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Abstract

Background—Autosomal dominant polycystic kidney disease (ADPKD) is a common genetic

disorder characterized by the progressive development of renal and hepatic cysts. Follicle-

stimulating hormone (FSH) has been demonstrated to be a trophic factor for biliary cells in normal

rats and experimental cholestasis induced by bile duct ligation (BDL).

Aims—To assess the effect of FSH on cholangiocyte proliferation during ADPKD using both in

vivo and in vitro models.

Methods—Evaluation of FSH receptor (FSHR), FSH, phospho-extracellular-regulated kinase

(pERK) and c-myc expression in liver fragments from normal patients and patients with ADPKD.

In vitro, we studied proliferating cell nuclear antigen (PCNA) and cAMP levels in a human

immortalized, non-malignant cholangiocyte cell line (H69) and in an immortalized cell line

obtained from the epithelium lining the hepatic cysts from the patients with ADPKD (LCDE) with

or without transient silencing of the FSH gene.

Results—Follicle-stimulating hormone is linked to the active proliferation of the cystic wall and

to the localization of p-ERK and c-myc. This hormone sustains the biliary growth by activation of

the cAMP/ERK signalling pathway.
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Conclusion—These results showed that FSH has an important function in cystic growth acting

on the cAMP pathway, demonstrating that it provides a target for medical therapy of hepatic cysts

during ADPKD.
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Polycystic liver disease phenotypes arise from two distinct inherited diseases, autosomal

dominant polycystic kidney disease (ADPKD) and polycystic liver disease (PCLD).

ADPKD, caused by mutations in PKD1 or PKD2 genes, is characterized by polycystic

kidneys (1). In many patients with ADPKD, there is the development of a polycystic liver

manifestation. On the other hand, PCLD is caused by mutations in PRKCSH or SEC63

genes and is characterized by the presence of an isolated polycystic liver without the kidney

phenotype (2, 3).

The diagnosis of polycystic liver is usually made during the third or fourth decade of life

with hepatic capacity preserved in the great majority of patients (4, 5). This disease is

usually asymptomatic, but the progressive growth of the liver cysts may cause dyspnoea,

gastrooesophageal reflux, nausea and mechanical low back pain arise because of the mass

effect of the polycystic liver (6). Severe ADPKD primarily affects women and is

characterized by the massive cystic liver disease. The number and size of hepatic cysts

correlate with the occurrence of pregnancy, female gender, increased age and severity of the

renal lesion (7). Treatment is initiated only in those with the symptoms and all interventional

procedures are aimed to reduce liver volume (5). In the last few years, the number of studies

to discover viable medical options has increased with indications that somatostatin

analogues or mTOR inhibitors may slow cyst growth (8–10).

Many experimental and clinical studies have demonstrated that cholangiocytes respond to

hormones, growth factors, neuropeptides and cytokines increasing their proliferative

capacity (11–13). In particular, oestrogens play a key role in sustaining cholangiocyte

growth, cyst formation and progression in ADPKD patients. Oestrogens act not only

directly, but also by promoting the synthesis and release of other growth factors from the

cystic epithelium (14). Additional sex hormones such as prolactin (15), progesterone (16)

and follicle-stimulating hormone (FSH) (17) regulate biliary function.

Many events in the adult ovary are controlled by two hormones, FSH and luteinizing

hormone (LH) secreted from the anterior pituitary gland under the control of gonadotropin-

releasing hormone (GnRH) from the hypothalamus. FSH is required for granulosa cell

differentiation and facilitates the follicular growth (18). In the classical cascade, occupancy

of FSH receptor (FSHR) causes activation of the heterotrimeric GS protein, which stimulates

the effector adenylyl cyclase with the consequent increase in the synthesis of the second

messenger cAMP (19, 20).

