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Introduction
Centromeres are the regions of chromosomes that serve as the 
foundation for kinetochore formation and chromosome attach-
ment to the mitotic spindle during cell division. Even though 
their function is evolutionary highly conserved, centromeres are 
not defined by the underlying DNA sequence; rather, their iden-
tity is established epigenetically. CENP-A (also known as CID 
in Drosophila melanogaster) is a key epigenetic determinant of 
centromere identity (Allshire and Karpen, 2008). Depletion of 
this protein from cells results in the inability of chromosomes to 
segregate properly (Carroll and Straight, 2006). Overexpression 
of CENP-A leads to the formation of ectopic centromeres and 
mislocalization of kinetochore proteins (Ahmad and Henikoff, 
2002; Heun et al., 2006; Moreno-Moreno et al., 2006; Mendiburo 
et al., 2011; Olszak et al., 2011). In contrast to canonical histones 
that are deposited into chromatin in a replication-dependent 
manner (Mello and Almouzni, 2001), newly synthesized CENP-A  
is deposited during the subsequent mitosis, in telophase and 
G1 in human cells (Jansen et al., 2007), during metaphase in  
D. melanogaster S2 cells (Mellone et al., 2011), and anaphase 
in the syncytial D. melanogaster embryos (Schuh et al., 2007).

Many mechanisms and factors of CENP-A regulation and 
deposition in flies have been identified (Allshire and Karpen, 
2008; Erhardt et al., 2008; Orr et al., 2010; Bade et al., 2014; 
Chen et al., 2014; Mathew et al., 2014), but emerging observa-
tions from other organisms suggest that noncoding RNAs may 
also be involved in centromere regulation (Chen et al., 2003; 
Topp et al., 2004; Bouzinba-Segard et al., 2006; Wong et al., 
2007; Ohkuni and Kitagawa, 2011). A hallmark of centromeric 
DNA in most organisms is its heterochromatic surrounding, often 
referred to as centromeric and pericentromeric heterochromatin, 
built from repetitive sequences called satellite repeats (Carroll 
and Straight, 2006). Importantly, transcription of repetitive se-
quences results in RNA products in many species. Maize cen-
tromeric repeats called CentC are transcribed from both strands, 
yielding transcripts that are up to 900 bp long. These transcripts 
immunoprecipitate with the maize CENP-A orthologue CENH3 
(Topp et al., 2004). Minor repeats located on mouse centromeres 
produce transcripts up to 4 kb long, and may function in centro-
meric regulation during stress response (Bouzinba-Segard et al., 
2006). Finally, CENP-C and INCENP localization to centro-
meric regions is RNase sensitive, and can partially be restored 
by adding recombinant  satellite RNA (Wong et al., 2007). 

Chromosome segregation requires centromeres on 
every sister chromatid to correctly form and at-
tach the microtubule spindle during cell division. 

Even though centromeres are essential for genome stabil-
ity, the underlying centromeric DNA is highly variable in 
sequence and evolves quickly. Epigenetic mechanisms are 
therefore thought to regulate centromeres. Here, we show 
that the 359-bp repeat satellite III (SAT III), which spans 
megabases on the X chromosome of Drosophila melano-
gaster, produces a long noncoding RNA that localizes to 

centromeric regions of all major chromosomes. Depletion 
of SAT III RNA causes mitotic defects, not only of the sex 
chromosome but also in trans of all autosomes. We further-
more find that SAT III RNA binds to the kinetochore com-
ponent CENP-C, and is required for correct localization of 
the centromere-defining proteins CENP-A and CENP-C, 
as well as outer kinetochore proteins. In conclusion, our 
data reveal that SAT III RNA is an integral part of centro-
mere identity, adding RNA to the complex epigenetic mark 
at centromeres in flies.
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this region forms long polyadenylated products consisting of 
up to 4 repeating units.

To address the subcellular localization of SAT III RNA in 
S2 cells, we performed RNA FISH with a fluorescently labeled 
SAT III probe. The specificity of the SAT III probe was validated 
by DNA FISH on metaphase chromosome spreads from S2 cells, 
showing the signal exclusively at the proximal heterochromatic 
DNA of the X chromosome, where SAT III repeats are located 
(Lohe et al., 1993; Blattes et al., 2006; Fig. S1 A). RNA FISH 
revealed that SAT III RNA accumulates in one or two discrete 
spots in the nucleus of interphase cells. To determine the sub-
nuclear localization of SAT III RNA, we combined RNA FISH 
with immunofluorescence (IF) of the constitutive inner kineto-
chore protein CENP-C. In interphase, CENP-C is found in 3–5 
clusters of centromeric regions, and we usually detected SAT 
III RNA in one cluster close to CENP-C (Fig. 1 C). In meta-
phase cells, SAT III RNA staining was dispersed into smaller 
dots with some signal again in close proximity to CENP-C  
(Fig. S1 B). To identify the precise localization of SAT III RNA 
during mitosis, we performed RNA FISH on metaphase chro-
mosome spreads from S2 cells. A strong SAT III RNA signal 
was detected in proximity to centromeric chromatin (Fig. 1 D). 
The SAT III RNA staining varied from an overlapping signal 
with the inner kinetochore proteins CENP-C to a more distant 
but still centromeric staining to a pericentromeric signal that  
was usually found enriched on only one side of the kinetochore 
(Fig. 1, D and E). The distance of the nonoverlapping SAT III 
RNA and CENP-C signals varied from 0.13 to 0.64 µm, with 
a mean of 0.26 µm. Importantly, we did not only detect SAT 
III RNA on the acrocentric heterochromatin of chromosome X, 
where SAT III transcripts originate from, but also on centromeric 
regions of the two major autosomes (chromosomes 2 and 3;  
Fig. 1 D). The consistent observation that only a portion of all 
chromosomes stain for SAT III RNA confirms that we do not de-
tect cross reactivity with other satellite sequences on autosomes. 
Instead, specific binding of SAT III RNA seems sequence inde-
pendent but prefers binding to centric and pericentric hetero-
chromatin. The very small heterochromatic chromosome 4 did 
not show any detectable levels of SAT III RNA. Collectively, 
SAT III RNA localizes to the nucleus throughout the cell cycle 
and is mostly associated with pericentromeric and centromeric 
chromatin of different chromosomes during mitosis.

