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Abstract

Neural development is accomplished by differentiation events lead-
ing to metabolic reprogramming. Glycosphingolipid metabolism is
reprogrammed during neural development with a switch from
globo- to ganglio-series glycosphingolipid production. Failure to
execute this glycosphingolipid switch leads to neurodevelopmental
disorders in humans, indicating that glycosphingolipids are key play-
ers in this process. Nevertheless, both the molecular mechanisms
that control the glycosphingolipid switch and its function in
neurodevelopment are poorly understood. Here, we describe a self-
contained circuit that controls glycosphingolipid reprogramming
and neural differentiation. We find that globo-series glycosphin-
golipids repress the epigenetic regulator of neuronal gene expression
AUTS2. AUTS2 in turn binds and activates the promoter of the first
and rate-limiting ganglioside-producing enzyme GM3 synthase, thus
fostering the synthesis of gangliosides. By this mechanism, the
globo–AUTS2 axis controls glycosphingolipid reprogramming and
neural gene expression during neural differentiation, which involves
this circuit in neurodevelopment and its defects in neuropathology.
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Introduction

Glycosphingolipids (GSLs) are glycosylated derivatives of ceramide

that are collectively required for embryonic development and have

key roles in the modulation of cell response to morphogens

(Yamashita et al, 1999; Hakomori, 2008). Glycosphingolipids are

synthesised by the stepwise addition of monosaccharides to a speci-

fic position on a carbohydrate chain attached to a ceramide back-

bone. The nature of the added monosaccharide, the linkage point,

and the anomeric type of the glycosidic bond all depend on the

specific GSL-synthesising enzyme (GSE) involved (D’Angelo et al,

2013a). Thus, different GSEs can act on the same substrate to

produce different and, on first approximation, non-inter-convertible

GSLs from the same precursor, which results in the fact that verte-

brates synthesise GSLs belonging to different metabolic series.

The key “decisional” point towards the production of GSLs

belonging to specific series is the glycosylation of lactosylce-

ramide (LacCer; D’Angelo et al, 2013a). LacCer is indeed the

common substrate of GM2/GA2 synthase (GM2/GA2S) for the

production of GA2 (GalNAc-b1-4-LacCer), of GM3 synthase

(GM3S) for the production of GM3 (NeuAc-a2-3-LacCer), of Gb3

synthase (Gb3S) for the production of Gb3 (Gal-a1-4-LacCer), and
of Lc3 synthase (LC3S) for the production of Lc3 (GlcNAc-b1-3-
LacCer; D’Angelo et al, 2013a). GA2, GM3, Gb3, and Lc3 are

then precursors for the synthesis of GSLs belonging to the asialo,

ganglio, globo/iso-globo, and lacto/neo-lacto-series, respectively

(Fig 1A).

In our previous studies, we have reported that the type of LacCer

glycosylation depends on the mode of transport of its precursor

glucosylceramide (GlcCer) to dedicated GSE machineries (D’Angelo

et al, 2007, 2013b), where the coordinated regulation of GSE expres-

sion is the other main contributor towards the synthesis of specific

GSLs. The physiological meaning of GSL diversity and of the
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Figure 1. Schematic representation of GSL metabolism and of neural GSL reprogramming.

A Schematic representation of GSL metabolism (Glc, glucose; Gal, galactose; GlcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine; NeuAc, N-acetylneuraminic
acid). Grey circles indicate GSL precursors GlcCer and LacCer, green circles indicate ganglio-series GSLs, red circles indicate globo-series GSLs, cyan circles indicate
asialo-series GSLs, and blue circles indicate lacto-series GSLs.

B Schematic representation of GSL reprogramming in neural differentiation. Stem cells prevalently produce lacto- and globo-series GSLs (left panel), while neurons
prevalently produce ganglio- and asialo-series GSLs (right panel).
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existence of systems devoted to control their metabolism is still

largely elusive. Nevertheless, metabolic channelling mechanisms

are exploited during development where the GSL synthetic flux is

switched from one metabolic direction to another.

The most important example of developmental GSL remodelling

is that operating in neural differentiation (Furukawa et al, 2014).

Brain development relies on the execution of morphogenetic

programmes that begin at early embryonic stages and are protracted

throughout the animal life (Stiles & Jernigan, 2010). A central event

in this respect is neural differentiation whereby stem cells are

committed to neural fate. In neural differentiation, transcriptional,

epigenetic, and metabolic programmes are triggered to yield the dif-

ferent neural cell populations (Hamby et al, 2008; Kim et al, 2014;

Qiao et al, 2016). Remarkably, during stem cell differentiation to

neural cells, the production of GSLs is shifted from globo-series to

ganglio-series (Fig 1B; Liang et al, 2010, 2011). This transition is

caused by a coordinated change in the expression of GSEs responsi-

ble for the production of GSLs belonging to the two metabolic series

(Liang et al, 2010, 2011).

Thus, the expression of A4GALT (encoding Gb3S) is suppressed

while that of ST3GAL5 (encoding GM3S) is induced in neural dif-

ferentiation (Liang et al, 2010, 2011). Notably, mutations in GM3S

resulting in the absence of ganglio-series GSLs (and metabolic redi-

rection towards globo-series GSL production) cause a severe disease

in humans (i.e. GM3S deficiency syndrome, OMIM: #609056) char-

acterised by epilepsy, brain atrophy and impaired psychomotor

development (Simpson et al, 2004; Fragaki et al, 2013; Lee et al,

2016). Moreover, genetic manipulations in animal models have

highlighted a fundamental role for GSLs in brain function (Jenne-

mann et al, 2005; Yamashita et al, 2005).

In spite of this evidence, the mechanisms driving GSL reprogram-

ming and its exact role in neurodevelopment are not known. Here,

we provide data indicating that the neural GSL reprogramming is

internally controlled. We indeed uncover a circuit whereby the

globo-series GSLs negatively modulate the expression of the epige-

netic regulator of neural gene expression autism susceptibility

candidate 2 (AUTS2). AUTS2, in turn, binds and activates GM3S

promoter inducing GM3S expression and thus the synthesis of GM3

and of downstream gangliosides.

Importantly, AUTS2 controls the transcription of a wide set of

neural genes by stimulating histone acetylation at their promoters

(Gao et al, 2014; Oksenberg et al, 2014) and, as a consequence, it is

required for proper neurodevelopment (Kalscheuer et al, 2007;

Bedogni et al, 2010; Beunders et al, 2013, 2016; Oksenberg et al,

2013; Gao et al, 2014). Here, we show that, by suppressing AUTS2,

globo-series GSLs reduce histone acetylation at neuronal gene

promoters counteracting their expression and therefore neural differen-

tiation. Based on these data, we propose that the GSL metabolic

switch drives neuronal gene expression during neural differentiation.

