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Inflammatory hepatocellular adenomas (IHCAs) are benign liver lesions that can be characterized histologically by 
the presence of an inflammatory infiltrate and at the molecular level by the overexpression of acute phase inflammatory 
response genes. Recurrent somatic mutations of the interleukin-6 (IL-6) signal transducer (IL6ST) locus, encoding the 
critical component of the IL-6 signal transduction machinery gp130, are present in 60% of IHCAs and in a subset (2%) of 
hepatocellular carcinoma (HCCs). By screening of 256 human hepatic adenoma specimens (the largest genetic analysis of 
IL6ST performed to date in this setting), we identified 24 distinct somatic IL6ST mutations among 66 mutant adenomas. 
The functional analysis of nine different gp130 mutants expressed in hepatic cancer cell lines consistently revealed the 
constitutive and IL-6-independent activation of the JAK/STAT signaling pathway. We further demonstrated that the sig-
naling activity of mutant gp130 in IHCA remains responsive to suppressor of cytokine signaling 3 (SOCS3), a physiological 
gp130 inhibitor. Specifically, cells expressing a double mutant variant of gp130 with a disrupted SOCS3-binding site at 
residue 759 (Y186/Y759F) displayed a hyperactivation of signal transducer and activator of transcription 3 (STAT3) as com-
pared with cells expressing the endogenous IHCA-associated Y186 gp130 mutant. Notably, we identified that constitutive 
signaling via gp130 in IHCA requires the Janus kinase family member JAK1, but not JAK2 or tyrosine kinase 2. In support 
of this notion, AG490, a tyrosine kinase inhibitor that selectively blocks JAK2, had no effect on gp130 activity. In stark con-
trast, we showed that ruxolitinib, a JAK1/JAK2-selective tyrosine kinase inhibitor used to treat patients with myelofibrosis, 
dramatically impaired JAK1-STAT signaling downstream of all IHCA-associated gp130 mutants. In conclusion, our findings 
provide a rationale for the use of JAK1 inhibitors for the treatment of HCAs expressing mutant gp130 as well as a subset 
of HCCs that bear similar mutations.
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Introduction

Hepatocellular adenomas (HCAs) are rare benign liver tumors 
that usually develop in young females following the use of con-
traceptives.1 HCAs are heterogeneous and 4 major molecular 
subgroups have been defined so far, based on both genotypic and 
phenotypic features.2-4 Inflammatory hepatocellular adenomas 
(IHCAs) account for 45–60% of HCAs, hence representing the 
most common subtype of this disease. IHCAs are characterized; 
(1) genetically by the overexpression of acute phase inflammatory 
genes, and (2) immunophenotypically by the presence of a con-
stituent inflammatory infiltrate. This particular subtype of HCA 
occurs most frequently in women on oral contraceptives, but has 
also been associated with obesity and alcohol abuse.3 We have 
previously identified a select panel of IHCA-driving mutations. 
In particular: (1) 60% of IHCAs harbor activating somatic muta-
tions in the interleukin (IL)-6 signal transducer (IL6ST) locus, 
gene coding for gp130, the co-receptor and signal transducer of 
the IL-6 receptor (IL6R)5; (2) 5% harbor somatic mutations in 
signal transducer and activator of transcription 3 (STAT3);6 and 
(3) 5% harbor somatic mutations in the GNAS complex locus 
(GNAS) encoding, among other proteins, the G-protein α sub-
unit.1,7-9 Notably, all these IHCA-associated mutations promote 
the constitutive activation of STAT3.

All IL-6 family cytokines, namely, IL-6, IL-11, IL-27, ciliary 
neurotrophic factor (CNTF), cardiotrophin 1 (CTF1), CTF1-
like cytokine factor 1 (CLCF1), leukemia inhibitory factor (LIF), 
oncostatin M (OSM) and neuropoietin (NPN), activate the 
gp130-JAK-STAT signaling pathway. IL-6 and IL-11 are the only 
of these cytokines that exclusively transduce a signal via gp130 
homodimers. Generally, IL-6 binds to its specific α receptor, 
IL6R (also known as gp80) to generate heterodimeric IL6/IL6R 
complexes that can associate with a gp130 homodimer, resulting 
in a hexameric structure that activates the signaling functions 
of gp130. Gp130 activation induces the phosphorylation of JAK 
kinase 1 (JAK1) and JAK2, which in turn phosphorylate STAT3 
at Y705, triggering its homodimerization, nuclear transloca-
tion, DNA binding and the transactivation of pro-inflammatory 
STAT3 target genes.10