SAT III RNA is required for correct mitotic 
chromosome segregation
To analyze the potential role of SAT III transcripts in centromere 
function, we initially overexpressed one 359-bp repeating unit 
of SAT III in S2 cells (Fig. S2, A and B). SAT III–overexpressing 
cells looked healthy, without any obvious defects in morphology 
and cell cycle progression. Cell division was comparable with 
the mock-transfected control, which suggested that an increased 
amount of SAT III RNA does not interfere with the viability 
or chromosome segregation of D. melanogaster cultured cells. 
Next we wanted to reduce the levels of SAT III RNA present  
in cells and analyze the effects on cell division. RNA inter-
ference using double-stranded RNA (dsRNA) was not successful, 
probably because of the nuclear localization of SAT III RNA. 

The precise function of these transcripts, however, remains to 
be elucidated.

Every D. melanogaster centromere contains a unique set 
of satellites, mostly simple 5–12-bp-long repeats (Abad et al., 
1992; Lohe et al., 1993; Lamb and Birchler, 2003). Only the 
centromere of chromosome X contains a complex satellite re-
peat, called satellite III (SAT III), also known as 359-bp satellite 
(Lohe et al., 1993; Sun et al., 2003; Blattes et al., 2006). SAT III 
belongs to the 1.688 satellite DNA family; members of this 
family are also found on other loci throughout the genome but 
with significant sequence variation (Kuhn et al., 2012).

SAT III covers several megabase pairs of the acrocentric 
X chromosome with a 359-bp-long repeating unit (Lohe et al., 
1993). Usakin et al. (2007) reported transcription from both 
SAT III strands in flies; however, unlike other members of the 
1.688 satellite class (260-bp, 353-bp, and 356-bp repeats) that 
are located on pericentromeric chromatin, SAT III does not play 
a role in heterochromatin formation, and its function has not 
been identified up to now.

Here, we investigated a role of D. melanogaster SAT III 
RNA in centromere regulation. We show that the SAT III region 
from the X chromosome produces a long noncoding RNA that 
localizes to centromeric chromatin not only of the X chromo-
some but also of autosomes during mitosis. Depletion of SAT 
III RNA leads to mitotic defects in S2 cells and embryos, and 
missegregation of all major chromosomes, which is most likely  
caused by the observed reduction of centromeric and kinetochore 
proteins during mitosis. We furthermore identified an interaction 
of SAT III RNA with the inner kinetochore protein CENP-C,  
and their mutual dependence for centromeric localization. There-
fore, we propose that the repetitive centromeric SAT III RNA is 
an integral part of centromere identity in D. melanogaster that 
influences centromere regulation epigenetically.

Results
SAT III is transcribed and associates with 
chromatin throughout the cell cycle
Centromeres are embedded in large blocks of repetitive se-
quences in many different organisms, and many of them are 
transcribed (Allshire and Karpen, 2008). Our goal was to ex-
amine whether the transcription of highly repetitive elements 
is important for normal centromere function in Drosophila. 
We tested the transcription levels of different repetitive ele-
ments that are located near centromeres by RT-PCR and found 
that the X chromosome–specific SAT III RNA is expressed in 
cultured S2 cells. We used primers that specifically amplify 
one repeating unit (359 bp) of SAT III (Fig. 1 A). To deter-
mine the size of the complete SAT III RNA, we performed 
3 rapid amplification of cDNA ends (RACE) by adding an 
adapter primer at the poly(A) tail of RNA molecule. 3 RACE 
analysis produced a ladder of bands corresponding to different 
numbers or fragments of the 359-bp repeating units. The big-
gest band produced in this assay was 1.3-kb long (Fig. 1 B). 
We conclude that SAT III is transcribed in S2 cells, similar to 
what has been reported in the D. melanogaster germline and 
embryos (Usakin et al., 2007; Salvany et al., 2009), and that 
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Figure 1. SAT III is transcribed and localizes to mitotic centromeres. (A) RT-PCR using primers that amplify one repeating unit of SAT III produces a 359-bp 
product. Ctrl, control RT-PCR reaction with no reverse transcription. (B) SAT III 3 RACE amplified transcripts consisting of multiple repeats of the 359-bp 
basic unit, resulting in a series of bands. Ctrl, control reaction with no reverse transcription. (C) S2 cells in interphase display one major cluster of SAT III 
RNA (green) within the nucleus in close proximity to centromeric clusters (labeled with CENP-C in red). Cells were counterstained with DAPI to visualize 
DNA (blue). Bars, 10 µm. (D) SAT III RNA localization on metaphase chromosome spreads. SAT III RNA localizes to centromeric region of chromosomes 
X, 2, and 3 but is not detected on the small chromosome 4. Bars, 5 µm. (E) SAT III RNA localization patterns. The bottom panels show intensity profiles of 
the indicated cross sections in the images (white lines). Based on the intensity profiles of SAT III RNA and CENP-C signal, the localization is characterized 
as overlapping (21.2%), partially overlapping (48.5%), or not overlapping (30.3%) of analyzed chromosomes (n = 33). The colocalization was measured 
on a single z stack.
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Figure 2. SAT III knockdown causes severe mitotic defects. (A) Cells transfected with SAT III–LNA probes targeting sense and antisense transcripts show 
severe mitotic defects with lagging chromosomes, whereas untreated cells or control cells transfected with scrambled LNA segregate properly. Cells were 
cotransfected with fluorescein-labeled dextran for selection of transfected cells. (B) Quantification of the properly dividing cells after SAT III depletion. Prop-
erly dividing cells in mock-transfected control (n = 104) were normalized to 1, and compared with scrambled LNA transfected (n = 49) and SAT III–LNA1 
and LNA2 transfected cells (n = 115). (C) Live cell analysis of SAT III–depleted cells. S2 cells expressing GFP-labeled histone H2B and tubulin labeled with 
mCherry were transfected with SAT III–LNA probes, or with scrambled RNA (control). SAT III knockdown cells showed prolonged anaphase with lagging 
chromosomes that eventually formed micronuclei at the end of mitosis. (D) Quantification of properly dividing cells in C after SAT III depletion. Normal cell 
division in scrambled LNA transfected control (n = 18) was normalized to 1, and compared with SAT III–LNA1 and –LNA2 transfected cells (n = 24).  

