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SUMMARY
Undifferentiated neural stem and progenitor cells (NSPCs) encounter extracellular signals that bind plasma membrane proteins and in-

fluence differentiation. Membrane proteins are regulated by N-linked glycosylation, making it possible that glycosylation plays a critical

role in cell differentiation.We assessed enzymes that control N-glycosylation in NSPCs and found that loss of the enzyme responsible for

generating b1,6-branchedN-glycans, N-acetylglucosaminyltransferase V (MGAT5), led to specific changes inNSPCdifferentiation in vitro

and in vivo. Mgat5 homozygous null NSPCs in culture formed more neurons and fewer astrocytes compared with wild-type controls. In

the brain cerebral cortex, loss of MGAT5 caused accelerated neuronal differentiation. Rapid neuronal differentiation led to depletion of

cells in the NSPCniche, resulting in a shift in cortical neuron layers inMgat5nullmice. Glycosylation enzymeMGAT5 plays a critical and

previously unrecognized role in cell differentiation and early brain development.
INTRODUCTION

In the central nervous system (CNS), neural stem and pro-

genitor cells (NSPCs) differentiate into neurons at early

stages and later form glia (astrocytes and oligodendrocytes)

to construct the brain and spinal cord. Neural stem cells in

the cerebral cortex of the developing brain occupy a niche

next to the lateral ventricle termed the ventricular zone.

During neurogenesis, neural stem cells produce progeni-

tors that form newborn neurons that migrate away from

the ventricular surface to construct the cortical plate. The

earliest born neurons create the deep layers of the cortical

plate, and later-born neurons migrate past the deep layers

to make superficial neuronal layers near the pial surface.

This wave of neurogenesis is followed by the formation of

astrocytes. Cortical NSPCs can differentiate into oligoden-

drocytes, but most oligodendrocytes derive from the

ganglionic eminence and migrate into the cortex (He

et al., 2001). Identifying the cellular processes controlling

NSPC differentiation into neurons and astrocytes is critical

for understanding cortical development.

Undifferentiated stem cells encounter myriad extracel-

lular signals, such as cell adhesion molecules, growth fac-

tors, and morphogens, that have an impact on differentia-

tion through their binding to plasma membrane proteins

(Taverna et al., 2014). Glycosylation is a major plasma

membrane protein post-translational modification in

which sugar molecules, known as glycans, are attached

to asparagine (N-linked) or serine/threonine (O-linked)

amino acids (Ohtsubo and Marth, 2006). Most cell-surface
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protein extracellular domains are N-link glycosylated, and

the presence and type of glycans can regulate protein func-

tion, localization at the cell surface, and ligand affinity

(Ohtsubo and Marth, 2006).

Distinct patterns of plasma membrane N-glycans distin-

guish neuron- and astrocyte-biased NSPCs (Yale et al.,

2018). Specifically, the N-glycan branching pathway that

generates complex, highly branched sugars on plasma

membrane proteins differs in these cells; branching is low

on neuron-biased NSPCs and high on astrocyte-biased cells

(Yale et al., 2018). Expression of branched N-glycans on

NSPCs in the ventricular zone/subventricular zone (VZ/

SVZ) of the developing embryonic cortex in vivo is low at

early, neurogenic stages but high during later astrogenesis

(Yale et al., 2018). Pharmacologically enhancing N-glycan

branching on cultured NSPCs reduces neuron formation

and stimulates differentiation into astrocytes without

affecting cell viability or proliferation (Yale et al., 2018).

Glycosylation thus regulates neural differentiation, and it

will be important to identify enzymes in the branching

pathway that influence NSPC differentiation and test

whether they regulate NSPC function in vitro and in vivo.

N-Glycan branching is controlled by sequentially acting

enzymes in the endoplasmic reticulum and Golgi

apparatus. Particularly important are the mannosidase

enzymes that remove mannose, freeing sites for attach-

ment of N-acetylglucosamine (GlcNAc) residues, and

the N-acetylglucosaminyltransferases (MGATs) that add

GlcNAc to available sites to create N-glycan branches.

MGAT activity is essential for proper CNS development,
uthors.
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Figure 1. Kifunensine treatment alters multiple N-glycan species and does not affect neuron and astrocyte differentiation
(A) Schematic of N-glycans formed by glycosylation enzymes, culminating in highly branched N-glycans with b1,6 branches recognized by
L-PHA. Kif blocks MAN1, while GlcNAc provides substrate that enhances branched N-glycan formation.
(B) N-glycans; symbols denote particular sugar moieties. Boxed regions indicate structures recognized by lectins ConA, E-PHA, DSL, L-PHA,
LCA, SNA, and LEA.

(legend continued on next page)

Stem Cell Reports j Vol. 18 j 1340–1354 j June 13, 2023 1341



since reducing the expression of enzymes that generate

branchedN-glycans results in severe developmental abnor-

malities (Schachter, 2001). For example, deficiency of

MGAT1 causes failure in neural tube closure and is embry-

onic lethal (Ioffe and Stanley, 1994; Metzler et al., 1994).

Patients with mutations in the MGAT2 gene (congenital

disorder CDG IIa) and mice with Mgat2 deletions exhibit

CNS symptoms, including psychomotor retardation and

cognitive deficits, and die prematurely (Schachter, 2001;

Wang et al., 2002).

Despite the importance of glycosylation in CNS develop-

ment, no links between specific glycosylation enzymes and

NSPC differentiation have been described. Here, we use

pharmacologic agents and knockout mice to determine

whether enzymes of the N-glycan branching pathway

have an impact on NSPCs and serve as critical regulators

of cell differentiation.
RESULTS

Increasing N-glycan branching alters NSPC fate, but

blocking early branching enzymes does not

We found previously that treating undifferentiated NSPCs

with the substrate GlcNAc to stimulate N-glycan branching

reduced neurogenesis and enhanced astrogenesis (Yale

et al., 2018). We hypothesized that decreasing branched

N-glycans would have the opposite effect and tested this

by blocking enzymes early in the branching pathway.

