Unphosphorylated STAT3 accumulates
in response to IL-6 and activates
transcription by binding to NFkB
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gp130-linked cytokines such as interleukin-6 (IL-6) stimulate the formation of tyrosine-phosphorylated signal
transducer and activator of transcription 3 (P-STAT3), which activates many genes, including the STAT3 gene
itself. The resulting increase in the concentration of unphosphorylated STAT3 (U-STAT3) drives a second
wave of expression of genes such as RANTES, IL6, IL8, MET, and MRAS that do not respond directly to
P-STAT3. Thus, U-STATS3 sustains cytokine-dependent signaling at late times through a mechanism
completely distinct from that used by P-STAT3. Many U-STAT3-responsive genes have kB elements that are
activated by a novel transcription factor complex formed when U-STAT3 binds to unphosphorylated NFxB
(U-NFxkB), in competition with IkB. The U-STAT3/U-NFxB complex accumulates in the nucleus with help
from the nuclear localization signal of STAT3, activating a subset of kB-dependent genes. Additional genes
respond to U-STAT3 through an NFkB-independent mechanism. The role of signal-dependent increases in
U-STATS3 expression in regulating gene expression is likely to be important in physiological responses to
gp130-linked cytokines and growth factors that activate STAT3, and in cancers that have constitutively active

P-STAT3.
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Signal transducer and activator of transcription 3
(STAT3), one of seven STAT family members, is acti-
vated in response to interleukin-6 (IL-6) (Akira et al.
1994). Many cytokines use the common gp130 receptor
to activate the phosphorylation of STAT3 on tyrosine
residue 705, leading to the formation of dimers through
reciprocal phosphotyrosine-SH2 domain interactions.
Several growth factors also stimulate STAT3 activation.
STAT3 dimers bind to specific y-interferon activation
sequence (GAS) elements (TTCNNNGAA) in the pro-
moters of the induced genes (Seidel et al. 1995).
Constitutive activation of STAT3 is observed in many
types of tumors. Thus, STAT3 is an oncogene, promot-
ing cell proliferation and survival (Haura et al. 2005;
Hodge et al. 2005). STAT3 is persistently phosphorylated
in many human cancer cell lines and primary tumors,
including hepatocellular carcinomas, breast cancers,
prostate cancers, and head and neck cancers, and also
in several hematological malignancies. Furthermore,
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STAT3 is necessary for v-src-induced transformation,
and a constitutively active mutant of STAT3 can trans-
form fibroblasts in cooperation with other transcription
factors (Joo et al. 2004). Genes encoding proteins that
regulate cell survival, including Bcl-2, Bel-xL, mcl-1, and
Fas, are direct targets of STAT3, as are genes encoding
the cell cycle regulatory proteins cyclin D1, cyclin El,
and p21. In addition, other transcription factors, includ-
ing c-Mygc, c-Jun, and c-Fos, are themselves STAT3 tar-
gets (Hirano et al. 2000). STAT3 also functions as a tran-
scriptional repressor of p53 expression: Blocking STAT3
in cancer cells up-regulates the expression of p53, lead-
ing to p53-mediated apoptosis (Niu et al. 2005). Major
mechanisms of STAT3 activation in tumor cells are au-
tocrine production of IL-6 and paracrine activation by
IL-6 from stroma and infiltrating inflammatory cells. In-
deed, circulating IL-6 levels are usually high in cancer
patients (Giannitrapani et al. 2002). STAT3 activation
provides an important link between inflammation and
cancer. For example, Tebbutt et al. (2002) generated
gpl307°7%/F mice, which carry a Y757F point mutation
that disrupts the binding of the negative regulators
SOCS3 and SHP2 to gp130. As a result, these mice show
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hyperactivation of STATS3, resulting in chronic gastric
inflammation and distal stomach tumors.

There are several reports that STAT3 and NF-«B inter-
act with each other (Battle and Frank 2002). For example,
Hagihara et al. (2005) demonstrated that STAT3 forms a
complex with the p65 subunit of NFkB following stimu-
lation of cells with IL-1 plus IL-6, and that the bound
STAT3 interacts with nonconsensus sequences near
the kB element of the SAA promoter. Moreover, they
showed that a complex that includes STAT3, p65, and
p300 is essential for the synergistic induction of the SAA
gene by IL-1 plus IL-6. Yu et al. (2002) reported a physical
and functional interaction between STAT3 and p65 that
inhibits transcriptional activation of the iNOS gene.
Yoshida et al. (2004) showed that STAT3 and p65 physi-
cally interact in vivo and that p65 homodimers can co-
operate with unphosphorylated STAT3 (U-STAT3) when
bound to a specific type of kB motif. Reciprocally, this
interaction appears to inhibit the function of GAS-bind-
ing sites for STAT3. In contrast, the p50 subunit of NF«kB
can cooperate with phosphorylated STAT3 (P-STAT3)
bound to GAS sites (Yoshida et al. 2004).

Previous work from this laboratory has shown that
STATI can drive gene expression even in the absence of
tyrosine phosphorylation. For example, Chatterjee-
Kishore et al. (2000) showed that unphosphorylated
STATI binds to IRF1, forming a complex that activates a
half GAS-half ICS element in the LMP2 promoter. In the
case of STAT3, our recent work (Yang et al. 2005)
showed that its high-level expression drives the tran-
scription of many genes in the complete absence of ty-
rosine phosphorylation, a function quite distinct from
the role of P-STAT3 in driving inducible gene expres-
sion. This activity of STATS is likely to have important
physiological functions, since the STAT3 gene has a
GAS element that drives a major increase in the concen-
tration of STAT3 protein in response to signal-dependent
tyrosine phosphorylation of STAT3 (Kojima et al. 1996;
Narimatsu et al. 2001). We now address the mechanism
through which U-STAT3 regulates gene expression,
showing that, for many genes, it does so through its abil-
ity to interact with NFkB. To understand how U-STAT3
functions, we expressed the Y705F mutant of STATS3,
which cannot be phosphorylated on residue 705, at a
high level in untransformed human mammary epithelial
hTERT-HMEI1 cells and used coimmunoprecipitation
and chromatin immunoprecipitation (ChIP) assays to
identify cofactors and DNA elements to which Y705F-
STATS binds. Our data reveal that Y705F-STAT3 forms
a complex with unphosphorylated NF«B (U-NFkB), bind-
ing to the kB elements of promoters, such as that of the
RANTES (CCL5) gene, to induce their transcription.

Results

Promoters that bind to U-STAT3

To find the direct targets of U-STAT3, we used ChIP to
clone the bound DNA sequences. Flag-tagged Y705F-
STAT3 was precipitated with anti-Flag (M2) antibody.