STAT transcription factors are directly phosphorylated and 
activated by JAK tyrosine kinases, which play a pivotal role in 
the development of both solid and hematopoietic tumors.11-13 
The JAK-STAT signaling pathway can be triggered either by the 
activation of oncogenes or via the paracrine or autocrine produc-
tion of cytokines whose receptors signal to JAK family members, 
which in turn phosphorylate and activate STAT transcription 
factors.14 In this context, IHCA-associated IL6ST mutations that 
functionally activate gp130 are thought to lead to the constitutive 
activation of JAK and STAT3, resulting in a sustained inflam-
matory response that promote the formation of adenomas. Thus, 
new inhibitors that selectively inhibit JAK kinases15-18 may repre-
sent attractive therapeutics for this class of adenomas, which are 
relatively benign but can progress to hepatocellular carcinoma 
(HCC). Moreover, 1 to 2% of HCCs harbor activating muta-
tions in IL6ST, implying that JAK kinases might represent a 

candidate target for the therapy of this subset of hepatic malig-
nancies as well.5,19,20

To assess the mechanisms of activation of the JAK-STAT sig-
naling axis in IHCAs bearing IL6ST mutations, we evaluated 
the functional and biochemical properties of nine distinct gp130-
activating mutations identified by the screening of a large panel 
of 256 HCA patient samples. Further, we assessed the therapeu-
tic potential of disabling the JAK-STAT signaling pathways in 
IHCA bearing expressing mutant gp130.

Results

Spectrum of IL6ST mutations in IHCA
Among 256 HCA patient samples screened for genetic 

abnormalities, we identified 66 heterozygous, somatic IL6ST 
mutations. Thus, IL6ST mutations were found in 25.7% of all 
HCA samples tested, and—of particular interest—were exclu-
sively identified among IHCA specimens, accounting of 56.9% 
of our HCA patient cohort. In addition, we found that 13% of 
IHCA specimens (15) exhibited activating mutations in both 
IL6ST and the third exon of CTNNB1, which encodes β catenin 
(Table S1). In contrast, we confirmed that IL6ST mutations are 
mutually exclusive with mutations in HNF1A (coding for HNF1 
homeobox A), STAT3 and GNAS, which are recurrent in benign 
HCAs.4,6,7 The spectrum of IL6ST mutations that we identified 
included 20 distinct in-frame deletions, 1 missense substitution 
and 3 in-frame insertion or deletions. Almost all of these muta-
tions affected the D2 domain of gp130, which is directly involved 
in IL-6 binding (Fig. 1A and Table S1). At this hot spot, 2 amino 
acids, Y190 and F191, are essential for the interaction between 
gp130 and IL-6. Most of the in-frame deletions affected these 
residues.

The IL-6/IL6R/gp130 hexamer is held together by 10 2-fold 
related interfaces of which 5 are unique (sites I, IIa, IIb, IIIa, and 
IIIb).21 Within site IIa, g130 F191 (F169 in ProteinDataBank) 
is conserved and crucial for all cytokine interactions,22-24 con-
tributing 25% of the total buried surfaces area (Fig.  S1). To 
determine the effects of the IL6ST in-frame deletions on the 
quaternary structure of the complex, we took advantage of the 
availability of the IL-6/IL6R/gp130 crystal structure.21 In par-
ticular, we deleted these residues in silico and performed 200 
rounds of energy minimizations of the resulting model. In our 
final model, deletion of gp130 residues 187–190 (165–168 in 
ProteinDataBank) appeared to affect cytokine interaction sub-
stantially as moiety F191 no longer stacked against the side of 
IL-6 R27 but rather localized near IL-6 Y31 (Fig. S1). This con-
trasts with prior structural and calorimetric data suggesting that 
the disruption of site IIa does not affect IL-6/IL-6R interactions 
but abrogates hexamer assembly, particularly considering that 
gp130 assembles as a loop of 5 codependent interfaces (I ® IIa/
IIb ® IIIa ® IIIb ® I).21

We also identified one tumor harboring an atypical in-frame 
deletion of 4 residues localized to the D4 domain of gp130 
(Fig.  1A and Table S1). The structure of the entire extracel-
lular domain of gp130 allows for modeling the effects of the 
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A418-F421 deletion (A396-F399 in ProteinDataBank) on the 
IL-6/IL6R/gp130 hexamer (Fig. S2). These amino acids reside 
on a loop, and in our energy-minimized model we found that 
this deletion shortens the loop without significantly changing the 
structure of the overall hexamer. It is tempting to speculate that 
this region might be important for the flexibility of extracellular 
domains of gp130. Thus, mutations that decrease such a flexibil-
ity might favor gp130 dimerization.

