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Abstract

Hepatocellular carcinoma (HCC) is the most rapidly increasing cause of cancer-related mortality

in the United States. Because of the lack of viable treatment options for HCC, prevention in high

risk patients has been proposed as an alternative strategy. The main risk factor for HCC is

cirrhosis and several lines of evidence implicate epidermal growth factor (EGF) in the progression

of cirrhosis and development of HCC. We therefore examined the effects of the EGF receptor

(EGFR) inhibitor erlotinib on liver fibrogenesis and hepatocellular transformation in three
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different animal models of progressive cirrhosis – a rat model induced by repeated, low dose

injections of diethylnitrosamine (DEN), a mouse model induced by carbon tetrachloride (CCl4)

and a rat model induced by bile duct ligation (BDL). Erlotinib reduced EGFR phosphorylation in

hepatic stellate cells (HSC), and reduced the total number of activated HSC. Erlotinib also

decreased hepatocyte proliferation and liver injury. Consistent with all these findings,

pharmacological inhibition of EGFR signaling effectively prevented the progression of cirrhosis

and regressed fibrosis in some animals. Moreover, by alleviating the underlying liver disease,

erlotinib blocked the development of HCC and its therapeutic efficacy could be monitored with a

previously reported gene expression signature predictive of HCC risk in human cirrhosis patients.

Conclusion—These data suggest that EGFR inhibition with FDA-approved inhibitors presents a

promising therapeutic approach for reduction of fibrogenesis and prevention of HCC in high risk

cirrhosis patients who can be identified and monitored by gene expression signatures.
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Introductory Statement

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide, and due to its

poor prognosis it is the third leading cause of cancer-related death [1]. In the United States,

HCC is the most rapidly increasing cause of cancer-related mortality [2]. While the cause of

HCC is multifactorial, the common pathway for the vast majority of cases is cirrhosis.

Cirrhosis is estimated to affect 1-2% of the world’s population [3]. Nearly one million

people die from cirrhosis worldwide each year, and the annual cost for caring for

complications of cirrhosis in the United States alone is estimated to be $4 billion. The major

clinical consequences of cirrhosis are impaired liver function, portal hypertension, impaired

cognitive function and development of HCC, all of which increase the risk of death. Given

the lack of successful treatment options for HCC, new strategies for the prevention of HCC

by slowing the natural history of liver fibrosis and cirrhosis are urgently needed [4].

Epidermal growth factor (EGF) plays a role in both cirrhosis and HCC. EGF expression in

the liver increases during cirrhosis [5]. EGF is also a key member of a 186-gene signature

predictive of progressive cirrhosis, HCC development, and death in patients with cirrhosis

[6, 7]. In addition, a polymorphism in the human EGF gene that leads to increased EGF

expression is associated with increased fibrosis and cirrhosis progression [8, 9] and elevated

risk of developing HCC in patients with cirrhosis [10]. Finally, transgenic mice with liver-

specific overexpression of EGF rapidly develop HCC [11].

We report here that the small-molecule EGF receptor (EGFR) inhibitor erlotinib inhibits the

activation of myofibroblastic hepatic stellate cells (HSC), prevents the progression of

cirrhosis, regresses fibrosis in some animals and blocks subsequent development of HCC in

rodent models.
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Experimental Procedures

For details please see Supplementary Information.

Animal Models

Animals received humane care according to the criteria outlined in the “Guide for the Care

and Use of Laboratory Animals” of the National Academy of Sciences. All animals were

maintained in accordance with the guidelines of the Massachusetts General Hospital

Subcommittee on Research Animal Care. Animals were treated as described in the

Supplementary Information.

Primary rat HSC isolation

HSC were isolated and cultured as described in the Supplementary Information.

Histology, immunohistochemistry, immunofluorescence and hydroxyproline analysis

Formalin-fixed samples were embedded in paraffin, cut into 5 µm-thick sections, stained and

analyzed as described in the Supplementary Information.

Liver Function Tests

A cardiac terminal blood withdrawal was performed at the time of sacrifice and serum was

isolated and analyzed as described in the Supplementary Information.

Hydroxyproline analysis and western blotting

Hydroxyproline analysis and western blot analysis are described in the Supplementary

Information.

Microarray Analysis

Genome-wide gene expression profiling for the rats and mice was performed using

RatRef-12 and Mouse Ref-8 Expression BeadChip microarrays, respectively (Illumina, San

Diego, CA) as described in the Supplementary Information.

