafficking in cancer cells. (A) Endocytosis of
EGFR was measured in control and FCHSD2 siRNA-treated ARPE-19 and
HBEC30KT cells not treated or treated with the ERK1/2 inhibitor SCH772984
(10 μM). (B) Endocytosis of EGFR was measured in the control cells, FCHSD2–
KD cells, or FCHSD2–KD cells reconstituted with FCHSD2WT-Myc, FCHSD2S681A-
Myc, or FCHSD2S681E-Myc in the absence or presence of the ERK1/2 inhibitor
SCH772984 (10 μM). (C) Surface levels of EGFR in the cells as described in B. All
data were normalized to control and represent mean ± SEM (n = 3). Two-
tailed Student’s t tests were used to assess statistical significance for com-
parison with siCtrl without SCH772984 treatment and for the indicated
dataset. *P < 0.05, **P < 0.005, ***P < 0.0005; n.s., not significant.
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Many F-BAR proteins contain SH3 domains (48, 57), and
FCHSD2 encodes two that interact with other components of
the endocytic machinery, including dynamin, N-WASP, and
intersectin1/2 (ITSN1/2) (44, 58). The above-mentioned study
(55) reported that FCHSD2-Venus was recruited to CCPs
through interactions with intersectin and speculated that
FCHSD2 functioned to regulate N-WASP–dependent actin as-
sembly during intermediate stages of CME. Which of these
partners, if any, is required for FCHSD2 function in CCP initi-
ation remains to be determined.
Much more is known about Nwk, the Drosophila ortholog of

FCHSD2, which has been studied exclusively in the context of
endocytic trafficking and bone morphogenic protein (BMP) sig-
naling at neuromuscular junctions (44, 45, 58). In addition to its
interactions with N-WASP, shibire, and Dap160 (SI Appendix, Fig.
S7) (44, 58), Nwk physically and functionally interacts with the
endosomal sorting factor SNX16 to regulate sorting of BMP along
the endosomal pathway (45, 58). Whether FCHSD2 also functions
in endosomal sorting in mammalian cells remains to be de-
termined. Interestingly, just as FCHSD2 appears to negatively
regulate EGFR signaling and cell proliferation, Nwk is known to

negatively regulate BMP signaling as well as synaptic growth (44,
58).
Nwk displays intramolecular, autoinhibitory interactions be-

tween its F-BAR and C-terminal SH3b domain (SI Appendix,
Fig. S7) that inhibit both membrane binding of the F-BAR do-
main and protein interactions with the SH3a domain. Release of
autoinhibitory SH3b domain interactions is required for activa-
tion of Nwk (49, 59) and FCHSD2 (55). We found that ERK1/2-
mediated phosphorylation of FCHSD2 on S681 is also critical for
its activity. This phosphorylation site, which resides in the C-
terminal region distal to SH3b, is not conserved in Nwk (SI
Appendix, Fig. S7) and may reflect an additional level of regu-
lation that renders mammalian FCHSD2 activity responsive to
extracellular signaling. We speculate that phosphorylation of
S681 either directly disrupts the autoinhibitory interactions of
the adjacent SH3b domain or indirectly increases the binding
affinity of SH3b domain ligands to relieve the autoinhibition.
Alternatively, phosphorylation may alter FCHSD2 interactions
with other proteins independently of its own activation. Clearly,
further investigation is needed to test these hypotheses regarding
the regulation of FCHSD2.