One of the most characterized components of the MAPK family is the extracellular-

regulated kinase (ERK). The ERK pathway regulates cell proliferation, differentiation and
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cell survival (21). C-myc represents a key downstream target of this mechanism (22). Others

have demonstrated that c-myc participates in the progression of the G1-cell cycle phase by

enhancing cyclin expression (23) and CDK/cyclin complex activities (24). Lastly, both c-

myc and ERK, as a consequence of their marked capacity to promote proliferation, play a

pivotal role in the control of the differentiation programme in several cell types (25–27). We

have previously shown that the cAMP/ERK-dependent signalling mechanism is activated in

proliferating cholangiocytes (13, 28). In particular, in the hyperplastic BDL model,

cholangiocyte proliferation is closely associated with increased cAMP levels (29–32). It has

been demonstrated that FSH plays an important role in stimulating rat cholangiocyte

proliferation through an autocrine mechanism that is associated with increased cAMP-

dependent phosphorylation of ERK1/2 and Elk-1 both in vivo and in vitro (17). However, no

information exists regarding the role of FSH and its receptors in the regulation of epithelial

cell growth in the hepatic cysts. The aim of this study was to evaluate the hypothesis that

FSH regulates hepatic cysts growth during the course of ADPKD.

Materials and methods

Materials

All reagents were purchased from Sigma Chemical (St. Louis, MO, USA) unless otherwise

indicated. The FSH primers for real-time PCR were purchased from SABio-sciences

(Frederick, MD, USA). The RNeasy Mini Kit to purify total cholangiocyte RNA was

purchased from Qiagen Inc. (Valencia, CA, USA). The RIA kits for the measurement of

intracellular cAMP [cAMP (125I) Biotrak Assay System, RPA509] were purchased from GE

Healthcare (Arlington Heights, IL, USA). All the antibodies used for

immunohistochemistry, immunofluorescence and western blots were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA), Invitrogen srl (Milan, Italy), Dako Italia S.p.A.

(Milan, Italy) or from Abcam (Cambridge, UK).

Human liver samples

We studied eight patients (six females and two males, 61–78 years of age) with a diagnosis

of ADPKD based on the standard international criteria (33). Liver cysts were subdivided on

the basis of their size in large (>3 cm maximum diameter) or small cysts (<3 cm maximum

diameter) as previously showed (14). As controls, we evaluated liver biopsies with a normal

histology from patients submitted to laparotomy (4 fragments, 2 from female and 2 from

male, 59–75 years of age). This study protocol was approved by the institutional committee

and abided by the ethical guidelines of the 1975 Declaration of Helsinki.

Immunohistochemistry

Immunohistochemistry was performed in 3–4 μm sections. Sections were deparaffinized and

endogenous peroxidase activity was blocked by a 30-min incubation in methanolic hydrogen

peroxide (2.5%). Later, the endogenous biotin was blocked by a biotin blocking system

(code X0590; Dako, Copenhagen, Denmark) according to the instructions supplied by the

vendor. Sections were then hydrated in graded alcohol and rinsed in 1× phosphate-buffered

saline (PBS, pH 7.4) before applying the selected primary antibody. Sections were incubated

overnight at 4°C with polyclonal antibodies for CK-19 (M0888; Dako Italia S.p.A.), FSHR
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(sc-7798; Santa Cruz), FSHβ (sc-7797; Santa Cruz), pERK (sc-7383; Santa Cruz) or c-myc

(ab39688; Abcam). The following day, samples were rinsed with PBS for 5 min, incubated

for 20 min at room temperature (RT) with secondary biotinylated antibody (LSAB Plus

system; Dako, Milan, Italy), then with Dako ABC (LSAB Plus system), and finally

developed with 3,3′-diaminobenzidine. To confirm the specificity of immunoreaction,

negative controls were performed for all immunoreactions.

Sections were examined with a Leica Microsystems DM 4500 B Microscopy (Weltzlar,

Germany) equipped with a Jenoptik Prog Res C10 Plus Videocam (Jena, Germany).

Observations were processed with an Image Analysis System (IAS; Delta Sistemi, Rome,

Italy) and were independently performed by two researchers in a blinded fashion. The

number of positive cells was counted in six non-overlapping fields (magnification ×20) for

each slide. The data are expressed as per cent positive cells (34).