Statistical Analysis

An unpaired two-tailed t-test was used to compare differences in body weights, liver

weights, liver function tests, number of tumors, hydroxyproline levels, western blot

densitometry and quantifications of Sirius-red and Ki67 stainings. Differences in Ishak

scores were assessed by a Kruskall-Wallis test followed by post hoc Dunn-Holland-Wolfe in

the diethylnitrosamine (DEN) and carbon tetrachloride (CCl4) studies and by a Mann

Whitney test in the bile duct ligation (BDL) study. Fisher’s exact test was used to assess

differences in tumor size.
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Results

Erlotinib inhibits DEN-induced rat liver fibrosis

In order to test the hypothesis that EGFR blockade would ameliorate cirrhosis progression

and prevent HCC, we evaluated the EGFR tyrosine kinase inhibitor erlotinib in animal

models of chronic liver disease. Repeated injections of low-dose DEN (50 mg/kg weekly) in

rats causes progressive liver fibrosis and cirrhosis followed by HCC [12, 13]. We used the

scoring scale for fibrosis/cirrhosis described by Ishak [14] that ranges from 1 (minimal

fibrosis) to 6 (cirrhosis) (Supplementary Table 1). DEN injury for 8 weeks caused fibrosis,

with a median Ishak score of 1.0 (interquartile range (IQR) 0.25–1.0; Supplementary Figure

1). After 12 weeks of DEN injury the animals exhibited advanced fibrosis, and many also

had cirrhosis, with a median Ishak score of 4.0 (IQR 3.0–5.0; Supplementary Figure 1). By

18 weeks of DEN injury, all animals had marked liver fibrosis and cirrhosis, with a median

Ishak score of 5.0 (IQR 4.0–6.0; Supplementary Figure 1). We also morphometrically

analyzed disease by quantifying collagen in Sirius red stained sections and observed a

progressive increase in staining which was consistent with the Ishak scores (Supplementary

Figure 1).

We treated DEN-injured rats with erlotinib at the first signs of cirrhosis (week 13) via an

intraperitoneal (IP) injection of either 0.5 or 2 mg/kg (N=8 for each dose), 5 days/week for a

total of 6 weeks and compared to vehicle-treated controls (N=16). As noted above, DEN

injury alone resulted in macroscopically evident liver fibrosis and nodular cirrhosis. In

contrast, livers from DEN animals treated with erlotinib had less severe cirrhosis (Figure

1A). Further, histologic examination of liver sections stained by Masson’s trichrome

revealed less severe fibrosis and cirrhosis in erlotinib-treated rats, and a doseresponse

relationship was observed (Figure 1B). Rats receiving 2 mg/kg erlotinib had median week

18 Ishak scores of 2.0 (IQR 2.0–4.0) that were significantly improved compared to vehicle-

treated animals (median Ishak score 5.5, IQR 4.0–6.0; p < 0.01; Figure 1C). Animals

receiving the 0.5 mg/kg dose had an intermediate improvement (median Ishak score 4.0,

IQR 4.0–4.8). Consistent with the Ishak scores, erlotinib was shown to significantly reduce

collagen levels dose-dependently in both Sirius red stained sections (p < 0.01; Figure 1D)

and by hydroxyproline analysis (p < 0.05; Figure 1E).

Liver function tests to assess injury and synthetic function demonstrated comparable results

between rats injured with DEN and what is observed in humans (Supplementary Figure 2).

Treatment with erlotinib slightly improved several biochemical markers of liver injury and

cholestasis including serum alkaline phosphatase (ALP), alanine transaminase (ALT),

aspartate transaminase (AST) and total bilirubin (TBIL) (Figure 1F). Erlotinib also restored

some synthetic function as assessed by significant (p < 0.01) increases in serum glucose

(Glu) levels but no changes were seen in serum albumin (Alb) levels.

To examine whether erlotinib may regress fibrosis and cirrhosis in some animals, we

repeated the study and performed liver wedge biopsies before DEN-injured rats received 2

mg/kg erlotinib (N=8) or vehicle (N=8), and then again after 6 weeks of treatment. This

experimental design allows for the measurement of disease progression over time within the

same animal. Recognizing that underlying disease might progress differently in this
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experimental design which adds in an element of regeneration, we did observe that Ishak

scores significantly increased between 12 and 18 weeks in rats that received vehicle but not

erlotinib (p < 0.01; Figure 2). Importantly, we also observed that erlotinib reversed

histological fibrosis in 2 out of 8 animals, and all of these results were confirmed by

morphometrically quantifying collagen in Sirius red stained sections (p < 0.01; Figure 2).

