Animal Model

American Journal of Pathology, Vol. 164, No. 3, March 2004
Copyright © American Society for Investigative Pathology

Morpho-Regulation of Ectodermal Organs

Integument Pathology and Phenotypic Variations in
K14-Noggin Engineered Mice through Modulation of Bone

Morphogenic Protein Pathway

Maksim Plikus,* Wen Pin Wang,*" Jian Liu,*

Xia Wang,* Ting-Xin Jiang,* and

Cheng-Ming Chuong*

From the Department of Pathology,* Keck School of Medicine,
University of Southern California, Los Angeles, California; and
the Graduate Institute of Molecular and Cellular Biology," Tzu
Chi University, Hualien, Taiwan

Ectodermal organs are composed of keratinocytes or-
ganized in different ways during induction, morpho-
genesis, differentiation, and regenerative stages. We
hypothesize that an imbalance of fundamental signal-
ing pathways should affect multiple ectodermal or-
gans in a spatio-temporal-dependent manner. We
produced a K14-Noggin transgenic mouse to modu-
late bone morphogenic protein (BMP) activity and
test the extent of this hypothesis. We observed thick-
ened skin epidermis, increased hair density, altered
hair types, faster anagen re-entry, and formation of
compound vibrissa follicles. The eyelid opening was
smaller and ectopic cilia formed at the expense of
Meibomian glands. In the distal limb, there were
agenesis and hyperpigmentation of claws, interdigital
webbing, reduced footpads, and trans-differentiation
of sweat glands into hairs. The size of external geni-
talia increased in both sexes, but they remained fer-
tile. We conclude that modulation of BMP activity can
affect the number of ectodermal organs by acting
during induction stages, influence the size and shape
by acting during morphogenesis stages, change phe-
notypes by acting during differentiation stages, and
facilitate new growth by acting during regeneration
stages. Therefore during organogenesis, BMP antago-
nists can produce a spectrum of phenotypes in a
stage-dependent manner by adjusting the level of BMP
activity. The distinction between phenotypic varia-
tions and pathological changes is discussed. (Am J
Pathol 2004, 164:1099—-1114)

The integument forms the interface between an organism
and its environment. During development and evolution,
different types of epithelial organs form on the body
surface to allow animals to adapt to different environ-
ments. Although these organs, such as hairs, glands,
teeth, and so forth, appear to be very different in structure
and function, developmental studies suggested that they
are all products of epithelial-mesenchymal interactions,
with variations overlaid on a common theme.' Genes
involved in human ectodermal dysplasias have recently
been cloned. These studies show that a single gene
defect can cause abnormalities in several ectodermal
organs.® * This further substantiates the notion that fun-
damental molecular pathways are frequently shared in
the building of different epithelial organs. The commonly
used molecular pathways include bone morphogenic
protein (BMP), fibroblast growth factor (FGF), sonic
hedgehog (SHH), Wnt, Notch, Eda pathways and so
forth.5€ In each pathway there are multiple ligands, re-
ceptors, intracellular signaling transducers, and extracel-
lular antagonists. Knowledge of these pathways moti-
vates us to investigate how these molecular activities are
translated into tissue morphogenesis. In the context of
tissue engineering, such knowledge will also be required
to guide epithelial stem cells appropriately to form the
tissues/organs desired.

Here we selected the BMP pathway for further analy-
sis.” BMPs play an important role in many developmental
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systems. Initially identified for their effects on osteocyte
proliferation and differentiation, BMPs were further shown
to act as regulators of proliferation, differentiation, apo-
ptosis, cell adhesion, and migration during the develop-
ment of multiple organs in many organisms studied.®=°
Loss-of-function mutations of various components of the
BMP pathway lead to severe developmental abnormali-
ties often resulting in early embryonic lethality.”” The
effect of BMPs on proliferation, differentiation, and apo-
ptosis in different developmental systems is complex. It
is, however, concentration-dependent. Low or high dos-
ages of BMPs often result in opposite cell fate decisions:
either proliferation or apoptosis.'? BMP activity in a given
tissue depends on the concentration and distribution of
BMPs and their antagonists. A number of secreted pro-
teins including Noggin, Follistatin, Chordin, and others
antagonize BMP-mediated signaling.’® Noggin is the
most powerful BMP-2 and BMP-4 antagonist.'*'® Differ-
ent effects of BMPs are often mediated by distinct BMP
receptors (BMPRs). Several models suggest that the pro-
liferative effect of BMPs is mainly mediated via BMP
receptor 1A (BMPR-1A)."®"” Apoptotic signaling is mainly
mediated through the receptor BMPR-IB.'81°

BMP signaling is used in skin and skin appendages
development. In the presence of BMP-4, ectodermal cells
choose an epidermal over a neural fate early in gastru-
lation.?© Later in skin development, distinct spatial distri-
butions of different BMPs and BMPRs are seen. BMP-6
and BMP-7 are mainly expressed in the epidermis, with
BMP-7 present in the basal and BMP-6 in suprabasal
layers.?’2% Also, BMPR-IA is expressed in the basal
layer, whereas BMPR-IB is in the suprabasal layer. Based
on several lines of evidence it was proposed that
BMPR-IA mediates proliferation effects and BMPR-IB me-
diates differentiation effects of BMPs in epidermis.’” Un-
like BMP-6 and BMP-7, BMP-2 and BMP-4 are expressed
during hair follicle (HF) organogenesis. BMP-4 is ex-
pressed transiently in the mesenchymal condensations
just before HF formation. Therefore, this may be part of
the initial dermal signals inducing follicular germ forma-
tion. BMP-2, however, is expressed in the epidermal pla-
code, and in more advanced follicles it is found in the
matrix and precortex cells.?"?*25 At the time of HF in-
duction, BMP signaling inhibits induction whereas Nog-
gin signaling stimulates induction of HFs.?>2¢ Impor-
tantly, induction of secondary (nontylotrich) HFs, but not
primary (tylotrich) HFs is affected by BMPs/Noggin.?”

