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SUMMARY
Globoid cell leukodystrophy (GLD) is a rare neurodegenerative lysosomal storage disease caused by an inherited deficiency of b-galacto-

cerebrosidase (GALC).GLDpathogenesis and therapeutic correctionhavebeenpoorly studied inpatientneural cells.Here,we investigated

the impact of GALC deficiency and lentiviral vector-mediated GALC rescue/overexpression in induced pluripotent stem cell (iPSC)-

derived neural progenitors and neuronal/glial progeny obtained from two GLD patients. GLD neural progeny displayed progressive psy-

chosine storage, oligodendroglial and neuronal defects, unbalanced lipid composition, and early activation of cellular senescence,

depending on the disease-causingmutation. The partial rescue of the neural differentiation program uponGALC reconstitution and psy-

chosine clearance suggestsmultiplemechanisms contributing toneural pathology inGLD.Also, thepathological phenotype associated to

supraphysiologicalGALC levels highlights the needof regulatedGALCexpression for proper humanneural commitment/differentiation.

These data have important implications for establishing safe therapeutic strategies to enhance disease correction of GLD.
INTRODUCTION

Globoid cell leukodystrophy (GLD, or Krabbe disease) is a

rare lysosomal storage disorder (LSD) due to an inherited

deficiency of b-galactocerebrosidase (GALC), a catabolic

enzyme of galactosphingolipids, e.g., galactosylceramide

and galactosylsphingosine (psychosine) (Suzuki and Suzuki,

1970). The infantile forms present with relentless demyelin-

ation and neurodegeneration of the central nervous system

(CNS) and peripheral nervous system. Allogeneic hemato-

poietic stem/progenitor cell (HSPC) transplant partially cor-

rects theCNSpathology (Allewelt et al., 2016), likely because

of themodestGALCsupplyprovidedbyHSPCmyeloidprog-

eny in the brain. In vivo and ex vivo gene therapy (GT) using

lentiviral vectors (LVs) and adeno-associated vectors benefit

GLD animal models (Bradbury et al., 2021; Ricca and Gritti,

2016). Still, the obstacles in reaching safe, widespread, and

stable expression of therapeutic GALC levels in the CNS

currently limit the clinical application of GT strategies.

Besides acting on myelin and axons, psychosine and

related substrates affect glial and neuronal cell homeostasis

interfering with lipid content/distribution (White et al.,

2011), altering proteostasis (Pellegrini et al., 2019) and auto-

phagy (DelGrosso et al., 2019), promoting apoptosis (Jatana

et al., 2002) and lysosomal dysfunction (Folts et al., 2016).

Growing evidence points to a previous underestimated

association between lysosomal dysfunction, protein mis-
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multiple organisms and cell types (Irahara-Miyana et al.,

2018; Lizardo et al., 2017; Trayssac et al., 2018). Also, recent

observations implicate senescence of neural progenitors

(NPCs) and oligodendroglial progenitors in the pathogen-

esis ofneurodegenerativedisorderswithprotein aggregation

(Zhang et al., 2019) and neuroinflammatory demyelinating

disorders (Nicaise et al., 2019), providing a strong rationale

for investigating these processes as potential contributors

to GLD pathology.

TheGALCprecursorprotein (80kDa) is glycosylated in the

Golgi apparatus and is activated in the lysosomesbycleavage

and assembling of the 50 and 30 kDa forms into the active

multimeric enzyme. The fraction of precursor protein

escaping the physiological lysosomal targeting is secreted

and available for cross-correction of neighboring cells, a

mechanism at the basis of enzyme replacement therapies.

More than 200 pathogenic variants have been identified in

the human GALC gene, among which a 30 kb deletion ac-

counts for 45% of pathogenic alleles in individuals of Euro-

pean origin (Orsini et al., 2000). The occurrence of this

gene deletion in thehomozygous state or compoundhetero-

zygous state with another severe pathogenic variant results

in the infantile-onset forms of GLD. The genotype-pheno-

type correlation is less clear for themanymissense/nonsense

mutations occurring in homozygosis or compound hetero-

zygosis, which may be associated with variable residual
uthor(s).
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Figure 1. GLD iPSCs have undetectable GALC activity and increased psychosine levels
(A) Immunofluorescence pictures of ND and GLD iPSCs expressing OCT4 (green), NANOG (red), and TRA 1-60 (green). Nuclei counterstained
with Hoechst (blue). Scale bars, 100 mm.
(B) Immunofluorescence pictures showing cells expressing AFP, a-SMA, and TUJ1 (green) in ND and GLD embryoid bodies (EBs). Nuclei
counterstained with Hoechst (blue). Scale bars, 80 mm (AFP), 200 mm (TUJ1, a-SMA).

(legend continued on next page)
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GALCactivityandsevere tomilddiseasevariants (DeGasperi

et al., 1999; Jalal etal., 2012).MisfoldedGALCproteinsevoke

an unfolded protein response activation (Irahara-Miyana

et al., 2018) and show mutation-specific alteration of lyso-

somal trafficking and processing (Shin et al., 2016), pointing

to pathological cascades that are independent of, or act in

synergy with, the primary storage.

Small and large GLD animal models (Wenger, 2000) have

been widely used to study primary and secondary patho-

logical events and to test novel therapies. Still, most of

them carry spontaneous mutations that are not found in

humans and partially recapitulate the spectrum of patho-

logical manifestations observed in patients. GLD human

cellular models include patient-specific fibroblasts (Rib-

bens et al., 2013; Spratley et al., 2016), hematopoietic cells

(Martino et al., 2009), or epithelial cell lines with induced

GALC mutations (Lee et al., 2010; Shin et al., 2016) that

hardly recapitulate the metabolic and functional features

of neural cells. Human induced pluripotent stem cells

(iPSCs) (Yamanaka, 2007) offer a unique tool to analyze dis-

ease pathogenesis in a patient-specific genetic background

and to test correction strategies. The differentiation of

iPSCs in neural cells has boosted CNS disease modeling

and therapeutic screening (Shi et al., 2017). Human iPSCs

are available from a variety of LSDs (Huang et al., 2012)

but no reports are describing GLD iPSCs.

Here, we established GLD patient-specific iPSC lines as a

reliable human model for elucidating GLD pathogenesis

and testing the efficacy of GT in relevant neural cell types.

