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SUMMARY

How is Polycomb (Pc), a eukaryotic negative regulator of transcription, targeted to specific
mammalian genes? Our genome-wide analysis of the Pc mark H3K27me3 in murine cells that
revealed Pc is preferentially associated with CpG island promoters of genes that are transcribed at
a low level, and less so with promoters of genes that are either silent or more highly expressed.
Studies of the CpG island promoter of the Kifgene demonstrate that Pc is largely absent when the
gene is silent in myeloid cells as well as when the gene is highly expressed in mast cells.
Manipulations that increase transcription in the former case, and reduce it in the latter, increase Pc
occupancy. The average negative effect of Pc, we infer, is about two-fold. We suggest possible
biological roles for such negative effects and propose a mechanism by which Pc might be recruited
to weakly transcribed genes.

eTOC

Berrozpe et al. assayed occupancy of the polycomb mark H3K27me3 genome-wide and at a
specific gene (K7f) when transcribed at different levels. They report that Polycomb is preferentially
recruited to genes expressed at a low level.
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INTRODUCTION

The murine Kitgene is expressed at high levels in mast cells thanks to activators functioning
at the mast Kitenhancer, but is silent in myeloid cells, which do not express some or all of
these activators. Previous studies suggest that spontaneous random nucleosome formation at
the promoter suffices to eliminate basal transcription that would otherwise occur in myeloid
cells (Berropze et al., 2013). This strategy — which does not require promoter-occluding
repressors to turn genes “off” - would ensure that different enhancers can work on the same
gene: if one enhancer is decommissioned by negative factors that inhibit or eliminate key
activators, the promoter remains free to be re-activated by another enhancer (Berrozpe et al.,
2006; Jing et al., 2008). This “alternative enhancer (activator)’ strategy could not hold for the
typical gene in bacteria. In that case, a specific DNA binding repressor — a protein that
occludes the promoter — is required to eliminate the inevitable basal transcription that would
otherwise occur in the absence of an activator. Such a repressor prevents activation by other
activators (Ptashne, 2014).

There are, however, negative factors in eukaryotes that apparently do not simply inhibit
activators. A salient example is the Pc protein complex found in many metazoans. PRC2,
one of the two major polycomb complexes, includes subunits EED, SUZ12, and the enzyme
EZH2 that confers a characteristic histone modification, H3K27me3 (Margueron and
Reinberg, 2011). PRC1, another component, has been suggested to bind modified
nucleosomes and help inhibit transcription (Simon and Kingston, 2009). The term “Pc” is
often used to describe the Drosophila polycomb complex, and PcG that found in other
organisms. Here we use simply “Pc” to refer to the histone mark and/or to the Pc protein
Suz12 as found in murine cells.

Polycomb is often referred to as a silencer of transcription, but its negative effects are
apparently weak. Thus, polycomb- silenced genes can be activated by moderately strong
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activators (Simon and Kingston, 2009; Vernimmen et al., 2011; Xu et al., 2015). To take
another illustration, although Pc is found at high levels associated with CpG island
promoters in mammalian ES and iPS cells, removal of PRC2 has a small or undetectable
effect on transcription in those cells (Chamberlain et al., 2008; Galonska et al., 2015; Leeb
et al., 2010; Pasini et al., 2007; Riising et al., 2014). In flies, Pc is recruited to DNA by
factors that bind PREs (Polycomb repressive elements), but mammalian genomes evidently
lack such elements (Pirrotta 1997). It has been suggested that in mammals targeting of Pc is
effected by binding to nascent MRNA (Davidovich et al., 2013; Kaneko et al., 2014; Rinn et
al., 2007; Tsai et al., 2010; Wang and Chang, 2011) or, according to another scenario, that
PRC2 binds, directly or indirectly, to CpG-rich regions such as are found in many
mammalian promoters (Lynch et al., 2012; Mendenhall et al., 2010; Riising et al., 2014).

