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Human-specific features and developmental dynamics

of the brain N-glycome
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Comparative “omics” studies have revealed unique aspects of human neurobiology, yet an evolutionary per-
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spective of the brain N-glycome is lacking. We performed multiregional characterization of rat, macaque, chim-
panzee, and human brain N-glycomes using chromatography and mass spectrometry and then integrated these
data with complementary glycotranscriptomic data. We found that, in primates, the brain N-glycome has di-
verged more rapidly than the underlying transcriptomic framework, providing a means for rapidly generating
additional interspecies diversity. Our data suggest that brain N-glycome evolution in hominids has been char-
acterized by an overall increase in complexity coupled with a shift toward increased usage of a(2-6)-linked N-
acetylneuraminic acid. Moreover, interspecies differences in the cell type expression pattern of key glycogenes
were identified, including some human-specific differences, which may underpin this evolutionary divergence.
Last, by comparing the prenatal and adult human brain N-glycomes, we uncovered region-specific neurodeve-
lopmental pathways that lead to distinct spatial N-glycosylation profiles in the mature brain.

INTRODUCTION
The human brain is an immensely complex organ and accordingly
must undergo a protracted period of development before reaching
maturity (1). There is an increasing desire to uncover the cellular
and molecular evolutionary specializations that make the human
brain, as well as its development, unique. The majority of our
knowledge regarding such human-specific features has been
derived from comparative “omics” studies involving humans and
nonhuman primates at the genome, transcriptome, proteome, and
metabolome level (2-8). However, the contribution of post-transla-
tional sugar modifications in generating interspecies molecular di-
versity has not been explored in the context of primate brain
evolution.

Glycans are complex sugar chains that can be attached to other
macromolecules, such as proteins, lipids, or RNA, and they mediate
many important biological phenomena that occur at the cell surface,
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including functions critical to the host organism and interactions
with pathogens. Consequently, the evolution of the glycome is
uniquely driven by both intrinsic and extrinsic selection pressures
(9). Asparagine-linked glycosylation (N-glycosylation) is a type of
posttranslational modification in which nascent proteins are mod-
ified by the attachment of branched polysaccharides called N-
glycans at specific asparagine residues located within conserved
sequons. N-glycans are critically involved in many aspects of
central nervous system (CNS) biology including membrane excit-
ability, synaptic transmission, neurite outgrowth, and neuronal
plasticity (10, 11). Recent insights have revealed that the brain N-
glycome is dynamic and that its composition changes under
various physiological and pathological conditions (12), yet data re-
garding its evolutionary trajectory are scarce. Only a single compar-
ative N-glycomics study has investigated interspecies differences in
N-glycosylation at the whole N-glycome level, although it was
limited to two species, mice and humans, and a single brain
region (13). Moreover, no data exist regarding the neuroglycome
of nonhuman primates. Consequently, we lack a holistic view of
the evolutionary trends that have shaped the neuroglycome in
primates.

Here, we performed a multiregional comparative N-glycomics
study to define, as well as anatomically pinpoint, evolutionary spe-
cializations unique to primates with an emphasis on identifying
human-specific features of brain N-glycosylation (Fig. 1A and fig.
S1). Four species representing key phylogenetic groups within the
Euarchontoglires branch of mammals were investigated: humans,
chimpanzees, rhesus macaque monkeys, and rats. In each species,
four functionally and cytoarchitecturally distinct brain regions (or
their corresponding homologous equivalents) were investigated: the
dorsolateral prefrontal cortex (DFC), hippocampus (HIP), striatum
(STR), and cerebellar cortex (CBC). We performed detailed struc-
tural characterization of the brain N-glycomes using an ultraper-
formance liquid chromatography method based on hydrophilic
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Fig. 1. Study design and workflow. (A) The mammalian species and developmental stages investigated in the evolutionary and neurodevelopmental components of
the study, respectively. The same four brain regions (or their corresponding homologous or developmental equivalents) were analyzed from each specimen for the
anatomical component. The number of individual animals or donors analyzed (i.e., the number of biological replicates) per group (n) is indicated. DFC, dorsolateral
prefrontal cortex; HIP, hippocampus; STR, striatum; CBC, cerebellar cortex. *Denotes that regions are internal and not visible from the view shown. (B) Schematic of
the laboratory workflow used for sample preparation and analysis. Linkage-specific derivatization of sialic acid by chemical modification resulted in enhanced stability
of sialylated N-glycans in mass spectrometry and allowed for differentiation between lactonized a(2-3)-linked Neu5Ac (L) and esterified a(2-6)-linked Neu5Ac (E) based

on mass difference. See Materials and Methods for details.

interactions (HILIC-UPLC) coupled with matrix-assisted laser de-
sorption/ionization—time-of-flight/time-of-flight tandem mass
spectrometry (MALDI-TOF/TOF-MS/MS; Fig. 1B and fig. S2). In
addition, we then integrated these N-glycomics data with comple-
mentary tissue and single-nucleus level RNA sequencing (RNA-
seq) data to explore the relationship between expression of glycosyl-
ation-related genes (glycogenes) and N-glycosylation in the context
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of primate brain evolution. Last, by comprehensively characterizing
the spatiotemporal dynamics of N-glycosylation during human
brain development, we shed light on the neurodevelopmental
trends that govern the maturation of the human brain N-glycome.
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RESULTS
Overview of the Euarchontoglires brain N-glycome
Total N-glycans were isolated from brain tissue (table S1 and S2),
labeled with 2-aminobenzamide (2-AB), and separated chromato-
graphically as previously described (14), yielding a complex N-gly-
coprofile (Fig. 2A). MALDI-TOF/TOF-MS/MS analysis revealed
145 distinct monosaccharide compositions, which account for a
total of 287 distinct N-glycan structures across all adult brain
regions and species (table S$3), including those with distinctive
structural features typical of brain N-glycans (Supplementary Text
and figs. S3 to S5). Notably, only 60 N-glycans (table S4) were ubiq-
uitously present in all brain regions of all species, and their com-
bined abundance disproportionately accounts for approximately
75% of the entire brain N-glycome. This conserved “core
network” (Fig. 2B) predominantly consists of oligomannose and
neutral fucosylated hybrid/complex structures, supporting the as-
sertion that although there is a tremendous amount of structural
diversity among brain N-glycans (12), a relatively small number
of simple N-glycans comprise the bulk of the brain N-glycome (15).
For each group, we quantified the abundance of individual N-
glycan peaks (figs. S6 and S7 and table S5 and S6) and, in turn,
the resulting derived N-glycan traits (figs. S8 to S10 and table S7
and S8), which provided us with an overview of the composition
of all the N-glycomes (fig. S11). It emerges that, quantitatively
and qualitatively, the various brain N-glycoprofiles are generally
similar and conform to the same overall “brain N-glycosylation
template” characterized by an abundance of oligomannose (34 to
44%) and hybrid structures (6 to 12%), with the remainder being
complex N-glycans (41 to 54%) along with a minor proportion of
truncated (<6%) and paucimannose (<3%) N-glycans. Despite their
overall similarity, careful examination of the differences between N-
glycomes revealed a wealth of anatomical and phylogenetic varia-
tion in both the abundance and content of individual peaks (Sup-
plementary Text, fig. S12, and table S5 and S6), which is ultimately
reflected in statistically significant differences in derived N-glycan
traits (table S8).

Distinctiveness of the cerebellar N-glycome

To explore the relationship between the various brain N-glycomes
at a global level, we analyzed N-glycan peak abundance data using
hierarchical clustering and ¢-distributed stochastic neighbor em-
bedding (#-SNE). These analyses showed that the CBC exhibits
the most distinctive N-glycome to the extent that it even overrides
large phylogenetic distances (Fig. 3, A and B). This observation
mirrors the results of similar analyses of the brain transcriptome
and proteome (16, 17) and suggests that the cerebellar N-glycome
diverged from that of the remaining brain regions early and has re-
mained well conserved throughout evolution. The defining feature
of the cerebellar N-glycome is an increased abundance of the M6 N-
glycan (Fig. 3C and figs. S6 and S10A). Nonetheless, phylogenetic
divergence within the CBC cluster was also apparent and can be at-
tributed to lineage-specific alterations in various N-glycan traits, in-
cluding a human-specific increase in galactosylation density (Fig. 3,
D and E). Subsequent clustering of brain N-glycomes was much
more dependent on phylogeny than brain region, indicating that
substantial interspecies variation in N-glycosylation is a feature of
the remaining brain regions.