To this end, we differentiated GLD iPSCs into neural pro-

genitor cells (NPCs) and differentiated progeny (oligoden-

drocytes, neurons, and astrocytes) and monitored the pro-

gression of cell-type- and patient-specific primary and

secondary defects. Finally, we assessed the impact of

GALC reconstitution/overexpression (achieved by LV-

mediated gene transfer) in reverting the pathological

phenotype and its potential effect on the biology of human

NPCs and progeny.
RESULTS

GLD iPSCs show undetectable GALC activity and

psychosine storage but display normal pluripotency

features

We generated iPSCs from fibroblasts of five GLD infantile

patients with distinct biallelic mutations in the GALC
(C) GALC enzymatic activity (mean ± SEM) in ND and GLD iPSC clones
(D) Psychosine levels (mean ± SEM) in ND1 (white circles), ND2 (gray c
corresponding iPSCs (n = 2 clones/line, in single or duplicate). Mann-W
multiple comparison test (iPSCs); ns, not significant; *p < 0.05, ***p <
plotted in the box and whiskers graph and analyzed by Mann-Whitne
See also Figure S1.
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gene. Control iPSC lines were generated from fibroblasts

of two unrelated normal donors (ND1, adult; ND2,

neonatal) and one non-affected relative (ND3) (Table S1).

GALC activity in fibroblasts was 2.42 nmol$h/mg (ND1),

3.89 nmol$h/mg (ND2), and 1.56 nmol$h/mg (ND3), while

it was undetectable in all GLD cells. By using an integra-

tion- and feeder-free system we obtained several iPSC

clones from each GLD and ND fibroblast line (reprogram-

ming efficiency: 2%–53%) (Figure S1A). After six to ten sub-

culturing passages, we randomly selected two clones/line

for further analysis (Figure S1A). The presence ofGALCmu-

tations was verified by PCR analysis and sequencing (Fig-

ures S1B and S1C).

We assessed the expression of the pluripotency markers

NANOG, SOX2, KLF4, OCT4, and TRA1-60 in GLD and

ND iPSC clones by RT-PCR (Figure S1D) and immunofluo-

rescence (IF) (Figure 1A). Analysis of endodermal-, meso-

dermal-, and ectodermal-specific markers in embryoid

bodies (Figures 1B and S1E) and histological assessment

of teratomas (Figure S1F) confirmed the pluripotency of

GLD and ND iPSCs.

GLD iPSC clones displayed undetectable GALC activity

(Figure 1C) and significant psychosine storage (50- to

100-fold the ND levels) that was absent in parental fibro-

blasts (Figure 1D).

Overall, GLD patient iPSCs showed the primary

biochemical GLD hallmarks while retaining normal stem

cell properties, justifying their use as a human-based GLD

model.
LV-mediated gene transfer in GLD iPSCs rescues GALC

activity and normalizes psychosine storage

We selected GLD1 and GLD5 lines (two clones/line) for

further characterization and gene transfer studies. GLD1

is homozygous for the large 30 kb GALC gene deletion

that produces a truncated protein lacking the whole coding

region for the 30 kDa subunit and 15%of the coding region

for the 50 kDa subunit (Luzi et al., 1995). GLD5 is homozy-

gous for a missense mutation (c.1657G > A) that is pre-

dicted to cause protein misfolding (De Gasperi et al.,

1999). ND1 and ND2 iPSCs (two clones/line) were used as

controls (Table S1; Figure S1A). We selected iPSCs with

normal karyotype (Figure S1G; Table S2) and used these

cells within subculturing passages 8–30.

To restore GALC activity, we transduced GLD1 andGLD5

iPSC clones with a VSV-pseudotyped third-generation LV
; Mann-Whitney test; ***p < 0.001.
ircles), and GLD (colored circles) fibroblasts (n = 1 sample/line) and
hitney test (fibroblasts) and Kruskal-Wallis test followed by Dunn’s
0.001 versus ND (mean). The mean ± SEM of all ND and GLD clones is
y test; ***p < 0.001.



Figure 2. LV-mediated gene transfer rescues GALC expression and enzymatic activity in GLD iPSCs
(A) Schematic representation of the LV.hGALC vector. hPGK, human phosphoglycerate kinase promoter; wpre, woodchuck hepatitis virus
post-transcriptional regulatory element.
(B) Vector copy number (mean ± SEM) measured in ND and GLD iPSCs clones transduced with LV.hGALC (MOI2). n = 2–4 independent
experiments/clone; Kruskal-Wallis test followed by Dunns’ multiple comparison post-test; *p < 0.05.
(C) GALC mRNA expression (mean ± SEM) in untransduced (UT); (solid bars) and LV.hGALC-transduced (striped bars). n = 3 independent
experiments/clone. Values are normalized on GAPDH and expressed as fold change (2̂ -DDCT) versus ND (mean); one-way ANOVA followed
by Tukey’s multiple comparison post-test; ****p < 0.0001.

(legend continued on next page)

Stem Cell Reports j Vol. 16 j 1478–1495 j June 8, 2021 1481



encoding for the human (h) GALC gene tagged with the

Myc peptide (LV.hGALC) (Meneghini et al., 2016) (Fig-

ure 2A). We transduced GLD1.1, GLD1.3, GLD5.2,

GLD5.6, and ND2.2 iPSC clones using LV.hGALC at multi-

plicity of infection (MOI) of 2 based on pilot dose-response

experiments (Figure S2A). LV.hGALC-transduced GLD

(GLDGALC) and ND (NDGALC) iPSCs showed vector copy

number (VCN) ranging from 5 to 15 (Figure 2B) and signif-

icant GALC mRNA (Figure 2C) and protein expression by

western blot (WB) (Figure 2D; the anti-myc and the anti-

GALC antibodies recognize the 80 kDa precursor protein

and the 30 kDa cleaved fragment, respectively) and IF anal-

ysis (Figure 2E; the antibody recognizes the full-length pro-

tein). We documented a correlation between VCN, GALC

mRNA expression, and enzymatic activity (Figure S2B),

which reached supraphysiological levels (Figure 2F).

The transgenic GALC enzyme normalized psychosine

levels in GLD iPSCs (Figure 2G), which do not showGalCer

accumulation or increased expression of the lysosomal

protein LAMP1 (index of lysosomal expansion) (Figures

S2C and S2D). Importantly, LV transduction and

GALC overexpression did not affect the pluripotency (Fig-

ure S2E) and proliferation (Figure S2F) of ND and GLD iPSC

clones.

