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Our results may enhance our understanding of the molecular basis of brain functions and provide
an important resource to support human brain research.

Introduction

The human cerebral cortex, the outer layer of the cerebrum,
exhibits great complexity in its histological structure and cellu-
lar organization [1]. In 1909, Korbininan Brodmann distin-
guished a total of 52 subareas based on the differences in
cytoarchitectural organization across the cortex; these areas
were later termed Brodmann areas (BAs) [2]. Subsequently,
BA-based map has become one of the most widely used corti-
cal maps for the investigation of brain functions and in clinical
practice. BAs are often correlated with certain cortical func-
tions. For example, Broca’s speech and language area is con-
sistently localized in BAs 44 and 45. Cytoarchitecture [1,2],
imaging [1,3], and functional roles [3] of BAs have been exten-
sively studied, and comprehensive human brain Magnetic Res-
onance Imaging (MRI) [1], histology [1], and connectome
maps [3] have been investigated.

Molecular annotations, especially at the protein level, of
various BAs will provide a deeper understanding of the molec-
ular basis for diverse brain functions. Transcriptomic and pro-
teomic maps of the brain have been generated to study the
molecular basis of distinct cytoarchitecture and functions of
various BAs [1]. The Allen Institute for Brain Science has gen-
erated a transcriptional atlas of the human brain by compre-
hensive profiling of nearly 900 anatomically precise
subdivisions using microarrays [1]. The human neocortex is
characterized by a relatively homogeneous transcriptional pat-
tern; the molecular topography of the neocortex is similar to
its cytoarchitecture. At the protein level, several studies gener-
ated a protein atlas of the mouse brain and identified some
brain region-restricted proteins [4,5] or cell type-specific pro-
teins [4]. In 2014, Kim et al. drafted a proteomic profile of
the human frontal cortex from a pool of three individuals
and identified 9060 proteins [6]. In 2017, Becky et al. [7] per-
formed a proteomic survey of 7 postnatal human brain
regions, including two cerebral cortex regions, the cerebellar
cortex, the hippocampus, and other neurological nuclei, rang-
ing from early infancy to adulthood. Individual variations due
to age and sex were considerably lower than variations
between brain regions. Importantly, the differences in brain
cytoarchitecture, development, and function are better repre-
sented by changes at the protein level than by changes at the
transcriptional level.

Previous omics studies have increased our understanding of
brain function. However, some important scientific aspects
have not been investigated. Functional annotation of the brain
demonstrated that several brain regions are functionally con-
nected but are not spatially adjacent, such as BA41/42 (audi-
tory cortex) and BA44/45 (Broca’s area and language
production) [3,8]. However, the data on the brain transcrip-
tome showed a relatively homogeneous expression pattern in
the neocortex, and molecular topography in this area is similar
to spatial topography. Proteins are the main functional opera-
tors in all cells. The proteomic map of cerebral cortex may pro-
vide new insight into this scientific context. Previous studies of
the brain proteome investigated only a few BAs, which are not
sufficient to illustrate these aspects. Thus, a comprehensive

proteomic map of various BAs of the human cerebral cortex
is urgently needed.

The present study used 29 BA postmortem specimens to
generate a global multiregional proteomic map of the human
cerebral cortex. Initially, an extensive proteomic library of
BA46 was generated. Then, 29 BAs were quantitatively ana-
lyzed using the two-dimensional liquid chromatography cou-
pled with tandem mass spectrometry (2DLC-MS/MS)
approach combined with isobaric tags for relative and absolute
quantitation (ITRAQ) labeling. Clustering analysis of 29 BAs
was performed based on the similarities in protein expression
patterns. Cluster- and BA-specific signature proteins were
identified and analyzed using bioinformatics. The major func-
tional brain areas, including the cingulate cortex, motor cor-
tex, sensory cortex, language area, and visual cortex, were
functionally annotated using proteomic data. The transcrip-
tomes of the aforementioned BAs were also analyzed, and
the comparison of proteome and transcriptome on BA func-
tions was presented. The results of the present study provide
a molecular basis for BA functions. Furthermore, the database
provides an important resource to support brain research.

Results

A broad and comprehensive atlas of the brain proteome

A single human brain specimen was obtained from the
National Human Brain Bank for Development and Function,
Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China. The brain specimen was col-
lected from a 54-year-old willed male donor who died of lung
cancer and did not have any history of brain metastasis,
trauma, or other diseases. The samples of 29 BAs of the left
cerebral hemisphere were collected with a postmortem delay
of less than 6 h. Hematoxylin-eosin (HE) staining of the sam-
ples showed that the brain was cancer-free (Figure S1). The
protocols for brain tissue acquisition, dissection, and sample
preparation were under consistent and stringent quality con-
trol (see Materials and methods) based on the standardized
operational protocol (SOP) of the Human Brain Bank of
China [9].

BA46 [dorsolateral prefrontal cortex (DFC)] plays an
important role in many cognitive processes and had been com-
prehensively characterized in previous proteomic studies [6,7].
Therefore, deep proteomic profiling of BA46 was performed
using the 2DLC-MS/MS approach (Figure 1A) to construct
a Chinese reference brain protein library. A total of 8600 pro-
teins (Table S1; data quality in Figure S2A) were identified in
the present study, corresponding to 73% and 89% of the pro-
teins identified in the studies of Kim et al. [6] and Becky et al.
[7], respectively. Additional 979 (11.4%) proteins were identi-
fied by brain proteome analysis for the first time (Figure 1B;
Table S1). Thus, we generated a broad and high-coverage pro-
teomic dataset with identification depth similar to that
achieved by the two most comprehensive datasets reported in
previous studies [6,7].
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Then, to provide a comprehensive protein abundance anal-
ysis, the proteome abundance in BA46 was calculated by the
intensity-based absolute quantification (iBAQ) method [10].
A total of 7129 proteins were successfully quantified, and their
abundances spanned 7 orders of magnitude (Figure S3).
Approximately 4% of the most abundant proteins (292 pro-
teins) accounted for 75% of the total protein abundance and
were considered as high-abundance brain proteins in the pre-
sent study. The remaining 20% and 5% of the total protein
abundance corresponded to 1513 mid-abundance proteins
and 5324 low-abundance proteins, respectively (Figure 1C;
Table S1). Gene Ontology (GO) analysis revealed that nervous
system structure and function were enriched in this brain pro-
teome, especially in the case of high-abundance proteins (Fig-
ure 1D; Table S1), implying the important role of high-
abundance proteins in brain functions.

Finally, to investigate specific proteomic profiling in BAs
and explore the associations between BA protein expression
and function, we used iTRAQ-based quantitative proteomics

to generate a region-resolved proteome map of the brain
covering 29 BAs with important significance for research
and clinical applications (Figure 1A; Table 1). A total of
4308 proteins were quantified in all BAs (Table S2). The
batch effect of four batches was evaluated by qualitative
and quantitative analyses. The median Coefficient of Varia-
tion (CV) of four batches was around 6% (Figure S2A),
and the Venn diagram of protein identification in four
batches (Figure S2B) showed high overlapping. The log-
ratio distributions of 29 iTRAQ quantification results (Fig-
ure S2C) showed similar normal distribution, and the
detailed ratio distributions of each BA in four batches (Fig-
ure S2D) showed similar distributions.

A total of 1241 proteins were characterized by interarea
variability (the difference between the maximum and minimum
ratios > 2, detailed in Materials and methods). The Human
Brain Proteome Atlas (HBPA; www.brain-omics.com) was
constructed to enhance visualization and use of these data,
which are publicly accessible (Figure S4).
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Brain proteome atlas reflects functional parcellations

Proteins are the main components and functional operators in
the cells; thus, BAs with similar protein expression patterns
may have similar cytoarchitecture or perform similar func-
tions. Based on the similarities of protein expression patterns,
k-means clustering [11] was used for the classification of BAs.
The consensus cumulative distribution function (CDF) plot
and silhouette plot (Figure S5) based on the consensus matrix
were used to group 29 BAs into 6 clusters (detailed data in
Materials and methods; Figure 2A; Table 1).

The cingulate cortex cluster (cluster 4) included BAs in the
cingulate cortex, subgenual cingulate cortex, and entorhinal
cortex. All these BAs belong to the transition areas between
the allocortex (3 layers of neuronal cell bodies) and neocortex
(6 layers of neuronal cell bodies). Therefore, the cytoarchitec-
ture of the cingulate cortex cluster was different from that of
the neocortex [12]. At the proteome level, the cingulate cortex
cluster was characterized by protein patterns distinct from
those of other clusters, which were mainly located in the neo-
cortex (Figure 2A), implying that the brain proteome can
reflect the differences in cytoarchitecture between the cingulate
cortex and the neocortex.

The remaining 23 BAs within the neocortex were grouped
into 5 clusters, and BAs within a single cluster were function-
ally similar. For example, the vision cluster (cluster 6) com-
prised a group of BAs (BA17, BA18, BA19, BA37, and
BA34) engaged in visual processing (Figure 2B; Table 1).
BA17, BA18, and BA19 are located in the occipital lobe, and
BA37 is adjacent to BA19. All four BAs correspond to classic
visual processing regions [13-15]. BA34 is located in the
parahippocampal gyrus and is not spatially connected to other
four BAs, although BA34 was reported to be related to visual
processing. Another example is the auditory and Broca’s area
cluster, which is composed of several spatially separated but
functionally related BAs (Figure 2B). BA44/45 (Broca’s area
and motor language area), BA8 (writing language area) [17],
and BA7 (engaged in speech [18]) are directly involved in lan-
guage processing, whereas BA41/42 (auditory cortex) and
BA26/29/30 (engaged in sound processing) [19] are associated
with auditory processing, which is indirectly linked to language
processing [3,8].

