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Blastocyst
Figure 11.33
Blastocysts 1mplamed I 19duc}10n .Df chimeric mice. (A) I'he cxpul_mull IIIPIIULL(III.I(S nsed 1o !nm. e . '
@ @ into foster mother chimeric mice. Early 8-cell embryos of genetically distinct mice (here, with coat color
differences) are isolated from mouse oviducts and brought together after their zonae

are removed by protcolytic enzymes. The cells form a composite blastocyst, which is

Mammmalian An terior-Posterior Axis
Formation |

Two signaling centers 7
The mammalian embryo appears L0 have two signaling centers:
~one in the node (“the organizer”) and one‘in the anterior vis-

S .‘cer;i] éndodgrm (Figure 11.34A; Beddington et al. 1994). The
" ‘node appears to be responsible for the creation of all of the

" body, and these two signaling centers work together to form

 the forebrain (Bachiller et al. 2000). Both the mouse node and

" the anterior visceral endoderm express many of the genes

known to be expressed in the chick and frog organizer tissue.

i The p_qde,prodﬁces Chordin and Nbggin (which the anterior i

*Thomas and Beddington 1996; Beddington and Robertson® -
'1999). While knockouts of either chordin or hoggin do not af:

fect development, mice mi
' body lacking forebrain, nose, and facial structures.

implanted into Lhe uterus of a foster mother. The photograph shows one of the actual
chimeric mice produced in this manner. (B) An adult female chimeric mouse {bot-

tom) produced from the fusion of three 4-cell embryos: one from two white-furred

parents, one {from two black-furred parents, and one from two brown-lurred parents.

The resulting mouse has coat colors from all three embryos. Morcover, each embryo
contributed germ line cells, as is evidenced by the three colors of offspring (above)

produced when this chimeric female was mated with recessive (white-furred) males,

(A, photograp
courtesy of C. Markert.)

h courtesy of B. Mintzi B from Markert and Petters 1978, photograph
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visceral endoderm does not), while the anterior visceral endo-
derm expresses several genes that are necessary for head for-
mation. These include the genes for transcription factors Hesx-
1, Lim-1, and Otx-2, as well as the gene for the paracrine factor
Cerberus. The anterior visceral endoderm is established before
the node, and the primitive streak always forms on the side of -

the epiblast opposite this anterior site. Homozygosity for mu-

tant -alleles of any of the above-mentioned head-specific orga-
« v » Ly . —iy] i bt
nizing genes produces mice lacking forebrains (Figure 11.35;

ssing both sets of genes dcve]bli ;i.'

u
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Figure 11.34

The two signaling centers of the mammalian embryo. (A) In the day
7 mouse cmbryo, the dorsal surface of the epiblast (embryonic ecto-
derm) is in contact with the amnionic cavity. The ventral surface of
the epiblast contacts the newly formed mesoderm. In this cuplike
arrangement, the endoderm covers the surface of the embryo. The
“hode is atthe bottom of the ciip, and it has generated chordameso-
derm. The two signaling centers, the node and the anterior visceral
endoderm, are located on opposite sides of the cup. Eventually, the
: _ notochord will Jink them. The caudal side of the embryo is marked
‘% . by the-presence.of the allantois. (BJ By embryonic day 8, the anteri-
or viskeral endoderm lines the foregut, and the prechordal meso-
derm is now in contact with the forebrain ectoderm. The node is
now farther caudal, due largely to the rapid growth of the anterior
portion of the embryo. The cells in the midline of the epiblast mi-
grate through the primitive streak (white arrows). (Photographs
courtesy of K. Sulik.)

W1 LSEPt 11.10 Gastrulationin the mouse. The mouse
gastrula is shaped like a cup and has a more complicated
structure than the human gastrula, The extraembryonic tis-
sues of the mouse appear 1o be critical in establishing the
“position of the node and anterior visceral endoderm signal-
“ing conters, :

By

‘Patterning the anterior-posterior axis: The Hox code .
. hypathesis ' o " s

Once g‘qs_;rulatioh‘begihs,'allterior¥po$térior polarity in all -

o verlebrates becomes specified by the expression of Hox genes.
o TRHesk g o e ‘
. Thest genes are homologous. to the homeotic gene complex

C{Hom-TY of the fruit fly (see Chapter 9). The Drosephila |

~chomeotic gene complex on chromosome 3 containg. the

o0 Antentapedia and bithorax clusters of homeotic genes (see
: e 0 QY G e e e 5 ks f S L
19@11;}9,.&7)._.md,nm be seén as a single functional unit,”

The early development of vertebraye X
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Epiblast coming
through streak

Node (with
notochordal cells
beneath it)

(Indeed, in other insects, such as the flour beetle Triboliuni, it
is a single unit.) The Hom-C genes are arranged in the same
general order as their expression pattern along the anterior-
posterior axis, the most 3" gene (labial) being required-for
producing the most anterior structures, and the most 5" gene
(AbdB) specifying the development of the posterior abdomen.

