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We evaluated the morphological and functional fea-
tures of hepatic cyst epithelium in adult autosomal
dominant polycystic kidney disease (ADPKD). In six
ADPKD patients, we investigated the morphology of
cyst epithelium apical surface by scanning electron
microscopy and the expression of estrogen receptors
(ERs), insulin-like growth factor 1 (IGF1), IGF1 recep-
tors (IGF1-R), growth hormone receptor, the prolif-
eration marker proliferating cell nuclear antigen, and
pAKT by immunohistochemistry and immunofluores-
cence. Proliferation of liver cyst-derived epithelial
cells was evaluated by both MTS proliferation assay
and [3H]thymidine incorporation into DNA. The he-
patic cyst epithelium displayed heterogeneous fea-
tures, being normal in small cysts (<1 cm), charac-
terized by rare or shortened cilia in 1- to 3-cm cysts,
and exhibiting the absence of both primary cilia and
microvilli in large cysts (>3 cm). Cyst epithelium
showed marked immunohistochemical expression of
ER, growth hormone receptor, IGF1, IGF1-R, prolif-
erating cell nuclear antigen, and pAKT. IGF1 was 10-

fold more enriched in the hepatic cyst fluid than in
serum. Serum-deprived liver cyst-derived epithelial
cells proliferated when exposed to 17�-estradiol and
IGF1 and when exposed to human cyst fluid. ER or
IGF1-R antagonists inhibited the proliferative effect of
serum readmission, cyst fluid, 17�-estradiol, and IGF1.
Our findings could explain the role of estrogens in ac-
celerating the progression of ADPKD and may suggest a
potential benefit of therapeutic strategies based on es-
trogen antagonism. (Am J Pathol 2008, 172:321–332; DOI:

10.2353/ajpath.2008.070293)

Autosomal dominant polycystic kidney disease (ADPKD) is
one of the most prevalent human genetic diseases caused
by mutations in the PKD genes.1–4 More than 50% of AD-
PKD patients display hepatic cysts, which are the most
prevalent extrarenal clinical manifestation of the disease
and which account for a significant morbidity.1–4 Hepatic
cysts are lined by epithelial cells featuring phenotypical and
functional characteristics of biliary epithelium with en-
hanced secretory and proliferative activities.5–7 Fluid secre-
tion, extracellular matrix remodeling, proliferation of the
lining epithelial cells, and neovascularization each are
considered important steps in promoting cyst growth.8

Very recently, a number of growth factors and cyto-
kines that are increased in serum or cystic fluid have
been shown to drive cyst growth and expansion.8,9

In the last few years, important advances have been
achieved in the pathophysiology of intrahepatic biliary
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epithelium.10 Recent experimental reports have outlined
the relevance of primary cilia as mechanosensory or-
ganelles capable, when bended by bile flow, of modulat-
ing the intracellular levels of cAMP and Ca��, two key
intracellular mediators of cholangiocyte secretory and
proliferative activities.11,12 Unfortunately, no information
exists on the morphological and functional characteris-
tics of primary cilia in ADPKD patients. Furthermore, re-
cent evidence indicates that the intrahepatic biliary epi-
thelium is the target of GH/insulin-like growth factor 1
(IGF1) axis13 and is particularly sensitive to the prolifer-
ative effects of IGF113 and estrogens.14 Estrogens exert
their proliferative effects either directly or by synergizing
growth factors including nerve growth factor and
IGF1.13–18 In addition, estrogens induce the expression
and secretion of growth factors (IGF1, vascular endothe-
lial growth factor) by epithelial cells.13,19 A number of
clinical observations suggest that estrogens play a role
in development and progression of hepatic cysts in
ADPKDf. 1) Women with ADPKLD have more possibility
to develop hepatic cysts with respect to men.20 2) Nul-
liparae have less probability to develop hepatic cysts
with respect to pluripare in which there is a tight correla-
tion between number and size of the hepatic cysts and
number of pregnancies.20,21 3) Oral contraceptives or
postmenopausal hormonal substitutive therapy increases
the number and size of the hepatic cysts.22 No informa-
tion exists on the role and mechanism by which estro-
gens and IGF1 modulate the functions of cyst epithelium
in ADPKD.

The aim of our study was to investigate the morpho-
logical and functional features of hepatic cyst epithelium
in ADPKD with specific focus on the morphology of pri-
mary cilia and on the involvement of estrogens and IGF1.

Materials and Methods

Human Liver Samples

We studied six patients (four females, two males, 61 to 78
years of age) with a diagnosis of ADPKD disease based
on standard international criteria.23 Three ADPKD pa-
tients were submitted to liver transplantation and three
patients received surgical resection. As controls, we in-
vestigated liver biopsies with a normal histology from
patients submitted to laparotomy (n � 4, two females,
age 59 to 75 years of age) and liver fragments from two
female liver donors (45 and 52 years of age). The study
protocol was in line with the ethical guidelines of the 1975
Declaration of Helsinki.

