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The activation of STAT3 by tyrosine phosphorylation, essential for
normal development and for a normal inflammatory response to
invading pathogens, is kept in check by negative regulators. Abnor-
mal constitutive activation of STAT3, which contributes to the
pathology of cancer and to chronic inflammatory diseases such as
rheumatoid arthritis, occurs when negative regulation is not fully
effective. SOCS3, the major negative regulator of STAT3, is induced
by tyrosine-phosphorylated STAT3 and terminates STAT3 phosphor-
ylation about 2 h after initial exposure of cells to members of the IL-6
family of cytokines by binding cooperatively to the common receptor
subunit gp130 and JAKs 1 and 2. We show here that when the
epidermal growth factor receptor (EGFR) is present and active, STAT3
is rephosphorylated about 4 h after exposure of cells to IL-6 or
oncostatin M and remains active for many hours. Newly synthesized
IL-6 drives association of the IL-6 receptor and gp130 with EGFR,
leading to EGFR-dependent rephosphorylation of STAT3, which is not
inhibited by the continued presence of SOCS3. This second wave of
STAT3 activation supports sustained expression of a subset of IL-6-
induced proteins, several of which play important roles in in-
flammation and cancer, in which both IL-6 secretion and EGFR
levels are often elevated.

After ligand-induced dimerization of the IL-6 receptor (IL-6R),
the associated kinases JAK1 and JAK2 cross-phosphorylate

tyrosine residues of adjacent glycoprotein 130 (gp130) subunits of
the complex. The SH2 domain of STAT3 binds to newly phos-
phorylated tyrosines, followed by the phosphorylation of Y705 of
STAT3 (1). Two phosphorylated STAT3 monomers then dimerize
and translocate to the nucleus, where they activate the transcription
of many downstream genes whose products mediate the diverse
effects of STAT3 in development and disease (2). Suppressor of
cytokine signaling 3 (SOCS3), the major negative regulator of IL-6-
dependent signaling, is highly induced by activated STAT3, strongly
inhibiting further STAT3 phosphorylation and thus collaborating
with additional negative regulatory mechanisms to prevent excessive
activation of potentially deleterious gene expression (3). SOCS3
down-regulates the phosphorylation of STAT3 about 90 min after
an initial exposure to IL-6 (4), using two opposing surfaces to bind
to JAK2 and gp130 simultaneously (5). However, even in the
continued presence of SOCS3, STAT3 is rephosphorylated in re-
sponse to IL-6 after about 4 h through a mechanism that has been
obscure until now. Rephosphorylation of STAT3 might occur be-
cause the interaction between SOCS3 and the IL-6 receptor is
somehow prevented or because continued STAT3 phosphor-
ylation occurs through a mechanism that is immune to SOCS3.
The epidermal growth factor receptor (EGFR) is well known to
catalyze the tyrosine phosphorylation of STAT3 in response to EGF
(6), and the intrinsic kinase activity of the receptor, but not any of
the JAKs, is required for this reaction (7). On activation by EGF,
the EGFR dimerizes to facilitate cross-phosphorylation of several
tyrosine residues, including Y1068, the binding site for STAT3 (8).
Multiple tyrosine phosphorylations of EGFR initiate downstream
signaling cascades that facilitate proliferation, regeneration, and
tumorigenesis (9).
During the early phase of mouse development, IL-6 mRNA is

differentially expressed and translated into the mature protein

(10), indicating the involvement of IL-6 in the growth and dif-
ferentiation of the preimplantation mouse embryo (11). One of
the most notable activities of the IL-6 family of cytokines, from
the viewpoint of embryonic development, is the expression of the
IL-6 family member leukemia inhibitory factor (LIF) in the mu-
rine uterine endometrial glands of pregnant mice, coincident with
the onset of blastocyst implantation (12, 13). Mice in which the
IL-6 or LIF genes have been knocked out show much less severe
defects than might have been anticipated from the widespread
effects of these cytokines (14, 15), perhaps reflecting the shared
use of common gp130 signaling pathways by other gp130-
dependent cytokines. In addition, intriguingly, mice lacking SOCS3
die between days 11 and 13 of gestation (16), showing the impor-
tance of down-regulation of STAT3 activation in development.
The STAT transcription factors, and especially STAT3, play

