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CIN85 associates with endosomal membrane and binds
phosphatidic acid
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CINS8S (Cbl-interacting protein of 85 kDa) is an important molecule involved in receptor tyrosine kinase endocy-
tosis. Here we report that through its positively charged C-terminus, CIN85 associates with a fusogenic lipid — phos-
phatidic acid. Its coiled-coil domain plays an important role in mediating this protein-lipid interaction. Deletion of
the coiled-coil domain results in loss of membrane association, and reduced interaction with c-cbl, finally causing the
blockage of epidermal growth factor receptor downregulation. In addition, a significant portion of CINSS is located
on the endosomal compartment and is related to endocytic cargo sorting, characterized by CIN8S’s localization on
the “E class” compartment and EGF degradation blockage in CIN85 knockdown cells. Taken together, our results
suggest that CIN8S may function as a scaffold molecule in both the internalization and endocytic cargo sorting pro-

cesses through its association with the endosomal membrane.
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Introduction

CINS&5 and the structurally related molecule CMS/
CD2AP belong to a family of ubiquitously expressed
adaptor proteins that contain three SH3 domains, a
proline-rich region and a coiled-coil domain [1]. CIN85
was first identified in human as a Cbl-interacting protein
of 85 kDa [2]. ¢-Cbl is a ubiquitin ligase that binds and
ubiquitinates activated receptor tyrosine kinases (RTKs)
during receptor internalization and downregulation [3].
It recruits CIN8S to the activated RTK to initiate the en-
docytotic process for receptor signaling inactivation [4,
5]. Once internalized, the receptor is sorted for recycling
back to the cell surface or targeting to lysosomes for
degradation. In the receptor degradation process, which
is one of the main mechanisms for rapid clearance of
activated RTKs from the cell surface [6], c-Cbl catalyzes
multiubiquitination of the receptor as well as monoubig-
uitination of CIN&5 [7]. This ubiquitinated receptor-Cbl-
CINS8S5 complex is then sorted into multivesicular bodies
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(MVB) that fuse into lysosomes [8, 9].

In the Cbl-CIN85-mediated receptor internalization
process, the interaction between c-Cbl and CINSS plays a
crucial role in the initiation of receptor endocytosis. The
interaction between CIN85 and c-Cbl is mediated by SH3
domains of CIN8S and the proline-rich motif (PXXXPR)
in ¢-Cbl [1, 4, 5, 10]. The proline-rich region in CIN85
itself is a binding site for many SH3 domain-containing
proteins, such as endophilins, which are regulatory pro-
teins that control endocytosis through clathrin-coated
pits [1, 4, 5, 11, 12]. Through interaction with CINSS,
RTK-Cbl is brought into proximity with endophilins and
endocytotic pits. By interacting with c-Cbl through SH3
domains and with endophilins through the proline-rich
region, CIN8S bridges RTK-Cbl and endocytotic proteins
in an RTK-Cbl-CIN85-endophilin complex to mediate
receptor endocytosis.

Besides the SH3 domains and the proline-rich region,
there is a coiled-coil domain at the C-terminus of CIN8S
[1]. Many proteins that are associated with endosomes
and the cytoskeleton contain a similar type of coiled-coil
domain [13]. In CMS/CD2AP, the coiled-coil domain
is involved in the interaction with F-actin [14, 15]. In
CINS8S, which has a much weaker F-actin-binding abil-
ity than CMS/CD2AP [15], the coiled-coil domain is
required for CIN85 oligomerization and monoubiquitina-
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tion by Cbl [7]. The three SH3 domains or the proline-
rich domain of CINS8S5 can cluster multiple effectors,
while an individual SH3 domain has a relatively low
affinity for the effectors. Hence CINS85 can rapidly ex-
change binding partners, depending on their local con-
centrations, cellular compartmentalization, and post-
translational modifications, in response to changes in the
environment. These dynamic interactions explain why
a high molecular-weight complex of 300-1000 kDa is
found in the native cell lysate, independent of stimulation
[16]. However, the location of this complex within cells
remains to be elucidated.

In this article, we report that CIN8S is associated with
phosphatidic acid through its positively charged C-ter-
minus. Its coiled-coil domain plays an important role in
this interaction. Epidermal growth factor receptor (EGFR)
downregulation and recruitment of Cbl by CIN8S are
greatly reduced by deletion of the coiled-coil domain. In
addition, CIN8S participates in the MVB sorting process
by interacting with endosomal sorting complex required
for transport (ESCRT) components. Furthermore, knock-
down of CINS8S5 expression blocks EGF degradation.
Therefore, our results suggest that CINSS5 is an endosom-
al membrane-associated scaffold molecule that functions
in both internalization and cargo-sorting processes.

Results

CINSS is located on cellular membranes

It has been shown that CIN8S is present in a high
molecular-weight complex under native conditions [16,
17]. However, the cellular localization of this complex
remains unknown. It is reasonable to hypothesize that
this complex is in some way connected to the intracel-
lular membrane or cytoskeleton. In steady-state 3T3-
L1 cells that express high-level endogenous CINSS, we
found that CIN8S was associated with the cellular mem-
brane fractions, which have a similar density to Golgi
vesicles (y-adaptin-marked membrane fractions) (Figure
1A). This localization is apparently different from those
of many known molecular markers, such as N-cadherin
(plasma membrane marker), Calnexin (ER marker) and
v-adaptin (Golgi marker).

Following differential centrifugation at 200 000 g,
CIN8S5 was found to be in the pellet, which indicated
that CIN85/Ruk is associated with the intracellular mem-
brane. This pellet was insoluble in detergent, but could be
dissolved in as little as 0.15 M NaCl or 25 mM Na,CO,
(pH 11.0) (Figure 1B). These observations suggest that
CINSS is peripherally associated with the membrane, and
might exist in a detergent-insoluble complex.

