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SH3YL1 cooperates with ESCRT-I in the sorting and degradation
of the EGF receptor
Junya Hasegawa1,*, Imen Jebri1,2, Hikaru Yamamoto2,‡, Kazuya Tsujita1,2, Emi Tokuda3,*, Hideki Shibata4,
Masatoshi Maki4 and Toshiki Itoh1,2,§

ABSTRACT
Ubiquitinated membrane proteins such as epidermal growth factor
receptor (EGFR) are delivered to early endosomes and then sorted to
lysosomes via multivesicular bodies (MVBs) for degradation. The
regulatorymechanism underlying formation of intralumenal vesicles en
route to generation of MVBs is not fully understood. In this study, we
found that SH3YL1, a phosphoinositide-binding protein, had a
vesicular localization pattern overlapping with internalized EGF in
endosomes in the degradative pathway. Deficiency of SH3YL1
prevents EGF trafficking from early to late endosomes and inhibits
degradation of EGFR. Moreover, we show that SH3YL1 mediates
EGFR sorting into MVBs in amanner dependent on its C-terminal SH3
domain, which is necessary for the interaction with an ESCRT-I
component, Vps37B. Taken together, our observations reveal an
indispensable role of SH3YL1 in MVB sorting and EGFR degradation
mediated by ESCRT complexes.

KEY WORDS: SH3YL1, Endosome, EGF, ESCRT, MVB

INTRODUCTION
Membrane proteins and lipids located at the cell surface, as well as
extracellular fluids, are internalized into the cytosol through a
variety of endocytic pathways (Doherty and McMahon, 2009;
Mayor and Pagano, 2007; McMahon and Boucrot, 2011). It has
been established that internalized molecules are delivered
mainly via three alternative routes after reaching early
endosomes. A group of membrane proteins including the
transferrin receptor are recycled back to the plasma membrane,
whereas others such as mannose 6-phosphate receptors and some
bacterial toxins enter the trans-Golgi network. In the third route,
membrane proteins such as epidermal growth factor receptor
(EGFR) are sorted to late endosomes and lysosomes for
degradation (Bonangelino et al., 2002; Grant and Donaldson,
2009; Maxfield and McGraw, 2004).

In the degradative endocytic pathway, ubiquitinated EGFR is
loaded onto intraluminal vesicles (ILVs) inside late endosomes. This
process involves hepatocyte growth factor-regulated tyrosine kinase
substrate (Hrs) and endosomal sorting complex required for transport
(ESCRT) complexes (Hurley and Hanson, 2010; Katzmann et al.,
2001; Raiborg and Stenmark, 2009; Williams and Urbé, 2007). The
current model proposes that the ubiquitin-binding Hrs and signal
transducing adaptor molecule (STAM) protein complex bind to the
endosomal lipid phosphatidylinositol 3-phosphate [PI(3)P] through
the FYVE domain of Hrs (Raiborg et al., 2001). In early endosomes,
the Hrs–STAMprotein complex initiates the process of EGFR sorting
to lysosomes (Raiborg et al., 2003; Slagsvold et al., 2006) by
accumulating ubiquitinated EGFR to a specialized clathrin-coated
area on endosomal membranes (Raiborg et al., 2002, 2006; Sachse
et al., 2002). Subsequently, the EGFR sequentially interacts with the
ESCRT-I, ESCRT-II and ESCRT-III complexes, which function in
the invagination and formation of intraluminal membranes inside the
endosome (Campsteijn et al., 2016; Im and Hurley, 2008; Olmos and
Carlton, 2016; Raiborg et al., 2003). The inwardly invaginated
membranes are finally subjected to a fission event to complete
formation of the ILVs. Late endosomes containing the ILVs, referred
to as multivesicular bodies (MVBs), then fuse with lysosomes for
degradation (Hurley and Hanson, 2010; Slagsvold et al., 2006).

SH3 domain-containing Ysc84-like 1 (SH3YL1) protein has a
unique lipid-binding domain, SYLF (named after the SH3YL1,
Ysc84p (also known as Lsb4p), Lsb3p and plant FYVE proteins
that contain it), which strongly binds to D5-phosphorylated
phosphoinositides, such as phosphatidylinositol 3,4,5-trisphosphate
[PI(3,4,5)P3] (Hasegawa et al., 2011). Moreover, we have previously
demonstrated that SH3YL1 is required for the formation of membrane
ruffles at the dorsal side of the plasmamembrane in response to growth
factor stimulation (Hasegawa et al., 2011). Interestingly, it has been
reported that the yeast homologs of SH3YL1, Lsb3p and Ysc84, are
localized at intracellular vesicles together with an endocytic protein,
Sla1p, and play an indispensable role in endocytosis (Dewar et al.,
2002; Tonikian et al., 2009).

In this study, we elucidate the role of SH3YL1 in endosomal
sorting of EGF. In HeLa cells, mCherry-tagged SH3YL1 displays a
punctate localization pattern, which overlaps with that of CD63, a
marker of late endosomes/MVBs. We show that in the absence of
SH3YL1, EGF is not delivered to late endosomes even though it
successfully proceeds through early endosomes. Furthermore,
SH3YL1 directly interacts with an ESCRT-I component, vacuolar
protein sorting-associated protein 37B (Vps37B), for EGFR
degradation.