Immunofluorescence

For double immunofluorescence, sections were hydrated in graded alcohol and rinsed in 1×

PBS with 0.1% Triton X (PBS-T) for 15 min and then incubated with 10% normal blocking

serum in 1× PBS for 30 min at RT. After washing, slides were incubated overnight at 4°C

with FSHR (sc-7798; goat polyclonal; Santa Cruz) primary antibodies and proliferating cell

nuclear antigen (PCNA) (PC10, sc-7907; rabbit polyclonal; Santa Cruz) or with the same

FSHR and pERK (sc-7383; mouse monoclonal; Santa Cruz) diluted in PBS with 1.5%

normal blocking serum. Samples were rinsed in PBS-T with three changes and incubated for

45 min at RT with the specific secondary antibodies conjugated with Alexa fluorochrome

(488 or 594) diluted in 1× PBS with 1.5% normal blocking serum. Then the samples were

washed in buffer and mounted with Ultra-Cruz mounting medium (sc-24941; Santa Cruz).

Images were taken by DM4500B light microscopy (Leica).

Regarding cellular staining, cholangiocytes from cell lines were seeded on coverslip in a six-

well-plate (500 000 per well) and allowed to adhere overnight. Immunofluorescence was

performed by fixing cells in 4% paraformaldehyde for 5 min and following washes and

incubation in 4% bovine serum albumin (BSA), in PBS-T the cells were incubated with the

selected primary antibody (FSH, FSHR or pERK). After 1 h at RT, the cells were washed

three times in PBS-T and then placed in the specific Alexa Fluor 594 secondary antibody in

a dark room for 45 min. Finally, cholangiocytes were rinsed and the coverslip was put onto

slide with a drop of DAPI. In the same manner of immunohistochemistry, to demonstrate the

specificity of the immunoreaction, negative controls were performed without the incubation

with primary antibody.

H69 and LCDE cell lines

The in vitro studies were performed utilizing a human immortalized non-malignant

cholangiocyte cell line (H69) and an immortalized cell line obtained from the epithelium

lining the hepatic cysts from patients with ADPKD (LCDE). Cells were maintained in

hormonally supplemented medium consisting of Dulbecco’s modified Eagle’s medium-

Ham’s F-12 nutrient mixture (3:1) (Cambrex Bio Science, Walkersville, MD, USA)

supplemented with 1.8 × 104 mol/L adenine (LKT; Santa Cruz Biotechnology, Santa Cruz,
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CA, USA), 5 g/ml insulin, 5 g/ml transferrin (Calbiochem Biochemicals, Darmstadt,

Germany), 2 × 109 mol/L triiodothyronine, 1.1 × 106 mol/L hydrocortisone, 1.64 × 106

human epidermal growth factor, 5.5 × 106 epinephrine, 10% foetal bovine serum (Gibco/

BRL, Life Technologies, Italia srl., Milan, Italy), 100 U/ml of penicillin and 100 g/ml of

streptomycin in a 5% CO2 atmosphere at 37°C. To evaluate the effect of FSH on

proliferation, H69 and LCDE cells following culture in the appropriate medium containing

10% foetal bovine serum were deprived of serum for 24 h. Cells were then maintained in

serum-deprived conditions for an additional 24 h for MTS proliferation assay (controls) or

exposed to serum, FSH (1–100 μg/ml) with or without PD98059 (10 nM), a MEK/ERK

inhibitor. In detail, cell medium was replaced with a fresh serum-free medium without

hormone supplementation, but added with the tested agent. We used a commercially

available colorimetric cell proliferation assay (CellTiter 96 aqueous nonradioactive cell

proliferation assay, MTS Kit; Promega, Madison, WI, USA), following the manufacturer’s

instructions. Proliferation index was calculated as the ratio (multiplied ×100) between cell

numbers in both unstimulated and stimulated cultures.

In addition, we measured intracellular cAMP levels. After incubation for 1 h at 37°C,

cholangiocytes (1 × 105 cells) were stimulated at RT for 5 min with 0.2% BSA (basal), or

FSH (100 μg/ml in 0.2% BSA) in the absence or presence of PD98059 or an anti-FSHR

antibody (150 pg/ml) (17). Intracellular cAMP levels were measured with a commercially

available kit [cAMP (125I) Biotrak Assay System, RPA509].

