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Background: Dermatan sulfate (DS) is a highly sulfated polysaccharide with a
variety of biological functions in extracellular matrix organization and
processes such as tumorigenesis and wound healing. A distinct feature of DS
is the presence of iduronic acid, produced by the two enzymes, DS-
epimerase 1 and 2, which are encoded by Dse and Dsel, respectively.
Methods: We have previously shown that Dse knockout (KO) mice in a
mixed C57BL/6–129/SvJ background have an altered collagen matrix
structure in skin. In the current work we studied Dse KO mice in a pure
NFR genetic background. Results: Dse KO embryos and newborns had
kinked tails and histological staining revealed significantly thicker
epidermal layers in Dse KO mice when compared with heterozygote (Het) or
wild-type (WT) littermates. Immunochemical analysis of the epidermal
layers in newborn pups showed increased expression of keratin 5 in the
basal layer and keratin 1 in the spinous layer. In addition, we observed

an abdominal wall defect with herniated intestines in 16% of the
Dse KO embryos. Other, less frequent, developmental defects were
exencephaly and spina bifida. Conclusion: We conclude that the
combination of defective collagen structure in the dermis and imbalanced
keratinocyte maturation could be responsible for the observed developmental
defects in Dse KO mice. In addition, we propose that Dse KO mice could be
used as a model in pathogenetic studies of human fetal abdominal wall
defects.
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Introduction
Proteoglycans (PGs) consist of a core protein with cova-
lently attached glycosaminoglycan chains (GAGs). The PGs
form large, complex structures in the extracellular connec-
tive tissue and play role in a wide variety of biological
processes, including embryonic development, wound heal-
ing, cell proliferation and migration, growth factor binding
and extracellular matrix organization (Bulow and Hobert,
2006; Esko et al., 2009). One GAG family includes chon-
droitin sulfate (CS) and dermatan sulfate (DS), the latter
distinguished by the presence of iduronic acid (IdoA)

(Thelin et al., 2013). IdoA, which is the C-5 epimer of D-
glucuronic acid, occurs in variable amounts in DS and
makes the DS chains more flexible (Thelin et al., 2013).
DS-PGs include the small leucin-rich PGs decorin, biglycan
and members from the lectican family such as versican
(Malmstrom et al., 2012). The formation of DS requires
the enzymes dermatan sulfate epimerase 1 (DS-epi1,
encoded by Dse), dermatan sulfate epimerase 2 (DS-epi2,
encoded by Dsel) and DS-4-O-sulfotransferase 1 (encoded
by D4st1). Several studies have been undertaken to eluci-
date the function of DS. We have shown that mice defi-
cient in DS-epi1 were viable in a mixed C57BL/6–129/SvJ
genetic background, and their skin was more fragile due
to altered collagen fibril morphology compared with their
WT littermates (Maccarana et al., 2009), thus demonstrat-
ing the importance of IdoA in skin development. In addi-
tion, mutations in the human DSE and D4ST1 genes result
in subtypes of Ehlers-Danlos syndrome (Miyake et al.,
2010; Muller et al., 2013). DS-epi1 is the major contribu-
tor of epimerase activity, and mice deficient in DS-epi2 do
not display any significant defects (Bartolini et al., 2012),
thus showing that DS-epi1 is able to compensate for the
absence of DS-epi2 in most tissues except for the brain
(Bartolini et al., 2012).

Because earlier experiments during the generation of
the DS-epi1 KO mice in pure C57BL/6 genetic background
indicated a high frequency of perinatal lethality, mice from
the mixed C57BL/6–129/SvJ genetic background were
back-crossed into mice with pure NFR genetic background.
The NFR strain is an albino Swiss mouse originating from
an inbred NMRI mouse strain developed and maintained
at the National Institute of Health (Bethesda, MD).
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We chose the NFR strain because the females are known
to produce large litters (Liljander et al., 2009).

The aim of the current study was to elucidate if DS-
epi1 deficiency causes early embryonic developmental
defects.

Materials and Methods
ETHICS STATEMENT

All animal experiments were approved by the ethical com-
mittee for animal experiments in Lund, Sweden (permit
number: M164-10).

