Shimamoto etal.

Reprogramming suppresses Werner syndrome phenotypes

Multani, A. S., and Chang, S. (2007). WRN at telomeres: implications for aging and
cancer. J. Cell Sci. 120, 713-721. doi: 10.1242/jcs.03397

Murano, S., Nakazawa, A., Saito, I., Masuda, M., Morisaki, N., Akikusa, B., etal.
(1997). Increased blood plasminogen activator inhibitor-1 and intercellular adhe-
sion molecule-1 as possible risk factors of atherosclerosis in Werner syndrome.
Gerontology 43(Suppl. 1), 43-52. doi: 10.1159/000213885

Nakayama, J., Tahara, H., Tahara, E., Saito, M., Ito, K., Nakamura, H., etal. (1998).
Telomerase activation by hTRT in human normal fibroblasts and hepatocellular
carcinomas. Nat. Genet. 18, 65-68. doi: 10.1038/ng0198-65

Niida, H., Matsumoto, T., Satoh, H., Shiwa, M., Tokutake, Y., Furuichi, Y,
etal. (1998). Severe growth defect in mouse cells lacking the telomerase RNA
component. Nat. Genet. 19, 203-206. doi: 10.1038/580

Niida, H., Shinkai, Y., Hande, M. P,, Matsumoto, T., Takehara, S., Tachibana, M.,
etal. (2000). Telomere maintenance in telomerase-deficient mouse embryonic
stem cells: characterization of an amplified telomeric DNA. Mol. Cell. Biol. 20,
4115-4127. doi: 10.1128/MCB.20.11.4115-4127.2000

Noda, S., Asano, Y., Masuda, S., Miyagawa, T., Sugita, M., Yamamoto, M., etal.
(2011). Bosentan: a novel therapy for leg ulcers in Werner syndrome. J. Am. Acad.
Dermatol. 65, e54~€55. doi: 10.1016/j.jaad.2011.03.013

O’Malley, J., Skylaki, S., Iwabuchi, K. A., Chantzoura, E., Ruetz, T., Johnsson, A.,
etal. (2013). High-resolution analysis with novel cell-surface markers identifies
routes to iPS cells. Nature 499, 88-91. doi: 10.1038/nature12243

Okabe, E., Takemoto, M., Onishi, S., Ishikawa, T., Ishibashi, R., He, P, etal. (2012).
Incidence and characteristics of metabolic disorders and vascular complications
in individuals with Werner syndrome in Japan. J. Am. Geriatr. Soc. 60, 997-998.
doi: 10.1111/j.1532-5415.2012.03944.x

Okada, M., Goto, M., Furuichi, Y., and Sugimoto, M. (1998). Differential effects
of cytotoxic drugs on mortal and immortalized B-lymphoblastoid cell lines from
normal and Werner’s syndrome patients. Biol. Pharm. Bull. 21, 235~239. doi:
10.1248/bpb.21.235

Okano, H., Nakamura, M., Yoshida, K., Okada, Y., Tsuji, O., Nori, S., etal. (2013).
Steps toward safe cell therapy using induced pluripotent stem cells. Circ. Res. 112,
523-533. doi: 10.1161/CIRCRESAHA.111.256149

Okita, K., and Yamanaka, S. (2011). Induced pluripotent stem cells: opportunities
and challenges. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 2198-2207. doi:
10.1098/rstb.2011.0016

Onishi, S., Takemoto, M., Ishikawa, T., Okabe, E., Ishibashi, R., He, P, etal. (2012).
Japanese diabetic patients with Werner syndrome exhibit high incidence of cancer.
Acta Diabetol. 49(Suppl. 1), $259-5260. doi: 10.1007/s00592-012-0424-z

Opresko, P. L., Otterlei, M., Graakjaer, J., Bruheim, P., Dawut, L., Kolvraa, S.,
etal. (2004). The Werner syndrome helicase and exonuclease cooperate to resolve
telomeric D loops in a manner regulated by TRF1 and TRF2. Mol. Cell 14, 763~
774. doi: 10.1016/j.molcel.2004.05.023

Oshima, J., Yu, C. E., Piussan, C., Klein, G., Jabkowski, J., Balci, S., etal. (1996).
Homozygous and compound heterozygous mutations at the Werner syndrome
locus. Hum. Mol. Genet. 5,1909-1913. doi: 10.1093/hmg/5.12.1909

Palm, W.,, and de Lange, T. (2008). How shelterin protects mammalian telomeres.
Annu. Rev. Genet. 42, 301-334. doi: 10.1146/annurev.genet.41.110306.130350

Papp, B., and Plath, K. (2013). Epigenetics of reprogramming to induced
pluripotency. Cell 152, 1324~1343. doi: 10.1016/j.cell.2013.02.043

Pellegrini, G., and Luca, M. D. (2009). Human Embryonic Stem Cell-
Derived Keratinocytes: how Close to Clinics? Cell Stem Cell 6, 8-9. doi:
10.1016/j.stem.2009.12.002

Pera, M. E. (2011). Stem cells: the dark side of induced pluripotency. Nature 471,
46—47. doi: 10.1038/471046a

Poot, M., Gollahon, K. A., and Rabinovitch, P. S. (1999). Werner syndrome lym-
phoblastoid cells are sensitive to camptothecin-induced apoptosis in S-phase.
Hum. Genet. 104, 10-14. doi: 10.1007/s004390050903

Poot, M., Hoehn, H., Runger, T. M., and Martin, G. M. (1992). Impaired S-phase
transit of Werner syndrome cells expressed in lymphoblastoid cell lines. Exp. Cell
Res. 202, 267-273. doi: 10.1016/0014-4827(92)90074-1

Reardon, S., and Cyranoski, D. (2014). Japan stem-cell trial stirs envy. Nature 513,
287-288. doi: 10.1038/513287a

Robinton, D. A., and Daley, G. Q. (2012). The promise of induced pluripotent stern
cells in research and therapy. Nature 481, 295-305. doi: 10.1038/nature10761

Rossi, M. L., Ghosh, A. K., and Bohr, V. A. (2010). Roles of Werner syndrome
protein in protection of genome integrity. DNA Repair (Amst.) 9, 331-344. doi:
10.1016/j.dnarep.2009.12.011

Rubin, C. D., Zerwekh, J. E., Reed-Gitomer, B. Y., and Pak, C. Y. (1992). Character-
ization of osteoporosis in a patient with Werner’s syndrome. J. Am. Geriatr. Soc.
40, 1161-1163.

Sakamoto, S., Nishikawa, K., Heo, S. J., Goto, M., Furuichi, Y., and Shimamoto,
A., (2001). Werner helicase relocates into nuclear foci in response to DNA dam-
aging agents and co-localizes with RPA and Rad51. Genes Cells 6, 421-430. doi:
10.1046/j.1365-2443.2001.00433.x

Salama, R., Sadaie, M., Hoare, M., and Narita, M. (2014). Cellular senescence and
its effector programs. Genes Dev. 28, 99-114. doi: 10.1101/gad.235184.113

Salk, D., Au, K., Hoehn, H., and Martin, G. M. (1981a). Effects of radical-scavenging
enzymes and reduced oxygen exposure on growth and chromosome abnormali-
ties of Werner syndrome cultured skin fibroblasts. Hum. Genet. 57, 269-275. doi:
10.1007/BF00278942

Salk, D., Au, K., Hoehn, H., Stenchever, M. R., and Martin, G. M. (1981b). Evidence
of clonal attenuation, clonal succession, and clonal expansion in mass cultures
of aging Werner’s syndrome skin fibroblasts. Cytogenet. Cell Genet. 30, 108-117.
doi: 10.1159/000131597

Samavarchi-Tehrani, P, Golipour, A., David, L., Sung, H. K., Beyer, T. A., Datti,
A., etal. (2010). Functional genomics reveals a BMP-driven mesenchymal-to-
epithelial transition in the initiation of somatic cell reprogramming. Cell Stem
Cell 7,64-77. doi: 10.1016/j.stem.2010.04.015

Seki, M., Miyazawa, H., Tada, S., Yanagisawa, J., Yamaoka, T., Hoshino, S.,
etal. (1994). Molecular cloning of ¢cDNA encoding human DNA helicase
Q1 which has homology to Escherichia coli Rec Q helicase and localization
of the gene at chromosome 12pl12. Nucleic Acids Res. 22, 4566-4573. doi:
10.1093/nar/22.22.4566

Sharma, S., Otterlei, M., Sommers, J. A., Driscoll, H. C., Dianov, G. L., Kao, H. L, et al.
(2004). WRN helicase and FEN-1 form a complex upon replication arrest and
together process branchmigrating DNA structures associated with the replication
fork. Mol. Biol. Cell 15, 734-750. doi: 10.1091/mbc.E03-08-0567

Shimamoto, A., Kagawa, H., Zensho, K., Sera, Y., Kazuki, Y., Osaki, M., etal.
(2014). Reprogramming Suppresses Premature Senescence Phenotypes of Werner
Syndrome Cells and maintains chromosomal stability over Long-Term Culture.
PLoS ONE 9:e112900. doi: 10.1371/journal.pone.0112900

