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Reversal of Left-Right Asymmetry: A Situs
Inversus Mutation

Takahiko Yokoyama, Neal G. Copeland, Nancy A. Jenkins,
Charles A. Montgomery, Frederick F. B. Elder, Paul A. Overbeek*

A recessive mutation was identified in a family of transgenic mice that resulted in a reversal
of left-right polarity (situs inversus) in 100 percent of the homozygous transgenic mice
tested. Sequences that flanked the transgenic integration site were cloned and mapped
to mouse chromosome 4, between the Tsha and Hxb loci. During early embryonic de-
velopment, the direction of postimplantation turning, one of the earliest manifestations of
left-right asymmetry, was reversed in homozygous transgenic embryos. This insertional
mutation identifies a gene that controls embryonic turning and visceral left-right polarity.

The establishment of embryonic axes is
essential for vertebrate development, but
the molecular factors that define vertebrate
embryonic polarity remain unknown. Left-
right asymmetries are the last to appear in
embryonic development and are reflected in
the position and structure of the visceral
organs such as the heart, stomach, spleen,
and liver. Mutations that result in a mirror-
image reversal of left-right visceral asymme-
try have been described in mice (the inver-
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sus viscerum or i mutation) (I, 2) and in
humans (3, 4), but these mutants reverse
left-right polarity only approximately 50% of
the time. This suggests that these mutations
produce an indeterminate condition of lat-
erality (5) or random determination of po-
larity (2). Here, we report a recessive inser-
tional mutation that results in situs inversus
in 100% of homozygous transgenic mice.
The transgenic family OVE210 was gen-
erated by microinjection of the Ty811C
tyrosinase minigene into one-cell-stage em-
bryos of the inbred albino mouse strain
FVB/N (6). At birth, transgenic mice can
be identified by the presence of pigmenta-
tion in their eyes; hemizygous adult mice
have light brown fur pigmentation. South-
ern (DNA) hybridizations to tail DNAs
revealed that the OVE210 mice have a
single site of transgene integration with a
low copy number (one to two copies per
genome) (7). When hemizygous transgenic
OVE210 mice were mated together to gen-
erate homozygous mice, no viable adult
homozygotes were obtained. Inspection of
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newborn mice revealed that some of the
mice had stomachs located on the right side
instead of the left side of the abdomen (Fig.
1A). These mutant mice exhibited severe
jaundice (7), did not increase in size or
weight after birth (Fig. 1A), and did not
survive beyond 7 days of age. Dissection of
the mutant newborns revealed that they
had a common pattern of situs inversus;
each had its stomach and spleen (Fig. 1B)
located on the right side instead of the left
side of the abdomen. Orientations of the

_ heart (Fig. 1B), lungs, and liver were also

mirror-image left-right inversions.

To determine the percentage of embryos
with situs inversus, we mated hemizygote
OVEZ210 mice and terminated the pregnan-
cies between embryonic day 16 (E16) and
E19. The fetuses were assayed for ocular
pigmentation and visceral orientation. Qut
of a total of 74 fetuses, 16 (22%) were
albino with normal polarity, 41 (55%) were
pigmented with normal polarity, and 17
(23%) were pigmented and had situs inver-
sus, which suggests that insertion of the
transgene had caused a recessive mutation.
Fifteen of the situs inversus mice were
examined in detail. All 15 had left-right
reversal of their abdominal visceral organs,
one had polysplenia, and one had normal
cardiovascular  orientation  (levocardia)
even though the abdominal viscera were
inverted (a condition termed heterotaxia).
Histological examination of the visceral
organs revealed that the mutant mice had
significant kidney pathology with dilated
tubules and abnormal glomeruli (7). When
assayed by Southern hybridization, the fetus
with heterotaxia was found to be homozy-
gous for the transgenic insertion.

Kartagener’s syndrome (3) is an autoso-
mal recessive disorder in humans character-
ized by situs inversus. The syndrome is
associated with chronic sinusitis and pul-
monary disease, in addition to infertility in
males. Patients with Kartagener’s syndrome
exhibit defective dynein arms in their cilia
(8). To assess whether the transgenic mice
with situs inversus might have a similar
defect, we collected tracheae from mutant
and control mice and examined the trache-
al cilia by electron microscopy. No defects
in the dynein arms were observed in the
transgenic mutants (9).