MICE

Mice deficient in DS-epi1 in the mixed C57BL/6–129/SvJ
genetic background (Maccarana et al., 2009) were back-
crossed with mice in pure C57BL/6 or NFR background
(the later kindly provided by Prof. Ragnar Matsson, Lund
University, Sweden) for more than 10 generations. Het and
KO mice in NFR background were mated to obtain a high
ratio of the Dse KO genotype. In addition, Dse Het/Het mice
were mated to obtain WT, Dse Het and KO newborn pups
(one litter). Time-mated pregnant Dse Het females were
euthanized and embryos from embryonic day E13.5 to
E18.5 and newborn pups were harvested and body weight
was measured. Mice were genotyped by PCR on extracted
DNA from tail (mothers) or yolk sac (embryos and new-
born) with the following primers: forward primer for both
alleles, 50-AGCACATTGCAGCTCGGCTTAC-30; reverse primer
for the wild-type allele, 50-GCTGCCATCCTC TCCATGTAGTC-
30; reverse primer for the neomycin cassette-mutated allele,
50-TGGATGTGGAATGTGTGCGAGG-30 .

MORPHOLOGICAL ANALYSIS

Embryos at stages E13.5, E16.5, E18.5, and tails from new-
born pups were washed in ice cold PBS and immersed in
HistoChoice tissue fixative (Amresco Inc). Embryos and
newborn tails were fixed for 2 days (E13.5, E16.5, and
tails) or 5 days (E18.5). After fixation tissues were rinsed
in PBS, dehydrated in a series of rising ethanol concentra-
tions, two changes of xylene, paraffin overnight, then
embedded in paraffin and serially sectioned (5 lm). For
histological assessment, Masson’s trichrome staining of
whole embryonic sections was performed using the
“Accustain trichrome stain (Masson)” (Sigma-Aldrich)
according to the manufacturer’s instructions. Stained sec-
tions were scanned and digitalized using an Aperio Scan-
Scope digital slide scanner (Scanscope Console v8.2.
0.1263, Aperio Technologies, Inc., Vista, CA).

For morphological measurements on Dse Het and KO
embryonic epidermis, 2 to 5 consecutive sagittal sections
from E13.5, E16.5, and E18.5 embryos were analyzed by
measuring the epidermis from stratum basale to stratum
corneum around the whole embryonic section with
approximately 70-mm intervals (up to 130 measurements
per section were performed). For morphological measure-

ments on WT, Dse Het and KO tail epidermal thickness
(n5 3 for each genotype), transverse sections from 3 dif-
ferent locations (at least 100 mm apart) were measured
around the tail epidermis with approximately 70-mm inter-
vals between measurement points and up to 70 measure-
ments per tail section.

IMMUNOFLUORESCENCE STAINING

Paraffin sections from WT, Dse Het, and KO tails from 3 dif-
ferent locations (n5 3 for each genotype) were rehydrated
in decreasing ethanol concentrations and rinsed in PBS. Sec-
tions were blocked in 1.5% goat serum and 0.05% Tween/
PBS for 1 hr and incubated with primary antibodies (all
from Abcam) produced in rabbit against keratin 1 (dilution
1:1000; ab24643), keratin 5 (dilution 1:1000; ab24647), lori-
crin (dilution 1:200; ab24722), and Ki67 (dilution 1:200;
ab16667) overnight at 14�C. Next, sections were rinsed in
PBS and incubated with anti-rabbit secondary antibodies
produced in goat (dilution 1:200; Alexa FluorV

R

488; A11008;
Invitrogen), for 2 hr. After incubation, sections were rinsed,
dehydrated in increasing concentrations of ethanol and
dipped in xylene. Slides were mounted with Vectamount con-
taining DAPI (Vector Labs), and staining was visualized using
a Nikon Eclipse 80i microscope (Nikon Instruments, Japan).
Ki67 immunolabeling for proliferation in the epidermal
layers (n5 3 for each genotype) was analyzed by ImageJ
software using the “Analyze Particles” function.

WESTERN BLOT

Whole body skin (dermis and epidermis) were harvested
from newborn WT, Dse Het and KO pups (n5 3 per geno-
type). Samples (60–100 mg) were homogenized using a
Potter-Elvehjem homogenizer on ice in 10 volumes of
extraction buffer (Tris 50 mM, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% DOC, 1% NP-40, 1% SDS, 1 mM DTT, protease
inhibitors from Roche, 1mM PMSF), and an equal amount
of protein (6 mg per well) was loaded and run on 10%
SDS-PAGE. The gels were transferred to PVDF membrane
(HybondTM-P, Amersham) and probed first with the primary
antibodies against keratin 1 or keratin 5 (dilution 1:3000,
ab24643, and ab24647, respectively; Abcam) and Gapdh
(dilution 1:2000, sc47724; Santa Cruz) and then with the
secondary antibody conjugated with horseradish peroxidase
(dilution 1:4000, goat anti-rabbit IgG-HRP, sc2004, Santa
Cruz). Signals were detected using ECL Plus detection sys-
tem (Amersham) according to the manufacturer’s instruc-
tions and analyzed in ImageJ software (NIH, Bethesda, MD).

