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ABSTRACT 

 

Maintenance of an intact genome and proper regulation of the genes within are 

crucial aspects for life.  The work of this dissertation has implicated the Drosophila 

condensin II complex in both processes.  Condensin II’s ability to reconfigure 

chromosomes into spatially separated and discrete units is necessary to ensure proper 

meiotic segregation.  When this “individualization” activity fails in a condensin II 

mutant, chromosomes remain entangled, and either cosegregate or become lost during 

cell division.  This leads to the creation of aneuploid sperm.  We have also implicated 

condensin II as a factor necessary to individualize interphase somatic chromosomes from 

one another.  This is relevant in Drosophila because the association of homologous 

chromosomes is thought to facilitate gene regulation activity in trans.  We speculate that 

condensin II individualization spatially distances aligned chromosomes from one another 

and prevents this trans-communication between allelic loci.  This is supported first by an 

increase of homologous chromosome pairing in a condensin II mutant background.  

Secondly, loss of condensin II leads to elevated production from alleles that are known to 

depend on pairing for transcriptional activation.  These meiotic and interphase condensin 

II roles support its necessity to Drosophila genome integrity and transcriptional 

regulation.  Given the conservation of condensin from bacteria to humans, it is likely that 

equivalent or related roles exist in a variety of species.   
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CHAPTER 1: INTRODUCTION 

 

Explanation of problem 

 

Eukaryotic interphase chromosomes intermingle with one another due to their 

decondensed state and great linear length.  This can have both negative and positive 

consequences.  Their threadlike nature allows the introduction of DNA entanglements 

that may lead to chromosome cosegregation, DNA damage, and/or failed cell division – 

all potentially resulting in aneuploidy.  However, interphase chromatin flexibility also 

enables regulated interchromosomal associations between allelic and non-allelic loci.  

Such trans-interactions have been shown to regulate gene expression of the implicated 

loci and in some cases are thought to be necessary for cellular function.  It remains 

largely unknown how chromosomal contacts are regulated to promote fidelity in 

segregation and to ensure proper trans-regulation of gene expression.  The work 

presented in Chapter 2, Appendix A, and Appendix B implicates the condensin II 

complex as a necessary component in both processes.   

 

Review of the literature 

 

    Defining the role of condensin in individualization and condensation 

 

 Chromosomes of interphase nuclei can in general be considered linear threads that 

are capable of intermingling with one another.  Analogous to a box of ropes, presumably 

interphase chromosomes are prone to becoming intertwined and entangled.  Strong 

evidence for the presence of interphase chromosome entangling comes from 

Topoisomerase II (topo II) mutant and drug inhibition studies, where mitotic 

chromosomes assemble, yet are connected to one another through DNA threads [1, 2].  
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This is likely the manifestation of interphase DNA entanglements that failed to be 

resolved with topo II’s ability to create and reseal double strand breaks [3].  The 

detrimental consequence can be witnessed during anaphase, when chromosomes 

connected by persistent threads of chromatin bridges attempt to segregate to opposing 

poles: their movement is physically restricted, they may remain at the metaphase plate, 

and/or chromosomes may cosegregate [3].  Chromatin bridges may also break leading to 

eventual loss of genetic information or whole chromosomes.  In all cases, the potential 

outcome is aneuploidy with dire consequences to fertility, cell/organismal viability, and 

perhaps a predisposition for cancer development [4, 5].   

The process of resolving interphase entanglements is known as 

“individualization” because it leads to the creation of discrete chromosomal units.  It has 

been inferred that chromosome individualization is catalyzed by, or concurrent with, 

chromosome condensation that initiates upon meiotic/mitotic entry [6].  This hypothesis 

became testable when a complex of proteins, now known as condensin, was discovered to 

play a major role in chromosome condensation [7].  In Xenopus meiotic egg extacts, 

inhibition of condensin subunits leads to failed chromosome condensation and instead 

chromatin remains a mass of interphase like threads [7].  However, in this assay it could 

not be determined whether failed condensation correlated with failed individualization 

because of the inability to assess whether entanglements are present or absent amid the 

cloudy chromatin mass.  This is also the case in some condensin mutant or knockdown 

studies, where chromosome condensation fails and discrete metaphase chromosomes are 

not visible [8]. 
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In many cases, condensin loss-of-function does not lead to complete condensation 

failure and somewhat normal appearing metaphase chromosomes are formed [9].  In 

other instances condensation is clearly abnormal in prophase, yet chromosome structure 

is not drastically altered by metaphase [10, 11, and Appendix A].  These observations 

may indicate that other proteins function to condense chromosomes or alternatively, 

condensin activity was not completely lost due to partial loss-of-function and/or 

compensation by other factors.  In a practical sense, formation of a somewhat normally 

condensed chromosome reveals defects not visible when condensation completely fails.  

The hallmark phenotype of condensin mutants is extensively bridged anaphase 

chromosomes [9].  The occurrence of this phenotype even in mutants where condensation 

is largely unaltered supports that bridging is not due to an attempt to segregate interphase 

like chromosomes that get trapped between daughter cells.  In addition, although 

condensation defects can be subtle, their existence preceding anaphase bridging support 

condensin chromosome condensation and individualization as coupled processes.   

Another common phenotype of condensin mutants is failed sister chromatid 

resolution.  This entails the morphological transformation of a chromosome into two 

discrete sister chromatids that occurs prior to anaphase.  Sister resolution requires topo II 

to decatenate sister chromatids that ravel around one another during DNA replication [3].  

Resolution is also catalyzed through removal of chromosomal arm cohesin proteins that 

link sister chromatids to one another [12].  Condensin may participate in both activities as 

functional and physical associations with topo II have been documented [13-18] and 

condensin is necessary for complete cohesin removal in budding yeast pre-anaphase I and 
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human tissue culture cells [19, 20].  Ultimately, condensin mediated sister chromatid 

resolution provides further evidence for its role in chromosome individualization.  In this 

context, condensin may individualize sister chromatids in cooperation with topo II and 

antagonize cohesin mediated linkages.   

Condensin individualization activity is not limited to sister chromatids.  In 

meiosis I of C. elegans condensin mutants, homologous chromosomes do not disassociate 

normally from one another and anaphase I bridges are created.  Because homologs are 

linked via recombination, it was important to rule out the possibility that they remain 

associated via failure to resolve crossovers.  Indeed, null mutations in the meiotic 

endonuclease Spo11 that completely suppress recombination did not suppress homolog 

contact persistence of the condensin mutants [11].  This was likely not due to residual 

recombination as the same result was reproduced in Drosophila male meiosis where 

recombination normally does not exist (Appendix A).  In both of these instances, 

prophase I condensation was defective.  This again suggests a coupling of condensation 

and individualization.  In this circumstance, perhaps homologs require individualization 

from one another because a raveling around one another is likely inherent to their paired 

state.  Furthermore, in Drosophila male meiosis, DNA threads linking heterologous 

chromosomes are also observed in meiosis I of condensin mutants (Appendix A).  This 

novel observation may have been made in this system because spermatocyte nuclei are 

quite large and may allow better distancing of chromosomes from one another in 

preparations.  This is necessary to reveal DNA threads linking chromosomes. 
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    Condensin structure, in vitro activities, and models for in vivo function  

 The condensin I and II complexes share the ATPases SMC2 and SMC4, but have 

different associated factors Cap-H, Cap-G, Cap-D2 or Cap-H2, Cap-G2, and Cap-D3, 

respectively [8].  The SMC subunits are quite long filamentous proteins (1,000 – 1,300 

a.acids,  50nm) that going from N to C terminal consist of a Walker A motif, coiled coil 

regions, a hinge domain, coiled coil regions, and a Walker B motif [21].  The protein 

folds at the hinge domain, the coiled coil regions associate [22], and the Walker A and B 

motifs assemble to form a functional ATPase “head domain” [23-25].  SMC2 and SMC4 

dimerize at their hinge domains [26] to form a nutcracker-like structure.  Hinge mediated 

dimerization and the hinge domains themselves are necessary for DNA binding [26].  The 

non-SMC “Cap” subunits associate with the SMC head domains and likely regulate the 

SMC ATPase activity (see below) [25, 27, 28].  Cap-H and Cap-H2 are part of the 

“kleisin” (latin for bridge) superfamily of proteins defined by conserved N and C 

terminal regions thought to bridge the SMC2 and SMC4 subunits, respectively, at their 

head domains [29].  Cap-H and Cap-H2 have been referred to as the linchpin of the 

condensin complex as they link Cap-D2/D2 and Cap-G/G2 to the SMC subunits via 

binding to its N and C termini, respectively [28].   

Cytological methods have shown that condensins modulate chromosome 

condensation and individualization [9 and Appendix A].  However, a great gap in the 

understanding of condensin function is due to the inability to probe global chromosomal 

structure at the molecular level.  Researchers have therefore taken in vitro approaches to 

gain insight into condensin function.  Re-constituted condensin from Xenopus and C. 
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elegans, in combination with ATP and E. coli topoisomerase I (topo I), are capable of 

inducing and trapping positive (+) supercoiling into circular DNA [23, 30].  In this assay, 

the inclusion of E. coli topo I was necessary because of its ability to relax negative (-) 

supercoils through DNA nicking and resealing.  In the absence of topo I, condensin 

induced supercoiling would not become fixed and the DNA would simply relax after 

deprotenization prior to gel electrophoresis.  Surprisingly, when E. coli topo I was 

replaced with eukaryotic topo I, that can remove both (+) and (-) supercoils, (+) 

supercoils persisted.  This suggested that condensin induces (+) supercoiling and traps 

them by preventing their relaxation.  Further support came from a subsequent study 

where condensin, ATP, and topo II could knot plasmid DNA into topologies indicative of 

(+) supercoiling [31].  Here again, topo II inclusion was a necessary trick to fix plasmid 

conformational changes.  

How condensin mediated supercoiling may play a role in condensation and 

individualization can be inferred from the inherent properties of supercoiling.   

Supercoiling has the ability to pull a DNA molecule in on itself, thus reducing its overall 

volume [32, 33].    Secondly, this compaction will distance the bulk of one DNA 

molecule from another and leave only entangled regions associated.  This is thought to 

make a random acting topo II more likely to decatenate then catenate different DNA 

molecules from one another [33-35].  Thus, supercoiling can promote condensation of a 

DNA molecule and this sequestration away from other DNA molecules facilitates 

individualization.   
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Condensin mediated supercoiling as a catalyst of condensation and 

individualization are supported from bacterial segregation studies.  Mutations to the E. 

coli condensin complex (MukBEF) cause chromosome condensation failure [36] and 

incomplete partitioning [37].  Interestingly, mukB segregation defects are rescued by 

mutations in topo I – a (-) supercoil relaxing enzyme.  This is consistent with MukB 

promoting condensation and individualization through increasing (-) supercoiling.  This 

is supported by enhancement of mukB mutant segregation defects by inhibition of DNA 

gyrase – an enzyme that adds (-) supercoils [38].  Perhaps eukaryotic condensin behaves 

similarly, although through (+) supercoiling, yet with more sophisticated 

activities/cooperating factors to create the complex architecture of the metaphase 

chromosome.  

A likely driving force behind condensin mediated (+) supercoiling is ATP 

hydrolysis via the SMC ATPase domains.  The purified Xenopus condensin complex 

displays DNA stimulated ATPase activity, ATP is required for in vitro supercoiling, and 

ATP analogs AMP-PNP (non-hydrolyzable) and ATPγS (slow-hydrolyzing) prevent and 

suppress supercoiling, respectively [23].  Current models of ATP’s role in condensin 

supercoiling come from studies of how its binding and hydrolysis alter condensin 

structure.  When an ATPase “head domain” from one SMC subunit is bound to ATP, it 

physically associates with the other SMC’s head domain at a C terminal “C-motif” with 

the consensus LSGG(E/Q)(K/R) [24, 25].  This ATP mediated head domain engagement 

is necessary to catalyze ATP hydrolysis [39, 40].  Therefore, in the ATP bound state the 

SMC dimer forms a ring like structure that is opened upon ATP hydrolysis. 
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Figure 1.1.  Model for condensin complex DNA supercoiling through ATP driven 

head engagement and ATP hydrolysis disengagement 

(A) Condensin exhibits a DNA stimulated ATPase activity that would lead to 

disengagement of the two SMC ATPase head domains. (B) ATP rebinding to the SMC 

ATPase domains leads to their engagement.  Subsequent hydrolysis may lead to the 

introduction of (+) supercoiling.  (C) Alternatively, ATP binding and head engagement 

may lead to the introduction of (+) supercoiling.  The non-SMC subunits, especially the 

kleisins Cap-H and Cap-H2 (not shown), are thought to regulate the ATP driven head 

engagement/disengagement cycle by binding to the head domains and slowing ATP 

hydrolysis.  This promotes DNA binding, perhaps by trapping within the ring-like 

complex, so could contribute to B and C.  Slowing of ATP hydrolysis may also regulate 

(+) supercoiling.  This would be most evident in (B) where head engagement leads to 

supercoil introduction.  Note that this model is similar to those previously proposed [6, 

21]. 
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A working model implicating ATP driven SMC head domain engagement and 

ATP hydrolysis disengagement in the induction and trapping of (+) supercoiling is shown 

in figure 1.1.  Purified condensin from Xenopus egg extracts is stimulated to hydrolyze 

ATP in the presence of DNA [23] leading to head disengagement [39, 40] (Figure 1.1A).  

In the presence of ATP, heads may engage, hydrolyze ATP and catalyze (+) supercoiling 

in a reaction coupled to head disengagement (Figure 1.1B).  Alternatively, ATP may 

drive head engagement in tandem to (+) supercoil DNA (Figure 1.1C).  A simple 

prediction for these models is that a mutant stabilizing head engagement would fail to 

induce supercoiling if 1.1B is correct.  If Figure 1.1C is correct, there would be no effect 

or possibly an increase in (+) supercoiling through stabilizing head engagement.  It is 

important to point out that any models relating the head engagement cycle to supercoiling 

are entirely speculative at this point.  There have been no studies of condensin subunits 

with altered domain activities in relationship to supercoiling.  In addition, condensin 

supercoiling activity is guaranteed to be much more complex, but simple models such as 

these are a starting point for experimentation.   

The non-SMC subunits are necessary for in vitro induction/trapping of (+) 

supercoiling [41].  Cap-G, Cap-G2, Cap-D2, and Cap-D3 have not been studied in vitro, 

but carry multiple HEAT repeats that are known to form solenoidal structures that might 

provide flexibility [42].  The kleisin subunits, Cap-H and Cap-H2, may have important 

regulatory activities inferred from the study of B. subtilis kleisin ScpA [39].  In vitro, 

ScpA binds to the ATPase domains of the SMC dimer and slows ATP hydrolysis [39].  If 
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this activity is conserved in Cap-H and Cap-H2, slowing ATP hydrolysis may play an 

important role to promote supercoiling (for example, Figure 1.1C).   

