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Apoptosis- and proliferation-effector genes are substantially regulated by the same transactivators, with E2F-1 and
Oct-1 being notable examples. The larger proliferation-effector genes have more binding sites for the transactivators
that regulate both sets of genes, and proliferation-effector genes have more regions of active chromatin, i.e, DNase I
hypersensitive and histone 3, lysine-4 trimethylation sites. Thus, the size differences between the 2 classes of genes
suggest a transcriptional regulation paradigm whereby the accumulation of transcription factors that regulate both sets
of genes, merely as an aspect of stochastic behavior, accumulate first on the larger proliferation-effector gene “traps,”
and then accumulate on the apoptosis effector genes, thereby effecting sequential activation of the 2 different gene
sets. As IRF-1 and p53 levels increase, tumor suppressor proteins are first activated, followed by the activation of
apoptosis-effector genes, for example during S-phase pausing for DNA repair. Tumor suppressor genes are larger than
apoptosis-effector genes and have more IRF-1 and p53 binding sites, thereby likewise suggesting a paradigm for
transcription sequencing based on stochastic interactions of transcription factors with different gene classes. In this
report, using the ENCODE database, we determined that tumor suppressor genes have a greater number of open
chromatin regions and histone 3 lysine-4 trimethylation sites, consistent with the idea that a larger gene size can
facilitate earlier transcriptional activation via the inclusion of more transactivator binding sites.

Introduction

Several studies have noted that apoptosis-effector genes are
relatively small, with early work suggesting that small size repre-
sented a small target for DNA damage.1 Thus, apoptosis genes
would be less likely to be damaged under circumstances that
would require apoptosis. Apoptosis-effector genes are, on aver-
age, smaller than proliferation-effector genes.2,3 This contrast in
gene size led to the hypothesis that the extra gene “space” could
have a functional relevance and be populated by more transcrip-
tion factor binding sites, which is indeed the case.2,3 This knowl-
edge provided a key insight into a novel paradigm for explaining
a long-time conundrum, how a molecular-logic dictates that
both proliferation genes and apoptosis-effector genes could be
regulated by the same set of transcription factors.

The dichotomous effects of shared transcription factors have
been dramatic in several experimental models. For example,
E2F-1 knockout mice, as observed decades ago, have tumors,4-6

despite the fact that E2F-1 clearly stimulates the transcription of
many genes required for progression through S-phase, such as
the dehydrofolate reductase and histone genes.7,8 The E2F-1
knock out mouse results are consistent with retinoblastoma pro-
tein (Rb) mediated inhibition of apoptosis,9 as Rb also inhibits
E2F-1 function as a transcriptional activator.10 NF-kappaB is
important for S-phase in the Hodgkin’s disease, Reed-Sternbeg
cells11,12 but leads to apoptosis in the closely related anaplastic
lymphoma blast cells.13,14 Recently, we reported the pro-prolifer-
ative effects of low levels of IFN-g, and the pro-apoptotic effects
of high levels of IFN-g, with both phenomena demonstrating an
Oct-1 dependence,15 consistent with a feed-forward mechanism
of apoptosis, which would be dictated by the distinct sizes of the
proliferation- and apoptosis-effector genes coupled with a sto-
chastic aspect to the loading of Oct-1 on different classes of
genes.

Thus, in previous reports, we have determined that prolifera-
tion-effector genes have more open chromatin regions, and more
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regions with histone 3 (H3) lysine-4 (K04) pro-transcription, tri-
methylation sites, than do apoptosis-effector genes,2,3 again con-
sistent with the idea that a larger gene size provides for more
functionality, and in particular, represents a larger trap for tran-
scriptional activators.

