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Abstract 
 

 Nucleosome modifications in the genome influence local heterochromatin state.  Varied examples of 

epigenetics rely on transgenerational effects and heritability of expression states between cell (mitotic) 

or organismal (meiotic) generations.  Most of the current focus is on transgenerational inheritance of 

expression states determined by methylation of lysine-4 and lysine-9 sites of histone H3.  We will use 

photoswitchable protein Dendra2 fused to histone protein H3 to test the nature of histone-based 

heritability in the germline stem cell niche of male Drosophila melanogaster.  Photoswitching provides a 

solid time-point measure of which H3 proteins are present at the time of UV exposure and which 

proteins are new at the time of photography.  This will provide an opportunity to monitor chromosome-

scale histone stability, recycling, and turnover, to monitor chromosome movement in live nuclei, and to 

critically test histone inheritance through cell division.  Photoswitching allows us to generate a snapshot 

of histone behavior and elucidate the contribution of expression state modification to transgenerational 

effects.  Here, we present background, recent progress in creation and future experimentation. 
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Background 

Introduction to Drosophila histone biology 
 In eukaryotes, 146 base pairs of super-coiled DNA wrap around a standard histone complex of 

eight histone protein subunits to form the nucleosome.  The four histone subunits that comprise the 

octomer form heterodimers of H2A and H2B and tetramers of H3/H4 (Luger et al., 1997).  Histone 

proteins are freely transcribed during late S-phase into G2-phase of the cell cycle, as DNA replication is 

coupled with chromatin formation.  At other times in the cell cycle, excess histone proteins are toxic to 

the cell and are thus tightly regulated in their translation to correspond with DNA replication.  There are 

two main regions in the histone protein: the head of the protein is at the carboxyl-terminus and the tail 

of the protein is at the amino-terminus.  Within the nucleosome, the heads of the proteins are buried 

beneath the super-coiled DNA and interact with each other at folding regions.  Histone tails float free of 

the DNA-histone complex and allow for post-translational modification of the subunits.  Widely-studied 

modifications at these exposed tails are understood to correlate with alterations to chromatin state, 

meaning  loose or tight nucleosomal structure.   

 Proteins in the nucleus referred to as histone binding proteins contribute to the loosening and 

tightening of chromatin through interactions with modifications along the histone tails.  Their 

interactions with histones depend upon their binding domains; activation is overseen by bromodomain-

containing histone binding proteins and repression is controlled by chromodomain-containing proteins.  

Bromodomain-containing proteins bind to acetylated lysine residues in histone proteins (Fujisawa and 

Filippakopoulos, 2017).  Chromodomains are conserved 40-50 amino acid binding regions common to 

proteins with chromatin remodeling functions (Tajul-Arifin et al., 2003).  Chromodomain-containing 

proteins often bind methylated sites on histone proteins to carry out remodeling activity which can 

result in silencing or activation of genes.  Histone modification by these nuclear factors allows for 

repression or activation of gene activity through mono-, di-, and tri-methylation and other modifications 
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at lysine (K) and arginine (R) residues.  Methylated lysine residues 4, 48, and 79 (K4me3, K48me3, 

K79me3) on histone H3 are commonly referenced as indicators of transcriptional activation, while 

transcriptional repression is indicated at residues H3K9 and H3K27.  Histones H4 and H2a/2b have their 

own activating and repressing residues that also contribute to the active or inactive state of the 

chromatin surrounding the nucleosome, but the nature of modifications on H3 and their correlation to 

chromatin remodeling has driven the focus of epigenetic inheritance to center on H3. 

 Amino acid domains along the H3 tail are commonly modified by histone acetyltransferases 

(HATs), histone de-acetylases (HDACs), kinases, and histone lysine methyltransferase (HMKTs) (reviewed 

by Bannister and Kouzarides, 2011).  

 

 HATs have the ability to use acetyl-CoA to transfer acetyl groups onto amino acids of the histone 

tail, typically lysine residues.  HDAC enzymes of multiple classes can remove the acetyl groups from the 

H3 lysine residues.  Kinases phosphorylate serine and threonine residues on H3.  HMKTs can add methyl 

groups to lysine residues.  All of these proteins share interactions with histone protein targets, however, 

these proteins ultimately have functions outside of histone modification and influence other aspects of 

cellular signaling in the nucleus and the cytoplasm.  Of the best-studied of these proteins, some 

Figure 1: H3 
modifications 
along the N-
terminal tail. 
Histones in the 
nucleosome 
expose their N-
terminal tails for 
modification. 

 Reproduced from 
A.  M.  Bode,A.M.  
& Dong, Z., (2005).   
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individual HMKTs can create mono-, di-, or tri-methylated residues based on the binding pocket of the 

enzyme and the number of methyl groups that the specific enzyme can add to the site.  Lysine-specific 

demethylase 1 (LSD-1) and its functional homologues remove methylation from lysine groups.  Jumanji 

proteins and the catalytic jumanji domain demethylate lysine residues like H3K9me3.  These are a few 

examples of the dynamic nature of chromatin, its correlation to H3 modification, the potential for 

activity by these proteins to influence cell behavior outside of histone biology, and the intricacy of 

histone modification.   

 Some of the modified domains, such as H3K9me3, are shown to recruit chromatin remodeling 

factors.  When this domain is tri-methylated and other unknown factors are recruited to the histone, 

HP1α is recruited to the site of the histone and the DNA region wound around the marked octamer may 

become heterochromatin.  This strong correlation between chromatin remodeling and H3 markings is 

another reason why much of the focus within the field of transgenerational inheritance of epigenetic 

information has centered on H3 over the other three 

histone subunits.   

 

 In the order of nucleosome assembly, the histones H3 and H4 are early to dimerize into H3/H4 

subunits.  The pre-chromatin complex of H3/H4 is the first histone protein dimer to associate with the 

DNA, and it is therefore logical that it is the last subunit removed in disassembly of the nucleosome.  The 

Figure 2: Nucleosome assembly order.   
 
