
Molecular Biology of the Cell • 35:ar18, 1–17, February 1, 2024� 35:ar18, 1  

MBoC  |  ARTICLE

CDK11 facilitates centromeric transcription to 
maintain centromeric cohesion during mitosis

ABSTRACT  Actively-transcribing RNA polymerase (RNAP)II is remained on centromeres to 
maintain centromeric cohesion during mitosis, although it is largely released from chromo-
some arms. This pool of RNAPII plays an important role in centromere functions. However, 
the mechanism of RNAPII retention on mitotic centromeres is poorly understood. We here 
demonstrate that Cyclin-dependent kinase (Cdk)11 is involved in RNAPII regulation on mitotic 
centromeres. Consistently, we show that Cdk11 knockdown induces centromeric cohesion 
defects and decreases Bub1 on kinetochores, but the centromeric cohesion defects are par-
tially attributed to Bub1. Furthermore, Cdk11 knockdown and the expression of its kinase-
dead version significantly reduce both RNAPII and elongating RNAPII (pSer2) levels on cen-
tromeres and decrease centromeric transcription. Importantly, the overexpression of 
centromeric α-satellite RNAs fully rescues Cdk11-knockdown defects. These results suggest 
that the maintenance of centromeric cohesion requires Cdk11-facilitated centromeric tran-
scription. Mechanistically, Cdk11 localizes on centromeres where it binds and phosphorylates 
RNAPII to promote transcription. Remarkably, mitosis-specific degradation of G2/M Cdk11-
p58 recapitulates Cdk11-knockdown defects. Altogether, our findings establish Cdk11 as an 
important regulator of centromeric transcription and as part of the mechanism for retaining 
RNAPII on centromeres during mitosis.

INTRODUCTION
The noncoding centromere, a specialized region of a chromosome, 
dictates the assembly of kinetochore that is essential for proper 
chromosome segregation during mitosis. Such a critical centromere 
function is conserved across eukaryotes and is determined by the 
centromere-specific histone H3 variant CENP-A (McKinley and 
Cheeseman, 2016). Proper incorporation of CENP-A into centro-
meric chromatin is prerequisite for CENP-A to fulfill its duty. Unlike 
canonical histones that are usually incorporated into chromatin in a 
DNA duplication-dependent manner during S phase, newly synthe-
sized CENP-A is instead deposited into centromeric chromatin inde-
pendently of DNA replication mainly during G1 phase (Jansen et al., 
2007; Schuh et al., 2007). This process requires RNA polymerase 
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•	 RNAPII localizes to the centromere to promote its function, but how RNAPII is regulated at centro-
meres is poorly understood.

•	 We hereby identify Cdk11 as part of the mechanism to maintain centromeric RNAPII during mitosis.

•	 This finding uncovers a new mechanism controlling proper chromosome segregation.
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(RNAP)II-catalyzed transcription (Bobkov et  al., 2018; Bury et  al., 
2020), suggestive of an essential role of centromeric transcription in 
centromere functions. In addition to in interphase, centromeric tran-
scription is also undergoing during mitosis (Chan et al., 2012; Liu 
et al., 2015; Bobkov et al., 2018; Perea-Resa et al., 2020; Chen et al., 
2021). The ongoing centromeric transcription facilitates the install-
ment of an essential cohesion-protector Sgo1 onto centromeres to 
protect centromeric cohesion during mitosis in human cells (Liu 
et al., 2015; Chen et al., 2021). Thus, centromeric transcription plays 
diverse critical roles in regulating centromere functions and chromo-
some segregation (Talbert and Henikoff, 2018).

As such, how centromeric transcription is regulated is poorly un-
derstood. In budding yeast, centromere-binding factor cbf1 and 
histone H2A variant Htz1 have been demonstrated to repress cen-
tromeric transcription (Ling and Yuen, 2019). In human cells, the 
nucleolus and ZFAT was suggested to regulate centromeric tran-
scription as well (Bury et al., 2020; Ishikura et al., 2020). Thus, there 
exist factors that may be more specific for centromeric transcription. 
Identification of these factors would be a great help of understand-
ing the regulation of centromeric transcription. When cells enter 
mitosis, RNAPII and its associated factors are largely released from 
chromosomes, thus leading to a global suppression for transcription 
(Parsons and Spencer, 1997; Palozola et al., 2018; Teves et al., 2018). 
However, a pool of RNAPII is remained on mitotic centromeres to 
actively transcribe centromeres (Chan et al., 2012; Liu et al., 2015; 
Bobkov et  al., 2018; Perea-Resa et  al., 2020; Chen et  al., 2021). 
Therefore, a mechanism must exist to maintain active RNAPII on 
centromeres during mitosis. Identification of the factors specific to 
centromeric transcription during mitosis would help resolve such a 
mechanism.

Cdk11 belongs to the cyclin-dependent kinase family, which con-
tains several members that are important for transcriptional regula-
tion, including Cdk7 and Cdk9 (Chou et al., 2020). These kinases 
phosphorylate either RNAPII at Ser5 to facilitate transcriptional initia-
tion or RNAPII at Ser2 to promote transcriptional elongation, estab-
lishing these kinases as universal regulators for RNAPII gene tran-
scription (Lu et al., 1992; Serizawa et al., 1995; Peng et al., 1998; Fu 
et al., 1999; Spangler et al., 2001). Interestingly, extensive studies 
have suggested important roles of Cdk11 in transcriptional regula-
tion. First, Cdk11 regulates mRNA splicing and processing (Loyer 
et al., 1998; Dickinson et al., 2002; Trembley et al., 2002; Hu et al., 
2003; Loyer et al., 2008; Valente et al., 2009; Pak et al., 2015; Hluchy 
et al., 2022). Secondly, in fission yeast, Cdk11 has been shown to 
phosphorylate the transcriptional-mediator complex (Drogat et al., 
2012). In addition, Cdk11 can also directly phosphorylate the Ser2 of 
the RNAPII CTD to regulate HIV viral transcription (Pak et al., 2015). 
More recently, Gajduskova et  al. (2020) showed that Cdk11 pro-
motes the transcription of replication-dependent histone (RDH) 
genes via phosphorylating Ser2 of the RNAPII CTD. These observa-
tions suggest that, unlike the universal transcriptional regulators 
Cdk7 and Cdk9, Cdk11 may function exclusively on a subset of 
genes to enhance their transcription, which might be important for 
some specific cellular needs. As such, it would be of interest to de-
termine whether Cdk11 could also be important for the transcription 
of noncoding DNA sequences, such as centromeres. Several previ-
ous observations suggested that Cdk11 is involved in centromere 
regulation. Cdk11 knockout in mice resulted in early embryonic le-
thality due to apoptosis of the blastocyst cells (Li et al., 2004). Cells 
within these embryos exhibited mitotic arrest (Li et al., 2004). Cdk11 
knockdown in human cells also caused increase in mitosis-arrested 
cells that suffered severe centromeric cohesion defects (Hu et al., 
2007; Rakkaa et  al., 2014). All these findings highlight the impor-

tance of Cdk11 in regulating centromeric cohesion. Interestingly, a 
Cdk11 isoform p58 is generated from an internal ribosomal site on 
Cdk11 mRNAs exclusively during G2/M phase (Xiang et al., 1994; 
Cornelis et al., 2000), suggesting a potential important role of Cdk11-
p58 in mitotic regulation. Based on these observations, together 
with our findings that centromeric transcription facilitates centro-
meric cohesion, we thereby hypothesized that Cdk11 might pro-
mote centromeric transcription to maintain centromeric cohesion.

In this study, we address whether and how Cdk11 regulates cen-
tromeric transcription in human cells. Cdk11 knockdown signifi-
cantly reduces RNAPII and RNAPII-pSer2 levels at centromeric chro-
matin, reduces centromeric transcription and weakens centromeric 
cohesion. Overexpression of centromeric a-satellite RNAs com-
pletely rescues Cdk11-knockdown phenotypes. Importantly, mito-
sis-specific degradation of G2/M Cdk11 p58 recapitulates Cdk11-
knockdown defects. Thus, our findings establish Cdk11 as an 
important regulator of centromeric transcription as well as part of 
the mechanism for retaining RNAPII on centromeres during mitosis.

