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SUMMARY

Human centromeres are defined by alpha satellite DNA arrays that are distinct and chromosome-

specific. Most human chromosomes contain multiple alpha satellite arrays that are competent for 

centromere assembly. Here, we show that human centromeres are defined by chromosome-specific 

RNAs linked to underlying organization of distinct alpha satellite arrays. Active and inactive 

arrays on the same chromosome produce discrete sets of transcripts in cis. Non-coding RNAs 

produced from active arrays are complexed with CENP-A and CENP-C, while inactive array 

transcripts associate with CENP-B and are generally less stable. Loss of CENP-A does not affect 

transcript abundance or stability. However, depletion of array-specific RNAs reduces CENP-A and 

CENP-C at the targeted centromere via faulty CENP-A loading, arresting cells before mitosis. 

This work shows that each human alpha satellite array produces a unique set of non-coding 

transcripts, and RNAs present at active centromeres are necessary for kinetochore assembly and 

cell cycle progression.

eTOC Blurb

Non-coding RNAs are required for centromere function in model systems, but the identity and 

function of human centromeric transcripts are less clear. McNulty et al. show that human 

centromeres produce array-specific, non-coding alpha satellite RNAs that differentially complex 

with centromere proteins for centromere assembly and cell cycle progression.
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INTRODUCTION

The centromere is the chromosomal locus that orchestrates assembly of the kinetochore and 

attachment of spindle microtubules during meiosis and mitosis to ensure faithful 

chromosome segregation and genomic stability. The centromere region in humans is 

organized into specific chromatin domains, the core centromere comprised of centromeric 

chromatin and the heterochromatic pericentromere. Each of these domains is defined and 

maintained by a complex combination of sequence-dependent (Aldrup-MacDonald et al., 

2016; Catania et al., 2015; Grimes et al., 2002; Ikeno et al., 1998) and epigenetic factors 

(Earnshaw and Migeon, 1985; Earnshaw et al., 1989; Warburton et al., 1997). Centromeric 

(CEN) chromatin is defined by the incorporation of the histone H3 variant CENP-A into a 

subset of nucleosomes. CENP-A nucleosomes are interspersed with canonical H3 

nucleosomes that contain euchromatic histone modifications (H3K4me2, H3K36me2) to 

create a domain of CEN chromatin on each chromosome (Bergmann et al., 2011; Sullivan 

and Karpen, 2004). Loading of CENP-A into CEN chromatin occurs each cell cycle, and 

requires licensing of the chromatin by the Mis18 complex in order to recruit the CENP-A 

chaperone HJURP (Foltz et al., 2009; Nardi et al., 2016). The Mis18 complex further 

interacts with the histone acetyltransferase KAT7 to maintain an acetylated chromatin state 

that promotes CENP-A deposition (Ohzeki et al., 2016).

Studies in various organisms have demonstrated that transcription occurs within centromeres 

and is involved in CENP-A loading and kinetochore assembly (Blower, 2016; Catania et al., 

2015; Grenfell et al., 2016; Liu et al., 2015; Quenet and Dalal, 2014; Rosic et al., 2014; 

Topp et al., 2004; Wong et al., 2007). In humans, RNA polymerase II (RNAP II) has been 
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observed at centromeres in G1 and at mitosis (Quenet and Dalal, 2014; Wong et al., 2007), 

implicating transcription in centromere function. Recently, a 1.3kb long non-coding RNA 

present at ~50% of human centromeres was described (Quenet and Dalal, 2014). The 

chromosomal origin of the transcript was not identified, nor was it shown if this transcript 

acted in cis or instead in trans, as has been observed in Drosophila (Rosic et al., 2014). 

Although it is not impossible that human centromeres might share a homologous RNA 

component, it is important to consider that alpha satellite DNA sequences at human 

centromeres differ by both molecular and sequence organization.

Human centromeres are defined by alpha satellite DNA that is based on a 171bp monomeric 

subunit. Individual monomers that are only 50–70% identical are tandemly organized to 

form a higher order repeat (HOR) (Willard, 1985) (Figure 1A). A HOR is reiterated 

hundreds to thousands of times to yield long arrays that stretch for 2–5Mb and contain 

HORs that are 97–100% identical (Aldrup-Macdonald and Sullivan, 2014). Importantly, the 

number and order of specific monomers in a HOR confers chromosome-specificity (Willard, 

1985). For instance, the DXZ1 array of human chromosome X (HSAX) is defined by a 12-

monomer (12-mer) HOR (Figure 1B) (Waye and Willard, 1985), while the DYZ3 array of 

chromosome Y (HSAY) is defined by a 34-mer HOR (Figure 1C). Therefore, arrays on 

different chromosomes are molecularly distinguished from one another by variation in the 

sequence and order of individual monomers and by the overall size of the HOR. It was 

originally thought that each chromosome had a single large alpha satellite array at which the 

centromere forms. However, it has been demonstrated that 70% of human chromosomes 

contain more than one distinct alpha satellite array within their centromere region (Choo et 

al., 1990; Miga et al., 2014; Slee et al., 2011; Wevrick and Willard, 1991). Human 

chromosome 17 (HSA17), for example, contains three alpha satellite arrays, D17Z1, D17Z1-

B, and D17Z1-C, that are each distinguished by sequence variation and differences in HOR 

size (Rudd et al., 2003; Rudd and Willard, 2004; Shepelev et al., 2009; Waye and Willard, 

1986). Either D17Z1 or D17Z1-B can form an active centromere, depending on the 

chromosome and the individual (Aldrup-MacDonald et al., 2016; Maloney et al., 2012). 

Meanwhile, the adjacent alpha satellite arrays on HSA17 do not incorporate CENP-A or 

recruit other centromere proteins and are assembled into heterochromatin (Hayden et al., 

2013; Maloney et al., 2012). The molecular basis for establishment and maintenance of 

centromeric epialleles is not well understood, but could feasibly include an RNA 

component.

Previous studies of human centromeric transcription took a general approach to identify 

transcripts without accounting for chromosome-specific alpha satellite arrays or the presence 

of active and inactive alpha satellite arrays on the same chromosome. Moreover, it is not 

known if active and inactive arrays on normal, endogenous chromosomes exhibit different 

transcriptional activities. Here, we address the identity of alpha satellite transcripts in the 

context of chromosome-specific alpha satellite arrays and centromeric epialleles. We found 

that transcripts are produced from individual alpha satellite arrays, even when they lack 

kinetochore proteins. Array-specific transcripts localize in cis, occupying distinct spatial 

domains throughout the cell cycle. Targeted depletion of distinct alpha satellite RNAs 

reduced centromere proteins in an array-specific manner. Our data indicate that each human 

centromere produces a chromosome-specific set of non-coding transcripts corresponding to 
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underlying alpha satellite sequence and organization. The transcripts that are associated with 

centromere proteins contribute to CENP-A recruitment and appear to be stabilized by their 

incorporation within the centromere-kinetochore complex.

RESULTS

Each alpha satellite array produces array-specific transcripts that localize in cis

Alpha satellite RNAs have been described at the interphase nucleolus (Wong et al., 2007), 

although other studies did not observe this nucleolar localization (Ideue et al., 2014). 

Recently, a single long non-coding human centromeric transcript was reported to localize to 

many human centromeres, although none of the centromeres were chromosomally identified 

to pinpoint the chromosome of origin (Quenet and Dalal, 2014). We wanted to understand 

centromere transcription in the context of alpha satellite organization and chromosome-

specific transcription. We first searched for RNAs homologous to the alpha satellite arrays 

on HSAX (DXZ1) and HSAY (DYZ3). The RNA FISH probes used spanned the entire HOR 

on each chromosome, thereby ensuring array-specificity (Figure 1B, 1C). DXZ1 and DYZ3 

alpha satellite transcripts were present as discrete foci in every cell, including interphase 

cells from different asynchronous cell lines (G1/S/G2) and on metaphase chromosomes 

(Figure 1, Figure S1A, S1B). FACS analysis verified that multiple cell cycle stages were 

represented in cell populations (Figure S2A). We used immunostaining for Ki-67, a nuclear 

antigen that displays cell cycle-specific morphology (Bridger et al., 1998; Kill, 1996) to 

cytologically stage individual cells in IF-RNA FISH experiments (Figure S2). It was 

important to verify that RNA FISH signals corresponded to specific alpha satellite arrays, so 

DXZ1 or DYZ3 DNA were detected in the same cells that the RNA had been visualized 

using sequential DNA FISH with the identical HOR probe labeled in a different fluorophore. 

