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Abstract
Interleukin-6 (IL-6) is a pleiotropic cytokine that regulates diverse cell functions including
proliferation and differentiation. Within the liver IL-6 signaling plays a central role during normal
hepatic growth and regeneration yet can inhibit the proliferation of hepatocellular carcinoma (HCC)
cells. The aim of the current study was to identify underlying mechanisms whereby IL-6 induces cell
cycle arrest in HCC cells. These studies demonstrate that IL-6 inhibits cell cycle progression at the
G0/G1 interface through inhibition of cyclin dependent kinase (cdk) 2 and cdk4 activity in the absence
of changes in total cyclin (A, D1, D3 and E) or cdk (cdk2, 4 and cdc2 p34) expression. Inhibition of
signal transduction pathways associated with IL-6 receptor activation demonstrate that IL-6-
dependent inhibition of G0-G1 progression occurs via Janus tyrosine kinase-signal transducers and
activators of transcription-3 (Jak-STAT3)-dependent induction of p21waf1/cip1 and is independent of
ERK-MAPK signaling. These data demonstrate that, while IL-6 plays a central role in hepatocyte
priming and proliferation in vivo, the pronounced inhibition of proliferation observed in HCC cells
occurs due to IL-6-STAT3-dependent regulation of cdk2/cdk4 activity and p21waf1/cip1 expression.
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INTRODUCTION
Hepatocellular carcinoma (HCC) accounts for approximately 85% of primary malignant
tumors of the liver (1–3). Globally, HCC is the fifth most common malignancy and the third
most common cause of cancer related death accounting for >600,000 deaths per year (2–4).
At present surgical resection or complete hepatic transplant remains the most effective
treatment for HCC (2,3,5). However, the insidious nature of HCC, late detection and/or
metastasis coupled with a lack of availability of transplantable organs limits the therapeutic
options available (2,3,5). Unlike other organs the healthy liver demonstrates the ability to
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undergo regeneration following a reduction in functional volume. In order for regeneration to
successfully proceed following decreased hepatic mass it is essential that diverse cell signaling
pathways are coordinated (6). In contrast to regeneration, HCC is characterized by abnormal
responsiveness to cytokines and growth factors and this has led to interest in determining
changes that occur in the signal transduction mechanisms of transformed hepatic cells for
pathways normally associated with the regeneration process (1–3).

Interleukin-6 (IL-6) regulates diverse biological functions and has particular significance in
the liver in regulating acute phase protein production, protection against liver injury and
stimulation of liver regeneration (6–8). During hepatic regeneration IL-6 plays a pivotal role
in priming hepatocytes for proliferation through sensitization to growth factors (6–8). Reduced
liver mass results in elevated TNF-α that, in turn, stimulates IL-6 expression (8,9). IL-6 then
binds to an IL-6 receptor-α (IL-6Rα) subunit leading to the formation of a high-affinity hexamer
complex comprising two molecules each of IL-6, IL-6Rα and the signal transducer gp130
(10). Signal transduction proceeds via gp130-associated Janus tyrosine kinase (Jak) and the
recruitment/activation of signal transducers and activators of transcription (STAT’s) (10,11).
In addition to the Jak-STAT pathway, IL-6 has been demonstrated to activate intracellular
mitogen activated protein kinase (MAPK) signaling cascades. In this instance Src homology
protein 2 tyrosine phosphatase-2 (SHP-2) binds to activated gp130 and stimulates the small
G-protein signaling molecule p21ras. Following p21ras activation, via GTP displacement of
GDP activation of intracellular MAPKs (MAPK) signaling cascades, including p42/p44
extracellular signal regulated kinase (p42/44 ERK) (10–13). Active STAT 3, in collaboration
with other transcription factors, enhances the expression of nuclear factors enabling resting
hepatocytes to respond to other growth factors and proliferate (10,11). More recently, the ability
of IL-6 to act as a complete mitogen during liver growth has become apparent. Double
transgenic mice expressing IL-6 and soluble IL-6R (sIL-6R) demonstrate nodular regenerative
hyperplasia and adenoma development (14,15) while supra-physiological IL-6 levels in nude
mice cause dramatic hepatomegaly in the absence of liver injury (16).