To clarify the mechanism(s) by which the JAK-STAT signal-
ing axis is activated in IHCA cells expressing mutant gp130, we 
generated (by site-directed site mutagenesis) recombinant vari-
ants of gp130 harboring nine of the IL6ST genetic alterations 
that we identified, including 8 in-frame small deletions targeting 

the D2 and D4 domains (of 1 to 5 amino acids in length) as well 
as the P216H point substitution (Fig. 1A). The overexpression 
of these mutants in 3 different hepatic cancer cell lines (Hep3B, 
HepG2, and Huh7 cells) cotransfected with a STAT3-luciferase 
reporter demonstrated that all nine mutants drive constitutive, 
IL-6-independent STAT3 activation (Fig.  1B and Fig.  S3), as 
anticipated. All gp130 mutants that we tested exhibited a simi-
lar ability to activate STAT3, except A418 (deletion in the D4 
domain) and V189 (deletion in the D2 domain), which were 
the least efficient in this sense (Fig. 1B). Finally, in contrast to 
wild-type gp130, all gp130 mutants induced high levels of sup-
pressor of cytokine signaling 3 (SOCS3) and C-reactive pro-
tein, pentraxin-related (CRP) mRNAs (Fig. 1B), 2 acute-phase 

Figure 1. Gain-of-function mutations of gp130 in IHCA. (A) Spectrum of somatic mutations affecting interleukin-6 (IL-6) signal transducer (IL6ST) in 
human inflammatory hepatocellular adenoma (IHCA) samples (n = 256). DNA sequencing of IL6ST of was performed to identify the resultant alterations 
in gp130, including in-frame deletions (in green), insertions or deletions (in pink) and amino acid substitutions (in yellow) occurring in the different 
domains of the protein (S, signal peptide; D1-D6, extracellular domains; TM, transmembrane domain). Right, occurrence of the different mutants with 
their official nomenclature. Mutants reproduced by site-directed mutagenesis (for functional analysis) are in blue. (B) Plasmids engineered to express 
either IHCA-associated gp130 mutants or wild-type (WT) gp130 were co-transfected into Hep3B cells (n = 3) along with a STAT3-driven luciferase (Luc) 
reporter. STAT3 activation (left) was measured by luciferase activity 6 h after serum starvation. Shown are the means ± SD luciferase activity. Quantitative 
PCR was also used to examine the effects of expressing mutant gp130 on SOCS3 (center) or CRP (right) mRNA expression levels in comparison to WT 
gp130. Shown is the mean ± SD of the normalized mRNA levels in mutants relative to WT gp130 controls (1-fold).�
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inflammatory genes transcriptionally regulated by STAT3. 
Thus, all nine IHCA-associated mutations of gp130 induced the 
constitutive, cytokine-independent activation of STAT3.

The activity of IHCA-associated gp130 mutants is 
attenuated by SOCS3

SOCS3 is induced as a direct target of STAT3 and modulates 
JAK signaling upon interaction with gp130 Y759.25 In order to 
test whether gp130 mutants remain under the control of SOCS3, 
we selected Y186, the gp130 mutant most frequently associated 
with IHCA, and generated a double mutant (Y186/Y759F). We 
found that the Y186/Y759F gp130 double mutant exhibits an 
increased ability to drive STAT3 activation than the Y186 simple 
mutant (Fig. 2A). To confirm this observation, we further tested 
the effect of exogenous SOCS3 expression on STAT3 activity 
by co-expressing the Y186 gp130 mutant and wild-type SOCS3 
in Hep3B cells. Cells forced to constitutively express SOCS3 
together with the gp130 mutant displayed a marked reduction in 
STAT3 activation as compared with cells expressing the gp130 
mutant only (Fig. 2B). Thus, the activation of the JAK-STAT 
signaling axis by IHCA-associated gp130 mutants remains under 
the control of SOCS3. In line with notion, the Y186/Y759F dou-
ble mutation produced a superactive gp130 variant.