Interestingly, Cap-H2 overexpression is capable of promoting condensin II 

activity in Drosophila salivary glands to individualize polytene chromosomes (Appendix 

B).  This is in line with a slowing of ATP hydrolysis/promoting head engagement model 

via Cap-H2 to promote supercoiling (Figure 1.1C).  Alternatively, Cap-H2 may be 

limiting to other condensin II subunits and generally promote complex activity.  In either 

case, this provides an unprecedented system amenable to genetic manipulation to uncover 

in vivo eukaryotic condensin catalytic activities.   

 

    Interphase roles of the condensin complex 

 Coincident with Hirano’s discovery of SMC2 and SMC4 [7], Barbara Meyer’s 

group identified a protein orthologous to SMC2 called Dpy27 that is necessary to C. 

elegans dosage compensation [43].  It is now clear that a condensin-like complex, 

consisting of SMC2/MIX-1, SMC4/DPY-27, Cap-H/DPY-26, and Cap-D2/DPY-28 binds 

to both hermaphroditic X chromosomes and globally represses transcription to the 

equivalency of one X chromosome [44].   

The C. elegans dosage compensation condensin-like complex is generally thought 

of as specialized for worm dosage compensation.  However a transcriptional repression 

role may span more broadly as there are now multiple reports of canonical condensin 

complexes in gene silencing phenomena.  In Drosophila, condensin subunits SMC4, Cap-

H, and Cap-G are implicated in position effect variegation [10, 45] and Ycs4/Cap-D2 is 
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necessary in S. cerevisiae to maintain silencing of the mating type locus [17].  

Furthermore, condensin subunits were co-purified from human tissue culture with factors 

that are generally implicated in gene silencing: DNA methyltransferase 3B, histone 

deacetylase 1, SIN3A, and the chromatin-modifying enzyme SNF2H [46].   

Condensins have also been implicated in establishing global interphase 

chromosome organization.  In budding yeast, 274 tRNA genes located at several 

disparate loci localize to the nucleolus throughout the cell cycle.  Condensin subunits are 

physically associated with tRNA genes and are necessary for this clustering [47, 48].  As 

detailed in Appendix B and below, Drosophila condensin subunits function to disrupt 

aligned chromosomal associations.  While these two results are on the surface 

contradictory, there are several explanations for this discrepancy.  First, it cannot be ruled 

out that disruption of tRNA clustering is an indirect effect of irregular chromosome 

segregation in the progenitor cell division of condensin mutants.  This phenotype has 

been documented for yeast condensin mutants previously [14, 17, 49].  Second, it may be 

that interphase higher order structure is irregular in condensin mutants, thus hampering 

tRNA clustering.   

However, the specific binding of condensin to tRNA genes strongly suggests a 

specific role in establishing their clustering.  For clustering to initiate, there must be a 

mechanism for tRNA genes to first identify and secondly, migrate toward one another.  

Just as Drosophila condensin II individualizes chromosomes from one another, perhaps 

yeast condensin activity is required to prevent improper chromosomal associations in 

favor of tRNA clustering.  There may also be a condensin mediated activity in both 
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contexts to directionally move interphase chromosomes.  Perhaps it is not coincidental 

that condensin physically associates with a chromosome associated microtubule motor 

protein (KIF4A) [50] and tRNA clustering within the nucleolus is dependent upon 

polymerized microtubules [47].   

 

    Condensin in mammalian processes and disease 

 There are now four reports of the consequences of condensin mutations to 

mammalian cellular processes and possible roles in disease.  Mouse knockout of the Cap-

G2 ortholog (More-Than-Blood (MTB)) is lethal in early embryonic development with 

defects that are consistent with mitotic failure [51].  Furthermore, Cap-G2/MTB 

physically interacts with transcriptional regulators SCL and E12 and antagonizes 

expression of their target genes.  This interaction may modulate SCL and E12’s role in 

erythroid terminal differentiation as Cap-G2/MTB overexpression promotes this 

developmental transition [52].  Interestingly, SCL is thought to act as a transcriptional 

repressor in physical cooperation with Sin3A and histone deacetylases [53] and both co-

purified along with human Cap-G2 via a DNA methyltransferase immunoprecipitation 

[46].    

 The human condition primary microcephaly is a disorder characterized by marked 

reduction in brain size and mental disabilities.  It was hypothesized that misregulation of 

the condensin complex is associated with this disorder as patient cells undergo premature 

chromosome condensation in G2 and hypercondensation in mitosis.  This theory was 

supported by the ability of Cap-H2 RNAi knockdown to rescue this phenotype [54].  
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Furthermore, the gene mutated in microcephaly, MCPH1, physically interacts with Cap-

G2/Cap-D3 and both are necessary for normal levels of homologous recombination DNA 

repair [55].  These reports implicate condensin II in microcephaly, however, a direct role 

of condensin II misregulation has not been demonstrated. 

 While Cap-G2 knockout mice are early embryonic lethal [51], a homozygous 

viable, perhaps hypomorphic, allele of Cap-H2 was identified in a forward genetic screen 

for mouse mutants that fail in the production of T-cells [56].  Cells preparing to 

differentiate into T-cells enter the thymus CD4- CD8- and then acquire both proteins to 

become CD4+ CD8+.  In the Cap-H2 mutant mice, the proportion of CD4+ CD8+ cells is 

drastically reduced.  This may be due to a cell proliferation defect, as expected for a 

condensin mutant, because the lineage immediately preceding the CD4+ CD8+ stage has 

a reduced incorporation of BrDU.  However, the mutant mice have wild-type viability 

and no change in proliferation of B-cells, suggesting a specific role of Cap-H2 to T-cell 

development.   The CD4+ CD8+ cells that do exist in the mutant carry higher expression 

of markers indicative of signaling through the T-cell receptor.  This suggests an increase 

in negative selection, the process that kills CD4+ CD8+ cells possibly capable of 

mounting an immune response against the host.  Because the cell differentiation steps that 

occur during T-cell differentiation are dependent upon factors capable of altering 

transcriptional states (Brahma complex, histone methyltransferases, and polycomb 

group), the authors propose that loss of Cap-H2 leads to gene misexpression resulting in 

improper T-cell receptor activation and abnormal differentiation.  As an interesting 

speculative aside, chromosomal associations with transcriptional regulatory roles 
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important to T-cell development have been identified (discussed below) [57].  A major 

theme of Appendix B is in Cap-H2/condensin II’s role in regulating chromosomal 

associations that impact gene expression.  Therefore, perhaps T-cell development is 

disrupted in Cap-H2 mutants because of improper regulation of these chromosomal 

interactions.  

 

    Somatic homologous chromosome pairing and transcriptional consequences 

The conclusion of Appendix B is that condensin II mediated individualization is 

important to spatially distance loci in interphase nuclei and may perform this task to 

regulate gene expression.  The following is a review of the instances where somatic 

homologs have been observed to non-randomly associate with one another and these 

associations are accompanied by transcriptional consequences to the implicated loci.  The 

description of these trans-communication events between homologous loci is necessary 

to formulate models for how they are antagonized by condensin II and why such an 

activity exists.    

 

        Drosophila transvection and somatic pairing 

 Ed Lewis first speculated a regulatory role for paired homologous loci in 

Drosophila in 1954 [58].  Lewis’s original observation was in Ubx
bx34e

 /Ubx
1
 flies that 

have a phenotype more wild-type than Ubx
bx34e

/Ubx
bx34e

.  This was unusual because of 

Ubx
1 

’s seemingly null behavior.  In a screen for suppressors of complementation, almost 

all were translocations with breakpoints between the Ubx locus and the centromere.  It 
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had previously been well documented by cytologists that homologous chromosomes are 

paired in somatic tissues of Drosophila [59, 60].  Having this knowledge, Lewis 

speculated that Ubx
bx34e

/Ubx
1
 complementation occurred because the alleles were able to 

communicate in trans (Figure 1.2Ai) and chromosomal rearrangements suppressed 

complementation by inhibiting this communication (Figure 1.2B).  Lewis coined the term 

“transvection” to describe this pairing dependent interallelic complementation.   
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Figure 1.2. 
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Figure 1.2.  Models for transvection with Ubx
34e
/Ubx

1
 as a useful example  

(Ai) Homolog pairing enables an enhancer from the Ubx
1
 allele to activate transcription 

of the enhancer defective Ubx
34e

 allele. (Aii) It has been shown with this allelic 

combination and in numerous other occasions that disabling the promoter of the allele 

with the active enhancer increases enhancer trans activity. (B) Chromosomal 

rearrangements that disrupt pairing of Ubx suppress transvection. (C) Homozygosing the 

rearrangement restores transvection.  This strongly suggests that transvection disruption 

is not due to a property of the rearrangement.  Rather, the simplest explanation is that the 

rearrangement as a heterozygote disrupts pairing. 
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The favored model for transvection comes from the structure of the participating 

mutant alleles.  In most cases, one carries a defective enhancer while the other’s enhancer 

is wild-type.  This is the situation for Ubx
bx34e

/Ubx
1
.  The bx34e lesion is an insertion of a 

transposon into the Ubx enhancer region and Ubx
1
 is a mutation within the coding region 

that leads to a truncated protein (Figure 1.2Ai).  It is therefore thought that the enhancer 

from Ubx
1 

and its bound transcriptional promoting machinery is capable of functioning in 

trans upon the wild-type coding sequence of the Ubx
bx34e

 allele.  Interestingly, 

transvection in some cases necessitates or is enhanced by the inactivation of the promoter 

on the wild-type enhancer bearing allele (Figure 1.2Aii) [61-64].  This suggests that 

enhancer-promoter interactions occur favorably in cis, perhaps due to their closer 

proximity, and this reduces the frequency of trans interactions.  A dysfunctional promoter 

perhaps cannot physically interact with its cis enhancer and this increases the frequency 

of trans enhancer-promoter interactions when a paired allele is nearby. 

It remains possible that chromosomal rearrangements may suppress transvection 

at a given locus by moving it into an uncooperative environment.  For example, perhaps 

rearrangements at Ubx suppress transvection by moving the locus on the rearranged 

chromosome and its paired allele on the normal chromosome to a 

heterochromatic/silencing nuclear compartment (see below).  This scenario is unlikely, as 

transvection is restored by homozygosing the chromosomal rearrangement (Figure 1.2C). 

This suggests that the transvecting alleles’ absolute position within the nucleus is less 

important than its ability to efficiently pair. 



  

  

  28

It is important to point out that transvection phenomena with certain mutant 

alleles only suggest that wild-type loci participate in trans-chromosomal interactions that 

impact transcription.  In fact, chromosomal rearrangements that disrupt pairing at 

transvecting loci have not been shown to alter the phenotype of other dosage sensitive 

alleles of the same locus.  The example is on Ubx loss-of-function alleles that exhibit a 

dominant phenotype that is sensitive to the dosage/activity of the other allele.  

Presumably, if a rearrangement disrupted regulatory elements from acting in trans and 

this was an important facet of Drosophila gene expression, then the phenotype of 

dominant Ubx alleles would have been enhanced [65].  This was not observed, yet it 

remains possible that a phenotypically undetectable decline in transcript dosage did occur 

in these studies or other mechanisms can compensate for loss of Ubx dosage in this 

context. 

Studies of the Ubx
Cbx-1 

allele have suggested that wild-type loci do share 

regulatory elements through pairing.  The Cbx-1 lesion is a transposition of 5’ Ubx 

regulatory elements into an intronic region [65].  This leads to misexpression of Ubx in 

the developing wing and causes a partial transformation into the haltere - a neighboring 

body part [66].  The Ubx
Cbx-1

 allele also participates in pairing dependent gene activation 

as it is capable of trans-activating Ubx on a paired homolog [66, 67].  This was 

confirmed with a PCR test that could distinguish Ubx alleles by polymorphisms.  As 

expected, a rearrangement that disrupts transvection suppressed Ubx activation in trans, 

but surprisingly also in cis [68].  This suggests that wild-type loci can participate in 

transvection, but it remains possible that this is only a property of the Cbx-1 lesion.  
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Homologous chromosomes are paired in Drosophila somatic tissues [59, 60, 69-

72] and transvection is disrupted by chromosomal rearrangements that move the 

implicated loci to different genomic regions [65].  It is therefore accepted that 

transvection phenomena are dependent upon homolog synapsis, though this has not been 

demonstrated directly.  Some validation has come from analyses using salivary gland 

polytene chromosomes where a direct correlation was demonstrated between a particular 

chromosomal rearrangement’s ability to disrupt pairing and to suppress transvection [73, 

74].  However, these studies were conducted in a cell type different from that exhibiting 

the transvecting alleles’s phenotype.  They also do not directly demonstrate a pairing 

dependency on transcriptional activation.  To test this more directly, RNA FISH was 

performed to Abd-B nascent transcripts in a transvection system where transcription is 

predicted to be dependent upon pairing.  Interestingly, trans-activation of Abd-B (as seen 

through RNA FISH) was not always accompanied by pairing of the two Abd-B loci.  The 

authors’ concluded that pairing may be a transient process and that perhaps pairing had 

previously occurred in those nuclei where Abd-B trans-activation was detected by RNA 

FISH, but pairing was not [75].  The simplest models for transvection remain through 

homolog synapsis, however, this latter study would have been enhanced by comparing 

the frequencies of alleles that were paired with RNA present, unpaired with RNA present, 

unpaired with no RNA, and paired with no RNA.  This may provide a correlation 

between pairing and transcription that goes further to demonstrate that pairing enables 

transcriptional activation.  
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        Non-Drosophila somatic homolog pairing and transvection like phenomena 

 Pairing of specific alleles as well as entire chromosomes is a widespread 

phenomena observed in a variety of species [76].  Somatic homolog pairing has been 

observed in mitotic cells of the wheat root tip [77] and guard cells of Arabidopsis [78].  

The parenchymal cells of Arabidopsis also display homolog pairing, especially of 

homologous pericentromeric heterochromatin [79-81].  It is controversial whether 

somatic pairing occurs in S. cerevisiae as it was observed by one group and refuted by 

another [82, 83].  In human cells, homologous chromosomes are generally located in 

disparate regions of the nucleus [84].  However, there are instances in which homologous 

regions have been observed to associate in normal and tumor cells [85-90].  In three of 

these cases, a functional purpose was ascribed to somatic pairing and the implications are 

to imprinting, dosage compensation, and transcriptional upregulation of an entire 

chromosome arm {}.   