Currently the role of IL-6 in tumor formation and/or progression remains ambiguous, IL-6
being demonstrated to act as a growth factor for several cancers including renal cell carcinoma
and multiple myeloma while inhibiting proliferation of early stage melanoma cells, breast
carcinoma cells and a number of leukaemia/lymphoma cell lines (17–20). Similarly, IL-6
appears to have multiple effects in the development and/or progression of HCC. Interleukin-6
acts as an autocrine growth factor in the IL-6 producing HCC-M cell line (21), a survival factor
during TGF-β-induced apoptosis in human Hep3B cells (17) and inhibits proliferation in
specific human and rat HCC cell lines (22–24). Previous studies by our group have identified
altered expression of IL-6 signaling components in a rat model of HCC in vitro and in vivo.
Furthermore, treatment of these HCC cells with IL-6 inhibits cellular proliferation (13). The
aim of the current study is to determine the cell cycle regulatory effects of IL-6 in mediating
inhibition of proliferation in this rat model of HCC.

MATERIALS AND METHODS
Materials

Recombinant human IL-6 (rhIL-6) was purchased from Biosource Int. (Camarillo, CA).
Antisera specific against STAT 3, ERK1/2, p21waf1/cip1, cdk2 and 4, cdc2 p34, cyclin A,
GAPDH and KNRK nuclear extract were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Antisera specific against pSTAT 3 (Tyr705), pERK1/2, p27Kip1, cyclin D3,
D1 and E, the Rb-C fusion protein, β-actin, GADPH and the MEK-ERK inhibitor PD98059
were purchased from Cell Signaling Technology (Beverly, MA). The STAT 3 inhibitor AG490
and Histone H1 (calf thymus) were purchased from Calbiochem (San Diego, CA). The ECL
chemiluminesence detection system was purchased from Pierce Biotech. Inc. (Rockford, IL).
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Cell culture and animal model of HCC
The rat H4IIE hepatoma cell line was obtained from ATCC (Bethesda, MD) and maintained
as previously (24). To maintain cell tumorgenicity cells (≈1×106) were routinely (2–4 passages)
inoculated directly into the left hepatic lobe of male ACI rats with a 30-gauge needle. This
technique results in a reproducible tumor mass forming 14–16 days post-inoculation from
which fresh H4IIE cells are isolated (24).

Preparation of cell lysates and immunoblotting
Quiescent H4IIE cells (serum depleted media, 36 hours) were treated with rhIL-6 (50ng/ml,
0–24 hours), rinsed with PBS (4°C), lysed using a kinase lysis buffer (25mM HEPES, 300mM
NaCl, 1.5mM MgCl2, 200µM EDTA, 1% Triton X-100 (v/v), 20mM β-glycerophospate, 0.1%
SDS (w/v), 0.5% sodium deoxycholate (v/v), 0.5mM DTT, 100mM Na3VO4, 100µg/ml PMSF,
2µg/ml leupeptin, 2µg/ml aprotinin, pH7.5, 4°C) and stored at −80°C prior to analysis. Protein
concentrations were equalized and samples boiled with Laemmli buffer. Samples were then
analyzed by Western blot as previously (13). Primary antibodies were used at a dilution of
1:1000 with the exception of anti-pSTAT 3 (1:2000). Secondary antibodies were used at a
dilution of 1:5000. Detection was performed using ECL and X-ray film as previously (13).

Inhibition of p42/p44-MAPK and Jak-STAT pathways
H4IIE cells were made quiescent for 36 hours in serum-depleted media. PD98059 (20µM) and
AG490 (100µM) were dissolved in DMSO and serially diluted in serum free media prior to
addition 1 hour before rhIL-6 treatment (50ng/mL). Following rhIL-6 treatment cells were
collected in lysis buffer (4°C), sonicated and stored at −80°C prior to analysis. Control cells
were treated with DMSO (0.1% v/v) 1 hour prior to treatment with rhIL-6.

Cyclin dependent kinase (cdk) assays
H4IIE cells were grown to ≈80% confluence and made quiescent for 36 hours in serum depleted
media. Cells were next treated with rhIL-6 (50ng/mL, 0–24 hours), lysates prepared and
incubated with antibodies against either cdk2 or cdk4 (1:50 dilution) for 4 hours prior to
incubation in 20µL protein A agarose beads overnight (4°C). Beads were collected by
centrifugation and washed once in kinase extraction buffer (4°C) followed by PBS (x2, 4°C).
A final wash was carried out in 50mM HEPES/1mM DTT solution (4°C) and the beads were
resuspended in 10µL of 50mM HEPES, 1mM DTT. 20µL of 3x Kinase Reaction buffer
containing either 2mg/mL of Histone H1 (cdk2) or Rb-C fusion protein (cdk4) was then added
and the reaction performed for 30 minutes (30°C) prior to termination by the addition of 15µL
of Laemmli buffer (100°C). Samples were then resolved by SDS-PAGE, transferred to
nitrocellulose membranes and exposed to X-ray film (12–18 hours, −80°C).