RESULTS
SH3YL1 is localized at late endosomes
To observe the intracellular localization of SH3YL1, HeLa cell lines
that stably express mCherry-tagged SH3YL1 (SH3YL1–mCherry)Received 20 December 2018; Accepted 29 August 2019
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were established and examined under a confocal microscope.
Interestingly, SH3YL1–mCherry showed a vesicular localization in
the cytosol (Fig. 1A, left panels). To confirm the identity of these
SH3YL1–mCherry-positive vesicles, we co-stained the cells with
antibodies against EEA1 and CD63, which are early and late
endosome markers, respectively. As a result, it was revealed that the
SH3YL1–mCherry-positive vesicles scarcely co-localized with
EEA1-positive early endosomes (Fig. 1A, upper panels), whereas
they abundantly overlapped with CD63-positive late endosomes
(Fig. 1A, lower panels). In contrast, SH3YL1–mCherry did not
overlap with transferrin receptor, a recycling endosome marker
(Fig. S1A). These results indicate that SH3YL1 is closely associated
with the degradative pathway but not with the recycling pathway.
Next, we examined whether SH3YL1 was involved in degradative

endocytosis, using a pulse-chase assay that enabled us to monitor the
transport of fluorescently labeled EGF internalized into the cell (see
Materials and Methods). The EGF co-localized with SH3YL1–
mCherry-positive vesicles after 5 min of internalization and a
subsequent chase of 30 min (Fig. 1B, lower panels). However, this

co-localization pattern was less pronounced after the first 10 min of
the chase (Fig. 1B, upper panels), indicating that SH3YL1 plays a
role in relatively mature endosomes on the EGF sorting route.
Additionally, SH3YL1–mCherry-positive vesicles significantly co-
localized with EGF receptor (EGFR) 30 min after EGF stimulation
(Fig. S1B), confirming the involvement of SH3YL1 in the
endocytosis of EGF–EGFR complex. These results collectively
indicate that SH3YL1 is localized at late endosomes.

Depletion of SH3YL1 alters the distribution of endosomes
in the degradative pathway
Knockdown experiments were carried out to study the function of
SH3YL1 in endocytosis. We designed two different SH3YL1-
targeted siRNAs and tested their ability to downregulate SH3YL1
protein levels in HeLa cells. The siRNA #2 was designed against the
3′ untranslated region (UTR) of the human SH3YL1 gene for
subsequent rescue experiments. The expression of SH3YL1 was
significantly reduced in cells transfected with either of the two
siRNAs, but not with a control siRNA (Fig. S2A). Interestingly,

Fig. 1. SH3YL1 is localized at late endosomes.
(A) Scheme of human SH3YL1 is given at the top.
HeLa cells stably expressing SH3YL1–mCherry (red)
are stained with anti-EEA1 (upper panels) or anti-
CD63 (lower panels) antibodies (green). Arrowheads
indicate co-localizations with Pearson correlation
coefficients of 0.10±0.08 (SH3YL1–mCherry versus
anti-EEA1) and 0.48±0.08 (SH3YL1–mCherry versus
anti-CD63) (mean±s.d. of 10 cells). (B) HeLa cells
stably expressing SH3YL1–mCherry (red) were
incubated with 0.1 µg/ml Alexa Fluor 647-conjugated
EGF (green) for 5 min at 37°C, and then chased in
serum-free medium without markers for 10 min
(upper panels) and 30 min (lower panels).
Arrowheads indicate co-localizations. Images are
representative of three independent experiments.
Boxed regions aremagnified in the insets. Scale bars:
10 µm.
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although the control siRNA-transfected HeLa cells had EEA1-
positive early endosomes relatively close to the perinuclear region, a
significantly dispersed localization pattern of early endosomes was
observed in SH3YL1-depleted cells (Fig. 2A, upper panels).
Localization of CD63-positive late endosomes, which were
typically found at the perinuclear area of cells transfected with
control siRNA, was also altered to a more dispersed pattern in
SH3YL1-depleted cells (Fig. 2A, lower panels). The mean distance
between the center of the nucleus and each endosomal vesicle, and
the standard deviation, significantly increased, indicating that both
early and late endosomes were more widely distributed throughout
the cytosol of SH3YL1-depleted cells (Fig. 2B). These changes in the
localization patterns were specific to degradative organelles, as the
distributions of transferrin receptor and the Golgi marker GM130
were scarcely affected (Fig. S2B). In addition, knockdown of
SH3YL1 had no effect on internalization and transport of transferrin
to the perinuclear region (Fig. S2C). Given that intracellular transport
of degradative endosomes toward the perinuclear region is highly
correlated with their maturation from early to late endosomes
(Jongsma et al., 2016; Korolchuk et al., 2011; Neefjes et al., 2017),
the observed phenotype suggests that SH3YL1 has a key role in
degradative endocytosis. Our findings suggest that SH3YL1 is
involved in the cargo transport from early to late endosomes in the
degradative pathway of endocytosis, but not in the recycling pathway.

Loss of SH3YL1 inhibits EGF trafficking to late endosomes
Next, we sought to determine whether SH3YL1 is essential for EGF
transport through degradative endosomes. At early time points (after
internalization for 5 min and subsequent chase for 0 and 10 min),
internalized EGF reached EEA1-positive early endosomes in both
the control and SH3YL1 knocked-down cells (Fig. 3A,B).
Subsequently (chase for 30 min), the co-localization of EGF with
EEA1 was decreased both in control and SH3YL1 knocked-down
cells to the same extent, indicating that SH3YL1 is dispensable for
travel of EGF through early endosomes.
Having confirmed that EGF was normally transported through

early endosomes in the absence of SH3YL1, we next evaluated the
involvement of SH3YL1 in EGF trafficking to late endosomes. After
30 or 60 min of the chase, images showed that EGF was successfully
transported to CD63-positive late endosomes in control cells

(30–40% co-localization; Fig. 4A,B). However, it was scarcely
delivered to late endosomes in SH3YL1 knocked down cells, even
after 60 min of the chase (∼10% co-localization; Fig. 4A,B). These
results suggest that SH3YL1 is necessary for EGF trafficking from
early endosomes to late endosomes and/or MVBs.

Loss of SH3YL1 inhibits degradation of EGF receptor
To examine further the role of SH3YL1 in EGF trafficking, we
performed the EGFR degradation assay in HeLa cells. In control cells,
the protein levels of EGFR were strongly reduced at 40–60 min after
EGF stimulation (Fig. 5A,B), indicating efficient degradation in
lysosomes. In contrast, most of the EGFR remained intact even 60 min
after EGF stimulation in SH3YL1 knocked-down cells (Fig. 5A,B).