Shimamoto, A., Nishikawa, K., Kitao, S., and Furuichi, Y. (2000). Human RecQ5beta,
a large isomer of RecQ5 DNA helicase, localizes in the nucleoplasm and interacts
with topoisomerases 3alpha and 3beta. Nucleic Acids Res. 28, 1647-1655. doi:
10.1093/nar/28.7.1647

Shimamoto, A., Sugimoto, M., and Furuichi, Y. (2004). Molecular biology of Werner
syndrome. Int. J. Clin. Oncol. 9, 288-298. doi: 10.1007/s10147-004-0426-0

Soldner, E, Laganiere, J., Cheng, A. W., Hockemeyer, D., Gao, Q., Alagappan,
R., etal. (2011). Generation of isogenic pluripotent stem cells differing exclu-
sively at two early onset Parkinson point mutations. Cell 146, 318-331. doi:
10.1016/j.cell.2011.06.019

Sorensen, J. L., Jorgensen, B., and Gottrup, E. (2004). Surgical treatment of pressure
ulcers. Am. J. Surg. 188, 42-51. doi: 10.1016/50002-9610(03)00290-3

Spyridopoulos, I., Haendeler, J., Urbich, C., Brummendorf, T. H., Oh, H., Schneider,
M. D, etal. (2004). Statins enhance migratory capacity by upregulation of the
telomere repeat-binding factor TRF2 in endothelial progenitor cells. Circulation
110, 3136-3142. doi: 10.1161/01.CIR.0000142866.50300.EB

Stadtfeld, M., and Hochedlinger, K. (2010). Induced pluripotency: history, mecha-
nisms, and applications. Genes Dev. 24, 2239-2263. doi: 10.1101/gad.1963910

Stadtfeld, M., Maherali, N., Breault, D. T., and Hochedlinger, K. (2008). Defining
molecular cornerstones during fibroblast to iP$ cell reprogramming in mouse.
Cell Stem Cell 2, 230-240. doi: 10.1016/j.stem.2008.02.001

Sugimoto, M. (2014). A cascade leading to premature aging phenotypes including
abnormal tumor profiles in Werner syndrome (review). Int. J. Mol. Med. 33,
247-253. doi: 10.3892/ijmm.2013.1592

Suzuki, K., Yu, C.,, Qu, J., Li, M., Yao, X,, Yuan, T., etal. (2014). Targeted gene
correction minimally impacts whole-genome mutational load in human-disease-
specific induced pluripotent stem cell clones. Cell Stem Cell 15, 31-36. doi:
10.1016/j.stem.2014.06.016

Taapken, S. M., Nisler, B. S., Newton, M. A., Sampsell-Barron, T. L., Leonhard,
K. A., Mclntire, E. M., etal. (2011). Karotypic abnormalities in human induced
pluripotent stem cells and embryonic stem cells. Nat. Biotechnol. 29, 313-314.
doi: 10.1038/nbt.1835

Tahara, H., Tokutake, Y., Maeda, S., Kataoka, H., Watanabe, T., Satoh, M., etal.
(1997). Abnormal telomere dynamics of B-lymphoblastoid cell strains from

Frontiers in Genetics | Genetics of Aging

January 2015 | Volume 6 | Article 10 | 12



Shimamoto etal.

Reprogramming suppresses Werner syndrome phenotypes

Werner’s syndrome patients transformed by Epstein-Barr virus. Oncogene 15,
1911-1920. doi: 10.1038/sj.onc.1201377

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., etal.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 131, 861-872. doi: 10.1016/j.cell.2007.11.019

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Sasaki, A., Yamamoto, M.,
etal. (2014). Induction of pluripotency in human somatic cells via a transient
state resembling primitive streak-like mesendoderm. Nat. Commun. 5, 3678. doi:
10.1038/ncomms4678

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126, 663—
676. doi: 10.1016/j.cell.2006.07.024

Takahashi, K., and Yamanaka, S. (2013). Induced pluripotent stem cells in medicine
and biology. Development 140, 2457-2461. doi: 10.1242/dev.092551

Takemoto, M., Mori, S., Kuzuya, M., Yoshimoto, S., Shimamoto, A., Igarashi,
M., etal. (2013). Diagnostic criteria for Werner syndrome based on Japanese
nationwide epidemiological survey. Geriatr. Gerontol. Int. 13, 475-481. doi:
10.1111/5.1447-0594.2012.00913.x

Takubo, K., Ohmura, M., Azuma, M., Nagamatsu, G., Yamada, W., Arai, F,
etal. (2008). Stem cell defects in ATM-deficient undifferentiated spermatogo-
nia through DNA damage-induced cell-cycle arrest. Cell Stem Cell 2, 170-182.
doi: 10.1016/j.stem.2007.10.023

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel,
J. J., Marshall, V. S, etal. (1998). Embryonic stem cell lines derived
from human blastocysts. Science 282, 1145-1147. doi: 10.1126/science.282.53
91.1145

Utikal, J., Polo, J. M., Stadtfeld, M., Maherali, N., Kulalert, W., and Walsh, R. M., et al.
(2009). Immortalization eliminates a roadblock during cellular reprogramming
into iPS cells. Nature 460, 1145—-1148. doi: 10.1038/nature08285

Vaziri, H., and Benchimol, S. (1998). Reconstitution of telomerase activity in normal
human cells leads to elongation of telomeres and extended replicative life span.
Curr. Biol. 8,279-282. doi: 10.1016/50960-9822(98)70109-5

Vaziri, H., Dragowska, W., Allsopp, R. C., Thomas, T. E., Harley, C. B., and Lansdorp,
P. M. (1994). Evidence for a mitotic clock in human hematopoietic stem cells:
loss of telomeric DNA with age. Proc. Natl. Acad. Sci. U.S.A. 91, 9857-9860. doi:
10.1073/pnas.91.21.9857

Wang, E, Yin, Y, Ye, X,, Liu, K., Zhu, H., Wang, L., etal. (2012). Molecular insights
into the heterogeneity of telomere reprogramming in induced pluripotent stem
cells. Cell Res. 22, 757-768. doi: 10.1038/cr.2011.201

Wang, ], Xie, L. Y., Allan, S., Beach, D., and Hannon, G. J. (1998). Myc activates
telomerase. Genes Dev. 12, 1769-1774. doi: 10.1101/gad.12.12.1769

‘Watanabe, K., Kobayashi, K., Takemoto, M., Ishibashi, R., Yamaga, M., Kawamura,
H., etal. (2013). Sitagliptin improves postprandial hyperglycemia by inhibiting
glucagon secretion in Werner syndrome with diabetes. Diabetes Care 36, e119.
doi: 10.2337/dc13-0709

Wollina, U., Gruner, M., Koch, A., Kostler, E., Hubl, W., Hanson, N, B., etal. (2004).
Topical PDGF-BB results in limited healing in a patient with Werner’s syndrome
and chronic leg ulcers. J. Wound Care 13, 415—416.

Wong, C. W,, Hou, P. S., Tseng, S. E, Chien, C. L., Wu, K. J., Chen, H. F, etal. (2010).
Kruppel-like transcription factor 4 contributes to maintenance of telomerase
activity in stem cells. Stern Cells 28, 1510-1517. doi: 10.1002/stem.477

Wong, K. K., Maser, R. S., Bachoo, R. M., Menon, J., Carrasco, D. R, Gy, Y., etal.
(2003). Telomere dysfunction and Atm deficiency compromises organ homeosta-
sis and accelerates ageing. Nature 421, 643~648. doi: 10.1038/nature01385

Wu, K. J., Grandori, C., Amacker, M., Simon-Vermot, N., Polack, A., Lingner, J.,
etal. (1999). Direct activation of TERT transcription by c-MYC. Nat. Genet. 21,
220-224. doi: 10.1038/6010

Wyllie, E S., Jones, C. J., Skinner, J. W., Haughton, M. E, Wallis, C., Wynford-
Thomas, D., etal. (2000). Telomerase prevents the accelerated cell ageing of
Werner syndrome fibroblasts. Nat. Genet. 24, 16-17. doi: 10.1038/71630

Yeong, E. K., and Yang, C. C. (2004). Chronic leg ulcers in Werner’s syndrome. Br. J.
Plast. Surg. 57, 86-88. doi: 10.1016/j.bjps.2003.10.011

Yokote, K., Hara, K., Mori, S., Kadowaki, T., Saito, Y., and Goto, M. (2004a).
Dysadipocytokinemia in werner syndrome and its recovery by treatment with
pioglitazone. Diabetes Care 27, 2562-2563. doi: 10.2337/diacare.27.10.2562

Yokote, K., Honjo, S., Kobayashi, K., Fujimoto, M., Kawamura, H., and Mori, S., et al.
(2004b). Metabolic improvement and abdominal fat redistribution in Werner
syndrome by pioglitazone. J. Am. Geriatr. Soc. 52,1582-1583. doi: 10.1111/5.1532-
5415.2004.52430_4.x

Yokote, K., and Saito, Y. (2008). Extension of the life span in patients with
Werner syndrome. J. Am. Geriatr. Soc. 56, 1770-1771. doi: 10.1111/j.1532-
5415.2008.01817.x