Histones H3-H4 assemble first on the 
DNA before H2A-H2B subunits attach at 
the folding domains of H3 and H4.  As H3 
is one of the first proteins incorporated, 
contacts the DNA more closely than the 
histone proteins H2A and H2B.  
Reproduced from Kurumizaka et al., 
2013 
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importance of H3/H4 modifications and their influence on chromatin remodeling is therefore enhanced 

by their status as the final piece holding the pre-chromatin histone complex together.  These 

heterogeneous dimers assemble into tetramers as they incorporate onto exposed or newly-replicated 

DNA during S-phase (Tagami, 2004).   As the arrangement of H3 in the nucleosome means H3 and H4 are 

most likely to remain in contact with DNA during replication, and H3 has many more residues with 

documented post-translational modifications, research in epigenetics has mainly focused on the 

transgenerational influence of H3.   

 The timing of the histone protein incorporation is well-documented, however there is debate 

about the method and pattern of histone integration into nucleosomes after replication.  Histone 

transfer is the method by which DNA replicated in S-phase acquires its own nucleosome and may- or 

may-not preserve the histone modification of the precise locus of integration on the new DNA strand.  

Proposed methods of retaining such information hinge on retention of the old H3 at the original locus 

on the template strand, as discussed by Martin and Zhang (2007).  In the semi-conservative model of 

histone transfer, the nucleosome is disassembled and there is deposition of one newly-synthesized 

dimer of H3/H4 into every nucleosome and retention of old information on the older dimer as the 

replication fork passes the nucleosome site.  The second old dimer incorporates onto the new DNA and 

both old dimers replicate their information onto the new histone tails.  While this hypothesis provides 

an appealing model of histone inheritance, experiments involving pulse-chase labeling of histones 

H3/H4 conclude that the tetramer of H3/H4 does not disassemble during replication (Henikoff, 

Furuyama et al., 2004).  An alternative model proposes that the entire H3/H4 tetramer and, potentially, 

the entire histone octamer are retained through replication on one strand and are entirely newly-

synthesized on the other strand.  This conservative model of histone inheritance requires that 

information present on one histone influence the modifications of another histone either at an adjacent 

nucleosome on the same strand or on the opposite strand with some specificity to retain modification 
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integrity.  This transfer is supported by models of "spreading" heterochromatin.  In these models, 

euchromatin located near heterochromatin experiences gene silencing at a diminishing rate with 

increased distance from the site of heterochromatin.   

  A proposed model of DNA methylation influencing histone state, a method believed to be 

relevant to mammalian systems, is unlikely to exist in the Drosophila model due to an observed lack of 

DNA methylation.  DNA methylation modifications are thought to influence DNA state in mammalian 

systems through methylation of CpG sites, however there is strong data that refutes this idea.  The 

model of DNA methylation influencing H3 modification allows for the preservation of information about 

chromatin state to remain on the DNA in regions near the affected genes.  Drosophila does not possess 

the DNA methyl-transferase proteins DNMT-1 and DNMT-3 required for mammalian DNA methylation 

(Raddatz et al., 2013).  The only proposed modifications that consistently result in chromatin remodeling 

in this organism are histone modifications.  Therefore, investigating the heritability of these histone 

modifications and their longevity is crucial to understanding the heritability of chromatin state.  Models 

contingent upon DNA methylation are unnecessary in discussion of epigenetic inheritance in the 

Drosophila model. 

 

Epigenetic inheritance and position effect variegation 
 Epigenetic inheritance requires two steps crucial to the integrity of the epigenetic information.  

Establishment is commonly defined as the creation of the epigenetic information through alterations to 

the histone proteins (or DNA, in mammals and plants).  These alterations can occur through interactions 

with other modifying proteins (e.g., transcription factors) or through the HDACs and HMKTs described 

earlier.  Establishing a single histone alteration creates information to be inherited.  Currently-accepted 

models hinge upon histone modifications acting as a heritable and stable repository for regulatory 
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information that is inherited parallel to the underlying DNA during S phase thorugh M phase.  

Maintenance is essential to the heritable aspect of epigenetic modifications; in fact, positing epigenetics 

in inheritance of expression state of a gene is impossible without some mechanism to maintain that 

information through mitosis.  In this way, maintenance is the central absolute requirement for 

epigenetic inheritance.  In the context of histone inheritance, without maintaining the information, 

there is no continuation of the established histone state and the modifications containing locus-specific 

information are lost.  Loss of the epigenetic information eliminates the established state in the new 

daughter cell.  This loss of maintenance remains a subject of numerous investigations and is often cited 

as a possible early event in tumorigenesis.   

 Position-effect variegation (PEV) is among the oldest observations of heritability of information 

through clonal lineages.  PEV manifests as ommatidia (compound eye subunits) that display clonally 

distinct red or white phenotypes as seen in Figure 3   Through some still-opaque process, individual early 

embryonic cells within a clonal population may undergo a change in heterochromatin state with respect 

to their sister cells.  Clonal expansion then produces eyes with intermixed expressing and non-

expressing cells, despite the genetic and developmental similarity of all the cells.  Observed PEV has 

Figure 3: Position-effect variegation.   
A The white+ gene normally produces red 
pigment in the ommatidia, shown as circles 
forming the compound eye.   
 
B Close proximity to heterochromatin can 
completely silence the w+ gene and result in 
white eyes.   
 
