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Hemispheric asymmetry is an important feature of the human brain that 16 

develops before birth. The inherent asymmetry of the brain is of great 17 

significance for cognition, language and other functions in humans. An 18 

understanding of normal brain and asymmetry development in the earliest 19 

period will further our understanding of how the different hemispheres prioritize 20 

specific functions. However, the core genetic mechanism is still unknown. Here, 21 

we analysed the developmental changes in and asymmetry of the proteome in the 22 

bilateral frontal lobes of three foetal specimens in the late first trimester of 23 

pregnancy. We found that during this period, the difference in expression 24 

between gestational weeks (GWs) increased, and the difference in asymmetric 25 

expression decreased. The patterns of protein expression changes in the bilateral 26 

frontal lobes were different. Our results show that brain asymmetry can be 27 

observed in the early stage of foetal development. Human brain asymmetry is the 28 

result of differential gene expression before birth in the early foetal stage and 29 

develops before functional asymmetry. Researchers can use these findings to 30 

further investigate the mechanisms of brain asymmetry. We propose that both 31 

sides of the brain should be analysed separately in future multiomics research 32 

and human brain mapping studies. 33 

 34 

  35 



Introduction 36 

Asymmetry, a basic characteristic of the human brain and the brains of other 37 

vertebrates, was discovered in the mid-twentieth century1. At the population level, 38 

differences between the left and right hemispheres exist at almost all levels of the 39 

brain, including anatomical structure2, the connectivity of brain regions3, and 40 

function4. Brain asymmetry is critical for the maintenance of normal physiological 41 

functions in human, and changes in inherent brain asymmetry have been observed in 42 

ageing individuals5,  in people with neurodegenerative diseases6 and in individuals 43 

with mental disorders7.  44 

Brain structure asymmetry has been observed across the lifespan, including during 45 

early development before birth8,9. Foetal choroid plexus asymmetry can be observed 46 

in human foetuses from GWs 11 to 1310. It was also found that during this period, the 47 

movement of the right arm of the foetus is greater than that of the left arm 11,12. 48 

Because the prenatal brain is less affected by habits and environmental factors, the 49 

lateralization of brain structure and motor behaviour observed in the first three months 50 

of pregnancy is thought to be due to asymmetric genetic-developmental processes13.  51 

Genes that are differentially expressed between the left and right hemispheres have 52 

also been identified in previous studies. The developmental mechanism of brain 53 

lateralization from the middle stage of foetal development to adulthood has been 54 

explored. Recent genome-wide association studies (GWAS) have identified genetic 55 

loci that show strong associations with regional brain asymmetry14. Many genetic 56 

variants have been reported to be associated with adult human brain asymmetry at the 57 



genome level15-17. However, how brain asymmetry is established in the early stage of 58 

foetal development is not well understood. 59 

Prenatal transcriptome data have revealed the widespread changes that occur during 60 

foetal development18,19, and a series of RNA sequencing studies have revealed the 61 

differential expression of genes between left and right hemisphere samples from 62 

embryos20-24. However, when protein data was integrated with RNA-seq data, it was 63 

found that the difference in protein abundance between brain regions was generally 64 

higher than the difference in RNA levels25. Furthermore, a wide spectrum of genetic 65 

variants associated with diseases is often found at the proteome level. Differences in 66 

the expression of many proteins reflect the changes in cellular components and 67 

functions, and proteomic data provides direct information about the composition and 68 

functional states of proteins. However, given the limitation of study samples and 69 

technical limitations, these changes at the protein level remain unclear. 70 

In addition to prenatal brain asymmetry, foetal brain development needs to be urgently 71 

studied since many psychiatric disorders in children and adults have been reported to 72 

originate before birth26,27. In recent years, researchers have extensively studied the 73 

development of the human cerebral cortex and the emergence of distinct neuronal 74 

lineages at the cellular level18,28. Despite this research, changes in the early foetal brain 75 

at the proteome level are not fully understood. 76 

To explore the genetic-developmental mechanisms underlying typical brain 77 

asymmetry, we focused on the frontal lobes, which have been widely reported to 78 

exhibit structural asymmetry. We analysed asymmetrically expressed protein (AEP) 79 



groups and observed changes in an early stage of foetal development (GWs 9 to 13), a 80 

critical period for neuroblast proliferation and migration. Our study will help identify 81 

more sophisticated differences in the normal asymmetric development of the human 82 

brain. 83 

 84 

Proteins identified in the foetal frontal lobes at different GWs 85 

To investigate the protein compositions of the frontal lobe in early foetal 86 

development, we prepared tissue homogenates from the brains of human foetuses 87 

aborted at GWs 9, 11 and 13. The numbers of protein groups in the foetal frontal lobe 88 

included in the analyses after filtering were 3809 proteins in GW 9, 3905 proteins in 89 

GW 11 and 3661 proteins in GW 13. A total of 2645 protein groups were identified in 90 

all three GWs, as shown in the Venn diagram (Fig. 1a). Although more than 3000 91 

proteins were detected in the bilateral frontal lobes at different GWs, a subset of 92 

protein groups (1793) was detected in all tissues (Fig. 1a). This core subset may be 93 

less affected by individual differences and may play a continuous role in human brain 94 

development. GO enrichment analysis revealed that the core proteins were enriched in 95 

the biological processes (FDR < 0.01, Fisher exact test, Supplementary Fig. 1 and 96 