Results

Globo-series GSLs inhibit GSL reprogramming and
neural differentiation

To recapitulate neural differentiation in vitro, murine E14 embryonic

stem cells (E14-mESCs) were induced to differentiate to neural cells,

as described in Ref. Fico et al (2008). Neural differentiation was eval-

uated by changes in the levels of stemness (i.e. Nanog and Oct4) and

neural (i.e. Tuj-1) markers (Fig 2A). As shown in Fig 2B, the mRNA

levels of Gb3S are reduced during differentiation. On the contrary,

GSEs devoted to ganglio-series GSL synthesis (including GM3S)

increase in this process (Fig 2B). To assess the impact of these tran-

scriptional changes on GSL composition, we used validated anti-GSL

antibodies (i.e. anti-Gb4 and anti-Forssman antigen for the globo-

series and anti-GT1b for the ganglio-series) in cytofluorimetric

assays. We observed that E14-mESCs expose globo-series GSLs at

their cell surfaces (i.e. Gb4 and Forssman), while after neural differen-

tiation, the globo-series GSLs are no longer detected and ganglio-series

GSLs are produced (i.e. GT1b; Fig 2C; Liang et al, 2011).

To evaluate the role of ganglio-series GSL production in neural

differentiation, E14-mESCs were treated with different inhibitors of

GSL synthesis (Fig EV1A) and induced to differentiate. In agreement

with previous reports (Liour & Yu, 2002) in spite of partial inhibition

(60%) of GSL synthesis (Fig EV1B) and of reduced ganglio-series

GSL levels (~60% reduction in GT1b levels; Fig EV1C), N-butyl-

deoxynojirimycin (NB-DNJ; 25 lM; Platt et al, 1994) treated E14-

mESCs effectively differentiated to neural cells as judged by levels

of stemness and neural markers (Fig EV1D). On the contrary, N-

[(1R,2R)-2-hydroxy-1-(4-morpholinylmethyl)-2-phenylethyl]hexade-

canamide (PPMP; 2.5 lM) treatment, which resulted in a more

▸Figure 2. Globo-series GSLs inhibit neural differentiation and GSL reprogramming.

A E14-mESCs in an undifferentiated state (day 0) or induced to differentiate into neurons for 13 days were processed for Western blotting to evaluate the expression of
neural (i.e. Tuj-1) and stemness (i.e. Nanog, and Oct4) markers.

B The mRNA levels of neuronal markers (black); stemness markers (grey); ganglio-series synthesising enzymes (green); globo-series GSL-synthesising enzymes (red) were
evaluated in cells treated as in (A). Data are means � SD of at least three independent experiments.

C E14-mESCs treated as in (A) were analysed by cytofluorometry with antibodies directed against globo-series GSLs (i.e. Gb4 and Forssman) or the ganglioside GT1b.
Cytofluorimetric profiles and normalised mean fluorescence are shown for each antibody at day 0 (grey) and at day 13 (black). Arrows indicate the direction of
changes observed during neural differentiation.

D E14-mESCs were induced to differentiate into neurons over 13 days in presence of the indicated GSLs (25 lM) or vehicle (methanol). Subsequently, cells were
processed for Western blotting as in (A).

E E14-mESCs treated as in (D) were processed for RNA extraction. The mRNA levels for Gb3S and GM3S were evaluated by qPCR. GM3S/Gb3S mRNA ratios are shown.
Day 0 (grey); day 13 + vehicle (black); day 13 + Gb3 (red); day 13 + GM3 (green). Data are means � SD of at least three independent experiments. *P ≤ 0.05.

F E14-mESCs treated as in (E) were analysed by cytofluorometry after 13 days of differentiation with antibodies directed against globo-series GSLs (i.e. Gb4 and
Forssman) or the ganglioside GT1b. Cytofluorimetric profiles and normalised mean fluorescence are shown for each antibody for cells treated with Gb3 (red) or GM3
(green). Red arrows indicate changes induced by Gb3 treatment.

G E14-mESCs treated with Gb3 or vehicle were stained with ChTxB-Alexa488 (green), ShTxB-Cy3 (red), and DAPI (blue). Dashed lines indicate ShTxB-positive cell
perimeters. Scale bar, 50 lm.
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sustained (80%) inhibition of GSL production (Fig EV1B) and

substantially reduced ganglio-series GSLs levels (~88% reduction in

GT1b levels; Fig EV1C), hampered neural differentiation (Fig EV1D).

Nonetheless, previous studies have reported that PDMP a

compound structurally similar to PPMP inhibits neural differentia-

tion independently on its inhibitory activity on GSL synthesis (Liour

& Yu, 2002), and we thus evaluated the effect of additional inhibi-

tors of sphingolipid production (Fumonisin B1 [FB1; 25 lM] and

myriocin [Myr; 2.5 lM]) on neural differentiation. As shown in

Fig EV1E, FB1 and Myr reduced GT1b levels by ~55% and 85%,

respectively, without affecting neural differentiation (Fig EV1F),

suggesting that GSL production is largely dispensable for this

process. On the same lines, silencing of GM3S (siGM3S; Fig EV1H)

did not result in any measurable impairment in the repression of

stemness markers or induction of neuronal markers (Fig EV1G and

I), indicating that ganglio-series GSL production is in general a result

(not a requisite) of neural differentiation in vitro.

The role of the decrease in globo-series GSLs in neural differenti-

ation was then evaluated. To this end, different exogenous GSLs

were administered to E14-mESCs during differentiation. As shown

in Fig 2D, treatment with globo-series GSLs (i.e. Gb3 and Gb4)

specifically inhibited the induction of the neural marker Tuj-1 and

the reduction in the stemness markers. Furthermore, while control

E14-mESCs differentiated into distinct neural and glial cell popula-

tions, Gb3-treated E14-mESCs failed to effectively differentiate in

any of them (Appendix Fig S1), indicating that globo-series GSLs

counteract neural commitment.

Gb3 administration also inhibited GSL metabolic reprogramming

as it attenuated both the GM3S up-regulation and the Gb3S down-

regulation, which resulted in ~60% decrease in the GM3S/Gb3S

mRNA ratio (Fig 2E). As a consequence, the levels of the ganglio-

GSL GT1b were strongly decreased in Gb3-treated cells while that of

Gb4 and Forsmann remained high after the induction of neural dif-

ferentiation (Fig 2F). Along similar lines, by exploiting the capabil-

ity of B-subunits of Shiga toxin (ShTxB) and Cholera toxin (ChTxB)

to bind to Gb3 and the ganglio-GSL GM1, respectively (Heyningen,

1974; Jacewicz et al, 1986), we found that the more exogenous Gb3

individual cells took up, the less GM1 was displayed at their cell

surfaces (Fig 2G), suggesting that globo-series GSLs suppress

ganglio-series GSL production in individual cells.