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/207/3/335/1585435/jcb_201404097.pdf by guest on 25 April 2024



339Centromere regulation by noncoding RNA • Rošić et al.

(E) SAT III depletion causes severe mitotic defects in developing D. melanogaster embryos. Embryos from w1118 flies were injected with scrambled control 
LNA probes or SAT III–specific probes. SAT III–depleted embryos formed anaphase bridges, and were unable to segregate chromosomes properly. (F) Zhr1 
embryos display mitotic defects. All Zhr1 pre-gastrulation embryos in mitosis (n = 20) displayed major chromosome segregation defects, whereas control 
embryos (Oregon-R) divided normally (n = 16). The arrows indicate anaphase figures with chromosome bridges in preblastoderm embryos and syncytial embryos  
as well as missegregated DNA mass at the syncytial stage. Panels on the right are enlarged from the boxed regions. Bars: (A, C, and F) 5 µm; (E, left) 10 µm; 
(E, right) 5 µm.

 

Therefore, we turned to a knockdown approach using locked 
nucleic acid (LNA) gapmers, which degrade RNA in an RNase 
H–dependent manner (Kauppinen et al., 2005). Two LNA gap-
mers were used in combination, one that targets the anti-sense 
(SAT III–LNA1) transcript, and one that targets the sense (SAT 
III–LNA2) transcript. qPCR showed that SAT III RNA levels 
were reduced by 60% in comparison to scrambled LNA and 
mock control (Fig. S2 C). To track knockdown cells, fluorescein-
labeled dextran was cotransfected (Valencia et al., 2008; Shen  
et al., 2013). Depletion of SAT III transcripts caused severe mi-
totic defects with lagging chromosomes in anaphase cells, which 
were unable to segregate their chromosomes properly (Fig. 2, 
A and B). To confirm that the observed phenotype is specific to 
SAT III knockdown, and not to potential off-target genes, we 
used an alternative set of LNA gapmers that resulted in similar 
mitotic errors, including lagging chromosomes in anaphase cells 
(Fig. S3, A and B), which is consistent with our results obtained 
with SAT III–LNA1 plus SAT III–LNA2 probes (Fig. 2 B).

To characterize the chromosome segregation phenotype 
in more details, we performed live cell analysis of S2 cells ex-
pressing H2B-GFP to visualize the chromosomes, and mCherry-
Tubulin to visualize the mitotic spindle (Erhardt et al., 2008). 
Consistent with our findings in fixed cells, cells without SAT III 
RNA exhibited lagging chromosomes in anaphase; 43% of the 
cells with lagging chromosomes subsequently formed micronu-
clei. Formation of micronuclei was never observed in control 
cells that were treated with scrambled LNA (Fig. 2, C and D;  
and Videos 1 and 2). The observed lagging chromosome pheno-
type in live cells was less penetrant than in fixed S2 cells; how-
ever, here we could not cotransfect the cells with fluorescently 
labeled dextran, and therefore could not distinguish between 
LNA-transfected and untransfected cells. Additionally, the time 
required for anaphase completion varied drastically between  
6 and 20 min in SAT III–depleted cells (with a mean of 12.1 min), 
whereas properly segregating control cells transfected with 
scrambled LNA gamers consistently required 6–7 min from 
metaphase plate–aligned chromosomes to anaphase completion 
(with a mean of 6.3 min).

Previous work showed that both strands of SAT III are 
transcribed (Usakin et al., 2007). To investigate which of the 
two SAT III transcripts is responsible for the observed pheno-
types, we performed SAT III RNA knockdown in S2 cells using 
LNA gapmers against either the sense or the antisense transcript 
only. We observed mitotic defects with either gapmer, but these 
defects were more pronounced when both strands were depleted 
simultaneously (Fig. S3, C and E). This suggests that both sense 
and antisense transcripts of SAT III are important for correct 
chromosome segregation.

