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Recent research has implicated endocytic pathways as important regulators of
receptor signaling. However, the role of endocytosis in regulating chemokine CXC
receptor 4 (CXCR4) signaling remains largely unknown. In the present work we
systematically investigate the impact of clathrin knockdown on CXCR4 internalization,
signaling, and receptor post-translational modification. Inhibition of clathrin-mediated
endocytosis (CME) significantly reduced CXCR4 internalization. In contrast to other
receptors, clathrin  knockdown increased CXCL12-dependent ERK1/2 signaling.
Simultaneous inhibition of CME and lipid raft disruption abrogated this increase
in ERK1/2 phosphorylation suggesting that endocytic pathway compensation can
influence signaling outcomes. Interestingly, using an antibody sensitive to CXCR4
post-translational modification, we also found that our ability to detect CXCR4 was
drastically reduced upon clathrin knockdown. We hypothesize that this effect was
due to differences in receptor post-translational modification as total CXCR4 protein
and mRNA levels were unchanged. Lastly, we show that clathrin knockdown reduced
CXCL12-dependent cell migration irrespective of an observed increase in ERK1/2
phosphorylation. Altogether, this work supports a complex model by which modulation
of endocytosis affects not only receptor signaling and internalization but also receptor
post-translational modification.

Keywords: CXCR4, ERK signaling, membrane trafficking, clathrin, clathrin-mediated endocytosis, G protein-
coupled receptor

INTRODUCTION

Tight regulation of how cells interact with their environment and process extracellular information
is essential for survival. Consequentially, mammalian cells have evolved several tightly regulated yet
partially redundant pathways to control cell communication (Scita and Di Fiore, 2010; McMahon
and Boucrot, 2011; Liu et al., 2017). While endocytic pathways are predominantly known for

Abbreviations: CHC, Clathrin heavy chain; CME, Clathrin-mediated endocytosis; CXCR4, C-X-C Chemokine Receptor 4;
EGFR, Epidermal growth factor receptor; PTMs, post-translational modifications.
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their role in receptor internalization and desensitization,
recent technological advancements have allowed researchers
to interrogate endocytic dynamics in the context of cognate
receptor-cargo pairs and systems-level studies have increased
our understanding of endocytic pathways functioning a master
regulators of receptor signaling, recycling, and degradation (Liu
et al, 2009, 2010; Garay et al., 2015; English et al, 2018;
Rosselli-Murai et al., 2018).

G protein-coupled receptors (GPCRs) play an important
role for both essential and pathogenic biological processes
and are a common cargo of endocytic pits. CXC chemokine
receptor 4 (CXCR4) is a type 1 GPCR important for a variety
of biological processes including immune cell homeostasis,
embryonic development, and cell migration (Nagasawa et al.,
1996; Ma et al., 1998; Zou et al., 1998; McGrath et al., 1999;
Yi et al,, 2014). CXCR4 signaling is activated by agonist C-X-
C ligand 12 (CXCL12) binding (Busillo and Benovic, 2007).
Depending on CXCLI2 isoform and/or CXCR4 C-terminal
tail post-translational modifications (PTM), CXCR4-CXCL12
signaling regulates cell proliferation and growth, chromatin
remodeling, or cell migration and chemotaxis (Busillo and
Benovic, 2007; Busillo et al, 2010; Ray et al, 2014; Yi
et al., 2014). CXCR4 expression is deregulated in 23 cancers
and has been shown to increase cancer cell metastasis
toward CXCL12 expressing cells (Balkwill, 2004a,b). Aside
from being the most commonly deregulated GPCR found in
cancer, CXCR4 was also identified as an HIV co-receptor
(Feng et al, 1996). Additionally, WHIM syndrome (Warts,
Hypogammaglobulinemia, Infection, and Myelokathexis) is the
only known immunological disease directly results from aberrant
CXCR4 function, and it has been attributed to a deletion of
C-terminal residues of CXCR4 that prevents proper receptor
internalization (Diaz and Gulino, 2005).

Receptor tyrosine kinases and GPCRs such as CXCR4
commonly activate the ERK 1/2 signaling pathway in an
agonist-dependent manner (Busillo et al, 2010; Lemmon and
Schlessinger, 2010; Pinilla-Macua et al, 2016). ERK1/2 are
serine/threonine protein kinase members in the MAPK signaling
cascade and are involved in regulating numerous biological
processes including cell migration and chemotaxis (Lewis et al.,
1998; Pearson et al.,, 2001; Yoon and Seger, 2006). While the
precise mechanism by which CXCL12 activates the MAPK
cascade is unclear, the non-visual arrestins (beta 1 and 2) and
CXCR4 PTMs have been implicated as key regulators of this
process (Marchese et al., 2003; Bhandari et al., 2009; Busillo
et al., 2010). Furthermore, multiple lines of evidence suggest
tight spatial and temporal control is necessary for proper
ERK1/2 activation (Malik et al., 2012). While the importance
of spatiotemporal control and compartmentalization of receptor
signaling have recently been shown to play a significant role
in regulating receptor signaling, the molecular mechanisms that
regulate this process remain largely unknown.

