
Introduction
Members of the TGF-β superfamily play significant roles in
development, cell differentiation and tissue morphogenesis in
embryos and adult organisms (Massague, 1990; Taipale et al.,
1998). The prototypic members of the family, the TGF-βs, are
secreted from cells as biologically latent complexes. The dimeric
TGF-β molecule associates noncovalently with its processed
dimeric N-terminal propeptide, also called latency-associated
protein (LAP) (Fig. 1A). For TGF-β to bind to its signaling
receptors and exert its biological functions, the cytokine must be
released from the small latent complex (SLC) by a process
referred to as activation (Annes et al., 2003). LAP also binds
covalently to the latent TGF-β binding protein (LTBP-1, -3 or
-4) (Miyazono et al., 1988). The binding of the SLC to LTBP
produces the large latent complex (LLC) (Fig. 1A), and it is in
this form that TGF-β is secreted from most cell types.

LTBPs are 120-220 kDa glycoproteins composed of multiple
epidermal growth factor (EGF)-like repeats and four domains
containing eight cysteines – the 8-Cys or cysteine rich (CR)
domains (Fig. 1A). EGF-like repeats provide stability to
protein structures via calcium binding and participate in
noncovalent protein-protein interactions (Davis, 1990). The
CR domains are unique to the fibrillin/LTBP superfamily and
their function(s) are not well understood. The third CR
domains of LTBP-1, -3 and -4 bind LAP (Gleizes et al., 1996;
Lack et al., 2003; Saharinen et al., 1996b; Saharinen et al.,
1998; Yin et al., 1995), whereas the other CR and hybrid
domains may be involved in matrix binding (Unsold et al.,
2001). LTBPs are important for the folding, secretion and
targeting of TGF-β to the ECM (Miyazono et al., 1991; Taipale
et al., 1994). Indeed, null and hypomorphic mutations of the
Ltbp-3 and Ltbp-4 genes have yielded phenotypes associated
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Transforming growth factor-β is released from most cells
as an inactive complex consisting of transforming growth
factor-β, the transforming growth factor-β propeptide and
the latent transforming growth factor-β-binding protein.
We studied the role of latent transforming growth factor-
β-binding protein in modulating transforming growth
factor-β availability by generating transgenic mice that
express a truncated form of latent transforming growth
factor-β-binding protein-1 that binds to transforming
growth factor-β but is missing the known N- and C-
terminal matrix-binding sequences. As transforming
growth factor-β is an inhibitor of keratinocyte proliferation
and is involved in the control of hair cycling, we over-
expressed the mutated form of latent transforming growth
factor-β-binding protein under the control of the keratin
14-promoter. Transgenic animals displayed a hair
phenotype due to a reduction in keratinocyte proliferation,
an abbreviated growth phase and an early initiation of the
involution (catagen) phase of the hair cycle. This phenotype
appears to result from excess active transforming growth
factor-β, as enhanced numbers of pSmad2/3-positive nuclei

are observed in transgenic animal skin. These data suggest
that the truncated form of latent transforming growth
factor-β-binding protein-1 competes with wild-type latent
transforming growth factor-β-binding protein for binding
to latent transforming growth factor-β, resulting in latent
transforming growth factor-β complexes that fail to be
targeted correctly in the extracellular matrix. The mis-
localization of the transforming growth factor-β results in
inappropriate activation and premature initiation of
catagen, thereby illustrating the significance of latent
transforming growth factor-β-binding protein interaction
with transforming growth factor-β in the targeting and
activation of latent transforming growth factor-β in
addition to previously reported effects on small latent
complex secretion.
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with decreased SLC secretion (Dabovic et al., 2002a; Dabovic
et al., 2002b; Sterner-Kock et al., 2002). At least three distinct
regions of LTBP-1 associate with the ECM. The first (hybrid),
the second and the region around fourth CR repeats of LTBP-
1 interact with the ECM (Nunes et al., 1997; Olofsson et al.,
1995; Saharinen et al., 1996a; Taipale et al., 1994; Unsold et
al., 2001). The model proposed by Unsold et al. (Unsold et al.,
2001) suggests that the initial interactions of LTBP-1 with the
ECM involves the N-terminal regions of LTBP-1 followed by
interaction of the C-terminal region. The N- and C-terminal
regions can bind independently to the ECM, and each has the
ability to inhibit the association of exogenous LTBP-1 with
fibroblast ECM (Unsold et al., 2001). The strong N-terminal
binding sites may anchor the protein, and the weaker C-
terminal site may subsequently stabilize the binding. LTBP-1
colocalizes with fibronectin (Taipale et al., 1996), elastin
(Karonen et al., 1997) and fibrillin-1 (Dallas et al., 2000; Isogai
et al., 2003; Raghunath et al., 1998; Sakai et al., 1986).

A significant fraction of the latent cytokine is covalently
associated with the ECM (Miyazono et al., 1991; Miyazono et
al., 1992; Taipale et al., 1992; Taipale et al., 1995). Liberation
of active TGF-β from its ECM-bound form requires several
steps (Annes et al., 2003; Koli et al., 2001). In the case of
protease-mediated activation, the first step may involve the
release of the latent complex from the ECM by proteolytic
cleavage of LTBP-1 at protease-sensitive sites (Koli et al.,
2001; Taipale et al., 1992; Taipale et al., 1995). The second
step, activation of latent TGF-β, liberates TGF-β from its
noncovalent complex with LAP. This process is mediated by
interaction with proteases, integrins or thrombospondin in cell-
type-specific ways (Annes et al., 2003; Koli et al., 2001). As
TGF-β regulates the expression of ECM components and the
extracellular proteolytic balance, TGF-β activation is a key
element in a complex and finely controlled feedback system of
ECM remodeling (Koli et al., 2001). 

The action of TGF-β has been extensively examined in the
skin. Several transgenic mouse models have been generated
in which TGF-β and TGF-β receptor function have been
perturbed in the epidermis using keratin- or keratinocyte-
specific gene promoters to express different forms of the
cytokine or its receptor. These models have produced
significantly different epidermal phenotypes depending on the
specific mode, place and time of expression of different TGF-
β isoforms and their receptor, as well as different activation
mechanisms (Blessing et al., 1995; Blessing et al., 1996; Cui
et al., 1995; Fowlis et al., 1996; Ito et al., 2001; Sellheyer et
al., 1993; Wang et al., 1997; Wang et al., 1999). However, they
all support the conclusion that TGF-β influences proliferation
and apoptosis in the epidermis and regulates ECM synthesis in
the dermis (Frank et al., 1996; Shah et al., 1999; Streuli et al.,
1993). Moreover, TGF-β has been proposed to regulate the
apoptosis-driven onset of catagen during hair cycling (Kim et
al., 1998; Lindner et al., 1997; Maurer et al., 1997; Weedon
and Strutton, 1981). The hair follicle proceeds cyclically
through three phases of growth: hair shaft formation (anagen),
hair shaft involution (catagen) and quiescence (telogen). The
first phase of hair follicle development is called postnatal hair
follicle morphogenesis. Studies with TGF-β1 null mice further
support the hypothesis that TGF-β1 plays an important role in
catagen induction (Foitzik et al., 2000; Philpott et al., 1994;
Soma et al., 1998). Consistent with this possibility, TGF-β and

TGF-β receptor type II expression is maximal at the anagen-
catagen transition (Paus et al., 1997; Welker et al., 1997).

To examine the role of LTBP-1in latent TGF-β1 activation,
we generated transgenic mice that ectopically express the TGF-
β-binding EGF-CR3-EGF region of LTBP-l (ECR3E, the third
CR repeat flanked by two EGF-like repeats) under the control
of the keratin 14 (K14) promoter (Wang et al., 1997) (Fig. 1D).
We reasoned that ECR3E would exert a dominant negative
effect by competing with endogenous LTBP for covalent
association with latent TGF-β1, and there would be no
inhibition of SLC secretion, as in the Ltbp knockout and
hypomorphic mutants (Dabovic et al., 2002a; Dabovic et al.,
2002b; Sterner-Kock et al., 2002). Our approach would permit
us to distinguish between LTBP effects on latent TGF-β after
secretion verses the effect of the earlier reported mutations that
impair secretion. As ECR3E lacks the LTBP-1 sequences
required for ECM incorporation, latent TGF-β bound to
ECR3E will fail to bind to the matrix (Nunes et al., 1997;
Taipale et al., 1994; Unsold et al., 2001). Thus, the majority of
the latent TGF-β will remain as a soluble latent complex and
its activation may be altered (Annes et al., 2004).

The K14-ECR3E transgenic mice displayed decreased
keratinocyte proliferation, an abbreviated anagen, early
induction of catagen and shorter hair. These phenotypes
correlate with the presence of higher levels of active TGF-β1
in the transgenic skin as measured by increased amounts of
nuclear pSmad2/3 in keratinocytes. These data suggest that
LTBP-1-facilitated targeting of latent TGF-β1 into the ECM
plays an important role in modulating latent TGF-β1
activation. In addition, constructs of the type described offer
the potential to modulate TGF-β availability in a novel manner
in other tissues.

