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ABSTRACT

Control of gene expression is now recognized as a central issue in the field of molecular
biology. We now know the sequences of many genomes including that of the human
genome, and we know the nature of many pathways involved in control of gene expression.
It remains difficult, however, to look at the DNA sequences surrounding a particular gene
and tell which methods of regulatory control are in use. | have been pursuing the idea that
progress might be made by comparing the regulatory regions of paired gene populations in
which one population is strongly expressed and the other weakly. Here | report the results
obtained with human genes encoding transcription factors (TF). In this population, broadly
expressed genes are strongly expressed while tissue targeted TF expression is suppressed
in most tissues. The results demonstrated that the promoter region of broadly expressed
TF genes is enriched in binding sites for POLR2A, a component of RNA polymerase Il
while promoters of tissue targeted genes are enriched in EZH2, a subunit of polycomb
repressive complex 2 (PRC2). It was rare to observe promoters with binding sites for both
POLR2A and EZH2. The findings are interpreted to indicate that strong expression of
broadly expressed TF genes is due to the presence of RNA polymerase Il at the promoter
while weak expression of tissue targeted promoters results from the presence of PRC2.
Finally, transcription factor families were compared in the proportion of broadly expressed
and tissue targeted genes they contain. The results demonstrated that most families
possess both broadly expressed and tissue targeted members. For instance, this was the
case with 16 of 20 TF families examined. The results are interpreted to indicate that while
individual TFs such as EZH2 may be specific for broadly expressed or tissue targeted

genes, this is not a property of most TF families.
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Highlights

1. Human transcription factor (TF) genes were noted to be broadly expressed or tissue
targeted depending on their breadth of tissue expression.

2. The results of ChlP-seq experiments were used to characterize the promoter regions
of broadly expressed and tissue targeted TF genes.

3. The results demonstrated that the promoters of broadly expressed TF genes are
enriched in binding sites for RNA polymerase Il (pol Il) but lack sites for polycomb
repressive complex 2 (PRC2) while tissue targeted promoters are the reverse. These
have prominent binding sites for PRC2 but are depleted in pol Il sites.

4. The results are interpreted to indicate that PRC2 complexes suppress TF expression

in tissues where expression is not required.
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85 1. Introduction
86  Studies on the control of gene expression have benefitted from recent advances in DNA
87 sequencing and from identification of biochemical systems that result in up- or down-
88  regulation of transcription. Whole genome sequences are now available for a wide
89  variety of organisms including humans, and well-characterized elements of regulatory
90 control include promoters, epigenetic signaling, CpG islands, structured chromosome
91  domains, mMRNA splicing and many others [1-4]. In view of the variety of regulatory
92  pathways found in higher vertebrates, it is unreasonable to assume that there is an
93  overall regulatory system that applies to all genes. More likely is the idea that distinct
94  regulatory regimes apply to distinct gene populations with the effects of individual
95 regulatory regimes integrated to create the overall developmental program observed.
96
97 Considering the environment of regulatory studies described above, | have adopted the
98 strategy of comparing the regulatory elements of two populations of related genes that
99 differ in their level of expression. The idea is that such a comparison might lead to
100 information about the identity of the regulatory features involved.
101
102  Here | describe the results of a study focused on the genes encoding human
103  transcription factors (TF). Beginning with a database of nearly all TF genes, the genes
104  were divided into two pools depending on whether they are broadly expressed, or tissue
105 targeted. This distinction is relevant to the present study because nearly all broadly
106  expressed TF genes are transcribed while most tissue targeted TF genes are not.

107  Unexpressed tissue targeted TF genes are those present in tissues not targeted by the
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108 TF gene (e.g. brain specific TF genes in the liver). The study described here compares
109  the transcription factor binding sites present in the promoter region of broadly expressed
110  and tissue targeted human TF genes.

