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The study described here was undertaken to extend the observation that some transcription factors can either
stimulate or suppress gene expression depending on the local environment of their DNA binding site. It is sug-
gested that if such transcription factors also had a mechanism to sense the expression level of the gene they
control, then they could create a feedback loop able to keep expression of a gene within a limited range. The
transcription factor would be activating if gene expression were determined to be too low and repressing if it were
too high. To test the above idea, I have examined the effect of gene expression on the ability of the transcription
factor binding areas, the promoter/enhancers, to stimulate or attenuate gene expression depending on the existing
expression level of a gene. Studies were carried out with a population of 61 human genes expressed selectively in
liver. A similar study was carried out with thyroid genes. The total length of all promoter/enhancers in each gene
sequence was determined and compared in weakly and strongly expressed genes. The results showed that the
level of expression was stimulated by promoter/enhancers in weakly expressed genes and antagonized in strongly
expressed ones. The results are interpreted to indicate that promoter/enhancers act to keep expression of a gene
within a defined range that is appropriate for the gene's function.

1. Introduction

Among the most intriguing features of transcription factors is their
ability to activate or suppress expression of a target gene depending on
the DNA sequence and other components near the transcription factor
binding site. Transcription factors are not always activating or always
suppressing; some can do either one depending on the situation. This
feature allows transcription factors to act flexibly to regulate gene
expression by responding to signals in the DNA sequence rather than only
to the properties of the transcription factor itself. An example is the rat
Pax-8 transcription factor [1]. In the presence of TTF-2, Pax-8 activates
the Slc5a5 (NIS) enhancer, but not the thyroglobulin promoter, a site it is
able to activate in the absence of TTF-2. Similar context-dependent gene
activation or repression has been documented in other transcription
factors including the glucocorticoid receptor and mouse USF2 [2,3].

The ability to act either positively or negatively raises the possibility
that transcription factors may be involved in a feedback loop to keep
expression of their gene within a limited range. Apart from the known
functions of transcription factors, the only novel feature needed would be
the ability of the transcription factor to sense the current expression level
of its gene. With such a sensing ability a transcription factor would be
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able to suppress gene expression if was too high and activate expression
that was too low.

Here I provide evidence that such feedback loops exist in the case of
human liver genes and in genes expressed in thyroid. Liver gene studies
were carried out with a population 61 genes all of which contain anno-
tated promoter/enhancer regions. In all 61, liver is the tissue where
expression is highest. For each gene, I downloaded the aggregate length
of all annotated promoter/enhancer regions within the gene boundary.
Total promoter/enhancer lengths were then compared with the level of
gene expression in gene sub-populations having low and high expression
levels. The results were interpreted to support the existence of a feedback
loop if greater promoter/enhancer length was found to correlate with
gene activation among weakly expressed genes and suppression among
highly expressed ones.

2. Materials and methods
2.1. Gene databases

Genes employed in this study were all obtained from a database of
2413 human genes each with selective expression in a sub-set of tissues
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Effect of Aggregate Promoter/Enhancer
Length on Gene Expression
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Figure 1. Plot of gene expression against total promoter/enhancer length for
database liver (a) and thyroid (b) genes. Boxes indicate genes that were used for
the low, high and very high (liver only) expression groups.

[4]. Broadly expressed genes are not present in the database. For each
gene, the tissue with the highest expression is recorded in the data base,
and genes for liver (117 genes) and thyroid (56 genes) were used for this
study (see Supplementary Tables 1 and 2, respectively).

As only genes with promoter/enhancer regions were required, genes
lacking them were deleted from the liver and thyroid datasets described
above. Of the 117 liver database genes, 61 (52%) were found to have
annotated promoter/enhancer sequences and were accepted for the
study. Similarly, 39 (70%) of 56 thyroid genes were accepted. Informa-
tion about genes in the two promoter/enhancer-containing populations
are shown in Tables 1 and 2.
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Liver and Thyroid Genes:
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Figure 2. Plot of number of genes against expression level for liver (a) and
thyroid (b) genes. High and low expression groups are indicated. Note that high
and low expression groups are distinct in both liver and thyroid genes.

