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The formation of multivesicular endosomes (MVEs) mediates the
turnover of numerous integral membrane proteins and has been
implicated in the down-regulation of growth factor signaling, thereby
exhibiting properties of a tumor suppressor. The endosomal sorting
complex required for transport (ESCRT) machinery plays a key role in
MVE biogenesis, enabling cargo selection and intralumenal vesicle
(ILV) budding. However, the spatiotemporal pattern of endogenous
ESCRT complex assembly and disassembly in mammalian cells remains
poorly defined. By combining CRISPR/Cas9-mediated genome editing
and live cell imaging using lattice light sheet microscopy (LLSM), we
determined the native dynamics of both early- and late-acting ESCRT
components at MVEs under multiple growth conditions. Specifically,
our data indicate that ESCRT-0 accumulates quickly on endosomes,
typically in less than 30 seconds, and its levels oscillate in a manner
dependent on the downstream recruitment of ESCRT-l. Similarly,
levels of the ESCRT-I complex also fluctuate on endosomes, but its
average residency time is more than fivefold shorter compared with
ESCRT-0. Vps4 accumulation is the most transient, however, suggest-
ing that the completion of ILV formation occurs rapidly. Upon addition
of epidermal growth factor (EGF), both ESCRT-l and Vps4 are retained
at endosomes for dramatically extended periods of time, while ESCRT-
0 dynamics are only modestly affected. Our findings are consistent
with a model in which growth factor stimulation stabilizes late-acting
components of the ESCRT machinery at endosomes to accelerate the
rate of ILV biogenesis and attenuate signal transduction initiated by
receptor activation.
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he intracellular trafficking of integral membrane proteins is

directed by cytosolic sorting signals, including short peptide
motifs and posttranslational modifications, which are recognized
by specific adaptors that facilitate the movement of cargoes to
their ultimate destinations. Components of the endosomal sort-
ing complex required for transport (ESCRT) machinery have been
demonstrated to bind ubiquitin-modified, membrane-associated
cargoes for transport into vesicles that bud into the lumen of spe-
cialized multivesicular endosomes (MVEs) (1-7). This process is
critical for the attenuation of receptor-mediated signaling, and
perturbations in ESCRT function have been implicated in various
developmental disorders, including cancer and neurodegenerative
disease (8-16). Based on a large number of genetic and biochemical
studies, a consensus has emerged, indicating that the hierarchical
assembly of five protein complexes (ESCRT-0, ESCRT-I, ESCRT-
II, ESCRT-IIL, and the Vps4 complex) drives cargo sequestration,
membrane bending, and vesicle budding at MVEs (4, 17-23). In
particular, the early-acting ESCRT complexes (ESCRT-0, ESCRT-
I, and ESCRT-II) promote clustering of ubiquitin-modified cargoes,
while ESCRT-III and Vps4 play critical roles in manipulating
membrane curvature to facilitate the inward budding and release of
intralumenal vesicles (ILVs) (24-30). The ESCRT machinery also
plays critical roles in several other membrane scission and resealing
events, including cytokinetic abscission, plasma membrane repair,
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retroviral budding, lysosome repair, and nuclear envelope reas-
sembly, each in a topologically similar orientation (31-39).

In mammalian cells, our understanding of the native distri-
bution of ESCRT complexes has relied mainly on static immu-
nofluorescence- and immunoelectron microscopy-based studies.
These approaches have suggested that ESCRT-0 stably associates
with early endosomes on microdomains via interaction with phos-
phatidylinositol 3-phosphate (PI3P), while other ESCRT complexes
are more transient in their assembly at MVEs (21, 24, 30, 31, 40-44).
More recently, the dynamics of several ESCRT subunits have been
analyzed under various conditions following the ectopic over-
expression of fluorescently tagged components (45-48). However,
interpretation of these data is confounded by inherent cell-to-cell
variability of transgene expression, even after isolation of stably
transduced cell lines. Moreover, it is unclear how the dynamics of
exogenous, tagged subunits are influenced by the continued pres-
ence of their untagged, endogenous counterparts. With advances in
CRISPR-mediated genome editing, it is no longer necessary to
artificially overexpress proteins of interest to analyze their spa-
tiotemporal dynamics in living cells, as long as functional fusion
proteins can be generated (49). Notably, numerous studies have
documented an increased risk of artifacts following even modest
alterations in the concentrations of ESCRT components, further
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emphasizing the need to examine these factors at native levels of
expression (50-52).

Mammalian cells constitutively synthesize MVEs to direct
membrane protein turnover. However, the activity of the ESCRT
machinery at endosomes is subject to regulation and can be dra-
matically stimulated in response to ligand-induced activation of
growth factor receptors. In particular, the quantity of MVEs in the
cytoplasm, their size, and the number of ILVs within them are all
elevated in response to epidermal growth factor (EGF) exposure
(53, 54). Previous work has demonstrated that both ESCRT-
0 subunits (Hrs and STAM) are rapidly phosphorylated by several
kinases downstream of EGF receptor (EGFR) signaling to promote
receptor degradation (55-59), but little is known about how the
dynamics of ESCRT-0 or other components of the ESCRT ma-
chinery are altered to facilitate increased MVE biogenesis. Here, we
leverage CRISPR/Cas9 technology to functionally tag multiple
ESCRT complexes, enabling us to examine their native distributions
in live cells under various conditions using lattice light sheet imag-
ing. Surprisingly, we find that ESCRT-0 dynamics are not sub-
stantially altered following EGFR stimulation, but downstream
ESCRT complexes exhibit dramatically increased stability at MVEs,
suggesting they act multiple times to facilitate more rapid ILV
production. Additionally, using live cell superresolution imaging, we
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demonstrate that cargoes delivered to MVEs initially associate with
ESCRT-0, but rapidly accumulate at microdomains that are directly
juxtaposed to the earliest-acting ESCRT complex. Taken together,
our data are consistent with a model in which growth factor stim-
ulation promotes prolonged activity of the late-acting ESCRT ma-
chinery to promote rapid cargo deposition into ILVs that form
immediately adjacent to ESCRT-0 microdomains on MVEs.

