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Summary

Centromeres are essential for accurate chromosome segregation and are marked by CENP-A 

nucleosomes. Mis-targeted CENP-A chromatin has been shown to seed centromeres at non-

centromeric DNA. However, the requirements for such de novo centromere formation and 

transmission in vivo remain unknown. Here, we employ Drosophila melanogaster and the LacI/

lacO system to investigate the ability of targeted de novo centromeres to assemble and be inherited 

through development. De novo centromeres form efficiently at six distinct genomic locations, 

which include actively transcribed chromatin and heterochromatin, and cause widespread 

chromosomal instability. During tethering, de novo centromeres sometimes prevail, causing the 

loss of the endogenous centromere via DNA breaks and HP1-dependent epigenetic inactivation. 

Transient induction of de novo centromeres and chromosome healing in early embryogenesis show 

that, once established, these centromeres can be maintained through development. Our results 

underpin the ability of CENP-A chromatin to establish and sustain mitotic centromere function in 

Drosophila.
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eTOC Blurb

Centromere identity is thought to be specified epigenetically by the centromeric histone CENP-A, 

but whether targeted CENP-A chromatin can mediate heritable de novo centromeres in vivo is 

unknown. Palladino et al. show that multiple genomic locations can acquire centromere activity 

and that these de novo centromeres can be transmitted mitotically.

Introduction

Centromeres are chromosomal structures that specify the site of kinetochore assembly and 

are thus essential for the accurate segregation of genetic material through mitosis and 

meiosis. In humans and Drosophila, centromeres are embedded within megabases of 

heterochromatin (McKinley and Cheeseman, 2016), are composed of satellite DNA and 

transposable elements (Miga et al., 2014; Chang et al., 2019), and are among the most 

rapidly evolving parts of genomes (Henikoff et al., 2001; Rosin and Mellone, 2017). While 

naive centromeric DNA (cenDNA) sequences can initiate the assembly of de novo 
centromeres (also known as ectopic centromeres) in human cells (Harrington et al., 1997; 

Ohzeki et al., 2012), centromeres can also form on non-centromeric DNA (Voullaire et al., 

1993; Depinet et al., 1997; Tyler-Smith et al., 1999). Thus, the role of centromeric sequences 

in centromere identity and function remains elusive.

CenDNA is not conserved across species, yet the centromeric chromatin of nearly all 

eukaryotic organisms contains the histone H3 variant CENP-A, which is essential for the 
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recruitment of kinetochore proteins (Régnier et al., 2005; Fachinetti et al., 2013). CENP-A is 

deposited at the centromere by specific assembly factors; the ones identified to date are 

called HJURP in humans (Dunleavy et al., 2009; Foltz et al., 2009; Barnhart et al., 2011), 

Scm3 in yeast (Camahort et al., 2007; Mizuguchi et al., 2007), and CAL1 in flies (Erhardt et 

al., 2008; Chen et al., 2014).

Neocentromeres (i.e. centromeres that assemble at a new location) have been shown to form 

during both meiosis (Rowe et al., 2000) and mitosis (Depinet et al., 1997; Voullaire et al., 

2001), either as an attempt to rescue an acentric chromosomal fragment generated by a 

broken chromatid, or by replacing the endogenous centromere (Marshall et al., 2008). How 

neocentromeres form and become stable is still unclear.

The identification of neocentromeres in humans and the central role played by CENP-A in 

centromere function lead to the proposal that centromeres are regulated epigenetically by 

CENP-A-containing chromatin (Karpen and Allshire, 1997). Consistent with this model, 

ectopic targeting of CENP-A in Drosophila tissue culture cells and overexpression of CENP-

A Drosophila in tissue culture cells and animals results in de novo centromere formation 

(Heun et al., 2006; Mendiburo et al., 2011; Olszak et al., 2011), suggesting that CENP-A is 

sufficient to initiate the assembly of de novo centromeres. In Drosophila Schneider 2 (S2) 

cells, ectopic centromeres can be observed at a lacO array several cell divisions after the 

transient induction of LacI-tagged CAL1 or CENP-A and they are able to direct the 

deposition of newly synthesized CENP-A (Mendiburo et al., 2011; Chen et al., 2014), 

consistent with a self-propagation mechanism independent of cenDNA. However, we still 

know very little about where de novo centromeres can or cannot form, how they become 

stable, and how their formation is prevented in normal cells. Additionally, whether CENP-A-

directed epigenetic propagation occurs in vivo is unknown. Even though the idea that 

centromeres are specified epigenetically is over two decades old (Karpen and Allshire, 

1997), de novo centromere formation and transmission has not been systematically dissected 

in any animal model.

Dicentric chromosomes (i.e. chromosomes with two centromeres) are highly unstable and 

initiate breakage-fusion-bridge cycles (McClintock, 1939; Stimpson et al., 2012), therefore, 

it is critical that chromosomes contain only one centromere. In mouse 3T3 cells, assembly of 

ectopic kinetochores via CENP-T tethering induces genome instability and cellular 

transformation (Gascoigne and Cheeseman, 2013). In human tissue culture cells, 

engineering of dicentric chromosome through telomere fusion results in segregation defects, 

chromatin bridges, and chromothripsis (Maciejowski et al., 2015). Instability caused by 

dicentric chromosomes can be rescued by the inactivation of one of the two centromeres 

(Stimpson et al., 2012). In human cells and fission yeast, dicentric chromosomes can return 

to a monocentric state by either genetic or functional inactivation (Stimpson et al., 2010; 

Sato et al., 2012). Genetic inactivation involves loss of cenDNA along with CENP-A 

chromatin (Stimpson et al., 2010), while functional inactivation (also called epigenetic 

inactivation) occurs with no apparent loss of cenDNA via kinetochore disassembly, 

spreading of pericentric heterochromatin into centromeric chromatin and loss of CENP-A 

(Sato et al., 2012; Stimpson et al., 2012). Centromere inactivation also occurs during 

karyotype evolution (e.g. in humans (Chiatante et al., 2017) and stickleback fish (Cech and 
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Peichel, 2016)). However, because these centromere inactivation events have occurred long 

before their identification, it remains unclear how they occurred and whether genetic and 

functional inactivation are mutually exclusive mechanisms.

Here, we employ genetics and chromosome engineering in Drosophila melanogaster to 

investigate the formation, epigenetic maintenance, and phenotypic effects of de novo 
centromeres using LacI/lacO-mediated tethering of CAL1. We find that CAL1 tethering 

efficiently initiates the formation of de novo centromeres at several distinct locations, 

irrespective of the surrounding chromatin environment. The resulting dicentric chromosomes 

cause chromosomal rearrangements and aneuploidy, leading to apoptosis, tissue defects, and 

inviability. We identify instances of inactivation of the endogenous centromere that are 

associated with intra-centromeric DNA breaks and are dependent on the heterochromatin 

component HP1. We further show that de novo centromeres have the potential to be 

maintained by the endogenous centromere-maintenance pathway. Not only do these findings 

further support the epigenetic model of centromere specification, but they also provide a 

framework for understanding the impact of dicentric chromosomes on genome stability, 

development, and the relationship between centromere dysfunction and disease.

Results

De novo centromeres can form at diverse genomic locations

To investigate the ability of de novo centromeres to form at different genomic locations, we 

took advantage of the well-established lac repressor/lac operator (GFP-LacI/lacO) protein-

tethering system and of the existence of several Drosophila single lacO insertions (256 lacO 

repeats) spanning multiple chromosomal positions: subtelomeric on the X chromosome 

(Xsubtelo); telomeric and medial on chromosome 2 (2telo, 2medial); subtelomeric, medial, and 

pericentric on chromosome 3 (3subtelo, 3medial, 3peri) (Figure 1A; Vazquez et al., 2002; Li et 

al., 2003; Janssen et al., 2016). The precise genomic position of the lacO insertions were 

either known or were determined by us by inverse PCR. Using these coordinates and data 

from modENCODE (Kharchenko et al., 2011), we inferred the chromatin state of each of 

these positions, with the exception of 2telo for which no chromatin information is available 

(Figure 1A). To induce de novo centromere formation at these lacO insertions, we decided to 

tether the CENP-A assembly factor CAL1 because it efficiently assembles de novo 
centromeres in Drosophila S2 cells (Chen et al., 2014) and because tethering of CENP-A via 

LacI/lacO does not generate de novo centromeres in flies (Torras-Llort et al., 2010).

We generated transgenic flies with CAL1-GFP-LacI or GFP-LacI (negative control) under 

the UAS promoter. These were crossed to each lacO line creating homozygous lines, with 

the exception of 3peri, which is homozygous lethal and had to be maintained as a 

heterozygous line. CAL1-GFP-LacI/lacO or GFP-LacI/lacO flies are then crossed to lines 

expressing the GAL4 transcriptional activator under the control of tissue-specific promoters 

to induce expression. As a result, the progeny is heterozygous for the lacO array (Figure 1B–

C). Immunofluorescence (IF) with anti-GFP antibodies on polytene chromosomes from 

CAL1-GFP-LacI expressing salivary glands confirmed its specific binding to the lacO 

insertions (Figure S1A–F).

Palladino et al. Page 4

Dev Cell. Author manuscript; available in PMC 2021 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To assess if CAL1-GFP-LacI can assemble de novo centromeres at each lacO array, we 

analyzed metaphase spreads from 3rd instar larval (L3) brains expressing CAL1-GFP-LacI 

under the brain-specific elav-GAL4 driver (elav-GAL4/CAL1-GFP-LacI) using IF with anti-

CENP-C antibodies (as a marker for active centromeres) combined with fluorescence in situ 
hybridization (FISH) with a lacO fluorescent LNA probe. Upon tethering CAL1-GFP-LacI 

to lacO arrays, CENP-C colocalizes with lacO in >80% of spreads irrespective of the lacO 

position (Figure 1D–E). Of note, de novo sister centromeres did not appear close together 

suggesting they lack cohesion, a finding consistent with a study that showed that, in flies, 

cohesin enrichment depends on heterochromatin and is independent of centromere proximity 

(Oliveira et al., 2014). IF on interphase brain cells with anti-CENP-A antibodies confirmed 

CAL1 tethering leads to de novo centromere formation via CENP-A deposition (Figure 

S1G). Control experiments in which GFP-LacI is tethered to lacO showed no localization of 

CENP-A or CENP-C at the lacO array (Figure S1H–I). CAL1-GFP-LacI expression alone 

(no lacO array) causes the formation of ectopic CENP-C foci in 63% of spreads (Figure 

S2A–B). These de novo centromeres form on the 2nd, 3rd and, less frequently, on the X 

chromosome with no overall preference for any sub-location (Figure S2C–D). The telomere 

appears to be a preferred region for de novo centromeres on the X (telomere: 26/45, arm: 

11/45, pericentromere: 8/45, p<0.001 telomere versus arm and pericentromere, Fisher’s 

exact test) and on chromosome 2 (Figure S2E), while no preferential location was observed 

on the 3rd (Figure S2F). De novo centromeres were never observed on the highly repetitive 

and heterochromatic 4th and Y chromosomes. Collectively, these experiments show that de 
novo centromeres, whether targeted or spontaneous, can form successfully at several 

different chromatin contexts, including actively transcribed chromatin and heterochromatin, 

and at many genomic locations such as the middle of a chromosome and near the telomere.

