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Reduced inducibility of SOCS3 by interferon gamma associates with
higher resistance of human breast cancer lines as compared to normal
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The resistance to interferons (IFNs) limits their anticancer therapeutic efficacy. Here we studied the antiproliferative effect
of interferon gamma in relation to SOCS3 expression in a panel of breast cancer cell lines and normal mammary epithelial
cells. Compared to normal cells most breast cancer lines (7/8) were highly resistant to IFN-gamma. Using Northern blot and
real time RT-PCR we investigated transcription of SOCS3 genes. All normal epithelial cells (4/4) showed SOCS3 induction
(2-14 fold) while most breast cancer lines did not or weakly activated SOCS3 after the interferon gamma treatment. Among
the cancer lines, the MDA-MB-468 cells showed increased sensitivity to IFN-gamma and relatively high level of SOCS3
induction (2-3 fold). Together, there was a good correlation (P<0.001) between SOCS3 inducibility and growth inhibition
by IFN-gamma. The correlations between sensitivity and STAT1 phosphorylation levels (pY-701) were less pronounced
since there were cases of STAT1-pY induction (2/12) without apparent growth inhibitory effect. The data indicate defective
STAT1 phosphorylation and SOCS3 induction in breast cancer cells. These defects likely contribute to reduced sensitivity of

malignant cells to antiproliferative effect of IFN-gamma.
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Interferons can inhibit growth and proliferation of different
target cell populations and some of them are widely used in the
therapy of various cancers [1, 2]. However, in solid tumors the
effectiveness of the treatment is often unsatisfactory probably
due to acquired and/or per se resistance to biological activity
of IFNs. Several studies indicated importance of signal trans-
ducers and activators of transcription (STATs) in IFN-gamma
signalization and resistance [3, 4, 5]. These proteins seem to
be crucial components of JAK (Janus tyrosine kinase)/STAT
signaling pathways that mediate specific external stimuli
including interferons (IFNs) from cell surface to the nucleus.
STATs comprise a multigene family (STAT1-6) of latent cy-
toplasmic factors with dual functions: transduction of the
signal from cytoplasm to the nucleus and modulation of target
gene transcription [for review see 6, 7]. Activation of STATs
is dependent on conserved tyrosine phosphorylation, which

* Corresponding author

induces dimerization (activation) of these proteins and their
subsequent nuclear translocation. Overexpression of dominant
negative STAT1 leads to the abrogation of antiproliferative ef-
fect of interferon gamma in melanoma cells [4] suggesting that
activated STAT1 could act as a growth inhibitory molecule and
tumor-suppressor protein [for review see 8, 9]. Several studies
indicated defects of STAT1 activation and phosphorylation
pathways in tumor cells [for review see 6, 10, 11]. In contrast,
persistently activated STAT3 has been frequently detected in
breast cancer derived cell lines [12, 13] and primary breast
carcinomas [14, 15, 16] but not in normal mammary epithelial
cells [13, 17] indicating its oncogenic behavior.

Attenuation or termination of cytokine signals is regulated
at multiple steps by several groups of proteins [18, 19]. Out of
them, endogenous suppressors of cytokine signaling (SOCSs)
participate in the survival, differentiation, proliferation and
apoptosis of nearly all cell types including mammary cells
[for review see 20, 21, 22]. It has been suggested that SOCS1
and SOCS3 are critical inhibitors of IFN-gamma signaling
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[5, 23]. In support, the SOCS3 induction seems to be needed
for antiproliferative effect of various cytokines including
interferons in leukemia [24] and melanoma cells [25, 26].
On the other hand, these and other studies [27, 28] indicated
that constitutive SOCS3 expression might confer growth
advantage and resistance to various cytokine stimuli. Reports
of aberrant DNA methylation of SOCS genes in a number of
breast cancer cell lines and tumors [29, 30] have led to the
suggestion that SOCS genes are silenced during oncogenic
transformation of mammary tissue. In line with this sup-
position, decreased expression of SOCS3 has been positively
correlated with increased metastatic potential in breast tumors
[31]. On the other hand, constitutive expression of SOCS genes
was reported in breast cancer lines [13] indicating absence of
epigenetic transcriptional block. Of note, the SOCS3 expres-
sion was downregulated by exogenous cytokine stimuli in
some cell lines. Thus, it seems that the role of SOCS proteins
in IFN-mediated growth inhibition and/or breast cancer
development/progression is complex and needs further in-
vestigation.