Results

Use of CRISPR-Mediated Genome Editing to Functionally Tag Components
of the ESCRT Machinery. To determine the spatiotemporal distribution
of mammalian ESCRT complexes as they assemble and disassem-
ble natively on intracellular membranes, we used CRISPR/Cas9-
technology to append the HaloTag onto three core ESCRT subunits,
Hrs (ESCRT-0), Tsgl01 (ESCRT-I), and Vps4B, at their endoge-
nous loci (Fig. 14). The monomeric HaloTag was selected based
largely on its amenability to rapid and irreversible labeling with
bright, fluorogenic dyes (e.g., JF646), which exhibit improved fluo-
rescence properties compared with genetically encoded fluorescent
proteins that have been used previously. Following genome editing,
human RPE1 cells that had been immortalized by the forced
expression of telomerase and maintain a stable diploid karyotype
were sorted based on HaloTag expression. Clonal populations
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Fig. 1.

Generation of functionally tagged ESCRT subunits using CRISPR/Cas9-mediated genome editing. (4) Cartoon highlighting the placement of the

HaloTag on three ESCRT subunits to track ESCRT-0 (green), ESCRT-I (blue), and Vps4 (purple) dynamics. The sequence of the flexible linker used in each case,
which contains the tobacco etch virus protease recognition sequence, is also shown. (B) Representative immunoblot analyses of control and CRISPR/Cas9-
modified cell lines (n = 3 each) using antibodies directed against Hrs (Left), Tsg101 (Center), Vps4B (Right), and B-actin (load control). (C) Control and CRISPR/
Cas9-modified clonal cell lines were incubated in the presence or absence of 30 ng/mL EGF for 3 h following serum starvation, and extracts were immu-
noblotted using antibodies directed against EGFR (Top) and p-actin (Bottom, load control). (D) Quantification of the percentage of EGFR remaining after 3 h
of EGF treatment in control and CRISPR/Cas9-modified clonal cell lines. Error bars represent mean + SEM (n = 4 each). No statistically significant difference was
found, as calculated using an ANOVA test. (E) Representative thin-section EM images of MVEs from control and CRISPR/Cas9-modified clonal cell lines (more
than 35 MVEs and 200 ILVs examined in each). (Scale bar: 200 nm.) The size distribution of MVEs (F) and ILVs (G) in control and CRISPR/Cas9-modified clonal
cell lines is shown. No statistically significant differences were found, as calculated using an ANOVA test.
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were subsequently screened using immunoblot analysis to identify
cell lines that exhibited homozygous incorporation of the HaloTag
at each locus (Fig. 1B). We isolated several independent clones in
each case and subjected them to a series of validation assays to en-
sure that the functionality of each fusion protein had been preserved.

We first monitored the growth rate of each cell line expressing
an ESCRT subunit fused to the HaloTag and found no differ-
ences compared with the parental cell line (SI Appendix, Fig.
S1A4). In contrast, individual depletion of Hrs, Tsgl101, or Vps4B
using siRNAs validated previously for specificity each resulted in
a dramatic decline in cell growth (SI Appendix, Fig. S1 B and C).
Notably, depletion of the other Vps4 paralog (Vps4A) in cells
expressing Vps4B-HaloTag failed to impact the rate of cell di-
vision any more than that observed in control RPE1 cells, and
Vps4B-HaloTag accumulated normally at midbodies after mi-
tosis (SI Appendix, Fig. S1 D and E)). We additionally examined early
and late endosome morphology in immunofluorescence studies us-
ing antibodies directed against EEA1 and LAMPI1, markers that
have each been shown to exhibit partial overlap with components of
the ESCRT machinery (21, 40). Again, we found no differences in
the size distribution of endosomes in cell lines expressing HaloTag-
ESCRT fusion proteins, while depletion of ESCRT components led
to the formation of enlarged endosomal compartments (SI Appen-
dix, Fig. S1 F and G). To determine whether cargo down-regulation
was impacted, we treated cells with EGF and monitored turnover of
its receptor (EGFR) by immunoblot analysis. These studies in-
dicated that the presence of HaloTag on Hrs, Tsgl01, and Vps4B
did not impair their functions in cargo sorting and degradation (Fig.
1 C and D). Electron microscopy-based analysis of MVEs identified
in each cell line further confirmed the functionality of each fusion
protein (Fig. 1E). Specifically, the size of MVEs and the ILVs found
therein exhibited no statistically significant differences in cell lines
expressing HaloTag-ESCRT fusions compared with parental RPE1
cells (Fig. 1 F and G).

Together, our data strongly support the functionality of
HaloTag-Hrs, HaloTag-Tsg101, and Vps4B-HaloTag, providing
a unique and unprecedented opportunity to study their dynamics
when expressed at endogenous levels.