Materials and Methods
Reagents
Agarose, protein-A agarose, Lipofectamine Plus, optimem and
DMEM were purchased from Gibco Laboratories (Grand Island, NY).
Bouin’s solution, eosin, hematoxylin and permount were purchased
from Sigma Chemical Co. (Springfield, NJ). Proteinase K and salmon
sperm were purchased from Roche Applied Science (Indianapolis,
IN). Mouse anti-HA IgG was purchased from BabCo (Richmond,
CA). ECL and HRP-conjugated goat anti-mouse IgG were purchased
from Amersham Pharmacia Biotech (Piscataway, NJ). Endonucleases
were purchased from Boehringer Mannheim Corp. (Indianapolis, IN)
and New England Biolabs (Beverly, MA). [α-32P] dCTP was
purchased from Perkin Elmer NEN Life Science Products, Inc.
(Boston, MA). G418 sulfate was purchased from Meditech (Herndon,
VA). Rabbit polyclonal anti-Myc IgG (A14) and anti-pSMAD2/3 (SC-
11769) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). VB3A9, a mouse anti-LAP IgG was produced in our laboratory
(Nunes et al., 1998). Normal mouse IgG was purchased from Sigma
Chemical Co. Ab39 was a gift from K. Miyazono (Tokyo University),
LAP was prepared in our laboratory and anti-TGF-β neutralizing
antibody was purchased from R&D Systems (Minneapolis, MN).
BrdU was purchased from Sigma. BrdU was revealed using the
Boehringer biotinylated anti-BrdU antibody.

Cell culture
B9-293 (a gift from B. Arrick, Dartmouth Medical School, Hanover,
NH) is a stable cell line that expresses high levels of SLC (Arrick et
al., 1992). These cells were cultured in DMEM (Gibco Laboratories)
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supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin-glutamine (PSQ) at 37°C with 5% CO2. HT1080 cells
(American Type Culture Collection, Rockville, MD) were cultured in
DMEM supplemented with 10% FBS and PSQ at 37°C with 5% CO2.
Primary murine keratinocytes were isolated from newborn (1-3 day
old) ECR3E-Myc transgenic and wild-type littermates as described
previously (Glick et al., 1994). Cells were cultured in low calcium (50
µM CaCl2) 5-MEM (Life Technologies) containing 8% FBS treated
with chelex resin, 100 µg/ml penicillin G and 100 µg/ml streptomycin
sulfate.

Mammalian cell expression of ECR3E-Myc and ECR3E1-2-
Myc
pcDNA3–ECR3E-Myc or –ECR3E-1-2-Myc were transiently
transfected into B9-293 cells using Lipofectamine Plus according to
the manufacturer’s instructions. Cells were grown for 48 hours and
incubated in serum-free media (Optimem) for 24 hours. The proteins
in the conditioned media were separated by 7% SDS-PAGE under
reducing conditions, transferred to a nitrocellulose membrane, and
western blotted using rabbit anti-Myc IgG and HRP-conjugated anti-
rabbit antibody. To detect the formation of the complex between either
ECR3E-Myc or ECR3E-1-2-Myc and TGF-β, the samples were
separated by 7% PAGE under nonreducing conditions and blotted
with either VB3A9 or mouse anti-Myc IgG (A14). The signal was
detected by ECL and exposed to Kodak X-OMAT film.

To show that ECR3E-Myc protein competes with LTBP-1 and
binds latent TGF-β, HT1080 cells were transfected with either
pcDNA3-ECR3E-Myc or pcDNA3-ECR3E-1-2-Myc constructs using
Lipofectamine Plus and selected with G418 (500 µg/ml) for 1 week.
Several cell clones were isolated and maintained in DMEM
supplemented with G418 (250 µg/ml), 10% FBS and PSQ. The cells
were incubated with Optimem for 2 days, and the conditioned media
collected for western blot analysis. The conditioned media were
resolved by 7% SDS-PAGE under nonreducing conditions, transferred
to a nitrocellulose membrane and immunoblotted with specific
antibodies. The immunoblots were performed with anti-Myc antibody
to detect the ECR3E-Myc protein, Ab 39 to detect both the free and
complexed (to LAP) LTBP-1, and VB3A9 to detect LAP, ECR3E-
Myc-LAP complex and LTBP-1-LAP complex. The signal was
detected by ECL with Kodak X-OMAT film.

K14-ECR3C-Myc and K14-ECR3E-1-2-Myc transgenic
constructs
Myc-tagged ECR3E (a region spanning EGF-like domain 13, CR3
and EGF domain 14 of LTBP-1 (Fig. 1C) was amplified from
pcDNA3-LTBP-1S by PCR using the primers 5′-CACTAGTGGATG-
TGAATGAATGTGAATGCTC-3′ and 5′-GCTCTAGAGTCACGT-
GAGATCCTCCTCAGAAATCAGCTTTTGCTCGGTTAACTCCAG-
GTCACTGTCTTTCTC-3′ with restriction sites for directional
cloning. The (SpeI-XbaI) ECR3E-Myc fragment was subcloned into
pRcCMV plasmid containing the BM 40 signal peptide (a gift from
R. Timpl, Martinsried, Germany) and sequenced. Subsequently a
HindIII-XbaI ECR3E-Myc fragment was transferred into pBluescript
for mutation/deletion procedures. To convert the LTBP-1 ECR3E into
LTBP-2 ECR3E (ECR3E-1-2), the pBlueECR3E-Myc plasmid was
subjected to mutation/deletion procedures using Quick-Change Site
directed Mutagenesis Kit (Stratagene) and the following primers:
5′-GATAACTGCgacctcTGCCCGGTCTTGGGAACTGC-3′ and 5′-
GCAGTTCCCAAGACCGGGCAgaggtcGCAGTTATC-3′. The lower
case letters represent the sequences where the mutations were
introduced. In this construct, the codons for the amino acids E
(glutamic acid, residue 48) and I (isoleucine, residue 49) of LTBP-1
CR3 were mutated to resemble the LTBP-2 codons for the amino acids
D (aspartic acid) and L (leucine) (Fig. 1B). The glutamic acid and
isoleucine residues correspond to amino acids 1058 and 1059 in

LTBP-1S sequence (Lack et al., 2003). At the same time, the FP
(phenylalanyl proline) amino acid sequence of LTBP-1 CR3 was
deleted with the same primers (Fig. 1B). For expression analyses in
mammalian cells, the HindIII-XbaI fragment was cloned into
pcDNA3 plasmid.

The ECR3E-Myc and ECR3E-1-2-Myc cDNAs were excised from
pcDNA3-ECR3E/ECR3E-1-2-Myc by HindIII and BamHI digestion,
blunted by Klenow, and subcloned between the K14 promoter and a
3′ noncoding region of the human growth hormone (hGH) gene,
which contains an intron and a polyadenylation signal in the K14-
hGH cassette (a gift from Elaine Fuchs, Rockefeller University, NY)
(Wang et al., 1997). Plasmid DNA was prepared using a Qiagen
(Valencia, CA) purification kit. The K14-ECR3E-Myc-hGH and K14-
ECR3E-1-2-Myc-hGH transgenes were excised from the pGEM 3Z
backbone with KpnI, and HindIII. The 5.5 kB transgenes were gel
purified by electroelution, and re-suspended in the injection buffer (5
mM Tris-HCl pH 8.0, 0.1 mM EDTA). The DNA was forwarded to
the Transgenic Mouse and Microinjection Facility at the Skirball
Institute (N.Y.U. School of Medicine) for injection into the pronuclei
of fertilized FVB/N oocytes of female mice.

Genotyping ECR3E-Myc and ECR3E1-2-Myc transgenic mice
Genomic DNA was prepared by digesting 1 cm of mouse tail in 1
mg/ml of proteinase K in 50 mM Tris-HCl (pH 8.0), 100 mM NaCl,
50 mM EDTA, 1% SDS for 6-16 hours at 55°C with shaking, followed
by isopropanol and 70% ethanol precipitations. Genotyping of the
ECR3E-Myc and ECR3E-1-2-Myc transgenic mice was performed
with PCR, using primers 5′-CGTTTTCACAGAAGGCTTCACC-3′
(anneals to the EGF-like domain 13) and 5′-CTGTGGGTGATGAA-
AGCCAAG-3′ (anneals to the end of the K14 promoter sequence).