Klari¢ et al., Sci. Adv. 9, eadg2615 (2023) 6 December 2023

Intraspecies anatomical variation in brain N-glycosylation
Although the general features of brain-type N-glycosylation are
conserved, the composition of the N-glycome varies across different
brain regions (figs. S6, S8, and S10 to S12 and table S3). Generally,
the same nominally significant anatomical trends were consistently
observed in all species, although they more frequently survived cor-
rection for multiple testing in rats, likely because of their lower in-
terindividual variability (fig. S1 and Supplementary Text). The most
notable anatomical trend was a gradient of increasing complex N-
glycan abundance from the CBC, through the STR, to the cortical
structures (Supplementary Text and Fig. 4, A to D). This was ac-
companied by a complementary increase in features associated
with complex N-glycans (e.g., galactosylation, fucosylation, and
branching), which again is most evident in rats (fig. S8).

Because the hindbrain and the basal ganglia are overall more
conserved across the analyzed species than the neocortex (18),
this anatomical gradient of increasing N-glycome complexity
appears to be inversely correlated to the degree of evolutionary con-
servation of the analyzed brain regions (Fig. 4E). Nevertheless, anal-
ysis of a broader range of diverse brain regions is needed to
determine whether this pattern can be applied as a general rule
throughout the brain, while studies of larger and more homoge-
neous primate cohorts are necessary to confirm whether these neu-
roanatomical patterns of N-glycosylation are evolutionarily
conserved.

Phylogenetic trends and human-specific features of the
brain N-glycome

Comparing the N-glycosylation profiles of equivalent homologous
regions across species allowed us to gain insights into how the neu-
roglycome has changed over the course of Euarchontoglires evolu-
tion (Supplementary Text and figs. S9 and S10B). First, we observed
a marked linear trend in the relative abundance of complex N-
glycans, which, in all brain regions, was lowest in rats, slightly
higher in macaques, and greatest in the hominid species (Fig. 5, A
to D, and fig. S9). The rates of change were consistent with the evo-
lutionary distance between species, indicating a gradual and
uniform change over time (fig. S13). This phylogenetic gradient
in brain N-glycome complexity parallels the gradient observed in
a comparative brain lipidome study (19). Integrating information
regarding the spatial and phylogenetic variation in complex N-
glycan abundance, we found that peak N-glycome complexity
occurs in the hominid cortical regions (Fig. 5H).

Second, we observed a notable phylogenetic trend toward in-
creased usage of a(2-6)-linked Neu5Ac moving from rats,
through macaques, to the hominids, which manifested as a decrease
in the proportion of sialylated complex N-glycans homogeneously
adorned with a(2-3)-linked Neu5Ac coupled with a corresponding
increase in those carrying exclusively a(2-6)-linked Neu5Ac or
those carrying both a(2-3)— and a(2-6)-linked Neu5Ac. The same
overall trend was observed both at the whole brain level using aggre-
gate data (Fig. 5, E to G) and when individual brain regions were
analyzed separately (fig. S14). Comparing the linear regression
results also offers some insight into the differing rates of evolution-
ary change for various brain N-glycosylation traits. Unlike the phy-
logenetic gradient in complex N-glycan abundance, the shifts in
sialic acid linkage had relatively low correlation coefficients, indicat-
ing that these changes have been nonlinear over the evolutionary
time scale in question. The spread of data points suggests an
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Fig. 2. Organization of the Euarchontoglires brain N-glycome. (A) Representative chromatogram of N-glycans derived from the human DFC annotated with proposed
structures. Only the major N-glycan species in each peak are shown (see table S3 for complete list). Chromatographic peaks are labeled (1 to 58), and integration bound-
aries are shown as vertical lines. The x axis displays analyte retention time, while the y axis shows fluorescence at 428 nm. (B) Overview of the conserved brain N-glycome
"core network” based on the 60 ubiquitous N-glycans that were detected in all brain regions of all species. The network was constructed using with the assumption that
the core N-glycan structures are biosynthetically related. H, hexose; N, N-acetylhexosamine; F, deoxyhexose; L, a(2-3)-linked Neu5Ac (lactonized); E, a(2-6)-linked Neu5Ac

(esterified).
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Fig. 3. The brain N-glycome is characterized by both anatomical and phylogenetic variation. (A and B) The relationships between the various mammalian brain N-
glycomes were assessed using their UPLC-derived total N-glycoprofiles (i.e., the relative abundance of corresponding N-glycan peaks). (A) Kendall rank correlation
heatmap and dendrograms illustrating the degree of correlation among the brain N-glycomes (color key indicates the strength of the correlation). (B) Three-dimensional
t-SNE scatter plot illustrating the degree of relatedness between brain N-glycomes. Note that the CBC N-glycomes from all species form a distinct cluster separate from the
other brain regions and that the hominini CBC N-glycomes are separated from those of macaques and rats. Axes represent the t-SNE x, y, and z dimensions. Species key for
scatterplots is located at the center of the image. (C) In all species, the CBC N-glycome is characterized by an increased abundance of the M6 oligomannose N-glycan
found in chromatographic peak 12. (D and E) Phylogenetic divergence of CBC N-glycomes. (D) PCA scatter plot of CBC N-glycomes. The x axis and y axis display the first
(PC1) and third (PC3) principal components, respectively. (E) The human CBC has the highest galactosylation density (expressed as the mean number of galactose res-
idues per galactosylated N-glycan) of all species. Statistical significance between groups was tested using ANCOVA (C) or one-way ANOVA (E) with correction for multiple

testing using the Bonferroni procedure. Adjusted P values: *0.05 > P > 0.01; **0.01 > P > 0.001; and ****P < 0.0001; ns, not significant.
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cortex; PFC, prefrontal cortex; HIP, hippocampus; STR, striatum; CBC, cerebellar cortex.

accelerated rate of change for this trait during primate evolution,
particularly in the human lineage.

Detailed analysis of both Neu5Ac density and linkage among sia-
lylated complex N-glycans revealed that the most notable difference
occurs in disialylated N-glycans homogeneously adorned with a(2-
6)-linked Neu5Ac, which are considerably more prevalent in
human brains, particularly in the forebrain regions where such
structures are virtually absent in other species (with the exception
of the macaque STR; fig. S15). It also uncovered a notable Neu5Ac
usage pattern specific to primates. Namely, although tetrasialylated
L1E3 variants [i.e., carrying one lactonized a(2-3)-linked Neu5Ac
residue (L1) and three esterified a(2-6)-linked Neu5Ac residues
(E3)] were relatively abundant in primate forebrain regions, these
variants were detected only as minor structures in rat brains.
Overall, our data indicate that the evolution of the human brain
N-glycome was characterized by a brain-wide increase in N-
glycome complexity coupled with a shift toward greater usage of
a(2-6)-linked Neu5Ac (Fig. 5I).

In addition to these broad evolutionary trends, we also observed
clear taxon-specific differences in brain N-glycosylation (Supple-
mentary Text and figs. S9 and S10B; summarized in Fig. 6), includ-
ing several human-specific features of the brain N-glycome that
were predominantly related to differences in Neu5Ac linkage.

Klari¢ et al., Sci. Adv. 9, eadg2615 (2023) 6 December 2023

Rapid divergence of primate brain N-glycomes

We next investigated the relationship between glycogene expression
and N-glycosylation in primate brains by integrating our N-glyco-
mics data with complementary bulk RNA-seq data (17). To narrow
our focus to biologically relevant genes, we compiled a list of 47 gly-
cogenes encoding enzymes that are predominantly involved in N-
glycan synthesis (table S9). Clustering the primate glycogene ex-
pression profiles according to overall similarity, we observed that,
as was the case with the N-glycome, the CBC had the most distinct
expression profile which overrides species differences (fig. S16).
However, unlike the N-glycome, subsequent clustering was much
more dependent on brain region than species, indicating that, in
the brain, interspecies differences in glycogene expression are less
pronounced than interspecies differences in N-glycosylation.