Interestingly, two language processing BAs, BA22 (classic
Wernicke’s area and sensory language area) and adjacent
BAZ21 (also considered as a part of Wernicke’s area [20]), were
clustered into the Wernicke’s area cluster. This cluster was
characterized by proteomic patterns distinct from the auditory
and Broca’s area cluster. To illustrate the differences in protein
expression between these two clusters, we compared differen-
tial proteins between the two clusters. A total of 88 and 108
proteins were expressed at higher levels in the Wernicke’s area
cluster and auditory and Broca’s area cluster, with a fold
change (FC) of 1.5, respectively (Table S3). Differentially
expressed proteins were enriched in metabolic pathways, sug-
gesting metabolic differences between the two language regions
(Figure S6A). These proteins are also related to neurotransmit-
ter pathways [21], including glutamate, y-aminobutyric acid
(GABA), and dopamine pathways (Figure S6B) [21]. In partic-
ular, the GABA receptor was expressed at a higher level in the
auditory and Broca’s area cluster compared to that in the Wer-
nicke’s area cluster in agreement with previous reports on an

important role of the GABA receptor in the physiological
functions of Broca’s area. An inhibitor of the GABA receptor
causes dysfunction in Broca’s area and induces stuttering [22],
and a GABA agonist improves chronic Broca’s aphasia [21].
Therefore, these differentially expressed proteins provide valu-
able information about the intrinsic mechanism of language
processing.

Cluster/BA-specific signature proteins are linked to the
specialized functions of clusters/BAs

BAs with similar protein expression patterns tend to have sim-
ilar cytoarchitecture and functions; thus, cluster-specific signa-
ture proteins (proteins that were expressed at a high level in a
certain cluster) may provide information about the specialized
functions of a cluster. Iterative signature analysis (ISA; details
described in Materials and methods) [23] was used to identify a
total of 474 cluster-specific signature proteins in the present
study (Figure 3A; Table S4). Pathway, function, and disease
annotations of these proteins are shown in Figure 3B and C,
Figure S7A and B, and Table S4.

The cingulate cortex cluster had the largest number of sig-
nature proteins, 266 out of all 474 signature proteins. These
proteins included 76 (26.3%) and 140 (52.6%) high- and
mid-abundance proteins, respectively (Figure 3D, Fig-
ure S7C-E), corroborating the results regarding the differences
in cytoarchitecture and protein expression between the cingu-
late cortex cluster and the neocortex. Functional analysis
showed that these signature proteins are enriched in metabolic
pathways, including important enzymes for oxidative phos-
phorylation (NADH dehydrogenase), glycolysis (ALDOA,
PGK1, PGAMI, and ENOA), glycogen turnover (TPIS),
and amino acid synthesis (ASS1 and PDHX) (Figure 3E), indi-
cating high metabolic activity of the cingulate cortex. These
results are in agreement with the metabolic analysis of the cin-
gulate cortex reported in a previous study [24]. A total of 21
signature proteins were involved in cognition, emotion, and
memory (Table S4), consistent with the functional characteris-
tics of the cingulate cortex [24-26]. These results are in agree-
ment with the functional characteristics of the cingulate cortex.
Disease annotations indicated that proteins related to neuro-
logical degenerative diseases (Huntington’s disease, Parkin-
son’s disease, and Alzheimer’s disease) were enriched in the
signature proteins of the cingulate cortex cluster. Several key
proteins associated with signaling in Alzheimer’s and Parkin-
son’s diseases were expressed at high levels in the cingulate cor-
tex cluster (Figure S7F and G). These proteins include tau
(MAPT) and alpha-synuclein (SYUA), which are important
biomarkers for Alzheimer’s disease [27,28] and Parkinson’s
disease [29], respectively (Figure 3F). The pathological accu-
mulation of these two proteins is etiologically correlated with
the development of Alzheimer’s [28] and Parkinson’s diseases
[29]. The data of Western blot analysis showed that the protein
expression patterns of MAPT and SYUA were consistent with
the patterns detected by proteomic analysis (Figure S8A and
B). The results of immunohistochemistry staining of frozen
sections (IHC-Fr) also demonstrated that MAPT and SYUA
were expressed at a high level in BA25 compared to that in
BA4 (Figure S8C). The results of this study demonstrated
the regional distribution of MAPT and SYUA for the first
time, adding new information about the pathogenesis and
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Figure 2 Brain proteome atlas reflects functional parcellations

A. The 29 brain areas were divided into 6 clusters, including motor and sensory cluster, vision cluster, auditory and Broca’s area cluster,
Wernicke’s area cluster, cingulate cortex cluster, and heterogeneous function cluster. The Pearson correlation heatmap of 29 BAs was
shown on the left. Red color indicates positive correlation; blue color indicates negative correlation. The locations of 29 BAs were shown
on the right. B. Brief annotations of 29 BAs in the 6 clusters. The lobe location of each BA was annotated in the inner circle, and the

function of each BA was annotated in the outer circle.

vulnerability of these two neurodegenerative diseases in the
cingulate cortex. Furthermore, another brain (brain 2) was
used to validate the cluster-specific signature proteins by paral-
lel reaction monitoring (PRM). Detailed clinical information
on brain 2 is provided in Materials and methods. PRM analy-

sis validated that 28 signature proteins were expressed at a high
level in the cingulate cortex cluster (Table S5).

The motor and sensory cluster had 99 signature proteins.
These proteins were enriched in the protein kinase A (PKA)
pathway (Figure 3B). The PKA pathway is associated with



620

Genomics Proteomics Bioinformatics 20 (2022) 614—632

i

[
|

%

M hl] \

|

Cluster 1

| Cluster 2
Cluster 3

W Cluster 4
Cluster 5

[ Cluster 6

|

31112

High
Middle
Low

Abundance level

0 3
o™ s

7 5 &
o s (s (&

I Oxidative phosphorylation Bl Glycolysi

NN
sl et ek el et
VTN

20
38
21
22

7
8
26/29/30

Mitochondrial dysfunction

Oxidative phosphorylation

Sirtuin signaling pahtway

EIF2 signaling

GABA receptor signaling
Gluconeogenesis |

Glycolysis |

Dopamine-DARPP32 feedback in cAMP signaling
Parkinson’s signaling

Protein kinase A signaling

Glutamate receptor signaling

MECP?2 regulates transcription factors

[— ]
5 20

o
10 15
-log,, P value

Huntington’s disease

Parkinson's disease

Progressive neurological disorder
Schizophrenia

Alzheimer disease

Dementia

Psoriasis

Epileps

Tauopathy =~

Mitochondrial disorder

Complex partial seizure

Migraines

Mania

Giant axonal neuropathy . .
Combined oxidative phosphorylation deficiency 32
Autosomal recessive LaFora epilepsy

0 2 4

-log,, P value

Z-score
4

2

is of amino acids

.,.,
N
i

MRPS34 2.0

EPM2A

Log, abundance ratio

'
25
o

|

-1.0

—e—  SYUA
——  MAPT

Brodmann area

26/29/30 —
41/42
44/45

23
24 —



Guo Z et al | Proteomic Map of the Human Cerebral Cortex 621

brain motor function (neuronal plasticity in motor neurons
[30,31]) and sensation (pain sensitization in sensory neurons
[32,33]). Striatal-enriched protein tyrosine phosphatase
(STEP), a molecule downstream of PKA, is associated with
motor skill learning in the motor cortex [34]. Other signature
proteins with potentially interesting functions include the neu-
ron survival protein EMP2A and mitochondrial 28S ribosomal
protein S34 (MRPS34) (Figure 3F). The functional loss of
EMP2A was reported to cause sensorimotor cortex excitability
in Lafora disease [35]. MRPS34 mutation causes delayed psy-
chomotor development and neurodevelopmental deterioration
in Leigh syndrome [36]. The immunological analysis confirmed
that EMP2A and MRPS34 were expressed at a high level in the
motor and sensory cluster (Figure S8). Two signature proteins
of motor and sensory cluster, EMP2A and PTNS, were vali-
dated by PRM (Table S5).

The vision cluster included 49 signature proteins enriched in
the methyl-CpG-binding protein 2 (MECP2)-regulated tran-
scription factor pathway. MECP2 and transcriptionally regu-
lated transcription factors are involved in the neurological
system and neuropsychiatric disorders [37] (Figure 3B).
MECP?2 plays an important role in the normal development
of the central nervous system and the maintenance of neuro-
logical functions. Mutation of the MECP2 gene leads to
Rettsyndrome, which is an autism spectrum-associated disor-
der with visual impairment [38]. In a mouse model, knockout
of MECP?2 causes a progressive dysfunction of the visual cor-
tex and rapid regression of visual acuity [39]. Three signature
proteins of the vision cluster, MECP2, Transgelin (TAGLN),
and CAVNI, were confirmed to be expressed at a high level
by PRM (Table S5). Additionally, Becky et al. [7] reported a
proteomic comparison of BA17 (primary visual cortex) and
BA46 (DFC) in 11 individuals ranging from early infancy to
adulthood. By comparing the 49 vision cluster-specific signa-
ture proteins in the present study with Becky’s study, 16 were
expressed at a high level in the primary visual cortex in both
studies (Table S5).

