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PR R EIFEERR AV R 5B /9T & PBMC &R hiPSC FARFE
FERNEIL
Brwade |nn
BhEFN HPE 2R
% W JLELEE
IR

MRE =

R ZJGFRERS (Urea Cycle Disorders, UCD) RH TS 5REMRAFIAME
FEE—FEAERRERTM S HAERME, KREHECERKREMN 1:8000
F| 1:45,000 "% . RS REE T BEE 5 B3 54 (Omithine  Transcarbamylase
Deficiency, OTCD)A X EBUEE I, HELAMIAE FEMAEHE#EE. UCD R
BRFRE AR BB AR, BRERUAAFEMENERTE. ERE
UCD HE§M™ B Z BB R EURRAERIR L E, #REE, TEIE 50%
PAE, FEEMARGGHES ™ E; BRUN T REHAEEAS—KSE ML,
NEHMERGIRE, TEEWARERENEFERE. AT, BT UCD KER
PRI AREEIR A B, 5K LS IRAXE, Wi, WP RERRE, JErX
MBREESAT. Hik, UCD BERERRA. Bk, BHTH, W#k
HEAFEGNSERENEHAERNEENE L.

B ZRETF M (induced pluripotent stem cells, iPSC)2 H44 41 4% & 4w
EmRE ARG TR SR T40M, HAMRIET, BSMEREK
REEH, BILERKHRETR, BRASKRIER PSC RAFEHFRANBRER, £
BRI R B AR MBSO B, W TR
S YRITHERIAT I . BRI IE R R T AN A T B AR R R SRR A,
ISR b= A

L£TF A AE R, RRCESLE UCD 7 A KRR Z R Fdy g8 H 4 fu
B AMZ 4 M (Peripheral Blood Mononuclear Cell, PBMC)>RIR ) iPSC 543 EIX
BAHERIFHA, REN UCD Mgy REEIEE =K, FHHPEWR PSC AT
KB EEN OTCD BRI FAERL.
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1. X 7 ] UCD BILIIGERAFAE . BT SRI EAV A R BRI 45 R AT
BoHr, BERRIREER, BREFBSIHRERBMZANXR.

2. 3L OTCD )L PBMC RIEH iPS 4R R, Fi@id 3D H{ARFERFEIZMEA
FIRBE, DUBKHEAEANTIA OTCD MR sMRRER .

WRA=*

1. X+ 2016 4E 10 A E 2020 4 12 A AT ILEREREFEILEERRKISH 16154
£ BAE BN B AT UM PR SR BRI I, (R B Seh W OR  BR IR EeS  1R
SRR B LT MR EAN S5 BAEFRE, #2746 UCD WEIL, 4
HBRRE., TREREREFRGRLER.

2. HAEAFEZEEZER OTCD HJ/LK PBMC, UIEBAHE#HITERRE, SRE
HT MRS EFTANIER. RADRAER AR PSC #HITEHE
W Fhric%E;: A qRT-PCR FiEtGi RS fEB R RE; FHERAM
FEAR B 3 SE BRI = AN E 2 FARE I RIE T L, BAE iPSC £ 4 1Lig g
#id PCR BIARUEBSNEREEFREHRRGIEFESHEREER. FAALRE
iz B % e, qRT-PCR 1 Sanger Ml 5 H R B IAFTHZER iPS BA OTCD A A%F
St

3. ¥ OTCD BJLK iPSC HIEEJLE iPSC R EFAH vER AR Z4H
(definitive endodermal cells, DEC), ZREF|A 3D #F AT BFEFE, FH S
WRBATEEBRE. FFIRAH qRT-PCR &R IEHIF R REH BT
BEFMAFRHMENE B O RIAHITRN, NTTERFRSEHERT). EEENE
FI7K PR RS E F OTC WREHATRM, VIPHITH KZF % OTC MM,

WraRasR

1 IRBER REEERE: 76 UCD BILFHE 6 Bl RBHH, 1 FIkKER
B, BIRIAZEREMENRKIE, BEIFLHSRIIRER, HUMNERS
AERAR MR BRMTHEERESSE TATES R B, BRPAEELREMRRKS
MEFRFEHEHRMERME. B8 UCD BFYE IR ME, BfiFEhHE
MARRMBEBRKTFRIEET . 2 FIBEEEZIBIRLBITLUUE, B8R0
KEKFRAR TR, AIERERSR I BT,
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2. BEERER: TMRBAIRI 6 MIRER, G SNMEZERM 139848
FHk, HNTERRFRE:; FHEREFRFAINERZEREREALEHIN
. MNHERBMERRERIN, 2 MELERH 3-9 SHEFEHREME LB
ERERE, HERKERETE., BITRERE.

3.iPSC MIEB M F%e: EHE/S, OTCD &8 JLKIEN PBMC 20 H 8 &AL
THREE. EREFHEN 25k OTCD-iPSC R{EF KX TRA-60. TRA-81.
OCT4. SSEA4 1 NANOG F & getEin £ LA K OCT4. SOX2. NANOG &N
BFHEZRER, &8 UHRER KA, T SmzA. $. 4
BERRREREY . WEKN PSC 5B AMEERLAEZEMEE, BIRE
THREBERENERER, RESHNEH.

4. FFRBERRNERE. FRNHGMMEASEER PS MREHA KB
BRAZITMBEEE, FEE PSC mMAFMERA M, E8ARKEENRICYE
ERMEARANBEEHPMREH TE, TAFAREEEIRCY, I ALB. CYP3A4,
AFP ERENEH FtH . 3-9 BB TR E )L PBMC REHAFRBEARRIE
HRIRG RSN E T, H OTC EANRZEHEE T,

x4l

1. BMmIhEEESTEERE UCD MARRGERBNRN, HFHERNERE
UCD AR #5/KF; 1 SRR R B P 7T RExt B B33 UCD AR
Bzl e

2. MBFIEBIT B A PRE MR ERE, BHERERGSETRE LR
FEARA R ELBI; FLG PR R AN TS 4 B e T 22 15 28 55 5 B 0 &5 M R/ Th RE P
mfEE; RAEEERRTXE. BN, “ERHEALEHANTRUERRB A
BRANMEXZF TR BREMERNAE, NTSEBENENIERERE.
3. KAEEABEREHARBRIIME 2 £k PBMC RIER OTCD & A7 iPS
MR BHAFERTHES, MIEL TR ED PBMC RIFERIATITSEE
B, AIE OTCD B ER TR B R T S A .

KRB, FEEFER, SEILE, RSUSTHR, FRsy
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Clinical characteristics, mutation analysis and the establishment
of iPS cells line with liver organoid from Chinese patients with
Urea Cycle Disorder

ABSTRACT
Postgraduate = Beibei Yan
Supervisor Prof. Zhongtao Gai
Major Pediatrics
Background

Urea Cycle Disorder (UCD) is an inborn error disease which caused by mutations in
any one of the six enzymes involved in the Urea Cycle. The incidence of UCD varies
from 1:8,000 to 1:45,000, as reported in the literature. Except for the X-linked
inheritance of Ornithine Transcarbamylase Deficiency (OTCD), the other five are all
autosomal recessive inheritance. According to the onset time, UCD can be divided
into early onset and late onset, which is clinically manifested as the disease process of
hyperaminemia. The clinical symptoms of early-onset UCD are extremely serious due
to severe enzyme deficiency or missing. The mortality rate is as high as 50%, and the
survivors are often suffered from severe neurological sequelae. The late onset patients
can experience repeatedly hyperammonemia episode in different degree, often
complicated with nervous system damage, seriously affecting human health and
quality of life. However, due to the rarity of UCD and the atypical clinical symptoms,
it is difficult to identify, diagnose or treat UCD clinically, as a result, the mortality and
disability rates remain high. Therefore, early identification, early diagnosis and early
intervention of UCD patients are of great significance to retain the lives of patients

and improve the prognosis of patients.

Induced pluripotent stem cells (iPSC) is acquired by reprogramming somatic cells
with pluripotent factors and generating features and functions of stem cells. Owing to
the wide cell source, mature induction and culture techniques, long-term culture
ability, carring the same mutation genes with patients, iPSC is an ideal kind of cells to

establish disease cell modles. After induce iPSC to target cells, it can be used to
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establish disease model, compare therapeutic methods, screen drugs and study

toxicology, and be used in regenerative medicine field, which has promising prospect.

Based on the above research background, this thesis focuses on the summary of
clinical data of UCD patients and the construction of IPSCs and hepatic organoids
derived from Peripheral Blood Mononuclear cells (PBMC), in an attempt to provide
evidence-based medical evidence for the diagnosis and treatment of UCD, and
establish in vitro cell models of OTCD.

Objectives

1. Summarized and analyzed the clinical characteristics, disease course, laboratory
examination and genetic test results of 7 children with UCD, to sum up disease
characteristics, and explore the relationship between genotype and phenotype.

2. Established iPS cell lines derived from PBMC in children with OTCD and
subsequently differentiate into liver organoid by 3D culture technology, in order to

serve as an in vitro disease model for the study of OTCD.

Methods

1. A total of 16,154 children at high risk of genetic metabolic diseases who were
presented in Qilu Children's Hospital of Shandong University from October 2016 to
December 2020 were screened by blood and urine tandem mass spectrometry.
Meanwhile, plasma ammonia test and genetic examination were performed on
children with clinical symptoms of encephalopathy such as disturbance of
consciousness and convulsion. A total of 7 children with UCD were diagnosed. The
results of clinical phenotype, laboratory examination and gene test were analyzed.

2. PBMC of OTCD children with different genetic variants was isolated, and
reprogrammed by non-integration method. Clones with stem cell morphology were
selected for purification and culture.The pluripotent molecular markers of iPSCs were
identified by cellular immunofluorescence technique.The expression of endogenous
pluripotent genes was detected by qRT-PCR.The expression of molecular markers in
the three germ layers was detected by embryoid body self-differentiation assay to
verify the multidirectional differentiation potential of iPSCs.The unintegrated
reprogramming pattern was verified by PCR to prove that the expression of the

foreign gene disappeared. Chromic karyotype identification, qRT-PCR and Sanger
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sequencing were used to confirm that the constructed iPS was patient specific for
OTCD.

3. The iPSCs of OTCD children and normal children were both induced to
differentiate into definitive endodermal cells (DEC) at the same time, and then
cultureed using 3D culture method to differentiate into liver organoid.The expression
of specific genes and liver characteristic proteins at different stages were detected by
gRT-PCR and immunofluorescence respectively, which proved the successful
construction of liver organs. The expression of OTC in liver organoid was detected at
both gene and protein levels to preliminarily explore the influence of newly emerged
variation on OTC.

Results
1. Clinical and laboratory data: Among the 7 UCD cases, 6 of them belonged to

early onset type and 1 with late onset type, all of which showed the clinical process of
acute hyperaminemia, combined with multiple organ dysfunction, but neurological
symptoms were the prominent manifestations. Coagulation dysfunction precedes liver
enzyme abnormality, and the decrease of fibrinogen is significantly correlated with
the increase of plasma ammonia. All the patients with early onset UCD were
complicated with hypocalcemia, and the serum alanine and proline levels were
significantly increased. After receiving blood purification treatment, although the
plasma ammonia level was significantly decreased in 2 patients, the clinical
symptoms were not significantly improved.

2. Genetic results: 6 new variations were found in 7 cases, including 5 spot variations
and 1 deletion of exon 3-9, all of which were located in the conserved region of genes.
The genetic variations that cause early onset cases all result in altered protein structure.
By comparing genotypes and clinical phenotypes, it was found that the children with
2 nonsense variations and the deletion of exon 3-9 had more rapid disease progression,
or more severe clinical symptoms and poor treatment effect.

3. Establishment and identification of iPSCs: After reprogramming, PBMC from
children with OTCD showed significant embryonic stem cell morphology. The two
OTCD-iPSCs obtained by reprogramming could express pluripotent markers such as
TR-60, TR-81, OCT4, SSEA4 and Nanog, as well as endogenous pluripotent genes
such as OCT4, SOX2 and Nanog. Both of there two iPSCs can self-differentiate into
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typical embryomoid structures with expressing specific markers of endoderm,
mesoderm and ectoderm. The constructed iPSCs had the same chromosome karyotype
as the children's peripheral blood samples, and retained the original gene variation of
cell origin and unintegrated plasmid genes.

4. Establishment and identification of liver organoid: The cell bright field maps at
different stages showed that iPS cells underwent different stages and finally presented
hepatocyte morphology. With the differentiation of iPSCs toward hepatocytes, the
expression of markers in the formalized endoderm decreased at both gene and protein
levels, while the expression of characteristic markers of hepatocytes, such as ALB,
CYP3A4, AFP, were all gradually increased. The PBMC-derived liver organoid of the
children with exon deletion 3-9 did not express the cell-derived exon deletion, and the
expression of OTC protein was also significantly decreased.

Conclusion

1. Coagulopathy may be an earlier manifestation of liver injury in patients with UCD,
and dynamic monitoring of serum calcium levels in patients with early onset of UCD
is needed. Serum alanine and proline levels may be of auxiliary diagnostic value in
early onset proximal UCD patients.

2. Blood purification therapy can effectively reduce plasma ammonia concentration,
however, the improvement of clinical symptoms may not be proportional to the
decrease of plasma ammonia. Its clinical phenotype and prognosis still depend on the
effect of gene variation on the structure and/or function of the enzyme. Variations
occurring in conserved gene regions, enzyme reactivity domains, severely affecting
protein structure, as well as large fragment deletions and meaningless variations may
have more pronounced effects on enzymes, leading to more severe clinical
phenotypes.

3. Two PBMC-derived OTCD patient-specific iPS cell lines were successfully
established by non-integrated reprogramming technique. The first liver organoid
derived from PBMC for this disease was successfully established by inducing it to
liver cells, which can be used as a potential liver organ model for OTCD for related
studies.

Key words: Urea Cycle Disorder, Hyperammonemia, iPSCs, Liver oganoid
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PBMC Peripheral Blood Mononuclear Cell AR i BN X 4R
hiPSC Human induced pluripotent stem cells ANFEFEL T4
UCDh Urea Cycle Disorders REBAER
OTCD Ornithine Transcarbamylase Deficiency BRI P BEE B ERE
CPS1D Carbamoyl I]’)h:gfil;it:ySynthetase I SEERRL S R [ B
DEC definitive endodermal cells SE R R R4 A
NAGSD N-Acetylglutamate synthase deficiency LB E R A R
ASSD Argininosuccinate synthetase deficiency R BRIRIIER & R B BRAA
ASLD Argininosuccinate lyase deficiency R
ARGD Arginase Deficiency B EEBREE
ESC embryonic stem cells FERG T4
EB Embryoid bodies U
AFP Alpha-fetoprotein HREA
ALB Albumin HEH
AAT Alphao-antitrypsin o UEEER
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Bl B (GCRER)

— AR

1. RIREH IR R Ih6E

REMEH (Ureacycle) , R ZEERIEH (Ornithine cycle) , B Hans Krebs
FAT 1932 FERFY A RS LR PRI, FERHE Kurt Henseleit ¥ ATE
(Krebs H, 1932), & AKEKIKIE—MUGETER.

WIS REBEA X EREETFHRT, 35 PRM, Kb 2 MREER
Bk, 3NKRAEEAREN (B 1) . EFARERAER, 15 FRHENH)H
1 B ZEALBR(CO)E B FFBLBEER & FEE 1 (Carbamoyl Phosphate Synthetase I,
CPSD){# 4L F 4 il & FF BE 8% B8 (Carbamoyl phosphate). CPS1 Ll N-Z BB & B
(N-Acetylglutamate, NAG) AHBIE F, Z Bt R & BUEF (N-Acetylglutamate
Synthase, NAGS)i& & 1] LL@ it NAG 134 £ i a5 P BLBERE A0 & 5, AT
Rt IREE .

LAY, SR BBERANDHBRA DR KRE T B % # B (Omithine
Transcarbamylase, OTC)f b F AN EER, EEHHEEME, ERERITAR
& Hil§ 1(Argininosuccinate Synthetase 1, ASSOHIIER T, IMEME5 XL ERE S
AR RIS, FHEBIEHER 7 #2E¥ (Argininosuccinate Lysase, ASL)¥4% & 38 H
RAUMBREERMERERR, BE, HEREHSEKE(Agrinase, ARG)FH#EIL T
FEASEBRNRE. SERATHALNAERS 5 S5 REN, REUNF ML,
BESRHED . BHIFRERN: 2NH; + CO; + 3ATP + H,0 — JRE + 2ADP + 4Pi +
AMP + PPi (Krebs H, 1932), BFEAPNEE — D ZEMHRBFET =4 ATP B
TREHERE.
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Protein Catabolism

CPst)
2 ATP + HCO, + NH7—> Phosohate T 2ADP +Pi

N-Acetylglutamate

thase & = = ”
(NAGS) Citrulline

Mitochondrion
Aspartate

Cytoplasm Ornithine

Argininosuccinate

Arginine

Fumara t

1 RRPE L E (Blair NF, 2015)

BEHREANG=ZRERYAC— S55TEEES. £EYETFHEAR
HARBEEAREN, MELTHESERNNESFEZ . RENEART BN
HER, SEBEASRFINEA, XMIEEENEA (300-400 7/K) £1AA
RERBAEAR (50-80 7/K) M 5-6 1% (AL EKREEFTHIILEED
(Schutz Y, 2011), H[EE&=EREARE~H—F. EXFHIEEEEN,
ZRZGINBUR, BRERAES, S2RMELIHEEE, TREBEFRWBAEXNE
EWEG—— B EENEERATENREH L I, FERFYUEIEF # MK
Fo REAMUBIAEEREDENER, PREEENEENZEER.

iAWz, NEEWIIMBIEAEY, REHTUSGRIRE, WRHERN
ERIA R ZIEI(Withers PC, 1998). EWMZLaY), REBHER LR CEKE
YER, LALARIERZEBR 7T LUPE R B RIR 45 R BG ) LA K (Schutz Y, 2011). F Uk,
REBATEK K ENBREEFTHAEELLRENEM.

2. PR¥E{RIFERRS

nEfrid, REBARIGALEFE T ENREEANBER, JREEH
f&55(Urea cycle defects, UCD) R AR, PUERIE FEHITH, MMIZ4AERELS—
HIEARREIR, M E & B 6.

UCD HIRRRRETEAERAIATEOSREIBNERBRY, ROER

10
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BPBEHBMERN T X fA%kS, HRTMGMTFEREMA. UCD AR
SR TR AR P A S B8 P R o P2 ) 260 2 A0 T AR M U, SRR S8 M 1:8000
#] 1:45,000 A5 (Walker V, 2014). IRPRAEIR IR ERGR T EESRIG M EARE, 56
EERMERBE ZEERRRIARR, FETEA A 50%; 1365604 E T H IR
HEMOEEHRZUAERER, BEM4R4ERE BN &S AE (Nassogne
MC, 2005)-

2.1 NS REE-1 S (Carbamoylphosphate Synthetase 1 Deficiency,
CPS1D)

P ELBERL & EE-1 (Carbamoylphosphate Synthetase 1, CPS1) R R EEH K
B8, LERBNREBEANIREDR. MiSCPS1 WERE 2 SREAKRKE
2q35(Summar ML, 1995), 4% 38 MMME-FH 37 NS F, 4500 NREIGZEER.
FEFA CPS1 BN, RUImAT 38 MEER S 5inH 1462 MERBEER X B
B, NEHICPS1 EASH 4 M, HIEHEKEMKREAR G RE PR,
RBFK 2ATP + NH; + HCO;” — 2ADP + HPO,> + NH,CO-PO;* (Rubio V,
1993) EANEEIAE =, HHIVRRALNEE PERASKBERL (ATP KD
URERFRENSHRIRE. B 2 23R T ER=PRNERKENAFRVE
( Diez-Fernandez C, 2014).

A \
~17kDa  ~23kDa ~45kDa ~15kDa ~45kDa ~15kDa
e rbonate 5 & Carbamate . NAG
el (UFéD) phosphorylation  JJLGILT
? (CPsD) § (AsD)
I 1 / 1 1 1 1
38 196 406/ '416 821 973 1354 1500
H,NCO
2 e e
B (carbamate)
Pi |
4| step 2
NH | ——
HCO,PO;
(carboxyphosphate)
ADP, l Sten 1
ATP A b (.E) |
HCO,

2 BRBBERRA -1 SR RS H
& 2A: CPS1 {035 40kDa M &S WA 120kDa RIBIRIEEE, SRH) BPSD RRKEE
MR LMK, LA CPSD K8 2 F RESBRR L AIERAL.
B 2B: PR T RERSEEAETBBRIIRE. - PRBRRERMBERL

11
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TR, MRREHRLY, FESELREETRE SEFRERE%TS N ERECPSD)
BHATRERRAL, T RCE F BEBERR(Carbamoyl phosphate) .

CPS1D ERHF CPS1 Z[H I A R K B RAR T & A B 7= 1 Se Rt
A BREG, KIRRAEEIRIEN 1:975,000(Batshaw ML, 2014), T7E H A #HRiEL
79 1:800,000(Nagata N, 1991). B1 T CPS1 & R ZEH HIBRE L 1R, KL # CPSID,
RERBERMEZARGER. —DUHE 6 1 UCD A ER, F4ELHRER
UCD & HIBET- 3R 45 24%, {H CPS1D HIFE T ZR Al A 42%, A& Ff UCD 2 & (Batshaw
ML, 2014). BRE BA{IBZHRIRITHE, HEPN=FEEEER
RBEBARAT LA RENEEILE. TR EE N MR TRE
MIRRERIM, WBEWRE. FKREEE. BHEIRESEEN.

2.2 ZHABEMARMEE (N-Acetylglutamate synthase deficiency, NAGSD)

BERESLHBHE A ELBAERENBHELTERCHAER

(NAG) , NAG fEX CPS1 It RIEF, EREBANE P LU RIEEEE
M. BTFHELEGFLRSHE—BIERE, Fit, ZEi2il CPSID FE%
HeBR NAGSD.

NAGSD &R EEH P Eb R —F, NEREEFN 0.5-1%, HRHERMY
4 1/3,500,000-7,000,000(Summar ML, 2013), NAGSD )RR ELH 7T AFT 4L
#% 50 % LLJG(Tuchman M, 2008). H1-F NAGS 5 CPS1 FIE VIR R, HIFKRER
BlE CPSID %4k LR ERE LA LRI MBS EBEKEOAR, @I
REBRMRABRKFHOER. BRICHEZEDKE 45 MRER 59 LR AHIRE
N NAGSD, NAGS #:[H #5832 JF % M4 /6 F)(Eiman H. Al Kaabi, 2016). ]
& NAGSD HIRFRERK, BEHRE——FRKIBITTER UCD. &Rl
2 & B (N-carbamylglutamate, NCG){EA NAG #2804, v L& CPS1. ik
EFRB, % NAGSD HI¥4LIRME NCG fTU EHIRKE BN REERTRE, ¥
A BAYE S /5 18 ik 72 o gD o Ath 254 1 B2 R R AR & (9 FR #] (Nicholas Ah Mew,
2011), HEFBZVHEFIA SR MAESEL UCD MFT4A ) LM 1% % NCG BIEIT,
X%t F NAGSD B LT ARG rIvEIT 7%, X3S CPS1D AH#Hl
A —EHIRR (Guffon N, 2005).

23 SRMEARELB B (Omithine transcarbamylase deficiency,

12
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OTCD)

S8 BRE F Bt E 585 (Ormithine transcarbamylase, OTC)tE R84 KE, HAE
AREMEFBHBRNSERER/IER. AHKK OTC ERMT X ekl
Xp21.1 (Lindgren V, 1984), H . OTCD 2 R &K /EH B e — —ANEME SRR R
% . UCD H KiHE — 3£ OTCD (Seminara J, 2010), H &% EL] 1/62,000-77,000,
F 20154, FHMET 417 HBUREERERZ (Caldovic L, 2015) . HTR X &
PERRE, AREBEERRIHAST, B S0%HFEILHRBHSHE
28 )L LAFEE (Lichter-Konecki U, 2013). Xt F i, 4 20%SEM Lk
PREEIR (Maestri NE, 1996) .

OTCD HIlGRIEIRIE R BB A A S S IUEN SR, /7T L, BREHN
HREEERBASZMEITI, HSHX OTCD Wi AR T
g, wnEATE BEBES OTCD EEMFBESHRETSAF Ammonul (3
HERPNEZBRPNEEHAD « BREREK SRR ARKEE, HEZEIS
FRIILERFERN Ammonul. HERNBRRIERMLS, ZRERBILHG
FBEOKFIER, £)5 2 REMNEKFIEEFEEE, HRETA SR MLER
2 RGAER (Wilnai Y, 2018). TIX F— MR E OTCD Kk 2 M EE M
TS OTCD BILMEBHTRERER, BF4E/ BT HEZHERE
THE)LRA WIS EMAE, HAKKE R IE® LE (Fujisawa D, 2015). X4k
R—ymERRERHCHNEEYE, 5H—HEEARE OTCD BIVEFRMATE
RERAE T 297 7 A SE

2.4 MERIRHBMA REEPE (Argininosuccinate synthetase deficiency, ASSD
(Citrullinemia I, CTLN1))

¥R ELBEIEE & FlBS (Argininosuccinate synthetase, ASS) HI1EF B AELTE
B RAZBE BRI, ASS HISkIESBUNEREAERN RN, Hik ASSD
£ MERIMES B —FF. 4t ASS FIRERZ ASS1, L F 9Bk q3dl, &
16 METF, WA ANEEE, HilSREZE D 137 HBURZEHE (Diez-Fernandez
C,2017) . Z4% CTLNI REUNHAE LA P Bt f R & IAE, B RYA
[ERBEBERORIAREMNERMAE, &7 —KESLERER. HEIL
TRER AR (Lin, 2019). ERFEEENE, REBHNHESEI
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BNEBRMAE (Citrin 82D | HEFRHMAUBEHE . WHBRRUEBRZSE
WP EREEATUARE, MEZES (Sander J, 2003) .

Zielonka B T — M LIS AL E FE I RIA RGR T ASS MIBGEHE,
ROBHEHEE %LU THEE A EME L FETENRRMES, NI tE
B IS METE 8%LA L KK (Zielonka, 2019). YAJT 5T, MIREEEIS, FEBEX
FrAE LRI CTLN1 FIEE BB HIT R, MEWERAL EEREER T
RELEMNTERETEEEKE, ENBEENREEEHE RFHBERRE L,
2021).

2.5 FERMMBIEMTBE (Argininosuccinate lyase deficiency, ASLD)

FEENBZARE (Argininosuccinate lyase, ASL) RRETEIFAIE HEE,
HERARKEZFHRABRAGERNENER. ASLD KHEHRA
1/70000(Brusilow SW, 2009), {UXF OTCD. 4% ASL HERALTF 7q11.21, #F
I 300 HEEEZER, =/ 67 FBUHZR. Balme AR 134 4~ ASLD &
NIRRT T EE D, RALRSHNEFRRERS LRE;, BRBERKR
EFRHENRTRE, H45,6 50 12 54 ETFHRETRLSIBENEMN
G RR B (Balmer C, 2013). ASLD AR KEMB AR, BRI EHM UCD
—#, UBRMEANEEIRKEN, 8 ASLD 5 thBAFEHRIRI, BIFFAER X
M5 HE R AE (Brusilow SW, 2009). TR BMIGKRAER BE, RN
AR R R, WA 65 2%E REE MERIS & K 4™ EHHEi\
B FFiERR (EEFA44) KRS = E(Sandesh C, 2013).
2.6 MBS EBS (Arginase Deficiency, AGD)

HERMRREBRIAHBRE MG, BUBERKBEAISERNRE, 0E
BUGHANREER, EENENENRLREHHER RS, Wi EBER
fREITRE. AGD HIARZEM 1/300,000 E) 1/2,000,000 1%, KEFEFHEHEE
AREILE 1/950,000(Summar ML, 2013). 4% ARG FIEE AT 6923, BRCHME
b 43 HEURHIZ R, ZHAE RESinYY, 2015).

AGD BEALSIBHEEFEENREME, L/ CENREEBRIILEAN EE
R, WERGXN TERHEARNFEIEE PR (Carvalho DR, 2012). FHit, BR
AGD BEASEFEIVBLR, BEEERETRANTENEE. BFE/IE

14
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k. BEMBEREREINTEEER. BR. EKEERTENE IZH%E
(Kirtika H, 2018). BT AGD IR A 2 B&E BB KR IRE, X T HAb
UCD, 5T AGD J&ITIIBF R E A2 AR . ERERARUERIT IR R i,
AFEREARERA TR EARSUNER WL AEE R4 (Haberle J, 2012), E#
FRETAMRBE. mRNA RERFERARVSHWELKIH N AGD R#E T E AN
HIIE T 25 (B RN ¥ 1E RS HETE JT 1T B%(Stephanie A.K.A, 2019; Kirtika H, 2018; Sin
YY, 2017).

=, BSMSETHEEATRER
1. BESMSRETFLM (induced pluripotent stem cells, iPSC)BY & EF AL

A 21 HEDSK, @ARMERKFHNHABFAR, B2, RAF4HK
(embryonic stem cells, ESC)FIBF Ml % EHkik, WAHMRIE. REERHE.
I, Takahashi B AR T —MER ESC W5k, 7EREF ESC MFH T, FIH
Oct3/4, Sox2, c-Myc LA K& K14 ix VU Fj K14 /I BRVE AR R 47 4 B 40 B K IR I £ g
TFHH#ITES, FEMUATUHI ESC BRI AEMA K, EaTUR
X ESC tmic ZH, b1 X ey & 5% S 1 £ fe THM(PSC). H5iX g
EANBRRE, EKHROMEAES T =RENARHEL, FEANEKER PSC
B T RS HI R & (Takahashi K, 2006). B# /5 RIRR A UESE 7 X IO f0 F 7 [E A 7]
DERBEALNANR, OERRTHEMEMME, FEIItHmHA iPSC(Park IH,
2008). LR ZRetE R R T EREMMAIE M4 DNA R4 T BRI B
HER, FHEEREMRETHE, BT R R ARA (Palakkan AA,
2017). Xt FARAMRS, XLEREFHARTEEHARIRE, ERXE
R B WK I ) 2R A IE ) 1R 9 RS 18 Hh B 3 PR AR M ) R UIRAS , T
B ERFNLEEERE, T MM AIZE(Young RA, 2011).