The role of Noggin during HF induction was addressed
in the Noggin knockout mouse model.?® Data were pro-
vided using Noggin knockout skin grafts because ho-
mozygous Noggin knockout mice die prematurely. It sug-
gests that Noggin is important for secondary HF
induction. In this model, secondary HFs failed to form.
Induction of primary HFs was not affected, yet their
growth was further arrested because of long-term BMP
excess. Similar to this, transgenic mice engineered to
overexpress BMP-4 in the outer root sheath under the
control of the bovine cytokeratin IV promoter had a com-
plete deficiency of hair growth after the first hair cycle
and, therefore, were progressively balding.?® It seems
that during development, Noggin prevents interactions

between BMPR-IA and BMPs produced by the mesen-
chyme and placode. In support of this idea, Noggin
treatment increases the hair placodes and accelerates
HF morphogenesis in embryonic skin organ culture.®®
Noggin is also required for HF growth during postnatal
life. Normally, in adult HFs, Noggin activity is localized to
the HF bulb. Noggin, produced by the dermal papilla,
supports proliferation in the lower hair matrix.?® Overex-
pression of Noggin in proliferating hair matrix cells and
differentiating hair precursor cells under the proximal
Mxs2 promoter leads to the disruption of differentiation in
epithelial cells controlled here, in part, by BMPs.?° An-
other important pathway in hair morphogenesis is Wnt/g-
catenin signaling and its up-regulation leads to an induc-
tion of excessive numbers of HFs.2%" Disruption of the
Wnt/B-catenin pathway in skin leads to an arrest of HF
development.®233 |nhibition of BMP activity is shown to
produce Lef-1 required for the activation of B-catenin/
Lef-1 transcriptional complex.?534

Although the roles of Noggin in HF formation have
been studied, its role in other skin appendages remains
mostly unknown. To address these questions we created
a transgenic mouse model in which ectopic Noggin ex-
pression was directed by the K14 promoter. The K14-
Noggin mice study showed that Noggin mediates disrup-
tion of normal BMP signaling during development,
causing multiple abnormalities in a variety of ectodermal
organs. Hyperplasia of pelage HFs occurred, ectopic
HFs formed on the ventral side of the paw, supernumer-
ary cilia formed in eyelids, and compound vibrissa folli-
cles arose. Claws and footpads failed to form normally.
There were also defects in organs that we do not normally
consider as skin appendages. For example, we found an
increase in the sizes of external genitalia and defects in
eyelid opening. Here, we will describe an array of abnor-
malities and discuss the roles of BMP activity in patho-
genesis.

Materials and Methods

Production and Genotyping of Transgenic Mice

Mice were generated in the Norris Cancer Center trans-
genic mouse facility at the University of Southern Califor-
nia. To generate transgenic mice, human K14 promoter-
chicken Noggin-poly A inserts were purified and
microinjected into the male pronucleus of fertilized egg of
C57BL/6J x CBA/J mice followed by reimplantation of
injected eggs into pseudopregnant C57BL/6J X CBA/J
females. The purification and microinjection of DNA were
performed as described.®® The founder K14-Noggin
mice were then backcrossed onto C57BL/6J background
for six generations. All phenotypical features of K14-
Noggin mice showed high penetrance.

Mice were screened for transgene presence by poly-
merase chain reaction (PCR) using chicken Noggin
construct-specific primers: 5'-CCAGATCTATGGATCAT-
TCCCAGTGC-3" and 5'-GGAGATCTCTAGCAGGAGCA-
CTTGCA-3'. Tail genomic DNA was extracted as de-
scribed in manufacturer’s protocol (Qiagen, Valencia,



CA). PCR products were amplified in separate reactions
using the three-stage PCR program: 94°C for 2 minutes;
94°C for 1 minute, 55°C for 1 minute, 72°C for 1 minute
(30 cycles); 72°C for 10 minutes. The identities of the
founder mice were confirmed by Southern blot analyses.

Quantitative Genotyping

Quantitative genotyping of K14-Noggin mice was done
by real-time quantitative PCR using SYBR Green technol-
ogy.®” The reaction and detection were performed in
GeneAmp 5700 (see the User Manual; PE Applied Bio-
systems, Foster City, CA). A separate set of primers was
designed for chicken Noggin to be used for real-time
quantitative PCR: 5-TCTGTCCCAGAAGGCATGGT-3'
and 5’-CGCCACCTCAGGATCGTTAA-3'. To control dif-
ferences in the quantity of DNA template, the mouse L-32
gene was amplified in parallel for each sample and was
used as a normalization factor to calculate the relative
amount of chicken Noggin in mouse genomic DNA. The
following L-32-specific primers were used: 5'-TGGTTT-
TCTTGTTGCTCCCATA-3" and 5'-GGGTGCGGAGAAG-
GTTCAA-3'. A detailed protocol for real-time quantitative
PCR is described elsewhere.®®

Among all K14-Noggin mice tested, we selected one
mouse that showed the highest dC; value (5.5) on real-time
quantitative PCR (Cy, cycle threshold value; dC; = Cy of
Noggin — C; of L-32 for the same sample). This mouse
contained the lowest number of K14-Noggin in the genome.
Relative amount of K14-Noggin in all other mice was calcu-
lated as following: fold difference = 2 X (5.5 — dCy).

Quantitative Reverse Transcriptase (RT)-PCR

The amount of chicken Noggin mRNA in K14-Noggin
mice tissue was measured using the real-time quantita-
tive RT-PCR method, based on SYBR Green technology,
mentioned above. RNA was extracted from the ear pinna
using the RNeasy mini kit, following the manufacturer’s
protocol (Qiagen). Ear pinna was selected for this exper-
iment because it contains two layers of K14-expressing
epidermis within relatively small amount of tissue. Real-
time PCR was performed using identical set of primers
and following the same protocol as for the quantitative
genotyping described above. Relative amount of Noggin
mRNA in mice tissue was calculated as following: fold
difference = 2 X (9.45 — dC;), where 9.45 is the dC+
value for the mouse with the lowest level of chicken
Noggin mRNA in the tested tissue.

Histological, Histochemical, and
Immunohistological Staining

Tissues were collected and fixed in 4% paraformalde-
hyde in phosphate-buffered saline (PBS), dehydrated,
embedded in paraffin, and sectioned at 5 to 6 um. When
necessary, specimens were additionally decalcified in
Immunocal solution (American Mastertech Scientific,
Lodi, CA) for 48 hours at 4°C after fixation. Standard
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hematoxylin and eosin (H&E) staining was performed for
basic histological analysis.

Frozen tissue sections were used for the tyramide-
based tyrosinase assay.®® Briefly, after 3% peroxide
treatment, 5% bovine serum albumin (fraction V) and
avidin/biotin were used to block nonspecific binding
(Vector Laboratories, Burlingame, CA). Next, biotin-tyra-
mide in 1X application diluent (Perkin-EImer Life Sci-
ences, Emeryville, CA) was applied. After a washing
step, streptavidin-CY3 (1:600; Sigma Chemical Co., St.
Louis, MO) was applied.

Immunostaining was performed using the Ventana Dis-
covery automated immunostaining module (Ventana
Medical Systems, Tucson, AZ). The primary antibodies
used were mouse monoclonal anti-proliferating cell nu-
clear antigen (PCNA) (1:500; Chemicon, Temecula, CA),
rabbit anti-K14 (1:400; Berkeley Antibody Company,
Richmond, CA), and anti-K10 (1:200, Sigma). The DAB
detection kit (Ventana Medical Systems) was used for
color development.

