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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. One model posits that HP1a acts as a transcriptional silencer within 43 

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

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

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

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

of HP1a as well as two other Drosophila HP1 family members, HP1B and HP1C, to 48 

determine whether coordinated binding of these proteins is associated with specific 49 

transcriptional outcomes. We found that HP1 proteins share many of their endogenous 50 

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

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 broaden 58 

understanding of the mechanism of transcriptional activation by HP1a and highlight 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 

The Heterochromatin Protein 1 family is a prominent class of non-histone chromosomal 64 

proteins, essential to ensure genome integrity and function (VERMAAK AND MALIK 2009; 65 

FILION et al. 2010; KHARCHENKO et al. 2011; CANZIO et al. 2014; EISSENBERG AND ELGIN 66 

2014). HP1 proteins are characterized by their unique domain structure consisting of a 67 

chromo-domain and a chromoshadow-domain connected by a hinge region (SMOTHERS 68 

AND HENIKOFF 2001). The chromo-domain mediates interactions between HP1 proteins 69 

and methylated histone tails (JACOBS et al. 2001), while the chromoshadow-domain 70 

mediates HP1 protein dimerization and interactions between HP1 family members and 71 

proteins containing a PxVxL amino acid motif (THIRU et al. 2004; LECHNER et al. 2005). 72 

The ability to bind both methylated histones and a diverse set of additional nuclear 73 

proteins confers the classification of ‘hub protein’ to the HP1 family. As such, HP1 74 

proteins are active in several different nuclear processes. Most prominently, HP1 75 

orthologs are essential for heterochromatin formation and propagation through both the 76 

establishment of a phase-separated nuclear environment and the recruitment of histone 77 

3 lysine 9 methyltransferases (CZERMIN et al. 2001; JACOBS et al. 2001; SNOWDEN et al. 78 

2002; MOTAMEDI et al. 2008; LARSON et al. 2017; STROM et al. 2017; MACHIDA et al. 79 

2018; SANULLI et al. 2019). HP1 proteins also are involved in additional biological 80 

processes including DNA repair (RYU et al. 2015; AMARAL et al. 2017), DNA replication 81 

(LI et al. 2011), and regulation of gene expression (DANZER AND WALLRATH 2004; LIN et 82 

al. 2008; KWON et al. 2010), illustrating the importance of this gene family (BADUGU et al. 83 

2003; VERMAAK AND MALIK 2009). 84 

 85 
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The Drosophila melanogaster HP1 family includes five full-length genes (containing 86 

both a chromo-domain and a chromoshadow-domain): Su(var)205 (encoding the HP1a 87 

protein), HP1b, HP1c, rhino (encoding HP1D), and HP1e (VERMAAK AND MALIK 2009). 88 

Su(var)205, HP1b, and HP1c are expressed ubiquitously while rhino and HP1e are 89 

present mostly in female and male germ cells, respectively (VERMAAK et al. 2005; LEVINE 90 

et al. 2012). Based initially on studies from Drosophila polytene chromosomes, the 91 

HP1a protein mostly localizes to pericentric heterochromatin, telomeres, chromosome 92 

four, and a few euchromatic loci (JAMES et al. 1989; FANTI et al. 2003). This localization 93 

pattern was confirmed by later chromatin immunoprecipitation (ChIP) studies from the 94 

modENCODE (model organism encyclopedia of DNA elements) consortium and others 95 

(RIDDLE et al. 2011; FIGUEIREDO et al. 2012; LUNDBERG et al. 2013; HO et al. 2014). 96 

HP1B localizes throughout heterochromatic and euchromatic domains on polytene 97 

chromosomes, and HP1C localizes mostly to euchromatin (SMOTHERS AND HENIKOFF 98 

2001). These patterns are reinforced also by data from ChIP-chip and ChIP-seq 99 

experiments performed by the modENCODE consortium and others (GREIL et al. 2003; 100 

DE WIT et al. 2007; HO et al. 2014; KESSLER et al. 2015). Loss of function mutations in 101 

the Su(var)205 gene encoding HP1a disrupt the formation of heterochromatin and are 102 

homozygous lethal (EISSENBERG et al. 1990), while loss of function mutations in the 103 

HP1b and HP1c genes are homozygous viable (FONT-BURGADA et al. 2008; MILLS et al. 104 

2018). This finding has led to the speculation that the HP1B and HP1C proteins may 105 

exhibit functional redundancy. Together, these data provide a model of the Drosophila 106 

HP1 family wherein HP1a is an essential heterochromatin protein, HP1C is a non-107 

essential euchromatin protein, and HP1B is a non-essential protein binding to both 108 
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heterochromatin and euchromatin. These distributions are informative for determining 109 

HP1 family member functions in transcriptional regulation. For instance, the 110 

heterochromatic distribution of HP1a and its essential role in heterochromatin formation 111 

contribute to a model of HP1a functioning as a transcriptional repressor. This 112 

interpretation is supported by data from studies tethering HP1a to transgene reporters 113 

that result in transcriptional silencing (LI et al. 2003; DANZER AND WALLRATH 2004). 114 

However, a role for HP1a in transcriptional repression is complicated by the observation 115 

that a number of euchromatic and heterochromatic loci require HP1a to maintain an 116 

active transcriptional state (LU et al. 2000; CRYDERMAN et al. 2005). Additionally, 117 

inducible loci such as heat shock response genes are enriched for HP1a upon induction 118 

(PIACENTINI et al. 2003; PIACENTINI et al. 2009). One proposed model to explain these 119 

differences is that HP1a serves different functions in different chromatin contexts 120 

through interactions with distinct sets of protein partners (LI et al. 2002), but evidence 121 

for this hypothesis is lacking. 122 

 123 

An alternative approach to investigating the effects of HP1a on gene expression is to 124 

focus on its interactions with other HP1 family proteins. While the exact function of 125 

HP1B or HP1C in transcriptional regulation is not well characterized, tethering studies of 126 

transgene reporters support a role for HP1C in transcriptional activation (FONT-BURGADA 127 

et al. 2008). Evidence for the impact of HP1B on gene transcription is conflicting. While 128 

tethering studies support a role for HP1B in gene silencing, PEV studies support a role 129 

for HP1B in transcriptional activation (FONT-BURGADA et al. 2008; MILLS et al. 2018). 130 

HP1C recruits the Facilitates Chromatin Transcription (FACT) complex to promote RNA 131 
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polymerase II (RPII) elongation after being targeted to chromatin by the zinc finger 132 

transcription factors WOC and ROW (FONT-BURGADA et al. 2008; KWON et al. 2010). 133 

However, others have observed roles for HP1C in transcriptional repression through an 134 

interactions with Su(H) and the piRNA pathway protein Ctp (SCHNABL 2021; SUN 2021). 135 

However, all three HP1 proteins co-immunoprecipitate together (ALEKSEYENKO et al. 136 

2014; RYU et al. 2014), and furthermore, both HP1a and HP1B also interact with 137 

subunits of FACT as well as WOC, but the nature of these interactions is 138 

uncharacterized (KWON et al. 2010; RYU et al. 2014). RNA-Seq experiments following 139 

RNAi knockdown of all three HP1 paralogs in Drosophila reveal evidence of both 140 

activating and silencing functions of HP1 proteins: both widespread up- and down-141 

regulation of target genes are observed with a large number of misregulated genes 142 

being shared across knockdown conditions (LEE et al. 2013). These findings raise the 143 

possibility that HP1 proteins may coordinate their activity to regulate gene expression of 144 

a common transcriptional program. 145 

 146 

Here, we explore whether combinatorial action and simultaneous binding activity of 147 

multiple HP1 proteins at a single locus may predict differences in transcriptional activity 148 

at protein-coding genes with better accuracy than knowledge of the surrounding 149 

chromatin context. To achieve this goal, we integrate ChIP-Seq and RNA-Seq datasets 150 

to characterize the genomic distribution of each HP1 protein and to measure the 151 

association between each HP1 protein and transcriptional states genome-wide. We find 152 

active transcription at binding targets shared between multiple HP1 proteins across a 153 

variety of chromatin states. Furthermore, these targets exhibit signatures of RNA 154 
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polymerase II promoter proximal pausing, providing evidence for a potential mechanism 155 

for transcriptional activation by HP1 proteins. Analysis of pausing in HP1 null mutants 156 

suggests coordinated activity between HP1 family members is important for proper 157 

gene expression. These findings suggest knowledge of locus-specific protein-protein 158 

interactions is more informative for predicting HP1 function at transcription start sites 159 

