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Activation of the epidermal growth factor receptor (EGFR) is crucial for development,
tissue homeostasis, and immunity. Dysregulation of EGFR signaling is associated with
numerous diseases. EGFR ubiquitination and endosomal trafficking are key events
that regulate the termination of EGFR signaling, but their underlying mechanisms
remain obscure. Here, we reveal that ZNRF1, an E3 ubiquitin ligase, controls ligand-
induced EGFR signaling via mediating receptor ubiquitination. Deletion of ZNRF1 inhibits
endosome-to-lysosome sorting of EGFR, resulting in delayed receptor degradation
and prolonged downstream signaling. We further demonstrate that ZNRF1 and
Casitas B-lineage lymphoma (CBL), another E3 ubiquitin ligase responsible for EGFR
ubiquitination, mediate ubiquitination at distinct lysine residues on EGFR. Furthermore,
loss of ZNRF1 results in increased susceptibility to herpes simplex virus 1 (HSV-1)
infection due to enhanced EGFR-dependent viral entry. Our findings identify ZNRF1 as
a novel regulator of EGFR signaling, which together with CBL controls ligand-induced
EGFR ubiquitination and lysosomal trafficking.

Keywords: ZNRF1, epidermal growth factor receptor (EGFR), ubiquitination, lysosomal trafficking, herpes simplex
virus 1 (HSV-1)

INTRODUCTION

The epidermal growth factor receptor (EGFR) plays crucial roles in numerous cellular
functions required for development and tissues homeostasis, including cell growth, proliferation,
differentiation, and migration (Schlessinger, 2002). Binding of growth factors, such as epidermal
growth factor (EGF), to the extracellular region of EGFR induces receptor dimerization and
tyrosine kinase activation, resulting in its autophosphorylation. The phosphorylated tyrosine
residues on the carboxy-terminus of EGFR serve as docking sites that recruit various adaptor
proteins containing Src Homology 2 (SH2) or phosphotyrosine binding (PTB) domains, which
further induces the activation of multiple downstream signaling pathways involved in distinct
cellular functions (Lemmon et al., 2014). These signaling pathways include the phosphatidylinositol
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3-kinase (PI3K)/AKT (Soltoff and Cantley, 1996), Ras/mitogen-
activated kinase (MAPK) (Hallberg et al., 1994), mammalian
target of rapamycin complex 1/p70 S6 kinase (mTORC1-S6K)
(Fan et al., 2009), and phospholipase C-γ pathways (Wahl et al.,
1990). EGFR signaling has recently been shown to participate
in innate immune signaling including Toll-like receptors (TLRs)
to promote host defense against pathogenic infection (Yamashita
et al., 2012; Chattopadhyay et al., 2015). In contrast, viruses such
as HSV-1 and vaccinia virus subvert EGFR signaling to facilitate
their infection (Zheng et al., 2014; Beerli et al., 2019). Thus, EGFR
expression and signaling must be tightly regulated. Aberrant
EGFR activation often leads to the progression of various diseases
and cancers (Du and Lovly, 2018).

Endocytic trafficking of EGFR is a key mechanism for
regulating EGFR signaling (Madshus and Stang, 2009; Tomas
et al., 2014). Upon EGF stimulation, activated EGFR is
immediately internalized into the early endosomes, where it
continues to transmit signals (Vieira et al., 1996; Brankatschk
et al., 2012; Sousa et al., 2012). Endosomal EGFR is either
recycled back to the cell surface (Sorkin et al., 1991), translocated
to the nucleus (Demory et al., 2009; Wang et al., 2010),
or trafficked to multivesicular bodies (MVBs)/lysosomes for
degradation. Thereby, the sorting and lysosomal degradation
of activated EGFR are important mechanisms for terminating
EGFR signaling. EGFR mutants found in tumor patients are not
internalized or transported to the MVBs/lysosomes, resulting in
enhanced and prolonged activation of EGFR and its downstream
MAPK signaling that is essential for tumor cell proliferation and
invasion (Huang et al., 2006; Goh et al., 2010).

Accumulating evidence revealed that ubiquitination serves as
a critical sorting signal for endocytic trafficking of EGFR (Clague
et al., 2012). EGF engagement induces rapid ubiquitination of
EGFR on lysine residues within its tyrosine kinase domain
(TKD) (Stang et al., 2000; Huang et al., 2006). The endosomal
complex required for transport (ESCRT) machinery then
recognizes the ubiquitinated EGFR and sort the receptor into
intraluminal vesicles of the MVBs for subsequent lysosomal
degradation (Raiborg and Stenmark, 2009; Henne et al., 2011).
Hepatocyte growth factor-regulated tyrosine kinase substrate
(HRS), a component of the ESCRT-0 complex, first recognizes
ubiquitinated EGFR via its ubiquitin-interacting motifs, and then
recruits downstream ESCRT complexes (ESCRT-1, -II, and -III)
to mediate EGFR intraluminal vesicle sorting (Raiborg et al.,
2002). It was previously reported that the mutation of 15 lysine
residues to arginine in the TKD (15KR mutant) diminished
EGFR ubiquitination to a negligible level, and significantly
blocked EGFR lysosomal sorting and degradation, suggesting
that ubiquitination on some or all of these lysine residues is
critical for EGFR lysosomal sorting and degradation (Huang
et al., 2007). In addition, EGFR fused to associated molecule
with the Src homology 3 domain of signal transducing adaptor
molecule (AMSH), a deubiquitinating enzyme that specifically
targets lysine 63-linked polyubiquitin chains, cannot be efficiently
transported to the MVBs/lysosomes upon EGF engagement,
resulting in prolonged EGFR signaling (Huang et al., 2013).
Together, these findings demonstrate the essential role of EGFR
ubiquitination in its lysosomal sorting and degradation. Casitas

B-lineage lymphoma (CBL) is a well-known E3 ubiquitin ligase
that mediates EGFR ubiquitination and trafficking (Levkowitz
et al., 1998; Grovdal et al., 2004; Stang et al., 2004). Following EGF
binding, CBL is recruited to the activated EGFR at the plasma
membrane and remains associated with EGFR after receptor
internalization to catalyze EGFR ubiquitination for subsequent
lysosomal degradation (de Melker et al., 2001; Umebayashi
et al., 2008). Despite the important role of CBL in regulating
EGFR ubiquitination and lysosomal degradation, the specific
CBL-mediated ubiquitin-conjugated lysine residues on EGFR
remain unknown. Recently, two other E3 ubiquitin ligases,
RNF126 and Rabring7, were shown to associate with EGFR
and promote EGFR ubiquitination and degradation upon ligand
engagement; but their functions require CBL activation (Smith
et al., 2013). Nevertheless, the EGFRY1045F mutant, which is
unable to directly recruit CBL, is still modified by ubiquitination,
but to a lesser extent, after EGF stimulation (Levkowitz et al.,
1999), which means other E3 ubiquitin ligases also participate
in the ubiquitination of EGFR. Therefore, we were interested in
investigating if there were additional E3 ubiquitin ligases involved
in EGFR ubiquitination and lysosomal degradation.

The zinc and ring finger 1 (ZNRF1) protein, a ring-type
E3 ubiquitin ligase, was initially identified as a nerve injury-
induced gene (Araki et al., 2001). We previously found that
ZNRF1 regulates the Toll-like receptor 4 (TLR4) signaling
pathway during inflammation and promotes caveolin-1 (CAV1)
ubiquitination and degradation (Lee et al., 2017). CAV1 has
been reported to play a role in regulating EGFR trafficking
from early to late endosomes (Schmidt-Glenewinkel et al.,
2012). Therefore, we hypothesized that ZNRF1 may modulate
endosomal trafficking of EGFR and its downstream signaling.

