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ABSTRACT Epidermal growth factor receptor (EGFR) is a prototype receptor ty-
rosine kinase and an oncoprotein in many solid tumors. Cell surface display of EGFR
is essential for cellular responses to its ligands. While postactivation endocytic traf-
ficking of EGFR has been well elucidated, little is known about mechanisms of basal/
preactivation surface display of EGFR. Here, we identify a novel role of the endocytic
regulator EHD1 and a potential EHD1 partner, RUSC2, in cell surface display of EGFR.
EHD1 and RUSC2 colocalize with EGFR in vesicular/tubular structures and at the
Golgi compartment. Inducible EHD1 knockdown reduced the cell surface EGFR ex-
pression with accumulation at the Golgi compartment, a phenotype rescued by ex-
ogenous EHD1. RUSC2 knockdown phenocopied the EHD1 depletion effects. EHD1
or RUSC2 depletion impaired the EGF-induced cell proliferation, demonstrating that
the novel, EHD1- and RUSC2-dependent transport of unstimulated EGFR from the
Golgi compartment to the cell surface that we describe is functionally important,
with implications for physiologic and oncogenic roles of EGFR and targeted cancer
therapies.
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he plasma membrane of metazoan cells provides a fundamental interface for

cell-to-cell and cell-to-environment communication. Understanding how the cell
surface levels of receptors that recognize and communicate changes in a cell’s envi-
ronment into alterations of a cell’s biochemical machinery are regulated is therefore of
fundamental interest in cell biology. Receptor tyrosine kinases (RTKs) are a particularly
important class of surface receptors as they provide a pervasive mechanism of signal
transduction in higher eukaryotes (1). The surface expression of RTKs and their com-
partmentalization are key determinants of the spatial-temporal signaling output of
their ligand-induced activation and dictate the magnitude, duration, and potentially
the type of physiological responses (2, 3). Aberrant overexpression or mutational
activation of RTKs is a widespread mechanism to drive oncogenesis, and many targeted
therapeutics are directed at RTKs or their signaling cascades (4).
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Epidermal growth factor receptor (EGFR), the founding member of the ErbB receptor
family, is a prototype RTK with critical roles in development and maintenance of
epithelial and other tissues by generating cell proliferation, survival, differentiation, and
migration cues in response to members of the EGF family of growth factors (5).
Activation of ErbB receptors is linked to the initiation and progression of human
cancers, and the levels of their expression are often significantly elevated in many solid
tumors (e.g., breast, colon, ovary, pancreas, and glial) (6-8). EGFR expression is a feature
of the basal-like breast cancer subtype, which has an especially poor prognosis (9).

Given key physiological and oncogenic roles of EGFR, many previous investigations
have elucidated mechanisms that control the endocytic trafficking of ligand-activated
EGFR, including the ligand-induced activation of both clathrin-dependent and clathrin-
independent endocytosis and differential transport into lysosomal degradation or
endocytic recycling based on the nature of activating ligands and their concentrations
(10, 11). Accordingly, impaired endocytosis or diminished lysosomal targeting of EGFR
or other RTKs has emerged as a mechanism by which RTKs become oncogenic (12-14).
The Cbl family of ubiquitin ligases are key to sorting EGFR and other RTKs for lysosomal
degradation and attenuation of their signaling (15). Indeed, mutations in Cbl are now
known to drive a small subset of myeloid leukemias (16).

In contrast to the mechanisms of ligand-activated EGFR trafficking through the
endocytic pathway, mechanisms that help maintain the optimal activation-ready pool
of cell surface EGFR prior to ligand binding are much less clear. In the absence of a
ligand, EGFR is constitutively internalized at a slow rate and thought to primarily recycle
(17). It is estimated that 2 to 3% of unoccupied EGFRs on typical cultured cells are
endocytosed per minute and rapidly recycle to the plasma membrane (18, 19). How-
ever, few studies have sought to characterize mechanisms that regulate the cell surface
levels, endocytosis, or recycling of EGFR or other RTKs under their basal unstimulated
state. A recent study of EGFR on mouse embryonic fibroblasts (MEFs) in which the
Arp2/3-activator Wiskott-Aldrich syndrome protein and Scar homologue (WASH) was
deleted showed reduced basal EGFR levels at the cell surface, apparently due to
increased diversion to the lysosome (20). As WASH serves as an actin-nucleating
component of the retromer complex, which is involved in retrograde trafficking of
receptors from endosomes to the Golgi compartment (21), this study suggested that
retrograde transport into the Golgi compartment may in part regulate the cell surface
EGFR levels. Notably, sorting nexins 1 and 2, which are included in the retromer
complex, have been primarily characterized as regulators of ligand-induced lysosomal
traffic of EGFR and other RTKs (22).

Members of the highly homologous and evolutionarily conserved EPS-15 homology
(EH) domain-containing (EHD) protein family localize to tubular and vesicular endocytic
compartments and regulate trafficking of a number of nonsignaling receptors, such as
transferrin receptor, major histocompatibility complex class | (MHC-I), and B1 integrin,
from the endocytic recycling compartment (ERC) to the cell surface (23-25). A role for
EHD proteins has also emerged in retrograde trafficking from endosomes to the Golgi
compartment. Expression of a dominant negative EHD1 mutant in Chinese hamster
ovary cells was shown to slow down the transport from the cell surface to the Golgi
compartment of TGN38, a marker of endocytic recycling compartment-mediated ret-
rograde transport, but not that of furin, which is transported through the lysosomal
route (26). EHD1 binds to vacuolar protein sorting 26 (Vps26) and Vps35, members of
the retromer cargo recognition complex, and these interactions were shown to be
required for endosome-to-Golgi retrieval of the cation-independent mannose-6-phos-
phate receptor (27). EHD3 was shown to be necessary for the maintenance of Golgi
morphology and transport of endocytosed Shiga toxin B to this organelle (28).

Previous studies in primary neurons and a neuronal cell line showed that neurotro-
phin activation of TrkA, an RTK, transcriptionally upregulated the expression of EHD4
(referred to as “pincher” in that study) and that EHD4 in turn facilitated the retrograde
trafficking of activated TrkA from dendrites to the neuronal body, thereby promoting
neurotrophin signaling through this receptor (29). Notably, ligand-induced retrograde
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trafficking of EGFR in the same system was not dependent on EHD4 (30). EHD1 and its
binding partner SNAP29 were found to be associated with insulin-like growth factor
(IGF)-activated IGF1 receptor (IGF1R) and to colocalize with it in endosomes, with EHD1
overexpression resulting in reduced IGF1-induced signaling (31). One study reported
that EHD2 interacts with glucose transporter 4 (GLUT4) and colocalizes with it on
endosomes, with intracellular application of anti-EHD2 antibody or a peptide blocker,
resulting in reduced GLUT4 exocytosis to the plasma membrane (32). Another study
found no role of EHD2 in GLUT4 localization in the perinuclear region or in its
insulin-stimulated surface transport; instead, the study showed that EHD1 and its
interacting partner EHBP1 regulate the perinuclear localization of GLUT4 and its surface
transport upon insulin stimulation (33). Neither study reported any role of EHD proteins in
the trafficking of insulin receptor. Notably, we observed reduced expression of vascular
endothelial growth factor receptor 2 (VEGFR2, an RTK) in glomerular endothelial cells of
EHD3/EHD4 (EHD3/4) knockout (KO) mice, which display thrombotic renal glomerular
angiopathy, suggesting a potential role of EHD3/4 in VEGFR2 trafficking (34).

More recently, mouse models of EHD deficiency or cells derived from these animals
have provided support for the role of EHD proteins in regulating the surface display of
non-RTK receptors. EHD1-null MEFs or MEFs with small interfering RNA (siRNA)-
mediated EHD1 depletion were reported to show reduced overall but increased
activated B1 integrin levels at the cell surface, with impaired focal adhesion disassem-
bly and cell migration reflecting aberrant B1 integrin trafficking (24). We have shown
that EHD family members participate in cell surface trafficking of sodium/calcium
(Ca2™) exchanger (35, 36), L-type Ca2* channel type 1.2 (37), and voltage-gated T-type
Ca2* channels CaV3.1 and CaV3.2 (38) in cardiomyocytes and of the ferlin protein
Fer1L1 (39, 40) in skeletal muscle cells. These findings raised the possibility that EHD
proteins also function in the surface expression of RTKs. Recently, using wild-type and
EHD1-null bone marrow-derived macrophages, we found that EHD1 is required for the
basal surface expression of the RTK colony-stimulating factor 1 (CSF1) receptor (41). In
previous work investigating the subcellular organelles where constitutively active
non-small cell lung cancer (NSCLC)-associated EGFR mutants traffic, we observed the
colocalization of EHD1 and mutant EGFR in the endocytic recycling compartment (42).
Expression of EHD1 in NSCLC patients was found to correlate with high levels of EGFR
and the Rab11 interactor RAB11-FIP3 as well as with shorter survival (43, 44). A similar
analysis in breast cancer showed a positive correlation between EHD1 and RAB11-FIP3
expression, and the expression of these markers correlated with phospho-EGFR levels
in tumors; EHD1-positive (EHD17") patients had a shorter overall and disease-free
survival, and a patient status of EHD1" plus phospho-EGFR™ was even more predictive
of shorter survival (45). EHD1 and EGFR expression levels were also reported to be
increased in human papillary thyroid cancer, and levels of EHD1 protein were signifi-
cantly associated with tumor size, lymph node metastasis, and EGFR expression (46).
EHD1 levels in NSCLC also showed a negative correlation with sensitivity to EGFR-
targeted kinase inhibitor therapy (47). How EHD1 may be involved in regulating EGFR
biology, however, is not known. A recent study suggested that EHD3 may function in
targeting the ligand-stimulated EGFR to lysosomal degradation by diverting it from
endocytic recycling (48), consistent with EHD3 deletion in glioblastoma (49), although
doxycycline (Dox)-inducible EHD3 expression in EHD3-deleted glioblastoma cell lines
increased the basal levels of EGFR (48). Studies presented here reveal a novel role of
EHD1, in conjunction with a new potential interacting partner, RUN and SH3 domain-
containing protein 2 (RUSC2) (50), in the transport of EGFR from the Golgi compartment
to the surface.

