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Abstract

Non-coding centromeres, which dictate kinetochore formation for proper chromosome 

segregation, are extremely divergent in DNA sequences across species but are under active 

transcription carried out by RNA polymerase (RNAP) II. The RNAP II-mediated centromeric 

transcription has been shown to facilitate the deposition of the centromere protein A (CENP-A) to 

centromeres, establishing a conserved and critical role of centromeric transcription in centromere 

maintenance. Our recent work revealed another role of centromeric transcription in chromosome 

segregation: maintaining centromeric cohesion during mitosis. Interestingly, this role appears to be 

fulfilled through ongoing centromeric transcription rather than centromeric transcripts. In addition, 

we found that centromeric transcription may not require some of the traditional transcription 

initiation factors, suggestive of “uniqueness” in its regulation. In this review, we discuss the novel 

role and regulation of centromeric transcription as well as the potential underlying mechanisms.
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INTRODUCTION

The non-coding centromere, a specific region of a chromosome, varies in size among 

eukaryotes. It can be as short as ≈120 base pairs (bp) in budding yeast and as long as several 

mega bp in human.[1] Centromeric DNA sequences are also extremely divergent and are 

not conserved across species. In higher eukaryotes, the centromere is usually composed of 

highly repetitive DNA sequences. For example, the human centromere contains repetitive 

DNA sequences termed α-satellite DNA of 171 bp in length. These α-satellite repeats are 
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assembled into higher order repeats, which can be further organized into satellite arrays.[1] 

In spite of the diversity and complexity, all the centromeres in eukaryotes play a critical and 

conserved role in chromosome segregation during cell cycle: dictate kinetochore formation. 

It seems that the size and DNA sequence of the centromere are not important for its 

functions; instead, the centromere-specific histone H3 variant CENP-A is required. CENP-A 

at centromeres recruits other centromere proteins to initiate kinetochore formation, which is 

essential for faithful chromosome segregation during mitosis.[2] Unlike canonical histones, 

which are mainly incorporated into chromatin in a DNA duplication-dependent manner 

during S phase, CENP-A is deposited into centromeres independently of DNA replication 

during anaphase or telophase/early G1.[3,4] CENP-A deposition into centromeres have been 

shown to be regulated by polymerase (RNAP)II-catalyzed transcription or Plk1.[5,6] Thus, 

centromeric transcription is crucial for centromere functions and chromosome segregation.

During mitosis, RNAPII is released from chromosomes and transcription was thought to 

be silenced.[7,8] However, increasing evidence suggests that transcription is still undergoing 

albeit in a reduced manner.[9,10] Surprisingly, RNAPII is remained on centromeres and 

it is actively transcribing centromeres.[11–14] We have demonstrated that centromeric 

transcription promotes centromeric cohesion during mitosis in human cells.[11,13] This 

novel function seems to be dependent on ongoing centromeric transcription rather than 

centromeric transcripts. Moreover, we also found that some of general transcriptional 

initiation factors may be dispensable for centromeric transcription, suggesting that the 

regulation of centromeric transcription is distinct from that of gene transcription.[11] In 

this review, we discuss the novel role and regulation of centromeric transcription and the 

potential underlying mechanisms.

ONGOING CENTROMERIC TRANSCRIPTION MAINTAINS CENTROMERIC 

COHESION

A major function of centromeric transcription during interphase is to facilitate CENP-A 

deposition into centromeric chromatin.[15] What is the function of centromeric transcription 

during mitosis? When cells enter mitosis, the majority of RNA polymerase (RNAP)II 

dissociates from chromatin,[7] thus largely decreasing global transcription levels albeit low-

level transcription is still detected.[9,10] Interestingly, actively elongating RNAPII (RNAPII 

phospho-Ser2) is retained on mitotic kinetochores,[12–14] suggesting that RNAPII is still 

actively transcribing centromeres. Addition of α-amanitin into mitotic cells, a specific 