Recently, endocytosis and receptor localization in membrane
microdomains have been implicated as key regulators of agonist-
induced receptor signaling (Malik et al, 2012; Garay et al.,
2015; Stone and Veatch, 2015; Stone et al., 2017). It was shown
that drug perturbation as well as genetic silencing of clathrin

heavy chain (CHC) significantly decreased EGF-induced EGFR
internalization and AKT signaling and that these effects are
rescued by ERBB2 expression in HeLa cells (Garay et al., 2015).
Interestingly, EGFR surface expression and phosphorylation
state was unaffected by clathrin inhibition (Garay et al., 2015).
Additionally, recent work from our group suggested that a
specific subset of clathrin-coated pits are specialized for signaling
and concluded that clathrin acts as a scaffold for EGF-induced
AKT phosphorylation at the cell membrane (Rosselli-Murai et al.,
2018). Clathrin-independent endocytosis and lipid rafts have
also been implicated as essential regulators of receptor signaling
(Sigismund et al., 2008; Malik et al., 2012; Stone et al., 2017).
In particular, disruption of caveolae by depleting cholesterol
or caveolin-1 genetic silencing significantly reduced CXCL12-
induced ERK1/2 signaling (Malik et al., 2012). Interestingly,
this effect appeared to be CXCR4-specific as EGFR activation
was unaffected by cholesterol depletion (Malik et al.,, 2012).
Altogether, a model emerges in which endocytosis plays an
essential role in ensuring complete receptor signaling pathway
activation. While it is known that caveolin-1 plays an important
role in CXCR4 signaling and CXCR4 is believed to primarily
internalize via CME, it remains unclear how CME regulates
CXCR4 signaling, PTMs, and protein levels.

In this study, we investigated the effects of clathrin genetic
silencing on CXCR4 internalization, signaling, receptor protein
levels, and PTM. We found that CHC knockdown significantly
decreased CXCL12-induced CXCR4 internalization. In contrast
to decreased ERK1/2 activation upon caveolin-1 knockdown,
we observed an increased in ERK1/2 activation upon CHC
knockdown. Using an antibody sensitive to CXCR4 PTM, we
observed that increased signaling potential coincided with an
increase in CXCR4 PTM, while total CXCR4 protein and mRNA
levels were unaffected by clathrin knockdown. Interestingly, we
also discovered that clathrin knockdown significantly impaired
CXCL12-dependent cell migration irrespective of the observed
increase in ERK1/2 phosphorylation. Altogether, our data
support a more complex model in which clathrin is an important
regulator of receptor signaling, internalization, and PTM.

RESULTS

CXCR4 Overexpression in Retinal
Pigment Epithelial (RPE) Cells
Recapitulates Endogenous CXCR4
Internalization and Signaling in

HelLa Cells

To study the effects of CXCR4 overexpression without
background from endogenous receptors and other chemokine
receptors responsive to CXCL12 (e.g., CXCR7), we used both
HeLa and an exogenous CXCR4 overexpression cell line model.
To limit background from endogenous CXCR4 and CXCR7, we
overexpressed CXCR4 in retinal pigment epithelial cells (RPE)
because this cell line has very low CXCR4 expression (Steel
et al,, 2014). As expected, CXCL12 stimulus rapidly induced
both ERK1/2 phosphorylation in both HeLa and RPE cells
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stably overexpressing CXCR4 as early as the 5 min time point
(Figure 1A). Likewise, agonist-induced receptor internalization
was not significantly different between HeLa and RPE CXCR4
(Figure 1B). Lastly, to ensure that the overexpressed CXCR4
construct localized and trafficked properly in RPE cells, we found
that CXCR4 colocalized with known early endosome marker
EEA1 20 min post CXCL12 addition, as expected (Figure 1C).

Clathrin Silencing Decreases
CXCR4 Internalization and
Increases CXCL12-Induced

ERK1/2 Phosphorylation

Having established an experimental model to study CXCR4 in
RPE cells, we next examined the effect of CHC knockdown on
CXCR4 internalization and signaling. It has previously been
hypothesized that CXCR4 is primarily internalized by CME (Dar
et al., 2005). To test this hypothesis, we used shRNA to reduce
functional clathrin triskelia and measured CXCL12-induced
receptor internalization by flow cytometry. Consistent with this
hypothesis, CXCR4 internalization was significantly attenuated,
both in rate and in final level (Figure 2A). However, CXCR4