Interaction of gp130 mutants with wild-type gp130, IL6R, 
and OSMR

IHCA cells most often bear heterozygous IL6ST mutations, 
implying that both the mutant and the wild-type allele are 
expressed.5 Thus, we assessed the effects of IHCA-associated 

gp130 mutations on gp130 dimerization, as 
well as on its interactions with IL6R and the 
OSM receptor (OSMR), two IL-6 receptor fam-
ily members that are expressed by IHCA cells. 
As previously shown,5 wild-type gp130 do not 
homodimerize in the absence of IL-6. Conversely, 
IHCA-associated gp130 mutants are fully capable 
of homodimerizing as well as of heterodimeriz-
ing with wild-type gp130 in the absence of IL-6 
(Fig.  3A). Furthermore, the selective depletion 
of wild-type gp130 by means of specific small-
interfering RNAs (siRNAs) significantly aug-
mented the expression levels of CRP and SOCS3, 
reflecting a burst in STAT3 activation driven by 
mutant gp130 (Fig. 3B and C). Thus, our find-
ings suggest that wild-type gp130 antagonizes the 
activity of IHCA-associated gp130 mutants via 
heterodimerization.

We also assessed the effects of IHCA-associated 
gp130 mutations on its interactions with the gp80 
subunit of IL6R. Interestingly, although the silenc-
ing of gp80 dramatically inhibited IL-6-induced 
STAT3 activity in the presence of wild-type gp130, 
this was not the case when cells were engineered to 
express IHCA-associated gp130 mutants (Fig. S4). 
However, the transgene-driven overexpression of 
gp80 did slightly decrease the activation of STAT3 
in cells expressing either the Y186 or A418 gp130 
mutant (Fig. S4), consistent with a limited role for 

gp80 in the constitutive activation of gp130 mutants.
Gp130 also binds to the OSMR, an interaction that is required 

for OSMR signaling. As anticipated, the interaction between 
wild-type gp130 and OSMR in Hep3B cells required OSM, 
whereas gp130 mutants formed heterodimers with OSMR even in 
the absence of its ligand (Fig. 3D). The overexpression of OSMR 
did not affect STAT3 activity as stimulated by IHCA-associated 
gp130 mutants (Fig. 3E). However, the siRNA-mediated knock-
down of OSMR partially decreased the transcriptional activity of 
STAT3 as induced by gp130 mutants in both HepG2 (Fig. 3F; 
P < 0.01) and Huh7 cells (Fig. S5). These findings suggest that 
ligand-independent interactions between gp130 mutants and the 
OSMR contribute to the activation of STAT3 in IHCAs.

The ability of IHCA-associated gp130 mutants to activate 
STAT3 is impaired by JAK1 inhibitors

JAK1, JAK2 and tyrosine kinase 2 (TYK2) are members of 
the Janus kinase family that operate downstream of the IL6R/
gp130 complex and hence potentially serve to activate STAT3.26 
Interestingly, in human HCC HepG2 cells, the knockdown of 
JAK2 or TYK2 had no effect on the transcription activity of 
STAT3 as driven by IHCA-associated gp130 mutants or IL-6 
administration (Fig. 4A). In stark contrast, JAK1 silencing led 
to a dramatic decrease in STAT3 activation in 3 different HCC 
cell lines engineered to express IHCA-associated gp130 mutants 
(Fig.  4A; Fig.  S6). Thus, the activation of STAT3 by IHCA-
associated gp130 mutants is dependent upon JAK1 but not JAK2 
or TYK2.