RUSC2/iporin contains a RUN domain (named based on its presence in RPIP8,
UNC-14, and NESCA proteins) that interacts with Rab1 and Rab35 small GTPases (51,
52). RUSC2 has also been reported to interact with the Golgi protein GM130 and has
been proposed as a potential regulator of endosomal targeting of vesicles derived from
the endoplasmic reticulum (ER) (50). We noted RUSC2 as an uncharacterized protein
identified in an EGFR-associated protein complex isolated from cells in the absence of

April 2020 Volume 40 Issue 7 €00434-19

Molecular and Cellular Biology

mcb.asm.org 3


https://mcb.asm.org

Tom et al.

ligand stimulation (53). Here, we show that EHD1 and RUSC2 show an overlapping
subcellular localization and function as positive regulators of the transport of unstimu-
lated EGFR from the Golgi compartment to the cell surface to help maintain an
activation-ready cell surface pool of EGFR on the plasma membrane.

RESULTS

While a substantial body of literature has focused on mechanisms involved in the
trafficking itinerary of ligand-activated EGFR and the impact of receptor activation on
subsequent signaling and biological outcomes (10, 11, 54), relatively little is known
about the regulatory mechanisms that control the trafficking of unstimulated EGFR to
ensure a cell-optimal display of activation-ready EGFR at the cell surface. Given the role
of EHD family proteins, in particular EHD1, in the surface expression of non-RTK
receptors and our previous observation that EHD1 colocalized with the oncogenic
mutant EGFR in the endocytic recycling compartment (42), we examined the role of
EHD1 in the surface display of EGFR under unstimulated conditions.

EHD1 KD reduces the total EGFR levels on 16A5 MECs both under steady-state
and ligand-free culture. 16A5 is a nontumorigenic, human papillomavirus 16 (HPV16)
E6/E7-immortalized and EGF-dependent human mammary epithelial cell (MEC) line (55)
that displays the expected ligand-induced EGFR degradation kinetics (56-60) (Fig. 1A).
16A5 as well as other cell lines, including the triple-negative breast cancer cell line
MDA-MB-231 and the pancreatic cancer cell line S2013 used in this work, express EHD1
as well as other EHD proteins (Fig. 1B); mouse embryonic fibroblasts (MEFs), the other
cell type we use, are known to express EHD1 and other family members as well, and
EHD1 was critical for primary cilium biogenesis in these cells (61). To examine the
impact of EHD1 knockdown (KD) on total EGFR levels, we transduced 16A5 cells with
doxycycline (Dox)-inducible lentiviral constructs expressing a control nontargeting
short hairpin RNA (shRNA) or an shRNA directed against the 3’ untranslated region
(UTR) of EHD1. Cells were kept at steady state in EGF-containing DFCI medium (55) and
pretreated with Dox for 3 days to induce sufficient EHD1 KD; cells were then replated
in Dox, and lysates were prepared over a 5-day time course and analyzed by Western
blotting. Under conditions of EHD1 KD, we observed a steady reduction in total EGFR
levels over the course of the experiment (Fig. 1C and D). We then sought to determine
whether the observed depletion was dependent on ligand stimulation. Absence of EGF
is known to lead to accumulation of EGFR in an inactive state (unphosphorylated) and
increased localization at the cell surface as the receptor is not subject to ligand-induced
lysosomal degradation (62). To determine the impact of EHD1 KD under basal ligand-
free conditions, we used the 16A5 cell lines engineered with two distinct shRNA
sequences targeting EHD1 or a nontargeting control. The cells were pretreated with
Dox for 3 days under steady-state conditions and replated in Dox. After 24 h, cells were
subjected to EGF deprivation in conjunction with continued Dox treatment and assayed
at the indicated time points (0, 6, 12, and 24 h). Total EGFR levels measured by Western
blotting were reduced in EHD1 KD cells relative to levels in controls, as seen in
representative blots and quantified data from three independent experiments (Fig.
1E and F). To further validate this finding, we carried out overnight transfection of
16A5 cells with distinct siRNAs directed against EHD1 in low-serum Opti-MEM and
allowed the cells to recover in regular culture medium for 24 h. Cells were then
switched to EGF-free medium for 24 h, followed by Western blotting of lysates. We
observed a moderate depletion of total EGFR levels in EHD1 KD cells relative to
levels in controls (Fig. 1G and H).

Although the use of multiple distinct siRNAs or shRNAs and analysis of knockout
MEFs (see below) make any off-target effects of the knockdown approach remote, we
carried out rescue analyses to rigorously validate our findings. We generated 16A5 cell
lines that coexpress an exogenous Dox-inducible EHD1-green fluorescent protein (GFP)
fusion construct lacking the 3" UTR of EHD1, and thus resistant to the EHD1 3’
UTR-targeted shRNAs, together with the EHD1-directed shRNA or a control shRNA. Cells
were pretreated with Dox for 2 days prior to initiating serum and EGF deprivation. Cells
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cells respond to EGF ligands. The 16A5 immortalized human mammary epithelial cells were deprived of serum and EGF
for 48 h and then treated with 2 nM EGF, amphiregulin, or transforming growth factor alpha (TGF-a) for the indicated
times. Cell lysates were immunoblotted for EGFR, EHD1/4, and HSC-70 (loading control). Note that all ligands reduce
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coexpressing the shRNA-resistant EHD1-GFP together with EHD1-specific shRNA
displayed total EGFR levels comparable to those in the EHD1-GFP-expressing cell
line coexpressing a control shRNA. In contrast, cells transduced with only a control
empty vector in conjunction with the EHD1 shRNA displayed reduced EGFR levels
(Fig. 11 and J).

EHD1 knockdown reduces the cell surface EGFR levels on 16A5 mammary
epithelial cells under ligand-free culture. To assess if EHD1 KD impacted the surface
EGFR expression, we examined the cell surface levels of EGFR in control and EHD1 KD
16A5 cells using fluorescence-activated cell sorter (FACS) analysis. Correlating with the
depletion of total levels of EGFR, the surface EGFR levels were reduced in EHD1 KD cells
relative to levels of the controls (Fig. 2A and B). To assess if non-RTK receptor expression
is impacted by EHD1 depletion under the conditions where we observe an impairment
of EGFR expression, we carried out FACS analysis of MHC class | (MHC-I) expression in
control and EHD1 KD 16A5 cells cultured under conditions similar to those used for
EGFR analyses (growth in serum- and EGF-deprived medium). Previous studies in which
MHC-I internalized from the cell surface was tracked showed that EHD1 is required for
exit of MHC-I from the endocytic recycling compartment back to the cell surface (Fig.
2C and D). However, MHC-I cell surface levels were comparable in EHD1 KD and control
cells.

EHD1 knockout or knockdown in other cell systems reduces the total EGFR
levels under ligand-free culture. To determine whether the reduction in total EGFR
levels upon EHD1 depletion could be seen in cell types other than the 16A5 MECs, we
used an isogenic pair of EHD1-floxed and EHD1-null mouse embryonic fibroblasts
(MEFs) (61). MEFs were plated in regular medium (without supplemental EGF) for
2 days, followed by treatment with 2 nM EGF for 4.5 h to promote EGFR degradation,
and the cells were then subjected to serum and EGF deprivation. As in 16A5 cells, we
observed a diminished capacity for the recovery of total EGFR levels over time in
EHD1-null MEFs compared to levels in control MEFs although the impact was modest
(Fig. 3A and B). Moderate EHD1 dependence of the accumulation of EGFR after serum
and EGF deprivation was also seen when we compared control shRNA and EHD1
shRNA-expressing versions of a triple-negative breast cancer cell line, MDA-MB-231 (Fig.
3C and D), or a pancreatic adenocarcinoma cell line, S2013 (Fig. 3E).

Based on these findings, we conclude that EHD1 plays a key positive role in the
maintenance of total and cell surface levels of EGFR under basal, ligand-unstimulated
conditions.