The imprinted 15q11-q13 loci associate non-randomly in normal cells, but the 

association frequency drastically declines in cells from patients with neurological 

disorders that are accompanied by irregular imprinting [88, 89].  As long speculated, 

transient pairing of female mice X chromosomes is a necessary step to “count” X 

chromosomes and signal that X inactivation is necessary [85-87].  This was demonstrated 

by suppressing pairing through the insertion of the X pairing site on an autosome, which 

prevented X inactivation [85].  Finally, in renal oncocytoma cells a heightened level of 

gene expression was found along chromosome arm 19q relative to wild-type kidney cells.  

The authors demonstrated that this entire chromosome arm had a propensity to pair in 
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these cells, suggesting a relationship between transcriptional activity and homolog 

pairing [90].   

 

    Interchromosomal non-allelic associations and transcriptional cosequences 

 It is now clear that non-allelic chromosomal associations play important roles in 

interphase nuclear architecture and are implicated in transcriptional regulation.  The main 

theme of the following section is that long distance chromosomal associations occur non-

randomly between loci on different chromosomes and these can be correlated to gene 

expression changes to the implicated loci.  While homolog pairing in Drosophila exists in 

nearly all cells types, many of the following described trans-associations of heterologous 

loci only interact within certain contexts.  Therefore, the investigation of these contexts 

can contribute to models for homolog pairing.  The following studies also underscore 

why chromosomal associations occur, allelic and non-allelic, and the methodology 

required to make the conclusion that chromosomal interactions play a role in 

transcriptional regulation. 

 

        Colocalization of silenced regions 1: heterochromatic associations 

 The localization of a euchromatic gene into a heterochromatic region typically 

leads to its acquisition of heterochromatic characteristics such as histone H3 lysine 9 

dimethylation, HP1 binding, and transcriptional silencing [91].  This is apparent in the 

Drosophila white
m4

 background, a chromosomal inversion placing wild-type white next 

to the centromere.  The outcome is mosaic white gene expression in the eye through 
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heterochromatin acquisition into the white genomic region.  Acquisition of 

heterochromatic silencing has also been demonstrated to occur in trans.  Trans-silencing 

has been most thoroughly studied at the brown
Dominant 

allele; an insertion of ~2Mb of 

heterochromatic chromatin into the brown gene [92].  This insertion does two things: 

first, a wild-type brown gene in trans becomes silenced [93].  Second, the brown 

genomic region localizes near other heterochromatic regions of the nucleus [94, 95].    

 Silencing of the bw
D
 allele in cis cannot be assessed phenotypically because the 

insertion acts as a knockout.  However, it has recently been demonstrated with ChIP 

analyses that HP1, a marker of heterochromatin, spreads 12 kb away from the 

heterochromatic insertion [96].  It is unclear whether bw
D
 itself silences bw+ through 

transfer of epigenetic silencing (allelic association) or if silencing of bw+ is indirect 

through bw
D
 dragging bw+ into a heterochromatic nuclear compartment (non-allelic 

association).  However, chromosome rearrangements that disrupt bw
D
/bw+ localization 

near heterochromatic regions also disrupt bw+ silencing, without disrupting bw
D
/bw+ 

pairing [95].  This suggests that trans-silencing of bw+ is via the bw
D
 insertion acting to 

physically recruit bw+ into a heterochromatic compartment.  

The bw
D
 allele suggests that genes can become silenced through localization to a 

compartment with heterochromatic features and/or other silenced genomic regions.  This 

may be a powerful gene regulatory method to silence or de-silence individual loci or 

large chromosomal regions.  An additional implication is that several associated 

chromosomal regions could be moved into a heterochromatic compartment via 

modification to only one locus.  It has been demonstrated that T and B cell silenced genes 
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are selectively localized to heterochromatic regions [97, 98].  In addition, a wild-type B-

globin regulatory element is necessary to prevent silencing of a transgene and its 

localization to a heterochromatic region [99].   

The simplest explanation for localization of the bw
D
 allele and other silenced 

genes into heterochromatin is through HP1’s ability to multimerize and perhaps behave 

as a bridge linking distant regions of the genome.  In support of this model, tethering a 

HP1-Gal4 fusion in Drosophila to randomly placed UAS sites throughout the genome is 

sufficient to establish long range associations with endogenous heterochromatic regions 

[100].  Like bw
D
, HP1-Gal4 induces silencing in cis and in trans upon the paired allelic 

locus.  An interesting extension to this observation would be to induce HP1-Gal4 

expression in fully developed tissues and observe the tethered locus’s nuclear location 

relative to heterochromatin in correlation to its expression state with RNA FISH.  This 

may help distinguish between whether silencing in trans occurs directly through HP1 

tethering, through its localization to a heterochromatic compartment, or both.   

 

        Colocalization of silenced regions 2: polycomb mediated associations 

 Polycomb group proteins (PcG) were originally identified as negative regulators 

of Hox gene expression and are necessary to maintain their silenced state [101].  In 

Drosophila, the PcG binds to cis regulatory “polycomb response elements” or PREs.  

Specifically, tri-methylation of Histone H3 lysine 27 via the E(Z) histone 

methyltransferase recruits Polycomb and associated PcG proteins Ph, Psc, and dRING 

[101].  It is of interest to note the parallels between polycomb and heterochromatic 
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silencing.  Both utilize a histone methyltransferase (Su(Var) 3-9 and E(Z)) and enlist a 

methylated histone binding, chromodomain bearing protein (HP1 and Pc).  Furthermore, 

in both cases the silenced loci exist within nuclear bodies consisting of the associated 

silencing factors [94, 95, 102, 103].   

The transgenic insertion of Drosophila PRE bearing regulatory elements from the 

Abd-B Hox gene, called Fab-7 and Mcp, into random genomic loci leads to silencing of 

the transgene’s marker gene (white) and occasionally the neighboring loci in a polycomb 

group dependent manner [102, 103].  Furthermore, non-allelic and distant Fab-7 

transgenic insertions associate together and with endogenous Fab-7 within polycomb 

bodies of the nucleus.  This is likely not only a property of the transgenes as endogenous 

PRE bearing loci associate within PcG bodies and at a higher frequency in tissues where 

both are silenced [103].   

In support of a functional significance of transgenic Fab-7/endogenous Fab-7 

colocalization, deletion of endogenous Fab-7 suppresses transgenic Fab-7 silencing 

[102].  However, it cannot be ruled out that endogenous Fab-7 creates a diffusible 

product that causes silencing of transgenic Fab-7 inserts and Fab-7 colocalization is 

irrelevant to the silencing process.  In fact, 21-23nt dsRNAs are produced from 

transgenic Fab-7 elements and only detectable from endogenous Fab-7 when a transgenic 

Fab-7 is present.  Accordingly, transgenic Fab-7 silencing, clustering within the nucleus, 

and binding of Polycomb and E(Z) are dependent upon RNAi components Dicer-2 and 

Piwi [103].  This suggests that Fab-7 silencing is mediated by dsRNAs processed by 

Dicer-2 into siRNAs that can mediate a transcriptional silencing response.   
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To conclusively test whether clustering of PcG regulated loci plays a functional 

role in silencing, clustering must be altered directly.  One possible strategy would be to 

tether PRE containing loci to the nuclear envelope, determine whether clustering is 

prevented, and observe the phenotypic outcome.  Alternatively, clustering may be 

enhanceable through tethering DNA binding proteins near the Fab-7 inserts that have the 

ability to multimerize.  It could be concluded that clustering participates in the gene 

silencing process if enhanced clustering also leads to enhanced silencing.  Finally, as 

suggested for studies on localization to heterochromatin, activation of PcG proteins and 

the correlation of Fab-7 expression state relative to clustering may suggest a causal role 

of clustering to silencing.   

 An interesting tendency of the Fab-7 and Mcp transgenic insertions is their 

heightened silencing when in a homozygous state [104].  This “pairing-sensitive 

silencing” has been observed with other regulatory element bearing transgenes in 

Drosophila, and defines the scenario when the transgene’s marker (white gene) is 

silenced more highly when homozygous compared to hemizygous (Figure 1.3A and 

1.3B).  This is a perplexing phenomenon given that homozygotes carry an extra dose of 

the marker gene and therefore would be predicted to have a heightened or at least 

equivalent expression level.  One possible explanation is that assembly of PcG proteins 

upon a hemizygous Fab-7 insert is not sufficient to exert a silencing effect.  However, 

doubling the PcG assembly upon paired Fab-7 elements exceeds a threshold where 

silencing is now enhanced, perhaps through forming a more complete complex or 

facilitating a change in the paired loci’s nuclear location.   
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Figure 1.3 Pairing dependent silencing of Fab-7 transgenic insertions. 

 The white eye marker gene of Fab-7 inserts is expressed stronger when the 

transgene is in a (A) hemizygous versus (B) homozygous state (note, these are not Fab-7 

flies, but are instead w
m4

 images taken by T.H. as an example to depict white silencing).   
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        Transcriptional regulatory interactions in trans 

 Transcriptionally active genes can have a tendency to colocalize and lie within 

RNA polymerase II foci [105].  This suggests that transcriptional factories exist in the 

nucleus and are the site of coexpressed genes.  The following studies also demonstrate 

that transcriptional regulatory elements can act in trans upon loci of different 

chromosomes.  These observations were facilitated and in some cases only made possible 

with the “chromosome conformation capture (3C)” technique or a derivate “circular 

chromosome conformation capture (4C).”   

3C utilizes formaldehyde crosslinking of DNA/protein interactions to fix 

chromosomal associations.  These are then restriction digested, ligated to one another, 

and detected with PCR (Figure 1.4).  In 3C, knowledge of the chromosomal regions to 

associate must be suspected a priori for primer design.  This is not the case with the 4C 

method, which takes advantage of ligation reactions that create circles.  This allows for 

PCR away from a known sequence to capture novel chromosomal interactions (Figure 

1.4).  
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Figure 1.4.  The 3C and 4C techniques enabling capture of chromosomal 

associations (see text for details). 
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The 3C technique was utilized to identify a trans interchromosomal interaction in 

developing T-cells.  The TH2 and TH1 lineages are both derived from CD4+ T-cells.  The 

TH2 lineage is defined by IL4, IL5, and IL13 expression and the TH1 via expression of 

Ifng.  Spilianakis and Flavell made the initial observation that in CD4+ cells, a “locus 

control region (LCR)” interacts over 120kb in cis with the promoters of cytokines IL4, 

IL5, and IL13.  This CD4+ interaction is likely relevant to the cytokine gene’s 

transcriptional regulation as a deletion of the LCR ablates the interaction and suppresses 

their transcription in TH2 progenitors [106].  The authors then speculated and confirmed 

with the 3C method, that the chromosome 11 LCR controlling IL4, IL5, and IL13 

expression in cis also interacts in trans upon the Ifng locus on chromosome 10 [57].  Two 

pieces of evidence support a transcriptional regulatory role of this interaction.  First, the 

interaction is strong in CD4+ cells and weakened in their TH1 progenitor cells.  Second, 

deletion of an element within the LCR suppressed its interaction with Ifng and the 

functional consequence was revealed by Ifng misexpression in the TH1 lineage.  The fact 

that the LCR-Ifng interaction occurs prior to an Ifng transcriptional consequence from the 

LCR deletion supports a causal role of the interaction on Ifng expression (Figure 1.5). 
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Figure 1.5.  The CD4+ LCR/Ifng interchromosomal association is necessary for 

proper expression of Ifng in progenitor TH1 cells.    

 (Left panel) The LCR on chromosome 11 (blue) associates with Ifng on 

chromosome 10 (red) in CD4+ cells.  This association is likely necessary for proper 

expression of Ifng in the progenitor TH1 cells (green transcript).  This conclusion was 

drawn from the observation that a deletion of the LCR disrupts the association with Ifng 

and Ifng expression (right panel). 
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Lomvardas and colleagues used the 4C method to validate a model for 

mammalian olfactory receptor choice [107].  This is an extraordinary system where only 

1 of 1,300 odorant receptor genes (OR) is expressed in an individual olfactory sensory 

neuron.  The authors correctly predicted that one enhancer region (H) is capable of 

interacting with several OR promoters in a somewhat random fashion.  This interaction 

occurs with OR promoters in cis, but also in trans with promoters on 12 different 

chromosomes.  Remarkably, with DNA/RNA FISH, it was shown that H physically 

interacts with the one OR expressing gene.  A transgenic H physically associates and 

activates a second OR gene, confirming its role as a positive regulator.  The authors 

therefore proposed the model that H-to-OR promoter choice is a stochastic process.  

When this interaction is facilitated, the enhancer can no longer activate other OR genes 

(Figure 1.6).  As an interesting aside, the authors note that 33% of nuclei only had one 

DNA FISH signal for H.  Perhaps pairing of H makes it behave as a single locus and 

prevents improper activation of two OR genes. 
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Figure 1.6.  The H enhancer is thought to interact with olfactory receptor genes 

(OR) on several different chromosomes.   

 (Left) The H enhancer has the potential to interact with 1 of 1,300 OR genes 

throughout the genome (only 6 shown).  Here an interaction is going to occur with OR 4.  

(Right) Once this interaction occurs, expression of only OR 4 occurs.   
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In a slight modification of the 4C method, Apostolou and Thanos used an NF-κB 

immunoprecipitation step to enrich for distant chromosomal regions bound to their 

sequence of interest: the IFN-B promoter [108].  Upon viral infection, expression of IFN-

B is activated, IFN-B protein is secreted, and subsequently binds to receptors on 

neighboring cells to initiate the antiviral response throughout the population.  With the 

4C method, three different NF-κB bound sequences were identified that interact with 

IFN-B promoter (Figure 1.7).  

In non-infected cells, the multiple IFN-B genes (HeLa cells are polyploid) are not 

expressed and do not colocalize with the several NF-κB binding regions identified with 

4C.  However, upon virus infection, one of the IFN-B genes becomes expressed and 

colocalizes with the NF-κB binding regions.  This suggests that the NF-κB bound regions 

are sequestered and then associate with the IFN-B promoter upon infection.  Two pieces 

of data support this model that the association promotes IFN-B activation.  First, 

transgenic insertions of these NF-κB binding regions cause IFN-B activation earlier.  

Secondly, association of these regions to IFN-B precedes its transcriptional activation.   
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Figure 1.7.  NF-κB bound regions interact with IFN-B after viral infection to induce 

its expression. 

 (Left) Pre-viral infection, NF-κB bound regions do not associate with IFN-B.  

(Middle) Four hours after infection, NF-κB regions are observed to physically associate 

with IFN-B. (Right) Expression of IFN-B is observed two hours later.   
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        Colocalization of interchromosomal non-allelic regions conclusion 

 In all the aforementioned cases, a change to a locus’s transcriptional state 

correlates with its colocalization to another chromosomal locus.  Therefore, the 

implication is that colocalization causes the transcriptional state change (Figure 1.8A).  

