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Capillary morphogenesis protein-2 (CMG2) functions as an anthrax toxin receptor that plays an essential
role in anthrax pathogenesis. Although mutations in CMG2 have been identified to cause two human
autosomal recessive disorders, Juvenile Hyaline Fibromatosis and Infantile Systemic Hyalinosis, both
characterized by excess hyaline material deposition in connective tissues, the physiologic function of

Keywords: CMG2 remains elusive. To study the roles of CMG2 in normal physiology, here we performed detailed his-
Q“tgrax i tological analyses of the CMG2-null mice we generated previously. While no morphological or histolog-
C(r)lltlar::ltoxm receptor ical defects were observed in CMG2/~ male mice, CMG2~/~ female mice were unable to produce any
Capillgary morphogenesis protein-2 offspring due Ito a defect in partgrition. We fog?d that deletior} of CMG2 resulted in a diffuse deposition
Parturition of collagen within the myometrium of CMG2~~ females, causing remarkable morphological changes to

their uteri. This collagen accumulation also led to loss of smooth muscle cells in the myometrium of
CMG2~/~ mice, apparently disabling uterine contractile function during parturition. As a consequence,
even though pregnant CMG2~/~ mice were able to carry the gestation to full term, they were unable to
deliver pups. However, the fully-developed fetuses could be successfully delivered by Cesarean section
and survived to adulthood when fostered. Our results demonstrate that CMG2 is not required for normal
mouse embryonic development but is indispensable for murine parturition. In parallel to its role in
anthrax toxin binding and internalization, herein we provide evidence that CMG2 may function as a col-
lagen receptor which is essential for maintaining collagen homeostasis in the uterus.

Published by Elsevier Inc.

1. Introduction which are characterized by excess deposition of hyaline material

in many connective tissues, including gingiva, skin, and gastroin-

Capillary morphogenesis protein-2 (CMG2), also known as an-
thrax toxin receptor 2, is a ubiquitously-expressed type I cell sur-
face protein. CMG2 was first described as one of the proteins up-
regulated during capillary morphogenesis in embryonic develop-
ment [1]. Following the discovery that a highly homologous pro-
tein, tumor endothelium marker-8 (TEMS, also termed anthrax
toxin receptor 1) was an anthrax toxin receptor [3], CMG2 was also
found to function as a toxin receptor [14]. Mutations in CMG2 have
also been demonstrated to cause two human autosomal recessive
conditions, namely, Juvenile Hyaline Fibromatosis (JHF) and the
more severe form Infantile Systemic Hyalinosis (ISH), both of

Abbreviations: CMG2, capillary morphogenesis protein-2; TEMS8, tumor endo-
thelium marker-8; ISH, Infantile Systemic Hyalinosis; JHF, Juvenile Hyaline
Fibromatosis.
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testinal tract [4,5,7]. Despite the relevance of CMG2 to human dis-
ease, however, the physiologic function of CMG2 remains unclear.

To study the roles of CMG2 in anthrax pathogenesis and normal
physiology, we previously generated CMG2-null (CMG2~/~) mice
by deleting the transmembrane domain of CMG2. This modifica-
tion makes the receptor unable to anchor to the cell surface and
in the case of anthrax toxin, prevents the CMG2 receptor from
mediating anthrax toxin internalization [9]. When the CMG2~/~
mice were challenged with anthrax toxin, it was determined that
CMG2 was the major anthrax toxin receptor in vivo whereas
TEMS8 played only a minor role [9,10]. Surprisingly, the CMG2~/~
mice did not exhibit any of the characteristic lesions observed in
human JHF and ISH patients [5,7,9]. The only observed phenotype
in the CMG2-null mice was the inability of CMG2~/~ females to
produce offspring [9]. In this study, we found that CMG2 is not re-
quired for normal mouse embryonic development but is indispens-
able for uterine collagen homeostasis and parturition.
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2. Materials and methods
2.1. CMG2-null mice