Figure 2. Signaling activity of IHCA gp130 mutants is attenuated by SOCS3. (A and B) 
Plasmids engineered to express either inflammatory hepatocellular adenoma (IHCA)-
associated gp130 mutants (black bars) or wild-type (WT) gp130 were transfected into 
Hep3B cells (n = 3) together with a STAT3-driven luciferase (Luc) reporter construct 
(pSIEM-Luc). STAT3 activation was measured by luciferase activity 6 h after serum star-
vation. Shown are the means ± SD luciferase activity. (A) STAT3 activity following the 
co-transfection of Hep3B cells with the STAT3-luciferase reporter and a control empty 
plasmid (EP) or constructs coding withWT gp130, Y186 gp130 mutant, Y759F gp130 
mutant, or Y186/Y759F gp130 double mutant. (B) Hep3B cells were co-transfected with 
the STAT3-luciferase reporter and a vector expressing the Y186 gp130 mutant or the cor-
responding EP along with a SOCS3 expression construct (+) or the corresponding EP (−). 
Data shown are the mean luciferase activities ± SD relative to pSIEM-Luc alone (EP con-
trol) following serum starvation (6 h). Where indicated, cells were treated for the final 3 
h with 100 ng/mL interleukin-6 (IL-6). Statistical significance was determined by 2-tailed 
Student t test; ***P < 0.001.�
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In view of these findings, we tested the effects of ruxolitinib 
(INCB01842), one of the first oral JAK1 and JAK2 inhibitors 
with clinical activity,27,28 on the ability of IHCA-associated gp130 
mutants to activate STAT3. The treatment of Hep3B cells with 
ruxolitinib impaired the capacity of all nine IHCA-associated 
gp130 mutants to signal to STAT3 in a dose-dependent fashion, 
with an IC

50
 of ~50 nM (Fig. 4B and C; Fig. S7). The sensitivity 

of the Y186 gp130 mutant to ruxolitinib was demonstrated in 
two additional HCC cell lines, namely HepG2 and Huh7 cells 
(Fig.  S7). In accord with the results of our knockdown stud-
ies, the treatment of cells expressing IHCA-associated gp130 
mutants with AG490, a tyrosine kinase inhibitor that selectively 
blocks JAK2,18 had no effect on STAT3-driven luciferase reporter 
activity. Similarly, AG490 blocked only in part the activation of 
STAT3 by IL-6 (Fig.  S8). Thus, the physiological activation 
of STAT3 by IL-6 is sensitive to high concentrations of JAK2 
inhibitors whereas gp130 mutants appear to signal to STAT3 
in a JAK2-independent fashion. We tested 2 additional classes 
of drugs known to inhibit STAT3, curcumin and SRC kinase 

inhibitors.29,30 We found that all these inhibitors block STAT3 
activation as driven by IHCA-associated gp130 mutants, yet low 
doses of ruxolitinib were more efficient in doing so (Fig.  S8B 
and C).

Discussion

Here, we identified a spectrum of IL6ST mutations in a large 
cohort of human IHCAs and we investigated the mechanisms 
by which the JAK/STAT signaling pathway is hyperactivated 
by the IHCA-associated gp130 mutants. Using this strategy, we 
established a central role for mutant gp130 in the activation of 
the JAK/STAT pathway, which is a hallmark of these benign 
liver tumors.5 These data reinforce the notion that hepatocytes 
themselves are among the inflammatory cells involved in the 
development of IHCA, together with Kuppfer cells and other 
liver-infiltrating bone marrow-derived cells.31

The spectrum of IL6ST mutations associated to IHCA 
appears to be the result of spontaneous mutagenesis. These 

