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Strategies for Studying Chromatin Regulation and Organization 

 

Abstract 

 

The epigenetic regulation of gene transcription underlies the diversity between species 

and within organisms.  Novel implementation of existing methods and the development of 

original technologies continue to contribute to the elucidation of chromatin complexity.  Here, we 

present strategies to understand how chromatin is regulated and organized.  First, we turned 

our attention to the Polycomb Group (PcG), which is composed of proteins that suppress 

transcription through the formation and function of complexes, including Polycomb Repressive 

Complex 1 (PRC1).  Suppressor 2 of zeste (Su(z)2), a core subunit of the PRC1 complex, is 

composed of an N-terminal “homology region”, which contains domains involved in protein 

interactions, and the C-terminal region (CTR), which is believed to harbor the core activity of 

chromatin compaction.  By conducting a mutagenesis screen and a classical genetics approach 

to dissect Su(z)2, we have made three key observations: the CTR is dispensable for viability, 

the core activity of Su(z)2 actually resides within the HR instead of the CTR, and an 

intramolecular regulatory cascade exists between the CTR and HR.  These findings provide a 

novel framework on which to understand how different PRC1 activities may be regulated by 

Su(z)2.  Secondly, since differences in chromatin regulation between cell types has been linked 

to differences in nuclear organization, we developed an adaptation of Oligopaints, a fluorescent 

in situ hybridization (FISH) technology, for the assessment of whole genome organization 

across single cells. We optimized the design of Oligopaint probe libraries and developed a new 

labeling strategy in order to improve cost-effectiveness and experimental flexibility for whole 
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genome labeling.  We also developed a new technology called OligoFISSEQ, which utilizes the 

whole genome libraries for the potential identification of all sub-megabase regions 

simultaneously.  Together, these two strategies provide novel insights on how chromatin 

proteins and chromatin organization may be regulated.  
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Overview 

 Diversification among species is largely attributed to changes in DNA sequence, but 

within a single organism, additional mechanisms to achieve diversity are utilized for the creation 

of multiple cell types and tissues (Roadmap Epigenomics Consortium et al. 2015).  Changing 

the DNA blueprint can been used to generate different cell identities, as exemplified by the VDJ 

recombination system in developing lymphocytes of vertebrates; however, this mode of DNA 

editing relies on the error-prone nature of DNA repair and the requirement of a template to 

introduce new DNA (Gennery 2006, Lewis et al. 1997).  Rather, epigenetic mechanisms have 

evolved to alter how the cell interprets the DNA, without permanent sequence changes, in order 

to affect gene transcription (Felsenfeld 2014, Goldberg et al. 2007).  Through the activation and 

suppression of transcription of a gene or combination of genes, and the timing of when these 

events occur, magnitudes of diversification potential are available to produce unique cell 

identities.  Epigenetics regulators include the Polycomb Group (PcG) family, which consists of 

proteins that primarily suppress transcription of developmental genes (Aranda et al. 2015, 

Schwartz and Pirrotta 2013, Simon and Kingston 2013).  The PcG family displays many of the 

advantages of epigenetic modifications, including the ability to rapidly modify chromatin in a 

manner that can be maintained or reversed, as exemplified within a single cell cycle (Francis et 

al. 2009, Lanzuolo et al. 2011, Petruk et al. 2012) and also across cell generations (Follmer et 

al. 2012).  Epigenetic modifications by PcG can rapidly occur in response to developmental and 

environmental cues (Aloia et al. 2013, Gaydos et al. 2014, Li et al. 2015, Maeda and Karch 

2006), but can also be stably inherited during the propagation of specific cell lineages and even 

across generations (Cavalli and Paro 1998, Stern et al. 2012). 

Despite the major role of PcG to suppress transcription, the manner in which it is 

coordinated, executed, maintained, and modified is under continued investigation.  Also, with 

the increase in genomic complexity between species such as Drosophila and mammals, there 
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has been a corresponding increase in PcG compositional and functional complexity (Di Croce 

and Helin 2013).  Thus, understanding how the myriad of PcG proteins function, and also how 

they may be regulated, will provide insights into their role in development. 

Likewise, ensemble tools that make observations from populations of cells, such as 

chromosome conformation capture (3C) technologies (Lieberman-Aiden et al. 2009), have 

enabled a more expanded investigation into how epigenetic factors are related to global 

chromosome organization.  Indeed, it is has become increasingly clear that there exists a 

correlation between epigenetically-modified chromatin and its spatial relationship with other 

chromatin in the nucleus (Dixon et al. 2012, Nora et al. 2012, Rao et al. 2014, Sexton et al. 

2012).  Interestingly, chromatin organization has the potential to drive transcriptional regulation 

(Deng et al. 2012, Finlan et al. 2008, Therizols et al. 2006, Therizols et al. 2014, Tolhuis et al. 

2002), and thus, organization of chromatin may serve as another layer of epigenetic regulation. 

The theme of this thesis is the development of new strategies to study chromatin 

regulation and organization.  In Chapter 2, we developed a unique mutagenesis approach to 

genetically dissect Suppressor 2 of zeste (Su(z)2), a core subunit of the Drosophila PcG family, 

and an effector of chromatin regulation.  Chapter 3 focuses on the development of a new 

technology to enable assessment of whole genome organization within single cells.  Because 

the background on Polycomb and chromatin organization is extensive and diverse (Aranda et al. 

2015, Fraser et al. 2015, Schwartz and Pirrotta 2013, Simon and Kingston 2013), the 

background provided by this thesis will be more focused on the key aspects that we wish to 

address with the following chapters. 

 

Diversity in Polycomb Group proteins and complexes 

While the PcG family of proteins has evolved to varying degrees across species, there 

exists a conserved mode of PcG regulation involving Polycomb repressive complex 1 (PRC1) 

(Figure 1.1) and Polycomb repressive complex 2 (PRC2).  First, the PRC2 complex, which 
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contains an H3K27 methyltransferase, deposits H3K27 di-/tri-methylation that marks genes for 

silencing, and then, the PRC1 complex, which contains the Polycomb subunit, recognizes this 

mark via its chromodomain, and enacts chromatin compaction and/or H2AK118/119 

ubiquitination to facilitate silencing of the target (Eskeland et al. 2010, Wang et al. 2004a, Wang 

et al. 2004b).  Studies in the past few years have discovered the existence of non-canonical 

PcG complexes, differing from the conserved mode of PcG regulation in terms of subunit 

composition, recruitment to chromatin, and mechanism of silencing (Aranda et al. 2015, 

Schwartz and Pirrotta 2013, Simon and Kingston 2013) (Figure 1.1). 

The PcG family is incredibly diverse in both membership and function, and the extent of 

diversity varies between species.   Drosophila, for example, has at least 15 PcG members, 

whereas mammals have 37 different subunits (Di Croce and Helin 2013).  Some of these 

 

Figure 1.1 Diversity in composition and function among canonical and non-canonical PRC1 
complexes in mammals (cPCR1 and ncPRC1, respectively).  cPRC1 is associated with 
chromatin compaction, and the leftmost ncPRC1 is associated with ubiquitination of 
H2AK118/9.  Both of these complexes do have subunits in common, Ring1A/B and PCGF2/4, 
the latter which are homologous to Psc and Su(z)2 in Drosophila.  Figure is reproduced from 
(Aranda et al. 2015) with permission.  
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subunits are paralogous with each other, sharing similarities in structure; for example, the non-

catalytic ring-finger PRC1 subunits include Posterior sex combs (Psc) and Su(z)2 in Drosophila 

and the six Polycomb Group finger proteins (PCGF1, 2, 3, 4, 5, 6) in mammals (Brunk et al. 

1991, Gao et al. 2012, van Lohuizen et al. 1991).  Surprisingly, though, some of these 

homologous PcG members are non-redundant with one another in both complex formation and 

function.  This is exemplified in mammals with cell-type specification; for example, PCGF6 is 

important in maintaining pluripotency of ESC and iPS, in part by specifically repressing genes 

involved in mesodermal differentiation (Zdzieblo et al. 2014).  PCGF4, on the other hand, plays 

a major role in maintaining hematopoietic stem cell (Oguro et al. 2010, Smith et al. 2011) and 

neural stem cell identity (Bruggeman et al. 2005, Zencak et al. 2005).  Thus, the non-

redundancy of these different complexes suggests the existence of different mechanisms of 

silencing by the PcG proteins (Figure 1.1). 

 

PRC1 employs multiple mechanisms for silencing 

The PRC1 complex, which is a direct effector of gene silencing, has been shown to 

compact chromatin as a mode of gene silencing (Simon and Kingston 2009, Simon and 

Kingston 2013) (Figure 1.1).  It was first shown in Drosophila that PRC1, and specifically the 

Psc subunit, brings nucleosomes together in vitro to create a chromatin state refractory to 

remodeling and transcription by polymerase (Francis et al. 2001, Francis et al. 2004, King et al. 

2002). Compaction by PRC1 is also seen in the vertebrate lineage, although it is the PRC1 

subunit Cbx2/m33, not the Psc homolog PCGF4/Bmi-1 that exhibits this activity (Beh et al. 

2012, Grau et al. 2011).  Compaction in vivo was then observed in mouse embryonic stem cells 

at the tens of kilobase scale, using fluorescent microscopy to measure distances between 

regions flanking PcG targets as a reporter of compaction (Endoh et al. 2012, Eskeland et al. 

2010), and recent advances in super-resolution technology have begun to elucidate the unique 

compaction architecture of PcG-bound domains (Boettiger et al. 2016, Wani et al. 2016).   
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PRC1 also covalently modifies chromatin via ubiquitination of H2AK118/119 (Lagarou et 

al. 2008, Wang et al. 2004a).  Several hypotheses exist as to how ubiquitination may promote 

silencing, including altering polymerase processivity (Stock et al. 2007), preventing its initiation 

(Nakagawa et al. 2008), or preventing its release from the paused state (Zhou et al. 

2008).  Surprisingly, the de-ubiquitination of H2A seems to be just as important for gene 

silencing, suggesting that the activity of ubiquitination must be dynamically regulated to ensure 

proper development (Scheuermann et al. 2010).   

The decision for which PRC1 activity is employed seems to be dependent on the subunit 

composition, leading to the formation of two classes of PRC1 complexes – the canonical PRC1 

and the variant/non-canonical PRC1 complexes (Figure 1.1).  While both types of complexes 

contain a PCGF and RING1B homolog, groups of subunits are mutually exclusive with each 

other: in Drosophila, these are dKDM2 vs. Pc and ph (Lagarou et al. 2008), and in mammals 

these are RYBP vs CBXs (Pc homologs) and PHCs (ph homologs) (Gao et al. 2012).  These 

subunits compete for the same binding site on PCGF and RING1B in vitro (Gao et al. 2012, 

Junco et al. 2013, Wang et al. 2010), which subsequently may dictate which PRC1 function is 

executed.  Therefore, investigation into these interactions may shed light on the mechanism for 

the prioritization and/or the coordination of PRC1. 

 

PcG targets can require different mechanisms for silencing 

The variety of functions elicited by PRC1 parallels the differential requirements by PcG 

targets for proper silencing (Figure 1.2).  It was initially observed on Drosophila polytene 

chromosomes that while most of the PcG-bound chromosomal bands recruited all of PRC1 

subunits tested (Su(z)2, Psc, ph, and Pc), some bands only bound certain PRC1 components 

(Rastelli et al. 1993).  This finding later corresponded with ChIP in both cultured cells and 

Drosophila tissue showing non-overlapping targets (Gambetta et al. 2009, Gutierrez et al. 2012, 

Schuettengruber et al. 2009, Schwartz et al. 2006).  These differences in binding do seem to 
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Figure 1.2 Examples of separation between ubiquitination and compaction. (A) is adapted from 
(Gutierrez et al. 2012), show ChIP profiles and expression of PcG targets in wing imaginal 
discs.  Misexpression of these genes (magenta) in clones that are absent the specified PcG 
proteins (lack of GFP) are indicated with filled arrows.  Open arrows show mutant clones that 
do not misexpress the targets.  While the Noc and Doc2/3 bind all 4 PRC1 components (Sce, 
Pc, ph, and Psc), Doc2/3 is misexpressed only when ph or Psc-Su(z)2 are mutated, whereas 
Noc shows misexpression with any mutant. (B,C) are adapted from (Endoh et al. 2012), with 
(B) as an example of loss of compaction between Hoxb1 and Hoxb13 with Ring1b null in a 
Ring1A-/- background, as represented by lack of co-localized signal.  Catalytically inactive 
Ring1b (I53S and I53A) restore compaction, suggesting that compaction is independent of 
ubiqutylation. (C) Median distances between Hoxb1 and Hoxb13 in the different backgrounds.  
All images are reproduced with permission. 
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reflect how PcG targets may require different PRC1 subunits, and indeed, knockdown of 

specific PcG factors leads to mostly similar but not identical transcriptional derepression in 

Drosophila cell culture (Lagarou et al. 2008). In Drosophila imaginal discs, PcG targets were 

categorized into two major classes based on whether they require all or some of the core PRC1 

subunits tested (Gutierrez et al. 2012) (Figure 1.2A), and in germline tissue, Su(z)2 and Psc 

maintain cyst stem cell identity independently of the core subunit Pc (Morillo Prado et al. 2012), 

whereas all three are required for proper gene silencing in imaginal discs (Beuchle et al. 2001).  

Altogether, the differences in sensitivity to specific PRC1 subunits suggest that specific PRC1 

mechanisms may be required to achieve silencing of certain targets, and indeed, the canonical 

and non-canonical PRC1 complexes were shown to differ in both compaction and ubiquitination 

efficiency (Gao et al. 2012). The clearest example was seen in mouse embryonic stem cells, in 

which chromatin compaction was hypothesized as the main mode of silencing at the Hox genes, 

whereas PRC1 ubiquitination activity was dispensable (Figure 1.2B,C) (Eskeland et al. 2010).  

Ubiquitination, on the other hand, was required to regulate targets involved in the maintenance 

of stem cell identity (Endoh et al. 2012, Eskeland et al. 2010).  

While these data suggest that chromatin compaction and ubiquitination may be 

separately required for the regulation of different PcG targets, it remains possible that there is 

some interdependence or even a hierarchy between the two PRC1 functions.  Indeed, for the 

few sites tested in Drosophila, the components associated with compaction (Psc-Su(z)2 and ph) 

(Francis et al. 2004, King et al. 2005, Wani et al. 2016) are always required for silencing, 

whereas a subset of these sites require both compaction and ubiquitination factors (Gutierrez et 

al. 2012) (Figure 1.2A).  In the example with embryonic stem cells, it is possible that the sites 

that require ubiquitination activity also require compaction (Endoh et al. 2012, Eskeland et al. 

2010) (Figure 1.2B,C).  In other cases, the relationship between compaction and ubiquitination 

may be more nuanced, as exemplified when compaction and ubiquitination factors target the 

same locus but bind distinct, mostly non-overlapping regions of the locus (Blackledge et al. 
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2014, Gao et al. 2012) (Figure 1.3).  Alternatively, compaction may help catalyze the deposition 

of ubiquitination, analogous to how compacted chromatin in vitro stimulates PRC2 

methyltransferase activity (Yuan et al. 2012).  Overall, in order to clarify the relationship 

between these functions, compaction would have to be abrogated in vivo while keeping the 

PRC1 complex, and its ubiquitination activity, intact.  Specifically, the putative compaction 

domains, such as the positively charged domain in Cbx2 in vertebrates (Grau et al. 2011) or the 

C-terminal region (CTR) of Su(z)2/Psc in Drosophila (Beh et al. 2012, Francis et al. 2004, Lo et 

 

Figure 1.3 (A) Example of ChIP-seq binding profiles at PcG target CCND2, showing adjacent 
yet separate binding profile of canonical (Cbx2) and noncanonical (Rybp) PRC1 subunits, along 
with the subunits shared between them (Ring1b, Pcgf2 and 4). H3K27me3, H2AK119ub1, and 
other PCGFs are also shown. (B)  Frequency of percent overlap of ChIP-seq peaks of PRC1 
subunits with Cbx2, which, according to the authors, show majority of Rybp-enriched regions 
overlap by less than 30% with Cbx2, in line with the distinct ChIP-seq profiles.  All figures are 
adapted from (Gao et al. 2012) with permission. 
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al. 2009) would have to be disrupted.  We take the latter approach in Chapter 2, and identify a 

mode of regulation between compaction and an essential function of Su(z)2 that may shed light 

on the relationship of different PRC1 functions.   

  

Regulation of PcG Complexes  

Given that there are many PcG proteins with potentially different contributions to 

development, a couple of questions arise: how are they coordinated and/or how do they 

maintain specificity?  Interestingly, these different PcG proteins may avoid competing with each 

other, in part, by autoregulation within the PcG family.  Indeed, it has been shown in Drosophila 

that genes encoding PcG members are themselves targets of PcG silencing (DeCamillis et al. 

1992, Martin and Adler 1993, Rastelli et al. 1993, Zink and Paro 1989).  Dissection of the 

intergenic regions between and around the Su(z)2 and Psc loci, for example, has revealed the 

presence of several flanking putative Polycomb response elements (PREs), which are 

sequences that recruit PcG proteins for the silencing of genes (Park et al. 2012). Mutation or 

downregulation of PcG subunits, or mutation of the PREs themselves, have been shown to 

transcriptionally up-regulate other PcG subunits (Ali and Bender 2004, Khan et al. 2009, Park et 

al. 2012).  This mode of regulation is also seen in mammals, where the Pc homolog Cbx7 

represses Cbx2, 4, and 8 in ESCs, and the induction of differentiation leads to the 

downregulation of Cbx7 followed by upregulation of the Cbx paralogs (Morey et al. 2012).  Thus, 

regulation of one paralog over another is one way to ensure that their respective PcG 

mechanisms do not interfere with one another.   

However, the above mechanism of autoregulation does not explain all forms of PcG 

coordination, as paralogs are known to co-exist in the same system, yet still maintain different 

contributions.  Indeed, all of the major PRC1 paralogs co-exist and can be immunoprecipitated 

as distinct complexes in cell culture (Gao et al. 2012).  In the example where Cbx2 and 4 are 

up-regulated following differentiation, Cbx2 and Cbx4 each have their own non-overlapping 
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targets, and downregulation of each protein leads to differences in the misexpression of 

differentiation markers (Morey et al. 2012).   This is even more surprising given that that both 

Cbx2 and Cbx4 recruit the same H2A ubiquitin ligase Ring1b, suggesting that there must be 

other factors that confer functional specificity (Morey et al. 2012).  Importantly, other examples 

of PcG subunit substitution (Creppe et al. 2014, Gao et al. 2012) or addition (Frangini et al. 

2013) are concomitant with a switch from repression to activation, which can have drastic 

developmental consequences if misregulated.   

Intrinsic properties within these paralogs may have evolved, in part, to ensure specificity 

of function, as reflected in how these paralogs share similar but not completely identical domain 

architecture.   Indeed, specific amino acid substitutions gained through evolution have been 

shown to drastically affect the function and interactions of these subunits.  For example, the 

different PCGF-Ring1b pairings display different ubiquitination efficiencies, which has been 

mainly attributed to specific residue substitutions within the PCGF themselves (Taherbhoy et al. 

