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Highlights 18 
• APOE and its gene neighbors (APOE cluster) have coordinated response 19 

to air pollution components 20 
• The human brain also shows coordinate expression of the APOE cluster 21 
• Aging and Alzheimer’s alter APOE cluster expression with brain-region-22 

specificity 23 
• The APOE cluster has a conserved pattern of gene regulation in mammals 24 
• The identified regulatory network of the APOE cluster gives novel links 25 

between the environment and risk of Alzheimer’s disease  26 
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Abstract  27 
Little is known of gene-environment interactions for AD risk factors. Apolipoprotein E 28 
(APOE) and neighbors on chromosome 19q13.3 have variants associated with risks of 29 
AD, but with unknown mechanism. This study describes a novel link between APOE 30 
network, air pollution, and age-related diseases. Mice exposed to air pollution nano-sized 31 
particulate matter (nPM) had coordinate responses of Apoe-Apoc1-Tomm40 in cerebral 32 
cortex. In human, the AD vulnerable hippocampus and amygdala had stronger age 33 
decline in APOE cluster expression than the AD-resistant cerebellum and hypothalamus. 34 
Using consensus WGCNA, we showed that APOE has a conserved co-expressed 35 
network in rodent and primate brains. SOX1, which has AD-associated SNPs, was among 36 
the co-expressed genes in human hippocampus. Human and mouse shared 87% of 37 
potential binding sites for transcription factors in APOE cluster promoter, suggesting 38 
similar inducibility and a novel link between environment, APOE cluster and risk of AD. 39 
 40 
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Narrative 44 
Alleles of Apolipoprotein E (APOE) dominate the genetics of Alzheimer disease (AD) and 45 
brain aging with 7500 citations. Yet, barely twenty studies have considered GxE 46 
interactions of APOE alleles with air pollution or cigarette smoke, which are global AD 47 
environmental risk factors. Two population-based studies show increased risk of APOE4 48 
carriers to air pollution for accelerated cognitive decline and dementia [1, 2]. Besides 49 
APOE, we must consider its neighboring genes, which are associated with risk of AD and 50 
other diseases with increased risk of accelerated cognitive loss (Fig. 1). We do not know 51 
how the expression of these genes may change during aging and AD, or in response to 52 
air pollution and cigarette smoke. 53 
 54 

 55 
 56 
Figure 1. Human Chromosome 19q13.32, showing APOE and the gene neighbors we assess for 57 
expression. This locus of more than 50 genes is extensively conserved in mammals (Suppl Fig. 58 
S5). Mice have these same genes in reversed order (inverted synteny). 59 
 60 

TOMM40 was the first APOE gene neighbor with AD-risk variants [3], joined by 61 
APOC1, APOC2, APOC4, and NECTIN2 in complex AD haplotypes. More than 30 single 62 
nucleotide variants (SNPs) in coding and non-coding adjacent sequences are AD-63 
associated; subsets may act in cis combination with APOE or independently [4-6]. APOE 64 
cluster genes encode diverse functions: lipoproteins (APOE, APOC1, -C2, -C4); 65 
inflammation (RELB, TGFB1); metabolism (IGFL1, TOMM40); brain development 66 
(NTF4); reproduction via gonadotrophins (CGB, LHB); and viral resistance (APOE, 67 
NECTIN2). Other than AD, the APOE cluster is associated with atherosclerosis and 68 
hyperlipidemia [7]; hypertension [8, 9]; obesity [10]; and longevity [11-13].  Because only 69 
APOE has been considered for GxE interaction with air pollution for risk of accelerated 70 
cognitive decline and AD dementia [1, 2], we examined other APOE cluster genes for 71 
response to air pollution in rodent brains. In human data, we examined APOE cluster 72 
expression in several tissues. APOE cluster genes are co-expressed in brain [14], as well 73 
as in liver [15]; in human hepatoma cells  APOE, APOC1, and TOMM40 mRNA  were 74 
regulated by the transcription factor PPARγ [16].  75 

Because conserved gene clusters typically have coordinated expression [17, 18], 76 
we hypothesized that the APOE cluster coordinate expression would extend to primates 77 
(chimpanzee, monkey) and rat, as well as mouse. Unlike humans, these species do not 78 
develop brain AD-like neurodegeneration during aging [19, 20]. Inflammatory processes 79 
associated with air pollution in AD might involve endotoxins as well as combustion 80 
products, which were experienced sequentially in human evolution [29]: pre-Homo was 81 
exposed to high levels of endotoxin from savannah herds, followed by domestic fire, 82 
which introduced novel toxins in smoke and charred foods that also arise during fossil 83 
fuel combustion. 84 
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Responses to inhaled air pollution components are body-wide, including arterial 85 
endothelia, plasma cytokines, myocardium, lung, liver, and brain [21-25]. While the lung 86 
receives the majority of inhaled particulate material (PM), some may enter the brain 87 
through olfactory neurons [25, 26]. The ‘lung-to-brain’ route is shown for systemic 88 
responses and nanoscale particles [27]. 89 

We examined brain transcriptional responses to several components of air 90 
pollution: ultrafine PM (PM0.2, <0.2 µm diameter) and bacterial endotoxins which induce 91 
inflammation and oxidative stress [21].  Urban PM0.2 are derived from fossil fuels, burning 92 
biomass, and road dust, while LPS-like endotoxins are derived from gram-negative 93 
bacteria. PM0.2 are collected for 2 months continuously on filters from an urban freeway 94 
air corridor and eluted by sonication into water. Because this subfraction excludes 95 
polyaromatic hydrocarbons [21], we designated it as nPM in distinction from total PM0.2 96 
[28]. Mice were exposed to re-aerosolized nPM at 300 µg/m3 for 15 hours per week during 97 
8 to 15 weeks; the hourly average of 27 µg/m3 is within the upper range of current US 98 
roadway exposures, and far below the global upper range. Mouse genotypes included 99 
both sexes of C57BL/6 wildtype (‘B6’) and transgenics for human APOE3 and-E4 alleles 100 
(APOE-TR).  101 