Light Microscopy and Immunohistochemistry

Common liver histology was performed in 3- to 4-�m
sections stained with hematoxylin and eosin and Mas-
son’s trichromic stains. For immunohistochemistry, glass
slides were deparaffinated, and endogenous peroxidase
activity was blocked by a 30-minute incubation in meth-
anolic hydrogen peroxide (2.5%). The endogenous biotin
was then 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 phosphate-
buffered saline (PBS, pH 7.4) before applying the primary
antibody. Sections were incubated overnight at 4°C with
polyclonal antibodies for estrogen receptor (ER)-� (a
cocktail of three monoclonal antibodies, 33% each, 1:100
dilution; Santa Cruz Biotechnology, Santa Cruz, CA),
ER-� (1:100 dilution, Santa Cruz Biotechnology), IGF-I
(1:70 dilution, Santa Cruz Biotechnology), IGF1-R (1:80
dilution, Santa Cruz Biotechnology), phosphorylated-(p)-
AKT (1:100 dilution, Santa Cruz Biotechnology), GH-R
(rabbit anti-human, sc-20747; Santa Cruz Biotechnol-
ogy), and proliferating cell nuclear antigen (PCNA)
(PC10, 1:100 dilution; DAKO). Samples were then rinsed
with PBS for 5 minutes, incubated for 10 minutes at room
temperature with secondary biotinylated antibody (LSAB
Plus system, DAKO, Milan, Italy), then with DAKO ABC
(LSAB Plus system), and finally developed with 3–3� dia-
minobenzidine. To demonstrate the specificity of immu-
noreaction, negative and positive controls were per-
formed for all immunoreactions. For negative controls, the
primary antibody was replaced (same dilution) with nor-
mal serum from the same species. For positive controls,
the following tissues were tested: human breast carci-
noma for ER-�, ER-�, IGF1, and IGF1-R; human kidney
for pAKT; and human placenta for GH-R. Sections were
analyzed in a coded manner using BX-51 light micros-
copy (Olympus, Tokyo, Japan) with a video cam (Spot
Insight; Diagnostic Instrument, Inc., Sterling Heights, MI)
and processed with an Image Analysis System (Delta
Sistemi, Rome, Italy).

Immunofluorescence

After deparaffinization, sections were hydrated in graded
alcohol and rinsed in phosphate-buffered saline and
0.1% Triton X (PBS-T) for 15 minutes and then incubated
with 10% normal blocking serum in PBS for 30 minutes.
After washing, slides were incubated overnight at 4°C
with IGF1-R primary antibody (polyclonal goat anti-hu-
man, sc-7144; Santa Cruz Biotechnology) diluted in PBS
with 1.5% normal blocking serum. Samples were rinsed
in PBS-T with three changes and incubated for 45 min-
utes at room temperature with bovine anti-rabbit biotin-
conjugated secondary antibody (sc-2363, Santa Cruz
Biotechnology) diluted in PBS with 1.5% normal blocking
serum (normal bovine serum and normal donkey serum,
both from Santa Cruz Biotechnology). After washing, the
slides were incubated with fluorescein-conjugated streptavidin
(Jackson ImmunoResearch Laboratories, West Grove,
PA) and donkey anti-goat Texas red-conjugated second-
ary antibody (sc-2783, Santa Cruz Biotechnology) for 20
minutes at room temperature in a dark chamber. Then the
samples were washed in buffer and mounted with Ultra-
Cruz mounting medium (sc-24941, Santa Cruz Biotech-
nology). Pictures were taken by DM4500B light micros-
copy (Leica, Wetzlar, Germany).
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Scanning Electron Microscopy (SEM)

Polycystic liver fragments were prepared by fixation at
4°C with 2.5% glutaraldehyde in 0.1 mol/L Sorensen’s
phosphate buffer [0.067 mol/L Na2HPO4 plus 0.067 mol/L
KH2PO4 (80:20, v/v), pH 7.4] and then washed in H2O for
30 minutes. Postfixation with OsO4 for 10 minutes at room
temperature was performed, and the samples were
washed again in phosphate buffer for 20 minutes, dehy-
drated in graded alcohol, and placed for critical point
drying with liquid CO2. The samples were glued on stubs
by Silver Dag (Achenson 1415M; Agar Scientific, Essex,
UK) and covered with gold in a S150 sputter coat
(Edwards, London, UK) and were examined with a Hita-
chi S4000 field emission SEM (Hitachi Ltd., Tokyo, Japan)
operating at 8 to 10 kV.

Measurement of IGF1 in the Serum and Cyst
Fluid of ADPKD Patients

IGF1 in the serum and cyst fluid of ADPKD patients and
in the supernatant of liver cyst-derived epithelial
(LCDE) cells was measured by an enzyme-linked im-
munosorbent assay kit (Diagnostic Systems Laborato-
ries, Inc., Houston, TX). IGF1 was also measured in bile
samples collected from patients (three females and
two males, 62 � 9 years of age) with external bile
drainage by Kehr T-tube, submitted to surgery for be-
nign biliary pathologies (biliary stones, common bile
duct stenosis, and cholangitis). In these patients, bile
samples were collected when serum liver enzymes
returned normal. 17�-Estradiol levels in serum and cyst
fluid were analyzed by a commercial radioimmunoassay
kit (Cis-Diagnostici, Vicenza, Italy).

LCDE Cell Line

In vitro studies were performed on an immortalized cell
line obtained from the epithelium lining the hepatic cysts
from patients with ADPKD.7 LCDE cells were maintained
in hormonally supplemented medium consisting of Dul-
becco’s modified Eagle’s medium-Ham’s F-12 nutrient
mixture (3:1) (Cambrex Bio Science, Walkersville, MD)
supplemented with 1.8 � 10�4 mol/L adenine (LKT Lab-
oratories, St. Paul, MN), 5 �g/ml insulin, 5 �g/ml trans-
ferrin (Calbiochem Biochemicals, Darmstadt, Germany),
2 � 10�9 mol/L triiodothyronine, 1.1 � 10�6 mol/L hydro-
cortisone, 1.64 � 10�6 human epidermal growth factor,
5.5 � 10�6 epinephrine, 10% fetal 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 17�-estra-
diol or IGF1 on proliferation, LCDE cells, cultured in the
appropriate medium containing 10% fetal bovine serum,
were deprived of serum for 24 hours. Then, cells were
maintained in serum-deprived conditions for an addi-
tional 4 hours for [3H]thymidine incorporation into DNA or
for an additional 12 hours for MTS proliferation assay
(controls) or exposed to serum, 17�-estradiol, IGF1,
and/or specific antagonist for ER (Ici 182,780; Astra Zen-

eca, Basiglio, Italy)24 and IGF1-R (�IR3, Calbiochem Bio-
chemicals)25 for an additional 4 to 12 hours. In detail, cell
medium was replaced with a fresh serum-free medium
without hormone supplementation and without phenol red
but added with the tested agent. 17�-Estradiol was dis-
solved in dimethyl sulfoxide, IGF1 and �IR3 in saline, and
Ici 182,780 in ethanol as stock solution, which was then
added (dilution, 1:10,000) to serum-free culture medium.
In selected experiments, the effect of cyst fluid on the
proliferation of LCDE cell line was also evaluated. For this
purpose, as described by others,26 cyst fluid pooled from
five ADPKD patients was diluted (v/v) with LCDE culture
medium to 20% final concentration. Proliferation of LCDE
cells was evaluated by [3H]thymidine incorporation into
DNA as described above.

