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Polycomb Requires Chaperonin Containing TCP-1 Subunit 7 for Maintaining Gene Silencing in Drosophila
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In metazoans, heritable states of cell type-specific gene expression patterns linked with specialization of various cell types constitute transcriptional cellular memory. Evolutionarily conserved Polycomb group (PcG) and trithorax group (trxG) proteins contribute to the transcriptional cellular memory by maintaining heritable patterns of repressed and active expression states, respectively. Although chromatin structure and modifications appear to play a fundamental role in maintenance of repression by PcG, the precise targeting mechanism and the specificity factors that bind PcG complexes to defined regions in chromosomes remain elusive. Here, we report a serendipitous discovery that uncovers an interplay between Polycomb (Pc) and chaperonin containing T-complex protein 1 (TCP-1) subunit 7 (CCT7) of TCP-1 ring complex (TRiC) chaperonin in Drosophila. CCT7 interacts with Pc at chromatin to maintain repressed states of homeotic and non-homeotic targets of PcG, which supports a strong genetic interaction observed between Pc and CCT7 mutants. Depletion of CCT7 results in dissociation of Pc from chromatin and redistribution of an abundant amount of Pc in cytoplasm. We propose that CCT7 is an important modulator of Pc, which helps Pc recruitment at chromatin, and compromising CCT7 can directly influence an evolutionary conserved epigenetic network that supervises the appropriate cellular identities during development and homeostasis of an organism.
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INTRODUCTION

In multicellular eukaryotes, epigenetic factors play a pivotal role in cell fate determination visualized by the differential gene expression profiles established during the patterning process in early development. In particular, maintenance of transcriptional states of important regulators like the Hox genes ensures faithful propagation of determined states during cell proliferation (Cavalli and Paro, 1999; Beuchle et al., 2001). The Polycomb group (PcG) and trithorax group (trxG) proteins maintain the heritable patterns of repressed and active gene expression states, respectively. An evolutionarily conserved hallmark of PcG and trxG regulation is the establishment and maintenance of long-term developmental decisions. Both groups exert their functions by interacting with the histones and the transcription machinery and by generating heritable epigenetic marks on chromatin (Kassis et al., 2017; Brand et al., 2019).

Molecular and biochemical analyses in Drosophila have unraveled the composition of at least two different PcG complexes, i.e., PRC1 and PRC2, and many accessory factors. Silencing by the PcG complexes correlates with histone H3 lysine 27 tri-methylation (H3K27me3) (Cao et al., 2002; Czermin et al., 2002; Müller et al., 2002) and histone H2A lysine 118 ubiquitination (H2AK118ub) (Wang et al., 2004). On the other hand, trxG proteins, discovered as suppressors of PcG, act as anti-silencing factors (Klymenko and Jürg, 2004), and several of them are known to act by modifying local properties of chromatin. For example, TRX and ASH1 directly counteract repression by catalyzing tri-methylation of histone H3 lysine 4 (H3K4me3) and histone H3 lysine 36 (H3K36me3), respectively. Moreover, trxG is much more heterogeneous with respect to protein complexes that covalently modify chromatin, remodel the chromatin, and interact with general transcription machinery (Kassis et al., 2017). Molecular chaperones such as heat shock cognate 4 (Hsc4) (Mollaaghababa et al., 2001), heat shock protein 90 (Hsp90) (Tariq et al., 2009; Sawarkar et al., 2012), and immunophilins (Anderson et al., 2002; Nelson et al., 2006; Chen, 2011) are proposed to serve as additional factors for PcG/trxG to maintain heritable patterns of gene expression. For example, the Hsc4 mutant flies exhibit Pc like phenotype, and Hsc4 was found to be part of the PcG multi-protein complex (Mollaaghababa et al., 2001). Besides Hsc4, a novel Drosophila J class chaperone (Droj2) was also found stably associated with Polyhomeotic, a PcG protein, in Drosophila (Wang and Brock, 2003). Additionally, mutations in Hsp90 mimic trxG-like behavior, and TRX requires Hsp90 for maintenance of gene activation in Drosophila (Tariq et al., 2009). Genome-wide binding profile of Hsp90 shows a massive overlap with TRX at chromatin. Notably, Hsp90 also contributes to paused RNA polymerase and facilitates transcriptional block by PcG (Sawarkar et al., 2012). The presence of RNA polymerase and general transcription factors at silent promoters (Breiling et al., 2001; Dellino et al., 2004; Klymenko and Jürg, 2004; Enderle et al., 2011) and the competition observed between PcG and trxG to regulate the gene expression suggest that PcG and trxG proteins associate with their target genes as dynamic complexes that are in balance with one another (Kuroda et al., 2020). However, the mechanisms and the factors responsible to shift the balance in favor of either PcG or trxG during their dynamic association with chromatin remain elusive.

Here, we report a serendipitous discovery that describes direct molecular interactions of Drosophila Pc with chaperonin containing T-complex protein 1 (TCP-1) subunit 7 (CCT7) of TCP-1 ring complex (TRiC), a class of chaperones also called chaperonins. The TRiC chaperonins are protein-folding machines composed of hetero-oligomeric, double-ringed, high-molecular weight, ATP-dependent chaperones involved in the folding and assembly of multi-protein complexes (Gestaut et al., 2019). The complex architecture and mechanism of action of TRiC allow it to chaperone essential proteins involved in diverse cellular processes such as cell cycle regulation (Won et al., 1998; Camasses et al., 2003; Kaisari et al., 2017), cytoskeletal organization (Sternlicht et al., 1993), organ size (Kim and Choi, 2019), and signal transduction pathways (Guenther et al., 2002; Wells et al., 2006; Roobol et al., 2014; Antonova et al., 2018; Banks et al., 2018). In our quest for novel regulators of trxG, we had discovered Drosophila CCT7 and CCT5 subunits of TRiC as top trxG candidates influencing luciferase reporter in an ex vivo genome-wide RNA interference (RNAi) screen (Umer et al., 2019). However, contrary to our earlier discovery of CCT7 and CCT5 as trxG candidates in the RNAi screen, further analysis revealed that both CCT7 and CCT5 mutants genetically interact with Pc and strongly enhance extra sex comb phenotype. Moreover, suppression of trx mutant phenotype by CCT7 mutation and a strong reactivation of homeotic genes in homozygous CCT7 mutants corroborate the PcG-like behavior of these TRiC subunits. Importantly, the presence of CCT7 together with Pc on polytene chromosomes and its association at PcG targets, as characterized by chromatin immunoprecipitation (ChIP), support our hypothesis that CCT7 indeed contributes to repression by PcG. Our results further demonstrate that depletion of CCT7 results in dissociation of Pc from the chromatin, which explains the reactivation of PcG targets upon CCT7 knockdown. Notably, CCT7 was found to interact with Pc at the molecular level in Drosophila cells, and a substantial amount of Pc was found in the cytoplasm when CCT7 was depleted. Together, our data provide an affirmative evidence of the role of CCT7 in regulating PcG-mediated gene expression patterns.



