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Abstract

Situs inversus totalis is a complete transposition of the thoracic and abdominal organs and rep-
resents one of many laterality defects within the heterotaxy spectrum. Here we report a case
of a 96-year-old female cadaver with situs inversus. Examination of the respective computed
tomography images revealed situs inversus totalis with dextrocardia. A detailed dissection
demonstrated the transposition of the viscera and confirmed complete reversal of the visceral
organs without major anomalies. In order to gain insight into the etiology of the present ana-
tomical anomaly, we performed a screen for the putative genetic variants in the coding regions
(exomes) of the DNA extracted from the cadaveric tissue using Next Generation Sequencing
(NGS) technology. The analysis of the data revealed the presence of genetic variants, DVLI,
DNAHY, PKD1, and TRPV4, that are closely associated with the regulation of cilia structure and
function. Aberrant cilia function has been proposed by other investigators to be a major cause
of laterality defects. Because DNAH9 mutation could be linked to the impairment of motile pri-
mary cilia function and mutations in DVL1, PKDI1, and TRPV4 to that of non-motile primary
cilia, our data could provide evidence in support of the two-cilia model where a synergistic
functioning of both cilia types is required for a proper activation of the asymmetrical Nodal
cascade in the left lateral plate mesoderm thereby assuring a typical and complete asymmetrical
patterning of visceral organs.
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Introduction

Situs inversus represents a group of congenital disorders characterized by rever-
sal of visceral organs along the left-right axis. It falls within the heterotaxy spectrum
which defines the orientation of the visceral organs in the thorax and abdomen and
includes situs solitus (normal), situs ambiguous (heterotaxy) and situs inversus tota-
lis (reversed). The latter condition represents a complete mirrored image of situs soli-
tus and has an incidence of 1 in 10,000 (Kim, 2011; Lin et al., 2014). In situs inver-
sus totalis, the apex of the heart is pointed to the right (dextrocardia) with a bilobed
right lung and a trilobed left lung in the thoracic cavity. The abdominal viscera are
also reversed with the liver being located in the left upper quadrant and the stomach
and spleen being located in the right upper quadrant of the abdominal cavity. It is
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well established that the disruption of the left-right axis, also called laterality, causes
situs inversus totalis (Nonaka et al., 1998; Vandenberg and Levin, 2013; Blum et al.,
2014) and dysfunctional cilia at the embryonic node is a major contributor to lateral-
ity defects (Nonaka et al., 1998; Yoshiba and Hamada, 2014; Pennekamp et al., 2015).
The organ arrangement has been attributed to improper initiation by the primary and
motile cilia of the leftward asymmetric genetic flow in the lateral plate mesoderm
during gastrulation (Nonaka et al., 1998; Bisgrove and Yost, 2006; Fliegauf et al., 2007;
Leigh et al., 2009; Pennekamp et al., 2015). The left-right asymmetrical distribution of
visceral organs is one of the major biological processes underlying the normal devel-
opment of the human body and gaining more insight into its molecular mechanism(s)
would be very important for our better understanding and treatment of the patholo-
gies associated with the incorrect left-right viscera patterning (Burton et al., 2014;
Ekbote et al., 2014; Elder et al., 2014).

The purpose of this study is to describe the anatomical characteristics of situs
inversus in a 96-year-old female cadaver as well as to identify novel genetic vari-
ants associated with the development of situs inversus in humans. To the best of our
knowledge, this is the first comprehensive characterization of situs inversus in the
human body which includes computed tomography (CT) imaging, gross anatomical
examination, and genetic analysis.

Materials and Methods
Human cadaveric body procurement

A 96-year-old female cadaver was received through Saint Louis University (SLU)
School of Medicine Gift Body Program from an individual who had given her writ-
ten informed consent. The body was embalmed through the right femoral artery with
a solution (2:1 ratio) of water and mixture containing 33.3% glycerin, 28.8% phenol,
4.6% formaldehyde, and 33.3% methanol. The medical record indicated a presence of
situs inversus without further specification.