STATISTICAL ANALYSES

Statistical analysis on embryonic epidermal thickness was
analyzed using two-way ANOVA with time and genotype
as factors. Analysis was performed in SPSS software ver-
sion 21 (IBM Corporation, Somers, NY). Statistical analysis
on tail epidermal thickness and results from ImageJ analy-
sis were performed on GraphPad Prism Version 6.0 using
Student’s t test or one-way ANOVA analysis with Tukey’s
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multiple comparison test. Error bars are SEM if not stated
otherwise in the figure text.

Results
GENERATION OF DSE KO MICE IN PURE C57BL/6 AND
NFR GENETIC BACKGROUNDS

Different genetic backgrounds may generate diverse phe-
notypes for the same genetic mutation (Montagutelli,
2000).

This is also the case for DS-epi1-deficient mice. In
mixed C57BL/6–129/SvJ genetic background, the KO mice
were viable and presented at the expected Mendelian fre-
quency (Table 1) and could be characterized as adults
(Maccarana et al., 2009). These mice were backcrossed
with mice of either C57BL/6 or NFR genetic background
for more than 10 generations. In the C57BL/6 genetic
background, all Dse KO mice died perinatally (Table 1),
while at E14.5/E15.5 they were present at the expected
Mendelian frequency. In the current study the major focus
was on mice in the NFR genetic background in which 155
embryos in total were analyzed. We demonstrated that in
the mixed C57BL/6–129/SvJ genetic background, Dse Het
mice had approximately half the amount of the DS-epi1
enzyme compared with WT littermates. Despite this fact,
the amount, the length and the structure of CS/DS chains
were identical in Dse Het mice compared with WT litter-
mates (Maccarana et al., 2009). Therefore, to achieve the
highest numbers of Dse KO embryos for developmental
studies, Dse Het mice were generally mated with Dse KO
mice. The resulting offspring had a Mendelian distribution
between Dse Het and Dse KO genotypes. Approximately
70% (12 of 17 newborn pups from 4 litters) of the Dse
KO pups were dead or dying at birth (Table 1).

DEVELOPMENTAL DEFECTS IN DSE KO EMBRYOS IN PURE
NFR GENETIC BACKGROUND

Previously we reported a 20 to 30% reduction of body
weight in Dse KO mice compared with their WT litter-
mates in mixed C57BL/6–129/SvJ genetic background

(Maccarana et al., 2009). Analysis of Dse KO embryos and
Dse Het littermates in the NFR genetic background showed
similar body weights during embryonic development and
a marginal decrease (6%) at birth (p5 0.27; Suppl. Fig. 1)
(which is available online).

All Dse KO embryos in pure NFR genetic background
had kinked tails (Fig. 1A0 , black arrow; Table 2), similar to
Dse KO embryos in the mixed C57BL/6–129/SvJ genetic
background. Twenty-one percent of the Dse KO embryos
showed other severe developmental defects (Table 2). The
dominating defect, seen in 16% of the Dse KO embryos,
was an abdominal wall defect (AWD) with herniated intes-
tines (Fig. 1A0, 1B0, and C, empty arrowheads; Table 2).
During normal mouse development from approximately
E12.5, loops of the midgut protrude through the abdominal
wall at the umbilicus, a phenomenon denoted as physiolog-
ical umbilical hernia. By E15.5, retraction of the intestines
into the peritoneal cavity begins and by E16.5 the ventral
body wall closes (Brewer and Williams, 2004a). In the Dse
Het embryos the physiological umbilical hernia has been
fully resolved by E16.5. In the Dse KO embryos, however,
herniated intestines were seen outside of the ventral body
wall together with remnants of a thin membrane (Fig. 1B0

and Suppl. Fig. 2, black arrows). There was no apparent
difference in the size of the umbilical ring between Dse KO
and Dse Het, and the appearance of the umbilical cord was
similar. Other defects observed in 5% of the Dse KO mice
were: exencephaly (Fig. 1D), spina bifida, and ringelsch-
wanz (Kokubu et al., 2004) (Table 2). None of the Dse WT
or Het embryos had detectable developmental defects.