Additionally, we focused on BA-specific signature proteins
(proteins with their abundances in one or two BAs more than
two-fold higher than the median abundance) to investigate
BA-specific functions. A total of 134 BA-specific signature
proteins were identified based on the analog criteria suggested
by Uhlen and colleagues [40] (Figure 4A; Table S4; sce
details in Materials and methods). These BA-specific signature
proteins included several proteins closely associated with the
corresponding brain functions. In the cingulate cortex, super-
oxide dismutase [Cu-Zn] (SOD1) was identified as a signature
protein in the anterior cingulate cortex (BA32 and BA24).
SODI mutation interferes with GABAergic neurotransmis-

sion, leading to cortical neuronal loss in this brain area [41].
In the neocortex, FAM107B was identified as a signature pro-
tein in BA41/42 (auditory cortex) (Figure 4B). Knockout of
FAMI07B leads to hearing impairment in mice [42]. Three
BA-specific signature proteins, TAGLN (BA17 and BAIS),
RAD23A (BA40), and FAM107B (BA41/42), were validated
by Western blot (Figure 4B, Figure S9). Five BA-specific sig-
nature proteins, NEFH (BA4), PMP2 (BA4), CALB2
(BA28), TAGLN (BA17 and BAIS), and FAMI107B
(BA41/42), were validated to be expressed at a high level in
corresponding BAs in brain 2 (Table S5). Two primary visual
cortex signature proteins, TAGLN and H1F0, were also found
to be expressed at a high level in the primary visual cortex in
Becky’s study [7] (Table S5).

Overall, these findings demonstrated intrinsic links between
specialized functions of the brain clusters and BAs and molec-
ular functions of the corresponding signature proteins, which
may help to understand the mechanisms of physiological or
pathophysiological functions of the brain.

Molecular evidence of the connection between the motor cortex
and anterior cingulate cortex

The anterior cingulate cortex is tightly connected to the motor
cortex through neuronal cell projections, according to the
results of fluorescence labeling imaging in rats [43]. In humans,
Caruana et al. demonstrated that the anterior cingulate cortex
plays an important role in the control of complex motor
behaviors according to the results of intracortical electrical
stimulation [44]. Molecular evidence of the connection between
these two functional brain regions requires additional
investigation.

Proteomic data obtained in the present study demonstrated
that a series of proteins were expressed at a high level in the
primary motor cortex (BA4) and anterior cingulate cortex
(BA33) (Figure 5A; Table S6). Most of these proteins are asso-
ciated with motor neuron structure and function (Figure 5B).
Neurofilament proteins (NEFL, NEFM, NEFH, and INA)
are the main components of motor neurons [45] and are neces-
sary for the maintenance of the number, morphology, viability,
and regenerative capability of motor neurons [46-48]. Myelin
basic protein promotes the myelination of motor neurons
[49]. MIF [50] and PVALB [51] are associated with amy-
otrophic lateral sclerosis, a neurodegenerative disease targeting
motor neurons [52]. Thus, these proteins may represent the
molecular basis of the functional connections between the pri-
mary motor cortex (BA4) and anterior cingulate cortex (BA33)
and may also play a role in the motor functions of the anterior
cingulate cortex.

<

Figure 3  Cluster-specific signature proteins are linked to the specialized function of the cluster

A. Heatmap of the cluster-specific signature proteins. The normalized protein expression value z-score represents the protein abundance.
Red color indicates high abundance, and blue color indicates low abundance. Pathway (B) and disease (C) enrichment analyses of cluster-
specific signature proteins. The —log;, P value by two-sided hypergeometric test was shown in heatmaps. Red color indicates significantly
enriched. D. Distribution of the high-, mid-, low-abundance proteins in the cluster-specific signature proteins. E. Heatmap of cingulate
cortex cluster-specific signature proteins involved in glycolysis/gluconeogenesis, oxidative phosphorylation, and biosynthesis of amino
acids. The normalized protein expression value z-score represents the protein abundance. Red color indicates high abundance, and blue
color indicates low abundance. F. The relative expression levels of two motor and sensory cluster-specific signature proteins (MRPS34 and
EMP2A) and two cingulate cortex cluster-specific signature proteins (SYUA and MAPT) in all the 29 BAs. The motor and sensory cluster
and the cingulate cortex cluster were highlighted in yellow in the left and right panels, respectively.
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Figure 4 Proteomic analysis of BA-specific signature proteins
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yellow in the upper, middle, and lower panels, respectively.

The motor and sensory cluster may be involved in anxiety

Anxiety disorder is a disease characterized by excessive and
persistent worry and fear and is very common worldwide (life-
time prevalence is 5%—-25% of the population), representing a
substantial economic burden [53,54]. The sensorimotor cortex
has been reported to be associated with social anxiety disorder
[55] and anxiety-related personality traits [56], according to the
results of electrophysiological studies. However, the molecular
basis of anxiety in the sensorimotor cortex requires further
investigation.

Proteomic data obtained in the present study indicated that
30 of the 1241 proteins with interarea variability are involved
in anxiety or anxiety-like behaviors according to Ingenuity
Pathway Analysis (IPA) (Table S6). Clustering analysis indi-
cated that nearly half (14, 46.6%) of these 30 proteins were
expressed at a high level in the motor and sensory cluster (Fig-
ure 5C). Some of these 14 proteins, including ADCYS,
GRIAIL, GRIN2A, PLcB4, SLITRKS5, NOSI1, and GRM2,
formed a protein interaction and regulation network and par-

ticipated in the expression of anxiety and anxiety-like behav-
iors (Figure 5D). PlcB4 [57] and NOSI [58] were expressed
at a high level in the medial septum and the hippocampus
(two anxiety behavior-related regions), respectively, and inhi-
bition of these genes in the regions with high levels of expres-
sion increased anxiolytic effects in a mouse model. GRIN2A
and GRIA1 are two important glutamate receptors involved
in the function of the sensorimotor cortex [59] and also
involved in anxiety. Knockout of GRIN2A [60] and GRIAI
[61] causes a decrease in anxiety in mouse models. Thus, we
hypothesized that these proteins are expressed at a high level
in the motor and sensory cluster and may be involved in
anxiety-related functions in the sensorimotor cortex, which
may explain the molecular basis of anxiety-related processes
in the sensorimotor cortex.

Transcriptomic characterization of brain BAs

The transcriptomes of brain BAs were explored to reveal the
characteristics of the brain functions. The 29 BAs were ana-
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lyzed by RNA-seq, and 21 samples passed the quality control
[RNA integrity number (RIN) > 6; 28S/18S > 0.7; gene map-
ping > 40%] and were used for further functional analysis. An
average of 17,137 transcripts was detected based on the RNA-
seq data (Table S7; Figure S10). Comparison of the brain pro-
teome library and the transcriptomic database of BA46 identi-
fied 8411 transcriptomic entries (97.8%) for 8600 proteins
detected by LC-MS/MS (Figure 6A). The proteomic data cov-
ered 48.8% of the transcriptomic data, covering 61% with
expression level of reads per kilobase per million mapped reads
(RPKM) > 1 and 78.4% with expression level of RPKM > 10
(Figure 6B).

A total of 17,091 genes were quantified in 21 BAs. Principal
component analysis (PCA) of the transcriptomic data showed
that BA4 (primary motor cortex) was different from other

BAs, in agreement with the finding of the Allen Institute that
a series of genes are specifically enriched in the primary motor
cortex [1]. The cingulate cortex cluster tended to be partially
separated from other BAs, which was partially consistent with
the proteomic results. However, four functionally distinct clus-
ters distinguished by proteomic analysis could not be found
based on the transcriptomic data (Figure 6C).

The BA-specific signature genes at the transcriptomic level
were used to explore BA-specific functions. A total of 1319
BA-specific signature genes were identified (Figure 6D;
Table S7). Functional analysis indicated that BA-specific sig-
nature genes were closely involved in the functions of the cor-
responding BA. In the cingulate cortex, a total of 13 signature
genes of BA28 were involved in memory function, in agree-
ment with the functional characteristics of the ventral entorhi-
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nal cortex (BA28) [26] (Table S7). In the neocortex, motor
neuron-related proteins (NEFH and NEFM) [46,47] were
identified as signature genes of the primary motor cortex
(BA4), and were also expressed at a high level in BA4 in our
proteomic data. In the auditory cortex (BA41/42), SMPX
was identified as a signature gene. A previous study reported
that mutation of SMPX was associated with X-linked deafness
type 4 [62].

Expression levels of totally 4250 genes were quantified based
on the data of transcriptomic and proteomic analyses in 21 BAs
(Table S7). Gene products for all region pairs were classified
based on the FC similarity between mRNA and protein (see
details in Materials and methods). An average of 39.5% of the
genes was classified into “‘no change” category (FC < 2 for both
protein and mRNA), and 17.4% of the genes were classified into
the “agree” category [same direction of expression changes
(FC > 2) and the same magnitude of FCs] or “partially agree”
category [same direction of expression changes (FC > 2) and
different magnitude of FCs]. In addition, 20.6% and 15.7% of
the genes were considered “protein only” (FC > 2 at protein
level only) and “mRNA only” (FC > 2 at mRNA level only),
respectively. In contrast, 6.7% of the genes showed opposite
direction of expression changes at the mRNA and protein levels
(FC > 2; “disagree” category) (Figure 6E).