We have noted that both IRF-1 and p53 activate both tumor
suppressor and apoptosis-effector genes; and have noted that
tumor suppressor genes are larger and contain more of these tran-
scriptional activator binding sites than do apoptosis-effector
genes.2 The average size of the tumor suppressor genes used in
ref.2 for that determination is 114,360 base pairs, while the aver-
age size of the apoptosis-effector genes used in that analysis is
31,256 base pairs. These data are also consistent with a feed for-
ward mechanism, whereby increases in IRF-1 and p53 that
accompany the halting of S-phase, for DNA repair, can eventu-
ally lead to apoptosis via “over-accumulation” and eventual
population of apoptosis-effector genes.

In this report, we show that the larger tumor suppressor genes
have more regions of active chromatin than the smaller apoptosis
genes, as indicated by regions of open chromatin and H3 K04
trimethylation.

Results

We obtained the number and intensity of the DNase I HS
sites from the ENCODE database, for multiple cell lines, for a
set of tumor suppressor and apoptosis-effector genes (Garcia et al
SOM gene list). These data were plotted as the average number
regions per gene as a function of a minimum, average signal
intensity for each of the sets, respectively (Methods, SOM). That
is, as the average signal intensities for the gene-sets, respectively,
increase in value along the X-axis, the average number of sites per
gene decreases until genes have zero sites at the higher signal
intensities and therefore drop out of the plot. These data and the
plots are present in the SOM for all cell lines from ENCODE
for which the analysis could be performed. An example result is

Figure 1. Average number of open chromatin regions within tumor sup-
pressor and apoptosis-effector genes as a function of the minimum aver-
age signal intensity for each gene set. The T47D cell line is shown as an
example. As the minimum average signal intensity increases, genes are
removed from the calculation of the average number of open chromatin
regions. The Perl (version 5) code for this analysis is in the SOM of refs2,3.
The outputted Excel files for all ENCODE cell lines available for this analy-
sis are in the SOM.

Figure 2. Average number of open chromatin regions within tumor sup-
pressor and apoptosis-effector genes, and within 5000 bp on either side,
as a function of the minimum, average signal intensity for each gene set.
The T47D cell line is shown as an example.
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shown in Figure 1A, i.e., for the T47D cell line, with a difference
plot shown in Figure 1B.

The results for Fig. 1A and B represent DNAse I HS sites
within the genes represented by the 2 gene sets. In the case of
T47D, the tumor suppressor genes have, on average, more
DNase I HS sites within the genes at the lower signal intensities.
The same result holds true when the DNase I HS sites within
5000 base pairs on either side of the each of the genes, in both
sets, are included in the analyses (Fig. 2A, B). The Student’s
t-test p-values for the low-level signals, for Figs. 1 and 2 and for
Figs. 3 and 4, are in Table 1.

To determine whether there was a similar indication of more
active chromatin regions, per gene, among the tumor suppressor
gene set, using a different approach, we determined the average
number of H3 K04me3 regions, as a function of minimum aver-
age signal intensity, for the tumor suppressor and apoptosis-effec-
tor gene sets. Results indicated that indeed, a greater number of
H3 K04me3 methylation regions were present in the tumor sup-
pressor gene sets (Fig. 3A–D, as one example cell line; SOM).
This result also held true when 5000 bp on either side of each
gene was included in the analyses (Fig. 4A–D, as one example
cell line; SOM).

To provide an indication of the overall trend for all ENCODE
cell lines analyzed, the minimum signal intensity and moderate
signal intensity results for the DNase I HS sites, for the entire col-
lection of difference plots, representing the difference in signal
intensities for the tumor suppressor gene and apoptosis-effector
gene sets, were plotted as histograms (SOM: Garcia et al chroma-
tin histograms, Figs. 5 and 6). For the data representing both the
DNase I HS sites within genes, and the DNase I HS sites within
genes and within 5000 bp on either side of the gene, there is an
indication that the majority of cell lines available for this analysis
have more DNase I HS sites per tumor suppressor gene that per

Figure 3. Average number of H3 K04me3 regions within tumor suppressor and apoptosis-effector genes as a function of the minimum average signal
intensity for each gene set. The A549 cell line is shown as an example.