' Mouse and human genomes contain four copies of the Hox

complex per haploid set, located on four different chromo--
somes (Hoxa through Hoxd in the mouse, HOXA through
HOXD in humans: Boncinelli et al. 1988; McGinnis and
Krumlauf 1992; Scott 1992). Not only are the same general
types of homeotic genes found in both flies and mammals,
but the order of these genes on their respective chromosomes is

o Figure 11.35

Héadless phenatype of the Lim-1 kirockout mouse. A Lim-1-deficient
mouse is shown next 1o a wild-type littermate. The ear pinnae (arrows)
are the 1ost anterior structures seen in these mutants. (From Shawlot

~and Behringer 1995, photograph courtesy of the authors.) -

Scanned by CafnScahhér



Japter. 11
£

‘,-""Drosophi!a ’f‘b pb
““Hom-C 'Ly Yoy X

AN AN ey A A
Mouse , 3l a2 a3 a4 a5

bl b2

How (RO RS0 RAC

Ubx abdA AbdB

P

Figure 11.36 ]
Evolutionary conservation of homeotic
gene organization and transcriptional 4
expression in fruit flies and mice. (A) ]
Similarity between the Hom-C cluster on

Drosophila chromnsome 3 and the four

a9 ald all al3

7 5 a6 a7
eI DR EDE S0 XD B 305 R

b3 b4 b5 b6 b7 b8 bY

N Hox gene clusters in the mouse genome.

The shaded regions show particularly
strong structural similarities between
species, and one can see that the order of
the genes on the chromosomes has been

conserved. Those genes at the 5" end )
{since all mouse Hox genes are tran- R

$ 4 S c6 8 9 10 cll  cl2 «cl3 s}c)ribed in the sar:c direction) ?relrhose ‘
Bwya " —— that are expressed more posteriorly, are 2
Hoxe | itas i s WMWH expressed II;lcr. and can Ee induced only 5
d1 d3 by high doses of retinoic acid. Genes hav- |
- N dg d9 dio dll di2 di3 ing similar structures, the same relative
Hoxd | higuy TARYASYARL YR ey FRuY SIS kO positions on each of the four chromo-
Paralogous 2 3 N somes, and similar expression patierns
subgroups % a b 7 8 9 10 11 1213 belong 1o the same paralogous group. (B)
; Comparison of the transcription patterns
AEUEELr Hindbrain Trunk 5" Posterior of the Hoim-C and Hoxlr genes of
Early - Late Drosophila (a1 10 hours) and mice (at 12

High retinoic
acid response

(B)
Drosophila

Dfd  Scr Antp

Ubx abdA AbdB
G Y £ T B
T T T T

days), respeclively. The homologous
human genes are called (capitalized)
HOX genes. (A after Kramlaul 19938 e
after McGinnis and Krumlauf 1992.)

Low retinoic
acid response

remarkably similar. In addition, the expression of these genes
follows the same pattern: those mammalian genes homologous
to the Drosophila labial, proboscipedia, and deformed genes are
expressed anteriorly, while those genes that are homologous to
the Drosophila Abdominal-B gene are expressed posteriorly.
Another set of genes that controls the formation of the fly head
(orthodenticle and empty spiracles) has homologues in the
mouse that show expression in the midbrain and forebrain.

. While Hox genes appear to specify the anterior-posterior
axis throughout the vertebrates, we shall discuss mammals
here, since the experimental evidence.is particularly strong for
this class. The mammalian Hox/HOX genes are numb:red'
from 1 to 13, starting from that end of each complex that is ex-
pressed most anteriorly. Figure 11.36 shows the relationshi-xs
ber\freen the Drosophila and mouse homeotic gene. sets Tl}le
equivalent genes in each mouse complex (such as Hn;ta-j
Hoxb-1, and Hoxd-1) are called a paralogous group ‘lt i;
thought that the four mammalian Hox éomplexes' were
formed from chromosome duplications. Because there is not
a one-to-one correspondence between the Drosophila Hom-C
genes and the mouse Hox genes, it is likely that independent
gene duplications have occurred since these two animal :
blfaljches dlverged (Huntgnd Krumlauf 1992; see Chapter 22), .-
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i 11.37 :
FDl?f:]crieenl development of neural crest-derived pharyngeal arch and