Supplementary Table 1) mRNA catabolic process, RNA catabolic process, RNA 97 

splicing and mRNA splicing, which occur widely throughout the development 98 

process. 99 

To quantitatively compare the protein expression differences in tissues from different 100 

samples, we normalized the core protein data. We evaluated the effectiveness of 101 

various normalization methods (Supplementary Fig. 2) and chose CycLoess 102 



normalization29. Differentially expressed proteins (DEPs) between samples from 103 

different GWs were identified by limma with FDR control 0.05 using the normalized 104 

core protein subset. We identified 230 DEPs (out of 1793 proteins total (12.83%); 114 105 

upregulated and 116 downregulated) between GW 9 and GW 11 and DEPs 272 106 

(15.17%, 150 upregulated and 122 downregulated) between GW 11 and GW 13 (Fig. 107 

1b and Supplementary Table 2). With development, the number of DEPs increased, 108 

and the protein composition was more complicated, which is consistent with previous 109 

findings30,31. Among the DEPs, 69 core DEPs showed significant expression changes 110 

in two time periods (Fig. 1b). There was a significant protein–protein interaction (PPI 111 

enrichment p value: 0.0057) between these proteins (Fig. 1c and Supplementary Table 112 

3). These core DEPs were significantly involved in mRNA binding (count = 8, FDR = 113 

0.016; purple), cell adhesion molecule binding (count = 11, FDR = 0.0081; red) and 114 

RNA binding (count = 23, FDR = 2.88e-05; green). It is worth noting that 8 proteins 115 

were enriched in the UniProt keyword mental retardation (count =8, FDR=0.030; 116 

yellow). 117 

We identified multiple proteins that play a role in neuronal development and 118 

differentiation. The neuronal development factors that showed upregulated expression 119 

in GW 11 included neuronal cell adhesion molecule (NRCAM; log2FC = 1.09, 120 

FDR = 0.016), neuronal navigator 1 (NAV1; log2FC = 1.12, FDR = 0.012) and 121 

neurobeachin (NBEA; log2FC = 1.48, FDR = 0.0035). In addition, the expression of 122 

ten proteins associated with neurogenesis was significantly increased in GW 11 123 

compared to GW 9, as identified by UniProt ID mapping (Supplementary Table 4). 124 



The most upregulated protein was cytoplasmic FMR1-interacting protein 1 (CYFIP1; 125 

log2FC = 2.34, FDR = 0.0016), which regulates cytoskeletal dynamics and protein 126 

translation32, while the most downregulated protein was tubulin beta-2B chain 127 

(TUBB2B; log2FC = -3.81, FDR = 0.00050), which is a major component of 128 

microtubules33. In the comparison between the samples from GW 13 and the samples 129 

from GW 11, we identified 13 proteins associated with neurogenesis (Supplementary 130 

Table 5). The expression of NRCAM, a neuron development factor not associated 131 

with neurogenesis, increased (log2FC = 1.30, FDR = 0.0071), as in the comparison 132 

between samples from GW 9 and samples from GW 11. It is worth noting that the 133 

upregulated proteins neurofascin (NFASC; log2FC = 1.74, FDR = 0.0023) and 134 

contactin-1 (CNTN1; log2FC = 1.64, FDR = 0.0025) are related to axon growth. 135 

Moreover, the expression of Neurabin-2 (PPP1R9B; log2FC = 1.33, FDR = 0.0038), 136 

which has been reported to be particularly highly expressed in dendritic spines34, 137 

increased with gestational age. 138 

Through gene set enrichment analysis (GSEA) of the Gene Ontology gene sets, the 139 

biological processes that may be associated with the DEPs between different GWs 140 

were investigated. It was found that the expression of proteins associated with some 141 

key cellular processes related to cell adhesion, cellular component organization and 142 

macromolecule localization in the early stage of embryonic development, including 143 

cell–cell adhesion, organization of external encapsulating structure, and lipid 144 

localization, was downregulated from GW 9 to GW 11 (Fig. 2a; Supplementary Table 145 

6). Interestingly, positive regulation of biological processes related to nervous system 146 



development, including cell projection organization, neuronal development, 147 

neurogenesis and neuronal differentiation processes, was evident at GW 13 compared 148 

to GW 11 (Fig. 2b and Supplementary Table 7). DEPs between GW 11 and GW 13 149 

GW were more strongly related to neurodevelopment than those between GW 9 and 150 

GW 11. 151 

We also explored protein expression differences between the GW 13 and GW 9 to 152 

assess more dramatic developmental changes with longer intervals. GSEA of the GO 153 

and KEGG data revealed that the top two enriched cellular components were neuronal 154 

projections (NES=0.42; FDR=5.08E-07) and axons (NES=0.49; FDR=1.25E-06) and 155 

that the top two enriched biological processes were neuronal development 156 

(NES=0.41; FDR=6.65E-06) and nervous system processes (NES=0.55; FDR=1.95E-157 

05) (Supplementary Table 8). This is consistent with the results of our analysis of 158 

developmental changes at two-week interval. DEPs between GW 9 and GW 13 were 159 

only significantly enriched in the DNA replication pathway (Fig. 2c), and KEGG 160 

pathway analysis showed that the DEPs identified at two-week intervals were not 161 

significantly enriched in any pathways. 162 

To facilitate the probable assignment of cell types in the core protein dataset, 163 