Computed tomography imaging

The cadaver underwent a CT scanning at SLU Hospital using Siemens
SOMATOM Definition Flash system (140 kV; 119 mAs; slice thickness: 3 mm by 3 mm
interval; detector size: 0.6 mm, 128 rows of detectors, pitch of 0.6). A total of 83 coro-
nal, 397 axial, and 140 sagittal images were obtained with standard resolution and
analyzed using Syngo Fast-View software to determine the type of situs inversus in
the cadaveric body. An Interactive Atlas of Human Anatomy (IMAIOS) and Imaging
Atlas of Human Anatomy (Weir et al., 2011) were used to assure a correct identifica-
tion of the major viscera on the CT scans.

Anatomical dissection

Dissection procedures were conducted according to Casey and Campeau (2014)
and Delton (2017). To that end, a Y-shaped incision was made to reflect the skin and
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expose the underlying muscles, rib cage, parietal pleura, and peritoneum. The inci-
sion was made from the right and left clavicles to the midline of the body down to
the superior surface of the pubic symphysis. After the skin was reflected, the mus-
cles were removed from the rib cage and the ribs were cut by a Stryker saw along
the midaxillary line of the thoracic wall from rib 10 to the clavicle and then to the
sternum. The thoracic and abdominal viscera were examined and each dissection step
was thoroughly documented using a Canon EOS 350D/ Digital Rebel XT camera.

Thorax

The great vessels of the neck and the right and left phrenic and vagus nerves were
dissected before opening the pericardial sac. Once the pericardium was cut, reflect-
ed and cleaned, the major vasculature of the heart was exposed. The direction of the
apex of the heart and the number of lobes on each lung were documented. The hila
of the lungs were cut to remove the lungs from the thoracic cavity. The major vas-
culature and the bronchial tree were identified in the hilum of each lung. The great
vessels of the heart were sectioned to remove the heart from the pericardial sac. Each
functional chamber of the heart was cleaned and identified. The structures of the pos-
terior mediastinum were dissected.

Abdomen

After major viscera, vasculature and nerves had been identified in the thoracic
cavity, the abdominal structures were then examined. The diaphragm was cut in the
midline and reflected to show all the borders of the liver. The portal triad was dis-
sected and then cut midway at the hepatoduodenal ligament. The inferior vena cava
and ligaments of the liver were cut to remove the liver and the vasculature and bil-
iary system were then documented. Next, the three unpaired branches (celiac trunk,
superior mesenteric artery and inferior mesenteric artery) from the abdominal aorta
were cleaned and exposed. The vasculature of the entire digestive tract was cleaned
and identified. The small intestines were reflected superiorly in order to view the
abdominal aorta and inferior vena cava. Lastly, the kidneys and corresponding vascu-
lature as well as the spleen were studied.

Genetic Analysis

Next Generation Sequencing (NGS) and bioinformatics analysis were performed
as previously described (Frolov et al., 2018) with the following modifications. DNA
was extracted from lung specimen procured from the embalmed human body and
was sequenced to 30x depth of coverage (~4.5 Gb) on the Illumina HiSeq 2500 NGS
platform. The 30x depth of coverage fulfills a requirement for the detection of human
genome mutations (10x to 30x, Illumina). DNA extraction and exome sequencing
were conducted by Omega Bioservices (Norcross, GA). The bioinformatics analy-
sis (the variant calls and annotation of genetic variants) was performed by Genome
Technology Access Center (GTAC) at Washington University in St. Louis. Genetic var-
iants with deleterious (pathologic) amino acid substitutions were identified through
the consecutive filtering steps described in Table 1. More specifically, Step 1 allows
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Table 1. Filtering steps to identify rare deleterious (pathologic) amino acid substitutions in mutant proteins
associated with the present case of situs inversus.

Step 1 Remove synpnymous, non—.frameshift deletion, non-frameshift insertion, unknown,
and not available (NA) variants.