Initial findings on cerebral cortex led us to examine other data sets for APOE 102 
cluster gene co-regulation in cultured glia and lung. Human transcriptome data included 103 
brain region specific expression during normal aging by sex, and by clinical AD stage. 104 
Potential transcription factors were then identified with multi-species co-expression 105 
networks. Lastly, we examined aging and AD for their impact on APOE cluster expression 106 
and identified genetic variants in APOE-cluster transcription factors that may modify AD 107 
risk.  108 
 109 
Apoe gene cluster response to air pollution in mouse cerebral cortex 110 
Five Apoe cluster genes with strong AD associations [4] were analyzed for transcriptional 111 
responses to air pollution- nPM: Apoc1, Apoe, Bcam, Clptm1, Nectin2, Tomm40 (Fig. 112 
2A,B). Cerebral cortex of wildtype (B6) and APOE-TR showed co-expression of Apoe, 113 
Apoc1, and Tomm40 over a 2-fold range for controls and nPM exposed (Fig. 2A,B). No 114 
sex differences were indicated. The APOE-TR differed from B6 by the inverse correlation 115 
of Bcam-Apoc1 mRNA (Fig 2A); this may be the first example of transcriptional inversion 116 
for APOE transgenes. The mRNA co-expression extended to protein levels of Apoc1, 117 
Apoe, and Nectin2 (Fig. 2C).  118 

Because air pollution activates glia [25, 29], we examined in vitro responses to 119 
nPM with mixed glia cultures from neonatal rat that contained astrocytes and microglia; 120 
LPS was included as a model for endotoxins in urban air pollution. For nPM, Apoc1-Apoe, 121 
and Apoe-Tomm40 had positive co-response (Fig. S1), matching in vivo responses. In 122 
contrast to mixed glia, LPS responses in adult mouse brain included the positive 123 
correlation of Apoe-Apoc1-Clptm1 expression, which paralleled the reported nPM 124 
responses (Fig. S2B). These differences may represent cell type specificity, shown for 125 
the Apoe promoter [30]. 126 

The diversity of responses to air pollution components was further explored with 127 
archived data from humans and rodents. Mouse lung responded with different Apoe 128 
cluster subsets to urban total air pollution [31] and coal tar [32] (Fig. S3) than cerebral 129 
cortex. Coal tar increased Apoc1, Apoe, and Nectin2, while ambient urban air only 130 
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induced Apoc1; Tomm40 did not respond. Antioxidant and inflammatory responses of 131 
other chromosomal genes include Nqo1 and Il1b, which also responded to nPM in our 132 
prior study of Nrf2 regulated phase II gene expression in lung and brain [33]. These 133 
findings give additional insights for the heterogeneity of AD risk from APOE4 [34]. The 134 
different patterns of co-expression of APOE cluster genes to the above air pollution 135 
components will be further varied by the local chemistry of air pollution which can differ 136 
widely in oxidative activity and cytotoxicity for the same PM0.2 [21, 35].  137 

 138 
 139 
Human and chimpanzee APOE gene cluster expression  140 
Because the APOE cluster shows evolutionary stability between human and mouse, we 141 
reasoned that its coordinate gene expression would extend to chimpanzee, and monkey. 142 
Human RNA sequences from two databases were analyzed for brain regions and other 143 
tissues of both sexes for normal aging and AD. Gene pairs of APOC1-APOE, APOE-144 
TOMM40, and BCAM-NECTIN2 were co-expressed in multiple human tissues (Fig. 3A); 145 
human and chimpanzee brain (Fig. 3B, C); and mouse brain (Fig.  2 above). Unlike 146 
humans, these species do not develop AD-like neurodegeneration with major pathway 147 
specific degeneration in the entorhinal cortex and hippocampus [19, 20].  148 
 149 
Age and AD 150 
Gene pair co-expression was stable up to age 79 y for APOC1-APOE, BCAM-NECTIN2, 151 
CLPTM1-TOMM40, and NECTIN2-TOMM40 in the brain (Fig 3E). However, using 152 
principal component analysis (PCA), we showed that tissues and brain regions vary 153 
widely in APOE cluster expression (Fig. 4A, B). Brain was intermediate between white 154 
blood cells (highest variance) and liver (lowest). We further developed two PCs for brain 155 
regions that represent the changes in APOE cluster as one unit. In brain, the PC1 (60% 156 
variance, Fig. 4B) represented a positive correlation with APOE (r = 0.83), APOC1 (0.64), 157 
and a negative correlation with TOMM40 (-0.27), BCAM (-0.24), and NECTIN2 (-0.15) 158 
(Figure S5B). In contrast, the PC2 (25% variance, Fig. 4B) represented a positive 159 
correlation with APOC1 (0.97), APOE (0.54), and a negative correlation with TOMM40 (-160 
0.58), CLPTM1 (-0.33), and BCAM (-0.24) (Figure S5C). APOC1 and APOE had the 161 
highest factor loading for PC1 and PC2 in this brain data. In the following sections, we 162 
described the changes in APOE cluster PCs rather than individual genes. The individual 163 
gene expression data is reported in Figure S4.  164 
 Five brain regions differed by age for PC1 of the APOE cluster (Fig. 4E). By age 165 
60, APOE PC1 in cerebral cortex was below other brain regions (Table S1). The APOE 166 
cluster PC1 was higher than age-matched controls only for ages below 80 (Fig. 4F). 167 
Amygdala and hippocampus had strong progressive decreases of PC1, while cerebral 168 
cortex declines were modest. Although these brain samples excluded gross 169 
neuropathology, nonetheless after age 70, cognitively normal elderly frequently have 170 
modest cerebrovascular pathology and pre-clinical AD pathology (Braak stages I-II and 171 
CAA) [36-38]. APOE PC2 only showed age-mediated increase in cerebellum and no other 172 
regions (Figure S5, Table S3).  173 

We examined genes on other chromosomes that are markers for gliosis of normal 174 
brain aging in human and rodent [29, 39, 40]. Consistent with earlier findings, GFAP, 175 
IBA1, and TNFα increased progressively during normal aging with brain region-specificity 176 
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in hippocampus and amygdala. This parallel with the age increase of APOE PC1 (Fig. 177 
S4) suggests that the APOE cluster PC1 is representative for age changes in multiple 178 
inflammatory genes. The APOE cluster includes multiple transcription factors noted 179 
above that could mediate genome-wide aging changes.  180 