Immunofluorescent staining of both control and SH3YL1
knocked-down cells showed that EGFR was internalized at 5 min
after EGF stimulation with comparable levels (Fig. S3). In control
cells, internalized EGFR was accumulated at the perinuclear region
30 min after EGF stimulation, but disappeared at 120 min, indicating
effective degradation of EGFR (Fig. 5C, upper panels). In contrast,
the distribution of internalized EGFR was more dispersed at 30 min
in SH3YL1 knocked down cells and, more importantly, EGFR was
detectable in the cells even 120 min after EGF stimulation (Fig. 5C,
middle and lower panels). Based on these results, we conducted a
rescue experiment using green fluorescent protein (GFP)-tagged
SH3YL1 (SH3YL1–GFP) that encoded only the open reading frame
of SH3YL1 and was therefore not targeted by siRNA#2 designed for
the 3′-UTR. As a result, EGFR degradation was effectively recovered
by the expression of SH3YL1–GFP (Fig. 6A,B). Interestingly, this
rescue ability of exogenous SH3YL1 was lost when the SH3 domain
was deleted (Fig. 6A,B). These results demonstrate that SH3YL1 is
required for degradation as well as sorting of EGFR, and that these
events depend on the C-terminal SH3 domain of SH3YL1.

SH3 domain of SH3YL1 is required for the formation
of intraluminal vesicles
It has been reported that EGFR is transported through a subpopulation
ofMVBs to lysosomes for degradation (White et al., 2006), sowe next
examined whether SH3YL1 plays a role in formation of the ILVs that
mediate EGFR sorting into MVBs. For this purpose, we utilized the
ability of the active Rab5 mutant [Rab5(Q79 L)] to form enlarged

Fig. 2. Depletion of SH3YL1 alters the distribution of early and late endosomes. (A) HeLa cells treated with siRNAs (control or SH3YL1#2) were stained with
anti-EEA1 or anti-CD63 antibodies. Images are representative of three independent experiments. (B) Distances (mean±s.d.) between the center of
nuclei and each endosome (N=150, more than 10 cells) weremeasured using ImageJ software and are presented as scatter plots. ****P<0.0001 (Games–Howell
multiple comparison test). Standard deviation values were significantly different, with P<0.0001 (Bartlett’s test). Scale bar: 10 µm.
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early endosomes that provide high spatial resolution in confocal
microscopy (Hanafusa et al., 2011; Pons et al., 2008, 2012; Raiborg
et al., 2002; Trajkovic et al., 2008). At 15 min of EGF stimulation, cells
treated with control siRNA displayed efficient translocation of EGFR
to the ILVs inside the Rab5(Q79L)-induced enlarged endosomes
(Fig. 7A). Quantification of immunostained EGFR showed that
approximately 70% of the endocytosed EGFRwas accumulated in the
endosomal lumen (Fig. 7C). In contrast, both of the SH3YL1-targeting
siRNAs used in this study significantly suppressed EGFR sorting into
the lumen of the enlarged endosomes (Fig. 7A,C).
Furthermore, we performed rescue experiments to verify which

region of SH3YL1 is essential for the incorporation of EGFR into
the enlarged endosomes. Accordingly, expression of wild-type
(WT) SH3YL1 or a lipid-binding defective mutant (M1) (Hasegawa
et al., 2011) in the knockdown cells restored the appearance of
EGFR in the lumen of enlarged endosomes (Fig. 7B,C). This
observation suggests that the lipid-binding activity of SH3YL1 is
not required for the formation of ILVs. However, expression of
SH3YL1 (ΔSH3) or SH3YL1 (SYLF), both of which lack the
C-terminal SH3 domain required for the protein–protein interaction,
did not rescue the phenotype (Fig. 7B,C). These data reveal that the
SH3 domain of SH3YL1 is necessary for transport of EGFR into the
lumen of late endosomes.

SH3YL1 binds to an ESCRT-I component, Vps37B, for EGFR
degradation
Based on the findings that the SH3 domain of SH3YL1 plays an
important role in the sorting of EGFR to the ILVs in late endosomes,
we searched the UniProt database (https://www.uniprot.org/) for any
relevant interacting partners of SH3YL1 in this process. Interestingly,
Vps37B, a component of the ESCRT-I subcomplex in mammals, is
deposited as a significant binding protein of SH3YL1. The interaction
between SH3YL1 and Vps37B has also been detected by a global
two-hybrid screening (Yu et al., 2011). As the ESCRT-I subcomplex
of the ESCRT machinery is known to recognize ubiquitinated cargo
molecules such as EGFR and further induce membrane curvature for
ILV formation, we decided to focus on this interaction.

First, GFP–Vps37B and FLAG–SH3YL1 (full length or ΔSH3
mutant) were co-expressed in 293FT cells and then the cell lysates
were subjected to immunoprecipitation using anti-DYKDDDDK
(FLAG) antibody. As shown in Fig. 8A, GFP–Vps37B co-
precipitated with FLAG–SH3YL1 in a manner dependent on the
SH3 domain of SH3YL1. The specificity of this interaction was
investigated by an overlay assay using a recombinant SH3YL1
protein. It was found that, although weak binding to Vps37C was
detected, SH3YL1 almost exclusively interacted with Vps37B out of
the four human Vps37 proteins (Fig. S4A,B). The primary sequence