Step 2 Remove variants in the ExAc 65,000 exomes with minor allele frequency (MAF) > 0.01.

Step 3 Keep SIFT-predicted, disease-associated (D) and NA variants.

Step 4 Keep PolyPhen_2-HDIV -predicted D, pathologic (P), and NA variants.

Step 5 Keep PROVEAN-predicted D and NA variants.

a removal of the genetic variants that will not change the encoded amino acid due
to the degenerate nature of genetic code (synonymous mutation) or least likely to
affect a correct transcription of the respective genes (non-frameshift deletion and non-
frameshift insertion mutations) thereby not resulting in aberrant protein structures.
Step 2 is taking out of consideration a bulk of common genetic variants in human
population. Steps 3-5 select proteins with predicted deleterious (pathologic) amino
acid substitutions by applying sequentially (to the genetic variants remaining after
Step 2) a SWIFT (Sim et al. 2012), PolyPhen_2-HDIV (Adzhubei et al., 2010), and
PROVEAN (Choi and Chan, 2015) algorithms. The UniProtKB Protein knowledgebase
as well as the information extracted from the literature obtained through PubMed
and Google Scholar database searches were used for the functional annotation of the
resultant genetic variants (mutations).

Results
Anatomical characterization: CT imaging

From the 397 axial images obtained, 4 thoracic vertebral levels (TV2, TV3, TV5,
and TV8) and 4 lumbar vertebral levels (LV1, LV2, LV4, and LV5) were chosen to doc-
ument the major viscera and vasculature of the thorax and abdomen.

At the 2nd thoracic vertebral level (TV2), from anterior to posterior, the right and
left brachiocephalic veins were identified deep to the sternum. The brachiocephalic
trunk branched from the arch of the aorta on the left, while the right common carotid
and right subclavian arteries branched independently on the right. The right and left
lungs were identified on each side of the mediastinum with the trachea and esopha-
gus located slightly left of the midline (Fig. 1).

At the 3rd thoracic vertebral level (TV3), the right brachiocephalic vein coursed
obliquely to the left before it joined the left brachiocephalic vein to form the superior
vena cava. The arch of the aorta was observed and extended from left to right. The
trachea was posterior to the aortic arch and anterior to the esophagus (Fig. S1).

At the 5th thoracic vertebral level (TV5), the ascending aorta was posterior to the
left side of the sternum and located to the left of the middle thoracic cavity. The azy-
gos vein was located posteriorly and medially to the left-sided superior vena cava.
The pulmonary trunk traveled posteriorly and slightly to the right of the arch of the
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Figure 1. CT imaging of the great vessels of the superior mediastinum at the thoracic vertebral level 2 (TV
2). The right common carotid artery and right subclavian artery are identified as direct braches from the arch
of the aorta and the brachiocephalic trunk is identified on the left. The red lines in the coronal and sagittal
images denote the vertebral level.

aorta before branching into the left and right pulmonary arteries. The descending
(thoracic) aorta was identified to the right of the vertebral column. The esophagus
was to the left of the descending aorta (Fig. S2).

The chambers of the heart were identified at the 8th thoracic vertebral level (TVS),
and the apex of the heart pointed to the right (dextrocardia). Both functional right
atrium and ventricle were posterior to the sternum with the atrium located on the
left side. The functional left atrium was anterior to the esophagus and the descending
aorta was located to the right of the vertebral column. The functional left ventricle
was identified with the outflow tract ending at the aortic valve (Fig. 2).

The major abdominal viscera were identified at the 1st lumbar vertebral lev-
el (LV1). On the left side of the abdomen, the liver was identified, while the stom-
ach and spleen were located on the right side. The pancreas traversed the abdomen
with the tail of the pancreas pointing to the hilum of the spleen. The left renal vein
drained into the inferior vena cava on the left side of the vertebral column (Fig. 3).
The right renal vein passed anterior to the abdominal aorta and drained into the infe-
rior vena cava on the left at the 2nd lumbar vertebral level (LV2) (Fig. 4).