Repetitive sequences build the vast majority of constitu-
tive heterochromatin (He et al., 2012). The SAT III DNA region 

of the X chromosome has been directly linked to embryonic fe-
male hybrid lethality between Drosophila simulans females and 
D. melanogaster males caused by a failure to segregate their 
chromosomes correctly (Ferree and Barbash, 2009). The au-
thors suggested that the heterochromatin formation is affected 
in these hybrid crosses. To investigate whether the mitotic de-
fects in SAT III RNA-depleted cells are caused by a disruption of 
heterochromatin, we tested levels of Heterochromatin Protein 1 
(HP1) and histone H3 dimethylation on lysine 9 (H3K9me2) 
in mitotic cells. Most HP1 protein typically dissociates from 
chromosomes during mitosis in an H3 serine 10 phosphorylated 
manner (Fischle et al., 2005; Hirota et al., 2005). However, it is 
important to point out that S2 cells maintain a significant amount 
of HP1 during mitosis (Fig. S4, A–E; Olszak et al., 2011). We 
tested two independent HP1 antibodies and detected pericen-
tromeric HP1 signal during mitosis. The antibody specificity 
was tested by HP1 RNAi depletion. The HP1 signals were 
highly reduced in HP1 RNAi-treated cells in mitosis as tested 
by IF (Fig. S4 D) and in unsynchronized S2 cells as tested by 
Western blot (WB) analysis (Fig. S4 E). Furthermore, GFP-HP1 
also localizes to pericentromeric regions in mitosis (Fig. S4 C).  
Importantly, the distribution of HP1 and H3K9me2 in SAT 
III–depleted cells was comparable with scrambled LNA– 
transfected cells (Fig. S4, A–G). We therefore conclude that SAT 
III RNA does not affect heterochromatin by and large, and that 
the segregation defects observed after SAT III depletion are 
not likely to be caused by a disruption of heterochromatin. We 
cannot, however, exclude possible subtle differences in HP1 or 
H3K9 methylation with our analysis.

To investigate SAT III depletion in the developing organ-
ism, we injected early stage D. melanogaster embryos (0–2 h) 
with SAT III LNA gapmers. Staining of the injected embryos 
revealed massive mitotic defects, with lagging chromosomes  
in anaphase, consistent with the phenotype we observed in S2 
cells. In comparison, embryos injected with scrambled LNA 
showed regular cellular division with slight nuclear spacing ab-
normalities but no lagging chromosomes (Fig. 2 E). The survival 
rate of injected embryos was generally quite low, which is likely 
caused by embryo dechorionation before injection (Misquitta  
et al., 2008). In control, 14% (n = 266) of the embryos hatched 
into larvae, whereas only 8% (n = 387, P = 0.01 by t test) of em-
bryos injected with SAT III LNA gapmers survived.

Zhr1 flies have been described to carry a translocation of 
the X and Y chromosome and have lost most if not all of their 
SAT III–containing DNA (Sawamura et al., 1993; Ferree and 
Barbash, 2009). We first performed qPCR to determine the amount 
of SAT III RNA in these Zhr1 flies and found that Oregon-R 
wild-type flies have >100-fold more SAT III RNA than Zhr1 
adult flies (Oregon-R/Zhr1, 1:0.00837), or embryos (Oregon- 
R/Zhr1, 1:0.00716). Based on these results, we concluded that 
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wondered whether segregation of chromosome X alone is af-
fected after SAT III RNA knockdown. To investigate the ef-
fects of SAT III depletion on individual chromosomes, we used 
chromosome-specific marks, which allowed us to distinguish 
chromosomes during anaphase. Chromosome X was identi-
fied using antibodies against acetylated lysine 16 of histone H4 
(H4K16ac), which is involved in dosage compensation in flies 
(Conrad and Akhtar, 2012) and specifically marks the male X 
chromosome. Because S2 cells are derived from males (Zhang 
et al., 2010), all X chromosomes were stained with H4K16ac 
(Fig. 3 A). To distinguish chromosome 3, we used a probe spe-
cific for dodeca satellite, a CG-rich repeat in the centromeric  
region of chromosome 3 (Abad et al., 1992; Carmena et al., 1993; 
Fig. 3 B). To mark chromosome 2, we used a probe (Ferree  
and Barbash, 2009) that primarily binds to a large block of satel-
lite DNA sequence on this chromosome (Fig. 3 C). When SAT 
III RNA was depleted, we observed lagging of all major D. 
melanogaster chromosomes (Fig. 3). Individual quantification 
of defective anaphases showed that chromosome 2 is lagging 

Zhr1 is largely devoid of SAT III. Staining of young Zhr1 embryos, 
ranging from preblastoderm to cellular blastoderm stage, showed 
strong mitotic defects with lagging chromosomes (Fig. 2 F), which 
is in agreement with our results in S2 cells and LNA-injected 
embryos. Interestingly, Zhr1 flies are viable and fertile. We did, 
however, notice that these flies were generally weaker than  
Oregon-R flies, and we detected developmental defects, such as 
pattern formation defects in 15% of flies, as well as a minute 
phenotype in 22% of Zhr1 flies (n = 200) compared with none in 
control Oregon-R flies (n = 100; Fig. S5 A). Collectively, we 
conclude that SAT III RNA is required for normal mitotic pro-
gression in S2 cells as well as in the developing embryo, and its 
depletion leads to massive chromosome segregation defects.

