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Abstract 

Diffuse intrinsic pontine glioma (DIPG) is an incurable childhood brain tumor that is fatal 

mostly within a year of diagnosis. The majority of DIPG tumor cells carry a mutation in 

the gene encoding H3.3 (H3F3A), which leads to a lysine to methionine substitution at 

position 27 in the N-terminal amino acid tail (H3.3K27M) and a genome-wide decrease 

in trimethylation (me3) at this locus caused by an inhibition of the Polycomb Repressive 

Complex 2 (PRC2) histone methyltransferase activity. PRC2 and H3.3K27me3 are es-

sential for maintaining chromatin states, as the deposition of me3 is associated with si-

lenced chromatin and PRC2 is a known regulator of chromatin packaging. Furthermore, 

knockdown of the catalytic subunit of PRC2 was shown to give rise to aberrant, disor-

ganized chromosome territories. Using whole chromosome Oligopaint FISH, we exam-

ine whether the H3K27M mutation and its effect on PRC2 impacts chromosome territo-

ries. Results show that chromosome territory volumes increase between wildtype and 

H3K27M mutant C. elegans worms under temperature stress and that there is a signifi-

cant increase in both autosome and sex chromosome territory volumes in both strains. 

The H2K27M mutation was therefore concluded to negatively impact the integrity of 

chromosome territories, however, more research is necessary to elucidate further signif-

icance of this cancer phenotype. 
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1 Introduction 

The past two decades have brought exciting new insights in the field of epigenetics 

(1,2). Epigenetics, translated from Greek language, means “on top of genes”. 

Hence, epigenetic research explores not the genetic information contained within 

the DNA sequence, but rather studies the branch of genetics that governs the ex-

pression of these genes encoded in the DNA sequence (3,4). Investigations of the 

human epigenome have revealed numerous epigenetic factors to be driving forces 

in human diseases, particularly in certain types of cancers. The discovery of muta-

tions near sites of active posttranslational modification (PTM) on histones has led to 

the discovery of so-called “oncohistones” and the recognition for their effect on chro-

matin biology as an emerging hallmark of cancer (1). This thesis addresses the ep-

igenetic factors contributing to tumorigenesis of Diffuse Intrinsic Pontine Glioma, a 

type of pediatric brain tumor, and how it might impact 3D genome organization, in 

hopes of elucidating further mechanisms behind this cancer. 

 

1.1 3D genome organization and chromosome territories 

Genetic information is stored inside the nucleus in the form of DNA, which con-

denses into chromatin. The most basic organization unit is the nucleosome, where 

DNA wraps around the histone octamer. Histones undergo various epigenetic post-

translational modifications such as methylation, acetylation and phosphorylation (5) 

that impact nucleosome packaging and consequently regulate DNA expression 

(6,7). Strings of nucleosomes form chromatin (8). The resulting chromatin fiber as-

sociates into higher order structures of different sizes: chromatin coils into loops (9) 

then forms topologically associated domains (TADs) and compartments (7–

10)(Figure 1). The reason why genetic material is organized into these defined struc-

tures is still under active investigation, although it is probable that these structures 

form in order to enable different interaction profiles and transcriptional states and to 

contribute to genome integrity (11–13). Even interphase chromatin, which is present 

in a much looser form between cell divisions because DNA does not condense into 
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mitotic chromosomes, resides in specific parts of the nucleus according to which 

chromosome it belongs to (14). Aberrations in chromosome territory arrangements 

have been discovered to be a potent influence on gene regulation and stability in 

health and disease (1,14). This thesis focuses on these chromosome territories and 

the significance of their architectural integrity in H3K27M mutant C. elegans worms.  

 

 

Figure 1: 3D Chromosome Organization. Left: Chromatin organization inside the nucleus. 
DNA wraps around the histone proteins, forming nucleosomes, which further condense to 
chromatin. Chromatin coils into loops and domains, which form compartments and organize 
into chromosome territores in the interphase nucleus. Adapted from Maeshima et al. 2020 
(11). Right: Organized vs. random chromosome organization model. Experiments by 
Cremer et Cremer in 1980 involving laser damage to the nucleus confirmed the organized, 
non-random chromosome territory model (left). Adapted from Cremer 2010 (13). 

 

In 1885, the scientist Carl Rabl first suggested that interphase chromosomes ar-

range into non-random chromosome territories (14). Scientific evidence of this was 

procured only later in 1980, when Thomas and Christoph Cremer showed that only 

very specific parts of the DNA were damaged by a laser beam, supporting the theory 

that chromosomes are organized into territories that interact with their immediate 

neighbors (14–16). Since then, further aspects of chromosome territories have been 

discovered, for example inactive and repressed DNA arranging towards the nuclear 
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laminar while active DNA is situated closer to the nucleolus (12,13). How chromo-

somes find their place in the nucleus is still unknown, but this non-random arrange-

ment happens primarily for functional reasons: active and repressed chromatin re-

gions can be separated from each other and interacting genes can be brought into 

close proximity in order to enhance gene expression efficiency (16).  

 

1.2 H3K27M is the driver mutation in DIPG and inhibits PRC2 ac-
tivity 

Histone 3 (H3) has been characterized to be an oncohistone (14), as it is affected 

by mutations that are known to be the major factors contributing to tumorigenesis in 

pediatric high-grade gliomas (pHGG) (17,18). Specifically a lysine 27-to-methionine 

(K27M) mutation has been identified to be the driving factor in tumorigenesis of pe-

diatric Diffuse Intrinsic Pontine Gliomas (DIPG), which are a subtype of pediatric 

high-grade glioma that arise in the midline of the brain (1,19,20). Children diagnosed 

with this rare cancer receive a poor prognosis that seldom amounts to more than a 

year and to this day, there is no alternative treatment except radiation, let alone a 

cure (18,21). It is important to note that the histone predominantly affected by the 

missense mutation is the histone variant H3.3 encoded by the H3F3A gene. H3.3 

containing nucleosomes are embedded into chromatin in a cell-cycle independent 

manner and is incorporated into specific euchromatin and heterochromatin sites and 

appears to be vital for establishing and maintaining chromatin states in development 

(1). For the sake of simplicity, the H3.3 variant is referred to as H3 from here on.  