At the 4th lumbar vertebral level (LV4), the ascending colon and cecum were
identified on the left side, while the descending colon was located on the right side of
the abdomen. The right and left common iliac arteries bifurcated from the abdominal
aorta (Fig. S3). The common iliac veins ran parallel to the common iliac arteries at
the 5th lumbar vertebral level (LV5) before they joined to form the inferior vena cava
(Fig. S4).
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Figure 2. CT imaging of the heart chambers at the thoracic vertebral level 8 (TV 8). The functional right atri-
um and functional right ventricle are the most anterior chambers located posterior to the sternum. The func-
tional left atrium is located just anterior to the descending aorta and esophagus. The functional left ventricle
with its apex of the heart is directed towards the right. The descending aorta can be seen to the right of the
vertebral column while the esophagus is located just left of the midline. The red lines in the coronal and sag-

ittal images denote the vertebral level.
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Figure 3. CT imaging of the abdominal viscera at the lumbar vertebral level 1 (LV1). The liver is located on
the left side of the abdomen while the stomach and spleen are located on the right. The tail of the pancreas
is toward the right. The inferior vena cava is to the left of the abdominal aorta and posterior to the liver. The
red lines in the coronal and sagittal images denote the vertebral level.
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Figure 4. CT imaging of the right renal vein at the lumbar vertebral level 2 (LV2). The right renal vein passes
anterior to the abdominal aorta and posterior to the superior mesenteric artery before draining into the infe-
rior vena cava on the left side of the abdomen. The red lines in the coronal and sagittal images denote the
vertebral level.

Anatomical characterization: Gross dissection

In the thoracic cavity, the cadaver presented with dextrocardia (apex of the heart
pointing to the right) with a bilobed right lung and a trilobed left lung (Fig. 5). The
right brachiocephalic vein traveled obliquely from the right side of the superior tho-
rax to the left to join with the left brachiocephalic vein to form the left-sided supe-
rior vena cava. The superior vena cava then emptied into the functional right atri-
um. The aortic arch began anteriorly and ended posteriorly at the sternal angle level.
The brachiocephalic trunk, right common carotid artery, and right subclavian artery
branched from the arch of the aorta from left to right, respectively. The right and left
phrenic nerves passed anterior to the hila of the lungs, and the left and right vagus
nerves passed posterior to the hila of the lungs (Fig. S5).

The major vasculature of the heart was identified. The direct branches from the
ascending aorta, the right and left coronary arteries, were identified in the coronary
sulcus. From the anterior view of the heart, the left coronary artery gave off the left
marginal artery at the inferior border of the heart. The anterior interventricular artery,
a branch of the right coronary artery, was identified in the anterior interventricular
sulcus traveling with the great cardiac vein towards the apex of the heart. From the
posterior view of the heart, the continuation of the left coronary artery was viewed as
it gave off the posterior interventricular branch which traveled with the middle car-
diac vein in the posterior interventricular sulcus. The right circumflex artery wrapped
around the right side of the heart in the coronary sulcus with the small cardiac vein
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and ended before reaching the posterior aspect of the heart. The great, middle and
small cardiac veins finally drained into the coronary sinus (Fig. S6).

The chambers of the heart were identified and were named based on function,
not anatomical position. The chambers of the left side of the heart (left atrium and
left ventricle) and the right side of the heart (right atrium and right ventricle) were
named functional right atrium, functional right ventricle, functional left atrium, and
functional left ventricle, respectively. Each functional chamber was found to have the
characteristic structures typical of situs solitus (Fig. S7). The functional right atrium
received venous blood from the superior vena cava, inferior vena cava, and coronary
sinus. Within the chamber, pectinate muscles fanned out from the crista terminalis.
The fossa ovalis was identified in the interatrial septum. Between the functional right
atrium and functional right ventricle there was the tricuspid valve. Within the func-
tional right ventricle, the anterior, posterior, and septal papillary muscles were iden-
tified with chordae tendineae connecting them to the cusps of the tricuspid valve.
Trabeculae carneae were identified on the wall of the ventricle. The septum trabecula
(moderator band) was identified, forming a bridge between the interventricular wall
and the anterior papillary muscle. The conus arteriosus led into the pulmonary trunk
toward the right. The functional left atrium received two pairs of the pulmonary veins
from each side. The cusps of the mitral valve were observed between the functional
left atrium and functional left ventricle. Finally, within the functional left ventricle,
the anterior and posterior papillary muscles were connected to the cusps of the mitral
valve by chordae tendineae. Trabeculae carneae were also identified on the wall of the
functional left ventricle. The aortic vestibule ended at the aortic valve (Fig. S7).