In this work, we have used a collection of 8 human breast
cancer-derived cell lines and 5 primary cell cultures of normal
mammary epithelium to investigate whether aberrant STAT/
SOCS signaling might be involved in defective IFN-gamma
response and antiproliferative effect of this cytokine in breast
carcinoma. We asked the following questions: (i) Are there
differences in the SOCS3 expression levels between breast
cancer cells and normal mammary epithelium? (ii) How are the
SOCS3 expression and STATS activation patterns influenced
by IFN-gamma? (ili) What is the relationship between the
antiproliferative effect of IFN-gamma, activation of STATs and
expression of SOCS3? To address these questions, we examined
the SOCS3 mRNA levels by quantitative real-time PCR and
Northern blot hybridization; the protein posttranslational
modifications were analyzed by Western blot. The molecular
parameters were correlated with the antiproliferative effect of
interferon gamma in a panel of normal and breast cancer cell
lines. Evidence was obtained for correlation between SOCS3
inducibility, STAT1 phosphorylation and cytotoxic effect of
IFN-gamma.

Materials and methods

Cell cultures. A collection of 8 human breast cancer-derived
cell lines and 5 primary cell cultures of normal mammary
epithelium (listed in Table 1) was used. Breast cancer cell lines
were maintained in DMEM (GIBCO, USA) supplemented with
2 g/l of sodium bicarbonate, L-glutamine, insulin, antibiotics
and 10% of fetal bovine serum. Cells were cultured in the in-
cubator at 37°C in a humidified atmosphere with 5% CO,.

Primary cell cultures of normal mammary epithelium were
derived from reduction mammoplasty. The DMEM medium
used for cultivation of normal cells was supplemented with all
non-essential amino acids, sodium pyruvate, NaHCO,, 10%
bovine serum, 2% fetal bovine serum, hydrocortisone, insulin

(Novo Nordisk), cholera toxin and EGF (Sigma, USA). The
second to third passage of cells was used in experiments.

Growth inhibition assay. The antiproliferative effect of
recombinant human IFN-gamma was assessed in all cell cul-
tures. Cells were seeded into 96-well microplates at a density
of 2000 cells per well. All analyses were performed in three
independent experiments. The absorbance was measured in
three parallel wells in each experiment. One day after seeding,
the medium was replaced by medium containing IFN-gamma
(Sigma, USA) ata concentration of 10 ng/ml and cultures were
incubated at 37° C in a humidified CO, atmosphere. After 24,
48 and 72 h intervals of treatment, the WST-1 colorimetric
assay (Roche, Mannheim, Germany) was performed accord-
ing to the manufacturer’s protocol. The growth inhibition
(cytotoxicity) was expressed as a percentage of the growth of
control untreated cells (Table 1).

Table 1 Characteristics of human mammary epithelial cells. Resistance
to interferon gamma

Culture Origin IFN gamma re-
sistance *

Normal cells AN NME 40-60
RT NME 30-50
NME19+20 NME 50-70
NME-26 NME 30-50
NME35/2 NME 30-40

Cancer cell lines T-47D DG M 80-100
MCE-7 A;M 80-100
BT474 DC 80-100
ZR-75-1 DG M 80-100
CAMA-1 A; M 80-100
MDA-MB-231 A; M 90-100
MDA-MB-468 A M 50-60
SK-BR-3 AM 80-100

Abbreviations: IFN = interferon; M = metastatic cells; A = adenocarcinoma;
DC = ductal carcinoma; NME = primary cell culture of normal mammary epi-
thelium from reduction mammoplasty (mixture of lobular and ductal cells)
*Expressed as percentage of viable cells after 72 h time interval of IFN gamma
treatment as related to untreated controls. Range of cytotoxicity values ob-
tained from at least three independent experiments.