We used kifunensine (Kif) to inhibit a-mannosidase 1

(MAN1) (Males et al., 2017), which cleaves excess mannose

residues to enable addition of GlcNAc to initiate N-glycan

branching (Figure 1A). We treated mouse embryonic day

12.5 (E12) cortical NSPCs with a Kif dose range, used

L-PHA lectin to detect branched N-glycans, and deter-

mined that 0.5 mM Kif resulted in an almost complete

reduction in L-PHA binding (Figures S1A and S1B).

E12 NSPCs were treated with GlcNAc to increase or with

Kif to reduce N-glycan branching, and lectin flow cytome-

try was used to compare cell-surface N-glycans. GlcNAc-

treated NSPCs had significantly increased b1,4- (MGAT4

product) and b1,6- (MGAT5 product) branched N-glycans

detected by lectins DSL and L-PHA (Figures 1A–1C).

NSPCs treated with Kif had reduced levels of bisecting
(C) E12 NSPCs treated with GlcNAc had significantly more branched
compared with untreated (Untr) controls. MFI, mean fluorescence int
(D) Kif-treated E12 NSPCs had higher levels of N-glycans detected by C
bind E-PHA (p = 0.0002), DSL (p < 0.0001), L-PHA (p < 0.0001), and
(E) E12 NSPCs treated with GlcNAc or Kif or untreated controls were d
associated protein 2, MAP2, and TuJ1) or astrocytes (glial fibrillary a
(p < 0.0001) and increased generation of astrocytes (p = 0.0014), whi
used unpaired two-tailed Student’s t test, nR 3 independent biologi
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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branches (E-PHA), b1,4 branches (DSL), b1,6 branches

(L-PHA), and core fucose (LCA) and increased levels of

high mannose (ConA) and LEA binding (Figure 1D). LEA

detects N-acetyllactosamine but also binds high-mannose

structures, which LEA is likely detecting on Kif-treated

cells, since they have increased ConA binding and reduced

b1,4 and b1,6 branches, from which N-acetyllactosamine

extends (Oguri, 2005). Hence, Kif treatment induced wide-

spread changes to cell-surface N-glycans that included, but

were not limited to, branched N-glycans.

We tested whether N-glycan branching affected differen-

tiation by treating undifferentiated E12 NSPCs with

GlcNAc or Kif, differentiating the cells, and measuring

the formation of neurons and astrocytes. As we found pre-

viously, NSPCs treated with GlcNAc differentiated into

significantly fewer neurons and more astrocytes compared

with untreated controls (Figures 1E and S1C) (Yale et al.,

2018). In contrast, differentiation was not affected by Kif

treatment (Figure 1E). NSPCs from later developmental

stages (E16 and E18) express higher levels of branched

N-glycans, so they might be more affected by Kif (Yale

et al., 2018). However, Kif treatment of E16 and E18

NSPCs did not significantly affect differentiation

(Figures S1D and S1E). We also tested whether other agents

that affect early enzymes in the branching pathway or

treatment of NSPCs throughout differentiation would

have an impact. We used deoxymannojirimycin (DMJ) to

inhibit MAN1 or swainsonine (SW) to block MAN2 and

treated E12 and E16 NSPCs for 3 days as undifferentiated

cells and during 3 days of differentiation (Figure S1F). There

was no significant difference in the differentiation of E12

or E16 NSPCs treated with DMJ or SW (Figure S1G). These

data agree with the Kif data (Figures 1E, S1D, and S1E)

and confirm that blocking early enzymes in the N-glycan

branching pathway does not alter NSPC differentiation.

Thus, NSPC neuronal and astrocytic differentiation is

altered by GlcNAc treatment that enhances branching,

but not by disruption of MAN1 or MAN2.
MGAT5 knockout blocks the production of b1,6-

branched N-glycans and alters NSPC fate in vitro

Since blockingmannosidase enzymes early in the N-glycan

branching pathway did not alter differentiation, we
N-glycans detected by DSL (p = 0.0001) and L-PHA (p = 0.015)
ensity.
onA (p = 0.0025) and LEA (p = 0.04), but lower levels of those that
LCA (p = 0.001).
ifferentiated and immunostained to detect neurons (microtubule-
cidic protein, GFAP). GlcNAc treatment reduced neuron formation
le Kif had no effect. All nuclei were stained with Hoechst. Analyses
cal repeats. Box plots show median with Tukey whiskers, *p < 0.05,



Figure 2. E12 NSPCs lacking MGAT5 have reduced branched N-glycans and generate more neurons and fewer astrocytes in vitro
(A) RNA-seq analysis of E12 NSPCs shows expression levels of N-acetylglucosaminyltransferases. Data are from three independent bio-
logical repeats and the scatterplot displays average reads per kilobase of transcript per million mapped reads (RPKM) values for each
enzyme (error is SEM). Genes are clustered into high (>10 RPKM), moderate (1–10 RPKM), and low to no (<1 RPKM) expression. For

(legend continued on next page)
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hypothesized that later enzymes might be critical. We

assessed N-glycosylation enzyme expression in mouse

NSPCs by RNA sequencing (RNA-seq) and identified those

affecting mannose, branching, fucose, sialic acid, and pol-

ylactosamine (Figure S2) (Yale et al., 2018). Since GlcNAc

treatment alters NSPC fate, we focused on MGATs that

add GlcNAc to create branches (Figures 1A and 1E).

NSPCs express MGAT5, which adds a b1,6 GlcNAc to the

tri-mannosyl core to produce branched N-glycans detected

by L-PHA (Figures 1A and 2A). L-PHA binding is increased

after GlcNAc treatment, which affects NSPC differentiation

(Figures 1C and 1E), and is higher at astrogenic compared

with neurogenic stages of cortical development (Yale

et al., 2018). In addition, astrocyte-biased NSPCs express

higher levels of MGAT5 compared with neurogenic

NSPCs (Yale et al., 2018). We therefore wondered whether

disruption of MGAT5 would decrease b1,6 branching and

alter differentiation.

