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Interferon consensus sequence binding protein (ICSBP), also known as interferon regulatory factor (IRF)-8, is a member of
the interferon (IFN)-g regulatory transcription factors. Studies have suggested a connection between TGF-b signaling and
IRFs. Thus, we investigated the effect of ICSBP on transforming growth factor (TGF)-b signaling in HL-60, an acute
promyelocytic leukemia cell line. Stable expression of ICSBP in HL-60 cells resulted in strong induction of TGF-b receptor
expression and activation of non-Smad as well as Smad pathways. ICSBP expression also augmented cell growth. ICSBP
knockdown with small interfering RNA (siRNA) attenuated cell growth and decreased TGF-b receptor I (TGF-bRI) ex-
pression. In addition, reduction of TGF-bRI using siRNA or pharmacological inhibitor reduced growth of ICSBP-expressing
cells. ICSBP expression also led to increased phosphorylation and activation of Akt and p38 MAPK. However, p38 MAPK,
but not PI3K–Akt, inhibition abrogated ICSBP-mediated proliferation. Furthermore, siRNA knockdown of either ICSBP or
TGF-bRI resulted in decreased p38 activation. Intriguingly, TGF-b-activated kinase 1 (TAK-1), which phosphorylates p38,
was activated in ICSBP-expressing cells and its activity was reduced by TGF-bRI inhibition. Finally, siRNA knockdown of
ICSBP or TGF-bRI reduced TAK-1 phosphorylation. This study identifies a novel role for ICSBP in regulating cell growth via
TGF-b receptor upregulation and subsequent activation of the TGF-b receptor/TAK-1/p38 pathway.
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The transforming growth factor (TGF)-b family is comprised
of numerous factors, including TGF-b, bone morphogenetic
proteins, activin, inhibin, and nodal.1 TGF-b regulates many
cellular functions, such as cell growth, migration, differ-
entiation, and apoptosis.2 Although this cytokine exerts tu-
mor suppressive activity, it also promotes tumorigenesis on
deregulation of TGF-b signaling. For example, during the
early stages of cancer, TGF-b inhibits epithelial cell growth.3

However, in later stages, TGF-b potentiates tumor progres-
sion by reprogramming epithelial cells to become mesench-
ymal cells (also known as the epithelial-to-mesenchymal
transition (EMT)), which is important for tumor metastasis
and invasion.4 Moreover, TGF-b1 overexpression has been
associated with breast, lung, pancreatic, gastric, and liver
cancer.5 High level of TGF-b in infiltrating breast carcinoma
has been associated with metastasis, indicating a link between
TGF-b levels and metastatic disease.2

TGF-b binds to the TGF-b receptor II (TGF-bRII),
resulting in the recruitment of TGF-b receptor I (TGF-bRI)
and formation of active signaling complexes. TGF-bRII, a
constitutively active Ser/Thr kinase, activates TGF-bRI via
phosphorylation, resulting in subsequent activation of the
receptor-regulated Smads, such as Smad2 and Smad3, by
phosphorylation. Once activated, Smad2 and Smad3 form a
complex with Smad4, and these complexes translocate into
the nucleus to regulate gene expression.1,6–8 Inhibitory Smads
(eg, Smad6 and Smad7) antagonize TGF-b signaling by
blocking receptor-regulated Smad activation or mediating
TGF-bR degradation. In addition to Smad-dependent path-
ways, non-canonical TGF-b signaling pathways have been
proposed. For example, TGF-bR can interact with inter-
leukin-1 receptor/TRAF6/TAK1 and activate JNK and p38.9

TGF-b can also stimulate the ERK/MAPK pathway by acti-
vating Ras, which is important for EMT.10 Finally, TGF-b has
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been shown to activate PI3K–Akt signaling, which is required
for TGF-b-mediated EMT and cell migration,11 as well as
fibroblast proliferation.12

Interferon consensus sequence-binding protein (ICSBP),
also known as interferon regulatory factor (IRF)-8, is a
transcription factor induced by interferon (IFN)-g in the
immune system.13 ICSBP has an essential role in macrophage
maturation and B-cell development.14,15 Similar to other
members of the IRF family, ICSBP binds to the IFN-stimu-
lated response element and activates or represses target
genes16 to regulate myeloid cell differentiation. ICSBP�/�

mice have been reported to develop chronic myelogenous
leukemia (CML)-like syndrome and are more susceptible to
viral infection.17 Consistent with this notion, ICSBP tran-
scripts are lacking in many patients with CML and acute
myelogenous leukemia (AML).18 In addition, ectopic
expression of ICSBP can inhibit the mitogenic activity of
Bcr-Abl and ameliorate Bcr-Abl-mediated murine myeloid
leukemia in vivo,14 indicating that ICSBP behaves as a tumor
suppressor in certain hematopoietic malignancies. Further-
more, a recent study demonstrated that ICSBP expression is
downregulated in non-hematopoietic tumors, such as naso-
pharyngeal, esophageal, and other carcinomas.19

