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A mutation in SLC37A4 causes a dominantly
inherited congenital disorder of glycosylation
characterized by liver dysfunction
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Summary

SLC37A4 encodes an endoplasmic reticulum (ER)-localized multitransmembrane protein required for transporting glucose-6-phosphate
(Glc-6P) into the ER. Once transported into the ER, Glc-6P is subsequently hydrolyzed by tissue-specific phosphatases to glucose and
inorganic phosphate during times of glucose depletion. Pathogenic variants in SLC37A4 cause an established recessive disorder known
as glycogen storage disorder 1b characterized by liver and kidney dysfunction with neutropenia. We report seven individuals who pre-
sented with liver dysfunction multifactorial coagulation deficiency and cardiac issues and were heterozygous for the same variant,
c.1267C>T (p.Arg423*), in SLC37A4; the affected individuals were from four unrelated families. Serum samples from affected individuals
showed profound accumulation of both high mannose and hybrid type N-glycans, while N-glycans in fibroblasts and undifferentiated
iPSC were normal. Due to the liver-specific nature of this disorder, we generated a CRISPR base-edited hepatoma cell line harboring the
c.1267C>T (p.Arg423*) variant. These cells replicated the secreted abnormalities seen in serum N-glycosylation, and a portion of the
mutant protein appears to relocate to a distinct, non-Golgi compartment, possibly ER exit sites. These cells also show a gene dosage-
dependent alteration in the Golgi morphology and reduced intraluminal pH that may account for the altered glycosylation. In summary,
we identify a recurrent mutation in SLC37A4 that causes a dominantly inherited congenital disorder of glycosylation characterized by
coagulopathy and liver dysfunction with abnormal serum N-glycans.

Introduction a single gene has been shown to cause both dominantly

and recessively inherited disorders that present with

Congenital disorders of glycosylation (CDGs) are a clini-
cally and biochemically heterogenous group of disorders
characterized by abnormal lipid or protein glycosyla-
tion."” To date, more than 140 types of CDGs have been
identified across at least seven different glycosylation path-
ways.” The vast majority of CDGs follow an autosomal
recessive or X-linked inheritance pattern, although disor-

unique phenotypes as is the case for DHDDS (MIM:
608172), NUSI (MIM: 610463), POFUT1 (MIM: 607491),
and COG4 (MIM: 606976).*8

SLC37A4 (MIM: 602671) encodes for a multitrans-
membrane domain glucose-6-phosphate (Glc-6P) trans-
porter that is localized to the endoplasmic reticulum
(ER).”'° In gluconeogenic organs, such as the liver and

ders due to de novo or dominant variants have been
observed with increased frequency.” In several instances,

kidney, its primary function is to transport Glc-6P into
the ER during times of glucose depletion, thus regulating
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glucose homeostasis.'® SLC37A4 does this in cooperation
with various tissue-specific phosphatases (G6PC, G6PC2,
and G6PC3) to hydrolyze Glc-6P to glucose and inor-
ganic phosphate (Pi), which exit the ER. Glucose is sub-
sequently transported out of the cell to maintain glucose
homeostasis.'”'" SLC37A4 also participates in the ER-
localized pentose phosphate pathway (PPP) by providing
Glc-6P to hexose-6-phosphate dehydrogenase (H6PD),
which catalyzes the first two reactions of ER-localized
PPP generating nicotinamide adenine dinucleotide phos-
phate (NADPH).'?

Pathogenic variants in SLC37A4 cause autosomal reces-
sive glycogen storage disorder 1b (GSD1b) (MIM: 232220),
which is characterized by an inability to properly metabolize
glycogen.” ! This results in the accumulation of glycogen in
gluconeogenic organs such as the liver and kidneys,
ultimately leading to organ dysfunction and disease.”'*
Neutropenia is frequently seen in affected individuals as
well. Pathogenic variants in the tissue-specific phosphatases
have also been identified. GSD1a (also known as von Gierke
disease) (MIM: 232200) is caused by mutations in G6PC
(MIM: 613742), causing similar accumulation of glycogen
in the liver and kidney.'*"> Pathogenic variants in G6PC3
(MIM: 611045) cause autosomal recessive severe congenital
Neutropenia 4 and Dursun syndrome (MIM: 612541).'%'7
Cortisone reductase deficiency 1 (MIM: 604931) is caused
by pathogenic variants in H6PD (MIM: 138090).'®

We report the molecular, biochemical, and clinical charac-
terization of seven individuals who clinically presented with
a coagulopathy affecting several coagulation factors and
were heterozygous for a ¢.1267C>T (p.Arg423*) variant in
SLC37A4; the affected individuals were from four unrelated
families. All affected individuals were identified by coagula-
tion abnormalities and subsequently found to have
abnormal N-glycosylation of serum glycoproteins, specif-
ically the accumulation of high mannose and hybrid type
N-glycans. Introduction of the c.1267C>T (p.Arg423%)
variant into Huh7 hepatocellular carcinoma cells revealed
clear gene dosage-dependent morphological and functional
deficiencies in the Golgi apparatus function that recapitu-
late the abnormal N-glycans seen in our affected individuals.

Material and methods

Subjects

Families included in our SLC37A4-CDG research study provided
written consent under an approved Sanford Burnham Prebys Med-
ical Discovery Institute IRB protocol or an approved IRB through
each family’s primary medical physician. The only inclusion
criteria for this study was the presence of the ¢.1267C>T
(p-Arg423*) variant in SLC37A4. Blood samples were obtained
for all individuals. Primary fibroblasts were obtained for two
affected individuals (P6 and P7) and grown from a skin biopsy ob-
tained by the subjects’ physician.

Genomic analysis
Exome sequencing (ES) and genome sequencing (GS) with anal-
ysis were carried out by two independent groups with a shared

heterozygous ¢.1267C>T (p.Arg423*) variant in SLC37A4 identi-
fied in all affected individuals. Sanger sequencing of all seven
affected individuals and unaffected family members was used to
confirm presence of the variant and to assess segregation. Primers
to amplify exon 10 of SLC37A4 are available upon request.

Cell culture

Fibroblasts from apparently healthy controls GM-00038, GM-
05565, and GM-09503 (Coriell Institute); proband primary fibro-
blasts (P6 and P7); and the hepatocellular carcinoma line Huh7
were grown (unless otherwise stated) in complete 1 g/L
(5.5 mM) glucose containing Dulbecco’s modified Eagle’s medium
(Corning) supplemented with 10% heat-inactivated fetal bovine
serum (Sigma-Aldrich LOT# H176268), 100 U/mL penicillin and
100 mg/mL streptomycin (GIBCO), and 2 mM L-Glutamine
(GIBCO). Induced pluripotent stem cells (iPSCs) were established
from affected individual fibroblasts as described previously.'’
The wild-type control iPSC line K3 was utilized.”” Human iPSCs
were generated via lentivirus transduction of pluripotency factors
as described previously.”' Human hepatocytes from individual P7-
derived cells were generated by a previously reported method."’

