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Abstract
Stromal myofibroblasts play an important role in tumor
progression. The transition of fibroblasts to myofibroblasts
is characterized by expression of smooth muscle genes
and profuse synthesis of extracellular matrix proteins. We
evaluated the efficacy of targeting fibroblast-to-myofibroblast transition with halofuginone on tumor progression in
prostate cancer and Wilms’ tumor xenografts. In both
xenografts, low doses of halofuginone treatment, independent of the route of administration, resulted in a
trend toward inhibition in tumor development. Moreover,
halofuginone synergizes with low dose of docetaxel in
prostate cancer and vincristine and dactinomycin in
Wilms’ tumor xenografts, resulting in significant reduction
in tumor volume and weight comparable to the effect
observed by high doses of the respective chemotherapies.
In prostate cancer and Wilms’ tumor xenografts, halofuginone, but not the respective chemotherapies, inhibited
the synthesis of collagen type I, A-smooth muscle actin,
transgelin, and cytoglobin, all of which are characteristics
of activated myofibroblasts. Halofuginone, as the respec-

Received 8/7/06; revised 11/26/06; accepted 12/12/06.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
Note: Y. Sheffer and O. Leon contributed equally to this work.
This article is a contribution from the Agricultural Research Organization,
Volcani Center, Bet Dagan, Israel.
Requests for reprints: Mark Pines, Institute of Animal Sciences, Volcani
Center, P.O. Box 6, Bet Dagan, 50250, Israel. Phone: 972-8-9484408;
Fax: 972-8-9475075. E-mail: pines@agri.huji.ac.il
Copyright C 2007 American Association for Cancer Research.
doi:10.1158/1535-7163.MCT-06-0468

tive chemotherapies, increased the synthesis of Wilms’
tumor suppressor gene product (WT-1) and prostate
apoptosis response gene-4 (Par-4), resulting in apoptosis/necrosis. These results suggest that targeting the
fibroblast-to-myofibroblast transition with halofuginone
may synergize with low doses of chemotherapy in
achieving a significant antitumoral effect, avoiding
the need of high-dose chemotherapy and its toxicity
without impairing treatment efficacy. [Mol Cancer Ther
2007;6(2):570 – 7]

Introduction
Most solid tumors consist of a mixture of neoplastic and
nonneoplastic cells together with extracellular matrix
(ECM) components. This cellular microenvironment directly modulates tissue architecture, cell morphology, and
cell fate (1, 2), and the ECM-stromal cell interaction
contributes to the neoplastic phenotype (3). The conversion
of fibroblasts into myofibroblasts, as mediated by transforming growth factor-h1 (TGF-h1), is the most prominent
stromal reaction in a large number of epithelial lesions
(4 – 6). In addition to the major increase in ECM components, the fibroblasts that acquire an activated phenotype,
the myofibroblasts are characterized by expression of
smooth muscle genes such as a-smooth muscle actin
(aSMA) and transgelin (SMA22a; refs. 4, 7). The myofibroblasts are associated with the tumor cells at all stages of
cancer progression (8) and, in various malignancies, tumordependent differentiation of fibroblasts toward myofibroblasts further promotes neoplastic progression (9 – 12).
It is well established that collagen type I, the major ECM
component produced by myofibroblasts, not only functions
as a scaffold for the tissue but also regulates the expression
of genes associated with cellular signaling and metabolism,
gene transcription, and translation, thus affecting fundamental cellular processes that are essential for tumor
progression (13). Collagen type I accumulation has been
observed at the tumor-stroma boundary (2, 14), and the
TGF-h – dependent activation of neighboring stroma cells
leads to a survival advantage and increased metastasis
formation (15). Collagen type I has been hypothesized to be
a signal for invasion, and its intratumoral expression level
has been associated with increased tumor invasiveness
(16, 17). The association of collagen type I with stellate cell
activation – associated protein, also known as cytoglobin
(Cygb/STAP), which has been hypothesized to regulate
collagen synthesis under the control of TGF-h, is characteristic of cells that exhibit an activated phenotype (18, 19).
Cancer patients often face aggressive chemotherapy
that involves multiple-treatment regimens, which are
associated with significant side effects that adversely affect
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the patient’s quality of life. Thus, an ideal anticancer
treatment should simultaneously target both the malignant
cells and their microenvironment to inhibit tumor growth,
development, and invasion. Until recently, the lack of
specific inhibitor(s) of any component of the ECM, in
general, and of collagen type I, in particular, limited the
success of such an approach. Halofuginone, an analogue of
the plant alkaloid febrifugine, is an inhibitor of collagen
type I synthesis (for review, see refs. 20, 21 and references
therein). Halofuginone blocks TGF-h – mediated collagen
synthesis by decreasing activation of Smad3 through
increased expression of Smad7, an inhibitor of Smad2/3
activation, and by a c-jun – dependent mechanism (22 – 24).
In culture, halofuginone attenuated collagen synthesis by
skin fibroblasts from scleroderma and chronic graft-versushost disease (cGvHD) patients. In animal models of fibrosis
(adhesions, cGvHD, radiation-induced fibrosis, and pulmonary fibrosis), administration of halofuginone prevented the
increase in collagen a1(I) gene expression and collagen
synthesis. In the liver, halofuginone inhibited the synthesis
of collagen type I and aSMA, resulting in inhibition of
stellate cell activation and liver fibrosis (25). Human clinical
efficacy was shown by topical dermal administration of
halofuginone in patients with scleroderma and cGvHD (21).
Halofuginone-dependent inhibition of collagen type I
synthesis was associated with inhibition of microvessel
formation in vitro and in vivo and resulted in decreased
tumor growth in multiple murine models (26), including
transplantable and chemically induced bladder carcinoma,
glioma, von-Hippel-Lindau– associated pheochromocytoma
(27), prostate cancer (28), and Wilms’ tumor (29).
In the present study, we targeted the fibroblast-tomyofibroblast transition with halofuginone and evaluated
its antitumoral effect alone or in combination with low
dose of chemotherapy in human prostate and Wilms’
tumor xenografts.