Figure 3. Interaction of IHCA gp130 mutants with wild-type gp130 and OSMR. (A) MYC- or Flag-tagged constructs expressing either wild-type (WT) 
gp130 or the inflammatory hepatocellular adenoma (IHCA)-associated gp130 mutants A418 or Y186 were co-transfected (1:1) into Hep3B cells. Gp130 
hetero- and homo-dimerization in the absence of interleukin-6 (IL-6) was assessed by immunoprecipitation using the anti-Flag antibodies followed by 
immunoblotting. (B and C) Hep3B cells (n = 3) were co-transfected with a control vector or a plasmid expressing the Y186 gp130 mutant and a control 
siRNA (−) or a siRNA specific for WT gp130 (+) and quantitative PCR was used to examine the effects on transcription of STAT3 target genes. Shown is 
the mean ± SD expression level of endogenous CRP (B) and SOCS3 (C) transcripts in cell expressing gp130 mutants relative to WT gp130 (1-fold). On 
hundred ng/mL IL-6 was added to the culture medium where indicated. (D) The dimerization potential of the oncostatin M receptor (OSMR) with WT or 
mutant gp130 in the absence of OSM was assessed in Hep3B cells expressing Flag-tagged WT or mutant gp130. Shown are the immunoblots of immu-
noprecipitates obtained with anti-OSMR antibodies in the presence or in the absence of 100 ng/mL OSM. (E) Hep3B cells were co-transfected with the 
STAT3-luciferase reporter and a control vector (EP) or plasmids encoding the Y186 gp130 mutant or OSMR, as indicated. One hundred ng/mL OSM was 
added when indicated. Shown are the mean ± SD luciferase activities determined from triplicate co-transfections. (F) The knockdown of OSMR in Hep3B 
cells (n = 3) impairs STAT3 activity a driven by the Y186 gp130 mutant or treatment with 100 ng/mL OSM. Shown are the mean luciferase activities ± SD 
relative to cells transfected with the EP only. Results were confirmed using a second siRNA (data not shown). Statistical significance was determined by 
2-tailed Student t test; **P < 0.01; ***P < 0.001.�
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genetic alterations may drive an inflammatory response that 
stimulates the benign proliferation of hepatocytes. Most of the 
IHCA-associated IL6ST mutations target the IL-6-binding site, 
which is located in the D2 domain of the protein. These resi-
dues have recently been involved in hydrophobic D2-D3 interac-
tions that induce the ligand-independent activation of gp130.32 
Here, we report a new rare mutation that targets 4 residues at 
the D4-D5 junction of gp130, a flexible region that is important 
for the dimerization of gp130 extracellular domains. All IHCA-
associated IL6ST mutations cause the constitutive activation of 
gp130, which is associated with the spontaneous formation of 
gp130 homodimers. Physiologically, the activation of the JAK/
STAT signaling axis by IL-6 in hepatocytes requires the forma-
tion of a IL-6/IL6R/gp130 hexameric complex.33 In contrast, 
gp130 mutants fully activate this signal transduction pathway 
independently of IL-6 or IL6R.

Although IHCA-associated gp130 mutants remain under the 
control of SOCS3, this checkpoint appears to be insufficient to 
inhibit the constitutive activation of STAT3 observed in this 
setting. We also demonstrated that wild-type gp130 normally 
is in an inactive basal conformation that can be converted into 

a constitutively active one by gain-of-function mutations of the 
D2 domain or the D4-D5 junction. These findings support the 
notion that the IL-6-binding site and the D4-D5 junction of 
g130 may function as intrinsic inhibitory domains that need to 
be modified by the binding of IL-6/IL6R to activate the JAK/
STAT signaling cascade.

In the canonical IL-6/STAT3 signaling axis, JAK1, JAK2, and 
TYK2 kinases function downstream of gp130 and are required 
for STAT3 activation. In contrast, we provided evidence that the 
activity of IHCA-associated gp130 mutant only relies on JAK1 in 
various HCC cell lines. Accordingly, STAT3 activation as driven 
by gp130 mutants is strongly inhibited by ruxolitinib, a JAK1 
inhibitor, but is insensitive to AG490, an inhibitor of JAK2. 
Consequently, the canonical activation of this signal transduc-
tion cascade by paracrine or autocrine signals is not equivalent 
to the activation of the same pathway by an oncogenic event that 
give rise to constitutively active gp130.

We have previously shown that ~5% of IHCAs, specifically 
those lacking gp130 mutations, bear somatic mutations in the 
gene coding for STAT3, which promote its activating homodi-
merization.6 Although activating STAT3 and IL6ST mutations 

