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Abstract

Transforming growth factor (TGFp) is a 25-kDa dimeric polypeptide that plays a key role in a variety of physiological processes and
disease states. Blocking TGF signaling represents a potentially powerful and conceptually novel approach to the treatment of
disorders in which the signaling pathway is constitutively activated, such as cancer, chronic inflammation with fibrosis and select
immune disorders. In this paper, we describe the biological properties of a novel series of quinazoline-derived inhibitors of the type I
transforming growth factor receptor kinase (TPKIs) that bind to the ATP-binding site and keep the kinase in its inactive conformation.
These compounds effectively inhibited TGFB-induced Smad2 phosphorylation in cultured cells in vitro with an ICs, between 20
and 300 nM. Moreover, TPKIs were able to broadly block TGFB-induced reporter gene activation. Finally, TPKIs inhibited
TGFB-mediated growth inhibition of normal murine mammary epithelial cells (NMuMG) and mink lung epithelial cells (Mv1Lu),
and TGFp-induced epithelial-mesenchymal transdifferentiation (EMT) of NMuMG cells. Thus, these chemical TBKIs have the
potential to be further developed as anti-cancer and -fibrosis agents. In addition, they represent valuable new tools for dissecting the
biochemical mechanisms of TGFp signal transduction and understanding the role of TGFf signaling pathways in different
physiological and disease processes.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction proteins with a molecular weight of approximately 25 kDa.
TGFp is a multifunctional growth factor that plays a key
role in a variety of physiological processes including
embryonic development, wound healing, hematopoiesis
and immune function, as well as disease states, including

cancer, chronic inflammation with fibrosis, and immune

The transforming growth factor (TGFp) family of poly-
peptides comprises a group of highly conserved dimeric

Abbreviations: TGFp, transforming growth factor-f; TPR-I, TGFp type

I receptor; TRR-II, TGEFP type 1I receptor; MAPK, mitogen-activated
protein kinase; TPKI, TPR kinase inhibitor; FBS, fetal bovine serum;
DMSO, dimethylsulfoxide; SDS-PAGE, sodium dodecyl sulphate—poly-
acrylamide gel electrophoresis; PBS, phosphate-buffered saline; TBS, tris-
buffered saline; pSmad2, phosphorylated Smad2; EMT, epithelial-to-
mesenchymal transdifferentiation
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disorders [1]. Mammalian cells express three highly homo-
logous isoforms of TGFB: TGFB1, TGFB2, and TGF3.
TGFp1 is the most abundant isoform in most cells and
tissues. The TGFp signal is transduced by a pair of trans-
membrane serine—threonine kinase receptors [2]. Binding
of biologically activated, mature TGF to type II receptor
(TBR-II) homodimers results in recruitment of two type I
receptor (TPR-I) molecules into heterotetrameric com-
plexes, which in turn, allows the activation of the TBR-I
kinase by TBR-IL. In response to receptor activation, two
cytosolic proteins, Smad2 and Smad3, become transiently
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associated with and phosphorylated by the TBR-I kinase,
allowing them to form heteromeric complexes with a third
homologue, Smad4. These complexes are translocated into
the nucleus, where they bind to DNA in a sequence-specific
manner, which results in the transcriptional regulation of
wide range target genes involved in cell differentiation,
proliferation, apoptosis, migration, and extracellular matrix
production [3]. In addition, recent evidence suggests that
Smad-independent activation of the p38/MAPK pathway
may play an important role in TGFf signaling as well [4].

TGFp has been implicated as a critical cytokine in the
development and progression of many epithelial malig-
nancies [5]. In normal epithelial cells, TGFP acts as a
strong inhibitor of cell growth [5,6]. However, in later
stages of tumorigenesis, carcinoma cells frequently escape
from TGFB-mediated cell cycle control [5,6]. Moreover,
TGFB is secreted and activated by many carcinoma cells
and is thought to promote tumor progression by inducing
angiogenesis, facilitating tumor cell invasion and/or metas-
tasis, and inhibiting anti-tumor immunity [5].

Activation of TGFp stimulates the production of various
extracellular matrix proteins and inhibits the degradation
of these matrix proteins. Persistent activation of TGFf
appears to play a key role in causing fibrosis associated
with chronic inflammation in disease states such as pul-
monary fibrosis, chronic glomerulonephritis, and primary
biliary cirrhosis [7]. Moreover, TGFp regulates almost
every facet of the immune response, including the growth
and differentiation of precursors for multiple hematopoie-
tic lineages, and the proliferation and migration of mature
immune cells into sites of injury or response. Thus, TGF
appears to be a key mediator of chronic inflammation and
fibrosis by virtue of its effects on both inflammatory and
immune cells as well as fibroblasts [8].