H3K27M is caused by a heterozygous point mutation resulting in a substitution of 

lysine to methionine at position 27 on the N-terminal amino acid tail of histone 3 

(specifically the H3.3 variant) (21,22). Consequently, the trimethylation mark (me3) 

deposited by the Polycomb Repressive Complex 2 (PRC2) is lost not only at this 

locus, but throughout the genome, which is thought to be the driving force of tumor-

igenesis in this cancer (1,2). H3K27M inhibits the spread of the trimethylation mark 

to further regions, possibly by sequestration of the histone-methyltransferase PRC2 

or rather exclusion of PRC2 from H3K27M occupied chromatin regions (18,21,23). 
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The exact mechanisms behind the defective PRC2 function are still unclear. How-

ever, residual PRC2 activity has been reported in H3K27M positive DIPG cells and 

has been shown to be necessary for maintaining DIPG tumor growth by repressing 

differentiation in neuronal cells (21,24). The exact function of H3K27M and its down-

stream oncogenic function are, however, still not fully characterized.  

 

The link between loss of polycomb protein function and chromosome territory or-

ganization can be found in PRC2’s role as a regulator of chromatin architecture, as 

the H3K27me3 mark is known to have repressive transcriptional potential (21) (Fig-

ure 2). Trimethylation induces condensed and therefore repressed chromatin (21) 

and, upon mutation of lysine 27, no trimethylation mark can be deposited genome-

wide and the chromatin decondenses, leading to an overall increase in transcrip-

tional activity.  

 

Figure 2: Top: Schematic histone methyltransferase function of PRC2 in normal and mu-
tated cells. In healthy cells, PRC2 is unencumbered and deposits the repressive trimethyl-
ation mark at locus H3K27. In mutated cells, PRC2 in inhibited by the H3K27M mutation in 
the amino acid tail and no trimethylation mark is deposited. PRC2 is inhibited from spread-
ing me3 (or excluded from mutated chromatin, mechanisms unknown). Scheme generated 
in BioRender. Bottom: N-terminal amino acid tail of histone 3.3. PTMs at K27 marked. 
Green: normal trimethylation. Red: mutated lysine to methionine transition. Image adapted 
from Lowe et al. 2019 (25). 

normal 

mutated 
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Furthermore, chromosomal aberrations have been shown by Fields et al. upon RNAi 

knockdown of mes-3, a gene encoding a component (EZH2) of PRC2 in C. elegans 

(23). Chromosome territory disorganization seen in response to EZH2 knockdown 

by mes-3 RNA inference led to the conclusion that the effects of K27M on chromo-

some integrity may be similar, as the mutation acts inhibitory on PRC2 function. The 

aim was therefore to show whether the cancer inducing H3K27M mutation elicits a 

similar response to the effects seen after the lab induced inhibition of PRC2. While 

mes-3 knockdown has previously been shown to produce prominent disorganiza-

tion, chromosome territories in H3K27M mutant C. elegans have so far not been 

examined. 

 

1.3 Autosomes versus sex chromosomes in H3K27M mutants 

Previous RNA sequencing of the C. elegans H3K27M mutant epigenome showed 

different amounts of trimethylation loss across chromosomes (Figure 3). Upon 

PRC2 inhibition by H3K27M, trimethylation levels decrease on autosomes and over-

all RNA expression increases, while RNA expression levels on the X chromosome 

were shown to be reduced. Different RNA expression levels in response to a histone 

mutation have not been observed to date and reasons behind this are still unclear. 

This data provided the motive for targeting an autosome and the C. elegans X chro-

mosome in our Oligopaint FISH experiments. Using FISH, the aim was to comple-

ment the RNA-seq data with a visual representation behind the effects of the 

H3K27M mutation on individual chromosomes and assess chromosome-wide 

changes of the histone mutation. It was suspected that autosome territory volumes 

would increase in response to the H3K27M mutation analogous to effects of knock-

down with mes-3 RNAi (25). Mutant X chromosome territory volumes were sus-

pected to decrease in the mutant corresponding to the RNA expression profiles gen-

erated previously.   
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Figure 3: RNA-seq expression profiles of Chromosome IV and Chromosome X in C. 
elegans K27M mutants. Green: positive increase in gene expression. Red: decrease in 
gene expression. Data provided by Alan Jiao, Shi Lab. 

 

1.4 Caenorhabditis elegans 

The C. elegans worm is a small, transparent, nematode worm that is widely used 

for investigating questions related to basic function of eukaryotic cells, evolution, 

and human diseases (26,27). The concept of using C. elegans worms in research 

was proposed over 50 years ago, and it has since lead to many breakthroughs, 

especially in genetic studies (26). The argument for using C. elegans nematode 

worms is strongly supported by their small size, ease of cultivation and genetic ma-

nipulation, rapid life cycle, transparency, low maintenance costs, uniform cell count 

and established genome sequence and cell lineage (26). C. elegans worms pass 

through one life cycle, from larvae to adults, within 3-4 days. Male worms are rare, 

occurring at a frequency of <0.2% at optimum temperatures (20°C). Hence, most 

worms are self-fertilizing hermaphrodites, which is a great advantage for genetic 

studies, as mutant alleles in mutation screens can be preserved through self-prop-

agation over multiple generations (26,28). 
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Genetic studies of C. elegans worms can elucidate distinct gene function by either 

observing the phenotype of mutant worm strains or the localization of a specific pro-

tein. Thus, many functions and even mechanisms behind specific genes have been 

identified using C. elegans (26,29). Owing to the high conservation of histone pro-

teins and post-translational modifications between C. elegans and human beings, 

advances in worms genetics are still highly relevant in humans (30). Moreover, at-

taining suitable numbers of mutant worm progeny is greatly facilitated by their large 

brood size. CRISPR-Cas9 methods allow for the exact manipulation of a specific 

gene withing the endogenous genome in C. elegans worms, without the necessity 

of using specialized background strains that allow this manipulation (29). 