FSH silencing

To evaluate the effects of FSH on LCDE, we used an available silencer small interfering

RNA (siRNA) to knock down the expression of FSH before evaluating: (i) cholangiocyte

proliferation by PCNA and biliary apoptosis by Bax protein expression using

immunoblotting analysis; and (ii) intracellular cAMP levels. LCDE were plated into six-well

plates and allowed to adhere overnight. siRNA transfection (0.25–1 μg of FSH siRNA was

used) was carried out according to the instructions provided by Santa Cruz. The extent of

FSH silencing was evaluated by measuring the expression of total FSH in transfected vs.

control LCDE cells by real-time PCR and western blots for FSH expression. Cellular growth

was investigated by western blots for PCNA, whereas biliary apoptosis was evaluated by

Bax protein expression. PCNA and Bax expression was performed in protein (10 μg) from

whole cell lysates from LCDE cholangiocytes. Blots were normalized by β-actin

immunoblots. The intensity of the bands was determined by scanning video densitometry

using the phospho-imager, Storm 860 (GE Healthcare, Piscataway, NJ, USA) and the

ImageQuant TL software version 2003.02 (GE Healthcare, Little Chalfont,

Buckinghamshire, UK). Finally, spontaneous and secretin-stimulated intracellular cAMP

levels were determined. Transfected and control cholangiocytes were incubated for 2 h at

37°C to restore secretin receptor that may be damaged with the treatment of proteolytic

enzymes (35). Cells were stimulated with 10_7 M secretin in 1% BSA or 1% BSA alone for

5 min at 22°C (36). After extraction with ethanol, cAMP levels were determined by a

commercially available kit (cAMP [125I] Biotrak Assay System, RPA509) according to the

instructions of the vendor.
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Statistical analysis

Data are presented as arithmetic mean ± standard deviation. The Student’s t-test or Mann–

Whitney U-test was used to determine differences between groups for normally or not

normally distributed data respectively. A P-value of <0.05 was considered statistically

significant. Statistical analyses were performed using SPSS statistical software (SPSS Inc.,

Chicago, IL, USA).

Results

FSHR and FSH cholangiocyte expression

Hepatic cysts are lined by epithelial cells and these cysts bud from interlobular or smaller

biliary ducts with phenotypical and functional characteristics of biliary epithelium as shown

in Fig. 1 (immunohistochemistry for cytokeratin 19, a specific marker of cholangiocytes).

Biliary epithelium also displays immunopositivity for FSHR and FSH hormone in liver

sections from normal patients and patients affected with ADPKD (Fig. 2). The

immunohistochemistry for FSHR appears negative in cholangiocytes lining interlobular bile

ducts in normal livers (Fig. 2A), whereas FSH is faintly positive (Fig. 2D). In contrast,

FSHR and FSH were more positive in the epithelial cells lining the smallest hepatic cysts

(Fig. 2B, E) and strongly expressed in the largest cysts (Fig. 2C, F). The expression of FSH

and FSHR is related to the cyst size. We found that the percentage of FSHR-positive

cholangiocytes is 47 ± 25.1% in small cysts (diameter <3 cm) vs. 72.3 ± 26.2% (P < 0.05) in

large cysts (diameter >3 cm). Similarly, the expression of the hormone FSH is higher in

cholangiocytes lining large cysts (73.8 ± 19.8%) in comparison with small cysts (39.6 ±

19.4%; P < 0.05) (Fig. 2).

Intracellular mechanisms of FSH regulation of cholangiocyte growth

As we have previously shown (14), the cystic epithelium showed a marked proliferative

index. Normal cholangiocytes have a low expression of pERK and c-myc, two key proteins

of the intracellular cAMP mechanism (Fig. 3A, D). In pathological cholangiocytes, the

presence of the two cAMP mediators increases in both small and large cysts (Fig. 3B, C, E,

F). The presence of pERK, the positivity for FSHR and the intense cholangiocyte

proliferation in the course of ADPKD was confirmed by immunofluorescence, where we

initially co-localized FSHR with PCNA (Fig. 4A) and then FSHR with pERK (Fig. 4B). In

cystic cholangiocytes, FSHR presence may be associated with a paracrine action, but in

some cells it can co-localize with PCNA thus sustaining an autocrine mechanism (Fig. 4A).

