
14. The suckling mouse model (10) was used to quantify 
the STa-induced dianhea in vivo. STa (50 rig) was 
dissolved in 0.5 ml of isotonic PBS and injected intra- 
gastrically in 3- to 4-day-old mice. After a 2-hour in- 
cubation at 25"C, the whole intestine without stom- 
ach was carefully removed and weighed. The g/c ratio 
was calculated as the ratio of gut weight to remaining 
carcass weight. To evaluate the response to CT, we 
used the sealed mouse model [S. H. Richardson, J. C. 
Giles, K. S. Kruger, Infect. Immun. 43, 482 (1984)l. 
Data are expressed as mean -t SEM of five mice for 
each treatment. P c 0.05 versus control. 

15. Bone length was determined by x-ray analysis and 
by analysis of alizarin-red-stained skeletons. Data 
are expressed as mean 2 SEM. For immunohisto- 
chemistty, knees were fixed in 95% ethanol over- 
night and cu! in 6-pm sections. Sections were incu- 

bated for 1 hour with Abs to cGKl and cGKll(8). The 
primaty Abs were visualized by using a biotinylated 
secondaty Ab (antibody to rabbit immunoglobulin G), 
followed by avidin-peroxidase complex and devel- 
oped with H202-3,3'-diaminobenzidintetrahydro- 
chlorid (Vectastain, Burlinghome, CA). For in situ hy- 
bridization, specimens were fixed in 4% paraformal- 
dehyde overnight, embedded in paraffin, and cut in 
6-pm sections. In situ hybridization was performed 
with a cGKll cDNA probe (nucleotides 960 to 171 9) 
(5). PHIThymidine labeling of growth plates was per- 
formed as described [A. M. Reimold etal., Nature 
379,262 (1996)], and bone transplantation was per- 
formed as described by W. J. L. Felts [Transplant. 
Bull. 4,5 (1 957)l. Femurs of I -week-old donors were 
implanted subcutaneously into 4- to 6-week-old re- 
cipients. After 14 days, the mice were killed and the 

Control of EGF Receptor Signaling by 
Clathrin-Mediated Endocytosis 

Amandio V. Vieira, Christophe Lamaze, Sandra L. Schmid* 

Epidermal growth factor receptor (EGFR) signaling was analyzed in mammalian cells 
conditionally defective for receptor-mediated endocytosis. EGF-dependent cell prolif- 
eration was enhanced in endocytosis-defective cells. However, early EGF-dependent 
signaling events were not uniformly up-regulated. Asubset of signal transducers required 
the normal endocytic trafficking of EGFR for full activation. Thus, endocytic trafficking 
of activated EGFR plays a critical role not only in attenuating EGFR signaling but also 
in establishing and controlling specific signaling pathways. 

Signa l ing b y  ligand-activated receptor ty- 
rosine kinases (RTKs) such as EGFR c a n  
e l ic i t  a wide range o f  ce l l  type-specific re- 
sponses leading t o  prol i ferat ion o r  differen- 
t iat ion. EGF binding triggers dimerization 
and  trans- o r  autophosphorylation o f  t he  
receptor, fo l lowed b y  recrui tment and  acti- 
va t i on  o f  SH2 (src homology domain  2) o r  
PTB (phosphotyrosine binding) domain- 
conta in ing intracellular signal transducers 
(1 ). L igand b ind ing  also triggers the  recruit- 
m e n t  o f  EGFR t o  clathrin-coated pits, fol- 
lowed b y  internalization o f  the EGFR-li- 
gand complex and its delivery t o  lysosomes 
for degradation (2). A l though  activated 
EGFR follows the  canonical endocytic path- 
way (3) dur ing this process o f  "down-regula- 
tion," RTK-specif ic regulators affecting sort- 
ing at  b o t h  early (4, 5) and late (6, 7) 
traff icking steps have been- identified. M a n y  
o f  these regulators, for example, snx-1 (sort- 
i n g  n e x i n  1) (6) and phosphatidylinositol 
3-kinas9 (PI-3-kinase) (7), appear t o  affect 

and traf f icking are impor tant  for control-  
l i n g  the  signaling pathways and  cellular re- 
sponses t o  EGF, we examined these events 

