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ABSTRACT 40 

Drosophila Heterochromatin Protein 1a (HP1a) is essential for heterochromatin 41 

formation and is involved in transcriptional silencing. However, certain loci require HP1a 42 

to be transcribed properly. One model posits that HP1a acts as a transcriptional silencer 43 

within euchromatin while acting as an activator within heterochromatin. However, HP1a 44 

has been observed as an activator of a set of euchromatic genes. Therefore, it is not 45 

clear whether, or how, chromatin context informs the function of HP1 proteins. To 46 

understand the role of HP1 proteins in transcription, we examined the genome-wide 47 

binding profile of HP1a as well as two other Drosophila HP1 family members, HP1B and 48 

HP1C, to determine whether coordinated binding of these proteins is associated with 49 

specific transcriptional outcomes. We found that HP1 proteins share a majority of their 50 

endogenous binding targets. These genes are marked by active histone modifications 51 

and are expressed at higher levels than non-target genes in both heterochromatin and 52 

euchromatin. In addition, HP1 binding targets displayed increased RNA polymerase 53 

pausing compared to non-target genes. Specifically, co-localization of HP1B and HP1C 54 

was associated with the highest levels of polymerase pausing and gene expression. 55 

Analysis of HP1 null mutants suggests these proteins coordinate activity at transcription 56 

start sites (TSSs) to regulate transcription. Depletion of HP1B or HP1C alters 57 

expression of protein-coding genes bound by HP1 family members. Our data broadens 58 

understanding of the mechanism of transcriptional activation by HP1a and highlights the 59 

need to consider particular protein-protein interactions, rather than broader chromatin 60 

context, to predict impacts of HP1 at TSSs.  61 

  62 
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INTRODUCTION 63 

Non-histone chromosomal proteins are essential to ensure genome integrity and 64 

function (FILION et al. 2010; KHARCHENKO et al. 2011). One prominent class of non-65 

histone chromosomal proteins is represented by the Heterochromatin Protein 1 (HP1) 66 

family (VERMAAK AND MALIK 2009; CANZIO et al. 2014; EISSENBERG AND ELGIN 2014). HP1 67 

proteins are characterized by their unique domain structure consisting of a chromo-68 

domain and a chromoshadow-domain connected by a hinge region (SMOTHERS AND 69 

HENIKOFF 2001). The chromo-domain mediates interactions between HP1 proteins and 70 

methylated histone tails (JACOBS et al. 2001), while the chromoshadow-domain 71 

mediates HP1 protein dimerization and interactions between HP1 family members and 72 

proteins containing a PxVxL amino acid motif (THIRU et al. 2004; LECHNER et al. 2005). 73 

The ability to bind both methylated histones and a diverse set of additional nuclear 74 

proteins confers the classification of ‘hub protein’ to the HP1 family. As such, HP1 75 

proteins are active in several different nuclear processes including heterochromatin 76 

formation (LARSON et al. 2017; STROM et al. 2017; MACHIDA et al. 2018), DNA repair 77 

(RYU et al. 2015; AMARAL et al. 2017), DNA replication (LI et al. 2011), and regulation of 78 

gene expression (DANZER AND WALLRATH 2004; LIN et al. 2008; KWON et al. 2010), 79 

illustrating the importance of this gene family (BADUGU et al. 2003; VERMAAK AND MALIK 80 

2009). 81 

 82 

The Drosophila melanogaster HP1 family includes five full-length genes (containing 83 

both a chromo-domain and a chromoshadow-domain): Su(var)205 (encoding the HP1a 84 

protein), HP1b, HP1c, rhino (encoding HP1D), and HP1e (VERMAAK AND MALIK 2009). 85 
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Su(var)205, HP1b and HP1c are expressed ubiquitously while rhino and HP1e are 86 

present mostly in female and male germ cells, respectively (VERMAAK et al. 2005; LEVINE 87 

et al. 2012). Based initially on studies from Drosophila polytene chromosomes, the 88 

HP1a protein mostly localizes to pericentric heterochromatin, telomeres, chromosome 89 

four, and a few euchromatic loci (JAMES et al. 1989; FANTI et al. 2003). This localization 90 

pattern was confirmed by later chromatin immunoprecipitation (ChIP) studies from the 91 

modENCODE (model organism encyclopedia of DNA elements) consortium and others 92 

(RIDDLE et al. 2011; HO et al. 2014). HP1B localizes throughout heterochromatic and 93 

euchromatic domains on polytene chromosomes, and HP1C localizes mostly to 94 

euchromatin (SMOTHERS AND HENIKOFF 2001). These patterns are reinforced also by 95 

data from ChIP-chip and ChIP-seq experiments performed by the modENCODE 96 

consortium and others (HO et al. 2014). Loss of function mutations in the Su(var)205 97 

gene encoding HP1a disrupt the formation of heterochromatin and are homozygous 98 

lethal (EISSENBERG et al. 1990), while loss of function mutations in the HP1b and HP1c 99 

genes are homozygous viable (FONT-BURGADA et al. 2008; MILLS et al. 2018). This 100 

finding has led to the speculation that the HP1B and HP1C proteins may exhibit 101 

functional redundancy. Together, these data provide a model of the Drosophila HP1 102 

family wherein HP1a is an essential heterochromatin protein, HP1C is a non-essential 103 

euchromatin protein, and HP1B is a non-essential protein binding to both 104 

heterochromatin and euchromatin. This model is a starting point for investigating the 105 

individual roles of HP1 family proteins in diverse biological processes. 106 

 107 
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While the role of the Drosophila HP1 family in the regulation of gene expression is 108 

complex, HP1a is well-known for its role in the formation of heterochromatin, 109 

associating it with transcriptional silencing activity (JAMES et al. 1989; EISSENBERG et al. 110 

1990; LI et al. 2003; DANZER AND WALLRATH 2004). Here, HP1a recognizes and binds 111 

histone three, lysine nine di- and trimethylation (H3K9me2/3) through its chromo-112 

domain and subsequently recruits the H3K9 methyltransferase Su(var)3-9, resulting in 113 

the propagation of heterochromatic domains and the silencing of transposable elements 114 

(TEs) (CZERMIN et al. 2001; JACOBS et al. 2001; SNOWDEN et al. 2002; MOTAMEDI et al. 115 

2008). HP1a is also critical for the establishment and maintenance of a phase 116 

separated environment between heterochromatin and euchromatin which is thought to 117 

limit contact between transcriptional activators and the heterochromatic compartment of 118 

the genome (LARSON et al. 2017; STROM et al. 2017; SANULLI et al. 2019). These 119 

observations lead to a model of HP1a functioning as a transcriptional repressor, which 120 

is supported by data from studies tethering HP1a to transgene reporters that result in 121 

transcriptional silencing (LI et al. 2003; DANZER AND WALLRATH 2004). Complicating this 122 

model, however, is the observation that a number of both euchromatic and 123 

heterochromatic loci require HP1a to maintain an active transcriptional state (LU et al. 124 

2000; CRYDERMAN et al. 2005). Additionally, inducible loci such as heat shock response 125 

genes are enriched for HP1a upon induction (PIACENTINI et al. 2003; PIACENTINI et al. 126 

2009). One proposed model to explain these differences is that HP1a serves different 127 

functions in different chromatin contexts through interactions with distinct sets of protein 128 

partners (LI et al. 2002). However, evidence for this hypothesis is lacking. 129 

 130 
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An alternative approach to investigating the effects of HP1a on gene expression is to 131 

focus on its interactions with other HP1 family proteins. While the exact function of 132 

HP1B or HP1C in transcriptional regulation is not well characterized, tethering studies of 133 

transgene reporters support a role for HP1C in transcriptional activation (FONT-BURGADA 134 

et al. 2008). Evidence for the impact of HP1B on gene transcription is conflicting. While 135 

tethering studies support a role for HP1B in gene silencing, PEV studies support a role 136 

for HP1B in transcriptional activation (FONT-BURGADA et al. 2008; MILLS et al. 2018). 137 

HP1C recruits the Facilitates Chromatin Transcription (FACT) complex to promote RNA 138 

polymerase II (RPII) elongation after being targeted to chromatin by the zinc finger 139 

transcription factors WOC and ROW (FONT-BURGADA et al. 2008; KWON et al. 2010). 140 

Both HP1a and HP1B also interact with subunits of FACT as well as WOC, but the 141 

nature of these interactions is uncharacterized (KWON et al. 2010; RYU et al. 2014). 142 

RNA-Seq experiments following RNAi knockdown of all three HP1 paralogs in 143 

Drosophila reveal evidence of both activating and silencing functions of HP1 proteins: 144 

both widespread up- and down-regulation of target genes are observed with a large 145 

number of misregulated genes being shared across knockdown conditions (LEE et al. 146 

2013). These findings raise the possibility that HP1 proteins may coordinate their 147 

activity to regulate gene expression of a common transcriptional program. 148 

 149 

Here, we explore whether combinatorial action and cooperative activity of multiple HP1 150 

proteins at a single locus may predict differences in transcriptional activity at protein-151 

coding genes with better accuracy than knowledge of the surrounding chromatin 152 

context. To achieve this goal, we integrate ChIP-Seq and RNA-Seq datasets to 153 
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characterize the genomic distribution of each HP1 protein and to measure the 154 

association between each HP1 protein and transcriptional states genome-wide. We find 155 

active transcription at binding targets shared between multiple HP1 proteins across a 156 

variety of chromatin states. Furthermore, these targets exhibit signatures of RNA 157 

polymerase II promoter proximal pausing, providing evidence for a potential mechanism 158 

for transcriptional activation by HP1 proteins. Analysis of pausing in HP1 null mutants 159 

suggests coordinated activity between HP1 family members is important for proper 160 

gene expression. These findings suggest knowledge of locus-specific protein-protein 161 

interactions is more informative for predicting HP1 function at transcription start sites 162 

