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The cytokine-inducible SH2 domain-containing protein CIS
inhibits signaling from the growth hormone (GH) receptor (GHR)
to STAT5b by a proteasome-dependent mechanism. Here, we used
the GH-responsive rat liver cell line CWSV-1 to investigate the role
of CIS and the proteasome in GH-induced GHR internalization.
Cell-surface GHR localization and internalization were monitored
in GH-stimulated cells by confocal immunofluorescence micros-
copy using an antibody directed against the GHR extracellular
domain. In GH naive cells, GHR was detected in small, randomly
distributed granules on the cell surface and in the cytoplasm, with
accumulation in the perinuclear area. GH treatment induced a rapid
(within 5 min) internalization of GH-GHR complexes, which coin-
cided with the onset of GHR tyrosine phosphorylation and the
appearance in the cytosol of distinct granular structures containing
internalized GH. GHR signaling to STAT5b continued for ~30-40
min, however, indicating that GHR signaling and deactivation of the
GH-GHR complex both proceed from an intracellular compart-
ment. The internalization of GH and GHR was inhibited by CIS-
R107K, a dominant-negative SH2 domain mutant of CIS, and by the
proteasome inhibitors MG132 and epoxomicin, which prolong
GHR signaling to STAT5b. GH pulse-chase studies established that
the internalized GH-GHR complexes did not recycle back to the cell
surface in significant amounts under these conditions. Given the
established specificity of CIS-R107K for blocking the GHR signaling
inhibitory actions of CIS, but not those of other SOCS/CIS family
members, these findings implicate CIS and the proteasome in the
control of GHR internalization following receptor activation and
suggest that CIS-dependent receptor internalization is a prerequi-
site for efficient termination of GHR signaling.

Growth hormone (GH)? is an important regulator of somatic growth
and cellular metabolism. GH exerts its action via the GH receptor
(GHR), a transmembrane protein of the cytokine receptor superfamily
that activates multiple intracellular signaling pathways, including the
STAT, mitogen-activated protein kinase, phosphatidylinositol 3-kinase,
and protein kinase C pathways (1, 2). Upon binding of ligand, the
dimeric GHR undergoes a conformational change (3, 4) and induces
tyrosine phosphorylation, resulting in activation of the tyrosine kinase
JAK?2, which catalyzes tyrosine phosphorylation of GHR and of GHR- or
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JAK2-associated STAT1, STAT3, STAT5a, and STAT5b (5, 6). The
tyrosine-phosphorylated STAT proteins dimerize and translocate to
the nucleus, where they bind to specific DNA response elements
upstream of GH target genes and activate gene transcription (7, 8).
Many physiological responses to GH are dependent on the temporal
pattern of plasma GH stimulation, which is sex-dependent and subject
to neuroendocrine control. In the rat model, the adult male plasma GH
pattern is characterized by regular pulses of hormone every ~3.5—4 h,
separated by well defined GH-free intervals, whereas a more continuous
plasma GH profile is associated with adult females (9). These sex-de-
pendent plasma GH profiles dictate the sex-dependent expression of a
large number of liver gene products, including various plasma proteins,
enzymes of steroid and foreign compound metabolism, receptors, and
other signaling molecules (10). Targeted gene disruption studies show
that the sexual dimorphism of liver gene expression in males requires
STATS5b (11), but not the closely related protein STAT5a (12, 13).
STATS5D is repeatedly activated by each successive plasma GH pulse in
male rats, whereas in females, the nearly continuous plasma GH profile
down-regulates GHR-JAK2-STAT5b signaling (14—-16). This down-
regulation by continuous GH is associated with more rapid deactivation
of the GHRJAK?2 signaling complex by a proteasome-dependent proc-
ess (17) that may be linked to GHR internalization and/or degradation.
Factors that regulate GHR internalization and degradation are likely
to contribute to down-regulation of GHR signaling (18, 19). This down-
regulation is linked to GH-induced GHR internalization and degrada-
tion via the proteasome and requires an intact ubiquitination system
(20). The pathway by which GHR is internalized from the cell surface is
not well understood. GHR has been reported to be internalized via
clathrin-coated pits (21, 22), but also may use caveolae, formed by
caveolin and dependent on membrane cholesterol, as another pathway
(23, 24). Inactivation of the ubiquitin-activating enzyme E1 leads to
accumulation of non-ubiquitinated GHR on the cell surface (25, 26),
which suggests that GHR ubiquitination and internalization are related.
GHR degradation is dependent on cellular ubiquitination activity; how-
ever, the ubiquitination of GHR itself is not required for GHR to be
targeted for degradation (27). Together, these findings suggest that yet
unidentified proteins facilitate internalization of GHR, perhaps by act-
ing as endocytic adaptors that are tagged by ubiquitination.
GH-induced JAK-STAT signaling is negatively regulated by proteins
belonging to the SOCS family (28). The protein CIS (29), a member of
the SOCS family, inhibits liver GHR signaling to STAT5b by competing
with STAT5b for common GHR phosphotyrosine-binding sites and by
a second mechanism that involves proteasomal action (30). The CIS
gene is activated by GH via a STAT-dependent transcriptional mecha-
nism (31), and CIS protein levels are up-regulated in association with
persistent GH stimulation in the case of mice transgenic for GH-releas-
ing hormone or bovine GH (32, 33). In primary rat hepatocytes contin-
uously stimulated with GH, CIS mRNA is induced within 2 h and is
sustained at elevated levels for at least 24 h (34). Like other members of
the SOCS/CIS family, CIS contains a short N-terminal domain, a central
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SH2 domain, and a C-terminal SOCS box (35). SOCS box-containing
proteins can act as adaptor molecules that recruit activated signaling
proteins to the proteasome (36). SOCS proteins associate, via their
SOCS box, with elongins B and C (elongin BC complex) and cullin-2
and may thereby contribute to formation of a putative ubiquitin-protein
isopeptide ligase (E3) complex that targets SOCS-associated proteins
for proteasomal degradation (36). CIS can be monoubiquitinated and
accumulates in this form in the presence of proteasome inhibitors (37).
Moreover, the inhibitory effect of CIS on GH signaling can be blocked
by proteasome inhibitors (30). These observations, together with the
finding that CIS binds, via its SH2 domain, to tyrosine-phosphorylated
GHR (38, 39), suggest that CIS may negatively regulate GH signaling by
acting as an adaptor molecule that targets GHR to the proteasomal
degradation pathway.

In this study, we investigated the cellular localization and trafficking
of GHR and the role of CIS in receptor internalization following GH
stimulation. Using the GH-responsive rat liver-derived cell line
CWSV-1 (40) and a dominant-negative SH2 domain mutant of CIS (30,
41), we demonstrate that CIS plays an important role in the control of
GHR internalization following receptor phosphorylation, leading us to
propose that CIS-dependent internalization of GHR is a prerequisite for
proteasome-dependent down-regulation of GH signaling.