We analyzed E12 NSPCs isolated from Mgat5 wild-type

(WT), heterozygous, and null animals (Granovsky et al.,

2000). Comparison of WT and null NSPC glycosylation

enzyme transcripts by qRT-PCR revealed the expected

Mgat5 loss but no change in other enzymes (Figure 2B). Lec-

tin flow cytometry showed that L-PHA binding (b1,6-

branched N-glycans) was significantly reduced on Mgat5

heterozygous and virtually abolished on null NSPCs (Fig-

ure 2C). While null NSPCs did not have lower expression

of the Mgat4a and 4b enzymes that generate the b1,4

branch, they showed reduced DSL binding (Figures 2B

and 2C). This could be due to the fact that DSL has higher

affinity for b1,4-branched glycans that also contain a b1,6

branch (Abbott and Pierce, 2010; Hirabayashi et al., 2015).

We assessed differentiation and found thatMgat5 hetero-

zygous and null E12 NSPCs formed significantly more neu-
comparison, b-actin and the stem cell marker Prominin 1 (CD133) ar
moderately expressed, and the muscle marker MyoD shows low to no
(B) Comparison of glycosylation enzyme transcripts by qRT-PCR show
control total cortex, error bars show standard deviation, and WT and
(C) Analysis of E12 NSPCs from Mgat5 WT, heterozygous (het), and nu
exhibited lower levels of b1,6-branched N-glycans detected by L-PHA c
N-glycans detected by DSL compared with WT (p = 0.0001) and het (
ylactosamine detected by LEA (p = 0.019).
(D) Compared with WT, Mgat5 het (p = 0.008) and null (p = 0.00009) E
with Hoechst in (D) and (E).
(E) The percentage of GFAP-positive astrocytes formed by null E12 NS
(F) No difference in Ki67 or phosphorylated histone H3 labeling was o
EdU incorporation compared with WT (p = 0.002) and heterozygous (
(G) Cell-cycle analysis by propidium iodide labeling and flow cytometr
G1, S, or G2/M phase among WT, heterozygous, and null E12 NSPCs.
(H) The percentage of live cells was assessed by co-staining with pr
detected between Mgat5 WT, het, and null NSPCs. Analyses used one
repeats. Box plots show median with Tukey whiskers, *p < 0.05, **p
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rons compared withWTcells (Figure 2D), whileMgat5 null

NSPCs generated significantly fewer astrocytes (Figure 2E).

Although E12 cortical NSPCs generate relatively few oligo-

dendrocytes, we measured oligodendrocyte differentiation

and found no difference among Mgat5 WT, heterozygous,

and null NSPCs (Figure S2B). These experiments demon-

strate that MGAT5 loss enhances neuron differentiation

and reduces astrocyte formation in vitro. Increasing branch-

ing with GlcNAc treatment (Figure 1) and decreasing

branching with targeted disruption of MGAT5 (Figure 2)

produce opposite effects on NSPC differentiation, showing

that N-glycan branching regulates NSPC differentiation

and fate.

Altered NSPC proliferation or viability could have an

impact on differentiation, so we tested whether Mgat5 WT

and mutant NSPCs differed in these parameters. NSPC pro-

liferation was analyzed by multiple assays. Ki67 detects

cycling cells, and we found no difference among Mgat5

WT and mutant NSPCs (Figure 2F). 5-ethynyl-20-deoxyuri-
dine (EdU) incorporation measures cells in S phase, and

there was a significant increase in Mgat5 null compared

withWTorheterozygousNSPCs (Figure2F). Phosphorylated

histone H3 labels cells in M phase, and there was no differ-

ence among Mgat5 WT, heterozygous, and null cells (Fig-

ure 2F). Thus, the only difference between WT and mutant

cellswas inEdU incorporation,which reflectsnewDNAsyn-

thesis. SinceDNAsynthesis canoccur independentof cell di-

vision, as happens during gene duplication, repair, or

apoptosis (Breunig et al., 2007), we used an additional assay

to detect dividing cells. Flow cytometry with propidium io-

dide labeling of nuclear content to measure all cell-cycle

stages in the same population of cells showed no significant

differences in the percentages of cells in G0/G1, S, or G2/M

phases across genotypes (Figure 2G). Cell viability did not
e highly expressed, the g-secretase involved in Notch signaling is
expression.
s loss of Mgat5 in null NSPCs (p < 0.0001). Expression is relative to
null were compared by unpaired two-tailed Student’s t test.
ll mice showed that het (p = 0.0004) and null (p < 0.0001) NSPCs
ompared with WT cells. Null cells had lower levels of b1,4-branched
p < 0.0001). Heterozygous NSPCs showed a slight increase in pol-

12 NSPCs differentiated into more neurons. All nuclei were stained

PCs was significantly reduced compared with WT (p = 0.027).
bserved. However, Mgat5 E12 null NSPCs had significantly increased
p = 0.006).
y revealed no significant difference in the proportion of cells in G0/

opidium iodide and calcein-AM. No difference in cell viability was
-way ANOVA and Tukey’s post hoc; n R 3 independent biological
< 0.01, ***p < 0.001, ****p < 0.0001.



Figure 3. Mgat5 null mice havemore differentiated neurons in the developing embryonic cortex but no change in cell proliferation
or death
(A) Greater TuJ1 neuronal staining is evident in coronal sections of E16 null brain compared with WT. Sections showmedial (M), dorsal (D),
and lateral (L) regions and CP, IZ, VZ/SVZ, and lateral ventricle (LV).

(legend continued on next page)
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differ for Mgat5 WT and mutant NSPCs (Figure 2H). Taken

together, these data suggest that WT and Mgat5 null NSPCs

are similar in proliferative ability and viability.