Glycosylation studies

Individuals P1, P2, P4, PS5, and P6, all had carbohydrate-deficient
transferrin (CDT) analysis performed with capillary zone electro-
phoresis (CZE), while P7 had both electrospray ionization mass
spectrometry (ESI-MS) and liquid chromatography-mass spec-
trometry (LC-MS) as previously described.”>** Apolipoprotein
C-III (apoC-III) mucin core 1 O-glycosylation was analyzed with
2D electrophoresis as previously described.”> Profiles of total
serum N-glycans were obtained by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) following N-glycan cleavage by peptide N-glycosidase F
(PNGase F) and permethylation as previously described.”® Analysis
of iPSCs, derived hepatocytes, and Huh7-edited cell line-secreted
and cell-associated N-glycans was performed by multi-dimen-
sional nanospray ionization mass spectrometry (NSI-MSn) as pre-
viously described.”” High performance liquid chromatography
(HPLC) analysis of N-glycans secreted by CRISPR-edited Huh7 cells
was done following labeling with procainamide (ProA) reagent as
described with modification available upon request.”®

CRISPR-edited Huh? cell line

The guide RNA (gRNA) sequencing GATGGGCCGAGTGTC-
CAAGA targeting exon 10 of SLC37A4 was cloned into pGuide-
EF1a-GFP (OriGene - GE100044). This vector does not express
Cas9, only the gRNA to SLC37A4 and turboGFP (tGFP), which
allows for sorting positively transfected cells. Both pGuide-
R423X-SLC37A4 and pCMV-BE3 (Addgene plasmid 73021) were
co-transfected together into Huh?7 cells and allowed to grow for
48 h. Subsequently, tGFP positive cells were fluorescence-activated
cell sorting (FACS) sorted with a FACSAria Ilu instrument (BD Bio-
sciences) into 96-well plates to generate isogenic clones, which
were expanded and screened by Sanger sequencing.

Cellular fractionations

Subcellular fractionations were performed as previously described
with some modifications.?’*° Briefly, cells from one 150 mm plate
were washed twice with Dulbecco’s phosphate-buffered saline
(DPBS) and then homogenized in buffer (10 mM HEPES-KOH,
25 mM KCl, 250 mM sucrose, and 1 mM EDTA, pH 7.4, protease
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Figure 1. Identification of a recurrent SLC37A4 mutation in four unrelated families

(A) Pedigrees showing segregation of the SLC37A4 ¢.1267C>T (p.Arg423*) mutation in seven affected individuals from four unrelated

families.

(B) LC-MS of serum transferrin from control and P7 serum with deconvoluted masses of intact serum TF from full scans showing the
appearance of several peaks corresponding to distinctive peaks containing hybrid N-glycans.
(C) Schematic of human SLC37A4 showing the p.Arg423* localizing to the cytoplasmic tail (UniProt: 043826-1).

inhibitor cocktail [Thermo Fisher Scientific]) by passing through
27-gauge needle 15 times. A post-nuclear supernatant (PNS) was
separated by centrifugation at 1,000 for 15 min at 4°C and then
subjected to 15,000¢ spin for 20 min at 4°C. The resulting pellet
was resuspended in 5% Nycodenz, applied to a 10%-24% discon-
tinuous Nycodenz gradient (Fisher Scientific), and centrifuged at
100,000g in an SW40 rotor for 18 h at 4°C. Fractions (1 mL)
were collected, trichloroacetic acid (TCA) precipitated, dissolved
in 2x loading buffer, and analyzed by SDS-PAGE.

Immunofluorescence

Cells were seeded on Millicell EZ 8-well glass slides (Sigma Aldrich)
and, 1 day later, washed twice with DPBS and fixed for 15 min with
4% PFA at room temperature. Next, cells were washed three times
with DPBS and blocked with 1% BSA solution in DPBS containing
0.1% saponin. After 1 h of blocking at room temperature, respec-
tive primary antibodies (Table S1), diluted in blocking solution,
were added and slides were incubated overnight at 4°C. The
next day, cells were washed three times with blocking solution
and respective secondary antibodies (Table S1) diluted in blocking
solution. After 1-h incubation at room temperature, DAPI
(Thermo Fisher Scientific) was added directly to the solution, so
its final dilution was 1:500. 20 min later, cells were washed twice
with blocking buffer, twice with DPBS, and twice with water.
Cover slides were stuck to the slides via Immu-Mount mounting
medium (Thermo Fisher Scientific). Cells were analyzed with
LSM 710 Zeiss confocal microscope and EC Plan-Neofluar 40x/
1.30 Oil DIC M27 objective. For immunostaining of iPSC-derived
hepatocytes, differentiated hepatocyte spheroids were seeded in
Matrigel-coated slide chambers and grown for 48 h to allow a
monolayer of cells to migrate from the spheroid prior to fixation
and staining as described above.

Golgi pH measurements

Golgi pH measurements were performed as described by Galen-
kamp et al.*’ Briefly, Huh7 or fibroblast cells were seeded on 6-
well plates and, after 24 h, transfected with GalT-mCherry-eGFP
construct via FuGENE HD (Promega) according to the manufac-

turer’s instructions. 24 h after transfection, cells were seeded on
CELLview glass bottom cell culture dishes (Greiner Bio-One). 48 h
later, cells were washed twice with DPBS and media exchanged
for phenol red-free DMEM 4.5 g/L glucose media (Thermo Fisher
Scientific). For pH determinations, cells were incubated for
15 min with one of the calibration buffers: 30 mM ammonium
formate (pH 4.9), 30 mM 2-Morpholinoethanesulfonic acid (MES)
(pH 5.4), 30 mM MES (pH 5.9), 30 mM 3-(N-morpholino)propane-
sulfonic acid (MOPS) (pH 6.5), 30 mM MOPS (pH 7.0), supple-
mented with 130 mM KCl, 1 mM MgCl,, 10 uM Nigericin, 10 pM
Valinomycin, and 10 pM Monensin. Imaging was performed on
living cells at room temperature and at atmospheric CO, via Zeiss
LSM 710 laser scanning confocal microscope and C-Apochromat
40x/1.20 W Korr FCS M27 water immersion objective. eGFP and
mCherry signals were collected simultaneously by 488 nm and
594 nm excitation and ratios were determined by region of interest
selection of fluorescence via Image]J software (NIH).