MATERIALS AND METHODS

Plasmids—The pCMV expression plasmid encoding N-terminally
FLAG-tagged rabbit GHR was provided by Dr. Joelle Finidori INSERM,
Paris, France) (42). The pME18S-FLAG-CIS-R107K expression plas-
mid, with an SH2 domain arginine-to-lysine point mutation at residue
107 (41), and the corresponding Myc-tagged SOCS1-R105K SH2
domain mutant were from Dr. Warren Leonard (NIH, Bethesda, MD).
Human CIS and SOCS6 ¢cDNAs cloned into the expression plasmid
pcDNA3 with an N-terminal Myc tag (43) were provided by Dr. Akihiko
Yoshimura (Kurume University, Kurume, Japan). The pMEI18S-
STATS5b (mouse) expression plasmid was obtained from Dr. Alice Mui
(DNAX Research, Inc., Palo Alto, CA).

Chemicals and Antibodies—Recombinant rat GH and rabbit anti-rat
GH antiserum were obtained from Dr. A. F. Parlow (National Hormone
and Pituitary Program, Harbor-UCLA Medical Center, Torrance, CA).
Rat GH was dissolved at a stock concentration of 0.1 mg/ml in 0.01 M
NaHCO, and stored in aliquots at —80 °C. Working solutions of GH
were prepared by dilution into serum-free culture medium immediately
before use. Cells were stimulated with 200 ng/ml GH. Stock solutions of
the proteasome inhibitors MG132 and epoxomicin (Peptides Interna-
tional Inc., Louisville, KY) were prepared in Me,SO. Cells were treated
with 40 um MG132 or 10 uM epoxomicin (44) diluted in serum-free
medium, added 15 min prior to GH stimulation (30).

Rabbit anti-GHR C-terminal domain polyclonal antibody (pAb) 2941
(45) was provided by Drs. G. Peter Frick and H. Maurice Goodman
(University of Massachusetts Medical School, Worcester, MA). Mouse
anti-GHR monoclonal antibody (mAb) 263, directed against the extra-
cellular domain of GHR (46), was purchased from Research Diagnostics
Inc. (Flanders, NJ). Mouse anti-phosphotyrosine mAb 4G10 was pur-
chased from Upstate Biotechnology Inc. (Lake Placid, NY), and mouse
anti-FLAG mAb M2 was from Sigma. Mouse anti-phosphotyrosine
mAb PY99 and rabbit anti-STAT5b pAb C-17 were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Tyrosine-phosphorylated
STATS5b was detected with rabbit anti-phospho-Tyr®** STAT5 mAb
(Cell Signaling Technology, Inc., Beverly, MA), which recognizes phos-
pho-Tyr®*® STAT5b. Alexa Fluor 488-conjugated goat anti-mouse and
goat anti-rabbit IgG secondary antibodies were purchased from Molec-
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ular Probes, Inc. (Eugene, OR). Horseradish peroxidase-coupled sheep
anti-mouse and anti-rabbit IgG secondary antibodies were from Amer-
sham Biosciences.

Cell Culture and Transfection—CWSV-1, a GH-responsive SV40-
immortalized cell line derived from adult male rat hepatocytes (47), was
maintained and passaged in RPCD medium with the addition of a trace
element mixture (“complete RPCD medium”) (40). Transfections were
carried out as described previously (30) using FUGENE 6 transfection
reagent (Roche Applied Science, Mannheim, Germany) at 2 pl of
FuGENE 6 ug of total DNA. Twenty-four h after the addition of the
FuGENE 6/DNA mixture to the cells, cells were stimulated with GH as
specified in each experiment.

Protein Extraction and Immunoprecipitation—Cell lysates for immu-
noprecipitation were prepared from cells grown in 10-cm dishes. Cells
were placed on ice, washed with cold phosphate-buffered saline (PBS),
and incubated on ice for 30 min in 1 ml of immunoprecipitation buffer
(150 mm NaCl, 1% (v/v) Triton X-100, 10 mm Tris-HCl (pH 7.6), 1 mm
EDTA, 1 mMEGTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mm
sodium orthovanadate, and protease inhibitor mixture (Roche Applied
Science)). The cells were scrapped, and cell extracts were passed
through a 27-gange needle and centrifuged. Supernatant fractions were
collected, and protein concentrations were determined using a Bio-Rad
protein assay kit. Endogenous GHR protein was precipitated from the
cell lysates using anti-GHR pAb 2941. Cell lysates adjusted to 1 mg of
total protein/ml of immunoprecipitation buffer were incubated over-
night at 4 °C with pAb 2941 (1:500 dilution). Forty ul of a 50% (v/v)
slurry of protein A-Sepharose beads (Amersham Biosciences) in immu-
noprecipitation buffer was added, and the samples were incubated for
2.5 h at 4 °C on a shaker. The immune complexes were washed three
times with immunoprecipitation buffer, and precipitated proteins were
released from the protein A-Sepharose beads by boiling in 2X Laemmli
sample buffer (48) for 10 min, followed by Western blot analysis as
described below.

Western Blotting—Proteins were resolved by electrophoresis on 7.5%
SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and
blocked in blocking solution as follows. For detection of tyrosine-phos-
phorylated GHR, membranes were blocked for 1 h at room temperature
with 3% bovine serum albumin in Tris-buffered saline (TBS)/Tween
(TBST buffer; 10 mm Tris-HCl (pH 7.6), 150 mMm NaCl, and 0.1% (v/v)
Tween 20) and then immunoblotted overnight at 4 °C with anti-phos-
photyrosine mAb 4G10 (1:1000 dilution) or PY99 (1:1000 dilution)
diluted in 3% bovine serum albumin in TBST buffer. For detection of
total GHR and STAT5b, membranes were blocked for 1 h at room
temperature in 5% nonfat dry milk in TBST buffer and probed overnight
at 4 °C with pAb 2941 (1:6000 dilution) or anti-STAT5b pAb (1:3000
dilution), respectively, diluted in 5% milk in TBST buffer. Membranes
were washed (3 X 5 min) with TBST buffer and then incubated with the
appropriate horseradish peroxidase-coupled secondary antibody. Pro-
teins were visualized using ECL Plus reagent (Amersham Biosciences).
Membranes were stripped in 62.5 mm Tris-HCI (pH 7.6), 2% SDS, and
50 mm B-mercaptoethanol for 20 min at 60 °C; washed (4 X 10 min)
with TBST buffer; blocked in the appropriate blocking solution for 1 h at
room temperature; and reprobed with primary antibody as required.

Deglycosylation Reactions—CWSV-1 cells grown in 10-cm dishes
were lysed in 1 ml of fusion lysis buffer (1% (v/v) Triton X-100, 150 mm
NaCl, 10% (v/v) glycerol, 50 mm Tris-HCl (pH 8.0), 2 mm EDTA, 1 mm
PMSF, 1 mMm sodium orthovanadate, and protease inhibitor mixture).
Supernatants prepared from the lysates were subjected to immunopre-
cipitation with pAb 2941. Immune complexes were boiled for 10 min in
0.5% SDS and 1% B-mercaptoethanol supplemented with 1 mm PMSE.
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Eluted proteins were collected and digested overnight at 37 °C with
1000 units of peptide N-glycosidase F or 1000 units of endoglycosidase
H (New England Biolabs Inc., Beverly, MA) in the reaction buffers pro-
vided by the manufacturer and supplemented with 1 mm PMSF, 1 mm
sodium orthovanadate, and protease inhibitor mixture. Reactions were
stopped by the addition of 6 X Laemmli sample buffer, followed by boil-
ing for 10 min. Digested products were resolved on SDS-polyacrylamide
gels and analyzed by Western blotting.