In the present study, we surprisingly found that ZNRF1
regulates EGFR endocytic trafficking and promotes its
degradation via receptor ubiquitination. We show that ZNRF1
associates with and ubiquitinates EGFR. Depletion of ZNRF1 in
lung or cervical cancer cells results in decreased EGF-induced
EGFR ubiquitination and increased accumulation of EGFR
in the early endosomes, which eventually impedes EGFR
degradation and leads to prolonged activation of AKT and
extracellular signal-regulated kinase (ERK) signaling. Our results
identify ZNRF1 as a novel regulator of EGFR signaling through
regulation of EGFR ubiquitination, sorting, and degradation.

RESULTS

ZNRF1 Controls Ligand-Induced EGFR
Degradation and Signaling
To investigate the role of ZNRF1 in EGFR signaling, we
depleted expression of the ZNRF1 gene in A549 non-small
cell lung cancer cells by lentivirus-mediated small hairpin
RNA (shRNA) transduction. Four shRNAs against different
regions of the human ZNRF1 gene reduced endogenous ZNRF1
protein expression by >70% as examined by immunoblot
analysis (Supplementary Figure 1A). Silencing ZNRF1 in
the A549 cells delayed EGFR degradation in response to
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EGF stimulation, suggesting that ZNRF1 is involved in EGF-
induced EGFR degradation (Figure 1A). Loss of ZNRF1 did
not affect EGFR mRNA expression after EGF stimulation
(Supplementary Figure 1B), confirming that its effect on EGFR
is at the protein level. Our previous findings (Lee et al., 2017)
had suggested that ZNRF1 may modulate EGFR endosomal
trafficking through regulation of CAV1 stability. Surprisingly,
exogenous overexpression of CAV1 to the level as that in ZNRF1-
depeleted cells did not alter ligand-induced EGFR degradation
(Supplementary Figure 2), indicating that overexpression of
CAV1 is not sufficient to affect EGFR degradation triggered by
its ligand. In addition to A549 cells that express endogenous
wild type EGFR, similar results were observed in H3255
cells that express a constitutively active mutant EGFRL858R

(Janne et al., 2005), indicating that ZNRF1-controlled EGFR
degradation is independent of the EGFR mutation status
(Figure 1B). Moreover, ZNRF1-mediated EGFR degradation
was also observed in HeLa cervical cancer cells (Figure 1C),
indicating that ZNRF1 involvement in EGFR degradation is not
limited to lung cancer cells.

To exclude the possibility of an off-target effect by shRNAs,
we generated ZNRF1−/− A549 cells by the CRISPR/Cas9
genomic editing technique. Two ZNRF1−/− A549 clones were
generated using two different sgRNAs and indel mutations were
confirmed by DNA sequencing (Supplementary Figure 1C).
Consistent with the results in ZNRF1-silenced cells, EGF-
triggered EGFR degradation was delayed in ZNRF1−/− A549
cells compared to wild type cells (Figure 1D and Supplementary
Figure 1D). To examine whether the E3 ubiquitin ligase activity
of ZNRF1 was required for the regulation of EGFR degradation,
we examined EGF-induced EGFR degradation in ZNRF1−/−

A549 cells reconstituted with wild type ZNRF1 or an E3
ligase activity inactive mutant of ZNRF1 (C184A) (Araki and
Milbrandt, 2003; Lee et al., 2017). As shown in Figure 1E,
EGF-induced EGFR degradation was promoted in ZNRF1−/−

cells reconstituted with wild type ZNRF1 but not in cells
reconstituted with the ZNRF1 C184A mutant, confirming that
the E3 ligase activity of ZNRF1 is required for its modulation of
EGFR degradation.

Both the ubiquitin/proteasomal and lysosomal pathways are
known to participate in EGFR degradation in response to ligand
stimulation (Alexander, 1998; Alwan et al., 2003). To determine
the pathway involved in ZNRF1-regulated EGFR degradation,
we treated cells with EGF in the presence or absence of the
lysosome inhibitor chloroquine or the proteasome inhibitor
MG132. Chloroquine treatment significantly attenuated EGFR
degradation in control cells, but only had a minor inhibitory
effect in ZNRF1-silenced cells (Figure 1F). Conversely, MG132
treatment did not inhibit EGF-induced EGFR degradation in
either control or ZNRF1-deleted cells (Figure 1G). These results
suggest that ZNRF1-mediated EGFR degradation is dependent
on the lysosomal pathway. In line with this notion, deletion
of ZNRF1 did not impact protein expression of transferrin
receptor (TfR), which is not destined for lysosomal degradation
(Figure 1H). We then investigated the impact of ZNRF1
depletion on EGFR signaling and found that loss of ZNRF1
resulted in enhanced and prolonged autophosphorylation of

EGFR, and activation of the downstream kinases AKT and ERK
in response to EGF stimulation (Figure 2). Taken together,
these results indicate that ZNRF1 promotes ligand-triggered
EGFR degradation and termination of EGFR signaling via the
lysosomal pathway.

ZNRF1 Promotes EGFR Lysosomal
Sorting
Endocytic trafficking is one of mechanisms that controls
EGFR signaling and degradation (Kirisits et al., 2007; Tomas
et al., 2014). To investigate whether ZNRF1 is involved in
EGFR trafficking, we first assessed EGFR internalization by
tracking the uptake of Alexa Fluor 488-labeled EGF. The
amount of internalized EGF was observed to be comparable
between control and ZNRF1-depleted cells (Supplementary
Figure 3A), indicating that ZNRF1 does not participate in
EGFR internalization. We next examined whether ZNRF1
controls EGFR endosomal trafficking, by co-staining EGFR
with either the early endosome marker, early endosomal
antigen 1 (EEA1), or the late endosome/lysosome marker,
lysosomal-associated membrane protein 1 (LAMP1), under
EGF stimulation. Co-localization of EGFR and EEA1 was
observed in both control and ZNRF1-depleted cells 10 min
after EGF stimulation, suggesting that ZNRF1 is not required
for EGFR trafficking from the cell surface to the early
endosome (Figures 3A,B). However, EGFR-EEA1 co-localization
in ZNRF1-depleted cells was significantly higher than in control
cells 60 min after EGF stimulation (Figures 3A,B), indicating
that loss of ZNRF1 blocked EGFR transport beyond the
early endosome. Furthermore, co-localization of EGFR and
LAMP1 was significantly reduced in ZNRF1-depleted cells
(Figures 3C,D). It was reported that internalized EGFR is
recycled back to the cell surface after EGF stimulation (Sorkin
et al., 1991). However, we observed no difference in EGFR
recycling to the plasma membrane between control and ZNRF1
knockdown cells (Supplementary Figures 3B–D). These data
indicate that ZNRF1 regulates EGFR trafficking from early
endosomes to late endosomes/lysosomes.

ZNRF1 Associates With EGFR
It is well established that EGF stimulation induces EGFR
ubiquitination, which is crucial for receptor sorting to the
lysosome for degradation (Huang et al., 2006, 2013). ZNRF1
has been shown to mediate ubiquitination and degradation
of AKT and CAV1 (Araki and Milbrandt, 2003; Wakatsuki
et al., 2011; Lee et al., 2017), which prompted us to speculate
that ZNRF1 might control EGFR trafficking by modulating
EGFR ubiquitination. To address this possibility, we first
examined whether ZNRF1 associates with EGFR. Reciprocal co-
immunoprecipitations revealed an interaction between EGFR
and ZNRF1 in A549 cells that transiently overexpressed ZNRF1
(Figure 4A). In addition, an association between endogenous
EGFR and ZNRF1 was observed in A549 cells with and
without EGF stimulation (Figure 4B). To identify the domains
of ZNRF1 and EGFR required for their interaction, we
constructed three ZNRF1 domain deletion mutants (Figure 4C)
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FIGURE 1 | ZNRF1 controls EGFR degradation. (A–E) A549 (A), H3255 (B), and HeLa (C) cells infected with lentivirus expressing shRNA against luciferase (shLuc)
or ZNRF1 (shZNRF1), wild type or ZNRF1−/− A549 cells (D), and ZNRF1−/− A549 cells transduced with lentiviruses encoding empty vector, Flag-ZNRF1 (WT), or
Flag-ZNRF1 (C184A) (E) were serum-starved overnight and treated with 100 ng/mL EGF for the indicated times. (F,G) Wild type and ZNRF1−/− A549 cells were
serum-starved overnight. Cells were then pre-treated with or without 100 µM Chloroquine (F) or 10 µM MG132 (G) for 1 h and stimulated with 100 ng/mL EGF for
the indicated times. Cell lysates were prepared, and the levels of EGFR, ZNRF1 were analyzed by immunoblotting. Quantification of immunoblotting analysis data of
three independent experiments are shown in the lower panels. (H) Cell lysates from wild type or ZNRF1−/− A549 cells were collected and the protein levels of EGFR
and TfR were examined by immunoblotting. The intensities of the bands are expressed as fold increases compared to those of control cells (WT) after normalization
to tubulin. Results are presented as averages ± SEM. n.s., no significant; *P < 0.05, **P < 0.01 (Student’s t-test).