Several lines of evidence suggest a connection between
TGF-b signaling and IRFs. An IRF–Smad sequence alignment
revealed that IRFs, including ICSBP, contain a conserved
transactivation domain also shared by Smad4.20 Upregula-
tion of ICSBP by TGF-b during dendritic cell development is
well established.21 In addition, TGF-b can induce IRF-1,
which mediates growth inhibition by TGF-b in human he-
patocarcinoma cells.22 Furthermore, IRF-7 can interact with
Smad3, and TGF-b/Smad3 signaling regulates many IRF-7
functions, including induction of IFN-a and -b.23 Given that
IRFs, including ICSBP, are induced and/or involved in TGF-b
signaling and ICSBP is a known tumor suppressor, it is
possible that this protein is associated with the growth in-
hibitory effect of TGF-b or vice versa. To test this hypothesis,
ICSBP was overexpressed in the human myeloid leukemia cell
line HL-60, which lacks detectable levels of ICSBP. Our data
demonstrate that this overexpression resulted in enhanced
TGF-b signaling, leading to increased cell proliferation. We
also show that the TAK–p38 pathway is critical for ICSBP/
TGF-b-mediated cell growth, revealing a novel function for
ICSBP in TGF-b-regulated cell proliferation. Therefore, de-
spite the well-established tumor suppressor nature of ICSBP,
these novel findings link the ICSBP expression to cell growth
promotion.

MATERIALS AND METHODS
Cell Culture, Antibodies, and Reagents
The HL-60 human acute promyelocytic leukemia cell line,
U937 human monocytic cell line were obtained from
American Type Culture Collection (Rockville, MD) and
maintained in RPMI 1640 medium (Gibco Life Technologies,
Carlsbad, CA) containing 50U/ml penicillin, 50mg/ml

streptomycin, 2mM L-glutamine, and 10% fetal bovine ser-
um. Jurkat Tet-On cells, human acute T-cell leukemia cell
line, were obtained from Clontech Laboratory (Mountain
View, CA) and maintained in RPMI 1640 medium with 10%
Tet System Approved FBS (Clontech Laboratory) with
200 mg/ml G418. All cells were grown in a humidified in-
cubator at 371C and 5% CO2. Polyclonal antibodies against
TGF-bRI, TGF-bRII, phospho-Smad2, Smad2, phospho-
Smad3, Smad3, Smad4, Smad7, phospho-p38, p38, phospho-
Src, Src, phospho-ERK1/2, ERK1/2, phospho-Akt, Akt, and
b-actin were purchased from Cell Signaling Technology
(Beverly, MA). Antibody against ICSBP was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). TGF-b1, IFN-g,
and CFSE were purchased from Invitrogen (Carlsbad, CA).
SB431542, LY294002, SB203580, and U0126 were obtained
from LCLabs (Woburn, MA). The Cell Counting Kit-8
(CCK-8) assay kit was obtained from Dojindo Laboratories
(Kumamoto, Japan).

Reverse Transcription-PCR (RT-PCR)
Total RNA was extracted from HL60 cells using Trizol (In-
vitrogen) according to the manufacturer’s instructions.
cDNA was synthesized using the Maximum RT preMix Kit
(iNtRON Biotechnology, Seoul Korea). Each reaction was
performed in a thermal cycler for 60min at 451C. cDNA
fragments were amplified using the following primer pairs:
50-ATGTGTGACCGGAATGGTGGT-30 (sense) and 50-TTA-
GACGATCTGTTGGTT-30 (anti-sense). PCR was performed
using a Unit Block Assembly for PTC DNA Engine system
(Alpha) with a program consisting of 28 cycles of 951C for
40 s, 581C for 1min, and 721C for 1min. PCR products were
resolved on a 1% agarose gel.

Detection of Apoptosis by Flow Cytometry
Apoptosis was assessed using an apoptosis detection kit
containing annexin V-FITC and propidium iodide (PI; BD
Biosciences, San Jose, CA) according to the manufacturer’s
instructions. Cells were analyzed using the EPICS XL Flow
Cytometer (Beckman Coulter, Fullerton, CA) using EXPO32
software. Bleeding of FITC fluorescence into the PI channel
was eliminated by computational compensation.