Transcription in response to unphosphorylated STAT3

The coprecipitated DNA fragments were linked to adap-
tors, amplified by PCR, and inserted into a vector, fol-
lowed by sequencing of individual clones. A BLAST
search facilitated the identification of 12 fragments,
seven of which (Table 1) had promoter activity in a lu-
ciferase reporter assay (data not shown). Five of the seven
active promoter fragments corresponded to genes shown
previously to be up-regulated by U-STAT3 (Yang et al.
2005). Computer-based analysis revealed several com-
mon elements that bind to transcription factors in these
promoters (Apl, CRE, C/EBP, ETS, and kB) (see Table 1).
Interestingly, each of the seven promoters has a kB ele-
ment.

USTATS3 uses the kB element to induce RANTES
gene expression

From previous work (Yang et al. 2005), we know that
high-level expression of either U-STAT3 or Y705F-
STAT3 drives the expression of many genes, including
genes whose protein products are important in oncogen-
esis, cell cycle control, and the immune response (e.g.,
MET, MRAS, BCL2A1, IFNB, and RANTES). Some of
these genes are induced very substantially; i.e., RANTES
was induced 28-fold by high levels of U-STAT3 and 42-
fold by Y705F-STAT3. Since RANTES expression is in-
duced so strongly, we studied its promoter to determine
the role of the kB element. "\TERT-HMEI cells were in-
fected with retroviral vectors expressing wild-type or

Table 1. Promoters that bind to USTAT3 have kB sites

Fold

Gene induction Elements

RANTES 42 kB (-581, 45, CRE,
ISRE, Spl, c-myb,
C/EBP-«

1L-8 14 kB (-571), ETS, c-Jun,
C/EBP-a, Smadl/4

IFN-B 14 kB (~106), ETS, IRE-1,
C/EBP-«, Smadl/4

1L-6 6 kB (~110], ETS, CRE,
Smadl/4

ICAM-1 6 kB (~160), CRE,
C/EBP-a, AP-1

Novel gene (KIAA1026) N/A kB (-170), AP-1,

at a CpG island
Unknown gene N/A

C/EBP-, Smadl/4
kB (-282), CRE, C/EBP-q,
AP-1, Smad1/4

A ChIP assay was performed with chromatin from YF cells (con-
taining the Y705F mutant of STAT3) by using anti-Flag M2. The
immunoprecipitated DNA was amplified by PCR and cloned,
and 12 clones were sequenced. Five of the cloned fragments had
no promoter activity in a luciferase reporter assay (data not
shown). The seven fragments that did have promoter activity
are shown. Five of these were from genes previously shown to
be responsive to Y705F-STAT3 and U-STAT3 and two were not
analyzed previously (N/A). The fold induction of each of these
five genes in response to high-level expression of Y705F-STAT3
is shown, as are the positions of the kB elements and consensus
sites for other transcription factors.
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Y705F-STAT3, Flag-tagged at their C termini, and popu-
lations expressing 10- to 20-fold more STAT3 than wild-
type cells were selected (Fig. 1A). These populations are
named WT or YF, respectively. Note that this degree of
increase corresponds well to the increase of STAT3 seen
36 h after exposure of hTERT-HMEI cells to IL-6, and, as
seen before, RANTES mRNA accumulated substantially
in response to high-level expression of either U-STAT3
or Y705F-STATS3 (Fig. 1A). To determine the responsible
element in the RANTES promoter, we transfected
hTERT-HMEI cells with constructs containing various
fragments of this promoter fused to a luciferase reporter
gene. Maximum transcriptional activity was observed

with a -120 to -1 minimal fragment, and removal of this
sequence from a longer fragment completely eliminated
basal transcription (Fig. 1B). The activity induced in re-
sponse to high-level expression of Y705F-STAT3 disap-
peared when the -120 to -1 region of the promoter was
deleted (Fig. 1C). Sequence analysis showed that the hu-
man RANTES promoter contains several known ele-
ments; for example, CRE, ISRE, and kB. To test these for
function, mutations were introduced into the -220 to -1
region, and the resulting fragments were linked to the
pGL2-basic vector and tested in transient transfections
of hTERT-HMEI and YF cells (Fig. 1D). Disruption of
either the CRE or the ISRE element did not affect the
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Figure 1. The ability of U-STATS3 to regulate the RANTES promoter depends on a kB element. (A) Western and Northern analyses
for STAT3 and RANTES expression in hTERT-HMEI-derived cells. The cells were infected with retroviral constructs and stable pools
were selected with G418. (C) hTERT-HMEI control cells; (WT) hTERT-HMEI cells expressing a high level of wild-type STATS3; (YF)
hTERT-HMEI cells expressing a high level of Y705F-STAT3. Total cell lysates and total RNAs were analyzed. (B) Basal transcriptional
activity of the human RANTES promoter in hTERT-HME]1 cells. Luciferase constructs containing 5'- or 3'-deletions between bases
-974 and -1 of the promoter were cotransfected with the pCHI110 control plasmid and the cells were harvested 48 h later. The
luciferase activity in each cell extract was normalized to the level of B-galactosidase activity (from pCH110) in the same extract. Values
are means of triplicate determinations, and the bars show one standard error of the mean. (C) Inducible activity of human RANTES
promoter fragments in YF cells. The reporter constructs were cotransfected with pCH110. The activities shown are relative to the
activity of each fragment in hTERT-HMEI control cells. Values are means of triplicate determinations, and the bars show one standard
error of the mean. (D) Inducible activity of promoter mutations in YF cells. The reporter constructs, containing mutations of individual
promoter elements (marked by x) of the 220-base-pair promoter fragment were transfected into the cells. Luciferase activities were
determined and calculated relative to the values obtained in control cells as in C. (E) Y705F-STAT3 and p65 cooperate to drive the
RANTES promoter. hTERT-HMEI1 cells were cotransfected with the pGL2-220 plasmid, in which the RANTES -1 to -220 promoter
fragment drives luciferase expression, and pCH110, with or without pcDNA3.1-Y705F-STAT3 or pcDNA3.1-p65, expression plasmids
for Y705F-STAT3 and p65, respectively. The cells, harvested 48 h later, were analyzed for luciferase activities, as described above. The
reporter activities were normalized to activities in cells without cotransfection of p65 or Y705F-STAT3. Values are means of triplicate
determinations, and the bars show one standard error of the mean. (F) U-STAT3 and p65 cooperate to activate the RANTES gene.
hTERT-HMEI cells were transfected transiently with pcDNA3.1-p65 and/or pcDNA3.1-STAT3. After 48 h, total RNAs were isolated
and analyzed by the Northern method.
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activity of the promoter, but mutation of the kB element
did. Therefore, the latter element plays an important role
in mediating the response of RANTES to U-STATS3.