Transport assay
SLC37A4 transport assays
described.?

were performed as previously

Results

Clinical summary for seven individuals presenting with
liver dysfunction
A cohort of seven individuals, from four unrelated non-
consanguineous families, with an undefined type II CDG
(Figure 1A) were found to have a strikingly similar clinical
phenotype involving liver dysfunction with abnormal
coagulation factor activities. All individuals had an
abnormal CDT and apolipoprotein C-III (apoC-III) pattern.
P1 is a 35-year-old female of French origin with a history
of elevated aspartate aminotransferase (AST) level (91 U/L;
normal value < 35 U/L) but normal alanine aminotrans-
ferase (ALT) on routine blood analysis. A complete blood
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Table 1. Clinical summary of seven individuals carrying the c.1267C>T (p.Arg423*) variant in SLC37A4
Current
Marquardt Wilson cohort
P1 P2 P3 P4 P5 P6 P7 et al.’? et al.”® summary
Family French-1  French-1 Algerian-1  Algerian-1  Algerian-1 French-2  American- - - -
0397
Gender female male female Female male female male female female -
Year of birth 1985 2018 1973 2002 2007 2010 2009 N/A 1997 -
Age of 29 years 1 month 42 years 11 years 4 months 8 years 5 years 10 weeks 36 days -
diagnosis
Variant c.1267C>T ¢.1267C>T c.1267C>T ¢.1267C>T ¢.1267C>T c.1267C>T ¢.1267C>T ¢.1267C>T ¢.1267C>T -
(p-Arg423*) (p.Arg423*) (p.-Arg423*) (p.Arg423*) (p.Arg423*) (p-Arg423*) (p.Arg423*) (p.Arg423*) (p.Arg423*)
Inheritance unknown maternally unknown maternally maternally de novo de novo de novo de novo -
inherited inherited  inherited
Method of  ES Sanger ES ES ES Sanger ES/GS ES ES -
detection
CDT results abnormal- abnormal-type II abnormal- abnormal- abnormal- abnormal- abnormal- abnormal- abnormal- 7/7
type I type I type I type I type I type I type I type I
apoC-III altered O- altered O-glycan altered O- altered O- altered O- altered O- altered O- N/A N/A 717
glycan glycan glycan glycan glycan glycan
Serum N- high man, high man, hybrid high man, high man, high man, high man, high man, high man, high man, 7/7
glycans hybrid hybrid hybrid hybrid hybrid hybrid hybrid hybrid
Cardiac none perimembranous none none tetralogy of ~ ventricular none none none 3/7
abnormalities reported ventricular septal reported reported Fallot septal reported reported reported
defect defect
Skeletal no no scoliosis scoliosis kyphoscoliosis no no no scoliosis 3/7
abnormalities
Ankyloglossia no no no no yes no no yes no 1/7
AST (ref. 7- 65 U/L (H) N/A 50U/L (H) 77 U/L (H) 91 U/L (H) 147 U/L (H) 80 U/L (H) 228 U/L (H) 522 U/L (H) 6/6
40 U/L)
F2 (ref. 60%- 31 (L) 22 (L) 57 (L) 30 (L) 20 (L) 18 (L) 27 (L) 5.5 (L) N/A 717
140%)
F5 (ref. 60%- 51 (L) 52 (L) 64 40 (L) 39 (L) 50 (L) 29 (L) 38.5 (L) N/A 6/7
140%)
Fg (ref. 1.5- 1.7 g/L 1.7 g/L 2.8 g/L 1.8 g/L 1.3 g/L (L) 1.7 g/L 1.5 g/L 04g/L(L) 0.1g/L(L) 1/7
3.5 g/L)
F8 (ref. 60%- 117 N/A 165 130 144 109 85 N/A N/A 0/6
150%)
F9 (ref. 60%- 63 N/A 85 58 (L) 42 (L) 55 (L) 44 (L) N/A N/A 4/6
140%)
F11 (ref. 59 (L) N/A 55 (L) 31 (L) 34 (L) 22 (L) 33 (L) N/A normal 6/6
60%~-140%)
SERPINC1 28 (L) 34 (L) 60 (L) 37 (L) 32 (L) 19 (L) 32 (L) 0 (L) normal 717
(ref. 80%-—
120%)
PROC (ref. 110 49 97 72 73 59 94 N/A normal 0/7
50%~-120%)
PROS1 (ref. 41 (L) 48 (L) 70 43 (L) 81 35 (L) 35 (L) N/A normal 5/7

60%-120%)

Reference ranges: ALT, ref.; AST, ref. 7-40 U/L; F2, ref. 60%-140% activity; F5, ref. 60%-140% activity; Fg (g/L), ref. 1.5-3.5 g/L; F8, ref. 60%-150% activity; F9,
ref. 60%-140% activity; F11, ref. 60%-140% activity; SERPINCT, ref. 80%-120% activity; PROC, ref. 50%-120% activity; PROS1, ref. 60%-120% activity. Ab-

breviations are as follows: L, low; H, high; N/A, not available.

count, as well as prothrombin time (PT) and activated par-
tial thromboplastin time (aPTT), was normal. However,
clotting factor II (F2) was unexpectedly decreased (42%),
while factor V (FS), factor VII (F7), factor VIII (F8), factor

IX (F9), factor X (F10), factor XI (F11), factor XII (F12),
and fibrinogen (Fg) were within a normal range (Table 1).
Medically assisted reproduction led to a non-hemorrhagic
spontaneous abortion followed by two successful
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pregnancies. During this 4-year period, antithrombin (SER-
PINC1) and F2 levels were often markedly decreased (SER-
PINC1, 23% to 52%, mean: 45%; F2, 29% to 67%, mean:
38%) with low levels of protein S (PROS1) (45% to 53%).
AST levels were consistently elevated (62 U/L to 91 U/L,
mean: 73 U/L) (Table 1). The unexplained fluctuating coag-
ulation abnormalities seen in P1 led to CDG screening,
which showed a marked CDG-II transferrin CDT pattern
coupled with altered apoC-III glycoforms (Table 1; Figures
S1 and S2).