Figure 4. Activity of IHCA gp130 mutants is selectively dependent upon JAK1. (A) Two different siRNAs silencing JAK1 (siJAK1#1 and #2) and two dif-
ferent siRNAs silencing JAK2 (siJAK2#1 and #2) or TYK2 (siTYK2#1 and #2) were tested for their ability to interfere with STAT3 activity in HepG2 cells 
co-transfected with a STAT3-luciferase reporter and an empty plasmid (EP)- or a plasmid coding for the Y186 gp30 mutant (n = 3). Where indicated, cells 
were treated for 3 h with 100 ng/mL interleukin-6 (IL-6). Shown are the mean luciferase activity ± SD relative to cells receiving the EP and a non-targeting 
control siRNA (siCTL). (B) Hep3B cells transfected with a plasmid encoding the Y186 gp130 mutant (filled circles) or the corresponding EP and then 
treated with 100 ng/mL IL-6 were exposed for 16 h to increasing concentrations of the JAK1 inhibitor ruxolitinib (n = 3). The data shown are the mean 
luciferase activities ± SD relative to Hep3B cells not treated with the inhibitor. (C) Hep3B cells transfected with constructs coding for nine different IHCA 
gp130 mutants (K173, V184, Y186, S187, V189, E195, D215, P216 and A418) or the corresponding EP were treated with 100 ng/mL IL-6 and exposed for 18 
h to increasing concentrations of ruxolitinib. Shown are the mean luciferase activities ± SD from triplicate assessments relative to transfected cells not 
treated with the inhibitor. Statistical significance was determined by 2-tailed Student t test; **P < 0.01; ***P < 0.001.
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result in similar phenotypes, there are striking differences in the 
mechanism whereby the JAK/STAT axis is activated in these 
tumors. For example, IHCAs bearing activating STAT3 muta-
tions are independent of JAK2, only partially rely on JAK1, are 
resistant to ruxolitinib but are sensitive to SRC kinase inhibitors.6 
Thus, understanding the specifics of the regulatory circuits that 
operate in these adenomas is required for implementing effec-
tively tailored therapies.

In the clinical practice, the accepted treatment for HCA bear-
ing IL6ST mutations is surgical resection, mostly due to the risk 
of malignant transformation or hemorrhage when lesions are 
larger than 5 cm.1 However major hepatectomy, even in the nor-
mal liver, is invasive and accompanied by significant morbidity. 
In addition, multiple HCAs are frequently difficult to treat, as 
complete resection is difficult to perform. Adenomas are benign 
tumors with few genetics alterations that drive tumorigenesis. 
Thus, these lesions should be highly sensitive to the inhibition 
of oncogenic drivers. A recent study has demonstrated that an 
anti-gp130 antibody, B-P4, can block the constitutive activity 
of mutant gp130.34 Of particular interest, B-P4, which targets 
the D4 domain of gp130, has been shown to block the ability of 
IL-11 (another inflammatory cytokine overexpressed in IHCAs), 
but not that of IL-6, to mediate the activation of gp130.5 B-P4 
has been used only in pre-clinical models and data on its clinical 
safety and efficacy are lacking. In contrast, ruxolitinib is well 
known for its safety and efficacy in the treatment of myelofibro-
sis, a clonal benign hematological disease characterized by JAK/
STAT activation.

In conclusion, we propose a clinical trial to test ruxolitinib 
for the treatment of IHCAs bearing IL6ST mutations. This 
therapeutic approach could be particularly indicated to treat the 
occurrence of multiple adenomas or adenomatosis with large 
nodules that cannot be easily resected by surgery with minimal 
risk. Moreover, because the therapeutic options for advanced 
HCC are limited, ruxolitinib should be also evaluated in the rare 
cases of HCCs expressing gp130 mutants.

Materials And Methods

Tumors and patients
A series of 256 human HCA samples were previously collected 

(according to French ethical guidelines) and characterized.2,3 
Patients with HCA were predominantly female (87.8%) with a 
mean age of 40 y. Of these, 45.3% were diagnosed with IHCA, 
as defined by the presence of an inflammatory tumor infiltrate 
(analyzed by immunostaining) and by the overexpression of the 
acute phase inflammatory response markers SAA and CRP ana-
lyzed (detected by qRT-PCR, with a fold-change of differential 
gene expression between tumor and normal liver tissues > 5). All 
patients gave informed consent according to French law and in 
accordance with the Declaration of Helsinki. The ethical com-
mittee of Saint Louis Hospital approved the study. Malignant 
and non-malignant liver samples were frozen immediately after 
surgery or biopsy and stored at −80 °C. Tissues samples were 
also preserved in 10% formalin, paraffin-embedded and stained 
with hematein-eosin and masson trichrome. The diagnosis 

of HCA was performed using established histological criteria 
and immunohistochemistry for the classification as previously 
described.3,35,36

Quantitative RT-PCR
Total RNA was extracted using the RNeasy kit (Qiagen) 

according to the manufacturer’s protocol. Single-stranded cDNA 
synthesis and qRT-PCR was performed as described5 using 
pre-designed TaqMan primers and probe sets from Applied 
Biosystems (catalog # Hs00269575_s1 and Hs00265044_m1 for 
SOCS3 and CRP, respectively). The ribosomal 18S RNA (R18S) 
was used to normalize expression data and the 2-ΔΔCT method was 
applied.