three human foetal brain single-cell RNA-seq datasets were selected from the 164 

Molecular Signature Database (MSigDB). GSEA was performed to identify the 165 

overlapping DEPs between different ages in these cell type signature gene sets. In all 166 

three datasets, During development from GW 9 to GW 11, the DEPs were 167 

significantly enriched in brain endothelial cells (FDR<0.001), which were reported to 168 



appear beginning at GW 1035. The six most enriched cell types were nonneuronal 169 

cells (Fig. 2d), including pericytes and radial glia-like cells. Human microglial cell, 170 

human oligodendrocyte precursor cell (HOPC), human dopaminergic neuron (HDA) 171 

and human serotonergic neuron (HSERT), and human radial glia-like cell 2A 172 

(HRGL2A) signatures were significantly enriched in the GW 13 samples (Fig. 2d). 173 

OPCs are derived from neuroepithelial stem cells and can differentiate into 174 

oligodendrocytes36, and endothelial cells likely extensively differentiate into OPCs at 175 

GW 11. This confirms our finding that protein expression differences at GWs 11-13 176 

are more strongly associated with neural development. We hypothesized that these 177 

protein expression differences were due to the large number of mediolateral 178 

neuroblasts that differentiated into dopaminergic neurons. From GW 9 to GW 13, the 179 

most enriched cell type was microglia. The significant increase in the volume and 180 

complexity of the human cerebral cortex during this period is partly due to the 181 

exponential increase in the number of radial glia37. 182 

AEPs in the foetal frontal lobes 183 

Proteome analysis of the frontal lobe at GW 9 yielded 2999 and 3524 protein groups 184 

that expressed in the frontal lobe. There were 2737 protein groups in the bilateral 185 

frontal lobes, and there were 3042 and 3089 protein groups the GW 11 samples, 2674 186 

of which were shared, and 2744 and 3335 protein groups in the GW 13 samples, 2460 187 

of which were shared (Fig. 3a). There were 3189 protein groups per frontal lobe on 188 

average. The complete results of peptide and protein identification for each GW are 189 

available in Supplementary Tables 18 (9 GW), 19 (11 GW) and 20 (13 GW). Six 190 



datasets from different GWs were subjected to principal component analysis (PCA) 191 

and Pearson correlation analysis to reduce the dimensionality of the array data and 192 

visualize the sample grouping. Samples from different GWs could be separated, 193 

indicating that the differences between hemispheres were more subtle than the 194 

differences between GWs (Fig. 3b). 195 

We identified 81 protein groups (8 on the left side and 73 on the right side; 196 

Supplementary Table 9, 10) expressed in only one side of the frontal lobe at three 197 

different GWs (Fig. 3c). The huntingtin (HTT) protein, which may play a role in 198 

microtubule-mediated transport or vesicle function, was among the proteins expressed 199 

only on the left side. Previous reports suggested that Huntington’s disease affects the 200 

normal asymmetry of the human brain38.By using UniProtKB keywords, we identified 201 

several consistent molecular functions associated with the protein groups expressed 202 

on only the left or right side (Fig. 3d and e), including hydrolase, activator, DNA 203 

binding and repressor. The proteins expressed only on the left side were not enriched 204 

in any molecular functions. The results revealed that proteins detected only in the 205 

right frontal lobe were also related to transferase, developmental protein, 206 

oxidoreductase, actin-binding, chaperone, calmodulin-binding, chromatin regulator, 207 

GTPase activation, translocase and isomerase (Fig. 3e). GO enrichment analysis 208 

showed that the proteins expressed on only the right side were enriched only in 209 

intracellular membrane-bound organelles (FDR = 0.042, count = 57; Fig. 3g, red 210 

mark). This result indicated that the proteins that are expressed only on one side are 211 

mainly related to the process of foetal development. There was no significant 212 



interaction between the proteins expressed only in the left and right frontal lobes (Fig. 213 

3f and g), and the PPI enrichment p values for the left and right frontal lobes were 214 

0.535 and 0.396, respectively. However, we believe that the interaction between these 215 

proteins has not been sufficiently studied. 216 

AEPs between the left frontal lobe and right frontal lobe were considered significant 217 

when the fold change between the left frontal lobe and right frontal lobe was >2. 218 

Samples from the same GW were normalized using the label-free quantification 219 

(LFQ) method in MaxQuant. At GW 9, 193 AEPs were identified; 90 of these AEPs 220 

were significantly highly expressed in the left frontal lobe, and 103 were significantly 221 

highly expressed in the right frontal lobe. At GW 11, 112 proteins were 222 

asymmetrically expressed, with 68 being expressed on the left side and 44 being 223 

expressed on the right side. At GW 13, 65 AEPs were identified, with 25 being 224 

expressed on the left side and 40 being expressed on the right side (Supplementary 225 

Table 21-23). Interestingly, unlike the gradual increase in the number of DEPs during 226 

development, the number of AEPs between the left and right frontal lobes decreased 227 

with increasing gestational age (Fig. 4a). In previous studies, asymmetric expression 228 

of some genes was found to become less pronounced with increasing gestational 229 

age22. We hypothesize that this result is consistent with previous reports of complex 230 

changes in brain asymmetry in fetuses and infants39.  231 

We did not identify any proteins that showed a 2-fold change in expression at all three 232 