Time (min) 

Fig. 1. Endocytic trafficking of EGFR in cells ex- 
pressing WT and K44A mutant dynamin. (A) The 
kinetics of ligand-induced intemalization of occu- 
pied EGFR (0,O) and the basal rate of intemaliza- 
tion of unoccupied EGFR (A, A) in stably trans- 
fected HeLa cells overex~ressina either WT I.. A) 

sorting o f  on ly  a subset of R%S. W h y  should or K44A mutant (0. A) dynarnin. The amo&-tt o i  
R T K s  have their  o w n  repertoire of intracel- biotinylated EGF (B-EGF) or B-mAb528 (a mono- 

lular trafficking regulators? One possibility is clonal antibody to EGFR) internalized at 37°C was 

that regulation of trafficking serves to mod- quantified by avidin inaccessibility (9. (B) K44A 

d a t e  RTK signaling. (0) and WT m cells were surface biotinylated (20) 

To examine whether EGFR en~ocytosis at 4°C and then incubated for the indicated times 
at 37°C after addition of EGF. Cells were removed 

length of the femurs was determined. 
16. A. Pfeifer et al., data not shown. 
17. A. Erlebacher, E. H. Filvaroff, S. E. Gitelman, R. 
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in cells condit ional ly and  specifically defec- 
t i ve  in clathrin-dependent receptor-mediat- 
ed  endocytosis (8). T h e  cond i t iona l  defect 
in endocytosis is imposed b y  the  regulated 
expression o f  t he  Lys44 + Ala44 (K44A) 
mutan t  f o rm o f  dynamin (8), a guanosine 
triphosphatase tha t  is required for c lathr in- 
coated vesicle format ion (9). 

Ligand-induced endocytosis o f  EGFR 
was potent ly inh ib i ted in cells overexpress- 
i n g  K44A dynamin (K44A cells) as com- 
pared w i t h  cells overexpressing comparable 
amounts o f  wild-type dynamin  (WT cells) 
(Fig. 1A). In contrast, endocytosis o f  inac- 
t ivated EGFR, defined as the  basal rate and 
measured w i t h  mAb528 [an antagonistic 
monoclonal  antibody (rnAb) t o  EGFR] as 
l igand (lo), was n o t  signif icantly affected 
(Fig. 1A). These data con f i rm  the  role o f  

Time after EGF treatment (min) 

in aliquots, lysed, and irnrnunoprecipitated with 0 20 4'0 60 
Department of Cell Biology, The Scripps Research Insti- anti-human EGFR IgG (21), and the remaining B- Time (min) 
tute, La Jolla, CA 92037, USA. EGFR was detected with streptavidin-horserad- 

'To whom corresmndence should be addressed. ish peroxidase. (C) K44A (0) and WT (n cells were treated with EGFforthe indicated times, then surface 
E-mail: slschmid@&ripps.edu biotinylated at 4°C (20) and analyzed for B-EGFR after immunoprecipitation (21). 
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clathrin-coated pits in ligand-induced 
EGFR endocytosis and suggest that unoccu- 
pied receptors are internalized along with 
the bulk plasma membrane ( 1 1 ). 

Intracellular accumulation of EGF in 
K44A cells (Fig. 1A) reached a steady state 
by 10 min, which suggests that intracellular 
ligand-receptor complexes are either rapidly 
degraded or recycled. To  distinguish these 
two possibilities, we compared EGFR down- 
regulation and the surface expression of 
EGFR in WT and K44A cells. In the ab- 
sence of EGF, both WT and K44A cells 
expressed equal levels of the endogenous 
EGFR (Fig. 1, B and C). In WT cells, after a 
brief lag, surface EGFR was degraded with a 
half-time of -30 min, whereas in K44A cells 
-80% of EGFR was detected even 2 hours 
after EGF addition (Fig. 1B). Correspond- 
ingly, EGFR was rapidly and efficiently 
cleared from the surface of WT cells but not 
K44A cells after addition of EGF (Fig. 1C). 
Thus, after internalization at a basal rate, 
activated EGFR appeared to be efficiently 
recycled back to the cell surface in K44A 
cells, which is consistent with a previous 
model suggesting that endocytosis rates, not 
EGFR kinase activation, control EGFR 
down-regulation (10). In the absence of 
EGF, neither K44A nor WT cells showed 
any significant loss of EGFR over the 2-hour 