To show the differences between transcriptome and pro-
teome on brain functions, BA4 (primary motor cortex) and
BA46 (DFC) were compared, and the scatter plots of the
mRNA and protein FC between them are shown in Figure 6F
(other BA pair comparison data are shown in Table S7 and
Figure S11). According to IPA functional annotation of the
differential gene products between BA4 and BA46, progressive
motor neuropathy and Parkinsonism-related genes were
enriched in “‘protein only” and “‘partially agree” categories,
which could reflect the characteristics of the primary motor
cortex. In contrast, the cognitive impairment and the depres-
sive disorder-related genes showed a bias toward “mRNA
only” category, reflecting the characteristics of the DFC. Addi-
tionally, the neurodevelopment-related genes were enriched in

the “agree” category, consistent with Becky’s findings [7] (Fig-
ure 6G; Table S7).

Discussion

In this study, we constructed a Chinese cerebral cortex pro-
teome atlas of 29 BAs from a donor without neurological dis-
eases. Similarities in the protein expression patterns indicated
that these 29 BAs could be grouped into six clusters. The
cluster- and BA-specific signature proteins can provide molec-
ular evidence for annotation of cytoarchitecture, function, and
disease vulnerability of these clusters or the corresponding
BAs. All data are publicly available in the HBPA.

In this brain proteome atlas, BAs with similar protein
expression patterns have similar functions, even though they
are not spatially adjacent, which reflects functional parcella-
tions. BAs within the cingulate cortex cluster and vision cluster
are characterized by both spatial proximity and functional rel-
evance. However, BAs within the auditory and Broca’s area
cluster are not directly adjacent and are functionally connected
(speech and auditory). These results indicated that the pro-
teomic map mainly reflects the functional parcellations of the
human cerebral cortex. Furthermore, the proteomic similarity
of BAs may provide molecular annotations for functional con-
nections between BAs. For example, BA38 (temporal pole) is
an enigmatic region with largely unknown function [63]. The
brain connectome indicated a functional connection between
BA3/1/2-BA38 and BA21/22-BA38 [3]. The results of func-
tional Magnetic Resonance Imaging (fMRI) experiments indi-
cated that BA38 is involved in speech comprehension and
considered a part of “extended Wernicke’s area” [64,65]. A
study on Braille reading in blind individuals using brain imag-
ing methods indicated that BA38 could integrate sensory-
motor and language comprehension [63]. In the present study,
BA38 was characterized by protein expression patterns similar
to both the sensorimotor cortex (BA3/1/2, BA4, and BA6) in
the motor and sensory cluster and Wernicke’s area (BA21

<

Figure 6 Comparison of brain proteome and transcriptome

A. Venn diagram showing the overlap of proteins and mRNAs in BA46. B. Histogram showing the distribution of the gene expression at
the mRNA and protein levels. Orange indicates genes identified at the protein level, and gray indicates genes only identified at the mRNA
level. The MS/MS coding genes covered 61% of genes expressed with RPKM > 1 and 78.4% of genes expressed with RPKM > 10. C.
Principal component analysis of mRNAs showed that the BA4 and cluster cingulate cortex were partially separated from the other BAs.
D. Heatmap of the BA-specific signature genes in 27 BAs. The normalized protein expression value z-score represents the protein
abundance. Red color indicates high abundance, and blue color indicates low abundance. E. The distribution of the relative dominance of
“no change” (gray), “‘agree” (green), ““partially agree” (purple), “protein only” (blue), “mRNA only” (orange), and “disagree” (red) genes.
Genes were defined based on the consistency or inconsistency between the mRNA and protein measurements. ““Agree” genes refer to the
genes with the same direction of expression changes at both the mRNA and protein levels (FC > 2), and with the same magnitude of FCs
(the variability at the protein level between BAs is less than 2-fold of that at the mRNA level). ““Partially agree” genes refer to the genes
with the same direction of expression changes (FC > 2), but with different magnitude of FCs at the mRNA and protein levels. “No
change” genes refer to the genes with no expression change at both the protein and mRNA levels (FC < 2) between BAs. “Protein only”
genes varied between different BAs at the protein level (FC > 2), but not at the mRNA level (FC < 2). “mRNA only” genes show
expression changes at the mRNA level (FC > 2), but not at the protein level (FC < 2). “Disagree” genes show opposite direction of
expression changes between protein and mRNA. F. Scatter plot of log,-transformed mRNA and protein abundance FC between BA4 and
BA46. Color codes are defined in (E). The inset pie charts illustrated the percentage of the green, purple, blue, orange, and red genes. G.
Scatter plots of mRNA and protein FC for BA4/BA46 comparison, showing the position of gene products contained in ontological terms
of interest. The inset small table showed the percentage of the genes of responding ontological terms in the “mRNA only”, “protein only”,
“agree”, “partially agree”, and “‘disagree” categories. The colored lines indicate the threshold of “mRNA only” genes (orange), “‘protein
only” genes (blue), and “agree” genes (green). RPKM, reads per kilobase per million mapped reads.



626 Genomics Proteomics Bioinformatics 20 (2022) 614—632

and BA22). We suggest that BA38 may play integratory roles
in both sensory-motor functions and language comprehension.

Additionally, the present study identified 474 cluster-
specific and 134 BA-specific signature proteins. These proteins
reveal intrinsic links between their molecular functions and
specialized functions of the brain regions. The cingulate cortex
contains an extremely large number of signature proteins com-
pared to that of other neocortex regions. These signature pro-
teins were enriched in metabolic pathways, mainly in
glycolysis, glycogen turnover, and amino acid synthesis. Previ-
ous studies demonstrated that astrocytes had unique metabolic
pathways of brain glucose metabolism compared to those in
neurons [66]. First, glycolysis is predominant in astrocyte glu-
cose metabolism. Second, the storage and turnover of glycogen
are mainly concentrated in astrocytes. Third, tricarboxylic acid
cycle-derived amino acids, such as aspartate, glutamate, glu-
tamine, arginine, and GABA, are synthesized in astrocytes
using astrocyte-specific enzymes [66]. The combination of pre-
vious reports and proteomic data obtained in the present study
indicates the activation of astrocyte metabolism in the cingu-
late cortex, which may correspond to metabolic characteristics
of the cingulate cortex. Additionally, the results of the present
study suggest that some signature proteins in the cingulate cor-
tex cluster participate in the pathogenesis of some neurological
diseases, such as MAPT in Alzheimer’s disease and SYUA in
Parkinson’s disease. Previous studies had shown that the accu-
mulation of these two proteins in the cingulate cortex was a
pathological feature of the corresponding diseases [28,29].
Abnormalities in the cingulate cortex played a central role in
the development of Alzheimer’s [24] and Parkinson’s diseases
[67,68]. These signature proteins may be investigated to deter-
mine molecular mechanisms of neurological diseases, espe-
cially in some specific brain regions. Thus, information about
these proteins may substantially improve our understanding
of the molecular basis of brain functions and pathogenesis.

Furthermore, the data of the present study provide molec-
ular annotations of the non-canonical functions of brain
regions. Molecular function analysis of these data provides a
molecular basis for functional connections between the ante-
rior cingulate cortex and motor cortex and may explain the
molecular basis of anxiety in the sensorimotor cortex. These
findings promote our understanding of the molecular mecha-
nisms of the non-canonical functions of brain regions. There-
fore, proteomic data obtained in the present study may be
used to investigate new functions of BAs or new functional
connections between BAs.

In the present study, the comparison of BA transcriptome
and proteome indicated that the proteomic data could separate
the cerebral cortex into 6 clusters, which were associated with
BA’s function. However, transcriptomic data did not show a
similar classification, which was consistent with Allen’s results
[1]. The aforementioned results indicated that brain proteomic
data might preferably reflect BA function. Functional analysis
of the transcriptome suggested that it could also reflect the
functional characteristics of BAs. 17.4% genes showed a sim-
ilar differential expression trend as the protein (such as neu-
rodevelopment), and some BA-specific signature genes
(NEFH and NEFL in primary motor cortex) also showed con-
sistent expression patterns as the protein. Moreover, 15.7%
genes only differentially expressed in mRNA level, and some
of which were associated with BA function (cognition impair-
ment, depressive disorder in DFC). The aforementioned data

demonstrated that transcriptome and proteome showed differ-
ent characteristics of brain functions. According to previous
studies [7], in neuron, mRNA and proteins might locate in dif-
ferent brain regions. Synapse proteins were transmitted from
the nucleus into another BA through axon, so they could be
detected in both BAs. However, mRNA was limited to the
source BA containing cell body, so they were only identified
in source BA. Thus, such genes would be differentially
expressed only on mRNA levels. The aforementioned study
could partially account for the differences between transcrip-
tome and proteome.