Measurement of Cell Proliferation
Cells were plated at 2� 105/ml in 100 ml of culture medium
in a 96-well microtiter plate, and cell growth was measured
using the CCK-8 assay. Briefly, cells from each well were
mixed with 10 ml of CCK-8 solution and incubated for 4 h.
The absorbance at 450 nm from each well was measured with
an ELISA plate reader from MTX Lab Systems (Vienna, VA).
Alternatively, cell proliferation was analyzed by the CFSE dye
dilution assay using Trace CFSE (C34554; Invitrogen) as
described in the manufacturer’s instructions. Cells were
washed and suspended in 1ml of pre-warmed phosphate-
buffered saline (PBS)/0.1% BSA at a final concentration
of 1� 106 cells/ml and then labeled for 10min at 371C with
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10 mM CFSE. To quench the staining, five volumes of ice-cold
media were added to the cells for 5min on ice, and then cells
were washed three times with fresh media. Cells were then
cultured under the appropriate conditions for 3 days. Cell
proliferation was analyzed by flow cytometry.

Immunoblot Analysis
After washing with ice-cold PBS (10mM Na2HPO4 (pH 7.4),
145mM NaCl, and 2.7mM KCl), cells were lysed with 2�
SDS-PAGE sample buffer (20mM Tris (pH 8.0), 2% SDS,
2mM DTT, 1mM Na3VO4, 2mM EDTA, 20% glycerol), and
boiled for 5min. The protein concentration of each sample
was determined using the Micro-BCA protein assay reagent
as described by the manufacturer (Thermo Scientific, Rock-
ford, IL). Total cellular protein (30 mg/lane) was separated by
10% SDS-PAGE and then transferred to PVDF membranes.
The membranes were blocked overnight at 41C in TBST
(20mM Tris (pH 8.0), 150mM NaCl, and 0.05% Tween 20)
containing either 5% BSA (for immunoblotting with
anti-phospho-Akt antibody) or 5% non-fat dried milk
(for immunoblotting with the remaining antibodies). The
membranes were then incubated with primary antibody
overnight at 41C, washed three times with TBST, incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG
secondary antibody for 1 h at 371C, and then washed with
TBST three times. The labeled proteins were visualized
using enhanced chemiluminescence. When necessary, the
membrane was incubated in a stripping buffer (62.5mM Tris
(pH 6.8), 2% SDS, and 100mM DTT) at 701C for 30min,
washed extensively, blocked again with 5% non-fat milk, and
then probed with a different antibody as described above.

Establishment of ICSBP-Overexpressing HL-60 Cells
Human ICSBP cDNA was amplified by PCR (50-ATGTGTG
ACCGGAATGGTGGT-30 (sense), 50-TTAGACGATCTGTTG
GTT-30 (anti-sense; cDNA clone MGC: 161525)) and cloned
into the HindIII and XhoI site of the pcDNA3.1/V5-HisA
vector (Invitrogen). Then HL-60 cells were electroporated at
1350 V, 35ms, one pulse with Mock- or ICSBP-containing
construct using the Microporator (Digitalbiotechnology,
Seoul, Korea) as described by the manufacturer. Over-
expressing cells were selected with 500 mg/ml of G418 for
4 weeks.

Establishment of Doxycycline-Inducible ICSBP
Expression in Jurkat Cells
For doxycycline-inducible expression of ICSBP using Jurkat
Tet-On cells, ICSBP was subcloned into pTRE-Tight vector
(EcoRI/NheI; Clontech). Briefly, Jurkat Tet-On cells were
eletroporated with pTRE-Tight-Mock or pTRE-Tight-ICSBP
construct using the microporator and selected with 5mg/ml
of puromycin for 3 weeks to obtain stable cell lines. ICSBP
was induced with doxycycline (1 mg/ml) as described by the
manufacturer.

RNA Interference
Small interfering RNAs (siRNAs) specific for human ICSBP
or TGF-bR I were purchased from Dharmacon (Lafayette,
CO). HL-60-Mock or HL-60-ICSBP cells were transiently
transfected with ICSBP- or TGF-bRI-specific siRNAs using
Lipofectamine 2000 (Invitrogen) or electroporation as de-
scribed by the manufacturer. HL-60 cells transfected with
pooled nonspecific siRNA duplexes (100 nM; Dharmacon)
were used as a control. The cells were analyzed at 24 h post
transfection.