Fig. 7. FCHSD2 negatively regulates EGFR signaling
in cancer cells. (A) Representative Western blots
of EGFR signaling activities upon EGF stimulation
(20 ng/mL) for 10 min after serum starvation for 16 h
in the control cells, FCHSD2–KD cells, and FCHSD2–KD
cells reconstituted with FCHSD2WT-Myc, FCHSD2S681A-
Myc, or FCHSD2S681E-Myc. (B) Quantification of
pEGFR/EGFR, pAkt/Akt, and pERK/ERK intensity ratios
in the cells as described in A. All data were normal-
ized to control and represent mean ± SEM (n = 3).
Two-tailed Student’s t tests were used to assess sta-
tistical significance for comparison with siCtrl and for
the indicated dataset. *P < 0.05, **P < 0.005; n.s.,
not significant.
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Our results, together with those of Almeida-Souza et al. (55),
extend FCHSD2 function outside the nervous system and to
earlier stages of the endocytic pathway. Strikingly, FCHSD2
becomes the third component of the neuronal endocytic ma-
chinery, along with CLCb and Dyn1 (60), that allows differential
regulation of CME in cancer cells. Endocytic trafficking plays a
critical role in regulating and maintaining signaling at the syn-
apse. Whether adaptive endocytosis can result from co-opting
other components of the synaptic machinery to alter endocytic
trafficking and signaling properties in cancer cells remains to
be determined.
Hyperactivity of EGFR signaling at the cell surface is a com-

mon feature among different types of cancers and is widely
considered advantageous for tumor progression (61). Why then
would ERK1/2 activation downstream of EGFR activate EGFR
endocytosis and suppress EGFR proliferative and migratory
signaling? We propose several, not mutually exclusive, possibil-
ities for the functional significance of this potentially negative
feedback loop. One possibility relates to the well-established
spatiotemporal regulation of EGFR signaling (62, 63) and dif-
ferences in downstream signaling triggered by PM-associated vs.
endosome-associated EGFR (64–68). Thus, ERK1/2 and FCSDH2-
dependent increases in EGFR uptake and its redistribution to
endosomal compartments could alter signaling pathways and
downstream cellular responses in ways beneficial to the meta-
static cancer cell. A second possibility relates to the documented

saturability of EGFR sorting within endosomal compartments
(69). Thus, the increased efficiency of EGFR uptake might be
needed to ensure saturation of downstream endosomal sorting
machinery leading to increased rates of recycling and sustained
EGFR signaling. Alternatively, recent evidence has suggested
that a subset of EGFR signaling might occur specifically within
CCPs (70). Thus, ERK- and FCHSD2-dependent increases in
CCP initiation might function to increase the number of these
signaling platforms that trigger a subset of downstream signaling
responses. Finally, it is important to note that both FCHSD2 and
its Drosophila homolog Nwk function as negative regulators of
signaling (this study and refs. 44, 45, 58). Thus, FCHSD2 activity
may play a role in buffering EGFR signaling within the tumor
environment where local concentrations of EGF can be high
compared with those seen by metastatic cells (71). In this sce-
nario, FCHSD2’s specific up-regulation in cancer cells could
reflect a compensatory mechanism to counteract the detrimental
effects of hyperactive EGFR signaling.
Finally, it is also possible that the effects of FCHSD2 on sig-

naling vary depending on the signaling receptor. For example,
c-Met is believed to signal primarily from endosomal compart-
ments (72); thus increased endocytosis might enhance this re-
ceptor’s downstream signaling. Indeed, while we have found that
high levels of FCHSD2 expression correlate with better survival
rates in human NSCLC patients, others have reported that high
levels of FCHSD2 correlate with poor prognosis in acute mye-
loid leukemia patients (73). Thus, it will be important to examine
the effects of FCHSD2 activity on signaling downstream of other
cell-surface receptors.
Overall, our study reveals extensive crosstalk between signal-

ing and CME that is often specific to cancer cells. Based on our
findings reported here and elsewhere (74, 75), we suggest that
cancer cells can adapt this crosstalk as a determinant for tumor
progression. These cancer cell-specific adaptations of the endo-
cytic pathway may provide opportunities of the development of
novel therapeutic strategies against cancer.