Fig. 3. Loss of SH3YL1 does not affect EGF trafficking via early endosomes. (A) HeLa cells treated with siRNAs (control or SH3YL1#2) were incubated with
0.1 µg/ml rhodamine–EGF for 5 min at 37°C and then chased in serum-free medium without EGF for 0, 10 and 30 min. Boxed regions are magnified in the
insets. Arrowheads indicate co-localization of rhodamine–EGF (red) with EEA1 (green). Images are representative of three independent experiments. (B) Pixel-by-
pixel co-localization analysis by Fluoview software was used to assess levels of rhodamine–EGF with EEA1. Ten random areas (as shown by the boxed areas)
were picked up and measured. Results represent the mean±s.e.m. of 10 areas. n.s., not significant (Tukey’s multiple comparison test). Scale bars: 10 µm.
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of Vps37B has two PxLPxR consensus motifs (Fig. 8B) known to
interact with the SH3 domain of mammalian SH3YL1 as well as their
yeast homologs, Lsb3 and Lsb4 (Hasegawa et al., 2011; Tonikian
et al., 2009). Indeed, SH3YL1 could not bind to Vps37B that lacked
these motifs (Fig. 8C; Fig. S4C). Next, the localization of these two
proteins was observed by confocal microscopy. In HeLa cells, stably
expressed SH3YL1–mCherry co-localized with transfected GFP–
Vps37B as well as EGF that was internalized for 20 min (Fig. 8D).
Furthermore, knockdown of Vps37B resulted in significant delay of

EGFR degradation, which was rescued by expression of wild-type
Vps37B (1–285 amino acids), but not the Vps37Bmutant that lacked
PxLPxR motifs (1–173 amino acids) (Fig. 8E; Fig. S5). These data
indicate that SH3YL1 binds to an ESCRT-I subcomplex component,
Vps37B, and that this interaction is required for endosomal sorting
and degradation of EGFR.

DISCUSSION
We demonstrate that SH3YL1 displays a punctate localization pattern
that overlaps with that of CD63, a marker of late endosomes and
MVBs, and that SH3YL1 is required for EGFR transport from early
to late endosomes. In a previous study, we observed that transiently
expressed SH3YL1 is localized to circular dorsal ruffles induced by
platelet-derived growth factor, reflecting the ability of SH3YL1 to
bind phosphoinositide at the plasma membrane (Hasegawa et al.,
2011). We speculate that the different localization patterns between
the previous and current studies are partly derived from the higher
level of transient expressions in the previous study (Hasegawa et al.,
2011). By establishing HeLa cell lines that stably express SH3YL1
with the C-terminal mCherry tag at lower levels, we observed
vesicular localization patterns (Fig. 1). We also noticed that when co-
expressed with its binding partner mediated by the SH3 domain
(SHIP2, PI3KC2beta, Vps37B, etc.), SH3YL1 tends to be localized
at vesicular structures (data not shown). This could be because of a
possible ‘open–close’ conformational change that might be regulated
by its C-terminal SH3 domain. Such a possibility is of great interest
for future studies.

Our results indicate that SH3YL1 has an indispensable role in the
sorting of EGFR to the ILVs in MVBs as well as in EGFR
degradation. When SH3YL1 was knocked down in HeLa cells, both
early and late endosomes changed their localizations from typical
perinuclear positions to more dispersed patterns in the cytosol
(Fig. 2A,B). There was also an apparent correlation between the
distribution pattern of Rab5 (Q79L)-positive endosomes and the
efficiency of EGFR sorting into the ILVs therein; enlarged
endosomes with EGFR inside tended to accumulate more at the
perinuclear region (Fig. 7A). Intracellular localization of degradative
endosomes has been shown to correlate with their maturation status;
early endosomes show a peripheral distribution pattern, whereas late
endosomes tend to accumulate at the perinuclear ‘clouds’ (Jongsma
et al., 2016; Korolchuk et al., 2011; Neefjes et al., 2017). Consistent
with this, we showed that internalized EGF could not reach CD63-
positive late endosomes in SH3YL1 knockdown cells (Fig. 4A,B).
Thus, our results indicate the potential role of SH3YL1 in the
maturation process of endosomes in the degradative pathway. As the
internalized EGF could successfully travel through EEA1-positive
early endosomes even in the absence of SH3YL1 (Fig. 3A,B), its site
of action is likely to fall between early and late endosomes. As yet, the
identity of endosomes that EGF–EGFR sorts into after SH3YL1
knockdown remains unclear. Our data show that internalized EGF
could also travel through endosomes marked by GFP–Vps37B
(Fig. S6). Therefore, the internalized EGF–EGFR in SH3YL1
knockdown cells might have been sorted to endosomes positive for
ESCRT-II, ESCRT-III or other regulatory proteins such as the sorting
nexin family (Cullen, 2008).

In this study, we confirmed a previous finding that a component of
the ESCRT-I complex, Vps37B, is a binding partner of SH3YL1 (Yu
et al., 2011). Vps37B is one of the four humanVps37 proteins, which
associatewith another ESCRT-I component, Tsg101, via their central
stalk regions called the mod(r) domains (Bache et al., 2004; Boura
et al., 2012; Okumura et al., 2013). Because of a helical bundle
structure built by the stalk regions, ESCRT-I has an elongated shape

Fig. 4. SH3YL1 knockdown inhibits the transport of EGF to late
endosomes. (A) HeLa cells treated with siRNAs (control or SH3YL1#2) were
incubated with 0.1 µg/ml rhodamine–EGF for 5 min at 37°C and then chased in
serum-free medium without EGF for 30 and 60 min. The boxed regions are
magnified in the insets. Arrowheads indicate co-localization of rhodamine–
EGF (red) with CD63 (green). Images are representative of three independent
experiments. (B) Pixel-by-pixel co-localization analysis by Fluoview software
was used to assess levels of rhodamine–EGF with CD63. Ten random areas
(as shown by the boxed areas) were picked up and measured. Results
represent the mean±s.e.m. of 10 areas. **P<0.01 (Tukey’s multiple
comparison test). Scale bars: 10 µm.