Cell-surface Biotinylation—Cell-surface biotinylation was performed
on CWSV-1 cells grown in 10-cm dishes in serum-free complete RPCD
medium. Cells were washed twice with ice-cold PBS (pH 8.0) and incu-
bated for 30 min on ice with 5 ml of biotinylation reagent (0.5 mg/ml
EZ-Link sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3’-dithiopropi-
onate (Pierce) freshly dissolved in PBS (pH 8.0)) with gentle shaking
every 5 min. The biotinylation reagent was removed by aspiration, and
the reaction was quenched by incubating cells for 15 min on ice with 10
mM Tris-HCI (pH 8.0) and 150 mm NaCl, followed by a 5-min wash with
ice-cold PBS (pH 8.0). The cells were then lysed in 1 ml of fusion lysis
buffer supplemented with 1 mm PMSF, 1 mM sodium orthovanadate,
and protease inhibitor mixture. Biotinylated proteins were extracted
from cell lysates by incubation with 40 ul of 50% (v/v) streptavidin-
Sepharose beads (Amersham Biosciences) for 3 h at 4 °C, followed by
three washes of the beads with fusion lysis buffer. Proteins were recov-
ered from the streptavidin-Sepharose beads by boiling in 2X Laemmli
buffer for 10 min, followed by SDS-PAGE and Western blot analysis.

Indirect Immunofluorescence and Confocal Microscopy—CWSV-1
cells were seeded at 50% confluence in 2-well (2 cm?/well) chamber
slides (catalog no. 154461, Nalge Nunc International, Naperville, IL) in
complete RPCD medium containing 3% fetal bovine serum and allowed
to adhere overnight. The medium was then replaced with fresh serum-
free complete RPCD medium for at least 4 h, after which the cells were
transfected for 24 h with 400 ng of FLAG-GHR alone or together with
800 ng of CIS-R107K expression plasmid. Typically, 5-10% of the cells
were transfected with GHR under these conditions (compare the per-
cent of brightly fluorescent cells indicated at time = 0 in Figs. 34, 54,
and 6A). The percentage of brightly fluorescent cells indicated in indi-
vidual experiments was determined by counting at least 15 fields, typi-
cally containing 180-300 cells. Twenty-four h after transfection, the
cells were stimulated with GH as specified in each figure, washed three
times with PBS, and fixed as follows. For detection of GHR, cells were
fixed in 4% paraformaldehyde in PBS for 30 min at room temperature.
Cells were permeabilized with 0.5% Triton X-100 for 4 min where indi-
cated, washed with PBS, and blocked by incubation in PBS containing
10% goat serum (Sigma) for 30 min at room temperature. Antibody
diluted in PBS containing 1% goat serum was then added for 1 h at room
temperature. Antibody dilutions were as follows: anti-rat GH antibody,
1:1000; anti-GHR pAb 2941, 1:1000; anti-GHR mAb 263, 1:500; and
anti-FLAG mAD, 1:500. The samples were washed (3 X 5 min) with PBS
containing 1% goat serum and then incubated for 1 h at room temper-
ature with Alexa Fluor 488-conjugated secondary antibody (green fluo-
rescence) diluted 1:1000 in PBS containing 1% goat serum. Cells were
washed (2 X 5 min) with 1% goat serum in PBS and then washed (1 X 5
min) with PBS alone and stained with 500 ul of 5 pg/ml propidium
iodide (Sigma) in PBS for 10 min at room temperature to visualize the
nuclei (red fluorescence). Cells were washed twice with PBS and cov-
ered with a glass coverslip using Fluoroguard anti-fade reagent (Bio-
Rad). To detect STAT5D, cells were fixed in 100% methanol for 20 min
at —20 °C; washed with PBS; blocked with PBS containing 3% calf serum
for 1 h at room temperature; and incubated with anti-STAT5b pAb or
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anti-phospho-Tyr®** STAT5 mAb as described (49), except that anti-
STAT5b pAb (1:500 dilution) incubations were for 1 h at room temper-
ature and anti-phospho-Tyr®** STAT5 mAb (1:500 dilution) incuba-
tions were overnight at 4 °C in a humidified environment to minimize
nonspecific binding. Alexa Fluor 488-conjugated secondary antibody
was used as described above.

Fluorescence was visualized using an Olympus BX-50 confocal laser
scanning microscope equipped with an argon-krypton laser. For visual-
ization of Alexa Fluor and propidium iodide staining, cells were excited
at 488 or 568 nm, and emission was detected through a 510 -550-nm
band-pass filter (green channel) or a 610-nm long-pass filter (red chan-
nel), respectively. Image files were processed for presentation using
Adobe Illustrator software.

GH Pulse-Chase Experiments—CWSV-1 cells grown in 2-well cham-
ber slides were transfected for 24 h as required and treated with GH for
5 min at 37 °C to induce internalization of GHR and GH. The cells were
then washed twice with ice-cold PBS (pH 7.4) to remove excess GH
from the medium (“neutral wash”). Alternatively, plasma membrane-
bound GH was stripped from the cell surface by a 5-min incubation with
500 ul of acidic buffer (0.15 m NaCl and 0.05 M glycine (pH 2.5)) on ice
(18), followed by washing with PBS (“acidic wash”). Cells were then fixed
in 4% paraformaldehyde or returned to the tissue culture incubator,
chased in GH-free culture medium at 37 °C for an additional 25 or 55
min, washed, and fixed. After a 4-min permeabilization with 0.5% Tri-
ton X-100, the cells were immunostained with anti-GH antibody, and
GH was visualized using Alexa Fluor 488-conjugated secondary anti-
body as described above.

RESULTS

Dynamics of Endogenous GHR and STATSb Tyrosine Phosphorylation—
We first established the kinetics of endogenous GHR tyrosine phospho-
rylation in CWSV-1 cells, which are highly responsive to GH and con-
tain a GH-inducible STAT5b signaling pathway similar to that found in
intact rat liver (40). Cells were stimulated with GH, and GHR tyrosine
phosphorylation was evaluated by immunoprecipitation of GHR using
anti-GHR pAb 2941, followed by Western blotting with anti-phospho-
tyrosine mAb 4G10. GHR tyrosine phosphorylation was detected as
early as 2 min after GH stimulation. Peak tyrosine phosphorylation, seen
after 30 min, was followed by dephosphorylation, which was nearly
complete by 1 h (Fig. 1A, upper panel). GHR signaling to STAT5b fol-
lowed a similar time course: STAT5b tyrosine phosphorylation was first
detected at 5 min, was maximal at 30 —40 min, and declined thereafter
(Fig. 1A, lower panel, and data not shown).