2015).  The different PRC1 complexes in mammals each contain one of these PCGF subunits 

(Gao et al. 2012) (Figure 1.1), and thus, the difference in PRC1 function may be partially 

dependent on PCGF membership.  While these many PCGF-PRC1 complexes are also 

composed of other proteins, there are some PRC1 complexes which seem to only differ in 

PCGF membership (ie. PCGF2 vs PCGF4) while other core units are shared (Gao et al. 2012) 

(Figure 1.1).  Alternatively, the canonical PRC1 complex and one of the non-canonical PRC1 

complexes share the same PCGF subunits (either PCGF2 or 4) and Ring1b, but differ in other 

core components (Gao et al. 2012).  In Chapter 2, we use classical genetics to identify several 

key residues in Su(z)2 that may play a role in coordinating its function in the context of PRC1.  

As we will explore next, regulation of these two complexes may depend on extrinsic factors that 

compose the chromatin environment.  
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The role of chromatin in dictating PcG function 

Some of the earliest findings in Drosophila showed that PcG maintains the silencing 

initiated by other transcription factors (McKeon and Brock 1991, Simon et al. 1992), 

demonstrating a developmentally-regulated recruitment of Polycomb.  An analogous situation 

can be artificially induced, specifically by treating mouse embryonic stem cells with a 

transcriptional inhibitor, when then allows ectopic PRC2 binding specifically at genes known to 

be PcG targets later on during normal differentiation (Riising et al. 2014).  This behavior 

suggests that transcription status, and potentially the corresponding chromatin state, may be 

sufficient for PcG recruitment.  Once stably bound, PcG activity at different stages of silencing is 

also dependent on its surrounding chromatin environment.  For example, PRC2 binding to some 

promoters in ESCs is not sufficient for silencing due to local nascent RNA inhibiting the 

deposition of H3K27 methylation (Kaneko et al. 2013, Kaneko et al. 2014).  A reciprocal 

situation is seen with “poised” or “bivalent” chromatin, which remains silenced by PcG despite 

harboring both active and repressive epigenetic modifications (Bernstein et al. 2006, Ku et al. 

2008, Schwartz et al. 2010, Stock et al. 2007). Once H3K27me3 is finally deposited by PRC2, 

the modified chromatin permits the recruitment of PRC1 (Blackledge et al. 2014, Wang et al. 

2004b).  However, recruiting PRC1 to chromatin is also not sufficient for PRC1 activity, as seen 

with the absence of ubiquitination activity by PRC1 despite its recruitment to a reporter via the 

deposition of H3K27me3 or direct tethering (Blackledge et al. 2014).  These data suggest that 

licensing of this ubiquitination activity at endogenous PcG loci may be dependent on the 

chromatin context.  Once PRC1 is able to ubiquitinate, the distribution of compaction and 

ubiquitination factors across the local chromatin can differ from each other (Blackledge et al. 

2014, Gao et al. 2012).  Thus, PcG function is partially dependent on factors that compose the 

chromatin environment, and in Chapter 2, we speculate how PRC1 may read this environment 

in order to execute the appropriate function.  
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Chromosome organization at different scales can also modulate Polycomb activity.  One 

of the earliest examples was observed in Drosophila, where it has been shown that homologous 

chromosomes become paired in embryogenesis and remain paired throughout development 

(Fung et al. 1998, Hiraoka et al. 1993).  The profound effects of pairing on both transcription and 

silencing (Brown and Kassis 2013, Henikoff 1997, Wu and Goldberg 1989, Wu 1993) has 

enabled the discovery of PcG factors that modulate the pairing-dependent zeste eye phenotype 

(Kalisch and Rasmuson 1974).  In addition, the pairing-sensitive silencing assay has been a 

reliable reporter for the validation and dissection of putative PREs (Brown and Kassis 2013, 

Kassis 1994, Kassis and Brown 2013).  The effect of chromosome pairing on PcG function in 

other organisms is difficult to study because of the “default” unpaired state of their 

chromosomes, but transient pairing may be important, as proposed in X-inactivation models in 

mammals where transient pairing helps establish epigenetic asymmetry of PRC2 (Lee 2011).    

In terms of intra-chromosomal organization, the advent of chromosome conformation 

capture (3C) technologies has begun to elucidate the connection between multi-scaled 

chromosome organization and PcG function (Aranda et al. 2015, Ciabrelli and Cavalli 2015, 

Fraser et al. 2015).  It had been observed that Polycomb forms nuclear foci termed “Pc bodies” 

(Buchenau et al. 1998, Grimaud et al. 2006, Paro and Zink 1993, Saurin et al. 1998) and that 

transcriptionally silent PcG targets co-localizes within Pc bodies, as assayed by 

immunofluorescent staining and fluorescent in situ hybridization (FISH) of DNA (Bantignies et al. 

2011, Lanzuolo et al. 2007) (Figure 1.4A,B). FISH, which is traditionally limited by the number 

of fluorophores that can be observed simultaneously, had been used to observe few PcG 

targets.  On the other hand, 3C assays are able to observe pairwise interactions of virtually all 

genomic regions by taking advantage of crosslinked DNA interactions followed by next-

generation sequencing (Fraser et al. 2015).  Utilization of 3C assays, specifically 4C (Bantignies 

et al. 2011) and Hi-C (Denholtz et al. 2013, Rao et al. 2014, Sexton et al. 2012, Williamson et al. 

2014) (Figure 1.4C) provided a more genome-wide perspective of how PcG targets formed 



 

14 

 

Figure 1.4  Nuclear localization of Polycomb and its targets.  (A) is adapted from (Lanzuolo et 
al. 2007), showing nuclear position of bxd and Fab-7, which are sites called Polycomb 
Response Elements (PREs) that bind PcG proteins and can affect silencing of genes kilobases 
away in Drosophila. bxd and Fab-7 either co-localize with Polycomb foci called, “Polycomb 
bodies”, or they are separated from each other in the head and posterior end of the embryo, 
respectively.  Fab7 controls the silencing of Abd-B, and the lack of co-localization between Fab-
7 and the Polycomb body is concomitant with the expression of Abd-B in the posterior end.   (B) 
The distribution of distances between Fab-7 and bxd in the different regions of the embryo.  (C)  
is adapted from (Sexton et al. 2012), showing the correspondence of Hi-C data with FISH 
regarding the proximity of PcG targets in the nucleus.  hbs and sns, which are PcG targets, 
show 48% co-localization with FISH and 32-fold enrichment in HiC, whereas hbs and non-PcG 
target synj show only 7% co-localization and no enrichment in HiC.  All figures reproduced with 
permission. 
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nuclear compartments.   Also, these studies confirmed that, while PcG targets may be adjacent 

to each other on the linear genome, they can belong to distinct nuclear compartments that 

correlate with their transcriptional status (Bantignies et al. 2011, Lanzuolo et al. 2007, Sexton et 

al. 2012).  It is unclear if it is Polycomb or the resultant transcriptional status that dictates 

compartmentalization (Pirrotta and Li 2012), but the observation that PcG-bound regions are 

more closely associated with each other than with other chromatin types (active, 

heterochromatic, or null) (Boettiger et al. 2016, Sexton et al. 2012) suggests a functional 

necessity for the compartmentalization.  Indeed, disruption of the nuclear architecture can lead 

to the disruption of PcG silencing as well as the mislocalization of these PcG proteins (Dowen et 

al. 2014, Narendra et al. 2015, Van Bortle et al. 2012). 

 

Strategies for studying chromatin regulation and organization 

In order to better understand the complexity and regulation of chromatin, I am employing 

two different approaches.  The first approach involves a “bottom-up” analysis of the intrinsic 

factors that affect a specific PcG subunit, Su(z)2.  Su(z)2 and its paralog, Psc, are both purified 

with other PRC1 components (Kang et al. 2015, Strubbe et al. 2011, Wani et al. 2016), and it is 

believed that the N-terminal region, named the “homology region” for its homology to the 

mammalian subunits Bmi1 and Mel18 (Brunk et al. 1991, van Lohuizen et al. 1991), houses the 

domains responsible for protein-protein interactions.  In Chapter 2, we hypothesized that the 

HR may play a major role in regulating PcG function, and thus, we conducted a mutagenesis 

that takes advantage of a truncation allele of Su(z)2, called Su(z)21, that encodes only the HR of 

the protein (Emmons et al. 2009, Kalisch and Rasmuson 1974, Wu and Howe 1995). 

Importantly, because Su(z)21 behaves as a dominant negative lethal allele in combination with 

other recessive viable hypomorphic alleles (Emmons et al. 2009), we set out to generate 

second site hits within the HR in order to revert the lethality of this allele and elucidate the 

structural and functional organization of the HR.  The findings suggest several tantalizing 
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models for how Su(z)2 may contribute to chromatin structure and, thus, how PcG functions, in 

general, may be regulated through the HR of Su(z)2.  

The other approach involves a “top-down” assessment of chromosome organization.  As 

mentioned earlier, there is growing evidence, especially from 3C technologies, for the 

association between whole genome organization and epigenetic modification, including those 

made by PcG (Sexton et al. 2012).  However, 3C technologies have not been able to accurately 

assess the conformations that occur at the single cell level because they often utilize the 

collection of asynchronous cell populations.  Furthermore, since these technologies capture 

pairs of interactions without correlation to the state of the remaining genome from which they 

came, 3C can only provide a probabilistic representation of chromosome conformation and 

cannot identify potential dependencies or mutual exclusivity of different interaction pairs.  Thus, 

determining how the conformation of one part of the genome relates to another part can only be 

inferred.  While using these technologies with single cells would address these issues, current 

efforts have yielded poor resolution (<3% of the interactions captured with ensemble Hi-C) 

(Nagano et al. 2013).  Also, the dependency of 3C technologies on crosslinking may obscure 

the true frequency of interactions, as chromatin protein occupancy may alter crosslinking 

frequency, leading to biased interpretations of conformation (Williamson et al. 2014). 

Single cell technologies are especially important for assaying the heterogeneity in PcG 

function during development and across different tissues.  Indeed, heterogeneity in cell 

populations followed by ensemble techniques such as Hi-C have the potential to confound 

interpretations of the data, requiring special tools and techniques to assess the co-occurrence of 

PcG binding and function (Bowman et al. 2014, Brookes et al. 2012).  Unfortunately, 

implementations of Hi-C in Drosophila have often used whole embryos for material (Bantignies 

et al. 2011, Sexton et al. 2012), which can potentially average out the marked differences in 

organization of PcG-bound regions found in different parts of the embryo (Lanzuolo et al. 2007).  

While ensemble techniques have been able to identify chromatin organization features, such as 
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topologically associated domains (TADs), which are invariant across cell types (Dixon et al. 

2012, Dixon et al. 2015, Nora et al. 2012), there is growing evidence of cell-type-specific and 

developmental-specific interactions that do occur (Dixon et al. 2015, Nora et al. 2012, Phillips-

Cremins et al. 2013, Rao et al. 2014). 

Our lab has used fluorescent in situ hybridization (FISH) to assess chromosome 

organization at a single cell level (Figure 1.5), which avoids some of the caveats associated 

with 3C technologies.  FISH has proven to be a robust and scalable tool for high-throughput 

screening for the discovery of chromatin organization factors, as exemplified in a whole genome 

 
Figure 1.5  Oligopaints: a robust and renewable FISH technology. (A) One method to produce 
Oligopaints.  The key aspects include the ability to design specific sequences in the complex 
ssDNA library, and the renewability of these probes, in this case, by PCR.  Newer iterations of 
Oligopaints (Beliveau et al. 2015, Boettiger et al. 2016, Chen et al. 2015) have taken advantage 
of the programmability of the flanking sequences (red and purple), which allow us to embed 
additional features into the Oligopaints, as explored in Chapter 3.  (B) Different examples of 
FISH with Oligopaints, showing the versatility in design and application.  Subpanel (A) and (B) 
are in WI-38 human cells, interphase cells and metaphase spreads, respectively, showing probes 
targeting 3 adjacent regions on the X-chromosome.  Subpanel (C) and (D) shows targeting of 
whole chromosome arm, 2R, in Drosophila Kc cells and salivary gland polytene chromosomes, 
respectively.  Subpanel (E) shows targeting of different regions along 2R in Drosophila S2 cells.  
(Scale bars, 10 uM). All figures are from (Beliveau et al. 2012) and reproduced with permission. 
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screen for factors that promote or antagonize chromosome pairing (Joyce et al. 2012).  We also 

developed Oligopaints, which are bioinformatically-curated FISH probes derived from 

customizable oligo pools that are renewable via PCR (Beliveau et al. 2012).  With Oligopaints, 

we were able to assess chromosome organization on the megabase to kilobase scale using 

both conventional (Figure 1.5B) and super-resolution microscopy (Beliveau et al. 2012, 

Beliveau et al. 2015), and we could label the paternal and maternal chromosomes separately by 

taking advantage of single nucleotide polymorphisms (Beliveau et al. 2015).   

Oligopaints have already been used to interrogate organization of PcG-bound chromatin 

at single-cell and super-resolution (Boettiger et al. 2016), but yet there has not been a scalable 

method to look at whole genome organization in single cells.  To accomplish this, we would 

need to develop a method that simultaneously allows the hybridization of Oligopaints to the 

whole genome while enabling multiplex identification of many genomic regions in one cell.  It is 

experimentally difficult to assay the whole genome using traditional FISH methodologies due to 

limitation in unique fluorophores, but emerging in situ technologies for identification by 

hybridization (Chen et al. 2015) and by sequencing (Lee et al. 2014) may provide the scalability 

needed for assessment of whole genome organization.  In Chapter 3, we adapt Oligopaints to 

enable the assessment of whole genome organization, and we conduct proof-of-principle 

experiments to develop the scalable identification of thousands of genomic regions at single-cell 

resolution. 

 



 

 

Chapter 2: 

An unexpected regulatory cascade may govern a core function of the Drosophila PRC1 

chromatin protein Su(z)2 
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Chapter 2 Contributions 

The work presented in this chapter is the result a fruitful collaboration with past members of the 

C.-ting Wu laboratory.  Stephanie Yu helped me conduct two of the three screens used to 

generate the mutations present in Figure 2.1, as well as conducted some of the crosses in 

Figure 2.3.  Elaine Oberlick helped sequence some of the first alleles in Figure 2.2 and scored 

the crosses present in in Figure 2.3.  This work was would not have been possible without C.-

ting Wu, who provided mentorship and guidance, conceived of the screen, provided funding 

support, and co-wrote the paper.  I conducted all of the screens, characterized the remaining 

mutations, performed and scored the crosses, and wrote the paper. 

. 

This work is currently accepted pending minor revisions at Genetics.   
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Chapter 2 Abstract 

Polycomb group (PcG) proteins are major chromatin-bound factors that can read and 

modify chromatin states to maintain gene silencing throughout development.  Here we focus on 

a close homolog of the PcG protein Posterior sex combs in order to better understand how 

these proteins affect regulation. This homolog, called Suppressor 2 of zeste, or Su(z)2 is 

comprised of two regions: the N-terminal “homology region” (HR), which serves as a hub for 

protein interactions, and the C-terminal region (CTR), which is believed to harbor the core 

activity of compacting chromatin.  Here, we describe our classical genetic studies to dissect the 

structure of Su(z)2.  Surprisingly, we found that the CTR is dispensable for viability.  

Furthermore, the core activity of Su(z)2 seems to reside in the HR instead of the CTR.  

Remarkably, our data also suggest a regulatory cascade between CTR and HR of Su(z)2, 

which, in turn, may help prioritize the myriad of PcG interactions that occur with the HR.   
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Chapter 2 Introduction 

The Polycomb group (PcG) proteins are epigenetic modifiers whose contribution to 

stable silencing belies the dynamic nature and diversity of their function. One set of PcG 

proteins forms the Polycomb Repressive Complex 1 (PRC1), which can compact chromatin in 

vitro into a state that is refractory to remodeling and transcription (Beh et al. 2012, Francis et al. 

2004, Grau et al. 2011, King et al. 2002, King et al. 2005, Simon and Kingston 2013).  PcG 

proteins are also believed to effect silencing via the post-translational modification of histones, 

such as the methylation of histone H3 on K27 as well as both the ubiquitination and 

deubiquitination of histone H2A on K118/9 (Cao et al. 2002, Grossniklaus and Paro 2014, 

Lagarou et al. 2008, Scheuermann et al. 2010, Schwartz and Pirrotta 2013, Wang et al. 2004a).  

While maintaining the silenced state of targeted genes, some PcG proteins have residency 

times on chromatin that last less than a single cell cycle, binding and dissociating from different 

loci at different rates (Ficz et al. 2005, Fonseca et al. 2012, Ren et al. 2008, Vandenbunder et 

al. 2014).  These observations attest to the dynamic equilibria of PcG proteins and the 

maintenance of their different, and sometimes opposing, chromatin states. 

Here we describe our efforts of using classical genetics to better understand how the 

disparate functions of PcG proteins might be coordinated.  In particular, we have focused on the 

genetic dissection of a protein domain, called the homology region (HR), which was originally 

defined for its conservation among the PcG Drosophila Suppressor 2 of zeste (Su(z)2) gene, its 

paralogous Posterior sex combs (Psc) gene, and their mammalian homologs Bmi-1 and Mel-18 

(Brunk et al. 1991, van Lohuizen et al. 1991).  The HR, located at the N-terminal end of Su(z)2 

and Psc, is believed to house the protein-protein interaction sub-domains responsible for 

interactions with the other subunits of the PcG complexes PRC1 and dRAF, the H2AK118/9 

ubiquitination complex (Kang et al. 2015, King et al. 2005, Kyba and Brock 1998, Lagarou et al. 

2008, Lo et al. 2009, Schwartz and Pirrotta 2013, Simon and Kingston 2013, Strubbe et al. 
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2011, Wani et al. 2016).  The C-terminal regions (CTRs) of Su(z)2 and Psc have been 

considered the core of these proteins as they are the main contributors of PRC1-mediated 

silencing; they can, on their own, recapitulate the inhibition of chromatin remodeling, compaction 

of chromatin, and transcriptional repression exhibited by PRC1 in vitro (Beh et al. 2012, Francis 

et al. 2004, King et al. 2002, King et al. 2005, Lo et al. 2009).  This is consistent with the fact 

that, while the mammalian orthologs do not have the CTR, the function of the CTR has been 

retained in mammals in a stretch of positively charged residues found in the Pc subunit of the 

PRC1 (Grau et al. 2011).  Thus, it is believed that the HR serves as the hub of protein-protein 

interactions which, in part, help direct the CTR to genomic regions requiring regulation by PcG 

proteins.  While characterization of the CTR has been driven by the genetics of both Su(z)2 

(Emmons et al. 2009, Lo et al. 2009, Wu and Howe 1995) and Psc (Francis et al. 2004, King et 

al. 2005), the Su(z)2 locus has been more amenable to the genetic dissection of the HR 

(Emmons et al. 2009, Lo et al. 2009, Wu and Howe 1995).  Thus, we have been continuing our 

study of Su(z)2 in order to characterize and analyze the functions of HR. 

One of the most intriguing alleles of Su(z)2, named Su(z)21, is caused by a truncation 

mutation that deletes nearly all of the CTR while keeping the HR intact (Emmons et al. 2009, 

Wu et al. 1989, Wu and Howe 1995). As expected, this allele is recessive lethal, which is in line 

with in vitro evidence suggesting that the CTR is essential, providing the compaction 

mechanism that is necessary for transcriptional silencing (King et al. 2005, Lo et al. 2009, Wu 

and Howe 1995). Despite lacking the CTR, however, Su(z)21 exhibits several gain of function 

phenotypes (Emmons et al. 2009, Wu and Howe 1995), suggesting that some of the functions 

of Su(z)2 are compartmentalized within the HR alone. Thus, Su(z)21 provides us with an 

extraordinary opportunity to isolate and study the HR. 