P2 is the second child of P1 (Figure 1A). At around
1 month of age, his pre-surgical testing for perimembra-
nous ventricular septal defects (VSDs) showed similar
coagulation abnormalities and CDT pattern as his mother.
No bleeding episodes occurred during this corrective sur-
gery. At 6 months of age, his coagulation parameters
were globally altered with F2 (22%), FS (52%), PROS1
(48%), SERPINC1 (34%), and protein C (PROC) (49%) (Ta-
ble 1), however, there were no bleeding or thrombotic ep-
isodes. He, like his mother, also showed the same CDG-II
CDT and altered apoC-III glycoform profile (Table 1; Fig-
ures S1 and S2).

P3 is an adult female of Algerian origin (Figure 1A). At 42
years of age, moderate deficiencies in both clotting factors
and coagulation inhibitors were noted, including F2
(57%), F11 (55%), and SERPINC1 (60%), with normal PT,
aPTT, Fg, PROC, and PROS1 (Table 1). She had neither
bleeding nor thrombotic symptomatology. Besides pro-
gressive deafness, strabismus treated by surgery, and
delayed diagnosed scoliosis, she had a normal clinical ex-
amination. Complete blood count was normal, but an
elevated AST (50 U/L) was noted (Table 1). CDT and
apoC-III analyses were unable to be performed for P3.

P4 is a female and the first child of P3 (Figure 1A). P4 has
had multiple operations under fresh frozen plasma (FFP)
and tranexamic acid for repair of a severe lip/palate cleft
with bifid uvula. At 13 years of age, she showed altered PT
(56%) and aPTT ratio (1.49) with normal F8 and F9. An
overall decrease was seen in both the procoagulant factors
F2 (30%) and F5 (40%) and anticoagulant factors SERPINC1
(37%) and PROS1 (43%) (Table 1). A complete blood count
was normal, as were liver ALT and bilirubin levels. However,
AST was elevated (77 U/L) (Table 1). CDG screening tests
showed the same CDG II CDT pattern and abnormal
apoC-III patterns (Table 1; Figures S1 and S2).

PS is a male sibling of P4 and the third child of P3
(Figure 1A). At 4 months of age, PT and aPTT ratios were
61% and 1.72, respectively, with markedly decreased F2
(20%) and F11 (30%) with normal F5, Fg, F8, and F9 (Table
1). 1 month later, examination showed decreased SER-
PINC1 (32%) but normal PROC and PROS1. PS5 had a tetral-
ogy of Fallot surgically repaired at the age of 6 months, and
at 2 years of age, he had a tongue-tie surgery (under FEP),
both without complications. At 5 and 8 years of age, coag-
ulation defects were seen in F2 (17% and 20%) and F5 (41%
and 39%). At 8 years of age, AST level was elevated (91 U/L)
with normal ALT (Table 1). There was a tendency for easily

bruising (in contrast with his sister P4) and he had impaired
wound healing. However, no bleeding disorders were re-
ported. CDG screening tests showed a CDG II CDT and
abnormal apoC-III pattern (Table 1; Figures S1 and S2).

P6 is a female of French origin (Figure 1A) who, at 8 years
of age, showed a coagulation profile with altered PT (62%)
and aPTT (ratio 1.86) with markedly decreased activities of
F2 (18%) and F11 (22%) and decreased F5 (50%), F7 (44%),
and F10 (48%). Coagulation inhibitors SERPINC1 and
PROS1 were markedly decreased (19% and 35%) with
normal PROC (Table 1). A complete blood count was
normal, and no bleeding disorders were reported. She has
a VSD under clinical supervision. A vesicoureteral reflux
and strabismus were noted. Apparently healthy parents
and two younger siblings had normal CDT patterns, while
P6 had the same abnormal CDG II CDT and apoC-III pat-
terns (Table 1; Figure S1 and S2).

P7 is a male of Irish-American origin (Figure 1A), born to
healthy non-consanguineous parents, who displayed a
long history of easy bruising and bleeding. Prior to a tonsil-
lectomy and adenoidectomy, coagulation test revealed ab-
normalities in multiple coagulation factors, including F2
(27%), F5 (29%), F11 (37%), and PROS1 (35%). Liver func-
tion tests showed elevated liver enzyme AST (80 U/L)
(Table 1). A liver biopsy determined no fibrosis or gross ab-
normalities. However, due to the history of elevated AST
and abnormal coagulation factors, CDT screening was
performed with both LC-MS and ESI-MS that showed accu-
mulation of multiple high mannose and/or hybrid type N-
glycans (Figure 1B; Table 1). An abnormal apoC-III pattern
was also seen for P7 (data not shown).

In total, from our cohort, 7/7 (100%) individuals showed
decreases in both F2 and SERPINCI1 activities, 6/7 (86%)
showed reduced FS activity, 6/6 (100%) reduced F11 activ-
ity, 5/7 (71%) reduced protein S, and 4/6 (67%) reduced F9.
AST levels were elevated in 6/6 (100%) individuals tested,
while ALT was unaffected in all. (Table 1). F8 was within
the reference range for all seven individuals, most likely
because it is produced by non-hepatocyte endothelial cells.
No neurological deficiencies were noted in the seven indi-
viduals. For all seven affected individuals, no candidate
gene was identified through either clinical or glycan phe-
notyping. Recently, two more individuals were reported
to carry the c.1267C>T (p.Arg423*) variant in SLC37A4
and presented with strikingly similar biochemical and clin-
ical phenotypes (Table 1).**** A less frequently shared
feature included ankyloglossia, which was treated in both
affected individuals (Table 1).

Glycosylation studies of serum showing accumulation of
high mannose and hybrid type N-glycans

P1, P2, P4, P5, and P6 showed abnormalities consistent
with a type II CDG by CZE (Figure S1). In P7, LC-MS
showed the accumulation of several glycans absent from
control samples. On the basis of the assigned masses for
each of these peaks, we predicted they represented
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Figure 2. N-glycan abnormalities in serum from affected individuals

MALDI-TOF MS spectra of serum protein-derived N-glycans from unrelated individuals (P1, P4, and P6) are abnormal. Specifically, both
high mannose (peaks at m/z 1,579.8 and 1,783.9) and hybrid type N-glycans (peaks at m/z 1,981.9, 2,186.1, and 2,390.2) increases were
seen in positive-ion mode as sodiated forms. Green circles, mannose; yellow circles, galactose; blue squares, N-acetyl glucosamine; red

triangles, fucose; purple diamonds, sialic acid.

transferrin (TF) containing high mannose and/or hybrid
type N-glycans (Figure 1B).