RANTES expression is induced cooperatively by p65
and U-STAT3

Transient overexpression of either the p65 subunit of
NFkB or U-STAT3 enhanced induction of the RANTES
promoter by six- to sevenfold, whereas overexpression of
both together led to a 15-fold increase (Fig. 1E). The ac-
cumulation of endogenous RANTES mRNA was also in-
duced maximally when both p65 and STAT3 were over-
expressed (Fig. 1F). Two-step ChIP assays, performed by
using anti-STATS3 first and then anti-p65, confirmed that
both proteins were bound simultaneously to the
RANTES promoter (Supplementary Fig. 1). Further ex-
periments showed that overexpression of either
U-STAT3 or Y705F-STAT3 did not cause phosphoryla-
tion of Ser536 of p65 (Supplementary Fig. 2) and that
conditioned medium from these cell populations did not
activate expression of either RANTES or IL13 mRNA
(Supplementary Fig. 3). Therefore, the increase in
RANTES expression in response to U-STAT3 is not
likely to be due to the phosphorylation of NF«B in the
cytosol or to the secretion of factors that activate NF«xB
through cell-surface receptors.

Transcription in response to unphosphorylated STAT3

A complex of U-STAT3 with the p65 and p50 subunits
of NFkB binds to the kB element of the
RANTES promoter

Electrophoretic mobility shift assays (EMSAs) were per-
formed with an oligonucleotide that includes the com-
plex kB element of the human RANTES promoter.
Whole-cell lysates were prepared from hTERT-HMEI,
wild-type, and YF cells. Two major bands were detected
(Fig. 2A, lanes 1-3). We interpret the upper band to in-
clude two species, one with p65 homodimers and one
with p65-p50 heterodimers, and the lower band to rep-
resent species with p50 homodimers. In both wild-type
and YF cells, all three bands increased (Fig. 2A, lanes 2,3).
Only the upper two bands were supershifted by anti-p65
(Fig. 2A, lane 4), whereas anti-p50 supershifted both the
lower band, which disappeared completely, and the
lower part of the upper band (Fig. 2A, lane 5). Anti-
STATS3 supershifted all three bands (Fig. 2A, lane 6), in-
dicating that all three species of NF«kB are bound to
Y705F-STAT3. Neither anti-IkB nor anti-c-myc caused
any of the bands to change (Fig. 2A, lanes 7,8). When the
same cells were treated with TNF-o, EMSAs (Fig. 2A,
lanes 9-16) showed that all of the complexes formed in
cell extracts containing activated NF«kB migrated more
rapidly than those formed in extracts of untreated cells.
Furthermore, the complexes formed with extracts of
TNF-a-treated cells were no longer supershifted by anti-

A Untreated cells TNF-a treated cells
p65 p50 STAT3 IkB c-Myc p65 p50 STAT3 IkB c-Myc < Ab
C WT YF YF YF YF YF YF C WT YF YF YF YF YF YF ool

UF?GI-,’}J;’\' Figure 2. U-STAT3 binds to U-NFkB. (A) DNA-
USTATS/ _, _— binding assays. The EMSAs shown were per-
oAt < E65I50 formed with whole-cell extracts. Assays with
U&E’}Jg’” nuclear extracts (not shown) gave similar results.
+ pS0S0 (C) hTERT-HME1 control cells. A DNA frag-
ment of the human RANTES promoter, bases -58
to -29, containing a kB element, was used as the
| labeled probe. (Lanes 1-8) Extracts of untreated
B. C cells: control cells (lane 1), WT cells (lane 2), YF
IL6h - - - 0 cells (lane 3), and supershifts obtained with ex-

C WT YF C
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PBS/B5 Y |

USTAT3/
p65/50 |

USTAT3/ .
p50/50

Whole cell lysate IP with Anti-flag

2 4 8 18 32 1L-6 (h) 0 2
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Whole cell lysate [P with Anti-flag

tracts of YF cells following addition of antibodies
directed against p65, p50, STAT3, IkB, or c-Myc
(lanes 4-8). (Lanes 9-16) Same as lanes 1-8 except
that the extracts are from cells treated with
TNF-a for 4 h. (B) EMSAs. Whole-cell extracts
were made from hTERT-HMEI cells, untreated
or treated with IL-6. The probe was same as in A.
(C) Northern analysis. Total RNAs (20 ng per
lane) from hTERT-HME1 cells untreated or
treated with IL-6 were analyzed by the Northern
method. (D,E) STAT3 binds to p65, p50, and p105

WT YF C WT _

I ]
pas
e _

- but not to IkB. STAT3 was immunoprecipitated

from whole-cell extracts of the cells shown in
Figure 1A by using anti-Flag M2 beads. Western
analyses were performed to detect p65, p50, and
IkB.
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STAT3 (Fig. 2A, lane 14). Therefore, when cells are
treated with TNF-a to activate NF«kB, our EMSAs no
longer revealed the binding of U-STAT3 to the RANTES
kB element together with p65 and p50. However, as
shown below, coimmunoprecipitation experiments still
detected the association of NFkB and STAT3 when ei-
ther transcription factor was phosphorylated.

From our previous work (Yang et al. 2005), we know
that long-term treatment of hTERT-HMEI cells with
IL-6 increases endogenous STAT3 expression by 20- to
30-fold and that the increased concentration of STAT3
induces a second wave of gene expression that includes
the MET, M-RAS, and RANTES genes. To determine
whether the increased concentration of STATS3 can still
bind to and cooperate with p65 and p50 to induce gene
expression, hTERT-HME]1 cells were treated with IL-6
for 0,2, 4,8, 16, or 32 h and EMSAs were performed. As
shown in Figure 2B, when STAT3 was induced strongly
by IL-6 (Yang et al. 2005; data not shown) at late times,
STAT3/p65/p50 complexes were detected in EMSAs.
Furthermore, the level of RANTES mRNA parallels the
level of STAT3 induced by IL-6 (Fig. 2C; Yang et al.
2005), indicating that induced endogenous STAT3, as
well as exogenous STAT3 expressed at a high level, is
capable of binding to NF-«B to drive gene expression.

U-STAT3 binds to NFkB in competition with IkB

To demonstrate the interaction between NFkB and U-
STAT3 more directly, we performed coimmunoprecipi-
tation assays, using wild-type and YF cells, which con-
tain Flag-tagged STAT3 proteins (Fig. 1A). Anti-Flag
beads were incubated with lysates of these cells to pull
down U-STAT3 and Y705F-STAT3, and the presence of
p65 and p50 was assayed in the immunoprecipitates (Fig.
2D,E). P65 and p50, as well as the p50 precursor pl05,
were pulled down with STAT3, but IkB was not. The
levels of p65 and p50 were not affected by the level of
STAT3 expression. In addition to its association with
unphosphorylated p65, U-STAT3 can also bind to p65
that has been phosphorylated on Ser536 in response to
TNF-a (Supplementary Fig. 2). In the EMSA assays of
Figure 2A, an association between U-STAT3 or Y705F-
STAT3 and NFkB activated in response to TNF-a was
not observed, in contrast to the results of Supplementary
Figure 2, possibly because complexes of STAT3 and
P-NFkB do not bind well to DNA under the EMSA con-
ditions that we have employed. In addition, in cells
treated with IL-6, P-STAT3 can also be seen to bind to
p65 and p50 (Supplementary Fig. 4; see also Fig. 3 in
Yoshida et al. 2004). Therefore, in addition to the asso-
ciation of U-STAT3 and unphosphorylated p65, immu-
noprecipitation assays reveal that STAT3 and p65 also
bind to each other when each is phosphorylated in re-
sponse to IL-6 or TNF-q, respectively. Furthermore, pull-
down experiments using extracts from untreated or IL-
6-treated Hep3B cells indicate that both U-STAT3 and
P-STAT3 interact primarily with the Rel-homology
DNA-binding domain of p65 (Supplementary Fig. 5). The
interaction appears to be stronger with the isolated Rel
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domain than with full-length p65, suggesting that open-
ing of the interaction between the p65 transactivation
domain and the Rel domain may facilitate binding. A
similar phenomenon has been reported previously for
the interaction between p65 and CBP (Zhong et al. 1998).
In addition, as discussed below, several other laborato-
ries have observed interactions between phosphorylated
and unphosphorylated forms of p65 and STATS3.