An interesting illustration of the gain-of-function nature of Su(z)21 is its capacity to 

interfere with the viability of a class of hypomorphic alleles that are hemizygous viable (Emmons 

et al. 2009). This is apparent with four missense mutations of the HR (Figure 2.1A, e26, s36, 



 

25 

A. 

 

B. 

 
 

Figure 2.1 (A)  Structure of Su(z)2 and previously extant alleles (Emmons et al. 2009, Wu and 
Howe 1995).  Su(z)2 is divided into two main regions: the homology region (HR) and the C-
terminal region (CTR).  The HR is comprised of three domains, the Ring finger (RF, red), the 
conserved patch (CP, gray), and the ubiquitin-like domain (UL, blue).  The alleles differ from 
wild-type either by point mutation (●), truncation, and/or frameshift mutation (white region 
denotes the novel amino acid sequence generated by the frameshift) (B) The competition 
hypothesis between Su(z)21 and s36.  Su(z)21 outcompetes s36 for essential protein 
interactions because the HR of s36 is compromised (●), while mutation of the HR of Su(z)21 

()restores essential interactions with s36. 
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s20, and s21 ), which show varying levels of viability when heterozygous with a deletion of 

Su(z)2, but are inviable when heterozygous with Su(z)21 (Emmons et al. 2009). These findings 

suggested that Su(z)21 is more detrimental than a complete deletion of Su(z)2 and, therefore, 

may interfere with essential functions provided by the HR alleles.  For example, Su(z)21 might 

interact directly with mutant HR proteins or compete with them such that they are no longer 

functional, perhaps by the HR of Su(z)21 acting as a “sink” and outcompeting mutant HR 

proteins for interactions with other factors (Figure 2.1B).  This interpretation is particularly 

intriguing because the HR contains domains implicated in protein-protein or other types of 

interactions. These domains include a Ring Finger (RF; residues 35 to 73) (Brunk et al. 1991, 

van Lohuizen et al. 1991), the core sequence of the “conserved subregion 1” (CSR1), 

henceforth called the “conserved patch” (CP; residues 97 to 103) (Bentley et al. 2011, Buchwald 

et al. 2006, Emmons et al. 2009), and the ubiquitin-like domain (UL; 137 to 228) (Figure 2.1A) 

(Bezsonova et al. 2009, Sanchez-Pulido et al. 2008, Wang et al. 2010). 

Here, we describe our genetic studies clarifying how the specific domains within the HR 

contribute to Su(z)2 function. Specifically, we conducted a screen for mutations that would 

suppress the lethality of Su(z)21 when it is heterozygous with an HR allele called s36, which 

disrupts the RF (Figure 2.1B).  Remarkably, all of the isolated lines had mutations in the RF, 

CP, and UL domains of Su(z)2. Furthermore, they demonstrated that contrary to expectations, 

the CTR may not be essential and that the HR, alone, can support viability, arguing that the core 

activity of Su(z)2 may actually reside in the HR.  Interestingly, our data reveal a potential 

cascade of intramolecular regulation between different domains of Su(z)2.  We discuss how our 

findings may explain the potential coordination of disparate PcG functions that occur through the 

HR interface of Su(z)2.  
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Chapter 2 Results and Discussion 

A screen to generate point mutations in domains within Su(z)2 

Based on our model of competition between Su(z)21 and Su(z)2s36 (Figure 2.1B), we 

predicted that reversion of the dominant negativity of Su(z)21 would reveal residues or domains 

within Su(z)2 (Figure 2.1B) or perhaps even within other genes that are important for Su(z)2 

function.  To this end, we mutagenized males carrying Su(z)21 with EMS and then crossed them 

to females carrying Su(z)2s36 in order to identify mutations that would suppress the lethality of 

the Su(z)21/Su(z)2s36 progeny. We screened a total of 57,906 such progeny in three 

independent mutageneses and recovered 100 Su(z)21/Su(z)2s36 flies.  These exceptional 

progeny were crossed back to flies carrying Su(z)2s36 to test for fertility and transmission of the 

mutation, and 12 lines survived this process.  We found, through additional crosses, that the 

mutation in each line was linked to Chromosome 2, on which Su(z)2 is located, and in fact, 

sequencing of the exons of Su(z)2 confirmed that each line retained the original Su(z)21 

mutation while gaining either a missense or nonsense mutation within the HR (Figure 2.2A).  

Henceforth, we will refer to these alleles collectively as “Su(z)21 derivatives”.  In brief, our 

screen to suppress the lethality between Su(z)21 and Su(z)2s36 only recovered mutations in the 

HR of Su(z)21, which houses the protein interaction domains of Su(z)2.  

 

Point mutations define functional domains of Su(z)2 

Excitingly, two mutations, D49N and I60V, affect single residues within the RF of Su(z)21 

(Figure 2.2A).  As these derivatives are viable with s36 (66-87%, Figure 2.2B, see Materials 

and Methods for calculation of viability), they demonstrate that disruption of the RF is sufficient 

to revert the dominant negativity of Su(z)21.  In addition, three mutations were found 

downstream of the RF and close to the CP, wherein two are missense mutations (R93Q and 

I96N) and one is a nonsense mutation that truncates the protein just before the CP and UL 
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domains (R93*)(Figure 2.2A).  The remaining seven mutations affect the UL, of which four are 

missense and three are nonsense: Q105*1, Q105*2, S141F, Q151*, C165Y, C214Y, and 

R228G(Figure 2.2A); although Q105*1 and Q105*2 contain the same Q105* change and are 

phenotypically similar to each other, they are considered distinct alleles, as they do not behave 

identically and may therefore be associated with alterations in the unsequenced regions of 

Su(z)2 or changes elsewhere in the genome.  Note that the recovery of mutations not only in the 

RF domain but also within the CP and UL domains suggest that these latter two domains may 

indirectly impact or cooperate with the functions of the RF.  Indeed, the RF and the CP have 

been shown to engage in the same interaction with the PcG protein Ring1b in vitro (Bentley et 

al. 2011, Buchwald et al. 2006).  

 

A.        B. 

 

Figure 2.2 (A) The structure of Su(z)21 derivatives.  (B)  The viability of progeny resulting from 
crosses between Su(z)21 derivatives, averaged between reciprocal crosses and grouped according 
to the affected domains (RF, RF-CP, and UL) and either s36, e26, s20, or s21.  Average viabilities 
of individual derivatives are provided in Supplementary Table A1.1.  Viability of Df and Su(z)21 are 

also shown.  The R93Q allele (†) and the R228G allele (‡) show lethality when paternally 
contributed and crossed with e26 and s21, respectively (see Supplementary Table A1.1). 
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Suppression of dominant negativity is not allele-specific  

 To determine if the suppression of dominant negativity by the Su(z)21 derivatives 

is general or, instead, limited to the specific amino acid change in the RF of the s36 mutation, 

we crossed the derivatives to another RF mutation, called e26 (Figure 2.1A), which disrupts a 

conserved histidine and is also completely lethal when heterozygous with Su(z)21 (Figure 2.2B). 

Like s36, e26 is also hemizygous viable, although its viability is significantly less than that of s36 

(52% vs 93%, p < 0.01, Student’s T-test, respectively, Figure 2.2B).  Excitingly, 10 of the 12 

derivatives are viable when heterozygous with e26, confirming that the capacity of the 

derivatives to suppress the dominant negativity of Su(z)21 is not allele-specific with respect to 

s36.  The inviability of two derivatives (D49N and I60V) when heterozygous with e26 was not 

surprising, given the phenotypic severity of e26 Figure 2.2A, B).  Interestingly, the viabilities of 

the derivatives when heterozygous with e26 was more variable than that observed with s36 (0% 

– 103% for e26 vs. 66 – 105 for s36, Figure 2.2B; Supplementary Table A1.1), revealing 

potential functional differences between the Su(z)21 derivatives.  Overall, these data show that 

the derivatives generally suppress the dominant negativity of Su(z)21 with one other RF 

mutation. 

We further assessed whether the dominant negativity of Su(z)21 could also be 

suppressed when the derivatives are in trans to mutations other than those in the RF by 

crossing the derivatives to the s20 and s21 alleles, which are located within or near the CP and 

UL domains, respectively, and show strong or complete lethality with Su(z)21 (Figure 2.2B) 

(Emmons et al. 2009).  Only one of the derivatives, UL mutation R228G, maintained lethality 

with s21, and only when the s21 allele was contributed maternally (Supplementary Table 

A1.1).  This suggests a possible involvement of maternal effects, although we have yet to 

investigate this further.  The remaining 11 of the 12 Su(z)21 derivatives were robustly viable 

when heterozygous to either s20 or s21 (Figure 2.2), further arguing the significance of their 

impact on Su(z)2.   



 

30 

 

Zygotic contribution of the CTR is not essential    

 Over the course of our studies we made some unexpected observations of the 

CTR, leading us to question the presumed essential nature of the CTR.  Here, we took 

advantage of two alleles of Su(z)2, called s84 and h29 (Figure 2.1A), both of which harbor 

nonsense mutations that remove the UL and the CTR (Emmons et al. 2009) and are lethal when 

hemizygous (Figure 2.3A).  As these alleles are extreme hypomorphs or nulls we expected that 

heterozygosity of either with any allele also lacking the CTR would not be viable.  Surprisingly, 

however, two of the Su(z)21 derivatives, C165Y or R228Gshowed a stunning ability to survive 

when heterozygous with s84 or h29. While the viability ranged from as low as 4% to 55%, 

viability was observed across all our replicate crosses (Figure 2.3A). Thus, the CTR is not 

necessary for viability when there are compensatory mutations within the UL domain.  Of the 10 

remaining Su(z)21 derivatives, 4 were inconsistently and weakly viable and 6 were completely 

lethal when heterozygous with s84 or h29 (Figure 2.3A, Supplementary Table A1.1).  To 

distinguish the two exceptional alleles, C165Y or R228G, from the other derivatives of Su(z)21, 

we have placed them into their own category, which we call Class I.   

 
Our results suggest a novel cascade of regulation between the domains of Su(z)2 that 

govern its core function (Figure 2.3B).  In our model, viability is dependent on the RF and CP 

domains, as observed with s84, h29, and the Class I derivatives (Figure 2.3B, arrow 1).  An 

intact UL domain, such as the one in Su(z)21, may suppress the RF and CP domains (Figure 

2.3B, arrow 2), unless the UL domain is, in turn, suppressed by the CTR  (Figure 2.3B, arrow 3) 

or mutations within the UL itself, as exhibited by the Class I derivatives.  Thus, this model 

proposes that, rather than the CTR encoding the core function of Su(z)2, the CTR acts to 
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A. 

 
 

B. 
 

 
 
Figure 2.3 (A) The range of viabilities of the different classes of Su(z)21 derivatives when 
heterozygous with s84, h29, or e26.  The crosses with e26 are separated based on the allele 

coming from the mother (♀) or father (♂).  Average viabilities of individual derivatives are found 

in Supplementary Table A1.1.  The green and red shading highlights the viabilities that were 
used to help classify the Su(z)21 derivatives.  Class I alleles are defined by their strong viability 
with s84 and h29, and Class II and III alleles are distinguished by their different viabilities with 
e26.  (B)  A model proposing a cascade of regulation.  The HR is proposed to harbor a CTR-
independent function that requires the RF and CP (arrow 1), but is suppressed by the UL 
domain (arrow 2).  Suppression of the UL domain by the CTR (arrow 3) allows the CTR-
independent function to persist.  
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release the core function which is encoded, instead, in the HR.  Note, not all UL mutations 

display CTR-independent viability, possibly because they destabilize Su(z)2 or do not fully 

disrupt the suppression by the UL domain.  In this light, Class I mutations may be highlighting 

new sub-domains within the UL responsible for this suppression (Fig 3B).      

It is possible that our observations of CTR-independent viability reflect rescue by the 

Su(z)2 homolog, Psc and/or a maternal effect by the heterozygous mothers carrying a wild-type 

Su(z)2.  This interpretation must be tempered, however, by the fact that neither Psc nor a 

maternally contributed Su(z)2 function are sufficient for viability (Figure 2.3A)  (Emmons et al. 

2009, Wu and Howe 1995).  Furthermore, we have preliminary evidence suggesting that the 

maternal contribution the CTR of Su(z)2 is not essential, as females that are heterozygous for 

h29 and the Class I derivative R228Gcan also be crossed and, surprisingly, produce progeny.  

While the progeny yield was low from crosses between these heterozygous females, 

genotypically null for the CTR of Su(z)2, to males from either of the parental lines carrying h29 

or Class I derivatives R228G (<15 progeny per cross, 66 progeny total scored), the mere 

presence of viable progeny suggests that maternal contribution of the CTR is not essential.  

Interestingly, out of the 64 progeny scored, 2 were also genotypically null for the CTR, showing 

that both zygotic and maternal contributions of the CTR can be dispensable for viability.  In 

summary, our data shows that at the very least, neither maternal contribution or somatic 

contribution of the CTR of Su(z)2, separately, are essential for viability. 

 

Release of an essential function by mutations in the HR 

The viability of the Class I derivatives in spite of their lack of a CTR prompted us to 

determine whether these derivatives can contribute to viability in other contexts.  To this end, we 

compared them to a simple deficiency (Df) of Su(z)2.  In particular, we compared their viability 

when heterozygous with e26 (Class I/e26) to that of Df/e26 (Figure 2.3A).  Indeed, the viability 
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of Class I/e26 is similar to or significantly greater than that of Df/e26 (Figure 2.3A).  C165Y 

shows a slight, though significant, increase in viability when paternally inherited (82% vs 46%, p 

= 0.017), whereas R228G shows a significant increase in viability when inherited either 

maternally or paternally (103% vs. 58%, p < 0.001, and 103% vs. 46%, p < 0.001, respectively). 

Interestingly, the three Su(z)21 derivatives that delete much if not all of the UL domain, but retain 

full RF and CP domains, can result in increased viability when heterozygous with e26, and we 

have categorized them into a new group called Class II.  Specifically, Class II/e26 is more viable 

than Df/e26 when e26 is maternally inherited (Figure 2.3A, 79-105% vs. 46%, respectively, 

0.001 < p < 0.04, one-way ANOVA). Note, however, that the increased viability is not seen in 

the reverse direction, that is, when e26 is paternally inherited (Supplementary Table A1.1, 46-

68% vs. 58%, p > 0.37).  We do not have an explanation for this observation, but maternal or 

paternal effects may play a role.  Regardless, these data support the prediction of the cascade 

model that disruption of the UL domain, either by Class I or Class II mutations, can uncover a 

function that supports viability in the absence of the CTR (Figure 2.3B).  

Finally, the remaining seven alleles, which are unable to increase viability when 

heterozygous with e26, were placed into a final group called Class III.  This class includes the 

two UL point mutations, S141F and C214Y, which, compared to the Df, are significantly less 

viable when heterozygous to e26 (2-7% vs. 46-58%, p ≤ 0.006).  It also includes all six RF and 

CP mutations; five of the alleles are significantly less viable than Df/e26 in all crosses (0-5% vs 

46-58%, p < 0.001), and I96N/e26 is significantly less viable than Df/e26 only when e26 is 

paternally inherited (20 vs. 58%, p < 0.001) (Figure 2.3A).  One possible interpretation of the 

data is that these Class III alleles retain some residual dominant negativity of Su(z)21 that is 

responsible for the lack of viability. 

Overall, the marked differences in viability between the different classes with e26 aligns 

with our proposed model of regulation between the Su(z)2 domains (Figure 2.3B).  For 

example, the Class III mutations that disrupt the RF or CP domains and preserve the UL domain 
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fail to increase viability with e26, consistent with the prediction that the RF and CP domains 

house a core function of Su(z)2 that may be suppressed by the UL domain.  Conversely, loss of 

the UL domain would eliminate the suppression and release this core function, as reflected in 

the results of Class II truncation alleles.  Our data also suggest that disruption of the UL domain 

by point mutation may have the same effect, as the switch from residual dominant negativity of 

the Class III UL mutations to the increase in viability by the Class I mutations suggest that only 

certain point mutations can disrupt the UL domain sufficiently to release the function of the RF 

and CP domains.  Overall, the crosses with e26 has allowed us to dissect the functional 

relationship of the different domains of Su(z)2, and excitingly, these results are consistent with a 

model of intramolecular regulation between the domains. 

 

Potential Mechanisms of Su(z)2 Regulation 

In summary, our studies suggest that the core function of Su(z)2 is encoded in the HR, 

and the role of the CTR may be to help release this function.  This interpretation is based on our 

surprising discovery that, in some genetic backgrounds, the CTR, which had been thought to 

encode the core function for Polycomb-based silencing, is actually dispensable.  Specifically, 

the lethality seen with loss of the CTR can be rescued by mutations within the HR of Su(z)2.  

Thus, this study presents a new perspective on the relationship between the CTR and HR.  In 

particular, CTR may function primarily to regulate the activities of the HR and, thus, it may be 

the HR that facilitates stable silencing by PcG proteins.  This model would explain how our 

mutations within the UL domain can phenocopy a potential role of the CTR and permit CTR-

independent viability.  

There are multiple, but not mutually exclusive, scenarios of how the CTR may affect the 

HR (Figure 2.4).  The CTR may be subject to post-translational modifications, as seen by the 

phosphorylation of the CTR of Su(z)2 (Bodenmiller et al. 2008), which may alter the overall 

function and/or stability of Su(z)2 (Figure 2.4A).  The CTR may also interact with the HR 
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directly (Figure 2.4B), or engage in its own interactions that may inhibit, modulate, or participate 

with those that occur with the HR (Figure 2.4C).  Indeed, the CTR of Psc is necessary and 

sufficient to bind Cyclin B as part of a complex that also requires the HR (Mohd-Sarip et al. 

2012).  Alternatively, the propensity of the CTR and other proteins, such as M33/Cbx2, to bring 

nucleosomes together in vitro (Francis et al. 2004, Grau et al. 2011, Lo and Francis 2010) may 

actually reflect a novel function in vivo, such as a sampling and "reading" of the chromatin 

landscape and/or the associated chromatin-bound factors, providing an opportunity for the local  

regulation and prioritization of the varied PcG interactions that occur with the HR (Figure 2.4D) 

(Gao et al. 2012, Junco et al. 2013, Kassis and Brown 2013, Morey et al. 2013).  Overall, our 

genetic analysis reveals a novel interaction between the CTR and HR and further study should 

elucidate the impact of this intramolecular regulation of Su(z)2 on PcG function.  

 

Figure 2.4  Potential mechanisms for the observed regulation of the HR by the CTR (in the 
center).  (A) Post-translational modifications (green diamonds) lead to suppression of the UL 
domain. (B) Intramolecular inhibition of the UL domain by the CTR.  (C)  Protein X binds the UL 
and inhibits the RF and CP, whereas protein Y binds the CTR and the UL, allowing the RF and 
CP to engage in other interactions.  (D)  Chromatin compaction causes inhibition of the UL 
domain, allowing the RF and CP to perform its activities.   
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Our findings may also explain the absence of a CTR among the mammalian homologs 

of Su(z)2, Bmi-1 and Mel-18 (Beh et al. 2012, Brunk et al. 1991, Grau et al. 2011, van Lohuizen 

et al. 1991), as it is possible that mammalian HRs have evolved in such a way as to 

compensate for the absence of a CTR.  On the other hand, it may be that the CTR function of 

chromatin compaction, first discovered with Drosophila proteins in vitro (Francis et al. 2004), still 

exists in mammals but is found within a different PcG member, M33/Cbx2 (Grau et al. 2011).  