Yu, C. E., Oshima, J., Fu, Y. H., Wijsman, E. M., Hisama, E, Alisch, R, etal. (1996).
Positional cloning of the Werner’s syndrome gene. Science 272, 258-262. doi:
10.1126/science.272.5259.258

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian,
S., etal. (2007). Induced pluripotent stem cell lines derived from human somatic
cells. Science 318, 1917-1920. doi: 10.1126/science.1151526

Yusa, K., Rashid, S. T., Strick-Marchand, H., Varela, 1., Liu, P. Q., Paschon, D. E.,
etal. (2011). Targeted gene correction of alphal-antitrypsin deficiency in induced
pluripotent stem cells. Nature 478, 391-394. doi: 10.1038/nature10424

Zhang, J., Lian, Q., Zhu, G., Zhou, F, Sui, L., Tan, C, etal. (2011). A
human iPSC model of Hutchinson Gilford Progeria reveals vascular smooth
muscle and mesenchymal stem cell defects. Cell Stem Cell 8, 31-45. doi:
10.1016/j.stem.2010.12.002

Zhang, Y., Toh, L., Lau, P., and Wang, X. (2012). Human telomerase reverse tran-
scriptase (hTERT) is a novel target of the Wnt/beta-catenin pathway in human
cancer. J. Biol. Chem. 287, 32494-32511. doi: 10.1074/jbc.M112.368282

Zhao, T., Zhang, Z. N., Rong, Z., and Xu, Y. (2011). Immunogenicity of induced
pluripotent stem cells. Nature 474, 212-215. doi: 10.1038/nature10135

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 24 October 2014; accepted: 10 January 2015; published online: 29 January
2015.

Citation: Shimamoto A, Yokote K and Tahara H (2015) Werner Syndrome-specific
induced pluripotent stem cells: recovery of telomere function by reprogramming. Front.
Genet. 6:10. doi: 10.3389/fgene.2015.00010

This article was submitted to Genetics of Aging, a section of the journal Frontiers in
Genetics.

Copyright © 2015 Shimamoto, Yokote and Tahara. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

January 2015 | Volume 6 | Article 10 | 13



SCIENTIFIC REPLIRTS

Moyamoya disease susceptlblllty
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and angiogenic signals in
s - @NOthelial cells s

Published: xx xx xxxx

Neams

Received: 19 March 2015

. Kazuhiro Ohkubo®*, Yasunari Sakai**, Hirosuke Inoue?, Satoshi Akamine?, Yoshito Ishizaki?,
. Yuki Matsushita?, Masafumi Sanefuji*, leoyukl Tonsu1'3 Kenji Ihara*?, Marco Sardiello* &
: Toshiro Hara*

Moyamoya disease (MMD) is a cerebrovascular disorder characterized by occlusive lesions of

the circle of Willis. To date, both environmental and genetic factors have been implicated for
pathogenesis of MMD. Allelic variations in RNF213 are known to confer the risk of MMD; however,

functional roles of RNF213 remain't6 be largely elusive. We herein report that pro-inflammatory

: cytokines, IFNG and TNFA, synergisti'cﬂally activated transcription of RNF213 both in vitro and in

: vivo. Using various chemical inhibitors, we found that AKT and PKR pathways contributed to

: the transcriptional activation of RNF213. Transcriptome-wide analysis and subsequent validation

. with quantitative PCR supporl:ed that endogenous expression of cell cycle-promoting genes were
significantly decreased with knockdown of RNF213 in cultured endothelial cells. Consistently, these
cells showed less proliferative and less angiogenic profiles. Chemical inhibitors for AKT (LY294002)
and PKR (C16) disrupted their angiogenic potentials, suggesting that RNF213 and its upstream
pathwa‘Ys cooperatively organize the process of angiogenesis. Furthermore, RNF213 down-regulated

: expressions of matrix metalloproteases in endothelial cells, but not in fibroblasts or other cell types.

Altogether, our data illustrate that RNF213 plays unique roles in endothelial cells for proper gene

+ expressions in response to inflammatory signals from environments.

© Moyamoya disease (MMD) represents a specific intracranial vascular disorder characterized by progres-
sive, occlusive lesions of internal carotid arteries and branches in the circle of Willis*% To compensate
: the decreased blood flow in the affected brain area, the fine vascular network of Moyamoya, a Japanese
: word meaning “puffs of smoke”, develops as arterial stenosis progress*?. Earlier studies demonstrated
¢ that environmental factors including varicella zoster virus infection contributed to the development of
© MMD?>*% On the other hand, population-based studies pointed to the higher incidence of MMD in ori-
ental populations than those in Caucasians, suggesting that certain genetic backgrounds may also confer
the risk for the development of the vascular lesions®.
Genetic studies for MMD patients have been conducted to identify candidate disease susceptibility
loci®*®. Notably, several groups have demonstrated that single nucleotide variations in the RNF213 gene
had a strong association with the onset of MMD in both familial and sporadic cases'"'?. The human
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: 2Department of Pediatrics, Faculty of Medicine, Oita University, Yufu 879-5593, Japan. 3Section of Pediatrics,
Department of Medicine, Fukuoka Dental College, Fukuoka 814-0193, Japan. “Department of Molecular and
Human Genetics, Baylor College of Medicine, Jan and Dan Duncan Neurological Research Institute, Texas Children’s
Hospital, Houston 77030, USA. *These authors contributed equally to this work. Correspondence and requests for
materials should be addressed to Y.S. (email: ysakai22qiz3@gmail.com)

O®7T% | 5113191 | DOL: 10.1038/srep13191 %



RNF213 gene encompasses a 137,922-bp region at chromosome 17q25.3 (chr17:78,234,660-78,372,581)
and consists of 68 exons with 67 protein-coding exons. The encoded 596-kDa protein, RNF213, harbors
AAA-type ATPase, alpha-2-macroglobulin, and ring finger domains from its amino to carboxyl termi-
nus'®. Because of the presence of ring finger domain(s), RNF213 is considered a member of E3 ubiquitin
ligase protein family. Recently, RNF213 has been reported to be associated with angiogenesis'%; however,
little is known about its endogenous functions or its pathogenic roles in MMD!315,

To uncover the functional roles of RNF213 and pathogenic processes underlying MMD, we took
advantage of bioinformatics approaches to analyze hundreds of transcriptomic data publicly available
at open databases'S. The bioinformatics data predicted that RNF213 might act cooperatively with other
molecules under inflammatory signals. Based on this unbiased prediction, we investigated whether
RNF213 might respond to pro-inflammatory stresses. Through a series of functional studies, we herein
propose that RNF213 links the gap between environmental risk factors for the onset of MMD and endog-
enous signaling that is essential for angiogenesis.

Results .

RNF213 is associated with immune response. We reasoned that identifying endogenous functions
of RNF213 would facilitate our work towards unraveling the pathogenic mechanisms of MMD. To this
end, we hypothesized that co-expression analysis can drive the prediction of functional pathways that
RNF213 might regulate or be involved in. We took a bioinformatics approach to perform an unbiased
analysis on the expression profile of RNF213 in a large collection of human tissues and experimental
conditions'®”. Gene Ontology (GO) analysis of the genes that showed highly correlated in expressions
with RNF213 was then performed to infer putative pathways where RNF213 might play a functional
role (Supplementary Fig. S1 and Supplementary Table S1). We found that the GO categories of unmune
response’, “response to virus’, “defense response’, “inflammatory response’, and “innate immune response”
were significantly enriched and were consistently ranked at the top list of GO categories (Supplementary
Fig. S1 and Supplementary Table S1). These data suggested that RNF213 may be functlonally associated
with immune systems and/or virus defense. It was also noted that the GO term of “protein kinase cas-
cade” was significantly enriched in the co-expression analysis. RNF213 was therefore likely co-regulated
with other genes under stressed conditions, such as inflammation or infections.

Pro-inflammatory cytokines activates the transcription of RNF213. Based on the bioinformatic
prediction above, we next explored the exogenous ligands that may affect the endogenous expression of
RNF213 in cultured endothelial cells. We first stimulated HUVECs with various ligands for innate immu-
nity or cytokines, including polyl:C, LPS, PMA/ionomycin, IFNA, IFNG, TNFA, TGFB, IL-1B, IL-2,

IL-6, IL-18, and rapamycin'®; We found that RNF213 mRNA in HUVECs was significantly up-regulated
when the cells were treated with IFNA or IFNG Fig. 1a). Because TNFA was known to promote angio-
genesis®®, we additionally examined RNF213 mRNA level with co-stimulation of the cells with TNFA
and IFNG. The result showed that TNFA and IFNG combination further enhanced the expression level of
RNF213, supporting the synergistic effects of pro-inflammatory cytokines on endothelial gene responses
(Fig. 1b). Similar results were also obtained in HCAECs (Supplementary Fig. S2). The stimulatory effect
of IFNG on the expression of RNF213 in endothelial cells was verified at the protein level (Fig. 1c). We
also tested whether the genes that were predicted to be co-regulated with RNF213 (Supplementary Table
S1) were also up-regulated with such cytokine treatments. We randomly selected 15 genes (25.4%) from
those listed in Supplementary Table S1, and appended IL-6 as a positive control for the IENG treatment®.,

We ensured that IL-6 expression was increased 1.6-fold to the basal level, and that all of the 15 genes
were robustly induced by the IFNG treatment (Fig. 1d). We also verified that the increase of RNF213

-~ mRNA was the result of transcriptional activation, rather than increased stability of mRNA, because a

low-dose treatment with the RNA polymerase inhibitor, actinomycin D (500pug/ml), efficiently blocked
the acute increase in the amount of RNF213 transcripts upon cytokine stimulation (Fig. 1e). We there-
fore concluded that the expression of RNF213 was up-regulated by pro-inflammatory cytokines in a
transcription-dependent manner in cultured endothelial cells.