Table 1. Student’s t-test p-values for Figs. 1–4, for minimum signal inten-
sity values below 1.0, in each plot. (NSD not significant; p-value calculations
are present in the Excel files, represented by each figure, in the SOM)

Figure p-value

1A 9.30 E-08
2A 2.43 E-12
3A 0.026
3C NS
4A 3.66 E-09
4C 0.0002
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apoptosis-effector gene, regardless of whether the DNase HS sites
are tabulated solely within genes (Fig. 5A, B) or within genes
plus 5000 bp on either side of the genes (Fig. 5C, D).

We next performed an analogous tabulation of the H3
K04me3 data, with results indicating that the majority of
ENCODE cell lines available for this analysis trended toward
more H3 K04me3 sites per gene among the tumor suppressor
gene set.

Discussion

Overall, the above data are consistent with the conclusion
that, on average, the tumor suppressor genes in the indicated set
have more active chromatin regions than do the apoptosis-effec-
tor genes, for the data available from the ENCODE dataset, par-
ticularly for the lower and moderate signal intensities for these 2
chromatin parameters. As noted previously, the average size of
the largest, primary transcripts for the tumor suppressor genes
used in the above analyses is about 3.7 times the average size of
the largest primary transcripts for the apoptosis-effector genes.

Also as noted previously, the tumor suppressor genes have more
IRF-1 and p53 binding sites than do the apoptosis-effector genes.
While the regions of active chromatin above are not aligned with
any particular transcriptional activator binding sites, it is clear
that, in the case of the gene sets indicated, a large gene size corre-
lates with more regions of active chromatin, i.e., more functional
regions. Because these extra regions, in the longer genes, are most
obvious at the lower signal intensities, it is possible that these
extra regions essentially function as “feeder regions” for more
extensive, assembled, pro-transcription chromatin complexes.
Alternatively, a similar result may hold for chromatin regions
with greater intensity but the analyses presented may not be suffi-
cient to make this determination.

The above data raise the question, does a long gene size repre-
sent a larger, potential trap for transcriptional activators, where
the gene is accessible to transcriptional activators, i.e., not in a
globally, heterochromatic state? And if so, does gene size dictate a
process of sequential activation, whereby large transcriptional
activator traps are transcribed before small traps, when genes are
competing for the same transcription factors? As noted above,
there are numerous examples of transcription factors that activate

Figure 4. Average number of H3 K04me3 regions within tumor suppressor and apoptosis-effector genes, and within 5000 bp on either side, as a function
of the minimum average signal intensity for each gene set. The A549 cell line is shown as an example.
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both proliferation- and apoptosis-effector genes whereby a feed
forward mechanism of apoptosis, dependent on very high levels
of these shared transcriptional activators has been indicated. Sev-
eral examples, include over-activation of the T-cell receptor in
deletion of self-reactive T-cells;16 high level IFN-g treatments;9

and even high-dose estrogen therapy used at one time for breast
cancer treatments.17 However, in the case of a transition from
cell cycle arrest, the data regarding basic phenomena is sparse.
The data in this report thus justify more specific questions
regarding both the basic phenomena and a possible mechanistic
feature of transitioning from cell cycle arrest to apoptosis, namely
a temporal gradient of increase of transcription factors that acti-
vate cell cycle arrest and apoptosis genes.

Methods

The approaches used in this article have been extensively
described in refs.2,3. In addition, the supporting online material
(SOM) for refs.2,3 has original, Perl (version 5) script used for
mining the ENCODE database. In refs.,2,3 the open chromatin
region and H3 K04me3 assessments were done with prolifera-
tion- and apoptosis-effector genes. In this report, the tumor

suppressor genes2 (SOM) were substituted for the proliferation-
effector genes.

