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Abstract

Congenital malformations represent approximately 3 in 100 live births within the human
population. Understanding their pathogenesis and ultimately formulating effective treatments is
underpinned by knowledge of the events and factors that regulate normal embryonic development.
Studies in model organisms, primarily in the mouse, the most prominent genetically tractable
mammalian model, have equipped us with a rudimentary understanding of mammalian
development from early lineage commitment to morphogenetic processes. In this way information
provided by studies in the mouse can, in some cases, be used to draw parallels with other
mammals, including human. Here we provide an overview of our current understanding of the
general sequence of developmental events from early cell cleavages to gastrulation and axis
extension occurring in human embryos. We will also review some of the rare birth defects
occurring at these stages, in particular those resulting in conjoined twinning or caudal dysgenesis.
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Embryonic development is a long journey that in humans takes approximately 9 months.
Each step needs to be carefully regulated to ensure normal development to term. In its first
month, the human embryo develops from a single-cell zygote to an embryo of
approximately 10mm in size. During this period the primordia of almost all the internal
organs are established. Fundamental features of the body plan such as the formation of the
three primary germ layers (ectoderm, mesoderm and endoderm), the establishment and
elaboration of the axes (anterior-posterior, dorsal-ventral and left-right), as well as the
morphogenetic events that will shape the embryo have to be properly executed and
coordinated.
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About 3% of all live born infants exhibit an obvious congenital anomaly. Half of them are
detectable at birth, and most of the rest will become apparent during the first postnatal year.
The major causes of abnormal development are genetic factors, such as mutations or
chromosomal aberrations, but additional factors including environmental agents, such as
drugs, viruses or hypoxia also have an effect. Unfortunately, we still do not know the
etiology of more than half of the observed human congenital abnormalities, with up to a
quarter likely to be caused by a combination of environmental and genetic factors (referred
to as multifactorial inheritance). Severely malformed embryos are usually spontaneously
aborted during the first weeks of development, whereas, live born infants affected by
congenital anomalies may experience a challenging life. As such, a detailed understanding
of the cellular and molecular events that regulate embryonic development is critical for
unraveling the pathogenesis of these anomalies with the aim of offering treatment, either
therapeutic or supportive.

Due to ethical and religious issues, as well as legal constraints surrounding experimentation
with human embryos, very little is known about the mechanistic aspects that underlie early
human development. Studies in different model organisms, primarily the mouse, the most
prominent mammalian model, have helped formulate an understanding of early
development, from lineage segregation to the morphogenetic processes that occur during
these initial steps. Here we will review the sequence of events from early cleavage stages to
early organogenesis in the human embryo. This description will be accompanied by the
current genetic knowledge provided by studies in the mouse and will overview some of the
rare birth defects occurring at these stages. It is worth pointing out that defects due to
impaired gastrulation are exceedingly rare given the fundamental importance of this process
to embryonic development as a whole. Moreover, even though we will discuss caudal
dysgenesis and sirenomelia as congenital defects occuring during gastrulation and axial
elongation, their etiology remains controversial.

PRE-IMPLANTATION EMBRYO DEVELOPMENT

Soon after fertilization, the zygote engages in a series of mitotic cell divisions, which are
referred to as cleavages (Fig. 1B). Daughter cells, which are referred to as blastomeres and
are encapsulated in a glycoproteinaceous egg shell, the zona pellucida, decrease in size at
each division (Fig. 1C). The first cell divisions are near synchronous, whereas later on they
become increasingly asynchronous. These events take place as the embryo travels from the
oviduct, the site of fertilization, to the uterus. Since the embryo has yet to implant into the
maternal uterus, this period of embryonic development is referred to as pre-implantation.
The morula (derived from the Latin morus meaning mulberry) stage embryo, which
comprises approximately 12-30 cells, arrives at the uterine cavity around the fourth day of
development. At this time, the initially loosely attached blastomeres begin to reinforce their
cell-cell junctions and increase their cell-cell contacts. This results in an increase in their
adhesion such that blastomeres become tightly aligned against one another in a process
called compaction. This change in adhesive properties is accompanied by the segregation
and distinction of centrally located blastomeres, which are now referred to as the inner cell
mass, from the external cells, which will form the trophoblast.

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2014 July 01.
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At this point fluid from the uterine cavity enters the compacted morula through the zona
pellucida and accumulates between the blastomeres of the inner cell mass. This fluid
accumulation creates a cavity, at which point the embryo is referred to as a blastocyst (Fig.
1D). The inner cell mass (ICM), now compacted at one side of the cavity is surrounded by
the outer cell mass or trophoblast, a single-cell epithelium. The ICM will give rise to the
embryo-proper and some extra-embryonic tissues. Human embryonic stem cells or ES cells
are derived from the pre-implatation ICM. Due to their therapeutic potential these highly
proliferative pluripotent cells are currently the focus of intense research!: 2. On the other
hand, the trophoblast will give rise mainly to the embryonic part of the placenta. Lineage
allocation in the blastocyst has been extensively studied in the mouse embryo. It is believed
that the main genetic regulators of the cell-lineage decisions such as Cdx2 and Pou5f1
(formerly known as Oct4) are also conserved in human embryos although working under a
different timing3: 4.