We then investigated the relevance of these data to physiological and stressed conditions in vivo. In
wild-type, 4-week-old female mice (C57Bl/6), Rnf213 proved to be expressed in various tissues, including
brain, heart, great vessels, mononuclear cells and spleen. We verified that the heart was the organ with
the highest expression of Rnf213 (Fig. 1f). When we treated these mice with an intra-peritoneal injection
of murine IFNG and TNFA, the mRNA level of Rnf213 was significantly elevated at 6hr after injec-
tion and rapidly declined within 24hr (Fig. 1g). Intriguingly, the IENG and TNFA injection activated
the expression of Rnf213 most prominently in heart and great vessels among other tissues. Together,
these results demonstrate that RNF213 is activated by inflammatory signals from the environment both
in vitro and in vivo.

AKT and PKR pathways up-regulate the transcription of RNF213. To identify the upstream
pathway(s) that controlled the transcriptional activation of RNF213 in response to cytokines, we treated
HUVECs with various protein kinase inhibitors. These included LY294002 for PI3K-AKT, C16 for PKR,
U0126 monoethanolate for MEK-ERK, AG490 for JAK-STAT, and SP600125 for JNK?>%, Among them,
LY294002 and C16 significantly suppressed the transcriptional activation of RNF213 in endothelial cells
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Figure 1. RNF213 is transcriptionally activated by IFNG and TNFA in vitro and in vivo. (a) Relative
expressions of RNF213 in HUVECs when stimulated with various ligands for innate immunity and
cytokines in comparison to that of control (“No Stim”). (b) Synergistic effects of IFNG and TNFA
treatments on RNF213 expression in HUVECs. (c) Western blot analysis for the RNF213 protein induction
with IFNG treatments in HUVECs. Quantified results are plotted on the right of the blotting image. (d)
Coinstantaneous inductions of RNF213 and other co-expressed genes upon IFNG treatments of HUVECs.
(e) Suppression of RNF213 induction after IFENG and TNFA treatments by actinomycin D (ActD) for
HUVECs. (f) The steady-state Rnf213 expressions in various tissues of female mice at 4-weeks of age
(compared with Brain). (g) Acute induction of Rnf213 transcripts after intraperitoneal injections of IFNG
and TNFA in vivo. (a-g) Data are shown as mean = SD values from 3 or more independent assays and
analyzed using Dunnett’s test (a,g) Tukey’s HSD test (b,e) and Student’s t-test (c). **p < 0.01, *p < 0.001.
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Figure 2. Phosphatidylinositol-4,5-bisphospate 3-kinase and double-stranded RNA-dependent protein
kinase are the two upstream regulators of RNF213 expression. (a) Plots show the relative expressions

of RNF213 mRNA in the presence or absence of protein kinase inhibitors for MEK (U0126, 20uM), JAK
(AG490, 25uM), JNK (SP600125;:10 uM) and PI3K (LY294002, 251M) and PKR (C16, 0.2uM). Mean values
from two independent assays are shown. (b,c) Dose-dependent inhibition of RNF213 induction by LY294002
(b) and C16 (c). Relative expressions of RNF213 are plotted against various concentrations of PI3K and

PKR inhibitors. Data are shown as values of mean + SD from three independent assays and analyzed using
Dunnett’s test (b,c): *p < 0.05, ***p < 0.001.
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upon IENG treatment (Fig. 2a), and their inhibitory effects were dose-dependent (Fig. 2b,c). These data
indicate that PI3K-AKT and PKR are two major upstream regulators of RNF213 expression in endothe-
lial cells, although it remains to be determined whether other unknown cascades might contribute to the
transcriptional activation of RNF213.

RNF213 promotes endothelial cell proliferation. We next investigated the biological impacts of
RNF213 depletion in endothelial cells. To identify downstream events, we tested whether siRNA-mediated

~ knockdown of RNF213 may lead to aberrant expressions of endogenously expressed genes in endothe-
lial cells. Administration of siRNAs to RNF213 (siRNF213#1 and #2) for 48 hr resulted in profound
decrease in RNA (13-46%) and encoded protein (0%), indicating the efficient and rapid degradation
of RNF213 transcripts in the host cells within the time window (Supplementary Fig. S3). We next per-
formed transcriptome analysis of HCAECs upon treatment with siRNF213#1 or with a control siRNA.
Overall, a total of 217 genes were up-regulated (>2.0-fold change in expression), while 499 genes were
down-regulated (< 0.5-fold change in expression), in the siRNF213#1-treated cells when compared to the
control (Supplementary Table S3 and Supplementary Table S4). The clustered gene matrix showed that
differentially expressed genes between the test and control samples exhibited similar expression profiles
within each group, indicating the high-confidence data of our transcriptome analysis (Fig. 3a).

To our surprise, a GO analysis highlighted the overrepresentation of cell cycle-associated genes among
those aberrantly expressed in siRNA-treated HCAECs (Supplementary Table S3 and Supplementary
Table S4). Specifically, “cell cycle process’, “cell division’, and “DNA replication” were listed among the
top 5 GO categories (Supplementary Fig. S4). A KEGG pathway analysis also predicted that such gene
expression changes might be linked to deregulation of cell cycle and its associated molecular pathways
(Supplementary Fig. S5). Knowing that RNF213 might play an important role for cell-cycle progression
in endothelial cells, we carried out the following three experiments to address this issue: First, quanti-
tative (q) PCR assays successfully reproduced the microarray data. The expressions of CCNA2, CCNBI
and CCNE1 were decreased to 5.1% (p=0.0002), 9.0% (p=0.0038) and 28.1% (p=0.0006) of control,
respectively, when we knocked down RNF213 in HUVECs (Fig. 3b). Second, flow cytometry analyses
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Figure 3. RNF213 up-regulates cell-cycle and proliferation of endothelial cells. (a) The heat map shows
up (yellow) or down-regulated (blue) genes in siRNF213#1-treated or untreated HCAECs (n=2 for each
condition). Clustering of siRNA-treated cells and expression profiles for each experiment were conducted
blindly. (b) Validating qPCR assays for CCNA2, CCNBI and CCNEI expressions in HUVECs with or
without RNF213 knockdown (mean = SD, n= 3, using Student’s t-test). **p < 0.01, **p < 0.001. (c) Flow-
cytometry analysis for cell cycles of HUVECs. Used siRNAs (siRNF213#1 or control) are denoted at the
top. The left two panels show 2D-plots for fluorescence intensity of FITC-labeled BrdU and that of 7-AAD.
Fractions (%) of cells in GO/G1, S, G2+M and sub GO/G1-phases are indicated with squares. Bar plots

on the right shows significant decrease in S-phase with siRNA-mediated knockdown of RNF213 (n=3,
using Student’s t-test, ***p < 0.001). (d) MTS assay for HCAECs, HeLa, HCASMCs and fibroblasts in the
presence of RNF213-specific siRNA (siRNF213#1) or control siRNA (n=3 in each group, using Student’s
t-test, ***P < 0.001). (e) Western blots for phosphorylated form of AKT (p-AKT), total AKT (t-AKT) and
ACTB in HUVECs. Quantitative data from three independent Western blot analyses are shown as plots on
the right (mean + SD) and analyzed using Student’s t-test. **p < 0.01. Full length blots are presented in
Supplementary Fig. S7.
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for BrdU- and 7-AAD-labeled cells revealed that knockdown of RNF213 caused remarkable decline in
the proportion of cells in S-phase (9.3 0.2%), when compared to control cells (14.5=£ 0.4%, p < 0.001,
Fig. 3¢). In contrast, cells in static phases (G1 and G2+M) were significantly increased. The proportion
of cells in Sub-G1 phase was decreased, indicating that apoptotic cells were not increased. Third, the
MTS assays showed that RNF213 knockdown led to a decrease in cell growth to 76.945.9% of control
in HCAECs (p < 0.001, Fig. 3d). In contrast, cell growths were not disturbed with siRNA treatments of
non-endothelial cells, such as HeLa, HCASMCs or fibroblasts (Fig. 3d).