time course (1 2). Thus, in K44A cells EGFR 
is not subject to normal ligand-induced in- 
tracellular trafficking and degradation. 

Responses to EGF were then analyzed in 
cells with WT or defective EGFR traffick- 
ing. First, as an endpoint of a complex series 
of signal transduction events, EGF-depen- 
dent proliferation of K44A and W T  cells 
was measured after serum starvation. K44A 
cells showed increased EGF-dependent pro- 
liferation as assessed by either cell number- 
dependent catabolism of the dye MTT [(3- 
(4,5-dimethylthiazol-2-y1)-2,5-diphenyl- 
tetrazolium bromide] or [3H]thymidine in- 
corporation into DNA (Fig. 2, A and B). 
Furthermore, when K44A cells were grown 
in the presence of tetracycline to suppress 
mutant dynamin expression, they behaved 
indistinguishably from WT cells grown with 
or without induction of dynamin. Thus, 
overexpression of K44A dynamin, but not 
WT dynamin, enhanced the cell prolifera- 
tive response. Because the overexpression of 
W T  or K44A dynamin does not alter the 
levels of endogenous EGFR, these results 
establish that defective endocytic traffick- 
ing of EGFR leads to enhanced EGF- 
dependent proliferation, which confirms 
that receptor-mediated endocytosis is criti- 
cal for attenuating EGFR signaling (13). 

Early responses to EGF were examined by 

rcles, 

Fig. 2. EGF-dependent prollferat~on and tyroslne phos- C 
phorylatlon patterns In W and K44A cells (A) Serum- 
starved HeLa cells overexpresslng e~ther \NT or K44A W l  K44A 

dynam~n were treated wlth (strlped bars) or w~thout (sol~d kD + - + 

analyzing EGF-dependent tyrosine phospho- 
rylation in WT and K44A cells. After serum 
starvation, both WT and K44A cells showed 
significant EGF-dependent increases in ty- 
rosine phosphorylation, which indicates that 
overexpression of neither WT nor K44A 
dynamin led, in general, to EGF-indepen- 
dent activation of signaling pathways (Fig. 
2C). In contrast, several proteins were either 
hyperphosphorylated or hypophosphorylated 
in K44A cells relative to WT cells after EGF 
stimulation (Fig. 2C). Thus, normal EGFR 
endocytic trafficking was required to trigger 
distinct signaling pathways. 
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bars) 4 nM EGF After 48 hours, the enzymat~c conver- 205 - 
slon of MTT was measured by absorbance at 570 nm 
@,,d (22). SD (n = 3) IS ~ndlcated above the bars. (B) 
K44A or W cells were Incubated In serum-free medla In 116 - 
the presence (un~nduced, sol~d bars) or absence ( ~ n -  
duced, shaded bars) of tetracycline (tet; 1 pg/ml) EGF- 97 - 
dependent ~ncorporatton of (3H]thym~d~ne ~nto DNA was 
then measured (22) as an ~nd~cat~on of mrtogenes~s. The 66, 
data are shown relatlve to labeled DNA In cells not treated 
w~th EGF (t SD, n = 4) (C) HeLa cells overexpresslng 
VVT or K44A dynam~n were treated (+) or not (-) wlth 3 5 46, 
nM EGF for 10 mln. Tyros~ne-phosphorylated protelns 
were ~mmunoprec~p~tated (27) from whole-cell extracts 
w~th a-PY IgG (4G10) and then proteln ~mmunoblotted 

