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A Diagnostic Algorithm after Newborn Screening
for Hypermethioninemia

Yoo-Mi Kim

Department of Pediatrics, Pusan National University School of Medicine,
Pusan National University Children’s Hospital, Yangsan, Korea

Newborn screening (NBS) is important if early intervention is effective in a disorder and if there are
sensitive and specific biochemical markers to detect disorder, Methionine is a useful marker to detect
abnormal methionine-homocysteine metabolism, especially homocystinuria which needs urgent medical
intervention, However, hypermethioninemia could occur in other metabolic disorder including liver disease,
tyrosinemia type |, methionine adenosyltransferase (MAT) /Il deficiency, glycine N-methyltransferase
(GNMT) deficiency, or adenosylhomocysteine hydrolase deficiency, However, experience with NBS for
homocystinurias and methylation disorders is limited, Especially, MAT I/l deficiency which is the most
common cause of persistent hypermethioninemia have two inheritance, autosomal recessive (AR) and
autosomal dominant (AD), and their clinical manifestation is different between AR and AD. Here, author
reviewed recent articles of guideline and proposed guideline for homocystinuria and methylation disorder,

Key words: Homocysteine, Hypermethioninemia, Newborn screening

glycine N—methyltransferase (GNMT) deficiency
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t}. ole] & FAell= Ao} AEFALe A wHE e 1Moz delA qlom FdaA A4 3 Be 44
33 wdste] e 9 A5, deel uid AHS A ogw fdo] & £ Uty Y. MAT /111 A5 A gl
D7 RaE FHES oA el AAstaat g Al A FAS Ruse Edel whEk A1) 58-100
%s A8kl EFAFRG S5 Aow delA Q)
HE[2L! of&2| ZrHEEIT O e GHe] A gRE EEALS Kol
A8E QA = o Aoz AR c.791G>A
1. HIEIRL ot =AIMO|EA 1/11l ZE (methio- (p.R264H) Edddolgto] A3 ¢4 7o) Yl =
nine adenosyltransferase (MAT) I/1ll defici- AHo|Z Hago] gkov) T Aj22- HolEo] gl
ency) wo] 1 M7t HolAa oY whde] g4
o] 5= FATHA 3099749] EARoI7F HarE a9l
A& aHE AT 7H 6k A1 MAT tH(www.hgmd.cf.ac.uk). ©]2]3 F482e ZdH
VI A3 MATIA 74719 Eelwo) 2 s, o] Q& WAw = 3a} 7% W] Aol 9T Zo
10q23.1¢ $IA8t= MATIA AR = SRARHA 2 AAAY A 48 Fdshs Edols oA
(homotetramer) ¢! MAT 13} 3 %0]8H4 (homodimer) ﬁﬁluﬂ(dmer interface) % 714 A ¥ (substrate
¢l MAT IIIE ARSI MAT I/IIIE methionine®l| 4] binding) XAl $Aste] &4 4 A (negative
S—adenosylmethionine (SAM) 0.2 #3Ztsh= e+ dominant effect) & Xol&= Whd, A {78 f8s
el (Fig. 1). webA] MAT I 23S A& T wAHo| 2 A o)A AAHe 718 Ad A
THE Y d3(206—1,394 umol/L; A4 E, <50 o de] AXSAY o] &Al/AFEA (dimer/tetramer)
umol/L) & Holil % & SREA2~H <RI (total homo- o] o] fx|eto] F7HARl v Wlol7k sk Zlo
cysteine, tHey) FA%E oAy tha F7+G- Z ARG, MAT /Il g ow Ags 23
26.1 pmol/L; /1, <15 umol/L) e 5= Ak 7. A kot ARRAE 71 SR E Aok 7]
upebA] 7hE S RAIAR T 7] F ek st H g714 0= vE e, tHey X9 &g AEE 3
STHEAARGESE WA 07 tHey A7) wll$- =o} 7he desith 53] A&l Ast el el P5o
(155-471 pmol/L) #o]& HIP ¥, MAT /I 2 BREAY BEA A T A3 T4 TS
e AA LA WIETE Aot 26,000—105,00078 & = 7AFole i AEE G AAF B e ed Alg
Folic acid
Tetrah(él/_dHch;folate I\/Ieth|:)nme MATIA
1 S-adenosylmethionine
; (SAM)
tami MTR N dhyeine
5, 10 Methylene THF }/clgz://:n%)z MTRR Betaine | GNMT
: ! saresEhe
MITHFR E E S-adenosylhomocysteine
: : (SAH)
5-methyITHF i Homocysteine /<SAHH
Meth)’il/lcscbsllamin . f serine R S EREEE
Pyridoxal
phosphate CBS lADI(
Cystathionine AMP

Fig. 1. Methionine cycle and related disorders.