For AD, co-expression differed from age-matched normal with stronger co-181 
expression of BCAM-CLPTM1 and APOC1-TOMM40 (Fig. 3D). APOE and APOC1 182 
mRNA paralleled APOE cluster PC1 in AD brains (Fig. S7).  In general, the differences in 183 
APOE cluster between AD and non-AD brain was age-specific (Fig 5F, S7). Before age 184 
80, AD and non-AD brains had larger difference in APOE PC1 (Figure 5F). At age <80, 185 
AD brains had higher mRNA levels for APOE, APOC1, and lower expression in TOMM40 186 
and CLPTM1 (Fig. S7). After age 80, AD brains only had lower expression in NECTIN2 187 
and CLPTM1.  These findings confirm associations of elevated APOE mRNA in AD brains 188 
[41, 42], but indicate a need for a more detailed analysis of brain regions by age. 189 
 190 
Regulatory networks of the APOE cluster 191 
The shared co-expression of APOE cluster genes cluster in several species suggested 192 
the possibility of shared regulatory networks. First, we analyzed gene modules in the 193 
consensus weighted gene co-expression network (WGCNA) for the brain transcriptomes 194 
of human, chimpanzee, and mouse. Next, APOE cluster genes were screened for 195 
transcription factor (TF) binding sites in promoters of human and mouse. Four WGCNA 196 
modules (ME1-4) were shared in human, chimpanzee, and mouse (Fig 5A,C). The top 197 
upstream regulators of modules ME1-4 included TGF-β3 (transforming growth factor-β3), 198 
CLPP (caseinolytic mitochondrial matrix peptidase proteolytic subunit), and NFKBIA (NF-199 
κB inhibitor alpha) (Fig 5B).  200 

APOE cluster gene expression differed by module. CLPTM1, BCAM, and 201 
NECTIN2 were positively correlated in all modules, while correlations of APOC1, APOE, 202 
and TOMM40 expression were restricted to subsets (Fig. 5C). The modules mediate 203 
diverse activities: protein homeostasis (protein ubiquitination), development (HIPPO 204 
signaling, WNT/β catenin signaling, stem cell pluripotency), DNA repair (non-homologous 205 
end-joining repair), immune system (osteoarthritis, STAT3, necroptosis), and metabolism 206 
(sirtuin signaling, TCA cycle II, purine biosynthesis).These four gene modules further 207 
document shared co-expression in human, chimpanzee, and mouse, which is consistent 208 
with the highly conserved gene synteny.  209 

Next we searched for shared TF binding motifs in the promoters of APOE cluster 210 
genes in human and mouse using the TRANFAC database [43]. Promoters of APOE 211 
cluster genes in human and mouse shared 105 potential TF binding sites, comprising 212 
most (87%) of the identified TF motifs (Fig. 6B). The highest ranked binding sites included 213 
KLF6, ING4, and Sox-related factors, which are proximal to the transcription start sites 214 
(Fig. 6C). Notably, the APOE promoter lacked the CREB group and NR-DR of its gene 215 
neighbors (Fig. 5E). 216 
 TF gene candidates with identified binding motifs were screened in GTEx brain 217 
data (Fig. 6B). These genes were ranked by their correlation with APOE cluster brain 218 
PC1. The initial screen included all brain regions; secondary analysis focused on 219 
hippocampus and amygdala for relevance to AD. Some of the top TFs with strong 220 
correlation with APOE PC1 included POU3F4, SOX2, and MLX (Table 1). At a relaxed 221 
criteria of lower correlation, several TF of the MAF gene group (Table 1) showed inverse 222 
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correlation with APOE PC1: BACH1, MAFB, MAFG, NFE2, and NFE2L3 (Suppl, excel 223 
file). These genes also responded to air pollution in mouse brain (Nhlh2, -30%; Mafg, 224 
+30%), which mediate oxidative stress responses through NRF2.  225 
Contrary to expectations from prior studies of human hepatocytes [16] noted earlier, we 226 
did not find a role for PPARγ or RXRA binding sites in the APOE cluster of cerebral cortex. 227 
Some of the APOE cluster upstream regulators (TGFB1, NFKBIA, Figure 5B) have 228 
PPARγ and RXRA binding sites (identified by TRANSFAC), which suggest an indirect 229 
effect of either TF. Moreover, there may be binding sites further down-stream or upstream 230 
of defined promoter regions. A direct comparison of mouse and human APOE promoters 231 
showed limited shared sequence beyond -180 nucleotide upstream [30]. Several TF 232 
binding sites in human were absent in mouse for PPARγ and a cluster of AP1/SP1/AP2. 233 
Candidate regulatory genes were screened for AD-associated variants, using the GWAS 234 
of the International Genomics of Alzheimer’s project (IGAP). At a stringent criteria for 235 
genome wide significance (p <5×10-8), there were no SNPs for our genes of interest. 236 
Relaxed significance (p<0.003) showed 10 SNPs for AD risk in ELK4, and 2 SNPs in 237 
SOX1. SOX1 correlated positively with APOE cluster PC1 in hippocampus.  For additional 238 
gene candidates, see Supplement excel file.   239 
            240 
Promoter evolution 241 
Because human and mouse shared 89% of TF binding motifs (Fig 5A), we compared the 242 
promoters of APOE, APOC1, BCAM, CLPTM1, and NECTIN2 of human with neanderthal, 243 
chimpanzee, macaque; mouse and rat (rodents); dog and pig (omnivore) (Fig.6). The 244 
human and primate promoters were clearly separated from promoters of mouse-rat, and 245 
dog-pig, as expected. The human and mouse APOE promoters were more conserved 246 
than the other four APOE cluster genes (Figure 6). In contrast, the TOMM40 promoter 247 
was the least conserved between humans and rodents. The human and mouse APOE 248 
promoters were more conserved than the other four APOE cluster genes examined: 249 
human-mouse phylogenetic differences were ranked in ascending order of distance 250 
APOE, 1.1 (26.6% sequence similarity); APOC1, 1.4 (22.5%); NECTIN2, 1.4 (17.7%); 251 
CLPTM1, 1.6 (19.7%); BCAM, 1.8 (15.6%); TOMM40, 2.1 (19%).  252 

The shared co-regulation of these six genes may have been a factor in the synteny 253 
that persisted in multiple lineages that diverged at least 100 million years ago, as 254 
observed for other co-regulated gene clusters [18].  Because topologically associated 255 
domains (TAD) of chromatin are conserved particularly for syntenic regions [44], the 256 
APOE gene cluster is likely to be within a TAD. 257 