By day 5 after fertilization, the zona pellucida has degenerated and the blastocyst hatches
through areas of fracture. Shedding of the zona allows the blastocyst to grow by
incorporating nutrients exuded from the uterine glands, and prepares it for implantation into
the maternal uterus.

Right before implantation, cells in the inner cell mass segregate in two layers, the epiblast
formed by tall columnar epithelial cells and the hypoblast or primary endoderm, composed
by a cuboidal epithelium (Fig. 1D). This lineage specification occurs in the mouse embryo
also prior to implantation. According to a three-step model of lineage segregation, first in
the murine ICM, markers of both epiblast and primitive endoderm are coexpressed in the
ICM cells. Later, mutually exclusive expression of the markers indicates lineage
commitment. In mouse embryos, FGF signaling controls the process of lineage
specification, whereas in human it is not the case>~’. The last step involves the physical
segregation of both lineages, whereby the primitive endoderm cells end up on the
blastocoelic surface, whereas the epiblast cells remain enclosed. Cell sorting involves
multiple cell behaviors that are not fully understood®. In humans however, kinetics of
lineage segregation seems to be different.

EMBRYO IMPLANTATION

At the end of the first week of development the embryo attaches to the endometrium, the
uterine mucous membrane. As soon as the trophoblast adheres to the uterine wall it starts to
proliferate. Only trophoblast cells that form the wall of the blastocyst retain their epithelial
structure forming the cytotrophoblast (Fig. 1E). The rest undergo rapid division and through
loss of their cellular membranes create a protoplasmatic mass called the syncytiotrophoblast.
This highly invasive syncytium secretes enzymes that digest the surrounding tissue
providing nutrients to the embryo and allowing it to embed further into the endometrium. By
the 12th day of development, the syncytiotrophoblast has enclosed the blastocyst such that
the conceptus is completely embedded in the endometrium (Fig. 1G). Proper crosstalk
between maternal and embryonic tissues is required to achieve successful implantation and
continued embryonic development. A variety of hormones, cytokines and growth factors are
involved in this process (reviewed in 9).

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2014 July 01.
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Twinning

At day 8 a cavity forms between cells of the epiblast, and is referred to as the amniotic
cavity (Fig. 1F). The cell layer separating the new cavity from the cytotrophoblast and
forming the lining of the cavity becomes the amniotic membrane. The amnion will expand
steadily and ultimately will enclose the entire embryo and provide protection later in
development (Fig. 1G-H). At the floor of the amniotic cavity, the disc-shaped embryo or
embryonic disc, composed of two epithelia, epiblast and hypoblast, separates the amniotic
cavity from the former blastocoel cavity, which is now referred to as the exocoelomic cavity
or primary yolk sac (Fig. 1F). At the same time cells from the hypoblast start to migrate out
to colonize the lining of the primary yolk sac. Once formed, a thick layer of extracellular
matrix, the extraembryonic reticulum, is secreted between these endoderm cells and the
cytotrophoblast (Fig. 1G). Later on, cells from the hypoblast and epiblast, forming the
extraembryonic mesoderm, migrate and colonize the reticulum. At some point this reticulum
breaks out leaving a fluid-filled cavity surrounding the amnion, embryonic disc and yolk sac
that will become the chorionic cavity (Fig. 1H). The extraembryonic mesoderm and the
underlying trophoblast layers form the chorion.

Twins that originate from two zygotes are referred to as dizygotic or fraternal twins. Twins
that arise from the splitting of a single zygote are referred to as monozygotic or identical
twins. In human pregnancies, twins occur with an approximate frequency of 1 in 90 births10.
In general, the number of multiple births in a population can be estimated using Hellin’s
hypothesis, whereby twins occur once in every 89 births, triplets occur once in every 892,
quadruplets once in every 893 and so forth11, However in recent decades, the overall rate of
twinning in the Western world has increased considerably. This has been attributed mainly
to the increase in the age of women having children, as well as the increasing use of fertility-
enhancing therapies!2.

The rate of dizygotic twins varies among human populations and has been linked to genetic
factors13-15. On the other hand, the incidence of monozygotic twinning is constant
throughout the world and is not influenced by race, nutrition or other factors. Even though
there is no known cause for monozygotic twinning, there is general agreement that a
teratogenic event occurring at a critical stage of pregnancy could induce splitting of the
embryol6-19,

Dizygotic twins implant separately and develop separate fetal membranes, whereas
monozygotic twins are genetically identical and may share one, some or all their fetal
membranes. Dizygotic twins always have a dichorionic, diamniotic placenta, since each
zygote produces its own trophoblast and ICM. The placentae can be separated or fused along
a ridge of membranes. These membranes consist of four layers, two outer amnions and two
layers of chorion in the middle and have no vascular connections across them.