Formation of de novo centromeres causes genome instability and cell death

Dicentric chromosomes initiate cycles of chromosome breakages and fusions (Stimpson et 

al., 2012) and ectopic centromeres resulting from CENP-A overexpression in flies cause 

chromosome missegregation (Heun et al., 2006). Therefore, we anticipated that the 

formation of a single de novo centromere in our lacO lines would similarly cause genome 

instability. Interphase brain cells expressing elav-GAL4/CAL1-GFP-LacI displayed a 

significantly higher number of cells with γH2Av foci (a marker for double-strand DNA 

breaks (DSBs) (Madigan et al., 2002)) compared to GFP-LacI controls (Figure S3A–C).

DSBs induced by dicentric chromosomes in mitosis lead to chromosomal instability (CIN) 

(Stimpson et al., 2012; Gascoigne and Cheeseman, 2013). To characterize CIN associated 

with de novo centromere formation, we evaluated mitotic spreads from L3 brains for 

changes in chromosome number (aneuploidy), chromosome breakages, fusions, and number 

of satellite DNA foci (Figure 2A–C). Specific chromosomes were identified based on the 

presence of pericentric satellites with known localization, chromosome morphology, and 

pericentromeric DAPI staining. Expression of GFP-LacI alone or with a lacO array (Xsubtelo) 

is rarely associated with chromosome defects (Figure 2A, C), while expression of CAL1-

GFP-LacI alone leads to a significant increase in aneuploidy (32%), chromosome breakages 

(16%), and fusions (10%) (Figure 2B–C and Tables S1–S5). Tethering CAL1-GFP-LacI to 

the Xsubtelo, 2medial, 2telo, 3medial, and 3subtelo lacO arrays results in significantly more 
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defects in all the categories compared to GFP-LacI or CAL1-GFP-LacI controls (Figure 2C 

and Tables S1–S5). Even though lacO chromosomes showed more frequent missegregation 

(Figure S3D–E), CIN involved both lacO and non-lacO chromosomes (Figure S3D and 

S3F), suggesting global instability during mitosis. Interestingly, de novo centromeres at the 

3peri lacO insertion give rise to fewer chromosomal aberrations than the 3medial and 3subtelo 

counterparts (Figure 2C), perhaps because the closer proximity to the endogenous 

centromere of 3peri allows for their co-orientation and less frequent breakage. Collectively, 

these analyses show that the presence of a single de novo centromere causes dramatic 

genome instability.

To establish if de novo centromere-induced CIN leads to cell death, as observed in spindle 

assembly checkpoint mutants (Dekanty et al., 2012; Silva et al., 2013), we analyzed the 

adult wings of flies expressing CAL1-GFP-LacI/Xsubtelo under a wing driver and observed a 

distinct wilted wing phenotype that is largely absent in controls (Figure 2D–E). IF for the 

apoptotic marker Dcp-1 and TUNEL staining on wing imaginal discs showed higher levels 

of both markers compared to controls (Figure 2F). These data indicate that the CIN resulting 

from de novo centromere formation causes cell death.

De novo centromere formation causes viability and developmental defects

The CIN caused by de novo centromeres varies between lacO insertions (Figure 2C), 

suggesting that their formation at a subset of genomic locations may be more detrimental to 

normal development than that at others. To investigate the effects of de novo centromeres in 

fly development and viability, we expressed CAL1-GFP-LacI under the control of the 

engrailed promoter (engrailed-GAL4), which is expressed in a striped pattern from 

embryogenesis through late pupation (Drees et al., 1987), and scored the percentage of 

pupae that hatched for each lacO line (Figure 3A). CAL1-GFP-LacI/Xsubtelo, 2medial, 

3subtelo, or 3medial progeny display significantly higher hatching defects compared to GFP-

LacI/lacO controls (Figure 3A). Furthermore, the flies that successfully hatch display severe 

developmental defects (e.g. deformed wings and thorax and motility defects) and die shortly 

after hatching. In contrast, CAL1-GFP-LacI/2telo or 3peri progeny show less severe viability 

defects (Figure 3A) and the flies that hatch appear morphologically normal and with normal 

motion. While 3peri shows lower levels of CIN relative to other insertions, 2telo might cause 

less lethality because of milder gene dosage imbalance associated with the chromosomal 

rearrangements occurring in this line.

To investigate the effects of de novo centromeres on tissue development, we assessed eye 

morphology in adult lacO flies expressing CAL1-GFP-LacI or GFP-LacI under an eye-

specific driver. Assembling de novo centromeres at all lacO insertions results in decreased 

eye size and increased defects in eye organization compared to GFP-LacI/lacO controls, 

with 2medial, 2telo, and 3medial displaying the strongest effects (Figures 3B–D and S4). Flies 

expressing CAL1-GFP-LacI (no lacO) also display a smaller eye size (Figure 3B). However, 

in this line, eye organizational defects are mild (Figures 3C–D and S4). Taken together, these 

data show that de novo centromeres lead to developmental and viability defects, consistent 

with the observed CIN and cell death (Figure 2C) and with previous CENP-A 

overexpression studies (Heun et al., 2006).
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Inactivation of the endogenous centromere on dicentric Xsubtelo chromosomes

In our constitutive (elav-GAL4) CAL1-GFP-LacI/lacO expression system, over 80% of 

brain cells contain a dicentric chromosome, meaning that ~20% of cells do not contain a de 
novo centromere (Figure 1E). We reasoned that if these cells had previously contained a de 
novo centromere and inactivated it, they would exhibit some type of chromosomal 

aberration. Quantification of CIN among these relatively infrequent cells showed that the 

majority are euploid (14/19 for Xsubtelo; 12/14 for 2telo; 5/5 for 2medial; 20/22 for 3subtelo; 

17/18 for 3medial; 9/9 for 3peri), suggesting that they never contained de novo centromeres. 

We conclude that inactivation of de novo centromeres is relatively rare.

To investigate if the endogenous centromere can be inactivated, we quantified the presence 

of CENP-C at the endogenous centromere of lacO chromosomes with de novo centromeres 

in elav-GAL4/CAL1-GFP-LacI/lacO brains. We focused our quantification on chromosomes 

that appeared intact based on morphology and positive hybridization with centromeric/

pericentric FISH probes (chromosome X: AATAT; chromosome 2: AACAC; chromosome 3: 

dodeca). Control GFP-LacI/lacO chromosomes always display CENP-C signal at the 

endogenous centromere (i.e. no centromere loss; Figure 4A). In the 2medial, 3subtelo and 3peri 

lines, loss of centromeric CENP-C is very rare (~1% of lacO chromosomes with de novo 
centromeres; Figure 4A), while in the other two autosomal lines, 2telo and 3medial, loss of 

endogenous centromere is never observed (0%; Figure 4A), although cells with inactivation 

events may have died out and not be scored. In contrast, the Xsubtelo line loses endogenous 

CENP-C signal in 14% of Xsubtelo chromosomes with de novo centromeres (Figure 4A–B).

The X centromere cytologically localizes between a large block of pericentric AAGAG (on 

the short arm side of the primary constriction) and of AATAT satellite (on the long arm side; 

Figure 4C) and occupies a complex DNA island called Maupiti (Sun et al., 1997, 2003; 

Chang et al., 2019). Thus, the presence of the AAGAG satellite can be used to infer that 

centromeric DNA is still there. We found that Xsubtelo chromosomes displaying AAGAG 

signal at the endogenous centromere and no CENP-C at the endogenous centromere 

represents only 0.6% of Xsubtelo chromosomes with de novo centromeres (Figure 4D, middle 

left panel), suggesting that the majority of endogenous centromere loss events observed 

using AATAT FISH (Figure 4A–B) were in fact due to a DNA break resulting in removal of 

centromeric DNA.

Our experiments uncovered another category of chromosomes that have lost the AAGAG 

satellite yet still contain endogenous CENP-C (Figure 4D, far right panel). The endogenous 

CENP-C signal intensity on chromosomes in this category was approximately 50% lower 

than that of intact dicentrics (Figure 4E), suggesting that these are chromosomes in an 

intermediate inactivation state in which either a break removed the AAGAG satellite and a 

portion of centromeric chromatin with it, or partial epigenetic inactivation occurred 

following a break in pericentric AAGAG. Notably, we never observed chromosomes that 

lacked AATAT while displaying endogenous CENP-C signal. Therefore, it is possible that 

some of the Xsubtelo chromosomes that retain AATAT and have lost CENP-C might have 

started out with a break that removed pericentric AAGAG which was followed by epigenetic 

inactivation, leading to loss of CENP-C signal (Figure 4F). Taken together, our data suggest 
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that while functional centromere inactivation is infrequent, it is facilitated by a DNA break 

within or near the centromere.

Functional endogenous centromere inactivation requires HP1

While inactivation of endogenous centromeres is infrequent, the existence of chromosomes 

lacking the pericentric AAGAG satellite block and displaying weak CENP-C staining, along 

with Xsubtelo chromosomes containing centromeric AATAT satellite but no CENP-C signal, 

suggest that breaks within or near the centromere may help initiate epigenetic centromere 

inactivation (Figure 4F). Heterochromatin has been implicated in centromere inactivation in 

dicentric chromosomes in S. pombe (Sato et al., 2012). Therefore, we investigated a possible 

involvement of the heterochromatin protein HP1 in centromere inactivation in the Xsubtelo 

line. We simultaneously induced de novo centromere formation at Xsubtelo and RNAi-

mediated knock-down of HP1 (UAS-HP1RNAi) under the elav-GAL4 driver and analyzed 

metaphase spreads. IF with anti-HP1 antibodies confirmed that HP1 expression was strongly 

reduced when compared to the mCherryRNAi control (Figure 5A), and de novo centromere 

formation at Xsubtelo occurred with similar frequencies in HP1RNAi and in the mCherryRNAi 

control (Figure 5B). To identify epigenetic centromere inactivation events, we scored 

Xsubtelo chromosomes that contained the centromeric AATAT satellite but lacked the 

pericentromeric AAGAG satellite block and CENP-C (Figure 5C). While the incidence of 

chromosomes that lose AAGAG but still retain AATAT dropped upon HP1 RNAi (Figure 

5D), suggesting fewer DNA breaks occurring in this region, there was a clear decrease in the 

incidence of chromosomes that lose both AAGAG and CENP-C (i.e. functional inactivation 

events; Figure 5E). These data indicate that following breaks within or near the centromeres, 

endogenous centromeres are inactivated in a manner requiring HP1.

Even though de novo centromere inactivation events are rare, we tested if they are facilitated 

by HP1 by scoring Xsubtelo chromosomes that do not display CENP-C signal at lacO for the 

presence of CIN, as indicator of initial de novo centromere formation followed by 

inactivation. While in mCherryRNAi controls 10/34 spreads showed CIN, we observed 

significantly lower CIN in HP1RNAi (2/29, p=0.0279, Fisher’s exact test). These data suggest 

that HP1 is involved in the inactivation of de novo centromeres.