Erlotinib inhibits CCl4-induced mouse liver fibrosis

We also tested the effects of erlotinib on fibrogenesis in the well-characterized CCl4 mouse

model. Mice injured with CCl4 by oral gavage reliably develop liver fibrosis after 18 weeks

[15]. Treatment with erlotinib (either 2 or 5 mg/kg) beginning at 13 weeks inhibited

fibrogenesis as indicated by Sirius red staining (Figure 3A). Trichrome stains were scored

and mice receiving 2 mg/kg erlotinib had median week 18 Ishak scores of 1.0 (IQR 0.0–2.5),

while mice receiving 5 mg/kg erlotinib had median week 18 Ishak scores of 1.0 (IQR 0.0–

2.0). Both groups were significantly improved compared to vehicle-treated controls (median

week 18 Ishak score 3.0, IQR 2.3–3.8; p < 0.05; Figure 3B). Erlotinib was further shown to

reduce collagen levels in Sirius red stained sections (p < 0.01; Figure 3C) and also by

hydroxyproline analysis (Figure 3D) but the latter results did not reach significance.

Interestingly, erlotinib had a much greater effect of reducing liver injury in this model as

assessed by decreases in serum ALT and AST levels and again increased serum Glu levels

(Figure 3E).

Both DEN-injured rats and CCl4-injured mice represent models of parenchymal liver

fibrosis [16]. DEN and CCl4 are primarily metabolized and activated by cytochrome P450

2E1 (CYP2E1) [17, 18] and thus erlotinib could inhibit disease progression in these models

by inhibiting the expression of CYP2E1. However, we observed that whereas DEN and

CCl4 injury alone significantly decreased the expression of CYP2E1, treatment with

erlotinib slightly increased its expression (Supplementary Figure 3) as well as the expression

of several other CYPs and drug metabolizing enzymes (Supplementary Table 2).

Erlotinib inhibits BDL-induced rat liver fibrosis

Next, we examined the effects of erlotinib on biliary fibrosis induced by BDL in rats. BDL

caused liver fibrosis that progressed to liver cirrhosis within a few weeks. Treatment with 2

mg/kg erlotinib beginning at 4 days after the BDL inhibited fibrogenesis as indicated by

Sirius red staining (Figure 4A). In addition, BDL caused a significant increase in liver

weight which was partly attenuated by erlotinib (p < 0.01; Figure 4B). Trichrome stains

were scored and rats receiving 2 mg/kg erlotinib had median day 21 Ishak scores of 4.0

(IQR 3.0–4.0), which were significantly improved compared to vehicle-treated controls

(median day 21 Ishak score 5.0, IQR 4.0–6.0; p < 0.01; Figure 4C). Consistent with the

Ishak scores, erlotinib was shown to reduce collagen levels in both Sirius red stained

sections (p < 0.01; Figure 4D) and by hydroxyproline analysis (p < 0.05; Figure 4E). Similar

to the DEN model, erlotinib only had slight effects on liver injury after BDL but again

significantly (p < 0.01) increased serum Glu levels (Figure 4F).
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Erlotinib reverses a human cirrhosis poor-prognosis gene signature

Interestingly, while a recent study has demonstrated that rodent models in response to a

variety of stimuli poorly mimic genomic immunological responses in humans [19], we

found that deregulation of liver fibrosis/cirrhosis-related molecular pathways in several

rodent models of chronic liver disease did resemble human cirrhosis (Supplementary Figure

4). The DEN rat model constantly showed a more similar pattern to human cirrhosis

compared to these other models.

We also evaluated the DEN rat model of cirrhosis using a previously reported 186-gene

expression signature predictive of liver cirrhosis progression and risk of HCC [6, 7]. This

signature consists of 73 poor-prognosis-correlated genes and 113 good-prognosis-orrelated

genes expressed in cirrhotic liver tissue (Supplementary Table 3). We observed that the

poor-prognosis genes were already significantly induced by 8 weeks of DEN injury, and the

good-prognosis genes were down-regulated over time (Supplementary Figure 5). When

compared to the other rodent models of chronic liver disease, the DEN rat model better

reproduces this human cirrhosis gene signature as well (Supplementary Table 4).

In response to erlotinib, expression of the poor-prognosis genes decreased, while expression

of the good-prognosis genes increased, both in a dose-dependent fashion (false discovery

rate (FDR)=0.002 and < 0.001, respectively; Figure 5A-B). Similar effects of erlotinib were

observed in CCl4-injured mice (Supplementary Figure 6). We also observed that erlotinib

inhibited the expression of several known pro-fibrogenic genes that were up-regulated in

response to DEN (Figure 5C). These results correlate well with the gross and

histopathological observations demonstrating inhibition of cirrhosis in response to erlotinib.