surface expression was unchanged by clathrin knockdown
(Figure 2B). Next we investigated the effect of clathrin
knockdown on CXCL12-CXCR4-mediated ERK1/2 signaling.
In accordance with previous literature, we hypothesized that
clathrin knockdown would reduce CXCL12-induced signaling.
Surprisingly, clathrin knockdown significantly increased
CXCL12-induced ERK1/2 phosphorylation both pre- and post-
agonist addition (Figures 2C,D). To establish that these effects
were not artifacts of receptor overexpression, we confirmed these
observations in HeLa cells (Supplementary Figure 1). Previous
reports have indicated that caveolae/lipid rafts are essential
for complete CXCLI12-mediated ERKI1/2 phosphorylation
(Malik et al., 2012). Consistent with this result, we found that
inhibition of caveolae/lipid raft (using cholesterol depleting
agent and caveolae inhibitor nystatin) reduced CXCL12-
mediated ERK1/2 phosphorylation irrespective of clathrin
knockdown (Figures 2C,D). As expected, total ERK1/2 levels
were unchanged upon clathrin knockdown (Figures 2E,F).
It has previously been reported that upon receptor stimulus,
CXCR4 colocalizes with both adapter protein 2 (AP2) and
caveolin-1 (Malik et al, 2012). Therefore, we hypothesized
that clathrin knockdown may increase agonist-induced CXCR4
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FIGURE 1 | Overexpressed CXCR4 in RPE cells recapitulate endogenous CXCR4 signaling and internalization dynamics. (A) Representative western blot of
CXCL12-induced ERK1/2 phosphorylation in HelLa and RPE cells overexpressing CXCR4. (B) Flow cytometry analysis of CXCR4 internalization in HelLa
(endogenous) and RPE CXCR4 (overexpressed receptor). Relative surface expression was calculated by taking the mean fluorescence between a paired stimulus
and vehicle control at each timepoint. The mean of 4 independent experiments is plotted + SEM. (C) Confocal microscopy images of CXCR4 internalization labeled
by FLAG antibody in RPE cells and an endosomal marker EEA1 antibody before and after 25 nM of CXCL12 treatment. Scale bars are 10 wm.
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FIGURE 2 | Clathrin inhibition reduces agonist-induced CXCR4 internalization and increases ERK1/2 phosphorylation. (A) Flow cytometry analysis of
CXCL12-induced CXCR4 internalization upon scramble or clathrin knockdown (shRNA 2755 or 7981). Relative surface expression was calculated by taking the
mean fluorescence between a paired stimulus and vehicle control at each time. The mean of 4 independent experiments is plotted + SEM. (B) Quantification of
relative CXCR4 surface expression upon clathrin knockdown (shRNA 2755 or 7981). CXCR4 surface expression was detected using the FLAG antibody in RPE cells
overexpressing CXCR4 and measured by flow cytometry (n = 4, normalized mean + SEM). (C,D) Representative western blots and quantification of
CXCL12-induced ERK1/2 phosphorylation upon scramble or clathrin knockdown =+ nystatin (NYS) treatment (50 M, 30 min pretreatment). For all experiments, RPE
cells overexpressing CXCR4 were transduced with either scramble or clathrin heavy chain shRNA (shRNA 2755) and stimulated with 25 nM CXCL12 for the labeled
time course. Signaling experiments were conducted in pairs. Western blot bands were normalized to GAPDH as well as to 5 min stimulus in the scramble condition.
The mean of 4 independent experiments is plotted + SEM. (E,F) Representative western blot and quantification showing that relative ERK1/2 levels are unchanged
upon clathrin (shRNA 2755) knockdown. Total ERK1/2 expression was normalized to GAPDH. The mean of 4 independent experiments is plotted + SEM. (* denotes
statistical significance p < 0.05).
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colocalization with caveolin-1. While not statistically significant,
a slight increase in CXCR4 colocalization with caveolin-1 was
observed upon clathrin knockdown after 5 min agonist addition
(Supplementary Figures 2A,B). In contrast to previous work,
CXCR4 colocalization with caveolin-1 was limited irrespective of
clathrin knockdown. However, others have shown that CXCR4
localizatizes to lipid rafts more generally (Nguyen et al., 2005;
Chinni et al., 2008). Thus, it is plausible that clathrin knockdown
may shift CXCR4 localization to both caveolin-1 positive and
negative lipid rafts. Together, these observations support a
model where endocytic pathway redundancy may play a role in
modulating receptor internalization and signaling. Interestingly,
a statistically significant increase in ERK1/2 phosphorylation
was also observed at the 0 min time point (Figure 2D) in RPE
cells overexpressing CXCR4. We believe that this might be
due to ineffective clearance of activated CXCR4 during serum
starvation as receptor internalization is significantly reduced

upon clathrin knockdown (Figure 2A). An increase in ERK1/2
phosphorylation at the 0 min time point was not observed
with HeLa cells with clathrin knockdown. We believe that this
discrepancy is likely due to cell type specificity or difference in
signal intensity and consequently detection sensitivity.

The CXCR4 UMB2 Antibody
Immunoblotting Is a Robust Method to
Detect Changes in CXCR4 PTM