In immunofluorescence images, CIN8S is dispersive

in the cytoplasm with small dot-like structures (Figure
1C). Over-expression of GFP- or HA-tagged CINS8S5 pro-
duced a more obvious punctate pattern (Figure 1D). It
could be observed that CIN85 was located on the edges
of some dark circular areas (see arrows in Figure 1D),
part of which were filled with endocytic EGF (see arrows
in Figures 1E, 4A, 5A and 5B). Some cells expressing
exogenous CIN85 showed very large dot-like structures.
However, these dots are not aggresomes, as they failed
to co-localize with Hsp70 (a heat shock protein that acts
as chaperone and is involved in the unfolded protein re-
sponse) or y-tubulin (an MTOC marker) (Supplementary
information, Figure S1). These dots could be aggregates
of CINS85 and its binding partners. Co-clustering of HA-
c-Cbl and eGFP-CINS85 was directly observed in cells
co-expressing HA-c-Cbl and eGFP-CINSS. Single c-Cbl
is dispersively expressed in the cytoplasm. However,
in all cells co-expressing GFP-CIN85 and HA-c-Cbl, it
seems that c-Cbl was recruited into the dot-like structures
that were formed following CIN85 over-expression. Alix
C-terminus was also found to co-localize with the dot-
like structures (Supplementary information, Figure S1).

CINSS5 associates with phosphatidic acid via its posi-
tively charged C-terminus

The supercentrifugation results obtained from cells
transfected with the truncated forms (Figure 2A) of
CINSS clearly show that CIN85 inner membrane local-
ization required the whole PRC fragment. These data
also show a correlation between the presence of the
coiled-coil domain and membrane association (Figure
2B). The coiled-coil domain-deleted forms (ACC, SH3
and PR) were more soluble than their counterparts with
the coiled-coil domain (CIN85, SH3C and PRC) (Figure
2B).

No membrane-interacting modules have ever been
reported in the CIN85 molecule, which is hydrophilic (PI
6.18) and lacks long hydrophobic amino-acid stretches.
However, we found that the charge distribution of CIN8S5
was extremely biased. The N-terminus containing three
SH3 domains is acidic (PI 4.86), whereas the C-terminus
PRC fragment is basic (PI 9.69). We wondered whether
the asymmetrically charged CIN8S protein interacted
with phospholipids through its basic region, as in the cas-
es of mVps24 and hSnf7 [18, 19]. To address this ques-
tion, we purified CIN8S fusion proteins and analyzed
their ability to bind to a PIP strip membrane.

eGFP-CINS85 or eGFP-ACC expressed in HEK293
cells was purified and subjected to lipid-binding analysis
(Supplementary information, Figure S2). Of 15 different
phospholipids on the PIP Strips™ membrane, the puri-
fied eGFP-CINSS fusion protein could interact only with

Cell Research | Vol 19 No 6 | June 2009



Jing Zhang et al. @
735

A 1234567 8 910 1121314151617 181920 2122

CIN85 - - .

Akt-1 . o

Calnexin e EEPYPS = — — e -
y-adaptin i T T L B
B-actin g = — - EERER - W —
N-cadherin - C EREe - —-—
(@) \
B W a0
OO >
R S, o

P S P S P S P S P S
CINg5 w0 — @D - @ @

C CIN85(PFA) CIN85(Met) D HA-CIN85 GFP-CIN85

Figure 1 CIN85 located on the cellular membrane. The scale bar is 10 um. (A) Subcellular membrane fractionation by non-
continuous sucrose density gradient centrifugation to evaluate endogenous CIN85 localization. 1, 2, ..., 22 are fractions from
sucrose gradient centrifugation, with 1 being at the top and 22 at the bottom. Akt-1, cytoplasmic protein marker; calnexin, ER
marker; y-adaptin, Golgi apparatus marker; p-actin, cytoskeleton marker; N-cadherin, plasma membrane marker. (B) Associa-
tion of CIN85 with the inner membrane. The supernatant obtained following centrifugation at 12 000 g was further pelleted
at 200 000 g for 60 min. P, pellet following 200 000 g centrifugation; S, supernatant following 200 000 g centrifugation. Non:
lysate buffer, Triton/0.15 M NaCl/0.56 M NaCl/Na,CO;: lysate buffer with addition of the indicated reagent, 1% Triton/0.15 M
NaCl/0.5 M NaCl/25 mM Na,CO,, respectively. (C) Immunofluorescence staining of endogenous CIN85 in 3T3-L1 cells. Cells
were fixed with methanol (Met) or 4% PFA, and immunostained with mAb against CIN85. The lower panel is a magnified view
of the upper panel in the block. (D) Localization of exogenous CIN85 in COS-7 cells. COS-7 cells transfected with HA-CIN85
or GFP-CIN85 were fixed with PFA and immunostained with anti-HA antibody or directly subjected to imaging. The lower
panel is a magnified view of the upper panel in the block. Arrows indicate that CIN85 was located on the edges of some dark
circular areas. (E) The localization of CIN85 on the edges of endosomes containing EGF. Alexa Fluor-labeled EGF (red) was
allowed to undergo endocytosis in GFP-CIN85-transfected COS-7 cells and was observed with time-lapse confocal micros-
copy. One picture is shown. The left panel in the block is enlarged in the three right panels. Arrows indicate that CIN85 was
located on the edges of some endosomes containing EGF.
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Figure 2 The coiled-coil domain of CIN85 regulated the membrane and phosphatidic acid association. (A) Construction of
truncated forms of CIN85. (B) The association of exogenous eGFP-tagged truncated forms of CIN85 with vesicular mem-
branes. P, pellet of 200 000 g centrifugation; S, supernatant of 200 000 g centrifugation. (C) Interaction between CIN85 and
phosphatidic acid on the PIP strip membrane. Truncated forms of G-CIN85, G-ACC, G-SH3 and G-PRC, eGFP-tagged CIN85
were expressed and purified from HEK293 cells. His-SH3 and His-PRC indicate His-tagged SH3 domains and the PRC frag-
ment purified from E. coli. The phospholipids on the membrane are: 1, lysophosphatidic acid; 2, lysophosphatidylcholine;
3, phosphatidylinositol; 4, Ptdins(3)P; 5, PtdIns(4)P; 6, PtdIns(5)P; 7, phosphatidylethanolamine; 8, phosphatidylcholine; 9,
sphingosine 1-phosphate; 10, PtdIns(3,4)P; 11, Ptdins(3,5)P; 12, PtdIns(4,5)P; 13, PtdIns(3,4,5)P; 14, phosphatidic acid; 15,
phosphatidylserine; 16, blank. (D) Association of His-PRC with liposomes of phosphatidyl choline and phosphatidic acid (90%
PC and 10% PA). PC, liposomes of phosphatidyl choline; PC+PA, liposomes of phosphatidyl choline and phosphatidic acid;
S, soluble fraction; L, liposome fraction. Samples were western blotted with anti-His antibody. (E) Association of His-PRC and
His-CC with liposomes of phosphatidyl choline and phosphatidic acid (90% PC and 10% PA). Purified His-tagged protein was
incubated with PA-containing liposome. S, soluble fraction; L, liposome fraction.
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phosphatidic acid, a fusogenic lipid. The interaction with
phosphatidic acid was specific because CIN85 did not
bind the same ionic charged lysophosphatidic acid, phos-
phatidylinositol phosphates, sphingosine phosphate or
phosphatidylserine (Figure 2C).