RESULTS
Cdk11 knockdown moderately decreases Bub1 recruitment 
to kinetochores
Cdk11 knockdown resulted in centromeric cohesion defects in mito-
sis and the defects had been attributed to decreased Bub1 recruit-
ment to kinetochores (Hu et al., 2007; Rakkaa et al., 2014). To con-
firm the role of Bub1 in Cdk11-mediated centromeric cohesion, we 
reexamined Bub1 kinetochore localization in Cdk11-knockdown 
cells. We transfected HeLa Tet-On cells with luciferase (mock) or two 
distinct Cdk11 siRNA oligos (#1 and #6) and then collected mitotic 
cells for chromosome spread and immunostaining after brief no-
codazole treatment. As a comparison, Bub1 siRNA oligos were also 
included. Western-blot analyses demonstrated that both Cdk11 
siRNA oligos dramatically decreased the protein levels of Cdk11-
p110 in log-phase cells and the ones of Cdk11-p110 and -p58 in 
mitosis (Figures 2F; Supplemental Figures S4, B and C). Consistently, 
Bub1 levels on kinetochores were decreased by more than 90% 
upon Bub1 knockdown, whereas Cdk11 knockdown only moder-
ately reduced Bub1 levels by ∼40% (Figures 1, A and B). Approxi-
mately 90% of Cdk11-knockdown cells exhibited impaired centro-
meric cohesion. Further analyses demonstrated a heterogeneity of 
Bub1 kinetochore localizations among these cells (Figure 1A). While 
Bub1 levels were reduced at kinetochores in 47% of cells after 
Cdk11 knockdown, 32% of Cdk11-knockdown cells still showed 
strong Bub1 signals with weakened centromeric cohesion and 11% 
of Cdk11-knockdown cells showed strong Bub1 signals with severely 
impaired centromeric cohesion (Figure 1A). Importantly, with such a 
milder decrease in Bub1 levels on kinetochores, Cdk11 knockdown 
even induced more severe centromeric cohesion defects than Bub1 
knockdown, revealed by the increased sister-centromeres distance 
(Figure 1, B and C). These results strongly suggest that other factors 
beyond Bub1 also contribute to Cdk11-regulated centromeric cohe-
sion. Bub1 recruitment to kinetochores is dependent on the Mps1 
phosphorylation of Knl1 MELT domains (Primorac et al., 2013; Zhang 
et  al., 2014). To further understand how Cdk11 knockdown de-
creased Bub1 recruitment to kinetochores, we analyzed Knl1 phos-
pho-MELT levels on kinetochores in Cdk11-knockdown cells. We 
transfected HeLa Tet-On cells with luciferase (mock) or Cdk11 siR-
NAs and then collected them for chromosome spread and immu-
nostaining after brief nocodazole treatment. Interestingly, Cdk11 
knockdown decreased the levels of Knl1 phospho-MELT by ∼40% 
(Figure 1, D and E) on kinetochores, likely explaining why Bub1 
kinetochore recruitment is impaired in Cdk11-knockdown cells.
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Bub1 enriches Sgo1 to centromeres during mitosis (Tang et al., 
2004; Kitajima et  al., 2005; Kawashima et  al., 2010). If Bub1 de-
crease from kinetochores was responsible for Cdk11-knockdown–in-
duced centromeric cohesion defects, Sgo1 would also be expected 
to decrease from centromeres. We transfected HeLa Tet-On cells 
with luciferase (mock) or Cdk11 siRNAs and then collected mitotic 
cells for chromosome spread and immunostaining after brief no-
codazole treatment. In more than 80% of nocodazole-arrested 
mock-treated HeLa Tet-On cells, Sgo1 localized to inner centro-
meres with robust centromeric cohesion (Figure 1, F and G). In con-
trast, three types of Sgo1 localization patterns were observed in 
nocodazole-arrested Cdk11-knockdown cells: strong inner-centro-
meric Sgo1 localization with normal centromeric cohesion (type I, 
∼20%), reduced centromeric Sgo1 localization with weakened cen-
tromeric cohesion (type II, ∼35%), and robust centromeric Sgo1 lo-
calization with weakened centromeric cohesion (type III, ∼45%). 
Again, Heterogeneity of Sgo1 localizations on kinetochores in 
Cdk11-knockdown cells was observed, like Bub1. Thus, other 
pathway(s) beyond the Bub1-Sgo1 pathway may also contribute to 
Cdk11-regulated centromeric cohesion.

Ectopic targeting of Bub1 to kinetochores partially rescues 
centromeric cohesion defects upon Cdk11 knockdown
To further assess to what extent Bub1 contributes to Cdk11-medi-
ated centromeric cohesion, we decided to target Bub1 to kineto-
chores by fusing it with kinetochore protein Mis12. Functionality of 
this fusion protein Mis12-Bub1 was firstly examined. We transfected 
HeLa Tet-On cells with Bub1 siRNAs and plasmids containing GFP-
Mis12-Bub1 (kinase domain, resides: 633-1085) WT or kinase dead 
(KD). After brief nocodazole treatment, we collected mitotic cells for 
chromosome spread followed by immunostaining to examine Sgo1 
localization. Consistent with the previous findings (Tang et al., 2004; 
Kitajima et al., 2005; Liu et al., 2013; Williams et al., 2017), Bub1 
knockdown dramatically decreased Sgo1 levels from centromeres 
(Figure 2, A and B, upper panel; Supplemental Figure S1A). Expres-
sion of GFP-Mis12-Bub1 WT, not KD, completely restored Sgo1 lev-
els in Bub1-knockdown cells (Figure 2, A and B, upper panel; Sup-
plemental Figure S1A) albeit they both localized to kinetochores 
similarly (Figure 2B, lower panel). Thus, Mis12 can effectively target 
fully functional Bub1 to kinetochores. We next examined the extent 
to which these fusion proteins rescued the phenotypes of Cdk11 
knockdown. Consistently, Cdk11 knockdown moderately decreased 
Sgo1 localization on centromeres and significantly weakened cen-
tromeric cohesion (Figure 2, C and D; Supplemental Figure S1C). 
Expression of GFP-Mis12-Bub1 WT, not KD, fully restored centro-
meric Sgo1 levels but only partially rescued the centromeric cohe-
sion defects (Figure 2D; Supplemental Figure S1C). Detailed analy-
ses revealed that expression of WT only reduced the number of type 
II cells (from ∼20 to ∼5%), but barely affected type III cells (from ∼45 
to ∼48%; Figure 2E). These results further confirm that the Bub1-
Sgo1 pathway partially contributes to Cdk11-regulated centromeric 
cohesion. Other unknown mechanisms are yet to be uncovered.

Cdk11 is an important regulator of mRNA splicing and process-
ing (Loyer et al., 1998; Dickinson et al., 2002; Trembley et al., 2002; 
Hu et al., 2003; Loyer et al., 2008; Valente et al., 2009). Defective 
mRNA splicing has been shown to decrease the protein levels of an 
essential cohesion protector Sororin, leading to centromeric cohe-
sion defects (Oka et al., 2014; Sundaramoorthy et al., 2014; van der 
Lelij et  al., 2014; Watrin et  al., 2014). We therefore examined 
whether Cdk11-knockdown–induced centromeric cohesion defects 
were a consequence of reduced protein levels of Sororin and/or 
other cohesion regulators. Western-blot analyses demonstrated 

that none of Smc1, Bub1, Sgo1, and Sororin protein levels was sig-
nificantly changed in Cdk11-knockdown cells (Figure 2F). Thus, co-
hesin and the critical cohesion regulators are unlikely involved in 
Cdk11-regulated centromeric cohesion regulation. However, we 
cannot completely exclude the possibility that Cdk11-mediated 
mRNA splicing of other factors contributes to the maintenance of 
centromeric cohesion.

Cdk11 and its kinase activity maintain RNAPII and RNAPII-
pSer2 on centromeres in both mitosis and interphase
Centromeric transcription maintains centromeric cohesion and 
Cdk11 is a transcription regulator (Loyer and Trembley, 2020; Chen 
et al., 2021). We therefore hypothesized that in addition to promot-
ing Bub1, Cdk11 facilitates centromeric transcription to maintain 
centromeric cohesion. To test this hypothesis, we first examined 
how Cdk11 regulates RNAPII and elongating RNAPII (pSer2) as 
RNAPII is enriched at human centromeres during mitosis (Chan 
et al., 2012; Liu et al., 2015; Perea-Resa et al., 2020; Chen et al., 
2021). We transfected HeLa Tet-On cells with luciferase (mock) or 
distinct Cdk11 siRNAs. After brief nocodazole treatment, we col-
lected mitotic cells for chromosome spread and immunostaining. 
Two different types of RNAPII antibodies were used to recognize 
total (4H8) and phospho-Ser2 (H5) of RNAPII on centromeres (Chan 
et al., 2012; Liu et al., 2015; Chen et al., 2021). Consistently, robust 
RNAPII and RNAPII-pSer2 signals were detected in mock centro-
meres (Figure 3, A and E). Encouragingly, Cdk11 knockdown by two 
distinct siRNAs largely decreased both RNAPII and RNAPII-pSer2 
signals on centromeres (Figure 3, B and F); at the same time, these 
cells suffered centromeric cohesion defects (Figure 3G). Decreased 
RNAPII-pSer2 levels and weakened centromeric cohesion were also 
observed in nocodazole-arrested mitotic nontransformed RPE1 cells 
of Cdk11 knockdown, suggesting that Cdk11-knockdown–caused 
phenotypes are not cell type-specific (Figure 3, C and D; Supple-
mental Figure S2A). In addition, using chromatin immunoprecipita-
tion (ChIP), we found that Cdk11 knockdown decreased RNAPII-
pSer2 levels on centromeres, but did not do so on two intergenetic 
regions in log-phase HeLa Tet-On cells (Figure 3I; Supplemental 
Figure S2C). Thus, Cdk11 promotes RNAPII association with centro-
meres in both mitosis and interphase.