Components of the ESCRT Machinery Exhibit Distinct Patterns of
Endosomal Localization. Based on immunoblot analysis using an-
tibodies directed against HaloTag, we found that Hrs, Tsg101,
and Vps4B are all expressed within an order of magnitude, en-
abling us to more easily make direct comparisons of their dis-
tributions in cells (Fig. 24 and SI Appendix, Fig. S24). Using
confocal microscopy, we imaged the CRISPR-modified cell lines
after a brief period of dye labeling. HaloTag-Hrs localized throughout
the cytoplasm, and additionally accumulated at numerous punctate
structures that colabeled with a probe for PI3P, a marker of endo-
somal membranes (Fig. 2B and SI Appendix, Fig. S2B). In contrast,
both HaloTag-Tsg101 and Vps4B-HaloTag were largely cytosolic and
less frequently associated with PI3P-positive membranes under
steady-state conditions (Fig. 2B and SI Appendix, Fig. S2B).
Time-lapse confocal imaging suggested that each component
of the ESCRT machinery associates with endosomes for a period
of time, but ultimately disappears (Fig. 2C). However, it was
unclear whether the disappearance correlated with the dissoci-
ation of the ESCRT component from endosomes or with
movement of endosomes into a different focal plane. To cir-
cumvent this issue, we took advantage of lattice light sheet mi-
croscopy (LLSM), which is capable of imaging full cellular
volumes with high temporal resolution (60). Using this approach,
we imaged each cell line continuously over the course of 10 min
and analyzed all endosomal membranes that were positive for
components of the ESCRT machinery (Fig. 2 D-F and Movies
S1-S3). This systematic strategy demonstrated that endogenous
Hrs remains associated with endosomes for a longer period of
time compared with Tsgl01 or Vps4B. On average, we found
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that Hrs resides on endosomes for 149.4 (5.7) s, while
Tsgl01 remains for only 27.2 (+2.1) s and Vps4B appears tran-
siently for 6.8 (x1.4) s (Fig. 2G). In all cases, the duration of
endosomal association varied with endosome size. Based on
diffraction-limited fluorescence measurements, the majority of
endosomes exhibited a diameter of 350-950 nm, and a clear
Gaussian distribution was apparent following statistical analysis
of all structures visualized (SI Appendix, Fig. S2 C and D). The
smallest endosomes (potentially endosomal microdomains)
exhibited the shortest durations of ESCRT complex assembly,
while larger structures generally exhibited more prolonged ac-
cumulation of the ESCRT machinery (SI Appendix, Fig. S2F).

Although relatively uncommon, the appearance of large endo-
somes as determined by LLSM (greater than 75th percentile in size)
could correspond to natural variability in the diameters of individual
MVE:s or a preponderance of closely juxtaposed endosomes that
cannot be easily distinguished by diffraction-limited imaging. To
address this issue, we tracked all ESCRT-labeled structures during
each time-lapse imaging series and plotted their trajectories (S7
Appendix, Fig. S2F). Endosome displacement was modest in the
perinuclear region (11.0 + 0.8-pum track length, 1.18 + 0.05-pm track
displacement), while peripheral endosomes generally exhibited
more long-range movements (47.9 + 7.6-um track length, 7.94 +
0.84-pm track displacement). We largely failed to observe MVE
fission events, but in a minority of cases (less than 4% overall), we
observed Hrs-positive endosomes coming into direct contact with
one another. The duration of these associations ranged from a few
seconds to several minutes, at which point we concluded that a
homotypic fusion event had likely occurred (SI Appendix, Fig. S2
G-I). Overall, our fluorescence data, together with our electron
microscopy-based analysis, suggest that the vast majority of ESCRT-
positive endosomes in human RPEI cells are individual, nonclustered
structures that do not undergo continual fission/fusion events under
steady-state conditions.

At the opposite end of the size spectrum, we identified a number
of ESCRT-positive structures that were diffraction-limited, poten-
tially highlighting a class of small MVEs. However, our electron
microscopy-based studies failed to identify such a population. In-
stead, we considered the possibility that the diffraction-limited
structures correspond to individual ESCRT microdomains present
on endosomes. To investigate this possibility, we carried out live
stimulated emission depletion (STED) microscopy, which is ca-
pable of achieving 50- to 60-nm lateral resolution in cells (61, 62).
Using this approach, we consistently found Hrs in small patches on
endosomes (Fig. 34), similar to previous findings in other human
cell lines and Caenorhabditis elegans using immunogold electron
microscopy (24, 42, 43). Although many larger endosomes harbored
several distinct microdomains, suggesting that ILV formation occurs
simultaneously at multiple sites, we also found numerous examples
of smaller endosomes on which only a single ESCRT-positive
endosomal microdomain was visible (Fig. 34).