To begin molecular characterization of
this new insertional mutation, we con-
structed a genomic library of OVE210 DNA
(10-13). Four overlapping clones contain-
ing the transgenic integration site were
obtained (Fig. 2A). One clone (clone 4)
contains the entire transgenic insert (two
tandem copies of the transgene). A 2.0-kb
Hind III fragment (p3.2H) (Fig. 2A) that
contained single-copy genomic sequences
was used as a probe in Southern hybridiza-
tions to verify that the mutant mice were
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homozygous for the transgenic insert. After
digestion of genomic DNA with Eco RI,
nontransgenic mice had a single hybridiza-
tion band at 9.2 kb. In contrast, pigmented
mice with normal left-right polarity had
two bands (one at 9.2 kb and the other near
18 kb), and situs inversus mutants had only
the transgenic band at 18 kb (Fig. 2B).
Sixty-four mice, including 14 mice with
situs inversus, were tested by Southern hy-
bridization with probe p3.2H. All mice
with situs inversus were homozygous for the
transgenic insert, whereas all mice with
normal polarity were hemizygous or non-
transgenic. These results support the hy-
pothesis that the transgenic insertion pro-
duced a recessive mutation in an endoge-

A

Fig. 1. Situs inversus phenotype. (A) Five-day-
old mice of transgenic family OVE210. Arrows
indicate stomachs. The two transgenic mice
(left and center) can be recognized by their
ocular pigmentation. The mouse with situs in-
versus (on the left) failed to grow in comparison
to its littermates with normal polarity (center and
right). (B) Ventral (top row) and dorsal (bottom
row) views of mutant (inv) and control (wt)
viscera dissected from mice at 3 days of age.
H, Sp, and St indicate heart, spleen, and stom-
ach, respectively. The visceral organs are mir-
ror-image inverted (relative to the sagittal mid-
line) in the mutant mice.
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nous gene that dictates left-right laterality.
It is unlikely that expression of the tyrosi-
nase minigene causes the situs inversus
phenotype because ten additional indepen-
dent transgenic families have been generat-
ed by microinjection of the Ty811C tyrosi-
nase transgene (6), and none of the hemi-
zygous or homozygous mice in these other
families shows situs inversus.

To test for allelism with the previous iv
mutation, we mated transgenic hemizygotes
to mice of the inbred strain SI/Col, which
are homozygous for the iv mutation (1, 2).
Of 28 offspring, 15 were transgenic for
Ty811C. All 15 showed normal left-right

polarity and normal viability, which indi-
cates that the insertional mutation is not
allelic to iv. We have named the locus
defined by the transgenic insertion “inver-
sion of embryonic turning” (inv).

Because the inv mutation was not allelic
to iv, the chromosomal location of probe
p3.2H was determined by interspecific
backcross analysis with the use of progeny
derived from matings of (C57BL/6] X Mus
spretus)F, mice with C57BL/6] mice. This
interspecific backcross mapping panel has
been typed for over 1100 loci that are well
distributed among all of the autosomes as
well as the X chromosome (14). Two M.
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p3.2H
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1 + [
& Pl e
Clone 2 E EE BS $ + = k>
T o | ;
E
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i) s
Clone4 S S B
—2kb 9.4_ - 5
5 Transgene
Fig. 2. Transgenic integration site. (A) Genomic clones Q.50
of the transgenic insertion in OVE210. The upper line is
a schematic of the site of integration. The shaded area 43

represents the tandem copies of the tyrosinase mini-

gene. The thin line is mouse genomic DNA. Partial

restriction maps of the four clones isolated from the OVE210 genomic library are shown. Restriction
sites indicated are Eco RI (E), Bam HI (B), and Sal | (S). Probe p3.2H contains single-copy genomic
sequences isolated from clone 3. (B) Restriction fragment length polymorphism (RFLP) in OVE210
mice. Ten micrograms of genomic DNA from nontransgenic (+/+), transgenic with normal polarity
(Tg/+), or transgenic with situs inversus (Tg/Tg) mice was digested with Eco Rl and electropho-
resed in a 0.8% agarose gel. DNAs were transferred onto a nylon membrane (Zeta-probe; Bio-Rad)
then hybridized to the p3.2H fragment that was labeled with [*°P]dCTP by the random primer
method (27). Molecular weight markers (A DNA digested with Hind Ill) are indicated on the left.