Once the lungs were removed from the thoracic cavity, each hilum was exam-
ined. The right lung presented with two lobes, superior and inferior, separated by the
oblique fissure. The lingula and the cardiac notch were located on the anterior border
of the inferior part of the superior lobe. At the hilum of the right lung, the right pul-
monary artery was superior, the primary bronchus was posterior, and the superior
and inferior pulmonary veins were inferior. The left lung presented with three lobes.
The oblique fissure separated the superior and middle lobes from the inferior lobe
and the horizontal fissure separated the superior lobe from the middle lobe. At the
hilum of the left lung, the left pulmonary artery, the primary bronchus, and the supe-
rior and inferior pulmonary veins had a similar arrangement to that of the right lung
(Fig. S8).

In the posterior mediastinum, the left and right vagus nerves passed posterior
to the hilum of the lungs and approached the esophagus where they contributed to
the esophageal plexus. Towards the caudal end of the esophagus, the esophageal
plexus narrowed and continued as the anterior and posterior vagal trunks where the
right vagus nerve contributed to the anterior vagal trunk and the left vagus nerve
contributed to the posterior vagal trunk. The azygos vein emptied into the superior
vena cava on the left side of the thoracic cavity over the hilum of the right lung. The
hemiazygos and accessory hemiazygos veins were found on the right side and both
passed anterior to the vertebral bodies to the left side of the thorax, posterior to the
esophagus at the TV9 level and TV8 level, respectively. The thoracic duct was iden-
tified between the descending aorta and azygos vein, and crossed to the right side
at the level of TV5 and drained into the junction between the right jugular vein and
right subclavian vein at the root of the neck (Fig. S9).
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In the abdominal cavity, the liver was located in the left upper quadrant of the
abdomen. The esophagus passed through the diaphragm at the TV10 level and ended
at the cardiac notch of the stomach on the right side of the abdominal cavity (Fig. 5).
The 1st part of the duodenum began its descent on the left side of the abdomen at
the LV1 level, and crossed transversely to the opposite side at the LV3 level (Fig. 6).
The jejunum primarily occupied the right upper quadrant and the ileum was mostly
identified in the left lower quadrant of the abdomen with no sign of malrotation. The
cecum was identified in the left lower quadrant, and it connected to the terminal ili-
um and continued as the ascending colon. The transverse colon began at the left colic
flexure and traveled horizontally across to the right colic flexure where it became the
descending colon. The sigmoid colon continued from the descending colon and trave-
led into pelvic cavity on the right side and ended at the rectum. A single spleen was
located in the right upper quadrant inferior to the diaphragm.

The major paired/unpaired branches from the abdominal aorta were identified.
The celiac trunk usually branches into three arteries, but in this study the celiac trunk
bifurcated into the splenic artery and the right gastric artery (Fig. 510). The com-
mon hepatic artery shared a common trunk with the superior mesenteric artery. The
right gastric artery traveled through the hepatogastric ligament to supply the lesser
curvature of the stomach. The splenic artery traveled toward the spleen on the right
side (Fig. S11). The common hepatic artery ran toward the left and gave off the infe-
rior pancreaticoduodenal artery, gastroduodenal artery, and continued as the proper
hepatic artery. The superior pancreaticoduodenal arteries branched from the gas-
troduodenal artery to provide blood supply to the head of the pancreas and duode-
num. In this study, the inferior pancreaticoduodenal artery branched from the com-
mon hepatic artery to supply the same area as the superior pancreaticoduodenal
artery (Fig. S12).