FIG 1 Legend (Continued)

the EGFR levels at late time points, more pronounced with EGF. (B) Relative expression of all four EHD proteins in cell
lines examined in this work. Whole-cell lysates of the 16A5 MEC line, MDA-MB-231 breast cancer cell line, and 52013
pancreatic cancer cell line were immunoblotted with anti-EHD1/4, anti-EHD1, anti-EHD2, anti-EHD3, or anti-EHD4
antibodies as well as B-actin (loading control). (C) EHD1 knockdown reduces EGFR levels in 16A5 cells under
steady-state culture. 16A5 cells stably transduced with Dox-inducible nontargeting or EHD1-targeted shRNA (EHD1
shRNA without specification indicates sequence 1 [Seq. 1] directed at the 3’ region and refers to clone
V2IHSPGG_388688; in other panels where Seq. 1 and 2 are specified, Seq. 2 refers to clone V2IHSPGG_908952) were
treated with Dox over 5 days. Cells were maintained in regular medium (steady state), and lysates were collected at the
indicated time points and blotted for EGFR and HSC-70 (loading control). (D) Densitometric quantification of EGFR
results from the experiment shown in panel B (n = 3), normalized to the level for the HSC-70 control. *, P < 0.05. (E)
EHD1 knockdown reduces EGFR levels in 16A5 cells under ligand-free culture. Stably transduced 16A5 cells expressing
Dox-inducible nontargeting or EHD1-targeted shRNA sequences were cultured with Dox for 3 days before serum and
EGF deprivation for the indicated times, and lysates were blotted for EGFR and HSC-70 (loading control). (F)
Densitometric quantification of EGFR results from the experiment shown in panel D normalized to the level of HSC-70
(n=3). *, P<0.05 **, P<0.02; ns, not significant. (G) Reduction in EGFR levels in 16A5 cells after transient siRNA
knockdown of EHD1. 16A5 cells were transiently transfected with the indicated control or EHD1-targeted siRNA
oligonucleotides. Lysates of cells deprived of EGF and serum for 24 h were blotted for EGFR, EHD1/4, and HSC-70. (H)
Quantification of results presented in panel F normalized to the level for HSC-70 (n = 3). *, P < 0.05; **, P < 0.02. (I and
J) Rescue of the effect of EHD1 knockdown on EGFR levels by exogenous, shRNA-resistant EHD1. 16A5 cells stably
transduced with nontargeting control or EHD1 3’-UTR-targeted shRNA (Seq. 1) were cotransduced with either
Dox-inducible EHD1-GFP or empty vector. Cells pretreated with Dox were EGF and serum starved for 24 h, and lysates
were blotted for EGFR and B-actin (loading control). Densitometric quantification of EGFR levels presented in panel H
were normalized to the level for B-actin (n = 3). *, P < 0.05, **, P < 0.02; ns, not significant.
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FIG 2 EHD1 knockdown leads to reduction in the cell surface EGFR levels in 16A5 cells. (A) Reduction in cell surface EGFR upon EHD1
KD in 16A5 cells analyzed by FACS. 16A5 cells stably transduced with Dox-inducible nontargeting or EHD1-targeted shRNA (Seq. 1 or
Seq. 2) were cultured under steady-state for 2 days prior to a 24-h EGF and serum deprivation with Dox present all the time. Live cells
were analyzed by FACS for surface expression of EGFR. (B) Quantification of mean fluorescence intensities of results presented in panel
A. Values are means plus standard errors of the means for n = 4.*, P < 0.05; **, P < 0.02; ns, not significant. (C) EHD1 KD did not reduce
surface MHC class | (MHC-I) levels on 16A5 cells. 16A5 cells stably transduced with Dox-inducible nontargeting or EHD1-targeted
shRNAs (Seq. 2) were cultured as described for panel A and analyzed by FACS for cell surface levels of MHC-I. (D) Quantification of
mean fluorescence intensities of results presented in panel C. Values are means plus standard errors of the means for n = 3.

EHD1 and EGFR colocalize in intracellular vesicular structure. Given the impact
of EHD1 depletion on the total and cell surface levels of unstimulated EGFR, we
considered the possibility that EHD1 regulates the intracellular trafficking of EGFR. To
determine whether EHD1 colocalizes with EGFR, 16A5 cells were deprived of serum and
EGF for 6 h in the presence of either dimethyl sulfoxide (DMSO) or 10 wuM monensin and
subjected to immunofluorescence costaining of endogenous EGFR and EHD1. Monen-
sin treatment was included as we previously found it to enhance the colocalization of
lung cancer-associated EGFR mutants with EHD1 in the endocytic recycling compart-
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switched to low-serum medium without EGF to assess the EGFR accumulation by Western blotting of lysates. (D)
Densitometric quantification of EGFR signals presented in panel C normalized to the level of the B-actin loading
control (n = 3). %, P < 0.05; **, P < 0.02. (E) Reduction in EGFR levels by EHD1 KD in the $S2013 pancreatic cancer cell
line. S2013 pancreatic adenocarcinoma cells were transiently transfected with a nontargeting (control) or EHD1-
targeted siRNA, and cells were treated as described for MDA-MB-231 cells in panel C, followed by Western blotting
of lysates for EGFR, EHD1/4, and HSC-70.

ment (42). Consistent with previous reports using other cell types (63), monensin
treatment of 16A5 cells increased the accumulation of EGFR in perinuclear vesicles,
indicating an effective inhibition of cargo exit from endocytic compartments. EHD1*/
EGFR™ vesicles were observed as sparse puncta in DMSO-treated cells (Fig. 4A);
however, a clear perinuclear EHD1 and EGFR colocalization was observed in monensin-
treated cells (Fig. 4B). When an exogenous EHD1-DsRed construct was expressed via
transient transfection, the colocalization with endogenous EGFR became obvious even
in the absence of monensin treatment (Fig. 4C) and was more robust in monensin-
treated cells (Fig. 4D). Since cells in regular culture (in EGF-containing medium) showed
little surface and intracellular staining and barely detectable EGFR by blotting (Fig. 1C),
the accumulation of cell surface EGFR upon removal of EGF is likely to be largely
dependent on transport from the Golgi compartment to the cell surface of newly
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FIG 4 EHD1 and EGFR colocalization in intracellular vesicular structures. Nontransfected or transiently
DsRed-EHD1-transfected 16A5 cells were subjected to serum and EGFR deprivation for 6 h and concurrently
treated with DMSO or monensin (10 uM), followed by immunofluorescence staining of fixed and permeab-
ilized cells for EGFR (green) or GM130 (blue). Colocalization is indicated by arrowheads in the insets on the
right. (A and B) Localization of endogenous EHD1 and EGFR in DMSO- and monensin-treated nontransfected
16A5 cells. Nuclei were stained with 4',6'-diamidino-2-phenylindole (blue). (C and D) Localization of trans-
fected DsRed-EHD1 and endogenous EGFR in DMSO-treated and monensin-treated 16A5 cells. Nuclei are
stained with 4’,6'-diamidino-2-phenylindole (blue). (E and F) Localization of transfected DsRed-EHD1 and
endogenous EGFR and GM130 (blue) in 16A5 cells treated with 4',6’-diamidino-2-phenylindole and monensin
treated. Serial z-sections were obtained to validate the colocalization, which is shown in an orthogonal view.
Scale bars, 5 um. (G) Lack of coimmunoprecipitation between EHD1 and EGFR. 16A5 cells were serum and EGF
deprived for 24 h, and 1-mg aliquots of protein lysate were subjected to immunoprecipitation with control
antibody, anti-EGFR antibody, or anti-EHD1 antibody. Prior to washing the protein G- or A-Sepharose beads
used for capture of IPs, aliquots of the supernatant equivalent to 5% of the lysate used for IPs were saved and
concurrently run alongside the IPs, and immunoblotting for EGFR or EHD1 was performed. Note a lack of co-IP
between EHD1 and EGFR; supernatants indicate effective depletion of the cognate proteins during IP, as
expected. The remnant of the band in the IP next to the last lane is due to cropping out a positive-control
band for EHD1.

synthesized EGFR. Thus, we reasoned that EHD1 may function in part by regulating
EGFR trafficking at the Golgi apparatus. Three-color confocal immunofluorescence
staining of endogenous EGFR and the Golgi marker GM130 with ectopically expressed
EHD1-DsRed demonstrated that a pool of EHD1 and EGFR was colocalized at the Golgi
compartment (Fig. 4E and F). In view of the colocalization of EHD1 and EGFR, we asked
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if the two proteins physically associate with each other. To this end, we carried out
anti-EHD1 or anti-EGFR immunoprecipitations (IPs) from lysates of EGF-deprived 16A5
cells, followed by immunoblotting for EGFR or EHD1, respectively. In each case, efficient
IP of EHD1 or EGFR was established by immunoblotting for the cognate protein and by
its depletion in the supernatants remaining after IP (Fig. 4G). No co-IP between EHD1
and EGFR, however, was observed. Thus, while EHD1 and EGFR do not appear to
physically interact, they colocalize in intracellular compartments, consistent with a role
of EHD1 in the intracellular traffic of EGFR.

EHD1 knockdown results in EGFR retention in the Golgi apparatus. Given the
EGFR and EHD1 colocalization at the Golgi apparatus, we asked if EHD1 functions in
EGFR trafficking out of the Golgi compartment, using the inducible knockdown and
EHD1-GFP rescue 16A5 cell lines. Cells were switched from regular, EGF-containing
medium to a serum- and EGF-free medium and analyzed for EGFR localization at various
time points up to 24 h using confocal imaging. Under steady-state conditions, weak
EGFR (green) signals seen at time zero were predominantly intracellular, partly local-
izing to the perinuclear area (Fig. 5A). In EHD1-GFP-expressing rescue cells, some
perinuclear EGFR colocalized with EHD1 (pseudocolored red). Upon EGF removal from
the medium, EGFR in the control cell line (no Dox treatment) and in the EHD1-GFP
rescue cell line (treated with Dox) progressively localized to the cell surface, as
expected. In contrast, cells with EHD1 KD but without EHD1 rescue exhibited strong
perinuclear EGFR accumulation with correspondingly lower surface EGFR signals (Fig.
5A). This perinuclear compartment was identified as the Golgi compartment, based on
GM130* costaining (Fig. 5B).