Cell Proliferation Assays

Cell proliferation was assessed, as previously de-
scribed27 by both MTS proliferation assay and [3H]thymi-
dine incorporation into DNA. For MTS proliferation assay,
we used a commercially available colorimetric cell prolif-
eration assay (CellTiter 96 aqueous nonradioactive cell
proliferation assay, MTS Kit; Promega, Madison, WI), fol-
lowing the manufacturer’s instructions. Proliferation index
was calculated as the ratio (multiplied � 100) between
cell numbers in unstimulated and stimulated cultures as
described.27 For [3H]thymidine incorporation into DNA,
methyl [3H]thymidine (25 Ci/mmol; Amersham Bio-
sciences Europe GmbH, Cologno Monzese, Italy) was
added into the culture medium (1 �Ci/ml), and the incu-
bation with [3H]thymidine continued for 2 hours, corre-
sponding to the last 2 hours of treatment with serum,
17�-estradiol, IGF1, and/or receptor antagonists. Cell ex-
traction and radioactivity measurement were performed
as described.27 The carrier of 17�-estradiol (ie, dimethyl
sulfoxide) and of Ici 182,780 (ie, ethanol) showed no
effect (1:10,000 dilution) on MTS proliferation assay (n �
6) or on [3H]thymidine incorporation into DNA (n � 6) of
LCDE cells as compared with controls in the absence of
these two additives.

Western Blot Analyses

For Western blot analysis, after each treatment, LCDE
cells were harvested, washed with PBS, and homoge-
nized by sonicating in lysis buffer (15 mmol/L Tris-HCl,
pH 7.4, 5 mmol/L ethylenediaminetetraacetic acid, 100
mmol/L NaCl, Igepal 1%, 2 mmol/L phenylmethyl sulfonyl
fluoride, 2 mmol/L benzamidine, and 1% aprotinin) on ice
for 30 to 60 seconds. After centrifugation at 14,000 � g
for 60 seconds at 4°C, the supernatant was recovered
and protein concentration determined with protein assay-
dye reagent (Bio-Rad Laboratories GmbH, München,
Germany). Cell extracts (20 �g) were diluted in 6�
Laemmli sample buffer (100 mmol/L Tris-HCl, pH 6.8,
20% glycerol, 4% sodium dodecyl sulfate, 5% 2-mercap-
toethanol, 0.1% bromophenol blue) and resolved by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Western blotting was performed as described10–15
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by using the following primary antibodies (Santa Cruz
Biotechnology): anti-IGF1, rabbit polyclonal antibody (1:100
dilution), anti-IGF1-R�, rabbit polyclonal antibody (1:400 dilu-
tion), anti-ER-� rabbit polyclonal antibody (1:200 dilution), and
anti-ER-� rabbit polyclonal antibody (1:200 dilution). As
secondary antibodies, anti-mouse IgG peroxidase con-
jugated (1:2000 dilution) or anti-rabbit IgG peroxidase
conjugated (1:10,000) were used (Santa Cruz
Biotechnology).

Statistical Analysis

Data are presented as arithmetic mean � SE. Statistical
analysis was conducted by using one-way analysis of the
variance with pairwise comparison by the Fisher’s pro-
tected-least-significant-difference test. Only P � 0.05
was considered significant.

Results

Human Liver Samples

Figure 1 shows the SEM study of apical surface of intra-
hepatic bile ducts in normal liver (interlobular ducts of 20
to 100 �m diameter examined in six normal livers) and of
the epithelium lining hepatic cysts of different size in six
ADPKD patients. The normal biliary epithelium (Figure
1A) and the epithelium lining cysts of small size (�1 cm
maximum diameter, five cysts examined; Figure 1Ba)
showed a similar apical surface carpeted by dense and
regular microvilli and a typical solitary, cylindrical primary
cilium projecting from the surface of almost each cell,
with a length longer than 4 �m. In contrast, marked
morphological abnormalities of apical surface were ob-
served in larger cysts. In cysts with a maximum diameter
between 2 and 3 cm (12 cysts examined, Figure 1Bb),

microvilli were well represented, but clear areas were
frequently seen. Most importantly, in these cysts (2 to 3
cm), cilia were rare (1/200 cells), shortened (1.25 � 0.29
�m), and often showed alteration of the apical end (Fig-
ure 1Bb). Finally, cysts with a maximal diameter higher
than 3 cm showed (Figure 1Bc) an epithelial apical sur-
face completely lacking of both microvilli and primary
cilia, and this was a consistent finding in all cysts exam-
ined (five hepatic cysts investigated, three different sur-
face areas observed for each cyst) regardless of location
in the different hepatic lobes.

As previously described,28,29 cholangiocytes of nor-
mal intrahepatic bile ducts (20 to 100 �m) were negative
at the immunohistochemical analysis of ER-� and -� (Fig-
ure 2, A and E). In ADPKD, the hepatic cyst epithelium
showed a positive staining for ER-� (Figure 2, B–D) and a
uniform and strong positivity for ER-� (Figure 2, F–H)
involving both nucleus and cytoplasm, and this was con-
stantly found in all cysts examined independently from
size and location in hepatic segments. In ADPKD livers,
reactive bile ducts close to the cysts are also positive for
ER-� and -� (Figure 2, C and G) as also described for
reactive ducts associated with other liver pathologies.10

In contrast, intrahepatic bile ducts with normal morphol-
ogy, in ADPKD livers, were negative for ER-� and -�
(Figure 2, B and F).

