
ARTICLE

EGFR-RAS-MAPK signaling is confined to the plasma
membrane and associated endorecycling protrusions
Sachin Surve, Simon C. Watkins, and Alexander Sorkin

The subcellular localization of RAS GTPases defines the operational compartment of the EGFR-ERK1/2 signaling pathway
within cells. Hence, we used live-cell imaging to demonstrate that endogenous KRAS and NRAS tagged with mNeonGreen are
predominantly localized to the plasma membrane. NRAS was also present in the Golgi apparatus and a tubular, plasma-
membrane derived endorecycling compartment, enriched in recycling endosome markers (TERC). In EGF-stimulated cells,
there was essentially no colocalization of either mNeonGreen-KRAS or mNeonGreen-NRAS with endosomal EGFR, which, by
contrast, remained associated with endogenous Grb2-mNeonGreen, a receptor adaptor upstream of RAS. ERK1/2 activity was
diminished by blocking cell surface EGFR with cetuximab, even after most ligand-bound, Grb2-associated EGFRs were
internalized. Endogenous mCherry-tagged RAF1, an effector of RAS, was recruited to the plasma membrane, with subsequent
accumulation in mNG-NRAS–containing TERCs. We propose that a small pool of surface EGFRs sustain signaling within the
RAS-ERK1/2 pathway and that RAS activation persists in TERCs, whereas endosomal EGFR does not significantly contribute to
ERK1/2 activity.

Introduction
RAS proteins are membrane-bound small GTPases that act as
molecular switches and cycle between GDP-bound inactive and
GTP-bound active forms (reviewed in Simanshu et al., 2017).
The human genome encodes four isoforms of RAS (HRAS,
KRAS4A, KRAS4B, and NRAS) transcribed from three RAS genes
(HRAS, KRAS, andNRAS, respectively). RAS proteins share a high
degree of sequence homology and display redundant function-
ality with respect to their ability to transform various cell types
and activate similar downstream effectors (Omerovic et al.,
2008). However, RAS proteins also display isoform-specific
functions characterized by differential subcellular localization,
repertoire, and strength of effector interactions; expression
patterns in mouse tissues; and contribution during mouse em-
bryogenesis (Castellano and Santos, 2011; Hood et al., 2019;
Johnson et al., 1997; Karnoub and Weinberg, 2008; Terrell et al.,
2019; Umanoff et al., 1995; Yan et al., 1998). KRAS and other RAS
species are mutated in ∼30% of cancers and are considered to be
major drivers of tumorigenesis (Prior et al., 2020).

RAS proteins are the principal components of MAPK/extra-
cellular receptor-stimulated kinase 1/2 (ERK1/2) and phos-
phoinositide-3-phosphate kinase signaling pathways, which
control cell proliferation, differentiation, survival, and migration
(Karnoub and Weinberg, 2008). Activation of the RAS-ERK1/

2 signaling pathway by the EGF receptor (EGFR) is one of the
most studied signaling processes and is well understood at both
molecular and biochemical levels (Lemmon and Schlessinger,
2010). Upon EGFR activation, an SH2 adaptor, Grb2, com-
plexed with RAS guanine nucleotide exchange factors, SOS1 and
SOS2, is recruited to the receptor, which leads to increased GTP
loading of RAS. GTP-RAS recruits RAF kinases to the membrane
and activates them, which in turn results in the sequential ac-
tivation of downstream kinases, MEK1/2 and ERK1/2 (Widmann
et al., 1999). Ligand-activated EGFR is rapidly internalized and
accumulates in early/sorting endosomes. Whether endosomal
EGFR triggers signaling through the RAS-ERK1/2 pathway and
whether such signaling is necessary for sustained ERK1/2 acti-
vation is unclear. Strong evidence exists for the presence of
EGFR–Grb2 complexes in endosomes (Di Guglielmo et al., 1994;
Fortian and Sorkin, 2014; Oksvold et al., 2000). At the same
time, analyses of the effects of endocytosis inhibitors on EGF-
induced activation of the RAS-ERK1/2 pathway produced con-
trasting results (DeGraff et al., 1999; Galperin and Sorkin, 2008;
Johannessen et al., 2000; Roy et al., 2002; Sousa et al., 2012; Teis
et al., 2002; Vieira et al., 1996; Whistler and von Zastrow, 1999),
and the role of endocytic trafficking in signaling through the
RAS–ERK1/2 axis remains under debate.
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RAS is the most receptor-distal membrane component of this
signaling pathway, and therefore defining the membrane com-
partment(s) where RAS is localized and activated is key to un-
derstanding the spatiotemporal regulation of this pathway. RAS
proteins contain membrane-targeting determinants in their
C-terminal hypervariable regions (HVRs; reviewed in Prior and
Hancock, 2012). The CAAX motif (cysteine [C], two aliphatic
amino acids [AA], and other terminal amino acids [X]) in HVR of
all RAS isoforms is farnesylated. Two or one cysteines in, re-
spectively, HRAS and NRAS are palmitoylated, probably in the
Golgi apparatus, which facilitates their targeting to the plasma
membrane. KRAS4B is not palmitoylated, and its targeting to
the plasma membrane is mediated by the interaction of the
polybasic region in HVR with negatively charged phospholi-
pids. In addition to the plasma membrane, RAS has been de-
tected on endosomes, including those containing EGFR and
Grb2 (Jiang and Sorkin, 2002; Lu et al., 2009; Pol et al., 1998),
Golgi (Chiu et al., 2002), ER (Bivona and Philips, 2003; Chiu
et al., 2002), and even mitochondria (Bivona et al., 2006;
Wolfman et al., 2006). However, the vast majority of studies
have used plasmid-mediated transfection and hence over-
expression methods to study localization of RAS and its mu-
tants. Minimal information is available regarding the subcellular
localization of endogenous RAS proteins in living cells (Pinilla-
Macua et al., 2016).

Tagging endogenous proteins using gene editing has been
shown to be the optimal approach for studying subcellular lo-
calization dynamics of any protein in living cells. Previously, we
found that, in contrast to systems where recombinant HRASwas
overexpressed, endogenous HRAS was not present in EGFR-
containing endosomes (Pinilla-Macua et al., 2016). Given dif-
ferent mechanisms of membrane targeting of RAS isoforms, in
the present study, we analyzed the subcellular localization of
endogenous KRAS and NRAS tagged with mNeonGreen fluor-
escent protein (mNG) using CRISPR/Cas9 gene editing. Live-cell
imaging revealed the predominant localization of KRAS and
NRAS to be at the plasma membrane, as well as the presence of
NRAS in tubular compartments protruding from the plasma
membrane to the pericentriolar juxta-Golgi area and a dramatic
segregation of EGFR complexed with endogenous fluorescently
labeled Grb2 in vesicular endosomes separate from both the RAS
proteins in EGF-stimulated cells. The persistent EGF-induced
recruitment of Grb2 to the plasma membrane and the sensitiv-
ity of ERK1/2 activity to blocking the cell surface EGFR suggested
that the activity of the RAS-ERK pathway is sustained by a small
pool of surface EGFR, which is demonstrated by EGF-induced
translocation of the endogenous fluorescently labeled RAF1 to
the plasma membrane and its tubular protrusions.

Results
Generation and characterization of HeLa cells expressing
endogenous mNG-KRAS and mNG-NRAS
To study the subcellular localization of endogenous KRAS and
NRAS, these proteins were tagged with mNG at their amino-
termini using the CRISPR/Cas9 gene-editing method in HeLa
cells (Fig. 1 A). This subclone of HeLa cells was previously used

in our studies of the localization dynamics of other components
of the EGFR-ERK1/2 signaling pathway (Fortian and Sorkin,
2014; Galperin and Sorkin, 2008; Pinilla-Macua et al., 2016;
Surve et al., 2019). The insertion of mNG into KRAS and NRAS
genes was evident by the presence of mNG fusion proteins and
the absence of untagged KRAS and NRAS in two clones of HeLa/
mNG-KRAS and HeLa/mNG-NRAS cells (Fig. 1, B and C; also see
PCR in Fig. S1, A and B). Furthermore, sequencing of the regions
around the insertion sites showed that there were no unwanted
indels, and the intact reading frame was maintained in clones
from both edited cell lines. Some gene-edited clones showed
slightly higher expression of mNG-KRAS on Western blots as
compared with KRAS in parental cells (Fig. 1, B and C). Such
increased expression, previously observed with endogenous
gene-edited HRAS (Pinilla-Macua et al., 2016), is likely attrib-
uted to an increased stability of amino-terminally tagged RAS
proteins or an altered translation rate. All gene-edited clones
expressed EGFR at the cell surface at levels compared with those
in parental cells (Fig. S1 D). Importantly, the kinetics of ERK1/
2 activation by EGF (4 ng/ml) in gene-edited cells was essentially
similar to that in parental cells (Figs. 1 D and S1 C), indicating
that increased expression of endogenous mNG-KRAS did not affect
signal transduction along the EGFR-ERK1/2 pathway. Altogether,
the data in Figs. 1 and S1 validated the use of gene-edited cell lines
for studying the localization dynamics of endogenous KRAS
and NRAS.

mNG-KRAS and mNG-NRAS are predominantly located on the
plasma membrane
Live-cell 3D imaging using a spinning-disk confocal microscope
demonstrated that mNG-KRAS and mNG-NRAS are localized to
the plasma membrane, often present in filopodia, ruffles, and
lamellipodia (Fig. 1 E). mNG-NRAS was additionally seen con-
centrated in the juxtanuclear region and, in some cells, in
diffraction-limited tubular structures (Fig. 1 E). mNG-KRAS and
mNG-NRAS fluorescence was also detected in vesicular com-
partments throughout the cell periphery and in the perinuclear
area. To estimate the fraction of cellular mNG-tagged RAS pro-
teins associated with the plasma membrane, the cells were
stained with CellMask Deep Red Plasma Membrane Stain
(henceforth called “CellMask”) at RT (20–22°C) or 4°C for
3–45 min to label the plasma membrane and minimize consti-
tutive endocytosis of CellMask-labeled membranes (Fig. 1 E).
Quantification of mNG colocalization with CellMask revealed
that at least 70–75% of total cellular mNG-NRAS and mNG-KRAS
is located on the plasma membrane (Fig. 1 F).