IPs with an antibody that recognizes the mature EGFR (clone 528) (64) from lysates
of cells that were metabolically pulse-labeled with [3>SImethionine-cysteine and chased
in label-free medium for the indicated times (0, 30, 90, or 270 min) revealed that a
smaller fraction of the newly synthesized EGFR was converted to the mature form in
EHD1 KD 16A5 cells and with a delay (Fig. 5C). The increase in radiolabel during the 4-h
chase in control cells (Fig. 5C) is consistent with the EGFR becoming more antibody
reactive as the receptor undergoes posttranslational modification, as shown previously
(65, 66).

The Golgi retention of EGFR in EHD1-depleted cells following a switch to EGF-free
medium and the results of metabolic pulse-chase analyses support a role of EHD1 in
anterograde trafficking of EGFR out of the Golgi compartment. However, given the
recently identified roles of EHD proteins in retrograde trafficking of endocytic cargo, we
assessed if EGFR undergoes retrograde trafficking from the cell surface in the absence
of ligand stimulation and whether this process is defective in EHD1 KD cells. Previous
studies of nuclear localization of EGFR have concluded that EGFR traffics via a retro-
grade endocytic route, but such studies were done in the presence of ligands (67). Cells
cultured with or without Dox were subjected to serum and EGF deprivation for 6 h and
chilled on ice for 20 min, and live cells on ice were stained with a biotinylated anti-EGFR
antibody to visualize the internalized EGFR with fluorescein isothiocyanate (FITC)-
conjugated NeutrAvidin (Fig. 5D, pulsed). Cells were then rinsed with ice-cold
phosphate-buffered saline (PBS) and incubated at 37°C for 18 h in serum- and EGF-free
medium before fixation. Cells without prestaining of the surface EGFR were processed
in parallel (Fig. 5D, not pulsed). Fixed cells were permeabilized and stained for GM130
and the recycling endosome marker Rab11 (68). Control cells that were not prestained
with anti-EGFR-biotin were also stained for EGFR. Under these conditions, we observed
that EGFR prelabeled at the cell surface accumulated in a GM130/Rab11 double-
positive, perinuclear compartment in EHD1 KD cells, as also seen in cells that were not
prelabeled on the cell surface (Fig. 5D). Very little surface-labeled EGFR was seen to
accumulate in the same compartment in control cells (Fig. 5D). This result indicates that
EHD1 also regulates the exit of the EGFR pool that enters the Golgi compartment after
endocytosis and retrograde transport from the cell surface.

April 2020 Volume 40 Issue 7 €00434-19

Molecular and Cellular Biology

mcb.asm.org 10


https://mcb.asm.org

EHD1 and RUSC2 Regulate EGFR Trafficking

A Starvation Time (Hours)

Control
Dox (-)
<
EHD1KD ; S
Dox (+) .
o

Control
Dox (-)

EHD1KD
Dox (+)

EHD1KD '
Dox (+) s |
- Dox 358 Pulse Chase + Dox
(Control) (EHD1KD)
Time (min) 0 30 90 270 0 30 90 270
EGFR ’ 4 .
-

D - Dox (Control) + Dox (EHD1 KD)

Not Pulsed

EGFR
Rab11
GM130

Pulsed

FIG 5 EHD1 knockdown leads to EGFR retention in the Golgi apparatus. (A) Perinuclear accumulation of EGFR
upon EHD1 KD in 16A5 cells and rescue of the defect by exogenous EHD1. 16A5 cells expressing Dox-
inducible EHD1 shRNA (Seq. 1) were cultured without [Control Dox (—)] or with [EHD1 KD Dox (+)] Dox, or
the same cells stably expressing Dox-inducible EHD1-GFP were cultured with Do, as indicated. Cells were
then switched to Dox with or without serum and EGF deprivation medium (starvation) for the indicated times,
followed by staining for EGFR (green in the top and middle panels; red, pseudocolored green, in the bottom
panel), EHD1 (red; top and middle panels), GFP (bottom panel; pseudocolored red), and nuclei (4',6'-
diamidino-2-phenylindole; blue) and subjected to confocal imaging. Note the accumulation of EGFR (green)
in an intracellular compartment upon starvation under the EHD1 KD condition (middle panel; reduced red
staining) and rescue of this phenotype by EHD-1 GFP (pseudocolored red; bottom panel). (B) Perinuclear EGFR
in EHD1 KD 16A5 cells colocalizes with Golgi marker GM130. Intracellular EGFR colocalizes with GM130 upon
EHD1 KD [Dox (+)] in contrast to results for the control [Dox (—)]. Dox treatment and serum and EGF
deprivation for 24 h were performed as described for panel A. (C) Delayed maturation of newly synthesized
EGFR upon EHD1 knockdown. 16A5 cells stably expressing a Dox-inducible EHD1 shRNA and cultured without
(—Dox) or with (+Dox) Dox were metabolically pulse-labeled with [3*S]methionine-cysteine, followed by
chase for the indicated times. Anti-EGFR immunoprecipitates using antibody 528 were imaged by fluoro-
graphy. A representative of three experiments is shown. (D) EHD1 KD in 16A5 cells impairs the retrograde
trafficking of surface EGFR to the Golgi compartment Cells cultured with or without Dox were subjected to
serum and EGF deprivation for 6 h and chilled on ice for 20 min, and live cells were stained with a biotinylated
anti-EGFR antibody on ice (pulsed). Cells were rinsed with ice-cold PBS and incubated at 37°C for 18 h in
serum- and EGF-free medium before fixation. Cells without surface EGFR staining were processed in parallel
(not pulsed). Cells were fixed, permeabilized, and stained as before for GM130 and Rab11 and for EGFR in cells
that were not previously stained with anti-EGFR-biotin. Biotinylated antibody against EGFR was visualized
with FITC-conjugated NeutrAvidin.

EHD1 knockdown reduces the EGF-dependent cell proliferation. To assess the
functional consequences of EHD1 KD in MECs, we first examined if the reduction in
EGFR levels upon EHD1 KD was accompanied by reduced downstream signaling
output. Indeed, EHD1 KD 16A5 cells exhibited substantially reduced EGFR phosphory-
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FIG 6 EHD1 knockdown reduces EGF-dependent cell signaling and cell proliferation. (A) EHD1 KD impairs
the EGF-induced tyrosine phosphorylation of EGFR. 16A5 cells were transiently transfected with a control
or EHD1 3’ UTR-targeted siRNA, and cells were EGF and serum starved for 48 h, followed by EGF (2 nM)
stimulation (Stim) for 10 min; lysates were then blotted for EGFR, phosphotyrosine (pTyr), EHD1/4, and
HSC-70. The major band in the phosphotyrosine blot corresponds to phosphorylated EGFR. (B) Densi-
tometric quantification of phosphorylated EGFR bands presented in panel A, normalized to the level of
HSC-70 (n = 3). **, P < 0.02. (C and D) Impaired EGF-induced proliferation of 16A5 cells upon EHD1 KD.
A total of 1,500 16A5 cells expressing a nontargeting control shRNA or EHD1 shRNA (Seq. 1 or 2) were
plated in the inner wells of 96-well plates (60 replicates/time point) and cultured in EGF (2 nM)-
containing medium for 5 days in the presence of Dox. Cell proliferation was assessed on each day using
a CellTiter-Glo assay (C). 16A5 cells expressing EHD1 shRNA (Seq. 2) were cultured in EGF-containing
medium without (—) or with (+) Dox, and a CellTiter-Glo assay was performed on the indicated days (60
replicates per time point) (D). **, P < 0.02, by Student’s t test.

lation upon stimulation with EGF, as visualized by phosphotyrosine immunoblotting of
cell lysates (Fig. 6A and B). In view of reduced ligand-induced EGFR phosphorylation
seen upon EHD1 depletion, we compared the time course of EGF-induced proliferation
of 16A5 cells with or without EHD1 KD, using a CellTiter-Glo assay. Cells engineered
with two distinct Dox-inducible EHD1 shRNAs or a control shRNA were kept in Dox for
the duration of the experiment. Both EHD1 KD 16A5 lines displayed significantly
reduced proliferation relative to that of control shRNA-expressing cells (Fig. 6C). These
results were confirmed by assessing the proliferation of Dox-inducible EHD1 KD 16A5
cells upon culture with and without Dox (Fig. 6D).