Immunofluorescence and Confocal Microscopy Imaging
Cells were placed with cytospin (1000 r.p.m. for 6min) on the
slide glass and fixed in 4% paraformaldehyde for 20min at
41C followed by permeabilization using 0.2% Triton X-100 in
PBS for 5min at room temperature, blocked in 10% normal
goat serum in PBS for 30min at room temperature. Cells
then were incubated with anti-ICSBP antibody or nonspecific
IgG overnight at 41C, and then washed in PBS. Cells were
then exposed to Alexa 568 anti-goat IgG or DAPI (Invitro-
gen) for 30min at room temperature. The cover slips were
washed in PBS and mounted on glass slides. Cells were ex-
amined using Carl Zeiss fluorescence microscopy or inverted
laser-scanning microscopy (Thornwood, NY).

Data Analysis
All data are mean values of at least three independent ex-
periments each carried out in triplicates. Statistical sig-
nificance was determined by Student’s t-test, with Po0.01
taken to indicate significant differences between means.

RESULTS
Upregulation of ICSBP and TGF-b Receptor Expression
by IFN-c in HL-60 Cells
ICSBP is known to be induced by IFN-g in various cell
types24 and ICSBP mRNA is constitutively expressed in a
lymphoid precursor cell line.13 HL-60, a human promyelo-
cytic cell line, does not express detectable basal levels of
ICSBP (Figure 1a). Therefore, we examined ICSBP induction
in HL-60 cells by measuring ICSBP mRNA levels in IFN-g-
treated cells using RT-PCR. Higher concentrations of IFN-g
(250 IU/ml) induced ICSBP expression, although at levels
much lower than U937 cells, which were used as a positive
control24 (Figure 1a). Induction of ICSBP protein was also
examined by immunoblotting (Figure 1b). As IFN-b-1b is
known to induce TGF-bR1 and TGF-bRII expression,25 we
also examined whether IFN-g regulates TGF-b receptor ex-
pression. Interestingly, IFN-g induced TGF-bRI expression in
HL-60 cells (Figure 1b). ICSBP mRNA expression was de-
tected at 3 h exposure to IFN-g and higher levels of ICSBP at
24 h, whereas TGF-b receptor mRNA expression was noticed
at 24 h (Figure 1c). Knockdown of ICSBP using siRNA
specific for ICSBP blocked expressions of both ICSBP and
TGF-b receptor (Figure 1c).
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Effects of ICSBP Overexpression on TGF-b Receptor
Expression and Signaling
To further investigate the role of ICSBP in TGF-b-mediated
biological functions, we established a stable human ICSBP-
overexpressing HL-60 cell line. Expression and nuclear
localization of ICSBP were verified by immunofluorescence
(Figure 2a) and immunoblotting using an anti-ICSBP anti-
body (Figure 2b). As we observed TGF-bR I induction by
IFN-g in HL-60 cells (Figure 1b), we examined whether
ICSBP overexpression affects TGF-b receptor expression.
Unexpectedly, ICSBP cells exhibited higher levels of TGF-bR
I and TGF-bR II than Mock cells, indicating that ICSBP itself
upregulates expression of the TGF-b receptors (Figure 2b).
We next examined whether upregulation of these receptors
influences TGF-b-associated signaling events. We found that
phosphorylation of Smad2 and Smad3 was higher in ICSBP
cells than in Mock cells (Figure 2c). Although levels of Smad3
and Smad4 protein were higher in ICSBP cells, levels of
Smad2 and Smad7 were similar (Figure 2c). More interest-
ingly, activities of non-Smad molecules involved in TGF-b
signaling, such as Src, ERK1/2, Akt, and p38, were elevated in
ICSBP cells although no difference in protein level was ob-
served between the Mock and ICSBP cells (Figure 2d). Taken
together, these data suggest that ICSBP expression leads to
activation of various signaling pathways, including TGF-b
receptor signaling.

Increased Cell Proliferation Induced by ICSBP Expression
As ICSBP is known as a tumor suppressor, we examined
whether ICSBP expression could affect cell growth. To ac-
complish this, we first performed the CCK-8 assay and cell
counting and we found that ICSBP cells grew faster than

Mock cells (Figure 3a and b). Alternatively, Mock and ICSBP
cells were labeled with CFSE, a green fluorescence dye that
labels cellular proteins and gets equally partitioned into
daughter cells on cell division. After labeling, cell were grown
for 3 days and analyzed by flow cytometry analysis to eval-
uate the dilution of CFSE fluorescence intensity, which is an
indication of cell division. Similar to the results from the
CCK-8 assay and cell counting, ICSBP cells contained less
CFSE fluorescence than Mock cells, which means that ICSBP
cells proliferate faster than Mock cells (Figure 3c). These data
suggest that ICSBP overexpression results in increased cell
proliferation in HL-60 cells.