111

112 The results are interpreted to support the view that polycomb repressive complex 2

113  (PRC2) plays a central role in regulating the expression of human TF genes. PRC are
114  multi-subunit molecular complexes able to bind the promoter region of a target gene
115  and suppress the gene’s expression [5-6]. First discovered in Drosophila in 1947 [7],
116  PRC functions have been actively studied ever since. PRC or components of PRC are
117  found in all metazoans and in some more primitive species including fungi. Two forms of
118  PRC complex are known, PRC1 and PRC2, and both can introduce covalent

119  modifications into the histone components of chromatin. PRC1 ubiquitinates H2 at

120  lysinel119 [8] while PRC2 methylates H3 at lysine27 [9-12]. PRC1 and PRC2 are

121 thought to function together to repress gene expression and/or to report on the

122 expression due to other control factors.

123

124 2. Materials and methods

125 2.1 Gene databases

126  2.1.1 All human transcription factor genes (Supplementary Table 1; 1020 genes)

127  This database was derived from the list of Vaquerizas et al. [13] with a modification

128 involving zinc finger transcription factor genes. ZNF genes were examined individually
129  using GeneCards and NCBI Gene. A ZNF gene was retained in the database only if its

130  role as a transcription factor was supported by an experimental study.
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131

132 2.1.2 Sample of all human genes (SupplementaryTable 2, 183 genes)

133 A sample of all human protein coding genes was accumulated to serve as a control for
134  analysis of transcription factor genes. Included genes began with ACO1 and proceeded
135  rightward on chromosome 9 for a total of 183 genes.

136

137  2.1.3 Sample of testis-specific genes (Supplementary Table 3, 204 genes)

138  This database was curated by Brown [14].

139

140  2.1.4 Sample of all human, broadly expressed genes (Supplementary Table 4, 1125
141  genes)

142  This database contains genes that are broadly expressed (i.e. “housekeeping” genes) in
143 both human and mouse genomes as curated by Hounkpe et al. [15].

144

145  2.1.5 All database transcription factor genes also present in the broadly expressed gene
146  database (Supplementary Table 5, 36 genes)

147  This list contains the names of the genes shown in aggregated form in the Results

148  section.

149

150  2.1.6. All database transcription factor genes also present in the tissue targeted gene
151 database (Supplementary Table 6, 112 genes)

152  This list contains the names of the genes shown in aggregated form in the Results

153  section.
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154

155  2.1.7 Database of all human transcription factor genes showing predominant structural
156  features present in the TF protein (Supplementary Table 7, 1020 genes)

157  Structural element annotations were obtained from GeneCards and NCBI Gene.

158

159  2.1.8 Database of 2413 tissue targeted human genes. This database was used

160  unaltered from Brown [16].

161

162 2.2 RNA-seq and ChlP-seq results for transcription factor and control genes

163  Transcription levels for all genes reported here were obtained from the NIH GTEx RNA-
164  seq results as reported in the UCSC Genome Browser (version hg38

165  (https://genome.ucsc.edu/)). A gene was annotated as “broadly expressed” (B) if it was
166  found to be expressed in 90% or more of the 52 tissues reported by GTEx. Otherwise,
167  the gene was annotated as “tissue targeted” (T). Borderline genes were rare. They are
168 indicated by B/T or T/B depending on the category they most resemble.

169

170  Transcription factor binding sites in the promoter region of transcription factor genes
171 were derived from ChIP-seq studies reported in the ENCODE project (3 November

172 2018 version by way of the UCSC Genome Browser). Only binding sites in the promoter
173  region are reported here; sites in non-promoter regions were ignored. Special attention
174  was paid to binding sites for POLR2A and for EZH2 as most transcription factor

175  promoters were found to be positive for one or the other but not both (see Results

176  section). A promoter was annotated to be positive for POLR2A if a POLR2A site was
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177  identified in 50% or more of the experimental studies reported by ENCODE. The same
178  criterion was employed for EZH2 sites.

179

180 2.3 Transcription factor families and protein structural features

181  These were derived from GeneCards (https://www.genecards.org) and from NCBI Gene

182  (https://www.ncbi.nlm.nih.gov).