Vesicles detected with the 488-nm channel were present in
mNG-KRAS– and mNG-NRAS–expressing cells (Figs. 2 and 3).
These vesicles frequently contained transiently expressed APPL1
(early endosomes), Rab5 (early and sorting endosomes), Rab7
(late endosomes), and Rab11 and EHD1 (both markers of re-
cycling endosomes). However, using image acquisition param-
eters for detection of mNG-tagged RAS proteins, vesicles with a
similar 488-nm channel fluorescence intensity were seen to be
abundant in parental HeLa cells (Fig. S2). These vesicles were
often colabeled with defined endosomal markers (Fig. S2). A
broad-spectrum autofluorescence endemic to endosomes and
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Figure 1. Generation of HeLa/mNG-KRAS and HeLa/mNG-NRAS cells and predominant plasma membrane localization of mNG-KRAS and mNG-NRAS
in these cells. (A) Schematics of the insertion of the mNG sequence into the endogenous locus in KRAS and NRAS genes. See details in Materials and methods.
(B) Lysates of parental (par) HeLa and single-cell clones of HeLa/mNG-KRAS cells were probed by Western blotting (WB) with KRAS and GAPDH (loading
control) antibodies. (C) Lysates of parental HeLa and single-cell clones of HeLa/mNG-NRAS cells were probed by Western blotting with NRAS and GAPDH
(loading control) antibodies. (D) Parental HeLa cells and clones of HeLa/mNG-KRAS and HeLa/mNG-NRAS cells were serum starved and treated with 4 ng/ml
EGF for the indicated times at 37°C. Cell lysates were electrophoresed and probed byWestern blotting with antibodies to phospho-ERK1/2 (pERK) and ERK1/2.
Examples of blots are shown in Fig. S1. The values of the ratios of pERK1/2 to total ERK1/2 were normalized to maximal values of the ratio in each time course
and plotted against time. The data on the graph plots are mean values with SEMs from three independent experiments. (E) HeLa/mNG-KRAS and HeLa/mNG-
NRAS cells were stained with CellMask at RT for 13min or 4°C for 6 min, respectively. Live-cell imaging was performed through 488-nm (green; mNG) and 640-
nm (red; CellMask) channels. Individual confocal sections are shown. Arrows point to examples of tubular shaped compartments. Scale bars, 10 µm.
(F) Quantification of the fraction of total cellular mNG-KRAS and mNG-NRAS colocalized with CellMask from images in E. Images of cells incubated with
CellMask for 3–13 min at RT or for 3–35 min at 4°C without detectable endocytosis of CellMask were used for quantification. Mean values with SDs are shown
(n = 12 for mNG-KRAS and n = 20 for mNG-NRAS).

Surve et al. Journal of Cell Biology 3 of 22

Localization of endogenous RAS and ERK activation https://doi.org/10.1083/jcb.202107103

https://doi.org/10.1083/jcb.202107103


Figure 2. Live-cell imaging of mNG-KRAS and en-
dosomal markers. HeLa/mNG-KRAS cells were trans-
fected with plasmids expressing mRFP-APPL1, mRFP-Rab5,
CFP-Rab7, and mCh-Rab11. 3 d after transfection, the cells
were imaged through 488-nm (green), 561-nm (red; mRFP
and mCh), 445-nm (red; CFP), and 640-nm (blue; auto-
fluorescence) channels. Merged-channel maximum-intensity
z-projections of two or three consecutive confocal images
are presented. Insets represent high-magnification split-
channel images of the regions marked by white rectangles.
White circles indicate vesicles with 488-nm channel and
endosomal marker fluorescence but lacking significant 640-
nm channel fluorescence (apparent specific colocalization).
Arrows point to examples of vesicles with signals from all
three channels (apparent nonspecific colocalization). Auto-
fluorescence through 561-nm and 445-nm channels was
negligible with image acquisition parameters used for de-
tection of the endosomal markers; therefore, fluorescence
through these channels is considered to be specific. Scale
bars are 10 µm and 5 µm in full images and insets,
respectively.
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lysosomes has been well documented (Tycko et al., 1983).
Therefore, to account for this autofluorescence, images of pa-
rental and mNG-expressing cells through the 640-nm channel
were captured in addition to 488-nm and 561-nm channel im-
ages to detect nonspecific fluorescence as performed in our
previous studies (Surve et al., 2019). Figs. 2 and 3 show that

many vesicles were detected using both 488-nm and 640-nm
channels, suggesting that the vesicular fluorescence detected
through the 488-nm channel is likely the autofluorescence
rather than specific mNG fluorescence. On rare occasions,
however, mNG-KRAS– and mNG-NRAS–labeled vesicles did not
emit detectable nonspecific fluorescence through the 640-nm

Figure 3. Live-cell imaging of mNG-NRAS and endosomal markers. HeLa/mNG-NRAS cells were transiently transfected with plasmids expressing mRFP-
APPL1, mRFP-Rab5, mCh-Rab11, Tomato-EHD1, and GRASP55-mCh. 3 d after transfection, the cells were imaged through 488-nm (green), 561-nm (red; mRFP,
Tomato, and mCh), and 640-nm (blue; autofluorescence) channels. Merged-channel maximum-intensity z-projections of two or three consecutive confocal
images are presented. Insets represent high-magnification split-channel images of the regions marked by white rectangles. White circles indicate vesicles with
488-nm channel and endosomal marker fluorescence but lacking significant 640-nm channel fluorescence (apparent specific colocalization). Arrows point to
examples of vesicles with signals from all three channels (apparent nonspecific colocalization). Tubular structures labeled with mCh-Rab11 and mNG-NRAS are
indicated by dashed parallelograms. Autofluorescence through the 561-nm channel was negligible with image acquisition parameters used for detection of
endosomal markers; therefore, the fluorescence through this channel is considered to be specific. Scale bars are 10 µm and 5 µm in full images and insets,
respectively.
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channel and were colocalized with an endosomal marker (ex-
amples shown in Figs. 2 and 3), suggesting that small pools of
mNG-KRAS and mNG-NRAS were present in vesicular endo-
somes. Importantly, plasma membrane and Golgi complex la-
beled with GRASP55 did not display detectable autofluorescence,
as revealed by imaging through the 640-nm channel (Figs. 2 and
3) and other channels in parental cells (Fig. S2). Therefore,
plasma membrane and Golgi fluorescence detected with the
488-nm channel in gene-edited cells is considered to be mNG
specific.

mNG-NRAS was also frequently localized to diffraction-
limited tubular shaped structures, which occasionally extend
across the entire cell volume from the cell edge (plasma mem-
brane) to the pericentriolar recycling compartment (PRC) la-
beled with mCherry (mCh)-Rab11 in the juxta-Golgi area (Fig. 3).
These tubules were colabeled with mCh-Rab11 in their PRC-
proximal parts and displayed no detectable autofluorescence
(Fig. 3). mNG-NRAS was also colocalized with Tomato-EHD1
(Sharma et al., 2009), mainly in the regions of tubules pro-
ximal to the plasma membrane, although overexpression of
Tomato-EHD1 seemed to have increased membrane tubulation
(Fig. 3). Because mNG-NRAS–containing tubular compartments
appear to originate at the plasma membrane, we tested whether
they are indeed continuous with the plasma membrane by
staining with CellMask at low temperature to minimize endo-
cytosis of CellMask-labeled membranes, as performed in Fig. 1 E.
As shown in Fig. 4 A, CellMask penetrated into tubular com-
partments labeled with mNG-NRAS. By contrast, no specific
vesicular staining with CellMask was detected in these ex-
periments, confirming negligible endocytic trafficking under
temperature-constrained conditions, as would be expected
(Fig. 4). CellMask-labeled tubular structures were also detected
in mNG-KRAS cells, although mNG-KRAS was typically absent
from the structures (Figs. 1 E and 4 B). Moreover, mCh-PH-PLCδ1,
a sensor of phosphoinositol-4,5-bisphosphate (PIP2; Várnai and
Balla, 1998), a lipid that is highly enriched in the plasma mem-
brane (Hammond and Burke, 2020), was colocalized with mNG-
NRAS not only in cell edges and filopodia-rich membrane but also
in the tubular compartments running between the plasma mem-
brane and the Golgi area (Fig. 4 C). In summary, the data in Fig. 4
suggest that mNG-NRAS/Rab11 tubular compartments can indeed
be continuous with both the plasma membrane and the PRC. We
therefore termed these compartments “tubular endorecycling
compartments,” or TERCs.

mNG-KRAS and mNG-NRAS are not detected in EGFR-
containing endosomes
To analyze the subcellular localization of endogenous mNG-
KRAS and mNG-NRAS during EGF stimulation, the gene-edited
and the parental cells were incubated with EGF conjugated to
rhodamine (EGF-Rh; 4 ng/ml), and 3D live-cell imaging was
performed at 37°C through 488-nm (mNG) and 561-nm channels
(EGF-Rh). Autofluorescence was detected by imaging through
the 640-nm channel and used for calculation of the nonspecific
component of 488-nm channel fluorescence in EGF-Rh–containing
endosomes using a spectral unmixing method as previously de-
scribed (Surve et al., 2019).

EGF-Rh rapidly bound to the cell surface, resulting in both
diffuse and clustered distribution after 1–5 min of stimulation
and therefore colocalization of EGF-Rh with mNG-KRAS/mNG-
NRAS proteins in the plasmamembrane (Figs. 5 and 6). This was
followed by a robust accumulation of EGF-Rh in vesicular en-
dosomes, such that the plasma membrane fluorescence of EGF-
Rh became equivalent to background after 15 min of continuous
stimulated endocytosis. At the same time, the pattern of mNG-
KRAS and mNG-NRAS localization upon cell stimulation with
EGF-Rh did not change, resulting in a clear segregation of the
mNG-RAS proteins to the plasma membrane, separate from
endosomal EGF-Rh (Figs. 5 and 6). Quantification of the fraction
of mNG-KRAS/mNG-NRAS colocalized with EGF-Rh demon-
strated an overlap of EGFR and RAS proteins early upon stim-
ulation at the plasma membrane followed by low, if not
negligible, levels of their colocalization after ∼10 min of con-
tinuous EGF-Rh endocytosis (Fig. 7 A).

Although some EGF-Rh–containing endosomes emitted fluo-
rescence through the 488-nm channel (Figs. 5 and 6), virtually
all of these endosomes were detectable with the 640-nm channel
as well, indicative of substantial autofluorescence in these
vesicles. To quantify the specific component of the 488-nm
channel fluorescence, the 488 nm/640 nm ratio of nonspecific
fluorescence was determined in endosomes of parental HeLa
cells stimulated with EGF-Rh. The mean value of this ratio
was then used to estimate the nonspecific component of the
488-nm channel fluorescence in endosomes of mNG-KRAS/
mNG-NRAS–expressing cells. Subsequent quantification of the
specific mNG fluorescence in EGF-Rh–containing endosomes in
cells incubated with EGF-Rh for 5–15 min yielded mean values of
the mNG/Rh ratio that were not statistically different from the
background values measured in parental cells (Fig. 7 B).