To further investigate the mechanism by which clathrin
knockdown increased CXCR4 signaling, we tested whether
clathrin knockdown influenced CXCR4 protein expression. Upon
conducting these experiments, we noticed that the CXCR4 UMB2
antibody differentially detected CXCR4 post-receptor stimulus
(Figure 3A). To validate that the decrease in receptor western
blot intensity was not due to rapid receptor degradation, we
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FIGURE 3 | The UMB2 monoclonal CXCR4 antibody detects changes in agonist-induced CXCR4 PTMs. (A) Representative western blot of CXCR4 detection upon
CXCL12 addition in Hela cells. Cells were stimulated with 25 nM for the described time course and CXCR4 protein levels were quantified using the UMB2
monoclonal antibody and normalized to GAPDH. (B) Confocal microscopy images of overexpressed FLAG-tagged CXCR4 in RPE cells. CXCR4 was labeled using
both FLAG and UMB2 antibodies pre- and post-CXCL12 addition (25 nM). Scale bars are 10 wm). (C) Reduced detection of CXCR4 using the UMB2 antibody is
ligand-specific. RPE cells overexpressing CXCR4 were treated with either 25 nM CXCL12 or 20 nM EGF for the described time course. (D) Schematic of CXCR4
and CXCR4-myc overexpression constructs illustrating where the different antibodies used bind to CXCR4. (E) RPE cells overexpressing CXCR4-myc were treated
with 25 nM CXCL12 or 20 nM EGF for the described time course and CXCR4 was detected by western blotting using the myc or UMB2 antibody. (F) Western blot
quantification of CXCR4 detection by UMB2 antibody in HeLa and RPE CXCR4 cells. CXCR4 intensity was normalized to GAPDH and plotted mean + SEM from 4
independent experiments.
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co-labeled overexpressed FLAG-CXCR4 with FLAG and UMB2
antibodies pre- and post-CXCL12 stimulus. Consistent with our
hypothesis, the FLAG antibody robustly detected CXCR4 pre-
and post-CXCL12 stimulus while the UMB2 antibody signal
was significantly reduced post-stimulus (Figure 3B). To confirm
that the UMB2 disappearance was dependent on CXCLI12,
we stimulated cells with EGF and monitored relative CXCR4
levels. As expected, while CXCL12 addition quickly led to the
disappearance of the UMB2 CXCR4 band, EGF stimulus did not
affect CXCR4 detection (Figure 3C). To exclude that CXCR4
was moving to an insoluble compartment post-stimulus, we
generated a stable cell line expressing a c-terminally tagged myc
CXCR4 construct (CXCR4-myc) (Figure 3D). As expected, while
the CXCR4 UMB2 antibody’s ability to detect CXCR4 post-
stimulus was diminished, the myc antibody staining remained
constant (Figure 3E), and hence we do not believe the receptors
were degraded. Since the cytosolic c-terminal tail of CXCR4
is rapidly post-translationally modified by phosphorylation and
ubiquitination upon CXCLI12 addition, our results suggest that
the UMB2 antibody is sensitive to changes in CXCR4 PTM.
Equipped with this new tool, we asked whether overexpressed
CXCR4 had different PTM kinetics than endogenous CXCR4,
and observed no significant changes in CXCR4 PTM kinetics
between HeLa and RPE CXCR4 cells (Figure 3F).

Clathrin Inhibition Increases

CXCR4 PTMs

Using the UMB2 antibody, we observed that clathrin knockdown
significantly reduced CXCR4 detection in both HeLa and RPE
cells overexpressing CXCR4 (Figures 4A-C). To determine
whether this was due to a change in receptor expression or
PTM state, we used flow cytometry and qPCR to assess total
endogenous CXCR4 protein and mRNA levels upon clathrin
knockdown. Interestingly, clathrin inhibition did not affect total
endogenous CXCR4 protein (Figure 4D) or mRNA levels in
HeLa cells (Supplementary Figures 3A,B). Cycloheximide chase
experiments in RPE cells overexpressing c-terminal myc tagged
CXCR4 further confirmed that clathrin knockdown did not lead
to a change in CXCR4 degradation kinetics (Supplementary
Figures 3C,D) and additionally total CXCR4 labeling using
the myc antibody confirmed that CXCR4 total protein levels
were unchanged in the overexpression CXCR4 model as well
(Supplementary Figure 3E). To test whether this phenomenon
was specific to CXCR4 or more broadly applicable to other
receptors, we measured EGFR protein levels using an antibody
(A-10 clone) not expected to be sensitive to receptor PTM (Wee
and Wang, 2018). Interestingly, clathrin knockdown significantly
reduced EGFR detection in both HeLa and RPE cells as well.
EGFR mRNA levels were also unchanged (Supplementary
Figures 3C,D). Since EGFR is internalized by both CME and
clathrin-independent internalization (Sigismund et al., 2005,
2008, 2013), it is possible that upon clathrin knockdown
EGFR internalization is compensated by clathrin-independent
internalization and consequentially leads to increased receptor
degradation as previously reported. Reliable quantification of
changes of CXCR4 PTM Kkinetics was not possible for the

clathrin knockdown condition in HeLa cells due to the limited
linear detection range of fluorescent imagers since these cells
had a drastically lower initial CXCR4 detection intensity.
Consequentially, we explored whether clathrin knockdown had
any effect on CXCR4 PTM kinetics in the overexpression context.
As previously reported with EGFR (Garay et al., 2015), we did
not see a significant change in agonist-induced CXCR4 PTM
kinetics upon clathrin knockdown in RPE cells overexpressing
CXCR4 (Figure 4E).