This conclusion is often difficult to prove and instead two other equally possible 

explanations can be made.  First, colocalization may be a consequence of the 

transcriptional state change (Figure 1.8B).  Second, colocalization is a consequence of 

loci being coregulated within a common nuclear compartment (Figure 1.8C).    

Figure 1.8 depicts these scenarios for a silencing complex with cis and trans 

activities such as that proposed for PcG.  PcG proteins mediate transgenic Fab-7 

clustering and their silencing in cis.  In Figure 1.8, Fab-7 transgenes can be applied as the 

“modification in cis.”  When endogenous Fab-7 is deleted, transgenic Fab-7s become 

desilenced and they no longer colocalize.  This implies that clustering leads to silencing 

in trans (Figure 1.8A).  However, it may be that the endogenous Fab-7 deletion leads to 

loss of a diffusible factor created in cis that acts to silence itself and other transgenic Fab-

7 elements.  Then this leads to Fab-7 clustering because of commonly bound silencing 

factors (Figure 1.8B) or colocalization to a common silencing compartment (Figure 

1.8C).     
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Figure 1.8.  Three scenarios to explain the two observations that one locus is 

necessary for a transcriptional state change to another and these two loci physically 

associate.  Example depicted is silencing in trans.   

The observation is that a “modification in cis,” such as heterochromatin assembly 

upon one locus, causes it to localize to another locus (loci colocalization) and to silence 

that locus in trans (transcriptional consequence in trans).  (A) Colocalization of these two 

loci is necessary to establish silencing of one or both loci. (B) Colocalization follows and 

is unrelated to silencing.  For example, if the modification in cis creates a diffusible 

product that silences itself and the other locus.  Then colocalization follows because of 

something that occurs secondarily to silencing, such as HP1 multimerization. (C) 

Colocalization is a consequence of both loci falling within a similar nuclear environment.  

For example, it may be that the modification in cis creates a diffusible product that 

silences itself and the other locus.  Then the association of these two loci is a 

consequence of their colocalization to a common subnuclear compartment. 
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Ultimately, disrupting colocalization is a definitive test for determining whether it 

causes the observed trans effects.  However, it is difficult to demonstrate causation when 

this is through deleting cis elements (Fab-7) or regulatory proteins (e.g. PcG).  In 

transvection phenomena, colocalization disruption was through introducing chromosome 

rearrangements that suppress pairing.  This is a more conclusive test because presumably 

local cis regulation is not disturbed where the breakpoints are very far from the affected 

genes.   

Another supporting test is to place trans interactions into a spatial/temporal 

relationship.  This was performed in the aforementioned studies on the LCR/Ifng and NF-

KB/INF-B associations occurring in T-cell development and anti-viral response, 

respectively [57, 108].  In both cases, physical associations between the loci occur before 

the transcriptional consequence to the implicated locus.  This argues against the 

possibility in 1.8B, that transcriptional changes occurred first in cis and then the loci 

colocalized.  These spatial/temporal studies more strongly support that the interaction 

plays a direct role in altering the locus’s transcriptional state.   

 

    Models for homologous chromosomal pairing regulation 

 Pairing of homologous chromosomes is a mystifying process.  It is remarkable 

that such large structures are able to navigate the confined space of the nucleus and 

position themselves into a precise configuration.  The following terminology has been put 

forth to define the stages of homolog pairing.  Homologs must first “identify” one 

another in the nucleus and then gradually become “aligned” in a manner that is DNA 
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homology dependent.  Eventually, the homologous chromosomes become “paired,” 

which is defined as the point when intimate and stable associations are established [109].   

 The homolog pairing process remains undefined molecularly, but predictions can 

be made from studies of chromosome segregation patterns, interphase nuclear 

architecture, and non-allelic trans-chromosomal interactions.  First, it may be that 

navigating the interphase nucleus for homologs to identify one another is not as 

implausible as previously thought.  In human tissue culture cells, chromosomal positions 

can be passed on to daughter cells by varying their segregation patterns at the metaphase 

to anaphase transition.  Specifically, chromosomes that segregate first are located near the 

centrosomes and those segregating later fell into the interior of the nucleus [110].  Such a 

method could hypothetically set up identical segregation timing for homologous 

chromosomes and place them proximal to one another in daughter nuclei.   

In Drosophila adult tissues, homologs typically have pairing frequencies between 

95 and 100% in adult tissues [70], thus pairing likely necessitates factors to align and 

strengthen homologous associations throughout their entire lengths.  Pairing is fortified in 

meiosis by recombination to form chiasmata and the laying down of the synaptonemal 

complex.  However, homologous recombination is not programmed to occur in somatic 

cells as a pairing mechanism and synaptonemal complex formation has not been 

observed.  The most likely candidates to establish and solidify pairing in somatic cells are 

DNA binding factors that have cis transcriptional regulatory functions that can also 

extend in trans (Figure 1.9).   
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Figure 1.9.  Model for somatic homolog pairing driven by cis transcriptional 

regulators that can behave in trans.   

 Insulator/boundary element proteins Su(Hw) and CTCF have been demonstrated 

to play a role in Drosophila and mammalian homolog pairing, respectively.  Both are 

thought to exist as bodies within the nucleus that bridge different genomic regions.  HP1 

and other DNA binding proteins with similar properties could link different genomic 

regions through an ability to multimerize.  The assembly of multi-subunit cis regulatory 

complexes at two different loci could be bridged through protein-protein interactions.  

Similarly, enhancers are thought to interact in cis with transcriptional machinery of their 

promoters through physical interactions.  These protein-protein interactions could also 

occur in trans.   
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Many transcriptional regulators have the ability to multimerize and therefore 

could provide a bridge to link chromosomal loci.  HP1 multimerization is a likely 

explanation for trans interactions of bw
D
 with centromeric heterochromatin [95, 96].  In 

addition, regulatory complexes are typically made up of several factors that are built upon 

one another by protein-protein interactions at a given locus.  Perhaps these interactions 

could provide a linkage to similarly assembled complexes at other loci.  Finally, 

enhancer-promoter interactions are thought to be through regulatory complexes 

assembled upon the enhancer physically interacting with basal transcriptional machinery 

at the promoter.  Therefore, trans-acting regulatory elements, such as those involved in 

transvection, likely also occur through analogous protein-protein interactions except in 

trans.  While trans-associations mediated in these fashions would equally be capable of 

promoting non-allelic interactions, presumably their complementary assembly on 

homologous chromosomes would eventually lead to alignment and pairing establishment.  

This model predicts that many DNA binding proteins mediate pairing of an entire 

chromosome.  Indeed, an unbiased whole genome genetic approach did not identify any 

single factor necessary for pairing [71].  A reverse genetic screen also concluded that 

RNAi components are unnecessary for pairing despite their role in associating distant 

PREs [72].   

There is precedence for cis transcriptional regulators acting in trans and 

functioning to promote homolog pairing.  The Drosophila insulator protein Su(Hw) is 

necessary for homolog pairing in early embryogenesis [111].  Similarly, mouse CTCF is 

necessary for pairing of female X chromosomes [112].  At the local level, insulators are 
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strategically placed cis regulatory elements that bind insulator proteins such as Su(Hw) or 

CTCF and are thought to coordinate transcription by preventing cross reactivity between 

neighboring regulatory elements.  An example is insulator positioning between a 

promoter that is not to be acted upon by a neighboring enhancer.  At the global level, 

insulator proteins are thought to organize interphase chromatin into domains that 

facilitate proper transcriptional regulation and prevent erroneous regulation (Figure 1.9).  

Su(Hw) and CTCF exist as foci within the nucleus [113, 114] and are thought to bridge 

distant non-allelic chromosomal regions together [113, 115].  Given these properties, it is 

therefore not surprising that Su(Hw) and CTCF can function in homologous chromosome 

pairing (Figure 1.9).   

Su(Hw) has been shown to positively regulate transvection.  Transgenic 

constructs of the yellow gene were created with excisable enhancer and promoters to 

recreate transvecting alleles.  The inclusion of a Su(Hw) binding site enhances trans-

activation, however, it is unclear whether this is due to cis effects of Su(Hw) [116].  

Similarly, Su(Hw) misregulation has been demonstrated to lead to trans activity.  The 

yellow
2
 (y

2
) allele is an insertion of a Su(Hw) binding insulator between the yellow 

enhancer and promoter and therefore inhibits yellow transcription causing a mild loss of 

pigmentation.  The y
2
 mutation is recessive as y

2
/+ flies are phenotypically wild-type.  

Interestingly, the mild pigmentation of y
2
/y
2
 flies is greatly reduced in mod(mdg4) 

mutants and surprisingly, reduced pigmentation occurs even in y
2
/+ flies.  The y

2
/+ 

phenotype is not attributed to reduced production from the y
2
 allele as yellow null/+ flies 

are phenotypically wild-type and a chromosomal rearrangement that likely disrupts 



  

  

  52

pairing in y
2
/+; mod(mdg4) flies prevent trans-inactivation.  Furthermore, the y

2
/+; 

mod(mdg4) phenotype is suppressed by loss-of-function mutations to Su(Hw) [117].  This 

suggests that mod(mdg4) functions to restrict Su(Hw) insulator activity and when 

unrestricted in the absence of mod(mdg4), Su(Hw) is hyperactive and acts in trans.  One 

interpretation is that Su(Hw) can under these circumstances impart an insulator effect that 

normally only exists in cis to the paired region.  Alternatively, because Su(Hw) has been 

shown to promote homolog pairing, perhaps its hyperactivity can promote stronger 

pairing even without a binding cite in trans and cause the transfer of a repressive state to 

the wild-type allele. 

 When Ed Lewis was screening for suppressors of Ubx
bx34e

/Ubx
1
 transvection, not 

all were chromosomal rearrangements.  He did find an X-linked locus [58] that was later 

identified as zeste [118].  Zeste loss-of-function alleles suppress transvection of several 

loci [62, 118-120] however, they also suppress cis activation of Ubx alleles [118].  This 

suggests that Zeste may only act as a cis transcription factor and therefore its function is 

downstream rather then upstream of pairing.  Supporting evidence for Zeste in regulating 

pairing comes from the hypermorphic/neomorphic z
1
 allele.  Females homozygous for the 

z
1
 allele have yellow eyes, while male  (z

1
/Y) eyes are wild-type.  This affect is dependent 

on the dosage of the X-linked white gene as z
1
 w+ /Y; w+ males have yellow eyes and z

1
 

w+/z
1
 w-deletion female eyes are wild-type [65].  Furthermore, a transposition of the 

white gene escapes the z
1
 effect, suggesting a pairing dependency [74].   

 The wild-type Zeste protein aggregates in vitro and the z
1
 mutant hyper-

aggregates [121].  This has led to the model that Zeste can facilitate trans interactions 
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through multimerization with itself at allelic loci.  Perhaps assembly of z
1 

aggregates on 

an unpaired white allele is incapable of silencing, while aggregation upon paired copies 

assembles a complex that promotes silencing or prevents activation.  Interestingly, zeste 

mutations were not shown to alter homolog pairing with FISH to Ubx in cycle 14 of 

embryogenesis [122].  This should be noted as a potentially uninformative negative result 

because it is not known when in development a potential zeste pairing activity must occur 

to cause the observed phenotype.   

 While Su(Hw), CTCF, and zeste would most likely promote homologous 

chromosomal pairing by tethering allelic regions in trans, two factors have been 

identified that may regulate pairing by acting upon the chromosomal DNA.  In 

Drosophila tissue culture, it was found that RNAi or drug inhibition of topo II reduced 

pairing from ~90 to 65% [123].  This is a counterintuitive result given that topo II is 

implicated in decatenating or individualizing chromosomes.  However, topo II may be 

capable of catalyzing the opposite reaction and induce catenation of homologous 

chromosomes.  It is also possible that topo II indirectly effects pairing, through 

decatenating non-homologous regions to allow homologs to pair or via regulating 

segregation events so that pairing can be properly established in the daughter nuclei.   

 The Drosophila condensin II factors Cap-H2, Cap-D3, and SMC4 have been 

implicated as homolog pairing antagonists (Appendix B).  Cap-H2 has been most 

thoroughly studied and is necessary for individualizing homologs in early embryogenesis 

(Figure 1.10).   
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Figure 1.10.  Homolog pairing of Drosophila cycle 12 embryos is antagonized by 

condensin II. 

 Homolog pairing was assessed from embyros of wild-type and Cap-H2 mutant 

mothers with a FISH probe to the histone locus (red).  Nuclear envelopes are blue.  In cell 

cycle 12, pairing of the histone locus did increase in embryos from Cap-H2 mutant 

mothers by approximately 20% relative to wild-type (P < 0.005; χ
2
).  The histone cluster 

was paired in 30.6% of cycle 12 embryonic nuclei from wild-type mothers (n=901).  This 

contrasts to 36.8% and 37% in cycle 12 embryos from Cap-H2
Z3-0019

 homozygous 

(n=627) and Cap-H2
Z3-0019

/Df  (n=1261) mothers, respectively.   
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As predicted for enhanced pairing, Cap-H2 loss-of-function mutants enhance 

transvection at two different loci.  To rule out the possibility that Cap-H2 mutants effect 

pairing indirectly by altering segregation and cell cycle progression, FISH and flow 

cytometry indicate no aneuploidy or alteration to the percent cells in G1, S, G2/M.  This 

eliminates the possibility that pairing frequency was enhanced because of the presence of 

an extra chromosomal copy.  It also helps rule out an arrest in a particular cell cycle 

stage.  Finally, a decreased overall rate of cell proliferation has been suggested to 

enhance homolog pairing and transvection through providing time for homologous 

chromosomes to find and associate with one another.  This is formally possible in Cap-

H2 mutants, however, Cap-H2 overexpression was capable of disrupting chromosome 

alignment in non-proliferating salivary gland cells.  This suggests that it has a direct role 

in regulating pairing.     

 

Explanation of dissertation format 

 

 This dissertation is formatted to include two chapters comprised of a literature 

review (Chapter 1) and summary of the novel findings published in the appended 

manuscripts (A and B) (Chapter 2).   

 Giovanni Bosco conducted the initial screen that identified mutant Drosophila 

with polytene nurse cells in the lab of Terry Orr-Weaver.  The subsequent studies within 

appendices A and B were conducted, designed, interpreted, and composed by me under 

the guidance of Dr. Bosco.  Sarah Sweeney, Peter Knepler, and Helen Smith contributed 

important supporting results to these studies.   
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CHAPTER 2: PRESENT STUDY 

 

 The complete findings, methods, and conclusions of these dissertation studies are 

in publication and can be found in appendences A and B.  The following is a brief 

summary of the most important findings of these two manuscripts.  Included throughout 

are remaining questions regarding condensin II functions and suggested future 

experiments. 

Chromosome individualization entails the spatial distancing of chromosomes that 

have become associated and possibly entangled through interphase movements.  