Inflammatory processes associated with air pollution might involve endotoxins as 258 
well as combustion products that were experienced sequentially in human evolution: pre-259 
Homo was exposed to high levels of endotoxin from savannah animal herds, followed by 260 
domestic fire, which introduced novel toxins in smoke and charred foods that also arise 261 
during fossil fuel combustion [45]. The major histocompatibility complex (MHC) of 262 
mammals is another ancient ensemble of genes that mediate metabolism and 263 
reproduction, as well as in adaptive immunity [46]. The APOE and MHC clusters 264 
exemplify ‘life history gene complexes’ that mediate reproductive success through 265 
pleiotropic networks of metabolism, host defense, and reproduction [46, 47]. The APOE 266 
cluster includes two gonadotrophins (noted above, but not shown on Fig.1).    267 
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 The body-wide impact of the APOE gene cluster is enabled by extensive 268 
pleiotropies with systemic interactions of lipids (APOE, APOC1), energy (CYP2A, BCL3, 269 
OPA3, TOMM40);  inflammation (C5a, IGFL1, IRF2B1, TGFβ1); immunity (CLPTM1, 270 
BCAM, NECTIN2); viral binding (APOE, NECTIN2); blood brain barrier (NECTIN2); 271 
gonadotrophins (CGB, LHB); transcription factors (BCL3, RELB, ZNF). The APOE cluster 272 
may also modulate AD risk via viral host defense (Table S2). APOE4 carriers show higher 273 
risk of infections for hepatitis B [48], herpes simplex virus 1 [49], and COVID19 [50]. These 274 
complex exogenous and endogenous interactions are outlined in Figure 7. 275 
A. 276 

          277 
B. 278 

  279 
Figure 7. The APOE cluster is a potential link between endogenous and exogenous AD risk 280 
factors. A) Schema of the complex interplay of AD risk factors through APOE cluster.   B) 281 
Transcriptional network of APOE cluster (Table 1), and the relationship with vascular disease, 282 
AD, neuroinflammation, and oxidative stress response. Dashed lines are links based on the IPA 283 
database. 284 
 285 

Besides haplotypes of variants associated with dementia, the body mass index 286 
(BMI) differs by haplotypes of APOE and TOMM40  [51]. The APOE cluster presents a 287 
regulatory nexus for infections, as well as non-infectious diseases. Both air pollution and 288 
APOE4 may increase vulnerability to COVID-9 infection [50, 52]. We anticipate expanding 289 
roles of the APOE gene cluster in global environmental hazards.  290 
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Vascular disease factors in the APOE gene cluster may contribute to the 291 
associations of air pollution and AD. APOE4 is a risk factor for ischemic heart disease, 292 
stroke, weak blood-brain barrier, microinfarcts (microbleeds), and hypertension [11, 53-293 
56]. Air pollution is also a leading preventable risk factor of ischemic heart disease and 294 
stroke [57, 58]. Other APOE cluster genes associated with AD have vascular associations 295 
(Table S2).  APOC1 modulates the AD risk factor of low HDL [59] by inhibiting the 296 
cholesterol ester transfer protein (CETP). Both NFKB and NRF2 pathways are involved 297 
in atherosclerosis [60, 61]. BHLHE40 (transcription factor, alternate name DEC1) also 298 
influences blood pressure [62]. Correlation of BHLE40 gene with the APOE cluster PC1 299 
(Table 1, Fig. 7) suggests links between circadian rhythm, blood pressure, vascular 300 
disease, and AD progression.  301 

A major unknown is how age changes in APOE cluster expression may influence 302 
its AD-associations [4, 5].  We need a new set of transgenic mice carrying AD-associated 303 
variants of the human APOE cluster for expanded GxE analysis and for testing of drug 304 
interventions. Transgene responses to exogenous and endogenous factors in the AD 305 
exposome [63] should be a priority in further development of APOE mice.  We need a 306 
more comprehensive systems approach that combines multiple targets with the individual 307 
genotype and lifestyle of the patient [63, 64]. Cigarette smoking was recognized as an AD 308 
risk factor before air pollution [65], but is rarely considered in subject selection for drug 309 
trials. The identified transcriptional factor candidates could be combined with diagnostic 310 
or therapeutic ongoing studies (Fig. 7B).  311 

In conclusion, we showed that the rodent Apoe gene cluster responds to external 312 
stimuli with coordinated gene expression changes that also differ for the human APOE 313 
cluster by age, sex, and stages of AD. The rodent gene responses to air pollution nPM in 314 
brain and lung may be useful biomarkers for human responses to air pollution. The 315 
transcription factor regulators of this network suggest links between changes in APOE 316 
gene cluster expression for cognitive aging and AD, as well as other age-related 317 
conditions. Future studies should consider screening for APOE-cluster coordinated 318 
changes in relationship to AD stages. We cannot remain content with mouse models of 319 
single AD genes without considering the GxE.  320 
* 321 
Methods  322 
Data 323 
This study examined RNAseq datasets from mouse, human, chimpanzee, and primary 324 
mixed glial culture to screen for the changes in 5 APOE gene-neighbors. Mouse datasets 325 
included cerebral cortex of young adults of both sexes from three mice genotypes: 326 
C57BL/6J (B6) and transgenic for human APOE3 or APOE4, by targeted replacement 327 
(APOE-TR). Mice were exposed to 300 µg/m3 nanosized particulate matter (nPM, 5 328 
h/day, 3 d/wk) or filtered air for 8 (B6) or 15 wk (APOE-TR). Study design, collection of 329 
air pollution, and chemical composition are described in [21] and Figure S10. The nPM 330 
subfraction of ultrafine PM0.2 is depleted in polycyclic aromatic hydrocarbons. RNA 331 
datasets were produced from mRNA libraries using TRUseq Stranded mRNA Kit 332 
(Illumina), and single end-sequencing (> 50 nt) using Illumina NextSeq500. 333 
Preprocessing used Partek flow software platform [66]. Rhe reads were aligned and 334 
quantified using mouse reference genome (mm10) with Tophat2 (v2.0.8b). Counts per 335 
million (CPM) were normalized using trimmed mean of M values (TMM) [67]. Data are 336 
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accessible in NCBI GEO (GSE142066). Other used datasets include: Mouse lungs 337 
exposed to coal tar (GSE87690); Mouse lungs exposed to ambient air pollution 338 
(GSE41698); Rat fetal brain with maternal LPS challenge (GSE34058); and Adult mouse 339 
brain after LPS challenge (GSE3253).  340 

Human data was accessed from Genotype-Tissue Expression (GTEx) database 341 
representing multiple tissues and brain regions of 651 men and women, aged 20-80 yr 342 
[68, 69]. The data was available as transcripts per kilobase million (TPM). Expression 343 
changes were further validated in a human brain microarray (GSE48350) [70]. 344 