_2_



- g EeYEEe) Adgel AW A F AW dueE -

%ﬁlﬁ}“ 16) oﬂ)do%jg] _?_Oﬂ

rr
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off thair= d718 oz It 44 el st o7t
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2. SBAIAEIEZ(homocystinuria)

Ul Aot A8 dA5E F3 EEAIAER
S 368,9557 o ¢k o] HiE® WAste] v | 50
Ry el Aozt ejojdthar Shols W 1.355% 9] &
A7F wggk . BuEoH? | A e o wek 34
(cystathionine (3 synthase, CBS) &4+
5’—phosphateE XFEAE AFE3lo] TRAAHQ
(homocysteine, Hey) = cystathionine 2.2 HEIA|A
transsulfuration?] F23 95 s}, CBS Ay
o b gou 4z Y SRAIAH<S HEl Y SAH
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Boll, &35t AEUAE F7F AA Hdde] A
SRAAHRJA T A Al Ad AR e EA
Aol Qe AT o] BAskE A o® AR
U SRAAERTS B A7)E AW ehs A

A opgoz o4g AR FA o]e} was 2
= A} glow 5 o2 24 o) el B
104 7ol 70%2) @AlA B

Ay, 71 Tk Lehkis 247 ol 9is
(Genu valgum) 3} 7k (pes cavus) 0] A7) ©
el 241 2 719} A 3hd v 2hA, gk 11 &
=, 75 3799 Fct(epiphysyses) # Z7FcH(meta-
physes) ¢] B|t), An|A|Fo] #AA} > WFFF
T 2] A Sl 1&%5]‘31 252 (vita-
min B6) ol RE3-8HA] ¢F= SRAARRFoM = 53]
ofdl AR BAste] 149 ’“‘:}%% | B et

A SRAIA =T l A FQskal EskA wt

@?ﬂr"ﬂ “]*— % Z Y NIEE T A9 (-50%),
QA (-30%), % B (-10%), A

oftf?. Aekg e TE Yy
X‘]E}: g?ﬂ— o}u]h—_};} H/\‘h,]— - o}-U]}J—_/\ T,_—/E" tHey f,‘—
25 A3 duF o g WE QWY Fel xR
<718 tHey (5200 uM/L), &= SEAIAHSQ 571 8
2 SAMS} S—adenosylhomocysteine (SAH) & 7+
2, Y2 cysteine2 CBS A& AAgICh 715 MAT
/T AFAIME =& tHey S Hol7|% 3h=d] o]uj
SAME| &1 2fo]7} 5 ghe] ZhHol| o] w A},
A 21q22.39] I3 CBS F-3A= dAA 14049
o] o7k BarEo] gl ¢.833T>C (p.1278T)
9} c.919G>A (p.G307S) 7} ZHzF H 2= vk 3t
Hukg-E o) B3 Zoddo|7 d#A Itk 2] A E=
139 9] Ao} AEAA oA AkE X7 5=

2 A AL 1Q (B¢ 105.8)F X1, 659
Tt BEAE FAbelM= He 1Q 80.8, A& ¥

%S 2% 77 1Q 52, 53& HiuEIT2l).
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3. glycine N-methyltransferase (GNMT)
deficiency

glycine—N—methyltransferase (GNMT) AJ %
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group) & SAMS 2 5¢ Zgo]il(glycine) 0.2 o]
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2k Agto 2 WAE ] Ao 7| = 1A A
25 Hol= Axo Aso T AN AAA B

g 399 A= Az 1A, 24, SAlefl AeE
5] A, ZkpA] A, A52RQ1 avEl e dds

(%g7d<] 108)), SAMS] Z7H(Cg7d2] 208, 24 tHey
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IA], sarcosine FAE
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drolase (SAHH) A%< 783 5 oop #,