Individualization is necessary in proliferating cells as associated chromosomes 

segregating to opposing poles may lead to DNA damage or aneuploidy.  The first half of 

my dissertation studies was on the role of the condensin II complex in Drosophila male 

meiosis (Appendix A).  This work provides strong evidence that condensin II mediated 

chromosome condensation is coupled to individualization and is necessary to resolve 

associations between both heterologous and homologous chromosomes.  The 

consequence of these persistent associations is likely the creation of aneuploid daughter 

cells.  The major results to support these claims are 1) condensin II mutant prophase I 

nuclei appear to fail in chromosome condensation, 2) later in meiosis I DNA threads are 

observed between both heterologous and homologous chromosomes, and 3) mutants 

create a substantial amount of aneuploid sperm.   

A major remaining question from this work is insight into the nature of the 

persistent associations between anaphase I segregating chromosomes.  The source likely 

falls within two broad categories.  The first is that interphase chromosome movements 
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lead to random entangling of chromosomes due to their threadlike nature.  This applies to 

heterologous chromosomes, but also to homologs as their paired state likely entails 

intertwining.  This model is favorable because of condensin’s ability to induce and trap 

(+) supercoiling (Figure 1.1) [23, 30, 31].  Supercoiling can lead to drawing a DNA 

molecule in on itself and its sequestration from other DNAs [32, 33].  Furthermore, this 

sequestration may also increase the likelihood that random activity of topo II will 

decatenate rather then catenate chromosomes [33-35].   

The second likely association mediating persistent associations between anaphase 

I chromosomes mutants is through proteinaceous pairing factors.  Drosophila male 

meiosis is unconventional in that recombination and synaptonemal complex formation do 

not occur [124, 125].  This was puzzling for a long time because associations between 

homologs are necessary to ensure their segregation away from one another to daughter 

cells [126].  Recently however, three proteins have been found that perhaps act as 

chiasmata replacements: teflon, MNM, and SNM [127-129].  Mutations in all three genes 

cause failure to maintain pairing in meiosis I and chromosomes segregate at random.  

Secondly, MNM and SNM localize to the autosomes and the X-Y pairing center in a 

teflon dependent manner up until the metaphase I-anaphase I transition.  This strongly 

suggests that they form a protein complex that tethers homologs together.   

Interestingly, the introduction of teflon mutations into the Cap-H2 background 

rescued associations between homologs.  This suggests that Cap-H2 functions to 

antagonize Teflon mediated pairing.  It was surprising to also find that teflon mutations 

rescue associations between heterologous chromosomes.  One logical next step is to test 
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whether Cap-H2 antagonizes these proteins by studying their dynamics in Cap-H2 

mutant male meiosis.  If Cap-H2 is a MNM, SNM, Teflon negative regulator, a 

prediction is that they would persist on the chromosomes during anaphase I of Cap-H2 

mutants.   

 The second half of my dissertation demonstrated that condensin II antagonizes 

interphase associations that may serve a crucial role in gene regulation (Appendix B).  In 

Drosophila, homologs are intimately synapsed in somatic diploid tissues [59, 60, 69-72] 

and this is thought to facilitate trans-communication of allelic regulatory elements [65].  

While such phenomena are evident in Drosophila, there are now many related examples 

(reviewed in Chapter 1).  Another well-studied interphase chromosome configuration of 

Drosophila is polyteny, where several to hundreds of maternal and paternal chromatids 

are juxtaposed with perfect alignment of homologous sequences.   

Polytene chromosomes of the ovarian nurse cells disassemble mid-oogenesis into 

unpaired homologs and dispersed chromatids.  Our Cap-H2 (condensin II subunit) alleles 

were isolated in a forward genetic screen for mutants that fail in the programmed 

disassembly of nurse cell polytene chromosomes.  Subsequently, it was shown that Cap-

H2 overexpression was sufficient to disassemble salivary gland polytene chromosomes 

into their chromatid fibers.  These two findings and complementary studies demonstrate 

that the condensin II complex functions to disassemble polytene structure.   

We hypothesized that perhaps this condensin II function is not specific to 

polyteny, but has a broader function to individualize associated interphase chromosomes.  

We therefore assessed whether Cap-H2 plays a role in somatic homologous chromosome 
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pairing.  In an examination of homolog pairing with FISH to the histone cluster in 

embryos from Cap-H2 mutant mothers, pairing was indeed increased by 20% in two 

different Cap-H2 mutant backgrounds relative to wild-type (Figure 1.10).  Therefore, 

condensin II likely has a general role to antagonize interphase chromosome alignment 

that encompasses somatic homolog pairing and polytene structure. 

The cytological demonstrations of condensin II disrupting interphase alignment 

predicted that it would regulate trans-chromosomal interactions that impact transcription 

(transvection).  This was indeed the case as Cap-H2 loss-of-function enhanced 

transvection and overexpression had an antagonistic effect at two different loci.  This 

supports a model that condensin activity is a crucial aspect of gene regulation by 

disrupting trans-communication of allelic regulatory elements.  We speculate that 

condensin II antagonizes interphase chromosome alignment through its ability to induce 

and trap (+) supercoils (Figure 1.1).  This may be identical or loosely related to its 

mitotic/meiotic condensation activity and could provide a mechanism to spatially 

distance, or separate aligned chromosomes.   

A major remaining question is why condensin II disruption of chromosome 

alignment activity exists.  To begin to make predictions, first it is important to present 

contexts for possible functional purposes of somatic pairing.  Regulatory element activity 

in trans through pairing may increase transcriptional efficiency through the ability of 

activators to assemble on one allele and activate transcription from both (Figure 2.1A).  

Pairing of alleles may also increase the probability of enhancer-promoter interactions 
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(Figure 2.1B).  There may even be situations where regulatory element trans activity is 

predominant (Figure 2.1C).   

 

Figure 2.1.  Three hypothetical contexts where homolog pairing may be beneficial 

and/or necessary for transcriptional regulation. 

(A) Assembly of transcriptional regulators is only upon one locus, but it can impart a 

response on both loci. (B) Transcriptional regulation is optimized by increasing the 

probability of enhancer-promoter interactions. (C) Transcriptional regulators can only act 

when homologs are paired. 
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All of these scenarios are of course hypothetical and require experimental 

validation.  Each predicts that chromosomal rearrangements that disrupt pairing would 

also decrease transcript levels.  Reciprocally, they predict that the establishment of 

pairing would increase transcriptional output.  This could be assessed with a proof of 

principle study on the effect of chromosomal rearrangements on the expression of 

individual genes with known spatial/temporal expression patterns and have mutant alleles 

that participate in transvection disruptable by chromosomal rearrangements.  If these 

studies demonstrate a pairing dependency of wild-type alleles, then a next step is to test 

whether Cap-H2 loss-of-function or overexpression can modify these genes’ expression 

and pairing frequency.  If true, this provides strong support for a wild-type function of 

condensin II to restrict trans-interaction of allelic regulatory elements to alter their 

transcriptional output. 

 Homolog pairing in Drosophila has the remarkable ability to facilitate transfer of 

chromatin states from one modified allele to the other in trans.  This is evident through 

the ability of bw
D
 to silence a paired bw+ and HP1-Gal4 recruitment to a hemizygous 

UAS insertion to silence the allelic locus [93, 100].  Furthermore, Su(Hw) can impart 

insulator activity on a paired homolog in flies mutant for mod(mdg4) [117].  These trans-

silencing events can be explained either by transfer of the epigenetic state directly from 

the modified allele to the other, or may entail mislocalization of the paired homolog to a 

silencing compartment of the nucleus.  However, it is unclear whether transfer of 

epigenetic states between alleles occurs at wild-type Drosophila loci.   
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One situation where maternal and paternal alleles carry different epigenetic states 

is when they are differentially imprinted.  For example, perhaps situations of imprinting 

occur in Drosophila that are analogous to that of mammalian 15q11-q13 region, where 

the maternal and paternal alleles are differentially methylated.  Imprinting from both 

male and female parents has been described in Drosophila, but only in altered genetic 

backgrounds where euchromatic genes have been placed near or within heterochromatin 

[130].  Similarly, insertions of the Fab-7 PRE appear to have a classical meiotically 

inherited epigenetic state that is stronger from females [102].  These systems demonstrate 

that imprinting likely does occur in Drosophila, however, imprinting at purely wild-type 

loci has not been demonstrated.   

A test for imprinting at wild-type Drosophila loci could be conducted by creating 

flies where both homologs were inherited from either the mother or father.  Then the 

RNA expression profiles of these genes could be compared with array studies.  The 

following cross is suited to obtain genetically identical females that only vary because 

both 2
nd

 and 3
rd

 chromosomes were inherited from either the father or mother.  The ord 

mutation induces random segregation of chromosomes from males and females and is 

included as a trick to create a high level of diplo-2/diplo-3 gametes. 

1. ord/Y; +/+; +/+ (males)       X        X/X; C(2;3)EN (females with attached 2
nd

 and 3
rd

) 

-select ord/X; +/+; +/+ females for RNA preparation (2
nd

 and 3
rd

 inherited from father) 

2. X/Y; C(2;3)EN (males)        X        ord/ord; +/+; +/+ (females) 

-select ord/X; +/+; +/+ females for RNA preparation (2
nd

 and 3
rd

 inherited from mother) 
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If imprinted loci are uncovered through this experiment, then an examination of whether 

condensin II functions to prevent their trans-communication (Figure 2.2) can be studied 

in condensin II mutant and overexpressing backgrounds.   

 

Figure 2.2.  A condensin II unpairing activity may be necessary to prevent transfer 

of epigenetic states from one allelic locus to the other. 

 In this hypothetical example, the maternal allele is silenced and the paternal allele 

is not.  Perhaps condensin II unpairing prevents a transfer of the epigenetic state.  In 

condensin II’s absence, the epigenetic state can become transferred.   
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Evidence does exist for condensin II acting to prevent transfer of epigenetic 

modifications in trans (Hartl, Smith, and Bosco in preparation).  In a chromosome 

transposition placing brown next to centromeric heterochromatin (bw
DX7

), the gene 

becomes transcriptionally silenced in cis [131].  The bw
DX7 

allele also leads to silencing 

of the wild-type brown in trans [131].  In a Cap-H2 mutant background, bw
DX7 

silencing 

is enhanced in cis and in trans.  Because silencing in cis is enhanced, it is difficult to 

assess whether trans-silencing enhancement is through an overall increase of 

heterochromatic spreading or pairing enhancement.  However, Cap-H2’s role as a 

homolog-pairing antagonist suggests the latter.  In fact, it remains possible that Cap-H2 

mutant enhancement of bw
DX7 

silencing in cis is through an increase in its association 

with other heterochromatic regions.    

 An intriguing result was obtained from crossing Cap-H2 into the bw
D
 

background.  If Cap-H2 acts to increase pairing, then the prediction is that trans-silencing 

of bw+ via bw
D
 would be enhanced.  However, the opposite result was obtained – Cap-

H2 mutations led to increased brown expression.  The distance between the bw
D
/bw+ 

locus and other heterochromatic regions of the nucleus remained unchanged in the Cap-

H2 mutant.  This demonstrates that failure to silence is not due to failure to localize to 

heterochromatin.  Furthermore, pairing at bw was increased from 82 to 86%, N = 600 

nuclei, p = <0.05 (χ
2
).  Perhaps enhanced pairing at bw

D
/bw+ leads to an “active” 

euchromatic state that protects it from heterochromatic silencing.   

 When observing the trans-chromosomal regulatory events that are modulated by 

condensin II, it is tempting to propose that the wild-type function of condensin II is to 
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prevent their occurrence by spatially distancing chromosomes from one another (Figure 

2.3A).  This would prevent scenarios such as those depicted in figures 2.1 and 2.2.  

However, an alternative model must be considered.  Perhaps Cap-H2’s function is to 

ensure gene regulation occurs in cis and that trans interactions are less frequent.  

Therefore, when Cap-H2 is mutant, gene regulation occurs more frequently in trans.  

These trans protein-protein interactions between one locus’s enhancer and its allelic 

locus’s promoter may enhance pairing.  Furthermore, when condensin II is hyperactive 

through Cap-H2 overexpression, cis regulation is now strongly favored, trans-

interactions occur less frequently, and chromosomes unpair.  In this scenario, basal 

homolog pairing could occur by more transient trans interactions and/or other pairing 

factors (Figure 2.3B).   
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Figure 2.3.  Models for condensin II function in gene regulation. 

(A) Condensin II directly individualizes paired loci from one another through inducing 

supercoiling.  This reduces gene regulation in trans.  This model proposes that condensin 

II directly separates homologous loci from one another. 

(B) Condensin II functions to promote gene regulation in cis by supercoiling DNA.  

When condensin II is inactive, gene regulation now can occur in trans and this enhances 

homolog pairing.  This model proposes that condensin II indirectly separates homologs 

from one another by keeping gene regulation in cis.   
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APPENDIX A: CONDENSIN II RESOLVES CHROMOSOMAL 

ASSOCIATIONS TO ENABLE ANAPHASE I SEGREGATION IN 

DROSOPHILA MALE MEIOSIS 
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APPENDIX B: CONDENSIN II ANTAGONIZES INTERPHASE 

CHROMOSOME ALIGNMENT AND TRANSVECTION 
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SUPPORTING ONLINE MATERIAL 

 

 

MATERIALS AND METHODS 

Fly Stocks 

Cap-H2  Stocks bw; st Z3-0019/TM6B, Hu Tb e ca and bw; st Z3-5163/TM6B, Hu Tb e 

ca
 
were isolated from a collection of 1,500 EMS mutagenized lines obtained from 

Charles Zuker (S1).  As previously described, ovaries were dissected and DAPI stained to 

visualize DNA (S2).  Mapping was performed on the stock Z3-0019
 
and a recombinant 

created (ru h st Cap-H2
Z3-0019

 sr e ca/TM6B, Hu Tb e ca) was used for all experiments 

documented in this manuscript except yellow transvection where the original Z3-0019 

chromosome was used.  Cap-H2
Z3-0019

 carries two SNPs; the first is an A to T base 

change in the first intron (gaagcgggtaagcatcca to gaagcgggtaagcatcct) and the second is a 

G to A mutation changing tagatccgggactgg into tagatccgggactag that switches a 

tryptophan codon into a stop codon.  Cap-H2
Z3-5163

 was found to be a disruption of the 5’ 

region of the gene that through southern and PCR analysis has preliminarily been placed 

to the right of a PstI restriction site (ctgcagatcctcaaatac) and to the left of a forward 

primer binding site gttaatggacgatagggcacgtt.  The aberration in Cap-H2
Z3-5163

 is likely to 

be either an insertion or rearrangement.  Cap-H2 alleles PL00617 and e03210 are pBac 

insertions obtained from Bloomington Drosophila stock center and the Harvard medical 

school Exelixis Drosophila stock center, respectively (S3, S4).  Other Cap-H2 alleles 

were found on Df(3L)W10 and l(3)j9A5 bearing chromosomes, obtained from the 

Bloomington stock center, and are listed in fig. S2 as Cap-H2
TH1 

and Cap-H2
TH2

, 

respectively.  The aberration in Cap-H2
TH1

 is a GT to GC alteration in the first intron’s 
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splice acceptor site (tgaagaagcggaagcgggt to tgaagaagcggaagcgggc) and the Df(3L)W10 

was recombined away from the Cap-H2
TH1 

allele bearing chromosome utilized in the 

studies herein.  We determined that a P-element insertion in the line l(3)j9A5 is not 

responsible for the nurse cell polytene chromosome phenotype, but rather a lesion in the 

Cap-H2 locus is present on this chromosome.  This mutant allele is now referred to as 

Cap-H2
TH2 

and through PCR and southern analysis, was found to be a disruption of the 5’ 

region of the gene that has preliminarily been placed to the left of a forward primer 

binding site cgcgggagcagatattggaa.  The Cap-H2
TH2 

allele may be an insertion, deletion, 

or rearrangement.  All Cap-H2 alleles are detailed in fig. S2.  It is currently unclear 

whether any of the six Cap-H2 alleles are completely null or hypomorphic.  Thus, 

although all are viable over a deficiency of the locus, it cannot be determined whether the 

Cap-H2 gene is essential.  Deficiencies of the Cap-H2 locus, Df(3R)Exel6159, Df(3R)cu 

and Df(3R)BSC38 where all obtained from the Bloomington stock center. 