BB BT A MR AriE, R R E) & A 5 Rl E g AR
THIREAR, ERENBERLRMBIlic], 2012), EXHMFEE T —EIHRERR
IFRBHIER T iPSC. Stem Cells Z+ B N MrEIEERE G MR FE
EURHERTARAESZRE, Mg EME, TLUEREGE, 6
TIPSR R B AN 2 e R ER T EEERENH R LBEE
JEH%. BJF, iPSC RLixReW i@ I AR EANEARE R — 1 B Hs (B
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3)o AT ZIRTFIELEKY, XEIBFRERSHAMR LA LITH, Bngks—
T 2R T B (Bilic J, 2012), Hit, HuixZ# iPSC AN L EHZEL
IRPRAE R E L A B JLIE IR .

Markers

plunpotent cell state

B 3 fR4EBSRIZHT iPSC A& E IR IR (Bilic J, 2012)

2.iPSC A

iPSC HIRINEFT TR EFHIRE, [ERF TS RMMA TR, R
FEWA . FFERWER AN, BTN T BAEREFMN AT ¥ (Pessda
LVF, 2019), HBORITERP RS RAKS, HtFh, i (Liao
J,2009). RKFHK(Liu H, 2008). K&K, K &HK(Esteban MA, 2009)f9 iPSC .2
ZWEY, REEZRRTHENIERRNAT ISR, EW¥E, b
FENKEEEALN SRR EALOAT & %6 (Harding J, 2013), FEitk
P Tz R T BB E 2 A T (Morrison JL, 2018).

FEFFREM SR AP, iPSC R T EEMER (B 4). Song FAH L
¥ NFRIREN PSC S AXHAM, RMEEPNTURELSEAALB). F
REE(AFP) M A T B 18(CKIS)EFMHEHIRRIEIR G, LRERE ol HIE
HHBAADMARGER 3A4CYIANETIRER, SARENERTHARES
FLHIR B (Song Z, 2009), 4y iPSC fERF LR R MR AB/ I T /5%, 1EAH
Rz — R G MRS, EETEREFA PSC #TT WM R. A
ASLD /N REBIAET ASLD % AR iPSC fiTAHI A 48/, Jordan S5 NiESE
= ASL MW EARSHEH—EH AR GBI, SNBSS kISR ER
24577 5 B L% (Jordan K, 2018). Sin 25 NiX El@E T 58 AGD /MRELKHISME
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FRIKBEEAMEHITIRE. ITEEEEN PSC FSFR LKA, RAGH
AL T Ry, ERAEECFHIIGE. REXLEFHE A RR
H T IEE ISR BRI IIEE, BFEFHRMIERABREREN T —EBIKE
RIS, NEEREEIT AGD R 7 H I EAl(Sin YY, 2017). B MARITRE PPSC
Sk Y5 f B 40 B 1R I PR 2 (Viviana C, 2020), HEE BT ER, B iPSCHES b
H A BT 20 AR T CAZE S ALk 9 B #(Touboul T, 2010), A4 5 M RS B4 2

T —RE &
a
Normal Normal
somatic cell iPS cells i#:;rgg‘g
=‘@ Reprogramming> oamieren S
* Drug testing
Normal * Allotransplant
b
Mutant
som:tic cell Mutant _Mutant
iPS cells iHep cells
£ | ceste
* Disease modeling
* Drug discovery
Patient
Genﬁ d
correcte
c Mutant Mutant co?reerzfed autologous

somatic cell iPS cells iPS cells ngps
Repro- Gene Differen-
= = .-
- gramming St - correction/ <@ | tiation 0leSe_ee
L T, ’

Patient transplantation
4 A iPSC ZEFFF ARSI i & (Roy-Chowdhury N, 2016)

B4R, PPSC I IER B BRI, MBEREKREHAE, EERENTEDH
MUERT eSS LB R 1E; HAIXHF ESC, iPSC ERMIR L2 E 1] fe 2 5% R IR
o ffa ()i fZ 2 R g2 (Bilic 1, 2012), HEAAGIAKE, iPSC A% 5 ESCH
U2 Be LIS REHIVEA ESC MEELAR, MiH, iPSC CE&BMING F 4L
ZRYIME. LA THERA. FREANEAESES, 5 REFHURENR
AT KR R 25 1]

=. FFHE2AI[/MERLiver Organoids) TR

KRBT RBMTTA ST LB R 1965-1985EHF], EABHF LN 2L
P55 (Clevers H, 2016). F|HRT AL, KRBETRFIEF S —HEHI T EIrUE,
EFAARBERAN (BFETAR. FRMMEKELESE) E3DEFBEA
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77 4 B9 L3 b 28 B 9 4H 24 (Shamir ER, 2014; Lancaster MA, 2014; Clevers H,
2016; Fatehullah A, 2016). 7 KBRENEME, BoxtTAMR, KEEHEION
¥ LB ANERAEIDERR PR AL, BHiERRE NS T4 ek
iPSCHERE M FRFE K E 5 L BRI F F L SRR B FATA iR E b & T4080
(#) 5. % (Shamir ER, 2014).

CleversI PA¥4 Lgr-SPRIE R TS 2 L BVNBHR, rEE T L
ARBE W ITin(Sato T, 2009). £ %K HREM, BERNBLTSMERE
MR FE M, BREREBEEAANEZREMERPFER RIFED, RAMREHE T T4
MU ) K e (Simian M, 2016). T AXRMBIYERERITHRMEKF LFEE
R, EREREIHATE, AXSEENRREREENYERATERNNR
#, b BRBRFIRFAF (Lancaster MA, 2013; Nuciforo S, 2020) . BiE3DIEF
BRI CEKRE, BEICLBEL 7T E2MERE (B5) , BRLmERIMK (B3
ik, R, BE%) | FFMERRS, EFRME, . FRE. B, BEESE
B, BAMKRERIBPIAREM T REFKMEE (Clevers H, 2016).

C K
aa %9 eé
Pluripotent
( stem cells \
} }
o 3
essirmios Setad
R e T BE S ks N
F/BM WNT Fgt2/HH HHi/N

BS iPSCHRIF IR R R K2 E (Clevers H, 2016)

B F 3D FRAE R AT UG Ingn f ) ity ek,  AATTIGIN T RMRIAI OSSR, A
FIT P52 #e(Saltzman WM, 2014), Hitk, X T2DEEFRIKEFLM, 3DIEFHF
BB MIRTAER 28 B A E S MP4SOBIETE. EmMARAKT. EmpEERE
KRN B 4 R M (Ng SS, 2018; Kulkeaw K, 2020). i1 H, ZAfZE3IDIE 5
i R o A] BLIE St SE ARG R 0 2, TR 7 2D8E 57 vl B iE R R FI R
A5 5 1 AT Be i DA R e 84K R %85 £ (Lund RJ, 2018; Knouse KA, 2018). £
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EFVARY, IDEFRMBHHDEFHE S BNHREU (75 g
(Takebe T, 2017), Fik, RSB EZHIHBEEYFENHAARSF RO RET
[ 6

MMIE R R ERARANELFHR LR RBE, IENEREREE
FERIEEKS, SIMIRZE A (Mun ST, 2019). BT R, SRFREE
SUWHIAATHH BRI, BAFREFMAESSWEES: mH, BBJLAFBERIERE
BEFKHEFRNEE S, TLME16REL L(HuH, 2018). RifM, RAFRILAFA
FU PRI IEE G IR, MR EEBETAAIRARS], MiPSCUIIRLTFHo
RTIXAEE.  EFR, iPSCAIRIETWAB S, & “&EHl” Maatk. Fik,
K HSUARBEBBRERN G, NMUATUABHRBENIIGE, AR KK
TREHER R REYE, EEEMRBEACENRS.

MIPSCEI 40 fa 7 4 1 73 40 72 E B A3 FERIH B (Palakkan AA,
2017). FH—MERERMIPSCHLRERAEZHM, FE-MBEENELNEER
FFFApa s e, & JE IR 4R ) s S 72 (B 6) .

T s AL — 7 S8
a®a SR S

B T4 b N84T 133725 % B (Edited from Nucifore S, 2020)

EAEG2DIE TR EAE b, TakebeHIBA & JaKiPSC oMb H B P FE 2 4R 5 1)
RE TR E ML EREFE, SRNPSC-HFHL, nEE
JIE 228 B I FF 46 (Takebe T, 2013). 7ERE/SHIRRAH, ARREEIS 10K AR H AR
[R] &5 #4 RN Th e (4 T 28288 B A 4R R0E , WP EBR IR 4L T S Pl (K AT B A A Sh o
PEAY, IXEFFARAERY T T RIT AR LRI FAR . BRIREEE
Kl 9w fE AT A H(ET).
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‘ Biobanking Treatment reccomendation  _

Liver-derived
’ organoid models
s @ = X
% > > [ J— f___ja ~ @ =
i M — 8
— ' & = v |
‘ ! = = t
! Drug discovery sttt Al e
Disease modeling Regenerative medicine |
o e — © —foge
=L * - ~ |
BHEHY r;?'? T ‘
1 = diseas s _t ‘
\ : Py
T ty assessment . Py ” r‘-ls_f,; *
s ~=-

B7 Fr3s2 et i S A BT R (Nuciforo S, 2020)

FHASSDESHMCTLNIFE LBV THBEXBRERE, ZRBEHYEES
EEFFRB MR UEREAEEERE, MAEO DU, FEEER M5
AITEEEH AL XAMRCTLNUEAKEMFXABREFENERHEEL, M
XA ASSERF K RIEFTUIE, RS G HEERBEREARIGTCTLNIR M T REF
A3 i ZE Al (Akbari S, 2019), FEHMBEFLRFS, FAFEBRTHETHAAE
BT HEIRBIR. EATP7BE: R 7R3 T 2 g 7 % 10 AR 1 (Wilson
), Nantasantif] BA 565 M AR ACH 7 % B0 RIRAIIPSCREAT BRI Y IE, REHH
WA AT Bl [ TRk B Rk Y, RILKBE R FE2FEUEL,
R e BB R £ R A T IEE (Kruitwagen HS, 2020). EREEFRE T R
WS MERTB45, AL E S R AT B R ARG THR 586 LI R R R T401
BRA BRI BERE TERG, ZXRERIL 5ERMRAAERRE
e, mARGERENLE. SUNBURR . @RS ER PR RARATE
(Wang S, 2019). Bk, ABFRESTE X ZMMHLERRE, NieFEHH L
PR R RPEIPSCRIFMATREEE, KRB ZMRNAFDNAK I TREE
MIRF4ERE S, BARX T2D3E s H AN, IF RS EXREE B/ 5 BN YZ,
2018). TERRMERFREMBIAA, AN AR BB AR I K2 B AT
ARG R RS, AT B RE AR 70 R R 40 L 338 % S A G AE, SRERF AR
MG EMEER. R, MEERALAREBRENBEIRREH26%
(Broutier L, 2017), TIFRVIBRALRK S EFEHREFEL27% (Nuciforo S,
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2018) , FHEJ5H RISRES BB U AR B

SRR, KRBT R KRG EFRIEE WM ERRE REE ERER A5
PR AR E L. FIRREREEARER, FREBERLRBIRN
ME—RIT Tk, ARG R ERZ MESE, Hik, RIEFEERL
BTty REWR. BL2RE i AT AER S B RS9 FUFRE AR ROl
Hl. RESHE. ZyIEEAREAEYS T I 6 .
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F—o REREFRBNIEFRISREFMR

REEFEREZFZRRZFHMHERE, FRUERFIETERR, B
BHRARARRRASH, RETERE, EAMRERUERK RS Z R
RER. BT UCD HAEMK, BERRENMEMUEZE, Fit UCD MXXRER
LANEMIE, RZAGEAREST, SBRKNRTRE, HR5HIARISAR
2. ABAX 76 UCD RHFIRIERE R, LRERERBELGNERETS
s, REMEIEEZKE, BERSIRKESY UCD KHAR, M UCD
RIS WTIRIT & DRAT, FRERIERMBURE,

1. ¥RERZE

1.1 IR

FHFRABLEKRFFEIILEERREZARAR, £ TIRKE LR ER
#HH, CHABIRANSEMBILEFAN, FREBAR. RERAREREERY
RE . AShE, RIEMBFEANERERSGNATERERT. SHATERT
MRMEHIE R LR P RIGEEM R FREEE, BN LEIEPHFERANER
B E LA,

1.2 SRR

20165F 10 22020 12 A MIEE LR KFF &L EERMSHBELHSH
UCDHI7HIHF], AARBETEMOEXRZNFPERE, ZFHXEREREH
SiefFEHEREXR, ROLMYEMRKAREHARZH.

1.3 FESCRE
GC/MS-QP2010 ultra ( H A& &g A & SAHAIERIEBRELO
BS800 & H AW GRIEEMNBHERAF)
LC-MS/MS 3200QTRAP #AH S B {X (ABI 3200, XENARAAF]) ;
MBS (ND-2000, THERMO, %) ;
ABI 2720 Thermocycler PCR {X (Life Technologies, £E) ;
ScanSpeed Mini &0 (LaboGene, F1%)
ScanSpeed 416 96 FLHR B .28l (LaboGene, F13%)
VORTEX GENIE 2 & /8 534X (Scientific Industries, 3 E)
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Nano-100 B HIEE T WMEBUBFRAR, FEH)

Qubit 2.0 BHE 6 E T (Life Technologies, £H)

Tanon-1600 FBIK R4 ( LEREMBARAF, FED
Invitrogen-DynaMag-2 magnet £ /742 (Life Technologies, 3£ )
P1000N/P200N/P100N/P10N # ¥ 2% (Gilson, &E)

Bioruptor plus DNA AR E{X (Diagenode, HLFET)

Fragment Analyzer Automated CE System DNA H Bt 744X (Advanced
Analytical Technologies, )

E RS (Eppendorf, #£H)

BCD-568E2W UK##(-20/4°C) (EMMIREFRAR, FED
FiEEEFE S H{L (llumina HiSeq2000, £E)

MEB B (Eppendorf, £EE)

MAE.OH (BRIBERY, HE)

vortex QL-901 U EiRB A 8% (HMIIR, HED

RIE =B Ol (Sigma 3k15, #EE)

E S FEEHKI (TER¥FZ, LT

HEEEKAEW (HH-4, BEERFRAE, $E)
ST (ND-2000, Thermo, XE)

PTC-200 PCR {% (BIO-RAD, %)

M (GER, SED

BEARPEBR A YK (Tanon EPS300, L¥EREERIARAT, FED
B B Pk R E AR B RS (Tanon 2500, BREERHEAMRAS, HE)
KR GB/R, FED

-80°CIRIRVKF (DW-HL668, FHI%£3E, #E)

E & PCR X (LightCycler480, 3H)

Sanger =M A (ABI 3730, &)

1.4 FESIREFIZFEH
¥ DNA IREURAFIE (Qiagen, #2H)
SureSelectXT Target Enrichment System for Illumina Paired-End Sequencing
Library Kit (Agilent Technologies, £ H);
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Dynabeads MyOne Streptavidin T1 (Life Technologies, 3£H)

Agencourt® AMPure® XP Kit (Beckman Coulter, 3&H)

Herculase II Fusion DNA Polymerase (400 Reactions)(Agilent Technologies,
*xH)

PCR grade Water (Sigma, H#)

Standard Sensitivity NGS Fragment Analysis Kit (1-6000bp) (Advanced

Analytical Technologies, £ [H)

KAPA Library Quant Kit (KAPA, £H)

Qubit dsDNA HS Assay Kit (Life Technologies, 3% [H)

FKZBE (Sigma, HZ)

BSTFA+TMCS(99:1) (Sigma, HZ)

Proteinase K (TIANGEN, HH)

RS (REM RWZEARERAE, FED

RAE (RETEFHALIFRAR, FE)

KB (HETRARULTHRAT, FED

2xTaq Master Mix (novoprotein, 5 [E)

5\¥1& R (BioSune, F[E)

DNA Marker (D2000) (TIANGEN, FH)

SYBR GREEN DNA #4#} (Solarbio, H1[H)

6xDNA Loading Buffer (TIANGEN, #HE)

T HEE (Solarbio, F1H)

FLIKE B 25XTAE, RNase free ) (ALREBREDEAREGRAF, FE)

Alkaline Phosphatase B$F2EF (TaKaRa, HZ)

Exonuclease 1 #MJJB# (TaKaRa, HA)

BigDye® Terminator v3.1 cycle Sequencing Kit (ABI PRISM, x[H)

1.5 MRA%E
1.5.1 GRS

A B GRESZFHEEERE, REEFEDERE: WHRE. BEL. BRF
ByAAER, KRS, FEREHTHAKEEEE. S8BILNRRER. IF
KRB, KRB L FRZFRETRRE LSE B MB YRS, SHRR
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BEAT AW, TR RN TR
1.52 KW ERBTHIBREFON
1.5.2.1 iz

g 7 B8 ) LEISNA B B AR A 2 B BEAT IR A, MR < o4, fFL
. FThek. 'Bxhet. Mm¥E. OWIEF. C &M EH(C-Reactive Protein, CRP). [
§5% JF(Procalcitonin, PCT). MEFEFMLREME, IHHIAEMTLHA R
W AH B BE R i B A ( Liquid Chromatography-tandem mass spectrometry,
LC-MS/MS) #1T MM B E R 737 (WL T fRIFR I 57 Xt 4R %€ UCD I8 LRIt
HEUE LR H A B A A B K LB T S . M2 RS ) LIS AE
MF48 A BT MR &

(1) MiffaEnae b2

VIBGE L K/ S ., SR, R (T S8, NEER.
BV TR AT A .

(2) ATRIER R ARR] B 3B TR e

WERERBMENFERZRABEMLEAFERS, EERE 1:110 BEEAIR
BRI TR

(3) #RstaE

EHFIITALBEREENFFRERITIL, RIRBAEERT U BRBAR S .
LML FRRER TERR 100pl, MR EEREIHNE TIREGEN,
30C (£5°C) , 650~750rpm, #EFHIFE 45 %8, RGEHEB 150W/FLEX N FLAL
1V BRI . $BEE &/EBON B sSSP atiT R

(4) EHURH

PTG, B Analyst® B REHIE, R ChemoView B b B 38,
RIG BRI MR .

1.5.2.2 RABEE (RAAHEEN, MR

(1D R

g 7 BB LRI A M A SAHAIEFEH AR (Gas chromatography mass
spectrometry, GC/MS) HHATIRBEH VLB T

(2) FeAnrabaE



W R K AR

S A AR ARSI sE B AR R UV, SR EEUH ST 0.2mg LB LR
B, MAREBEEZREOR, FRANRFARSKT, SilfTEarL®EE L
T GOMS MM RS (B GCMS-2010 ultra)
(3) &RaHr
FF H & B IEHECER inborn errors of metabolism screening system 3k {%, X
ERERBITRE T SR,
(4) RIFRTAEESRIERE
THERE: BRE R L Cr(mmol/D4 R X 113.1/10, BB R HAALAN mg/dl FI/E.
R 1-1; HEIMANKEFTERLE 1-2.

22 1-1 RO
FRULEF R (mg/dI) RE
10-100 BERTERE
<10 2000ul (FREEA A 2000ul B, I8 FSEBRIMAE)
>100 LR ERE2 FEFERRE)
>200 EFRHERE x4 F(EEIERRE)

2 1-2 T 3m KB ITE

FRULET K B (mg/dl) TA/IS &
>10 40ul
<10 RUVET IR EE x4 (40 20ul BLUF 3700 20ul)

(5) BRI
TES B R E I LT AR, ARER B HEILEERE T
Bt 4.0 X5 BT AT

1.5.3 ZXEBEMT—RMNFE

FIAERBFRASBEENFHA, KA llumina Hiseq 2000 JIF R %t EA
AT EREBARBHERNER. HELBROT:

(1D #+jF 2 4 DNA $EX

Qiagen Il #% DNA $#£EURFI SRR )LSME M+ ) DNA, W& DNA FIRE
JEER B EER AT o .

FERWEEEENFWERR: 1. EAN 20 ng/ul-200 ng/ul FIZ:H 4 DNA
LT 1.5 pgs 2. BERCHRIKIGIEEF 4 DNA ILREME; 3. 2[4 DNA K& 1,
4. £ RNase LEFRESR RNA HZEFES DNA; 5. OD {H: A260/A280=>1.8,
A260/A230=1.9,
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(2) X

BHRESEEYIR 7% DNA BB, BisABALKE 200-250 bp;
SR 5 F Rk LR 7 & (AMPure XP beads DNA Purification kit) X B.48 i BRALKY
DNA #1748tk . ZERMHTH BT RmBE R 3 WA A E R
aif. Bk RA. BRI ERML. FERONTE—RIIPE.

(3) SCEEHER

BIELUT PR DNA XK FRMBRERBIRE: T HEEHRT
FE: ¥ BRI EAML: FBROT.

(9 WHERNF

FIF Ilumina HiSeq X ten ‘F&#TRIERNF, FEMNANA PCR JRH,
A R F

(5) BT

T %3 K F NextGeneV 2.3.4 A5 UCSC hg 19 AHKS% R A F5HE1T
HexT ISR AR R, FREBRXKENEZENPYNFRESRESE, X
HirFE5IH) 97.45%0 IR E ik 20X BL L. A RA NextGeneV 2.3.4 BHTERE,
FRTBAL R R BT — P B . I PR AR IR - B AR IR ISR R A SRR R SE FIlE
RER, ZECHMER-FREXMENR. KEXEEFBEEESERA%S
£ (ACMG) W) (B FIZRILIFHERIEE) (2015 fR)NHBE AR NBUR T
Vs, FFRA HGVS s ik,
1.5.4 Sanger MAF
1.5.4.1 PR ERYE I

(1) A2iM#EERH DNA FHRE

AFVERIUE LB SNE ML DNA, HleiRkE, BARESEE 1.53.
(2) 39t
ff/ UCSC B3EFE (http://genome.ucsc.edu/) ZFRFELFFF, FIF 5 #¥it
A% primerS.0 AT 5%, I BioSune AT BB WA K. RHAFHTH
S9Nk 1-3 FE 1-4 Fios.
# 1-3 CPS1 & OTC ZEHZERAL A Sanger RIET| Y

E- 375 Forward Reverse F=#l(bp)

CPSI_E24 GGGTTTCCAGAGACTAATAGAGA CCACTCTACCACTAAATAGCTGTA 388
CPSI_E7 AACTGCCAGTCACTCCCTAGTAG CCATGTTTTAGTGGCCCTTGAGG 460
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orc TACGCCTGGATTITCATCTCC AGCCTTTGTGGTGGTAATGC 483

R 1-4 OTC EF/ B TR ER PCR 5%

HEH Forward Reverse =¥ (bp)
OTC-1 CCGTGACCTICTCACTCTAA TGTTACATACCTCTCCTTTCTG 110
orCc-6 TTGCCACAGTGTATTGTCTAGC GTGAGGTAATCAGCCAGGATCT 156
(3) PCRY"MRM
PCR RMA{EZRINE 1-5 Frn.
2 1-520ul PCR KRBtk &
g 5E BERRE
2x Kapa Fast qPCR Master Mix 10 ul Ix
10uM FP 0.4 ul 200 nM
10uM RP 0.4 ul 200 nM
Template 10 ng <20 ng
ddH,0 Up to 20 ul N/A
Total 20 ul rxn
(4) PCRY &4
PCR # H%%HF0K 1-6 Fras.
X 1-6 PCRY &4
R E B[]
94°C 2 min
94°C 30s
65~55°C 30s
72°C 30s
HE2N 35 cycles
72°C 5 min
4°C forever
(5) BAFRBEBRR Ik

TR BE 158 LM FRERZET I KFRE MR L;

HEHI IR EMA: ¥ 25xTAE HIKEMRLLEB FRHRE, EHIR IxXTAE
SZREI N B AE

FI BRI AEFERERL: ¥ 1.2 g BEES TAE SrPlmAREBBRIKREN 1.5%
RIEERL . WH R ZIE B RBEEFEERERIR L, REAH 40 min, FKTEE
BE SR, SRR ERE T Bk ;

E# _EEEREAYMSEARICY: H 1 ml ZEF/KF 1 ml ) 6XDNA Loading
Buffer LRZ2r¥0% 1 nl SYBR GREEN ZERIEHE MR 1:2000, IRFHES,
FeHl RS TR, BT, FRREWA 2 nl TIEWS S pl PCR P40 S
EoHl, SRERCYA 2 pl TEWS 6 pl DNA Marker(D2000)/R A1 BCH] . BAES
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WIS TR B 15 min FFRBRD .

bR REURES, FFRERZZHEEARILPEMVE, FEFESHE.

Hyk: HE 90V, HIKETRIZIA 30 min, K RIEEERRR 2/3 (L ER{ZF1EE
Ko

MR KRR BRE RS TUE DNA &1, HEREER.
1.5.4.2 —NFF

(1) PCR &t E

% TaKaRa Alkaline Phosphatas i 5%E§f1 TaKaRa Exonuclease I 7MJJE§ % 0.5
pliRSS, FHlRIEA, AR PCR RN . PCR {UHITHML, BFA SAP:
37°C 60 min, 80°C 15 min, 4/15C forever,

(2) R
SEQ MIX 4Rk 1-7 fisx; SEQ Bk 1-8 Firr.
2 1-7SEQ MIX 48
HF HE
BigDye 0.4pl
Sequencing Buffer 0.8ul
H,0 1.8ul

Primer(5| ¥ 7T #.11) 1pl
BEAR (S0 G 979 Ipl

& 1-8 SEQ RN &H
R B[]
96°C 2 min
96°C 10s
55°C S5s
60°C 90s
1BEF 25 cycles
4/15°C forever

(3) DNA #lifb 5HIFF

FIF =8 F/KEHIWRE S 0.125 mol/L EDTA-Na, ¥ ¥, 65°C KB INF I a8k
BYRAHETLEHME, EAZ S0ml, BHES: MFERBREC, A 2.5 ul
/F. EDTA-Na, ¥ 0 40 pl 85% 2B, 7847 &% 3 min, 4°C, 3000 g &L+ 30 min;
2 JEH I I REAR 1B B T IRoK 4K b, B0 2 8.0 775K 900 rpm B SLBP4F 1R RO
SRIBEFLION 50 pl 70%Z.82, 7£5+7E% 1 min, 7E 4°CF 3000 g &> 15 min; E
OB BE BN T KL 15~30 min, SFL00 10 pl HIDI, B, PCR X
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96°C XM 2 min, FFRZE 4C/EHUH, A5 LIRS ABI 3730 #1THIF
(@) WFEERI
BiF] Finch TV 424l E#, 35 UCSC Blast # Feb. 2009 (GRCh3
7/hgl19) BATEHRT, DIBABMERA AR A EAE. % Blastc HIFFIHRE
NCBI #11] Global Align #4Ttexf, CABARHARRHKR,
1.5.4.3 3CAIEEER PCR(GPCR)
(1) B3r qPCR RMH&R
PAIEH B e Lotk DNA A5 Y, i£EX GAPDH B AR S &, FIFHAE
KATARA A %] K] Syber Green iFI&#1TH 4, HRBIARWNE 1-9 FR.

& 1-9 qPCR RNHAR
5% A
ddeO ~25 ul
Syber Green 7.5 ul
Primer-r 2ul
Primer-f 2ul
DNA 5 ul
(2) BUET HHE

¥ IEE A\ DNA $% 1:4 S ERKIKFTEN 10ng/ul, 2ng/pl, 0.4ng/ul, 0.08ng/pl, F
B RERE DNA 145 R 1% B i) DNA iR 2 GAPDH. )5, WRIENA
WEMIXMEESHME C EEE, BRIV HBEE. ERERTHMAEXERE
BRI 2 2 ng/ul.

(3) BELFEER PCR RNERF
£ LightCycler480 ¥ R M2 FF B E W3R 1-10:

2 1-10 qPCR RNEFF
gPCR R LR (8] (RIS
95 C A 10min
95°CAx 10s
59°CiBk 15s } PEEF 45 1K
72°C ZEfH 15s

45 KBRS, HEMP 72CEBHE 95C, HHE 02CEH 1 BilE—
KRMES, LF5IWHBRINL: RSERFERTES RIS IEER.
1.5.5 Hitk AWM

e VAR L BENUBRE K AT B K12 B % 2 SmL LB 57, 37°C, 200rpm
TR EEFE. 3000g LW, PBS BE=JE, AAREH NH4+HI MO 7B EE.
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ECHl &8 & F TR (AMP, 300mg/L)E3E &' #5 5 (MEM20mg/L) i1 M9 35582k, 437
B 0.1mL 106CFU/mL B ME A & /8 K. 37°CHiL3ETE 6h LR, MR
MBANESHFREER (AMP B MEM) .
1.6 s

A bk ARG AL KB ESUR AL R R, R UCSC. Ensembl 3
$EEE. Clustx M1 GERP FHTE AR R THETRN: PolyPhen2. Mutation_taster 5§
AYE BFERGHITEUR TR Swiss-PDB Viewer B4 T B AR FERM A
RI=ZREEMTRR . FH SPSS 21.0 #ATHIEAHRMEI T, p < 0.05 WAEGTHE

2. 55 R
2.1 IEPRRRSE B SEREAR LR

R Bl 3K, BE“R#H. RBZE2R, WK, FEEERER"
Ao BILRRRIAZLH 7T, HAEKE295kg, BREFHE, £EFE/NE
ENFFYs, 1BEMRIE, . EAFFIRHEARS. REESER, THHE
BEigkis, S TWEER. AR, HMEERIT. ARSI HIERAE2K, &
BES2R BRI ZEIH S T E M S P RHENES . B KT BERIT,
IR 3 1E37.8-38.9C 2 Bl B IRIMLIKEIREE 1404 pmol/L, LB TARE. 8B
KRREZHIT, MRETHTHEAREEL663 pmol/L. ABELATRERIIRE,
BRKBGERTT, BT,

mkl2: B)LL, 3K, BERRE. MEER A, BERGP2, FHEKE
B, SUEARAIFEE, £R3RAHERNKYT. BILKEIOTE, 2HS %,
HAEEE29kg, ApgariPar109r. £EFEIRBIRFE. MK, SR, iZiHE
SR, BRSPHETIHERRS, AFTIMRES. ERSKRT, HEIL
RIEHATHME, HE i, HeOEH - SRMMHEERERE. BRILEK
650 pmol/L, 4 TIRNE. BERSWKITEMEE I A 52830 umol/L, &
FKEFRT, BILFEL.