(TSSs) than knowledge of a broader chromatin context.  160 

 161 

RESULTS 162 

Drosophila HP1 proteins are enriched in heterochromatin, but also bind 163 

throughout euchromatin. 164 

In order to better understand the function of the Drosophila HP1 family in transcriptional 165 

regulation, we set out to identify endogenous targets for all three somatic HP1 family 166 

members in the Drosophila genome: HP1a, HP1B and HP1C. We began by re-167 

analyzing existing ChIP-seq and ChIP microarray datasets for HP1a, HP1B, and HP1C 168 

generated by the modENCODE consortium (HO et al. 2014). We examined data from a 169 

total of six different biological sources: three tissue types (adult heads, third instar 170 

larvae, and embryos) and three cell-types (S2-DRSC – isolate from male late embryonic 171 

tissue; BG3-c2 – isolate from male larval central nervous system; and CME W1.c8 – 172 

male isolate from the third instar larval wing imaginal disc). A genome-wide comparison 173 

of gene binding activity by HP1 proteins across samples revealed that HP1 targeting to 174 

genes was cell-type specific rather than constitutive (Figure 1A). Only 116 genes were 175 

constitutively targeted by the same combination of HP1 proteins in all biological 176 

sources, even though on average HP1a, HP1B, and HP1C occupied 2538, 6278, and 177 
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5877 genes respectively. Furthermore, we observed a reduced number of HP1 target 178 

genes in cell cultures of individual cell-types compared to tissue types where multiple 179 

cell-types are present (Figure 1A). These results further support the conclusion that 180 

binding of HP1 proteins at individual genes is cell-type specific. 181 

 182 

Given that binding behavior of HP1 proteins at genes is cell-type specific, we focused 183 

our analysis first on data from cell cultures. We compared the genome-wide 184 

distributions of HP1a, HP1B, and HP1C in S2-DRSC cells (Figure 1B). We verified 185 

significant enrichment of HP1a (blue track, outer circle) within pericentric 186 

heterochromatin and chromosome four, observing 64.60% of HP1a enriched regions 187 

resided in regions of the reference genome assembly categorized as heterochromatic 188 

(grey wedge highlights) (KHARCHENKO et al. 2011), although a significant fraction 189 

(35.39%) of remaining HP1a enriched regions resided in euchromatin (Figure 1C). In 190 

contrast, a majority (94.89%) of HP1B (green track, middle circle) as well as HP1C 191 

(purple track, inner circle; 94.19%) enriched regions resided in euchromatic portions of 192 

the reference assembly (Figures 1B and C). We observed a similar pattern in CME W1 193 

cells (Supplemental Figures 1A and B), where 26.07% of HP1a enriched domains, 194 

compared to 91.86% and 94.64% of HP1B and HP1C enriched domains, resided in 195 

euchromatic compartments. Meanwhile, in BG3 cells a majority of HP1a enriched 196 

domains were euchromatic (55.73%; Supplemental Figures 3A and B) while the 197 

proportion of euchromatic HP1B and HP1C enriched domains was similar to levels 198 

observed in other cell-types (97.00% and 97.36%, respectively). This observation was 199 

despite the fact that there were overall a greater number of HP1a enriched regions in 200 
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BG3 cells (5916) than in S2 cells (3926) or CME W1 cells (1386). However, we did 201 

detect that HP1a S2 cell enriched domains are slightly larger than domains in HP1a 202 

BG3 domains (p = 2.707e-06, Mann-Whitney). We did not detect a significant difference 203 

in the size of HP1a enriched domains between BG3 cells and CME W1 cells (p = 204 

0.6617, Mann-Whitney). Therefore, our findings that a greater percentage of HP1a 205 

enriched domains reside in euchromatic portions of the genome in BG3 cells appears to 206 

be a result of an overall greater number of smaller HP1a enriched domains in this cell 207 

type. It is important to note, however, that binding of HP1 proteins in heterochromatic 208 

regions is an underestimation due to difficulties of mapping sequences to repeat-dense 209 

heterochromatin, and due to the exclusion of heterochromatic satellite regions from the 210 

genome assembly. Despite this caveat, while in the literature HP1a is often 211 

characterized as a heterochromatin protein and HP1C as a euchromatin protein, all 212 

three somatically expressed HP1 proteins in Drosophila are found throughout both 213 

chromatin compartments, although their binding enrichment differs across 214 

compartments.   215 

 216 

HP1 proteins can be differentiated by their binding behavior at DNA sequence 217 

elements. 218 

To further examine the three HP1 proteins, we also looked at their tendency to localize 219 

to different DNA sequence elements. We investigated HP1 protein binding behavior at 220 

five different classes of DNA elements annotated in the Drosophila genome assembly 221 

(release dmel r6.25): genes, origins of replication (OriCs), regulatory regions, repeat 222 

regions, and TEs. For each DNA element, we measured the proportion of elements that 223 
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overlapped with the binding site of an HP1 protein. In S2 cells, HP1a bound the largest 224 

fraction of repeats and TEs among the three HP1 proteins, occupying approximately 225 

2.28% and 1.98% of these elements respectively (Figure 1D). In contrast, HP1B and 226 

HP1C occupied less than 1% of all TEs and repeats (Figure 1D). In CME W1 cells, we 227 

observed HP1a occupying 1.5% of annotated repeats and less than 1% of TEs 228 

(Supplemental Figure 1C), while HP1B and HP1C occupied less than 1% of both 229 

repeats and TEs. In BG3 cells, HP1a targeted 1.7% of repeat regions and 1.3% of TEs, 230 

while HP1B and HP1C targeted less than 1% of TEs and repeat regions (Supplemental 231 

Figure 3C). Difficulty in mapping repeat-dense portions of the genome again may 232 

account for lower than expected proportions of HP1a at annotated repeats and TEs. 233 

Interestingly, OriCs marked a stark difference in HP1 binding behavior for the three 234 

proteins examined. HP1B and HP1C were present at approximately 48% and 39% of all 235 

OriCs in S2 cells, respectively, while HP1a was present at 13% (Figure 1D). In CME W1 236 

cells, HP1B and HP1C were present at 17% and 21% of OriCs, respectively, and HP1a 237 

was present at 5% (Supplemental Figure 1C). This trend of increased HP1B and HP1C 238 

at OriCs relative to HP1a was consistent in BG3 cells, where HP1a was present at 10% 239 

of OriCs while HP1B and HP1C targeted 21% and 33% respectively (Supplemental 240 

Figure 3C). In S2 cells, HP1a occupied 11% of genes, while HP1B and HP1C occupied 241 

a larger proportion of 26% and 19%, respectively (Figure 1D).  In CME W1 cells, HP1a 242 

targeted 4% of genes, HP1B targeted 17% and HP1C targeted 21% (Supplemental 243 

Figure 1C). In BG3 cells, HP1a targeted 17% of genes, HP1B targeted 10% of genes, 244 

and HP1C targeted 16% of genes (Supplemental Figure 3C). All three HP1 proteins 245 

occupied less than 1% of annotated regulatory regions in S2 cells (Figure 1D). HP1B 246 
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and HP1C consistently bound less than 1% of annotated regulatory regions in CME W1 247 

cells and BG3 cells as well (Supplemental Figures 1C and 2C), while HP1a targeted 248 

1.5% and 1.7% of regulatory regions in CME W1 and BG3 cells, respectively 249 

(Supplemental Figures 1C and 2C). Thus, HP1 proteins can be differentiated by their 250 

tendency to localize to different DNA sequence elements, although these tendencies 251 

are not absolute and vary across cell-types. 252 

 253 

The HP1 family colocalize extensively at genic binding sites. 254 

Next, we set out to create a comprehensive list of HP1 binding targets to quantify the 255 

extent to which HP1 proteins share binding sites at protein-coding genes. We identified 256 

two particular combinations of HP1 proteins that occur at high frequencies: 257 

colocalization of HP1B and HP1C as well as colocalization of all three HP1 proteins 258 

(Figure 1E). Genes occupied by these combinations of proteins accounted for a majority 259 

of HP1B and HP1C genic binding targets: 63% of HP1B binding targets and 87% of 260 

HP1C binding targets were classified in either of these two categories. These genes 261 

also represented a large fraction (49%) of HP1a binding targets in S2 cells. 262 

Colocalization analysis of CME W1 cells and BG3 cells demonstrated that these 263 

combinations were frequent also in those cell-types (Supplemental Figures 1D and 2D). 264 

Metagene profiles of TSSs of HP1 target genes demonstrated that HP1 proteins bind at 265 

the TSS of their target genes (Figures 1F-H). Binding of HP1 proteins at TSSs was 266 

consistent in CME W1 and BG3 cells (Supplemental Figures 1E-G and 2E-G). We 267 

validated co-localization of HP1 proteins at TSSs using sequential ChIP followed by 268 

PCR (Supplemental Figure 2). Of the seven genes surveyed, we observed co-269 
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localization of all three HP1 proteins at five: Aef1, Chromator, gurken, Su(Z)-2, and 270 

RpL15 (Supplemental Figures 2A-C, F-G). At the two remaining genes, light and rolled, 271 

we did not detect colocalization of HP1 proteins in sequential ChIP-samples despite 272 

positive signal in individual IP samples. These findings support the co-localization of 273 

HP1 proteins at TSSs. Given the extensive colocalization of these proteins across the 274 

genome, as well as their opposing actions on transcription (LI et al. 2003; FONT-275 

BURGADA et al. 2008), these results highlight the need to better understand how HP1 276 

proteins work in concert at TSSs. The significance of co-localization of HP1 family 277 

members currently is not understood, but it has been suggested previously that HP1 278 

family proteins may display some degree of functional compensation (RYU et al. 2014), 279 

particularly between HP1B and HP1C. All three HP1 proteins co-immunoprecipitate as 280 

well as form dimers through the chromoshadow-domain (LEE et al. 2019). It is unknown 281 

how these interactions affect gene expression. 282 

 283 

Simultaneous HP1 binding is a better indicator of transcriptional activation than 284 

broader chromatin domains. 285 

To gain additional insights into the functions of the HP1 proteins in gene regulation, we 286 

characterized the protein-coding genes bound by HP1 proteins. We compared levels of 287 

expression between HP1 target and non-target genes using publicly available RNA-Seq 288 

data from S2, CME W1, and BG3 cells (HO et al. 2014) (Figures 2A-D, Supplemental 289 