We used MALDI-TOF MS to analyze N-glycans from total
serum glycoproteins and found that all seven individuals
accumulated multiple species of both oligo and high
mannose (e.g., peaks at m/z 1,579.8 and 1,783.9) and
hybrid type N-glycans (e.g., peaks at m/z 1,981.9,
2,186.1, and 2,390.2) (Figures 2 and S3). These changes
suggested alterations in the cis and medial Golgi compart-
ments. Accumulation of truncated N-glycans with defi-
ciencies in galactosylation (e.g., peaks at m/z 1,835.9 and
2,040.0) were also observed and suggests a defect in the
trans-Golgi compartment (Figures 2 and S3).

A similar N-glycan phenotype occurs in cell lines defec-
tive in Golgi a-Mannosidase II (MAN2A1) or cells treated
with the a-mannosidase II inhibitor swainsonine.”* On
the basis of this similarity, individual P7 was Sanger
sequenced for the entire coding, intronic, and promotor
regions of both MAN2A1 (MIM: 154582) and its paralog
MAN2A2 (MIM: 600988). However, no likely pathogenic
variants were identified in either gene.

Identification of a recurrent c¢.1267C>T (p.Arg423*)
variant in SLC37A4

ES was performed on individuals P1, P3, P4, and PS. ES and
GS were performed on P7. Sanger sequencing was used for

P2 and Pé6. All seven individuals were found to share a hetero-
zygous and likely pathogenic variant ¢.1267C>T (p.Arg423*
) in SLC37A4 (Table 1; Figure 1C). The variant in P6 and P7
was found to be de novo, while it was maternally inherited
for P2, P4, and PS5 (Table 1). Inheritance is unclear for both
adults P1 and P3, and unaffected family members did not
carry the variant. This variant was not found in several pub-
lic databases, including gnomAD v.2.1.1 (>125,000 individ-
uals), DiscovEHR (>50,000 individuals), and Geno2MP
(>18,000 individuals). It is important to note the
¢.1267C>T variant is observed twice in Geno2MP, but
both are from our individual P7 because he had both ES
and GS. The variant was also absent from ClinVar.

Generating CRISPR-edited Huh?7 cells carrying the
c.1267C>T (p.Arg423*) variant

Given the clear N-glycan abnormalities seen in serum sam-
ples from all seven affected individuals, we next sought to
analyze N-glycans from fibroblasts. HPLC analyses of N-gly-
cans from two affected individuals (P6 and P7) did not reveal
any meaningful changes when compared against three
healthy control fibroblast lines (data not shown). This was
not completely unexpected given the liver-specific pheno-
type seen in the seven affected individuals. We also attemp-
ted to replicate the biochemical phenotype by either tran-
siently or stably expressing the mutant transporter in
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Characterization of N-glycans from p.Arg423* base-edited Huh7 cells

N-glycans released from secreted glycoproteins by PNGase F digestion showing the accumulation of both high mannose and hybrid type
glycans in C21 with glycan abundances deduced from NSI-MSn measurements.

Huh7 or HEK293 cells. In both cell types, we failed to see
measurable changes in the N-glycans (data not shown).
However, it is critical to note we observed a significant rapid
and progressive cell death from overexpressing either the
wild-type or the mutant transporter by using either a strong
(CMV) or a weaker (EF1) promoter. As an alternative
approach, we generated iPSCs from P7 and carried out
several successful experiments (see below). However, tech-
nical issues with the generation of iPSC-derived hepatocytes
in sufficient quantities for experiments other than immuno-
staining led us to take a different approach.

Therefore, we CRISPR modified the hepatocarcinoma
cell line, Huh7, and generated both heterozygous and ho-
mozygous ¢.1267C>T (p.Arg423*) clones. Genotyping
showed several heterozygous clones with varying ratios
of wild-type to mutant alleles. For example, Sanger
sequencing showed clone C49 had a wild-type-to-mutant
ratio of 40:60, while C71 was exactly 50:50, which matches
affected individuals (Figure S4). We identified a single ho-
mozygous clone (C21) and multiple clones (C8, C9, and
C10) that underwent treatment without producing an
edit. These were used as Huh7 control lines because they
were biochemically indistinguishable from the parental
Huh?7 cell line. In some cases, a silent variant c.1266C>T
(p-G422G) also occurred (Figure S4).

High mannose and hybrid type N-glycans in
glycoproteins secreted from p.Arg423*-edited Huh7
cells

The hallmark of this disorder is the abnormal dramatic accu-
mulation of high mannose and hybrid type N-glycans on
liver-derived serum glycoproteins. We wanted to determine
whether our CRISPR-edited Huh7 cells could replicate that
N-glycan profile. Using NSI-MSn, we analyzed the N-glycans
released from glycoproteins secreted by three isogenic con-
trols (C8, C9, and C10) to clones carrying either a heterozy-
gous (C71) or a homozygous (C21) ¢.1267C>T (p.Arg423*)
variant in SLC37A4. C21 best replicated the N-glycan profile
of the affected individuals, showing a substantial increase in

the amount of high mannose (glycans 3-5) and hybrid type
(glycans 6-8) N-glycans when compared with the three con-
trols (Figure 3). C71 did not show a difference (Figure 3).
HPLC analysis confirmed the observed N-glycan changes
seen in C21 (Figure S5).

Glycan analysis of cell associated material from undiffer-
entiated P7 iPSCs was identical to the control (K3), howev-
er, when P7 iPSCs were differentiated to hepatocytes, they
replicated the accumulation of several, but not all, serum
N-glycans seen in affected individuals (Figure S6). Specif-
ically, hybrid type (glycans 10-12) N-glycans were the
most significantly affected, while high/oligo mannose
(glycans 1-5) were not.

Mislocalized SLC37A4-encoded transporter in p.Arg423*
-edited Huh7 cells

The ¢.1267C>T (p.Arg423*) in SLC37A4 is predicted to
delete the last seven amino acids from the cytoplasmic tail
(423 - RVSKKAE - 429aa) (UniProt: 043826-1) (Figure 1C).
This region includes a KKXX ER retrieval motif typically
found in andrequired to maintain ER localization of resident
proteins. However, the deleted region also has a possible
Golgi retention sequence KXD/E motif (Figure 1C).*>*° To
better understand the consequences of losing these motifs,
we used subcellular fractionation and confocal microscopy
to compare wild-type or mutant transporter in our Huh7-
edited cell lines.

Using a Nycodenz density gradient to fractionate subcel-
lular organelles””*" of C9 control and C21 and C71, we
clearly separate markers for ER (Calnexin) and cis Golgi
(GM130) and found that neither the wild-type nor the
mutant transporter was present in the Golgi fractions but
enriched in the ER fractions (Figure 4A).