We further explored the extent to which glycogene expression in
the brain is conserved among primates using Mantel correlograms
to assess the interspecies correlation between each primate pair for
the entire set of 47 glycogenes (Fig. 7A). This resulted in strong cor-
relations, indicating that glycogene expression in primate brains is
very highly conserved compared to nonglycogenes (fig. S17). These
data are consistent with evidence demonstrating that glycogenes in-
volved in N-glycosylation are highly conserved at the sequence level
across primates (20) and further support the notion that the
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Fig. 5. Phylogenetic trends in Euarchontoglires brain N-glycosylation. Phylogenetic gradient of complex N-glycan abundance in the (A) DFC, (B) HIP, (C) STR, and (D)
CBC. Data were analyzed using linear regression (90% confidence intervals and R? values are shown). Asterisks in parentheses indicate lines whose slopes were signifi-
cantly nonzero after correction for multiple testing using the Bonferroni procedure. Adjusted P values: ¥0.05 > P > 0.01, **0.01 > P > 0.001, and ****P < 0.0001. Ma, million
years. (E to G) Phylogenetic trends in Neu5Ac linkage distribution. The plots show the proportion of sialylated complex N-glycans carrying only a(2-3)-linked Neu5Ac (E),
both a(2-3)-and a(2-6)-linked Neu5Ac (F), or only a(2-6)-linked Neu5Ac (G). Aggregate (i.e., whole brain) data are plotted and were analyzed as in (A to D). See fig. S14 for
individual brain region data. (H) Heatmap of mean complex N-glycan abundance (expressed as a percentage of total N-glycome) for each brain N-glycome. As a result of
overlapping anatomical (see Fig. 4) and phylogenetic gradients in the abundance of complex N-glycans, peak N-glycome complexity occurs in the hominid cortical
regions. (I) Schematic illustrating the proposed evolutionary trends that have shaped the human brain N-glycome. Our data indicate that the evolution of the human
brain N-glycome has been marked by a global increase in complexity and a shift toward greater usage of a(2-6)-linked Neu5Ac.
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products of these genes operate in a highly constrained functional
network. Repeating the procedure for the primate brain N-glycome
profiles resulted in weaker correlations (Fig. 7B), indicating that N-
glycosylation of brain proteins is generally less conserved than the
expression of the associated glycosylation enzymes. Next, Pearson
correlation coefficients were calculated to determine the linear cor-
relation between glycogene expression and the N-glycome in each

Klari¢ et al., Sci. Adv. 9, eadg2615 (2023) 6 December 2023

primate species. Interspecies correlation of these coefficients pro-
duced weaker correlations still (Fig. 7C), indicating poor conserva-
tion of the relationship between these two traits across evolution.
These findings are consistent with other studies that have shown
that the relationship between glycogene expression and the final
glycosylation phenotype is complex and that changes in gene ex-
pression do not always correlate with the predicted changes in cell
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surface glycan expression (21). This is likely due to the multilevel
regulation of protein glycosylation and may be compounded by
the generally low abundance of glycosyltransferases (22, 23). Last,
we demonstrate that although the correlation between glycogene ex-
pression and N-glycosylation phenotype in primate brains is gener-
ally weak (fig. S18A), it is nevertheless possible to uncover putative
associations between N-glycan structures and the expression of spe-
cific glycogenes using a bioinformatics prioritization strategy (Sup-
plementary Text and fig. S18). Overall, our observations of
accelerated evolutionary divergence at the N-glycome level are con-
sistent with examples of interspecies glycan diversity at the level of
orthologous glycoproteins (24) and support the notion that diver-
gent posttranslational modification of conserved proteins via N-gly-
cosylation is a means of generating additional diversity among
closely related organisms.

Regional and cell type profiling of glycogene expression in
primate brains

We compared glycogene expression across human brain regions
and observed that the majority of glycogenes (29 of 47) could be
classified into one of a handful of recurring expression profiles ex-
hibiting clear regional specificity (Fig. 8A). Of these, almost half
showed either enriched or depleted expression specifically in the
CBC. We validated the expression of a selection of glycogenes
using digital droplet polymerase chain reaction (ddPCR; fig. S19).
In keeping with the clustering data, the spatial expression patterns
of glycogenes are mostly conserved among primates (fig. S20), al-
though there were some notable exceptions. We identified four gly-
cogenes exhibiting human-specific spatial mRNA expression
profiles in at least one brain region: B3GALT5, ST3GAL2,
ST6GAL2, and ST8SIA6 (fig. S21). ST3GAL2 expression in the
primate brain was further investigated at the protein level using im-
munohistochemistry (fig. $22). These results not only partially val-
idated the bulk RNA-seq expression data by confirming human-
specific down-regulation of ST3GAL?2 in the prefrontal cortex but
also revealed further differences that were not detected in the bulk
tissue analysis. Namely, Purkinje cells of the human CBC ubiqui-
tously express ST3GAL2, while the proportion of ST3GAL2-ex-
pressing Purkinje cells is significantly lower in chimpanzees
(approximately 70%) and macaques (0%). Nevertheless, although
ST3GAL?2 is not expressed in macaque Purkinje cells, we found
that it is more highly expressed in granule cells and cells of the mo-
lecular layer in macaques than in the other primates. These results
indicate that some of the phylogenetic divergence in gene expres-
sion likely arises from interspecies differences at the cell type level
rather than simple up- or down-regulation (i.e., molecules/cell)
within the same cell types and thus highlight the limitations of
bulk tissue analysis, as well as the need for validation using orthog-
onal methods that have single-cell resolution and/or histological
context (Supplementary Text).

Next, we made use of primate DFC single-nucleus RNA-seq
(snRNA-seq) expression data (25) to characterize glycogene expres-
sion across neural cell types. Clustering the glycogenes according to
their expression profile revealed distinct heterogeneity in their cell
type distribution (Fig. 8B and fig. $23). Generally, neurons have a
broader palette of glycogene expression than non-neuronal cell
types because expression of glycogenes from clusters 3 to 5 is
largely absent from the latter. There were few differences in glyco-
gene expression between excitatory and inhibitory neurons.

Klari¢ et al., Sci. Adv. 9, eadg2615 (2023) 6 December 2023

Although the overall clustering pattern was largely conserved in pri-
mates, some evolutionary divergence was evident (Fig. 8, B and C).
In particular, our data show that the vast majority of differences in
glycogene expression between macaques and hominids occurred in
non-neuronal cell types in which glycogene expression has been ex-
tensively repressed in the hominid lineage. The expression of three
sialyltransferases involved in the addition of a(2-6)-linked Neu5Ac
to glycoconjugates (ST6GALI, ST6GGALNAC3, and ST6GALNACS)
was notably enriched in the human lineage across several cell types,
which may be one of the factors contributing to the increased abun-
dance of a(2-6)-linked Neu5Ac in humans (Fig. 5).

To investigate whether the differences in brain N-glycosylation
that we observed between primate species arise because of differenc-
es in the expression of glycosylation enzymes (glycoenzymes), we
investigated the expression of proteins encoded by glycogenes in
the DFC of the three primate species using a liquid chromatography
with tandem mass spectrometry (LC-MS/MS) proteomics ap-
proach. However, we were only able to detect the expression of
four of the 47 glycoenzymes selected for analysis (table S10),
namely, HEXA, HEXB, MAN2CI, and FUT9 (Supplementary
Text and fig. S24). This detection rate (9%) was four times lower
than for randomly chosen control proteins (169 detected from
470 selected, i.e., 36%), indicating that, although our method gen-
erally works well for most proteins, glycoenzymes are expressed at
much lower levels than other types of proteins. This is consistent
with reports by others stating that glycogenes are generally ex-
pressed at very low abundance (22) and have exceptionally low
translation efficiency (23). Thus, because of a combination of the
technical limitations of this method and the inherently low abun-
dance of glycoenzymes, our ability to correlate our N-glycomics
results to phylogenetic differences in the expression of glycoen-
zymes was limited.