The SOM for this article contains the output for the mining
of the ENCODE databases, (using the above referenced com-
puter script) in Excel files. To verify the output of the
ENCODE data-mining for one case, the following steps can be
performed: (i) Note the data of Fig. 3C (in this article), “H3
K04me3 modifications within genes (A549, Rep 2);” (ii) open
the Excel file for Fig. 3, A549, Rep 2, attached to the PDF for
“Garcia et al SOM for article Fig 3;” (iii) note column I, enti-
tled “Tsupp Genes,” which represents the number of genes
remaining in the plot as the minimum signal intensity increases
along the X axis in Fig. 3C; (iv) on line 75 of the Excel file,
one tumor suppressor gene remains in the plot, with a “Tsupp
Avg Sig” (column F) of 8.3859629853369; (v) copy and paste
this number into the “Find” function of the SOM Excel file,
“A549 whole genome H3K04me3 Rep 2 output (example);”
the Find function will thus locate line 6244 of the Excel file;
(vi) copy and paste the transcript identifier of line 6244
(uc002itj.3) into the search field of the Genome Browser at
genome.ucsd.edu, locating the NME1-NME2 primary tran-
script; (vii) Under “Regulation,” click on “ENC histone,” toggle
the Genome Browser functions to display “Histone

Figure 5. Histogram tally of the differences between the average number of open chromatin regions for tumor suppressor and apoptosis-effector genes.
These values were taken from the J2 and J52 cells of the Excel files, present in the SOM, representing each available ENCODE cell line. For further details,
see Methods.
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Modifications by ChIP-seq from ENCODE/University of
Washington” and the A549 (Tier 2) cell line, for H3K04me3;
(viii) note the display for “Sg 2” in the PDF labeled “Garcia
et al SOM Fig S1,” which is a replica of the Genome Browser
display; (ix) note the 8 gray boxes for this display, and verify
the count of 8 “regions” under “Tsupp Avg Reg” (column G)
in the SOM Excel file, “H3 K04me3 modifications within genes
(A549, Rep 2)” (Note: column G represents the Y axis of the
plot of Fig. 3C in the article; thus at the point in the X-axis of
Fig. 3C where one gene remains, the Y-axis indicates a value of
“8,” representing number of H3 K04me3 regions for that, sin-
gle gene remaining in the plot); (x) click on each of the 8 gray
boxes, in the live Genome Browser web page, representing 8
regions of H3K04me3 modification (the resulting web page will
indicate the signal value and size in base pairs for each of the 8
regions); locate these signal values in the PDF, “Garcia et al
SOM Table S1;” (xi) follow the column headings of Table S1
for the process of establishing an average signal value for each
gene. This gene-specific, average value is used to determine
whether a gene should be dropped from the plot as the X-axis
value increases.

To generate Figs. 5 and 6, the values the representing the
average number of open chromatin (Fig. 5) or H3 K04me3

(Fig. 6) regions per gene, in each set, at the lowest possible signal
value level were collected for all ENCODE cell lines used in the
indicated analyses, using a previously described macro.3 These
values are located in cell J2 in every Excel file attached to
the PDFs entitled “Garcia et al. SOM for article Figs. 1–4”
(there are 4 separate PDFs, one for each figure, 1–4.) In addition,
the analogous values were collected from cell J52 in the same set
of Excel files. The J52 values represent the average number of
open chromatin (Fig. 5) or H3 K04me3 (Fig. 6) regions per
gene, in each set, at the moderate (middle) signal intensity value
level. The values for all of the J2 and J52 cells from all of the indi-
cated Excel files are collected in the Excel file entitled “Garcia
et al chromatin histograms Figs. 5, 6” that is attached to a PDF
of the same name. The final number of ENCODE cell lines
available for each analyses (open chromatin and H3 K04me3;
i.e., the Figs. 1–4 analyses) is due to various technical matters
regarding the ENCODE database or the processing steps in the
code.2,3 There was no pre-selection of cell lines or data in the
course of generating Figs. 5 and 6.

Disclosure of Potential Conflicts of Interest
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Figure 6. Histogram tally of the differences between the average number of H3 K04me3 regions for tumor suppressor and apoptosis-effector genes.
These values were taken from the J2 and J52 cells of the Excel files, present in the SOM, representing each available ENCODE cell line.
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