Inducible Cap-H2  EY09979 is a UAS and transposase promoter bearing P-element 

inserted upstream of the Cap-H2 gene (fig. S2) and was obtained from the Bloomington 

stock center.  The UAS-Cap-H2-mCherry construct was injected into embryos by 

Rainbow Transgenic Flies, Inc. and transgenic insertions where balanced in our lab.  

GAL4 drivers Hsp70-GAL4 and 43B (S5) were obtained from the Bloomington stock 

center and Patrick O’Farrell, respectively.  

Cap-D3  Cap-D3 allele EY00456 (fig. S2) and deficiency Df(2L)Exel7023 were obtained 

from the Bloomington stock center. 
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Transvection studies Stocks y
82f29

, y
1#8

, Ubx
Cbx-1 

Ubx
1
 and BTD71 Ubx

Cbx-1 
Ubx

1 
gl
3
, 49B1-

11; 81F (R(Ubx
Cbx-1 

Ubx
1
) were gifts from Chao-Ting Wu.   

Other  Stocks SMC4
k08819

 (S6) and those used for meiotic and P-element excision 

mapping were obtained from the Bloomington stock center.  The HS83-LacI-GFP, LacO 

(60F) stock, also called M1.1, 6(4.1), was a gift from Julio Vazquez and John Sedat (S7).  

All stocks carrying deficiencies or mutations in the region of 49cM for Cap-H2 

complementation tests were obtained from the Bloomington stock center.   

Meiotic recombination mapping 

bw; st Z3-0019/TM6B, Tb Hu ca e virgin females were mated to ru h th st cu sr e ca 

males to create bw/+; st Z3-0019/ru h th st cu sr e ca females.  These virgin females were 

crossed to Dcxf/In(3L)P Me h males and single st Z3-0019-ru h th st cu sr e ca 

recombinants/Dcxf males were selected and crossed to bw; st/TM6B, Hu Tb e ca virgin 

females.  From these crosses, the st Z3-0019-ru h th st cu sr e ca recombinant/TM6B, Hu 

Tb e ca siblings were crossed to set up a stable stock.  Then, recessive markers were 

scored in the homozygous progeny and it was determined whether these females carried 

the nurse cell polytene chromosome phenotype.  Of 155 total recombinants tested, 12 

broke genetic linkage between th and the nurse cell polytene chromosome locus and 22 

broke genetic linkage between the sr and nurse cell polytene chromosome locus.  This 

placed the nurse cell polytene chromosome trait at 7.7cM from th (42.2cM) and 14.2cM 

from sr (62cM).  Taken together, this localized the mutation responsible for the polytene 

chromosome phenotype near 49cM on the genetic map. 

Male recombination mapping (S8) 



  

  

  106

Virgin females of the ru h st Z3-0019 sr e ca/TM6B, Hu Tb e ca line were crossed to 

T(2;3)ap[Xa], ap[Xa]/CyO, H{w[+mC]=PDelta2-3}HoP2.1; Sb[1] males to create ru h 

st Z3-0019 sr e ca/Sb[1]; +/CyO, H{w[+mC]=PDelta2-3}HoP2.1 males.  These males 

were then crossed to five stocks bearing P-elements that mapped near the region of 49cM 

on chromosome three and fell in between recessive markers st and sr: KG07724, 

TfIIFB
j3C1

, KG05409, KG04456, and EY00594.  Then, w; ru h st Z3-0019 sr e ca/P-

element; +/CyO, H{w[+mC]=PDelta2-3}HoP2.1 males were crossed to ru h st Z3-0019 

sr e ca/TM6B, Hu Tb e ca virgin females.  In female progeny that had broken linkage 

between st and sr, it was determined whether nurse cells carried a wild-type or mutant 

polytene chromosome phenotype.  This strategy placed the lesion responsible for the 

nurse cell polytene chromosome phenotype between the KG07724 and TfIIFB
j3C1

 

insertions or in the region of 6576803-6593274 from D. melanogaster genome release 

4.3.   

Deficiency mapping 

Deficiencies in the region of 49cM on chromosome three were tested for failure to 

complement the Z3-0019 polytene chromosome phenotype.  The deficiencies Df(3R)cu, 

Df(3R)BSC38, and Df(3R)Exel6159 all failed to complement the mutation.  The 

molecularly defined Df(3R)Exel6159 deficiency placed the polytene chromosome trait 

between nucleotides 6464596 and 6715088 in genome release 3.1 and complementation 

of the polytene phenotype by Df(3R)Exel7305 and Df(3R)Exel7306 narrowed this range 

to between 6464596 and 6606222 in genome release 3.1.  Df(3L)W10, that maps to the 

left arm of chromosome three, also failed to complement the nurse cell polytene 
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chromosome phenotype.  Later it was determined that Df(3L)W10 does not contribute to 

the nurse cell polytene chromosome phenotype, but that this line also carries a GT to GC 

alteration to Cap-H2’s first intron splice acceptor and is now referred to as Cap-H2
TH1

.  

The Cap-H2
TH1 

allele used in all experiments in this study is a version that had 

Df(3L)W10 recombined away.   

Cytological and immunofluorescence studies 

A Cy3-conjugated Donkey Anti-Rabbit (Jackson ImmunoResearch, #711-165-152) was 

used to detect the Cap-H2 antibody, which was raised in rabbits by Invitrogen against the 

peptide RPTFDSGFDIEEPRVS.  Preparation and immunostaining of fly ovaries was 

performed as detailed in (S9).  Salivary glands and ovaries only DAPI stained were 

prepared as in (S9) with omission of steps necessary for immunostaining.  Quantitation of 

the percent polyteny for the various condensin II mutant combinations shown in Fig. 1 

was performed on 2 stage 10 egg chambers from 5 different ovary pairs to total 150 

nuclei.  A nucleus was scored as containing polytene chromosomes when either banding 

or substantial alignment of chromosomes into large cylinders was observed.  

Chromosome squashes for mitotic index studies were prepared as detailed in protocol 1.9, 

method #3 without steps necessary for immuno-detection from (S10).  Imaging was 

performed with a Zeiss Laser Scanning Microscope, LSM 510 Meta and the acquisition 

software LSM 510 Meta, version 4.0.  Images in figures 1, 2, S1, S6 (J-L), S8, S9, and 

S11 (I-M) were acquired with a Plan-Apochromat 63x/1.4 Oil DIC objective at an image 

bit depth of 8 bit.  Images in figures S3, S6 (A-I), and S7 were acquired with a Plan-

Neofluar 40X/1.3 Oil DIC objective at an image bit depth of 12 bit.  Images in figures 
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S11 (A-G) were acquired with a Plan-Apochromat 20x/0.8 objective at an image bit 

depth of 8 bit.  Appropriate filters and dichroic mirrors for fluorochromes DAPI, Cy3, 

mCherry, FITC and GFP were used where applicable.   

DNA Fluorescent in-situ hybridization (FISH) to chromosomes 

FISH probe synthesis 

BAC clones were used for detection of the 34D region (RP98-30I21, RP98-48E02 and 

RP98-16P12) in FISH to nurse cells (fig. S3).  DNA was restriction digested as 

previously described (S11) and then end labelled with terminal deoxytransferase (Roche 

03333566001) and reagents provided in the ARES AlexaFluor 546 DNA labelling kit 

(Invitrogen A21667).   

Tissue preparation and FISH 

Ovaries were dissected and fixed in 100 mM potassium cacodylate, 100 mM sucrose, 40 

mM sodium acetate, 10 mM EGTA, and 3.7% formaldehyde for 4 minutes.  Then 

protocol 2.8 from (S11) was followed for FISH to tissue in liquid suspension.  Steps 

necessary for secondary detection were omitted as FISH probes had been directly 

conjugated to AlexaFluor 546 (see above).   

Ovary BrdU labelling and quantitation 

Sibling female flies were cultured together and fattened on wet yeast for 2-days at 25ºC 

in the same vial.  Ovaries from each genotype were mixed together and prepared as 

previously described (S12, S13).  Ovarioles were gently separated before mounting in 

order to preserve ovariole structure and egg chamber continuity.  Homozygous mutant 

ovaries were easily distinguishable from those heterozygous by the polytene chromosome 
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phenotype.  Only stages 5 and 6 that were clearly connected to older egg chambers were 

scored.    

Flow cytometry 

Flow cytometry was conducted as in (S14).  Ovaries were dissected from sibling female 

flies that were cultured together and fattened on wet yeast for 2-days at 25ºC in the same 

vial.  Larval brains were treated as above, however because the introduction of another 

mutation into one genotype would have been necessary to distinguish larvae, the Cap-H2 

heterozygous and homozygous larvae were instead raised in parallel cultures at 25ºC.  

Each biological replicate is made up of nuclei from either 8-10 3
rd

 instar larval brains or 

10 pairs of ovaries.   

Cap-H2 induction 

The HS83-LacI-GFP, LacO (60F) stock was a gift from Julio Vazquez and John Sedat 

(S7).  The following lines were built in our lab, 1. HS83-LacI-GFP, LacO (60F); Hsp70-

GAL4, 2. HS83-LacI-GFP, LacO (60F); EY09979, and 3. HS83-LacI-GFP, LacO (60F); 

Hsp70-GAL4 EY09979 to observe polytene chromosome disassembly after Cap-H2 

induction.  The salivary gland nuclei in fig. S9, A-D are from third instar larvae that were 

homozygous for both the Hsp70-GAL4 and EY09979 transgenes and had been heat 

shocked for 24 hours at 35°C to induce Cap-H2 and LacI-GFP expression then dissected 

and fixed immediately.  Nuclei in Fig. 2, C and D and fig. S9, E-H are of the same 

genotype except they were fixed 2.5 days after the 24 hour heat shock.  Control larvae in 

Fig. 2, A (HS83-LacI-GFP, LacO (60F); Hsp70-GAL4) and B (HS83-LacI-GFP, LacO 

(60F); EY09979) were heat shocked under identical conditions.  The following cross was 
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set up to create larvae mutant for Cap-D3 and overexpressing Cap-H2.  Then it was heat 

shocked for 24 hours at 35°C to induce Cap-H2 expression:  

Cap-D3
EY00456

; EY09979 males  X  Cap-D3
Df(2L)Exel7023

/CyO, Actin-GFP;  Hsp70-GAL4 

Progeny: 

1. Cap-D3 trans-heterozygous mutant larvae overexpressing Cap-H2:  

Cap-D3
EY00456

/Cap-D3
Df(2L)Exel7023 

; EY09979/Hsp70-GAL4 

2. Cap-D3 heterozygous mutant larvae overexpressing Cap-H2:  

Cap-D3
EY00456

/CyO, Actin-GFP; EY09979/Hsp70-GAL4 

   For performing the Cap-H2 overexpression timecourse (fig. S10), salivary glands 

were dissected, fixed and DAPI stained from 3
rd

 instar HS83-LacI-GFP, LacO (60F); 

Hsp70-GAL4 EY09979 larvae cultured at 25°C (time point 0).  To obtain the 6-hour time 

point, this same culture of larvae was placed at 35°C for six hours and salivary glands 

were prepared as in time point 0.  UAS-Cap-H2-mCherry transgenes were expressed in 

ovaries with the nanos-GAL4 driver (S15). 

TUNEL assay and structural analysis of γγγγ-irradiated polytenes 

The TUNEL assay was performed as in (S16), but with a 15-minute 37ºC proteinase K 

treatment (20µg/mL).  Terminal deoxytransferase (Roche 03333566001) labeling with 

DIG-11-dUTP (Roche 11093088910) was performed with the supplied buffer for 2 hours 

at 37ºC and reaction terminated with the addition of 5mM EDTA.  Immunofluorescence 

was performed as detailed in (S9) with fluorescein anti-DIG at 1:200.  Glass vials with 

wandering 3
rd

 instar larvae were placed under a cobalt 60 irradiator emitting at 

175.09cGrays/minute and exposed at distances and time intervals yielding 500 rads, 
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2,000 rads and 5,000 rads.  Salivary glands from live larvae exposed to 500 rads and 

5,000 rads were dissected within one hour after irradiation and scored for persistence of 

polytene structure through visualizing the LacO array status. 

Cap-H2 cDNA library creation 

RNA was extracted from OrR testes and 4-12 hour old embryos with Invitrogen TRIZOL 

reagent.  One step RT-PCR (Invitrogen, SuperScript III One Step RT-PCR Platinum Taq 

HiFi, #12574-035) was performed with forward primer: gtgaatagctaattgttccagcacc and 

reverse primer: ttgcatggttccgttttatcc.  PCR products from each library (testes and embryo) 

were cloned into Invitrogen Topo-TA vectors and sequenced. 

Cap-H2-mCherry transgenic fly creation 

An N-terminally tagged Cap-H2 was cloned into pUASP and injected into embryos by 

Rainbow Transgenic Flies, Inc.  mCherry was PCR amplified from pRSET-B mCherry 

with forward primer tcggtaccatggtgagcaagggcgagga that contains a KpnI restriction site 

and reverse primer atgcggccgcacttgtacagctcgtccat that contains a NotI restriction site.  