Blocking TGFP signaling represents a potentially
powerful and conceptually novel approach to the treatment
of metastatic cancer, fibrogenic conditions and select
immune disorders [9-11]. As TBR-I is the key signaling
molecule within the TGFB pathway, and is a transmem-
brane serine—threonine receptor kinase, it represents an
excellent drug target. Using high-throughput screening of
chemical libraries against purified kinases in vitro, we have
identified a series of novel potent and selective quinazo-
line-derived inhibitors of the TPR-I kinase.

Using NPC-30345 as the representative of this new class
of TPR-I kinase antagonists, Huse et al. [12] solved the
crystal structure of the TPKI in complex with the TBR-I
kinase. The TPR-I kinase domain displays a canonical
protein kinase fold, consisting of an N-terminal lobe
(N-lobe) composed of a five-strand beta sheet and a
regulatory alpha helix as well as a larger, primarily helical
C-terminal lobe (C-lobe). The ATP-binding site lies in the
deep cleft between the two lobes and it is this structure that
is occupied by NPC-30345. NPC-30345 selectively recog-
nizes TPR-I in a catalytically inactive conformation and
appears to stabilize the inhibited form [12].

In the current study, we have begun to characterize the
biochemical and biological effects of these compounds in
mammalian cells. TRKIs block TBR-I kinase activity in
cultured cells, TGFB-mediated regulation of target genes,
and TGFp’s effects on cell growth and epithelial-
to-mesenchymal transdifferentiation (EMT). Besides their
potential for drug development, these small molecule
inhibitors represent invaluable new tools for dissecting
the molecular mechanisms of TGFf signal transduction
and the role of TGFP signaling in physiological and
pathological processes.

2. Material and methods
2.1. Cell culture

NMuMG normal murine mammary epithelial cells
(obtained from Dr Daniel DiMaio, Yale University) were
maintained in high glucose Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% (v/v) FBS
(GIBCO-BRL). Human breast carcinoma cell lines
(MDA-MB-435 and MDA-MB-231, derived from malig-
nant pleural effusions; and ZR-75-1 derived from malignant
ascites) and Mv1Lu mink lung epithelial cells (obtained
from Dr J. Massagué, Memorial-Sloan Kettering Cancer
Center) were maintained in RPMI 1640 (GIBCO-BRL)
supplemented with 10% (v/v) FBS, epidermal growth factor
(10 ng/ml; Upstate Biotechnology, Inc.,), insulin (5 pg/ml;
Collaborative Research), transferrin (10 pg/ml; Collabora-
tive Research), and gentamicin (10 pg/ml) orin DMEM/F12
(GIBCO-BRL) supplemented with pyruvate (10 mM,;
GIBCO-BRL), and non-essential amino acids (1 mM;
GIBCO-BRL).

2.2. Reagents

Human recombinant TGFB1 was obtained from Austral
Biologicals and dissolved in 4 mM HCI, with 1 mg/ml
bovine serum albumin. TRKIs (US patent no. 6031) were
provided by Scios, Inc. (Fremont, CA): NPC-30488 and
the inactive control compound, NPC-31181, were dis-
solved in DMSO (50 mM stock solution); NPC-30345
and SD-093 were dissolved in DMSO (10 mM stock
solution); NPC-34016 was dissolved in 0.05% (w/v)
acetic acid (4 mM stock solution). All stock solutions were
stored at —70 °C and diluted to the working concentration
immediately prior to use.

2.3. Expression and purification of soluble intracellular
kinase domain of TPRI and other protein kinases

In order to have access to a stable source of purified
catalytically active enzyme, the baculovirus system was
used to produce large quantities of soluble recombinant
proteins in insect cells (Sf9 lepidopterin cells). The soluble
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intracellular kinase domain of human TBR-I receptor was
cloned by PCR. Briefly, cDNA encoding the complete
cytoplasmic domain of TPR-I (residues 151-503) was
amplified and inserted into the baculovirus expression
vector, pFastBac HT (Life Technologies). The resulting
fusion protein contains an N-terminal polyhistidine (6xHis)
sequence for rapid purification and a rTEV protease clea-
vage site. Recombinant baculovirus was produced and used
to infect Sf9 lepidopterin cells at a multiplicity of infection
of 1. Cells were harvested 3 days post-infection and protein
expression was verified by SDS-PAGE. Other human
recombinant serine—threonine and tyrosine kinases (protein
kinase A (PKA); protein kinase C (PKC); protein kinase D
(PKD); cell division cycle 2 (cdc2); epidermal growth
factor receptor (EGFR); p38a MAP kinase; p383 MAP
kinase; p38y MAP kinase; Jun-terminal kinase 1 (JNK1);
and extracellular signal-regulated protein kinase 2 (ERK2))
were produced in a similar manner.