Interestingly, this protein interacts with Bmi-1 and Mel-18 (Gao et al. 2012), preserving an 

evolutionary link in trans between compaction and the HR. Thus, our observation of CTR-

independent viability may reflect a core function of the HR of Su(z)2 that is evolutionarily 

conserved and intimately associated with protein interactions.  

 

Chapter 2 Materials and Methods 

 

Drosophila stocks and culture conditions 

Stocks were maintained and crosses were conducted at 25 oC at 80% humidity on 

standard Drosophila cornmeal, yeast, sugar and agar media with p-hydroxybenzoic acid methyl 

ester added as a mold inhibitor.  Crosses were carried out with approximately 4 males and 4 

females and brooded daily to prevent crowding.  All Su(z)2 alleles were maintained over CyO-

19 (Flybase ID FBba0000315), a GFP-bearing balancer.  The Su(z)2 deficiency (Df), generously 

provided by Jun-yuan Ji, was generated via transposase-mediated deletion using 

PBac{RB}Su(z)2[e00448] and P{XP}[d02486].   

 

Mutagenic screen for the generation of Su(z)21 derivatives 

Male w_; Su(z)21/w+,CyO-19 flies were fed EMS as previously described (Wu and Howe 

1995) and crossed to w_/w_; Su(z)2s36 /w+, CyO-19 females.  F1 progeny were scored for white 
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eyes and normal wings (Su(z)21*/s36), with 100 progeny isolated after screening >28,000 

chromosomes.  These flies were backcrossed to the s36 stock to test for transmission of 

mutation.  The 12 lines that showed transmission were then isogenized for chromosome 2. 

 

Molecular characterization of Su(z)21 derivatives 

Embryos homozygous for the second chromosome were collected by setting up an 

overnight egg-lay and selecting GFP-negative embryos.  These embryos were subjected to 

proteinase-K digestion to release DNA (Gloor et al. 1993) to be used for sequencing (Emmons 

et al. 2009).  Exonic regions of Su(z)2 were amplified by PCR, gel purified with the QIAQuick 

Gel Extraction kit (QIAGEN, Valencia, CA; no. 28704),  and sequenced at the Harvard Medical 

School Biopolymers Facility.  Primers for PCR and sequencing are listed in (Supplementary 

Table A1.2) and ordered from Integrated DNA Technologies (Coralville, IA). 

 

Inter se crosses and calculation of viability.   

Inter se crosses were performed by crossing the parental lines (Su(z)2 mutant allele/ w+, 

CyO-19) to the Su(z)21 derivative lines.  Percent viability was calculated assuming equal 

transmission of each allele and lethality for homozygosity of the CyO balancer, in which case 

33% of progeny would be expected to be heterozygous for both Su(z)2 alleles.  We calculated a 

viability score as the observed number of non-CyO progeny/total progeny, normalized to the 

expected frequency of 33%.  We report the average viability among the replicate crosses.  

SPSS software (IBM; Armonk, NY) was used for one-way ANOVA calculation and post-hoc 

Dunnett’s test to compare all crosses with the control cross with Df. 

Strains are available upon request. 

 

  



 

 
 

Chapter 3: 

Assessing whole genome organization in single cells by Oligopaints and OligoFISSEQ 
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Chapter 3 Contributions 
 

The work presented in this chapter is the result of a collaboration with members of the 

laboratories of C.ting Wu, George Church, and Scott Kennedy.  Evan Daugharthy of the 

Church lab conceived of OligoFISSEQ technology, provided expertise and guidance for the 

design, and provided reagents for the protocol.  Evan also helped troubleshoot the protocol in 

parallel to my efforts. Brandon Fields of the Kennedy lab optimized and conducted all of the 

FISH in C. elegans.  Emily Messelaar helped optimize the protocol and conducted some of the 

whole chromosome FISH experiments.  Hien Hoang did most of the OligoArray mining to 

generate target sequences for the probe.  C.-ting Wu provided invaluable mentorship and 

support, supervised and funded the project, and offered invaluable suggestions in the design 

and implementation of Oligopaints and OligoFISSEQ.  I created and executed the bioinformatics 

processing for barcoding, designed the whole genome Oligopaints and OligoFISSEQ libraries, 

designed the new strategies for labeling by hybridization, designed the proof-of-principle and 

optimization experiments for OligoFISSEQ, and conducted all of the FISH experiments present 

in this chapter.  

 

   

  



 

40 
 

Chapter 3 Acknowledgements 
 

We thank E. Joyce for assistance with software and discussions; G. Nir and B. Beliveau for 

experimental discussion; B. Pruitt and R. Terry for design discussions; of M. Hannan for lab and 

stock maintenance; other members of the Wu lab and Church lab and the Wyss Institute for 

their thoughtful discussions and input; A. Boettiger for technical advice and reagents; and L. 

Perkins, R. Kingston, K. Munger, N. Francis, and G. Church for discussions, equipment, and 

technical assistance.   S. C. N. was supported by awards from NSF (DGE114415) to S. C. N. 

and NIH (GM085169; RO1GM61936; 5DP1GM106412) to C.-t. W. 

  



 

41 
 

Chapter 3 Abstract 

The non-random organization of chromosomes has been shown to impact transcriptional 

regulation, cell fate specification, and disease. Advances in chromosome capture technologies 

such as Hi-C are continuing to elucidate whole genome organization from mega- to kilobase 

scales across different cell types and developmental processes, but these methods can only 

reliably assess DNA topology by averaging across cell populations.  Here, I present the 

adaptation of Oligopaints, a fluorescent in situ hybridization (FISH) technology, for the 

assessment of whole genome organization at single cell resolution.  I have designed new 

Oligopaints libraries and labeling strategies for the multiplex labeling of regions in the C. 

elegans and Drosophila genomes at the chromosome to sub-megabase scale.  I also present 

the design and optimization of OligoFISSEQ, a method for genome-wide multiplex identification 

of sub-megabase regions. Together, these methods will allow enable the feasible and scalable 

assessment of genome organization within single cells.     
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Chapter 3 Introduction 

Chromosomal DNA has evolved different layers of organization, from the formation of 

spatially distinct territories within the nucleus for each chromosome, termed chromosome 

territories (Bolzer et al. 2005, Cremer et al. 1982), to the segmentation of each chromosome 

into topologically-associated domains (TADs) (Dixon et al. 2012, Nora et al. 2012, Sexton et al. 

2012).  TADs are contiguous segments of DNA that display higher probabilities of interaction 

within the segment than with surrounding DNA.  While interactions within TADs are generally 

invariant across cell types (Dixon et al. 2012, Dixon et al. 2015, Nora et al. 2012), TADs make 

up higher-order structures, called compartments, which can show cell-type specific behaviors.  

Indeed, both chromosome territories and compartments show non-random interactions with 

other chromosomes and compartments, respectively.  For instance, chromosomes of similar 

transcriptional status (Branco and Pombo 2006, Kumaran and Spector 2008, Reddy et al. 2008) 

show preferential proximity, and interactions can occur between compartments of similar 

epigenetic states (Dixon et al. 2015, Lieberman-Aiden et al. 2009, Phillips-Cremins et al. 2013, 

Rao et al. 2014).  This is reminiscent of what has been observed in Drosophila, where the 

transcriptional status of different loci within the Bithorax Hox cluster was correlated with their 

clustering in nuclear space (Bantignies et al. 2011, Lanzuolo et al. 2007). 

The connection between chromosome organization and epigenetic state suggests that 

the analysis of chromosome organization can be used as a tool to identify and predict 

transcriptional states, discriminate between cell types in tissue, and potentially uncover new 

modes of regulation (Barutcu et al. 2015, Dixon et al. 2012, Lin et al. 2012, Nora et al. 2012, 

Rao et al. 2014, Sexton et al. 2012).  Chromosome conformation has been routinely assayed 

using Hi-C, a technology that captures DNA segments that are in close proximity to each other, 

but the current implementation of Hi-C relies on the averaging of interactions across cell 

populations (Fraser et al. 2015), and attempts at single-cell Hi-C capture only a fraction (<3%) 
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of the interactions seen with the ensemble methods (Nagano et al. 2013).  Fluorescence in situ 

hybridization, on the other hand, is a single cell technology that can be used to observe 

chromosome organization and is often employed for the validation of interactions seen with Hi-C 

(Rao et al. 2014, Sexton et al. 2012, Williamson et al. 2014).  Most of these validation 

experiments with FISH, however, are confined to the testing of a select set of interactions 

because traditional FISH methods lack the scalability needed to feasibly observe the thousands 

of TADs present in a single interphase cell (Nagano et al. 2013). 

Our lab has developed Oligopaints to facilitate in situ single-cell visualization of the 

genome via FISH. Oligopaint probes consist of strand-specific bioinformatically curated oligo-

based FISH probes derived from customizable oligo pools that are renewable via PCR 

(Beliveau et al. 2012).  Through the addition of flanking sequences we call “Mainstreets” to 

Oligopaints, we can assign unique, barcoded, Mainstreet sequences to chromosomes and/or 

spots within the chromosomes (Beliveau et al. 2015).  In this way, many functionalities can be 

added to Oligopaint probes and, thus, targeted to specific chromosomal regions through the 

hybridization of secondary oligos to Mainstreet.  For example, Mainstreet enables researchers 

to hybridize probes to the entire genome and then selectively label spots of interest through the 

targeting of Mainstreets with labeled secondary oligos (Beliveau et al. 2012). Indeed, the 

Zhuang lab has used this strategy to develop multiplexed error-robust FISH (MERFISH), which 

uses a coding scheme to identify ~1000 different RNA species with a unique combination of 

probes with different Mainstreet sequences (Chen et al. 2015).  By using N consecutive 

hybridization cycles to label the specific Mainstreets with a fluorescent probes, MERFISH allows 

for the identification of 2N-1 number of spots. 

Fluorescence in situ sequencing (FISSEQ), on the other hand, is an even more scalable 

approach involving sequencing by ligation in situ, in which the RNAs are copied into cDNAs, 

circularized, amplified by rolling circle amplification, and then identified by sequencing with 

fluorescent short oligos (Lee et al. 2014).  FISSEQ identifies the dinucleotides of RNA 
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molecules with one of 4 fluorophores per sequencing cycle, potentially accommodating the 

discrimination of 4N RNA molecules after N hybridization cycles.  FISSEQ requires the 

amplification of the RNA sequence in order to produce a visible focus from each round of 

sequencing corresponding to a dinucleotide from the original RNA molecule.   

While MERFISH and FISSEQ were designed to identify RNA, I wanted to explore the 

potential of Oligopaints to determine the architecture of the whole genome with single cell 

resolution and at different scales.  Towards this goal, I have designed whole genome Oligopaint 

libraries to Drosophila and C. elegans, and additionally, have developed new labeling strategies 

to increase the feasibility and flexibility of multiplex labeling by hybridization.  I also present my 

collaboration with Even Daugharthy, a graduate student with Dr. George Church, to develop 

OligoFISSEQ, a new single-cell technology that will allow multiplex identification of sub-

megabase regions by in situ sequencing within the genome.  



 

45 
 

Chapter 3 Results 

 

Optimizing the design and implementation of Oligopaints for whole genome labeling 

I have made several key innovations in order to adapt Oligopaints for whole genome 

labeling of Drosophila melanogaster and C. elegans, which, as previously determined, 

accommodate Oligopaint oligos at a density of 8-11 targets per kilobase (Beliveau et al. 2012).  

Despite the relatively small size of the Drosophila and C. elegans genome (~100 Mb and ~130 

Mb, respectively) (Supplementary Table A2.1), however, making probes to all potential 

hybridization sites was still cost-prohibitive; using CustomArray’s 90K oligo pool platform 

($5,000 each), a whole genome library for Drosophila and C. elegans would require 15 pools 

($75,000) and 10 pools ($50,000), respectively.  Therefore, in order to visualize the whole 

genome, we reduced the probe coverage evenly across the genome, from an average 11.2 

probes/kb to 1.4 probes/kb for Drosophila and 8.8 probes/kb to 1.7 probes/kb for C. elegans 

(Supplementary Table A2.1).  This reduction enabled each genome to be covered with only 

two 90K oligo pools.  The probe libraries were designed to allow amplification of probes specific 

to each chromosome or chromosome arm of C. elegans and Drosophila, respectively, providing 

the flexibility to look at one, some, or all of the chromosomes in the genomes simultaneously.   

Despite the ~5 to ~10-fold reduction in probe density, we were still able to achieve 

appreciable signal above background (Figure 3.1A, B).  To measure efficiency in Drosophila 

cultured cells, I used TANGO software (Ollion et al. 2013) (Figure 3.1D) to count the number of 

signals from each chromosome arm tested (X, 2L, 2R, 3L, and 3R; 4 was not analyzed at this 

time).  While one observation for chromosome 3R yielded 94% of nuclei with at least one signal 

(n = 383), the remaining chromosome regions were present in at least 98.9% of nuclei observed 

(383 ≤ n ≤ 1997).  Tissue is generally more difficult to label with Oligopaints, requiring 2.5 to 
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Figure 3.1  Oligopaints reveals patterns in genome organization.  (A)  Whole genome labeling 
of Drosophila S2R+ cells and (B) C. elegans germline cells (image courtesy of Brandon Fields, 
Kennedy lab), using 3 individual fluorophores (Alexa488, Atto565, and Alexa647) to label three 
territories, and 3 combinations of fluorophores (488+565, 488+647, and 565+647) to label the 
remaining 3 territories. (C)  Three-color labeling of the X, 2L, and 2R to assess preferences in 
chromosome organization. All pairwise combination of chromosomes were assessed using 
three-color labeling (4 hybridizations total, with chromosome 4 omitted from these analyses).  
(D)  Analysis pipeline of TANGO, which takes the raw image of each nucleus and processes the 
chromosome structures by image segmentation, and then reconstructs a 3D model of the 
nucleus and the structures within it.  Measurements are taken with this 3D reconstruction.  (E) 
Cumulative distribution of edge-to-edge distances between chromosome territories (n = 1997, 
across three replicates.  Error bars representing standard deviation are shown).   (F)  
Distribution of distances between the center of the X and 2L chromosome territories, when 
territories are in contact (dashed line) or not in contact (solid line) in a nucleus.  See Appendix 
5 for additional examples of analysis of chromosome organization with TANGO. 
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Figure 3.1 (Continued) 
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 5.5x more probe than cultured cells (Joyce et al. 2013), but experiments with C. elegans 

demonstrate that, despite the low density coverage, whole genome labeling in tissue is 

achievable with similar probe concentrations (Figure 3.1B). 

 

Designing Oligopaint probes with unique barcodes for multipurpose labeling 

While I was able to design a cost-effective whole genome library, I also wanted to 

generate Oligopaint libraries so that any single library would be able accommodate a variety of 

labeling purposes.  For example, I designed Oligopaint libraries to identify individual 

chromosomes as well as loci within the chromosomes (Figure 3.2A).  Different sequences (or 

“barcodes”) on the Mainstreets were included on the primary Oligopaint oligos such that these 

barcodes corresponded to a single chromosome or 3 Mb and 500 kb spots within each 

chromosome (Figure 3.2A).  These barcodes were repurposed from an orthogonal set of 

240,000 sequences used for microarray hybridization (Chen et al. 2015, Xu et al. 2009), having 

first been re-screened by BLAST to avoid non-specific targeting in the Drosophila (dm3 build), 

C. elegans (ce10 build), human (hg19 build), and mouse (mm9 build) genomes.  Thus, oligos 

targeting the same chromosome had the same chromosome barcode, and subsets of the 

chromosome-specific pools of oligos had different barcodes for the identification of 3 Mb and 

500 kb sub-chromosomal spots (Figure 3.2B).  Additionally, for each 500 kb spot, I also added 

a separate unique barcode which can be labeled by either hybridization or sequencing (see 

below).   Thus, by hybridizing fluorescent probes that are specific to each barcode, we could 

then use a single Oligopaint library to visualize different regions of the genome ad hoc.   

 

Bridge oligos for flexible labeling with fluorescent secondary probes 

Previous iterations of Oligopaints had used fluorescent “secondary” oligos to bind and 

label the primary probes by hybridization (Beliveau et al. 2015, Chen et al. 2015), but given our 
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Figure 3.2  New design of Oligopaints for whole genome hybridization.  (A)  Each 
Oligopaint probe contains barcodes to identify the chromosome, 3 Mb spot, and 500 kb spot 
that it targets. (B) Example of C. elegans library.  Each chromosome binds a set of Oligopaints 
with an identifying barcode. Each 3 Mb on any particular chromosome has their own barcode.  
Each 500 kb spot on any particular 3 Mb spot also has their own barcode.  An additional 500 kb 
“unique” barcode can uniquely identify each 500 kb spot in this genome, either by hybridization 
or by sequencing (see Figure 3.3). (C)  A new labeling method, in which a “bridge” oligo binds 
both the primary Oligopaint and a fluorescent probe.  The bridge oligo can be switched ad hoc 
to easily change the labeling color of the Oligopaint, rather than requiring the synthesis of a new 
Oligopaint or a new fluorescent probe. 
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use of unique barcodes, we realized that it would be costly to synthesize a secondary oligo to 

each barcode.  Also, in order to be able to label any combination of spots simultaneously, I 

would have to synthesize different fluorescent secondary oligos for each spot in order to 

maintain experimental flexibility in designating unique fluorophores to each spot.  To solve these 

issues, I created an additional intermediary “bridge” oligo, with one half of this oligo binding the 

primary probe and the other half containing the binding sequence of the fluorescent secondary 

probe (Figure 3.2C). This labeling strategy is advantageous because bridge oligos are relatively 

(100x less) inexpensive and can be rapidly synthesized (~1 day), as compared to fluorophore-

labeled probes, allowing more flexibility in the labeling of any spot with different fluorescent 

probes ad hoc.  Thus, instead of synthesizing a fluorescent secondary probe for each barcode, 

we only synthesize one secondary probe for each fluorophore, and then synthesize different 

bridge oligos to bring the secondary probes to specific barcodes in situ. 

Also, bridge oligos increase the modularity in labeling by making it easier to label groups 

of spots, each containing its own barcode, with bridges containing the same secondary site.  For 

our Drosophila and C. elegans libraries, this design allows for the identification of a locus that is 

composed of multiple different 500 kb and/or 3 Mb barcodes, but future iterations of whole 

genome Oligopaints may employ barcodes corresponding to smaller regions (10 kb for 

example) to allow higher resolution and more modular bridge-based labeling. 

Overall, I have optimized Oligopaints to enable the multiplex labeling of the whole 

genome using combinations of different Mainstreets, a new labeling scheme, and a cost-

effective library design.  I demonstrated the potential of these probes with a preliminary analysis 

of chromosome organization at single cell resolution.  For instance, preferential inter- and intra-

chromosomal contact and proximity between chromosome territories can be assayed, as 

exemplified by the different distances between the chromosome territories of X, 2L, and 2R 

(Figure 3.1E).  I also took advantage of single cell resolution in order to find underlying 

correlations linking territory contact with other chromosomal characteristics. Figure 3.1F, for 
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example, shows how chromosome contact may be mediated by the chromosome territories 

being placed closer to each other, as assayed by the distance between the centers of the 

chromosomes.  Overall, our preliminary studies suggest interesting patterns of non-random 

proximity and contact between chromosomes (see Appendix 5 for more analyses), and put 

forth the question of whether specific loci are at the interface of chromosome interactions 

(Branco and Pombo 2006, Ulianov et al. 2016, Visser et al. 2000). 