RESULTS


TCP-1 Ring Complex Genetically Interacts With Polycomb Group and Trithorax Group System

Since CCT7 and CCT5 subunits of TRiC chaperonin complex emerged as candidate trxG genes in a luciferase reporter-based genome-wide RNAi screen in Drosophila (Umer et al., 2019), we started validation of CCT7 and CCT5 as potential trxG genes. To investigate if TRiC subunits genetically interact with the PcG/trxG system, mutants for CCT7 (CCT7KG01477 and CCT7KG09501) and CCT5 (CCT506444 and CCT5K06005) were crossed with two different Pc (Pc1 and PcXL5) alleles, and males from F1 progeny (CCT7/Pc and CCT5/+;Pc/+) were analyzed for extra sex comb phenotype. Heterozygous Pc (+/Pc1 and +/PcXL5) male flies, obtained from a cross of Pc (Pc1 and PcXL5) mutants with w1118 mutant flies, exhibit strong extra sex comb phenotype. As compared to heterozygous Pc mutant males used as control, each mutant allele of CCT7 and CCT5 significantly enhanced extra sex comb phenotype of Pc1 and PcXL5 (Figures 1A–D and Supplementary Figures 1A–D). This strong genetic interaction of two different alleles of CCT7 as well as CCT5 with both the alleles of Pc indicates that CCT7 and CCT5 mutants behave like PcG genes. However, these results were contrary to the discovery of CCT7 and CCT5 as candidate trxG genes in the genome-wide RNAi screen (Umer et al., 2019). To further validate PcG-like behavior of TRiC subunits, it was investigated if CCT7 mutants antagonize trx mutant phenotype, which is a hallmark of PcG genes. Both the mutant alleles of CCT7 were crossed with trx (trx1) mutant to investigate if CCT7 genetically interacts with trx and suppresses A5 to A4 homeotic phenotype of trx mutants. Heterozygous trx (trx/+) mutant males from the cross of w1118 with trx exhibit loss of abdominal pigmentation (Figure 1E, middle), classified as A5 to A4 transformation (Ingham and Whittle, 1980). Both the alleles of CCT7 strongly suppressed A5 to A4 transformation (Figure 1E, left) in CCT7/trx double mutants and resulted in a higher percentage of male flies with wild-type abdominal pigment (Figure 1F). A strong suppression of trx phenotype and enhancement of extra sex comb phenotype of Pc by both alleles of CCT7 support the notion that CCT7 acts as a potential PcG gene. Since luciferase is a known client of TRiC chaperonin (Dunn et al., 2001), it explains the presence of CCT7 and CCT5 subunits as trxG candidates in luciferase-based genome-wide RNAi screen.
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FIGURE 1. Mutants of TCP-1 ring complex (TRiC) exhibit Polycomb group (PcG)-like behavior. (A–D) Heterozygous male flies for Pc (+/Pc1 and +/PcXL5) obtained by crossing Pc (Pc1 and PcXL5) alleles with w1118 exhibit strong extra sex comb phenotype, and these heterozygous males were used as control. CCT7 (CCT7KG01477) and CCT5 (CCT506444) mutants crossed to two different alleles of Pc (Pc1 and PcXL5) significantly enhanced extra sex comb phenotype in CCT7KG01477/Pc (A,B) and CCT506444;Pc (C,D) mutants, respectively, when compared with control (+/Pc1 and +/PcXL5). Here, 200 male flies with desired genotype from the progeny of each cross were scored for extra sex combs. Flies were categorized based on the number of extra sex comb bristles on the second and third pairs of legs (Tariq et al., 2009) as follows: –, no extra sex combs on second or third pair of legs; +, 1–2 bristles on the second leg; ++, 3 or more bristles on the second leg; +++, 3 or more bristles on the second leg and 1–2 bristles on the third leg; ++++, strong sex combs on both second and third pairs of legs. Percentages of flies for each category of phenotype, heterozygous Pc1/+ and PcXL5/+ males and CCT7KG01477/Pc1 and CCT7KG01477/PcXL5 double mutant male flies, are provided in Supplementary Table 1. The percentage of flies for each category was plotted as bar graphs. Error bars represent standard error of the mean (SEM) from three independent experiments. Statistical significance was calculated using t-test (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). (E,F) CCT7/trx1 double mutant males from progeny of CCT7 mutants crossed to trx1 were scored for suppression of A5 to A4 transformation. As compared to wild-type flies (E, left panel), heterozygous trx mutant (+/trx1) males obtained from the cross of w1118 with trx1 mutant exhibit loss of abdominal pigmentation on A5 segment (E, middle panel), i.e., phenotype referred to as A5 to A4 transformation, and appearance of bristle on sternite 6 (s6, marked with black arrow). As compared to trx heterozygous (+/trx1) male flies, CCT7 mutations suppressed A5 to A4 transformation phenotypes in CCT7/trx1 double mutant male (E, right panel) flies. Flies were categorized into wild-type (E, left panel) and A5 to A4 transformation (E, middle panel) based on abdominal pigmentation phenotype. Percentage of flies obtained for each category of phenotype was plotted as bar graphs (F). Error bars represent SEM from two independent experiments. Statistical significance was calculated using two-way ANOVA (*** p ≤ 0.001).




Chaperonin Containing TCP-1 Subunit 7 Is Required for Polycomb Group-Mediated Gene Silencing