This PCR product and pUASP were digested with KpnI and NotI and then mCherry was 

cloned into pUASP to become pUASP-n-mCherry.  A Cap-H2 cDNA lacking the 5’ UTR 

was PCR amplified from the cDNA SD18322 with forward primer 

atgcggccgcgagcggattttgcctgaa containing a NotI restriction site and reverse primer 

gcactagtgcatggttccgttttattcct containing a SpeI restriction site.  This PCR product and 

pUASP-n-mCherry were digested with NotI and SpeI, and then the Cap-H2 fragment was 

cloned into pUASP-n-mCherry downstream of the mCherry coding region to become 

pUASP-n-mCherry-Cap-H2.   
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Transvection of yellow and Ubx  

For both systems, crosses were set up at 25°C on standard fly food and overcrowded 

vials, i.e. with small larvae crawling up the side, were discarded.  For yellow transvection 

studies, the following crosses were set up in parallel and brooded every 2-3 days:  

1. y
1#8
/Y; Df(3R)Exel6159/TM6B, Hu males crossed to y

82f29
 virgin females 

2. y
1#8
/Y; Cap-H2

Z3-0019
/TM6B, Hu males crossed to y

82f29
 virgin females 

3. y
1#8
/Y; Df(3R)Exel6159/TM6B, Hu males crossed to y

82f29
; Cap-H2

Z3-0019
/TM6B, 

Hu virgin females 

Adult progeny were collected daily, held in another vial for 3 days at 25°C, then the 

abdominal stripe pigmentation of flies from each genotype that eclosed on the same day 

and arose from the same brood were scored relative to one another.  Flies were scored 

from 15 different days of eclosion and from 10 different broods.  To prevent biasing the 

scorer, genotypes were concealed until after scoring completion.  In most cases it was 

clear that one of the three genotypes contained many flies with darker abdominal stripes 

and these were always the y
1#8
/y
82f29

; Cap-H2
Z3-0019

/Df(3R)Exel6159 genotype (Fig. 3, B 

and D).  For Ubx transvection studies, crosses were brooded twice and scoring was done 

on images taken of both wings from randomly chosen females.  Wing phenotypic classes 

were scored as follows: class A, wild type in nature; class B, noticeable loss of tissue at 

the posterior of the wing; class C, these wings are only different from class B in that 

withering at the posterior of the wing is observed; class D, substantial loss of posterior 

tissue that often leads to the posterior region folding over the wing.  Both severe tissue 

loss and substantial folding were placed into this class; class E, presence of a large blister 
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that comprises 1/3 of the entire wing area or wing necrosis.  BTD71, Ubx
Cbx-1 

Ubx
1
 gl

3
, 

49B1-11; 81F, referred to as R(Ubx
Cbx-1 

Ubx
1
)/++ throughout the text, is a reciprocal 

translocation of the right arm of chromosome 3 starting from 81F and containing Ubx
Cbx-1 

Ubx
1
, to the right arm of chromosome 2 at 49B1-11 (and reciprocally, the right arm of 

chromosome 2 starting at 49B1-11 is translocated to 81F of chromosome 3).  This 

translocation is a classic disrupter of transvection at Ubx as the breaks lie in the “critical 

region” defined by Ed Lewis as those that fall between Ubx and the centromere (S17).  

Cap-H2 expression was induced in the developing wing disc with the scalloped-GAL4 

driver. 

 SUPPORTING TEXT 

Other mutants with nurse cell polyteny: The nurse cell polytene chromosome 

phenotype of the condensin II mutants is reminiscent of certain mutant alleles of the 

genes otu, fs(2)B, cup, hrb27C, and sqd that also lead to persistence of nurse cell 

polyteny (S18-S21).  This is especially the case for otu and fs(2)B where classically 

banded polytenes are found in mature egg chambers (S20, S21).  Due to their wide 

spectrum of oogenic phenotypes and designation as RNA binding proteins (S18, S22, 

S23), it remains difficult to specify whether these genes have a direct role in the 

disassembly of nurse cell polytene chromosomes. 
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SUPPORTING ONLINE FIGURES 

Fig. S1. Cap-H2, Cap-D3, and SMC4 heterozygotes do not carry nurse cell polytene 

chromosomes. (A-C) DAPI stained nurse cell nuclei from stage 10 egg chambers. Scale 

bars indicate 5µm. (A) Cap-H2
Z3-0019

/+
 
(B) Cap-D3

Df(2L)Exel7023
/+ (C) SMC4

k08819
/+, see 

also Table 1. 
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Fig. S2. Cap-H2 and Cap-D3 denoting locations of each mutant allele. 

Coding regions are depicted in black and 5’ and 3’ UTRs in gray. (A) Cap-H2 genomic 

locus showing splicing patterns found in a Cap-H2 cDNA library. Cap-H2
TH1
 is a GT to 

GC alteration in the first intron’s splice acceptor site (tgaagaagcggaagcgggt to 

tgaagaagcggaagcgggc) and was found on the chromosome carrying Df(3L)W10. Cap-

H2
PL00617

 is a piggyBac insertion into the first intron (S3). Cap-H2
e03210

 is a piggyBac 

insertion within the third intron (S4). Cap-H2
Z3-0019

 carries two SNPs. The first (SNP#1) 

is an A to T base change in the first intron (gaagcgggtaagcatcca to gaagcgggtaagcatcct) 

and the second (SNP#2) a G to A mutation changing tagatccgggactgg into 

tagatccgggactag that switches a tryptophan codon into a stop codon. Cap-H2
TH2

 is an 

aberration in the stock l(3)j9A5 and through preliminary southern and PCR analyses has 

been identified as a disruption in the 5’ region of the gene to the left of forward primer 

binding site cgcgggagcagatattggaa. The Cap-H2
TH2

 aberration is consistent with an 

insertion, deletion, or rearrangement. Cap-H2
Z3-5163 

is an aberration that has only been 

defined as to the right of a PstI restriction site (ctgcagatcctcaaatac) and to the left of a 

forward primer binding site gttaatggacgatagggcacgtt (as characterized with preliminary 

southern and PCR analyses) and is consistent with either an insertion or rearrangement. It 

is currently unclear whether any of these six Cap-H2 alleles are complete null alleles or 

hypomorphic. Furthermore, all are viable over a deficiency of the genomic locus and 

have the polytene nurse cell phenotype. The EY09979 transposon insertion is utilized to 

overexpress Cap-H2. EY09979 is 301bp from the 5’ end of the Cap-H2 gene and 78bp 

from the 5’ end of the neighboring MED7 (CG3190) gene (not shown). (B) Cap-D3 

genomic locus as detailed in the Drosophila melanogaster genome release 4.3. Allele 

Cap-D3
EY00456

 is a P-element insertion into the third exon.   
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Fig. S3. Cap-H2 mutant nurse cells have persistent alignment of the maternal and 

paternal homologs and their chromatid components. (A-D) Stage 7 egg chambers from 

Cap-H2 heterozygous mutant (A, B) and homozygous mutant (C, D) ovaries. Panels are 

from left to right: DAPI, signal from a 34D FISH probe, and DAPI merged with the 34D 

signal. (A) Slice A of a Cap-H2
Z3-0019

/TM6B or Df(3R)Exel6159/TM6B stage 7 egg 

chamber stained with DAPI and hybridized with a FISH probe to 34D. (B) Slice B of the 

same egg chamber detailed in A. (C) Slice A of a Cap-H2
Z3-0019

/Df(3R)Exel6159 stage 7 

egg chamber stained with DAPI and hybridized with a FISH probe to 34D. (D) Slice B of 

the same egg chamber detailed in C. Scale bars indicate 10µm. (E) Quantitation of nurse 

cell chromosome alignment of maternal and paternal homologs and their chromatid 

components.  Orange bars represent Cap-H2
Z3-0019

/TM6B or Df(3R)Exel6159/TM6B (N = 

84 nuclei) and blue bars Cap-H2
Z3-0019

/Df(3R)Exel6159 (N = 85). 

 

 

 

 

 

 
 

Fig. S4. Cap-H2 mutant nurse cells do not exhibit an alteration in endocycling.   

Ovaries from Cap-H2
Z3-0019

 heterozygous (white bars) and homozygous (black bars) were 

incubated with BrdU simultaneously in the same tube to determine the number of nuclei 

in S phase per stage 5, 6, 10, and 11/12 egg chambers. There was no significant 

difference (two-tailed T-test assuming equal variances) in the number of homozygous 

(polytene) and heterozygous (non-polytene) nurse cells undergoing S phase per stage 5 

(N=15), 6 (N=15), 10 (N=18), and 11/12 (N=10) egg chambers. This suggests that nurse 

cell polyteny in Cap-H2 mutants is not indirect through altering cell cycle progression. 
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Fig. S5. Cap-H2 mutant nurse cells do not exhibit a change in DNA replication content.  

Ovaries from Cap-H2
Z3-0019

 heterozygous (white bars) and homozygous (black bars) were 

stained with DAPI and subjected to flow cytometry analysis in triplicate. There was no 

significant change in the average fluorescence of nuclei from each ploidy class (two-

tailed T-test assuming equal variances). This suggests that nurse cell polyteny of Cap-H2 

mutants is not due to alterations in DNA replication patterns. 
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Figure S6 
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Fig. S6. Cap-H2 becomes nuclear enriched in nurse cells at the developmental stage 

when polytene chromosomes disassemble. (A-I) Ovaries from wild-type (OrR) flies 

stained with DAPI and an anti-Cap-H2 antibody. (A) DAPI stained Stage 4, 6, 7, and 10 

egg chambers (s4, s6, s7, s10). (B) Cap-H2 protein localization. Arrow indicates Cap-H2 

positive nurse cell nucleus in a stage 6 egg chamber (s6). Note that smaller, less advanced 

nuclei within the same s6 egg chamber and those of younger egg chambers (s4) do not 

have exhibit Cap-H2 nuclear enrichment. Cap-H2 protein also localizes to nuclei of more 

advanced egg chambers (s7 and s10 arrowheads). (C) Merged image with DAPI in red 

and anti-Cap-H2 in green. (D-F and G-I) Two 1.6µm slices to capture nurse cell nuclei 

from different focal planes in s4, s6, and s10 wild-type egg chambers. (J-L) Cap-H2 

protein partial overlap with DNA is illustrated through an increased magnification of a 

nurse cell nucleus from a stage 10 egg chamber stained with (J) DAPI, (K) anti-Cap-H2, 

and (L) is the DAPI (red) and anti-Cap-H2 (green) merged. Scale bars in A, D, and G 

indicate 20µm and in J is 5µm. (M) Quantitation of the number of nurse cell nuclei per 

egg chamber staining positive for Cap-H2 protein. All 15 nurse cell nuclei were scored 

per egg chamber in stages 2 through 10, thus for stage 2 (S2), N=7 egg chambers and 105 

nuclei. For S3, N=9 egg chambers, S4 (N=21), S5 (N=19), S6 (N=15), S7 (N=13), S8 

(N=4), S9 (N=6), S10 (N=7), and 13 germarium were scored. Note: Cap-H2 function may 

not be limited to only those nuclei where it was enriched. In Cap-H2 mutants, all stage 5 

and 6 nurse cell nuclei appear more polytenized then normal. This suggests a wild-type 

function that precedes nuclear enrichment and may explain the relatively loosened 

polytene structure of wild-type pre-stage 6 nurse cell nuclei. 
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Fig. S7. A transgenic Cap-H2-mCherry fusion protein has localization patterns similar to 

endogenous Cap-H2. When a transgenic Cap-H2-mCherry fusion protein is expressed in 

the female germ line via the nanos-GAL4 driver, the protein localizes to the most 

advanced nurse cell nuclei of stage 5 or 6 egg chambers and is absent from younger nurse 

cells toward the anterior region of the egg chamber. This is consistent with the pattern 

detected by an anti-Cap-H2 antibody (fig. S6), providing confirmation that the antibody 

recognizes an endogenous Cap-H2 epitope in nurse cells. (A) DAPI, (B) Cap-H2-

mCherry and (C) DAPI (red) and Cap-H2-mCherry (green) merged. The scale bar in A is 

20µm.  
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Figure S8 

 
 

Fig. S8. Expression of Cap-H2 in the salivary glands via various methods leads to 

polytene chromosome disassembly. As further confirmation that Cap-H2 overexpression 

is responsible for the observed salivary gland phenotype, larvae carrying different GAL4 

driver and inducible Cap-H2 combinations also exhibit salivary gland polytene 

chromosome disassembly. (A) Control salivary gland nucleus with the Hsp70-GAL4 

transgene alone. (B) Second control nucleus carrying UAS-Cap-H2 transgenes on the X 

and 2
nd

 chromosomes. (C) Salivary gland nucleus where the combination of Hsp70-GAL4 

and UAS-Cap-H2 transgenes led to overexpression of Cap-H2. Note that this was 

reproducible in tests with two other UAS-Cap-H2 transgenic lines. (D) Control salivary 

gland nucleus from larvae carrying only the salivary gland 43B-GAL4 driver. (E) Second 

control nucleus only carrying EY09979. (F) Cap-H2 overexpression was achieved in the 

salivary glands through combining the 43B-GAL4 and EY09979 transgenes. Scale bars 

indicate 5µm. Note that the degree of polytene disassembly is sensitive to the dosage of 

Cap-H2 transgenes and/or transgene type. Our impression is that UAS-Cap-H2(I)/+; 

UAS-Cap-H2(II)/+; Hsp70-GAL4/+ (C) is equivalent to Hsp70-GAL4/EY09979 (not 

shown). Two UAS-Cap-H2 transgenes may not be stronger then one EY09979 copy 

because the UAS-Cap-H2 is a cDNA construct possibly lacking important 5’, 3’, and 

intronic regulatory sequences. Hsp70-GAL4 EY09979/Hsp70-GAL4 EY09979 (Fig. 2, C 

and D; fig. S9) may provide the strongest phenotype by carrying 2 Hsp70-GAL4 drivers 

and 2 EY09979 insertions. This dosage sensitivity is consistent with the varying degree of 

polytene disassembly in nurse cells from different condensin II mutant backgrounds (Fig. 
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1). Furthermore, disassembly is also more severe after longer Cap-H2 induction regimes 

(see fig. S9).   

 

 

 

 
 

Fig. S9. The extent of salivary gland polytene chromosomal component dispersal is 

directly related to time after Cap-H2 induction.  

Cap-H2 expression was induced and the degree of polytene disassembly was calculated 

by measuring the distance between LacI-GFP bound 2
nd

 chromosome LacO arrays 

relative to the nuclear radius. Scale bars indicate 5µm.   

(A-D) Salivary glands fixed immediately after a 24-hour Cap-H2 induction had LacO 

arrays that reached distances 87.4 +/- 3.5% (SEM) the nuclear radius (N=20 nuclei). (E-

H) LacO arrays dispersed further when fixed 2.5 days after the 24-hour Cap-H2 

induction to 110.8 +/- 9.1% the nuclear radius (N=13 nuclei) (see also Fig. 2, C and D). 