In Situ Hybridization

Mouse tissues from various ages were used for section in
in situ hybridization. Section in situ samples were fixed
and dehydrated according to the standard protocol. All
solutions used for the procedure were diethyl pyrocar-
bonate-treated to inactivate RNase. To detect the RNA
expression, the tissue was hybridized with digoxigenin-
labeled probes. The signals were detected by using an
anti-digoxigenin antibody coupled to alkaline phospha-
tase. Some samples were processed using the Discovery
automated in situ hybridization instrument (Ventana Med-
ical Systems).

Whole mount in situ procedure was performed on E15
mouse embryos. Specimens were fixed in 4% parafor-
maldehyde in diethyl pyrocarbonate-treated PBS. Tissue
samples were then dehydrated in a series of methanol in
PBS and 0.1% Tween 20 (PBT buffer) and stored in
absolute methanol at —20°C before the actual staining
procedure. Whole mount in situ hybridization procedures
were performed using the InsituPro automated in situ
detection module (Intavis AG, Koeln, Germany). Analysis
was performed according to the standard whole mountin
situ protocol.*®

Morphometric Analysis

All surgical procedures were performed on anesthetized
mice (ketamine HCl:xylazine mixture was used). For the
whole mount skin preparation, anagen skin was col-
lected, inverted, and subcutaneous tissue was removed.
These samples were fixed and dehydrated in a stretched
condition. After dehydration, skin samples were cleared
with xylene and photographed. Morphometric analyses
were then performed using Adobe PhotoShop.

Analysis of hair shaft structure was performed under
the inverted microscope according to a previously de-
scribed protocol. "2 The relative number of guard, awl,
auchene, and zigzag hairs was determined from the fur of
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the dorsal skin. Lengths of the hair growth cycle stages
were based on the change of the skin color from pink
during telogen to black during anagen. These changes
occur because of the active melanogenesis in the HFs
during anagen and were proven to be valid criteria for the
hair cycle staging elsewhere.*® All observations were
performed on shaved mice (n = 6). Several consecutive
hair growth cycles were analyzed on the same mice for 4
months. We started when they were 2 months old and
ended when they were 6 month old. The lengths of the
anagen and telogen stages of the hair growth cycle were
established. External genital measurements were per-
formed on anesthetized animals. Nonerect genitalia were
measured in both control and K14-Noggin animals.

Scanning Electron Microscopy Analysis

Tissues were prepared according to the standard scan-
ning electron microscopy protocol. Briefly, it includes
fixation in 2.5% glutaraldehyde in 0.1 mol/L sodium ca-
codylate, dehydration, and critical point drying from eth-
anol. Next, samples were coated with gold in a sputter
coat chamber. They were examined by scanning electron
microscopy in the Doheny Eye Institute Core Facility,
University of Southern California.

Results

Production, Genotyping, and Phenotyping of
K14-Noggin Mice

The chicken Noggin cDNA fragment was subcloned into
the human K14 vector (Figure 1A).** K14-Noggin-PolyA
inserts were released from plasmids and used for injec-
tion. Three independent transgenic lines were produced
with similar phenotypes. Identities of K14-Noggin mice
were confirmed by PCR-genotyping using chicken Nog-
gin-specific primers (Figure 1B). We have isolated sev-
eral lines and found a range of phenotypes. There were
mice with severe phenotypic changes (Figure 1C) and
mice with moderate alterations. The more severe pheno-
types included absence of claws, interdigital webbing of
the paws, hypertrichosis all over the body, shortening of
the telogen period of the hair growth cycle, and in-
creased size of the genitalia. In other mice pathological
changes were milder. We performed quantitative geno-
typing of the K14-Noggin mice and quantitative RT-PCR
for the Noggin mRNA to establish whether strength of
phenotypic changes correlates with K14-Noggin trans-
gene copy number in the mouse genome and Noggin
expression level. We studied several key phenotypic fea-
tures of the limbs of every mouse and correlated them
with the fold difference values (see Materials and Meth-
ods). Based on this we divided all K14-Noggin mice into
low-transgenic (TG) copy number and high-TG copy
number with fold difference value for high-TG copy num-
ber animals equal to 3 and higher (Table 1).

Q 2Kb 600 bp 500 bp

K14 Promoter

K14 poly A
Bam HI Bgl Il

- + + -
Different mouse lines

Figure 1. Production of K14-Noggin mouse. A: K14 Noggin construct used to
generate transgenic mouse. The size of insert used and restriction enzyme are
indicated. B: Genotyping of K14-Noggin mutant mouse. Products of PCR
reaction using specific primers (see Materials and Methods for primers used).
Lane 1, DNA standard; lane 2, positive control—K14-Noggin founder
mouse; lanes 3 and 6, wild-type mice; lanes 4 and 5, K14-Noggin-positive
mice. C: Appearance of control C57BL/6] (left) and mutant K14-Noggin
2.5-month-old mice. Note the obvious hypertrichosis of the K14-Noggin
mouse. The eye opening is small (white arrow). Digits are not distinctly
separated from each other. Regions to be studied further in each figure are
marked by red brackets.

Phenotypes in the Head
Eyelids

Adult high-TG copy number K14-Noggin mice had
smaller eye openings (Figure 2, A and B), whereas the
diameters of the eyeballs were not significantly different
(3.9 = 0.5 mm in control mice and 3.75 = 0.05 mm in
high-TG copy number K14-Noggin mice, n = 3). Smaller
eyelid openings were already obvious as early as post-
natal day 14. However, no significant delay of eyelid
opening was seen in K14-Noggin mice in comparison
with the control mice. In addition, adult eyelids of high-TG
copy number K14-Noggin mice exhibited abnormalities.
Most significantly, there was formation of ectopic pilose-
baceous units at the expense of Meibomian glands. Extra
cilia grew in different directions, often pointing inwards
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Table 1. Phenotypic Changes in Low- and High-TG Copy Number in K14-Noggin Mice

High-TG copy number mice Low-TG copy number mice
(n=28) (n=6)

Genotyping 42 +06" 1
Noggin transcript level 29 +0.7" 1
Percentage showing phenotype

Fusion of forelimb digits 100% 125 -25%
Fusion of hindlimb digits 80 -100% 0-25%
Absence of forelimb claws 95 -100% 29 -75%
Absence of hindlimb claws 63 -100% 33 -58%
Hyperpigmentation of forelimb claws 100% 0-60%
Hyperpigmentation of hindlimb claws 70 -100% 40 - 66%

*Number of animals studied.
TFold difference, calculated as described in Materials and Methods.

toward the cornea, resulting in entropion [Figure 2; B
(inset) and G and H (arrows point at inward-growing
cilia)]. No prominent corneal lesions were noticed.