In all instances, DNA signals co-localized with RNA foci in every cell (Figure 1B, 1C, 

Figure S1B). RNA signals were determined to represent only single-stranded RNA by 

treating cells with RNase A and RNase T1 before fixation and hybridization, thereby 

abolishing RNA FISH signal (Figure 1B). These results suggest that alpha satellite 

transcripts are present at multiple stages of the cell cycle, are chromosome-specific, and 

localize in cis to the site of transcription.

HSAX and HSAY each have only one alpha satellite array, but we were also interested in 

measuring transcription on chromosomes like HSA17 that have multiple alpha satellite 

arrays that are functionally distinct (i.e. epialleles) (Maloney et al., 2012) (Figure 2A). We 

hypothesized that the inactive array might produce little or no transcripts due to its inactive 

centromeric state. RNA FISH was done in multiple cell lines under stringency conditions 

that distinguish D17Z1 or D17Z1-B transcripts (see STAR methods) (Aldrup-MacDonald et 

al., 2016; Maloney et al., 2012). In RPE1 cells that assemble the centromere at the D17Z1 

array on both homologs (Aldrup-MacDonald et al., 2016), transcripts were observed at both 

the active D17Z1 array and the inactive D17Z1-B array in metaphase and interphase (Figure 

2B). In the HSA17 epiallele cell line HTD (Maloney et al., 2012), transcripts from D17Z1 

and D17Z1-B in each functional context (active and inactive) were also observed (Figure 

S1D). These findings indicate that transcription of alpha satellite DNA is not unique to the 

active centromere. Detection of transcripts at the genomic location of each array 
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demonstrates that both D17Z1 and D17Z1-B transcripts are produced in cis and remain in 

distinct spatial domains throughout the cell cycle.

Alpha satellite transcripts are present at the centromere of every chromosome

To confirm that dual transcription at active and inactive arrays is not HSA17-specific, we 

measured transcription on HSA7, another centromere epiallele chromosome (i.e. centromere 

activity at either D7Z1 or D7Z2) (Figure S1E). Both arrays were actively transcribed, 

regardless of the location of the centromere, and array-specific transcripts remained in cis 
(Figure S1F). These findings show that individual alpha satellite arrays produce unique non-

coding RNAs that are concentrated at and maintained at the site of transcription.

Although we did not carry out RNA FISH for every single alpha satellite array in the human 

genome, we asked if all human centromeres are transcribed. We carried out RNA FISH 

using a peptide nucleic acid (PNA) probe complementary to the CENP-B box, a 17bp 

consensus sequence present within a subset of monomers within all alpha satellite arrays, 

except for the Y chromosome (Masumoto et al., 1989). Using this probe, we observed RNA 

signals at the centromere of each autosome and HSAX on metaphase chromosomes and in 

punctate foci in interphase RPE1 cells (Figure 3A, 3A′). We did not observe aggregation of 

transcripts at nucleoli in interphase cells. These results indicate that transcripts are present at 

the centromeres of all autosomes and HSAX throughout the cell cycle. We conclude that 

alpha satellite transcription is a general feature of this class of highly repetitive DNA and is 

not restricted to centromere-forming arrays.

Alpha satellite transcript abundance is roughly equal to that of the underlying DNA

We next asked if active versus inactive alpha satellite arrays might be distinguished by the 

quantity of alpha satellite transcripts. To accurately quantitate the abundance of alpha 

satellite transcripts, we measured individual RNA and DNA foci in interphase cells using 

sequential RNA-DNA FISH. This approach is essential because alpha satellite array size 

varies between non-homologous chromosomes, as well as between homologs. By 

normalizing RNA to DNA, we can directly and more accurately compare alpha satellite 

transcript abundance among different arrays and different cell lines. RNA levels generally 

matched the amount of DNA at an active array (Figure 1B, 1C, Figure S1A, S1B). We also 

measured levels of alpha satellite RNAs on multi-array chromosomes in interphase cells and 

found that an active D17Z1 or active D17Z1-B array produced RNA at levels roughly 

equivalent to that of the underlying DNA. However, at inactive arrays, RNA levels varied 

widely, ranging from lower to equivalent amounts of RNA at the inactive array compared to 

the active array (Figure 2C, Figure S1C, S1D). Relative RNA:DNA ratios were confirmed 

by RT-qPCR of total RNA and data normalization to DNA abundance of the same array 

estimated by qPCR using the Pfaffl method (Pfaffl, 2001) (see STAR Methods). RT-qPCR 

revealed lower amounts of RNA at inactive arrays compared to active arrays, confirming 

RNA-DNA FISH (Figure 2D). Our data suggest that inactive alpha satellite arrays produce 

transcripts that are more variable in abundance.

It has been reported that human centromeric transcripts are produced primarily in early G1 

(Quenet and Dalal, 2014). We performed RT-qPCR with array-specific primers on 
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synchronized cell populations using the same comparisons to the underlying genomic DNA 

as for asynchronous cells (Figure 2E; Figure S3). G1 cells were collected 3 hours after 

release from nocodazole arrest (Figure S2A′); M phase cells were isolated by mitotic shake-

off after treatment with nocodazole. Transcripts were detected in comparable amounts in 

both G1 and M, confirming RNA FISH results (Figure 1B, 1C, Figure 2B). Based on the RT-

qPCR results, combined with RNA FISH on cells immunostained with Ki-67 (Figure S2B), 

we conclude that alpha satellite RNA is abundant throughout the cell cycle and is related to 

centromere location and the underlying alpha satellite array.

Array-specific alpha satellite transcripts vary in size

Alpha satellite HOR units vary from 1–6kb depending on the chromosome, raising the 

possibility that each alpha satellite array might produce differently sized transcripts. We 

defined the size of chromosome-specific, alpha satellite array-specific transcripts using 

Northern blotting of total RNA from different human cell lines. Transcripts specific to 

D17Z1-B and DXZ1 arrays ranged from 300 to 1800 nucleotides, while D17Z1 transcripts 

ranged from 500 to 2000 nucleotides (Figure 3B–D), suggesting that the size range reflects 

chromosome-specific, array-specific HOR sizes. Centromeric RNAs over 2000 nucleotides 

in size have been reported (Bouzinba-Segard et al., 2006). We also observed a large band on 

all Northerns, but the size suggested it was contaminating rRNA. Indeed, it was eliminated 

after treatment of samples with RiboMinus (Figure 3E). We noted that the abundance of 

transcripts produced from the same array differed between cell lines. These results suggest 

that individual differences in centromeric transcription are related to total array size, 

genomic variation, and/or cell type.

Alpha satellite transcripts from active arrays are more stable than those from inactive 
arrays

The identity of the RNA polymerase responsible for centromeric transcription has been an 

open area of debate, because evidence exists for the involvement of RNA polymerases 

(RNAP) I, II, and III (Blower, 2016; Chan et al., 2012; Grenfell et al., 2016; Liu et al., 2015; 

Longo et al., 2015; Quenet and Dalal, 2014; Wong et al., 2007). To identify the polymerase 

that transcribes the chromosome- and array-specific alpha satellite transcripts, we 

pharmacologically inhibited RNAPs. Cells were treated with Actinomycin D at low (50 

ng/mL) and high (5 μg/mL) concentrations to inhibit RNAP I or RNAP I/II, respectively and 

with ML-60218 to inhibit RNAP III. RNA-DNA FISH was performed at time points to 

measure RNA:DNA ratios. Incubation of RPE1 cells with low concentrations of 

Actinomycin D for up to 16 hours had no effect on the abundance of active array D17Z1 or 

inactive array D17Z1-B transcripts (Figure 4A). However, treatment with a high 

concentration of Actinomycin D decreased inactive array D17Z1-B transcript abundance, 

with no change in RNA at active arrays DXZ1 or D17Z1 (Figure 4B–D′). XIST RNA was 

detected as a control and was no longer visible after 7 hours of RNAP I and II inhibition 

(Figure 4C′). Similarly, after 24 hours of treatment with the RNAP III inhibitor ML-60218 

or inhibition of all polymerases simultaneously with Actinomycin D and ML-60218, there 

was no change in the abundance of D17Z1 transcripts (Figure S4A). Transcripts from 

control genes 45S rRNA and 5S rRNA were reduced by RNAP I or RNAP III inhibition, 

respectively (Figure S4B). We conclude that alpha satellite transcripts are transcribed by 
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RNAP II and have long half-lives that are reduced if transcripts are produced from inactive 

arrays.