We next determined whether Cdk11 kinase activity is required 
for RNAPII localization on centromeres. As our siRNA oligos knocked 
down two major isoforms (p110 and p58; Supplemental Figure S4, 
B and C), we examined RNAPII levels on centromeres in cells ex-
pressing either transgenic Cdk11-p110 or -P58 after Cdk11 knock-
down. We knocked down endogenous Cdk11 in HeLa Tet-On cells 
stably expressing Myc-Cdk11-p110 WT or KD mutant, and then 
then harvested mitotic cells for chromosome spread and immunos-
taining after brief nocodazole treatment. Western blot analyses 
showed that Myc-Cdk11-p110 WT and KD were expressed at a 
comparable level in Cdk11-knockdown cells (Figure 3H). Expression 
of Myc-Cdk11-p110 WT completely restored RNAPII levels on cen-
tromeres, but Cdk11-p110 KD failed to do so (Figure 3, E and F), 
suggesting that the Cdk11-p110 kinase activity is required for the 
centromeric localization of RNAPII. Accordingly, expression of 
Cdk11-p110 WT, not KD, also completely rescued centromeric co-
hesion defects and Sgo1 levels (Figure 3, E and F; Supplemental 
Figure S2B). We then examined the effect of Cdk11-p58 on centro-
meric RNAP II, an isoform that is specifically expressed at G2/M 
phase and plays an essential role in protecting centromeric cohe-
sion during mitosis (Hu et al., 2007; Rakkaa et al., 2014). We trans-
fected HeLa Tet-on cells with endogenous Cdk11 knockdown with 
vector, myc-Cdk11-p58 WT, or KD mutant, and collected cells for 
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FIGURE 1:  Cdk11 knockdown partially decreases Bub1 and Knl1 p-MELT levels on kinetochores. (A) Bub1 levels on 
kinetochores are moderately reduced by Cdk11 knockdown. Nocodazole-arrested HeLa Tet-On cells were transfected 
with luciferase (mock), Bub1 or Cdk11 (#1 and #6) siRNAs and then subjected to chromosome spread and 
immunostaining with the indicated antibodies. Heterogeneity of Bub1 localizations on kinetochores in Cdk11-knockdown 
cells was observed. Percentage of each type of Bub1 localization patterns is shown in the right panel: strong kinetochore 
Bub1 localization with weakened centromeric cohesion (32%), reduced kinetochore Bub1 localization with weakened 
centromeric cohesion (38%), strong kinetochore Bub1 localization with severely impaired centromeric cohesion (11%), 
and reduced kinetochore Bub1 localization with severely impaired centromeric cohesion (9%). Scale bars, 5 μm and 1 μm, 
respectively. (B and C) Quantifications of relative Bub1 levels (Bub1/ACA, B) and the distance of inter-sister centromeres 
(C) in (A). These quantifications were performed based on two independent experiments. In total, 195, 117, 236, and 
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142 centromeres were scored for mock, siBub1, siCdk11 #1, and siCdk11 #6, respectively, in (B); 320, 210, 360, and 225 
sister-centromere pairs were scored for mock, siBub1, siCdk11 #1 and siCdk11 #6, respectively, in (C) The pooled data is 
grey-coded. The mean calculated from each biological replicate is color-coded. The average and SD calculated from 
means of two biological replicates are shown here. Differences were assessed using ANOVA followed by pairwise 
comparisons using Tukey’s test. Two-tailed test were used. Quantification details hereafter were recorded in the section 
of Materials and Methods. (D) Knl1 p-MELT levels on kinetochores are reduced by Cdk11 knockdown. Nocodazole-
arrested HeLa Tet-On cells were transfected with luciferase (mock) and Cdk11 (#1 and #6) siRNAs and then subjected to 
chromosome spread and immunostaining with the indicated antibodies. Scale bars, 5 μm and 1 μm, respectively. 
(E) Quantification of relative p-MELT intensity (p-MELT/ACA) in (D). The quantification was performed based on three 
independent experiments. In total, 244, 234, and 228 centromeres were scored for mock, siCdk11 #1 and siCdk11 #6, 
respectively. The pooled data is grey-coded. The mean calculated from each biological replicate is color-coded. The 
average and SD calculated from means of three biological replicates are shown here. Differences were assessed using 
ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. (F) Sgo1 localization in 
Cdk11-knockdown cells. Nocodazole-arrested HeLa Tet-On cells were transfected with luciferase (mock) or Cdk11 (#1) 
siRNAs and then subjected to chromosome spread and immunostaining with the indicated antibodies. Scale bars, 5 μm 
and 1 μm, respectively. (G) Quantification of Sgo1 localization patterns in Cdk11-knockdown cells. Three types of Sgo1 
localization patterns were observed: strong inner-centromeric Sgo1 localization with normal centromeric cohesion (type 
I), reduced centromeric Sgo1 localization with weakened centromeric cohesion (type II), and robust centromeric Sgo1 
localization with weakened centromeric cohesion (type III). In total, 167 and 124 cells were scored for mock and siCdk11 
#1, respectively. The quantification was carried out based on three independent repeats. The average and SD calculated 
from at least three independent experiments are shown here. Differences were assessed using t test. Two-tailed test 
were used. ns denotes not significant; **, P < 0.01; ***, P < 0.001.

chromosome spread and immunostaining after brief nocodazole 
treatment. Similarly, Cdk11-p58 WT completely restored RNAPII 
levels and centromeric cohesion defects in Cdk11-knockdown cells, 
but KD failed to do so (Supplemental Figure S3, A–D). These results 
suggest that either Cdk11-p110 activity or -p58 activity is sufficient 
for RNAPII retention on centromeres during mitosis. Cdk11-p110 or 
-p58 may collaborate to maintain RNAP II on centromeres.

Mitosis-specific degradation of Cdk11 results in centromeric 
cohesion defects and dislodges RNAPII from centromeres
As Cdk11 is also required for maintaining RNAPII on centromeres 
in interphase, reduced RNAPII levels on centromeres in mitosis 
could be a legacy inherited from interphase. Therefore, we sought 
to determine whether mitotic Cdk11 is required for maintaining 
RNAPII on centromeres and to examine centromeric cohesion dur-
ing mitosis by mitosis-specifically degrading G2/M Cdk11-p58. We 
transfected HeLa Tet-On cells stably expressing the auxin (indole-3 
acid, IAA) receptor Myc-TiR1 with siCdk11 and GFP-AID-Cdk11-
p58, and then treated cells with nocodazole. Nocodazole-arrested 
mitotic cells were harvested and further treated with IAA for 3 h 
(Figure 4A). Western blot analyses demonstrated that GFP-AID-
Cdk11-p58 protein levels were largely degraded 3 h after auxin 
treatment (Figure 4B), validating this system. Consistently, expres-
sion of GFP-AID-Cdk11-p58 completely rescued the reduced RNA-
PII levels on centromeres and centromeric cohesion defects in 
Cdk11-knockdown cells (Figure 4, C–E). Strikingly, degradation of 
GFP-AID-Cdk11-p58 by IAA treatment recapitulated the defects by 
Cdk11 knockdown, thus supporting that mitotic Cdk11 is required 
for maintaining centromeric RNAPII and centromeric cohesion dur-
ing mitosis.

As Cdk11 knockdown decreased centromeric RNAPII levels in mi-
tosis, we reasoned that Cdk11 overexpression could increase them. 
To test this, we examined centromeric RNAPII in nocodazole-arrested 
HeLa Tet-On cells stably expressing Myc-Cdk11-p110 or -p58. As 
expected, expression of both isoforms of Cdk11 augmented RNAPII 
signals on centromeres (Figure 4, F and G; Supplemental Figure 
S4D). Surprisingly, an increase of ectopic RNAPII on chromosome 
arms was also observed in some of Cdk11-p58 cells (Figure 4H), likely 
due to its overexpression (Supplemental Figure S4A)

Cdk11 localizes to chromatin including centromeres in both 
mitosis and interphase
We next sought to determine whether Cdk11 could localize to 
centromeres as it regulates centromeric RNAPII. We performed 
chromosome spread followed by immunostaining in nocodazole-
arrested HeLa Tet-On cells. As shown in Figure 5A, Cdk11 signals, 
validated by Cdk11 knockdown, were detected along the entire 
length of mitotic chromosomes with a slight enrichment on some 
centromeres (Figure 5, A and B;Supplemental Figure S4E), which 
supports a direct role of Cdk11 in regulating centromere tran-
scription. Because expression of either Cdk11-p110 or -p58 could 
rescue centromeric cohesion defects and reduced centromeric 
RNAPII levels in Cdk11-knockdown cells, we speculated that both 
isoforms could localize on centromeres for their functions. To test 
this, we examined Cdk11 localization in Cdk11 knockdown Hela 
Tet-on cells stably expressing Cdk11-p110 or -p58 and found that 
the expression of either Cdk11-p110 or -p58 completely restored 
Cdk11 levels on centromeres as well as chromosome arms in 
Cdk11-knockdown cells (Figure 5, C–E). At the same time, re-
duced RNAPII levels were also rescued upon expression of Cdk11-
p110 or -p58 (Figure 5D), suggestive of a critical role of Cdk11 in 
maintaining RNAPII on centromeres. These results also suggest 
that centromere-localized Cdk11-p110 and -p58 likely play a simi-
lar role in retaining active RNAPII for centromeric cohesion main-
tenance in mitosis. Noticeably, Cdk11 was often found to localize 
to chromosome arms, indicating that Cdk11-regulated RNAPII 
may not be specific to centromeres. In the future, it will be of our 
interest to determine why centromeric pool, not chromosome-
arm pool of Cdk11 supports active RNAPII transcription during 
mitosis.

To determine whether Cdk11 is also localized on centromeres 
in interphase, we performed ChIP to detect the presence of 
Cdk11-p110 on centromeres. As shown in Figure 5F, Myc-Cdk11 
was detected at both the tested gene regions, including RDH 
genes (Gajduskova et  al., 2020), and centromeres, suggesting 
that Cdk11 can localize to centromeres in interphase cells albeit 
its localization may not be specific to centromeres. Taken all the 
results together, Cdk11 localizes on centromeres in both mitosis 
and interphase.
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FIGURE 2:  Ectopically targeting Bub1 to kinetochore partially relieves centromeric cohesion defects in Cdk11-
knockdown cells. (A) Targeting Bub1 kinase domain to kinetochores by Mis12 fully rescues Sgo1 localization defects on 
kinetochores in Bub1-knockdown cells. HeLa Tet-On cells treated with luciferase (mock) or Bub1 siRNAs were 
transfected with vector or GFP-Mis12-Bub1 (631-1085) WT or KD (D946N). Cells were then treated with nocodazole for 
2 h and mitotic cells were collected for chromosome spread and immunostaining with the indicated antibodies. Scale 
bars, 5 μm and 1 μm, respectively. (B) Quantifications of relative Sgo1 levels on centromeres (Sgo1/ACA, top panel) and 
GFP levels on kinetochores (GFP/ACA, bottom panel) in (A). These quantifications were performed based on three 
independent experiments. In total, 197, 188, 194, and 188 centromeres were scored for mock, siBub1, GFP-Mis12-Bub1 
WT and KD, respectively. The pooled data is grey-coded. The mean calculated from each biological replicate is 
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Cdk11-p110 and -p58 both physically interact with RNAPII 
in cells
Cdk11-p110 was shown to bind the CTD of RNAPII in vivo (Trembley 
et al., 2003), and phosphorylate RNAPII at Ser2 (Gajduskova et al., 
2020). We then examined whether the binding of Cdk11 with RNA-
PII is dependent on its kinase activity in cells. HeLa Tet-On cells 
stably expressing Myc-Cdk11-p110 WT or KD were cross-linked 
with formaldehyde and the resulting cell lysates were subjected to 
RNAPII immunoprecipitation (IP). As a result, both Myc-Cdk11-p110 
WT and KD bound with RNAPII (Figure 6A), suggesting that the 
Cdk11-RNAPII binding is independent of Cdk11 kinase activity. We 
also found that Cdk11-p58 also physically interacted with RNAPII 
(Figure 6B). As Cdk11-p58 shares the same C-terminus with Cdk11, 
it is very likely that Cdk11 binds to RNAPII through its C-terminus.