IEN-gamma treatments. Activation dosage of IFN-gamma
(10 ng/ml) was selected from the dose-response curve.
Subconfluent cells were incubated with IFN-gamma for 30
min (in some cases, for 2, 8, 24, 48 and 72 hours) at 37°C in
a humidified atmosphere with 5% CO,. Control samples were
incubated in parallel without IFN treatment.

Western blot analyses. The protein content in whole-cell
extracts was determined by Bradford assay (Bio-Rad, Ger-
many). Approximately 20 pg of total proteins were separated
by SDS-PAGE (10% gels) and the proteins were transferred to
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a nitrocellulose membrane (Bio-Rad, USA) Phosphorylated
STAT1 protein was concentrated by immunoprecipitation
prior to electrophoresis. After the primary antibody binding
reaction, the blots were incubated with either anti-mouse or
anti-rabbit horseradish peroxidase-conjugated secondary
antibody (Amersham Biosciences, UK) and developed using
the enhanced chemiluminiscence (ECL) detection system
(Amersham Biosciences, UK) according to manufacturer’s
instructions.

The following primary antibodies were used: STAT1 anti-
pY701 (Cell Signaling Technology, USA) and a polyclonal
antiserum against C-terminal domain of STAT1 (S1C) raised
in author’s lab [32].

RNA analyses. Total RNA was isolated from frozen cell
pellets using RNeasy kit (Qiagen, Hilden, Germany). For
quantitative real-time PCR, each sample was extensively
pre-treated with DNase I and then reverse transcribed
using random nonamer primers (Sigma, USA) and Super-
script I polymerase (Invitrogen, Carlsbad, CA, USA). The
real-time PCR reaction was done on Rotor-Gene™6000
series real-time analyzer (Corbett Life Science, Sydney,
Australia). The cDNAs were amplified using specific
primer sets for SOCS3 and GAPDH (Superarray, USA),
respectively. We used amplification conditions recom-
mended by manufacturer of primers and RT* qPCR Master
Mix (Superarray, USA).

In some cases, RT-PCR results were verified by Northern
blot using a SOCS3 probe [33] as described in our previous
study [34]. The blots were rehybridized with human 18S
rDNA probe obtained by PCR amplification of a 300 bp
subregion.

Statistical data analysis . Standard rank summary statistics
were used to describe obtained data - median, min/max
values. Non-parametric Mann-Whitney U test was applied
to test differences between normal and malignant cell lines,
based on comparison of median values. Correlation between
SOCS3 induction and cell resistance was assessed both by
parametric Pearson’s correlation and by Spearman’s rank cor-
relation coefficient. A value p = 0.05 was taken as cut-off for
statistical significance in all applied tests.

T47-D

Table 2 Stimulation of STAT1 phosphorylation and SOCS3 expression
after interferon gamma

Culture SOCS3 induction STAT1 phosphorylation
(fold increase)* at Y-701°
AN 13.1 +++
RT 4.1 +++
NME19+20 1.9 ++
NME-26 44 +++
NME35/2 n.d. +++
T-47D 0.8 +
MCE-7 1.3 +++
BT474 1.0 +
ZR-75-1 1.1 +
CAMA-1 0.9
MDA-MB-231 2.4 ++
MDA-MB-468 3.1 ++
SK-BR-3 0.5 +/-

 The data are taken from the real-time PCR experiment (Figure 2B)
" The data are taken from the Western blot analysis (Figure 5); signal intensities
were estimated by visual inspection of blots. n.d. - not determined.

Results

Differential sensitivity of cell cultures to IFN-gamma. An-
tiproliferative effect of IFN-gamma on the cell growth was
studied in breast cancer-derived cell lines and primary cell
cultures of normal mammary epithelium. The viable cells
counts were assessed at the 0, 24, 48 and 72 hours time point
intervals by a WST-1 test. The cell count data are summarized
in Table 1. It is clear that IFN-gamma significantly retarded
the growth of almost all cultures of normal epithelial cells (by
30-70%) while no growth inhibition was observed in breast
cancer lines. Out of the cancer lines, the MDA-MB-468 cells
were exception in being partially sensitive to IFN-gamma.