Alpha satellite transcripts from active arrays are complexed with chromatin-bound 
centromere proteins

The observed stability of active alpha satellite RNAs could reflect association with 

centromere proteins. We tested if active array transcripts co-localized with CENP-A using 

sequential immunofluorescence-RNA FISH (IF-RNA FISH). Using a CENP-B box PNA 

probe that detects both active and inactive arrays, we observed that many, but not all, RNA 

FISH signals co-localized with CENP-A (Figure 5A). This result was not surprising, since 

many chromosomes carry both active and inactive arrays, and reinforced our finding that 

inactive HSA7 and HSA17 arrays are transcribed. When we focused on a specific 

chromosome like HSAX, we observed that DXZ1 transcripts overlapped with CENP-A 

(Figure 5A). Only a portion of the DXZ1 transcripts (and other active arrays) co-localized 

with CENP-A. These results agree with our previous observation that CENP-A is only 

located on a portion of alpha satellite DNA (Sullivan et al., 2011). Our IF-RNA FISH results 

suggest that only a fraction of alpha satellite transcripts co-localizes with centromeric 

chromatin. These findings agree with previous studies reporting that non-coding centromeric 

RNAs in various organisms are present at the inner centromere (Blower, 2016; Ideue et al., 

2014; Liu et al., 2015; Wong et al., 2007).

To determine if alpha satellite transcripts are physically associated with centromere proteins, 

we performed RNA immunoprecipitation (RIP) on native and UV crosslinked chromatin 

using antibodies to CENP-A, CENP-B, and CENP-C, followed by RT-qPCR to amplify 

chromosome-specific alpha satellite arrays (Figure 5B, Figure S4C). Both D17Z1 and DXZ1 

transcripts were enriched in CENP-A and CENP-C pulldown fractions (Figure 5C, 5E). 

Transcripts from the inactive array D17Z1-B were not immunoprecipitated with CENP-A 

and CENP-C (Figure 5D, 5F). All alpha satellite transcripts were physically associated with 

CENP-B, a DNA binding protein that recognizes the CENP-B box sequence within active 

and inactive arrays (Earnshaw et al., 1989) (Figure 5C, 5D, 5F). We conclude that alpha 

satellite transcripts originating from the active array are physically associated with 

chromatin-bound centromeric proteins that define active kinetochores. Transcripts produced 

from inactive arrays appear to be present in a different protein complex that includes CENP-

B.

Alpha satellite transcription and RNA localization is independent of CENP-A

Association of active array transcripts with CENP-A and CENP-C raised the question of 

when transcripts appear at the centromere, that is, before or after centromere assembly. We 

depleted CENP-A using siRNA transfection and measured active array alpha satellite RNA 

levels in individual cells. Due to the extreme stability of CENP-A protein and transfection 

efficiency, we observed a range in CENP-A knockdown, with a substantial (>50%) reduction 

in CENP-A levels observed in a subset of cells (Figure 5G, Figure S4D). As expected, 

CENP-C was also reduced upon loss of CENP-A (Figure S4E, S4E′) (Fachinetti et al., 

2013). Even in cells most significantly depleted for CENP-A, there was no change in the 

abundance or localization of D17Z1 transcripts (Figure 5G′). We conclude that alpha 
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satellite RNAs produced from active arrays are physically associated with CENP-A, but the 

interaction with CENP-A or CENP-C is not required for the production or retention of the 

transcripts at the centromere. These results suggest that alpha satellite transcription is 

upstream of CENP-A and CENP-C recruitment and kinetochore assembly.

Targeted depletion of alpha satellite transcripts leads to loss of key centromere proteins

To further explore the relationship between centromere assembly and alpha satellite RNAs, 

we depleted chromosome-specific transcripts at active arrays using double-stranded RNAs 

(dsRNAs) generated from in vitro transcribed alpha satellite HORs and reduced to siRNA-

sized fragments. Array-specific small dsRNAs were introduced into human cells by 

transfection and “boosted” twice over a period of six days to deplete the long-lived alpha 

satellite transcripts at a single centromere. Cells were then analyzed by CENP-A and CENP-

C immunostaining and RNA-DNA FISH. Depletion of DXZ1 transcripts decreased the 

amount of DXZ1 RNA and was accompanied by 30% (average) reduction in CENP-A and 

44% (average) reduction in CENP-C (Figure 6A–6D, Figure S5). Centromere proteins were 

only lost at targeted DXZ1; RNAs and CENPs at a non-targeted array (D7Z1 on HSA7) 

were not significantly decreased (Figure 6A–6D; replicate data in Figure S5), further 

emphasizing the array- and chromosome-specific nature of alpha satellite transcripts.

We also depleted transcripts on an epiallele chromosome, specifically a version of HSA17 in 

which the D17Z1-B is the active centromere and D17Z1 is “inactive” (Figure 6E–G). For 

these experiments, a single HSA17 had been placed within a somatic cell hybrid background 

(Maloney et al., 2012). The specificity of alpha satellite RNAs for their array of origin was 

especially notable in that reduction of active D17Z1-B transcripts did not change levels or 

localization of transcripts produced from the nearby inactive D17Z1 array, although CENP-

A was decreased by an average of 36% at targeted D17Z1-B (Figure 6E–6G; replicate data 

in Figure S5). The effect of alpha satellite RNA depletion on an epiallele chromosome raised 

the possibility that centromere assembly might shift to the neighboring array. However, we 

did not observe movement of centromere proteins to D17Z1 when D17Z1-B transcripts were 

depleted (Figure 6E). These results indicate that the centromere null phenotype is not 

rescued via de novo centromere assembly at the neighboring array, or at least does not occur 

immediately after disruption of the active centromere on a normal, endogenous 

chromosome.

Loss of alpha satellite RNAs at a single chromosome prevents new CENP-A loading and 
leads to cell cycle arrest

Global loss of CENP-A leads to mitotic defects and cell cycle arrest in G1 (Fachinetti et al., 

2013; Li et al., 2011; Maehara et al., 2010). In Drosophila, depletion of centromere 

transcripts present at all centromeres also triggers mitotic defects (Rosic et al., 2014). 

However, when we depleted array-specific alpha satellite transcripts, mitotic defects and, in 

fact, mitotic cells were not observed, even though CENP-A and CENP-C were clearly 

reduced at the targeted centromere (Figure 6, Figure S5). We used Ki-67 immunostaining to 

identify the cell cycle stage of individual cells within the population of cells depleted for 

DXZ1 RNA. When compared to mock transfected cells, cells lacking DXZ1 RNA were 

arrested in S and G2 phases of the cell cycle (Figure 7A–7C, Figure S6D, S6E). In contrast 
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and as expected, CENP-A depleted cells were arrested in G1 (Figure S5F–S5H). Our results 

suggest that loss of non-coding alpha satellite transcripts at a single centromere impairs 

kinetochore assembly and arrests cells just prior to mitosis.

To gain additional insight into the effect of alpha satellite RNA depletion on centromere 

proteins, we measured loading of nascent CENP-A using the established SNAP labeling 

system (Jansen et al., 2007; Ross et al., 2016). In our experiments, significant depletion of 

alpha satellite RNA occurred by 76–144 hours after introduction of dsRNAs, resulting in 

notable reduction in CENP-A (Figure 6B, 6F) and cell cycle arrest. Therefore, we shortened 

the timeframe of array-specific alpha satellite transcript targeting experiments to deplete 

transcripts by 50% while still allowing cells to cycle in order to capture new CENP-A 

loading (Figure 7D). After 52 hours of depletion of DXZ1 transcripts, new CENP-A was 

detected by blocking old CENP-A and staining for nascent CENP-A using TMR-Star 

(Figure 7E–7H, Figure S6A–S6C). Compared to mock transfected cells, newly incorporated 

CENP-A at DXZ1 was reduced by ~20% (average), indicating that even partial destruction 

of alpha satellite RNA affects centromere assembly (Figure 7F, 7G, Figure S6). Total CENP-

A at the targeted array did not differ between mock and dsRNA treated cells after 48 hours, 

suggesting that, in this shortened depletion window, maintenance of CENP-A was not 

significantly affected by reduction in DXZ1 transcripts, despite the observed defect in new 

CENP-A loading (Figure 7G, Figures S6B).

DISCUSSION

In this study, we identified non-coding transcripts produced in cis and in a chromosome-

specific manner from distinct alpha satellite arrays. The transcripts associate with 

centromere proteins, and those incorporated into the functional kinetochore are more stable 

than those produced from inactive arrays. At alpha satellite arrays that build a kinetochore, 

centromere protein assembly and cell cycle progression is dependent on the presence of the 

transcripts.