FSHR expression has also been linked to the expression of pERK (Fig. 4B). For this reason,

the phosphorylation of ERK is associated with the activation of the intracellular cAMP

pathway and many cells simultaneously express FSHR with PCNA and pERK with FSHR

supporting the concept that FSH induces cholangiocyte proliferation via ERK (37).

Evaluation of the role of FSH in human cell lines

Both H69 and LCDE express FSHR and FSH (Fig. 5). These cells were starved without

serum for 24 h and then exposed to FSH with or without PD98059. The addition of FSH

increased the cholangiocyte proliferative index (tested by MTS proliferation assay and
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western blots for PCNA protein expression) whereas pre-incubation with PD98059 partially

blocked this effect (Fig. 6A, B). To measure the intracellular levels of cAMP, we treated

normal and pathological cholangiocytes with a basal solution of BSA or FSH in the absence

or presence of PD98059 or an anti-FHSR antibody. Similar to that shown for secretin (37),

we found that FSH increases cAMP levels, an increase that was prevented by pre-incubation

with PD98059 or with the antibody anti-FSHR (Fig. 6C). Immunofluorescence for pERK in

basal conditions and after treatment with the highest dose of FSH (100 μg/ml) demonstrates

that the hormone increases the phosphorylation of ERK to a higher extent in LCDE cells

compared with H69 cultured cells supporting enhanced cell proliferation (Fig. 6D).

To confirm the evidence that FSH is a critical factor for sustaining cholangiocyte growth, we

specifically knocked down the expression of FSH in LCDE cells by transient transfection

(siRNA) (Fig. 7A, B). Real-time PCR for FSH showed that the most efficient siRNA-FSH

concentration was 1 μg, which results in the largest reduction in FSH message expression

(Fig. 7A). Furthermore, the FSH siRNA cell line exhibited reduced PCNA protein

expression compared with mock-transfected cells, indicating that decreasing FSH expression

impairs the proliferative capacity of cholangiocytes (Fig. 8A). These cells manifest a higher

apoptotic degree compared with mock-transfected cholangiocytes as demonstrated by

increased Bax protein expression (Fig. 8B). Lastly, we found that in the knocked-down cells,

the intracellular secretin-stimulated cAMP levels as well as cholangiocyte proliferation

decrease (Fig. 8C). This supports the concept that FSH sustains biliary growth via a cAMP-

dependent signalling pathway. In general, the modifications of cAMP levels after

stimulation with secretin are considered to be a reliable test to evaluate the effects of secretin

on cholangiocyte proliferation as extensively demonstrated in the experimental models of

cholangiocyte proliferation (37–39).

Discussion

Our in vivo results show that: (i) the biliary epithelium that lines hepatic cysts stains positive

for FSHR and FSH, whose expression is in relationship with the cyst size; (ii) FSH sustains

cellular growth; and (iii) FSHR co-localizes with pERK in larger cysts. Regarding the in

vitro studies, we demonstrated that: (i) both H69 and LCDE cells express FSHR and FSH;

(ii) FSH stimulation of cholangiocyte proliferation is associated with increased cAMP

levels; and (iii) knocking down FSH expression by siRNA decreases cholangiocyte

proliferation and cAMP levels while increasing apoptosis. Cyst fragments were obtained

from patients with ADPKD who underwent liver resection. ADPKD is caused by mutation

in the PKD1 gene (85%) or PKD2 gene (10–15%) (40), which encodes the polycystin 1

(Pc-1) and polycystin 2 (Pc-2) proteins (41) respectively. The Pc-1/Pc-2 complex is located

in the primary cilium at the apical pole of cholangiocytes (42). Recently, the key role of

hormones such as oestrogens in this pathology has been studied in detail. Indeed, 1 year of

oestrogen use in post-menopausal ADPKD patients selectively increases total liver volume

by 7%, whereas total kidney volume remains unaffected (43). In addition, oestrogens sustain

the enhanced proliferative and secretory activities of biliary epithelium, as experimentally

shown in BDL rats, by acting either directly with growth factors or potentiating their effects