33 wlth the same ant~body. Molecular mass standards are 
- 

Fig. 3. EGF-dependent tyrosine phosphorylation 
of EGFR and MAPK (ERK1 and ERK2) is sup- 

~nd~cated on theleft; components hyper- and hypophos- 
phorylated In K44A relatlve to VVT cells are ~nd~cated on the nght by closed and open CII 

respect~vely. 

pressed in endocytosis'-defective cells. (A through 
D) Serum-stawed K44A cells cultured in the pres- 
ence (lanes 1 through 4) or absence (lanes 5 
through 8) of tetracycline were treated with EGF 
for 0 min (lanes 1 and 5), 2 min (lanes 2 and 6), 10 
min (lanes 3 and 7), or 20 rnin (lanes 4 and 8). 
Lysates prepared. from equal numbers of cells 
were immunoprecipitated (21) with rabbit anti-hu- 
man EGFR [(A) and (B)] or rabbit anti-rat ERK IgG 
[(C) and (D); upper and lower signals in (C) repre- 
sent ERKl and ERK2, respectively] and then im- 
munoblotted with anti-phosphotyrosine [(A) and 
(C)], anti-EGFR (B), or anti ERKl (D). (E) MAPK 
activity was assessed by myelin basic protein 
phosphorylation (23) with the use of anti-ERK im- 
munoprecipitates of lysates from serum-starved 
WT (squares) or K44A (circles) HeLa cells that had 
been treated with EGF for the indicated times. 
F2P]MBP was quantitated by densitometric scan- 
ning of autoradiographs (? SD, n = 3). MAPK ac- 
tivrty in EGF-treated cells was expressed relative to 
that in untreated control cells. 
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To identify these pathways, the activa- 
tion of known EGFR signal transducers was 
analyzed. EGFR was tyrosine-phosphoryl- 
ated to a lesser extent in cells that overex- 

L I 

PLC-y ERKl EGFR SHC P13K 

Fig. 4. Differential tyrosine phospholylation of signal 
transduction components in endocvtosis-defective 
cells. (A through E) EGF treatment ise~um-starved 
WT or K44A cells for the indicated times was fol- 
lowed by immunoprecipitation of the extracts (20) 
with anti-phosphotyrosine IgG and then protein im- 
munoblotting with rnAb to bovine phospholipase 
Cy-1 (PLC-y) [(A) through (C)]; antibody to human 
SHC [SH2-domain containing a2 collagen-related 
protein; intermediate (~521~55) form shown] (D); or 
antibody to rat p85 (P13K), the 85-kD regulatory sub- 
unit of P13K (E). The cells in (B) were cultured in the 
presence of tetracycline to provide an uninduced 
control. For comparison, in both (A) and (6) the same 
exposure time was used and (C) represents a longer 
exposure of (A). Control blots showed that the levels 
of SHC, PLC-y, ERK1, and P13K-p85 in WT and 
K44A cell lysates were similar (1 00 + 16%) at all time 
points. (F) A quantitation of antiphosphotyrosine (an- 
tCP-Tyr) protein immunoblot signals (20 min after 
EGF treatment) for the indicated signal transducers 
in HeLa cells overexpressing either WT or K44A dy- 
namin. Each value represents an average of two ex- 
periments (average variation 29% for SHC, 4 2 %  
for all others). 

pressed K44A dynamin (Fig. 3A) than in 
either WT cells (Fig. 4F) or in noninduced 
K44A cells (Fig. 3A). These differences 
were even more pronounced 20 min after 
addition of EGF, because EGFR degrada- 
tion would have begun in WT cells (Fig. 
3B). Thus, normal endocytic trafficking of 
activated EGFR was necessary to achieve 
full EGFR tyrosine phosphorylation. As is 
consistent with this observation, EGFR is 
hyperphosphorylated in endosomal versus 
plasma membrane fractions from rat liver 
(14). Furthermore, we have confirmed that 
hypophosphorylated EGFR can trigger en- 
hanced proliferation (1 5). 

