Multi-omics framework for diagnosing NAXE deficiency

Nikhita Gogate'2, Mei Ling Chong’, Yilei Fu?, Shenglan Li', Medhat Mahmoud?, Rupesh Kesharwani?, Jesse M. Levine'3, Yishay Ben-Moshe'#, Kristen Fisher34, Alyssa D. Runco34, BAYLOR
DS REGOR Sarah R. Risen3#, Robert Rigobello®, Elizabeth Mizerik'4, Moez Dawood'2, Shalini N Jhangiani?, Reid Sutton®4, Charul Gijavanekar'2, Lisa T. Emrick'34, Ning Liu?, Qin Sun?, Joshua |
CONSOrtium Manor®, James R. Lupski'44, Richard A. Gibbs'2, Jennifer E Posey'’, Fernando Scaglia'#>8, Pengfei Liu'-°, Fritz Sedlazeck'?, Sarah H. Elsea'?, Daniel G. Calame'.2.3.4

)
°' Genomics Research to Elucidate the Genetics of Rare disease

College of
Medicine

Department of Molecular and Human Genetics, Baylor College of Medicine 2Human Genome Sequencing Center, Baylor College of Medicine 3Department of Pediatrics, Baylor College of Medicine “4Texas Children’s Hospital °Baylor Genetics, Houston, TX, USA
®Metabolic Disease Unit, Edmond and Lily Safra Children's Hospital, Sheba Medical Center, Tel-Hashomer, School of Medicine, Gray Faculty of Medical & Health Sciences, Tel-Aviv University, Tel-Aviv, Israel ‘Department of Pediatrics, Department of Medicine,
Columbia University Vagelos College of Physicians and Surgeons, Columbia University Irving Medical Center 8Joint BCM-CUHK Center of Medical Genetics, Prince of Wales Hospital, Hong Kong SAR, China