Placentation of monozygotic twins depends on the time of embryo spliting. Division of the
morula or the zona-intact blastocyst before the inner cell mass forms generates two
genetically identical embryos that would implant separately. In such cases placentation will
be dichorionic diamniotic (Fig. 2A). This group accounts for up to a third of monozygotic
twins. If the inner cell mass within the blastocyst divides between the third and eighth day,
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the shared trophoblast will give rise to a single placenta and each ICM will generate an
amnion of its own. This placentation will be monochorionic, diamniotic and represents up to
two thirds of all monozygotic twins (Fig. 2B). If division occurs later than the eighth day,
when the bilaminar disc and amnion have formed, twins will share a common amniotic sac
in a monochorionic, monoamniotic placentation (Fig. 2C). This last group represents only a
2%-4% of monozygotic pregnancies. Splitting occurring beyond the 13™ day of
development results in incomplete separation of the embryo forming conjoined twins.

Monochorionic placentation is associated with a higher rate of morbidity and perinatal loss
than dichorionic pregnancies. Malformations in monochorionic twins would fall into three
categories; first, being structural defects related to the twinning process; second, vascular
disruptions caused by abnormal vascularization and third, constriction deformations?6.
Several conditions are unique for monochorionic pregnancies2. Twin-twin transfusion
syndrome (TTTS) occurs in 15% to 25% MC pregnancies. It is related to the unequal
distribution of blood flow due to the vascular connections of the placenta. As a result, one
twin is overperfused, while the second is underperfused. The in utero death of a twin can
also endanger the survival of the co-twin. Moreover, associated only to monoamniotic
placentations, umbilical cord entanglements place a risk for the twins2L. Thus, even though
twinning does not represent a congenital condition per se, monochoryonic twinning may
result in a higher risk of developmental defects and pregnancy complications.

Early and accurate determination of chorionicity is crucial for successful management of
pregnancy. Determination of zygosity can be done presumptively by sex determination and
examination of the number of placentas. Different imaging techniques such as sonography,
initially, MRI later in development and CT to a lesser extent play an important role in the
diagnosis and supervision of twin pregnancies?? 23

Conjoined twinning—Conjoined twinning is estimated to occur in 1:50,000 pregnancies.
However, since many die in utero, are terminated or are stillborn, the final incidence is
about 1:250,000 live births. Interestingly, there is a female predominance 3:1, although there
is no proposed explanation for the fact. There are two theories that account for the
pathogenesis, the fission and fusion theories. According to the classic and mostly accepted
fission view, the splitting of the embryonic axis later than the 13t day of development
would lead to two attached embryos. The newer fusion theory proposes the secondary union
of two originally separate embryonic discs?4.

As discussed previously, accurate determination of chorionicity is critical for pregnancy
management and parental counseling. Major ultrasound findings that would suggest
conjoined twinning include shared skin coverage between two embryos, fetuses that remain
in the same relative positions, fetal scoliosis, extreme neck retroflexion in fetuses facing
each other and unusual limb positioning?>.

Conjoined twins are classified according to the major site of attachment followed by the
suffix pagus (from the Greek, pagos, fixed). A simplified system proposed by Spencer limits
the classification to 8 major types which are grouped into dorsal and ventral attachments26
(Table 1 and Fig. 3). Ventral attachments involve the sharing of the yolk sac or abdomen,
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while dorsal attachments would involve union at the neural tube and exclude the yolk sac
and abdomen. Ventral unions comprise cephalopagus, thoracopagus, omphalopagus,
ischiopagus and parapagus twins. Dorsal unions encompass craniopagus, pygopagus and
rachipagus twins. According to the fusion theory, in ventrally conjoined twins the margins
of two embryonic discs would fuse to form one shared umbilicus. Since they arise from a
common yolk sac, they also share part of their gastrointestinal system and may involve the
thoracic and/or abdominal cavities. Dorsally attached twins would be joined at any site of
the neural tube before the neural folds fuse.

Other types of anomalous fetuses have been proposed to be variations of abnormal
conjoined twins2’. This is the case for parasitic twins, fetuses in fetu, acardiacs and
teratomas. A conjoined twin parasite is a grossly defective fetus externally fused to a
relatively normal fetus (autosite). A fetus in fetu is a fetiform mass enclosed within the body
of an autosite. As in parasites, brain and heart are usually vestigial or missing. Acardiacs is a
fetiform mass that is entirely separate from the body of the autosite but connected to it by
umbilical vessels. Teratomas consist of an unidentifiable mixture of tissues that are rarely
differentiated. They are capable of independent growth and might be or become malignant.
The origin of teratomas has also proposed to be ectopic primordial germ cells or remnants of
the primitive streak.