2.4. Purification of GST-Smad2 and
in vitro kinase assay

The cytoplasmic protein, Smad2, contains the charac-
teristic C-terminal Ser-Ser-X-Ser (SSXS) motif in which
the two most terminal serine residues become phosphory-
lated in response to TGFp or activin signaling. To express
GST-Smad2, a 91 kDa fusion protein of GST and almost
full-length Smad2, the construct was inserted into the
PGEX-4F-1 vector (Pharmacia). The protein was produced
in Escherichia coli strain B21 and purified using glu-
tathione Sepharose 4B (Pharmacia). Purified protein was
checked by SDS-PAGE and Coomassie brilliant blue
R-250 staining, as well as by Western blot using a polyclonal
goat anti-Smad?2 (S-20) antibody (1:100). Co-incubation of
purified GST-Smad2 (3.5 pM) with 20 uM cold ATP and
purified TBR-I kinase in kinase buffer (50 mM Tris (pH 7.5),
100 mM NaCl, 10 mM MnCl,, 10 mM DTT, 0.05% Triton
X-100; total reaction volume 50 pl) for 60 min at 25 °C
yielded two radiolabeled bands which represented phos-
phorylated GST-Smad2 and TBR-I, respectively.

2.5. Detection of Smad expression by Western blotting

For detection of Smad proteins, semi-confluent cell cul-
tures were lysed in situ in buffer composed of 150 mM NaCl,
10 mM Tris—HCI (pH 8.0), | mM EDTA, 1 mM EGTA, 1%
(v/v) Triton X-100 in the presence of protease inhibitors for
30 min at 4 °C. Cell lysates were then subjected to SDS—
PAGE electrophoresis and transferred to nitrocellulose
membranes. Activated Smad?2 (pSmad2) was detected using
our own rabbit anti-pSmad?2 at 1:1000 dilution [13]. Smad2
was detected using rabbit anti-Smad?2 (Zymed Laboratories)
at 1:500 dilution. Blots were developed using a 1:2000
dilution of horseradish peroxidase-tagged goat anti-rabbit
IgG (Calbiochem) and the bands visualized using DuPont
NEN Chemiluminescence Reagent or Amersham ECL

reagent using the protocols recommended by the manufac-
turers. Radiographs were scanned and the digitized images
subjected to densitometry using NIH Image or Imagel]
software (NIH, Bethesda, MD).

2.6. Effects of TfKIs on TGFf-regulated genes

In order to determine the effects of TPKIs on TGFp-
regulated gene expression, we carried out transient trans-
fection assays using a number of different reporter gene
assays in Mv1Lu mink lung epithelial cells. Three different
firefly luciferase reporter gene constructs were used:
pSBE4, in which four tandem repeats of a Smad4-specific
DNA-binding element (SBE) drive luciferase expression;
p3TP-Lux, which contains TGFp-response elements from
the collagenase and PAI-1 gene promoters as well as three
tetradecanoyl phorbol acetate-response elements [14]; and
p15P751-luc (Dr X.F. Wang, Duke University), which
contains the INK4B gene promoter. For transfections, cells
were plated at 1.4 x 10° cells per well in six-well cluster
dishes and allowed to adhere overnight at 37 °C. Transfec-
tions of 1 pg of reporter plasmid DNA were carried out
using Lipofectin (GIBCO-BRL) as previously described
[13]. Four hours later, cells were treated with TRKIs or
vehicle only, followed by the addition of 100 pM TGFp
15 min later. Forty-eight hours post-transfection, cells
were harvested by scraping them with a rubber policeman
into reporter lysis buffer (Promega Corporation). To con-
trol for variations in transfection efficiency, we used the
Dual-Luciferase Reporter Assay System (Promega). This
involves co-transfecting a small amount (0.1 pg) of pRL-
TK, a plasmid expressing a Renilla luciferase reporter gene
under control of a thymidine kinase promoter (Promega).
Twenty microliters of cell lysate was mixed with 100 pl of
the appropriate luciferase assay reagent and photon emis-
sion was measured for 10 s using a Series 20 Barthold
Luminometer (Turner Designs).