Single-cell variation in GSL production in non-neural cells

Similar to what observed in neural differentiation, non-neural cells

are reported to produce ganglio- and globo-GSLs in a mutual exclu-

sive fashion when evaluated at the single-cell level (Majoul et al,

2002). Thus, ganglio- or globo-series GSL levels in the easy-to-

manipulate HeLa cells were evaluated using fluorescently labelled

ShTxB and ChTxB.

As previously reported for other cell lines (Majoul et al, 2002),

individual HeLa cells show mutual exclusion in the expression of

either Gb3 or GM1 (Fig 3A). Nonetheless, while a dependence of

Gb3 or GM1 production on cell cycle phase was found in other cell

lines with GM1 being produced predominantly by cells in G0/G1

phase and Gb3 by cells in G2/M phase (Majoul et al, 2002), when

the G2/M phase marker phospho-histone H3 (p-H3) was evaluated

in ShTxB- and ChTxB-positive HeLa cells, no significant enrichment

was found (Fig 3B). Moreover, even though local crowding in cell

populations (i.e. local cell density) impacts on lipid composition

(Frechin et al, 2015) and GSL production (Snijder et al, 2009), when

the distribution of ShTxB- and ChTxB-positive HeLa cells was consid-

ered along with cell crowding, local cell density failed to account for

mutually exclusive toxin binding (Fig 3C).

As ShTXB-positive and ChTXB-positive cells have distinct global

gene expression profiles (Majoul et al, 2002), the expression GSEs

or accessory factors (i.e. the lipid transfer proteins CERT (Hanada

et al, 2003) and FAPP2 (D’Angelo et al, 2007, 2013b) involved in

GSL synthesis (Fig 3D) was evaluated in ChTxB-positive HeLa cells.

As shown in Fig 3E, ChTxB-positive cells have reduced expression

of FAPP2, which promotes globo-series GSL synthesis (D’Angelo

▸Figure 3. GSL production in non-neural cells at the single-cell level.

A HeLa cells were fixed and stained with ChTxB-Alexa488 (green), ShTxB-Cy3 (red), and DAPI (blue). Acquired confocal images were segmented by CellProfiler software
(Shannon et al, 2003), as detailed in the Appendix. Mean ChTxB- and ShTxB-associated fluorescence intensity was calculated for each cell. Cells with ChTxB or ShTxB
fluorescence intensity ≥ 15% maximal recorded fluorescence intensity were considered ChTxB-positive (green squares), ShTxB-positive (red squares), or double-
positive (green-edged red squares), with double-negative cells represented by empty squares (central-low panel). Scale bar, 100 lm. Upper right: ChTxB versus ShTxB
fluorescence mean intensity for 10,767 individual cells as a scatter plot. Bottom right: as a measure of the degree of clustering of ChTxB (or ShTxB)-positive cells, the
colony factor (defined in Appendix Methods) was calculated for 272 ChTxB-positive and 2,334 ShTxB-positive cells. The mean crowding factors � 3 × SEM for ChTxB-
positive cells (green rectangle) and ShTxB-positive cells (red rectangle) are indicated. The experimentally obtained colony factors were then compared with the
randomly expected colony factors, as defined in Appendix Methods (lower right panel, grey rectangles). *P ≤ 0.05.

B Left panels: HeLa cells were fixed and subsequently stained with ChTxB-Alexa488 (green), ShTxB-Cy3 (red), anti-phospho-Ser10 histone-H3 (pH3) as a marker of G2/M
phase cells (blue) and DAPI (not shown). Insets show examples of pH3+/ChTxB+ and pH3+/ShTxB+ cells, which indicate that both ChTxB positivity and ShTxB positivity
are compatible with G2/M phase cells. Acquired confocal images were segmented using the CellProfiler software (Shannon et al, 2003). Middle panel: mean pH3-,
ChTxB-, and ShTxB-associated fluorescence intensities were calculated for 4,051 cells. Individual cells showing an associated ChTxB or ShTxB fluorescence intensity
≥20% (pH3) and ≥15% (ShTxB, ChTxB) maximal recorded fluorescence intensity were considered pH3-, ChTxB-, and ShTxB-positive. The percentages of pH3+ cells in
the total population (black column) and in the ShTxB+ (red) and ChTxB+ (green) populations are reported. Right panels: the ChTxB and ShTxB associated mean
intensities in the pH3+ and pH3� cell subpopulations. Scale bar, 100 lm.

C The image dataset obtained in (A) was used to correlate ChTxB and ShTxB staining with local cell density (LCD; defined as the number of cells within a 50 × 50-pixel
[69.19 × 69.19 lm] square drown around each cell) for each individual cell imaged. ChTxB- and ShTxB-positive cell distribution obtained from a representative image
(left) and the LCD heatmap (right) obtained for the same image.

D Schematic representation of the GSL synthetic pathway in HeLa cells. GCS, GlcCer synthase; LCS, LacCer synthase; Gb3S, Gb3 synthase; GM3S, GM3 synthase; SMS1,
sphingomyelin synthase 1; CERT, ceramide transfer protein; FAPP2, four phosphate adaptor protein 2.

E Transcriptional profile of GSEs and accessory factors (i.e. CERT, FAPP2) in ChTxB+ HeLa cells (isolated as reported in the Appendix), evaluated by qPCR. mRNA levels are
expressed as log2-fold changes � SD with respect to unsorted HeLa cells. The background shaded area delimits values ranging from �0.5 to 0.5 log2 fold change. Data
are means ± SD from at least three independent experiments.
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et al, 2007, 2013b), and increased expression of GM3S compared to

unsorted HeLa cells.

Moreover, when the few ShTxB and ChTxB double-positive cells

were isolated (Fig EV2A left panel), they evolved towards ShTxB or

ChTxB mutually exclusive positive phenotypes within a few cell

generations (Fig EV2A right panel), suggesting that the double-

positive state is unstable. In addition, we noted that neighbouring

cells tend to form Gb3-positive or GM1-positive cell colonies

(Fig 3A). When analysed by correlative video-light microscopy for

lineage tracking, such colonies were found to derive in most cases

from a single progenitor cell (Fig EV2B; Movie EV1), indicating that,

once established, a specific GSL state (i.e. globo- or ganglio-positive)

can be maintained through several cell generations. Altogether,

these data indicate that, in a way similar to what happens in neural

differentiation, GSL synthesis in non-neural cells is controlled by a

coordinated transcriptional programme leading to bistable metabolic

configurations.