The immunohistochemistry for IGF1 and IGF1-R in
cholangiocytes lining intrahepatic bile ducts from normal
livers appeared negative (�1% cholangiocytes showed a
weak positivity; Figure 3, A and D). In contrast, IGF1
(Figure 3, B and C) and IGF1-R (Figure 3, E and F) were
strongly positive in all of the epithelial cells lining hepatic
cysts of different diameter and hepatic location. As
shown in Figure 3F (inset), IGF1-R was localized in the
apical pole of the cystic epithelium other than in the
basolateral pole, and this was also confirmed by immu-

Figure 1. SEM. of luminal surface of normal bile duct (A) and hepatic cystic epithelium of ADPKD liver
(B). A: Microvilli and long cilia are present in the luminal surface of normal cholangiocytes. B: a: Similar
to the surface of normal cholangiocytes, the epithelium lining small cyst (�1 cm maximum diameter)
shows a carpet of regular microvilli and typical primary cilia. Inset: At higher magnification the normal
morphology of the cilium is evident. b: the epithelial surface of a cyst with a 2 to 2.5 cm maximum
diameter shows less dense microvilli and clear areas become visible. The cilium may be absent or,
when present, it is short (2 to 3 �m) and often showed alteration of the apical zone. Inset: At higher
magnification a short cilium is evident together with an area clear of microvilli. c: The epithelial surface
of a large cyst (�3 cm), appeared completely smooth and extremely thin (black arrows). CT,
subepithelial connective tissue. Scale bars: 4 �m (A); B: 8 �m (a, b, inset in a); 20 �m (c), 4 �m (inset
in b).

324 Alvaro et al
AJP February 2008, Vol. 172, No. 2



nofluorescence (Figure 3G). Because experimental stud-
ies showed that the intrahepatic biliary epithelium is a
target of the growth hormone (GH)/IGF1 axis,13 we inves-
tigated by immunohistochemistry the expression of the
receptor (GH-R) in the cyst epithelium. In the normal liver,
both hepatocytes and cholangiocytes were positive for
GH-R (Figure 4A), and the positivity was maintained in
the cystic epithelium (Figure 4B).

The PI3-kinase/AKT pathway is the intracellular path-
way activated by IGF1 in target cells including cholan-
giocytes.13 We evaluated the immunohistochemical ex-
pression of pAKT in normal and ADPKD biliary epithelium.
Although less than 1% of cholangiocytes lining intrahe-
patic bile ducts of 20 to 100 �m displayed a thin positivity
for pAKT (Figure 5A), the epithelium lining hepatic cysts
showed an intense and diffuse cytoplasmic and nuclear
pAKT positivity (Figure 5B) suggesting activation of the
IGF1 system that together with estrogens probably sus-
tains the enhanced proliferative activities characterizing
cyst epithelium.5–7 In fact, the cyst epithelial cells showed
an intense staining for PCNA (Figure 5D), a marker of cell
proliferation, involving almost all cells, whereas in the
normal intrahepatic biliary epithelium PCNA was virtually
negative (Figure 5C), consistent with the quiescent status
of normal cholangiocytes.10

Concentration of IGF1 and 17�-Estradiol in
Serum and Cyst Fluid of ADPK Patients

IGF1 concentration in the cyst fluid aspirated from hepatic
cysts of five ADPKD patients was found to be 10-fold higher
(766 � 113 ng/ml) than that measured in the serum of the
same patients (79 � 9 ng/ml; normal range of healthy pa-
tients � 49 to 314 ng/ml) and 20-fold higher than that
measured in bile samples collected from Kehr T-tube of five
patients submitted to surgery for benign biliary pathologies
(bile IGF1 � 38 � 8 ng/ml, n � 5). The concentration of
17�-estradiol in the serum of six ADPKD patients was 33 �
7 pg/ml (normal values menopause � 1 to 30 pg/ml)
whereas, in the cyst fluid it was more than fourfold lower
(7.5 � 3.2 pg/ml, n � 5, P � 0.01 versus serum).

Effect of Estrogens and IGF1 on
Cholangiocyte Proliferation

As evaluated by Western blot, LCDE cells constitutively
expressed ER-� and -�, IGF1 and IGF1-R (Figure 6). To
evaluate the effects of estrogens and IGF1 on prolifera-
tion, LCDE cells were starved without serum for 24 hours
and then left without serum (controls) or exposed to se-

Figure 2. Immunohistochemistry for ER-� and ER-� in normal liver and ADPKD hepatic cysts. In normal (A, E) livers, cholangiocytes lining intrahepatic bile ducts
(yellow arrows) are negative for ER-� (A) and ER-� (E). In the ADPKD liver, cholangiocytes lining intrahepatic bile ducts with normal morphology remain
negative for ER-� (B, yellow arrow) and ER-� (F, yellow arrow) whereas, cholangiocytes of reactive bile ducts close to the cysts are positive for both ER-� (C)
and ER-� (G). The epithelium lining small (C, G) and large cysts (D, H) showed strong positivity for ER-� (C, D) and ER-� (G, H) located at both cytoplasmic
and nuclear levels (red arrows). Scale bars: 40 �m (A, B, E–G); 20 �m (C, D, H).
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rum, 17�-estradiol, IGF1, and/or receptor antagonist for
an additional 12 hours for MTS proliferation assay and for
an additional 4 hours for [3H]thymidine incorporation into
DNA. When serum-deprived LCDE cells were exposed to
the ER antagonists Ici 182,780 (1 �mol/L), or to the
IGF1-R blocking antibody, �IR3 (1 �g/ml), no significant
changes in proliferation were seen, as evaluated by both
MTS proliferation assay (n � 5) and [3H]thymidine incor-