Clathrin Knockdown Decreases
CXCL12-Dependent and Independent
Cell Migration in HeLa Cells

To investigate the implication of CXCLI12-induced increase
of ERK1/2 phosphorylation in clathrin-silenced cell on cell
migration, we used a wound-healing assay. Compared to
scramble controls, irrespective of the type of ligand (CXCL12 vs.
FBS), clathrin knockdown significantly reduced cell migration
in HeLa cells (Figure 5). This result corroborated a previous
report where compared to a wildtype receptor, a mutant
CXCR4 has indistinguishable ERK1/2 phosphorylation yet has
significantly reduced chemotaxis (Mines et al., 2009). Since
EGF- and CXCL12-mediated ERK1/2 phosphorylation have
been shown to occur at distinct membrane micro-domains
(Malik et al, 2012), we investigated how EGF-dependent
cell migration was affected by clathrin knockdown. Similar
to CXCL12, clathrin knockdown reduced EGF-induced cell
migration (Supplementary Figures 4A,B). This suggests that
while CXCL12 and EGF signaling mechanisms are distinct
and differentially regulated by clathrin, the effects on cell
migration are comparable.

DISCUSSION

The expanded role of endocytosis in not only regulating receptor
internalization but as a signaling platform and master regulator
of protein expression is becoming increasingly clear (Sorkin and
von Zastrow, 2009). Here we provide new evidence of how
endocytic proteins regulate CXCR4 internalization, signaling,
and receptor PTM level and highlight the redundancy of
endocytic pathways.

Redundancy of endocytic pathways is not a new idea and work
in this area has been pioneered with EGFR (Sigismund et al.,
2005). Interestingly, we found that while clathrin knockdown
increased CXCR4 PTM, this was not the case for EGFR as the
antibody used to measure total EGFR has been previously shown
to not be sensitive to EGFR PTMs (Wee and Wang, 2018) and
previous research suggests that EGFR PTMs are unaffected by
clathrin inhibition (Garay et al., 2015). Additionally, while EGFR
is preferentially internalized by CME at increasing high ligand
levels, at times it is also internalized by clathrin-independent
mechanisms (Sigismund et al., 2005). It was further reported that
the endocytic mechanism of EGFR internalization predestined
receptors for either receptor recycling or degradation in a
PTM specific manner (Sigismund et al, 2005, 2008, 2013).
Consequently, it is possible that clathin knockdown leads

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2019 | Volume 7 | Article 77


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

DeNies et al. Clathrin Inhibition Influences CXCR4 Biology

A B

shRNA Scramble Clathrin s bl Clathri
Stimulus(min) 0 5 20 0 5 20 . ShRNA cramo’e e

) 200 Stimulus(min) 0 5 20 0 5 20
Clathrin {(CHC) (S Clathrin (CHC)| - — .

200 - 50
zrr (a10) I cxome (uMB2
(o4 D E

5 40 s
BT L BXCRa &~ % 1.04 @ Scramble KD
[0] >S5 5
2 % 08 = EGFR Q = 30 %’ ol @ Clathrin KD
4 53 £
o 0.6 © ]
23 £ 320 10
8204 o £ e
o= > o O 0.4
_ c - =
2502 530 202]
52, o« 3
o) . 0 @ 0.0 . ’ ’
T Hela RPE CXCR4 Scramble Clathrin KD o 10 20

Cell line

HelLa

Stimulus time (min)

FIGURE 4 | Clathrin knockdown increases CXCR4 PTM. (A,B) Representative western blots showing the effect of clathrin knockdown on CXCR4 and EGFR protein
levels in (A) Hela or (B) RPE CXCR4 cells. (C) Quantification of western blot analysis of CXCR4 and EGFR protein levels upon clathrin knockdown. Relative receptor
detection was calculated by taking the ratio of normalized receptor intensity (receptor:GAPDH) between scramble and clathrin shRNA transduced cells (O min time
point). Cells were transduced with scramble or clathrin shRNA (2755) for 5 days and serum-starved for 4 hrs prior to each signaling/receptor detection experiment.
Quantification is mean + SEM from 4 independent experiments. (E) Relative detection of CXCR4 by UMB2 with and without clathrin knockdown in RPE cells
overexpressing CXCR4. Relative CXCR4 detection was calculated upon receptor stimulus (25 nM CXCL12) for scramble and clathrin knockdown cells. CXCR4
detection was normalized to the O min time point and plotted as mean 4+ SEM (n = 4). Similar analysis was not carried out for Hela cells as the signal was outside of
the linear range of detection (see A). (D) Total endogenous CXCR4 detection in Hela cells. Cells were infected with either clathrin or scramble shRNA and
serum-starved for 4 h. After permeabilization and immunofluorescence labeling of endogenous CXCR4, total CXCR4 protein level was measured by flow cytometry.
Mean + SEM is plotted from 3 independent experiments.

A
10% FBS 25 nM CXCL12 -FOBhSr -2%')1(rCL12

0 hr 20 hr 0 hr 20 hr 6

£ 51

56\4.

25 ]

EREE

g 2]

O 1

01

FIGURE 5 | Clathrin knockdown decreased CXCL12-dependent and independent cell migration in HeLa cells. (A) Representative images of a scratch assay time
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to an increase in clathrin-independent EGFR internalization
and subsequent degradation and provides additional evidence
that clathrin inhibition differentially impacts receptors such
as EGFR and CXCR4.