Gb3 represses GM3S expression

To study how this coordination is achieved, the GSL synthetic path-

way was perturbed by silencing GSEs and factors involved in this

metabolism (Fig 4A and B). We thus systematically silenced HeLa

cells for the expression of CERT; the sphingomyelin synthase 1

(SMS1); the glucosylceramide synthase (GCS); the LacCer synthase

(LCS); FAPP2; Gb3S and GM3S; and measured sphingolipid levels

(Fig 4A). Concomitantly, HeLa cells treated as in Fig 4A were

processed for mRNA extraction and qPCR-based evaluation of the

effect of changes in GSL composition on GSE expression (Fig 4B).

Strikingly, all the conditions that led to a robust decrease in cellular

Gb3 content (Fig 4A) (i.e. GCS-KD; LCS-KD; FAPP2-KD; and Gb3S-

KD) increased GM3S mRNA levels (Fig 4B).

Then, Gb3S knocked down (Gb3S-KD) HeLa cells were treated

with exogenous GSLs (i.e. glucosylceramide [GlcCer]; LacCer, Gb3,

and GM3), and GM3S mRNA levels were measured. As shown in

Fig 4C, the addition of Gb3 to the Gb3S-KD cells specifically induced

down-regulation of GM3S. Hence, the GM3S promoter was cloned

upstream of a luciferase reporter gene and its activity was measured

under conditions of low and high cellular levels of Gb3. As shown

in Fig 4D, KD conditions lowering Gb3 levels induced an increase in

GM3S promoter activity that was specifically counteracted by the

addition of exogenous Gb3 to Gb3S-KD cells (Fig 4E), which

suggests a role for the globo-series GSLs in the repression of GM3S

expression through the modulation of its promoter activity.

Truncated versions of the GM3S promoter were then produced

and tested in conditions where Gb3 levels were perturbed. As

shown in Fig 4F, the GM3S promoter contains a repressive (red box,

�432 to �324) and a promoting region (green box, �324 to �177).

Of note, the sensitivity of the GM3S promoter to the changes in Gb3

levels depends on the presence of the repressive region. Indeed,

GM3S promoter fragments not containing the �432 to �324 region

were no longer sensitive to fluctuations in Gb3 levels (Fig 4F, right

panel). Thus, Gb3 maintains the GM3S promoter in a repressed state

through a mechanism that requires the action of regulatory factors

on a discrete region of the GM3S promoter (Fig 4G).

Gb3 controls GM3S expression via AUTS2

To understand which factors are involved in the control of GM3S

transcription, we looked for genes other than GM3S where their

expression is influenced by Gb3 levels, with the hypothesis that

some of these directly control GM3S expression.

Transcriptional changes were analysed by microarrays under

conditions where the GSL synthetic pathways are perturbed in HeLa

cells as in Fig 4A (Appendix Fig S2). By this procedure, we isolated

a group of six genes that were commonly and specifically up-regu-

lated under conditions leading to decreased Gb3 (Fig 5A). Interest-

ingly, three of these six genes are involved in neurogenesis (i.e.

AUTS2, carboxy-terminal domain small phosphatase 2 [CTDSP2],

and neuroligin 4, X-linked [NLGN4X]; Han et al, 2012; Shi et al,

2013; Gao et al, 2014), and mutations in two of them result in

neurological disorders in humans (i.e. AUTS2 and NLGN4X; Jamain

et al, 2003; Kalscheuer et al, 2007; Beunders et al, 2013; Fig 5A).

When the mRNA levels of these six genes were evaluated in

ChTxB-positive cells, those of AUTS2 and CTDSP2 were found

significantly increased (Fig 5B). Also, their up-regulation in Gb3S-

KD was specifically counteracted by administration of Gb3 (Fig 5C

and D), and thus, their involvement in the control of GM3S expres-

sion was analysed. As shown in Fig 5E, AUTS2-KD (not CTDSP2-

KD) reduced GM3S expression. Moreover, as shown in Fig 5F,

AUTS2 silencing abolishes GM3S up-regulation induced by Gb3S

KD, which indicates that Gb3 controls GM3S expression through

AUTS2. Along similar lines, the silencing of AUTS2 leads to reduced

GM3 production (Fig 5G) and counteracts the increase in the

▸Figure 4. Gb3 represses GM3S Promoter.

A Effects of silencing GSEs and accessory factors on cellular sphingolipid (SL) composition (measured as detailed in the Appendix and expressed as log2-fold changes �
SEM to mock-treated cells from at least three independent experiments). *P ≤ 0.05.

B Effects of silencing GSEs and accessory factors on mRNA levels of other GSEs and accessory factors (measured as detailed in the Appendix and expressed as log2-fold
changes � SEM to mock-treated cells from at least three independent experiments). *P ≤ 0.05.

C HeLa cells were either mock-treated or silenced for Gb3S expression. Gb3S-KD cells were then either vehicle-treated or fed with the indicated GSLs (10 lM). GM3S and
Gb3S mRNA levels (as log2-fold changes � SEM to mock) under the different treatments are reported. *P ≤ 0.05 compared to mock; $P ≤ 0.05 compared to Gb3S-KD.
Data are from at least three independent experiments.

D HeLa cells transfected with a plasmid containing a genomic region of 1600-bp upstream of the GM3S TSS cloned upstream of a luciferase reporter were silenced for
factors involved in Gb3 synthesis or GM3S as control. Normalised luciferase activity was recorded as detailed in Appendix and is reported as fold changes � SEM to
mock-treated cell-associated activity. *P ≤ 0.05 compared to mock. Data are from at least three independent experiments.

E HeLa cells transfected as in (C) were silenced for Gb3S expression and fed with the indicated GSLs (10 lM). Normalised luciferase activity is reported as fold change �
SEM to mock-treated cell-associated activity. *P ≤ 0.05 compared to mock; $P ≤ 0.05 compared to Gb3S-KD. Data are from at least three independent experiments.

F Left panel: normalised luciferase activity associated with truncated versions of the GM3S promoter was compared to pGL3-1600/+15 activity. Right panel: the same
promoter fragments were transfected into HeLa cells as mock-treated or Gb3S-KD, and either vehicle-treated or fed with 10 lM Gb3. Normalised luciferase activity
was compared to that in mock-treated HeLa cells for each fragment. *P ≤ 0.05, ***P ≤ 0.001. Data are means � SEM of at least three independent experiments.

G Schematic representation of Gb3-operated repression on GM3S promoter activity.
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activity of the GM3S promoter fragments that contained the �432 to

�324 repressive region in Gb3S KD (Fig 5H).