To compare the extent of Ras colocalization with EGFR in
endosomes relative to other molecules that are accepted to co-
localize with EGFR in this compartment, we generated HeLa
cells expressing endogenous mNG-labeled Grb2 (Fig. 7 C). Ligand
activation of EGFR resulted in rapid recruitment of Grb2-mNG
to the plasma membrane followed by dramatic accumulation of
EGF-Rh–EGFR–Grb2-mNG complexes in endosomes (Fig. 7 D).
The mean value of the mNG/EGF-Rh fluorescence ratio in en-
dosomes of stimulated HeLa/Grb2-mNG cells measured using
our spectral unmixing method was ∼2.5, which is more than
two orders of magnitude larger than values of the mNG-NRAS/
EGF-Rh ratio (Fig. 7 B). Together, the data in Fig. 7 demonstrate
that endocytosis separates the bulk of EGFR–Grb2 complexes
from KRAS and NRAS, which remain primarily at the plasma
membrane.

ERK1/2 activity is sustained by signaling from cell surface
EGFR and is not affected by the inhibition of endocytosis
We have previously demonstrated that, despite the spatial sep-
aration of EGFR from HRAS, sustained signaling through the
RAS–MEK–ERK axis requires EGFR kinase activity, and we have
proposed that a small number of EGFRs remaining at the plasma
membrane continue to signal during the first hour of EGF
stimulation (Pinilla-Macua et al., 2016). To further test this
hypothesis, the dynamics of the plasma membrane Grb2-mNG
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Figure 4. Detection of CellMask and PIP2 in TERCs in HeLa/mNG-NRAS and HeLa/mNG-KRAS cells. (A) HeLa/mNG-NRAS cells were stained with
CellMask at RT for 8 min (a) or 4°C for 8 min (b) or 21 min (c) and imaged at RT through 488-nm (green; mNG) and 640-nm (red; CellMask) channels. z-Stacks of
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were examined by total internal reflection fluorescence (TIRF)
microscopy after stimulation with EGF. At basal conditions,
Grb2-mNG was detected at the ventral membrane as both small
and large puncta, the latter presumably representing focal ad-
hesion complexes (Schlaepfer et al., 1994). EGF caused rapid
recruitment of Grb2-mNG to the basal plasma membrane, de-
tected as numerous diffraction-limited puncta, which were most
abundant at ∼5 min and gradually depleted to a level that re-
mained slightly higher than the level observed before EGF
stimulation (Fig. 8 B). Importantly, the number of Grb2-mNG
puncta was still significantly higher after 15–20 min of EGF
stimulation than in unstimulated cells, though this puncta count
could have been affected by photobleaching. This observation
suggests there is a pool of EGFR–Grb2 complexes that are ca-
pable of maintaining RAS activity at the plasma membrane and
thus of sustaining ERK1/2 activity beyond the 15-min EGF
stimulation.

To directly test whether a small pool of EGFR–Grb2 com-
plexes at the plasma membrane is responsible for sustained
ERK1/2 activation, surface EGFRs were blocked by cetuximab, a
humanized mouse EGFR mAb that competes with EGF for
binding to EGFR and inhibits its downstream signaling (Kawamoto
et al., 1983; Mandic et al., 2006; Yoshida et al., 2008). A 15-min
cetuximab treatment of parental HeLa cells that had been
stimulated with EGF for 5 or 15 min significantly decreased
MEK1/2 and ERK1/2 phosphorylation (Fig. 8, C–E), suggesting a
major contribution of cell surface EGFR in maintaining MEK1/
2 and ERK1/2 activities for at least the first 30 min of EGF
stimulation. In parallel experiments, immunofluorescence mi-
croscopy revealed that cetuximab binding to cell surface EGFR
for 15 min at 37°C results in internalization of ∼17% receptors as
detected by colocalization of cetuximab with early endosomal
protein EEA.1 (Fig. S3 A), which may serve as part of the mech-
anism by which cetuximab inhibits EGFR signaling through the
RAS-ERK1/2 pathway.

The sensitivity of EGF-induced MEK/ERK activities to ce-
tuximab and the lack of a significant colocalization of RAS with
EGFR in endosomes suggest that endocytosis of EGFR may not
be the major regulator of this signaling process in HeLa cells.
To test whether inhibition of endocytosis affects EGF-induced
ERK1/2 activity, the effects of siRNA knockdown of clathrin
heavy chain (CHC) and a small-molecule Dyngo-4a, treatments
known to inhibit clathrin-mediated endocytosis of EGFR (Huang
et al., 2004; Pinilla-Macua and Sorkin, 2015), on the time course
of ERK1/2 activation were tested. Both treatments strongly (5–10
times) decreased the initial rate of 125I-EGF internalization (first
5–20 min) and substantially delayed accumulation of 125I-EGF in
endosomes (Fig. S3, B and C). Neither CHC depletion nor Dyngo-
4a significantly altered the kinetics of EGF-dependent ERK1/

2 activation, although there was a trend of increased magnitude
of ERK1/2 activation at early time points after EGF stimulation in
CHC-depleted cells (Fig. 8, F and G). These data further indicate
that endocytosis is not essential for signal propagation from
EGFR to ERK1/2 and sustained ERK1/2 activation.

Recruitment of RAF1 to the plasma membrane and TERC
To visualize active Ras in EGF-stimulated cells, we tagged RAF1
with mCh by gene editing in cells expressing endogenous mNG-
NRAS (Fig. 9 A). Because RAF1 is a low-abundance protein (Shi
et al., 2016), detection of endogenous RAF1-mCh required
lengthy image acquisition times and high laser power. This re-
sulted in the detection of substantial vesicular autofluorescence
through the 561-nm channel that was highly colocalized with
vesicles imaged through the nonspecific 640-nm channel, re-
gardless of EGF stimulation (Fig. 9 B). We have previously
shown that a small pool of endogenous RAF1 is transiently re-
cruited to the plasma membrane upon EGF stimulation but that
RAF1 could be stabilized on the plasma membrane (presumably
in a complex with GTP-loaded RAS) in EGF-stimulated cells by
RAF inhibitor sorafenib (Surve et al., 2019). Therefore, mNG-
NRAS/RAF1-mCh cells were stimulated with EGF in the presence
of sorafenib to visualize subcellular localizations of GTP-RAS.
Significant EGF-induced accumulation of RAF1-mCh was ob-
served at the plasma membrane (Fig. 9 C; additional examples
are presented in Fig. S4). RAF1-mChwas also recruited to TERCs;
it was seen in the region of these tubular compartments proxi-
mal to cell edges (“peripheral” plasma membrane) as well as in
the pericentriolar area (Figs. 9 C and S4). These data directly
demonstrate the persistent localization of GTP-loaded RAS at the
plasma membrane and the potential activity of intracellular RAS
concentrated in TERCs and PRCs.

Discussion
This study is the first quantitative imaging analysis of the lo-
calization dynamics of endogenous KRAS and NRAS in living
cells. The fundamental goal was to gain a better understanding
of the spatiotemporal regulation of the EGFR-RAS-ERK1/2 sig-
naling pathway. We have previously defined the subcellular
localization of endogenous HRAS (Pinilla-Macua et al., 2016),
but the distinct mechanisms of membrane targeting of RAS
species and their nonredundant functions in vivo motivated an
unbiased and specific analysis of KRAS and NRAS. Furthermore,
development of CRISPR/Cas9 gene-editing methods facilitated
generation of fluorescent protein knock-in cell lines, which
made it feasible to compare the localization dynamics of en-
dogenous RAS proteins with RAS upstream and downstream
components of this signaling pathway, such as Grb2 and RAF1.

images were obtained at 200-nm steps. Maximum-intensity z-projections of two consecutive confocal images are shown. Examples of colocalization of mNG-
NRAS and CellMask in TERCs are indicated by arrows. (B)HeLa/mNG-KRAS cells were stained with CellMask at 4°C for 15 min (a) and 43min (b) and imaged as
in A. Maximum-intensity z-projections of two consecutive confocal images are shown. Arrows point to a tubular plasma membrane protrusion labeled with
CellMask and lacking mNG fluorescence. (C) HeLa/mNG-NRAS cells were transfected with the plasmid expressing PIP2 sensor mCh-PH-PLCδ1. 3 d after
transfection, live cells were imaged through 488-nm (green; mNG) and 561-nm (mCh-PH-PLCδ1) channels. Single confocal sections are shown. Examples of
colocalization of mNG-NRAS and PIP2 in TERCs are indicated by arrows. Scale bars, 10 µm.
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Figure 5. Localization of mNG-KRAS in EGF-stimulated cells. HeLa/mNG-KRAS cells were serum starved and treated with 4 ng/ml EGF-Rh at 37°C for the
indicated times. 3D live-cell imaging was performed through 488-nm (green), 561-nm (red), and 640-nm (blue; autofluorescence) channels. Fluorescence
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Recombinant overexpressed RAS fusion proteins have been
detected in early, late, and recycling endosomes, including those
containing EGFR and Grb2 (e.g., Jiang and Sorkin, 2002; Lu et al.,
2009; Schmick et al., 2014). Likewise, RAS and receptor tyrosine
kinases were copurified in the endosomal fraction by differen-
tial centrifugation (Howe et al., 2001; Pol et al., 1998), although
whether EGFR and RAS are present in the same endosome is not
possible to prove using this latter methodology. In contrast, in
HeLa cells, which are a commonly used model system to study
EGFR signaling and trafficking because they express physio-
logical levels of EGFR, the endogenous mNG-tagged KRAS and
NRAS, in common with HRAS (Pinilla-Macua et al., 2016), were
found to be predominantly localized to the plasma membrane
(Fig. 1), and their subcellular distribution did not change upon
stimulation with EGF. Only a small pool of endogenous mNG-
KRAS is detected in conventional vesicular endosomes. The pre-
viously reported localization of KRAS to mitochondria (Bivona
and Philips, 2003; Bivona et al., 2006; Hu et al., 2012; Rebollo
et al., 1999) was not observed when imaging endogenous KRAS.
Similarly, no significant presence of endogenous NRAS in ve-
sicular endosomes was observed, regardless of EGF stimulation,
even though NRAS was commonly concentrated to the Golgi
area. In this area, NRAS was partially colocalized with markers
of trans-Golgi (GRASP55) and PRC (Rab11). Although precise
localization of proteins in the “congested” Golgi area is difficult
to define by confocal microscopy due to the high concentration
of membrane compartments in this area, endogenous NRAS
typically displayed significant overlap with GRASP55, a protein
enriched in trans-Golgi/medial Golgi cisternae (Fig. 3). This
differs from the relatively rare detection of overexpressed HA-
tagged NRAS in the trans-cisterna within the Golgi complex by
EM (Lynch et al., 2015).