poration into DNA (n � 5) (not shown). Readmission of
serum (n � 8) induced a marked (P � 0.02) increase of
proliferation (MTS proliferation assay and [3H]thymidine)
and a similar effect was found when serum-deprived (24
hours) LCDE cells were exposed to 10 nmol/L 17�-estra-
diol (n � 8, P � 0.02) or 10 ng/ml (1.3 nmol/L) IGF1 (n �
8, P � 0.02; Figure 7, A and B). The effect of serum
readmission on proliferation of LCDE cells was partially
blocked by the ER-specific antagonist, Ici 182,780 (P �
0.05 versus serum readmission or controls; Figure 8, A
and B) or by the IGF1-R blocking antibody �IR3 (P � 0.05
versus serum readmission or controls; Figure 8, A and B)
but totally blocked when ER and IGF1-R antagonists were
added together (Figure 8, A and B). In fact, when LCDE
cells deprived of serum for 24 hours were exposed to
serum in the presence of Ici 182,780 plus �IR3, both
proliferation index (MTS proliferation assay) and [3H]thy-
midine incorporation into DNA were similar with respect
to serum-deprived cells (controls; Figure 8, A and B). This
indicates that most of the proliferative effect of serum
readmission in serum-deprived LCDE cells depends on
ER and IGF1-R.

As evaluated by both MTS proliferation assay and
[3H]thymidine incorporation into DNA, the effect of 10
nmol/L 17�-estradiol on the proliferation of LCDE cells
(n � 8 to 10) was partially blocked by the ER-specific
antagonist, Ici 182,780 but also by the IGF1-R antagonist,

Figure 3. Immunohistochemistry for IGF1 and IGF1-R in normal liver and ADPKD hepatic cysts and immunofluorescence for IGF1-R in hepatic cyst. In normal
livers cholangiocytes are negative for IGF1 (A) and IGF1-R (D) (arrows, bile ducts). In ADPKD livers, both IGF1 (B, C) and IGF1-R (E, F) showed positive
immunolocalization in the epithelium of small (B, E) and large cysts (C, F). At higher magnification the prevalent apical immunolocalization of IGF1-R is evident,
by both immunohistochemistry (F, inset) and immunofluorescence (G, yellow arrows), in the epithelium of a large cyst (asterisk indicates the negativity of
subepithelial connective tissue). Scale bars: 40 �m (A–F); 4 �m (G); 6 �m (inset in F).

Figure 4. Immunohistochemistry for GH-R in normal liver and ADPKD
hepatic cyst. A: In normal liver, cholangiocytes lining intrahepatic bile ducts
(yellow arrows) and hepatocytes were positive for GH-R. B: In the ADPKD
liver, the epithelium lining a large cyst showed strong positivity for GH-R.
Scale bars: 40 �m (A); 30 �m (B).
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�IR3 (P � 0.05 versus 17�-estradiol alone, n � 8 to 10;
Figure 9, A and B). The proliferative effect of 17�-estra-
diol was completely inhibited only in the presence of Ici
182,780 and �IR3 together (Figure 8, A and B; P � 0.05

versus serum plus Ici 182,780 or serum plus �IR3, n � 8
to 10; Figure 9, A and B). Because the specificity of �IR3
(specific blocking antibody) for IGF1-R is absolute,25

these findings indicate that the 17�-estradiol-induced
LCDE cell proliferation involves the activation of both
IGF1-R and ER. Conversely, the effect of IGF1 on the
proliferation of LCDE cells was totally blocked by the
IGF1-R antagonist �IR3 (n � 8 to 10, P � 0.05 versus
IGF1 alone; Figure 10, A and B) but also partially blocked
by the ER-specific antagonist Ici 182,780 �mol/L (n � 8
to 10, P � 0.05 versus IGF1 alone; Figure 10, A and B).

Effect of Cyst Fluid on Proliferation of LCDE Cells

To evaluate the effect on LCDE proliferation, cyst fluid
pooled from five cysts of ADPKD patients was diluted
(v/v) with LCDE culture medium to 20% final concentra-
tion. When serum-deprived (24 hours) LCDE cells were
exposed to cyst fluid for an additional 4 hours, prolifera-
tion of LCDE cells was significantly activated (P � 0.02
versus serum-deprived, n � 8; Figure 11), as evaluated
by [3H]thymidine incorporation into DNA. The effect of

Figure 5. Immunohistochemistry for p-AKT and PCNA in normal liver and ADPKD hepatic cyst. In the normal liver cholangiocytes are negative for both p-AKT
(A) and PCNA (C) (arrow, bile ducts). In the ADPKD liver, a strong and specific immunoreactivity for pAKT (B) and PCNA (D) of cystic epithelium is evident.
At higher magnification (D, inset) the nuclear PCNA positivity is evident. Scale bars � 40 �m.

Figure 6. Protein expression (Western blot) of ER-�, ER-�, IGF1, and IGF1-R
in LCDE cell line. LCDE cells express ER-�, ER-�, IGF1, and IGF1-R. Repre-
sentative of five similar experiments.
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cyst fluid was decreased by 	55% by the IGF1-R antag-
onist, �IR3 (n � 8, P � 0.05 versus cyst fluid alone;
Figure 11) and by 28% by the ER antagonist Ici 182,780
(n � 8; P � 0.05 versus cyst fluid alone or versus cyst
fluid plus �IR3; Figure 11).