GWs, but 17 proteins were differentially expressed at two different GWs (Fig. 4b, c 233 

and Supplementary Table 11). These proteins included microtubule-associated 234 



proteins, i.e., tubulin beta-8 chain (TUBB8), tubulin alpha-1B chain (TUBA1B), 235 

microtubule-associated proteins 1A/1B light chain 3B (MAP1LC3B), and gamma-236 

aminobutyric acid receptor-associated protein (GABARAP). Recent studies have 237 

suggested that microtubule-related genes are related to brain structure asymmetry40. 238 

GWASs have revealed that TUBA1B is significantly associated with handedness and 239 

cortical surface area asymmetry41. Three accessory subunits of the mitochondrial 240 

membrane respiratory chain NADH dehydrogenase (Complex I), including NADH 241 

dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9 (NDUFA9), NADH 242 

dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 (NDUFA10), and NADH 243 

dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 2 (NDUFAF2), 244 

were also found to be associated with asymmetry. Previous studies have suggested 245 

that differential protein expression in the hippocampus occurs upon ageing and in 246 

Alzheimers disease 42. 247 

When a 1.5-fold change was used as the screening criterion, 18 proteins, including 248 

NDUFA10, were found to be differentially expressed at all three GWs (Fig. 4d, e and 249 

Supplementary Table 12). A total of 55.6% (10 of 18, FDR = 0.061) of the proteins 250 

were found to be associated with acetylation according to functional annotation 251 

(Supplementary Table 13). General transcription factor 3C polypeptide 1 (GTF3C1) 252 

was significantly overexpressed on the left side compared with the right side at three 253 

GWs, whereas annexin A1 (ANXA1), cellular retinoic acid-binding protein 1 254 

(CRABP1), cathepsin B (CTSB), prefoldin subunit 4 (PFDN4) and solute carrier 255 



family 2, facilitated glucose transporter member 1 (SLC2A1) were underexpressed on 256 

the left side. 257 

GO enrichment analysis was performed to further elucidate the AEPs between the left 258 

and right frontal lobes at each GW. Fig. 5a-c show the top 10 significantly enriched 259 

GO terms in the three categories. AEPs at GW 9 were enriched in biological processes 260 

related to RNA splicing, mRNA splicing and growth factor (Fig. 5a and 261 

Supplementary Table 14). The upregulated proteins on the left side at GW 11 were 262 

associated with positive regulation of vascular permeability, and the downregulated 263 

proteins on the left side at this time point were associated with ATPase binding (Fig. 264 

5b and Supplementary Table 15). We observed that the AEPs at GW 13 were mainly 265 

enriched in terms related to extracellular matrix, adhesion and binding and that the 266 

most significantly enriched GO terms were those enriched for proteins that were more 267 

highly expressed on the right side than on the left side (Fig. 5c and Supplementary 268 

Table 16). 269 

To further analyse the candidate asymmetry-related genes, we aimed to assess the 270 

lateral expression profiles of protein groups in a more comprehensive manner. We 271 

performed GSEA of canonical pathway gene sets using the full ranked protein list to 272 

evaluate the biological role of the proteins that showed statistically significant 273 

differences in expression at each GW. The proteins that were highly expressed on the 274 

left side at GW 9 were associated with the metabolism of RNA (Fig. 5d). PRC2-275 

mediated methylation of histones and DNA, which is linked to epigenetic regulation, 276 

was the biological pathway for which the AEPs in right frontal lobe at GW 11 were 277 



enriched (Fig. 5e). GSEA strongly indicated that the NABA matrisome, which is 278 

assembled by genes encoding extracellular matrix (ECM) and extracellular matrix-279 

associated proteins is the main canonical pathway affected by the proteins expressed 280 

in the right frontal lobe at GW 13 (Fig. 5f). During neural development, the ECM 281 

plays a key role in cell migration guidance, neural progenitor proliferation, neuronal 282 

morphology alterations, axonal projections and neural tissue morphogenesis43. GSEA 283 

of the ZHONG PFC gene set revealed significant enrichment of proliferating outer 284 

radial glia (ORG) (FDR = 0.026) at GW 13 (Fig. 5f) but no significant enrichment of 285 

any cell types at GW 9 or GW 11. The difference in cell types between samples from 286 

the two sides of the frontal lobe was not as significant as that between samples from 287 

different GWs. 288 

 289 

Asymmetry of protein changes in the bilateral frontal lobes during development 290 

To further understand the effect of development on frontal lobe asymmetry, we 291 

focused on the expression profiles of the 1793 core proteins, which were clustered 292 

into 16 profiles (Fig. 6a) using short time-series expression miner (STEM). We found 293 

that the expression of proteins in profile 15 in the frontal lobe was the same in both 294 

hemispheres (Fig. 6c and f). Notably, the expression of 50 proteins in profile 2 was 295 

found to be negatively correlated with age (Fig. 6b) in the left frontal lobe. Functional 296 

annotation clustering revealed that these proteins are predominantly involved in cell–297 

cell adherens junctions (FDR = 0.045) and chaperone binding (FDR = 0.00016; 298 

Supplementary Table 17). The expression of proteins in profiles 12 and 13, which 299 



were upregulated to different extents, was significantly increased only on the right 300 

side, and the expression of 52 protein clusters in profile 12 showed a significant linear 301 

correlation (Fig. 6d). The expression of 58 proteins in profile 13 appeared to increase 302 

faster with increasing gestational age (Fig. 6e). There may be subtle differences in the 303 

change patterns of protein expression in the bilateral frontal lobes during 304 

development. This finding confirms that there is a difference in the rate of 305 

development and maturity between the left and right brain21. 306 

 307 

Discussion 308 

In this study, we investigated the development of the human foetal frontal lobes from 309 