This study established a Chinese proteome atlas of the
brain; however, the following issues need to be resolved in
future studies. First, we drafted a global multiregional pro-
teomic map of the left hemisphere of a single brain. Previous
proteomic and transcriptomic studies suggested that individual
variations in age and gender were substantially lower than
variations across brain regions [1,7]. Proteome atlas generated
in the present study can represent common characteristics of
the normal human cerebral cortex to some extent; however,
future studies should consider the inclusion of multiple indi-
viduals balanced with regard to gender, age, and brain hemi-
sphere sampling and should use more sensitive and accurate
proteomic technologies. Second, this pilot atlas includes only
29 BAs with important brain functions, and future studies
should include additional important regions, such as the cere-
bellar cortex, hippocampus, and other important nerve nuclei,
to generate a more comprehensive atlas.

Materials and methods

Tissue procurement

Samples from frozen postmortem human brain specimens were
obtained following the SOP of the Human Brain Bank of
China facilitated by the China Human Brain Bank Consor-
tium (see Qiu et al. [9] for details on sample collection, han-
dling, and preservation). Basic demographic information,
medical information, and medical records of the donor were
obtained. Brain 1 specimen was collected from a 54-year-old
willed male donor who died of lung cancer and did not have
any history of brain metastasis, trauma, or other diseases.
Brain 2 was collected from a 93-year-old willed female donor
who died of heart failure and did not have neurological dis-
eases. The scalp was incised along the coronal plane from
the ear to top of the skull and turned over to expose the skull.
The skull was cut apart at the sagittal suture starting 1 cm
above the eyebrows and continuing to the occipital protuber-
ance, and the dura was removed. The cerebrum, brain stem,
cerebellum, and part of the cervical cord were completely
removed and temporarily preserved in cold saline. Twenty-
nine samples of the cortex from various BAs were dissected
from the left cerebral hemisphere and stored at —80 °C for pro-
tein extraction. Routine hematoxylin/eosin, silver, and
immunohistochemical staining procedures for amyloid-beta,
p-tau, and alpha-synuclein were performed in the visual cortex,
inferior parietal lobule, superior and middle temporal gyri,
medial frontal cortex, amygdala, anterior cingulate gyrus, hip-
pocampus, basal ganglia, cerebellum, middle brain, cerebral
pons, and medulla in the right cerebral hemisphere of the brain
sample; the data were used for pathological diagnosis to
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exclude neurodegenerative diseases. According to the SOP [9],
we performed HE staining of the brain areas, including BA40,
BA24, BA17, and BA41/42/22, to confirm that brain is cancer-
free.

Sample preparation

A total of 29 brain tissue samples were selected for proteomic
analysis (80 mg each). The samples were rinsed with PBS until
washing fluid was clear, and each sample was lysed with lysis
buffer (containing 8 M urea, 2.5 M thiourea, 4% CHAPS,
65 mM DTT, and 50 mM Tris-HCI) in a homogenizer on
ice. The lysate was centrifuged at 14,000 r/min at 4 °C for
20 min, and the supernatant was collected. The Bradford
method was used to measure the protein concentration. Pro-
teins were digested by the FASP method, as previously
described [69]. The peptides were extracted by an Oasis C18
extraction column and quantified by the BCA method.

iTRAQ labeling and 1D off-line separation

Digested peptides were labeled with 8-plex iTRAQ reagent
according to the manufacturer’s protocol (Sciex, Framingham,
MA). The 28 BAs were randomly divided into 4 groups
(Table S2) and labeled by iTRAQ 8-plex agent. In each group,
BA46 was used as a common internal reference sample. The
labeled samples within each experiment were mixed together.
To reduce sample complexity, the peptide samples were frac-
tionated through a high-pH Reverse Phase Liquid Chromatog-
raphy (RPLC) system. The samples were reconstituted in
100 pl of buffer A (1 mM ammonia, pH 10) and loaded onto
a column (4.6 mm x 250 mm, Xbridge C18, 3 um, Waters,
Milford, MA). The elution gradient was composed of 5%—
25% buffer B (90% ACN, 1 mM ammonia, pH 10) at a flow
rate of 0.8 ml/min for 60 min. 60 fractions were collected,
dried, and resuspended in 0.1% formic acid; the fraction was
pooled into 20 samples using a stepwise concatenation strategy
to combine every 20th fraction (1, 21, 41; 2, 22,42; ...). A total
of 100 fractions from one group of unlabeled samples and four
groups of iTRAQ-labeled samples were further analyzed by
LC-MS/MS.

LC-MS/MS analysis

The pooled mixtures of iTRAQ-labeled samples were analyzed
using a self-packed RP CI18 capillary column
(75 wm x 100 mm, 1.9 pm). The elution gradient was com-
posed of 5%-30% buffer B (0.1% formic acid and 99.9%
ACN) at a flow rate of 0.3 ul/min for 45 min. An LTQ Orbi-
trap Fusion Lumos instrument (ThermoFisher Scientific, Wal-
tham, MA) was used to acquire raw data. The following
parameters were used for MS data acquisition: top speed
data-dependent mode (3 s) was used for a full scan; full scans
were acquired in an Orbitrap at a resolution of 60,000; the MS/
MS scans were acquired at a resolution of 15,000 with charge
state screening (excluding precursors with unknown charge
state or +1 charge state); 38% normalized collision energy
in HCD mode; 30 s dynamic exclusion (exclusion size list
500); 1.6 Da isolation window. Each fraction from the
iTRAQ-labeled sample was run twice. For label-free analysis,
32% normalized collision energy in HCD was used; other

parameters were identical to the iTRAQ. Each fraction from
the unlabeled sample was run three times.

Database search

The MS/MS spectra were searched by Proteome Discoverer
software (v2.1, ThermoFisher Scientific) using the SwissProt
human database downloaded from the UniProt website
(www.UniProt.org). Trypsin was selected as the cleavage speci-
ficity parameter, and allowed a maximum of two missed cleav-
age sites. For iTRAQ quantification, carbamidomethylation of
cysteine and iTRAQ 8-plex labels were set as fixed modifica-
tions, and the oxidation of methionine, deamidation of aspar-
agine and glutamine, carbamylation of lysine, and peptide N-
terminus were used as dynamic modifications. The searches
were performed using a peptide tolerance of 10 ppm and a pro-
duction tolerance of 0.02 Da. A 1% false-positive rate at the
protein level was set as a filter, and each protein had to contain
at least 1 unique peptide. For label-free quantification, car-
bamidomethylation of cysteine was used as a fixed modifica-
tion, and other search parameters were identical to the
parameters used for iTRAQ quantification. The abundance
of each protein was estimated by Progenesis software (Nonlin-
ear Dynamics, v4.0), and the iBAQ value of each protein was
calculated based on the abundance of a protein divided by the
theoretical polypeptide number of the corresponding protein.

Bioinformatics analysis of the iTRAQ data of 29 BAs

Each iTRAQ experiment contained seven BA samples and a
common internal reference sample (BA46). In each experi-
ment, the abundance ratios of the seven samples in BA46 were
calculated, and the average protein abundance ratios of two
technical replicates were used for further analysis. To ensure
reliability of the data, the missing values in any two technical
replicates of any group were excluded from subsequent analy-
sis. The abundance ratios of proteins identified in all four
experiments were merged into a single table in which each
row represented a protein, and each column represented a
BA. In the column for BA46, all protein ratios were filled with
1. Then, the ratios were log,-transformed and normalized to a
column median of 0 and a row median of 0. Thus, the positive
value was higher than the median, and the negative value was
lower than the median. Through row-wise normalization, the
expression pattern of each row/protein in all the samples could
be better exhibited, and it would be helpful for following clus-
ter analysis and signature proteins filtering.

For better cluster analysis and signature protein selection,
the proteins without inter-area variability were filtered. The
FCs of all proteins between all BA pairs were calculated.
The distribution of log, fold change showed that the and
Q3 + 1.5xIQR (interquartile range) was 1.57. A strict filter
(FC > 2) was used as the threshold of outliers, which would
be helpful to signature proteins. To identify the differential
proteins between Wernicke’s areacluster and auditory and
Broca’s area cluster, a relatively relaxed threshold (FC =
1.5) was used to find more differential proteins, which would
be helpful for pathway or function enrichment analysis.

Consensus clustering was performed using the consensus
cluster plus package of R [11] to assess the similarities in the
proteome profiles of BAs. K-means clustering with Euclidean
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distance was performed 1000 times on the subsampled data.
The optimal number of clusters was selected using the consen-
sus matrix, consensus CDF plot, and silhouette plot. The con-
sensus matrix showed the best clustering results at & = 3.
However, the CDF of consensus increased at greater k values.
At k = 6, a relative increase in CDF reached a very small
value. The silhouette plot at & = 6 showed a mean silhouette
score of 0.72, and all scores were positive, indicating that clus-
ters were well separated. Thus, BAs were clustered into six
clusters.

Cluster signature proteins were identified by a biclustering
algorithm known as ISA. ISA was implemented using the
isa2 package for R [23]. Biclustering was restricted to up-
regulated modules in both rows and columns with a score
threshold of 0.7. For all six clusters, modules that included
at least 80% BAs inside a cluster and no BAs outside of the
cluster were selected. Proteins in the selected modules with
scores that passed the threshold of 0.7 were considered signa-
ture proteins for this cluster.

An adequate cutoff ratio was determined to identify pro-
teins overexpressed in specific BAs. The differences in the
log, protein abundance ratios between all BA pairs for all pro-
teins were calculated, and the data were normally distributed
with a mean of 0.00 and a standard deviation (SD) of 0.35.
The log, FC cutoff was then determined to be 1, which approx-
imated the mean + 3 x SD. Thus, an area signature protein
was defined as a protein with an abundance level in one or
two particular BAs of at least 2-fold the median abundance
level in all 29 BAs.