C In PEV, heterochromatin silences the w+ gene 
to varying degrees in different ommatidia.  This 
silencing produces red and white pigment in the 
same eye.  Clonally-derived ommatidia can share 
the same modifying strength as their sisters or 
have different strengths than their sisters. 

n 
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been attributed to differential silencing by repression of the white gene due to proximal 

heterochromatin (Elgin and Reuter, 2013).  In many commonly proposed models, alterations to the state 

of chromatin surrounding the white gene during early embryogenesis explain the wide range of 

variegation within the   eye of a single fly.  However, in classical models of epigenetics, established 

information maintained and inherited by clonal sister cells should faithfully reproduce the clonal 

phenotype due to uniformly strong maintenance.   

 PEV may cause established information in a clonal progenitor cell to be altered early in 

embryogenesis.  This alteration would result in the clonal expression differences seen in the 'patchwork' 

appearance of the eye.   An alternative explanation for the pigment variation is that the maintenance of 

the white chromatin state is 'leaky' or impermanent.  In this model, some cells may have 'stronger' 

maintenance than others, resulting in genetically identical cells that produce completely different 

amounts of red pigment.  With 'stronger' maintenance of the euchromatic sequence state on the white+ 

gene, the endogenous white+ gene should remain active, the daughter cells will be red, and variegation 

should be suppressed in the ommatidia.  If the maintenance is 'weak', the nearby heterochromatin 

overcomes the original maintained information and enhances the variegation, preventing red pigment in 

the ommatidia, resulting in white cells.  The product of varying strengths in maintenance would appear 

similar to the observed phenotype in PEV.  Some clonal cell populations would appear red and others 

would be variegating and white within the same eye.  If establishment is alterable in clonal progenitors 

and its alteration produces PEV, then complications arise in explaining epigenetic heritability in the 

context of histone inheritance without a system causing specific loss of maintenance in ommatidia 

progenitor cells.  If maintenance is imperfect, then epigenetic inheritance is less easily attributed to 

chromatin states and histone modifications.  However, alterations to histones as the model for 

epigenetic state may not explain PEV and clonal heritability.  Further investigation into clonal phenotype 

discrepancies in PEV may provide insight into epigenetic influence on PEV. 
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 Kami Ahmad and Kent Golic used the FLP-FRT recombinase system to test the effect of PEV on 

the physical state of a transgene (1996).  The transgene shown in Figure 4, a hypomorphic heat-shock- 

activated form of the white gene, whs, was the only eye pigment gene present in the fly.  The gene of 

interest was flanked by flip recombinase target (FRT) sequences that provided the recognized 

recombination site for the FLP gene.  This FLP-FRT method relies on the recombination activity of yeast 

flippase (Flp) protein, an enzyme that catalyzes recombination between the FRT sites flanking the 

transgene – in this particular orientation (direct repeats of the FRTs), recombination excises the 

intervening sequence as an extrachromosomal circle.  By P-element mediated transformation, the 

plasmid with the transgene and FRT sites integrated into various sites in the genome adjacent to known 

heterochromatin. 

Figure 4: Hypomorphic white in a heat shock construct.   
"The shaded box indicates the hypomorphic whs gene.  The 5' portion includes the promoter and first 
exon; the 3' portion encompasses the five remaining exons." The phenotype of this construct is listed 
below, and the appearance of the region removed by heat shock activation of FLP-FRT.  The 
extrachromosomal circle produced would generate either the variegating phenotype or lose variegation, 
indicated by '?'.  Reproduced based on Ahmad & Golic, 1996. 
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   Recombination through FLP activation by heat shock in larval and pupal stages removed whs 

from its location and created a small circle containing the transgene and one of the FRT sequences.  

When the FLP-FRT system removed the transgene from the chromosome, the heat-shocked pupal 

somatic cells lost the heterochromatic silencing of the gene and the PEV effect was severely diminished 

after multiple rounds of heat shock.  The established and maintained information present on the gene 

sequence itself, including the histone information of the whs   

 

gene was not sufficient for variegation maintenance in 

larval cells that underwent multiple mitoses before 

sampling in adult flies.  Adults were also heat shocked and observed, and the same loss of variegation 

was observed when the extrachromosomal circle was produced through FLP-FRT (Figure 5).  These 

somatic eye cells should not be dividing, so the loss of variegation occurred during G0.  Therefore, not 

only is the information lost though mitoses, it is not maintained and retained in cells stalled in G0 of the 

cell cycle.  If the heritable information required for PEV is not retained on the chromosomal sequence 

through G0, how is the information stored through multiple mitoses and meiosis?  This question requires 

more consideration, and our experiments aim to test the best evidence for epigenetic maintenance. 

 

Figure 5: Drosophila eye variegation 
after repeated rounds of pupal heat 
shock.   
Female (XX) and male (XO) flies carried a 
plasmid containing the FLP construct 
(+FLP) or no FLP gene (-FLP).  Multiple fly 
lines were used.  Control flies with no 
heat shock are shown in the last column.   

Heat -shocked and flipped flies show less 
variegation and more red pigment in the 
eye than their non-flipped siblings.   

Data reproduced from Ahmad and Golic, 
1996. 
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Germline stem cells 
 Germline stem cells are among the most widely-studied stem cells in the Drosophila model 

system.  Male testes contain on average thirteen germline stem cells per testis.  Male germline stem 

cells have a cell cycle that is between twelve and sixteen hours long (Tran et al., 2012).  During this time, 

the cell undergoes standard G1, S, G2, and M phases.  Ideally, faithful replication of stem cell identity in 

the form of histone modification maintenance is retained in its original and most-pure form in the 

daughter stem cell.  In this ideal model, reproduction of the modification patterns is successful on 

newly-synthesized strands destined for the gonialblast.  The stem cell in this model retains all 'old' 

modifications present before DNA replication in S phase.  These stem cells physically connect with a 

niche of post-mitotic cells called hub cells that secrete factors crucial to the undifferentiated identity of 

the germline stem cell (Figure 6).  As the gonialblast and germline stem cell have been observed to 

remain attached through mitosis, through S phase, and into their first G2, synchronized replication of 

the two cells is frequently cited.  From reported accounts, however, the gonialblast may enter mitosis 

rapidly after separation from the germline stem cell or long after a subsequent division of its sister stem 

cell.   