GLD and ND iPSC-derived NPCs are generated with

similar efficiency and show a comparable phenotype

We next assessed the impact of GALC deficiency and LV-

mediated GALC rescue in iPSC-derived neural cells. We

differentiated ND, GLD, GLDGALC, and NDGALC iPSCs

into NPCs by applying a published protocol (Chambers

et al., 2009) (Figure 3A). NPCs showed downregulation of

pluripotency markers (OCT4, NANOG) and upregulation

of NPC markers (NESTIN, PAX6, FOXG1) as well as

early neuronal (doublecortin [DCX]) and glial cell

(ASCL1) markers (Figures 3B and 3C). We obtained NPCs

with similar efficiency from untransduced (UT) and

LV.hGALC-transduced GLD and ND iPSCs with the only

exception of clone GLD1.3GALC, which consistently dis-

played modest PAX6 upregulation and Nestin expression

(Figures 3B and S3) andwas excluded from further analysis.

The selected NPC lines were composed of 90%–100% of
(D) Western blot showing the expression of the GALC-myc fusion pro
protein) and an anti-hGALC antibody (recognizing the 30 kDa cleaved
clones. b-Actin, loading control. UT clones do not express the myc-tag
low physiological GALC expression.
(E) Immunofluorescence pictures showing the expression of the GALC
GLD iPSCs. Nuclei counterstained with Hoechst (blue). Scale bars, 20
(F and G) GALC enzymatic activity (F) and psychosine levels (G); clone
ND, GLD, and iPSCs. Data are the mean ± SEM (n = 2–4 independent e
comparison post-test (ND selected as control group); *p < 0.05, **p
See also Figure S2.
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PAX6+ and Nestin+ cells (Figure S3) and were expanded

in culture for five to six passages in the presence of neural

medium (Figure 3D). Thus, ND and GLD iPSC-derived

NPCs display bona-fide NPC molecular and phenotypic

features.

Time- and cell-type-dependent transcriptional

regulation of GALC expression and activity during

differentiation of NPCs into neurons and glia

We adapted a published protocol (Frati et al., 2018) to

generatemixed cell populations containing neurons, astro-

cytes, and oligodendrocytes from ND, GLD, GLDGALC, and

NDGALCNPCs. Cultures were evaluated at day 0 (d0; NPCs),

d7, d14, and d24 of differentiation (Figure 3E), to monitor

GALC expression/activity and glial/neuronal cell commit-

ment andmaturation bymeans of biochemical andmolec-

ular analysis.

The GALC transcript was expressed at low levels in ND

and GLD iPSC clones (GLD1 and GLD5 mutations are not

predicted to impact mRNA transcription) and was upregu-

lated upon neural differentiation (Figure 3F). GALC mRNA

expression in GLDGALC and NDGALC iPSCs was constant

over time, due to the high and stable expression driven

by the constitutive phosphoglycerate kinase (PGK) pro-

moter (Figure 3F).

ND NPCs and differentiated cultures (d14 and d24)

showed comparable GALC enzymatic activity (Figure 3G).

The supraphysiological (z103 the normal levels) GALC

activity in GLDGALC iPSCs decreased during the neural dif-

ferentiation to reach physiological levels at d14 and d24,

whereas NDGALC cultures maintained supraphysiological

GALC activity (z3-fold the ND counterpart at d14 and

d24) (Figure 3G). The stable VCN measured in NDGALC

and GLDGALC cultures at different time points of differenti-

ation (Figure 3H) suggested that decreased enzymatic activ-

ity is not resulting from the counter selection of cells

harboring high VCN.

Overall, these data show that LV-mediated gene transfer

ensures (supra)physiological GALC expression and activity

in NPCs and neuronal/glial progeny, and highlight a strin-

gent transcriptional regulation of GALC activity during

iPSC to neural differentiation.
tein using an anti-myc antibody (recognizing the 80 kDa precursor
protein) in LV.hGALC-transduced (LV; MOI2), ND, and UT GLD iPSC
ged protein. The 30 kDa band is undetectable in UT clones due to the

protein (green; anti-hGALC) in UT and LV.hGALC transduced ND and
mm.
s as in (F) in UT (solid bars) and LV.hGALC transduced (striped bars)
xperiments/clone). Kruskal-Wallis test followed by Dunn’s multiple
< 0.01, ***p < 0.001; ns, not significant.



Figure 3. Differentiation of ND and GLD iPSCs into NPCs, neurons, and glial cells
(A) Protocol used to differentiate iPSCs into NPCs. KSR, knockout serum replacement; N2, neural medium. GDM, glial differentiation
medium; GMM, glial maturation medium.
(B) Expression of NANOG, OCT4, PAX6, DCX, and ASCL1 in untransduced (UT) and LV.hGALC-transduced ND and GLD NPC populations (SYBR
green RT-PCR). Data are normalized on GAPDH expression and shown as fold change (2̂ -DDCT) on the corresponding iPSC clone. Data are
the mean ± SEM (n = 3–4 independent experiments/clone). The GLD1.3GALC clone shows reduced PAX6 upregulation. Kruskal-Wallis test
followed by Dunn’s multiple comparison post-test (ND, control group). *p < 0.05.

(legend continued on next page)
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GLD NPCs display defective neural and glial

differentiation: Impact of GALC rescue/

overexpression on psychosine levels and phenotype

To study the impact of GALC mutations on the glial and

neuronal differentiation program and the effect of LV-

mediated GALC restoration, we performed a comprehen-

sive molecular, biochemical, and phenotypic analysis on

ND and GLD NPCs and neuronal/glial progeny.

The expression pattern of the master oligodendroglial

gene OLIG2 observed in GLD1 and GLD5 cells suggested

an altered oligodendroglial differentiation program, which

was partially normalized in GLDGALC cultures (Figure S4A).

A similar ormore severe alteration was observed in NDGALC

cultures, in which OLIG2 expression was overall strongly

reduced (Figure S4A). We detected an early and persistent

reduction of OLIG2+ and APC+ cells (IF; Figures 4A–4C)

and a significant downregulation of OLIG1 protein expres-

sion (WB; Figure S4B) in GLD1 and GLD5 cultures as

compared with ND counterparts, highlighting a partial

rescue in GLDGALC cells and a detrimental impact of

GALC overexpression in ND cultures (Figures 4A–4C and

S4B).

The expression of the immature neuronal marker DCX

was reduced in GLD5 (but not in GLD1) as compared

with ND cells (Figure S4C). GLD5 cultures showed a signif-

icant time-dependent reduction of TUJ1+ neurons (Figures

4D and 4E), a decreased and/or delayed TUJ1 and neurofila-

ment (NF)-M protein expression (Figures S4D and S4E), and

a reduced expression of acetylated and polyglutamated

tubulin and phosphorylated NF (d14 and d24; Figure S5).