We next investigated whether endogenous centromere inactivation ameliorates or worsens 

the developmental defects resulting from de novo centromere formation. We assessed the 

viability of HP1RNAi/CAL1-GFP-LadI/Xsubtelo flies and compared it with a series of 

controls, including mCherryRNAi/CAL1-GFP-LacI. We found that HP1RNAi/CAL1-GFP-

LacI/Xsubtelo results in a significant decrease in pupal viability compared to the control (3% 

of pupae hatched versus 29%; Figure 5F). These data suggest that epigenetic centromere 

inactivation alleviates at least in part the viability defects caused by de novo centromeres.

The strength of de novo centromeres correlates with the frequency of endogenous 
centromere loss

Our experiments identified instances in which de novo centromeres at Xsubtelo outcompeted 

the endogenous centromere (i.e. remained active while the endogenous centromere lost 

CENP-C). We hypothesized that such out-competition may be dependent upon the strength 
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of the de novo centromere. To test this, we co-expressed GFP-LacI along with CAL1-GFP-

LacI to create competition between these two fusion proteins for binding to Xsubtelo lacO 

(Figure S5A). Xsubtelo cells that co-express CAL1-GFP-LacI and GFP-LacI show lower 

incidence of de novo centromeres (22% versus 74%; Figure S5B). When we quantified CIN 

in cells without de novo centromeres, we found equal numbers in our competition compared 

to our control (27% versus 24%; Figure S5C), indicating that the decrease in the incidence 

of de novo centromeres is due to defective assembly rather than more frequent inactivation. 

Importantly, the Xsubtelo dicentrics from these flies display lower levels of CENP-C at the 

lacO compared to CAL1-GFP-LacI/Xsubtelo controls (Figure S5D–E), consistent with less 

CENP-A recruitment at the lacO array, resulting in weaker de novo centromeres.

We next inspected chromosomes with CENP-C at lacO for endogenous centromere loss and 

found that it is less frequent in the competition background (2% versus 23%; Figure S5F). 

Interestingly, the Xsubtelo chromosomes that lose their endogenous centromere display 

higher levels of CENP-C at the de novo centromere compared to dicentric Xsubtelo 

chromosomes, something that we did not observe in CAL1-GFP-LacI/Xsubtelo chromosomes 

with no endogenous CENP-C signal (Figure S5G–H). The CENP-C increase could be 

indicative of de novo centromeres that are not weak to begin with and successfully 

outcompete the endogenous centromere (as in Figure 4B and 4D–E) or de novo centromeres 

that start out as weak but become stronger after the endogenous centromere is lost. The 

observation that the largest majority of competition chromosomes display lower de novo/

endogenous CENP-C average signal compared to controls (Figure S5E) supports the second 

possibility. Taken together, our data suggest a positive correlation between de novo 
centromere strength and endogenous centromere loss, and that weaker de novo centromeres 

are less efficient in outcompeting the endogenous centromere.

Epigenetic maintenance of de novo centromeres through development

The stable transmission of neocentromeres on the Y chromosome (Tyler-Smith et al., 1999) 

and on marker chromosomes (Voullaire et al., 1993; Depinet et al., 1997) in humans suggest 

that once non-centromeric DNA acquires CENP-A chromatin, it can be maintained through 

cell division and replication (Karpen and Allshire, 1997). However, these rare 

neocentromeres are analyzed long after their inception, leaving the mechanisms that led to 

their formation and stabilization difficult to assess. Due to the targeted nature of our de novo 
centromere assembly system, we have the opportunity to test if CENP-A chromatin at 

different chromatin and genomic contexts can be maintained in the fly.

In most of our experiments, we expressed CAL1-GFP-LacI under the elav-GAL4 driver, 

which is constitutively expressed in neurons and glioblasts from embryos to adults (Robinow 

and White, 1991; Berger et al., 2007). To address if de novo centromeres can be 

epigenetically maintained, we induced CAL1-GFP-LacI transiently using the nullo-GAL4 

driver, which is expressed only during early embryogenesis (2–3 hours after egg laying; 

Rose and Wieschaus, 1992; Postner and Wieschaus, 1994). We assessed the presence of de 
novo centromeres in brain spreads from young larvae (2nd instar–L2; ~3 days after laying) 

and L3 larvae (~6 days after laying), long after the activity of the nullo promoter has ceased. 
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Quantitative reverse-transcription PCR (qRT-PCR) confirmed that nullo-GAL4 larvae no 

longer express CAL1-GFP-LacI mRNA (Figure S6A–B).

Next, we assessed the viability of nullo-GAL4/CAL1-GFP-LacI or GFP-LacI flies. All 

CAL1-GFP-LacI/lacO lines, as well as the CAL1-GFP-LacI control, show viability defects 

(Figure S6C). Additionally, the viable adult flies display severe motion defects even though 

they are morphologically normal. Overall, the effect on viability observed with the nullo-

GAL4 driver was more severe than that observed with engrailed-GAL4 (Figure 3A). This is 

likely because nullo is expressed in every cell (Rose and Wieschaus, 1992; Postner and 

Wieschaus, 1994), albeit transiently, whereas engrailed is not, leaving a large population of 

non-GAL4 expressing cells to compensate for cell death.

Quantification of the presence of CENP-C at the lacO site in nullo-GAL4/CAL1-GFP-LacI/

lacO lines showed that, in L2 larvae, de novo centromeres are present in 36–61% of 

metaphase spreads (Figure 6A–B), indicative of centromere maintenance. In contrast, in L3 

larvae, this percentage decreases to 7–16% for all insertions except for the 3peri, where the 

percentage remains around 55% at both stages (Figure 6B). The low frequencies of de novo 
centromeres in L3 larvae could be explained by either compensatory growth of cells that 

never contained de novo centromeres (Morata and Ripoll, 1975; Moreno et al., 2002) or to 

inefficient maintenance or inactivation of de novo centromeres over longer timescales. To 

distinguish between these possibilities, we again analyzed the karyotype of L3 brain cells, as 

cells without CIN (i.e. euploid) likely never formed de novo centromeres. We found that the 

majority of L3 brain cells (78–90%) from all lacO lines are euploid and by and large do not 

contain de novo centromeres (93–99%; Figure 6C–D), suggesting that cells with de novo 
centromeres die and are replaced by euploid cells. Of the very few spreads with CIN, a small 

percentage lacked de novo centromeres (Figure 6E), suggesting rare de novo centromeres 

inactivation events. Interestingly, 3peri displays significantly more euploid spreads with de 
novo centromeres compared to other insertions (45%; Figure 6D), consistent with the 

observation that the 3peri insertion causes less CIN than other lacO sites. (Figure 2C). The 

fact that 3peri de novo centromeres are maintained with good efficiency indicates that de 
novo centromeres have the potential to be maintained through development, so long as cells 

harboring them are not eliminated due to high levels of CIN and cell death. Importantly, we 

never observed instances in which the endogenous centromere is inactivated in these 

animals. We conclude that de novo centromeres cannot outcompete the endogenous when 

both centromeres are being epigenetically maintained.

In Drosophila S2 cells, pulse-overexpression of CENP-A followed by chase results in the 

recovery of CENP-A islands preferentially located at euchromatin/heterochromatin 

boundaries (Olszak et al., 2011). To determine if spontaneous de novo centromeres resulting 

from transient CAL1-GFP-LacI expression are preferentially maintained at specific 

locations in vivo, we generated nullo-GAL4/CAL1-GFP-LacI progeny and followed ectopic 

centromeres at L2 and L3 stages. As with elav-GAL4/CAL1-GFP-LacI (Figure S2A), we 

did not observe de novo centromeres on the 4th or on the Y chromosomes. In L2 brain cells, 

54% of spreads contained de novo centromeres (Figure S7A–B), more frequently on the 2 

and 3 chromosomes than on the X (Figure S7C), but with no general preference for any sub-

chromosomal position (Figure S7D). In L3 cells, only 8% of spreads still displayed de novo 
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centromeres (Figure S7B), most often on chromosome 3, which was the only chromosome 

for which ectopic centromeres formed preferentially near the pericentromere (Figure S7C–

D). We conclude that de novo centromeres are maintained irrespectively of their proximity 

to heterochromatin boundaries, as reported in a previous study in S2 cells (Olszak et al., 

2011), suggesting that the requirements for de novo centromere maintenance are different in 
vivo.

Telomere capping facilitates the propagation of de novo centromeres

Our de novo centromere maintenance experiments show that, with the exception of 3peri, 

which is maintained through the L3 stage, de novo centromeres are lost with high frequency, 

likely due to cell death induced by CIN. Since CIN results from cycles of breaks and fusions 

initiated by dicentric chromosomes, we wondered if maintenance of de novo centromeres at 

the L3 stage would be facilitated by the stabilization of lacO-containing chromosome 

fragments. To test this, we implemented a system that protects broken chromosome ends by 

generating de novo telomeres (chromosome healing) (Kurzhals et al., 2017) through the 

expression of the telomere-capping protein HipHop (Gao et al., 2010). We hypothesized that 

HipHop and CAL1-GFP-LacI expression under nullo-GAL4 in the 3subtelo line, which 

shows low frequency of de novo centromeres in L3 (Figure 6B), would lead to the healing 

and maintenance through the L3 stage of lacO fragments generated from DSBs early in 

embryogenesis.

Although on average the percent of L3 spreads with CENP-C at the lacO is not significantly 

different between control (CAL1-GFP-LacI/3subtelo) and UAS-hiphop (8% versus 13%; 

p=0.1, unpaired t-test), we found that one of the five HipHop expressing brains displayed 

more de novo centromeres (HipHop 1,22%; Figure 7A). The same animal displayed more 

cells with lacO marker chromosomes (16%) compared to control and to other HipHop 

expressing larvae (1–7%; Figure 7B–C). The fact that only one in five animals shows a 

higher incidence of de novo centromeres and lacO chromosomes suggests that successful 

chromosome healing varies from organism to organism rather than from cell to cell. One 

possible explanation for this variability is that HipHop, like CAL1-GFP-LacI, is induced 

only transiently; therefore, breaks that occur after HipHop expression returns to endogenous 

levels cannot be healed, resulting in CIN and cell death. If an early embryonic cell 

experiences a break followed by healing on a chromatid, cell death may be delayed, but any 

remaining intact dicentric chromatid would continue to break during mitosis and fuse to 

other chromosomes once HipHop expression is back to endogenous levels (Figure 7D). A 

prediction of this model is that chromosome healing could delay cell death, resulting in more 

cells displaying CIN. Indeed, HipHop 1 shows significantly more cells with CIN (55%) 

compared to control and other HipHop larvae (12–27%; Figure 7E). These data indicate that 

de novo centromeres persist longer when cell death is delayed via chromosome healing.