The portal triad, consisting of the portal vein, proper hepatic artery with an acces-
sary hepatic artery in this case, and common bile duct, was identified in the hepa-
toduodenal ligament. The common bile duct joined with the major pancreatic duct
and opened into the major papilla of the duodenum on the left side of the abdomen.
The portal vein was formed by the splenic vein and the superior mesenteric vein
dorsal to the neck of the pancreas. The proper hepatic artery gave off left and right
hepatic arteries and an additional common trunk for an accessory hepatic artery and
left gastric artery (Figs. S13 & S14). The right hepatic artery and accessory hepatic
artery accompanied each other to the right functional lobe of the liver.

The branches of the superior mesenteric artery were also identified (Fig. S15). The
intestinal arteries passed in the mesentery proper to supply the jejunum and ileum.
The middle colic artery traveled through the transverse mesocolon to provide blood
supply to the left two-thirds of the transverse colon. The left colic artery traveled ret-
roperitoneally to provide blood supply to the ascending colon. Lastly, the ileocolic
artery traveled inferiorly and laterally through the mesentery proper to the terminal
ileum, cecum, and lower ascending colon on the left side in the abdominal cavity.

The branches from the inferior mesenteric artery were examined (Fig. 516). The
right colic artery traveled retroperitoneally to supply the descending colon on the
right side. The sigmoid branches traveled through the sigmoid mesocolon to sup-
ply the sigmoid colon. The inferior mesenteric artery continued as the superior rec-
tal artery in the pelvic cavity to supply the superior portion of the rectum. Branches
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Figure 5. Gross dissection to examine the internal viscera of situs inversus totalis. The apex of the heart is
directed to the right (dextrocardia) in the thoracic cavity. The liver is located in the left upper quadrant, and
the major part of the stomach is in the right upper quadrant of the abdominal cavity.

of both mesenteric arteries anastomosed to form the marginal artery of Drummond
which supplied the large intestines.

In the posterior part of the abdominal cavity, the inferior vena cava was located
on the left side of the abdominal aorta. The inferior vena cava traveled superiorly
and posteriorly to the liver where the left, middle, and right hepatic veins drained
into it. It then passed through the diaphragm at the TV8 level into the thoracic cav-
ity and drained into the left-sided functional right atrium. The kidneys were named
by their anatomical position. The right renal artery branched into the apical, anterior
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Figure 6. Gross dissection to examine the small and large intestines. The cecum and ascending colon are on
the left side, while the descending colon and sigmoid colon are on the right side of the abdomen. The trans-
verse colon travels horizontally from left to right across the abdomen.

superior, anterior inferior, inferior, and posterior renal arteries. Only four branches
from the left renal artery were observed and they were the apical, anterior superi-
or, anterior inferior and posterior renal arteries. In this study, the left inferior renal
artery branched directly from the abdominal aorta. The right renal vein received a
common trunk of the right inferior phrenic vein and suprarenal vein superiorly and
the ovarian vein inferiorly, and then passed anterior to the abdominal aorta and pos-
terior to the superior mesenteric artery to drain into the inferior vena cava. The left
renal vein drained directly into the left-sided inferior vena cava. Both ovarian arter-
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ies branched directly from the abdominal aorta, while the right ovarian vein drained
into the right renal vein and the left ovarian vein drained directly into the inferior
vena cava (Figs. 517 & S18). Summary of the gross anatomical dissection is present-
ed in the supplementary Tables S1 & S2. Altogether, the results of both the CT imag-
ing and gross anatomical dissection characterize the present case as situs inversus
totalis with dextrocardia.