Cell cycle analysis
H4IIE cells were isolated, cultured and grown to 80% confluence in high serum media (10%
FBS, v/v). Cells were then synchronized in SFM (replaced every 48 hours) for 7 days. At the
end of this period cells were treated with rhIL-6 (50ng/ml) for 2 hours. SFM was then removed
and replaced with either 2.5% (v/v) FBS media or 2.5% (v/v) FBS media containing 50ng/ml
rhIL-6. For cell cycle analysis cells were detached, pelleted and resuspended in PBS containing
0.1% BSA. 1.5×106 cells/mL were then fixed in ethanol (4°C), resuspended in RNase A
(0.7mg/mL) and incubated at 37°C. Propidium iodide was then added (50µg/mL) and the cells
incubated in darkness (RT). Cells were then analyzed using a BD FACScalibur flow cytometer
(BD Biosciences, San Jose, CA) and data modeled using Modfit LT analysis software.
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Data Analysis and Statistics
Densitometeric analysis of signal intensity was analyzed using the EDAS-290 system (Kodak,
Rochester, NY) as previously (13). In the instance of antibodies against phosphorylated
proteins (pERK1/2, pSTAT 3) signal intensity was corrected to total protein detection
(ERK1/2, STAT 3). Cumulative densitometric data was then calculated as the fold change in
phosphorylated protein signal intensity versus untreated (t=0 minutes) cells. For experiments
in which no active protein was detected the signal intensity was given the numerical value 0.
For all other experiments membranes were stripped and probed with a loading control antibody
(β-actin), signal intensity corrected accordingly and fold changes in expression following
treatment calculated. Tests of statistical significance were performed using a Students t-test
and a p value of <0.05 was taken as significant.

RESULTS
Interleukin-6-dependent changes in p21waf1/cip1 expression are STAT 3 and not ERK1/2
dependent

We have previously reported rhIL-6 activates p42/p44-ERK and STAT3 signaling in HCC
cells in vitro (13). To control for the use of DMSO as a diluent for pharmacological inhibitors
of p42/p44-ERK and STAT3 signaling H4IIE HCC cells were treated with DMSO (0.1% (v/
v)) 1 hour prior to rhIL-6 treatment (50ng/ml, 0–120 minutes [ERK1/2 and STAT signaling]
and 0–24 hours [p21waf1/cip1 or p27Kip1 expression]. Western blot analysis demonstrated that
in the absence of DMSO rhIL-6 stimulated ERK1/2 in a biphasic manner (13). However, in
the presence of DMSO only the second peak of ERK1/2 activity was observed 20–60 minutes
after rhIL-6 addition, a maximal effect being observed 40 minutes after addition (Figure 1a,
5.09 ± 0.26 fold increase at 40 minutes versus DMSO alone, n=4 separate experiments, p<0.05).
No significant changes in total p42/p44-ERK expression were detected at any of the time points
assayed (Figure 1a). In contrast, the profile of STAT 3 activity following rhIL-6 treatment was
identical to that previously reported in the absence of DMSO (13) in which a significant
increase was detected 10 minutes after addition increasing to a maximum 40–60 minutes after
treatment (Figure 1b, 7.62 ± 0.87 fold increase versus untreated at 40 minutes, n=4 separate
experiments, p<0.05). No significant changes in total p42/p44-ERK or total STAT 3 protein
expression were detected at any of the time points assayed (Figure 1a and b).

Analysis of p21waf1/cip1 and p27Kip1 expression following rhIL-6 treatment in the presence of
DMSO also demonstrated similar patterns of expression to those observed in the absence of
DMSO (13). rhIL-6 significantly stimulated p21waf1/cip1 4 hours after treatment rising to a
maximum at 8 hours before returning to baseline at 24 hours and significantly stimulating
p27Kip1 8 hours after treatment, an effect maintained up to 24 hours post-treatment (Figure 1c,
n=4 separate experiments, p<0.05).