Bioinformatics analysis

All proteins of interest were analyzed using the David database
(http://david.ncifcrf.gov/) and compared with the whole
human genome for GO enrichment analysis. For IPA analysis,
the signature or differential proteins were evaluated using IPA
software (Ingenuity Systems, Mountain View, CA), and the
enrichment of the disease, function, and canonical pathway
categories was analyzed according to the P value rankings.
For reactome analysis, cluster signature proteins were mapped
to the reactome database in the pathway category according to
the P value rankings. For Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis, cluster signature proteins were
mapped to the KEGG database in the pathway category
according to the P value rankings.

IHC and Western blot

Western blot analysis of brain samples was performed to val-
idate the proteomic quantitation of several selected candidate
proteins (MAPT, SYUA, EPM2A, MRPS34, TAGLN,
FAMI107B, and RAD23A). Proteins extracted from the brain
tissues were separated by SDS-PAGE and electro-transferred
to a PVDF membrane (Millipore, Bedford, MA). The mem-
brane was blocked with 2% (v/v) BSA for 2 h at room temper-
ature and incubated with primary antibodies and a peroxidase-
conjugated secondary antibody. The membranes were visual-
ized using Immobilon Western chemiluminescent horseradish
peroxidase substrate (Millipore), and the bands were analyzed
by Imagel software (version).

Formalin-fixed, paraffin-embedded brain tissue samples
were used for THC-Fr analysis. The tissue sections were
deparaffinized and rehydrated in xylene and a graded ethanol
series, and antigen retrieval was performed in a pressure coo-
ker by boiling in sodium citrate buffer (pH 6.0) for 2 min.
Then, endogenous peroxidases were blocked with 0.3% H»O,
for 15 min, and the samples were incubated in the presence
of 2% fetal calf serum for 20 min. Primary antibodies were
incubated at 4 °C overnight, and peroxidase-labeled polymer
conjugated to anti-mouse, anti-rabbit, or anti-goat
immunoglobulins was incubated for 1 h. The sections were
counterstained with Mayer’s hematoxylin and dehydrated,
and the images were acquired under a microscope.

Primary antibodies for Western blot and IHC-Fr against
MAPT (rabbit monoclonal; Catalog No. ab76128), SYUA
(rabbit monoclonal; Catalog No. ab138501), EPM2A (rabbit
monoclonal; Catalog No. ab129110), MRPS34 (mouse mono-
clonal; Catalog No. HPA042112, Sigma), TAGLN (rabbit
polyclonal; Catalog No. ab14106), and RAD23A (mouse mon-
oclonal; Catalog No. ab55725) were purchased from Abcam
(Cambridge, UK). Antibodies against FAM107B (rabbit poly-
clonal; Catalog No. ab122566) were purchased from Sigma-
Aldrich (St Louis, MO).

PRM analysis

Selected cluster and BA signature proteins were validated in 27
BAs of brain 2 by PRM. To estimate the quality of the data,
we used the mixed sample as quality control (QC) during the
analysis, before and after all samples, and every 7-8 samples.
Two technical repeats of each sample were assayed. The aver-
age Pearson correlation coefficient of QC samples was 0.97,
indicating the reproducibility of the QC.

The samples were analyzed on a C18 RP self-packed capil-
lary LC column (75 pum x 100 mm). The elution gradient was
composed of 5%-30% buffer B (0.1% formic acid, 99.9%
ACN) with a flow rate of 0.5 pl/min for 45 min. An LTQ Orbi-
trap Fusion Lumos instrument was used to acquire raw data.
Following parameters were used for MS data acquisition:
PRM mode; full scans and MS/MS scans were acquired in
Orbitrap at a resolution of 60,000 and 15,000, respectively;
32% normalized collision energy in HCD mode; 30 s dynamic
exclusion; The isolation window was 4, and the schedule mode
window was 7 min.

PRM data processing was performed by Skyline 19.1 soft-
ware as previously described [69]. The peptide abundance
was normalized to Total Ion Current (TIC) in each sample,
which was extracted by Progenesis QIP software (Waters).

RNA-seq and data processing

RNA-seq was performed by BGI cooperation (Shenzhen,
China). For transcriptome data analysis, read counts were nor-
malized using the median of ratios normalization method in
DESeq?2 to eliminate the variations in sequencing depth and
RNA composition in the samples [70]. Normalized counts were
logarithmically transformed with base 2. A total of 17,091
transcripts with read counts > 1 in at least 50% of the samples
were retained for downstream analysis. Transcriptomic and
proteomic data were matched by gene symbols.
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Comparison between the proteomic and transcriptomic data

Genes commonly quantified at the mRNA and protein levels
were quantitatively compared. Both transcriptomic and pro-
teomic datasets were logy-transformed by zero-mean normal-
ization. Gene products for all possible region pairs were
classified based on their FC similarity between mRNA and
protein. Genes with the same direction of expression changes
(FC > 2) at the mRNA and protein levels and with the same
magnitude of FCs (the variability at the protein level between
BAs was less than 2-fold of that at the mRNA level) were
assigned to the “‘agree” category; genes with the same direction
of expression changes (FC > 2) but with different magnitude
of FCs (larger than 2-fold) at the mRNA and protein levels
were assigned to the “‘partially agree” category. Genes that
had no significant interregional changes at both the mRNA
and protein levels (FC < 2) between BAs were assigned to
the “‘no change” category. Genes that had variable levels of
corresponding proteins between various BAs (FC > 2) but
did not vary at the mRNA level (FC < 2) were assigned to
the “protein only” category. Genes that had variable mRNA
levels (FC > 2) but did not vary at the protein level (FC <
2) were defined as “mRNA only”. Genes that showed opposite
direction of expression changes at mRNA and protein levels
were assigned to the “disagree” category.

Ethical statement

Brain tissues were collected after obtaining consent from the
donors and the next of kins using a signed written informed
consent form, and the project was approved by the Institu-
tional Review Board of the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (Approval No. 009-
2014).

Data availability

The MS proteomic data have been deposited to the Proteome
Xchange Consortium via the iProX partner repository (Pro-
teomeXchange: PXD024613), and are publicly accessible at
http://proteomecentral.proteomexchange.org. The raw tran-
scriptomic database has been deposited in the Genome
Sequence Archive [71] at the National Genomics Data Center,
Beijing Institute of Genomics, Chinese Academy of Sciences /
Chian National Center for Bioinformation (GSA:
HRAO000695), and are publicly accessible at http://ngdc.cncb.
ac.cn/gsa.

CRediT author statement

Zhengguang Guo: Formal analysis, Funding acquisition, Vali-
dation, Writing - original draft. Chen Shao: Methodology,
Formal analysis, Software, Visualization, Funding acquisition,
Writing - review & editing. Yang Zhang: Conceptualization,
Writing - review & editing. Wenying Qiu: Resources, Investiga-
tion. Wenting Li: Resources. Weimin Zhu: Project administra-
tion. Qian Yang: Validation. Yin Huang: Software. Lili Pan:
Visualization. Yuepan Dong: Visualization. Haidan Sun: Inves-
tigation. Xiaoping Xiao: Investigation. Wei Sun: Investigation,

Project administration, Funding acquisition, Writing - review
& editing. Chao Ma: Project administration, Funding acquisi-
tion. Liwei Zhang: Conceptualization, Project administration,
Funding acquisition, Supervision. All authors have read and
approved the final manuscript.

Competing interests

The authors declare no competing interests.

Acknowledgments

We are grateful to Prof. Bai Lu and Dr. He You from Tsin-
ghua University for helpful discussions. Tissues were provided
by National Human Brain Bank for Development and Func-
tion, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China. This study was supported by
the Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences, Neuroscience Center, and the China Human
Brain Banking Consortium. This work was supported by the
National Key R&D Program of China (Grant Nos.
2016YFC1306300 and 2018YFC0910202), the National Natu-
ral Science Foundation of China (Grant Nos. 30970650,
31200614, 31400669, 81371515, 81170665, and 81560121), Bei-
jing Medical Research (Grant No. 2018-7), Beijing Natural
Science Foundation (Grant No. 7173264 and 7172076), Beijing
cooperative construction project (Grant No. 110651103), Bei-
jing Science Program for the Top Young (Grant No.
2015000021223TD04), Beijing Normal University (Grant No.
11100704), Peking Union Medical College Hospital (Grant
No. 2016-2.27), CAMS Innovation Fund for Medical Sciences
(Grant No. 2017-12M-1-009), the CAMS special basic research
fund for central public research institutes (Grant No.
2017PT310004), and Biologic Medicine Information Center
of China, National Scientific Data Sharing Platform for Pop-
ulation and Health.

Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gpb.2021.08.008.