We examined the eyelids of newborn mice. Immuno-
histochemically K14 protein expression was detected in
the outer epidermis, conjunctival epithelium, and eye
suture of both upper and lower eyelids (Figure 2C). The

observed suture defects are consistent with the observa-
tion that BMPs are expressed in the eye suture of control
E15 mouse embryos. Both BMP4 and BMP2 are ex-
pressed in the eye suture epithelium with BMP2 specifi-
cally at the conjunctival side and BMP4 throughout the
length of the epithelial suture (Figure 2, D and E; these
are thick preparations with whole mount in situ hybridiza-

Conjunctival side
e

Figure 2. Pathology in eyelid, an epithelial appendage to protect the eye. A: Normal size eye slits of 4-month-old control C57BL/6] mouse. B: Narrow eye slits
in 4-month-old K14-Noggin mouse. Eyelids remain partially fused. Eyeballs are of the same size (not shown). Arrowheads point at inward-growing cilia. C-F:
Eyelid suture of newborn control mouse. C: Strong K14 immunostaining is seen in the epidermal side, suture, and conjunctival side of the eyelid. D—F: Whole
mount in situ hybridization of 1-mm-thick eyelid stripe. Green color is computer pseudo-coloring. BMP2 transcripts are expressed predominantly on the
conjunctivae side whereas BMP4 is distributed more evenly throughout the eyelid suture. Msx2 transcript distribution is similar to BMP4. G and H: Corner of
eyelids (commissure, corresponding to the areas outlined with red on A and B) of adult mice. Formation of ectopic pillosebaceous units at the expense of
Meibomian glands in high copy number TG K14-Noggin mice (hcn TG K14-Noggin mice). Scale bars, 100 pm.
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tion). Msx2 (downstream of BMPs in other systems) is
also expressed in the eye suture (Figure 2F).

Vibrissae

Vibrissae are specialized, highly innervated HFs with
somatosensory function. Normal mice have one vibrissa
emerging from one individual vibrissae follicle, which is
enclosed in a collagen capsule (Figure 3, A and C). In
high-TG copy number K14-Noggin mice, examination
showed that several vibrissae emerged from one orifice
(Figure 3B). Histological sections showed that two or
three combined vibrissae follicles shared one capsule
(Figure 3, D and E). Histological sections showed these
compound follicles share a common upper part of the
outer root sheath, but have separate lower follicle regions
with independent dermal papilla and matrix. They pro-
duce separate inner root sheath and vibrissa fibers that
open into the same canal. Because they seem to derive
from the shared outer root sheath, we consider them to
belong to the category of compound HFs.**

Phenotypes on the Trunk
Pelage Hair

On the whole body, K14-Noggin mice exhibited a
prominent hypertrichosis. The hypertrichosis observed
here is a combined result of increased hair density and
an excessive mass of hair flaments. Whole mount mor-
phometric analysis of anagen skin from control and K14-
Noggin mice was done to quantify hair density and size
distribution of HFs (Figure 3, F and G). The wild-type mice
hair density was 35.1 + 2.5 HFs per mm?. In the high-TG
copy number K14-Noggin mice hair density was 63.4 =
3.9 HFs per mm?, ~80% higher than the control mouse
(Figure 3H). The low-TG copy number K14-Noggin mice
hair density was 50.0 + 7.3 HFs per mm?, ~42% higher
than the control mouse.

The maximal width of the follicles was then measured
as an indication of follicle size (Figure 3F, inset, red
arrows). In the control mice, all HFs are clearly distributed
into two distinct groups: smaller size HFs (secondary
HFs) and larger size HFs (primary, guard HFs). In con-
trast, in high-TG copy number K14-Noggin mice there
was no clear fractionationing of the HF sizes (Figure 3l).
The majority of HFs were of smaller size, probably repre-
senting secondary follicles. Analysis of hair shaft struc-
ture showed that high-TG copy number K14-Noggin mice
fur contains all four types of hair fibers: guard, awl,
auchene, and zigzag. However, high-TG copy number
K14-Noggin mice have more awl and auchene hairs than
wild-type mice. Our control mice showed 64.3 = 6% of
zigzag hairs and only 27.9 = 3.6% of awl and auchene
hairs, high-TG copy number K14-Noggin mice have 51 =
4.5% of zigzag and 43.4 = 3.8% of awl and auchene
hairs. We believe that the excessive number of awl and
auchene hairs is mostly responsible for the increase in
hair density in K14-Noggin mice. Awl and auchene hairs
are generally larger than zigzag hairs and this may result

in the larger proportion of intermediate sizes of HFs (Fig-
ure 3l). Guard hairs are present and appear to have no
significant change in their number in K14-Noggin mice.

On the sections of the dorsal trunk skin, control skin
contained primary and secondary HFs (Figure 3J). In the
K14-Noggin mouse, there were regions of skin with sec-
ondary HFs appearing to be normal (not shown) and
regions of skin with abnormally enlarged HFs (Figure 3K).
There are hypertrophic sebaceous glands and randomly
oriented hair fibers. The epidermis of interfollicular skin is
thickened. On the sections of the tail, the control skin
exhibited secondary HFs and tail scales arranged in a
regular pattern (Figure 3L). In the K14-Noggin tail, some
regions were relatively normal (not shown) but some re-
gions showed drastic pathology: cystrophic HFs of dif-
ferent sizes pointing to different directions (Figure 3M).
Some follicles appeared to have multiple dermal papillae.
The density of HFs increased. The dermal layer appears
to thicken at the expense of the adipose layer. Whether
this is a direct or indirect systematic effect remains to be
determined.

Hair Cycle

We measured the length of the anagen and telogen of
the hair growth cycle in high-TG copy number K14-Nog-
gin mice. On average, their anagen length was 12.3 = 1
day, and telogen length was 7.6 = 2 days. In control mice
the anagen length was not significantly different (13.4 =
1 day), but the telogen length was significantly greater,
ranging from 12 to 40 days.

External Genitalia

Compared to wild-type mice, K14-Noggin mice
showed distinct differences in their external genitalia.
Overall, the sizes of both male and female external gen-
italia were bigger than those in the control animals (Fig-
ure 4; A to D). When freed from the prepuce, the distal
segment of the os penis in the K14-Noggin male mice
was significantly longer than that of the control mice
(Figure 4, F and G). During embryonic development at
E15, the tip of growing glans penis expressed high levels
of BMP4 (Figure 4E).

Histologically, the preputial lamella was significantly
thickened in the K14-Noggin mice. At the same time, the
differentiation of hairy spines, mechano-sensory struc-
tures of the preputial lamellae, was suppressed. Hairy
spines are periodically arranged skin appendages com-
posed of both epidermal and dermal components. They
start to differentiate at postnatal week 1 and undergo
keratinization at week 2 (Figure 4H). However, in 2-week-
old high-TG copy number K14-Noggin mice, hairy spines
remained primarily undifferentiated (Figure 4l). In situ hy-
bridization showed high levels of BMP4 expression in the
epithelial compartment of all hairy spines (Figure 4J).
Immunostaining showed strong K14 keratin expression in
the basal layers of both the penis and prepuce in the
control and K14-Noggin mice (Figure 4, K and L). K10
keratin expression showed that differentiation of hairy



spines in 2-week-old K14-Noggin mice was suppressed
(Figure 4, M and N). These mice were fertile.