 

Figure  6: The stem cell 
niche and its unique 
cellular identities.   

Directional budding of 
gonialblasts from the 
germline stem cell is 
shown here.   

Reproduced from DeCuevo 
and Matunis, 2011. 
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 One of these factors secreted across the adherens junctions connecting the hub with the stem 

cell is the JAK/STAT pathway effector unpaired (upd) (Kiger et al., 2001, Tulina and Matunis, 2001, 

Toledano et al., 2012).  This factor generates a polarized environment in the germline stem cell that 

allows for the oldest centrosome of the stem cell to remain at the most apical region of the cell.  The 

newer centrosome synthesized in preparation for cell division is actively transported to the basal region 

of the cell.  At this basal region, the cell asymmetrically loads various cell factors into the budding 

gonialblast that will become the more differentiated of the two produced daughter cells.  One daughter 

cell, contingent upon connection with the hub, will retain its stem cell identity.  Without upd protein and 

under high-stress conditions, signaling in the stem cell for ordered division is not retained.  Germline 

stem cells then begin to differentiate or die in a natural process with aging of the organism, 

depopulating the stem cell niche and emptying the testis of germ cells.  This indicates that something in 

the maintained information is faulty or altered during high-stress conditions and with increasing age of 

the organism. 

  Germline stem cells are frequently lost at high rates before mid-life in Drosophila males 

due to stress conditions and natural aging.  'Symmetric renewal' (Sheng and Matunis, 2011) is the de-

differentiation of a gonialblast or further differentiated spermatogonial cell.  The cell identity is reverted 

due to contact with the hub cells and induction into the germline niche (Wallenfang et al., 2006).  

Without the hub cell niche, there is no recovery of germline stem cells.  The reversion can occur due to 

stem cell death or differentiation, in which case the somatic-destined cell swaps places with the 

germline cell to take its place at the hub and its identity as a new stem cell.  The model of strictly-

retained H3 inheritance is complicated by this gonialblast reversion.  If the original germ cell dies or 

differentiates, the 'old' information in this model would be lost.  When the differentiated cell with 'new' 

information takes its place, comparatively 'newer' and potentially altered information is transferred 

during replication to the progeny of the de-differentiated stem cell.  The 'old' and 'new' modification 
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model suggests that such a switch in identity would be detrimental or impossible without acquisition of 

the 'old' information stored in the stem cell.  If H3 modification alterations are possible and can convert 

a gonialblast back into a germline stem cell, what difference might be made from retention of 'new' H3 

information in the germline stem cell? 

 While maintenance remains key to epigenetic inheritance, data regarding the mechanism of this 

inheritance remained elusive for many years.  Direct observation of the phenomenon of maintenance 

has only been documented in the case of asymmetrical histone distribution in germline stem cells.  

Ideally, daughter stem cells retain the "oldest and least damaged" information in terms of DNA, 

histones, etc.  This is thought  to increase fidelity in the propagation of future stem cells.  Stem cells are 

ideal for studies of heritable protein factors, as the nature of their division must produce two distinct 

daughter cell types (apart from the above-described repopulation of stem cells into the niche).  Each 

daughter has its own cell fate, with a single daughter that is more-readily differentiated than its stem 

cell sister.  Epigenetic transgenerational inheritance of stem cell characteristics has been proposed (in 

Drosophila and mammals including humans) to  be key to this difference in identity.  The most probable 

source of transgenerational inheritance may be H3 and other histone proteins as their modifications 

could serve as templates for replicated strands and produce heritable information between daughter 

cells. 

 However, if the cell does not rely on histone H3 to retain its modifications faithfully through 

replication and separate into 'old' and 'new' modified strands, then the information required to be a 

germline stem cell is acquirable by other means, perhaps by proximity to hub cells.  Since de-

differentiation appears to depend upon contact of the differentiated cell with the adherens junctions of 

the hub, secreted factors from the hub cells appear to be the most important components in stem cell 

identity.  Induced pluripotent stem cells (iPSCs) also support this idea of external signals influencing 



19 

identity, as the addition of factors required for stem cell maintenance is sufficient for a stem cell 

phenotype specific to the factors present.  The importance of retaining H3 modifications through 

divisions may be diminished here in comparison to the importance of factor-based signal transduction 

from hub cell proximity and, perhaps, subsequent H3 alterations within the cell.  However, there is a 

crucial observation of maintenance in germline stem cells to further investigate. 

Asymmetric histone inheritance 
 The only direct observation of maintenance is germline stem cell asymmetric H3 segregation.  As 

shown in Figure 7, this work by the Chen laboratory provided the basis for asymmetric segregation of 

histones into stem cell daughters and their differentiating sisters.   

 

 

 

Figure 7: Asymmetry in histone inheritance.  Germline stem cells in anaphase have a strong 
segregation pattern of red and green H3 in anaphase (F-F") and telophase (G-G").  The construct 
produced in this experiment used the FLP-FRT system, where site-specific mutagenesis occurs at flip 
recombinase target sites.  The histone-GFP is lost with heat shock and flippase activity.  Histone-RFP 
is then produced in frame.  Data reproduced from Tran et al., 2012.   
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This work used a nanos-Gal4 construct with a UAS promoter outside of an H3-GFP flanked by FRT 

sequences and an H3-mKO outside the FRT region and in-frame with the UAS promoter (Figure 7).  They 

removed the green GFP-labeled construct using hs-Flp to target the FRT sequences without removing 

the UAS promoter and brought the red mKO-tagged H3 construct into frame with the promoter.  This 

FLP-FRT method catalyzes excision of the flip-recombinase target sites that flank the green H3 in this 

experiment.  The recombinase system, when activated through heat shock, causes site-specific 

mutagenesis and produces the red H3-mKO construct under the nanos driver of Gal4-UAS.  Without 

heat shock, this driver generates the green H3-GFP construct.  Observations of the red and green 

histone distributions through the cell cycle of the germline stem cell showed that most of the green 

histones remained in the stem cell and the red histones segregated into the gonialblast (Figure 7).  