 

OligoFISSEQ, a new technology for scalable labeling of the whole genome 

The technologies described above use Oligopaints as probes for in situ FISH, wherein 

the outcome is fluorescent signals that correspond to labeled oligos that have been immobilized 

by hybridization to specific sequences in the genome. Here I describe a very different strategy 

for visualizing the genome. This strategy, called OligoFISSEQ, is derived from FISSEQ (Lee et 

al. 2014) and is designed to identify the barcodes on Mainstreet through in situ sequencing by 

ligation (Figure 3.3).  As explained in the next paragraph, the attractiveness of OligoFISSEQ 

lies with its scalability. 

Traditional hybridization, with the use of 4 different fluorophores, can only identify a total 

of 4N barcodes, where N is the total rounds of hybridizations (Figure 3.3A); thus, to identify the 

239 500-kb barcodes in the whole genome Oligopaint library for Drosophila, 59 rounds of 

hybridization would have to be done.  OligoFISSEQ, on the other hand, should be able to 

uniquely identify up to 4N barcodes in N rounds of sequencing and, thus, may be able to 

visualize the entire Drosophila genome in 500 kb segments in only 4 rounds of sequencing 

(Figure 3.3B).  We anticipate that the scalability afforded by OligoFISSEQ will become even 

more attractive in the context of larger genomes, such as those of mammals, including humans 

(~20x more than Drosophila).   
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Figure 3.3  Demonstration of the scalability of OligoFISSEQ vs a traditional labelling approach. 
(A)  Hybridization of one fluorescent probe per Oligopaint, with 4 different fluorophores 
available, will allow discrimination of 4*N spots for N total rounds of hybridization.  (B)  
Simplified example of OligoFISSEQ, in which single bases are identified with one of four 
fluorophores (in actuality, the first dinucleotide of every 5 base window is sequenced with each 
round, see Chapter 3 Materials and Methods).  One round of sequencing is followed by 
cleavage of this fluorophore, then another round of sequencing.  4N spots can be identified for N 
total rounds.  (C)  One traditional hybridization round would label 4 spots at a time, followed by 
bleaching of the signal or removal of the probe (gray circles) before going to the next round.  16 
spot identification would require 4 rounds. (D) One OligoFISSEQ round would sequence all 
spots concurrently, followed by cleavage of the fluorophore, and then sequencing of the next 
base.  16 spot identification would require 2 rounds. (E)  Each spot has a unique color profile 
with OligoFISSEQ. 

 



 

53 
 

Design features of OligoFISSEQ 

While OligoFISSEQ is based on FISSEQ technology, it differs in four key aspects.  First, 

FISSEQ requires amplification of the target in order to generate signal above background (Lee 

et al. 2014)(Figure 3.4A), whereas OligoFISSEQ takes advantage of the tiling of ~100s of 

Oligopaints with the same barcode in order to produce signal above background (Beliveau et al. 

2012, Beliveau et al. 2015) (Figure 3.4B).  Second, while amplification greatly enhances the 

 

Figure 3.4 (A) FISSEQ. RNA is first primed with a random hexamer primer and reverse 
transcribed to produce cDNA, then the cDNA is circularized and amplified, and then sequenced 
by ligation (black bar with red circles) (Lee et al. 2014)  For every cDNA molecule, there are 
potentially >1000 copies (Larsson et al. 2004, Lizardi et al. 1998), leading to >1000 fluorophores 
per molecule per sequencing round.  (B) OligoFISSEQ.  Oligopaints are hybridized to DNA, and 
then sequenced. Only one fluorophore per Oligopaint per sequencing round. (C)  Hierarchical 
barcoding scheme.  In the first round, each 500 kb genomic spot produces one of four 
sequencing colors, in a specific order (green, red, purple, yellow).  In the next round, groups of 
four neighboring 500 kb spots produce the same sequencing color for the identification of 2 Mb 
spots.  This hierarchical barcoding scheme continues for all subsequent rounds.  (D) 
OligoFISSEQ libraries designed so far. 
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detection by FISSEQ of single molecules (≥ 40 nt, Figure 3.4A), it can potentially create foci 

that are ~600 nm in diameter for each molecule (Lee et al. 2014), and thus obscure the actual 

position of the genomic region.  On the other hand, OligoFISSEQ, which uses one sequencing 

fluorophore per single probe (Figure 3.4B), would generate similarly-sized foci with 5-10 kb 

spots (Beliveau et al. 2012, Beliveau et al. 2015), and thus, OligoFISSEQ signal would be more 

representative of structure.  Third, whereas identification by FISSEQ can be skewed by 

amplification errors (Lee et al. 2015), OligoFISSEQ is more robust due to the requirement of 

~100s of Oligopaints to produce the same sequence signal for detection above background.   

Finally, OligoFISSEQ differs from FISSEQ by virtue of our ability to create specific 

barcodes for sequencing.  First, we generated orthogonal barcodes as we did when designing 

the 500 kb and 3 Mb barcodes used for Drosophila and C. elegans. This strategy enabled our 

OligoFISSEQ barcodes to be backwards-compatible with hybridization, permitting follow-up 

experiments involving diffraction-limited or super-resolution FISH (Beliveau et al. 2015, 

Boettiger et al. 2016).  Second, we ensured maximal diversity in barcodes in order to reduce the 

number of sequencing rounds needed to identify the whole genome.  Third, we created a 

labeling scheme that would help disambiguate co-localizing foci.  For example, to address this 

issue with the Drosophila and C. elegans libraries, we designed a hierarchical barcoding 

scheme in which each round of sequencing would produce foci encompassing neighboring foci 

from the previous round (Figure 3.4C).  That is, if the first round of sequencing were to show 

two co-localized 500 kb spots, subsequent rounds would be informative as to whether they 

belonged to the same 2 Mb spot, 8 Mb spot, etc.  This hierarchical scheme would provide more 

positional information than random barcoding, as random barcoding would not relate 

neighboring spots and may require full sequencing to disambiguate co-localized spots.  

We have designed other OligoFISSEQ libraries to assess organization of the human 

genome (Figure 3.4D).  In order to assess inter-chromosomal organization, similar to what we 

(Appendix 5) and others have done (Cremer and Cremer 2010), we have also designed 
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libraries that label regions, 50 kb or 200 kb in size, within and at the ends of chromosomes in 

order to the general location of chromosome territories.  We have also designed an 

OligoFISSEQ library that targets a 500 kb to 1 Mb spot on the q-arm of every chromosome, 

which will allow for karyotyping.  To assess intra-chromosomal interactions, we have designed a 

Chr19 library that labels individual compartments, which are epigenetically similar regions that 

often cluster together in nuclear space (Imakaev et al. 2012, Lieberman-Aiden et al. 2009, Rao 

et al. 2014).   

 

OligoFISSEQ with Metaphase Spreads and Interphase Cells 

As a proof-of-principle experiment, we used the OligoFISSEQ library that targets a 500 

kb to 1 Mb spot on the q-arm of every human chromosome; the use of the metaphase spread 

allowed us to cytologically confirm targeting of q-arms.  Additionally, we hybridized a secondary 

probe to the Oligopaint to serve as an internal control, and looked for co-localization of the 

ligation signal with the control as an indication of sequencing of the probe (Figure 3.5A).  Our 

initial experiment successfully produced ligation signal in the metaphase spread of the MRC-5 

human male lung diploid cell line (Figure 3.5 B-E) providing proof-of-principle evidence for the 

feasibility of OligoFISSEQ.  Importantly, excepting one, no chromosome arm showed more than 

two OligoFISSEQ signals (Figure 3.5D).  While the two signals on the one exceptional 

chromosome may be indicative of non-specificity of ligation by the T4 ligase, we note that this 

ligase has shown specificity at the single-base level at the ligation junction (Shendure et al. 

2005). Thus, we suspect that the co-localization was due to an error in the Oligopaint design 

pipeline, which generated probes to the pseudo-autosomal regions of X and Y, which may have 

caused both probe sets with different barcodes to binding to the same spot. Overall, this proof-

of-principle experiment shows that sequencing of Oligopaints is possible in situ. 

While the metaphase experiment was encouraging, the metaphase preparation protocol, 

which lacks formaldehyde cross-linking, does not accurately preserve genomic architecture 
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(Croft et al. 1999, Eskeland et al. 2010, Takebayashi et al. 2012).  Thus, we focused our efforts 

on developing a protocol for interphase OligoFISSEQ.  Unfortunately, many attempts to 

sequence our different libraries in interphase cells did not yield detectable signal with standard 

FISSEQ conditions (data not shown).  Therefore, we designed optimization experiments to see 

 

 

Figure 3.5  OligoFISSEQ on metaphase spreads.  A library was designed to target a 0.5 – 1 Mb 
spot on the q arm of every chromosome.   (A)  To test OligoFISSEQ, each Oligopaint bound a 
fluorescent probe (green) to serve internal control.  A primer (black arrow) allowed for the 
sequencing of the Oligopaint, either producing a red (B) or purple (C) signal. (D)  Overlay of the 
location of red and purple signal (as red and white boxes, respectively), with the internal control 
signal. Two other signals could not be assessed, because the green signal was used for the 
internal control and the other signal required a microscope filter that was not present at this 
time.  (E)  Merge of all three channels and DAPI. 
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if we could improve OligoFISSEQ in situ (Figure 3.6A).  We used Drosophila S2R+ cells and 

targeted the heterochromatic Drosophila “359” repeat, which spans 11 Mb of chromosome X, 

and attached a Cy3 fluorophore to this probe to serve as an internal control for sequencing 

(Figure 3.6A).  Despite potentially ~30,000 probes hybridizing to the 359 target, ligation of a 

fluorescent probe using standard FISSEQ conditions (Lee et al. 2015) produced qualitatively 

weak signal above background, especially compared to the strong signal coming from the 

primary 359 probe (Figure 3.6B, n = 431).  We identified dextran sulfate (DS), a common 

molecular crowder that promotes hybridization (Wahl et al. 1979, Wetmur 1975), as a potential 

inhibitor of ligation, which is in line with its inhibition of other enzymatic reactions (Bouche 1981, 

Chen et al. 2014).  DS possesses high negative charge and a large polymer structure 

(Supplementary Figure A2-1).  By comparing FISH with a different uncharged crowder, 

polyethylene glycol, we determined that the negative charge was the main characteristic of DS 

required for efficient FISH signal (Supplementary Figure A2-2).  While hydrolysis of the sulfate 

group of DS is possible (Ludwig-Baxter et al. 1991), the several hours-long hydrolysis treatment 

at 80-90oC would lead to the denaturation and loss of the bound FISH probes in situ. 

After having pinpointed DS as the main inhibitor, we were able to develop viable 

solutions to enable in situ ligation.  First, to ameliorate the negative charge of DS, we tested 

whether the addition of Na+ cations could counteract DS since it can exist as a neutralized 

sodium salt.  However, since T4 ligase is inhibited by the addition of NaCl2 (Raae et al. 1975), 

we also switched to T3 ligase, which shows optimal ligation efficiency at 300 mM of Na+ (Cai et 

al. 2004).  Indeed, addition of 300 mM Na+ and the use of T3 ligase allowed visible ligation of 

the fluorescent probes despite hybridization with DS (Figure 3.6C).  Compared to T4 ligase, T3 

ligase produced 1.8±0.1 fold higher ligation signal (Figure 3.6G, n = 445, p < 0.01, T-test).  T3 

ligation, however, did lead to a slight but significant drop in 359 signal (Figure 3.6F, 0.8 ± 0.04 

fold, p < 0.01).  Since DS has been shown to maintain FISH signal after ligation incubation 
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Figure 3.6  Multiple solutions to enable in situ ligation for multiplex labeling by OligoFISSEQ. 
(A)  Proof-of-principle experiment to test ligation in situ.  A primary Oligopaint probe with a Cy3 
fluorophore (red) binds the 359 heterochromatic repeat in S2R+ cells.  A 5’ phosphorylated 
sequencing primer (P) binds the Oligopaint to initiate sequencing of the barcode.  If ligation is 
permitted, a 6-FAM fluorescent probe (green) is ligated to the sequencing primer.  (B) Standard 
FISSEQ conditions of using T4 ligase with dextran sulfate (DS) as the crowding agent for FISH.  
Very weak fluorescent probe signal is seen co-localizing with 359 signal, indicative of poor 
ligation. (C) T3 ligase, with the addition of 300 mM NaCl (final conc.) produces strong ligation 
signal after hybridization with dextran sulfate.  (D) Switching out dextran sulfate with polyacrylic 
acid (PAA) allows for visible ligation signal with T4. (E)  Use of PAA and T3 ligase also 
produces strong ligation signal. Quantification of (F) the average maximum 359 signal per spot 
(G) the average maximum ligation signal co-localizing with the 359 signal, and (H) ratio between 
359 and ligation signal. *, **, and n.s. refer to 0.05 < p < 0.01, p ≤ 0.01, and “not significant”, 
respectively, by Student’s two-tailed T-test.  Errors bars represent the standard deviation. 
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Figure 3.6 (Continued) 
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(Supplementary Figure A2-2), it is possible that the negative charge plays a role in stabilizing 

the probe to the genome, and thus, neutralization of the DS by Na+ may have also resulted in 

some loss of probe.  Nevertheless, T3 ligase does permit more ligation than T4 ligase, as seen 

with the comparison of ligation-to-359 ratios (Figure 3.6H, 2.1±0.1 fold increase, p < 0.01).  

We also tested a different molecular crowder, polyacrylic acid (PAA) (Figure 3.6D,E), 

which has been shown to promote hybridization similarly to DS (Boguslawski and Dereimer 

1986).  We originally hypothesized that the difference in the structure and/or the pKa of the 

carboxyl group of PAA (~4.5 to 5) (Kirby et al. 2004) versus the more acidic sulfonic group on 

DS (pKa < 2) (Sacco and Dellacherie 1986) might allow for an increase in ligation (Kirby et al. 

2004, Sacco and Dellacherie 1986) (Supplementary Figure A2-1).  Although we saw a 2.2 ± 

0.1 fold increase in ligation signal (Figure 3.6G, p < 0.01), the ratio of ligation-to-359 signal only 

increased slightly (Figure 3.6H, 1.2 ± 0.1 fold, p = 0.04), suggesting that the negative charge of 

PAA still inhibits ligation.  Interestingly, we saw a 1.6 ± 0.04 fold increase (Figure 3.6F, n = 526, 

p < 0.01) in the 359 signal, suggesting that PAA improved hybridization efficiency of the primary 

probe, and that the increase in ligation signal was primarily due to more efficient hybridization of 

the 359 probe. 

Finally, we wanted to see if the increased hybridization efficiency of PAA combined with 

the increase ligation efficiency of T3 ligase would lead to an overall increase in ligation signal 

(Figure 3.6E).  While T3 ligation caused a drop in 359 signal with PAA as compared to T4 

(28%), similar to the drop seen with DS and T3 (22%), the 359 signal was still slightly higher 

compared to DS with T4 ligase (Figure 3.6F, 1.16 ± 0.1 fold, p = 0.04, n = 399).  Overall, 

ligation signal was the highest with PAA and T3 ligase treatment, yielding a 2.7 ± 0.2 fold 

increase (p < 0.01) over DS and T4 ligase (Figure 3.6G).  The ratio of ligation-to-359 signal was 

also increased by 2.0 ± 0.04 fold (Figure 3.6H, p < 0.01), similar to the fold increase seen with 

DS and T3 ligase.   
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While additional conditions to increase efficiency and to test specificity have to be 

conducted, we now have several different methods we can optimize.  In summary, we have 

developed multiple different methods to enable ligation for multiplex sequencing and 

identification of genomic regions in situ. 
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Chapter 3 Discussion 
 

In summary, we have designed and implemented whole genome Oligopaints to uncover 

non-random organization at single cell resolution.  We created a cost-effective design that also 

provides the flexibility needed for multiplex labeling at the chromosome and sub-megabase 

scale.  Lastly, we have presented the design of OligoFISSEQ, which is a novel technology that 

will allow scalable identification of sub-megabase spots in parallel across the genome.  While 

implementation of OligoFISSEQ is still being optimized, we have provided promising strategies 

to enable OligoFISSEQ in situ. 

While whole genome labeling by FISH has been done previously (Azofeifa et al. 2000, 

Bolzer et al. 2005, Muller et al. 2002), the reliance on traditional probes has hindered the 

usefulness of more conventional protocols.  Specifically, these studies identified chromosome 

territories by using probes with unique combinations of incorporated fluorescent nucleotides.  

However, overlaps of chromosome territories can confound the classification of chromosomes, 

as overlaps would produce fluorescent combinations in situ that may be identical to a different 

chromosome territory.  Indeed, 18% of chromosome territories were not analyzed due to 

significant intermingling of chromosomes (Bolzer et al. 2005), and as we (Appendix 5) and 

others have seen (Branco and Pombo 2006), overlapping territories is a useful metric in 

describing chromosome behavior.  Furthermore, one of the methods requires two rounds of 

denaturation and hybridization in order to identify all 24 chromosomes (Muller et al. 2002), but 

increasing the number of rounds in order to identify more spots may lead to sample degradation 

due to the high denaturation temperatures required.  In contrast to these methods, our 

unlabeled Oligopaints can be hybridized to the whole genome in one round, and subsequent 

labeling can be done without denaturation.  Also, labeling with bridges allows us to look at any 

chromosome, with any fluorophore and in any order, whereas the other methods require 

hybridization of all probes in order to uniquely identify each chromosome.  In our method, 
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removal of the hybridized fluorescent probe to allow additional labeling of other regions can also 

be done without denaturation, while not demonstrated in this study. 

Hi-C and FISH are orthogonal technologies offering complementary perspectives on 

whole genome organization.  Recent advances in Hi-C can offer 10s of kilobases in resolution 

(Rao et al. 2014), which is currently better than the resolution of whole genome Oligopaints.  On 

the other hand, Oligopaints can provide a contextual understanding of chromosome 

organization that underlies changes in Hi-C interactions; for example, the changes in 

organization observed with Hi-C after the knockdown of Cap-H2 (Li et al. 2015) can in part be 

explained by our finding of the loss of integrity of chromosomal territories (Appendix 5).  

Furthermore, since some studies have used whole tissues for Hi-C to uncover looping and 

compartmentalization patterns (Sexton et al. 2012, Tolhuis et al. 2011), FISH may provide the 

necessary single cell resolution to determine which events occur across all cells and which 

events occur only in certain sub-populations of cells within the same tissue.  More interestingly, 

FISH may be able to use chromatin conformation to identify new cell types and to predict the 

epigenetic state of single cells within a tissue. 

The potential utility of using Oligopaints to assay whole genome conformation is what led 

us to develop OligoFISSEQ.  This emerging technology offers the scalability needed to visualize 

the thousands of TADs in a single cell.  OligoFISSEQ can achieve 4N spot identification with N 

sequencing rounds.  Currently, hybridization is a more proven and robust method for labeling, 

but our development of solutions to overcome the initial incompatibilities between FISH and 

OligoFISSEQ may help us reach the full potential of multiplex labeling by sequencing.  

Furthermore, since we have designed the OligoFISSEQ barcodes to be backwards-compatible 

with hybridization, we can conceivably use one round of hybridization to specifically hybridize 

fluorescent probes to any OligoFISSEQ barcode, which uniquely identifies each target.  This will 

allow us to follow up any observations with single- or multi-color diffraction-limited FISH, or even 
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super-resolution, to dissect the structure of the targeted loci (Beliveau et al. 2015, Boettiger et 

al. 2016). 