The SH2 and NLS domains of U-STAT3 are required
for productive interaction with p65 and p50

We transfected expression constructs for several differ-
ent truncated GFP-tagged STAT3 proteins (Fig. 3A) tran-
siently into PC3 cells, which have a very low level of
endogenous STAT3 (Yuan et al. 2005). Full-length
STAT3 (residues 1-770) was immunoprecipitated by
both anti-p65 and anti-p50, as were two N-terminal trun-
cations (150-770 and 162-770) and STAT3p (1-715), a
naturally occurring C-terminal truncation of this pro-
tein. Variant STAT3 proteins with the C-terminal trun-
cations 1-322 and 1-495 did not bind to p65 or p50 (Fig.
3B). These data indicate that the region of STAT3 from
495 to 715, which includes the SH2 domain, is essential
for its interaction with NFkB. Functional analysis of
these STAT3 deletions, using a RANTES promoter-
driven luciferase construct in cotransfection experi-
ments, showed that only full-length STAT3 and the 150-
770 and 1-715 (STAT3B) truncated proteins were active
(Fig. 3C), even though the 162-770 truncated protein still
binds to NF«kB (Fig. 3B). The 150-770 protein has a
nuclear localization sequence (NLS) that the 162-770
protein lacks (Liu et al. 2005). Taken together, the results
provide strong evidence that the region between residues
495 and 715, which includes the SH2 domain, is required
for U-STATS3 to bind to U-NFkB, whereas the NLS (resi-
dues 150-162) is required for the bound protein to func-
tion in transcription.

Based on the above observations, it is logical to pro-
pose that 162-770 truncated STAT3 may inhibit NF«B-
dependent signaling, for example, in response to TNF-a.
To test this possibility, hTERT-HMEI cells in which
full-length or 162-770 truncated STAT3 was stably over-
expressed by 10-fold were treated with TNF-« for 4 h or
were untreated. Northern analyses were performed to
detect RANTES and GAPDH mRNAs. As we saw before,
high-level expression of full-length STAT3 increases
RANTES expression by 10- to 20-fold. TNF-a treatment
also increases RANTES expression by 10- to 15-fold be-
cause the RANTES gene has a kB element that mediates
the response to TNF-a. However, in cells expressing a
high level of 162-770 truncated STATS3, untreated cells
showed no increases of RANTES mRNA and the level in
cells treated with TNF-a increased only slightly, by two-
to threefold, much less than in control cells treated with
TNF-a or in untreated cells expressing a high level of
full-length STAT3 (Fig. 3D). This result indicates that
162-770 truncated STAT3 can inhibit NF«xB-dependent
signaling in response to an external stimulus.

We also performed EMSAs to determine whether trun-
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Figure 3. The SH2 and NLS domains of STAT3 are required for interaction with p65 and p50 and for up-regulation of the RANTES
promoter. (A) STAT3 domains and deletion constructs. (B) PC3 cells were transfected with expression constructs for N- and C-terminal
deletions of STAT3 and, 48 h later, whole-cell lysates were prepared and assayed by coimmunoprecipitation with anti-p65 or anti-p50
and by the Western method with anti-STAT3. Three different antibodies that react with the N-terminal, C-terminal, and middle
portions of STAT3 were used. (C) Expression constructs for N- and C-terminal deletions of STAT3 were cotransfected into PC3 cells
with pGL2-220 and pCH110, and the cells were harvested for luciferase assays 48 h later. (D) Northern analysis. Total RNAs (20 ug
per lane) from hTERT-HMEI cells untreated or treated with IL-6 were analyzed by the Northern method. (E) DNA-binding assays.
hTERT-HMEI cells expressing a high level of full-length STAT3 or 162-770 truncated STAT3 were untreated or treated with TNF-«
for 4 h. EMSAs were performed with cytoplasmic and nuclear fractions. A DNA fragment of the human RANTES promoter, bases -58
to -29, containing a kB element, was used as the labeled probe. Assays were performed by adding equal amounts of proteins. (C)
hTERT-HMEI control cells; (S3) hTERT-HMEI cells expressing a high level of STAT3. (F) hTERT-HMEI cells expressing a high level
of full-length or 162770 truncated STAT3 were grown on cover slips and stained with primary antibodies directed against STAT3 and
p65. Following treatment with DAPI (blue nuclear stain) and fluorescent secondary antibodies for STAT3 (green) and p65 (red), the cells
were examined by using confocal microscopy. The yellow pixels in the composite image demonstrate the close association of the two
proteins.
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cated STATS3 affects the ability of the STAT3/p65/p50
complex to bind to a kB probe. hTERT-HMEI cells in
which full-length or 162-770 truncated STAT3 was sta-
bly expressed at a high level were treated with TNF-« or
left untreated. Four hours after treatment, the cells were
harvested and cytoplasmic and nuclear fractions were
prepared. As expected, full-length STAT3 increased
NFkB-binding activity, and the activated complexes
were translocated into the nucleus (Fig. 3E, top panel,
lanes 1-5,11-15). These increased complexes could be
supershifted by antibodies to p65, p50, or STAT3 (Fig.
3E, top panel, lanes 3-5,13-15). TNF-a treatment acti-
vates NFkB, and the complexes are located mainly in
nucleus (Fig. 3E, top panel, lanes 6-10,16-20). However,
these complexes could be supershifted only by antibod-
ies to p65 or p50, but not by anti-STAT3 (Fig. 3E, top
panel, lanes 8-10,18-20). 162-770 truncated STAT3 in-
creases NFkB-binding activity only in the cytoplasm and
not in the nucleus (Fig. 3E, bottom panel, lanes 1-5,11-
15). These cytoplasmic complexes could be supershifted
by antibodies to p65, p50, or STAT3 (Fig. 3E, bottom
panel, lanes 3-5,13-15). TNF-a treatment is still capable
of activating NFkB in these cells, but less than in cells
expressing a high level of full-length STAT3 (Fig. 3E, top
and bottom panels, lanes 16-20). In TNF-«a-treated cells,
activated NFkB was translocated into the nucleus com-
pletely (Fig. 3E, top and bottom panels, lanes 6,16) indi-
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cating that, although 162-770 truncated STAT3 still
binds to NFkB, it fails to activate gene expression
through a kB element. This observation is consistent
with the data from the coimmunoprecipitation and lu-
ciferase assays (Fig. 3A-D).