As endogenous ICSBP levels are high in U937 cells
(Figure 1), we knocked down ICSBP using siRNA specific for
ICSBP (si-ICSBP) to investigate ICSBP effect on cell growth
in U937 cells. ICSBP levels were decreased by si-ICSBP RNA
transfection (Figure 3d) and, interestingly, cell growth was
also decreased with knockdown of ICSBP (Figure 3e). These
data indicate that endogenous ICSBP expression in the U937
cells might function for cell growth rather than cell death. To
verify a role of ICSBP for cell growth in another hemato-
poietic cell, we transfected Jurkat cells with ICSBP cDNA
under control of a doxycycline-responsive promoter. Al-
though Jurkat cells express low levels of endogenous ICSBP,
there was an increased ICSBP expression with doxycycline
(Figure 4a). Concomitantly, TGF-bR I and pSmad2 expres-
sion was enhanced and cell growth was increased on ICSBP
induction with doxycycline in Jurkat cells (Figure 4b). All
these results suggest that overexpression of ICSBP is linked
with cell growth.

To further explore the effect of ICSBP expression on HL-60
cell growth, we assessed cell proliferation following siRNA-
mediated knockdown of ICSBP. ICSBP cells transfected with
si-ICSBP exhibited lower ICSBP protein levels (Figure 5a)
and cell proliferation (Figure 5c) compared with cells trans-
fected with the scrambled control siRNA. Interestingly,
siRNA-mediated ICSBP knockdown also led to a decrease in
TGF-bRI protein levels (Figure 5a). Therefore, we examined
whether TGF-bR I expression is important for ICSBP-in-
duced cell proliferation. siRNA knockdown of TGF-bR I (si-
TGF-bR I) did not affect ICSBP protein levels (Figure 5b).
However, a reduction in cell proliferation was observed, al-
though to a lesser extent than that mediated by si-ICSBP
(Figure 5c). These results indicate that ICSBP regulates TGF-
bRI expression, as knockdown of this transcription factor led
to reduced TGF-bRI levels, whereas receptor knockdown did
not affect ICSBP. We further reasoned that ICSBP re-
expression should rescue si-ICSBP-induced cell growth
inhibition. As we expected, when cells were transfected with
ICSBP after si-ICSBP expression, cell growth was recovered
(Supplementary Figure 1A) and expressions of both ICSBP
and TGF-bR I were restored (Supplementary Figure 1B).
Collectively, these data indicate that ICSBP expression in-
creases cell proliferation in HL-60 cells and that this event
involves TGF-bRI upregulation.

HL-60

si-ICSBPsi-Cont

IFN-� (IU):

IFN-� (IU):

GAPDH

ICSBP

IFN–�:

ICSBP

ICSBP

HL-60

GAPDH

TGF�RI

�-actin

TGF�RI

-250100-
U937

(h)243-243-

-250100-
U937

Figure 1 Effects of IFN-g on ICSBP expression in HL-60 cells. (a) HL-60 cells

were treated with 0–250 IU/ml of IFN-g for 12 h before isolation of total

RNA. To assess ICSBP mRNA levels, RT-PCR was performed using human

ICSBP-specific primers. U937 cells were used as a positive control for IFN-g-
induced ICSBP expression. (b) HL-60 cells were treated with IFN-g as in a for

24 h. Cell lysates were prepared and subjected to immunoblotting analysis

using anti-ICSBP, anti-TGF-bR 1, and anti-b-actin antibodies. b-Actin levels

were analyzed to control for protein loading. (c) HL-60 cells were

transfected with either control siRNA (si-Cont) or siRNA specific for ICSBP

(si-ICSBP) as described in the Materials and Methods, and then HL-60 cells

were treated with 0 to 250 IU/ml of IFN-g for 3 and 24 h before isolation of

total RNA. To assess ICSBP, TGF-bRI, and GAPDH mRNA levels, RT-PCR was

performed using human ICSBP, TGF-bRI, GAPDH-specific primers.

Experiments were performed three times with comparable results.
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To further elucidate whether increased TGF-b receptor
activity is responsible for ICSBP-mediated cell proliferation,
we treated cells with a pharmacological inhibitor for TGF-
bRI, SB431542, and then assessed cell growth. TGF-bRI in-
hibition decreased cell growth when tested by CCK-8 assay
(Figure 5d) and this growth inhibition appeared due to
spontaneous cell death (Figure 5e). SB431542 induced cell
death in both Mock and ICSBP cells, but the degree of cell
death by SB431542 was greater in ICBSP cells (5.3-fold of
control) than in Mock cells (2.5-fold of control; Figure 5e),
indicating that ICSBP cells are more dependent on TGF-b
receptor activity for cell survival than Mock cells.