4. S-adenosylhomocysteine hydrolase (SAHH)
deficiency
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5. Adenosine kinase (ADK) deficiency

S—adenosylhomocysteine (SAH) 7} SAHH <]
af 7Rl o] AAE ob|:=Al-E adenosine kinase
(ADK) &4e] o8 #alieich. d#17k4] ADK A3
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% 6%o] B
oJAJe} Z1l
o, s
Stol7k 1041l AFd
Z7}9} SAM, SAHS] ~7}7} zgsqow} tHey &
L7 27} = AR SAHH a3 #4138 AL
AP Helrh 29 ofdlieAle] F7H= SAHHSLY] 7

7

W) wgol @ 4 9lon CK Aol Sk 4 9l
oA e 2l A 2o]7} o] H]ltka B
HE]—E)

6. 11 Hto| ZiEZICt

uldso}, M4, Bl RAWE 18, A=Y 23 (cit-

rin deficiency) SoIM%E 2214 0.2 wEl oW S/}
a5 glo] 7hde] o
P SONES]
AAYo} AE AL A THE] QU BRI SIS u)
o7l 75748 ol oy A3k 71 4l A3l
el 27] XA 57F Bshs HEA A g AES A

slojot sl AutAQl W% Hrt W & o)A
47 tHey S780] 23kt (Fig. 2). 874 ofn|xAt
Ao wet B ZAEE, A EY A3 o tE
A #R} BHo) 7hEslt) tHey e 31 CBS A
7} MAT I/III, GNMT, SAHH, ADKA¥ 59 t&
THEed "5 A A bl Fasklch Uyt
A o% tHey 417} 40 umol/L mlRtellA s W Ao
2 7}z¥ &3} MAT VI AgE& 44 2323
Atk MATIA -2} 242 42 Hol&
& 7 =EA % GNMT, SAHH, ADK A3
213 = SIth(Fig. 2). CBS 23S Fxlsh]
Ae AR E47 A /5714 AAHMMA) &
Fgiey. 2oy WE e dat #AIgle] SRAIAHS F
Ve Hole A% o wHsg Aol (remethylation
defect: cblC, D, E, F, G, J defect and methylene-
tetrahydrofolate reductase (MTHFR) deficiency)
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Table 1 Disease Summary and Treatment Response in Homocystinurias and Methylation Disorders

Biochemical

Disease Gene (locus) findi Disease course Response to treatment
inding
CBS deficiency CBS (21q22) Met N/ T Severe Early, strict treatment results in favorable physical and
B6—non responsive Hey 11 cognitive outcome.
CBS deficiency Mild to Good response to pyridoxine
B6—responsive asymptomatic
MAT I/III deficiency, MATIA Met T Predominantly Generally good without treatment
heterozygous individuals (10g23.1) Hey N/t benign
SAM N/ |
MAT I/III deficiency, White matter disease, Methionine—lowering treatment may be beneficial but data is
compound heterozygote cognitive very limited
and homozygote individuals impairment observed
GNMT deficiency GNMT (6p12) Met T Predominantly benign Generally good without treatment
Hey N
SAH N
SAM T
SAHH deficiency SAHH Met T Severe Variable, very limited data
(20cen—q13.1) Hey? 1
SAH T
SAM 1
ADK deficiency ADK (10q22.2) Met T Severe Unknown
Hey—, |
cblC defect MMACHC Met |, Hey 1 Severe Early—onset: Survival, hematological and microangiopathy
(1p34.1) MMA 1 symptoms responsive. Neurological, opthalmological and
developmental problems often ongoing
Late—onset: Predominantly responsive, residual myelopathy/
neuropathy frequent in prolonged untreated courses
cblD—Hcy defect MMADHC Met |, Hey t Severe Variable, very limited data
cbID-MMA—-Hcy defect (2923.2) MMAT, C31
cblF defect LMBRDI1 Met |, Hey T, Severe Variable, very limited data
(6q13) c31
cbl] defect ABCD4(10q34) Met |, Hey 1 Severe Variable, very limited data
Severe MTHFR deficiency MTHFR Met |, Hey 1 Severe Early betaine treatment is beneficial
(1p36.3)
cblE and cblG defect MTRR Met |, Hey 1 Severe Treatment seems beneficial in a majority of patients but