To assess the relative contribution of p42/p44-ERK and STAT 3 signaling in the regulation of
p21waf1/cip1 and p27Kip1 expression we next employed the MEK specific inhibitor PD98059
(PD; 20µM) or the Jak-STAT3 specific inhibitor AG490 (AG) diluted in DMSO (0.1% (v/v)
final concentration). Pretreatment of H4IIE cells for 1 hour with PD abolished rhIL-6
stimulated p42/p44-ERK activity at all time points assayed in the absence of significant
changes in total p42/p44-ERK expression (Figure 2a, upper panels, and Figure 2c, n=4 separate
experiments). In contrast, pretreatment with PD (20µM) did not significantly affect the
temporal profile of STAT 3 activation in H4IIE cells although the magnitude of the maximal
response to rhIL-6 was lower than that observed in the presence of DMSO alone (Figure 2a
(lower panels) and 2c, n=4 separate experiments, p<0.05 versus untreated).
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In preliminary studies using AG, inhibition of IL-6-dependent STAT 3 activation was observed
at a range of 50–150µM (data not shown). However, at doses >100µM altered cellular
morphology was observed leading to our experiments being performed at this dose. Treatment
of H4IIE HCC cells with rhIL-6 in the presence of AG (100µM) led to significantly increased
p42/p44-ERK activity versus untreated cells in the presence of AG alone (Figure 2b (upper
panels) and 2c, n=4 separate experiments, p<0.05). In addition, both the magnitude and
duration of p42/p44-ERK activity as compared to rhIL-6 treatment in the presence of DMSO
alone (Figure 1a and Figure 2b). In contrast, pre-treatment with AG significantly blunted STAT
3 activation following IL-6 treatment versus treatment with IL-6 alone (Figure 1b and Figure
2b (lower panels)). Unlike pretreatment with PD, treatment with AG was unable to completely
block the effects of rhIL-6 on STAT 3 activation, significantly increased pSTAT 3 detection
occurring 40–60 minutes after rhIL-6 treatment, although the level of STAT 3 activity was
significantly lower than that detected for rhIL-6 stimulation in the presence of DMSO or PD
(Figure 1a and Figure 2a).

Finally, analysis of p21waf1/cip1/p27Kip1 expression was performed in H4IIE HCC cells pre-
treated with either PD or AG followed by rhIL-6 treatment. These data demonstrated that
inhibition of ERK1/2 signaling did not significantly affect either p21waf1/cip1/p27Kip1

expression following rhIL-6 treatment (Figure 3a). In contrast, while inhibition of Jak/STAT
3 signaling did not significantly affect the rh-IL-6 stimulated p27Kip1 expression in H4IIE HCC
cells, pretreatment with AG abrogated the rhIL-6-dependent increases in p21waf1/cip1

expression (Figure 3b).

rhIL-6 does not alter G1 dependent cyclin or cdk expression in H4IIE cells
To determine the effects of rhIL-6 on the cell cycle we next assayed the expression of cyclins
involved in progression through the G1 restriction point in H4IIE cells. H4IIE cells were treated
with rhIL-6 (50ng/ml, 0–24 hours) and Western blot analysis performed using antibodies
specific against cyclin A, D1, D3 and E. No significant differences in cyclin A, D1, D3 or E
expression were detected in H4IIE cells in response to rhIL-6 versus untreated cells (Figure 4,
n=4 separate experiments). Having established the expression profile of cyclins in H4IIE cells
in response to rhIL-6, we next determined the expression of cyclin dependent kinases (cdk’s)
demonstrated to be critical during transition through the G1 cell cycle restriction point (cdk2
and cdk4) and the G2/M stage of the cell cycle (cdc2 p34). These data demonstrated rhIL-6
did not cause any significant change in cdk2, cdk4 or cdc2 p34 expression in H4IIE cells or
hepatocytes (Figure 4b, n=4 separate experiments).

rhIL-6 inhibits cdk2 and cdk4 activity in H4IIE cells
Having determined the relative contribution of ERK and STAT 3 signaling in H4IIE cells on
p21waf1/cip1/p27Kip1 expression in response to rhIL-6 and a lack of effect of rhIL-6 on cyclin
and cdk expression we next assessed the effects of rhIL-6 on cdk activity using substrate-kinase
reactions. These data demonstrated rhIL-6 significantly inhibited cdk2 activity as demonstrated
by decreased substrate (histone H1) phosphorylation at 8 and 24 hours versus untreated controls
(Figure 5a, n=3 separate experiments, p<0.05). Similarly, rhIL-6 significantly inhibited cdk4
activity, as determined by decreased Rb-C fusion protein phosphorylation 8 and 24 hours after
rhIL-6 treatment versus untreated control (Figure 5b, n=3 separate experiments, p<0.05).