We used immunocytochemistry to demonstrate that
STAT3 binds to p65 and p50 in vivo. Full-length or 162—
770 truncated STAT3 were expressed at a level fivefold
to 10-fold higher than endogenous STAT3, which was
detected with a secondary antibody tagged with a green
label. Endogenous p65 was detected with a secondary
antibody tagged with a red label. In control cells, STAT3
was distributed evenly between the cytoplasm and
nucleus, while p65 was seen mainly in the cytoplasm
(Fig. 3F, top panel). In cells with a high level of wild-type
STAT3, the protein was distributed evenly between the
cytoplasm and nucleus as before, but p65 was now seen
predominantly in the nucleus (Fig. 3F, middle panel). In-
terestingly, in cells expressing a high level of 162-770
truncated STATS, this protein was predominately in the
cytoplasm, consistent with the results of others (Liu et
al. 2005). As expected, p65 was seen primarily in the
cytoplasm, as well (Fig. 3F, bottom panel). By double
immunofluorescence we find that the two wild-type pro-
teins are present simultaneously in the nucleus (Fig. 3F,
middle panel), consistent with the possibility that
STAT3 and p65 indeed do bind to each other in vivo.

16

]

Relative luciferase activity
» o
L] T

C WT YF

C WT YF
mikBa - - - + + +

Figure 4. Inhibition of NF«kB decreases RANTES gene expression in response to U-STAT3. (A) hTERT-HMEI-derived cells were
transfected transiently with the pcDNA3.1-mIkBa construct, which encodes the NF«B superrepressor and, 48 h later, total RNAs were
isolated and analyzed. (B) The RANTES promoter-driven luciferase reporter construct pGL2-220 was transfected with pCH110, with
or without pcDNA3.1-mIkBe, into hTERT-HMEI-derived cells and, 48 h later, luciferase assays were performed. (C) hTERT-HMEI-
derived cells were transfected transiently with a siRNA directed against p65 and, 24 h later, the cells were transfected again as in A.
The cells were harvested after 48 h more and total RNA was extracted. All of the mRNAs shown were assayed on the same Northern

transfer.
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Expression of IkBa superrepressor or ablation of p65
blocks RANTES expression in response to U-STAT3

In the absence of an activating signal, the steady-state
equilibrium for NFkB localization is toward the cytosol,
as a result of interaction with IkB (Birbach et al. 2002).
Activating stimuli, such as the proinflammatory cyto-
kines TNF-a and IL-1, liberate NF«B by inducing the
phosphorylation of IkB, triggering its ubiquitination and
degradation (Henkel et al. 1993; Palombella et al. 1994;
Roff et al. 1996). Activation of IkB kinase leads to the
phosphorylation of IkBa on Ser32 and Ser36, followed by
its rapid proteasome-mediated degradation, allowing free
NFkB to enter the nucleus. We were unable to overex-
press exogenous wild-type IkB from a construct in these
cells (data not shown), probably because it is too un-
stable when not complexed to p65 and p50. Therefore,
we used the serine-to-alanine double mutant of IkBa,
S$32/36A (mIkBa), which is a superrepressor since it can-
not be phosphorylated in response to activating signals.
mIkBa was expressed transiently in hTERT-HMEI-de-
rived cells, at a level fivefold to 10-fold higher than that
of IkB in control cells (data not shown), and mRNA ex-
pression from the endogenous RANTES gene (Fig. 4A)
and RANTES-driven promoter (Fig. 4B) were analyzed.
As expected, high-level expression of either U-STAT3 or
Y705F-STAT3 induced the expression of endogenous
RANTES mRNA strongly. The inductions were strongly
suppressed by mIkBa (Fig. 4A). Similar results were ob-
tained in the luciferase reporter assays (Fig. 4B). To as-
sess the role of p65 in a functional assay, we used an
small interfering RNA (siRNA) to cause an almost com-
plete elimination of its expression in all three cell lines
(Fig. 4C). The knock down of p65 eliminates both
U-STAT3-induced and basal RANTES expression. These
results provide strong support for a model in which an
active transcription complex comprising U-STAT3 and
U-NF«kB is formed by competition between U-STAT3
and IkB for U-NFkB.

Array-based expression analysis identifies three
subsets of genes responsive to USTAT3 or TNF-a

The levels of mRNAs isolated from TNF-a-treated or
untreated hTERT-HMEl-derived cells were analyzed

TNF-a (4 h)
RANTES

{ IL-1B
[ a7 |

\Y705F-STAf3

MAD4

MRAS

Tis11D

GAPDH
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(Fig. 5A). 1225 genes were induced more than threefold
by TNF-a treatment, and 427 genes were induced more
than threefold by high-level expression of Y705F-STAT3
(Supplementary Table 1). Of these, 123 genes were in-
duced more than threefold by either TNF-a or by Y705F-
STAT3. Therefore, most TNF-a-induced genes are not
responsive to a high level of Y705F-STAT3, and most
genes induced by Y705F-STAT3 do not respond to TNF-
a. Typical genes from each of the three groups were ana-
lyzed by the Northern method: RANTES, which is in-
duced by both TNF-a and Y705F-STAT3; IL18, which is
induced only by TNF-«; and MAD4, MRAS, and TIS11D,
which are induced only by Y705F-STAT3 (Fig. 5B). The
data clearly show that only a subset of the genes that
respond to TNF-a respond also to Y705F-STAT3. Fur-
thermore, many of the genes that respond to Y705F-
STAT3 probably do not have functional kB elements,
since they do not respond to TNF-a. This possibility was
confirmed for MRAS and TIS11D since, in contrast to
RANTES, their expression was not affected by eliminat-
ing p65 (Fig. 4C).

Discussion

The intracellular concentration of U-STAT3 increases
when the STAT3 gene is activated in response to gp130-
linked cytokines, allowing U-STAT3 to compete more
effectively with IkB for U-NFkB to form a novel tran-
scription factor that induces RANTES expression by
binding to the proximal B site of the promoter. Since
the Y705F mutant of STAT3, which cannot be phos-
phorylated on tyrosine, also activates RANTES expres-
sion, this function of U-STATS3 is clearly distinct from
the absolute requirement for tyrosine phosphorylation
that enables STAT3 dimers to bind to GAS sequences
(Wen et al. 1995; Kaptein et al. 1996; Zhang et al. 1999).