For Southern blot analysis, genomic DNA samples (10-20 µg) were
digested with 80 units of BamHI (ECR3E-Myc mice) or SacI
(ECR3E-1-2-Myc mice) and separated by electrophoresis in 1X TAE
– 0.8% Agarose gel at 3 V/cm. The treatment of the gel, transfer to
Hybond-XL nylon membrane and hybridization was performed
according to the manufacturer’s protocol (Amersham Pharmacia
Biotech, UK) using [α-32P]-labeled probe, specific activity 3000
Ci/mmol. As a probe, we used the BamHI-SacI fragment (500 bp)
corresponding to the upstream region of the hGH in the K14-pGEM
32 constructs. Blots were washed twice in 2X SSC, 0.1% SDS, for 15
and 30 minutes at 65°C, once in 0.5% SSC, 0.1% SDS for 10 minutes
at 65°C, and exposed to Kodak X-OMAT film at 80°C for 1-3 days.

Co-immuno precipitation and TGF-β activity assays
For immunoprecipitation of the LLC and/or Myc-tagged transgenes,
either anti-LTBP-1 (Ab39) or anti-Myc (A14), were used. Wild-type
and transgenic primary keratinocytes were isolated (Glick et al., 1994)
and plated at a density of 7�106 cells/well on 6-well plates in low
Ca++ medium. After 3 days, conditioned media were collected and
pre-cleared by adding 200 µl/ml of Protein A Agarose (50% in PBS)
and incubating for 45 minutes at 4°C. The cleared supernatants were
immunoprecipitated in the presence of an anti-Myc antibody (5
µg/ml), nonspecific rabbit IgG (5 µg/ml), and anti-LTBP-1 IgG
(2 µl/ml) or pre-immune rabbit serum (2 µl/ml). After 2 hours at 4°C,
50 µl samples of Protein A Agarose (50% on PBS) were added and
the incubation continued for an additional 45 minutes at 4°C.
Immunoprecipitates were washed three times with 1 ml of washing
buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1% Triton X100) and
once with 1 ml of PBS. Each sample was re-suspended in DMEM
containing 0.1% BSA and heat activated at 80°C for 10 minutes. The
TGF-β activity in immunoprecipitates was determined by the mink
lung epithelial cell luciferase assay after heat activation of latent
complexes (Abe et al., 1994; Mazzieri et al., 2000). Briefly, 2.5�104

cells were plated per well in 96-well plates and incubated 3-4 hours
at 37°C. At that time, media containing the samples from
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immunoprecipitation were added to the cultures. Specificity of the
signal was determined by incubation of the samples with either LAP,
which inhibits TGF-β activity, or specific anti-TGF-β neutralizing
antibodies. After 16-20 hours, the cells were washed with PBS, lysed,
and the luciferase measured. The results are presented as % of samples
incubated in the absence of LAP or anti-TGF-β.

Measurement of hair length in ECR3E-Myc and ECR3E-1-2-
Myc transgenic mice
For measurement of hair length, the pelage hairs were plucked from
the back of the neck of ECR3E-Myc, ECR3E-1-2-Myc transgenic and
wild-type littermates at various time intervals during the first 21 days
of life. The samples were obtained at various stages of the hair cycle,
including the neofollicular growth stage, the catagen or regression
stage, and the telogen or resting stage (Wilson et al., 1994). Hairs were
evaluated using Alpha Imager 2000 Documentation and Analysis
System (Alpha Innotech Corporation, San Leandro, CA), which
projects a magnified image of the plucked hairs onto a computer
screen. Plucked hairs were viewed on the screen and separated by
tweezers to identify the various subtypes of hair (guard/monotrich,
awl and zigzag). Hair length was measured on the computer screen
by dragging the cursor across the image of the hair. For each
transgenic or wild-type mouse examined, a range of 10 to 15 of the
guard/monotrich hairs and 20 to 30 each of the awl and zigzag hairs
were measured.

Histology of ECR3E-Myc and ECR3E-1-2-Myc transgenic
mouse skin
Full thickness mouse skin biopsies were taken from the middle of the
back from ECR3E-Myc, ECR3E-1-2-Myc transgenic and wild-type
littermates at various time intervals during the first 21 days of life.
Biopsy specimens were fixed in 4% paraformaldehyde in PBS for 16
hours at 4°C, processed in gradients of alcohol and embedded in
paraffin. Sections, 4-5 µm, were cut and attached to poly-Lysine
coated SuperPlus slides (Fisher Scientific, Springfield, NJ). The
sections were deparaffinized in xylene, rehydrated, and stained with
hematoxylin and eosin.

BrdU incorporation
Transgenic and wild-type newborn littermates were injected
intraperitoneally with 0.2 mg of BrdU per g body weight 1 hour before
killing. Skin was dissected from middorsum, fixed in 70% ethanol for
16 hours at 4°C, and paraffin embedded. 4 µm skin sections were
incubated 20 min at room temperature in 0.3% H2O2, washed three
times 3 minutes each in dH2O, denatured for 15 minutes at 37°C in 1.5
N HCl, washed in dH2O as before, and blocked for 20 minutes at room
temperature in PBS and 10% FCS. Cells incorporating BrdU into the
DNA were localized by incubating sections for 1 hour at room
temperature with a biotinylated anti-BrdU antibody diluted 1:10 in
PBS/10% FBS, followed by three washes with PBS for 5 minutes each,
and a final incubation with horseradish peroxidase-conjugated
streptavidin. Sections were counterstained with hematoxylin. The
labeling index was determined by counting BrdU-positive cells per total
interfollicular basal cells in ten randomly selected fields per animal.

Detection of Myc and pSmadD2/3 in sections of skin from
transgenic mice
Frozen or paraffin sections of skin samples were subjected to
immunohistological staining for detection of the Myc antigen and
pSmad2/3 using either rabbit anti-Myc or anti-pSmad2/3 antibodies.
For detection of Myc, skin biopsies were fixed in 4%
paraformaldehyde, frozen in OCT compound and the sections
immediately fixed in Bouin’s solution for 5 minutes at RT and washed

once in 70% ethanol and twice in PBS (10 minutes each). The slides
were blocked in 2% goat serum and incubated overnight with the anti-
Myc antibody at 1:100 dilution. After washing, the signal was
revealed using the Fast-red system (BioGenex, CA), counterstained,
and pictures were taken using a Zeiss light microscope. The detection
of pSmad2/3 was performed as follows. Briefly, deparaffinized
sections were treated with DAKO®Target Retrieval Solution in a
Black & Decker steamer according to the manufacturer’s protocol
(DAKO Corporation, CA). After blocking with PBS/2% goat serum
for 1 hour at room temperature, the samples were incubated with
1:200 dilutions of the pSmad2/3 antibody and nonimmune IgG (as
background control) overnight at 4°C. After washing in PBS, the
samples were incubated for 1 hour at room temperature with biotin
labeled secondary anti-rabbit antibody. The detection of the signal and
counterstaining of the nuclei was performed by incubation of the
samples with streptavidin Alexa Fluor® conjugate (1 µg/ml)
(Molecular Probes, OR) and DAPI (50 ng/ml) (Roche Applied
Science, IN) in PBS for 30 minutes at room temperature. After a brief
wash, the slides were mounted in Fluoromount-G (Southern
Biotechnology Associates, AL) and viewed using a Zeiss fluorescence
microscope. Pictures were taken at random using a Hammamtsu
digital camera and Openlab 2.2.5 software. The blue DAPI stained
nuclei were artificially colored in green using Openlab software so
that the overlapping signals with the red stain for pSmad gave a better
contrast (yellow-orange). At each time point, four random fields from
each of two slides for each genotype were counted. The results are
represented as percentage pSmad-positive cells (yellow-orange
signal) of the total cell (green plus yellow-orange nuclei) number.

Results
LTBP-1 has been shown to target latent TGF-β1 to the ECM
(Miyazono et al., 1991; Nunes et al., 1997; Taipale et al., 1994;
Unsold et al., 2001). To elucidate the significance of the
interaction of LLC with ECM on TGF-β activation and
signaling, we generated two constructs that coded for truncated
forms of LTBP-1: ECR3E-Myc and ECR3E-1-2-Myc (Fig.
1C). The first LTBP-1 construct (ECR3E-Myc) contains the
LAP-binding third CR domain flanked by EGF-like domains,
but lacks the regions that mediate LTBP-1 association with the
ECM (Gleizes et al., 1996; Saharinen et al., 1996b; Unsold
et al., 2001). Thus, ECR3E-Myc should compete with the
endogenous LTBP-1 for binding to SLC and prevent targeting
of SLC to the ECM. The second LTBP-1 construct (ECR3E-
1-2-Myc) encompasses the same LTBP region but with two
amino acids mutated and two others deleted, thereby altering
the sequence to resemble the LTBP-2 CR3 domain (Fig. 1B),
which cannot covalently associate with LAP (Saharinen et al.,
1998). Thus, the protein encoded by ECR3E-1-2-Myc cannot
compete with the native LTBP-1 for binding to SLC and serves
as a negative control for the binding of SLC to ECR3E-Myc.