However, while the 'old' green proteins were detected within a close time-point of photoswitching, the 

same construct showed no sign of green H3 three days after FLP-FRT activation by heat shock (Tran et 

al., 2013).  The asymmetric segregation of the histone proteins led to correlations within the work to the 

immortal strand hypothesis, a proposal that there is an "older" strand of DNA that remains in the stem 

cell.  This concept contradicts the commonly accepted biological mechanisms of bi-directional 

replication and semi-conservative replication, wherein each chromosome is made up of both leading 

and lagging fragments, so no one chromosome is "older" than another.   

Figure 8: Strand segregation monitoring in mitosis.  Methods shown here create two differentially 
labeled sister chromatids with a preferential fluorescent label on each original template strand of the first 
DNA replication before germline stem cell mitosis.  Reproduced from Yadlapalli & Yamashita, 2013. 
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 While asymmetric histone distribution is documented above, an assay of asymmetric chromatid 

distribution after replication and in mitosis found no asymmetry in the segregation of autosomes.  

Movement of replicated strands with tags present on only the old template DNA assayed preferential 

segregation of one chromatid over the other into daughter cells (detailed in Figure 8).  BrdU exposure in 

S phase created a new strand of DNA that was susceptible to irradiation and digestion to leave the 

original template sequence present before S phase.  Probes specific to each chromatid hybridize to the 

template and allow for individual monitoring of chromosome segregation preference.  Chromatids 

monitored with this method revealed randomized autosomal segregation (Figure 9).  In autosomes, the 

tagged chromatids did not appear to prefer one daughter cell over the other, and in each arrangement 

of segregation the frequencies with which 'red' and 'blue' ended up in the germ cell or the gonialblast 

remained within a few points of fifty percent (Figure 9).  The X and Y chromosomes, however, did 

segregate with some preference, but did not co-segregate together. 

Figure 9: Chromosomes II and III symmetrically segregate.  Blue and red probes segregate symmetrically between the 
stem cell and the gonialblast.  Percent Figures listed are the percent of all germline cells in the configuration shown in A 
and C, the germline cell retains the red-labeled II.  In B and D, the blue label is retained.  Data reproduced from 
Yadlapalli & Yamashita, 2013. 
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 While sex chromosomes do segregate asymmetrically (Yadlapalli & Yamashita, 2013),the 

segregation of preferred sex chromosomes and lack of preferred autosomes combined with the 

asymmetric histone inheritance paints a more complicated biological picture than is easily explained by 

any current model.  This is another reason to test the heritability of H3 information on a broad biological 

scale within the male testes.  In addition, the ratios cited for asymmetric H3 inheritance in this paper are 

87.3% for standard inheritance with 48/55 cells dividing asymmetrically (Xie et al., 2015).   

 In fact, if the rate of asymmetric division is less than one-hundred percent, the derivative 

products of symmetric division are immediately present in the differentiating cell population.   

𝑃(𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦) = 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠 

The longevity of the system is lost at an even fifty-percent symmetry-asymmetry rate, since this would 

mean that every division would lose half of the original histone information.  In this system, a frequency 

of only 80% retention would mean there would be complete loss of 'old' information in three divisions.  

Since a division comprises approximately 16 to 20 hours, the system would be lost completely within 

twenty days even at the rate of 97% asymmetric division, and male fertility does not appear to decrease 

at such a sharp rate.  With H3 segregation from the 2015 experiments of Xie et al.  measured at 87% 

asymmetry, the information stored on the asymmetrically divided 'old' histones is compromised by the 

end of five divisions and thus approximately four days after the start of larval sperm development.   

𝑃(0.54) = 0.875 𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠 

 In terms of mating, if only a minority of sperm have the 'correct' information at day four or day ten of 

divisions which start at the larval first instar (reviewed in Fuller, 1993), then asymmetric divisions are a 

moot point by even the first mating.  By the time the week-long larval life passes and a male pupa 

ecloses, the original information maintained on the original H3 will probabilistically be lost. 
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  With the observations of loss of maintenance through post-mitotic cells in the work of Kami 

Ahmad and Kent Golic , the biological question of a method of asymmetric histone inheritance pattern, 

and the symmetric chromosome distribution in germline stem cells, the biological relevance of this 

asymmetric system remains uncertain.  If any cell can lose maintained information while retaining 

histones in G1, what is the biological relevance of the information stored on the histones? If histone 

inheritance is unknown, could it be arbitrary and information is not stored generationally on histones?  

Is there another source of the inherited information proven by clonal heritability of PEV phenotypes?   

Nonetheless, asymmetric H3 inheritance is an observation that is used to support maintenance.  

Because of these questions of model and function, the observation itself is relevant to the existing 

models of inheritance.  Therefore, it should be specifically and rigorously addressed, since the existence 

of transgenerational inheritance relies on mechanisms such as this and answering questions such as 

these. 

 Our experimental design includes tagging old histones present before replication in S and new 

histones produced during S phase.  Here, we aim to use a method of achieving labeled proteins through 

a  protein fusion with a fluorescent gene.  In our experimental design, we took this one step further and 

fused the histone H3 endogenous sequence with a photoswitchable protein. 

 

Photoswitchable proteins 
 Green fluorescent protein (GFP) contains an amino-acid-based fluorophore that emits light of 

509nm when excited at approximately 395nm , with consistent emission that is quenched with long-

wave UV exposure.  In addition to this fluorescent quality, photoswitchable proteins are not quenched 

by UV, but are altered by exposure and experience a shift in the emitting frequency of the fluorophore.  