Upon clathrin knockdown, we observed an increase in
CXCR4 PTM pre-stimulus. However, total as well as surface

receptor levels remained unchanged. Since clathrin is involved
in multiple aspects of endocytic trafficking (Golgi transport as
well as endocytosis), it is possible that clathrin knockdown
may lead to changes in CXCR4 localization in plasma
membrane micro-domains or intracellular compartments that
are responsible for the observed change in receptor PTM. Even
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though CXCR4 is both phosphorylated and ubiquitinated, we did
not discern which modification or combination of modifications
were responsible for these observations and this remains to be a
subject of further investigation.

Interestingly, increased CXCR4 PTM correlated with
CXCL12-dependent ~ ERK1/2  phosphorylation,  further
implicating compensatory mechanisms of CXCR4 regulation
upon clathrin knockdown. It was previously reported that
CXCL12-induced ERK1/2 phosphorylation occurs independently
of CXCR4 internalization and that CXCR4 localization in
cholesterol rich lipid rafts is essential for complete ERK1/2
phosphorylation and that this effect was not observed with
EGEFR receptor (Malik et al., 2012). Indeed, transient silencing
of the caveolae resident protein caveolin-1 was reported to
lead to an approximately 50% reduction in CXCL12-induced
ERK1/2 phosphorylation (Malik et al, 2012). Together,
these results provide additional evidence that modulation of
endocytic dynamics regulates receptor biology differently. For
CXCR4, clathrin appears to be a negative regulator of ERK1/2
phosphorylation and increased receptor PTMs, whereas for
EGFR ERK1/2 signaling is unaffected and total protein levels are
reduced during extended periods of clathrin knockdown.

Interestingly, beta-arrestin (1 and 2) knockdown phenocopies
ERK1/2 phosphorylation that we observed with clathrin
knockdown (Malik et al., 2012). Together these results suggest a
potential shared mechanism by which clathrin and beta-arrestins
are negative regulators of CXCR4-dependent ERK1/2 signaling
and a compensatory mechanism by which cells increase CXCR4
localization in lipid rafts (caveolin-1 positive and/or negative)
and become increasingly capable for CXCL12-induced ERK1/2
phosphorylation. Additionally, while AP2 inhibition has been
shown to decrease CXCR4 internalization, it has not been shown
to affect ERK1/2 signaling (Malik et al., 2012). Coupled with
our results, this provides evidence for a model where AP2 is
important for CXCR4 signaling but an independent adapter
protein is important for mediating CXCL12-dependent ERK1/2
phosphorylation. Unfortunately, co-knockdown experiments of
clathrin and caveolin-1 resulted in cells that were not viable.
However, consistent with the model, it is possible that clathrin
knockdown increases clathrin-independent internalization of
CXCR4 (clathrin knockdown slightly increased CXCR4/caveolin-
1 colocalization) and that unlike EGFR, this mechanism of
internalization does not lead to increased receptor degradation.

Surprisingly, a significant increase in ERK1/2 phosphorylation
was observed at the 0 min time point in CXCR4 RPE cells
upon clathrin knockdown. We speculate that this observation
could be due to the inability of clathrin knockdown cells to
efficiently clear activated receptor during serum starvation. This
is supported by the observation that clathrin inhibition drastically
reduced CXCR4 internalization. Interestingly, elevated ERK1/2
phosphorylation did not lead to increased cell migration. Clathrin
silencing nearly ablated cell migration independent of agonist
and our observation that clathrin knockdown increases ERK1/2
signaling suggests that CXCL12-induced ERK1/2 signaling and
cell migration are decoupled or that there may be additional
roles that clathrin plays in cell migration. While clathrin
inhibition has not been previously associated with a change in

ERK1/2 signaling, previous studies with CXCR4 have focused on
transient pharmacological inhibition of CME (30 min timescale)
(English et al, 2018), whereas in this study shRNAs were
used to specifically knockdown CHC over the course of 3-5
days) and consequently provides additional evidence for cellular
compensation. Additionally, this effect appears to be different
in HL-60 derived neutrophils where inhibition of clathrin
abrogated ERK1/2 signaling and polarization (Tan et al., 2018).
This could be due to a strong dependence of signaling on the
clathrin scaffold for a professional migratory cell as well as
differences between pharmacological vs. genetic perturbations.
Our present findings are supported by the work of Mines et al.
(2009) that used a lysine triple mutant CXCR4. They showed
that this mutant CXCR4 had significantly reduced chemotactic
potential independent of ERK1/2 phosphorylation. Together
with the results presented, this evidence supports a model
in which CXCL12-induced chemotaxis and cell migration is
decoupled from CXCL12-induced ERK1/2 phosphorylation. We
additionally investigated how EGF-dependent cell migration was
affected upon clathrin knockdown. Irrespective of ligand, clathrin
knockdown significantly reduced cell migration. This suggests
that while CXCL12 and EGF signaling mechanisms are distinct
(different membrane localization) and differentially regulated by
clathrin, the effects on cell migration are similar. Additionally, it
is likely that clathrin is impacting cell migration via an ERK1/2-
independent mechanism.