Cdk11 knockdown or expression of its kinase-dead version 
decreases the levels of centromeric α-satellite RNAs
As Cdk11 is required for maintaining active RNAPII on centromeres, 
we then sought to determine how Cdk11 regulates centromeric α-
satellite RNAs. We transfected different Cdk11 siRNAs into HeLa 
Tet-on cells and then extracted total RNAs for real-time PCR analysis 
using two gene primers (GAPDH and RPL30) and two centromeric 
α-satellite primers (α-Sat-4 and α-Sat-13/21). Although four distinct 
Cdk11 siRNA oligos had varying effects on the amounts of the 
tested mRNAs, slightly decreasing GAPDH and increasing RPL30, 
the amounts of centromeric α-satellite RNAs on Sat-4 and Sat-13/21 
were unanimously reduced to varying levels (Figure 7A), suggesting 
that Cdk11 promotes centromeric transcription. To further confirm 
this, we also examined the effects of Cdk11 knockdown on centro-
meric α-satellite RNAs derived from other alpha-satellite higher-or-
der repeats (HORs). Surprisingly, Cdk11 knockdown tended to de-
crease alpha-satellite HOR RNAs with lower CT values (D18Z1, 
D19Z5, and D21Z1), but not the ones with higher CT values (D1Z7, 
D8Z2, D16Z2, and D18Z2; Figure 7B), suggesting that centromeric 
regions with higher transcriptional activities are more prone to 
Cdk11 regulation. We next determined whether Cdk11 regulates 
transcriptional activity on centromeres by examining 5′-Ethynyl Uri-
dine (EU)-labeled nascent RNA transcripts. We transfected HeLa 
Tet-on cells with Cdk11 siRNAs into and then chased with EU 1 h 
before harvest. EU-labeled RNAs were then purified and subjected 

to real-time PCR analysis. Consistently, Cdk11 knockdown only 
slightly affected the transcriptional activities on GAPDH and RPL30 
genes (Figure 7C). In contrast, Cdk11 knockdown significantly re-
duced the transcriptional activities on the two tested centromeric 
regions. Neither gene nor centromeric transcription was affected by 
Bub1 knockdown in interphase cells. These results, together with its 
requirement in maintaining active RNAPII on centromeres, indicate 
that Cdk11 facilitates centromeric transcription directly via RNAPII.

We next determined whether Cdk11 kinase activity is required 
for centromeric transcription. We transfected HeLa Tet-on cells sta-
bly expressing Myc-Cdk11-p110 WT or KD with Cdk11 siRNAs and 
then extracted total RNAs for real-time PCR analysis. Expression of 
Myc-Cdk11-p110 WT, not KD, largely restored the decreased α-
Sat-4 and α-Sat13/21 RNAs in Cdk11-depleted cells, while it had 
varying effects on the expression of the tested genes (Figure 7D). 
Thus, Cdk11 kinase activity is required for efficient centromeric 
transcription.

Previous studies showed that Cdk11 knockdown can alter cell-
cycle profile (Hu et al., 2007; Zhou et al., 2015), suggestive of a pos-
sibility that Cdk11-knockdown–caused change of centromeric tran-
scription could be due to an alteration of cell-cycle profile. To 
address this concern, we firstly examined how centromeric tran-
scription is regulated during the cell cycle. We arrested HeLa Tet-On 
cells with thymidine (G1), RO-3306 (G2) and nocodazole (M) and 
then extracted total RNAs for real-time PCR analysis. We found that 
G1-arrested cells had a slightly higher level of centromeric transcrip-
tion than G2-arrested and M-phase cells (Figure 7E). Thus, centro-
meric transcription is cell cycle regulated, but not very strictly. Our 
FACS analyses showed a slight change in cell-cycle profile induced 
by Cdk11 knockdown with decrease in G1 population by ∼16% and 
increase in G2 population by ∼10% (Supplemental Figure S5, A and 
B). Such minor change unlikely accounted for a significant reduction 
in centromeric transcription in Cdk11-knockdown cells. As centro-
meric transcription peaks at G1 phase, we then determined whether 
Cdk11 is required for efficient centromeric transcription in G1 phase. 
By examining centromeric transcription in thymidine-arrested cells 
depleted of Cdk11, we found that Cdk11 is required for efficient 
centromeric transcription in G1 phase (Figure 7F). Taken these re-
sults together, Cdk11-knockdown–decreased centromeric transcrip-
tion is unlikely due to an alteration of cell-cycle profile. We noticed 

color-coded. The average and SD calculated from means of three biological replicates are shown here. Differences were 
assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. (C) Targeting 
Bub1 kinase domain to kinetochores by Mis12 partially rescues centromeric cohesion defects in Cdk11-knockdown cells. 
HeLa Tet-On cells treated with luciferase (mock) or Cdk11 siRNAs were transfected with vector or GFP-Mis12-Bub1 
(631-1085) WT or KD. Cells were then treated with nocodazole for 2 h and mitotic cells were collected for chromosome 
spread and immunostained with the indicated antibodies. Scale bars, 5 μm and 1 μm, respectively. (D) Quantifications of 
the distance of inter-sister centromeres and GFP levels on kinetochores (GFP/ACA, bottom panel) in (C). In the top 
panel, a total of 340, 361, 392, and 390 centromeres were scored for mock, siCdk11 #1, GFP-Mis12-Bub1 WT and KD, 
respectively; in the bottom panel, 188, 210, 196, and 204 centromeres were scored for mock, siCdk11 #1, GFP-Mis12-
Bub1 WT and KD, respectively. The pooled data is grey-coded. The mean calculated from each biological replicate is 
color-coded. The average and SD calculated from means of three biological replicates are shown here. Differences were 
assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. I Quantification 
of chromosome morphology with distinct Sgo1 localization patterns (types I, II, and III) in (C), described in (Figure 1F). In 
total, 91, 84, 103, and 85 cells were scored for mock, siCdk11 #1, GFP-Mis12-Bub1 WT and KD, respectively. The 
pooled data is grey-coded. The mean calculated from each biological replicate is color-coded. The average and standard 
error calculated from three independent experiments are shown here. Scale bar, 1 μm. Differences were assessed using 
ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. (F) Lysates of HeLa Tet-On cells 
treated with mock or distinct Cdk11 siRNAs were resolved with SDS–PAGE and blotted with the indicated antibodies. 
Asterisk indicates nonspecific protein bands. The black line indicates the membrane was cropped. The blots were run 
under the same experimental conditions and cropped from same membrane. ns denotes not significant; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001.
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FIGURE 3:  RNAPII and RNAPII pSer2 levels on centromeres are reduced by Cdk11 knockdown. (A) Cdk11 decreases 
RNAPII pSer2 (Rpb1-pSer2) levels on centromeres in HeLa Tet-On cells during mitosis. Nocodazole-arrested HeLa Tet-On 
cells were transfected with luciferase (mock) or distinct Cdk11 siRNAs. Mitotic cells were subjected to chromosome 
spread and immunostaining with the indicated antibodies. Antibody H5 was used to recognize RNAPII phosphorylated 
at Ser2. Scale bars, 5 μm and 1 μm, respectively. B. Quantification of relative Rpb1-pSer2 (Rpb1-pSer2/ACA) in (A). The 
quantification was performed based on three independent experiments. In total, 246, 252, and 246 centromeres were 
scored for mock, siCdk11 #6, and siCdk11 #1, respectively. The pooled data is grey-coded. The mean calculated from 
each biological replicate is color-coded. The average and SD calculated from means of three biological replicates are 
shown here. Differences were assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed 
test were used. (C and D) Cdk11 decreases RNAPII pSer2 (Rpb1-pSer2) levels on centromeres in RPE-1 cells during 
mitosis. RPE-1 cells treated with the same condition as in (A) were subjected to chromosome spread and immunostaining 
with the indicated antibodies (C). Scale bars, 5 μm and 1 μm, respectively. Quantification of relative Rbp1-pSer2 is shown 
in (D). The quantification was performed based on three independent experiments. In total, 258 and 258 centromeres 
were scored for mock and siCdk11 #1, respectively. The pooled data is grey-coded. The mean calculated from each 
biological replicate is color-coded. The average and SD calculated from means of three biological replicates are shown 
here. Differences were assessed using t test. Two-tailed test were used. (E) Cdk11 activity maintains RNAPII (Rpb1) on 
centromeres in HeLa Tet-On cells during mitosis. HeLa Tet-On cells treated with luciferase (mock) or Cdk11 siRNAs were 
transfected with vector or Myc-Cdk11-p110 WT or KD. Cells were then treated with nocodazole for 2 h and mitotic cells 
were collected for chromosome spread and immunostaining with the indicated antibodies. Antibody 4H8 was used to 
recognize total RNAPII. Scale bars, 5 μm and 1 μm, respectively. (F and G) Quantifications of relative Rpb1 levels (Rpb1/
ACA, F) and the distance of inter-sister centromeres (G) in (E). These quantifications were performed based on three 
independent experiments. In (F), 209, 220, 226, and 220 centromeres were scored for mock, siCdk11 #1, Cdk11-p110 
WT and KD, respectively; and in (G), 692, 813, 840, and 812 sister-centromere pairs were scored for mock, siCdk11 #1, 
Cdk11-p110 WT and KD, respectively. The pooled data is grey-coded. The mean calculated from each biological 
replicate is color-coded. The average and SD calculated from the means of three biological replicates are shown here. 
Differences were assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were 
used. (H) Cell lysates from (E) were resolved with SDS–PAGE and blotted with the indicated antibodies. The numbers in 
the bottom panel indicate Cdk11-p110 knockdown efficiency (Cdk11/Actin). (I) RNAPII pSer2 is associated with 
centromeric chromatin. Log-phase HeLa Tet-On cells were crosslinked with formaldehyde and the subsequent lysates 
were subjected to chromatin ChIP assay. Antibody Active Motif was used to recognize RNAPII phosphorylated at Ser2. 
IP DNA fragments were analyzed with the indicated primers by real-time PCR. The average of ratios (IP/Input × 10–3) and 
stand deviation calculated from three independent experiments are shown here. Differences were assessed using t test. 
Two-tailed test were used. ns denotes not significant; **, P < 0.01; ***, P < 0.001.
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the variation of GAPDH mRNA levels in our 
experiments, However, even in times when 
the decrease of GAPDH mRNA levels was 
statistically significant, it was still marginal 
(<20%) compared with the decrease of cen-
tromere RNA levels. The decrease of centro-
mere RNA levels is pretty robust and dra-
matic regardless of GAPDH mRNA levels. 
As Cdk11 also localizes to GAPDH genes 
(Figure 5F), GAPDH expression might also 
be subjected to Cdk11 regulation. Variation 
of GAPDH mRNA levels across our experi-
ments might be due to the variation of 
Cdk11-knockdown efficiencies.