 

Using CRISPR-based methods, our lab produced a C. elegans worm strain that 

carries a homozygotic mutation in H3F3A. H3F3A is one of the two genes that en-

code the H3.3 histone variant (the other one being H3F3B). However, despite similar 

levels of expression, only the H3F3A gene has been found to be affected by the 

H3.3K27M mutation (1,31). This induced mutation gives rise to a C. elegans worm 

strain (referred to as H3K27M or K27M worms) that shows little variance to the N2 

wildtype strain at optimum temperature but reveals to be stress-sensitive at higher 

temperatures (25°C, 5°C above cultivation optimum), resulting in a sterility pheno-

type (31). The diminished brood size at 25°C has no impact on the assessment of 

chromosome territory volumes, as the number of progenies is still large enough to 

propagate for at least two generations at this temperature. H3K27M mutant chro-

mosome territory volumes at 20°C and 25°C were compared to see whether tem-

perature plays a role in chromosome territory volume change.  
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1.5 Using multiplexed DNA FISH for whole chromosome visuali-
zation 

By using the novel Oligopaint FISH technology, user defined probes can be synthe-

sized from a common pool of C. elegans oligonucleotides that target the genome 

either at chromosomal, 3 Mb or 500 kb level (32). For the FISH experiments con-

ducted in the context of genome organization, a common pool of oligonucleotides 

that span the C. elegans genome at chromosomal level was used, hereby reproduc-

ing the FISH technique described by Fields (25). Oligopaint FISH allows for more 

versatile and cost-efficient hybridization experiments, as the oligonucleotide probe 

library can be synthesized via amplifications and reverse transcriptions within two 

days and the fluorescent detection probe is only added during the FISH hybridization 

procedure via barcodes, rendering the need for ordering new FISH probes for each 

experiment redundant (25). All in all, the chromosome-specific oligonucleotide li-

brary consists of 170 594 primary probes with a 42bp length hybridization sequence 

and additional barcode sequences adding up to primary probes of 150 bp in length 

that span one entire chromosome (32). Unlike humans, C. elegans nematode 

worms only possess six chromosomes, of which we chose to visualize three. 

 

Multicolor fluorescent in situ hybridization (FISH) is a popular approach for detecting 

nuclear arrangements and gene density (13,17). For discerning how individual chro-

mosomes are organized within the nucleus, whole-chromosome FISH is necessary. 

In the past, whole-chromosome FISH has been costly and time-consuming, how-

ever, the novel oligopaint technology allows for a much more rapid oligonucleotide 

synthesis while decreasing costs simultaneously. Oligopaint FISH is a hybridization 

technique that uses parallel PCR amplification from a pool of unique oligonucleo-

tides that span the C. elegans genome to synthesize user defined and lab-made 

oligonucleotide probes that allow genome visualization at chromosome, 3Mb and 

500kb level (25,33). The main advantage of the oligopaint technology compared to 

DNA FISH is its cost efficiency and its flexibility when designing experiments.  
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Oligopaint probes are oligonucleotide fragments of total 150 base pair length that 

cover the C. elegans genome and enable the localization of specific regions within 

the genome. It consists of a unique 42 base pair binding homology and is flanked 

on either side by specific barcodes that allow for easy adaptation of the experimental 

design and repeated amplification from the original, purchased pool, which provides 

an almost indefinite supply of probes (25). These barcodes specifically allow for 

different subsections of the C. elegans genome to be targeted, depending on which 

bridge oligo is used to append the fluorescent oligonucleotide. Most importantly, 

oligopaint allows for an entire chromosome to easily and cheaply be tagged and 

visualized (25). Figure 4 shows a schematic illustration of the oligonucleotide build 

and the possibilities for adding different fluorescent labels. For experiments de-

scribed in this thesis, bridge oligos base paired specifically to the chromosome bar-

code to visualize the entirety of one chromosome with one color. 

 

The probes contained in the initial pool of probes were designed by the Wu Lab at 

Harvard Medical School (https://oligopaints.hms.harvard.edu/) and kindly provided 

for our use. The set of oligonucleotide probes were defined using a bioinformatics 

pipeline that identified 42bp sequences in the C. elegans genome that are unique, 

have similar melting points, and lack repetitive sequences (25,34). Over 80 000 

probes were suitable candidates, of which 170 594 nucleotide sequences were ulti-

mately chosen for the library, resulting in a library that covers each C. elegans chro-

mosome with approximately two probes per kilobase of DNA. This primary mix can 

be ordered and subsequently repeatedly PCR amplified to yield enough oligonucle-

otide probes (short: oligos) for hybridization to the C. elegans genome. Each unique 

oligo sequence is flanked by barcodes that target the C. elegans genome either at 

a chromosome, 3 Mb (Mega base) or 500 kb (kilo base) level by using specific bridge 

oligonucleotides that bind specifically to one of the three barcodes (25). For target-

ing the genome at chromosomal level, a different bridge oligonucleotide was used 

for each chromosome and fluorescent oligonucleotide. These fluorescent detection 

oligonucleotides pair with the bridge oligo and are attached to one on three fluoro-

phores: Alexa 488 (A488), Cyanine dye 3 (Cy3) and Alexa 647 (A647). 
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Following the protocol by Fields et al. (25), oligonucleotide probes were synthesized 

by PCR amplification, T7 promoter sequence annealing, reverse transcription, and 

alkaline hydrolysis. This is an efficient and inexpensive synthesis, which amount to 

approximately two days of work (limiting step is the overnight reverse transcription). 

Hybridization is performed using two different mixes, the first containing the primary 

oligos that hybridize to select chromosomes and the second containing bridge and 

fluorescent oligonucleotides. Thus, as bridge oligos are only introduced after hybrid-

ization of the primary probes, they act as intermediates that allow a versatile exper-

imental design. Figure 4 shows a scheme of different combinations of fluorescent 

probes. By combining two different fluorescent oligonucleotides by annealing one to 

the 5’ and the other to the 3’ oligo end, the fluorescent signal can be detected dif-

ferently, similar to mixing paints on canvas. For experimetns described here, oligo-

nucleotide primary probes were exclusively singly labeled. 

 

Figure 4: Oligopaint primary probes consist of a unique 42bp hybridization sequence, 
which is flanked by barcode sequences. Fluorescent detection probes are appended to the 
specific barcode sequence via a bridge oligo, which enables flexible experiment design. 
Primary oligonucleotide probes with one specific fluorescent label are ultimately hybridized 
to the C. elegans genome to cover a whole chromosome (25).  

Detection of 3 Mb and 500 kb chromosomal subregions
We designed our Oligopaint library to include 3 Mb and 500 Kb barcode sequences that should per-

mit visualization of chromosomal subregions (Figure 1c). To test this aspect of our library, we ampli-

fied Oligopaint oligos targeting chromosome I and hybridized these probes to adult C. elegans. We

then used bridge oligos that recognized all Chromosome I Oligopaint oligos (~15 Mb), a 3 Mb sub-

region of chromosome I (0–3 Mb), or a 500 kb subregion of this 3 Mb region (1.0–1.5 Mb). Detection

oligos coupled to Alexa 488, Cy3, and Alexa 647 were used to illuminate each genomic region,

respectively. We imaged pachytene germ cells and, as expected, observed a single contiguous DNA

FISH signal after chromosome I DNA FISH (Figure 4a). 3 Mb DNA FISH illuminated a subregion of

the chromosome I signal and 500 kb DNA FISH illuminated a subregion of this 3 Mb signal

(Figure 4a). Staining was robust, with 50/50 randomly chosen nuclei possessing all three fluorescent

signals in successfully stained animals. Similar patterns were observed when chromosome IV, a 3 Mb

subregion of chromosome IV (0–3 Mb), or a 500 kb subregion of this 3 Mb region (2.5–3.0 Mb) were

analyzed (Figure 4b). We conclude that the Oligopaint library has the capability to visualize 3 Mb

and 500 kb subregions of the C. elegans genome.