W3 BILE, 4K, ES{R4R, K2R, REZEIR, HRIK ARK.
BJLIAEE3TZA, EBMSEFSGE, BAEKE2.8ke, ApgariFa104+. 4EHE
“HAE. WS, ORFL. Ok EANLHERNICU, 4TF9RERIT. £
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JEEE3RBILEBIUKM, tRIREMD, BHBRZTE. RNE, HPEREELR,
BN FRERBTT, (ERETHEMNE, BARA, HREMNHL, &E
SFIPRYEBNRS. MREEEMRSENEN, R, E0ERT, HFR
Rk, HRIMFE1546 pmolVL, BRILFNE. WERRESIRITINELEIFFE T Fest
MBGENTINIESRYT, MR Y H&MEE297 pmol/L (E1-1) , BRJLERRE
MEBEER, KKBGFRTT, 8T,

A £ 3 M 3 KR

K %4 (mMIL)
o
1 1

&
tn
1

e.0 T T T T T
1 2 3 4 5

B1-1 503080 4b il 5 R 2240

wbla: BILE, 3R, FAFREMIR, KRR, TRIER AB. BILE
3SR, EEANAR IR EME, RIGSR. M, EREE
8, BALMERTSILE, 4 TCPAPHBIES. WA SHT, WIREXE
—EiFE:, YL T B HERSE, ERERRE A, BIRBERA. U
B3, RERK. &5k, WWHEEA. RILE. DR, KHERH, AFKE
HEVMRS ., MREEEYR .. LEESEAYERT, RERE. BILRERE
M EAR, BEEFRRREARTEEEESBLs). HRMKEAT25 pmol/L,
BN SRR ERR. LRERT, AEE2REZKETNMIABEEBFRIT, B
1.

BBls: BILE, 3R, A “HEiE. REEBTEME2R, WEKUK” ABK.
35398, GIP5A2; YH —F, £FE3ARFHERRYT: FINETFALE,
HFISRE “Ret, BHE” SERTLSHERER TRRFET, HNFRR
N CSEBREPHESBEREG” . BiiFEE2INTE&, G155, 45, 4R
AR, BREFAERE, SHwE. BILRKREIIAIR™, HEKRE3I2kg. £
RN FY, RE, EE2RNHAZHE. RMNZE, £EHE3REBAFTE,
SRR, FHAFERRIENK, SFRERE. IMEKEHRT, aE
M# 5 744.2 pmolV/L, ARBE/EEH R MK EFE1670 umolL, LEIGFHE., 7
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IERERBN, FFMALRE. BERSRT, BJLLRENHTEARZE3234
pmolVL, ABRF2REKBFRIT, BILFEL.

mple: BILE, 3R, B “REEHTHEMEIR, FRUR” AB. BER
G3P2Al, FEEE, BRWT1R. YE5IRE—F, £F2KHE “FL” TH4
HERBEERRIT. BILFERIE, HAEKEL kg, BANERRMETH
M. ERDFHEORSE, HEFB2REIRNZE., B, mhE, FHIKE
BRIR, BEEFEMSE. FE BLS5ONRR “NEPREE” , AT5EHE

« MBS EFEARER . ABRBELS . PH: 7.51, POy 77 mmHg, PCO,: 23
mmHg, HCO;: 18.4 mmol/L, BE: -4.6 mmol/L; HE: 10.2mmol/L, KA FHEHE
HK. AEAST BBIT, A TZERRERR, FEEELSTIHRRARE
MR ERSILRME, XS TRERBT. BILERLEERIX2698
pmolL, FKARBHFTMKIET, FHHA FARBEIBERET. BILEOHE
HERRAE S M BORIE, B4R, NASHLEFEERGY. S8BT
BILBXREEMFREFT420-701umoVL 2 8], FIIRAEATFE, Bl R
Rt RIRROTCDE KKMFAWRIT, BILFT.

w7 BILE, 4%, B “Rut2R, EEE. RABIKR, FRER” ABE. &
JLEGIP1, XRZ K, RAE “WIaHEIR” [TRIE-HE, BEAEE27ke, &
NEBRER L, ERERRINERKKRE R EEER)LE, HXEHRE S SR
BILTFABRR2R L S FER IR St R F ek, 2R BIEE. E5XH

RENZE, BMEHLRBBARZ. WFEE, BF Ok IR TEE, EH, 4

BHREE39.2°C, B TAMER, ST “PUBRE” BIT, BERRE. ABERT¥
REBMIARREAE, FHIAETE. MREFIX1263 pmolL, LEIFRBIMKE
e, MPFEBRRPESE123 pmol/L, J&EIKE B ERFAE40-60 pmol/L 7] (& 1-2),
B8 LAFRE B 2IFETRES, ERiE4 A BIRREDILTFE, BRAEH K.
KM BMTIEERESELME I, BRAFKKBFHE.
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8 HW7 KA KE
3
= 1.0
E
=
2% 0.5
g
0.0 —r 11T 1T T -1

1 2 3 4 5§ 6 7 8 9
B1-2 S5 7B R R IR A4
ERTNRBIE— R AR, ABREARSALAETRL-11. R1-12
FFE1-13.
R1-11 RRDEAER B ILE— BN

WL mpl2 W widl4 WS wele  WW7

B % & 2 % S Z B
BEERE GPLA G2P2, % GIP1 G2P2, %15 G7P5,1F4% G3P2Al1, GIPI
peg WAl LR BUARRI  E34RK  WSHR
% 3R BIUBER ., 1kEl AT
BEXH FATHPE  BREK  EFER

¥, miwRE EFE”
&~ “OTCD”  XRim;
bre b s BEANL X wmihEE.  EREANY X BERML I
R 1 JE - WA, 2
BIIE % “ARBEIRTT

R X x kg,  “REEETT XK *x %
OS]

ARERE © B & A B & &

BRgE o 39" 377 38" 39 397 RA

SHmER LNk ZWsk HET ZHS% ZMnm  HWEF HE®

Hakhmr 295 2.9 2.8 3.18 32 4.1 2.7

(kg) . X

Apgari®sy 10 10 10 A 10 A IS

RIRER 2R IR #3IR EYPS R EYYS 4%

R 3R 2R 3R 3R 2R 8K 103K

BARYRE AEEE INSE SHtEE StEELD  SHEEL SHEE SRR
g0 MAE B % fiE ik I 5E

b:tad LFEE. ARE.  KFmE AR BE ASE. F ARR.  LXRER
HER  RER 4 2% HER

¥H e g ST BT ST ST F

#1-12 REEFEEREJLAEARERDS

WL w2 M3 w4 WS w6 mWH7

HERG
Bk + + + + - — +
B + + + + + + +
R + + + + + + +
B + + + + + + +
R RS




R K ZFEE 2268 3

FE + + + + + + +
W PR e BEMR MRS, HRRAE SR, WS, SR, M. WERMR BXERE K RN
® 23 R 4 HRBLAEREIR
52 S X #%iﬁ EANMGES EENRES FENAES  HFHWRES EHVMES  EHIRES
Fiti i i - + + + - - —
BHRE
3 k8B E# E% RgtR wig Ktk b7 3
O At (521 320 iz {4t {324 qAh
LIRS + + + + - + -
LUEES + - + + + + +
5 AR ML AE + + + + + + +
&R + + + + + + +
K - - + + - + -
ik ZBK.2 2EBK. $E EK. $E 2EE. $E 3ER 2EK. 3B ZEEK. 2E8
254 ERMT ®TE BMTE.- 5L BTEK =% BTH. * T §L@
- BRE. ZHYE BERE Sk B &, E=FEEL
Fid tBE BE, 28  BE
¥ ERRE
HERA
PR IR B A + + + + + + +
B + + - - - - -
5 4038 H i - + - + - + -
BRERG
RE DR DR “ R IR DR MR E#
=R 2 + + - + - + -
2379 - - + - + + -
MRS
# i - + - - - - -
¥ L BE f + + + + + + +
= .
F1-13 REBHFERBILOABRRE
E=3:3 w1 m2 WBIs  wtla  Wbls  FWitle  WMBl7
RERE - - - MHERAREE - - -
. AR
K¥F. B
i
JEk By BR B, B HLOE THE. B BHE. K Wa@
WER x, DR
Kim k4
BIRRE ik Bk Bk Bk Bk Bk Bk
B EFR x WA X PR ES T x 7
EAER 3 4 3 5 4 3 3
(mm)
LT Y6 HR HE B HR HR HR BEE
T3
DEWK/5) 180 120 148 148 120 151 190
LE (52 52 iz ;52 (32 ;5= £l
CRT(¥}) 5 4 4 4 4 4 3
Fiti BRI - BFE - - wmeE - -
iR TR BE T P Fix FER FE

TR K
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Ak 7 i & 1% (i3 & & &

22 IRERE

7 FBIIIMERERBYRAHARYFEME, BERSENHRE S, &
3234 umolL, {BJRH 6 BB IRIMKZIREHR S, 72698 umol/L, TIiXFHIHA
HEAAARFELEN . MRS TERIEUL ERREERTE, ENRR
R BERBTENBEYRE, UCD B)LHMSHOH R HEHENT
ENBRARHRERE, HPREBPETLT 50%L E#HT4EJL UCD #fi
(Martin-Hernandez E, 2014). WERAH, 762/ H A RAEEMNEBERE
&L, MRS AR IR, FTE 6 BB K EVRBI3& H A [FIF2 R A4S MLfE
5 XCHRRIE —B (Nakip OS, 2020) . FrERBIERL L IR ThREmEMG, Ras
ARG, WRAG. BHRENIGEKRRIS), TRERERRIETRAEHALIE
BB (3/7), RMTEBEERNREMINGERERR(7/7), BA 4 BIHRA LI
AREEEMNHDRR. 2HERESTRR, IES54EEAREMHEERECN
0.75(p = 0. 026), T 5B HHEARWHXMEREIN 0.45.

PREEHEFE AR B ERRN—F, BRSSBMARP BT
e, BRE CPSID BE A REIFEFIKHMERAKFRA RSB EBRK T, W
PR o DU AT L B B L5 BR 7K - (Funghini S, 2012). OTCD 2 LI FERER] BBIF &
MAEBEAN R EEEHRRNNER, ERFWLBRKEFRASR. HEl 1A
Wil 2 #52 CPSID W, MAREE IR PTIgRm L NEBRER, MR+
BRI REMBIAER. W OTCD WA EVEBINER, MFERS CPSID
i, ERFNRRILERABHAE. ZHFAERM, CPSID MHAMBRE
OTCD KR AMLiFHErT RN ERNHERNYEEA S, MHRAR OTCD KM
BIEREFARR 1-14).

& 1-14 RREF RN R ERESR

M1 WMz WB3 w4 WBlSs Fble w7

M 34K (18-72 pmol/L)

BR{E 1404 650 1546 725 1670 2698 1263
EA8E 1663 823 297 - 3234 420-701 40-70
Sk <4

PH (7.25-7.45) 7.13) 7.10} 7.29] 7.491 7.23] 7.511 7461
PO, 67 72 54 58 58 77 100
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(50-80 mm Hg)
PCO,

(40-60 mm Hg)
HCO,

(19-30 mmol/L)
BE (£3)

LR

(0.7-2.1 mmol/L)
AURE
HEE
(3.3-6.1mmol/L)

#(3.5-5.5 mmol/L)

il
(135-145 mmol/L)

5
(2.2-3 mmol/L)
BHRER

(0-38 U/L)
BEEEE
(0-38 U/L)
LER BB
(21-220 U/L)
W\ BR S [F) TR
(0-25 U/L)
JL B
(15-55 umol/L)
RE
(1.8-6.4 mmol/L)
Biiky
H4 A
(5.0-14.5x10°/L)
LM
(3.5-5.5x10"%/L)
/MR
(100-300x10°/L)
maEn
(138-218g/L)
C REEH
(0-10 mg/L)
=323 3]
(<0.5 ng/ml)
BMLIHAR
% I B R B ()
(10-15s)
E FRFREIL LA
(0.8-1.25)

0 -V 1L 5 TR I (]

(14-21s)
5 I B AT 5]
(14-21s)
AHEEAR
(2-4g/L)

D Z&Ri&k
(0-1mg/L)

0.3}
7.41
1541

1.78]
48 1

1991
20001
1281
1871

6.1

22.061
5.681
3541
195
<3.11

67.3221

16.21
1.351
33.91
23.41
1.33]

1.521

621

19.2
0.5
5.61

121
4.6
142

1.86
24
781
7801
671
16

1.6

24.771
3.35]
290
117}
<3.11

0.7941

20.71
1.731
35.21
26.51
0.81}

2.121

0.8)
5.81
135

1.21}
13
1241
6461
1321
771

1.8

17.65
3.83
237
143
<3.11

18.837

28.91
2.541
56.701
24.81
0.6]

2.247

23|

17.5]
-5.8)
6.61

0.76]
7271
129]

1.4}
2231
20491
12551
1061
1751

3.2

14.66
3.96
104
149
<3.11

58.101

129.67
11.061
87.61
26.01
0.38

30.031

541

20.1
-5.04
7.51

6.08
5.91
138

1.44]
14
51
3881
22
58

1.6

36.731
5.721
270
200
<3.11

4.481

19.5
1.641
39.21
251
1.21}

0.52

23]

18.4]
46|
10.21

3.5
6.87
144

1.39)
32
981
6931
471
731

2.6

11.49
5.24
242
196
<3.11

0.7217

17.31
1.491
37.81
223
1.6}

3.97

26|

18.5)
53]
4.81

9.21
3.6
1461

227
641
821
13641
18

30

3.8

14.45
5.561
390
151

<3.11

120.01
101
180.01
150.01
1.10}

0.34]
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M R 4T

RE B

(4-30 pmol/L) 3.82) 3.08) 2.82| 521 19.91 293 3.83}
AR
(62.9-328 umol/L)
MER 634.457 413.381 483.601 1209.171 3017.8817 682.791 278.03
(72-293 pmol/L)

RAEVRREE

AR
(0-2mmolL)  ° 0 5741 - 1551 31557 256.171

1264.401 3337.991 1359.707 1417.877 1469.401 1594.407 327.9

2.3 BERAFELER

7HRATE 3 BIFERBIRKRE . HE 3 BEEARE 3 REABEEREX
¥rs B S MR RFRVEHAE SR YT, BB M FEHR SRR OTCD;: ik 6
MEER 5 EN KA E M B EH 5 G B B IR LU A% A5 % 0 15 PRAE
Ko HAh 4 FIELHERKESE, BRFAERAIMIERTENYSERERELNS
ERRARBIERR, UCD AIRetER, EAEREFARRREX 7 28BJLETTE
2R, X BOR E E AT T R oRIE 5B I .

W1 EERRENE RS CPS1 EREAERNELER, 558 15 54HE
F £ ¢c.1631C>T(p. T544M)F1 17 S 4R F £ ¢.1981G>T(p.G661C), FHE A
EEZR; BILRFEENF c1631CTE.TSMM B A EER, TEILERES
c.1981G>T(p.G661C)I L E&ZR (B 1-3).
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B 1-3 %5 1 MEREFRNERRZRIER

B 1-3A: #fil 1 % CPS1 BERGFERNMHENER, 7HA 15 SREMEKD
c.1631C>T(p.T544M), HAERETRANEER: 17 SREMEN c.1981G>T(p.G661C), HH
RRERNEMER.

1-3B: 7l 1 WRARBIREILGEET c.1631C>T(p. T544M), 10 & LB EE
c.1981G>T(p.G661C), B IEHLEXRE, BILFAMFE LAFANIER, #E CPSID.

c.1631C>T(p. T544M) % 3R 18 9 © 51 BUW # 48 F (Finckh U, 1998), B4R
c.1981G>T(p.G661C) R # iR & i, 1B 7E 1% i = K 4 i H A 1 8w & 7=
(p.G661R)(Funghini S, 2012). A1 H 415 2 7784 Human Splicing Finder
(HSF)#HAT TR X B AL i T, £5 R BIR c.1981G>T 1R AT BB M BY 4
LA BURME DMk SIFT. Mutation Taster BA & PolyPhen-2 3JiA M c. 1981G >
T 5 CPSID RIFEHAH K, HF PolyPhen-2 HH M ARE Alsb s, HmME
239 1.000(885UB% k. 0.00, #54E: 1.00, B 1-4A). FF ClustalX 1 GERP X}38
RAAFRTFHEMNITFNER pGool EAXAFMPHAEREHZTERFTH, H
¢.1981G>T(p.G661C)IX /M L 28 4 T A AT 428 CPS1 m E i b R F S L R
5 (1’ 1-4B). H4b, CPS1 #13D &8 7R, p.G661C HZEF AT LAEE CPS1 #Y
MgEgs e (B 1-5) .

Disleloininint

it |
ot e
- Liendad

1-4 ¢ 1981G > T (p.G661C) RN RMIBHRERRTHESITER
B 1-4A: PolyPhen-2 %t CPS1 HJ ¢.1981G>T(p.G661C) &7 HIBURTE b4 RIR 1R
BARERIRE”, TG54 1.0000 & 0.00, $¢7ME: 1.00).
B 1-4B: Xf CPS1 #[H p.G661 AL T HAUE S ITER B REANE. BEE. M.
O, 53¢, 39, BERREGERARYHPEEERT.
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mutant

B 1-5 BPAERURURA] 1 22R5H) CPS13D 454y
B 1-5: ZEAEFAER CPSI p.Geol KIZEH, ABINRRENENH, X—LREETM
BEEmMER.
2 ERKNERERE/LFECPSIH2ANREER, HP 7508
F EH c.622-3C>G NEIYIE SR, T 24 S48 F L1 c.2896G>T (p.E966X) AT
XA B)LEEEHET c.622-3C>G MIAAEER, EHET ¢.2896G>T( p.E966X)
SR (B 1-6).

; ; 25 | 84 B | 2%
EF | REsei | B | M8 EERAE | MAF | BSEHF &6 &%
: R | af ‘ A | %N
| Chr i \‘ DG et
C M ‘\ WCT D X
|

c.2896G>T )8
] S

€.622-3C>G

1 1
e

4

¢.2896G>T €.622-3C>G

X\ [\nd

A 1-6 RH 2 MERERHLERRTREIR
B 1-6A: 2 CPS1 ZEFEMIFHANLETRIHATSHETF L c.622-3C>G BT
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524 S4B F L c.2896G>T (p.E966X)HI T X ZERH -

B 1-6B: 7l 2 MERARBERRBILRKFEEW c2896G>T( p.E66X), BEFEHEH
€.622-3C>G, HHIEHELRMY, BILEAMEFELRMNER, EE CPSID.

BATE R T BEF B C#Ek & OMIM, UCSC, HGMD, dbSNP, 1000genomes,
ExAC, gnomAD 5 AKERBIEE, BRI c. 622-3C>G F c. 2896G>T it K,
FFT R A5 . HSF Ul _E3R T4~ H7 K 22 5 T RERZMA mRNA RIIEH BIY]). ClustalX
MR ER p.E996 M AEARKNDMIESGERTH(E 1-74), XANELER
SR MR A LT, BEH MR T CPS1 RFAAHBD T 534 MR
ERHsAEH(E 1-7B).

A

<

. et e sia
ARRARAEE :
0 v e

~ E1-7 355 2 p.E96OX SLRHIRTF ST MEREMEB L

Bl 1-7A: %} CPS1 £ p.E966 A MR iHEHURM T4 R BRI REANSE, RIBE.
M. T, ¥3E. 8. BEEREAERFEMFHHEE&SERTH.

B 1-7B: A EREFAER CPSI1 [ B966 4514, AEIARRBHGEH, X— R EREH
MEBRADT 534 NEERK.

BATM A SEENF R ERN TR 3 8L X Fetik E HGMD #IERIR
FEWN & FIXEBUR LA 1315 M EERESE 6524 Mg, SRERZEILK OTC
EEBIMT 3-9 S4E T I KHEFBR K (chrX:38229039-38271274)(K 1-8A), K&
) 42235bp, FHFRICHER N A EERABIEER RIRIE, AFRER . FERIRKIRR
qPCR BWHES R Br~, BJLEERAE LK OCT #£EH 1 S8 FHLIEHA,
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M6 SHEFUHHIMT s5(® 1-8B); HEEHIEBRRZS BRRESEH OTC
EARLETHESZEWE 1-8C).

A

w
P

2.0 -

Copy number variation

I

Exon 1 Exon 6

B 1-8 %fl 3 MEFFRAUSR. RBER=85HE

B 1-8A: Xt X Gtk LFTE T REBUR I E Rz s TR, 2R BRE /LK OTC #H
HILT 39 B4 EFRIBRK.

1-8B: F|H qPCR *t & LA K BH5MNE ML B4 8 OTC EE A RSB NE#THR
W, Hd1, 2, 315527 1 AEFBM, 2 88)L8%, 3 88 4,5 618K 6
SHET: 4 NEEBEM, S ABILEEE, 6 AB/L. ZEEBRKRRN 1 S4BTFEILS
EHEBUHAENE 3 H8HTH 2 % X PEESEIEN 2 TEESERKES 3-9
SHEFIN 6 SHETF, BEENE B S EEBH 8, EHE &R AEE EHIAT OTC6
SHRFHERR, TEILEBINEN 0, ATEREK, EHBILA BBRRRETHE.

1-8C: 3-9 S4B FHIBRAKMER OTC EAMSHMRE T HENNE, (UEHHS
ZrCEE).

Rl 4 T T OTC ZRAI—MHT K Z R c.633+2T>G, Sanger JUF kB &
ILVBEBERE RN AR ERREE 194, 1-9B). ZERANE T LNHELR,
RIE ACMG 1875 7] H 58 AL EUW 142 R (Likely pathogenic), £ SpliceAl L)
LSRR “TREEMEIY)” . ERXMIAGFEINKERE, HEOEZR
FHTIRIRA 47XXY. BRIUE —REREGEEMEEH OTCD MiRFIIRE, BEAk
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R B A A #(Swarts L, 2007), FELAHErRA4REH S OTCD Z |8 #yEk
%o

l \ OTC IN chrX- 3826299 c 663+2T-G wwhang

S ST Erpai o A A Y S S e AT R

LRI T T R T R
(ENEE RN IE N MW AE e reEiean

B 1-9 WP 4 MERZR R RAEABRRMTEREBR

1-9A: il 4 B LY Sanger WIFE R ERH OTC ZH 6 SHETF LM 2 NN
EFHTRETRNGEE, SHHUER.

Bl 1-9B: %54 4 BESEH) Sanger W4 RE R HEW 5 B LHERAMNTIER.

B 1-9C: EHLMERSRE 4 19 X Gk ECH 2, ERHGFERE X RAak.

W 5 AR AR R R, BRI ATRN R 72K 1 ORSNE 17 5
R, SRERNEBILET OTC EE c274C>T (p.RN2X) HIEETER,
ENE RIS X 5 274 At C AR RN T HE, SBRILELORSE 92 IR
EBREEEBRTRRLIEELT . Sanger WiFIRFEJLEFE. KE. —HHE
WAL AR 2SR (A 1-10).
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A
£ REth BER | EE | A7 | 2R e
(BE83E) | (RCWMgY) | BEBSH | UX | %E | 9% e g |  XAEE
orc e C2UCT .- - X N g8,
NM_000531.5 ChrX 38229106 o CDS3 [#&F | P SEREERREBERIE | XR A, —IESRARS
&1 TRHE P (Pathogemie, FEH) ; BEEEN: XR (X EBBY)
p-R92X
B 4 58
p.R92X p.R92X p-R92X
1 l . . ‘ . .
1-10 R4 10 FIZE BS540 B 45 SR 2 BRI E
B 1-10A: 754 5 BERERLERIVBR KT OTC EE c274C>T (p.RI2X) HIT X
T

E 1-10B: FRAERWEILEEEMIANRNEESE T ZAV SN EETR.
c.274C>T (p.R92X) ACMPIKETE 3 B4 ETF LHE R (Grompe M,
1991). MIFEVIERIR OTC 2 Q3D &£ LT LVEH, ZERSEEAEFEN

RArex 1L, BFEHREGSRDT 263 MEERME 1-11).

Reference protein




W RKF 20X

B 111 %5 s MEEERFTR OTC BA=S£4HM%EE

B 1-11A: OTC EARIE#H 45#: B 1-11B: OTC E A p.R92 7 AMIEH L4 ; B 1-11C:
OTC &EH pR92 RAL X ERENSH: B 1-11D: 4RFEEH ) OTC HH p.RI2 753
RELXZEREBEFERKOEERTI.

T 6 2R 5 R FE 3R 7 X BB Aag A% M50 , FERTRG I 45 SRUESE B L OTC
ERE 761 i) C BERR A ABE, FHE 254 NEERHAEARERAD
R, Sanger MFRREILBIRIFIE c.761C>A(p. A254E) I &R, ENE
wWZEFER (B1-12) .

REE Wxk  BER HA/ EEAA B ERER TR 5
A ¥ om per wEm 2 = MK ik L B
[ 1:‘,.\\:::_». \?l‘\ :,?;;,\l L D Uncenan SRR TR : ZAHXLR) :
REVEL, D: 57 % 1D 3 : B
c.761C>A
B !
c.761C=C
c.761C>A

1-12 7RH 6 AYZE DR A B4 SR R IR IE

P 1-12A: B JLFEAE OTC ER ¢.761C>A(p.A254E) R, ZERRIET B JLEEE,
¥ REVEL - NE EHER .

A 1-12B: B JLEESETEA OTC EEH c.761C>A(p. A254E) L& TR, MRBILRE
REHZER.

%A R AR W ICERIRIE, PolyPhen-2 Xt HBUR MR M4 RER N “IRATRE
F”, MBS 51.000 (B 1-13A) o RFHESHTIRR p.A254 TEAR B KIMIFPET
RmEmERTH (K 1-13B) , ZRRTIFH OTC HH MR LN (& 1-13C).
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A This mutanion Is prec 1.00

B {Homo sapiens] TET
[Canis lupus familiaris] TBDT
[Bos taurus] TBT
[Mus musculus] TEBT
[Rattus norvegicus] M TN 2 TOT
(Gallus gallus] Al VBV T D T
[Danio rerio] AlARDSsV@VTDT

C

& 1-13 5 6 ZERA SMBORERRTEMT RN B A SR REW
& 1-13A: PolyPhen-2 Xt OTC #[H ¢.761C>A(p.A254E) 4% F HIBUR M A 45 RIR<1R
B REHIIRE", HFNES A 1.00008U%E: 0.00, £ 1.00).
B 1-13B: %t OTC £ p.A254 Kt EAURERI IS R ERZMSENSE. BER. 4.
PMER. BER. . REAETFRYHHEREERTH.
B 1-13C: EEAIEH K OTC EA p.A254 M BN, AEAENSTRABERE
R eELE 1 .

s 7 R RERE, HERS. REE, RIS MAER IR
Rit#e. ZEENERERZE/LOTCEFAMFE 19 MNBENGERNA; X
MMITF 2 SH BT LEREE 40 MEEBRHBERZEATHER. BILE
R c.119G>A(p.RADIM R EER, TRILCREMNATER (H1-14) .
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%EF Wik BEE  HA/ DAAM B AKER : , £
A * wy ser  wzm  2a % M esw B o
OR ct",i\x_::\:: \.‘:‘1(\’:‘1"_: \n] Lj!'i[T hemi LD 1..[["1:!._‘..'“' EME PR ESRZEXLR) ¥
N: 4 EHMII REVEL, D: RRBAGE: LD: | B:

c.119G c.119G>A |
" v g |

i 4

{4 |
B = ST Y SN SRS e VA

c.119G>A

l

A 1-14 %A 7 HEFEERNER K BIRRIE
B 1-14: B )L OTC EEM c.119G>A(p.R40H) 257, 2B 7R IE T HEE.

ZERRNOMT R, B EEAEHRE R 28 & R% H(Tuchman M, 1994b),
Mutation taster ¥ %38 7 MEF EHE T E RIRRA AT HZERE 1-15A4); RFHE
SHTHR p.R40 EAFYFIIE EART(E 1-15B), {HE =Z4EE#H ERIX /2R
FHERSHEALEMRENT(E 1-150).

A

' <IT mutation ti sting

o o SIS

R R B R A

o o e s
Bl< <mmmmm
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mutate
LS S

1-15 JB 7 R FRAL R BORER R F T
P 1-15A: Mutation taster IS RI27R c. 119G>A(p.R40H) R ABRMEAL R .
Bl 1-15B: *J OTC #[F p.R40 A7 S THENBI S ITIR/R ZALEEAZL. R . /h
KR WER. 5. REA., BRESARYMTRRERT.
Kl 1-15C: ERAEFAR OTC FHH p.R40 AN, ABRNER NHERE ZM S
Mg, JtHERZERIFREMR OTC EHMEHHE.

75 UCD R AR EF R ML RILT S MR EERM 1A 3-9 S48
FHIL 422350 R BB S:, HFRAMIE FRRAT SBUEABIFEKN ™ Eh
%, & ACMG # PVS]1 BURSRMZERTN, Eit, (E S M HRESERWE
FHTMAGRTFHESTERBENR 1-15.

% 115 UCD HRER A ANAITILA
ACM
5s Poly ph Mutatio GE ACMG
i ZH RAH  GERP  SIFT o2 ntaster K€V pie TR
24
PM3_Str
ongPM1,
c.1981G>T D D D D
1 CPSI C, 5.61 P PM2,
(p.G661C) 0 1 1 0.963 oy
PP3
PM3_Str
2 CPSI  c6223C>G - - ; ; ; P oo P2
PVSI,
2 CPSi (329966(6};5 C,542 - ; & ; P PM3_Str
) ong, PM2
PMI
c. D D D D :
4 0IC  gsorsg ©3% oom 0998 1 0977 Y 11;3;2,
PS4,
CT61C>A D D A D PMI,
6 OIC o axsap &4 go18 1 0988  0.613 T PM2,
PMS5

7¥: GERP: Genomic Evolutionary Rate Profiling, A T# &L -REMFER F IR TE
M. CHREMESF, & GERP FHEWEFFEERT, HHRXTREEN.
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SIFT: Sorting Intolerant From Tolerant, F#%E X #HEBLMEARINGE, AMEHX
MEEBRENRTAE: SHEEE 0-1, 21E<0.05 M4 B ¥ Hilll % ¥ D: Deleterious, 43
{E=0.05, MFHMATLE T: Tolerated.

PolyPhen2: Polymorphism Phenotyping v2, Tiilli45 R D: Probably damaging (1R /T §H &,
5B =>0.909), P:Possibly damaging (FJEEFHE, 0.447<43r{E<0.909), B:Benign (FBE, 7
1#<50.446).

Mutation taster: Fi T BN & FRIERALER. ERARKRZRURBRASTF-5E
FARERKIM IR . FMER A:  Disease causing automatic (%), D: Disease
causing (F] A& &), N: Polymorphism (FI§6JE5), P: Polymorphism automatic (JG).

Revel: ANER TRV 0-1, MEREHBRT A,

ACMG BURHEST: P: Pathogenic, 207 : LP: Likely pathogenic, FJ#£%80: U: Uncertain,
AHRE .