Figures 4A-D, Supplemental Figures 5A-D). We sought to determine whether the 290 

combination of HP1 proteins present at the TSS or the surrounding chromatin context 291 

was predictive of gene expression. In S2 cells, we found that HP1a heterochromatic 292 



 14 

targets were expressed at higher levels than non-target genes (Figure 2A, Wilcoxon 293 

test, W = 161820, p = 0.0205) while HP1a euchromatic targets were expressed at lower 294 

levels than non-target genes (Figure 2A, W = 35469767, p = 0.0003). We did not find 295 

any significant difference between HP1a targets and non-targets in CME W1 cells in 296 

heterochromatin, while in euchromatin HP1a target genes displayed significantly lower 297 

expression (Supplemental Figure 4A, Wilcoxon test, W = 16408411, p = 8.485e-12). In 298 

BG3 cells we found a similar pattern wherein euchromatic HP1a targets were expressed 299 

at lower levels than non-target genes (Supplemental Figure 5A; Wilcoxon W = 300 

23308810, p = 8.467e-16) but did not detect a significant difference in expression 301 

between heterochromatic HP1a target and non-target genes. In summary, in all cell 302 

types examined euchromatic HP1a genic targets were expressed at lower levels than 303 

non-target genes, while heterochromatic HP1a targets were expressed at similar or 304 

higher levels than non-target genes. 305 

 306 

We next examined differences in expression levels among HP1B and HP1C targets in 307 

heterochromatin and euchromatin across all three cell types. In S2 and CME cells, 308 

HP1B targets were expressed at higher levels than non-target genes in both 309 

heterochromatin and euchromatin (Figure 2B and Supplemental Figure 4B). However, 310 

in BG3 cells HP1B targets were expressed at lower levels than non-target genes in both 311 

chromatin contexts (Supplemental Figure 5B). We found that HP1C targets were 312 

expressed at higher levels regardless of chromatin context in both S2 and CME cells 313 

(Figure 2C and Supplemental Figure 4C). In BG3 cells, we found that HP1C targets 314 

were expressed at higher levels than non-target genes in heterochromatin but were 315 
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expressed at slightly lower levels than non-target genes in euchromatin (Supplemental 316 

Figure 5C). In summary, chromatin context did not predict transcriptional activity of 317 

HP1B and HP1C target genes in the cell types examined. Together, these findings do 318 

not support a model where the effects of HP1 binding on expression are influenced by 319 

the surrounding chromatin compartment. HP1 targets are not expressed at consistently 320 

lower levels than non-target genes in euchromatin and are not expressed at consistently 321 

higher levels than non-target genes in heterochromatin. 322 

 323 

Next, we examined whether considering combinations of HP1 family members present 324 

at gene promoters may predict transcriptional activity. In S2 cells, we found that groups 325 

of genes bound by different combinations of HP1 proteins differed significantly in their 326 

expression (Figure 2D, Kruskal-Wallis test 2 = 1542.5, p < 2.2e-16). Post-hoc analysis 327 

demonstrated that genes bound by HP1B and HP1C were expressed at significantly 328 

higher levels than genes without any HP1 protein present, while genes bound 329 

exclusively by HP1a were expressed at significantly lower levels (Figure 2D). In CME 330 

W1 cells, we also detected significant differences in expression across different 331 

combinations of HP1 proteins (Supplemental Figure 4D, Kruskal-Wallis test 2 = 332 

1004.6, df = 7, p < 2.2e-16). Post-hoc analysis showed that genes bound by HP1a or by 333 

a combination of HP1a and HP1B had significantly lower expression than other groups 334 

of genes, while genes bound by any other combination of HP1 proteins at the promoter 335 

had significantly higher expression than non-target genes. In BG3 cells, we again found 336 

that different combinations of HP1 proteins at the promoter displayed different levels of 337 

expression (Supplemental Figure 5D, Kruskal-Wallis test, 2 = 806.98, df = 7, p < 2.2e-338 
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16). Post-hoc analysis identified genes bound exclusively by HP1C displaying the 339 

highest levels of expression. Similar to results from S2 and CME cells, genes bound 340 

exclusively by HP1a displayed significantly lower expression. Overall, these results 341 

across all three cell types indicate that the combination of HP1 proteins present at the 342 

gene promoter is important for gene expression, but that other factors act as well, likely 343 

in a cell-type specific manner. 344 

 345 

Functional annotation of HP1 binding targets supports a cell-type specific 346 

function for HP1 activity 347 

Next, we performed gene ontology (GO) analysis (HUANG DA et al. 2009a; HUANG DA et 348 

al. 2009b) to further characterize endogenous HP1 binding targets, focusing on the 349 

biological process category of GO terms. Among HP1 binding targets in S2 cells, we 350 

identified significant enrichment for terms related to development and signaling such as 351 

‘negative regulation of Notch signaling pathway’ (HP1C, Figure 2F), ‘eye-antennal disc 352 

morphogenesis’ (HP1C, Figure 2F), ‘imaginal disc-derived leg morphogenesis (HP1B, 353 

Figure 2F), ‘intracellular signal transduction’ (HP1a, Figure 2F) and ‘ovarian follicle cell 354 

development’ (HP1a, Figure 2F) among others. Significant enrichment of terms relating 355 

to cell signaling and development were consistent across CME W1 (Supplemental 356 

Figure 4F) and BG3 (Supplemental Figure 5F) cells. In CME W1 cells, we identified 357 

several enriched terms under this classification including ‘open tracheal system 358 

development’, ‘protein phosphorylation’, ‘R7 cell development’, and ‘chemical synaptic 359 

transmission’. In BG3 cells, we again identified several enriched terms under this 360 

classification including ‘morphogenesis of an epithelium’, ‘mesoderm development’, 361 
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‘compound eye development’, and ‘determination of adult lifespan’. Overall, results from 362 

gene ontology analyses support again a cell-type specific function for HP1 proteins. 363 

 364 

HP1 target promoters share enriched DNA sequence motifs across cell-types. 365 

HP1a binding to gene promoters has been suggested to be independent of its 366 

H3K9me2/3 reader activity (CRYDERMAN et al. 2005), and HP1C is known to be targeted 367 

to chromatin by the DNA binding Zinc Finger transcription factors WOC and ROW 368 

(FONT-BURGADA et al. 2008; KESSLER et al. 2015; DI MAURO et al. 2020). Therefore, we 369 

performed a motif analysis (BAILEY et al. 2015) of promoters of HP1 binding targets to 370 

identify putative regulatory sequences that may be important for targeting HP1 to 371 

protein-coding genes. We looked for enriched motifs in HP1-bound promoters, defining 372 

the promoter as the region 100 bp upstream of the TSS to 50 bp downstream of the 373 

TSS. We limited our analysis to the top eight enriched motifs in each promoter set and 374 

subsequently identified sequence motifs that were common among sets of genes 375 

targeted by either HP1a, HP1B, or HP1C in S2 cells, BG3 cells, and CME cells. We 376 

identified four motifs that appeared frequently throughout all nine datasets (Figure 2E). 377 

These included a motif recognized by GAGA factor encoded by the Trithorax-like gene, 378 

a motif recognized by BEAF-32 that closely resembles the downstream recognition 379 

element (DRE) motif, a motif recognized by a diverse set of transcription factors 380 

including disco, dimmed, and da, and finally an unknown trinucleotide ‘CGC’ motif. Of all 381 

four motifs, the unknown CGC motif appeared most frequently throughout all datasets, 382 

although it had less significant E values than other motifs. The disco/da/dimmed motif 383 

consistently had the most significant E values (number of expected hits due to random 384 
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chance) of all common motifs examined and was observed also to have a stronger 385 

association with HP1B and HP1C than with HP1a. This association pattern was 386 

observed also for the DRE/BEAF-32 motif. Finally, although significantly enriched, the 387 

Trl motif appeared at a smaller number of sites than other common motifs. These 388 

results suggest that despite cell-type specific differences in activity, HP1 family proteins 389 

may have a common targeting mechanism to promoters across cell-types. 390 

 391 

HP1 depletion impacts gene expression. 392 

To understand how HP1 proteins regulate gene expression, we integrated three RNA-393 

Seq datasets of HP1 knockout mutants. We utilized available datasets of 394 

transheterozygous Su(var)20504/Su(var)20505 and HP1b86 knockout mutant third instar 395 

larvae (RIDDLE et al. 2012; MILLS et al. 2018) and generated a novel library to study 396 

gene expression in homozygous HP1c f04929 knockout mutant third instar larvae (Figure 397 