Identically treated control larvae not overexpressing Cap-H2 carry a LacO array that 

appears as a band or ring having a width only 15.9 +/- 1.6% the nuclear radius (N=10) 

(see Fig. 2, A and B). (I) Bar graph illustrating the separation of polytene chromosomal 

components after Cap-H2 induction. 
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Fig. S10. Significant disassembly of salivary gland polytene chromosomes occurs after 6 

hours of Cap-H2 induction. 

White bars indicate time point zero and black bars 6 hours after Cap-H2 induction.  

Larvae homozygous for a GAL4 inducible Cap-H2 transgene (EY09979), a Hsp70-GAL4 

driver and the LacI-GFP, LacO (60F) system to visualize an individual locus (see legend 

for figure 2) were shifted from 25ºC to 35ºC to induce Cap-H2 expression for 6 hours, 

then salivary glands were dissected, fixed and stained with DAPI. From 0 hours (N=285 

nuclei/5 glands) to 6 hours of Cap-H2 exposure (N=271 nuclei/9 glands), salivary gland 

polytene chromosomes significantly disassembled as visualized through dispersal of the 

LacI-GFP bound 60F LacO array (two-tailed T-test assuming unequal variance). 
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Fig. S11. Cap-H2 induced salivary gland polytene disassembly is not attributed to gross 

level DNA damage. (A-H) With the TUNEL method, DNA breaks were detected in 

larvae exposed to 5,000 rads γ-radiation, but not in Hsp70-GAL4, EY09979 larvae that 

overexpress Cap-H2. (A) DAPI stained, wild-type salivary gland nuclei from a larva 

exposed to 500 rads and in (B), TUNEL labeling of these same nuclei via anti-DIG 

staining. (C) DAPI stained nuclei from a larva exposed to 5,000 rads of γ-radiation and in 

(D) TUNEL labeling of these same nuclei indicating DNA breaks. (E) Amount of γ-

radiation exposure correlated with larval survival to adulthood. This provides further 

confirmation that 5,000 rads induced a high level of DNA damage. (F) DAPI stained, 

Hsp70-GAL4, EY09979 (not exposed to γ-radiation) salivary glands that overexpress 

Cap-H2 and in (G) TUNEL labeling of these same nuclei. (H) The number of TUNEL 
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positive nuclei was quantitated for each group as indicated (N=90, 59, and 50 nuclei for 

500 rads, 5,000 rads, and Hsp70-GAL4, EY09979 preparations, respectively). (I-N) 

Larvae that overexpress Cap-H2 lead to salivary gland polytene disassembly (Fig. 2), yet 

do not have a level of DNA breaks detectable with TUNEL (above). Larvae exposed to 

5,000 rads of γ-radiation do have a level of DNA breaks detectable with TUNEL (above), 

yet do not cause polytene disassembly (below). Because DNA breaks from 5,000 rads are 

not sufficient to induce polytene disassembly (below), this strongly suggests that Cap-H2 

overexpression does not lead to polytene disassembly by creating a high level of DNA 

breaks.  Larvae with the LacI-GFP/2
nd

 chromosome LacO array system were exposed to 

500 or 5,000 rads and polytene alignment was assessed through visualizing the LacI-GFP 

bound LacO array. (I-J) Salivary gland nuclei exposed to 500 rads. Arrows point to LacI-

GFP bound LacO arrays. (K-L) Salivary gland nuclei exposed to 5,000 rads. Arrows 

point to LacI-GFP bound LacO arrays. (M) A high-resolution image of a salivary gland 

nucleus exposed to 5,000 rads demonstrating significant polyteny as visualized through 

DAPI. Furthermore, chromatid alignment is maintained as LacI-GFP bound to the LacO 

array is observed as a band. (N) The number of LacI-GFP foci were scored per nucleus 

exposed to either 500 or 5,000 rads (N=30 and 49 nuclei, respectively). Note that the 

locus carrying the 2
nd

 chromosome (60F) LacO array occasionally asynapses (~2.5%) and 

this explains the low amount of nuclei in the “2 spot” column. Significant polytene 

disassembly would have led to nuclei with >2 LacI-GFP spots, which was never 

observed. Scale bars in A-D, F and G indicate 50µm, 10µm in I and K, and 2µm in M. 

  

 

 

 

 

 

 

 

 

 



  

  

  127

 
 

Fig. S12. Cap-H2 mutant larval neuroblasts do not exhibit a change in cell cycle 

regulation. Neuroblasts from Cap-H2
Z3-0019

 heterozygous (white bars) and homozygous 

(black bars) larvae were stained with DAPI and subjected to flow cytometry analysis in 

triplicate. There was no significant change in the average number of nuclei from each cell 

cycle stage (two-tailed T-test assuming equal variance).   
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Fig. S13. Model for condensin II in antagonizing chromosome alignment.  

Condensin II disruption of aligned chromosomal structures may be explained by 

what has been observed from in vitro studies of the condensin I and bacterial complexes. 

The SMC subunits dimerize at their hinge domain and form V shaped dimers (S24). 

Distal to the hinge, SMCs also carry ATPase domains that engage with one another upon 

binding of ATP (S25, S26). This can lead either to the formation of ring-like structures or 

may cause the association of multiple condensin complexes to form a variety of 

structures including filaments. The ATPase heads of the condensin complex are then 

thought to disengage upon ATP hydrolysis, leading to either ring opening or filament 

disassembly (S24). Binding of a kleisin subunit, such as Cap-H2, to the ATPase domains 

may stabilize their engagement. In Bacillus subtilis the kleisin ScpA is known to bind to 

the ATPase domains and slow ATP hydrolysis (S27).  

The purified condensin I complex consisting of SMC2, SMC4, Cap-H, Cap-D2 

and Cap-G depend upon ATP hydrolysis to introduce positive supercoiling into a circular 

DNA template (S28). Current models for how condensin complexes lead to mitotic 

chromosome assembly highlight this ability as supercoiling may initiate further coiling 

and gathering of neighboring chromosomal regions. This self-sequestering of the 

chromosome could create higher order chromatin domains that then serve as the building 

blocks for the mitotic chromosome (S24). We propose that condensin II mediated 

supercoil induction may also serve to disrupt interphase chromosome alignment by 

initiating intrachromosomal higher order structures that disrupt and/or exclude 

interchromosomal interactions.  

The numerous in vitro reports on the condensin complex provide the framework 

for this working model on how condensin II may antagonize aligned chromosomal 

organization. (A) First, the SMC2/4 ATPases induce positive supercoils through ATP 

hydrolysis (S28). This initial step begins to disrupt interchromosomal associations and 

may also depend upon non-SMC subunits Cap-H2 and Cap-D3 (note that no Cap-G2 has 
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been computationally identified in Drosophila) (S29). (B and C) ATP binding to the 

SMC ATPase domains then promotes their engagement (S25, S26) and initiates supercoil 

trapping. This provides the initial force to disrupt interchromosomal associations, but 

may exist as a transition state because ATP hydrolysis could quickly lead to head 

disengagement, destabilization of supercoils and chromatin relaxation. Here ATPase 

association is between different condensin complexes to form a filament. For simplicity, 

other possible conformations such as ATPase associations within one complex to form a 

ring are not shown. (D) Trapped supercoils may become stabilized through the ability of 

Cap-H2 to promote SMC ATPase engagement and/or slowing ATP hydrolysis (S27). 

This might fortify positive supercoil trapping and prevent immediate chromatin 

relaxation and re-establishment of the aligned structure.  

Thus, induction of positive supercoils by condensin II is the initiating force that 

disrupts interchromosomal associations. Secondly, supercoil trapping serves to prohibit 

immediate chromatin relaxation and re-establishment of trans-associations. Supercoiling 

may provide a force that physically disrupts interchromosomal associations and/or favors 

intrachromosomal higher order structures that make regions prone to trans-associate 

inaccessible.  

Condensin II may also antagonize chromosome alignment in cooperation with 

other factors. There are multiple examples of physical and functional interactions 

between condensin and top2 (S30-S35), which can make and reseal double strand breaks 

and has recently been shown to promote homologous chromosomal pairing in Drosophila 

tissue culture cells (S36).  Condensin may also disrupt alignment through enabling the 

removal of cohesin proteins, as has been shown in budding yeast meiosis and human 

tissue culture cells (S37, S38), or through interactions with chromatin modifying enzymes 

that could initiate heterochromatic linkages (S30, S39-S41).    

 

SUPPORTING ONLINE TABLES 

 

Table S1. Cap-H2 mutants enhance the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype. 

Briefly, from “Class A” to “Class E” is an increasing severity of phenotype, with Class A 

being wild-type, Class B a loss of tissue at the posterior of the wing, Class C loss of 

tissue at the posterior of the wing accompanied by posterior tissue withering, Class D 

severe loss of tissue at the posterior of the wing and Class E are blistered and necrotic 

wings. Scoring the percentage of wings in each phenotypic class demonstrates that Cap-

H2 mutations dominantly enhance the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype by having many 

more wings in “Class E” (χ
2
 test); also see Fig. 3. Numbers in “Class” columns represent 

the percent of total (N) wings in that particular class. 

Genotype N Class A Class B Class C Class D Class E P-value relative to UbxCbx-1
 

Ubx1/++  (χ
2
) 

Ubx
Cbx-1 

Ubx
1
/++ 106 0 0 0 89.6 10.4 n/a 

Ubx
Cbx-1 

Ubx
1
/Cap-H2

Z3-0019
 50 0 0 0 68.0 32.0 <0.001 

Ubx
Cbx-1 

Ubx
1
/Cap-H2

TH1
 50 0 0 0 72.0 28.0 <0.001 

Ubx
Cbx-1 

Ubx
1
/Df(3R)Exel6159 50 0 0 0 38.0 62.0 <0.001 
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Table S2. Cap-H2 mutants enhance the R(Ubx
Cbx-1 

Ubx
1
)/++ wing phenotype. 

Scoring the percentage of wings in each phenotypic class demonstrates that Cap-H2 

mutations dominantly enhance the R(Ubx
Cbx-1 

Ubx
1
)/++ wing phenotype by having many 

more wings in “Class C” (χ
2
 test); also see Fig. 3. Note that this chromosome 

rearrangement (R) suppresses Cap-H2 enhancement of the Ubx
Cbx-1 

Ubx
1
 phenotype 

(compare S2 to S1 and see text for further discussion). Numbers in “Class” columns 

represent the percent of total (N) wings in that particular class. 

Genotype N Class A Class B Class C Class D Class E 
P-value relative to  

R(Ubx
Cbx-1 

Ubx
1
)/++  (χ

2
) 

R(Ubx
Cbx-1 

Ubx
1
)/++ 78 3.8 76.9 19.2 0 0 n/a 

R(Ubx
Cbx-1 

Ubx
1
)/Cap-H2

Z3-0019
 50 4.0 58.0 38.0 0 0 <0.001 

R(Ubx
Cbx-1 

Ubx
1
)/Cap-H2

TH1
 50 2.0 56.0 42.0 0 0 <0.001 

R(Ubx
Cbx-1 

Ubx
1
)/ 

Df(3R)Exel6159 
50 0 50.0 50.0 0 0 <0.001 

 

 

 

Table S3. Cap-H2 overexpression suppresses the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype. 

Here Cap-H2 was overexpressed via the wing GAL4 driver (sd-GAL4) and a UAS-Cap-

H2-mCherry transgene inserted on the third chromosome (UAS-Cap-H2(III)). Scoring the 

percentage of wings in each phenotypic class demonstrates that Cap-H2 overexpression 

suppresses the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype by having many more wings in “Class 

B” relative to controls (χ
2
 test); also see Fig. 3. Numbers in “Class” columns represent 

the percent of total (N) wings in that particular class. 

Genotype N Class A Class B Class C Class D Class E 
P-value relative to  

controls  (χ
2
) 

sd-GAL4/+; Ubx
Cbx-1 

Ubx
1
/++

 
50 0 0 12 86 2 n/a 

Ubx
Cbx-1 

Ubx
1
/UAS-Cap-H2(III) 50 0 0 14 72 14 n/a 

sd-GAL4/+;  
Ubx

Cbx-1 

Ubx
1
/UAS-Cap-H2(III) 

50 0 64 34 2 0 <0.001 and <0.001 
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Table S4. Cap-H2 overexpression suppresses the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype. 

Here Cap-H2 was overexpressed via the wing GAL4 driver (sd-GAL4) and UAS-Cap-

H2-mCherry transgenes inserted on the X and 2
nd

 chromosomes (UAS-Cap-H2(I) and 

UAS-Cap-H2(II)). Scoring the percentage of wings in each phenotypic class demonstrates 

that Cap-H2 overexpression suppresses the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype by having 

many more wings in “Class B” relative to controls (χ
2
 test); also see Fig. 3. Numbers in 

“Class” columns represent the percent of total (N) wings in that particular class. 

Genotype N Class A Class B Class C Class D Class E 
P-value relative to  

controls  (χ
2
) 

sd-GAL4/+; Ubx
Cbx-1 

Ubx
1
/++

 
20 0 10 15 75 0 n/a 

UAS-Cap-H2(I)/+;  
UAS-Cap-H2(II)/+; 
Ubx

Cbx-1 

Ubx
1
/++;  

 

20 0 0 0 80 20 n/a 

sd-GAL4/UAS-Cap-H2(I); 
UAS-Cap-H2(II)/+; 
Ubx

Cbx-1 

Ubx
1
/++ 

20 0 85 5 10 0 <0.001 and <0.001 

 

 

 

Table S5. Cap-H2 overexpression suppresses the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype. 

Here Cap-H2 was overexpressed via the wing GAL4 driver (sd-GAL4) and EY09979. 

Scoring the percentage of wings in each phenotypic class demonstrates that Cap-H2 

overexpression suppresses the Ubx
Cbx-1 

Ubx
1
/++ wing phenotype by having many more 

wings in “Class B” relative to controls (χ
2
 test); also see Fig. 3.  Numbers in “Class” 

columns represent the percent of total (N) wings in that particular class. 

Genotype N Class A Class B Class C Class D Class E 
P-value relative to  

controls  (χ
2
) 

1
sd-GAL4/+; Ubx

Cbx-1 

Ubx
1
/++

 
20 0 10 15 75 0 n/a 

Ubx
Cbx-1 

Ubx
1
/EY09979 20 0 0 5 95 0 n/a 

sd-GAL4/+; 
Ubx

Cbx-1 

Ubx
1
/EY09979 

20 0 50 25 25 0 <0.001 and <0.001 

1
wings from these sd-GAL4/+; Ubx

Cbx-1 
Ubx

1
/++ flies also serve as control for data in 

table S4. 
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