A Kitenhancer active in mast cells was first identified by deletion of a 7 Kb fragment lying
some 150 Kb upstream of the gene. That deletion greatly reduced production of the Kit
protein specifically in mast cells (Berrozpe 2006). We showed that this region bears sites at
which DNA-bound transcription factors Gatal and Gata2 have (separately) displaced
nucleosomes, with surrounding nucleosomes at each site bearing the modifications
H3K27Ac and H3K4mel. As has been found for many other enhancers, the region bears Pol
Il as well as Rad21, a protein believed to be important for DNA looping (Kagey et al., 2010;
Guo et al., 2012; Hadjur et al., 2009; Parelho et al., 2008; Phillips et al., 2009; Rubio et al.,
2008; Wendt et al., 2008). A chromosomal inversion that moves the enhancer much farther
upstream (2cM) reduces Kittranscription in mast cells about 100-fold. Rad21 is present at
both enhancer and promoter in wild type cells but only at the enhancer in the inversion
strain. None of these proteins/modifications is present at the corresponding region in
myeloid cells, consistent with the gene being inactive in those cells (Berrozpe et al., 2013).

In myeloid cells, the CpG island Kitpromoter bears randomly positioned nucleosomes that,
as expected from the promoter’s high GC content, occupy the promoter with high avidities
(Berrozpe et al., 2013, Wang et al., 2011). In WT mast cells one such promoter nucleosome
is replaced by the transcription complex, a change associated with turning the gene on. The
remaining promoter nucleosomes are phased (precisely positioned) in response to the barrier
erected by the bound transcription complex. In myeloid cells the region encompassing the
mast-cell enhancer, and the Kitpromoter, are both covered with nucleosomes that form
randomly but with lower avidities than at the promoter (Berrozpe et al., 2013).

Here we investigate the relationship between levels of transcription of genes and their
association with polycomb. A genome-wide analysis of murine mast cells suggests that Pc is
associated predominantly (but not exclusively) with genes that are being transcribed weakly,
rather than with genes that are being transcribed at higher or lower levels. These experiments
also support the notion that, on average, Pc has only a small negative effect on transcription.
We then focus specifically on the association of Pc with the murine Kitgene. Although Pc is
not found at K7tin WT mast cells, in which transcription is high, nor in myeloid cells in
which transcription is undetectable, Pc appears at this gene in the mast cell inversion strain
in which Kittranscription is low. Higher levels of Pc at the Kitgene are also evoked by
artificial manipulations that decrease Kittranscription in mast cells and, separately, increase
Kittranscription in myeloid cells. For the latter effect we used a CRISPR-derived activator,
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and found (unexpectedly), that its stimulatory effect required the action of 5-AZA-C. We
suggest possible roles for the small average negative effect of Pc, and a possible mechanism
for targeting of Pc.

RESULTS

Genome-Wide Assay

In order to compare transcription activity and polycomb occupancy, we measured levels of
Pol 1l (RNA polymerase I1) in gene bodies, and the Pc mark (H3K27me3) in associated CpG
island promoters, for some 10,000 annotated murine genes in primary murine mast cells.
The polymerase measurements extended from 2 Kb downstream of the CpG island to the
end of the gene, and so are likely to represent active transcription, not complicated by
possible polymerase pausing in the CpG island. As shown in Figure 1A, the Pc mark was
highest in promoters associated with genes bearing low to moderate levels of Pol I1. i.e.
genes bearing higher or lower levels of polymerase were less likely to bear the mark.

We extended the analysis by surveying the entire genome without regard to promoters or
gene bodies in contiguous non-overlapping 2 Kb fragments. Figure 1C shows that, again, the
Pc mark is most predominantly associated with DNA regions undergoing low to moderate
levels of transcription. Figure 1B and 1D show the number of genes, or of 2 Kb fragments,
at each level of Pol II. Thus, curiously, both experiments in Figure 1A and 1C indicate that
at genes that have little or no polymerase, and are therefore transcribed at a very low level if
at all, we see little or no H3K27me3. Rather, the results suggest that the Pc mark is most
commonly associated with genes that are being transcribed at a low level.

We also assayed CpG island promoters for a mark usually associated with promoter activity
(H3K4me3). We separated genes bearing a relatively high active promoter signal into two
groups, one of which also bore high levels of the Pc mark, and the other low levels of this Pc
mark. The distribution of the amounts of Pol I1 in these 2 groups of genes are plotted in
Figure 2C. The figure suggests that the genes bearing relatively high levels of Pc are
expressed, on average, at about a two-fold lower level than genes bearing lower levels of Pc.
This finding does not show that Pc works as a repressor, but if it does, the effect is on
average small, about two fold.