5 um

Oocyte  NucleusA B

C Pachytene Germ Cell Nuclei

D E
Intestinal Nucleus Hypodermal Nucleus

F Neuronal Nuclei

5 um
2 um

1 um2 um
1 um

Ch II

Ch I

Ch III

Ch V

Ch IV

Ch X

Figure 3. Simultaneous visualization of all six C. elegans chromosomes. (A) Strategy to detect six chromosomes is shown. Detection probes labeled

with Alexa488 (Green), Cy3 (Red), and Alexa647 (Blue), or combinations of these three fluorophores were used to label each of the six C. elegans

chromosomes a different color. (B–F) Adult C. elegans were fixed and subjected to three step hybridization to detect Chromosomes 1, 2, 3, 4, 5, and X.

(B) 3D maximum projection of an oocyte. Each bivalent is labeled a different color. (C) 3D maximum projection of the pachytene region of an adult

germline. A magnification of one of these nuclei is shown to the right. (D) 3D maximum projections of an intestinal nucleus, (E) hypodermal nucleus,

and (F) nuclei whose size and position within the animal suggest the cell is a ventral cord neuron. All images are representative of at least three

independent animals.

DOI: https://doi.org/10.7554/eLife.42823.009

The following video and figure supplement are available for figure 3:

Figure supplement 1. Multicolor labeling of the X chromosome to expand the number of detectable objects.

DOI: https://doi.org/10.7554/eLife.42823.010

Figure 3—video 1. Six Chromosome FISH of a C. elegans intestinal nucleus.

DOI: https://doi.org/10.7554/eLife.42823.011

Fields et al. eLife 2019;8:e42823. DOI: https://doi.org/10.7554/eLife.42823 7 of 17
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2 Results 

2.1 Assessing DNA Oligopaint staining specificity 

To test whether the Oligopaint probes only stained the specific chromosome, single-

chromosome FISH samples were prepared and the germline of the C. elegans worm 

examined. Hybridization mixes without any oligonucleotide probes were also tested 

and showed no unexpected fluorescence. The C. elegans germline can be divided 

into sections according to the meiotic phase of the oocyte (25). For assessment of 

staining specificity, the pachytene region of the germline and oocytes in diakinesis 

was examined. Oocytes of the pachytene region are in the pachytene stage of Pro-

phase I of meiosis, in which the homologous chromosomes (5 autosomes and one 

X chromosome) are present as bivalents (i.e. paired chromosomes) and should be 

able to be visualized as a single distinct spot which corresponds to the chromosome 

stained (35). The C. elegans worm was FISH stained with Oligopaint probes target-

ing chromosomes I and X in individual samples. Confocal images showed staining 

of only a single bivalent per nucleus in the pachytene region in both samples for 

chromosome I and X, indicating that our library set was specific (Figure 5). Moreo-

ver, FISH staining oocytes in their most separated phase of meiosis, namely diaki-

nesis, revealed extremely specific signal corresponding to only one of six DAPI 

stained regions. No bleed-through of fluorescent signal was seen in the other chan-

nels, indicating that the dyes (A488), (Cy3) and (A647) can be used within one sam-

ple without any interference of fluorescent signals.  
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Figure 5: Whole chromosome FISH specificity in C. elegans germline. Adult wildtype 
C. elegans worms (maintained at 25°C) were fixed and hybridized as described in Materials 
and Methods and co-stained with DAPI. A&B: Z-stack (~0.25µm) of the pachytene germline 
region. A: Cy3 red = chromosome I. B: Cy3 red = chromosome X. C: Adult N2 20°C oocyte 
visualization with DAPI. Shows the nucleus in diakinesis stage of prophase I. Six chromo-
some territories visible corresponding to the number of chromosomes present in a C. ele-
gans nematode. D: Oocyte shown with chromosome specific FISH. Green A488 = Chr I, 
Red Cy3 = Chr II, Yellow A647 = Chr X. FISH is specific to one chromosome territory and 
no overlap of signal is observed.  Scale bars as indicated. Images are representative of at 
least five independent animals.  

 

2.2 Visualizing chromosome territories using DNA FISH 

To address chromosome territory volume changes across wildtype and H3K27M 

mutated worms, Oligopaint FISH was used to target multiple chromosomes at once 

and visualize them under a three-channel confocal microscope. At most, three dif-

ferent chromosomes (I, II, X) were targeted simultaneously, representing 50% of 

A: Chr I 

C

D

B: Chr X 

D

N2 20°C oocytes 

N2 25°C pachytene germline  

Chr I 

Chr X 

ChrI 
ChrII         
ChrX 
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total chromosome number, as C. elegans worms possess only six chromosomes. 

For chromosome territory volume assessment and comparison, only the whole 

worm FISH procedure was used, while the dissected FISH protocol by Fields et al. 

(36) was only used initially for testing the DNA accessibility for our FISH probes. 

Different cell types can easily be visualized within the C. elegans worm. There is 

reason to believe that chromosome territory volumes of different cell types might 

behave differently, which, however, is not evaluated here. We exclusively chose to 

analyze intestinal nuclei because they are the easiest to visualize as the largest 

nuclei in the C. elegans worm. The difference in size compared to other cell types 

arises due to their polyploid nature, which is a result of repeated endoreduplications 

during the larval worm stage (25,37).  