(5p15.3-p15.2)
MTR (1q43)

response is variable. Individual case reports encourage early
treatment

Abbreviation: ADK; adenosine kinase, C3; carnitine propionylcarnitine, CBS cystathionine beta—synthase, GNMT
glycine—N—methyltrasnferase, Hcy; homocysteine, MAT; methionine adenosyltransferase, MMA; methilmalonic acid,
Met; methionine, MTHFR; methylenetetrahydrofolate reductase, SAHH; S—adenosylhomocysteine hydrolase.
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WEl2: 57t FEEREE CEETEES WIS de
tHey: 57} tHey: Hab-HE 371 tHey: S7¢ tHor B} e
T T MMA: H 4 MMA: 27t
seA2HeLD B : ' 1
e aAr Mo 233l
. MATUIT Z %, MTHFR.ﬁcEIIE, chla chlc, Sﬂ?‘ ChIF 1o
GNMT ZE, AdoHey == == =7t dAl 22a
hydrolase, adenosine
L kinase Z £
CBS S HA ¥
+H MTHFR. MMACHE,
- MATLA, GNMT, MTRR, MMADHC,
AHCY, ADK S8 %} MTR SHA} LMBRD1 §H A}
# Treatment aim: to 24 1 SLLE

control the plasma
homocystine and
homocysteine
concentrations and
prevent thrombosis.
Plasma homocystine
concentration is
maintained below 11
pmal/L (preferably, <5
pmol/L)

—

Diet:

- B6-responsive
individuals : protein-
restricted diet

- B6-non-responsive:
low methionine diet
Folate: 5 mg/d PO

. Vitamin B12:

hydroxycobalamin 1

mg IM per monthly

W R

4, Pyridoxine (vit. B6)
-vit. B6
respopnsive:200
mg/day
-non-responsive: 100-
200mg/d

4. Betaine: 2-
3g/kg/d{young infant),
6-9g/day (children,
adults)

5. Surgery for ectopia

lentis

1}

Methionine S-Adenosyltransferase
(MAT /I deficiency

. Treatmentis generally not
indicated but, in patients with
evidence of demyelination,
administration of 5-
adenosylmethionine

. Consider low methionine if
methionine levels are too high.
(Met=800mM)

# Glycine N-Methyltransferase
(GNMT) deficiency

1. Treatmentwith a low-methionine
diet supplemented with cystine
might be beneficial

# S-Adenosylhomocysteine
Hydrolase (SAHH) deficiency
Treatmentin the form of severe
restriction of methionine intake
and administration of
phosphatidylcholine in the form
of egg yolk has been attempted
Long-term outcome remains
unknown

1:

# adenosine kinase (ADK) deficiency

Mo definite treatment. Until now
ADK deficiency has been
described in six patients.

\/

. Avoid prolonged fasting and
dehydration, treat acidosis
and reverse catabolism

. Vitamin B12:
hydroxycobalamin 1 mg IM
per monthly

. Betaine: 2-3g/kg/d (young
infant), 6-9g/day (children,
adults)

. Folinic acid and folate

. Monitor: gowth, nutritional
status, feeding ability, and
developmental and
neurocognitive progress,
ophthalmologic evaluation

[

Abbreviations/Key

AdoHey hydrolase = Adenosylhomocysteine

hydrolase
CEI = cobalamin
CBS = Cystathionine B-synthase

GMMT = glycine N-methyliransferase

Mat = Methyladenosyliransferase
MMA = Methylmalonic Acidemia
MTHFR def = Methylene Tetrahyd
Reductase Deficiency

rofolate

Fig. 2. Suggestion of diagnostic and therapeutic algorithm for homocystinuria and methylation disorders.
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200 mg/kg/d &FoE Fokdt 4= gl nlER Co
Foke g yg 7] A= AR LA Q)
ofAulolut dipyridamole®] oA ARE-S- 37
1 @zl sl dA g#xl vzt §lo] ALAQA A
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3. SAHH, ADK, GNMT deficiency