Overexpression of centromeric 
α-satellite RNAs rescues Cdk11-
knockdown defects
If Cdk11-knockdown–induced centromeric 
cohesion defects were a consequence of 
decreased centromeric transcription, ecto-
pic expression of centromeric α-satellite 
RNAs should be able to rescue the centro-
meric cohesion defects. We firstly tested 
whether ectopic expression of centromeric 
α-satellite RNAs in Cdk11-knockdown cells 
would restore centromeric transcription. To 
do so, we cloned alpha-satellite DNA frag-
ments into human expression vector pCS2 
using α-satellite primers α-Sat-1, α-Sat-4, 
and α-Sat-13/21. The molecular sizes of 
these fragments are ∼170 bps. We trans-
fected the mixture-1 or -2 of these plasmids 
containing these alpha-satellite DNA frag-
ments into HeLa Tet-On cells of Cdk11 
knockdown and then examined centro-
meric cohesion. PCR analyses confirmed 
that the levels of α-Sat-1, α-Sat-4, and α-
Sat-13/21 RNAs were overexpressed in 
Cdk11-knockdown cells (Figure 8A). We 
then examined whether ectopic expression 
of centromeric α-satellite RNAs would re-
store Cdk11 knockdown defects. Remark-
ably, overexpression of these centromeric 
α-satellite RNAs almost completely rescued 

FIGURE 4:  Mitosis-specific degradation of Cdk11-p58 or inhibition of Cdk11 reduces RNAPII 
levels on centromeres and weakens centromeric cohesion. (A) Schematic of Auxin (IAA)-
inducible degradation of Cdk11-p58 in mitosis. (B and C) IAA-induced degradation of 
Cdk11-p58 reduces RNAPII levels on centromeres and weakens centromeric cohesion during 
mitosis. HeLa Tet-On cells stably expressing Myc-Tir1 were treated with luciferase (mock) or 
Cdk11 siRNAs and transfected with vectors or plasmids containing GFP-AID-Cdk11-p58. 
Nocodazole-arrested mitotic cells were collected and further treated with IAA for 3 h. Cells 
were finally subjected to immunostaining with the indicated antibodies in (C) or analyzed by 
Western blotting (B). Scale bars, 5 μm and 1 μm, respectively. (D and E) Quantifications of 
relative Rpb1 levels (Rpb1/ACA, E) and the distance of inter-sister centromeres (D) in (C). These 
quantifications were performed based on three independent experiments. In (D), 351, 371, 372, 
and 390 centromeres in total were scored for mock, siCdk11 #6, GFP-AID-Cdk11-p58 IAA(-) and 
GFP-AID-Cdk11-p58 IAA(+), respectively; in (E), 204, 194, 210, and 228 centromeres in total 
were scored for mock, siCdk11 #6, GFP-AID-Cdk11-p58 IAA(-) and GFP-AID-Cdk11-p58 IAA(+), 
respectively. The pooled data is grey-coded. The mean calculated from each biological replicate 
is color-coded. The mean and SD calculated from means of three biological replicates are shown 
here. Differences were assessed using ANOVA followed by pairwise comparisons using Tukey’s 
test. Two-tailed test were used. (F) Cdk11-p58 overexpression increases RNAPII levels on both 
centromeres and chromosome arms. Inducible HeLa cells Tet-On cells with Myc-Cdk11-p110 or 
Myc-Cdk11-p58 were treated with doxycycline. Cells were treated with nocodazole and then 
subjected to chromosome spread and immunostaining with the indicated antibodies. Scale bars, 
5 μm and 1 μm, respectively. (G and H) Quantifications of relative Rpb1 levels on centromeres 
(Rpb1/ACA, G) and on chromosome arms (Rpb1/DNA, H). These quantifications were 

performed based on three independent 
experiments. In (G), a total of 204, 216, and 
215 centromeres for mock, Myc-Cdk11-p110, 
and Myc-Cdk11-p58 were scored, 
respectively; in (H), a total of 132 
chromosome arms were scored for each 
condition. The pooled data is grey-coded. 
The mean calculated from each biological 
replicate is color-coded. The mean and SD 
calculated from means of three biological 
replicates are shown here. Differences were 
assessed using t test (G) and using ANOVA 
followed by pairwise comparisons using 
Tukey’s test (H). Two-tailed test were used. 
ns denotes not significant; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001.
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the centromeric cohesion defects caused by Cdk11 knockdown 
(Figure 8, B and C). At the same time, the levels of Bub1, Knl1-
pMELT, Sgo1, and RNAPII on centromeres were also completely 
restored (Figure 8, D–G). Although these interesting results further 
confirm the important role of the Cdk11-cenRNA pathway in cen-

tromeric cohesion (Figure 8H), they may suggest a more compli-
cated regulatory network for centromeric cohesion and centromeric 
transcription. On one hand, Cdk11-cenRNA promotes centromeric 
cohesion; on the other hand, the retained cohesin on centromeres 
strengthens RNAPII transcription, as suggested by a previous report 

FIGURE 5:  Cdk11 associates with centromeres in mitosis and interphase. (A) Cdk11 localizes on mitotic chromosomes 
and enriches on centromeres. HeLa cells Tet-On cells were treated with nocodazole and then subjected to chromosome 
spread and immunostaining with the indicated antibodies. Scale bars, 5 μm and 1 μm, respectively. (B) Quantification of 
relative Cdk11 levels on centromeres (Cdk11/ACA) in (A). These quantifications were performed based on three 
independent experiments. In total, 216 centromeres were scored for each condition. The pooled data is grey-coded. 
The mean calculated from each biological replicate is color-coded. The mean and SD calculated from means of three 
biological replicates are shown here. Differences were assessed using t test. Two-tailed test were used. (C) Lysates of 
log-phase or mitotic HeLa Tet-On cells treated with mock or distinct Cdk11 siRNAs were resolved with SDS–PAGE and 
blotted with the indicated antibodies. Black arrowhead indicates Cdk11-p110, grey arrowhead indicates Cdk11-p58, 
and asterisk indicates nonspecific protein bands. The blots were run under the same experimental conditions and 
cropped from same membrane. (D) Both Cdk11-p110 and -p58 localize on centromeres of mitotic chromosomes. 
Inducible HeLa Tet-On cells expressing myc-Cdk11-p110 and -p58 were treated with doxycycline and depleted of 
endogenous Cdk11. Cells were then treated with nocodazole and then subjected to chromosome spread and 
immunostaining with the indicated antibodies. Scale bars, 5 μm and 1 μm, respectively. (E) Quantification of relative 
Cdk11 levels on centromeres (Cdk11/ACA) in (A). These quantifications were performed based on three independent 
experiments. In total, 240, 234, 252, and 264 centromeres were scored for mock, siCdk11 #1, myc-Cdk11 p110 and 
myc-Cdk11 p58, respectively. The pooled data is grey-coded. The mean calculated from each biological replicate is 
color-coded. The mean and SD calculated from means of three biological replicates are shown here. Differences were 
assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. (F) Cdk11 is 
associated with centromeric chromatin in interphase. Log-phase inducible HeLa Tet-On cells with Myc-Cdk11-p110 were 
treated with doxycycline. Collected cells were crosslinked with formaldehyde and the subsequent lysates were 
subjected to chromatin ChIP assay. IP DNA fragments were analyzed with the indicated primers by real-time PCR. The 
mean of normalized fold changes (IP/Input) and stand error calculated from three independent experiments are shown 
here. Differences were assessed using ANOVA followed by pairwise comparisons using t test. Two-tailed test were 
used. ns denotes not significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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(Perea-Resa et al., 2020), and might also alleviate some kinetochore 
defects.

DISCUSSION
Centromeric transcription is a conserved process across species and 
plays an essential role in centromere functions, but a little is known 
about how centromeric transcription is regulated. We here identify 
Cdk11 as an important regulator for centromeric transcription. 
Cdk11 localizes to centromeres and interacts with and phosphory-
lates centromeric RNAPII to facilitate centromeric transcription, thus 
maintaining centromeric cohesion that is essential for faithful chro-
mosome segregation in mitosis.