 

The Oligopaint protocol allows for visualization of chromosome territories in different 

colors in order to address how they change in the mutant C. elegans worm com-

pared to the wildtype (N2). C. elegans were maintained at different temperatures 

(20°C and 25°C) and collected according to the whole worm FISH protocol and sub-

jected to FISH. Two different temperatures were compared due to the temperature-

dependent phenotype in H3K27M worms. Mutant C. elegans show reduced fertility 

when maintained at a temperature-stress of 25°C (above the 20°C optimum) 

(31,38). C. elegans worms were imaged under the confocal microscope and ana-

lyzed with FIJI. We used the Oligopaint technique to ask whether changes in chro-

mosome territory volumes are temperature dependent and whether a significant dif-

ference can be seen between wildtype (N2) and mutant (H3K27M) worms. The data 

shows that there is no difference in N2 chromosome territory volumes, but volumes 

increase in the mutant phenotype at elevated temperatures, confirming the temper-

ature sensitive mutant phenotype. Chromosome I, while included in the imaging 

process, was not used for quantification, as C. elegans intestine auto-fluoresces at 

the same wavelength as the A488 detection oligo probe, preventing the ImageJ 

thresholding tool from eliminating the background properly.  
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Figure 6: Whole worm FISH for Wildtype and Mutant C. elegans. Top: Wildtype adult 
intestinal nuclei. Quantification of wildtype nuclei (excluding DAPI and Chromosome I meas-
urements shows no significant difference between chromosome territory volumes. Bottom: 
Mutant adult intestinal nuclei. Quantification of mutant nuclei show a significant increase in 
chromosome territory volume for chromosomes II and X. p-value = 0.05. Datapoints are 
representative of at least three independent worms. 

 

To ask whether there is a change in chromosome territory volumes between N2 and 

K27M worms, we compared the data from N2 and K27M worms (Figure 7) and show 

that chromosome territory volumes seem to increase significantly at temperatures 

of 25°C. The mutant does not show an increase in volume at 20°C, indicating that 

the mutant phenotype may be activated only at higher and less optimal temperature 

conditions. 

H3K27M worms 

Mutant 20°C Mutant 25°C 

Wildtype 20°C Wildtype 25°C 

Dapi        ChrI         ChrII         ChrX 

N2 worms 

K27M worms 
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Figure 7: Comparison of whole worm FISH data for N2 wildtype and K27M mutant C. 
elegans worms. Chromosomes II and X at 25°C show a significant increase in territory 
volume, while the significant is greater in the autosome than in the sex chromosome. p-
value = 0.05. Datapoints are representative of at least three independent worms. 

 

2.3 RNA interference with mes-3 

To compare the extent of chromosome territory degradation, a control using mes-3 

RNA interference was conducted. mes-3 encodes EZH2, the catalytic subunit of the 

Polycomb Repressive Complex 2 (PRC2), the enzyme responsible for depositing 

the trimethylation mark at H3K27M, and is known to play a key role in maintaining 

chromosomal architecture (25,39). Adult C. elegans worms were maintained at 25°C 

on L4440 (E. coli lacking mes-3 dsRNA for interference) and mes-3 RNAi bacterial 

plates for two generations before collecting worms for FISH analysis. RNA interfer-

ence in wildtype worms showed a loss of chromosomal territory integrity and a sig-

nificant increase in territory volume in all chromosomes as a consequence of losing 

PRC2 function. Interestingly, chromosome territory volume increase is significantly 

more pronounced in the RNAi samples than in the mutant phenotype, suggesting 

that H3K27M worms might preserve some PRC2 activity and therefore are able to 

retain partial genome integrity. mes-3 RNAi in K27M worms resulted in a loss of 

chromosome territory integrity similar to N2 mes-3 RNAi. 
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Figure 8: Whole worm FISH on adult C. elegans wildtype worms targeting mes-3. 
Top: RNAi of adult wildtype C. elegans worms. Results show an increase in all chromo-
some territory volumes in negative control L4440 and mes3. L1 worms were placed on 
RNAi plates and propagated for two generations. Bottom: RNAi experiment images of 
K27M mutant nuclei. Note: no measurement for chromosome 1 included in K27M mes-3. 
Comparison of N2 and K27M territory volumes with positive N2 RNAi controls. Data is 
representative of at least 5 independent animals. p-value = 0.05.  

 

2.4 Fluorescent in situ hybridization in other C. elegans cell types 

2.4.1 Germline 

The oligo FISH technique is capable of staining all nuclei in an undissected, intact 

worm (40). While quantification of chromosome territory volumes was performed 

using large intestinal nuclei, chromosome territories were also observable in other 

cell types, such as oocytes, neuronal and hypodermal cell nuclei. As germline cells 

mature into oocytes and pass from the pachytene to the diplotene and diakinesis 

Dapi        ChrI         ChrII         ChrX 

N2 L4440 N2 mes-3 

K27M K27M mes-3 

N2 mes-3 
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stage of late Prophase I, the chromosomes condense in preparation for metaphase 

I and can be visualized in the C. elegans germline as six well-separated bivalents 

corresponding to the expected six chromosomes (25,41).  

 
Figure 9: Fluorescent in situ hybridization of oocytes. A: Grayscale DAPI stained 
germline (left arm of germline tube). Z-stack projection at maximum intensity with automatic 
brightness and contrast adjustment tool in FIJI. Germline cells seen in pachytene through 
diakinesis phases of meiosis I. Increased number of smaller, concentrated DAPI signals 
show the spermatheca of the hermaphrodite. Oocyte chosen for FISH depiction framed. 
Scale bar as indicated. B: DAPI grayscale projection (automatic adjustment tool of bright-
ness and contrast) shows six highly condensed chromosomes, corresponding to the correct 
number expected in C. elegans worms. C: FISH-stained oocyte. Red = Chromosome II, 
Yellow = Chromosome X, Green = Chromosome I. Z-stack projection at automatic adjust-
ment tool of brightness and contrast. No chromosome territory overlaps between different 
chromosomes, all chromosomes exist as highly condensed, separated bivalents. All images 
representative for n > 5 different nuclei in an adult wildtype worm. Magnification 60x. D: 
Picture adapted from Lui, D. (2013) (30). Germ cells in the germline can be assigned their 
respective stages of meiosis according to their location within the gonad arm. As the germ 
cell passes through the tube towards the vulva, the gametes mature to oocytes. 

 

Figure 9 (C–D) shows an oocyte in diakinesis stage of prophase I, where homolo-

gous chromosomes are condensed to their maximum extent before separation. 

Staining specificity of the Oligopaint FISH probes can once again be seen by the 

A

CB

A

D
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fluorescent oligonucleotides binding only to one of the condensed chromosomal re-

gions. Images in Figure 9 are representative of wildtype N2 worms. Germlines of 

K27M mutated worms (Figure 10) appeared to not only be visually more disor-

ganized in the mitotic and pachytene regions, but also no oocytes were distinguish-

able in K27M 25°C and as in the control mes-3 worms.  

