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Abstract

This study was designed to test the idea that the regulatory regions of human genes have

evolved to be resistant to the effects of mutations in their primary function, the control of

gene expression. It is proposed that the transcription factor/transcription factor binding site

(TF/TFBS) pair having the greatest effect on control of a gene is the one with the highest

abundance among the regulatory elements. Other pairs would have the same effect on

gene expression and would predominate in the event of a mutation in the most abundant

pair. It is expected that the overall regulatory design proposed here will be highly resistant to

mutagenic change that would otherwise affect expression of the gene. The idea was tested

beginning with a database of 42 human genes highly specific for expression in brain. For

each gene, the five most abundant TF/TFBS pairs were identified and compared in their

TFBS occupancy as measured by their ChIP-seq signal. A similar signal was observed and

interpreted as evidence that the TF/TFBS pairs can substitute for one another. TF/TFBS

pairs were also compared in their ability to substitute for one another in their effect on the

level of gene expression. The study of brain specific genes was complemented with the

same analysis performed with 31 human liver specific genes. Like the study of brain genes,

the liver results supported the view that TF/TFBS pairs in liver specific genes can substitute

for one another in the event of mutagenic damage. Finally, the TFBSs in the brain specific

and liver specific gene populations were compared with each other with the goal of identify-

ing any brain selective or liver selective TFBSs. Of the 89 TFBSs in the pooled population,

58 were found only in brain specific but not liver specific genes, 8 only in liver specific but not

brain specific genes and 23 were found in both brain and liver specific genes. The results

were interpreted to emphasize the large number of TFBS in brain specific genes.

Introduction

Investigators continue to be puzzled by the large number of transcription factor binding sites

present in the regulatory regions of human genes. Whereas in prokaryotic organisms one or a

very few TF binding sites suffice for the regulatory needs of most genes, hundreds are the rule
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in human gene promoters. For instance, a total of 357 TFBS are annotated in DLGAP3, a human

gene of average length. High TFBS numbers are also the rule in the genomes of other eukaryotes.

Further, in many human genes distinct TFBS clusters are observed outside the promoter but

within the coding region of a gene. Five such clusters are annotated in DLGAP3 [1, 2].

Reasonable suggestions have been advanced to account for the large number of TFBS found

in the genomes of eukaryotes. TFs and TFBSs have been proposed, for example, to be involved

in specifying the tissue where a gene is expressed, a feature less relevant in prokaryotes [3–6].

Eukaryotic gene expression could be controlled by combinations of TFs in a way that would

require an increased number of TFBSs [7–9]. Despite the availability of reasonable suggestions,

however, there is currently no consensus about the role of the “extra” TF/TFBSs present in

eukaryotic genomes.

The study described here was carried out to test the idea that the large number of TFBSs in

eukaryotic promoters and other control elements has evolved to protect the regulatory region

from the effect of mutations. Since the interaction of a TFBS with its TF occurs in the promot-

ers of many different genes, it is reasonable to expect that additional protection against muta-

genic change may be required for TFBS compared to DNA regions with fewer interaction

targets. The hypothesis tested in the present study proposes that the additional TFBS in

eukaryotes has evolved to meet the need for the additional protection against mutation in the

TF/TFBS contact.

The mechanism proposed for protection depends on the abundance of binding sites for a

TF in the promoter. It is suggested that expression of a gene depends to the greatest extent on

the TF that binds to the highest abundance TFBS. Lesser effects on transcription would be pro-

vided by TFBS with lower abundance in the promoter. This situation would prevail until there

is a mutation causing loss of the highest abundance TF/TFBS interaction. In that case the sec-

ond most abundant TFBS/TF pair would become the most abundant and gene expression

would continue unchanged because the new highest abundance TFBS would dominate regula-

tion of transcription. The proposal depends on the idea that transcription regulation depends

on the identity of the highest abundance TF/TFBS pair, not on the identity of the individual

TF/TFBS pair involved. A variety of different TF/TFBS pairs are proposed to be able dominate

regulation of a gene if the pair is the most abundant one in the promoter.