Overall, we have not only demonstrated the utility of whole genome Oligopaints at the 

chromosome level, but we are simultaneously developing a platform that will enable the 

observation of whole genome organization as well as the protein-DNA and/or the DNA-DNA 

interactions that occur within a single cell (Appendix 6). 
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Chapter 3 Materials and Methods 

Probe Design 

Oligopaints probe libraries to Drosophila and C. elegans were designed with the same 

parameters as described previously (Beliveau 2014) with modifications.  Briefly, we designed 

probes with 42 bases of homology to each genome by using OligoArray 2.1 (Rouillard et al. 

2003) with the following settings: -n 30 -l 42 -L 42 -D 1000 -t 85 -T 99 -s 70 -x 70 -p 35 -P 80 -m 

"GGGG;CCCC;TTTTT;AAAAA" -g 44 and processing the files with Python scripts that are 

publically available (see http://genetics.med.harvard.edu/oligopaints).  To each probe, we 

attached sequences that serve as hybridization or OligoFISSEQ barcodes, using orthogonal 

sequences generated in-house or by(Xu et al. 2009), which were additionally screened for PCR 

compatibility and specificity by BLAST (Chen et al. 2015).  A subset of these probes were 

synthesized, enough to fit in two 90K oligo pools by CustomArray (Bothell, WA) and evenly 

spaced across each genome (details of the library are in Supplementary Table A2.1). 

   

PCR primers, bridges, and secondary oligos 

PCR primers, bridge oligos, unlabeled 359 satellite probe oligo, and padlock probe were 

purchased from IDT and purified by IDT using standard desalting (Coralville, IA).  Fluorophore-

labeled secondary probes, fluorescent sequencing probe, and OligoFISSEQ 5’ phosphorylated 

primers were purchased from IDT and purified by IDT using HPLC.  Sequences for the primers 

to amplify the libraries are listed in Supplementary Table A2.2, and the bridge oligos, 359 

probe, padlock probe, and fluorescent probe are listed in Supplementary Table A2.3. 

Probe Production 

Probes were produced similarly to the MERFISH protocol (Chen et al. 2015) with 

modifications.  Briefly, limited-cycle PCR was performed with a primer containing the T7 

promoter.  We conducted an additional, 35 cycle PCR to generate more PCR product.  PCR 

product was column purified (Zymo Irvine, CA; D4003), transcribed by in vitro T7 transcription 
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for at least 16 hrs (NEB, Ipswich, MA; E2040S), then reverse transcribed with Maxima H- 

reverse transcriptase (Thermo Scientific, Waltham, MA; EP0751).  Alkaline hydrolysis was 

performed as described (Chen et al. 2015), and probe was purified (Zymo; D4030).   

 

Cell culture, Slide Preparation and FISH Hybridization  

S2R+ cells were cultured and prepared for FISH as described previously (Beliveau et al. 

2015).  Briefly, 200 ul of a 1 to 2x106 cells/ml solution was placed on a poly-L-lysine coated slide 

and allowed to adhere at culture conditions for at least 1 hour.  Slides were then washed in 1x 

PBS, fixed for 10 min with 1xPBS + 4% paraformaldehyde, then stored in 1x PBS at 4oC.  For 

FISH, slides were washed in 2xSSCT, then pre-denatured at in 2xSSCT + 50% formamide at 

92oC for 2.5 min, then incubated in 2x SSCT + 50% formamide at 60oC for 20 min.  Slides were 

then mounted with a 25 ul hybridization mixture containing 2x SSCT, 50% formamide, 10% 

(w/v) dextran sulfate, 10 mg of RNase A, and ≥100 pmol of Oligopaint probe per chromosome 

probe.  Hybridization mixture was dropped onto the slide and sealed with a 22x22 mm #1.5 

coverslip using rubber cement, and then denatured on a heat block at 92oC for 2.5 min.  Slides 

were then incubated overnight at 37oC in a dry oven.  Slides were then washed in 2x SSCT for 

15 min at 60oC and twice at room temperature for 10 min each. 

To label the Oligopaints, serial hybridizations were done with the bridge and fluorescent 

secondary oligos.  First, bridge oligos were mounted onto the slide using a similar hybridization 

mixture to the one above, but with 50 pmol of bridge oligo per target.  Slides were then 

incubated for 30 min at 37oC.  Post-hybridization washes were done as above, and then another 

hybridization was set up with 50 pmol of secondary fluorescent oligos per target.  Slides were 

once again incubated for 30 min at 37oC, then washed as above, and then washed one more 

time for 10 min with 0.2xSSC.  Slides were then mounted in SlowFade Gold + DAPI (Invitrogen, 

Carlsbad, CA; S36938). 

OligoFISSEQ conditions  
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For sequencing of 359 probes, sequencing primers were co-incubated with 359 during 

the overnight hybridization, either with 10% (w/v) dextran sulfate or 10% (w/v) polyacrylic acid 

(Sigma, St.Louis, MO; 420344) as the crowder.  Washing was done as above, followed by two 

washes in either 1x T3 or T4 buffer (Enzymatics, Beverly, MA; L6010L or L6030-HC-L, 

respectively).  A ligation mix was the prepared, consisting of 100 ul total of 1x ligase buffer, 

3,000 U of ligase, and 50 pmol of fluorescent sequencing probe.  300 mM NaCl was added if T3 

ligase was used.  Ligation mix was added to the slide and sealed with hybridization chambers 

(EMS, Hatfield, PA ;70328-51), and incubated at room temperature for 1 hour.  Slides were then 

washed twice in 2x SSCT for 10 min, followed by a wash in 0.2x SSC for 5 min.  Slides were 

mounted as above.     

Widefield microscopy, image processing, and measurements  

Slides were imaged using an Olympus IX-83 widefield epifluorescent microscope using a 

60X oil NA 1.42 lens and an Olympus XM-10 camera.  Images were analyzed using Olympus 

CellSens software, including the saturation indication for RCA analysis.  Measurements for 

chromosome analysis were conducted with TANGO software (Ollion et al. 2013), using global 

calibration based on our camera settings, and using the pre-programmed processing chains for 

“nucleus” and “nucleoli” for the nucleus and chromosomes, respectively. 



 

 
 

Chapter 4: 

Conclusion 
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Here we have presented two different strategies to study chromatin regulation and 

organization.  Our first method utilizes classical genetics to study the PRC1 chromatin protein 

Su(z)2, as we were interested in how Su(z)2 and its homologs coordinate their multiple protein 

interactions to facilitate proper chromatin regulation.  With a specific focus on the N-terminal 

homology region (HR) of Su(z)2 and the domains housed within it, we generated new alleles 

which revealed that the core function of Su(z)2 resided in the HR, not the C-terminal region 

(CTR) as previous assumed.  Furthermore, we discovered a cascade of regulation between the 

CTR and HR which may affect how protein interactions occur on the HR interface.  In our 

second method, we have adapted Oligopaints for the assessment of whole genome 

organization.  In order to demonstrate its utility, we created whole genome libraries for C. 

elegans and Drosophila, developed new labeling strategies, and analyzed chromosome 

organization.  We have started developed a new technology, OligoFISSEQ, which has the 

potential to prove a whole genome profile of chromatin organization by identifying all sub-

megabase genomic regions simultaneously in single cells.   

Now, we would like to present some future studies based on the findings we have made 

thus far, and also discuss how these two strategies may be combined to provide even more 

insights into chromatin regulation and organization. 

 

Molecular characterization of Su(z)2 and its interactions 

We predict that the phenotypic classification of the Su(z)2 alleles will reflect differences 

in protein interactions.  Indeed, the HR of Psc is necessary and sufficient for interactions with 

core PRC1 proteins in vitro (Francis et al. 2004, King et al. 2005), and specific domains of the 

HR show varying affinities for different core proteins, as assayed by yeast-2-hybrid analysis 

(Kyba and Brock 1998).  Presently, though, there is a lack of analyses focused on how the 

different domains within the HR contribute to protein interactions in vivo.  What has been shown 
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is that the removal of the UL domain of the Su(z)2 homolog PCGF4, in conjunction with the 

removal of the UL domain of Ring1b, leads to depletion of several PRC1 interactions, as 

assayed by mass spectrometry (Blackledge et al. 2014) (Figure 4.1A).  Interestingly, the 

removal of these domains released the ubiquitination activity of the Bmi1-Ring1b dimer in vivo, 

suggesting that the depleted UL interactions may normally inhibit ubiquitination (Blackledge et 

al. 2014) (Figure 4.1B).  This inhibition is in line with our observation of the UL inhibiting the 

activity of the RF-CP domains (Chapter 2).  By using a similar assay, we can specifically focus 

  

Figure 4.1  Example of possible future molecular experiments for Su(z)2.  All figures are from 
(Blackledge et al. 2014), in which TetR-fused PcG proteins were tethered to a TetO reporter.  
(A)  Mass spectrometry analysis.  Immunoprecipitation of PCGF4 pulls down both canonical 
and noncanonical PRC1 proteins as expected.  Immunoprecipitation of RPCD, which a fusion of 
PCGF4 and RING1B lacking their UL domains, only pulls down non-canonical protein RYBP.  
Mass spectrometry of Su(z)21 variants (Chapter 2) may reveal contributions of different 
domains to the protein interactions of Su(z)2.  (B)  ChIP analysis at the TetO reporter showing 
that H2AK119ub1 is absent with wild-type PCGF4 but (C) is present with the RPCD construct, 
showing a functional consequence of the mutations of PCGF4 and RING1B.  All figures were 
reproduced and adapted from (Blackledge et al. 2014) with permission.  
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on the HR of Su(z)2 and assess how the domains and residues identified by our analyses may 

contribute to the specific protein interactions and the subsequent PRC1 activities of 

ubiquitination, compaction, or other functions (Figure 4.1).  Indeed, we have already conducted 

a preliminary study on the effects of representative Su(z)2 alleles on the nuclear localization of 

Polycomb in cell culture (Appendix 4), and found differential effects of the domains of Su(z)2 on 

Polycomb localization.   

Once we identify the specific proteins that interact with the individual domains of Su(z)2, 

we can conduct structural analyses to understand how certain HR residues coordinate 

molecular interactions.  For instance, the crystal structures of the RF of PCGF4 (McGinty et al. 

2014, Taherbhoy et al. 2015) and the UL of PCGF1 (Junco et al. 2013) have helped identify the 

key residues that mediate ubiquitination activity and specific binding interfaces, respectively.  

Interestingly, while the Class I mutations, which lie in different parts of the UL domain, are 

phenotypically similar with our viability assays, they do differ with respect to other Su(z)2 

phenotypes (Appendix 3), suggesting that potential sub-domains within the UL domain may 

contribute to the same interactions in some contexts but not others.  With the identification of 

specific protein partners, we can try to crystalize specific interactions (Bezsonova et al. 2009, 

Junco et al. 2013, McGinty et al. 2014, Taherbhoy et al. 2015, Wang et al. 2010).  Surprisingly, 

all crystallography analyses with PCGF4 have not included the UL domain (Buchwald et al. 

2006, McGinty et al. 2014, Taherbhoy et al. 2015), possibly due to some inherent instability of 

the domain in vitro (Junco et al. 2013).  While we can alternatively test interactions by two 

hybrid systems (Junco et al. 2013, Kyba and Brock 1998, Wang et al. 2010) or 

immunoprecipitation assays (King et al. 2005), we may find that some of the mutations may 

stabilize interactions to allow for crystallization (Armache et al. 2011) and subsequent analyses. 
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Whole genome analysis of Polycomb organization and function 

The coalescence of Polycomb-bound sites into visible nuclear foci called “Polycomb (Pc) 

bodies” has been well documented (Aloia et al. 2013, Cheutin and Cavalli 2012, Gonzalez et al. 

2014, Lanzuolo et al. 2007) and regions that co-localize with these bodies are in enriched for 

contacts as assayed by chromosome conformation capture analyses (Bantignies et al. 2011, 

Lanzuolo et al. 2007, Sexton et al. 2012)(Figure 1.4).  However, these immunofluorescence 

and FISH experiments have been restricted to specific loci, such as the Bithorax Hox cluster, 

due to the lack of scalability of these assays.  By using our whole genome Oligopaints, and by 

scalable labeling with OligoFISSEQ (Chapter 3), we can begin to assay which Pc-bound 

regions participate in Pc bodies.  Likewise, we can use the same technologies to assay 

compaction in situ, as demonstrated in other studies (Endoh et al. 2012, Eskeland et al. 2010).  

By using these nuclear phenotypes to categorize loci, we may learn how PcG targets 

may be differentially regulated in vivo, as has been observed with select loci showing 

differences in sensitivity to knockdowns or mutations of specific PcG proteins (Endoh et al. 

2012, Eskeland et al. 2010, Gutierrez et al. 2012, Lagarou et al. 2008).  In the same vein of 

these other studies, we may find that the nuclear phenotypes of the different classes of Su(z)2 

mutations (Chapter 2) may parallel the different classes of PcG targets, thus providing an 

understanding of how specific interactions between PRC1 subunits may contribute to the 

silencing of different PcG targets.  Also, if some of these phenotypes are concordant within a 

single cell (ie. increased compaction when loci are in Pc bodies), we may be able to derive 

stronger correlations that would otherwise be hard to detect or even lost in ensemble analyses.  

This may be especially important if the dynamic nature of Pc binding (Ficz et al. 2005, Fonseca 

et al. 2012) leads to transient but biologically significant chromosome organizational changes. 
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An integrated analysis pipeline for assessment of whole genome organization 

We envision whole genome Oligopaints, and OligoFISSEQ in particular, as part of a new 

pipeline of analyses to study chromatin organization.  First, Hi-C and other 3C technologies can 

be used to detail global TAD organization and strong interaction pairs across a population of 

cells (Rao et al. 2014, Sexton et al. 2012) (Figure 4.2A).  Then, whole genome Oligopaints can 

be used to understand the context in which these interactions occur in single cells, by assessing 

chromosome orientation, chromatin compartmentalization, mutual exclusivity or concordance 

with other interactions, and other cytological phenotypes (Figure 4.2B,C).  If these Hi-C results 

were derived from a heterogenous population of cells, Oligopaint analysis may help identify 

which cell types are responsible for the enrichment of interactions.  Finally, these same 

Oligopaints are compatible with super-resolution technologies (Beliveau et al. 2015, Boettiger et 

al. 2016, Wani et al. 2016) (Figure 4.2D), allowing us to zoom in on specific interactions and to 

characterize their ultra-structure, which may not be apparent with normal diffraction-limited 

microscopy.  Thus, using these methods in combination will help address the deficiencies of 

each method (scalability, resolution, etc.) while maximizing their unique contributions to 

elucidating whole genome organization.  
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Figure 4.2  Potential pipeline of experiments to assess whole genome organization.  (A), (B), 
and (C) are from (Lin et al. 2012) showing differences in nuclear organization during 
differentiation of pre-pro-B cells to pro-B cells.  In this pipeline, Hi-C analysis will be used to 
reveal differences in compartmentalization, as seen in (A) between the two cell types at the 
Ebf1 locus (yellow box) on chromosome 11.  The Ebf1 locus shows increased longer-range 
interactions after differentiation (red shading). OligoFISSEQ will be used to confirm these 
interaction profiles, as exemplified in (B) with the confirmation by FISH of interactions between 
Ebf1 locus and either the inactive domain or active domain in pre-pro-B cells and pro-B cells, 
respectively.  OligoFISSEQ may also be used to discover new interactions, especially in 
complex tissues in which cell types cannot be separated for analysis by Hi-C.  (C)  Cumulative 
distribution of distances between the FISH loci, showing a switch in interaction preferences after 
differentiation.  Super-resolution microscopy with the OligoFISSEQ probes can be used to detail 
the structural differences of these loci, as exemplified in (D) from (Boettiger et al. 2016), which 
shows overlap differences between loci of different epigenetic states, and also after knockdown 
of PcG subunit Ph.  All figures were reproduced with permission 
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Supplementary Table A1.1 Average viabilities of individual Su(z)21 derivatives when heterozygous with other Su(z)2 

alleles.  Derivatives are grouped according to their class.  Results when the Su(z)2 allele is inherited from the mother (♀) 

or father (♂). 

 

  

s84 h29 e26 s20 s21 s36 

  

♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ 

ctrl 
Df 0.0 0.0 0.0 0.0 57.7 45.9 112.7 118.8 84.2 96.3 95.3 91.4 

2^1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.1 4.9 0.0 0.0 

I 
C165Y 4.1 5.3 11.1 12.2 77.2 82.3 114.3 68.8 120.0 92.5 78.4 97.6 

R228G 11.0 20.4 55.5 43.2 103.0 103.0 79.5 77.8 0.0 57.6 99.2 87.2 

II 

Q105*1 0.0 0.0 0.0 0.0 45.8 88.5 78.0 45.9 118.0 97.6 104.3 88.3 

Q105*2 0.0 0.0 0.0 0.0 68.0 104.8 79.2 59.4 86.8 109.1 76.9 93.7 

Q151* 2.3 1.6 1.4 0.0 64.0 78.9 75.7 84.0 103.7 130.6 104.9 104.6 

III 

D49N 0.0 0.0 0.0 0.0 0.0 0.0 87.6 68.5 94.0 96.2 86.1 87.2 

I60V 0.0 1.4 0.0 0.0 0.0 0.0 59.7 81.6 101.6 83.8 56.0 76.5 

R93Q 0.0 0.0 0.5 0.8 0.0 2.4 77.5 95.0 88.7 101.0 94.6 80.9 

I96N 0.0 0.0 0.0 0.0 19.9 25.9 114.6 65.2 112.2 110.8 93.8 82.6 

S141F 0.0 0.0 0.0 0.0 7.1 5.0 75.0 97.5 85.7 92.5 83.3 105.5 

C214Y 0.0 0.0 0.0 2.1 1.7 1.8 100.0 65.2 106.2 107.4 94.1 92.9 

R93* 0.0 0.0 0.0 0.0 1.9 5.0 93.6 109.4 119.6 106.2 99.4 79.8 
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Supplementary Table A1.2 PCR and sequencing primers for Su(z)2. 

 

Sequence (5'  3') Strand Purpose 

TTGTGTGCTGGCTGTTGGTTCTCA Plus 
PCR amplification of Su(z)2 

gene 

TGCGAACTGATCTCCGCGTGC Minus 
PCR amplification of Su(z)2 

gene 

GTCACTTGTTGAGCGAGCAC Plus Sequencing of Su(z)2 

GCTTAAGAACTACCAGAAGCTGTG Minus Sequencing of Su(z)2 

CAATATTGACTGCCCAAGTTAG Plus Sequencing of Su(z)2 

TGTACTTGGAGCAGAGGAACC Minus Sequencing of Su(z)2 

AGCTGGCAGATTTCAAGGAG Plus Sequencing of Su(z)2 

TGACCGCAGAATCAAGTGAG Minus Sequencing of Su(z)2 
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Supplementary Figure A2-1 Structure of the molecular crowders, which become anionic in 
hybridization solution. (A) Dextran sulfate, which is composed of sulfonic groups. (B) Polyacrylic 
acid, which is composed of carboxylic groups.  
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Supplementary Figure A2-2  Dextran sulfate is required for FISH and the preservation of 
signal after ligation.  A 2.1 Mb region of 19q1 was probed, and IMR-90 diploid human fibroblast 
cell line were used.  Probe design is similar to Figure 3.6 with the Oligopaint directly labeled 
(purple).   Oligopaint FISH signal, DAPI (blue) and ligation signal (green) are shown merged.  
(A)  Dextran sulfate produces FISH signal (purple), and maintains signal after incubation with 
ligase, but no ligation signal is seen.  Note that before and after ligation images are different 
fields of cells.  (B)  PEG8000, an uncharged molecular crowder, produces inefficient and 
abnormal FISH signal and high background.  After incubation with ligase, ligation signal is seen 
co-localized with the Oligopaint signal (yellow), but high background persists after ligation.  (C)  
When PEG8000 is used in combination with salmon sperm DNA, cleaner FISH signals are 
produced, but ligation incubation leads to loss of FISH signal and high background.  Salmon 
sperm DNA and dextran sulfate are both negatively charged, suggesting that FISH requires high 
negative charge for efficient hybridization. 
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Supplementary Table A2.1 Specifications for the Drosophila (dm3 build) and C. elegans (ce10 
build) libraries.  Full and reduced probe counts and density are given for each chromosome and 
for each genome. 