Tyrosine-phosphorylated GHR protein migrated as a diffuse band of
~120 kDa (Fig. 14, upper panel) and exhibited a lower electrophoretic
mobility compared with the major non-tyrosine-phosphorylated
CWSV-1 cell GHR protein, which migrated as a sharper, faster moving
band of ~105 kDa (middle panel). Deglycosylation experiments dem-
onstrated that the 120-kDa protein corresponds to mature glycosylated
GHR and the 105-kDa protein to an immature precursor form. This was
established by digestion of GHR immunoprecipitated from extracts of
30-min GH-stimulated CWSV-1 cells with endoglycosidase H, which
cleaves the carbohydrate core of high mannose glycoproteins, or with
peptide N-glycosidase F, which hydrolyzes nearly all types of N-glycan
chains (50). The tyrosine-phosphorylated GHR product formed by pep-
tide N-glycosidase F digestion migrated as a sharp band of ~105 kDa
(Fig. 1B, upper panel), suggesting that the original 120-kDa GHR band
includes ~15 kDa of carbohydrate. No increase in electrophoretic
mobility was seen following endoglycosidase H digestion, suggesting
that the 120-kDa band corresponds to the mature low mannose cell-
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FIGURE 1. Tyrosine phosphorylation and dephosphorylation of GHR and STAT5b in
GH-stimulated CWSV-1 cells. A, CWSV-1 cells were treated with 200 ng/ml GH for the
times indicated. GHR protein was immunoprecipitated (/P) from total cell extracts using
anti-GHR pAb 2941. Tyrosine-phosphorylated GHR (pY-GHR) and total GHR protein were
visualized by Western blotting (WB) using anti-phosphotyrosine mAb 4G10 or anti-GHR
pAb 2941, respectively. The positions of the mature (mGHR) and precursor (pGHR) forms
of GHR are indicated. STAT5b protein was detected in total extracts by Western blotting
with anti-STAT5 antibody. STAT5b band 0 represents the phosphorylated form of
STATS5b; bands 1+ 1a correspond to the serine/threonine-phosphorylated (in untreated
cell extracts) and tyrosine-phosphorylated (GH-treated extracts) forms of STAT5b,
respectively; and band 2 represents (serine/threonine + tyrosine)-diphosphorylated
STAT5b (40). B,immunoprecipitated GHR protein was digested with endoglycosidase H
(Endo H) or peptide N-glycosidase F as indicated. The digestion products were resolved
on an SDS gel and visualized on a Western blot probed with mAb 4G10 (upper panel) or
in a separate experiment with pAb 2941 (lower panel). The electrophoretic mobilities of
the glycosylated (mature (m)) and deglycosylated (precursor (p)) forms of GHR are indi-
cated. Recovery of GHR was poor in the samples shown in B (lower panel, lanes 1 and 2).

surface GHR. No shift in the electrophoretic mobility of the non-ty-
rosine-phosphorylated 105-kDa GHR band was observed after diges-
tion with either endoglycosidase H or peptide N-glycosidase F (Fig. 1B,
lower panel), indicating that this band corresponds to an unglycosylated
precursor intracellular form of the receptor.

Visualization of Cell-surface and Intracellular GHR Proteins by Con-
focal Microscopy—Next, we established a confocal immunofluores-
cence assay to visualize cell-surface GHR in CWSV-1 cells. We first
attempted to monitor cell-surface expression of endogenous GHR, visu-
alized by immunostaining using mAb 263, which binds to the GHR
extracellular domain. Permeabilization of the cells with 0.5% Triton
X-100 enabled us to detect intracellular GHR, which was randomly
distributed around the nucleus, with more diffuse and faint fluorescence
seen in more distant membrane areas (Fig. 24, right panel). However, no
cell-surface fluorescence was detected in unpermeabilized cells (Fig. 24,
left panel), indicating that endogenous cell-surface GHR is below the
limit of detection. Thus, the major fraction of GHR protein has an intra-
cellular localization. This conclusion is consistent with the large differ-
ences in abundance of endogenous mature cell-surface GHR (120 kDa)
compared with immature intracellular GHR protein (105 kDa) seen in
Fig. 1A (middle panel).

To visualize cell-surface GHR, CWSV-1 cells were transfected with
full-length GHR containing an N-terminal FLAG tag, which enabled us
to localize the receptor extracellular domain by indirect immunofluo-
rescence using anti-FLAG mAb. Fluorescently labeled cells were
scanned from top to bottom in 1-um steps (optical z sections) to eval-
uate the distribution of GHR on the cell surface and inside the cell.
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FIGURE 2. Cell-surface and intracellular GHR proteins in CWSV-1 cells. A and B,
CWSV-1 cells, untransfected (A) or transfected (B) with N-terminally FLAG-tagged GHR
(400 ng), were fixed in 4% paraformaldehyde (PF) for 30 min, permeabilized or not per-
meabilized with 0.5% Triton X-100 (7X) as indicated, and immunostained with anti-FLAG
mADb or anti-GHR mAb 263 (raised against the extracellular domain of GHR) as described
under “Materials and Methods.” Shown are optical z sections through the top or middle
of the cells as indicated. C, CWSV-1 cells were transfected with the indicated amounts of
FLAG-GHR, labeled with EZ-Link sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3’-dithiopro-
pionate (see “Materials and Methods”), and lysed. Biotinylated cell-surface proteins were
isolated from the cell lysates using streptavidin-Sepharose (SAS) (upper panel). Material
remaining in the supernatant (SAS sup) was immunoprecipitated (IP) with anti-FLAG
mAb (lower panel). Samples were resolved on an SDS gel and analyzed by Western blot-
ting (WB) with pAb 2941 as indicated. The precursor form of FLAG-GHR (pF-GHR) was
found exclusively in the intracellular fraction (anti-FLAG immunoprecipitate of the
streptavidin-Sepharose supernatant). The mature form (mF-GHR) was found primarily on
the cell surface (i.e. in the streptavidin-Sepharose pellet fraction); the smallamount of the
mature form present in the streptavidin-Sepharose supernatant fraction (lower panel,
lanes 4-6) may reflect newly synthesized mature GHR that did not yet reach the cell
surface or cell-surface GHR that was not efficiently biotinylated. The mature GHR protein
band (lower panel, lanes 1-3) represents total (i.e. cell-surface + intracellular) mature
GHR. D, CWSV-1 cells were transfected with FLAG-GHR and treated with GH for the times
indicated. FLAG-GHR was immunoprecipitated from cell lysates with anti-FLAG mAb and
analyzed by Western blotting with anti-phosphotyrosine mAb PY99. pY-Flag-GHR, tyro-
sine-phosphorylated, FLAG-tagged GHR.

Representative z sections are presented in Fig. 2B. In cells fixed in 4%
paraformaldehyde without detergent permeabilization, GHR was
detected in small, randomly distributed granules on the cell surface (Fig.
2B, upper left panel). Little or no immunostaining was detected in the
cytoplasm when optical z sectioning was carried out through the middle
of the cell (Fig. 2B, upper right panel). In contrast, in detergent-perme-
abilized cells (Fig. 2B, lower panels), diffuse fluorescent labeling over the
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entire cytoplasm was seen, with some accumulation in the perinuclear
area.