These data collectively provided evidence that RNF213 promotes cell proliferation through regulating
its downstream pathways, and that endothelial cells are more susceptible to the functional loss of RNF213
for cell growth than cells from other tissues. In agreement with these data, knockdown of RNF213 was
shown to decrease phosphorylated AKT (pAKT) in HUVECs and HCAECs, indicating lower activity of
PI3K-AKT signal in endothelium. On the other hand, such difference was not observed in non-endothelial
cells, HeLa, HCASMCs and fibroblasts (Fig. 3e, Supplementary Fig. S6 and Supplementary Fig. S7).

RNF213 is an upstream regulator of the matrix metalloproteinases.  Cell growth-promoting
signals, including the PI3K-AKT pathway, are reportedly associated with the angiogenic potential of
endothelial cells24 This fact may support the cell-autonomous models of MMD, where functional deficits
in endothelial RNF213 may lead to angiopathy as a consequence of persistently low PI3K-AKT activ-
ity. However, knowing that the endothelial AKT signals were not activated with the IFNG treatments
(Supplementary Fig. S7), we hypothesized that RNF213 might mediate angiogenic responses of endothe-
lial cells through PIK3-AKT- dependent and -independent mechanisms under inflammatory stresses. We
therefore inspected minor changes in the microarray data searchmg for the genes that appeared to be
independent of cell cycle and PI3K-AKT pathways. - '

We found, among aberrantly expressed genes and GO categories, that matrix metalloproteinase
(MMP) genes were significantly up-regulated when RNF213 was knocked down in endothelial cells
(Supplementary Table S3). We therefore examined the expression changes of MMPs (MMPI, 2, 3, §,
10, 11, 14, 15 and 17) and of tissue inhibitors of metalloproteinases (TIMP1 and TIMP2) upon knock-
down of RNF213 in HUVECs. A qPCR aésays confirmed that all MMPs herein tested were elevated
following RNF213 silencing. We primarily focused on MMP1 because MMP1I was the most prominently
up-regulated gene among other MMPs with siRNA treatments to RNF213 (Fig. 4a). This result was con-
firmed at the protein level when MMP1 protein level in the culture medium was measured by ELISA
(Fig. 4b). Noticeably, such increase in MMP]I expression was attenuated to 38.7% and 57.2% of control at
the protein and RNA level, respectlvely, by pre-treatment with IFNG (p < 0.001, Fig. 4b,c). These results
indicated that RNF213 controls the expressions of MMPs as an upstream regulator, and that RNF213
might play a potentlal role in angiogenesis through these effects on MMPs.

RNF213 and MMP1 expressnons in fibroblasts from MMD patients. To determine the rele-
vance of above-described results to the pathogenic mechanisms of MMD, we asked whether the variant
RNF213 m1ght have the properties of a hypomorphic allele. We used 4 fibroblasts from healthy volunteers
and 2 from MMD patients. The 2 MMD fibroblast lines, but not the 4 controls, were heterozygous with
the high-risk allele of RNF213 (c.14756G>A) (Fig. 5a).In these lines, we confirmed that RNF213 was
similarly induced at mRNA level with IFNG treatments (Fig. 5b). The basal expression levels of RNF213

‘as well as its response to the IFNG treatment did not differ between MMD and control groups (Fig. 5b).

- We next compared the expressions of MMPI mRNA and protein in fibroblasts from MMD patients

« and healthy individuals. Surprisingly, one of fibroblasts from an MMD patient expressed higher amount

of MMPI mRNA than controls (p < 0.001), while the other fibroblast did not show significant differ-

- ence (Fig. 5¢). Consequently, we obtained only a marginal difference in the MMPI expression between

the MMD and control groups (p=0.052, Fig. 5¢). We observed the same trend for MMP1 protein
(Supplementary Fig. S8). These data appeared to support that MMPI expression varies in individual
fibroblasts regardless of the RNF213 genotypes. Alternatively, however, it might be also possible that
the variant RNF213 allele could affect only minimally the gene expressions in fibroblasts and other
non-endothelial cells. In fact, indispensable functions of RNF213 were observed only in endothelial cells
(Fig. 4a,b).

%Ne therefore suspected that RNF213 might function as a dispensable molecule for regulating the
MMP]I expression in non-endothelial cells. To address this issue, we examined whether silencing of
RNF213 in fibroblasts might cause aberrant expressions of MMPI. As expected, MMPI mRNA expres-
sion was not altered with knockdown of RNF213 in the fibroblasts from a healthy control (Fig. 5d). We
further confirmed that IFNG treatment did not result in deregulation of MMPI expression in fibroblast
in the presence of siRNA for RNF213 (Fig. 5d). These results were substantially identical in independent
assays using fibroblasts from other healthy controls and MMD patients (data not shown). Knockdown of
RNF213 did not alter the expressions of MMPI in HeLa or HCASMCs, either (Supplementary Fig. S9).

Endothelial RNF2123 controls angiogenesis through regulating the expression of
MMP1. Although RNF213 have been shown to be essential for normal vascular development'%, it
still remains unknown whether the angiogenic functions of RNF213 is associated with inflammatory sig-
nals. As previously reported, the matrigel system showed rapid morphological changes of HUVECs and
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Figure 4. RNF213 controls the expression of MMPs in endothelial cells. (a) Relative expressions of
RNF213, MMPs, TIMPI and 2 genes are plotted. Note the significant up-regulations of all but MMP2, 17,
TIMPI genes with knockdown of RNF213 (white bars) compared to control experiments (black bars).
Data are show as values of mean =+ SD (n=3) and analyzed using Student’s t-test. *p < 0.05, **p < 0.01,
*p < 0.001. (b) Secreted MMP1 proteins in the culture medium. Data from three independent assays
with ELISA are shown (mean +SD). Note that MMP1 proteins are significantly elevated with knockdown
of RNF213 regardless of IFNG pretreatments. The elevation of MMP1 with RNF213 knockdown are partly

attenuated by IFNG pretreatments (IFNG+) compared to that in untreated cells (IFNG—), using Tukey’s

HSD test. **p < 0.001. (¢) Preventative effects of IFNG on aberrantly up-regulation of MMPI RNA due
to RNF213 knockdown. The data from three independent experiments followed by qPCR are shown and
analyzed using Tukey’s HSD test. ***p < 0.001.

HCAEC:s into vascular structures within 8hr after inoculation (Fig. 6a and Supplementary Fig. S10)?.
Based on the previous data in this study, we predicted that functional loss of RNF213 or its upstream
pathways might lead to deficits in such angiogenic responses. Indeed, we found that chemical inhibition
of both PI3K-AKT and PKR pathways—the two upstream regulators of RNF213—efficiently disrupted
angiogenesis (Supplementary Fig. S11 and Supplementary Fig. S12). Moreover, we found that angiogenic
potentials of HUVECs and HCAECs were nearly completely ablated by the siRNA-mediated knockdown
of RNF213 both in presence and absence of IFNG pre-treatments (Fig. 6a and Supplementary Fig. S10).

Lastly, we determined if up-regulated MMPs might contribute to exaggerating the poor angiogen-
esis of HUVECs when RNF213 was knocked down. To address this issue, we pretreated the cells for
48hr with siRNA to knockdown the endogenous RNF213, and inoculated them onto the matrigels in
the presence or absence of the MMP inhibitor, GM6001. We did find that the MMP inhibitor success-
fully restored the attenuated angiogenesis of HUVECs due to RNF213 knockdown (0%) to 68.4% of
control (p=0.02, Fig. 6b,c). Furthermore, we confirmed that disrupted angiogenesis of HUVECs by
PKR and PI3K inhibitors were nearly completely restored by GM6001 (p < 0.001, Fig. 6d,e). Therefore,
RNF213 promoted angiogenesis of endothelial cells through both cell cycle-dependent and -independent
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Figure 5. Comparative analySié' of MMP1 expressions in fibroblasts from healthy controls and MMD
patients carrying the R4810K variant of RNF213. (a) Sanger sequences for the target region of RNF213.
Note that healthy control (Normal) are have the wild-type allele, while two MMD patients (MMD1 and 2)
carry a heterozygous c.14756G>A (R4810K) mutations. (b) Relative RNF2]3 expressions and their responses
to IFNG treatment in the ﬁbroblasts from 4 healthy controls (Normal) and 2 MMD patients. Data are
shown as mean+ SD values of qQPCR assays in three independent assays. (c) Relative expressions of MMPI
transcripts in fibroblasts from 4 individuals of healthy control and 2 MMD patients. Values are shown as
mean = SD (n= 3), and analyzed using Student’s t-test. N.S., not significant. (d) Relative RNF213 and MMPI
expressions in control fibroblasts with or without treatment by IFNG and siRNF213#1 (mean=+ SD, n=3,
using Tgkeys_HSD test, ***p < 0.001).

_mechanisms. Among cell cycle-independent mechanisms, we identified MMP1 as one of the downstream
effectors of RNF213 in endothelial cells for their angiogenic responses.
Taken together, we concluded that RNF213 was inducible by cytokine-mediated signals in both
endothelial and non-endothelial cells. By contrast, the key gene expression changes for angiogenic
responses were specific to endothelial cells, but not common with non-endothelial cells.

