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Current understanding of the activation of STATs is through binding between the SH2 domain of STATs and
phosphotyrosine of tyrosine kinases. Here we demonstrate a novel role of RACK1 as an adaptor for insulin and
insulin-like growth factor 1 receptor (IGF-1R)-mediated STAT3 activation specifically. Intracellular associa-
tion of RACK1 via its N-terminal WD domains 1 to 4 (WD1-4) with insulin receptor (IR)/IGF-1R is augmented
upon respective ligand stimulation, whereas association with STAT3 is constitutive. Purified RACK1 or
RACK1 WD1-4 associates directly with purified IR, IGF-1R, and STAT3 in vitro. Insulin induces multiprotein
complex formation of RACK1, IR, and STAT3. Overexpression or downregulation of RACK1 greatly enhances
or decreases, respectively, IR/IGF-1R-mediated activation of STAT3 and its target gene expression. Site-
specific mutants of IR and IGF-1R impaired in RACK1 binding are ineffective in mediating recruitment and
activation of STAT3 as well as in insulin- or IGF-1-induced protection of cells from anoikis. RACK1-mediated
STAT3 activation is important for insulin and IGF-1-induced anchorage-independent growth in certain
ovarian cancer cells. We conclude that RACK1 mediates recruitment of STAT3 to IR and IGF-1R specifically
for activation, suggesting a general paradigm for the need of an adaptor in mediating activation of STATs by
receptor protein tyrosine kinases.

Insulin receptor (IR) and insulin like growth factor-1 recep-
tor (IGF-1R) are structurally related and composed of two
extracellular �-subunits and two transmembrane �-subunits
(33, 57). IR mediates prenatal growth in response to IGF-II
(22) and postnatal homeostasis of glucose metabolism in re-
sponse to insulin (33), while IGF-1R mediates IGF-1 and
IGF-II action on prenatal growth and IGF-1 action on post-
natal growth, as well as a variety of physiological functions (1,
40). Dysregulation of IR- or IGF-1R-mediated signaling has
been linked to oncogenic properties of transformed and cancer
cells (11, 24, 27, 39, 56). Activation of IR and IGF-1R upon
cognate ligand binding results in activation of different down-
stream signaling pathways including those of mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K) through adaptors like insulin receptor substrate (IRS),
Grb2, and Shc family proteins (5, 7, 13, 20, 21, 48, 49, 50, 56,
59, 60). Other substrates of IR and IGF-1R include phospho-
lipase C proteins and signal transducers and activators of tran-
scription (STATs) (15, 34, 51, 63). Furthermore, IR- and IGF-
1R-activated signaling cross-talks via mediators such as IRS1,
Shc, PI3K, and receptor for activated C kinase 1 (RACK1)

with that of integrin, resulting in so-called inside-out signaling
(56).

STATs comprise a family of transcriptional factors and are
important in embryonic development, organ genesis, and in-
nate and adaptive immune function, as well as regulation of
cell growth, differentiation, and apoptosis (10). A large number
of cytokines and growth factors, including insulin and IGF-1,
can trigger STAT activation. Constitutive or elevated activa-
tion of STAT3 and/or STAT5 has been implicated in develop-
ment of a variety of tumors (6, 9, 10). STAT5 and STAT3 can
be activated through IR and IGF-1R (15, 17, 51, 63). JAK
family kinases are involved in IR-mediated STAT5 and IGF-
1R-mediated STAT3 activation (38, 63). However, the ques-
tion whether STATs directly bind to the receptor protein ty-
rosine kinases (RPTKs) or are mediated via adaptors for their
recruitment to the receptors remains open. The IR mutant
unable to bind and activate STAT5 (38) was still able to acti-
vate STAT3 (our unpublished observations). No consensus
STAT3 binding site was found in IGF-1R. Therefore, it sug-
gested to us that IR/IGF-1R might mediate activation of
STAT3 via an adaptor.

RACK1 was found to associate with STAT1 constitutively,
enhancing interferon-mediated antiviral functions through in-
teraction with JAK family kinases (28, 37, 54); thus, it may be
a candidate for IR/IGF-1R-mediated STAT3 binding and ac-
tivation. RACK1 was originally identified as a receptor for
activated C kinases and is a member of the family of seven
WD40-motif-containing proteins (45). RACK1 is predicted to
be a scaffold protein with three dozen or so known interacting
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partners and has been implicated in regulating diverse biolog-
ical functions (44). RACK1 is involved in regulating tyrosine
kinase-mediated signaling, including Src (12, 43), IR and
IGF-1R (30, 36), and JAKs (28). RACK1 was also upregulated
in lung, colon, and breast carcinoma cells (2). We observed
that a significant fraction of RACK1 is relocated from cyto-
plasm to membrane in different oncogene-transformed mam-
malian and avian cells (30). All these observations suggest that
RACK1 regulates signaling pathways involved in transforma-
tion.

We hypothesized that RACK1 may function as an adaptor
protein in the IR/IGF-1R-mediated STAT3 signaling pathway.
We found that RACK1 regulated IR/IGF-1R-mediated
STAT3 activation specifically by recruiting STAT3 to the re-
ceptors, which plays an important role in the colony forming
ability of certain ovarian cancer cells.

MATERIALS AND METHODS

Cells and DNA transfection. Human embryonic kidney (HEK) 293T, PA-1,
SW626, SKOV3, and Mewo stable cell lines were maintained in Dulbecco mod-
ified Eagle medium (DMEM) with 10% fetal bovine serum (Sigma). NIH 3T3,
3T3/IR (IR-overexpressed NIH 3T3 cell lines [62]), and EB69 and ES2 (two
stable NIH 3T3 cell lines expressing epidermal growth factor receptor [EGFR]-
Ros chimeras [61]) were maintained in DMEM with 10% bovine serum. SW626,
NIH 3T3/IR, EB69, and ES2 were transfected with Lipofectamine 2000; PA-1
and SKOV3 were transfected with Lipofectamine Plus, and HEK 293T cells were
transfected by calcium phosphate coprecipitation methods (14, 26).