vital roles in tumor initiation and progression (17, 18). Aberrant
activation of STAT3 leads to the overexpression of oncogenes
that drive proliferation and metastasis and inhibit apoptosis (19).
As an activator of the JAK-STAT signaling pathway, IL-6 can act
in both a proinflammatory and anti-inflammatory manner. De-
regulation of IL-6 production can cause severe disease, such as
rheumatoid arthritis, psoriasis, arteriosclerosis, and cancer (20,
21). Through the JAK/STAT signaling pathway, IL-6 mediates
the production of IL-17 and IL-10 while regulating TH17, which
is important in autoimmunity (22). IL-6 elevation and the
chronic inflammation that follows are protumorigenic. IL-6
exerts powerful antiapoptotic functions through the induction of
B-cell lymphoma 2 (BCL-2), B-cell lymphoma-extra large (BCL-
xL), and related inhibitors (23). Therefore, anti–IL-6/IL-6R mono-
clonal antibodies are used to inhibit aberrant and prolonged IL-6
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signaling in the treatment of autoimmunity and cancer (21). Be-
cause EGFR activation can mediate both IL-6 production (24, 25)
and STAT3 activation, we investigated the role of EGFR in reg-
ulating STAT3 activation in response to IL-6.
We confirm the observation of others (3, 26) that, after the

initial phosphorylation of STAT3 in response to IL-6 and sub-
sequent inhibition by SOCS3, a second wave of activation leads to
the rephosphorylation of STAT3. We now find that rephosphor-
ylation requires new IL-6 synthesis and secretion, leading to ligand-
dependent association of IL-6R and EGFR. STAT3 phosphory-
lation continues to be driven for many hours by this two-receptor
complex, which is immune to inhibition by SOCS3, thus increasing
and prolonging the expression of many STAT3-dependent proteins
that are involved in tumorigenesis and immune regulation.

Results
IL-6 Signaling Is Prolonged in a Biphasic Pattern. To examine the
second wave of STAT3 activation in detail, we treated DLD1
(colon cancer cells) with IL-6 for 30 min, followed by washout,
and measured STAT3 phosphorylation as a function of time
(Fig. 1 A and B). Phosphorylation lasts for many hours, with
a second wave of STAT3 activation apparent 4 h after IL-6 has
been removed. This second wave of STAT3 activation was also
observed in a similar experiment in which additional early times
were analyzed (Fig. 1C). 2fTGH (adenocarcinoma cells) exposed
to IL-6 show a weaker but still significant second wave at 4 h (Fig.
1D). These cells respond more strongly to oncostatin M (OSM),
another cytokine that uses the gp130 common receptor subunit,
with a clear second wave of STAT3 activation (Fig. 1D).

The Biphasic Pattern Is Mediated by New IL-6 Synthesis and Secretion.
To determine whether IL-6–treated cells secrete any factor that
induces the biphasic pattern, we pretreated the cells with cy-
cloheximide or brefeldin A to block newly induced protein syn-
thesis and secretion, respectively. Both agents caused strong
inhibition of the biphasic pattern (Fig. 2A). Conditioned medium
from IL-6–treated cells induces STAT3 phosphorylation, but not
if the cells are pretreated with cycloheximide or brefeldin A (Fig.
2B). However, the ability of conditioned medium from control
IL-6–treated cells to activate STAT3 was not inhibited by cy-
cloheximide or brefeldin A added later (Fig. 2B). We conclude

that factors that are newly synthesized and secreted mediate the
second wave. We used a cytokine array to identify such factors by
analyzing media conditioned for 4 h after washout from cells
treated with IL-6 for 30 min, finding that IL-6 is the dominant
induced factor (Fig. 2C). The supernatant media were also an-
alyzed by ELISA to quantify IL-6 production. The lack of IL-6 in
media collected 10 min after washout shows that the removal of
the IL-6 added initially is efficient (Fig. 2D, Left). IL-6 was se-
creted by 1 h after washout and remained in the media at
a similar level for at least 4 h (Fig. 2D, Left). An analysis by real-
time PCR showed that IL-6 mRNA was induced within the first
30 min of initial treatment with IL-6 and then declined (Fig. 2D,
Right). An antibody against human IL-6 totally ablated the sec-
ond wave of STAT3 activation in DLD1 cells, showing that no
other secreted protein is responsible (Fig. 2E). The same phe-
nomenon was observed in HepG2 cells (Fig. 2F). In summary, we
show that treatment with IL-6 induces the synthesis and secre-
tion of more IL-6 and that this induction is necessary for the
second wave of STAT3 activation.