ORCID

ORCID 0000-0002-5983-7759 (Zhengguang Guo)
ORCID 0000-0002-6899-5353 (Chen Shao)
ORCID 0000-0002-0033-660X (Yang Zhang)
ORCID 0000-0003-4906-8746 (Wenying Qiu)
ORCID 0000-0002-1074-0956 (Wenting Li)
ORCID 0000-0002-2420-0731 (Weimin Zhu)
ORCID 0000-0001-7159-9389 (Qian Yang)
ORCID 0000-0001-9289-2111 (Yin Huang)
ORCID 0000-0003-0258-5367 (Lili Pan)
ORCID 0000-0002-4546-3530 (Yuepan Dong)
ORCID 0000-0003-1169-0329 (Haidan Sun)
ORCID 0000-0001-5021-9906 (Xiaoping Xiao)
ORCID 0000-0002-1473-7412 (Wei Sun)



630 Genomics Proteomics Bioinformatics 20 (2022) 614-632

ORCID 0000-0003-1346-6961 (Chao Ma)
ORCID 0000-0003-1919-3765 (Liwei Zhang)

References

[1] Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng
L, Miller JA, et al. An anatomically comprehensive atlas of the
adult human brain transcriptome. Nature 2012;489:391-9.

[2] Brodmann K. Vergleichende Lokalisationslehre der Grosshirn-
rinde. Leipzig: Barth; 1909.

[3] Fan L, Li H, Zhuo J, Zhang Y, Wang J, Chen L, et al. The human
brainnetome atlas: a new brain atlas based on connectional
architecture. Cereb Cortex 2016;26:3508-26.

[4] Sharma K, Schmitt S, Bergner CG, Tyanova S, Kannaiyan N,
Manrique-Hoyos N, et al. Cell type- and brain region-resolved
mouse brain proteome. Nat Neurosci 2015;18:1819-31.

[S] Jung SY, Choi JM, Rousseaux MWC, Malovannaya A, Kim JJ,
Kutzera J, et al. An anatomically resolved mouse brain proteome
reveals Parkinson disease-relevant pathways. Mol Cell Proteomics
2017;16:581-93.

[6] Kim MS, Pinto SM, Getnet D, Nirujogi RS, Manda SS,
Chaerkady R, et al. A draft map of the human proteome. Nature
2014;509:575-81.

[7] Carlyle BC, Kitchen RR, Kanyo JE, Voss EZ, Pletikos M, Sousa
AMM, et al. A multiregional proteomic survey of the postnatal
human brain. Nat Neurosci 2017;20:1787-95.

[8] Patel RS, Bowman FD, Rilling JK. Determining hierarchical
functional networks from auditory stimuli fMRI. Hum Brain
Mapp 2006;27:462—70.

[9] Qiu W, Zhang H, Bao A, Zhu K, Huang Y, Yan X, et al.
Standardized operational protocol for human brain banking in
China. Neurosci Bull 2019;35:270-6.

[10] Mann K, Edsinger E. The Lottia gigantea shell matrix proteome:
re-analysis including MaxQuant iBAQ quantitation and phos-
phoproteome analysis. Proteome Sci 2014;12:28.

[11] Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class
discovery tool with confidence assessments and item tracking.
Bioinformatics 2010;26:1572-3.

[12] Vogt BA, Nimchinsky EA, Vogt LJ, Hof PR. Human cingulate
cortex: surface features, flat maps, and cytoarchitecture. J Comp
Neurol 1995;359:490-506.

[13] Hubbard EM, Ramachandran VS. Neurocognitive mechanisms of
synesthesia. Neuron 2005;48:509-20.

[14] Dehaene S, Cohen L. The unique role of the visual word form
area in reading. Trends Cogn Sci 2011;15:254-62.

[15] Meng M, Cherian T, Singal G, Sinha P. Lateralization of face
processing in the human brain. Proc Biol Sci 2012;279:2052-61.

[16] Aminoff EM, Kveraga K, Bar M. The role of the parahippocam-
pal cortex in cognition. Trends Cogn Sci 2013;17:379-90.

[17] Valk J. A possible role of BAS8 in pre-surgical fMRI: homage to an
exceptional neuroscientist. Neuroradiol J 2011;24:395-400.

[18] Gered S. Understanding consciousness: its function and brain
processes. London: SAGE Publications; 2000, p. 135-56.

[19] Li P, Shan H, Liang S, Nie B, Duan S, Huang Q, et al. Structural
and functional brain network of human retrosplenial cortex.
Neurosci Lett 2018;674:24-9.

[20] Ardila A, Bernal B, Rosselli M. How extended is Wernicke’s area?
Meta-analytic connectivity study of BA20 and integrative pro-
posal. Neurosci J 2016;2016:1-6.

[21] Berthier ML, Pulvermiiller F, Davila G, Casares NG, Gutiérrez
A. Drug therapy of post-stroke aphasia: a review of current
evidence. Neuropsychol Rev 2011;21:302-17.

[22] Movsessian P. Neuropharmacology of theophylline induced
stuttering: the role of dopamine, adenosine and GABA. Med
Hypotheses 2005;64:290-7.

[23] Bergmann S, Thmels J, Barkai N. Iterative signature algorithm for
the analysis of large-scale gene expression data. Phys Rev E Stat
Nonlin Soft Matter Phys 2003;67:031902.

[24] Leech R, Sharp DJ. The role of the posterior cingulate cortex in
cognition and disease. Brain 2014;137:12-32.

[25] Joyce MKP, Barbas H. Cortical connections position primate
area 25 as a keystone for interoception, emotion, and memory. J
Neurosci 2018;38:1677-98.

[26] Basu J, Zaremba JD, Cheung SK, Hitti FL, Zemelman BV,
Losonczy A, et al. Gating of hippocampal activity, plasticity, and
memory by entorhinal cortex long-range inhibition. Science
2016;351:aaa5694.

[27] Min SW, Chen X, Tracy TE, Li Y, Zhou Y, Wang C, et al.
Critical role of acetylation in tau-mediated neurodegeneration and
cognitive deficits. Nat Med 2015;21:1154-62.

[28] Jacobs HIL, Hedden T, Schultz AP, Sepulcre J, Perea RD,
Amariglio RE, et al. Structural tract alterations predict down-
stream tau accumulation in amyloid-positive older individuals.
Nat Neurosci 2018;21:424-31.

[29] Lim Y, Kehm VM, Lee EB, Soper JH, Li C, Trojanowski JQ,
et al. 0-Syn suppression reverses synaptic and memory defects in a
mouse model of dementia with Lewy bodies. J Neurosci
2011;31:10076-87.

[30] Rioult-Pedotti MS, Pekanovic A, Atiemo CO, MarshallJ, Luft AR,
Beeler JA. Dopamine promotes motor cortex plasticity and motor
skill learning via PLC activation. PLoS One 2015;10:e0124986.

[31] Bakhshishayan S, Enomoto A, Tsuji T, Tanaka S, Yamanishi T,
Ishihama K, et al. Protein kinase A regulates the long-term
potentiation of intrinsic excitability in neonatal trigeminal
motoneurons. Brain Res 2013;1541:1-8.

[32] Isensee J, Diskar M, Waldherr S, Buschow R, Hasenauer J, Prinz
A, et al. Pain modulators regulate the dynamics of PKA-RII
phosphorylation in subgroups of sensory neurons. J Cell Sci
2014;127:216-29.

[33] Herrmann S, Rajab H, Christ I, Schirdewahn C, Hofler D, Fischer
MIM, et al. Protein kinase A regulates inflammatory pain
sensitization by modulating HCN2 channel activity in nociceptive
sensory neurons. Pain 2017;158:2012-24.

[34] Chagniel L, Bergeron Y, Bureau G, Massicotte G, Cyr M, Fisone
G. Regulation of tyrosine phosphatase STEP61 by protein kinase
A during motor skill learning in mice. PLoS One 2014;9:¢86988.

[35] Canafoglia L, Ciano C, Panzica F, Scaioli V, Zucca C, Agazzi P,
et al. Sensorimotor cortex excitability in Unverricht-Lundborg
disease and Lafora body disease. Neurology 2004;63:2309-15.

[36] Lake NJ, Webb BD, Stroud DA, Richman TR, Ruzzenente B,
Compton AG, et al. Biallelic mutations in MRPS34 lead to
instability of the small mitoribosomalsubunit and Leigh syn-
drome. Am J Hum Genet 2017;101:239-54.

[37] Chahrour M, Jung SY, Shaw C, Zhou X, Wong STC, Qin J, et al.
MeCP2, a key contributor to neurological disease, activates and
represses transcription. Science 2008;320:1224-9.

[38] Krishnan K, Wang BS, Lu J, Wang L, Maffei A, Cang J, et al.
MeCP2 regulates the timing of critical period plasticity that
shapes functional connectivity in primary visual cortex. Proc Natl
Acad Sci U S A 2015;112:E4782-91.

[39] Durand S, Patrizi A, Quast K, Hachigian L, Pavlyuk R, Saxena
A, et al. NMDA receptor regulation prevents regression of visual
cortical function in the absence of Mecp2. Neuron
2012;76:1078-90.

[40] Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P,
Mardinoglu A, et al. Tissue-based map of the human proteome.
Science 2015;347:1260419.

[41] Turner MR, Hammers A, Al-Chalabi A, Shaw CE, Andersen PM,
Brooks DJ, et al. Distinct cerebral lesions in sporadic and ‘D90A’
SODI ALS: studies with [''Clflumazenil PET. Brain
2005;128:1323-9.



Guo Z et al | Proteomic Map of the Human Cerebral Cortex 631

[42] White J, Gerdin A-K, Karp N, Ryder Ed, Buljan M, Bussell J,
et al. Genome-wide generation and systematic phenotyping of
knockout mice reveals new roles for many genes. Cell
2013;154:452-64.