In addition, the 186-gene signature may serve as a useful biomarker of erlotinib response.

Erlotinib inhibits EGFR signaling in DEN-treated rats

EGF expression normally increases over time in DEN-injured rats [20], and we observed an

increase in several other EGFR ligands as well (Supplementary Figure 7). Consistently, we

observed an increase in the ratio of phospho-EGFR/total EGFR and a decrease in total

EGFR levels in non-tumor bearing liver (Figure 6A,B). These findings are consistent with

ligand-mediated receptor endocytosis that occurs following activation of the pathway [21].

The level of p44/42 mitogen-activated protein kinase (ERK) activation in the livers from

DEN-injured rats correlated with proliferation as assessed by proliferating cell nuclear

antigen (PCNA) expression (Figure 6A,B). DEN-induced EGF pathway activation is also

evidenced by two separate and independently defined gene-expression signatures of

experimental EGF pathway activation (Supplementary Figure 8). These data provide

multiple lines of evidence of EGFR activation in DEN-injured rat cirrhosis, similar to that

observed in human cirrhosis.

To establish that EGFR, the principal target of erlotinib, was inhibited in treated animals, we

performed western blot analysis to examine EGFR signaling in DEN-injured livers.

Erlotinib significantly inhibited EGFR activation in the non-tumoral liver tissue as indicated

by decreased levels of phospho-EGFR as well as increased levels of total EGFR - a known

feedback response to EGFR inhibition (Figure 6C,D). EGF pathway activation signatures
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that were enriched in DEN-injured livers were also significantly down-regulated in response

to erlotinib (Supplementary Figure 8). Further, erlotinib decreased ERK activation and

PCNA in the non-tumoral tissue (Figure 6C,D).

EGFR expression varies between the different cell populations in the liver with high

expression observed in hepatocytes and HSC but relatively little expression in Kupffer cells

[22]. EGFR is known to be an important regulator of hepatocyte regeneration [23], and upon

treatment with erlotinib, we noticed decreased phospho-EGFR in regenerating nodules

(Figure 6E). Interestingly, we also observed decreased phospho-EGFR staining in cells

located within the fibrotic bands, which might represent HSC. Consistently, Ki67 staining

showed decreased proliferation of these same two cell populations (Figure 6E,F).

Erlotinib treatment is associated with decreased HSC activation

In all three animal models, erlotinib reduced liver injury which is one potential mechanism

by which fibrosis progression is inhibited. We also investigated the effects of erlotinib on

EGFR activation in HSC. Myofibroblastic HSC play a critical role in promoting liver

fibrogenesis [24] and express platelet-derived growth factor receptor-beta (PDGFR-β) and

alpha-smooth muscle actin (α-SMA) [25] which thus serve as markers of the activated state.

We observed that DEN injury increased HSC activation over time as assessed by α-SMA

staining (Figure 7A), and that the sites of α-SMA staining localized to sites of collagen

deposition, consistent with the causal role of HSC in liver fibrosis.

EGF is a known soluble mediator involved in HSC activation [25], and HSC are activated

by EGFR signaling [26, 27]. We assessed the phosphorylation of EGFR in activated HSC

through dual immunofluorescence staining with several well-established HSC markers

including α-SMA, desmin and glial fibrillary acidic protein (GFAP). While very little

expression of phospho-EGFR was observed in PBS control livers (Figure 7B), the levels

increased in the DEN-injured livers and co-localized with HSC markers in cells surrounding

the portal tracts and within the collagen bands (Figure 7B). This colocalization was similar

to that observed in human cirrhotic livers (Supplementary Figure 9).

Erlotinib significantly decreased the activation of HSC in a dose-dependent fashion in DEN-

injured rats, CCl4-injured mice and BDL rats as assessed by α-SMA expression (Figure 7C;

Supplementary Figure 6 and Supplementary Figure 10). In liver sections from DEN-injured

rats that received 2 mg/kg erlotinib, phospho-EGFR staining was mostly absent, and even

though residual staining of HSC markers was observed, these markers no longer co-

localized with the very low levels of phospho-EGFR (Figure 7B).

