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ABSTRACT To determine whether a functional type II
receptor of transforming growth factor 8 (TGF-p) is required
to mediate the growth inhibitory effect of TGF-f on the skin
in vivo, we have generated transgenic mice that overexpress a
dominant negative-type II TGF-f receptor (ABRII) in the
epidermis. The ABRII mice exhibited a thickened and wrin-
kled skin, and histologically the epidermis was markedly
hyperplastic and hyperkeratotic. In vivo labeling with BrdUrd
showed a 2.5-fold increase in the labeling index over controls,
with labeled nuclei occurring in both basal and suprabasal
cells of transgenic epidermis. In heterozygotes, this skin
phenotype gradually diminished, and by 10-14 days after
birth the transgenic mice were indistinguishable from their
normal siblings. However, when F; mice were mated to ho-
mozygosity, perinatal lethality occurred due to the severe
hyperkeratotic phenotype, which restricted movement. Cul-
tured primary keratinocytes from ABRII mice also exhibited
an increased rate of growth in comparison with nontransgenic
controls, and were resistant to TGF-B-induced growth inhi-
bition. These data document the role of the type II TGF-£
receptor in mediating TGF-B-induced growth inhibition of the
epidermis in vivo and in maintenance of epidermal homeostasis.

The transforming growth factor B (TGF-B) family regulates
cell proliferation and differentiation, tissue remodeling, and
repair (for reviews, see refs. 1 and 2). Within a given organ,
such as the skin, TGF-B often has opposite effects on
different cell types. For example, TGF-8 is a potent growth
inhibitor of the epidermis, playing an important role in
maintenance of tissue homeostasis (3, 4), whereas in the
dermis, TGF-p acts as a positive growth factor, inducing the
synthesis of extracellular matrix proteins during wound
healing (2, 5). TGF-p signals through a heteromeric complex
of the type I and II TGF-p receptors, which have serine/
threonine kinase activities in their cytoplasmic domains (6,
7); however, little is known about how these receptors mediate
different biological responses.

One of the initial approaches to address this question used
a truncated form of the type II receptor (ABRII) which acts as
a dominant-negative mutant due to absence of the cytoplasmic
serine/threonine kinase domain (8, 9). Expression of ABRII in
stably transfected MvlLu cells blocked TGF-B-mediated
growth inhibition, but failed to suppress the induction of
extracellular matrix proteins such as fibronectin and plasmin-
ogen activator inhibitor I (8), suggesting that the type I and
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type II receptors might signal separate responses. Subsequent
studies, using a similar approach resulted in a block of both
responses (9, 10), thus arguing against independent signaling.
More recent data suggest that different TGF-B responses
require different levels of signaling and that differential inhi-
bition may depend on the expression level of the dominant-
negative receptor (10).

To determine whether the dominant-negative strategy could
be used to block TGF-B-mediated growth inhibition in vivo, we
have targeted overexpression of ABRII to the epidermis of
transgenic mice. Mice expressing ABRII exhibit a thickened
and wrinkled skin, which in homozygotes restricts mobility and
leads to perinatal lethality. This study documents the role of
the type II TGF-B receptor in mediating growth inhibition of
the epidermis in vivo, and further emphasizes the importance
of the TGF-p signaling pathway in maintenance of epidermal
homeostasis.

MATERIALS AND METHODS

Generation and Identification of ML.ABRII Transgenic
Mice. The ABRII construct with a downstream human c-myc
epitope (GEQKLISEEDLN) was generated as described (8,
11). After introducing Clal restriction sites to both ends of this
construct, ABRII was ligated into the unique Clal site of the
mouse loricrin (ML) vector (see Fig. 14). The ML.ABRII
transgene was sequenced to confirm that the PCR generated
product was correct and then released from the pGem 7Z-
pSL1180 fusion plasmid by digestion with BamHI. The
ML.ABII transgene was purified and then microinjected into
mouse embryos obtained from mating ICR females to strain
FVB males. A total of 15-20 embryos were transferred to the
oviduct of each ICR pseudopregnant foster mother (12). After
birth, transgenic mice were confirmed by PCR analysis of their
tail DNA using ABRII-specific oligonucleotides 1 (5'-ccatcg-
attggtctgecatgggtcggg-3') and 2 (5'-gtatcgattctaattcaggtccte-
ctcg-3'; see Fig. 14), under conditions previously described
(13).