GASTRULATION & GERM LAYER FORMATION

At the beginning of the third week the embryo adopts an oval shape. Around day 16 a lineal
epiblast groove appears at the presumptive caudal part of the embryo, the primitive streak. It
constitutes the first break in the symmetry of the embryo. Epiblast cells move along the
epithelial sheet, converge at the medial primitive streak and after undergoing an epithelial to
mesenchymal transition, they ingress and colonize the space between the epiblast and
hypoblast?8 (Fig. 4A). Some of the ingressing cells displace the hypoblast and replace it,
giving rise to the definitive endoderm. The cells representing the middle layer of the embryo
and occupying the space between the endoderm and the epiblast form the mesoderm.
Epiblast cells that will remain on the surface at the end of the process will become the
ectoderm. Therefore during this process, referred to as gastrulation, in which the three germ
(or tissue) layers are established, the bilaminar disc becomes trilaminar. Once gastrulation is
complete, the different progenitor cell populations have been allocated, allowing
organogenesis to begin. Each germ layer gives rise to specific tissues and organs, even
tough, as will be discussed below, lineage boundaries are becoming increasingly unclear.
Ectodermal cells predominantly give rise to the epidermis, central and peripheral nervous
systems and the retina. The mesoderm gives rise to the cardiovascular system, blood cells,
bone marrow, smooth and striated muscles, skeleton, connective tissue, as well as the
urogenital tract. The endoderm is the source of the epithelial lining of the respiratory and
gastrointestinal tracts, and the glands of associated organs such as the lungs, liver or
pancreas.

At the rostral end of the streak, a depression surrounded by a crescent-shaped mound of cells
appears forming a structure referred to as the node (Fig. 4B). Cells ingressing through the
node and remaining in the midline of the embryo give rise to the notochordal process. The
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process extends to the rostral extremity of the embryo, the oral membrane, where epiblast
and hypoblast are fused. The hollow process fuses with the underlying endoderm creating
the notochordal plate. Beginning at the cranial end, notochordal cells proliferate and the
plate invaginates to generate the notochord, which then detaches from the endoderm. The
notochord, now a solid rod that provides rigidity to the embryo, plays an important role in
the induction and specification of the overlying neural tube.

Cells ingressing through the streak migrate in all directions on either side of the midline
(Fig. 4B). Mesodermal cells that reach the cranial part of the embryo become the
cardiogenic mesoderm where the heart primordium will develop. The two bilateral columns
of paraxial mesoderm originate from the mesoderm cells that after ingression settle on both
sides of the notochord (Fig. 4C). The paraxial mesoderm will give rise to the somites,
temporary rounded structures that will contribute to the dermis (underlying the skin), axial
skeleton and musculature. Lateral to the paraxial mesoderm forms the intermediate
mesoderm that generates the urinary system and parts of the genital system. The remainder
of the lateral mesoderm forms the lateral plate mesoderm, which splits into splachnopleuric
and somatopleuric mesoderm. Studies in mouse have shown that mesoderm progenitors in
the epiblast, although regionalized in fate, are not restricted in potential 29; the different
mesodermal lineages become specified and allocated according to the time and site of
ingression at the primitive streaks°,

On day 16, the primitive streak spans about half the length of the embryo. As the embryo
grows and elongates, the streak regresses caudally and disappears at around day 26. Rarely,
remnants of the streak persist in the region and give rise to a sacrococcygeal teratoma. Since
they are derived from pluripotent cells from the primitive streak, these tumors contain a
variety of tissue types. They are mostly benign and are surgically removed. The caudal
eminence, a caudal axial mass of progenitor cells will contribute to axis elongation, once the
streak has totally regressed.

Axis elongation

During gastrulation, extension of the anterior-posterior (AP) axis in vertebrate embryos is
first achieved by cells derived from ingressing epiblast cells together with a resident stem
cell population in the streak and node. However, elongation of the most caudal axis has been
a more controversial issue. While some view it as a continuation of the mechanisms of
gastrulation, the most accepted view considers elongation of the caudal part of the embryo a
slightly different process. This view is supported by the observation that mutations in
several genes affect specifically posterior development. Moreover, neurulation has been
shown to differ along the AP axis. During primary neurulation, lateral ends of the neural
plate elevate and the bilateral neural folds fuse to form the neural tube; whereas during
secondary neurulation at the posterior region of the embryo, the neural tube forms by
cavitation of the neural rod.

It has been shown in mouse embryos that once overt gastrulation is terminated, descendants
of the streak and node progenitors come to reside at the chordoneural hinge (CNH), a
structure that is continuous with the caudal end of the notochord and neural tube. This pool
of progenitor cells derived from the organizer region serves as a source of cells for the
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neural tube, notochord and somites31 32 (Fig. 5B). In human embryos, the CNH might
correspond to what human embryologists refer to as caudal eminence. The exact nature of
the CNH is poorly understood. To date, clonal lineage analyses in mouse and chick embryos
have indicated the presence of long-term axial progenitors intermingled with more fate-
restricted precursors in the streak, epiblast and CNH (for review see 33). Interestingly, these
multipotent axial progenitors are able to give rise to neural tube, axial and paraxial
mesoderm, challenging the established view of early lineage segregation within the
embryo34.

Molecular pathways involved in axis elongation—Even though the exact molecular
fingerprint of the axial progenitors remains elusive, several signaling pathways have been
directly associated with extension of the embryonic AP axis. Primarily, the WNT, FGF and
NOTCH pathways, which are believed to work in parallel to promote proliferation and
maintain the undifferentiated state on the progenitors, and therefore, regulate axis elongation
(Fig. 5A).