Fig. 3. Genetic map of A B 4

the proximal end of wmsIl 0 OB OB OB

mouse chromosome 4

and the localization of Tshell 0 MO O ON

the inv probe p3.2H. .

Probe 3.2H was mapped wHl0 W0 B0 O - Mos 8q11

on mouse chromosome  Hxd [0 WO BO 74

4 by interspecific back- 46 43 2 7 2 5 7 7 58 -T~ Tsha 6q14-q21
cross analysis. (A) The segregation patterns of invand flanking genes in = a=inv

119 backcross animals that were typed for all loci. For individual pairs of ~ 10.0

loci, more than 119 animals were typed (28). Each column represents 4 Hxb 9932-q34

the chromosome identified in the backcross progeny that was inherited
from the (C57BL/6J x M. spretus)F, parent. The shaded boxes repre- /
sent the presence of a C57BL/6J allele. The number of offspring
inheriting each type of chromosome is listed at the bottom of each

column. (B) A partial chromosome 4 linkage map showing the location of

invin relation to linked genes. Recombination distances between loci in centimorgans are shown to
the left of the chromosome, and the human chromosomal locations are shown to the right.
References for the human map positions of loci mapped in this study can be obtained from the
Genomic Data Base, a computerized database of human linkage information maintained by The
William H. Welch Medical Library of the Johns Hopkins University (Baltimore, Maryland).
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spretus—specific Bam HI restriction frag-
ments (15, 16) were used to follow the
segregation of the inv locus. The mapping
results indicated that inv is located in the
proximal region of the mouse chromosome
4 and is linked to the v-mos oncogene
homolog (Mos), the thyrotropin a subunit
(Tsha), and the gene for hexabrachion
(Hxb, also known as tenascin) loci (Fig. 3).
Cytogenetic examination of the karyotype
of the transgenic mice revealed no visible
abnormalities of chromosome 4. Because iv
has been mapped to chromosome 12 (17),
the mapping of inv to chromosome 4 con-
firms that inv and iv are two separate genes.

One of the earliest manifestations of
left-right asymmetry in mice is the pattern
of embryonic turning (18). Murine embryos
rotate from an initial lordotic orientation to
a fetal position between E8.5 and E9.5 (Fig.
4). Embryonic rotation normally occurs in a
clockwise fashion when viewed along the
body axis from the cranial toward the cau-
dal end (19). The right side of the embryo
rotates over, and the left side rotates under
the longitudinal axis. As a consequence of
this rotation, the vitelline vessels become
located along the left side of the body (Fig.
4B). Reversal of the direction of turning
reverses the relation of the vitelline vessels

relative to the body (Fig. 4B).

A

To examine whether inv mice exhibit an
altered pattern of embryonic turning, we
superovulated hemizygous transgenic fe-
males and mated them to hemizygous trans-
genic males to establish timed pregnancies;
embryos were harvested after embryonic
rotation was completed (Fig. 4A). Sixty
embryos at E9.5 were examined and also
assayed for homozygosity by Southern hy-
bridizations with probe p3.2H. In hemizy-
gous and nontransgenic embryos, the vi-
telline vessels were located on the left side
of the body. In contrast, all 16 homozygous
embryos had vitelline vessels situated on
the right side of their bodies. This suggests
that the direction of embryonic turning is
reversed in all inv/inv embryos. Cardiac
looping (the direction of bending of the
embryonic heart tube) was examined in 29
embryos. All 21 nontransgenic and hemizy-
gote embryos had a normal cardiac d-loop
(20). Six out of 8 homozygous (inv/inv)
embryos had an inverted cardiac 1-loop, and
the direction of looping was ambiguous in
the other two.

Previous mutations and experimental
manipulations have yielded an approxi-
mately 50% reversal of left-right asymmetry
(21). Models for establishing handed asym-
metry have been proposed (5, 18, 21, 22)
in which consistent reversal of asymmetry

was suggested as possible but not very plau-
sible (5, 18). Our studies suggest that the
direction of embryonic turning can become
uniformly reversed in the absence of proper
instruction from the inv gene. Developmen-
tally, the direction of turning is tightly
linked to the future orientation of the gut.
However, the polarity of other organs such
as heart and spleen does not always coin-
cide with the direction of embryonic turn-
ing, which supports previous observations
that organ primordia can acquire left-right
axial information independently (23).
Because the inv mutation is recessive
and caused by a transgenic integration
event, it is likely to represent a loss-of-
function mutation. This inference leads us
to propose the existence of a default or
alternative pathway for the determination
of left-right asymmetry. In the absence of
instruction from the inv gene, the default
pathway consistently establishes an invert-
ed left-right polarity. When inv is active, it
overrides or reverses the default pathway,
thereby initiating the establishment of the
normal left-right polarity. Organ primordia
appear to respond to the left-right asymme-
try established by either the default or inv
pathways. Although the default pathway is
sufficient to produce 100% reversal of em-
bryonic rotation and of stomach orienta-