Involvement of the TGF-b Receptor and p38–TAK
Pathway in the Regulation of ICSBP-Induced Cell
Proliferation
To further investigate the molecular mechanisms involved in
ICSBP-mediated cell growth, we examined the activities of
signaling molecules associated with cell growth and survival

after ICSBP or TGF-bR I knockdown. Phosphorylation of
p38 but not ERK1/2 or Akt was decreased in the presence of
si-ICSBP or si-TGF-bRI (Figure 6a and b). To test whether
p38 activity is critical for ICSBP-induced cell growth, ICSBP
cells were treated with a p38 inhibitor, SB203580, for 3 days.
The CCK-8 assay and cell counts revealed that cell growth
was inhibited by SB203580 treatment (Figure 6c and d),
whereas PI3K and MEK inhibition by LY294002 and UO126,
respectively, did not affect cell growth (data not shown). In
addition, ICSBP-expressing cells treated with SB203580 ex-
hibited greater apoptosis than cells incubated with LY294002
or UO126 (Figure 6e). These data indicate that ICSBP-
mediated TGF-bRI induction activates p38, which is critical
for cell growth and survival.

TGF-b-activated kinase 1 (TAK-1) belongs to the MAP
kinase kinase family and activates kinases such as
p38 and JNK.26 Interestingly, TAK-1 is phosphorylated in
ICSBP-expressing cells, indicating that this kinase is activated
(Figure 7a). Consistent with this, ICSBP knockdown resulted

pERK1&2

pSrcp-Smad2

Src

p-Smad3

Smad2

Smad4

Smad3

pAkt

Smad7

ERK

Akt

p38

pp38
�-actin

�-actin

ICSBP

TGF�R I

�-actin

TGF�R II

Mock

10 µm

ICSBP

DAPI ICSBP

10 µm

DAPI ICSBP

Figure 2 Establishment of an ICSBP-overexpressing HL-60 cell line and effects of ICSBP-overexpression on various signaling pathways. (a) HL-60 cells were

transfected with either an empty expression vector (Mock) or an ICSBP-expression vector (ICSBP) as described in the Materials and Methods. Stable cells

were established by selection with G418. Immunofluorescence staining of ICSBP in Mock and ICSBP-expressing HL-60 cells was performed. Scale bar

indicates 10 mm. (b) Cell lysates prepared from the Mock and ICSBP cells were analyzed by immunblotting using anti-ICSBP, anti-TGF-bRI, anti-TGF-bRII,
and anti-b-actin antibodies. (c, d) Cell lysates from Mock and ICSBP cells were analyzed by immunblotting using antibodies against phospho-Smad2,

phospho-Smad3, Smad2, Smad3, Smad4, Smad7, phospho-Src, Src, phospho-ERK1/2, ERK1/2, phospho-Akt, Akt, phospho-p38, p38, and b-actin.
Experiments were performed three times with comparable results.
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in TAK-1 inactivation (Figure 7b). Moreover, TGF-bRI
knockdown also decreased TAK-1 activation (Figure 7b). To
further investigate the link between TGF-bRI activity and
TAK-1 activation, we assessed TAK-1 and p38 activity in
ICSBP-expressing cells treated with a TGF-bRI inhibitor,
SB431542. As shown in Figure 7c, SB431542 attenuated the
activities of TAK-1 and p38 in a time-dependent manner.
As JNK is also one of the TAK-1 downstream molecules, we
examined its activity and the effects of its inhibition on cell
growth. Little difference in JNK phosphorylation was ob-
served between Mock and ICSBP cells, indicating that JNK
activation was not affected by ICSBP expression (Figure 7d).
Treatment of Mock and ICSBP cells with a JNK inhibitor,
SP600125, resulted in similar levels of cell death (Figure 7e).
In contrast, ICSBP-expressing cells showed greater sensitivity

to the p38 inhibitor SB203580. These data suggest that p38 is
critical to the growth of ICSBP cells but not Mock cells,
whereas JNK is required for the growth of both ICSBP and
Mock cells. Taken together, our data illustrate that ICSBP
expression induces TGF-bRI, which potentiates TGF-b sig-
naling pathways such as TAK-p38 to mediate cell growth.

DISCUSSION
This study provided evidence from both overexpression and
siRNA knockdown for a novel role for ICSBP in increasing
HL-60 cell growth via TGF-b receptor upregulation and
subsequent activation of the TGF-b receptor/TAK-1/p38
pathway. Although it is generally accepted that ICSBP is a
tumor suppressor, we expand our current knowledge on
ICSBP in relation to promotion of cell growth.