Stimulation of SOCS3 expression by IFN-gamma. We first
studied the time dependence of SOCS3 mRNA induction by
IFN-gamma. The MDA-MB- 468 and T47D breast cancer cells

MDA-MB-468

8H 24H

i

. SOCS3 mRNA

Figure 1 Northern blot analysis of time-dependence of SOCS3 induction. The cells were exposed to IFN-gamma (10ng/ml) for time point intervals

indicated.
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Figure 2 Real-time PCR analysis of SOCS3 transcripts in normal epithelium and breast cancer lines.

(a) SOCS3 transcripts normalized to GAPDH transcripts. The data were collected from 3-4 independent experiments and expressed as a mean + s.d. (b)
SOCS mRNA levels expressed as fold increases of IFN-treated over non-treated samples. (-) non-treated control; (+) IFN gamma treated.

were treated for 0.5, 2, 8, and 24 h with interferon-gamma  signal in both treated and non-treated T47D cells (Figure 1).
and RNA was extracted from each interval. The Northern  In contrast, the 1.3-kb SOCS3 transcript was readily detected
blot analyses revealed absence of the SOCS3-hybridization  in MDA-MB-468 cells following the IFN-gamma stimulus.
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Table 3. Summary statistics of examined parameters in normal and ma-
lignant cell lines

Cell Induction
Cell lines resistance 1 of SOCS3

Median (minimum - maximum)
Normal

4 - 43(1.9-13.1

(n=5) 0 (35 - 60) 3(1.9-13.1)
Malignant 90 (55 - 95) 1.1(0.5-3.1)
(n=28)
Total 90 (35 - 95) 2.4(0.5-13.1)

! Entered data: mean of range obtained for each examined cell line

The duration of signal resembled the normal response, [35]
reaching maximum within 30 min and slowly diminishing
hereafter. These experiments indicated differences in the
SOCSS3 activation capacities between the lines and guided us
to study the SOCS3 response at the quantitative level.

Using quantitative RT-PCR we determined the SOCS3
RNA levels in RNA samples from cells treated for 30 min with
IFN-gamma. The data were expressed as normalized SOCS3
mRNA levels (Figure 2A) and folds of increase (Figure 2B).
The basal levels of SOCS3 were low with the exception of the
CAMA-1 cells that had relatively high SOCS3 levels. After the
IFN treatments all normal lines showed elevated SOCS3 signals
while there were no or marginal increase in most breast cancer

100 -
90 -
80 -
70 1
60 |
50 1
40 -
30
20 -
10

0

p < 0.001

1

Cell resistance

Normal Malignant

:[ Min-Max M Median

cells (with the exception of MDA-MB-468). In some cases (e.g.
T47D), even slight decreases were observed. The correlations
between SOCS3 inducibility and antiproliferative effect of
IFN-gamma shown in Table 3 have been statistically analysed.
Data displayed in Figures 3 and 4 show that there is nearly
clear dichotomy between normal and malignant cells in both
parameters, i.e. the cell resistance and SOCS3 induction.

STAT: protein phosphorylation status. The STAT1 phos-
phorylation levels were investigated in non-treated and
IFN-treated cells using Western blot analyses. The proteins
were immunoblotted with antibodies against the phospho-
tyrosine and phosphoserine residues. Examples of protein
blots are shown in Figure 5 and the results summarized in
Table 2. The immunoreactions with antibodies to non-phos-
phorylated determinants revealed constitutive expression of
STAT1 protein in all cell lines. However, the signals derived
from phosphorylated STAT1-Y701 (STAT1-pY, further on)
were low or negligible in non-treated samples. IFN-gamma
strongly increased STAT1 phosphorylation signals in normal
cells while the increases were less pronounced or even absent
in malignant cells.