Background Biallelic GGGCC repeat expansion in promoter region of NAXE
: : : * Discovery with long-r ncing: Identifi lalleli romoterr xpansions in NAXE - proban 233 r nd genotype-
NAXE encodes NAD(P)HX epimerase, which repairs e sc-:tc? ery wit obg 1ﬁad s1e5qzue1 909 g det t edI bta etc G?GC% pro IoteI epeat expansions proband (90, 233 repeats) and g yp
damaged NADH/NADPH back to functional cofactors". gige T s, positive younger brother (152, repeats; early treatment, prodromal only). .
: . . . . gl ¥ %, * Methylation profiling: Hypermethylation at the repeat expansion in the proband and the brother compared to lower levels in the mother and father.
* This pathway sustains mitochondrial energy metabolism ol 4 ¢ 3 ead RNA Markedlv reduced to absent NAXE mRNA exoression in the oroband
. . ——~_ Oxidation _——— o —  Long- -seq: X ion | .
and prevents toxic NAD(P)HX accumulation2, (ineR) *— (GGaoEre NﬁE RO ong-rea S€q. Markedly redlced 10 abse P P
 NAXE deficiency (M IM #6171 86) IS an ultra-rare " Reducton H—f’%ﬁa e A Haplotype 1 - 152 repeats - 823bp Haplotype 2 - 199 repeats - 1036bp B
autosomal recessive disorder. X q; ﬁ ' A i v e T — 250-
. . /_,, “Hi\\\\\HH\\\\\\\\\“;:“H\HHHHHHH\WW\”iiH\H\H\\\\\\\HH\\}HmH\HHHHHHH}‘H|”HH ””HHHHHHH\—H\‘}\:ﬁ: ml Hi\\i\\\\iHHIHiHI\H\iHI\H\I\\HH-ll\\iH-HH-i\H\lH\iH\M\iHM\iHIHHi\MH‘Hﬁ\\i\\iH}\iHiHiMHiHiM\i\\‘HH\i\\HH\i\MM\iHI\}HiHi\iHiHiHHiHHIHiHIHHiH‘Im}:Ei
Features: developmental delay, recurrent . SNADPIHK. ) T e 233 fProband_Hap?
encephalomyopath|c CnseS, Se|zureS, atax|a, —— ) E“H”Hil“u||iH||=||||||”|I|||H||I|I|”|II% e e ——
neurOdegenerationz- Figure 1: NAXE maintains NAD(P)H balance by repairing damaged Haplotvoe 1 - 90 repeats - 484b Haolotvoe 2 - 233 repeats - 1222b 200 - 199 ¢Brother_Hap2
. . . . o= . . plotyp P P plotyp p p
* Onset usually in childhood, often triggered by fever/iliness,  derivatives (R- and S-NAD(P)HX) and prevents accumulation of toxic = T =
- - clic-NAD(P)HX. Loss of NAXE activity causes toxic NADHX = e et o S ™ — S 1704 Dad_Hap2
Wlth Varlable Oljltcomes2 Cy ( ) y EIH””H”””I”I”””””IH}IHHH\H}\HW}\M}HHHHHH\}% T e AR ARRRTR =
' accumulation and energy failure. = = = - s
- J e ————— A e — - 1 524 Brother_Hap1
” — o € 150-
/¢ Clinical P ot ™) BH16732-1 BRI L S B 3
INical rFresentation O
" . - ©
Case: 3-year-old female presented with ataxia, encephalopathy, regression, mucositis, rash, dystonia, and spasticity. SRToT92-2 Haplotype 1 - 5 repeats - 61bp Haplotype 2 - 75 repeats - 413bp 2 1004
" L - : - - : = = i v
Challenge: Initial clinical short read genome sequencing was non-informative despite a suggestive phenotype. Q == S — S v 90 ¢ Proband_Hap 5
= S e = 754 Mom_Hap?2
A () B e omone = E==8 S
uetuating imbajance, Absence of 1- rehab with restored —— B L 50-
rﬁﬁErL?,T|at2rZi Global MAPS methylInicotinamide ambulation and —
: and Rapid trio  Rapid trio WGS: N1-methyl-2-pyridine- improved
strat:)lsmus WGS ordered Inconcl:lusive 5-carbolxamine coordination Mom_Hap1 and Dad_Hap1
i | : : : Haplotype 1 - 5 repeats - 61bp Haplotype 2 - 170 repeats - 916bp 0-
” il — e = Average repeat count = 5.33
- . ’ - == e NAXE GGGCC Repeats
Niacin therapy MAPs repeated to LRS analysis —— e
hospitalization; started monitor biochemical identified biallelic T e, 1
further decline Clinical turning response: pathogenic NAXE e
promptlng hOSpIta| p0|nt, W|th TﬂlCOtlnamlde repeat eXpanSIOn, === R R R R A AR =]
transfer subsequent 1 nicotinate ribonucleoside establishing NAXE BH16732-3 BGGGCC WMethylated MUnmethylated
stabilization TN1-methyl-2-pyridine-5- deficiency; confirmed by
. : R ¥ . carboxamine RNASeq in iNeurons C 100 Smooth Methylation Profile (Sliding Window Mean): chr1:156590755-156594876 D
1-methylnicotinamid BH16732-3 (Dad)
Figure 2 (A- C) (A) Pedigree showmg the affected proband (black circle) and a treated affected brother (gray square) f (Tn?ldlil’ 2:23;?;5?' © — [0-29] 2
with a milder, treatment-modulated course. (B) Brain MRI (T2 FLAIR) shows gray-matter hyperintensity in proband. . - = r
(C) Irregular hyperpigmented rash with desquamation. (D) Clinical timeline of the proband. o 801 N Ny - N
) 5 12 1 12 12 12
(O
r ) kg 0. [0-31] BH16732-2 (Mom)
9
A NAD metabolism B Amino acids C Lipids T 40 — o J OJ % .
| ) = o
Pre-treatment erythronate hy:r;)n):;;:):::;:::- N-behenoyl-sphingadienine (d1g:a2rlglgirz)§' % _— ;frtnher [0_4] BH16732-1 (Proband)
B3 arabitol/xylitol creatinine - hexanoylgluct:grrr?isn%l- = 20 — Dad : N .
ibonat o ) propionylcarn:]tqigeog?g: NAXE Gene !
rioonate |m|dazole‘|a$:tate N-acetyl-2-aminooctalnoate- --- Tandem Repeat m\zr 1 2 1
arabonate/xylonate histidine 1 2-aminoheptanoate 3 0 N\
—— santhurenate 1-ribosyl-imidazoleacetate *- 3-06rbOXY-4-methy|-5-Pentyl'2-fur:i'gg;%ﬁ:ggiég:tf('g%?gg: . . . . 4 - | | | |
7 1 | Ch” 156591755 Chﬂ 156594876 156591421 156592493 156593566 156594639
6-brom0tryptophan 9 Isovalerylcamltme (C5) 22_;:;/):11;2(););0:;:282:2- > - > - *- > > > > > - > > ﬁ —r—r———r————-——— R
-methylbutyrylcarnitine (C3) 2-hydroxystearate- NAXE
tryptophan acisoga 10 2-hydroxypa|mitate_ NAXE
. . 3-hydroxybutyrate (BHBA)
kynurenine \-acetylisoputreanine onete (2210 | 2 Figure 4 (A-D). Pedigree and long-read sequencing reveal inheritance and phasing of NAXE repeat expansions. In (A), the circle indicating the proband is shaded in black; the treated affected brother is gray to
indolelactate 3RS dihomo-inoleate (20:216) indicate a milder, treatment-modulated presentation with prodromal symptoms only. Panels (B-D) depict allele distribution, associated hypermethylation, and loss of mMRNA expression in the proband from long-read
kynurenine 1 -1 drenate (22:4n6
quinolinate o Tosasn enale (220nC) genomic and transcriptomic analyses. Key: black = affected; gray = confirmed genotype with attenuated phenotype; open = unaffected/unknown.
( )7
indolelactate arachidonate (20:4n6) 1
O 1-methylnicotinamide 6-bromotryptophan- nonadecanoate (19:0)1 4 ~\
. . 1 -2 arachidate (20.0) L | 4 . « . « .