3D imaging of endogenous mNG-NRAS led us to propose the
existence of an uninterrupted tubular membrane network con-
necting the plasma membrane and the PRC, which we termed
“TERC.” These diffraction-limited tubular shaped structures were
seen as either plasma membrane protrusions or recycling tu-
bules emanating from the Golgi area, but frequently as “tracts”
linking the plasma membrane with the PRC. Morphologically
similar compartments were observed in cells expressing en-
dogenous mVenus-HRAS (Pinilla-Macua et al., 2016). Two lines
of evidence support the plasma membrane origin of TERC
(Fig. 4). First, the tubules were stained with the plasma mem-
brane dye CellMask. Second, these tubular compartments con-
tained PIP2, a phospholipid that is highly enriched in the plasma
membrane. Tubular protrusions from the plasma membrane
have previously been observed in cells overexpressing HRAS
and implicated in clathrin-independent endocytosis (Day et al.,
2015). Although endogenous mNG-NRAS was present in the
TERC in ∼20% of cells at any given time and the fraction of total

mNG-NRAS located in these compartments was relatively small,
the amount of recombinant HRAS in tubular protrusions of the
plasma membrane appeared to be much more substantial (Day
et al., 2015). Importantly, we showed that the recycling Rab,
Rab11a, and EHD1, an ATPase involved in endosomal recycling,
are present in NRAS-containing TERCs that spun from the
plasma membrane to the Golgi area, suggesting that they can be
involved in cargo recycling and anterograde transport to the
plasma membrane. In our previous study, endogenous HRAS
was also seen in TERC labeled with Rab11 in the Golgi-proximal
region and EHD1 in the Golgi-distal region of TERCs (Pinilla-
Macua et al., 2016). Interestingly, enrichment in PIP2 was pre-
viously reported in tubular structures that were classified as
recycling endosomes (Farmer et al., 2021). Thus, we hypothesize
that the TERC network allows bidirectional diffusion-based
transport of proteins and lipids between the plasma mem-
brane and the Golgi area (PRC) as opposed to the conventional
cargo traffic involving membrane carriers shuttling between
donor and target membranes. Because trafficking of palmitoy-
lated RAS isoforms was proposed to be mediated by recycling
endosomes (Misaki et al., 2010), we further speculate that en-
dorecycling nanotubes may be involved in the transport of post-
translationallymodifiedNRAS andHRAS to the plasmamembrane.
It is unclear whether amembrane fission-fusion event is involved
in the communication between TERC and PRC in the juxta-Golgi
area, although, given that both compartments are Rab11 labeled,
the possibility of a continuous lateral membrane diffusion-based
transport seems likely.

Based on live-cell imaging of endogenous components of the
EGFR-ERK1/2 signaling pathway and an inhibitory analysis of
this pathway, we propose a following working model of the
spatiotemporal regulation of this signaling process in cells with
low levels of EGFR expression. Grb2 is recruited from the cytosol
and nucleus to cell surface EGFRs within 1–3 min of EGF stim-
ulation. EGFR–Grb2 complexes are then rapidly internalized,
resulting in their robust accumulation in endosomes observed
after 3–5 min and sustained for at least 1 h. These observations
are based on the first live-cell imaging analysis of endogenous
fluorescent Grb2 (Fig. 7), although endogenous Grb2 and re-
combinant Grb2 have been shown to remain associated with
internalized EGFR using immunofluorescence, live-cell micros-
copy, and subcellular fractionation in various cell types (Di
Guglielmo et al., 1994; Fortian and Sorkin, 2014; Oksvold et al.,
2000; Sorkin et al., 2000). Thus, EGFR–Grb2 complexes, some
presumably associated with SOS, are transiently positioned in
close proximity to RAS while passing through the plasma
membrane during the initial 1–5 min after EGF stimulation,
which correlates with the maximal activation of RAS in HeLa
cells (Pinilla-Macua et al., 2016). Subsequent internalization
of ∼85–90% of EGFR–Grb2 complexes into early and sorting

intensity scales are identical for full-size images at all time points. Individual confocal sections are shown. Insets are the high-magnification/contrast images
corresponding to the regions indicated by white rectangles on merged images. Arrows point to examples of vesicular puncta displaying fluorescence though all
channels (nonspecific colocalization). Arrowheads mark examples of areas of the plasma membrane exhibiting an overlap of fluorescence through 488-nm and
561-nm channels but no autofluorescence (apparent specific colocalization of mNG-KRAS and EGF-Rh). Scale bars are 10 µm and 5 µm in full images and insets,
respectively.
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Figure 6. Localization of mNG-NRAS in EGF-stimulated cells. HeLa/mNG-NRAS cells were serum starved and treated with 4 ng/ml EGF-Rh at 37°C for the
indicated times. 3D live-cell imaging was performed through 488-nm (green), 561-nm (red), and 640-nm (blue; autofluorescence) channels. Fluorescence
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endosomes results in rapid (within 10 min) segregation of these
complexes from all RAS species, which remain mainly localized
at the plasma membrane, and from NRAS and HRAS, which are
also present in PRC, Golgi, and TERC. Such segregation correlates
with the decrease in RAS activity that plateaus at a low level
(10–20% of maximum activity) after 10–15 min of EGF stimula-
tion (Pinilla-Macua et al., 2016). It should be noted that we have
not observed EGF-Rh in TERCs, probably because diffusion of a
large transmembrane cargo, such as ligand-EGFR dimers, from
the plasma membrane into thin tubules of TERCs is inefficient.

Although EGF-induced Grb2 recruitment to the receptor and
maximal RAS activity at 3–5 min after EGF stimulation corre-
lates with the onset of ERK1/2 activation, how the sustained
activity of ERK1/2 is maintained beyond 10–15 min of EGF
stimulation for the next 45–50min and further remains unclear.
Our previous study demonstrated that sustained activity of
ERK1/2 requires EGFR kinase activity even after physical sepa-
ration of HRAS from active EGFR (Pinilla-Macua et al., 2016).
One possibility is that a small amount of RAS is present in ve-
sicular endosomes containing EGFR–Grb2–SOS complexes, but
that this pool is beneath the sensitivity of confocal imaging.
Indeed, because of the substantial autofluorescence of vesicular
endosomes, the sensitivity of detection of endogenous fluo-
rescently tagged proteins in endosomes is somewhat limited.
Although our spectral unmixing approach can be reliably used to
measure the specific localization of adaptors such as Grb2 in
endosomes, it is impossible to formally rule out that several
molecules of RAS are present in each EGFR-containing endo-
some. At the same time, our previous studies of the dynamics of
endogenous RAF1 trafficking, which can be considered as an
endogenous sensor of GTP-loaded RAS, failed to detect signifi-
cant amounts of GTP-loaded RAS in EGFR-containing endo-
somes, even in the presence of sorafenib, which stabilizes RAF at
the membrane, and it was estimated that the presence of more
than three molecules of labeled RAF1 per endosome would have
been detected (Surve et al., 2019). It should also be noted that we
have not been able to detect EGF-induced activation of endog-
enous mNG-tagged RAS using a variety of published fluorescent
GTP-Ras sensors (Misaki et al., 2010; Wiechmann et al., 2020).
This motivated us to generate double-edited cells, which allowed
us to demonstrate that an endogenous sensor of GTP-RAS, mCh-
tagged RAF1, was translocated to the plasma membrane and that
TERC was labeled with mNG-NRAS in the presence of EGF and
sorafenib (Figs. 9 and S4). Interestingly, RAF1-mChwas detected
throughout the TERC, including in regions adjacent to or con-
tinuous with the PRC in cells stimulated with EGF in the pres-
ence of sorafenib for 1 h or longer, indicating the potential
sustained activity of GTP-RAS deep inside the cell (Fig. 9). We
speculate that RAS is initially activated by the EGFR–Grb2–SOS
complex at the peripheral plasma membrane and then can

gradually diffuse into the TERC and reach the PRC. Alterna-
tively, recruitment of RAF1-mCh may be due to local activation
of RAS in the PRC. The Golgi area was previously reported to be
the site of RAS activation via Grb2/SOS-independent mecha-
nisms at late times after cell stimulation (Chiu et al., 2002).
Altogether, our studies of the localization of endogenous HRAS,
KRAS, NRAS, and RAF1 (Pinilla-Macua et al., 2016; Surve et al.,
2019; and the present study) suggest that in the HeLa cell
experimental system, even if RAS activation takes place in
EGFR-containing endosomes, the contribution of this endosomal
signaling to the overall EGF-induced activation of downstream
kinases is expected to be extremely small.

A second possibility is that the sustained signaling to ERK1/
2 is caused by a small pool of ligand-bound EGFR remaining in
the plasma membrane, which is estimated to be ∼2,000–3,000
receptors per cell after 15 min of ligand stimulation (Fig. S3, B
and C). The presence of active EGFRs at the cell surface after
15 min of EGF stimulation, although not readily measurable by
confocal microscopy, is supported by detection of EGFR using
cell surface biotinylation (Pinilla-Macua et al., 2016) and by the
sustained presence of increased levels of Grb2 on the basal cell
membrane detected by TIRF microscopy (Fig. 7). Most impor-
tant, in the present study, the observation that blocking cell
surface EGFR by cetuximab after 15 min of EGF-stimulated
endocytosis caused dramatic down-regulation of MEK1/2 and
ERK1/2 activities (Fig. 8, C–E) provides crucial functional evi-
dence for the role of a noninternalized pool of ligand-bound
EGFRs in maintaining signaling through the RAS–RAF–MEK–ERK
axis from the plasma membrane. Cumulatively, demonstration of
the prominent plasmamembrane localization of endogenous tagged
KRAS,NRAS andHRAS by live-cell imaging, detection of a small but
sustained active (Grb2-bound) EGFR pool at the cell surface and the
effect of cetuximab suggest that cell-surface EGFRs persistently
contribute to signaling along the EGFR-RAS-ERK1/2 pathway.