Activation of mitogen-activated protein 
(MAP) kinases was also suppressed in en- 
docytosis-defective cells, as measured by 
both tyrosine phosphorylation of the MAP 
kinases ERKl and ERKZ (Figs. 3C and 4F) 
and by MAP kinase activity (Fig. 3E). Thus, 
normal endocytic trafficking of EGFR is 
important for the full activation of MAP 
kinases ( 1 6 ) .  

The 85-kD regulatory subunit of PI 3-ki- 
nase (p85-PI3K) can be tyrosine-phospho- 
rylated in response to EGF (1 7), although 
p85 tyrosine phosphorylation does not nec- 
essarily correlate with activation of the 
PUK catalytic subunit. We found p85 to be 
hypophosphorylated in endocytosis-defec- 
tive HeLa cells relative to WT cells in 
response to EGF (Fig. 4, E and F). Because 
PUK activity is required for regulating re- 
ceptor trafficking in endosomal compart- 
ments but not for internalization (7), our 
findings may reflect preferential activation 
of p85-PI3K during later events in intracel- 
luar trafficking of EGFR. In any case, these 
results provide an additional example of the 
requirement for correct EGFR trafficking in 
establishing specific signaling pathways. 

Among the signaling proteins that were 
hyperphosphorylated in endocytosis-defec- 
tive cells were PLC-y (Fig. 4, A through C 
and F) and SHC (Fig. 4, D and F). PLC-y 
showed increased phosphorylation even in 
the absence of EGF, although there was not 
a general up-regulation of EGF-independent 
tyrosine phosphorylation (Fig. 2C). The sig- 
nificance of this finding remains to be deter- 
mined. The hyperphosphorylation of PLC-y 
and SHC or both (1 5) may be an important 
factor in the enhanced EGF-dependent hy- 
perproliferative pathway of these cells. 

Thus, in addition to initiating the clear- 
ance and down-regulation of the EGF- 
EGFR signaling complex, receptor traffick- 
ing plays a critical role in defining the 
signals transmitted by activated EGFR. Our 
results provide functional insight into the 
physiological significance of RTK-specific 
regulators of receptor trafficking. A com- 
parison of the mitogenic potencies of EGF 
(which diverts internalized receptor-ligand 

complexes to late endosomes and lyso- 
somes) and transforming growth factor- 
(which dissociates from EGFR at mild acid- 
ic DH. allowing it to recvcle from earlv 
endosdmes) suggests that ' EGFR ligands 
have evolved to reeulate their signals bv 
controlling EGFR &fficking (18): signal 
transducing molecules have been shown to 
affect membrane trafficking (19); here we 
present evidence that this regulation can 
flow in both directions, that is, that mem- 
brane trafficking can also regulate signal 
transduction events. 
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Association of S ~ C  Tyrosine Kinase with a When h ~ ~ l . 5  and associated proteins 

Human Potassium Channel Mediated by 
were iinmunoprecipitated froin cell lysates 
with a specific antibody, Src was co-precipi- 

SH3 Domain 
- - 

tated ( F ; ~ .  1A). Similarly, when Src and as- 
sociated proteins were immunoprecipitated 

Todd C. Holmes, Debra A. Fadool, Ruibao Ren, from HEK 293 cell Iysates, hKvl.5 co-precip- 
ltated with endogenous and coexpressed Src 

Irwin B. Levitan* (Fie. 1A). Exoression of hKvl.5 protein was 

The human Kv1.5 potassium channel (hKvl.5) contains proline-rich sequences identical 
to those that bind to Src homology 3 (SH3) domains. Direct association of the Src tyrosine 
kinase with cloned hKvl.5 and native hKvl.5 in human myocardium was observed. This 
interaction was mediated by the proline-rich motif of hKvl.5 and the SH3 domain of Src. 
Furthermore, hKvl.5 was tyrosine phosphorylated, and the channel current was sup- 
pressed, in cells coexpressing v-Src. These results provide direct biochemical evidence 
for a signaling complex composed of a potassium channel and a protein tyrosine kinase. 