2.4 BXRERRENENKH

WEFESE, AT LR EHA RN AERCE, EHRKBRAT UG REE

BERGERNAHZER, CEEcEeEMANEHRIHER TIRIRIGT

(Meylan S, 2017) . A&HBF F X} UCD B FHIGKF R o KB, BREINE UCD
HIRRERRY, EPAERNEFRNRBARAY. ik, JAIFAHXETE K12
ERBAE BT T EXHERAHNELWHYIEHT, LA UCD 8Lk
FHRRN A R4 — e IR .

AR FRERNEELE, SRARXGHENEFELNRBAREET
fe. XA ARSAERENEE, £ F0EAK (AMP) £ 0.2mM SHERE
THEXKBHERNEFRTREEE (13146 , HAWA (0.02mM, 2mM) 4735
TEET 687 7.8 (B 1-16A) . RZHEE (MEM) USRI R B MBI ,
EAERAEFRME, KB BENEFEHESBATR 4.1-59 . Fit
EEHRENENIEFRES, AMP F1 MEM FIREREY B EEE (E 1-16B) .

207 AMP 25+ MEM

Percent survival %
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B 1-16 RERERALSEX AR EHRRD B R BRI
HTFEAKBEREFRYE, SKEHWEM, HHRR pH M AERAEREN
F, RAMBFERNTE/K AMP f1 MEM REXRNEW. ERER,
KX AMP fl MEM B BRI mAHIE, SSREMEFETE 4.3-6.6 5 (B
1-17) . FEit, &BEF3F AMP fl MEM R EBCERIM5 pH oK. HAMEAEH
T E R ke R BRI, ZRRRUBEESR.

A B

»
o

AMP

- - »
o o
1 1

Percent survival %
=3
I

Percent survival %

. .
0 £.02 0.2 2 mM 0 0.02 0.2

o o
[} 1

A 1-17 ARRERANEFEARRRT SR E RN

3. ¥ ¢
3.1 REEFRRNIEFNS FEDERT
3.1.1 FRIETEFARERS AYIlE PR R

2012 4E, HEKHERERIBIEREEREMER. LEZR. RBER
XA RN 3 FREHENE - UCD BT HEREEEERKR
(Haberle J, 2012), FF7E 2019 31T T EHr (Haberle J, 2019). HRIBIXBHE 55,
UCD HIGERAEIR TR AE TR B, TLUR SRR 18 MM alE —AETEM .
X FatEmEniE, &% BHERIEBREME RS, WEIRER. SRR
R, WK, BOEESERI. EEOMREER, FHUEIFEMRER, W%,
it BIEFIENES, L5 HIRLE .. TSRS SNAREFESE
We B ERIUAMILRER FIIEARAER, URAEMATRE. WREFE.
TEESE. BHERANREHRIAAZ . K& &, ZJER. BEAHRR
B, EKKREERE. RENBERBAR, MK, FEASSEERERI.
b R R RIZ ALSD ME5 T R AEA ARGID W17 R ZE MR (R
1-16) . BREBIMEMEER T RSB EARE SO L LB RRLSL, K
ARG, R#HG Rk, HLEH D, EBEAMBRRETRNEABRAE.
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TR 7 B UCD BEH 6 BIAFEIMRN, kSRR EEH
FHEB|AEABRRMEN T S MERBMIERERE: SARCEHE. RNE,
PERPREE, EREHRBRARRES. WK, PREE BRAESHFEHB[IERE
. B, UCD WIRKRMTTRERSMERILEEANSER FEEBEN.
B, AR UCD IRRRISH 4 LR e K0, mH, EaEe
5z ArEE. R 1 FES 2 38 CPSID KR A, Eib LRl 2 WER AL
XAER, BEABEEEN, RUREFHREIRNE, E2HMNKFEREIME
TR 1. SHIERERIRI, BMRAE KRR, BRHEG 1 FESE
FEHEAR, ZREOKENEZFAEAERE UCD MBI FERARMER.
i 4 % OTC HEKIAN & FEHER R, HILKEKFH 5 6 OTCD A RIK,
BT RO TFHMRFIEEEMIERESE, %463 PCTH OTCD HAF
MEEE, BARERRA, REFRRFANEEERBNTARENRE, TEHEL
BRI WUBGRY . RIME. AR KB &R I 3 22 B AT B8 WL P B 4
. HTEEAH UCD BAHLR SRS IER S RMRER, EaJH
I AR RS, AEBER 145 (Guire PIM, 2013), [Hk, HE 1 FHE 4 ™EK
R RRRATRERBRIIMET UCD MR, HiR, W3 BEFHE “FHFERa
2. mns” P Eia B R T A EBE A LR ITIRTT, BEEEERFE 3R
A HBRE R EB . X T RILARE 37 BEEENHEFMEN B, 5
& IB VR IR/EET ) LI RE AR A, BEVIRIFR R R RS T,
ZREENTREARAFIEATEMIENE EENRENESBNTFER RS
FERRAELSEE 3 RIBTMPRER, FHERLEN.

Wbl 7 R REH OTCD WA, BERRAARERL:, & UCDBAER
RIEERAEIR . ZRAIEWHE c.119G>A(p.R4OH)RA E OTC BEEHMEEIETHK
28% (Nishiyori A, 1997), T 10-20%f] OTC E#iE AN i R H R KRR EE R
IhRE(Bachmann C, 1981; Kuchel PW, 1977), B, #%H 7 £ RKIRETHY 4 £E14]
HEAE LI OTCD WHExAER, BAKKREIER. ER, HBTIER OTC, ®
TEHEEANEE, BERER Nishiyori A, 1997), #HHHHIWKE:, #H&
E8, AERERN, BEASRBNHEESEENREAEMK, Ni#ELgA
REMNRE OTC BEERME, TEERIEENRERSE, #mHR T s LiE
MIGRIER . F5h ZEBJLABERTEN A RRGE S, ABtja RAERRHET A,
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BL7E M3 B ¥ 5 R IUAEHAT T st a7, ik, HERERRRERE
BRETHEFERSBEREF K.

RBl 5 BIRER— OTCD WIXKIK, ELEHBNETFIT OTCD, 3%
AP MR AR BUR ZERE . B RRE R, XENLETER
AEBAERALREY, ROGHHE . HASEREEANEY, SEMHESTE
BILEWRERE, FRXANLETRFERENEBESELIERER, XK
TRB#H—PHRE, REHTHH. ZFEEUET OTCD WL EE 1.5 FH K
W, HIEAREREREARI AR, FiHEABRRRR, 5HRE 7 HkRKIRE
oL, DRI AR W] Y2 B R B UCD B KR BN LR R IE R A

B4 B UCD M ARIEREIIAA, BIERZEEEMIE, IRFREIRER
ZHReRM, BENREEAERESHERMER. X FHE/, JHMEBME
FAL A INE PRI LA BE LA Py SR AR I R TR, 5 788 I 3R R A 2R HERR
UCD. Xt FHABERLE, JHMREREEIHFHERGRAN, TEHE
BB K& UCD.

3.1.2 BERPHREEAENE

REMESIRNWZAGERE UCD REEMNRKRM. WPHEEEKXR
BT A&, S RIETREBARE B S Brusilow SW, 2010, Cooper AJL,
2012). AEBEfE(Glutamine, Gln)#E A 2B i = B8 (Glutamic dehydrogenase, GDH)
fEA T RESIBEEERERMETRRR S SR EE R E RN ERE
(Brusilow SW, 2010).

EHRE S mME R B 1.5-3.0:1 (Cooper AJL, 1987). HBTHHESRIAAK
o B R R BT AR SREUR T R BE R = ) (Cooper AJL, 2012), FREUE 5 MK
Y pH K& IE LY 1 5 % 1L 3 (cerebral blood flow, CBF)A R tb. BEXTFTBESIMER AR
MEEMS (p YK 2010), FHik, SAERMTSRERSZRR™EREE 1-18). EH
I YR\ FoG )5 7E 2 B BE I & FUBE(Glutamine Synthetase, GS)HIYEF T & & Gln, £
FRBIENBEIN. IMEBRERIEFTRE, HHRERK, WREMA
WiEEREIT T Gin & RGEE, NEEEREAMPHTRE.
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Presynaptic neuron

@
Glutamine Glutamine Glutamine

PAG
GS

Glutamate

Glutamate + NH, NH,

\ Glutamate

Glutamate

Astrocyte

1) GLAST/SLC1A3
2 GLT1/SLCA1

3 SNAT3/5

4 SNAT1/2/7

A 1-18 AER/AEBEIEEF (Walker V, 2014)

B 1-18: HFHABERBAMM/EE GS KIEA T 588 R (Glutamate, Glu) & A B
(Gln), #; SNAT $¥ZRIHMSMNARR, REH—MREA SNAT ERHEAS EREEME TR
PGA /KfEM Glu FIZ. BT PAG &4 Glu FIEFT#H|, Rk Glu B4 Bk iEH . B3
g 1] B H A4 2 /5 32 1A BT 45 & 19 Glu 42 GLAST #1 SLC1A3 #ig R BRI, B

R4 ¥ Gln.

45: PAG, BEBRVGILAIB EELRLES: SNAT, M SMEEREIEHEA;: GLAST, A%
M- KL EMHEIZEE; SLCIA3 (BAATI, MAUEEMIIZEH-1): GOLTI, BEAKELIzE
[-1; SLCAI (EAAT2), M#MEEMEIZEA-2: R,NMDA %/ (N-methyl-D-aspartic acid
receptor) Bl N-FZ-D- R A E B 24K

T2 RN HERETRAIH —ERME 2K ARA. BT GS N
EFERKRRMAMR, Rt XKEXNFAET TEXNERREARYFH L. KR
RN, FEREMHE T Glu £ o BAK B (o-ketoglutarate, a-KG), M &
=B EA KRR R, ATP P4 /> (Bessman SP, 1995). {ELEMEJL T4/
R R, dEMEFREHERW o-KG HIKZ(Bosoi CR, 2014), HIEFM
2 Glin ¥R E, BESIRH T B 40 5972E 5 45 R Ui (Brusilow SW, 2010). Ef
EERBERARY, ASNESH G 8%, HTEBEEREHMKNM, 2
MREMAERF G, #2077 HBEIIEEM KNG, RE4E—RFIIRRAER.
SR, ZHAR/K I IE A GE AR s & MLAE A P B A 2 B (Joshi D, 2014). HAdRATHE
MR REaE: 1. RERD TERERMBPENRE, Bl RERgESE
Fii P ZLER 1 fa R % 7+ 3 (Dam G, 2013; Bosoi CR, 2014). 2. & B FEAN—Fh 5558
Al fEiEE % pH LA R 544-45-ATP B\ R T RES-H- SR EEL LK

Postsynaptic neuron
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HEFES, FTHTHETHRESTEWAMI) G Rangroo TV, 2014). 3. Al
SrAMETH R B RS T LSRRy EE T R(GABA) FEEAK £k, A
TR 440 22 TR AR A4 1, X 1R 7T Gt R M & M AE 3 B0 K 14 & B (Rangroo TV,
2013). 4. HTFEKFHFE, NMDA Z4# s HEE, BdHEEEgR S
AT HEMMMRIET, H—7H, BURNSABERE O EEM--ATP BHIL %
BEERAL, TEENIN T ATP RIIEEE (£ 80%) , FEARH HEFREMSERI,
th 1% 0 7 4H M I FE T (Paprocka J, 2012). 5. FE A AT AE B2 0R b ML B9 B R 5 20
&, SIWF M (Ducharme-Crevier L, 2016). M2, T 7% M0 5E i 55 Ao i v
WAL E AR A E AR, SREERY, KRENFFANERTH.

3.1.3 FRREFEMN S FEDFERR

UCD B ES TAEMFRIEAENR, BRFEEZNL, HENEFRK
BEHEERER. REGRKREYSE R LR EERZDSHRMEMHawke L, 2012), 8=
JULIM & ) IE 3 Y8 Bl & <150 pmoVlL (255 pg/dl); & H H 4 JL<100 pmolL (170
pg/dly; Z2)LF1)LE<40 pmol/L (68 pg/dl); H DEFALAN 11-32 umol/L (19-54
pg/dl). —ERERMGE, FEILNTEFMP AR 4 0 05 B A5
RENBRUEMAFRERE, ANZELSOW. KRR, BEE. FIE.
EEMA . M. FLERCLRREA SRR LI ER A (UK National Metabolic
Biochemistry Network) o

RSt MAEBEREOKE R SR R BB SRR —,
=& B E e B3 3 M BRI A 5 KA 5 & ILE ¥ i % (Brusilow SW, 1995).
AR A R AR (1 ML 7R 2 R e A BB AR B9 5

APBHRANLERESEREFEFRBNEAMTARNER, Hit, &
UCD #, RF CPS1D 1 OTCD & F3UML /R EABKFHIEEK. EFEBKREN S
5REZ/AMEESR, HTREB/HIHRBRRE, EPBRBIRAR, SHE
IEEMERPEFHABBEHEA . Fik, £RXEH UCD BARFHIAEE
AN . T CPSID MR AR TARGEERBE RS> EERE PEBER, WR
HABERAK T RBIREERKD, X2 CPSID X FH A UCD M EEL 5 S
(& 1-16).

R 1-16  RETEFIRER RISPK B 2T 4 W2 RFAE
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BRER R AmBRREC RAN

CPS1D 5 A JRER| /
OTCD =Nk RER| / ++
ASSD 2 E RER JRERRT +
ASLD &ML RBERRHR / +

FERER K JRE R

ST R AE

ARGI1D = Wik BE®E R +

RE B MER

R AT BEE R

NAGSD =& MR / /

AHEF ARG 1 ARG 2 BRI LR ER K=, TR A SRAS I 2 2L
B, Ff& CPSID R AMBIMMKGERIM. X-T 5462 OTCD BIimA, HH3 A
H I M RS R 1 B BB AR R ALER I EF =, 7RFF& OTCD WML R R
Wbl 6 MMEB/KFEREEREE, BXRAFRKFERAETFEHE, &4
2L FRE SR, YIS i2EiA OTCD. BRIkt A RE OTCD HWAK
1 AR BR7E IE % Yl (Zheng Z, 2019), Fitk, 7EXT B E MGE A E ) LR RN 5538 il
IR E, HEREURFERSEZTHEBFHITEE T

4, AHRERI, FrERKE UCD R ANRERNFBERELHEF
= f1. CPS1D 1 OTCD £ UCD HIRT A FRE R L, BT FE SRR ERM
MERMEK. SERERLEREEE (GOTHMEL T AERBER, W2
ERNERSIHERKTEHFAEE 1-19), BiZRMETIERN. ¥ OTCD KA
(R E B R B BE T AR AT R B, =& A M REUX 0.99, p<0.05,
EZERANRERN I ERSBURER M SRR, R ENERRRFRY
OTC ¥ EBEMHENAMER: ERERUTE—SLRERBHELTLES
RUNEER, FE, RH 4 FRE S MR EEKTFELEERER. B—Fm, k&
HRHTMERNBEARIATEENREEATEAER, LM RLERA
BT RATRMARBERANER, NTTSRAERNAS. BREREIRTEEH T
REFEHBNEE —ERBENENE, BERERABERBRCAEARCEEEHEL
), EXRERERBERFEMLEE. Hit, RERNBERNTIETIERE
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CPS1D #1 OTCD 2R fit—E M S E .

AT

Pyr / \ lAla]

\J

Glu aKg

Asp

[OTC]

NH3 —&’ Carbamoyl-P /

Orn / sl Arg
[Pro]

= Urea

B 1-19 HERABERSRREFHXR

45: TCAcycle: =HRERIEINTEIN; Pyr: HEER; ALT: HHNHEE: Ala HEM: AsdA:
REABRGAREE: Asp: REZERK; ASSl: BERIHE SR 1; Arg-suc: BEHEHR,
ASL: FEERBRINEL SRR Arg REMMEHER, ARG: FEEME; Urea: KE; Om 5
M OTC: LEMPEAFTHES: Citt NEMR: GOTI: RAERFEEMH 1; Pro: HERK:
CPS1: EWEEBERSEREE 1; Carbamoyl-P: ZHEEBEEL: Glu: HEE: oKg o« R,

78 7 BIE LA BRI, A 6 BIH 4 ) LRSI HIL TIRES MAE. ¥
A BEEERERNEHEE SXPREFFEERMER, EEEREHH HN
K55 I 5E (Jain A, 2008). EFESRHHZ, FOUFFXT 85 ] UCD A KR BitE 7
FrRIL, R85 MAES M & M (E B B AH5S(Nakip OS, 2020), Fik, FiEZE KN
ERMLE B LA M5 KT, 8 G b 45 R S M 4R AR

REBH FEREEFTES, FEAIhEHRGEZE SRS (Acute Liver
Failure, ALF)2 UCD # WL &AE, B 5-&FFEmIhserEsS Mori T, 2002;de
Groot MJ, 2011; Gallagher RC, 2014). BRI KIAN, @& IMAE S BUTFIEE R
# MK -TIREREMK, Kk OTCD MR A SR MR &6 H EH bR E
(International Normalized Ratio, INR) )} = FVIE T #1982 (Laemmle A, 2016) ;
e g M 6 FEEE I Th RE RS S8 T B A MBI E M I T RE B 2 OTCD B &
FF T RE S 5 B4 AE 1 R BT 2R, (Clarkston K, 2021). 7 545 &R 195 5 3 59 4§ 1)
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K IRIX L F o 38 77 7F e ift B I (] (prothrombin time, PT)#I INR BIZEK, {E4H4]
AIRTEE I K % IE ¥ B2 E FH & (Kiykim E, 2018). AH 7K 7 4] UCD BANE
1 IR BT EEA &, HaWaHEnTiseEs, BF 4 5R ANEEERE
Hifn, 5ERHALERYE. B mMEEAKFS INR, PT. 450 M E R A
YRR O R S M ThREFR AR AT FAH SR 44T B, 5 IR E K 28 B KM
RAEEHE(E=0.75p=0.026), HTHEEQFRHURAFMBERK, HEiEE
MmIhRERERG % R TR Thetifs . 458 LR RALEREAH AR, A
M THRERERS T Be e UCD B E AR i S bnic .  Hu, XAHE R K
FFTheednE . BmIpeRF R ABERTLRENRE, Hbk UCD.

3.2 WE/LISELERRBEF RO A &

F4E LI E (Newborn Screening, NBS)=2 8 EHT A )L G JLME B LR A 3
ITRIZFEN, KEMRATBEHE LI EMNREREEET. X8
Bk ) LR A 3R A IO PRRRE A BE4T B A AR DR T 22 A & U F0 A8 L SR
PO IR TR B 5 2 A 2 (Therrell BL, 2015), 5t UCD W AR, BNEEMNE
1L 75 0GR 95 B R SR 2

MAEFERBECH B ML E, BESRERNHES, BT RHR
N B AR EHE R E S (Tanaka K, 1967), 14, LSBEBARESHTIEN
BARFER, FHRILAEAFEARH ) LERFE S W DU 50 FhobR ki
AU (Therrell BL Jr, 2010). 7EXEMME K, NBS CiiH4&E#%, K%
BFOREEFRNE S E BT 95%. REFEIVEBRHERLST 20 tHa 80 F£4R
¥, £ 2004 FEFFEEF A BBRRIGHTY R NBS, PG, XTIRNELHEE
PUZEETHE, EHAEHE UCD MIFE.

Har, 5 TAEHRR Wilson-Jungner BRI RZ Y2 NBS I ETEE I £&45
. RIBXAbrdE, WR-FIRFEUTRHE, NWEEHTHE: (DEEH
RERE; QFRETHERN BRI O)FELLR IR 5
GFEEMRUREREST R ORI RFERRRMES: OOFERETE
W BEREE; (DEEZKMEIT T @A TS RET RS 9)
BEZAE 2 NKFFHER R E B AR (10)7E RIS w5 AL E B & 5 S 1 P4
(Wilson JM, 1968). 7 2012 ££ff) UCD BiIEFF, FELFEHINNXTF UCD
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MHRABYAKR. EERFEILRHN UCD IARRUMIERE™E, MERHE
Wit A gexs B LI TS = v B A . T B, 3 F NAGSD, CPS1D #1 OTCD,
A FEVENREREER M P AEBEK AR REBRAK T RIS, e
A JURERRRTES, ENRE, FE MR ENGURHE IR (Cavicchi C,
2009). #EH. RARTAREGEBX S AL T AE#TIEE. BEBRA
HERMITHR AR IRFE ASSD, ARGID il ASLD. {HBE/ERHBELH ASLD
TREPH R E)LUE ASL M DR, RKFASHIAER, TRERNHE
EURFE IE T 5t ASLD I 2 (Mercimek-Mahmutoglu S, 2010). 2019 5£ UCD &
FiemW A, XF NAGSD, CPSID f1 OTCD, BMfERHAEH i FRILFKKEE
BEAE—EMAIREEN, MAREHRTHE: WXT-F ASSD, ASLD #
ARGID, BEE £ WithREEF & (Haberle J, 2019). RE ML, Vasquez-Loarte
% PubMed L35 FiL¥§ UCD, EP CPS1D. OTCD %1 NAGSD #J 31 & C#hi# 1T
RGN NBS MU E=MERNBIARNEREES. BEECENE
EEL, BUOTREXEN UCD WiFE, HFRERS NBS BRI R
(Vasquez-Loarte T, 2020).

ABRIE 4 SEHAILHIT T 16154 FIFEILENBERBRTE, REAEER
B2 HIRER UCD fAfl, BERARGHEXERANBE, BMRAR
BABRRETERFEREN MH, X 7HRAASMEARA, A2
BT JE5 ™ B I B S MU A COS R B, e BRI W e &
BILWTBUSE. 75k, N UCD MIBERBHREEAE—, NFLAEREK. K
HARARAFREEFNEREREORRAE L, BARH. BEREATEMNR
ARBEFZHLEREXNAEFF A, FILANE E RIS UCD MFZEMA
F| NBS EE .

3.3 REGBHRHERZE I

BT UCD MEREMBEREZRMG ALY, HSHRAEE EKBT XK
=RE. B LR, BRAESEBK. MEK. RABREB RO
MR, BEERBKEEURERSEH UCD 58 NBRARRESHMBE
AREPRARER; TOEE R R EHATARHRANER (. BRRS) ,
Hit, #BEERERA UCD HiZH SR E Haberle J, 2012). HFE R K
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BURMEZ /DA 80%( Yamaguchi S, 2006), BRiZ Wbk v] LU F#EH & 1A 7~
R, KRS, S WL IT ER R AIE R R A AN, EE Bl
FERRBITRONAT RS, T, SEAT7 B AREEFR UCD I3 R 248 M —
BT .
3.3.1 EERMHARA NN 1 GG EEFEIH

CPS1 EF T 2 5§tk q34, KEL 122kb, &5F 38 MINETF, Hfd—
N 1500 NMEEMK S AR, CPS1 ERME R RS LR TXER.
FIBRAE . DN DRBARER LKA GHFRMTEIHK 34, BRTE
SEH 274 MAEIR CPS1 ZEFE R IRIE R 1). Ko g#E LR L ER,
&b MR /NBA SRR KB/ ES (B 1-20). CPS1 ERFIEE KHE
Sk, HAEEMetk, BEEMIEHKMHiberle J, 2011), AL THBE—HIESE
TR~

1.71% 3.70% 0.28%

® Missense/nonsense
= Splicing
Small deletions
® Small insertions
#® Small indels
Gross deletions

Gross insertions/duplications

B 1-20 CPSID BEEZERITNLLEIN A

wEl 1 MEERKEMNRIT CPS1 MEAEMELER, 454 c1631C>T
(p.T544M) 1 ¢.1981G>T(p.G661C), HH ¢.1631C>T (p.T544M) N O A1 R 3E
(Finckh U, 1998; Haberle J, 2011). FIH KB B ZREFHITEHLHLIN, ZRE
B T BRER SR BEER LAY X 3B(BPSD), XA X 352 CPS1 BER A B 5 R B K
HRINLE, FG, B3 ATP. SRERER R EE N KT A R L2 2 T m.
T % BEE P AL R I, 2R ERKN Km EIEIN T4 60 5, NAG B
Ka {18072 20 ff; MEWRKRINEE Vmax EUEKT 4 45, Km E3G0
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T 4 f%, AT S8 CPS1 HHER™E TFE. NAG I Ka EEREMT 20 5, H
RHEE HELW NAG W B, T2 7 BPSD fll NAG EEX 738 X R R,
M e E K T NAG 5 CPS1 W3R J1(Diez-Fernandez C, 2013).

B 1A AR c.1981G > T(p.G661C)RBRITF A MPWER . kR
B, XANEEBRN SER R RSERTN, 2NBURMT STk
WHHNBURMAEZESR, HSF WA B EAL SR M ATP A A K AT E 5 imH I
T— A2 T mRNA fBT3E:. HM, p.G661C \HEBMEILARKN
A 4 TR AU T & BRI, T HESEE T CPS1 A MMEES:
M, IWBE T HRERERS, PET - MEREMNER. AN 52E/R—ME
IR R ¢.1981G > T(p.G661R) FH— MRS T HEER, AMmBEKT
| B4/ 155 € PE(Funghini S, 2012). FElth, FRATHERT c.1981G > T(p.G661C) 1
Al ReR CPS1 MAMTBREM. &£ LR, HHl 1 WHNERMNGEEER Y
M7 EANS MR T EAMIIEE, A SBT ™ ERAEARER.

Wl 2 FERRPEI T — ML LR —AN B S WSE, 2508
.2896G > T (p.G966X)F ¢.622-3C > G. HHF LN ERKET 24 SHETHIE—
AN EF E, HSFWHHEBRFT @R SR 74 B F 3 M & T Rem 7 874,
M EFEFRETHI S CPS1 HEASRKT 534 MEERR, HH 3D 44K
BN ERE - HARERENE— I MHERE THWEH. c.622-3C>GER
RAETETSHET L, HSF MBI NESRE T CPS1 R s S B Hm
T mRNA HBTH:.

SEEKRE, BARE 2 BME/KFHRTHRE 1, BB 2 HRETREE
NI, BR)E S AT SIER RS, MREEA T M X5 28
FRAKEA GBI EHIE, BARKREN 13 DA, FRAXHNE
FMSGEER Fr=4H CPS1 BB HIREMES, SBTMATENIERRE. 5
Sh, ZBILEH —FEAE 3 RUAHERXT, RITEEHHEGEXA 5B
HEHHFENER, BRLET UCD, HEFHRIER, gkt vEE.

CPS1 EHR—NMERNZXIMES, GF 40kDa BIE UG H72F1 120kDa HIBK
i ER 43 AR AN AR ENTHRE I X IR, HP Bkl XA T /MR, 451AKRE
R B # 1L X (BPSD), #¥: 4 [X (Intergrating domain, ID), % FEREEBEEILX
(Carbamate phosphorylation domain, CPSD) Az NAG HJZE #) 45 & [X (allosteric
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NAG binding domain, ASD) (Hiberle J,2011) . HABEEHSaAE T A ATP
H4& i, BX CPS1 ERARIETHITEB M AHEEEXEEMNER, MEALS
MMM BEEER L, MEHWE TR B KEE K Hiberle J, 2011;
Diez-Fernandez C, 2013; Diez-Fernandez C, 2014). 1547 7 21BN 274 Fh
CPS1 ERMZE R, KINE 1/4 WREFRKELERNR, 3/4 REERK. HH1H
B8 53575 BPSD: il 2 IR R E L ERIEHREN ID, BIEZERER
wif) GSD(H 1-21), B 3 MEBRRE S, 1 MEEWMS, 52 ATHIRIE LLBIAH
. TR 1 BN BRI RAETE BPSD XAEIL & ATP R AR L
RNH#XE, SEHE 1 ARRERG. mHEE 2 OEXERKREE ID, S
CPSD X HIEN R4, MXEoRE - NBRILR N R ERIRAL, HIX ARk
FIE AN AL, 2 HIREETheE M E Bk

N-terminal moiety C-terminal moiety
C.622-3C>G T544M G661C E966X \

17kDa  23kDa 45kDa 15kDa 45kDa 15kDa
5 CPSD IASD
Exon 6
| 1i6 8%1 913 13?4 150 I
surr-1N2-6 | 7-11 A>_ 13-20 121-241 25-33  34-38 3'UTR
H,NCO, H,NCO
(carbamate) oo oer 2 it
P1 <€ } ATP
Y step2 step 3
NH, - 4 ADF
HCO,PO,? H,NCO,PO
(carboxy-phosphate) (carboxy-phosphate)
ADP
ATP 1
HCO,

A 1-21 FRH 1 RRH 2 3ERALRFE CPS1 ZE FRAr R

B 1-21: AEFEEEAARRILE. CPS1 SETH 40kDa HIEIRIR4FN 120kDa FIBR
WS, FRNSERRTAMXE: LP RERIAEFIK, FERML CPS1 F; Finf
#% ISD(Inter subunitdomain, ¥R X)) GSD (RELFEMNDEBLEE) ;. MHAS
BPSD, ID, CPSD #1 ASD. RE&NMXBMBLRBFERT M S HEHRE] 3° FIBHA R
XGHTx RLfY 38 MR FARMALE. Bha G ATP XM H 5 KP4 51 R4 7€ BPSD
1 CPSD. B I A F kAR RBARER AN ERERFTEMNME: BIHSR 11
2AMER, ¢.1631C> T (p.T544M)F ¢.1981G > T (p.G661C)I 7 BPSD; %l 2 92 NEER,
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¢.2896G > T (p.E966X)7E ID,  ¢.622-3C > G FEZ M I GSD.

B EFTR, CPS1 ERMERMEIMRE, 0%, EAMEZER, BAREHT
MEAEMIEF L, 275 CPS1 BB FE X BEiaett. BmsE e L
Be & tb HoAh X 30 N E EWI1E F (Diez-Fernandez C, 2014). 33857 HIIEX &
ATREE NEEMXE L, SFBREXERENFEASHEEKXOTRE, 1
ARSBENTENER, DFBEHEEEREERERE, HRERTEN
G RFEL.

3.3.2 SEMRE S ARNRENER R ST

ANZEH OTC ERE X FBkEE M Xp21.1 =, & 10MIETFR IR
EF, KEL 73kb, FFRRIEAE B 1062 MZE ER 4 Bi(Horwich AL, 1984; Hata A,
1986), OTC RiEE AILH 354 NMEER, 4 TEL 39.9kDa, FEHFE NPT,
B — N E 32 NMEEER T /75 # B Bk (Horwich AL, 1986), Fik, R
OTC EHALH 322 MEER, 5 FEN36.1kDa. OTC HIThREEEE 4 & — N FVR
=&, #HF 3 ML T RO B E R R E EALS (Shi D, 1998). ®ik L, OTC
FERIEETHIERBRES . BRET K OTC U ISR At MM S E R
AT RN E BB ER, (BRGHEPHREEAHF AR TTBNREIEF, Rt
BREWINMER-FERWITE, B —FAEE SEENHIE Brusilow SW,
2011).