2.7. Cell proliferation assays

Mv1Lu or NMuMG cells were plated in duplicate wells
in 24-well plates at 5 x 10° or 1 x 10* cells/well, respec-
tively, and allowed to adhere overnight. Cells were treated
with TGFB1, TBKI, or the combination. Cell numbers were
determined using a Model 0039 Coulter Counter (Beck-
man Coulter) during mid-exponential growth (72 or 96 h
for Mv1Lu and NMuMG cells, respectively).

2.8. Epithelial-to-mesenchymal transdifferentiation

NMuMG cells were plated at 4 x 107 cells/well in eight-
well culture slides (Becton-Dickinson Falcon), and allowed
to adhere overnight, cells were then treated with TGFf1,
TBKI, or the combination for 24 h incubation, washed with
phosphate-buffered saline (PBS) twice and fixed with ice-
cold methanol for 5 min (for hematoxylin—eosin staining)
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or with 10% Millonigs formalin fixative (Surgipath Med-
ical Industries, Inc.; for E-cadherin and F-actin staining).
Morphological changes were assessed by viewing hema-
toxylin and eosin-stained slides. For assessment of sub-
cellular F-actin fiber distribution, slides were incubated
with 0.8 ml acetone/well for 5 min at —20 °C. Following
two washes with PBS, slides were incubated with
0.165 uM  Alexa-Fluor™  488-conjugated phalloidin
(Molecular Probes, Inc., Eugene, OR) with 1% (w/v)
BSA in PBS for 20 min at 20 °C in the dark. For
E-cadherin immunostaining, air-dried slides were incubated
with 5% (v/v) goat serum for 20 min at room temperature,
followed by incubation with 2 pg/ml mouse monoclonal
anti-E-cadherin antibody (Transduction Laboratories) in
2.5% (v/v) goat serum for 1 h at room temperature. The
cells were then washed 3 x 5 min with PBS, followed
by incubation with 2 pg/ml fluorescein isothiocyanate-
conjugated goat anti-mouse IgG for 45 min in the dark.
In both cases, stained slides were then washed 3 x 5 min
with PBS, mounted using Permount® and viewed using a
Zeiss epifluorescence microscope (model no. 090477; Carl
Zeiss) equipped with a MTI CCD camera (model DC 330E,
DAGE-MTI Inc.).

3. Results

3.1. Primary screen of Scios, Inc.,
proprietary chemical compound libraries

Scios, Inc., owns a proprietary, diverse chemical library
consisting of 60,000 compounds, which includes a 6000
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compound set directed toward another serine—threonine
protein kinase, p38c. Given the reported similarities
between the ATP-binding pocket of the p38a- and TPR-
I and -II kinases [15,16], these compounds were tested
against both TGFp receptor kinases at 15 uM by high-
throughput screening. For any compound exhibiting
greater than or equal to 50% inhibition of receptor auto-
phosphorylation at the screening concentration, a six-point
ICsy determination was performed. Using this high-
throughput screen, a series of compounds were identified,
which inhibited the activity of purified TPR-I kinase at
submicromolar concentrations.

3.1.1. Selectivity and potency of TPKlIs in vitro
Selectivity of TBR-I inhibitors was examined by testing
their effects in in vitro kinase assays against a broad panel
of different kinases, which included both serine—threonine
and tyrosine kinases (Fig. 1). The early compounds, NPC-
30345 and -30488, potently inhibited both the TBR-I and
-IT kinases, while the later compounds, NPC-34016 and SD-
093, are selective inhibitors of the TBR-I kinase. Moreover,
as shown in Table 1, the most recently developed selective
compound, SD-093, also has the greatest potency against
the TPR-I kinase in vitro. Even though these compounds
can also inhibit several members of the MAP kinase family
and the EGF receptor kinase when used at concentrations of
10-50 uM (Fig. 1), they are much more selective inhibitors
of the TBR-I kinase at submicromolar concentrations. Thus,
SD-093 inhibits TPR-I approximately 10-fold more
strongly than p38c, 25-fold more strongly than EGFR
and TPR-II, and more than 50-fold more strongly than
p38y, INK1, PKA, PKC, PKD, and ERK?2 (data not shown).
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Fig. 1. Selectivity of TPR-I kinase inhibitors. Initial high-throughput screening identified a number of lipophilic small compounds that exhibited significant
activity against both the TBR-I and -1I kinases. Selectivity was further examined by testing the effects on a broad panel of different additional serine—threonine
and tyrosine kinases. These included protein kinase A (PKA); protein kinase C (PKC); protein kinase D (PKD); cell division cycle 2 (cdc2); epidermal growth
factor receptor (EGFR); p38o MAP kinase; p38 MAP kinase; p38y MAP kinase; Jun-terminal kinase 1 (JNK1); and extracellular signal-regulated protein
kinase 2 (ERK2). NPC-30345, -30488, and -34016 were tested at 10 uM, while SD-093 was tested at 50 pM. The early compounds, NPC-30345 and -30488,
potently inhibited both the TPR-I and -1I kinases, while the later compounds, NPC-34016 and SD-093, are selective inhibitors of the TPR-I kinase. At
10-50 uM, this series of compounds can also potently inhibited several members of the MAP kinase family, as well as the EGFR kinase. However, at
submicromolar concentrations, SD-093 is particularly selective. Thus, SD-093 inhibits TBR-I approximately 10-fold more strongly than p38a, 25-fold more
strongly than EGFR and TBR-II, and more than 50-fold more strongly than p38y, INK1, PKA, PKC, PKD, and ERK2 (data not shown).
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Table 1
Potency of TRKIs in cell-free and cellular systems