Consistent with the differential centrifugation results,
the eGFP-ACC fusion protein could no longer bind to
phosphatidic acid following deletion of its coiled-coil do-
main, whereas the C-terminus of CIN85, which contains
the coiled-coil domain, the linker region and the proline-
rich region (PRC fragment), retained the phosphatidic
acid-binding ability (Figure 2C). His-tagged CIN85 C-
terminus (His-PRC) purified from E. coli was also shown
to bind to phosphatidic acid, but His-tagged N-terminus
(His-SH3) was not able to bind (Figure 2C).

To verify the membrane blot results, His-SH3 or His-
PRC fusion protein was incubated with liposomes made
of phosphatidyl choline or both phosphatidyl choline
and phosphatidic acid (10% PA and 90% PC). There was
little association of His-SH3 with either type of lipo-
somes (Figure 2D). However, His-PRC could specifically
associate with liposomes of phosphatidyl choline and
phosphatidic acid, but there was little association with
liposomes of phosphatidyl choline (Figure 2D).

Further incubation of His-PR or His-CC with phos-
phatidic acid-containing liposomes (10% PA and 90%
PC) showed that PR did not interact with the liposomes,
while His-CC had association with the liposomes, al-
though the interaction was weaker than with His-PRC
(Figure 2E). Thus, our data indicate that the coiled-coil
domain contains at least part of the phosphatidic acid-
binding motif.

Deletion of the coiled-coil domain reduces EGFR down-
regulation and CINSS interaction with Cbl

Since most of CIN85’s effectors are associated with its
SH3 domains or its proline-rich domain, and the coiled-
coil domain participates mainly in oligomerization, the
mutant CIN85 lacking the coiled-coil domain can be a
powerful tool to study the importance of CIN85 mem-
brane association. Although the SH3 domains of CIN85
may potentially interact with the proline-rich region
within CIN85, no intramolecular interactions between the
SH3 domains and the proline-rich region were observed
(Supplementary information, Figure S2). This finding
is consistent with the observation of Daniela Jozic et al.
that CIN8S has a very low level of interaction with the
three SH3 domains [20].

It is well known that CIN85 mediates downregulation
of activated EGFR from the cell surface by interacting
with ¢-Cbl and endophilins [1, 4, 5, 10-12]. The effect of
coiled-coil domain deletion from CIN85 on EGF-stimu-
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lated EGFR downregulation was examined by measuring
EGFR endocytosis and degradation in COS-7 cells ex-
pressing eGFP-tagged CINS8S5 fusion proteins.

Transient expression of eGFP-ACC in COS-7 cells
retarded the downregulation of EGFR (Figure 3A). In-
teraction of CIN85 with EGFR-associated c-Cbl is the
initial step in EGFR endocytosis; and relays on the SH3
domains of CIN85 and the proline-rich motif of c-Cbl [1,
4, 10]. However, this interaction was greatly reduced in
the absence of the coiled-coil domain, which itself does
not interact with c-Cbl (Figure 3C and 3D).

EGFR endocytosis was analyzed by FACS as de-
scribed in Materials and methods. EGF-stimulated EGFR
internalization was greatly inhibited in COS-7 cells
expressing eGFP-ACC, compared with COS-7 cells ex-
pressing eGFP or eGFP-CINS8S wild type (eGFP-CINSS)
(Figure 3B).

In addition, EGF was found to be concentrated in the
perinuclear region in cells that had a moderate GFP-
ACC expression level after a 180-min incubation (Figure
3E, left panels), which is distinct from its degradation in
non-transfected cells and in eGFP-CIN85-positive cells
(Figure 3E, right panels). The EGF-rich perinuclear re-
gion can be stained with filipin, which labels cholesterol.
Cholesterol is a well-characterized endosomal marker
that is localized mainly in the MVB compartment in the
endocytic pathway (Supplementary information, Figure
S3) [21]. This result indicates that ACC might function
as a dominant-negative mutant that blocks the EGF sort-
ing process.