To verify that both constructs functioned as proposed,
HT1080 cells were stably transfected with either pcDNA-
ECR3E-Myc or pcDNA-ECR3E1-2-Myc and the conditioned
media from these cultures analyzed using western blotting with
anti-Myc, anti-LAP or anti-LTBP antibodies. As shown in Fig.
2A, both ECR3E-Myc and ECR3E-1-2-Myc were well
expressed, but only ECR3E-Myc blocked the association of
LAP with the endogenous LTBP-1 (Fig. 2B). Furthermore, the
expression of ECR3E-Myc but not that of ECR3E-1-2-Myc
resulted in the formation of a slowly migrating complex that
contains LAP (Fig. 2C). Similar results were obtained using
B9-293 cells (data not shown). These results indicate that
ECR3E-Myc and ECR3E-1-2-Myc are expressed, secreted and
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behave as predicted with regard to their ability to associate and
compete with native LTBP for binding to LAP.

Transgenic mice
To determine the effects of in vivo overexpression of ECR3E-
Myc and ECR3E-1-2-Myc on TGF-β activation, transgenic
mice were produced in which the two deletion mutants of
LTBP-1 were expressed under the control of the K14-promoter
(Fig. 1C) specific for expression in basal keratinocytes and the
outer root sheath (ORS) of the hair follicle (Wang et al., 1997).
Basal keratinocytes are known targets of TGF-β and their
proliferation is inhibited by TGF-β (Frank et al., 1996; Shah
et al., 1999; Streuli et al., 1993). In addition, previous
immunohistochemical analyses suggested that the cells
primarily affected by TGF-β in the hair follicle during the hair
cycle are localized in the ORS during late anagen (follicle
morphogenesis) and catagen (Isogai et al., 2003; Paus et al.,
1997; Seiberg et al., 1995; Soma et al., 2003; Welker et al.,
1997).

ECR3E-Myc mice
Six mice were positive for the K14-ECR3E-Myc transgene
both by Southern analysis of tail DNA. (Southern analysis of
tail DNA from ECR3E-Myc and ECR3E-1-2-Myc mice as well
as PCR analysis for genotyping is illustrated in Fig. S1 in
supplementary material.) Five founders showed transmission
of the transgene to the Fl generation. Two of these founders
were used to establish two independent lines because of the
strong skin phenotype shown by their transgenic progeny.
There was no loss of ECR3E-Myc embryos based on the
Mendelian pattern of transgene transmission in adult animals. 

ECR3E-1-2-Myc mice
Six founder mice were positive for the K14-ECR3E-1-2-Myc
transgene by both Southern and PCR analysis of tail DNA.
However, only four founders transmitted the transgene to their

progeny. Two founders were used to establish two
lines. As in the case of ECR3E-Myc mice, there
was no embryonic lethality of ECR3E-1-2-Myc
mice. 

Association of ECR3E-Myc with SLC
To verify the ability of ECR3E to associate with the
SLC produced by murine keratinocytes, co-
immunoprecipitation of conditioned media from
wild-type and transgenic cells was combined with
a TGF-β activity assay (Fig. 3). Basal keratinocytes
were isolated from ECR3E-Myc transgenic and
wild-type newborn littermates. When grown in low-
Ca2+ medium, cultures of primary keratinocytes
show a basal cell phenotype (Glick et al., 1994; Li
et al., 1995). An anti-Myc antibody was used to
immunoprecipitate ECR3E-Myc from transgenic
and wild-type keratinocyte-conditioned medium,
and an anti-LTBP antibody was used to
immonoprecipitate LLC from wild-type
keratinocyte-conditioned medium. The co-

Fig. 1. LTBP-1, ECR3E-Myc, ECR3E-1-2-Myc and transgene
constructs. (A) LTBP-1 structure and its binding to LAP and TGF-
β through the CR3 region. Ovals represent CR domains, rectangles
EGF-like domains; LAP is in black, and mature TGF-β in orange.
(B) The amino acid sequence of the CR3 region of the LTBP-1
(ECR3E-Myc) and the mutations introduced to convert ECR3E-
Myc into CR3 that resembles that of LTBP-2 (ECR3E-1-2), which
does not bind TGF-β. The amino acid changes are boxed and the
deleted amino acids are labeled with arrows. (C) Transgene
products. The two CR3 regions (oval) surrounded by the EGF-like
repeats (rectangles) tagged with Myc tag (long rectangle) that were
used in making the transgene constructs represented in D. (D) K14
transgene constructs. The keratin 14 (K14) promoter was used to
drive the expression of ECR3E-Myc constructs into the basal layer
of the epidermis. The human growth hormone 3′ untranslated
region and poly A (hGH poly A) were added for stabilization of the
transcript. Primers used for PCR are represented by arrows and the
fragment of the hGH used for Southern blotting indicated by the
bold lines.

Fig. 2. Expression of the ECR3E-Myc and ECR3E-1-2-Myc proteins and
competition with endogenous LTBP for binding to the small latent complex
(SLC) in transfected cells. Western blot analyses of conditioned media of
ECR3E-Myc, ECR3E-1-2-Myc or mock transfected HT1080 cells. (A) Reducing
conditions and anti-Myc antibody. (B) Nonreducing conditions and anti-LTBP
antibody. (C) Nonreducing conditions and anti-LAP antibody.
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immunoprecipitation of TGF-β was verified using the PAI-1-
luciferase TGF-β assay (Abe et al., 1994; Mazzieri et al., 2000).

The results of this experiment (Fig. 3) indicate that anti-
LTBP antibody co-immunoprecipitates TGF-β from wild-type
cell conditioned medium, showing that cultured epidermal
keratinocytes produce and secrete the LLC. The fact that the
response of the assay is TGF-β-specific is shown by the
inhibition of the response by LAP. TGF-β activity is blocked
by anti-TGF-β1 neutralizing antibodies, not by anti-TGF-β3
antibodies, and only slightly by anti-TGF-β2 antibodies
identifying TGF-β1 as the major LTBP-associated TGF-β
isoform produced by cultured basal keratinocytes. The TGF-β
isoform profile of cells in vivo may be different than
what is observed in vitro. The anti-Myc antibody co-
immunoprecipitates TGF-β from transgenic ECR3E-Myc cell
conditioned medium indicating that ECR3E-Myc associates
with SLC produced by transgenic basal keratinocytes.
Again, TGF-β activity was almost completely blocked by anti-
TGF-β1 neutralizing antibodies or LAP, whereas nonimmune
rabbit serum or IgG immunoprecipitated essentially no TGF-β
activity. Taken together, these data show that overexpressed
ECR3E-Myc associates with latent TGF-β1 and therefore
competes with native LTBP for the binding to LAP in basal
keratinocytes derived from ECR3E-Myc transgenic mice.

Phenotype
The in vivo presence of the K14-ECR3E-Myc and K14-ECR3E-
1-2-Myc transgenes was examined by immunohistochemical
staining of back skin from 9-day-old wild-type and transgenic
littermates using an anti-Myc antibody as described in Materials

and Methods. The Myc tag was detected primarily in basal
keratinocytes and ORS sheath cells of hair follicles in both
ECR3E-Myc and ECR3E-1-2-Myc transgenic mice but not in
wild-type littermates (Fig. 4A). RT-PCR experiments revealed
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Fig. 3. Co-immunoprecipitation of
ECR3E and TGF-β activity from
primary keratinocytes. Wild-type and
transgenic (ECR3E) primary
keratinocytes were isolated and
grown in low calcium medium.
Conditioned medium was collected
and used in immunoprecipitation (IP)
experiments with either anti-Myc
(A14) or anti-LTBP (Ab39)
antibodies. Nonimmune rabbit-IgG
(RIgG) or rabbit serum (RS) were
used as negative controls.
Immunoprecipitates were analyzed
for TGF-β activity using the PAI-1-
luciferase assay as described in
Materials and Methods. PAI-1-
luciferase transfected mink lung cells were grown for 16 hours in the presence of heat-activated wild-type (wt) or transgenic (tg)
immunoprecipitates in the absence or in the presence of LAP or neutralizing isoform-specific anti-TGF-β antibodies (anti-TGF-β1, anti-TGF-
β2 and anti-TGF-β3).

Fig. 4. Expression of the transgenes in vivo. (A) The Myc-tagged
transgenes were detected using anti-Myc antibody in sections of
back skin from 9-day-old mice. Both ECR3E-Myc and ECR3E-1-
2-Myc transgenic animals showed labeling in the basal layer of the
epidermis and the outer root sheet (ORS) of the hair follicle.
Control (WT) littermates did not show significant labeling of these
regions. (B) Expression of the TGF-β1 and LTBP-1 visualized
using RNA extracted from isolated epidermis or cultured
keratinocytes followed by RT-PCR. (C) Wild-type and transgenic
(ECR3E-Myc) mice at day 11.
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expression of TGF-β1 and LTBP-1 in both ECR3E
transgenic and wild-type epidermis and cultured basal
keratinocytes (Fig. 4B).