Materials and Methods
Materials
FCS, DMEM, and trypsin-EDTA solution (0.02 – 0.25%)
were obtained from Biochemical Industries (Bet Haemek,
Israel). Sirius red F3B was obtained from BDH Laboratory
Supplies (Poole, United Kingdom). Halofuginone bromhydrate was obtained from Collgard Biopharmaceuticals Ltd.
(Tel Aviv, Israel). Polyclonal rabbit anti-human prostate
apoptosis response gene-4 (Par-4) and anti – Wilms’ tumor
suppressor gene product (WT-1) antibodies were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Proliferating cell nuclear antigen staining kit was obtained
from Zymed Laboratories (San Francisco, CA). Monoclonal
antibodies to aSMA were from DAKO A/S (Glostrup,
Denmark). Antibodies to Cygb/STAP were prepared as
previously described (18). Dactinomycin (Cosmegen) was
from Merck & Co., Inc. (West Point, PA); vincristine was
from Pharmachemie BV (Haarlem, the Netherlands), and
docetaxel (Taxotere) was from Aventis Pharma (Surrey,
United Kingdom).

Animals and Experimental Design
All animal experiments were carried out according to
the guidelines of the Volcani Center Institutional Committee for Care and Use of Laboratory Animals. Nude (CD1
nu/nu) male mice (Harlan Laboratories, Jerusalem, Israel)
were housed in cages (four per cage) under conditions of
constant photoperiod (12 light:12 dark) with free access to
food and water. During the experiments, tumor size was
determined with a caliper (formula: length  width 
depth  0.5236) and is presented as mean F SE. Prostate
cancer xenografts were established by implanting the
human cell line PC3 (American Type Culture Collection,
Rockville, MD) in Matrigel (4  106 cells/mL) s.c. using
a 27-gauge needle (28). Treatments were initiated when
the tumors reached a volume of 100 mm3. Halofuginone
was given in the diet at a concentration of 3 ppm
throughout the experiment (f0.15 – 0.30 mg/kg). Docetaxel in saline (6 or 12.5 mg/kg) was administered i.v. into
the tail vein on day 0 and 15 days later, and the control
groups were treated with saline alone. The Wilms’ tumor
xenografts were established from tumors derived from a
3-year-old female with a stage I favorable histology tumor,
in accordance with the National Wilms’ Tumor Study
Group. The establishment and maintenance of the Wilms’
tumor xenografts were previously described in detail (29).
Wilms’ tumor cells (3  106) in Matrigel were injected
s.c. and treatment was initiated 4 days later. Halofuginone
(at 2 Ag/mouse) was injected i.p. every other day.
Chemotherapy was given as low doses of dactinomycin
(0.525 mg/mL saline) once a week and of vincristine
(0.583 mg/mL saline) once every 3 weeks, or as high doses
of dactinomycin (1.575 mg/mL saline) once a week and
of vincristine (1.75 mg/mL saline) once every 3 weeks.
Preparation of Sections, In situ Hybridization, and
Immunohistochemistry
At the end of the experiments, tumors were collected and
fixed overnight in 4% paraformaldehyde in PBS at 4jC.
Serial 5-Am sections were prepared and embedded in