Next, we used high-resolution confocal microscopy to co-
localize SLC37A4 with either the ER marker (anti-KDEL) or
the Golgi marker (anti-GM130) in our mutant Huh7 lines.
When compared with the two control Huh7 lines (C8
and C9), we did not see mislocalization of mutant
SLC37A4 to the Golgi (Figure 4B). Instead, the majority
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Figure 4. Localization of mutant SLC37A4
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p
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SLC37A4 Zoom

SLC37A4

(A) Subcellular fractionations of extracts from control C9 and edited lines C21 and C71 showing SLC37A4 protein is absent from the
GM130 Golgi-containing fractions, but with similar fractionation pattern as the ER marker, calnexin. Subcellular fractionations were
performed with three biological replicates via the Nycodenz gradient method, and representative images are shown.

(B) Immunofluorescence staining of Huh7 control and edited cells showing localization of SLC37A4 with the ER marker, KDEL (upper
panel), the Golgi marker, GM130 (middle panel), and the ER exit site marker, SEC31 (lower panel).

(C) Immunofluorescence staining for the ER marker, KDEL, and SLC37A4 in iPSC-derived hepatocytes from control and P7. Control (up-
per panel) showed strong colocalization (r = 0.98), while P7 (lower panel) showed reduced colocalization (r = 0.41).

remained in the ER-containing fractions. However, iPSC-
derived differentiated hepatocytes showed an altered distri-
bution of SLC37A4 within the ER. Analysis showed the
KDEL-SLC37A4 overlap in control hepatocytes was sub-
stantial (R = 0.98), while in iPSC-derived P7 hepatocytes,
this co-localization was far less pronounced (R = 0.41; R,
Pearson correlation coefficient) (Figure 4C). It is not fully
clear where this portion of mislocalized mutant transporter
is residing within the early secretory pathway or whether
the defect has caused alterations in the structure of the
endoplasmic reticulum-Golgi intermediate compartment
(ERGIC) compartment or mislocalization of the ER and ER
exit site markers. In the Huh7 C21, we did see an increased
colocalization of the ER exit site marker, SEC31, with
SLC37A4, which was absent from controls (Figure 4B).

These data provide clear evidence that the mutant trans-
porter is not localized to the Golgi, contradicting the
claims of a previous report based on overexpression of
the mutant transporter in HepG2 cells.”” It is unclear
where the mutant transporter resides, but it is most likely
an undefined intermediate sub-compartment between
the total ER and the cis-Golgi. The mutant transporter
did not, however, colocalize with the ERGIC marker pro-
tein ERGIC-53 (Figure S7).

Abnormal Golgi morphology and pH in p.Arg423*
-edited Huh7 cells

While SLC37A4 was clearly not located in the Golgi, its
redistribution correlated with a striking dose-dependent
abnormal appearance in the Golgi morphology in both
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mutant clones (C21 and C71). Immunofluorescence stain-
ing with the Golgi-associated marker, GM130, showed a
compact Golgi architecture in all three controls (C8, C9,
and C10), while in mutant clones C21 and C71, the struc-
ture was reminiscent of Golgi fragmentation (Figure 5A).
By measuring the ratio between the Golgi area versus the
area of the nucleus, we were able to quantify this difference
(Figure 5B). The abnormal distribution of cis-Golgi marker
GM130 was also seen in the medial (Stx5 and Giantin) and
trans-Golgi network (TGN46) markers that showed the
same abnormal morphology (Figure S8). Because abnormal
trafficking is a hallmark of many CDG Golgi defects, we
examined the effects of brefeldin A (BFA)-induced retro-
grade transport in control and mutant cells but saw no
apparent difference (Figure S9).

Because intra-Golgi pH is also critical for Golgi homeosta-
sis, we also considered the possibility that an active SLC37A4
relocated to an inappropriate early compartment could indi-
rectly increase the concentration of Glc-6P and/or Pi, lead-
ing to an altered intraluminal Golgi pH downstream. To
test this, we transiently expressed a Golgi localized
B4GALT1 protein fused to both a pH-sensitive eGFP and a
pH-indifferent mCherry. Reduced Golgi pH lowers fluores-
cence of the modified eGFP, while the mCherry is unaffected
(Figure 6A). Using this method, we determined the Golgi pH
in two controls (C8 and C9) tobe 6.23 and 6.21, respectively;
C21 was approximately 5.51, 0.7 units lower than that of the
controls (Figures 6A-6C), while the heterozygous C71 clone
was intermediate at approximately 5.89. This method mea-
sures the entire Golgi and cannot discern the pH within
each individual cis, medial, or trans compartment.*’

SLC37A4 transport activity in CRISPR-edited Huh7 cells
We previously mentioned that autosomal recessive loss-of-
function variants in SLC37A4, which are primarily due to

C8 C9 C21 C71

Figure 5. Abnormal Golgi structure and
function in p.Arg423* base-edited Huh7
cells

(A) Immunofluorescence staining of Huh7
control (C8 and C9) and edited cells (C21
and C71) with the Golgi marker, GM130,

*k

Hokok ok

*k

ns showing abnormalities Golgi morphology/

area. Scale bar represents 20 pm.

(B) Golgi area was quantified and then
normalized to the area of the nucleus to pro-
vide a ratio showing both C21 (homozy-
gous clone) and C71 (heterozygous clone)
had significantly increased Golgi area. The
effect is significantly more pronounced
when both alleles are mutated as they are
in C21. In three separate biological repli-
cates, conducted within monthly intervals,
each time with freshly thawed cells, n = 8
cells were analyzed, and the mean was
taken. The graph represents an average of
the means acquired over three different bio-
logical measurements. Total cells measured
N = 24 over three biological replicates. Sta-
tistical significance *p < 0.05, **p < 0.005,
***p < 0.001, and ****p < 0.0001 was calcu-
lated via one-way ANOVA.

reduced Glc-6P transport activity, result in GSD-Ib. We
show the p.Arg423* does not affect Glc-6P transport activ-
ity of SLC37A4 (Figure S10), which is consistent with pre-
vious findings showing that the last twelve amino acids of
SLC37A4 are not required for protein stability or transport
activity.®” It also means that the mislocalized or redistrib-
uted mutants are fully capable of transporting and possibly
accumulating Glc-6P.