and four truncated forms of EGFR (Figure 4D) for co-
immunoprecipitation experiments. In 293T cells, deletion of the
ZNRF1 zinc finger domain strongly impeded ZNRF1 binding

to EGFR (Figure 4E), indicating that the zinc finger domain
mediates the ZNRF1-EGFR interaction. Two truncated forms of
EGFR, TKD and TKD plus C-terminal domain, exhibited binding
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FIGURE 2 | ZNRF1 modulates EGFR signaling. A549 (A) and HeLa (B) cells infected with lentivirus expressing shRNA against luciferase (shLuc) or ZNRF1
(shZNRF1) were serum-starved overnight, and then stimulated with 100 ng/mL EGF for the indicated times. Cell lysates were prepared, and the levels of EGFR,
ZNRF1, activation of EGFR, AKT, and ERK were analyzed by immunoblotting. Quantification of immunoblotting analysis data of three independent experiments are
shown in the lower panels. Results are presented as averages ± SEM. n.s., no significant; *P < 0.05, **P < 0.01 (Student’s t-test).

to ZNRF1 that was similar to full-length EGFR, whereas the
N-terminal and C-terminal domains lost their association with
ZNRF1 (Figure 4F), indicating that the TKD of EGFR is required
for its interaction with ZNRF1. These results suggest that the zinc
finger domain of ZNRF1 binds to the TKD of EGFR.

We further examined co-localization of ZNRF1 and EGFR
in A549 cells by immunofluorescence staining. EGF stimulation
rapidly induced EGFR internalization and accumulation in
endosomes observed as large puncta in the cytosol. Co-
immunofluorescence staining of ZNRF1 and EGFR revealed that
ZNRF1 co-localized with these puncta (Figure 4G), consistent
with their association revealed by co-immunoprecipitation. To
confirm the interaction of ZNRF1 and EGFR in situ, we
conducted a proximity ligation assay (PLA). Compared to the
technical controls that lacked at least one essential component
of the system, clear cytosolic fluorescence signals were detected
in A549 cells (Figure 4H), demonstrating in situ interaction of

ZNRF1 and EGFR. Taken together, these results confirm that
ZNRF1 associates with EGFR.

ZNRF1 Mediates EGF-Induced EGFR
Ubiquitination for Receptor Recruitment
of the ESCRT Machinery
To determine if ZNRF1 modulates EGFR ubiquitination, we
first examined endogenous EGFR ubiquitination following EGF
stimulation. EGF induced EGFR ubiquitination within 5–10 min
in wild type cells. However, EGF-induced EGFR ubiquitination
was markedly diminished in ZNRF1−/− cells (Figure 5A) and
ZNRF1-knockdown A549 cells (Figure 5B). We next performed
an in vitro ubiquitination assay to investigate whether ZNRF1
directly catalyzes EGFR ubiquitination. A recombinant human
EGFR peptide (a.a. 668–1210) containing the cytosolic region
of EGFR was incubated with a recombinant ZNRF1 protein
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FIGURE 3 | ZNRF1 regulates EGFR trafficking. (A) A549 cells expressing shLuc or shZNRF1 shRNA were serum-starved overnight and then stimulated with
100 ng/mL EGF for the indicated times. Cells were co-stained with antibodies against EGFR (red) and EEA1 (green). (B) Quantification of the fraction of EGFR
co-localized with EEA1 at the indicated times. (C) Control and shZNRF1-expressing A549 cells pretreated with 100 µM Chloroquine for 1 h and stimulated with
100 ng/mL EGF for 60 min. Cells were stained with antibodies against EGFR (red) and LAMP1 (green). (D) Quantification of the fraction of EGFR co-localized with
LAMP1 in (C). Data are presented as mean ± SEM, n > 500 puncta from 20 cells for each group. Scale bar, 10 µm; n.s., no significant; **P < 0.01, ***P < 0.001. All
experiments were repeated two times with similar results.

and other essential components for ubiquitination. Our results
show strong poly-ubiquitination of EGFR only in the presence
of wild type ZNRF1, but not the ligase inactive C184A mutant

(Figure 5C). These data indicate that ZNRF1 directly mediates
EGFR ubiquitination in response to EGF stimulation. Given
that CBL is a well-known E3 ubiquitin ligase involved in EGFR
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FIGURE 4 | ZNRF1 zinc domain interacts with EGFR TKD. (A,B) A549 cells expressing empty vector or Flag-ZNRF1 (A) and A549 cells (B) were serum-starved
overnight and stimulated with 100 ng/mL EGF for the indicated times. EGFR was immunoprecipitated with the indicated antibodies. The immunocomplexes as well
as whole cell lysates (WCL) were subjected to immunoblotting with the indicated antibodies. (C) Schematic diagram of full-length ZNRF1 and various deletion
mutants of ZNRF1 with a C-terminal Flag tag. (D) Schematic diagram of full-length and truncated mutants of EGFR with a C-terminal Myc tag. TM, transmembrane
domain; TKD, tyrosine kinase domain. (E) HEK293T cells were co-transfected with Myc-tagged EGFR and Flag-tagged full-length or truncated forms of ZNRF1 for
48 h, and interactions between EGFR and ZNRF1 were assessed by immunoprecipitation and immunoblotting with the indicated antibodies. (F) Flag-tagged ZNRF1
and Myc-tagged full-length or truncated mutants of EGFR were co-expressed in HEK293T cells, and the interactions between EGFR and ZNRF1 were determined
by immunoprecipitation and immunoblotting with the indicated antibodies. Quantification of immunoblotting analysis data of three independent experiments are
shown in the right panels. Results are presented as averages ± SEM. (G) A549 cells were serum-starved overnight and stimulated with 100 ng/mL EGF for the
indicated times. Cells were fixed and co-stained with antibodies against ZNRF1 (red) and EGFR (green), and with DAPI (blue), followed by confocal microscopy.
(H) A549 cells were transfected with Myc-tagged ZNRF1 for 48 h and then subjected to PLA using antibodies against EGFR and Myc. The detected interaction
between ZNRF1 and EGFR is represented by red dots, and DAPI-stained cell nuclei are in blue. Scale bar, 10 µm. The experiment was repeated two times with
similar results. n.s., no significant; *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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FIGURE 5 | ZNRF1 mediates EGF-induced EGFR ubiquitination. (A) Wild type (WT) and ZNRF1−/− (B) shLuc and shZNRF1-expressing A549 cells were
serum-starved overnight and stimulated with 100 ng/mL EGF for the indicated times. EGFR was immunoprecipitated with anti-EGFR antibody, followed by
immunoblotting with anti-ubiquitin and anti-EGFR antibodies. (C) In vitro ubiquitination assays were conducted with bacterially expressed Flag-tagged WT ZNRF1 or
ZNRF1(C184A) mutant together with recombinant ubiquitin, E1, E2 (UbcH5c), and GST-tagged EGFR (a.a. 668–1210) as indicated. The reaction mixtures were
subjected to immunoblotting using antibodies against ubiquitin, GST, and Flag antibodies. (D,E) Wild type, ZNRF1−/−, shCBL, or shCBL-expressing ZNRF1−/−