Plasmids and their construction. phEF-RACK1-HA (where EF is elongation
factor and HA is hemagglutinin) (30), phEF-IGFR (63), phEF-IR (38), EGFR,
and EGFR-Ros (61) chimeras have been described previously. The pCMV-
STAT3 and pCMV-dnSTAT3 were kindly provided by James Darnell, Jr., and
Curt Horvath and have been described elsewhere (31). phEF-HA-WD1-4 and
phEF-HA-WD5-7, containing the WD domains 1 to 4 (residues 1 to 180) and 5
to 7 (residues 180 to 317), respectively, of RACK1, were generated by PCR
amplification of the corresponding fragments and cloned into the BamHI-NotI
sites of the phEF-Neo plasmid. IGF-1R S1248A and IR S1275A were generated
by using a QuikChange site-directed mutagenesis kit (Stratagene) and were
confirmed by DNA sequencing. RACK1, WD1-4, and WD5-7 were subcloned
into bacteria-expressing vector pTAT with a six-His tag for Ni-nitrilotriacetic
acid (NTA) purification. STAT3 and IR/IGF-1R cytoplasmic domains were
cloned into the SalI-NotI sites of pGEX6p-1 for glutathione transferase (GST)
fusion protein preparation and purification.

Antibodies. Anti-STAT3pY705, anti-pErk1/2, anti-Erk1/2, anti-pAkt, and an-
ti-Akt antibodies were purchased from Cell Signaling. Anti-STAT3 was pur-
chased from Santa Cruz. Anti-RACK1, anti-pY20HRPO (where HRPO is horse-
radish peroxidase), goat anti-rabbit HRPO, and goat anti-mouse HPRO were
purchased from Transduction Laboratories. anti-EGFR antibody was purchased
from Oncogene Science. Antitubulin, anti-His, rabbit anti-mouse secondary an-
tibody, and anti-c-Myc antibodies were purchased from Sigma. Anti-IR (15),
anti-IGFR (41), and anti-Ros (32) were described previously. Anti-HA epitope
was purchased from Hybridoma Center of Mount Sinai. Anti-snRNP was a gift
from Serafin Pinol-Roma.

Protein purification and in vitro binding assay. His-tagged TAT-RACK1 and
mutants were purified with Ni-NTA agarose (QIAGEN). GST-STAT3, GST-
IRKD (where KD is kinase domain), and GST-IGFRKD were purified with
glutathione-Sepharose beads (Amersham). An in vitro binding assay was per-
formed in NP-40 lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1% NP-40,
10% glycerol, 1 mM EDTA, pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 1%
aprotinin). Indicated amounts of proteins were combined in NP-40 lysis buffer
and gently rotated at 4°C overnight, followed by the addition of 20 �l of Ni-NTA
agarose or 10 �l of glutathione-Sepharose beads for 1 h. Beads were recovered
by gentle centrifugation at 3,000 � g for 3 min and washed twice with NP-40 lysis
buffer. Samples were boiled in sodium dodecyl sulfate (SDS)-loading buffer.

Preparation of cell lysates, immunoprecipitation, SDS-PAGE and immuno-
blotting. For direct Western analysis, cell lysates were prepared with ice-cold
radioimmunoprecipitation assay buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl,
1% Triton X-100, 1% deoxycholate, 5 mM EDTA, 1% aprotinin, 1 mM phenyl-
methylsulfonyl fluoride, 0.4 mM phenylarsine oxide, and 25 mM NaF). For

coimmunoprecipitation, cell lysates were extracted with NP-40 lysis buffer as
described above. Cell lysates or immunoprecipitates were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with indi-
cated antibodies.

Velocity sedimentation on glycerol gradient. HEK 293T cells were transiently
transfected with 600 ng of IR and STAT3 in 10-cm dishes, followed by serum
starvation for 24 h and insulin stimulation for 15 min. Cell lysates were prepared
and loaded onto a 20 to 40% glycerol gradient in NP-40 lysis buffer. Centrifu-
gation was done in an SW40 Ti rotor (Beckman) at 38,000 rpm for 66 h, and
fractions were collected from the bottom. Proteins from gradient fractions or
immunoprecipitates from the selected fractions with anti-RACK1 antibody were
separated by SDS-PAGE, followed by immunoblotting with indicated antibodies.

RNA interference. Templates of small interfering RNA (siRNA) against
RACK1 were designed according to the instructions in the Silencer siRNA
Construction kit (Ambion Inc.) and synthesized (Invitrogen). In vitro transcrip-
tion and formation of double-strand siRNA were performed according to the
protocol provided with the kit. Sequences of the siRNA1 templates are 5�-AA
GCAAGAAGTTATCAGTACCCCTGTCTC (sense) and 5�-AAGGTACTGA
TAACTTCTTGCCCTGTCTC (antisense). Sequences for the scrambled control
for siRNA1 are 5�-CACAAGTCGAAACGTAAATGTCCTGTCTC (sense) and
5�-ACATTTACGTTTCGACTTGTGCCTGTCTC (antisense). Sequences of
the siRNA2 templates are 5�-AACTATGGAATTCCACAGCGTCCTGTCTC
(sense) and 5�-AAACGCTGTGGAATTCCATAGCCTGTCTC (antisense).
pRS-shRNA, containing the RACK1 sequence as a template for shRNA con-
struction, has been previously described (42).

Reporter assay. HEK 293T cells were transfected with 150 ng of phEF-IR, 50
ng of pCMV-STAT3, and 250 ng of phEF-Neo or RACK1, along with 50 ng of
pRL-TK and 50 ng of TKS3 (53) (STAT3 reporter construct); NIH 3T3/IR cells
were transfected with 50 ng of pRL-TK, and 150 ng of 3�Ly6E (31) (a STAT3
reporter construct containing three Ly6E sites), together with 1 �g of phEF-Neo
or RACK1 or together with siRNA or scrambled control (10 nM). After 24 h (for
RACK1 or phEF-neo) or 96 h (for siRNA or scrambled control), cells were
serum starved for 12 h and then stimulated with insulin for 6 h. Luciferase
activity was measured by a dual-luciferase reporter assay kit from Promega.

Colony formation assay, anoikis assay, and migration and invasion assays. At
48 h posttransfection, transfected PA-1, SW626, and SKOV3 cells were
trypsinized, counted, and resuspended. A total of 2.5 � 105 PA-1, 105 SW626,
and 105 SKOV3 cells were used for colony formation assays with or without the
addition of insulin and IGF-1 as previously reported (30); 105 cells were used for
the migration and invasion assays (3). At 24 h posttransfection, NIH 3T3 cells
were starved overnight, followed by insulin or IGF-1 treatment for 10 h. Anoikis
assays were carried out as described previously (55).