Several studies have examined the kinetics of ESCRT complex
assembly and disassembly in mammalian cells, but, to our knowl-
edge, they all use ectopic overexpression of tagged subunits, which
can lead to artifacts, especially in the continued presence of en-
dogenous, untagged counterparts (45-50). Using our CRISPR/
Cas9-modified cell lines, we examined the native dynamics of
early- and late-acting components of the ESCRT machinery. Under
normal growth conditions, we monitored the fluorescence intensity
of HaloTag-Hrs as it accumulated and dispersed from endosomes
of various size. The small endosomes (less than 25th percentile in
size), potentially reflecting the assembly of individual microdomains,
exhibited a rapid rate of Hrs accumulation, peaking in intensity within
14.0 (0.1) s after detection over background cytosolic fluorescence
(Fig. 3B). Fluorescence intensity fluctuated in a sinusoidal-like pat-
tern, with each peak persisting for 29.9 (+£1.1) s on average. Full
disassembly occurred with similar kinetics compared with the as-
sembly phase [19.7 (+£0.6) s], and the average total residency time of
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Fig. 2. ESCRT-0 associates more stably with endosomes compared with downstream ESCRT complexes under normal growth conditions. (A) Representative
immunoblot analysis (n = 3) of control and CRISPR/Cas9-modified cell lines using antibodies directed against HaloTag (Top) and p-actin (Bottom, load control).
(B and C) Representative CRISPR/Cas9-modified cells imaged live using SFC optics following dye labeling with the JF549-HaloTag ligand (more than 15 dif-
ferent cells each, more than three biological replicates each). Maximum intensity projections of z-stacks (B) or individual confocal sections over time (C) are
shown. Arrows highlight transient Vps4-positive endosomes. (Scale bars: 10 um.) (D-F) Representative CRISPR/Cas9-modified cells imaged live using LLSM
following dye labeling using the JF646-HaloTag ligand (more than 10 cells each, more than three biological replicates each). Projected z-stacks are shown for
each time point. Arrows highlight the appearance of ESCRT-positive endosomes, and red circles denote their disappearance. (Scale bars: 5 pm; Insets, 2 pm.)
(G) Quantification of the average duration of each HaloTag-ESCRT fusion protein on endosomes. Error bars represent mean + SEM (more than 600 endosomes
analyzed for each cell line).
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Fig. 3. ESCRT subunit dynamics are regulated by the action of downstream ESCRT complexes. (A, Left) Representative HaloTag-Hrs-expressing cells imaged live using
STED microscopy following dye labeling using the SiR-HaloTag ligand (more than 10 cells imaged, more than three biological replicates). Arrows highlight endosomes
of two different size classes (blue, less than 25th percentile; red, 25th-75th percentile). (Scale bar: 1 pm.) (A, Right) Fluorescence intensity based on line-scan analysis
around the circumference of each is shown, reflecting the distribution of Hrs. (B-D) Averaged fluorescence intensity profiles of labeled endosomes classified by
compartment size (more than 95% of Vps4B-HaloTag-labeled compartments were diffraction-limited). Only compartments that acquire and lose fluorescence during
the imaging series were used (more than 350 endosomes per condition in more than 10 cells each, more than three biological replicates). (£) Individual residency times
of Vps4B-HaloTag at endosomes are plotted (more than 140 endosomes, at least 10 different cells in more than three biological replicates). A black line indicates the
average. (F-H) Representative CRISPR/Cas9-modified cells imaged live using LLSM following dye labeling with the JF646-HaloTag ligand and treatment with siRNA
targeting either Tsg101 or both Vps4 isoforms (more than 10 cells each, more than three biological replicates each). Projected z-stacks are shown for each time point.
Arrows highlight the appearance of ESCRT-positive endosomes, and red circles denote their disappearance. (Scale bars: 5 pm; Insets, 2 pm.) (/) Quantification of the
average duration of HaloTag-Hrs on endosomes in control and Tsg101-depleted cells. Error bars represent mean + SEM (more than 400 endosomes analyzed for each
cell line, more than 10 cells imaged per condition in more than three biological replicates). **P < 0.01, as calculated using a Student's t test. (J-L) Averaged fluorescence
intensity profiles of labeled endosomes classified by compartment size under the conditions shown (relative to sizes determined under normal conditions). Only
compartments that acquire and lose fluorescence during the imaging series were used (more than 400 endosomes per condition, more than 10 cells imaged per
condition in more than three biological replicates). (M) Size distributions of ESCRT-positive endosomes under the conditions indicated (more 400 endosomes per
condition, more than 10 different cells each in more than three biological replicates).
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Hrs on small endosomes lasted 44.7 + 5.9 s (Fig. 3B and SI Appendix,
Fig. S2E). Larger Hrs-positive structures (between 25th and 75th
percentiles in size) also exhibited multiple peaks of fluorescence in-
tensity, suggestive of distinct assembly and disassembly events oc-
curring on individual endosomes (Fig. 3B). Strikingly, the average
duration of each peak was similar to that observed on small endo-
somes, lasting 29.2 (+1.2) s, with peak intensity occurring within 19.2
(£0.2) s after initial detection over background. In contrast, the
largest endosomes (greater than 75th percentile in size), which also
exhibited the longest continual duration of Hrs fluorescence, showed
broader fluctuations in intensity, suggesting the possible presence of
multiple microdomains on individual endosomes, each with unique
dynamics that may average one another out over a large sample size.
Even in these cases, however, initial peak intensity was achieved
quickly, within 31.9 (+0.6) s (Fig. 3B).

Analysis of cells expressing HaloTag-Tsgl01 indicated that
ESCRT-I reaches peak intensity over 3.5 (+0.1) s on small
endosomes (less than 25th percentile in size), substantially more
rapidly compared with Hrs (Fig. 3C). Moreover, we found that
Tsgl01 arrival occurs in multiple waves (Fig. 3C), ultimately fol-
lowed by rapid disassembly within 3.0 (+0.1) s. On average, the
duration of each peak in fluorescence intensity was brief, only 3.9
(+0.1) s. Larger Tsgl01-positive structures (between 25th and 75th
percentiles in size) exhibited similarly rapid assembly kinetics, with
peak intensity occurring within 4.7 (+0.1) s after initial detection
over background. Disassembly occurred over 5.8 (+0.2) s, following
multiple oscillations in intensity (Fig. 3C). The largest Tsgl01-
positive structures (greater than 75th percentile in size) exhibited
several broad peaks in fluorescence intensity, as was demonstrated
in the case of Hrs, suggesting multiple assembly and disassembly
events on endosomes (Fig. 3C). Together, our data suggest that
ESCRT-0 only briefly recruits ESCRT-I (for less than 4 s) before
ESCRT-I is at least partially returned to the cytoplasm, but
ESCRT-0 can act repetitively in this manner during the lifetime of
an ESCRT microdomain. In contrast to the early-acting ESCRT
complexes, Vps4B-HaloTag dynamics at endosomes were extremely
transient, although the longest-lived structures exhibited multiple
waves of accumulation (Fig. 3D). Nonetheless, in the majority of
cases, Vps4B was present for less than 4 s (Fig. 3E), consistent with
its proposed function in promoting ILV scission (29, 30, 63).