Transcription is an important requirement of centromere assembly in various eukaryotes 

(Blower, 2016; Carone et al., 2009; Chan et al., 2012; Chen et al., 2015; Grenfell et al., 

2016; Lu and Gilbert, 2007; Molina et al., 2016; Rosic et al., 2014; Wong et al., 2007). Our 

study also emphasizes that alpha satellite transcription is a key feature of eukaryotic 

centromeres. However, our results argue against a single, defining transcript at all human 

centromeres or even at a single centromere (Quenet and Dalal, 2014). Instead, we provide 

new evidence that alpha satellite transcripts are array-specific and are also produced from 

arrays that are not the site of kinetochore assembly. These findings emphasize the 

importance of the unique, chromosome-specific organization of alpha satellite arrays and the 

genomic characteristics that differentiate between arrays located on the same chromosome. 

Human centromeres represent gaps in the genome assembly that are currently best 

represented by graphical, but not contiguous or linear, maps (Miga, 2015; Miga et al., 2014). 

Sequence and size variation within alpha satellite DNA is wide-spread between 

chromosomes and individuals (Miga et al., 2014; Warburton and Willard, 1992; Wevrick and 

Willard, 1989; Willard and Waye, 1987). These factors could affect the relationship of the 
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transcripts and the protein complexes with which they are associated, as well as the 

efficiency of centromere assembly and long-term chromosome stability.

Centromeric chromatin and heterochromatin assembly are in constant competition at human 

centromeres (Hall et al., 2012; Molina et al., 2016). Too much heterochromatin inactivates 

centromeres, preventing new CENP-A loading (Nakano et al., 2008; Ohzeki et al., 2016). 

Centromeres also require H3K4me2 for centromeric transcription (Molina et al., 2016), and 

replenishment of CENP-A within centromeric chromatin is ensured by the antagonistic 

activity of the KAT7 acetyltransferase that counteracts SUV39H1-mediated pericentric 

heterochromatin assembly (Ohzeki et al., 2016). We showed that transcription also occurs at 

inactive alpha satellite arrays that are enriched for H3K9 and H3K27 methylation (Maloney 

et al., 2012). This raises the possibility that alpha satellite RNAs partner with distinct protein 

complexes that have different chromosomal functions, and that “inactive” arrays are merely 

devoid of centromere activity but are not functionally inert. Our RNA-IP experiments 

showed that inactive array transcripts were only associated with CENP-B, the alpha satellite 

DNA binding protein. CENP-B can efficiently create and maintain heterochromatin on 

ectopic alpha satellite (Okada et al., 2007), thus, CENP-B-bound inactive array transcripts 

could be part of establishing and maintaining pericentric heterochromatin. However, CENP-

B can also promote CENP-A assembly within an acetylated chromatin environment (Ohzeki 

et al., 2012; Okada et al., 2007), stabilizing CENP-A nucleosomes and recruiting CENP-C 

(Fachinetti et al., 2015). This dichotomic behavior might be important in the context of 

human centromeric epialleles, in which two juxtaposed arrays each produce transcripts. The 

chromatin context (KAT7-mediated acetylation versus SUV39H1-mediated methylation) 

and differential role of CENP-B may be key factors that maintain chromatin domains and 

functional states through distinct interactions with alpha satellite transcripts, with levels of 

array-specific transcripts fine-tuning the balance between efficient centromere and 

heterochromatin assembly (Carone et al., 2013). Future characterization of proteins 

associated with RNAs produced from arrays that lack centromeric proteins will extend our 

understanding of the functional roles of human alpha satellite DNA.

Like proteins in the constitutive centromere-associated network (CCAN), alpha satellite 

RNAs are present throughout the cell cycle, and not only in G1. Alpha satellite transcripts 

may interact distinctly with proteins that are constitutively and transiently associated with 

the centromere. Our data suggest that alpha satellite transcripts at active centromeres are 

components of centromeric chromatin complexes. Their role in kinetochore assembly appear 

to be high in the assembly hierarchy. Nascent protein labeling indicated that loading of new 

CENP-A is impaired at alpha satellite arrays that are devoid of transcripts, suggesting that 

the non-coding RNAs themselves act on a chromosome-specific level to recruit CENP-A, its 

chaperone HJURP, or licensing factors such as MIS18BP1. RNA has been implicated in 

CENP-A recruitment by binding prenucleosomal CENP-A/HJURP (Quenet and Dalal, 

2014), however, our findings support physical association of alpha satellite transcripts with 

chromatin-bound centromere proteins.

In our experiments, CENP-C was particularly sensitive to alpha satellite RNA depletion. 

Targeted depletion of RNAs produced from one chromosome-specific array led to a 

reduction in CENP-A but an even more remarkable reduction in CENP-C. Chromatin-bound 
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RNAs may recruit or stabilize specific centromere proteins. CENP-C is a particularly 

interesting candidate because it is a known RNA-binding protein (Du et al., 2010; Topp et 

al., 2004; Wong et al., 2007) that interacts with MIS18BP1 for new CENP-A loading and 

stabilizes other centromeric proteins by linking inner and outer kinetochore protein 

complexes (Falk et al., 2015; Klare et al., 2015; Moree et al., 2011). CENP-A itself is 

required to mediate CENP-C assembly at centromeres, and a distinctive CENP-B/CENP-C 

interaction further enhances centromere assembly (Fachinetti et al., 2013; Fachinetti et al., 

2015). Based on our results, we envision a model in which the absence of alpha satellite 

transcripts that are normally part of the CENP-A/-B/-C complex results in impaired 

centromere assembly and altered kinetochore architecture. These defects are highlighted by 

the inability to load new CENP-A and recruit and/or stabilize CENP-C, as well as additional 

kinetochore proteins.

Depletion of non-coding alpha satellite transcripts at a single chromosome (DXZ1 on 

HSAX) reduced essential centromere proteins at that centromere and arrested cells prior to 

mitosis. Previous studies have shown that a single structurally or functionally defective 

centromere is sufficient to trigger the spindle assembly checkpoint (SAC) (Kerscher et al., 

2003; Rieder et al., 1994; Spencer and Hieter, 1992). Disruption of CENP-ACID function in 

Drosophila delays cells in interphase at a ‘kinetochore assembly’ checkpoint (Blower and 

Karpen, 2001), presumably to protect against an error-prone mitosis. Human cells that lack 

CENP-A but have functional p53 arrest also arrest in interphase and become senescent 

(Maehara et al., 2010). Our results, combined with these other studies, suggest that in 

normal cells, mechanisms exist to avoid mitotic defects in the absence of centromeric RNAs 

or important centromere proteins, both globally and at a single centromere.

To fully understand centromere assembly, it is important to distinguish between the act of 

transcription, such as chromatin remodeling, nucleosome eviction, and polymerase 

recruitment, and the non-coding products themselves. In Drosophila, the act of transcription 

and associated transcription factors are required for de novo centromere assembly (Chen et 

al., 2015). Our approach of depleting array-specific RNAs after their production separates 

the action of transcription through the centromere from the physical transcripts and suggests 

that the transcripts themselves are important for maintenance of full centromere function and 

kinetochore assembly. Additionally, the observation that dsRNA depletion did not alter 

centromere proteins at untargeted chromosomes further highlights the cis-acting nature of 

array-specific transcripts. We did not observe trans effects of alpha satellite RNAs, as 

described in Drosophila and Xenopus (Blower, 2016; Rosic et al., 2014). This was most 

notable on multi-array, epiallele chromosomes (HSA7 and HSA17) exhibiting transcripts 

from both the active and inactive array. When active centromere D17Z1-B transcripts were 

depleted, CENP-A did not move to the neighboring D17Z1 array and D17Z1 transcripts did 

not relocate to the crippled D17Z1-B centromere. How centromeric epialleles are established 

and why they exist is not clear. Comparable levels of transcription from each array may 

promote epiallele activity, such that if one centromere becomes compromised or mutated, a 

back-up array exhibiting appropriate transcription is available. However, the relationship 

between alpha satellite organization and transcription may also contribute to centromeric 

epiallele. Genomic variation within D17Z1 is unfavorable for centromere assembly and 

function (Aldrup-MacDonald et al., 2016). Variation may alter the structure or function of 
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alpha satellite RNAs so that variant transcripts cannot interact properly with centromere 

proteins. Dissecting differences in transcription of wild-type and variant alpha satellite 

arrays could be important for determining mechanisms by which alpha satellite transcripts 

confer centromere assembly and chromosome inheritance.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Additional information and requests for reagents and protocols should be directed to and 

will be fulfilled by the Lead Contact, Beth Sullivan (beth.sullivan@duke.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Culture Conditions—Human dermal fibroblast HDF cells (male), 

human fibrosarcoma HT1080 (HTD; male) cells, and human retinal pigment epithelial RPE1 

cells (female) were maintained in Minimum Essential Medium (MEM) Alpha. HCT116 

cells (male) were grown in McCoy’s medium. HAP1 (haploid; single X) cells were grown in 