RESULTS

RACK1 regulates IR/IGF-1R-mediated STAT3 activation
specifically. RACK1 was required for STAT1 activation via
alpha interferon (IFN-�) receptor (37, 54) and shown to asso-
ciate with IR and IGF-1R and to regulate IR- and IGF-1R-
mediated signaling functions (30, 35, 36). To investigate
whether RACK1 is involved in IR- and IGF-1R-mediated sig-
naling pathways, HEK 293T cells were transiently transfected
with phEF-IR (Fig. 1A and E) or phEF-IGF-1R (Fig. 1D),
STAT3, and phEF-neo or RACK1. Overexpression of RACK1
in HEK 293T cells significantly enhanced insulin- and IGF-1-
mediated STAT3 phosphorylation (Fig. 1A, D, and E), sug-
gesting that RACK1 played an important role in IR/IGF-1R-
STAT3 activation, which appeared to be receptor specific since
RACK1 failed to enhance fetal calf serum-induced STAT3
activation (Fig. 1A). Receptor specificity was further con-
firmed since overexpression of RACK1 could not enhance
STAT3 activation mediated by EGFR (see Fig. S1A in the
supplemental material) or EGFR-Ros chimeras (see Fig. S1B
and C in the supplemental material) (61). In agreement with
the above results, the overexpression of RACK1 in NIH
3T3/IR cells, murine embryonic fibroblasts stably overexpress-
ing human IR (Fig. 1B and F), or the introduction of TAT-
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his-RACK1 (TAT is a positively charged peptide from human
immunodeficiency virus type 1 that can facilitate protein entry
into living cells[29]) into Mewo cells, a human melanoma cell
line (Fig. 1C), also enhanced insulin-induced endogenous
STAT3 activation. RACK1-mediated STAT3 activation
through IR was specific since RACK1 could not affect insulin-
induced phosphorylation levels of IR, Akt, and MAPK in HEK
293T and NIH 3T3/IR cells (Fig. 1A, B, E, and F).

To assess the importance of endogenous RACK1 in IR/IGF-
1R-STAT3 signaling, transient transfection of in vitro synthe-
sized double-strand siRNA in NIH 3T3/IR cells, but not the
scrambled control RNA, resulted in more than a70% decrease
in RACK1 expression; accordingly, insulin-induced phosphor-
ylation of STAT3 was reduced to 38% (Fig. 2A). Mewo cells
stably transfected with the pRetroSuper (pRS) control plasmid
or pRS-shRNA against RACK1 (42) were examined for IR-
mediated STAT3 activation. Expression of pRS-shRNA in
Mewo cells resulted in up to 40% downregulation of the
RACK1 protein without affecting unrelated proteins such as
�-tubulin, Erk1/2, Akt, or IR (Fig. 2B). Insulin-induced phos-
phorylation of STAT3 was reduced to 36% in the pRS-shRNA-
transfected Mewo cells in comparison to the control (Fig. 2B).
To check the effect of RACK1 expression on IGF-1-induced
STAT3 phosphorylation, two independent siRNAs of RACK1
were transiently transfected into SKOV3 cells (ovarian cancer
cell line with a high level of IGF-1R expression), resulting in a

decrease of RACK1 protein expression to about 20% (Fig.
2C); IGF-1-induced phosphorylation of STAT3 was also sig-
nificantly reduced to about 50% by both siRNAs. By contrast,
insulin- or IGF-1-induced phosphorylation of Erk1/2, Akt, or
receptors was not affected by downregulation of the RACK1
expression (Fig. 2B and C). The above observations indicate
that endogenous RACK1 plays an important role in mediating
STAT3 activation through IR/IGF-1R specifically and neither
overexpression nor downregulation of RACK1 affects other
IR/IGF-1R-mediated signaling including Erk1/2 and PI3K.
Moreover, the RACK1-mediated insulin and IGF-1-induced
STAT3 phosphorylation is IR/IGF-1R specific.

RACK1 associates with IR/IGF-1R and STAT3 both in vivo
and in vitro. To investigate the mechanistic role of RACK1 in
the IR/IGF-1R-STAT3 pathway, coimmunoprecipitation was
carried out to test the interaction of endogenous IR, IGF-1R,
RACK1, and STAT3. Treatment of the starved HEK 293T
cells with insulin or IGF-1 resulted in significantly enhanced
coimmunoprecipitation of IR or IGF-1R with RACK1 and
STAT3 beyond a basal level of association (Fig. 3A and D),
confirming our previous result of IGF-1-augmented associa-
tion between IGF-1R and RACK1 (30). When IR was tran-
siently expressed in an IR null cell line called SV40, IR could
also be coimmunoprecipitated with RACK1 upon insulin in-
duction but not in SV40 cells expressing green fluorescent
protein, suggesting that the interaction is specific (Fig. 3B).

FIG. 1. RACK1 enhances IR/IGF-1R-mediated STAT3 tyrosine phosphorylation specifically. HEK 293T cells were transfected with 150 ng of
IR (A and E) or 150 ng of IGF-1R (D), 150 ng of STAT3, and 250 ng of phEF-RACK1-HA or phEF-Neo at 60% confluence. (B and F) NIH
3T3/IR cells were transfected with 1 �g of phEF-RACK1-HA or phEF-Neo. After 24 h, cells were serum starved overnight and then were
stimulated with insulin (50 nM), IGF-1 (50 ng/ml), or 10% fetal calf serum-DMEM, as indicated, for 15 min or were left unstimulated. (C) Mewo
cells were starved overnight, followed by introduction of TAT-RACK1 in serum-free DMEM containing 10% methanol for 30 min and then
stimulated with insulin for 15 min. Protein was extracted using NP-40 lysis buffer. Twenty micrograms of cell lysate or immunoprecipitate from 500
�g of total cell lysate was resolved in SDS-PAGE and subjected to Western blotting with the indicated antibodies. Results represented five and
three independent experiments of HEK 293T and NIH 3T3/IR cells, respectively. In all the experiments described hereafter, protein densitometry
was measured by Image J, and the activation levels were normalized to their corresponding protein levels. Ins, insulin.
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The same result was confirmed in NIH 3T3 cells (Fig. 2A and
3C). Detection of association between IR and RACK1 turns
out to be very sensitive to the detergent and glycerol compo-
nents in the buffer (see Fig. S2 in the supplemental material).
The IR antibody we generated could not precipitate IR effi-
ciently in digitonin-containing buffer for unknown reasons,
which may explain why IR and RACK1 association could not

be detected in our previous study (30). In contrast to the
association with IR or IGF-1R, the association between
RACK1 and STAT3 appeared to be constitutive and did not
depend on insulin induction (Fig. 3A and C). No such inter-
action was detected using the isotype nonimmune mouse im-
munoglobulin M as a control antibody (Fig. 3A).