Compound ICs0 against ICs( against

TPR-I kinase TBR-I kinase

in vitro (nM) in cultured cells (nM)
NPC-31181 >10000 >10000
NPC-30345 140 200-250
NPC-30488 470 300-550
NPC-34016 192 625
SD-093 332 40

Quinazoline-derived serine—threonine kinase inhibitors were tested against
purified TPR-I kinase using in vitro kinase assays, as well as for their
ability to inhibit TGFf-induced phosphorylation of Smad2 in cultured cells
(see Fig. 2) as described in Section 2. The relative and absolute potencies
of the different compounds as determined by in vitro kinase assay was
highly predictive of their efficacy in cultured cells, indicating the excellent
cellular uptake and activity of this class of compounds.

3.2. TBKIs inhibit TGF f-induced Smad?2
phosphorylation in whole cells

The TPR-I kinase primarily catalyzes the phosphoryla-
tion of Smad2 (pSmad?2), which can be detected using a
specific rabbit polyclonal antibody that we recently gen-
erated [13]. In in vitro kinase assays using purified recom-
binant constitutively active TBR-I kinase and recombinant
GST-Smad?2 fusion protein, the pSmad?2 antibody detects a
band of approximately 83 kDa, the density of which is
proportional to the amount of active enzyme (Fig. 2A).
Moreover, treatment of cultured human keratinocytes with
TGFp induces pSmad?2 (as recognized by our antibody) in
a dose- and time-dependent manner [13,17]. Thus, we can
utilize the density of the signal detected by the pSmad2
antibody as a semi-quantitative marker of cellular TR-I
kinase activity. As shown in Fig. 2B, pretreatment of
MDA-MB-435 breast cancer cells with TBKIs inhibited
TGFp-induced Smad2 phosphorylation in a dose-depen-
dent manner, with ICs, values ranging from >300 nM for
NPC-30488 to 40 nM for SD-093 (Table 1, Fig. 2B).
Similar results were obtained using two other breast cancer
cell lines, MDA-MB-231 and ZR-75-1 (data not shown).
Thus, TRKIs effectively enter into cells and are capable of
inhibiting the target enzyme in vivo. Moreover, the potency
of the different TBKIs in vitro was highly predictive of their
efficacy in whole cells (Table 1).

3.3. Effects of TBKIs on TGFf-regulated genes

TGFp regulates a broad range of target genes [18]. In
order to determine whether blocking TPR-I kinase activity
by TPKIs inhibited TGFB-regulated gene expression, we
carried out transient transfection assays using a number of
different reporter gene assays in Mv1Lu mink lung epithe-
lial cells, which are exquisitely sensitive to TGFf. As shown
in Fig. 3A, NPC-30345, -30488, and SD-093 inhibited
TGFB-induced activation of p3TP-Lux in a dose-dependent
manner. The differences in activity between the three
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Fig. 2. Effects of TPR-I kinase inhibitors on TGFf-induced Smad2
phosphorylation in vitro. (A) Purified GST-Smad2 (3.5 uM) was
incubated with 20 uM cold ATP and purified TBR-I kinase at the
concentrations indicated in kinase buffer (50 mM Tris (pH 7.5), 100 mM
NaCl, 10 mM MnCl,, 10 mM DTT, 0.05% Triton X-100; total reaction
volume 50 pl) for 60 min at 25 °C. The reaction products were resolved by
SDS-PAGE and then subjected to Western blotting using the pSmad2-
specific rabbit antibody as described in Section 2. The amount of
detectable phosphorylated GST-Smad2 product, as measured by the
integrated optical density (IOD) of the pSmad2-specific band, increased as
a function of the TPR-I kinase concentration in the reaction. (B) Semi-
confluent MDA-MB-435 breast cancer cells were treated with varying
concentrations of TPKIs or vehicle only followed15 min later by TGFB1
(100 pM). Two hours later, cells were lysed and extracts immunoblotted
with anti-phospho-Smad2 antibody. The antibody detects a band of
approximately 58 kDa, which represents pSmad2, but does not react with
unphosphorylated Smad2 in untreated cells. Integrated optical densities
of the bands were plotted to calculate an estimated ICs, for each TPKI.
NPC-31181 was included as inactive control compound.