The Sequential Action of ESCRT Components Regulates Their Assembly
and Disassembly Rates. Previous studies have demonstrated that the
ESCRT complexes function in a sequential manner at MVEs, and
inhibition of one complex blocks the recruitment of downstream
machinery (21, 22). However, it remains unclear how the dynamics
of early-acting components respond to inhibition of later acting
factors. To address this question, we used validated siRNAs tar-
geting Tsgl0l and Vps4 and imaged native ESCRT-0 and
ESCRT-I using LLSM. Consistent with previous work, inhibition
of Tsgl01 or Vps4 had a dramatic impact on endosome mor-
phology and movement (64-66) (Fig. 3 F-H and SI Appendix, Fig.
S3 A and B). However, despite the appearance of abnormal
compartments, we failed to identify significant changes in the
frequency of endosome/endosome contacts compared with control
cells during live imaging studies (SI Appendix, Figs. S2I and S3C).
Depletion of Vps4 resulted in an increased residency time of Hrs
at all endosomes imaged, suggesting that cargo deposition into
ILVs may be a prerequisite for ESCRT-0 disassembly (SI Ap-
pendix, Fig. S3D). These data are consistent with our previous
immunogold electron microscopy-based studies demonstrating
that inhibition of ESCRT-III causes ESCRT-0 microdomains on
endosomes to expand in surface area (24). Similarly, the residency
time of Tsg101 on endosomes, irrespective of their size, increased
significantly in the absence of Vps4 (SI Appendix, Fig. S3E).

The kinetics of Hrs and Tsg101 assembly and disassembly were
also impacted by the inhibition of downstream ESCRT compo-
nents. In particular, we found that the average duration of Hrs
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assembly on endosomes was reduced in the absence of Tsgl101
[to 124.0 (+7.8) s] and the oscillatory fluctuations in Hrs intensity
were shortened [12.2 (+£0.3) s], suggesting that the recruitment of
ESCRT-I plays an important role in maintaining ESCRT-
0 microdomain stability (Fig. 37). In contrast, the rate at which
Hrs initially accumulated on endosomes was not affected by
depletion of downstream ESCRT machinery (Fig. 3 J and K).
Similarly, the kinetics of initial ESCRT-I recruitment to endo-
somes were not affected by inhibition of Vps4 (Fig. 3L). How-
ever, inhibition of Vps4 led to longer Hrs and Tsg101 residency
times on endosomes [175.1 (+7.1) s and 140.5 (+4.4) s, re-
spectively] and slower disassembly kinetics, requiring 42.5 (£1.3)
s on average (Fig. 3 K and L and SI Appendix, Fig. S3E). Ad-
ditionally, Vps4 depletion increased the size of Tsgl01-positive
structures dramatically compared with control cells, while the
overall size distribution of Hrs-positive endosomes exhibited a
more modest change (Fig. 3M). Together, these data are con-
sistent with a model in which the entire ESCRT machinery acts
cooperatively to enable cargo down-regulation.

Increased Substrate Load Prolongs the Retention of ESCRT Machinery
at Endosomes. Elevated growth factor signaling has been pre-
viously implicated in altering ESCRT function to promote MVE
biogenesis (53, 54). To understand how this activity influences
the dynamics of the ESCRT machinery, we treated cells with a
low concentration of EGF for 2 min following a period of growth
factor deprivation and imaged HaloTag-ESCRT fusion proteins
using LLSM. During serum starvation, the ESCRT complexes and
Vps4B continued to assemble onto membranes (SI Appendix, Fig.
S3F). However, following EGF stimulation, the duration of
ESCRT machinery association with endosomes was significantly
altered. Specifically, ESCRT-0 remained on endosomes for an
average of 183.3 + 7.5 s, ESCRT-I for 102.4 + 7.4 s, and Vps4B for
106.6 + 5.8 s, all significant increases relative to steady-state
growth conditions, but especially dramatic in the cases of
Tsgl01 and Vps4B, which were present for a fourfold and 15-fold
longer period of time, respectively (Fig. 44). Analysis of initial
ESCRT assembly kinetics following EGF stimulation indicated
minimal changes relative to those determined at steady state, and
we continued to observe periodic oscillations in Hrs and Tsg101
levels, irrespective of endosome size or the duration of their asso-
ciation with endosomes (Fig. 4 B and C, and SI Appendix, Fig. S3G,
and Movies S4 and S5). Effects on Hrs dynamics at endosomes
were surprisingly modest, even though previous studies indicate that
it is a downstream target of EGFR signaling (55-59) (Fig. 4B). In
contrast, analysis of Vpsd4B levels following EGF stimulation
revealed periodic oscillations, similar to those observed for Tsg101
(Fig. 4D, SI Appendix, Fig. S3G, and Movie S6). These data suggest
that Vps4 acts repeatedly at endosomes under these conditions,
potentially driving multiple ILV budding events on individual
endosomes to facilitate the down-regulation of EGFR and other
cargoes. Consistent with this idea, electron tomography-based
analysis of MVEs indicated the formation of ILV clusters near
the limiting membrane specifically following EGF stimulation (S/
Appendix, Fig. S3H and Movies S7 and S8).