RUSC2 is a novel potential EHD1 partner that colocalizes with EGFR at the
Golgi compartment. In view of our findings that EHD1 plays a key positive role in the
cell surface expression of unstimulated EGFR, we were intrigued by a proteomics
analysis of unstimulated EGFR-associated protein complex in which RUSC2 was re-
ported as an uncharacterized component (53). We noted two potential EHD1 EH
domain-binding NPF motifs in RUSC2 (amino acids 43-NPFCPPELG-51 and 101-NPFLL
QEGV-109) which bound with moderate affinity to the EH domain of EHD1 in an in vitro
fluorescence polarization-based competition assay using a labeled peptide derived
from MICAL-like 1 protein (amino acids 425-NPFEEEEED-433) as a probe (Fig. 7A). Using
an antibody generated against a human RUSC2 peptide (see Materials and Methods),
we found that RUSC2 was expressed in 16A5 cells. However, we could not detect the
binding of full-length RUSC2 with the EHD1 EH domain, nor could we detect co-IP of

April 2020 Volume 40 Issue 7 €00434-19

Molecular and Cellular Biology

mcb.asm.org 12


https://mcb.asm.org

EHD1 and RUSC2 Regulate EGFR Trafficking Molecular and Cellular Biology

A B Rusc2 Rabenosyn-5
GIPYS + + + + - - - -
3 b3 3
«©
I S i
- = - - - -
120 g3 gg g 8
% e ¥, < ‘f 2
100 2 g g. 5 gg g. 3 g 2 ‘2:.
iy [ 2R 2 2R g g2
388 8388 8 8 8 8 %
80 250K0 RabS
° RUSC2 GFP
c
360 130KD
om
°\°40 100KD
—— NPFCPPELG(43-51)
2 IC50: 247 +21.8 Lt
—— NPFLLQEGV (101-109)
IC50: 148.8 +14.3
0 ° 55KD
1 10 100 1000 10000
Peptide Concentration (uV)
35KD
Anti-HA biot
C Q N &
¥ o S °
& 'bi‘é, g& e ,;0'60\
& AR YA \;:Po

HA-RUSC2 4 . & + +
Myc-EHD1 - + - + -
Myc-EHD1AEH - - + - + - + - - o+ - - + - +
250KD

LT e RS . HA-RUSC2

|

e — —
- <= Myc-EHD1
9 |
pu— N Myc-EHD1AEH

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

70K

RUSC2-HA
EHD1

RUSC2-HA
EHD1-DsRed

7
AR A
{

RUSC2 EGFR GM130 Merge

FIG 7 Identification of RUSC2 as a potential EHD1 partner and its colocalization with EGFR at the Golgi compartment. (A) EHD1 EH domain
binding to RUSC2 NPF-containing motifs in vitro. The binding of two nonameric peptides corresponding to NPF-containing sequences in
RUSC2 (amino acids 43-NPFCPPELG-51 and 101-NPFLLQEGV-109) to purified recombinant GST-EHD1 EH domain was assessed in an in vitro
fluorescence polarization competition assay using competition binding of a labeled peptide derived from MICAL-like 1 protein (amino acids
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ectopically cotransfected EHD1 and RUSC2, either when immunoprecipitated hemag-
glutinin (HA)-RUSC2 was incubated with lysates of cells transfected with Myc-EHD1 or
when HA-RUSC2 and Myc-EHD1 were cotransfected in HEK-293T cells (Fig. 7B and Q).

To determine if RUSC2 and EHD1 colocalize in intracellular vesicles, we first assessed
the colocalization of endogenous EHD1 and RUSC2; the anti-RUSC2 antibody, however,
proved suboptimal for imaging of endogenous RUSC2. We therefore cotransfected the
EHD1-DsRed and HA-RUSC2 constructs into 16A5 cells to assess their colocalization by
confocal imaging. Colocalization was observed when either endogenous EHD1 was
immunostained along with exogenous HA-RUSC2 (Fig. 7D, top panel) or when HA-
RUSC2 and EHD1-DsRed were examined (Fig. 7D, bottom panel). Vesicular and tubular
HA-RUSC2 displayed a tight correlation with DsRed-EHD1 localized to similar structures
(Fig. 7D, bottom panel).

Given the previous reports that RUSC2 directly interacts with GM130 as well as with
Golgi-associated Rab1 (50), the prominent colocalization of RUSC2 with EHD1 led us to
hypothesize that RUSC2, similar to EHD1, may function to promote the EGFR trafficking
out of the Golgi compartment. We first assessed whether RUSC2 localizes in the Golgi
compartment where EGFR accumulates upon EHD1 KD. Indeed, we observed significant
three-color colocalization between EGFR, RUSC2, and GM130 upon EHD1 KD (Fig. 7E).

RUSC2 knockdown phenocopies the effects of EHD1 depletion on basal, un-
stimulated EGFR expression. Given the above results, the reported RUSC2 interaction
with GM130 (50) and the role of RUSC2-interacting small G-protein Rab1a in regulating
trafficking from the Golgi compartment to the plasma membrane (50, 69, 70), we
reasoned that RUSC2 may also function in EHD1-dependent EGFR trafficking out of the
Golgi compartment. To test this idea, 16A5 cell lines expressing Dox-inducible shRNAs
targeting RUSC2 were cultured in regular EGF-containing medium in the presence of
Dox for 3 days to achieve RUSC2 KD. The cells were then cultured in serum- and
EGF-free medium, and the accumulation of total EGFR levels over a 24-h time course
was monitored using Western blotting. RUSC2 KD, using two independent shRNAs, led
to a substantial impairment of the accumulation of total EGFR protein upon EGF
withdrawal compared to levels in control cells; this effect was even more robust than
that seen with EHD1 KD (Fig. 8A and B). Flow cytometry analyses of cells treated with
Dox for 48 h in EGF-containing medium followed by Dox in serum and EGF deprivation
medium for 24 h revealed a significant decrease in the cell surface EGFR levels in RUSC2
KD cells compared to levels in control cells, mimicking the impact of EHD1 KD (Fig. 8C
and D).

FIG 7 Legend (Continued)

425-NPFEEEEED-433). 1C;o, 50% inhibitory concentration. (B) Lack of EHD1 EH domain pulldown of full-length RUSC2 in cell lysates.
Five-milligram protein aliquots of lysates of HEK-293T cells transiently transfected with HA-RUSC2, supplemented or not supplemented with
GTP+S (300 M), were used for pulldown with 50 ug of purified GST fusion proteins: GST-Ctrl, GST-EHD1-(399-534), and GST-EHD1-(399-
534)-W485A (nonbinding point mutant), immobilized on glutathione-Sepharose beads. Binding reactions or lysate control were subjected
to anti-HA immunoblotting to detect RUSC2 (left panel). No RUSC2 pulldown with a GST EH domain was seen. Similar analysis of
rabenosyn-5-transfected cell lysates (right panel) showed the expected pulldown with the wild-type but not the mutant GST-EHD1 EH fusion
protein. (C) Lack of binding between full-length RUSC2 and EHD1. HEK-293T cells were either separately transfected with HA-RUSC2,
Myc-tagged full-length EHD1 (Myc-EHD1), or EH domain-deleted EHD1 (Myc-EHD1-AEH) (lanes 1 to 5, 8 to 10, and 11 to 13) or cotransfected
with HA-RUSC2 and Myc-EHD1 or Myc-EHD1-AEH (lanes 6, 7, 14, and 15). Lysates of cells singly transfected with the indicated proteins were
subjected to anti-HA IP from 1-mg aliquots of protein lysate (lanes 1 to 3), or protein G-Sepharose beads containing HA-RUSC2
immunoprecipitated from 1-mg aliquots of protein lysate of HA-RUSC2 singly transfected cells were further incubated with 1-mg lysates of
cells transfected with Myc-EHD1 (lane 4) or Myc-EHD1-AEH (lane 5). The binding reactions were immunoblotted with anti-HA (upper) or
anti-Myc (lower) antibodies. Anti-HA IPs from lysates of cotransfected cells (lanes 6 and 7) were also subjected to anti-HA and anti-Myc
blotting along with whole-cell lysates (lanes 11 to 15). As additional controls, lysates of singly transfected cells without anti-HA IP were
incubated with protein G-Sepharose beads and immunoblotted as described for the binding reactions (lanes 8 to 10). HA-RUSC2 is shown
in a red box; Myc-EHD1 and Myc-EHD1-AEH are indicated by red and blue arrows, respectively. No binding between EHD1 and RUSC2 was
seen using the two-step binding approach or co-IP from doubly transfected cells. The Myc-EHD1 and Myc-EHD1-AEH bands seen in the
binding reaction reflect nonspecific binding to protein G beads, as shown by the presence of these bands in incubations of protein G beads
plus lysate. (D) Colocalization of EHD1 and RUSC2 in 16A5 cells. 16A5 cells transiently transfected with HA-RUSC2 were either used as such
for costaining with anti-HA (green) and anti-EHD1 (endogenous EHD1; red) antibodies or were transiently cotransfected with EHD1-DsRed
(bottom panel) and stained with anti-HA (green). Nuclei are visualized with 4’,6'-diamidino-2-phenylindole (blue). (E) RUSC2 colocalizes with
EGFR. 16A5 cells with a Dox-inducible EHD1 shRNA (Seq. 1) were transiently transfected with HA-RUSC2 and cultured in the presence of Dox
for 48 h to induce the EHD1 KD (and thus Golgi retention of EGFR), switched to serum- and EGF-deprived medium for 24 h, and stained with
anti-RUSC2 (red), anti-EGFR (green), and anti-GM130 (blue) antibodies. Insets at higher magnification are shown to highlight the
colocalization.
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FIG 8 RUSC2 knockdown phenocopies the effects of EHD1 depletion on basal, unstimulated EGFR expression. (A) RUSC2 KD impairs the
accumulation of EGFR when cells are switched to EGF-deprived medium. 16A5 cells stably expressing a Dox-inducible nontargeting (control) or
RUSC2-targeted (Seq. 1 or 2) shRNA were cultured in the presence of Dox for 3 days before being switched to serum and EGF deprivation
medium for the indicated times, followed by analysis of lysates by immunoblotting for EGFR, RUSC2, EHD1/4, and HSC-70 (loading control).
RUSC2 KD has no impact on EHD1/4 levels. (B) Densitometric quantification of EGFR signals shown in panel A, normalized to the level of HSC-70
(n=3).*, P<0.02. (C) RUSC2 KD reduced the cell surface EGFR levels. Live-cell FACS analysis of surface EGFR levels on 16A5 cells expressing
a Dox-inducible nontargeting (Control) or RUSC2-targeted (Seq. 1 or 2) shRNA after 3 days of DOX pretreatment, with the last 24-h culture in
serum- and EGF-deprived medium with Dox. (D) Quantification of EGFR staining data shown in panel C. Values on the y axis represent MFI data
normalized to the level of Ig staining. Control shRNA EGFR levels are set as 100%. Error bars indicate standard errors of the means, and statistical
significance was calculated using Student’s t test (n = 3). Each experimental condition represents FACS analysis of 100,000 cells. *, P < 0.05; ***,
P < 0.001. (E) RUSC2 KD impairs EGF-driven cell proliferation. 16A5 cell lines expressing the Dox-inducible control or RUSC2-targeted (Seq. 1 or
2) shRNA were plated at 1,500 cells per well (60 replicates per time point) and cultured for 5 days in the presence of Dox. Cell proliferation was
assessed on each day using a CellTiter-Glo assay ***, P < 0.001, by Student’s t test.
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To determine the functional consequences of the reduced cell surface EGFR expres-
sion upon RUSC2 KD, we cultured 16A5 cell lines expressing two distinct Dox-inducible
RUSC2 shRNAs in the presence of Dox for 5 days and assessed the impact of RUSC2
depletion on cell proliferation. Indeed, RUSC2 KD led to a significant reduction in
EGF-induced cell proliferation relative to the level in control shRNA cells (Fig. 8E).