RNAPII inhibitor, induced an increase in anaphase lagging chromosomes, and weakened 

centromeric cohesion.[12,13] Thus, centromeric transcription seems to be important for 

proper chromosome segregation. However, the efficacy of α-amanitin on centromeric 

transcription in those studies was not rigorously assessed,[12,13] challenging the notion that 

the observed phenotypes are indeed the consequences of α-amanitin inhibited centromeric 

transcription. In addition, using triptolide that inhibits the activity of the transcription 

initiation factor TFIIH, another study concluded that mitotic transcription is not important 

for mitotic progression.[16] These disagreeing studies provoked us to re-look into the 

approaches that were utilized to assess centromeric transcription. As abundant centromeric 

transcripts are stored in human nucleoli,[17] only measuring the amount of total α-satellite 
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RNAs seems impractical to monitor a rapid change in centromeric transcription within a 

short period of time. Therefore, we developed an approach to monitor ongoing centromeric 

transcription by measuring the amount of 5′-ethynyl uridine (EU)-labeled nascent α-satellite 

RNAs.[11] By doing so, the efficacy of a given transcriptional inhibitor on the suppression of 

centromeric transcription can be determined. Consistent with the previous studies, we found 

that α-amanitin treatment for a few hours barely affected the amount of total α-satellite 

RNAs, but largely decreased the amount of nascent total α-satellite RNAs, indicating that 

α-amanitin is an efficient inhibitor to centromeric transcription.[11] In contrast, triptolide 

treatment for a few hours did not decrease the amounts of both total and nascent α-

satellite RNAs although it largely inhibited gene transcription, suggesting that triptolide 

is not an effective inhibitor to centromeric transcription. These interesting results well 

explain why the treatment of α-amanitin, not triptolide, induced mitotic defects including 

lagging chromosomes and impaired centromeric cohesion in human cells in the previous 

studies.[12,13,16] We therefore propose that centromeric transcription maintains centromeric 

cohesion during mitosis. This notion is further strengthened by our evidence that ectopically 

increased centromeric transcription enhanced centromeric cohesion.[11]

Of note, our results indicated that the robustness of centromeric cohesion is positively 

corelated with the level of ongoing centromeric transcription, much less with the amount of 

total centromeric transcripts. Thus, ongoing centromeric transcription maintains centromeric 

cohesion during mitosis. As ongoing centromeric transcription also plays an important role 

in CENP-A deposition to centromeres in interphase,[6] constantly maintaining ongoing 

transcription at centromeres possibly throughout the cell cycle could be critical for 

centromere functions. In spite of the importance of ongoing centromeric transcription, 

centromeric transcripts may also be involved in the regulation of centromere functions 

as various centromere proteins have been shown to physically interact with centromeric 

transcripts.[15] Potential functions and regulation of centromeric transcripts will be discussed 

in the next section.

FUNCTIONS OF CENTROMERIC RNA TRANSCRIPTS

Functions of centromeric RNA transcripts are not well understood mainly due to the 

lack of a comprehensive characterization of these transcripts. Centromeric RNAs have 

been demonstrated to localize at distinct places within cells: centromeres/kinetochores, 

nucleoli, and independent foci. These different localization patterns may suggest diverse 

functions of centromeric RNAs played within cells. Centromeric RNAs were previously 

detected on centromeres/kinetochores.[17–20] Interestingly, they can exist either in trans in 

Xenopus egg extracts or in cis in human RPE-1 cells.[18,21] Functionally, the centromere-

localized centromeric RNAs may serve as scaffolds to facilitate the recruitment or 

maintenance of some of centromere proteins, thus regulating centromere functions. For 

example, Centromere-encoded RNAs were suggested to be integral components in Mazie.
[22] Moreover, Aurora B and Sgo1 were shown to bind centromeric RNAs either in vitro 

or in cells.[13,21,23–25] These physical interactions might also regulate the recruitment of 

Aurora B and Sgo1 to centromeres or modulate Aurora B kinase activity although further 

evidence is needed. More recently, a study found that human centromeric RNAs appear as 

multiple foci, which do not associate with centromeres.[26] The levels of these RNA foci 
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vary over the cell cycle and across cell lines. However, the biochemical nature of these α-

satellite RNA foci and their functions remain to be addressed. Centromeric RNAs were also 

previously shown to localize within the nucleolus.[17,27] Still, these nucleolar centromeric 

RNAs are mysterious in their functionality and regulation. Considering the conserved and 

essential roles of nucleoli in ribosome biogenesis and stress response, the centromeric RNAs 

might function to regulate these processes.