IL-6 induces G0/G1 growth arrest in H4IIE cells
To determine the effect of IL-6 on cell cycle progression, synchronized H4IIE cells were pre-
treated with rhIL-6 (50ng/ml) followed by FBS (2.5% v/v) and stained with propidium iodide
(PI) prior to flow cytometry analysis. These data demonstrate FBS treatment induces H4IIE
cell exit from the G0/G1 phase of the cell cycle, a significant decrease in G0/G1 cell population
being observed at 20h (15.09 ± 0.35% decrease in G0/G1 population, n=4, p<0.05 versus time
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0; Figure 6b) increasing to a maximum 28 hours after FBS addition (19.72 ± 0.02% decrease
in G0/G1 population, n=4, p<0.05 versus time 0; Figure 6a and b). This change in G0/G1
population occurs concomitant with an increase in the S phase population (Figure 6a, n=4).
Pretreatment of H4IIE cells with rhIL-6 (50ng/mL) followed by FBS (2.5% v/v) resulted in
significantly decreased exit of cells from the G0/G1 phase of the cell cycle at 20 hours
versus FBS alone (Figure 6b, 9.86 ± 0.16% (rhIL-6 + FBS) versus 15.09 ± 0.35% (FBS alone),
n=4, p<0.05). No significant difference in the percentage of cells exiting the G0/G1 phase of
the cell cycle was detected in HCC cells following FBS treatment in the presence of rhIL-6
between 20 hours and the later time points assayed. In contrast, at all the time points assayed
(20–32 hours) the presence of rhIL-6 significantly inhibited cells exiting the G0/G1 phase as
compared to FBS alone (Figure 6).

DISCUSSION
During the process of liver regeneration normal hepatocytes are primed to enter the G1-phase
of the cell cycle and, in doing so, acquire increased responsiveness to growth factors allowing
passage through the G1 restriction point (6,8,25). Decreased hepatic mass leads to increased
serum IL-6 and hepatic IL-6R activation. Downstream activation of STAT 3, in collaboration
with additional transcription factors, acts to enhance the expression of genes critical to
repopulation (6,8). The significance of IL-6 during these events is highlighted in studies
utilizing IL-6−/− mice in which STAT 3 activation and early gene expression is absent and
defective regeneration occurs (26). IL-6 can also act as a complete hepatic mitogen when
present in excess (6,14). In contrast this study identifies an inhibitory effect of rhIL-6 on G1
phase progression in transformed hepatic cells. IL-6 treatment leading to decreased cdk2 and
cdk4 activity associated with a STAT 3 dependent increase in the cdk inhibitor p21waf1/cip1

and increased expression of p27Kip1.

Previous studies by our group report rhIL-6 stimulates ERK activity in a biphasic manner, an
initial spike of pERK detection occurring 2–5 minutes after addition followed by a second
sustained period of ERK activity 20–60 minutes later in H4IIE cells (24). In the current studies
in which inhibitors of ERK (PD98059) or STAT 3 (AG490) were employed it was of interest
that pre-treatment of cells with drug vehicle (DMSO; 0.1% v/v) abolished early (2–5 minute)
ERK activity, whilst not affecting the second peak of ERK activity or STAT 3 activity. These
data are all the more unusual as DMSO has been used as a vehicle for PD98059 during the
study of ERK activity stimulated by a variety of cytokines in numerous cell lines including
those of hepatic origin without apparently affecting ERK activity (27–29). Following IL-6
receptor binding a hexameric signaling complex forms (10,11,30). In order for ERK to become
activated a series of scaffold proteins are assembled on the intracellular portion of the gp130
component of the receptor (10,11). As such several possible explanations exist as to why
DMSO inhibits early ERK activity whilst not affecting the later sustained ERK activation.
Given the necessity for IL-6 to bind to gp80 for receptor complex formation to occur it is
possible that the presence of DMSO in the culture medium delays the ability of IL-6 to bind
to gp80 and initiate the receptor complex formation and abrogates early ERK activation.
However, if this were the case it might be anticipated that a decrease in total ERK activity
might occur, an effect that was not observed. Alternatively, the solvent properties of DMSO
may act to alter plasma membrane fluidity and in doing so inhibit or slow the ability of gp130
subunits to associate and propagate the downstream intracellular signaling cascades. In this
instance later signaling events such as the second period of ERK activation, STAT3 activity
and increased p21waf1/cip1/p27Kip1 expression may not be affected while earlier events do not
occur. Whether these events are unique to IL-6 signaling or also occur for other cytokines that
utilize the gp130 receptor (e.g. Oncostatin-M, Leukemia inhibitory factor, IL-11) (30) and/or
the use of DMSO, as opposed to other solvent vehicles, remains to be tested experimentally.
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Progression through the cell cycle is regulated by cdks (31). Cyclins associate with cdks are
the primary regulators of cdk activity (31,32). The activation of cdk4 plays an important role
in the passage through the G1 restriction point when the cell becomes committed to proceed
through the cell cycle, while cdk2 activation plays an essential role in the transition into S phase
and DNA synthesis. Cyclin D1 expression, which is induced during G1 phase in response to
mitogens, complexes with and activates cdk4. Cyclin dependent kinase-2 (cdk2) is regulated
primarily by cyclin E and cyclin A during G1/S transition and S phase respectively (31,32).
The retinoblastoma protein (Rb) is the major target for cyclin dependent kinase activity and is
phosphorylated by both cyclin D dependent kinases and by cdk2. Hyperphosphorylation of the
Rb protein disrupts its association with E2F transcription factors which, once released,
stimulate the expression of a series of genes required for DNA synthesis (31,32). In the present
study rhIL-6 treatment resulted in decreased cdk2 and cdk4 activity while analysis of G1/S-
phase cyclin and cdk expression demonstrated that total levels of these proteins were
unchanged. Increased expression of the cdk inhibitors p21waf1/cip1 and p27Kip1 act as the most
probable mediators of diminished activity. p21waf1/cip1 and p27Kip1 are members of the Cip/
Kip family of cdk inhibitors that affect cyclin D-, E- and A-dependent kinase activity through
binding of both the cyclin and cdk subunits (32). The IL-6 induced expression of
p21waf1/cip1 and p27Kip1 in H4IIE cells correlates with decreases in cdk activity. Overall,
increased cdk inhibitor expression, leading to decreased cdk activity and decreased Rb
phosphorylation in response to rhIL-6, gives a direct mechanism for G1 growth arrest in H4IIE
cells. Indeed, several reports have identified a similar inhibitory effect of IL-6 in transformed
cells that are associated with increased p27Kip1/p21waf1/cip1 expression (19,23,33).