Materials and Methods
Cell Culture and Reagents. ARPE-19 cells (from ATCC) were cultivated in
DMEM/F12 (Thermo Fisher Scientific) supplemented with 10% (vol/vol) FCS
(HyClone). H1299 and HCC4017 NSCLC cells [from John Minna, University of
Texas Southwestern Medical Center (UTSWMC), Dallas] were grown in RPMI
1640medium (Thermo Fisher Scientific) supplementedwith 10% (vol/vol) FCS.
HBEC30KT, nontransformed human bronchial epithelial cells (from John
Minna) were cultivated in complete keratinocyte-SFM medium (Thermo
Fisher Scientific). MCF10A cells (from ATCC) were grown in complete mam-
mary epithelial cell growth medium (Lonza). MDA-MB-231 breast adeno-
carcinoma cells (from R. Brekken, UTSWMC, Dallas) were grown in DMEM
containing high-glucose medium (Thermo Fisher Scientific) supplemented
with 10% (vol/vol) FCS. The following inhibitors and their final concentra-
tions, shown in parenthesis, were used in this study: Akt inhibitor X (10 μM),
the CaMK-II inhibitor KN93 (3.7 μM), the CDC42 inhibitor ML 141 (20 μM),
the CDK inhibitor Aminopurvalanol A (200 nM), the EPAC inhibitor ESI-09
(32 μM), the ERK inhibitor FR180204 (10 μM), the GSK3β inhibitor CHIR-99021
(10 μM), and Src inhibitor I (440 nM) were from MilliporeSigma. The B-Raf
inhibitor SB590885 (20 nM), the ERK inhibitor SCH772984 (10 μM), the JAK
inhibitor CP 690550 citrate (10 nM), and the JNK inhibitor SP600125 (900 nM)
were from Selleck Chemicals. The CK2 inhibitor TTP 22 (1 μM), the MLCK
inhibitor ML-7 HCl (3 μM), the mTOR inhibitor rapamycin (10 nM), the
p38 inhibitor SB239063 (450 nM), and the PKA inhibitor KT-5720 (600 nM)
were from Santa Cruz. The MEK inhibitor GSK1120212 (10 μM) and the PI3K
inhibitor BKM120 (1 μM) were from MedChemExpress. The PDK1 inhibitor
GSK2334470 (100 nM), the PTEN inhibitor VO-OHpic (460 nM), and the ROCK
inhibitor GSK269962 (40 nM) were from Tocris Bioscience. The PKC inhibitor
Gö-6983 (600 nM) was from Cayman Chemical. Protease and phosphatase
inhibitor mixtures were from Roche. All other chemicals were reagent grade
and were purchased from Sigma.

Endocytosis Assays. TfnR and EGFR endocytosis assays were performed exactly
as described (18) using 4 μg/mL anti-TfnR mAb (HTR-D65) or 20 ng/mL
biotinylated-EGF (Thermo Fisher Scientific) (conditions under which EGF

Fig. 8. FCHSD2 functions as a negative regulator for cancer progression. (A)
Cell proliferation abilities were measured in the control, FCHSD2–KD cells,
and FCHSD2–KD cells reconstituted with FCHSD2WT-Myc, FCHSD2S681A-Myc,
or FCHSD2S681E-Myc. ***P < 0.0005. (B) Representative images of cell migra-
tion in the cells as described in A. (Scale bars, 250 μm.) (C) Quantification of
migrating cells in B. Data in A and C represent mean ± SEM (n = 3). Two-tailed
Student’s t tests were used to assess statistical significance for comparison
with siCtrl. *P < 0.05, **P < 0.005. (D) Kaplan–Meier survival analysis of NSCLC
patients was performed in FCHSD2 high- and low-expression cohorts.
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uptake is clathrin dependent), respectively, and using cells grown overnight
in gelatin-coated 96-well plates and plated at a density of 3 × 104 cells per
well. For TfnR and EGFR endocytosis assays using inhibitors, cells were
preincubated in the absence (i.e., control) or presence of the indicated in-
hibitors at the concentrations described above for 30 min at 37 °C before
internalization assays were performed in the continued absence or presence
of the respective inhibitors.