The study described here was designed to test the idea outlined above for control of gene

expression. It was reasoned that if control were indeed dominated by the most abundant TF/

TFBS pair with the second most abundant as a backup, then the ChIP-seq signal from the

most abundant TF/TFBS pair should be numerically similar to that of the second most abun-

dant. The third should resemble the second and so on. Also, a recognizably similar result

should be obtained if one plotted gene expression level against TFBS occupancy for the most

abundant TFBS/TF pair and the second. If the second most abundant pair has evolved to take

the place of the most abundant in the event of a mutation, then the second most abundant pair

should have a similar effect on transcription as the first.

The study was performed beginning with a database of 42 human genes each with highly

selective expression in the brain. Public databases were used to accumulate the expression level

of each gene and the ChIP-seq signal from each of the five most abundant TFBSs. The tests

described above were then carried out with all 42 database genes. The ChIP-seq signal from

the five most abundant TFBS were compared with each other, and plots of gene expression vs

ChIP-seq signal were compared for the three most abundant ChIP-seq pairs. It was expected

that resemblance of the ChIP-seq signal and the ChIP-seq/expression results from the database

genes would support the idea that the second most abundant rank of TFBS would have the

ability to replace the first if the first were lost due to mutation.
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A similar study was conducted with a database of human genes with highly selective expres-

sion in liver. Information was collected about gene expression level and TFBS occupancy for

different abundance ranks as described for the brain database. ChIP-seq signals and plots of

expression against ChIP-seq signal were created in the same way. It was anticipated that the

outcome of the liver study would clarify whether the brain results are unique to brain or if they

would apply more broadly.

Finally, a study was focused on the TFBSs present in the brain database. All TFBSs in the

brain population were pooled and compared to the similar pool of TFBSs in the liver group.

The results were expected to identify any instances of brain-selective or liver-selective TFBSs.

Materials and methods

Gene databases: TF binding levels and gene expression

All genes were derived from the GRCh38/hg38 version of the human genome. Brain specific

genes were accumulated for the study from a combination of locally curated genes and those

from the database of Sonawane et al, [3]. A gene was considered to be brain-specific if its

expression was 10-fold or greater in brain than in the tissue with the next highest expression

level. Focus was on a tissue specific gene population (i.e. brain) to maximize the possibility

that conclusions would apply to the level of gene expression and minimize contributions from

the potential effects of TFs on tissue distribution. The expression level for each gene was

obtained from the GTEx Portal of RNA-seq results found in the UCSC Genome Browser (ver-

sion hg38 (https://genome.ucsc.edu/)). The database of liver-specific genes was curated using

the same procedure described above for brain.

For each gene examined, the TF binding abundance of each TFBS was determined from the

ChIP-seq values reported in the ENCODE project database of cis-Regulatory Elements (3

November 2018 version) by way of the UCSC Genome Browser. ChIP-seq values were identi-

fied from the promoter and from other TFBS clusters within the gene coding region. No effort

was made to include regulatory elements outside the promoter and gene coding region.

Table Browser was searched on Regulation followed by TF Clusters, and the output was

focused on the “score” entry. The score was summed for each TFBS as there were several (usu-

ally ~3–10) instances of a TFBS annotated in the regulatory region of each gene. The highest

scoring TFBS and its score were then recorded in the brain-specific or liver-specific database

under the heading “ChIP1.” Values for the second highest TFBS were recorded under ChIP2

and so on through ChIP5. Note that the TFBS associated with the ChIP1 rank cannot be the

same as that for ChIP-seq2, or ChIP-seq 3 and so on. For each gene, each ChIP-seq rank has

its own TFBS.

Data analysis

Data were manipulated with RStudio and Excel. Graphic rendering was done with SigmaPlot

v14.5.