CINSS5 co-localizes with EGF-containing vesicles after
EGF endocytosis and is involved in EGF degradation

Considering the important role that CIN85 plays in
EGF downregulation, we explored whether CIN85 was
present on the endosomal membrane. Alexa Fluor-EGF
incubated cells were pulse-chased for different time
(Figure 4A). We found that CIN85 was recruited onto
the EGF-containing vesicles after endocytosis. Co-local-
ization was faintly visible after a 7.5-min EGF chase at
the periplasma membrane region with very small EGF
vesicles (Figure 4A, upper panel), while it gradually
increased until the internalized EGF was concentrated
in the perinuclear region (Figure 4A, second and third
panels). The co-localization was gradually lost over time
(Figure 4A, fourth panel).

This dynamic process was also shown with confocal
time-lapse microscopy in living cells (Figure 5A and 5B).
The localization of CIN85 on the edge of the round dark
areas was especially obvious in cells with a low CIN85
expression level, which did not contain visible large dot-
like structures (Figure 5A). Notably, in a few cells that
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had very large dot-like structures, the EGF endocytosis
rate was somewhat reduced (data not shown), which may
account for the slight retardation of EGF endocytosis ob-
served in Figure 3B.

Coiled-coil domain deletion impaired the recruit-
ment of CIN85S onto EGF-positive vesicles (Figure 5C,
supplementary information, video S3). The endocytosis
rate was much slower in cells transfected with GFP-
ACC (Figure 5C, supplementary information, video S3).
In cells that had lower ACC expression, the endocytosis
seemed normal and EGF could concentrate in the peri-
nuclear region (data not shown).

The dynamic recruitment of CIN85 by EGF-contain-
ing vesicles and the EGF degradation blockage effect of
GFP-ACC reminded us that CIN85 may also be involved
in the EGF trafficking and sorting process after EGF en-
docytosis. Therefore, we evaluated the EGF degradation
in CIN85 knockdown cells. The knockdown effect was
shown in Figure 4B. Silencing of CIN85 greatly blocked
the endocytosis of EGF, whereas transferrin internaliza-
tion was normal (Supplementary information, Figure S4).
Alexa Fluor labeled EGF was pulse-chased and released
for different time in CIN85 knockdown or negative con-
trol cells. Although less EGF was internalized in CIN85
knockdown cells, there was more EGF left undegraded
after long-time release (Figure 4C).

CINS5 locates on a specific endosomal compartment re-
lated to ESCRT formation
Exogenous expression of CIN85 in COS-7, Hela or

Jing Zhang et al. @

HEK?293 cells caused the formation of vesicle-like struc-
tures [4, 14, 22], and the coiled-coil-deleted fusion pro-
tein lost this vesicular expression pattern (Supplementary
information, Figure S5A).

Double immunofluorescence staining showed partial
co-localization of CIN85 with HRS, but not with M6-PR
(a late endosome marker) or with EEA1 (early endosome
marker) (Supplementary information, Figure S5B). As
a protein component in ESCRT-0, HRS is at the core of
the ESCRT complex, which controls MVB formation
in endosomes [23, 24]. This observation suggests that
CINSS is located on the specific endosomal compartment
involved in cargo sorting in the MVB pathway and dis-
sociates before lysosome fusion.

Vps4, an ATPase that regulates ESCRT complex dis-
sociation from the endosomal membrane, is a cytoplas-
mic protein and is recruited to ESCRT complex III on
the endosomal membrane in the presence of ATP [24,
25]. An ATPase-negative Vps4 mutant, which binds but
does not hydrolyze ATP, constitutively associates with
endosomal membranes and forms the “E class” structure
[25, 26]. Wild-type Vps4 did not co-localize with CIN85
(Figure 6C), while the dominant-negative form of Vps4
(Vps4 M) co-localized with CIN8S on the enlarged endo-
somal membranes (Figure 6D). CINS85 also co-localized
with another ESCRT complex III protein, CHMP4B
(Figure 6E), which also accumulated on the enlarged
endosomal membrane when fused to a fluor-protein tag
[19, 24]. This behavior suggests that CIN8S is involved
in the ESCRT pathway. Interestingly, when co-expressed