compounds parallels the difference in potency as inhibitors
of Smad2 phosphorylation by the TPR-I kinase (Fig. 2B).
As shown in Fig. 3B, inhibition of TPR-I signaling with
NPC-30345 blocked the activation of all three reporter gene
constructs by TGF in a dose-dependent manner. The
quantitatively weaker effect on the INK4B promoter con-
struct may be due to partial inhibition of mitogenic kinases,
resulting in derepression of the INK4B gene. Thus, TBKIs
broadly block the effects of TGFp on target genes, and this
activity is proportional to their potency as inhibitors of
TPBR-I kinase.

3.4. Effects of TBKIs on TGFf-mediated growth
inhibition

TGEFp exerts two major effects on epithelial cells. It is
the most potent known inhibitor of cell cycle progression
of non-malignant epithelial cells [19]. Second, it induces
EMT, a phenotype characterized by a decrease in cell—cell
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Fig. 3. Effects of TRR-I kinase inhibitors on TGFB-regulated reporter genes. (A) Mv1Lu mink lung epithelial cells were transiently transfected with 3TP-
Lux. Four hours later, cells were treated with TPKI or vehicle only, followed by the addition of TGFB (100 pM) 15 min later. Luciferase activity in cell
extracts was measured 24 h later. Results were normalized for Renilla luciferase activity to correct for differences in transfection efficiency between
experiments. Both compounds (NPC-30345 and -30488) blocked 3TP-Lux activation by TGFf with ICs of 0.31-0.62 uM and 1.25-5 puM, respectively,
while control compound, NPC-31181 was inactive. (B) NPC-30345 inhibited all three TGF-regulated reporter gene constructs pSBE4, p3TP-Lux, and

p15P751-luc.

cohesion, the acquisition of a spindle-shaped morphology,
and increased motility [20,21]. To determine whether or
not the TPKIs were able to block TGFf-mediated growth
inhibition, we treated TGFp-sensitive Mv1Lu cells and
NMuMG cells with TBKIs. At a concentration of 100 pM,
TGFp inhibited Mv1Lu cells growth by 75% (Fig. 4A).
Pretreatment with NPC-30345 partly reversed TGFj-
mediated growth inhibition in a dose-dependent manner.
Interestingly, NPC-30488 had no detectable effect in this
assay, suggesting that its inhibitory effects on mitogenic
kinases might override its activity against TBR-I (Fig. 4A).
As shown in Fig. 4B, TGFf inhibits growth of both Mv1Lu
and NMuMG cells in a dose-dependent manner, with an
ICsp of <5 and <50 pM, respectively. In this case, pretreat-
ment of cells with 1 uM SD-093 was able to completely
block TGFB-mediated growth inhibition.

3.5. Effects of TBKIs on TGFf-induced EMT

As shown in Fig. 5, treatment of NMuMG cells with
TGEB for 24 h induced a spindle-shaped morphology with
decreased cell-cell cohesion, conversion of the F-actin
cytoskeleton from submembranous fibers to a transcellular
stress fibers, and redistribution of membrane-associated
E-cadherin to the cytoplasm. This TGFp-induced EMT

could be completely blocked by pretreatment of cells with
1 uM SD-093.