In the case of photoswitchable protein Dendra2, an octocoral-derived protein with improved 
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fluorescence, this shift in frequency is from an initial green excitation/emission maxima of 490/ 507nm 

to a red wavelength of maxima 553/573nm, similar to the better-known photoswitchable protein Kaeda 

(Gurskaya et al., 2006).  This change produces a distinct image contrast as green wavelength intensity 

decreases with UV exposure while the intensity of red emittance increases.  As Dendra2 is a relatively 

small fluorophore, this photoswitchable protein can be fused to other proteins in the cell to track 

movement or turnover times using timed photoswitching and photobleaching.  Dendra2 has been used 

in other systems to observe protein trafficking and replication based on its photoswitching capabilities.  

Our experimental design calls for fusion of Dendra2 or another photoswitchable protein, mEos2, with 

histone H3 and required control through heat-shock measures, as the fusion was designed to operate 

under the hsp-70 heat-shock promoter. 

Methods 

Fusion formation 
 I created an N-terminal fusion of photoswitchable protein mEos2 onto the genomic D.  

melanogaster H3 sequence using the plasmid sequence pGEX-mEos2 from AddGene.  This fusion 

possessed one silent mutation in the histone sequence at base pair 230 of a G to an A.   This mutation is 

unlikely to cause issue, as CAG and CAA, the codons in question, code for the same amino acid, glysine, 

as is in the endogenous sequence.   

Figure 10: H3::mEos3 fusion construct.  This is 
the original fusion construct created through our 
work.  While this is not the construct used in 
future experiments, the concept of 
photoswitching and fused promotion remains the 
same in the new construct from the Amodeo 
laboratory. 
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I fused the proteins through ligations and bacterial transformations in Eschiera coli, as shown in Figure 

10  The verified fusion is in preparation for transformation into a larger plasmid with eukaryotic 

promoters, plasmid pCasPeR-hsp70, for injection into D.  melanogaster embryos for P-element 

mediated transformation.  Another alternative presented itself through a new collaboration and we 

acquired flies with a previously-prepared photoswitchable-H3 fusion.  We expect to complete all future 

experiments with these Dendra2-fusion flies while continuing to create the H3-mEos2 fusion. 

Fusion acquisition 
 The Amodeo Laboratory provided flies containing a C-terminal H3::Dendra2 fusion under the 

endogenous promoter for H3 on chromosome 2 at the attP40 site and chromosome 3 at the VK33 attP 

site.  The endogenous stem-loop UTR and the five-kilobase HIS-C histone cluster locus are included as a 

single copy, and the two sites are simply different attP sites, or sites for recombinatorial integration of 

the fusion construct.  The fusion construct is very similar to Figure 10, with Dendra2 on the C-terminus 

of the H3 sequence and the endogenous H3 promoter controlling the fusion.  Flies containing the fusion 

produce a low quantity of the fusion so that the fluorescence is clearly visible within the cell, but the 

fusion is undetectable by western blot immunoprecipitation.  Through preliminary imaging, the quality 

of the fusion in adult flies appears ideal for our experiments (Figure 11).  The fusion is 

not lethal, and cell behavior appears to follow expected patterns and timeframes within 

the testes niche. 

 
 
Figure 11: 
Photoswitching 
Dendra2-H3 
construct.   
 
Photoswitching of 
the construct is seen 
here.  Exposure for 
50 seconds to UV 
produced the shown 
fluorescence (right) 
in alteration to a mix 
of red and green 
unidentified larval 
cells. 
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Dissection, fixation, and imaging 
 In the near future, dissection is to be performed according to the procedures outlined in 

Greenspan and Matunis 2017 for basic photography and for live cell imaging.  Cells will be washed and 

preserved according to the same methods, with special attention paid to whether the cells are still alive 

based on the criteria outlined within the methods paper. 

 Fixation may be performed after the live cell images and video is taken, if necessary.  Staining 

with antibodies particular to the germline stem cell niche could provide cell type specificity if live images 

are unclear.  The antibody VASA bids to germline cells and their lineage.  FascIII binds the adherens 

junctions of the hub cells at the apical end of the testis.   

Expected results 
 Any data collected during live cell imaging or still photography will rely on the photoswitchable 

capabilities of the Dendra2 system.  In this way, all observations of green fluorescence will be treated as 

un-photoswitched H3 protein that is either recently synthesized or not exposed to ultraviolet radiation 

(UV).  All red fluorescence is indicative of photoswitched H3 or 'old' protein (in the nomenclature of 

Chen and colleagues) present at the time and of UV 

Figure 12: Expected image 
predicted by current model.  
Current accepted model predicts 
our old protein (red) to remain in 
the stem cell and the new (green) 
protein to end up in the gonialblast.  
Over time, this distribution will be 
retained 
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exposure. 

  If the 'silent sister chromatid' or 'immortal strand' hypotheses are true, then after division, the 

germ cell will remain red with nuclear contents exclusively consisting of old photoconverted histones 

(Figure 12).  Here, the gonialblasts will be green with newly synthesized and incorporated histones.  This 

is the expectation based on the current model of germ cell histone heritability.  The data here will be 

collected before the stem cell begins synthesizing new histones in the first S-phase after replication, 

when the red of the stem cell nucleus is expected to become green with newly synthesized histones on 

the freshly replicated DNA bound for a new daughter gonialblast.  After the second and third and fourth 

mitoses, the red histones will be expected to remain in the nucleus of the germ cell.  This result, 

however, is unlikely due to the observation that 'old' H3 protein was lost by the third day after 

synthesis, as discussed earlier (Tran, 2013).  As GSCs only replicate once every sixteen to twenty hours, 

the original histones are perhaps degraded by the 

third round of mitosis after synthesis. 