Both the Jak-STAT and ERK-MAPK pathways are implicated in increased p21waf1/cip1 and
p27Kip1 expression in response to IL-6- mediated STAT 3/ERK 1/2 activation (19,23,33). In
H4IIE cells inhibition of IL-6 stimulated ERK 1/2 activity did not affect p21waf1/cip1 or
p27Kip1 expression. In contrast, STAT 3 inhibition ablated IL-6 stimulated p21waf1/cip1

expression. However despite the effects of AG490 on decreasing p21waf1/cip1 expression,
AG490 failed to alter rhIL-6-stimulated p27Kip1 expression. One possible explanation for this
observation may be that it was not possible to completely inhibit STAT 3 in these cells and
this low basal STAT 3 activity is sufficient to induce p27Kip1. Alternatively, AG490 prolonged
rhIL-6 stimulated ERK1/2 activity. Similar changes in ERK 1/2 activation have been reported
following inhibition of STAT 3 using either AG490 or genetic means in other models, this
effect being linked to decreased SOCS and/or phosphatase expression (34,35). While STAT 3
and MAPK signaling are the primary downstream cascades activated following IL-6R
stimulation, other pathways may also be activated. STAT 1 (19), STAT 5 (23) and PI3K (17)
have all been reported to be activated following IL-6R activation in other cell types.
Furthermore, both PI3K and STAT 5 can modulate p27Kip1 expression (23,36) raising the
possibility of multiple effector pathways mediating IL-6 dependent signaling.

Analysis of a variety of human and rat HCC cell lines demonstrates IL-6 inhibits proliferation
in human and rat HCC cell lines (13,22,23). Conversely a role for IL-6 as an autocrine growth
factor in human HCC-M cells (21) and a survival factor in Hep3B HCC cells (17) has been
reported. These reports highlight distinct biological outcomes of IL-6 signaling in different
HCC cell types. In addition to HCC, IL-6 is reported to act as a paracrine growth inhibitor in
certain prostate cancer cell lines while acting as an autocrine growth stimulator in others
(37). Interestingly, IL-6 has been reported to “switch” from acting as a paracrine growth
inhibitor to an autocrine growth stimulator during the progression of human melanoma (38,
39). Taking into consideration that IL-6 is produced and secreted by H4IIE cells (13), these
data suggest a potential novel role for IL-6 in HCC where it acts as an autocrine growth inhibitor
in HCC, effects similar to that observed in human lung cancer cells (40). In this case, the cells
have a relatively low IL-6 sensitivity when compared with noncarcinogenic human bronchial
epithelial cells suggesting that escape from growth regulation of this inhibitory factor may be
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involved in lung oncogenesis. Similarly, H4IIE cells are characterized by decreased expression
of IL-6 receptor components (13) supporting potentially evasive cell mechanisms from IL-6
growth inhibition. Autocrine negative growth regulation by other cytokines, such as TGF-β,
in other cancer models has been established while the development of multicytokine resistance
during oncogenesis is linked to clonal dominance of primary tumours by metastatically
competent cells (41,42).