Figure 2B shows that most of the genes bearing low levels of Pc (light grey) fall into two
groups, one of which also bears high polymerase, the other little or no polymerase. Genes
bearing high levels of Pc (darker grey) are generally associated with levels of polymerase
intermediate between the extremes observed at genes with low polycomb. Figure 2A shows
the distribution of polymerase at all genes bearing a CpG island promoter.

We turn now to an examination of the relationship between transcription and polycomb
specifically at the murine K7t gene. We begin with a description of the Kitenhancer.

The Kit Enhancer and Kit expression

As analyzed using ChlP-Endo-Seq, the mast cell K7tenhancer extends over some 150 Kb,
and is centered roughly on the previously described mast K7tenhancer (Berrozpe 2013).
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These experiments confirmed the presence of the enhancer ‘peak’ previously detected by
ChIP-gPCR (Berrozpe et al 2013) and, in addition, revealed four additional peaks (Figure
3B). We also compared the enhancer found at its usual WT position with that in the
inversion strain (mast INV) in which it is moved far upstream. As shown, the extended
enhancer, like the one originally characterized, is identical (or nearly so) at its WT position
and at its new position upstream. The only obvious difference is that the latter lacks the
right-most peak, which lies on the proximal side of the inversion breakpoint (compare
Figure 3B and 3C).

As measured by ChIP-Endo-Seq, in WT mast cells the Kitgene bears a high level of Pol II,
but in WT myeloid cells there is little or no Pol Il in the gene (Figure 3A and 3B). As found
previously, the gene bears no indication of an active Kitenhancer in myeloid cells (Figure
3A). In the inversion strain (Figure 3C), there is a detectably higher level of Pol I relative to
the myeloid cells (Figure 3C and 3E). KitmRNA levels are some ten-fold higher in the mast
inversion strain than in myeloid cells (Figure 3D).

Polycomb at the Kit Gene

In WT murine ES cells, the Kitpromoter is associated with Pc (as assayed by the
H3K27me3 mark). The gene is expressed at a low level (some ca. 5% of that found in mast
cells). Consistent with the results of others cited in the Introduction, that level is increased
about 2-fold in an Eed™~ ES cell (Figure S3). The result is consistent with the notion that Pc
has only a small negative effect.

The mast inversion — that in which the Kizenhancer is moved far upstream of the gene -
strain provides a local perturbation that reduces Kittranscription some 100-fold below its
value in WT mast cells (Figure 3D). Two experimental methods were used to probe for Pc at
the Kitgene in this strain. First, a genome-wide ChIP-Endo-Seq experiment detected a peak
of the Pc mark at the promoter, with the mark extending (at a lower level) upstream and
downstream of the ATG (Figure 3C). This Pc mark was not found at K7zin either WT mast
nor in myeloid cells (Figure 3A, 3B). Second, ChIP-gPCR experiments detected signals for
both the Pc mark and the Pc subunit Suz12 at the K/t promoter in mast cells bearing the
inversion (Figure 3G and 3H, bluish lines). Pc was detected neither in WT mast nor in
myeloid cells (Fig 3G and 3H, orange and grey lines). These results prompt the idea,
consistent with the genome wide ChlIP-Endo-Seq experiments described above, that low to
moderate levels of Kittranscription evoke the appearance of Pc at the gene.

To further test this idea we examined the effects of artificially manipulating the level of Kit
transcription. We decreased'the level of Kittranscription in WT mast cells by ectopically
expressing sShRNAs directed to two different regions of Rad21 mRNA. The mRNA
measurements of Figure 4C show that each of these constructs reduced Kittranscription
some 10-fold, consistent with the idea that enhancer-promoter communication requires
Rad21. This effect is reflected in the diminished level of Pol Il at the gene (compare Figure
4B with 4A). Reduced K7t mRNA expression was accompanied by the presence of the Pc
mark over the promoter as revealed in the ChlP-Endo-Seq and ChlIP-gPCR experiments of
Figure 4B and 4D. The bar chart of Figure 4E shows that at the segment of the Kitgene
boxed in Figure 4A and 4B, the Pc track was higher in the presence of the Rad21 shRNA.
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We note that expression of shRad21 also decreased the heights of the K/t mast cell enhancer
peaks (compare Figure 4A and 4B). We detected a total of 200 genes transcription of which
decreased upon expression of the Rad21 shRNA. At those genes, the average Pc signal
increased, whereas there was no increase in that signal at the many thousands of genes
expression of which did not change upon expression of Rad21 shRNA (Figure 4F and 4G).
Thus, the effect of Rad21 depletion on the presence of the Pc mark correlates with
transcription levels.