MGAT5 loss in vivo increases neuronal differentiation

We assessed the role of MGAT5 in cell differentiation

during development by analyzing WT and mutant

brains. We measured L-PHA binding to E16 mouse brain

sections and found that b1,6-branched N-glycans were

somewhat reduced in the Mgat5 heterozygous brain

and absent in the null brain (Figure S3A). These data,

coupled with the flow cytometry analysis of WT and

Mgat5 mutant NSPCs (Figure 2C), confirm that loss of

MGAT5 significantly decreases b1,6-branched N-glycans

in the brain.

We assessed NSPC differentiation in vivo by staining E16

brain sections with antibodies for neurons: class III b

tubulin (TuJ1 antibody, detects neuronal processes) or

RBFOX3 (NeuN antibody, detects fully differentiated

neuron nuclei). There was a notable increase in TuJ1 and

NeuN staining in the E16 Mgat5 null cortex compared

with WT (Figures 3A and 3B). We found a significant in-

crease in the percentage of NeuN-positive cells in Mgat5

null cortical plate (CP) at three spatially distinct regions

of the cortex: medial (toward the midline), dorsal (at the

apex of the cortex), and lateral (near the junction with

the ganglionic eminence) (Figure 3C). Similarly, there was

a significant increase in the number of NeuN-positive cells

per square millimeter in the dorsal CP (Figure 3C). These

data show that Mgat5 null mice have a higher proportion

of fully differentiated NeuN-positive neurons compared

with WT at E16.

We tested whether Mgat5 null mice have defects in the

localization of differentiated neurons by analyzing NeuN

in the intermediate zone (IZ), which contains newly born

and migrating neurons, and the VZ/SVZ, which is the

NSPC niche. Very few NeuN-positive cells were detected

in the E16 IZ and VZ/SVZ, and there was no difference

across genotypes (Figures S3B–S3D), indicating that
(B) Coronal sections show enhanced NeuN in the Mgat5 null brain CP
(C) Quantification shows a significant increase in the percentage of N
medial (p = 0.027), dorsal (p = 0.029), and lateral (p = 0.049) regions.
per area (cells/mm2) in the Mgat5 null dorsal CP compared with WT (
(D) P7 coronal sections of WT and Mgat5 null brains were immunosta
callosum (CC) in lateral cortical regions.
(E) There was a non-significant increase in the percentage and number
compared with WT at P7.
(F) Staining with Ki67 in the E16 lateral VZ/SVZ showed no differenc
(G) There was no difference in the number of cleaved caspase-3-posit
Mgat5 null brains. The lateral ventricle is toward the bottom of the ima
n = 3–4 mice per genotype and for caspase-3 staining multiple fields
respectively; *p < 0.05.
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MGAT5 depletion did not alter the spatial distribution of

differentiated neurons or their migration to the CP.

Since neurogenesis is still underway at E16, we analyzed

WT and Mgat5 null brains at post-natal day 7 (P7), when

neurogenesis is complete. By P7, the increase in fully differ-

entiated neurons in Mgat5 null compared with WT was

dampened (Figures 3D and 3E). These data suggest that

neuronal differentiation in WT animals caught up to that

of Mgat5 nulls by post-natal stages.

Enhancing branched N-glycans on NSPCs with GlcNAc

treatment increased generation of GFAP-positive astro-

cytes, and NSPCs lacking MGAT5 form fewer astrocytes

in vitro (Figures 1E and 2E) (Yale et al., 2018). We therefore

assessed GFAP-positive astrocytes in Mgat5 WT and null

brains. In the brain, GFAP expression is high in fibrous as-

trocytes (Rowitch and Kriegstein, 2010). GFAP-positive as-

trocytes were not detected in E16 or P1 brains (data not

shown). By P7, GFAP-positive astrocytes were apparent

and primarily restricted to regions near the pial surface of

the medial cingulate cortex and the white matter tracts of

the external capsule, cingulum, and corpus callosum

(Figures S4A and S4B). We quantified GFAP labeling and

found a slight, but not statistically significant, reduction

in GFAP staining in the Mgat5 null brain (Figure S4C). A

caveat for comparing the GFAP in vitro and in vivo findings

is that GFAP is not a nuclear marker, making it difficult to

determine the percentage of GFAP-positive cells in vivo.

We assessed cell proliferation and death inMgat5WTand

null brains, since these could affect neuronal differentia-

tion in vivo. We found no difference in Ki67-positive

cycling cells in the E16 WT and Mgat5 null VZ/SVZ

(Figures 3F and S4D). Neuronal number in the cortex is

influenced by both generation of neurons and later prun-

ing mechanisms in which unnecessary neurons undergo

apoptosis. We stained for cleaved caspase-3, a marker of

apoptotic cells, and found no staining at E16 in WT or

Mgat5 null brains (data not shown). At P7, there was no dif-

ference in the number of cells labeled with cleaved

caspase-3 between WT and null brains (Figures 3G and
at E16.
euN-positive cells in the Mgat5 null brain CP compared with WT in
There was a significant increase in the number of NeuN-positive cells
p = 0.031).
ined to detect NeuN. Images show the neocortex (Ncx) and corpus

per square millimeter of NeuN-positive cells inMgat5 null neocortex

e between WT and null brains.
ive cells per square millimeter in the P7 neocortex between WT and
ges; analyses used unpaired two-tailed Student’s t test, WT vs. null,
per animal. Lines and error bars in dot plots show mean with SEM,



S4E), and the distribution of labeled cells across the

neocortex was similar across genotypes. Our data indicate

that cell proliferation and viability are not substantially

altered in the absence of MGAT5 (Figures 2 and 3).

Decreased cell numbers and thickness of Mgat5 null

brains

The increase in NeuN-positive differentiated neurons in

Mgat5 null animals could cause an overall increase in cell

number or CP thickness if excess neurons are generated.