Overall, these data suggested neuronal loss and/or defec-

tive neuronal differentiation/maturation. In contrast,

GLD1 cultures had normal proportions of neuronal cells

(Figures 4D and 4E) and expression of neuronal proteins
(C) Immunofluorescence pictures showing the expression of Nestin, FO
Nuclei counterstained with DAPI (blue). Scale bars, 50 mm.
(D) Proliferation of UT and LV.hGALC-transduced ND and GLD NPC lin
mean ± SEM; n = 2–3 independent experiments, 1–2 clones/group. C
GLD5.6, ND2.2GALC, GLD1.1GALC, GLD5.2GALC, and GLD5.6GALC.
(E) Protocol used to differentiate NPCs (d0) into mixed neuronal/glial
differentiation medium; GMM, glial maturation medium.
(F) GALC mRNA expression (mean ± SEM) in UT and LV.hGALC-transduc
d24). Values are normalized on GAPDH and expressed as (2̂ -DCT). C
GLD5.6, ND2.2GALC, GLD1.1GALC, GLD5.2GALC, and GLD5.6GALC. n = 2–3
two-way ANOVA followed by (1) Tukey’s multiple comparison post-test
0.01, ****p < 0.0001; (2) Dunnett’s multiple comparison post-test to
group). xp < 0.05, xxp < 0.01, xxxxp < 0.0001.
(G) GALC enzymatic activity (mean ± SEM) in UT and LV.hGALC-transdu
cells, d14 and d24). n = 2–4 independent experiments/clone. Kruskal
control group); *p < 0.01, ****p < 0.0001, xp < 0.05, xxp < 0.01, xx
(H) Vector copy number (VCN) measured in LV.hGALC-transduced iPSC
GLD1.1GALC, GLD5.2GALC, and GLD5.6GALC; n = 1–3 independent experim
See also Figure S3.
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(Figures S4D and S4E). The neuronal defects were rescued

in GLD5GALC cultures (Figures 4D, 4E, S4D, and S4E).

GLDGALC cultures also showed an early upregulation of

NF-M protein as compared with the UT ND counterparts

(Figure S4E), suggesting an accelerated neuronal differenti-

ation. GALCoverexpression negatively affected the pattern

of gene and protein expression (Figures S4 and S5), as well

as the number andmorphology of ND neurons (Figures 4D

and 4E).

Astroglia is the less represented and most variable cell

population in both ND and GLD differentiated cultures,

with no clear differences related to GALC deficiency, as

shown by glial fibrillary acidic protein (GFAP) gene expres-

sion analysis (Figure S5D), WB (Figure S5E), and IF (Figures

4D, 4F, and S5F; 3%–15% of GFAP+ cells on the total cells at

d24).

Interestingly, both GALC deficiency (GLD cultures) and

forced GALC expression (GLDGALC and NDGALC cultures)

were associated to higher percentages of cells that stained

negative for the selected lineage-specific markers

(Figure S5F).

Psychosine levels were low in GLD NPCs and increased

during differentiation up to z8 (GLD1) and z30-fold

(GLD5) the ND levels at d24 (Figure 5A). The psychosine

build-up was not associated with a significant increase of

apoptotic cells (Figure 5B) or with enhanced phospholipase

A2 (PLA2) activity (Figure 5C), which has been associated

with psychosine-induced apoptosis (Misslin et al., 2017).

Psychosine levels were normalized in GLD1GALC cultures

and strongly reduced in GLD5GALC cultures (z2-fold the

ND levels), in line with the enzymatic reconstitution. We

observed a moderate increase of Lysotracker+ area (Fig-

ure 5D) in GLD5 and, more evident, in GLD1 NPCs

(normalized in GLD1GALC cultures). Confocal IF analysis
XG1, and PAX6 (green) in ND2.1, GLD1.2, and GLD5.2 NPCs cultures.

es (subculturing passages 0 to 5; days in vitro [DIV]). Data are the
lones used: ND1.2, ND1.3, ND2.1, ND2.2, GLD1.1, GLD1.3, GLD5.2,

cultures that were analyzed at day 7 (d7), d14, and d24. GDM, glial

ed iPSCs and neural progeny (NPCs, d0; differentiated cells, d14 and
lones used: ND1.2, ND1.3, ND2.1, ND2.2, GLD1.1, GLD1.3, GLD5.2,
independent experiments; 1–4 clones/group. Data analyzed using
to compare the different time points in each group. *p < 0.05, **p <
compare the different groups at each time point against ND (control

ced ND and GLD iPSCs and neural progeny (NPCs, d0; differentiated
-Wallis test followed by Dunn’s multiple comparison post-test (ND,
xxp < 0.0001; n.d., not detectable.
s, NPCs (d0) and differentiated cells (d14). Clones used: ND2.2GALC,
ents/clone, 1–2 clones/group.



(legend on next page)
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highlighted the presence of large LAMP1+ vesicles in GLD5

cells (occasionally in GLD1 cells) at d0 (Figure 5E) and d14

of differentiation (Figure 5F). This phenotype was partially

normalized in GLD5GALC cultures (Figures 5E and 5F).

LAMP1 protein expression was comparable in ND, GLD,

andGLDGALC differentiated cultures, while it was increased

in GALC-overexpressing ND cells (Figure 5G).

These data show that: (1) GALC deficiency impairs the

neuronal and oligodendroglial differentiation of human

NPCs, with cell-type- and patient-specific phenotypes; (2)

LV-mediated GALC rescue reduces psychosine levels and

partially rescues the GLD phenotype; (3) a tight regulation

of GALC expression is required to ensure proper NPCs

functionality and preserve multipotency.

Early activation of a senescence response in GLD5

iPSC-derived neural cells

Our data suggested a marginal contribution of cell death

to the loss of GLD neurons and glial cells. Therefore, we

explored whether the altered differentiation programs

of GLD NPCs could be due to an altered proliferative po-

tential. By performing and quantifying Ki67/Nestin im-

munostaining at different stages of the differentiation

protocol, we showed a time-dependent decrease in the

percentage of proliferating cells in all ND and GLD cul-

tures, indicating the exit from the cell cycle of NPCs

and acquisition of a post-mitotic state (Figures 6A and

6B). Interestingly, 5-ethynyl-20-deoxyuridine (EdU) incor-

poration assay showed an earlier and more drastic drop in

the percentage of cells in active S-phase in GLD5 cultures

as compared with ND and GLD1 counterparts (Figure 6C).

This proliferation drop was recovered in GLD5GALC cul-

tures (Figure 6C).