Studies of variant STAT3 proteins in which different
domains have been deleted indicate that the region be-
tween residues 495 and 715, which includes the SH2
domain, is required for binding to p65 and p50. The small
domain between residues 150 and 162 comprises an NLS
sequence (Liu et al. 2005) that is necessary to activate
gene expression in response to U-STAT3, suggesting that

Figure 5. Comparison of genes induced by
high-level expression of Y705F-STAT3 with
those induced by treatment with TNF-a.
hTERT-HMEI1 control cells or YF cells were
treated with 50 ng/mL TNF-«a for 4 h or were
untreated. Total RN As were isolated and ana-
lyzed by using the CodeLink gene chip sys-
tem. Genes with a more than threefold
change in expression, compared with expres-
sion in untreated hTERT-HMEI cells, were
scored. (A) Comparison of the genes expressed
in response to a high level of Y705F-STAT3 or
treatment with TNF-a. (B) Northern analysis
of gene expression.
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U-STAT3 contributes to the function of the ternary com-
plex with p65 and p50 by facilitating the nuclear local-
ization of the complex through interaction with impor-
tin-a3 (Fig. 6). Additional phosphorylation of P-STAT3
dimers on Ser727 is needed for maximal activation of
transcription, but not for DNA binding (Wen and Darnell
1995, 1997). Neither residues 716-770, comprising the
transactivation domain of STAT3 (and missing in
STAT3B), nor Ser727 are absolutely required for the ac-
tivity of U-STAT3 on the RANTES promoter (Fig. 3).
However, it remains possible that the C-terminal do-
main, together with phosphorylated Ser727, might facili-
tate the transactivation function of the U-STATS3:U-
NF«B complex on other promoters. For example, Ng et
al. (2006) have shown that STAT3 is phosphorylated on
Ser727 but not Tyr705 in response to activation of the
TrkA receptor by nerve growth factor, and that serine-
phosphorylated STAT3 is important in driving signal-
dependent gene expression. The N-terminal domain of
U-STATS3 is not required for binding to NF«B or for func-
tion, since the protein that includes residues 150-770 is
fully active. Further work is required to delineate in
more detail how the individual domains of U-STAT3
function in the ternary complex and to define the rel-
evant domains of p65 and p50. The data of Supplemen-
tary Figure 5 already indicate that the Rel domain of p65
is required. Interestingly, the natural increase in the
level of U-STAT3 in response to long-term treatment
with IL-6 is capable of activating NF«B, and this activa-
tion drives the expression of the RANTES, MRAS, and
MET genes (Fig. 2B,C). Note that 162-770 truncated
STAT3 binds to NFkB but holds the complex in the cyto-
sol, inhibiting the signal-dependent translocation of NFkB
into the nucleus and target gene expression (Fig. 3D-F).

Although the binding of U-STAT3 to phosphorylated
NFkB is not detected by EMSA under our conditions (Fig.
2A), immunoprecipitation experiments do detect the
binding of these two proteins in TNF-a-treated cells

Figure 6. Interactions between the STAT3 and
NFkB pathways. U-STATS, induced to a high level
due to activation of the STAT3 gene in response to
ligands such as IL-6, competes with IkB for p65/p50.
The U-STAT3:U-NFkB complex activates the
RANTES promoter plus a subset of other promoters
that have kB elements. U-STATS3 also drives the ex-
pression of some genes that do not have kB ele-
ments, by an unknown mechanism (not shown).
The «B element of the IL6 gene is driven by canoni-
cal NF«B signaling in response to ligands such as
TNF-a or IL-1, setting up the positive feedback loop
that is driven by the activation of STAT3 in re-  Nucleus
sponse to secreted IL-6, leading to an increased level
of U-STATS3 that sustains the activation of genes
such as RANTES. (Imp-a3) Importin-a3.
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(Supplementary Fig. 2). Conversely, the binding of
P-STATS3 to U-NF«B is also detected by immunoprecipi-
tation (Supplementary Figs. 4, 5). Interactions among
phosphorylated and unphosphorylated forms of STAT3
and NF«kB have been reported previously by several
groups. U-STAT3 forms a complex with the p65 subunit
of P-NFkB on a kB sequence in the human IL-8 promoter,
inducing gene expression in response to IL-1B (Yoshida
et al. 2004). U-STAT3 binds to both p65 and p50, and a
specific type of kB sequence motif supports both the
binding of p65 homodimers and cooperativity with U-
STAT3 (Yoshida et al. 2004). Agrawal et al. (2003)
showed that P-NF«kB synergistically cooperates with P-
STAT3 and C/EBPB to enhance transcription of the C-
reactive protein (CRP) gene. Hagihara et al. (2005) found
that STAT3 plays an essential role in cytokine-driven
expression of the serum amyloid A (SAA) gene, which
does not have a typical STATS3 response element in its
promoter. P-STAT3 and P-p65 form a complex following
stimulation of cells with both IL-1 and IL-6, after which
STAT3 interacts with nonconsensus sequences at the 3’
boundary of kB element of the SAA promoter to enhance
transcription. Yu et al. (2002) found that U-STATS3,
through direct interaction with p65, serves as a domi-
nant-negative inhibitor of the ability of P-NFkB to in-
duce cytokine-dependent induction of the iNOS pro-
moter in mesangial cells.

In addition to its interactions with NFkB, STAT3 has
been shown to bind to other transcription factors. For
example, it forms a complex with the CRE-binding pro-
tein on the JUNB promoter (Kojima et al. 1996) and with
c-Jun on the a2-macrogloblin APRE (Schaefer et al.
1995). Other reports show that STAT3 has an effect on
CRE-like sites in the C/EBPB promoter (Nichof et al.
2001) and the glucocorticoid response element (Zhang
and Fuller 1997; Zhang et al. 1999), which lack classical
GAS sequences. We found that fewer than half of the
genes that respond to high-level expression of Y705F-

STAT3 gene

RANTES gene
RANTES gene



STAT3 respond also to TNF-a (Fig. 5). The Y705F-
STAT3-responsive genes that do not respond to TNF-«
probably do not have functional kB elements and, as
shown in Figure 4C, two such genes do not need p65 in
order to respond to Y705F-STAT3. Therefore, it is ex-
tremely likely that Y705F-STAT3 (or U-STATS3) inter-
acts productively with one or more transcription factors
different from NFkB to drive the expression of this class
of genes. Identification of these factors and characteriza-
tion of their interactions with U-STAT3 remain to be
accomplished.

Interconnections between signaling pathways that use
activated NFkB and those that use activated STAT3 are
shown in Figure 6. The current work reveals the impor-
tance of U-STAT3 in connections between these two
important classes of pathways. IL-1 is an important me-
diator of the inflammatory response since it induces
other proinflammatory cytokines, chemokines, and
acute phase proteins (Dinarello 1996). From the work
presented here, we can now appreciate that the expres-
sion of IL-6 in response to activation of NF«B by IL-1
initiates a positive feedback loop in which secreted IL-6
stimulates the tyrosine phosphorylation of STAT3, lead-
ing secondarily to an increase in U-STATS3, which then
drives the expression of a subset of NFkB-activated
genes, including RANTES. Thus, the «B element of the
RANTES promoter can function to give strong expres-
sion in two ways, directly in response to TNF-a or IL-1 or
indirectly in response to IL-6 (Fig. 6). This dual regula-
tion of RANTES transcription may be important in regu-
lating its physiological functions, with short-term ex-
pression in response to IL-1 controlled by P-NFkB and
more sustained expression, indirectly in response to IL-6,
regulated by U-STAT3:P-NFkB (Fig. 6).