A549 cells (D), or A549 cells expressing shLuc or shCBL shRNA (E) were serum-starved overnight and stimulated with 100 ng/mL EGF for the indicated times.
EGFR was immunoprecipitated and the immunocomplexes as well as WCL were subjected to immunoblotting with the indicated antibodies. Quantification of
immunoblotting analysis data of three independent experiments are shown in the lower panels. Results are presented as averages ± SEM. n.s., no significant;
*P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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ubiquitination, endocytic trafficking, and degradation (Levkowitz
et al., 1998; de Melker et al., 2001; Duan et al., 2003; Ravid et al.,
2004; Umebayashi et al., 2008), we then investigated whether
both ZNRF1 and CBL were required for EGFR ubiquitination.
We knocked down CBL expression by shRNA in wild type
or ZNRF1−/− A549 cells and examined EGFR ubiquitination
after EGF stimulation. Loss of either CBL or ZNRF1 reduced
EGFR ubiquitination, however EGFR ubiquitination was further
decreased to a negligible level in ZNRF1/CBL double deficient
cells (Figure 5D). Notably, the interaction of EGFR and ZNRF1
was comparable between control and CBL-knockdown cells
(Figure 5E). Similarly, depletion of ZNRF1 did not affect the
association of EGFR and CBL (Supplementary Figure 4). These
data indicate that ZNRF1 may function together with CBL to
mediate EGFR ubiquitination and degradation.

Multiple studies show that during receptor endocytosis,
ubiquitinated EGFR is recognized by ubiquitin binding domain-
containing proteins including HRS and tumor susceptibility gene
101 (TSG101), which are essential components of the ESCRT
machinery (Raiborg and Stenmark, 2009; Eden et al., 2012),
eventually leading to receptor lysosomal targeting. Therefore,
we speculated that reduced EGFR ubiquitination due to ZNRF1
deficiency may decrease its recognition by HRS resulting in
decreased receptor lysosomal sorting. To test this hypothesis,
we examined the co-localization of EGFR with HRS and
TSG101. After ligand stimulation, EGFR showed significantly
decreased co-localization with HRS (Figures 6A,B) and TSG101
(Figures 6C,D) in ZNRF1−/− cells in comparison with wild type
cells. Loss of ZNRF1 did not reduce the protein levels of HRS and
TSG101, indicating that the decreased EGFR-HRS and EGFR-
TSG101 co-localizations in ZNRF1−/− cells was not the result
of protein instability (Figure 6E). In addition, the size of the
EGFR puncta was increased under ZNRF1 deficiency, reflecting
the accumulation of internalized EGFR in early endosomes
(Figure 6F). These results indicate that ZNRF1 modulates EGFR
ubiquitination for recruitment of the ESCRT machinery, thereby
contributing to receptor lysosomal sorting and degradation.

ZNRF1 and CBL Catalyze EGFR
Ubiquitination on Distinct Lysine
Residues Within the TKD of EGFR
Previously, analysis of EGF-induced EGFR ubiquitination
by mass spectrometry revealed that ubiquitinated lysine
residues were located in the TKD of EGFR (Huang et al.,
2006). Interestingly, the specific lysine residues for the CBL-
mediated polyubiquitination have not been identified. To
investigate the differences in EGFR ubiquitination by ZNRF1
and CBL, we sought to identify the acceptor residues for
polyubiquitin chains mediated by these two E3 ubiquitin
ligases. We co-transfected HEK293T cells with EGFR and
ZNRF1 or CBL, and immunoprecipitated EGFR for liquid
chromatography-tandem mass spectrometry analysis. In two
independent analyses, Lys716, Lys757, and Lys860 of EGFR were
identified as acceptor sites for ZNRF1-mediated ubiquitination,
whereas Lys737 was found to be an acceptor site for CBL-
mediated ubiquitination (Supplementary Figure 5 and Table 1).

Due to the fact that the combined lysine residues of EGFR
identified by mass spectrometry as targets of ZNRF1- and
CBL-mediated ubiquitination are fewer than in previous
reports (Huang et al., 2007; Tong et al., 2014), an alternative
approach was used to systematically assess which EGFR lysine
residues were acceptors for the polyubiquitination mediated
by ZNRF1 and CBL, respectively. We first constructed an
EGFR mutant (15KR), in which all 15 lysine residues in
the TKD previously shown to be responsible for ligand-
induced ubiquitination (Huang et al., 2007) were replaced by
arginine (Figure 7A). We then generated a series of EGFR
mutants by reintroducing individual lysine residues into the
EGFR (15KR) mutant, and co-expressed these mutants with
ZNRF1 or CBL in HeLa cells for immunoprecipitation and
ubiquitination analyses. In vivo ubiquitination data revealed
that ZNRF1 promoted polyubiquitination of wild type EGFR
as well as the EGFR mutants K737, K860, K867, and K960
(Figure 7B and Table 1). CBL promoted polyubiquitination
of wild type EGFR as well as the EGFR mutants K713, K716,
K737, and K754 (Figure 7C and Table 1). To further confirm
that these lysine residues were indeed acceptor sites for
ZNRF1- and CBL-mediated ubiquitination, we generated two
EGFR mutants, EGFR (K737R/K860R/K867R/K960R) and
EGFR (K713R/K716R/K737R/K754R), by substituting the
indicated lysine residues with arginine. ZNRF1 did not promote
ubiquitination of EGFR (K737R/K860R/K867R/K960R), whereas
CBL still facilitated its ubiquitination similar to wild type
EGFR (Figure 7D). On the other hand, ubiquitination of EGFR
(K713R/K716R/K737R/K754R) by CBL was attenuated, while
its ubiquitination was still promoted by ZNRF1 as in wild type
EGFR (Figure 7E). Together, these results demonstrate that
ZNRF1 and CBL catalyze ubiquitination of EGFR at distinct
lysine residues.

ZNRF1 Deficiency Increases
Susceptibility to HSV-1 Infection
HSV-1, a highly prevalent pathogen in the human population,
has developed numerous strategies to boost its capability to infect
a broad range of host cells, including multiple entry modes
and alternative receptors (Karasneh and Shukla, 2011). One of
its entry strategies is to induce actin cytoskeleton remodeling
via activation of EGFR signaling in host cells to facilitate viral
entry (Zheng et al., 2014). We assessed whether dysregulated
EGFR signaling caused by ZNRF1 deficiency enhances HSV-1
entry during early infection. HSV-1 infection induced a rapid
activation of AKT and ERK in A549 cells, and the activity
of both kinases was enhanced and prolonged in ZNRF1−/−

cells compared to wild type cells (Figure 8A). Not surprisingly,
EGFR degradation in response to HSV-1 infection was delayed
in ZNRF1-deficient cells (Figure 8B). Next, we examined the
expression of infected cell polypeptide 4 (ICP4), a viral immediate
early gene required for transcription of early and late viral genes
in HSV-1 infected cells (Smith et al., 1993; Lester and DeLuca,
2011). At 8 h post infection, ICP4 signals were significantly
increased in ZNRF1−/− cells, indicating that loss of ZNRF1
increased HSV-1 infectivity (Figures 9A,B). Furthermore, a
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FIGURE 6 | ZNRF1 mediates the recruitment of ESCRT machinery to internalized EGFR. (A–D) Wild type or ZNRF1−/− A549 cells were serum-starved overnight
and stimulated with 100 ng/mL EGF for 0, 5, 10, and 20 min. (A) Cells were co-stained with EGFR (Green) and HRS (Red) antibodies. (B) Quantification of the
fraction of EGFR co-localized with HRS in (A). (C) Cells were co-stained with EGFR (Green) and TSG101 (Red) antibodies. (D) Quantification of the fraction of EGFR
co-localized with TSG101 in (C). (E) Cell lysates from wild type and ZNRF1−/− A549 cells were prepared and the levels of HRS and TSG101 were analyzed by
immunoblotting. (F) Quantification of the size distribution of EGFR puncta in (A). White arrows indicate non-colocalized signals. Scale bar, 10 µm. Data are
presented as mean ± SEM. n > 1000 puncta from at least 50 cells for each group; *P < 0.05; **P < 0.01; ***P < 0.001. All experiments were repeated two to three
times with similar results.