Discussion

RNF213 has been recently identified as an MMD susceptibility gene, but the pathogenic mechanism
and the functional implications of the variant allele encoding the R4810K-mutant protein remain unre-
solved!'2 In this study, we began by collating the expression profiles of RNF213 from a massive set of
transcriptomic data'®?. The unbiased, genome-wide approach successfully detected extremely high sig-
nals of co-expression profiles for RNF213 in conjunction with other genes that were previously associated
with inflammatory responses, pointing out RNF213 as a candidate gene that plays a role in pathways such
as “innate immune response (GO:0045087)”, “positive regulation of I-kappaB kinase/NF-kappaB cascade
(G0O:0043123)” and “positive regulation of defense response to virus by host (G0:0002230)”.

‘We thus explored to validate such bioinformatic predictions through biological experiments: First, we
found that acute administrations of TNFA and co-stimulations with other pro-inflammatory cytokines
dramatically induced transcription of RNF213 both in vivo and in vitro. These data were particularly
important in that RNF213 might potentially connect previously known environmental factors of MMD
to cell-intrinsic models for the disease onset. Experiments with chemical inhibitors for both PKR and
PI3K-AKT pathways efficiently blocked the transcriptional activation of RNF213 after the cytokine
treatment, indicating epistatic regulation of RNF213 by these pathways. We therefore tested whether

SCIENTIFIC REPORTS | 5:23292 | DOI: 10.2038/srep13191 g
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Figure 6. RNF213 links the external signals to angiogenesis through regulating MMP] expressions

in endothelial cells. (a) The angiogenic responses of HUVECs on matrigels in different conditions.
Representative images for tubular formation by trypsinized HUVECs in the absence (upper panels) or
presence of siRNA for RNF213 (lower). Effects of IFNG pretreatments (right) on angiogenic response of
HUVECs are shown in comparison with those of untreated cells (left). Scale bar=100pm. (b) MMP is a
key downstream molecule for deficits in angiogenic response of endothelial cells with depleted expression of
RNF213. Upper, middle and lower panels show tubular formation of HUVECs on matrigel without siRNA
treatment (“Control”), with siRNA-mediated knockdown of RNF213 and with co-administration of GM6001,
an MMP1 inhibitor, respectively. Scale bar = 100 um. (c) The bar plots show quantitative results of % tube
area (upper) and % tube length (lower) on matrigels using HUVECs (n=3) for Fig. 6b. Tukey’s HSD test.
*p < 0.05, **p < 0.01. (d) Effects of PI3K and PKR inhibitors for tubular formations of HUVECs on the
matrigel and its recovery by GM6001. Scale bar = 100 um. (e) Bar plots presenting quantitative results of %
tube area (left) and % tube length (right) on matrigels using HUVECs (n= 3) for Fig. 6d. Tukey’s HSD test.
***p < 0.001. N.S., not significant. (f) A proposed model for the regulatory roles of RNF213, PI3K and PKR
pathways in endothelial response to cytokines and in angiogenesis.
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RNF213 and these molecular signals might interplay reciprocally in response to pro-inflammatory
cytokines. SiRNA-mediated knockdown of RNF213 in endothelial cells did not affect PKR or PI3K
expression in response to TNFA and IFNG co-stimulations. On the other hand, RNF213 knockdown led
to remarkable decrease in phosphorylated AKT (pAKT) signals, as previously suggested®. These data
clarified the following two points: 1) RNF213 is a downstream target, and not an upstream regulator, of
cytokine-mediated PKR pathway; and 2) RNF213 and PI3K-AKT pathway reciprocally interact with or
without cytokine stimulations.

Both PKR and PI3K-AKT pathways are major drivers of new protein synthesis, cell growth and
autophagy?*. Interestingly, endothelial autophagy is known to be essential for protecting endothelial
cells from vascular insults and senescence®’. In the present study, however, we were unable to obtain
experimental data supporting the functional role of RNF213 in vascular autophagy (data not shown).
Nonetheless, we anticipate that future experiments using Rnf213-knockout or its R4810K knock-in mice
will provide robust evidence for these issues. The transcriptomic analysis on cultured endothelial cells
in this study disclosed that siRNA-mediated knockdown of endogenous RNF213 disturbed DNA syn-
thesis and cell proliferation. These data supported an established concept that the cell-cycle progres-
sion of endothelial cells is correlated with their angiogenic properties®. Similarly; as the PI3K-AKT is a
well-known pathway for cell growth, tumorigenesis and cancer-related angiogenesis®, it is not surprising
that the PI3K inhibitor LY294002 hampered the angiogenic phenotypes of endothelial cells in this study.
Notably, we found that the PKR inhibitor also prevented in vitro angiogenesis. This finding recapitulated
the modifying effects of PKR on angiogenesis through elF2c phosphorylation®. We further found that
the PKR inhibitor did not suppress the cell-cycle associated genes (data not shown). Together, it was
suggested that RNF213 functions as a common downstream effector of PKR and PI3K-AKT pathways in
endothelial angiogenesis through exerting its angmgemc ePfects through distinct molecular mechanisms
in each pathway (Fig. 6f).

Based on an assumption that cell-cycle-independent mechamsms also contributed to the angiogenic
defects as a consequence of RNF213 deficiency in endothelium, we closely inspected the minor find-
ings in our microarray data. We found that several matrix metalloproteinase genes, including MMPI,
3, 8, 10, 11, 14, and 15, were significantly increased in their expressions. Excessive MMPs are known
to cause epithelial to mesenchymal transition, thereby leading to deleterious effects on endothelial cells
in maintenance of vascular structures*. The MMP inhibitor, GM6001, restored abnormal phenotypes
caused by siRNA-mediated RNF213 sﬂencmg, indicating that the loss of RNF213 was associated with
active vascular remodeling through up-regulation of MMPs. These data indicated that RNF213 promoted
angiogenesis through cell-cycle-dependent and independent mechanisms.

The knockdown experiments using fibroblasts did not recapitulate the data for over-expression of
MMPI or downward regulation of PI3K-AKT that were observed for endothelial cells in this study. This
discrepancy can be interpreted by hypothesizing that RNF213 promotes cell proliferation in endothelial
cells, but not in other cells or tissues, through positive regulation of the PI3K-AKT pathway. From a
more general perspective, these results may reflect differential roles of RNF213 in endothelial cells and
other tissues including smooth muscle cells and fibroblasts. This perspective might be coherent with the
fact that GO terms for co-expressed genes in the bioinformatic dataset did not necessarily overlap with
those of our microarray data using endothelial cells.

In the present study, we also asked whether endothelial cell-autonomous models might fit better
to the pathogenic processes of MMD than non-cell-autonomous models*>3, The elevated expressions
of MMP mRNAs and proteins with reduced expression of RNF213 in endothelial cells were likely to

“support the former, endothelial cell-autonomous model. We were unable to obtain direct evidence for

higher expression of MMPI in vascular tissues from MMD patients. Alternative experiments applying

 combined methods of induced pluripotent stem cells with in vitro differentiation of endothelial cells

will offer more clues for pathogenic responses of the cells from MMD patients to environmental sig-
nals. Considering previous studies that associated higher levels of plasma MMPs with increased risk of
MMD?*>* and increased vascular MMP-9 in mice lacking RNF213%, we speculate that individuals with
the R4810K mutation may have a tendency to produce higher amounts of MMPs from endothelial cells
upon systemic inflammation.

A recent study identified GUCY1A3, which encodes the a1 subunit of soluble guanylate cyclase (sGC),
the major receptor for nitric oxide (NO), as the gene mutated in a syndromic form of MMD?. This dis-
covery implicated that alterations of NO-sGC pathway might lead to an abnormal vascular-remodeling
process in sensitive vascular areas, such as internal carotid artery bifurcations. We surmised that this
concept could be also valid with sporadic, non-syndromic forms of MMD. In line with this concept,
it would be reasonable to test whether activated NO synthase under inflammatory stress may require
RNF213 to down-regulate the production of MMPs.

One of remaining issues to discuss in this study was how the R4810K variant allele of RNF213 could
affect the biochemical function of RNF213—Dby a loss of function, gain-of function, or dominant mech-
anism? Since we were unable to observe differential MMP syntheses in fibroblasts from MMD patients
when compared to those in healthy controls, we cannot safely conclude that the R4810K variant of
RNF213 results in functional loss of the protein. Nonetheless, markedly elevated MMP production upon
silencing of RNF213 in endothelial cells led to deleterious effects on their angiogenic responses. In this
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scenario, disease-susceptibility amino acid change (R4810K) is more likely linked to the functional defi-
ciency of RNF213 than its gain of function.

Clinical implications of this study will be further strengthened by analyzing the functional roles of
RNF213 in the context of vascular insults by virus and other pathogens. Knowing that the variant allele
of RNF213 appeared more frequently in individuals with syndromic forms of MMD than in the control
group (our unpublished data), we assume that functional loss of RNF213 may contribute to the devel-
opment of MMD even in the presence of other genetic causes or environmental risk factors, such as
varicella zoster virus infection. Another aspect of clinical implications may include the potential thera-
peutic targets for MMD with MMP inhibitors. Also, given the active angiogenesis in malignant tissues
and inhibitory effects of some MMPs on cancer proliferation, RNF213 could be considered as a target
molecule for future cancer treatments*.