Paraplast. Samples were stained with Sirius red for collagen. In situ hybridization for collagen a1(I) was done as
previously described (25). The primers used for preparing
the transgelin (SMA22a) probe were F-GGCCAACAAGGGTCCATCCTAT and R-AGGACATTGGCTTCCAAGGACA.
The sense probes elicited no signal. Immunohistochemistry was done with anti – Par-4 (1:500), anti – WT-1
(1:1,000), anti – Cygb/STAP (1:500), and anti-aSMA (1:200)
antibodies. Peroxidase activity was revealed by using
3,3¶-diaminobenzidine as chromogen.
Cell Culture and Northern Blots
The androgen-independent human prostate PC3 cancer
cells were cultured in DMEM with 10% FCS in the
presence of various concentrations of halofuginone. Total
RNA was extracted with TRIzol reagent after 6 and 12 h,
and Par-4 gene expression was analyzed by Northern
blotting. The primers used were F-GCAGATCGAGAAGAGGAAGC and R-CATAAAAGGTGGCACACATCA,
which resulted in a 998-bp probe.
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Table 1. Effect of halofuginone, alone and in combination with docetaxel (Taxotere), on tumor development in prostate cancer
xenografts
Treatment

Day 10

Day 21

Day 26

Volume (mm)3
Control
Halofuginone
Taxotere (6 mg/kg)
Halofuginone + Taxotere (6 mg/kg)
Taxotere (12.5 mg/kg)

310
126
247
155
226

F
F
F
F
F

60a
48a
74a
51a
75a

450
201
331
173
185

F
F
F
F
F

90a
97ab
97ab
55b
50b

Day 30
Weight (g)

582
254
327
182
186

F
F
F
F
F

111a
95ab
89ab
63b
48b

1.56
0.70
0.81
0.46
0.47

F
F
F
F
F

0.3a
0.2ab
0.2ab
15b
10b

NOTE: During the experiments, tumor volume was determined with caliper and tumor weight was evaluated at the end of the experiment. The results are
presented as mean F SE of five to seven animals in each group. In each column, means without a common superscript differ significantly (P < 0.05) according
to Duncan’s multiple range test.

Statistical Analysis and Image Analysis
Data were subjected to one-way ANOVA and means
were separated by Duncan’s multiple range test. Fibrosis
levels, as exhibited by Sirius red staining, were analyzed by
ImagePro software (Media Cybernetics, Inc. Silver Spring,
MD). At least five sections taken from different animals
were used and the mean results were expressed as
arbitrary units.

Results
Effects of Combination Therapy on Tumor Development
Two animal models were used to evaluate the effect of
inhibition of fibroblast activation by halofuginone, alone or
in combination with low doses of chemotherapy, on tumor
progression. In the control animals with prostate cancer
xenograft, tumors derived from PC3 cells reached a mean
volume of 582 mm3 after 26 days and a mean weight of 1.56
g after 30 days. A trend in the reduction of tumor volume
and weight was achieved with low doses of either
halofuginone (3 ppm in the diet) or docetaxel (6 mg/kg)
alone (Table 1). When the two treatments were combined,
both the tumor volume and weight were significantly lower
than those in the controls and reached the levels of tumors
treated with a high dose of docetaxel (12.5 mg/kg). The