Why had only one localization pattern of centromeric RNAs been detected by each of these 

research groups? One possible reason is that different RNA-FISH probes used in these 

studies might differentially recognize distinct pools of centromeric RNAs. This is just like 

“Blind men and an elephant.” Therefore, a comprehensive characterization on centromeric 

transcripts, such as types and length, would be needed to address these discrepancies as 

well as understand the functionality of these centromeric RNAs. Recent accomplishment of 

human centromere assembly and long-read RNA-Seq may help identify a variety of types of 

centromeric transcripts.[28]

UNDERLYING MECHANISMS OF CENTROMERIC TRANSCRIPTION-

MAINTAINED CENTROMERIC COHESION

Our previous results suggested that centromeric transcription may promote centromeric 

cohesion through Sgo1 in human cells.[11,13] Sgo1 directly binds cohesin at inner 

centromeres to protect centromeric cohesion during mitosis.[29–32] In order to do so, 

Sgo1 firstly binds phospho-T120 H2A-containing nucleosomes and is thus recruited to 

the kinetochore-proximal region at early mitosis.[30] Then RNA polymerase (RNAP)II-

mediated transcription facilitates Sgo1 relocation to inner centromeres, where Sgo1 binds 

to cohesin[13] (Figure 1). This idea is supported by two pieces of evidence.[13] Firstly, 

treatment of transcriptional inhibitors on mitotic cells stalled Sgo1 on the kinetochore-

proximal region; and as a result, centromeric cohesion was significantly weakened. 

Secondly, Sgo1 physically interacted with RNAPII both in vitro and in vivo. Thus, RNAPII 

could carry Sgo1 as a cargo to gradually approach inner centromeres, where it binds 

with cohesin to protect centromeric cohesion[33] (Figure 1). This notion may explain why 

ongoing transcription, not transcripts themselves, plays an important role in maintaining 

centromeric cohesion in our study.[11] However, Sgo1 physically binding centromeric 

transcripts is also indicative of a potential role of centromeric transcripts in regulating Sgo1.
[13] Functionally, the Sgo1-RNA interaction might facilitate the Sgo1-nuclosome binding, 

thus regulating Sgo1 recruitment to the kinetochore-proximal region. We had previously 

demonstrated that RNA directly interacts with the same region of Sgo1 that also binds 

to phospho-T120 H2A-containing nucleosomes.[13] Therefore, in order to understand how 

centromeric RNAs regulate Sgo1, rigorous mutagenesis on Sgo1 to separate these two 

binding activities or knockdown of centromeric RNAs using siRNAs or antisense oligos are 

needed.

The findings from a more recent study suggested that the relationships among Sgo1, 

cohesion and transcription seem more complicated.[14] In that study, increased cohesion 

by Wapl deletion retained more elongating RNAPII on whole chromosomes including 

Chen et al. Page 4

Bioessays. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



centromeres in miotic human cells, indicative of a positive role of cohesin in regulating 

transcription during mitosis. Considering the established roles of cohesin in the regulation 

of gene expression during interphase,[34] this is not surprising. Thus, taking all the findings 

together, a positive feedback loop may be formed among cohesin, transcription, and Sgo1 to 

regulate centromeric cohesion during mitosis (Figure 1). At early mitosis, RNAPII-mediated 

transcription relocates Sgo1 to inner centromeres to preserve cohesin at centromeres and the 

centromeric cohesin may in turn promote transcription to further facilitate Sgo1 relocation. 

However, it is equally possible that transcription might also directly manipulate cohesin to 

regulate centromeric cohesion. In future, exploring how Sgo1 and cohesin are distributed 

along centromeres using ChIP-Seq in response to transcriptional inhibition would offer some 

insights into the relationships.