Several WNT genes are differentially expressed at the caudal part of the embryo3.
Canonical WNT pathway is required for primitive streak formation and mesoderm induction
in mouse embryos38. Later in development, the WNT pathway is critical for coordinating
mesoderm formation and somitogenesis. It is not only involved in specifying streak identity
and regulating mesoderm formation and migration but also governs segmentation of the
paraxial mesoderm by controlling the molecular oscillator3”. WNT pathway deficient mice
exhibit axis truncations at different levels. Wnt3a mutant mice lack posterior somites and tail
bud and display an ectopic ventral neural tube38. Wnt5a mutants have a shortened vertebral
column with no caudal vertebrae and fused vertebrae3®. Moreover, null mutations in Wnt
related genes such as Lrp6 and Ctnnb1 also display posterior defects*0: 41,

FGF signaling also plays a pivotal role in posterior morphogenesis. Fgf8 mutant mice die at
early gastrulation® and Fgfr1 deficient mice fail to undergo gastrulation*3 44, To overcome
early lethality and inactivate all FGF acting at the streak, conditional alleles of Fgf4 and
Fgf8 were crossed with the pan-mesodermal T-Cre line?>. Compound mutant embryos show
no expression of markers of undifferentiated mesoderm, whereas markers of nascent somite
cell fate expand throughout the tail bud. Thus, deletion of FGF signaling leads to embryonic
axis truncation and premature differentiation of the tail bud. Progenitor cells that would
contribute to axis elongation differentiate prematurely assuming a somitic fate. Interestingly,
restoration of WNT signaling, which is downregulated in these mutants, is not able to rescue
premature differentiation and axis truncation.

The third pathway involved in axial progenitors maintenance is the NOTCH pathway. CBF1
(also known as Rbp-jk) knockout mice exhibit posterior defects and growth arrest, a similar
but more servere phenotype than that displayed by Notch1 mutant embryos*6-48,
Resembling the CBF1 mutant phenotype, compound mutants for Presenilin 1/2 exhibit an
undulating neural tube and lack of somites*®. Moreover, ablation of Lunatic fringe causes
axis truncation and posterior vertebral abnormalities®0: 51,
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Together with WNT, FGF and NOTCH pathways, several genes act to specify the nascent
tissues. Usually, their expression is directly regulated by one of the three main pathways.
Emergent mesoderm at the streak and node express the transcription factor Brachyury/T,
which is downstream of WNT and FGF signaling®2. T mutant embryos display axis
truncations®3. Also under WNT regulation, is the related transcription factor, Thx6, which is
expressed in the paraxial mesoderm. Loss of Thx6 leads to a failure of paraxial mesoderm
specification and concomitant formation of ectopic neural tubes in place of somites®* 2,
Indeed, a recent report suggests that mesoderm specification is achieved by neural fate
repression at the axial stem cells®.

In contrast to WNT and FGF signaling pathways, which are involved progenitor
maintenance, retinoic acid (RA) signaling regulates cellular differentiation. Thus, elongation
of the axis is controlled by two opposed gradients, RA and WNT/FGF>/ (Fig. 5A).
FGF/WNT posterior levels establish the undifferentiated growth zone, whereas anterior
levels of RA promote differentiation of the precursors. Levels of RA signaling are
established by the balance of its synthesizing and catabolizing enzymes®®. Posterior
expression of the RA degrading enzyme Cyp26al, a cytochrome P450 oxidoreductase,
which is downstream of FGF8 signaling, allows posterior axial cells to escape the
differentiation signaling. Mutations of Cyp26al, as well as mutations in Por, another
cytochrome oxidoreductase, lead to axial truncations®®-62, As the tissue elongates,
progenitors leave the posterior growth zone and reach the competent zone. Here, inhibition
of Aldhla2, a RA synthesizing enzyme, by FGF8 is no longer effective and cells
differentiate upon RA signaling®3: 64, Termination of axial elongation is associated with
shortening of the undifferentiated mesoderm due to downregulation of FGF/WNT levels at
the tail bud around E12.531. 65,66,

Finally, the role of the ventral ectodermal ridge (VER), an ectoderm thickening positioned
on the ventral surface of the tail bud, remains unclear (Fig. 5C). While fate mapping of VER
cells has revealed that VER descendants only contribute to the ectoderm and therefore, are
not progenitor cells, VER ablation in mice disrupts somite formation and tail outgrowth.
Studies suggest a model where VER signaling might sustain Noggin expression in the tail
mesoderm thereby facilitating the maintenance of levels of BMP signaling necessary for tail
outgrowth®7. 68, However, little is currently known about how these various signaling
pathways acting in caudal morphogenesis are integrated both temporally and spatially.