Using fluorescently labeled EGF, we were also able to monitor
the distribution of cargo relative to components of the ESCRT
machinery. Strikingly, we found a direct correlation between cargo
and ESCRT accumulation at endosomes. Specifically, in the ma-
jority of cases, maximum fluorescence intensity of EGF at endo-
somes peaked simultaneously with each of the ESCRT components
examined, strongly suggesting a direct relationship between the
presence of cargo and ESCRT function at endosomes (Fig. 4E).
Further analysis revealed that only a subset (82 + 5%) of Hrs-
positive endosomes accumulated EGF (Fig. 4F). These findings
are in line with prior work suggesting that EGF stimulation pro-
motes the inward budding on some, but not all, MVEs (53). The
majority of TsglOl-positive membranes (86 + 4%) also showed
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Fig. 4. Growth factor stimulation alters ESCRT dynamics at endosomes. (A) Quantification of the average duration of each HaloTag-ESCRT fusion protein on
endosomes in the presence or absence of EGF stimulation. Error bars represent mean + SEM (more than 600 endosomes analyzed for each cell line, more than
10 cells each in more than three biological replicates). ***P < 0.005, as calculated using an ANOVA test. (B-D) Averaged fluorescence intensity profiles of
labeled endosomes classified by compartment size following treatment with 30 ng/mL EGF. Only compartments that acquire and lose fluorescence during the
imaging series were used (more than 350 endosomes per condition, more than 10 cells each in more than three biological replicates). () Time differences
between Alexa Fluor 555-EGF and JF646-labeled HaloTag-ESCRT achieving maximum fluorescence intensity at endosomes are plotted (more than
400 endosomes analyzed for each cell line, more than 10 cells each in more than three biological replicates). (F) Percentages of ESCRT-labeled endosomes that
exhibited EGF accumulation at any point during time-lapse imaging were calculated for each Halo-Tag ESCRT fusion. Error bars represent mean + SEM
(endosomes from more than 10 cells each in more than three biological replicates). (G) Quantification of the average duration of HaloTag-Tsg101 on
endosomes, either EGF-positive or EGF-negative, following EGF stimulation. Error bars represent mean + SEM (more than 500 endosomes analyzed, more
than 10 cells each in more than three biological replicates). ***P < 0.005, as calculated using a t test. (H) Representative HaloTag-Hrs—expressing cells imaged
live using LLSM following dye labeling using the JF646-HaloTag ligand and incubation with Alexa Fluor 555-EGF for 2 min, followed by washout (more 10 cells
each, more than three biological replicates each). Projected z-stacks are shown for each time point. Arrows highlight HaloTag-Hrs—positive endosomes that
also show accumulation of EGF. (Scale bar, 5 pm; Insets, 2 pm.) Representative HaloTag-Hrs—expressing cells (/ and J) or HaloTag-Tsg101-expressing cells (K)
imaged live using STED microscopy following dye labeling using the SiR-HaloTag ligand and incubation with Alexa Fluor 594-EGF (Left; more than 10 cells in
more than three biological replicates) are shown. Fluorescence intensity based on line-scan analysis around the circumference of representative endosomes
(Right, indicated by arrows on Left) is also shown, reflecting the relative distributions of each ESCRT complex and EGF. (Scale bars: / and J, 500 nm; K, 1 pm.)
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EGF labeling, and nearly all Vps4B-positive endosomes (95 + 2%)
harbored EGF, suggesting that local growth factor signaling pro-
motes sustained ESCRT activity at MVEs. In agreement with this
idea, we found that EGF-positive endosomes, but not endosomes
lacking EGF, exhibited dramatically increased residency times for
Tsgl01 (Fig. 4G). These data argue against a global cellular effect
for EGF signaling in driving MVE formation.

Additionally, using STED microscopy, we examined the dis-
tribution of EGF relative to HaloTag-Hrs specifically (Fig. 4H).
Within 6-10 min after addition of EGF to cells, we found it had
accumulated at Hrs-positive endosomes (Fig. 4/). At this time
point, we found that EGF colocalized with Hrs, but the distri-
bution of Hrs at the endosome-limiting membrane was relatively
broad. With additional time, however, Hrs became highly con-
centrated into discrete microdomains, but, surprisingly, EGF was
distributed immediately adjacent to these regions (Fig. 4/ and S/
Appendix, Fig. S3I), colocalizing instead with Tsgl01 (Fig. 4K).
These data strongly suggest that ESCRT-0 only temporarily as-
sociates with cargoes before they are transferred to a juxtaposed
microdomain and likely incorporated into budding ILVs via the
action of the downstream ESCRT machinery.