EGFR Is Required for the Second Wave of STAT3 Phosphorylation.
EGFR is also known to activate STAT3 by phosphorylating
Y705 (24, 25). To study whether EGFR is involved in the second
wave of STAT3 activation, we used the well-known EGFR in-
hibitor erlotinib, which, as expected, blocks EGFR Y1068
phosphorylation (Fig. 3A) and also inhibits the second wave of
STAT3 phosphorylation (Fig. 3A). To obtain further evidence
for the involvement of EGFR, we knocked its expression down in
DLD1 cells, observing a substantial reduction of the second wave
(Fig. 3B). We also observed very little STAT3 phosphorylation in
the second wave in HEK 293T cells, which express a low level of
EGFR (Fig. 3C, Left). Therefore, 293T cells provide an essen-
tially null background in which the role of wild-type EGFR and
the functions of various EGFR mutants can be evaluated.
Overexpression of EGFR in 293T cells did enhance the second
wave of STAT3 activation without affecting the initial response
to IL-6 (Fig. 3C, Right). We also overexpressed several EGFR
tyrosine to phenylalanine (Y-to-F) mutants (Y992/1173F, Y1045F,
Y1068F, Y1086F) in the same cells to identify a tyrosine residue,
the phosphorylation of which might be important in the second
wave. Compared with wild-type EGFR and the other mutants,

Fig. 1. IL-6 signaling is prolonged in a biphasic pattern. (A) Flowchart of the washout procedure. (B) DLD1 colon cancer cells were treated with IL-6 (100
ng/mL) for 30 min, the cells were washed with PBS, and the medium was replaced. (C) The experiment is similar to B, but with more early times. (D) 2fTGH cells
were treated with IL-6 (100 ng/mL) and with soluble IL-6R (125 ng/mL, included because 2fTGH cells do not have a high level of endogenous IL-6R) or OSM
(10 ng/mL) for 30 min, followed by washing and replacement of the medium. Each experiment in B–D was carried out independently between two and six
times, with results similar to the representative examples that are shown.
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the second wave of STAT3 activation was reduced primarily in
cells transfected with the Y1068F mutant (Fig. 3D). Because,
after it has been phosphorylated in response to EGF, Y1068 of
EGFR provides a docking site for the SH2 domain of STAT3
(27), this result suggests that the phosphorylation of Y1068 in the
second wave (Fig. 3A) provides a potential docking site for
STAT3, allowing it to be phosphorylated even in the presence of
SOCS3. The interaction between EGFR and STAT3 in response
to IL-6 was revealed by immunoprecipitation (Fig. 3E). The
binding of EGFR to both STAT3 and IL-6R was increased in
response to IL-6 treatment at the beginning of the second wave.
However, the phosphorylation of ERK, a well-known target of
EGFR, was activated by long-term treatment of DLD1 cells with

IL-6 much more weakly than it was activated by the treatment of
the same cells with EGF, showing clearly that IL-6-induced
EGFR activation is distinct from the activation induced by EGF
(Fig. 3F). SOCS3 is induced in two phases (Figs. 3G and 1B).
The initial increase in SOCS3 is likely to be the major factor
leading to down-regulation of STAT3 phosphorylation after
1.5 h. However, after 4.5 h, even higher levels of SOCS3 (Fig.
3G) no longer inhibit STAT3 phosphorylation. The JAK in-
hibitor AZD1480, added 30 min after IL-6 stimulation, did not
affect the initial response but did block the second wave (Fig.
3H). This result is consistent with a model in which the associ-
ation with EGFR of the IL-6 receptor, together with its tightly
associated kinases JAK 1 and 2, allows one of these kinases to
phosphorylate Y1068 of EGFR. Additional work will be needed
to clarify the roles of JAK 1 and 2 in detail.