Generation of CMG2 gene-targeted mice with the CMG2 trans-
membrane domain-coding exon 12 flanked by loxP sites (a “floxed”
allele), namely, the CMG2™*/°* mijce, and their further use to make
CMG2-null (CMG2~/~) mice and myeloid cell lineage specific
CMG2~/~ mice have been described previously [9,10]. To generate
fibroblast-specific CMG2~/~ mice, the CMG2°X/°* mice were first
mated with S100a4-Cre transgenic mice [2] (Jackson Laboratories,
Bar Harbor, ME). Fibroblast-specific CMG2~/~ mice (CMG2flox/flox/
S$100a4-Cre) were obtained by the subsequent intercrossing of the
resulting CMG2*"°*| S100a4-Cre mice. Genotyping was performed
by PCR using mouse ear DNA. All animal studies were carried out
in accordance with protocols approved by the National Institute of
Allergy and Infectious Diseases Animal Care and Use Committee.

2.2. Body weight tracking and Cesarean section delivery of pups

CMG2 /- females and CMG2** males that were 8-10 weeks old
were set up as breeding pairs. When a vaginal plug was found, the
female mouse was separated from the male and the day was
counted as day 0.5 post coitum. Body weight was monitored daily
and rapid body weight increase was used to verify pregnancy.
When gestation reached full term, the CMG2/~ females were
euthanized by CO, inhalation followed in quick succession by
Cesarean section to deliver the pups. The pups were raised to
weaning age by foster mice.

2.3. Histopathological analyses

Uteri from nulliparous 6-8 month-old CMG2~/~ mice and litter-
mate controls were collected, fixed in Z-Fix (Anantech Ltd., Battle
Creek, MI) for 24 h, dehydrated, embedded in paraffin and sectioned.
Staining with H&E (hematoxylin and eosin), Masson’s trichrome,
and Alcian Blue/Periodic acid-Schiff were performed by Histoserv,
Inc. (Germantown, MD). Immunohistochemistry to identify lym-
phatic vasculature was performed according to standard protocols
using a polyclonal goat anti-mouse LYVE-1 (R&D Systems, Minneap-
olis, MN). Images were captured using an Aperio T3 Scanscope and
were quantified using Aperio Imagescope Software (both Aperio
Technologies, Vista, CA). Myometrial thickness for each uterus was
determined by averaging ten individual measurements spaced
throughout both uterine horns. LYVE-1 positive vessel density was
determined by counting all positive vessels within the myometrium
of each uterus and dividing the count by the total myometrial length.

LYVE-1 positive vessel area was also determined for all positive
staining vessels within the myometrium of each uterus. Statistical
significance of differences for uterine horn length, myometrial thick-
ness, LYVE-1 positive vessel density and LYVE-1 positive vessel lu-
men area were determined by two-tailed Student’s t-tests.

3. Results
3.1. CMG2 is required for mouse parturition

We previously observed that CMG2~/~ female mice were unable
to produce any offspring during breeding with CMG2** or CMG2~/~
males [9]. To further explore this “infertility” of CMG2~/~ female
mice, we performed staged embryo dissections at embryonic days
12 (E12) and 17 (E17) on litters collected from CMG2~7/~ and
CMG2*"* females. We found that the E12 and E17 embryos and pla-
centas harvested from the CMG2~/~ females were macroscopically
and histologically normal (data not shown), suggesting that the
inability of CMG2~/~ female mice to bear pups was not due to a
developmental insufficiency but was more likely due to a defect
in the delivery process. To examine this, we carefully tracked the
body weight changes of the CMG2~/~ female mice during preg-
nancy. As expected, both CMG2~/~ and CMG2*"* pregnant mice
gained body weight rapidly until full term embryonic development
at E20-21 days (Fig. 1A). While the CMG2** mice delivered pups on
the day of full term of gestation, indicated by a sharp drop in body
weight, remarkably, all of the CMG2~/~ females failed to give birth
even after 2-3 weeks overdue. During this overdue period, the
CMG2~/~ females gradually lost body weight, indicating that fetal
reabsorption was taking place (Fig. 1A). When 3-week overdue
CMG2~/~ females were dissected, it was possible to identify reab-
sorbed fetal remains with distinguishable skulls and limbs (the in-
sert in Fig. 1A). To verify that the fetuses from CMG2 /- females
developed normally to full term, we performed Cesarean section
to surgically deliver the pups from the CMG2~/~ mice at one-day
overdue (Fig. 1B). All of the pups from two litters (7 and 6 pups
respectively) were found alive in utero and survived to weaning
age under the care of foster mothers. All 13 rescued pups had the
expected CMG2 heterozygous genotype. The above results demon-
strate that CMG2 is not required for normal embryonic develop-
ment but that it is essential for normal mouse parturition.