Effect of Estrogens on the Secretion of IGF1 on
the Supernatant of LCDE Cells

To evaluate whether estrogens stimulate IGF1 secretion,
LCDE cells were incubated with or without 10 nmol/L
17�-estradiol for 4 hours at 37°C, and IGF1 was mea-
sured in the supernatant. IGF1 concentration in the su-
pernatant was significantly higher after 4 hours of incu-
bation of LCDE cells with 10 nmol/L 17�-estradiol than in

control cells incubated with the carrier dimethyl sulfoxide
(0.42 � 0.03 ng/ml versus 0.11 � 0.02 ng/ml, P � 0.01,
n � 6). The effect of 17�-estradiol on IGF1 secretion in
the supernatant was only partially blocked by the ER-
specific antagonist Ici 182,780 (0.24 � 0.02 ng/ml, n � 6,
P � 0.05 versus 17�-estradiol or dimethyl sulfoxide con-
trols), suggesting that IGF1 secretion is a partially ER-
independent effect of 17�-estradiol.

Discussion

Our study firstly focused on liver cysts of patients with
ADPKD, a diagnosis made by internationally accepted
criteria.23 Large liver specimens were obtained from pa-
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Figure 7. Effect of serum, 17�-estradiol, and IGF1 on proliferation of LCDE
cell line. A: MTS proliferation assay. LCDE cells cultured in the appropriate
medium containing 10% fetal bovine serum were deprived of serum and
hormone supplementation (see Materials and Methods) for 24 hours. Then,
cells were maintained in serum-deprived conditions for further 12 hours
(controls) or exposed to serum, 17�-estradiol (17�-E, 10 nmol/L), IGF1 (10
ng/ml, 1.3 nmol/L) for further 12 hours. Proliferation index was calculated as
the ratio (multiplied � 100) between cell number (MTS assay) in stimulated
and unstimulated (control) cultures. *P � 0.02 versus controls (analysis of
variance). Data were expressed as mean � SE of n � 8. B: [3H]thymidine
incorporation into DNA. [3H]thymidine was added into the culture medium (1
�Ci/ml) for the last 2 hours of each treatment. LCDE cells cultured in the
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further 4 hours. Results were expressed as dpm/mg protein. *P � 0.02 versus
controls (analysis of variance). Data were expressed as mean � SE of n � 8.
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Figure 8. Effect of ER and IGF1-R antagonists on serum-induced proliferation
of serum-deprived LCDE cells. A: MTS proliferation assay. HuH-28 cells
cultured in the appropriate medium containing 10% fetal bovine serum were
deprived of serum and hormone supplementation (see Materials and Meth-
ods) for 24 hours. Then, cells were maintained in serum-deprived conditions
for further 12 hours (controls) or exposed to serum � ER antagonist Ici
182,780 (1 �mol/L) or IGF1-R antagonist �IR3 (1 �g/ml) for 12 hours.
Proliferation index was calculated as the ratio (multiplied � 100) between
cell number (MTS assay) in stimulated and unstimulated (control) cultures.
*P � 0.05 versus other columns; &P � 0.05 versus controls, serum readmis-
sion or serum plus Ici 182,780 plus �IR3 (analysis of variance). Data were
expressed as mean � SE of n � 10 independent experiments. B: [3H]thymi-
dine incorporation into DNA. *P � 0.02 versus other columns; &P � 0.02
versus controls, serum readmission or serum plus Ici 182,780 plus �IR3
(analysis of variance). Data were expressed as mean � SE of n � 8 inde-
pendent experiments.
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tients submitted to liver resection or transplantation, and
this allowed accurate SEM and immunohistochemistry
evaluation. The SEM study demonstrated that apical sur-
face of cyst epithelium showed heterogeneous abnormal-
ities depending on cyst size. The epithelial cells lining
small cysts (�1 cm) showed an apical surface with ade-
quately represented cilia and microvilli and which is sim-
ilar to normal biliary epithelium investigated in this and
previous studies.30,31 In contrast, the apical surface of
medium (2 to 3 cm) cysts showed areas clear of microvilli
with rare and shortened cilia. These features further
worsen in large (�3 cm) hepatic cysts that totally lack
microvilli and primary cilia. We cannot definitively estab-
lish whether these morphological abnormalities of pri-
mary cilia and microvilli represent a mechanic conse-
quence of enhanced endoluminal pressure during cyst

growth or a primary feature. The fact that these features
progressively worsen with increasing cyst size should
suggest a mechanic event, probably caused by en-
hanced endoluminal pressure. However, the possibility
that the cyst growth occurs only in those cysts displaying
cilia derangement or disappearance and that the rate of
cyst growth strictly depends on how much cilia are im-
paired cannot completely be excluded. ADPKD is
caused by mutations in PKD1 or PKD2, and at a cellular
level it appears to be recessive where somatic second
hits in the normal allele of cells containing the germ line
mutation initiate or accelerate the formation of cysts.32–35