To understand whether Gb3 specifically or globo-series GSLs in

general control AUTS2 expression, we first treated HeLa cells with

siRNAs directed against GSE acting downstream Gb3S in the globo-

GSL metabolic branch (i.e. Gb4 synthase [Gb4S]; Gb5 synthase

[Gb5S]; and Forssman antigen synthase [ForssmanS]) to manipulate

globo-GSLs synthesis and measured the effects on AUTS2 expres-

sion. Nonetheless, HeLa cells do not appear to express these GSEs

and their metabolic products to detectable levels and siRNAs

directed against them fail to induce any measurable GSE silencing

and AUTS2 up-regulation (Fig EV3A). We thus decided to treat

Gb3S-KD cells with exogenous Gb4 to evaluate the effect of complex

globo-series GSLs on AUTS2 expression. As shown in Fig EV3B,

Gb4 treatment partially counteracted Gb3S-KD-induced AUTS2

up-regulation.

These data imply that on the one hand globo-series GSLs nega-

tively control AUTS2 expression, and on the the other hand, that

AUTS2 positively controls GM3S expression by de-repressing its

promoter activity. As a consequence, AUTS2 regulates the direction

of the GSL metabolic flux (Fig 5I).

AUTS2 controls histone acetylation at the GM3S promoter

AUTS2 has been reported to localise to the cell nucleus (Bedogni

et al, 2010) as well as to the cytosol (Hori et al, 2014). As shown in

Fig 6A, in HeLa cells, AUTS2 decorates discrete nuclear puncta

that co-localise with the polycomb repressive complex 1 (PRC1)

component RING1B (Satijn et al, 1997; Fig 6A) and with the

PRC-dependent histone repressive marker H3K27me3 (Kuzmichev

et al, 2002; Fig 6B). AUTS2-positive puncta are juxtaposed to foci

positive for the histone activatory marker H3K27Ac (Wang et al,

2008; Fig 6B), while they do not co-localise with nuclear proteins

MeCP2 (Matarazzo et al, 2009), and HP1alpha (Saunders et al,

1993; Fig 6A), and with the histone marker H3K4me3 (Schneider

et al, 2004; Fig 6B). When analysed by nanoscopy (Vicidomini et al,

2011), AUTS2 puncta appear in the shape of “rings” (Fig EV4A).

Consistently by immuno-electron-microscopy, AUTS2 was found to

decorate the periphery of discrete heterochromatic granules in the

nucleus (Fig EV4B).

In line with these localisation data, AUTS2 has been reported to

de-repress gene transcription by interacting with PRC1 components

(Gao et al, 2012, 2014) that localise to punctate nuclear structures

known as polycomb bodies (Saurin et al, 1998). Once bound to

PRC1-occupied loci, AUTS2 recruits the histone acetyltransferase

p300, which promotes local histone acetylation, chromatin relax-

ation, and as a consequence activation of gene transcription (Gao

et al, 2014).

When AUTS2 occupancy on GM3S promoter was investigated in

HeLa cells by chromatin immunoprecipitation (ChIP), AUTS2 was

found to bind at 1,600- to 400-bp upstream of GM3S transcriptional

starting site (TSS; Fig 7A). Moreover, AUTS2-KD induced substan-

tial decrease in H3K27 (Wang et al, 2008), H3K9/14 (Bernstein

et al, 2005), and H4K5/8/12/16 acetylation (H4KAc) at GM3S

promoter and specifically at the -400 repressive region, while Gb3S-

KD induced increased acetylation of both H3K9/14 and H4K5/8/12/

16 (Fig 7B). On the contrary, AUTS2 or Gb3S KDs did not impact on

other histone modifications at GM3S promoter (including the PRC1-

dependent H2AK119 ubiquitination (Gao et al, 2014, 2012; Fig 7B).

We thus investigated whether histone acetylation affects GM3S

expression. To this, the AUTS2-recruited histone acetyltransferase

p300 (Gao et al, 2014) or the histone deacetylases (HDAC1, 2) were

silenced and the effects of these treatments on GM3S expression

were measured. As shown in Appendix Fig S3A, p300 KD markedly

reduced GM3S expression (by ~70%) and rendered the GM3S tran-

scription insensitive to Gb3 depletion. Likewise, HDAC1/2

combined silencing (HDAC1/2-dKD) induced a strong (~10-fold)

increase in GM3S mRNA levels compared to the mock-treated cells,

and this increase could not be counteracted by AUTS2 KD

(Appendix Fig S3B). Moreover, GM3 lipid levels were decreased and

increased under p300 KD and HDAC1/2 dKD conditions, respec-

tively, as was the binding of ChTxB to cells (Appendix Fig S3C and

D). Along similar lines, the treatment with the HDAC inhibitor

suberoylanilide hydroxamic acid (SAHA) (5 lM) induced (i) strong

up-regulation of GM3S (Appendix Fig S4A), which could no longer

be regulated by the Gb3–AUTS2 axis, (ii) an increase in GM3 lipid

levels (Appendix Fig S4B), and (iii) a transition of HeLa cells to a

ChTxB-positive state (Appendix Fig S4C).

These data demonstrate that Gb3 controls GM3S transcription via

AUTS2 and by influencing histone acetylation at GM3S promoter.

◀ Figure 5. Gb3 Controls GM3S Expression via AUTS2.

A Up-regulated genes as defined in Appendix Fig S2 and Dataset EV1 were used to build a network, hubs are conditions colour coded as indicated, nodes are up-
regulated genes, and edges link each condition with the up-regulated genes. The yellow subset represents genes commonly up-regulated in GCS-KD, LCS-KD, FAPP2-
KD, and Gb3S-KD and not up-regulated in GM3S-KD, CERT-KD, and SMS1-KD.

B mRNA expression of the gene set defined in (A) in ChTxB+ HeLa cells (isolated as reported in the Appendix), expressed as log2 mRNA fold changes � SD to the
unsorted parental population from three independent experiments. *P ≤ 0.05.

C Gb3S-KD HeLa cells were either vehicle-treated or fed with different GSLs (i.e. GlcCer, LacCer, GM3, Gb3). CTDSP2 and AUTS2 mRNA levels (log2-fold changes � SD to
mock from at least three independent experiments) are reported. *P ≤ 0.05 compared to mock.