Phenotypes in the Distal Limb Region

Claw

During embryonic development at E15, BMP4 is spe-
cifically expressed in the mesenchyme at the tips of the
digits—the sites of claw formation (Figure 5A). K14 ker-
atin is highly expressed in the claw matrix (Figure 5B) and
overexpression of Noggin in these regions could poten-
tially perturb claw development. Indeed, a prominent
feature of K14-Noggin mice was the claw phenotype. It
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ranged from split claws in low-TG copy number mice to
complete absence in high-TG copy number mice (Figure
5; E to H). Absence of claws in high-TG copy number
K14-Noggin mice was coupled with polydactyly and in-
terdigital webbing (Figure 6B).*¢

In the wild-type claw, highly proliferative epithelial cells
are confined to one region, known as the claw matrix
(Figure 5C). In the low-TG copy number K14-Noggin
mice, the claw matrix was not distinct and PCNA-positive
cells were not confined to one place, but rather distrib-
uted widely in the whole claw region (Figure 5D). This can
account for the multiple growth centers and multiple ke-
ratinized plates within one claw. Claw plates apparently
grew parallel and were separated from each other.
Patches of epidermis often separated one plate from
another (Figure 5@G). In high-TG copy number mutant
mice, all claws on forelimbs and almost all claws on
hindlimbs were replaced with a thickened cornifying epi-
dermis (Figure 5, H and J).

In control mice, the epidermal differentiation marker
K10 keratin is found only in the hyponichium and nail fold,
but not in the claw itself (not shown). In the high-TG copy
number mutants, the epidermal thickening expressed
K10 keratin (Figure 5l1). Claws of the low-TG copy number
K14-Noggin mice differentiated properly and were K10-
negative. Patches of epidermis that separated multiple
claw plates from each other were otherwise K10-positive
(Figure 5J).

Another interesting phenotype was the pigmentation of
the claw. Control mice have black fur, but lack pigmented
claws (Figure 5E, inset). In our K14-Noggin mice, we
have not seen changes in fur color. However many claws
of low-TG copy number K14-Noggin mice and all hind-
limb claws of high-TG copy number mutants were hyper-

Figure 3. Pathology in vibrissae and pelage hairs. A and B: Control and
K14-Noggin vibrissae HFs. K14-Noggin mice have compound follicles that
share one orifice and one capsule. The number in B indicates the number of
vibrissa filaments that share the same orifice. For example, 1 + 2 means one
normal follicle with one filament from one orifice plus one compound follicle
with two filaments growing from one orifice. C-E: H&E stain of control (C)
and K14-Noggin (D, E) vibrissae HFs. K14-Noggin follicles share part of the
same outer root sheath, open into the same canal but have a distinct dermal
papillae and matrix, and produce a separate inner root sheath and fiber. F
and G: View of inverted skin from the dorsal trunk region of the control and
K14-Noggin mice. In the control mouse, all HFs are in anagen. Distinct
primary (big) and secondary (small) HFs can be identified. In the K14-
Noggin mouse, the density of HFs is increased and the difference between
primary and secondary follicles is not obvious. H: Density of HFs per 3 mm?
in control (blue) and K14-Noggin (red) mice. Density is increased by ~80%
in the K14-Noggin mouse in comparison with the control mouse. I: Relative
size distribution of HFs in control (blue) and K14-Noggin (red) mice (size
corresponds to the diameter of the hair bulb; see inset in Figure 4F). In the
control mouse, HFs clearly fractionate into two distinct groups: those with
smaller size (primarily secondary HFs) and those with larger size (primary
HFs). In the K14-Noggin mouse, there is no clear fractionation of HFs. The
majority of HFs are of intermediate size. This could be because of increased
proportion of secondary awl and auchene hairs (see Results). J and K: H&E
staining of skin sections from the back of the control and K14-Noggin
2-week-old mice. Normal secondary and primary (bottom) HFs are seen in
the control mouse. In some regions of the K14-Noggin mouse, there are
enlarged HFs and hypertrophic sebaceous glands. Some hair fibers point to
wrong directions. Spacing between follicles is reduced. Skin epidermis is
thickened. L and M: H&E staining of longitudinal sections of the tail from the
control and K14-Noggin mice. Different sizes of hypertrophic HFs pointing in
different directions are seen in the K14-Noggin mouse. The total number of
follicles has increased. Some follicles are dystrophic and appear to have
multiple dermal papillae. The epidermal and dermal layers appear thicker.
Scale bars: 1 mm (B); 100 um (C-E and J-M).
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Figure 5. Pathology in claws. A: E15 wild-type mouse paw in situ with BMP4 probe. White arrows point to expression sites at the tips of the digits. Black arrow
points to the group of expression sites corresponding to footpads. BMP4 expression in the mesenchyme of the developing claw is shown on the inset. B: Strong
K14 expression in epithelial cells of proliferating claw matrix (green box) and beyond it. C and D: Expansion of proliferating area in the claw of low-TG copy
number K14-Noggin mice (Icn TG K14-Noggin mice). PCNA-positive cells are limited to the claw matrix (green box) in wild-type mice, but extend all of the way
to the tip of the digit in K14-Noggin mice (green boxes). There are multiple proliferating centers within one claw of the K14-Noggin mice. E to H: Progressive
abnormalities in the claw of the K14-Noggin mice. Compared to the control claw from C57BL/6] mouse (E), claws in the low-TG copy number K14-Noggin mice
split into separate plates (F) and are partially substituted by epidermis (G, demarcated with a green dotted line). No claw is identifiable in the high-TG copy
number K14-Noggin mice (H, white arrows). I and J: K10 keratin expression in low (I) and high (J) TG copy number K14-Noggin mice. In low-TG copy number
mice claws are K10-negative (arrows) despite the apparent macroscopic and microscopic abnormalities (see above). In the high-TG copy number mouse the
epidermis that substitutes the claw expresses K10 (arrows). In the control mouse (K, inset) the claw is K10-negative. K and L: Pigmentation of the claw in low-TG
copy number K14-Noggin mice. Abundant pigment deposits in the claw epithelium (L). Tyrosinase activities (red color, K) associated with pigment production
are seen. Scale bars: 100 um (B-D and I-K); 25 um (L).

pigmented (Figure 5K, inset). On histological sections,
unlike in the control mice, basal and suprabasal layers of
claws from K14-Noggin mice contained abundant mela-
nin granules (Figure 5L). Tyrosinase activity, a general
marker of melanocytes, was detected in the pigmented
claws (Figure 5K).