To establish if chromosome healing affects viability, we quantified pupal hatching in this 

genetic background. Expression of HipHop in CAL1-GFP-LacI/3subtelo animals results in a 

significant decrease in viability (32% of pupae hatched) compared to CAL1-GFP-LacI/

3subtelo controls (68% of pupae hatched; Figure 7F). Even though chromosome fragments 

might be healed in these animals, they still missegregate (only 5/42 cells contain both 
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fragments of the broken 3subtelo chromosome), causing gene dosage imbalance. Thus, the 

healing of broken chromosomes allows for the persistence of cells with chromosome 

fragments at later developmental stages. In contrast, the high degree of fusions and breaks in 

CAL1-GFP-LacI/3subtelo animals causes cell death earlier in development, leading to 

compensatory growth of non-dicentric cells. By counting hundreds of progeny, these 

viability assays reveal a clear genetic interaction between de novo centromere formation and 

HipHop expression, validating the efficacy of chromosome healing. Telomere capping 

therefore reveals that de novo centromeres can be epigenetically maintained at later stages of 

development.

Discussion

In this study, we have taken a systematic approach to induce de novo centromere formation 

at defined genomic locations with different characteristics—chromosomal location 

(pericentric, medial, telomeric and subtelomeric) and chromatin state (silent and active 

euchromatin, heterochromatin, polycomb chromatin)—by testing the ability of the 

Drosophila CENP-A assembly factor, CAL1, to deposit CENP-A at these sites. CAL1 

tethering via LacI, successfully resulted in the recruitment of the active kinetochore mark 

CENP-C, showing that de novo centromere formation can occur in each of the genomic and 

chromatin contexts tested. The size of the lacO array insertion is only ~12kb, about ten times 

smaller than that of endogenous centromeres (101–171 kb; Chang et al., 2019). Given that 

CENP-A spreads beyond the lacO array following CENP-A-LacI and CAL1-LacI tethering 

in Drosophila S2 cells (Mendiburo et al., 2011; Chen et al., 2015), it is possible that CENP-

A spreads to surrounding genomic sequences also upon tethering via CAL1-GFP-LacI in 

flies.

Since our CAL1-GFP-LacI/lacO system generates dicentric chromosomes containing an 

endogenous centromere and a de novo centromere, it is not surprising that chromosomal 

instability (CIN) is prevalent in the induced tissues. The dramatic, genome-wide karyotypic 

changes that ensue upon CAL1 tethering result in cell death, which in turn negatively affects 

proper tissue development and viability. In general, between 42% and 88% of pupae 

hatched, indicating that the animal can tolerate high CIN to complete development even 

though these flies were extremely unhealthy and died after eclosion. Early experiments in 

Drosophila showed that an imbalance of about one cytological band (i.e. ~1Mb; Adams et 

al., 2000) or more results in lethality (Lindsley et al., 1972), consistent with our findings. 

Interestingly, transient induction of de novo centromere formation during a short interval in 

early embryogenesis also had very strong effects on the viability of hatched flies. Together, 

these findings are consistent with Barbara McClintock’s model about the instability and 

effects on genome stability of dicentric chromosomes (McClintock, 1939, 1941).

Dicentric chromosomes are well-established players in the genomic instability and evolution 

of malignancies (MacKinnon and Campbell, 2011), yet some dicentric chromosomes are 

able to co-orient and segregate normally (Koshland et al., 1987; Sullivan and Willard, 1998). 

The severity of genome instability was not uniform between all lacO insertions, with 3peri 

causing less severe CIN, likely because it can co-orient with the endogenous centromere. 

While we did not have enough lacO insertions to test the correlation between inter-
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centromeric distance and dicentric stability, our observations with 3peri indicate that having 

two centromeres is not necessarily detrimental to genome stability.

Dicentric chromosomes can return to a monocentric state through functional inactivation or 

through physical removal of centromeric DNA (Koshland et al., 1987; Stimpson et al., 

2010). In humans, a centromeric deletion typically removes the active centromere core (i.e. 
the DNA associated with CENP-A), rather than the entire centromere region (Chiatante et 

al., 2017). When CAL1-GFP-LacI is expressed constitutively, new CAL1-GFP-LacI is 

continuously tethered to the lacO, making the de novo centromere less susceptible to 

functional inactivation than the endogenous centromere. The endogenous centromere on the 

X is lost via a DSB within or near the centromere and, very rarely, by epigenetic inactivation 

alone. In some instances, DSB at the centromere or pericentromere leaves behind 

centromeric DNA with associated centromeric proteins, perhaps exposing this centromere to 

functional inactivation. The finding that HP1 knockdown decreases the frequency of these 

chromosomes suggests that epigenetic inactivation requires HP1. Interestingly, although 

these events are rare, HP1 seems to also affect the inactivation of de novo centromeres.

Our study provides a first step towards testing the epigenetic model for centromere 

specification in an animal model. By transiently inducing de novo centromere assembly 

early in embryogenesis, we can track the stability of the new centromeres through larval 

development. Interestingly, while all lacO insertions are able to assemble de novo 
centromeres that persist from embryogenesis to the L2 stage, only the 3peri lacO insertion 

maintains them with the same frequency through the L3 stage likely because it leads to less 

CIN and cell death. We think it is unlikely that the longer-term persistence of the 3peri 

centromere is due to its vicinity to heterochromatin, since 2telo, which is within an 

unannotated region within or near heterochromatin, does not persist as well. Instead, we 

propose that the loss of de novo centromeres during larval development is due to CIN and 

cell death rather than to defective maintenance. Consistent with this idea, we observe that 

most of the mitotic spreads at the L3 stage are euploid, and thus likely represent the 

population of cells that never assembled de novo centromeres. Additionally, ectopic 

centromeres resulting from both constitutive and transient expression of CAL1-GFP-LacI 

were found at many different positions within chromosomes, with no apparent preference 

for euchromatin/heterochromatin boundaries as reported for Drosophila S2 cells (Olszak et 

al., 2011). In our experiments, ectopic centromeres form upon overexpression of CAL1, not 

CENP-A, so they likely reflect CAL1-mediated CENP-A localization, which could be 

different from overexpression-induced CENP-A mislocalization, which in human cells has 

been shown to be mediated not by HJURP but by DAXX (Lacoste et al., 2014). 

Alternatively, our results could underscore differences between cell culture and in vivo 
studies.

CIN is a result of dicentric chromosomes that break during mitosis and initiate breakage-

fusion-bridge cycles. Healing of the earliest chromosomal fragments that form from a 

broken dicentric prevents fusions and further breakages enabling longer-term de novo 
centromere maintenance. Co-expressing the telomere capping protein HipHop along with 

CAL1-GFP-LacI in a line in which de novo centromeres does not last through the L3 stage 

(3subtelo) shows that de novo centromeres can be maintained longer-term. However, these 
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persisting chromosome fragments missegregate due to the lack of cohesion at the de novo 
centromere (Oliveira et al., 2014), worsening animal viability. Thus, proximity to cohesin-

rich heterochromatin is likely a requirement for long-term maintenance of de novo 
centromeres on marker chromosomes, in agreement with previous studies (Murphy and 

Karpen, 1995). Collectively, our work is consistent with the epigenetic model of centromere 

maintenance in mitosis. Future experiments will be needed to determine if the same 

principles apply in meiosis and if endogenous centromeres are dispensable and can be 

replaced by an induced ectopic centromere.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Barbara Mellone (barbara.mellone@uconn.edu). Plasmids and 

available fly stocks will be shared upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks and handling—All Drosophila melanogaster lines are listed in the 

Key Resources Table.

Flies were reared on standard cornmeal, molasses, and yeast food (https://bdsc.indiana.edu) 

at 25°C, except for Xsubtelo and RNAi experiments (Figures 1,4–5 and S5) were reared at 

29°C. All lacO; UAS-CAL1-GFP-LacI and lacO; UAS-GFP-LacI lines were maintained as 

homozygous lines, except 3peri which was maintained as a heterozygous line with the 

T(2;3)TSTL double balancer. For crosses with 3peri parents, only progeny with 3peri and 

UAS-trangenes was selected.

Crosses were set up using GAL4 males and lacO; UAS-transgene or UAS-transgene 

females, with the exception of Xsubtelo crosses in Figures 1D–E, 4A–E, 5B–E and S5, which 

were set up using Xsubtelo; elav-GAL4/CyO, Actin-GFP females and UAS-transgene males.

The following GAL4 drivers were used for mitotic and interphase cell preparations: elav-

GAL4/CyO, Actin-GFP (brain) and nullo-GAL4 (early embryonic). For elav-GAL4/CyO, 

Actin-GFP crosses, progeny was counter selected for GFP.

For polytene chromosomes preparations the driver used was Sgs3-GAL4 (salivary glands). 

For expression in the wing, the driver used was MS1096-GAL4. For wing phenotypes only 

female progeny were scored as males do not inherit the MS1096-GAL4 containing X 

chromosome. For expression in the eye, the driver used was eyeless-GAL4/CyO. Adult 

progenies were aged for 72 hours following eclosion, frozen at −20°C, and imaged. For 

eyeless-GAL4 adult eye phenotypes, straight winged males and females were scored. For 

viability experiments the drivers used were nullo-GAL4 and engrailed-GAL4 (semi-

ubiquitous) were used.

For RNA extraction for RT-qPCR, L2 larvae were collected from crosses set up on grape 

agar plates (Genesee Scientific), while L3 larvae were collected from crosses set up on 
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standard food. UAS-CAL1-GFP-LacI females were crossed with either nullo-GAL4, Actin-

GAL4/TM6B, Tb1, or w1118 males. Parents were allowed to lay for 6–18 hours before being 

passed to new food. For L2 stage, progeny were allowed to develop for 2–3 days before 

collection. For L3 stage, progeny were allowed to develop for 4–5 days before being 

collected.

METHOD DETAILS

Plasmid cloning and transgenic fly generation—Primers were used to amplify 

CAL1-GFP-LacI (BglII-CAL1 Forward: 5’-

CAGTAGATCTATGGCGAATGCGGTGGTG-3’; KpnI-LacI Reverse: 5’-

CAGTGGTACCTTAGGCAACCTTTCTCTTC-3’) and GFP-LacI (XhoI-GFP Forward: 5’-

GCAGTCTCGAGATGAGTAAAGGAGAAGAACT-3’; KpnI-LacI Reverse: 5’-

CAGTGGTACCTTAGGCAACCTTTCTCTT C-3’) from pMT-CAL1-GFP-LacI (Chen et 

al., 2014), including 5’ BglII and 3’ KpnI sites in CAL1-GFP-LacI amplicons and 5’ XhoI 

and 3’ KpnI sites in GFP-LacI amplicons (see underlined region of primer sequences). For 

GAL4/UAS mediated expression (Brand and Perrimon, 1993) and site-specific transgene 

integration, the vector pUASTattB (gift from Johannes Bischof (Bischof et al., 2007)), as 

well as the PCR amplicons, were digested using either BglII and KpnI for CAL1-GFP-LacI 

or XhoI and KpnI for GFP-LacI. CAL1-GFP-LacI and GFP-LacI were ligated into 

pUASTattB, placing them downstream of the UAS promoter, and upstream of attB, making 

UAS-CAL1-GFP-LacI-attB and UAS-GFP-LacI-attB. Transgenic flies were generated by 

Genetic Services, Inc. (Sudbury, MA) using phiC31 mediated integration with y, w; attP2 

(Bloomington Drosophila Stock Center # 8862) and y, w; attP40 (N/A) flies. Transformants 

were selected by mini-white expression.