same tendency was observed in the Wilms’ tumor xenograft
model: the control tumors reached a mean volume of 686
mm3 84 days after tumor cell implantation (Table 2), and a
low dose of halofuginone or of chemotherapy (dactinomycin and vincristine) caused a reduction in tumor volume at
any point of evaluation. When the treatments were
combined, a significant reduction in tumor volume as
compared with that in the controls was observed, and it
reached comparable measurements as in tumors treated
with a high dose of chemotherapy. These results suggest
that the combination of systemic treatment with a low dose
of halofuginone, either given in the diet or injected i.p.
together with a low dose of chemotherapy, results in the
same therapeutic effect as high-dose chemotherapy alone.
Effect of Halofuginone on Fibroblast Activation
Acquisition of an activated phenotype by fibroblasts is
associated with increased ECM production, especially of
collagen type I and its regulator Cygb/STAP, and
increased expression of the smooth muscle genes aSMA
and transgelin. In both xenografts, the control, untreated
tumors exhibited all the characteristics of activated
fibroblasts [i.e., a large number of cells expressing the
collagen (a1) type I gene resulting in high levels of collagen
deposition (Fig. 1), as well as a large number of cells that
synthesize Cygb/STAP and aSMA (Fig. 2)]. In addition,

Table 2. Effect of halofuginone, alone and in combination with chemotherapy, on tumor development in Wilms’ tumor xenografts
Treatment

Day 66

Day 72

Day 75

Day 84

338 F 107a
84 F 50ab
67 F 20ab
24 F 8.5b
18 F 2.7b

686 F 100a
125 F 20ab
99 F 20ab
30 F 11b
17 F 2.6b

Volume (mm3)
Control
Halofuginone
Chemotherapy (low)
Halofuginone + chemotherapy (low)
Chemotherapy (high)

71
44
26
17
11

F
F
F
F
F

32a
31a
12a
3.0a
1.7a

330 F 50a
80 F 50ab
56 F 29ab
24 F 8.4b
16 F 2.3b

NOTE: Chemotherapy was given at low doses of dactinomycin (0.525 mg/mL) once a week and vincristine (0.583 mg/mL) once every 3 wks or at high doses of
dactinomycin (1.575 mg/mL) once a week and vincristine (1.75 mg/mL) once every 3 wks. During the experiments, tumor volume was determined with a
caliper. The results are presented as mean F SE of five to seven animals in each group. In each column, means without a common superscript differ
significantly (P < 0.05) according to Duncan’s multiple range test.
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the activated fibroblasts in the Wilms’ tumor xenografts
expressed high levels of the transgelin (SMA22a) gene
(Fig. 2). No transgelin expression was observed in the
prostate cancer tumors of naı̈ve or treated mice (data not
shown). According to its unique mode of action, halofuginone inhibited the synthesis of all of these genes, both in
the prostate cancer and in the Wilms’ tumor xenografts,
which suggests a similar mechanism of action. For
example, collagen content (Sirius red staining) was
inhibited with halofuginone alone by 2.3- and 2.0-fold
and with aSMA by 2.5- and 1.7-fold in prostate cancer and
Wilms’ tumor xenografts, respectively. On the other hand,
the expression of these genes and the synthesis of their
proteins were not affected by the respective chemotherapies (docetaxel in prostate cancer, dactinomycin plus
vincristine in Wilms’ tumor xenografts). However, when
the mice were treated with halofuginone and the respective
chemotherapy, almost complete inhibition of synthesis of
collagen (5.0- and 3.1-fold in prostate cancer and Wilms’
tumor xenografts, respectively) and aSMA Cygb/STAP
(4.1- and 3.5-fold in prostate cancer and Wilms’ tumor
xenografts, respectively) and of transgelin gene expression
was observed (Table 3; Figs. 1 and 2).
Effect of CombinationTherapy on WT-1 and Par-4
The TGF-b1 gene is under the control of the Wilms’
tumor suppressor gene product (WT-1) via the WT-1/Egr-1
consensus element in its promoter (30). The level of WT-1
was low in the untreated Wilms’ tumor and prostate cancer
xenografts (Fig. 3), but both halofuginone and the