Discussion

Until recently, our ability to define the timing and duration of
vesicle formation events that occur on intracellular membranes has
lagged behind our understanding of the protein machineries that
function in cargo selection and lipid bilayer remodeling. With ad-
vances in live cell imaging approaches and genome editing tech-
nologies, barriers to studying native vesicle-mediated transport
processes in mammalian cells are beginning to diminish. The dy-
namics of clathrin-mediated endocytosis are arguably the best un-
derstood, at least in part due to the availability of genome-edited cell
lines and facile access to total internal reflection fluorescence mi-
croscopy, which is capable of illuminating a narrow, ~200-nm win-
dow at the surface of cells (67-71). Light sheet imaging with
diffraction-limited optics now affords us the opportunity of study-
ing vesicle formation anywhere within mammalian cells, including
MVEs that accumulate in the perinuclear region and facilitate the
turnover of many integral membrane proteins (60, 72). Here, we
generate a series of CRISPR/Cas9-modified human cell lines and
define the native spatiotemporal recruitment patterns of early-
and late-acting ESCRT complexes under normal growth conditions
and following growth factor stimulation. Our findings unexpectedly
demonstrate that the residency times of ESCRT-I and Vps4 at
MVEs become dramatically prolonged upon EGFR activation,
while ESCRT-0, a known downstream target of EGFR signaling
(55-59), remains at MVEs for a similar length of time both before
and after treatment with EGF. These data suggest that the in-
creased rates of MVE and ILV formation that occur after growth
factor stimulation are driven by elevations in ESCRT-I recruitment/
retention that facilitate the coupling of cargo capture at MVEs to
internalization by ESCRT-III/Vps4.

Although numerous studies have examined the dynamics of
mammalian ESCRT components at various membrane compart-
ments in cells, most have tracked ectopically overexpressed sub-
units, which may not reflect the behavior of their endogenous
counterparts (45-50). In contrast, recent studies in yeast have de-
fined the assembly and disassembly rates of a native ESCRT-III
subunit (Vps24), as well as the ATPase Vps4, demonstrating that
these factors associate only transiently with MVEs (345 s), with the
majority of recruitment events lasting less than 20 s (30). Approx-
imately 80% of these occurrences were suggested to be productive
in generating ~25-nm ILVs. Although ILVs in metazoan organisms
are approximately twice this size, the findings using yeast are in
agreement with our data collected from mammalian cells grown
under normal conditions, suggesting that ILV scission typically re-
quires only a fraction of a minute, irrespective of the size of the
budding vesicles. Importantly, the increased duration of Vps4B at
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MVE:s following EGF stimulation implies that multiple ILVs are
likely generated during these extended phases of recruitment.
Consistent with this idea, electron tomography of MVEs produced
in several systems demonstrates that ILVs are generated repetitively
from single endosomal microdomains (24, 73). Without the need to
reassemble ESCRT machinery de novo for each ILV budding
event, the rate at which ubiquitin-modified cargoes are sequestered
from the cytoplasm can be accelerated, more rapidly attenuating
signal transduction pathways initiated at the cell surface.

Using confocal imaging, another study also recently examined
the kinetics of ESCRT machinery assembly and disassembly at
endosomes following EGF stimulation using HeLa cells stably
overexpressing tagged subunits (45). Although some of our
findings are in broad agreement, including the average total
duration of ESCRT-0 and Vps4B recruitment to MVEs, many of
our results differ significantly, potentially due to our distinct
strategies to express tagged ESCRT components and/or the
different imaging approaches we each employed. In particular,
the prior work suggested that ESCRT-0 and ESCRT-I require
~2 min to reach peak intensity on MVEs (45), while our data
indicate that they are recruited significantly faster. Moreover, the
earlier study showed that disassembly of the late-acting ESCRT
machinery required more than 1 min (45), which contrasts with
our findings that Vps4B dissociates from endosomes on the or-
der of seconds. The implications of these differences are im-
portant to consider. The previous study suggested that during the
prolonged phase of ESCRT-0 and ESCRT-I complex re-
cruitment, cargo is sequestered and membrane deformation to a
U-shaped topology occurs (45). However, there is little evidence
supporting the idea that the early-acting ESCRT machinery is
capable of membrane bending. Instead, recent studies have
largely implicated the ESCRT-III complex, potentially in co-
ordination with Vps4, in the membrane remodeling process (24,
30, 52, 63, 74). Using LLSM, our imaging studies revealed that
native ESCRT-0 and ESCRT-I are recruited rapidly onto
endosomes, but their levels at the limiting membrane sub-
sequently oscillate, perhaps indicative of association/dissociation
events that lead to the formation of a discrete ESCRT micro-
domain. Our live STED imaging data are consistent with this
idea, showing that the initial distribution of ESCRT-0 at MVEs
is broad but, upon cargo influx, coalesces into specific regions of
the membrane.

Although we have not yet been able to generate cell lines that
express tagged ESCRT-III subunits in a homozygous manner, po-
tentially due to their intolerance of large protein tags (30, 52, 75-77),
our analysis of native Vps4B dynamics contrasts with the previous
interpretation of its slow dissociation kinetics following EGF stim-
ulation. Under normal growth conditions, Vps4B assembles and
disassembles rapidly from endosomes, suggesting that the process of
ILV bud neck constriction and scission is rapid. Although every
recruitment event observed may not correlate to ILV budding, the
extended duration of Vps4B at MVEs subsequent to growth factor
stimulation is inconsistent with the generation of a single ILV, as
previously suggested (45). Instead, we find that the levels of Vps4B
undergo oscillations after reaching peak intensity, similar to those
observed for other components of the ESCRT machinery, suggest-
ing repetitive recruitment and disassembly events, likely producing
multiple ILVs. Together, these data support a model in which the
increased number of MVEs and ILVs that form upon growth factor
stimulation is a result of prolonged recruitment of the late-acting
ESCRT complexes to endosomal membranes.