If the plasma membrane is the site of initiation and mainte-
nance of RAS-ERK signaling and only a few active EGFRs are
sufficient to maintain the signaling, EGFR endocytosis is un-
likely to play a significant role in the signaling mechanism. This
is reinforced by the inhibition of clathrin-mediated endocytosis
using two independent approaches, which did not significantly
affect the time course of EGF-induced ERK1/2 activity (Fig. 8)
and which confirmed that EGFR endocytosis is not an essential
process for EGF-induced ERK1/2 activation in HeLa cells. Fur-
thermore, reduced endocytosis did not result in a significant
increase of the ERK1/2 activity after 20 min or longer of EGF
stimulation, even though a considerable pool of EGFR remained
at the plasma membrane in the absence of efficient endocytosis
(Fig. S3). It is likely that other mechanisms of negative feedback
regulatory signaling control the amplitude and kinetics of the
pathway activation downstream of RAS when endocytosis is

intensity scales are identical for full-size images at all time points. Individual confocal sections are shown. Insets are the high-magnification/contrast images
corresponding to the regions indicated by white rectangles on merged images. Arrows point to examples of vesicular puncta displaying fluorescence though all
channels (nonspecific colocalization). Arrowheads and white circles mark examples of, respectively, areas of the plasma membrane (4 min) and vesicular
puncta (8 and 15 min) exhibiting an overlap of fluorescence through 488-nm and 561-nm channels but no autofluorescence (apparent specific colocalization of
mNG-KRAS and EGF-Rh). Scale bars are 10 µm and 5 µm in full images and insets, respectively.
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attenuated (Buday et al., 1995; Lake et al., 2016). To conclude, it is
important to consider that a “negative” function of endocytosis
(i.e., separation of EGFR–Grb2 complexes from the major pool of
RAS) may not be universally applicable to all cell types. This is
clearly illustrated by contrasting effects of endocytosis in-
hibitors on this signaling pathway in different experimental cell

models (DeGraff et al., 1999; Galperin and Sorkin, 2008;
Johannessen et al., 2000; Roy et al., 2002; Sousa et al., 2012; Teis
et al., 2002; Vieira et al., 1996; Whistler and von Zastrow, 1999).
Future studies of the localization dynamics of endogenous RAS and
RAF in cells of a different origin and with different EGFR expres-
sion levels may uncover important variabilities in the contribution

Figure 7. Quantification of colocalization of mNG-KRAS, mNG-NRAS, and Grb2-mNG with EGF-Rh. (A) The fractions of total mNG-KRAS (two single-cell
clones) and mNG-NRAS (one clone) colocalized with EGF-Rhwere calculated from time course imaging experiments presented in Figs. 5 and 6 and as described
in Materials and methods. (B) Quantifications of the background fluorescence through the 640-nm channel, specific fluorescence intensities of mNG and Rh
through 488- and 561-nm channels, and the ratio of these specific fluorescence intensities (mNG/Rh) in vesicular compartments were performed in 3D images
from time course experiments (5–20-min incubation with EGF-Rh) exemplified in Figs. 5 and 6, as described in Materials and methods. Medians and ranges
(minimum andmaximum values) are shown on box plots. P values for mNG-RAS–expressing clones against parental cells (par_1) were calculated using multiple
comparison ANOVA. The P value for Grb2-mNG against parental cells (par_2) was calculated using Student’s t test. (C) Lysates from parental (Par) HeLa cells
and several Grb2-mNG gene-edited clones were probed with Grb2 and β-actin (loading control) antibodies. All clones were homozygous. (D) HeLa/Grb2-mNG
cells were serum starved and treated with 4 ng/ml of EGF-Rh at 37°C for the indicated times. 3D live-cell imaging was performed through 488-nm (green;
mNG), 561-nm (red; EGF-Rh), and 640-nm (blue; autofluorescence; not shown) channels. Single confocal sections are shown. Scale bars, 10 µm. The images
from 5–20-min time points were used to calculate specific 488-nm fluorescence and the mNG/Rh ratio in B. Parental cells were imaged using the same imaging
parameters used for Grb2-mNG cells for calculations presented in B.
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Figure 8. Sustained signaling from EGFR to ERK1/2 is dependent on the activity of the cell surface pool of EGFR and unaffected by the inhibition of
endocytosis. (A) Serum-starved HeLa/Grb2-mNG cells were imaged by TIRFmicroscopy before and after stimulation with EGF (4 ng/ml) at 37°C. Selected time
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of endocytosis and endosomal signaling in the spatiotemporal
regulation of the EGFR-RAS-ERK1/2 signaling pathway.

Materials and methods
Reagents
Recombinant human EGF was purchased from BD Biosciences.
EGF-Rh was purchased from Molecular Probes. Mouse mAb to
MEK1/2 (catalog no. 4694) and phosphorylated ERK1/2 (catalog
no. 9106), rabbit mAb to phosphorylated MEK1/2 (catalog no.
2338) and rabbit polyclonal to ERK1/2 (catalog no. 9102), rabbit
polyclonal antibody to α-actinin (catalog no. 3134), and rabbit
mAb to GAPDH (catalog no. 2118) were from Cell Signaling
Technology. Mouse mAb to NRAS (sc-31), rabbit polyclonal an-
tibody to Grb2 (sc-255), mouse mAb to GAPDH (sc-47724), and
mouse mAb to β-actin (sc-8432) were from Santa Cruz Bio-
technology. KRAS recombinant rabbit mAb (703345) was pur-
chased from Thermo Fisher Scientific. Secondary antimouse
(catalog nos. 926-32220, 926-32210, and 926-32350) and anti-
rabbit (catalog nos. 926-32211 and 926-68071) IRDye antibodies
were from LI-COR. Mouse mAbs to EEA.1 (E41120) and RAF1
(R19120) were from BD Transduction Laboratories. Goat antihu-
man secondary antibody conjugated to Alexa Fluor 488 (109-545-
098) was from Jackson ImmunoResearch. Cetuximab (humanized
mousemAb to EGFR) was purchased from Sigma-Aldrich (MSQC18)
and MedChemExpress (HY-P9905). Rabbit polyclonal antibody to
CHC (ab21679) was purchased from Abcam. Dyngo-4a was from
Abcam. All oligonucleotides listed in Table 1 were purchased from
Integrated DNA Technologies (IDT). CHC siRNA duplexes were
purchased from Dharmacon. Sorafenib was purchased from Santa
Cruz Biotechnology and stored as 10mMstock solution in DMSO at
−20°C. CellMaskDeep Red PlasmaMembrane Stain (CellMask) and
Lipofectamine transfection reagents were from Thermo Fisher,
whereas jetOptimus transfection reagent was purchased from
Polyplus. PCR and cloning reagents were purchased from New
England Biolabs (NEB).

CRISPR/Cas9 gene editing of HeLa cells to tag proteins
with mNG
To generate cells expressing mNG-KRAS and mNG-NRAS,
gRNAs were synthesized using the GeneArt precision gRNA

synthesis kit (Invitrogen) according to the manufacturer’s in-
structions. gRNA sequences were selected using online algo-
rithms to target regions of KRAS and NRAS genes situated close
to start codons. Forward and reverse single-stranded oligonu-
cleotides were ordered from IDT (Table 1) to generate a DNA
assembly for gRNA by a short PCR that incorporated T7 pro-
moter and the constant region of trans-activating CRISPR RNA.
Using this DNA assembly, in vitro transcription reactions with
nucleoside triphosphate mix and T7 RNA polymerase were
performed at 37°C for 2 h, followed by treatment with DNase I
for 15 min at 37°C to remove contaminating DNA. Finally, gRNAs
were purified using a column provided in the kit. Appropriate
precautions throughout the procedure were taken to avoid
RNase contamination in the final gRNA product. Synthetic
double-stranded donor DNAs, consisting of the mNG sequence
flanked by ∼500 bp of 59 and 39 homology arms, were obtained
from IDT. Donor DNAs were amplified and cloned into a pCR-
BluntII-TOPO plasmid (Invitrogen). The inserts (1.7 kb) were
prepared by EcoRI digestions for transfections. The first round
of transfection was performed using a Neon electroporation
system (Invitrogen). RNP complex was generated in Buffer R
by incubating 1 µg of Platinum Cas9 (Invitrogen) and 0.5 µg of
in vitro transcribed gRNA at RT for 20 min. 5 × 105 HeLa cells
and double-stranded donor were added to the RNP complex
just before the electroporation. The total volume of the mix
was adjusted to 10 µl, and the cells were electroporated at
1,005 V in two pulses of a 35-ms pulse width. The cells were
then allowed to recover and expand. Cells positive for mNG
were sorted using a BD FACSAria III sorter (BD Biosciences)
and underwent the second round of transfection using
Lipofectamine CRISPRMAX Cas9 transfection reagent (In-
vitrogen). To this end, a mixture of 0.5 µg gRNA and 1 µg
purified Cas9 and Cas9-plus reagent was incubated at RT for
10 min in OptiMEM (Invitrogen) to allow the formation of the
RNP complex, followed by the addition of 1 µg donor insert.
3 µl of CRISPRMAX reagent was mixed with the RNP complex,
incubated for 10 min at RT, and added dropwise to cells in a
well of a 12-well plate in 1 ml DMEM (Invitrogen). Similar to
the first round of transfection, mNG-positive cells were sorted
using flow cytometry into 96-well plates to select single-cell
clones. The expression of mNG-fusion proteins was validated

frames before EGF addition and after 5 min and 15min of cell incubation with EGF are shown in the top row. Corresponding images of individual objects defined
as the diffraction-limited puncta are shown in the bottom row. (B) Quantification of the number of Grb2-mNG puncta per FOV in time course sequences
exemplified in A was performed as described in Materials and methods. Mean object numbers per FOV from the last six time points before EGF stimulation
were calculated (EGF-independent background) and subtracted from the object numbers quantitated at each time point after EGF stimulation in corresponding
FOVs. Mean values of background-subtracted object numbers per FOV (n = 3) with SDs are plotted against time. (C) Effect of EGFR inhibition by cetuximab
(Ctxb). Serum-starved parental HeLa cells were stimulated with 1 ng/ml EGF for 5 or 15 min. The cells were either lysed or further incubated with EGF and with
or without cetuximab (5 µg/ml) for an additional 15 min (15 min chase). Lysates were subjected toWestern blotting with pMEK1/2, total MEK1/2, pERK1/2, total
ERK1/2, and EGFR antibodies. (D and E) MEK1/2 (D) and ERK1/2 (E) activities were quantitated from experiments exemplified in C and expressed as the
percentage of the maximum activity after 5 min of EGF stimulation. Bar graphs represent mean values (±SEM) obtained from four independent experiments.
P values against cetuximab-untreated cells were calculated using an unpaired Student’s t test. (F) Parental HeLa cells were transfected with nontargeting (NT)
or CHC targeted siRNAs. 3 d after transfection, the cells were stimulated with EGF (4 ng/ml) for the indicated times at 37°C. The lysates were probed by
Western blotting with pERK1/2, CHC, ERK1/2, and EGFR antibodies. ERK1/2 activity was measured as described in E and expressed as the percentage of the
maximum activity in NT-transfected cells. Mean values with SEMs (n = 3) are plotted against time. (G) Parental HeLa cells were pretreated with vehicle (DMSO)
or Dyngo-4a (30 µM) for 30 min at 37°C and then stimulated with EGF (4 ng/ml) for the indicated times at 37°C. The aliquots of lysates were probed by
Western blotting with pERK1/2, total ERK1/2, and EGFR antibodies. ERK1/2 activity was measured as described in E and expressed as the percentage of the
maximum activity in vehicle-treated cells. Mean values with SEMs (n = 3) are plotted against time.
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Figure 9. Recruitment of endogenous RAF1-mCh– to mNG-NRAS–labeled plasma membrane, TERC, and PRC in double–gene-edited cells. (A) Cell
lysates from parental HeLa, HeLa/mNG-NRAS, and HeLa/mNG-NRAS/RAF1-mCh cells were probed by Western blotting with RAF1 and α-actinin (loading
control) antibodies. (B and C) Live HeLa/mNG-NRAS/RAF1-mCh cells were imaged at 37°C before (B) and after (C) stimulation with 4 ng/ml EGF and sorafenib
(10 µM) through 488-nm (green; mNG), 561-nm (red; mCh), and 640-nm (blue; autofluorescence) channels. Maximum-intensity z-projections of two con-
secutive confocal images are shown. Filled arrows point to examples of colocalization of RAF1-mCh andmNG-NRAS in endorecycling nanotubules and the PRC.
Open arrows indicate the plasma membrane colocalization of mNG-NRAS and RAF1-mCh. Strong vesicular 561-nm channel fluorescence represented auto-
fluorescence as evident by colocalization of vesicles with the puncta detected through the 640-nm channel. Scale bars, 10 µm.
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by Western blotting and DNA sequencing to ensure correct
insertion of mNG.