IMDM. B-lymphocyte GM07357 (LCLXY; male) and GM03543 (LCLXiX; female) cells 

were maintained in RPMI 1640 medium supplemented with 15% fetal bovine serum. The 

human-mouse somatic cell hybrid Z12.3B line containing a single HSA17 with an active 

D17Z1-B array (Aldrup-MacDonald et al., 2016) was maintained in MEM alpha 

supplemented with hypoxanthine-aminopterin-thymidine (HAT) and ouabain. Unless 

otherwise indicated, all cell culture media was supplemented with 10% FBS and 1X 

antibiotic-antimycotic. All cell lines were grown at 37°C with 5% CO2.

METHOD DETAILS

Cell Cycle Assessment—HT1080 cells were treated with 50ng/mL nocodazole 

overnight. Mitotic cells were harvested by shake off, re-plated, and grown in complete 

medium for 3 hours. Cells were harvested by trypsinization and 1×106 cells were fixed in 

100% EtOH, then stained with staining solution (1X PBS, 50 g/mL propidium iodide, 

0.1mg/mL RNase A, 0.05% Triton X-100) or a control solution omitting propidium iodide. 

Propidium iodide fluorescence was analyzed using the PE-Cy5 channel on the FACSCanto 

System (BD Biosciences) and FlowJo 10 analysis software.

RPE1 cells were transfected with 10nM of each CENP-A Trilencer-27 siRNA knockdown 

duplex using Oligofectamine with two additional boosts at 48 hours and 96 hours after initial 

transfection. Cells were harvested for Ki-67 immunostaining and CENP-A IF 144 hours (6 

days) after the first transfection. HT1080 cells were treated with 50nM DXZ1 dsRNA using 

Oligofectamine and boosted 48 hours after the initial transfection. Cells were harvested for 

Ki-67 immunostaining and RNA-DNA FISH 96 hours (4 days) after the first transfection. 

Ki-67 staining patterns were used to classify cell cycle phase of individual cells.

Probe Preparation for FISH and Northern Blotting—Plasmid probes were labeled by 

nick translation with biotin, digoxygenin, or AlexaFluor dUTP. Hybridization was 

performed in 50–68% formamide buffer. One microliter of 200mM ribonucleoside vanadyl 

complex (RVC) was added for RNA FISH experiments. For RNA and DNA FISH 
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experiments, biotin labeled probes were detected with AlexaFluor 488 or 594 Streptavidin; 

digoxygenin labeled probes were detected with anti-digoxigenin conjugated to FITC or Cy3.

Northern Blotting—Total RNA was isolated from RPE1, HAP1, HDF, HTD, and 

GM7357 (LCLXY) cells using TRIzol Reagent and, in some cases, ribosomal RNA was 

removed from 10μg total RNA with the RiboMinus Eukaryote Kit. Total RNA (10–20μg) or 

1μg rRNA-depleted RNA was diluted in 2X RNA Loading Dye and denatured at 65°C. 

Samples containing ethidium bromide were separated on a 1.2% agarose, 6.6% formamide, 

1X MOPS gel. After imaging the rRNA subunits, RNA was transferred to a Hybond N+ 

nylon membrane. RNA was UV-crosslinked to the membrane using the autocrosslink setting 

on the Stratalinker (Stratagene). The membrane was prehybridized in ExpressHyb at 68°C, 

hybridized with 150ng digoxigenin-labeled probe overnight at 68°C, then washed twice with 

2X SSC/0.1% SDS and once with 0.2X SSC/0.1% SDS, both at 68°C. Digoxigenin-probe 

hybridization was detected using DIG-High Prime DNA Labeling and Detection Protocol. 

After addition of Tropix CDP-Star chemiluminescent substrate, probe signal was visualized 

using the G:Box CHEMI XT4 imaging system and GeneSys software (Syngene).

RNA-DNA FISH—Cells were harvested by trypsinization, diluted in hypotonic buffer, and 

centrifuged onto slides treated with RNase AWAY. Control slides were treated with 

7.5μL/mL RNase Cocktail diluted in Cytoskeletal (CSK) buffer for 2 hours at 37°C. Slides 

were permeabilized on ice in CSK buffer (100mM NaCl, 300mM sucrose, 3mM MgCl2, 

10mM PIPES, pH 6.8, containing 2mM RVC), then CSK buffer/RVC/0.5% Triton X-100, 

and finally CSK buffer/RVC. Cells were fixed in 4% paraformaldehyde (PFA) in PBS at 

room temperature and washed twice with 70% ethanol/RVC before storing overnight in 70% 

ethanol/RVC. Cells were dehydrated in ice-cold ethanol (70%/80%/95%/100%) and 

hybridized with the appropriate denatured probe at high stringency conditions (65–70% 

hybridization mix) to specifically distinguish alpha satellite arrays. Stringency conditions 

below 65% can result in cross-hybridization of array-specific probes with other centromeric 

arrays due to the presence of similar monomer sequence on multiple chromosomes. Slides 

were hybridized overnight with denatured probe at 37°C. Slides were washed in 2X SSC/

0.05% Tween-20 containing 65–70% formamide, 2X SSC/0.05% Tween-20, 1X SSC/0.05% 

Tween-20, and finally 4X SSC/0.1% Tween-20. Slides were mounted in VECTASHIELD 

containing 1μg/mL DAPI.

For hybridization with PNA CENP-B box probe, cells were prepared as described above. 

After dehydration in the ethanol series, cells were hybridized for 1 hour with 2ng biotin-

labeled CENP-B box PNA probe in 70% formamide, 10mM Tris HCl, pH 7.5, and 10X 

Blocking Reagent. Slides were washed twice in 10mM Tris HCl pH 7.5, 70% formamide, 

0.1% BSA and once in 4X SSC/0.01% Tween-20.

After imaging RNA signals, DNA detection was done. Coverslips were removed, and cells 

were fixed in 10% formalin, then permeabilized in KCM. Slides were denatured in 70% 

formamide/2X SSC, pH7 for up to 5 minutes at 70°C and hybridized overnight with 

denatured probe under a sealed coverslip at 37°C. Slides were washed and mounted as 

described above.
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IF-RNA FISH—Cells treated with hypotonic were spun onto RNase AWAY-treated slides at 

800 rpm (interphase cells) or 2000 rpm (metaphase chromosomes). Slides were 

permeabilized in KCM at room temperature, fixed in 4% PFA in PBS, and incubated again 

in KCM. Slides were blocked in 1X PBS/0.5% Triton X-100/1% BSA before incubation 

overnight at 4°C with primary antibodies to human CENP-A (Abcam ab13939 or custom 

polyclonal AP3497) (Maloney et al., 2012), human CENP-C (Abcam ab50974), or mouse 

Cenp-A (custom polyclonal D601AP) overnight. Slides were washed in PBS/0.1% Triton 

X-100, incubated with fluorophore-conjugated secondary antibodies for 2 hours at room 

temperature, and washed as before. Slides were rinsed in 1X PBS before proceeding to RNA 

FISH, as described above, beginning at the permeabilization step.

RNA Polymerase Inhibition—All polymerase inhibitions were done in RPE1 cells. RNA 

Polymerase I inhibition was achieved using 50ng/mL Actinomycin D at 60–70% confluency 

for up to 16 hours. RNA Polymerases I and II were jointly inhibited using 5μg/mL 

Actinomycin D for up to 16 hours. Inhibition of RNA Polymerase III was performed for up 

to 24 hours using 25μM ML-60218.

Semi-Quantitative RT-PCR—RPE1 cells were seeded in 6 well plates and treated with 

50ng/μL Actinomycin D for 16 hours or 25μM ML-60218 for 24 hours to inhibit RNA 

Polymerase I or RNA Polymerase III, respectively. Total RNA was isolated from an equal 

number of cells treated with Actinomycin D or untreated cells using the RNeasy Mini Kit. 