3.2. CMG2 deletion leads to severe myometrial collagen accumulation
and smooth muscle cell depletion in the uterus

To further investigate how CMG2 deletion affects the female
reproductive system, we performed a detailed histological analysis
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Fig. 1. CMG2 is not required for mouse embryonic development but is essential for parturition. (A) Body weight changes of pregnant CMG2** and CMG2~/~ female mice at
days post coitum (DPC). Upon delivering pups at DPC 20, the CMG2** female showed a dramatic decrease in body weight. The CMG2~/~ females failed to deliver pups at full
term gestation, and instead exhibited slower decreases in body weight accompanied by fetal reabsorption. (B) Successful delivery of pups carried by CMG2~/~ females by
Cesarean sections at DPC 22. All pups were raised by foster mothers and survived to adulthood.
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Fig. 2. Loss of CMG2 leads to alterations in uterine size. (A) Gross images of representative uteri from CMG2"* (Left, n = 4) and CMG2~/~ (Right, n = 5) nulliparous littermates.
(B) Uterine horn length is significantly shorter in CMG2/~ females (Mean # S.D.; *p < 0.01). (C) H&E stained sections of uterine horns from CMG2*/* (Left) and CMG2~/~ (Right)
mice. M = myometrium, E = Endometrium. (D) Thickness of the myometrial layer is increased 2.7-fold in CMG2~/~ females. (Mean + S.D.; *p < 0.01).

of uteri collected from nulliparous CMG2~/~ female mice and their
littermate CMG2** mice at 6-8 months of age. Remarkably, all
CMG2 /- uteri displayed morphological changes apparent on gross
examination; the uteri were pale in color and were increased in
stiffness while the uterine horns were significantly shortened
(Fig. 2A and B). Histological analysis identified diffuse deposition
of a hyaline material throughout the entire myometrial layer of
the CMG2~/~ uteri (Fig. 2C and D). This excess hyaline material
deposition was confined to the myometrium, where it greatly in-
creased myometrial thickness and also decreased myometrial cel-
lularity (Fig. 2C and D and Fig. 3A and B). Masson’s Trichrome and
Alcian Blue/PAS staining identified the deposited hyaline material
as collagen in nature (Fig. 3D-G). Thus, nulliparous adult CMG2~/~
females exhibit severe uterine fibrosis selectively affecting the
myometrium, while having minimal to no effect on other regions
of the reproductive tract including the cervix, vagina and ovaries
(data not shown). This uterine fibrosis was observed to be progres-
sive in nature, with excess myometrial collagen identified in
CMG2~/~ females as young as 7-weeks old and with the severity
of fibrosis increasing with age (data not shown).

The myometrium is the muscular layer of the uterine wall, and
it is predominantly composed of uterine smooth muscle cells
which play a major role in generating uterine contractions during
parturition. In all CMG2~/~ uteri examined, the fibrosis of the myo-
metrium was always accompanied with the loss of uterine smooth
muscle cells normally present. The increased rigidity of the uterine
horn coupled with a depletion of uterine smooth muscle cells likely
led to a decrease in uterine contractile function, providing an
explanation as to why CMG2~/~ females were able to carry fetuses
to full term but were unable to deliver their pups.