HAA7H%) SAHH, ADK A& vf-¢ 454=9] gxjo]
A B ek A TS FReh el dAA
SAHH, ADK Zgelx 9 x7] X157t 234 A9
tjaiAE gsE slol=eelo] (o whekd SAHH
o} ADK Zel tigh Ao} ~3ed2 Al tlojH
9 X Zo] tigk A FEow AuE A ¢tk GNMT
A oA AHE] e d2]olE m#sk 4= glon Ast A
o g ofAX|7]e] X %=t} (Fig. 2).
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SRAZHAL] AL Folls SRAXEHA ST}
= frste] of7]ells o] fxdAke] WolEo] wefdt
tH(Table 1). =9 t7|# AT 7]#(Region 4
Stork, R4S) el 43 162 < 73 7|32 viE
29 uhe & ATEAAR] ARG
alo] o]59] 27] At 9 ARE AlPsta glo
obd Zul= AvlEl e de] tigh AEd oA A
Stk cbIC, MTHFR A3} & A AghelA
7] A g7t g3pA o)) o) olgeM e ~Aaed A
AR gkow defel] Holop & FEO R AR ET
Sk Azl At AlAsERbE 53 A e E sh
Zboll (combined remethylation defect: c¢blC, cblF,
cblJ, clbD-MMA-Hey) ¢l taixle dntaoz 25
W hydroxycobalamin (OH—Cbl) $¢k} - bet-
A Foks gth(Fig. 2). 18al MEled BE

HAY T =E

A3

5% (<10.65 umol/L)

S mgn rrose
oy K

a9
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AEeREEe Ao AE A4 F Ad

duEE —
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A= ezl nt %iE]_SO, 3D GEX AR Zo

(isolated remethylation defect: cblE, cblG, cblD—
Hey defect, severe MTHFR deficiency) oA+ ¢

AF HE] 29, folinic acid, ¥ #]5A], eyl Feko]

betaine X & F7] Tdy AN 27 AR5E
Hhe 49 A whdhS wol 3 AJES vhd X 5k
ok-2 ditkre AFESEIT o] 58 7] Jd 9 X 5o
3t FeAw ZF7bea gt

A 2

Aol ~A e dRAA HAE uHE e dEFS
A ERA 2" RS Rlolohd MAT /I A3, GNMT
A3, ADK 23, SAAH 23, elo|2A"3, 1A
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tyrosinemia type I (MIM #276700), methionine
adenosyltransferase (MAT) I/III A3, glycine N—
methyltransferase (GNMT) A3, adenosylhomocy-
steine hydrolase (SAHH) Z3, adenosine kinase
(ADK) 43, citrin deficiency (citrullinemia type
D %ol gty aHEleddFe] Sk ARlo|a; A
Agoz deFA MAT /11 23 A3k
of whe} AAHA F I W A59 2
3 Qlo] Aol Aol A avE] L.
o2 g Af A 3 d XX gist
AdAAA A THE 2
2] 9 FA o]
"Fﬂ% 3l ofe] A
9] F77}
9] Aol A= MAT /I 23S Hx
AZTE MAT VI Agelre= 4
A57F 2o GARE 94 FHFANA
U 2, 4 WEWd) F SRAIAEHR
= shAlew A% aHE e JNEF(>800
umol/L) ollX = AWE| S d 20| &, W A, ¥Ho]
A 373 Aoll7t sHket A-9-olli= S—adenosylmethio-
nine (SAM) E%—%
Anlel A Fle &
& Z7° ‘31]‘:42
A EE F Q) A== AvEled
H] ol glom HgRl Fo
7hE A%t wHE-Fe ot FvF Fesih 1 9
GNMT, SAHH, ADK A< @4 4} =9} o 57}
Agrd oz 7] ek 4l 275 tjgt gk o]50]
g gabA] o AEjoltk wl=, Y] AN 7 HEelA

ER 7]
= S MEled AR ZHUﬂ’élﬁr gellell v Ad

=

r*°l'
F

@ ox o
o

ol
og

2
i
o

m&a
SO

to

o

2

N
—_
©

o
et

e ot ofN o ox

fud

>

0%
o

—\—‘r

,d
e
1%

P

|
-
=

ly
tlo
ol

e~

0

}0
S
=3

TRAIZHIQ

S

B

oft
°,

o
Y N

4
2 o

o2

A=
L

2

¢

[}

Aol AL

=3
=

O X

0] 3k

A

]

—
gl

A

l

3]
er

AALE At Qo] el Bl

2 AL 251 F ool o

oAb A%k A 1649 A 13, ppl~9, 2016 —

P

0%

(=]
[Le

1) Lee DH. Neonatal screening test. ] Korean Med Assoc

2

3

)

=z

4)

5

6

7

8

=

=

=

=

9)

10

11

)

~

1994;37:1464-80.