Genetic analysis

The cumulative exome coverage at = 10X depth of coverage was limited to 40.2%
due to DNA degradation. In total 19,303 genetic variants were detected. The variants
with predicted deleterious (pathological) substitution of amino acids in the mutant
proteins were selected through sequential stringent filtering steps that included
analysis provided by well established SWIFT (Sim et al., 2012), PolyPhen_2-HDIV
(Adzhubei et al., 2010), and PROVEAN (Choi and Chan, 2015) algorithms and serv-
ers (Table 1). From the 134 genetic variants predicted to be pathologic (Table S3),
seven, BBS1, C5orf42, DYNC2H1, DVL1, DNAHY9, PKD1 and TRPV4 could have a
negative effect on cilia structure and function thereby leading to the development
of situs inversus (Nonaka et al., 1998; Bisgrove and Yost, 2006; Fliegauf et al., 2007;
Leigh et al., 2009; Pennekamp et al., 2015). However, the first three genetic variants,
BBS1, C5orf42, and DYNC2HI1, have been previously linked to several well described
human genetic disorders including, respectively, Bardet-Biedl syndrome (Ajmal et al.,
2013; Ece Solmaz et al., 2015), oral-facial-digital syndrome VI (Karp et al., 2012), and
short-rib polydactyly syndrome (Mei et al., 2015; Okamoto et al., 2015). Because none
of the pathologies related to the above syndromes have been identified in the cur-
rent study, the remaining four variants, DVL1, DNAHY9, PKD1, and TRPV4, are the
ones most likely associated with the development of situs inversus totalis, primar-
ily through the impairment of cilia structure and function (Table 2). All four of these

Table 2. Deleterious (pathologic) genetic variants associated with the current case of situs inversus totalis,
that regulate cilia structure and function.

Gene Protein Function Variant

Dishevelled segment polarity protein 1. Plays a role both in canonical
and non-canonical Wnt signaling. Participates in Wnt signaling by

DVL1 binding to the cytoplasmic C-terminus of frizzled family members and p-Argl08Trp
transducing the Wnt signal to down-stream effectors.
Dynein heavy chain 9, axonemal. Force generating protein of

DNAH9Y respiratory cilia. Produces force towards the minus ends of p-Arg3447His

microtubules.

Polycystin-1. Acts as a regulator of cilium length, together with PKD2.

PKD1  The dynamic control of cilium length is essential in the regulation of pi;gggég%})
mechanotransductive signaling. p-AT8 P
Transient receptor potential cation channel subfamily V member 4. Leu223Val

TRPV4 Non-selective calcium permeant cation channel involved in osmotic p-

p-Leu257Val

and mechanosensitivity. Primary cilia receptor.
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variants are novel as they have never been linked before to the laterality disorders in
humans including situs inversus totalis (Deng et al., 2015).

Discussion

The case of a 96-year old female cadaver presented in the current study can be
described as situs inversus totalis with dextrocardia. The latter is a rare condition
only seen in 0.01% of the population. Individuals with situs inversus totalis usual-
ly have a normal life expectancy and the risk of contracting a disease is similar to
that of patients with situs solitus (Kumar et al. 2014). Our description of the present
case as situs inversus totalis was based on the completely reversed orientation of the
thoracoabdominal viscera which was unequivocally supported by the respective CT
imaging data and the anatomical dissection results. In addition, we noted a presence
of various minor vascular anomalies within the abdomen that are described below.

In anatomically typical individuals, the celiac trunk usually branches as a tri-
ad of three arteries: left gastric artery, splenic artery and common hepatic artery. In
the present case, the celiac trunk bifurcated into the splenic artery and left gastric
artery. Yet the common hepatic artery and superior mesenteric artery shared a com-
mon trunk, and the left gastric artery and an accessory hepatic artery shared a com-
mon trunk that branched from the proper hepatic artery. The accessory hepatic artery
passed through the hepatoduodenal ligament and traveled with the right hepatic
artery to the functional right lobe of the liver. The inferior pancreaticoduodenal artery
branched from the common hepatic artery instead of the superior mesenteric artery.
Finally, the left inferior renal artery branched directly from the abdominal aorta.