Depletion of SAT III affects segregation of 
all D. melanogaster chromosomes
As mentioned in the Introduction, SAT III DNA is located on 
the D. melanogaster X chromosome only; however, its prod-
ucts localize to other major chromosomes as well. We therefore 

Figure 3. SAT III depletion affects segregation of all chromosomes. (A) H4K16ac is highly enriched at the X chromosome. H4K16ac localization analysis 
on metaphase chromosome spreads from S2 cells is shown. After SAT III depletion, lagging chromosomes were stained for H4K16ac (38%, n = 50), 
indicating that depletion of SAT III also affects chromosome X. (B) Dodeca satellite localizes to centromeric region of chromosome 3. Dodeca DNA FISH 
analysis of metaphase chromosome spreads from S2 cells is shown. After SAT III depletion, lagging chromosomes were labeled with dodeca probe (33%, 
n = 43), indicating that depletion of SAT III affects chromosome 3. (C) Chromosome 2 is labeled with a (AAGAG)6 satellite probe that binds to a large 
block of this satellite on chromosome 2. After SAT III depletion, a portion of lagging chromosomes (35%, n = 49) were labeled, indicating that depletion 
of SAT III affects chromosome 2. Bars, 5 µm.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/207/3/335/1585435/jcb_201404097.pdf by guest on 25 April 2024

http://www.jcb.org/cgi/content/full/jcb.201404097/DC1


341Centromere regulation by noncoding RNA • Rošić et al.

2010; Przewloka et al., 2011). We tested whether SAT III RNA 
interacts with CENP-C by RNA-immunoprecipitation (R-IP). 
S2 cells were transfected with a GFP-tagged version of CENP-
C, and GFP-CENP-C was immunoprecipitated using the GFP-
TRAP (Rothbauer et al., 2008; Mathew et al., 2014). RNA 
associated with the purified protein was extracted, converted 
into cDNA, and analyzed by RT-PCR using SAT III–specific 
primers, or GFP-specific primers as negative control. Indeed, 
we detected SAT III RNA in the GFP-CENP-C IP, but not in 
the IP of GFP alone (Fig. 4 A), nor in the IP of heterochromatic 
protein HP1 (Fig. S4, H and I). Moreover, the control RT-PCR 
reaction using GFP-specific primers detected GFP mRNA in the 
input samples only (Fig. 4 B). We conclude from this experiment 
that SAT III RNA specifically associates with the centromeric 
protein CENP-C.

We next asked whether the interaction of SAT III RNA 
with CENP-C is required for SAT III RNA to localize to cen-
tromeric regions. To test this, we depleted CENP-C by RNAi 
and performed immuno-RNA FISH on metaphase spreads from 
CENP-C–depleted and control depleted (brown RNAi) cells. 
In CENP-C–depleted mitotic spreads, SAT III RNA was unde-
tectable in 57% of mitotic spreads, and the remaining 43% of 
mitotic chromosome spreads had some residual SAT III RNA 

in 35%, that 33% of the affected chromosomes are labeled by 
chromosome 3–specific probe, and that 38% are labeled by the 
specific chromosome X marker. We conclude that all D. melano-
gaster major chromosomes are nearly equally affected by SAT 
III RNA knockdown, with a slight preference for the X chromo-
some. SAT III RNA is essential for inheritance of all D. mela-
nogaster chromosomes and likely acts in trans, which is in line 
with the presence of SAT III RNA on chromosomes X, 2, and 3 
during mitosis (Fig. 1 D).

SAT III RNA interacts with the inner 
kinetochore protein CENP-C
Chromosome segregation requires attachment of the mitotic 
microtubule spindle to a large protein structure called the ki-
netochore, which forms at centromeric regions of every chro-
mosome (Przewloka and Glover, 2009). The inner kinetochore 
protein CENP-C has been shown to bind RNA in plants (Du 
et al., 2010) and human cells (Wong et al., 2007). Because 
depletion of CENP-C in D. melanogaster leads to the loss of 
the centromere-identifying factors CENP-A and CAL1, and as 
a consequence, the entire outer kinetochore complex, CENP-
C is an essential factor for centromere identity in flies (Schuh  
et al., 2007; Erhardt et al., 2008; Milks et al., 2009; Orr et al.,  

Figure 4. SAT III RNA coimmunoprecipitates with CENP-C. Two 
cell lines were used: GFP–CENP-C transfected S2 cells, or S2 
cells carrying GFP-only plasmid. Total cell proteins were isolated 
and used for purification with GFP-TRAP. After the purification, 
RNA was isolated and converted to cDNA with random hex-
amer and oligo (dT) primers. (A) PCR with SAT III–specific prim-
ers. SAT III coimmunoprecipitates with CENP-C protein, while it 
is not present in GFP elution. No RT ctrl, control reaction with 
no reverse transcription. (B) PCR with GFP-specific primers to 
test whether RNA binding to CENP-C is nonspecific. GFP RNA 
was not present in CENP-C elution. No RT ctrl, control reaction 
with no reverse transcription. (C) WB analysis of GFP–CENP-C 
and GFP-only purification with GFP-TRAP. (D) CENP-C depletion 
causes SAT III mislocalization from mitotic chromosomes. Con-
trol cells were treated with brown RNAi, and show no reduction  
in CENP-C levels. SAT III RNA was present on all analyzed mitotic 
spreads (n = 23). The bottom panels show CENP-C–depleted 
cells with no detectable SAT III signal (57%, n = 21).
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with SAT III–specific LNA. After knockdown of SAT III RNA, 
the preexisting pool of the proteins was blocked by adding a  
nonfluorescent SNAP substrate. Because S2 cells divide approxi-
mately every 24 h, most cells have completed one cell cycle and 
incorporated newly synthesized kinetochore proteins within 1 d 
(Mellone et al., 2011). Cells were allowed to recover and load 
newly synthesized proteins for 48 h after knockdown, before 
SNAP-tagged proteins were labeled with a fluorescent substrate 
(TMR) to determine their level of incorporation into centro-
meres. Loading of newly synthesized CENP-A was reduced 
to 58% in SAT III RNA-depleted cells (Fig. 6, A and B), and 
CENP-C loading was reduced to 42% (Fig. 6, C and D). This 
result strongly suggests that SAT III transcripts are required for 
either correct loading of CENP-A and CENP-C to centromeric 
regions or for the stabilization of new proteins at centromeres. 
In conclusion, knockdown of SAT III RNA affects the loading 
and maintenance of constitutive centromeric and facultative ki-
netochore proteins, which causes chromosome segregation de-
fects and genome instability.