higher viral load was detected in ZNRF1−/− cells infected with
HSV-1 expressing GFP at 48 h post infection in comparison to
wild type cells (Figures 9C–E). Consistent with prolonged EGFR
activation, actin cytoskeleton rearrangement was promoted in
HSV-1-infected ZNRF1−/− cells (Figure 9F). Inhibition of EGFR
kinase activity by EGFR inhibitor Afatinib reduced HSV-1-GFP
signals in ZNRF1−/− cells to the level that is similar to WT
cells (Figure 9G), confirming that increased HSV-1 infectivity
in ZNRF1−/− cells required EGFR activation. Taken together,
these results suggest that ZNRF1 controls EGFR degradation and
activation of its downstream signaling upon HSV-1 infection,
which may contribute to host defense by constraining HSV-
1 infection.

DISCUSSION

Epidermal growth factor receptor signaling is essential for
numerous cellular functions, including cell proliferation,

survival, differentiation, and the immune response (Schlessinger,
2002; Yamashita et al., 2012; Chattopadhyay et al., 2015).
Although EGFR signaling is activated primarily at the
plasma membrane, activated EGFR continues to deliver
downstream signals from the early endosomes (Wang
et al., 2002; Brankatschk et al., 2012; Sousa et al., 2012).
Trafficking of EGFR to MVBs/lysosomes for the degradative
pathway is critical for termination of EGFR signaling.
Ubiquitination of EGFR is essential for EGFR sorting
from the endosomes to MVBs/lysosomes. In this study,
in addition to CBL, we identified an E3 ubiquitin ligase
ZNRF1 that modulates EGFR ubiquitination, leading to
EGFR trafficking to the MVBs/lysosomes for degradation.
ZNRF1 deficiency resulted in decreased ligand-induced
EGFR ubiquitination, thereby increasing endosomal
accumulation of EGFR, leading to prolonged activation of
the downstream pathways and enhanced HSV-1 infectivity.
Our findings reveal ZNRF1 as a novel regulator of the
EGFR signaling pathway that functions together with CBL
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FIGURE 7 | Identification of ubiquitin-modified lysine residues on EGFR mediated by ZNRF1 and CBL in response to EGF. (A) Schematic diagram of EGFR TKD
sequence and its 15 lysine residues. (B–E) HeLa cells were co-transfected with wild type or various EGFR mutants in combination with an empty vector or the E3
ubiquitin ligase ZNRF1 or CBL as indicated for 48 h. Cells were serum-starved and stimulated with 100 ng/mL EGF for 5 min. Ubiquitination of EGFR was examined
by immunoprecipitation with Myc-conjugated agarose, followed by immunoblotting with anti-ubiquitin and anti-Myc antibodies. The experiments in (B,C) were
repeated two times with similar results. Quantification of immunoblotting analysis data of three independent experiments are shown in the left panels of (D,E).
Results are presented as averages ± SEM. n.s., no significant; *P < 0.05, **P < 0.01 (Student’s t-test).

by controlling EGFR ubiquitination, endosomal trafficking,
and degradation.

ZNRF1 was originally identified in injured neurons (Araki
et al., 2001) and later shown to exhibit E3 ubiquitin ligase activity
(Araki and Milbrandt, 2003). Previous studies have demonstrated
that ZNRF1 plays a critical role in Schwann cell differentiation
and Wallerian degeneration by controlling the degradation of
glutamine synthetase and AKT via the ubiquitin–proteasome
pathway, respectively (Saitoh and Araki, 2010; Wakatsuki et al.,
2011). Recently, we found that ZNRF1 modulates the Toll-
like receptor 4-triggered immune response by targeting CAV1
ubiquitination and degradation (Lee et al., 2017). The expression
of CAV1 protein was also elevated in ZNRF1-depleted A549
cells, but increased CAV1 was not sufficient to influence EGFR

degradation triggered by its ligand. Nevertheless, we cannot
rule out the possibility that defective CAV1 ubiquitination and
degradation contributes to ligand-induced EGFR trafficking and
degradation in ZNRF1 deficient cells. Our current findings
unveil a novel function of ZNRF1 by modulating ligand-induced
EGFR ubiquitination and degradation through the lysosomal
degradation system.

Ubiquitination of EGFR is rapidly induced upon EGF
stimulation. Accumulating data show that while EGFR
ubiquitination is dispensable for its internalization, it is crucial
for receptor sorting (Huang et al., 2007, 2013). Prior to this
study, CBL was an key E3 ubiquitin ligase involved in mediating
ligand-induced EGFR ubiquitination and lysosomal degradation,
although two other E3 ubiquitin ligases were recently reported
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TABLE 1 | Summary of ubiquitin-modified lysine residues on EGFR mediated by
ZNRF1 and CBL in response to EGF.

Lysine no. Residues identified by mass
spectrometry

Residues identified by
In vivo ubiquitination assay

708

713 CBL

714

716 ZNRF1 CBL

737 CBL ZNRF1/CBL

739

754 CBL

757 ZNRF1

846

860 ZNRF1 ZNRF1

867 ZNRF1

913

929

960 ZNRF1

970

HEK293T cells were transfected with Myc-tagged EGFR with empty vector, ZNRF1,
or CBL for 48 h. Cell lysates were prepared and subjected to immunoprecipitation
with Myc-conjugated agarose, followed by mass spectrometry to identify the
ubiquitinated residues on EGFR. The table summarizes the lysine residues identified
by mass spectrometry and the in vivo ubiquitination assay described in Figure 7.
The original contributions presented in the study are publicly available. This data
can be found here: [DOI: 10.6019/PXD024279/accession number: PXD024279].

to participate in this events and act downstream of CBL (Smith
et al., 2013). In addition, despite the discovery of CBL decades
ago, its ubiquitin acceptor residues on EGFR have not been
identified. Our findings indicate that ZNRF1 in combination
with CBL regulate EGFR ubiquitination and lysosomal sorting.
Deletion of both CBL and ZNRF1 diminished EGF-induced
EGFR ubiquitination to a negligible level.

To identify the ubiquitination sites on EGFR mediated by
ZNRF1 and CBL, we first immunoprecipitated receptors from
HEK293T cells co-expressing EGFR and CBL or ZNRF1 for
LC-MS analysis, which can assess EGFR ubiquitination on a
proteome-wide level. We only mapped four ubiquitinated lysine
residues on EGFR; Lys716, Lys757, and Lys 860 modulated
by ZNRF1, and Lys737 modulated by CBL. This number is
fewer than previous reported number of ubiquitinated lysine
residues on EGFR (Huang et al., 2007; Tong et al., 2014). It
is possible that low-abundance ubiquitinated EGFR peptides
were missing during LC-MS analysis. We therefore performed
an alternative approach, which was used systematic lysine-to-
arginine mutagenesis in combination with in vivo ubiquitination
assay. This approach allowed us to systematically assess which
lysine residues in EGFR kinase domain were acceptors for
the polyubiquitination mediated by ZNRF1 or CBL. By using
this approach, we identified seven EGF-activated ubiquitin-
conjugated lysine residues on EGFR: Lys737, Lys860, Lys867,
and Lys960 mediated by ZNRF1, and Lys713, Lys716, Lys737,
and Lys754 mediated by CBL. Our results indicate that
ZNRF1 and CBL conjugate ubiquitin moieties to distinct lysine
residues on EGFR. Interestingly, Lys716, Lys737, Lys754, and
Lys867 were previously identified as ubiquitin acceptor sites