RTF OTC HEZRMELEMEM AL BITA LK, 2RI 1995, 1998, 2002,
2006 F12015(Tuchman M, 1995; Tuchman M, 1998; Tuchman M, 2002; Yamaguchi S,
2006; Ljubica C, 2015). 7E 2015 SEMEFH, HLRET 417 HEFEL R, EIE
AR EEW T OTCD IARRCHER, FRIEIRATH RIM 1 4 3-9 SHE-FRIBRK .
1 DMBYRER R | NMEEREGIG, ¥ 520 7 OTCD AR EFEZ R D4 TH
£2. MMEFRYUTUEY, BREUERUENERNE, SFHLE, &
A R R/ SRR AR/ ER (B 1-22)
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0.37% _1.48%
9.44% '
0.93%

2.96% ® Splicing
Regulatory
9.26% N .

. = Small deletions

1.67% T ase— ® Small insertions

® Missense/nonsense

Small indels
10.37% Gross deletions
Gross insertions/duplications

Complex rearrangements

A 1-22 OTCD #:H3E 7288 o LB A6

¥ )LBR R OTCD £ 5 OTC MsE & Z, KRR 2H P —NEEN
JEH, BANERIERER T X B MEE 5 22 1L BEvE 8 B 8 L 28 (Ljubica C,
2015). Tuchman Ay, OTC ERF KAELL 5 OTCD B 10-15% ( Tuchman M,
1995). BEAEXTT OTC EE K HSRARIPLHIFTFTRIEHE AR, Quental X T 2 54k
BT 69 B4 ETHRANAAER, 2 54 ETFHRRATREDTHANAEEN
RIE Alu TR T — AR & H), {2 T 2513 SBG M Alu-Alu # [FE
HHWEREIET 6-9 54ME FHIHK(Quental R, 2009).

£ 2015 4F OTC ERZ M EH T, HiRE T 52 FhERESK, HRAEBFE
3-9 SHNRFRIBREK, WE 3 MR BREAEIRIRE. R ACMG 8/, KA H
ERIPEIA AR PVS] KA IR EEFRBUHYE (Richards S, 2015). T A6 E
(1000g2015aug_all)fl ExAC ALL ¥3&FE FI 8IS Bz il S IEH AR EH
NIEAE SR, AFEBURERIEREM2), FHRITANZ 3-9 S4ME T RIS
ABRERR . G628 EERRFRAGER T SERRT, BRES—
FEirss, AR 3 REBATHERRIERN, HFRRE, IGRER™H, B
fEFAT TRRIGTT, FNATIRFLESEAR, BEILMIERERFEETFE, £
FEOTC EFEM KA EARFHT OTC ML SO IS EM RIS XERF OTC
FANZLEEHEENETEY, ZEF S OTC (NRFLHIEW, Tk
RBE ™ B AR o

B 5 FEETAN AT c. 274C>T (p.R92X) Ry OTCD AT X
R. BARNBIRINAN, BRELH OTCD RABHH SRR REEBEEE,
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) 359 935 A L R 9% B9 1 (McCullough BA, 2000). & JLHI=MEEBERER
FIRRER, BiZBRNTLENER, WfF OTC 2 %KiE(Ljubica C, 2015), ik,
5 8 ) LRI & L FHE B AR N EIE (3B — RN 744.2 pmol/L, 58 — R FHE 1670
umoVL) , WE{H L RATHHEZ & (3234 pmoVL) .

SFEREZEREGTF, REFTERERRE TEREINESTRN X
REEKRERERERR. X REERRERRETHERFHN—AEENRE
2, BN FREAME, X MIBREIEFFHAE. MR MEESHRLT #HH
TREFRN X Ak, BXMEEBENRBUNTRERZERETFRR
(Yorifuji T, 1998). Musalkova XT# % OTCD 25 R 2 R i & k7 FF IR R A 45 B
BR, BHEERERN X REAKRENHFZUIRR, M 59:41 3 82:18 1%,
HkiEH S OTC BEHITE M AU th(Musalkova D, 2018). B V35561 5 BIZKEE, W04
MR RN BB TRER, AN E QRN LFET:, IGRER EE
EHK, ZEABASEEFTERERN X REOAHRIEREES .

AW FERB 6 9 OTC EHA ¢.761C>A(p. A254E)KZER, AFHKRER. Xt
FHARF], ZE LR B ERRI ™ BRI E, R 1
EFLRILE, OSSR M SR, FRBEFEERZHYESS,
HimRE/KFBHE TR 1-23). ZRHEEFER 7 6 UCD HFlFHE—RARER
B ARBSRTREMESYE KA RRE . ENAGYET 1 KERL
K KFENH 2698 umol/L P&EZ 669 pmoVL, HAEREHE 3 RIMIBEXWER, 55
FABE B R E 450 . RIFEAE OTC £ H 3-9 S48 FHERREH) 3, B
{3 87 A M€ vR T IR PRAD EER 3, TiiEw OTC EREE ERHRE 5 Mk &K
EFARRHE, T REREAWIEIT LR, MRETHTHEA . BEkAA,
c.761C>A(p. A254E) ZE 3%t OTC BHEMHRIFH MBI T RAREFEXER, K
AR RYEERNAB/H NGRS, BEHRBWHAETREOLRETREAE
R, WK BESXNZZEREARIER .
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1 2 3 “ 5 6 7

B 1-23 Fd 6 £EBEHA R ot 3 SR FLBRAK P 4L

W 7 RAFF A —PRKERG, HEFH c.119G>A(p.R40H) 7
NEMK OTC EFEH#E X ER . INMERBEREFHEANME, BEERKANZ
HX 4R, Hit Nishiyori F3HZZE R 6 FURABIT TILESHT, SGRKR,
ZERBRRELE OTC EHE M RF X, B7E mRNA /K FHRESEEE OTC
FEA(Nishiyori A, 1997), BERMIFHZHEME RN, ZZERIFARX OTC HE
HEMEREW. FHit, %3505 A KB .

g LETR, FERFRATIR UCD B2 EE k. SEMmB R E R
BEETE: | RAEERRRKTFREBHER: 2. REECESEYRMNXENZER;
3. MEAEWEMBERER: 4. TXERMKBIER; 5. ERELH
OTCD BHEHHHER . W T B EN OTCD, K HI R & ERREERIR
FRREERRSS, LHEHEREN X pOSREEENRRIELEEEEEEN
1EM.

3.4 BEMRERRENENEN

A LA R UCD 5§ ) Lt iExE A 5, BATX kiR 7 41 UCD %%
ABIGEERZ BRI, BPESNE UCD kKRR, kB )LHIERIGTT
BB ENBRER, HENERERNREREECMES. Bk, &N
FAEKNEMKFITE K12 IEAERHITTENETEEEE. LEEEE. E
BHEMEFEMETERRAEREREWAEN . &RRE, SIETHBRETE
MWHET ST KRN RERE, BA% pH MW, Xtk fhoe fHERE
YWENFERE.
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FIARBR — VI G iE sl L, 2088 20 P AR P ERIR A T 40 i A
FHREEZ . SMNERMAREY A LITRARARA MR ETFERS, TEES
RAERRERRFETAR. AHENRERRAEAHRRERES, —HERER
BURRE, H—FMEMZARES, WINERIMA BT LUEHE il 20 RESHE N
BUBORE, NMIRENERHRZERE (Peng B, 2015) . 2011 £, Allison ZA
f£ Nature REWXIEH, HEHE. RENRERSAHEYTUETRER T3
HPH (PMP) , REREREFXRNETHEANGEARA, ZFRXRSNERTWE
BERIRERE (Allison KR, 2011) . BE/S Peng H AiBid GC-MS &M ER
EERNE SRR ERSREYIR TCA B, NHREEEBENLER
RO ERENMR T EOEERERE (Peng B, 2015) . BEHAAK
W, RENEEETLLEE TCA BAREFHREZTEEZEEFHMNARBRE
BB B9 R B B8 77 (Su YB, 2015; Barraud N, 2013), Elitt, i@ £ #7 Rk
ZHEMERRESETEZEPERAIRERE. UCD BJLLEEWEEAES
ATH T NMER IR E, U MENEFEREEL FHNEE. BAR
TR R R TERRNRT BB LI ER A RAEN S FOUH, B3
SR, BEMESRINRERERTERTE ERBEERER, RN EHE
P RRIL B L IR RIVEIT R

3.5 MAFLRTTEREMEER RO

ERMAE 2 R E TR RN EEIRRRI, B FIEH, R M EKRE ST 800
pumolL it 24 /P E WA M BB 2-3 KX, AR RME RENATHE
#)451% (Leonard JV, 2002). BA7E 10 &A%} 177 4 UCD % A KGR TT WAL 87K,
M HREREIE 360 pmol/L Bl 5™ & fIMifi 54 % (Kido J, 2012). ik, £4> UCD
e AR, LR AR RIT KGRI AR A ET ERE V9 B A s
(B MERE A>700 pmol/L, BRIMFERIH>500 umol/L), i LEPHFAT MK
FALIBIT Sk RARIE 4 i 95 (Hiberle J, 2012; Hiberle J, 2019; NORD online
guideline).

I AR VA AT DR B HRIE R Ot S B P R, TR BT E R #
#, BRBRFEMETE. HWE BN NEHFEMBENT (Hemodialysis,
HD) , #4:'SHE& R8T (Continuous Renal Replacement Therapy, CRRT), L
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#8id (Hemofiltration, HF), I3 & #:(Plasma Exchange, PE)FIE /L& HT (Peritoneal
Dialysis, PD). BT EE. WA ZHEL THE R, FEHK-FRIKILBE
}T (continuous veno-venous hemodialysis, CVVHD) B, #F £k & fik - & Ak 1 & 38 it
continuous hemodiafiltration, CVVHDF)2 #74E JLE /N2 L TE g FR 48 i M R 140 77
N, AER—LiEFHaberle J, 2019); T RERBEB R, CRRT #IRER UCD
R E N VAIT A ikPicca S, 2001). AT HD B HF, PD XA E
TR, KEHFRRERTHEENZ EHMREMER T — M RANEERERTE
BYIR IR E(Devayst O, 2008), FHit, PD FAK#E UCD H¥smEFrifEdE. M PE
B EH LR AR TSR A BE T LR, SCHERRE Fxd T 14 Bk s 1 A 3L
Z AKX 100%(Stenbeg P, 2013), HEZAEW PE T 4 IE 1K i & M & 7 &
INR(Tygstrup N, 1997). R0, MEKFHARRETEHIHE—EE. 2019 F8
UCD #EAN, RAFEARMERGHEERRT 3 R, MEREKE>1000
pmolL . Celik MIAFF MR, BT WEMAEFRLEHIN ESL, HHAERER
FIREREFBREMAEKRE: UCD thHPIBR MIAEHIFET- & T 8.3 f%(Celik M,
2019), THFFERZR CPSID. Pela £ AMTHFTNEH, HETFEH TR,
S M AE M Bk AR B B T TR A BN EZE R T E (Pela I, 2008).

W 3 AR AT BRRE, MEFIE 1546 pmol/L, AR Mk 1E 1k BIbRHE,
BRI SE BRI AT T RS MR IR VR YT, B LR E KPR RS 346 pmoVl/L. 4R,
R LiZ B ILFREHRHEE, AL TERRE, FHRFKELHFHRIT
MEERRE. el 7 28 K% OTCD WA, ¥ A PICU JGBIZIi#4T 7 M3k
BHuary, HMmME/KTFRHRE 1263 umolL F£E 480 umol/L, 3T 48 /Nif &
F 123 pmol/L, JS4EFFTE 40-65 umoVL Z [8]. ARTMIRRIE, BILEAKREE
DRIFE TR, MBEGRIT U LR B LIS . B8 LEEAT IR 15 (LR
[ 3K F#ET 1000 pmol/L, HIGAEREHARLEE, ZEHEMETE,
X2 R G E B AT KB, B vk e I3 Sk T T B, s LA
WHEARER.

EF LRERFATIN N, HD M HE 337 LA S RIFHIMEERIER, B
A B A TG T ER TR A R KB « Mg AT 3R & K T & m a4
HIREEERT [H] .
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45 OTCD %A PBMC i iPS M R A HIRE S iE

BIEX UCD B JLIGPR BB AR 2 M 2 R AT RIIKI, UCD B —&
R Bl ERERERDARZRERYE, TESMMESERBHLS, H
OTC ERERALAFFMREL, FUUSIERRRE W HEREE, RREZFERN
BT k. G, R OTCD WZERIAFFT, B1# OTCD WyRE A IRE. BUR
U, 7EEERE biE— B 3RS R ST RN T BT TR, RBR
UCD BHiRA . BRIiSW. B IGIT HIRATE,

iPSC & —XHZMHARLEREEENEATZH I IBROTHMR, &
FHAMMRIE . SR/ LSBT RERE], DE8RE BT 41 S
A HIPSCEMYZSH 15 FHH, Mo RERBEATCRERZGHET
CEANRE, BBRERESOMLEEFHMSMATENARA/REREES
MBAEREERERHARHALTE.

AFFFAIELH OTCD BJLK PBMC #HTEHE, FHEFREGLER
BE /7T 2L OTCD & LI iPS ZHM R, HXd H % Be & F A R AR IE I RIE |
HAariues . B E B U AERRESETER, Aif—FSET OTCD MATE
REENAREENMEIE, HerTHTIERERM.

1. ¥R E55*

1.1 {REBEFRIR

EHALILKREFEILEERREZASWZET, BIAAELRKRES
& ILEEBR LB T, REA TR LR ERBH/REEE S Xifid
BESAHRHREILES ARA RN, FREEEHRAES; REREAREET
FHTR B AR (5 BISHARE

1.2 FRMR

H 2019 3 A& 2020 42 12 ABETFILRREFEILEERF £ I/LEF=E
13 B EREETEBEBRENEIL, FEER (EEFE 7R . 5 BBR5
B LR SRS E R A LIE A R4

1.3 EHIBHH
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Knockout™ DMEM/F12 #3##{ (Gibco, %)

IMDM #:57% (Gibeo, XH)

F12K nutrient mixture 3557 (Gibco, £ H)

ReproTeSR™-E7™ E 4 #21% 5% (StemCell Technologies, 3 H)
mTesR1 ARG FAfsE 772 (StemCell Technologies, 35 [H)
L-BAEBkE (Gibeo, )

Chemically Defined Lipid Concentrate (Gibco, £H )

ReLeSR™ 4iHIiHIL# (StemCell Technologies, &)

R4 IMLiE (Hyclone, £H)

PR MiEE (Sigma, £[H)

FMiEEEA (BSA) (Sigma, &)

BRACH M (Sigma, £EH)

hSCF, IL-3, IGF-1 (PeproTech, 3 )

Ficoll i## (G&E Healthcare, {EH)

Trizol (FEEA VI RBHEGRLAF, FH)

Triton X-100(Sigma, 3£[H)

BCKDH-Elo. (E4T3D) Rabbit mAb (Cell Signaling, )

B-Actin itk (ALHFEEHAF, HH)

BARBEARICIL 5% 1gG (HHL) GEMZL) dbmHiz&fAs, FH)
BARBEARICIL E 5D R IgGHAL) CERAL) dbFEE&RAR, FEH)
5. REE. T5%28 (RETREMZER, FEH)
RNase free K (bR RIBENFLFRAF, FH)

TakaRa iX7|& (TaKaRa, H#S)

Tk B (CREW AR, FE)

FREE CRETWREAERF, HED

1.4 TEXWME (FB—MERME)

1.5 sSCRA#*
1.5.1 PBMC R B RIS
TEZMTERSNEIM 2ml, SEBRAFEDRE T, BB GEEE. A4
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HILKBBREBAS Ficoll HELE, BOERTEMAGCEEE, HEHEE
KER, BLEGRBRKBIBENMRAMK. BEHSES%EA. HE XA, EPO.
SFM. IL-3 ER 7 O RIEFR BT

1.5.2 PBMC E&E

R AT BIRIEFE 4-6 REAIMBEAT RAE AR, BEEEC
K, WMEBEHMIRA, K E B ReproTeSR #5753, HEHHHE N THREL,
B mTesR1 FFrHE: FRBEE—EHEMKNEHRETE, B TRA-1-60 #1T
EREE, XTI AR
1.5.3 FaEsra s LdRE

Fl ReLeSR™fE 37CHMATHALLRTHE, BL/S5H EB B (&
DMEM/F12 20%knock-out MiEB#K, 1% L-GlutaMax, 0.1% B-3iZEZEESE)
BEBFHITRERI. 3-7 KGR RN EBs BB QEEERRNILS, %5
B3R 3-T R, FHMEFE#EITIE.

1.5.4 SWHIERM iPSC BIHREIEFEEY

W¥ETRRK PSC HMEIDRIBITFHRIERE 24 FLEFRE, 2EXFE
&% 30min, 3F PBS %iZ L RHFEE. 0.1%Triton-X-100 FATEELALEEH 5%
W2 EA 0.3% BSA LA PBS {E A MELH] 3 BT A. PBS sexHA
BEE—HEE, 4CH®. FKHA PBS ¥kiE—h, BHHE 37CEHT
8 2h, WAMEEZBWL. PBS #iEZHiS A DPAI %44%, #HE.
1.5.5 qRT-PCR MRS
1.5.5.1 RNA £

BEHl 75% 288, BTk E&H: BOVRITHMAZE 4C&H. BUEER
Trizol 725> FBLHMIE, MM 200 pl ZFFE%, RIERH 15s, KK LEEBE 3-54
o 4°CESLHL 12000 $5/53 80 BE0 15 8. ANODIRER BB /KAHREE N BT EP &,
MAZGERRRE, RREFEHKR, KEBE 10 44, 4°CE.OHL 12000 ¥/4
BIXED 10 408 DLFELE, A 1 ml BdH 75% ZEERFBeE, 7500
BI0Bh, 4CELS S, RERFLENCE, BEPEETFERL, 82
BERTE, BEEDIMAEER RNase free /K, REKITE RNA TLERE,
SRIEFIHZIMZBRE B AT (B RNA WRE .
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1.5.5.2 RNA ##R AR cDNA
F—HEBRERA DNA, 7K EEH AT REER:
5xgDNA Eraser Buffer 2ul
gDNA Eraser 1l
Total RNA 1 ug
RNase free dH,0 Upto 10 pl

R %AE: 42°C, 2min; 4°C, holder.
FEoBRUEFERMN, KEBESILTRMER:

Prime ScriptRt Enzyme MIX 1l
RT Primer MIX 1l
5x Prime Script Buffer2 4 ul
RNase free dH,O 4 ul

BE-PNELHBNE 10ul BREE, LV, K%M 37C, 15min;
857C, 5s; 4°C, holder.
1.5.5.3 gRT-PCR

AT LFUK, HEUH cDNA. TakaRa 6EBIRAFG ARSI MR BEEK L&
B, HRIEAFNEHPHPEE 15 W REE R EVRR, U GAPDH AW %,
BAFEARM 3 AR, KA EEXLEAHRERR mRNA RiEZE 7.

1.5.6 EF0IFEAY: PCR BN
REUFFRERFHE 10 KL AETHMAI DNA #17 PCR BiE, LA B-Actin
EANS. BE 20ul FIRFAERIT:

2xEasy Taq Super Mix 10l
Primer MIX 1ul

DNA 1% 100 ng
ddH20 Upto9pul

RN kAE: 7 94°C 2min; 94°C 30s; 55°C 30s; 72°C 30s; SfEF % 35 1K,
BIGTE 72°C %A FH M 3min. B PCR 45 /5 =Yl ss fepr i sk (B4E
FRSRE—HT 1541 HERBRERREK , REHE, WE, 5.

1.5.7 BB STR 24

K KK ALBR B 52 f5 A B O 10 382 f5 25 B . KCL (KB 3 f5 134T T
BlE, B0 10 2080, £ b, BUERWIMAEEHR. EE L EEEMEOBRE
3WEH . REFEITREST.

1.5.8 PGPS
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¥ PR R A 3130XL DNA Analyzer 73 HT{X R BEAT Sanger JUFF, WiFRE
TR R BRI

1.6 G35
QRT-PCR SFF HAA) st Bk 17 LA 6 SE I 0 mRNA A2 5, 5kt
KRR, R EHATE M, p<0.05 2R BB LG

. DY
=)o

2. SCIREER

2.1 OTCD-iPSC RILS REM MM

3 1 OTCD # A ) PBMC BT EHWFE/GILE L 2 # iPSC, HIhE AL iPSC
) PBMC fEEmFEERHF=HEULEER, SAESRBEENARTE, BE0E
Z I TR TS RARE (B 2-1) . 5 1 F15% AR PBMC 72 B84 5 K WEA
R A T TR S 1 S R HH B

& 2-1iPSC SRS
FE: BB 3iPSC RIRIIUA, A BJIREI 4 iPSC FEMEA.
2.2 OTCD-iPS 4HfARTH & SEME IR EM AR ML R
F A e 5 B AR M B ¥R OTCD J% ASKIEN iPSC M Z REtE, R ERE
AE ME 4 M 2R T 3 "B 0(TRA-1-60, TRA-1-81, SSEA4) U K B feis R H R IR T
(OCT4 Al NANOG)HI izh#Eix (K 2-2) .
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TRA-1-60 TRA-1-81 OCT4 SSEA NANOG

2-2 SEFRARN iPSC Bk

A F1E B 4 517951 3 A4 4 ) PBMC 2 E RS LA MR TR SRR
HFRRERARNER. BhE—HNSENLETOLARREREEFERIAER,
B _HME B MR DAPL 6.
2.3 qRT-PCR X} PR 14 %5 6 2 B RiA A 38 iE

FIF gRT-PCR By 75735 3 M AUREME S GEE K OCT4. SOX2. NANOG ]
RiktEM . ERER ER=FEHFKEE SHRKTHRALNREEE
2-3A), MAERHF £ PBMC NI ARIAX LI F (E 2-3B).

A B

10000 4 O H1 15001
& s g 19001
@ 1000+ @ 5004
2 & 1009
=Y a 3
X 1004 g »
® o 60
E 5 4
© 104 °
o 14 14
©

1 it 0-

' NANOG sox2 ocT4

A 2-3 qRT-PCR R RS SREFE iPSC HIRIATHI
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B 2-3A: B4R HI A4, 2R ERm5) 3 KIERK iPSC WEHE B RERRE K
Fik B 5 HER T4 AL .

B 2-3B: il 4 RIEM iPSC WIFEMEZREERRILEE, PBMC AR,
2.4 EAMBREREFESYRRENROEN

iPSC B 5 ESC KB £ [mrkite, Hik, JATK PSC FHS BRI IEAE
(Embryoid bodies, EB), RAfFitA 7 =MHEAFRFFREAEWHITRN.
qRT-PCR ) &5 R B/ P ik iPSC 7ML LR iR B Al RIX =AM E KRR bR &
¥ (E2-4) .

100000~ O AF3IPS
m{3EB

100004

1000+

1004

104

Relative expression

0.1

B 50007 ) #i4-ipsC
= 3000+ F74-EB
S
& 10004
) 4
S 454
©
@ 254
>
=
@

x

Q- N L
r

Gatad Sox17 Msx1 Tbxt Nestin Pax6

endoderm mesoderm ecroderm

2-4 qRT-PCR K #ll EB =AMNEBRHEWNREHR
A 2-4A: #EHL FoxA2 F1 Afp fE AW EEFREY, Handl F1 Msx1 {E N IEERED,
Nr2f2 #1 Tfp2a {EASMEZIREWT =B 5 WA, 53R ER%6 3 KIEN iPS
B4 L # EB Rk LiRAREMER
B 2-4B: E% Gatad Fl Sox17 NAEREFFEY, Msx1 M Toxt HFEEFFEH), Nestin
1 Pax6 NHMNEEIRES . gRT-PCR &R BRI 4 KIER iPS B B EB &Rk Lid
REYER .
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2.5 RaFERRERER

W6l 3 GBI R Z R LR BRI B 46XY, TIRGI 4 ARHE
) 47XXY. S FEFHMSRTHRE TSN ER B R -F N ERZEY
HA5A SR8 (B 2-5) .

A B

A friamat e s~ VI e e RIS S 41 6 e 0 e e o S TR AL

EREE) 0 ) A O IR N A IROTE EREEI 6 W
R EORPRES LR RTLR (R T B L

pi ES i EIIm =B LLL IEmEm s I == i -

T TEH0T T TORSY {0

 Sm—

2-5 Ptk iPSC BB R RER
Bl 2-5A: A1 3 SRIRHI iPSC MR BRI T R 28 LR Gz BN IER BEH
46XY .
B 2-5B: ## 4 RIFH iPSC IR EELR T BoRiZ & LR BEEEN 47XXY .
B 2-5C: 7%l 4 SM A M AROHZBMMER, CIED BRI X REKKEERN 2.

2.6 SMEBRILEAIE

AT PSC 2 AR A, BB EE TS TERENR,
HAMY HER, SNERARER. B 2-6 HERERETHRE PSC TR
HRFRIE.

75



W R K AL X

Y
‘éo
$
¢ & &
B 0 & N &
QT TP

2-6 SMEFRIEE AR
P 2-6: E" EBNAL 1 WPRE A ki ZEE, GAPDH JyIE % 42340 M A 4 p o Rk
R B -3-BEER R EURE, BIN S PBMC AFATEXER, FRRLAPRMEXTEE: B A Jf 3
MIIELR, B B ARE 4 MIRIESER. BT8R ERBANREIKRIER iPSC TR
EHEMRE.

2.7iPSC RIZETREIFSR

Bl 3 i) OTC BEEHTELE 3-9 SHEFHIKRF B, FIA qRT-PCR KIJ7TiEX
B LA E I B SR iPSC H OTC ERFHTBRIAE, 4 R BR iPSC # OTC
HEBRHSETFS5ME SR RAFT (B 2-7) .

A s
S [ Patient
é 24 3 Mother
s Control
:
:5 Ly
: 3
e © T
= exon5
-4
[ Patient

1 Male control
Female control

=
2
1
2
peed
2

- 5.
exon

Ratio(copies of OTC vy, copies of CRO7)
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& 2-7 qPCR R EHEH 3 19 oCT HHE Kk

A 2-7A: Wl 3 RHE OTC EEANFSMEFH] gPCR 4R, IEAEJLEHBHTIER
FiLOTC 2 B4 BT, MESEREKFHN S SHETFRILRERE, LBRERERY,
Y%A BT W EARE T B3R,

P 2-7B: FIFIEH B IEE 2 DNA 1E A% BRI IR 5] 3 L iPSC H OTC %=
HEANMBFHIRIEER, FRER IPSC AIREIEFK OTC 2 G4 8F, M3 59
SN BTFHRAERE.

W 4 5 OTC EE W& FHBIHAZ R, Sanger /TSR ERFE S H I PSC
FES 2SN E M AMAEBMETEZ R (K 2-8) .

o7¢ chrX-38262995 c.663:2T-G splicing

J Py e wmm—) g » «
e L e

B C

WT ICTCCAAAGGTAGGGAAACY | =

Mut [ CTCCAAAGGGAGGGAAACT |

1 %

;c.663+2T > G (splici;\g) hemi
B 2-8 %5 4 SbAME iPS 40 OTC EENAIFER

B A R 4 4 M EAZ A OTC ZH M Rl 74 RE R, B B M C 2385

£ )L iPSC F4ME M OTC EF K Sanger 1M RE G, HWIRRTAE c.663+2T>G FIBI R

o B BHR WT AEAR OTC A, Mut AZB)LEZN SHEEFY, ERTHESR

A G .