Having studied two cases in which Kitexpression was reduced in mast cells, we next
investigated the effect on Pc appearance of increasing Kitexpression in myeloid cells. In
order to /ncrease the level of Kitexpression in myeloid cells, we used Cas9-based SAM
activators kindly sent to us by Feng Zhang (Konermann et al., 2015). These activators were
targeted to three regions of the Kitpromoter by three different guide RNAs (Figure S1).
However, the Cas-9 based activators, alone or in combination, failed to activate Kit
transcription. Cognizant of the claims that DNA methylation might prevent Pc association
(Meissner et al., 2008), we treated the cells with 5-AZA-C. As shown in Figure 5A, 5-AZA-
C treatment alone had no effect on Kittranscription. However, in the presence of 5-AZA-C,
the CRISPR activators induced low levels of Kittranscription, an effect that was
accompanied by the appearance of the Pc mark (Figure 5B and 5C). As expected, 5-AZA-C
significantly decreased methylation of the Kitpromoter (Figure S1), and addition of the
CRISPR activators had no additional demethylating effect (Figure S1). The figure also
shows that the CRISPR activators, absent 5-AZA-C, had no effect on methylation at the Kit
promoter. Since neither 5-AZA-C nor Cas9-activators alone had any effect on transcription
or Pc association, these data support the model that the presence of the Pc mark correlates
with low transcription.

DISCUSSION

Our genome-wide experiments (performed with primary mast cells) reveal many genes with
CpG island promoters that are “off,” but are not associated with Pc (see Figure 1). DNA
methylation evidently cannot explain this inactivity, because such promoters in primary cells
are largely unmethylated (Bird, 2011). Rather, the inactivity of such genes is likely
explained by the absence of relevant transcriptional activators. Consistent with this surmise,
the murine Kitgene is silent in myeloid cells (a cell line), and it bears no detectable Pc. It is
highly methylated, but removal of those methyl groups with 5-AZA-C affects neither
transcription nor the appearance of Pc. As expected from these considerations, we have been
unable to detect a Kitenhancer in myeloid cells. Pc is also largely absent from genes that are
highly expressed, including the Kitgene in mast cells. Pc appears at the Kit promoter under
conditions in which itsexpression is altered to be at levels intermediate between its highest
and lowest levels observed in vivo. These findings are consistent with genome-wide
experiments indicating that, although not an absolute rule, Pc appears associated primarily
with genes undergoing low to moderate levels of transcription. Our genome wide
experiments do not assay highly repetitive DNA, and so we cannot exclude the possibility
that Pc works on those sequences.
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Although genes bearing Pc have been described as ‘silenced’, our genome-wide
experiments, as well as those of others (see Introduction), suggest that its negative effect is
small, on average a factor of two (see Figure 2C). This value might vary depending on the
strengths of the activators working on any given gene, a model suggested by studies of
regulation of genes at the MAT locus of budding yeast. In that case, ‘Sir’ proteins efficiently
repress (some 400-fold) genes involved in specifying cell type in WT cells. But this large
factor of repression holds only because the natural activators of these genes are very weak.
As the strength of those activators is increased, the repressive effect rapidly diminishes
(Struhl 1999; Wang et al., 2015). The low level of expression of those genes, absent Sirs, is
nevertheless biologically significant. Perhaps certain genes of higher eukaryotes (e.g. Hox
genes) have effects even when expressed at relatively low levels, and Pc might play an
important role in dampening that expression. Another consideration might be that gene
activation often requires an ensemble of activators, such as those found at typical enhancers,
sometimes reinforced by activators bound outside of the enhancer. Rather than control all of
these activators together, perhaps eukaryotes use Pc to (weakly) counter effects of activators
unavoidably present, or present as the stronger activator ensemble is being assembled. A
more general role for Pc might be to suppress unwanted basal transcription — already low —
that occurs spontaneously around the genome.