THE “UNIQUENESS” OF CENTROMERIC TRANSCRIPTION

The regulation of centromeric transcription is poorly understood, especially in human 

cells that contain tens of thousands of repetitive DNA sequences in their centromeres. 

This is partially due to the lack of the assembly of complete centromere sequences. 

Recent advances on centromere assembly in human cells will likely provide a solid 

foundation to comprehensively understand centromeric transcription.[28] Our recent results 

from transcriptional inhibitors suggested a unique regulation of centromeric transcription, 

which is distinct from that of canonical gene transcription.[11] In our studies, treatment 

of α-amanitin and flavopiridol, both of which inhibit transcription elongation, largely 

suppressed ongoing centromeric transcription in human cells; whereas treatment of triptolide 

and THZ1, which both inhibit transcription initiation, did not decrease ongoing centromeric 

transcription. These results strongly suggest that centromeric transcription may not require 

some, if not all, of transcriptional initial factors. This notion is further supported by 

the findings from us and others that elongating RNAPII (phospho-Ser2) rather than 

initiating RNAPII (phospho-Ser5) is present at centromeres during mitosis.[11–14] Of note, 

several previous studies using transcription inhibitors appeared to yield distinct impacts on 

centromeric transcription.[14,26] However, transcriptional activity (ongoing transcription) at 

centromeres were not rigorously examined in those studies as either only total centromeric 

RNAs or centromere localized RNAs (might not be generated from centromeres) were 

interrogated. Therefore, it is not clear whether ongoing centromeric transcription was 

indeed repressed. In addition, differential application durations and doses of transcription 

inhibitors could also contribute to the observed difference. Then, why are some of 

transcriptional factors not required for centromeric transcription? The answers might lie in 

the specific structures of centromeric DNA. Although they are very divergent across species, 

centromeric DNA sequences contain a number of dyad symmetries.[35] Dyad symmetries 

tend to make centromeres adopt non-B form DNA conformations such as stem loop and 

cruciform, which might allow centromeric transcription to be less dependent on some 

transcriptional initiation factors (Figure 2). In addition, R-loops of an RNA-DNA duplex 

have been found to be present at centromeres,[36] which might also promote transcriptional 

activation at centromeres.[37,38] In future, it will be interesting to screen all the known 

transcriptional initiation factors for their requirement for centromeric transcription. Such a 

study would provide a more comprehensive view of the “unique” centromeric transcription. 

Chen et al. Page 5

Bioessays. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As transcription inhibitors had similar effects on transcription at both mitotic and interphase 

centromeres in our studies, it is very likely that centromeric transcription is subject to 

similar regulation in both mitosis and interphase (Figure 2). However, it is also possible 

that centromeric transcription initiates in interphase and then maintains in mitosis. Notably, 

unlike human cells, triptolide that inhibits TFIIH largely suppressed ongoing centromeric 

transcription of X chromosomes in drosophila S2 cells,[6,11] suggesting that some of 

drosophila centromeres are subject to transcriptional initiation regulation. Thus, centromeric 

DNA structures might vary a lot across species. In future, it would also be interesting to 

survey for the dependency of centromeric transcription on transcriptional initiation among 

distinct organisms, which may help us further understand the evolution of centromeric DNA 

structures.

In addition to the DNA sequence-based regulation, centromeric transcription is also subject 

to epigenetic regulation by histone tail modifications (Figure 2). Centromeric chromatin 

is marked with histone H3 lysine 4 and lysine 36 methylations (H3K4me1, H3K4me2, 

H3K36me2, and H3K36me3).[39–41] These transcriptionally active histone modifications 

render the centromeric chromatin “transcription-permissive,” but how they regulate 

centromeric transcription is still vague although they seem to be important for transcription 

at human artificial centromeres.[42] We recently demonstrated that expression of the CENP-

B DNA-binding domain significantly increased H3K4me2 levels at centromeres, not at 

gene regions[11]; accordingly, increased centromeric transcription was also observed. These 

findings provide strong evidence to support the positive role of H3K4me2 in regulating 

centromeric transcription and also suggest that CENP-B might be involved in the regulation 

of H3K4me2 at centromeres (Figure 2). In addition to H3K4 methylation and CENP-B, 

other histone modifications and regulatory factors were recently found to be involved in the 

regulation of centromeric transcription.[43,44] In future, it would be intriguing to identify 

more of such histone modifications or regulatory factors that are important for centromeric 

transcription and then determine how they work to regulate centromeric transcription.