Ser2 phosphorylation of the RNAPII CTD is essential for RNAPII 
elongation during transcription. Cdk9 is the major kinase that phos-
phorylates that site, thus rendering Cdk9 a general transcriptional 
factor (Chou et al., 2020). As a relative to Cdk9, Cdk11 has also been 
shown to regulate transcription. However, distinct from Cdk9, Cdk11 
appears not to universally regulate transcription; instead, it may do 
so only for a subset of genes (Drogat et al., 2012; Gajduskova et al., 
2020). Consistent with this idea, our findings here suggest that 
Cdk11 is also required for the efficient transcription on a specialized 
chromosomal region, the centromere, thus establishing a novel role 
of Cdk11 in transcriptional regulation of noncoding DNA sequences. 
Mechanistically, Cdk11 localizes on centromeric chromatin where it 
binds and phosphorylates the RNAPII CTD to maintain elongating 
RNAPII on centromeres. However, it is worth mentioning that 
Cdk11-regulated transcription is not specific to centromeres, and it 
is also important for a subset of genes as demonstrated by Cdk11 
association with gene regions besides centromeres. In support of it, 
we found that Cdk11 localizes to gene regions and mitotic chromo-
somes (Figure 5F). Recently, we showed that Cdk9 is also critical for 
centromeric transcription (Chen et al., 2021). Thus, Cdk11 and Cdk9 
may play a redundant role in promoting RNAPII elongation on cen-
tromeres. In support of this idea, Cdk11 knockdown only resulted in 
a moderate reduction in centromeric transcription (Figure 7).

When cells enter mitosis, the majority of RNAPII and transcrip-
tional factors are released from chromosomes, leading to a signifi-
cant loss of RNAPII transcription on chromosomes (Parsons and 
Spencer, 1997; Palozola et al., 2017; Teves et al., 2018). However, 
robust levels of elongating RNAPII are remained on centromeres 
and centromeres are under active transcription during mitosis (Chan 
et al., 2012; Liu et al., 2015; Bobkov et al., 2018; Perea-Resa et al., 
2020; Chen et al., 2021). Thus, a mitosis-specific mechanism may 
exist to preserve RNAPII on centromeres, thus maintaining a consid-

FIGURE 6:  Cdk11 binds RNAPII in cells. (A and B) Cdk11-p110 and Cdk11-p58 bind RNAPII in 
cells. Log-phase inducible HeLa Tet-On cells with Myc-Cdk11-p110 (A) or p58 (B) were treated 
with doxycycline. The subsequent cell lysates were treated with IgG or antibody against Rpb1. 
Immunoprecipitated proteins were finally resolved with SDS–PAGE and blotted with indicated 
antibodies. L indicates light exposure and H indicates high exposure.

erable transcriptional activity. Cdk11 may 
be part of such a mechanism. In support of 
it, a significant pool of Cdk11 remains at the 
centromeres of mitotic chromosomes de-
spite removal of most transcription factors 
(Figure 5, A and B), mitosis-specific degra-
dation of G2/M Cdk11-p58 largely de-
creased the RNAPII levels on centromeres, 
and overexpression of Cdk11-p58 increased 
RNAPII levels on both centromeres and 
chromosome arms during mitosis (Figure, 4, 
F–H). Of note, because we showed in this 
study that expression of either Cdk11-p110 
or -p58 completely restored centromeric 
Cdk11 and Rbp1 levels and cohesion de-
fects (Figure 3F, 5D; Supplemental Figures 
S3 and S4D), it is likely that both Cdk11-
p110 and -p58 are needed to maintain cen-

tromeric transcription during mitosis. The isoform of p58 that is ex-
clusively expressed in G2/mitosis may provide an extra insurance for 
the maintenance of centromeric transcription during mitosis.

How is Cdk11 involved in centromeric cohesion regulation? This 
question had not been adequately addressed because the first 
discovery of Cdk11 involvement in the regulation of centromeric 
cohesion a decade ago. Although previous studies had thrown Bub1 
under a spotlight (Hu et al., 2007; Rakkaa et al., 2014), our data here 
suggest that other factors beyond Bub1 are also involved in Cdk11-
regulated cohesion. Specifically, ectopic restoration of fully func-
tional Bub1 on kinetochores only partially rescued centromeric cohe-
sion defects in Cdk11-knockdown cells. Here, we have established 
Cdk11 as an important regulator for centromeric transcription and 
this role may empower Cdk11 to regulate centromeric cohesion 
(Figure 8H). This conclusion is further supported by our genetic data 
showing that the overexpression of centromeric α-satellite RNAs fully 
rescued the weakened centromeric cohesion induced by Cdk11 
knockdown (Figure 8, A–C). Further experimentation revealed that 
the overexpression of centromeric α-satellite RNAs also restored the 
levels of Knl1-pMELT, Bub1, Sgo1, and RNAPII on centromeres 
(Figure 8, E–G), suggesting a more complicated regulatory network 
for centromeric cohesion and centromeric transcription. On one 
hand, Cdk11-cenRNA promotes centromeric cohesion; on the other 
hand, the retained cohesin on centromeres would strengthen RNAPII 
transcription.

Notably, previous studies showed that defective mRNA splicing 
induced centromeric cohesion defects through decreasing the pro-
tein levels of an essential cohesion protector Sororin (Oka et al., 
2014; Sundaramoorthy et al., 2014; van der Lelij et al., 2014; Watrin 
et al., 2014). Considering a role of Cdk11 in mRNA splicing (Loyer 
et al., 1998; Dickinson et al., 2002; Trembley et al., 2002; Hu et al., 
2003; Loyer et al., 2008; Valente et al., 2009; Pak et al., 2015), cen-
tromeric cohesion defects caused by Cdk11 could also be attrib-
uted to compromised mRNA splicing. Although our results here 
have largely excluded the involvement of Sororin and several other 
cohesion-regulators, we cannot completely rule out the possibility 
that Cdk11 promotes centromeric cohesion through regulating 
mRNA splicing for some other yet-to-be-identified cohesion regu-
lators. Nevertheless, our findings in this report provide a novel 
mechanism that further elucidates the importance of Cdk11 in cen-
tromeric cohesion and further highlight the emerging critical role 
of centromeric transcription in centromeric cohesion regulation 
(Liu et al., 2015; Liu, 2016; Chen et al., 2021). Notably, The centro-
meric transcription-cohesion relationship may also explain why a 
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FIGURE 7:  Cdk11 knockdown decreases centromeric alpha-satellite RNAs. (A) Cdk11 knockdown reduces the amount 
of centromeric alpha-satellite RNAs. Total RNAs were extracted from HeLa Tet-On cells transfected with mock or 
distinct Cdk11 siRNAs. Real-time PCR was performed to evaluate the amount of RNAs as indicated. The mean and 
stand error calculated from four independent experiments are shown here. Differences were assessed using ANOVA 
followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. (B) Cdk11 knockdown reduces the 
amount of centromeric satellite RNAs derived from HOR primers. Total RNAs were extracted from HeLa Tet-On cells 
transfected with mock or Cdk11 siRNAs. Real-time PCR was performed to evaluate the amount of RNAs as indicated. 
The average and stand error calculated from three independent experiments are shown here. Differences were assessed 
using t test. Two-tailed test were used. (C) Cdk11 knockdown decreases the amount of centromeric alpha-satellite 
nascent EU-RNAs. Log HeLa Tet-On cells transfected with luciferase (mock) or distinct Cdk11 siRNAs were treated with 
EU 1 h before harvest. EU-RNAs were purified and then subjected to real-time analysis with the indicated primers. The 
mean and stand error calculated from at least four independent experiments are shown here. Differences were assessed 
using t test. Two-tailed test were used. (D) Cdk11 kinase activity is required for maintaining the amount of centromeric 
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transcriptional regulator prohibitin 2 (PHB2) is important for centro-
meric cohesion regulation (Takata et al., 2007). In further, it would 
be of importance to identify more key factors that are specific and 
important for centromeric transcription as well as to explore the 
molecular mechanism through which centromeric transcription 
promotes centromeric cohesion.

MATERIALS AND METHODS
Mammalian cell culture, siRNAs, and transfection
Hela Tet-on cells were cultured in DMEM, Invitrogen containing 10% 
fetal bovine serum (FBS) and 10 mM l-glutamine at 37°C and 5% 
CO2. RPE-1 cells were cultured in DMEM: F-12 medium (Invitrogen) 
supplemented with 10% FBS and 10 mM L-glutamine. To arrest cells 
at G1/S, cells were usually incubated in medium containing 2 mM 
thymidine (Sigma) for at least 16 h. To arrest cells at G2, thymidine-
arrested cells were released and inbubated in medium containing 
1 μM RO3306 for 16 h. To arrest cells at mitosis, thymidine-arrested 
cells were released and incubated in medium containing 500 nM 
nocodazole for 12 h. RO3306 and nocodazole were purchased from 
Sigma Aldrich.

Plasmid transfection was implemented using the Effectene re-
agent (Qiagen) according to the manufactures’ protocols. For Myc-
Cdk11 (WT or KD) or Myc-Cdk11-p58 WT stable cells, Hela Tet-on 
cells were transfected with pTRE2 vectors encoding RNAi-resistant 
Myc-Cdk11 or Myc-Cdk11-p58 and selected with 350 μg ml−1 
hygromycin (Invitrogen). The surviving clones were screened for 
expression of the desired proteins in the presence of 1 μg ml−1 doxy-
cycline (Invitrogen). Expression of Myc-Cdk11 was also induced with 
1 μg ml−1 doxycycline in the subsequent experiments.