5

RESEARCH ARTICLE Journal of Cell Science (2019) 132, jcs229179. doi:10.1242/jcs.229179

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/doi/10.1242/jcs.229179.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.229179.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.229179.supplemental


that connects ESCRTs I and III (Boura et al., 2012; Henne et al.,
2011; Hurley and Hanson, 2010; Kostelansky et al., 2006). Stenmark
and colleagues identified the mammalian Vps37 genes and
demonstrated that knocking down Vps37A significantly retarded
the degradation of EGFR in lysosomes (Bache et al., 2004). In the
current study, we show that Vps37B also plays a significant role in
EGFR degradation in HeLa cells (Fig. 8E). It should also be noted
that Vps37B knockdown resulted in a weaker effect on EGFR
degradation than SH3YL1 knockdown (about eight times more
EGFR-positive endosomes remained at 120 min in SH3YL1
knockdown cells compared with the control versus about three
times more EGFR-positive endosomes in Vps37B knockdown cells
compared with the control). We speculate that this may be because of
a possible redundancy with other Vps37 proteins such as Vps37A or
Vps37C. Vps37B has a proline-rich domain (PRD) at its C-terminal
region, as do other Vps37 proteins such as Vps37C and Vps37D. We
have previously demonstrated that the SH3 domain of SH3YL1
preferentially binds to a PxLPxR motif in the N-terminal PRD of
SHIP2 (Hasegawa et al., 2011). Here, we demonstrate that Vps37B,
but not Vps37CorVps37D, has two PxLPxRmotifs and that deletion
of these motifs abrogated binding of Vps37B to SH3YL1 (Fig. 8C).
In line with this result, co-localization with SH3YL1 was only
observed for Vps37B, but not for Vps37C (data not shown).
Our data reveal that SH3YL1 plays an important role in the sorting

of EGFR into the ILVs (Fig. 7) as well as its degradation therein
(Figs 5,6). During the process of ILV formation, ESCRT-I is believed
to trigger membrane invagination toward the lumen of late endosomes.
Structural studies have collectively proposed a model in which the
elongated and slightly curved shape of the ESCRT-I subcomplex is

deployed on the surface of endosomal membrane, thereby inducing a
negative membrane curvature for ILV formation (Boura et al., 2011,
2012). We have previously reported that SH3YL1 is involved in the
formation of circular dorsal ruffles (CDRs) in response to PDGF
stimulation (Hasegawa et al., 2011). It is noteworthy that the protrusive
plasma membrane sculpted upon CDR formation retains a negative
membrane curvature like that induced by the ESCRT complex. Based
on the fact that SH3YL1 directly interacts with a component of
ESCRT-I subcomplex, we speculate that SH3YL1 contributes to the
membrane invagination process at the initial step of ILV formation.
Indeed, our rescue experiments after SH3YL1 knockdown indicate
that EGFR sorting into the ILVs and its subsequent degradation are
dependent on the presence of the SH3 domain of SH3YL1, which
directly binds to Vps37B (Figs 6,7).

It has been proposed that phosphoinositides, especially PI(3)P
and PI(3,5)P2, are the key molecules that regulate cargo trafficking
from early to late endosomes (Hasegawa et al., 2017; McCartney
et al., 2014). In fact, a variety of phosphoinositide-binding proteins,
such as Hrs (Bache et al., 2003; Lu et al., 2003), Vps36 (Hierro
et al., 2004; Im and Hurley, 2008), Vps22 (Teo et al., 2006), SNX3
(Pons et al., 2008) and SNX12 (Pons et al., 2012) have been
reported to be involved in ILV biogenesis. Whereas most of these
proteins preferentially bind to PI(3)P, the involvement of PI(3,5)P2-
specific binding partners in MVB formation is not fully understood.
We have previously revealed that SH3YL1 binds strongly to D5-
phosphorylated phosphoinositides, including PI(3,5)P2, PI(4,5)P2
and PI(3,4,5)P3 (Hasegawa et al., 2011). However, our rescue
experiments show that the M1 mutant of SH3YL1 [a PI(4,5)P2- and
PI(3,4,5)P3-binding defective mutant] (Hasegawa et al., 2011) was

Fig. 5. Depletion of SH3YL1 suppresses EGFR degradation. (A) HeLa cells treated with siRNAs (control, SH3YL1#1 or SH3YL1#2) were stimulated with
50 ng/ml EGF for the indicated time periods. Cell lysates were analyzed by immunoblotting with anti-EGFR antibody. (B) Quantification of EGFR
degradation shown in A, using ImageJ software. The results represent the mean±s.d. of three independent experiments. **P<0.01 (Tukey’s multiple comparison
test). (C) HeLa cells were stimulated with 50 ng/ml EGF for 30 or 120 min, fixed and then immunostained with anti-EGFR antibody. Images are representative of
three independent experiments. Scale bar: 10 µm.
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able to recover the knockdown phenotype (Fig. 7C). This mutant
also lacks affinity to PI(3,5)P2 (Fig. S7A). In addition, the vesicular
localization of SH3YL1–mCherry was not affected by treatment
with apilimod, an inhibitor of PIKfyve which generates PI(3,5)P2
(Fig. S7B) (Cai et al., 2013). Thus, further studies are needed in
order to identify a PI(3,5)P2-binding protein that regulates MVB
formation and EGFR sorting into the ILVs.

MATERIALS AND METHODS
Reagents and antibodies
Rabbit anti-SH3YL1 polyclonal antibody was purchased from Sigma
(HPA030926; 1:200). Mouse anti-EEA1 (clone 14; 1:100) and anti-
GM130 (clone 35; 1:100) monoclonal antibodies were purchased from BD
Biosciences. Mouse anti-α-tubulin monoclonal antibody (10G10; 1:2000)
was from Wako. Rabbit anti-EGF receptor polyclonal antibody (Sc-03;
1:1000) and mouse anti-EGF receptor monoclonal antibody (A-10; 1:1000)
were from Santa Cruz Biotechnology. Mouse anti-CD63 monoclonal
antibody (clone RFAC4; 1:100) was from Millipore. Mouse anti-transferrin
receptor monoclonal antibody (H68.4; 1:100) was from Zymed Laboratories.
Mouse anti-DYKDDDDK (FLAG) monoclonal antibody (clone 1E6;
1:1000) was from Wako. Mouse anti-His monoclonal (OGHis; 1:1000) and
rabbit anti-GFP polyclonal (598; 1:1000) antibodies were from MBL. All
fluorescent reagents [tetramethylrhodamine-conjugated EGF, Alexa Fluor
647-conjugated EGF, Alexa Fluor 568-conjugated transferrin and Alexa

Fluor 488-, 568-, 647-conjugated goat anti-rabbit or anti-mouse secondary
antibodies (1:1000)] were purchased from Thermo Fisher Scientific.
Recombinant human EGF was from R&D Systems (236-EG) and Wako
(059-07873).