2G-J). We then compared differentially expressed genes across all three datasets to 398 

better understand the set of genes regulated by the HP1 family. We found that depletion 399 

of HP1a and HP1B resulted in upregulation of a large number of genes and a smaller 400 

quantity of downregulated genes, while depletion of HP1C resulted in both up- and 401 

downregulated gene expression at approximately equal levels (Figure 2G-I). Next, we 402 

examined changes in gene expression upon HP1 depletion at genes bound by HP1 403 

proteins. We found that 48.83% of HP1a bound genes were differentially expressed 404 

upon HP1 depletion (Figure 2J). A majority of expression changes observed upon HP1a 405 

depletion appear to be due to secondary effects, evidenced by the fact that only 19.73% 406 

of differentially expressed genes were binding targets (Figure 2J). A chi-square test of 407 
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independence showed that there was a significant association between HP1a binding 408 

and differential expression (X2 = 106.22, p < 2.2E-16). In contrast, we found that HP1B 409 

and HP1C binding targets constituted a small majority of differentially expressed genes, 410 

although only a small percentage of binding targets was differentially expressed (Figure 411 

2J). Upon HP1B depletion, 50.95% of differentially expressed genes are bound by 412 

HP1B under wildtype conditions, although only 17.50% of binding targets were 413 

differentially expressed (Figure 2J), but a chi-squared test of independence showed that 414 

this association was not significant (X2 = 0.8067, p = 0.36). Similarly, 52.78% of 415 

differentially expressed genes upon HP1C depletion are genes bound by HP1C under 416 

wildtype conditions, but only 16.57% of HP1C binding targets are differentially 417 

expressed upon HP1C depletion (Figure 2J). This association was found to be 418 

significant ((X2 = 21.223, p < 2.2E-16). Therefore, while a majority of HP1B and HP1C 419 

binding targets do not experience significant changes in expression upon depletion of 420 

either respective protein, those genes which are differentially expressed constitute a 421 

small majority of observed transcriptional changes. 422 

 423 

HP1 genic targets reside in particular chromatin states. 424 

Chromatin frequently is classified into higher-order states beyond heterochromatin and 425 

euchromatin based on the varying compositions of histone modifications and chromatin-426 

binding proteins (FILION et al. 2010; KHARCHENKO et al. 2011). To gain a better 427 

understanding of the localization patterns of the different HP1 family members, we 428 

determined the extent to which they targeted genes in nine different chromatin states in 429 

Drosophila S2 cells and BG3 cells defined by the modENCODE consortium 430 
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(KHARCHENKO et al. 2011). In general, in both cell-types we found that a majority of 431 

protein-coding genes reside in chromatin states one, two, three, four, and nine, which 432 

correspond to the euchromatic compartment of the genome (Figures 3A and E for S2 433 

and BG3 cells, respectively). A chi-square analysis showed that HP1 family genic 434 

binding targets were not distributed independently of overall chromatin state 435 

(2=1762.1, p < 2.2E-16; 2=2559, p < 2.2E-16; 2=2024.2, p < 2.2E-16 for HP1a, 436 

HP1B and HP1C respectively). Inspection of residuals demonstrated that HP1a genic 437 

binding targets were markedly enriched for chromatin state seven (corresponding to 438 

pericentric heterochromatin) and were enriched also to a lesser degree for chromatin 439 

states eight and three (Figure 3B). In contrast, HP1a targets were depleted for 440 

chromatin state one (Figure 3B). Meanwhile, HP1B targets were enriched for chromatin 441 

state three and depleted for chromatin state nine (Figure 3C). We observed this same 442 

pattern of enrichment in chromatin state three and depletion in chromatin state nine 443 

among HP1C targets as well. Furthermore, these enrichment patterns were consistent 444 

in BG3 cells. Here, HP1a genic binding targets were again enriched for chromatin state 445 

seven and depleted for chromatin state one (Figure 3F). HP1B genic binding targets 446 

were enriched for chromatin state three and depleted for chromatin state nine (Figures 447 

3G and H). Overall, these results strengthen the association of the HP1 family with 448 

transcriptionally active chromatin domains.  449 

 450 

HP1 binding targets display signatures of promoter proximal RNA polymerase 451 

pausing. 452 
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All three somatic Drosophila HP1 proteins co-immunoprecipitate with both subunits of 453 

the Facilitates Chromatin Transcription (FACT) complex, which promotes transcriptional 454 

elongation (KWON et al. 2010). Furthermore, HP1C has been implicated previously in 455 

release from promoter proximal pausing (KESSLER et al. 2015), and HP1a and HP1C 456 

have been associated with pausing at transcribed genes (SAKOPARNIG et al. 2012). 457 

However, the extent to which this relationship depends on the simultaneous activity of 458 

other HP1 proteins has not been examined. To better understand the association 459 

between the HP1 protein family and transcriptional pausing by RNA polymerase II 460 

(referred to as ‘pausing’), we compared RNA polymerase II (RPII) dynamics at HP1 461 

target and non-target genes. Metagene profiles of Global Nuclear Run-On (GRO-Seq) 462 

data from S2 cells demonstrated that HP1 target genes generally displayed a higher 5’ 463 

nascent RNA signal peak in addition to overall increased RPII recruitment (Figure 4A-464 

C). Interestingly the increased 5’ signal at HP1a target genes was slightly upstream of 465 

the TSS, and these genes had a decreased signal peak over the TSS (Figure 4A). 466 

HP1B and HP1C had increased nascent RNA signal peak at the TSS as well as over 467 

the gene body (Figure 4B-C). To quantify this relationship, we calculated pausing 468 

indices (MUSE et al. 2007; LARSCHAN et al. 2011). Here, each gene is divided into two 469 

regions (Figure 4D). A pausing index can be calculated by dividing the read density in 470 

the 5’ region over the read density in the mid-gene region. Pausing indices allow for the 471 

evaluation of RPII dynamics using next-generation sequencing datasets. We calculated 472 

pausing indices for HP1 target and non-target genes using available GRO-Seq data 473 

from Drosophila S2 cells. We detected significantly increased pausing indices at HP1a 474 

target genes in S2 cells (Figure 4E, Wilcoxon, W = 2983070, p = 3.317e-16) as well as 475 
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HP1B (Figure 4F, Wilcoxon, W = 6912071, p < 2.2e-16) and HP1C (Figure 4G, 476 

Wilcoxon, W = 6248616, p < 2.2e-16). target genes. These results demonstrate a higher 477 

level of RPII pausing at genes targeted by HP1 family members in S2 cells. 478 

 479 

To corroborate the findings of our analysis of nascent transcriptomics in S2 cells, we 480 

also analyzed RPII activity at HP1 family target genes in BG3 and CME cells using 481 

available RPII ChIP-chip data published by the modENCODE consortium. This analysis 482 

recapitulated observations from GRO-Seq data in S2 cells. In CME cells, metagene 483 

profiles of HP1B and HP1C demonstrated an overall increase in RPII occupancy at 484 

HP1B and HP1C target genes (Supplemental Figures 6C and 5E), while HP1a target 485 

genes displayed higher RPII enrichment over the TSS but did not exhibit increased 486 

enrichment over the gene body (Supplemental Figure 6A). To calculate pausing indices 487 

from these data, we used an alternative pausing index calculation that is compatible 488 

with ChIP-chip microarray datasets (ZEITLINGER et al. 2007). We found significantly 489 

increased pausing at HP1a, HP1B and HP1C binding targets in CME cells 490 

(Supplemental Figures 6B, 5D, 5F, Wilcoxon rank sum test with continuity correction: W 491 

= 1392405, p = 1.541e-13, W = 6079364, p < 2.2e-16, W = 6815650, p < 2.2e-16 for 492 

HP1a, HP1B and HP1C, respectively). Repeating this analysis with RPII microarray 493 

data from BG3 data recapitulated these patterns. Again, HP1a target genes displayed 494 

increased enrichment over the TSS but not over the gene body (Supplemental Figure 495 

7A), while HP1B and HP1C target genes displayed an overall increase in RPII 496 

enrichment compared to non-target genes (Supplemental Figures 7C and 6E). Pausing 497 

indices were significantly higher at HP1a target genes (Supplemental Figure 7B, 498 
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Wilcoxon rank sum test with continuity correction: W = 4532193, p < 2.2e-16), HP1B 499 

target genes (Supplemental Figure 7D, Wilcoxon rank sum test with continuity 500 

correction: W = 4984778, p < 2.2e-16), and HP1C target genes (Supplemental Figure 501 

7F, Wilcoxon rank sum test with continuity correction: W = 6575674, p < 2.2e-16) 502 

relative to non-target genes. Overall, our analysis of RPII dynamics at HP1 family target 503 

genes reinforces our findings from S2 cells that HP1 target genes show increased 504 

pausing. 505 

 506 

To follow up this analysis, we examined how nascent transcription signatures vary 507 

across genes bound by different combinations of HP1 proteins. We analyzed pausing 508 

indices across these different gene groups using pairwise Wilcoxon tests with FDR 509 

correction (Figure 4H). Genes bound exclusively by HP1C and genes bound exclusively 510 

by HP1a had the highest mean pausing indices, while genes bound exclusively by 511 

HP1B had lower mean pausing indices than either of these groups or genes not 512 

targeted by any HP1 proteins. Overall, our analysis of nascent transcription dynamics at 513 

HP1 target genes supports a model of HP1 function wherein particular combinations of 514 

HP1 proteins are consistently and strongly associated with transcriptional activation. 515 