For RNAi experiments, siRNA oligonucleotides were purchased 
from Dharmacon. HeLa or RPE-1 cells were transfected using Lipo-
fectamine RNAiMax (Invitrogen) according to the manufacturer’s 
protocols. Subsequent analyses were usually performed 48 h after 
transfection with siRNAs unless specified. The sequences of the 
siRNAs used in this study are: siBub1, CCCAUUUGCCAGCUC
AAGCTT; siCdk11 #1, AGCGGCUGAAGAUGGAGAA; siCdk11 #6, 
GAGCGAGCAGCAGCGUGUGUU; siCdk11 #2, GAUGAAA
UUGUGGCUCUAA (MU-004687-02, Dharmacon); siCdk11 #3, 
UGAAACACCUGCACGACAA (MU-004687-03, Dharmacon); 
siCdk11 #4, UAAAGCGGCUGAAGAUGGA (MU-004687-04, Dhar-
macon); siCdk11 #5, CAGAUGAAAUUGUGGCUCU (MU-004687-
05, Dharmacon).

Antibodies, immunoblotting, and IP
Antibodies used in this study were listed in the following: anti-cen-
tromere antibody (ACA or CREST-ImmunoVision, HCT-0100), anti-
Actin (Invitrogen, MA5-11869), anti-GFP (Abcam, ab1218), anti-Myc 

(Roche, 11667203001), anti-Smc1 (Bethy, A300-055A), anti-Rpb1 
(Abcam, 4H8, ab5408), anti-Rpb1-pSer2 (Biolegend, H5; ActiveMo-
tif, 61083), anti-Cdk11 (Bethy, A300-310A; Abcam, ab19393). Anti-
APC2, anti-Sgo1, and anti-Bub1 antibodies were made in-house as 
described previously (Liu et al., 2015). Anti-Sororin antibody was a 
gift from Dr. Susannah Rankin.

For immunoblotting, the secondary antibodies were purchased 
from Li-COR: IRDye 680RD Goat anti-Mouse IgG Secondary Anti-
body (926-68070) and Goat anti-Rabbit IgG Secondary Antibody 
(926-32211).

IP was performed as follows. Cells were cross-linked with buffer 
(50 mM HEPES, pH 8.0, 1% formaldehyde, 100 mM NaCl, 1 mM 
ethylenediaminetetraacetic acid [EDTA], and 0.5 mM ethylene glycol-
bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid [EGTA]) at room 
temperature for 10 min and further treated with 125 mM Glycine for 
another 5 min. Cells were resuspended in lysis buffer (25 mM Tris-HCl 
at pH 7.5, 50 mM NaCl, 5 mM MgCl2, 0.1% NP-40, 1 mM DTT, 
0.5 μM okadaic acid, 5 mM NaF, 0.3 mM Na3VO4 and 100 units ml–1 
Turbo-nuclease [Accelagen]). After a 1-h incubation on ice and then a 
10-min incubation at 37°C, the lysate was cleared by centrifugation 
for 15 min at 4°C at 20,817g. The supernatant was incubated with the 
antibody beads overnight at 4°C. The beads were washed four times 
with wash buffer (25 mM Tris-HCl at pH 7.5, 50 mM NaCl, 5 mM 
MgCl2, 0.1% NP-40, 1 mM DTT, 0.5 μM okadaic acid, 5 mM NaF, and 
0.3 mM Na3VO4). The proteins bound to the beads were dissolved in 
SDS sample buffer, separated by SDS–PAGE and blotted with the 
appropriate antibodies.

For immunoblotting, primary and secondary antibodies were 
used at 1 μg ml−1 concentration.

Immunofluorescence and chromosome spread
Chromosome spread was performed as previously described 
(Yang et al., 2021). Cells were treated with 5μM nocodazole for 2 h 
and mitotic cells were collected after mitotic shake-off. Then mi-
totic cells were swelled in a prewarmed hypotonic solution con-
taining 75 mM potassium chloride (KCl) for 15 min at 37 °C and 
then spun onto slides with a Shandon Cytospin centrifuge. Cells 
were then treated the same as described in the regular staining. 
Cells were immediately fixed with 4% ice-cold paraformaldehyde 
for 4 min, and then extracted with ice-cold phosphate-buffered 
saline (PBS) containing 0.2% Triton X-100 for 2 min. Cells were next 
washed with PBS containing 0.1% Triton X-100 and then incubated 
with primary antibodies (1:1000 dilution) overnight at 4°C. After 
washed with PBS containing 0.1% Triton X-100, cells were incu-
bated at room temperature for 1 h with the appropriate secondary 
antibodies conjugated to fluophores (Molecular Probes, 1:1000 
dilution). After incubation, cells were washed again with PBS 

alpha-satellite RNAs. Log-phase inducible HeLa Tet-On cells with Myc-Cdk11-p110 WT (4 or 6) or KD (18 or 22) were 
treated with doxycycline and transfected with luciferase (mock) or Cdk11 siRNAs. Total RNAs were extracted from HeLa 
Tet-On cells transfected with mock or distinct Cdk11 siRNAs. Real-time PCR was performed to evaluate the amount of 
RNAs as indicated. The average and stand error calculated from at least three independent experiments are shown 
here. Differences were assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test 
were used. (E) Temporal change of centromeric transcription throughout the cell cycle. Total RNAs were extracted from 
asynchronized HeLa Tet-On cells or cells arrested at G1/S (thymidine), G2 (RO-3306), and mitosis (nocodazole). 
Real-time PCR was performed to evaluate the amount of RNAs as indicated. The mean and stand error calculated from 
three independent experiments are shown here. Differences were assessed using ANOVA followed by pairwise 
comparisons using Tukey’s test. Two-tailed test were used. (F) Cdk11 knockdown decreases centromeric transcription in 
G1 phase. Total RNAs were extracted from thymidine-arrested HeLa Tet-On cells depleted of Cdk11. Real-time PCR was 
performed to evaluate the amount of RNAs as indicated. The mean and stand error calculated from three independent 
experiments are shown here. Differences were assessed using t test. Two-tailed test were used. ns denotes not 
significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.



14  |  Q. Zhang et al.� Molecular Biology of the Cell

FIGURE 8:  Ectopic expression of alpha-satellite RNAs fully rescues Cdk11-knockdown phenotypes. (A) Ectopic 
expression of alpha-satellite RNAs rescues the reduced levels of cenRNAs in Cdk11-knockdown cells. Log-phase HeLa 
Tet-On cells treated with luciferase (mock) or Cdk11 siRNAs (#1) were transfected with plasmids containing centromeric 
alpha-satellite DNA fragments (Mix1 or Mix2). Total RNAs were extracted from cells depleted of Cdk11 for real-time 
PCR analysis with the indicated primers. The mean and stand error calculated from eight independent experiments are 
shown here. Differences were assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed 
test were used. (B) Ectopic expression of alpha-satellite RNAs rescues centromeric cohesion defects RNAs in Cdk11 
depletion. Mitotic cells treated in (A) were collected for chromosome spread and immunostaining with the indicated 
antibodies. Representatives of microscopic images are shown here. Scale bars, 5 μm and 1 μm, respectively. 
(C) Quantification of the distance of inter-sister centromeres (B). These quantifications were performed based on three 
independent experiments. In total, 361, 400, 380, and 380 centromeres were scored for mock, siCdk11 #6, mixture 1 
and mixture 2, respectively. The pooled data is grey-coded. The mean calculated from each biological replicate is 
color-coded. The mean and SD calculated from means of three biological replicates are shown here. Differences 
were assessed using ANOVA followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. 
(D and E) Quantification of relative Bub1 levels (Bub1/ACA) and Knl1 p-MELT levels (p-MELT/ACA) on centromeres. 
These quantifications were performed based on three independent experiments. In total, 204, 198, 198, and 203 
centromeres were scored for mock, siCdk11 #1, mixture 1 and mixture 2, respectively. The pooled data is grey-coded. 
The mean calculated from each biological replicate is color-coded. The mean and SD calculated from means of three 
biological replicates are shown here. Differences were assessed using ANOVA followed by pairwise comparisons using 
Tukey’s test. Two-tailed test were used. (F and G) Quantification of relative Sgo1 levels (Sgo1/ACA) and Rpb1 levels 
(Rpb1/ACA) on centromeres. These quantifications were performed based on three independent experiments. In total, 
216, 222, 222, and 216 centromeres were scored for mock, siCdk11 #1, mixture 1 and mixture 2, respectively. The 
pooled data is grey-coded. The mean calculated from each biological replicate is color-coded. The mean and SD 
calculated from means of three biological replicates are shown here. Differences were assessed using ANOVA 
followed by pairwise comparisons using Tukey’s test. Two-tailed test were used. (H) Working model. Constitutively 
expressed Cdk11 binds RNAPII and phosphorylates CTD-Ser2 at centromeres to promote centromeric transcription 
in both interphase and mitosis. G2/M-expressed Cdk11-p58 may facilitate the retention of RNAPII on centromeres 
during mitosis, thus helping maintain centromeric transcription and centromeric cohesion. *, P < 0.05; **, P < 0.01; 
****, P < 0.0001.
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containing 0.1% Triton X-100, stained with 1 μg ml−1 DAPI and 
mounted with Vectashield.

The images were taken by a Nikon inverted confocal microscope 
(Eclipse Ti2, NIS-Elements software) with a × 60 objective. ImageJ 
and Adobe Photoshop Image processing were used to further pro-
cess the obtained microscope images. Quantification was performed 
with ImageJ. Statistical analysis was carried out with GraphPad Prism.