(11, 44–46). Studies have shown that the epithelial surface of hepatic cysts of ADPKD

patients displays a marked and diffuse immunoreaction for oestrogen receptors (14).
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According to these recent findings, we hypothesized that the hepatic cyst epithelium of

ADPKD patients could be considered as a hormone-responsive tissue. Hence, we have

studied the role of FSH in the pathophysiology of hepatic cysts. FSH stimulates

preovulatory follicles of the ovaries and is related to steroidogenesis (47). FSH induces cell

proliferation and DNA synthesis by acting on its receptor (FSHR) (48). The human FSHR

belongs to the superfamily of G proteincoupled receptors (49). Agonist binding to the FSHR

triggers the rapid activation of multiple signalling cascades, mainly the cAMP–adenylyl

cyclase–proteinkinase A cascade (50). We have already demonstrated that the FSH induces

cholangiocyte proliferation in normal rats by acting on the cAMP-dependent ERK1/2–Elk-1

signalling pathway (17). This increase was partially blocked by treatment with Antide (a

GnRH antagonist) or by a neutralizing FSH antibody (17). In general, FSH represents the

major stimulator and regulator of oestrogen production. In particular, FSH determines the

aromatization of androgens into oestrogens via the activation of the cAMP/protein kinase A

(PKA)-dependent transcription factor, leading to the transcription of the aromatase enzyme

(51, 52).

In this study, we found that normal human cholangiocytes from interlobular bile ducts and

those derived from biliary epithelium of hepatic cysts express FSHR and FSH. The

increasing presence of this hormone is correlated with a higher proliferation index, most

likely because of the effect of FSH on the cAMP/ERK-dependent signalling pathway, which

is one of the most critical intracellular mechanisms regulating cholangiocyte proliferation

and phosphorylation of ERK (20, 28, 53–55). This role of FSH may also be because of the

effects of this hormone on the transcriptional activation of ER-responsive genes that are

under the regulation of the cAMP/PKA/ERK-signalling pathway (56, 57). Presumably, in

this case FSH cooperates with oestrogens and other hormones to increase the proliferative

response of the biliary epithelium (58, 59). A direct link was not found in these preliminary

studies, which will be the aim of further studies. However, the combination of FSH and the

activation of other hormones may result in a synergistic effect on cell proliferation that may

be attenuated using anti-oestrogens. To support our in vivo findings, the in vitro studies were

expanded in two ways: (i) ablation of the proliferative effect of FSH with an inhibitor of the

MEK/ERK pathway and (ii) silencing FSH by siRNA. FSH stimulates the increase in

cholangiocyte proliferation predominantly in LCDE cells, together with the enhanced cAMP

levels, which were blocked by PD98059. As conclusive evidence that FSH plays a key role

in sustaining cyst growth acting on the cAMP pathway, the knock down of FSH expression

in LCDE cells demonstrates that lack of this hormone decreases the proliferative index of

cholangiocyte and impairs cellular levels of cAMP.

Parallel to our findings, others have shown that the effects of FSH are mediated by the

activation of a cAMP-dependent mechanism, such as in granulosa cells, where FSH

stimulates mTOR signalling through the ERK-rather than the Akt-dependent pathway (60).

The mTOR signalling pathway regulates growth and proliferation of cells from yeast to

mammals in response to growth factors, hormones and nutrient availability (61). Inhibition

of mTOR has been shown to cause G1 phase arrest of the cell cycle (62, 63). Hence the

mTOR pathway may be involved in the mediation of the cyst progression in an orthologous

animal model of human ARPKD (64).
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In addition, several studies investigated the role of resident progenitor cells in liver

pathophysiology (65, 66); in polycystic liver disease, the implication of the liver

regenerative compartment and its potential role in generating liver cysts have not been

elucidated. Interestingly, ADPKD and ARPLD are associated with a characteristic

cholangiopathy, which is considered to be a prototypic example of ductal plate malformation

(DPM) (67). DPM are congenital diseases of the intrahepatic bile ducts caused by the failure

of the physiologic ductal plate remodelling during embryonic development of the biliary

system. Human hepatic stem cells (hHpSC) are considered to be the remnant of the ductal

plate in the adult liver (68). Moreover, epithelial cells lining the liver cysts show signs of

immaturity, express adhesion molecules and a number of vascular growth factors that are

reminiscent of ductal plate cells (67–70).