Since a strong genetic interaction of CCT7 with the PcG system was observed, we aimed to investigate if CCT7 contributes to maintenance of repression by PcG. To this end, 12-h-old homozygous CCT7 mutant embryos were stained with Abd-B antibody and compared with w1118 embryos of the same age, which were used as control. In w1118 embryos at this stage, Abd-B is expressed at progressively increasing level from parasegment 10 (PS10) to PS14, exhibiting strongest expression in PS14 (Celniker et al., 1989; Delorenzi and Bienz, 1990) (Figure 2A). As compared to w1118 control, CCT7 mutant embryos showed an increase in Abd-B expression in the anterior parasegments (Figures 2B,C). This increased Abd-B expression is a hallmark of PcG mutants (Simon et al., 1992). Additionally, CCT7 was knocked down in D.Mel-2 cells using dsRNA (Figure 2D), and expression of PcG target genes was analyzed using quantitative real-time PCR. As compared to LacZ dsRNA-treated cells used as control, depletion of CCT7 resulted in a significant upregulation of psq (pipsqueak), Antp (Antennapedia), Abd-B (Abdominal B), Dfd (Deformed), and Ubx (Ultrabithorax) (Figure 2E), which are known PcG targets (Schuettengruber et al., 2009; Schwartz et al., 2010; Enderle et al., 2011). Next, CCT7 was knocked down in flies using eye-specific GAL4 driver line (Figures 2F–H). Depletion of CCT7 resulted in transformation of eye to duplicated antenna (Figure 2G) and appearance of a leg-like appendage besides reduced eye size (Figure 2H). The adult flies obtained after eye-specific knockdown of CCT7 were categorized as showing normal eye, reduced eye, loss of eye, eye to antennal transformation, and leg phenotype in the eye. The majority of flies, i.e., 70.91%, exhibited reduced eye size, 5.45% flies showed loss of eye phenotype, 6.36% flies presented eye to antennal transformation, 3.64% flies developed a rudimentary leg in the eye, and only 13.64% developed normal eye phenotype (Figure 2I). Additionally, depletion of CCT7 in the eye using a different RNAi line of CCT7 resulted in 100% pupal lethal phenotypes (Figure 2J). Interestingly, after eye-specific knockdown of CCT7, the F1 progeny never hatched and the late-stage pupae were dissected to observe the headless phenotype (Figure 2J, right) as compared to w1118 control pupae (Figure 2J, left). The aberrant eye phenotypes and the headless pupal lethal pharate adults observed upon depletion of CCT7 may be attributed to the ectopic expression of Antp in eye–antennal imaginal discs (Gibson and Gehring, 1988; Plaza et al., 2001; Zhu et al., 2018). Similar pupal lethal phenotypes have been reported in eye-specific knockdown of all eight subunits of TRiC chaperonin complex (Kim and Choi, 2019). Together, these results suggest that PcG requires CCT7 to maintain repression.
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FIGURE 2. Depletion of chaperonin containing TCP-1 subunit 7 (CCT7) enhances the expression of Polycomb (Pc) group (PcG) target genes. (A–C) Enhanced levels of Abd-B expression observed in CCT7 mutants compared with w1118. Stage 15 embryos of w1118 (A) and homozygous mutant embryos for CCT7KG01477 (B) and CCT7KG09501 (C) were stained with Abd-B antibody. Homozygous CCT7 embryos (B,C) showed increased Abd-B expression (parasegments marked as PS7-PS14) as compared to w1118 embryos (A) used as control. All embryos are oriented with their anterior ends upward. (D) As compared to LacZ dsRNA-treated cells, knockdown of CCT7 showed drastic reduction in mRNA levels of CCT7 in D.Mel-2 cells. (E) Significantly increased levels of psq, Antp, Abd-B, Dfd, and Ubx expression determined in CCT7 knockdown cells (D) using real-time PCR compared with LacZ dsRNA-treated cells. Error bars represent SEM for two independent experiments. Statistical significance was calculated using two-way ANOVA (* p ≤ 0.05, **** p ≤ 0.0001). (F–H) Eye-specific knockdown of CCT7 shows a range of homeotic phenotypes, i.e., transformation of eye to duplicated antenna (marked with asterisks, G) and appearance of a leg-like appendage in addition to reduction in eye size (marked with arrow, H). (I) Pie chart representing the frequency of adult phenotypes resulting from eye-specific knockdown of CCT7. A total of 110 adult flies were observed under a stereo microscope (Nikon, C-DSS230) using white light and scored for aberrant eye phenotypes. Phenotypes of adult flies obtained as a result of knockdown of CCT7 were categorized as follows: normal eye (13.64%), reduced eye (70.91%), loss of eye (5.45%), eye to antennal transformation (6.36%), and appearance of rudimentary leg in eye (3.64%). (J) Eye-specific knockdown of CCT7 using a different and stronger RNAi line resulted in 100% lethality of the progeny at the pupal stage (right) as compared to w1118 control (left). Headless pupal lethal pharate adult observed upon depletion of CCT7 in the eye dissected out from the pupal case (right) as compared to w1118 control (left).




Chaperonin Containing TCP-1 Subunit 7 Binds to Chromatin at Polycomb Group Targets

Since homozygous mutation of CCT7 in vivo and its depletion in cells result in de-repression of PcG targets, it was questioned if CCT7 associates with chromatin at PcG targets and contributes to maintenance of repression. To address this question, transgenic flies expressing Myc-CCT7 (Supplementary Figure 2A) under GAL4-inducible promoter were generated. Polytene chromosomes were prepared from third instar larvae expressing Myc-CCT7 in salivary glands and stained with anti-Myc and anti-Pc antibodies (Figures 3A–D). It was observed that CCT7 co-localizes with Pc at multiple sites (Zink and Paro, 1989; Decamillis et al., 1992; Rastelli et al., 1993) on polytene chromosomes (Figure 3D). Next, ChIP was performed from Drosophila S2 stable cells expressing FLAG-CCT7 using anti-FLAG antibody (Supplementary Figure 2B). ChIP from EV control cells expressing FLAG-epitope under copper-inducible promoter was used as a control. ChIP DNA was quantified by real-time PCR analysis using primers specific for known PcG-binding sites in psq, Dfd, and bxd loci (Schuettengruber et al., 2009; Schwartz et al., 2010; Enderle et al., 2011) (Supplementary Table 2). As compared to ChIP from EV control cells, FLAG-CCT7 was found to be enriched at psq, Dfd, and bxd (Figure 3E, upper panel). Importantly, CCT7 was not present at an intergenic region (IR) used as control where Pc does not bind (Figure 3E). Moreover, ChIP, using CCT7-specific antibody, performed from Drosophila embryos showed that CCT7 binds to known PcG-binding sites at bxd and Dfd (Figure 3E, lower panel). Based on the chromatin association of CCT7 at PcG target genes, it was assumed that CCT7 may biochemically interact with Pc and facilitate maintenance of silencing by PcG. To investigate molecular interaction between CCT7 and Pc, Co-IP was performed on stable cells containing FLAG-CCT7 transgene. Total cell lysates from EV control and FLAG-CCT7 stable cells were subjected to pulldown with anti-Pc antibody and subsequently analyzed on a Western blot that was probed with anti-FLAG and anti-Pc antibodies. As compared to Co-IP from EV control, immunoprecipitation with anti-Pc specifically resulted in enrichment of FLAG-CCT7 from stable cells expressing FLAG-CCT7 (Figure 3F), indicating that CCT7 interacts with Pc in Drosophila cells. Since CCT7 is found to associate with chromatin at PcG target genes (Schuettengruber et al., 2009; Schwartz et al., 2010; Enderle et al., 2011), as evidenced by ChIP and co-localization of CCT7 with Pc on polytene chromosomes, it suggests that this nuclear interaction between CCT7 and Pc maintains gene silencing.
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FIGURE 3. Chaperonin containing TCP-1 subunit 7 (CCT7) co-localizes and interacts with Polycomb (Pc). (A–D) Polytene chromosomes prepared from third instar larvae expressing Myc-CCT7 were stained with anti-Myc (B) and anti-Pc (C) antibodies. Myc-CCT7 was observed to co-localize with Pc at numerous loci, seen as yellow bands in merge (D). In particular, co-localization of CCT7 with Pc at well-known Pc-binding sites in chromosome arms 2L, 3L, and 3R, on polytene chromosomes reported previously (Zink and Paro, 1989; Decamillis et al., 1992; Rastelli et al., 1993), is marked with white arrows. (E) Chromatin immunoprecipitation (ChIP) performed from FLAG-CCT7-expressing cells using anti-FLAG antibody showed CCT7 enriched at known Polycomb group (PcG) target genes, i.e., psq, Dfd, and bxd as compared to empty vector (EV) control cells (upper panel). Moreover, ChIP performed on 2–4-h-old Drosophila embryos using CCT7 antibody showed association of CCT7 at known Pc-binding sites in bxd and Dfd regions (lower panel). Intergenic region (IR) represents the region corresponding to chromosome arm 2R where Pc is normally not bound (Papp and Müller, 2006). ChIP DNA was quantified using real-time PCR, and data were normalized using fold enrichment over IR. Error bars represent SEM for three independent experiments. Statistical significance was calculated using t test (* p ≤ 0.05, ** p ≤ 0.01, # p = 0.056 trend toward significance). Schematic of the primers used in real-time PCR analysis and their locations are represented as blue lines in Supplementary Figure 2C. (F) Pc biochemically interacts with CCT7. Co-immunoprecipitation (Co-IP) was performed using anti-Pc antibody from FLAG-CCT7-expressing stable cells and EV control cells. Western blot with anti-FLAG (WB: anti-FLAG, upper) showed specific enrichment of FLAG-CCT7 in the IP sample (lane 2) of FLAG-CCT7-expressing cells as compared to control IP from EV cells (lane 4). Western blot with anti-Pc (WB: anti-Pc, lower) showed specific and equal enrichment of Pc in IP from both FLAG-CCT7-expressing cells and EV cells. Input represents 1% of total cell lysates from FLAG-CCT7 (lane 1) and EV (lane 3) cells. The Ponceau S staining corresponding to the Western blot is shown in Supplementary Figure 2D.