How then would specificity be imposed on Pc action in mammals? As noted in the
Introduction, the targeting mechanism exploited in flies apparently does not hold for
mammals, nor, apparently, does the similar mechanism for imposing specificity on the Sir
proteins in yeast. Rather, we would like to entertain the suggestion of others (Lynch et al.,
2012; Mendenhall et al., 2010; Riising et al., 2014) that Pc is directed to CpG sequences in
CpG island promoters in higher eukaryotes, keeping in mind the following. Our previous
work shows that nucleosomes form with high avidity at such GC-rich sequences (Berrozpe
etal., 2013; Wang et al., 2011). Those sequences would therefore be relatively sequestered
when the gene is silent. When the gene is activated at least one promoter nucleosome is
replaced with the transcriptional machinery, and CpG sequences, we imagine, could be at
least transiently exposed, thereby allowing binding of Pc. At higher levels of transcription,
we imagine, the bound Pc would tend to be evicted, replaced perhaps by transcription
complexes. Such a scenario would explain the observation that Pc is associated primarily
with weakly transcribed genes. The mechanism would also explain the observation that Pc
appears at genes that are in the process of being turned off, but only after expression has
been reduced (Riising et al., 2014; Yuan et al., 2012)

Our results are in general agreement with Riising et al., (2014), except that those authors
suggest, based on genome-wide experiments, that Pc, assayed by the presence of Suz12, is
primarily associated with genes that have ceased transcription rather than with weakly
transcribed genes. We are not sure we can account for this difference, beyond noting that in
our respective genome-wide experiments different methods were in some instances used to
measure gene activity (MRNA vs. Pol Il in the gene), and polycomb (Suz12 vs. the Pc
histone mark). Our additional results obtained by artificially manipulating Kitexpression
support our surmise that transcription, not zero transcription, recruits polycomb. Our picture,
moreover, allows for a coherent model for how Pc is recruited to, and then at least partially
evicted from, genes.
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Why the requirement for 5-AZA-C for activation of transcription by CRISPR activators in
our experiments? The Kitpromoter is heavily methylated in the myeloid cell line we used
(Figure S1), and we suggest that, as one possible contributing factor, methylation interferes
with the binding of the CRISPR activators. Such an inhibitory effect of methylation is
probably small, as it has not been detected in typical CRISPR ‘cutting’ experiments. But
inhibition has been observed where the CRISPR enzyme is working off target (Wu et al.,
2014). Such off target interactions would be expected to be weak, and although our CRISPR
activators are specifically targeted, the overall reaction — including transcriptional activation
— is probably weak, and so it might be inhibited by DNA methylation. Another factor might
be that the CRISPR activator could work synergistically with other activators binding near
the promoter. Sp1 would be an example of such an activator, and indeed we have found that
5-AZA-C mediated demethylation increases Sp1 binding upstream of the Kitpromoter
(Figure S2).

EXPERIMENTAL PROCEDURES

Cell culture

Bone marrow mast cells (BMMCs) were obtained by flushing the femurs and tibias from
adult mice with PBS. Mast cells, MC9, and 32D myeloid cells were grown in RPMI 1640
supplemented with 10% fetal calf serum (FCS), recombinant murine L3 (Peprotech),
nonessential amino acids, and sodium pyruvate. All procedures were approved by the
MSKCC Institutional Animal Care and Use Committee protocol 12-09-015.

ChIP Experiments

ChIP experiments were performed according to a protocol provided by Upstate
Biotechnology. For ChIP with BMMC, MC9, and 32D cells, 5x106 cells were used per
immunoprecipitation. Briefly, the cells were cross-linked with 1% formaldehyde, collected,
and washed with PBS containing protease inhibitors. The cells were resuspended in 400 pl
SDS lysis buffer on ice for 10 min and then sonicated with eight sets of 12 s pulses by a
Branson Sonifier 250 cell. Antibody against H3K27me3 and Rad 21, and Suz12 were
purchased from Abcam. DNAs were phenol-chloroform extracted and ethanol precipitated.
The immunoprecipitated DNA was analyzed by gPCR as described (Bryant and Ptashne,
2003 and Bryant et al., 2008). The exact sequences of the primers used can be given upon
request.

DNA Methylation

Genomic DNA was treated with bisulfite using the EZ DNA Methylation-Direct Kit from
ZYMO Research. The experiments were performed according to a protocol provided by
ZYMO Research. After the treatment, the DNA was subjected to 35 cycles of PCR. The
PCR products were cloned using the TOPO TA Cloning Kit according to a protocol
provided by Invitrogen. We analyzed the different clones by sequencing.