Several reports have shown that loss of heterozygosity
and acquired somatic second hits may account, at least
partly, for the heterogeneity of the disease, and, further-
more, the existence of other modifying loci has also been
hypothesized.32–35 Reports regarding a trans-heterozy-
gous model for cystogenesis add further complexity to the
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Figure 9. Effect of ER and IGF1-R antagonists on 17�-estradiol-induced
proliferation of serum-deprived LCDE cells. A: MTS proliferation assay. LCDE
cells cultured in the appropriate medium containing 10% fetal bovine serum
were deprived of serum and hormone supplementation (see Materials and
Methods) for 24 hours. Then, cells were maintained in serum-deprived
conditions for further 12 hours (controls) or exposed to serum, 17�-estradiol
(17�-E, 10 nmol/L) in the absence or presence of ER antagonist Ici 182,780
(1 �mol/L) or IGF1-R antagonist �IR3 (1 �g/ml) for 12 hours. Proliferation
index was calculated as the ratio (multiplied � 100) between cell number (MTS
assay) in stimulated and unstimulated (control) cultures. *P � 0.05 versus other
columns; &P � 0.05 versus 17�-estradiol alone or 17�-estradiol plus Ici 182,780
plus �IR3 (analysis of variance). Data are mean � SE of n � 10. B: [3H]thymidine
incorporation into DNA. *P � 0.05 versus other columns; &P � 0.05 versus
17�-estradiol alone or 17�-estradiol plus Ici 182,780 plus �IR3 (analysis of
variance). Data were expressed as mean � SE of n � 8.
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Figure 10. Effect of ER and IGF1-R antagonists on IGF1-induced prolifera-
tion of serum-deprived LCDE cells. A: MTS proliferation assay. LCDE cells
cultured in the appropriate medium containing 10% fetal bovine serum were
deprived of serum and hormone supplementation (see Materials and Meth-
ods) for 24 hours. Then, cells were maintained in serum-deprived conditions
for further 12 hours (controls) or exposed to serum, IGF1 (10 ng/ml, 1.3
nmol/L) in the absence or presence of ER antagonist, Ici 182,780 (1 �mol/L),
or IGF1-R antagonist �IR3 (1 �g/ml) for 12 hours. Proliferation index was
calculated as the ratio (multiplied � 100) between cell number (MTS assay)
in stimulated and unstimulated (control) cultures. *P � 0.05 versus other
columns; &P � 0.05 versus IGF1 alone or IGF1 plus �IR3 plus Ici 182,780.
Data were expressed as mean � SE of n � 10. B: [3H]thymidine incorporation
into DNA. *P � 0.05 versus other columns; &P � 0.05 versus IGF1 alone or
IGF1 plus �IR3 plus Ici 182,780 (analysis of variance). Data were expressed
as mean � SE of n � 8.
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molecular mechanisms that can lead to pathogenesis.33,35

In fact, in cystic DNA from a kidney of an ADPKD1 patient,
somatic mutations not only in the PKD1 gene of certain
cysts, but also in the PKD2 gene of others, have been
demonstrated, thus generating a trans-heterozygous state
with mutations in both genes.35 With this background, the
phenotypic heterogeneity of the apical surface of the he-
patic cyst epithelium shown in this study is not surprising.

Recent experimental reports outlined the relevance of
primary cilia in the modulation of cholangiocyte patho-
physiology.11,12 Specifically, it was shown that cholangio-
cyte cilia express a mechanoreceptor, polycystin-1 (PC-
1), a Ca�� channel, polycystin-2 (PC-2, or transient
receptor potential P2 according to the transient receptor
potential nomenclature) and the Ca��-inhibitable adeny-
lyl cyclase isoform 6 (AC6).11 Perfusion of rat isolated bile
duct units at flow rates of sufficient magnitude to bend
cilia resulted in increased [Ca2�]i and in decreased for-
skolin-stimulated [cAMP]i levels, which was significantly
reduced or abolished when cholangiocyte cilia were re-
moved by chloral hydrate or when PC-1, PC-2, and AC6
were individually down-regulated by siRNAs.11 A possi-
ble suggestion is that cilia movement determines a
threshold of intracellular Ca�� where proliferation is in-
hibited and that the absence of cilia in ADPKD could
cause an impaired Ca��-dependent counter regulation
of cAMP, the latter being a key determinant of cholangio-
cyte proliferation.10,29 Several observations demonstrate
that the epithelium of both hepatic and kidney cysts
displays features of aberrant proliferation including over-
expression of growth factor receptors and activation of
related intracellular pathways.1–9 In our study, the intense
PCNA staining (Figure 5) confirms the enhanced prolifer-
ative activity of cyst epithelium, and the overexpression of

pAKT, ER, and IGF1-R (Figures 2 to 5) are additional
features. Strategically located within the cilia, polycystin 1
and 2 do interact, perhaps as part of a larger complex
involving also other proteins, and work as important me-
diators of ciliary mechanosensation.11,12,30,31,36 Loss of
this important function because of mutational changes in
PKD1 or PKD2 occurring in ADPKD leads to loss of
normal control over cellular proliferation, resulting in cyst
formation.37–39 The disappearance or shortening of pri-
mary cilia has been so far described only in renal cysts
but not in hepatic cysts of ADPKD patients.31,40,41 Only
recently marked morphological abnormalities of primary
cilia, resembling those described by us in cysts (�2 cm
diameter) of ADPKD patients, have been reported in
experimental models of polycystic liver.11,12,36 Therefore,
structural derangement of primary cilia and the morpho-
logical heterogeneity among cysts of different sizes, phe-
notypically characterize the ADPKD epithelium at both
renal and hepatic levels. Nevertheless, as described in a
number of previous studies, the hepatic cyst epithelium
displays immunohistochemical, structural, and functional
features of cholangiocytes, including response to secre-
tin and somatostatin, but with enhanced proliferative and
secretory activities.5–8 Previous experimental and clini-
cal studies have shown that proliferating cholangio-
cytes show an enhanced response to hormones, neu-
ropeptides, growth factors, and cytokines and secrete
large amounts of different agents,9,10,13–18,42– 44 which
through autocrine mechanisms sustain the cell prolif-
erative machinery and exert anti-apoptotic effects.
Among these agents, estrogens and IGF110,13–18,42– 44

play a crucial role in sustaining proliferation of rat and
human cholangiocytes by acting on specific receptors.
They exert additive proliferative effects at both recep-
tor and postreceptor levels in which survival pathways
are activated.10,13–18,42– 44 These studies and the clini-
cal observations showing a strict estrogen sensitivity of
cyst formation and progression in ADPKD patients20–22

represented the background for our study. First of all, the
immunohistochemical studies indicate that the epithelial
layer of hepatic cysts stains intensely for ER-�, GH-R,
IGF1, and IGF1-R, and this occurs in all cysts examined
whereas the staining for ER-� was less evident. The
expression of GH-R, IGF1, and IGF1-R in cyst epithelium
is consistent with recent studies from our group showing
that rodent biliary epithelium is a target of GH/IGF1 axis.13