Spatial diversification of the human brain N-glycome
during neurodevelopment

Next, we investigated the developmental pathways that shape the
adult brain N-glycome by analyzing the corresponding brain
regions in the prenatal human brain using a similar multi-omics ap-
proach. We show that the mid-fetal brain has already acquired the
archetypal “brain-type” N-glycosylation profile by postconception
week (PCW) 21 (fig. S25). This early specification of the brain N-
glycome is also evident at an equivalent stage (26) of neurodevelop-
ment (i.e., postnatal day 0) in rats (27), suggesting that it may be a
conserved feature in mammals, although investigation of earlier
time points will be required to determine the precise stage of neuro-
development at which the archetypal brain N-glycome first
emerges. Despite the overall similarity between the prenatal and
adult brain N-glycomes (fig. S25 to S29 and table S11), specific qual-
itative differences were observed at the level of individual chromato-
graphic peaks that were either widespread (fig. S30) or region-
specific (fig. S31 to S33) and ultimately reflected developmental dif-
ferences in the global composition of the N-glycome (fig. S34). We
also identified numerous N-glycan peaks and structures that were
enriched in either the fetal or the adult brain (Supplementary
Text and figs. S35 to S38). Hierarchical clustering and principal
components analysis (PCA) of the global N-glycome showed that
N-glycosylation in the mid-fetal brain is regionally more homoge-
neous than in the adult brain and, moreover, that the CBC N-
glycome has not yet become differentiated (Fig. 9, A and B). This
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Fig. 8. Human-specific and cell type—specific
expression patterns of particular glycogenes.
(A) Examples showing the categorization of glyco-
genes according to shared spatial expression
profiles in human brains. The y axes show scaled
expression of logRPKM values within samples and
among the 47 glycogenes. (B) Cell type distribution
of glycogene expression in the adult primate DFC.
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observation contrasts with findings in which regional differences in
gene expression were more pronounced during prenatal develop-
ment than in adulthood (28). This may indicate that the more
diverse N-glycome of the adult brain compensates for the restricted
spatial diversity of the transcriptome and provides an additional
layer of regional differentiation. When examining only sialylation
features, we observed further regional differentiation in the adult
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brain with the HIP diverging from the other forebrain regions
(Fig. 6C). We identified four N-glycan clusters whose abundance
was differentially regulated throughout neurodevelopment, partic-
ularly in the CBC (Fig. 9A). Together, our data suggest that region-
specific N-glycosylation programs lead to greater diversification of
the human brain N-glycome throughout neurodevelopment,
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particularly in the CBC, which acquires a distinctive N-glycome
between the late mid-fetal stage and adulthood.

Global maturation of the brain N-glycome, which proceeds sim-
ilarly in all regions (fig. S39), is characterized by an increase in the
proportion of hybrid and truncated N-glycans at the expense of
complex types, predominantly those that are sialylated (Fig. 9, D
to F, and fig. S40). The proportion of oligomannose N-glycans

Klari¢ et al., Sci. Adv. 9, eadg2615 (2023) 6 December 2023

remained relatively stable across development throughout all
brain regions (Fig. 9D), although we observed a slight redistribution
of the major oligomannose subtypes with the profile being skewed
toward smaller subtypes in adults, mainly at the expense of the M9
form (fig. S41). These findings are consistent with results from
rodent studies (27, 29, 30), although the shift in subtype usage
seen in the human brain is not as marked. Notably, at 21 PCW,
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the fetal CBC does not yet exhibit elevated levels of the M6 subtype
(Fig. 91). Regarding structural features, the proportion of N-glycans
modified by either sialylation or galactosylation decreases as neuro-
development proceeds, while the prevalence of fucosylated struc-
tures and those with bisecting N-acetylglucosamine (GIcNAc)
increases (Fig. 9D). We also observed changes in the density of
such modifications (Supplementary Text and fig. S42). CBC-specif-
ic maturation of the N-glycome was characterized by an increase in
the abundance of the M6 structure along with increases in both gal-
actosylation and sialylation density (Fig. 9, I to K).

Last, our data indicate that the human brain N-glycome under-
goes extensive changes in the regulation of N-glycan sialylation
during neurodevelopment (Fig. 9, G and H; Supplementary Text;
and figs. S43 and S44). Briefly, we found that a smaller proportion
of N-glycan structures are sialylated in the mature brain than the
developing brain, although the ones that are sialylated tend to
carry a greater number of Neu5Ac residues and, moreover, there
is a trend toward increased usage of a(2-3)-linked Neu5Ac, which
is most prominent in the DFC and STR. Similar developmental
trends were observed in the mouse cerebral cortex (31), indicating
that these may be conserved features of mammalian N-glycome
maturation.

Spatiotemporally regulated glycogene expression in the
human brain

Integration of our developmental N-glycomics data with comple-
mentary bulk RNA-seq transcriptomic data enabled us to identify
numerous developmentally regulated glycogenes that showed either
global or region-specific temporal dynamics (Supplementary Text
and fig. S45), a selection of which were validated using ddPCR
(fig. S46). Generally, their expression profiles closely matched the
developmental trajectory of orthologous genes in the mouse cere-
bral cortex (30), indicating that the developmental regulation of
specific glycogenes in the brain is well conserved in Euarchonto-
glires. In accordance with the CBC's distinctive N-glycome in the
adult brain, the prevalence of region-specific developmental regula-
tion of glycogene expression was highest in this brain region (Sup-
plementary Text).

Last, we searched for associations between developmental
changes in glycogene expression and the abundance of specific N-
glycan peaks in corresponding brain regions to uncover potential
causal relationships between the two variables using a bioinfor-
matics prioritization strategy (Supplementary Text and fig. S47).
Our analysis shows that, in certain instances, the differential expres-
sion of individual glycogenes can be linked to tangible and glyco-
biologically plausible changes in the N-glycome phenotype in a
complex in vivo biological system, a finding that complements the
work of others (15).

DISCUSSION

Our analysis revealed a wealth of anatomical, phylogenetic, and on-
tological variation in brain N-glycosylation patterns of Euarchonto-
glires mammals within the overall framework of a conserved
template. Some of the most notable trends were related to
changes in the relative abundance of complex versus noncomplex
N-glycans. Evidence suggests that it is the latter, and particularly
the ancient oligomannose class of N-glycans (32), that are essential
for normal neuronal functioning, while complex N-glycans are
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dispensable (33). Rationally, it follows that high oligomannose
content is a conserved feature of the brain N-glycome: one that
many CNS pathogens have evolved to exploit (34). In contrast,
complex N-glycans in the CNS appear to be under fewer evolution-
ary constraints, thus rendering them susceptible to progressive tin-
kering (e.g., switching Neu5Ac linkage), which can lead to
innovation in certain phylogenetic lineages. As a result of overlap-
ping anatomical and phylogenetic gradients in the abundance of
complex N-glycans, peak N-glycome complexity was found in the
hominid cortical regions, leading us to hypothesize that this in-
creased diversity and complexity of sugar modifications found on
neural N-glycoproteins contributed to the emergence of novel cog-
nitive functions, including those unique to the human neocortex
(35-37).

Numerous multiregional N-glycomics studies in various verte-
brate species have shown that anatomical variation in N-glycosyla-
tion, although subtle, does exist between brain regions (13, 15, 38—
44). In their investigation of N-glycosylation in the mouse brain,
Williams and colleagues (15) also reported that the CBC is the
region exhibiting the most distinctive N-glycome, although, in con-
trast to our findings, they concluded that the CBC has the highest
abundance of complex N-glycans. Nevertheless, our results align
with data from other studies in mouse (41) and zebrafish (42), dem-
onstrating that the CBC has the highest abundance of oligomannose
N-glycans, while the forebrain regions have a greater abundance of
highly processed (i.e., galactosylated and fucosylated) N-glycans
(41). Our work extends these findings to primates, indicating that
spatial distribution of brain N-glycome complexity is generally well
conserved in vertebrates.

One of the most notable evolutionary trends in N-glycosylation
of brain proteins concerned the shift toward increasing usage of a
(2-6)-linked Neu5Ac in humans. It is known that human evolution
has been marked by numerous lineage-specific adaptations in sialic
acid biology, including the complete loss of the ability to synthesize
glycans containing N-glycolylneuraminic acid (Neu5Gc), changes
in the ratio of sialic acid linkages in various tissues, and multiple
changes in the structure and expression of Sia-recognizing immu-
noglobulin-like lectins (45). The available evidence suggests that the
capping of glycans with sialic acids is one aspect of human physiol-
ogy that is particularly susceptible to evolutionary change and, fur-
thermore, that this can sometimes occur over a relatively short
time scale.

An earlier comparative study of several hominid species identi-
fied human-specific regulation of sialic acid linkage in various
tissues using lectin histochemistry (46). The authors stained fixed
tissue sections with two lectins, Maackia amurensis—II (MAH)
and Sambucus nigra—I (SNA), which preferentially bind a(2-3)—
and a(2-6)-linked sialic acid, respectively, and reported that, in
comparison to the other hominids, humans displayed higher ex-
pression of a(2-6)-linked sialic acid in some tissues (e.g., airway ep-
ithelial cells, eccrine sweat glands, and erythrocytes) but lower
expression in others (e.g., appendix, ileal smooth muscle, liver
bile ducts, ovary, skin, splenic cords, testes, and tonsils). They pro-
posed that the human-specific shift toward a(2-6)-linked sialic acid
in externally exposed tissues, which are the first point of contact for
pathogens, were driven by interactions with Neu5Ac-binding path-
ogens, such as the animal influenza virus, which has a preference for
the a(2-3)-linked form.