To further analyze the intracellular distribution of GHR, CWSV-1
cells transfected with FLAG-GHR were biotinylated using a membrane-
impermeable reagent. Biotinylated cell-surface GHR was isolated using
streptavidin-Sepharose, whereas non-biotin-labeled (i.e. intracellular)
GHR was recovered from the supernatant remaining after streptavidin-
Sepharose precipitation by immunoprecipitation using anti-FLAG
mAD. Cell-surface and intracellular FLAG-GHR proteins were both
visualized by immunoblotting using anti-GHR antibody (Fig. 2C). In the
streptavidin-Sepharose precipitates, FLAG-GHR appeared as a single
~125-kDa band, corresponding to the mature cell-surface receptor
(Fig. 2C, upper panel, lanes 4—6) (51), with the peak of tyrosine phos-
phorylation at 30 min of GH treatment (Fig. 2D). In the anti-FLAG
immunoprecipitates, FLAG-GHR was visualized as two bands of ~110
and ~125 kDa, corresponding to the precursor and mature intracellular
forms of FLAG-GHR, respectively (Fig. 2C, lower panel, lanes 4—6). No
biotin-labeled endogenous cell-surface GHR was detected in untrans-
fected cells (Fig. 2C, upper panel, lane 7), supporting our conclusion
that there is a very low level of endogenous GHR at the cell surface (cf.
Fig. 24).

Given the low level of endogenous cell-surface GHR expression, all of
our subsequent experiments were carried out in cells transfected with
FLAG-tagged GHR. This enabled us to monitor cell-surface GHR and
its internalization in the form of a GH:GHR complex using antibody to
the GHR extracellular domain (mAb 263) or its N-terminal FLAG tag or
antibody to the bound GH ligand. In control experiments, no difference
was observed in the time course of GH-induced STAT5b activation and
nuclear signaling in GHR-transfected cells compared with untrans-
fected cells (data not shown).

GHR Is Rapidly Internalized in GH-stimulated CWSV-1 Cells—GHR
internalization was assayed in cells treated with GH for 5, 30, or 60 min
and was monitored in unpermeabilized cells stained with anti-GHR
mAb 263 (Fig. 34) or in unpermeabilized and permeabilized cells
stained with anti-GH antibody (Fig. 3B). Immunofluorescent images
were collected based on scans through the top or the middle of each cell
using fixed laser intensity settings. GHR internalization was rapid, as
indicated by the substantial decrease in cell-surface fluorescence asso-
ciated with GHR (Fig. 34, lanes 1 and 2) and GH (Fig. 3B, lane I)
beginning 5 min after GH addition. Similar results were obtained using
a third antibody (anti-FLAG mAb) to monitor GHR internalization (see
Fig. 5A, lane 1), indicating that the decrease in cell-surface GHR immu-
nofluorescence reflects GHR internalization rather than loss of a GHR
conformation-dependent antigenic determinant upon GH binding.
This conclusion is strengthened by our finding that the time course for
the loss of cell-surface GH and GHR immunoreactivity paralleled the
appearance in the cytosol of bright fluorescent granules containing
internalized GH (Fig. 3B, lane 2). GHR was no longer detectable at the
cell surface after 30 and 60 min of GH stimulation, indicating complete
internalization of the receptor. Given the rapid internalization of GHR
following GH stimulation (Fig. 3) and our previous finding that GHR
activation and signaling to STAT5b continue for 40—60 min in this
same cell model (Ref. 52; also see Fig. 2D), we conclude that GHR sig-
naling to STAT5b and the subsequent deactivation of the GHRJAK2
signaling complex both proceed from an intracellular compartment.

Effect of the CIS-R107K SH2 Domain Mutant on GHR Internalization—
GH-stimulated STAT5b activation is partially inhibited in cells in which
CIS is expressed constitutively, reflecting an apparent competition
between CIS and STAT5b for common phosphotyrosine-binding sites
on GHR (30, 38). CIS-R107K, a dominant-negative CIS mutant with an
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FIGURE 3. Rapid internalization of GHR in continuously GH-treated CWSV-1 cells and
inhibitory effect of CIS-R107K. CWSV-1 cells were transfected with FLAG-GHR (400 ng)
alone or in combination with 800 ng of CIS-R107K or SOCS1-R105K. Cells were treated with
GH (200 ng/ml) for 5, 30, or 60 min. A, GH-treated cells were fixed in 4% paraformaldehyde
without detergent permeabilization and immunostained with anti-GHR mAb 263. Optical z
sections were taken through the top or middle of the cells as indicated. B, GH-treated cells
were fixed in 4% paraformaldehyde with (+) or without (—) Triton X-100 permeabilization as
indicated and immunostained using anti-GH antibody. Optical z sections were taken
through the middle of the cells. C, cells were stimulated with GH for 5 min and washed with
neutral wash buffer (pH 7.4) as described under “Materials and Methods,” and GHR trafficking
was then monitored in GH-free medium for an additions 25 or 55 min (30- and 60-min sam-
ples, respectively). Cells were fixed in 4% paraformaldehyde, permeabilized with Triton
X-100,and immunostained with anti-GH antibody. The cellimages shown are representative
of a total of 15 fields collected for each treatment; the number of fluorescent cells expressed
as a percentage of the total number of cells examined for each treatment is indicated in

parentheses in A. The results showing CIS-R107K inhibition of GH and GHR internalization
were reproduced in at least three independent series of experiments.
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inactivating mutation in the SH2 domain, reverses this inhibition,
despite its inability to bind tyrosine-phosphorylated GHR (30). To fur-
ther elucidate the mechanism for the dominant-negative action of CIS-
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R107K, we investigated the impact of CIS-R107K on GH-induced GHR
internalization. Cells were transfected with GHR alone or with CIS-
R107K, and GH*GHR complex trafficking was monitored using anti-
GHR mADb 263. CIS-R107K had no effect on the fluorescence intensity
of cell-surface GHR either prior to or immediately (within 15 s) after GH
treatment (Fig. 34, upper panels, lanes 3 and 4 versus lanes 1 and 2) (data
not shown). However, CIS-R107K exerted a striking inhibition of GH-
stimulated GHR internalization monitored after 5 and 30 min of GH
treatment, as illustrated in Fig. 34 and as supported by quantitation of
the percentage of cells (indicated in parentheses) with detectable cell-
surface GHR fluorescence (lanes 3 and 4 versus lanes 1 and 2). The same
result was obtained when the effect of CIS-R107K on GHR internaliza-
tion was monitored using anti-FLAG mAb (see Fig. 54, lane 2). No
significant fluorescent signal was detected in untransfected cells or in
cells transfected with CIS-R107K alone (data not shown), verifying the
GHR dependence of these signals. The inhibitory effect of CIS-R107K
was also apparent when GH internalization was monitored using
anti-GH antibody. Thus, plasma membrane-associated GH fluores-
cence persisted for at least 60 min in cells that expressed CIS-R107K
(Fig. 3B, lane 3 versus lane 1). Analysis of detergent-permeabilized cells
further revealed, however, that the inhibitory effect of CIS-R107K on
GH internalization was only partial, i.e. complete internalization of GH
within 30 min in cells devoid of CIS-R107K (Fig. 3B, lane 2) versus
partial internalization of GH at 30 and 60 min in cells containing CIS-
R107K (lane 4). Finally, the specificity of the GHR internalization inhib-
itory effect of CIS-R107K was established in experiments using two
corresponding SH2 domain mutants of SOCS1 (SOCSI1-R105K and
SOCS1-R105E), which are devoid of dominant-negative activity (30)
and were without effect on GH-induced GHR internalization (Fig. 3C,
lane 3 versus lane 1) (data not shown).