However, analysis of the E16 CP showed that loss

of MGAT5 caused significant decreases in cell density

(cells/mm2) inmedial and lateral CP, the thickness of dorsal

and lateral CP, and the total number of cells in medial, dor-

sal, and lateral CP (Figure 4A). The entire E16 cortex, which

includes the CP, IZ, and VZ/SVZ, showed significant de-

creases in cell density in lateral cortex, thickness of dorsal

and lateral cortex, and total number of cells in dorsal and

lateral cortex in Mgat5 null animals compared with WT

(Figure 4A). Overall, these data show that the E16 Mgat5

null brain has significantly decreased numbers of cells

and thickness compared with the WT brain.

We analyzed P7 WT and Mgat5 null neocortex to deter-

mine whether MGAT5 loss had an impact on the total

number of cells or cortical architecture at post-natal stages.

The cell density in upper layers 2/3 and deep layers 5/6 was

significantly lower in Mgat5 null compared with WT (Fig-

ure 4B). We analyzed the neocortex from the pial surface

to the top of the corpus callosum and found significantly

reduced thickness in Mgat5 null brains (Figure 4C). Layer

analysis revealed that layer 2/3 thickness did not differ be-

tween WT and null, but there was a significant decrease in

the thickness of layers 4 and 5/6 in the Mgat5 null brain

compared with WT (Figure 4C).

Mgat5 null animals have an increase in NeuN-positive

fully differentiated neurons but a decrease in cell number,

suggesting that the NeuN findings are not due to an in-

crease in neuron number. Further, we did not observe shifts

in cell proliferation,migration, or death that could account

for the lower cell numbers in Mgat5 nulls. These data raise

the possibility that MGAT5 loss could lead to an accelera-

tion of neuronal differentiation, causing depletion of pro-

genitors and subsequent reduction in the total number of

cells. We therefore analyzed progenitors in the VZ/SVZ

at E16.

MGAT5 deficiency depletes a subset of neural

progenitors in the embryonic VZ/SVZ

To assess progenitors, we focused on the VZ/SVZ stem and

progenitor cell niche. There was a significant decrease in

both cell density and total cell number in the Mgat5 null

dorsal and lateral E16 VZ/SVZ compared with WT, but no

change in thickness (Figure 5A). These data indicate
reduced numbers of stem and progenitor cells in Mgat5

nulls that are not due to an overt change in the number

of proliferating or viable cells (Figures 2 and 3). We stained

the VZ/SVZ with BRN2, which is expressed by upper layer

neuron progenitors at E16 and is critical for instructing up-

per layer neuron identity (Sugitani et al., 2002; Dominguez

et al., 2013). Therewas a significant decrease in the percent-

age and total number of BRN2-positive progenitors in

the VZ/SVZ of Mgat5 null mice compared with WT

(Figures 5B and S5A). We analyzed SOX2, a general progen-

itor marker, and TBR2, a neuron progenitor marker. SOX2

primarily labeled cells along the ventricle and showed no

significant difference between WT and Mgat5 nulls (Fig-

ure S5B). There was no difference in TBR2-positive cells be-

tween WT and Mgat5 null brains (Figure S5C). These data

indicate that some, but not all, progenitors are decreased

in the Mgat5 null VZ/SVZ, suggesting a partial depletion

of the progenitor pool that could lead to a reduction in

neuron numbers in the cortex.

The E16 IZ contains cells migrating from the VZ/SVZ to

the CP. We assessed cell number and thickness of the E16

IZ and found that Mgat5 null animals had significant de-

creases in the number of cells in lateral regions and

decreased IZ thickness in dorsal and lateral regions (Fig-

ure S5D). In contrast, there was an increase in cells/mm2

in the Mgat5 null medial region (Figure S5D). Since there

was a decrease in VZ/SVZ and IZ cells and fewer upper layer

neuron progenitors in Mgat5 nulls at E16, we analyzed

cortical layer formation.

Progenitor depletion in mice lacking MGAT5 alters

neuronal layers

Thecortex is composedof sixneuronal layers; thedeep layers

formfirst during development, followed by the upper layers.

We stained E16 brains with TBR1 (for earlier-born deep layer

6 neurons), CTIP2 (deep layers 5/6), and BRN2 (upper layers

2/3). Since themedial region includes the newly developing

hippocampus, we focused analyses on dorsal and lateral

cortical regions. There was a significant decrease in TBR1-

positive deep layer neurons in the Mgat5 null lateral CP

and cortex at E16 (Figures 6A and S6A). CTIP2-positive

deep layer neurons showed a slight, but not significant,

decrease in the null dorsal CP and cortex and no difference

betweenWTandnulls in the lateralCPandcortexatE16 (Fig-

ure S6B). There was a modest and not significant decrease in

the number of BRN2-positive upper layer neurons in the

Mgat5null dorsal CP comparedwithWTat E16 (Figure S6C).

These data suggest that at E16, when cortical layers are still

developing, the only detectable difference between WT

and null is the earlier-born deep layer 6 neurons.

We analyzed cortical layers at P7, when neurogenesis

is complete and all layers are fully formed. Mgat5 null

animals have a significant reduction in the number of
Stem Cell Reports j Vol. 18 j 1340–1354 j June 13, 2023 1347



Figure 4. Mgat5 null brains display decreased cell numbers and thickness
(A) At E16, cell density (cells/mm2) was significantly decreased in the medial (p = 0.0009) and lateral (p = 0.032) null CP and in the null
lateral cortex (p = 0.003) compared with WT. In Mgat5 null brains, the thickness of the CP and cortex were reduced compared with WT: CP
dorsal (p = 0.0001), CP lateral (p = 0.017), cortex dorsal (p = 0.011), cortex lateral (p = 0.006). The total number of cells was reduced in the
medial (p = 0.025), dorsal (p = 0.008), and lateral (p = 0.0005) null CP and in the null dorsal (p = 0.008) and lateral (p = 0.0004) cortex
compared with WT.
(B) At P7, the cell density in Mgat5 null was significantly reduced in layers 2/3 (p = 0.0004) and layers 5/6 (p = 0.007) compared with WT.
(C) Thickness of the neocortex was significantly reduced in the Mgat5 null brain compared with WT at P7 (p = 0.018). The thickness of layer
4 (p = 0.0496) and layers 5/6 (p = 0.01) was significantly reduced in the Mgat5 null brain compared with WT. Analyses used unpaired two-
tailed Student’s t test, WT vs. null, n = 3–5 mice per genotype and, for P7, 3 regions per animal. Lines and error bars in dot plots show mean
with SEM, respectively; *p < 0.05, **p < 0.01, ***p < 0.001.
BRN2-positive upper layer neurons at P7 (Figures 6B and