 516 

Depletion of individual HP1 proteins reveals roles for HP1 family members in 517 

promoter proximal pausing. 518 

To better understand the impact of HP1 binding on promoter proximal pausing, we 519 

measured pausing indices in knockout mutants for HP1a, HP1B, and HP1C using RPII 520 

ChIP-chip data from third instar larvae made available by the modENCODE consortium 521 
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(HO et al. 2014). We were able to detect significantly increased pausing at HP1a, HP1B, 522 

and HP1C target genes in wild-type Drosophila third instar larvae (Figures 5A, C, and 523 

E). Overall, significantly increased promoter proximal pausing at HP1 target genes was 524 

maintained in respective knockout mutants (Figures 5B, D and F). This observation is 525 

consistent with a model where HP1 proteins cooperate to regulate transcription and 526 

exhibit a degree of functional redundancy at TSSs. 527 

 528 

Analysis of pausing indices across genotypes suggests binding of HP1B and HP1C may 529 

be particularly important for transcriptional regulation by HP1 family members. To gain 530 

insight into individual functions of HP1 proteins in transcriptional regulation, we decided 531 

to examine how pausing indices changed across HP1 null mutants at genes bound by 532 

different combinations of HP1 proteins (Figures 5G-J). We first compared pausing 533 

indices across HP1 binding groups in the wildtype dataset with functional copies of all 534 

three somatic HP1 genes to better appreciate how the groups relate to each other in the 535 

‘wild type’ condition. A Kruskal-Wallis test confirmed that there were significant 536 

differences in pausing indices across HP1 binding groups (X2 = 526.62, p < 2.2e-16), 537 

which we followed up with pairwise Wilcoxon tests with FDR correction to examine 538 

pairwise differences. We found a total of 13 significantly different pairwise comparisons 539 

between different HP1 binding groups which roughly partitioned the groups into three 540 

tiers (Figure 5G). Genes that were not bound by any HP1 proteins did not have a 541 

significantly different pausing index compared to genes bound exclusively by HP1a, and 542 

these groups had the lowest average pausing indices. A middle tier of groups was 543 

comprised of genes bound exclusively by HP1C, genes bound exclusively by HP1B, 544 
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and genes bound by a combination of HP1a and HP1B but lacking HP1C. Groups in 545 

this tier had intermediate average pausing index values. Finally, genes bound by both 546 

HP1B and HP1C as well as genes bound by HP1a, HP1B, and HP1C did not exhibit 547 

significant differences in their pausing indices, and these genes had the highest 548 

average pausing indices. (The group of genes bound by HP1a and HP1C were not 549 

compared in pairwise comparisons because the bimodal distribution of pausing indices 550 

in this group precludes necessary assumptions for statistical inference). These results 551 

reinforce prior data suggesting that the colocalization of HP1B and HP1C may be 552 

particularly important for the increased pausing and increased expression that has been 553 

previously associated with HP1 binding. 554 

 555 

Depletion of HP1a results in minor impacts to pausing indices at HP1 target genes. We 556 

repeated the above analysis in HP1a null larvae to infer the importance of HP1a in 557 

transcriptional regulation (Figure 5H). A Kruskal-Wallis test established significant 558 

differences in pausing indices across groups of genes bound by different combinations 559 

of HP1 family members (X2 = 564.96, p < 2.2e-16). Follow-up of pairwise comparisons 560 

using Wilcoxon tests with FDR correction revealed two pairwise comparisons that 561 

deviated from the wildtype genotype. Genes bound exclusively by HP1C no longer 562 

exhibited significantly increased pausing indices upon depletion of HP1a. Instead, this 563 

group of genes now occupied the lowest tier of pausing indices. The second novel 564 

difference was that genes bound by HP1a and HP1B had significantly higher pausing 565 

indices than genes bound exclusively by HP1a upon HP1a depletion. However, this 566 

change did not meaningfully move this group of genes into a new tier of pausing 567 
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indices. While depletion of HP1a produced some changes in promoter proximal pausing 568 

at genes bound by certain combinations of HP1 family members, overall effects were 569 

minimal. 570 

 571 

In contrast to HP1a depletion which resulted in minimal effects on promoter proximal 572 

pausing, depletion of HP1B disrupted promoter proximal pausing on a larger scale. A 573 

Kruskal-Wallis test of pausing indices across groups of genes bound by different 574 

combinations of HP1 proteins confirmed significant differences between groups (X2 = 575 

137.12, p < 2.2e-16). Pairwise Wilcoxon comparisons with FDR correction identified a 576 

total of eight comparisons that differed from their respective result in the wildtype 577 

genotype. Genes bound exclusively by HP1B or exclusively by HP1C no longer 578 

displayed significantly higher pausing indices compared to genes with no HP1 proteins 579 

present, contributing to the lowest tier of gene groups ranked by pausing-indices. 580 

Additionally, genes bound by a combination of HP1B and HP1C were not significantly 581 

different from genes bound exclusively by HP1C, although the former were still 582 

significantly different from genes with no HP1 proteins at all. Genes bound by HP1B and 583 

HP1C no longer occupied the highest tier of pausing indices upon depletion of HP1B 584 

and also exhibited significant differences with genes bound by all three HP1 proteins. 585 

The relationship between genes bound by HP1a and HP1B exhibited the most change 586 

in this genotype compared to pairwise comparisons in wildtype. Upon depletion of 587 

HP1B, these genes had higher pausing indices compared to genes bound exclusively 588 

by HP1a, HP1B, or HP1C. However, these genes were not significantly different from 589 

genes bound by HP1B and HP1C. These data suggest that HP1B may be particularly 590 



 27 

important for relationships between HP1 family members when regulating transcription 591 

start site activity and that HP1 family members may functionally compensate upon 592 

HP1B depletion. 593 

 594 

Depletion of HP1C minimized differences in pausing indices across groups of HP1 595 

genes. A Kruskal-Wallis test confirmed significant differences in pausing indices across 596 

groups of genes bound by different combinations of HP1 proteins upon depletion of 597 

HP1C (X2 = 271.35, p < 2.2e-16). Pairwise comparisons using Wilcoxon tests with FDR 598 

corrections identified four pairwise comparisons whose relationship differed from the 599 

wildtype condition. Each of these comparisons represented a transition from a 600 

statistically significant difference to a nonsignificant difference following HP1C depletion. 601 

First, genes bound by HP1C were no longer significantly different from genes not bound 602 

by HP1 family members. The remaining three comparisons all involved the group of 603 

genes bound by HP1a and HP1B. This gene group was no longer significantly different 604 

from genes bound by all three HP1 proteins, genes bound by HP1B and HP1C, and 605 

genes not bound by HP1 proteins. This observation suggests that the presence of 606 

HP1C is important for regulating pausing when different combinations of HP1 proteins 607 

are present at transcription start sites. 608 

 609 

DISCUSSION 610 

Here, we analyzed high resolution ChIP-Seq and ChIP-chip maps of all the somatic 611 

Drosophila HP1 family members in three different cell-types, which raises interesting 612 

points about the role of these proteins in gene regulation. We find that all three HP1 613 
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proteins bind throughout heterochromatin and euchromatin compartments. With regards 614 

to binding behavior at protein-coding genes, while all three HP1 proteins are enriched at 615 

genes located within heterochromatin, a majority of their binding targets are located 616 

within euchromatin. This finding is true even of HP1a, whose localization often is 617 

described as restricted to heterochromatin, as well as HP1C, whose localization tends 618 

to be described as restricted to euchromatin. In addition to previously reported 619 

enrichment of HP1a on chromosome four, we also detect significant enrichment of 620 

HP1B and HP1C. Additionally, the three HP1 proteins share a large fraction of their 621 

binding sites at promoters. A gene bound by any HP1 protein likely is bound also by at 622 

least one other family member. This relationship was true across heterochromatin and 623 

euchromatin and highlights the need to consider what effect interactions between HP1 624 

proteins have on transcription. 625 

 626 

A close examination of HP1 genic binding targets suggests that knowledge of the 627 

presence of additional HP1 proteins is a better indicator of transcriptional status than 628 

knowledge of the broader surrounding chromatin context. HP1-bound genes are 629 

expressed at higher levels than unbound genes across chromatin contexts. Genes 630 

bound by all three HP1 proteins or by a combination of HP1B and HP1C are 631 

consistently expressed at higher levels across all contexts. HP1-bound genes display a 632 

strong association with H3K4me3 across all chromatin contexts but share a context-633 

specific association with H3K9me2/3 within heterochromatin. The independence of HP1 634 

binding to euchromatic genes from H3K9me2/3 matches previously observed data. 635 

Simultaneous binding of multiple HP1 proteins therefore appears to be a stronger 636 
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indicator of transcriptional activation than chromatin context. However, this finding is 637 

more modest in some cell-types compared to others. 638 

 639 

Signatures of promoter proximal pausing at HP1 binding targets give clues to a potential 640 

mechanism of gene activation by HP1 proteins. Here, we report that genes bound by 641 