Short hair
Mice from all transgenic ECR3E-Myc lines, but not
normal littermates (Fig. 4C) or ECR3E-1-2-Myc mice
(not shown), displayed a slight change in color due to
the visibility of the skin through the hair. Examination
of these animals revealed that their hair was shorter than
that of normal littermates. The difference in hair growth
was grossly visible in animals by day 12 after birth,
became more evident between days 15 and 40, and
diminished in older mice presumably because hair
growth is synchronized during the first two cycles but
not thereafter. To further analyze the hair phenotype,
back hairs were plucked from ECR3E-Myc and
ECR3E-1-2-Myc transgenic and normal littermates at
different ages and examined for morphology and length.
No difference in the percentage of each of three major
types of hair (guard, awl and zigzag) was observed
between transgenic and normal littermates. However, all
hair types from the ECR3E-Myc transgenic mice
displayed a progressive reduction in length compared
with wild-type hair during the first hair cycle. A
maximum difference of 30% was reached 15 days after
birth (see Fig. S2A in supplementary material). The
control ECR3E-1-2-Myc mice showed no reduction in
hair length when compared with wild-type littermates
(see Fig. S2B in supplementary material). 

Early induction of catagen
The hair follicle proceeds cyclically through three
phases of growth: hair shaft formation (anagen), hair
shaft involution (catagen) and quiescence (telogen).
The length of the hair shaft depends primarily on the
number of days that a follicle remains in anagen (Stenn
and Paus, 2001). This fact and the proposed
involvement of TGF-β in the onset of catagen (Foitzik
et al., 2000; Paus et al., 1997; Philpott et al., 1994;
Seiberg et al., 1995; Soma et al., 2003; Soma et al.,
1998; Welker et al., 1997) suggested that the duration
of anagen might be modified in the ECR3E-Myc mice
due to altered levels of active TGF-β. This hypothesis
was evaluated by histological examination of the
follicular morphogenesis in transgenic and wild-type
mice during the first hair cycle. No apparent
histological differences were observed between the
transgenic and normal skin of newborn mice (Fig. 5).
However, a striking difference was observed in the hair
follicles of ECR3E-Myc mice compared with wild-type
skin starting from day 6 and especially around day 15
(Fig. 5). Normal murine hair follicles finish postnatal
follicle morphogenesis and enter catagen at day 18 post
partum (p.p.) (Stenn and Paus, 2001). However, at day
15 p.p., when the wild-type follicles were still in the
late follicle morphogenesis phase, ECR3E-Myc transgenic
follicles had already entered the catagen phase (Fig. 5), as
shown by the fact that the hair bulbs no longer surrounded the

dermal papillae, which were left behind by the regressing
follicles (Fig. 5, day 15). At day 18 p.p. transgenic follicles had
begun the resting telogen phase, whereas wild-type hair

Fig. 5. Histological analyses of the hair cycle. Skin sections from mice
stained with hematoxylin and eosin were analyzed at days 0-21. (A) Wild-
type (WT) tissues at day 15 displayed hair morphology typical of the late
postnatal hair follicle morphogenesis phase, with well-differentiated hair
follicles characterized by large oval hair bulbs surrounding the dermal
papillae (arrow). At the same day after birth, the ECR3E-Myc transgenic
follicles had already entered the catagen phase as evidenced by the regressing
follicles with the papilla outside of the hair bulb (arrow). (B) The control
ECR3E-1-2-Myc skin had a hair cycle similar to that of the wild-type skin as
illustrated by the fact that the hair was in late postnatal hair follicle
morphogenesis phase at day 15 and was not distinguishable from wild-type
follicles of the same age. 
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follicles did not begin telogen until day 21 p.p. (Fig. 5). These
changes in hair cycle were also apparent in the first hair cycle
(data not shown) and appeared to persist throughout the life of
the animals – transgenic ECR3E-Myc mice always had shorter
hair even when the hair cycles were no longer synchronized.
In addition, skin thickness increased during the anagen phase
as the developing follicles elongated into the fat layer.
However, skin from ECR3E-Myc mice was thinner than wild-
type skin. The difference in skin thickness between wild-type
and ECR3E-Myc mice was not due to a difference in the
thickness of the epidermis or dermis, but to the adipose layer,
which remains thin in the transgenic skin. The control ECR3E-
1-2-Myc mice displayed the same skin thickness, follicle
morphology and catagen onset as the wild-type mice (Fig. 5),
indicating that the phenotypes observed in the ECR3E-Myc
mice were due to the association of ECR3E with the
endogenous SLC and not to the expression of the transgene
product by itself.

Because the main factor in determining hair length is the
duration of the growth phase, we conclude that the short hair
phenotype observed in ECR3E-Myc mice is mostly due to the
reduction of the postnatal follicle morphogenesis phase,
resulting from the early onset of catagen. As TGF-β is believed
to be involved in the induction of catagen (Foitzik et al., 2000),
the early onset of catagen in the ECR3E-Myc transgenic mice
suggests that latent TGF-β1 activation and consequently TGF-
β1 activity are enhanced in the presence of ECR3E-Myc
LTBP-1 mutants. 

Inhibition of keratinocyte proliferation
Because TGF-β1 is a potent inhibitor of epithelial cell
proliferation both in vitro (Coffey et al., 1988; Shipley et al.,
1986; Wilke et al., 1988) and in vivo (Foitzik et al., 2000;
Sellheyer et al., 1993; Wang et al., 1997), we determined the
rate of proliferation in the epidermis of transgenic and normal
newborn littermates from two ECR3E-Myc transgenic lines
(44 and 60). Mice were injected with BrdU 1 hour before they
were killed, and back skin sections were analyzed for BrdU
incorporation as described in Materials and Methods. Both
ECR3E-Myc transgenic lines showed a reduction in the
proliferation of interfollicular basal keratinocytes of 54.4% and
43.2%, respectively. These results are in agreement with an
enhanced TGF-β1 activity in the presence of ECR3E-Myc
LTBP-1 mutants.

Detection of phosphorylated Smad2/3
Our attempts to directly measure active TGF-β in whole tissue
using antibody or fluorescence approaches were unsuccessful.
Therefore, we indirectly measured TGF-β signaling by
immunohistochemical staining for phosphorylated Smad2
and Smad3 (pSmad2/3) on mouse skin from wild-type and
transgenic animals at days 0, 2, 6, 9, 12, 15, 18, 21, 23 and 26
throughout the first hair cycle as described in Materials and
Methods. Phosphorylation of Smad2/3 is a consequence of
TGF-β signaling and the pSmads are translocated to the
nucleus where they regulate transcription (Derynck and Zhang,
2003; Kawabata et al., 1998; Shi and Massague, 2003;
Stroschein et al., 1999). Thus, nuclear localization of
pSmad2/3 is a reflection of TGF-β signaling. When skin

samples were stained for pSmad2/3 (red), as well as DAPI
(green) for nuclei, cells in which pSmad2/3 was present in the
nucleus appeared yellow-orange (Fig. 6A). Positive nuclei
were counted only in the hair follicles not in the interfollicular
regions and the percentage of pSmad positive nuclei for the
three mouse types were plotted as a function of day after birth
(Fig. 6B). (Although the illustration shows only the upper
dermis, the sections used for counting included all regions of
the epidermis and dermis.)