To further explain the enhancement of IR/IGF-1R-medi-

FIG. 2. Downregulation of RACK1 expression attenuates endogenous IR/IGF-1R-mediated tyrosine phosphorylation of STAT3 specifically.
(A) NIH 3T3/IR cells were transiently transfected with RACK1-specific siRNA1 or a scrambled control. (B) Mewo mass culture from pRS vector
control or pRS/shRNA specific to human RACK1 was selected by puromycin. (C) SKOV3 cells were transiently transfected with human
RACK1-specific siRNA1 and siRNA2 or a scrambled control for siRNA1 (c-siRNA). Cells were serum starved overnight and then stimulated with
insulin (50 nM) or IGF-1 (50 ng/ml) for 15 min or left unstimulated. SDS-PAGE and Western blotting were the same as described in the legend
to Fig. 1. Results represent three independent experiments. All the activation levels were normalized to their corresponding protein expression
levels. Student t tests were performed with P values of �0.02 (*). ip, immunoprecipitation; ib, immunoblotting; Ins, insulin.

FIG. 3. Association between endogenous IR/IGF-1R, RACK1, and STAT3 intracellularly. HEK 293T cells (A), SV40 IR�/� cells transiently
transfected with 2 �g of green fluorescent protein or IR (B), 3T3/IR cells (C), or HEK 293T cells transfected with 200 ng of phEF-neo or IGF-1R
(D) were starved overnight, either left untreated or treated with insulin (A, B, and C) or IGF-1 (D) for 15 min. Cell lysate preparation and
coimmunoprecipitation were performed as described in the legend to Fig. 1 with the indicated antibodies, followed by SDS-PAGE and
immunoblotting (TCL, total cell lysates). Results are from three independent experiments. ip, immunoprecipitation; ib, immunoblotting; TCL,
total cell lysate; Ins, insulin.
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ated STAT3 activation by RACK1, different amounts of
RACK1 were transiently transfected together with IR or
IGF-1R and STAT3 into HEK 293T cells. At a low level of
RACK1 expression, the association between IR (Fig. 4A) or
IGF-1R (Fig. 4B) and exogenous RACK1 was found to be
elevated upon respective ligand induction, with a certain basal
level of constitutive association; with increasing levels of
RACK1 expression (up to 250 ng of RACK1 transfection), the
association was elevated but became constitutive, suggesting
that the RACK1 level is very important for inducible associa-
tion. The ectopic expression of RACK1 also affected the asso-
ciation pattern between the endogenous RACK1 and IGF-1R,
inducible association of which was also dependent on the
RACK1 level in that the association was elevated and inducible
at a low RACK1 level and gradually became constitutive with
an increasing level of RACK1 (Fig. 4B). Similar to the associ-
ation between of RACK1 and IR, the association between

STAT3 and IR also shifted from inducible to constitutive with
increasing levels of RACK1 (Fig. 4A).

To determine the importance of endogenous RACK1 for
the interaction between IR and STAT3, siRNA of RACK1 was
transiently transfected into in NIH 3T3/IR cells. Reduced ex-
pression of RACK1 caused a correspondingly reduced inter-
action between IR and STAT3 (Fig. 2A, lower panel) and
diminished IR-mediated STAT3 activation (Fig. 2A, upper
panel). The parallel increase and decrease of RACK1/IR and
STAT3/IR association according to the RACK1 expression
level suggests that RACK1 plays an important role in mediat-
ing the association of STAT3 with IR.

To determine which region of RACK1 is responsible for its
interaction with STAT3 and IR/IGF-1R, truncation mutants of
RACK1 were constructed. Both IR and STAT3 were coimmu-
noprecipitated with HA-RACK1 and the 3� deletion mutant
HA-WD1-4 (amino acids 1 to 180) but not with the 5� deletion

FIG. 4. Interactions between IR/IGF-1R and RACK1 or STAT3 were dependent on the RACK1 expression level and WD1-4 of RACK1.
Different amounts of RACK1 construct were transfected into HEK 293T cells, along with 150 ng of STAT3 and IR (A) or with 150 ng of STAT3
and IGF-1R (B). (C) HEK 293T cells were transfected with 150 ng of IR, 150 ng of STAT3, and 250 ng of phEF-RACK1-HA or its mutants,
phEF-HA-WD1-4, phEF-HA-WD5-7, or phEF-Neo control vector. After starvation and induction with ligands, cell lysate preparation and
coimmunoprecipitation were performed as described in the legend to Fig. 1 with the indicated antibodies, followed by SDS-PAGE and
immunoblotting. (D) Extracts of HEK 293T cells transiently overexpressing IR and STAT3, either treated or nontreated with insulin after
starvation, were fractionated by glycerol gradient sedimentation. Proteins of the selected gradient fractions were immunoprecipitated with
anti-RACK1 antibody and separated by SDS-PAGE, followed by immunoblotting with the indicated antibodies. Results represent a typical one
from three independent experiments. ip, immunoprecipitation; ib, immunoblotting; TCL, total cell lysate; Ins, insulin; Endo, endogenous.
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mutant HA-WD5-7 (amino acids 181 to 317) (Fig. 4C). The
association indicates that interaction between RACK1 and IR
or STAT3 is not due to nonspecific interaction by HA-tagged
protein. This result suggests that the WD1-4 domain is suffi-
cient to interact with IR and STAT3 and enhance the IR-
mediated STAT3 activation (see Fig. S3 in the supplemental
material).