We next investigated whether the early proliferation ar-

rest highlighted in GLD5 cultures was associated with the

establishment of cellular senescence, a biological process

characterized by growth arrest, accumulation of DNA dam-

age, and activation of a pro-inflammatory program known

as senescence-associated secretory phenotype (SASP) (He

and Sharpless, 2017). We detected upregulation of the

cell-cycle inhibitors p16 (Figure 6D) and p21 (Figures 6E
Figure 4. GLD NPCs display impaired neuronal and glial different
(A–C) Immunofluorescence pictures (A) (d24) and quantification (B
LV.hGALC-transduced ND and GLD cultures. Nuclei counterstained wit
(D–F) Immunofluorescence pictures (D) (d24) and quantification (E a
GFAP (red; astrocytes) in UT and LV.hGALC-transduced ND and GLD neu
50 mm.
Data in (B, C, E, and F) are expressed as the percentage of immunoreac
independent experiments/clone/time point; 1–3 clones/group; 5–10 fi
GLD5.2, GLD5.6, ND2.2GALC, GLD1.1GALC, GLD5.2GALC, and GLD5.6GALC. T
(ND at the corresponding time points selected as control group). *p
See also Figures S4 and S5.
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and 6F) and increased nuclear levels of DNA damage

response (DDR) markers 53BP1 (Figures 6G and 6H) and

gH2AX (Figures S6A and S6B) as early as d7 post-differenti-

ation. The induction of DDR and p21 protein was specific

to GLD5 cultures, not reported in ND or GLD1 cultures,

and partially rescued in GLD5GALC cultures. We also

observed a dramatic increase in the percentage of senes-

cence-associated (SA)-b-GAL+ cells in GLD5 (but not ND

or GLD1 cultures) with a peak at d7 of differentiation (Fig-

ures 6I and 6J) and induction of the SASP pro-inflammatory

factors interleukin 6 (IL-6), IL-8, tumor necrosis factor

alpha, and IL-1b (Figures S6C–S6F). Finally, consistent

with the acquisition of a senescence phenotype, GLD5 cells

displayed increased cell size/complexity (based on forward

and side scatter parameters) and expanded nuclear area at

d7 and d14 post-differentiation as compared with ND

and GLD1 cells (Figures S6G–S6H). Importantly, these

senescence-associated hallmarks were reduced or normal-

ized in GLD5GALC cultures.

Altogether, our data suggest that GLD5 iPSC-derived

NPCs activate an early senescence program that hampers

physiological lineage commitment/differentiation. This se-

nescent phenotype is patient-specific (as it is not evident in

GLD1 cells), and is rescued by supplying physiological

levels of a functional GALC enzyme.

GLD cells display an altered lipidomic profile during

the iPSC to neural differentiation

The GALC enzyme has a central role in the sphingolipid

metabolism and sphingolipids have prominent activities

in the CNS, inducing biological effects on various stem/

progenitor cell types (Hannun and Obeid, 2017). To eluci-

date the impact of GALC absence/enhanced expression

on the lipidome of iPSCs and neural progenywe performed

an untargeted global lipidomic profiling in ND, GLD, and

GLDGALC iPSCs, NPCs, and neuronal/glial cells at d14 of

differentiation.

We identified more than 800 lipid species, with a

distinct signature and enrichment of specific lipid classes

in iPSCs (e.g., triacylglycerols [TAGs]; lysophosphatidyl-

serine), NPCs (e.g., phosphatidylcholine [PC]), and
iation
and C) (d14 and d24) of cells expressing OLIG2 and APC in UT and
h Hoechst (blue). Scale bars, 50 mm.
nd F) (d14 and d24) of cells expressing TUJ1 (green; neurons) and
ral cultures. Nuclei counterstained with Hoechst (blue). Scale bars,

tive (IR) cells on total nuclei and represent the mean + SEM; n = 2–4
elds/coverslip. Clones used: ND1.2, ND2.1, ND2.2, GLD1.1, GLD1.3,
wo-way ANOVA followed by Dunnett’s multiple comparison post-test
< 0.05, **p < 0.01, ***p < 0.001.
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differentiated progeny (e.g., phosphatidylethanolamine

[PE]; sphingomyelin [SM]) (Figure 7A). We observed pro-

found changes in several phospholipid classes in GLD as

compared with ND cells (i.e., TAGs; diacylglycerols

[DAG]; monoacylglycerols; PC; PE; lysophosphatidyle-

thanolamine [LPE]; PS; SM; ceramides [Cer]; hexosylcera-

mides [HexCer]) (Figure 7B). Within the same lipid class,

we detected differences related to the stage of differenti-

ation (iPSCs versus NPCs versus differentiated cells) and

genotype (ND versus GLD1 versus GLD5). The most

striking differences between GLD1 and ND cells were

observed in NPCs, which showed decreased levels of

PE/LPE and increased Cer and DAG levels. When

compared with GLD1 and ND cells, GLD5 cells showed

reduced PC, PE, HexCer, and SM, and a strong accumula-

tion of DAG, TAG, Cer, and PS (Figure 7B).

LV-mediated rescue of GALC activity partially normal-

ized the lipidomic profiles of GLD1 and GLD5 cells, as

shown by principal-component analysis (Figure 7C) and

lipid signature (Figures S7A and S7B). In GLD1GALC cells

we observed a rescue of PC, PE, HexCer (iPSCs), and

TAG (NPCs). In GLD5 GALC cells we observed the normal-

ization of HexCer and SM level, as well as a normalization

of DAG, TAG, and PC. LV-mediated GALC overexpression

globally impacted on the lipidome of ND cells. Coher-

ently with the presence of supranormal GALC activity,

NDGALC iPSCs, NPCs, and differentiated cells showed

decreased levels of HexCer and variable increase of Cer,

DAG, and PS in comparison with ND counterparts

(Figure S7C).
Figure 5. Pathological hallmarks in GLD neural progeny
(A) Psychosine levels (mean + SEM) in UT and LV.hGALC-transduced ND
4 independent experiments/clone, 1–3 clones/group. Clones used: N
GLD1.1GALC, GLD5.2GALC, and GLD5.6GALC. Two-way ANOVA followed by T
at the corresponding time point; ####p < 0.0001 GLD versus GLDGALC at
points.
(B) Expression of cleaved caspase-3 (CC3) in UT and LV.hGALC-transduc
Data (mean + SEM) are expressed as the percentage of immunoreactiv
point; 1–3 clones/group; 5–10 fields/coverslip. Clones used: ND1
GLD1.1GALC, GLD5.2GALC, and GLD5.6GALC. Two-way ANOVA followed by
time point selected as control group). No differences between groups
(C) PLA2 activity (mean + SEM) in UT and LV.hGALC-transduced ND and
experiments; 1–3 clones/group. Clones used: ND1.2, ND2.1, ND2.2, G
and GLD5.6GALC.
(D) Lysotracker+ NPCs (red) and quantification of Lysotracker+ area (mm
with Hoechst. Scale bars, 15 mm. Data are the mean + SEM, n = 2 inde
way ANOVA followed by Dunnett’s multiple comparison post-test (ND
(E and F) Representative confocal immunofluorescence pictures of LAM
counterstained with Hoechst. White arrows indicate enlarged lysosom
(G) Western blot and densitometric quantification showing LAMP1 ex
differentiated progeny (d7, d14, and d24). b-Actin, loading control.
clones/group. Two-way ANOVA followed by Dunnett’s multiple comp
control group). *p < 0.05, **p < 0.01, ***p < 0.001.
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DISCUSSION