Genomic DNA was eliminated by on-column DNase I digestion. 45S rRNA and GAPDH 

were reverse transcribed from 50 ng of total RNA and amplified using the SuperScript One-

Step RT-PCR system with Platinum Taq DNA Polymerase. Small RNA-containing total 

RNA was isolated from an equal number of cells treated with ML-60218 or untreated cells 

using the mirVana miRNA Isolation Kit and genomic DNA was eliminated by treatment 

with the TURBO DNA-free Kit. 5S rRNA and GAPDH were reverse transcribed from 100 

ng of total RNA and amplified using the SuperScript One-Step RT-PCR system with 

Platinum Taq DNA Polymerase. All RT-PCR products were run on an ethidium bromide-

stained 2% TAE agarose gel alongside a Low Molecular Weight DNA Ladder. Gels were 

visualized using the G:Box CHEMI XT4 system and GeneSys software. Individual bands 

were quantified using the Gel Analyzer tool (ImageJ). 45S or 5S amplification products 

were normalized to GAPDH levels from the same sample. GAPDH, 45S RNA, and DXZ1 

primers were described previously (Stimpson et al., 2014; Sullivan et al., 2011)

RT-qPCR—RPE1 and HTD cells were seeded into 6 well plates (75,000 – 125,000 cells/

well) and grown for ~24 hours before synchronization. Asynchronous cells were left 

untreated for the duration. For metaphase synchronization, cells were treated with 

nocodazole (100ng/mL) for 6 hours, then mitotic cells were collected by shake-off. To 

acquire G1 cells, cells were incubated in nocodazole (50ng/mL) for 5 hours, then mitotic 

cells were shaken off, re-plated, and grown for an additional 3 hours. Stabilized RNA lysates 

were isolated from asynchronous/synchronous cells using reagents from the FastLane Cell 

cDNA Kit and purified using the RNeasy Mini Kit before continuing with the FastLane 

procedure. Lysates were purified again using the gDNA wipeout step of the FastLane Cell 

cDNA Kit, followed by first-strand cDNA synthesis. Each time-course or asynchronous 
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experiment was repeated at least once. Reactions lacking reverse transcriptase (RT-) were 

included for each sample. Genomic DNA (gDNA) from asynchronous, mitotic, and G1 cells, 

grown using the manufacturer’s growth and treatment conditions for RNA extraction/cDNA 

synthesis was isolated using the Quick-gDNA Mini-prep Kit. RT-qPCRs were performed 

using the QuantiFast SYBR Green PCR kit with primers specific to 45S RNA, DXZ1, 

D17Z1, D17Z1-B, and XIST. Each primer pair was optimized for efficiency and specificity 

prior to analyzing experimental samples (Figure S3). RT-qPCR was performed in triplicate 

for each sample within the respective run. Ct values (triplicates) were averaged and SEM 

was calculated. Abundance of RNA to DNA relative to GAPDH was determined using Pffafl 

methodology. Genomic DNA served as a transformer, and RT-minus values served as 

controls in the calculation: Eˆ(Ct(QueryRT−) − (QueryRT+)/Ct(QuerygDNA))/

Eˆ(Ct(RefRT−) − (RefRT+)/Ct(RefgDNA)).

siRNA and dsRNA Depletions—For CENP-A RNAi, 10nM of each CENP-A 

Trilencer-27 siRNA knockdown duplex was introduced into RPE1 cells using 

Oligofectamine with additional boosts at 48 hours and 96 hours after initial transfection. 

Double-stranded RNAs recognizing specific alpha satellite array transcripts were generated 

by in vitro transcription (IVT) of plasmids containing a single DXZ1 or D17Z1-B HOR 

insert flanked by T3 and T7 promoters. T3 RNA Polymerase and T7 RNA Polymerase were 

used to produce sense and anti-sense DXZ1 and D17Z1-B HOR single-stranded RNAs. 

Complementary IVT products were annealed and treated with TURBO DNase and RNase 

Cocktail to remove single-stranded RNA. Long dsRNAs were treated with RNase III to 

generate ~21 base pair dsRNAs that were transfected into HT1080 or Z12.3B cells at a final 

concentration of 50nM using Oligofectamine. Additional dsRNA boosts were done at 48 

hours and 96 hours after initial transfection. For both CENP-A siRNA and dsRNA 

depletions, cells were harvested for CENP-A or CENP-C IF and RNA-DNA FISH 144 hours 

(6 days) after the first transfection.

dsRNA Depletion and SNAP-CENP-A Detection—HT1080 cells stably expressing 

SNAP-CENP-A-HA (Ross et al., 2016) were treated with 50nM DXZ1 dsRNA using 

Oligofectamine and boosted with additional DXZ1 dsRNA 48 hours after initial transfection. 

Existing SNAP-CENP-A was blocked for 4 hours after the second dsRNA transfection by 

the addition of bromothenylpteridine (BTP) (SNAP-Cell Block) in complete growth medium 

for 30 minutes at 37°C. BTP was removed by washing twice with 1X PBS and once with 

complete growth medium, and incubating cells in complete growth medium for 30 minutes 

to allow excess compound to diffuse from cells (Ross et al., 2016). Cells were again washed 

twice with 1X PBS and once with complete growth medium, then grown in complete growth 

media for 24 hours to allow for synthesis and incorporation of new CENP-A. New CENP-A 

was pulse labeled by incubation with 2μM SNAP-Cell TMR-Star for 30 minutes at 37°C. 

Cells were washed and complete media was added. After an additional 30 minutes, washes 

were performed again to remove any excess TMR-Star that had diffused. Cells were then 

harvested for CENP-A IF and RNA-DNA FISH.
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RIP/RNA-ChIP

Irreversibly crosslinked samples: Cells were UV crosslinked in cold 1X PBS, pelleted, and 

re-suspended in lysis buffer for 10 minutes at room temperature with mechanical shearing. 

CENP-A (custom polyclonal AP3497; 2μg/IP), CENP-B (Abcam, ab25734, 5μg/IP), or 

CENP-C (Abcam, ab30334, 8μg/IP) antibodies were pre-incubated with Dynabeads prior to 

overnight incubation with chromatin. Chromatin complexes were treated with DNase I and 

RNase Inhibitors, washed, and then RNA was heated to 55°C with 1.2mg/mL RNase-free 

Proteinase K for 30 minutes. Proteinase K was inactivated at 65°C prior to RNA elution. 

RNA-Bee was used to purify RNA. After genomic DNA wipeout, RNA was reverse 

transcribed using Quantitect Reverse Transcription kit. RT− samples were matched to each 

RT+ sample.

Native chromatin samples: Native chromatin was isolated from nuclei using micrococcal 

nuclease in the presence of RNase-free reagents (Mravinac et al., 2009). Ten micrograms of 

chromatin were used in each immunoprecipitation with antibodies to CENP-A (0.5μg), 

CENP-B (8μg), and CENP-C (5–8μg) (described above). RNA-ChIP products were isolated 

using a modified MAGnify ChIP protocol (Aldrup-MacDonald et al., 2016) that included the 

addition of DNase I and RNase Inhibitors during the chromatin-antibody binding step. 

RNA-protein complexes were immunoprecipitated in replicate within the same experiment 

and/or by repeating the experiment at least once. RNA was extracted using either RNeasy or 

RNA-Bee. Two consecutive rounds of gDNA removal were performed prior to RT (first 

round: RNeasy cleanup; second round: Qiagen’s gDNA wipeout reagent for 5m at 42°C). 

RT was performed using Qiagen’s Quantiscript RT. RT-minus samples were included. RT-

qPCR was performed on all samples using primers to 28S rRNA and/or 45S rRNA 

(Stimpson et al., 2014)to confirm that RT samples produced Ct values and that RT-minus 

samples yielded a value of “No Ct” before proceeding with query regions of interest. RNA 

quality was verified on a 1.1% agarose gel containing 1% household bleach. For all RNA-

ChIP, RT-qPCR was performed using Qiagen’s QuantiFast SYBR Green kit and 2μL of 

cDNA per reaction. RT-qPCR for each sample replicate was performed in duplicate or 

triplicate, depending on sample availability. For D17Z1 and D17Z1-B runs, 500pg-1ng of 

p17H8 (D17Z1) and p2.5-3 (D17Z1-B) plasmids were included as specificity controls. 