Results

Experimental strategy

As indicated above, the analyses described here were designed to test the idea that the regula-

tory regions of human genes have evolved to create redundant layers of TFBS able to substitute

for one another in the event of mutagenic damage. Relevant TFBS groups were identified

according to the abundance of their occupancy by the cognate TF as determined from the

results of ChIP-seq experiments. For each gene, the highest abundance TFBS/TF pair was put
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into one pool (rank 1), the second most abundant was put in a second pool (rank 2) and so on

to rank 5. Each data point therefore has its own TF and its own level of TFBS occupancy (i.e.

ChIP-seq signal). If the information described above is to function in a redundant manner to

control the level of gene expression, then it is expected that each TFBS/TF rank will: (1) resem-

ble the others in TF occupancy as measured by its ChIP-seq signal; and (2) have a recognizably

similar effect on the level of gene expression as measured by the RNA-seq measurement. The

above expectations were tested in the studies described below. It was assumed that a positive

result would support the existence of redundant layers of regulatory control in human genes.

Effect of TFBS occupancy rank on brain specific gene expression

The effect of TFBS occupancy rank on gene expression was examined with a population of 42

protein coding, human, brain specific genes (see S1 Table). For each gene the table shows the

most abundant TFBS together with its ChIP-seq signal (columns labeled “tfbs1” and “ChIP1,”

respectively). Other columns show the TFBS and ChIP-seq signals for ranks 2–5. Perhaps the

easiest way to evaluate the ability of the ChIP-seq results to serve as backups for each other is

to compare the ChIP-seq values. The closer the values cluster with each other the better they

should be able to substitute for their function. A mixture of ranges was observed in the brain

gene population (S1 Table). For instance, a wide range of ChIP-seq values (2231–1000) was

observed with ANKRD34C, while narrower ranges were found with others such as ANDRD63

(1691–1327) and GRIN2B (11,057–8550). Clear outlier values were observed with the ChIP-

seq signal of some genes (e.g. GRM4).

To summarize the results, outlier values were discarded and the average values for the

ChIP-seq signal in adjacent ranks was plotted for the 42 genes in the brain database (Fig 1A).

A skewed distribution favoring lower values for the inter-rank ChIP-seq values was observed,

a result that favors the view that adjacent TF/TFBS pairs would be well suited to substitute for

each other as predicted. The presence of higher inter-rank ChIP-seq values in the distribution

(e.g. values greater than 200 or 300) indicates the presence of TF/TFBS pairs less well able to

substitute for their neighbors in the event of a mutation.

TFBS occupancy rank and liver specific gene expression

The same analysis described above for brain specific genes was performed with a database of

31 genes with specific expression in liver (S2 Table). The goal was to determine whether analy-

sis of liver specific genes would support the same interpretation as the brain specific ones,

namely that there are TF/TFBS pairs in the regulatory regions that can serve as backup for

each other in the event of mutations to the DNA. As with the brain specific genes, for each

liver specific gene the TF/TFBS pairs with the highest to the fifth highest abundance as judged

by ChIP-seq score were accumulated and compared. Similar scores among the five TF/TFBS

pairs would favor the idea that the five were well suited to serve as backups for one another.

A mixture of results was observed. In some genes a wide range of ChIP-seq signals was

observed, while in others measurements were more similar. AFP is an example of the first

group, and AGXT and AHSG are examples of the second. To characterize the overall distribu-

tion, an average for ChIP-seq values in adjacent TF/TFBS pairs were computed and plotted

(Fig 1B). The results showed a skewing of the distribution toward lower inter-TF/TFBS pairs, a

result that favors the ability of nearby TF/TFBS pairs to substitute for one another.

Tests with gene expression: Brain specific genes

A more demanding test of the ability of TF/TFBS ranks to substitute for each other would

occur if entire ranks of TF/TFBSs could be compared at once rather than comparing individual
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TF/TFBS pairs only. This goal was accomplished by involving the gene expression level as

measured by GTEx RNA-seq. For each gene in the brain specific database, the value for the

expression level was plotted against the value of the ChIP-seq signal for rank 1 TF. This was

then repeated for rank 2 and rank 3 TF, and the plots were compared. It was expected that a

resemblance among the three plots would suggest the ability of the three ChIP-seq ranks to

substitute for each other in regulating the level of gene expression.