HP1 proteins display higher pausing indices compared to unbound genes. A pausing 642 

index is an indirect measurement of RPII activity that reflects a higher density of RPII at 643 

the 5’ end of genes. It is not always clear what factors drive this increased density. For 644 

instance, genes with increased pausing durations would be expected to have higher 645 

pausing indices and lower expression levels. In contrast, genes with shorter pausing 646 

durations but increased initiation frequencies could exhibit high pausing indices in 647 

addition to high expression levels (GRESSEL et al. 2017). HP1 binding targets are 648 

expressed at higher levels than non-target genes and reside in transcriptionally active 649 

chromatin, in the support of the latter model of increased pausing indices. This 650 

observation is supported by observations made by others that HP1 binding targets 651 

appear to be both paused and highly transcribed (SAKOPARNIG et al. 2012). Increased 652 

pausing indices associated with HP1 binding may be due to the relationship between 653 

the HP1 family and the FACT complex, which promotes RPII elongation by removing 654 

nucleosomal barriers (ORPHANIDES et al. 1998; KWON et al. 2010). Alternatively, 655 

increased RPII pausing at HP1 target genes may be regulated through HP1-mediated 656 

recruitment of additional factors such as dDsk2 (KESSLER et al. 2015; DI MAURO et al. 657 

2020). Additional evidence is necessary to fully understand the contribution of each HP1 658 

family member to transcriptional activation.  659 
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 660 

Our analysis of RPII dynamics in single knockout HP1 mutants suggests that 661 

interactions between HP1 family members are important in the regulation of gene 662 

expression. HP1 targets comprise a majority of differentially expressed genes in HP1b 663 

and HP1c null mutants, and a large fraction of HP1a binding targets are differentially 664 

expressed in Su(var)205 mutants. An analysis of RPII activity at these genes in 665 

respective HP1 null mutants supports a model where HP1 proteins promote increased 666 

gene expression through regulation of RPII activity. This model is further supported by 667 

an observed interaction between HP1 family members and the FACT complex and is 668 

consistent with observations of activity of the HP1 family member rhino in the 669 

Drosophila genome (ANDERSEN et al. 2017). Our analysis builds on these results by 670 

providing insights into how HP1 proteins coordinate to regulate RPII activity in 671 

Drosophila somatic cells.  672 

 673 

While HP1a and HP1C previously have been implicated in transcriptional activation and 674 

promoter proximal pausing individually, ours is the first study to consider how 675 

coordinated activity between HP1 proteins may impact gene expression. Additionally, 676 

ours is the first study to show genome-wide evidence for a role of HP1B in promoter 677 

proximal pausing to induce transcription. Previous studies have suggested that 678 

surrounding chromatin contexts may predict whether HP1 proteins have an activating or 679 

repressive role at TSSs. However, our genome-wide analysis of HP1 binding targets 680 

demonstrates that co-localization of HP1 proteins is a better predictor of whether 681 

binding targets are transcribed or repressed than knowledge of surrounding chromatin 682 
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context. Certain combinations of HP1 proteins, particularly the colocalization of HP1B 683 

and HP1C, are strongly associated with active transcription throughout heterochromatin 684 

and euchromatin, while HP1a binding on its own is not associated with pausing or 685 

transcription. Interestingly, although HP1a has been shown to be required for proper 686 

expression of heterochromatic genes, we found HP1a non-target genes had higher 687 

expression than HP1a binding targets in heterochromatin S2 cells. This finding indicates 688 

that heterochromatic genes that have adapted to heterochromatic contexts may depend 689 

on other factors besides HP1a to maintain their expression. This finding was not 690 

replicated in CME W1 or BG3 cells, which suggests that this may be a cell-type specific 691 

effect in S2 cells. This hypothesis is further supported by our observation that HP1a 692 

binding targets are extensively misregulated upon HP1a depletion. Overall, our analysis 693 

highlights the need to consider how HP1 family members work together to regulate 694 

gene expression. 695 

 696 

Given our analysis, future studies on the functions of HP1 family members in 697 

transcriptional regulation should employ careful experimental manipulation and 698 

thorough controls to identify individual contributions of HP1 family members to gene 699 

regulation. Nascent transcriptomic assays, such as PRO-seq or NET-seq, coupled with 700 

RNAi and ChIP-seq should be used to interrogate how transcription dynamics are 701 

affected by the presence and absence of different HP1 family members. Additionally, 702 

contemporary molecular tethering assays such as those utilizing dCas9 would allow for 703 

investigation of how the addition of HP1 proteins to different endogenous loci in the 704 

Drosophila genome affects transcription. These experiments would complement each 705 
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other to yield significant new information on the functions of HP1 family members in 706 

transcription. Furthermore, a model for HP1 family members in transcriptional regulation 707 

should be informed by these proteins known structural properties and functions such as 708 

reading histone methylation, recruitment of additional chromatin-associated proteins 709 

and the establishment of phase-separated nuclear domains. It is essential to identify 710 

which of these functions underlies a mechanism of transcriptional activation by HP1 711 

family members. For instance, phase separation of gene promoters has been proposed 712 

to be important for transcriptional activation. HP1a is known to drive lipid droplet 713 

formation while HP1B and HP1C are not predicted to. Given that HP1B and HP1C 714 

localize to HP1a at transcriptionally active regions, high resolution imaging studies 715 

comparing the nuclear distributions of these proteins to HP1a droplets may partially 716 

inform whether these droplets may also be involved in HP1-mediated transcriptional 717 

activation. Whether other HP1 structural properties underlie transcriptional activation 718 

should also be investigated. HP1a, HP1B, and HP1C are known to recognize 719 

H3K9me2/3 histone modifications through the chromodomain, but whether recognition 720 

of histone methylation by the chromodomain is important for targeting HP1 proteins to 721 

transcriptionally active genes remains an open question. This question could be 722 

investigated through the use of histone modification binding arrays. Finally, HP1C is 723 

known to interact with factors such as WOC, dDsk2, and SSRP1 to help mediate 724 

transcriptional activation, but how HP1a and HP1B contribute to these interactions, or 725 

what other binding partners may be important for HP1-mediated transcriptional 726 

activation are unknown. Our work here provides a foundation for these future studies.  727 

 728 
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METHODS 729 

reChIP Analysis 730 

To isolate chromatin, S2 cells were harvested from two 50 mL confluent cultures and 731 

fixed with 2.5 mLs 37% formaldehyde for ten minutes at room temperature incubation 732 

on an orbital shaker before fixation was quenched with 6 mLs 1.25 M glycine. Cells 733 

were pelleted and resuspended in 1X PBS before being washed twice subsequently 734 

with ChIP wash A buffer and ChIP wash B buffer before Dounce homogenization and 735 

pelleted again. Pellets were resuspended in TE and SDS solution to lyse nuclei and 736 

washed with TE before resuspended in TE-PMSF (1 mM) with SDS solution. Nuclear 737 

lysates were sonicated (30 seconds on, 45 seconds off for 15 cycles) and incubated 738 

with Triton-X, DOC and 5 N NaCl for ten minutes at 4°C on a rotating wheeling before 739 

pelleting and snap freezing for storage prior to immunoprecipitation. 740 

 741 

For immunoprecipitation, samples were diluted 3X with ChIP dilution buffer (1% SDS, 742 

10 mM EDTA, 50 mM Tris HCl, 1X PIC, 0.1% Triton-X) and precleared with 25% 743 

protein-a-sepharose slurry for one hour at 4°C. Following pulse spin, samples were 744 

transferred to a clean tube and five microliters antibody of interest was added to each 745 

sample. Chromatin was precipitated overnight at 4°C on rotating wheel. Afterwards, 746 

protein-a-sepharose beads was added to capture antibody-chromatin complexes. 747 

Samples were washed sequentially for ten minutes each with the following solutions at 748 

4°C: TSE I buffer, TSE II buffer and Buffer III (0.25 M LiCl, 1% IGEPAL, 1% DOC, 1 mM 749 

EDTA, 10 mM Tris HCl). Beads were washed three times with TE, pH=8.0 before 750 

adding fifty microliters 10 mM DTT and a thirty minute incubation at 37°C. Following 751 
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incubation, each sample was split in half to distinguish ChIP and reChIP aliquots. ChIP 752 

samples were eluted in 300 microliters elution buffer overnight at 65°C. reChIP samples 753 

were diluted 4X in dilution buffer. Five microliters reChIP antibody was added to each 754 

reChIP sample before overnight incubation at four degrees Celsius. reChIP antibody-755 

chromatin complexes were precipitated as described above. Following elution, DNA 756 

was purified from each sample via phenol:chloroform extraction followed by ethanol 757 

precipitation. 758 

 759 

ChIP-Seq Analysis 760 

HP1 binding sites from third instar larvae and S2 cells were downloaded from GEO (see 761 

accession numbers in supplementary table 1). Peak genomic coordinates were 762 

converted from dm3 to dm6 using the UCSC genome liftOver tool (KENT et al. 2002) and 763 

compared with annotated protein-coding genes in the Drosophila genome (release 6.25 764 

(THURMOND et al. 2019)) to classify genes as bound. Chromatin context boundaries to 765 

differentiate heterochromatin and euchromatin were obtained from (RIDDLE et al. 2011). 766 

Enrichment of bound genes across chromatin contexts was evaluated using a Chi-767 

square test. 768 

 769 

To generate genome-wide binding profiles of HP1 proteins and histone modifications, 770 

we downloaded raw sequencing data (see accession numbers in supplementary table 771 