4. Discussion

Excessive production of bioactive TGF has been impli-
cated in chronic inflammatory conditions associated with
fibrosis, immuno-suppression, successful parasite infec-
tion, and cancer metastasis [9-11]. Blocking the effect
of TGFp represents a potentially powerful approach to the
treatment of these diverse disorders. Proof of concept has
already been provided by studies showing that neutralizing
antibodies to TGFp, the TGFf-binding proteoglycan, dec-
orin, anti-sense TGF[} oligonucleotides or dominant-nega-
tive TBR-II receptor mutants are all capable of inducing
tumor regression in mouse models [22-30]. Recently, two
groups of investigators showed that in vivo treatment with a
soluble TPR-II receptor:Fc fusion protein protects mice
against cancer metastasis without adverse side effects
[28,29]. Furthermore, administration of decorin, TGFJ
neutralizing antiserum, or soluble TPR-II receptor:Fc
fusion protein successfully reduced matrix protein accu-
mulation in rats with glomerulonephritis [23,25]. Finally,
Smad7, a natural antagonist of TBR-I/Smad signaling, was
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Fig. 4. Effects of TPR-I kinase inhibitors on TGFB-mediated growth
inhibition of epithelial cells. (A) MvILu cells were plated at 2 x 10~*
cells/well in 24-well plates. After 24 h, TBKIs or vehicle only were added
at the indicated concentrations, followed by TGFB1 (100 pM) 15 min later.
Cells were detached and counted after 72 h. Cell growth was inhibited by
75% in the absence of compound. Treatment with NPC-30345 partly
reversed TGFf-mediated growth inhibition, while the control compound,
NPC-31181, had no effect. Interestingly, NPC-30488 had no detectable
effect in this assay. (B) MvILu or NMuMG cells were plated at 1 x 10*
cells/well in 24-well plates. After 24 h, SD-093 or vehicle only was added
followed by TGFp1 at indicated concentrations 15 min later. Cells were
detached and counted after 72 h. TGFB1 () inhibited cell growth of both
cell lines by 90%, with an ICs, of <50 pM. Pretreatment of cells with SD-
093 (1 pM) (@) completely blocked TGFB-mediated growth inhibition.

able to prevent bleomycin-induced lung fibrosis in mice
when introduced into their bronchi using an adenoviral
vector [31,32].

As TPBR-I s the key signaling molecule within the TGF3
pathway, and is a transmembrane serine—threonine recep-
tor kinase, it represents an excellent target for the devel-
opment of novel anti-cancer and anti-fibrotic agents.
Recently, a number of low molecular weight compounds
that potently and selectively inhibit key tyrosine kinases
have been developed into clinically effective anti-cancer
agents [33,34]. Most existing protein kinase inhibitors are
competitive inhibitors of ATP binding to the enzyme. The
design of such inhibitors faces two major challenges: First,
because the intracellular [ATP] is between 5 and 10 mM,
and the K, is in the order of 5 uM, competitive inhibitors
need to have an extremely high affinity for the ATP binding
site. Because the structure of ATP binding sites is highly
conserved among protein kinases, the second major chal-
lenge is to design truly selective competitive inhibitors of
ATP. To identify highly selective small molecular TBR-I
antagonists, we used in vitro kinase assays for high-
throughput screening of large numbers of compounds

against TBR-I and a panel of 12 structurally related
kinases. Using this approach, we were able to identify a
series of progressively more potent and selective agents.
NPC-30488, -30345, -34016, and SD-093 showed pro-
gressively greater potency and better selectivity against
TBR-I over TPR-II, EGFR, and mitogen-activated protein
kinases.

In order to evaluate effects of small molecules on TBR-I
kinase activity, we developed an activation state-specific
anti-phospho-Smad2 antibody that can be used both in
Western blots and immunohistochemistry [35]. Using
recombinant constitutively active TPR-I kinase, we found
that in vitro phosphorylation of Smad2 can be quantified
using the anti-phospho-Smad2 (pSmad2) antibody. TRKI
blocked TGFp-induced phosphorylation of Smad2 in a
dose-dependent manner in whole cells, while a compound
that was inactive in in vitro assays was also inactive in this
cell-based assay. Among the TPKIs, SD-093 showed the
highest potency with an ICsy of 20-40 nM.

We also validated TPKIs’ efficacy in blocking TGFf
signaling on downstream target genes. NPC-30345,
-30488, and SD-093 successfully inhibited TGFB-depen-
dent activation of p3TP-Lux, which contains response
elements from the collagenase and PAI-1 gene promoters.
Moreover, as exemplified by NPC-30345, this effect
extended to other TGFB-regulated gene promoters, includ-
ing pSBE4 in which four tandem repeats of a Smad4-
specific DNA-binding element (SBE) drive luciferase and
p15P751-luc, which contains the INK4B gene. The INK4B
promoter was relatively less affected, probably because of
a confounding effect of NPC-30345 on mitogenic signaling
pathway kinases. This also explains why NPC-30345 only
partially reversed the effect of TGFB on MvlLu cell
growth, particularly as MvlLu are highly dependent on
EGEF for growth in culture. In contrast, the more selective
TBKI, SD-093, completely blocked TGFB-induced growth
inhibition.