Fig 2 shows the results obtained with genes in the brain specific database. Clear similarities

were observed among the three ranks in the expression/ChIP-seq signal relationship. For

instance, in the lower left of the plot the RTP1, PNMA6F and FGF3 genes are found in similar

locations in the three abundance ranks. Near the center of the plot, HTR5A, HCRT and TLX3

are located similarly. CACNG8, TBR1 and CREG2 locations are related in all three plots. The

results are interpreted to indicate that the three ChIP-seq abundance ranks have the potential

to serve in a redundant fashion to drive expression of the genes to the same level. It is sug-

gested that the small differences observed in ChIP-seq signal for the same gene in separate

ranks might produce tolerable differences in expression level if one rank needed to be substi-

tuted for another.

Fig 1. Similarity in the ChIP signal in the five most abundant TFBS. Histogram showing the difference in ChIP-seq

signal between adjacent TFBS in the promoters of database brain (a) and liver (b) genes. Data plotted in (a) and (b) are

derived from S1 and S2 Tables, respectively.

https://doi.org/10.1371/journal.pone.0281569.g001
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Tests with gene expression: Liver specific genes

To test the generality of the results described above with brain specific genes, a similar analysis

was carried out with the database of liver specific genes. The results showed that the same

genes were found in similar locations in the three plots (see Fig 3). CFHTR3 and UGT2B10,

Fig 2. Gene expression/ChIP-seq signal relationship in ranks 1–3 of genes in the brain specific database. Plots for

Ranks 1, 2, and 3 are shown in panels (a), (b) and (c), respectively. Numerical values for the data points shown can be

found in S1 Table. Boxes are intended to aid in interpretation of the results. They do not contain any experimental

results. Note that data points for the same gene are related in the three plots.

https://doi.org/10.1371/journal.pone.0281569.g002
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for instance, are in the high expression part of each plot with CFHR3 in the lower ChIP-seq

signal end. An arc of four genes with varying expression levels is found in all three plots near

the low ChIP-seq signal level (see SPP2, SERPINA7, F13B and SLC22A10). All plots also have

a cluster of four genes at the high end of the ChIP-seq axis (i.e., genes MBL2, INHBC,

SLC22A25 and INS-IGF2). The results are interpreted to indicate that the three ChIP-seq

abundance ranks can serve in a redundant or backup manner to shield expression of the gene

from mutagenic change in the promoter. Further, the results show that the same backup pro-

moter design is found in liver specific as in brain specific human genes.

TFBSs in the promoters of brain and liver specific human genes: All

database TFBSs

The information accumulated here about promoter content of TFBSs provides the opportunity

to compare the promoters of brain specific and liver specific genes (see S1 and S2 Tables).

While previous studies have demonstrated a degree of tissue selectivity to TFBSs, it is rare for

such studies to involve the large populations of tissue-specific genes available here [10]. For

analysis, TFBSs in the promoters of brain specific genes were assembled in two forms, (1) all

the TFBSs shown in S1 Table. That is, the five most abundant TFBSs in each of the 42 brain

specific genes or 210 TFBSs in all: and (2) the population of non-redundant TFBSs. Each TFBS

is counted only once regardless of how many times it occurs in the overall population. The

same two TFBS populations were assembled for the liver-specific genes. Finally, histograms

were plotted to show the count of each TFBS in the total population (Figs 4 and 5).

The results for brain specific genes emphasize binding of TFs that use histone methylation

to influence gene expression (Fig 4). For instance, of the five most abundant TFBSs three

(EZH2, SUZ12 and RNF2) are components of polycomb repressive complex 2 (PRC2), a com-

plex that uses histone methylation to attenuate gene expression [11, 12]. A fourth, KDM4A,

also uses histone methylation to regulate transcription [13]. The result suggests an important

role for histone methylation in the regulation of brain specific genes.