Preparation and Analysis of RNA. Total RNA was isolated
from neonatal epidermis with RNAzol B (Tel-Test, Friends-
wood, TX) as described (13). To determine expression levels
of the ML.ABRII transgene, RNase protection assays were
performed using a RPA II kit (Ambion, Austin, TX) and a
32P-labeled riboprobe specific for ABRII. To normalize each
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RNA sample for differences in loading, a 3?P-labeled glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) riboprobe
was included in each analysis. To compare ML transgene
expression levels with that of the endogenous ML gene, a
32P-labeled riboprobe corresponding to 200 bp spanning both
3’ coding and noncoding sequences of the native ML gene was
synthesized. The entire 200-bp probe annealed to native ML
transcripts, but only 150 bp of the probe annealed to transcripts
of the ML transgene. The intensity of protected bands was
determined by densitometeric scanning of x-ray films.

Western Blot Analysis. The epidermis from transgenic or
control littermates was separated from the dermis (13), and
total epidermal protein was extracted as described (14). An
equal amount of protein from each sample was separated by
electrophoresis on a 12.5% SDS/PAGE gel and transferred
onto a nitrocellulose membrane. Western blot analysis was
performed as described (15) by using 10 pg/ml of a mouse
mADb against the human c-myc epitope (Oncogene Science)
and an ECL Western blotting detection system (Amersham).

Tissue Histology. Pieces of skin were fixed in half strength
Karnovsky’s at 4°C, postfixed in OsOy4, and embedded in
EMbed 812 (Electron Microscopy Sciences, Fort Washington,
PA) (16). Sections were cut at 1 micron and stained with
Richardson’s stain (16).

BrdUrd Uptake and Staining. Newborn transgenic and
control littermates were injected (i.p.) with BrdUrd (Sigma) at
250 mg/kg in 0.9% NaCl and sacrificed after 2 hr. Pieces of
skin were fixed and processed as described (13). Sections were
incubated with fluorescein isothiocyanate-conjugated mAb to
BrdUrd (Becton Dickenson) and a guinea-pig antiserum to
mouse keratin 14 (K14). K14 was visualized by biotinylated
anti-guinea-pig IgG (Vector Laboratories) and Streptavidin-
Texas Red (GIBCO). Three skin samples were used in each
group, and three sections from each skin were stained with an
anti-BrdUrd antibody. Each epidermal section was measured
by a micrometer, and the mean of BrdUrd-positive cells per
mm * SD from three skin samples represents the labeling
index.

Immunofluorescence. Frozen sections from transgenic and
control skins were incubated with a guinea pig antibody against
K14 and rabbit antibodies against keratins K1 and K6, loricrin,
and filaggrin. The reactions were visualized with biotinylated
goat anti-guinea pig IgG and Streptavidin-Texas Red, and
fluorescein isothiocyanate-labeled anti-rabbit IgG (Dako-
patts, Glostrup, Denmark) (see ref.13 for details).

Cell Culture and [*H]Thymidine (TdR) Incorporation. Pri-
mary keratinocytes were prepared from newborn transgenic
and control littermates as described (17) and grown in 50%
fibroblast conditioned medium supplemented with 0.05 mM
Ca?* (18). To determine the growth rate, keratinocytes from
normal and ML.ABRII mice were each plated at 5 X 103 cells
per 60-mm dish. To confirm that the ABRII did in fact block
the inhibitory effect of TGF-B; on keratinocyte growth,
[*H]TdR labeling of keratinocytes was performed after addi-
tion of exogenous TGF-B;. Keratinocytes from nontransgenic
and ML.ABRII mice were cultured to confluency in 24-well
dishes, then human TGF-B; (from 0.015 ng/ml to 1 ng/ml;
Oncogene Science) was added to the cultures. Twenty-two
hours later, cultures were pulse-labeled for 2 hr with 1 wCi/ml
(1 Ci = 37 GBq) of [*H]TdR (Amersham). Control cultures of
nontransgenic and ML.ABRII keratinocytes received no
TGF-B; before [*H]TdR labeling. Incorporated [PH]TdR was
precipitated with 5% trichloroacetic acid and counted in a
scintillation counter. [*H|]TdR incorporation in TGF-B;-
treated cultures was expressed as percent of control of
[*H]TdR incorporation in control cultures.