Brain RNA data for chimpanzee (Pan troglodytes) included 11 brain regions from 345 
2 female and 1 male, age 15-34 yr (GSE7540) [71].   Data were generated by human 346 
oligonucleotide arrays (GENECHIP Human Genome U95Av2 arrays (Affymetrix, Santa 347 
Clara, CA), representing 10,000 genes and 12,625 probes. Data from a genome wide 348 
association meta-analysis by the International Genomics of Alzheimer’s project (IGAP; 349 
17,008 AD cases, 37,154 age-matched controls) was used to screen for potential AD 350 
single nucleotide mutations in the identified genes [72]. Mixed glial cDNA data was 351 
generated by Affymetrix Rat Whole Genome 230.2 array in our prior study [29].  352 
 353 
Protein analysis APOE, APOC1, and NECTIN2 protein levels were analyzed by mouse 354 
specific ELISA (LSBio: LS-F33290-1, LS-F5921-1, LS-F4714-1).  355 
 356 
Consensus Weighted Gene Co-expression Analysis (WGCNA)   The consensus co-357 
expression network was formed from the four brain expression datasets: GTEx (limited 358 
to human brain), chimpanzee and mouse (C57BL/6J, APOE-TR). We examined 7061 359 
genes shared by all four datasets. Consensus co-expression networks were identified 360 
following methods previously described [73]. Briefly, the adjacency matrices (correlation) 361 
were constructed using log2 expression in each data set. The matrices were converted 362 
to scale free networks using the soft threshold power of six. Results were converted to 363 
topological overlap matrices (TOM); these were merged to form a consensus tree network 364 
using a hierarchical clustering of dissimilarity matrix (1-TOM).  Modules of  > 30 genes 365 
were formed using a dynamic tree-cut algorithm. Singular value decomposition method 366 
was used to calculate the maximum amount of variance per module. Modules containing 367 
APOE gene clusters were identified by Ingenuity Pathway Analysis (IPA, Qiagen). Hub 368 
genes of modules were selected for eigengene connectivity (kME) of genes in each 369 
module.  370 
 371 
Transcriptional factor binding sites Transcription factor (TF) binding motifs in APOE 372 
gene-neighbors were predicted from TRANSFAC database [74, 75]. We screened for TF 373 
binding motifs with http://www.genexplain.com in APOE cluster genes of human and 374 
mouse, using default parameters of genexplain defined promoter boundaries: -10,000, 375 
+1000 nucleotides of transcription start sites (TSS). Genes from TF groups were manually 376 
extracted from genexplain for expression screening.  377 
Statistical analysis The Pearson correlation analysis, principle component analysis, and 378 
data management used Rstudio. Multiple sequence alignment and phylogenic analysis 379 
of the promoter sequences used MAFFT online tool [76]. Sequences (-5,000, +1000 380 
nucleotides of the TSS) were from ENSEMBL reference genomes [77].  381 
 382 
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Results  383 
Apoe gene cluster response to air pollution 384 
Five genes of the mouse Apoe cluster shared transcriptional responses of cerebral cortex 385 
to air pollution nanosized particulate matter (nPM): Bcam, Nectin2, Tomm40, Apoe, 386 
Apoc1, and Clptm1. The strongest correlations were found for Apoe, Apoc1, and Tomm40 387 
(Fig. 2A). Positive correlations of Apoe-Apoc1 (r = 0.57, p<0.01), and Apoe-Tomm40 (r = 388 
0.72, p<0.0001) were generally consistent among mouse strains (Fig 2A-B). However, 389 
wildtype B6 differed from APOE-TR with inversely correlated expression of Bcam-Apoc1. 390 
While APOE mRNA showed a higher baseline in female APOE-TR mice, there was no 391 
sex difference in nPM response. Proteins of B6 male mice had corresponding responses 392 
to nPM for Apoe, Apoc1, and Nectin2 in.  APOE protein was lowered (25%) by exposure 393 
to three nPM levels (Fig. 2C). Levels of APOE, APOC1, and NECTIN2 were positively 394 
correlated (r = 0.36-0.46).  395 

 396 
Figure 2. Transcriptional response of the Apoe gene cluster to air pollution nPM in cerebral cortex 397 
of mice. A) Pearson correlation heatmap of nPM mediated gene expression changes in Apoe 398 
cluster of C57BL/6J (B6), APOE3-TR, and APOE4-TR mice (both sexes). Mice were exposed to 399 
300 µg/m3 nPM at 8 wk (B6) or 15 wk (APOE-TR). N=16 per genotype (4/sex /treatment). * p < 400 
0.05, Bonferroni multiple test correction. B) Scatter plots of Apoe-Apoc1 and Apoe-Tomm40 in 401 
APOE3 and APOE4-TR mice (both sexes) exposed to nPM or filtered air for 15 weeks; linear 402 
regression modeling of. Data source: GSE142066.  C) Protein responses of male B6 mice in nPM 403 
(100-300 µg/m3 nPM for 3 weeks; 5 h/d, 3 d/wk). *** p < 0.001 in ANOVA test after FDR multiple 404 
test correction. N = 9/group.  405 
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Because air pollution activates astrocytes and microglia [25, 29], we examined 406 
response of mixed glial cultures (astrocyte: microglia, 3:1) to air pollution nPM, or to LPS 407 
as a model for endotoxins in urban air pollution (Fig. S1A). Glial mRNA for Apoe-Apoc1 408 
and Apoe-Tomm40 were positively correlated (r = 0.78) (Fig. S1A), as observed for in 409 
vivo exposure. There was a strong correlation for glial Tomm40-Nectin2 response to LPS 410 
(r = 0.76) similar to in vivo. However, there was no in vitro response to nPM, in contrast 411 
to vivo. For Apoe-Tomm40, response to LPS, the expression was inversely correlated 412 
(r=-0.7), again in contrast to nPM responses in mouse brain and in vitro. In contrast to 413 
mixed glia, LPS responses in adult mouse brain included the positive correlation of Apoe-414 
Apoc1-Clptm1 expression, which paralleled the reported nPM responses (Fig. S2B). 415 
These differences may represent cell type specificity, shown for the Apoe promoter [30]. 416 