i i ice. The arches are numbered.
structures in Hoxa-3-deficient mice. A
fl‘zll:;hll )qArLlD.S—da)' embryo of a heterozygous Hoxa-3 mouse (m]é- i
type), showing normal development of pouch 3 (thymus), pouch 4
(parathyroid), and other structures. (Left) A homozygous mutant Hoxa-
3-deficient mouse lacks the proper development of thgse structures.
(From Chisaka and Capecchi 1991.)

Expression of Hox genes along the dorsal axis

Hox gene expression can be seen along the dorsal axis (in the
neural tube, neural crest, paraxial mesoderm, and surface ec-
toderm) from the anterior boundary of the hindbrain
through the tail. The different regions of the body from the
midbrain through the tail are characterized by different con-
stellations of Hox gene expression, and the pattern of Hox
gene expression is thought to specify the different regions. In
general, the genes of paralogous group 1 are expressed from
the tip of the tail to the most anterior border of the hindbrain.
Paralogue 2 genes are expressed throughout the spinal cord,
but the anterior limit of expression stops two segments more
caudally than that of the paralogue 1 genes (see Figure 11.36;
Wilkinson et al. 1989; Keynes and Lumsden 1990). The high-
er-numbered Hox paralogues are expressed solely in the pos-
terior regions of the neural tube, where they also form a “nest-
ed” set.

fkpefim‘ental analysis of the Hox code

The expression patterns of the murine Hox genes suggest a

code whereby certain combinations of Hox genes specify a
particular region of the anterior-posterior axis (Hunt and

~ Krumlauf 1991). Particular sets of paralogous genes provide

segmental identity along the anterior-posterior axis of the

body. Evidence for such a code comes from three sources:

* Gene targeting or “knockout” experiments (see Chapter
4), in which mice are constructed that lack both copies of
“one ormore Hox genes '

+ Retinoic acid teratogenesis, in which mouse embryos ex- -

posed 1o retinoic acid show a different pattern of Hox
géne expression along the anterior-posterior axis and ab-
normal differentiation of their axial structures
» Comparative anatomy, in which the types of vertebrae in
different vertebrate species are correlated with the con-
~ stellavion of Hox gene expression : :

GENE TARGETING. When Chisaka and Capecchi (1991) knocked
out the Hoxa-3 gene from inbred mice, these homozygous mu-
tants died soon after birth. Autopsies of these mice revealed that
their neck cartilage was abnarmally short and thick and that
they had severely deficient or absent thymuses, thyroids, and
parathyroid glands (Figure 11.37). The heart and major blood
vessels were also malformed. Further analysis showed that the
viumber and migration of the neural crest cells that normally
form these structures were not affected. Rather, it appears that
the Hoxa-3 genes are responsible for specifying cranial neural
crest cell fate and for enabling these cells to differentiate and pro-
liferate into neck cartilage and the glands that form the fourth
and sixth pharyngeal pouches (Manley and Capecchi 1995).-
Knockout of the Hoxa-2 gene also produces mice whose
neural crest cells have been respecified, but the defects in these
mice are anterior to those in the Hoxa-3 knockouts. Cranial
elements normally formed by the neural crest cells of the sec-
ond pharyngeal arch (stapes, styloid bones) are missing and
are replaced by duplicates of the structures of the first pha-
ryngeal arch (incus, malleus, etc.) (Gendron-Maguire et al.
1993; Rijli et al. 1993), Thus, without certain Hox genes, some
regionally specific organs along the anterior-posterior axis fail
to form, or become respecified as other regions. Similarly,
when the Hoxc-8 gene is knocked out (Le Mouellic. et al.
1992), several axial skeletal segments resemble more anterior
segments, much like what is seen in Drosophila loss-of-func-
tion homeotic mutations. As can be seen in Figure 11.38, the
first lumbar vertebra of the mouse has formed a rib—some-
thing characteristic of the thoracic vertebrae anterior (o it.
One can get severe axial transformations by knocking out
two or more genes of a paralogous group. Mice homozygous
for the Hoxd-3 deletion have mild abnormalities of the first
cervical vertebra (the atlas), while mice homozygous for the
Hoxa-3 deletion have no abnormality of this bone, fhouqh
they have other malformations (see the discussion of this mu-
tantabove). When both sets of mutations a bred into the same
mouse, both sets of problems become maore severe, Mice with'’
neither Hoxa-3 nor Hoxd-3 have no atlas bone -t all
hyoid and thyroid cartilage is so reduced in size that
holes in the skeleton (Condie and Capecchi 1994; Greer et al.
2000). It appears that there are interactions occurring between
the products of the Hox genes, and that in some functions,