183

184 2.4 Data handling

185  Data were manipulated with Excel and rendered graphically with SigmaPlot v14.5 or
186  Adobe lllustrator.

187

188 3. Results

189 3.1 Broadly expressed and tissue targeted human TF genes

190  The project was carried out beginning with a database of 1020 human transcription

191 factor genes (Supplementary Table 1). The database was that of Vaquerizas et al. [13]
192  with the modifications described in Materials and Methods. Each gene was classified as
193  either broadly expressed or tissue targeted using information about its tissue expression
194  in the RNA-seq results reported by GTEXx via the UCSC Genome Browser

195  (https://genome.ucsc.edu/). Of the 1020 database genes, 588 (58%) were classified as

196  broadly expressed and 423 (41%) as tissue targeted (Fig. 1). Nine genes could not be
197 classified. For comparison with the TF gene classification, the same classification was
198 performed with 183 unselected human protein coding genes (Supplementary Table 2).

199  Here the results showed 77% broadly expressed genes and 23% tissue targeted (Fig.
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200 1) demonstrating that the TF genes have a higher proportion of tissue targeted than the
201  unselected gene population (41% vs 23%). This result is interpreted to reflect the fact
202  that as more transcription factors affect specific tissues compared to an unselected

203 gene population, more tissue targeted transcription factors might be expected.

204

205 3.2 TF binding sites in the promoter region of TF genes

206  TF factor binding sites were compared in broadly expressed and tissue targeted TF

207 genes since it is expected that the two populations differ in their expression. Broadly
208 expressed TF genes are expected to be expressed in all tissues while tissue targeted
209 TF genes are expressed in their targeted tissue(s) but suppressed in all others. It was
210  hoped that comparing TF binding sites in the two populations might yield information
211 about the cause of the distinct expression levels.

212

213 TF binding sites were identified using ChlP-seq results available from ENCODE.

214 ldentified sites in graphical form were examined visually in the UCSC Genome Browser.
215  Images revealed that binding sites for POLR2A and EZH2 were asymmetrically

216  distributed in broadly expressed compared to tissue targeted TF gene promoters. For
217  instance, among 594 broadly expressed TF genes, 538 (91%) had one or more

218  POLRZ2A binding sites in the promoter while among 426 tissue targeted TF genes, 303
219  (71%) had binding sites for EZH2 (Fig. 2a). It was rare to find EZH2 binding sites in

220 broadly expressed gene promoters (8%) or POLR2A in tissue targeted genes (19%; see

221 Fig. 2a). It was also rare to find TF gene promoters that lacked both POLR2A and

10
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222  EZH2. Of the 1020 genes examined, only 53 (5%) lacked binding sites for both (Fig.
223 2a).

224

225 3.3 Control: POLR2A and EZH2 in the promoters of unselected human protein coding
226  genes

227  As a control, an experiment was performed to test whether the asymmetry observed
228  between POLR2A and EZHZ2 in the promoter region of TF genes would also be

229  observed in an unselected population of human protein coding genes. Is asymmetry
230 observed only in TF genes, or does it exist more widely? To test the idea, the

231  experiment described above was repeated beginning with an unselected population of
232 human protein coding genes rather than with TF genes only (Supplementary Table 2).
233 The results showed that among 141 unselected, broadly expressed genes, 128 (91%)
234  had POLR2A in the promoter while 8 (6%) had EZH2, a result comparable to the TF
235 gene population. In contrast, in the tissue targeted population the results were 45% and
236 47% for POLR2A and EZH2, respectively, a result quite different from the TF genes
237  (Fig. 2b). The results are interpreted to support the view that the POLR2A/EZH?2

238 asymmetry is found in TF genes only and is not found in an unselected gene population.
239

240 3.4 Control: POLR2A and EZH2 in testis-specific genes

241 A further control study was carried out to examine POLR2A and EZH2 binding in the
242  promoters of a population of tissue targeted genes, a population of 204 testis-specific
243  genes (Supplementary Table 3). ChiP-seq results, as described above, were examined

244 in the promoter regions of the testis-specific genes. It was expected that EZH2 binding

11
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245  sites would be observed in a high proportion of genes if testis-specific genes were

246  regulated in the same way found for TF. Quite a different outcome was detected (Fig.
247  20).