RESULTS

Expression of the ML.ABRII Transgene in the Epidermis.
To target expression of the ABRII (8) to the epidermis, we
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used a truncated ML promoter, which expresses transgenes in
both basal and suprabasal layers of the epidermis. The con-
struction and characterization of this vector have been de-
scribed (19). Fig. 14 is a schematic of this vector containing the
ABRII mutant (ML.ABRII). Three transgenic lines, B9223,
B9273, and C1072, were confirmed as transgene expressors by
RNase protection analysis. The ML.ABRII transgene was
expressed at a very high level—i.e., 4- to 5-fold over that of the
GAPDH gene in transgenic epidermis (Fig. 1B Left). To
compare expression levels of ML.ABRII with that of the
endogenous ML gene, a probe that recognizes both the
endogenous (200 bp) and transgene (150 bp) transcripts was
used. Note that transgene expression levels are about 50% of
that of the endogenous loricrin gene (Fig. 1B Right). Western
blot analysis, using an antibody against the human c-myc tag,
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F1G. 1. Transgene construct and expression. (4) Schematic show-
ing structure of the ML.ABRII transgene. Construction and charac-
terization of the ML targeting vector have been described (19). The
ABRII was produced by PCR, which retained the entire extracellular
domain and the transmembrane domain, but deletes most of the
cytoplasmic domain (8). A sequence tag, encoding the human c-myc
epitope (11), was introduced to the 3’ end of the transgene. This
transgene was then inserted into the Clal site of the ML vector. Primers
1 and 2, specific for the TGF-S type II receptor and human c-myc tag,
respectively, were used for PCR to screen transgenic mice. (B) RNase
protection assays to identify ML.ABRII transgene expression. Note
that the transgene expression detected by the ABRII probe was
exclusively in transgenic epidermis (Left), and the ratio of the signal
intensity between ABRII and GAPDH was 4:1 for RNA from line
B9273, and 5:1 for RNAs from transgenic lines B9223 and C1072. The
ML probe was used to detect both the endogenous loricrin and
transgene expression (Right). The intensity of ABRII expression versus
endogenous loricrin was 0.4:1 from transgenic line B9273 and 0.6:1
from lines B9223 and C1072. (C) Western blotting showing ABRII
protein expression. A 23-kDa band is detected in transgenic epidermis
from all lines, but not in the normal control, and this represents the
size predicated for the truncated ABRII protein. Epidermal extracts
from lines C1072 and B9223 exhibited a higher intensity than line
B9273, which was consistent with RNA expression levels (see B).
Nonspecific bands, resulting from the rabbit anti-mouse secondary
antibody, were seen in a similar pattern in all of the lanes. The B9223
extract gave a slightly higher background due to partial degradation.
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detected a predicated ABRII molecule of 23 kDa in extracts of
transgenic, but not control, epidermis (Fig. 1C). Expression of
the ML.ABRII transgene, as determined at both RNA and
protein levels, correlated with the phenotypic severity of each
line (see below).
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ML.ABRII Transgenic Mice Exhibit a Hyperplastic/
Hyperkeratotic Skin Phenotype. All three of the ML.ABRII
transgenic lines exhibited a similar skin phenotype, although
there were differences in phenotypic severity. Each of the
founders was fertile and able to transmit the phenotype to