Collectively, these results support our conclusion that RUSC2 and EHD1 function in
a common pathway to positively regulate the basal traffic of EGFR from the Golgi
compartment to the cell surface to ensure optimal surface receptor levels for subse-
quent ligand-mediated activation and cellular responses.

DISCUSSION

Growth factor receptor tyrosine kinase activation provides a fundamental mecha-
nism to regulate cellular activities under varied physiological conditions. Expression of
a cell-type-dependent level of a given RTK is a prerequisite for the appropriate levels of
cellular responses to cognate ligands, and many RTKs are now known to attain
oncogenic properties through overexpression, mutations, or aberrant ligand availabil-
ity. Surface expression of RTKs is indeed a requisite for oncogenesis (71). Yet relatively
little is known about the mechanisms that ensure proper display of activation-ready
RTKs on the cell surface to ensure physiological or oncogenic signaling upon ligand-
induced activation. Here, we use EGFR, expressed on the nontumorigenic EGF-
dependent immortal human mammary epithelial cell line 16A5, to identify a novel role
of the endocytic recycling regulator EHD1 and of a little-understood Rab effector
protein, RUSC2, in the maintenance of the cell surface display of EGFR by controlling its
trafficking at the Golgi compartment. While EHD1 and its family members have
emerged as key regulators of intracellular trafficking of internalized cell surface recep-
tors (72), including in some cases the retrograde trafficking to the Golgi compartment
(73, 74), our studies provide evidence for a novel and functionally important role of
EHD1 in the anterograde trafficking of EGFR from the Golgi compartment to the cell
surface.

By immunofluorescence analyses, we found that cells deprived of EGFR ligands
exhibit EGFR localization to EHD1* vesicular structures that are also positive for the
Golgi marker GM130 (Fig. 5B). We demonstrate that EHD1 depletion leads to accumu-
lation of EGFR in this compartment, with concurrent reduction in the trafficking of EGFR
to the cell surface (Fig. 5A). Since EHD1 is currently thought to work primarily at the
endosomes, we tested and found support for the idea that a portion of the Golgi
compartment-localized EGFR is derived from the pool internalized from the cell surface
(Fig. 5A). However, our results indicate that much of the Golgi compartment-localized
EGFR represents the newly synthesized protein on its way to the cell surface (Fig. 5C).
As our analyses show, the total and cell surface levels of EGFR under steady-state
culture in EGF-containing medium are low, as expected from the EGF-induced and Cbl
family ubiquitin ligase-dependent lysosomal degradation of activated EGFR (60). We
therefore deliberately carried out analyses in which such steady-state cultures were
switched to EGF-free medium to allow the newly synthesized EGFR to traffic to, and
accumulate at, the cell surface. A block in the transit of EGFR out of the Golgi
compartment under EHD1 KD conditions was clear under these conditions (Fig. 5A).
Furthermore, the appearance of a fully mature form of the newly synthesized EGFR was
delayed in EHD1 KD cells (Fig. 5C). The impact of EHD1 depletion was also observed in
multiple other cell types, including MEFs in which the endogenous floxed EHD1 was
conditionally deleted (Fig. 3), albeit the impact was modest in these other cell systems.
The differences in the extents to which EGFR levels are impacted by EHD1 depletion
may relate to the requirement of EGFR signaling for growth of the immortal MEC line
16A5 used in most of our experiments (55), while the other cell systems are not
dependent on EGFR signals for in vitro growth. This idea is consistent with a robust
reduction in CSF1R expression in EHD1-null murine macrophages (41). Alternatively,
other EHD family members may play a more significant redundant role in these other
cell types. Notably, EHD4 levels are substantially increased in MEFs with EHD1 deple-
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tion, and future analyses using MEFs with double EHD1/EHD4 depletion should be
instructive in this regard. Overall, our results support a key role of EHD1 in promoting
the exit of unstimulated EGFR out of the Golgi compartment as a mechanism to ensure
that optimal EGFR levels are maintained at the cell surface for the physiological
activation of cells through this receptor. Indeed, we demonstrate that the reduced
levels and surface display of EGFR in EHD1 KD cells translate into impaired signaling
and cell proliferation (Fig. 6).

Importantly, since we show that cell surface EGFR (labeled on the cell surface with
an antibody) also gains entry into an EHD1%/GM130* compartment, apparently re-
flecting its retrograde trafficking to Golgi compartment, and that EHD1 KD caused a
more significant Golgi retention of this cohort as well (Fig. 5A), it is likely that
unstimulated EGFR transported through both anterograde and retrograde mechanisms
reaches an EHD1-dependent Golgi compartment and that EHD1 is required for EGFR to
be recycled to the cell surface from this compartment. Intermixing of biosynthetic and
endocytic cargos of cell surface receptors has been thought to primarily occur in the
sorting endosomes, which then direct these receptors to various subcellular destina-
tions (75). Thus, the control of endocytic as well as biosynthetic pools of a prototype
RTK at the Golgi compartment is unprecedented. It is notable that EHD1 knockdown
was shown to impair the biosynthetic transport of a vesicular stomatitis virus G protein
(VSVG)-GFP fusion protein used as a marker of the transport from the Golgi compart-
ment to the cell surface (73), but no further studies along these lines have been
reported.

Clearly, the EHD1-dependent control of EGFR trafficking described here is function-
ally important, as we demonstrate, and it will be of great interest to determine if this
mechanism applies broadly to other RTKs and possibly other cell surface receptors.
Consistent with a broader role of EHD1 in RTK trafficking, we have recently found that
EHD1 also plays a key role in the surface expression of the CSF1R, an RTK, on primary
macrophages (41). Notably, however, we did not observe a significant impact of EHD1
depletion on MHC-I cell surface expression when this was examined under the same
conditions as we used for analyses of EGFR (ligand-free culture), suggesting that our
findings may be more relevant to RTKs whose cell surface pools are subject to rapid
ligand-induced degradation and require efficient surface delivery through new synthe-
sis. Our inability to show an impact of EHD1 depletion on surface MHC-| levels is likely
to reflect our methodology (designed to detect the trafficking of newly synthesized
RTKs) since endocytic recycling of MHC-I, tracked using antibody binding at the cell
surface, is known to be impaired upon EHD1 KD (23). While our studies have focused
on EHDT1, it will be important in future studies to assess any roles of the other EHD
family members in the Golgi compartment-to-surface exit of EGFR and other RTKSs,
given their redundant roles that we have observed in other biological systems (34,
76, 77).