RNA Isolation and Quantitative PCR Analysis

RNA was isolated using Trizol reagent, and reverse transcribed (Maxima First Strand cDNA,
Thermo Scientific). cDNA was amplified by Roche Light Cycler 480 QPCR machine under
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the following conditions: 30 sec at 95C, 4 sec at 95, 26 sec at 59C and 4 sec at 72C for 35
cycles. The exact sequences of the primers used can be given upon request. Analyses were
conducted in parallel using mouse Rpl 15 and, Rpl 17 for normalization.

Lentivirus production

293T cells were transfected with the different plasmids by calcium phosphate. Two days
after the transfection, the supernatant was collected, and the lentivirus was concentrated by
ultracentrifugation.

shRNA Infections

Mast cells (MC9) were transduced with lentivirus via spinfection in 6 well plates. 1x10°
cells in 2 ml of media supplemented with polybrene (Sigma) were added to each well,
supplemented with lentiviral supernatant and centrifuged for 1:30 hours at 1000 g. A
scrambled control ShRNA, and shRNA’s targeting mouse Rad21 were provided by RNAI
Core Facility, Memorial Sloan Kettering Cancer Center (clones NM_009009.4 2172,
NM_009009.4 2036, NM_009009.4_3153). Infected mast cells were selected using
Puromycin for 2 weeks. After selection, shRad21 was induced using Doxycycline for 3 days,
and then the cells were harvested as required for RNA, ChIP, and ChIP-Endo-Seq analyses.

CRISPR-SAM

sgRNA-specific Kitpromoter oligo sequences were chosen to minimize the likelihood of
off-target using http://tools.genome-engineering.org approach. Three different Kitoligos
were cloned into the Lenti-sgRNA (MS2) _EF1A-zeo cloning vector using a Golden Gate
Assembly strategy (Konermann et al., 2015). Lenti-sgRNA (MS2) EF1A-zeo cloning
backbone, Lenti_MS2-P65-HSF1 2A-Hygro, and, Lenti-dCas9 VP64 2A-Blast were
kindly provided by Feng Zhang (Konermann et al., 2015). 32D myeloid cells were
transduced with lentivirus via spinfection. After 2 days the cells were selected with 200
ug/ml Zeocin, 10 pg/ml Blastcidin, and 300 pg/ml Hygromycin. After selection, the cells
were harvested as required for RNA, and ChlIP analyses.

Statistical Methods

Error for the genomic ChIP-Endo-Seq experiments was estimated using negative binomial
distribution as described in Supplemental Methods. P values for RT-qPCR experiments were
calculated using students t test. P-values for significant differences comparing distribution
functions are calculated using the Kolmogorov-Smirnov Test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Genome-wide, Pc preferentially associated with genes transcribed at
moderate levels

Modulating Kittranscription, from OFF or ON to moderately on, increased
Pc occupancy

Polycomb’s repressive effect is small, on average about two-fold
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Fi%ure 1. Levels of the Pc mark (H3K27m3) as a function of polymerase at genes and genome-
wiae

(A) The plot shows the level of the Pc mark H3K27me3, measured at CpG islands, as a
function of the level of Pol 11 found over the nearest gene as measured from 2 Kb
downstream of the promoter to the end of the gene. Each curve represents the percentile (as
labeled) of the H3K27me3 measurements at each level of Pol I1. (B) The bar chart shows the
number of genes bearing the indicated level of Pol I1. (C) As in (A), except that Pol Il and
H3K27me3 levels are compared for individual contiguous non-overlapping 2 Kb fragments
throughout the genome. (D) The bar chart shows the number of 2 Kb fragments at each level
of Pol II.

Cell Rep. Author manuscript; available in PMC 2018 July 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Berrozpe et al.

Page 14

A B . C Genes with CpG Islands
AlG ith CoG Island Genes with CpG Island promoter tontalairig high or low: P
enes with CpG Islands S ;
containing high or low Pc and high H3K4me3

555 0.8 tow Pc [ o tow Pc [}

0.25 . High Pc D o High Pc D
Z 020 z g ;
2 c . c 03
& 015 8 X & "

0.10

0.2
0.05 0.1
0.00 0.0 0.0
-2 -1 ] 1 2 3 4 -2 -1 o 1 2 3 4 2 1 o 1 2 3 4

Gene (Log2 Pol II) Gene (Log2 Pol ll) Gene (Log2 Pol 1)