The percent of pSmad2/3-positive nuclei in the wild-type
follicles was 25% at birth and went through three peaks during
the first hair cycle (Fig. 6B). There was a slight rise in the
percentage of positive nuclei at day 2, a second larger increase
between days 9 and 12, and a third increase between days 18
and 21. Following the third peak, there was a significant
decrease in the number of pSmad-positive nuclei back to the
level observed at day 0. Skin from animals expressing the
control ECR3E-1-2-Myc displayed a pattern of pSmad-positive
nuclei in the follicles equivalent to that observed with the wild-
type skin, indicating that the overexpression of the non-TGF-β-
binding protein had no effect on TGF-β signaling. However,
at the initial sampling time, day 0, ECR3E-Myc follicles
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Fig. 6. Detection of phosphorylated Smad2/3 (pSmad2/3) in the skin
of wild-type and transgenic animals during the first hair cycle.
(A) Immunocytochemistry using pSmad2/3 antibody and Alexafluor
visualization of activated Smad2/3 on sections from 9-day-old mice.
The positive pSmad2/3 signal stained red. The DAPI-stained nuclei,
which were blue, were artificially colored green. Therefore, cells
with pSmad2/3 in the nucleus appeared yellow-orange because of the
red green overlap. Green arrows indicate pSmad-negative nuclear
staining, yellow arrows indicate pSmad-positive nuclear staining.
(B) The number of pSmad-positive cells in hair follicles is
represented as a percentage of the total number of cells in at least
eight fields from each sample of skin from animals 0 to 26 days after
birth. The follicles in the skin of ECR3E-Myc animals have higher
levels of positive cells compared with the follicles of the wild-type
and ECR3E-1-2-Myc. 
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contained considerably more pSmad2/3-positive nuclei
than controls (40% vs. 25%). The level of TGF-β
signaling remained higher than the control values at all
times except at days 12 and 21, at which time the wild-
type and ECR3E-1-2 follicles showed peak values of
pSmadd2/3-positive nuclei. The ECR3E-Myc follicles
showed peaks of enhanced numbers of positive nuclei in
the follicles at day 9. This peak may correspond to the
peak observed in the control skin at day 12. A slight
increase in the number of pSmad-positive nuclei was
also observed in the follicles of ECR3E-Myc skin at day
21, and this was followed by a decline of positive nuclei
back to the level observed at day 0. Higher numbers of
pSmad-positive cells at day 0 correlate with the BrdU
incorporation data and the reduction in keratinocyte
proliferation observed in ECR3E-Myc mice. Moreover,
the premature high level of TGF-β signaling, as indicated
by increased numbers of pSmad-positive cells, at day 9
instead of day 12, correlates with the inhibition of hair
growth and the early induction of catagen in the ECR3E-
Myc mice.

Discussion
The purpose of the present study was to elucidate the
possible function of LTBP-1 in targeting TGF-β to the
ECM and the effect of modifying TGF-β ECM
interactions on the regulation of latent TGF-β activation.
The ECR3E region of LTBP-1, where covalent binding
to TGF-β LAP occurs, was expressed under the control
of the K14 promoter in the basal cells of the epidermis
and ORS of the hair follicle. Basal keratinocytes were
chosen as target cells because of the known effects of
TGF-β1 on keratinocyte biology. However, the transgene
product should bind all three TGF-β isoforms. Both
epidermal and follicular keratinocytes express TGF-β1,
TGF-β receptors and LTBP-1 in a very site- and time-
specific manner during the hair cycle (Paus et al., 1997;
Tumbar et al., 2004; Welker et al., 1997). Mouse skin,
therefore, provides a particularly informative in vivo
animal model system to study TGF-β biology.

Several reports have shown that TGF-β inhibits
keratinocyte proliferation and induces keratinocyte
apoptosis – events important for both epidermal homeostasis
and hair follicle regression during the anagen-catagen
transition (reviewed by Massague, 1990; Sakai et al., 1986;
Sporn and Roberts, 1990). Overexpression of constitutively
active TGF-β in mouse skin results in mice with taut, stretched
skin with suppressed proliferation of epidermal and follicular
keratinocytes (Sellheyer et al., 1993). By contrast,
overexpression of dominant-negative TGF-β receptor type II in
mouse skin causes a 2.5-fold increase in the BrdU labeling
index in the epidermis and results in mice with wrinkled skin
(Wang et al., 1997). In addition, TGF-β1-deficient mice have
a significantly prolonged anagen phase compared with their
wild-type or heterozygous littermates, and the local injection
of active TGF-β1 reverts the phenotype (Foitzik et al., 2000).

We concentrated our attention on the postnatal hair follicle
development because it is de novo and because morphogenesis
is synchronized. During this period, the TGF-βRII, which
binds active TGF-β and forms heterodimers with the TGF-βRI,

is specifically expressed in the epidermal keratinocytes that
will form the hair placode and in all keratinocytes of the
developing outer root sheath (ORS) in the invaginating and
differentiating hair follicles (Paus et al., 1997).

As a consequence of ECR3E expression, we obtained mice
with reduced epidermal keratinocyte proliferation, shorter hair,
shortened morphogenesis and early onset of growth arrest. All
phenotypes correlated with increased numbers of Smad2/3
positive nuclei, a marker of active TGF-β, in the follicles of
ECR3E-Myc skin compared with wild-type skin. Transgenic
mice overexpressing a mutant form of ECR3E-Myc that is
unable to bind latent TGF-β did not display short hair,
shortened postnatal hair follicle morphogenesis or increased
nuclear pSmad2/3. Therefore, the observed phenotypes are the
result of the overexpression of a mutated form of LTBP-1
capable of binding latent TGF-β. Quantitative differences in
the skin of wild-type and transgenic animals were observed in
the length of the hair and the degree of pSmad2/3 signaling.

Fig. 7. Model for latent TGF-β activation in ECR3E-Myc and ECR3E-1-2-
Myc skin. (A) In the presence of wild-type LTBP and/or ECR3E-1-2-Myc, the
latent TGF-β SLC is bound to LTBP and sequestered into the matrix. This
prevents latent TGF-β from interacting with cell-associated activators until the
appropriate time. (B) In the situation in which ECR3E-Myc is overproduced,
it out-competes LTBP for binding to SLC. The complex of ECR3E-Myc and
SLC is not incorporated into the ECM as it is missing the N- and C-terminal
matrix binding sites of LTBP. The soluble latent TGF-β complex, therefore,
interacts with cell-associated activators generating active TGF-β, which
causes increased signaling through its receptor and accumulation of nuclear
pSmad2/3.
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Unfortunately, because the ECR3E protein can bind TGF-β1,
TGF-β2 or TGF-β3, we cannot define which TGF-β isoform
is altered in our system. We propose that ECR3E binding to
LAP prevents LTBP-1-dependent latent TGF-β deposition into
the ECM, which, in turn generates unbound ‘soluble’ latent
TGF-β (Fig. 7). In this model, an increased soluble pool of
latent TGF-β bound to ECR3E causes the inappropriate
presentation of the latent TGF-β to activators localized on the
cell surface (Annes et al., 2003) and release of active TGF-β.
Support for this supposition derives from the work of Neptune
and colleagues (Neptune et al., 2003), who showed that in the
absence of fibrillin-1, an ECM binding partner for LTBP-1, an
excess of active TGF-β1 is produced in the lungs. Thus, latent
TGF-β that is not sequestered in the ECM may be
inappropriately activated. The mechanism for this activation is
unknown but could involve any one of the known pathways for
latent TGF-β activation (Annes et al., 2003).

Previous reports describing the phenotypes of Ltbp null or
hypomorphic mutations concluded that the observed
phenotypes were the result of a TGF-β deficit, as in the absence
of Ltbp the SLC secretion is inhibited (Dabovic et al., 2002a;
Sterner-Kock et al., 2002). The results of the experiments
presented in this paper are not related to decreased secretion of
TGF-β, as latent TGF-β levels were normal. The inappropriate
TGF-β signaling we observed strongly implies a function for
LTBP modulation of latent TGF-β action after secretion in
addition to the previously observed deficits on SLC release.

ECM-associated latent TGF-β may represent a storage form,
which allows for a rapid, highly localized TGF-β response,
potentially bypassing the need for new protein synthesis (Annes
et al., 2003). LTBP-mediated matrix incorporation regulates the
soluble pool of latent TGF-β and prevents inappropriate
activation of latent TGF-β. The inability to direct latent TGF-β
into the matrix facilitates the inappropriate activation of the
latent cytokine, resulting in heightened signaling. Thus, the
deposition of TGF-β in the ECM, an event facilitated by LTBPs,
is important in the regulation and fine-tuning of signaling events
that are dependent on TGF-β. In addition, perturbation of LLC
interaction with the ECM utilizing mutated LTBPs may yield
insights into TGF-β functions.

This work was supported by NIH grants F32 HL67542-01 and T32
CA09161 (V.J.) and NIH grants CA 78422 and CA 34282 (D.B.R.).
H.O. was supported by a Bauch and Lomb Japanese Traveling
Fellowship; J.S. was supported by NIH training grant T32 GM07238;
P.-E.G. was supported by ARC.

References
Abe, M., Harpel, J. G., Metz, C. N., Nunes, I., Loskutoff, D. J. and Rifkin,

D. B. (1994). An assay for transforming growth factor-beta using cells
transfected with a plasminogen activator inhibitor-1 promoter-luciferase
construct. Anal. Biochem. 216, 276-284.

Annes, J. P., Munger, J. S. and Rifkin, D. B. (2003). Making sense of latent
TGF-beta activation. J. Cell Sci. 116, 217-224.

Annes, J. P., Chen, Y., Munger, J. S. and Rifkin, D. B. (2004). Integrin
alphaVbeta6-mediated activation of latent TGF-beta requires the latent
TGF-beta binding protein-1. J. Cell Biol. 165, 723-734.

Arrick, B. A., Lopez, A. R., Elfman, F., Ebner, R., Damsky, C. H. and
Derynck, R. (1992). Altered metabolic and adhesive properties and
increased tumorigenesis associated with increased expression of
transforming growth factor beta 1. J. Cell Biol. 118, 715-726.