12 of 20

$202 ‘90 JOOUWIBAON UO Je |\ P ea8101(q1g Te BI0'80US 195" MMM//STNY WO} pepeo umod



SCIENCE ADVANCES | RESEARCH ARTICLE

In their comprehensive study, Gagneux and colleagues also
noted some differential lectin reactivity in the brain, most notably
in the white matter; in orangutans the white matter was reactive only
to MAH, in chimpanzees it was reactive to both MAH and SNA,
while in humans it was reactive only to SNA. This interesting
pattern could perhaps be interpreted as evidence that a gradual
shift toward increased a(2-6)-linkage occurred in white matter in
the human lineage (with chimpanzees representing an intermediate
step in this process), and it broadly aligns with our results. However,
it is difficult to directly compare results from our highly specific N-
glycomics analysis with those from the mentioned study because of
the vast differences in experimental methodology, the primary one
being the lack of specificity and promiscuous affinity of lectins,
which are known to bind multiple carbohydrate epitopes on
various types of glycans (i.e., not only N-glycans) (47). Nevertheless,
these observations have implications for our results and raise the
possibility that the interspecies differences in a(2-6)-linked
Neu5Ac that we report could be due to differences in white
matter content that arise during tissue sampling or dissection.
However, we rule this out because (i) no white matter was included
in the hippocampal dissections and the trend was also observed in
this brain region (fig. S14F), and (ii) great care was taken to perform
all dissections as similarly as possible across all species, including
with respect to the white matter content.

Neurodevelopment

Global maturation
+ Complex and 4 Hybrid and truncated N-glycans
+ Galactosylation
¥ Sialylation

4 Sialylation density
¥ a(2-6)-linked NeuSAc

4 Bisecting GlcNAc

4 Fucosylation

Adult forebrain
N-glycome

(S

=

Fetal brain
N-glycome
CBC-specific maturation ‘e
4 M6 oligomannose subtype Adult CBC
4 Galactosylation density N-glycome

44 Sialylation density

Regional diversity

Fig. 10. Proposed model of the compositional transfiguration of the human
brain N-glycome during neurodevelopment. As brain development proceeds,
the fetal brain N-glycome, which is relatively homogeneous at 21 PCW, becomes
more diversified via the combinatorial regulation of discrete N-glycan clusters
eventually leading to divergent, but overlapping, region-specific N-glycosylation
profiles in the adult brain and, consequently, greater regional diversity. General
maturation of the brain N-glycome, which is common to all brain regions (includ-
ing the CBQ), is primarily characterized by a decrease in the proportion of complex
N-glycans, a decrease in the proportion of sialylated and galactosylated N-glycans,
and an increase in the prevalence of bisecting GIcNAc. In addition, complex sialy-
lated N-glycans of the mature brain exhibit a greater density of Neu5Ac residues,
and this is coupled with decreased usage of a(2-6)-linked Neu5Ac. The N-glycome
of the adult CBC differs from those of the forebrain regions (DFC, HIP, and STR),
suggesting that its maturation follows a distinct course. CBC-specific maturation
is largely characterized by an increased prevalence of the M6 oligomannose
subtype, as well as increased galactosylation and sialylation density.
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Our transcriptomic data suggest that phylogenetic differences in
the expression of a(2-6)-sialyltransferases may underpin the ob-
served evolutionary shift in Neu5Ac linkage. Although analysis of
various human tissues has shown that expression of the ST6GAL2
transcript is enriched in the brain (48), its cell type expression
profile was well conserved across the primate species (Fig. 8B),
making it unlikely to be the key driver. Rather, we hypothesize
that ST6GALI, ST6GALNAC3, and STEGALNACS are good candi-
dates, given their enriched expression in various cell types in
humans (Fig. 8B). Ultimately, while the biological significance of
this shift in Neu5Ac linkage in the brain is still unclear, given that
the influenza virus can invade the CNS (49), we speculate that brain
cells may also have been under strong selective pressure to switch
their Neu5Ac linkage.

Our data show that, in comparison to glycogene expression net-
works, the brain N-glycome evolves rapidly and, given our results,
we propose that the evolution of the brain N-glycome has been
shaped by two opposing forces. On the one hand, an increase in
the proportion of complex N-glycans would increase diversity
and hence provide more scope for the development of novel func-
tions while also enabling the host to evade pathogens that have
evolved to exploit the brain's high oligomannose content.
However, reducing oligomannose content too much may compro-
mise essential neurobiological processes (33), which would nega-
tively affect fitness. In such a trade-off, a delicate balance needs to
be maintained, which may explain why the evolution of the brain N-
glycome has been so incremental and, consequently, why the arche-
typal brain N-glycoprofile is so well conserved. Nevertheless, our
data suggest that discrete brain N-glycosylation traits may be
subject to differing rates of evolutionary change and that the
human brain N-glycome has been shaped by both gradual
changes occurring over a long evolutionary time scale, as well as rel-
atively rapid changes in our recent evolutionary past. The higher
abundance of complex N-glycans in the human brain, for instance,
appears to be the result of relatively steady incremental change over
at least the last 80 million years since the divergence from rodents.
In contrast, the shift toward greater use of a(2-6)-linked Neu5Ac
seems to be nonlinear, with the greatest acceleration occurring in
the more recent evolutionary past, primarily in the human
lineage. While the selective pressures underpinning these differing
rates of evolutionary change are still unknown, identifying and un-
derstanding them may provide clues regarding the neurobiological
functions of individual N-glycosylation traits.

Regarding neurodevelopmental dynamics, we propose a model
for the temporal transfiguration of the human brain N-glycome that
incorporates elements of both global and region-specific matura-
tion, leading to greater spatial diversification over the course of
brain development (Fig. 10). We hypothesize that the changing neu-
roglycome reflects the evolving cellular landscape and functional re-
quirements of a maturing organ (27). Some of these changes may
arise because of changes in the cell composition of developing
brain regions, such as the emergence of region-specific cell popula-
tions, and the resulting expression of cell-specific glycoproteins. For
example, we hypothesize that the marked transformation of the cer-
ebellar N-glycome is due to the emergence of granule cells, the ma-
jority of which appear postnatally (50).

N-glycosylation plays a pivotal role in numerous neurodevelop-
ment processes, such as neural cell adhesion, neurite outgrowth,
axon targeting, synaptogenesis, and synaptic plasticity (10). Its
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importance in brain development is illustrated by the prevalence of
neurological symptoms that occur in many congenital disorders of
glycosylation affecting N-glycan synthesis (51). Our work shows
that some of the most notable developmental changes in brain N-
glycosylation were related to the abundance, distribution, and
linkage of Neu5Ac, a nutrient that is essential for brain develop-
ment and cognition with a demonstrated role in learning and
memory (52). The developmental trends in N-glycoprotein sialyla-
tion that we have identified here may be of clinical relevance
because mutations in genes involved in either the synthesis (e.g.,
GNE and NANS) or recycling (e.g., SLC17A5) of Neu5Ac are asso-
ciated with nervous system pathology, including developmental
delay, seizures, and hypomyelination (53, 54). Furthermore, dys-
function of the ST3GAL3 gene, which encodes a sialyltransferase
predominantly involved in synthesis of brain sialoglycoproteins
(55), has been associated with intellectual disability in both
animal models (56) and humans (54), highlighting this sialyltrans-
ferase and its glycoprotein substrates as key players in neurodevel-
opment. Our work supplements these findings by shining a
spotlight on the types of N-glycan structures whose abundance is
dynamically regulated during human brain development, thereby
opening avenues for further research into the functional roles of
specific N-glycans in neurodevelopment.

Many of the developmental trends and developmentally regulat-
ed N-glycans described here overlap with those seen in the rodent
brain, suggesting that these may be conserved and, thus, important
features of brain N-glycome maturation in mammals (27, 30, 57,
58). However, our work has also uncovered some developmentally
regulated N-glycans that have not previously been associated with
brain development in rodents. This suggests that there are also
species-specific differences in the regulation of individual N-
glycan structures during neurodevelopment and further investiga-
tion of these carbohydrates, and their carrier glycoproteins may
provide insights into aspects of brain development that are
unique to different species. Ultimately, although glycomics studies
still pose a methodological and analytical challenge, our findings
demonstrate that an understanding of brain function, development,
and evolution, including human-specific specializations, is incom-
plete without knowledge of the sugar modifications that are found
on neural glycoproteins.