Discussion
It is well-established that centromeric regions and their function 
are influenced by epigenetic mechanisms to maintain their iden-
tity throughout cell and organismal generations (Allshire and 
Karpen, 2008). The histone variant CENP-A has been singled 
out as a key player in determining centromeres in most organ-
isms studied so far. However, diversity and differences within 
centromeres suggest that additional mechanisms also play a role 
in centromere determination. Here we provide evidence that the 
SAT III transcripts from a highly repetitive region of the X chro-
mosome of D. melanogaster are important to maintain correct 
centromeric function, and therefore normal chromosome seg-
regation. We show that SAT III RNA depletion causes severe 
chromosome segregation defects and a partial loss of essential 
kinetochore components that mediate the interaction with the 
mitotic spindle. Furthermore, we show that SAT III RNA inter-
acts with the inner kinetochore protein CENP-C. We propose a 
model where SAT III RNA binds to CENP-C, which in turn is 
required to recruit or stabilize CENP-C and possibly CENP-C–
interacting factors such as CENP-A at centromeres (Pauleau and 
Erhardt, 2011; Chen et al., 2014). When SAT III RNA is absent, 
the association of CENP-C with centromeres is destabilized or 
inhibited, which impairs the association of other proteins that are 
dependent on CENP-C for their centromeric localization. Recip-
rocally, in the absence of CENP-C, SAT III is absent from centro-
meres, which suggests an interdependence of SAT III RNA and 
CENP-C. CENP-C, together with CENP-A and CAL1, forms a 
platform for binding of KMN proteins, which are required for 
the attachment of chromosomes to the mitotic spindle (Pauleau 
and Erhardt, 2011). Therefore, we propose that as a consequence 
of the SAT III depletion, chromosome missegregation is caused 
by the destabilization of centromeric chromatin and therefore 
kinetochore formation during mitosis (Fig. 7).

SAT III is transcribed in D. melanogaster embryos and 
adult flies (Usakin et al., 2007; Salvany et al., 2009). Long cen-
tromeric transcripts have been identified in other species as well 

staining. However, weak CENP-C staining was also still detect-
able in those spreads, which indicates that CENP-C depletion 
was not complete in these cells. We therefore think that the loss 
of SAT III in 57% of these cells is probably an understatement. 
Control cells displayed SAT III signal on centromeric regions of 
all spreads analyzed (Fig. 4 D). We concluded from this experi-
ment that CENP-C is required for SAT III RNA to localize to 
centromeric regions during mitosis.

SAT III knockdown reduces the levels of 
centromeric and kinetochore proteins
Previous reports have linked transcriptional regulation of re-
petitive elements (including SAT III; see the Discussion sec-
tion) to changes in centromere composition in flies and human 
cells (Salvany et al., 2009; Chan et al., 2012). Therefore, we 
analyzed the levels of centromeric proteins after SAT III RNA 
depletion. Most of the lagging chromosomes showed CENP-A 
and CENP-C signals; only rarely were these factors undetect-
able on lagging chromosomes (Fig. 5, A and C). However, in-
tensity analysis of CENP-A and CENP-C centromeric signals 
showed that levels of these proteins were significantly reduced 
after knockdown of SAT III RNA, which is likely a cause for 
the chromosomes’ segregation defects. Levels of CENP-A on 
lagging chromosomes were reduced to 33% (n = 38) when com-
pared with segregating chromosomes (Fig. 5 B), and levels of 
CENP-C on lagging chromosomes were reduced to 55% (n = 49; 
Fig. 5 D).

CENP-A and CENP-C serve as a base for the binding of 
the KMN network of proteins, which mediates the interaction 
between microtubules and chromosomes (Orr et al., 2010). If 
CENP-A and CENP-C are not stably bound or if their levels 
are reduced, it is likely that upstream KMN proteins are also 
affected in their binding capacity to the centromere during mito-
sis. The KMN network is composed of Spc105 protein and the 
MIS12 and NDC80 subcomplexes (Orr et al., 2010). Spc105 
is required for loading of other kinetochore proteins (Przewloka  
et al., 2007; Venkei et al., 2012). We therefore tested the level of 
this protein after SAT III RNA knockdown. Strikingly, Spc105 
was absent on most of the lagging chromosomes (74%, n = 96) 
after SAT III RNA depletion (Fig. 5 E). In the remaining lag-
ging chromosomes, the intensity of Spc105 was reduced by 
70% in comparison to Spc105 signals on properly segregated 
chromosomes (Fig. 5 F).