Lung was also examined for APOE cluster responses to air pollution components 417 
because responses mediated by NFKB and NRF2 are systemic [33]. Since RNAseq was 418 
not available for mouse lung we accessed cDNA datasets for two other air pollutant 419 
exposures: ambient urban air by inhalation [31] or coal tar by gavage (Labib et al 2017). 420 
Each treatment induced different subsets of the Apoe cluster (Fig. S1). Coal tar increased 421 
Apoc1, Apoe, and Nectin2, while ambient urban air only induced Apoc1; Tomm40 did not 422 
respond. Antioxidant and inflammatory responses of genes located elsewhere include 423 
Nqo1 and Il1b, which also responded to nPM in our study of Nrf2 regulated phase II gene 424 
expression in lung and brain [33].  425 
 426 
Human and chimpanzee APOE gene cluster expression  427 
Findings on rodent brain and glia were extended to human and chimpanzee RNA from 428 
three public databases: the human Genotype-Tissue Expression (GTEx) and GSE48350 429 
databases for brain regions and other tissues (both sexes, ages 20-80 y, normal aging, 430 
and AD); and adult chimpanzee brain (GSE7540).  431 

Humans had strong co-expression relationships in brain and other tissues for 432 
APOE-APOC1, APOE-TOMM40, and BCAM-NECTIN2 (Fig. 3 A, B). Other correlations 433 
included TOMM40-CLPTM1 (r = 0.8), BCAM-NECTIN2 (r = 0.7), and APOE-APOC1 (r = 434 
0.65) (Fig. 3E). These relationships were consistent across adult ages 20 to 80. 435 
Chimpanzee brain also showed positive correlations among BCAM-CLPTM1, BCAM-436 
NECTIN2, CLPTM1-NECTIN2 (Fig. 3C). The co-expression of APOE-APOC1 and 437 
TOMM40-CLPTM1 is shared, for human, chimpanzee, and rodent; (Fig. 2, 3). The 438 
apparent lack of species differences in the brain expression of APOE cluster is not 439 
conclusive because of the limited samples for chimpanzee. 440 

Human brain age changes were corroborated with an independent cDNA dataset 441 
of brains with carefully defined AD neuropathology (GSE48350)[70]. For normal brain 442 
aging before age 80 with minimal AD changes, both datasets showed consistent co-443 
expression of APOE-APOC1, TOMM40-CLPTM1, TOMM40-BCAM-NECTIN2 (Fig. 3D).  444 
AD may alter expression of APOE cluster, suggested in the lack of correlation in 445 
TOMM40-BCAM and BCAM-NECTIN, caveat the small sample.  446 
  447 
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 448 
Figure 3. Coordinated expression of the human APOE cluster in human and chimpanzee. A) 449 
Human, all tissues, age 20-80 y: Pearson correlation heatmaps of APOE cluster expression 450 
(12,283 samples from 651 individuals); data from GTEx. B) Human brains, age 20-80 y: heatmaps 451 
of APOE cluster expression (2,112 brain regions, 321 individuals). Data from GTEx. C) 452 
Chimpanzee brain: Pearson correlation of APOE cluster expression (11 brain regions; 2 female, 453 
1 male, 15-34 y). Data from GSE7540. * p < 0.05, after Bonferroni multiple test correction.  D) 454 
Corroborating data for human brain, normal and AD, age 20-79 [70]: heatmaps of APOE cluster 455 
expression, control (119 brain regions, 35 individuals); AD brains (18 brain regions, 7 AD).  E) 456 
Scatter plot and regression analysis of APOE-APOC1, NECTIN2-BCAM, CLPTM1-TOMM40, and 457 
NECTIN2-TOMM40 in GTEx for all brain regions and ages 20-39, 40-59, 60-79 y. 458 

 459 
APOE cluster gene expression varied widely by tissues in principal component 460 

analysis (PCA). At the extremes, white blood cells had the highest variance in APOE 461 
cluster expression (Fig. 4A), versus liver with the lowest variance. In brain, the PC1 (60% 462 
variance, Fig. 4B) represented a positive correlation with APOE (r = 0.83), APOC1 (0.64), 463 
and a negative correlation with TOMM40 (-0.27), BCAM (-0.24), and NECTIN2 (-0.15) 464 
(Figure S5B). In contrast, the PC2 (25% variance, Fig. 4B) represented a positive 465 
correlation with APOC1 (0.97), APOE (0.54), and a negative correlation with TOMM40    466 
(-0.58), CLPTM1 (-0.33), and BCAM (-0.24) (Figure S5C). APOC1 and APOE had the 467 
highest factor loading for PC1 and PC2 in this brain data. In the following sections, we 468 
described the changes in APOE cluster PCs rather than individual genes. The individual 469 
gene expression data is reported in Figure S4.  470 
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 471 
Figure 4. The human APOE gene cluster has different expression by tissue, brain region, 472 

and age. A) Principal components of APOE cluster expression in multiple tissues (12,283 samples 473 
from 651 individuals). Blood, heart, and blood vessels had higher variance in APOE region 474 
expression than other tissues. Blood vessel: combined data from aorta, coronary, and tibial 475 
arteries.  B) Principal components of APOE region expression for brain regions (2,112 brain 476 
regions, 321 individuals). C) Positive correlation of APOE expression and APOE cluster PC1 in 477 
brain.D) Association of sex and APOE cluster expression in brain.  E) Age was associated with 478 
APOE cluster gene expression changes in five brain regions, tested by a mixed effects model; 479 
fixed effects: sex, age, brain regions, and interaction of age by brain region; random effect: 480 
subjects; outcome: APOE cluster PC1.  *, significant interaction of age by brain region. Dataset 481 
for panels A-E: GTEx. F) Age-dependent changes in APOE cluster PC1 in normal aged and AD 482 
brains [70]. This association was tested by a mixed-effects model with fixed effects for sex, age 483 
group, and brain region (entorhinal cortex, superior frontal gyrus, postcentral gyrus, 484 
hippocampus), AD and interaction of AD, and age, and random effect, subjects.  Outcome: APOE 485 
cluster PC1. *, significant interaction of age by AD. AD dataset: GSE48350. N = 57 controls (age 486 
<80 y, 35; >80, 22) and 28 AD brains (age <80, N= 7; >80, N= 21). 487 
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Age and sex were examined for brain region differences in expression of the APOE 488 
cluster PC1.  A mixed effect model was used to adjust for subject random effects; age 489 
was centered at age 60 to capture the baseline differences at this age. The GTEx brain 490 
samples were curated to exclude extensive pathology.  At age 60, cerebral cortex had a 491 
lower baseline APOE PC1 than other brain regions (β: ranged 6-fold, from 0.005 in 492 
nucleus accumbens to 0.0008 in spinal cord; Table S1). Five brain regions differed by 493 
age for expression of the APOE cluster PC1. At older ages, cerebellar hemisphere and 494 
hypothalamus had higher APOE PC1. Contrarily, amygdala and hippocampal expression 495 
decreased with age. Cerebral cortex age changes were modest. Sex had a minor fixed 496 
effect on APOE cluster PC1 (3% sex difference, p<0.05) (Fig 4D; Table S1, full analysis). 497 