Caudal dysgenesis

Caudal dysgenesis (CD), also referred as caudal regression syndrome or sacral agenesis
syndrome, is a rare congenital disorder that affects the development of the lower segment.
The term of caudal regression syndrome was first coined by Duhamel in 1961 to encompass
an array of sacrococcygeal malformations®®. CD occurrence numbers range in the literature
from 1 per 40,000 to 100,000 pregnancies’® /1. The primary defects of CD are agenesis or
incomplete development of the lumbar vertebrae, sacrum and coccyx, hypoplastic lower
limbs and anorectal and genitourinary dysgenesis. Depending on the severity of the
condition, skeletal malformations affecting the sacrum, coccyx and lumbar vertebrae cause
pelvic deformities and hip dislocation. Underdeveloped lower limbs might display
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malformed knees, absent fibula, equinovarus or calcaneovarus. Infants usually present a
“frog-leg” position of the lower extremities. Anorectal malformations often involve
displaced or imperforate anus. Urogenital anomalies comprise malformed or fused kidneys,
absent bladder and absent or undescended external genitalia. Lower spine defects include
myelomeningoceles or open spinal defects. Lower spinal disruption can compromise limb
mobility and bladder and bowel continence. Different classifications have been proposed to
grade CD according to its severity’2 73, Commonly, sacral agenesis is classified into 4 clinic
categories known as the Renshaw classification and each type correlate to ambulatory and
other motor function abilities’* 7>. Type | involves partial or total unilateral sacral agenesis,
whereas Type Il involves partial bilateral, symmetrical sacral agenesis. They are usually
associated to coccyx agenesis, represent the mild from of sacral agenesis and have a better
prognosis. Type Il1 displays total sacral agenesis with variable lumbar anomaly and iliac
wings attached to the last lumbar vertebrae. Finally, Type IV involves total sacral agenesis
with different levels of lumbar anomaly and iliac wing fissioned behind the last vertebrae, if
present. Infants with type 111 and IV have a worse prognosis and perinatal death is frequent.
Infants with CD are usually of normal intelligence. Abnormalities in other systems are rarely
associated with this syndrome but might include congenital heart defects and facial clefts’®.

Even though the sacrum is not completely ossified at the time, transvaginal ultrasound has
allowed in utero diagnosis as early as 11 weeks’’. Definitive prenatal diagnosis of CD by
ultrasound is possible at 22 weeks of gestation, although sonographic findings are variable
and depend on the severity of the defects’8-80. Prognosis depends on the severity of spinal
and urogenital damage. If vital systems are unaffected, lethality is generally attributed to
renal failure resulting from renal malformations. Survivors usually require neurologic,
orthopedic and renal interventions as well as long-term attention.

Sirenomelia

Sirenomelia is a very rare disorder, in which fusion of the lower extremities causes the fetus
to resemble a mermaid. Other severe defects such as urogenital and gastrointestinal
malformations are commonly associated with the disorder. The reported incidence in the
population ranges in the literature from 1 per 60,000 to 1 per 100,00081: 82 and has a male to
female bias of 2.7 : 1.

Limb fusions exhibit a spectrum of severity. Stocker and Heifetz proposed a classification of
sirenomelia into 7 types based on the presence or absence of bony elements83 (Fig. 6). In
type 1, the mildest form, all bones are present and the fusion only affects superficial tissues.
Type Il displays fused fibulae, in type Il fibulae are absent, type 1V involves partially fused
femur and fused fibulae and type V, partially fused femurs. Type VI sirenomelia displays
single femur and single tibia whereas in type VII, the most severe form, only one bone is
present.

Urogenital defects comprise renal and urethral dysplasia, with a high incidence of renal
agenesis. External genitalia are also frequently absent, whereas gonads seem unaffected.
Gastrointestinal defects include colon atresia and imperforate anus®3: 84, Lumbosacral and
pelvic malformations are usually present. Moreover, affected fetuses often display a single
umbilical artery instead of the usual two. This vessel, derived from the vitelline artery, has
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an abnormal origin high in the abdominal cavity, branching from the aorta, and diverts blood
that would normally supply the lower part of the body to the placenta. Sporadically,
sirenomelic fetuses display an affected upper body, such as cleft palate, thoracic and cervical
vertebral dysplasias, cardiac defects and pulmonary hypoplasia.

Early sonographic diagnostic of sirenomelia may be suggested by bilateral renal agenesis,
hypoplastic or fused lower limbs, single umbilical cord and oligohydramnios. Decreased
amniotic fluid is a clear sonographic marker of renal malfunction from the second half of the
pregnancy onwards8®. Extremely poor prognosis is due to the visceral abnormalities,
principally to renal failure. Only a few long-term survival cases have been reported owing to
an exceptionally functioning kidney®86: 87,

Etiology of caudal dysgenesis and sirenomelia

Etiology of CD and sirenomelia are still widely debated. CD has been proposed to be a
consequence of abnormal posterior mesoderm development. An embryological insult would
take place before the 41 week of development, when the caudal structures of the embryo are
forming. The phenotypic variability would depend on the intensity and temporal frame of
the insult. Even though genetic factors, maternal diabetes and hypoperfusion have been
suggested as probable causes, the nature of the insult remains unclear. CD occurs in up to
1% of pregnancies of diabetic mothers. However, since only 22% of CD patients have
diabetic mothers8%: 88, CD is not only a diabetes specific condition. Interestingly,
sirenomelia is rarely associated with maternal diabetes83,

Moreover, there is no widespread consensus whether sirenomelia and CD are different
entities or sirenomelia only represents the most severe form of CD. The presence of the
aberrant umbilical vessel in all sirenomelic fetuses supports the idea of a different origin of
the disorder. The vascular steal theory suggests that the steal vessel would divert blood from
the aorta to the placenta resulting in a hypoplastic aorta, severe hypoperfusion of the lower
body and impaired development89: 0. Furthermore, sirenomelia usually involves fusion of
the lower limbs, not only hypoplasia as in CD and it is always associated to severe urinary
tract malformations. However, an aberrant abdominal artery has also been described in some
CD patients®2.