Ventral Paw

There are several changes in the ventral paw integu-
ments in high-TG copy number and low-TG copy number

K14-Noggin mice. Normally there are six footpads (Fig-
ure 6A) that have evolved for land habitats.*” BMPs are
specifically expressed in the footpads. At E15, develop-
ing footpad areas showed localized BMP4 expression in
the mesenchyme (Figure 6E). At later developmental
stages and in adults BMPs expression shifts to the epi-
dermis. Both BMP2 and BMP4 are specifically expressed
in the footpads’ epidermis and are down-regulated in the
epidermis outside of the footpads (Figure 6, F and G).
K14 is expressed in the epidermis of developing foot-
pads (Figure 6l). Localized proliferation in the mesen-

Figure 4. Pathology in external genitalia. A and B: External genitalia of the control and K14-Noggin female mice. C and D: External genitalia of the control and
K14-Noggin male mice. E: BMP4 expression pattern in the external genitalia of E15 mouse embryo. Very strong expression in the glans penis. F and G: Side-to-side
comparison of the control and K14-Noggin male external genital. H and I: Hairy spines of the 2-week-old control and K14-Noggin mice. Hairy spines in the
K14-Noggin mouse are not completely developed. J: BMP4 expression in the developing hairy spine of the 2-week-old control mouse. K—N: K14 and K10 keratin
expression patterns in the preputial lamella and developing hairy spines on the border of the glans and prepuce from a 2-week-old wild-type and K14-Noggin
mouse. Note weak K10 expression in the immature hairy spines of the K14-Noggin mouse (N). Scale bars 25 pm.
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chyme results in footpad growth (Figure 6, H and J). In
high-TG copy number K14-Noggin mice, footpads are
hypoplastic (Figure 6B). Footpads in mutant mice are
markedly shallower, but the total number of footpads do
not change.

Normally, the ventral paw has glabrous skin and does
not contain any significant amount of hairs (Figure 6C).
Footpads are completely devoid of hairs (Figure 6K). The
ventral paw skin contains eccrine glands, which are par-
ticularly dense at the tip of the digits and in the footpads
(Figure 6K). In contrast, numerous HFs in high-TG copy
number K14-Noggin mice were found on the ventral side
of the paws, including footpads where we observed
nearly complete substitution of eccrine glands by HFs
(Figure 6; L to N).

Discussion

The formation of ectodermal organs depends on a series
of topological transforming activities of the epithelial
sheet such as folding, thickening, branching, and so
forth. These processes are based on local cellular be-
haviors including proliferation, differentiation, re-arrange-
ment, and apoptosis. The formation of all ectodermal
organs goes through induction, morphogenesis, and dif-
ferentiation stages. In addition, some ectodermal organs
undergo cycling/regeneration stages.*® They share fun-
damental signaling pathways during these developmen-
tal stages and thus they are variations overlaid on the
common theme.*°° Serious defects of these basic sig-
naling pathways tend to generate multiple ectodermal
organ defects as seen in some forms of ectodermal dys-
plasia.®" Milder perturbation of the strength of these path-
way activities may lead to morphoregulation, ie, the mod-
ulation of the morphological phenotype of the organ.®?
Here we further propose that when the perturbation
mainly acts during induction stages, the total number of a
given ectodermal organ is altered. In contrast, when the
perturbation mainly acts during morphogenesis stages,
the size and shape of the organ may change. Finally,
when perturbation acts mainly during differentiation
stages, maturation of the organ is affected.

We tried to modulate one of the molecular pathways to
evaluate the validity and the scope of this model. We
analyzed the multiple roles of the BMP pathway in ecto-
dermal organ morphogenesis using K14-Noggin mice.
The onset of transcriptional activation of keratin 14 and its
partner keratin 5 was studied previously.®® It was shown
that their transcription was first detected as early as E9.5.
At early times, expression is restricted to certain areas of
the embryo, such as the ectoderm of the developing
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Phenotypes of K14-Noggin mice

Stages

Induction

Formation of extra cilia at the Defective eyelids opening

Eyellde expense of the Miebomian glands |Small eye opening

Induction of extra fallicles,
Vibrissae formation of compound vibrissa
follicles

Induction of extra secondary hair
fallicles, predominantly awl and
auchene. Hypertrophic hair
follicles

Pelage hair

Eccrine glands in the
ventral paw skin and
footpads

Pilosebaceous units replace sweat
glands

Failure of the digits separation
[Webbing in between digits

igital spacing

Footpads Formation of smaller footpads

Induction of claws fails. Absence |Formation of multiple claw  |Incomplete differentiation and
Claws of claws (High TG copy number plates within one claw field  |pigmentation of claw plates
mice) (low Tg copy number mice)  |(low Tg copy number mice)

Larger extemal genitalia both ~[Retarded differentiation of

Exteral genitalia
9 in males and females hairy spines

Hyperplasia of the epidermis

Figure 7. Summary of multiple epidermal organ defects caused by disrup-
tion of BMP pathway in the skin. A: Defective regions are shown in gray
shades. B: Phenotypes are summarized. They are grouped based on the
developmental stages when defects occur.

facial structures. At E13.5 to E14.5, there is a dramatic
increase and expansion of K14 and K5 promoter activity
in ectoderm throughout the body of the embryo. This coin-
cides or precedes development of the ectodermal organs
affected in K14-Noggin mice by overexpressed Noggin.
However, the minimal concentration of Noggin required to
perturb a particular ectodermal organ can be reached dur-
ing induction, morphogenesis, or differentiation stages of
that particular organ, thus producing different phenotypes.
In several occasions, rather than producing serious patho-
logical changes with functional impairment, Noggin altered
ectodermal organ number, size, and differentiation status.
Here, we focus on the multiple ectodermal organ defects
caused by suppression of the BMP pathway (Figure 7), and

Figure 6. Pathology of the ventral side of the paw. A and B: Normal and hypoplastic foot pads from the wild-type and K14-Noggin mouse, respectively (white
and black arrows). Presence of additional digit and interdigital webbing are marked in K14-Noggin mouse paw. C and D: Scanning EM normal glabrous skin
and skin with ectopic HFs on the ventral side of the digits from wild-type and K14-Noggin mice, respectively. E: BMP4 expression in the mesenchyme of the
developing footpad in E15 control mouse embryo. F and G: Suprabasal expression of BMP2 in the epidermis of the adult footpad (F) and on the border of the
footpad (G). Note the sharp decline of BMP2 expression on the border of the footpad. H to J: Growing footpad of the newborn mouse. Active proliferation is
seen in the mesenchymal condensation of the footpad as judged by PCNA staining (J). Eccrine glands are forming at this time (marked by arrowheads at H).
K14 is expressed in the basal layer of the footpad epidermis (I). K and L: H&E of the footpad from control and K14-Noggin mice. Typical afollicular epidermis
and eccrine glands are seen in the control mouse (K). In the K14-Noggin mouse, multiple HFs replace the eccrine glands. M and N: H&E of the skin on the digit
from K14-Noggin mouse. M: Tip of the digit. Claw is absent. It is substituted by a hyperplastic patch of epidermis with sebaceous glands and HFs. N: Ventral side
of the distal digit. Many HFs with sebaceous glands have formed, instead of sweat glands and just a few HFs in the normal. Scale bars, 100 um.
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discuss the concept of pathological changes and pheno-
typic variations.