2.0

2.5

25

30

0.5

1.5

1.0
A

b
so

rb
an

ce
 (

45
0n

m
)

ICSBP
Mock

C
el

l n
u

m
b

er
 (

x1
04 )

5

10

20

15

ICSBP
Mock

0 24 48 72
(h)

0 24 48 72
(h)

0

150

120

90

60

30

100 101 102 103 104

FL2-H
100 101 102 103 104

FL2-H

00

20

40

60

80

100

M1 M2 M4
M5

M1 M2M3M4 M5

24 48 72
(h)

ICSBPMock

C
el

l n
u

m
b

er

C
el

l n
u

m
b

er
CFSE Intensity CFSE Intensity

ICSBP
si-contro

l 10

12

14
U937-si-Cont
U937-si-ICSBP

Actin

si-IC
SBP

C
el

l n
u

m
b

er
 (

x1
04 )

2

4

6

8

0

Figure 3 Effects of ICSBP expression on cell growth. (a) Equivalent numbers of cells (Mock and ICSBP) were plated and grown in media for the

indicated times before cell proliferation analysis using the CCK-8 assay. (b) Cell numbers were counted after Trypan blue staining at the indicated times.

The data represent the mean from three independent experiments with error bars representing the standard deviation. (c) Cells were labeled for 10min

with 10mM CFSE and staining was quenched by washing. The cells were then cultured for 3 days and analyzed for cell division pattern by flow cytometry.

(d) U937 cells were transfected with control siRNA (si-control) or ICSBP-specific siRNA (si-ICSBP) by electrophoration. Cell lysates were prepared from

Mock and ICSBP expressing U937 cells and analyzed by immunoblotting with ICSBP-specific antibody. (e) U937 cells transfected either with si-control

or si-ICSBP were counted after Trypan blue staining at the indicated times. The data represent the mean from three independent experiments

with error bars representing the standard deviation.
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ICSBP drives myeloid progenitor cell differentiation to-
ward macrophages and inhibits granulocyte differentiation.
ICSBP also strongly inhibits cell growth and positively reg-

ulates apoptosis in myeloid cells (reviewed in Tamura et al14).
Studies report that ICSBP expression is absent in myeloid
leukemias and some solid tumors, including nasopharyngeal
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Figure 4 Effect of induced expression of ICSBP on cell growth in Jurkat Tet-On cells. Jurkat Tet-on cells were transfected with pTRE-Tight-Mock or

pTRE-Tight-ICSBP constructs, respectively, and subjected to selection with puromycin to generate stable cell lines. Doxycycline (1mg/ml) was added to

induce protein expression and cells were harvested and assessed for proteins using anti-ICSBP, anti-TGF-bRI, anti-phospho Smad2, and b-actin antibodies

(a) or cell growth by counting at the indicated times (b).
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carcinomas,14,19 indicating that ICSBP functions as a tumor
suppressor. Moreover, these tumors show transcriptional si-
lencing and promoter methylation of ICSBP.14,19 In fact, the
HL-60 promyelotic leukemic cell line exhibits undetectable
basal levels of ICSBP. However, IFN-g can induce ICSBP
expression, indicating that the ICSBP promoter is
transcriptionally silenced but not epigenetically modified
(Figure 1).

IFNs induce apoptosis in various tumor cell types, in-
cluding acute promyelotic leukemia.27 Although ICSBP was
induced by IFN-g (Figure 1), treatment with this cytokine
induced minimal cell death (data not shown), suggesting that
ICSBP expression is not linked to apoptosis induction in
IFN-g-treated HL-60 cells. Zhou et al28 reported that 1000U/
ml of IFN-g can induce apoptosis in HL-60 cells. However,
250U/ml of IFN-g did not affect cell viability in our study.
Unexpectedly, the level of TGF-bRI was increased in IFN-g-
treated HL-60 cells (Figure 1). Furthermore, overexpression
of ICSBP in the HL-60 resulted in enhanced expression of
TGF-bRI and TGF-bRII (Figure 2), indicating that ICSBP
can regulate the expression of TGF-b receptors positively,
at least in this cell line. The mechanism by which ICSBP
upregulates TGF-b receptors is currently under our in-
vestigation.

It is very intriguing that TGF-b receptor activity is
important for ICSBP-induced cell growth. Our data
demonstrate that knockdown of TGF-bRI by siRNA or
pharmacological inhibition attenuated ICSBP cell growth
(Figure 5), whereas increased levels of TGF-bRI resulted in
augmented TGF-b receptor signaling, leading to cell growth.
Therefore, the results are all consistent with a receptor-
dependent mechanism.