RANTES is an important mediator of acute and
chronic inflammation, with genetic evidence indicating
its involvement in immunopathological disorders (Kim
et al. 2004; Simeoni et al. 2004; Boger et al. 2005; Wang
et al. 2005; Charo and Ransohoff 2006). Its wide spec-
trum of biological activities is transduced through three
distinct chemokine receptors, CCR1, CCR3, and CCR5.
These targets of RANTES are present on a diversity of
leukocytes, including memory T cells, eosinophils, and
monocytes (Fujisawa et al. 2000; Luther and Cyster
2001). Depending on the cellular context, RANTES can
deliver chemoattractant or activating signals, with the
latter inducing responses of dendritic cells that range
from eosinophil degranulation to production of cyto-
kines. The levels of RANTES mRNA (Fig. 2C) and the
mRNAs encoding MET, MRAS, and TIS11D (Fig. 2C;
Yang et al. 2005) are increased coordinately with
U-STATS3 levels in cells treated with IL-6 for long times
(32-48 h). Sustained RANTES expression, as might be
driven by increased expression of U-STAT3 following
exposure of cells to gpl30-linked cytokines, may be
highly significant biologically. For example, elevated
RANTES levels can impair the entry into cells of mac-
rophage-tropic HIV-1 via CCR5 (Simmons et al. 2000).
Also, micromolar concentration of RANTES can deliver
costimulatory signals to T cells, augmenting responses

Transcription in response to unphosphorylated STAT3

through the T-cell receptor (Bacon et al. 1995). Elegant
structural studies indicate that these concentrations
may be achievable in vivo through formation of multi-
meric RANTES aggregates on a glycosaminoglycan sub-
strate (Johnson et al. 2004; Shaw et al. 2004; Proudfoot
2006). Although the expression of RANTES was first
thought to be limited to active T cells, recent data have
shown that it is produced by a variety of tissue types in
response to specific stimuli. RANTES mRNA is ex-
pressed late (3-5 d) after activation of resting T cells,
whereas in fibroblasts, renal epithelial, and mesangial
cells, RANTES mRNA is quickly up-regulated by TNF-a
stimulation (Hirano et al. 2003; Ogura et al. 2005).

The full biological relevance of the ability of P-STAT3
to increase the intracellular concentration of U-STAT3
remains to be established. In the context of cancer, the
constitutive tyrosine phosphorylation of STAT3 in
many different tumors is likely to lead to increased ex-
pression of U-STAT3, which in turn drives the expres-
sion of oncogenes such as MET and MRAS (Yang et al.
2005). In cell culture system, long-term treatment with
IL-6 to increase total U-STATS, the expression levels for
RANTES, as well as MET, MRAS, and TIS11D (Fig. 2C;
Yang et al. 2005) are increased coordinately with
U-STATS3 levels at late IL-6-treated time points (32-48
h). The biological role of U-STAT3-driven gene expres-
sion in normal physiology is best addressed by experi-
ments with genetically altered mice. An important at-
tempt to do this was reported by Narimatsu et al. (2001),
who mutated the GAS element of the endogenous
STAT3 promoter. The ability of IL-6 to increase STAT3
expression was abrogated in some tissues but not in oth-
ers, probably because STAT3-dependent expression of
the STAT3 gene can be regulated through additional el-
ements that were not recognized and therefore were not
mutated. Incomplete suppression of the response of the
STAT3 gene to IL-6 might well account for the observed
mild phenotype of the promoter knock-in mouse. Since
complete deletion of STAT3 is embryonic lethal (Takeda
et al. 1997), it remains to be seen whether mice with
complete loss of the STAT3-dependent induction of U-
STAT3 expression would have severe defects, as might
be expected if the up-regulation of U-STAT3 is impor-
tant for the full physiological functions of the many cy-
tokines that use the common gp130 receptor subunit to
phosphorylate STAT3.

Materials and methods
Cells and reagents

hTERT-HMELI cells (Clontech) were grown in MCDB 170 me-
dium with supplements of bovine pituitary extract, hydrocorti-
sone, insulin, gentamycin, human epidermal growth factor, and
amphotericin-B, all from Clonetics. PC3 cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin (100 U/mL)
and streptomycin (100 pg/mL) (GIBCO-BRL). TNF-a was used at
a concentration of 50 ng/mL. Antibodies against STAT3 (C-20,
K-15, and H-190), p65, p50, IkBa, and c-Myc were from Santa
Cruz Biotechnologies, and antibodies against Tyr705-phos-
phorylated STAT3 (pTyr-STAT3) and Ser536-phosphorylated
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p65 were from Cell Signaling Technology. WT and YF cells,
expressing a high level of wild-type STAT3 or Y705F-STAT3,
respectively, were described previously (Yang et al. 2005). The
construct for truncated 162-770 wild-type STAT3 and cells ex-
pressing a high level of this protein were generated as described
before (Yang et al. 2005). Plasmids encoding GFP-tagged STAT3
N- and C-terminal deletion mutants were generous gifts from
Nancy C. Reich, State University of New York, Stony Brook,
Stony Brook, NY (Liu et al. 2005). The p65 expression plasmid
was described by Yoshida et al. (2004). NF«B siRNA was from
Cell Signaling Technology.

Luciferase reporter plasmid

A 1.5-kb DNA fragment containing the human RANTES pro-
moter (-1426 to +128), obtained from a ChIP experiment, was
inserted to the pcDNA3.1 vector. RANTES promoter deletion
and mutation reporter constructs were gifts from Dr. Antonella
Casola, University of Texas Medical Branch, Galveston, TX (Ca-
sola et al. 2002). Further deletions of these luciferase reporter
constructs were performed by PCR, by introducing Kpnl and
Nhel sites, followed by subcloning to the same restriction sites
of the pGL2-basic vector, to generate pGL2-974 (-974 ~ -1,
pGL2-220 (-220~-1), pGL2-195 (-195~-1), pGL2-120
(120 ~ -1), pGL2-del (974 ~ ~120), pGL2-CRE-m (5'-AAACT
GATGAGCTCACTCTA-3" to 5'-AAACTtcTtAtagacCgCTA
-3'), pGL2-ISRE-m (5-TTTCAGTTTTCTTTTCC-3' to 5'-TT
TCAGTaaaCTaaaCC-3'), and pGL2-NFkB-m (5'-TTTTGGAAA
CTCCCCTTAGGGGATGCCCT-3" to 5'-TTTTGGcAcCTtaa
CgTA cGCCATGCatT-3'), respectively (Casola et al. 2002).
Note that the RANTES promoter sequence used has two kB
sites and that both were mutated. To guard against PCR-asso-
ciated incorporation errors, the integrity of all the constructs
generated was confirmed by sequencing.