Fi6. 2. ML.ABRII gross phenotype, histopathology, BrdUrd labeling, and K6 expression. (4) A transgenic pup (Upper) from line B9223 shows
a thickened and wrinkled skin compared with the nontransgenic sibling (Lower) 24 hr after birth. (B) Transgenic mice (Left and Right) from line
B9223 exhibited a peeling skin phenotype 3 days after birth. (C-F) Richardson’s staining of 1 wm sections. (X20.) (C) Nontransgenic skin 24 hr
after birth. (D) ML.ABRII transgenic skin from line B9223 shows a 3-fold increase in thickness of the epidermis, hyperkeratosis, and hypertrophic
keratinocytes compared with the control (C). (E) Nontransgenic skin 3 days after birth. (F) ML.ABRII transgenic skin from line B9223 shows a
moderate hyperplasia at 3 days, and a more loosely attached stratum corneum compared with the transgenic skin at 24 hr (D). (G=/) Double-label
immunofluorescence. (X20.) (Red represents K14.) (G) BrdUrd labeling (green or yellow) in a nontransgenic epidermis. (H) ML.ABRII transgenic
epidermis exhibits about a 3-fold increase in BrdUrd labeling. (1) K6 is only expressed in the hair follicles of the normal skin (green or yellow).

(/) K6 overexpression in ML.ABRII transgenic epidermis.
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progeny. B9223, the highest expressor, exhibited the most
severe skin phenotype. A markedly thickened and wrinkled
skin was evident at birth (Fig. 24), and this progressed to a
peeling skin phenotype at 3 days of age (Fig. 2B). Histological
analysis of F; progeny from this founder revealed a marked
hyperplasia and hyperkeratosis of the epidermis at birth, and
the presence of hypertrophic keratinocytes (Fig. 2D), which
were absent in control littermates (Fig. 2C). At 3 days of age,
the hyperplastic/hyperkeratotic phenotype was still apparent
(Fig. 2F) as compared with nontransgenic controls (Fig. 2E).
In addition, the stratum corneum appeared to be flaky, and
more loosely attached (Fig. 2F), consistent with the gross
phenotype of peeling skin (Fig. 2B). The morphology of hair
follicles (Fig. 2 D and F), as well as the onset of hair growth
appeared normal in ML.ABRII transgenic mice. The hyper-
plastic/hyperkeratotic phenotype gradually diminished as
founder mice developed into adulthood. However, when F;
mice from line B9223 were mated to homozygosity, perinatal
lethality occurred due to the severe hyperkeratosis that re-
stricted mobility.

Increased Labeling Index. To determine the rate of prolif-
eration of ML.ABRII epidermis relative to controls, F; litter-
mates were labeled with BrdUrd at 24 hr after birth. In normal
epidermis, basal cells were labeled with BrdUrd at a rate of
36 = 8.3 nuclei/mm (Fig. 2G), whereas in ML.ABRII epider-
mis BrdUrd labeling was increased to 92 * 2.1 nuclei/mm (Fig.
2H). Although most of the labeling occurred in basal cells of
ML.ABRII epidermis, some suprabasal cells were also labeled
(Fig. 2H). Thus, these data confirm both an increased rate of
proliferation and an expansion of the proliferative compart-
ment in ML.ABRII epidermis.

Aberrant Differentiation Marker Expression. To assess
potential changes in markers of epidermal differentiation and
proliferation, frozen sections from normal and transgenic skin
samples were analyzed by double-label immunofluorescence
with antibodies to keratins K1, K6, K13, and K14, to loricrin,
and to filaggrin. K14 is detectable throughout most of the
epidermis, as well as in hair follicles. K1 is normally expressed
at an early stage during differentiation of the epidermis,
routinely detected in the first suprabasal layer and occasionally
in basal cells that have just withdrawn from the cell cycle (20).
The expression of K1 was delayed in ML.ABRII epidermis as
compared with controls (data not shown), presumably due to
expansion of the proliferative compartment. K6 is normally
expressed in the outer root sheath of the hair follicles but not
in the interfollicular epidermis (ref. 21; Fig. 21). We have
previously shown that the induction of K6 can occur in the
epidermis of transgenic mice that has been pathologically
altered by expression of a variety of transgenes (3, 13, 22-24),
including those that induce hyperplasia (13, 22, 23). Therefore,
it was not surprising to find that K6 was expressed in the
epidermis of ML.ABRII mice (Fig. 2J). Loricrin and filaggrin,
which are markers for late stages of terminal differentiation
and normally expressed in the granular layer of the epidermis
(25, 26), did not appear to be altered in the ML.ABRII
epidermis (data not shown).