It is well established that cardiac anomalies are common in patients with situs
ambiguous, while 90-95% of patients with situs inversus totalis have a typical inter-
nal cardiovascular structure (Applegate et al., 1999; Hur et al., 2014), which was
observed also in the current study. However, even though the heart structures were
reversed as compared to normal anatomy, the morphology of each heart chamber
was unremarkable. In addition, the formation of inferior vena cava and azygos vein
were also reversed but normal which is unlike other cases of heterotaxy, where the
azygos vein being the continuation of the inferior vena cava represents the most com-
mon cardiovascular anomaly (Applegate et al., 1999; Maldjian and Saric, 2007; Kumar
et al., 2014; Ghorbnazadeh et al., 2017).

In order to gain insights into the etiology of the current case, we performed a
screen for the putative genetic variants associated with situs inversus totalis by
employing NGS of the DNA extracted from the body used in the current study. The
respective bioinformatics analysis identified four most relevant variants, DNAH9,
PKD1, TRPV4, and DVLI, all of them being involved in the regulation of cilia struc-
ture and function. DNAHY is a human homolog of mouse Dnahc9 which encodes a
dynein heavy chain 9, an important axonemal component of cilia, and its mutation
could lead to the impairment of motile cilia (Thomas et al., 2010; Huang et al., 2015).
Earlier studies showed that defects in motile cilia could result in the randomiza-
tion of the left-right axis during early embryogenesis (Nonaka et al., 1998; Tabin and
Vogan, 2003) thereby promoting the development of laterality defects. On the other
hand, PKD1, TRPV4, and DVLI genetic variants could be responsible for the impair-
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ment of primary cilia function. Studies on Pkd1, also known as polycystin-1, demon-
strated its close involvement in the mechanosensation coupled with the intracellular
calcium signaling in the primary kidney cilia where it co-distributes and functions in
the same mechanotransduction pathway with polycystin-2 (Pkd2) (Nauli et al., 2003).
More importantly, it has been also reported that Pkd2 deficient mice displayed a com-
plex spectrum of laterality defects (Yoshiba et al. 2012). TRPV4 encodes a human
homolog of mouse Trpv4, a well-characterized cation channel known to be involved
in mechanosensation by serving as one of the receptors of primary cilia (Thomas et
al., 2010; Lee et al., 2015). It is also well-established that DVLI regulates Wnt signal-
ing which utilizes primary cilia as a signaling platform (Simons et al., 2005; Lancaster
et al., 2011; McMurray et al., 2013; Oh and Katsanis, 2013).

In summary, the results of our genetic analysis could provide evidence in support
of the two-cilia model where both motile primary and non-motile primary cilia work
synergistically at the node to initiate the asymmetrical Nodal cascade in the left lat-
eral plate mesoderm (McGrath et al., 2003; Nauli et al.,, 2003; Yoshiba and Hamada,
2014; Duncan and Khokha, 2016). However, it appears that the disruption of both the
motile primary and non motile primary cilia could be a prerequisite for the develop-
ment of situs inversus totalis described in the present case. In the latter, the disruption
of motile primary cilia could be linked to DNAH9 mutation and the impairment of
non-motile primary cilia may result from the mutations in PKD1, TRPV4, and DVLI.

In conclusion, it should be noted that the genetic analysis of human pathologies or
anatomical aberrations can only reveal an association of a specific genetic variation(s)
with the observed phenotypical changes. A causative link between the particular
genotypic and phenotypic changes can only be established by reproducing the lat-
ter through either the respective genetic manipulations in the model organisms (sys-
tems) or by correcting an existing pathology by targeting a transcription of a mutated
gene(s) or the respective protein function. Nevertheless, the associative (in general)
nature of genetic analysis, including that presented in the current report, could pro-
vide invaluable leads in unraveling new molecular mechanisms governing the devel-
opment of a human organism, including asymmetrical patterning of visceral organs.
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