Genome 
Build 

chr 
first 

coordinate 
last 

coordinate 
span (kb) 

# of oligos 
(full) 

probes/kb 
(full) 

# of oligos 
(reduced) 

probes/kb 
(reduced) 

dm3 

X 8603 22348002 2.23E+04 246,364 11.03 30508 1.37 

2L 5824 22767457 2.28E+04 266,128 11.69 27578 1.21 

2R 16362 20999406 2.10E+04 250,506 11.94 26795 1.28 

3L 21054 24399634 2.44E+04 279,167 11.45 36620 1.50 

3R 321 27799510 2.78E+04 343,581 12.36 46531 1.67 

4 2013 1199625 1.20E+03 10,065 8.40 1533 1.28 

    
1,395,811 11.15 169565 1.39 

ce10 

I 512 14999984 1.50E+04 125,863 8.39 25174 1.68 

II 163 15199262 1.52E+04 136,793 9.00 27360 1.80 

III 123 13599784 1.36E+04 133,977 9.85 22796 1.68 

IV 655 17399857 1.74E+04 137,270 7.89 27454 1.58 

V 414 20699907 2.07E+04 177,948 8.60 35590 1.72 

X 595 17599761 1.76E+04 161,095 9.15 32220 1.83 

    
872,946 8.81 170594 1.71 
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Supplementary Table A2.2 Primer sequences for library amplification.  T7 promoter sequence 
(TAATACGACTCACTATAGGG) was added to the 5’ end of the reverse primers.  ce10 library 
was spread across two sets with different primer pairs. 

genome chr forward (5' -> 3') reverse (5' -> 3') 

dm3 X ACAACGCGCTCGTGTACAACG AACATCCGGGTCGCGGTTAAC 

dm3 2L ACGGACGGCGGTAAATCGATC AGGGCTCGATCACGGAACATC 

dm3 2R ATGCGTTCGGTCTCCGTCAAC AATCGCGACGTGTGATGGAAC 

dm3 3L ATTTGTCGACCCGAGTCGAAC AACCGGTCGGGATTCCGTAAC 

dm3 3R AACATACGCCTCGGGTTGGAC AGTGTCGCGTCGGCCAGAAAC 

dm3 4 ACCCGATACGTCGTGGGATTC ACTCGGCGTCTTCCGACGATG 

ce10 

(1st set) 
I ATGCGTTCGGTCTCCGTCAAC AATCGCGACGTGTGATGGAAC 

ce10 

(1st set) 
II ATTTGTCGACCCGAGTCGAAC AACCGGTCGGGATTCCGTAAC 

ce10 

(1st set) 
III AACATACGCCTCGGGTTGGAC AGTGTCGCGTCGGCCAGAAAC 

ce10 

(1st set) 
IV ACACGGCGGAGGGATAAGTTG ATCGGCCCTTATCGGTAGCAG 

ce10 

(1st set) 
V ACCCGATACGTCGTGGGATTC ACTCGGCGTCTTCCGACGATG 

ce10 

(1st set) 
X ATCCGTTAGGGCGCAAAGGTG ATGGTTCGGATTGCGAGACTC 

ce10 

(2nd set) 
I CAACGCGCTCGTGTACAACG ACATCCGGGTCGCGGTTAAC 

ce10 

(2nd set) 
II CGGACGGCGGTAAATCGATC GGGCTCGATCACGGAACATC 

ce10 

(2nd set) 
III CCGGGTCCCGTACATTTGCC TGGTAACGCAACGGATCTCG 

ce10 

(2nd set) 
IV CATTCGCGCACGCTAATGTC AGCGGCGTTCGACACCTTTG 

ce10 

(2nd set) 
V GAGGGCGGTGCGGTACTAAG CCGTCAGGTCGACGCTACAC 

ce10 

(2nd set) 
X AGGAGCGTCCGCACCGAATG CATTGGGTGCGATGACGAAC 

 

  



 

98 
 

Supplementary Table A2.3 Oligos used for labeling, OligoFISSEQ, and RCA. Position and 
identity of fluorophores presented using Integrated DNA Technologies modification codes.  
Bridges have homology to primary oligo (under “ID”) and the fluorescent secondary oligo (under 
“Notes”).  Sequence in lowercase represented additional orthogonal sequence that prevents 
quenching if fluorophore is present on both the primary and the secondary probes. 

Type ID Sequence (5' -> 3') Notes 

bridge X 
CGTTGTACACGAGCGCGTTGTCACCGACGT
CGCATAGAACGGAAGAGCGTGTG 

Secondary 1 

bridge X 
CGTTGTACACGAGCGCGTTGTCACACGCTC
TCCGTCTTGGCCGTGGTCGATCA 

Secondary 6 

bridge 2L 
GATCGATTTACCGCCGTCCGTTAGCGCAGG
AGGTCCACGACGTGCAAGGGTGT 

Secondary 1 

bridge 2L 
GATCGATTTACCGCCGTCCGTCACACGCTC
TCCGTCTTGGCCGTGGTCGATCA 

Secondary 6 

bridge 2R 
GTTGACGGAGACCGAACGCATCACACGCTC
TCCGTCTTGGCCGTGGTCGATCA 

Secondary 6 

bridge 3L 
ACTCGGGTCGACAAATTGACTCACCGACGT
CGCATAGAACGGAAGAGCGTGTG 

Secondary 1 

bridge 3R 
ACCCGAGGCGTATGTTTGACTTAGCGCAGG
AGGTCCACGACGTGCAAGGGTGT 

Secondary 5 

Secondary 1 
/5Alex488N/CACACGCTCTTCCGTTCTATGCG
ACGTCGGTGagatgttt/3AlexF488N/  

Secondary 5 
/5Atto565N/ACACCCTTGCACGTCGTGGACCT
CCTGCGCTAagatgttt/3Atto565N/  

Secondary 6 
/5Alex647N/TGATCGACCACGGCCAAGACGG
AGAGCGTGTGagatgttt/3AlexF647N/  

OligoFISSEQ 359 probe 
/5Cy3/TAGCGCAGGAGGTCCACGACGTGCAA
GGGTGTGGGATCGTTAGCACTGGTAATTAG
CTGCGAGCAGTCACAGTCCAGAAGG  

OligoFISSEQ primer /5Phos/CGTGGACCTCCTGCGCTA 
 

OligoFISSEQ 
fluorescent  

probe 
/56-FAM/YYGCACGY 

 

RCA 359 probe 
/5Cy3/GGGATCGTTAGCACTGGTAATTAGCT
GCGAGCAGTCACAGTCCAGAAGGTAGCGCA
GGAGGTCCACGACGTGCAAGGGTGT  

RCA padlock 
CCTCCTGCGCTACCTTCTGGCACACGCTCTT
CCGTTCTATGCGACGTCGGTGACACCCTTG
CACGTCGTGGA  
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Appendix 3: 

 Assessing the impact of the intramolecular regulation of Su(z)2 on other functions
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We wanted to explore how the intricate regulation of Su(z)2 may serve as the platform 

for managing other functions, especially since its domains are implicated in interactions with 

other proteins (Buchwald et al. 2006, Kyba and Brock 1998, Lo et al. 2009, Sanchez-Pulido et 

al. 2008).  Specifically, I sought to uncover potential regulatory programs governed by Su(z)2 

that may be similar to or differ from the pathway described in Chapter 2: 

 

Lethality with Psc   

Su(z)21 is lethal with several alleles of Psc (Wu and Howe 1995), and I have assessed 

how the Su(z)21 derivatives affect this lethality.  Strong reversion of lethality with Psc1 is seen 

with Su(z)21 derivatives encoding UL and CP mutations, but not with RF mutations D49N and 

I60V (Figure A3.1A).  This suggests that Su(z)2 and Psc share interactions involving the UL 

and CP domains which are responsible for the lethality seen in the Su(z)21/Psc1 double 

mutants.  All of the Su(z)21 derivatives tested show strong reversion with with Psch27, which acts 

effectively as a null, suggesting that all domains contribute to lethality between Su(z)21 and 

essentially half the dosage of Psc. 

 

Suppression of zeste1 

zeste (z) is a transcription factor that interacts with Polycomb proteins (Chen and Pirrotta 1993, 

Dejardin and Cavalli 2004), and the eye color phenotype of z1 is strongly suppressed by Su(z)21 

(Figure A3.2).  Analysis of the suppression of z1 by the Su(z)21 derivatives has revealed several 

key observations regarding Su(z)2 function.  First, zeste suppression is dependent on the UL 

domain (Figure A3.2), the importance of which had also been solidified in Chapter 2.  

Furthermore, R228G mutation is the only point mutation that can sufficiently revert the zeste 
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Figure A3.1  Comparison of Su(z)21 derivatives with different gain-of-function phenotypes.  (A) 
Alleles are ordered according to classification of viability with Su(z)2 alleles (see manuscript for 
details).  In brief, Class I shows CTR-independent viability with s84 and h29, and both Class I 
and II alleles show strong reversion of Su(z)21 lethality with e26.  Red shading refers to either 
having a similar phenotype to Su(z)21 and/or being similar to Df (where applicable), whereas 
green shading refers to the reversion of phenotype. (B) Most alleles show concordance across 
phenotypes, except for R93* and C165Y, showing at how different residues that may be 
classified together in one assay may have different contributions to other functions. 
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Figure A3.1 (Continued) 
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Figure A3.2  Suppression of zeste1 is sufficiently disrupted by the loss of the UL domain and/or R228.  (A) Allelic series of 
Su(z)21 derivatives, highlighting the structural similarity between those alleles that disrupt suppression of zeste1.  (B) 
zeste1 eye color (“wild type” denoting a wild-type Su(z)2 allele) is suppressed by Su(z)21, producing a red eye color.  
Su(z)21 derivatives can be categorized by either having lost (C) or maintain (D) the R228 residue, corresponding with the 
lost or maintenance of the suppression of zeste1, respectively.  
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phenotype, suggesting that there may be a subdomain within the UL domain responsible for 

zeste interaction.   

Surprisingly, there are two mutations whose zeste phenotypes deviate from their 

classification in Chapter 2: R93* and C165Y, which alter the CP and the UL domain 

respectively.  While loss of the CP domain by R93* maintained the lethal phenotype of Su(z)21, 

it is no longer sufficient for the zeste suppression, unlike mutations with the same Su(z)2 

lethality phenotype.  A similar pattern is seen with C165Y, which reverts the lethal phenotype of 

Su(z)21 but maintains the zeste suppression.  These differences support the model that Su(z)2 

may facilitate at least two different programs, where residues within the same domain or have 

similar phenotypes in one program may have distinct contributions to other programs. 

 

Enhancement of bristle loss 

Bristle loss by the vg62 and vgD allele serves as another readout for Su(z)2 function (Sharp et al. 

1994, Wu and Howe 1995), as Su(z)21 displayed enhanced loss in this background (Figure 

A3.3).  Interestingly, the observed contribution of Su(z)2 domain function to the enhanced bristle 

loss mirrors that of zeste1 suppression; mainly, loss of the UL domains and/or disruption of 

R228 is sufficient for reversion of this phenotype, whereas the R93* and C165Y mutations show 

opposing contributions (Figure A3.1B).  This further supports the notion that Su(z)2 is capable 

of facilitating different functions, attesting to the versatility of the HR to integrate various 

interactions through the combinatorial interactions of its domains.  
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Figure A3.3  Enhancement of bristle loss by vg mutations is dependent on the UL domain.  
Su(z)21 derivatives form the same groups for both zeste suppression and enhancement 
of bristle loss.  vg62 produces minor bristle loss, primarily macrochaetae (large bristles at 
the bottom of the back) (A) , whereas vgD produces loss of both macro- and 
microchatae (small bristles arranged aligned vertically on the center of the back) (D).  
Su(z)21 greatly enhances this bristle loss. Su(z)21 derivatives can be structurally 
categorized by loss or presence of the R228 residue and the loss (B, E) or maintenance 
(C,F) of enhanced bristle loss seen with Su(z)21.  “N/A” means the image is pending.



 

 
 

Appendix 4: 

Polycomb nuclear organization is altered by Su(z)2 variants 
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Because wild-type Su(z)2 has been shown to interact with Pc (Kang et al. 2015, Lo et al. 

2009, Strubbe et al. 2011, Wani et al. 2016), I wanted to see if Pc function was altered by 

Su(z)2 mutations.  Here, I present preliminary studies focusing on “Polycomb bodies” which are 

composed of PcG targets that are bound by Pc and are in close proximity (Cheutin and Cavalli, 

2012; Pirrotta and Li, 2012).  The formation of these Pc bodies seems to be a regulated 

process, as factors that affect the post-translational modification (in particular, SUMOlyation) of 

Pc lead to changes in Pc body morphology (Gonzalez et al. 2014).  This higher order 

organization is believed to play a role in the regulation of gene silencing (Lanzuolo et al., 2007).  

Thus, analysis of Pc body morphology may provide an opportunity to assess the impact of 

different Su(z)2 variants on Pc function. 

 

Su(z)21 causes derepression of PcG targets   

Here, I used the stable cell lines of 3xFLAG Su(z)21 (Figure A4.1A) to see if 

derepression correlates with the differences in in vivo lethality (Chapter 2).  Using the 3xFLAG 

stable cell lines, I observed that induction of Su(z)21 shows derepression of the Bithorax Hox 

genes, which are canonical PcG targets.  Abd-B showed 6.7 fold derepression with Su(z)21 

induction, which was slightly significant (p = 0.03, T-test), while there was significant 

derepression of abd-A and Ubx at 19.5 fold and 7.7 fold, respectively, compared to control (p 

<0.009, T-test) (Figure A4.1B).  The cells stably expressing wild-type Su(z)2 construct also did 

not lead to significant derepression of any of the Bithorax Hox genes.  The severity of 

derepression of multiple genes by Su(z)21 suggests that it may be a driving factor for lethality in 

vivo. 

Polycomb nuclear organization is altered by Su(z)2 mutations 

I have continued to investigate the role of Su(z)2 in the localization of Polycomb (Pc), 

another PcG protein.  Pc is known to form “Pc bodies”, and genes that are silenced by the PcG 
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Figure A4.1  Loss of the CTR of Su(z)2 is paradoxically correlated with gene derepression and 
Pc body localization. (A) cDNA constructs that were stably integrated in Drosophila S2 cells 
under an inducible promoter. (B) Derepression of Bithorax (BX-C) Hox genes Abd-B, abd-A, 
and Ubx by Su(z)21 construct.  Despite this derepression, (C) BX-C genes were found to still co-
localize in Pc bodies, which is usually correlated with gene silencing.  (D)  Example of BX-C 
(white) co-localizing with a Pc body (red), with the white arrow indicating the position.  Su(z)21 
also produces a nuclear body. 
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proteins are known to co-localize within these bodies (Lanzuolo et al. 2007, Pirrotta and Li 

2012) (Fig. 2).   Over the course of differentiation, PcG targets that become transcriptionally 

active are no longer found within the Pc bodies (Lanzuolo et al., 2007) (Figure A4.2).  

Surprisingly, the expression of Su(z)21, which lacks a CTR,  causes Pc bodies to remain co-

localized with the Bithorax Hox cluster (Figure A4.1B).  In addition, Su(z)21 induction causes 

morphological changes in these Pc bodies, which were further investigated below.   

Su(z)21 expression causes large and more intense Pc body formation 

 
Figure A4.2  Over the course of differentiation, genes in the Bithorax Hox cluster (abd-A, Abd-

B, and Ubx) that become active are localized outside of Pc bodies (ex. bottom left, Abd-B).  

However, induction of mutant Su(z)2 maintains Pc body formation over these genes despite 

their derepression and active transcription (bottom right, all genes).  It is hypothesized that the 

CTR may help maintain proper Pc body localization. 
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While cell lines expressing 3xFLAG-Su(z)21 still form Pc bodies, these bodies are visibly 

larger than those within cells expressing 3xFLAG wild-type Su(z)2 (Figure A4.3A).  I have been 

using CellProfiler software to measure various aspects of Pc body morphology and plotting the 

cumulative distribution, measuring Pc bodies in at least 700 nuclei across 3 replicates for each 

cell type (Figure A4.3B).   

Surprisingly, expression of wild-type Su(z)2 causes smaller Pc bodies to form 

(Kolmogorov-Smirnov test, p < 4x10-10).  Su(z)21 expression, on the other hand, significantly 

 
Figure A4.3  Su(z)2 variants change Pc body formation and morphology. (A) Pc bodies are 

visible larger and more intense with Su(z)21 expression. (B) An empirical cumulative distribution 

of Pc body size is displayed per genotype (n > 700 for each, 3 replicates). (C) Distribution of Pc 

body intensity. (D) The Su(z)21 variants revert the changes in Pc body formation to different 

degrees. (E) A zoomed-in look at the distribution of Pc body size and (F) intensity.  The 

horizontal line is drawn from the 50% mark (the median) to distribution curve of each genotype. 
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increase Pc body size compared to that of wild-type Su(z)2 expressing cells and untransfected 

cells (p< 2x10-16 for both comparisons) (Figure A4.3B).  With the software, I was also able to 

quantitate the brightness of the Pc bodies.  While cells expressing wildtype Su(z)2 do show a 

slight increase in brighter and more intense Pc bodies compared to untransfected cells, Su(z)21-

expressing cells have brighter Pc bodies compared to cells that are untransfected or expressing 

wild-type Su(z)2 (p < 2x10-16 for both) (Figure A4.3C).  Overall, these cells seem to be sensitive 

to Su(z)2 levels, with expression of wild-type Su(z)2 or Su(z)21 having opposite effects of Pc 

body size, and Su(z)21 producing brighter Pc bodies. 

 

Mutations within Su(z)21 reverts abnormal Pc body morphology 

Mutating the different domains within Su(z)21 has various effects of Pc body morphology 

(Figure A4.3D).  While mutating the I60V of Su(z)21 does reduce the Pc body size significantly 

(p < 1x10-6), both truncation and point mutation within the UL domain, Q151* and R228G, 

respectively,  have a stronger effect on reducing Pc body size (p < 2x10-16) (Figure A4.3D).  A 

less drastic, yet still significant, change was seen in Pc body intensity, with Q151* having the 

smallest effect, followed by the R228G and I60V point mutations (p < 9x10-10 for all three 

variants) (Figure A4.3E).  The reversion of these Pc body phenotypes correspond with the 

reversion of lethality in vivo (Chapter 2). 

