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Loeys-Dietz JEEH#E

Hly wmr, Wy =

E AR AR RIIEL v & — BT 5E AT 45 F A 550

Loeys-Dietz Syndrome
Hiroko Morisaki, Takayuki Morisaki

Department of Genetics and Bioscience, National Cerebral and Cardiovascular Center Research Institute, Osaka, Japan

Loeys-Dietz syndrome (LDS) is an autosomal dominant genetic disorder characterized by vascular (arterial tortuosity, aneurysms
and/or dissections), craniofacial (hypertelorism, bifid uvula/cleft palate, craniosynostosis), and skeletal manifestations (pectus
excavatum or pectus carinatum, scoliosis, joint laxity, arachnodactyly, talipes equinovarus); however, not all symptoms are
always present in patients. Clinical features possibly overlap with Marfan syndrome, but the most characteristic feature of LDS
is aggressive and widespread arterial aneurysms throughout the arterial tree, which needs frequent echocardiography or CT/
MRA examinations and early therapeutic intervention. LDS is best managed with a multidisciplinary team of specialists,
including pediatric and adult cardiologists, cardiothoracic surgeons, orthopedists and medical geneticists. The genes responsible
for LDS are TGFBRI and TGFBR2, and SMAD3 and TGFB2 are also involved in LDS-related phenotypes. These genes are all
related to the TGF- § signaling pathway.
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FBN1 (Fibrillin)

cytoplasm

Fig. 1 TGF- 8 signaling pathway genes.

Genes associated with LDS (TGFBRI, TGFBR2, SMAD3 and TGFB2) are members of the TGF- 8
signaling pathway as shown here. Fibrillin 1, coded by FBN! for Marfan syndrome, is also known to

regulate TGF-§ activity.
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Fig. 2 Vascular manifestations in LDS.

A: Aortic root dilatation( $60mm), B Bilateral CIA aneurysm, C: Tortuosity of vertebral arteries
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Fig. 3 Clinical features of LDS.

A: bifid uvula, B: craniosynostosis, C: arachnodactyly, D: talipes equinovarus
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Table 1 Comparison of clinical features between LDS and MFS,

LDS MFS
TGFBR1 /

gene TGFBR2 SMAD3 TGFB2 FBN1
Cleft palate/bifid uvula ek + + -
Hypertelorism ++ + + —
Craniosynostosis + - — —

Ectopia lentis e — — ok

Tall stature + + ++ At

Arachnodactyly ++ + + bt
Pectus deformity b 4+ ot ot
Club foot ++ + ot -
Osteoarthritis + e + +

Aortic root aneurysm et e ++ ot
Arterial aneurysm ++ + + —
Early dissection oot +4 + +
Arterial tortuosity ++ ++ + —
Mitral valve insufficiency + + e o
Bicuspid aortic valve ++ + + -
Skin Striae + + + e
Hernia + + - +
Dural ectasia + + + +

— absent or at population frequency, +: observed, ++ common, ++; typical
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Abstract

Induced pluripotent stem cells (iPSCs) are potentially valuable cell sources for
disease models and future therapeutic applications; however, inefficient generation
and the presence of integrated transgenes remain as problems limiting their current
use. Here, we developed a new Sendai virus vector, TS12KOS, which has
improved efficiency, does not integrate into the cellular DNA, and can be easily
eliminated. TS12KOS carries KLF4, OCT3/4, and SOX2 in a single vector and can
easily generate iPSCs from human blood cells. Using TS12KOS, we established
iPSC lines from chimpanzee blood, and used DNA array analysis to show that the
global gene-expression pattern of chimpanzee iPSCs is similar to those of human
embryonic stem cell and iPSC lines. These results demonstrated that our new
vector is useful for generating iPSCs from the blood cells of both human and
chimpanzee. In addition, the chimpanzee iPSCs are expected to facilitate unique
studies into human physiology and disease.
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Introduction

Induced pluripotent stem cells (iPSCs) artificially produced from mammalian
somatic cells including mouse and rat, human, marmoset, rhesus monkey, and pig
can be induced to undergo sustained, unlimited growth and give rise to various
cell types in vitro [1-7]. Because of these features, iPSCs have important potential
applications as a source for cell therapy in clinical medicine. The iPSCs derived
from patients also represent a powerful tool both for understanding disease
pathogenesis and for investigating the effects of drugs at the individual and disease
level on patient-derived cells [8].