Plasmids
SH3YL1–GFP (wild type, M1, ΔSH3 and SYLF domain) and FLAG–
SH3YL1 (wild type and ΔSH3) expression plasmids were constructed as
described previously (Hasegawa et al., 2011). In brief, SH3YL1 cDNAs
were ligated into the BglII and SalI sites of pEGFP-N3 (Clontech) or the
BamHI and SalI sites of pCMV-Tag2 (Agilent) mammalian expression
vectors. Retroviral expression construct of SH3YL1–mCherry was made by
PCR amplification of corresponding cDNA and subsequent ligation into the
BamHI and EcoRI sites of pQCXIP vector (Clontech). For bacterial
expression, SH3YL1 cDNAs (wild type, M1 and M2) were ligated into the
NdeI and XhoI sites of pET21 (Novagen) or the BamHI and SalI sites of
pGEX 6P-1 (GE Healthcare) vectors. Human Rab5a (Q79L) cDNA was
inserted into the BglII and BamHI sites of pEGFP-C1 vector (Clontech).
Human Vps37A, B, C and D cDNAs were ligated into the EcoRI and SalI
sites of pEGFP-C3 vector (Clontech) (Okumura et al., 2013).

Cell culture and transfection
HeLa, GP2-293 and 293FT cells were maintained in DMEM supplemented
with 10% FBS. These cell lines were obtained from the American Type
Culture Collection (ATCC) or purchased from Thermo Fisher Scientific and

Fig. 6. The SH3 domain of SH3YL1 is required for EGFR
degradation. (A) Rescue experiments by SH3YL1
constructs. HeLa cells treated with SH3YL1 siRNA#2 were
transfected with SH3YL1(WT)–GFP or SH3YL1(ΔSH3)–
GFP (green). After stimulation with 50 ng/ml EGF for
120 min, cells were immunostained with anti-EGFR
antibody (red). Images are representative of three
independent experiments. (B) EGFR-positive endosomes
were counted and the results presented as the mean
±s.e.m. of three independent experiments with at least 20
cells per experiment. **P<0.01 (Tukey’s multiple
comparison test). Scale bar: 10 µm.
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were regularly tested for mycoplasma contamination. Plasmid transfection
was performed using FuGENE HD (Promega) for microscopic evaluation or
Polyethylenimine Max (Polysciences) for biochemical assays. Experiments
were carried out 24 h after transfection.

Retroviral expression and stable cell lines
GP2-293 cells were simultaneously transfected with pVSV-G and pQCXIP-
SH3YL1-mCherry constructs for 48 h. Retroviral particles were saved in the
culture medium, passed through a 0.45 µm filter and then added to HeLa
cells with 4 µg/ml of polybrene. Stable cell lines were selected by serial
dilutions in the presence of 2 µg/ml puromycin.

Co-immunoprecipitation assay
293FT cells were transfected with expression plasmids and further cultured
for 48 h. After rinsing with PBS twice, cells were lysed in lysis buffer
(50 mM Tris-HCl pH 7.4, 150 mMNaCl, 5 mM EDTA, 1%NP-40), briefly
sonicated and then pre-cleared by centrifugation at 100,000 g for 10 min.
The cell lysate in the supernatant was further incubated with anti-
DYKDDDDK (FLAG) antibody immobilized on SureBeads Protein G
magnetic beads (Bio-Rad) for 1 h with continuous rotation at 4°C. Beads
were washed five times with lysis buffer and then bound proteins were
eluted in SDS sample buffer. Co-immunoprecipitation was evaluated by
immunoblotting with anti-GFP.

Overlay assay
Each Vps37 protein was expressed in 293FT cells, immunoprecipitated with
anti-GFP as above and transferred onto PVDFmembrane. After blocking with

5% skim milk in 0.05% Tween-20 in PBS (PBST) for 1 h, the membrane was
incubated for 1 hwith 0.5 µg/ml of recombinant SH3YL1-His protein in PBST
and thenwith anti-Hismonoclonal antibody for 1 h. SH3YL1protein bound to
Vps37 protein was detected using horseradish peroxidase-conjugated anti-
mouse secondary antibody (115-035-146, Jackson ImmunoResearch; 1:5000)
and chemiluminescence (Chemi-Lumi One L, Nacalai).

RNA interference
For knockdown experiments, stealth siRNAs (Life Technologies) or
ON-TARGETplus siRNAs (Dharmacon) targeting the respective human
transcripts were designed as follows: 5′-AACAGCUCCCUUCUAAAGA-
CACGCC-3′ (SH3YL1 siRNA#1), 5′-GCUAAGCAUUUGAUCUGGC-
CAUGUA-3′ (SH3YL1 siRNA#2), 5′-AGUUGUGUGUGCCGGGUUA-
3′ (Vps37B siRNA#1) and 5′-TGGCACCTGTTGACGGAAA-3′ (Vps37B
siRNA#2). SH3YL1 siRNA#2, Vps37B siRNA#1 and Vps37B siRNA#2
corresponded to sequences in 3′-UTR for rescue experiments. The siRNAs
(20 nM ) were transfected into HeLa cells with Lipofectamine RNAiMAX
(Life Technologies) and expression levels assessed after 72 h by immuno-
blots for SH3YL1 or reverse transcription and polymerase chain reaction
(RT-PCR) for Vps37B.