MATERIALS AND METHODS

Postmortem specimens

Information regarding the specimens used in this study is provided
in table S1. For this study, we used fresh postmortem brain tissue
(rats) or high-quality, histopathologically verified, neurotypical,
fresh frozen brain tissue (primates). Tissue from all but one of the
primate specimens has previously been used to generate other large-
scale datasets in various modalities (exon arrays, mRNA-seq, small
RNA-seq, single-cell RNA-seq, snRNA-seq, DNA methylation
analysis, chromatin immunoprecipitation sequencing, and proteo-
mics), and metadata regarding those specimens have been reported
in earlier studies (16, 17, 25, 28, 59-61). Detailed descriptions of dis-
sections and photo documentation are provided in these other
studies. All experiments using nonhuman primates were carried
out in accordance with a protocol approved by Yale University's
Committee on Animal Research and National Institutes of Health
(NIH) guidelines. The present study also complies with the
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definition of research exempt from the NIH Chimpanzee Research
Use Panel (NOT-OD-14-024) regarding the use of chimpanzees or
chimpanzee biomaterials. Following sample processing and data ac-
quisition, samples not fulfilling quality control requirements were
excluded. An overview of samples passing quality control is provid-
ed in table S2.

Human (Homo sapiens)

De-identified, clinically and neuropathologically unremarkable
postmortem human brain tissue was procured from a bank of
brain specimens; details regarding ethical approval and the collec-
tion process are reported in previous studies (17, 28). Adult tissue
was sourced from six donors (male, n = 3; female, n = 3) ranging
from 23 to 82 years of age (median age, 36.5 years). Prenatal
tissue was sourced from three mid-fetal donors (male, n = 1;
female, n = 2) ranging from 21 to 23.5 PCW (median age, 21
PCW). Where possible, tissue was sampled from four different
brain regions from each donor: the DFC, HIP, STR, and CBC.
The median postmortem interval was 15 hours for adult specimens
and 4 hours for fetal specimens.

Chimpanzee (Pan troglodytes)

Tissue samples were obtained from postmortem adult (age, 23 to 31
years) chimpanzee brains (male, n = 2; female, n = 2) according to
criteria previously described (17). All chimpanzees suffered sudden
death with no prolonged agonal state and for reasons other than
their participation in this study and without any relation to the
tissue used.

Rhesus macaque (Macaca mulatta)

Tissue samples from the appropriate brain regions were dissected
from postmortem adult (age, 7 to 11 years) macaque brains
(male, n = 3; female, n = 3) using criteria previously described
(17). Rhesus macaques were euthanized for a previous study (17).

Rat (Rattus norvegicus)

Animals were obtained from the University of Zagreb School of
Medicine and with the approval of the ethics committee of the Uni-
versity of Zagreb, Faculty of Science (approval number: 251-58-
10617-15-20). Whole brains were isolated from 2-month-old
Fisher 344 rats (male, n = 3; female, n = 3), and the appropriate
brain regions were surgically microdissected. For the region corre-
sponding to the primate DFC, the rat prefrontal cortex was
dissected.

N-glycan release and labeling

An overview of workflow used in this study is provided in Fig. 1B.
N-glycans were isolated from brain tissue, labeled with 2-AB, and
prepared for chromatographic analysis as described previously
(14), with minor modifications. Briefly, total protein content was
isolated from brain tissue using chloroform/methanol extraction
and denatured for 10 min at 95°C after which N-glycans were enzy-
matically released from glycoproteins using PNGase F (Promega,
USA) over two overnight incubations at 37°C (5 U per incubation).
The deglycosylation reactions were cleaned up using Amicon Ultra
2 mL Centrifugal Filter Devices (Merck Millipore, Germany) ac-
cording to the manufacturer’s instructions, and the purified N-
glycans were labeled with 2-AB as previously reported (62). Free
label and reducing agent were removed from the samples using a
0.2-um GHP filter plate (Pall Corporation, USA). Glycans were
eluted with ultrapure water (2x 90 pl) and stored at —20°C until use.
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Ultraperformance liquid chromatography

Fluorescently labeled N-glycans were separated by HILIC on an
Acquity UPLC instrument (Waters, USA) as described previously
(14, 63) with excitation and emission wavelengths of 250 and 428
nm, respectively. The instrument was under the control of
Empower 3 software, build 3471 (Waters). Labeled N-glycans
were separated on a Waters Ethylene Bridged Hybrid (BEH)
Glycan chromatography column (150 mm by 2.1 mm, 1.7-pm
BEH particles) with 100 mM ammonium formate (pH 4.4) as
solvent A and acetonitrile as solvent B. The samples were run at a
flow rate of 0.561 ml/min using a two-step linear gradient of 27 to
29.5% solvent A in the first 15 min and 29.5 to 38.7% for the next 80
min. Samples were maintained at 5°C before injection, and the sep-
aration temperature was 25°C. Data processing was performed
using an automatic processing method with a traditional integration
algorithm, after which each chromatogram was manually corrected
to maintain the same intervals of integration for all the samples. The
chromatograms were thus integrated into 58 peaks (chromato-
graphic peaks 1 to 58). The glycan abundance in each peak was ex-
pressed as a percentage of total integrated area. Chromatographic
peaks were assigned glucose unit (GU) values based on their reten-
tion time relative to 2-AB-labeled glucose oligomers of known
length belonging to the external dextran ladder standard, as previ-
ously described (64).

Matrix-assisted laser desorption/ionization-time-of-flight/
time-of-flight tandem mass spectrometry

The molecular masses of N-glycans were determined by MALDI-
TOF/TOF MS/MS. Briefly, UPLC fractions corresponding to
glycan peaks 1 to 58 were collected, dried, and resuspended in 2
to 5 pl of ultrapure water depending on the length of the fraction.
Linkage-specific ethyl esterification of N-glycans was performed to
stabilize sialylated N-glycans and distinguish a(2-3)— and a(2-6)—
linked sialic acids as previously described (65). Following ethyl es-
terification, samples were cleaned up using cotton HILIC solid
phase extraction as described previously (66), and the N-glycans
were dried, resuspended in 2 pl of ultrapure water, spotted onto a
MTP AnchorChip 384 BC MALDI target (Bruker Daltonics,
Germany), mixed on plate with 1 pl of matrix solution [2,5-dihy-
droxybenzoic acid (5 mg/ml) and 1 mM sodium hydroxide in
50% acetonitrile], and left to air dry. Recrystallization was per-
formed by adding 0.2 ul of ethanol to each spot. Analyses were per-
formed in reflectron-positive (RP) mode on an ultrafleXtreme
MALDI-TOF-MS equipped with a Smartbeam-II laser and flex-
Control 3.4 software Build 119 (Bruker Daltonics, Germany). The
instrument was calibrated using a human plasma N-glycome stan-
dard. A 25-kV acceleration voltage was applied after a 140-ns extrac-
tion delay. A mass window of m/z 1000 to 5000 with suppression up
to m/z 900 was used for brain N-glycan samples. For each spectrum,
10,000 laser shots were accumulated at a laser frequency of 2000 Hz
using a complete sample random walk with 200 shots per raster
spot. MS/MS was performed on the most abundant peaks via
laser-induced disassociation. All raw MS and MS/MS data are avail-
able from the GlycoPOST repository (67) under the following acces-
sion numbers: rat (GPST000311), macaque (GPST000309),
chimpanzee (GPST000310), adult human (GPST000308), and
fetal human (GPST000312).
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Annotation of chromatograms and assignment of proposed
N-glycan structures to masses

The topological structure of N-glycans was deduced on the basis of
the convergence of evidence from several different sources, as pre-
viously described (27). Figure S2 shows the approach used for as-
signing N-glycan structures to masses. Briefly, the GlycoMod
software tool (68) was used to obtain a list of theoretically possible
monosaccharide compositions for each detected monoisotopic
mass. The following fixed modifications were used: reducing end
2-AB, sodiated (Na*). Because it has been shown that fucose is
the only 6-deoxyhexose present in rat brain glycoproteins (69), 6-
deoxyhexose values are reported as fucose. The list of potential
compositions for each segment was additionally filtered by cross-
checking the GU value of the segment against reference values in
the GlycoBase 3.2.4 database (70) to eliminate N-glycans that
would not be expected to elute at the given retention time (e.g.,
glycan fragments generated by in-source fragmentation). Informa-
tion about topological structure and the sequence of monosaccha-
rides in the carbohydrate chain was deduced from diagnostic ions
present in MS/MS fragmentation spectra, where available, which in-
dicate specific N-glycan structural features and thus aided in distin-
guishing between isobaric isomers. Last, expert knowledge of the
biosynthetic pathways involved in vertebrate N-glycan synthesis
was coupled with evidence from the literature regarding the types
of N-glycans present in brain tissue to provide an integrated ap-
proach to structural assignment. N-glycan structures were drawn
using GlycoWorkbench (71) according to the standard symbol no-
menclature for the representation of glycan structure proposed by
the Consortium for Functional Glycomics (72).