FIGURE 8 | ZNRF1 depletion enhances EGFR signaling after HSV-1 infection.
(A) Wild type (WT) and ZNRF1−/− A549 cells were infected with HSV-1
(MOI = 10) for the indicated times. Activation of AKT and ERK was detected
by immunoblotting. Quantification of immunoblotting analysis data of three
independent experiments are shown in the lower panel. *P < 0.05 (Student’s
t-test). (B) Wild type and ZNRF1−/− A549 cells were serum-starved overnight
and infected with HSV-1 (MOI = 15) for the indicated times. The protein levels
of EGFR were detected by immunoblotting, quantified, and compared to
untreated cells after normalization to GAPDH level. Quantification of EGFR
level is shown in the lower panel. The data are representative of three
independent experiments.

on ligand-activated EGFR by mass spectrometry (Huang et al.,
2006). Our findings are in agreement with the idea that the
extent of ubiquitination in the EGFR kinase domain is correlated
with the efficiency of EGFR lysosomal sorting and degradation
(Huang et al., 2007). Nevertheless, based on a previous study
(Huang et al., 2007), we only assessed the possible acceptor sites
within the 15 lysine residues in the EGFR TKD for ZNRF1-
and CBL-mediated ubiquitination in this study. Therefore, we
cannot rule out the possibility that ZNRF1 and CBL may
catalyze ubiquitination on additional lysine residues that are not
located in TKD of EGFR. Moreover, it remains to be determined
whether additional E3 ubiquitin ligases besides ZNRF1 and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 April 2021 | Volume 9 | Article 642625

https://doi.org/10.6019/PXD024279/accession number:~PXD024279
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-642625 April 24, 2021 Time: 18:17 # 13

Shen et al. ZNRF1 Mediates EGFR Ubiquitination

FIGURE 9 | ZNRF1 depletion enhances the entry of HSV-1 into A549 cells. (A) Wild type and ZNRF1−/− A549 cells were infected with HSV-1 (MOI = 8) for 8 h.
Cells were fixed and stained with anti-ICP4 antibody (red) and DAPI (blue). (B) HSV-1 infectivity in (A) was quantified by the percentage of ICP4-positive cells in five
random microscopic fields. Scale bar, 200 µm. ***P < 0.001. (C–E) Wild type and ZNRF1−/− A549 cells were infected with GFP-expressing HSV-1 (MOI = 0.5, 0.8,
or 1.0) for 48 h. (C) Cells were collected and analyzed by fluorescence microscopy. (D) Cell lysates were collected and subjected to immunoblotting using anti-GFP
antibody. Quantification of immunoblotting analysis data of three independent experiments are shown in the lower panel. (E) The titers of HSV-1 in culture medium
from (C) were determined by a plaque assay using Vero cells. (F) Wild type and ZNRF1−/− A549 cells were infected with HSV-1 (MOI = 2) for 2 h. Cells were
co-stained with ICP4 antibody (green) and filamentous actin (F-actin) (red). (G) WT and ZNRF1−/− A549 cells were pretreated with 1 µM Afatinib for 1 h and then
infected with GFP-expressing HSV-1 (MOI = 0.5) for 48 h. Cells were collected and analyzed by fluorescence microscopy. Scale bar, 200 µm. Results are presented
as averages ± SEM. ***P < 0.001 (Student’s t-test). The data are representative of three independent experiments.
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CBL participate in ligand-activated EGFR ubiquitination and
subsequent lysosomal degradation.

Following receptor internalization into the early endosomes,
the ubiquitinated receptor is recognized by the ESCRT
machinery, allowing the cargo receptor to be destined for
lysosomal degradation (Henne et al., 2011). The ESCRT-0
complex contains two ubiquitin-binding proteins, HRS and
signal transducing adaptor molecule, which interact with the
ubiquitinated receptor and initiate its intraluminal sorting.
HRS is recruited to the endosome membrane through its
binding to ubiquitinated proteins via its ubiquitin-interacting
motif (Raiborg et al., 2002; Hirano et al., 2006). Our data
show that a lack of ZNRF1-mediated EGFR ubiquitination
decreased activated EGFR co-localization with HRS, suggesting
reduced recruitment of HRS to ubiquitinated EGFR in the early
endosomes. In addition, perturbations of the interaction between
HRS and TSG101, a component of the ESCRT-I complex, block
lysosomal trafficking of EGFR, leading to an accumulation
of EGFR in the early endosomes (Lu et al., 2003). Moreover,
our findings are consistent with the suggestion that multiple
ubiquitin moieties on EGFR are required for efficient binding
to the ESCRT machinery (Huang et al., 2006; Umebayashi
et al., 2008; Raiborg and Stenmark, 2009). Many studies have
demonstrated that when EGFR fails to bind to HRS, the receptor
becomes trapped in the lining membrane of the endosomes,
reflected by enlarged endosomes without intraluminal vesicles.
In agreement with published data, we observed enlargement
of EGFR-positive endosomes following ligand stimulation in
ZNRF1-depleted cells. Taken together these results suggest that
ZNRF1 mediates ligand-induced EGFR ubiquitination, which is
required for a sufficient sorting signal for the recruitment of HRS.

Casitas B-lineage lymphoma is known to be recruited
to activated EGFR at the plasma membrane upon ligand
stimulation, and the carboxy-terminal domain of EGFR is critical
for this interaction (Levkowitz et al., 1999; Waterman et al.,
2002). We showed that ZNRF1 associates with the TKD of
EGFR, indicating that ZNRF1 and CBL bind different regions
of EGFR. Notably, when and how the ligase activity of ZNRF1
is induced upon EGF treatment remains unclear. A recent study
in neuronal cells showed that under oxidative stress, ZNRF1 is
phosphorylated at its Tyr103 residue by EGFR, which is critical for
its E3 ligase activity (Wakatsuki et al., 2015). Hence, it is possible
that ZNRF1 is phosphorylated by activated EGFR upon EGF
stimulation, thereby allowing it to mediate EGFR ubiquitination,
trafficking, and degradation. Further studies are required to verify
this possibility.

Uncontrolled EGFR signaling is associated with numerous
diseases, including cancer (Roepstorff et al., 2008; Tomas
et al., 2014). In addition, EGFR activation is crucial for
viral entry during HSV-1 infection, which causes a wide
range of symptoms from skin lesions to deadly encephalitis.
Considering the key role of EGFR ubiquitination and endosomal
trafficking in terminating EGFR signaling, ZNRF1 likely acts in
concert with CBL to regulate EGFR-mediated cellular functions.
Further investigations of ZNRF1 function in the spatiotemporal
regulation of EGFR trafficking and signaling may help in the
design of novel therapeutic interventions for the treatment of

diseases caused by uncontrolled EGFR signaling. Furthermore,
HSV-1 has emerged as a promising oncolytic virus for the
killing of cancer (Sokolowski et al., 2015), but infectivity
efficiency of modified oncolytic HSV-1 is the major limiting
factor in the application of oncolytic virus therapy for cancer
treatment (Sanchala et al., 2017). In combination with ZNRF1
interference, which significant increases the infectivity of HSV-
1, it may increase the efficacy of oncolytic virus therapy for the
elimination of cancer.

MATERIALS AND METHODS

Generation of ZNRF1 Knockdown and
Knockout Cells
ZNRF1 knockdown and knockout cells were generated
using lentiviruses-mediated shRNAs transduction and
CRISPR/Cas9/sgRNA system, respectively. Lentivirus production
and transduction were performed following the instructions
provided by the National RNAi Core Facility Platform at the
Institute of Molecular Biology/Genomic Research Center,
Academia Sinica, Taiwan.