Figure 3 Epidermal growth factor receptor (EGFR) downregulation was reduced by deletion of coiled-coil domain. The scale
bar is 10 um (A) EGFR downregulation in ACC-transfected COS-7 cells was inhibited. COS-7 cells transfected with GFP-
or HA-tagged CIN85/ACC or mock vector were stimulated by EGF 25 ng/ml (+EGF). At the indicated time (0, 30, 60, 180
min), cells were harvested for immunoblotting of EGF receptor (EGFR). Actin (actin) was used as the loading control. (B)
Reduced EGFR endocytosis in COS-7 cells expressing eGFP-ACC fusion protein. Cells were double-sorted by EGFR and
eGFP fluorescence as per the methods suggested. EGFR was immuno-labeled by PE-conjugated antibody and eGFP was
tagged to CIN85 or ACC. PE fluorescence intensity in eGFP-positive cells was analyzed with the Flowjo program. The PE
fluorescence intensity in COS-7 cells without EGF stimulation was normalized as 100% EGFR level. The results were the
average of four independent experiments. GFP, COS-7 cells expressing eGFP protein. CIN, COS-7 cells expressing eGFP-
CIN85 fusion protein. ACC, COS-7 cells expressing eGFP-ACC fusion protein. Student’s t-test was performed. The P value
between eGFP-expressing cells and eGFP-ACC-expressing cells was 0.074 (7.5 min); *0.020 (15 min); and **0.004 (30
min), respectively. For the samples between eGFP-expressing cells and eGFP-CIN85-expressing cells, the P value was 0.337
(7.5 min); 0.232 (15 min); and 0.245 (30 min), respectively. For the samples between eGFP-CIN85-expressing cells and
eGFP-ACC-expressing cells, the P value was *0.030 (7.5 min); *0.048 (15 min); and *0.031 (30 min), respectively. (C) Evalu-
ation of the interaction between CIN85 or its truncated forms and c-Cbl. HA-Cbl co-expressed with eGFP-tagged CIN8S5 or its
truncated forms in HEK293 cells was immunoprecipitated (/P) by anti-HA antibody (a-HA). The input and immunoprecipitates
were immunoblotted (/B) by anti-HA antibody (a-HA) or anti-eGFP antibody (a-GFP). The numbers indicated the sizes of the
molecular weight markers. (D) Co-immunoprecipitation of c-Cbl by anti-CIN85 antibody. In HEK293 cells co-expressing HA-
Cbl with eGFP-CIN85 (G-CIN85) or eGFP-ACC (G-ACC), the CIN85 fusion proteins were immunoprecipitated by anti-CIN85
antibody (a-CIN85). The input and immunoprecipitated samples were immunoblotted with anti-c-Cbl antibody (a-Cbl/) or anti-
CIN85 (a-CIN85) antibody. (E) The degradation was blocked in coiled-coil domain-deleted mutant-transfected cells. COS-7
cells transfected with GFP-CIN85 or GFP-ACC were internalized during incubation with Alexa Fluor-647 EGF (red) for 60
min, washed with binding buffer, and then fixed immediately or after incubation in binding buffer for 180 min.
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Figure 4 CIN85 co-localized with EGF-containing vesicles after EGF endocytosis and was involved in the degradation of
EGF. The scale bar is 10 pm. (A) CIN85 co-localized with the Alexa fluor-labeled EGF after endocytosis. COS-7 cells trans-
fected with GFP-CIN85 were incubated with Alexa fluor-647-EGF for 30 min on ice and then transferred to a 37 °C incubator
for 7.5, 15, or 30 min. The right panel is a magnified view of the third panel in the block. (B) Knockdown efficiency of CIN85
siRNA transfection. COS-7 cells were transfected with three CIN85 siRNA (S7, S2, S3) or a negative ctrl sequence (NC) for
72 h and immunoblotted with CIN85 antibody. Tubulin was used as a loading ctrl. (C) Silencing of CIN85 expression blocked
EGF degradation. COS-7 cells transfected with CIN85 siRNA (S71, S2) or the negative ctrl sequence (NC) were pulse-chased
with Alexa fluor-555-EGF, and released for 30, 60, or 180 min after washing with binding buffer. The cells were permeabilized
with 0.05% saponin before fixation with 4% PFA. Images were acquired with wide-field confocal microscopy using identical
exposure settings and the average EGF fluorescence intensities were calculated for each view field (20 fields per sample).
These values were normalized to the average value observed following 30 min of release. The experiments were repeated
three times, and the reported values are the means + SEM of a representative experiment. The P values of the comparisons
between NC and S7 were ***7.10E-06 for 60 min and ***3.21E-12 for 180 min; between NC and S2, ***4.89E-05 for 60 min
and ***2 20E-14 for 180 min; and between S7 and S2, 0.18 for 60 min and 0.16 for 180 min.
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Figure 5 EGF endocytosis analysis in GFP-CIN85/ACC-transfected living cells by confocal time-lapse microscopy. The scale
bar is 10 um. (A) GFP-CIN85-transfected COS-7 cells were labeled with EGF-647 for 30 min on ice, washed with 37 °C bind-
ing buffer, incubated in binding buffer and imaged by live video microscopy from 5 min after the initial 37 °C incubation (Sup-
plementary information, Video S1 in the block). Pictures are shown for 5-min intervals. (B) GFP-CIN85-transfected COS-7
cells were labeled and released as in (A), pictures are similarly shown for 5-min intervals (Supplementary information, Video
S2). (C) GFP-ACC-transfected COS-7 cells were labeled and released as in (A). Pictures are similarly shown for 5-min inter-
vals (Supplementary information, Video S3).

with Vps4 M or CHMP4B, both CIN85 and ACC were  The Vps4 dominant-negative form (Vps4 M) was co-
found to cluster and partially overlap with these proteins  precipitated by CIN8S, while wild-type Vps4 had a much
(Figure 6D and 6E). Possible protein interactions be-  weaker interaction with CIN85 (Figure 6A). Notably,
tween CINSS and Vps4 or CHMP4B were then analyzed.  full-length CIN85 and the ACC mutant were similarly
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Figure 6 Recruitment of CIN85 onto the E class structure. The
scale bar is 10 pm. (A) Interaction of CIN85 with the dominant-
negative form, but not wild-type form of Vps4. Lysates from
HEK293 cells co-expressing GFP-CIN85(+)/mock vector(-)
and GFP-tagged Vps4 (G-Vps4 wt) or the ATPase dominant-
negative form (G-Vps4 M) were subjected to immunoprecipita-
tion with anti-CIN85 antibody (a-CIN85). The input and immu-
noprecipitates were immunoblotted with anti-CIN85 antibody
(a-CIN85) and anti-eGFP antibody (a-GFP). (B) Evaluation of
the interactions of both CIN85 and ACC with the GFP-Vps4
mutant. Lysates from HEK293 cells co-expressing CIN85 (GFP-
CIN85)IACC (GFP-ACC)/mock vector and GFP-tagged Vps4
mutant (G-Vps4 M) were subjected to immunoprecipitation (IP)
with anti-CIN85 antibody (a-CIN85). The input and immuno-
precipitates were immunoblotted (/B) with anti-CIN85 antibody
(a-CIN85) and anti-GFP antibody (a-GFP). (C) CIN85 had no
co-localization with Vps4 wild type. COS-7 cells co-transfected
with eGFP-tagged CIN85 and DsRed-tagged Vps4 wild type
were observed directly after fixation with 4% PFA. (D) Co-local-
ization of GFP-tagged CIN85 fusion protein (GFP-CIN85/ACC)
with DsRed-tagged Vps4 mutant (Vps4 M). GFP fusion proteins
were co-expressed with Vps4 M in HEK293 cells. The cells were
fixed with 4% PFA and observed by confocal microscopy directly.
(E) Co-localization of GFP-tagged CIN85 fusion protein (GFP-
CIN85/ACC) with DsRed-tagged CHMP4B. GFP-tagged CIN85
fusion protein (GFP-CIN85/ACC) was co-expressed with DsRed-
tagged CHAMP4B in HEK293 cells. Cells were fixed with 4% PFA
and observed by confocal microscopy.