In conclusion, our study provides new insight into the convergent functions of RNF213 among var-
ious genetic and environmental risk factors for the onset of MMD. We will use mouse models to fur-
ther explore this issue and identify gene-environment interactions of the two main pathways related to
RNF213 (PKR and PI3K-AKT) with vascular inflammation.

Methods

Bioinformatic search for co-expressed genes. Expression. correlatlon analy51s was performed as
previously described!®'”. Briefly, g:Profiler® retrieved a large amount of expression data for the most
similarly co-expressed genes in a specified Gene Expression Omnibus (GEO, http://www.ncbinlm.nih.
gov/geo/) dataset. Among them, expression data involving the four selected gene probes for RNF213
(Affymetrix probes 225931, 230000, 232155 and 241347, Aftymetrix, Santa Clara, CA, USA) was obtained
from a total of 106 heterogeneous microarray experiments based on the human Affymetrix HG-U133 Plus
2.0 array. To associate highly correlated genes with specific categories of gene functions, Gene Ontology
(GO) DAVID analysis (http://david.abcc.ncifcrf.gov/) were applied, and GO terms with more than a fold
enrichment >2 and a P-value < 0.01 were retained (Supplementary Fig. $1 and Supplementary Table S1).
Gene symbols and coordinates were used according to the UCSC genome browser hgl9 (http://genome.
ucsc.edu/). Protein domain mformatlon was obtained from Human Protein Reference Database (http://
www.hprd.org/)*. :

Cell culture. Cells were purchased from ATCC (Manassas, VA, USA) and Coriell Institute (Camden,
NJ, USA). Human coronary artery endothelial cells (HCAECs) were cultured in EGM-2MV (Lonza,
Basel, Switzerland) containing 10% fetal calf serum (FCS)®, and human umbilical vein endothelial cells
(HUVECs) were cultured in EGM-2 (Lonza) containing 2% FCS*. Human coronary artery smooth
muscle cells (HCASMCs) were cultured in SmGM-2 (Lonza) containing 5% FCS. HeLa cells and fibro-
blasts were cultured in Dulbecco’s Minimal Essential Medium (Wako, Osaka, Japan) containing 10%
FCS with 1% penicillin/streptomycin (Wako). HCAECs and HUVECs were assayed at passages 10 and
5, respectively. HCASMCs were assayed at passage 8. Fibroblasts were used at passage between 3 to 5.
All cell cultures were maintained at 37°C in normoxic environments with 5% CO, and 100% humidity.

Animal studies. Female C57 BL/6N mice at 4 weeks of ages were used for in vivo experiments. Briefly,
0.1ml of PBS or 250 ng/body of TNFA (Sigma-Aldrich, Saint Louis, MO, USA) and 10pg/body of IENG
(Sigma-Aldrich) were intraperitoneally injected. Animals were euthanized at 0, 6 and 24 hr after injec-
“tion and RNA was immediately extracted from various tissues after sacrifice on deep anesthesia (RNeasy
Micro Kit, Qiagen, Venlo, Netherlands). Total RNA was used for cDNA synthesis followed by quantita-
tive PCR.

Quantitative real time PCR. Total RNA was extracted using RNeasy Micro Kit (Qiagen) and syn-
thesized complementary DNA using High-Capacity RNA to ¢cDNA Kit (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Quantitative real time PCR (qRT-PCR) was per-
formed using Fast SYBR Green Master Mix and StepOnePlus (Life Technologies). Human ACTB or
mouse Actb was used as internal control gene. The sequences of each gene specific primers were shown
in Supplementary Table S2. The PCR conditions were 95°C (20seconds), 40 cycles of 95°C (3 seconds),
and 60°C (30seconds). Relative gene expression was calculated by ddCt method***,

Western blotting. Cultured cells were lysed in Laemmli Sample Buffer (Biorad, Hercules, CA,
USA). 'The total protein concentration in cell lysates was determined using Qubit 2.0 Fluorometer (Life
Technologies). Equivalent protein amounts from each sample were separated by polyacrylamide gel elec-
trophoresis using 4-15% Mini-PROTEAN TGX Gels (Biorad). Electrophoresed proteins were transfered
to PVDF membranes (Trans-Blot Turbo Transfer Pack, Biorad). Blotted membranes were blocked with
5% milk and incubated at 4°C for overnight with primary antibodies. Following antibodies were used:
ACTB (1:10000; Abcam, Cambrige, United Kingdom), RNF213 (1:200; Sigma-Aldrich), AKT (1:1000;
Cell Signaling Technology, Danvers, MA, USA), and phospho AKT (1:2000; Cell Signaling Technology).
Light-chain specific anti-rabbit or mouse secondary antibodies conjugated to horseradish peroxidase
(211-032-171 or 115-035-174, Jackson ImmunoResearch, West Grove, PA, USA) were used to detect
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the specific protein signals. Chemiluminescence signals (ImmunoStar LD, Wako) were detected using
FluorChem FC2 System (ProteinSimple, San Jose, CA, USA). ACTB was used as an internal control.

RNAinterference. Transfection of small interfering RNA (siRNA) was conducted using Lipofectamine
RNAIMAX (Life Technologies) according to the manufacturer’s protocol. Commercially available siR-
NAs were used to knockdown human RNF213, which were herein designated as siRNF213#1 and #2
(Stealth RNAi #HSS126645 (sequences: 5'-UUUAACUGGCAUCUGUUUAAGGCCU-3" and 5-AGG
CCUUAAACAGAUGCCAGUUAAA-3') and #HSS184009 (sequences: 5-UGAAGCAGCUGCCUCAA
CCCAUCUG-3' and 5'-CAGAUGGGUUGAGGCAGCUGCUUCA-3'), respectively, Life Technologies).
Stealth RNAi Negative Control Low GC Duplex (Life Technologies) was used for controls. To check
knockdown of gene expression, qRT-PCR and western blotting were carried out as described above.

Microarray. Microarray-based transcriptome analyses for HCAECs were performed using Sure Print
G3 Human GE microarray kit 8x 60k v2 (Agilent Technologies, Santa Clara, CA, USA), and the expres-
sion data were processed with GeneSpring GX software (Agilent Technologies) as previously described*»*.
Bioinformatic analyses for clustering’, GO and KEGG pathways (http://www.genome.jp/kegg/pathway.
html) were conducted with standard protocols as described elsewhere**, Our transcriptome data have
been deposited in NCBI Gene Expression Omnibus under accession code GSE62348.

Cell proliferation assay. The number of HUVECs was quantitatively analyzed on standard MTS
assays using CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA).
Por S-phase specific labeling of growing cells, HUVECs were incubated in the presence of 10pM BrdU
for 2hours. Cells were trypsinized and labeled with 7-Aminoactinomycin D, and then the proliferating
cells in S phase were visualized with FITC BrdU Flow Kit (BD Franklin Lakes, NJ, USA) using Epics XL
(Beckman Coulter, Brea, CA, USA).

Angiogenic activity. Endothelial tube formation was assessed using Matrigel (BD) following to the
manual. HUVECs or HCAECs were plated at 20,000 cells/well on matrigel-coated 24-well culture dishes.
Cells were incubated for 4hours at 37°C and were allowed to form tube formations. For quantitation,
tube area and length were calculated using Image ] software (National Institutes of Health, Bethesda,
MD, USA) as previously described®. -

ELISA and chemicals. ,Cyo,ncentration of MMP-1 in the culture supernatant was measured with
Quantikine ELISA (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol.
Other chemicals were purchased from Sigma-Aldrich or Wako Pure Chemical Industries.

Statistical analysis. Results are shown as means standard deviation unless otherwise indicated.
The statistical significance between groups was assessed by Student’s t-test, Tukey’s HSD test or Dunnett’s
test using JMP software (SAS Institute, Cary, NC, USA). The differences were considered significant
when P-values were less than 0.05.

Study approval. Ethical issues concerning this study were approved by the institutional review board
at Kyushu University (#22-102). All subjects from MMD patients and healthy volunteers were provided
with written forms of informed consent prior to this study. All procedures for animal experiments were
approved by institutional review boards for animal care at Kyushu University (#A26-232-0). Experiments
- herein presented were all conducted in a stringent compliance to the institutional guideline.
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Abstract

Bardet-Biedl syndrome (BBS) is an autosomal recessive disorder characterized by central
obesity, mental impairment, rod-cone dystrophy, polydactyly, hypogonadism in males, and
renal abnormalities. The causative genes have been identified as BBS7-79. In Western
countries, this disease is often reported, but remains undiagnosed in many patients until
later in life, while only a few patients with no mutations identified have been reported in
Japan. We thus conducted the first nationwide survey of BBS in Japan by sending question-
naires to 2,166 clinical departments with board-certified specialists and found 7 patients
with clinically definite BBS. We performed exome analyses combined with analyses of
mRNA and protein in these patients. We identified 2 novel mutations in the BBS5 gene (p.
R89X and IVS7-27 T>G) in 2 sibling patients. The latter mutation that resided far from the
authentic splicing site was associated with skipping of exon 8. We also found 3 previously
reported mutations in the BBS2 (p.R413X and p.R480X) and BBS7 (p.C243Y) genes in 2
patients. To our knowledge, a nationwide survey of BBS has not been reported in any other
country. In addition, this is the first study to identify genetic alterations in Japanese patients
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with BBS. Our results indicate that BBS in Japan is genetically heterogeneous and at least
partly shares genetic features with BBS in other countries.