respective chemotherapy treatments caused major
increases in WT-1 levels. In the prostate cancer tumors,
an additive effect on WT-1 levels was observed when the
mice were treated with both halofuginone and docetaxel
whereas no such effect was observed in Wilms’ tumor
xenografts. However, in both xenografts, halofuginone and
the respective chemotherapy caused reductions in tumor
cell proliferation, which resulted in apoptosis/necrosis, as
indicated by proliferating cell nuclear antigen staining.
When the treatments were given together, only a small
number of the tumor cells still maintained their cell cycle
(Fig. 4). WT-1, through its zinc-finger DNA binding
domain, interacts with the prostate apoptosis response
gene-4 (Par-4) leucine repeat domain (31). Both halofuginone and docetaxel, alone and in combination, increased
the level of Par-4 in PC3 xenografts by 9.2-, 9.5-, and
10.1-fold, respectively (Table 3; Fig. 4). In addition,
halofuginone increased Par-4 gene expression in PC3 cells
in culture in a dose-dependent manner at all time points
tested (Fig. 4). Par-4 was not detected in the Wilms’ tumor
xenografts before or after treatment either with halofuginone or with dactinomycin and vincristine, or with the two
treatments in combination (data not shown).

Discussion
Increasing survival rates of cancer patients and the trend
toward higher doses of toxic multimodality therapies have
stimulated a focusing on the health-related quality of life of

Figure 1. Collagen type I
gene expression and collagen
content in prostate cancer and
Wilms’ tumor xenografts. The
untreated mice (Con ) expressed
a high level of collagen a1(I)
gene (arrows ) and a high level
of collagen, as evaluated by
in situ hybridization and Sirius
red staining (collagen stained
red), respectively. Halofuginone
(Halo), alone or in combination
with chemotherapy (Halo + Chemo ), but not the respective
chemotherapies alone (Chemo),
attenuated collagen a1(I) gene
expression and collagen content.
Mol Cancer Ther 2007;6(2). February 2007

Downloaded from mct.aacrjournals.org on April 17, 2021. © 2007 American Association for Cancer Research.

573

Published OnlineFirst January 31, 2007; DOI: 10.1158/1535-7163.MCT-06-0468

574 Inhibition of Fibroblasts to Myofibroblast Transition

Cygb/STAP, aSMA, and transgelin in prostate cancer and Wilms’ tumor xenografts. The untreated mice exhibit high levels of Cygb/STAP and
aSMA (arrows ), as evaluated by immunohistochemistry. Halofuginone, alone or in combination with chemotherapy, but not the respective chemotherapies
alone, attenuated Cygb/STAP and aSMA levels. The untreated Wilms’ tumor xenograft expressed high levels of the transgelin gene, as evaluated by in situ
hybridization, which were inhibited by halofuginone, but not by dactinomycin and vincristine.

Figure 2.

cancer survivors, which may continue to be of concern long
after treatment has been discontinued. This applies especially in relation to Wilms’ tumor pediatric patients, for
whom the aim of most recent clinical trials has been to
reduce the overall treatment burden, as the achievement of
long-term survival by means of the heavy treatment burden
is frequently accompanied by severe early and late
complications (32). Myofibroblasts or cancer-associated
fibroblasts together with ECM components provide the
microenvironment that is pivotal for cancer cell growth,
tumor invasion, and metastatic progression (8). Thus,
inhibition of fibroblast activation may become a viable
approach for tumor treatment, especially when combined
with chemotherapy. In the prostate cancer and Wilms’
tumor xenografts, low doses of halofuginone, independent
of the route of administration, together with low doses of
the respective chemotherapies, were as efficacious as the
high chemotherapy doses (Tables 1 and 2). Thus, targeting
the ECM and its cell population with halofuginone enables
reduction in the chemotherapy dose without impairing the
efficacy of the treatment. This is probably because diversity