 An alternative outcome to this model of 

inheritance is that all cells are observed to be 

primarily yellow with overlap of old red and new 

green histones (Figure 13).  Over time, all nuclei 

would be expected to go green as new histones outnumber old.  We would interpret this outcome as 

histones not being retained.  This is the most likely outcome if there is no asymmetry and if cells are 

dividing symmetrically.  However, much data and primary literature supports the conjoined entry of the 

Figure 13: Expected image countering current model.  
Yellow nuclei shown are a mix of 'old' red and 'new' 
green histones.  Over time, nuclei are expected to 
return to a green appearance as red histones are 
turned over and diluted through divisions. 
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gonialblast and germline stem cell into S phase together after the final stages of mitosis.  With this in 

mind, dissecting our flies between day zero and day two after eclosion as advised by Erika Matunis will 

provide a clear picture of germline cell division and gonialblast timing due to the relative simplicity of 

organization in younger testes when compared with those of older male flies.  Dissection of young flies 

improves identification of cell types and their progeny and reduces the risk of age-damaged testes.   

 With this project, we hope to further elucidate the inheritance patterns of histone H3 and the 

cell cycle timing of germline divisions.  Using photoswitchable protein activity, 'old' histones and 'new' 

histones can be generated from the same sequence without concern for reversion, activity as an 

extrachromosomal unit, or incomplete removal of the construct key to the FLP-FRT site-specific 

mutagenesis system.  Our results will provide more insight into the existence and mechanisms of 

maintenance within the current field of epigenetics. 

 

 

 

 

 

 

 

 

 



29 

References 
 
Ahmad, K., & Golic, K.  G.  (1996).  Somatic Reversion of Chromosomal Position Effects in Drosophila 

 Melanogaster.  Genetics, 144(2), 657–670. 

Annunziato, A.  T.  (2005).  Split Decision: What Happens to Nucleosomes during DNA 

 Replication? Journal of Biological Chemistry, 280(13), 12065-12068.  

 doi:10.1074/jbc.r400039200 

Bannister, A.  J., & Kouzarides, T.  (2011).  Regulation of chromatin by histone modifications.  Cell 

 Research, 21(3), 381-395.  doi:10.1038/cr.2011.22 

Bode, A.M., & Dong, Z.  (2005).  Inducible covalent posttranslational modification of histone H3.  Sci.  

 STKE  2005, re4.  doi: 10.1126/stke.2812005re4 

Chudakov, D.  M., Lukyanov, S., & Lukyanov, K.  A.  (2007).  Tracking intracellular protein movements 

 using photoswitchable fluorescent proteins PS-CFP2 and Dendra2.  Nature Protocols, 2(8), 2024-

 2032.  doi:10.1038/nprot.2007.291 

Dai, J., Sultan, S., Taylor, S.  S., & Higgins, J.  M.  G.  (2005).  The kinase haspin is required for mitotic 

 histone H3 Thr 3 phosphorylation and normal metaphase chromosome alignment.  Genes & 

 Development, 19(4), 472–488.  http://doi.org/10.1101/gad.1267105 

De Cuevas, M., & Matunis, E.  L.  (2011).  The stem cell niche: lessons from the Drosophila testis.  

 Development (Cambridge, England), 138(14), 2861–2869.  http://doi.org/10.1242/dev.056242 

Demerec, M.  (1950).  Biology of Drosophila.  Edited by M.  Demerec.  (Contributing authors: Dietrich 

 Bodenstein, Albert Miller, Kenneth W.  Cooper, D.F.  Poulson, G.F.  Ferris, B.P.  Sonnenblick, 

 Warren P.  Spencer.).  New York: John Wiley & Sons. 



30 

Elgin, S.  C., & Reuter, G.  (2013).  Position-Effect Variegation, Heterochromatin Formation, and Gene 

 Silencing in Drosophila.  Cold Spring Harbor Perspectives in Biology, 5(8).  

 doi:10.1101/cshperspect.a017780 

Fujisawa, T., & Filippakopoulos, P.  (2017).  Functions of bromodomain-containing proteins and their 

 roles in homeostasis and cancer.  Nature Reviews Molecular Cell Biology, 18(4), 246-262.  

 doi:10.1038/nrm.2016.143 

Fuller, M.T.  (1993).  Spermatogenesis.  M.  Bate, A.M.  Arias (Eds.), The Development of Drosophila 

 Melanogaster, Volume I, Cold Spring Harbor Laboratory Press, New York, p.  103 

Greenspan, L.  J., & Matunis, E.  L.  (2016).  Live Imaging of the Drosophila Testis Stem Cell Niche.  

 Methods in Molecular Biology Germline Stem Cells, 63-74.  doi:10.1007/978-1-4939-4017-2_4 

Gurskaya, N.  G., Verkhusha, V.  V., Shcheglov, A.  S., Staroverov, D.  B., Chepurnykh, T.  V., Fradkov, A.  

 F., .  .  .  Lukyanov, K.  A.  (2006).  Engineering of a monomeric green-to-red photoactivatable 

 fluorescent protein induced by blue light.  Nature Biotechnology,24(4), 461-465.  

 doi:10.1038/nbt1191 

Henikoff, S., Furuyama, T., & Ahmad, K.  (2004).  Histone variants, nucleosome assembly and epigenetic 

 inheritance.  Trends in Genetics,20(7), 320-326.  doi:10.1016/j.tig.2004.05.004 

Henikoff, S., Mckittrick, E., & Ahmad, K.  (2004).  Epigenetics, Histone H3 Variants, and the Inheritance of 

 Chromatin States.  Cold Spring Harbor Symposia on Quantitative Biology, 69(0), 235-244.  

 doi:10.1101/sqb.2004.69.235 

Kelman, Z.  (1997).  PCNA: Structure, functions and interactions.  Oncogene, 14(6), 629-640.  