BMP Regulates the Number, Size, Type, and
Cycling of HFs

In the adult mouse, two types of hairs can be found:
primary (tylotrich) and secondary (nontylotrich). Second-
ary hairs are further classified into awl, auchene, and
zigzag based on the shaft structure. Primary and second-
ary HFs start to develop at E14.5 and E16.5 accordingly
during embryogenesis,®* ¢ and may depend on differ-
ent molecular pathways.® Primary HF morphogenesis is
highly dependent on the Eda pathway.%” Secondary HF
morphogenesis is highly dependent on the level of BMPs
and their antagonists, such as Noggin. Using the Noggin-
knockout mouse model, it was previously shown that
excessive amounts of BMP leads to the inhibition of the
secondary, but not primary HF formation.?”

Our results indicate that excess of Noggin affects hair
induction and results in an increase in HF density by up
to 80%. Primarily the number of secondary awl and
auchene hairs are increased. This is consistent with the
idea that BMPs/Noggin specifically control and modulate
secondary HF formation. Noggin may result in a higher
density of HFs in two ways. First, by lowering the thresh-
old for the induction of awl and auchene HFs, and sec-
ond, by lengthening the competence period and extend-
ing the inductive phase of these HFs further into postnatal
life.

New HFs can be induced from interfollicular epidermis
or from the outer root sheath of the pre-existing HFs, as in
the case of compound follicles.*®* Compound HF forma-
tion was observed in K14-AN87Bcat mice that express a
stabilized form of B-catenin under the K14 promoter. In
K14-AN87Bcat mice, supernumerary HF formation takes
place continuously throughout postnatal life and is asso-
ciated with pilomatricoma formation in the skin.3' In the
K14-Noggin mice, induction of new pelage HFs primarily
occurred in the interfollicular epidermis. However in
vibrissae, we observed many compound follicles as they
all share one infudibulum and outer root sheath. We
propose that the presence of Noggin lowers the threshold
for the induction allowing additional HFs to be induced
from the interfollicular epidermis or the outer root sheath.
Using the same reasoning, ectopic HFs were induced
from the glaborous skin of the ventral paws including
footpads. Previously, it was reported that adult dermal
papillae transplanted under glabrous epidermis could
induce new HF formation.®8° The adult dermal papilla is
a strong site of Noggin signaling,®®> and Noggin may be
responsible in part for the inductive abilities of the dermal
papillae.

Noggin shows a distinct spatio-temporal distribution
during hair development. During development at E15.5 to
E17.5 Noggin is expressed in the mesenchyme under-
neath the epidermis. In the adult mouse, its expression is
restricted to the dermal papillae.?® Broad Noggin expres-
sion at E15.5t0 E17.5 in the skin coincides with induction
of nontylotrich HFs. Mesenchymally derived Noggin com-

petes with BMP2, four ligands for binding to BMPR-IA in
hair placodes. In our mouse model, excessive Noggin
produced in the epidermis under the K14 promoter
strongly inhibited BMP2 and BMP4 signaling during the
crucial time of HF formation. Therefore, the activator/
inhibitor ratio in the microenvironment was tilted toward
the activator resulting in additional HFs.

Hairs in K14-Noggin mice cycled significantly faster
than in control mice. Although there was no significant
change in the length of the anagen, the telogen in K14-
Noggin mice was markedly shorter than the telogen ob-
served in control mice. Our observation is consistent with
the effect of exogenous Noggin delivery into the telogen
skin on wild-type mice. Implantation of beads soaked
with Noggin results in hair growth induction.®® Our results
add to the evidence that the BMP pathway is an important
regulator of the telogen-anagen transition.

BMP Affects the Development of Claw and
Integuments of the Distal Limbs

In the paw of K14-Noggin mice, we observed syndactyly
and postaxial polydactyly, consistent with what was re-
ported previously.*® In K14-Noggin mice, the induction,
morphogenesis, and differentiation stages are affected.
Claw agenesis was seen in high-TG copy number mice.
The claw induction failed and the claw fields underwent
alternative epidermal differentiation. Low-TG copy num-
ber mice developed aberrant claws. During the morpho-
genesis stage the original claw field splits into several
claw plates, but they remain in the same plane. At later
differentiation stages, these claws show abnormal differ-
entiation with loss of function. Claw morphology and dif-
ferentiation is affected because claw matrix cells are
K14-positive. An excess of Noggin in the claw matrix
affects normal proliferation and delays claw-specific dif-
ferentiation. Localized zone of proliferating cells normally
located next to the eponychium is expanded and prolif-
erating cells, in isolated patches, are present all of the
way toward the tip of the claw in K14-Noggin mice. It is
interesting to note that claw malformation was also re-
ported for the Msx2-Noggin transgenic mouse®* and
Msx2 is known to be expressed in the claw area (our
data, not shown). However the Msx2-Noggin claw phe-
notype was not described in full to allow comparison with
the K14-Noggin phenotype.

Hyperpigmentation of the claws is a prominent feature
of K14-Noggin mice. In mouse skin, active melanogene-
sis occurs only in the matrix of anagen HFs. Stem cell
factor is expressed in epithelial cells of the hair matrix
and is important for stimulating melanogenesis.®" If stem
cell factor is constitutively expressed under the K14 pro-
moter, the epidermis becomes pigmented.®? We specu-
late that Noggin may up-regulate the stem cell factor in
the claw, thus causing activation of melanogenesis.

Footpads displayed major modifications in the ventral
paw.*” Localized mesenchymal cell proliferation is a key
event during footpad development.®® Epidermal thicken-
ing and eccrine sweat gland formation accompanies
mesenchymal expansion. Excess of Noggin results in



hypoplastic footpads. Noggin suppresses localized mes-
enchymal cell proliferation that is otherwise positively
controlled by BMPs. Noggin also suppresses eccrine
sweat glands and causes formation of pilosebaceous
units. Noggin may abrogate the induction of sweat
glands and induce HFs as alternative skin appendages,
or they may trans-differentiate the induced early sweat
gland primordia into hairs.