TGEFp induces EMT in epithelial and endothelial cells
[20,21,36,37]. EMT is a complex process associated with
alterations in epithelial cell junctions, changes in cell
morphology, reorganization of the cell cytoskeleton,
expression of fibroblastic markers, and enhancement of
cell migration [20,21,36,37]. A number of studies have
provided evidence that TGFf contributes to tumor cell
invasion and metastasis by inducing EMT [38]. The TBKI,
SD-093, completely blocked TGFpB-induced epithelial-
EMT of NMuMG cells. Whether these agents are capable
of blocking TGFB-driven EMT of carcinoma cells is
currently being explored.

Besides the TBKIs described in this study, several series
of imidazole-based compounds have been developed that
inhibit TPR-I and related serine/threonine protein kinases
[39—44]. The prototype compound in one series, SB-
203580, is a non-selective inhibitor of TPR-I, which is
an order of magnitude less potent in cell-free assays, and
two orders of magnitude less potent in cell-based assays
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Fig. 5. Effects of TPR-I kinase inhibitors on TGFB-mediated EMT. NMuMG cells (4000 cells/well) were seeded on 8-well culture slides and allowed to
adhere overnight. Cells were then treated with TGFf3 (100 pM) in the absence or presence of SD-093 (1 uM), or with vehicle only (control). TGFp-induced
EMT was clearly detectable 24 h later, as evidenced by fibroblastoid morphology (upper row), and redistribution of actin filaments (middle row) and of E-
cadherin (bottom row). Pretreatment of cells with SD-093 (1 uM) completely prevented TGFf-induced EMT.

than our best compound, SD-093 [39]. The derivative
compound, SB-202190, is somewhat more potent than
SB-203580 but similarly non-selective [39]. More recently,
Callahan et al. [40] described SB-431542, a second gen-
eration compound with a 100-fold selectivity for the
TBR-1, Alk4, and Alk7 kinases as compared to p38a kinase
in cell-free assays [41]. SB-431542 completely inhibits
TGFpB-induced Smad2 phosphorylation in whole cells at
concentrations ranging from 1 to 5 uM [41,42]. Thus, in
this respect, SB-431542 seems to be significantly less
potent than SD-093. Similarly, SB-431542 blocks
TGFp-induced reporter gene activation with an ICso of
approximately 0.5 pM [41,42]. This is similar to our first
generation compound, NPC-30345, but inferior to SD-093.
Finally, Laping et al. [42] reported that SB-431542 inhib-
ited TGFB-mediated induction of collagen and fibronectin
mRNA as well as protein at low nanomolar concentrations,
with complete inhibition at 1 uM. The somewhat surpris-
ingly high potency of the compound in this regard may be
due to its cross-reactivity with other kinases besides TR-I
that may mediate these cellular responses. More recently,
DaCosta Byfield et al. [44] described a third generation
compound, SB-505124, that inhibits TBR-I kinase activity
with an ICsq of approximately 50 nM, and blocks TGFj-
mediated R-Smad phosphorylation, reporter gene activa-
tion and apoptosis at submicromolar concentrations. Thus,
the potency of this compound appears to be very similar to
that of SD-093. Interestingly, besides TPR-I (AIkS),
SB-505124 also effectively inhibits activin- but not
BMP-induced R-Smad phosphorylation, reflecting its
activity against Alk4 and Alk7 [41,44]. Even though we
have not tested the effects of our TBKIs on Alk4 and 7, they

are likely to inhibit these activin receptors as well, given
their high degree of protein sequence homology with TR-
I (AlkS5). Moreover, SD-093 fails to block BMP2-induced
Smadl and 5 phosphorylation, suggesting that it is not
capable of inhibiting BMP type I receptors (Alk3 and 6), at
least in whole cells (G. Subramanian and M. Reiss, unpub-
lished observations).

In summary, we have demonstrated that quinazoline-
based small molecular inhibitors of the TPR-I kinase
selectively and effectively block TGFf signaling in vitro.
These TPKIs are readily taken up by cultured cells, block
TGFp-induced phosphorylation of Smad2 and regulation
of target genes, and effectively prevent TGFB-mediated
growth inhibition and EMT. These compounds appear to be
at least as selective and more potent than the recently
described pyridinylimidazole, SB-431542 [41,42]. Thus,
these compounds have great potential to be further devel-
oped as novel anti-cancer and anti-fibrotic agents. In
addition, these compounds represent invaluable new tools
for dissecting the mechanisms of TGF[ signal transduction
and helping us understand the role of TGFp signaling
pathways in physiological processes and disease states.
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