SAT III RNA knockdown reduces loading of 
newly synthesized centromeric proteins
Compared with the outer kinetochore proteins, CENP-A and 
CENP-C are constitutively bound to centromeres throughout 
the cell cycle (Erhardt et al., 2008; Mellone et al., 2011). This 
may be why we detected residual CENP-A and CENP-C at cen-
tromeric chromatin after SAT III RNA depletion on lagging 
chromosomes. To test if SAT III RNA is required for loading 
of newly synthesized CENP-A and CENP-C, we used stable 
S2 cell lines expressing either CENP-A or CENP-C fused to 
SNAP-tag. This tag enables the distinction between preexisting 
and newly synthesized proteins (Jansen et al., 2007). S2 cells 
expressing SNAP–CENP-A or SNAP–CENP-C were transfected 
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as rapid centromeric transcript turnover has been described pre-
viously (Choi et al., 2011; Ohkuni and Kitagawa, 2011; Chan 
et al., 2012). In maize, centromeric transcripts remain bound to 

(Topp et al., 2004; Bouzinba-Segard et al., 2006; Wong et al., 
2007). Even though we predominantly detect long SAT III tran-
scripts, we cannot exclude the existence of smaller transcripts, 

Figure 5. Levels of centromeric and kinetochore proteins are reduced on lagging chromosomes after SAT III depletion. (A) Lagging chromosomes after SAT 
III knockdown display CENP-A signals. Cells were cotransfected with fluorescein-labeled dextran to distinguish LNA-transfected from untransfected cells. 
(B) Quantification of centromeric CENP-A signal mean intensity of cells in A. CENP-A levels were compared from lagging and successfully segregated 
chromosomes. Depicted are the normalized values from three independent experiments (n = 38). Only dextran-positive cells were analyzed. The CENP-A 
signal intensities are significantly (P < 0.0001) decreased on the lagging chromosomes. The p-value was determined using the Student’s t test. (C) Lagging 
chromosomes after SAT III knockdown display CENP-C signals. Cells were cotransfected with fluorescein-labeled dextran to distinguish LNA-transfected 
from untransfected cells. (D) Quantification of centromeric CENP-C signal mean intensity of cells as shown in C. Depicted are the normalized values from 
three independent experiments (n = 49). The CENP-C signal intensities are significantly (P < 0.0001) decreased on the lagging chromosomes. (E) Lag-
ging chromosomes after SAT III knockdown display virtually no Spc105 signals. Cells were cotransfected with fluorescein-labeled dextran to distinguish 
LNA-transfected from untransfected cells. (F) Quantification analysis of centromeric Spc105 signal mean intensity of cells as shown in E. Depicted are the 
normalized values from four independent experiments (n = 96). The Spc105 signal intensities are significantly (P < 0.0001) decreased on the lagging 
chromosomes. Data are mean ± SEM (error bars). The asterisks represent the p-value summary. Bars, 5 µm.
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and signals distant from chromatin might represent distinct ri-
bonucleoprotein particles. However, additional work is required 
to address these questions.

Depletion of SAT III RNA in S2 cells caused severe mi-
totic defects, which indicates that SAT III RNA is crucial for 
cell division. The same phenotype was observed in vivo in  
D. melanogaster embryos. Importantly, we found that flies car-
rying an X-Y translocation chromosome that has lost most of its 
SAT III DNA block (Sawamura et al., 1993) do not transcribe 
any significant amount of SAT III RNA, and display segregation 
defects in early embryos similar to what we described for S2 
cells and SAT III LNA gapmer-injected embryos. Most of the 
Zhr1 flies are viable and fertile despite the segregation defects 
in early embryos. We therefore suggest that SAT III RNA func-
tion is only one part of a larger safeguard mechanism required 
for accurate chromosome segregation during mitosis.

Ferree and Barbash (2009) showed that Zhr1 male flies res-
cue the female hybrid lethality in crosses between D. simulans 
females and D. melanogaster males. One of their hypotheses 
was that RNA originating from SAT III might be the cause of 
hybrid lethality in F1 daughters originating from these crosses. 

the kinetochore after transcription, and are thought to participate 
in stabilization of centromeric chromatin (Topp et al., 2004). 
Maize RNA binds to centromeric protein CENP-C transiently, 
and promotes its binding to DNA. Therefore, noncoding RNA 
may play a role similar to a protein chaperone. Once CENP-C 
is localized to centromeres, DNA binding is facilitated with the 
help from RNA to stabilize its position (Du et al., 2010). Dur-
ing interphase, SAT III RNA localizes to the nucleus, and forms 
a cluster in proximity to sites of centromeric clusters, perhaps 
at its transcription site. During mitosis, SAT III RNA is pres-
ent at centromeric regions. We suggest that satellite transcripts 
function in stabilizing the centromeric positioning of CENP-C, 
thereby facilitating the building of kinetochore structures, and 
in turn require CENP-C to localize to centromeres. This mecha-
nism may be evolutionarily conserved, as CENP-C has been 
described to bind RNA from centromeric repeats in maize (Du 
et al., 2010). In addition to SAT III RNA present at centromeres, 
some SAT III RNA is also detectable at pericentromeres of  
mitotic chromosomes and is non-chromatin-associated (Fig. 1,  
D and E; and Fig. S1 B). SAT III RNA that is present at pericen-
tromeres might also contribute to overall kinetochore structure, 