6C). These data are consistent with the observed decrease

in BRN2-positive progenitors in the VZ/SVZ at E16 in

Mgat5 nulls compared withWT (Figure 5B). There was a sig-

nificant decrease in CTIP2-positive deep layer neurons in

Mgat5 null animals compared with WT at P7 (Figures 6B

and 6D). Progenitor depletion would be expected to affect

upper layers more profoundly than deep, since fewer pro-
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genitors would be present at later developmental stages

when upper layers are formed. We generated a ratio of

the number of upper to deep layer neurons (BRN2:CTIP2)

for WT and Mgat5 null brains and found a significant

decrease in the ratio in null animals compared with WT,

suggesting that later-born upper layer neurons were dispro-

portionately affected duringMgat5 null brain development

(Figure 6E). Collectively, our data are consistent with



Figure 5. MGAT5 deficiency causes depletion of embryonic VZ/SVZ cells and upper layer neuron progenitors
(A) Cell density was significantly decreased in the E16 Mgat5 null dorsal (p = 0.034) and lateral (p = 0.012) VZ/SVZ compared with WT. The
total number of Hoechst-stained cells was significantly reduced in the Mgat5 null dorsal (p = 0.037) and lateral (p = 0.0009) VZ/SVZ
compared with WT. The thickness of the VZ/SVZ did not differ between WT and null brains.
(B) The percentage (p = 0.004) and total number (p = 0.002) of BRN2-positive upper layer neuron progenitors in the dorsal VZ/SVZ were
reduced in E16 Mgat5 nulls compared with WT. All nuclei were stained with Hoechst; the ventricle is toward the bottom of the images.
Analyses used unpaired two-tailed Student’s t test, WT vs. null, n = 3–5 mice per genotype. Lines and error bars in dot plots showmean with
SEM, respectively; *p < 0.05, **p < 0.01, ***p < 0.001.
accelerated neuronal differentiation and depletion of pro-

genitors in the Mgat5 null brain, leading to fewer cells in

the cortex and a greater impact on later-born upper layer

neurons since the effect of progenitor depletion is more

profound at later stages.
DISCUSSION

Glycosylation, cell differentiation, and brain

development

Extracellular cues affect differentiation, but how cells regu-

late the plasma membrane to modulate responses to these

cues is not well understood. N-Glycan branching affects
cell-surface residence time, ligand affinity, and the function

of many plasma membrane proteins, directly transforming

the ability of receptors to bind extracellular cues and stimu-

late intracellular cascades. Cell-surface proteins regulated by

N-glycan branching include cell adhesion molecules,

growth factor receptors, and ion channels that could affect

cell differentiation (Zhao et al., 2008; Dennis et al., 2009;

Scott and Panin, 2014). Our data now show that cells can

alter the plasma membrane glycome via the enzyme

MGAT5 to influence cell differentiation. MGAT5 affects

NSPCdifferentiation in several keyways. Loss ofMGAT5de-

creases b1,6-branched N-glycans and accelerates neuronal

differentiation in vitro and in vivo, leading to a depletion of

progenitors in vivo that alters layer formation (Figure 7).
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Figure 6. Progenitor depletion in the
absence of MGAT5 causes greater effects
on later-born upper layer neurons
(A) Coronal sections of E16 brain were
immunostained to detect the deep layer 6
neuron marker TBR1. The ventricle is toward
the bottom left corner of the image. TBR1-
positive neurons were significantly reduced
(p = 0.007) in the Mgat5 null lateral CP
compared with WT.
(B) Coronal sections of P7 WT and Mgat5
null brains were immunostained to detect
the upper layer neuron marker BRN2 (red)
and the deep layer 5/6 neuron marker CTIP2
(green). The ventricle is toward the bottom
left corners of the images.
(C) BRN2-positive upper layer 2/3 neurons
were significantly reduced in Mgat5 null
neocortex compared with WT at P7
(p = 0.0001).
(D) Deep layer 5/6 neurons detected
by CTIP2 were significantly reduced in
the Mgat5 null brain compared with WT
(p = 0.02).
(E) There was a significant decrease in the
ratio of BRN2:CTIP2 neurons in the Mgat5
null brain compared with WT (p = 0.003) at
P7. All nuclei were stained with Hoechst,
and analyses used unpaired two-tailed
Student’s t test, WT vs. null, n = 3–5 mice
per genotype and 3 regions per animal for
P7. Lines and error bars in dot plots show
mean with SEM, respectively; *p < 0.05,
**p < 0.01, ***p < 0.001.
Mgat5null NSPCs lack b1,6 branches and formmore neu-

rons in vitro comparedwithWTcells. This is consistent with

our finding that increasing b1,6 branches on NSPCs in vitro

with GlcNAc treatment decreases neuronal differentiation

(Yale et al., 2018). In vivo, rapid neuron generation leads

to more fully differentiated neurons in the Mgat5 null

E16 CP compared with WT. Our data do not suggest that

MGAT5 alters neuronal migration, since there is no in-

crease in NeuN-positive neurons in the E16 VZ/SVZ or IZ

ofMgat5 null animals, which would be expected if neurons

were stuck in those regions instead ofmigrating properly to

the CP.

Rapid neuronal differentiation decreases progenitors in

the Mgat5 null NSPC niche, shown by cell reduction in

the VZ/SVZ and fewer BRN2-positive upper layer neuron
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progenitors at E16 in Mgat5 nulls compared with WT.