GW 9 to GW 13 and observed the difference in protein expression between the left 310 

and right frontal lobes. We found that during this period, the number of DEPs 311 

increased, while the number of AEPs decreased. Protein expression changes much 312 

faster during foetal development than during any other stage of life in humans31,44. 313 

Transcriptome analysis has revealed found a sharp decrease in regional differences 314 

during late foetal development18. It has also been confirmed that the degree of 315 

asymmetry of brain network efficiency in young adults is significantly lower than that 316 

in adolescents45. The difference in protein expression between the left and right 317 

frontal lobes may be very difficult to detect in adults with normal physiological 318 

function44. Our results show that the innate asymmetrical pattern of the brain changes 319 

and becomes less obvious with age. 320 

It was found that multiple microtubule-associated proteins were among the core 321 



AEPs, which is consistent with the currently recognized phenomenon that the tubulin 322 

family controls organ asymmetry in many organisms by regulating cilia 323 

development46. In addition, we found that NADH dehydrogenase [ubiquinone] 1 324 

alpha subcomplex subunits (NDUFA9, NDUFA10) and NADH dehydrogenase 325 

[ubiquinone] 1 alpha subcomplex assembly factor (NDUFAF2), which have not been 326 

reported to be related to asymmetric development, may be some of the key proteins in 327 

maintaining normal frontal lobe asymmetry in foetuses. Protein expression patterns in 328 

the frontal lobe differed between hemispheres with increasing gestational age, with 329 

the expression of a cluster of proteins showing a significant continuous downward 330 

trend on the left side but not on the right side. 331 

The embryonic period ends at GW 8, when the basic structure of the brain and central 332 

nervous system has been established and the main sectors of the central and peripheral 333 

nervous systems have been identified. Neurons destined to form the neocortex, i.e., 334 

neuroblasts, are born beginning after the formation of the neural tube at GW 5, and 335 

the peak period of proliferation is from GW 6 to GW 1847,48. At GWs 12-20, these 336 

neurons migrate along a scaffolding formed by glial cells49. The early changes in 337 

protein expression in the frontal lobe may be due to cell proliferation and 338 

differentiation. The foetal stage of human development, which is the key period for 339 

the development of the neocortex50, begins at GW 9, and brain development mainly 340 

involves the production, migration and differentiation of neurons. Our research results 341 

verify this conclusion. Compared with those between GW 9 and GW 11, the DEPs 342 

between GW 11 and GW 13 are more strongly associated with neurodevelopment. 343 



The proteins that showed downregulated expression between GW 9 and GW 11 were 344 

significantly enriched in cellular processes, while the proteins that showed 345 

upregulated expression from GW 11 to GW 13 were enriched in nervous system 346 

development, which represents the change from the embryonic to the foetal stage. 347 

Previous studies on the spatiotemporal distribution of cells in the human brain have 348 

shown that from early to middle foetal development, the number of progenitor cells 349 

decreases rapidly and the proportion and diversity of excitatory and inhibitory 350 

neurons increases; additionally, the number of astrocytes begins to increase in the 351 

middle stage of foetal development51. At the same stage, nonneuronal cells show few 352 

dynamic changes. Similar to this finding, in our study, the cell types in which DEPs 353 

were mainly enriched gradually switched from nonneuronal cells such as endothelial 354 

cells to mature neuronal cell types and glial cells from GW 9 to GW 13. Our findings 355 

provide a potential explanation for the dynamic changes in cell types in the human 356 

foetal frontal lobe, which helps us understand the cell types that change significantly 357 

during the early development stage. 358 

However, we identified some proteins that showed significantly asymmetric 359 

expression in the foetal frontal lobes. Unlike the DEPs that were identified between 360 

different developmental time points, which were functionally similar, the AEPs 361 

identified between the left and right frontal lobes showed more subtle differences in 362 

both levels and associated biological processes. We also found no significant changes 363 

in the cell types that expressed the AEPs. From GW 9 to GW 13, the human brain is a 364 

smooth lissencephalic structure with no fissures except the cerebral longitudinal 365 



fissure, and at GW 14 GW, the Sylvian and cingulate fissures begin to appear52. The 366 

changes that occur during this short period, at which point brain morphology has been 367 

established but there is no evident cortical folding, are worthy of attention. However, 368 

few studies have focused on this period. The development of brain asymmetry is more 369 

refined and is likely not determined by one or a few regulatory pathways. 370 

Furthermore, we believe that some proteins that are not significantly differentially 371 

expressed between the left and right brain may also play an indispensable role in the 372 

development of inherent asymmetry. We confirmed that the pattern of protein 373 

expression changes in the frontal lobe was different between the two hemispheres. 374 