3. ifig
H iPSC B L ES, ZMHBRBMMMEERIEN PSC, WAL MM
PR /N B R A B L) B2 AL B BEAH M F (Roy-Chowdhury N, 2016).
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BA1EFEFH PBMC £ iPSC MAMREEERUT=AHIER. &%k, &A1
o 2R R RS NS B e ST iPSC, B TIILERERERFEILRE
R, R HAaRERG /D, PEEHTILE, RERFEI PSC MEY. K
W, BRBFMARRTHREARKNRERE, BEEESRIIFAMMBRKIE
(Mebarki M, 2021), HEMERE K UCD, kKR EZE DR B4R, HELHEE
BT ERIE. &5, ERNEEEARMRREEHTERREHEFENSEE
Q. BN T B)LRE . MXSRY, SMEMKSRBURIERI . Gl I
K, REJFEATHAMBKRIE. WH, FCHIRE, PBMC KIEK iPSC L Kk
FRET 4 40 SR VE 1 58 28 5 43 4 9 2R BT 4l i (Roy-Chowdhury N, 2016). [EiH, ik
BEEER B FLIN A, PBMC E/0R2JLER iPSC HY R IFHMRIR -

iPSC RIBEEH AL REMH XA FHETAREREMNRSE, SEERPEA
TR NRBE R G R BE RN R K i B R H IBEN A\ i
FSCAH P B R DR ZE Ry R, AT S8 00 T 400 R K] 9 A (Y L2 R0 RGOkt K, 2007;
Ben-David U, 2011); M H, BAZBENRFEFESEM PSC M7 4b(Kaji K,
2009). JEBEREANTTRN AT RFFEMAMAERFSA, BT HARTH=ERN
HEANERMNBEIE, MXE PSC B EANATHAROMNREH
(Haridhasapavalan KK, 2019). ik AN ERELXE TERSHENN—F,
B HRSE PSC RAEEMRIAER, IEHEANEZREERTFIHFRESE
JRARgM R, {RIET iPSC M4,

BREENBMEEES SHERTHBBLAERMIIGE, HESREBEA
fth. BREERENLIES, SHASMHAFRMTE, MhE “HRE” TEHN
BERERR LAY, WiFH PSC BN Z WA T MR AHS B 7 B,
B8 ) 4 M A (Meissner A, 2007). AIEFMEFAEH R KL, PBMC £
BHREEE 2 AEASEANFRESK R, IR ESFE LR, X
BRI iPSC 245 T R,

iPSC REE L MMLIBREM —K T, Fit, X TREBHAERAL
iPSC, EATH AR BRI qRT-PCR HIJ5 VLS 2 e tEH F AR ST T4
%€, UEBR PBMC £ E /51 iPSC RiX LR EFRIREY, A LM abiEee.
Baj5, AR iPSC #E1T B L ARk, 3 —BRIE iPSC B15-1kEE 1. EB I
RS 2R Z T4 B RA LM TS, EXANEREF, HXHHR K R et
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K2 RE T AT L A S PSR, 7] DL BR B A R BG T IS 78 (Zeevaert
K, 2020), Fit, R EB BIBE/14EIA 92 ES M iPSC FIRFREES (Brickman JM,
2017). AHFFRAEN PS MHANUKRTI B ARG, HRE=NEER
FrRUER, BRRKIEWER PSC AE 4

BG, BATHHEA iPS AR AMT T ERBFERMRIE, LUt BMER iPSC
] LMERRAR R AR XREE 3 BJLSHA MM iPSC F OTC EE K
ZMNETFHRNERER, X OTC EHEN 2 SHEFREER, MEEE
3-9 SBRAPHEANIETFIIEFE; MXTHB 4 IR PPSC 1 Snger JU/F &
HT 55 A MMRBERG A, BRAEEE—2, ERWFHK PSCEHRE T
JER 40 P S 05 K 2 R S B

BEE ERAHT, AFFTEE Y OTCD BJLAMNE MR TR AR E
W2, RIBFEANAAZERT XA OCTD B JLK PBMC %S4 iPSC, &R EHE
M KBER E R A RHRIE, GIFTHETR. X iPS 40 BAERY iy 38 ST IR N3t
17 OTCD, #ZE UCD HIHHXRH FIBE T RHEER
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FE=ED OTCD KA iPS AMEEFARENEIIE OTC &
IALE

iPSC & — R EH/ ZF LB MM, (HAAREEEM—FEAREThEe.
REBHAEER AR F, EHik, UCD BERARMK &SI KR B 2 8 3 7E BT
RLAIERE L. iPSC SRIF M AT M/ T2 88 B o LA Bh B AN T AR AR AR U AT
BRI B RARHLE, FRET CME A B E AN LN RIFFE: METRER
AR E A PPSC 3L 1K FF 41 /T 2628 B W) v] LATE RE L0487 R 07 THT IR R 9
B4 R, FRRAE AT RE IR YT T iEPark TH, 2008), B RIFHIMARTR. OTCD 1k
A XOGES R EFERAER, £ UCD RWEREINER, BT LUERER OTC
EREK 2 SR FRETL spf MREE, HRPMREFRSALERENREEH
H#HAEER, BAETFRRREAR, L5HFWE, Hik, B3 OTCD HAXE
FIATEAT A AR RISHR/L OTCD J3& UCD Mt REFFEEEER X

KRFATHA TEE &L T OTCD % A PBMC KIEH iPSC, £id % B%&
L HS B REHETR AR SORERE, 22 OTCD RS EHA N BITMMIE.
H ik, BATERTHARSIH OTCD-PSC #ATAF 417 MK 4Li%S, FFFIA 3D
BFEAPITRBETRESR, 8 OTCD MR RIFR RS EHA,

1. SRHEEXRGE

1.1 FERH
mTesR1 AFERGET 40 Ha % 772 (StemCell Technologies, & H)
Activin A (R&D Systems, %[H)
RPMI Medium 1640 537 (Gibco, SKH)
GlutaMAX™-I (Gibco, EE)
ANFELTEEE (MenNEAA)  (Gibeo, £E)
CHIR99021 (Tocris, [E)
Advanced DMEM/F12 £%3%3 (Life Technologies, €H)
Accutase JH4L# (Life Technologies, &)
EHNRESMLE SRS (LERnERREAE, FEH)
FEBEMOANE (LEBHETEVRISE AR, FEH)
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CELLSAVING 4177 (R EYR A RAE, FH)
Triton X-100 (Sigma, &)

TRIzol™ Reagent (Thermo Scientific, 3£H)

ChamQ SYBR %t & PCR A& (HEIEMHLEYRERBERAT,

D

AmEAEACCRAEEBREVBEARERITELAF, FEH)

0. C. T. Compound(Sakura Finetek, 3€[H)

1.2 3&3¢ER PCR(GRT-PCR)S143FF 51

5 EM5IY (5’ to 3 ) RE5% (B’ to 3’ )
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC
FOXA2 GGAGCAGCTACTATGCAGAGC CGTGTTCATGCCGTTCATCC
SOX17 GTGGACCGCACGGAATTTG GGAGATTCACACCGGAGTCA
AFP CTTTGGGCTGCTCGCTATGA GCATGTTGATTTAACAAGCTGCT
ALB GAGACCAGAGGTTGATGTGATG AGTTCCGGGGCATAAAAGTAAG
HNF4A CGAAGGTCAAGCTATGAGGAA ATCTGCGATGCTGGCAATCT
GGT1 CTGAGCTGATCGAGCACCC CTCTACGATGCGGTGGTACG
CYP3A4 AAGTCGCCTCGAAGATACACA AAGGAGAGAACACTGCTCGTG
CK18 TCGCAAATACTGTGGACAATGC GCAGTCGTGTGATATTGGTGT
CK19 ACCAAGTTTGAGACGGAACAG CCCTCAGCGTACTGATTTCCT
OTC TGCTGTTTAATCTGAGGATCCTGT GCCCTTCAGCTGCACTTTATTT
exonl-2
OTC TCGATCACTAGTGTTCCCAGAG TCTGGAGCTGAGGTGAGTAATC
exon9-10
1.3 itk
itk HERLH = #"e
Becton,Dickinson and
SOX17 1:100 562205
Company (BD)
Becton,Dickinson and
FOXA2 1:100 561589

Company (BD)
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ALB 1:100 Invitrogen MAS5-29022
AFP 1:50 Santa Cruz SC-130302
CYP3A4 1:50 Abcam SC-53850
OTC 1:250 Abcam ab262864
Donkey anti-Mouse
1:500 Thermo Scientific A32766
IgG(H+L)
Donkey anti-Mouse
1:200 Thermo Scientific A32794
IgG(H+L)
1.4 (B &

CostarR #BIEKE M 6 FLANAEEEFEIR (Corning A F], EEH)
SORFA 3.5mm ZH 3% £ ML(Life Science, £[H)

-80°CHB{RIEUKFH: Thermo Scientific

ER-20°CIRBIKFE. EA 40CHBFAE: FIE/ANHFEEERAH
CO, 553848 : Thermo Scientific

B3 T{ES: Esco AT

BEESME: EEFRERALH
FEEBOG R A B ME5(LSM 880): ER/RETAT

NanoDrop 2000 B &% 48] W6 iT: Thermo Scientific
BioerPCR fX: HMEHHBARAE

CFX Connect SEB 56 5E & PCR{X: 3 [H Bio-Rad 2 )

CM3050S YKk bl: PRRAH]

1.5 SCRF% (AR S LR B ANETEREET MEDES SEEFARIHT)
1.5.1 iPSC RIM AL

FRATE D 1 /06 1% H DMEM/F12 R4 #Y Matrigel LA 1 mI/FLIAA 6 FLIRFL,
BET37CHEAFEEH. NBEGFFEETIRHFFEIH PSC, REBA 37CKE
RPRHBBHEEROERKEEAN 15 ml BOE, WAL S FERBEARN
mTesRI ¥555 5, 1000 ¥/53%80, B0 5408 . F ELEEH mTesR1 R EERAH

fi. WF Matrigel SHAMEMNTHEFRIR, BT 37CEFHPIER.

1.5.2 iPSC FERNREE MRS
6 FUIRMIAE K ZE 90%IL A ERT, F Accutase JH{LIEHLAIME, A& 10 uM

82



WR K2 d- 22 i S

Rock inhibitor ] mTesR1 S FRERE RRITHHBOIR, HHABREET 15ml BOE
1, 1000 F/H4PE0 5 M EFE LB, EB40M, U 600 p/FLFFA 4 4 24 7L
WAL, SREMEMMIRA, 24 FURALMICEEEX 90%BI FFEEEAN BRI
RS0 B . TRFE mTesR1 3553, RPMI Medium 1640 35558
FLE—IK, A 600 plfLE R A E M TE T 7R EE(E 100 ng/ml ActivinA
2 uM CHIR99021). REERZNRE, HIRATETHHMEFER. ¥57
72 /N Ja iPSC LA E BN IR R A .

1.5.3 ERAERAES LR AEEE

XA BARTEE I =, 23 AR AR E RS ST HED .
AIFABRERT U (28D « BBFRBERIMUEE (S35 , H
i S1 46K, S2H1 68K, S3H#8-10 K. BERNKEEMMA Accutase H
WEBEL, S| BFEEREKHARMNBIEIMREN 6 FLRT. B S1FFH, H
R NBZREAEM R, BRYIERE. ERNERE FHERERAREAZEIE
LEF, 50-80g B0 3 7 ER T —MrBREFREESHME, REHEMEEE
ARG B AR .

1.5.4 RNA By

o B ERE FRFFIR(D0). 5 3 R(D3, {8% DEC). % 13 R(D13, fUFKHKH
BRIR)FE 21 R(D21, RRERHAKIZE )N M RNA #1781 B Rk
H A BE TR/ AR, .05 Trizol RDRM, B T-80°CrK
F{RIF. RNA RIS BIESRE=545 1.5.5 1 RNA RIS

1.5.5 RNA ##3# 4 cDNA
LR & B R 20ul BRI ZR o

RNA 2ug
Oligo dT 1 ul
dNTP 4l
ddH20 +RNA=9 ul

65°C7K ¥ Smin JG SLEIIK £ AREFHMA 5 x RT buffer 4 ul, RRI 1 pl, RNase
Ace 1 ule EHL, RFFERN 42°C 60min; 99°C Smin; 16°C holder.

1.5.6 qRT-PCR
R4 ChamQ SYBR Kt & PCR IXFE W H PEE 20 ul RBEAR, 10T

cDNAFERE 50 1&)5) 8 ul
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2x SYBR GREEN MIX 10 ul

F/R primers (2.5 M) 1.6 pl

H20 0.4 pl

FAERG 2-3 A8, REZHFIMT:
P2 BECC) MR L3ad

1 95 1445 -
2 95 10 # -
3 60 20 ¥ 40
4 70 5§ -

1.5.7 KEVIAHE&

¥ 3D ARSI B AT SR B H1 & AvKVR I A R ST M B B R .
BHUE 2 REUFABREAHEREBA 1. 5 ml EP&EH, MA 4%ZEHBH
B, 4°CEEIE®; DPBS ¥k 3 Ka/MoKRBEBAGESE, MAO.C.T, &
AT EPEFEHBELRTBETKET R, YIAEEA 16pm, Y1H ETF-80°C
F17.

1.5.8 T E

3 B -80°CUKAH B H VKR £ H 7€ DPBS HifB¥t 2 ik, RFEAB/KER B
AFTEXIR, N 0.2%F TritonX-100 ZIRIEFE 40 53-8, DPBS ¥t TritonX-100.
5% s H & H(BSAMCE A 4 /M E/MOFZE BSA, IMA—HL, 4°CREL
W, E-REFHETGET DPBS H¥k 2-3 1K, HiEx—¥: REMAEEZN, =8
WL E 2 /Maf; FEIAEA DPBS ¥ Z3i: &/5H DAPI #:#%; DPBS %2 DAPI
JEEF. .

1.6 GeitE5Hh

K F SPSS 21.0 it A X LIS Rt TR UM R AT, HERREA
EEBCRA t 15 PRl EHBRAH SRR ZERK . BEE P EHRHEE
(mean+SD)ER, p<0.05 INAFLTEE L.

2. SKRER

2.1iPSC ZEFFXBRENESERE
iPSC L NAFIERS ERNERER T eMAKER . AR E R
RBEY EILL RS E RS 4 MAFERKH B 20 AR R RSN



WIRKFF LA

Bl 3-1 Biox. BEA 3D B RUE, MEEI/NERR; EFAMRZEERAS

RN G HEE, HA N2 ARG .

A WT

OTCD

iPSC

A

B 3-1 RS ELRIB B BRAR R RIS

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.
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B 3-1A: iPSC #HIA T TR AN REMME. FRBERRATH. HEPULLRER
AR B BAAERE, SMROARENSEHES.

B 3-1B: & 21 ROABEBERI “HE” #ES, HhTREAROTaR B+
Sk ARELL) o
2.2 RETOERNEI AR RS RIENE

FIR R 77 Rl 7 DEC #r5 th2 K SOXI17 Al FOXA2 f£5 3 R4
MR RIRIE, 4RIEES RN DEC, B ERE & (B 3-2).

3-2 DEC j$R#:3E SOXI7 R FOXA2 ZE 3 R4 RNA FHIRE

2.3 qRT-PCR BB LA EH B REEBENRIE

AR U BRESREFFRMEREER. 22 NREEN BRIERE
KN SOX17 fl FOXA2, #RERXHNEFELE iPS HAFRE, SOX17ESE
3 KK DEC MrBUAZRImE, J5FEE 40 B AT A BT 40 i 77 e o Ak T iR s 2R
FOXA2 I A BB, BB IAMD21)7RHE T . A4S
fEME K] AFP. ALB. GGT1. CYP3A4. HNF4A. GGT1. CK18. CK19 ZNIf#
T RS R AR IA EEHT iR (8 3-3, E3-4)
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FOXA2 SOX17 HNF4A

.....

oo o3 D13 D21 00 D3 o1 D21 oo D3 D13 D21

a0 7 {
600 60 }‘
RE==E 10000 | %
8 |——— ... — 5000 3 -
oo o3 013 021 a P — e B i  — .
20000000 * o3 D13 lora o0 o3 o1 o2
CK18 CK19 GGT1
2 8¢ { 3
|
€} 30 18t -
s | -5 |
at 20 ot
| s |
2l 10 | 5t
SR wm . P e — ” i s P B . L
Do o3 D13 D21 Do D3 D13 p21 oo o2 D12 o2t

A 3-3 X4 iPSC o HA R B R EE KRIA

FOXA2 sSOoX17 HNF4A

|| et e — — - -
O D3 D13 D2 oo o3 D13 D21 oo o3 D13 D2
cK18 CK19 GGT
50
45
C

20
10 I 20t
- m il o A N ——

Do D3 p13 D21 Do 03 013 p21 00 o3 D13 D21

Bl 3-4 OTCD R A iPSC FF AR B R ER R HFRIA

2.4 RETOCANFFARREERNRIE

FESEREMTERNAES. FREQ. ARAEFRE (CYP3AY) EF
RBEHRIEER, GREREF O3 REAMFR AT RS TR R i
RiE ER=M 5129 (B 3-5, B 3-6).
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W R AR 2R X

CYP3A4

A 3-6 OTCD FFEBERAEEANERE
2.5 OTC EFF EBETRNFIA
F|H qRT-PCR B /7= 7 OTC ZEHE A FSb B FERARE BT HHRIEHE
. BEE AR, OTC £FRREEZH A . WARGKK OTC £H 1-2
SHEFHEEERRBENRARRBEYEERE, BAY THABRKINE
T8 9-10 S4B TFRIEEN AN T IEH HH B k.

OoTC1-2 OTC1-2
400000 1400000
350000 1200000
300000 1000000
250000
800000
200000
600000
150000
400000
100000 i
50000 200000
0 —— 0
Do D3 D13 D21 Do D3 D13 D21
oTCe-10 | OTC 9-10
4500 -
3300
3000
2000 ¢
1000 | )
0 B T an e (e jicacs 0 l —_— I
Do D3 D13 D21 Do n D13 D21

pa gkl OTCD
& 3-7 OTC ZREFRBEHIRE
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FIH G %0t OTC Fim Bl 4 A0 X B 4H K 4% & o i Rk AT ke il (]
3-8), HFH Image J BMFHITPHVLRE ST, MITXRERMHE O RE#T
HEEMT. EREFHEFA OTC AN TFHTOLREWEMT M, WE
AR X ERILE 3-9).

A AL

OTCD

&l 3-8 OTC BEEFRBET FHIRE
C F ':::' 71 Font Results

3-9 ImageJ Xt OTC BERAKF ERITER
3. #ig
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KFHBEMERMRE, BAfERAN, FETRFEENFHER M, BT
MELFIRE M, #ERETERHNITRERERNARR, EAXRBNE=
AIELHI (Gordillo M, 2015) . X ERGFFAMMBIRIMBF R K, FHRIML
FERH NIRRT DEC, REMUAETH. THAER, R imaiz
#7 7% A RE(Tremblay KD, 2005). FFERHMAITERCAGSE 5 AT R
(Migliaccio G, 1986), HMERGEE 56-58 RIT4A A A4l FIE B 4L 73t (Gordillo
M, 2015)

MESHCMRBZERTUES, FERSENESIURREARIMED b
RS, BARERASZE L, ARABRERENBREERESAN MR, EE
FRAnR R Z i 2O B BB RS, R LB B 5 m4iiAa R
ML ABEEMun SJ, 2019), X5 EERAFFHERBITEIMNEFRTRB A
KBREREFHANEE LALLM (Huch M, 2015), AEEZ IR ZHEE
BHAFREERE.

AE B S REAS R AR %EH SOX17 £ DEC RKESBRHE
KREE HEERTHETE F(Séguin CA, 2008), 7EE AL EF A IR IE 240
F&f Rk (Manuel V, 2014), E SOX17 FRHEM MRS AN THAE
(Lewis SL, 2006). 11 FOXA2 B R EMMAIIRCY, BER_REEMAINY
BEBAERREERNENM EGNBREKIEEEER, TEHREFRNREL
B, REENEYE T (Usama FS, 2018). SOX17 f1 FOXA2 HIFiEiREE AT
SRR 85 (Kumar PS, 2020). #fERALERHRR, SOX17 Ml FOXA2 7E
#=RK DEC &mR%, IEHRMNMESSTUERTHEMNERAKERH, H
SRR, AT PRI MEERE T BEHER . QRT-PCR &R
Fi7R FOXA2 RixFEHIAES 13 K, TR H T FOXA2 NS ERRF IR
RIFETER, W iPSC LI BHEEEMRMWAHEERT X, EE 21
ROERERZHENREH TR, ML FEERE R, GRS E R
AR R .

ST S5, BATE 51E RNA /KA qRT-PCR 77888 7 FF 40
Bt R R R RIA TS, 35 HNF4A, AFP, ALB, GGT1, CYP3A4, CK18, CK19.
MERPRATTLLEER], pE%E DEC ZET /L 40, X B 40 f i e i PE 2R
HEEFZFHOI)NFEHEA R, BIREEHRAMAD2)ER g, EHE]
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ML EFHORERTENRBE. B4 REAAFARKER ALB.
CYP3A4(Hannan NRF, 2013)fEF FHARIAIEHK, TH 7 RAHAE A, e
BRIVEFEWRBE LM R RE, RIS —FHAERANTEEER
KFRIETHEA. ARECEBERFREOERBRET A PHRE, £R85E
R=FEAEFEBEPRERE, BKEHRIESSLIESR T RAX B
FIRFIEREEE .

H-F iPSC & OTCD HARIER, TATERIN T OTC HFEHREER. &
Bl 3 f24E OTC £[H 3-9 BB FHABE, R—IMHKER, RIEMT OTC
EHR 1-2 5 BFM-10 SR TFHRREEN, ERETRH 12 S4B FENR
HRFFIARFRETPHIEFEFRE, T OTCD HEHEEH 9-10 S EFHR
EENHERE. E£EEKTF, OTC EAENRBRANRAHANERE, BHEAQ
(EEMTERBEFE OTC EAKRXEN K, iEH OTC EEF KM 395
B FHIBRIER FMRIEFE NI TEORER, At SBUERLEIR .

B CERIGE SIh L T OTCD MMM RY, 7 5I5RIE T OTCD WA
A IR AR AT 4R B A T 4R 40 (S S, 2019; Zabulica M, 2021). JRACHT4H BRI
88 B MO R BRIEIE T IEH FFIE A B Th A8 A (Lauschke VM, 2019), R0, &
FrAs, EAFARERIITERNEEFRENR, BIFE Su FRIHEAF48
SRIERY OTCD EATMMI AT R B AEK 15 48, 7% FUrseiRiR i 7 365 ™ 4% i 1]
R, AR T4 T HAREZET . TR BT 440 i AR B 75 5% F AP
FRIXEFCIFRENTR, K WARE K, BRBENEFLBRIE 1
H. BATFABA PBMC EHERN iPSC, REH—SHUIEFAFERSE,
AMUAMRIE R 2 515, BAK, BABED, MABESSUAIRBENRHE
(21 X)) , HEHA. CYP3A4 FDREEHNERES, RILEMBETEER
FERERSLES, BT O A T H AR A R BRI R B R B L R R .

gk LETR, BAIRFA R TERSLE OTCD % A PBMC kIR iPSC, #ES
SRR ARERER LB E, RIEET HEA OTCD A PBMC RIEHI A
BE, FMAZEARTT OTC £R 3-9 S48 FHRABURBLEIFIAIS TS,
REANHAT OTCD/UCD B AR, it RERRESRTBARRM
TSR R
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4 »

AR EIBIEST T 7 BIUREEIFEG S LSRG, SR=ERE. EH
FRE, HKHS 2 FIR AR PBMC £ EHEBARFE LY ESTHNR,
H— B EFSUANRAFRENTERSEE, BHUTER:

1. X BRA W UAE R B A3 A2 ) LAIIR i 40 22 RGUREAR 1) )L EE S R AT LK &,
RISk HERR UCD; BEILTHAEFEIS T AR UCD WA RGE RHHNERN, BF
AR KA UCD WA MASAKFP; L7 SR AR Bk T fesd B R Bl
it UCD W A B HB2 Wi E.

2. BEAINE UCD RWARIGIRERE, X FE&HBREMFENESRSE, ERY
EEFEMAET ARG MRFUTH R RRLREKTE, B
EARRARRTEE.

3.7 BRI EREIL A 6 METKZ R, UCD MG IREZ BRI TG 5 £ B
RTHERE; REEEFRRTFRXBNBREXEN., RELHEOSHE. D
R REGRRAT TR AT RN BRI EANHE, NS ENTERGKRE
it

4. FIASEEESHERENTIERIIWET 2 Bk OTCD %A PBMC K iPS 41
M, FHE 3D BHRF G THESSUAIFERRBE, RIIHWETE S OTCDHA
PBMC RREHIFFEBE; FIAZEBTIUEE, OTC EH 3-9 S4B FHIGEKER
FHBFKTFHSEH OTC MRIAMEK, M SBURETEINERS.
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FESRE

R

1. BFREBHREBHFELYE, ROTWREARIED, FRERES &R
Ty — SR

2. REEESL CPSID /) iPSC KRB EHAL,

3. NELEER OTCD W AR RSB B FH— SR T o .

fRE

1. BERENX M) LEEZD L, BBRBLERFFERTEANZRE
ITHIEREE L, BEZHRIE, #17 UCD METRFEM TR HE, 77
RMEEREWRE. FAMREHTH B4ERIRERE, REAODRE.

2. REEMEANLARBEBRRMBEILEEZTL, TRIEHSRE, FATEERH
TR BHIZE, RIJREEBIFHIRIT I G R

3. EELEH OTCD ) iPSC HA R Fah B, SHEUREE S OTCD
R HAh UCD W ARIAR A, BIinlERTIE2ER UCD ZEHEE. iPSC FE.

4. FIFACEELH OTCD [ iPS AR AR RIS B, H—ShiEss
%M, TERBENFIIE, THEMABIIGE, TR AR IRAEREG
STk, W] SR K SR ARIa T (B REHT 7L, FEmu 18 1 25 7= B T A0 s PR B 4
FH, REFAIHERNER) SR, HHE RIS JRA S E R LA
ERENMEREHE.
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R
WK 1-A cPs1 EFRERENZR
Fs  SEF BHmRaeE HERNE B
1 2 c.128C>T p.-A43V Hiberle et al., 2011
2 2 c.173G>A p-G58D Hiberle et al., 2011
3 2 c.173G>T p-G58V Chen et al., 2018
4 2 c.194C>T p-S65F Hiberle et al., 2011
5 2 c.212T>G p.V71G Hiberle et al., 2011
6 2 c.236G>A p-G79E Kurokawa et al.,2007
7 3 ¢.259C>T p-P8758 Hiberle et al., 2011
8 3 c.265T>G p-Y89D Hiberle et al., 2011
9 3 c.296C>T p.P99L Kretz et al., 2012
10 3 ¢.368C>T p.S123F Summar et al., 1998
11 3 ¢.368C>A p.S123T Alietal, 2016
12 4 c323G>A p.G108E Yang et al., 2017
13 4 ¢.446T>C p.L149S Chen et al., 2017
14 5 c.478G>A p.-A160T Fan et al., 2020
15 5 c.494A>G p-D165G Hiberle et al., 2011
16 5 ¢.520C>T p-R174W Alietal, 2016
17 7 c.034T>A p.Y212N Kurokawa et al., 2007
18 7 c.671A>T p.D224V Hiberle et al., 2011
19 7 c.697C>T p-R233C Hiberle et al., 2011
20 ¢.713G>C p-R238P Xu et al., 2020
21 8 c.728A>C p-H243P Haberle et al.,, 2011
22 8 c.773G>A p-G258E Hiberle et al., 2011
23 8 c.788G>A p-G263E Hiberle et al., 2011
24 8 ¢.794C>T p.P265L Kretz et al.,2012
25 8 c.796G>A p-G266R chenetal., 2018
26 8 ¢.840G>C p-K280N Kurokawa et al.,2007
27 9 c.902G>A p-G301E Eeds et al.,2006
28 9 c911C>T p-A304V Hiberle et al., 2011
29 10 c.950G>A p-G317E Hiberle et al., 2011
30 10 ¢.1010A>G p-H337R Aoshima et al., 2001
31 10 c.1022 T>C p.L341S Funghini et al,2012
32 10 ¢.1063A>G p-N355D Eeds et al., 2006
33 10 ¢.1072G>C p.D358H Hiberle et al., 2011
34 11 ¢.1145C>T p.P382L Hiberle et al., 2011
35 12 c.1166A>G p-Y389C Eeds et al., 2006
36 12 c.1169T>G p.L390R Eeds et al., 2006
37 12 ¢.1201G>C p-G401R Hiberle et al., 2011
38 13 c.1291G>A p.G431R Hiberle et al., 2011
39 13 ¢.1295G>T p.G432V Hiberle et al., 2011
40 13 c.1312G>A p.A438T Hiberle et al., 2011
41 13 ¢.1312G>C p.-A438P Kurokawa et al., 2007
42 13 ¢.1348A>G p.K450E Hiberle et al., 2011
43 14 c.1370T>G p.V457G Funghini et al., 2003
44 14 c.1412C>A p.TA7IN Pekkala et al., 2010
45 14 ¢.1492G>C p.A498P Hiberle et al., 2011
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46
47

48

49
50

51
52
53
54
55
56
57
58
59
60
61
62
63

65
66
67
68
69
70

71

72
73
74
75
76
77

78

79
80

81

82
83
84

85

86
87

88

15
15

15

16
16

16
16
16
16

17
17
17
17
17
17
17
17
17
17
17
18
18
18
18

18

18
18
18
18
19
19

19

19
20

20

20
20
20

20

20

20
20

c.1592T>A
c.1592T>G

c.1631C>T

c.1759C>T
c.1760G>A

¢.1760G>T
c.1765G>A
c.1777G>C
¢.1790C>T
¢.1799G>A
c.1864G>A
c.1883G>A
¢.1895T>G
c.1913G>C
c.1918G>T
c.1943G>A
c.1951G>A
c.1958T>G
c.1961A>T
c.1981G>C
¢.1981G>T
c.2021A>T
c.2022T>A
c.2033A>C
¢.2093A>G

c.2148T>A

c.2153G>A
c.2162G>A
¢.2170G>C
c.2176G>A
¢.2300A>T
c.2321C>T

€.2339G>A

¢.2376G>C
c.2407C>A

¢.2407C>G

c.2407C>T
¢.2413T>C
c.2414T>C

c.2429G>A

¢.2440C>T

c.2446T>C
¢.2528T>C

p.V531E
p.V531G

p.T544M

p.RS87C
p.R587H

p.R587L
p-A589T
p.G593R
p-S597L
p.C600Y
p.V622M
p.G628D
p.I632R
p.R638P
p.A640S
p.C648Y
p.E651K
p.V653G
p.D654V
p.G661R
p.G661C
p-N6741
p-N674K
p.Q678P
p.N698S

p.N716K

p.R718K
pR721Q
p.AT24P
p.A726T
p.D767V
p.P774L

p.R780H

p-M7921
p.R803S

p.R803G

pR803C
p.F80SL
p.F805S

p.Q810R

p.R814W

p.C816R
p.L843S

Hiberle et al., 2011
Hiberle et al., 2011
Finckh et al.,1998; Hiberle et
al., 2011; &3¢
Hiberle et al., 2011
Kurokawa et al., 2007; Wang et
al., 2011; Hiberle et al., 2011
Hiberle et al., 2011
Eeds et al., 2006
Kurokawa et al., 2007
Hiberle et al., 2011
Zhang et al.,2018
Hiberle et al., 2011
Héberle et al., 2011
Héaberle et al., 2011
Hiberle et al., 2011
Eeds et al., 2006
Hiberle et al., 2011
Kurokawa et al., 2007
Fan et al., 2020
Hiberle et al., 2011
Funghini et al., 2012
This study
Kurokawa et al., 2007
Hiberle et al., 2011
Pekkala et al., 2010
Hiberle et al., 2011

Summar et al., 1998; Eeds et al.,
2006

Hiberle et al., 2011
Hiberle et al., 2011
Hiberle et al., 2011
Hiberle et al., 2011
Hiberle et al., 2011
Pekkala et al. [2010]
Kurokawa et al., 2007; Hiberle
et al.,, 2011
Hiberle et al., 2011
Hiberle et al., 2011
Ono et al.,2009; Hiberle et al.,
2011
Hiberle et al., 2011
Eeds et al., 2006
Hiberle et al., 2011

Funghini et al., 2003 & Eeds et
al., 2006

Rokicki et al,, 2017; Haberle et
al., 2011

Hiéberle et al., 2011
Hiberle et al., 2003
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89
90

91

92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

109

110

111
112
113
114
115
116
117
118
119
120
121
122
123

124

125
126

127

128

129
130
131

20
20

20

21
21
22
22
22
22
22
22
23
22
23
23
23
23
23
24
24

24

24

24
24
24
25
25
25
25
25
25
25
26
26
26

26

26
26
28

28
28

29

c.2537C>T
c.2548C>T

c.2549G>A

¢.2611A>C
c.2623A>G
c.2732G>A
¢.2732G>T
c.2738C>T
¢.2740G>C
c.2741A>G
¢.2752T7>C
c2758G > C;
¢.2795G>C
c.2845G>A
¢.2873T>C
c.2876A>G
c.2885A>G
c.2891G>A
¢.2933T>A
¢.2944G>A