Relative quantification of N-glycans and N-

glycosylation traits

To make HILIC-UPLC measurements across samples comparable,
normalization by total area was performed whereby the area of each
of the 58 chromatographic peaks was divided by the total area of the
corresponding chromatogram. Batch correction was performed on
normalized log-transformed measurements using linear mixed
models (R package Ime4), in which the technical source of variation
was modeled as a random effect. Before statistical analyses, N-
glycan variables were all log-transformed because of right skewness
of their distributions. In addition to directly measured glycan struc-
tures (i.e., peak abundance data for single chromatographic peaks),
derived traits were calculated from the HILIC-UPLC data. These
derived traits group together common glycosylation features
across different individual chromatographic peaks, and conse-
quently, they should be more closely associated with specific enzy-
matic pathways responsible for N-glycan synthesis. Because of
qualitative differences in the N-glycan content of chromatographic
peaks, derived N-glycosylation traits were calculated individually
for each species, brain region, and developmental stage according
to the formulas in table S7.

Analyses of differences in N-glycan—derived traits between
sample groups were performed using the analysis of covariance
(ANCOVA) model. When regional differences in N-glycosylation
were analyzed within a single species, age and sex were included
as additional covariates, while sex was included as a covariate
when comparing N-glycomes across species. Correction for multi-
ple testing was performed using the Bonferroni procedure.
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Relative quantification of N-glycans within a
chromatographic peak

For relative quantification of glycan peaks from MS spectra, abso-
lute intensity values of the dominant isotopolog were manually ex-
tracted for each glycan composition in the spectrum, and glycan
abundance was expressed as a percentage of the cumulative inten-
sity. Glycan structures were excluded if their relative abundance was
<10% in all samples (i.e., across all species and brain regions for evo-
lutionary comparisons or across all developmental stages and brain
regions for developmental comparisons).

Primate bulk transcriptomics data analysis

Complementary primate gene expression data from age-matched
individuals was obtained from publicly available databases: Non-
Human Primate Brain Transcriptomes (https://medicine.yale.edu/
lab/sestan/resources/), National Chimpanzee Brain Resource
(www.chimpanzeebrain.org), BrainSpan (www.brainspan.org)
(60), and PsychENCODE (http://evolution.psychencode.org/#).
For human samples, this corresponds to windows 4 and 9 for the
mid-fetal and adult periods, respectively (28). Where possible,
data from matching donors were used to complement the N-glyco-
mic data and reduce noise introduced by interindividual variability
(five of six adult human donors and eight of nine nonhuman
primate donors were identical in both the N-glycomics and tran-
scriptomics analyses; table S1). We obtained log, reads per kilobase
million (RPKM) expression data from human, chimpanzee, and
macaque RNA-seq datasets for 47 glycogenes (table S9). In the
adult brain, initial clustering revealed separation by species rather
than brain regions. We z-scored expression values in each sample
to express them as SDs from the mean expression of each sample.
This transformation of the data rendered the expected clustering
grouping first by region (particularly CBC and STR) and second
by species. Fold changes and P values between fetal and adult
were those determined by Li et al. (60) using DESeq2.

Digital droplet polymerase chain reaction

We used ddPCR to reliably quantitate gene expression and thus val-
idate the bulk RNA-seq results. Briefly, 1 pg of total RNA was used
for cDNA synthesis using SuperScript III First-strand synthesis
Supermix (Invitrogen) and subsequently diluted with nuclease-
free water. Custom gene-specific primers and probes for each
gene of interest (table S9) were designed using National Center
for Biotechnology Information (NCBI)/Primer-BLAST (www.
ncbi.nlm.nih.gov/tools/primer-blast/) and PrimerQuest tool
(IDT). ddPCR was carried out using the Bio-Rad QX100 system.
After each PCR mixture consisting of ddPCR master mix and
custom primers/probe set was partitioned into 15,000 to 20,000
droplets, parallel PCR amplification was carried out. Endpoint
PCR signals were quantified, and Poisson statistics were applied
to yield target copy number quantification of the sample. Two-
color PCR reaction was used for the normalization of gene expres-
sion to the housekeeping gene TBP.

Proteomics analysis

Human, chimpanzee, and macaque DFC tissue was used for the
proteomics experiment (n = 3 individuals per species). The DFC
protein extraction, tryptic digestion, fractionation of peptides, and
LC-MS/MS acquisition were done as described in our previous pro-
tocol (16). The raw files were searched against in-house-made

Klari¢ et al., Sci. Adv. 9, eadg2615 (2023) 6 December 2023

species-specific databases of protein coding sequences (21,436,
21,693, and 21,213 protein entries for humans, chimpanzees, and
macaques, respectively) in MaxQuant (2.03.01) (73) using the An-
dromeda search engine. Carbamidomethylation was set as a fixed
modification, and N-terminal acetylation and oxidation of methio-
nine were used as variable modifications. Maximum two trypsin/P
missed cleavages, a tolerance of 10 parts per million for precursor
mass, a tolerance of 0.5 Da for fragment ions, and match between
runs were set for protein searches. A maximum of 1% false discov-
ery rate was set for both protein and peptide identification. The con-
taminants and reverse proteins were removed using Perseus version
2.0.7.0 (74).

A list of all 47 glycoenzymes and 470 control proteins investigat-
ed can be found in table S10. Control proteins are a random sample
of all annotated proteins in the respective proteomes and are well
detected proteomically (average number of peptides + SEM;
human, 14.7 + 1; chimpanzee, 11.9 *+ 0.8; macaque, 12.2 £+ 0.9).
The mean and median protein lengths of the control proteins are
similar to those of all proteins in the proteome and to glycoenzymes
(table S10). The control proteins are also of a similar age compared
to glycoenzymes, and their amino acid sequences are equally well
conserved compared to glycoenzymes as determined by the propor-
tion of the protein sequence aligned between species (table S10).
The plots were made in GraphPad Prism version 9.4.0. Heatmaps
were generated in Heatmapper software (75). The Mann-Whitney
and Fisher's exact tests were used to determine the statistical signif-
icance of differences between different categories.

Estimation of gene age

For the three primate species, we retrieved all protein sequences
from the NCBI database (www.ncbi.nlm.nih.gov/protein/) and es-
timated the evolutionary age of protein-coding genes by phylostra-
tigraphy (76, 77), which classifies genes on the basis of their
taxonomic restriction (78). For every gene encoding a protein of
at least 40 amino acids, the protein sequence is used to query the
largest possible reference database, such as the NCBI NR database
and determine the most distant species in which a sufficiently
similar protein sequence exists (78), as evaluated by BLASTP (79)
and HMMER (80). The minimal age of the gene is evaluated as the
time of the evolutionary node, retrieved from NCBI Taxonomy,
when the most recent common ancestor of the query species and
the most distant species lived. Node age is evaluated with TimeTree
(81). Thus, a human gene also present in bacteria is in phylostratum
1 (ancestor at the first node; Cellular Organisms) and thus ancient.
A human gene also present in zebrafish, but not more distant
species, is chordate specific. A human gene shared with platypus
is mammal specific. A human gene shared with lemurs is primate
specific; a human gene present only in humans is in phylostratum
31, and is human-specific. For each of these three primate species,
one protein isoform per gene (encoding the longest and oldest
protein sequence) was kept to build species-specific databases of
protein coding sequences for peptide searches.

ST3GAL2 immunohistochemistry

For validation experiments, prefrontal cortex, dorsal STR, and CBC
were dissected from adult human, rhesus macaque, and chimpanzee
specimens (n = 1 biological replicate from each species), sectioned
at 50-um thickness on a Leica VT1000s vibratome, and mounted on
TOMO adhesion slides (Matsunami Glass USA, #TOM-11/90).