2.2. Promoter/enhancers and gene expression

Promoter/enhancers were those identified by GeneHancer [5] and
were downloaded from the UCSC Genome browser (https://genome.ucs
c.edu/). For all genes, the value of the promoter/enhancer length was the
sum of the lengths of the promoter and all enhancers present in the gene.
Nearly all genes have a promoter near the transcription start site plus
between one and several annotated enhancers, and all were used. No
effort was made to include enhancers outside the gene sequence.
Enhancer numbers varied from 0-8 in the case of liver genes and 0-15 in
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thyroid. Gene expression values were downloaded from the UCSC
Genome Browser human reference genome (hg38).

2.3. Randomization of promoter/enhancer lengths

Control studies were performed beginning with promoter/enhancer
and gene expression results shown in Tables 1 and 2. For each gene in the
control analysis, the promoter/enhancer length result was assigned at
random to the expression value of a different gene using Python ran-
dom.randint(). Randomized and authentic data were thereafter treated
identically.

2.4. Data handling

SigmaPlot v13.0 was employed to render results graphically, compute
linear regression plots and compute statistical parameters.

3. Results
3.1. Experimental strategy

The strategy is described here for liver genes although the same
approach was employed for both liver and thyroid populations. The 61
liver genes were first divided into three groups based on their level of
expression. For each of the three (low, high and very high expression
groups), the expression level of each gene was plotted against its total
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promoter/enhancer length and a linear regression was calculated. If the
hypothesis to be tested is correct, then the regression line was expected to
have a positive slope in the case of weakly expressed genes and a negative
slope with strongly expressed ones. The expected result would indicate
that each additional increment of promoter/enhancer length produces an
increase in the expression of weakly expressed genes, but a decreased
expression in strongly expressed ones. A control experiment was carried
out in which the promoter/enhancer length for each gene was associated
with the expression level of a different, randomly chosen one of the 61
liver genes. Regression analysis of the randomized population was ex-
pected to differ from that of the authentic data.

3.2. Liver genes

3.2.1. Gene populations that differ in expression level

Figure 1a shows a plot of the expression level of the 61 promoter/
enhancer-containing liver genes against the promoter/enhancer length.
The plot indicates that although there are some genes with very high
expression levels and lengths of promoter/enhancer sequence, most
genes have expression levels of <400 RPKM and promoter/enhancer
lengths of <10,000bp. Groups were chosen to conform to data clusters
indicated in Figure 1a. Genes in the low expression group had expression
values of <100 RPKM, high 100-40 RPKM and very high >400 RPKM. A
gap in expression level was observed between the low and high expres-
sion groups (Figures 1a and 2). The observed gap between the two groups
suggests it may correlate with other features of gene regulatory control.

Feedback of Gene Expression on Promoter/Enhancer Function
in Human Liver Genes
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Figure 3. Plot of gene expression against total promoter/enhancer length for liver genes in the low (a), high (b) and very high (c) expression groups. Panel (d) shows a
control plot in which low expression group genes were randomized among promoter/enhancer length values. Note that gene expression correlates positively with
promoter/enhancer length in low expression group, but negatively in the high and very high groups.
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Table 1. Liver promoter/enhancer containing genes employed in the study.