Cell Culture and Plasmids
Non-small cell lung cancer A549 and H3255 cells were
maintained in RPMI-1640 (Gibco, Carlsbad, CA, United States)
supplemented with 10% (vol/vol) heat-inactivated fetal bovine
serum (FBS) (Gibco) at 37◦C with 5% CO2. Human embryonic
kidney 293T (HEK293T) and HeLa cells were cultured in
high glucose DMEM (Gibco) containing 10% FBS. Chinese
hamster ovary (CHO) cells were maintained in Ham’s F-12K
(Kaighn’s Modification) (Gibco) containing 10% FBS. Plasmids
encoding full-length ZNRF1 cDNA and deletion mutants were
described previously (Lee et al., 2017). Flag-tagged ZNRF1 was
cloned into the pcDNA3-myc vector (Addgene, Cambridge, MA,
United States). The Myc-tagged EGFR expression construct was
kindly provided by Dr. Ming-Shiue Lee (Institute of Biochemistry
and Molecular Biology, National Taiwan University, Taiwan).
The truncated forms of EGFR, including N-terminal, TKD, TKD
plus C-terminal, and C-terminal, were generated by PCR using
full-length EGFR cDNA as a template and cloned into the
pcDNA3-myc vector (Addgene). The EGFR lysine-to-arginine
substitution mutants were generated by PCR using the Q5 R© site-
directed mutagenesis Kit (New England Biolabs, Ipswich, MA,
United States) following the manufacturer’s instructions.

Reagents and Antibodies
The recombinant human EGF protein and Alexa Fluor 488-
conjugated EGF protein were purchased from Thermo Fisher
Scientific (Boston, MA, United States). Antibodies against
pEGFR Ser1068 (#3777), EGFR (#4267), pAKT Ser473 (#4060),
AKT (#4691), pERK1/2Thr202/Tyr204 (#9101), ERK1/2 (#9102),
CBL (#8447), HRS (#15087), V5-tag (#13202), and Myc-
tag (#2278) were obtained from Cell Signaling Technology
(Danvers, MA, United States). GAPDH (GTX627408) and
TSG101 (GTX70255) antibodies were purchased from GeneTex
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(Irvine, CA, United States). Antibodies against Ubiquitin (P4D1)
(sc-8017), GFP (sc-8334), and LAMP1 (sc-20011) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, United States).
The anti-FLAG M2 affinity gel (A2220) and anti-c-Myc (A7470)
agarose beads were purchased from Sigma-Aldrich (St Louis,
MO, United States). EEA1 (#610456) and GST (#554805)
antibodies was purchased from BD Bioscience (San Jose, CA,
United States). ICP4 (ab6514) antibody was obtained from
Abcam (Cambridge, United Kingdom). Rhodamine phalloidin
(against F-actin) was purchased from Thermo Fisher Scientific
(Boston, MA, United States). The anti-transferrin receptor
monoclonal antibody (H68.4) was a kind gift from Dr. Ya-
Wen Liu (Institute of Molecular Medicine, National Taiwan
University, Taiwan). Antibodies against Flag were generated by
Dr. Sheng-Chung Lee as described previously (Yang et al., 2013).
The generation of the ZNRF1 antibody was described previously
(Lee et al., 2017). EGFR kinase inhibitor Afatinib (ab142018) was
purchased from Abcam (Cambridge, United Kingdom).

shRNA-Mediated Gene Silencing and
Lentiviral Infection
Generation of replication-defective lentiviruses encoding
shRNAs and lentiviral transduction were performed following
the instructions provided by the National RNAi Core Facility
Platform at the Institute of Molecular Biology/Genomic
Research Center, Academia Sinica, Taiwan. In brief, pLKO-
shRNA constructs and the packaging plasmids pMD.G and
pCMVR8.91 were transfected into HEK293T cells using
Turbofect (Fermentas, Schwerte, Germany) according to
the manufacturer’s instructions. The lentivirus-containing
culture medium was collected 48 and 72 h after transfection.
A549 or H3255 cells were infected with lentiviruses in the
presence of 8 µg/mL polybrene (Sigma-Aldrich, St. Louis,
MO, United States) for 24 h, and then selected in medium
containing 2 µg/mL puromycin (Gold Biotechnology,
St Louis, MO, United States) until uninfected cells were
completely killed. The shRNA target sequences were 5′-
CCTCCCTGAGGACACCAAATT-3′ for shZNRF1-298, 5′-TAT
GCCCATGGCAATGGTTAC-3′ for shZNRF1-362, 5′-CAGCT
CGCATAGTGGTTTCAA-3′ for shZNRF1-784, 5′-ACAACGAT
GATGTGCTGACTA-3′ for shZNRF1-875, 5′-GCCGATGTG
AAATTAAAGGTA-3′ for shCBL-694, and 5′-CCAGTGA
GTTGGGAGTTATTA-3′ for shCBL-695.

Generation of ZNRF1 Knockout Cells
Using the CRISPR/Cas9 System
HEK293T cells were transfected with lentiviral packaging
plasmids pMD.G and pCMVR8.91, and CRISPR/sgRNA/puro
expression plasmids encoding sgRNA sequence targeting exon
1 of human ZNRF1. Then the culture medium containing
lentiviruses was collected and used to infect A549 cells for
24 h followed by puromycin selection. The sgRNA target
sequences were 5′-GATTTCGGGCACTACCGGAC-3′ for
sgRNA #1 and 5′-GCATTTCGGGCACTACCGGA-3′ for
sgRNA #2. To verify gene editing in single cell clones,
genomic DNA was purified and subjected to PCR and

DNA sequencing. The primers used for PCR were: forward
primer 5′-TTGACTCCCTCCCCCTTTATGCTCG-3′ and
reverse primer 5′-ATAGGTGGAGTCGGACGCAGACCCT-3′
for clones from sgRNA #1, and forward primer 5′-
TTGACTCCCTCCCCCTTTATGCTCG-3′ and reverse
primer 5′-ATAGGTGGAGTCGGACGCAGACCCT-3′ for
clones from sgRNA #2.

RNA Isolation and Quantitative RT-PCR
(RT-qPCR)
Total cellular RNA was purified using TRIzol RNA Isolation
Reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. One µg of total RNA was then
reverse transcribed to cDNA using the ReverAid H Minus
First Strand cDNA Synthesis kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. 1/20th volume of
the cDNA was mixed with SYBR Green PCR Master Mix
(Thermo Fisher Scientific) to analyze the amount of specific
mRNA. The primer sequences used for RT-qPCR were:
Cyclophilin A (forward 5′-AGGTCCCAAAGACAGCAGA-3′
and reverse 5′-TGTGAAGTCACCACCCTGA-3′), and EGFR
(forward 5′-ACTCATGCTCTACAACCC-3′ and reverse 5′-
CCAATACCTATTCCGTTACAC-3′). The relative EGFR mRNA
expression was obtained by normalizing its qPCR value to the
level of Cyclophilin A mRNA.

Immunoblotting
Cells were lysed in ice-cold lysis buffer containing 50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.5% NP-40, 10% Glycerol, protease inhibitors Aprotinin,
Benzamidine, Pepstatin A, and Leupeptin (Sigma-Aldrich)
and phosphatase inhibitors, sodium orthovanadate and
p-nitrophenyl phosphate (pNPP) (Sigma-Aldrich). Cell extracts
were collected and protein concentrations quantified using the
Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, United States).
Cell lysates were resolved by SDS-PAGE and transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, United States). The membranes were blocked
with 10% non-fat milk in TBST (50 mM Tris-HCl pH 7.6,
150 mM NaCl, 0.05% Tween-20), Blocking One (Nacalai Trsque,
Nakagyo-ku Kyoto, Japan), or 5% BSA (for phosphorylated
protein) for 30 min at 25◦C, and then incubated with the
indicated primary antibody overnight at 4◦C, followed by a
horseradish peroxidase-conjugated secondary antibody (Jackson
ImmunoResearch, West Grove, PA, United States) for 1 h at
25◦C. Immunoreactive signals were detected using Luminata
Western Chemiluminescent HRP substrates (Millipore)
according to the manufacturer’s instructions.