»and the
there are

- onc of the paralogues can replace the other.
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Figure 11.38

Thus, the evidence from gene knockouts supports the hy-
potheses that (1) different sets of Hox genes are necessary for the
specification of any region of the anterior-posterior axis, (2) that
the members of a paralogous group of Hox genes may be re-
sponsible for different subsets of organs within these regions,
and (3) that the defects caused by knocking out particular Hox
genes occur in the most anterior region of that gene’s expression.

RETINOIC ACID TERATOGENESIS. Homeotic changes are also
seen when mouse embryos are exposed 1o teratogenic doses of

Partia ‘mati i 3 ‘
ot l'l l}l\'ansfmmauon of the first lumbar vertebra into a thoracic vertebra by the knack-
ol the Hoxc-8 gene. The first lumbar verte

;lrucmre,norm;l]y formed only by the thoracic vertebrae anterior to it (Photngraph
rom Le Mouellic et al. 1992; courtesy of the authors.)

bra of this mouse has formed a rib-—a

retinoic acid (RA). Exogenous retinoic acid given to mouse

embryos in utero can cause certain Hox genes 1o become ex-

pressed in groups of cells that usually do not express them

(Conlon and Rossant 1992; Kessel 1992). Moreover, the cran-

iofacial abnormalities of mouse embryos exposed 1o terato-

genic doses of RA (Figure 11.39) can be mimicked by causing
the expression of Hoxa-7 throughout the embryo (Balling et
al. 1989). If high doses of RA can activate Hox genes in inap-
propriate locations along the anterior-posterior axis, and if
the constellation of active Hox genes specifies the region of
the anterior-posterior axis, then mice given RA in utero
should show homeotic transformations manifested as rostral-
izing malformations occurring along that axis.

Kessel and Gruss (1991) found this to be the case. Wild-
type mice have 7 cervical (neck) vertebrae, 13 thoracic
(ribbed) vertebrae, and 6 lumbar (abdominal) vertebrae, in
addition to the sacral and caudal (tail) vertebrac. In embryos
exposed 1o RA on day 8 of gestation (during gastrulation}, the
first one or two lumbar vertebrae were transformed into tho-
racic (ribbed) vertebrae, while the first sacral vertebra often
became a lumbar vertebra. In some cases, the entire posterior
region of the mouse embryo failed to form (Figure 11.39k).
These changes in structure were correlated with changes in the

Figure 11.39. ; ' '

Mouse embryos cultured at day 8 in control medium (A, C) or in medium containing
- retinoic acid (B, D). At day 10 (A, B), the first pharyngeal arch of the treated embryos
has a shortened and flattened appearance and has apparently fused with the second
- pharyngeal arch. At day 17 (C, D), craniofacial malformations can be seen in the
- neural crest-derived cartilage of the treated embryos. Meckel's cartilage has been com-
- pletely displaced from the mandibular (lower jaw) to the maxillary (upper mouth) re-
gion, and the malleus and incus cartilages have not formed. (E) In some cases, RA ex-
. posure causes the loss of the lumbar, sacral, and caudal vertebrae, (A and B from
-~ Goulding and Pratt 1986; C and D from Morriss-Kay 1993; E from Kessel 1992, pho-

. tographs courtesy of the authors.) =
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Figure 11.41

Rel‘auonship between the animal-vegetal axis of the egg and the embry-
onic-abembryonic axis of the blastocyst. The polar body marks the ani-
mal pole of the embryo. The dorsal-ventral axis of the embryo appears
to form at right angles to the animal-vegetal axis of the egg.

Figure 11.42
Left-right asymmetry in

The left-right axis

The mammalian body is not symmetrical. Although the
heart begins its formation at the midline of the embryo, it
moves to the left side of the chest cavity and loops o the
right (Figure 11.42). The spleen is found solely on the lefi
side of the abdomen, the major lobe of the liver forms on
the right side of the abdomen, the large intestine loops right
10 left as it traverses the abdominal cavity, and the right lung
has one more lobe than the left lung.