of modes of action is a prerequisite for a successful
combination therapy. In prostate cancer and Wilms’ tumor
xenografts, halofuginone, but not the respective chemotherapies, affected collagen a1(I) gene expression and
collagen content. These results are consistent with our
previous findings that halofuginone inhibited collagen type
I synthesis in various preclinical studies in which excess of
collagen was the hallmark of the disease (20, 21), and
halofuginone-dependent inhibition of collagen type I
synthesis was correlated with reduction in tumor progression (26, 27). In addition, only halofuginone inhibited the
synthesis of Cygb/STAP, which is known to regulate
collagen synthesis under the control of TGF-h (18, 19), a
finding that is consistent with the notion that halofuginone
acts through the inhibition of Smad2/3 phosphorylation
downstream of TGF-h (22 – 24). The expression of Cygb/
STAP was up-regulated in fibrotic lesions of the pancreas
and kidney in which activated fibroblast-like cells or
myofibroblasts are known to proliferate (18). In the liver,
Cygb/STAP is synthesized in activated stellate cells that are
aSMA positive (33). Cygb/STAP probably is involved in
Mol Cancer Ther 2007;6(2). February 2007
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Table 3. Effect of halofuginone, alone and in combination with chemotherapy, on collagen, ASMA, Cygb/STAP, and Par-4 in prostate
cancer and Wilms’ tumor xenografts
Protein

Collagen (arbitrary units)
PC
WT
aSMA (arbitrary units)
PC
WT
Cygb/STAP (arbitrary units)
PC
WT
Par-4 (arbitrary units)
PC

Treatment
Control

Halofuginone

Chemotherapy

Halofuginone + chemotherapy

0.85 F 0.05a
0.70 F 0.05a

0.37 F 0.04b
0.35 F 0.05b

0.80 F 0.06a
0.72 F 0.04a

0.17 F 0.04b
0.23 F 0.03b

0.61 F 0.04a
0.54 F 0.08a

0.24 F 0.02b
0.32 F 0.04b

0.65 F 0.05a
0.51 F 0.04a

0.15 F 0.01b
0.15 F 0.03b

0.92 F 0.11a
0.74 F 0.11a

0.45 F 0.04b
0.33 F 0.08b

0.89 F 0.07a
0.71 F 0.08a

0.23 F 0.01b
0.21 F 0.01b

0.03 F 0.01a

0.27 F 0.06b

0.29 F 0.04b

0.30 F 0.04b

NOTE: Image analysis using ImagePro software was done on at least five sections taken from different animals and the mean results were expressed as
arbitrary units. In each line, means without a common superscript differ significantly (P < 0.05) from the control according to Duncan’s multiple range test.
Abbreviations: PC, prostate cancer; WT, Wilms’ tumor.

cellular oxygen homeostasis and supply and plays a role as
an O2 reservoir that is used under hypoxic conditions, such
as those occurring in fibrotic tissues and tumors with
insufficient oxygen supply. Cygb/STAP expression is upregulated under hypoxia and is regulated by the hypoxiainducible factor 1 (19), which regulates angiogenesis and is
overexpressed in human cancers and their metastases (34).
The inhibition of angiogenesis by halofuginone, in general

(26), and of prostate cancer and Wilms’ tumor xenografts, in
particular (28, 29), may suggest the involvement, at least in
part, of hypoxia-inducible factor 1 – dependent Cygb/STAP
overexpression in angiogenesis and tumor progression.
The fibroblast-myofibroblast transdifferentiation is associated with the expression of aSMA and transgelin
(SMA22a). In hepatic fibrosis, halofuginone inhibited the
activation of liver stellate cells, which is characterized by

Figure 3. WT-1 and tumor
cell cycle. A low level of WT-1
was observed in the untreated
mice, as shown by immunohistochemistry (arrows ). Both halofuginone and the respective
chemotherapy caused increases
in the level of WT-1. Most of the
cells in the untreated mice are in
their proliferative state, as indicated by immunohistochemistry
with anti – proliferating cell nuclear antigen (PCNA ) antibodies.
Halofuginone and chemotherapy
treatments caused apoptosis/
necrosis, and when the mice
were treated with both halofuginone and chemotherapy, almost
no proliferative cells were observed.
Mol Cancer Ther 2007;6(2). February 2007
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Figure 4. Par-4 in prostate cancer xenograft. A, immunohistochemistry
of Par-4 in control mice (a), mice treated with halofuginone (b), mice
treated with docetaxel (c), and mice treated with halofuginone in
combination with docetaxel (d). B, PC3 cells were incubated with
halofuginone and, at the end of the experiment, Par-4 gene expression
was detected by Northern blot analysis. The 28S rRNA was used as a
control of RNA loading.