Inverse PCR—To identify the insertion site for lacO repeats, inverse PCR was performed 

according to Cryderman et al. (1998) and Huang et al. (2009). Genomic DNA was isolated 

from lacO containing stocks 3medial and 2telo. Three micrograms of DNA were then digested 

at 37°C for 2.5 hours with either HhaI (2telo) or HpaII (3medial), followed by heat 

inactivation at 65°C for 20 minutes. Ligation was performed by incubating 5μl of digested 

DNA with 2U of T4 ligase at 16°C overnight. To amplify circularized DNA containing the 

lacO integration site, PCR was performed using 5μl of circularized DNA and primers for p-

element arms (inv-lacO Forward: 5’-GCTTCGGCTATCGACGGGACCACCTTATGTTA-3’; 

inv-lacO Reverse: 5’-GACGAAATGAACCACTCGGAACCATTTGAGCG-3’). Amplicons 

were reamplified and gel purified using the PureLink Quick Gel Extraction Kit (Invitrogen), 

and sequenced on an ABI sequencer (BioTech Center, University of Connecticut). 

Sequences for Xsubtelo flies was provided to us by Lori Wallrath. BLAST searches using 

these sequences on FlyBase were used to determine the genomic coordinates for the Xsubtelo, 

2telo, and 3medial lacO insertions.

Characterization of lacO locations—lacO position was determined using a lacO FISH 

probe on mitotic chromosomes from cells expressing GFP-LacI (see Figure S1I). 

Cytological bands previously characterized (see Figure 1A, Refs column) were validated by 

tethering CAL1-GFP-LacI to lacO on polytene chromosomes (Figure S1A–F). lacO 

insertion coordinates for xsubtelo, 2telo, and 3medial were determined using inverse PCR 
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combined with BLAST searches on FlyBase (see Inverse PCR). The lacO insertion 

coordinates for 2medial, 3subtelo, and 3peri were determined based on the position of MiMIC 

sites (Venken et al., 2011) used for integration by Janssen et al. (2016). Chromatin domains 

surrounding lacO insertion loci was determined using the “9-state model, S2 cells” track in 

the FlyBase genome browser.

Tissue monolayer immunofluorescence (IF)—L3 brains were dissected and 

immediately fixed in 3.7% formaldehyde, PBS for 5 minutes. Brains received four 5 minutes 

washes in PBS and were then incubated in 1mL of 0.4% Dispase/Collagenase (Roche), PBS 

for 10 minutes at 37°C. Individual brains were transferred to 2μL drops of PBS on a 

siliconized coverslip as squashed onto a Superfrost Plus (VWR) slide. Slides were frozen in 

liquid nitrogen, immediately fixed in 400μL of 3.7% formaldehyde, PBS-T for 5 minutes, 

and washed four times in PBS for 5 minutes. Slides were blocked in 1% milk, PBST for 1 

hour. Slides were incubated with an anti-H2AvD-pS137 (referred to as γH2Av) antibody 

(rabbit, 1:250; Rockland) overnight at 4°C, washed three times in 1% milk, PBS-T for 5 

minutes, then incubated with secondary antibodies either at 4°C overnight or at room 

temperature for 1 hour. Slides were washed three times in PBS-T for 5 minutes, then 

mounted in SlowFade with DAPI.

Whole mount IF and TUNEL staining—Imaginal discs were dissected from wandering 

L3 larvae in PBS and fixed in 4% formaldehyde, 100mM PIPES (pH 6.9), 0.3% Triton 

X-100, 2mM EGTA (pH 8), 1mM MgSO4 for 23 minutes, followed by two rinses and two 

20 minute washes in PBS, 0.3% Triton X-100 (PBS-Tx3). Tissues were blocked in PBS-

Tx3, 1% BSA, 0.1% NGS, 0.1mM Glycine for 30 minutes, rocking at room temperature. 

Tissues were incubated with anti-GFP (chicken, 1:500; Abcam) and anti-Dcp-1 (rabbit, 

1:100; Cell Signaling) antibodies overnight at 4°C. Tissues were rinsed twice and washed 

twice for 15 minutes in blocking solution, and then incubated with secondary antibodies for 

90 minutes at room temperature. Tissues were rinsed twice and washed twice for 30 minutes 

in PBS-Tx3. For TUNEL labelling, tissues were washed twice for 5 minutes in PBS, 0.5% 

Triton X-100 (PBS-Tx5) and then incubated in 100mM sodium citrate, 0.1% Triton X-100 at 

65°C for 30 minutes. Tissues were washed twice for 5 minutes in PBS-T, twice for 10 

minutes in 25μL Reaction Buffer (In Situ Cell Death DETC TMR Red; Roche), and 

incubated for 60 minutes in 36μL Reaction Buffer at 37°C. 4μL of TdT Enzyme Mix (In Situ 

Cell Death DETC TMR Red; Roche) was added to each reaction and incubated at 37°C for 3 

hours. Tissues were washed twice for 5 minutes with PBS-Tx5 and mounted in SlowFade 

with DAPI.

Polytene chromosome preparation and IF—Polytene chromosomes were prepared 

according to Kennison (2008), with modifications. Larvae were dissected in PBS. Salivary 

glands were fixed with 45% acetic acid, 2% formaldehyde for 2 minutes, then placed in a 

20μl drop of 60% acetic acid on a siliconized coverslip for 5 minutes and spread onto a 

Superfrost Plus (VWR) slide. Slides were frozen in liquid nitrogen and washed twice with 

PBS for 15 minutes, then washed once in PBS, 0.1% Triton X-100 (PBS-T) for 15 minutes. 

Slides were blocked with PBS-T, 1% BSA and incubated with an Alexa488 conjugated anti-
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GFP antibody (rabbit, 1:100; Invitrogen). Slides were mounted in SlowFade Gold containing 

1μg/mL DAPI (SlowFade with DAPI).

Interphase cell preparation and IF—For HP1 staining, L3 brains were dissected in 

PBS and incubated in 0.5% sodium citrate for 2 minutes. Individual brains were fixed in a 

5μL drop of methanol-acetic acid fixative (10 parts methanol, 2 parts acetic acid, 1 part 

H2O) on a siliconized coverslip for 2 minutes and squashed onto Shandon Polysine 

(Thermo) slides. Slides were frozen in liquid nitrogen and washed once in PBS for 5 

minutes, once in 1% PBS, 1% Triton X-100 for 10 minutes and blocked in PBS, 1% milk for 

30 minutes. Slides were incubated with an anti-HP1 antibody (mouse, 1:20; James and 

Elgin, 1986) overnight at 4°C, washed three times in PBS-T for 5 minutes, then incubated 

with secondary antibodies either at 4°C overnight or at room temperature for 1 hour. Slides 

washed three times in PBS-T for 5 minutes, and then mounted using SlowFade with DAPI.

For CENP-A staining, L3 brains were dissected in PBS and incubated in 0.5% sodium 

citrate for 8 minutes. Individual brains were fixed and teased apart in a 6μL drop of 3.7% 

formaldehyde, 0.45% sodium citrate on a siliconized coverslip for 4 minutes and squashed 

onto Shandon Polysine (Thermo) slides. Slides were frozen in liquid nitrogen and washed 

once in PBS for 5 minutes, once in PBS-T for 5 minutes and blocked in 3% BSA, PBS-T for 

30 minutes. Slides were incubated with an anti-CENP-A antibody (rabbit serum, 1:500; gift 

of Gary Karpen) overnight at 4°C, washed three times in PBS-T for 5 minutes, then 

incubated with secondary antibodies either at 4°C overnight or at room temperature for 1 

hour. Slides washed three times in PBS-T for 5 minutes, and then proceeded to FISH.

Mitotic chromosome IF—Larval mitotic chromosomes were prepared from L2 or L3 

brains as previously described in Pimpinelli et al. (2011), with the following modifications. 

Brains from larvae were dissected and incubated in 0.5% (w/v) sodium citrate for 8 minutes. 

Individual brains were fixed in 6μL drops of 45% acetic acid, 2% formalin for 6 minutes on 

a siliconized coverslip and squashed onto Shandon Polysine™ (Thermo) slides. Slides were 

frozen in liquid nitrogen and washed once in PBS for 5 minutes, once in PBS-T for 5 

minutes and blocked in 1% BSA, PBS for 30 minutes. As high concentrations of acetic acid 

in this protocol result in extraction of most if not all histones (Dick and Johns, 1968), we 

could not detect CENP-A with anti-CENP-A antibodies and chose to identify active 

centromeres using an anti-CENP-C antibody. Slides were incubated with an anti-CENP-C 

antibody (guinea pig, 1:500; Erhardt et al., 2008) overnight at 4°C, washed three times in 

PBS-T for 5 minutes, then incubated with secondary antibodies either at 4°C overnight or at 

room temperature for 1 hour. Slides washed three times in PBS-T for 5 minutes, and then 

proceeded to FISH. In nullo-GAL4 experiments, L2 brains contained fewer mitotic spreads 

than L3 (approximately 20-90 versus 80-210).

Fluorescence in situ hybridization (FISH)—Slides were post-fixed in 4xSSC, 3.7% 

formaldehyde for 6 minutes, followed by three 3 minute washes in 4xSSC. Slides were 

washed once in 2xSSC, 0.1% Tween-20 (2xSSC-T) for 5 minutes, and once in 50% 

formamide, 2xSSC-T for 5 minutes. 4–40pmol of each probe was resuspended in 

hybridization buffer [50% formamide, 2xSSC-T, 10% dextran sulfate, 0.8μg/mL salmon 

sperm DNA]. Probes and slides were denatured at 95°C for 5 minutes and allowed to 
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hybridize at 37°C overnight. Slides were then washed once in 0.1xSSC at 37°C for 10 

minutes, followed by two 10 minute washes in 0.1xSSC at room temperature. Slides were 

mounted using SlowFade with DAPI. See Table S6 for FISH probe information.

Sequential FISH—Following FISH and imaging for Figure 5C–E, coverslips were 

removed and slides were washed three times for 5 minutes in PBS-T, three times for 3 

minutes in 4xSSC, once for 5 minutes in 2xSSC-T, and once for 5 minutes in 50% 

formamide, 2xSSC-T. 40pmol of Sec6-AAGAG probe was resuspended in hybridization 

buffer (50% formamide, 2xSSC-T, 10% dextran sulfate, 0.8μg/mL salmon sperm DNA). 

Probes and slides were denatured at 95°C for 5 minutes and allowed to hybridize at 37°C 

overnight. Slides were then washed once in 2xSSC-T at 60°C for 15 minutes, once in 

2xSSC-T at room temperature for 10 minutes, and once in 0.2xSSC for 5 minutes. Slides 

were incubated with 40pmol of Sec6 secondary oligo in 30% formamide, 2xSSC for 30 

minutes at room temperature. Slides were then washed once in 2xSSC-T at 60°C for 15 

minutes, once in 2xSSC-T at room temperature for 10 minutes, and once in 0.2xSSC for 5 

minutes. Slides were mounted using SlowFade with DAPI.