Mudd SH. Hypermethioninemias of genetic and non—
genetic origin: a review. Am ] Med Genet C Semin
Med Genet 2011;157C:3-32.

Chien YH, Abdenur JE, Baronio F, Bannick AA, Cor-
rales F, Couce M, et al. Mudd's disease (MAT I/III
deficiency): a survey of data for MAT1A homozygotes
and compound heterozygotes. Orphanet | Rare Dis
2015510:99.

Furujo M, Kinoshita M, Nagao M, Kubo T. Methio-
nine adenosyltransferase I/III deficiency: neurological
manifestations and relevance of S—adenosylmethionine.
Mol Genet Metab 2012;107:253-6.

Chamberlin ME, Ubagai T, Mudd SH, Wilson WG,
Leonard JV, Chou JY. Demyelination of the brain is
associated with methionine adenosyltransferase 1/III
deficiency. ] Clin Invest 1996;98:1021-7.

Stabler SP, Steegborn C, Wahl MC, Oliveriusova J,
Kraus JP, Allen RH, et al. Elevated plasma total ho-
mocysteine in severe methionine adenosyltransferase
I/IT deficiency. Metabolism 51:981-8.

Martins E, Marcdo A, Bandeira A, Fonseca H, No-
gueira C, Vilarinho L. Methionine adenosyltransferase
I/II deficiency in Portugal: high frequency of a do-
minantly inherited form in a small area of Douro
highlands. JIMD Rep 2012;6:107-12.

Couce ML, Boveda MD, Garcia—Jimémez C, Balma-
seda E, Vives [, Castifieiras DE, et al. Hypermethioni-
naemia due to methionine adenosyltransferase I/111
(MAT I/1ID deficiency: diagnosis in an expanded neo-
natal screening programme. J Inherit Metab Dis 2008;
Suppl 2:5233-9.

Couce ML, et al. Clinical and metabolic findings in
patients with methionine adenosyltransferase I/l de-
ficiency detected by newborn screening. Mol Genet
Metab 2013;110:218-21.

Nagao M, Tanaka T, Furujo M. Spectrum of mutations
associated with methionine adenosyltransferase 1/1I1
deficiency among individuals identified during newborn
screening in Japan. Mol Genet Metab 2013;110:460-4.
Martins E, Marcio A, Bandeira A, Fonseca H, No-
gueira C, Vilarinho L. Methionine adenosyltransferase
I/ deficiency in Portugal: high frequency of a do-
minantly inherited form in a small area of Douro



- A

highlands. JIMD Rep 2012;6:107-12.
Chamberlin ME, Ubagai T, Mudd SH, Levy HL,
Chou JY. Dominant inheritance of isolated hyperme-

12)

thioninemia is associated with a mutation in the hu-
man methionine adenosyltransferase 1A gene. Am ]
Hum Genet 1997;60:540-6.

Pérez Mato I, Sanchez del Pino MM, Chamberlin ME,
Mudd SH, Mato JM, Corrales FJ. Biochemical basis
for the dominant inheritance of hypermethioninemia
associated with the R264H mutation of the MATIA
gene! a monomeric methionine adenosyltransferase

13)

with tripolyphosphatase activity. ] Biol Chem 2001;
276:13803-9.

Kim YM, Kim JH, Choi JH, Kim GH, Kim JM, Kang
M, Choi IH, Cheon CK, Sohn YB, Maccarana M,
Yoo HW, Lee BH. Determination of Autosomal Do-
minant or Recessive Methionine Adenosyltransferase

14)

I/Il Deficiencies Based on Clinical and Molecular
Studies. Mol Med. 2016 Feb 18. doi: 10.2119/molmed.
2015.00254.

Chamberlin ME, Ubagai T, Mudd SH, Thomas ], Pao
VY, Nguyen TK, et al. Methionine adenosyltransferase

15

=

I/ deficiency: novel mutations and clinical variations.
Am ] Hum Genet 2000;66:347-55.

Chien YH, Chiang SC, Huang A, Hwu WL. Spectrum
of hypermethioninemia in neonatal screening. Early
Hum Dev 2005;81:529-33.