The majority of the cases are sporadic, being possible that every case represents an
autosomal dominant condition caused by a new spontaneous mutation. In humans, only the
Currarino syndrome, a congenital caudal anomaly has been linked to a mutation in the
homeobox gene MNX1 (formerly known as HLXB9%2). The Currarino syndrome is described
as the association of a triad of caudal malformations: sacral bony abnormality, presacral
mass and anorectal malformation®3. However, no link has been found between CD and
MNX1%4,

Even though reports of human sirens are known since ancient times, in the mouse, caudal
abnormalities and mermaid-like phenotypes have been described only recently®®. In contrast
with human cases, mice phenotypes have a known genetic basis. Mice heterozygous for the
Brachyury/T locus (short-tail strain) display a short tail and sacral malformations%. In
human patients, no clear evidence has been found that directly correlates the T locus to
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neural tube defects (reviewed in 7). Only recently, new studies argue in favor of an
association of the T locus to spina bifida and vertebral malformations®: 9. However, to date
no correlation between CD or sirenomelia to the T locus has been reported.

Recent work by van de Ven and colleagues describes the need of combined action of CDX
genes, persistent WNT signaling and timely activation of HOX genes for proper posterior
development100, Alteration of any of these parameters causes axial growth arrest by
affecting the posterior growth zone in mice. Nevertheless, further studies are needed to
establish a correlation between this genetic interaction and human CD.

Proper RA signaling is crucial for caudal development. Excess administration of RA to
pregnant mice lead to caudal malformations similar to human CD and sirenomelia in most of
the survivors191 102 Moreover, maternal diabetes seems to increase the teratogenic effect of
RAL03_ Acting on the same pathway, loss of the RA degrading enzyme Cyp26a1 also leads
to axial truncations®® 60 104 However, a mutational screening of the CYP26A1 gene in CD
patients did not provide any correlation between them19°,

Another signaling pathway associated with sirenomelia in mouse is the BMP pathway.
Bmp7/Twsg double mutants invariably display sirenomelial®. Twsg (twisted gastrulation)
encodes for a BMP regulator that either promotes or inhibits BMP signaling. While single
mutants are unaffected, compound mutants are embryonic lethal and exhibit sirenomelia;
indicating that, whereas loss of Bmp7 might be compensated by other BMP ligands,
additional loss of one or two copies of Twsg drops the level of BMP signaling below the
threshold necessary for proper morphogenesis. Also Noggin overexpression at the caudal
end of chicken embryos occasionally causes a fused limb phenotype as the most severe
phenotype8”, suggesting that BMP signaling is crucial for caudal ventral mesoderm
formation. Bmp7/Twsg compound mutants show a reduction of the posterior Fgf8-
expressing region and tail bud mesoderm expressing T. Unpublished data from Otha and
colleagues suggest an increase in apoptosis in these mutants. In addition, they also argue for
a decrease of the number of ingressing cells through the VER due to reduced levels of BMP
as another possible reason for the severe phenotype. Therefore, in the mouse, sirenomelia
appears in some cases to be associated with a defect in ventroposterior mesoderm formation.
In humans, however, there is no report to date that correlates defective BMP signaling with
CD or sirenomelia.

Even though Sparrow and colleagues’ report that the etiology of congenital scoliosis is not
directly related to CD, their work suggests a mechanism whereby a genetic risk factor
combined with an environmental condition affects the function of the posterior growth zone
and somitogenesis causing vertebral malformations'%7. They show that haplo-insufficiency
of NOTCH signaling together with short-term gestational hypoxia, which would disrupt
FGF signaling, significantly increases the penetrance and severity of vertebral anomalies in
mice. It is tempting to speculate that a similar environmental insult could also affect the
phenotypic penetrance of genetically-susceptible embryos in CD.

In conclusion, even though the etiology of CD and sirenomelia remain elusive, the
phenotypic similarites between these human congenital anomalies and the above described
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mouse phenotypes point to similar genetic factors. It is tempting to assume that an early
embryonic insult that would interfere specifically with the normal formation of the posterior
structures during axial elongation would be sufficient to elicit these caudal malformations.
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FIGURE 1. Events occurring the fir st two weeks of human development
(A) Zygote. (B) Two-cell stage embryo. (C) Morula before compaction. (D) Blastocyst