In addition to advancing our knowledge of how endocytosis
modulates CXCR4 biology, we also report that the UMB2
antibody differentially detects CXCR4 post-receptor stimulus.
This effect is agonist specific, independent of receptor
internalization, and not due to differential protein extraction.
While not directly tested in this work, and since the UMB2
antibody binds to the c-terminus of the receptor, we believe that
the observed effect is due to changes in CXCR4 PTM. As CXCR4
is rapidly post-translationally modified upon receptor-ligand
binding, it is plausible that these modifications interfere with
antibody binding. In agreement with previous work with EGFR,
our results support that clathrin silencing does not modulate
receptor PTM kinetics (Garay et al., 2015).

While our study along with a growing number of others
supports a dynamic model of compensatory endocytic
mechanism working together to precisely regulate receptor
biology, additional research is necessary to determine whether
these observations are direct effects of endocytic adapter protein-
GPCR interactions or secondary effects of modulating this
essential cellular process. Additionally, due to the extraordinary
cell type and tissue specificity of GPCR expression, it is necessary
to interpret these experiments within this context and it will be
important to determine whether these observations are tissue-
and/or GPCR-specific or more broadly applicable to other
receptors. Together with knowledge that endocytic dynamics
are modulated by cancer (Schmid, 2017; Rosselli-Murai et al.,
2018), further mechanistic investigations of how CME and
clathrin-independent endocytosis regulate receptor biology is
likely to reveal novel signaling mechanism that may provide
new therapeutic strategies to selectively target pathogenic GPCR
signaling such as CXCR4 in metastatic cancers.
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EXPERIMENTAL MATERIALS
AND METHODS

Cell Culture

HeLa Cells were originally obtained from ATCC. RPE cells were
obtained from Dr. Sandra Schmid at UT Southwestern and all
stable cell lines were derived directly from this line. HeLa cells
were cultured in DMEM media (Corning) supplemented with
10% FBS while RPE cell lines were cultured in DMEM/F12 media
(Corning) supplemented with 10% FBS.

Stable Cell Lines

Stable RPE cell lines expressing FLAG-CXCR4 WT (£ c-terminal
myc tag) receptors were generated using lentiviral transduction
produced from the pLVX vector. Lentiviruses were generated
in our lab by co-transfecting HEK293T cells (ATCC) with
the transfer plasmid, psPAX2, and pMD2.G lentiviral envelope
and packaging plasmids. Cell supernatant containing mature
lentiviral particles was collected 4 days after transfection. RPE
cells were transduced in DMEM/F12 media supplemented with
FBS and 10 pg/mL polybrene and stable cell lines were generated
through puromycin selection (3 pg/mL).

Cell Signaling, Cycloheximide

Experiments, and Western Blotting

Cells were plated onto 12 well plates (Cell Treat) 24 h before
each signaling experiment. Prior to each experiment cells were
wash 1x with PBS and serum-starved for 4 h. Cells were
stimulated with ligand (specified in figure legends) (R&D
Systems) diluted in serum-free media for 0, 5, or 20 min
as indicated in each figure legend. For clathrin knockdown
experiments, cells were transduced with pKLO.1 clathrin
heavy chain (CHC 17) (sequence 1: Sigma TRCN0000342755,
CCGGCGGTTGCTCTTGTTACGGATACTCGAGTATCCGTA
ACAAGAGCAACCGTTTTTG (2755), sequence 2: Sigma
TRCN0000007981, CCGGCGTGTTCTTGTAACCTTTAT
TCTCGAGAATAAAGGTTACAAGAACACGTTTTT  (7981;
Supplementary Figure 5) or scramble non-targeting control
Sigma-SCHO002) shRNA containing lentiviral particles 5 days
prior to the signaling experiment. Seventy two hours post-
transduction, cells were selected using 2 pg/mL (HeLa) or
3 pg/mL puromycin (RPE). Knockdown efficiencies ranged
from 55 to 85% for all experiments. Cells were plated 24 h
prior to each signaling experiment as described above. After
each signaling experiment, cells were washed with PBS 1x
and lysed using RIPA buffer (Pierce) supplemented with
protease (EDTA Peirce Cocktail and phosphatase inhibitor
cocktails (HALT Phosphatase Inhibitor) for 10 min on ice.
Afterward, cells were scraped, lysate added to 1.5 mL tubes,
and centrifuged at 4°C for 45 min at 16,100 g. Approximately
10-50 pg of protein were loaded for SDS-PAGE gels (BioRad)
analysis depending on the abundance of the target protein.
PDVF 0.2 pwm membranes (Thermo Fisher Scientific) were
used for all western blotting experiments and transferred using
the iBlot transfer system suitable for mixed range proteins.
Blots were blocked using 5% BSA in TBS not supplemented

with Tween for 1 hr rocking at room temperature. Blots were
then incubated overnight with primary antibodies diluted in
5% BSA supplemented with 1% Tween 20 in TBS (TBST).
Blots were washed 3x for 5 min with TBST after which
they were incubated with secondary antibodies (Table 1).
All blots were imaged using the LiCor Odyssey Imaging
System. Bands were quantified using the LiCor Image Analysis
Software in accordance with manufacturer guidelines. We
established that our knockdowns did not significantly alter
GAPDH expression using the REVERT total Protein Stain
and therefore used GAPDH as a loading control and for
normalization of all experiments. As previously described,
all signaling experiments were additionally normalized to the
scramble control at the 5 min stimulus time point (Garay
et al, 2015). For the cycloheximide (CHX) experiments,
RPE cells overexpressing CXCR4 were grown as described
above and treated with cycloheximide (50 M) described
in the figure legend. The exact western blot protocol used
for signaling assays was used for CHX experiments as well.
All statistics were conducted using paired 2 tailed ¢-test
(* represents p < 0.05).