DNA sequencing
DNA sequencing was performed as previously described to 

screen for IL6ST mutations.5 All mutations were validated by 
sequencing a second independent PCR product on both strands. 
In all cases, the somatic origin of the mutation found in the 
tumor was verified by sequencing the adjacent, non-malignant 
liver tissue.

Generation of gp130 mutants
A full-length IL6ST open reading frame cloned into the 

pORF9 expression vector was purchased from InvivoGen (cata-
log #porf-hil6st). Mutagenesis reactions were performed using 
the QuickChange XL site-directed mutagenesis kit (Stratagene) 
using primers described in Table S2. All constructs were verified 
by sequencing.

Cell culture
Human HCC Hep3B, Huh7, and HepG2 cells (ATCC) 

were grown in Dulbecco-modified essential medium (DMEM) 
supplemented with 10% fetal calf serum (FCS), 100 units/
mL penicillin and 0.1 mg/mL streptomycin. For transfections, 
cells were plated 16 h earlier to produce monolayers that were 
60% confluent and transfections were performed using either 
Lipofectamine™ LTX (plasmid alone) or Lipofectamine™ 2000 
(plasmid and siRNA) according to the manufacturer’s instruc-
tions (Invitrogen). Transfection efficiency was monitored by 
measuring the level of either wild-type or mutated IL6ST mRNA 
using qRT-PCR. Transfection efficiency was comparable in wild-
type and mutant gp130-transfected cells. For luciferase assays, 
Hep3B, Huh7 and HepG2 cells were co-transfected with 1 μg 
of a STAT3 luciferase reporter (pSIEM-Luc) expressing a firefly-
luciferase reporter gene that contains three copies of a consensus 
STAT3-binding site linked to a minimal thymidine kinase pro-
moter (kindly provided by Dr. H. Gascan, Institut National de la 
Santé et de la Recherche Médicale UMR564, Angers, France)37 
together with 1 µg of a plasmid coding for wild-type or mutant 
gp130. Forty-eight hr after transfection, cells were starved in 
a serum-free medium for 3 h, and then were left untreated or 
treated with 100 ng/mL IL-6 or OSM for 3 h. Cells were then 
lysed and the luciferase activity determined according to the 
manufacturer’s recommendations (Promega). Luciferase activity 
was normalized to total protein concentration. All analyses were 
performed in triplicate.

RNA interference
In experiments with siRNA-mediated knockdown, cells were 

co-transfected with plasmids (see above) and 5 nM siRNA. The 
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efficiency of knockdown was monitored by measuring levels 
of targeted mRNA using qRT-PCR. The efficiency of siRNA-
mediated knockdown was invariably greater than 80%. All siR-
NAs (Table S3) were purchased from Applied Biosystems, with 
the sole exception of the control siRNA (Block-IT Alexa Fluor 
Red) which was purchased from Invitrogen.

Pharmacological treatments
Cells were exposed, in serum-free medium, to Tyrphostin 

AG490 (Sigma France) for 16 h; SRC Inhibitor-1 (Sigma France), 
SRC Inhibitor-5 (JS Res Chemical Trading, Germany) or PP2 
(Sigma) for 10 h; Ruxolitinib (INCB-018424, JS Res Chemical 
Trading, Germany) for 16 h or curcumin (Sigma) for 9 h. In the 
last 3 h of treatment, cells were optionally stimulated with 100 
ng/mL IL-6, as indicated.

Immunoprecipitation and immunonoblotting
For dimerization assays cell lysates were incubated with 

Immobilized Protein G agarose (Pierce) and anti-f lag (Cell 
signaling Technology, 1:50) or anti-OSMR antibodies (Santa 
Cruz, 1:200) at 4 °C overnight, prior to immunoprecipita-
tion and immunoblotting studies. Immunoblotting was per-
formed as previously described5 using anti-f lag (Cell Signaling 
Technology, 1:1000), anti-MYC (Cell Signaling Technology, 
1:1000) or anti-OSMR (Santa Cruz, 1:200) antibodies. The  
of β actin (Sigma, 1:3000) was monitored to ensure equal lane 
loading.
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