Pupal viability assay—Ten female flies containing lacO and either UAS-CAL1-GFP-

LacI or UAS-GFP-LacI were crossed with 5–8 males of either the genotype w*/Y; 

engrailed-GAL4, UAS-GFP or nullo-GAL4 on normal food at 25°C. Flies were allowed to 

mate for 24 hours before being transferred to a new vial. Vials were incubated at 25°C, with 

eclosed flies being dumped and counted twice a day. After 20 days, pupal viability was 

scored based on the percent of pupae that were empty, signifying successful eclosion.

RT-qPCR for CAL1-GFP-LacI expression—Total RNA was extracted from 27–30 L2 

progeny or 10 L3 progeny resulting from females containing UAS-CAL1-GFP-LacI crossed 

with either nullo-GAL4, Actin-GAL4/TM6B, Tb1 (positive control; progeny that inherited 

TM6B, Tb1 were excluded), or w1118 (negative control) males were collected, flash frozen, 

and homogenized in 500μL of TRI Reagent (Sigma Aldrich). Samples were spun at 12,000 

× g for 10 minutes at 4°C and supernatant was transferred to a new tube and then incubated 

for 5 minutes at room temperature. After the incubation, 100μL of chloroform was added 

and samples were shaken by hand for 15 seconds or until solution became opaque. Samples 

were incubated for 3 minutes at room temperature and spun at 10,000 × g for 15 minutes at 

4°C. The RNA (aqueous phase) was transferred to an RNase free tube with 250μL of 

isopropanol, incubated at room temperature for 10 minutes, and spun at 12,000 × g for 10 

minutes at 4°C. Pellets were washed with 75% ethanol and spun at 7,500 × g for 5 minutes 

at 4°C. Pellets were resuspended in 50μL of DEPC-treated H2O and quantified using a 

NanoDrop 2000c (Thermo). Two Turbo DNase (Invitrogen) treatments were performed on 

10μg of RNA with RNeasy (Qiagen) RNA cleanups following each DNase treatment.

Reverse-transcription (RT) was performed using iScript cDNA synthesis kit (Bio-Rad) and 

500ng of total RNA. Quantitative PCR (qPCR) was performed using SYBR-green (Bio-Rad) 

and primers for LacI (LacI Forward: 5’-TATCCGCTGGATGACCAGGA-3’; LacI Reverse: 

5’-CAGTCGCGTACCGTCTTCAT-3’) and Rp49 (Rp49 Forward 5’-

CCGCTTCAAGGGACAGTATC-3’; Rp49 Reverse: 5’-GACAATCTCCTTGCGCTTCT-3’) 

and 12.5ng of cDNA on a CFX96 Real-Time System (Bio-Rad).
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Imaging—Images of cells and tissues were acquired at 25°C using an Inverted Deltavision 

RT restoration Imaging System (Applied Precision) equipped with a Cool Snap HQ2 camera 

(Photometrics) and either 100x/1.40 NA, 60x/1.42 NA oil objectives or 20x/0.75 NA air 

objective (Olympus). Image acquisition and processing was performed using softWoRx 

software (Applied Precision). Images taken with the 60x/1.42 NA or 100x/1.40 NA oil 

objectives were deconvolved for 5 cycles using the conservative method. For mitotic 

chromosomes, cells were imaged using the 100x objective. For interphase cells and tissue 

monolayers, cells were imaged using either 60x or 100x objectives. For polytene 

chromosomes, whole polytenes were imaged using the 60x objective and stitched together 

without deconvolution. Insets were taken using the 100x objective. For whole mount tissues, 

images were taken using the 20x objective and stitched together. Images are presented as 

maximum intensity projections. Images were saved as Photoshop files.

Images of adult flies were acquired using a SteREO Discovery V12 stereomicroscope 

equipped with an Axiocam 506 color camera (Zeiss). Single z’s were taken of individual 

wings, while whole flies and eyes were imaged as z-stacks. Stack alignment, projections, 

and image processing was performed using ZEN pro and the Extended Focus module 

(Zeiss). Images were saved as TIFF files.

Images were scaled using Photoshop (Adobe) and assembled into figures using Illustrator 

(Adobe).

QUANTIFICATION AND STATISTICAL ANALYSIS

Scoring pupal viability—Quantification pupal viability was based on the percent of 

pupae that were empty, indicative of complete development to adulthood. For the pupal 

viability of progeny resulting from crosses with engrailed-GAL4, UAS-GFP (Figure 3A). 

For pupal viability of progeny resulting from crosses with nullo-GAL4 (Figure S6C). For 

experiments comparing pupal viability between progeny resulting from crosses with nullo-

GAL4 with and without UAS-hiphop (Figure 7F).

Scoring centromere inactivation—For quantification of loss of CENP-C at endogenous 

centromeres (Figure 4A) we reanalyzed lacO chromosomes quantified from Figure 1E that 

showed CENP-C colocalizing with lacO. Quantification of loss of CENP-C at the 

endogenous centromere of the Xsubtelo chromosome (Figures 4A, 4D and 5D–E) was 

performed using FISH probes for AAGAG and/or AATAT to mark the endogenous 

centromere locus. We inferred the presence of X centromere sequences indirectly through 

the presence of intact AAGAG satellite. We could not use Oligopaint FISH for Maupiti, 
because of variability of FISH signal (i.e. the absence of signal would not necessarily imply 

that the centromere island is missing).

Quantification of centromere signal intensity—For quantification of endogenous and 

de novo centromere’s CENP-C signal, we used SoftWoRx (GE Healthcare) to acquire total 

signal intensities of endogenous and de novo centromeres on Xsubtelo chromosomes, as well 

as total signal intensities of endogenous centromeres on normal X chromosomes from 

maximum intensity quick projected images. For Figure 4E, plotted data points represent the 

total signal intensity of de novo centromeres divided by that of the endogenous centromere 
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of the same chromosome. For Figure S5E, plotted data points represent the total signal 

intensity of the endogenous centromere of Xsubtelo chromosomes with CENP-C at lacO 

divided by the total signal intensity of the endogenous centromere of a normal X 

chromosome within the same spread. For Figure S5H, plotted data points represent the total 

signal intensity of the de novo centromere of Xsubtelo chromosomes without CENP-C at the 

endogenous centromere (marked by SATIII FISH) divided by the total signal intensity of the 

endogenous centromere of a normal X chromosome within the same spread.

Karyotype analysis and genome instability—For quantification of genome instability 

in crosses with elav-GAL4 (Figure 2C), IF for CENP-C and FISH using a lacO probe and a 

satellite probe (Xsubtelo: SATIII; 2telo and 2medial: AACAC; 3subtelo, 3medial and 3peri; dodeca; 

“no lacO”: AATAT) was performed on mitotic chromosome spreads from the L3 brains. 

Chromosomal instability (CIN) was scored based on chromosomal abnormalities separated 

into four categories: 1) aneuploidy as indicated by a non-diploid (2n≠8) number of 

chromosomes, having marker chromosomes, and/or having greater than or less than 2 copies 

of any chromosome; 2) an abnormal number of satellite loci per cell, scored based on any 

change in the number of chromosome specific satellite foci (satellite loci on the Y 

chromosome were excluded from analysis; see Table S5); 3) broken chromosomes; 4) 

chromosome fusions.

For quantification of CIN in crosses with nullo-GAL4 (Figures 6C–E), mitotic chromosome 

spreads from L3 brains were scored based on 1) whether or not the spread contained a de 
novo centromere, and 2) whether or not the spread displayed markers of CIN (i.e. marker 

chromosomes, chromosome breaks, chromosome fusions, and/or an abnormal number of 

chromosomes). CIN is sometimes rare in L3 larvae (i.e. n<5 aneuploid spreads), therefore, to 

avoid misrepresentation of CIN and de novo centromere maintenance events caused by 

brains with a low number of spreads showing CIN, these data are represented as percentages 

per genotype, and statistical significance is determined by Fisher’s exact test. We excluded 

L2 cells from CIN quantification as L2 brains have a low number of mitotic cells, and the 

mitotic chromosomes often overlap and are ambiguous in regard to chromosomal stability.

For quantification of chromosome-specific aneuploidy in crosses with elav-GAL4 (Figure 

S3D), mitotic chromosome spreads from L3 brains were scored based on whether they 

contained abnormal numbers of non-lacO chromosomes (≠2), lacO chromosomes (≠1) and 

their normal, homologous chromosomes (≠1).

For quantification of lacO chromosome nondisjunction in crosses with elav-GAL4 (Figure 

S3E), mitotic chromosomes spreads from L3 brains were scored based on whether they 

contained a number of lacO chromosome greater than 1.

For quantification of lacO marker chromosomes in crosses with elav-GAL4 (Figure S3F), 

marker chromosomes from L3 brains were scored based on whether they contained lacO 

foci.
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Calculating expression of CAL1-GFP-LacI—Fold change in expression of CAL1-

GFP-LacI was determined using the ΔCT method (i.e. Fold change = 2−ΔCT = 

2−(gene of Interest-Internal control)) (Schmittgen and Livak, 2008) with Rp49 as a reference gene.

Automated DSB quantification—Quantification of cells containing DSBs was 

performed using the open source software CellProfiler (cellprofiler.org). Images were 

acquired using the same exposure parameters for all samples. Images were converted into 

two grayscale TIFF files for nuclei (DAPI) and DSBs (γH2Av). Nuclei were identified as 

objects ranging from 25–125 pixels. DSBs were identified as objects contained within nuclei 

that range from 2–10 pixels. All objects outside of these ranges were discarded. Automated 

quantification was compared against manually counted γH2Av foci for validation purposes. 

Data was exported as Excel files for further analysis. See Table S6 for detailed experimental 

parameters.

Statistical analyses and representation—Descriptions for the representation of 

quantification data and the statistical significance can be found in the associated figure 

legend.

Percentages, averages, and standard deviation were calculated using Excel (Microsoft). 

Statistical analyses were performed using Prism (GraphPad). Quantification involving 

mitotic and interphase cells from larval brains is generally represented as either mean ± SD 

or scatter plots using unpaired t-test to determine statistical significance, except in the case 

of a brain that had less than 9 spreads, in which case counts between brains were added 

together, represented as either percentages (in graphs) or fractions (in text) using Fisher’s 

exact test to determine statistical significance. Quantification of eye sizes is represented as 

mean ± SD using unpaired t-test to determine statistical significance. Quantification of wing 

phenotypes and viability are represented as percentages using Fisher’s exact test to 

determine statistical significance. Quantification of eye organization is represented as 

percentages in a stack graph using Chi-squared to determine statistical significance. Graphs 

were constructed using Prism (GraphPad) and assembled into figures using Illustrator 

(Adobe).
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Highlights

• De novo centromeres can be targeted to several genomic locations in vivo

• De novo centromeres cause widespread genome instability and cell and 

organism death

• Continuously induced de novo centromeres lead to endogenous centromere 

loss on the X

• De novo centromeres are maintained epigenetically in mitotic tissues
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Figure 1: De novo centromeres can form at diverse genomic locations.

A. Summary of lacO insertions and their positions (see also STAR methods).

B. Schematic of crosses used to induce GAL4/UAS-mediated CAL1-GFP-LacI 

expression and lacO binding in Drosophila.