Although TGF-b signaling exhibits tumor suppressor ac-
tivity during the early stages of tumorigenesis, this cytokine
also exhibits tumor promoting activity during the later stages
that favor tumor invasion and metastasis.4 These TGF-b-in-
duced biological functions are mediated by Smad and non-
Smad pathways.4 In our study, ICSBP expression enhanced
Smad2 and Smad3 phosphorylation as well as upregulation
of Smad3 and Smad4. Smad7, which inhibits TGF-b signal-
ing, remained unchanged. It is possible that ICSBP expres-
sion results in increased TGF-b production leading to
activation of downstream signaling pathways. To explore this
possibility, we measured secretion of the active and latent
forms of TGF-b1 and found no significant difference between
Mock and ICSBP cells (Supplementary Figure 2). In addition,
incubation with a TGF-b-neutralizing antibody and TGF-b
both did not block growth of ICSBP cells (Supplementary
Figures 3 and 4). Therefore, it is likely that TGF-b receptors
are constitutively activated in ICSBP cells and that increased
levels of TGF-b receptors could be sufficient to activate them
without ligand binding.

ICSBP expression activated Src, ERK1&2, Akt, and p38,
and p38 activation was critical for ICSBP-induced cell
growth. To further test whether ERK1 and 2, and Akt are also

important for cell growth and survival, cells were treated
with inhibitors to both molecules. However, little change in
cell death was observed in cells treated with the inhibitors
(Supplementary Figure 5). JNK and p38 are well-character-
ized MAPK activated by TGF-b receptor signaling and TAK-1
is known to activate JNK and p38.26 In this study, we de-
monstrate that TAK-1 was also activated by ICSBP expres-
sion, and that this activation was diminished by siRNA
knockdown of ICSBP or TGF-bRI (Figure 7), indicating that
TGF-bRI expression is involved in TAK-1 activation. TRAF6
has been found to be critical for TGF-b-induced activation of
the TAK–JNK/p38 pathway, which mediates apoptosis in
response to this cytokine.26 However, in our study, activation
of the TGF-b receptor–TAK–p38 pathway by ICSBP expres-
sion had a greater role in cell growth than in cell death. When
we examined Bcl-xL protein, an anti-apoptotic protein, there
was little difference between ICSBP and Mock cells (data not
shown). Akt, an important survival molecule, is known to
phosphorylate Bad and phosphorylated Bad blocks apopto-
sis.29 Although Akt was activated in the ICSBP cells rather
than Mock cells, there was no difference in Bad phosphor-
ylation either (Supplementary Figure 6). It is possible that
ligand-independent activation of the TGF-b receptors by
their upregulation generates different signaling events, lead-
ing to cell growth rather than apoptosis. Alternatively,
ICSBP may upregulate other genes that coordinate with the
TGF-b receptor–TAK–p38 pathway to increase cell growth
(Figure 8).

U937 cells express relatively high levels of endogenous
ICSBP (Figure 1a and b) and overexpression of ICSBP in
U937 results in an increase in spontaneous apoptosis.30 In
this study, reduced cell proliferation was demonstrated by
ICSBP overexpression (Supplementary Figure 7) and inter-
estingly, knockdown of ICSBP by siRNA also induced growth

TGF�R I, II upregulation

ICSBP overexpression

TAK-1 activation

p38 MAPK activation

Cell proliferation and
survival

Figure 8 Schematic presentation of non-Smad signaling pathways

involved in ICSBP-induced HL-60 cell proliferation.
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inhibition in U937 cells (Figure 3e). However, in HL-60 cells
and Jurkat cells, whose basal ICSBP levels are very low,
overexpression or induction of ICSBP resulted in cell growth
promotion (Figure 4). It is possible that certain levels of
ICSBP have a positive effect on cell survival, which can be
disrupted by either overexpression or knockdown of ICSBP,
thus leading to cell death in U937 cells. Schmidt et al18 have
reported that expression of ICSBP mRNA is impaired in 27
of 34 CML patients and 21 of 32 AML patients. Conversely,
they also showed that some AML patients harbor high to very
high levels of ICSBP mRNA. Therefore, it is likely that al-
though ICSBP functions primarily as a tumor suppressor,
this transcription factor may have other functions depending
on the cellular context, such as cell growth modulation. Al-
together, our findings suggest a novel function for ICSBP as a
positive regulator of cell growth via the TGF-b receptor-TAK-
p38 pathway.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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