E— Modeling NAXE Deficiency in iNeurons

l nicotinamide urea_ 1'”erY§’;‘;yr';G_P C 24:1n9 5

— trigonelline (N'-methylnicotinate) HansF: hydroxypm"ne | 1'}inélen°§:'ggg 8223 D RNA- Data analysis = NAXE expression:

) Voo N . Patient-derived PBMCs were A G s o S e Trobene e
<A . -dihomo-linolenoyl- :3n3or . . . . (6] ItNAS8g s diagnosis Figure 5. (A) Adapted schematic of
4 2 0 2 4 gamma-glutamyl-epsilon- Iysme_ 1-dihomo-linolenoyl-GPE (20:3n3 or 6) | neuronal gene 2 g P
Ao Z-score gamma-glutamylhistidine - 1-I?r;g||ee?));ll-gig 823 ° tranSdlﬁerentlated Into Induced neural fgf Ese;;:ﬁic I ' ' S A PBMCs -to- iNCs (induced neural
Pre-treatment B3 z-score Mad i iy Leld cells (INCs) to assess neuron-specific SR () emm—m individualized cells) transdifferentiation and RNA-
. ~ l-arachi oyI-GEC (20:0)1 J_/nﬁ\ \ % ,./__.- — therapy design ol | ! 5 .

. . . . 1-dihomo-linolenoyl-GPC (20:3n3 or 6) 1 ene expreSSIOn Neura'l' d;ﬁegrriat.iation Mother (0.83 S€( workflow®. (B) NAXE mRNAn
Figure 3 (A-C): Untargeted metabolomics revealed an NAD* depletion signature o oleait PG (18) J ' p S p e =Rl - : —eere e INeurons shown as z-scores versus
with secondary PPP/redox stress, rescued by niacin. e i g {-1  RNA-seq demonstrated markedly reduced //'\"gzg.‘g:;;j'\ \ Neural conversion | Therapy s ?;ntroés;gFOFbgndofgir)kefdtl%’ reduced