Discussion

Induction of SOCS3 in cancer and normal cells lines. IFN-
gamma is one of the best-known inducer of the SOCS3 gene
transcription. Yet, in many pathological conditions, the induc-
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Figure 3 Cell resistance and induction of SOCS3 in normal and malignant cell lines.

p value: statistical significance evaluated by Mann-Whitney U test.
! Entered data: mean of range obtained for each examined cell line.
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Figure 4 Correlation diagram between cell resistance and induction of SOCS3

! Entered data: mean of range obtained for each examined cell line, r, = Spearman’s rank correlation coefficient

normal cells breast cancer cell lines
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Figure 5 Activation of STAT1 signaling in IFN-gamma treated normal and breast cancer cells. Examples of Western blot analysis of STAT1 phosphoryla-
tion status. The antibodies against the Y701-phosphoform and total STAT1 recognized a ~90 kDa band.

tion fails from reasons that are not fully understood. In our
experiments, SOCS3 was not significantly induced by IFN-
gamma in about 63% of breast cancer lines and the remaining
37% lines showed significantly attenuated response. In contrast,
non-malignant epithelial cells exhibited a robust induction of
SOCS3 after the IFN-gamma treatment. These data pointed to
specific defects in the JAK/STAT signal transduction pathways
in some breast tumors, at least. We therefore investigated
phosphorylation status of STAT1 protein discovering some
correlations between activation and induction of SOCS3. For

example, T47D cells weakly expressing SOCS3 had low STAT1-
pY induction after IFN-gamma. Conversely, the MDA-MB-468
cells strongly induced both STAT1-pY and SOCS3 after the
interferon stimulation. These correlations were, however, not
strict. For example, IFN-gamma did activate STAT1-pY in
MCEF-7 cells without concomitant induction of SOCS3. Thus it
appears that failure of SOCS3 activation could originate from
various genetic and epigenetic lesions:

(i) There might be weak STAT1 signaling resulting in an
insufficient activation of SOCS3 transcription. In this context,
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there were two STAT1 binding sites identified in the SOCS3
promoter [36]. This is a likely reason for weak or negligible
SOCS3 induction in most “non-responsive” breast cancer
lines (Table 2). However, the duration of SOCS3 activation
in MDA-MB-468 was similar to that of normal cells [35] but
significantly shorter than in melanoma [25, 26]. Perhaps, the
SOCS3 half-life could differ among different cell types.

(ii) The SOCS3 gene could be inactivated epigenetically. In
these cases, SOCS3 activation would not occur even in the pres-
ence of STAT1 transactivation signals. The MCF-7 cells probably
fall into this category since the SOCS3 promoter was shown to
be inactivated by DNA methylation in this line [29, 30].

(iii) There might be a constitutive activation of SOCS3
masking its inducibility. In melanoma cells high basal levels
of SOCS3 were negatively correlated with the induction by
IFN-gamma [25] and interleukin 10 [26]. Relatively high (3-
fold over the average) basal SOCS3 levels could be a possible
reason for SOCS3 induction failure in the CAMA-1 line. Of
note, the inverse correlation between high basal SOCS3 level
and its inducibility is also apparent among normal cells: out
of the four lines the AN cells had the lowest basal levels and
highest induction magnitude.

Relationship between SOCS3 induction and interferon
gamma cytotoxicity. IFN-gamma exhibits antiproliferative
and pro-apoptotic properties in a number of cell types. Yet,
large differences exist in the sensitivity among different cell
lineages. Here, we studied expression of SOCS3 in relation to
IFN-gamma mediated growth inhibition in several normal
cells and breast cancer lines. We found that while normal
epithelial cells were relatively sensitive (30-70% resistance)
most breast cancer cells were highly resistant (90-100%) to
IFN-gamma. The strong SOCS3 induction was observed in
normal cells. The MDA-MB-468 cells were exceptional among
cancer cells in having relatively “normal” SOCS3 activation
and reduced sensitivity to IFN-gamma. Degree of cell re-
sistance significantly and negatively correlated with SOCS3
induction and the correlation was confirmed by parametric
Pearson’s coeflicient as well as by rank correlation (both with
p <0.001). The profile of points in correlation diagram (Figure
4) suggests that there cannot be necessarily only simple line
relationship, some type of hyperbolic or polynomial function
can be hypothesized. Confirmation of this feature however
requires further research with more cell lines.