To detect the triple complex formation of IR, STAT3, and
RACK1, glycerol gradient sedimentation was performed to
examine the distribution patterns of IR, STAT3, and RACK1
proteins with or without insulin induction in HEK 293T cells.
The results of immunoblotting analysis revealed that STAT3 or
RACK1 had broad distribution along the glycerol gradient,
peaking between fractions 16 to 18, while IR only appeared in
fractions 9 to 15 with a peak at fractions 13 to 14. Insulin
induction did not shift the gross distribution patterns of all
three proteins (see Fig. S4 in the supplemental material). How-
ever, IR was coimmunoprecipitated with RACK1 protein upon
insulin induction, which further supports the results shown in
Fig. 3; the IR peak shifted to the heavier sedimentation frac-
tion 12 (Fig. 4D). STAT3 associated with RACK1 constitu-
tively (Fig. 3A and C and 4D); however, insulin stimulation led
to the accumulation of STAT3/RACK1 complexes to the faster
sedimentation fractions 12 to 15, with a peak at fraction 12
(Fig. 4D), corresponding to the IR peak coimmunoprecipi-
tated with RACK1. The result supports the insulin-inducible
triple protein complex formation of IR, RACK1, and STAT3

and strengthens our hypothesis that RACK1 recruits STAT3 to
IR for activation.

To test if RACK1 can interact with IR, IGF-1R, and STAT3
directly, in vitro binding assays were carried out with GST-
STAT3, GST-IRKD (containing IR cytoplasmic domain),
GST-IGFRKD (containing IGF-1R cytoplasmic domain), and
His-tagged RACK1 or its truncation mutants. All the fusion
proteins were expressed and purified from Escherichia coli,
except that IRKD was also expressed in insect cells. His-
RACK1 could pull down IR kinase domain expressed in insect
cells (4) in a dose-dependent manner (Fig. 5A). His-RACK1
directly interacted with GST-STAT3, GST-IRKD, and GST-
IGFRKD but not with GST (Fig. 5B). His-RACK1 and
WD1-4, but not WD5-7, were able to associate with GST-
STAT3, GST-IRKD, and GST-IGFRKD (Fig. 5C, D, and E).
These data support the intracellular association of the proteins
described above and suggest that RACK1 could interact di-
rectly with IR, IGF-1R, and STAT3.

Association between IR/IGF-1R and RACK1 is critical for
STAT3 recruitment and activation. It was shown that an
IGF-1R point mutation of S1248A (IGF-1R/S1248A) and dou-
ble mutations of Y1250F/Y1251F (IGF-1R/YY mutant) failed
to associate with RACK1 (35, 36); however, the functional
consequence of the mutant in IGF-1R signaling is still unclear.
The serine 1248 of IGF-1R is conserved in the IR at position
1275 (25), suggesting that S1275 could mediate RACK1 inter-
action with IR. IGF-1R/S1248A, IGF-1R/YY mutant, and IR/

FIG. 5. RACK1 interacts with IRKD, IGFRKD, and STAT3 directly in vitro. (A) Two milligrams of insect cell lysate containing IR cytoplasmic
domain was incubated with different amounts of purified His-RACK1. (B) Purified His-RACK1 was incubated with GST (lane 1), GST-IRKD
(lane 2), GST-IGFRKD (lane 3), and GST-STAT3 (lane 4) attached to glutathione beads and incubated in NP-40 lysis buffer at 4°C overnight.
(C, D, and E) The same molar quantities of different purified proteins were mixed and similarly incubated overnight. Subsequent to the incubation,
the mixture was divided evenly into two tubes and incubated with either nickel (for His-RACK1) or glutathione beads (for GST-tagged proteins).
(F) Input amounts of His-RACK1, His-WD1-4, and His-WD5-7 for panels C, D, and E, detected by anti-His antibody. All the samples were
resolved by SDS-PAGE, followed by Pauceau S staining and/or immunoblotting with the indicated antibodies. Results represent a typical one from
three independent experiments. ip, immunoprecipitation; ib, immunoblotting.
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S1275A were constructed to test their ability to associate with
RACK1 and activate STAT3. An equivalent amount of the
wild-type or mutant receptor was transfected with STAT3 into
the HEK 293T cells. The ability of IGF-1R/S1248A (Fig. 6A
and C) and IR/S1275A mutants (Fig. 6B and D) to associate
with the endogenous RACK1 was significantly decreased to
37% and 33%, respectively, and so was their ability to recruit
STAT3 for tyrosine phosphorylation in comparison with their
respective wild-type receptors. The residual activation of
STAT3 by the mutant receptors could have resulted from the
heterodimerization between the mutant receptors and their
respective endogenous receptors in HEK 293T cells. Similar
results of decreased IGF-1-induced STAT3 activation with the
IGF-1R/YY mutant was observed (data not shown). The other
signaling pathways, including those of MAPK, PI3K, IRS1,
SHC, Grb2, phospholipase C�, FAK, and p130cas, were unaf-
fected compared to the wild-type receptors (Fig. 6A to D and
data not shown). Our data demonstrate that the association
between RACK1 and IR/IGF-1R is important for the recep-
tor-mediated recruitment and activation of STAT3 specifically.

Overexpression of RACK1 enhances tyrosine-phosphory-
lated STAT3 in both cytoplasm and nucleus and augments
transcriptional activity of STAT3. To examine whether over-
expression of RACK1 would affect the nuclear translocation

and transcriptional activity of STAT3, fractionation was per-
formed at different times after insulin stimulation. Nuclear
translocation of pSTAT3 was observed within 15 min upon
insulin stimulation, reaching a maximum around 2 h in both
control and RACK1-overexpressing cells. The pSTAT3 level in
both nuclear and cytoplasmic fractions was greatly elevated
and prolonged in RACK1 overexpressing cells (see Fig. S5 in
the supplemental material).

c-myc is an important STAT3 target proto-oncogene (6, 9,
10) in the regulation of cell cycle progression and proliferation;
vegf is another STAT3 target gene involved in angiogenesis
(46). Overexpression of RACK1 enhanced insulin-induced c-
myc mRNA (Fig. 7A) and protein (Fig. 7B) in HEK 293T cells
and IGF-1 induced vegf mRNA in SKOV3 cells. The enhance-
ment was dependent on STAT3 because dominant negative
STAT3 (dnSTAT3, defective in DNA binding and shown to be
able to block the wild-type STAT3 activation [31]) greatly
reduced the RACK1-mediated enhancement of insulin-in-
duced c-myc mRNA (Fig. 7A) and IGF-1-induced vegf mRNA
(Fig. 7C). The expression of IGF-1-induced vegf gene in
SKOV3 cells was also dependent on endogenous RACK1 since
downregulation of RACK1 expression by two independent
siRNAs significantly reduced IGF-1-induced vegf gene expres-
sion (Fig. 7C). Overexpression of RACK1 significantly aug-