co-precipitated with the Vps4 mutant (Vps4 M) (Figure
6B). However, CHMP4B was not detected in the immu-
noprecipitates (data not shown).

Discussion

Our findings clearly show that CINS8S specifically and
directly interacts with phosphatidic acid (Figures 1 and 2).
Phosphatidic acid is a tightly controlled fusogenic lipid
in the membrane. It is generated from non-fusogenic
phosphatidyl choline by phospholipase D (PLD), an en-
zyme that is activated in response to extracellular signal
molecules [27, 28]. Phosphatidic acid regulates vesicular
trafficking in endocytosis and secretion by altering lipid
bilayer properties and facilitating vesicle targeting, bud-
ding and fusion [27-29]. Endophilin, which interacts with
CINSS, is an enzyme that converts lysophosphatidic acid
into phosphatidic acid [12]. EGFR downregulation is a
typical extracellular signal-induced membrane trafficking
process [6, 8, 9]. In response to EGF stimulation, PLD
is activated to generate phosphatidic acid in the plasma
membrane and its inhibition blocks receptor endocytosis
[28, 30, 31]. Two PLD isoforms, PLD1la and 1b, were
also found to be located on the endosomal compartment
[32, 33]. Therefore, the phosphatidic acid present in the
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plasma membrane and endosomal membrane may be
an essential component for recruitment of CIN8S to the
activated EGFR in endocytosis and the sorting process.
It is reasonable to speculate that CINS5 couples protein
endocytosis and cargo sorting to fusogenic phosphatidic
acid, which may facilitate membrane budding and fusion
during RTK downregulation.

The mechanism by which CIN85 interacts with phos-
phatidic acid is complex. The positive charge of the
C-terminus plays an important role in this interaction,
because increases in the pH or ionic concentration elimi-
nate both the phosphatidic acid and membrane associa-
tion (Figure 1B and our unpublished data). The coiled-
coil domain is important for both proper localization
and the phosphatidic acid-binding ability of CIN85. We
found that the coiled-coil domain of CIN8S directly in-
teracts with phosphatidic acid. Deletion of the coiled-coil
domain eliminated both the association between CINS5
and phosphatidic acid and the fractionation of CIN85
with the membrane fraction (Figure 2C-2E). Inclusion of
the proline-rich domain and the linker region enhanced
the fractionation of CIN85 with the membrane fraction
and its interaction with phosphatidic acid, although these
domains did not associate with phosphatidic acid by
themselves. We hypothesize that the full phosphatidic
acid-binding motif spans both the coiled-coil domain and
the proline-rich domain. Only when the molecule’s C-
terminus was oligomerized did a correct binding module
form. Similar to the FYVE module in the HRS protein or
PH module in the dynamin-1, pleckstrin, etc., the ability
of the coiled-coil domain to bind phospholipids is neces-
sary but not sufficient for membrane association. The
proline-rich region and linker region may facilitate mem-
brane localization by interacting with other proteins.

Aside from facilitating RTK endocytosis, the associa-
tions of CIN85 with the membrane and phosphatidic
acid should be of great importance for its participation in
endosomal trafficking and sorting. Our results show that
CIN8S5 dynamically co-localizes with EGF-containing
endosomes after endocytosis (Figures 4 and 5), and that
EGF degradation is retarded following knockdown of
CIN8S5 expression (Figure 4D). These findings indi-
cate that CIN8S has a role in the cargo-sorting process.
Membrane-associated Vps4 could act as an effector that
recruits CIN8S (Figure 6), although additional interven-
ing components may also be involved. Expression of the
dominant-negative form of Vps4 or fluor-protein-tagged
CHMP4 (snf7) stabilized the membrane-associated state
of endosomal sorting-required complex proteins and led
to formation of enlarged tabulated endosomal compart-
ments (termed “class E” structures) [19, 24-26]. When
co-expressed with a Vps4 mutant, a significant portion of

www.cell-research.com | Cell Research

Jing Zhang et al. @

CIN8S5 became associated with the aberrant endosomal
membrane, which suggests that CINSS5 is at least tran-
siently bound to the cargo-sorting endosomal membrane.
Therefore, CIN85 may also signal for the assembly of
the ESCRT complex on the endosomal membrane (Figure
6). This hypothesis is consistent with the discovery that
CD2AP, a CIN85 family member, co-localizes with a
specific Rab4-labeled endosomal compartment, but does
not co-localize with EEA1- or Rab11-labeled endosomes
[34, 35]. The observed interaction of Alix, a MVB-spe-
cific LBPA (lysobisphosphatidic acid)-binding protein,
with CIN85 may provide additional support for a role of
CINSS in the endosome-sorting process [36, 37]( Supple-
mentary information, Figure S1).