The data showed apparent similarities with other studies
of molecular basis of cytokine sensitivity [24, 25, 26] al-
lowing some generalization of our findings. First, cells that
do not activate SOCS3 are usually resistant to IFN-gamma.
A lack of SOCS3 inducibility might therefore be a marker of
cell resistance. Second, constitutively activated SOCS3 does
not confer sensitivity of cells to IFN-gamma. Third, STAT1-
pY701 activation seems to be needed for SOCS3 activation
and growth inhibition. Taken together, active STAT1 signaling
and induction of SOCS3 seem to be required for manifesta-
tion of cytotoxic properties of interferon gamma in breast
cancer cells.

Acknowledgement. The study was supported in part by Project
MZOMOU2005 and by grants from the Internal Grant Agency of
the Czech Ministry of Health (NR/8341), Grant Agency of the Czech
Republic (301/06/0912) and Academy of Sciences of the Czech
Republic (AVOZ50040507, AVOZ50040702 and KJB502070601).
Authors also acknowledge Mrs. Polakova for her excellent techni-
cal assistance.

References

[1] EINHORN S, STRANDER H. Interferon treatment of human
malignancies--a short review. Med Oncol Tumor Pharmaco-
ther 1993; 10: 25-29.

[2] WOLL PJ, PETTENGELLR. Interferons in oncology. Br ] Clin
Pract 1997;51: 111-115.

[3] KORTYLEWSKI M, HEINRICH PC, MACKIEWICZ A et
al. Interleukin-6 and oncostatin M-induced growth inhibi-
tion of human A375 melanoma cells is STAT-dependent
and involves upregulation of the cyclin-dependent ki-
nase inhibitor p27/Kipl. Oncogene 1999; 18: 3742-3753.
d0i:10.1038/sj.0onc.1202708 PMid:10391682

[4] KORTYLEWSKI M, KOMYOD W, KAUFFMANN ME
et al. Interferon-gamma-mediated growth regulation of
melanoma cells: involvement of STAT1-dependent and
STAT1-independent signals. ] Invest Dermatol 2004; 122: 414-
422. doi:10.1046/j.0022-202X.2004.22237.x PMid:15009724

[5] RAMANA CV, KUMAR A, ENELOW R. Statl-independent
induction of SOCS-3 by interferon-gamma is mediated by
sustained activation of Stat3 in mouse embryonic fibrob-
lasts. Biochem Biophys Res Commun 2005; 327: 727-733.
doi:10.1016/j.bbrc.2004.12.074 PMid:15649407

[6] CALO V, MIGLIAVACCA M, BAZAN'V et al. STAT proteins:
from normal control of cellular events to tumorigenesis.
J Cell Physiol 2003; 197: 157-168. d0i:10.1002/jcp.10364
PMid:14502555

[7] KISSELEVA T, BHATTACHARYA S, BRAUNSTEIN J et al.
Signaling through the JAK/STAT pathway, recent advances
and future challenges. Gene 2002; 285: 1-24. doi:10.1016/
S0378-1119(02)00398-0 PMid:12039028

[8] HUANG S, BUCANA CD, VAN ARSDALL M ET AL.
STAT1 negatively regulates angiogenesis, tumorigenicity and
metastasis of tumor cells. Oncogene 2002; 21: 2504-2512.
doi:10.1038/sj.onc.1205341 PMid:11971185

[9] BOWMAN T, GARCIA R, TURKSON ] et al. STATs in
oncogenesis. Oncogene 2000; 19: 2474-2488. doi:10.1038/
sj.onc.1203527 PMid:10851046

[10] BOUDNY V, KOVARIK J. JAK/STAT signaling pathways
and cancer. Janus kinases/signal transducers and activators
of transcription. Neoplasma 2002; 49: 349-355. Review.

[11] BOUDNY, V., I. KOCAK, L. LAUEROVA et al. Interferon
inducibility of STAT 1 activation and its prognostic signifi-
cance in melanoma patients. Folia Biol (Praha) 2003; 49:
142-146.