Chaperonin Containing TCP-1 Subunit 7 Facilitates Nuclear Localization and Chromatin Association of Polycomb

The genetic and molecular interaction of CCT7 with Pc intrigued us to ask if depletion of CCT7 has an impact on association of Pc at the chromatin. To address this question, ChIP was performed using anti-Pc antibody from cells treated with dsRNA against CCT7 followed by real-time PCR analysis. As compared to control cells treated with LacZ dsRNA, ChIP from CCT7-depleted cells revealed reduced association of Pc at bxd and Dfd chromatin-binding sites (Figure 4A). As compared to control cells, Pc binding at psq, a PcG target gene that is actively transcribed, remained unchanged in CCT7-depleted cells (Figure 4A), and it served as control supporting the notion that knockdown of CCT7 results in diminishing Pc from silent PcG target genes. Moreover, ChIP analysis of RNA pol-II binding in CCT7 knockdown cells revealed that RNA pol-II was enriched along the gene body of Dfd (Figure 4B) that correlates with increased expression of Dfd in these cells (Figure 2E). For an in vivo validation of decreased association of Pc at chromatin after CCT7 depletion in cells, CCT7 was knocked down specifically in salivary glands of third instar larvae by crossing CCT7 RNAi flies with salivary gland-specific GAL4 (Sgs-GAL4) driver line. Polytene chromosomes were prepared from third instar larvae, and immunostaining was performed with Pc and RNA pol-II antibodies (Figures 4C–J). Polytene chromosomes from w1118 larvae of the same age stained with Pc and RNA pol-II antibodies were used as control (Figures 4C–F). As compared to control (Figure 4E), Pc staining was drastically reduced on polytene chromosomes from salivary glands where CCT7 was depleted (Figure 4I). However, no such effect on RNA pol-II association with polytene chromosomes was observed in CCT7-depleted salivary glands when compared with polytenes from w1118 control (Figures 4D,H). This Pc-specific effect of CCT7 depletion led us to investigate possible underlying effects on the expression of Pc. To this end, we knocked down CCT7 using dsRNA and analyzed the expression of Pc. Interestingly, quantitative real-time PCR analysis revealed that expression of Pc was significantly increased in CCT7-depleted cells as compared to LacZ dsRNA-treated cells used as control (Figure 4K). This increase in the mRNA levels of Pc also correlates with increased Pc protein in CCT7 knockdown cells as compared to control cells (Figure 4L). The increased expression of Pc in CCT7-depleted cells together with loss of Pc association with chromatin in the absence of CCT7 illustrates the importance of CCT7 in regulating Pc at both transcriptional and posttranslational levels. However, the increased expression of Pc in cells is contrary to the decreased association of Pc on chromatin when CCT7 was depleted (Figures 4A,I), which led us to investigate if CCT7 is required for proper localization of Pc within the cells. To address this question, we isolated nuclear and cytosolic fractions of CCT7-depleted cells and analyzed the fractions on a Western blot with anti-Pc antibody. Intriguingly, an increased amount of Pc was observed in the cytosolic fraction of CCT7 knockdown cells when compared with control cells. However, amount of Pc in the nuclear fractions of CCT7-depleted and control cells remained the same. Absence of Lamin in the cytosolic fraction served as control and illustrates that there was no nuclear contamination in the cytosolic fraction. Therefore, it validates that the Pc observed in the cytosolic fraction is a specific consequence of CCT7 depletion (Figure 4M). Altogether, our data demonstrate that CCT7 facilitates gene silencing by regulating Pc at multiple levels. In particular, CCT7 helps in nuclear localization and chromatin association of Pc besides contributing to maintenance of gene expression of Pc gene. The increased expression of Pc in CCT7-depleted cells does not get associated with chromatin, suggesting that CCT7 is required for recruitment of Pc at chromatin. Importantly, the presence of an ample amount of Pc in cytoplasm in the absence of CCT7 suggests that CCT7 is more likely playing a role in chaperoning Pc to its chromatin-binding sites. Taken together, these results highlight a critical role for CCT7 in the maintenance of gene repression by Pc in the process of cell fate maintenance and epigenetic cell memory in Drosophila.
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FIGURE 4. Chaperonin containing TCP-1 subunit 7 (CCT7) is required for association of Polycomb (Pc) at chromatin. (A) Chromatin immunoprecipitation (ChIP) using anti-Pc antibody from CCT7 knockdown cells showed decreased enrichment of Pc at bxd and Dfd as compared to LacZ dsRNA-treated control cells. ChIP was analyzed using fold enrichment over input. Error bars represent SEM for two independent experiments. Statistical significance was calculated using two-way ANOVA (* p ≤ 0.01). (B) ChIP from cells treated with dsRNA against CCT7 showed increased RNA pol-II along the gene body of Dfd (labeled Dfd GB1 and Dfd GB2) as compared to control correlating with an increased expression of Dfd (Figure 2E) in CCT7-depleted cells. ChIP was analyzed using fold enrichment over input. Error bars represent SEM for two independent experiments. Statistical significance was calculated using two-way ANOVA (*** p ≤ 0.001). (C–J) Polytene chromosomes prepared from w1118 and CCT7-depleted salivary glands and stained with anti-RNA pol-II and anti-Pc antibodies. As compared to RNA pol-II staining used as a positive control (D,H), a strongly diminished binding of Pc was observed after depletion of CCT7 (I) when compared with w1118 control (E). (K,L) Drastic increase in expression of Pc in CCT7-depleted cells. CCT7-depleted cells displayed significantly higher expression of Pc in real-time PCR analysis (K) as well as on Western blot (L) when compared to control cells. Error bars represent SEM for two independent experiments. Statistical significance was calculated using t-test (**** p ≤ 0.0001). (M) Western blot probed with anti-Pc and anti-Lamin antibodies showing nuclear and cytosolic fractions isolated from CCT7-depleted and control cells. Besides its presence in the nucleus, Pc is visible as enriched in the cytosolic fraction of CCT7-depleted cells as compared to the cytosolic fraction of LacZ dsRNA-treated control. The same blot probed with anti-Lamin served as a control for purity of nuclear and cytosolic fractions. Western blots were quantified using ImageJ software, and data were normalized using LacZ dsRNA-treated cells as control.