(TSSs) than knowledge of a broader chromatin context.  163 

 164 

RESULTS 165 

Drosophila HP1 proteins are enriched in heterochromatin, but also bind 166 

throughout euchromatin. 167 

In order to better understand the function of the Drosophila HP1 family in transcriptional 168 

regulation, we set out to identify endogenous targets for all three somatic HP1 family 169 

members in the Drosophila genome: HP1a, HP1B, and HP1C. We began by re-170 

analyzing existing ChIP-Seq data sets for HP1a, HP1B and HP1C from third instar 171 

larvae generated by the modENCODE consortium to characterize the genome-wide 172 

distributions of these proteins (Figure 1A) (HO et al. 2014). We verified significant 173 

enrichment of HP1a (blue track, outer circle) within pericentric heterochromatin and on 174 

chromosome four, observing 34% and 2% of HP1a enriched regions resided in these 175 

chromatin domains, respectively. However, despite this enrichment, a majority (63%) of 176 
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HP1a enriched domains resided in euchromatin (Figures 1A and B). Binding behavior of 177 

HP1a did not appear to be consistent across different chromatin domains. We found 178 

average HP1a-enriched domain widths of 14.8 kb and 21.7 kb within pericentric 179 

heterochromatin and on chromosome four, respectively, which was greater than the 180 

average width of 2.8 kb observed within euchromatin (Figure 1C, p < 2.2e-16, Mann-181 

Whitney test). Meanwhile, an even greater majority of HP1B (green track, middle circle) 182 

and HP1C (pink track, inner circle) peaks were located in euchromatin, 87% and 95%, 183 

respectively (Figures 1A and B). For HP1B, we detected a greater share of signal within 184 

heterochromatin than for HP1C: 11% of HP1B peaks were within heterochromatin as 185 

opposed to just 4% of HP1C peaks (Figures 1A and B). A similar share of HP1B and 186 

HP1C peaks mapped to chromosome 4 (1%). We found that the average HP1B 187 

enriched peaks width of 2.7 kb and 4.3 kb within heterochromatin and on chromosome 188 

four were significantly larger than the average width of 2.3 kb within euchromatin 189 

(Figure 1D, p < 2.2e-16, Mann-Whitney test). Finally, the average HP1C peak width of 190 

4.5 kb and 3.5 kb within heterochromatin and on chromosome four was also larger than 191 

the average peak width of 2.6 kb found within euchromatin (Figure 1E, p < 0.02, 3e-4, 192 

Mann-Whitney test). Thus, while in the literature HP1a is often characterized as a 193 

heterochromatin protein and HP1C as a euchromatin protein, all three somatically 194 

expressed HP1 proteins in Drosophila are found throughout both chromatin 195 

compartments, although their binding behavior differs somewhat across compartments.   196 

  197 

To further examine the three HP1 proteins, we also looked at their tendency to localize 198 

to different DNA sequence elements. We investigated HP1 protein binding behavior at 199 
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five different classes of DNA elements annotated in the Drosophila genome assembly 200 

(release dmel r6.25): enhancers, genes, origins of replication (OriCs), repeat regions, 201 

and TEs. For each DNA element, we measured the proportion of elements that 202 

overlapped with the binding site of an HP1 protein. HP1a bound the largest fraction of 203 

repeats and TEs among the three HP1 proteins, occupying approximately 80% and 204 

50% of these elements respectively (Figure 1F), in agreement with a function for HP1a 205 

in TE regulation and silencing. In contrast, HP1B occupied approximately 25% of all 206 

TEs and repeats, while HP1C occupied approximately 20% of all TEs and was largely 207 

absent from repeat regions – HP1C is present at less than 10% of all repeat regions in 208 

the Drosophila genome (Figure 1F). Interestingly, OriCs marked a stark difference in 209 

HP1 binding behavior for the three proteins examined. HP1B and HP1C were present at 210 

approximately 75% of all OriCs, while HP1a was present at less than 25%. A similar 211 

trend was observed at genes and enhancers. HP1B and HP1C occupied greater than 212 

50% of all protein coding genes and enhancers while HP1a occupied fewer than 25% of 213 

all genes and fewer than 5% of all enhancers. Thus, HP1 proteins can be differentiated 214 

by their tendency to localize to different DNA sequence elements, although those 215 

tendencies are not absolute. 216 

 217 

The HP1 family share genic binding sites in various chromatin contexts. 218 

Next, we set out to create a comprehensive list of HP1 binding targets across different 219 

chromatin contexts to quantify the extent to which HP1 proteins share binding sites at 220 

protein-coding genes. Within third instar larvae, HP1a accumulated to high levels at 221 

protein-coding genes located within heterochromatin and on chromosome four (Figure 222 
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1G). We found that 85% of all heterochromatic genes and 98% of all chromosome four 223 

genes were bound by HP1a. Meanwhile, HP1a was only present at 15% of euchromatic 224 

genes (Figure 1G, p < 2.2e-16). HP1B and HP1C were present at a high number of 225 

genes within heterochromatin and on chromosome four as well, but also occupied a 226 

larger share of euchromatic genes than HP1a (Figures 1H-I). HP1B was present at 70% 227 

of heterochromatic genes, 87% of chromosome four genes, and 50% of euchromatic 228 

genes (Figure 1H). HP1C bound 58% of heterochromatic genes, 78% of chromosome 229 

four genes, and 48% of euchromatic genes (Figure 1I). While all three HP1 proteins are 230 

enriched at genes located within heterochromatin and on chromosome four, they still 231 

bind a large number of euchromatic genes. 232 

 233 

An overlap analysis of binding targets for all three HP1 proteins demonstrated that HP1 234 

proteins share a majority of their binding sites in third instar larvae (Figure 1J & 235 

Supplemental Figure 2A). Two combinations of HP1 proteins were particularly 236 

widespread. HP1B and HP1C shared 90% of their binding sites at protein coding genes 237 

within third instar larvae and bound 32% of all protein coding genes. Meanwhile, all 238 

three HP1 proteins shared 13% of all bound genes (Figure 1J). This overlap can be 239 

illustrated by looking at two well-studied heterochromatin genes, light and rolled 240 

(Figures 1K-L). The significance of co-localization of HP1 family members is not 241 

understood, but it has been suggested previously that HP1 family proteins may display 242 

some degree of functional compensation (RYU et al. 2014), particularly between HP1B 243 

and HP1C. All three HP1 proteins co-immunoprecipitate as well as form dimers through 244 
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the chromoshadow-domain (LEE et al. 2019). It is unknown how these interactions affect 245 

gene expression. 246 

 247 

HP1 binding targets are highly expressed. 248 

To gain additional insights into the functions of the HP1 proteins in gene regulation, we 249 

characterized the protein-coding genes bound by HP1 proteins. We compared levels of 250 

expression between HP1 target and non-target genes using publicly available RNA-Seq 251 

data from third instar larvae (Supplemental Figure 1) (MILLS et al. 2018). HP1a, HP1B, 252 

and HP1C target genes all exhibited significantly higher levels of expression than non-253 

target genes (Supplemental Figures 1A, B, and C, p < 0.0002, permutation tests). High 254 

levels of expression at endogenous HP1 targets are surprising given the results of 255 

tethering studies which show both HP1a and HP1B act as transcriptional repressors at 256 

reporter genes (FONT-BURGADA et al. 2008). 257 

 258 

Next, we performed gene ontology (GO) analysis (HUANG DA et al. 2009a; HUANG DA et 259 

al. 2009b) to further characterize endogenous HP1 binding targets, focusing on the 260 

biological process category of GO terms. Among HP1 binding targets, we identified 261 

significant enrichment for terms related to nervous system development and function 262 

such as ‘Response to axon injury’ (HP1a, Supplemental Figure 1B) and ‘Axon 263 

extension’ as well as ‘Synaptic vesicle coating’ (HP1B, Supplemental Figure 1D). 264 

Additionally, we observed terms broadly associated with mitosis and chromosome 265 

segregation including ‘Synaptonemal complex organization’ among HP1a binding 266 

targets (Supplemental Figure 1D), ‘Positive regulation of growth’ among HP1B binding 267 
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targets, and ‘Spindle organization’ as well as ‘G1/S transition of mitotic cell cycle’ 268 

among HP1C binding targets (Supplemental Figure 1E). These data reinforce previous 269 

observations suggesting HP1 proteins regulate a neurodevelopmental transcriptional 270 

program (FONT-BURGADA et al. 2008; OSTAPCUK et al. 2018) and suggest that in addition 271 

to their role in formation of chromatin structures, HP1 proteins may also regulate a 272 

transcriptional program regulating chromosome organization. 273 

 274 

Cooperative HP1 binding is a better indicator of transcriptional activation than 275 

broader chromatin domains. 276 

To better understand what factors are associated with HP1-related transcriptional 277 

activation, we examined associations between transcriptional status across chromatin 278 

states and broader chromatin domains. First, we categorized HP1 targets and non-279 

targets as either heterochromatic or euchromatic to see if differences in transcriptional 280 

activity associated with HP1 binding were context specific. Higher expression levels at 281 

HP1 target genes was found to be consistent across both heterochromatin and 282 

euchromatin (Figure 2A-F). All three HP1 family members were associated with higher 283 

expression levels at target genes within euchromatin (Figure 2A-C, p < 2.2e-16, Mann-284 