Since there was no clear difference in proliferation be-

tween WT and Mgat5 null cells in vitro and in vivo, reduced

cells in the Mgat5 null VZ/SVZ are not caused by a prolif-

eration defect. Cell death is also not a likely cause, since

there was no difference in either the live cell percentage

between Mgat5 null and WT NSPCs in vitro or the cleaved

caspase-3 apoptotic cells in vivo between null and WT.

Coupled with the NeuN data, the reduced numbers of

progenitors are likely due to their rapid progression

from progenitor cells to fully differentiated neurons in

Mgat5 null brains.

As progenitors decrease duringMgat5 null brain develop-

ment, there are fewer left to generate neurons. This can be

seen with analysis of layer-specific markers at different



Figure 7. Model: Accelerated neuronal differentiation and progenitor depletion during cortical development in the Mgat5 null
brain
Our data suggest a model in which Mgat5 null NSPCs rapidly form fully differentiated neurons, leading to an increase in NeuN-expressing
cells (purple nuclei) in the Mgat5 null CP at E16. Rapid neuronal differentiation in Mgat5 nulls leads to progenitor depletion, reducing
VZ/SVZ cell numbers and upper layer neuron progenitors. Progenitor reduction leads to a decrease in deep layer neurons and cortical
thickness at E16 in Mgat5 nulls. By P7, the Mgat5 null brain has decreased cortical cell numbers and thickness and a more profound
reduction in later-born upper layer neurons compared with earlier-born deep layers. Thus, loss of MGAT5 leads to a more rapid production
of differentiated neurons that depletes progenitors, causing reduced cell numbers and cortical thickness and more severe reductions in
neurons formed later in development.
developmental stages. At E16, early-born TBR1-positive

deep layer neurons are decreased in Mgat5 nulls, but it is

too early to see a clear effect on upper layer neurons. By

P7, both deep and upper layers are reduced in Mgat5 nulls,

but the effect is more profound for the later-born upper

layer neurons. This is consistent with the observed reduc-

tion in BRN2-positive upper layer neuron progenitors in

theMgat5null VZ-SVZ at E16 and indicates gradual progen-

itor depletion over time that leaves fewer progenitors at

later stages to form upper layer neurons.

The data lead to amodel inwhichMGAT5 activity during

normal cortical development increases cell-surface b1,6-

branched N-glycans that in turn prevent precocious

neuronal differentiation. These findings identify a new

role for glycosylation in neural development and show

that the enzyme MGAT5 and the production of b1,6-

branched N-glycans are critical determinants of cell

differentiation.

The rapid neuronal differentiation in MGAT5-deficient

mice could affect brain function. Mgat5 null mice appear

grossly normal, but exhibit behavioral abnormalities,

including failure to nurture pups and decreased depres-

sive-like behaviors (Granovsky et al., 2000; Soleimani

et al., 2008; Feldcamp et al., 2016). A human genome-

wide association study found a link between symptoms

of depression and a site in the genome near Mgat5 (Lu-

ciano et al., 2012). Early, subtle or transient abnormalities

during brain development can have long-lasting impacts

on adult behavior. For example, mutations in disheveled,
which is important in the Wnt/b-catenin pathway, cause

abnormal expansion of deep layer neurons due to

rampant neuron progenitor expansion and early neuronal

differentiation (Belinson et al., 2016). The effects are tran-

sient, however, and the adult brain appears normal.

Despite normal brain morphology, adult mutant mice

display a number of behavioral deficits, including

abnormal social interactions and repetitive behaviors (Be-

linson et al., 2016). Transient pharmacological activation

of the Wnt pathway during embryonic stages revived

signaling, reversed the developmental abnormality in

neuron production, and corrected the adult behavioral

phenotype (Belinson et al., 2016). Thus, events occurring

early in development can have profound effects on later

brain function, even if the adult brain morphology is

grossly normal.

A concern for any transgenic or knockout mouse experi-

ment is whether genetic background influences the pheno-

type. For example, gene loss may be lethal in an inbred

mouse strain but not in an outbred strain. Ideally, pheno-

type would be assessed across multiple strains in any

knockout mouse experiment, but this is not always

feasible. We suspect our Mgat5 null mice findings are not

purely strain dependent, since we see consistent effects of

branched N-glycans on NSPC fate across mouse strains

and in multiple species. Loss of b1,6-branched N-glycans

in C57BL/6 Mgat5 nulls increased neuron differentiation

(Figures 2 and 3), whereas GlcNAc treatment to

increase b1,6-branched N-glycans on CD1 mouse NSPCs
Stem Cell Reports j Vol. 18 j 1340–1354 j June 13, 2023 1351



(Figure 1 and Yale et al., 2018) and human NSPCs (our

unpublished data) had the opposite effect. Thus, the effects

of b1,6-branched N-glycans on cell differentiation are not

limited to a single mouse strain.

Regulation of glycosylation and cell differentiation

We identify here the importance of MGAT5 in NSPC differ-

entiation, but an outstanding question is whether other

enzymes, such as MGAT3 and MGAT4, also play a role.