In addition, Qian et al. demonstrated that liver cysts arise from peribiliary glands (PBGs)

located in the large intrahepatic bile ducts (71). The intrahepatic cysts are within the liver

parenchyma, but not in contact with the larger portal triads, whereas the peribiliary cysts are

adjacent to the larger portal triads or in the hepatic hilum (71). Recently, the presence of

biliary tree stem cells (BTSC) has been demonstrated in PBGs (72); these cells represent the

remnant of the fetal bilio-pancreatic precursors (73, 74). The role of BTSCs in generating

liver cysts is unknown. Our preliminary observations indicate that the hHpSC and BTSC

compartments are expanded in liver parenchyma adjacent to liver cysts and that these cells

are able to express FSH (data not shown). Probably, the expansion of liver regenerative

compartments may be related to the compression because of the cysts, but their role in cyst

formation needs to be better investigated. However, this concept will need to be evaluated in

depth in human pathology. Similar to other studies, we have determined that an additional

hormone, FSH, exerts a fundamental effect to sustain cholangiocyte growth during the

course of polycystic liver disease via the cAMP/ERK-dependent signalling pathway. These

data support the main role of cAMP that causes cholangiocyte hyperproliferation, abnormal

cell–matrix interactions and other cellular condition can lead to cystogenesis. Thus, further

studies are necessary to elucidate therapeutic approaches that target this signalling pathway.

Finally, additional studies are needed to determine other factors that may interact in the

cAMP-dependent signalling mechanism during the course of autosomal dominant polycystic

liver disease.
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Fig. 1.
Immunohistochemistry for CK-19, a specific marker of the biliary epithelium. (A) Normal

liver demonstrates a characteristic portal space, with some biliary ducts (stained in brown

for the immunoreaction), a branch of the portal vein (the largest blood vessel) and a terminal

ramification of hepatic artery (the smallest blood vessel). (B) A small cyst with a diameter

<1 cm lined by a columnar biliary epithelium. (C) A large cyst with a diameter >3 cm is

enclosed with cholangiocytes that are flatter in appearance compared with the non-cystic

biliary cells, because of the enlargement of the cyst and the resulting epithelium strain.

CK-19 cholangiocytes are stained brown. Original magnification, 40×.
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Fig. 2.
Representative immunohistochemistry for FSH receptor (FSHR) and follicle-stimulating

hormone (FSH) in liver sections (3–4 μm thick) from normal patients or patients with

autosomal dominant polycystic kidney disease (ADPKD). In particular, the staining showed

a negativity for FSHR in liver from normal patient (A) and higher expression in small (B)

and in large (C) cysts. The hormone FSH presents a low positivity in normal liver (D) that

increases in cysts of small (E) and large diameter (F). Original magnification, 40×. The table

contains the percentage of FSHR and FSH-positive cholangiocytes in normal biliary

epithelium and in both small and large cysts. The positivity for the hormone and its receptor

enhances with the cyst size, suggesting an important effect of FSH in the growth of the

hepatic cysts.
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Fig. 3.
Immunohistochemistry for phospho-extracellular-regulated kinase (p-ERK) and c-myc in

liver sections (3–4 μm thick) from normal patients or with autosomal dominant polycystic

kidney disease (ADPKD). In particular, the staining showed a positive reaction for pERK in

liver from normal patient (A) and both in small (B) and in large (C) cysts. The same profile

for c-myc in normal liver (D) and in cysts of small (E) and large diameter (F) was found.