Discussion

We define a dominantly inherited metabolic disorder in
seven individuals as a result of a p.Arg423* variant in
SLC37A4, resulting in a liver-specific CDG characterized
by altered serum protein N-glycosylation and a decreased
series of coagulation proteins. These proteins include clot-
ting factors (F2, FS, F9, and F11) and inhibitors (SERPINC1,
PROS1, and PROC). Interestingly, three of our seven
affected individuals also presented with cardiac abnormal-
ities, which is also seen in G6PC3 deficiency.*®*”

The p.Arg423* variant is predicted to delete a conserved
C-terminal ER retrieval signal, which if removed, could
result in mislocalization of a portion of the protein because
affected individuals are heterozygous for the variant. It is
known that varying-sized deletions within the C-terminal
tail of SLC37A4 (as early as Arg418) do not impair its trans-
port activity or stability, although localization was not
addressed.”” The C-terminal cytosolic tail of SLC37A4 con-
tains a potential COP1-dependent Golgi retention signal
KXD/E motif, suggesting possible inability to relocate a
portion of the fully active protein to the Golgi. However,
it should be noted that SLC37A4 has never been shown
to be localized to the Golgi under physiological conditions.

Affected individuals who are compound heterozygous or
homozygous for a p.Arg415* variant, which deletes the
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pH response curve for the GalT-mCherry-
eGFP construct and allowed for the calcula-
tion of pH in Huh?7 cells. Scale bar repre-
sents 20 um.

(B) Standard curve using calibration buffers
to determine estimated luminal pH values.
(C) Quantification of the Golgi luminal pH
values in Huh7 controls (C8 and C9) and
edited (C21, a homozygous clone, and
C71, a heterozygous clone) cells showing
acidification of the Golgi upon introduction
of the c.1267C>T (p.Arg423*) mutation.
The effect is significantly more pronounced
when both alleles are mutated. Data were
acquired in four (C8 and C71) or six (C9
and C21) biological replicates, conducted
on different weeks, with cells freshly trans-
fected with GalT-mCherry-eGFP construct.
In each biological replicate, 10-15 cells
average of the means acquired over the different biological measure-

eGFP/mCherry
merge

ments. Statistical significance *p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001 was calculated via one-way ANOVA.

entire retrieval signal, have classical GSD-Ib. Biochemical
studies show this variant reduces transport activity because
of dramatically decreased transporter protein stability.*’
Glycosylation studies in one individual carrying the
p.Arg415* variant were described as normal.’” However, a
lack of defective glycosylation could be due to the fact
the p.Arg415* mutant is unstable and protein is lost. There-
fore, the p.Arg415* mutant is unable to exert similar effects
as the p.Arg423* variant, whose expression is not
decreased (Figure S11).

The consequences of these differences in SLC37A4 pro-
tein expression highlight a key issue seen in both our study
and the one reported by Marquardt et al.** In both studies,
overexpression of either wild-type or mutant transporters
was highly toxic, making interpretations from sick or
dying cells unreliable.

We initially approached this problem and the lack of a
measurable phenotype in fibroblasts by generating iPSCs
from one individual (P7). While both control and P7 undif-
ferentiated iPSCs showed no N-glycan abnormalities, we
were able to show an abnormal N-glycan phenotype in he-
patocytes derived from P7 (Figure S6). Because conversion
of iPSCs to hepatocytes is lengthy and incomplete, we
sought a more practical and reproducible approach to
studying the c.1267C>T (p.Arg423*) variant in SLC37A4
and opted to CRISPR-base edit Huh7 cells. We were able
to generate several isogenic clones carrying variable ratios
of wild-type to mutant transporter. This was very likely
due to the presence of multiple gene copies of the trans-
porter. These ¢.1267C>T (p.Arg423*) SLC37A4-modified
Huh?7 cell lines maintained stability of the mutant protein
at comparable levels to controls (Figure S11). Fibroblasts
from affected individuals also express similar levels of
SLC37A4 protein to controls, but because they are not glu-
coneogenic cells, they do not exhibit an abnormal N-
glycan phenotype. (Figure S11).

The CRISPR-edited Huh?7 cells were found to have a gene
dose-dependent abnormal Golgi morphology. There was a
clear hierarchy of mutant SLC37A4 dose-dependent phe-
notypes: reduced Golgi pH — altered Golgi morphology
— altered N-glycosylation of secreted and cellular pro-
teins, possibly reflecting a cause-and-effect relationship.

We show mutant protein does not relocate to the
Golgi, rather, it maintains activity and a portion of it lo-
calizes to an undefined region within the early secretory
apparatus. Although several different approaches failed to
show localization of the mutant transporter in the Golgi,
we do show a portion localized with both an ER-marker
(anti-KDEL) and a non-KDEL-containing compartment.
This pattern was also seen in P7 hepatocyte-differentiated
iPSCs (Figure 4C). We hypothesize the mutant trans-
porter with its normal activity alters the localized
environment within this undefined compartment and
subsequently causes downstream changes via vesicular
trafficking (Figure 7). These changes result in lower Golgi
pH, which we hypothesize is sufficient to affect the
activity or optimal organization of one or more Golgi-
localized glycan maturation enzymes, also altering ho-
meostasis and Golgi architecture (Figure 7). Glycosylation
disorders impairing maintenance of luminal pH homeo-
stasis have been reported (e.g., ATP6VOA2-CDG [MIM:
219200], ATP6V1A-CDG [MIM: 617403], ATP6VI1EIl-
CDG [MIM: 617402], ATP6AP1-CDG [MIM: 300972], AT-
P6AP2-CDG [MIM: 301045], and SLCY9A7-CDG [MIM:
301024]), and those disorders often display clear N-
glycan and O-glycan defects involving galactosylation
and sialylation but not the disturbance in earlier process-
ing steps we observed.’’** While the cause of this pH
change in our mutant lines remains unclear, we speculate
that it is due to abnormal accumulation of Glc-6P or
Glc+Pi, which would normally be transported back into
the cytoplasm.
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Figure 7. Overview showing function of SLC37A4 in hepatocytes

A schematic showing the function of wild-type SLC37A4 in hepatocytes during nourished or fasting conditions. Under nourished con-
ditions, exogenous Glc provides ample Glc-6P for glycolysis, glycogenesis, and pentose phosphate pathways. Under fasting conditions,
hepatocytes must generate Glc-6P from glycogenolysis (GL) and gluconeogenesis (GNG) for these pathways and also normalize plasma
Glc. SLC37A4 imports Glc-6P into the ER and G6PC releases Pi+Glc so both can be returned to the cytoplasm and Glc to the circulation.
Mutant SLC37A4 (p.Arg423*) is fully active and maintains normal glucose homeostasis under fasting conditions, but a portion of the
active transporter becomes mislocalized to an undefined, spatially restricted pre-Golgi/post-ER compartment, possibly ERES. Glc-6P
and/or Pi accumulates there, leading to a dose-dependent reduction of Golgi pH and Golgi architecture/homeostasis. Reduced pH is
propagated in subsequent Golgi compartments, altering the activity and/or localization of multiple N- and O-glycan-modifying en-
zymes. Because Mn and Mg are critical co-factors for many of these reactions, reduced pH could affect their solubility and availability.