C. Schematic of LacI/lacO tethering of CAL1.

D. IF for CENP-C (yellow) and FISH for lacO (cyan) and satellites (magenta; 

AATAT, AACAC, dodeca) on Xsubtelo, 2telo, 2medial, 3subtelo, 3medial, and 3pen 
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mitotic chromosome spreads from elav-GAL4/CAL1-GFP-LacI L3 brains. DAPI 

is shown in gray. Dashed white box indicates lacO. Scale bar = 1μm.

E. De novo centromere formation efficiency on intact Xsubtelo, 2telo, 2medial, 3subtelo, 

3medial, and 3peri chromosomes from (D). Shown is the mean ± SD for 3 brains 

(n=18–122 lacO chromosomes per brains). n.s. not significant (unpaired t-test). 

See also Figure S1.
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Figure 2: Formation of de novo centromeres causes genome instability and cell death.

A. IF for CENP-C (yellow) and FISH for the SATIII satellite (magenta) and lacO 

(cyan) on mitotic chromosomes from L3 brain cells expressing elav-GAL4/GFP-

LacI/Xsubtelo. DAPI is shown in gray. Right panel excludes the DAPI channel. 

The identity of each chromosome is shown. The two chromosome 4’s and 4 

SATIII foci are outlined in white and green, respectively.
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B. IF for CENP-C (yellow) and FISH for the SATIII satellite (magenta) and lacO 

(cyan) on mitotic chromosomes from L3 brain cells expressing elav-GAL4/

CAL1-GFP-LacI/Xsubtelo. DAPI is shown in gray. Right panels exclude the DAPI 

channel. Chromosome 4’s are outlined in white, and SATIII foci in green. Note 

the spread shows aneuploidy for chromosome 4 (4 chromosomes instead of 2), 

an abnormal number of satellites (8 SATIII foci instead of 4), and the presence of 

broken (cyan arrows) and fused (orange arrows) chromosomes.

C. Frequency of aneuploidy, chromosome breakages, fusions, and abnormal number 

of satellite foci in mitotic L3 elav-GAL4/CAL1-GFP-LacI/lacO brain cells. 

Controls are CAL1-GFP-LacI alone (“no lacO”), GFP-LacI alone (“GFP-LacI”) 

and GFP-Lac/Xsubtelo. Shown is the mean ± SD for 3 brains (n=38–60 spreads 

per brain). n.s. not significant, ** p<0.01 (unpaired t-test). See Tables S1–S4 for 

detailed statistical comparisons and Table S5 for details on the number of 

satellites per chromosome.

D. Adult wing phenotypes in MS 1096-GAL4/CAL1-GFP-LacI and GFP-LacI/

Xsubtelo, and CAL1-GFP-LacI alone animals. Left, whole adult progeny. Right, 

single wings.

E. Incidence of wilted wing phenotype in MS1096-GAL4/CAL1-GFP-LacI/Xsubtelo 

(n=206), GFP-LacI/Xsubtelo (n=183), and CAL1-GFP-LacI alone (n=280) 

animals. **** p<0.0001, Fisher’s exact test.

F. IF and TUNEL staining of wing imaginal discs from the crosses in (D). DAPI 

(purple), GFP (green), Dcp-1 (white), and TUNEL (white). The GAL4 

expressing area is outlined in green. See also Figures S2–S3.
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Figure 3: De novo centromere formation causes viability and developmental defects.

A. Percent of hatched engrailed-GAL4/CAL1-GFP-LacI and GFP-LacI pupae with 

and without lacO inserted at the indicated positions. engrailed-GAL4/w1118 is 

used as a control. n=51–260 pupae per cross. * p<0.05, *** p<0.001, **** 

p<0.0001 (Fisher’s exact test).

B. Adult eye size in eyeless-GAL4/CAL1-GFP-LacI or GFP-LacI with and without 

lacO inserted at the indicated locations. Eye sizes are shown relative to eyeless-
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GAL4/w1118 controls. Shown is the mean ± SD of average eye sizes per cross 

(n=17–20 flies per cross). **** p<0.0001 (unpaired t-test).

C. Representative images depicting “Normal” (0% disorganization), “Mild” (<50% 

disorganized), and “Severe” (>50% disorganized and/or small in size) eye 

phenotypes resulting from eyeless-GAL4 driven de novo centromere assembly. A 

white outline designates the part of the eye that is disorganized. Scale bar = 100 

μm.

D. Adult eye phenotypes from flies shown in (B). Both eyes are quantified 

independently for each fly (n=17–20 flies per cross). ** p<0.01, *** p<0.001, 

**** p<0.000l (Chi-squared). See also Figure S4.
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Figure 4: Inactivation of the endogenous centromere on dicentric Xsubtelo chromosomes.

A. Frequency of endogenous centromeres loss in elav-GAL4/CAL1-GFP-LacI/lacO 

flies. Shown is the mean ± SD for 3 brains (n=14—117 intact chromosomes with 

de novo centromeres per brain). * p<0.05, ** p<0.01 (unpaired t-test). 

Differences between 2telo, 2medial, 3subtelo, 3medial, 3peri and the GFP-LacI/

Xsubtelo control were not statistically significant.
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B. Representative Xsubtelo chromosomes from L3 brains stained with CENP-C 

antibodies (yellow) and the lacO (cyan) and AATAT (magenta) FISH probes. 

DAPI is shown in gray. Insets show 2x zoom of CENP-C and AATAT without 

DAPI.

C. Representative image of IF for CENP-C (yellow) and FISH for AAGAG (green) 

and AATAT (magenta) on the X chromosome from L3 brains of a laboratory 

strain (iso-1). DAPI is shown in gray. Inset omits DAPI. Diagram depicts the 

positions of AATAT (long arm side of the centromere) and AAGAG (short arm 

side of the centromere) in relation to CENP-C.

D. IF for CENP-C (yellow) and FISH for lacO (cyan) and AAGAG (green) on L3 

elav-GAL4/CAL1-GFP-LacI/Xsubtelo brain cells. DAPI is shown in gray. Insets 

exclude the DAPI channel. Mean ± SD for 3 brains are shown (n=98–180 

Xsubtelo chromosomes with de novo centromeres per brain).

E. Quantification of CENP-C intensity at Xsubtelo endogenous centromere with (+) 

and without (−) AAGAG relative to that of normal X chromosome centromeres. 

Shown is the mean ± SD for 3 brains (n=21–22 Xsubtelo chromosomes with de 
novo and endogenous centromeres). ** p<0.01 (unpaired t-test).

F. Schematic showing a model for endogenous centromere loss in which a double-

strand DNA break occurs within the endogenous centromere, which is 

subsequently inactivated epigenetically. See also Figure S5.
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Figure 5: Functional endogenous centromere inactivation requires HP1.

A. IF for HP1 (magenta) on L3 brain tissue from control larvae (UAS-HP1RNAi 

without GAL4) and elav-GAL4/CAL1-GFP-LacI/Xsubtelo larvae with 

mCherryRNAi or HP1RNAi. DAPI is shown in gray.

B. Percent of Xsubtelo chromosomes with de novo centromeres in elav-GAL4/

CAL1-GFP-LacI/Xsubtelo with mCherryRNAi or HP1RNAi. Shown is the mean ± 
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SD for 4 brains (n=25–72 Xsubtelo chromosomes with de novo centromeres per 

brain). n.s. not significant (unpaired t-test).

C. IF for CENP-C (yellow) and FISH for lacO (cyan), AATAT (magenta) and 

AAGAG (green) on elav-GAL4/CAL1-GFP-LacI/Xsubtelo with either 

mCherryRNAi or HP1RNAi. DAPI is shown in gray. Insets show AATAT (top) and 

AAGAG (bottom) at the endogenous centromere.

D. Percent of Xsubtelo chromosomes with de novo centromeres that have lost 

AAGAG at the endogenous centromere locus (as marked by AATAT). Shown is 

the mean ± SD for 4 brains. (n=26–66 Xsubtelo chromosomes with de novo 
centromeres per brain). * p<0.05 (unpaired t-test).

E. Percent of Xsubtelo chromosomes that have lost AAGAG and CENP-C at the 

endogenous centromere in mCherryRNAi or HP1RNAi backgrounds. All 

chromosomes scored had AATAT at the endogenous centromere and CENP-C at 

lacO. Shown is the mean ± SD for 4 brains (n=26–66 Xsubteb chromosomes with 

de novo centromeres per brain). ** p<0.01 (unpaired t-test).

F. Percent of pupae that hatched from engrailed-GAL4 crosses with mCherryRNAi 

alone, HP1RNAi alone, mCherryRNAi/CAL1-GFP-LacI, HP1RNAi/CAL1-GFP-

LacI, mCherryRNAi/CAL1-GFP-LacI/Xsubtelo, and HP1RNAi/CAL1-GFP-LacI/

Xsubtelo (n=141–271 pupae per cross). n.s. not significant, * p<0.05, **** 

p<0.0001 (Fisher’s exact test). See also Figure S5.
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Figure 6: Epigenetic maintenance of de novo centromeres through development.

A. IF for CENP-C (yellow) and FISH for lacO (cyan) and dodeca (magenta) on 

mitotic chromosomes from L2 and L3 nullo-GAL4/CAL1-GFP-LacI/lacO 

brains. DAPI is shown in gray. Insets show colocalization of lacO and CENP-C.

B. Percent of co-localizing lacO and CENP-C on mitotic chromosomes from L2 and 

L3 nullo-GAL4/CAL1-GFP-LacI/lacO brains. Shown is the mean ± SD for 3–8 

brains (L2: n=9–53 spreads per brain; L3: n=14–166 spreads per brain). n.s. not 

significant, ** p<0.01 (unpaired t-test).

C. Percent of euploid mitotic spreads from L3 nullo-GAL4/CAL1-GFP-LacI/lacO 

brains (n=100–211 spreads from 3–8 brains).

D. Percent of euploid mitotic spreads with de novo centromeres from L3 nullo-

GAL4/CAL1-GFP-LacI/lacO brains (n=76–185 spreads from 3–8 brains). **** 

p<0.0001 (Fisher’s exact test).

E. Percent of mitotic spreads displaying CIN that did (maroon) and did not (gray) 

contain de novo centromeres from L3 nullo-GAL4/CAL1-GFP-LacI/lacO brains 

(n=51–185 spreads from 3–8 brains. See also Figures S6–S7.
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Figure 7: Telomere capping facilitates the propagation of de novo centromeres.

A. Percent of mitotic spreads with de novo centromeres in L3 brains from control 

(nullo-GAL4/CAL1-GFP-LacI/3subtelo) and HipHop (nullo-GAL4/HipHop/

CAL1-GFP-LacI/3subteb). Each bar represents an individual brain, and the dotted 

line represents the average of all five brains (n=91–145 spreads per brain). * 

p<0.05 (Fisher’s exact test) between Hiphop 1 and all other control and HipHop 

brains; (n.s. not significant).

Palladino et al. Page 39

Dev Cell. Author manuscript; available in PMC 2021 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B. Percent of mitotic spreads with lacO marker chromosomes in L3 brains from 

control (nullo-GAL4/CAL1-GFP-LacI/3subtelo) and HipHop (nullo-GAL4/

HipHop/CAL1-GFP-LacI/3subtelo). Each bar represents an individual brain, and 

the dotted line represents the average of all five brains (n=73–128 spreads per 

brain). * p<0.05 (Fisher’s exact test) between Hiphop 1 and all other control and 

HipHop brains; (n.s. not significant).