DISCUSSION

In order to understand better the complex relationship between genotype and phenotype, it is necessary to study the link between epigenetic pathways, cellular signaling, and environmental factors during development. Molecular chaperones represent a class of proteins, which rapidly respond to intracellular or extracellular environmental cues to initiate epigenetically heritable changes (Sawarkar and Paro, 2013; Condelli et al., 2019). Our results demonstrate a previously unknown genetic and molecular link between CCT7 and Pc, which is essential for maintaining heritable gene repression. We provide evidence that depletion of CCT7 results in reactivation of PcG target genes and leads to severe morphological defects. Since Pc dissociates from chromatin and is retained in cytoplasm as a consequence of diminished CCT7, we propose that CCT7 is required for chaperoning Pc to its targets on chromatin and maintenance of repression. Involvement of CCT7 in maintenance of silencing by Pc has revealed a novel epigenetic modulator of Pc that ensures robustness of gene expression during development. Such an interaction of molecular chaperone Hsp90 with epigenetic factors like TRX has previously been reported in Drosophila (Sollars et al., 2003; Tariq et al., 2009; Sawarkar et al., 2012). In contrast to the role of Hsp90 in gene activation by trxG, little is known about the role of molecular chaperones in PcG-mediated gene regulation and the effects that they may have on epigenetic cell memory.

Genetic evidence presented here demonstrates that TRiC members, CCT7 and CCT5, exhibit PcG-like behavior by enhancing extra sex comb phenotype of Pc. Appearance of extra sex combs on the second and third pairs of legs in Drosophila males is a classical mutant phenotype in Pc heterozygotes (Riley et al., 1987; Pattatucci and Kaufman, 1991). Strong enhancement of extra sex comb phenotype by two different alleles of CCT7 and CCT5 suggests that TRiC subunits are possibly required for the proper function of one or more PcG proteins. Such an enhancement of extra sex comb phenotype has also been described for molecular chaperone Hsc4 mutant in Drosophila (Mollaaghababa et al., 2001; Wang and Brock, 2003). The PcG-like behavior of CCT7 mutants was supported by the antagonistic effect of CCT7 in CCT7/trx1 double mutants where it suppresses the trx1 mutant (Ingham and Whittle, 1980) phenotype. These genetic data are substantiated by an increased expression of homeotic and non-homeotic targets of PcG, which is explained by dissociation of Pc from chromatin when CCT7 was depleted, thus reinforcing the Pc-specific effect of CCT7 in transcriptional cellular memory.

Based on the genetic and molecular evidence presented here, it is plausible to assume that CCT7 may facilitate the recruitment of Pc on chromatin. This hypothesis explains the strong enhancement of extra sex comb phenotype and reactivation of PcG targets, since mutations in CCT7 chaperonin might have reduced the chromatin-associated Pc protein to maintain gene repression. The mechanistic link between Pc and CCT7 may be similar to the role played by TRiC in priming histone deacetylase (HDAC)3 for its nuclear localization and potential interaction with SMRT to form active SMRT-HDAC3 repression complex (Guenther et al., 2002). Moreover, TRiC interacts with HDAC1/HDAC2 (Banks et al., 2018) and SWI/SNF chromatin remodeling complexes (Banks et al., 2018) and acts as a checkpoint in the assembly of basal transcription factor TFIID (Antonova et al., 2018), highlighting the importance of TRiC at different nodes in regulating gene expression states. Molecular interactions of TRiC with HDACs and SWI/SNF complexes and its role in holo TFIID assembly indicate that TRiC chaperonins may have a dual role in silencing and activation of gene expression. Such a dual role of molecular chaperones in transcriptional activation (Sollars et al., 2003; Tariq et al., 2009; Sawarkar et al., 2012) and repression (Laskar et al., 2011; Okazaki et al., 2018; Sun et al., 2020) has also been reported for Hsp90.

Despite an increased amount of Pc in CCT7-depleted cells, there was decreased association of Pc at chromatin. This may be due to a large amount of Pc retained in the cytosol in the absence of CCT7. It would be interesting to determine the composition of Pc-interacting proteins in wild-type cells and in cells deficient for CCT7. If CCT7 is required for assembly of Pc-containing protein complexes, different Pc-interacting proteins will be purified in the absence of CCT7. Since it is possible to assemble functional PRC1 core complex in vitro (Francis et al., 2001) in the absence of CCT7, it suggests that CCT7 may have a specific effect on association of Pc at chromatin. The depletion of Pc, but not RNA pol-II from chromatin, in the absence of CCT7 further suggests that CCT7 has a specific role in Pc-mediated repression of key developmental genes. The increased expression of PcG targets in CCT7-depleted cells as a result of decreased association of Pc and subsequent release of RNA pol-II from the paused state is in accordance with the previously reported function of Pc in holding RNA pol-II in its paused state (Lis, 1998; Breiling et al., 2001; Dellino et al., 2004) on silent genes. While we provide evidence that Pc requires CCT7 to maintain repression, an indirect effect of CCT7 on association of Pc at chromatin through one of its client proteins cannot be ruled out.

The genetic and molecular interplay of TRiC at a multitude of cellular signaling pathways together with evolutionarily conserved PcG suggests that it may serve as a major hub similar to Hsp90 to maintain cellular homeostasis. The molecular interaction between CCT7 and Pc illustrates how gene expression states can rapidly be modulated that eventually may lead to accumulation of epigenetic variation and possible phenotypic variation. Further molecular and biochemical characterization of CCT7–Pc nexus is required to reveal the mechanistic details about how this intricate relationship contributes to the complex interplay between genotype and phenotype.



MATERIALS AND METHODS


Fly Strains

The following fly strains were obtained from Bloomington Drosophila Stock Center (BDSC): CCT7KG01477 (BDSC: 13446), CCT7KG09501 (BDSC: 15191), Pc1 (Pc1/TM3Ser) (gift from Renato Paro), PcXL5 (PcXL5/TM3Ser, Sb) (gift from Renato Paro), trx1 (trx1/TM1) (BDSC: 2114), CCT506444 (BDSC: 12315), and CCT5K06005 (BDSC: 10393). The fly strains obtained from Vienna Drosophila Resource Center include CCT7KK101540 (VDRC: v108585) and CCT7GD13899 (VDRC: v28895). Moreover, fly strains used for polytene staining of transgenic flies include P{w+mCUASp-CCT7-MYC} [generated in-house by injecting w1118 (BDSC: 5905) embryos with P{w+mCUASp-CCT7-MYC} construct, and transgenic flies were selected using mini-white gene as selection marker] and pTub-GAL4/Tb [BDSC: 5138 ({tubP-GAL4}LL7/TM3, Sb[1] Ser[1]) balanced with Tb balancer]. Additionally, fly strains used for immunostaining of polytene chromosomes after RNAi include CCT7GD13899 (VDRC: v28895) and P{Sgs3-GAL4.PD} (BDSC: 6870).

The fly strains used to perform eye-specific knockdown were CCT7KK101540 (VDRC: v108585), CCT7GD13899 (VDRC: v28895), and ey-GAL4 (gift from Renato Paro). For immunostaining of homozygous mutant embryos, CCT7KG01477 and CCT7KG09501 were balanced with a green fluorescent protein (GFP) balancer chromosome.