THICKER EPIDERMIS IN DSE KO EMBRYOS AND NEWBORN MICE

Embryos at E13.5, E16.5, and E18.5, and tails from new-
born pups, were paraffin embedded and sectioned. The
skin surface of Dse KO pups appeared similar to that of
their Dse Het littermates. Upon histological examination,
however, Dse KO skin revealed a thickening of the epider-
mis. The thickness of the epidermal layers from stratum

TABLE 1. Genotypes and Mendelian ratios

Background Genotype/Mating Age Mice no. Dse WT Dse Het Dse KO

C57BL/6 Het/Het E14.5 - E15.5 46 8 (17%) 23 (50%) 15 (33%)

C57BL/6 Het/Het Newborn 51 16 (31%) 28 (55%) 7 (14%)a

C57BL/6 Het/Het Weaning 72 24 (33%) 48 (67%) 0

NFR Het/KO E13.5 - Newborn 143b - 69 (48%) 74 (52%)

NFR Het/Het Newborn 12c 6 (50%) 3 (25%) 3 (25%)

C57BL/6–129/SvJ Het/Het Weaning 198d 65 (33%) 97 (49%) 36 (18%)

aOut of seven pups: 3 dead and 3 dying right after birth
bOut of three litters of newborn pups: 2 Het and 9 KO dead or dying right after birth
cOut of twelve pups: 2 WT, 1 Het and 3 KO dead or dying right after birth
dPublished in Maccarana et al., 2009

714 DSE NULL MICE MODELS HUMAN ABDOMINAL WALL DEFECT



basale to stratum corneum was measured around the
whole body of the embryos and on the newborn tails.
Morphometric measurements indicated that Dse KO
embryos had approximately 27% thicker epidermal layer
compared with Dse Het littermates over time from E13.5
to E18.5 (p5 0.019) (Fig. 2A). In addition, measurements
of newborn tail epidermis indicated that Dse KO had 21%
thicker epidermal layer compared with Dse WT and 17%
thicker epidermal layer compared with Dse Het littermates
(p< 0.01) (Fig. 2B).

ALTERATIONS IN THE EPIDERMAL LAYERS IN DSE KO MICE

One explanation for increased epidermal thickness in Dse
KO mice could be defective differentiation of the keratino-
cytes in the epidermal layers (Byrne et al., 1994; Fuchs
and Raghavan, 2002).

To study this, we used keratin 5, a marker for imma-
ture keratinocytes in the epidermal basal layer (stratum
basale), which showed stronger staining intensity in tail
sections from newborn Dse KO than in WT and Dse Het
pups at the basal layer (Fig. 3A). In addition, Western blot
analysis of whole skin extracts from WT, Dse Het, and Dse
KO newborn pups showed approximately a 1.6-fold
increase in keratin 5 expression in Dse KO skin compared
with WT skin (Fig. 3B). Thickening of the epidermal layer
could also depend on expanding epidermal spinous layer
(stratum spinosum). Indeed, staining for the spinous layer
marker, keratin 1, showed more intense immunoreactivity
in newborn tail sections from Dse KO pups than in WT
and Dse Het pups (Fig. 3A). However, there were no signif-
icant differences in the expression of keratin 1 assessed
by Western blot analysis from whole skin extracts between
the genotypes (not shown). Staining for loricrin, which is a
marker for the granule cell layer (stratum granulosum),
did not indicate any increased expression in Dse KO com-
pared with WT or Dse Het pups (Fig. 3A). In addition,
immunolabeling for Ki67 showed slightly decreased prolif-
eration in Dse Het and KO epidermal basal layer compared
with WT littermates; however the difference between the
genotypes was not significant (Suppl. Fig. 3).

Discussion
In the present work, we studied the embryonic and new-
born phenotype of KO mice deficient in the enzyme DS-
epi1 in pure NFR background. Beside the AWD and neural
tube defects (NTDs), the cause of death in the rest of the
pups was possibly due to respiratory or circulatory failure,
because some of the live-born Dse KO pups that died
turned cyanotic soon after birth. Similar observations were
made in the few live-born pups in the pure C57BL/6
genetic background. Respiratory failure was probably also
a cause of death in mice with targeted mutations for hepa-
ran sulfate (HS) biosynthetic enzymes such as Ndst1

FIGURE 1. Representative images on Dse KO embryos with embryological

defects: kinked tail, AWD, and exencephaly. A: Dse Het and (A0) Dse KO

embryo at E18.5 with kinked tail (black arrow) and AWD (empty arrowhead).