Cultured ML.ABRII Keratinocytes Exhibit Accelerated
Growth and Resistance to TGF-B. Because it was not possible
to obtain direct in vivo evidence that the hyperplastic pheno-
type was due to resistance to TGF-B, we decided to confirm
this using primary cultures of ML.ABRII keratinocytes. When
cultures of primary keratinocytes are grown in low Ca’*
medium, they exhibit a basal cell phenotype—i.e., they prolif-
erate but do not stratify or express differentiation markers
(14). Initially, we observed that primary ML.ABRII keratino-
cytes exhibited an accelerated rate of growth, reaching con-
fluency by day 4, when 5 X 10° cells were plated in a 60-mm
culture dish (Fig. 3B). In contrast, normal control keratino-
cytes exhibited a much slower rate of growth when plated at the
same density (Fig. 34) and did not reach confluency before the
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cells started to slough from the dish at day 9. When exogenous
TGF-B; was added to primary cultures grown in low Ca?"
medium, an immediate inhibitory effect on DNA synthesis was
observed in nontransgenic keratinocytes, with inhibition rang-
ing from 50% with 0.015 ng/ml TGF-B; to nearly 100% with
1 ng/ml TGF-B; (Fig. 3C). In contrast, ML.ABRII keratino-
cytes require 30 times more TGF-B; (0.5 ng/ml) to show a
similar (50%) decrease in [*H]TdR labeling, and at 1 ng/ml,
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F1G. 3. Analysis of ML.ABRII keratinocytes in culture. (4) Non-
transgenic keratinocytes were subconfluent at day 4 of culture. (B)
Keratinocytes from ML.ABRII epidermis grew faster and were con-
fluent by day 4. (C) [PH]TdR labeling of keratinocytes 22 hr after
addition of TGF-B;. [PH]TdR labeling for cultures receiving different
concentrations of TGF-B; was expressed as percent of control. Each
point is the average of results determined in triplicate. Error bars
represent SD. Note that nontransgenic keratinocytes showed a marked
decrease in [H]TdR labeling at the lowest concentration of TGF-8;,
while ML.ABRII keratinocytes were resistant to TGF-B; until the
concentration reached 0.5 ng/ml.
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which totally inhibited nontransgenic keratinocytes,
ML.ABRII keratinocytes still retained 40% of DNA synthesis
(Fig. 3C). These data demonstrate that basal keratinocytes
from transgenic ML.ABRII epidermis have an increased rate
of growth due to loss of sensitivity to TGF-B-mediated growth
inhibition.

DISCUSSION

We have previously used a transgenic approach to demonstrate
that TGF-B is a potent negative growth regulator of the
epidermis in vivo (3). Overexpression of a mutant form of
TGF-B; (mutations of Cys-223 — Ser and Cys-225 — Ser,
TGF-B1223/22%), which is constitutively active (27), results in an
inhibition of normal skin development due to almost complete
suppression of epidermal cell proliferation. Arresting growth
of the epidermis at a stage of development when the remainder
of the embryo continued to grow rapidly produced phenotypic
pups with a very tautly stretched skin that restricted movement
and breathing, and resulted in death within 24 hr. In this study,
we have targeted overexpression of a dominant-negative mu-
tant form of the type II TGF-p receptor and created just the
opposite effect-i.e., by blocking signaling via wild-type II
TGF-B receptors, we have disrupted the normal mechanism
regulating epidermal homeostasis. In the case of homozygotes,
the accelerated rate of proliferation leads to lethality due to
the marked increase in thickness of the epidermis (hyperker-
atosis), which severely restricts movement. The phenotypes
observed in both of these transgenic studies correlate well with
the TGF-B signaling pathway functioning primarily as a reg-
ulator of epidermal growth, rather than an inducer of differ-
entiation. In our initial study, overexpression of TGF-pB,
resulted in growth arrest of the epidermis without altering the
normal pattern of terminal differentiation. In the present
study, delayed expression of K1, an early differentiation
marker, was observed. However, delayed expression of K1 has
been previously observed in other transgenic lines exhibiting a
hyperproliferative phenotype (22, 23), and most likely occurs
as a result of expansion of the proliferative compartment.