To insert mNG at the C-terminus of Grb2 protein, two gRNA
target sequences were identified close to the stop codon of GRB2
using online algorithms. The target sequence was cloned in
pSpCas9(BB)-2A-Puro (PX459) plasmid (gift from Feng Zhang,
Broad Institute, Cambridge, MA; Addgene plasmid 62988; Ran
et al., 2013) using the NEBuilder HiFi DNA Assembly kit (NEB).
PX459 plasmid was digested with BbsI. 0.2 µM single-stranded
DNA oligonucleotide (grb2-gRNA_T1 and grb2-gRNA_T2; Table
1), and 50 ng of linearized PX459 were ligated using HiFi DNA
Assembly mix. DH5α Escherichia coli-competent cells were
transformed with 2 µl of the ligation mixture. Positive colonies
containing gRNA were confirmed by restriction enzyme diges-
tion and sequencing. To clone donor DNA for Grb2 gene editing,
59 and 39 homology arms were amplified from HeLa genomic
DNA using primers designed by the NEbuilder algorithm (NEB),

whereas KRAS donor DNA was used as a template to amplify
mNG ORF (Table 1). The PCR amplicons were gel eluted. Easy-
Fusion Halo plasmid (a gift from Janet Rossant, The Hospital for
Sick Children, Toronto, Canada; Addgene plasmid 112850) was
digested with EcoRI and XbaI to remove the Halo insert. Linear
EasyFusion Halo plasmid was used as a backbone for cloning
59HA,mNG, and 39HA in a HiFi DNA assembly ligation reaction.
The ligation mixture was used to transform DH5α E. coli–
competent cells. Positive colonies were confirmed by digestion
and sequencing. The resulting plasmid is denoted as the “Grb2-
mNG donor.” HeLa cells were transfected with PX459 plasmid
containing gRNAs and Grb2-mNG donor using Lipofectamine
3000 at a ratio of 1:3, respectively, and grown with puromycin
(2 µg/ml) for 2 d to enrich for transfected cells. The cells were
then diluted to allow single-cell colony isolation and plated in a
10-cm dish. Colony screening was performed by Western blot-
ting using the Grb2 antibody.

Table 1. gRNAs, sequencing primers, and siRNA

Primer Sequence 59–39 Purpose

Kras_1F 59-TAATACGACTCACTATAGGAATATAAACTTGTGGTAGT-39 Generation of KRAS and NRAS
gRNAsKras_1R 59-TTCTAGCTCTAAAACACTACCACAAGTTTATATTC-39

Kras_2F 59-TAATACGACTCACTATAGAATGACTGAATATAAACTTG-39

Kras_2R 59-TTCTAGCTCTAAAACCAAGTTTATATTCAGTCATT-39

Nras_1F 59-TAATACGACTCACTATAGGACTGAGTACAAACTGGTGG-39

Nras_1R 59-TTCTAGCTCTAAAACCCACCAGTTTGTACTCAGTC-39

Nras_2F 59-TAATACGACTCACTATAGAATGACTGAGTACAAACTGG-39

Nras_2R 59-TTCTAGCTCTAAAACCCAGTTTGTACTCAGTCATT-39

KrasutrF1 59-GCGTCGATGGAGGAGTTTG-39 Sequencing of KRAS and NRAS
clonesKrasR2 59-ACTCTTGCCTACGCCACCA-39

NrasutrF1 59-GGGGAGATCTTTGGAGACAGAA-39

NrasR2 59-TGGGTAAAGATGATCCGACAAGT-39

grb2-RNA_T1 59-ATCTTGTGGAAAGGACGAAACACCGGGTTAGACGTTCCGGTTCACGGGTTTTAGAGCTAGAAATAGCA
AGTT-39

Generation of Grb2 gRNAs

grb2-
gRNA_T2

59-ATCTTGTGGAAAGGACG AAACACCGGGCTTAGACGTTCCGGTTCACGGTTTTAGAGCTAGAAATAGCA
AGTT-39

Grb-HA_f 59-TATCGATAAGCTTGATATCGAGAGGCAGTGTGTAGCCAG-39 Generation of Grb2-mNG donor

Grb-HA_r 59-CTCCTCCTAAGACGTTCCGGTTCACGGG-39

Grb-Neon_f 59-CCGGAACGTCTTAGGAGGAGGAGGATCAG-39

Grb-Neon_r 59-TTGACTCTTACTTGTACAGCTCGTCCATG-39

Grb-3HA_f 59-GCTGTACAAGTAAGAGTCAAGAAGCAATTATTTAAAG-39

Grb-3HA_r 59-CCACCGCGGTGGCGGCCGCTTCTCGAACTCCTGACCTTG-39

mCh-F3 59-ATGGTGAGCAAGGGCGAG-39 Generation of RAF1-mCh donor

mCH-R2 59-CTTGTACAGCTCGTCCATGC-39

mCh_F4 59-CTTGCACGCTGACCACGTCCCCGAGGCTGCCTGTCTTCTTAGGAGGA-39

59-GGAGGATCAGCAGCAGCAATGGTGAGCAAGGGCGAG-39

mCh_R3 59-CTGAAGACAGGTGCAAAGTCAACTACTTGTACAGCTCGTCCATG-39

CHC siRNA 59-GCAATGAGCTGTTTGAAGA-39 CHC knockdown

Underlined sequences correspond to target gRNA sequence.
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To generate double gene-edited HeLa/RAF1-mCh/mNG-
NRAS cells, mCh fragment was amplified from plasmids coding
for mCh-Rab11 using primers mCh_F3 and mCH_R2 (Table 1).
The linker sequence and overlapping sequence were added to
the mCh fragment using primers mCh_F4 and mCh_R2. This
second mCh fragment was used for HiFi DNA assembly. The
backbone vector for HiFi DNA assembly was generated by di-
gestion of pUC18-RAF1 donor (Surve et al., 2019) with AvaI and
HincII restriction enzyme digestion. mCh fragment was cloned
in the backbone vector using HiFi DNA Assembly mix. HeLa/
mNG-NRAS cells were transfected with a PX459 plasmid ex-
pressing RAF1 gRNA 3 (Surve et al., 2019) and RAF1-mCh donor
plasmid using jetOptimus transfection reagent at a ratio of 1:3.
The cells were diluted for single-cell clonal selection and plated
onto a 10-cm plate. The colonies were screened using fluores-
cence microscopic imaging and Western blotting with the RAF1
antibody.

Cell culture and transfections
HeLa cells were grown in DMEMwith 10% FBS (Invitrogen). The
identity of HeLa cells was confirmed by short tandem repeat
profiling. The cells were also tested for mycoplasma contami-
nation using the MycoAlert kit (Lonza).

Parental and gene-edited HeLa cells were transiently trans-
fected with 0.3–0.5 µg of DNA plasmids using Lipofectamine
3000 (Invitrogen) in a 12-well plate. The constructs usedwere as
follows: mRFP-APPL1 (a gift from Pietro De Camilli, Yale Uni-
versity School of Medicine, New Haven, CT; Addgene plasmid
22202), mRFP-Rab5 (Galperin et al., 2004), CFP-Rab7 (Galperin
and Sorkin, 2008), mCh-Rab11a (provided by Dr. Ora Weisz,
University of Pittsburgh, Pittsburgh, PA), Tomato-EHD1 (pro-
vided by Dr. Steve Caplan, University of Nebraska, Omaha, NE),
GRASP55-mCh (provided by Dr. Adam Linstedt, Carnegie Mel-
lon University, Pittsburgh, PA), and pmCH-PH-PLCδ1 (provided
by Dr. Gerry Hammond, University of Pittsburgh, Pittsburgh,
PA). The transfected cells were plated into 35-mm MatTek
dishes (MatTek Corporation) 1 d after transfection and used for
live-cell imaging after 48–72 h.

For RNAi experiments, HeLa parental cells were grown in 35-
mmplates to∼70% confluency. The cells were either transfected
with 20 µM nontargeting control siRNA or CHC-specific siRNA
(Huang et al., 2004) using DharmaFect transfection reagent. On
the next day, the transfected cells were replated into six-well
plates and used for experiments 2 d after transfection.

Spinning-disk confocal microscopy
For live-cell 3D imaging, cells were grown in MatTek dishes. We
used a spinning-disk confocal Marianas system based on the
Zeiss Axio Observer Z1 inverted fluorescence microscope and
CSU-W1 spinning disk, equipped with 405-, 445-, 488-, 515-,
561-, and 640-nm lasers, 63×/1.4 NA oil immersion objective,
an Evolve electron-multiplying charge-coupled device camera,
and piezo-controlled z-step motor, all controlled by SlideBook 6
software (Intelligent Imaging Innovation). The system was also
equipped with an environmental chamber to maintain 37°C and 5%
CO2. Typically, a z-stack of 15 x–y confocal images was acquired at
0.2–0.4-µm steps. SlideBook 6 was used for image analysis.