CONCLUSION AND OUTLOOK

It has been established that centromeric transcription promotes CENP-A deposition into 

centromeric chromatin, thus maintaining centromere identity. We have recently discovered 

a novel role of centromeric transcription in centromere functions in human cells: 

maintaining centromeric cohesion. Interestingly, these two processes appear to require 

ongoing centromeric transcription. Based on the current findings, we propose the following 

working model to explain how centromeric transcription maintains centromeric cohesion: 

at early mitosis, Sgo1 is carried by RNAPII to approach inner centromeres, where it 

binds cohesin to preserve centromeric cohesion (Figure 1). The retained cohesin may 

conversely promote centromeric transcription, which further facilitates Sgo1 relocation. 

This potential positive feedback loop might thus provide a critical mechanism to enable 

timely and rapid protection of centromeric cohesion at early mitosis. In further, it would 

be important to understand in great details how this positive loop functions to protect 

centromeric cohesion. Comprehensively characterizing the centromeric RNA transcripts 

is necessary for further understanding of their functions. In this regard, long-read RNA-

Seq and the recent accomplishment of human centromere assembly could offer a great 
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help. In addition, mass spectrometry can be applied to identify the binding proteins of 

centromeric RNAs, thus helping understand the functions of centromeric RNAs. Finally, 

as suggested by our results, the centromere may not require some of transcriptional 

initiation factors for its transcription in human cells. This “uniqueness” might render the 

regulation of centromeric transcription not as restrictive as that of gene transcription, thus 

ensuring ongoing transcription to constantly occur at centromeres during the cell cycle 

to fulfill its duties: deposition of CENP-A into centromeric chromatin and maintenance 

of centromeric cohesion. As stated above, the specific non-B type DNA structures 

that centromeres can form probably determine the “unique” regulation of centromeric 

transcription. In future, identifying the transcriptional initiation factors that are not required 

for centromeric transcription and reconstructing centromeric transcription in vitro would 

provide a comprehensive understanding of the “unique” centromeric transcription. As 

aberrant overexpression of centromeric RNAs were found in human cancer tissues,[45] the 

understanding of centromeric transcription regulation could offer new therapeutic strategies 

to combat human malignancies.
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FIGURE 1. 
Working model of centromeric transcription installing Sgo1 onto inner centromeres. At early 

mitosis, Sgo1 is recruited to the kinetochore-proximal region through binding to phospho-

T120 H2A-containing nucleosomes and then relocated by RNAPII-dependent transcription 

to inner centromeres, where it binds to cohesin to protect centromeric cohesion. Cohesin 

conversely promotes centromeric transcription, which may further facilitate Sgo1 relocation.
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FIGURE 2. 
Centromeric transcription may be regulated at the levels of DNA sequences and histone 

tail modifications. Top panel: Centromeres tend to adopt non-B form DNA conformations 

such as stem loop, which might allow centromeric transcription to be less dependent on 

some transcriptional initiation factors. Bottom panel: The histone modification H3K4me2 

renders the centromeric chromatin “transcription-permissive,” which may be required for 

centromeric transcription. Centromere proteins including CENP-B might be involved in the 

regulation of H3K4me2. The lysine methyltransferase(s) (KMT) responsible for H3K4me2 

at centromeres is yet to be identified.

Chen et al. Page 11

Bioessays. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	ONGOING CENTROMERIC TRANSCRIPTION MAINTAINS CENTROMERIC COHESION
	FUNCTIONS OF CENTROMERIC RNA TRANSCRIPTS
	UNDERLYING MECHANISMS OF CENTROMERIC TRANSCRIPTION-MAINTAINED CENTROMERIC COHESION
	THE “UNIQUENESS” OF CENTROMERIC TRANSCRIPTION
	CONCLUSION AND OUTLOOK
	References
	FIGURE 1
	FIGURE 2