248  Promoters of testis-specific genes were not found to be enriched in either POLR2A or
249 EZH2. Instead, the promoters had a mixture of transcription factor binding sites in which
250 no predominant species could be identified (see Supplementary Table 3). For instance,
251  of 195 testis-specific genes that yielded a result, 135 (69%) had neither a POLR2A nor
252  an EZH2 site. POLR2A and EZH2 were found in 22% and 9%, respectively (Fig. 2c).
253  The result is interpreted to indicate that while EZH2 binding sites are prevalent in the
254  promoters of tissue targeted TF genes, the same is not found in other populations of
255  tissue targeted genes.

256

257 3.5 Control: begin with tissue targeted rather than TF genes

258 A second control was done to test the prevalence of EZH2 selectively in the promoter of
259  tissue targeted TF genes. Instead of beginning with a database of transcription factor
260 genes, | started with a list of tissue targeted genes (Supplementary Table 3). Genes on
261  the tissue targeted list were then compared with those on the TF list, with the

262  expectation that genes on both lists would be TF genes with EZH2 in the promoter

263 region. The results showed that of 112 tissue targeted TF genes, 76 (68%) had one or
264 more EZH2 binding sites in the promoter while 36 (32%) did not (Fig. 3; Supplementary
265 Table 6). Conversely, when | started with a database of broadly expressed human

266  genes (Supplementary Table 4) and compared that with the TF genes, the expected

267  result was also obtained. Of 35 broadly expressed TF genes, all were found to have

12
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268 POLRZ2A in the promoter (Fig. 3; Supplementary Table 5). The results are interpreted to
269  support the view that most tissue targeted TF genes have EZH2 binding sites in the

270  promoter while broadly expressed TF genes have POLR2A.

271

272 3.6 Transcription factor families

273 The information above indicating that promoter binding sites for EZH2 are located

274  preferentially in tissue targeted TF genes raises the question of whether there may be
275  families of TFs whose members have a selectivity for controlling tissue targeted TF

276  genes only, or broadly expressed TF genes only. Could binding to tissue targeted

277  promoters be a property of a TF family and not only of an individual TF? To explore the
278  above question, | have identified TF families in the database employed here

279  (Supplementary Table 1) and characterized them according to the number of broadly
280 expressed compared to tissue targeted family genes. All results are shown in

281  Supplementary Table 7 with a sample of 20 families shown graphically in Fig. 4.

282

283  Of the 20 families the greatest number (16) contain both broadly expressed and tissue
284  targeted members. The remaining four families have members with only broadly

285 expressed (ATF and CREB) and only tissue targeted (NKX and PAX) genes. Members
286  of the largest family (ZNF; 109 genes) are predominantly broadly expressed genes (101
287  broadly expressed vs. 8 tissue targeted genes). Forkhead (FOX) and homeobox (HOX)
288  families have the highest number of tissue targeted genes (31 and 37, respectively; see
289  Fig. 4). The results support the conclusion that most human TF families contain both

290 broadly expressed and tissue targeted member genes.

13
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291

292 A similar study was carried out with TF genes grouped according to a prominent protein
293  structural feature. Each TF database gene was assigned to a structural group if one

294  could be identified, and the results were then summed for each group (Supplementary
295 Table 7). The outcome for 8 prominent structural features is shown in Fig. 5. Overall,
296 the results resemble those obtained with TF families. All 8 structure groups were found
297 to have members that bind the promoters of broadly expressed TF genes and others
298 that bind the promoters of tissue targeted TF genes (Fig. 5). No TF structural feature
299  could be associated with broadly expressed or tissue targeted expression only.