B: Masson’s trichrome staining of sagittal sections on E16.5 Dse Het embryo

showing the closed ventral body wall with only the umbilical cord outside of

the body, while (B0) Dse KO embryo shows AWD with part of the midgut

(empty arrowhead) outside of the body, close to the umbilical cord and sur-

rounded by remnants of a thin membrane (black arrow). C: Magnification of

the abdominal area in an E18.5 Dse KO embryo showing intestinal herniation

through the umbilical ring (empty arrowhead). D: Exencephaly was observed

in one Dse KO embryo (E18.5). Abbreviations: Gt, genital tubercle; Hg, herni-

ated gut; Li, liver; Mg, midgut; Uc, umbilical cord.

TABLE 2. Phenotypes in NFR genetic background

Genotype Kinked tail Herniated gut

Other defects:
Exencephaly;
Spina bifida;

Ringelschwanz

Dse WT 0 0 0

Dse Het 0 0 0

Dse KO 77 (100%) 12 (16%)a 4 (5%)a

aPercentage out of total seventy-seven KO embryos and pups
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(Ringvall and Kjellen, 2010) and the epimerase Glce (Li
et al., 2003). It is a common finding that a more severe
phenotype due to gene ablation is seen in mice with a
pure genetic background, such as in both C57BL/6 and
NFR mouse models, than in mice with a mixed genetic
background.

ABDOMINAL WALL DEFECT IN DSE KO MICE

The dominating developmental defect in Dse KO mice in
pure NFR background is an AWD with herniated intes-
tines, noted in 16% of the embryos and newborn pups.
Recent findings indicate herniation of the intestines in
some of the Dse/Dsel double KO embryos from the mixed
C57BL/6–129/SvJ genetic background (unpublished obser-
vations, X. Stachtea).

In humans, the two major AWDs are omphalocele (OC)
and gastroschisis (GS), with a combined incidence of
approximately 6/10.000 live births (Prefumo and Izzi,
2014). Although similar in many aspects, they show
important differences regarding appearance, etiology, co-
morbidity and prognosis (Prefumo and Izzi, 2014).

OC is the result of an enlarged umbilical ring, allowing
parts of the abdominal contents to herniate to the outside
of the abdominal cavity. The extra-abdominal organs are
covered by peritoneum and by the amnion membrane con-
tinuous with the umbilical cord, while the protruded con-
tents are located at the base of the cord. Being strongly
associated with other congenital defects and syndromes,
the etiology of OC is considered to be mainly genetic. In

contrast, in GS, no hernial sac is present, and the defect is
located outside of the umbilical ring, typically on the right
side. The appearance of the umbilicus (ring and cord) is
normal. Although generally thought to be a result of envi-
ronmental factors, familial GS does occur, and the esti-
mated familial recurrence risk of 2.4 to 4.7% (Torfs and
Curry, 1993; Kohl et al., 2010), indicates that there is a
genetic contribution in some cases.

In a few KO mouse models, the AWDs have been classi-
fied and/or described as GS. However, it is hard to compare
the different suggested models of GS because the described
features are very diverse (Carnaghan et al., 2013). Pheno-
typically, most of the existing mouse models seem to be a
mixture of OC and GS, including mice deficient in Scrib
(Carnaghan et al., 2013; Murdoch et al., 2003), Aebp1
(Layne et al., 2001; Danzer et al., 2010), Bmp1 (Suzuki
et al., 1996), and Tfap2a (Brewer and Williams, 2004b)
(description summarized in Table 3). Our mouse model
also showed features of both conditions, but the location of
the defect was that of an OC. However, the defect seemed
to be separated from the umbilical cord, which had a nor-
mal appearance, in concordance with GS. Similarly, the
umbilical ring did not seem to be enlarged. On the contrary,
although no intestines were seen to have a covering mem-
brane, remnants of a thin membrane at the base of the
extra-abdominal contents gave the impression that there
had been a previous cover, thus resembling an OC.