We considered the possibility that the apparent persistence of cell-
surface GH fluorescence in the cells expressing CIS-R107K might
reflect 1) enhanced synthesis and maturation of GHR protein at the cell
surface or 2) enhanced recycling of GH-GHR complexes back to the cell
surface in the presence of CIS-R107K rather than inhibition of GH-GHR
complex internalization per se. To test the first possibility, CWSV-1
cells were treated with GH applied as a 5-min pulse, sufficient to induce
internalization of GHR, after which the cells were washed, and GH-GHR
complex internalization was monitored in GH-free medium. GH-asso-
ciated plasma membrane fluorescence persisted at 30 and 60 min in the
cells expressing CIS-R107K, despite the absence of GH in the culture
medium (Fig. 4, lanes 4 and 5 versus lanes 1 and 2). Thus, the persistence
of the cell-surface GH signal is not the result of GH binding to newly
synthesized receptor protein that appears on the cell surface. Moreover,
when the 5-min GH-treated cells were washed with acidic buffer to
remove cell surface-bound GH (compare the 5-min samples in Fig. 4,
upper panels, lane 3 versus lane 2) (20), no cell-surface GH was detected
in the CIS-R107K cells at 30 or 60 min (lane 6). Thus, CIS-R107K does
not stimulate recycling of internalized GH:GHR complexes back to the
cell surface. Taken together, these findings establish that CIS-R107K
inhibits internalization of GH:GHR complexes from the cell surface.
Given the specificity of CIS-R107K for blocking the GHR signaling
inhibitory actions of CIS, but not those of other SOCS/CIS family mem-
bers (30), and given the inactivity of SOCS1-R105K shown above (Fig.
3C), these findings implicate CIS as playing a specific role in GH-stim-
ulated GHR internalization.

As an additional control, we verified the specificity of the CIS-R107K
inhibitory effect as judged by the ability of exogenous wild-type CIS to
compete with CIS-R107K in blocking GHR internalization. In cells
transfected with GHR and CIS-R107K either alone or together with CIS,
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FIGURE 4. CIS-R107K blocks GH pulse-induced GHR internalization. CWSV-1 cells
were transfected with 400 ng of FLAG-GHR alone or in combination with CIS-R107K (800
ng) as indicated. Cells were stimulated with GH (200 ng/ml) for 5 min and then washed
with neutral (pH 7.4) or acidic (pH 2.5) wash buffer as described under “Materials and
Methods.” GHR trafficking was monitored in GH-free medium for an additional 25 or 55
min (30- and 60-min samples, respectively). Cells were fixed in 4% paraformaldehyde
with (+) or without (=) Triton X-100 permeabilization as indicated and immunostained
with anti-GH antibody. The cell images shown are optical z sections through the middle
of the cells and are representative of a total of 15 fields collected for each treatment. The
results were reproduced in at least three independent experiments.

wild-type CIS blocked the ability of CIS-R107K to inhibit GH-stimu-
lated GHR internalization (Fig. 5, A and B, lanes 3 versus lanes 2). Wild-
type CIS alone may accelerate GHR internalization (compare 1% fluo-
rescent cells 5 min after GH addition in the case of CIS-transfected cells
versus 3.2% fluorescent cells in the absence of CIS) (Fig. 54, lane 4 versus
lane I). The inhibitory effect of exogenous CIS on CIS-R107K-inhibited
GHR internalization was not due to nonspecific competition for factors
required for CIS-R107K expression, as demonstrated by the inability of
another SOCS/CIS family member, SOCS6 (cloned into the same plas-
mid backbone as wild-type CIS), to reverse the effects of CIS-R107K.
Thus, SOCS6 neither blocked the inhibitory effect of CIS-R107K on GH
internalization (Fig. 5B, lane 4 versus lane 2) nor blocked internalization
of GH itself (lane S versus lane 1), confirming the specificity of CIS-
R107K for inhibition of the action of CIS compared with SOCS6.
Effect of Proteasome Inhibitors MG132 and Epoxomicin on GHR
Internalization—CIS down-regulates GHR signaling to STAT5b by a
proteasome-dependent mechanism (30). In view of the role of CIS in
GHR internalization demonstrated above, we investigated whether this
proteasome-dependent process involves GHR internalization. CWSV-1
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FIGURE 5. Wild-type CIS reverses the inhibitory effect of CIS-R107K on GH-induced
GHR internalization. CWSV-1 cells were transfected with 400 ng of FLAG-GHR alone or
in combination with CIS-R107K (800 ng), wild-type CIS (CIS-wt; 800 ng), and/or SOCS6
(800 ng) as indicated. Cells were treated with GH (200 ng/ml), fixed in 4% paraformalde-
hyde without detergent permeabilization, and immunostained with anti-FLAG mAb (A)
or permeabilized with Triton X-100 and immunostained with anti-GH antibody (B). In
control experiments (not shown), no immunofluorescence was observed in cells trans-
fected with FLAG-tagged CIS-R107K either alone or in combination with non-FLAG-
tagged GHR. Thus, the fluorescence seen in this figure is that of FLAG-GHR. Shown are
optical z sections through the middle of the cells. The cell images shown in A are repre-
sentative of a total of 15 fields collected for each treatment; the percentage of fluores-
cent cells in each sample is indicated in parentheses. The results were reproduced in at
least three independent experiments.