Introduction

Bardet-Biedl syndrome (BBS) is an autosomal recessive disorder characterized by central obe-
sity, mental impairment, rod-cone dystrophy, polydactyly, hypogonadism in males, and renal
abnormalities. The causative genes have been identified as BBSI-19. The prevalence of BBS var-
ies among regions. In Newfoundland, Canada the prevalence is 1:17,500 live births [1]. A simi-
lar prevalence has been reported in the Bedouin population of Kuwait (1:13,500) [1, 2]. In
contrast, the prevalence is lower in Switzerland (1:160,000) and the United Kingdom
(1:125,000) [1, 2]. In Western countries this disease is often reported, but remains undiagnosed
in many patients until later in life [1]. In Japan, only a few patients have been reported [3-7],
and no mutations have been identified to date. This fact may be attributed to several factors,
such as the lack of specialized institutes for BBS that can analyze all the 19 responsible genes in
Japan and the presence of racially distinct genetic backgrounds. This study was originally initi-
ated in response to governmental research projects for nationwide surveys of rare diseases, and
the research group was subsequently expanded to enable genetic analyses of BBS. We found
several patients with clinically definite BBS. Furthermore, exome analyses combined with anal-
yses of mRNA and protein identified the first Japanese patients with genetically definite BBS.

Materials and Methods
Patients

A nationwide survey of BBS was conducted in 2010-2011 with the use of two-step question-
naires. The first step was a questionnaire survey inquiring about the number of patients who
had central obesity, mental impairment, rod-cone dystrophy, polydactyly, hypogonadism in
males, renal abnormalities, and any combinations of these 6 categories of signs and symptoms.
It also asked whether potential recessive inheritance (consanguinity and similar diseases in sib-
lings) and BBS gene tests were performed. This questionnaire was sent to 2,166 clinical depart-
ments with board-certified specialists in neurology (765), child neurology (124), obesity (109),
retina and vitreous diseases (115), hepatology (367), nephrology (580), and surgery of the foot
(106), the locations of which covered all 47 prefectures in Japan. There appeared to be a few
caveats in our nationwide survey: clinical geneticists and pediatric ophthalmologists were not
included. In Japan, most clinical geneticists have their own specialties, such as neurology or
child neurology. Similarly, most pediatric ophthalmologists also see adults. In addition, oph-
thalmologists who exclusively evaluate retinal degeneration in children were included in our
survey. Because of these conditions in Japan, our survey does not seem to have large caveats.
The second step was to inquire about more detailed clinical/laboratory/genetic information
on potential patients who had at least 4 of the 6 categories of features described above or 3 of 6
primary features and 2 secondary features [8]. The secondary features included speech disor-
der/delay; strabismus/cataracts/astigmatism; brachydactyly/syndactyly; developmental delay;
polyuria/polydipsia (nephrogenic diabetes insipidus); ataxia/poor coordination/imbalance;
mild spasticity (especially lower limbs); diabetes mellitus; dental crowding/ hypodontia/small
roots/high arched palate; left ventricular hypertrophy/congenital heart disease; and hepatic
fibrosis. If a patient was suspected to have BBS, genetic analyses were performed after obtaining
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written informed consent. This study was approved by the Institutional Review Boards of
Kinki University and of Kobe University.

Genetic analyses

For genetic analysis, a DNA chip study was performed at Asper Biotech Ltd. (Tartu, Estonia),
after obtaining informed consent from the patient and his or her parents or guardians. The
DNA chip (version 5) analysis covered 131 pathological mutations from 13 genes known to
cause BBS (BBSI-13). We then performed exome sequencing in these patients. Briefly, genomic
DNA was captured using a SureSelect Human All Exon v4 kit (Agilent Technologies, Santa
Clara, CA) and sequenced using a high-throughput sequencing platform (HiSeq2000, Illumina,
San Diego, CA). Reads were aligned to the human genome reference sequence (hgl9) with the
Burrows-Wheeler Aligner program, and single-nucleotide variants and small insertions, dele-
tions, or both were identified using the Genome Analysis Toolkit (GATK). We first focused on
the known BBS genes and then extended the search to other possible genes in which mutations
commonly resided. All mutations found in this study were confirmed by PCR-direct sequenc-
ing, performed using the Sanger-based method.

RNA analyses

Total RNA from lymphocytes, lymphoblasts, or fibroblasts of control, Patients 1 and 2, and their
parents was extracted and reverse transcribed with oligo dT primers. The following primers were
used: BBSSmRNAF 5°-ACGCAGCTAGGCCTGCACGGCTGT-3” and BBS5SmRNAR 5-TATTC
CATGACTTATGGCAGGTGAC-3’ for amplification of full-length transcripts; BBSSmRNA455F
TAAGACTGTTGCCACAAGAACATG (on exon 6) and BBSSmRNA542R AAAAAGGTTCCT
AAATTGCCCTGA (on exons 6 and 7) for sequencing; and BBSSmRNA681R CTGCTGAGAGC
TTTCTATGACAAG (on exon 8), BBSSmRNA179F ACTCTTTGGCATTATCAAGAGTCA (on
exon 3), and BBSSmRNA740R ACTGATTCTTGTAGTTTTTCCACAG (on exon 9) for analyses
of splicing.

Immunoblot analyses

Whole cell lysates from fibroblasts of control and Patients 1 and 2 were immunoblotted with
the antibody against full-length human BBS5 (Proteintech Group, Inc., Chicago, IL, USA) and
that against glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Abcam, Cambridge, MA,
USA).

Results
Results of the nationwide survey

Completed questionnaires were received from 561 departments or hospitals (response rate,
26%). Fifteen of these departments or hospitals had 38 patients with suspected BBS who had at
least 4 of the 6 primary features or 3 of the 6 primary features with two secondary features. Fol-
low-up questionnaires were sent to these centers, and more detailed information was available
for 9 patients, 7 of whom had clinically definite BBS. Genetic tests were performed in these 7
patients. The results showed that 4 patients had pathological mutations: 2 had novel mutations
in the BBS5 gene, and the other 2 patients had known mutations in the BBS2 and BBS7 genes,
respectively, as described below in detail. The clinical and genetic characteristics of the patients
with genetically definite BBS are summarized in Table 1.
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Table 1. Clinical and genetic information on Japanese patients with Bardet-Biedl syndrome. ST, strabismus; DC, dental crowding; CA, cardiac
anomaly.

Patient #

Causative gene

*, left mild pyelectasis; BMI, body-mass index.

doi:10.1371/journal.pone.0136317.t001

Results of genetic analyses and immunoblot analyses

The results of microarray studies showed no pathological point mutations in the BBSI-13 genes,
probably because microarray analysis only covers about one third of currently known causative
mutations for BBS. Our exome analyses, however, revealed that 4 patients had pathological muta-
tions in known BBS genes. The 3 other patients in whom a mutation was not found fulfilled the
clinical criteria for BBS and could not be clinically differentiated from the other patients. Other
ciliopathies had not been diagnosed by their physicians. Our exome analyses in this three patients
detected no varjants of unknown significance in the BBS genes identified. Thus far, we have not
found any new genes in which mutations commonly resided. Because the estimated frequency of
mutation-negative BBS is about 20% in Western countries according to www.genetests.org, we
speculate that yet to be determined causative genes exist in Japan.

Exome analyses of 2 siblings, Patients 1 and 2, revealed that they were heterozygous for a
novel mutation, p.R89X (c.C265T), in the BBS5 gene (Fig 1A). No apparently pathological
mutation was additionally detected in this gene, although BBS is thought to be an autosomal
recessive disease usually associated with alterations in both alleles. We then examined BBS5
mRNA to find a whole-exon deletion that exome analyses could not detect. Our RT-PCR anal-
yses of fibroblasts and lymphocytes from patients, their parents, and a control showed that the
patients and their father had a shorter transcript in addition to an apparently normal-size tran-
script, while the control and the mother had an apparently single normal-size transcript (Fig
1B). The shorter transcript lacked exon 8 (Fig 1C). Unexpectedly, sequencing of exon 8 and
conjunctive introns 7 and 8 (more than 100 bases upstream and downstream of exon 8) in the
genomic DNA revealed an only heterozygous IVS7-27 T>G mutation (Fig 113), suggesting
that this mutation is attributed to skipping of exon 8. DNA analyses of the patients’ parents
revealed that the father was heterozygous for only IVS7-27 T>G mutation, consistent with the
result that the father had the transcript lacking exon 8, and the mother was heterozygous for
only p.R89X mutation (not shown). The results of long-range RT-PCR of the patients’ DNA
showed that the apparently normal-size transcript exclusively contained p.R89X mutation,
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