In conclusion, the current studies demonstrate that inhibition of proliferation in H4IIE HCC
cells occurs due to IL-6-STAT 3-dependent regulation of cdk2/cdk4 activity and p21waf1/cip1

expression. This mechanism in turn inhibits the progression through the G0/G1 interface of
the cell cycle effectively halting the mitogenic process. In addition, our data demonstrate that
the use of DMSO inhibits the early responsiveness of H4IIE cells to IL-6-dependent ERK
activation but does not affect later events including ERK and STAT activation and increased
p27Kip1/p21waf1/cip1 expression. Further studies are required to determine the mechanism(s)
by which early IL-6-ERK activation are inhibited by DMSO. Finally, it will be of considerable
interest to determine whether IL-6-dependent inhibition of HCC growth observed in these
studies in vitro translates to the in vivo setting.
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Figure 1.
a) rhIL-6 stimulates ERK1/2 activity in H4IIE cells. Representative Western blot analysis
of active (phosphorylated; pERK1/2) and total ERK1/2 expression in H4IIE cells following
treatment with rhIL-6 (50ng/ml, 0–120 minutes). Cells were pretreated with DMSO (0.1% (v/
v) 60 minutes prior to rhIL-6 treatment. Cumulative densitometric analysis of pERK1/2
expression was then performed and pERK1/2 values corrected to total ERK1/2 values. *p<0.05
rhIL-6 treated versus untreated (t=0 minutes), n=4 separate experiments.
b) rhIL-6 stimulates STAT 3 activity in HCC cells. Representative Western blot analysis of
active (phosphorylated; pSTAT 3) and total STAT 3 expression in H4IIE cells following
treatment with rhIL-6 (50ng/ml, 0–120 minutes). Cells were pretreated with DMSO (0.1% (v/
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v) 60 minutes prior to rhIL-6 treatment. Cumulative densitometric analysis of pSTAT 3 was
then performed and pERK1/2 values corrected to total ERK1/2 values. *p<0.05 rhIL-6 treated
versus untreated (t=0 minutes), n=4 separate experiments.
c) rhIL-6 stimulates p21waf1/cip1 and p27Kip1 expression in H4IIE cells Representative
Western blot analysis of p21waf1/cip1 (upper panel) and p27Kip1 (middle panel) expression in
H4IIE cells following treatment with rhIL-6 (50ng/ml, 0–24 hours). Cells were pretreated with
DMSO (0.1% (v/v) 60 minutes prior to rhIL-6 treatment. Cumulative densitometric analysis
of p21waf1/cip1 (open bars) and p27Kip1 (closed bars) expression was then performed and values
corrected for b-actin expression (lower panel). *p<0.05 rhIL-6 treated versus untreated (t=0
minutes), n=4 separate experiments.
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Figure 2.
a) PD98059 inhibits rhIL-6 dependent ERK1/2 signaling but not STAT 3 signaling in
H4IIE cells. Representative Western blot analysis of active (phosphorylated; pERK1/2) and
total ERK1/2 expression (upper panels) in H4IIE cells following treatment with rhIL-6 (50ng/
ml, 0–120 minutes) in the presence of PD98059 (20µM). Representative Western blot analysis
of active (phosphorylated; pSTAT 3) and total STAT 3 expression (lower panels) in H4IIE
cells following treatment with rhIL-6 (50ng/ml, 0–120 minutes) in the presence of PD98059
(20µM).
b) AG490 inhibits rhIL-6 dependent STAT 3 signaling but not ERK1/2 signaling in H4IIE
cells. Representative Western blot analysis of active (phosphorylated; pERK1/2) and total
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ERK1/2 expression (upper panels) in H4IIE cells following treatment with rhIL-6 (50ng/ml,
0–120 minutes) in the presence of AG490 (100µM). Representative Western blot analysis of
active (phosphorylated; pSTAT 3) and total STAT 3 expression in H4IIE cells following
treatment with rhIL-6 (50ng/ml, 0–120 minutes) in the presence of AG490 (100µM).
c) Densitometric analysis of ERK1/2 and STAT 3 activity in the presence of PD98059 and
AG490. Cumulative densitometric analysis was performed in which active (phosphorylated;
pERK1/2) was corrected for total ERK1/2 expression in the presence of PD98059 (+PD
(20µM),●—●) or AG490 (+AG (100µM),○—○), left panel. *p<0.05 rhIL-6 versus treated
versus untreated (time = 0), §p<0.05 rhIL-6 treated +AG versus rhIL-6 treated +PD, n=4
separate experiments. Cumulative densitometric analysis was performed in which active
(phosphorylated; pSTAT 3) was corrected for total STAT 3 expression in the presence of
PD98059 (+PD (20µM),■—■) or AG490 (+AG (100µM),□—□) right panel. *p<0.05 rhIL-6
versus treated versus untreated (time = 0), §p<0.05 rhIL-6 treated +AG versus rhIL-6 treated
+PD, n=4 separate experiments.
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Figure 3.
a) Inhibition of ERK1/2 signaling does not affect IL-6 dependent p21waf1/cip1 or
p27Kip1 expression in H4IIE cells. Representative Western blot analysis of p21waf1/cip1 and
(upper panel) and p27Kip1 expression (lower panel) in H4IIE cells pretreated with PD98059
(20µM) following treatment with rhIL-6 (50ng/ml; 0–24 Hrs). Cumulative densitometric
analysis of p21waf1/cip1 (open bars) and p27Kip1 (closed bars) expression was then performed
and values corrected for b-actin expression (lower panel). *p<0.05 rhIL-6 treated versus
untreated (t=0), n=4 separate experiments.
b) Inhibition of STAT 3 signaling inhibits IL-6 dependent p21waf1/cip1 but not p27Kip1