cells were transfected with GHR, treated with the proteasome inhibitor
MG132 for 15 min, and then stimulated with GH in the continued
presence of MG132. GHR internalization was monitored by immuno-
staining unpermeabilized cells using anti-FLAG-GHR antibody (Fig.
6A). MG132 inhibited GH-induced internalization of GHR, similar to
that seen in cells expressing CIS-R107K. Thus, after 30 and 60 min of
GH treatment, the fluorescence intensity of cell-surface GHR was still
detectable in cells pretreated with MG132 compared with non-MG132-
treated controls (Fig. 6A, lane 2 versus lane 1). MG132 alone had no
major effect on the expression of cell-surface GHR during the time
frame of these experiments (Fig. 64, lane 3). In a GH pulse-chase study,
we found that the inhibitory effect of MG132 on GH internalization was
partial, as determined by anti-GH immunostaining of detergent-perme-
abilized cells (Fig. 6B, lane 2 versus lane 1). As was the case for CIS-
R107K (Fig. 4), the addition of an acidic wash to remove plasma mem-
brane-bound GH confirmed that the persistence of GH at the cell
surface in MG132-treated cells (Fig. 6B, lane 2) was not due to recycling
of internalized GH-GHR complexes back to the cell surface at 30 and 60
min (lane 3). A similar partial inhibitory effect on GH internalization
was observed in pulse-chase experiments using epoxomicin, which is a
more specific proteasome inhibitor (Fig. 6B, lane 4).
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FIGURE 6. Proteasome inhibitors MG132 and epoxomicin partially block GH-in-
duced internalization of GH and GHR. CWSV-1 cells were transfected for 24 h with 400
ng of FLAG-GHR and then stimulated with GH (200 ng/ml) for times up to 60 min. MG132
(40 wm) or epoxomicin (10 um) was added 15 min prior to GH stimulation. A, cells were
continuously stimulated with GH, fixed in 4% paraformaldehyde without detergent per-
meabilization, and immunostained with anti-FLAG mAb. B, cells were stimulated with a
5-min GH pulse and washed with neutral or acidic wash buffer (see “Materials and Meth-
ods”). GHR trafficking was monitored in GH-free medium for 30 or 60 min. Cells were then
fixed in 4% paraformaldehyde, permeabilized with Triton X-100, and immunostained
with anti-GH antibody. Optical z sections were taken through the middle of the cells. The
cellimages shown are representative of a total of 15 fields collected for each treatment;
the percentage of fluorescent cells in each sample is indicated in parentheses in A. The
results were reproduced in at least three independent experiments.

MG132 prolongs STAT5b DNA-binding activity in GH-treated
CWSV-1 cells (52). MG132 also prolonged the tyrosine-phosphorylated
nuclear STAT5b signal for at least 120 min, as demonstrated by confocal
immunofluorescence analysis using anti-phospho-Tyr®** STAT5 mAb
(compare the 120-min samples in Fig. 7, lower panels, lane 5 versus lane
2 and lane 4 versus 1). MG132 did not alter the time course of STAT5b
tyrosine phosphorylation and nuclear translocation (compare the 5-
and 30-min samples in Fig. 7, middle panels). However, MG132 did
inhibit the deactivation of GHR signaling to STAT5b, such that
STATS5b remained tyrosine-phosphorylated and in the nucleus for at
least 120 min after the initial GH treatment.

DISCUSSION

CIS and other SOCS family proteins are negative feedback regulators
of cytokine receptor signaling, including GHR signaling to STAT5b (32,
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FIGURE 7. MG132 treatment prolongs GH-induced STAT5b nuclear signaling.
CWSV-1 cells were stimulated with GH (200 ng/ml) for 5, 30, or 120 min, and the subcel-
lular localization of STAT5b was monitored by indirect immunofluorescence using anti-
STAT5b pAb or anti-phospho-Tyr®®* STAT5 mAb (anti-pY-STAT5). Nuclei were stained
with propidium iodide (Pl). Shown are confocal microscope images of representative
fields of cells. GH induced nuclear translocation of tyrosine-phosphorylated STAT5b (pY-
STAT5b) by 30 min, with subsequent dephosphorylation and return of STAT5b protein to
the cytoplasm by 120 min. MG132 blocked down-regulation of the nuclear STAT5b
signal.

38, 53, 54). In particular, CIS has been proposed to play an important
role in down-regulation of the GHR-JAK2-STAT5Db signaling pathway
in cells continuously exposed to GH (30) and exerts its inhibitory effect
by binding to phosphotyrosine residues in the cytoplasmic domain of
GHR (38). CIS inhibits GHR signaling to STAT5b by two distinct mech-
anisms: 1) by competition with STAT5b for common tyrosine-binding
sites on the cytoplasmic tail of GHR and 2) by a proteasome-dependent
mechanism that involves degradation of CIS, perhaps in association
with the GHRJAK2 signaling complex (30). In this study, we investi-
gated the role of CIS and the proteasome in GH-stimulated internaliza-
tion of GHR. Using the rat liver cell line CWSV-1 as a model, we have
demonstrated the following. 1) GHR signaling to STAT5b is initiated at
the cell surface, but continues from an intracellular compartment fol-
lowing GHR internalization; and 2) CIS plays an important role in GHR
internalization, which is an essential prerequisite for termination of
receptor signaling.

A confocal immunofluorescence assay was established to investigate

37478 JOURNAL OF BIOLOGICAL CHEMISTRY

the internalization of GHR in GH-treated CWSV-1 liver cells, which
contain an endogenous GHR-STAT5b signaling pathway. We found
that the major fraction of GHR expressed endogenously in these cells
has an intracellular localization and that endogenous cell-surface GHR
is below the limit of immunofluorescence detection. Accordingly, we
carried out our subsequent experiments using CWSV-1 cells trans-
fected with FLAG-tagged GHR, which allowed us to monitor the traf-
ficking of the GH-GHR complex from the cell surface. The activation of
GHR signaling by GH was accompanied by tyrosine phosphorylation of
GHR (peak phosphorylation at 30 min) and by internalization of a
GH-GHR complex, as revealed by anti-GHR and anti-GH immunoflu-
orescence analysis. The tyrosine-phosphorylated form of GHR was
characterized as a mature form of the receptor (39, 55, 56) of ~125 kDa.
GH pulse-chase experiments established that the ligand-activated
receptor was internalized after 5 min of GH treatment and was not
recycled back to the cell surface in significant amounts. Despite the
rapid down-regulation of cell-surface GHR, signaling from the receptor
to STAT5b continued for at least an additional 30 —40 min, indicating
that a major fraction of GHR signaling to STAT5b and the subsequent
deactivation of the GHR-JAK2 signaling complex proceed from an
intracellular compartment.

CWSV-1 cells show a relatively high level of GH-induced endoge-
nous CIS mRNA (38), which appears within 60 min of GH stimulation,
i.e. in a time course that correlates with the time course of termination
of GHR signaling to STAT5b. To investigate the role of CIS in GHR
internalization, we used a dominant-negative SH2 domain mutant of
CIS, CIS-R107K (41), which, despite its inability to bind to tyrosine-
phosphorylated GHR, blocks the inhibitory effect of CIS on GHR sig-
naling to STAT5b, but not the inhibitory effects of other SOCS proteins
(30). In this study, CIS-R107K blocked internalization of GHR from the
cell surface, and this inhibitory effect was reversed when exogenous
wild-type CIS (but not SOCS6) was introduced together with CIS-
R107K. As a consequence of the inhibition by CIS-R107K, GHR
remained on the cell surface for a prolonged period of time, at least 1 h
in this study. Correspondingly, CIS-R107K exerts a dominant-negative
effect on the continuous GH-induced desensitization of endogenous
GHR signaling to STAT5b that normally occurs within ~1 h of GH
stimulation in the same liver cell line (30). Although retention of GHR
on the cell surface is not required for ongoing GHR signaling, as noted
above, it nevertheless has the effect of prolonging GHR signaling to
STATS5b. This strongly suggests that GHR internalization is an obliga-
tory prerequisite step for receptor down-regulation and signal termina-
tion. Thus, by blocking GHR internalization, CIS-R107K allows GHR to
escape (or at least forestall) the intracellular events that lead to receptor
deactivation, enabling the receptor to continue signaling to STAT5b
and presumably other downstream targets.