EU chasing and purification of EU-RNAs
Extraction of EU-RNAs was performed according to the protocol 
from Click-iT Nascent RNA Cpature Kit (C10365, Thermo Fisher 
Scientific). EU in a final concentration of 0.5 mM was added into for 
cells with a confluency of 60-80% in 10 cm petri dishes 1 h before 
harvest. Then collected EU-chased cells were dissolved in TRIzol so-
lution (Invitrogen, 15596026) and extracted total RNAs were dis-
solved in nuclease-free water. After being further treated with 
TURBO DNase (Invitrogen, AM2238) in the presence of RNase 
inhibitor (NEB, M3014) at 37 °C for 1 h, total RNAs were then 
extracted with Phenol/Chloroform/Isoamyl alcohol (Invitrogen, 
15593-031), precipitated with ice-cold ethanol solution containing 
glycogen (Roche, 34990920) and sodium acetate (Invitrogen, 
AM9740), and finally dissolved in nuclease-free water (Invitrogen, 
10977-015). Purified total RNAs were then further incubated with 
streptavidin dynabeads (Invitrogen, 65602) pretreated with Salmon 
sperm DNA (Invitrogen, 15632011) in binding buffer for 45 min. 
With the help of DynaMagTM-2 Magnet (Invitrogen 12321D), dyna-
beads were washed with wash buffer I and II. Washed dynabeads 
were ready for later analyses.

Reverse transcription and real-time PCR analysis
EU-RNA bound dynabeads were mixed with iScript Reverse Tran-
scription Supermix (Bio-Rad, 1708841) and reverse transcription was 
carried out according to the manufacturer’s protocols Synthesized 
cDNAs were mixed with the SsoAdbanced Universal SYBR Green 
Supermix (Bio-Rad, 1725274) and then subjected to real-time PCR 
analysis using QuantStudio 6 Flex Real-Time PCR System (Applied 
Biosystems).

The primers for human cells were used in this study: GAPDH-F: 
5′-TGATGACATCAAGAAGGTGGTGAAG-3′, GAPDH-R: 5′-TCC
TTGGAGGCCATGTGGGCCAT-3′; Rpl30-F: 5′-CAAGGCAAAGC-
GAAATTGGT-3′, Rpl30-R: 5′-GCCCGTTCAGTCTCTTCGATT-3′; 
SAT-4-F: 5′-CATTCTCAGAAACTTCTTTGTGATGTG-3′, SAT-4-R: 
5′-CTTCTGTCTAGTTTTTATGTGAATATA-3′; SAT-13/21-F: 5′-TAG
ACAGAAGCATTCTCAGAAACT-3′; SAT-13/21-R: 5′-TCCCGCTTC-
CAACGAAATCCTCCAAAC-3′. Intergenetic-1: CCAAACTTGCT-
TACTCCAAAGC; ATTCCAACCCAGAACCCAGA. Intergenetic-2: 
GGCAAATAGTCAACTTTCACTGC; CTATGGGAGGGTTGCTTTGA. 
Both the Intergenetic primers were described in (Khaitovich et al., 
2006).

Ectopic expression of alpha-satellite RNAs
Alpha-satellite DNA fragments were cloned into PC2 vectors with 
RNAPII promotes. The generated plasmids were transfected into 
HeLa cells for 48 hrs. Cells were then collected for further analysis. 
The sequences of alpha-satellite DNA fragments mix1 (1, 4, and 
13-1) and mix2 (1, 4, and 13-2) are as follows:

1.  CAACGAAGGCCACAAGATGTCAGAATATCCACTTACA
GACTTTACAAACAGAGTGTTTCCTAACTGGTCTATGAACAG
AAAGTTTAAACTCTGTGAGTTGAACGAACACATCACAACG-
CAGTTTGTGGGAATGATTCTGTCTAGTTTTGAAACGAA-
GATATTTCCTTTTCTGCCATTGACCTT

4.  CTTCTGTCTAGTTTTTATGTGAAGATATTTCCTTCTTCAC-
CACAGGCCTCAAAGTGCTCCAAATATTCATTTGCAGATTCTA-
CAAAGAGACTCTTTCCAAACTGCTCAATCAAAAGAAAGATT-
GATCTCTTTGAGATGAAAGCACACATCACAAAGAAGTTTCT-
GAGAATG

13-1.  TAGACAGAAGCATTCTCAGAAACTTGTTGGTGATAT-
GTGTCCTCAACTAACAGAGTTGAACTTTGCCATTGATAGAGA-
GCAGTTTTGAAACACTCTTTTTGTGGAATCTGCAAGTG-
GATATTTGGATAGCTTGGAGGATTTCGTTGGAAGCGGGA

13-2.  TCCCGCTTCCAACGAAATCCTCCAAGCTATCCAAA
TATCCACTTGCAGATTCCACAGAAAGACTGTTTCAAAACTGC
TCTGTCAATAGAAAGGTTCAACTCTGTTAGCTGCGTGCATAT
ATCCCAAAGAAGATTCTGAGATTGCTTCTGTCTAGTTTTTATG
GGAAGATATTTCCCTTTTCACCGTAGGCGTCAAGGCGCTCC
A A AT G T C C A C T T C C A G ATA C TA C A A A A A G A G T G
TTTCAAACCTACTCTGTGAAAGGGAATATTCAACTCTGTGAC
TTGAATGCACATATCACAAGGAAGTTTCTGAGAATGCTTC
TGTCTA

Chromatin immunoprecipitation
Cells were firstly cross-linked by formaldehyde with buffer (50 mM 
HEPES, pH 8.0, 1% formaldehyde, 100 mM NaCl, 1 mM EDTA, and 
0.5 mM EGTA) at room temperature for 10 min and further treated 
with 125 mM glycine for another 5 min. After being resuspended in 
IP buffer (10 mM Tris 8.0, 300 mM NaCl, 1 mM EDTA, 1 mM EGTA, 
1% Triton X-100, and 1% sodium deoxycholate), cells were soni-
cated using a Thermo Fisher Scientific sonicator. Cell debris was re-
moved centrifugation and the supernatant was precleared with 
protein-A beads (Santa Cruz; SC-2001) at 4°C for 2 h. Precleared cell 
lysates were then incubated with 5 µg anti-Myc or RNAPII-pSer2 
antibodies overnight and further with protein-A beads for another 
2 h at 4°C. Pelleted beads were sequentially washed by low salt buf-
fer (20 mM Tris 8.0, 150 mM NaCl, 0.1% sodium dodecyl sulfate 
(SDS), 1% Triton X-100, and 2 mM EDTA), high-salt buffer (20 mM 
Tris 8.0, 500 mM NaCl, 0.1% SDS, 1% Triton X-100, and 2 mM 
EDTA), LiCl buffer (10 mM Tris 8.0, 0.25 M LiCl, 1% octylphenoxy-
polyethoxyethanol CA630, 1% sodium deoxycholate, and 1 mM 
EDTA), and TE buffer (10 mM Tris, pH 8.0, and 1 mM EDTA, pH 8.0). 
Afterward, beads were treated with elution buffer (10 mM Tris 8.0, 
1 mM EDTA, and 1% SDS) at 65°C for 10 min, and the elute was 
further incubated at 65°C overnight to reverse the cross-linking. 
Then the solution was sequentially treated with RNase A (Qiagen; 
1007885) at 37°C for 1 h and Proteinase K (Thermo Fisher Scientific; 
EO0491) at 50°C for 2 h. Finally, DNA in the solution was extracted 
with Phenol/Chloroform/Isoamyl alcohol (25:24:1, vol/vol; Invitro-
gen; 15593-031) and purified by Qiagen gel purification kit for later 
analyses.

Flow cytometry
Cultured cells were harvested cells by trypsinization, washed with 
PBS, and fixed with ice-cold 70% ethanol overnight at −20°C. After 
being washed once with PBS, cells were then permeabilized with 
PBS containing 0.25% Triton X-100 for 5 min and further stained 
with propidium iodide (Sigma-Aldrich) at a final concentration of 
20 µg/ml. RNase A (QIAGEN) was added at a final concentration of 
200 µg/ml. The samples were finally analyzed with BD LSR Fortessa 
flow cytometer.

Quantification and statistical analysis
Microscope images were imported into Image J. In the quantifica-
tions of Figures 1, B and E, 2, B and D, 3, B, D, and F, 4, E and G, 
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5, B and E, 8, D–G; Supplemental Figures S1C, S2B, S3C and S4D, 
five or six kinetochores were randomly selected from each cell. A 
mask was generated to mark centromeres based on ACA fluores-
cence signals in the projected image. Numeric intensities of these 
marked signals were obtained. After background subtraction, the 
intensities of Bub1, Sgo1, Rpb1, Rpb1-Ser2, p-MELT, Cdk11, and 
ACA signals within the mask were obtained in number. Relative in-
tensity was calculated from the intensity of Bub1, Sgo1, Rpb1, 
Rpb1-Ser2, or p-MELT signals normalized to the one of ACA signals 
and plotted with the GraphPad Prizm software.

For quantification of Rpb1 levels on chromosome arms in Figure 
4H, a mask was generated to mark a chromosome arm. Numeric 
intensities of these marked signals were obtained. After background 
subtraction, the intensities of Rpb1 and DAPI fluorescence signals 
within the mask were obtained in number. Relative intensity was de-
rived from the intensity of Rpb1 normalized to the one of DAPI sig-
nals and plotted with the GraphPad Prism software.

Measurement of sister-centromere distance in Figures 1C, 2D, 
3G, 4D, 8C; Supplemental Figures S2A and S3B was carried out with 
ImageJ. A straight line was drawn between a pair of sister centro-
meres, revealed by ACA signals. Numeric values were automatically 
generated by ImageJ.

Quantification was performed based on the results from three 
independent experiments, which is specified in the legends of each 
figure. The values were separately pooled for each biological repli-
cate and the mean was calculated for each pool. Those means were 
then used to calculate the average, SD or standard error, and 
P value. Differences were assessed using ANOVA followed by pair-
wise comparisons using Tukey’s test or t test. Two-tailed test were 
used. All the samples analyzed were included in quantification. 
Sample size was recorded in figures and their corresponding leg-
ends. No specific statistical methods were used to estimate sample 
size. No methods were used to determine whether the data met 
assumptions of the statistical approach.
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