Western Blotting. Cells were washed three times with PBS and were harvested
and resuspended in 150–200 μL of reducing Laemmli sample buffer. The cell
lysate was boiled for 10 min, and 50 μg of cell lysate was loaded onto an SDS
gel. After transfer to a nitrocellulose membrane, membranes were blocked
with either 5% powdered milk or 5% BSA and were probed with antibodies
against the following proteins: pERK1/2 T202/Y204 (no. 4370S; Cell Signaling),
ERK1/2 (no. 4695S; Cell Signaling), Myc-DDK tag (no. TA50011-100; OriGene),
pEGFR Y1068 (no. 3777S; Cell Signaling), EGFR (no. 4267S; Cell Signaling),
pAkt S473 (no. 4060L; Cell Signaling), Akt (no. 9272S; Cell Signaling), and
vinculin (no.V9131; MilliporeSigma), which was used as internal control,
according to the manufacturers’ instructions. For FCHSD2 we used no. PA5-
58432 (Thermo Fisher Scientific), which detected an ∼85-kDa band that was
specifically knocked down by siFCHSD2 treatment at 1:500 dilution. Note that
the manufacturer’s data show a 100-kDa band, which we also detected, but
this band did not respond to siRNA knockdown. The calculated molecular
mass for the 740-aa variant of FCHSD2 (accession number O94868, UniProtKB)
is ∼84 kDa. HRP-conjugated secondary antibodies (no. G21234 and no. G21040;
Thermo Fisher Scientific) were used according to the manufacturer’s instructions.

Quantitative analysis was performed by using ImageJ software (NIH). For
EGF-dependent signaling, the H1299 and HCC4017 cells (5 × 105 cells) were
seeded in six-well plates containing RPMI 1640 with 10% FCS. Eight hours
after seeding, cells were washed three times with PBS and starved in RPMI
1640 without FCS for 16 h. The cells then were left untreated or treated with
20 ng/mL of EGF for 10 min. After the EGF treatment, cells were washed
three times with PBS and were harvested and resuspended in 150–200 μL of
reducing Laemmli sample buffer, and the cell lysates were subjected to
Western blotting as described above.

TIR-FM and Image Data Analysis. TIR-FM was performed as previously de-
scribed (13). Briefly, ARPE-19 and H1299 cells stably expressing eGFP-CLCa
and HCC4017 cells expressing SNAP-CLCa bound to SNAP-Cell TMR-Star (New
England BioLabs) were imaged using a 100× 1.49 NA Apo TIRF objective
(Nikon) mounted on a Ti-Eclipse inverted microscope with a Perfect Focus
System (Nikon). TIR-FM illumination was achieved using the Diskovery Plat-
form (Andor Technology). During imaging, cells were maintained at 37 °C in
complete culture medium. Time-lapse image sequences were acquired at a
penetration depth of 80 nm and a frame rate of 1 Hz using a sCMOS camera
with 6.5-μm pixel size (pco.edge). For TIR-FM using inhibitors, cells were
preincubated in the absence (i.e., control) or presence of the indicated in-
hibitors described above for 30 min at 37 °C, followed by imaging in the
absence or presence of the respective inhibitors. CCP lifetime distribution
and initiation density analyses were carried out in Matlab (MathWorks),
using cmeAnalysisPackage (35).

Mutagenesis of FCHSD2 and Generation of Phosphomutants. The FCHSD2
(NM_014824) human-tagged ORF clone lentiviral construct was purchased
from OriGene (no. RC221241L3). The FCHSD2 Myc-tagged phosphomutants
(S681A and S681E) were generated by standard site-directed mutagenesis
(76). The primer sequences for the mutagenesis of S681A and S681E are
5′-CTGTACTTTCCCCGGGCTCCTTCAGCAAACG-3′ and 5′-GCTCCCTGTACTTTC-
CCCGGGAGCCTTCAGCAAACGAAAAAAG-3′, respectively. All primers were
purchased from Integrated DNA Technologies.

siRNA Transfection and FCHSD2 Constructs Transduction. Cells were treated
with the siRNA pool targeting FCHSD2 (no. E-021240-00-0010; Dharmacon)
using RNAiMAX (Thermo Fisher Scientific) to silence the endogenous protein.
Briefly, 50 nM of the indicated siRNA pool and 6.5 μL of RNAiMAX reagent
were added in 1 mL of OptiMEM (Thermo Fisher Scientific) in each well of a

six-well plate and were incubated for 20 min at room temperature. Cells
were resuspended in 1 mL of culture medium, seeded in each well of a six-
well plate containing the mixed siRNA–lipid complex, and incubated for
48 h, followed by experiments. The AllStars Negative siRNA nontargeting
sequence was purchased from Qiagen (no.SI03650318).