C. IF for CENP-C (yellow) and FISH for lacO (cyan). DAPI is shown in gray. Top: 

example of spread from L3 stage nullo-GAL4/CAL1-GFP-Lad/3subtelo brain. 

Inset shows the 3subtelo chromosome without a de novo centromere (no CENP-C 

at lacO). Bottom: example of spread from L3 stage nullo-GAL4/HipHop/CAL1-

GFP-LacI/3subtelo. Inset shows a lacO marker chromosome with a de novo 
centromere (CENP-C at lacO).

D. Model of CIN resulting from chromosome healing. When a break occurs on one 

chromatid, the broken chromosome ends are capped by HipHop, preventing 

chromosome fusions and cell death. However, at later divisions, the remaining 

dicentric lacO chromatid can break and re-start the breakage-fusion-bridge cycle 

once HipHop expression returns to endogenous levels.

E. Percent of mitotic spreads with CIN in L3 brains from control (nullo-GAL4/

CAL1-GFP-LacI/3subtelo) and HipHop (nullo-GAL4/HipHop/CAL1-GFP-LacI/

3subtelo). Each bar represents an individual brain, and the dotted line represents 

the average of all five brains (n=74–128 spreads per brain). *** p<0.001 

(Fisher’s exact test) between Hiphop 1 and all other control and HipHop brains.

F. Percent of hatched nullo-GAL4/CAL1-GFP-LacI/3subtelo and GFP-LacI/3subtelo 

pupae with and without HipHop (n=306–555 pupae per cross). n.s. not 

significant, **** p<0.0001 (Fisher’s exact test).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-CENP-C Gary Karpen (Erhardt et al., 2008)

Rabbit anti-CENP-A Gary Karpen

Alexa488 conjugated rabbit polyclonal anti-GFP Thermo Fisher Cat#A21311; RRID:AB_221477

Mouse monoclonal anti-HP1 DSHB Cat#C1A9; RRID:AB_528276

Rabbit polyclonal anti-Dcp-1 Cell Signaling Cat#9578S; RRID:AB_2721060

Rabbit polyclonal anti-Histone H2AvD pS137 (γH2Av) Rockland Cat#600-401-914; RRID:AB_828383

Alexa488 goat anti-rabbit Thermo Fisher Cat#A27034; RRID:AB_2536097

Alexa546 goat anti-rabbit Thermo Fisher Cat#A11035; RRID:AB_2534093

Alexa647 goat anti-rabbit Thermo Fisher Cat#A21244; RRID:AB_2535812

Alexa488 goat anti-guinea pig Thermo Fisher Cat#A11073; RRID:AB_2534117

Alexa546 goat anti-guinea pig Thermo Fisher Cat#A11074; RRID:AB_2534118

Cy5 donkey anti-guinea pig Fisher Scientific Cat#NC0447750

Alexa546 goat anti-mouse Thermo Fisher Cat#A11030; RRID:AB_2534089

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

KpnI NEB Cat#R0142S

BglII NEB Cat#R0144S

XhoI NEB Cat#R0146S

HhaI NEB Cat#R0139S

HpaII NEB Cat#R0171S

Taq DNA polymerase NEB Cat#M0273L

T4 Ligase NEB Cat#M0202S

Dispase/Collagenase Roche Cat#10269638001

SlowFade Gold Thermo Fisher Scientific Cat#S36936

iTaq Universal SYBR Green BioRad Cat#1725121

Salmon sperm DNA Invitrogen Cat#15632011

Dextran sulfate Millipore Cat#S4030

DAPI Invitrogen Cat#D1306

Formamide Sigma-Aldrich Cat#47670

Triton-X-100 Sigma-Aldrich Cat#T9284

Tween 20 Sigma-Aldrich Cat#P9416
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REAGENT or RESOURCE SOURCE IDENTIFIER

Formaldehyde Sigma-Aldrich Cat#252549

Glacial acetic acid Fisher Scientific Cat#A38S-212

TRI Reagent Sigma-Aldrich Cat#T9424

Chloroform Fisher Scientific Cat#C298-500

Isopropanol Fisher Scientific Cat#416-4

Ethanol Pharmco-Aaper Cat#111000200

Methanol Fisher Scientific Cat#A412-4

RNaseZap RNase Decontamination Solution Invitrogen Cat#AM9780

DEPC Sigma-Aldrich Cat#40718

BSA Sigma-Aldrich Cat#A7906

NGS Sigma-Aldrich Cat#G9023

PIPES Sigma-Aldrich Cat#P6757

Magnesium sulfate Fisher Scientific Cat#M65-500

EGTA Sigma-Aldrich Cat#E0396

Glycine Fisher Scientific Cat#BP381-5

Sodium chloride Sigma-Aldrich Cat#S3014

Sodium citrate Sigma-Aldrich Cat#W302600

Sodium phosphate Sigma-Aldrich Cat#S9390

Potassium chloride Fisher Scientific Cat#BP366-1

Potassium phosphate Sigma-Aldrich Cat#60220

Tris base Fisher Scientific Cat#BP152-5

EDTA Fisher Scientific Cat#AC118432500

Agarose Fisher Scientific Cat#BP160-500

Critical Commercial Assays

In Situ Cell Death Detection Kit, TMR red Roche Cat#12156792910

Expand high fidelity PCR system Roche Cat#EHIFI-RO

TURBO DNA-free Kit Invitrogen Cat#AM1907

iScript cDNA Synthesis Kit BioRad Cat#1708891

PureLink PCR Purification Kit Invitrogen Cat#K310001

Nucleospin Plasmid Macherey-Nagel Cat#740588.250

Plasmid Midi Kit Qiagen Cat#12144

RNeasy Mini Kit Qiagen Cat#74106

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: Xsubtelo Lori Wallrath (Li et al., 2003) N/A

D. melanogaster: 2telo (Vazquez et al., 2002) BDSC: 26371; FlyBase: FBst0025371

D. melanogaster: 2medial Gary Karpen (Janssen et al., 2016) N/A

D. melanogaster: 3subtelo Gary Karpen (Janssen et al., 2016) N/A

D. melanogaster: 3medial Kristen Johansen (Li et al., 2003) N/A

D. melanogaster: 3peri Gary Karpen (Janssen et al., 2016) N/A

D. melanogaster: MS1096-GAL4 Bloomington Drosophila Stock Center BDSC: 8860; FlyBase: FBst0008860

D. melanogaster: Actin-GAL4/TM6B, Tb1 Bloomington Drosophila Stock Center BDSC: 3954; FlyBase: FBst0003954

D. melanogaster: elav-GAL4/CyO Bloomington Drosophila Stock Center BDSC: 8765; FlyBase: FBst0008765

D. melanogaster: engrailed-GAL4, UAS-GFP Bloomington Drosophila Stock Center BDSC: 25752; FlyBase: FBst0025752

D. melanogaster: nullo-GAL4 Bloomington Drosophila Stock Center BDSC: 26875; FlyBase: FBst0026875

D. melanogaster: eyeless-GAL4/CyO Bloomington Drosophila Stock Center BDSC: 5535; FlyBase: FBst0005535

D. melanogaster: Sgs3-GAL4 Bloomington Drosophila Stock Center BDSC: 6870; FlyBase: FBst0006870

D. melanogaster: UAS-CAL1-GFP-LacI This paper N/A

D. melanogaster: UAS-GFP-LacI This paper N/A

D. melanogaster: UAS-hiphop Kent Golic (Kurzhals et al., 2017) N/A

D. melanogaster: UAS-mCherryRNAi Bloomington Drosophila Stock Center BDSC: 35785; FlyBase: FBst0035785

D. melanogaster: UAS-HP1RNAi Bloomington Drosophila Stock Center BDSC: 33400; FlyBase: FBst0033400

D. melanogaster: iso-1 Bloomington Drosophila Stock Center BDSC: 2057; FlyBase: FBst0002057

D. melanogaster: w1118 Yih-Woei Fridell N/A

D. melanogaster: w* Bloomington Drosophila Stock Center BDSC: 7198; FlyBase: FBst0007198

D. melanogaster: T(2;3)TSTL Bloomington Drosophila Stock Center BDSC: 42713; FlyBase: FBst0042713

D. melanogaster: CyO, Actin-GFP Chris Doe BDSC: 56554; FlyBase: FBst0056554

Oligonucleotides

Cloning primer: BglII-CAL1 Forward (5’-
CAGTAGATCTATGGCGAATGCGGTGGTG-3’)

This Paper

Cloning primer: XhoI-GFP Forward 
(GCAGTCTCGAGATGAGTAAAGGAGAAGAACT-3
’)

This paper

Cloning primer: KpnI-LacI Reverse (5’-
CAGTGGTACCTTAGGCAACCTTTCTCTTC-3’)

This paper

Inverse PCR primer: inv-lacO Forward (5’-
GCTTCGGCTATCGACGGGACCACCTTATGTTA-3’
)

(Cryderman et al., 1998)

Inverse PCR primer: inv-lacO Reverse (5’-
GACGAAATGAACCACTCGGAACCATTTGAGCG-
3’)

(Cryderman et al., 1998)

qPCR primer: Rp49 Forward (5’-
CCGCTTCAAGGGACAGTATC-3’)

(Chen et al., 2015)

qPCR primer: Rp49 Reverse: (5’-
GACAATCTCCTTGCGCTTCT-3’)

(Chen et al., 2015)

qPCR primer: LacI Forward (5’-
TATCCGCTGGATGACCAGGA-3’)

(Chen et al., 2015)
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REAGENT or RESOURCE SOURCE IDENTIFIER

qPCR primer: LacI Reverse (5’-
CAGTCGCGTACCGTCTTCAT-3’)

(Chen et al., 2015)

Recombinant DNA

pMT-CAL1-GFP-LacI (Chen et al., 2014)

pUASTattB Konrad Basler (Bischof et al., 2007)

Software and Algorithms

Prism GraphPad RRID:SCR_002798

SoftWoRx 7.0.0 GE Healthcare http://
incelldownload.gehealthcare.com/bin/
download_data/SoftWoRx/7.0.0/
SoftWoRx.htm

Illustrator Adobe RRID:SCR_010279

Photoshop Adobe RRID:SCR_014199

CellProfiler Broad Institute RRID:SCR_007358

ZEN Digital Imaging for Light Microscopy Zeiss RRID:SCR_013672

Other

FISH probe: lacOLNA, see Table S6. This paper

FISH probe: dodecaLNA, see Table S6. (Bateman et al., 2012)

FISH probe: AAGAG, see Table S6. (Jagannathan et al., 2016)

FISH probe: Sec6-AAGAG, see Table S6 This paper

FISH probe: AATAT, see Table S6. (Jagannathan et al., 2016)

FISH probe: SATIII, see Table S6. (Bateman et al., 2012; Joyce et al., 
2012)

FISH probe: AACAC, see Table S6. (Jagannathan et al., 2016)

FISH probe: Sec6 secondary oligo, see Table S6. (Beliveau et al., 2015)
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