This has important clinical implications because recent
studies demonstrated that octreotide, an inhibitor of GH/
IGF1 axis, suppresses hepatic cyst growth.45 As far as
estrogens are concerned, consistent with the benign na-
ture of its proliferation, the cyst epithelium showed simi-
larities, in terms of ER expression, with respect to the
reactive proliferation associated with chronic cholestatic
liver diseases (ie, less immunohistochemistry expression
of ER-� than ER-�)28 whereas the neoplastic proliferation
(ie, cholangiocarcinoma) is characterized by relatively
much higher ER-� expression.27 In addition, we showed
that epithelial cells lining hepatic cysts showed a strong
immunohistochemistry positivity for IGF1, IGF1-R, and
pAKT, the latter indicating activation of the PI3-kinase
pathway, which is the main intracellular signal activated
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Figure 11. Effect of cyst fluid on proliferation of LCDE cells. Cyst fluid
pooled from five cysts of ADPKD patients was diluted (v/v) with LCDE
culture medium to 20% final concentration. Serum-deprived (24 hours) LCDE
cells were left without serum for an additional 4 hours (controls) or exposed
to cyst fluid � �IR3 or Ici 182,780 for 4 hours. [3H]Thymidine incorporation
into DNA was significantly enhanced by cyst fluid indicating activation of cell
proliferation. The effect of cyst fluid was decreased by 55% by the IGF1-R
antagonist �IR3 and by 28% by the ER antagonist, Ici 182,780. Data were
expressed as mean � SE of n � 8. *P � 0.02 versus controls; &P � 0.05 versus
cyst fluid alone; £P � 0.05 versus cyst fluid alone and versus cyst fluid plus
�IR3 (analysis of variance).
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during IGF1-induced proliferation other than a main sur-
vival pathway.13 In the hepatic cyst fluid, IGF1 was found
to be 10-fold more concentrated than in the serum of the
same ADPKD patients and 20-fold more concentrated
than in human bile. As suggested for other growth factors
and cytokines concentrated in the cyst fluid,8 IGF1 may
participate in inducing cell proliferation by acting on its
receptor located on the cell apical pole (Figure 3, F and
G). Our experiments with LCDE cells showing that cystic
fluid-induced proliferation is sensitive to IGF1-R-specific
blocker, �IR3, are consistent with this hypothesis, and the
lack of a complete inhibition of cell proliferation by �IR3
indicates that IGF1 is only one of the possible players
present in the cyst fluid. In contrast with IGF1, estrogens
are fourfold less concentrated in cyst fluid than in the
serum of the same patients, suggesting that estrogens
mainly act through the cell basolateral pole.

To evaluate directly the role of estrogens, IGF1 and
their receptors in the modulation of proliferation, we used
an immortalized cell line (LCDE) obtained from the epi-
thelium of liver cysts of ADPKD patients. LCDE cells
constitutively express ER-� and -�, IGF1, and IGF1-R
(Figure 6). In LCDE cells starved without serum for 24
hours, serum readmission induces a marked activation of
cell proliferation as evaluated by two distinct methods.
Interestingly, at the same experimental conditions, 17�-
estradiol and IGF1 induce a rate of proliferation similar
with respect to serum readmission, which was completely
inhibited by two highly specific ER (Ici 182,780) and
IGF1-R (�-IR3) antagonists.24,25 On the other hand, Ici
182,780 and �-IR3 showed no effect in the absence of
serum, thus excluding nonspecific toxic effects. This in-
dicates that proliferation of LCDE cells induced by serum
readmission requires intact ER and IGF1-R and that these
receptors play a major role in the complex loop of agents
modulating cell proliferation. Although IGF1-induced pro-
liferation was completely inhibited by the specific IGF-R-
blocking antibody (�-IR3), that induced by 17�-estradiol
was only partially inhibited by ER antagonist, Ici 182,780,
which also partially blocked the proliferative effect of
IGF1. Conversely, 17�-estradiol-induced proliferation
was also partially inhibited by the IGF1-R antagonist and
completely blocked only when LCDE cells were exposed
to both ER and IGF1-R blockers. This indicates that
IGF1-R is directly involved in estrogen-induced prolifera-
tion because the specificity of �IR3 for IGF1 is absolute25

and nonspecific interference of this blocking antibody
could be excluded. Our findings indicate a sort of inter-
play between estrogen and IGF1 receptors in modulating
LCDE proliferation. This is consistent with previous re-
ports in other estrogen-sensitive cells, where IGF1 and
estrogens display a number of different mechanisms of
cooperation in modulating cell differentiation and prolif-
eration.46–49 An additional mechanism of cooperation is
the IGF1 secretion induced by estrogens, an effect only
partially inhibited by ER antagonist, which has been de-
scribed by us in rat proliferating cholangiocytes13 and
now confirmed in LCDE cells. This could explain the
marked enrichment of IGF1 found in the cyst fluid of
ADPKD. The lack of a complete inhibitory effect of Ici
182,780 on both 17�-estradiol-induced proliferation and

IGF1 secretion on LCDE cannot be attributed to the dose
of Ici 182,780 used (100-fold higher than the agonist)
because this dose fully antagonized ER.24 Rather, the
estrogen-induced IGF1 secretion, as a partially receptor-
independent effect, already described in other cell types,
should be taken into consideration.46–49

In conclusion, we showed that the hepatic cyst epithe-
lium of ADPKD patients display marked but heteroge-
neous abnormalities of primary cilia, and this could rep-
resent an additional example of a link between cilia
abnormalities and disease pathogenesis that have been
previously suggested for PKD, nephronophthisis, Senior-
Loken (renal-retinal) syndrome, retinitis pigmentosa,
anosmia, and laterality disturbances.50 We have also
shown that ADPKD epithelium is sensitive to the prolifer-
ative effects of estrogens and IGF1. Estrogens act not
only directly but also by promoting the synthesis and
release of growth factors from the cyst epithelium. Our
study furnishes the scientific background for the clinical
observations showing how the formation and progression
of hepatic cysts is highly sensitive to changes in the
estrogen status in the body.
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