D HeLa cells mock-treated or Gb3S-KD were either vehicle-treated or fed with 10 lM Gb3 (16 h) and lysed, with the protein extracts analysed for AUTS2 protein expression.
E HeLa cells silenced for the expression of AUTS2 or CTDSP2 were processed for mRNA extraction and qPCR. Gb3S, AUTS2, CTDSP2, and GM3S mRNA levels under the

different conditions are reported, as log2-fold changes to mock. Data are means �SEM of at least three independent experiments. *P ≤ 0.05.
F HeLa cells were silenced for AUTS2 both in control cells and in cells silenced for Gb3S. Gb3S, AUTS2, and GM3S mRNA levels are expressed as log2-fold changes to

mock-treated cells. Data are means � SD from at least three independent experiments. *P ≤ 0.05 to mock; $P ≤ 0.05 to Gb3S-KD; n.s., non significant.
G Effects of AUTS2 silencing on cellular SL composition (expressed as log2-fold changes with respect to mock-treated cells). Data are means �SEM of at least three

independent experiments. *P ≤ 0.05.
H HeLa cells transfected with the indicated truncated forms of GM3S promoter cloned upstream of the luciferase reporter gene were either silenced for Gb3S alone or in

combination with AUTS2. Normalised luciferase activity was compared to that obtained in mock-treated HeLa cells for each fragment. Data are means �SEM of at
least three independent experiments. ***P ≤ 0.001, *P ≤ 0.05.

I Schematic representation of the Gb3-controlled AUTS2-dependent GM3S expression.
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Figure 6. AUTS2 localises to polycomb bodies.

HeLa cells expressing human AUTS2-Flag-Myc were processed for indirect immunofluorescence.

A Antibodies recognising endogenous MeCP2, HP1alpha, and Ring1B (green) were used to evaluate co-localisation with AUTS2 detected by an anti-Flag antibody (red).
Scale bar, 5 lm. Arrowheads indicate AUTS2 positive puncta.

B Antibodies recognising H3K4me3, H3K27me3, and H3K27Ac (green) were used to evaluate co-localisation with AUTS2 detected by an anti-Flag antibody (red). Scale
bar, 5 lm. Arrowheads indicate AUTS2 positive puncta.
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Nevertheless, AUTS2 has been reported to bind to the human

genome at 5,563 distinct locations that intercept with ~4,000 gene

promoters, possibly inducing local histone acetylation and transcrip-

tional activation (Gao et al, 2014).

We therefore investigated whether cellular Gb3 levels globally

influence histone acetylation at AUTS2-bound promoters. By ChIP-

seq, we analysed H3K9/K14 acetylation in Gb3S and AUTS2 KDs at

15,040 genomic locations 1,896 of which have been reported to be

occupied by AUTS2 (Gao et al, 2014). As shown in Fig EV5A,

Gb3S KD and AUTS2 KD did not induce generalised changes in the

H3K9/K14 acetylation pattern. Nevertheless, when the Gb3S KD/

mock and the AUTS2 KD/mock H3K9/K14Ac ChIP-seq signal ratios

at AUTS2-bound genomic locations were evaluated, Gb3S deple-

tion was found to induce a specific and significant increase in

H3K9/K14 acetylation, while AUTS2-KD had the opposite effect

(Fig EV5B–D).

Interestingly, many of the modulated AUTS2-bound peaks

were located at the promoters of genes expressed in brain

(Fig EV5E) some of which are involved in neural differentiation

(Yen et al, 2001; Huang et al, 2009; Hoeck et al, 2010; Han

et al, 2012; Cappello et al, 2013; Hutlet et al, 2014; Palazuelos

et al, 2014). Importantly, we found these genes to be up-

regulated in Gb3S-KD cells by a mechanism that requires AUTS2

(Fig EV5F).

Thus, the globo-series GSLs, by counteracting the expression of

AUTS2, decrease histone acetylation at neuronal gene promoters

repressing their transcription in HeLa cells. Is this mechanism also

active during neural differentiation to control the GSL reprogram-

ming and neurogenesis?

The Globo–AUTS2 axis controls the GSL switch and
neural differentiation

Similarly, as in HeLa cells, we found that AUTS2 binds GM3S

promoter in adult mouse brain (Fig 8A). Here, the AUTS2 binding

site is also occupied by PRC1 (i.e. RING1B) and is decorated by acti-

vatory histone acetylations and not by standard PRC-dependent

modifications, compatibly with GM3S being an AUTS2 target in the

central nervous system (Fig 8A). Interestingly, AUTS2 mRNA

(Fig 8B) and protein levels (Fig 8C) increase during neural differen-

tiation following globo-series GSL drop, while globo-series GSL

administration specifically and completely prevents this increase

(Fig 8C). Moreover, H3K27, H3K9/14, and H4K acetylations at

AUTS2 binding site on GM3S promoter increase during neural dif-

ferentiation (Fig 8D), suggesting that GM3S induction results from

AUTS2-dependent histone modifications at GM3S promoter.

Consequently, the role of AUTS2 in GM3S induction, GSL switch,

and neural differentiation was evaluated. E14-mESCs were infected

with lentiviral vectors for the expression of either a scrambled

shRNA (ScrSh) or two shRNAs that target the expression of AUTS2

(AUTS2-Sh-A, AUTS2-Sh-B) and induced to differentiate into

neurons. As shown in Fig 8E, AUTS2-Sh-B treatment significantly

reduced AUTS2 induction as well as that of the axonal marker Tuj-1,

reported to be an AUTS2 target (Gao et al, 2014). Interestingly, the

induction of GM3S was also reduced in AUTS2-Sh-B-treated cells. As

a consequence, the production of ganglio-series GSLs (i.e. GT1b)

was reduced in AUTS2 silenced mESCs after neural differentiation

(Fig 8F), suggesting that AUTS2 controls the production of ganglio-

series GSLs during neural differentiation.

◀ Figure 7. The Gb3–AUTS2 axis controls histone acetylation at GM3S promoter.

A AUTS2 binding to the GM3S promoter, as assessed by ChIP in HeLa cells expressing AUTS2-Flag-Myc. Immunoprecipitation was performed with an anti-FLAG antibody.
Chromatin immunoprecipitates were analysed by qPCR using primers specific for the indicated regions of the GM3S promoter. Primers specific for a previously
described (Gao et al, 2014) AUTS2 binding site (AUTS2-BS; chr10: 31608364–31608595) or MyoD1 promoter were used as positive and negative controls, respectively.
Data are means � SEM of at least three independent experiments.

B Effect of AUTS2 and Gb3S KD on histone modifications at the indicated GM3S promoter regions. ChIP experiments were performed with the indicated antibodies
(see Appendix Table S3). Genomic regions at the GAPDH, HOXA1, and MyoD1 promoters (see Appendix Table S5) were used as the positive and negative controls
according to the antibodies used. Data are expressed as fold changes to the positive control. Data are means � SD of at least three independent experiments.