Antibodies

The antibodies and their dilutions used in this study are as follows: mouse anti-Abd-B [Developmental Studies Hybridoma Bank (DSHB), 1A2E9] [immunofluorescence (IF) 1:40], rabbit anti-Pc [IF 1:20, Western blotting (WB) 1:4,000] (gift from S. Hirose), mouse anti-Myc (Santa Cruz, 9E10) (IF 1:50, WB 1:1,000), mouse anti-FLAG M2 (Sigma Aldrich, F1804) (ChIP 5 μl, WB 1:1,000), mouse anti-Tubulin (Abcam, ab7291) (WB 1:2,000), mouse anti-RNA pol-II (Abcam, ab5408) (ChIP 2 μl, IF 1:100), mouse anti-Lamin (DSHB, ADL67.10-s) (WB 1:1,000), rabbit anti-CCT7 (Atlas antibodies, HPA008425) (ChIP 8 μl). Secondary antibodies used for WB were goat anti-rabbit immunoglobulin G (IgG) H&L [horseradish peroxidase (HRP)] (Abcam, ab6721) and goat anti-mouse IgG H&L (HRP) (Abcam, ab6789) at 1:5,000 dilution. Secondary antibodies for IF were Cy3-conjugated goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific, A10520) and Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) (Thermo Fisher Scientific, A28175) at 1:100 dilution.



Genetic Analysis

Two different alleles each of CCT7 and CCT5 were independently crossed with two different Pc alleles (Pc1 and PcXL5) at 25°C, while w1118 flies crossed to Pc alleles were used as control. Males in the progeny of these crosses were scored for extra sex comb phenotype as described previously (Tariq et al., 2009). Similarly, both mutants of CCT7 and w1118 were crossed to trx mutant allele (trx1), and males in the progeny of these crosses were analyzed and scored for abdominal pigmentation phenotype as described previously (Ingham and Whittle, 1980; Umer et al., 2019).



Immunohistochemistry

Transgenic flies carrying P{w+mCUASp-CCT7-Myc} were generated using FemtoJet Microinjector (Eppendorf) following standard protocol (Bienz et al., 1988). These transgenic flies were crossed with pTub-GAL4/Tb driver line to induce the expression of CCT7-Myc. Salivary glands from non-Tb third instar larvae expressing CCT7-Myc were isolated, and polytene chromosomes were stained with anti-Myc and anti-Pc antibodies as described previously (Zink and Paro, 1989). Briefly, third instar larvae were dissected to isolate salivary glands. Two pairs of salivary glands were incubated in a drop of 3.7% paraformaldehyde fixation solution for 15 min on a poly-L-lysine-coated slide. After 15 min, the salivary glands were squashed by placing a coverslip on top, and nuclei were broken apart with the help of a sharpened pencil. The slides were splash frozen in liquid nitrogen, and coverslip was snapped off in a single attempt with a razor blade. The slides were then washed twice in 1 × phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4 at pH 7.4) and once in 1 × PBS + 1% Triton X-100 (PBST) for 10 min each. These polytene chromosomes were incubated in blocking buffer (5% non-fat milk in 1 × PBS) in a slide jar for 1 h at room temperature with vigorous shaking. After blocking, slides were rinsed in 1 × PBS solution and incubated with 30 μl of desired primary antibodies in a humid chamber overnight at 4°C. Next day, coverslips were removed by holding the slides in 1 × PBS, and slides containing polytenes were washed in blocking solution for 30–40 min at room temperature. These slides were incubated with appropriate secondary antibodies in the dark at room temperature. After 2 h of incubation with secondary antibodies, the slides were washed sequentially with wash buffer 1 (300 mM NaCl, 0.2% NP-40, 0.2% Tween20 in 1 × PBS) first and then with wash buffer 2 (400 mM NaCl, 0.2% NP-40, 0.2% Tween20 in 1 × PBS) for 10 min each in aluminum foil-covered slide jar with vigorous shaking. The slides were incubated with 4′,6-diamidino-2-phenylindole (DAPI) (250 ng/slide) (Sigma Aldrich, D9542) for 20–30 min in the dark. The coverslips were removed to mount the slides in Fluoromount-G Mounting Medium (Thermo Fisher Scientific, 00-4958). All images for polytene chromosomes were observed at ×60 optical zoom, and images were acquired using Nikon C2 Confocal Microscope. Images were acquired using the same laser settings for the corresponding experimental and control samples in a sequential manner.

For embryonic staining, stage 15 embryos were dechorionated in 3% sodium hypochlorite solution for 5 min, and GFP-negative embryos (homozygous for the mutations) were separated under an epifluorescent stereo microscope (Nikon, C-DSS230) followed by immunostaining with Abd-B antibodies following previously described protocol (Mitchison and Sedat, 1983). Briefly, the dechorionated embryos were transferred to 5-ml heptane solution in a vial, and an equal volume of 3.7% formaldehyde solution [in PEM (0.1 M PIPES, 1 mM EGTA, 1 mM MgCl2) buffer, pH 6.9 adjusted with KOH] was added, followed by vigorous shaking and incubation at room temperature. After 20 min, the lower formaldehyde layer was removed with the help of a pipette, and 5 ml methanol was added. After shaking vigorously for 15 s, the upper heptane layer was removed along with the embryos that were suspended at the interphase of the two layers. The two-third volume of vial was filled up with methanol and stored overnight at 4°C. On the following day, the embryos were transferred to a 1.5-ml tube and washed twice on an orbital rotor with 1 × PBS to remove methanol. Embryos were permeabilized and incubated in blocking buffer [0.3% Triton X-100 and 0.5% bovine serum albumin (BSA) in 1 × PBS] for 1 h on an orbital rotor at room temperature. The embryos were then incubated with appropriate primary antibodies overnight at 4°C on an orbital shaker. Next day, primary antibodies were removed with the help of pipette, and embryos were washed for 5 min with 1 × PBS thrice on a rotor followed by incubation with appropriate secondary antibodies for 2 h at room temperature. Finally, embryos were washed three times with 1 × PBS and incubated with DAPI solution for 30 min, followed by two washings with 1 × PBS and mounting of embryos on a microscope slide in Fluoromount-G Mounting Medium (Thermo Fisher Scientific, 00-4958). All incubations on the orbital shaker were performed at 30 rpm. All images were acquired using the Nikon C2 Confocal Microscope. All embryos, w1118 control and homozygous CCT7 mutants, were exposed to the same laser settings in a sequential manner.