Whitney). This relationship appeared to be consistent between heterochromatic target 285 

and non-target genes (Figure 2D-F). However, the small number of non-target HP1 286 

genes within heterochromatin prevents statistical evaluation of this observation. This 287 

finding suggests that knowledge of surrounding chromatin context does not predict 288 

whether HP1 proteins exhibit repressive or activating effects on transcription. 289 

 290 
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Next, we examined whether considering combinations of HP1 family members present 291 

at gene promoters may better predict transcriptional activity. We found that genes 292 

bound by particular combinations of HP1 proteins exhibited highest levels of 293 

transcriptional activation. Genes bound by either all three HP1 proteins or genes bound 294 

by HP1B and HP1C, but not HP1a, exhibited the highest levels of expression compared 295 

to genes unoccupied by any HP1 proteins (Figure 2G, p < 2.2e-16, Mann-Whitney). 296 

However, genes bound exclusively by HP1a did not exhibit a significant difference in 297 

expression compared to genes unbound by any HP1 protein (p = .26, Mann-Whitney). 298 

This finding suggests increased expression observed at HP1a binding targets 299 

(Supplementary Figure 1A) is driven by genes bound by combinations of HP1 proteins. 300 

In summary, the combination of HP1 proteins present at a gene’s promoter is a better 301 

predictor of transcriptional activity than knowledge of the surrounding chromatin context. 302 

 303 

HP1 target promoters are enriched for DNA sequence motifs. 304 

HP1a binding to gene promoters has been suggested to be independent of its 305 

H3K9me2/3 reader activity (CRYDERMAN et al. 2005), and HP1C is known to be targeted 306 

to chromatin by the DNA binding Zinc Finger transcription factors WOC and ROW 307 

(FONT-BURGADA et al. 2008; KESSLER et al. 2015; DI MAURO et al. 2020). Therefore, we 308 

performed a motif analysis(BAILEY et al. 2015) of promoters of HP1 binding targets to 309 

identify putative regulatory sequences that may be important for targeting HP1 to 310 

protein-coding genes. We looked for enriched motifs in HP1-bound promoters 311 

controlling against unoccupied promoters, defining the promoter as the region 250 bp 312 

upstream of the TSS. We limited our analysis to the top five enriched motifs in each 313 
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promoter set. We identified a common, enriched motif present in each set of promoters 314 

occupied by HP1a, HP1B, and HP1C (motif ATCGATA, Supplemental Figures 1G-I). 315 

This motif was identified previously as a housekeeping core promoter element known as 316 

the DNA Replication-related Element (DRE).  In Drosophila, DRE is known to be 317 

recognized by DNA Replication-related Element Factor, the Non-Specific Lethal 318 

Complex, and some members of the basal transcription machinery as a key step in 319 

transcription initiation (HOCHHEIMER et al. 2002; OHLER et al. 2002; JUVEN-GERSHON AND 320 

KADONAGA 2010; FELLER et al. 2012). The identification of core regulatory elements in 321 

promoters of HP1-bound genes raises the possibility that HP1 proteins may mediate 322 

transcriptional activation through interactions with core transcriptional machinery.  323 

 324 

Genomic distributions of HP1 proteins in S2 cells match larval distributions. 325 

To determine if the results from the analysis of the HP1 binding landscape in third instar 326 

larvae is representative of other cell types, we also analyzed available HP1a, HP1B and 327 

HP1C binding profiles from Drosophila S2 cells (HO et al. 2014) (Supplemental Figure 328 

2). We measured the degree of colocalization between HP1 proteins in S2 cells and 329 

found that 72% of genes bound by HP1a were also bound by HP1B and HP1C, while 330 

17% of HP1a binding targets were bound exclusively by HP1a (Supplemental Figure 331 

2A), recapitulating observations form larvae which showed a large number of genes 332 

bound by all three HP1 proteins. HP1B shared 58% of its binding targets with HP1C but 333 

not HP1a, as opposed to 18% of HP1B binding targets being shared with both HP1C 334 

and HP1a. These results demonstrated that the high degree of shared binding sites 335 

between HP1B and HP1C was present in both S2 cells and larvae. 21% of HP1B 336 
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binding targets were bound exclusively by HP1B (Supplemental Figure 2A). HP1C 337 

shared 65% of its genic binding targets with HP1B but not HP1a as opposed to 20% of 338 

HP1C binding targets shared by all three proteins (Supplemental Figure 2A). 12% of 339 

HP1C targets were exclusively bound by HP1C. The magnitude of these relationships 340 

matches observations from the larval datasets. Similar to the binding data from third 341 

instar larvae, data from S2 cells demonstrate that a majority of HP1 family binding 342 

targets are bound by a combination of different HP1 proteins. 343 

 344 

Next, we examined whether HP1 proteins also could be differentiated by their tendency 345 

to localize to different functional DNA sequence elements in S2 cells. We again 346 

examined five types of annotated sequence elements analyzed earlier, and the results 347 

from S2 cells mirror our findings from larvae. HP1a bound 53% of all annotated TEs and 348 

78% of all annotated repeats, while HP1B and HP1C bound less than 1% of all 349 

annotated TEs and repeats (Supplemental Figure 2B). HP1B and HP1C were observed 350 

at OriCs more often than HP1a (47% and 45% versus 24%; Supplemental Figure 2B). 351 

HP1B and HP1C also were associated more frequently with genes than HP1a; HP1a 352 

bound 16% of all genes, while HP1B and HP1C bound 26% and 23% of all genes, 353 

respectively (Supplemental Figure 2B). A similar trend was observed at enhancers, 354 

where HP1a occupied 8% of all annotated enhancers while HP1B and HP1C bound 355 

24% and 26% of all annotated enhancers, respectively. Overall, associations between 356 

HP1 proteins and DNA sequence elements in S2 cells matched the findings from third 357 

instar larvae and help to differentiate functions among Drosophila HP1 family members. 358 

 359 
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We next examined the broad chromatin context of genic HP1 binding targets in S2 cells. 360 

We found that HP1a was significantly enriched at targets within heterochromatin as well 361 

as on chromosome four, binding almost 100% of all heterochromatic genes and 362 

approximately 75% of genes located on chromosome four, while only binding 363 

approximately 12% of euchromatic genes (Supplemental Figure 2C, p < 2.2e-16, chi 364 

square test). HP1B and HP1C also were enriched significantly within heterochromatin 365 

and on chromosome four, but to a lesser extent. HP1B bound approximately 50% and 366 

28% of all heterochromatic and chromosome four genes while only binding 25% of all 367 

euchromatic genes (Supplemental Figure 2D, p = 1.078e-08, chi square test). HP1C 368 

bound 50% and 28% of all heterochromatic and chromosome four genes while only 369 

binding 25% of all euchromatic genes (Supplemental Figure 2E, p = 3.022e-14, chi 370 

square test). These data again highlight the tendency of HP1 proteins to localize to 371 

heterochromatic regions of the genome but also demonstrate that they have binding 372 

targets throughout both chromatin compartments. When comparing enriched domain 373 

width across compartments, we did detect significantly larger HP1a binding regions 374 

within heterochromatin and on chromosome four than within euchromatin 375 

(Supplemental Figure 2F, p < 2.2e-16, Mann Whitney), but did not detect a difference 376 

for peak size across chromatin contexts for HP1B or HP1C peaks (Supplemental 377 

Figures 2G-H). These data again highlight the tendency of HP1 proteins to localize to 378 

heterochromatic regions of the genome but also demonstrate that they have binding 379 

targets throughout both chromatin compartments. Together, the analysis of HP1 binding 380 

data from S2 cells suggests that patterns of binding are similar in chromatin from 381 

different sources.  382 
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 383 

HP1 genic targets reside in particular chromatin states. 384 

Chromatin frequently is classified into higher-order states beyond heterochromatin and 385 

euchromatin based on the varying compositions of histone modifications and chromatin-386 

binding proteins (FILION et al. 2010; KHARCHENKO et al. 2011). To gain a better 387 

understanding of the localization patterns of the different HP1 family members, we 388 

determined the extent to which they targeted genes in nine different chromatin states in 389 

Drosophila S2 cells defined by the modENCODE consortium (KHARCHENKO et al. 2011). 390 

In general, we found that a majority of protein-coding genes reside in chromatin states 391 

one, two, three, four, and nine, which correspond to the euchromatic compartment of 392 

the genome (Supplemental Figure 2I). We identified enrichment of all HP1 family 393 

members at protein coding genes in heterochromatic states six, seven, and eight. Of the 394 

euchromatic states, all three HP1 proteins were enriched in state five, which is marked 395 

by significant enrichment of H4K16ac and is distributed prominently throughout the 396 

Drosophila X chromosome. Meanwhile, we found that all three HP1 proteins were 397 

depleted within state nine, which is depleted for most chromatin modifications and 398 

proteins and comprises 40% of the Drosophila genome. Depletion of HP1 proteins in 399 

this state is consistent with their function as epigenetic readers. We also observed 400 

depletion of HP1 targets in euchromatic states one, two and three. These results further 401 

strengthen the association of the HP1 family with transcriptionally active chromatin 402 

domains. 403 

 404 
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HP1 genic targets are enriched for active histone modifications regardless of 405 

broader chromatin context. 406 

Given that HP1 binding targets are transcriptionally active and that HP1 proteins 407 

localize to targets within chromatin states that are both permissive and restrictive to 408 

transcription, we sought to profile chromatin marks at HP1 binding targets at increased 409 

resolution. A defining structural feature of the HP1 family is the presence of a chromo-410 

domain which permits recognition and binding of H3K9me2/3 (EISSENBERG AND ELGIN 411 