Percent Input was calculated as follows: Eˆ(Adjusted inputquery - Ct Mean (IP)query)/

Eˆ(Adjusted inputGAPDH - Ct (IP)GAPDH).

Western Blot Confirmation of IP Pull-down—Western Blot (WB) confirmation was 

performed for MAGnify ChIP Input, Mock, CENP-A, CENP-B, and CENP-C. For Input, 

6μg (for CENP-A) and 10μg (for CENP-B and CENP-C) of chromatin were combined with 

equal volumes of Laemmli Sample Buffer (LSB) supplemented with 2-mercaptoethanol 

(CENP-A) or dithiothreitol (DTT; CENP-B, CENP-C) and boiled for 10 minutes at 95°C. IP 

magnetic beads (chromatin-antibody bound or mock chromatin bound) were re-suspended in 

10μl–50μl of LSB after the last IP wash step and boiled for 10 minutes at 95°C. Following 

denaturation, the magnetic beads were pelleted and the supernatant was collected. This step 

was repeated to ensure complete bead removal from the sample. For CENP-A (custom 

polyclonal AP3497), a single reaction was sufficient for WB detection. For CENP-B and 

CENP-C (commercial antibodies), up to five IP reactions were combined. Samples were 
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separated on a BioRad Mini-PROTEAN TGX stain-free precast gel (4–20% for CENP-A; 

7.5% for CENP-B and CENP-C) at 70V for 2–2.5hr and visualized on the G:Box. Proteins 

were then wet-transferred in 8% methanol onto a nitrocellulose membrane at 70V for 3 

hours at 4°C and imaged again. The membrane was blocked in either 5% non-fat dry milk in 

TBST for 1 hour (CENP-A) or overnight at 4°C in StartingBlock T20 (CENP-B, CENP-C). 

Primary antibodies were applied and incubated overnight at 4°C with rocking in either 5% 

milk/TBST (CENP-A, AP3497 1:500) or StartingBlock T20 (CENP-B ab25734 at 1:750; 

CENP-C ab33034 at 1:750). The membrane was then washed 3 × 5 minutes in TBST with 

rocking at room temperature. For CENP-A, a goat anti-rabbit HRP antibody (1:2000 in 5% 

milk/TBST) was incubated with the membrane for 2 hours at room temperature with 

rocking, followed by 3 × 5 minute washes in TBST at room temperature. For CENP-B and 

CENP-C, Clean-Blot IP Detection Reagent (HRP) was applied at 1:40 in StartingBlock T20 

and incubated overnight at 4°C with rocking followed by 3×5m washes in TBST at room 

temperature with rocking. Bands were detected using WesternBright ECL solution at a 1:1 

ratio (CENP-A) for 2 minutes or Pierce ECL Detection Reagents at a 1:1 ratio (CENP-B, 

CENP-C) for 5 minutes. Imaging was performed using the G:Box’s chemiluminescence 

settings.

Microscopy and Imaging—All microscopic images were collected using a DeltaVision 

Elite imaging system (Applied Precision/GE Healthcare) inverted Olympus IX-71 

microscope coupled to the Photometrics CoolSNAP HQ2 CCD camera. Images were 

acquired using 60X (PLAN APO 1.42 NA) or 100X (PLAN APO 1.40 NA) oil objectives 

(Olympus) with 0.2μm z sections. Images were deconvolved using the conservative 

algorithm with 10 iterations, and images stacks were viewed as quick projections that were 

saved as TIFF and PSD formats.

Quantifications and Statistical Analyses—TIFF images of RNA-DNA FISH signals 

and centromere protein immunofluorescence signals were analyzed in ImageJ using a 

custom macro. Fluorescent signals in each image channel were segmented after automatic 

background subtraction and defined by thresholding manually or using the ImageJ 

Intermodes settings. The integrated density of each segmented region of interest (ROI, i.e. 

RNA or DNA FISH signal or CENP spot) was measured and values were exported to Excel. 

For RNA-DNA FISH experiments, the RNA and DNA signals for a specific centromere 

were identified and matched in the Excel file, and the RNA:DNA ratio was calculated. For 

CENP-A siRNA experiments, CENP-A signals were segmented by thresholding and the sum 

total integrated density of all CENP-A signals in the nucleus that was defined by DAPI 

signal were measured and values were exported to an Excel file. The total CENP-A value for 

a specific nucleus was matched to the D17Z1 RNA-DNA ratios calculated for that same cell. 

Nuclei with significant CENP-A depletion were defined as those containing <50% of the 

average amount of total CENP-A present in NT (control) siRNA-treated cells. This same 

approach was used to quantify CENP-C signals in CENP-A siRNA-treated cells and NT 

siRNA-treated cells. For quantification of CENP-A, SNAP-CENP-A and CENP-C in alpha 

satellite RNA depletion experiments, CENPs associated with specific centromeric arrays 

were identified by DNA FISH, that is, matching the DNA FISH signal to a specific CENP 

signal/ROI. The integrated density of the array-specific CENP signal was measured and 
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matched to a column in an Excel file containing the sum total integrated density of all CENP 

signals for that particular nucleus, defined by DAPI signal. These two values were used to 

calculate the amount of CENP at an individual array by comparing it to the total CENP 

signal in the nucleus, presenting it as a percentage of the total amount of CENP in the 

nucleus. To normalize the CENP measurements in cells treated with dsRNAs, the average 

ratio (CENPs at targeted centromere to CENPs at all centromeres) that had been calculated 

in control cells was set to 1, and each dsRNA-treated ratio was divided by this average. At 

least 20 independent nuclei or chromosomes were measured per experiment, and the 

standard error of the mean was determined for each set of data points. Data were statistically 

analyzed in Excel or GraphPad Prism using a Student’s t-test and all data were presented as 

graphs using GraphPad Prism. Data in Figure 7C, Figure S4H, and Figure S6E were 

analyzed using the Chi-square test. The p-values are indicated on figure panels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Human centromeres produce array- and chromosome-specific non-coding 

RNAs in cis

• Both active and inactive arrays produce non-coding RNAs; the latter are less 

stable

• Alpha satellite RNAs are physically associated with centromere proteins

• Array-specific RNAs are necessary for new CENP-A loading and localization 

of CENP-C
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Figure 1. Human Centromeres Produce Array-Specific Non-Coding RNAs in cis
(A) Schematic of the human centromere, including core centromeric chromatin containing 

CENP-A and euchromatic H3 nucleosomes and flanking heterochromatin enriched for 

H3K9 and K27 methylation. These domains assemble on alpha satellite DNA, a 171bp 

monomer (open red arrows) tandemly arranged into higher order repeats (HORs, large red-

filled arrows) that are extensively reiterated. A set number of monomers confers 

chromosome specificity so that alpha satellite DNA at each centromere is distinct.
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(B) The centromere of Homo sapiens chromosome X (HSAX) is defined by DXZ1, a single 

array based on a 12-mer HOR. Fluorescence images were obtained from diploid RPE1 

interphase cells (bar, 5μm) and metaphase chromosomes (bar, 15μm) after RNA FISH with a 

probe spanning the entire DXZ1 HOR (green). Sequential DNA FISH with the same probe 

labeled in a different fluorophore (red) verified chromosomal location of RNA signal and 

permitted quantification of alpha satellite RNA:DNA ratio. In each experiment, control 

slides were treated with RNase to verify that FISH signals detected RNA.

(C) Sequential RNA (green) – DNA (red) FISH on interphase and metaphase cells from 

male line HTD with a probe spanning DYZ3, the 34-mer alpha satellite HOR on HSAY and 

quantification of RNA:DNA ratio. In (B) and (C), each data point represents a single 

interphase centromere and mean ± SEM are shown. See also Figure S1.
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Figure 2. Active and Inactive Alpha Satellite Arrays Are Transcribed
(A) HSA17 has three distinct alpha satellite arrays; either D17Z1 (red arrows) or D17Z1-B 

(green arrows) can be the active centromere.

(B, B′) In RPE1, D17Z1 is active on both HSA17s. RNA FISH with D17Z1 (red) and 

D17Z1-B (green) HOR probes on interphase cells and metaphase chromosomes (B) and 

RNA-DNA FISH in interphase cells (B′). RNase treatment verified detection of RNA. Bars, 

5μm.
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(C) Dot plots of RNA:DNA ratios of D17Z1 and D17Z1-B from RNA-DNA FISH in (B′) 
(mean ± SEM).