Analysis of Gene Expression in Response to the Second Wave of STAT3
Phosphorylation.We examined gene expression to help understand
the biological significance of the second wave. A microarray
analysis was carried out, using DLD1 cells treated with IL-6 for
30 min, followed by washout and replacement of the medium. The
cells were collected for analysis 7 and 12 h later. STAT3 activation
followed the expected biphasic pattern, and treatment with anti–
IL-6 or knockdown of EGFR weakened the enhancement of
STAT3 phosphorylation dramatically at late times (Fig. S1A). Of
the 44,053 genes represented on the array, 1,960 were induced
after the initial treatment with IL-6. The expression of 253 of these
genes was inhibited by anti–IL-6 at late times (Table 1 and Table
S1), showing that their expression is enhanced in the second wave.
Analysis of the induction of several of these genes by real-time
PCR confirmed the array results (Fig. S1 B and C). Interestingly,
proteins encoded by many of the mRNAs whose expression is
enhanced in the second wave are involved in major physiological
effects of prolonged exposure to IL-6; for example, FBJ murine
osteosarcoma viral oncogene homolog (FOS), Mucin 1, cell sur-
face associated (MUC1), and ATP-binding cassette sub-family B
member 1 (ABCB1) in cancer and interferon regulatory factor 1
(IRF1), interferon regulatory factor 8 (IRF8), and serum amyloid
A1 (SAA1) in immune responses. Many of the genes affected by
anti–IL-6 are also affected by loss of EGFR expression, consistent
with the results of inhibiting the second wave with anti–IL-6.
However, some gene expression inhibited by anti–IL-6 is not
inhibited by EGFR knockdown (see CXCL2 and GADD45G in
Fig. S1C and additional examples in Table 1), perhaps reflecting
the incomplete knockdown shown in Fig. S1A.

Discussion
IL-6 has diverse roles in normal development, the acute phase
response, chronic inflammation, autoimmunity, endothelial cell
dysfunction, and cancer progression (21, 28), and IL-6 is a ther-
apeutic target in several different human diseases, including di-
abetes, arthritis, and cancer. We now describe how cells can
achieve a prolonged response to IL-6, overcoming the SOCS3-
dependent inhibition of IL-6R (Fig. 4). The second wave of
STAT3 activation involves IL-6-driven secretion of more IL-6,
followed by association of the IL-6, IL-6R complex with EGFR,
through direct or indirect interactions, and JAK-dependent
phosphorylation of Y1068 of EGFR, leading to EGFR-
dependent activation of STAT3, which is immune to inhibition
by SOCS3. Because ERK activation in response to EGF is much
stronger than ERK activation in response to IL-6, we conclude
that EGFR is not completely activated in the second wave,
probably because not all of the relevant tyrosine residues can be
phosphorylated by the JAKs that are likely to be brought to
EGFR in the complex with IL-6R. Many details of this unique
receptor–receptor interaction remain to be elucidated in the
future. For example, which tyrosine residues of EGFR are sus-
ceptible to cross-phosphorylation by the JAKs and which are not,

Fig. 2. The biphasic pattern is mediated by IL-6 secretion. (A) DLD1 cells
were treated with IL-6 (100 ng/mL) for 30 min, followed by washing and
replacement of the medium with or without cycloheximide (CHX; 1 μg/mL)
or brefeldin A (BrefA; 1 μg/mL). The cells were harvested 4 h later. (B) The
conditioned media from A were collected 4 h after washout and used to
treat fresh DLD1 cells, with or without inhibitors. The cells were harvested
after 1 h. BrefA, brefeldin A; Con-B, conditioned medium from cells treated
with BrefA (1 μg/mL); Con-C, conditioned medium from cells treated with
CHX (1 μg/mL); Con-V, conditioned medium from cells without inhibitor;
CHX, cycloheximide; V, vehicle. (C) Conditioned medium from A, collected
4 h after washout, was analyzed, using the R&D Systems Human Cytokine
Array, Panel A. (D) DLD1 cells were treated with IL-6 (100 ng/mL) for 30 min,
followed by washing and replacement of the medium. The medium was
analyzed by ELISA at the times indicated (Left). IL-6 mRNA was analyzed by
real-time PCR (Right). Values are the means ± SD from three independent
experiments. (E) DLD1 cells were treated with IL-6 (100 ng/mL) for 30 min,
followed by washing and replacement of the media with control rabbit IgG
or anti-human IL-6. (F) HepG2 cells were treated with IL-6 (100 ng/mL) for
30 min, followed by washing and replacement of the media with control
rabbit IgG or anti-human IL-6. Each experiment in A, B, E, and F was carried
out independently between two and six times, with results similar to the
representative examples that are shown.
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what is the stoichiometry of the receptor–receptor complex and are
other membrane-bound proteins involved, do additional EGFR-
associated proteins play a role in the second wave, and how does
SOCS3 interact with the receptor–receptor complex?
The second wave helps explain why cells with high levels of