2014). However, the genomic distributions of HP1a and other HP1 proteins are not 412 

strictly defined by H3K9me2/3 recognition as HP1 proteins display H3K9me2/3 413 

independent localization (GREIL et al. 2003; FIGUEIREDO et al. 2012). Therefore, we 414 

characterized histone methylation patterns at promoters of HP1 binding targets and 415 

non-targets. We compared the co-localization of different combinations of HP1 proteins 416 

with the repressive histone modifications H3K9me2/3 as well as the active histone 417 

modifications H3K4me1/3 across different chromatin contexts (Figure 3A-C). In 418 

euchromatin, we observed that localization of HP1B and HP1C is largely independent of 419 

H3K9me2/3 except in the presence of HP1a (Figure 3A). Euchromatic genes bound 420 

exclusively by HP1B or HP1C were depleted for H3K9me2 (p = 1, 1 respectively, 421 

hypergeometric test) and H3K9me3 (p = .99, .99 respectively, hypergeometric test). 422 

Euchromatic genes bound by HP1B and HP1C were depleted also for both marks (p = 423 

1, 1, hypergeometric test). In contrast, euchromatic genes bound by both HP1a and 424 

HP1B were enriched for both H3K9me2 and H3K9me3. (p = 0, 0 hypergeometric test). 425 

We also detected significant association between genes bound by both HP1a and 426 

HP1C and these marks (p = 0, 6.79e-01, hypergeometric test). Finally, we detected 427 
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significant H3K9me2/3 enrichment at euchromatic genes bound by all three HP1 428 

proteins as well as genes bound by HP1a exclusively (hypergeometric test). Thus, 429 

associations between the HP1 family and H3K9me2/3 at protein-coding genes are 430 

detected only in gene sets where HP1a is present. 431 

 432 

Because HP1C can be a transcriptional activator in some contexts and HP1 proteins 433 

have been associated previously with induced gene expression, we also examined the 434 

association between HP1 proteins and active chromatin marks within euchromatin. 435 

Interestingly, we detected significant enrichment of histone modifications correlated with 436 

active transcription, such as H3K4me1/3 at many of these euchromatic gene groups in 437 

addition to H3K9me2/3 enrichment. We detected significant H3K4me1 enrichment at 438 

euchromatic genes bound by all three HP1 proteins as well as genes bound by both 439 

HP1B and HP1C and genes bound exclusively by HP1C (p = 0, 0, 6.19e-07 440 

respectively, hypergeometric test). We detected H3K4me3 enrichment at euchromatic 441 

genes bound by all three proteins, both HP1B and HP1C, or exclusively HP1B (p = 0, 0, 442 

7e-05 respectively hypergeometric test). Overall, analyses of histone modification ChIP-443 

Seq data at euchromatic HP1 family gene targets reinforces a strong association 444 

between HP1a and repressive histone modifications while also demonstrating 445 

independent localization characterized by active histone modifications. 446 

 447 

In addition to studying associations between HP1 binding targets and different 448 

chromatin modifications within euchromatin, we also measured associations between 449 

HP1 binding targets and different histone methylation marks in heterochromatic 450 
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contexts. We detected joint enrichment of active and repressive histone modifications at 451 

heterochromatic HP1 binding targets (Figure 3B). Heterochromatic genes bound by all 452 

three HP1 proteins were enriched for all histone modifications analyzed (p = 0, 0, 0, 0 453 

hypergeometric test). We also detected significant enrichment of H3K4me1 at 454 

heterochromatic genes bound by both HP1B and HP1C (p = 0 hypergeometric test).  455 

Due to a small number of genes, we were unable to assess enrichment for other 456 

combinations of HP1 proteins within heterochromatin. However, enrichment of H3K4 457 

methylation at heterochromatic HP1 targets is in agreement with previous data 458 

demonstrating that heterochromatic HP1a binding targets are actively transcribed. 459 

 460 

Finally, we examined association patterns between HP1 proteins and histone 461 

modifications on chromosome four. We again detected significant enrichment of all 462 

histone modifications analyzed at chromosome four genes bound by all three HP1 463 

proteins (p = 0, 0, 0, 0, hypergeometric test). In addition, we detected enrichment of 464 

H3K4me3 at genes bound by HP1B and HP1C as well as genes bound by HP1C 465 

exclusively (p = 0, 0, hypergeometric test). Limited sample size prevented enrichment 466 

analysis of other HP1 protein combinations. Histone modification data from 467 

chromosome four again reinforces the association between HP1 proteins and active 468 

chromatin states. 469 

 470 

HP1 binding targets display signatures of promoter proximal RNA polymerase 471 

pausing. 472 
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All three somatic Drosophila HP1 proteins co-immunoprecipitate with both subunits of 473 

the Facilitates Chromatin Transcription (FACT) complex, which promotes transcriptional 474 

elongation (KWON et al. 2010). Furthermore, HP1C has been implicated previously in 475 

release from promoter proximal pausing (KESSLER et al. 2015), and HP1a and HP1C 476 

have been associated with pausing at transcribed genes (SAKOPARNIG et al. 2012). 477 

However, the extent to which this relationship depends on the cooperative activity of 478 

other HP1 proteins has not been examined. To better understand the association 479 

between the HP1 protein family and transcriptional pausing by RNA polymerase II 480 

(referred to as ‘pausing’), we compared RNA polymerase II (RPII) dynamics at HP1 481 

target and non-target genes using available next generation sequencing datasets. 482 

Metagene profiles of RPII ChIP-Seq data demonstrated that HP1 target genes generally 483 

displayed a higher 5’ RPII signal peak in addition to overall increased RPII recruitment. 484 

(Figures 4A-C). To quantify this relationship, we calculated pausing indices (MUSE et al. 485 

2007; LARSCHAN et al. 2011). Here, each gene is divided into two regions (Figure 4D). A 486 

pausing index can be calculated by dividing the read density in the 5’ region over the 487 

read density in the mid-gene region. Pausing indices allow for the evaluation of RPII 488 

dynamics using next-generation sequencing datasets. We calculated pausing indices 489 

for HP1 target and non-target genes using available RPII ChIP-Seq data from 490 

Drosophila third instar larvae. HP1a, HP1B, and HP1C target genes all had significantly 491 

higher pausing indices than non-target genes (Figure 4E-G, p < 2.2e-16; Mann-492 

Whitney). This finding validates previously observed associations between HP1a and 493 

HP1C with promoter proximal pausing and is the first evidence of a possible role for 494 

HP1B in promoter proximal pausing. Next, we examined RPII dynamics at protein 495 
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coding genes with different combinations of HP1 proteins present at the promoter. We 496 

overlaid RPII ChIP-Seq metagene profiles of each of these gene groups (Figure 4H). 497 

This visualization revealed that the group of genes bound exclusively by HP1a (blue 498 

line) did not contain a higher 5’ peak compared to genes without HP1 proteins present 499 

at the promoter (gray line). Genes bound exclusively by HP1C (bright purple) or by a 500 

combination of HP1a and HP1C (dark purple) displayed moderately increased RPII 501 

recruitment at the promoter compared to genes unoccupied by HP1 family members. 502 

Genes bound by a combination of HP1 family members that includes HP1B had highest 503 

RPII 5’ peaks and increased RPII recruitment over the gene body compared to other 504 

gene groups. Analysis of pausing indices of these gene groups further highlighted these 505 

differences. Pairwise Mann-Whitney U tests with false discovery rate (FDR) corrections 506 

demonstrated that most HP1 family combinations were distinct (Figure 4I). Average 507 

pausing indices were highest in gene groups occupied by an HP1 combination that 508 

included HP1B. Of these groups, genes bound by all three HP1 proteins had the highest 509 

overall pausing indices. Meanwhile, genes bound exclusively by HP1a had the lowest 510 

pausing indices of any combination of HP1 proteins and were not significantly different 511 

from genes without HP1 family members at the promoter. Genes bound by HP1C 512 

exclusively also had lower pausing indices than other HP1 family combinations but were 513 

significantly different from genes without any HP1 proteins. Notably, the group of genes 514 

bound by HP1a and HP1C is difficult to interpret due to the small sample size of this 515 

group compared to other gene groups (n = 20). Overall, these data present strong 516 

evidence for the importance of cooperative activity among HP1 family members, 517 
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particularly HP1B, in observed associations between the HP1 family, promoter proximal 518 

pausing and transcriptional activation. 519 

 520 

To validate these findings, we sought whether relationships between HP1 family 521 

members and pausing were observable through an analysis of the nascent 522 

transcriptome. We analyzed available Global Nuclear Run-On followed by next 523 

generation sequencing (GRO-Seq) data from Drosophila S2 cells as an orthogonal 524 

approach to RPII ChIP-Seq to assess RPII dynamics at HP1 family target genes 525 

(Supplemental Figure 3). We generated GRO-Seq metagene profiles of HP1 target and 526 

non-target genes in S2 cell culture from available data (LARSCHAN et al. 2011) 527 

(Supplemental Figure 3A-C). Metagene profiles recapitulated observations from RPII 528 

ChIP-Seq data. HP1a, HP1B and HP1C target genes had higher 5’ peaks and 529 

increased signal over the gene body than non-target genes. We again calculated 530 

pausing indices to quantify these observations. Pausing index analysis again 531 

recapitulated HP1a, HP1B and HP1C target genes all had higher pausing indices than 532 

respective non-target genes (Supplemental Figures 3D-F). These results demonstrate 533 

that the association between HP1 family members and active transcription at TSSs of 534 

protein-coding genes can be observed not only through measurements of RPII 535 

positioning but also through analysis of the nascent transcriptome. To follow up this 536 

analysis, we examined how nascent transcription signatures vary across genes bound 537 

by different combinations of HP1 proteins. We analyzed pausing indices across these 538 

different gene groups using pairwise Wilcoxon tests with FDR correction (Supplemental 539 