In addition to demonstrating a novel functional role of EHD1 in EGFR trafficking out
of the Golgi compartment, our studies reveal a new potential EHD1 partner, RUSC2, that
is involved in this process (Fig. 7 and 8). RUSC2 is a little-studied member of a small
family of RUN domain-containing proteins that include RUSC1/NESCA (new molecule
containing SH3 at the carboxy terminus) with which it displays ~30% overall amino
acid sequence identity. RUSC1/NESCA associates with TrkA, an RTK, and regulates
dendritic spine dynamics by functioning as an adaptor for SNARE-mediated vesicle
fusion events and as a link to molecular motor complexes (78). A role for RUSC2 in
vesicular traffic has been hypothesized based on its interaction with Rab35, Rab1, and
GM130 but has not been demonstrated previously (50, 52). Based on the presence of
an EH domain-interacting NPF motif in RUSC2 (Fig. 7A), which is not present in
RUSC1/NESCA, and the isolation of RUSC2 as part of a protein complex associated with
unstimulated EGFR (53), we assessed the role of RUSC2 in EGFR trafficking. While RUSC2
did not show a physical interaction with EHD1 in cells (Fig. 7B and C), RUSC2 displayed
strong colocalization with EHD1 on tubular and vesicular structures, which included the
Golgi compartment (Fig. 7D and E). Importantly, RUSC2 KD led to a phenotype that
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mimicked that of EHD1 KD (Fig. 8). Thus, our study provides the first direct evidence for
a role of RUSC2 in anterograde EGFR trafficking out of the Golgi compartment and
helps describe a novel biochemical duo of EHD1 and RUSC2 that regulates EGFR display
on the cell surface. Unlike the recently described EHD1 recruitment to membranes via
Rab35 effector MICAL-L1 (79), we did not find any requirement of RUSC2 for EHD1
localization in the Golgi compartment (Fig. 5B), suggesting that they function in a
common trafficking pathway but independent of an interaction. In this regard, it will
also be important to assess in the future if RUSC2, via its apparently functional NPF
motifs, might interact with other EH domain-containing proteins to promote EGFR
trafficking. The RUSC2 binding partner GM130 was recently shown to play a role in the
nucleation of microtubules at the Golgi compartment through sequestration of
importin-a and activation of the spindle assembly factor TPX2 (80). Whether EHD1- and
RUSC2-dependent transport of EGFR out of the Golgi compartment might use such a
microtubule network will be of considerable future interest, given the proposed role of
MICAL-L1 as a link between EHD1™ vesicles and dynein motors through an interaction
with the collapsin response mediator protein 2 (CRMP2) at the endocytic recycling
compartment (81).

Notably, several previously known EHD protein interactors have now been recog-
nized to play a role at the Golgi compartment. For example, EHD1 interactor Rab11-
FIP1/RCP was recently shown to mediate traffic at the trans-Golgi network through
binding to golgin-97 (82). A GM130-Rab11-mediated pathway for surface expression of
the T-cell antigen receptor has been described previously (83). Whether these roles
involve interactions with EHD proteins will be of significant interest in future studies.
Recent studies have also indicated that EHD1 depletion alters the Golgi polarization
relevant to cytokinesis, while MICAL-L1 knockdown partially disrupted the Golgi reori-
entation toward the direction of a scratch wound (84, 85). Although we have not
examined the Golgi dynamics in our studies, we did not observe any gross changes in
the Golgi apparatus.

The RUSC2 gene has also been described as an HIV-1 susceptibility gene (86), and
it will be of great interest in the future to assess if EHD1-RUSC2 complex plays a role
in cellular pathology associated with HIV infection. EHD1 expression was recently found
to be associated with poor prognosis in non-small cell lung cancer (43, 44) and breast
cancer (45), and EHD1 levels in NSCLC showed a negative correlation with sensitivity to
EGFR-targeted kinase inhibitor therapy (47). Thus, the new molecular pathway we
identify may prove to be of clinical relevance in targeted therapy of cancers driven by
aberrations of EGFR or other RTKs.

In conclusion, studies presented here demonstrate a new and functionally important
role of EHD1 and a potential novel partner, RUSC2, in the control of Golgi compart-
ment-to-surface transport of a prototype RTK, EGFR under ligand-unstimulated condi-
tions. Using the experimental systems described here, it will be of great interest to use
targeted or genome-wide knockdown/KO or ectopic gene expression approaches to
identify other novel players that regulate the basal RTK surface expression and their
functional roles in physiological and pathological RTK signaling.

MATERIALS AND METHODS

Biochemical reagents. The reagents and their sources are as follows: puromycin, hygromycin, G418,
doxycycline (Dox), enzyme immunoassay-grade bovine serum albumin (BSA), paraformaldehyde (PFA),
monensin, propidium iodide, DMSO, GTPyS (catalog number G8634), and Triton X-100 were from
Sigma-Aldrich (St. Louis, MO). EGF was from PeproTech (Rocky Hill, NJ). Halt protease and phosphatase
inhibitor cocktail were from Life Technologies. Normal goat serum (catalog no. 005-000-121) was from
Jackson ImmunoResearch Laboratories. 3°S-labeled methionine-cysteine (EXPRE35S35S protein labeling
mix; NEG072) was from Perkin Elmer. Vectashield mounting medium was from Vector Laboratories
(Burlingame, CA). NeutrAvidin Protein Dylight 488 conjugate (catalog no. 22832) was from Thermo
Scientific. Glutathione-Sepharose 4B beads were from GE Healthcare. Protein G-Sepharose beads were
from Invitrogen.

Antibodies. Anti-EGFR mouse monoclonal 528 (catalog no. Grol1) was from Calbiochem or purified
from hybridoma supernatants in-house; anti-EGFR rabbit polyclonal (SC-03) and anti-HSC-70 (B-6; 7298)
were from Santa Cruz Biotechnology; anti-EHD1 (ab109311) was from Abcam; anti-B-actin (A5316) was
from Sigma-Aldrich; anti-Turbo-GFP (PA5-22688) was from Thermo Scientific; anti-p-Erk (9101), anti-Erk
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(9102), and anti-p-EGFR (Tyr-1068;2234) were from Cell Signaling Technology; anti-GM130 (610822) was
from BD Biosciences; anti-mouse IgG2a-allophycocyanin (APC) conjugate was from BioLegend (407109);
and a nonspecific mouse IgG2a control (34950) was from BD Biosciences. APC-anti-human EGFR (clone
Ay13; catalog no. 352906) and APC-mouse IgG2a isotype control (clone MOPC-173; 400220) were from
BioLegend. Brilliant Violet 605 anti-human HLA-A, -B, -C (clone W6/32; 311432) and Brilliant Violet 605
mouse IgG2a isotype control (clone MOPC-173; 400269) were from BioLegend. In-house generated rabbit
antibodies recognizing EHD1/EHD4, EHD2, EHD3 or EHD4 have been described previously (87). A rabbit
polyclonal antibody against human RUSC2/iporin was generated against an internal peptide sequence
(amino acid residues 532 to 553) through a commercial vendor (Pacific Inmunology, Ramona, CA) and
validated using epitope-tagged RUSC2 expressed in 293T cells and shRNA knockdown of endogenous
RUSC2. HA tag antibody (catalog no. 901503) was from BioLegend. Anti-Myc epitope antibody (9E10;
ATCC) was protein G purified in-house from hybridoma supernatants.

Transfection reagents and plasmids. The Dox-inducible EHD1 expression construct (pRevTRE-
EHD1-GFP) was generated by cloning the full-length, PCR-amplified, human EHD1 cDNA sequences into
pDest47-GFP vector in frame with GFP and subsequently subcloning the EHD1-GFP insert into pRev-Tre
vector (Clontech Laboratories Inc./TaKaRa Bio) at the Agel/Clal sites. The PCR primers were as follows:
5'-GATCGATCaccggtTCACCATGTTCAGCTGGGTCA-3" (forward) and 3'-GATCGATCatcgaTCATTATTTGTAG
AGCTCATCCATG-5" (reverse). The pCDNA3-based EHD1-DsRed and EHD1-myc constructs (87) and the
N-terminally HA-tagged human RUSC2 construct in pSV-HA vector (50) have been described previously.
Individual siRNAs or SMARTpools and Dharmafect | transfection reagent were from the Dharmacon
division of ThermoFisher (Pittsburg, PA). An individual custom siRNA sequence for EHD1 (#2006) was
5'-GACAUUGGGCAUCUCUUUCUU-3" (43). The control siRNA 5 (catalog no. D-00210-05-50), the 3’ UTR
(D-019022-20), and SMARTpool (M-019022-02) siRNAs targeting EHD1 were from ThermoFisher.
XtremeGENE 9 transfection reagent was from Roche Applied Science (Indianapolis, IN). siRNA transfec-
tions were performed in Opti-MEM (Life Technologies).

The following Dox-inducible lentiviral shRNA constructs were obtained from GE Healthcare: control
shRNA (VSC6580), EHD1 shRNA sequence 1 (source clone, V2IHSPGG_388688; target sequence, GCTAG
TTTCTGTTCTGTAA), EHD1 shRNA sequence 2 (source clone, V2IHSPGG_908952; target sequence, AAGG
TCCATAAAGACTGAG); RUSC2 shRNA sequence 1 (source clone, V2IHSPGG_463376; target sequence,
GCCTAGACCGAAGATCACA); RUSC2 shRNA sequence 2 (source clone, V2IHSPGG_463384; target se-
quence, GCTCACCAGTCATACCATG).

Cell culture. Media and supplements were from Life Technologies. Fetal bovine serum (FBS) and
tetracycline-free FBS were from HyClone.

16A5 is an HPV16 E6/E7-immortalized derivative of the reduction-mammoplasty-derived 76N normal
mammary epithelial cell (MEC) line (55) and was grown in DFCI medium containing 2 nM EGF (55) in a
humidified atmosphere of 95% air and 5% CO, at 37°C. For growth factor stimulation experiments, 16A5
cells were cultured in growth factor-free D3 medium (55) for the time periods indicated in the figure
legends.