EGFR have prolonged and enhanced IL-6-dependent activation
of STAT3. Aberrant regulation of STAT3 phosphorylation is
well known to contribute importantly to diseases involving al-
tered regulation of immunity or cell proliferation. Our expres-
sion analysis suggests that the biphasic pattern prolongs and
induces the expression of a subset of IL-6-dependent genes,
many of which are involved in metabolism and immune regula-
tion (Table 1). All the listed genes are induced in both the initial
IL-6 response and in the second wave. In our array data, IRF1
and IRF8, well-characterized immune regulatory proteins, are
highly induced in the second wave. Their expression is essential
for the IFN response and for immune cell development and
differentiation (29, 30). MAPK8 (also known as JNK) has been
suggested to play a key role in T-cell proliferation, apoptosis, and
differentiation. PRKAA1 (also known as AMPK) regulates the
activities of a number of key metabolic enzymes through phos-
phorylation. It protects cells from stresses that cause ATP de-
pletion and also is important for innate and adaptive immune
responses (31, 32).

In cancer cells, aberrant IL-6 signaling and constitutive acti-
vation of STAT3 are closely related to cell proliferation and drug
resistance. We summarize in Table 1 the enhanced expression,
resulting from the second wave of STAT3 activation, of several
proteins that play important roles in cancer and inflammation.
FOS, a proto-oncogene that is regulated by STAT3, is overex-
pressed in a variety of human cancers and plays a vital role in the
epithelial–mesenchymal transition and aberrant metastatic growth
(33, 34). MDR1, a well-known ATP-dependent drug efflux pump,
is responsible for decreased drug accumulation in multidrug-
resistant cells and often mediates resistance to drugs in lung and
breast cancer (35–37). Inhibition of STAT3 can reverse drug re-
sistance in leukemia (38). It has been reported that inhibiting IL-6
and EGFR signaling simultaneously results in a more effective way
to control non–small-cell-lung-cancer proliferation, and inhibition
of STAT3 activity can increase the sensitivity to tyrosine kinase
inhibitors in head and neck cancer (39). Because we have shown
here that high expression of EGFR in cancer cells prolongs STAT3
activation in response to IL-6 and OSM (and possibly in response
to other cytokines that use the common gp130 receptor), com-
bining inhibitors of EGFR kinase activity, such as erlotinib, with
inhibitors of activated STAT3 may have synergistic activity in
several different cancers.

Fig. 3. EGFR is crucial for the biphasic pattern. (A)
DLD1 cells were treated with IL-6 (100 ng/mL) for
30 min and washed twice with PBS before replacing
the media. The cells were exposed to erlotinib
(10 μM) for 30 min before treatment, and the
erlotinib was left in during all subsequent steps. (B)
DLD1 cells were transfected with scrambled shRNA
(shNT; nontargeted) or shRNAs against EGFR and
then selected with puromycin for 1 wk. The cells
were then treated with IL-6 (100 ng/mL) for 30 min
and washed twice before replacement of the media.
(C and D) 293Tcells were transfected with pCDNA3.1
(Vector) or pCDNA3.1 expressing WT-EGFR or the
Y992/1173F, Y1045F, Y1068F, or Y1086F mutant pro-
teins. After 48 h, the cells were treated with IL-6 (100
ng/mL) and soluble IL-6R (125 ng/mL, included because
293T cells do not have a high level of endogenous IL-
6R) for 30 min and washed twice with PBS, followed
by replacement with normal media. In D, the numbers
shown are the ratios of the intensities of the bands for
pSTAT3, divided by the intensities for the bands for
EGFR, normalized to 1.00 for WT-EGFR. (E) DLD1 cells
were treated with 100 ng/mL of IL-6. Membrane-bound
proteins were used for immunoprecipitation of EGFR.
(F) DLD1 cells were treated with IL-6 (100 ng/mL) or EGF
(5 ng/mL) without washout and then harvested after
4 h. Note that the loading (GAPDH) and exposure times
(equivalent signals in the control lanes) are similar for
the IL-6–treated and EGF-treated cells. (G) 293T cells
were treated with IL-6 (100 ng/mL) and soluble IL-6R
(125 ng/mL). Cells were harvested at the times in-
dicated and analyzed by real-time PCR. Values are
the means ± SD from three independent experi-
ments. (H) DLD1 cells were treated with IL-6 (100 ng/
mL) for 30 min and washed twice with PBS before
replacing the media, with or without AZD1480 (1 μM).
Each of these experiments (except G) was carried out
two independent times, with results similar to the
representative examples that are shown.
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In summary, we have found a unique mechanism that explains
the biphasic pattern of STAT3 activation in response to IL-6
treatment of cells in which EGFR participates in a positive feedback