Figure 3H). This analysis produced similar results to our analysis of RPII ChIP-Seq data 540 
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(Figure 4I). Genes bound by all three HP1 proteins or by a combination of HP1B and 541 

HP1C again had the highest mean pausing indices. Genes bound by other 542 

combinations of multiple HP1 proteins – HP1a and HP1B, HP1a and HP1C – as well as 543 

genes bound exclusively by HP1C comprised a middle tier of pausing indices. Genes 544 

bound exclusively by HP1C or HP1a or genes not occupied by HP1 family members at 545 

their promoter had the lowest pausing indices (Figure 4I). These observations are well 546 

illustrated by metagene profiles of GRO-Seq data across these gene groups (Figure 547 

4H). Overall, our analysis of nascent transcription dynamics at HP1 target genes 548 

validates key findings of our analysis of RPII ChIP-Seq data. Namely, that particular 549 

combinations of HP1 proteins are consistently and strongly associated with 550 

transcriptional activation.   551 

 552 

Associations between HP1 and pausing are consistent across heterochromatin 553 

and euchromatin. 554 

To better understand the association between the HP1 family and transcriptional 555 

pausing, we next set out to investigate whether surrounding chromatin context 556 

differentiated between the degree of pausing at HP1 binding targets. We generated 557 

metagene profiles and compared average pausing indices for HP1a, HP1B, and HP1C 558 

binding targets in both heterochromatic and euchromatic contexts from RPII ChIP-Seq 559 

data from third instar larvae (Supplemental Figure 4). Metagene profiles of HP1 target 560 

and non-target genes in both contexts demonstrated that higher RPII 5’ peaks and 561 

increased RPII recruitment was consistent at HP1 binding targets across chromatin 562 

contexts (Supplemental Figures 4A-B, E-F, I-J). Quantifying this observation with 563 
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pausing indices found that binding targets of all three HP1 proteins exhibited 564 

significantly higher pausing indices than unbound genes in euchromatic contexts 565 

(Supplemental Figures 4D, H and L, p < 2.2e-16, Mann-Whitney). We also detected 566 

significantly increased pausing indices in heterochromatin at HP1C target genes 567 

(Supplemental Figure 4K, p = 0.002, Mann-Whitney) and at HP1B target genes 568 

(Supplemental Figure 4G, p = 0.002, Mann-Whitney). We did not detect significant 569 

differences in pausing indices between HP1a target and non-target genes in 570 

heterochromatin; however, this result may be due to the small (n = 12) sample size of 571 

non-target genes in this chromatin context (Supplemental Figure 4C). Overall, our 572 

analysis of RPII ChIP-Seq dynamics across chromatin contexts suggests that HP1 573 

binding activity at TSSs is associated with a consistent functional outcome of increased 574 

pausing and gene expression in both heterochromatin and euchromatin. 575 

 576 

To validate these findings, we again analyzed orthogonal GRO-Seq data to see whether 577 

the association between HP1 binding and increased pausing was visible through 578 

analysis of the nascent transcriptome. We generated GRO-Seq metagene profiles for 579 

HP1a, HP1B and HP1C binding targets in heterochromatin and euchromatin. All three 580 

HP1 family members had increased signal at the 5’ gene end as well as over the gene 581 

body in both contexts (Supplemental Figure 5A-B, E-F, I-J). Quantifying metagene 582 

profiles with pausing indices recapitulated findings from RPII ChIP-Seq data. HP1a 583 

binding targets were paused significantly compared to non-targets in euchromatin, but 584 

not heterochromatin. HP1B and HP1C binding targets were paused significantly 585 

compared to non-targets in both heterochromatin and euchromatin. These results again 586 
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indicate that the broader surrounding chromatin context is not predictive of 587 

transcriptional activity. 588 

 589 

HP1-bound genes are enriched for histone modifications associated with 590 

enhanced transcriptional elongation. 591 

In addition to measuring pausing indices at HP1 binding targets, we also investigated 592 

whether HP1-bound genes were enriched for particular histone modifications correlated 593 

with RPII elongation (VELOSO et al. 2014; CHEN et al. 2018). We measured the 594 

associations between HP1 family member binding with three histone modifications: 595 

Histone 4 lysine 20 monomethylation (H4K20me1), Histone 2B lysine 120 ubiquitination 596 

(H2B-ubi) and histone 3 lysine 79 monomethylation (H3K79me1) using available ChIP-597 

Seq data (Supplemental Figure 6). We evaluated enrichment patterns across different 598 

chromatin contexts to observe whether associations were specific to a particular 599 

broader chromatin context. Overall, patterns of association were very similar for all three 600 

histone modifications. In euchromatin, we detected significant enrichment of H2B-ubi at 601 

genes bound by all three HP1 proteins as well as genes bound by HP1B and HP1C (p = 602 

0, 0, respectively, hypergeometric test). We found this same enrichment pattern with 603 

respect to H4K20me1, in addition to significant enrichment of H4K20me1 at genes 604 

bound exclusively by HP1B (p = 0, 0, 0.012, hypergeometric test). We found significant 605 

enrichment of H3K79me1 at euchromatic genes bound by all three HP1 proteins, genes 606 

bound by HP1a and HP1C, genes bound by HP1B and HP1C as well as genes bound 607 

exclusively by HP1B (p = 0, 0, 0, 5.34e-13, hypergeometric test). Meanwhile in 608 

heterochromatin, we detected significant enrichment for H2B-ubi at genes bound by all 609 
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three HP1 proteins as well as genes bound exclusively by HP1C (p = 0, 0, respectively, 610 

hypergeometric test). We also detected significant H4K20me1 enrichment at genes 611 

bound by all three HP1 proteins or genes bound exclusively by HP1C within 612 

heterochromatin (p = 0, 0, hypergeometric test). With respect to H3K79me1, we 613 

detected significant enrichment at genes bound by all three HP1 proteins, genes bound 614 

by HP1B and HP1C, and genes bound by HP1C exclusively (p = 0, 0.013, 0, 615 

hypergeometric test). Finally, on chromosome four, we detected significant H2B-ubi 616 

enrichment at genes bound by all three HP1 proteins, genes bound by HP1B and 617 

HP1C, and genes bound exclusively by HP1C (p = 0, 0, 0, hypergeometric test). We 618 

detected this same enrichment pattern across gene groups with respect to H4K20me1 619 

(p = 0, 0, 0, hypergeometric test) as well as H3K79me1 (p = 0, 0, 0, hypergeometric 620 

test). Observed enrichment of these histone modifications at HP1 target genes supports 621 

our findings that the colocalization of HP1 proteins is strongly associated with RPII 622 

activity and increased gene expression. 623 

 624 

HP1 depletion impacts gene expression. 625 

To understand how HP1 proteins regulate gene expression, we integrated three RNA-626 

Seq datasets of HP1 knockout mutants. We utilized available datasets of Su(var)205 627 

and HP1b knockout mutants (RIDDLE et al. 2012; MILLS et al. 2018) and generated a 628 

novel library to study gene expression in an HP1c knockout mutant (Supplemental 629 

Figure 7). We then compared differentially expressed genes across all three datasets to 630 

better understand the set of genes regulated by the HP1 family. We found that depletion 631 

of HP1a and HP1B resulted in upregulation of a large number of genes and a smaller 632 
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quantity of downregulated genes, while depletion of HP1C resulted in both up- and 633 

downregulated gene expression at approximately equal levels (Supplemental Figure 7). 634 

Next, we examined changes in gene expression upon HP1 depletion at genes bound by 635 

HP1 proteins. We found that 48.83% of HP1a bound genes were differentially 636 

expressed upon HP1 depletion. A majority of expression changes observed upon HP1a 637 

depletion appear to be due to secondary effects, evidenced by the fact that only 19.73% 638 

of differentially expressed genes were binding targets (Supplemental Figure 7G). In 639 

contrast, we found that HP1B and HP1C binding targets constituted a small majority of 640 

differentially expressed genes, although only a small percentage of binding targets was 641 

differentially expressed (Supplemental Figures 7H-I). Upon HP1B depletion, 50.95% of 642 

differentially expressed genes are bound by HP1B under wildtype conditions, although 643 

only 17.50% of binding targets were differentially expressed (Supplemental Figure 7H). 644 

Similarly, 52.78% of differentially expressed genes upon HP1C depletion are genes 645 

bound by HP1C under wildtype conditions, but only 16.57% of HP1C binding targets are 646 

differentially expressed upon HP1C depletion (Supplemental Figure 7I). Therefore, 647 

while a majority of HP1B and HP1C binding targets do not experience significant 648 

changes in expression upon depletion of either respective protein, those genes which 649 

are differentially expressed constitute a small majority of observed transcriptional 650 

changes. 651 

 652 

Depletion of individual HP1 proteins reveals roles for HP1 family members in 653 

promoter proximal pausing. 654 
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To better understand the impact of HP1 binding on promoter proximal pausing, we 655 

measured pausing indices in knockout mutants for HP1a, HP1B, and HP1C using RPII 656 

ChIP-chip data from third instar larvae made available by the modENCODE consortium 657 

(HO et al. 2014). We used an alternative pausing index calculation that is compatible 658 

with ChIP-chip datasets (ZEITLINGER et al. 2007) and again analyzed the pausing indices 659 

at all genes bound by each HP1 protein as well as pausing indices bound by different 660 

combinations of HP1 proteins. Using this modified calculation, we were able to detect 661 

significantly increased pausing at HP1a, HP1B and, HP1C target genes in wild-type 662 