Data from in vitro experiments with HSC reveal similar findings. EGFR expression was

observed in isolated, enriched populations of primary rat HSC only after they had been

activated in culture as assessed by the expression of PDGFR-β and α-SMA (Figure 7D). In

addition, treatment of these activated primary HSC with EGF increases phospho-EGFR,

decreases total EGFR and increases phospho-ERK consistent with the DEN rat tissue

western blots (Figure 7E). Similar results were also seen after EGF treatment of the human

HSC cell line TWNT-4 (Supplementary Figure 9). Importantly, erlotinib significantly

suppressed the expression of α-SMA and α1(I) procollagen in TWNT-4 cells
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(Supplementary Figure 9) consistent with a role of EGFR inhibition in reducing HSC

activation.

Erlotinib inhibits HCC development

We observed that DEN injury caused a loss of total body weight with an elevated ratio of

liver weight to body weight as a consequence of the development of well-differentiated

HCCs (17 HCCs on average per animal compared to 0 in controls; p < 0.001;

Supplementary Figure 1). HCCs were observed only in cirrhotic livers as is most commonly

seen in humans.

A predicted consequence of the anti-cirrhotic effect of EGFR inhibition is that erlotinib

treatment would also abrogate HCC development in cirrhosis. As predicted, erlotinib

treatment significantly decreased the number of HCC tumors detectable after 18 weeks of

DEN injury. Control animals harbored 20.4±5.5 tumors, whereas erlotinib at 2 mg/kg and

0.5 mg/kg harbored only 5.0±2.2 (75% reduction) and 10.4±3.8 tumors (49% reduction),

respectively (p < 0.01 for each dose; Figure 8A). Consistent with this finding, liver weights

of rats treated with 2 mg/kg erlotinib were reduced by 24% (p < 0.05), while liver weights of

rats treated with 0.5 mg/kg erlotinib were reduced by 15% (p=0.15) (Fig. 8B).

Whereas EGFR inhibition in the non-tumoral liver tissue was clearly observed (Figure 4D,

Supplementary Figure 8), no effect of erlotinib on EGFR signaling was seen within HCCs

themselves (Figure 8C,D), and no effect of erlotinib on the EGF pathway activation gene

signatures was seen in RNA isolated from tumors (Supplementary Figure 8). In addition,

tumors that developed in both DEN-injured and erlotinib-treated animals were

pathologically similar (Figure 8E), and there were no significant differences in global gene

expression (data not shown). In addition, no differences were observed in Ki67 staining of

tumors from rats treated with erlotinib or vehicle (Figure 8E). Further, while the number of

large tumors (defined as > 8 mm diameter, the 75th percentile) was similar in DEN-injured

and erlotinib-treated animals, the number of smaller tumors was dramatically decreased in

the erlotinib animals (Figure 8F). These results suggest that erlotinib inhibits initiation of

new liver neoplasms rather than suppresses growth of the lesions already present by the time

erlotinib was started.

Discussion

The results of our investigation tie together several important observations. The first is that

gene expression analyses have demonstrated that the EGF pathway is associated with

progression of cirrhosis to mortality [6, 7]. Likewise, in cirrhotic patients, the level of EGF

mRNA expression in the cirrhotic tissues is associated with poor survival, whereas tumoral

EGF expression in these same patients is not associated with survival (Supplementary

Figure 11). Second, HSC play a pivotal role in hepatic fibrogenesis, and EGFR signaling has

been shown to activate these cells [26, 27]. Third, polymorphism studies [10] and transgenic

mouse models [11] have implicated EGF in hepatocellular transformation to HCC.

Nonetheless, a common pathway to HCC is via progressive cirrhosis, and thus, effective

strategies that limit or even regress hepatic fibrogenesis are expected to reduce the frequency

of HCC.
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Given the strong evidence implicating EGF and EGFR in these processes, there is strong

rationale to test an EGFR inhibitor for its ability to inhibit hepatic fibrogenesis and

hepatocellular transformation. We observed that the FDA-approved EGFR inhibitor

erlotinib, used at doses equivalent to or less than those used in humans, significantly reduced

fibrogenesis in three separate animal models. Our results suggest that these models are

similar with respect to fibrosis resolution but clearly differences do exist with respect to

liver injury. Liver injury is more severe in the CCl4 model and this may be attributable to

species differences, the different chemicals themselves or the three times per week dosing

with CCl4 as opposed to once a week dosing with DEN. To examine this further, we used

gene set enrichment analysis (GSEA) to evaluate in the DEN-injured rats and CCl4-injured

mice the effect of erlotinib on genes associated with lipopolysaccharide (LPS)-induced liver

injury of HSC [28]. Interestingly, genes suppressed by LPS were re-expressed in response to

erlotinib in CCl4 mice (normalized enrichment score (NES)=-1.42, FDR=0.066), whereas no

such enrichment was observed in DEN rats (NES=0.86, FDR=0.67). This further supports

our data indicating that erlotinib suppresses liver injury more significantly in CCl4 mice.