Measurement of the plasma membrane fractions of
mNG-NRAS and mNG-KRAS
To quantify the amount of mNG-KRAS and mNG-NRAS located
in the plasma membrane, CellMask was added to cell media at
RT or 4°C, and cells in 35-mmMatTek dishes were placed on the
microscope stage for imaging at RT through 640-nm (CellMask)
and 488-nm (mNG) channels. Ice was placed on top of dishes
with 4°C medium during imaging. 3D images were deconvolved
using a No Neighbors algorithm of SlideBook 6. A segment mask
was generated from background-subtracted images to select all
voxels detected through the 640-nm channel (Mask-640). An-
other segment mask was generated with the minimum thresh-
old to include voxels detected through the 488-nm channel (total
mNG-RAS). For both masks, identical threshold parameters
were used for experimental variables. A “colocalization” mask
was then generated to select voxels overlapping in Mask-640
and mNG-RAS masks. The sum fluorescence intensity of the
488-nm channel in the colocalization mask was divided by the
sum fluorescence intensity of the mNG-RAS in each field of view
(FOV) to calculate the fraction of total cellular mNG-RAS colo-
calized with CellMask.

Measurement of the fraction of mNG-RAS colocalized with
EGF-Rh
To quantify the amount of mNG-KRAS and mNG-NRAS colo-
calized with EGF-Rh, 3D images of cells stimulated with EGF-Rh
were deconvolved using a No Neighbors algorithm of SlideBook
6. A segment mask was generated from background-subtracted
images to select voxels detected through the 561-nm channel
(Mask-561). Another segment mask was generated with the
minimum threshold to include all voxels detected through the
488-nm channel (total mNG-RAS). For both masks, identical
threshold parameters were used for experimental variables. A
“colocalization” mask was then generated to select voxels over-
lapping in Mask-561 and mNG-RAS masks. The sum fluorescence
intensity of the 488-nm channel in the colocalization mask was
divided by the sum fluorescence intensity of the mNG-RAS in
each FOV to calculate the fraction of total cellular mNG-RAS co-
localized with EGF-Rh.

Measurement of the ratio of fluorescence intensities of mNG
and EGF-Rh in endosomes
The ratio of EGF-Rh and mNG-labeled proteins in endosomes
was calculated using spectral unmixing as described previously
(Surve et al., 2019). Parental HeLa, HeLa/mNG-KRAS, HeLa/
mNG-NRAS, and HeLa/Grb2-mNG cells grown inMatTek dishes
were placed on the microscope stage, and 3D images were ac-
quired before and after cell stimulation with EGF-Rh at 37°C
through 488-nm, 561-nm, and 640-nm channels for 20–25 min.
The image acquisition parameters were kept constant for all
variants in the same experiment.

To analyze images of mNG-N/KRAS–expressing cells, a seg-
ment mask 1 was created to select vesicles positive for 561-nm
fluorescence using a low-intensity threshold of 4,000 arbitrary
linear units of fluorescence intensity (a.l.u.f.i.). Objects smaller
than 4 voxels were eliminated from this mask. In cells incubated
with EGF-Rh for >10 min, mask 1 predominantly selects vesicles
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containing EGF-Rh–EGFR complexes as well as autofluorescent
vesicles in parental cells. Mask 2 was generated by dilation of
individual objects inmask 1 by two voxels in three dimensions to
measure background for mask 1 objects. Another segment, mask
3, was created to select voxels with 488-nm channel fluores-
cence using a low-intensity threshold of 4,000 a.l.u.f.i. Objects
<200 voxels were eliminated in this mask. This mask pre-
dominantly selects plasma membrane mNG-KRAS/mNG-NRAS
(which is often a single object or several continuous objects in
each cell) and mNG-NRAS in the Golgi area. Mask 3 does not
include EGF-Rh–containing vesicles, because the intensity of
488-nm channel fluorescence in these vesicles is <4,000 a.l.u.f.i.
Next, “561endo” and “Dil-561endo” masks were generated by
subtracting mask 3 from mask 1 and mask 2, respectively, to
eliminate voxels overlapping with the plasma membrane and
bright Golgi area fluorescence. Mask 561endo was subtracted
from Dil-561endo mask to generate the background mask (Back-
561endo). Finally, mean intensities of the Back-561endo mask in
each channel were subtracted frommean intensities of the same
channels in the 561endo mask to calculate mean background-
subtracted intensities (I488, I561, and I640) of each channel
per a FOV depicting multiple cells.

Mean values of the ratio of “488/640” were first calculated
frommultiple FOVs in parental cells to obtain the autofluorescence
correction coefficient (kauto). Mean values of kauto were 1.36 and
1.32 in two independent experiments. kauto was used to calculate
the autofluorescence component (I488auto) of the I488-channel
fluorescence measured in mNG-KRAS/mNG-NRAS–expressing
cells in each FOV using the equation I488auto = kauto × I640.
I488auto was then subtracted from I488 to obtain a mean specific
fluorescence intensity of mNG. I561 channel fluorescence in
endosomes of cells incubated with EGF-Rh for ≥10 min was
considered to be the specific Rh fluorescence. The mNG/Rh ratio
in endosomes was calculated as the ratio of mean intensities of
mNG and I561 per FOV.

The mean values of the mNG/Rh ratio were calculated in
HeLa/Grb2-mNG cells stimulated with EGF-Rh as described
above for calculations in mNG-KRAS/mNG-NRAS images, ex-
cept that mask 3 was not generated, because high intensity of
Grb2-mNG fluorescence in endosomes compared with that in
the cytoplasm eliminated the need for excluding nonendosomal
objects from mask 1 and mask 2. Mask 1 was directly subtracted
from Mask 2 to generate the background mask (Back-561endo).
Mean intensities of Back-561endo mask in each channel were
subtracted from mean intensities of the same channels in mask
1 to calculate mean background-subtracted intensities in each
channel (I488, I561, and I640) per a FOV depicting multiple cells.

TIRF microscopy
Time lapse TIRF microscopic imaging of serum-starved HeLa/
Grb2-mNG cells was performed in 35-mmMatTek dishes before
and during EGF stimulation using a Nikon Eclipse Ti inverted
microscope (Nikon), a 100×/1.49 NA oil-immersion objective,
a Photometrics 95B camera, an ILAS2 ring TIRF illuminator
(Gataca Systems), and an Oxxius laser launch (Oxxius) through
a 488-nm laser channel at 37°C and 5% CO2 in starvation me-
dium. Images were acquired every 60 s for 15 min before EGF

stimulation, every 30 s 10 min after EGF stimulation, and then
every 60 s for 30 min. Image analysis was performed using
Nikon Elements software. An intermediate 1.5× magnification
changer was used to slightly oversample diffraction-limited
spots (200 nm) with the 11-µm pixel 95B camera. The
diffraction-limited spot was therefore sampled at slightly
over Nyquist frequency (at least 3 pixels/resolvable ele-
ment). Diffraction-limited spots were defined by baseline in-
tensity and size using the “spot” function in NIS-Elements; no
downstream processing or enhancement of the raw datasets was
performed. The total number of diffraction-limited objects of
mNG was quantitated for three FOVs at each time point. Using
the Ring TIRF illuminator ensures very flat TIRF illumination
and image collection over much of the imaged area; however,
image fields were restricted to identical confluent plan areas for
each of the FOVs.

Immunofluorescence staining and colocalization analysis
Cells grown on glass coverslips were incubated with cetuximab
at 37°C, fixed in freshly prepared 4% PFA for 15 min, per-
meabilized in 0.1% Triton X-100 in calcium- and magnesium-
free (CMF)-PBS/0.1% BSA for 5 min, and then incubated for 1 h
at RT with Alexa Fluor 488–conjugated goat antihuman IgG
secondary antibodies (1:1,000) and mouse EEA.1 mAb (1:500) in
CMF-PBS/0.1% BSA. EEA.1 antibody was detected using cyanine
3–conjugated donkey antimouse secondary antibody (1:500).
Finally, samples were washed and mounted in ProLong Gold
antifade reagent (Invitrogen) and 3D imaged through 488-nm
and 561-nm laser channels using a spinning-disk confocal mi-
croscopy system. To quantify the amount of cetuximab-occupied
EGFR localized in early endosomes (EEA.1-positive), 3D images
of cetuximab-incubated cells were used to generate a segment
mask to select EEA.1 endosomes detected through the 561-nm
channel (EEA.1 mask). Another segment mask was generated
with the minimum threshold to include total cetuximab fluo-
rescence detected through the 488-nm channel (cetuximab
mask). For both masks, identical threshold parameters were
used for all images. The sum fluorescence intensity of the 488-
nm channel in the EEA.1 mask was divided by the sum fluo-
rescence intensity of the 488-nm channel in the cetuximabmask
in each image to calculate the fraction of total cellular EGFR
located in EEA.1-containing endosomes per FOV, each depicting
6–15 cells.

Western blot analyses
For detection of protein expression in gene-edited cells and
siRNA knockdowns, the cells grown in full media were washed
with cold CMF-PBS and lysed in TGH buffer (1% Triton X-100,
10% glycerol, 50 mM Hepes, 2 mM EGTA, phosphatase and
protease inhibitors) for 10 min at 4°C. The lysates were pre-
cleared by centrifugation at 16,000 × g at 4°C for 10 min and
denatured by heating in a sample buffer for 5 min at 95°C. To
detect RAS and RAS fusion proteins, the lysates were separated
by SDS-PAGE (12% polyacrylamide gels) and transferred to ni-
trocellulose paper. Western blotting was performed as described
(Surve et al., 2019), and blots were imaged using an Odyssey
scanner (LI-COR).

Surve et al. Journal of Cell Biology 19 of 22

Localization of endogenous RAS and ERK activation https://doi.org/10.1083/jcb.202107103

https://doi.org/10.1083/jcb.202107103


To measure MEK1/2 and ERK1/2 phosphorylation, cells were
serum starved overnight. Upon stimulationwith EGF, the cells were
washed with cold CMF-PBS and lysed as described above. The ly-
sates were electrophoresed on 4–15% Criterion TGX precast gels
(Bio-Rad Laboratories). The blots were probed with antibodies
against total and phosphorylated MEK1/2 and ERK1/2. Blots were
imaged using an Odyssey scanner and quantitated using LI-COR
software. MEK1/2 and ERK1/2 activities were calculated as the ratio
of the amount of the phosphorylated protein to the amount of total
protein normalized to the maximum value of phosphorylated/total
protein ratios in each individual time course experiment.