BMP Decreases the Size of Eyelid Opening

The morphogenetic process for the opening of the eye-
lids is affected in K14-Noggin mice. This leads to small
eye openings and abnormally shaped eyelids, especially
obvious in lateral and medial commissures. Excessive
Noggin also suppresses induction of Meibomian glands
and induces formation of many ectopic cilia often point-
ing inwards toward the cornea. The extent of these patho-
logical changes is highly dependent on the transgene
copy number. Severe eyelid abnormalities were seen
only in mice with a high level of K14-Noggin as judged by
real-time quantitative PCR. The eyelid opening process is
not delayed in our K14-Noggin mice, but the eyelid open-
ing is smaller. Recently, BMP pathway was proposed to
be involved in the timing of eyelid opening.?* On a K5-
Noggin background, the eyelid opening was delayed by
20 days, and the suppression by Noggin on eyelid apo-
ptosis and differentiation was proposed to be a possible
mechanism. Also, keratin 14 is reported to be partially
replaced by keratin 15. In our K14-Noggin mice, the level
of keratin 14 expression is not diminished in the eye
suture in comparison to the back skin. However, no ab-
normalities of the adult eyelid were described in the
K5-Noggin mice.

BMP Regulates the Size of External Genitalia
and Integument Differentiation

External genitalia form from the genital tubercle. The
genital tubercle differentiates into the penis in males or
clitoris in females.®%:°° The formation of the genital tuber-
cle, its outgrowth and differentiation into either penis or
clitoris is the result of epithelial-mesenchymal interac-
tion.®” In both males and females, external genital out-
growth is accomplished by the formation of the prepuce.
WNT, SHH, and FGF signaling were shown to be involved
in genital morphogenesis.®®7° Thus, external genitalia
are another example of ectodermal organs regulated by
a similar set of morphogenesis-related signaling mole-
cules.

Here we show BMPs, in particular BMP4, to be ex-
pressed at the tip of the genital tubercle where growth
may be regulated. K14-Noggin mice of both genders
show excessive outgrowth of the external genitalia, which
is especially apparent in the postnatal period. We sug-
gest that BMP signaling regulates the growth of penile
and clitoral tissues in mice, and that ectopic Noggin
disrupts the balanced growth of these structures and
results in their hypertrophy.
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In mice there are hairy spines, which are epithelial
appendages of the glans penis with possible mechano-
sensory function. Their formation starts around P10 and it
was shown to be androgen-dependent, because it is
primarily retarded in androgen-insensitive mice.”' Here
we showed that BMPs are expressed within the epithe-
lium of developing hairy spines and control their differ-
entiation. Excessive Noggin in the basal layer of the
preputial lamellae inhibits hairy spine maturation, but not
the number of hairy spines. Therefore, BMP signaling is
important for the differentiation of hairy spines, but not for
their induction and periodic arrangement.

BMP and Human Diseases

The BMP pathway is of fundamental importance for early
stages of development.”? Therefore, all mutations of
BMPs are likely to be lethal. Noggin is a direct antagonist
of BMPs. Human loss-of-function mutations in the Noggin
gene (NOG) were reported. Affected people have fusion
of the joints (proximal symphalangism, SYM1) or multiple-
synostoses syndrome (SYNS1) and conductive deaf-
ness, because of stapes ankylosis.”®’* To date, no
known gain-of-function NOG gene mutations are known.
However, if they exist, theoretically these mutations
should result in phenotypes similar to that of a hypothet-
ical BMP-knockout human. We have searched for human
congenital anomalies associated with a locus at 17922,
because human NOG is mapped to this area of chromo-
some 17.7° We found that several phenotypical features
of people with chromosome 17q trisomy syndrome [men-
tal retardation (MCA/MR) syndrome] resemble those
found in K14-Noggin mice.”®”” These include: polydac-
tyly of the hands and feet, syndactyly of the fingers and
toes; hirsutism, a widow’s peak (low, v-shaped hair
growth near the top of the human forehead), low posterior
hairline, and external genital abnormalities including a
bifid scrotum and penile chordae. These abnormalities
parallel the paw abnormalities, hypertrichosis, and exter-
nal genital abnormalities seen in K14-Noggin mice. We
speculate that a higher dosage of Noggin, resulting from
an additional NOG gene allele in people with 179 trisomy
is partially responsible for the above-mentioned abnor-
malities.

Morpho-Regulation: Variations or Pathology?

Although some phenotypic features are pathological and
result in loss-of-function (absence or aberrant claws, re-
placement of eccrine glands in paw and Meibomian
glands in eyelids with hair), many changes are relatively
mild and mostly regulatory in nature. These changes
seem to be quantitative (eg, an increase in pelage hair
density), qualitative (eg, reduction of the size of foot-
pads), or functional (eg, shorter telogen). Although all
these changes are still considered abnormal because
they indeed significantly deviate from the normal average
phenotypes, it may be worthwhile to contemplate the
borders between pathology and phenotypic variations.
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The concept of morpho-regulation implies that mor-
phogenetic processes can be modulated by morpholog-
ical regulators that lead to changes of morphological
phenotypes in development and in evolution.®? Because
the levels of morpho-regulators can be adjusted physio-
logically, they provide means for modulating the morphol-
ogy of organs without drastic changes. Whereas Edel-
man®2 concentrated on cell adhesion molecules as
morpho-regulators, here we develop this concept further
to major morphogenesis signaling pathways (eg, BMP,
Wnt, Shh, FGF pathways) and their modulation by phys-
iological antagonists. Using the pliable BMP pathway as
an example, this genetically engineered mouse illustrates
the morpho-regulatory hypothesis vividly.

In the context of evolution, the term phenotypic plas-
ticity is used to describe the ability of a phenotype to shift
quantitatively.”® At the level of species, it may be based
on the selection from a spectrum of phenotypic variations
based on environmental changes. Examples are seen in
the different densities and length of hairs observed in
mountain cats, dogs, oxen, and so forth, from temperate
or extremely cold areas found in arctic or high mountain
regions,”® or the shift of finch beak shapes in accord to
climate changes in Galapagos islands.®° Variations in the
number and size of integumentary appendages can be
used to generate a spectrum of variable animal pheno-
types that may work as substrates for selection and be-
come advantageous when environments change. How-
ever, when these morphological or structural variations
impede normal functions, they will be considered patho-
logical.

The recognition that accumulation of mild mutations or
variations can result in the formation of a new trait or new
species is not new,”® but candidate molecular pathways
responsible for these variations are mostly unknown.
Here we show Noggin/BMP antagonism may serve this
mechanism. Further study on a more quantitative and
more regulatory level is needed to develop this concept
further. In this case, integument appendages constitute
an ideal model because their changes are usually non-
lethal (eg, unlike many changes affecting heart or lung)
and are easier to be quantified.®’

This study shows how simple tuning up and down of
the key molecular pathways activity, such as the BMP,
may regulate the formative process of ectodermal or-
gans. In the era of tissue engineering, one may want to
modulate the number, size, or the differentiation status of
some ectodermal organs in humans or animals for vari-
ous medical, agricultural, and industrial reasons. Tissue
engineers will have to learn how to accomplish the subtle
balance of activities for the major signaling pathways.
The newly made transgenic mouse can be a useful ani-
mal model and tissue source for these analyses and
evaluations.
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