1). Reads were aligned to the dm6 reference assembly using the bwa mem algorithm 772 

(version 0.7.16a-r1181) (LI AND DURBIN 2009). Coverage was calculated with samtools 773 

version 1.5 (LI et al. 2009) and plotted using Circos (KRZYWINSKI et al. 2009). Metagene 774 
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profiles and pausing indices were generated using deepTools (version 3.0.2) (RAMIREZ 775 

et al. 2016).  776 

 777 

RNA-Seq analysis 778 

For preparation of transcriptomic data from HP1c null mutants, 20 mg of frozen third 779 

instar larvae were homogenized, and RNA samples were isolated using Trizol. RNA 780 

sample integrity was confirmed by formaldehyde agarose gel electrophoresis. RNA 781 

samples were prepared for whole transcriptome sequencing by the UAB Heflin Center 782 

for Genomic Science Genomics Core lab. 30-40 million RNA-seq reads were collected 783 

per sample using the Illumina Sequencing Platform. We analyzed two RNA-seq 784 

samples of the HP1c null mutant genotype.  785 

 786 

To analyze RNA-seq data, we aligned reads to the dm6 reference genome assembly 787 

using STAR aligner (Version #2.5.2) (DOBIN et al. 2013) and determined transcript 788 

counts using HTSeq (version #0.6.1) (ANDERS et al. 2015). Differential expression 789 

analysis was performed using DESeq2 (Version #1.22.2) (LOVE et al. 2014). Only genes 790 

meeting an FDR (false discovery rate) cut-off of 0.05 were used for downstream 791 

analyses. Gene ontology analysis was performed using DAVID (version #6.8) (HUANG 792 

DA et al. 2009b; HUANG DA et al. 2009a). 793 

 794 

Motif Analysis 795 
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We defined promoter regions as the region covering 250 bp upstream of the TSS to the 796 

TSS. Motif analysis of promoter sequences was evaluated using MEME (version 5.1.0), 797 

(BAILEY et al. 2015) searching for the top five hits in each dataset. 798 

 799 
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Figure 1. HP1 proteins co-occupy a large number of genes in the Drosophila 818 

genome. (A) Alluvial diagram comparing genic binding targets of HP1 proteins in six 819 

different biological sources. Stacked bars represent the number of genes targeted by a 820 

particular combination of HP1 proteins. Connections between bars represent changes in 821 

binding activity across tissue and cell types and are color-coded to represent a gene’s 822 

classification in the “adult heads” tissue sample. Line weight denotes number of genes 823 

in each group. Large differences between tissues and cell types suggests binding of 824 

HP1 proteins at genes is cell-type specific.(B) Circos plot showing genome-wide binding 825 

of HP1a (outer track, blue), HP1B (middle track, green) and HP1C (innermost track, 826 

pink) in S2 cells. All three proteins are observed to bind throughout euchromatic (white 827 

background) and heterochromatic (grey wedges) of the genome. (C) Quantification of 828 

the proportion of enriched domains in different chromatin compartments for each HP1 829 

family member. Because this measure only evaluates assembled regions of the 830 

Drosophila reference genome, binding of proteins in heterochromatin may be 831 

underestimated. (D) Binding activity of HP1 proteins at different classes of sequence 832 

elements in S2 cells. Due to mappability limitations, binding at repeat regions and TEs 833 

may be underestimated. (E) Overlap between occupancy of HP1 family members at 834 

genes bound by at least one HP1 protein in Drosophila S2 cells. A majority of these 835 

genes are bound by at least two HP1 proteins. (F-H) Metagene profiles for HP1a, HP1B 836 

and HP1C demonstrate that HP1 proteins occupy TSSs. 837 

 838 

Figure 2. HP1 targets are highly expressed genes involved in signaling and 839 

development. (A-C) Comparison of expression (TPM) of HP1a (A), HP1B (B) and 840 
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HP1C (C) target genes relative to non-target genes in S2 cells across euchromatic and 841 

heterochromatic chromatin contexts. (D) Expression analysis of HP1 target genes 842 

across different combinations of HP1 family member occupancies. Adjusted p-values of 843 

pairwise comparisons (Mann-whitney tests) across groups are presented in 844 

accompanying heatmap. (E) Results of motif enrichment analysis of promoter regions of 845 

genes targeted by HP1 proteins in different cell types for common motifs enriched in 846 

multiple cell types. Enrichment is evaluated by both E-value and number of motif 847 

occurrences across all genic targets. (F) Gene ontology enrichment of HP1 target genes 848 

in S2 cells. Five terms with lowest p-values in each dataset were selected for inclusion 849 

and examined for overlaps among remaining datasets (G-I) Differential expression of 850 

protein-coding genes in homozygous null mutant larvae with depletion of HP1a (G), 851 

HP1B (H) or HP1C (I) Genes with significant changes in expression are plotted in color, 852 

while non-significant expression changes are plotted in grey. (J) Overlap analysis 853 

between HP1 binding targets and differentially expressed genes. On the left, 854 

differentially expressed genes in respective HP1 null mutant third instar larvae are 855 

classified as binding targets or non-target genes. On the right, genic binding targets of 856 

respective HP1 proteins are classified as differentially or non-differentially expressed in 857 

null mutant larvae. 858 

 859 

Figure 3. HP1 binding activity across modENCODE chromatin states.  860 

(A) Donut plot comparing number of genes in different modENCODE chromatin states 861 

in S2 cells. Genes were classified into a single chromatin state based on which state 862 

overlapped with a majority of the genomic coordinates. (B-D) Donut plots comparing the 863 
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distribution of HP1a (B), HP1B (C), and HP1C (D) genic binding targets in S2 cells 864 

across different modENCODE chromatin states. Residuals from chi-square analysis are 865 

presented in corresponding heatmaps with residual values. (E) Donut plot comparing 866 

number of genes in different modENCODE chromatin states in BG3 cells. (F-H) Donut 867 

plots comparing the distribution of HP1a (F), HP1B (G) and HP1C (H) genic binding 868 

targets in BG3 cells across different modENCODE chromatin states. Residuals from 869 

chi-square analysis are presented in corresponding heatmaps. 870 

 871 

Figure 4. Nascent transcriptomics reveals increased pausing at HP1 target genes. 872 

(A-C) GRO-Seq metagene profiles of HP1 target genes (colored) and non-target genes 873 

(grey) in S2 cells. The average GRO-seq signal across all genes in a group is plotted. 874 

Increased five prime GRO-seq signal at HP1 target genes suggests higher levels of 875 

nascent transcription at these genes. (D) Schematic of pausing index calculation. 876 

Briefly, the ratio of sequencing coverage in the promoter proximal region to the 877 

sequencing coverage in the gene body is used to estimate promoter proximal pausing. 878 

(E-G) Comparison of pausing indices at HP1 family target genes to non-target genes in 879 

S2 cells. Differences in pausing indices were evaluated using Mann-Whitney non-880 

parametric tests. (H) Comparison of pausing indices at genes occupied by different 881 

combinations of HP1 family members. Adjusted p-values presenting results of pairwise 882 

comparisons of pausing indices across groups are presented in the accompanying 883 

heatmap. 884 

 885 
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Figure 5. Depletion of HP1 proteins alters RPII pausing dynamics. (A-F) 886 

Comparison of pausing indices at HP1 target genes in Oregon-R and HP1 null mutant 887 

larvae. (A-B) HP1a; (C-D) HP1B; (E-F) HP1C. (G-J) Comparison of pausing indices at 888 

groups of genes bound by different combinations of HP1 proteins in different genotypes: 889 

(G) Oregon-R; (H) Su(var)20504/Su(var)20505; (I) HP1b86/HP1b86; (J) 890 

HP1cf04929/HP1cf04929 . Venn diagrams present the combination of HP1 proteins binding 891 

a particular group of genes. Binding classifications are based on ChIP data originating 892 

from Oregon-R larvae. Adjusted p-values of pairwise comparisons across groups are 893 

summarized below each ridge plot. Grey cells denote non-significant comparisons and 894 

yellow cells denote significant differences. Within mutant genotype conditions, asterisks 895 

denote pairwise comparisons with different results from the wild-type condition (for 896 

instance, a comparison is significantly different in wild type conditions but non-897 

significant in a mutant genotype). 898 

 899 

Supplemental Figure 1. The HP1 binding landscape in CME W1 cells. (A) Circos 900 

plot of ChIP-chip enrichment in CME W1 cells for HP1a (outer track, blue) HP1B 901 

(middle track, green) and HP1C (inner track, purple) display regions of enrichment and 902 

significant overlap throughout heterochromatin (grey background) and euchromatin 903 

(white background) compartments, quantified in  (B). Heterochromatin enrichment may 904 

be underestimated due to under-representation of heterochromatic repeats in the 905 

reference genome assembly. (C) Proportion of DNA sequence elements bound by 906 

different HP1 family members in CME W1 cells. (D) Venn diagram showing overlap in 907 

genic binding targets between different HP1 family members Similar to S2 cells, a 908 
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majority of genic binding targets are occupied by more than one HP1 protein. (E-G) 909 

Metagene profiles of HP1 enrichment at genic binding targets demonstrate a tendency 910 

for HP1 proteins to localize to TSSs. Here, average ChIP signal across all HP1 target 911 

genes is plotted over the TSS. 912 

 913 

Supplemental Figure 2. HP1 proteins co-localize at TSSs. ChIP-seq profiles of HP1a 914 