Transfection and luciferase assays

RANTES promoter-luciferase reporter (Luc) constructs were
transfected into hTERT-HMEI cells by using the Fugene 6 re-
agent (Roche). Cells were plated and cultured in 12-well plates
to 40% confluence before transfection. After a change to fresh
media, 1 pg/well luciferase plasmid plus 0.5 ng/well pCH110
(B-galactoside plasmid for internal control) were cotransfected.
Forty hours later, the cells were harvested and the cell pellets
were lysed in 200 pL of buffer (Reporter lysis buffer, Promega),
mixed by vortexing for 5 sec, and spun at 2000g for 5 min at
room temperature. Cell lysate (60 uL) was mixed with 60 pL of
luciferase assay buffer (Promega) for activity measurements in
an Auto Lumat BG-P luminometer (MGM Instruments). For the
B-galactosidase activity assay, the luminescent B-galactosidase
detection Kit II (Clontech) was used.

p65 siRNA transfection

hTERT-HME]1-derived cells were grown in 60-mm plates to
40% confluence before transfection. Media were aspirated from
the cells, which were washed twice with sterile phosphate-buff-
ered saline. Then, 5 mL of fresh medium were added to each
plate, with 10% serum and without antibiotics. Twenty micro-
liters of 10 pM p65 siRNA (Cell Signaling Technology) were
added to 300 pL of siRNA Transfection Medium (Santa Cruz
Biotechnology), mixed gently, kept at room temperature for 20
min, and added drop-wise to the plates with gentle rocking.
After incubation for 24 h at 37°C, the transfection media were
removed and the cells were transfected again, following the
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same protocol. After another 48 h, the cells were harvested and
total RNA or protein was extracted for analysis.

Coimmunoprecipitations

The protocol provided by Sigma-Aldrich was followed, with
slight modifications. For immunoprecipitation of p65, cells
were lysed in buffer (50 mM Tris HCI at pH 8.0, 150 mM NaCl,
1% NP-40) and Sepharose G beads were used. For immunopre-
cipitation of STAT3, the EZview Red ANTI-FLAG M2 Affinity
Gel system (Sigma-Aldrich) was used, exactly as in the protocol
provided by the manufacturer.

Western and Northern analyses

These procedures were carried out essentially as described be-
fore (Yang et al. 2005). For Western analyses, membranes were
probed with primary antibodies specific for STAT3 (Santa Cruz
Biotechnology, 482), Tyr705-STAT3, p65 (Santa Cruz Biotech-
nology, 109), p50 (Santa Cruz Biotechnology, 114), or Ser536-
p65. For Northern analyses, 20 pug of total RNA were used. Hu-
man cDNA probes for RANTES, MET, IL18, MAD4, MRAS, and
TIS11D were cut from ILM.A.G.E. clones (Invitrogen or the
American Type Culture Collection). Templates for the human
GAPDH cDNA were obtained by RT-PCR. Signals were nor-
malized for loading by comparing the intensities of GAPDH
mRNA on the same membranes.

EMSAs

This procedure was performed as reported previously (Yang et
al. 2005). \TERT-HME1-derived cells, untreated or treated with
TNF-a for 4 h, were lysed in EMSA lysis buffer, supplemented
with protease inhibitors. The probe was the NF«B consensus
sequence (top strand, 5'-TTTTGGAAACTCCCCTTAGGGGA
TGCCCCT-3’) from the RANTES promoter (Nelson et al. 1993;
Genin et al. 2000). Labeled probe (10* DPM) was used in each
binding reaction. For supershift analyses, whole-cell extracts
were preincubated for 20 min at room temperature with poly-
clonal antibodies specific for STATS3, p65, p50 (see above), IkB
(Santa Cruz Biotechnology, 371), or c-Myc (Santa Cruz Biotech-
nology, 788) before adding radiolabeled probe.

ChIP analyses

The protocol is from previous publications (Weinmann and
Farnham 2002; Li et al. 2003). Briefly, 10® cells were cross-
linked in 1% formaldehyde for 10 min before adding 0.125 M
glycine to terminate the reaction. The cells were trypsinized
and resuspended in 6 mL of cell lysis buffer (5 mM PIPES at pH
8.0, 85 mM KCl, 0.5% Nonidet P-40, 10 pL/mL PMSF, 1 nL/mL
aprotinin, 1 uL/mL leupeptin). After incubation for 10 min on
ice, nuclei were collected and resuspended in 1 mL of nuclear
lysis buffer (50 mM Tris HCl at pH 8.1, 10 mM EDTA, 1% SDS)
plus protease inhibitors to obtain chromatin preparations,
which were then sonicated to an average length of ~0.5-2 kb by
using 15 pulses of 30 sec each with 2-min rests at setting 5 of a
Fisher Model 60 sonic dismembranator. Sonicated samples were
immunoprecipitated with anti-M2 (anti-Flag), which distin-
guishes exogenous (tagged) from endogenous (untagged)
U-STATS3. The cross-links were then reversed in 0.3 M NaCl in
the presence of RNaseA (Roche), 10 mg/mL, for 4-5 h at 65°C.
DNA fragments were purified by ethanol precipitation. The im-
munoprecipitated DNA was amplified by a ligation-mediated
PCR (LM-PCR| procedure in which the samples were pretreated
with T4 DNA polymerase to blunt the ends of the DNA. Then



a linker was ligated to the DNA fragments, allowing them to be
amplified by PCR, using primers located in the linker. The PCR
products were ligated into a pcDNA3.1-based vector by using
Rapid Ligation Kit (Roche). Inserts were sequenced by using a
vector-specific primer and T7 or Sp6 polymerase.

CodeLink expression array experiments

Total RNAs were analyzed by using CodeLink arrays (GenUs
Biosystems). Data were analyzed by using GenUs software. Ex-
pression was normalized against the levels of GAPDH and
ACTIN mRNAs in the all samples. The levels of mRNAs in
TNF-a-treated cells or untreated YF cells were compared with
the levels in hTERT-HMEI control cells. The data are presented
in Supplementary Table 1.

Immunocytochemistry

hTERT-HMEI cells stably expressing a high level of full-length
wild-type STAT3 or 162-770 truncated STAT3 (Yang et al.
2005) were grown on glass cover slips for 24 h before fixation.
Cells at ~50% confluency were fixed in 4% paraformaldehyde
for 15 min and absolute methanol for 5 min at room tempera-
ture and then treated with blocking buffer (1x PBS + 0.3% Tri-
ton X-100 + 10% FBS). STAT3 was detected with mouse anti-
human STAT3 (Cell Signaling Technology) and rabbit anti-hu-
man p65 (Santa Cruz Biotechnology). Signals were visualized by
Alexa Fluor 488 goat anti-mouse (green fluorescent) and Alexa
Fluor 494 goat anti-rabbit (red fluorescent) secondary antibod-
ies. Images were captured with a Zeiss Axioskop fluorescence
microscope.
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