16 of 20

$202 ‘90 JOOUWIBAON UO Je |\ P ea8101(q1g Te BI0'80US 195" MMM//STNY WO} pepeo umod


https://medicine.yale.edu/lab/sestan/resources/
https://medicine.yale.edu/lab/sestan/resources/
http://www.chimpanzeebrain.org
http://www.brainspan.org
http://evolution.psychencode.org/#
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/protein/

SCIENCE ADVANCES | RESEARCH ARTICLE

Antigen retrieval was performed with the Retriever 2100 (Electron
Microscopy Services) using Buffer A pH 6.0 (EMS #62706-10) for
the prefrontal cortex and CBC, and using Buffer AG pH 6.0 (EMS
#62707-10) for STR according to the manufacturer’s instructions.
Tissue sections were washed in phosphate-buffered saline (PBS)
(3 x 2 min) and incubated in 3% hydrogen peroxide/PBS to
quench endogenous peroxidase activity. Sections were washed in
PBS (3 x 2 min) and incubated in blocking solution containing
5% (v/v) normal donkey serum (Jackson ImmunoResearch Labora-
tories), 1% (w/v) bovine serum albumin, and 0.3% (v/v) Triton X-
100 in PBS for 30 min at room temperature. ST3GAL2 primary an-
tibody (Abcam, #ab254726) was diluted 1:200 in blocking solution
and incubated with tissue sections at 4°C for two nights (prefrontal
cortex and CBC) or overnight (STR). Sections were washed with 1x
PBS + 0.3% Triton X-100 (PBST) for 3 x 5 min before being incu-
bated for 1 hour at room temperature with a goat anti-rabbit perox-
idase-conjugated secondary antibody (Jackson ImmunoResearch
Labs) diluted at 1:250 in blocking solution. Sections were washed
in PBST (3 x 5 min) and tyramide signal amplification was per-
formed with TSA Plus Fluorescein (Akoya Biosciences,
#NEL741001KT) or TSA Plus Cy3 (Akoya Biosciences,
#NEL744001KT) diluted 1:200 in 1x Plus Amplification Diluent
(Akoya Biosciences, #FP1135) for 10 min at room temperature. Sec-
tions were washed in PBST, treated with Autofluorescence Elimina-
tor Reagent (Millipore #2160), and cover-slipped with Vectashield
Plus (Vector Laboratories, #H-1900).

Imaging and quantification of ST3GAL2

immunolabeled cells

To quantify species differences in ST3GAL2 expression, z-stack
confocal images were acquired using a Nikon A1 confocal micro-
scope. For the prefrontal cortex, 10 high-resolution (1024 x 1024
pixels; zoom, 1.25; pixel size, 0.50 pm) z-stack images were acquired
from each section with 2-um step size and high and low z-position
limits set above and below the section focal plane, respectively,
using a 20x objective (Plan Apo, numerical aperture 0.75,
working distance 1 mm). To quantify differences in STR
ST3GAL2 expression, five high-resolution (1024 x 1024 pixels;
zoom, 1.00; pixel size, 0.21 pum) z-stack images were acquired
from each section with 2-um step size and high and low z-position
limits set above and below the section focal plane, respectively,
using a 60x objective (Plan Apo, numerical aperture 1.4; working
distance 130 um). For CBC quantification, five high-resolution
(1024 x 1024 pixels; zoom, 1.00; pixel size, 0.21 pum) z-stack
images were acquired from the molecular layer, Purkinje cell
layer, and granule cell layer from each section with 2-um step size
and high and low z-position limits set above and below the section
focal plane, respectively, using a 60x objective (Plan Apo, numerical
aperture 1.4; working distance, 130 pum). For each brain region,
identical laser power and detector gain settings were used. The
images were blinded and randomized before quantification and
the number of ST3GAL2/DAPI" cells counted manually for each
brain region.

Primate snRNA-seq data analysis

Complementary primate DFC snRNA-seq expression data were ob-
tained from a previously published study (25). Here, the differential
expression analysis was performed between each pair of species in a
given homologous cell cluster using the FindMarkers function in
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Seurat (82), with the significance evaluated by Wilcoxon rank
sum test. Pie charts were used to summarize the expression patterns
across species. We further clustered the glycogenes on the basis of
their expression patterns across cell clusters and species. Specifi-
cally, we calculated the average expression of each glycogene in
each cell cluster and species using the AverageExpression function
in Seurat followed by log transformation. We then calculated the
Spearman correlation coefficients between each pair of genes and
defined the gene-gene distance by subtracting the coefficients
from 1. The gene-gene distance matrix was passed to hclust function
in R with the "ward.D2" algorithm to construct the dendrogram hi-
erarchically organizing the glycogenes. For a global overview of the
species divergence in glycogene expression, we measured the
Pearson correlation coefficients of the average expression of glyco-
genes in a given homologous cell cluster between each pair of
species, followed by subtracting from 1 to represent expression dis-
similarity. The dissimilarities were visualized in Fig. 8C.

Linear regression and quantile-quantile plot

In each brain region, a linear model was performed for the glycans
abundance against the evolutionary age using the Im function in
R. To evaluate the normality of the data across species, we obtained
the standardized quantiles of the observed data via the rstandard
function in R, calculated the theoretical Gaussian quantiles, and
plotted the results in dot plots (quantile-quantile plot) with dots
colored by species.

Correlation of the N-glycome and glycotranscriptome
within and among primate species

To avoid species/batch confounding effects in gene expression and
peak abundance, we calculated pairwise correlation matrices in gly-
cogenes and peaks. Coexpression/coabundance matrices were cor-
related between species using the Mantel test implemented in the
ade4 R package. To test the significance of these correlations, we
resampled groups of 47 genes 1000 times and obtained a distribu-
tion of Mantel's correlations between species. In matching samples,
we also calculated the correlation between peaks and glycogenes in-
dependently in each species. To test how well the relationships
between peaks and glycogenes were conserved, we then calculated
the correlation of these Pearson’s coefficients between species.

We further analyzed the relationship between glycogenes and
peaks in human development using sparse partial least squares im-
plemented in the mixOmics R package (83). We used two compo-
nents to calculate the correlation structure between the abundance
of glycan peaks and the expression of glycogenes measured in
humans. We visualized relationships between glycogenes and
peaks in a network using the igraph package in R, removing uncon-
nected nodes, and edges with correlations smaller than 0.6. Data
were analyzed and visualized using R programming language
(version 3.0.1).

Calculation of the glycogene specificity score

For each human brain region and time period (fetal and adult), we
encoded the putative involvement between each glycogene and the
dominant N-glycan structure in each individual N-glycan peak with
a binary entry (1/0 for evidence/no evidence) based on common
knowledge of N-glycan biosynthetic pathways (84) in conjunction
with available information regarding enzyme activity (55). For each
glycogene, we calculated a specificity score describing how specific
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the relationship is between the glycogene and a certain N-glycan
peak, considering the involvement of the glycogene with the rest
of the peaks. The score was calculated as

n
E zZ— X
R

S

T on—1
where S, is the specificity score of a particular glycogene-peak rela-
tionship, Z is the evidence for functional relationship glycogene

peak, and x; all possible (1) relationships.

Data analysis, visualization, and presentation

GraphPad Prism 8.4.3 was used for drawing graphs and the follow-
ing basic statistical tests and analyses: ¢ tests, analysis of variance
(ANOVA), mixed model analysis, and PCA with the exception of
the PCA of the global N-glycome across human neurodevelopment
which was performed using the analysis and visualization software
BioVinci (version 1.1.5, r20181005). BioVinci was also used for ¢-
SNE analysis and hierarchical clustering. The complete-linkage
method and Euclidean distancing parameters were used for hierar-
chical clustering. GlyConnect Compozitor (1.0.0) was used to con-
struct the core brain N-glycan network (85) with the assumption
that the core N-glycan structures are biosynthetically interrelated
and are the products of a small number of N-glycan processing
pathways that are dominant in the brain. Accordingly, the illustrated
N-glycans depict the proposed structural configurations while also
taking into account GU value, knowledge of N-glycan biosynthetic
pathways, information from the literature, and MALDI-TOF/TOF
MS/MS fragmentation spectra (where available). Icons from Bio-
Render were used for drawing figures.
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