 

Figure 10: Fluorescent in situ hybridization of (pachytene) germlines. Fluorescent sig-
nals A-C: Chr I green, Chr II red, Chr X yellow. D: Chr I red, Chr X yellow. DAPI blue for A-
D A: N2 25°C germline tube. Chromosome territories are clearly distinguishable throughout 
the germline and oocytes recognizable before spermatheca. B: K27M 25°C mutant 
germline tube. Fluorescent signal is less defined to specific regions and oocytes appear 
abnormal. Seen analogously in Figure 5, chromosome territory volumes significantly in-
crease in mutant worms from 20°C to 25°C. Moreover, autofluorescence (green) of the 
worm is higher at the elevated temperature. C: N2 wildtype worm RNAi with mes-3 at 25°C. 
Germline fluorescent signal and size seem to be less defined and diminished. Oocytes dis-
tinguishable, dark circle lacking fluorescent signal is presumably a fertilized embryo that 
has already passed the spermatheca. Elevated autofluorescence following elevated tem-
perature conditions or mes-3 knockdown. D: K27M RNAi with mes3 at 25°C. Chr I A488 
dye not included in experimental run through. Increased autofluorescence signal can be 
seen analogously with red signal. Germline seems less substantial, and no oocytes are 
distinguishable. This conforms with diminished brood size seen in K27M RNAi worms. Scale 
bars as indicated. Images are representative of n > 5 replicates.  
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2.4.2 Neurons 

The Caenorhabditis elegans somatic nervous system of an adult hermaphrodite is 

comprised of 282 neurons (42,43). The location of each neuron and synapse is re-

producible to a large extent and, despite its compact nature, the C. elegans worm 

is capable of displaying several different behaviors (42,44), which are subject to 

extensive behavioral research. Confocal images of C. elegans worms showed that 

Oligopaint FISH also allowed the staining of motor neuronal cells throughout the 

worm. Specifically, D-type motor neurons, which are GABAergic type neurons con-

tributing to locomotion (45), were easily visualized. However, chromosome volumes 

of motor neuron nuclei were not quantified, as their difference in size compared to 

the large intestinal nuclei posed as a challenge for adequate resolution and differ-

entiation of territory areas. Figure 11 shows that motor neurons are positioned along 

the ventral nerve cord along the length of the worm on one side of the body.  

 

 

Figure 11: C. elegans somatic nervous system - motor neurons. A: Three channel con-
focal image of the tail-end of an adult hermaphrodite wildtype worm. White arrows indicate 
motor neurons grouped along the ventral nerve cord. Scale bars as indicated. B: Schematic 
depiction of the C. elegans nervous system. Image from Fang-Yen, 2015, Illuminating neu-
ral circuits and behavior in Caenorhabditis elegans with optogenetics. 

  



Discussion 

  26 

3 Discussion 

Caenorhabditis elegans worms are an excellent model organism for genetic and 

epigenetic studies, due to the high conservation of the histone proteins and the as-

sociated post-translational modifications between C. elegans and humans (30). Ad-

ditionally, nematode worms do not demand high costs for handling and are quickly 

and easily propagated. C. elegans are naturally self-fertilizing hermaphrodites, 

where males (X0) occur only very infrequently, and therefore leads to genetically 

identical progeny (27,46). This enables easy maintenance of lab generated CRISPR 

mutant strains, in our case H3K27M mutants with a homozygous mutation in H3F3A 

(47).  

 

C. elegans go through the four larval stages to adulthood within 3 days, if incubated 

at an optimum temperature of 20°C (27). No significant difference in life span or 

fertility was seen between wildtype and mutant worm at 20°C. However, it was ob-

served that the K27M strain would demand slightly less frequent splitting than the 

wildtype strain when propagated simultaneously over multiple generations, presum-

ably due to a slightly smaller brood size of the mutant worm and perhaps also due 

to a slight delay in growth. The introduction of the H3K27M mutation into the worms 

strain produces a temperature sensitive phenotype, resulting in a reduced fertility of 

mutant hermaphrodite worms at 25°C (27,31), seen by the diminished or lacking 

germ line (Figure 10). Due to this stress-induced sterility phenotype, we examined 

whether chromosome territories behave differently in mutant worms at 20°C and 

25°C. While wildtype worms do not show an increase in chromosome territory vol-

ume, chromosome territory volumes of K27M mutant worms significantly increase 

when the worm is maintained at higher temperatures for more than one generation 

(Figure 6). This is compatible with the observation that wildtype and mutant worms 

show no real differences in vitality and fertility at 20°C and suggests that a temper-

ature shift might be necessary to see the effects of the mutation in the worm pheno-

type.   
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The Oligopaint FISH technology is a fast, versatile and cheap way for visualizing 

DNA inside the nucleus (25,39,48). By following the protocol by Fields et al., we 

were able to visualize intact C. elegans nuclei, instead of performing FISH on dis-

sected worms, where intestine and germline tubes spill out and the integrity of the 

worm’s morphology is lost. Imaging cells in the intact worm facilitates comparison 

of cell types between biological replicates, as C. elegans anatomy consists only of 

roughly 1000 somatic cells and developmental mapping has made it possible to 

trace each cell to its progenitor (27,49). The primary oligonucleotide probes can be 

synthesized quickly by PCR amplification and reverse transcription reactions in the 

lab. The fluorescent molecule is only added to the oligonucleotide in the hybridiza-

tion step via bridge oligos, which allows for a cheap, flexible and versatile experi-

mental design by omitting the need to purchase new oligonucleotides whenever the 

need arises to amend the protocol (25,28). While the Oligopaint primary probes are 

capable of hybridizing to two different fluorophores and emitting a different color by 

mixture of the two signals, we only used three fluorophores (A488, Cy3 and A647) 

in our experiments. One drawback we encountered was the high autofluorescence 

in C. elegans intestine, which fluoresces on the same wavelength as A488. This 

autofluorescence can be reduced if the worms are kept at optimum conditions (20°C 

and no periods of starvation), which however was not possible in this case, since 

examining chromosome territories at 25°C and RNA interference represented an 

integral part of the experiments. As a result, quantifications of chromosome I, which 

we tagged with green probes from the beginning, were not able to be included in the 

analysis, as the background was too high to reliably quantify signal in our targets.  

 

A difficulty encountered in the beginning procedures with Oligopaint FISH con-

cerned the design behind labeling the primary oligonucleotides with fluorescent oli-

gonucleotides. Fluorescent oligonucleotides used by Fields et al. were purchased 

from IDT (see Methods 4.3). Primarily, we used fluorescent oligonucleotides from 

Thermo Fisher and discovered no probe-related fluorescent signal in our sample. 

We concluded, after comparing the oligonucleotide designs by each company, that 

double-labeling of the oligo is indispensable for proper signal and that probes pur-

chased from Thermo Fisher, which were only 3’ labeled, did not produce any signal 
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at normal concentrations. Follow-up FISH experiments comparing both probes 

showed that almost 10x the amount of single-labeled fluorescent oligonucleotide 

was necessary in the hybridization mixture to obtain similar fluorescent signals. 