▸Figure 8. The Globoside–AUTS2 Axis controls Neuronal Differentiation.

A AUTS2 and RING1B occupancy and histone modifications at the GM3S promoter, as assessed by ChIP in mouse brain. ChIP experiments were performed with the
indicated antibodies (see Appendix Table S3). Chromatin immunoprecipitates were analysed by qPCR using primers specific for the indicated regions of the murine
GM3S promoter. Primers specific for a previously described (Gao et al, 2014) AUTS2 binding site (Uchl1) or MyoD promoter were used as positive and negative
controls, respectively, for AUTS2 and RING1B. Genomic regions at the GAPDH, and MyoD promoters (see Appendix Table S5) were used as the positive and negative
controls according to the antibodies used. Data are expressed as fold changes to the positive control. Data are means �SD of at least three independent
experiments.

B E14-mESCs treated as in Fig 2B were processed for RNA extraction at days 0, 8, and 13. The mRNA levels of AUTS2 were evaluated at different differentiation time
points. Data are means � SD of at least three independent experiments.

C E14-mESCs were induced to differentiate to neurons in presence of the indicated GSLs (25 lM) NB-DNJ (25 lM) or vehicle (methanol). Cells were lysed and lysates
were processed for Western blotting using antibodies against AUTS2 and b-actin.

D Histone acetylation at GM3S promoter during neural differentiation of E14-mESCs. E14-mESCs treated as in Fig 2B were processed for ChIP at days 0 and
13 cells with the indicated antibodies as in (A). Data are expressed as fold changes to the positive control. Data are means �SD of two independent
experiments. Red dotted lines indicate the relative histone modification levels at GM3S promter in non differentiated E14-mESCs.

E E14-mESCs infected with lentiviral vectors for the expression of either scrambled shRNA (ScrSh) or two shRNAs targeting murine AUTS2 (AUTS2-Sh-A, AUTS2-Sh-B)
were induced to differentiate into neurons. mESCs kept in an undifferentiated state are referred to as day 0. qPCR was used to determine the mRNA levels of the
indicated genes. Data are means �SD of at least three independent experiments. *P ≤ 0.05, compared to day 0; $P ≤ 0.05, compared to ScrSh.

F E14-mESCs treated as in (D) were analysed by cytofluorometry with antibodies directed against globo-series GSLs (i.e. Gb4, and Forssman) or the ganglioside GT1b.
Cytofluorimetric profiles and normalised mean fluorescence are shown for each antibody for cells treated with ScrSh (black) or AUTS2-Sh-B (orange).

G mESCs treated as in (E) were processed for immunofluorescence and stained for Tuj-1 (left) or GT1b (right). Scale bar, 50 lm.
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When analysed by immunofluorescence, AUTS2-Sh-B-treated

mESCs yielded less neurons (Tuj-1- or GT1b-positive cells) after dif-

ferentiation (Fig 8G). Along similar lines when the mRNA levels of

GSEs and neuronal markers were measured in whole brains from

wild-type, AUTS2del8/+, and AUTS2del8/del8 mouse embryos (Hori

et al, 2014) (E17.5) (n = 5), a significant decrease in GM3S mRNA

(i)

(ii)

(iii)

(iv)

Figure 9. Globo-series GSLs–AUTS2 axis controls the GSL switch and Neural Differentiation.

Schematic representation of the globo-to-ganglio-GSL switch in neural differentiation. (i) mESCs produce prevalently gobo-series GSLs and have promoters of GM3S and neural

genes repressed due to the action of PRC1 on local histonemodifications (red dots). (ii) During neural differentiation globo-series GSL productiondrops. (iii) In the absence of globo-

series GSLs, AUTS2 is induced. (iv) AUTS2 localises at the promoters of GM3S and neural genes where it recruits the histone acetyltransferase p300. p300 induces local histones

acetylation (green dots) chromatin relaxation and gene transcription. As a result of these events, GM3S and neural genes are expressed and ESCs differentiate into neurons.
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levels was observed in AUTS2del8/del8 brains, suggesting that AUTS2

controls GM3S expression also in vivo (Fig EV6).

Discussion

Hundreds of different glycan chains can be assembled into GSLs in a

process that does not depend on pre-existing templates and is not

strictly genetically determined (Merrill, 2011). Nonetheless, in spite

of its template-free nature, the production of GSLs is tightly regu-

lated in time and space during development, to the point where

GSLs are used as stage and lineage-specific differentiation markers

(Hakomori, 2008). Whether changes in GSL composition are a result

of or a requirement for differentiation processes has been a long-

standing question in the fields of glycobiology and developmental

biology. In this study, we report evidence indicating that GSL

remodelling is a key driver in neural differentiation.

During neural differentiation, stem cells that produce mainly

globo-series GSLs differentiate into neural cells that are rich in

ganglio-series GSLs (Liang et al, 2010, 2011). Defects in GSL remod-

elling due to loss-of-function mutations in the first and rate-limiting

enzyme involved in ganglio-series GSL production (i.e. GM3S) cause

a neurological syndrome (Simpson et al, 2004) where its manifesta-

tions include untreatable epilepsy, brain atrophy, severe cognitive

impairment, and autism-like manifestations (Simpson et al, 2004;

Fragaki et al, 2013; Boccuto et al, 2014; Lee et al, 2016). Thus,

understanding how the GSL remodelling is accomplished and how it

influences neural differentiation are fundamental questions for both

cell and neurodevelopmental biologists.

Here, we show that the globo-series GSLs negatively regulate the

expression of a master epigenetic modulator of neuronal differentia-

tion, the autism susceptibility gene AUTS2. AUTS2 in turn binds

GM3S promoter where it possibly recruits p300 to stimulate local

histone acetylation and gene expression, thus driving the GSL

switch. Importantly, the globosides–AUTS2 axis controls, through a

similar mechanism, the expression of a wide set of neuronal genes

thus implicating this circuit in the general process of neurogenesis.

What initiates the GSL reprogramming (i.e. the globo-series GSL

drop) in neural differentiation is not known. Nonetheless, a recent

study on human-induced pluripotent stem cells has shown that

expression of Yamashita factors (i.e. Oct3/4, Sox2, Klf4, and c-Myc)

is sufficient to induce Gb3S expression and globo-series GSL produc-

tion, implicating a role for stemness factors in the control of Gb3S

expression (Ojima et al, 2015). According to this evidence, we

hypothesise a mechanism whereby during differentiation of stem cells

towards the neural lineages: (i) stem cells are enriched in globo-series

GSLs and the GM3S promoter is kept inactive by the PRC1; (ii) globo-

series GSLs drop following down-regulation of stemness factors; (iii)

this event fosters AUTS2 induction; (iv) AUTS2 promotes the expres-

sion of GM3S and ganglio-series GSL production by recruiting p300 at

GM3S promoter, thus inducing local histone acetylation. Along with

GM3S, AUTS2 promotes the expression of neuronal genes therefore

supporting neural differentiation (Fig 9).