[12] BROMBERG J. Signal transducers and activators of tran-
scription as regulators of growth, apoptosis and breast
development. Breast Cancer Res 2000; 2: 86-90. doi:10.1186/
ber38 PMid:11250696 PMCid:139428



http://dx.doi.org/10.1038/sj.onc.1202708
http://dx.doi.org/10.1046/j.0022-202X.2004.22237.x
http://dx.doi.org/10.1016/j.bbrc.2004.12.074
http://dx.doi.org/10.1002/jcp.10364
http://dx.doi.org/10.1016/S0378-1119(02)00398-0
http://dx.doi.org/10.1016/S0378-1119(02)00398-0
http://dx.doi.org/10.1038/sj.onc.1205341
http://dx.doi.org/10.1038/sj.onc.1203527
http://dx.doi.org/10.1038/sj.onc.1203527
http://dx.doi.org/10.1186/bcr38
http://dx.doi.org/10.1186/bcr38

386

K. SOUCKOVA, A. KOVARIK, L. DUSEK, L. HUMPOLIKOVA-ADAMKOVA, L. LAUEROVA, E. KREJCI, et al.

(17]

(18]

(25]

EVANS MK, YU CR, LOHANI A ET AL. Expression of SOCS1
and SOCS3 genes is differentially regulated in breast cancer
cells in response to proinflammatory cytokine and growth
factor signals. Oncogene 2006; 26: 1941-1948. doi:10.1038/
sj.onc.1209993 PMid:17001312

BERISHAJ M, GAO SP, AHMED S et al. Stat3 is tyrosine-
phosphorylated through the interleukin-6/glycoprotein
130/Janus kinase pathway in breast cancer. Breast Cancer
Res 2007; 9: R32. doi:10.1186/bcr1680 PMid:17531096
PMCid:1929096

WATSON CJ. Stat transcription factors in mammary gland
development and tumorigenesis. ] Mammary Gland Biol
Neoplasia 2001; 6: 115-127. doi:10.1023/A:1009524817155
PMid:11467447

GRITSKO T, WILLIAMS A, TURKSON ] et al. Persistent
activation of stat3 signaling induces survivin gene expression
and confers resistance to apoptosis in human breast cancer
cells. Clin Cancer Res 2006; 12: 11-19. d0i:10.1158/1078-0432.
CCR-04-1752 PMid:16397018

GARCIAR, YU CL, HUDNALL A et al. Constitutive activation
of Stat3 in fibroblasts transformed by diverse oncoproteins and in
breast carcinoma cells. Cell Growth Differ 1997; 8: 1267-1276.
SHUAI K, LIU B. Regulation of JAK-STAT signalling in
the immune system. Nat Rev Immunol 2003; 3: 900-911.
doi:10.1038/nri1226 PMid:14668806

HILTON Dj. Negative regulators of cytokine signal
transduction. Cell Mol Life Sci 1999; 55: 1568-1577.
d0i:10.1007/s000180050396 PMid:10526574

DARNELL JE Jr. STATs and gene regulation. Science
1997; 277: 1630-1635. doi:10.1126/science.277.5332.1630
PMid:9287210

IHLE JN. The Stat family in cytokine signaling. Curr Opin Cell
Biol 2001;13:211-217. d0i:10.1016/S0955-0674(00)00199-X
PMid:11248555

FUJIMOTO M, NAKA T. Regulation of cytokine signaling by
SOCS family molecules. Trends Immunol 2003; 24: 659-666.
d0i:10.1016/.it.2003.10.008 PMid:14644140

ALEXANDER WS, STARR R, METCALE D etal. Suppressors
of cytokine signaling (SOCS): negative regulators of signal
transduction. ] Leukoc Biol 1999; 66: 588-592.

SAKALTL, K. TAKEUCHI, H. YAMAUCH]I, H et al. Constitu-
tive expression of SOCS3 confers resistance to IFN-alpha in
chronic myelogenous leukemia cells. Blood 2002; 100: 2926-
2931. doi:10.1182/blood-2002-01-0073 PMid:12351404
FOJTOVA M, BOUDNY V, KOVARIK A et al. Development
of IFN-gamma resistance is associated with attenuation of

(30]

[34]

(35]

(36]

SOCS genes induction and constitutive expression of SOCS 3
in melanoma cells. Br ] Cancer 2007; 97: 231-237. d0i:10.1038/
sj.bjc.6603849 PMid:17579625

KOMYOD W, BOHM M, METZE D et al. Constitutive sup-
pressor of cytokine signaling 3 expression confers a growth
advantage to a human melanoma cell line. Mol Cancer Res
2007; 5: 271-281. d0i:10.1158/1541-7786.MCR-06-0274
PMid:17374732