loop that enhances immune responses and cell proliferation by
preventing inhibition by the potent negative regulator SOCS3. The
problem of how to sustain the phosphorylation of STAT3 when it is
needed during a long period, for example, during normal de-
velopment, may well be addressed by more than one mechanism.
For example, SOCS3 synthesis may be prevented, the protein may
be degraded, or it may be inactivated by posttranslational modifi-
cation. One possibility, as we show here, is that STAT3 phosphor-
ylation can be sustained in the presence of functional SOCS3 if it is
catalyzed by a receptor that is not inhibited by SOCS3, and recep-
tors other than EGFR may well play such a role in normal pro-
cesses. However, in the context of cancer, in which constitutive
activation of STAT3 makes a major contribution to the ability of
cancer cells to survive and grow, the simultaneous upregulation of
EGFR and secretion of IL-6 can cooperate to desensitize the cancer
cells to the actions of negative regulators, especially SOCS3.

Materials and Methods
Cells and Reagents. The human colon carcinoma cell line DLD1, HEK293T cells,
the human liver hepatocellular carcinoma cell line HepG2, and the human
fibrosarcoma cell line 2fTGH were obtained from the American Type Culture
Collection. The cells were grown in DMEM (Gibco-BRL), supplemented with
5% (wt/vol) FBS with penicillin (100 U/mL), and streptomycin (100 μg/mL).
AZD1480 was from selleckchem. Antibodies against total STAT3, Y705-
phosphoryl STAT3 (pY705-STAT3), and SOCS3 were from Cell Signaling
Technology; antibodies against GAPDH and IL-6R were from Santa Cruz,
and antibodies against total EGFR were from Bethyl Laboratories. Human
recombinant IL-6, IL-6-soluble receptor, and anti-human IL-6 were from
Peprotech.

Western Analysis. Cells were suspended in lysis buffer (50 mM Tris·HCl at pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing a mixture of protease
and phosphatase inhibitors (Roche). After incubation on ice for 20 min, cell
debris was removed by centrifugation. Protein (30 μg) was loaded onto 8%
(wt/vol) SDS/PAGE gels. The separated proteins were transferred to PVDF
membranes (Millipore). The membranes were incubated with primary anti-
body for 2 h, followed by incubation with secondary antibody for 1 h at
room temperature.

Immunoprecipitation and Native Membrane Protein Extraction. Cells from
100-mm dishes, either treated with IL-6 (100 ng/mL) for 1.5, 2.5, or 4.5 h or
untreated, were collected and lysed by using the ProteoExtract Native

Table 1. Genes affected by the second wave of STAT3
activation

Gene

Fold induction compared with untreated cells

7 h 7 h + Ab 7 h − EGFR 12 h 12 h + Ab 12 h − EGFR

ABCB1 1.4 0.9 1.0 2.0 1.1 1.1
CDK5RAP3 1.7 0.7 0.2 2.7 1.3 0.5
FOS 7.7 0.9 2.3 3.0 1.0 1.9
GADD45G 2.0 1.0 3.3 1.7 1.1 2.7
HDAC4 1.4 1.2 1.6 2.4 1.4 1.9
IGSF3 1.1 1.8 0.8 2.0 1.1 1.0
IRAK1BP1 1.1 1.2 2.4 1.6 1.0 1.7
IRF1 2.2 1.3 1.8 1.9 1.4 1.3
IRF8 1.6 0.7 1.1 1.9 1.2 0.9
MAPK8 1.8 0.8 6.0 1.2 1.0 6.8
MLH3 2.3 0.4 0.1 1.6 1.1 0.6
MUC1 3.5 3.5 2.3 4.9 1.9 1.9
MUC6 1.3 0.8 1.3 1.8 0.6 0.6
PRKAA1 1.7 1.0 0.9 1.6 1.5 1.0
SAA1 2.4 1.2 11.4 2.6 1.6 15.3