€.2945G>A

€.2945G>T

¢.2950T>C
¢.2957T>C
¢.2959G>T
c.2975T>C
€.2993C>T
¢.3047A>G
¢.3050C>T
€.3065C>T
c.3101A>G
¢.3134A>G
c.3161T>G
c.3176A>G
c.3194C>A

€.3265C>T

¢.3266G>T
¢.3308A>G

¢.3422T>G

¢.3443T>A

¢.3464C>A
¢.3464C>T
¢.3500C>G

p.P846L
p.R850C

p.R850H

p.T871P
p.K875E
p.G911E
p.G911V
p.S913L
p.D914H
p.D914G
p.S918P
p.D920H
p.RO32T
p.A949T
p.L958P
p.Y959C
p.Y962C
p.G964D
p.V978E
p.G982S

p.G982D

p.G982V

p.Y984H
p.I986T
p.G987C
p.F9925
p.S998F
p.N1016S
p.P1017L
p.T10221
p.E1034G
p.-H1045R
p.11054R
p.Q1059R
p.A1065E

p.R1089C

p.R1089L
p.Q1103R
p.V1141G

p.M1148K

p.A1155E
p.A1155V
p.T1167R

Zhang et al., 2018
Kurokawa et al., 2007
Wakutani et al., 2004; Hiberle
etal., 2011
Kretz et al., 2012
Hiberle et al., 2003
Hiberle et al., 2011
Eeds et al., 2006
Hiberle et al., 2011
Hiberle et al., 2011
Hiberle et al., 2011
Wakutani et al., 2004
Mehrdad et al., 2019
Hiberle et al., 2011
Hiberle et al., 2011
Eeds et al., 2006
Haberle et al., 2011
Hiéberle et al., 2011
Funghini et al., 2012
Hiberle et al., 2011
Eeds et al., 2006
Kurokawa et al., 2007; Hiberle
etal, 2011
Wang et al., 2011; Hiberle et
al,, 2011
Hiberle et al., 2011
Hiberle et al., 2011
Hiberle et al., 2011
Héberle et al., 2011
Eeds et al., 2006
Hiberle et al., 2011
Hiberle et al., 2011
Hiberle et al., 2011
Héberle et al., 2011
Hiberle et al., 2011
Rapp et al., 2001
Hiberle et al., 2011
Haberle et al., 2011
Khayat et al., 2009; Hiberle et
al,, 2011
Summar et al.,1998; Eeds et al.,
2006
Kurokawa et al., 2007

Wakutani et al., 2004;
Kurokawa et al., 2007

Zhang et al., 2018

Hiberle et al., 2011
Hiberle et al., 2011
Funghini et al., 2012

97



LW ARKZE A2 S

132 30 ¢.3582A>C p.E1194D Kretz et al., 2012
133 30 c.3584A>C p-H1195P Kurokawa et al., 2007
134 30 ¢.3607T>C p.S1203P Summar et 31'5_3328; Eeds etal,
135 30 c.3608C>T p-S1203L Hiberle et al., 2011
136 30 c.3613G>A p-D1205N Eeds et al., 2006
137 30 ¢.3632C>G p.P1211R Sufin et al., 2019
138 30 c.3643A>G p.J1215V Kurokawa et al., 2007
139 31 ¢.3683G>A p.R1228Q Hiberle et al., 2011
140 31 ¢.3691G>C p-Al1231P Rokicki et al., 2017
141 31 c.3723C>A p-N1241K Kurokawa et al., 2007
142 32 ¢.3760A>T p-11254F Alietal, 2016
143 32 ¢.3765G>C p.E1255D Héberle et al., 2011
144 32 c.3785G>A p-R1262Q Hiberle et al,, 2011
145 32 c.3785G>C p-R1262P Hiberle et al., 2011
146 32 ¢.3820G>C p-D1274H Hiberle et al., 2011
147 33 ¢.3945G > A p-W1315X(186) Fan et al., 2020
148 33 ¢.3949C>T p-R1317W Fanetal., 2020
149 33 ¢.3979T>C p.C1327R Hiberle et al., 2011
150 33 ¢.3980G>A p-C1327Y Rokicki et al., 2017
151 33 c.3991T>C p-S1331P Eeds et al., 2006
152 33 c.3998G>A p-G1333E Hiberle et al., 2011
153 35 c.4112G>T p-R1371L Hiberle et al., 2011
154 35 c4132G>A p-A1378T Eeds et al., 2006
155 35 c.4142T>C p-L1381S Summar et al., 1998
156 36 c4172C>T p.T1391M Héberle et al., 2011
157 36 ¢.4192C>G p-L1398V Hiberle et al., 2011
158 36 ¢.4232C>T p.PI411L Summar et al.ééggs; Eeds etal,
159 37 c.4316C>T p-P1439L Hiberle et al., 2011
160 37 c.4327A>G p-T1443A Eeds et al., 2006
161 37 c.4357C>T p.R1453W Héberle et al., 2011; Pekkala et
al., 2010
162 37 c.4358G>A p-R1453Q Pekkala et al. , 2010
163 37 c.4385C>G p-P1462R Héberle et al., 2011
164 38 c.4471T>C p-Y1491H Summar et al., 1998
B 1-B CPS1 ZEETR—ENER
s  #ABTF BHmE KRN 5300
165 5 c.130C>T p.Q44X Thara et al., 1992%;OI§urokawa etal.,
166 3 c.267C>G p-Y89X Hiberle et al., 2011
167 4 c.420C>A p-Y140X Eeds et al., 2006
168 6 c.580C>T p.Q194X Choi R et al., 2017
169 8 ¢.712C>T p-R238X Hiberle et al., 2003
170 11 ¢.1123C>T p.Q375X Aoshima et al., 2001b
171 13 c.1289C>G p.S430X Rokicki et al., 2017
172 14 ¢.1432C>T p.Q478X Eeds et al., 2006
173 15 ¢.1615G>T p.E539X Hiberle et al., 2011
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174 15 ¢.1642C>T p-Q548X Alietal., 2016
175 16 ¢.1770T>G p.Y590X Hiberle et al., 2011
176 18 c.2161C>T p.R721X Hiberle et al., 2003
177 19 ¢.2359C>T p.R787TX Rapp etal,, 200); Kurokawa et al.,
178 23 ¢.2893C>T p-Q965X Hiberle et al., 2011
179 24 ¢.2896G>T p-E966X This study
180 25 ¢.3093C>A p.Y1031X Kurokawa et al., 2007
181 25 ¢.3136C>T p.Q1046X Rokicki et al., 2017
182 26 c.3317G>A p-W1106X Héberle et al., 2011
183 29 ¢.3520C>T p.R1174X Hiberle et al., 2011
Wakutani et al., 2004; Eeds et al.,
184 32 ¢.3784C>T p-R1262X 2006; Kurokawa et al., 2007 ; Ono
et al., 2009
185 33 ¢.3953T>A p.L1318X Funghini et al., 2012
186 36 c.4229G>A p-W1410X Kretz et al., 2012
X 1-c  CpS1 BETER — K. BA. WEHRER
e HETF B HERUE B30
187 1 c.125delA p-K42RfsX15 Hiberle et al., 2011
188 2 c.154_160delGATGGAA p.D52L£sX3 Hiberle et al., 2011
21;1;:);1[1 Intron No exact
189 3-Exon 2 3’UTRdel134kb_767kb(Intron brealfpomts Wang et al., 2011
38 2 3’UTRdelExon3-38) available
190 4 c.409_410insTATA p.S1371fsX2 Hiberle et al., 2011
191 5 c.527_528insGA p.G177REsX25 Hiberle et al., 2011
192 7 ¢.700delC p.L234CfsX2 Hiberle et al., 2011
193 8 c.731delT p.L244X Eeds et al., 2006
194 9 c.848delA p-E283GfsX16 Hiberle et al., 2011
195 9 c.850delA p-S284VfsX15 Rokicki et al., 2017
196 9 ¢.860delA p.K287RfsX12 Kurokawa et al., 2007
197 9 c.866delC p-P289HX10 Hiberle et al., 2011
198 9 ¢.900_901insAG p.G301EfsX24 Hiberle et al., 2011
199 12 c.1195_1196delAA p-K399EfsX22 Eeds et al., 2006
200 14 ¢.1390_1397delCCAAACAT p-P464CfsX7 Hiberle et al., 2011
201 14 ¢.1413_1414insC p-N472QfsX2 Héberle et al., 2011
202 14 c.1440_1441delTA p.Thr481CysfsX58  Funghini et al., 2012
Wakutani et al., 2004;
203 14 ¢.1528delG p-G510AfsXS Kurokawa et al., 2007
204 14 c.1547delG p-G516AfsXS Kurokawa et al., 2007
.V474E£fsX15
205  Intronl4 . 131213:4_19;4'}9?125 30) gonoreis(l)ice site Hiberle et al., 2011
206 16 ¢.1778insG p.G594WfsX42 Kretz et al., 2012
.AG613F{sX25
207  intronl6 (c.183 6?1];;3377{118:’?;$CT AG) ch§ptor splice Eeds et al., 2006
' site error
208 17 c.1974del T p.H659T{sX22 Hiberle et al., 2011
209 Ingonl? | 8;51_912;31:13201117) pA613VEX20  Haberle etal, 2011
210 17 C.2023delT p.Cys6751s Yangetal., 2017
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211 18 c.2115 2216ins35 p-AT17A£sX28 Hiberle et al., 2003
212 18 2170 2173delGCTCinsCCA  p.A724PfsX27 Rapp et al., 2001
213 18 ¢.2173delC p.L725W£sX19 Hiberle et al., 2011
214 19 ¢.2227delC p.L743X Hiberle et al., 2011
215 19 c.2252delA p-K751RfsX42 Hiberle et al., 2011
216 19 ¢.2283 2287delTTTTGinsA p-C761X Hiberle et al., 2011
217 19 ¢.2338delC p.R780VfsX13 Eeds et al., 2006
218 20 ¢.2404delG p-G802V{sX19 Hiberle et al., 2011
219 20 ¢.2494 2495insT p-E832VEXS Kurckawa et al., 2007
220 20 ¢.2494delGinsAA p-E832KfsX9 Kurokawa et al., 2007
221 22 ¢.2719 2721delGCAinsCC p-A907PfsX25 Hiberle et al., 2011
222 22 ¢.2797delT p.L933X Wakutani et al., 2004
223 22 ¢.2809 2810delAT p-1937P£sX5 Hiberle et al., 2011
224 23 ¢.2865 ¢.2869delAAACT p-T955Tfs*12 Fan et al., 2020
225 23 c.2876 2877delAT p-Y959C£sX9 Hiberle et al., 2011
226 23 c.2883 2895dell3 p-Y9625£sX11 Eeds et al., 2006
Intron 23
21 ﬁﬁgn °'2§2;‘;269_—2°9§332{§§é$%559 pE966AfX27  Haberle etal, 2011
24
228 25 ¢.3044 _3045insG p-C1015W1fsX4 Eeds et al. 2006
229 26 c.3185delA p-N1062TfsX38 Eeds et al. 2006
NI1113W1fsX10
230 Intron 26 (0.33307'?33;1(13123(0 n27) r:%cce.:ptor splice Hiberle et al., 2011
site error
231 27 c.3341_3342insTTAAAATGA p-E1114DX Hiberle et al., 2011
232 27 ¢.3358 3359delAA p.K1120V{sX25 Summar et al., 1998
Wang et al., 2011;
233 29 ¢.3484delC p-H1162TfX5 Héibefle etal,, 2011
234 29 c.3485delA p-H1162PfsX5 Kretz etal., 2012
235 31 ¢.3680_3681insTTTC p-R1228F{sX24 Hiberle et al., 2011
236 32 ¢.3869_3870insCC p-E1290DfsX12 Eeds et al., 2006
237 33 ¢.3965 3966insCC p-D1322AfsX5 Eeds et al., 2006
238 33 ¢.3969_3970insC p-11324HfsX5 Kurokawa et al., 2007
239 33 ¢.3969 3970insCC p.11324P£sX3 Hiberle et al., 2011
240 Intron34  ¢.4102-239A>G (c.4101ins89) p-Q1368S£sX17 Hiberle et al., 2011
241 33 ¢.3972delT p-L1325X Rokicki et al., 2017
242 33 ¢.3979delT p.C1327V£sX21 Alietal., 2016
243 35 c.4148delA p-N1383MfsX44 Hiberle et al., 2011
244 37 c.4397 4398insT p-Q1468SfsX8 Eeds et al., 2006
Exon ¢.4404+1G>A ]
245 37/?’;10n (c4275_4404delExon37) p-L1426X Hiberle et al., 2011
246  Intron 37 ¢.4405-9T>G (c.4404ins8) p-V14691fsX2 Hiberle et al., 2011

BiE 1-D CPs1 ZEFHFR — ERRE. BA. WEERTR

FEs  SEF BERNE BERBE SER
¢.236+6T>C (mRNA . .. Kurokawa et al.,
247 Intron 2 change not determined) Possible donor splice site error 2007
Summar et al.,
- 248 3 c.306_311dupGAATGG p-N103_G104insGN 2011; Eeds et al.,
2006
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249

250
251
252

253

254

255

256

257

258

259

260

261
262

263

264
265
266
267

268

269

270

271

272

273

274

Intron 4

Intron 5
Intron7
Intron 7

7

Intron 7

8-10

8

Exon
9/Intron
9/Exon 10
Exon
9/Intron
9/Exon
10/Intron
10/Exon
11

Intron 10
Intron 11

Intron 12
17

Intron 23

25
25
25
26

Intron 27
Intron 28
Intron 29
Intron 29

Intron 31

34

Intron 34

c471+1G>A
(c.382_271delExond)
¢.529-3T>G (mRNA
change not determined)

p-128V_157Kdel30 Donor splice
site error

Acceptor splice site error

c.622-3C>G Acceptor splice site error
c.622 -7A>G p-K207_D208insWQ Acceptor
(c.621_622insTGGCAG)  splice site created within intron 6
No DNA change identified
(c.622_711delExon7) p.D208_K236del30
c.711+1G>A p-D208_K?236del30 Donor splice

(c.622_711delExon7) site error
c.711+686_1164+136del4
260(c.712-1086delExons
8-10)
c.840G>C
(c.832_840delGTCAGAA
AG)
¢.841-194_1086+77del144
0(c.841_1086delExons9-1
0)

p.R238_E362del125

p.V278_K280del VRK

P.1281_E362del

c.841 212 c.1164+26del2
395(c.841_1164delExons9
-11)

P.1281_E388deli08

¢.1087-1G>T (mRNA
change not determined)
c.1164+1G>A

Acceptor splice site error
p-G363_E388del26 Donor splice

(c.1087_1164delExonl1) site error
¢.1263+5G>C p-Y389_E421del33 Donor splice
(c.1165-1263delExon12) site error
¢.1923_1925delTGA p-D642del
c.2895+1G>A p-.1944_Q965del22 Donor splice
(c.2830_2895delExon23) site error
€.2995 2997delAGT p.S999del
¢.3036_3038delGGT p.V1011del
¢.3037_3039delGTG p.-V1013del
c.3159 _3161delCAT p.11054del

c.3404+1G>C Donor splice site error
¢.3405-8C>T Acceptor splice site error
¢.3558+1G>C p.E1161_R1186del26 Donor
(c.3481_3558delExon29) splice site error
¢.3559-2A>G p-V1187 K1222del36 Acceptor
(¢.3559_3666delExon30) splice site error
c.3756+1G>A p-V1223 1.1252del30 Donor

(c.3667-3756delExon31) splice site error

c.4088_4099del12 p.L1363_I1366del
c.4101+2T>C p.-V1335-Q1367del33+
(c.4003_4101delExon34+ (p.Q1367_Q1368insASGLWLCA
c.4101_4102ins42) CPWSYM)

Hiberle et al., 2011

Eeds et al., 2006
This study
Hiberle et al., 2011

Hiberle et al., 2011
Hiberle et al., 2011

Aoshima et al.,
2001

Hoshide et al.,
1993

Wang et al., 2011

Wang et al., 2011

Eeds et al., 2006
Hiberle et al., 2011

Héberle et al., 2003
Rokicki et al., 2017

Hiberle et al., 2011

Haberle et al., 2011
Hiberle et al., 2003
Kretz et al., 2012
Hiberle et al., 2011
Funghini et al.,
2012
Funghini et al.,
2012

Hiberle et al., 2003
Haberle et al., 2011

Hiberle et al., 2011

Hiberle et al.,
2011; Kretz et al.,
2012
Hiberle et al.,
2003; Klaus et al.,
2009
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Carbamoyl phosphate synthetase | (CPS1) deficiency (CPS1D), is a rare autosomal
recessive disorder, characterized by life-threatening hyperammonemia. In this study,
we presented the detailed clinical features and genetic analysis of two patients with
neonatal-onset CPS1D carrying two compound heterozygous variants of ¢.1631C > T
(p.T544M)/c.1981G > T (p.G661C), and ¢.2896G > T (p.E966X)/c622-3C > G in CPS1
gene, individually. Out of them, three variants are novel, unreported including a missense
(c.1981G > T, p.G661C), a nonsense (¢.2896G > T, p.E966X), and a splicing change of
€.622-3C > G. We reviewed all available publications regarding CPS7 mutations, and in
total 264 different variants have been reported, with majority of 157 (59.5%) missense,
followed by 35 (13.2%) small deletions. This study expanded the mutational spectrum of
CPS1. Moreover, our cases and review further support the idea that most (>90%) of the
mutations were “private” and only ~10% recurred in unrelated families.

Keywords: carbamoyl phosphate synthetase 1 deficiency, carbamoyl phosphate synthetase 1, urea cycle
disorders, next-generation sequencing, missense, nonsense, deletion, splicing

INTRODUCTION

Carbamoyl phosphate synthetase 1 (CPS1) deficiency (CPS1D) is a rare autosomal recessive urea
cycle disorder, characterized by hyperammonemia with the incidence of 1/50,000 to 1/300,000
(Diez-Fernandez et al,, 2015). CPS1D is currently divided into two types of neonatal onset and late
onset, whereas CPS1D with severe manifestations of hyperammonemia is common in neonatal-
onset patients (Choi et al., 2017; Rokicki et al., 2017; Yang et al., 2017; Zhang et al., 2018). Typically,
the neonatal-onset patient with CPS1D appears to be healthy at birth, but deteriorates rapidly
into severe hyperammonemia, presenting poor feeding, vomiting, hypotonia, irritability, seizures,
hypothermia, lethargy, coma, apnea, and even death after first feeding (Funghini et al., 2012; Choi
et al, 2017; Rokicki et al., 2017; Zhang et al,, 2018).

The function of urea cycle is to transform toxic ammonia into non-toxic urea. CPS1 catalyzes the
initial and limiting step of the urea cycle, which is critical in the detoxification of excess ammonia,
so CPS1D patient suffering from hyperammonemia will present a decreased level of citrulline but
elevated glutamine in blood amino acid analysis, and a low level of orotic acid in urine test (Funghini
et al,, 2012; de Cima et al., 2015; Ali et al., 2016).




It is difficult to timely diagnose CPSID due to atypical
manifestations like sudden onset, rapid progress, and low
morbidity, as well as complicated and non-recurrent genetic
mutations in CPSI gene (Choi et al., 2017; Rokicki et al., 2017;
Zhang and Li, 2017). For more than a decade, the diagnosis
of CPS1D has been mainly relied on the laboratory tests
of tandem mass spectrometry (MS/MS) including liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
and gas chromatography mass spectrometry (GC/MS). MS/
MS is a high-throughput technique for measurement of
the intermediate metabolites and has been widely used to
distinguish dozens of metabolic diseases (Lehotay et al,
2011; Janeckova et al., 2012; Hao et al., 2018). However, this
technology cannot differentiate CPS1D from N-acetylglutamate
synthase deficiency (NAGSD) in UCDs due to their similar
intermediate metabolites. Until recently, next-generation
sequencing (NGS), a powerful DNA sequencing technology,
has revolutionized genomic research with great utility in the
molecular diagnosis of genetic disorders (Choi et al., 2017; Jia
et al., 2017; Rokicki et al, 2017; Li et al., 2018; Zhang et al,,
2018), and has been proven reliable and important to detect
CPS1 mutation for early diagnosis of CPS1D, as the severity of
clinical manifestations in CPS1D patients is determined by the
extent of CPS1 deficiency (Choi et al,, 2017; Chen et al,, 2018;
Zhang et al,, 2018).

In this study, we performed the clinical examinations and
mutation analysis on two neonatal patients with CPS1D. The
LC-MS/MS and GC/MS were carried out to detect amino acids
in blood and organic acidurias in the urine, and then NGS was
utilized to test the gene mutation. Strikingly, for the first time,
we identified three novel pathogenic mutations of CPSI. To our
knowledge, there have been so far only three reports of using NGS
to detect CPS1 mutations for CPS1D diagnosis (Choi et al., 2017;
Chen et al.,, 2018; Zhang et al,, 2018). Our novel findings further
expanded the mutational spectrum of CPSI and demonstrated
additional evidences of using NGS for precise identification of
CPS1 mutations in patients.

MATERIALS AND METHODS

Patients, Samples and Ethical Approval

This study was approved by Medical Ethics Committee of Qilu
Children’s Hospital of Shandong University. The written informed
consents were obtained from the parents of each study participant,
and the patients’ information was anonymized before submission.
All the procedures performed in the study were in accordance with
the Declaration of Helsinki.

Two patients from two unrelated families who were from the
neonatal intensive care unit (NICU) of Qilu Children’s Hospital
of Shandong University (QCHSU) were firstly screened by LC/
MS-MS and GC/MS. The parents of both patients were healthy
and non-consanguineous. Blood samples were obtained from the
patients and their parents in accordance with informed consents
in the study.

In addition, 100 blood samples from healthy children were
collected as control samples for mutations validation.

Routine Examination and Biochemical
Laboratory Tests

Routine physical examination, complete blood count (CBC),
C-reactive protein (CRP), hemoculture, and biochemical laboratory
tests, such as liver function, kidney function, glucose, ammonia,
lactic acid, and blood gas analyses, were carried out.

The level of orotic acids in urine was measured by GC/MS with
GCMS-QP2010 analyzer (Shimadzu, Tokyo, Japan) and analyzed
by the Inborn Errors of Metabolism Screening System software
(Shimadzu), whereas amino acids level in blood was detected
by LC-MS/MS with Applied Biosystems API 3200 analyzer
(ABSCIEX, Foster City, CA) and analyzed by the ChemoView
software (ABSCIEX).

Next-Generation Sequencing and Variant
Discovery

Genomic DNA was extracted and purified from peripheral
blood of the two patients and their parents using TIANamp
Blood Genomic DNA Purification Kit (Tiangen Biotech, Beijing,
China). Whole-exome sequencing was applied to test mutation of
genes in both patients. Approximately 3 pg of genomic DNA was
randomly fragmented. An exome enriched kit (Agilent, Santa
Clara, CA) was used to obtain the coding exons and flanking
intronic regions. The sequencing was performed using HiSeq2000
sequencer (Illumina, San Diego, CA). The obtained mean exome
coverage was over 99.2%, and average sequencing depth of each
sample was 100%. Raw data obtained from the sequencer were
further analyzed including read alignment, variant calling, and
annotation by SinoPath Enterprise Ltd (Beijing, China). Low-
quality reads (quality score < 20 and sequencing depth < 5) in the
raw data were removed. Filtered reads were aligned to the human
reference genome (UCSC hgl9 Feb.2009) using the Burrows-
Wheeler Aligner (Raney et al., 2014). Single-nucleotide variants
(SNVs) and small insertions/deletions (indels) can be detected.
Annotation was carried out by ANNOVAR for gene information,
protein functional predictions, and population allele frequencies
(Wang et al, 2010). Variants outside of coding regions and
greater than 1% MAF (minor allele frequency) in the population
were excluded.

Bioinformatic Analysis and Verification of
Mutations

All known variants were reported according to the following
databases: OMIM (http://www.ncbi.nlm.nih.gov/omim/limits),
UCSC Genome Bioinformatics (http://genome.ucsc.edu/), Human
Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.
php), Single Nucleotide Polymorphism Database (dbSNP) (http://
www.ncbi.nlm.nih.gov/SNP/), 1000 Genomes Database (http://
browser.1000genomes.org), EXAC (http://exac.broadinstitute.org/
about), and gnomAD (http://gnomad.broadinstitute.org/). In silico
analysis of the variants was carried out using PolyPhen-2 and SIFT
and Mutation Taster to predict the pathogenicity. Human Splicing
Finder (HSF) was applied to predict the effect of splicing variant.
The multiple-sequence alignments were carried out by ClustalX.
Modeling of affected protein structure was processed using



SWISS-MODEL. The data analysis was conducted referring to the
document (Jin et al., 2018). All the selected variants were classified
as pathogenic, likely pathogenic, a variant of unknown significance
(VUS), likely benign, or benign according to the American College
of Medical Genetics and Genomics (ACMG) guidelines (Richards
et al,, 2015). The potential pathogenic mutations were validated by
Sanger sequencing.

RESULTS

Clinical Characteristics of Two Patients

The clinical manifestations and laboratory data from the two
patients were summarized in Table 1. Both patients were
neonatal-onset type presenting fulminant symptoms due to
serious hyperammonemia so that the life-sustaining mechanical
ventilation, medications of vasopressors, liquid infusion, and
ammonia scavengers were administered.

Patient 1 (P1), a full-term female, the first child of healthy
unrelated parents, was vaginally delivered. Her mother had
regular prenatal care starting from 12 weeks of pregnancy. She
was apparently healthy at birth with weight of 2.95 kg, Apgar score
of 10 at 1 min and 5 min after birth. The following day, however,
she had a fever, and then gradually developed hyporeactiveness
presenting respiratory distress, seizures, and acute circulatory
collapse so she was immediately transported to NICU in QCHSU
from local hospital. Laboratory tests revealed the abnormal
blood indexes of ammonia, 1,404 pmol/L (reference, 18-72
umol/L); citrulline, 3.82 pmol/L (reference, 4-30 pmol/L);
alanine, 1,264.4 pmol/L (reference, 62.9-328 umol/L); lactic acid,
5.8 mmol/L (reference, 0.7-2.1 mmol/L); glucose, 0.3 mmol/L
(reference, 3.3-6.1 mmol/L); and white blood cells 22.06x10°%L
(reference, 5.0-14.5x10°/L), as well as abnormal urinary indexes
of undetected orotic acid and elevated 3-MGA 15.7 mmol/L
(ref. 0-4 mmol/L). The chest radiograph result reported
pneumonia and possible atelectasis. Patient heart rate reached up
to 180 beats/min but the ejection fraction was only 38% and no
signs of congenital heart disease (Table 1).

The mechanical ventilation and medications of vasopressors,
liquid infusion, and antibiotics, ammonia scavengers, such as
dopamine, dobutamine, dilator, meropenem, lactulose, and
L-arginine were administered immediately. Meanwhile, oral
feeding was forbidden, and total parenteral nutrition with
lower amino acid was administered. Unfortunately, the patient
deteriorated continually into multiple-organ failure and even had
cardiac arrest with no spontaneous breathing. Considering the
poor prognosis, her parents gave up her treatment, and she died
at age of 5 days.

Patient 2 (P2), a full-term girl, the second child of healthy
unrelated parents, was vaginally delivered. The first child of
the family died suddenly at the third day after birth without a
definite diagnosis. Her mother had regular prenatal care, and
she was normal at birth with a weight of 2.9 kg, Apgar score
of 10 at 1 and 5 min after birth. On the third day, however,
she had a sudden onset of hyperlactacidemia and deteriorated
even faster than P1 did. At the beginning, she was hyporeactive
presenting grunting and anorectic, but no manifestations of

TABLE 1 | Clinical and laboratory data of the two patients with CPS1D.

Patients P1 P2
Gender Female Female
Age at onset 2D 3D
Age deceased 5D 4D
Complications during pregnancy Uneventful uneventful
Weeks gestation at delivery 40 39-5
Birth weight (kg), Apgar score 2.95,10 2.9,10
Clinical course fulminant fulminant
Clinical features
Fever + -
Seizure + -
Coma + +
Cyanosis + +
Breathing weak grunting
Hemorthage - Lung, stomach
Cardiac failure + +
Poor feeding + +
Abdominal distention +
Urine oliguria anuria
Arterial blood gas analysis
PH {reference, 7.25-7.45) 7.13 7.101
PO, (reference, 50-80 mm Hg) 67 72
PCO, (reference, 40-60 mm Hg) 42 621
HCO; {reference, 19-30 mmol/L) 12 19.2
BE {reference, -3 to +3) -184 -10.5)
Blood routine test
Red blood celis (reference, 3.5-5.5x10'3/1) 5.681 3.351
White blood ceils (reference, 5.0-14.5x10°P1)  22.061 24.77
Platelet count {reference, 100-300x10%L) 354t 290
Hemoglobin (reference, 138-218 g/l) 195 1174
Urine routine test
BLD (negative) ++ +++
PRO (negative) ++ +
KET (negative) - -
Blood biochemical tests
ALT (reference, 0-38 U/L) 37 24
Lactic acid (reference, 0.7-2.1 mmol/L) 5.8t 5.61
Glucose {reference, 3.3-6.1 mmol/L) 0.3 12t
Potassium (reference, 3.5-5.5 mmol/A) 7.4t 4.6
Sodium (reference, 135-145 mmol/l) 1541 142
AST (reference, 0-38 U/L) 1301 781
CK (reference, 21-220 U/L) 9361 780t
CK-MB (reference, 0-25 U/L) 301 671
PCT (reference, <0.5 ng/mi} 67.3221 0.7941
ammonia (reference, 18-72 pmol/L) 14041 8231
Blood mass spectrometry profile
Citrulline {reference, 4-30 pmol/L) 3.824 3.081
Alanine (reference, 62.9-328 pmol/L) 1264.41 3337.991
Proline (reference, 72-293 pmol/L) 634.451 413.381
Ornithine (reference, 42-358 ymol/L) 69.01 106.95
Urinary organic acids
Urinary orotic acid {reference, 0-2 mmol/L) 0 0
Urinary 3-MGA (reference, 0-4 mmol/i) 16.71 45.751
Chest X-ray
Prneumonia -
Pneumorrhagia +
Echocardiography
Ejection fraction 38%1 37%l
Patent ductus arteriosus + -
Patent foramen ovale + +
CPS1 sequencing
Allgle 1 (from father) c1631C>T ¢.2896G>T
(p.T544M) (p.E9B6X}
Allele 2 {from mother} c.1981G>T ¢.622-3C>G
(p.G661C)

+positive, 1elevated, ldecreased.



fever, vomiting, and seizures. Five hours later, she developed
pneumorrhagia, gastrointestinal hemorrhage, and anuria, so
that she was immediately transferred to NICU in QCHSU from
her local hospital. On the way to the hospital, her heart rate and
oxygen saturation could not be maintained; cardio-pulmonary
resuscitation and mechanical ventilator had to be administered.
Nevertheless, she deteriorated very quickly, presenting coma,
shock, and irregular respirations. When she was admitted,
she looked pale with reduced perfusion and a low ejection
fraction (37.9%) in her echocardiography. The blood flowed
out of her intratracheal tube and nose. Her pupil diameter was
about 4 mm, and pupillary reflex disappeared. Laboratory tests
revealed abnormal blood indexes of ammonia, 823 pmol/L;
citrulline, 3.08 mmol/L; alanine, 3,337.99 pmol/L (reference,
62.9-328 umol/L); lactic acid, 5.6 mmol/L; glucose, 12 mmol/L;
and white blood cells, 24.77 x 10%L, as well as abnormal
urinary indexes of undetected orotic acid and increases 3-MGA
45.75 mmol/L. The chest radiograph showed exudative lesions,
which matched her pulmonary hemorrhage.