Human iPSCs have been used to model the neural defects

associated with several LSDs (Huang et al., 2012; Kobolák

et al., 2019). To our knowledge, this is the first report

describing a human iPSC-based neural model of GLD. We

show that GALC deficiency severely affects the differentia-

tion of human iPSC-derived NPCs into neurons and oligo-

dendrocytes. We highlight cell-type- and patient-specific

disease hallmarks in GLD cells, including psychosine stor-

age, lipidome perturbation, and activation of a senescence

program. Finally, we show that a timely regulated GALC

expression is critical for proper neural commitment and

differentiation.

GALC-deficient GLD iPSC lines displayed normal

phenotypic and functional properties despite having

significant psychosine storage, suggesting the dispens-

ability of the GALC enzyme for somatic cell reprogram-

ming/iPSC maintenance as well as the tolerability to

lipid load (Frati et al., 2018). The LV-mediated supply

of physiological or slightly supraphysiological GALC ac-

tivity (3- to 5-fold the ND levels) normalized psychosine

levels in GLD iPSCs without affecting their proliferation

and neural commitment. The GALC enzyme contributes

to preserving the functionality of murine and human

HSPCs (Ungari et al., 2015; Visigalli et al., 2010) and mu-

rine NPCs (Santambrogio et al., 2012). However, the

impact of GALC deficiency and/or overexpression was

not investigated in human neural cells. GalCer is a major

component of myelin and GALC deficiency primarily
and GLD NPCs (d0) and differentiated progeny (d14 and d24). n = 2–
D1.2, ND2.1, ND2.2, GLD1.1, GLD1.3, GLD5.2, GLD5.6, ND2.2GALC,
ukey’s multiple comparison post-test; ****p < 0.0001 GLD versus ND
the corresponding time point; p > 0.05 GLDGALC versus ND at all time

ed ND and GLD NPCs (d0) and differentiated progeny (d14 and d24).
e cells on total nuclei; n = 2 independent experiments/clone/time
.2, ND2.1, ND2.2, GLD1.1, GLD1.3, GLD5.2, GLD5.6, ND2.2GALC,
Dunnett’s multiple comparison post-test (ND at the corresponding
(p > 0.05).
GLD NPCs (d0) and differentiated progeny (d24). n = 2 independent
LD1.1, GLD1.3, GLD5.2, GLD5.6, ND2.2GALC, GLD1.1GALC, GLD5.2GALC,

2/cell) in ND1.2, GLD1.3, and GLD5.6 clones. Nuclei counterstained
pendent experiments, 3 wells/clone, 1,400–12,000 cells/well. Two-
, control group). *p < 0.05.
P1+ cells (red) at d0 (NPCs; E) and d14 (F) of differentiation. Nuclei
es. Scale bars, 15 mm.
pression in UT and LV.hGALC-transduced ND and GLD NPCs (d0) and
Data are the mean + SEM; n = 3–5 independent experiments; 1–4
arison post-test (ND at the corresponding time point selected as



Figure 6. GLD5 NPCs progeny display markers of senescence
(A and B) Immunofluorescence pictures (A) (d0) and quantification (B) (d0, d7) of cells expressing Nestin (green) and Ki67 (red) in ND,
GLD, and GLDGALC cultures. Nuclei counterstained with Hoechst. Scale bars, 50 mm. Data are the mean + SEM; n = 3 independent exper-
iments/clone/time point; 1–3 clones/group; 5–10 fields/coverslip were analyzed. Clones used: ND1.2, ND1.3, ND2.1, ND2.2, GLD1.1,
GLD1.3, GLD5.2, and GLD5.6.
(C) Quantification of EdU+ cells (after a 16-h pulse) in ND, GLD, and GLDGALC NPCs (d0) and differentiated cultures (d7, d14). Data are
expressed as the percentage on total cells (mean + SEM); n = 5 independent experiments, 1–4 clones/group. Clones used: ND1.2, ND2.2,

(legend continued on next page)
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affects oligodendroglial development/maturation. Still,

the key role of GALC documented in neurons and astro-

cytes (Misslin et al., 2017; Teixeira et al., 2014) prompted

us to model GLD using mixed neuronal/glial cultures.

Our NPC-derived ND cultures contained a modest

amount of oligodendroglial cells while neurons were

more represented. Still, the early (between d7 and d14

of culture) and drastic reduction of oligodendrocytes

(observed in all GLD cultures) and neurons (in GLD5

but not GLD1) proved the robustness of the system to

highlight early cell loss/defective differentiation that

may contribute to neurodevelopmental defects in an

early infantile disease. The aggravated time-dependent

defects observed in GLD NPC-derived neuronal/glial cul-

tures are in line with the pathological cascades and phe-

notypes associated with progressive accumulation of

psychosine in CNS cells and tissues (Bongarzone et al.,

2016; Ricca and Gritti, 2016). Still, several findings in

this study suggest a composite- and mutation-dependent

effect associated to GALC deficiency besides psychosine

toxicity: (1) psychosine accumulation increases along

neural differentiation without significant apoptosis; (2)