Due to ethical limitations, it is difficult to completely preserve the morphology of the 375 

foetus during abortion. Samples that can be used for preliminary proteomics research 376 

are very precious. Due to this limitation of a small sample size, we excluded proteins 377 

that were not consistently detected for investigation of protein changes during 378 

development. We also chose best normalization method by comparing various 379 

standardized methods in an attempt to minimize the effect of individual differences on 380 

our results. Although imperfect, our study is the earliest age group to investigate the 381 

asymmetric protein expression in human brain tissue, which can provide some clues 382 

for future research. 383 

As the brain is the most complex organ in the human body, the difference in protein 384 

expression between the left and right brain deserves further attention. More research 385 

on different brain regions, changes in protein expression at shorter intervals and 386 

single-cell proteomics will be important for elucidating the process of foetal brain 387 



development and the genetic mechanism of brain asymmetry. We propose that the two 388 

sides of the brain should be analysed separately in future multiomics research and 389 

human brain mapping studies. We will continue to pay attention to this issue in the 390 

future. 391 

  392 
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Methods 501 

 502 

Ethical approval and consent to participate 503 

Brain tissue was collected from foetuses discarded following induced pregnancy 504 

termination at Qilu Hospital, usually within 2 hours of the procedure. The medical 505 

staff involved in conducting the pregnancy termination procedures were not involved 506 

in this scientific study. The Ethics Committee of Shandong University School of 507 

Basic Medical Sciences approved the study, and all participants provided written 508 

informed consent. All clinical information was collected, and the donors had no 509 

psychiatric disorders or a family history of psychiatric disorders. Ultrasonography 510 

was used to confirm that the foetal samples did not exhibit intracranial pathology. 511 

 512 

Sample preparation, protein expression quantification and SDS-PAGE 513 

Discarded brain tissues of GW 9, 11 and 13 foetuses were collected. The whole brains 514 

were harvested, and the left and right cerebral hemispheres were separated. Each 515 

hemisphere was dissected immediately with a scalpel, and tissues from the front part 516 

of the frontal lobes were collected. The samples were prepared for label-free 517 

experiments using the SDT lysis method. An appropriate amount of SDT lysis buffer 518 

(4% SDS, 100 mM Tris-HCl, pH 7.6) was added to the human foetal frontal lobe 519 

tissues, and the samples were transferred to Lysing Matrix A tubes and homogenized 520 

twice using a FastPrep-24 homogenizer (MP Biomedicals) (24 × 2, 6.0 m/s, 60 s) 521 

twice1. The homogenates were then placed in a boiling water bath for 10 min and 522 



centrifuged at 14,000 × g for 15 min. After centrifugation, the supernatants were 523 

collected and filtered through 0.22 μm Spin-X centrifuge tube filters. The protein 524 

concentration was quantified using the BCA method2 (BCA Protein Assay Kit, 525 

Beyotime), and 20 μg of each protein sample was subjected to 12% SDS–PAGE at 526 

220 V for 40 min. The protein extracts were mixed with 6x sample buffer (Beyotime, 527 

P0015F) and put into a boiling water bath for 5 min. Coomassie Brilliant Blue was 528 

used for staining. 529 

 530 

FASP digestion 3 531 

DTT was added at a final concentration of 100 mM to 200 μL of each protein 532 

solution, and the samples were placed in a boiling water bath for 5 min and then 533 

cooled to room temperature. Then, 200 μL of UA buffer (8 M urea, 150 mM Tris-HCl 534 

pH 8.5) was added, the samples were transferred to 30 kD ultrafiltration centrifuge 535 

tubes and centrifuged at 12,500 × g for 15 min, and the filtrates were discarded. Then, 536 

this process was repeated once. Next, 100 μL IAA (100 mM IAA in UA) was added, 537 

and the samples were shaken at 600 rpm for 1 min, incubated for 30 min at room 538 

temperature in the dark and centrifuged at 12,500 × g for 15 min. Then, 100 μL UA 539 

buffer was added, and the samples were centrifuged at 12,500 × g for 15 min at room 540 

temperature. This process was repeated twice. After that, the samples were treated 541 

100 μL 40 mM NH4HCO3 solution and centrifuged at 12,500 × g for 15 min at room 542 

temperature, and this process was repeated 2 times. A 40 μL aliquot of trypsin buffer 543 

(4 μg trypsin in 40 μL 40 mM NH4HCO3 buffer) was added, and then the samples 544 



were shaken at 600 rpm for 1 min and incubated at 37 °C for 16–18 hours. Next, the 545 

samples were centrifuged at 12,500 × g for 15 min, treated with 20 μL of 40 mM 546 

NH4HCO3 buffer, and centrifuged at 12,500 × g for 15 min, and the filtrate was 547 

collected. The peptides were desalted with a C18 cartridge (Thermo Fisher Scientific), 548 

the peptide fragments were lyophilized and reconstituted, and the peptide 549 

concentration was quantified (OD280). 550 

 551 

LC–MS/MS analysis 552 

The samples were separated by nanoflow liquid chromatography (Easy nLC, Thermo 553 

Fischer Scientific). Buffer A consisted of 0.1% formic acid in water, and buffer B 554 

consisted 0.1% formic acid in 80% acetonitrile. The chromatographic column was 555 

equilibrated at 100% A, and LC separation was performed using a 50 µm X 15 cm 556 