Immunofluorescence Assays

Cells were plated onto 6-well plates on glass coverslips 24 h
prior to each experiment. Cells were washed 1x with PBS
and serum-starved for 4 h as described above. Cells were
stimulated as specified in each figure legend and immediately
washed with cold PBS 2x and fixed in 4% paraformaldehyde
for 15 min on ice. Cells were permeabilized for 5 min at
room temperature with 0.2% Triton-X100 diluted in PBS and
then blocked with 2.5% BSA in PBS for 1 h. Cells were
incubated with primary antibody diluted in 2.5% BSA and
incubated overnight at 4°C (Table 1). Slides were wash 3x
for 5 min each with PBS and incubated with secondary
antibodies diluted in 2.5% BSA for 1 h at room temperature
(Table 1). Cells were washed with PBS 3x, 5 min per wash
and incubated with DAPI (Table 1) diluted in PBS for 5 min
at room temperature. Afterward, cells were washed with PBS
and mounted onto glass slides with Fluoromount-G (Invitrogen).
Slides were imaged by spinning disk confocal microscopy, TIRF

TABLE 1 | Reagents

Reagent Supplier Dilution Assay
ms-FLAG-647 Genscript 1:1,000 FC, IF
Gt-anti-rb Dylight 800 Invitrogen 1:10,000 WB
Gt-anti-ms Dylight 680 Invitrogen 1:10,000 WB
Human CXCR4 R-PE Invitrogen 1:500 FC
ms-GAPDH Santa Cruz 1:1,000 WB
rb-Phospho-pERK1/2 CST 1:2,000 WB
ms-Total ERK1/2 CST 1:1,000 wB
rb-CXCR4 UMB2 Abcam 1:1,000 WB, IF
Rb-EEA1 CST 1:500 IF
Gt-anti-rb-AF488 Invitrogen 1:1,000 IF
Rb-Caveolin-1 CST 1:500 IF
Ms-EGFR (A-10) Santa Cruz 1:1,000 wB
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microscopy, or epifluorescence (using a laser-based system).
Different experimental samples were imaged using the same
imaging settings each day and antibody controls (secondary and
non-permeabilized samples) were included in each experiment to
account for background staining.

Internalization Assays

Cells were plated onto 10 cm dishes 24 h prior to each
experiment, washed and serum-starved as described above.
Afterward, cells were non-enzymatically disassociated from each
plate using 50 WM EDTA in Ca?*-free PBS. Cells were pelleted
by centrifugation (500 g for 10 min) and resuspended in serum-
free media on ice. Cells were transferred into 1.5 mL eppendorf
tube and treated with either a vehicle or ligand and transferred
to a hot plate at 37°C for a time course (described in figure
legends). Immediately afterward, cells were transferred back on
ice, pelleted (centrifuged 3,000 g for 3 min), and resuspended
in 4% paraformaldehyde for 10 min on ice. Cells were pelleted
and incubated with conjugated antibody (Table 1) diluted in
2.5% BSA for 1.5 h on ice. Afterward, cells were washed 1x
with PBS and 10,000 cells were analyzed by the Guava EasyCyte
Flow Cytometer and its accompanied software. Internalization
was quantified as previously described (Marchese and Benovic,
2001). All statistics were conducted using paired 2 tailed t-test
(* represents p < 0.05).

RT-gPCR Assays

Scramble- or clathrin-silenced HeLa cells were plated onto 12
well dishes at similar confluency 24 h prior to each experiment
and subsequently serum-starved or treated with fresh 10% FBS
containing medium for 4 hr. RNA was extracted using the
RNAeasy kit (BioRad) and 1 jLg of cDNA prepared in accordance
with the iScripts ¢cDNA synthesis protocol (BioRad). qPCR
assays were conducted using SYBR Green (BioRad) per BioRad
protocol instructions. Primers used to quantify gapdh (Fw-GAG
TCAACGGATTTGGTCGT, Rev-CTTGATTTTGGAGGGATC
TCGC), actin (Fw-CATGTACGTTGCTATCCAGGC, Rev-CTC
CTTAATGTCACGCACGAT), chc (Fw-ACAGAGACACAACCC
ATTGTTT, Rev-CGGTGGTGCGGTATAACCAT), cxcr4 (Fw-
CCTATGCAAGGCAGTCCATGT, Rev-GGTAGCGGTCCAGA
CTGATGA), and egfr (Fw-AGGCACGAGTAACAAGCTCAC,
Rev-ATGAGGACATAACCAGCCACC). Relative transcript
levels were quantified using the AAC; method as previously
described. Briefly, the change in C(t) values between scramble
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