high percentages of marker-negative cells and altered

expression of key developmental genes are found in

GLD cultures, suggesting a block in cell commitment or

differentiation; (3) clearance of psychosine storage in

LV.hGALC-transduced GLD neurons/glia partially res-

cues the differentiation program, with an amelioration

in the neuronal compartment but far less improvement

in oligodendrocytes.
GLD1.1, GLD5.2, GLD5.4, GLD5.5, GLD5.6, GLD1.1GALC, GLD5.2GALC, an
parison post-test, **p < 0.01 GLD5 versus ND at d7; xxp < 0.01 GLD5 ver
0.05 GLD5GALC versus ND and GLD1 versus ND at all time points.
(D and E) Expression of p16 (CDKN2A; D) and p21 (CDKN1A; E) mRNA
iments/clone; 1–4 clones/group. Clones used: ND1.2, ND2.2, GLD1.1,
and GLD5.6GALC. Data (mean + SEM) are normalized on the housekeepi
DDCT) versus ND (mean of all samples). Kruskal-Wallis test followed
(F) Western blot and densitometric quantification showing the expr
cultures at d7 and d14 (shown in the blot). Calnexin, loading control. D
(mean of all clones) and plotted as the mean + SEM; n = 4 independent
GLD1.3, GLD5.2, GLD5.4, GLD5.5, GLD5.6, GLD1.1GALC, GLD5.2GALC,
comparison post-test (ND at the corresponding time point selected a
(G and H) Confocal immunofluorescence pictures (G) and quantificati
differentiated cultures at d7 and d14 (shown in the pictures). Nuclei
ND). Clones used: ND1.2, ND2.2, GLD1.1, GLD1.3, GLD5.2, GLD5.6, GLD
independent experiments/clone/time point; 100–600 nuclei/group. K
(ND at the corresponding time points selected as control group); *p
(I and J) Representative pictures (I) (bright-field and Hoechst fluoresc
and GLDGALC NPCs (d0) and differentiated cultures at d7 (shown in the
are the mean + SEM n = 3 independent experiments/clone/time point; 1
ND2.2, GLD1.1, GLD5.2, GLD5.6, GLD1.1GALC, GLD5.2GALC, and GLD5.6G

test; *p < 0.05 GLD5 versus ND at d7; xp < 0.05 GLD5 versus GLD1 at d7
See also Figure S6.
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Many sphingolipids involved in the GALC pathway (e.g.,

Cer, sphingosine, sphingosine-1-phosphate) contribute to

cell proliferation, migration, apoptosis (Hannun and Obeid,

2017), senescence, and autophagy (Trayssac et al., 2018;

YoungandWang, 2018).Wepreviously documented the un-

balance of some bioactive lipids inmurineGLDbrain tissues

(Santambrogio et al., 2012). Here, we show a distinctive

global lipidprofile in iPSCsversusNPCsversusNPCprogeny,

regardless of the genotype (ND, GLD) or mutation (GLD1,

GLD5), providing for the first time a snapshot of the changes

in lipidmetabolismduring the iPSCtoneuraldifferentiation.

Intriguingly, GLD1 and GLD5 cell populations displayed

remarkable differences in their lipidomic profile. The accu-

mulation in of TAG, DAG, and Cer in GLD5 iPSCs and

NPC progenymay contribute to the early and specific senes-

cence response and differentiation defects observed in these

cells, given the role of these lipid species in cell fate, cellular

stress, aging, andreplicative senescence (HannunandObeid,

2017; Lizardo et al., 2017; Venable et al., 1995). Ceramide is

the product ofGalCer degradation byGALCand its accumu-

lation in GLD5 lines may appear counterintuitive. We spec-

ulate that other major pathways leading to Cer production

may be induced, i.e., activation of sphingomyelinases and/

or Cer synthases (Claus et al., 2009; Mullen et al., 2012).

The mechanistic link between the GLD5 mutation and the

specific lipid unbalance may include a direct effect of the

mutated GALC protein on the lipidome or an indirect effect

of another GLD-associated pathology (i.e., oxidative stress,

mitochondrial dysfunction) (Ballabio and Gieselmann,

2009). The high vulnerability of neurons to these stressful
d GLD5.6GALC. Two-way ANOVA followed by Tukey’s multiple com-
sus GLD1 at d7 and d14; ###p < 0.001 GLD5 versus GLD5GALC at d7; p >

in ND, GLD, and GLDGALC cultures (d14). n = 5 independent exper-
GLD1.3, GLD5.2, GLD5.4, GLD5.5, GLD5.6, GLD1.1GALC, GLD5.2GALC,
ng gene b-glucuronidase (GUSB) and expressed as fold change (2̂ -
by Dunn’s multiple comparison post-test; *p < 0.05.
ession of the p21 protein in ND, GLD, and GLDGALC differentiated
ata are expressed as fold versus ND at the corresponding time point
experiments; 1–4 clones/group. Clones used: ND1.2, ND2.2, GLD1.1,
and GLD5.6GALC. Two-way ANOVA followed by Dunnett’s multiple
s control group); *p < 0.05.
on (H) of 53BP1+ DDR foci in ND, GLD, and GLDGALC NPCs (d0) and
counterstained with DAPI. Scale bars, 15 mm (all panels, shown in
1.1GALC, GLD5.2GALC, and GLD5.6GALC. Data are the mean + SEM; n = 3
ruskal-Wallis test followed by Dunn’s multiple comparison post-test
< 0.05, **p < 0.01.
ence for nuclei) and quantification (J) of SA-bGAL+ cells in ND, GLD,
pictures) and d14. Scale bars, 50 mm (all panels, shown in ND). Data
–3 clones/group; 4–10 fields/coverslip. Clones used: ND1.2, ND2.1,
ALC. Two-way ANOVA followed by Tukey’s multiple comparison post-
; p > 0.05 GLD5GALC versus ND and GLD1 versus ND at all time points.



Figure 7. Lipidomic profile during iPSC
neural differentiation
(A) Hierarchical clustering of lipid species
differently enriched in iPSCs, NPCs, and
differentiated cultures (d14). ANOVA sta-
tistical test was applied (false discovery
rate [FDR] < 0.05).
(B) Hierarchical clustering of lipid species
differently enriched in ND, GLD1 and GLD5
iPSCs, NPCs and differentiated cultures
(d14). ANOVA statistical test was applied
(FDR < 0.05).
(C) Principal-component analysis (PCA) of
lipid species distribution in ND, GLD and
LV.hGALC-transduced GLD iPSCs, NPCs, and
differentiated cultures (d14 of differentia-
tion). Clones used: ND2.2, GLD1.1, GLD5.2,
ND2.2GALC, GLD1.1GALC, and GLD5.2GALC. See
supplemental experimental procedures for
abbreviations of lipid classes.
See also Figure S7.
events would explain the dramatic neuronal phenotype

observed in GLD5 clones. The use of isogenic pairs might

clarify whether the GLD5 mutated protein has a dominant-

negativeeffect that contributes to thepathogenicphenotype

in addition to the enzymatic deficiency. Also, the respective

role and potential interaction between psychosine load and

lipidome perturbation are not fully elucidated but could

involve a detrimental action of psychosine (accumulated in

both GLD5 andGLD1 cells) and Cer (and other lipid classes,

e.g., TAG; accumulated inGLD5) preferentially on oligoden-

drocyte and neuronal cells, respectively (Jana et al., 2009).