We examined other genes outside of the APOE complex that are associated with 498 
the gliosis of normal brain aging in human and rodent [29, 39, 40]. Consistent with these 499 
earlier findings, GFAP, IBA1, and TNFα showed brain region-specific age-dependent 500 
increases, particularly in the hippocampus and amygdala, paralleling the age increase of 501 
APOE PC1 (Fig. S4). The APOE cluster PC1 is an indicator of change for all genes in the 502 
cluster. Individual  503 

mRNA changes with age differed by brain region: APOE, decreased in 504 
hippocampus; APOC1, decreased in hippocampus and amygdala, increased in cerebellar 505 
hemisphere; CLPTM1, decreased in amygdala, increased in hypothalamus; BCAM, 506 
decreased in amygdala and hypothalamus; NECTIN2, decreased in amygdala, cerebellar 507 
hemisphere, hypothalamus; TOMM40, no strong age change (Fig. S4).  508 

Because the GTEx dataset lacked ages >80 y, we examined older decades in the 509 
cDNA human brain dataset analyzed above [70] (GSE48350). Surprisingly, this oldest 510 
age group had no correlation of APOE-CLPTM1, CLPTM1-TOMM40, and NECTIN2-511 
TOMM40. The increase of APOE PC1 in hippocampus (Fig. S6) warrants further study 512 
with larger samples.  AD brains also differed by age below 80 yr. The APOE cluster PC1 513 
was higher than age-matched controls only at ages <80 (Fig. 4F). Ages >80 y, had 514 
similarly higher expression of APOE in AD and controls than for young ages, suggesting 515 
an age ceiling for relationship of AD in the APOE cluster. APOE and APOC1 mRNA 516 
paralleled APOE cluster PC1 in the AD brains (Fig. S6). In contrast, some mRNA changes 517 
differed by the age of the AD patients. For AD >80 years, NECTN mRNA was higher than 518 
normal controls, while TOMM40 mRNA was lower for younger AD <80 years old. CLPTM1 519 
mRNA had a lower level in AD brains in both age groups. BCAM did not differ from AD in 520 
old age. 521 
 522 
Regulatory networks of the APOE cluster in relation to Alzheimer disease (AD) 523 
Based on the above evidence for species-shared transcriptional relationships in the 524 
APOE gene cluster, we examined potential regulatory networks. First, we analyzed gene 525 
modules in the consensus weighted gene co-expression network for the brain 526 
transcriptome of human and mouse (both sexes of wildtype B6 and APOE-TR). 527 
Chimpanzee was included as a close human relative that, like wildtype rodents, does not 528 
incur AD brain-region specific neurodegeneration in old age [19, 20]. Second, we 529 
screened APOE cluster genes for transcriptional binding sites in promoters of human and 530 
mouse.  531 
 532 
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 The consensus WGCNA identified four modules in association with APOE cluster 533 
genes in human, chimpanzee, and mouse. The top 50 hub genes of these modules by 534 
IPA were enriched for pathways of protein ubiquitination, HIPPO signaling, osteoarthritis 535 
signaling, and STAT3 (Fig. 5 A,B). The top upstream regulators of modules ME1-4 536 
included TGF-β3 (transforming growth factor-β3), CLPP (caseinolytic mitochondrial 537 
matrix peptidase proteolytic subunit), OGA (O-GlcNAcase), and NFKBIA (NF-κB inhibitor 538 
alpha). APOE cluster expression showed differential correlations with these four modules. 539 
CLPTM1, BCAM, and NECTIN2 were positively correlated with all modules, whereas 540 
APOE, APOC1, and TOMM40 were selectively correlated with different subsets of 541 
modules: APOC1 had strong positive correlation with ME2, but negative correlation with 542 
ME1,3,4 (Fig. 5B);  APOE expression was positively correlated with ME2;  TOMM40 was 543 
positively correlated with ME1, 3, and 4, but not ME2. Overall, the four gene modules 544 
show conserved co-expression in human, chimpanzee, and mouse.  545 

 546 
Figure 5. APOE cluster genes shows conserved co-expression with four gene-modules in human, 547 
chimpanzee, and mouse. Data sources: human, GTEx; chimpanzee, GSE7540; mouse, 548 
GSE142066. For hub genes, see Supplementary excel file.  A) Consensus WGCNA identified 549 
four modules associated APOE-cluster in brains of human, chimpanzee, and mouse (B6, APOE3 550 
and APOE4-TR; both sexes). B) The heatmaps show the top canonical pathways and potential 551 
upstream regulators of top 50 hub genes of modules ME1-4, based on IPA analysis. P-values 552 
below 10-5 were converted to 10-5 for better visualization. C) Pearson correlation heatmap of top 553 
5 hub genes of each model and APOE cluster genes in GTEx brain data. * p < 0.05 after multiple 554 
test correction. D) Venn diagram showing transcriptional factor binding motifs of APOE cluster 555 
genes of human and mouse. E) Heatmap presenting the number of TF binding motifs in the 556 
promoter of APOE cluster genes in human and mouse based on TRANFAC database for -10,000 557 
to +1000 nucleotides from transcriptional start site. Potential TF binding sites were examined or 558 
each gene in the geneXplain and Ensembl databases.  559 
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Next we searched for shared transcription factor (TF) binding motifs in the 560 
promoters of APOE cluster genes in human and mouse. Our target six genes are located 561 
on a 0.15 million nucleotide genome region, which has a conserved order but with  562 
inverted synteny [78] between human and mouse (Fig. 6). The APOE cluster of select 563 
other mammals is shown in Supplement (Fig. S8). Potential promoters in proximal and 564 
distal regions were examined in  the TRANFAC database for -10,000 upstream to +1000 565 
downstream nucleotides from transcriptional starting site (TSS) of each of these six genes 566 
[43]. Human and mouse shared 105 potential TF binding sites that comprise 87% of those 567 
identified in the APOE cluster (Fig. 5D). The highest binding sites included KLF6, ING4, 568 
and Sox-related factors, which are proximal to the TSS of most APOE cluster genes of 569 
mouse and human (Fig. 5E). Genes differed in the extent of shared motifs: for example, 570 
the APOE promoter did not share the CREB group, and NR-DR in gene neighbors. For 571 
details, see Supplementary excel file. 572 