FIG. 6. Association between IR/IGF-1R and RACK1 is important for STAT3 activation. (A and C) HEK 293T cells were transfected with 150
ng of STAT3, along with 150 ng of phEF-neo, phEF-IGFR, or phEF-IGFR/S1248A. (B and D) A total of 150 ng of STAT3 was transfected into
HEK 293T cells with 150 ng of either wild-type IR or mutant IR/S1275A. At 24 h after transfection, cells were serum starved overnight and then
stimulated with IGF-1 (A and C) or insulin (B and D), and cell lysates were prepared as above. One milligram of lysate was used for
immunoprecipitation. Lysates or immunoprecipitates were separated by SDS-PAGE and detected by immunoblotting with the indicated antibod-
ies. (C and D) The histograms show average quantification results of the IR/IGF-1R/RACK1 association and activation of various signaling
molecules from two independent experiments. Student t tests were performed with P values of �0.01 (*). ip, immunoprecipitation; ib, immuno-
blotting; Ins, insulin.
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mented insulin-induced transcription of the STAT3-specific
reporter gene in both HEK 293T and NIH 3T3 cells (Fig. 7D
and E). Downregulation of RACK1 by siRNA significantly
decreased insulin-induced STAT3-specific reporter gene ex-
pression in NIH 3T3 cells, suggesting that RACK1 specifically
regulates the IR/IGF-1R-mediated STAT3 phosphorylation
and activation of its transcriptional activity and target gene
expression.

RACK1 modulates certain oncogenic properties of cancer
cells via the IR/IGF-1R-STAT3 signaling pathway. Previous
results showed that IR/IGF-1R, STAT3, and RACK1 were
either up-regulated or constitutively active in certain cancer
cells (see above); STAT3 was found to be important in regu-
lating anchorage-independent growth and survival (55). These
observations prompted us to investigate the role of IR/IGF-
1R-RACK1-STAT3 signaling in regulating certain oncogenic
properties.

A panel of human ovarian cancer cell lines was screened for
the expression of RACK1 and found to express various levels
of RACK1 (data not shown). Three lines, PA-1, SW626, and
SKOV3, with high and low RACK1 expression levels and with
moderate to high levels of expression of IR/IGF-1R and

STAT3 were chosen for further analysis (see Fig. S6A in the
supplemental material). PA-1 and SW626 cells had a relatively
high level of RACK1. Insulin and IGF-1 promoted a 2.5-fold
increase of colony formation in PA-1 cells, which was further
enhanced by about 40% upon overexpression of RACK1 (Fig.
8A). Overexpression of RACK1 had only a small effect on
promoting insulin- and IGF-1-stimulated colony formation of
SW626 cells (Fig. 8A). However, reducing the RACK1 level by
twofold using siRNA in PA-1 and SW626 cells (Fig. 8B) greatly
reduced the insulin- and IGF-1-induced colony forming ability
of the cells (Fig. 8A). The control siRNA had no significant
effect. Introduction of dnSTAT3 together with RACK1 into
PA-1 and SW626 cells neutralized the enhancing effect of
RACK1 and further reduced the insulin- and IGF-1-induced
colony forming ability of the cells (Fig. 8A). SKOV3 cells had
a relatively low level of RACK1 (see Fig. S6A in the supple-
mental material). Overexpression of RACK1 resulted in a two-
fold enhancement of the insulin- and IGF-1-induced colony
forming ability of the cells (Fig. 8A). Similarly, introduction of
the dnSTAT3 together with RACK1 into SKOV3 cells neu-
tralized the effect of RACK1 and further reduced the colony
forming ability to a level similar to that of dnSTAT3 alone

FIG. 7. Overexpression of RACK1 enhances IR IGF-1R-mediated STAT3 transcriptional activity. HEK 293T cells were transfected with IR
(150 ng) and STAT3 (150 ng), together with phEF-Neo�pCMV, RACK1�pCMV, or RACK1�dnSTAT3 (phEF-neo and RACK1, 250 ng; pCMV
and dnSTAT3, 500 ng). After 24 h, cells were serum starved for 12 h and then stimulated with insulin for different time periods as indicated or
left unstimulated. (A) Total RNA was extracted, followed by reverse transcription-PCR, using �-actin as an internal control. (B) Protein levels were
measured by SDS-PAGE and immunoblotting. The c-Myc RNA and protein levels were quantified and averaged from two independent
experiments. (C) SKOV3 cells were transfected with phEF-Neo�pCMV, RACK1�pCMV, or RACK1�dnSTAT3 (phEF-neo and RACK1, 2 �g;
pCMV and dnSTAT3, 1 �g) or transfected with siRNA1, siRNA2, or C-siRNA1. After 24 or 96 h (for siRNA only), cells were serum starved for
24 h and then stimulated with 50 ng/ml IGF-1 for 6 h or left unstimulated. Reverse transcription-PCR was performed as described for panel A.
The RACK1 expression level in siRNA-transfected experiments was shown in Fig. 2C. Numbers below the gels are the average from two
independent experiments. (D) HEK 293T cells were transfected with STAT3-specific reporter plasmid TKS3 (50 ng) or pLucTK (control), together
with IR, STAT3, and RACK1 or phEF-Neo. (E) 3T3/IR cells were transfected with STAT3-specific reporter plasmid 3�Ly6E and pLucTK,
together with RACK1 or phEF-Neo, or transfected together with siRNA or scrambled control. After 24 h (for RACK1 or phEF-neo) or 96 h (for
siRNA1 or scrambled control), cells were serum starved for 12 h and then stimulated with insulin for 6 h. Luciferase activity was measured by a
dual-luciferase reporter assay kit from Promega. Results were from three independent experiments. Student t tests were performed for data shown
in panels D and E with the P values indicated. Ins, insulin.