Gene Chr Exp” Pr/Enh Gene Chr Exp Prom/Enh length
Length”
NROB2 1 40.9 7024 SLCO1B3 12 32.6 367
CYP4A11 1 155.0 2942 AMDHD1 12 46.0 2355
C8A 1 175.8 4210 NR1H4 12 24.3 13271
F5 1 21.5 9132 MIA2 14 1.1 3267
C4BPA 1 262.8 848 LINC01146 14 5.3 113
PROX1 1 18.8 10345 ASPG 14 59.8 5005
AGT 1 630.3 2560 PCSK6 15 64.1 16783
APOB 2 206.5 2623 ACSM5 16 64.4 3426
FABP1 2 469.8 6721 CES1 16 223.0 1371
ABCB11 2 6.5 6310 CA5A 16 155 3170
MOGAT1 2 1.4 3313 SERPINF2 17 669.0 3747
C2orf72 2 60.5 4072 TMA4SF5 17 66.9 3086
RAB17 2 59.4 10699 SLC13A5 17 163.4 3825
ITIH1 3 329.0 2342 ASGR2 17 232.2 4103
NR112 3 23.8 8604 PIPOX 17 81.8 25025
UROC1 3 47.4 1171 ENPP7 17 2.3 9837
SLC2A2 3 88.8 16823 TMEM105 17 0.7 11323
FETUB 3 29.9 1100 TTR 18 1516.9 706
KLB 4 5.1 1682 ONECUT2 18 2.6 16026
F11 4 47.8 2781 LRG1 19 463.4 6659
AGXT2 5 34.9 3262 TNFSF14 19 27.8 3870
ACOT12 5 23.2 1200 Cc3 19 1009.1 6411
IGFBP1 7 198.9 2430 PALM3 19 21.0 4458
MLXIPL 7 244.9 2644 CYP4F3 19 76.1 3318
ABCB4 7 18.1 3044 HPN 19 275.0 3243
PON3 7 83.7 2259 FOXA3 19 19.1 5686
AKR1D1 7 31.3 21240 SULT2A1 19 241.9 2677
FGL1 8 848.6 5244 LINC00261 20 38.7 6145
ADRA1A 8 8.4 1952 HNF4A 20 43.9 50902
GAS2 11 5.0 11464 SEC14L4 22 8.7 1522
OTC 23 34.4 8346

@ Gene expression in RPKM.
b Total Promoter/Enhancer length in gene (bp).

Table 2. Thyroid promoter/enhancer containing genes employed in the study.

Gene Chr Exp” Pr/Enh length” Gene Chr Exp Pr/Enh length
BMP8A 1 7.1 4391 PREX2 6.6 9502
TPO 2 499.9 3459 PKHD1L1 28.5 3741
IQCA1 2 14.1 2915 FAM189A2 56.2 7691
ITGA9 3 15.7 37584 AFAP1L2 10 49.9 21550
FRMD4B 8 11.8 22466 TCERGIL 10 9.7 2451
ATP13A4 3 23.2 4789 RMST 12 37.2 13555
ATP8A1 4 26.6 19234 LINC00571 13 0.3 2873
KDR 4 31.9 2738 SFTA3 14 77.5 738
FRAS1 4 5.5 12453 TSHR 14 84.4 11846
MMRN1 4 19.6 9406 OCA2 15 3.6 3743
UNC5C 4 4.6 4357 DAPK2 15 21.8 47601
NPNT 4 108.6 8506 Cl60rf89 16 94.2 1348
EPB41L4A 5 4.5 8141 KCNJ16 17 51.8 4897
COL23A1 5 42.7 23633 KLHL14 18 7.7 4870
IYD 6 147.2 1080 TLE6 19 4.3 4235
FNDC1 6 12.3 3098 PLVAP 19 340.8 556
ABCA13 7 0.1 2790 IsM1 20 35.7 4142
WDR86 7 21.9 6292 SALL4 20 3.9 6014
GFRA2 8 9.3 2673 LONRF3 23 4.8 2325

2 Gene expression in RPKM.
b Total promoter/enhancer length in gene (bp).
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3.2.2. Dependence of promoter/enhancer length on expression gene group

The expression level of genes in the three groups was plotted sepa-
rately against promoter/enhancer length as shown in Figure 3a-c. A
regression line was calculated for each plot. The results demonstrated the
expected outcome. The regression line was found to have a positive slope
in the case of genes in the low expression group and negative in the high
and very high groups. The outcome is interpreted to support the hy-
pothesis that promoter/enhancer length can activate weakly expressed
genes and suppress expression of highly expressed ones.