 doi:10.1038/sj.onc.1200886 



31 

Kiger, A.  A.  (2001).  Stem Cell Self-Renewal Specified by JAK-STAT Activation in Response to a Support 

 Cell Cue.  Science, 294(5551), 2542-2545.  doi:10.1126/science.1066707 

Kurumizaka, H., Horikoshi, N., Tachiwana, H., & Kagawa, W.  (2013).  Current progress on structural 

 studies of nucleosomes containing histone H3 variants.  Current Opinion in Structural Biology, 

 23(1), 109-115.  doi:10.1016/j.sbi.2012.10.009 

Lenhart, K., & Dinardo, S.  (2015).  Somatic Cell Encystment Promotes Abscission in Germline Stem Cells 

 following a Regulated Block in Cytokinesis.  Developmental Cell, 34(2), 192-205.  

 doi:10.1016/j.devcel.2015.05.003 

Luger, K., Mader, A.  W., Richmond, R.  K., Sargent, D.  F.  & Richmond, T.  J.  (1997).  Crystal structure of 

 the nucleosome core particle at 2.8 A resolution.  Nature 389, 251–260.   

Martin, C., & Zhang, Y.  (2007).  Mechanisms of epigenetic inheritance.  Current Opinion in Cell Biology, 

 19(3), 266-272.  doi:10.1016/j.ceb.2007.04.002 

Raddatz, G., Guzzardo, P.  M., Olova, N., Fantappié, M.  R., Rampp, M., Schaefer, M., … Lyko, F.  (2013).  

 Dnmt2-dependent methylomes lack defined DNA methylation patterns.  Proceedings of the 

 National Academy of Sciences of the United States of America, 110(21), 8627–8631.  

 http://doi.org/10.1073/pnas.1306723110 

Sheng, X.  R., & Matunis, E.  (2011).  Live imaging of the Drosophila spermatogonial stem cell niche 

 reveals novel mechanisms regulating germline stem cell output.  Journal of Cell Science, 124(16).  

 doi:10.1242/jcs.097469 

Tagami, H., Ray-Gallet, D., Almouzni, G., & Nakatani, Y.  (2004).  Histone H3.1 and H3.3 Complexes 

 Mediate Nucleosome Assembly Pathways Dependent or Independent of DNA Synthesis.  Cell, 

 116(1), 51-61.  doi:10.1016/s0092-8674(03)01064-x 



32 

Tajul-Arifin, K., Teasdale, R., Ravasi, T., Hume, D.  A., RIKEN GER Group Laboratory for Genome 

 Exploration Research Group, RIKEN Genomic Sciences  Center (GSC), RIKEN Yokohama Institute, 

 Suehiro-cho, Tsurumi-ku, Yokohama,  Kanagawa, 230-0045, Japan, GSL Members Genome 

 Science Laboratory, RIKEN, Hirosawa, Wako, Saitama 351-0198,  Japan, & Mattick, J.  S.  (2003).  

 Identification and Analysis of Chromodomain-Containing Proteins Encoded  in the Mouse 

 Transcriptome.  Genome Research, 13(6b), 1416–1429.  http://doi.org/10.1101/gr.1015703 

Toledano, H., D’Alterio, C., Czech, B., Levine, E., & Jones, D.  L.  (2012).  The let-7–Imp axis regulates 

 ageing of the Drosophila testis stem-cell niche.  Nature, 485(7400), 605-610.  

 doi:10.1038/nature11061 

Tran, J., Brenner, T.  J., & Dinardo, S.  (2000).  Somatic control over the germline stem cell lineage during 

 Drosophila spermatogenesis.  Nature, 407(6805), 754-757.  doi:10.1038/35037613 

Tran, V., Lim, C., Xie, J., & Chen, X.  (2012).  Asymmetric Division of Drosophila Male Germline Stem Cell 

 Shows Asymmetric Histone Distribution.  Science, 338(6107), 679-682.  

 doi:10.1126/science.1226028 

Tran,V., Feng, L.J.  and Chen, X.  (2013) Asymmetric distribution of histones during Drosophila male 

 germline stem cell asymmetric divisions.  Chromosome Research 21(3):255-269 

Tulina, N.  (2001).  Control of Stem Cell Self-Renewal in Drosophila Spermatogenesis by JAK-STAT 

 Signaling.  Science, 294(5551), 2546-2549.  doi:10.1126/science.1066700 

Wallenfang, M.  R., Nayak, R., & Dinardo, S.  (2006).  Dynamics of the male germline stem cell population 

 during aging of Drosophila melanogaster.  Aging Cell, 5(4), 297-304.  doi:10.1111/j.1474-

 9726.2006.00221.x 



33 

Xie, J., Wooten, M., Tran, V., Chen, B-C., Pozmanter, C., Simbolon, C., Betzig, E.  and Chen, X.  (2015) 

 Histone H3 Threonine phosphorylation regulates asymmetric histone inheritance in the 

 Drosophila male germline.  Cell 163(4): 920-933.  PMCID: PMC4636931.   

Yadlapalli, S., & Yamashita, Y.  M.  (2013).  Chromosome-specific nonrandom sister chromatid 

 segregation during stem-cell division.  Nature, 498(7453), 251-254.  doi:10.1038/nature12106 


	Table of Contents
	List of Figures
	Abstract
	Background
	Introduction to Drosophila histone biology
	Epigenetic inheritance and position effect variegation
	Germline stem cells
	Asymmetric histone inheritance
	Photoswitchable proteins

	Figure 1: H3 modifications along the N-terminal tail.
	Figure 2: Nucleosome assembly order.
	Figure 4: Hypomorphic white in a heat shock construct.
	Figure 5: Drosophila eye variegation after repeated rounds of pupal heat shock.
	Methods
	Fusion formation
	Fusion acquisition
	Dissection, fixation, and imaging

	Figure 11: Photoswitching Dendra2-H3 construct.
	Expected results
	References