See the legend to Fig. S1 for the protocol. DLD1 cells were treated with
IL-6 for 30 min, followed by washout and replacement of the medium, with
or without anti–IL-6. Cells in which EGFR was knocked down were also used,
without exposure to anti-Il-6 antibody (Ab). Cells were collected for analysis
7 or 12 h after washout. The expression of 47,323 probes on an Illumina
HumanHT-12 v4 Expression BeadChip was analyzed. The average signal for
each probe was used to determine expression levels. Genes with average
signals below 25 and detection P values greater than 0.01 in the treated cells
were excluded from the analysis. The numbers in the table are fold induc-
tions relative to untreated control cells. Inductions of less than 1.5-fold were
not scored, and reductions of induction of less than twofold in response to
anti–IL-6 were also not scored. SAA1 was not detected in untreated shEGFR
cells but was induced in response to IL-6; the numbers are the fold inductions
compared with the levels of expression in untreated shNT (nontargeting
shRNA) cells.

Fig. 4. Model for the two-phase activation of STAT3 in response to IL-6.
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Membrane Protein Extraction Kit (Calbiochem) according to the manu-
facturer’s instructions. For immunoprecipitation of EGFR, Protein A Sepharose
CL-4B (GE Healthcare Life Sciences) was used. The supernatant solution pre-
pared by using the kit (500 μg enriched membrane-bound protein) was in-
cubated with 2 μg total EGFR antibody overnight at 4 °C and then incubated
with prepared Protein A Sepharose beads for 3 h at 4 °C. The immune complexes
were recovered by low-speed centrifugation, and the beads were washed with
TBS (50 mM Tris·HCl at pH 7.4, 150 mM NaCl). The immunoprecipitated proteins
were eluted by boiling the beads in the loading buffer for western analysis.

Cytokine Protein Array and ELISA. DLD1 cells were treated with IL-6 (100 ng/
mL) for 30 min, followed by washing with PBS and replacement of the media
with or without cycloheximide (CHX, 1 μg/mL). The conditioned media were
harvested and analyzed, using the Human Cytokine Array, Panel A (R&D
Systems) or the Human IL-6 Quantikine ELISA kit (R&D Systems), following
instructions provided by the manufacturer.

Real-Time PCR. cDNA was synthesized from total RNA, using a modified
manufacturer’s protocol with random hexamer and SuperScript III (Invi-
trogen). Real-time PCR was performed with SYBR Green qPCR master mix
(USB) in an iCycler iQ real-time PCR detection system (Bio-Rad). The PCR
protocol was initial activation at 95 °C for 5 min, 40 cycles at 95 °C for 15 s,
and at 60 °C for 1 min. Aliquots of standard cDNA were included in each
PCR, and standard curves for each gene were generated by linear regression.
Ct values were converted to gene expression levels by using standard curves.
Each gene expression value was normalized to the expression level of

GAPDH. Specificity was confirmed by analysis of the melting curves of the
PCR products.

Constructs and Gene Transfection. Vectors (pCDNA3.1) expressing human
wild-type EGFR or the EGFR mutants Y992/1173F, Y1045F, Y1068F, and
Y1086F were kindly provided by Mark Frey (Children’s Hospital, Los Angeles,
CA). Each construct was transfected into 293T cells using Lipofectamine Plus
(Invitrogen), according to the instructions in the manual. shRNAs for EGFR
were purchased from Sigma-Aldrich. shRNA lentiviral transduction was
performed according to instructions from the manufacturer.

Gene Expression Analysis. Total RNA was isolated by using a Qiagen RNeasy
Mini Kit according the manufacturer’s instructions, and 1 μg of this RNA was
used for microarray analysis on an Illumina HumanHT-12 v4 Expression
BeadChip Kit. Data were analyzed by using the Illumina BeadStudio soft-
ware and normalized by the quantile method. Genes were selected that
satisfied the following criteria: differential P values ≤ 0.01, average signals
>30, and signals that changed by >1.5-fold.
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