(top track, blue) HP1B (middle track, green) and HP1C (bottom track, pink) in S2 cells 915 

suggest that these proteins colocalize at genic binding sites. Sequential ChIP followed 916 

by PCR was used to evaluate whether HP1 proteins bound simultaneously at seven 917 

genes: Aef1 (A), Chro (B), grk (C), lt (D), rl (E), Su(Z)-2 (F) and RpL15 (G). Shaded grey 918 

regions denote region amplified by PCR. Small blue bars indicate PCR primer positions. 919 

Each PCR product is approximately 200bp in length. 920 

  921 

Supplemental Figure 3. The HP1 binding landscape in BG3 cells. (A) Circos plot of 922 

ChIP-chip enrichment for HP1 family members in BG3 cells. (B) Distribution of HP1 923 

enriched regions mapping to heterochromatic or euchromatic genomic compartments. 924 

(C) Proportion of DNA sequence elements occupied by different HP1 family members. 925 

(D) Overlap of genic binding targets across HP1 family members. (E-G) Metagene 926 

profiles of HP1 enrichment at genic binding target TSSs. 927 

 928 

Supplemental Figure 4. Characterization of HP1 genic binding targets in CME W1 929 

cells.  930 
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(A-C) Comparison of expression in TPM of HP1 binding targerts (colored) compared to 931 

non-targets (grey) in heterochromatic and euchromatic contexts. (A) HP1a; Blue (B) 932 

HP1C; green (C) HP1C; pink. (D) Comparison of expression across different 933 

combinations of HP1 proteins present at promoters. FDR-corrected p-values from 934 

pairwise comparisons are presented in corresponding heatmaps. (E) Gene ontology 935 

results of HP1 family binding targets in CME W1 cells. 936 

 937 

Supplemental Figure 5. Characterization of HP1 genic binding targets in BG3 938 

cells. 939 

(A-C) Comparison of expression in TPM of HP1 binding targerts (colored) compared to 940 

non-targets (grey) in heterochromatic and euchromatic contexts. (A) HP1a; Blue (B) 941 

HP1C; green (C) HP1C; pink. (D) Comparison of expression across different 942 

combinations of HP1 proteins present at promoters. FDR-corrected p-values from 943 

pairwise comparisons are presented in corresponding heatmaps. (E) Gene ontology 944 

results of HP1 family binding targets in BG3 cells. 945 

 946 

Supplemental Figure 6. Promoter proximal pausing at HP1 binding targets in CME 947 

W1 cells. 948 

(A, C, E) RPII metagene profile from ChIP-chip data at HP1 target (colored) and non-949 

target (grey) genes: (A) HP1a, blue; (C) HP1B, green; (E) HP1C, pink. (B, D, F) Pausing 950 

indices at HP1 target (colored) and non-target (grey) genes: (B) HP1a, blue; (D) HP1B, 951 

green; (F) HP1C, pink. 952 

 953 
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Supplemental Figure 7. Promoter proximal pausing at HP1 binding targets in BG3 954 

cells. 955 

(A, C, E) RPII metagene profile from ChIP-chip data at HP1 target (colored) and non-956 

target (grey) genes: (A) HP1a, blue; (C) HP1B, green; (E) HP1C, pink. (B, D, F) Pausing 957 

indices at HP1 target (colored) and non-target (grey) genes: (B) HP1a, blue; (D) HP1B, 958 

green; (F) HP1C, pink. 959 
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Table S1. Public NGS datasets used in this study.
Library Type Target Sample source Description
ChIP-Seq HP1a Third Instar Larvae IP - Replicate 1
ChIP-Seq HP1a Third Instar Larvae IP - Replicate 2
ChIP-Seq HP1a Third Instar Larvae Input - Replicate 1
ChIP-Seq HP1a Third Instar Larvae Input - Replicate 2
ChIP-Seq HP1B Third Instar Larvae IP - Replicate 1
ChIP-Seq HP1B Third Instar Larvae IP - Replicate 2
ChIP-Seq HP1B Third Instar Larvae Input - Replicate 1
ChIP-Seq HP1B Third Instar Larvae Input - Replicate 2
ChIP-Seq HP1C Third Instar Larvae IP - Replicate 1
ChIP-Seq HP1C Third Instar Larvae IP - Replicate 2
ChIP-Seq HP1C Third Instar Larvae Input - Replicate 1
ChIP-Seq HP1C Third Instar Larvae Input - Replicate 2
RNA-Seq NA Third Instar Larvae Wild type - RNA-Seq
RNA-Seq NA Third Instar Larvae Wild type - RNA-Seq
ChIP-Seq RNA Polymerase II Third Instar Larvae IP - Replicate 1
ChIP-Seq RNA Polymerase II Third Instar Larvae IP - Replicate 2
ChIP-Seq RNA Polymerase II Third Instar Larvae Input - Replicate 1
ChIP-Seq RNA Polymerase II Third Instar Larvae Input - Replicate 2
GRO-Seq NA S2 cells untreated cells - GRO-Seq
GRO-Seq NA S2 cells untreated cells - GRO-Seq
ChIP-Seq H3K9me2 Third Instar Larvae IP - Replicate 1
ChIP-Seq H3K9me2 Third Instar Larvae IP - Replicate 2
ChIP-Seq H3K9me2 Third Instar Larvae Input - Replicate 1
ChIP-Seq H3K9me2 Third Instar Larvae Input - Replicate 2
ChIP-Seq H3K9me3 Third Instar Larvae IP - Replicate 1
ChIP-Seq H3K9me3 Third Instar Larvae IP - Replicate 2
ChIP-Seq H3K9me3 Third Instar Larvae Input - Replicate 1
ChIP-Seq H3K9me3 Third Instar Larvae Input - Replicate 2
ChIP-Seq H3K4me1 Third Instar Larvae IP - Replicate 1
ChIP-Seq H3K4me1 Third Instar Larvae IP - Replicate 2
ChIP-Seq H3K4me1 Third Instar Larvae Input - Replicate 1
ChIP-Seq H3K4me1 Third Instar Larvae Input - Replicate 2
ChIP-Seq H3K4me3 Third Instar Larvae IP - Replicate 1
ChIP-Seq H3K4me3 Third Instar Larvae IP - Replicate 2
ChIP-Seq H3K4me3 Third Instar Larvae Input - Replicate 1
ChIP-Seq H3K4me3 Third Instar Larvae Input - Replicate 2
ChIP-Seq H2B-ubiquitination Third Instar Larvae IP - Replicate 1
ChIP-Seq H2B-ubiquitination Third Instar Larvae IP - Replicate 2
ChIP-Seq H2B-ubiquitination Third Instar Larvae Input - Replicate 1
ChIP-Seq H2B-ubiquitination Third Instar Larvae Input - Replicate 2
ChIP-Seq H3K79me1 Third Instar Larvae IP - Replicate 1



ChIP-Seq H3K79me1 Third Instar Larvae IP - Replicate 2
ChIP-Seq H3K79me1 Third Instar Larvae Input - Replicate 1
ChIP-Seq H3K79me1 Third Instar Larvae Input - Replicate 2
ChIP-Seq H4K20me1 Third Instar Larvae IP - Replicate 1
ChIP-Seq H4K20me1 Third Instar Larvae IP - Replicate 2
ChIP-Seq H4K20me1 Third Instar Larvae Input - Replicate 1
ChIP-Seq H4K20me1 Third Instar Larvae Input - Replicate 2
RNA-Seq NA Third Instar Larvae Su(Var)205 mutant
RNA-Seq NA Third Instar Larvae Su(Var)205 mutant
RNA-Seq NA Third Instar Larvae HP1b mutant
RNA-Seq NA Third Instar Larvae HP1b mutant
ChIP-chip RNA Polymerase II Third Instar Larvae Su(var)205 mutant
ChIP-chip RNA Polymerase II Third Instar Larvae HP1b mutant
ChIP-chip RNA Polymerase II Third Instar Larvae HP1c mutant
ChIP-chip HP1a S2 cells wild type S2 cells
ChIP-chip HP1B S2 cells wild type S2 cells
ChIP-chip HP1C S2 cells wild type S2 cells
ChIP-chip RNA Polymerase II Third Instar Larvae wild type



NCBI Accession
SRR869847
SRR869848
SRR869845
SRR869846
SRR927108
SRR927109
SRR927106
SRR927107
SRR947636
SRR947637
SRR947634
SRR947635
SRR7963963
SRR7963964
SRR870096
SRR870097
SRR870094
SRR870095
SRR073010
SRR073008
SRR869916
SRR869917
SRR869914
SRR869915
SRR869908
SRR869909
SRR869907
SRR869906
SRR870012
SRR870013
SRR870010
SRR870011
SRR947620
SRR947621
SRR947618
SRR947619
SRR947604
SRR947605
SRR947602
SRR947603
SRR947624



SRR947625
SRR947622
SRR947623
SRR869891
SRR869892
SRR869889
SRR869890
SRR518493
SRR518494
SRR7963961
SRR7963962
GSE44498
GSE45104
GSE44479
GSE32799
GSE27746
GSE32760
GSE32850
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