Acclaim PepMap RSLC nano Viper column (Thermo Fisher Scientific) at a flow rate 557 

of 300 nL/min. The peptide fragments were separated by chromatography and 558 

analysed by a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific). The 559 

scanning range of the parent ions was 350–1,500 m/z, the resolution of first-order 560 

mass spectrometry was 70,000, the automatic gain control (AGC) target was 3e6, and 561 

the first-order maximum IT was 50 ms. The mass-to-charge ratios of polypeptides and 562 

polypeptide fragments were obtained as follows. Twenty fragment patterns (MS2 563 

scan, HCD) were collected after each full scan. The MS2 activation type was HCD, 564 

the isolation window was 2 m/z, the resolution of secondary mass spectrometry was 565 



17,500, the microscan was 1, the secondary maximum IT was 45ms, and the 566 

normalized collision energy was set to 27eV. 567 

 568 

Protein identification and quantification 569 

Raw data were searched against the UniProt_HomoSapiens_20386_20180905 570 

database. Protein identification and quantification were performed in MaxQuant4 571 

version 1.5.5.1 (Max Planck Institute of Biochemistry) using the following 572 

parameters5: the enzyme was set to trypsin, two missed cleavages were allowed, the 573 

fixed modifications were set to carbamidomethyl (C), the variable modifications were 574 

set to oxidation (M) and acetyl (Protein N-term), and the first and main search mass 575 

tolerances were set to 20 and 4.5 parts per million (ppm), respectively. A common 576 

contamination database was included to eliminate the effect of contamination proteins 577 

among the identified proteins. The identified peptides and proteins were filtered at a 578 

false discovery rate (FDR) of 0.01. LFQ of proteins was performed using unique and 579 

razor peptides. The LFQ minimum ratio count was set to two.  580 

 581 

Screening of DEPs and AEPs 582 

To visualize the protein groups that were identified on only one side of the frontal 583 

lobe, an UpSetR diagram was created using the R package UpsetR v1.4.06.  584 

Proteins that were detected in the bilateral frontal lobes in all samples were identified 585 

as the core protein set. The R package NormalyzerDE7 was used to normalize the 586 

abundance of the core proteins, and CycLoess normalization8 was applied to identify 587 



the DEPs between different GWs. The DEPs were identified by limma differential 588 

expression analysis9 using a fold change > 2 and FDR < 0.05 as the criteria. A list of 589 

the DEPs can be found in Supplementary file 2.  590 

The protein groups that were detected in the bilateral frontal lobes at each GW were 591 

used for AEP screening. Proteins with a fold change in LFQ intensity > 2 and p value 592 

< 0.05 between the left and right frontal lobes were considered to be asymmetrically 593 

expressed. The fold change data for the AEPs were used to generate a heatmap using 594 

TBtools software10. 595 

 596 

PPI network analysis 597 

PPI networks are of great significance for revealing the interactions between proteins. 598 

In this study, the online tool Search Tool for the Retrieval of Interacting 599 

Genes/Proteins (STRING) (http://string-db.org) was used. 600 

 601 

Enrichment analysis, UniProt keyword annotation and functional annotation 602 

clustering 603 

GO enrichment analysis and GSEA were performed with the R package 604 

‘ClusterProfiler’11 and Bioconductor annotation package ‘org.Hs.eg.db’. The 605 

‘GOplot’ package was used to visualize the distribution of asymmetrically expressed 606 

proteins enriched in certain GO terms 11. The C2 canonical pathway database, the C5 607 

GO, ZHONG PFC gene set13, the MANNO MIDBRAIN NEUROTYPES gene set14 608 



and the FAN EMBRYONIC CTX gene set15, which are available through the 609 

Molecular Signatures Database (v.7.4)16 were used for GSEA. UniProt keyword 610 

annotation was performed using UniProt Retrieve/ID mapping 611 

(https://www.uniprot.org/). Functional annotation clustering was carried out using 612 

DAVID (https://david.ncifcrf.gov/). 613 

 614 

STEM analysis 615 

In the current study, we used STEM software17 to study the change in the expression 616 

pattern of core proteins in the bilateral frontal lobes with age. The normalized LFQ 617 

values of the core proteins were subjected to downstream clustering analysis based 618 

using the default settings. Clusters with a p value ≤ 0.05 were considered statistically 619 

significant. 620 

 621 

Correlation analysis and PCA 622 

Correlation analysis and PCA were carried out with the cor and prcomp functions, 623 

respectively, of R using the correlation matrix of the CycLoess normalized core 624 

protein data. 625 

  626 
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Figures 673 

Fig. 1. Proteins identified in the foetal frontal lobes at different GWs 674 

 675 

a The protein set identified in all three samples contained 2645 proteins, and the core 676 

protein set identified in all six tissues contained 1973 proteins. 677 

  678 



b Volcano map of core proteins that showed significant differences in abundance 679 

between GWs 9-11 and GWs 11–13 (FDR<0.05, log2Fold>1). For a complete list of 680 

DEPs, see Supplementary Table 1. Sixty-nine core proteins were shared between GWs 681 

9-11 and GWs 11–13. Detailed information on the protein names can be found in 682 

Supplementary Table 3. 683 

  684 



 685 

c Visualization of the PPI network of core proteins shared between GWs 9-11 and 686 