The little residual psychosine storage in LV.hGALC-trans-
duced GLD5 cells may account for the incomplete rescue

of botholigodendrocytes andneurons. The lipidomic profile

is overall normalized in LV.hGALC-transduced GLD5 cells

but we cannot exclude harmful effects due to a minor lipid

unbalance.

The association between lysosomal dysfunction, lipid

unbalance, and senescence in NPCs, neurons, and glial

cells, and its contribution to neurodegeneration and demy-

elination is emerging as an area of active scientific investi-

gations. Specifically, by taking advantage of mouse models

or postmortem human brain samples it was reported that

senescence functionally contributes to multiple sclerosis
Stem Cell Reports j Vol. 16 j 1478–1495 j June 8, 2021 1491



pathogenesis (Nicaise et al., 2019) as well as to cognitive de-

fects in Alzheimer disease (Zhang et al., 2019). Notably, our

study highlights the importance of performing this investi-

gation in relevant human iPSC-based neuralmodels, which

recapitulate the patient-specific pathological hallmarks

more faithfully as compared with murine models or non-

neural cells. These findings represent a starting point for

future functional experiments aimed at further dissecting

the complex and mutation-specific GLD pathology. This

knowledge will pave the way to tailored gene/cell therapy

strategies to enhance the correction of CNS pathology in

GLD.
EXPERIMENTAL PROCEDURES

Reprogramming of human fibroblasts and generation

of hiPSCs
Human dermal fibroblasts from healthy donors (ND1 and ND2)

were purchased from Life Technologies. Fibroblasts from GLD pa-

tients (GLD1, GLD2, GLD3, GLD4, and GLD5) and of a non-

affected relative of GLD1 (ND3) were obtained from the Cell

Line and DNA Bank of Patients affected by Genetic Diseases (Gas-

lini Institute, Genova, Italy). Human fibroblasts were cultured in

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal

bovine serum, L-glutamine, and penicillin/streptomycin in a hu-

midified atmosphere, 5% CO2 at 37�C. Fibroblasts at passages (p)
4–5 (GLD1, GLD2, GLD3, ND1, ND2) and p10–11 (GLD4 and

GLD5, ND3) were used for reprogramming. The StemMACS

mRNA Reprogramming Kit (Miltenyi Biotec, Bergisch Gladbach,

Germany) was used for mRNA transfection according to the man-

ufacturer’s instructions. See the supplemental experimental pro-

cedures for details on iPSC culture, expansion, karyotype analysis,

and embryoid body formation.

iPSC differentiation into NPCs and mixed neuronal/

glial cultures
We applied a published protocol (Chambers et al., 2009) for neural

induction of iPSCs. The newly generated NPCs could be expanded

for four to six passages. We differentiated NPCs (passages 2–3) us-

ing a published protocol (Frati et al., 2018) with some modifica-

tions. Details can be found in the supplemental experimental

procedures.

Lentiviral vector-mediated hGALC gene transfer in

iPSCs
Weused a laboratory-grade/scale third-generation LVencoding the

human (h)GALC cDNA tagged with the myc peptide, under con-

trol of the human PGK promoter (Meneghini et al., 2016). Trans-

duced cells were used for the experiments after three to four subcul-

turing passages, when only integrated LV genome is present.

Quantification of psychosine
Psychosine quantification was performed on frozen cell pellets us-

ing a TSQ Quantum AM mass spectrometer (Thermo Fisher Scien-

tific, Waltham, USA) as described previously (Lattanzi et al., 2014).
1492 Stem Cell Reports j Vol. 16 j 1478–1495 j June 8, 2021
Measurement of GALC activity
Specific GALC activity was measured as described previously (Mar-

tino et al., 2009)(Ricca et al., 2015).

Measurement of PLA2 activity
PLA2 activity was measured using the EnzChek Phospholipase A2

Assay Kit (Thermo Fisher), according to themanufacturer’s instruc-

tions. The enzymatic activity is expressed as relative fluorescent

units/mg of protein/min.

SA-b-GAL assay (X-GAL staining) and proliferation

analysis (EdU staining)
We used the SA-b-GAL Staining Kit (Cell Signaling Technology,

Danvers, USA) following the manufacturer’s instructions.

We assessed cell proliferation using EdU, supplied with Click-iT

EdU Alexa Fluor 647 Imaging Kit (Thermo Fisher Scientific). See

the supplemental experimental procedures for more details.

High-throughput live cell microscopy
The lysosomal area was quantified using a high-content imaging

platform (ArrayScan XTI HCA Reader, Thermo Fisher Scientific).

See the supplemental experimental procedures for more details.

Immunofluorescence analysis
IF analysis was performed as described previously (Frati et al.,

2018). See the supplemental experimental procedures for more de-

tails. A list of primary and secondary antibodies is found in Table

S3.

Western blot analysis
Details on WB blot analysis can be found in the supplemental

experimental procedures. A list of primary and secondary anti-

bodies is found in Table S4.

Molecular analysis
Methods for sequencing of patient mutations and gene expression

analysis (RT-PCR; SYBR green and TaqMan RT-PCR) are found in

the supplemental experimental procedures.

The list of primers used for PCR amplification and sequencing is

found in Table S5.

The list of primers and probes used for gene expression analyses

is found in Table S6.

Determination of VCN
Genomic DNA was extracted from cell pellets using a Maxwell

Cell DNA Purification Kit (Promega) or a QIAamp DNA Micro Kit

(QIAGEN), depending on the number of cells. The number of inte-

grated vector copies/genome was quantified by TaqMan analysis,

as described previously (Lattanzi et al., 2014). See the supplemental

experimental procedures for more details.

Lipidomic analyses
Details on lipid extraction, protein quantification, lipid profiling

data acquisition, processing, and analysis can be found in the sup-

plemental experimental procedures.



Statistics
Data were analyzed with GraphPad Prism version 8 for Macintosh

and expressed as themean ± standard error of themean (SEM). The

number of samples and the statistical tests and post-tests used are

specified in the legends to each figure. p < 0.05 was considered sta-

tistically significant.

For lipid analyses, statistical analysis was performed using Me-

taboanalyst 4.0 web tool https://www.metaboanalyst.ca/Metabo

Analyst/faces/home.xhtml.

Data and code availability
Reagents generated in this study are available upon request from

the lead contact with a completed MTA.

The lipidomic dataset reported in this paper is available atMetab-

oLights, accession number MTBLS1501 (https://www.ebi.ac.uk/

metabolights/MTBLS1501).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.04.011.
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