Blessing, M., Nanney, L. B., King, L. E. and Hogan, B. L. (1995). Chemical
skin carcinogenesis is prevented in mice by the induced expression of a
TGF-beta related transgene. Teratog. Carcinog. Mutagen 15, 11-21.

Blessing, M., Schirmacher, P. and Kaiser, S. (1996). Overexpression of bone
morphogenetic protein-6 (BMP-6) in the epidermis of transgenic mice:
inhibition or stimulation of proliferation depending on the pattern of
transgene expression and formation of psoriatic lesions. J. Cell Biol. 135,
227-239.

Coffey, R. J., Jr, Bascom, C. C., Sipes, N. J., Graves-Deal, R., Weissman,
B. E. and Moses, H. L. (1988). Selective inhibition of growth-related gene
expression in murine keratinocytes by transforming growth factor beta. Mol.
Cell. Biol. 8, 3088-3093.

Cui, W., Fowlis, D. J., Cousins, F. M., Duffie, E., Bryson, S., Balmain, A.
and Akhurst, R. J. (1995). Concerted action of TGF-beta 1 and its type II
receptor in control of epidermal homeostasis in transgenic mice. Genes Dev.
9, 945-955.

Dabovic, B., Chen, Y., Colarossi, C., Obata, H., Zambuto, L., Perle, M. A.
and Rifkin, D. B. (2002a). Bone abnormalities in latent TGF-[beta] binding
protein (Ltbp)-3-null mice indicate a role for Ltbp-3 in modulating TGF-
[beta] bioavailability. J. Cell Biol. 156, 227-232.

Dabovic, B., Chen, Y., Colarossi, C., Zambuto, L., Obata, H. and Rifkin,
D. B. (2002b). Bone defects in latent TGF-beta binding protein (Ltbp)-3 null
mice; a role for Ltbp in TGF-beta presentation. J. Endocrinol. 175, 129-141.

Dallas, S. L., Keene, D. R., Bruder, S. P., Saharinen, J., Sakai, L. Y.,
Mundy, G. R. and Bonewald, L. F. (2000). Role of the latent transforming
growth factor beta binding protein 1 in fibrillin-containing microfibrils in
bone cells in vitro and in vivo. J. Bone Miner. Res. 15, 68-81.

Davis, C. G. (1990). The many faces of epidermal growth factor repeats. New
Biol. 2, 410-419.

Derynck, R. and Zhang, Y. E. (2003). Smad-dependent and Smad-
independent pathways in TGF-beta family signalling. Nature 425, 577-584.

Foitzik, K., Lindner, G., Mueller-Roever, S., Maurer, M., Botchkareva, N.,
Botchkarev, V., Handjiski, B., Metz, M., Hibino, T., Soma, T. et al.
(2000). Control of murine hair follicle regression (catagen) by TGF-beta1
in vivo. FASEB J. 14, 752-760.

Fowlis, D. J., Cui, W., Johnson, S. A., Balmain, A. and Akhurst, R. J.
(1996). Altered epidermal cell growth control in vivo by inducible
expression of transforming growth factor beta 1 in the skin of transgenic
mice. Cell Growth Differ. 7, 679-687.

Frank, S., Madlener, M. and Werner, S. (1996). Transforming growth factors
beta1, beta2, and beta3 and their receptors are differentially regulated during
normal and impaired wound healing. J. Biol. Chem. 271, 10188-10193.

Gleizes, P.-E., Beavis, R. C., Mazzieri, R., Shen, B. and Rifkin, D. B.
(1996). Identification and characterization of an eight-cysteine repeat of the
latent transforming growth factor-β binding protein-1 that mediates
bonding to the latent transforming growth factor-β1. J. Biol. Chem. 271,
29891-29896.

Glick, A. B., Lee, M. M., Darwiche, N., Kulkarni, A. B., Karlsson, S. and
Yuspa, S. H. (1994). Targeted deletion of the TGF-beta 1 gene causes rapid
progression to squamous cell carcinoma. Genes Dev. 8, 2429-2440.

Isogai, Z., Ono, R. N., Ushiro, S., Keene, D. R., Chen, Y., Mazzieri, R.,
Charbonneau, N. L., Reinhardt, D. P., Rifkin, D. B. and Sakai, L. Y.
(2003). Latent transforming growth factor beta-binding protein 1 interacts
with fibrillin and is a microfibril-associated protein. J. Biol. Chem. 278,
2750-2757.

Ito, Y., Sarkar, P., Mi, Q., Wu, N., Bringas, P., Jr, Liu, Y., Reddy, S.,
Maxson, R., Deng, C. and Chai, Y. (2001). Overexpression of Smad2
reveals its concerted action with Smad4 in regulating TGF-beta-mediated
epidermal homeostasis. Dev. Biol. 236, 181-194.

Karonen, T., Jeskanen, L. and Keski-Oja, J. (1997). Transforming growth
factor beta 1 and its latent form binding protein-1 associate with elastic
fibres in human dermis: accumulation in actinic damage and absence in
anetoderma. Br. J. Dermatol. 137, 51-58.

Kawabata, M., Imamura, T. and Miyazono, K. (1998). Signal transduction
by bone morphogenetic proteins. Cytokine Growth Factor Rev. 9, 49-61.

Kim, D. S., Korting, H. C. and Schafer-Korting, M. (1998). Effects of
growth factors on the proliferation of human keratinocytes and fibroblasts
in vitro. Pharmazie 53, 51-57.

Koli, K., Saharinen, J., Hyytiainen, M., Penttinen, C. and Keski-Oja, J.
(2001). Latency, activation, and binding proteins of TGF-beta. Microsc. Res.
Tech. 52, 354-362.

Lack, J., O’Leary, J. M., Knott, V., Yuan, X., Rifkin, D. B., Handford, P.
A. and Downing, A. K. (2003). Solution structure of the third TB domain
from LTBP1 provides insight into assembly of the large latent complex that
sequesters latent TGF-beta. J. Mol. Biol. 334, 281-291.

Li, L., Tucker, R., Hennings, H. and Yuspa, S. (1995). Chelation of

Journal of Cell Science 118 (10)

Jo
ur

na
l o

f C
el

l S
ci

en
ce



2187LTBP control of TGF-β activity

intracellular Ca2+ inhibits murine keratinocyte differentiation in vitro. J.
Cell. Physiol. 163, 105-114.

Lindner, G., Botchkarev, V. A., Botchkareva, N. V., Ling, G., van der Veen,
C. and Paus, R. (1997). Analysis of apoptosis during hair follicle regression
(catagen). Am. J. Pathol. 151, 1601-1617.

Massague, J. (1990). The transforming growth factor-beta family. Annu. Rev.
Cell Biol. 6, 597-641.

Maurer, M., Fischer, E., Handjiski, B., von Stebut, E., Algermissen, B.,
Bavandi, A. and Paus, R. (1997). Activated skin mast cells are involved in
murine hair follicle regression (catagen). Lab. Invest. 77, 319-332.

Mazzieri, R., Munger, J. S. and Rifkin, D. B. (2000). Measurement of active
TGF-beta generated by cultured cells. Methods Mol. Biol. 142, 13-27.

Miyazono, K., Hellman, U., Wernstedt, C. and Heldin, C. H. (1988). Latent
high molecular weight complex of transforming growth factor beta 1.
Purification from human platelets and structural characterization. J. Biol.
Chem. 263, 6407-6415.

Miyazono, K., Olofsson, A., Colosetti, P. and Heldin, C. H. (1991). A role
of the latent TGF-beta 1-binding protein in the assembly and secretion of
TGF-beta 1. EMBO J. 10, 1091-1101.

Miyazono, K., Thyberg, J. and Heldin, C. H. (1992). Retention of the
transforming growth factor-beta 1 precursor in the Golgi complex in a latent
endoglycosidase H-sensitive form. J. Biol. Chem. 267, 5668-5675.

Neptune, E. R., Frischmeyer, P. A., Arking, D. E., Myers, L., Bunton, T.
E., Gayraud, B., Ramirez, F., Sakai, L. Y. and Dietz, H. C. (2003).
Dysregulation of TGF-beta activation contributes to pathogenesis in Marfan
syndrome. Nat. Genet. 33, 407-411.

Nunes, I., Gleizes, P. E., Metz, C. N. and Rifkin, D. B. (1997). Latent
transforming growth factor-beta binding protein domains involved in
activation and transglutaminase-dependent cross-linking of latent
transforming growth factor-beta. J. Cell Biol. 136, 1151-1163.

Nunes, I., Munger, J., Harpel, J. G., Nagano, Y., Shapiro, R., Gleizes, P. E.
and Rifkin, D. B. (1998). Structure and activation of the large latent
transforming growth factor-Beta complex. J. Am. Optom. Assoc. 69, 643-648.