420 ZHANG ET AL. MOL. CELL. BIOL.



(Fig. 8A). The tyrosine phosphorylation level of STAT3 was
consistent with overexpression or reduction of RACK1 in the
three cancer lines, with the exception of RACK1 overexpres-
sion in SW626 cells (Fig. 8B). This could be due to the fact that
SW626 cells have a relatively high level of RACK1, which is
more than sufficient to mediate activation of a relatively low
level of STAT3 (see Fig. S6A in the supplemental material).
The differential response of the three lines toward dnSTAT3
could be due to different STAT3 expression levels in the cells;
SW626, with a lower expression level of STAT3, was more
sensitive to dnSTAT3, while PA-1, with a higher level of
STAT3 than SW626 and SKOV3 cells, was relatively more
resistant to dnSTAT3 (see Fig. S6A in the supplemental ma-
terial). Unlike anchorage-independent growth, RACK1 was

also able to enhance the migration and invasion activity of
PA-1 cells; dnSTAT3 was unable to reverse the effect of
RACK1 (see Fig. S6B in the supplemental material).

To test the ability of mutant receptors, IR/S1275A and IGF-
1R/S1248A, in protecting cells from anoikis and thus enabling
the anchorage-independent growth, NIH 3T3 cells were tran-
siently transfected with an equivalent amount of wild-type or
mutant receptor (Fig. 8C and D). IGF-1R/S1248A (Fig. 8C)
and IR/S1275A mutants (Fig. 8D), which were attenuated in
recruiting and activating STAT3 (Fig. 6), also had a reduced
ability compared to their wild-type counterpart receptors in
protecting cells from anoikis. Constitutively active STAT3
restored the protection ability from anoikis by the mutant
receptors to a level similar to their corresponding wild-type

FIG. 8. RACK1 contributes to certain oncogenic properties of ovarian cancer cells through the IR/IGF-1R-STAT3 signaling pathway. PA-1,
SW626, and SKOV3 cells were transfected with different plasmids (2 �g of RACK1 or phEF-neo, 1 �g of dnSTAT3, 10 nM of C-siRNA or siRNA)
as indicated. (A) Colony formation assays of PA-1, SW626, and SKOV3 cells were performed 48 h posttransfection as described in Materials and
Methods. All the experiments were carried out in the presence of insulin (50 nM) and IGF-1 (50 ng/ml), except where indicated. (B) Cell lysates
from different transfections were collected 48 h or 96 h (for siRNA-transfected cells only) posttransfection. Protein levels were measured by
SDS-PAGE and immunoblotting. Results for colony formation assays were from three independent experiments with duplication. Results for
STAT3 activation levels represent one typical experiment from three independent experiments. Student t tests were performed with P values
indicated. (C and D) NIH 3T3 cells were transfected with different plasmids as indicated. At 24 h posttransfection, cells were serum starved
overnight, followed by IGF-1 or insulin treatment for 10 h. Anoikis assays were carried out with the presence of IGF-1 or insulin as described in
Materials and Methods. Student t tests were performed with the P values indicated. (E) Model for RACK1-mediated STAT3 activation by IR and
IGF-1R (see text for details). Ins, insulin; C-siRNA, scrambled control siRNA.
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receptors (Fig. 8C and D), suggesting that IR/IGF-1R-
RACK1-STAT3 signaling is important for IR/IGF-1R-medi-
ated protection from anoikis.

The above results are consistent with the notion that
RACK1 functions upstream of STAT3 in the IR/IGF-1R-
STAT3 signaling pathway, which appears to be more important
for anchorage-independent growth and survival than for mi-
gration and invasion under those conditions.

DISCUSSION

STAT3 is one of the downstream effectors of IR and
IGF-1R (17, 63), but the mechanism of how STAT3 is re-
cruited to the receptors remains unresolved. RACK1 was
shown to interact with IGF-1R and IR (30, 35, 36) and regulate
IGF-1R-mediated mitogenic signaling. Our present data
strongly suggest that RACK1 facilitates the association of
STAT3 with IR and IGF-1R for phosphorylation, most likely
by recruiting STAT3 to the receptors (Fig. 8E). RACK1 ap-
pears to be an important mediator since decreasing the abun-
dance of RACK1 or impairing its binding to IR and IGF-1R
greatly diminished the binding of STAT3 with the receptors
and subsequent activation of STAT3. Our findings suggest that
facilitated recruitment of STATs via an adaptor to RPTKs
plays an important role in the activation of STATs by these
receptors (Fig. 8E). We hypothesize that both IR/IGF-1R and
the associated JAKs (38, 63) are involved in the phosphoryla-
tion of STAT3. However, it is not clear when RACK1 disso-
ciates from the phosphorylated STAT3 (Fig. 8E).

RACK1 regulates IR/IGF-1R-mediated STAT3 activation
in a receptor-specific and pathway-specific manner. The basis
for the specificity could be due to specific interaction between
RACK1 and IR or IGF-1R. Apparently, EGFR and Ros are
able to activate STAT3 independent of RACK1. However, we
cannot rule out the possibility that RACK1 may mediate
STAT3 activation in certain other RPTKs. The RACK1 ex-
pression level did not affect other IR/IGF-1R-mediated signal-
ing pathways in HEK 293T (Fig. 1A and E), NIH 3T3/IR (Fig.
1B and F), Mewo (Fig. 2B), SKOV3 (Fig. 2C), and SW626
(data not shown) cells, although Kiely et al. reported that
overexpression of RACK1 in an IGF-1R reconstituted mouse
cell line (R�) and in the human breast cancer line MCF7 cells
resulted in enhanced IGF-1-induced MAPK activation but de-
creased Akt activation (36). We partially confirmed their re-
sults concerning the effect of RACK1 on IGF-1-induced acti-
vation of MAPK by either overexpression or repression of
RACK1 in MCF7 cells but failed to see the change in Akt
activation. The reason for the paradox between the observa-
tion of Kiely et al. and ours is still unclear; however, it may be
cell type dependent or relevant to the IGF-1R and RACK1
expression levels in the MCF7 cells. The observed augmenting
effect of RACK1 on IGF-1-induced MAPK activation (36)
could be due to an indirect mechanism, for example, mediated
by RACK1/protein kinase C (PKC). Nevertheless, among the
six independent cell lines tested, we only observed a partial
effect of RACK1 on IGF-1-induced MAPK activation in
MCF7 cells (data not shown).