RT-PCR
Total RNA was extracted using TRIzol (Thermo Fisher Scientific) and
then reverse-transcribed with PrimeScript RT Master Mix (Takara).
Expression levels of human Vps37B and GAPDH were examined by PCR
using the following primers: 5′-AGATGGAGGAGACACAGAATGT-
3′(Vps37B forward), 5′-TGCTAACAGGGTCTCCAAGG-3′ (Vps37B,

Fig. 7. SH3YL1 is indispensable for the formation of ILVs. (A) HeLa cells were treated with siRNAs (control or SH3YL1#2) and transfected with GFP–
Rab5a(Q79L) (green) during the last 24 h. Subsequently, cells were incubated with 100 ng/ml EGF for 5 min at 37°C, chased in serum-free medium without EGF
for 15 min and then stained with anti-EGFR antibody (red). Boxed regions are magnified in the insets. Images are representative of three independent
experiments. (B) SH3YL1 constructs used for rescue experiments. M1 mutant has amino acid substitutions of Lys14Lys15 to Ala14Ala15. (C) Rescue experiments
were performed by transfecting the SH3YL1–GFP constructs shown in B together with RFP-Rab5a(Q79L). The relative amount of EGFR in the lumen of
Rab5a(Q79L)-induced enlarged endosome was quantified. Results represent the mean±s.d. of three independent experiments with at least 50 endosomes per
experiment. *P<0.05, **P<0.01 (Tukey’s multiple comparison test). Scale bar: 10 µm.
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reverse), 5′-GGAAGGTGAAGGTCGGAGTC-3′ (GAPDH, forward) and
5′-CTCGCTCCTGGAAGATGGTG-3′ (GAPDH, reverse).

Endocytosis assay
For EGF or transferrin uptake, cells were starved in serum-free medium
for 1 h. Cells were first allowed to uptake fluorescently labeled markers
by incubation with tetramethylrhodamine- or Alexa Fluor 647-conjugated
EGF (0.1 µg/ml) or Alexa Fluor 568-conjugated transferrin (1 µg/ml) in
DMEM for 5 min at 37°C. Subsequently, the medium was removed and the
cells chased in a serum-free medium without fluorescent markers for the
indicated time periods. For EGF receptor degradation, cells were starved in
serum-free medium for 1 h and then incubated with 50 ng/ml EGF for the
indicated time periods. Cell lysates were analyzed by immunoblots.
Quantification of EGF receptor distribution in the lumen or on the
limiting membrane of enlarged endosomes induced by Rab5 (Q79L) has
been described (Trajkovic et al., 2008). To evaluate EGFR degradation by
immunofluorescence, all images were obtained by confocal microscopy

with a constant laser power and photomultiplier sensitivity. The obtained
images were processed with ImageJ software to generate an automated
threshold, and then EGFR-positive vesicles were counted.

Immunofluorescence microscopy
Cells were fixed with 3.7% formaldehyde in PBS for 10 min at room
temperature (RT), permeabilized with PBS containing 0.2% Triton X-100
for 5 min at RT and then washed three times with PBS. Cells were incubated
with primary antibodies in PBS for 90 min. After three washes with PBS,
cells were incubated with the appropriate secondary antibodies in PBS for
1 h. After a brief wash with PBS, coverslips were mounted onto slides using
PermaFluor Mountant Medium or ProLong Diamond Antifade Mountant
(ThermoFisher Scientific) and observed under a FluoView 1000-D confocal
microscope (IX81; Olympus) equipped with 473-, 568- and 633-nm diode
lasers (Olympus) through an objective lens (60× oil immersion objective,
NA 1.35; Olympus) and with Fluoview software (Olympus). Acquired
images were processed with Photoshop (Adobe).

Fig. 8. SH3-dependent interaction between SH3YL1 and Vps37B is necessary for EGFR degradation. (A) The indicated constructs were simultaneously
transfected into 293FT cells for 48 h and cell lysates prepared. SH3YL1 proteins were immunoprecipitated with anti-FLAG antibody and then analyzed by
immunoblotting with anti-GFP antibody. Input: cell lysate. Data are representative of three independent experiments. (B) The amino acid sequence of human
Vps37B. PxLPxR motifs are indicated by solid underline. An APLPPR sequence, which partially matches the PxLPxR consensus, is indicated by dashed
underline. C-termini of deleted mutants are shown in red. (C) SH3YL1–Vps37B interaction requires PxLPxR motifs in Vps37B. The indicated constructs of
GFP–Vps37B were analyzed by co-immunoprecipitation assay as in A. Data are representative of three independent experiments. (D) HeLa cells stably
expressing SH3YL1–mCherry (red) were transfected with GFP–Vps37B (green) plasmids for 24 h. Transfected cells were incubated with 0.1 µg/ml Alexa Fluor
647–EGF (blue) for 5 min at 37°C and then chased in serum-free medium without EGF for 15 min before fixation. Boxed regions are magnified in the insets.
Arrowheads indicate simultaneous co-localizations of three fluorescent signals. Images are representative of three independent experiments. (E) Knockdown of
Vps37B in HeLa cells and rescue by wild-type (1–285) or PxLPxRmotif-deleted mutant (1–173) of GFP–fGFPVps37B constructs. After stimulation with 50 ng/ml
EGF for 120 min, cells were immunostained with anti-EGFR antibody. The numbers of EGFR-positive endosomes are shown as the mean±s.e.m. of three
independent experiments with at least 20 cells per experiment. **P<0.01, ***P<0.001 (Tukey’s multiple comparison test). Scale bar: 10 µm.
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Co-localization and statistical analysis
A pixel-by-pixel co-localization analysis, using Fluoview (Olympus) or
ImageJ software, was used to assess levels of co-localization between
endosomal markers in confocal images. Statistically significant differences
were determined using one-way ANOVA with Tukey’s multiple
comparisons test. Differences were considered significant if P<0.05.