300

301 4. Discussion

302 4.1 Interpretation of POLR2A and EZH2 binding sites

303 The central observation reported here has to do with asymmetry observed in the

304 promoters of broadly expressed compared to tissue targeted human TF genes. Binding
305 sites for POLR2A were found in the promoters of broadly expressed TF genes while
306 EZH2 sites were found in tissue targeted ones. Little overlap was observed between the
307 two types of promoters. Most broadly expressed TF gene promoters had prominent

308 POLRZ2A binding sites, but few had sites for EZH2. In contrast, most tissue targeted TF
309 gene promoters had binding sites for EZH2, but few had comparable sites for POLR2A
310 (see Fig. 2a). The reported distribution appears to be selective for promoters of TF

311 genes. No comparable asymmetry was observed in the promoters of unselected human
312  protein coding genes nor in the promoters of human genes targeted specifically for

313  expression in testis (Figs. 2b and c).

14
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314

315 As POLR2A (Rpbl) is a prominent component of RNA polymerase Il [17, 18], the

316  results described above are interpreted to indicate that RNA polymerase Il is bound at
317 the promoter region of broadly expressed TF genes. Similarly, since EZH2 is a

318  prominent core component of polycomb repressive complex 2 (PRC2) the results

319 indicate that PRC2 is bound at the promoter region of tissue targeted TF genes. The
320 functions of RNA polymerase Il (pol II) and PRC2 are consistent with the expression
321  properties of the gene populations they are proposed to control. As pol Il is expected to
322  be permissive for transcription of all broadly expressed TF genes [5, 6], it is reasonable
323  to find pol Il binding sites in the promoters. As PRC2 is associated with repression of
324  gene expression, it is reasonable to find PRC2 binding sites in the promoters of a

325 repressed gene population. The above interpretation is shown graphically in Fig. 6.

326

327 4.2 Comparison to the role of PRC2 in human X-chromosome inactivation

328 PRC2 is well known for its role in suppressing all gene expression from one X

329 chromosome in human females. Targeted to one of the two X chromosomes by an

330 untranslated RNA (Xist), PRC complexes bind along the entire chromosome to silence
331 the genes permanently, creating the Barr body [19-21]. | suggest that permanent gene
332 repression by PRC2 complexes may be relevant to their role in suppression of tissue
333 targeted TF in the non-targeted tissues. Permanent rather than temporary repression of
334 non-targeted TF may well be the rule for most tissues [22].

335

15
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336 PRC2 deposition to create the Barr body differs in one significant way compared to

337 deposition at promoter regions as described here. Whereas PRC complexes coat an
338 entire X chromosome to form a Barr body, deposition sites are widely distributed in the
339 genome to suppress tissue targeted TF gene expression. Most tissue targeted TF

340 genes are expected to be separate sites of PRC2 deposition. This situation creates a
341  more formidable problem for targeting complexes at TF genes than it does with an

342  entire X chromosome, and the problem will need to be addressed in the future.

343

344 4.3 Experimental strategy

345  The experimental strategy employed here suggests itself as a way to make further

346  progress in understanding the control of gene expression. The idea is to identify two
347  populations of related genes that differ in their level of expression. The results of ChiP-
348  seq experiments as described here can then be used to compare TF binding sites in the
349  promoter regions of genes in the two populations with the goal of identifying sites that
350 affect regulation. Analysis could begin with any gene having tissue specific expression
351 as each such gene would have activating elements driving specific expression and also
352  suppressing elements for non-targeted tissues.

353

354 4.4 Families of human TF

355  Evidence that a TF can act specifically on a tissue targeted or a broadly expressed

356 gene as described here raises the possibility that such specificity might apply to TF
357 groups as well as to individual TFs. Could all members of a TF family, for instance, be

358  specialized to target only broadly expressed genes? Studies to address this issue

16
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359 generally supported the view that most TF groups contain members able to recognize
360 broadly expressed genes and others that recognize tissue targeted ones. Little evidence
361 was observed for broadly expressed/tissue targeted specificity among either TF families
362 or among TFs with the same protein structural motifs (Figs 4 and 5; Supplementary

363 Table 7). Despite the lack of overall specificity observed, some examples of selectivity
364  were noted. For instance, zinc finger TFs exhibited a strong preference for broadly

365 expressed TF genes while homeodomain TFs showed a preference for tissue targeted
366  genes (Fig. 4).