Drosophila third instar larvae (Figures 5A, C, and E). Overall, significantly increased 663 

promoter proximal pausing at HP1 target genes was maintained in respective knockout 664 

mutants (Figures 5B, D and F). This observation is consistent with a model where HP1 665 

proteins cooperate to regulate transcription and exhibit a degree of functional 666 

redundancy at TSSs. 667 

 668 

Analysis of pausing indices across genotypes suggests binding of HP1B and HP1C may 669 

be particularly important for transcriptional regulation by HP1 family members. To gain 670 

insight into individual functions of HP1 proteins in transcriptional regulation, we decided 671 

to examine how pausing indices changed across HP1 null mutants at genes bound by 672 

different combinations of HP1 proteins (Figures 5G-J). We first compared pausing 673 

indices across HP1 binding groups in the wildtype dataset with functional copies of all 674 

three somatic HP1 genes to better appreciate how the groups relate to each other in the 675 

‘wild type’ condition. A Kruskal-Wallis test confirmed that there were significant 676 

differences in pausing indices across HP1 binding groups (X2 = 526.62, p < 2.2e-16) 677 
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which we followed up with pairwise Wilcoxon tests with FDR correction to examine 678 

pairwise differences. We found a total of 13 significantly different pairwise comparisons 679 

between different HP1 binding groups which roughly partitioned the groups into three 680 

tiers (Figure 5G). Genes that were not bound by any HP1 proteins did not have a 681 

significantly different pausing index compared to genes bound exclusively by HP1a and 682 

these groups had the lowest average pausing indices. A middle tier of groups was 683 

comprised of genes bound exclusively by HP1C, genes bound exclusively by HP1B, 684 

and genes bound by a combination of HP1a and HP1B but lacking HP1C. Groups in 685 

this tier had intermediate average pausing index values. Finally, genes bound by both 686 

HP1B and HP1C as well as genes bound by HP1a, HP1B, and HP1C did not exhibit 687 

significant differences in their pausing indices, and these genes had the highest 688 

average pausing indices. (The group of genes bound by HP1a and HP1C were not 689 

compared in pairwise comparisons because the bimodal distribution of pausing indices 690 

in this group precludes necessary assumptions for statistical inference). These results 691 

reinforce prior data suggesting that the colocalization of HP1B and HP1C may be 692 

particularly important for the increased pausing and increased expression that has been 693 

previously associated with HP1 binding. 694 

 695 

Depletion of HP1a results in minor impacts to pausing indices at HP1 target genes. We 696 

repeated the above analysis in HP1a null larvae to infer the importance of HP1a in 697 

transcriptional regulation (Figure 5H). A Kruskal-Wallis test established significant 698 

differences in pausing indices across groups of genes bound by different combinations 699 

of HP1 family members (X2 = 564.96, p < 2.2e-16). Follow-up of pairwise comparisons 700 
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using Wilcoxon tests with FDR correction revealed two pairwise comparisons that 701 

deviated from the wildtype genotype. Genes bound exclusively by HP1C no longer 702 

exhibited significantly increased pausing indices upon depletion of HP1a. Instead, this 703 

group of genes now occupied the lowest tier of pausing indices. The second novel 704 

difference was that genes bound by HP1a and HP1B had significantly higher pausing 705 

indices than genes bound exclusively by HP1a upon HP1a depletion. However, this 706 

change did not meaningfully move this group of genes into a new tier of pausing 707 

indices. While depletion of HP1a produced some changes in promoter proximal pausing 708 

at genes bound by certain combinations of HP1 family members, overall effects were 709 

minimal. 710 

 711 

In contrast to HP1a depletion which resulted in minimal effects on promoter proximal 712 

pausing, depletion of HP1B disrupted promoter proximal pausing on a larger scale. A 713 

Kruskal-Wallis test of pausing indices across groups of genes bound by different 714 

combinations of HP1 proteins confirmed significant differences between groups (X2 = 715 

137.12, p < 2.2e-16). Pairwise Wilcoxon comparisons with FDR correction identified a 716 

total of eight comparisons that differed from their respective result in the wildtype 717 

genotype. Genes bound exclusively by HP1B or exclusively by HP1C no longer 718 

displayed significantly higher pausing indices compared to genes with no HP1 proteins 719 

present, contributing to the lowest tier of gene groups ranked by pausing-indices. 720 

Additionally, genes bound by a combination of HP1B and HP1C were not significantly 721 

different from genes bound exclusively by HP1C, although the former were still 722 

significantly different from genes with no HP1 proteins at all. Genes bound by HP1B and 723 
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HP1C no longer occupied the highest tier of pausing indices upon depletion of HP1B 724 

and also exhibited significant differences with genes bound by all three HP1 proteins. 725 

The relationship between genes bound by HP1a and HP1B exhibited the most change 726 

in this genotype compared to pairwise comparisons in wildtype. Upon depletion of 727 

HP1B, these genes had higher pausing indices compared to genes bound exclusively 728 

by HP1a, HP1B, or HP1C. However, these genes were not significantly different from 729 

genes bound by HP1B and HP1C. These data suggest that HP1B may be particularly 730 

important for relationships between HP1 family members when regulating transcription 731 

start site activity and that HP1 family members may functionally compensate upon 732 

HP1B depletion. 733 

 734 

Depletion of HP1C minimized differences in pausing indices across groups of HP1 735 

genes. A Kruskal-Wallis test confirmed significant differences in pausing indices across 736 

groups of genes bound by different combinations of HP1 proteins upon depletion of 737 

HP1C (X2 = 271.35, p < 2.2e-16). Pairwise comparisons using Wilcoxon tests with FDR 738 

corrections identified four pairwise comparisons whose relationship differed from the 739 

wildtype condition. Each of these comparisons represented a transition from a 740 

statistically significant difference to a nonsignificant difference following HP1C depletion. 741 

First, genes bound by HP1C were no longer significantly different from genes not bound 742 

by HP1 family members. The remaining three comparisons all involved the group of 743 

genes bound by HP1a and HP1B. This gene group was no longer significantly different 744 

from genes bound by all three HP1 proteins, genes bound by HP1B and HP1C, and 745 

genes not bound by HP1 proteins. This observation suggests that the presence of 746 
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HP1C is important for regulating pausing when different combinations of HP1 proteins 747 

are present at transcription start sites. 748 

 749 

DISCUSSION 750 

Here, we analyzed high resolution ChIP-Seq maps of all the somatic Drosophila HP1 751 

family members, which raises interesting points about the role of these proteins in gene 752 

regulation. We find that all three HP1 proteins bind throughout heterochromatin and 753 

euchromatin compartments. With regards to binding behavior at protein-coding genes, 754 

while all three HP1 proteins are enriched at genes located within heterochromatin, a 755 

majority of their binding targets are located within euchromatin. This finding is true even 756 

of HP1a, whose localization often is described as restricted to heterochromatin, as well 757 

as HP1C, whose localization tends to be described as restricted to euchromatin. In 758 

addition to previously reported enrichment of HP1a on chromosome four, we also detect 759 

significant enrichment of HP1B and HP1C. Additionally, the three HP1 proteins share a 760 

majority of their binding sites. A gene bound by any HP1 protein is most likely also 761 

bound by at least one other family member. This relationship was true across 762 

heterochromatin and euchromatin and highlights the need to consider what effect 763 

interactions between HP1 proteins have on transcription. 764 

 765 

A close examination of HP1 genic binding targets suggests that knowledge of the 766 

presence of additional HP1 proteins is a better indicator of transcriptional status than 767 

knowledge of the broader surrounding chromatin context. HP1-bound genes are 768 

expressed at higher levels than unbound genes across chromatin contexts. Genes 769 
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bound by all three HP1 proteins or by a combination of HP1B and HP1C are 770 

consistently expressed at higher levels across all contexts. HP1-bound genes display a 771 

strong association with H3K4me3 across all chromatin contexts but share a context-772 

specific association with H3K9me2/3 within heterochromatin. The independence of HP1 773 

binding to euchromatic genes from H3K9me2/3 matches previously observed data. 774 

Cooperative binding of multiple HP1 proteins therefore appears to be a stronger 775 

indicator of transcriptional activation than chromatin context. 776 

 777 

Signatures of promoter proximal pausing at HP1 binding targets give clues to a potential 778 

mechanism of gene activation by HP1 proteins. Here, we report that genes bound by 779 

HP1 proteins display higher pausing indices compared to unbound genes. This effect is 780 

observed across chromatin states. A pausing index is an indirect measurement of RPII 781 

activity that reflects a higher density of RPII at the 5’ end of genes. It is not always clear 782 

what factors drive this increased density. For instance, genes with increased pausing 783 

durations would be expected to have higher pausing indices and lower expression 784 

levels. In contrast, genes with shorter pausing durations but increased initiation 785 

frequencies could exhibit high pausing indices in addition to high expression levels 786 

(GRESSEL et al. 2017). HP1 binding targets are expressed at higher levels than non-787 

target genes and have strong associations with the active histone modification 788 

H3K4me3, in the support of the latter model of increased pausing indices. This 789 

observation is supported by observations made by others that HP1 binding targets 790 

appear to be both paused and highly transcribed (SAKOPARNIG et al. 2012). Increased 791 

pausing indices associated with HP1 binding may be due to the relationship between 792 
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the HP1 family and the FACT complex, which promotes RPII elongation by removing 793 

nucleosomal barriers (ORPHANIDES et al. 1998; KWON et al. 2010). Alternatively, 794 

increased RPII pausing at HP1 target genes may be regulated through HP1-mediated 795 

recruitment of additional factors such as dDsk2 (KESSLER et al. 2015; DI MAURO et al. 796 