 

While this thesis exclusively describes Oligopaint FISH in intact C. elegans worms, 

other hybridization methods were also undertaken, yet discontinued due to inferior 

results. Fields et al. also describe FISH on dissected C. elegans worms, which was 

superior in eliminating autofluorescence from germline visualization, but was aban-

doned due to time reasons and the loss of integrity of the worms’ morphology. Oli-

gopaint FISH can also be performed on C. elegans eggs by freeze cracking. Unfor-

tunately, the percentage of FISH fluorescently labeled eggs was too low to efficiently 

assess chromosome territories. The whole-worm FISH protocol yielded the highest 

number of stained worms within one sample, as the FISH was done in tubes with 

10µl worm pellets instead of on a glass slide, where only a few worms were fixed, 

and many were washed off during the procedure. 

 

Single probe FISH of chromosome I and X with Cy 3 was performed to examine 

binding specificity to a single chromosome and bleed through between the channels. 

Quantifications of chromosome territory volumes of the multiple tagged nuclei cor-

responded to the values of the single-labeled sample, which verified that multiple 

Oligopaint probes can be used within one sample.  

 

The reason behind choosing chromosomes I, II and X for these FISH experiments 

lies in previous observations of RNA-seq expression profiles of C. elegans chromo-

somes by the Shi Lab (). Upon the loss of PRC2 and genome-wide trimethylation 

levels at the H3K27 loci, gene expression levels appear to go up in the autosomes, 

but not in the sex chromosome. Using Oligopaint FISH, we aimed to supplement the 

RNA-seq data by visually comparing autosome versus sex chromosome territory 

volumes. Comparisons of N2 and K27M volumetric data at 25°C (Figure 7) show 
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that autosomal chromosome territory volumes appear to increase more than X chro-

mosome territory volumes, implying that chromosome X is impacted to a lesser ex-

tent. Differences in RNA expression levels between autosomes and sex chromo-

somes has never been observed before in any cancer phenotype and indications 

for its cause or consequence has not yet been identified. More investigation would 

be necessary to confidently come to a conclusion on this point. 

 

 

The Oligopaint FISH technology provides an optimal approach to whole chromo-

some visualization. However, a limitation persists when interested in visualizing 

smaller loci, for example at a single gene resolution. The smallest loci able to be 

visualized with these oligonucleotides are 500kb long. The mes-3 gene, for exam-

ple, has a coding sequence length of approximately 2000 nucleotides (50), which is 

much shorter than the 500kb oligonucleotide probe. Visualizing the differences in 

chromatin packaging near specific genes presents another aspect that may be of 

interest in chromatin biology and cancer, for which, however, other approaches 

would need to be implemented. 

 

Figure 12: RNA-seq expression profiles of Chromosome IV and Chromosome X 
in C. elegans K27M mutant worms. Green: positive increase in gene expression. 
Red: decrease in gene expression. Data provided by Alan Jiao, Shi Lab. 
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In conclusion, our data shows: First, a significant increase in K27M chromosome 

territory volumes from 20 to 25°C conditions. Second, a significant increase in chro-

mosome territory volumes between N2 and K27M at 25°C. Lastly, a larger increase 

in chromosome volumes for X than for II. FISH allows us to shed some light on the 

3D organization of the genome and may give more insight to the multi-faceted mech-

anisms behind cancers with driving oncohistone functions. This data suggests that 

there is yet another molecular aspect of this cancer that needs investigating to cre-

ate a more holistic picture of cancers with H3K27M mutations.  

 

Figure 13: Schematic depiction of the effects of the H3K27M mutation on chromo-
some territories. WT H3FA allows the spread of the me3 mark and condensation of chro-
matin at the desired regions. Chromosomal territory architecture is therefore intact, and 
territories can be distinguished with Oligopaint FISH under the confocal microscope. In the 
mutant genotype, H3K27M prevents trimethylation at this locus and inhibits the spread of 
the PRC2-deposited me3 mark. Chromatin is therefore decondensed and chromosome ter-
ritory volume increases and appears disorganized under the microscope. Diagram created 
with Biorender. 
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The next steps in examining cancer chromosome territory volumes would include 

performing whole chromosome DNA FISH in patient derived DIPG cells to verify that 

chromosome territory disorganization is not exclusive to nematode species. While 

recent studies have shown that chromatin in single-celled organisms forms clusters 

of a few nucleosomes, higher eukaryotes will form much larger clusters and more 

complex compartments (11). Promising future directions for assessing chromosome 

territories include combining Oligopaint FISH with other techniques such as chro-

mosome conformation capture and Hi-C. Hi-C generates interaction profiles be-

tween smaller chromatin domains, such as topologically associated domains 

(TADs), and can therefore determine regions of chromatin that often lie in close 

proximity or are even connected, such as enhancers and promotors (7,51). In con-

clusion, examining chromatin conformations and chromosome territories are an 

emerging approach to understanding the fluidity of our genomic material and apply-

ing this knowledge to other diseases where regulators of chromosomal architecture, 

such as PRC2 in DIPG, play a significant role in tumorigenesis. 
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4 Materials and Methods 

4.1 Key Resources: 

Table 1: Key resources table 

Reagent, 
strain or 
resource 

Designation Source or 
reference Additional information & Identifiers 

Strain,  
C. ele-
gans 

N2 (wild type) 

Caeno-
rhabditis 
Genetics 
Center 
(CGC) 

https://cgc.umn.edu/strain/N2  

Strain,  
C. ele-
gans 

H3K27M 
Shi Lab, 
un-
published 

N/A 

Strain, 
E. coli OP50 

Caeno-
rhabditis 
Genetics 
Center 
(CGC) 

https://cgc.umn.edu/strain/OP50  

Genetic 
reagent, 
E. coli 

HT115(DE3), 
RNAi control 

Caeno-
rhabditis 
Genetics 
Center 
(CGC) 

https://cgc.umn.edu/strain/HT115(DE3)  

Genetic 
reagent, 
E. coli 

RNAi mes-3 
clone 

Caeno-
rhabditis 
Genetics 
Center 
(CGC) 

N/A 

 

4.2 Synthesis of multiplexed DNA FISH library 

Primary oligonucleotide probes were synthesized using the protocol as described 

by Fields et al. (25). Chosen oligonucleotide probes were specific to the C. elegans 

genome (build ce10). Chromosome specific primary oligonucleotide probes with a 

total length of 150 bp (42 bp hybridization sequence plus ~54 bp barcode sequences 
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appended to either end) were PCR amplified using primers specific to the chromo-

some barcode to expand the single stranded DNA probes. A T7 promotor region 

was added to the 5’ end of the barcode to generate ssRNA in an overnight T7 poly-

merase reaction at 37°C and then reverse transcribed into ssDNA. The resulting 

sample was purified through alkaline hydrolysis to remove remaining RNA and the 

single stranded oligonucleotide probes purified using the Zymo Oligo Clean & Con-

centrator Kit (Cat.# D4060, Lot # 206255). Probes were stored at -20°C. 