Potassiuin channels are important for such 
cellular electrical properties as resting poten- 
tial, excitability, and the repolarization of the 
action potential. Thus, modulation of these 
channels can profoundly affect physiological 
processes including neuronal integration, ves- 
icle secretion, and muscle contraction. The 
modulation of ootassium channel activitv bv 
serine-threonine kinases has been studied ex- 
tensivelv (1 ). The recently discovered PYK2 
tyrosine' kinase ( 2 ) ,  as a-ell as endogenous 
tyrosine kinases in human embryonic kidney 
(HEK) 293 cells ( 3 ) ,  can also phosphorylate 
and suppress the activity of potassium chan- 
nels. In spite of emerging evidence concern- 
ing the functional effects of tyrosine phospho- 
rvlation of ~otassium channels, there is no 
information available about the mechanisms 
of tareetine and association of these channels 

L. L. 

with tyrosine klnases. However, the existence 
of signaling complexes consisting of ion chan- 
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nels and closely associated protein kinases and 
phosphatases has been inferred from biochem- 
ical and functional electrophysiological stud- 
ies (4). 

Specific protein-protein interactions be- 
tween signaling proteins are mediated by 
inodular binding domains (5). Among the 
first of these to be characterized was a con- 
served sequence found in the Src tyrosine 
kinase, known as the Src homology 3 (SH3) 
domain. SH3 domains bind to proline-rich 
regions in partner proteins. We examined the 
sequences of mammalian voltage-dependent 
potassium channels, and noted that several 
species isoforms of Kvl.5-including those 
from h~uinan (hKvl.5), dog, and rabbit (6)- 
contain one to two copies of the preferred Src 
SH3 domain binding motif RPLPXXP (7, 8). 
In particular, hKvl.5 contains two repeats of 
the sequence RPLPPLP between ainino acid 
residues 65 and 82 of the channel protein (6, 
8,  9).  To  determine whether hKvl.5 and Src 
are associated in vivo, we coexpressed the 
channel and kinase in HEK 293 cells and 
tested for their interaction by immunoprecipi- 
tation followed by protein iinmunoblotting 
with specific antibodies to hKvl.5 and Src 
(10). 

- 
not altered by v-Src coexpression, as verified 
by protein immunoblot analysis of cell lysates 
with antibodies directed against tagged (Fig. 
1A) and native (Fig. 2A) sequences of the 
channel. Furthermore. iinmunoblot (Fie. 1A) ~ ' z  , 

or protein silver stain (Fig. 3A) analysis of 
iinmunoorecioitates demonstrated that the ef- 

L L 

ficiency of iminunoprecipitation of hKvl.5 
was not affected by v-Src coexnresslon. Enzy- 
matic activity of s i c  also co-prkipitated wiih 
hKvl.5, as detected bv an in vitro kinase assav 
with hKvl.5 immuno~recipitates and an Src: 
specific substrate (1 1 ) (Fig. 1B). 

The association between hKvl.5 and Src 
was also observed in human tissue. Native 
Src was detected in immunoprecipitates, 
prepared with a Kv1.5 antiserum, from hu- 
man myocardiuin ventricle tissue lysates 
(Fig. 1C).  The native Src that co-iininuno- 
precipitated with native Kv1.5 co-migrated 
on protein immunoblots with native Src, 
immunoprecipitated directly with a poly- 
clonal anti-Src antibody (Fig. 1C).  Thus 
association of hKvl.5 and Src occurs under 
physiological conditions, and does not de- 
pend on expression in a heterologous sys- 
tem. This association may contribute to the 
co-localization of Kv1.5 and Src in cellular 
adhesion zones in inyocardiuin (12). Al- 
though the stoichiometry of the association 
between hKvl.5 and Src is not known, only 
a fraction of the total myocardial Src co- 
immunoprecipitated with hKvl.5 (Fig. l C ) ,  
consistent with the fact that Src phosphor- 
vlates other substrates. 

There are specific sequence requirements 
for the association of hKvl.5 and Src. For 
example the NH2-terminal region of the rat 
Kv1.5 (rKvl.5) channel also contains a pro- 
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