(D) RT-qPCR of D17Z1, D17Z1-B, and DXZ1 RNA in RPE1 cells relative to qPCR of 

gDNA of same array. 45S rRNA and XIST lncRNA relative to gDNA are shown for 

comparison (mean ± SEM). Data represent two biological replicates that each contained 

three technical replicates.

(E) RT-qPCR of D17Z1 and DXZ1 transcripts from synchronized RPE1 cells (mean ± 

SEM). No significant differences in RNA:DNA ratios were observed at D17Z1 or DXZ1 

across the cell cycle. Data in this figure were statistically analyzed using a t-test. See also 

Figures S1–S3.
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Figure 3. Chromosome-Specific Alpha Satellite RNAs Have Array-Specific Size Ranges
(A, A′) RNA FISH in RPE1 cells with PNA probe (green) recognizing the CENP-B box 

found in a subset of monomers within all alpha satellite arrays except for the Y. Multiple 

transcripts were detected in interphase (bar, 5μm), and at every centromere at metaphase 

(bar, 15μm). Asterisks denote HSAX.

(B) Northern blot detection of D17Z1 RNA in total RNA isolated from multiple cells lines, 

with each cell line in duplicate. Ethidium bromide stained gel is shown under each blot. 
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Bracket indicates size range for chromosome-specific, array-specific transcripts. A 

schematic of the entire D17Z1 higher order repeat (HOR) that was used as a probe is shown.

(C) Northern blot of D17Z1-B RNA in multiple cell lines. A schematic of the entire D17Z1-

B HOR that was used as a probe is shown.

(D) Northern blot of DXZ1 RNA. A schematic of the entire DXZ1 HOR that was used as a 

probe is shown.

(E) Northern blot of DXZ1 and D17Z1 RNA after rRNA depletion eliminated contaminating 

rRNA bands (*) observed in panels (B)–(D).
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Figure 4. Active and Inactive Alpha Satellite RNAs Exhibit Different Stabilities
(A) Quantification of alpha satellite RNA:DNA ratios in RPE1 cells after RNA Polymerase I 

(RNAP I) inhibition with low concentrations of Actinomycin D (ActD) (mean ± SEM).

(B, C) RNA (green) – DNA (red) FISH for DXZ1, D17Z1, and D17Z1-B after RNAP I/II 

inhibition with high concentrations of ActD. DXZ1 and D17Z1 are active centromere arrays; 

D17Z1-B is inactive. Bars, 5μm

(C′) XIST RNA FISH (green) served as a control for efficacy of RNAP II inhibition. Bar, 

15μm. (D, D′) Quantification of DXZ1 RNA:DNA ratios over 6 hours of ActD treatment, 
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and D17Z1 and D17Z1-B over 16 hours of ActD treatment (mean ± SEM). Data were 

statistically analyzed using a t-test. In (A) and (D), each data point represents a single 

interphase centromere. See also Figure S4.
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Figure 5. Alpha Satellite Transcripts Are Complexed with Centromere Proteins and are 
Unaffected by CENP-A Depletion
(A) Left, CENP-A immunostaining (red) and RNA FISH on RPE1 interphase cell using a 

CENP-B box PNA probe (green). CENP-A and ~50% of CENP-B box RNA FISH signals 

overlap. Inset emphasizes that chromosomes with multiple arrays produce transcripts from 

all arrays (arrows) yet only one array is active/associated with CENPs (arrowhead). Bar, 

5μm.

Right, CENP-A immunostaining (red) and RNA FISH with DXZ1 probe (green) on cell line 

LCLXiX showing that CENP-A is associated with a portion of DXZ1 transcripts. Bar, 15μm.
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(B) Western blots of input, mock (no antibody), and native chromatin fractions from HAP1 

cells immunoprecipitated (IP) with antibodies specific for CENP-A, CENP-B, CENP-C.

(C) Native RNA-ChIP and RT-qPCR showing association of DXZ1 and D17Z1 transcripts 

with CENP-A and CENP-C (mean ± SEM; n=4).

(D) Native RNA-ChIP and RT-qPCR showing that transcripts from the centromere inactive 

array D17Z1-B are associated with CENP-B that does not discriminate between active and 

inactive centromeres (mean ± SEM, n = 4).

(E, F) Crosslinked RNA-ChIP and RT-qPCR showing that transcripts from active arrays 

DXZ1 and D17Z1, but not inactive D17Z1-B, are associated with CENP-A and CENP-C 

(mean ± SEM, n = 4). Active and inactive array transcripts are associated with CENP-B.

(G, G′) CENP-A immunostaining (red) and RNA FISH for D17Z1 transcripts (green) after 

CENP-A depletion by siRNA in HT1080 cells. Nuclei with >50% CENP-A knockdown are 

denoted by dashed outlines; those with little CENP-A depletion have solid outlines. 

Quantitation of D17Z1 RNA:DNA ratio after CENP-A depletion (mean ± SEM). Each data 

point represents a single interphase HSA17 centromere. Data were statistically analyzed 

using a t-test. See also Figures S3 and S4.
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Figure 6. Targeted Depletion of Alpha Satellite Transcripts Disrupts Centromere Assembly
(A) HT1080 cells were transfected with array-specific dsRNAs and assayed by 

immunostaining and RNA-DNA FISH after 6 days. Depletion of DXZ1 transcripts using 

array-specific dsRNAs decreases DXZ1 RNA and reduces CENP-A only at DXZ1 (red 

arrowhead). Transcripts and CENP-A (green arrowheads) at control array D7Z1 (HSA7) are 

not decreased. Bars, 5μm.

(B, C) Quantitation of CENP-A and CENP-C at targeted DXZ1 array and control array 

D7Z1 (mean ± SEM).
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(D) RNA:DNA ratios of targeted DXZ1 and control array D7Z1 measured from RNA-DNA 

FISH experiments (mean ± SEM).

(E) Depletion of active D17Z1-B transcripts in a somatic cell hybrid line Z12.3B containing 

a single epiallele HSA17 chromosome led to reduction of CENP-A (red arrowhead) and 

RNA at D17Z1-B (red) but not at inactive D17Z1 (green).

(F) Quantitation of CENP-A at D17Z1-B after dsRNA depletion (mean ± SEM). Each data 

point represents a single interphase HSA17.

(G) Quantitation of RNA:DNA ratios at targeted (D17Z1-B) and control (D17Z1) arrays 

after D17Z1-B dsRNA depletion (mean ± SEM). For (B), (D), (F), and (G) each data point 

represents a single centromere at interphase. Data were statistically analyzed using a t-test. 

See also Figure S5 for replicate data.
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Figure 7. Cell Cycle Arrest and Impaired CENP-A Loading in the Absence of Alpha Satellite 
Transcripts
(A) Ki-67 immunostaining (red) determined cell cycle phase of individual nuclei from 

HT1080 cells mock-treated or depleted for DXZ1 transcripts. DXZ1 RNA (red) and DXZ1 

DNA (green) were detected by sequential RNA-DNA FISH.

(B) Quantitation of DXZ1 RNA:DNA ratios at targeted DXZ1 arrays (mean ± SEM). Each 

data point is a single centromere at interphase.

(C) Quantitation of Ki-67-staged (G1/S/G2) interphase cells from mock-treated and DXZ1 

RNA depleted cells. Bars, 10μm. N ≥ 60 cells analyzed for each treatment.

McNulty et al. Page 36

Dev Cell. Author manuscript; available in PMC 2018 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) Schematic of experimental approach to measure nascent SNAP-tagged CENP-A 

incorporation on HSAX after DXZ1 dsRNA depletion in HT1080 cells.

(E) Depletion of DXZ1 transcripts using array-specific dsRNAs decreases DXZ1 RNA (red) 

and reduces SNAP-CENP-A only at DXZ1 (green arrowhead). Total CENP-A is shown in 

far-right panel. Because DXZ1 dsRNA knockdown arrests cells [see (A)], dsRNA treatment 

was done for 52 hours to deplete transcripts by 50% while allowing cells to continue cycling 

to measure new CENP-A loading. Bars, 5μm.

(F, G) Quantitation of new (SNAP) CENP-A and total CENP-A at mock-treated and targeted 

DXZ1 arrays (mean ± SEM). Each data point in (C) through (E) represents a single 

centromere at interphase. Replicate data is presented in Figure S6.

(H) RNA:DNA ratios of mock treated and dsRNA-targeted DXZ1 (mean ± SEM). Each data 

point in (F) through (H) represents a single centromere at interphase. Data were statistically 

analyzed using a t-test, except for (C), in which the Chi-square test was used. See also 

Figure S6 for replicate data.
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