Compared to what has been reported previously in models of regeneration [23], we see a

similar decrease in hepatocyte proliferation after EGFR inhibition, but we did not observe

that EGFR conveyed anti-apoptotic signals to hepatocytes. Instead, we observed less liver

injury suggesting that EGFR inhibition might have a role in protecting hepatocytes and this

could be one mechanism by which erlotinib reduces fibrosis development. This difference

will need to be examined further, but it is interesting to note that EGFR can promote both

proliferation and apoptosis of HSC [27].

Further rationale for clinical evaluation of EGFR inhibition comes from studies

demonstrating that EGFR is a co-factor important for hepatitis C virus (HCV) entry into

cells [29]. EGF accelerates HCV entry, and EGFR tyrosine kinase inhibitors -- including

erlotinib -- have substantial antiviral activity. Given the prevalence of chronic HCV

infection as a source of hepatic fibrosis and cirrhosis, these observations suggest that EGFR

inhibition could be a new approach to simultaneously reduce fibrotic damage previously

caused by the virus and treat HCV infection.

We observed that several EGFR ligands were increased in the DEN, CCl4 and BDL models

and that treatment with erlotinib generally reduced their expression. Interestingly, EGFR

ligands could have conflicting roles in liver fibrogenesis as amphiregulin (AREG) has been

shown to promote liver fibrosis [30], whereas heparin-binding EGF-like growth factor (HB-

EGF) suppresses liver fibrosis [31]. The relative importance of each of these ligands in liver

disease will need to be elucidated in future studies especially given recent findings that

EGFR ligands also play a role in HCC acquired resistance to sorafenib [32].

Another small-molecule EGFR inhibitor, gefitinib, has been previously shown to reduce the

number of HCC nodules, but that effect was attributed to the anti-neoplastic effect of EGFR

inhibition on the tumors themselves [13]. No investigation was reported on the effect of

gefitinib on liver injury, fibrogenesis, or synthetic function. In contrast, we observed a

marked impact in the surrounding non-tumoral liver tissue, but no effect of erlotinib within

HCC tumors. Our analyses indicate that the effect of EGFR inhibition with erlotinib is
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purely on the surrounding liver thereby reducing the risk of malignant transformation (the

“field effect”) rather than a direct anti-neoplastic effect on tumors. The observed reduction

in small tumors after erlotinib treatment rather than an effect on the growth of existing

tumors is consistent with the ability of erlotinib to suppress the initiation of HCC tumors.

Indeed, our recent studies in predicting HCC survival suggest that non-tumoral liver gene

expression profiles are more predictive of clinical outcome than the profiles of the tumors

themselves [6, 7]. We also note that the therapeutic benefit of EGFR inhibition in the

treatment of established HCC is modest at best; only a minority of patients treated with

erlotinib exhibited disease control [33, 34]. These clinical results are consistent with our

observation that the most dramatic effects of EGFR blockade are on the prevention of

fibrosis and cirrhosis, the principle risk factors for the development of HCC.

One potential problem with the design of anti-fibrotic and/or HCC prevention clinical trials

is the lack of a sensitive way to assess treatment efficacy, as changes in liver biopsy

histology might only occur after long periods and are also prone to considerable sampling

error [35]. We observed that the poor-prognosis cirrhosis gene signature was completely

induced in DEN-injured livers before there were any notable changes in liver function tests

or liver histology, and that it was reversed in response to erlotinib. Therefore, this poor-

prognosis cirrhosis signature may be useful not only for the early detection of liver fibrosis

and hepatocellular transformation-associated events but also for monitoring therapeutic

efficacy of chemoprevention agents.

The details of the mechanisms by which erlotinib reduces liver injury, fibrogenesis and HCC

development remain to be worked out. Several different cell populations in the liver express

EGFR and may each play contributory and interactive roles. It could be that erlotinib

reduces the proliferation of hepatocytes, as indicated by Ki67 staining, and this directly

prevents neoplastic transformation and indirectly prevents HSC activation through paracrine

signaling. Consistent with this, erlotinib decreased the expression of several pro-fibrogenic

factors. However, our data also demonstrates that EGFR is activated in HSC and therefore

erlotinib could directly inhibit HSC activation while at the same time reducing paracrine

signals that stimulate hepatocyte proliferation. We suspect that both of these mechanisms are

operant, and plan to examine the relative importance of hepatocytes and HSC on the efficacy

of erlotinib in follow-up studies using cellspecific targeting and genetic models. Regardless,

our results in three different preclinical models of liver fibrosis suggest that EGFR is an

important mediator of disease progression.