Mutations in mice have shown that there are two levels of
regulating the left-right axis: a global level and an organ-spe-
cific level. Some genes, such as situs irversus viscertim (iv), ran-
domizes the left-right axis for each asymmetrical organ
(Hummel and Chapman 1959; Layton 1976). This means that
the heart may loop to the left in one homozygous animal, but
loop to the right in another (Figure 11.43). Moreover, the di-

the developing human. (A) Abdominal cross sections show that the

originally symmetrical organ ru
moves to the right and the spleen

diments acquire asymmetric positions by week 1. The liver
moves to the lcA. (B) Not only does the heart move to the left

side of the body, but the originally symmetrical

veins of the heart regress differentially to form

the superior and inferior venace cavac, which connect on

ly to the right side of the heart. (C) The
near the heart) forms only two labes. In

' RIGHT :

5-week right lung branches inta three lobes, while the left Tung (
human human males, the scrotum also forms asymmetrically. (Alter Kosaki and Cascy 1998.)
embryo  (4) (B) (©)
Gut  Liver Lungs
rudiment
Foregut
4 weeks
Sn?/ Stomach
5 weeks - rudiment 4 weeks
a
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Sﬁofnafh l ‘ l Superior  5yeeks
Pancreas : i vena cava ] . .
Spleen / ' Iflf"e»,r : .
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Figure 11.43

s . Asymmetry of gene expression in the mouse embryo. (A) In si
A ) in a wild-type 5-somite mouse embryo. The o

tu hybridization for nodal ImRNA
dal gene expression is confined to the lateral

olate mesoderm on the lefi side of the embryo. (B) Cross section Lhrough the embryo at |hf: '

same stage as (A). (C) In mice with the situs inversus viscerum ‘il’) mutation, rodal expression.is
seen in the lateral plate mesoderm on both sides of the embryo. The heart has an equal chance |
of looping o either side. (After Lowe et al. 1996; photographs courtesy of M. R. Kuehn.)

rection of heart looping is not coordinated with the placement
of the spleen or the stomach. This can cause serious problems,
even death. The second gene, inversion of embryonic turning
(inv), causes a more global phenotype. Mice homozygous for an
insertion mutation at this locus were found to have all their
asymmetrical organs on the wrong side of the body (Yokoyama
et al. 1993).* Since all the organs are reversed, this asymmetry
“does not have dire consequences for the mice.

*This gene was discovered accidentally when Yokoyama and colleagues
(1993) made transgenic mice wherein the transgene (for the tyrosinase en-
7yme) was mserted randomly into the genome. In one instance, this gene in-
serted itsell into a region of chromosome 4, knocking out the existing inv

* pene, The resulting homozygous mice had laterality defects.

- AA) LEFT.

|~ Neural tube
(in later stages)

Leftyl -

“Right side”

" Leftside j :
structures

SStructures

Recently, several additional asymmetrically expressed
genes have been discovered, and their influence on one anoth-
er has enabled scientists to put them into a possible pathway.
The end of this pathway—the activation of Nodal proteins
and the Pitx2 transcription factor on the left side of the later-
al plate mesoderm—appears to be the same as in frog and
chick embryos, although the path leading to this point differs
between the species (Figure 11.44; see Figure 11.17; Collignon
et al. 1996; Lowe et al. 1996; Meno et al. 1996).

In frogs, the pathway begins with the placement of Vel in
chicks it begins with the suppression of sonic hedgehog expres-
sion. In mammals, the distinction between left and right sides
begins in the ciliary cells of the node (Figure 11.44B). The cilia
cause the flow of fluid in the yolk sac cavity from right to left.

Figure 11.44 ‘ 3 ; : . v
Situs formation in mammals. (A) Proposed pathway for left-right axis forma- -~
~tion in the mouse. The Jeftward movement of cilia in the node activates some
as yet unidentified factor (possibly the product of the im gene). This product
activates the nodal and lefty2 génes. The diffusion of Nodal and Lefiv2 pra-
teins to the right-hand side is restricted by the product of the Leftyl gene
which coats the bottom of the neural tube on the left side. Nodal activates
Pitx2, the gene whose product activates lefi-sided properties in the various
-organs contaiming it. Either Nodal or Lefty2 (perhaps both} repress the Spail-
s g gene whose product is needed ta instruct right-sidedness. (B) Ciliated ¢cells of
- oo 0 the mammalian node. This photograph is a close-up of the node se¢nin

Lo o : SRR P R “Figure 11 .2"-31‘\.‘(thugr_‘;1ph courtesy of K. Sulik and G, ¢ Schoenwolf): © 7
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