Liposome co-sedimentation assay
Recombinant GST-fusion SH3YL1 (wild type, M1 and M2) proteins
were expressed in BL21 bacterial strain and then purified with glutathione
Sepharose 4B (GE Healthcare) according to the manufacturer’s instruction.
Removal of GST was performed by on-column cleavage using PreScission
protease (GE Healthcare). Mixtures of PE (70%; Avanti Polar Lipids),
PC (20%; Avanti Polar Lipids) and PI(3,5)P2 (10%; CellSignals) were dried
under nitrogen gas and suspended in 50 μl of buffer (25 mMHEPES pH 7.5,
100 mM NaCl, 0.5 mM EDTA) for 1 h at 37°C to form liposomes. Before
mixing with the liposomes, proteins were subjected to centrifugation at
150,000 g for 15 min at 4°C to remove aggregated portions. Proteins that
remained in the supernatant (5 μg) were incubated with the liposomes
(25 μg) for 15 min at RT and centrifuged at 150,000 g for 20 min at 20°C.
Proteins that sedimented with liposomes in the pellet and unbound proteins
in the supernatant were separated and then subjected to SDS-PAGE
followed by Coomassie Brilliant Blue staining.
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Fig. S1. Localization of SH3YL1 with endosomal markers. (A) HeLa cells stably 

expressing SH3YL1-mCherry (red) were immunostained with anti-transferrin receptor 

(TfnR) antibody (green). (B) SH3YL1-mCherry (red) stable HeLa cells were stimulated 

with 50 ng/ml EGF for 30 min and fixed. The localization of EGFR receptor was assessed 

by immunostaining with anti-EGFR antibody (green). The boxed region is magnified in 

inset. Arrowheads indicate colocalizations. Images are representative of three 

independent experiments. Scale bars, 10 µm. 
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Fig. S2. Depletion of SH3YL1 does not affect transferrin uptake. (A) HeLa cells were 

treated with control or SH3YL1-specific siRNAs for 72 h, and cell lysates were detected 

by immunoblotting. (B) SH3YL1 knockdown cells (control or SH3YL1#2) were stained 

with anti-transferrin receptor (TfnR) or anti-GM130 antibodies. Images are representative 

of three independent experiments. Scale bars, 10 µm. (C) HeLa cells treated with siRNAs 

(control or SH3YL1#2) were incubated with 1 µg/ml Alexa Fluor 568-conjugated 

transferrin (Tfn) for 5 min at 37ºC and then chased in serum-free medium without ligand 

for 10 min. Images are representative of three independent experiments. Scale bars, 10 

µm. 

J. Cell Sci.: doi:10.1242/jcs.229179: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Fig. S3. Depletion of SH3YL1 does not affect EGF uptake. (A) HeLa cells were 

stimulated with 50 ng/ml EGF for 5 min, fixed, and then immunostained with anti-EGFR 

antibody. Images are representative of three independent experiments. Scale bars, 10 µm. 

(B) EGFR-positive endosomes were counted and presented with the mean (±SEM) of 

three independent experiments with at least 10 cells per experiment. n.s., not significant 

(Tukey’s multiple comparison test). 
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Fig. S4. SH3YL1 binds almost exclusively to Vps37B. (A) Indicated constructs were 

expressed in 293FT cells together with FLAG-SH3YL1 for 48 h, and cell lysates were 

prepared. SH3YL1 proteins were immunoprecipitated with anti-FLAG antibody and then 

analyzed by immunoblotting with anti-GFP antibody. Input; cell lysate. Data are 

representative of three independent experiments. (B) Indicated constructs of GFP-Vps37 

proteins were expressed in 293FT cells and immunoprecipitated with anti-GFP antibody. 

Immunoprecipitates were transferred onto PVDF membrane after SDS-PAGE and then 

overlaid by SH3YL1-His recombinant protein (upper). GFP-Vps37 proteins were 

visualized by western blotting with anti-GFP antibody (lower). Data are representative of 

three independent experiments. (C) SH3YL1-Vps37B interaction requires “PxLPxR” 

motifs in Vps37B. Indicated constructs of GFP-Vps37B were subjected to an overlay 

assay as in (B). Data are representative of three independent experiments. 
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Fig. S5. Knockdown of Vps37B in HeLa cells. HeLa cells were treated with control or 

Vps37B-specific siRNAs for 72 h. Knockdown levels were assessed by RT-PCR by 

specific primer sets for human Vps37B (upper) or GAPDH (lower). Data are 

representative of three independent experiments. 
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Fig. S6. Loss of SH3YL1 does not affect EGF trafficking via Vps37B-positive 

endosomes. (A) HeLa cells co-expressing GFP-Vps37B and mCherry-Tsg101 were 

treated with siRNAs (control or SH3YL1#2) for 72 h, incubated with 0.1 µg/ml 

Alexa647-EGF for 5 min at 37ºC and then chased in serum-free medium without EGF for 

20 and 60 min. Boxed regions are magnified in insets. Arrowheads indicate colocalization 

of Alexa647-EGF (red) with GFP-Vps37B (green). Images are representative of three 

independent experiments. Scale bars, 10 µm. Arrowheads indicate colocalizations with 

Pearson correlation coefficients of 0.44±0.05 (cont siRNA, 20 min), 0.13±0.08 (cont 

siRNA, 60 min), 0.29±0.04 (SH3YL1 siRNA#2, 20 min), and 0.13±0.02 (SH3YL1 

siRNA#2, 60 min) (mean±SD of 10 cells). 
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Fig. S7. Vesicular localization of SH3YL1 is not dependent on PI(3,5)P2. (A) 

Liposome co-sedimentation assay using PE/PC-based liposomes supplemented with 10% 

of PI(3,5)P2 (See Materials and methods in detailed). SH3YL1 recombinant proteins 

wild-type (WT), amino acid substitutions of Lys14Lys15 to Ala14Ala15 (M1), and amino 

acid substitutions of Lys18Arg21 to Ala18Ala21 (M2) are used in this assay. Data are 

representative of three independent experiments. (B) HeLa cells stably expressing 

SH3YL1-mCherry were treated by DMSO or 1 µM apilimod (a PIKfyve inhibitor) for 1 

h. SH3YL1 is also localized at enlarged endosomes caused by the inhibition of PI(3,5)P2

synthesis by PIKfyve, indicating its membrane localization is independent of PI(3,5)P2. 

Images are representative of three independent experiments. 
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