In temporal order, CINSS5, which associates with the
receptor after endocytosis, may initiate ESCRT assembly
on endosomes. As the CIN85-associated vesicular mem-
brane contains both phosphatidic acid and EGFR, as-
sembly of the ESCRT complex around CINS8S5 can induce
membrane budding and fusion during MVB formation
and sort the receptor in the MVBs. In this sense, CIN85
not only mediates EGFR endocytosis but also regulates
the receptor-sorting process. This study provides evi-
dence suggesting that CIN85 may function as a scaffold
protein, which integrates endocytosis and cargo-sorting
pathways through its membrane localization and phos-
phatidic acid interaction. The observation of retardation
of EGF degradation in CIN85 knockdown cells strongly
supports our hypothesis (Figure 4D).

Deletion of the coiled-coil domain in CIN85 dimin-
ishes the membrane localization and phosphatidic
acid-binding ability of CIN85 and blocks the down-
regulation of EGFR that is mediated by CINS8S (Figures
2 and 3). Both recruitment of CIN85 by c-Cbl and the
association of CIN85 with endocytic vesicles require
the presence of the coiled-coil domain (Figure 3). The
coiled-coil domain in CINS8S5 is known to be required
for interaction between CIN8S5 molecules (Supple-
mentary information, Figure S2). The coiled-coil fold
is present in many endocytic proteins, such as Hrs,
epsins, Epsl5, sorting nexins and others. Similarly,
deletion of the coiled-coil domains in Hrs and sort-
ing nexin 1 blocks the formation of endocytic vesicles
upon over-expression of the mutant protein [6, 13].

Given the important role that the coiled-coil domain
plays in heterotypic and homotypic oligomerization, it is
difficult to attribute the blockage of EGFR downregula-
tion observed for ACC directly to the loss of interaction
with phosphatidic acid and the membrane. However, the
association of CINS8S as a scaffold protein with the en-
dosomal membrane increases the local concentration of
CIN8&5-anchored signaling complexes in the proximity of
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activated receptors, which may provide spatial and tem-
poral co-ordination of critical steps in receptor endocyto-
sis. Nevertheless, further work is required to clarify the
exact relationship between CIN85 membrane localization
and EGFR downregulation. For example, we suggest
that future studies aim at identifying and characterizing
CINS5 point mutants that are unable to bind PA.

CINS8S5, but not ACC, can recruit c-Cbl, while both
CINS8S5 and ACC can cluster onto the enlarged endosomal
membrane formed in the context of Vps4 M or CHMP4B
over-expression (Figure 6D and 6E). EGF was found to
accumulate in the perinuclear (MVB) region after a 180-
min period of degradation in ACC-transfected COS-7
cells (Figure 3E). In some cells, ACC clearly concen-
trated as a dot-like structure in the perinuclear region,
where EGF accumulated (Figure 3E and Supplementary
information, Figure S3). These results indicate that ACC
might function as a dominant-negative mutant during
the cargo-sorting process. Nevertheless, further study is
needed to explore the roles of CIN8S in the MVB-sorting
process and to identify the recruited effectors.

Materials and Methods

Materials

Anti-CIN85 (05-733) monoclonal antibody was purchased from
Upstate. Anti-eGFP, anti-Akt, anti-EGFR, anti-Cbl, anti-HRS,
anti-y-adaptin and anti-calnexin antibodies were bought from San-
ta Cruz. Anti-Flag and anti-HA monoclonal antibodies and horse
radish peroxidase-conjugate secondary antibodies were ordered
from Sigma. Anti-N-cadherin was from BD. Anti-M6PR was
from Abcam. Alexa Fluor 555/647 EGF, PIP Strips™ membrane
and secondary antibodies (Alexa Fluor 488/546/647 conjugates)
for immunofluorescence were the products of Molecular Probes.
Phosphatidic acid and phosphatidylcholine were both from Sigma.
CINS8S5 siRNA were synthesized by Shanghai GenePharma Co.
Ltd. The Leica laser scanning confocal microsystem, including the
Leica TCS SP2 confocal microscope, Leica confocal scanner, and
Leica confocal acquisition software, was used with the HCX PL
APO 1bd. BL 63.0X/1.4 oil objective at 1.4 numerical aperture at
a working temperature of 22 °C. For live video confocal analysis,
Leica TCS SP5 confocal microscope was used.

Plasmid construction and protein expression

Mutants of mouse CIN85 were constructed by PCR amplifi-
cation and tagged with eGFP(pEGFPc,), HA(pcDNA3-HA) or
His(pET-30a) at the N-terminus of the fusion protein. The amino
acid of ACC is 1-600; SH3 1-331; PRC 334-665; PR 334-600; CC
594-665; and SH3C is SH3 plus CC. Plasmids of Alix, together
with Alix NT (1-434), Alix CT(468-869), Alix A PRD(1-717), and
Alix CTA PRD(468-717), were kindly provided by Dr Re’'my Sa-
doul (Universite” Joseph Fourier, France).

The two CIN8S siRNA sequences were 5'-ACU UUG UAA
GAG AAA UAA ATT-3' (labeled as S7) and 5'-GGA CAA AGA
GCA AGG AUU ATT-3’ (labeled as S2).

COS-7, HEK293 and 3T3-L1 cells were maintained in DMEM
supplemented with 10% calf serum. Lipofectamine 2000 (Invitro-
gen) was used for all nucleic acid transfections in accordance with
the manufacturer’s protocol.