RACCURT M, TAM SP, LAU P et al. Suppressor of cytokine
signalling gene expression is elevated in breast carcinoma.
Br J Cancer 2003; 89: 524-532. d0i:10.1038/sj.bjc.6601115
PMid:12888825

BRENDER C, LOVATO P, SOMMER VH et al. Constitu-
tive SOCS-3 expression protects T-cell lymphoma against
growth inhibition by IFNalpha. Leukemia 2005; 19: 209-213.
doi:10.1038/sj.leu.2403610 PMid:15618960
SUTHERLAND KD, LINDEMAN GJ, CHOONG DY et
al. Differential hypermethylation of SOCS genes in ovar-
ian and breast carcinomas. Oncogene 2004; 23: 7726-7733.
doi:10.1038/sj.onc.1207787 PMid:15361843

HE B, YOU L, UEMATSU K et al. SOCS-3 is frequently
silenced by hypermethylation and suppresses cell growth
in human lung cancer. Proc Natl Acad Sci U S A 2003; 100:
14133-14138. doi:10.1073/pnas.2232790100

NAKAGAWA T, IIDA S, OSANAI T et al. Decreased expres-
sion of SOCS-3 mRNA in breast cancer with lymph node
metastasis. Oncol Rep 2008; 19: 33-39.

KOVARIK J, BOUDNY V, KOCAK I et al. Malignant
melanoma associates with deficient IFN-induced STAT 1
phosphorylation. Int ] Mol Med 2003;12: 335-340.
MASUHARA M, SAKAMOTO H, MATSUMOTO A et
al. Cloning and characterization of novel CIS family genes.
Biochem Biophys Res Commun 1997; 239: 439-446.
doi:10.1006/bbrc.1997.7484 PMid:9344848

KOVARIK A, FOJTOVA M, BOUDNY V et al. Interferon gam-
ma, but not interferon-alpha, induces SOCS 3 expression in
human melanoma cell lines. Melanoma Res 2005; 15: 481-488.
doi:10.1097/00008390-200512000-00001 PMid:16314732
FEDERICI M, GIUSTIZIERI ML, SCARPONI C et al.
Impaired IFN-gamma-dependent inflammatory responses
in human keratinocytes overexpressing the suppressor of
cytokine signaling 1. ] Immunol 2002; 169: 434-442.
GATTO L, BERLATO C, POLI V et al. Analysis of SOCS-
3 promoter responses to interferon gamma. J Biol Chem
2004; 279: 13746-13754. Epub 2004 Jan 23. doi:10.1074/jbc.
M308999200 PMid:14742442



http://dx.doi.org/10.1038/sj.onc.1209993
http://dx.doi.org/10.1038/sj.onc.1209993
http://dx.doi.org/10.1186/bcr1680
http://dx.doi.org/10.1023/A:1009524817155
http://dx.doi.org/10.1158/1078-0432.CCR-04-1752
http://dx.doi.org/10.1158/1078-0432.CCR-04-1752
http://dx.doi.org/10.1038/nri1226
http://dx.doi.org/10.1007/s000180050396
http://dx.doi.org/10.1126/science.277.5332.1630
http://dx.doi.org/10.1016/S0955-0674(00)00199-X
http://dx.doi.org/10.1016/j.it.2003.10.008
http://dx.doi.org/10.1182/blood-2002-01-0073
http://dx.doi.org/10.1038/sj.bjc.6603849
http://dx.doi.org/10.1038/sj.bjc.6603849
http://dx.doi.org/10.1158/1541-7786.MCR-06-0274
http://dx.doi.org/10.1038/sj.bjc.6601115
http://dx.doi.org/10.1038/sj.leu.2403610
http://dx.doi.org/10.1038/sj.onc.1207787
http://dx.doi.org/10.1073/pnas.2232790100
http://dx.doi.org/10.1006/bbrc.1997.7484
http://dx.doi.org/10.1097/00008390-200512000-00001
http://dx.doi.org/10.1074/jbc.M308999200
http://dx.doi.org/10.1074/jbc.M308999200