Microscopy

For analyzing loss of abdominal pigmentation, male flies of the desired genotypes were transferred to 70% ethanol to dehydrate. The dehydrated flies were then dissected under Olympus SZ51 stereomicroscope on a dissection slide with the help of fine needle. The abdominal portion of the flies were isolated and rehydrated in water for 5 min. After rehydration, abdomens were dissected for cuticle preparation. A coverslip was placed over the cuticle and observed under Nikon C-DSS230 epifluorescent stereomicroscope at ×3.5 magnification using white light for imaging. For analyzing the immunostaining data, embryos were observed at ×20 using Nikon C2 Confocal Microscope. Images were acquired by exposure of embryos to lasers, i.e., DAPI (excitation 405 nm and emission 447 nm) and Cy3 (excitation 561 nm and emission 785 nm) in sequential manner. All polytene chromosomes were visualized at ×60 magnification using Nikon C2 Confocal Microscope. Images were acquired by exposing to DAPI (excitation 405 nm and emission 447 nm), Alexa 488 (excitation 488 nm and emission 525 nm), and Cy3 (excitation 561 nm and emission 785 nm) in a sequential manner. Nikon NIS Elements image acquisition software (Version: 5.21.00) was utilized for imaging and analysis.



dsRNA Synthesis

Specific regions used for CCT7 knockdown in cells were selected from Drosophila RNAi Screening Center (DRSC), and their primers are detailed in Supplementary Table 2. Templates for the preparation of dsRNA were amplified by PCR from cDNA using T7-tailed oligonucleotides as primers. These templates were then used for in vitro transcription to synthesize dsRNA by using T7 Megascript kit following the manufacturer’s instructions (Thermo Fisher Scientific, AM1333).



Drosophila Cell Culture

Drosophila S2 cells were cultured in Schneider’s Drosophila medium (Gibco, Thermo Fisher Scientific, 11720-034), supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, 10082147) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, 15140122) at 25°C. Drosophila S2 cells adjusted to serum-free growth medium were cultured in Express Five SFM (Gibco, Thermo Fisher Scientific, 10486025) supplemented with 20 mM GlutaMAX (Gibco, Thermo Fisher Scientific, 35050061) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, 15140122).



Real-Time Polymerase Chain Reaction Analysis

The expression of PcG target genes was analyzed by performing real-time PCR. Briefly, cells were harvested, and total RNA was extracted using TRIzol reagent following the manufacturer’s protocol (Thermo Fisher Scientific, 15596026). Total RNA was subjected to DNase (TURBO DNA-free Kit, Thermo Fisher Scientific, AM1907) treatment to get rid of any contaminating genomic DNA. The DNase-treated RNA was then used to make cDNA using SuperScript III First-Strand Synthesis System following the manufacturer’s protocol (Thermo Fisher Scientific, 18080051). Gene expression was quantified by real-time PCR (Applied Biosystems 7500) using 50 ng of cDNA for each reaction employing Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, 4367659). The relative gene expression was calculated as fold enrichment using ΔΔCt method (Green and Sambrook, 2018).



Western Blotting

Cells were lysed in ice-cold lysis buffer (150 mM NaCl, 0.05 M Tris, 1% Triton X-100) supplemented with the following protease inhibitors: pepstatin (0.5 μg/ml), leupeptin (0.5 μg/ml), aprotinin (0.5 μg/ml), and phenylmethylsulfonyl fluoride (PMSF) (1 mM). After centrifugation at 10,000 rpm, supernatant was collected in fresh tubes, mixed with 2 × reducing sample buffer, and boiled at 95°C for 5 min. The proteins were resolved on 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS–PAGE) and transferred onto nitrocellulose membranes that were blocked with 5% milk for 30 min before probing with the appropriate antibodies overnight at 4°C. Secondary antibodies, HRP-conjugated, were used at 1:10,000 dilution, and blots were developed using enhanced chemiluminescence (ECL) reagents (GE Healthcare, RPN 2108). The experiments were reproduced thrice.



Generation of Stable Cell Line and Transgenic Flies

To generate vectors expressing tagged proteins, RNA extracted from Drosophila S2 cells was used to synthesize cDNA. Primers designed for Gateway Cloning were used to amplify CCT7 CDS from cDNA that was then cloned into pENTR/D-TOPO vector (Thermo Fisher Scientific, K240020). LR Clonase reactions (Thermo Fisher Scientific, 11791020) were set up with Drosophila Genomics Resource Center (DGRC) vectors for both cell culture and fly transformation containing either Myc or FLAG tags to prepare epitope-tagged CCT7. Primer details can be found in Supplementary Table 2.

For the generation of stable cell lines, pMT-FLAG-CCT7 plasmid was transfected into Drosophila S2 cells using Effectene transfection reagent (Qiagen, 301425). Transfected cells were selected with Hygromycin B (Roche, 10843555001) to a final concentration of 250 μg/ml. Finally, cells were induced with 500 μM CuSO4 for 72 h, and stable cells were confirmed for the expression of FLAG-CCT7 by WB with anti-FLAG antibody.

Fly transformation vector expressing Myc-CCT7, under the control of UASp, was used to generate transgenic fly lines by injecting w1118 embryos using standard protocol (Bienz et al., 1988). Transgenic flies were confirmed by WB with anti-Myc antibody.



Chromatin Immunoprecipitation

ChIP was performed as described previously (Tariq et al., 2009) with slight modifications. Briefly, 3 × 107 cells were fixed at room temperature with 1% formaldehyde for 10 min. Cross-linking was stopped by the addition of glycine to a final concentration of 0.125 M. Cells were washed with 1 × PBS and lysed with Buffer A (10 mM Tris pH 8.0, 0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA) followed by two washes with Buffer B (10 mM Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA). Cells were sonicated in 300 μl of sonication buffer (10 mM Tris pH 8.0, 1 mM EDTA, 0.5 mM EGTA) using Bioruptor (Diagenode) at high setting for 15–25 min (30 s ON, 30 s OFF) such that chromatin fragment sizes were between 100 and 500 bp. Sonicated chromatin was centrifuged at 13,000 rpm for 10 min at 4°C, and the cleared chromatin was stored at −80°C. Chromatin was diluted with 2 × radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris pH 8.0, 2 mM EDTA, 280 mM NaCl, 2%Triton X-100, 0.2% SDS, 0.2% sodium deoxycholate) and precleared by incubating with DYNA beads (Invitrogen) for 2 h at 4°C with 20 rpm rotation. Precleared chromatin was incubated with the appropriate antibody overnight at 4°C on an orbital shaker with 20 rpm. Immunocomplexes were pulled down with DYNA beads. The beads were washed five times with 1 × RIPA, once with LiCl buffer (10 mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate) and twice with 1 × TE (10 mM Tris pH 8.0, 1 mM EDTA). Chromatin was eluted by incubating beads at 65°C with 500 μl of freshly made elution buffer (0.1 M sodium bicarbonate, 1% SDS) for 15 min. Reverse cross-linking of chromatin was carried out overnight with NaCl at 65°C followed by Proteinase K (Thermo Fisher Scientific, 25530049) treatment for 2 h. Reverse cross-linked chromatin was extracted using phenol-chloroform followed by ethanol precipitation. All buffers were supplemented with PMSF (Sigma Aldrich, P7626), aprotinin (Sigma Aldrich, 9087-70-1), leupeptin (Thermo Fisher Scientific, AAJ18413LB0), and pepstatin (Thermo Fisher Scientific, 20037) protease inhibitors.