367

368 | suggest that future studies of gene regulatory control might benefit from a focus on TF
369  groups such as NKX and PAX in which all members have tissue targeted expression. It
370 is expected that the promoter regions of these genes will have binding sites for both

371  activating elements able to activate genes in the targeted tissue and repressive

372 elements for non-targeted tissues. Examination of the promoters in such genes might
373 faclilitate the identification of the features that influence gene expression.

374
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460 Figure Legends

461  Figure 1. Broadly expressed and tissue targeted genes among: database human

462  transcription factor genes (right); and a sample of all human protein coding genes (left).
463  Note that the proportion of tissue targeted genes is higher in the transcription factor
464  population.

465

466  Figure 2. POLR2A and EZH2 binding sites in the promoter regions of broadly

467 expressed and tissue targeted genes. Results are shown for (a) all database human
468 transcription factor genes; (b) an unselected population of human protein coding genes;
469 and (c) a sample of human testis-specific genes. Note that EZH2 binding sites

470  (indicative of PRC2 binding) are prominent in tissue targeted TF genes, but not in

471 broadly expressed TF genes (a), a mixed population of human protein coding genes (b)
472  orin testis-specific human genes (c).

473
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474  Figure 3. Results of control experiment to examine the presence of POLR2A binding
475  sites in the promoter region of TF found in a database of broadly expressed genes (left).
476 On the right is shown the results of a similar control in which the presence of EZH2

477  binding sites were noted in the promoter region of tissue targeted TF genes found in a
478  database of tissue targeted genes. Note that POLR2A binding sites (indicative of RNA
479  polymerase Il binding) were observed selectively in broadly expressed TF genes while
480 EZH2 sites (indicative of PRC2 binding) were predominant in tissue targeted TF genes.
481

482  Figure 4. Number of broadly expressed and tissue targeted TFs in selected TF families.
483  See Supplementary Table 7 for all results. Note that most families contain both broadly
484  expressed and tissue targeted TF genes. Families shown: ATF, activating TF; CREB,
485 cAMP response element binding TF; E2F, E2 factors; ETV, FGF-regulated TFs; FOX,
486  forkhead box; HOX, homeodomain; IRF, interferon-regulatory factor; KLF, Krippel-like
487  TF’s; LHX, LIM homeobox; NKX, NKX homeodomain box; NR, nuclear receptor TF’s;
488  PAX, paired homeobox; POU, Pit-Oct-Unc TF's; SP, SRY-related HMG box; SP, Sp;
489  TBX, T-box; TCF, TCF/LEF; ZBTB, ZBTB family; ZNF, zinc finger TF’s; ZSCAN, zinc
490 finger and scan domain TF'’s.

491

492  Figure 5. Number of broadly expressed and tissue targeted TFs in selected groups

493  sharing the indicated protein structural feature(s). See Supplementary Table 7 for all
494  results. Note that all structure groups contain both broadly expressed and tissue

495 targeted TF genes. Structural groups shown: bHLH, basic helix-loop-helix; bZIP, basic

496 leucine zipper domain; ETS, erythroblast transformation specific domain; Forkhead,
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497 forkhead box; Homeobox, homeobox sequence; NR, multiple structural domains; ZNF,
498  zinc finger domain; ZNF-BTB, zinc finger plus bric-a-brac motifs.

499

500 Figure 6. Graphical representation of the proposed regulation of human transcription
501 factor gene expression. PRC2 is suggested to repress TF expression in tissue targeted
502 TF's selectively in all non-targeted tissues.

503
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