Slopes of the gene expression vs. promoter/enhancer length curves
were found to span a substantial range, from +0.5 to -102.5 x 1073
RPKM/bp (Figures 3a-c and 4). The range of values is interpreted to be
revealing about the operation of the proposed feedback loop. In partic-
ular, I suggest it is noteworthy that most of the slope values in the
observed range are negative. This indicates that the feedback loop must
act most often to suppress the activity of over expressing genes rather
than to activate under expressing ones (at least among the genes exam-
ined here).

R? values were computed for the results shown in Figure 3a-c as they
provide a measure of how closely the data points match the linear
regression shown. Although the values support the regression slopes
shown, they are modest in all three cases (range: 0.03-0.41). The modest
values are interpreted to indicate that promoter/enhancers are not the
only things that influence the expression level of the genes examined.
Other influencing factors that do not correlate with promoter/enhancer
length would be expected to obscure the relationship involving pro-
moter/enhancers and contribute to the observed departure of data points
from the regression line.

3.2.3. Control with randomized promoter/enhancer length values

As described above, a control experiment was performed with the low
expression gene population. Promoter/enhancer lengths were associated
at random with gene expression values and randomized data pairs were
plotted in the same way as authentic length observations (Figure 3d). The
result demonstrated little dependence of gene expression on promoter/
enhancer length in the randomized dataset, a result that supports the
view that a positive relationship exists in the case of the authentic values.

3.3. Thyroid genes

Analysis of 38 thyroid promoter/enhancer-containing genes was
similar to that carried out with liver genes. Thyroid genes were separated
into weakly and strongly expressed groups containing 31 and 7 genes,
respectively (Figure 1b). For each group, gene expression values were
plotted against promoter/enhancer length and a regression line was
computed. Slopes of the regression lines were found to be positive in the
case of low expression genes a negative with the highly expressed ones
(Figure 5a and 5b). As in the case of liver genes, the results are inter-
preted to support the view that transcription factors bound to thyroid
promoter/enhancer sequences have the potential to be involved in a
feedback loop that maintains gene expression within a circumscribed
range.

The same control study described above for liver genes was also
carried out with thyroid. Gene expression values were randomized with
respect to the promoter/enhancer lengths and the results were plotted as
a function of promoter/enhancer length. A negative slope was observed
in contrast to the positive slope expected and observed with the
unrandomized input data (Figure 5c¢). The results support the view that
the authentic data (Figure 5a) did not produce an outcome that could
have arisen from random input information.

The range of slope values for thyroid genes contrasts with the much
higher range observed with liver (i.e. 0.4 to -9.4 x 1073 for thyroid
compared with 0.5 to -102.5 x 10~3 RPKM/bp for liver). It is suggested
that this difference in range of slope values may be related to the
generally higher expression levels of liver genes compared to thyroid
(compare Figure 1a and 1b). The higher level of liver gene expression
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may require a greater input from transcription factors to control its level
of synthesis.

4. Discussion and conclusions
4.1. Feedback loop

For a transcription factor to be able to function in a feedback loop as
described here, it is of central importance that the factor be able to
activate or suppress gene expression in a context-dependent manner.
While a transcription factor or other regulatory element only able to
activate or only suppress its target gene might be able to establish a level
of expression well suited for one set of conditions, it would not be able to
respond to change due to unexpected factors such as mutation in the
genome or environmental conditions. With the ability to maintain its
level of expression in a wider range, a gene would acquire a degree of
protection against things that could go wrong. In view of the value such
protection might provide, it is not at all surprising to find feedback in the
human genome. In fact, it is attractive to speculate that such feedback
loops might be widespread in the genomes of humans and other species.
Figure 6 shows a graphical representation of the proposed feedback loop
controlling gene expression.