The dominantly inherited disorder presented here is char-
acterized by liver dysfunction, coagulation deficiencies, and
profound abnormalities in N-glycosylation of serum-specific
proteins; the recessive form GSD-Ib only overlaps with the
liver dysfunction. GSD-Ib does not present with the N-glyco-
sylation deficiency seen in liver-specific factors, however
neutrophils from affected individuals do show hypogalacto-
sylation.** It is intriguing that both disorders do show hypo-
galactosylation, albeit in different tissue types, and suggests
dysregulation of glucose homeostasis could be contributing
to the hypogalactosylation. In GSD-Ib and G6PC3 defi-
ciency, accumulation of 1,5-anhydroglucitol-6-phosphate
significantly alters glucose homeostasis and causes the
observed neutropenia and neutrophil dysfunction.*®>?

Here, we present a dominantly inherited disorder of glyco-
sylation due to a heterozygous c.1267C>T (p.Arg423*)
variant in SLC37A4. Affected individuals present with a
multifactorial coagulation defect characterized by abnormal
serum glycoproteins specifically harboring high mannose
and hybrid type N-glycans. Hepatoma cells base edited to
carry the p.Arg423*variant recapitulate the N-glycan abnor-
mality and additionally show a profoundly dysfunctional
Golgi apparatus characterized by gene dosage-dependent hi-
erarchy of reduced luminal pH, altered morphology, and dis-
rupted homeostasis.

Data and code availability

The accession number for the ¢.1267C>T (p.Arg423’) variant in
SLC37A4 is GenBank: NM_001164277.1. The UniProt ID is Uni-
Prot: 043826-1.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2021.04.013.
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Figure S1: Capillary zone electrophoresis of transferrin for Control, P1, P2, P4,
P5, P6. Glycosylated transferrin isoforms were separated by capillary zone
electrophoresis with each peak labeled with the corresponding number of sialic acids. 0-

Asiaolo, 1-Monosialo, 2-Disialo, 3-Trisialo, 4-Tetrasialo, 5-Pentasialo.
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Figure S2: 2-Dimensional gel electrophoresis of ApoClll for Control, P1, P2, P4,
P5, P6. 2-DG electrophoresis of the serum O-linked glycoprotein, ApoClll showing

changes in the ratio of di-sialo (ApoClll2), mono-sialo (ApoClll1) and Asialo (ApoClllo).
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Figure S3: Characterization of N-glycan abnormalities in serum from affected
individuals. MS spectra of N-glycans from serum glycoproteins for control and all
seven affected unrelated individuals showing N-glycan abnormalities in serum.
Specifically, the accumulation of multiple species of both high mannose (peaks
1579.8,1783.9m/z) and hybrid type N-glycans was observed (peaks 1981.9, 2186.1,

2390.2m/z).
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Figure S4: Sanger sequencing of Huh7 base edited clones. Sanger sequencing isogenic
Huh7 base edited clones for the ¢.1267C>T [p.Arg423*] in SLC37A4. Clones C8, C9, C10

underwent the same editing process as C21, C49, C71 but no edit was performed.
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Figure S5: HPLC analysis of N-glycans. N-glycans were purified from Control and P7 serum (upper panel) as well as

Huh7 Control and C21 medium (lower panel). Samples were run on HPLC and detected by fluorescence.
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Figure S6: Nanospray ionization mass spectrometry (NSI-MSn) analysis of N-
glycans released from iPSC-derived hepatocytes. Control and P7 iPSCs were

differentiated to hepatocytes. N-glycans were released from total cell-associated

proteins and analyzed after permethylation.

ERGICS53 SLC37A4 KDEL merge

Figure S7: ERGIC53 and SLC37A4 do not colocalize. Immunofluorescence staining
showing no colocalization of SLC37A4 with ERGIC53 in IPSC differentiated

hepatocytes from P7.
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Figure S8: Immunofluorescence for the Golgi morphology. Multiple markers
covering the three Golgi compartments were used to confirm abnormalities seen in the
Golgi morphology. cis-Golgi/medial marker giantin, medial marker syntaxin 5 and trans

marker Golgi network TGN46.
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Figure S9: Brefeldin A induced retrograde transport.

Brefeldin A induced retrograde transport was assayed in each cell line and showed no

difference in retrograde transport rate.
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Figure S10: SLC37A4 transport activity in CRISPR edited Huh7 cells. SLC37A4
transport activity showing no difference in the ER specific uptake of 3H-Glc-6P into

Huh7 control or edited cells.
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Figure S11: SLC37A4 protein expression. Western blot analysis of SLC37A4
expression in (A) Huh7 control (C8, C9) and edited (C21, C71) cells. (B) Expression of
SLC37A4 in control GM — 1652, GM — 3348, GM — 5381 and P6, P7. Alpha tubulin was

used to normalize protein levels.



Table S1: List of primary and secondary antibodies used in immunofluorescence.

Antibody Cat. Number | Source | Dilution Company
anti-SLC37A4 PA5-58599 Rabbit 1:100 Life Technologies
anti-GM130 610822 Mouse 1:250 BD Biosciences
anti-giantin Alexa Fluor 488 308701 Rabbit 1:250 BioLegend
anti-syntaxin 5 SC-365124 Mouse 1:100 Biotseiﬂaiggi/zlnc.
anti-TGN46 GTX-74290 Sheep 1:100 Genetex
anti-KDEL ADI'S%A'827' Mouse 1:100 Enzo Life Sciences Inc.
anti-B4-GalT1 HP':‘-&;SEO?- Rabbit 1:100 Sigma Aldrich
anti-Sec31A 612350 Mouse 1:100 BD Biosciences
anti-rabbit Alexa Fluor 405 A31556 Goat 1:100 Life Technologies
anti-rabbit Alexa Fluor 488 AB150077 Goat 1:500 Abcam
anti-rabbit Alexa Fluor 568 A11011 Goat 1:250 Life Technologies
anti-sheep Alexa Fluor 488 AB150178 Donkey 1:250 Abcam
anti-mouse Alexa Fluor 546 A11003 Goat 1:250 Life Technologies
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