Olofsson, A., Ichijo, H., Moren, A., ten Dijke, P., Miyazono, K. and Heldin,
C. H. (1995). Efficient association of an amino-terminally extended form
of human latent transforming growth factor-beta binding protein with the
extracellular matrix. J. Biol. Chem. 270, 31294-31297.

Paus, R., Foitzik, K., Welker, P., Bulfone-Paus, S. and Eichmuller, S.
(1997). Transforming growth factor-beta receptor type I and type II
expression during murine hair follicle development and cycling. J. Invest.
Dermatol. 109, 518-526.

Philpott, M. P., Sanders, D., Westgate, G. E. and Kealey, T. (1994). Human
hair growth in vitro: a model for the study of hair follicle biology. J.
Dermatol. Sci. 7 Suppl., S55-S72.

Raghunath, M., Unsold, C., Kubitscheck, U., Bruckner-Tuderman, L.,
Peters, R. and Meuli, M. (1998). The cutaneous microfibrillar apparatus
contains latent transforming growth factor-beta binding protein-1 (LTBP-1)
and is a repository for latent TGF-beta1. J. Invest. Dermatol. 111, 559-564.

Saharinen, J., Taipale, J. and Keski-Oja, J. (1996a). Association of the small
latent transforming growth factor-beta with an eight cysteine repeat of its
binding protein LTBP-1. EMBO J. 15, 245-253.

Saharinen, J., Taipale, J. and Keski-Oja, J. (1996b). Association of the small
latent transforming growth factor-beta with an eight cysteine repeat of its
binding protein LTBP-1. EMBO J. 15, 245-253.

Saharinen, J., Taipale, J., Monni, O. and Keski-Oja, J. (1998). Identification
and characterization of a new latent transforming growth factor-beta-binding
protein, LTBP-4. J. Biol. Chem. 273, 18459-18469.

Sakai, L. Y., Keene, D. R. and Engvall, E. (1986). Fibrillin, a new 350-kD
glycoprotein, is a component of extracellular microfibrils. J. Cell Biol. 103,
2499-2509.

Seiberg, M., Marthinuss, J. and Stenn, K. S. (1995). Changes in expression
of apoptosis-associated genes in skin mark early catagen. J. Invest.
Dermatol. 104, 78-82.

Sellheyer, K., Bickenbach, J. R., Rothnagel, J. A., Bundman, D., Longley,
M. A., Krieg, T., Roche, N. S., Roberts, A. B. and Roop, D. R. (1993).
Inhibition of skin development by overexpression of transforming growth
factor beta 1 in the epidermis of transgenic mice. Proc. Natl. Acad. Sci. USA
90, 5237-5241.

Shah, M., Revis, D., Herrick, S., Baillie, R., Thorgeirson, S., Ferguson, M.
and Roberts, A. (1999). Role of elevated plasma transforming growth
factor-beta1 levels in wound healing. Am. J. Pathol. 154, 1115-1124.

Shi, Y. and Massague, J. (2003). Mechanisms of TGF-beta signaling from
cell membrane to the nucleus. Cell 113, 685-700.

Shipley, G. D., Pittelkow, M. R., Wille, J. J., Jr, Scott, R. E. and Moses, H.

L. (1986). Reversible inhibition of normal human prokeratinocyte
proliferation by type beta transforming growth factor-growth inhibitor in
serum-free medium. Cancer Res. 46, 2068-2071.

Soma, T., Ogo, M., Suzuki, J., Takahashi, T. and Hibino, T. (1998).
Analysis of apoptotic cell death in human hair follicles in vivo and in vitro.
J. Invest. Dermatol. 111, 948-954.

Soma, T., Dohrmann, C. E., Hibino, T. and Raftery, L. A. (2003). Profile
of transforming growth factor-beta responses during the murine hair cycle.
J. Invest. Dermatol. 121, 969-975.

Sporn, M. B. and Roberts, A. B. (1990). TGF-beta: problems and prospects.
Cell Regul. 1, 875-882.

Stenn, K. S. and Paus, R. (2001). Controls of hair follicle cycling. Physiol.
Rev. 81, 449-494.

Sterner-Kock, A., Thorey, I. S., Koli, K., Wempe, F., Otte, J., Bangsow, T.,
Kuhlmeier, K., Kirchner, T., Jin, S., Keski-Oja, J. et al. (2002).
Disruption of the gene encoding the latent transforming growth factor-beta
binding protein 4 (LTBP-4) causes abnormal lung development,
cardiomyopathy, and colorectal cancer. Genes Dev. 16, 2264-2273.

Streuli, C. H., Schmidhauser, C., Kobrin, M., Bissell, M. J. and Derynck,
R. (1993). Extracellular matrix regulates expression of the TGF-beta 1 gene.
J. Cell Biol. 120, 253-260.

Stroschein, S. L., Wang, W. and Luo, K. (1999). Cooperative binding of
Smad proteins to two adjacent DNA elements in the plasminogen activator
inhibitor-1 promoter mediates transforming growth factor beta-induced
smad-dependent transcriptional activation. J. Biol. Chem. 274, 9431-9441.

Taipale, J., Koli, K. and Keski-Oja, J. (1992). Release of transforming
growth factor-beta 1 from the pericellular matrix of cultured fibroblasts and
fibrosarcoma cells by plasmin and thrombin. J. Biol. Chem. 267, 25378-
25384.

Taipale, J., Miyazono, K., Heldin, C. H. and Keski-Oja, J. (1994). Latent
transforming growth factor-beta 1 associates to fibroblast extracellular
matrix via latent TGF-beta binding protein. J. Cell Biol. 124, 171-181.

Taipale, J., Lohi, J., Saharinen, J., Kovanen, P. T. and Keski-Oja, J. (1995).
Human mast cell chymase and leukocyte elastase release latent transforming
growth factor-beta 1 from the extracellular matrix of cultured human
epithelial and endothelial cells. J. Biol. Chem. 270, 4689-4696.

Taipale, J., Saharinen, J., Hedman, K. and Keski-Oja, J. (1996). Latent
transforming growth factor-β1 and its binding protein are components of
extracellular matrix microfibrils. J. Histochem. Cytochem. 44, 875-889.

Taipale, J., Saharinen, J. and Keski-Oja, J. (1998). Extracellular matrix-
associated transforming growth factor-beta: role in cancer cell growth and
invasion. Adv. Cancer Res. 75, 87-134.

Tumbar, T., Guasch, G., Greco, V., Blanpain, C., Lowry, W. E., Rendl, M.
and Fuchs, E. (2004). Defining the epithelial stem cell niche in skin.
Science 303, 359-363.

Unsold, C., Hyytiainen, M., Bruckner-Tuderman, L. and Keski-Oja, J.
(2001). Latent TGF-beta binding protein LTBP-1 contains three potential
extracellular matrix interacting domains. J. Cell Sci. 114, 187-197.

Wang, X. J., Greenhalgh, D. A., Bickenbach, J. R., Jiang, A., Bundman,
D. S., Krieg, T., Derynck, R. and Roop, D. R. (1997). Expression of a
dominant-negative type II transforming growth factor beta (TGF-beta)
receptor in the epidermis of transgenic mice blocks TGF-beta-mediated
growth inhibition. Proc. Natl. Acad. Sci. USA 94, 2386-2391.

Wang, X. J., Liefer, K. M., Tsai, S., O’Malley, B. W. and Roop, D. R.
(1999). Development of gene-switch transgenic mice that inducibly express
transforming growth factor beta1 in the epidermis. Proc. Natl. Acad. Sci.
USA 96, 8483-8488.

Weedon, D. and Strutton, G. (1981). Apoptosis as the mechanism of the
involution of hair follicles in catagen transformation. Acta Derm. Venereol.
61, 335-339.

Welker, P., Foitzik, K., Bulfone-Paus, S., Henz, B. M. and Paus, R. (1997).
Hair cycle-dependent changes in the gene expression and protein content of
transforming factor beta 1 and beta 3 in murine skin. Arch. Dermatol. Res.
289, 554-557.

Wilke, M. S., Hsu, B. M., Wille, J. J., Jr, Pittelkow, M. R. and Scott, R. E.
(1988). Biologic mechanisms for the regulation of normal human
keratinocyte proliferation and differentiation. Am. J. Pathol. 131, 171-181.

Wilson, C. L., Sun, T. T. and Lavker, R. M. (1994). Cells in the bulge of the
mouse telogen follicle give rise to the lower anagen follicle. Skin Pharmacol.
7, 8-11.

Yin, W., Smiley, E., Germiller, J., Mecham, R. P., Florer, J. B., Wenstrup,
R. J. and Bonadio, J. (1995). Isolation of a novel latent transforming
growth factor-beta binding protein gene (LTBP-3). J. Biol. Chem. 270,
10147-10160.

Jo
ur

na
l o

f C
el

l S
ci

en
ce