The staining demonstrated that the phosphorylation of ERK and the expression of c-myc

increase in course of polycystic disease. Original magnification, 40×.
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Fig. 4.
Immunofluorescences in liver sections from normal and autosomal dominant polycystic

kidney disease (ADPKD) patients (3–4 μm thick) indicating the colocalization of two

specific immunoreactions to co-staining: (A) proliferating cell nuclear antigen (PCNA) (a

marker of cellular proliferation) and FSH receptor (FSHR). Normal biliary epithelium does

not show proliferative activity [nuclei are negative for proliferating cell nuclear antigen

(PCNA)] and it is negative for FSHR. In small cysts, cholangiocyte proliferation increases,

as it is evident with more PCNA positive nuclei, and they start to express also FSHR. In

large cysts, the number of PCNA positive nuclei enhances and FSHR is present almost in all

cells. (B) Phospho-extracellular-regulated kinase (p-ERK) and FSHR expression. A normal

bile duct shows negativity for both FSHR and pERK. In a small cyst, the biliary epithelium

starts to express FSHR and pERK that co-localize in the same cells. In the end, in the largest

cysts we find a higher presence of the receptor and the phosphorylated protein. Co-
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localization of PCNA and FSHR was associated with increased cellular growth in

cholangiocytes expressing FSHR. Simultaneously, FSHR expression is apparently linked to

the phosphorylation of ERK. Original magnification, 40×.
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Fig. 5.
Representative immunofluorescence for (A, B) FSH receptor FSHR and (C, D) follicle-

stimulating hormone FSH in H69 and LCDE human cell lines. In the LCDE cells, the

expression of FSHR and FSH is higher when compared with the non-malignant

cholangiocytes (red), whereas in blue are stained nuclei (DAPI). No staining was visible

when primary antibodies were replaced with non-immune serum. Bar = 200 μm.
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Fig. 6.
Evaluation of cholangiocyte proliferation by MTS assay (A) and by proliferating cell

nuclear antigen (PCNA) protein expression (B) in H69 (white bar) and in LCDE (black bar)

treated with 0.2% BSA (basal) or follicle-stimulating hormone (FSH) (1–100 ng/ml with

0.2% BSA) in the absence or presence of PD98059 for 24 h. Intracellular cAMP levels (C)

were measured in H69 (white bar) and in LCDE (black bar) treated with 0.2% BSA (basal)

or FSH (100 ng/ml with 0.2% BSA) in the absence or presence of PD98059 or an anti-FSHR

antibody. FSH significantly increased the growth of LCDE in a dose-dependent manner and

the levels of cAMP inside the cell. Effects were blocked by pre-incubation with the inhibitor

PD98059 and the anti-FSHR antibody. (D) Immunofluorescence for phospho-extracellular-

regulated kinase p-ERK in basal conditions and after treatment with FSH (100 μg/ml) in

H69 and LCDE cells. Images show that the hormone increases the phosphorylation of ERK

to a higher extent in LCDE cells compared with H69 cultured cells. Data are expressed as

mean ± SD of 6 experiments. *P < 0.05 vs. its corresponding basal value.

Onori et al. Page 20

Liver Int. Author manuscript; available in PMC 2014 July 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



Fig. 7.
Evaluation of transient transfection with follicle-stimulating hormone (FSH) siRNA in

LCDE cells. FSH silencing was investigated by real-time PCR to evaluate the message of

the protein (A) and by western blot to assess the protein expression of FSH (B). Using

increasing amounts of siRNA FSH (0.25–1 μg), there was a significant reduction in FSH

mRNA and protein expression.
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Fig. 8.
The effects of follicle-stimulating hormone (FSH) silencing in proliferation of LCDE cells

were evaluated by proliferating cell nuclear antigen (PCNA) protein expression (A), Bax

protein expression (B), and secretin-stimulated cAMP levels (C). Knockdown of FSH

blocked the stimulatory effects of FSH on (A) PCNA protein expression, and (C) secretin-

stimulated cAMP levels, and increased cholangiocyte apoptosis as evaluated by blots for

Bax protein expression (B). Data are expressed as mean ± SD of 5 experiments. *P < 0.05

vs. the corresponding basal value.
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