Because human and mouse shared 89% of TF binding motifs (Fig 5A), we 573 
compared the promoters of APOE, APOC1, BCAM, CLPTM1, and NECTIN2 of human 574 
with neanderthal, chimpanzee, macaque; mouse and rat (rodents); dog and pig 575 
(omnivore) (Fig.6). The human and primate promoters were clearly separated from 576 
promoters of mouse-rat, and dog-pig, as expected. The human and mouse APOE 577 
promoters were more conserved than the other four APOE cluster genes (Figure 6). In 578 
contrast, the TOMM40 promoter was the least conserved between humans and rodents. 579 
The human and mouse APOE promoters were more conserved than the other four APOE 580 
cluster genes examined: human-mouse phylogenetic differences are ranked in ascending 581 
order of distance APOE, 1.1 (26.6% sequence similarity); APOC1, 1.4 (22.5%); 582 
NECTIN2, 1.4 (17.7%); CLPTM1, 1.6 (19.7%); BCAM, 1.8 (15.6%); TOMM40, 2.1 (19%).  583 
  584 
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 585 

 586 
Figure 6. Phylogenetic comparison of the six APOE cluster promoters by multiple sequence 587 
alignments for human, neanderthal, chimpanzee, macaque monkey (primate lineage); mouse and 588 
rat (rodent); dog, and pig (omnivore). Figure S8 shows the APOE clusters of these species.  589 
Lengths of tree branches represent the relative sequence similarity, calculated by neighbor-joining 590 
algorithm. The promoters of human, neanderthal, chimpanzee, and macaque were clearly 591 
separated from promoters of mouse-rat, and dog-pig, as expected. The human and mouse APOE 592 
promoters were more conserved than the other four APOE cluster genes examined. The human 593 
and mouse APOE promoters were more conserved than the other four APOE cluster genes we 594 
examined: human-mouse distances rank in ascending order of distance APOE, 1.1; APOC1, 1.4; 595 
NECTIN2, 1.4; BCAM, 1.8; TOMM40, 2.1, CLPTM1, 1.6. 596 
 597 

The shared co-regulation of these six genes may have been a factor in the synteny 598 
that persisted in multiple lineages that diverged at least 100 million years ago, as 599 
observed for other co-regulated gene clusters [18].  Because topologically associated 600 
domains (TAD) of chromatin are conserved particularly for syntenic regions [44], the 601 
APOE gene cluster is likely to be within a TAD. 602 

The top regulatory candidates sought by screening for mRNA differences of TF 603 
genes that were identified by binding motifs in GTEx brain data (Fig. 7B). Genes were 604 
ranked by their correlation with APOE cluster brain PC1 in GTEx data. The analysis 605 
included all brain regions, and was then restricted to hippocampus, or amygdala for 606 
relevance to AD. The top correlated TF genes included POU3F4 (r=0.22), SOX2 (r=0.17), 607 
MLX (r= -0.17), ATF1 (r= -0.17), MLX (r= -0.17), and BHLHE40 (r= -0.16) (Table 1).  608 
Hippocampal genes with the strongest correlations were SOX1 (r= 0.2), and DMBX1 (r = 609 
-0.3). In amygdala, DBP (r = 0.3) and DMBX1 (r = -0.3) were highly correlated with APOE 610 
PC1. A subset was enriched in upstream regulators of ME3 from consensus WGCNA of 611 
total brain: SOX2, NEUROG2, SOX3, DBP, and KLF1. Using a relaxed criteria of lower 612 
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correlation, several genes from the MAF family showed inverse correlations with PC1: 613 
NFE2 (whole brain r= -0.07; amygdala r = -0.21), MAFG (brain r= -0.09), BACH1 (brain 614 
r= -0.14), NFE2L3 (brain r= -0.12), and MAFB (brain r = -0.12) (Table S1). These genes 615 
are associated with NRF2 mediated phase II gene responses to oxidative stress involving 616 
several genes that respond to air pollution: Nhlh2 (-30%) and Mafg (+30%). These genes 617 
also showed correlated APOE cluster expression in human brain for PC1: NHLH2 618 
(amygdala r = 0.22); MAFG (brain r = -0.09).  619 

Candidate regulatory genes were then screened for variants associated with AD 620 
risk, using GWAS of the International Genomics of Alzheimer’s project (IGAP). At 621 
stringent criteria for genome wide significance (p <5×10-8), there were no SNPs for our 622 
genes of interest. A relaxed significance (p<0.003) showed 10 SNPs for AD risk in ELK4, 623 
and 2 SNPs in SOX1. SOX1 was also positively correlated with APOE cluster PC1 in 624 
hippocampus.  For additional gene candidates, see Supplement excel file.   625 
 626 
 627 
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Table 1. Potential transcriptional regulators of APOE-cluster genes. The top ranked candidates were selected based on their 868 
transcriptional factor group, correlation with APOE PC1 in human brain, response to nPM in mouse cerebral cortex, identification as 869 
potential upstream regulator in WGCNA modules by IPA, and genetic variants associated with AD risk. 870 
 871 

   Correlation with 
APOE region PC1 in human 
(r) 

Responses to air pollution 
in the cerebral cortex of adult mice 

upstream of 
modules 

SNPs associated with risk of AD in IGAP meta-analysis  

SYMBOL Factor Chr brain hip amyg Log2 fold change pval  ID Location Beta pval 
POU3F4 Dlx group X 0.22 

 
 

  
     

SOX2 Sox10 3 0.17 
 

0.21 
  

ME3     
SIX3 paired related HD factors 2 0.17 

 
 

  
     

HMX1 Nkx group 2 0.16 
 

 
  

     
SOX1 Sox10 4 0.15 0.23  

  
 rs571564 

rs12429920 
3’UTR 
promoter 

0.05 
-0.05 
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0.0073 

NEUROG2 Myogenin group 13 0.14 
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HES5 Ebox 4 0.14 

 
0.30 
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