125I-EGF binding and internalization assays
Mouse receptor grade EGF was 125I conjugated, and 125I-EGF
binding and internalization assays were performed as described
(Sorkin and Duex, 2010). Briefly, the number of surface EGFRs
was measured in confluent cells grown in 12-well plates by in-
cubating with 20 ng/ml 125I-EGF at 4°C for 1 h, followed by
washes. The cells were solubilized in 1 N NaOH, and the amount
of radioactivity was normalized to the amount of protein per
well. The background signal was measured in the presence of
1 µg/ml unlabeled EGF. For internalization assays, confluent cells
in 12-well plates were incubated with 125I-EGF for 5–60 min at
37°C in the absence or presence of unlabeled EGF (125-fold excess
to estimate the background binding). When indicated, cells were
pretreatedwith DMSO or Dyngo-4a for 30min in DMEM (without
BSA), and 125I-EGF was applied in the same media supplemented
with 0.1% BSA. Endocytosis was stopped by washing with ice-cold
DMEM, and surface-bound 125I-EGF was stripped by 5-min incu-
bation with ice-cold 0.2 M sodium acetate buffer (pH 2.8). Cells
were then lysed in 1 N NaOH to determine the amount of inter-
nalized 125I-EGF. After background subtraction, the amounts of
surface and internalized 125I-EGF per well and the ratio of inter-
nalized and surface 125I-EGF were plotted against time.

Statistics
All statistical analyses were performed using GraphPad Prism
software (GraphPad Software). For comparisons of two groups,
an unpaired Student’s t test was used. For multiple comparison
analyses, one-way ANOVA followed by Tukey’s or Fisher’s least
significant difference multiple comparison test was used. Dif-
ferences were considered significant when the P value was
<0.05, with the specific P values shown in the figures.

Online supplemental material
Fig. S1 depicts the characterization of the properties of gene-
edited HeLa cells, including the comparison of cell surface
EGFR levels. Fig. S2 demonstrates detection of the auto-
fluorescence in endosomal compartments of parental HeLa cells.
Fig. S3 shows effects of CHC siRNA and Dyngo-4a on the time
course of 125I-EGF binding and internalization in HeLa cells. Fig.
S4 shows additional examples of TERCs.
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Agell, T. Nakamura, M. Matsuda, and O. Bachs. 2009. A clathrin-
dependent pathway leads to KRas signaling on late endosomes en
route to lysosomes. J. Cell Biol. 184:863–879. https://doi.org/10.1083/jcb
.200807186

Lynch, S.J., H. Snitkin, I. Gumper, M.R. Philips, D. Sabatini, and A. Pellicer.
2015. The differential palmitoylation states of N-Ras and H-Ras deter-
mine their distinct Golgi subcompartment localizations. J. Cell. Physiol.
230:610–619. https://doi.org/10.1002/jcp.24779

Mandic, R., C.J. Rodgarkia-Dara, L. Zhu, B.J. Folz, M. Bette, E. Weihe, A.
Neubauer, and J.A. Werner. 2006. Treatment of HNSCC cell lines with
the EGFR-specific inhibitor cetuximab (Erbitux) results in paradox
phosphorylation of tyrosine 1173 in the receptor. FEBS Lett. 580:
4793–4800. https://doi.org/10.1016/j.febslet.2006.07.064

Misaki, R., M. Morimatsu, T. Uemura, S. Waguri, E. Miyoshi, N. Taniguchi,
M. Matsuda, and T. Taguchi. 2010. Palmitoylated Ras proteins traffic
through recycling endosomes to the plasma membrane during exocy-
tosis. J. Cell Biol. 191:23–29. https://doi.org/10.1083/jcb.200911143

Oksvold, M.P., E. Skarpen, B. Lindeman, N. Roos, and H.S. Huitfeldt. 2000.
Immunocytochemical localization of Shc and activated EGF receptor in
early endosomes after EGF stimulation of HeLa cells. J. Histochem. Cy-
tochem. 48:21–33. https://doi.org/10.1177/002215540004800103

Omerovic, J., D.E. Hammond, M.J. Clague, and I.A. Prior. 2008. Ras isoform
abundance and signalling in human cancer cell lines. Oncogene. 27:
2754–2762. https://doi.org/10.1038/sj.onc.1210925

Pinilla-Macua, I., and A. Sorkin. 2015. Methods to study endocytic trafficking
of the EGF receptor. Methods Cell Biol. 130:347–367. https://doi.org/10
.1016/bs.mcb.2015.05.008

Pinilla-Macua, I., S.C. Watkins, and A. Sorkin. 2016. Endocytosis separates
EGF receptors from endogenous fluorescently labeled HRas and di-
minishes receptor signaling to MAP kinases in endosomes. Proc. Natl.
Acad. Sci. USA. 113:2122–2127. https://doi.org/10.1073/pnas.1520301113

Pol, A., M. Calvo, and C. Enrich. 1998. Isolated endosomes from quiescent rat
liver contain the signal transduction machinery. Differential distribu-
tion of activated Raf-1 and Mek in the endocytic compartment. FEBS
Lett. 441:34–38. https://doi.org/10.1016/S0014-5793(98)01517-8

Prior, I.A., and J.F. Hancock. 2012. Ras trafficking, localization and com-
partmentalized signalling. Semin. Cell Dev. Biol. 23:145–153. https://doi
.org/10.1016/j.semcdb.2011.09.002

Prior, I.A., F.E. Hood, and J.L. Hartley. 2020. The frequency of Ras mutations
in cancer. Cancer Res. 80:2969–2974. https://doi.org/10.1158/0008-5472
.CAN-19-3682

Ran, F.A., P.D. Hsu, J. Wright, V. Agarwala, D.A. Scott, and F. Zhang. 2013.
Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8:
2281–2308. https://doi.org/10.1038/nprot.2013.143
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Figure S1. Characterization of HeLa/mNG-KRAS and HeLa/mNG-NRAS cells and the comparison of surface EGFR levels in gene-edited HeLa cell
clones. (A and B) Genomic DNAs from parental and gene-edited HeLa cells were isolated using the Wizard genomic DNA purification kit (Promega).
100–200 ng of genomic DNA was used for the PCRs. (A) Genomic DNAs amplified using primers NrasutrF1 and NrasR2 (Table 1). Expected size of a single PCR
product is 535 bp and 1,270 bp in parental and homozygous clones, respectively, and two amplicons of 535 and 1,270 bp in heterozygous clones. (B) Genomic
DNAs amplified using primers KrasutrF1 and KrasR2 (Table 1). Expected size of a single PCR product was 280 bp and 1,015 bp in parental and homozygous
clones, respectively, and two amplicons of 280 and 1,270 bp in heterozygous clones. Bands of interest are marked by asterisks. (C) Representative Western
blots out of three experiments used to compare ERK1/2 activity in parental HeLa and tagged cell lines in Fig. 1. Parental HeLa, HeLa/mNG-KRAS, and HeLa/
mNG-NRAS cells were serum starved and treated with 4 ng/ml EGF for 0–60 min at 37°C. Cell lysates were electrophoresed and probed by Western blotting
with pERK1/2 and total ERK1/2 antibodies. (D) Binding of 125I-EGF to parental and gene-edited HeLa cell clones. Confluent serum-starved cells grown in 12-well
dishes were incubated with 20 ng/ml 125I-EGF at 4°C for 1 h, and the amount of cell-associated radioactivity was measured as described in Materials and
methods. Bar graphs represent mean cpm values with SDs (n = 3–6) normalized to that value in parental HeLa cells (parental cells have ∼50,000 125I-EGF
binding sites per cell).
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Figure S2. Live-cell imaging of parental HeLa and endosomal markers. HeLa cells were transfected with plasmids expressing mRFP-APPL1, mRFP-Rab5,
and CFP-Rab7. 3 d after transfection, the cells were imaged through 488-nm (green), 561-nm (red; mRFP), 445-nm (red; CFP), and 640-nm (blue; auto-
fluorescence) channels using image acquisition parameters identical to those used in Figs. 2 and 3. Merged-channel maximum-intensity z-projections of two or
three consecutive confocal images are presented. Insets represent high-magnification/contrast split-channel images of the regionsmarked by white rectangles.
Arrows point to examples of vesicles with signals from three channels (nonspecific colocalization). Autofluorescence through 561-nm and 445-nm channels
was negligible with image acquisition parameters used for detection of corresponding endosomal markers; therefore, fluorescence through these channels is
considered to be specific. Scale bars, 10 µm.
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Figure S3. Effects of cetuximab, CHC siRNA, and Dyngo-4a on EGFR endocytosis. (A) Serum-starved parental HeLa cells were stimulated with 1 ng/ml
EGF for 15 min and incubated with 5 µg/ml cetuximab (Cxb) for an additional 15 min at 37°C followed by fixation and detection of cetuximab-occupied EGFRs by
antihuman secondary antibodies conjugated with Alexa Fluor 488. Cells were colabeled with EEA.1 antibody detected by antimouse cyanine 3–conjugated
secondary antibody. 3D images were acquired through the 488-nm (green; cetuximab) and 561-nm (red; EEA.1) channels. Representative single confocal
section images are shown to demonstrate predominantly plasma membrane fluorescence of cetuximab and some vesicular colocalization with EEA.1. Scale bar,
10 µm. Calculation of the percentage fractionation of total cell-associated cetuximab colocalized with EEA.1 was performed as described in Materials and
methods. Mean value of the percentage fractionation with SDs (n = 12 fields of view) is indicated under the images. (B) Cells transfected with nontargeting (NT)
or CHC siRNAs were incubated with 125I-EGF for 5–60 min at 37°C. Surface-bound and internalized 125I-EGF were measured. Background-subtracted amounts
of surface and internalized 125I-EGF per well and the ratio of internalized and surface 125I-EGF were calculated and plotted against time. Each data point is a
mean value of a duplicate with SDs. SDs are not visible if they are smaller than markers. Note that the amount of internalized 125I-EGF in NT transfected cells
may be underestimated due to fast endocytosis leading to 125I-EGF lysosomal degradation. (C) Cells were pretreated with DMSO or Dyngo-4a for 30 min in
DMEM (without BSA), and 125I-EGF was applied in the same media supplemented with 0.1% BSA. Surface-bound and internalized 125I-EGF were measured.
Background-subtracted amounts of surface and internalized 125I-EGF per well and the ratio of internalized and surface 125I-EGF were calculated and plotted
against time. Each data point is a mean value of a duplicate with SDs, except for a 60-min point, which is averaged from quadruplicates. SDs are not visible if
they are smaller than markers. Note that the amount of internalized 125I-EGF in vehicle-treated cells may be underestimated due to fast endocytosis leading to
125I-EGF lysosomal degradation.
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Figure S4. Recruitment of endogenous RAF1-mCh to mNG-NRAS–labeled plasma membrane and TERC in double–gene-edited cells (additional to
Fig. 9). Live HeLa/mNG-NRAS/RAF1-mCh cells were imaged at 37°C before and after stimulation with 4 ng/ml EGF and sorafenib (10 µM) through 488-nm
(green; mNG) and 561-nm (red; mCh) channels. Maximum-intensity z-projections of two consecutive confocal images are shown. Arrows point to examples of
colocalization of RAF1-mCh and mNG-NRAS in TERCs. Scale bars, 10 µm.
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