Although all these “GS” mouse models, including ours,
have several characteristics in common with human GS, it

FIGURE 2. Dse KO embryos and newborns have thicker epidermis. A: Representative images on latero-sagittal sectioned Dse Het and KO embryos at E16.5. Mor-

phometric measurements on the epidermal layer from E13.5 to E18.5 indicated increased thickness over time with a significant difference between the genotypes

(p 5 0.019) with an average of 4.95 mm (27%) thicker layer (95% CI, 1.09–10.61) in Dse KO than in Dse Het littermates. B: Representative images on transversely

sectioned tails from WT, Dse Het and KO newborn pups. Morphometric measurements indicated a significantly thicker epidermal layer in Dse KO mice than in WT

(8.11 mm, 95% CI, 3.93–12.3) and in Dse Het littermates (6.9 mm, 95% CI, 2.71–11.1), respectively (Scale bars 5 100 mm). Brackets in Dse KO images indicate

the epidermal layer (from stratum basale to stratum corneum). Abbreviations: E, epidermis; D, dermis; H, hypodermis. Morphometric measurements were analyzed

by two-way ANOVA (embryonic epidermis) or Student’s t test and one-way ANOVA (newborn tail). **indicates p< 0.01. Error bars are SEM.
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has yet to be established whether they suffice as model
systems for the defect. In none of the models has the
defect been described as located outside of the umbilical
ring, which constitutes a major difference to that of the
human phenotype. Information about the umbilical ring
size and cord appearance is often incomplete in the
reports. Also, in general, there are uncertainties regarding
the comparability of the ventral abdominal wall develop-

ment between the two species. It is known that the loca-
tion of the yolk sac differs between mice and humans, and
this structure could play an important role in the pathoge-
nesis of GS (Feldkamp et al., 2007; Stevenson et al., 2009).

The pathogenesis of the AWD in our model is uncer-
tain, but given the collagen phenotype in the Dse KO skin
(Maccarana et al., 2009), IdoA content could play an
important role for proper collagen maturation and closure
of the ventral body during embryogenesis. This is sup-
ported by the notion that mice deficient in BMP-1, a
matrix metalloproteinase processing the C-terminal pro-
peptide of fibrillar pro-collagens I, II and III, also develop
an AWD (Suzuki et al., 1996). Furthermore, failure of ven-
tral body closure could be ascribed to lack of FGFR1 and
FGFR2 signaling, because conditionally mutated Fgfr1/
Fgfr2 mice exhibit disruption in the secondary abdominal
wall patterning closest to the skin and ventral midline,
resulting in OC (Nichol et al., 2011).

Further research is needed regarding normal develop-
ment of the abdominal wall in mice and humans as well
as the pathogenesis of different AWDs.

NEURAL TUBE DEFECTS IN DSE KO MICE

In the present study, 5% of the Dse KO mice exhibited exen-
cephaly or spina bifida, i.e., NTDs. The equivalent of exence-
phaly in humans is called anencephaly, in which the child is
born without the major part of the brain (the exencephaly
evolves into anencephaly because the brain is degenerated
upon exposure to the amniotic fluid). The causes of NTDs
are multifactorial and probably depend on both genetic and
environmental factors (Copp et al., 2013). Exencephaly
results from failure to close the cranial portion of the neu-
ral tube in early development during the primary neurula-
tion (Wallingford et al., 2013), whereas spina bifida results
from a more distal closure failure. Deficiencies in several
genes have been shown to cause these malformations, and
there are several mouse models (Harris and Juriloff, 2010).
The penetrance is varying depending both on the gene and
the mouse strain. For example in mice deficient in Splotch,
the penetrance of the exencephaly phenotype was almost
80 % in one background and only 40% in another (Fleming
and Copp, 2000). This can explain why no pups with exen-
cephaly were seen in Dse KO mice from the mixed C57BL/
6–129/SvJ genetic background (Maccarana et al., 2009).

THICKER EPIDERMAL LAYERS IN DSE KO MICE

The present study demonstrates the importance of IdoA
content in DS-PGs during epidermal morphogenesis,
because histological staining indicates a thickening of the
epidermis in Dse KO embryos and newborn pups.