The more severe phenotype exhibited by homozygotes sug-
gests a dosage effect from expression of ABRII. We have
previously observed an increase in phenotypic severity when
other lines expressing epidermally targeted transgenes were
mated to homozygosity (22-24). The gradual reduction in the
hyperplastic/hyperkeratotic phenotype during the develop-
ment of heterozygous mice into adulthood has also been
observed previously. This is most obvious in the case of mice
expressing transgenes that increase the rate of proliferation of
the epidermis, such as rast? (22) and TGF-a (23, 28). It is well
established that the rate of proliferation of newborn mouse
epidermis is higher than adult epidermis (29). Therefore, the
mechanisms that control the gradual reduction in the rate of
proliferation during this transition may exert a normalizing or
suppressive effect as observed in this and previous transgenic
studies. However, it is more likely that this represents an
adaptive response by the mouse to restore tissue homeostasis.
This backup regulatory system is successful in the case of
heterozygotes but not for homozygotes derived from founders
with high expression levels. Whatever the mechanism, in the
case of ras™® or TGF-a expressing lines, it can only maintain
tissue homeostasis if the epidermis remains unchallenged. If
the skin of heterozygous rast® or TGF-a mice is exposed to the
tumor promoter, 12-O-tetradecanylphorbol-13-acetate, or
wounded, the backup system fails and benign tumors appear
(30, 31).

It remains to be seen how the ML.ABRII mice will respond
to such challenges; however, we predict that these mice will
prove to be a valuable resource to address several unanswered
questions concerning TGF-B and its potential pathogenic role
in several diseases. For example, as discussed above, TGF- is
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a potent growth inhibitor of the epidermis and other epithelia,
yet it is overexpressed in many epithelial cancers. It has been
postulated that secretion of TGF-B at a late stage of carcino-
genesis may be a critical factor for invasion and metastasis via
stromal remodeling (32). If TGF-B does play a promoting role
in epithelial carcinogenesis, it must occur at a stage after
epithelial cells have lost responsiveness to its potent growth
inhibitory effects. In support of this hypothesis, mutations in
the type II TGF-B receptor have recently been detected in
TGF-B-resistant cell lines of colon (33-35), gastric (34), and
head and neck (36) cancers, and even more importantly,
similar mutations have also recently been reported in primary
tumors of the colon (34). These data suggest that inactivation
of the TGF-B type II receptor might be one mechanism by
which epithelial tumor cells escape from TGF-B-induced
growth inhibition and progress to malignancy, and our
ML.ABRII transgenic mice will provide a useful experimental
model to assess the effect of blocking TGF-B-mediated growth
inhibition during various stages of carcinogenesis. Other un-
answered questions center on TGF- and diseases of connec-
tive tissue. Although TGF-p is thought to play a critical role in
normal wound healing by regulating connective tissue depo-
sition, its inappropriate expression has been implicated in the
pathogenesis of fibrotic diseases such as hypertrophic scarring,
superficial types of scleroderma, and keloids (37). Our initial
attempt to make a transgenic animal model to determine
whether expression of TGF- in the epithelial compartment of
the skin might contribute to the development of fibrosis in the
superficial dermis resulted in neonatal lethality due to growth
arrest of the epidermis (3). Because we have succeeded in
blocking the growth inhibitory effect of TGF-B on the epi-
dermis via expression of ABRII, it should now be feasible to
introduce another transgene into the ML.ABRII germ line that
controls expression of TGF-B$22%22% in an inducible fashion.
This would allow overproduction of TGF-£$2%%2% in the
epidermis, without deleterious effects, and assessment of the
phenotypic consequences of its secretion into the dermis. Such
transgenic lines are currently being developed.
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