Figure 2. Polymerase levels in genes bearing high and low levels of Pc at associated CpG island
promoters
(A) The plot shows the distribution of Pol Il levels in the gene bodies of genes with a CpG

island promoter. The y-axis (density) is proportional to the fraction of genes at each level of
Pol 1l (Log2). (B) The plot shows the distribution of Pol Il levels in gene bodies of genes
bearing CpG island promoters that have either a low Pc mark (<Log,0.5=-1, light grey
curve) or a high Pc mark (>Log»3=1.58, dark grey curve) in the associated CpG island. (C)
The plot shows the distribution of Pol Il levels in the bodies of genes with a CpG Island
promoter that have a high promoter mark H3K4me3 and either a low Pc mark H3K27me3
(light grey curve) or high Pc (dark grey curve).
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Figure 3. Increased Kit enhancer-promoter separation evokes Pc
(A), (B) and (C) are ChlIP-Endo-Seq experiments probing for the proteins and marks listed

on the left of each line. The cells are murine primary mast cells (labeled Mast WT), and
murine myeloid cell line 32D (labeled Myeloid). (C) Shows, in addition, the gene-proximal
break point of the large chromosomal inversion that greatly increases enhancer-promoter
separation (labeled Mast Inv). (D) KitmRNA levels assayed by gPCR in three cell types as
indicated. The significance of the increase in KitmRNA levels of mast WT over mast Inv: p
< 0.0015, of mast WT over myeloid: p < 0.028, and mast Inv over myeloid: p < 0.020. (E)
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Quantitation of Pol Il levels in the boxed regions of the Pol Il tracts of A, B and C. The
significance of the increase in Pol Il levels of mast WT over myeloid: p < 4.4 x 10"-22,
mast WT over mast Inv: p < 2.0 x 10 #-18, and mast Inv over myeloid: p < 0.042. P values
were directly calculated by comparing negative binomial distributions (see statistical
methods). (F) Quantitation of Pc mark (H3K27me3) in the boxed regions of the Pc tracts of
A, B, and C. (G) And (H) show the results of ChIP-gPCR experiments probing for the Pc
mark H3K27me3 and for the protein Suz12 at the Kitpromoter (myeloid grey lines, mast
WT orange lines, and mast Inv cyan lines). The significance of the increase in H3K27me3
levels of mast Inv over mast WT: p < 8.0 x 10 ~-11, and mast Inv over myeloid: p < 3.9 x
107-13.
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Figure 4. Decreased Rad21 activity evokes Pc
(A) And (B) are ChlIP-Seg-Endo experiments as before, with the boxed regions of

H3K27me3 quantitated in (E). The cells used for B were exposed to doxycycline, a
treatment that induces either of two shRNAs targeted to Rad21. (C) The effect of the
shRNAs in Kitexpression. The significance of the decrease in KitmRNA levels, Plus Doxy,
of mock over shRad21-1: p < 0.0021, and mock over shRad21-2: p < 0.0041. (D) The
H3K27me3 mark along the Kitpromoter as affected by the Rad21. (E) The significances of
the increase in H3K27me3 levels of mast shRad21 over mast: p < 0.0031. (F) Distribution
plots of the change in H3K27me3 signal upon expression of shRad21 in MC9 cells
measured at CpG island containing genes at which Pol 1l signal in the gene significantly
decreased (FDR < 0.05, 122 genes, light curve), and at genes at which the Pol 11 signal did
not change (Pol 11 MC9 / Pol Il shRad21 is between 0.8 and 0.9, 660 genes, dark curve). (G)
Same as (F) except that in this case all genes were used (FDR < 0.05, 234 genes, light
curve), (Pol 11 MC9 / Pol 1l shRad21 is between 0.8 and 0.9, 1750 genes, dark curve).
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Figure 5. The effect of CRISPR-derived activators on Kit mRNA expression
(A) Shows that no mRNA is induced in the absence of 5-AZA-C. Control stands for myeloid

cells expressing the CRISPR activator protein (CAS9-SAM) but no guide RNA. Sg1, Sg2,
and Sg3 refer to different guides directed to three different locations in the promoter. The
significance of the increase in KitmRNA levels, Plus 5-AZA-C, in Sgl over control: p <
0.011, in Sg2 over control: p < 0.028, in Sg3 over control: p < 0.02. (B) And (C) are ChIP-
gPCR experiments probing for H3K27me3 along the Kitpromoter in the absence of any
guide RNA (gray line), and the bluish line guide 3.
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