2020)Additional evidence is necessary to fully understand the contribution of each HP1 797 

family member to transcriptional activation.  798 

 799 

Our analysis of RPII dynamics in single knockout HP1 mutants suggests that 800 

interactions between HP1 family members are important in the regulation of gene 801 

expression. HP1 targets comprise a majority of differentially expressed genes in HP1b 802 

and HP1c null mutants, and a large fraction of HP1a binding targets are differentially 803 

expressed in Su(var)205 mutants. An analysis of RPII activity at these genes in 804 

respective HP1 null mutants supports a model where HP1 proteins promote increased 805 

gene expression through regulation of RPII activity. This model is further supported by 806 

an observed interaction between HP1 family members and the FACT complex and is 807 

consistent with observations of HP1d activity in the Drosophila genome (ANDERSEN et al. 808 

2017). Our analysis builds on these results by providing insights into how HP1 proteins 809 

cooperatively regulate RPII activity in Drosophila somatic cells.  810 

 811 

While HP1a and HP1C previously have been implicated in transcriptional activation and 812 

promoter proximal pausing individually, ours is the first study to consider how 813 

coordinated activity between HP1 proteins may impact gene expression. Additionally, 814 

ours is the first study to show genome-wide evidence for a role of HP1B in promoter 815 
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proximal pausing to induce transcription. Previous studies have suggested that 816 

surrounding chromatin contexts may predict whether HP1 proteins have an activating or 817 

repressive role at TSSs. However, our genome-wide analysis of HP1 binding targets 818 

demonstrates that co-localization of HP1 proteins is a better predictor of whether 819 

binding targets are transcribed or repressed than knowledge of surrounding chromatin 820 

context. Certain combinations of HP1 proteins, particularly the colocalization of HP1B 821 

and HP1C, are strongly associated with active transcription throughout heterochromatin 822 

and euchromatin, while HP1a binding on its own is not associated with pausing or 823 

transcription. Overall, our analysis highlights the need to consider how HP1 family 824 

members work together to regulate gene expression. 825 

 826 

METHODS 827 

ChIP-Seq Analysis 828 

HP1 binding sites from third instar larvae and S2 cells were downloaded from GEO (see 829 

accession numbers in supplementary table 1). Peak genomic coordinates were 830 

converted from dm3 to dm6 using the UCSC genome liftOver tool (KENT et al. 2002) and 831 

compared with annotated protein-coding genes in the Drosophila genome (release 6.25 832 

(THURMOND et al. 2019)) to classify genes as bound. Chromatin context boundaries to 833 

differentiate heterochromatin and euchromatin were obtained from (RIDDLE et al. 2011). 834 

Enrichment of bound genes across chromatin contexts was evaluated using a Chi-835 

square test. 836 

 837 
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To generate genome-wide binding profiles of HP1 proteins and histone modifications, 838 

we downloaded raw sequencing data (see accession numbers in supplementary table 839 

1). Reads were aligned to the dm6 reference assembly using the bwa mem algorithm 840 

(version 0.7.16a-r1181) (LI AND DURBIN 2009). Coverage was calculated with samtools 841 

version 1.5 (LI et al. 2009) and plotted using Circos (KRZYWINSKI et al. 2009). Heatmaps 842 

of histone modifications were generated using deepTools (version 3.0.2) (RAMIREZ et al. 843 

2016).  844 

 845 

To assess the enrichment of histone modifications at HP1 binding sites, histone 846 

modification peak data was downloaded from GEO (Supplementary Table 1) and 847 

coordinates were uploaded to UCSC genome liftOver to convert to dm6. Overlap 848 

between histone modification peaks and HP1-bound genes was evaluated using a 849 

custom python script (Made available at location Y). Enrichment was determined from 850 

number of overlaps using hypergeometric tests. 851 

 852 

RNA-Seq analysis 853 

For preparation of transcriptomic data from HP1c null mutants, 20 mg of frozen third 854 

instar larvae were homogenized, and RNA samples were isolated using Trizol. RNA 855 

sample integrity was confirmed by formaldehyde agarose gel electrophoresis. RNA 856 

samples were prepared for whole transcriptome sequencing by the UAB Heflin Center 857 

for Genomic Science Genomics Core lab. 30-40 million RNA-seq reads were collected 858 

per sample using the Illumina Sequencing Platform. We analyzed two RNA-seq 859 

samples of the HP1c null mutant genotype.  860 
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 861 

To analyze RNA-seq data, we aligned reads to the dm6 reference genome assembly 862 

using STAR aligner (Version #2.5.2) (DOBIN et al. 2013)and determined transcript 863 

counts using HTSeq (version #0.6.1) (ANDERS et al. 2015). Differential expression 864 

analysis was performed using DESeq2 (Version #1.22.2) (LOVE et al. 2014). Only genes 865 

meeting an FDR (false discovery rate) cut-off of 0.05 were used for downstream 866 

analyses. Gene ontology analysis was performed using DAVID (version #6.8) (HUANG 867 

DA et al. 2009b; HUANG DA et al. 2009a). 868 

 869 

Motif Analysis 870 

We defined promoter regions as the region covering 250 bp upstream of the TSS to the 871 

TSS. Motif analysis of promoter sequences was evaluated using MEME (version 5.1.0), 872 

(BAILEY et al. 2015) searching for the top three hits in each dataset. 873 

 874 

Metagene Profiles 875 

Metagene profiles were calculated using a custom R script. To generate metagene 876 

profiles of RPII ChIP-Seq and GRO-Seq data, we first filtered genes shorter than 1 kb. 877 

Remaining genes along with the regions 250 bp upstream and downstream were scaled 878 

into 1.5 kb. Coverage profiles for each gene were calculated individually and then 879 

average before averaging into group profiles. 880 

 881 

Pausing indices 882 
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Pausing indices were calculated using a custom R script. To calculate pausing indices, 883 

genes were divided into regions: the first five hundred base pairs at the 5’-most end of 884 

the gene and the remaining gene body. Read densities were calculated from each 885 

region. Genes shorter than 1000 bp or genes with less than three reads aligning to 886 

either regions were filtered out of the analysis. Mann-Whitney U tests were used for 887 

comparisons across groups. 888 

 889 

Data Availability 890 

The authors state that all data necessary for confirming the conclusions presented in 891 

the article are represented fully within the article. All data used in this study are publicly 892 

available and referenced in Materials and Methods. The Supplemental material will be 893 

available at FigShare. R code for the calculation of pausing indices and metagene 894 

profiles is available on Github: https://github.com/schoelz-j/schoelz_feng_riddle_2020 895 
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FIGURE CAPTIONS 906 

Figure 1. The genome-wide binding landscape of the Drosophila HP1 family. (A) 907 

Input-corrected genome-wide ChIP-Seq tracks for HP1a (blue track), HP1B (green 908 

track), and HP1C (purple track) in wildtype third instar larvae. Coverage is plotted as 909 

log2(ChIP/Input). Exterior gray track denotes positions of cytogenetic bands. Pericentric 910 

heterochromatic regions are highlighted in yellow using chromatin boundaries defined 911 

previously (RIDDLE et al. 2011). (B) Number of HP1-enriched domains identified in each 912 

chromatin compartment. (C-E) Comparison of enriched domain width across chromatin 913 

compartments for HP1a (C), HP1B (D), and HP1C (E). Average differences were 914 

evaluated using Mann-Whitney U test. (F) Comparison of HP1 protein occupancy at 915 

different DNA sequence elements. Y axis denotes the fraction of annotated elements 916 

bound by a given HP1 protein. (G-I) Fraction of genes bound by HP1 proteins in 917 

different chromatin compartments. Y axis denotes the proportion of genes bound by a 918 

given HP1 protein out of the total number of genes in that compartment. (J) HP1 919 

proteins share a majority of their binding sites. The two most frequent combinations 920 

observed were co-localization of HP1B (green oval) and HP1C (purple oval) as well as 921 

both proteins colocalizing with HP1a (blue oval). (L-K) Genome browser screenshots of 922 

HP1 proteins colocalizing at heterochromatic genes light and rolled. Y axis denotes 923 

coverage. Gene structures are depicted beneath screenshots. (* denotes cutoff of p < 924 

0.05) 925 

 926 

Figure 2. Gene expression analysis of HP1 binding targets across chromatin 927 

states and different combinations of HP1 proteins. HP1 binding target (“bound 928 
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genes,” colored) are expressed significantly higher than non-target genes (“unbound 929 

genes,” grey) as measured by Log(1)(TPM) average from two biological replicates (Y-930 

axis, *:p < 2.2e-16, Mann-Whitney). Data from euchromatin for HP1a (A), HP1B (B), and 931 

HP1C (C), as well as heterochromatin with HP1a shown in (D), HP1B in (E), and HP1C 932 

in (F). (G) Expression level comparison for genes bound by different combinations of 933 

HP1 proteins, with HP1 combination indicated in the Venn diagram below the violin 934 

plots. Genes bound by a combination of HP1a, HP1B and HP1C or by a combination of 935 

HP1B and HP1C are expressed significantly higher than HP1 non-target genes (*:p < 936 