ChIP was performed from stable cell lines expressing FLAG-CCT7 or empty vector (EV) induced with 500 μM CuSO4 for 72 h. Purified ChIP DNA from each reaction was quantified using quantitative real-time PCR (Applied Biosystems Inc.). Chromatin enrichment was calculated as fold enrichment over input using ΔΔCt method (Tariq et al., 2003). For ChIP after knockdown of CCT7, cells were treated with 10 μg/ml of dsRNA for 5 days. Knockdown was confirmed using real-time PCR (Applied Biosystems Inc.). ChIP was then performed with 1 × 107 cells with appropriate antibodies, and ChIP DNA was quantified using real-time PCR (Applied Biosystems Inc.). Chromatin enrichment, for ChIP after knockdown of CCT7, was calculated as fold enrichment over input using ΔΔCt method as described previously (Tariq et al., 2003). All the ChIP experiments were performed in duplicate. Primers used in ChIP analysis can be found in Supplementary Table 2. Primer locations are depicted in Supplementary Figure 2C.

For ChIP from embryos, 2–4-h-old embryos were sonicated as described previously (Bonnet et al., 2019). Briefly, embryos were washed and dechorionated using sodium hypochlorite for 40–60 s. The dechorionated embryos were washed extensively with water and 1 × PBST (0.1% Triton X-100 in 1 × PBS) and cross-linked for 15 min with 1% formaldehyde solution (made in heptane). Next, 0.125 M glycine was used to stop the cross-linking. Fixed embryos were washed twice with 1 × PBST for 10 min each. After washing, the embryos were transferred to a 1.5-ml tube and flash-frozen in liquid N2 followed by storage at −80°C. Next day, the frozen embryos were placed in ice to thaw and resuspended in 1 ml of ice-cold 1 × PBST supplemented with protease inhibitors, i.e., pepstatin (0.5 μg/ml) (Thermo Fisher Scientific, 20037), leupeptin (0.5 μg/ml) (Thermo Fisher Scientific, AAJ18413LB0), aprotinin (0.5 μg/ml) (Sigma Aldrich, 9087-70-1), and PMSF (1 mM) (Sigma Aldrich, P7626). Embryos were homogenized using Dounce homogenizer (KIMBLE KONTES Dounce Tissue Grinder, 885300-0015) and transferred into 15-ml tube. After centrifugation at 400 g for 1 min at 4°C, the debris was removed. The supernatant was transferred into a fresh 15-ml tube and centrifuged at 1,100g for 10 min to pellet down the nuclei. The supernatant was discarded, and pellet was resuspended in ice-cold lysis buffer supplemented with protease inhibitors described above. The cells were homogenized using Dounce homogenizer on ice by applying 20 strokes. The homogenate was centrifuged at 2,000g for 4 min at 4°C, and nuclear pellet was resuspended in 1 ml ice-cold nuclear lysis buffer (10 mM EDTA, 0.5% N-lauroylsarcosine, 50 mM HEPES, pH 8.0) containing protease inhibitors and incubated at room temperature for 20 min. After incubation, 1 ml of ice-cold nuclear lysis buffer was added and aliquoted into 1.5-ml microfuge tubes. The chromatin was subjected to sonication for 22 cycles (30 s ON/30 s OFF) using Bioruptor (Diagenode). The sonicated chromatin was centrifuged at 14,000 rpm for 10 min at 4°C, and supernatant was collected for performing ChIP as described above with appropriate antibodies.



Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was performed on FLAG-CCT7-expressing stable cells, and EV cells induced for 72 h were lysed in lysis buffer (50 mM NaCl, 50 mM Tris pH 8.0, 1 mM EDTA, 0.2 mM Na3VO4, 1% Triton X-100) supplemented with the following protease inhibitors: pepstatin (0.5 μg/ml) (Thermo Fisher Scientific, 20037), leupeptin (0.5 μg/ml) (Thermo Fisher Scientific, AAJ18413LB0), aprotinin (0.5 μg/ml) (Sigma Aldrich, 9087-70-1), and PMSF (1 mM) (Sigma Aldrich, P7626). Lysis was carried out on ice for 10 min followed by sonication (three cycles each of 5 s ON and 10 s OFF) to shear the DNA. The lysate was centrifuged at 14,000 rpm for 10 min, and supernatant was transferred to a fresh tube. The samples were quantified by Bradford reagent (Thermo Fisher Scientific), and equal proteins were taken as immunoprecipitated (IP) samples from both FLAG-CCT7 and EV cells. Here, 1% of the total lysates were used as input samples. The lysates were then incubated with anti-Pc antibody at 4°C with 20 rpm rotation on an orbital shaker. After 2 h of incubation, the immune complexes were incubated with DYNA beads (Invitrogen) for 4 h at 4°C with 20 rpm rotation. The beads were then washed thrice with lysis buffer for 5 min each to remove the unbound proteins. Finally, the IP samples together with their respective input samples were resuspended in 2× SDS loading dye, boiled at 95°C for 5 min, and analyzed on a Western blot with respective antibodies. The experiment was performed thrice, and the results were consistent.



Analysis of Nuclear and Cytosolic Fractions

Cells were harvested and centrifuged at 10,000 rpm for 5 min at 4°C followed by lysis in Buffer A (pH 7.9, 10 mM HEPES, 1 mM EDTA, 1 mM EGTA, 100 mM KCl, 1 mM DTT, 0.5% NP-40 supplemented with protease and phosphatase inhibitors) for 15 min on ice. After mixing gently on a vortex for 30 s, it was centrifuged at 10,000 rpm for 15 min. The supernatant was collected in a fresh tube as cytosolic fraction, and the pellet was resuspended in 2× SDS loading buffer and labeled as nuclear fraction. Nuclear and cytosolic fractions isolated from both CCT7-depleted and control cells were analyzed on Western blot with appropriate antibodies, and the experiment was performed thrice.
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Supplementary Figure 1 | CCT7 and CCT5 mutants enhance extra sex comb phenotype of Pc. (A–D) CCT7KG09501 and CCT5K06005 mutants were crossed to two different Pc (Pc1 and PcXL5) alleles and double mutant (CCT7/Pc and CCT5;Pc) male flies in the progeny were scored for extra sex comb phenotype. Heterozygous male flies for Pc (+/Pc) from the cross of w1118 with Pc alleles were used as control. CCT7KG09501 mutation enhanced the extra sex comb phenotype of both Pc1 and PcXL5 in double mutant CCT7KG09501/Pc1 (A) and CCT7KG09501/PcXL5 (B) as compared to control. Similarly, CCT5K06005 mutant showed increase in the extra sex comb phenotype in double mutant CCT5K06005; Pc1 (C) and CCT5K06005;PcXL5 (D) progeny as compared to control. Severity of phenotype and statistical analysis was performed as described in Figure 1.

Supplementary Figure 2 | Western blot confirms the expression of epitope-tagged CCT7 transgene. (A) Western blot showed Myc-tagged-CCT7 specifically detected in larval extracts where the expression of UAS-Myc-CCT7 was induced by crossing with pTub-GAL4 (+) driver line as compared to control (−). (B) Western blot showed the expression of FLAG-CCT7 in stable cells induced with 500μM CuSO4 (+) as compared to un-induced control (-). Tubulin was used as loading control. (C) Schematic of the DNA regions amplified using specific primers, represented as blue lines, for real time PCR analysis of ChIP DNA. (D) Ponceau stained blot corresponding to the Co-IP performed from Drosophila cells (Figure 3F).

Supplementary Table 1 | Percentages of extra sex comb flies scored in different categories corresponding to Figures 1A–D and Supplementary Figures 1A–D.

Supplementary Table 2 | List of primers used in this study.
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