Mouse NSPCs express MGAT3, which adds a bisecting

GlcNAc that prevents further branching by MGAT5;

MGAT3 thus antagonizes MGAT5 function, and high

MGAT3 activity would reduce b1,6 branches and mimic

loss of MGAT5 (Brockhausen et al., 1988; Zhao et al.,

2006). We previously reported that astrocyte-biased

NSPCs expressed higher levels of Mgat5 RNA, whereas

neuron-biased NSPCs express more Mgat3 (Yale et al.,

2018). Neurons differentiated from pluripotent stem cells

upregulate MGAT3 and have high cell-surface bisecting

N-glycans compared with differentiated astrocytes (Tera-

shima et al., 2014). The balance of MGAT5 and MGAT3 ac-

tivity regulates several cell-surface proteins, affecting cell

function, particularly integrins and cadherins (Zhao et al.,

2006; Pinho et al., 2009). Mouse NSPCs express Mgat4a

and Mgat4b but little to no Mgat4c. MGAT4 adds a b1,4

branch (detected byDSL) to contribute toN-glycan branch-

ing. The loss of Mgat5 did not affect expression of Mgat4a

andMgat4b, but DSL binding was increased on NSPCs after

GlcNAc treatment and decreased onMgat5 null NSPCs (Fig-

ures 1 and 2). This could be due to several factors, including

the higher affinity of DSL for glycans containing both b1,4

and b1,6 branches (Abbott and Pierce, 2010; Hirabayashi

et al., 2015). MGAT4 expression did not prevent the func-

tional consequences of MGAT5 loss in NPSCs, but analysis

of cells and tissue lacking MGAT4 will be important for

determining the importance of the b1,4 branch in cell dif-

ferentiation and neural development. Of note, MGAT3 ac-

tivity also blocks further branching by MGAT4 (Brockhau-

sen et al., 1988). Future studies of MGAT3, MGAT4, and

MGAT5 will investigate their interconnected roles in

NSPC differentiation and map which N-glycans vary on

cells that differ in fate.

Glycosylation could affect differentiation of many cell

types. An electrophysiological measure, whole-cell mem-

brane capacitance, reflects cell-surface glycosylation and

distinguishes NSPCs on the basis of neuron or astrocyte

fate bias (Labeed et al., 2011; Nourse et al., 2014; Yale

et al., 2018; Adams et al., 2020). Treatment of NSPCs with

GlcNAc increases membrane capacitance and shifts differ-

entiation (Yale et al., 2018). Membrane capacitance is also

linked to differentiation in the mesenchymal/adipose-

derived, hematopoietic, and embryonic stem cell lineages

(Lee et al., 2018). Mesenchymal stem cell differentiation
1352 Stem Cell Reports j Vol. 18 j 1340–1354 j June 13, 2023
to adipose vs. osteogenic lineages is accompanied by differ-

ences in both membrane capacitance (Hildebrandt et al.,

2010; Bagnaninchi and Drummond, 2011) and glycosyla-

tion (Heiskanen et al., 2009; Hamouda et al., 2013). Ties

between glycosylation, membrane capacitance, and cell

differentiation are evident in multiple stem cell lineages

and should be explored further.
EXPERIMENTAL PROCEDURES
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Materials availability
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Data and code availability
Data will be shared with the research community upon request to
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Animals
All animal procedures were in accordance with protocols approved

by the University of California, Irvine Institutional Animal Care

and Use Committee, and adhered to the National Institutes of

Health ‘‘Guidelines for the Care and Use of Laboratory Animals.’’

Mice were CD1 (Charles River) or Mgat5 C57BL/6 nulls (Lee

et al., 2007). Genotyping was as described in the supplemental

information.
Cell culture, treatment, and analysis
NSPCs were isolated from E12 mouse dorsal forebrain cortical tis-

sue and grown in culture and differentiated as described in Yale

et al. (2018) and the supplemental information. For CD1mice, tis-

sues frommultiple embryos in the same litter were pooled, and the

culture from a single litter was considered a biological repeat. For

Mgat5 mice, tissues from each embryo were kept separate for gen-

otyping and culture and considered a biological repeat. Compari-

sons across genotypes utilized at least three embryos per genotype

from separate litters (not littermates). NSPCs were treated with

80 mM GlcNAc and 0.5 mM Kif as described in Yale et al. (2018)

and the supplemental information. Live E12 NSPCs were dissoci-

ated for flow cytometry and RNA isolation or fixed, immuno-

stained, and quantified as described in Yale et al. (2018) and the

supplemental information (Table S1 for qRT-PCR primers and

Table S2 for antibodies and lectins). RNA-seq data were from E12

CD1 mouse NSPCs from three separate litters as described in Yale

et al., 2018 and the supplemental information.

Preparation, staining, and analysis of brain sections
Whole brains were dissected fromMgat5mice, fixed in paraformal-

dehyde, frozen, and 12 mm coronal sections were prepared as

described in the supplemental information. Brain sections were

stained as described in Yale et al. (2018) and the supplemental

information.
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Locations along the rostral-caudal axis of the E16 brain were

matched as described in the supplemental information to account

for gradients in the developing brain. Boxes for quantitation of the

E16 brain were drawn to encompass the entire layer within the re-

gion (for example, lateral CP, IZ, and VZ/SVZ), and the summation

of CP, IZ, and VZ/SVZ boxes corresponded to the total cortex. For

P7, images were taken of coronal sections from lateral regions of

the somatosensory cortex of the anterior forebrain as described

in the supplemental information. Quantitation focused on the

P7 neocortex (defined as the region above the corpus callosum

white matter tracts). Boxes were drawn from the upper edge of

the white matter tracts to the pial surface for analysis. For analysis

of layers 2/3, 4, and 5/6, nuclei patterns were used to discern the

layers, and three boxes (200 3 100 mm) were drawn within the

layer, enabling analysis in the middle of each layer to avoid

boundaries.

Data were analyzed from three or more brains per genotype.

Antibody and Hoechst staining was used to quantify the

following: the percentage of positively stained cells (number posi-

tively stained/total number Hoechst-stained cells), cells/mm2

(number positively stained per unit area), and total cell number

(total number positively stained in the region). The thickness of

regions or layers was measured using Hoechst staining to define

architectural boundaries and ImageJ to determine distance be-

tween boundaries.

Graphs and statistical analysis
Lines in dot plots show the mean and the bars show the standard

error of the mean. For box plots, the box extends from the 25th to

the 75th percentile, the line in themiddle of the box is themedian,

and the boxes have Tukey whiskers. Comparison of two samples

utilized two-tailed unpaired Student’s t tests. Datasets containing

more than two samples were analyzed by one-way ANOVA with

Tukey’s post hoc correction for multiple samples.
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