To our knowledge, this is the first demonstration that EGFR inhibition regresses liver

fibrosis. The results reported here have immediate and important clinical translational

implications for both hepatic fibrosis and HCC. Cirrhosis exerts an enormous toll on human

health worldwide, and there is great need for interventions to slow or even regress disease

progression. As for HCC, identification of high-risk populations suitable for screening and

chemoprevention has been proposed as the most efficient strategy to abrogate HCC-related

mortality [36]. And such high-risk populations within patients with early-stage cirrhosis may

be more effectively identified with EGF genotype [10] and/or liver gene expression profiles

[6, 7] in combination with clinical and pathologic parameters [37]. The present studies
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support the evaluation of EGFR inhibitors in clinical trials of cirrhosis patients at high risk

of progression and HCC development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(ERK) p44/42 mitogen-activated protein kinase

(PCNA) proliferating cell nuclear antigen

(PDGFR-β) platelet-derived growth factor receptor-beta

(α-SMA) alpha-smooth muscle actin
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(GFAP) glial fibrillary acidic protein

(GSEA) gene set enrichment analysis

(LPS) lipopolysaccharide

(NES) normalized enrichment score

(HCV) hepatitis C virus

(AREG) amphiregulin

(HB-EGF) heparin-binding EGF-like growth factor
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Figure 1. Erlotinib inhibits DEN-induced cirrhosis in rats
Male Wistar rats received PBS (−) or DEN (+) for 18 weeks. DEN-injured rats received

vehicle control (−) or erlotinib (0.5 (+) or 2 mg/kg (++)) during weeks 13 – 18. (A)
Representative rat livers at the time of sacrifice. (B) Representative trichrome staining of

FFPE liver tissue (Magnification 100X). (C) Trichrome stains were scored by the method of

Ishak. Collagen levels were (D) morphometrically quantified from Sirius red stained

sections or (E) assessed by hydroxproline analysis. (F) Serum levels (N = 4 for all groups)

of alkaline phosphatase (ALP), alanine transaminase (ALT), aspartate transaminase (AST),
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total bilirubin (TBIL), albumin (Alb) and glucose (Glu). ## p < 0.01 compared to PBS, * p <

0.05 and ** p < 0.01 compared to DEN-injured.
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Figure 2. Erlotinib regresses cirrhosis progression in a subset of DEN-injured rats
Male Wistar rats received DEN for 18 weeks. After 12 weeks, the rats underwent a survival

hepatectomy and a liver biopsy was removed for histology. Rats then received 2 mg/kg

erlotinib or vehicle during weeks 13 – 18. (A) Trichrome stains from each animal before and

after treatment with vehicle or erlotinib were scored by the method of Ishak. (B) Collagen

levels were morphometrically quantified from Sirius red stained sections. (C) Representative

trichome stains of a vehicle control animal whose disease progressed and an erlotinib animal

whose disease regressed. **p < 0.01 compared to DEN-injured 12 weeks and ## p < 0.01

compared to DEN-injured, erlotinib-treated 12 weeks.
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Figure 3. Erlotinib inhibits CCl4-induced fibrosis in mice
Male A/J mice were administered either 0.1cc of a 40% solution of CCl4 in olive oil (+) or

olive oil alone (−) for 18 weeks. CCl4-injured mice received IP injections of vehicle control

(−) or erlotinib (2 (+) or 5 mg/kg (++)) during weeks 13 – 18. (A) Representative Sirius red

staining of FFPE mouse liver tissue (Magnification 100X). (B) Trichrome stains of liver

sections from each animal were scored by the method of Ishak. Collagen levels were (C)
morphometrically quantified from Sirius red stained sections or (D) assessed by

hydroxproline analysis. (E) Serum levels (N = 4 for all groups) of alkaline phosphatase
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(ALP), alanine transaminase, aspartate transaminase, total bilirubin (TBIL), albumin (Alb)

and glucose (Glu). # p < 0.05 and ## p < 0.01 compared to olive oil, * p < 0.05 and ** p <