expression in H4IIE cells. Representative Western blot analysis of p21waf1/cip1 and (upper
panel) and p27Kip1 expression (lower panel) in H4IIE cells pretreated with AG490 (100µM,
60 minutes) following treatment with rhIL-6 (50ng/ml; 0–24 Hrs). Cumulative densitometric
analysis of p21waf1/cip1 (open bars) and p27Kip1 (closed bars) expression was then performed
and values corrected for b-actin expression (lower panel). *p<0.05 rhIL-6 treated versus
untreated (t=0), n=4 separate experiments.
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Figure 4.
a) rhIL-6 treatment does not alter Cyclin A, D1, D3 or E expression in H4IIE cells.
Representative Western blot analysis of Cyclins A, D1, D3 and E and the house keeper protein
GAPDH (lower panel) in untreated (−) or rhIL-6 (50ng/ml, 0–24 hours) treated (+) H4IIE cells.
b) rhIL-6 does not alter cdk2, cdk4 or cdc2p34 expression in H4IIE cells. Representative
Western blot analysis of cdk2, cdk4 and cdc2p34 expression in untreated H4IIE cells or H4IIE
cells treated with rhIL-6 (50ng/ml, 0–24 hours). GAPDH expression is shown to demonstrate
protein loading.
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Figure 5.
a) rhIL-6 inhibits cdk2 activity in H4IIE cells. cdk2 activity was assessed by a kinase reaction
using histone H1 as a substrate for immunoprecipitated cdk2 in untreated (−) and rhIL-6 treated
(+) H4IIE cells. Cumulative densitometric analysis of cdk2 activity/histone H1
phosphorylation ([32P]H1) following treatment with rh-IL-6 (lower panel). n=3 separate
experiments, *p<0.05 versus time = 0 hours, §p<0.05 rhIL-6 treated (closed bars) versus
untreated (open bars).
b) rhIL-6 inhibits cdk4 activity in H4IIE cells. cdk4 activity was assessed by a kinase
reaction using retinoblastoma-C (Rb-C) protein as a substrate for immunoprecipitated cdk4 in
untreated (−) and rhIL-6 treated (+) H4IIE cells (0–24 hours). Cumulative densitometric
analysis of cdk4 activity/Rb-C phosphorylation ([32P]Rb) following treatment with rh-IL-6
(lower panel). n=3 separate experiments, *p<0.05 versus time = 0 hours, §p<0.05 rhIL-6 treated
(closed bars) versus untreated (open bars).
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Figure 6. rhIL-6 induces G0/G1 growth arrest in H4IIE cells
a) Representative FACS analysis demonstrating cell cycle phase of synchronized H4IIE cells
prior to rhIL-6 treatment (t=0 hours).
b) Representative FACS analysis demonstrating cell cycle phase of H4IIE cells at 28 hours
following FBS (2.5% v/v) treatment in the absence of rhIL-6.
c) Representative FACS analysis demonstrating cell cycle phase of H4IIE cells at 28 hours
following FBS (2.5% v/v) treatment in the presence of rhIL-6.
d) Cumulative FACS analysis of H4IIE cells treated with FBS (2.5% v/v) in the presence or
absence of rhIL-6 (50ng/ml). n=4 separate experiments, *p<0.05 versus 6 hours, #p<0.05
rhIL-6 treated versus untreated.

Moran et al. Page 18

J Surg Res. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