 

Figure 14: Scheme of step-by-step synthesis of ssDNA oligonucleotide probes. Pri-
mary probes are synthesized from a pre-existent library first with multiple rounds of PCR, 
creating thousands of basic library copies. A T7 promoter sequence is appended to the 
probe. In an overnight reaction, T7 RNA is transcribed to ss cDNA and ultimately purified to 
yield ss DNA oligonucleotide probes. Scheme created using BioRender. 
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Figure 15: Gel electrophoresis of ss cDNA (after reverse transcription and before alkaline 
hydrolysis). Expected length 150bp seen in three lanes of unpurified sample. Difference in 
band intensity due to different amplification efficiencies and T7 dsDNA concentrations in 
samples. 

 

4.3 DNA FISH in C. elegans 

Bridge oligos were ordered from ThermoFischer and stored at 100 nmol/µl concen-

trations. Fluorescent detection probes were ordered from IDT with fluorescent labels 

(either A488, Cy3, A647) at both 5’ and 3’ ends. Non-starved, mixed population C. 

elegans worms were washed from 10cm plates with M9 + Triton (3 g KH2PO4, 6 g 

Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H2O to 1 liter, + 1 ml 25% Triton X) into 1.5 

ml Eppendorf tubes. Worms were pelleted and washed twice more. Approximately 

30 µl worm pellets aliquoted in tubes were frozen in liquid nitrogen and stored at -

80°C. Whole worm fluorescent in situ hybridization was performed as described by 

Fields et al. (25). For the hybridization procedure, worm pellets were resuspended 

in 95% ethanol and vortexed on high speed for 1 minute to break up the cuticle, then 

rotated at room temperature for an additional 9 minutes. Samples were centrifuged 

(3000 rpm for 15s), supernatant aspirated and washed twice with 1 x PBST (50 ml 

10x PBS, 10 ml 25% Triton X, H2O to 500 ml). The resulting pellet was resuspended 

in formaldehyde fix solution (4% paraformaldehyde end conc., 4 ml 10x PBS, 26ml 

dH2O) and rotated at room temperature for 6 minutes. The fixation solution was then 

removed and washed twice with 1 x PBST. The pellet was resuspended in 2x SSC 

(50 ml 20x SSC (Cat.# 51205, Lot # 0000813937), H2O to 500 ml) for 5 minutes 
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without rotation. Without washing the worm pellet after removing the SSC, 50% 

formamide in 2x SSC were added to the tube and left at room temperature for 5 

minutes, before being transferred to a 95°C heat block for 3 minutes followed by 20 

minutes at 65°C. The supernatant was removed as best as possible and the pellet 

resuspended in 60 µl primary hybridization mix (containing 100 pmol of each primary 

probe, 2 µl RNAse A, 30 µl formamide, 15 µl hybridization solution (400 g/L dextran 

Sulfate, 20ml 20x SSC, 250 µl Tween-20, dH2O) and dH2O). The sample was mixed 

well and transferred to a 100°C heat block for 5 minutes before being placed hori-

zontally inside a 37°C incubator overnight (at least 12 hours). Next day, warm 

(~50°C) 2x SSCT (50ml 20x SSC, 10ml 25% Triton, H2O to 500 ml) was added to 

the worms/hybridization mix, spun down, aspirated, and resuspended in 2x SSCT 

and rotated for 5 minutes in a 60°C incubator. The mixture was spun down, the 

supernatant removed, and the pellet resuspended in warm 2x SSCT and rotated for 

20 minutes at 60°C. The mixture was spun down and aspirated twice to ensure no 

residual wash was left before resuspending in 60 µl of the bridge/detection oligo 

hybridization mix (100pmol of each bridge structure (5’ and 3’ end bridge per oligo-

nucleotide), 100 pmol of each detection oligo, 18 µl formamide, H2O to up to 60 µl) 

and left in the dark at room temperature for 3 hours. After incubation, the mixture 

was spun down and aspirated, and resuspended in warm 2x SSCT at 60°C for 5 

minutes. This wash was repeated twice more for 20 minutes and 5 minutes respec-

tively, where DAPI (10% concentration) stain was included in the last wash. The 

sample was spun down and as much excess as possible removed before being 

mounted on a microscope slide (ProLongTM Diamond Antifade Mountant,Ref.# 

P36970, Lot # 2296784). 

4.4 RNAi assay 

Wild-type (N2) and mutant (K27M) worms (first larval stage) were collected and 

placed on RNAi plates (NGM plates with 2.5 mM KH2PO4 and 1 mM IPTG) seeded 

with HT115 carrying the L4440 vector expressing mes-3 dsDNA (control with non-

mes-3 targeting HT115 E.coli) for two generations before collected for FISH analy-

sis. Worms were collected as previously described. 
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4.5 Microscopy 

FISH-stained worms were imaged using a Nikon A1R point scanning confocal on 

an inverted Nikon TI microscope with a Nikon A1 plus camera and using the NIS 

Elements acquisition software at the Harvard Medical School Nikon Imaging Center. 

A 60x Plan Apo Oil objective was used. Z-stack images (0,2-0,3 µm) were obtained 

from whole, young adult – adult worms that showed homogenous staining through-

out the whole worm.  

4.6 Assessing chromosome territory volumes 

Chromosome territory volumes were assessed following the protocol by Fields et al. 

All quantifications were performed using ImageJ with the 3D objects counter plugin 

(25). The multichannel (one channel representing a fluorophore bound oligonucleo-

tide probe specific to a chromosome) z-stack image was split according to color and 

the “auto-thresholder” tool used on the stack with the brightest signal to remove 

background. The 3D objects counter tool was used to filter out objects larger than 

30 voxels, hereby removing more background and creating an objects map, which 

was put into the 3D Manager plugin. The 3D Measure tool was used to determine 

the volume of each merged chromosome object map, resulting in a list of chromo-

some territory volumes within a nucleus.  
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