No similar emphasis on histone methylation was observed with liver-specific genes (Fig 5).

Of the seven most abundant TFBSs, three bind TFs that attract transcription machinery by

binding to the promoter region (i.e., FOXA1, FOXA2 and HNF4A) [14–16]. Three of the four

remaining TFBSs affect transcription of a wide variety of genes. RXRA mediates the effects of

retinoids while SP1 and YY1 can activate or repress gene expression depending on other fac-

tors [17–19]. Comparing the brain and liver specific gene populations suggests the dominant

mechanisms of gene regulation are distinct in the two tissues.

TFBSs in the promoters of brain and liver specific human genes: All unique

database TFBSs

Non-redundant TFBS in the brain and liver specific databases were accumulated with the

expectation that they might identify TFBSs found in brain-specific genes, but not in liver spe-

cific ones. TFBS found in liver specific, but not brain specific genes would also be identified.

Scans of S1 and S2 Tables revealed the presence of 81 non-redundant TFBS among the 210

total brain-specific genes and 31 among the 155 liver-specific genes (Table 2). Percentages

were 39% in the case of brain specific genes and 20% for liver. Among the 81 non-redundant

brain TFBS, 58 (72%) were found in the brain population only and 23 (28%) in both brain and

liver populations. Among the 31 non-redundant TFBS in liver, 8 (26%) were found in liver,

but not brain and 23 (74%) in both liver and brain.

Two conclusions stand out from analysis of the non-redundant TFBS populations. First is

the high proportion of brain-only (i.e. not found in liver) non-redundant TFBS among the
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brain specific genes (58 in the 81 total non-redundant TFBS population). For liver, the compa-

rable figures are 8 of 31 non-redundant TFBS. The high proportion among brain genes may

result from a greater need for gene regulatory activity in the brain due perhaps to a greater

Fig 3. Gene expression/ChIP-seq signal relationship in ranks 1–3 of genes in the liver specific database. Plots for Ranks 1, 2

and 3 are shown in panels (a), (b) and (c), respectively. Numerical values for the data points shown can be found in S2 Table.

Note that the location of data points for the same gene are similar in the three plots.

https://doi.org/10.1371/journal.pone.0281569.g003
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number of functionally distinct regions in the brain or to a more diverse developmental

program.

Second is the absence of any evidence for a tissue specific TFBS. All the TFBS found in the

brain-specific gene population, for instance, are those that can be readily identified in the pro-

moters of non-brain genes. The same is true for the TFBS identified here in liver specific, but

not brain specific genes (Table 2). All can be found abundantly in other human genes. The

overall finding indicates that the role of TF in influencing the tissue where a gene is expressed

must involve multiple TFs or TFs in combination with other regulatory mechanisms.

Discussion

Backup organization to allow promoter function to co-exist with

mutagenic damage

The backup system of promoter organization suggested by the results described here is distinct

from other methods humans use to deal with mutagenic change to the genome. The suggested

system does not result in prevention of mutations or correction of them once they have

occurred. Rather, the system describes a method promoters use to continue to function nor-

mally despite the existence of mutations in their own sequences. The results indicate the exis-

tence of backup or redundant systems of TFBS that are each able to provide gene regulatory

function in the event of mutagenic damage to another. An individual promoter is thereby able

Fig 4. Transcription factor binding site counts in the aggregate of all five brain specific gene ranks. Histogram shows the

count of each TFBS in the brain specific gene population (see S1 Table). TFBS in all five ranks are included. TFBS not

identified in the figure are found in Table 1. Note that 3 of the 6 TFBS with the highest abundance bind TF subunits of the

polycomb repressive complex 2 involved in histone methylation (i.e., EZH2, RNF2 and SUZ12).

https://doi.org/10.1371/journal.pone.0281569.g004
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to co-exist with a diverse background of mutagenic events using methods that complement

other mechanisms that prevent or correct mutations.