0.01 compared to CCl4-injured.
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Figure 4. Erlotinib inhibits biliary fibrosis in BDL rats
Male Wistar rats that had undergone a sham operation (−) or BDL (+) received IP injections

of vehicle control (−) or erlotinib (2 mg/kg (+)) beginning 4 days after the BDL and ending

on Day 21. (A) Representative Sirius red staining of FFPE rat liver tissue (Magnification

100X). (B) Liver weight is expressed as percent body weight. (C) Trichrome stains of liver

sections from each animal were scored by the method of Ishak. Collagen levels were (D)
morphometrically quantified from Sirius red stained sections or (E) assessed by

hydroxproline analysis. (F) Serum levels (N = 5 for all groups) of alkaline phosphatase
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(ALP), alanine transaminase, aspartate transaminase, total bilirubin (TBIL), albumin (Alb)

and glucose (Glu). # p < 0.05 and ## p < 0.01 compared to sham operation, * p < 0.05 and

** p < 0.01 compared to BDL.
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Figure 5. Erlotinib reverses a gene expression signature associated with poor survival in human
cirrhosis and HCC patients
Male Wistar rats received PBS or DEN for 8, 12 or 18 weeks. DEN-injured rats received

erlotinib (0.5 or 2 mg/kg) during weeks 13 – 18. GSEA analysis of the (A) 73-gene poor-

prognosis signature and (B) 113- gene good-prognosis signature in DEN rats after treatment

with erlotinib. (C) Heat maps are shown for several pro-fibrogenic genes.
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Figure 6. Erlotinib decreases EGFR signaling
(A) Representative western blot analysis performed on non-tumoral surrounding liver tissue

lysates from every PBS and DEN animal and (B) quantification of these blots. # p < 0.05 or

## p < 0.01 compared to PBS (C) Representative western blot analysis performed on every

DEN-injured animal after treatment with vehicle (Control) or Erlotinib 0.5 mg/kg or

Erlotinib 2 mg/kg and (D) quantification of these blots. * p < 0.05 or ** p < 0.01 compared

to DEN-injured. (E) Representative photomicrographs of liver sections from PBS and DEN-

injured animals after treatment with vehicle (Control) or Erlotinib 2 mg/kg that were stained

Fuchs et al. Page 23

Hepatology. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



for phospho- EGFR (Magnification 40X) or Ki67 (Magnification 200X). (F) Ki67 stainings

were quantified. ## p < 0.01 compared to PBS, ** p < 0.01 compared to DEN-injured.
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Figure 7. DEN administration activates HSC through increased EGFR signaling which is
inhibited by erlotinib
Male Wistar rats received PBS or DEN for 18 weeks. DEN-injured rats received erlotinib

(0.5 or 2 mg/kg) during weeks 13 – 18. (A) Representative photomicrographs of liver

sections from PBS or DEN rats that were stained for α-SMA (Magnification 100X). (B)
Liver sections from rats that received PBS as well as DEN-injured rats treated with vehicle

(Control) or Erlotinib 2 mg/kg were costained for p-EGFR (Y1068) and either GFAP,

desmin or α-SMA (Magnification 400X). (C) Representative photomicrographs of liver
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sections from DEN rats treated with erlotinib that were stained for α-SMA (Magnification

40X). Representative western blot analysis of (D) primary rat HSCs grown in culture for

either 4 or 14 days and (E) primary rat HSCs treated with 100 ng/ml EGF in the absence of

presence of 2 µM erlotinib for 30 minutes.
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Figure 8. Erlotinib decreases HCC development by inhibiting cirrhosis progression
Male Wistar rats received DEN (+) for 18 weeks. Rats received vehicle control (−) or

erlotinib (0.5 (+) or 2 mg/kg (++)) during weeks 13 – 18. (A) Tumors that were greater than

5 mm in diameter were counted. (B) Liver weight is expressed as percent body weight. (C)
Representative western blot analysis on liver tumor lysates from every animal in each group

and (D) quantification of these blots. (E) Representative photomicrographs of tumor

sections from DEN-injured rats treated with vehicle (Control) or erlotinib 2 mg/kg that were

stained for H-E (Magnification 100X) or Ki67 (Magnification 200X). (F) Tumors from
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every animal were measured at the time of sacrifice. The proportion of smaller tumors (those

that measured < 8 mm (i.e. < the 75th percentile)) was decreased by erlotinib in a dose-

dependent manner. * p < 0.05 and ** p < 0.01 compared to DEN-injured. ^^ p = 0.01

Fisher's exact test and p = 0.003 Cochran-Armitage test for trend of proportion.
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