Interestingly, AUTS2, like GM3S, is mutated in a neurological

syndrome (MIM: 615834) having as symptoms intellectual disabil-

ity, autism, microcephaly, cerebral palsy, and seizures (Beunders

et al, 2013). Also, the AUTS2 partner p300 is mutated in a syndrome

(i.e. Rubenstein–Taby syndrome type 2; MIM: 613684) where its

manifestations include microcephaly, mental retardation, and

autism (Roelfsema et al, 2005), suggesting that the globo-AUTS2/

p300-ganglio system is required for proper neurogenesis and that

failures in any of the components of this axis lead to neural defects.

Furthermore, several reports suggest a role for GSLs in the pathol-

ogy of common and rare neurological conditions (i.e. Parkinson and

Huntington diseases; Schneider et al, 1992; Di Pardo et al, 2016),

which invites deeper investigation on the involvement of GSL

remodelling defects in acquired neural pathologies.

More in general, our data suggest the existence of a two-way

cooperation between GSLs and epigenetic factors in the establish-

ment and maintenance of cell identity in differentiation events.

Since the seminal contributions by Jacob and Monod in the 1960s

on teleonomic mechanisms that regulate gene expression switches

in microorganisms, the idea of self-sustained metabolic circuits that

influence developmental programmes in higher organisms has been

proposed (Monod & Jacob, 1961). Here, we describe a regulatory

circuit where its wiring accounts for a self-sustained metabolic

switch involved in neural differentiation. While the mechanisms by

which globo-series GSLs are regulated and control AUTS2 expres-

sion remain to be clarified, to our knowledge this is the first report

linking cellular GSL composition to a molecularly defined epigenetic

programme involved in cell differentiation.

Materials and Methods

Staining with fluorescently conjugated B-subunit toxins and
image analysis

For ShTxB-Cy3 and ChTxB-AlexaFluor488 (Invitrogen, USA) staining,

the cells were fixed as described in the Appendix, blocked in PBS

containing 2% bovine serum albumin (BSA) without detergent, incu-

bated with fluorescent B-subunit toxins, and then mounted. The

images are confocal optical slices obtained using an LSM 700 confocal

microscope (Zeiss, Germany). For quantification experiments, 10–15

fields were randomly chosen and imaged with identical microscope

settings (i.e. laser power, detector amplification) below pixel satura-

tion. The mean fluorescence intensity for each imaged cell was calcu-

lated for each channel after the image segmentation analysis using

the Cell Profiler image analysis software (Carpenter et al, 2006).

The colony factor is defined as the number of ChTxB (or ShTxB)-

positive cells found within a 50 × 50 pixels (69.19 × 69.19 lm)

square drawn around each ChTxB (or ShTxB)-positive cell.

Randomly expected colony factors were defined as the numbers of

cells found within a 50 × 50 pixels (69.19 × 69.19 lm) square drawn

around each ChTxB (or ShTxB)-positive cell multiplied by the overall

ChTxB (or ShTxB) positivity prevalence in the total population.

Microarray analysis

Total RNA was extracted from HeLa cells under the different condi-

tions. The analysis was performed as a outsource by Dr. Norman

Gerry’s group (Coriell Institute for Medical Research 403 Haddon

Avenue, Camden, NJ 08103, USA). The microarray platform used

for the hybridisation was Affymetrix U133A 2.0. Genes up-regulated

by at least 50% (false discovery rate ≤ 0.001) under each single

knock-down condition from the microarrays were used to build a
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GSL-dependent gene-regulation map using Cytoscape software

(Shannon et al, 2003). In the map, each silencing condition repre-

sents a Hub connected to each specifically up-regulated gene

(nodes) by an arch. Genes up-regulated under more than one condi-

tion are represented as multi-arch nodes (node degree > 1). Genes

commonly up-regulated under silencing conditions that led to

decreased Gb3 levels (i.e. GCS-KD, FAPP2-KD, LCS-KD, Gb3S-KD)

and not up-regulated in other silencing conditions (i.e. CERT-KD,

SMS1-KD. GM3S-KD) were considered for further characterisation.

Microarray data from this study are available at GEO database with

the following accession number GSE107044.

ChIP-seq

For ChIP-seq, “Ovation Ultralow Library System v2” kits (NuGEN,

San Carlos, CA, USA) were used for the library preparation, accord-

ing to the manufacturer instructions. The input and immunoprecipi-

tated samples, as well as the final libraries, were quantified by using

a fluorometer (Qubit 2.0; Invitrogen, Carlsbad, CA, USA) and qual-

ity tested using an Agilent 2100 Bioanalyzer RNA nanoassay (Agi-

lent Technologies, Santa Clara, CA, USA) and real-time Stratagene

Mx3000P (Agilent Technologies, Santa Clara, CA, USA). The

libraries were then processed with Illumina cBot for cluster genera-

tion on a flowcell, according to the manufacturer instructions, and

sequenced on single-end mode at the multiplexing level requested

on HiSeq2500 (Illumina, San Diego, CA, USA). The CASAVA 1.8.2

version of the Illumina pipeline was used to process the raw data

for both format conversion and de-multiplexing.

ChIP-seq analysis was performed as described in Ref. Gao et al

(2014) with certain modifications. Sequenced reads were aligned to

the human reference genome (assembly hg19) using Bowtie2. After

duplicated reads were removed, ChIP-seq read density files were

generated and uploaded in UCSC Genome Browser for visualisation.

Significantly (P < 1 × 10�5) enriched peaks for each ChIP-seq

dataset were identified with the macs2 software, and significant

peaks commonly found under the three ChIP conditions were

considered for further analysis. In order to remove any sources of

systematic variation, the normalisation of common peaks intensities

was performed scaling the values across samples so that each of

them had the same median peaks intensity value. The normalised

ChIP signals for each peak in the three conditions were compared

both for the peaks with a reported AUTS2 binding site (Gao et al,

2014) and for the non-AUTS2-bound peaks. The whole analysis

pipeline was performed using an in-house R script. Genomic annota-

tion of peaks was achieved by Homer software. ChIP-seq data from

this study are available at GEO database with the following acces-

sion number GSE107044.

Statistical analysis

Two-tailed Student’s t-tests were applied to the data were not dif-

ferently specified.

Expanded View for this article is available online.
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