Materials and Methods

CRISPR-Mediated Genome Editing and siRNA Treatments. Guide RNA (gRNA)
target sequences directed at the amino terminus of Hrs (5-TTTGGGCTG-
GAGGTCGCCAT-3'), the amino terminus of Tsg101 (5-GAGTCGCCAGGCGGCC-
GTCA-3'), and the carboxyl-terminus of Vps4B (5'-ACAGAAGATTTTGGTCAAGA-3')
were selected based on recommendations made by multiple gRNA design
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tools. Plasmid-based homology directed repair (HDR) templates included
sequences encoding the HaloTag, a linker, and ~800 bp of flanking genomic
DNA, both upstream and downstream of the Cas9 cut site. Human hTERT-
immortalized RPE1 cells were electroporated with plasmids encoding Cas9-
GFP, a specific gRNA, and an HDR template, and single cells were isolated
using fluorescence-activated cell sorting based on GFP expression. Homozy-
gous genome-edited clones were confirmed using immunoblot analysis and
Sanger sequencing. For depletion studies, RPE1 cells were transfected using
previously validated siRNAs targeting Hrs (54), Tsg101 (78), Vps4A (79), and
Vps4B (79) using Lipofectamine RNAIMAX (Invitrogen). For immunoblotting
studies, antibodies directed against the following proteins were used
(1 pg/mL): Hrs (GTX101718; GeneTex), Tsg101 (GTX70255; GeneTex), Vps4A
(ab180581; Abcam), Vps4B (sc-377162; Santa Cruz Biotechnology), f-actin
(A1978; Sigma-Aldrich), EGFR (PA1-1110; Thermo Fisher Scientific) and Hal-
oTag (G9211; Promega).

Fluorescence Imaging Studies. Confocal imaging was conducted using a Nikon
Eclipse TiE swept-field confocal (SFC) microscope using a 60x oil immersion
objection and a CoolSNAP HQ2 CCD camera. Cells were grown in glass-
bottomed dishes and maintained at 37 °C and 5% CO, during imaging.
STED microscopy was performed on a Leica TCS SP8 3x imaging system. Data
were collected using a 775-nm depletion laser. The full width at half maxi-
mum (FWHM) of the STED point-spread function was calculated to be 90 nm,
based on the imaging of fluorescent beads. LLSM was carried out as de-
scribed previously (60), using cells grown in media lacking phenol red.
Briefly, samples were illuminated by a 2D optical lattice generated by a
spatial light modulator (Fourth Dimension Displays), using a 560-nm or 641-nm
diode laser (MPB Communications) at 100% acousto-optic tunable filter (AOTF)
transmittance and an excitation objective [0.65 N.A., 3.74-mm working distance
(WD); Special Optics]. Fluorescent emission was collected on a sCMOS camera
(Hamamatsu Orca Flash 4.0 v2) using a detection objective (CFI Apo LWD 25XW,
1.1 N.A.; Nikon). Point-spread functions for deconvolution were experi-
mentally measured using 200-nm tetraspeck beads adhered to 5-mm glass
coverslips (Invitrogen) for each excitation wavelength. For all live cell im-
aging, dye labeling (30-min incubation followed by washout into growth
media) was performed using the following HaloTag ligands: SiR (STED),
JF646 (LLSM), JF549 (SFC), or TMR (SFC). EGF labeled with Alexa Fluor 555
(LLSM) or Alexa Fluor 594 (STED) was used in cargo-sorting studies (2-min
incubation, followed by washout; 30 ng/mL EGF). For immunofluorescence
studies, cells were fixed using 4% paraformaldehyde, permeabilized in PBS +
0.5% Triton X-100, blocked using 3% BSA for 1 h, and incubated overnight
with primary antibodies at 4 °C directed against EEA1 (610457; BD Trans-
duction Laboratories) or LAMP1 (H4A3; Developmental Studies Hybridoma
Bank). Coverslips were subsequently incubated with appropriate secondary
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antibodies labeled with either Alexa Fluor 488 or Cy3, washed, and mounted
on slides using Vectashield.

Image Analysis and Statistics. Data acquired by LLSM were deskewed as de-
scribed previously (60). Images were analyzed using Imaris Bitplane software.
Surfaces, spots, and tracking algorithms were used to analyze the dynamics
of fluorescently labeled structures. Specifically, size and normalized relative
intensity statistics were reported from the surfaces and spots algorithms,
and tracking algorithms were used to assess contact events, duration, dis-
placement, and length of run. Only tracks that were initiated and concluded
during the 10-min imaging window were included in intensity analysis
curves. The durations of fluorescence intensity peaks were calculated at
FWHM. Visualization and statistical testing were carried out using SAS JMP
software.

Electron Microscopy Studies. Cells grown on sapphire disks were loaded into
100-um-deep aluminum sample holders, cryoprotected with 1-hexadecene,
and frozen using a Balzers HPM 010 high-pressure freezer. Samples were
freeze-substituted in acetone containing 2% OsO,4 and 1% H,0 using a Leica
Microsystems AFS instrument over a period of 4 d (—90 °C for 72 h, followed
by a warming period of 4 °C per hour until the samples reached 4 °C), em-
bedded through a graded series of Epon EMbed 812 (Electron Microscopy
Sciences), and polymerized for 24 h at 60 °C. Micrographs of 80-nm sections
were collected on a Phillips CM120 80 kV transmission electron microscope
equipped with an AMT BioSprint 12 series digital camera or a MegaView Il
digital camera (Olympus Soft Imaging Solutions). For tomography (300-nm
sections), single-axis tilt series were collected using SerialEM1 software on a
300-kV Tecnai TF-30 transmission electron microscope equipped with a
Gatan 2k x 2k Ultrascan camera. Tilt series were captured at magnifications
of 12,000 x (0.94 nm per pixel) to 23,000 x (0.467 nm per pixel) at 1° in-
crements from —60° to 60°. Reconstruction and modeling of tilt series were
carried out using IMOD software (80, 81).
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