This patient received immediate treatment that was similar
as P1 with mechanical ventilation, vasopressors, liquid infusion,
ammonia scavengers (such as lactulose and vL-arginine),
dopamine, dobutamine, dilator, as well as total parenteral
nutrition with lower amino acid. She continued to deteriorate
with tremendous speed and no sign of improvement after 13 h of
admission and died at the age of 4 days.

Genetic Analysis and Pathogenicity
Prediction

Whole-exome sequencing showed two compound heterozygous
variants of the CPS1 gene in both P1 and P2, individually,
including two missense variants of ¢.1631C > T (p.T544M)
and ¢.1981G > T (p.G661C) found in Pl, a nonsense variant
c.2896G > T (p.E966X) and a splicing variant ¢.622-3C > G
detected in P2. Of which, the variant ¢.1631C > T (p.T544M)
was a known pathogenic mutation causing CPS1D (Finckh
et al, 1998; Hiberle et al,, 2011) (Table 1 and Figures 1A, B),
whereas the remaining three variants of c.1981G > T (p.G661C),
€.622-3C > G, and ¢.2896G > T (p.G966X) were novel and
unreported in publications and public databases of OMIM,
UCSC, HGMD, dbSNP, 1000 genomes, ExAC, and gnomAD.
The missense ¢.1981G > T (p.G661C) occurred with an amino
acid change from a nonpolar amino acid of glycine (G) to a
polar amino acid of cysteine (C); the nonsense ¢.2896G > T
(p.G966X) would create a premature stop codon; the splicing
change ¢.622-3C > G was predicated to affect acceptor splice site.
There were no mutations found in the control samples by using
Sanger sequencing.

The pathogenicity of three novel variants was further
analyzed using various prediction online tools. In brief, HSF was
applied to assess the potential impacts on the splicing of three
novel variants as all these variants located near intron-exon
junction. The predicted results showed that all three variants
in the exon 17 (c.1981G > T), intron 7 (c.622-3C > G), and
exon 24 (c.2896G > T) probably affect the splice sites (Figures
2A-C). The missense mutations of ¢.1981G > T (p.G661C)

were predicted to be pathogenic by SIFT, MutationTaster, and
PolyPhen-2 (Figure 3A). The conservation analysis of the
variants of ¢.1981G > T (p.G661C) and ¢.2896G > T (p.G966X)
in CPS1 showed that both sites were highly conservative in
different species by using ClustalX (Figures 3B, C), whereas
the missense variant ¢.1981G > T (p.G661C) was predicted to
change the highly evolutionary conserved amino acid in CPS1,
and the nonsense variant c.2896G > T (p.G966X) causing
a premature stop could generate a truncated protein with
missing conserved site of CPS1. In addition, the CPS1 protein
crystallographic structure of both mutant types (p.G661C and
p.G966X) revealed the changes of side strand structure and
H-bond in variant of p.G661C, and a truncated protein with loss
of 534 amino acids in variant of p.G966X (Figures 4A, B). All
the mutation information and clinical data were uploaded into
eRAM (Jia et al, 2018).

DISCUSSION

Pediatric rare diseases are often rapid deterioration with high
mortality, which can be obviously improved by early diagnosis
and treatment (Ni et al., 2017). CPS1D is a rare inborn error
of UCD caused by CPS1 deficiency manifesting sudden onset,
rapid progress, and low morbidity. In this study, we presented
the detailed clinical manifestations and mutation analysis of
two neonatal CPS1D cases. First, the blood ammonia, amino
acids, and urine organic acids test results reported severe
hyperammonemia on both patients, and the patients have
very high levels of alanine and decreased levels of citrulline in
blood, as well as the increased levels of 3-MGA and decreased
levels of orotic acid in urine. We therefore referred patients
for whole-exome sequencing to determine the genetic cause
of this inborn error of metabolism. After validation of
Sanger sequencing, two compound heterozygous variants
in CPS1 were identified in both patients, and one missense
variant (c.1631C > T, p.T544M) was of known pathogenicity
(Finchh et al., 1998; Hiberle et al., 2011), whereas other three
were novel and predicted to be pathogenic. Therefore, both
patients were finally diagnosed as neonatal-onset CPS1D
caused by CPSI mutations. To our knowledge, this study is
the fifth case report of CPS1D in China and the 262-264th
novel mutations in CPS1 documented in the world (Chen
et al, 2013; Yang et al, 2017; Chen et al., 2018; Zhang
et al,, 2018), which expands the mutation spectrum of CPS!
(Supplementary Tables S1 to $4).

CPS1 is an enzyme that catalyzes the first and rate-
limiting reaction of three steps in ammonia detoxification
of the urea cycle from ammonia to carbamoyl phosphate (de
Cima et al.,, 2015; Ali et al,, 2016). Normal function of the
urea cycle requires six enzymes, including CPS1 as well as
two mitochondrial transporters (Helman et al., 2014). CPS1
deficiency caused by CPSI gene mutation usually leads to
accumulation of ammonia in the blood and thereby presents
severe hyperammonemia, which is neurotoxic resulting in
neonatal death or severe and irreversible brain damage in
the developing and mature brain (Funghini et al., 2012; Choi
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FIGURE 1 | Identification of CPS1 mutations and pedigree of the two families with CPS1D probands. (A) P1 has two compound heterozygous mutations of
€.1631C > T and ¢.1981G > T, inherited from her father and mother, respectively. (B) P2 has two compound heterozygous mutations of ¢.2896G > T and

€.622-3C > G, inherited from her father and mother, respectively.

et al, 2017; Rokicki et al., 2017; Yang et al.,, 2017). CPS1D are
divided into two types of lethal neonatal-onset or less severe
late-onset based on the age of onset, clinical features, and
severity of CPS1 deficiency (Diez-Fernandez et al., 2017). To
date, most of the reported CPS1D cases are neonatal-onset
with severe hyperammonemia and usually died of multiorgan
failure. Signs and symptoms in patients with CPS1D are often
atypical with rapid progression and extremely low morbidity,
which makes the clinical diagnosis difficult (Funghini et al.,
2012; Choi et al., 2017; Rokicki et al., 2017).

As a result, the diagnosis of CPS1D is heavily dependent on
laboratory data, such as blood ammonia, blood amino acids,
urine organic acids, and genetic testing. The determination
of blood ammonia concentration is critical for early clinical

evaluation as it often reaches 150 umol/L or higher in acute
stage (Laszlo et al, 1991). Abnormal level of amino acids
can be detected by mass spectrometry, like elevated blood
glutamate, glutamine, and alanine, and reduced citrulline and
arginine, whereas decreased urinary orotic acid and increased
urinary 3-MGA (Lehotay et al, 2011; Janeckovd et al., 2012).
Next-generation sequencing has been increasingly accessible
in clinical laboratory for precise diagnosis of inborn errors of
metabolism, including CPS1D (Choi et al,, 2017; Yang et al,,
2017; Li et al, 2018); for the biochemical tests mentioned
above, one cannot distinguish from different types of UCD,
particularly N-acetylglutamate synthase deficiency (NAGSD)
from CPSID due to similar intermediary metabolites
(Choi et al, 2017).
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FIGURE 2 | Prediction of splicing errors for three novel mutations of CPS1 by HSF. (A) Prediction of splicing errors for ¢.1981G > T of CPS1 shows either alteration
of the donor site of CPS1 affecting splicing or create an exonic ESS (exonic splicing silencer) site, potentially affecting splicing. (B) Prediction of splicing errors
for ¢.622-3C > G of CPS1 shows the alteration of the acceptor site of CPS1 affecting splicing. (C) Prediction of splicing errors for ¢.2896G > T of CPS1 shows

alteration of an exonic ESE (exonic splicing enhancer) site, potentially affecting splicing.

CPS1 (NM_001875.4) located on chromosome 2q34, spans
over 122 kb consisting of 38 exons, which encode a polypeptide of
1,500 amino acids. Up to now, different variations of CPS1 have
been reported, including missense, nonsense, small deletions,
small insertions, small indels (insertions+deletions), and large
deletions. As far as both cases of this study are concerned, two
missense variants of ¢.1631C > T (p.T544M) and ¢.1981G > T
(p-G661C) were found in a 2-day neonate girl (P1) with severe
hyperammonemia. The variant of ¢.1631C > T (p.T544M) was
a previously reported mutation (Finckh et al., 1998; Haberle
et al,, 2011) and was proven in the expression study causing
large decrease of the enzyme activity due to hampering of the
cross-talk between the bicarbonate phosphorylation domain
(BPSD) and the allosteric NAG binding domain (ASD)
(Diez-Fernandez et al., 2013). Another missense mutation
(c.1981G > T, p.G661C) in P1 was novel and unreported. The
pathogenicity of ¢.1981G > T (p.G661C) was analyzed and
predicted as “deleterious” by SIFT, “protein features affected”

by MutationTaster, and “probably damaging” with a score
of 1.000 (sensitivity: 0.00; specificity: 1.00) by PolyPhen-2
(Figure 3A). As the variant occurred at the last exon base of
the 17 exon, the potential splicing effect was assessed by HSF,
which revealed a possible donor site error affecting the splicing
of mRNA (Figure 2A). Moreover, the amino acid substitution
site was highly conservative in different species analyzed by
ClustalX (Figure 3B), so the alteration of p.G661C from glycine
to cysteine was predicted to not only interrupt the conserved
position of glycine but also change the side strand structure in
the CPS1 protein crystallographic model, which produced a
defective protein (Figure 4A). In addition, the mutation site of
¢.1981G > T (p.G661C) is identical as that of a known variant
c.1981G > C (p.G661R) with the substitution of a small glycine
residue by a large side chain, which was predicted to decrease
structural stability of the protein (Funghini et al., 2012). 'Thus,
we inferred that the substitution of amino acids from glycine to
cysteine (p.G661C) might have a similar damage to the CPS1
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FIGURE 3 | Pathogenicity and conservation analysis of the missense and nonsense
shows “probably damaging” with a score of 1.000 (sensitivity: 0.00; specificity: 1.00)
the site p.G661 highly conservative in different species of human, chimpanzee, bush

T (p.E9B6X) in CPS1 shows the site p.E966 highly conservative in different species of human, chimpanzee, bushbaby, horse, alpaca, chicken, anole, and cod.

stability, and both missense mutations in CPSI, leading to
defects of enzyme function, are therefore the genetic cause of
the patient with CPS1D.

A nonsense variant of ¢.2896G > T (p.G966X) and a
splicing site change of ¢.622-3C > G were detected in a 3-day
neonatal girl (P2). Since the nonsense variant site (c.2896G >
T, p.G966X) is the first exon base of the 24th exon, its probable
impact on splicing was assessed by HSF and revealed a potential
effect of splicing with the alteration of an ESE (exonic splicing
enhancer) site (Figure 2C). Besides, this position of glycine
was highly conservalive in different species analyzed by
ClustalX (Figure 3C); the variant was predicted to generate a
truncated protein with a loss of 534 amino acids and abolish the
activity of the enzyme. The crystallographic structure model
of the G966X further demonstrated the truncated protein
(Figure 4B). The mutation of ¢.622-3C > G in intron 7 was a
splicing site change that was predicted to alter the acceptor
site of CPS] gene and affect mRNA splicing, which would
produce a nonfunctional enzyme (Figure 2B). The severe
phenotype of P2 with more rapid progress to multiple-organ
failure within 13 h from her onset suggested that both alleles
encode a nonfunctional protein. Additionally, an unusual
death of the first boy in the family drew our attention. The first
child was born at term and apparently healthy after a normal
pregnancy. He had sudden deterioration and died on the third
day without a definite diagnosis. The retrospective analysis of
the first boy from this family demonstrated that he had similar
features as P2. We conjectured that the first child might carry
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mutations of CPS1. (A) Pathogenicity analysis of ¢.1981G > T (p.G661C)
by PolyPhen-2. (B) In silico analysis of ¢.1981G > T (p.G661C) in CPS1 shows
baby, horse, alpaca, chicken, anole, and cod. (C) /n silico analysis of ¢.2896G >

the identically compound heterozygous variants inherited
from their father and mother as his sister P2. On this occasion,
genetic counseling and prenatal genetic testing are necessary
for the subsequent pregnancy. Considering the positions of the
novel mutations and their potential splicing defects, RT-PCR
should be used to identify the possibly aberrant transcripts;
unfortunately, we failed to get the RNA from both patients due
to their parents’ refusal.

We reviewed all publications of CPSI variants in cases of
CPS1D, and a total of 264 CPS1 different variations (including
the 3 variants in this study) have been reported. Among
them, the missense variants were the majority accounting
for 157 (59.5%), followed by small deletions of 35 (13.2%),
splice site changes of 25 (9.5%), and nonsense of 22 (8.3%),
whereas the minority of the variants were 4 (1.5%) small indels
and 5 (1.9%) large deletions with missing 1,000 bp to 767
kb, which were detected by genomic microarray (Figure 5).
Of the variants, 81 (30.7%) were predicted to cause protein
truncation, including 22 nonsense, 31 small deletions, 16 small
insertions, 4 small indels, 6 splicing site changes, and 2 large
deletions. Our reviewing data further clarified that most CPS1
variants (290%) were “private” with non-recurrence, and the
few recurrent mutations tended to occur at CpG dinucleotides,
which made the dxagnosm more comphcated (Supplementary




FIGURE 4 | 3D structure of wild type and mutant type of p.G661C and p.E966X in CPS1. (A) Wild type and mutant type of p.G661 in CPS1 shows the mutation of
G661C changes the side strand structure and H-bond. (B) Wild type and mutant type of E966 in CPS1 shows the mutation of E661X leading to a truncated protein

with missing 534 amino acids. The red arrows marked the sites of wild-type G661, E966, and mutated C661, X966.
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FIGURE 5 | Distribution of mutation spectrum in CPS1 reported in both cases and literature. A total of 259 mutations in CPS1 include 58.7% missense, 8.5%
nonsense, 13.5% small deletion, 6.2% small insertion, 9.6% splicing, 1.6% small indel, and 1.9% large deletion.
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Khayat, 2009; Ono et al., 2009; Pekkala et al., 2010; Héberle
etal, 2011; Wang et al., 2011; Funghini et al., 2012; Kretz et al,,
2012; Diez-Fernandez et al., 2014; Ali et al., 2016; Choi et al,,
2017; Rokicki et al., 2017; Yang et al,, 2017; Chen et al., 2018;
Zhang et al,, 2018).

Encoded by CPSI gene, CPS1 is a complex multidomain
enzyme, composed of a 40-kDa N-terminal moiety with two
unknown function domains and a 120-kDa C-terminal moiety
involving four domains of bicarbonate phosphorylation
(BPSD), integrating (ID), carbamate phosphorylation
(CPSD), and allosteric NAG binding (ASD) (Diez-Fernandez
et al., 2014; de Cima et al., 2015). The C-terminal moiety
contains two ATP-binding sites, catalyzing the synthesis of
carbamoyl phosphate from bicarbonate, ATP, and ammonia
and has been discovered to possess missense mutations of
CPS1 with high frequency and plays a critical integrating role
in folding of structural elements leading to decreased yield
of CPS1 (Figure 6) (Hiberle et al, 2011; Diez-Fernandez
et al., 2013; Diez-Fernandez et al., 2014). We analyzed the
distribution of the 264 mutations and found that 66 (25%)
variants were located at N-terminal moiety, whereas 198
(75%) mutations were at C-terminal moiety involving
76 variants at BPSD, 29 at ID, 75 at CPSD, and 18 at ASD.

N-terminal moiety

Three novel mutations were found in the study, two located
at BPSD of C-terminal and one at N-terminal moiety, which
further supported the importance of the C-terminal moiety
in maintaining the function of CPS1.

At present, the treatment of CPS1D is to strictly follow the
recommendations of UCDs, which focuses on reduction of
ammonia production by a restricted protein diet and management
of ammonia scavengers, such as sodium benzoate, sodium
phenylbutyrate, and sodium phenylacetate, as well as drugs of
L-arginine and L-citrulline to improve the residual urea cycle
function and the renal excretion of ammonia (Diez-Fernandez
and Hiberle, 2017). In case of severe hyperammonemia,
hemodialysis or peritoneal dialysis can be administered
(Haberle, 2012; Diez-Fernandez and Hiberle, 2017). However,
these approaches cannot cure CPSID, and the only available
cure currently is liver transplantation, which has demonstrated
excellent results with approximately 90% survival rate in UCD
children, though it is limited by donor sources (Diez-Fernandez
and Hiberle, 2017; Zhang and Li, 2017). To date, most of the
CPS1D patients died before receiving the confirmed diagnosis,
so the detection of blood ammonia, blood amino acids, urine
organic acid, and next-generation sequencing should be
performed as early as possible.

C-terminal moiety
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FIGURE 6 | Schematic representation of the CPS1 domain and exons modified from Dicz-Fernandez ot al. (2014) and 201€). The CPS1 polypeptide
consists of the 40-kDa N-terminal moiety and 120-kDa C-terminal human CPS1 domain that correspond to small and large subunits of E. coli CPS, respectively.
The different color boxes represent the different domains of CPS1. LP mitochondrial targeting peptide is not present in mature CPS1. ISD, inter-subunit domain;
GSD, ancestral inactive glutaminase; BPSD, bicarbonate phosphorylation; ID, integrating domain; CPSD, carbamate phosphorylation; ASD NAG binding domain.

The black line at the bottom represents the exons of CPS7, including 5'UTR, exon 1-38. and 3'UTR. Four mutations of CPS1 in this study are shown in red arrow.
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CONCLUSION

In this study, we presented the detailed clinical features and
genetic analysis of two patients with neonatal-onset CPS1D
and discovered three novel pathogenic variants in CPSI by
whole-exome sequencing with a comprehensive outline of
available publications regarding CPS1 gene mutations. A total
264 different variants of CPSI have been reported with the
majority of 157 (59.5%) missense, followed by small deletions
of 35 (13.2%), and the minority of 5 (1.9%) large deletions and
4 (1.5%) indels, of which 81 (30.7%) were predicted to cause
protein truncation. Our data further expand the spectrum of
CPS1 mutation and support the clinical applicability of whole-
exome sequencing for genetic diagnosis of UCD.
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ABSTRACT

An induced pluripotent stem cell (iPSC) line was generated from peripheral blood mononuclear cells of a 3-day-old boy with 47,XXY and ornithine transcarbamylase
deficiency carrying hemizygote mutation (c.663 +2T>G (sliping)) in OTC. The iPSCs had original 47 ,XXY, and mutation in OTC, expressing pluripotency markers
and bearing differentiation potential in vitro.
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1. Resource utility

Ornithine transcarbamylase deficiency (OTCD, 311250) is an X-
linked hyperammonemia caused by mutation in the gene encoding
ornithine carbamoyltransferase (OTC, 300461) on chromosome Xpll
(Scott et al., 1972). Induced iPSC lines from OTCD patient will provide
a helpful cellular model for investigating the pathogenic mechanisms of
OTCD related to OTC mutations.

2. Resource details

Ornithine transcarbamylase deficiency (OTCD) is an X-linked inborn
error metabolism of the urea cycle, characterized by the triad of hy-
perammonemia, encephalopathy, and respiratory alkalosis. Ornithine
carbamoyltransferase (OTC) is a nuclear-encoded mitochondrial matrix
enzyme that catalyzes the second step of the urea cycle in mammals.
Mutations in OTC gene can lead to OTCD. The most common sex
chromosome aneuploidy, karyotype 47,XXY, also known as Klinefelter
syndrome, occurs in 1 of every 600 male births. The extra X chromo-
some affects testicular development, resulting in infertility and hy-
pergonadotropic hypogonadism in adult men (Davis et al., 2015). A 3-
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Fig. 1. Characterization of SDQLCHi009-A.

day-old boy with multiple organs failure was referred to our institute
for detection of genetic cause. A novel OTC hemizygote mutation was
detected by next generation sequencing and identified to be the genetic
etiology of OTCD in this patient. Meanwhile, his aneuploidy variation
of 47,XXY was found and validated by chromosome karyotyping and
chromosome microarray analysis (CMA). His peripheral blood mono-
nuclear cells (PBMCs) were obtained from the patient and transfected
with EBNA1/oriP based episomal vectors delivering reprogramming
factors OCT4, SOX2, KLF4, BCL-XL and ¢-MYC by integration-free and
feeder-free electroporation methods. Human embryonic stem cell
(hESC)-like colonies were collected and expanded successfully in
mTeSR1 medium after 13 days. The established hiPSC line presented
typical hESC morphology (Fig. 1B, scale bar, 100 um). Immuno-
fluorescence assay demonstrated that the iPSCs expressed typical
pluripotency markers such as TRA-1-81, TRA-1-60, SSEA4, OCT4 and
NANOG (Fig. 1A, scale bar, 20 pm). Quantitative reverse transcription
real time PCR (qRT-PCR) further supported the activation of en-
dogenous pluripotent genes OCT4, SOX2 and NANOG (Fig. 1E). Con-
ventional G-band chromosome analysis in passage 20 revealed a kar-
yotype of 47, XXY (Fig. 1C), consistent with the result of his blood
(Fig. 1D). SDQLCHi009-A cells were free from mycoplasma con-
tamination (Supplementary Fig. S1) and no longer harbored the exo-
genous episomal vectors which were proved by PCR (Fig. 1F). Sanger
sequencing conformed the hemizygote mutation (c.663+ 2T >G (spli-
cing)) in OTC gene in SDQLCHi009-A cells (Fig. 1G). Furthermore,
SDQLCHi009-A cells were able to form typical embryoid bodys (EBs)
with high expression levels of representative markers of three germ
layers, including the ectodermal markers NESTIN, PAX6, the en-
dodermal markers GATA4, SOX17 and the mesodermal markers MSX1,
TBXT (Fig. 1H). STR analysis profile of the SDQLCHi009-A matched its
original PBMCs at all 20 loci. Characterization of SDQLCHi009-A cells
is summarized in Table 1.

3. Materials and methods
3.1. Cell culture

Two milliliter venous blood was obtained from the patient after
obtaining informed consent. Peripheral blood mononuclear cells
(PBMCs) were isolated by standard density gradient centrifugation with
Ficoll-Hypaque (1.077 g/ml) (G&E Healthcare) at 400 g for 30 min.
Cells were cultured for 5 days to expand in erythroid medium con-
taining 50% Ham's F12 (Gibco), 50% IMDM (Gibco), 1% ITS-X (Gibco),
1% i-glutamine (Gibco), 1% chemically defined lipid concentrate
(Gibco), 200 pM 1-thioglycerol (Sigma-Aldrich), 50 ug/ml ascorbic acid
(Sigma-Aldrich), 5 mg/ml BSA (Sigma-Aldrich) and supplemented with
10 ng/ml IL-3 (PeproTech), 40 ng/ml IGF-1 (PeproTech), 100 ng/ml
hSCF (PeproTech), 2 U/ml EPO (R&D Systems), 1 uM dexamethasone
(Sigma-Aldrich) and 100 pg/ml holotransferring (R&D Systems).

3.2, PBMCs reprogramiming

2 x 10° PBMCs were collected and electroporated with non-in-
tegrated vectors (2 pug pEV-SFFV-OCT4-E2A-SOX2-Wpre, 1 pg pEV-
SFFV-Myc-Wpre, 1 ug pEV-SFFV-KLF4-Wpre and 0.5 pg pEV-SFFV-BCL-
XL-Wpre, purchased from NovoBiotechnology, Beijing, China) using an
Amaxa P3 Primary Cell Nucleofector Kit according to the standard
protocol on 4D Nucleofector System (Lonza), program EO-100. After
transfection, resuspended cells in erythroid medium were plated onto
12-wells pre-seeded with mitomycin (Stem Cell Technologies)-in-
activated murine embryonic fibroblast (MEF) feeder cells. The next day,
medium was half-changed with ReproTeSR medium (Stem Cell
Technologies). IPSC colonies were manually picked at around days 15
and expanded in mTeSR1 medium (Stem Cell Technologies) on plates
pre-coated with Matrigel (BD Biosciences). We renewed the medium
daily and passaged cells using 0.5 mM EDTA dissociation with a 1:3
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography Normal Fig. 1 panel B
Phenotype Qualitative analysis Positive staining for TRA-1-81, TRA-1-60, SSEA4, OCT3/4 , Fig. 1 panel A
NANOG
Immunocytochemistry
Quantitative analysis qRT-PCR Expression of endogenous pluripotent markers OCT4, SOX2 and Fig. 1 panel E
NANOG
Genotype Karyotype (G-banding) and resolution ~ 47XXY, Resolution 400-500 Fig. 1 panel C
Identity Microsatellite PCR (mPCR) OR N/A N/A
STR analysis 20 loci analyzed, all matching submitted in archive with
journal
Mutation analysis (IF Sequencing chromosome microarray analysis/ mutations in OTC gene Tig. 1 panel D/Fig. 1 panel G

APPLICABLE)

Southern Blot OR WGS N/A N/A
Microbiology and virology Mycoplasma Mycoplasma testing by luminescence. Negative supplementary
Differentiation potential Embryoid body formation Expression of genes of all three germ layers: NESTIN, PAX6 Fig. 1 panel H
(ectoderm), GATA4, S0X17 (endoderm), and MSX1,TBXT
(mesoderm)
Donor screening (OPTIONAL) HIV 1 + 2 Hepatitis B, Hepatitis C N/A N/A
Genotype additional info Blood group genotyping N/A N/A
(OPTIONAL)}
HLA tissue typing N/A N/A

split ratio every 5 days. Cells were cultured at 37 °C and 5% CO; in cell
incubator.

3.3. Immunocytochemistry

IPSCs were fixed with 4% paraformaldehyde for 20 min at room
temperature (RT). After washed by PBS three times, cells were per-
meabilized and blocked with QuickBlock™ Blocking Buffer for Immunol
Staining (Beyotime, China) at RT. Afterwards, iPSCs were incubated
with primary antibodies (Table 2) in QuickBlock™ Primary Antibody
Dilution Buffer for Immunol Staining (Beyotime, China) at 4 °C over-
night, following by incubation of secondary antibodies at RT for 1 h
(Table 2). The samples were counterstained with DAPI (KeyGEN Bio-
TECH, China) for 5 min at RT and observed under the confocal mi-
croscope (LSM800, Zeiss).

3.4. PCR

For qRT-PCR, total RNA was extracted from iPSCs and PBMCs using
Trizol (Invitrogen) and cDNA was synthesized using the Reverse-
Transcribe Kit (TIANGEN, Beijing, China) according to the manufac-
turer's instructions. Real-time gPCR was performed on LightCycler 480
II machine (Roche Diagnostics, Mannheim, Germany) with SYBR
Premix Ex TaqTM II PCR reagent kit (TaKaRa, Dalian, China) and in-
dicated primers (Table 2). All samples were normalized to GAPDH with
PBMCs as negative control.

PCR was performed with PTC-200 machine (BIO-RAD) and Taq
MasterMix (CWBIO, Beijing, China) under the following conditions:
initial denaturation at 94 °C for 2 min, 30 cycles at 94 °C for 30 s, 55 °C
for 30's, 72 °C for 30 s, and a final elongation step 72 °C for 3 min. The
primer details are provided in Table 2.

3.5. Karyotyping

Cells at passage 16 were arrested in metaphase via treatment with
0.32 pug/ml Colcemid (Gibco) for 55 min. Collected cells were swelled
with 0.075 M hypotonic KCl solution followed by fixation with Carnoy's
fixative (methanol: Acetic Acid = 3:1). The preparations were trans-
ferred to the Cytogenetic laboratory of our hospital for preparation of
metaphase spreads and cytogenetic analysis by G-banding. Over 50
metaphase chromosome spreads and G-banding were examined using
imaging software for humans according to the International System for

Human Cytogenetic Nomenclature (ISCN, 2016).

3.6. Short tandem repeat (STR) analysis

STR analysis for the DNA typing of SDQLCHi009-A and PBMCs were
performed using an Applied Biosystems Genetic Analyzer (ABI3130,
ABI) and analyzed by GeneMapper ID version3.2 (Applied Biosystems).

3.7. Chromosome microarray analysis

Affymetrix CytoScan 750 K was used to analyze genotypes of venous
blood samples. DNA digestion, ligation, fragmentation, labeling, hy-
bridization, staining and scanning were performed following the
Affymetrix's protocol (Affymetrix, Santa Clara, CA). Cychip files from
the array results were evaluated using Affymetrix CHAS 3.0 software
(Affymetrix). Data analyses revealed that the affected boy had two X
chromosome .

3.8. Mutation analysis

Genomic DNA of SDQLCHi009-A was isolated as above and PCR
amplified under the conditions above for the regions including OTC
mutations. Fragments were subjected to Sanger sequencing on a
3130XL Analyzer (Applied Biosystems, Foster City, CA, USA) according
to the protocol.

3.9. In vitro spontaneous differentiation

iPSCs were digested with collagenase IV (Gibco) for about 30 min at
37 °C, big-sized cell pellets were collected and plated in Ultra-Low
Attachment plate (Corning) in EB medium (DMEM/F12, 20% Knockout
serum replacement, KSR (Gibco), 1% NEAA (Gibco), 1% L-GlutaMax
(Gibco), 1% b-mercaptoethanol (Gibco)). After 5 days, the EBs were
collected by sedimentation and transferred onto matrigel coated plate
for another Sdays. The harvested cells were subjected to qRT-PCR for
assessment of three germ layer markers respectively.

3.10. Mycoplasma detection

Cells grown on a coverslip are fixed, air-dried, stained with DNA-
specific fluorescent Hoechst 33258 (KeyGEN BioTECH, China) and ex-
amined microscopically.
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