their transformation from quiescent, vitamin A – storing
cells to highly proliferative, aSMA-positive cells that
synthesize large amounts of collagen type I (25). The high
levels of transgelin gene expression in the Wilms’ tumor
xenografts and the high levels of aSMA-positive fibroblasts in prostate cancer and Wilms’ tumor control,
untreated xenografts were inhibited by halofuginone, but
not by the respective chemotherapies (Fig. 2). It is
important to note that the aSMA-positive activated
fibroblasts in the prostate cancer tumors did not express
transgelin, and that even in the Wilms’ tumor tumors, not
all the aSMA-positive cells expressed transgelin, which
suggests not only that the stromal fibroblasts differ from
myofibroblasts of the reactive stroma but also that the
myofibroblasts themselves are not a homogeneous population. This should be taken into account in strategic
planning to inhibit the fibroblast-to-myofibroblast transition as a novel modality for cancer therapy. As transgelin
and aSMA are regulated by TGF-h via the Smad3
pathway (35 – 37), halofuginone, an inhibitor of Smad3
phosphorylation, is probably an excellent candidate for
such a strategy.
Previously, we showed that halofuginone stimulated the
in vitro synthesis of the zinc-finger suppressor gene WT-1
by Wilms’ tumor and prostate cancer cells. In addition,
halofuginone-dependent inhibition of Wilms’ tumor
growth was associated with increased synthesis of WT-1
(29). Overexpression of the WT-1 gene has been observed
in various tumors, although its specific role and those of its

alternative splicing variants in tumorigenesis are not clear
(38 – 40). In PC3 cells, halofuginone increased the level of
the WT-1 54-kDa product but lowered that of the truncated
36-kDa product (data not shown). WT-1-induced apoptosis
has been implicated in the actual development of the
tumor (38, 41). In prostate cancer, WT-1 suppressed tumor
cell growth, regulated the androgen-signaling pathway,
and inhibited vascular endothelial growth factor expression, all of which are essential for tumor growth inhibition
(42, 43). Although halofuginone induced a significant
increase in WT-1 synthesis in both xenografts used, the
respective chemotherapies induced WT-1 synthesis to a
greater extent (Fig. 3). The halofuginone-dependent increase in WT-1 synthesis may be due to the interrelationships between WT-1 and TGF-h, which function via the
WT-1/Egr-1 consensus element of the human TGF-h (30).
The increases in WT-1 synthesis elicited by halofuginone
and the respective chemotherapies were associated with a
decrease in the number of proliferating cells and increased
apoptosis/necrosis of tumor cells, especially when the
treatments were applied in combination (Fig. 3). Thus,
the beneficial effect of the combination therapy is probably greater than can be deduced from tumor size alone
(Tables 1 and 2). The association of WT-1 and apoptosis
in the prostate cancer xenograft was mediated, at least in
part, by Par-4, one of the WT-1 – interacting proteins that
is functionally required, but is not sufficient, for apoptosis
(31, 44). Halofuginone and the respective chemotherapies
increased Par-4 in the prostate cancer xenograft and
halofuginone increased Par-4 gene expression in the PC3
cell line (Fig. 4).
At present, halofuginone is being evaluated in cancer
clinical trials. Systemically, therapeutically effective plasma
levels can be reached at a dosage that is well tolerated. No
dose-limited toxicities were observed at 1 mg/d and the
recommended dose for phase II studies of halofuginone is
0.5 mg administered daily (45). In cancer patients, the
absorption of halofuginone after oral drug administration
was associated with maximum peak drug levels at 3.4 F
4.8 h. The estimated terminal elimination half-life had
mean values of 28.3 F 12.9 h, and only 4% to 12% of the
administered dose of halofuginone was excreted unchanged in the urine, mainly in the first 24 h after drug
administration. The area under the curve reached at the
recommended dose of 0.5 mg/d is within the range in
which antitumor efficacy was observed in preclinical
studies (45). Consequently, thanks to the unique mode of
action of halofuginone, its use in combination therapy, in
association with other cancer-combating drugs that exhibit
different modalities, is expected to successfully lower the
dosages of chemotherapeutic drugs or to use less toxic
compounds, thus offering reductions in the treatment
burden imposed on cancer patients.
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