FCHSD2WT-Myc, FCHSD2S681A-Myc, or FCHSD2S681E-Myc fusion proteins or C-
terminally GFP-tagged wild-type FCHSD2 lentiviral construct (no. RC221214L2;
OriGene) transduction in H1299 or HCC4017 cells was performed using lenti-
viral vectors. The lentiviral vectors and lentiviral packing plasmids [pSPAX2
(Gag/Pol) and pMD2G] were cotransfected into HEK293T cells using Lipofect-
amine 2000 (Thermo Fisher Scientific) according to the manufacturer’s in-
structions for virus production. The virus-conditioned medium was used to
infect target cells in the presence of 10 μg/mL polybrene (MilliporeSigma). Cells
were collected 48 h postinfection for experiments.

Immunofluorescence Staining and Colocalization Analysis. Cells were washed
three times with PBS, fixed with 4% (wt/vol) paraformaldehyde (Electron
Microscopy Sciences) for 30 min at 37 °C, and permeabilized using 0.05%
saponin (wt/vol) (MilliporeSigma) for 10 min. Cells were blocked with 5% BSA
and probed with antibodies against FCHSD2 (no. PA5-58432; Thermo Fisher
Scientific) and Myc-DDK tag (no. TA50011-100; OriGene) according to the
manufacturers’ instructions. The rabbit polyclonal CLC antibody used in this
study (1:150 dilution) was produced in our laboratory using KLH-conjugated
synthetic peptide between 27 and 45 amino acids from the N-terminal region
of human CLC. Alexa Fluor-conjugated secondary antibodies (no. A-31571 and
no. A-11036; Thermo Fisher Scientific) were used according to the manufac-
turer’s instructions. TIR-FM was performed as described above. Colocalization
(Pearson’s coefficient) analysis was performed by using ImageJ software (NIH).

Cell Proliferation. Cells were seeded on 24-well plates at a density of 2 × 104

cells per well on day 0. On day 2 cell numbers were determined, and tryp-
sinized cells were reseeded at the initial density. This was repeated on day
4 and day 6. The cell proliferation ability was measured by using the CCK-8
Counting Kit (Dojindo Molecular Technologies) according to the manufac-
turer’s instructions. Briefly, cells were incubated with culture medium con-
taining the CCK-8 solution for 1 h at 37 °C, and then the absorbance was
read at 450 nm.

Cell Migration. Tumor cell migration ability was evaluated in 6.5-mm Trans-
wells with 8.0-μm pore polyester membrane inserts (no. 3464; Corning) in 24-
well plates. Cells (1 × 105) were resuspended in 300 μL of RPMI 1640 without
FCS and were seeded on each Transwell insert, and each well of the 24-well
plate was filled with 700 μL of complete culture medium. After incubation
for 16 h at 37 °C, the cells remaining on the upper surfaces of the membrane
were removed by wet cotton swabs. Cells that had migrated to the lower
surfaces of the membrane were fixed with ice-cold methanol (Pharmco) for
10 min and were stained with 0.5% crystal violet (MilliporeSigma) for
15 min. After imaging, cells were washed three times with ddH2O and were
incubated in 1% SDS solution (MilliporeSigma) for 5 min at room temper-
ature; then the number of cells was quantified by the absorbance at 595 nm.

Analysis of Kaplan–Meier Survival Data. NSCLC patient survival data were
downloaded from the Kaplan–Meier plotter database (77). Analysis of NSCLC
patients was performed in FCHSD2 high- and low-expression cohorts. P value
was calculated by log rank test (77).
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