forms after compaction and formation of the blastocoel. The embryo segregates into epiblast
and hypoblast. (E) Implantation starts at the end of the first week. The syncytiotrophoblast
begins to invade the uterine wall. (F) The amniotic cavity appears. (G) Hypoblast cells
invade the lining of the primary yolk sac. Extraembryonic reticulum forms between the
hypoblast and cytotrophoblast. Extraembryonic mesoderm colonizes the reticulum. (H) The
reticulum cavitates leaving the chorionic cavity. The extraembryonic mesoderm and
underlying cytotrophoblast form the chorion.
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(A) Dichorionic diamniotic twins develop from a single zygote divided before the inner cell
mass forms. (B) Monochorionic diamniotic twins form when the inner cell mass divides
between the third and eighth day of development. (C) Monochorionic monoamniotic twins

develop from the division of the bilaminar disc.
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FIGURE 3. Classification of conjoined twins according to Spencer26
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FIGURE 4. Mesoderm formation in the mammalian embryo
(A) Cells in the epiblast undergo an epithelial to mesenchymal transition at the primitive

streak and colonize the space between the epiblast and hypoblast. (B) Ingressing cells
migrate in all directions. Cells ingressing through the node migrate anteriorly forming the
notochord. Cells ingressing through the streak and migrating cranially contribute to the head
and cardiac mesoderm. Epiblast cells migrating laterally form the mesoderm at each side of
the midline. (C) The different mesodermal lineages are established along the mediolateral
axis of the embryo.
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FIGURE 5. Signalsthat regulate axial elongation in the mouse embryo
(A) Molecular pathways acting at the posterior growth region and contributing to the

antagonistic gradients of FGF and RA. (B) Mouse embryo at embryonic day 9. The
chordoneural hinge (CNH) is located caudally and lies contiguous with the notochord and
neural tube. (C) Noggin expression in the ventral ectodermal ridge (VER) controls the level
of BMP signaling required for caudal ventral mesoderm morphogenesis.
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FIGURE 6. Classification of sirenomelia by the presence or absence of bonesin the lower limb
according to Stocker and Heifetz83

Adapted from 83 with permission.
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TABLE

A classification of human conjoined twinning.

Cephalopagus

Have a fused head and often a fused thorax. This category represents approximately 11% of all conjoined twins. Each twin
has two arms, two legs and separate lower abdomen and pelvis. According to the fusion theory, they would be united at the
oropharyngeal membrane. This category of twins is non-viable, and affected individuals often die in utero.

Thoracopagus

Have a fused thorax and shared cardiac anatomy from a single intercardiac vessel to a shared heart. They also display fused
sternum, diaphragm, liver and pericardium. They may also have a common small intestine and biliary tree. They represent
the major category of conjoined twinning ranging from 20% to 40%. Surgical separation is usually not an option due to
complex cardiac anatomy.

Omphalopagus

Avre fused at the umbilicus and display similar fusion patterns as thoracopagus but without a shared heart. Liver, intestine
and biliary tree are shared to different extends. Their incidence ranges from 18% to 33%. From all conjoined twins,
omphalopagus have the best chance of survival after surgical separation.

Ischiopagus

These twins share a pelvis. They may be oriented face-to-face, with lower abdominal union or end-to-end. They usually
exhibit some degree of common genitourinary system. Depending on the number of legs they can be tetrapus (4), tripus (3)
or bipus (2) and represent approximately 6-11% of all conjoined twins. According to the fusion theory, these twins are
thought to be joined ventrally, at the cloacal membranes.

Par apagus

Avre joined caudolaterally resulting in a joined abdomen, pelvis and lower limbs and different levels of thoracic and cranial
union. They may have 2, 3 0 4 arms and 2 or 3 legs. Dicephalus parapagus have separated heads and faces. Diprosopus
parapagus have two faces in a conjoined cranium. Surgical separation is rarely possible and most will die in utero or
perinatally.

Craniopagus

Are united at any portion of the cranial vault but not including the face, the foramen magnum or the vertebrae. These twins
commonly share the cranium, the meninges, the dural venous sinuses and less frequently, the brain itself. They can be
subdivided into frontal, parietal, temporoparietal and occipital. Their incidence is 1:10. The extent of the sinuses and brain
tissue shared will impact morbidity after surgical separation. Survival usually linked to mental or physical handicap.

Pygopagus

Avre joined at the sacrum sharing the sacrococcygeal and perineal region, oriented back to back. Half of the cases share anus
and rectum but intestines are usually separate. In a third of cases they have fused meninges and spinal cord and a low
proportion display shared bladder and urethra. These twins represent an 18-28% of conjoined twins. Evaluation of the
degree of spinal cord and sacrococcygeal bony anatomy sharing, and perineal and genitourinary malformations is
fundamental before considering surgical separation.

Rachipagus

Avre fused dorsally at midline, at spine. They lie back-to-back and share variable lengths of the spinal cord and column. The
rarest type of twin. Surgical separation would be impossible, but since they are mostly parasites, the parasitic twin can be
potentially removed. According to fusion theory, dorsally conjoined embryos derive from two embryonic discs fusing at the
neural folds before they fuse. In the case of craniopagus twins, embryonic discs would have fused at the most rostral level;
pygopagus would have fused at the caudal neuropore and rachipagus would have resulted from fusion at the midportion of
the open neural tube.
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