Hirabayashi K, Shiohara M, Yamada K, Sueki A, Ide
Y, Takeuchi K, et al. Neurologically normal develop-

16

=

17)

ment of a patient with severe methionine adenosyltrans-
ferase I/III deficiency after continuing dietary methio-
nine restriction. Gene 2013;530:104-8.

U1, AT, ol 58 oA @8 dnF, TRA
2RnZ ZAYEAGS QA FAITYES digh A
Aot Rl AAE 24
Medicine 2008:;5:111-8.

Yap S. Classical homocystinuria: vascular risk and its
prevention. J Inherit Metab Dis 2003;26(2-3):259-65.
Mulvihill A, Yap S, OKeefe M, Howard PM, Naugh-

ten ER. Ocular findings among patients with late—

18)
Journal of Genetic
19)

20

=

diagnosed or poorly controlled homocystinuria com-
pared with a screened, well—controlled population. J
AAPOS 2001;5:311-5.

Yap S, Rushe H, Howard PM, Naughten ER. The
intellectual abilities of early—treated individuals with

21)

pyridoxine—nonresponsive homocystinuria due to cys-
tathionine beta—synthase deficiency. ] Inherit Metab
Dis 2001;24:437-47.

AEeREEe Ao AE A4 F Ad

S el$

oiN

22) Bari¢ L Inherited disorders in the conversion of me-
thionine to homocysteine. ] Inherit Metab Dis 2009;
32:459-71.

Honzik T, Magner M, Kirijt ], Sokolova ], Vugrek O,
Beluzi¢ R, et al. Clinical picture of S—adenosylhomo-

23

=

cysteine hydrolase deficiency resembles phosphoman-
nomutase 2 deficiency. Mol Genet Metab 2012;107:
611-3.

Bari¢ I, Cuk M, Fumi¢ K, Vugrek O, Allen RH, Glenn
B, et al. S—Adenosylhomocysteine hydrolase deficiency:

24

=

a second patient, the younger brother of the index
patient, and outcomes during therapy. ] Inherit Metab
Dis 2005;28:885-902.

Grubbs R, Vugrek O, Deisch J, Wagner C, Stabler S,
Allen R, et al. S—adenosylhomocysteine hydrolase defi-

25

=

clency: two siblings with fetal hydrops and fatal out-
comes. J Inherit Metab Dis 2010;33:705-13.

Bjursell MK, Blom HJ, Cayuela JA, Engvall ML,
Lesko N, Balasubramaniam S, et al. Adenosine kinase

26

=

deficiency disrupts the methionine cycle and causes
hypermethioninemia, encephalopathy, and abnormal
liver function. Am J Hum Genet 2011:89:507-15.

Adam S, Almeida MF, Carbasius Weber E, Champion
H, Chan H, Daly A, et al. Dietary practices in pyri-

27)

doxine non-responsive homocystinuria: a European
survey. Mol Genet Metab 2013;110:454-9.

Devlin AM, Hajipour L, Gholkar A, Fernandes H,
Ramesh V, Morris AA. Cerebral edema associated
with betaine treatment in classical homocystinuria. J
Pediatr 2004;144:545-8.

Yaghmai R, Kashani AH, Geraghty MT, Okoh ],
Pomper M, Tangerman A, et al. Progressive cerebral

28)

29)

edema associated with high methionine levels and
betaine therapy in a patient with cystathionine beta—
synthase (CBS) deficiency. Am ] Med Genet 2002;
108:57-63.

Huemer M, Kozich V, Rinaldo P, Baumgartner MR,
Merinero B, Pasquini E, Ribes A, Blom HJ. Newborn
screening for homocystinurias and methylation dis-

30)

orders: systematic review and proposed guidelines. ]
Inherit Metab Dis 2015;38(6):1007-19.

Martinelli D, Deodato F, Dionisi—Vici C. Cobalamin
C defect: natural history, pathophysiology, and treat-
ment. J Inherit Metab Dis 2011;34:127-35.
Diekman EF, de Koning TJ, Verhoeven—Duif NM,
Rovers MM, van Hasselt PM. Survival and psycho-

3D

32)

motor development with early betaine treatment in
patients with severe methylenetetrahydrofolate reduc-
tase deficiency. JAMA Neurol 2014;71:188-94.