The backup system can be understood as related to other genome-wide features that are

able to allow the individual to accommodate potentially disastrous mutagenic events. An

example is the way genes encoding proteins that are parts of a single structure or function are

distributed widely in the genome rather than being located together in a cluster. The 31 genes

encoding distinct protein components of the human nuclear pore complex are an example.

The genes are spread among 17 different chromosomes increasing the likelihood that damage

to any one gene might be able to be accommodated by the overall structure [20, 21]. This

arrangement prevents a mutation in a single chromosome from affecting more than one or a

few nuclear pore genes. Other distributed genomic elements that enable humans to co-exist in

a mutagenic environment include gene enhancers, homologous genes and exons distributed

within the same gene [22–25].

High TFBS content of eukaryotic promoters

The system of backup TFBSs proposed here is consistent with the observation that the promot-

ers of human genes and those of other eukaryotic organisms contain many more TFBSs than

those of prokaryotes. The ChIP-seq signal from the most abundant TFBS is in most cases a

sum of several individual TFBSs in the promoter. The same is true of the second most abun-

dant TFBS, the third and so on. It is easy to imagine therefore that the number of individual

Fig 5. Transcription factor binding site counts in the aggregate of all five liver specific gene ranks. Histogram shows the

count of each TFBS in the liver specific gene population (see S2 Table). TFBS in all five ranks ae included. TFBS not

identified in the figure are found in Table 1. Note the high abundance of HNF4A binding sites in the liver specific gene

population.

https://doi.org/10.1371/journal.pone.0281569.g005

PLOS ONE Backup transcription factor binding sites

PLOS ONE | https://doi.org/10.1371/journal.pone.0281569 August 31, 2023 10 / 15

https://doi.org/10.1371/journal.pone.0281569.g005
https://doi.org/10.1371/journal.pone.0281569


Table 1. Key to transcription factor binding site numbering in Figs 4 and 5.

No. Brain (Fig 4) Liver (Fig 5)

1 AGO2 AGO2

2 ASH2L ARID3A

3 ATF2 ATF2

4 ATF7 ATF7

5 BCOR CREM

6 CBFA2T3 CTCF

7 CBX2 EP300

8 CBX8 FOXA1

9 CEBPB FOXA2

10 CHD1 HDAC2

11 CREB1 HNF4A

12 CTBP1 HNRNPK

13 CTCF HNRNPL

14 E2F6 JUND

15 EGR1 MAFK

16 EHMT2 MAX

17 EP300 NCOR1

18 EZH2 POLR2A

19 FIPL1 POLR2G

20 FOS RAD21

21 FOXA1 RBFOX2

22 FOXA2 RBM22

23 GABPA RBM39

24 GATA2 RUNX3

25 GATA3 RXRA

26 GATAD2B SMARCA4

27 HDAC1 SP1

28 HDAC2 SRSF4

29 HDAC6 TAF1

30 HNF4A YY1

31 HNRNPL ZBTB33

32 IKZF1

33 JUND

34 KDM1A

35 KDM4A

36 L3MBTL2

37 MAFF

38 MAFK

39 MAX

40 MGA

41 MNT

42 MXI1

43 MYC

44 NR2C1

45 NR2F2

46 NRF1

47 PAX5

(Continued)
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TFBSs in the aggregate of all abundance classes (i.e. ranks) might reach the high number

observed in an entire gene promoter region.

Tissue specific genes

This study was focused on tissue specific genes with the idea that the results might clarify the

way tissue specificity is encoded in promoters. The results confirmed a previously noted selec-

tivity of HNF4A for liver genes [26]. A binding site for HNF4A was observed to be among the

five most abundant in 19 of the 31 liver specific genes examined here (see S2 Table). Evidence

for other tissue specific TFBSs was less convincing. For instance, 21 different TFBS were found

among the 42 highest abundance TFBS in the brain specific genes examined here (see S1 Table).