Fig. 4. (A) E9.5 embryos. The vitelline vessels (large arrows) run along the
left side of the trunk in the control (right embryo) and on the opposite side
in the mutant (left embryo). The tail is located to the right side of the head
in the control and to the left side in the homozygous mutant. DNAs were
isolated from each embryo and homozygosity determined by RFLP
hybridization as described (Fig. 2). The two embryos are positioned to
display the mirror-image reversal of left-right polarity. (B) Schematic
topological representations of embryonic turning. Top: Lateral views of
E8.5 embryos before turning. Middle: Embryonic rotation approximately
two-thirds of the way to completion. Bottom: E9.5 embryos after turning.
The midline of the dorsal side (the neural tube) is indicated by a thick solid
line; the midline of the ventral side is indicated by a dotted line. The
shaded area represents the yolk cavity, and the cross-hatched regions
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Normal

Situs inversus

indicate extra-embryonic tissues. At E8.5, the embryos have a lordotic
curvature and are depicted with the anterior to the left and the posterior to
the right. The two alternative directions of embryonic turning are indicated
by curved arrows (upper drawings). Notice that the vitelline vessels
(indicated by the cross-hatched regions connected to each embryo at
E9.5) become located on opposite sides of the embryos as a conse-
quence of the opposite directions of turning.
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tion, the pathway may not be sufficient to
unambiguously specify polarity in other or-
gans such as heart and spleen, resulting in
heterotaxia. In any case, the inv mutation
provides a new model system for studies on
the specification of left-right polarity during
vertebrate development.
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Cytoskeletal Role in the Contractile Dysfunction of
Hypertrophied Myocardium

Hiroyuki Tsutsui,* Kazuaki Ishihara,i George Cooper IVi

Cardiac hypertrophy in response to systolic pressure loading frequently results in con-
tractile dysfunction of unknown cause. In the present study, pressure loading increased the
microtubule component of the cardiac muscle cell cytoskeleton, which was responsible for
the cellular contractile dysfunction observed. The linked microtubule and contractile ab-
normalities were persistent and thus may have significance for the deterioration of initially
compensatory cardiac hypertrophy into congestive heart failure.

Cardiac hypertrophy is the response to
many physiological and pathological devia-
tions from normal homeostasis that have in
common increased hemodynamic loading
of the heart (1). This growth process pro-
ceeds until the load stimulus is abated by
way of a renormalization of stress per unit of
myocardial mass. Hypertrophy fails to be
functionally compensatory when either the
load increase exceeds the growth capacity
of the terminally differentiated cardiac mus-
cle cell (or cardiocyte) to renormalize stress
or when the contractile performance per
unit mass of hypertrophied myocardium is
less than that of normal myocardium. Thus,
cardiac compensation for an increased load
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may be imperfect because of either quanti-
tative or qualitative defects of hypertro-
phied myocardium.

This study investigated the qualitative
defects of hypertrophied myocardium,
which may underlie the frequent deteriora-
tion of initially compensatory cardiac hy-
pertrophy into congestive heart failure. He-
modynamic overloads causing cardiac hy-
pertrophy consist of either (i) volume over-
loading, in which an increased blood
volume is pumped during each cardiac cycle
against a normal impedance, or (ii) pressure
overloading, in which a normal blood vol-
ume is pumped during each cardiac cycle
against an increased impedance. In tissue
from the volume-overloaded right ventri-
cle, normal cardiac mechanics are main-
tained (2), whereas pressure overloading
produces distinctly abnormal cardiac me-
chanics on both the tissue (3) and cardio-
cyte (4) levels. Thus, the nature of the”
stress rather than hypertrophy itself causes
the qualitative defects of myocardium hy-
pertrophying in response to a pressure over-
load, and the contractile defect lies in the
cardiocyte.

Although potential causes for the abnor-