 

Models on Role of Su(z)2 on nuclear localization of Su(z)2 

These results suggest that the CTR of Su(z)2 plays a role in the proper localization of 

Pc.  This can be manifested in different ways.  First, as Pc body formation is correlated with 

PcG targets co-localizing in nuclear space, possibly for their co-regulation (Bantignies et al. 

2011, Lanzuolo et al. 2007, Sexton et al. 2012), Su(z)2 may play a role in regulating the 

frequency or the dynamics of interactions between PcG targets (Figure A4.4A).  Second, as it 
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is known that Pc binds chromatin at variable rates at different loci and across different cell types 

(Ficz et al. 2005, Fonseca et al. 2012).  Su(z)2 might help determine the dynamics of Polycomb 

on chromatin (Figure A4.4B).  Third, ChIP of Pc has shown that its binding profile does not 

completely match that of H3K27me3 (Schuettengruber et al. 2009), and it is possible that Su(z)2 

helps dictate the spreading of Pc across loci (Figure A4.4C).  Thus, loss of the CTR may cause 

misregulation of a single or any combination of these mechanisms, which may explain the 

significant changes in Pc body morphology.  More directly, Su(z)2 may affect the SUMOlyation 

of Pc, which has been shown to affect the same characteristics of Pc bodies that we observed 

(Gonzalez et al. 2014). 

  

 
Figure A4.4  Different Models for the Role of Su(z)2 on Regulating Pc localization.  (A) Su(z)2 
may regulate the localization of PcG targets, which could lead to changes in Pc body formation.  
(B) Pc dynamics on chromatin may be regulated by Su(z)2.  (C) Su(z)2 may be responsible for 
the spreading of Pc over loci. 
 



 

 
 

Appendix 5: 

Analysis of chromosome positioning with whole chromosome Oligopaints 
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We wanted to see if we could observe patterns of whole genome organization at the 

chromosome level using Oligopaints.  By labeling whole chromosome arms in Drosophila (note 

that Chromosome 4 was omitted from analysis for now due to its relatively small size and 

heterochromatic nature), and analyzing the images with the TANGO software package 

(Chapter 3 Materials and Methods), we have made some interesting insights regarding 

chromosome organization.   Please note that these experiments are preliminary, and are meant 

to show the potential of chromosome analysis by Oligopaints. 

 

Preferential Intra- and Inter-Chromosomal Organization 

Interestingly, while we observe that chromosome arms form their own territories, some 

chromosomes show preference in their organization relative to other chromosomes.  By using 

the smallest edge-to-edge distance between territory borders, we have found that the intra-

chromosomal regions contact each other more frequently (2L with 2R, Figure A5.1A, and 3L 

with 3R, Figure A5.2C, D) than with other chromosome territories.  This is not surprising due to 

their physical connection by pericentromeric and centromeric DNA (Figure 3.3C), not visualized 

 

 
 
Figure A5.1 (A) Cumulative distribution of edge-to-edge distances between chromosome 
territories (n = 1997).   (B)  Distribution of distances between the center of chromosome 
territories, when territories are in contact (dashed line) or not in contact (solid line) in a nucleus. 
(C) Chromosome pairing analysis, as measured by percentage of cells showing one or more of 
the chromosome territories per nucleus. 
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Figure A5.2  Cumulative distribution of minimum distance between edges of chromosome 
territories (normalized to nuclear radius) shows intra-chromosomal preference, followed by 
preferential inter-chromosomal contacts and proximities. Number of cells observed ≥ 382 for 
each pairwise combination.  All pairwise comparisons are presented for  (A) chromosome X (B) 
chromosome 2L (C) chromosome 2R (D) chromosome 3L (E) and chromosome 3R 
(chromosome 4 has been left out of our analyses at this time).   
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by these experiments.  Beyond intra-chromosomal interactions, we do find preferential inter- 

chromosomal proximity of the borders of chromosome territories.  Chromosome X, for instance, 

is either in contact or within close proximity of 2R in 79% of cells observed (distance cutoff of 

20% of the nuclear radius), whereas only 66% of cells show the same proximity between X and 

2L. (Figure A5.1A).  By comparing the remaining pairwise inter-chromosomal border distances, 

we find that the pairs of 2L/3R and 3L/2L are in close proximity to each other relative to the 

other comparisons (Figure A5.2).  The fact that 3L and 3R are physically connected may 

explain their similarities in border preference with 2L, but this is not sufficient, as the physical 

connection between 2L and 2R does not influence their relative preferences.   

 

Using single cell analysis to determine the coincidence of different chromosomal 

features 

Because FISH is a technology that allows us to link different measurements within a 

single cell, we sought to demonstrate its utility in clarifying our understanding of chromosome 

organization.  For instance, with the observation of preferential proximity of territory borders, it 

could be hypothesized that chromosomal contact may be a passive consequence, in part, by 

increases in chromosome volume rather than a programmed positioning of chromosomes.  

Based on the chromosomal volumes observed, this hypothesis would predict that chromosome 

3R, which has the largest size distribution (Figure A5.3), would be preferentially contacted by 

all of the other territories; however, this is only the case for 2L (Figure A5.2).  Also, by analyzing 

of the distances between the centers of each territory (Figure A5.4), we find that they largely 

match the preferences seen with border distances, suggesting that these territories are placed 

closer to each other.  These observations, however, were made from aggregating 

measurements from all of the cells, and therefore, coincidence of these different chromosomal 

measurements can only be assumed.   
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Figure A5.3.  Distribution of chromosomes sizes, as a percentage of nucleus volume.   
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Figure A5.4  Cumulative distribution of distances between the centers of chromosome 
territories (normalized to nuclear radius), largely mirroring the preferences seen with 
Supplementary Figure A2-1.  Number of cells observed ≥ 382 for each pairwise combination.  
All pairwise comparisons are presented for  (A) chromosome X (B) chromosome 2L (C) 
chromosome 2R (D) chromosome 3L (E) and chromosome 3R  
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We took advantage of our single cell resolution to assess the coincidence of territory contact 

with either the size of the participating territories or the distance between their centers      

(Figure A5.5A and B, respectively).  While there was 19% average change in the distribution of 

chromosome sizes when chromosomes were in contact, there was only a 1.2% average 

increase in chromosome size (Figure A5.6).  Interestingly, there was a more dramatic shift in 

the distances between the centers of chromosome territories, as seen with the preferential 

contact between X and 2R (Figure A5.1B). Indeed, analysis of all of the pairwise combinations 

of chromosome territories produced an average 34% drop in distance between the centers of 

contacting territories compared to their distance when not in contact, with an overall 58% 

change in the distribution of distances (Figure A5.7).  These data argue that the contact 

between chromosome territories is due the close positioning of the territories rather than being a 

passive consequence of chromosome territory size.  Furthermore, this methodology 

 

Figure A5.5  Two models for contact between chromosome territories. (A)  Contact between 
territories can be mediated by change in the size of the territories. Distance between the centers 
of territories (black dots) remains unchanged. (B)  Contact between territories is mediated by 

territories being positioned closer together, while territory sizes remain the same.   
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Figure A5.6  Distribution of chromosome territory sizes when chromosomes are in contact 
(dashed line) or not in contact (solid line) with other chromosomes. There are two plots for every 
pairwise combination, each plot showing the distribution of sizes for one of the territories.  (n ≥ 
364 for each chromosome territory). 



 

121 
 

demonstrates that using FISH allows us to link multiple types of observations within a single cell 

 
Figure A5.7  Distribution of distances between the center of territories sizes when 
chromosomes are in contact (dashed line) or not in contact (solid line) with other chromosomes. 
Each plot represents a specific pairwise combination. (n ≥ 364 for each chromosome). 
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in order to provide a richer understanding of chromosome organization.   

 

Chromosome paints provides new insights into chromosome pairing 

We wanted to see if previous locus-specific observations could be supplemented by insights 

from whole chromosome analysis (Cremer and Cremer 2010).  We focused on homologous 

Drosophila chromosomes, which are frequently paired together and form one FISH signal per 

nucleus (Fung et al. 1998, Hiraoka et al. 1993, Joyce et al. 2012).  Previously it has been 

observed that the frequency of more than one FISH signal per cell was 15%, when targeting the 

euchromatic region 28B on chromosome 2L (Joyce et al. 2012).  With whole chromosome 

painting, we observed multiple signals of the whole 2L chromosome arm at a frequency of 9.5% 

frequency (Figure A5.1C).  Interestingly, this suggests that locus-specific unpairing may be 

mediated, in part, by unpairing of the whole arm.  Furthermore, we find that arms of the same 

chromosome can unpair at different frequencies, suggesting pairing behavior may be partially 

 

Figure A5.8  High proportions of cells with a single focus per territory, in line with chromosome 
pairing in Drosophila.  (A)  Number of territories per cell for each chromosome.  (B)  Example of 
arm-specific unpairing, with 2L (purple) separated but 2R (red) as one focus.  Chromosome X 
(green) is also shown.  (C)  Example of 2R being unpaired, but 2L as one focus.  
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restricted to the chromosome territory (Figure A5.8).  Indeed, when we measure unpairing of 

both chromosome arms of chromosome 2 and 3, we only see a 0.9% and 1.1% of whole 

chromosome unpairing, respectively, as opposed to the 4.2%-9.5% unpairing of the individual 

arms.   

 

Assaying perturbations in chromosome organization with Oligopaints 

Since the pairing and unpairing of loci observed previously may be partially dependent 

on mechanisms that globally affects chromosome territories, the factors that affect pairing may 

also affect global territory architecture as well.  To interrogate this further, we conducted some 

preliminary studies with the RNAi knockdown of Cap-H2, a strong anti-pairer and a condensin II 

subunit, and slmb, a pairing promoter and negative regulator of Cap-H2  (Buster et al. 2013, 

Hartl et al. 2008, Joyce et al. 2012) (Figure 2.1A).  Knockdown of pairing promoter slmb 

produced the expected drop in frequency of cells with just one FISH signal, and indeed, there is 

a 14%, 11%, and 12% decrease with X, 2L, and 2R, respectively (Figure 2.1B).  Surprisingly, 

while Cap-H2 knockdown was expected to either maintain normal levels of pairing (Buster et al. 

2013, Nguyen et al. 2015) or even increase pairing (Joyce et al. 2012), instead we observed 

2%, 12%, and 10% decrease in the frequency of cells with a single focus for X, 2L, and 2R, 

respectively.  While we cannot rule out increased unpairing after Cap-H2 knockdown, it is 

possible that the resultant changes in the condensation and compaction of chromosomes 

(Buster et al. 2013, Li et al. 2015, Nguyen et al. 2015) may produce multiple non-contiguous 

FISH signals per chromosome, leading to an artificial inflation of signals.  Indeed, we observed 

atypical territory morphology that may skew the assessment of pairing (Figure A 5.9A). 

To further investigate how the structure of the territories may have changed with Cap-H2 

and slmb knockdown, we looked at changes in size, territory contact, and overlap between 

territories.  Cap-H2 knockdown increases chromosome territory size (Figure A5.10), with a 2.2, 
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Figure A5.9  Measuring perturbations of chromosome organization by the knockdown of Cap-
H2 or slmb. (A)  Knockdown of Cap-H2 and slmb by RNAi leads to visually different 
chromosome morphologies and organization.  (B)  Chromosome pairing analysis, with 
reductions in percentages of cells with one signal with both Cap-H2 and slmb knockdown.  (C)  
Edge-to-edge contact between territories increases dramatically with Cap-H2 and moderately 
with slmb knockdown. (D)  Distribution in the overlap volume between territories (relative to 
nuclear volume, overlap volume in log scale).  Cap-H2 knockdown shows a shift towards larger 
overlaps compared to controls for all interactions tested, whereas slmb knockdown shows a 
milder shift. 
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1.3, and 1.2 fold increase in average size of X, 2L, and 2R, respectively, compared to the 

control.  Given that the average size of the chromosome territories are 10.5%-12.8% of the 

nuclear volume, Cap-H2 average territory size is largely driven by a 16-32% increase in cells 

showing territory size of 20% or more of the nuclear volume.  Slmb knockdown showed virtually 

no change in average territory size, with fold changes of less than 0.08 fold.  In terms of 

chromosome territory contact, both slmb and Cap-H2 showed increase territory contact and 

decreased distances between the centers of X, 2L and 2R territories compared to control 

(Figure A5.11), but differ in severity.  Cap-H2 knockdown showed 91-96% contact frequency 

between territories, compared to the 50-77% seen in the control (Figure A 5.9C), with 3.2 to 5.5 

 

Figure A5.10  Changes in chromosome size with the knockdown of Cap-H2 and slmb.  Sizes of 
chromosomes are normalized to nuclear volume. Number of cells observed ≥ 382. (A)  
Chromosome X size. (B)  Chromosome 2L size.  (C)  Chromosome 2R size.  
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Figure A5.11  Knockdown of Cap-H2 or slmb causes chromosome territory edges and centers 
to come closer together.  Number of cells observed ≥ 382. (A)  Distance between edges of 
territories. (B)  Distance between centers of territories. 
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fold increase in average overlap volume compared to control.  Interestingly, Cap-H2 knockdown 

leads to overlap volumes that are equal to or larger than normal territory sizes, with 26-37% of 

cells showing overlap volumes of 12.5% the nuclear volume or larger compared to the 7-10% of 

control cells (Figure A 5.9D).  slmb knockdown, on the other hand, showed 69-95% increase in 

contact between territories, with overlap volumes increasing by 1.7 to 2.3 fold compared to 

control.   

 

Discussion 

Overall, these whole chromosome Oligopaints have allowed us to observe the changes 

in chromosome organization, as demonstrated with the knockdown of Cap-H2 and slmb.  While 

Cap-H2 leads to changes in both territory size and contact, slmb only affects that latter, 

suggesting that these proteins may have different contributions in maintaining chromosome 

organization.  Not only are these Oligopaints robust enough to detect differences between the 

two knockdowns, it also shows how whole chromosome characterization can supplement 

previous analyses by providing a perspective on the global effects of these chromatin factors. 

The proximity preferences that we have found in Drosophila S2R+ cells are in line with 

some Hi-C findings in Drosophila cells (Ulianov et al. 2016).  For example, the preference for 

2L-3L and 3L-3R contact that we see with Oligopaints also shows up as regions of enriched 

contact in Hi-C (Ulianov et al. 2016).  However, the other preferences that we see (ie. X-2R) 

does not show up in Hi-C.  One reason for this discordance may be due to Hi-C only surfacing 

enriched specific interactions over background; thus, 2L-3L proximity may assist in specific loci 

or regions on these chromosomes interacting with each other, whereas X-2R preference may 

be due to general chromosomal proximity.  Alternatively, the X-2R proximity may seem to be 

close to each other by microscopy but may be beyond crosslinking radius necessary for Hi-C.  It 

is interesting to speculate whether this difference between 2L-3L and X-2R reflects a true 

biological phenomenon, in which X and 2R are kept at a poised proximity state which could, 
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under specific developmental cues, assist in physical interactions that could be captured by Hi-

C.  Indeed, other studies suggest that preferential proximity of chromosomes may play a role in 

development, cell type specificity, and disease (Cremer and Cremer 2010). 
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Appendix 6: 

Rolling circle amplification 
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We also wanted to see if we could amplify the Oligopaints signal in situ, which could be 

used to increase the signal of smaller genomic targets, as well as be used to amplify specific 

interactions, including protein-DNA (Gomez et al. 2013) and DNA-DNA interactions (Weibrecht 

et al. 2012).  Similar to FISSEQ, rolling circle amplification (RCA) can be used to amplify the 

Mainstreet sequence and provide more sites to either hybridize or ligate fluorescent probes 

(Figure A6.1).  As a proof-of-principle experiment, we designed precircularized secondary 

probes, called “padlocks,” that bind to the 3’ of the primary Oligopaints targeting the 359 

heterochromatic repeat and allow for RCA to occur (Figure A6.1A). 

In situ amplification within the nucleus, however, was also inhibited by our FISH 

conditions (Figure A6.2A).  We also suspect that dextran sulfate was the main inhibitor, as this 

would be in line with other RCA studies which showed inconsistent amplification (Chen et al. 

2014, Lizardi et al. 1998) and high background amplification (Larsson et al. 2004).  

Unfortunately, the use of polyacrylate also inhibited RCA (Evan Daugharthy, personal 

communication).  Instead, we found that a different polymerase, BST (BST 2.0, NEB), was 

compatible with our FISH conditions and capable of producing signal in situ (Figure A6.2B). 

However, BST is much less processive than phi29, with one study showing only 5-10 copies vs. 

1000 copies, respectively, on tethered DNA in vitro (Nallur et al. 2001).  To quantify and 

optimize the padlock replication, we tested amplification in vitro and found that the original 

amplification parameters only produced 2.2 fold increase in DNA (Figure A6.3A).  After 

optimizing the amount of BST used or dNTP concentration, we were able to increase yield by 2x 

and 2.6x fold, respectively (Figure A6.3A,B).  By applying these optimizations in situ, we 

observed a corresponding increase in amplification in situ, with a 23.2% increase in 359 signal 

showing saturation (Figure A6.1B), but nonspecific background signal also increased (Figure 

A6.1C).  For RCA to be a viable solution in the future, we will have to continue to increase 

signal while reducing background.  Nevertheless, we have discovered BST polymerase as a 

viable alternative to achieve amplification in situ.  
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Figure A6.1  Rolling circle amplification (RCA) in situ. (A)  Proof-of-principle experiment to test 
rolling circle amplification in situ. A probe targeting the 359 repeat (red) also contains a binding 
site for a circularized probe on its 3’ end.  Binding of the circularized probe, followed by RCA 
initiated off of the 3’ end of the 359 probe results in amplification of the circularized probe. 
Fluorescent probes (green) can then be hybridized to the amplified sequence.  (B)  Increasing 
BST polymerase units and dNTP concentration increases amplification (based on optimizations 
in Supplementary Figure A2-14).  Measurement of amplification using saturation of signal as 
threshold (see Chapter 3 Materials and Methods).  (C)  Representative images of RCA in situ.  
Note the increase in non-specific background with the 16 units/1 mM dNTPs condition. 
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Figure A6.2  Rolling circle amplification with two different polymerases after FISH hybridization.  
An unlabeled probe similar to Figure 3.6A was used, targeting the 359 locus.  (A) phi29 
polymerase did not produce efficient amplification (green) within the nucleus (blue); instead, 
there is very high background.  (B) BST polymerase produces signal within the nucleus, 
suggesting that it is compatible with FISH.   
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Figure A6.3  In vitro optimization of RCA with BST.  After amplification of the padlock, products 
were purified and yield was measured with a spectrophotometer.  Optimizations were made with 
(A) polymerase unit amount and (B) dNTP concentration.  (C)     Summary of optimization 
yields, with a theoretical yield of 10.2 copies produced when optimizations are combined. 
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Rolling circle amplification method 

 Circularization of padlock probes were made as described previously (Diegelman and 

Kool 2001).  After FISH, 50 pmol of padlock were hybridized to the slide, using the same 

hybridization and wash conditions as the serial hybridizations above.  After the last 2x SSCT 

wash, slides were washed in 1x PBS, twice for 5 min.  Slides were then incubated with the 

indicated unit amount of dNTPs and BST 2.0 (NEB, M0537S), and 1x Isothermal Amplification 

Buffer, in a 100 ul reaction using hybridization chambers.  Slides were incubated at 60oC for 1 

hr, followed by washing in 2xSSCT twice for 3 min at room temp.  Serial hybrization with 

secondary fluorophores, washing, and mounting was done as above. 

 