Immunoprecipitation
Cells were lysed in ice-cold lysis buffer containing 150 mM
NaCl, 50 mM Tris-HCl pH 7.5, 2 mM EDTA, 1% Triton
X-100, 0.5% NP-40, 10% Glycerol, protease inhibitors and
phosphatase inhibitors. For immunoprecipitation of ubiquitin-
modified proteins, 20 mM N-ethylmaleimide (Sigma-Aldrich)
was added to the lysis buffer. Cell extracts were incubated
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with anti-FLAG or c-Myc antibody-conjugated agarose beads
at 4◦C for 1.5 h or the indicated primary antibody overnight
at 4◦C followed by a 2 h incubation with Protein A Sepharose
CL-4B (GE Healthcare, Piscataway, NJ, United States). The
immunocomplexes were then subjected to SDS-PAGE followed
by immunoblotting.

Immunofluorescence
Cells were seeded on coverslips and cultured overnight before
treatment. Cells were then fixed with 4% paraformaldehyde
(PFA) (Electron Microscopy Sciences, Hatfield, PA,
United States) in phosphate-buffered saline (PBS) (Gibco)
pH 7.4 at 37◦C for 15 min and permeabilized with 0.25%
Triton X-100 in PBS at room temperature for 15 min,
followed by blocking with 1% BSA in PBST (0.25% Triton
X-100 in PBS) at 25◦C for 30 min. The coverslips were then
incubated with primary antibody overnight at 4◦C, washed
with PBS, and stained with a fluorescent-conjugated secondary
antibody (Jackson ImmunoResearch) at 25◦C for 1 h. After
extensive washings with PBS, the coverslips were mounted
with DAPI Fluoromount-G (SouthernBiotech, Birmingham,
AL, United States) to counterstain cell nuclei. Images were
captured using a Zeiss LSM 700 Confocal microscope and the
co-localization of EGFR with EEA1 and LAMP1 was analyzed
using the ZEN imaging software (Zeiss, Oberkochen, Germany).
The co-localization of EGFR with ESCRT complex protein (HRS
and TSG101) was analyzed using Volocity 3D imaging software
(PerkinElmer, Waltham, MA, United States). Briefly, the images
were subtracted from background and then segmented using the
minimal intensity of each individual organelle marker-labeled
vesicles as the low threshold. The integrated voxel intensity of
EGFR in the segmented image was considered as co-localization
of EGFR with each individual organelle marker-labeled vesicles.
The extent of co-localization was determined as the percentage
of integrated EGFR fluorescence of the segmented image to the
total fluorescence of the same fluorochromes. To quantify the
size of EGFR puncta, the intensities and areas of EGFR signals
were acquired and analyzed by Metamorph software (Molecular
Devices, San Jose, CA, United States).

Proximity Ligation Assay (PLA)
Proximity ligation assays were performed by Duolink In Situ-
Fluorescence Detection Reagent Red (Sigma-Aldrich) according
to the manufacturer’s instructions. In brief, cells were seeded
on coverslips and cultured overnight followed by transfection
of Myc-EGFR expression plasmid for 48 h. Cells were then
fixed, permeabilized, and incubated with the primary antibody
overnight at 4◦C. On the following day, the cells were washed
with PBS and incubated with PLA probes for 1 h at 37◦C.
The cells were then washed twice with buffer A (Sigma-
Aldrich), incubated with ligation mixture for 1 h at 37◦C,
washed twice with buffer A, and incubated in amplification
mixture (Sigma-Aldrich) for 100 min at 37◦C. After three washes
with buffer B (Sigma-Aldrich), the coverslips were mounted
with DAPI Fluoromount-G (SouthernBiotech). Images were
captured using a Zeiss LSM 700 Confocal microscope (Zeiss,
Oberkochen, Germany).

EGFR Internalization and EGFR
Recycling Assays
For the EGFR internalization assay, cells were serum starved
overnight, stimulated with 2 µg/mL Alex Fluor 488-conjugated
EGF (Thermo Fisher Scientific) for the indicated times at 37◦C,
and placed on ice to stop internalization. After three washings
with ice-cold PBS, cells were subjected to an acid wash (0.2 M
acetic and 0.5 M NaCl, pH 2.8) for 5 min at 4◦C. Cells were
then detached from the culture dishes, washed with PBS, and re-
suspended in PBS containing 2% FBS and 0.01% sodium azide,
followed by fixation with 4% PFA in PBS for 20 min. Fixed cells
were analyzed by a BD LSR II flow cytometer (BD Biosciences,
San Jose, CA, United States). For the EGFR recycling assay, cells
were serum starved overnight, and pretreated with 10 µg/mL
cycloheximide for 1 h. All the following steps were performed in
the presence of cycloheximide to inhibit new synthesis of EGFR.
To obtain the total amount of initial internalized EGFR, cells were
stimulated with 2 µg/mL of AF488-conjugated EGF for 15 min at
37◦C, and then washed and fixed with 4% PFA in PBS. To obtain
the amount of recycled EGFR, cells were first stimulated with
1 ng/mL or 100 ng/mL of non-labeled EGF (Peprotech, Rocky
Hill, NJ, United States) for 15 min at 37◦C, rinsed three times with
PBS, and chased for 1 or 2 h to allow EGFR recycling. Cells were
then treated with AF488-conjugated EGF for 15 min, washed,
fixed, and analyzed by flow cytometry to quantify the internalized
EGF uptake by recycled EGFR. The ratio of recycled EGFR was
determined by the total amount of recycled EGFR relative to the
total amount of initial internalized EGFR.

Identification of Ubiquitination Sites by
Liquid Chromatography
(Nanoflow-LC-MS/MS)
To identify the ubiquitination sites of EGFR mediated by ZNRF1
and CBL, EGFR was isolated by SDS-PAGE followed by in-gel
enzymatic digestion with a mixture of trypsin and chymotrypsin.
The digested peptides were analyzed by nanoflow LC-MS/MS on
an LTQ-FT hybrid mass spectrometer (Thermo Fisher Scientific)
equipped with a nano-electrospray ion source (New Objective,
Inc., Woburn, MA, United States) in positive ion mode. The
liquid chromatography system used was the Agilent 1100
HPLC with the Famos Autosampler (LC Packings, Amsterdam,
Netherlands). The digested peptide samples were subjected to
nanoflow-LC-MS/MS as described previously (Chang et al.,
2019). All experimental RAW files were converted to MGF
format by MSConvert (ProteoWizard ver. 3.0.9134) (Chambers
et al., 2012) and then submitted for MS/MS ion search on
Mascot (ver. 2.3) (MatrixScience, Boston, MA, United States).
The protein sequences of Homo sapiens from UniprotKB1 were
used for MS/MS data analysis. The search parameters of error
tolerance of precursor ions and the MS/MS fragment ions in
spectra were 10 ppm and 0.6 Da, respectively. The variable
post-translational modifications of search parameters in Mascot
include ubiquitination of lysine (GlyGly), carbamidomethylation

1https://www.uniprot.org
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of cysteine, the oxidation of methionine, and phosphorylation of
serine/threonine/tyrosine.

Quantification of HSV-1 Infectivity
For determination of HSV-1 entry, cells were seeded on coverslips
and cultured in RPMI-1640 containing 10% FBS overnight. Cells
were infected with HSV-1 at 4◦C for 1 h, and then washed
three times with PBS. After a 8-h incubation at 37◦C, cells were
fixed and subjected to immunofluorescence with the anti-ICP4
antibody. To detect HSV-1 infection, cells were incubated with
GFP-expressing HSV-1 (Elliott and O’Hare, 1999) at 4◦C for 1 h
to allow adsorption, washed three times with PBS, and incubated
at 37◦C for 48 h. Infected cells were imaged by fluorescence
microscopy, and viral titers in culture medium were determined
by a plaque assay on Vero cells. Cell lysates were prepared and
subjected to immunoblotting using anti-GFP antibody.

Statistical Analysis
Results were presented as mean ± SEM. Significant differences
between two groups were assessed by the Student’s t-test.
P-values < 0.05 were considered statistically significant.
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