Both the epidermis and the neural tube derive from
the ectoderm. The neural tube is formed from the neural
plate that consists of a thickened ectoderm, separated
from the epidermis at the neural plate borders. The neural
plate borders serve as the adjoining points when the

FIGURE 3. Expression of the epidermal layer markers in WT, Dse Het, and KO

epidermis. A: Immunohistochemical staining of transversally sectioned new-

born tails from WT, Dse Het and Dse KO mice for loricrin, keratin1 and kera-

tin 5 (green) and Dapi (blue). Note enhanced keratin 1 staining in the

spinous layer and keratin 5 staining in the basal layer in Dse KO epidermis

compared with WT and Dse Het epidermis (n53 for each genotype). Dotted

line denotes the dermo–epidermal border. Abbreviations: Gr, granular layer;

Sp, spinous layer; B, basal layer; D, dermis. (Scale bars 5 50 mm). B: Densito-

metric analysis and representative western blot images of keratin 5 on whole

body skin extracts from newborn WT, Dse Het and Dse KO mice (n 5 3 for

each genotype). There was a 1.6-fold increase in keratin 5 expression in Dse

KO skin compared with WT skin. Gapdh was used as internal loading control.

Gel images were analyzed in ImageJ program, and statistical differences were

calculated by one-way ANOVA. AU, arbitrary units. Error bars are SEM.

BIRTH DEFECTS RESEARCH (PART A) 100:712–720 (2014) 717



TA
BL

E
3.

Co
m

pa
ris

on
of

m
ou

se
KO

m
od

el
s

w
ith

ab
do

m
in

al
w

al
ld

ef
ec

ts
w

ith
hu

m
an

ga
st

ro
sc

hi
si

s
(G

S)
an

d
om

ph
al

oc
el

e
(O

C)
.

Ex
ac

t
lo

ca
tio

n
U

m
bi

lic
al

Ri
ng

(U
R)

U
m

bi
lic

al
Co

rd
(U

C)
Co

ve
rin

g
Pr

ot
ru

de
d

or
ga

ns
Pe

ne
tra

nc
e

Ge
ne

an
al

ys
is

in
hu

m
an

GS
-p

at
ie

nt
s

Re
fe

re
nc

es

H
um

an
de

fe
ct

G
S

To
th

e
rig

ht

of
um

bi
lic

us

N
or

m
al

N
or

m
al

ap
pe

ar
an

ce
,

se
pa

ra
te

d
fr

om

th
e

de
fe

ct

N
o

B
ow

el
an

d

oc
ca

tio
na

lly

ot
he

r
or

ga
ns

O
C

U
R

En
la

rg
ed

H
er

ni
a

in
th

e
ba

se

of
U

C

Ye
s

(p
er

ito
ne

um

an
d

am
ni

on

m
em

br
an

e)

B
ow

el
an

d

oc
ca

tio
na

lly

ot
he

r
or

ga
ns

M
ou

se
m

od
el

Ae
bp

1
A

dj
ac

en
t

to

th
e

um
bi

lic
us

N
A

*
N

A
N

o
B

ow
el

,
liv

er
10

0%
N

o
di

se
as

e-
ca

us
in

g

m
ut

at
io

ns
in

40
pa

tie
nt

s

La
yn

e
et

al
,

20
01

;

D
an

ze
r

et
al

.
20

10
;

Fe
ld

ka
m

p
et

al
,

20
12

Tf
ap

-2
a

U
R

En
la

rg
ed

N
A

N
o

B
ow

el
,

liv
er

N
A

B
re

w
er

an
d

W
ill

ia
m

s,
20

04

B
m

p1
N

A
N

A
N

A
N

o
B

ow
el

78
–8

4%
N

o
m

ut
at

io
ns

in

11
pa

tie
nt

s

Su
zu

ki
et

al
.

19
96

;

K
om

ur
o

et
al

,
20

01

Sc
rib

(2
di

ffe
re

nt

ty
pe

s
of

A
W

D
s)

U
R

En
la

rg
ed

C
om

pl
et

e
fa

ilu
re

of
ve

nt
ra

l

ab
do

m
in

al
w

al
lc

lo
su

re

H
er

ni
a

in
th

e
ba

se

of
U

C

N
or

m
al

ap
pe

ar
an

ce
,

m
em

br
an

e
in

co
nt

in
ua

tio
n

w
ith

th
at

of
U

C

Ye
s

Ye
s

(o
nl

y
th

in
,

ru
pt

ur
ed

m
em

br
an

e)

B
ow

el
,

liv
er

B
ow

el
,

liv
er

,

st
om

ac
h,

sp
le

en

23
%

in
to

ta
l

(b
ot

h
A

W
D

s)