Immunoprecipitation, western blotting and immunofluores-
cent staining

Cells were co-transfected with the two indicated plasmids in
the ratio of 1:3 (primary immunoprecipitated protein:co-precipitat-
ed protein) and lysed in a buffer containing 1% Triton X-100, 10%
glycerol, 20 mM Hepes, pH 7.4, 150 mM NaCl, | mM EDTA, 1
mM EGTA, | mM Na;VO,, 1| mM PMSF and 2 pl/ml protease
inhibitor cocktails 1 and 2. The immunoprecipitation and western
blots were conducted as described previously with appropriate an-
tibodies [38].

For immunofluorescent staining, cells were fixed in either
methanol or 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS). eGFP and DsRed fusion proteins or Alexa Fluor-
labeled EGF were directly visualized by confocal microscopy.
Other proteins were stained with appropriate primary antibodies
and fluorescently labeled secondary antibodies.

EGF stimulated EGFR downregulation

For EGFR endocytosis analysis, COS-7 cells transfected with
a plasmid expressing eGFP, eGFP-CIN85 or eGFP-ACC were
serum-starved for 24 h. Cells were stimulated with 25 ng/ml EGF
for 0, 7.5, 15 or 30 min, washed three times with acidic buffer
(150 mM NaCl and 25 mM acetic acid) and four times with ice-
cold PBS, then lifted by incubation with 2.5 mM EDTA in PBS for
5 min on ice. Fixation was carried out in 4% PFA in PBS without
Triton X-100. After blocking with 1% bovine serum albumin (BSA)
for 1 h, cells were incubated with 10 pg/ml anti-EGFR antibody
overnight at 4 °C and a phycoerythrin (PE)-conjugated secondary
antibody for 2 h at room temperature. Cells were sorted by eGFP
and PE double fluorescence. The eGFP-positive cells were ana-
lyzed with the Flowjo program for PE fluorescence intensity.

For downregulation analysis of EGFR, serum-starved COS-7
cells that had been stimulated with 25 ng/ml EGF were harvested
in SDS sample buffer and subjected to immunoblotting.

EGF degradation was analyzed following the methods of Har-
ald Stenmark [39] and Phillip Woodman [40] with slight modifica-
tions. Briefly, COS-7 cells were transfected with either the CIN85
siRNA (S, S2) or the negative control sequence (NC). 72 h post-
transfection, the cells that had been serum-starved overnight were
incubated with Alexa fluor-labeled EGF (200 ng/ml in DMEM
supplemented with 20 mM Hepes and 2 mg/ml BSA) on ice for 60
min and then transferred to a 37 °C incubator for 20 min (NC) or
60 min (siRNA-transfected cells: S7, S2), at which point the con-
trol and siRNA-transfected cells had comparable levels of inter-
nalized EGF. Cells were washed with pre-warmed binding buffer
(37 °C) three times and released for 30, 60 or 180min. Before fixa-
tion with 4% PFA, cells were permeabilized with 0.05% saponin
(in PBS). The permeabilized fixed cells were analyzed by wide-
field confocal microscopy. Images were acquired with identical
exposure settings, and average EGF fluorescence intensities were
calculated for each sight view. These values were normalized to
the average value obtained following a release of 30 min.

For EGF pulse-chase analysis, COS-7 cells that had been trans-
fected with GFP-CIN85 or GFP-ACC were incubated with Alexa
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fluor-labeled EGF (in DMEM supplemented with 20 mM HEPES
and 2 mg/ml BSA) for 30 min on ice and then transferred to a 37
°C incubator for the indicated length of time before fixation. Alter-
natively, the cells were washed with and incubated in 37 °C bind-
ing buffer and subjected to live video microscopy.

PIP strip membrane analysis and liposome association
eGFP-CIN85 or eGFP-ACC was expressed in HEK293 cells
and purified by use of an anti-CINS85 antibody cross-linked to aga-
rose. His-tagged SH3 domains or PRC were expressed in E. coli
and purified by Ni-NTA chromatography. The PIP Strips™ were
used in accordance with the manufacturer’s recommendations.

For liposome association analysis, 300 pg phosphatidyl cho-
line or 270 pg phosphatidyl choline plus 30 pg phosphatidic acid
was dissolved in 300 pl chloroform and then dried by nitrogen-
gas flow. Liposomes were prepared by resuspending the lipids
in 300 pl buffer (0.25 M sucrose, 20 mM Hepes, pH 7.4, 0.1%
-mercaptoethanol, 1 mM PMSF and 2 pl/ml protease inhibitor
cocktails 1 and 2) and sonicating to clearance. For each trial, a
similar mole (about 0.2 nmol) of purified protein was added to the
indicated liposome solution and the solution was incubated at 4 °C
overnight. The liposome-protein solution was ultracentrifuged for
1 h at 200 000 g and the resultant supernatant and pellet were col-
lected for western blotting.

Cell fractionation with discontinuous sucrose density gradient
centrifugation

Cells were homogenized in isotonic buffer containing 20 mM
Hepes, pH 7.4, 0.25 M sucrose, | mM EDTA, 2.5 mM dithiothre-
itol, 1 mM PMSF and 2 pl/ml protease inhibitor cocktails 1 and
2. Each total cell lysate was fractionated by using a discontinuous
sucrose gradient composed of 1 ml 0.6 M sucrose, 1 ml 0.86 M
sucrose, 1.5 ml 1.06 M sucrose, 1.5 ml 1.18 M sucrose, 2.5 ml 1.4
M sucrose and 1.5 ml 2 M sucrose, and then centrifuged at 100
000 g for 18 h. For fractionation of the cytoplasm and intracel-
lular vesicle membranes, each cell homogenate was centrifuged at
12 000 g for 15 min. The pelleted cell debris and large membrane
pieces were discarded. The supernatant was then ultracentrifuged
at 200 000 g for 90 min to separate the cytoplasm and intracellular
vesicle membranes.
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