Wild-type control and EHD1-/~ mouse embryonic fibroblast (MEF) cell lines established by in vitro
infection of NIH 3T3 protocol-immortalized Ehd1fox/flox MEFs using adeno-GFP (control) and adeno-Cre-
GFP viruses, respectively, have been described previously (61). The MEFs and the triple-negative breast
cancer cell line MDA-MB-231 (ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS and supplements (88).

Generation of 16A5 cell lines with Dox-inducible ectopic EHD1 expression or EHD1/RUSC2
knockdown. To generate a 16A5 cell line with Dox-inducible EHD1 expression, cells were first stably
transfected with pRevTet-On plasmid containing a Tet-responsive transcriptional activator (Clontech/
TaKaRa) using Lipofectamine 2000 (Life Technologies), selected in medium containing 100 pwg/ml G418,
and individual G418-resistant, Tet-on clones were screened for inducible expression by transient trans-
fection of pRevTRE-GFP and assessment of Dox-inducible GFP expression. A tightly inducible clone was
used for stable transfection with pRevTRE-EHD1-GFP or the empty vector (pRevTRE-GFP) using Lipo-
fectamine 2000 and selected in 50 wg/ml hygromycin, and clones were analyzed for inducible EHD1-GFP
or GFP (vector only clones) after 7-day culture with 1 uwg/ml Dox using Western blot analysis.

Dox-inducible lentiviral shRNA knockdown and control 16A5 cell lines (or 16A5 cells stably expressing
Dox-inducible EHD1-GFP) were generated using lentiviral constructs (GE Healthcare) against EHD1 or
RUSC2 (listed above). Viral transduction was performed according to the manufacturer’s protocol using
14 pg/ml of Polybrene, and transductants were selected with a predetermined (2 ug/ml) concentration
of puromycin for 7 days and subsequently maintained in the same concentration of puromycin.

Quantification of cell surface EGFR and MHC-1 using FACS analysis. 16A5 cells were seeded at
10° cells per well of six-well plates (five replicates per condition) and grown in regular medium in the
presence of Dox for 48 h. Cells were then either maintained in Dox-containing regular medium (steady
state) or serum- and EGF-free D3 medium for 24 h, rinsed with ice-cold PBS, and released from dishes
with trypsin-EDTA (Life Technologies). Trypsinization was stopped by adding trypsin inhibitor (Gibco).
Cell suspensions were transferred to Eppendorf tubes and washed three times in ice-cold FACS buffer
(1% bovine serum albumin in PBS) (89). Live cells were stained with APC-anti-human EGFR antibody or
anti-mouse IgG2a-APC control or with Brilliant Violet 605-anti-human HLA-A, -B, and -C or Brilliant Violet
605-mouse IgG2a isotype control. FACS analyses were performed on a Becton Dickinson LSRIl instrument,
and data were analyzed using FlowJo software.

Confocal immunofluorescence microscopy. Cells were grown on coverslips, transfected where
indicated, and fixed with 4% paraformaldehyde in PBS. Fixed cells were permeabilized in 0.05% Triton
X-100, blocked with 10% goat serum in PBS, and incubated with primary antibodies in 1% goat
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serum-PBS at 4°C overnight. After washes in PBS, the cells were incubated with the appropriate
fluorochrome-conjugated secondary antibody for 1 h at room temperature. All images were acquired
using a Zeiss 710 Meta confocal laser scanning microscope (Carl Zeiss) using a 40X or 63X objective with
a numerical aperture of 1.0 and appropriate filters. Merged fluorescence pictures were generated and
analyzed using ZEN 2012 software from Carl Zeiss.

Western blotting. Following cell culture and the indicated treatments, cells were rinsed twice with
ice-cold PBS, and dish-attached cells were directly lysed in ice-cold Triton X-100 lysis buffer (0.5% Triton
X-100, 50 mM Tris [pH 7.5], 150 mM sodium chloride) (Fisher) containing Halt EDTA-free protease
inhibitor cocktail and rotated overnight. The lysates were transferred to Eppendorf tubes and spun at
13,000 rpm for 30 min at 4°C, and supernatants were collected and quantified for protein using a Pierce
bicinchoninic acid (BCA) assay reagent according to the manufacturer’s directions (Thermo Scientific).
Forty micrograms of protein lysates was resolved by 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to polyvinylidene fluoride (PVDF) membrane, and immuno-
blotted with the indicated antibodies.

Cell proliferation and viability assay. A CellTiter-Glo assay was performed according to the
manufacturer’s specifications (Promega).

Metabolic labeling and pulse-chase with [3*S]methionine-cysteine. Cells pretreated with Dox
were washed with and kept in methionine-cysteine-free medium (catalog no. 21013-024; Life Technol-
ogies) for 30 min and pulse-labeled with 100 wCi of [3*SImethionine-cysteine (EXPRE35S3°S protein
labeling mix) for 20 min. The cells were then washed in medium without radioactive label and either
immediately lysed (0-min chase) or incubated in regular medium with a 100-fold excess of unlabeled
methionine-cysteine for a 30-, 90- or 270-min chase time before lysis. The lysates (500 g protein) were
subjected to immunoprecipitation with anti-EGFR antibody (clone 528), and the samples were resolved
by SDS-PAGE. The gel was fixed, dried, and incubated with Auto-Fluor (LS-315; National Diagnostics)
before drying, and signals were visualized by autoradiography. For control cells, the above-mentioned
steps were the same except that the Dox pretreatment was omitted.

FP competition assays. All fluorescence polarization (FP) measurements were performed in 384-
well, low-volume, black round-bottom polystyrene NBS microplates (Corning). Assays were set up in a
total volume of 20 ul, with 1X PBS as the assay buffer. To each well, increasing concentrations (0 to
1 mM) of 10 wl of unlabeled RUSC2 peptides (amino acids 43-NPFCPPELG-51 or 101-NPFLLQEGV-109) and
10 ul of a mixture of GST-EHD1 EH domain fusion protein (at a final concentration of 15 uM) and
FITC-labeled competing peptide derived from MICAL-like 1 protein (amino acids 425-NPFEEEEED-433) (at
a final concentration of 100 nM) were added. The polarization values were measured at an excitation
wavelength of 485nm and emission wavelength of 538 nm using a Spectramax M5 plate reader
(Molecular Devices, Sunnyvale, CA).

GST fusion protein pulldown assays. For glutathione S-transferase (GST) pulldown assays, HEK-293
cells were transiently transfected with GFP- or HA-tagged constructs in 10-cm dishes. Cells were grown
for 48 h and lysed overnight at 4°C in 600 ul of lysis buffer containing 50 mM Tris (pH 7.5), 150 mM Nacl,
0.5% Triton X-100 (wt/vol), T mM sodium orthovanadate, 10 mM sodium fluoride, and 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF). Cell lysate was centrifuged at 13,000 rpm to pellet the insoluble material,
and protein concentration in the cleared lysate was determined using BCA reagent. One milligram of
total cell lysate was incubated with 25 ug of GST fusion proteins [GST-Ctrl, GST-EHD1-(399-534), and
GST-EHD1-(399-534)-W485A, representing a GST control, a GST fusion with a truncated EHD1 consisting
of residues 399 to 534, and a fusion with the truncated EHD1 with a point mutation, respectively] bound
to glutathione-Sepharose beads. After 3 h of incubation at 4°C, the pulldown beads were washed six
times in lysis buffer (described above) and eluted in boiling sample buffer. Proteins were resolved by
SDS-9% PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes (IPYH00010; Millipore,
Billerica, MA), and immunoblotted with anti-GFP (overnight at 4°C) or anti-HA (2 h at room temperature)
antibodies. Bound antibodies were visualized using horseradish peroxidase (HRP)-conjugated protein A
(10-1023; Life Technologies, Grand Island, NY) and enhanced chemiluminescence (ECL) detection (PI-
32106; Thermo Scientific, Rockford, IL).

Coimmunoprecipitation analyses. For coimmunoprecipitation (co-IP) analyses, 1-mg aliquots of
cleared lysate protein were incubated with optimized amounts of the indicated antibodies and rocked
overnight at 4°C. Thirty microliters of protein G- or A-Sepharose beads (washed with PBS and blocked in
1% BSA) was added to each IP sample and rocked at 4°C for 3 h. The beads were washed six times with
TX-100 lysis buffer, and bound proteins were resolved by SDS-9% PAGE, transferred to polyvinylidene
difluoride (PVDF) membrane, and immunoblotted with anti-HA, anti-Myc, anti-EHD1, and anti-EGFR
antibodies. Prior to washing protein G- or A-Sepharose beads, aliquots of supernatant (equal to 5% of the
amount used for IP) were saved and run alongside the IP samples.

Statistical analyses. The results of densitometry analyses of Western blots, CellTiter-Glo assay of
proliferation (as relative light units [RLU]), and flow cytometry analyses (as median mean fluorescence
intensities [MFI]) were quantified and compared between groups using Student’s t test, and data are
presented as means * standard errors of the means (SEM) of multiple experiments, with a P value
of =0.05 deemed significant. Prism, version 4.0c (GraphPad), was used to perform the statistical analysis
and graphical representations of the data.
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