C
am

ag
ha

n
et

al
,

20
13

D
se

U
R

N
or

m
al

ap
pe

ar
an

ce

N
or

m
al

ap
pe

ar
an

ce
,

se
pa

ra
te

d
fr

om

th
e

de
fe

ct

Ye
s

(o
nl

y
th

in
,

ru
pt

ur
ed

m
em

br
an

e)

B
ow

el
16

%
(p

re
se

nt
st

ud
y)

Th
e

ta
bl

e
sh

ow
s

th
e

co
m

pa
ri
so

n
of

si
x

K
O

m
od

el
s

of
A
W

D
w

it
h

sp
ec

if
ic

cl
in

ic
al

an
d

de
ve

lo
pm

en
ta

l
fe

at
ur

es
of

th
e

m
os

t
co

m
m

on
hu

m
an

A
W

D
s,

G
S

an
d

O
C

re
sp

ec
ti
ve

ly
.

*N
A

5
no

n
ap

pl
ic

ab
le

718 DSE NULL MICE MODELS HUMAN ABDOMINAL WALL DEFECT



neural tube closes (Aybar et al., 2002). Given this joint ori-
gin, the thickened epidermis and the NTDs might have a
common mechanism in our mouse model.

One of the functions of CS/DS-PGs is to bind and store
growth factors. During development of the neural plate
border, a cascade of signaling events orchestrated by
growth factors (e.g., FGFs, EGFs) and morphogens (e.g.,
WNTs) takes place (Groves and LaBonne, 2014). Highly
sulfated GAGs such as HS and DS are crucial for these sig-
naling pathways (Niehrs, 2012). Deletion of Ndst1 not only
causes respiratory failure (Ringvall and Kjellen, 2010), but
also NTDs (exencephaly and spina bifida) at a similar pen-
etrance as ours (6%) in one model (Pallerla et al., 2007).
It is possible that there is a partial redundancy between
DS and HS in these signaling pathways, which could
explain the relatively low penetrance of these phenotypes.

Transcription factor AP-2a (Tfap2a) induces the
expression of several epidermally related genes (Byrne
et al., 1994). Mice deficient in Tfap2a exhibited severe
ventral body wall defects (Brewer and Williams, 2004b)
and had elevated expression levels of EGF receptor in the
epidermis (Wang et al., 2006). However, these mice
showed increased cell proliferation in the basal layer of
the epidermis, which is opposite to the slightly decreased
proliferation observed in Dse KO epidermal basal layer.

The epidermal thickening in Dse KO mice correlated
with an increased staining for the basal layer marker, kera-
tin 5, and the spinous layer marker, keratin 1. Of interest,
expression of dominant-negative FGFR in mice resulted in
thickened epidermal layers and an increased expression of
keratin 14 in the basal epidermal layer (Werner et al.,
1993). Keratinocyte growth factor (KGF or FGF-7), FGF2
and FGF10 have been shown to preferentially bind to
IdoA-containing motifs in CS/DS-PGs, promoting prolifera-
tive processes during wound healing (Taylor et al., 2005;
Plichta and Radek, 2012). It is tempting to speculate that
lower IdoA content in the dermal and epidermal intersti-
tium may affect FGF-signaling leading to the different phe-
notypes observed in Dse KO mice. Paracrine signals from
fibroblasts in the dermis toward the keratinocytes in the
epidermis may be delayed as a result of lowered binding
capacity for growth factors in Dse KO skin.

Furthermore, decorin deficient mice have higher
amounts of CS/DS in the skin, but with less charge, similar
to the structure of DS produced in the Dse KO mice in mixed
C57BL/6–129/SvJ genetic background (Maccarana et al.,
2009; Nikolovska et al., 2014). Highly-sulfated GAGs from
decorin deficient fibroblast and keratinocytes co-cultured in
3D-condition caused a delayed keratinocyte differentiation
(Nikolovska et al. 2014), a finding that could be applied on
the Dse KO epidermal phenotype, because proliferation in
the epidermal basal layer, assessed by Ki67 staining, was
somewhat lower in Dse KO compared with WT skin.

In conclusion, DS-epi1 deficiency in pure NFR mice gener-
ated several developmental malformations, with AWD being

the dominant defect. In addition, Dse KO mice had thicker
epidermal layers and an increased expression of the epider-
mal basal and spinous layer markers. With regard to the
increasing tendency of various AWDs in neonates worldwide,
our Dse null mice could serve as a model for human AWDs.
In addition, this model could be a useful tool in search for
etiological and pathogenetical mechanisms causing AWDs.
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