In addition to myometrial fibrosis, another characteristic
change in all CMG2 /- uteri was that the lymphatic vessels present
within the myometrium were extremely congested/dilated (lym-
phangiectasia) (Fig. 4), suggesting the presence of diffuse lymphe-
dema. Atrophy of the endometrium was also observed in all
CMG2~/~ uteri. This observed atrophy is likely a secondary change
directly related to the fibrosis of the myometrium (Pressure Atro-
phy). Detailed histological analyses did not identify abnormalities
in other organs and tissues including, lung, heart, liver, intestines,
kidney and adrenal glands, stomach, pancreas, spleen, thyroid,

bladder, esophagus, skeletal muscle, thymus, gingiva, and lymph
nodes in either female or male CMG2~/~ mice (data not shown).

3.3. Specific deletion of CMG2 in fibroblasts or myeloid cells is
dispensable for uterine fibrosis

The diffuse, progressive, deposition of collagen in virgin CMG2~7/~
uteri suggests that CMG2 expression on certain cell types is re-
quired for collagen homeostasis in the uterus. We hypothesized
that CMG2 may function, in parallel to its role in anthrax toxin
internalization, as a cellular receptor for collagen internalization
and cellular degradation. Since fibroblasts have been reported to
be a cell type involved in intracellular collagen degradation
[6,8,12], we next examined whether specific deletion of CMG2 on
fibroblasts could replicate the phenotype observed in CMG2 7/~
mice. We generated fibroblast-specific CMG2~7/~ (CMG2ox/fox|
$100a4-Cre) mice by breeding CMG2"¥/°* mjce with $100a4-Cre
transgenic mice and intercrossing the resulting CMG2*7¥|
$100a4-Cre mice. The fibroblast-specific CMG2~/~ female mice
did not exhibit any abnormalities in parturition and the uteri dis-
sected from these mice did not show any gross morphological
changes (Data not shown). Similarly, myeloid-specific CMG2~/~
female mice were also able to deliver litters normally. These results
demonstrate that deletion of the CMG2 receptor on either
fibroblasts or myeloid cells, such as macrophages, is not responsi-
ble for the parturition defect observed in CMG2~/~ female mice.

4. Discussion

Interstitial collagen is the main component of connective tissue
and is the most abundant protein in mammals, comprising 25-
35% of the whole-body protein content. Like other matrix compo-
nents, collagen is undergoing continuous synthesis and degradation
to maintain its steady-state. Although collagen turnover rates are
generally low in homeostatic tissues, the rates increase greatly in
numerous physiological and pathological conditions including
tissue remodeling, wound healing, and cancer invasion. In this
study, we found that CMG2 is essential for maintaining collagen
homeostasis in the mouse uterus. Loss of expression of CMG2 on
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Fig. 3. Lymphangiectasia and myometrial collagen accumulation are histopathological features of uteri from nulliparous, adult CMG2~/~ females. M: myometrium, E:
endometrium. Representative images are shown. (A) H&E stained section of a CMG2~/~ uterine horn. Dilated lymphatic vessels are present throughout the myometrium,
examples noted with arrowheads. There is diffuse accumulation of hyaline material and reduced myometrial cellularity in contrast with (B) H&E stained uterine horn from a
CMG2** littermate. (C) Higher magnification inset displaying prominent dilation of lymphatic vessels in a CMG2~/~ uterus. (D-F) Masson’s trichrome staining of (D) wild-type
and (E,F) CMG2~/~ uteri highlighting the accumulation of collagen (Blue) within the myometrial layer of the CMG2~/~ uterus. (G) Alcian-blue/PAS staining of a CMG2~/~ uterus
depicting collagen (Pink) within the myometrium. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Lymphatic vascularization of the myometrium is altered in the absence of CMG2. (A,B) LYVE-1 staining of myometrial lymphatic vessels in wild-type (n = 4) (A) and
CMG27/~ (n=5) (B) littermates. Representative images are shown. (C) Lymphatic vessel density is reduced in CMG2/~ (Mean + S.D.; *p < 0.01). (D) Lymphatic vessels are

significantly larger in size in CMG2/~ (Mean # S.D.; *p < 0.01).