The mechanism for the dominant-negative action of CIS-R107K is
unknown. CIS-R107K contains an SH2 domain-inactivating point
mutation and is unable to compete with CIS for its phosphotyrosine
binding sites on GHR (30). Presumably, CIS-R107K competes with
endogenous CIS for factor(s) that act downstream of GHR-CIS binding
and that are required for GHR internalization. These factors may
include elongins B and C, which interact with SOCS/CIS proteins via
their C-terminal SOCS box (57-59) and facilitate recruitment of cul-
lin-2 and formation of an E3 complex (36, 57). SOCS1 has been shown
to promote SOCS box-dependent ubiquitination and proteasomal deg-
radation of JAK2 and other SOCS1-interacting proteins (60). A similar
SOCS box-mediated mechanism was proposed for termination of insu-
lin receptor signaling by SOCS1 and SOCS3, which have been suggested
to target insulin receptor substrate-1 and -2 for SOCS box-dependent,
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ubiquitin-mediated degradation (61), and this type of mechanism may
be used by CIS as well. CIS can be monoubiquitinated (37); is subject to
proteasomal degradation (30); and has a modular structure similar to
SOCS1 and SOCS3, including a conserved SH2 domain and SOCS box.
CIS may therefore serve as an adaptor protein that recruits an E3 com-
plex through its SOCS box while binding to tyrosine-phosphorylated
GHR through its SH2 domain. This would lead, in turn, to ubiquitina-
tion of GHR at the cell surface, introducing a sorting signal for receptor
internalization, intracellular trafficking, and degradation (62). Our find-
ing that the GHR internalization inhibitory action of CIS-R107K was
not observed with the corresponding SH2 domain mutant of SOCS1
demonstrates specificity with respect to CIS and presumably the SOCS
box of CIS in this regard. Given the finding that GHR ubiquitination per
se is not required for proteasome-dependent degradation of GHR (27),
CIS bound to GHR in association with an E3 complex may be sufficient
to tag the receptor for internalization and degradation. According to
this model, competition between CIS-R107K and endogenous CIS for
binding to the E3 complex would lead to the observed inhibition of GHR
internalization.

The inhibitory effect of CIS-R107K and that of the proteasome inhib-
itors MG132 and epoxomicin on GH-GHR internalization were incom-
plete, as revealed by the appearance of cytosolic granular structures
containing GH (and possibly also GHR) within the cytosol. This finding
suggests that GHR internalizes by two distinct pathways, only one of
which is dependent on CIS and subject to inhibition by CIS-R107K.
Conceivably, these two pathways may correspond to the clathrin-
coated pit pathway (21, 22) and the caveolin pathway for GHR internal-
ization (23, 24) described previously. A precedent for the possibility that
GHR may be internalized by multiple pathways is provided by studies of
the epidermal growth factor receptor, the internalization and degrada-
tion of which is regulated by the E3 ligase c-Cbl and independently by
SOCS4 and SOCS5 (63, 64). c-Cbl down-regulates epidermal growth
factor signaling by catalyzing receptor ubiquitination, which targets the
receptor into clathrin-coated pits and leads to receptor endocytosis and
internalization (65). Little is known about the effect of c-Cbl on cytokine
receptors such as GHR. ¢-Cbl is tyrosine-phosphorylated in response to
GH (66), and repression of c-Cbl results in enhanced colony-stimulat-
ing factor receptor JAK-STAT signaling (67). c-Cbl is also a negative
regulator of STAT1 and STATS5 protein synthesis (68), erythropoietin-
induced STATS5 activation (69), and GH-stimulated STAT5-mediated
transcription (70). Further study is required to determine whether c-Cbl
or other E3 ligases contribute to either the CIS-dependent or CIS-inde-
pendent component of GHR internalization described in this study.

Proteasome inhibitors may prolong GHR signaling to STAT5b by one
or more mechanisms: 1) by inhibition of a tyrosine phosphatase that
contributes to GHR inactivation (52), 2) by inhibition of GHR internal-
ization (Fig. 6) (20), and 3) by protection of GHR from proteasomal
degradation (71). The partial block of GH-induced GHR internalization
described here for cells treated with the proteasome inhibitors MG132
and epoxomicin is consistent with previous studies by Strous and co-
workers (20, 72) showing that GHR endocytosis is highly dependent on
an active ubiquitin-proteasome system: the half-life of the mature
receptor (~75 min) is prolonged by 2.5-fold (to ~180 min) when
ubiquitin-proteasome-dependent endocytosis is impaired. Proteasome
inhibitor-dependent blocking of GHR internalization may involve ubiq-
uitinated CIS (Fig. 8), as suggested by a study of the erythropoietin
receptor (37). Our finding that the partial inhibitory action of CIS-
R107K on GH internalization is no more complete when cells are addi-
tionally treated with MG132 (data not shown) lends support to this
proposal and suggests that CIS-R107K and MG132 both act along the
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FIGURE 8. Model for cooperation between CIS and the proteasome in the regulation
of GHR internalization from the plasma membrane. Internalization of GHR is pro-
posed to proceed by two pathways (see “Discussion”), one of which (diagrammed here)
is dependent on CIS. CIS is proposed to target GH-activated GHR to the endocytic
machinery, followed by degradation of the GH-GHR-JAK2 complex. The dominant-neg-
ative SH2 domain mutant of CIS (CIS-R107K) blocks GHR internalization. This dominant-
negative effect may involve competition by CIS-R107K for ubiquitination (Ub) of CIS or a
ClS-associated E3 ligase (not shown), which targets GHR for endocytosis and degrada-
tion. CIS-R107K and MG132 partially inhibit GHR internalization and hence the rate of
GHR signal termination. Intracellular signaling from GHR to STAT5b is therefore pro-
longed in the presence of CIS-R107K or MG132. The internalized GH-GHR-JAK2 signaling
complex continues to activate STAT5b by tyrosine phosphorylation for ~40 min until it
is inactivated.

same pathway to block internalization. The precise mechanism by
which the proteasome may regulate CIS-dependent GHR internaliza-
tion and degradation is not known. Proteasomal action precedes GHR
endocytosis (20) and may include cleavage of a putative internalization
inhibitory factor bound to GHR, thereby enabling GHR endocytosis and
internalization to proceed. GHR internalization may be dependent on a
ubiquitin-dependent endocytosis motif (21), which can provide a dock-
ing site for adaptor proteins such as c-Cbl, Eps15, adaptor protein-2, and
clathrin, which contribute to the internalization of other receptor pro-
teins regulated by a ubiquitin-dependent endocytosis motif (65).

In conclusion, the specific inhibitory effects of CIS-R107K on GHR
internalization reported here implicate CIS in the control of GHR inter-
nalization and support the proposal that CIS acts as an adaptor protein
or cofactor that targets GHR for internalization and degradation (Fig. 8).
Given the inability of CIS-R107K to bind directly to and compete with
CIS for GHR binding, we favor the proposal that CIS-R107K competes
with CIS for ubiquitination or for binding to an adaptor protein or other
downstream interacting factors, which serve as prerequisites for GHR
internalization and signal termination.
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