2.2e-16, Mann-Whitney), while genes bound exclusively by HP1a do not exhibit higher 937 

expression (p = .226,, Mann-Whitney). 938 

 939 

Figure 3. The histone modification context of HP1 target genes across chromatin 940 

environments. Average metagene profiles and heatmaps for HP1a, HP1B, HP1C, 941 

H3K4me1, H3K4me3,, H3K9me2 and H3K9me3 at HP1 target genes. Genes are 942 

classified by the combination of HP1 proteins present at the promoter (left). Only genes 943 

that were at least 250 bp away from their nearest neighbor were included for plotting 944 

purposes. Color intensity within heatmap reflects coverage at particular loci. Profiles of 945 

certain binding combinations of HP1 proteins are excluded due to the small number of 946 

genes within that group. (A) Genes within euchromatin. (B) Genes within 947 

heterochromatin. (C) Genes located on the 1.2 Mb arm of chromosome four, which is 948 

enriched for HP1 proteins.  949 

 950 
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Figure 4. Increased promoter proximal pausing at HP1 binding targets. (A-C) RPII 951 

ChIP-Seq metagene profiles from third instar larvae demonstrate that HP1a, HP1B, and 952 

HP1C binding targets have higher 5’ peaks in RPII ChIP-Seq signal as well as 953 

increased RPII recruitment over the gene body. X-axis: scaled position from TSS to 954 

TES; Y-axis: RPM. (D) Illustration of pausing index calculation used to quantify RPII 955 

dynamics across HP1 binding states. (E-G) HP1 binding targets (“Bound”) had 956 

significantly higher pausing indices compared to genes that were not occupied by HP1 957 

at the promoter (“Unbound”). Y-axis Log10(Pausing Index). (E) – HP1a. (F) – HP1B, (G) 958 

– HP1C. (H) Metagene profiles of genes grouped by different combinations of HP1 959 

proteins. X axis: scaled position from TSS to TES; Y-axis: RPM. (I) Violin plot of 960 

pairwise comparisons of different HP1 proteins, FDR adjusted p values for pairwise 961 

comparisons are presented in corresponding heatmap. X-axis: Combination of HP1 962 

proteins. Y-axis: Log10(Pausing Index). 963 

 964 

 965 

Figure 5. Depletion of HP1 proteins alters dynamics of promoter proximal 966 

pausing. (A-E) HP1 binding targets (colored) had significantly higher pausing indices 967 

than non-targets (grey) as measured by RPII ChIP-chip data in wild type (darker colored 968 

plots, left side) and HP1 null mutant (lighter colored plots, right side) third instar larvae. 969 

(A – B) HP1a targets in wild type (p = 1.05e-10, Mann-Whitney) and null mutant (p < 970 

2.2e-16, Mann-Whitney) larvae (Blue). (C – D) HP1B targets in wild type (p < 2.2e-16, 971 

Mann-Whitney) and null mutant (p < 2.2e-16, Mann-Whitney) larvae (Green). (E – F) 972 

HP1C targets in wild type (p < 2.2e-16, Mann-Whitney) and null mutant larvae (p < 2.2e-973 
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16, Mann-Whitney) (Purple). X-axis: Binding classification. Y-axis: Log10(Pausing 974 

Index). (G-J) Ridge plot comparing distributions of pausing indices when genes are 975 

grouped by the combination of HP1 proteins present at the TSS. X-axis: Log10(Pausing 976 

Index). Y-axis: Frequency. Genes are grouped by the combination of HP1 proteins 977 

present at the TSS, as denoted by Venn diagrams. Results of pairwise comparisons 978 

between groups are summarized in grid below plots. Significant differences between 979 

groups are highlighted yellow (FDR adjusted cutoff p < 0.05). Opaque squares denoted 980 

with * in (H-J) signify pairwise comparisons observed to deviate from results in wild type 981 

larvae. (G) – wild type. (H) – Su(Var)205 null mutant. (I) – HP1b null mutant. (J) – HP1c 982 

null mutant. 983 

 984 

Supplemental Figure 1. Functional annotation of HP1-bound genes in third instar 985 

larvae. (A-C) Violin plot comparing average log(TPM) between HP1 binding targets 986 

(“Bound”, color) and non-target genes (“Unbound”, grey) from third instar larvae. (* =  p< 987 

0.0002, permutation test) (A) – HP1a; (B) – HP1B; (C) – HP1C. (D-F) Gene ontology 988 

analysis of HP1 binding targets (D) – HP1a; (E) – HP1B; (F) – HP1C. (G-I) Identification 989 

of DRE motif in promoters bound by HP1a, HP1B and HP1C, respectively. 990 

 991 

Supplemental Figure 2. The genome-wide binding landscape of the Drosophila 992 

HP1 family in S2 cells. (A) Venn diagram illustrating the number of protein-coding 993 

genes bound by different combinations of HP1 proteins; Blue – genes bound by HP1a, 994 

Green – genes bound by HP1B, Purple – genes bound by HP1C. (B) Proportions of 995 

annotated DNA sequence elements (Y-axis) bound by respective HP1 proteins; Blue – 996 
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HP1a, Green – HP1B, Purple – HP1C. X-axis: sequence element classificiation. (C-E) 997 

Proportions of protein-coding genes (Y-axis) bound by HP1a, HP1B, and HP1C in 998 

different chromatin contexts (X-axis). (F-H) Comparison of HP1 binding peak width 999 

across chromatin contexts (* = p < 1 * 10-10, chi-square test); (F) – HP1a; (G) – HP1B; 1000 

(H) – HP1C. (I) Distribution of protein-coding genes in the Drosophila genome across 1001 

modENCODE chromatin states. (J-L) Distribution of HP1a, HP1B and HP1C genic 1002 

binding targets across modENCODE chromatin states. 1003 

 1004 

Supplemental Figure 3. Increased promoter proximal pausing at HP1 binding 1005 

targets in S2 cells. (A-C) Metagene GRO-Seq profiles at HP1a, HP1B, and HP1C 1006 

binding targets show a higher 5’ peak and greater nascent RNA production at HP1 1007 

binding targets. X-axis: scaled position from TSS to TES; Y-axis: RPM. (D-F) 1008 

Comparison of pausing indices calculated from GRO-Seq data at HP1 binding targets 1009 

(“Bound”, colored) and non-targets (“Unbound”, grey) in S2 cells; (D) – HP1a; (E) – 1010 

HP1B; (F) – HP1C.  (G) Metagene GRO-Seq profiles of genes when grouped by the 1011 

combination of HP1 proteins present at the TSS. X-axis: scaled position from TSS to 1012 

TES; Y-axis: RPM. (H) Pairwise comparisons of pausing indices calculated from GRO-1013 

Seq data at genes bound by different combinations of HP1 proteins. X-axis: 1014 

combination of HP1 proteins present at TSS. Y-axis: Log(Pausing Index). FDR adjusted 1015 

p values for pairwise comparisons are presented in corresponding heatmap. 1016 

 1017 

Supplemental Figure 4. Pausing indices across chromatin contexts in third instar 1018 

larvae. Metagene profiles of RPII ChIP-Seq data across HP1 binding targets in 1019 
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heterochromatin (A, E, I) and euchromatin (B, F, J) with Y axis showing RPM and X-axis 1020 

showing the scaled position from TSS to TES. Comparison between pausing indices at 1021 

HP1 targets (“Bound,” color) and non-targets (“Unbound,” grey) in heterochromatin (C, 1022 

G, K) and euchromatin (D, H, L). A-D – HP1a; E-H – HP1B; I-L – HP1C. (* = p < 0.0002, 1023 

permutation test). 1024 

 1025 

Supplemental Figure 5. Pausing indices across chromatin contexts in S2 cells. 1026 

Metagene profiles of GRO-Seq data across HP1 binding targets in heterochromatin (A, 1027 

E, I) and euchromatin (B, F, J) with Y-axis showing RPM and X-axis showing the scaled 1028 

position from TSS to TES. Comparison between pausing indices at HP1 targets 1029 

(“Bound,” color) and non-targets (“Unbound,” grey) in heterochromatin (C, G, K) and 1030 

euchromatin (D, H, L). A-D – HP1a; E-H – HP1B; I-L – HP1C. (* = p < 0.0002, 1031 

permutation test). 1032 

 1033 

Supplemental Figure 6. Histone modification profiles of RPII-elongation related 1034 

histone marks at HP1 target genes. HP1a, HP1B, HP1C, H2B-ubiquitination, 1035 

H3K79me1 and H4K20me1 profiles at HP1 target genes within euchromatin (A), 1036 

heterochromatin (B), and on chromosome four (C). Genes are classified by the 1037 

combination of HP1 proteins present at the promoter (left). Only genes that were at 1038 

least 250 bp away from their nearest neighbor were included for plotting purposes. 1039 

Color intensity within heatmap reflects coverage at particular loci. Profiles of certain 1040 

binding combinations of HP1 proteins are excluded due to the small number of genes 1041 

within that group. 1042 
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 1043 

Supplemental Figure 7. Changes in gene expression in null mutants of respective 1044 

HP1 family members. (A-C) Changes in gene expression upon depletion of HP1 1045 

proteins. X-axis: Log2(Fold Change); Y-axis: negative Log(adjusted p value). Genes 1046 

without changes in expression are plotted in grey. Genes with significant differential 1047 

expression are highlighted in color; (A) – differential expression in Su(Var)205 null 1048 

mutant larvae. (B) – differential expression in HP1b null mutant larvae. (C) – differential 1049 

expression in HP1c null mutant larvae. (D-F) Gene ontology analysis of differentially 1050 

expressed genes. Y-axis: Fold enrichment (grey) and adjusted p value (color); (D) – 1051 

HP1a (blue); (E) – HP1B (green); (F) – HP1C (purple). (G-I) Breakdown of overlap 1052 

between HP1 binding targets and genes differentially expressed upon HP1 depletion; 1053 

(G) – HP1a (blue); (H) – HP1B (green); (I) – HP1C (purple). 1054 

  1055 
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