the cell surface results in a progressive, diffuse, deposition of colla-
gen throughout the myometrium of CMG2~/~ mice which in turn
causes remarkable morphological changes of the uteri including
increased uterine rigidity and decreased uterine horn length. This
collagen accumulation also causes loss of smooth muscle cells in
the myometrium of CMG2~/~ mice, presumably leading to functional
changes in the contractile ability of the uterus during parturition. As
a consequence, even though CMG2~/~ females are able to become

pregnant and to carry the gestation to full term, they are unable to
deliver pups. However, the fully developed fetuses can be success-
fully delivered by Cesarean section and can survive to adulthood
when fostered, demonstrating that CMG2 is not required for normal
embryonic development. Another striking characteristic change in
all CMG2~/~ uteri is myometrial lymphangiectasia, suggesting the
presence of diffuse lymphedema. Whether this is a primary or a
secondary change remains unknown.
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Tissue collagen homeostasis is maintained by multiple path-
ways, including intracellular collagen degradation; a process by
which large, soluble collagen fragments in the extracellular milieu
are internalized and degraded [17]. Previous studies have demon-
strated that several cell surface proteins including the urokinase
plasminogen activator receptor-associated protein (uPARAP)/
Endo180, B1-integrins, and the mannose receptor play important
roles in intracellular collagen degradation[6,8,15]. Because CMG2
is a cell surface protein which functions as a receptor for anthrax
toxin and is required for binding and internalization of the anthrax
toxin complex, it is tempting to speculate that CMG2 may have a
parallel function as a physiologic receptor for collagen, where it
may contribute to uterine collagen homeostasis by binding, inter-
nalizing and degrading collagen. In fact, the CMG2 homologous
protein TEM8 has been reported to interact with collagen a3 (VI)
[13].

Type I collagen is the most abundant collagen component of
extracellular matrix in many tissues including the uterus. Interest-
ingly, a previously described type I collagen-cleavage resistant
mouse appears similar to the CMG2~~ mouse described here, with
both exhibiting uterine fibrosis as a primary phenotype [11]. This
type | collagen mutant mouse has three point mutations
(GIn774Pro/lle776Met/Ala777Pro) in the collagenase cleavage site
of type I collagen, causing it to be resistant to cleavage by many
collagenases. However, in contrast to our CMG2~~ mice, the uter-
ine fibrosis observed in the type I collagen mutant mice only oc-
curred post-partum, where it affected both the myometrium and
the endometrium. Additionally, the type I collagen mutant mice
were able to become pregnant and deliver pups multiple times
and myometrial lymphangiectasia was not documented. Unlike
the CMG2~/~ mice, the type I collagen mutant mice also developed
dermal fibrosis, affecting both male and female mice. The pheno-
typic differences between the CMG2~/~ mice and the type I colla-
gen mutant mice suggest that other type(s) of collagen might
contribute to the uterine fibrosis observed in the CMG2~/~ mice.
It is also possible that the natural ligand of CMG2 might be a pro-
tein other than collagen, and that the observed accumulation of
collagen in the uterine myometrium is secondary to dysregulation
of this unknown ligand in CMG2~/~ mice. In support of this hypoth-
esis, a case study has been reported in the literature where electron
microscopic analysis was performed on affected skin samples from
an ISH patient [16]. This study found that while the patient did
have characteristic abnormal collagen deposition in the skin, that
this collagen accumulation appeared to be secondary to the depo-
sition of an amorphous, “mucinoid” material with unknown nature
[16]. Identification of the natural ligand(s) for CMG2, which is a
subject of further research in our laboratory, would provide
insightful information towards understanding underlying mecha-
nisms of ISH and JHF diseases.

It remains unknown why the CMG2~/~ mice do not exhibit skin
lesions like those observed in human ISH and JHF patients. It is un-
likely that the related protein TEM8 is compensating for CMG2 in
tissues outside of the than uterus, as TEM8 and CMG2 double null
mice have been generated and these mice, just like CMG2~/~ mice,
exhibit fibrosis solely in the uterus (Liu, et al unpublished data). As
observed in JHF patients, the onset of disease symptoms needs
years to develop, CMG2~/~ mice may only be able to develop colla-
gen accumulation in tissues with high collagen turnover rate, like
uterus, in their 2-3 year lifetime.
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