While iPSCs derived from a range of mammalian species could serve as useful
translational and disease models for cell and drug therapies, cell lines derived from
nonhuman primates are particularly useful for such studies because the
anatomical and physiological features of these species tend to be more similar to
human than those of other mammals [9, 10]. Among nonhuman primates, the
chimpanzee is often not a suitable experimental model because of breeding
limitations; however, the chimpanzee shares some important physiological
features with humans such as surface antigen cross-recognition by antibodies
[11,12]. Chimpanzees and humans occasionally share common pathogens,
including ebola virus and hepatitis virus type B [13]. Thus, chimpanzee cells and
stem cells derived from them represent powerful tools for both research and
clinical applications in human disease.

The process of iPS cell generation, known as reprogramming, is triggered by the
expression of four transcription factors, Oct3/4, Sox2, Kif4, and c-Myc, which are
the same core factors underlying pluripotency in other stem cells such as
embryonic stem cells (ESCs) [14]. Since overexpression of the four factors was
initially mediated by lentivirus and retrovirus vectors in human skin-derived
fibroblasts [5, 15], many methods have been reported including those involving
transposons [16], proteins [17], microRNAs [18], and plasmids [19]. Recent
progress has seen the increasing use of either plasmids or Sendai virus (SeV)
vectors to generate iPS cells easily and quickly from human peripheral blood cells
[20,21]. Both methods are simple to conduct compared to other procedures, and
are safer because there is no integration of transgenes into the host genome;
however, the frequency of iPS cell colony generation remains low (~0.1%) and it
is difficult to attain completely vector-free iPSCs.

Here, we generated a new SeV vector that enables highly efficient generation of
iP§S cells from peripheral blood cells, is temperature-sensitive (TS), and is quickly
and efficiently eliminated from the established iPSCs by temperature shift. In
addition to the generation of human iPSCs, we succeeded in establishing iPSC
lines derived from the blood cells of chimpanzees.
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Results
Vector generation

We previously generated iPSCs by using SeV vectors containing the sequences for
four reprogramming factors (OCT3/4, SOX2, KLF4 and ¢-MYC) [22]. Here, to
increase the efficiency of iPSC generation and reduce the length of time the vector
remains inside the cells, we generated a new TS-SeV vector, TS12KOS, carrying
coding sequences for three of the above factors, KLF4 (K), OCT3/4 (O), and SOX2
(S) (Fig. 1a) tandemly linked in the KOS direction. The TS12KOS vector contains
three mutations that produce alanine residues (D433A, R434A, and K437A) in the
large protein (L)-binding domain of the phosphoprotein (P), a component of SeV
RNA polymerase. SeV carrying these three mutations showed moderate
expression of GFP at 37°C, but weak expression at temperatures above 38°C [23].
In a previous study, c-MYC was inserted between the sequences encoding the HN
and L proteins in the TS15 SeV vector (HNL/TS15 ¢-MYC), which carries two
other mutations (L1361C and L1558]) in addition to the triple mutation described
above [23]. This vector is also temperature-sensitive and only weakly expressed at
temperatures greater than 37°C. In this study, TS12KOS vector and a cocktail of
conventional vectors carrying three reprogramming factors individually (OCT3/4,
SOX2 and KLF4), namely the conventional vectors, were used with HNL/TS15 c-
MYC in following experiments.

First, we compared TS12KOS with the conventional SeV vectors for the
efficiency of iPSC generation from human skin fibroblasts of healthy volunteers (
Fig. 1b). Based on the numbers of colonies showing alkaline phosphatase (AP)-
positive staining and human ESC-like morphology on day 28 after induction, we
found that the efficiency of iPSC generation was significantly higher using the
TS12KOS vector than with the conventional vectors.

We next examined the effect of temperature shift on iPSC generation from
human fibroblasts. When the culture temperature was shifted from 37°C to 36°C
for the initial two weeks after infection, the efficiency of colony formation
remained high; however, when the temperature downshift continued for three
weeks or more after infection, the efficiency tended to decrease in the samples
from healthy volunteers (Fig. 1c). Therefore, a temperature downshift for the
initial one week only was used in the following experiments.

We next conducted nested RT-PCR analysis of viral RNA to determine whether
the TS12KOS vector was eliminated from the iPSCs earlier than the conventional
SeV vectors. The nested RT-PCR analysis detects the viral genome with much
higher sensitivity than single PCR [24]. We expanded the individual colonies and
shifted the temperature from 37°C to 38°C for 3 days at various passages. In the
conventional SeV infections, temperature upshifts at passage 1 or 2 induced no
virus removal. In contrast, when the temperature of TS12KOS vector-infected
cells was upshifted at passages 1 and 2, 84% and 65%, respectively, of iPSC-like
clones were negative for viral genomic nucleic acid (Fig. 1d). These results
indicated the TS12KOS vector superiority over the conventional SeV vectors in
both efficiency of iPSC generation and elimination of virus from the iPSCs.

PLOS ONE | DOI:10.1371/journal.pone.0113052 December 5, 2014 3/19

_36_