[43] Wang Y, Matsuzaka Y, Mushiake H, Shima K. Spatial distribu-
tion of cingulate cortical cells projecting to the primary motor
cortex in the rat. Neurosci Res 2008;60:406-11.

[44] Caruana F, Gerbella M, Avanzini P, Gozzo F, Pelliccia V, Mai R,
et al. Motor and emotional behaviours elicited by electrical
stimulation ~of the human cingulate cortex. Brain
2018;141:3035-51.

[45] Hof PR, Nimchinsky EA, Morrison JH. Neurochemical pheno-
type of corticocortical connections in the macaque monkey:
quantitative analysis of a subset of neurofilament protein-
immunoreactive projection neurons in frontal, parietal, temporal,
and cingulate cortices. J Comp Neurol 1995;362:109-33.

[46] Jacomy H, Zhu Q, Couillard-Despres S, Beaulieu JM, Julien JP.
Disruption of type IV intermediate filament network in mice
lacking the neurofilament medium and heavy subunits. J Neu-
rochem 1999;73:972-84.

[47] Rao MV, Houseweart MK, Williamson TL, Crawford TO,
Folmer J, Cleveland DW. Neurofilament-dependent radial growth
of motor axons and axonal organization of neurofilaments does
not require the neurofilament heavy subunit (NF-H) or its
phosphorylation. J Cell Biol 1998;143:171-81.

[48] McGraw TS, Mickle JP, Shaw G, Streit WJ. Axonally transported
peripheral signals regulate alpha-internexin expression in regen-
erating motoneurons. J Neurosci 2002;22:4955-63.

[49] Hyung S, Lee SR, Kim YJ, Bang S, Tahk D, Park JC, et al.
Optogenetic neuronal stimulation promotes axon outgrowth and
myelination of motor neurons in a three-dimensional motor
neuron-Schwann cell coculture model on a microfluidic biochip.
Biotechnol Bioeng 2019;116:2425-38.

[50] Shvil N, Banerjee V, Zoltsman G, Shani T, Kahn J, Abu-Hamad
S, et al. MIF inhibits the formation and toxicity of misfolded
SOD1 amyloid aggregates: implications for familial ALS. Cell
Death Dis 2018;9:107.

[51] Mattson MP. Calcium and neurodegeneration. Aging Cell
2007;6:337-50.

[52] Nijssen J, Comley LH, Hedlund E. Motor neuron vulnerability
and resistance in amyotrophic lateral sclerosis. Acta Neuropathol
2017;133:863-85.

[53] Kessler RC, Aguilar-Gaxiola S, Alonso J, Chatterji S, Lee S,
Ormel J, et al. The global burden of mental disorders: an update
from the WHO world mental health (WMH) surveys. Epidemiol
Psichiatr Soc 2009;18:23-33.

[54] Alonso J, Liu Z, Evans-Lacko S, Sadikova E, Sampson N,
Chatterji S, et al. Treatment gap for anxiety disorders is global:
results of the world mental health surveys in 21 countries. Depress
Anxiety 2018;35:195-208.

[55] Pallanti S, Borgheresi A, Pampaloni I, Giovannelli F, Bernardi S,
Cantisani A, et al. Motor cortex excitability correlates with
novelty seeking in social anxiety: a transcranial magnetic stimu-
lation investigation. J Neurol 2010;257:1362-8.

[56] Wassermann EM, Greenberg BD, Nguyen MB, Murphy DL.
Motor cortex excitability correlates with an anxiety-related
personality trait. Biol Psychiatry 2001;50:377-82.

[57] Shin J, Gireesh G, Kim SW, Kim DS, Lee S, Kim YS, et al.
Phospholipase C beta 4 in the medial septum controls cholinergic
theta oscillations and anxiety behaviors. J Neurosci
2009;29:15375-85.

[58] Zhang J, Huang XY, Ye ML, Luo CX, Wu HY, Hu Y, et al.
Neuronal nitric oxide synthase alteration accounts for the role of
5-HT1A receptor in modulating anxiety-related behaviors. J
Neurosci 2010;30:2433-41.

[59] Mo J, Wang B, Zhu X, Wu X, Liu Y. PRRT?2 deficiency induces
paroxysmal kinesigenic dyskinesia by influencing synaptic func-

tion in the primary motor cortex of rats. Neurobiol Dis
2019;121:274-85.

[60] Ryan TJ, Kopanitsa MV, Indersmitten T, Nithianantharajah J,
Afinowi NO, Pettit C, et al. Evolution of GIuN2A/B cytoplasmic
domains diversified vertebrate synaptic plasticity and behavior.
Nat Neurosci 2013;16:25-32.

[61] Vekovischeva OY, Aitta-aho T, Echenko O, Kankaanpaa A,
Seppala T, Honkanen A, et al. Reduced aggression in AMPA-type
glutamate receptor GluR-A subunit-deficient mice. Genes Brain
Behav 2004;3:253-65.

[62] Lv Y, Gu J, Qiu H, Li H, Zhang Z, Yin S, et al. Whole-exome
sequencing identifies a donor splice-site variant in SMPX that
causes rare X-linked congenital deafness. Mol Genet Genomic
Med 2019;7:€967.

[63] Likova LT. Addressing long-standing controversies in conceptual
knowledge representation in the temporal pole: a cross-modal
paradigm. IS&T Int Symp Electron Imaging 2017;2017:268-72.

[64] Ardila A, Bernal B, Rosselli M. How localized are language brain
areas? A review of brodmannareas involvement in oral language.
Arch Clin Neuropsychol 2016;31:112-22.

[65] Giraud AL, Kell C, Thierfelder C, Sterzer P, Russ MO, Preibisch
C, et al. Contributions of sensory input, auditory search and
verbal comprehension to cortical activity during speech process-
ing. Cereb Cortex 2004;14:247-55.

[66] Dienel GA. Brain glucose metabolism: integration of energetics
with function. Physiol Rev 2019;99:949-1045.

[67] Manza P, Zhang S, Li CS, Leung HC. Resting-state functional
connectivity of the striatum in early-stage Parkinson’s disease:
cognitive decline and motor symptomatology. Hum Brain Mapp
2016;37:648-62.

[68] Wei L, Hu X, Yuan Y, Liu W, Chen H. Abnormal ventral
tegmental area-anterior cingulate cortex connectivity in Parkin-
son’s disease with depression. Behav Brain Res 2018;347:132-9.

[69] Hao X, Guo Z, Sun H, Liu X, Zhang Y, Zhang L, et al. Urinary
protein biomarkers for pediatric medulloblastoma. J Proteomics
2020;225:103832.

[70] Anders S, Huber W. Differential expression analysis for sequence
count data. Genome Biol 2010;11:R106.

[71] Chen T, Chen X, Zhang S, Zhu J, Tang B, Wang A, et al. The
Genome Sequence Archive Family: toward explosive data growth
and diverse data types. Genomics Proteomics Bioinformatics
2021;19:578-83.

[72] Viaene AN, Petrof I, Sherman SM. Synaptic properties of
thalamic input to layers 2/3 and 4 of primary somatosensory
and auditory cortices. J Neurophysiol 2011;105:279-92.

[73] Zilles K, Amunts K. Centenary of Brodmann’s map-conception
and fate. Nat Rev Neurosci 2010;11:139-45.

[74] Haxby JV, Hoffman EA, Gobbini MI. The distributed human
neural system for face perception. Trends Cogn Sci 2000;4:223-33.

[75] Ding SL, Van Hoesen GW, Cassell MD, Poremba A. Parcellation
of human temporal polar cortex: a combined analysis of multiple
cytoarchitectonic, chemoarchitectonic, and pathological markers.
J Comp Neurol 2009;514:595-623.

[76] Wandell BA, Dumoulin SO, Brewer AA. Visual field maps in
human cortex. Neuron 2007;56:366-83.

[77] Vann SD, Aggleton JP, Maguire EA. What does the retrosplenial
cortex do? Nat Rev Neurosci 2009;10:792-802.

[78] Pickles JO. An introduction to the physiology of hearing
bingley. Bingley: Emerald Group Publishing Limited; 2015.

[79] Cantalupo C, Hopkins WD. Asymmetric Broca’s area in great
apes. Nature 2001;414:505.

[80] Hoshi E. Functional specialization within the dorsolateral pre-
frontal cortex: a review of anatomical and physiological studies of
non-human primates. Neurosci Res 2006;54:73-84.

[81] Ramnani N, Owen AM. Anterior prefrontal cortex: insights into
function from anatomy and neuroimaging. Nat Rev Neurosci
2004;5:184-94.



632 Genomics Proteomics Bioinformatics 20 (2022) 614-632

[82] Seghier ML. The angular gyrus: multiple functions and multiple [84] Bush G, Luu P, Posner MI. Cognitive and emotional influences in

subdivisions. Neuroscientist 2013;19:43-61. anterior cingulate cortex. Trends Cogn Sci 2000;4:215-22.
[83] Stoeckel C, Gough PM, Watkins KE, Devlin JT. Supramarginal [85] Allman JM, Hakeem A, Erwin JM, Nimchinsky E, Hof P. The
gyrus involvement in visual word recognition. Cortex evolution of an interface between emotion and cognition. Ann N

2009;45:1091-6. Y Acad Sci 2001;935:107-17.