Iyl GPI 501 NAXE mRNA expression in the proband 1/ — s Father (24 IRAGPAReU Sl
1-(1- ;nayﬁagggﬁ?cgégwg ‘8 _ _ _p P 7/ ll \ \\\ . N G weeks) 3 INPC ‘ < intermediate (Z = -2.4), mother mild
| ny e & = ~0.79; FC = 0.21 vs confrals) Y e R g 4 (2 = ~0.83),consistent with
- NAD metabolism: Pre-treatment shows NAD* depletion with absent 1- oo Ie0/ PG (B2159) , || © Findings indicate a dosage-dependent | | Bl Gl dosage-dependent decrease.
. . . . . -stearo oelo omo |m<())n;cr)]olnoeno n3 or | I Tal [\ Sl el 6t
methylnicotinamide and N1-methyl-2-pyridone-5-carboxamide e hatdychalne (1801202, 20.016:2). loss of NAXE expression in iNeurons. )| ;( DRy ° ‘
. o . 1-stearoyl-2-linoleoyl-GPC (18:0/18:2)- L0 > Proband
(normally seen in 99% of samples), restored after B3 therapy. This phosprtdirlne (140149, 150121 \ /
. . . inoleoyl-2-linolenoy
depletion—restoration pattern parallels NAXE/NAXD NAD(P)HX repair ot BB (B | . _ _ _ _ _
defects34. [Figure 3A] o2 seno P (1:0224) R Multiomic analysis revealed NAXE repeat expansions as a novel non-coding cause of a treatable mitochondrial
" " . . . . . 1-stearoyl-2-dihomo-linolenoyl-GPE (18:0/20:3n3 or 6) . . . . . . .
* Amino acids (Trp — Kynurenine): Altered Trp/Kyn ratio indicate blocked " ani Inoeoy o7 18312 encephalopathy. This case is the second documented to our knowledge with this disease mechanism?>.This case
1S NiAaci ' 1-(1-enyl-palmitoyl)-2-linoleoyl-GPE (P-16:0/18:2) (M . . . . . - = =
de novo NAD synthesis; niacin salvage rescues pathway. [Figure 3B] oo 3 mocon art g0 | emphasizes the power of integrative genomics to uncover hidden mechanisms and enable targeted therapy in rare disease.
» Lipids / Redox (PPP): Disturbed NADPH/redox and lipid balance pre- ey e, =
treatment normalize after niacin therapy. [Figure 3C] 1“y”pgy':zﬁdHylff(Zé%ﬁ%ég . NGO EOCEEN e N ( e \ ([@ernisE CONTACT N
. . L o pregnenediol disulfate . - o -
* Therapy: Niacin therapy stabilized clinical symptoms and corrected 7alphe-hycroxypregnenclone 3-sulfate : ; o '

. o o _ glycocholenate sulfate o . o ] ] . ] 1. Kremer LS. et. al., (2016) Am J Hum Genet. 99(4):894-902. PMID: 27616477. : lehlta Goqate@bcm edu
most metabolic derangementS, though I|p|d abnormalities perS|Sted, taurodeoxycholate 1 : : e We thank all faml!les for th.ell' participation in this study. This work was supported 2. Manor, J. et. al., (2022). Mol Genet Metab 136, 101-110. PMID: 35637064. —= . Z -
nighliahting th | taboli e of NAXES3 Pretreatmant B3 Zsgofe in part by the National Institutes of Health (NIH) Common Fund, NIH/NHGRI grant | | 3. Manor. J-;tt-;;’-’((22002242gNiza'C';-e:]gfr;(%eejf‘é?f&g'\QI\'alil ozl sk . Daniel.Calame@bcm.edu

Ignlighting the complex metabolic role o | 15-HG-0130, NHGRI/NHLBI UM1 HG006542 and NHGRI U01 HGO011758. 5. LiS. et al., (2024) Am J Hum Genet. 111(5):841-862.. PMID: 38593811 of '
\_ - J\_ J \\ ) (5) J \\ J



mailto:Nikhita.Gogate@bcm.edu
mailto:Daniel.Calame@bcm.edu