Table 1. (Continued)

No. Brain (Fig 4) Liver (Fig 5)

48 PCBP1

49 PKNOX1

50 POLR2A

51 POLR2G

52 RAD21

53 RBBP5

54 RBFOX2

55 RBM25

56 REST

57 RFX1

58 RNF2

59 RUNX3

60 RXRA

61 SETDB1

62 SIN3A

63 SMARCA4

64 SMC3

65 SP1

66 STAT3

67 SUZ12

68 TBP

69 TRIM28

70 USF

71 USF1

72 XRCC5

73 YY1

74 ZBTB33

75 ZEB1

76 ZEB2

77 ZKSCAN1

78 ZMTM3

79 ZNF143

80 ZNF263

81 ZNF639

https://doi.org/10.1371/journal.pone.0281569.t001
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Overall, the results provide little support for the view that there is a single TF that uniquely

determines the tissue location of a brain or liver specific human gene.

Role of TFBS occupancy in the level of gene expression

The results described here provide a test of the idea that the level of TF binding to its TFBS

may influence the level of a gene’s expression, at least in some cases. Support for the idea

would be obtained if the level of TFBS occupancy as measured by the ChIP-seq signal were

found to be correlated with the level of gene transcription. Such correlations can be found in

both the brain and liver gene populations examined here (see Figs 2 and 3). Among the brain

genes an inverse correlation is observed among the genes ZP2, BARHL1, CREG2, CACNG8

and TBR1 in all three abundance ranks plotted. In the liver gene population, a positive correla-

tion is observed relating genes F13B, SERPIN7, SPP2 and UGT2B10 in all three ranks shown.

The results suggest that expression of genes in the brain group is repressed by TFBS occupancy

in all three TF ranks while expression is activated in the liver gene group. In both cases the

results support the view that interaction of TF and TFBS can have an influence on

Table 2. Transcription factor binding sites present in the promoters of database brain-specific and liver-specific genes (all five abundance ranks).

No. Brain only No. Brain only (cont.) No. Liver only Both Brain and Liver

1 ASH2L 31 NR2C1 1 ARID3A AGO2

2 BCOR 32 NR2F2 2 CREM ATF2

3 CBFA2T3 33 NRF1 3 HNRNPK ATF7

4 CBX2 34 PAX5 4 NCOR1 CTCF

5 CBX8 35 PCBP1 5 RBM22 EP300

6 CEBPB 36 PKNOX1 6 RBM39 FOXA1

7 CHD1 37 RBBP5 7 SRSF4 FOXA2

8 CREB1 38 RBM25 8 TAF1 HDAC2

9 CTBP1 39 REST 9 HNF4A

10 E2F6 40 RFX1 10 HNRNPL

11 EGR1 41 RNF2 11 JUND

12 EHMT2 42 SETDB1 12 MAFK

13 EZH2 43 SIN3A 13 MAX

14 FIPL1 44 SMC3 14 POLR2A

15 FOS 45 STAT3 15 POLR2G

16 GABPA 46 SUZ12 16 RAD21

17 GATA2 47 TBP 17 RBFOX2

18 GATA3 48 TRIM28 18 RUNX3

19 GATAD2B 49 USF 19 RXRA

20 HDAC1 50 USF1 20 SMARCA4

21 HDAC6 51 XRCC5 21 SP1

22 IKZF1 52 ZEB1 22 YY1

23 KDM1A 53 ZEB2 23 ZBTB33

24 KDM4A 54 ZKSCAN1

25 L3MBTL2 55 ZMTM3

26 MAFF 56 ZNF143

27 MGA 57 ZNF263

28 MNT 58 ZNF639

29 MXI1

30 MYC

https://doi.org/10.1371/journal.pone.0281569.t002
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transcription level in the genes involved. A similar TF dose effect on human gene expression

has recently been reported for the human SOX9 gene [27].
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