GWs 11–13 (PPI enrichment p value: 0.0057). The nodes represent proteins, and 687 

protein groups enriched in different functions are indicated by the different colours; 688 

protein groups enriched in mRNA binding are purple (count =8, FDR=0.016), those 689 

enriched in cell adhesion molecule binding are red (count=11, FDR=0.0081), those 690 

enriched RNA binding are green (count =23, FDR=2.88e-05) and those enriched in 691 



mental retardation are yellow (count =8, FDR=0.030). The lines represent the 692 

predicted interactions. 693 

 694 

Fig. 1 695 

  696 



Fig. 2. GSEA of DEPs between different GWs 697 

 698 

a GSEA showed that the DEPs between the GW 11 samples and GW 9 samples were 699 

significantly enriched in the biological processes cell–cell adhesion, organization of 700 

external encapsulating structure, and lipid localization. 701 

  702 



 703 

b The DEPs between the GW 13 samples and the GW 11 samples were significantly 704 

enriched in the biological processes cell projection organization, neurogenesis, 705 

neuronal development and neuronal differentiation processes. 706 

  707 



 708 

c The DEPs between the GW 13 samples and GW 9 samples were enriched in DNA 709 

replication pathways. 710 

  711 



d GSEA of cell type signatures in GW 11 vs. GW 9 samples (top) and GW 13 vs. GW 712 

11 samples (bottom). CTX, cortex; HENDO, human endothelial cell; HPERIC, 713 

human pericyts; HRGL3, human radial glia-like cell 3; HDA, human dopaminergic 714 

neuron; HOPC, human oligodendrocyte precursor cell; HRGL2A, human radial glia-715 

like cell 2A; HSERT, human serotonergic neuron; PFC, prefrontal cortex. 716 



 717 

Fig. 2 718 

  719 



Fig. 3. Proteins detected on only one side of the foetal frontal lobe 720 

 721 

a Overlapping proteins in the bilateral frontal lobes at different GWs. An UpSetR 722 

diagram was created to visualize the proteins identified in only one side of the frontal 723 

lobe (8 on the left side and 73 on the right side). 724 



 725 

b PCA (top) and Pearson correlation analysis (bottom) of samples from different 726 

GWs. 727 

  728 



c Molecular functions associated with both the proteins expressed only on the left side 729 

(top) and those expressed only on the right side (bottom), as identified by a search of 730 

the UniProtKB database. 731 

 732 



 733 

d Visualization of the PPI network of proteins expressed only on the left side (PPI 734 

enrichment p value: 0.535). 735 

  736 



 737 

e Visualization of the PPI network of proteins expressed only on the right side (PPI 738 

enrichment p value: 0.396). Proteins enriched in the molecular function intracellular 739 

membrane-bound organelle are marked in red (FDR=0.042, count=57). 740 

 741 

Fig. 3 742 
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Fig. 4. AEPs between the left and right frontal lobes 744 

a The number of DEPs increased while the number of AEPs decreased from GW 11 to 745 

GW 13. 746 

  747 



b Seventeen (9+5+3) core AEPs were shared between two different GWs. 748 

  749 



c Heatmap showing the expression changes of core AEPs at the three GWs. 750 

  751 



d Eighteen AEPs were shared between all three GWs. 752 

  753 



e Heatmap showing the expression changes in the 18 AEPs shared between all three 754 

GWs. 755 

 756 

Fig. 4 757 
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Fig. 5. GO enrichment analysis and GSEA of AEPs  759 

a 760 

b 761 



c 762 

GO terms enriched from AEPs at GW 9 (a), GW 11 (b) and GW 13 (c). The blue dots 763 

represent proteins that were highly expressed on the right side, and the red dots 764 

represent proteins that were highly expressed on the left side. For a complete list of 765 

enriched GO terms, see Supplement Tables 14-16. 766 

  767 



 768 

d GSEA of proteins that were highly expressed on the left side at GW 9. The analysis 769 

showed that RNA metabolism was significantly associated with many proteins 770 

expressed only in the left frontal (NES = 0.32). 771 

  772 



e GSEA of proteins that were highly expressed on the right side at GW 11. The 773 

analysis showed that PRC2-mediated methylation of histones and DNA was the 774 

pathway that was significantly associated with many of the proteins expressed in the 775 

right frontal lobe (NES = -0.85). 776 

  777 



 778 

 779 

f GSEA of proteins that were highly expressed on the right side at GW 13. The 780 

analysis showed that the matrisome, as the main canonical pathway, was significantly 781 

affected by proteins expressed in the right frontal lobe (NES = -0.71), and that 782 

proliferating ORG were significantly enriched in right frontal lobe samples (NES = -783 

0.82). 784 



 785 
Fig. 5  786 



Fig. 6. STEM analysis of proteins in the bilateral frontal lobes 787 

a Results of STEM analysis of core proteins in the left and right frontal lobes. 788 

Significantly enriched clusters are indicated by different colours (p < 0.05). No 789 

significant difference was found in the expression of clusters labeled white. 790 

 791 



 792 

b The expression of cluster 2 proteins on the left side (50 assigned) was gradually 793 

downregulated, and the rate of downregulation decreased with increasing age. 794 

c The expression of cluster 15 proteins on the left side (52 assigned) was gradually 795 

upregulated, and the rate of upregulation decreased with increasing age. 796 

d The expression of cluster 12 proteins on the right side (37 assigned) was gradually 797 

upregulated with increasing age. 798 



e The expression of cluster 13 proteins on the right side (58 assigned) was gradually 799 

upregulated, and the rate of upregulation increased with increasing age. 800 

f The expression of cluster 15 proteins on the right side (60 assigned) was gradually 801 

upregulated, and the rate of upregulation decreased with increasing age. 802 

 803 
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