Our current data confirm the interaction of RACK1 and IR
reported by Kiely et al. (36). The failure to observe such in-
teraction in our previous study (30) was apparently due to the

nonoptimal combination of detergent and the antibody used,
as demonstrated in Fig. S2 in the supplemental material. How-
ever, failure to detect the IR/RACK1 interaction in a yeast
two-hybrid assay previously (30) remains puzzling. One possi-
bility is that the cytoplasmic domain of IR used as bait in that
assay could inadvertently harbor a mutation affecting RACK1
binding but not that of STAT5 used as a positive control (30).

In MCF7 and R� cells, Kiely et al. reported that association
of RACK1 with IR and IGF-1R was constitutive (36). Al-
though we also observed a basal level of association, our data
show that association of RACK1 with IR and IGF-1R is sig-
nificantly augmented by ligand stimulation at a low level of
RACK1 expression and that the association becomes constitu-
tive beyond a certain threshold of RACK1 expression, in
agreement with our previous observation (30). The expression
level of RACK1 seems to be critical for the pattern of inter-
action between IR or IGF-1R and RACK1, as well as for the
interaction between STAT3 and IR, suggesting that the con-
centration of RACK1 around the receptors is a determining
factor of the association. The binding of endogenous RACK1
to IGF-1R in HEK 293T cells shifted from being inducible to
constitutive upon increasing the level of HA-RACK1 (Fig. 4B),
which may be explained by heterodimerization between HA-
RACK1 and endogenous RACK1 (52) or by competition for
cytosolic localization. The interaction between IR and STAT3
is dramatically enhanced by overexpression of RACK1 and
decreased by downregulation of RACK1 expression (Fig. 2A
and 4A). These observations and the constitutive association
between STAT3 and RACK1 (Fig. 3A and C and 4D) support
our hypothesis that RACK1 forms a constitutive complex with
STAT3 in cytosol, which is recruited to the IR/IGF-1R specif-
ically, subsequent to the activation of receptors (Fig. 8E).

WD1-4 of RACK1 is responsible for the IGF-1R/IR and
STAT3 binding. Based on the amino acid similarity and G�
crystal structure (58), RACK1 was predicted as a seven-bladed
propeller G�-like structure with significant differences in the
sixth and seventh WD domains, which are required for inter-
action with different proteins including PKC�, PDE4D5, Src,
and �-integrin (44); by contrast, IR, IGF-1R, and STAT3 seem
to interact with WD1-4 of RACK1. The predicted structure of
WD1-4 is quite similar to that of the G� subunit. The finding
that G� can also bind to IGF-1R and RACK1 (16, 19) is
consistent with our result. It would be interesting to see if G�
plays a role similar to that of RACK1 in recruiting other
signaling effectors of IGF-1R.

RACK1 may form a platform in IR/IGF-1R-mediated
STAT3 signaling. Triple protein complexes of IR, STAT3, and
RACK1 were formed upon insulin stimulation of IR as shown
in a glycerol sedimentation assay. It remains a possibility that
RACK1 could recruit other molecules involved in STAT3 ac-
tivation including JAK family kinases and Ser/Thr kinases. We
have shown that JAKs play a positive role in IR-mediated
STAT5 and STAT3 activation and IGF-1R-mediated STAT3
activation (38, 63 and data not shown). JAKs were reported to
interact with RACK1, contributing to IFN-�-mediated STAT1
activation (28). It is possible that RACK1 could also recruit
JAKs for IR/IGF-1R-mediated STAT3 activation. Other
STAT3 regulators including PKC family kinases and MAPKs
have been reported to be involved in the phosphorylation and
activation processes of STAT3 upon different stimuli (23). We
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did find that serine 727 phosphorylation of STAT3 was also
enhanced by overexpression of RACK1 (data not shown), but
the mechanism for this enhanced phosphorylation is not clear
at the present time. In this regard, our previous finding that
IGF-1 induces increased association of IGF-1R with PKC	 and
PKC� as well as association of RACK1 and PKC� is interest-
ing. It will be worthwhile to further investigate the role of
RACK1 in the IGF-1-induced interaction between IGF-1R
and PKCs.

The IR/IGF-1R-RACK1-STAT3 pathway regulates onco-
genic properties of certain ovarian cancer cells. STAT3 was
found to be important in regulating anchorage-independent
growth (55). The function of RACK1 in IGF-1R-mediated
mitogenic effect appears to depend on the type of cells (30, 36).
Overexpression of RACK1 was able to significantly enhance
the insulin- and IGF-1-promoted anchorage-independent
growth of PA-1 and SKOV3 cells (Fig. 8A). It was suggested
that the reasons for the diverse effect of RACK1 on the growth
in different cell systems could be due to the possibility that
fibroblasts and transformed epithelial cells differ significantly
with regard to integration and cross talk between adhesion
molecule-mediated and growth factor receptor-mediated sig-
naling (47). Another possible reason for the differential effect
of RACK1 on cell growth may be the cellular localization of
RACK1. RACK1 was redistributed to the membrane in several
oncogene-transformed (including oncogenic IGF-1R and IR)
mammalian and avian cells (30), which may allow RACK1 to
regulate mitogenic signaling more effectively from the plasma
membrane. In mouse fibroblasts, RACK1 is located mostly to
the cytoskeleton with a certain amount in the cytoplasm (30);
thus, it may sequester certain molecules from reaching the
membrane. The role of RACK1 in regulating various onco-
genic properties of cancer cells may be the sum of the multi-
faceted effect of RACK1 in various signaling pathways includ-
ing the IR/IGF-1R-STAT3 signaling demonstrated previously
(30, 35, 36) and in the present study as well as the PKC/JNK
pathway mediated by RACK1 (42). Overexpression of RACK1
enhances stress fibers, focal adhesions, and membrane protru-
sion, and the opposite is true by its depletion (30). Accordingly,
RACK1 is expected to play a role in regulating cell migration.
However, the limited reports on the effect of RACK1 on mi-
gration are controversial (3, 8, 18). The reason for the different
effects of RACK1 on migration in those cells is currently un-
known.

In conclusion, RACK1 acts as an adaptor protein to facili-
tate the association of STAT3 with IR/IGF-1R and subsequent
phosphorylation and activation of STAT3 specifically. In this
fashion, RACK1 plays an important role in IR/IGF-1R-medi-
ated promotion of anchorage-independent growth of certain
ovarian cancer cells.
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