It is a strength of the feedback loop mechanism proposed here that
many transcription factors have been demonstrated to activate or sup-
press transcription depending on the molecular context. Among the best
known is the glucocorticoid receptor (GR). Its ability to activate or
repress gene expression can depend on a variety of context factors
including hormone binding, receptor dimerization and receptor binding
to other proteins [2, 3, 6, 7]. Other transcription factors in which binding
to a modification protein can alter gene activation/repression include
thyroid transcription factor 1, a bacterial transcription factor (AggR) and
certain bHLH transcription factors [1, 8, 9]. Unusual cases have been
reported in which an intramolecular rearrangement of the transcription
factor protein itself can influence whether the factor is activating or
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genes as expected in a feedback loop.
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Feedback of Gene Expression on Promoter/Enhancer Function
in Human Thyroid Genes
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enhancer length in the low expression group, but negatively in the high group.

repressing [10, 11]. Interactions between different transcription factors
have also been reported to influence activation versus suppression [12].

Although it is well documented that some transcription factors can
activate or suppress gene expression in a context dependent manner, it is
likely that many cannot. Thus, for flexible transcription factors to func-
tion in a feedback loop as proposed here, they would need to be able to
act in an environment of non-flexible ones. Studies with model systems
have the potential to clarify this issue, but the required studies have not
yet been done. In the meantime, I suggest two possibilities: (1) as only
flexible transcription factors are able to sense the current level of gene
expression, their activity may predominate over that of non-flexible
transcription factors; and (2) promoter and enhancer regions may be
enriched in the presence of binding sites for flexible compared to non-
flexible transcription factors.

Operation of a feedback loop as described here depends critically on
the ability of the transcription machinery to sense the current level of a
gene's transcription. Without that information, promoter/enhancers
would not be able to adjust the transcription rate in the appropriate di-
rection. The studies with liver and thyroid genes reported here indicate
that the required sensing mechanisms must exist, but there is no sug-
gestion regarding the details of the sensing mechanism or what features
of the transcription process may be sensed. There is no shortage, how-
ever, of possible processes that could be sensed. Anything that would
suffice as an overall measure of the transcription rate would be

appropriate. Possibilities include open compared to closed chromatin,
epigenetic marks such as histone acetylation or methylation, un-
methylated CpG islands, the density of RNA polymerase molecules
along a gene and others [13, 14, 15, 16]. The results reported here
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Figure 6. Graphical representation of the proposed feedback loop to control
human gene expression. Note that a transcription factor is proposed to activate
gene expression when expression is sensed to be too low (red squares) and
suppress transcription when expression is sensed to be too high (red triangles).
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suggest tests of such possibilities may be a productive area of future
research.

As some genes lack annotated promoter/enhancers entirely (see for
example Supplementary Tables 1 and 2), it is reasonable to ask how such
genes could have feedback loops of the type described here. Two possi-
bilities suggest themselves: (1) candidate genes may have promoter/
enhancers that are not identified by current methods for promoter/
enhancer detection; (2) some genes may not require feedback control of
their expression level. For instance, a gene on/gene off only mechanism
may be sufficient for the role of such a gene.

4.2. Experimental design

The experimental design employed here is a demanding one. To
support the existence of a feedback loop, the slope of the expression vs.
promoter/enhancer length curve needs to be positive with weakly
expressed genes and negative with highly expressed ones as observed
here. Any other result would invalidate the hypothesis. For example, lack
of a dependence of gene expression on promoter/enhancer length would
be produced by transcription factors that only activate or only suppress
their target gene expression. Such an outcome would not support the idea
of feedback. Similarly, the idea of feedback would be invalidated by
expression curves with slopes that are opposite from the ones reported
here. For instance, further activation of genes already expressed at a high
level would be expected to be useful in only a restricted number of genes.

Operation of a feedback loop as described here provides some
important advantages for regulation of gene expression. Instead of
specifying only an expression level, a feedback loop specifies a range of
levels and also a mechanism for keeping expression within that range.
This “guardrail” function is expected to contribute to keeping the level of
a gene's expression from becoming toxic.

The experimental results reported here demonstrate that feedback
loops can be detected despite the extended length of promoter/enhancer
regions employed. Control regions used for the analyses described here
were tens of thousands of base pairs in some cases. As such long control
regions would provide the genome with a level of protection against
mutagenic change, it would be of interest in the future to know how
much of this length may be required or tolerated.
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