Figure 6. SAT III knockdown reduces levels of newly 
incorporated CENP-A and CENP-C at centromeres. 
(A) Cells stably expressing SNAP-tagged CENP-A 
were transfected with either SAT III–LNA or scrambled 
(Scrl) LNA probes as a control. After transfection, 
SNAP signals of preexisting proteins were irrevers-
ibly blocked and rendered undetectable for further 
analysis. 48 h after transfection, newly synthesized 
SNAP-tagged proteins were stained with TMR and 
imaged. Images show cells 48 h after transfection. 
Cells were cotransfected with fluorescein-labeled 
dextran to visualize transfected cells. Bars, 5 µm.  
(B) Quantification of the intensity of centromeric SNAP-
CENP-A signal as shown in A. Centromeric inten-
sity of SNAP–CENP-A was significantly lower (P < 
0.0001) upon SAT III knockdown. Depicted are the 
mean values from a representative experiment (n = 
200 for scrambled LNA, n = 184 for SAT III–LNA).  
Only dextran-positive cells were analyzed. The p-value 
was determined using the Student’s t test. (C) Analy-
sis of cells carrying SNAP–CENP-C construct as in 
A. Cells were transfected with scrambled (Scrl) LNA 
as a control or with SAT III–LNA. Images show cells 
48 h after transfection. Cells were cotransfected with 
fluorescein-labeled dextran to visualize transfected 
cells. Bars, 5 µm. (D) Quantification of the intensity 
of centromeric SNAP–CENP-C signal as shown in C. 
Centromeric intensity of SNAP–CENP-C was signifi-
cantly lower (P < 0.0001) upon SAT III knockdown. 
Depicted are the mean values from a representative 
experiment (n = 183 for scrambled LNA, n = 195 for 
SAT III–LNA). Data are mean ± SEM (error bars). The 
asterisks represent the p-value summary.
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this, Usakin et al. (2007) reported that many D. melanogaster 
pericentromeric transcripts participate in heterochromatin for-
mation, but SAT III transcripts were not among the RNAs that 
had an effect on the formation of centromeric heterochromatin. 
The observed heterochromatin defects in hth mutant embryos 
(Salvany et al., 2009) are, therefore, possibly caused by addi-
tional effects of depleting this transcription factor. Pericentro-
meric heterochromatin is required for sister chromatid cohesion 
and bipolar orientation during mitosis (Yamagishi et al., 2008; 
Sakuno et al., 2009). However, the levels of cohesion proteins 
(Fig. S5, C–E), as well as the heterochromatin markers HP1 and 
H3 lysine 9 methylation (Fig. S4), are unaffected in SAT III– 
depleted cells. We therefore conclude that the observed chro-
mosome segregation defects after SAT III depletion are unlikely 
to be caused by a loss of sister chromatid cohesion or hetero-
chromatin integrity.

Levels of centromeric and kinetochore proteins were sig-
nificantly reduced on mitotic chromosomes that failed to segre-
gate properly in the absence of SAT III RNA, which implies a 
role of SAT III RNA in providing a competent centromere envi-
ronment. Additionally, reducing the levels of CENP-C by RNAi 
caused a complete loss of SAT III from centromeres, which sug-
gests that CENP-C and SAT III RNA are mutually dependent on 
each other for their centromeric localization. Because loading 
of CENP-C and CENP-A is mutually dependent as well (Erhardt 
et a., 2008), both proteins are reduced in the absence of SAT III, 
as expected (Fig. 5). Spc105 is an essential component of Dro-
sophila kinetochores; its localization is interdependent with 
MIS12 complex localization and required for localization of  
the NDC80 subcomplex, which directly binds microtubules 
(Przewloka et al., 2007; Venkei et al., 2012). Hence, reduction 
of Spc105 protein at centromeres leads to severe defects in con-
structing a functional kinetochore, and provides an explanation 
for failures in chromosome segregation in the absence of SAT 
III RNA (Fig. 5 E). Finally, our SNAP tag experiments (Fig. 6) 
showed that loading of newly synthesized CENP-A and CENP-C 
proteins is also affected by the loss of SAT III, which suggests 
that SAT III plays an integral role in establishing and stabilizing 

We show here that Zhr1 flies do not have any SAT III transcripts, 
which indicates a possible incompatibility of SAT III RNA from 
wild-type D. melanogaster flies with either transcripts or the se-
quence of the X chromosome of D. simulans. However, this and 
other possibilities need to be tested in the future.

A previous study showed that transcription of SAT III 
depends on the homeobox-containing transcription factor Hth, 
and mutations of hth lead to abnormal distribution of CENP-A  
(Salvany et al., 2009). Similarly, inhibition of transcription during 
mitosis resulted in a decreased level of centromeric -satellite  
transcripts in human cells, which in turn resulted in lagging chro-
mosomes and a reduction of CENP-C (Chan et al., 2012). Inhi-
bition of transcription or mutations of transcription factors may, 
however, cause pleiotropic effects in cells; together with the 
results presented from a direct depletion of SAT III transcripts, 
we can conclude that the SAT III RNA directly influences cen-
tromere function and that satellite transcripts may have a con-
served function in kinetochore formation.

The inability of chromosomes to segregate properly in the 
absence of SAT III RNA is not restricted to chromosome X, 
the origin of SAT III transcripts. This indicates a trans-acting 
mechanism, as seen in dosage compensation (Wutz, 2003) and 
proposed for maize centromeric RNA (Du et al., 2010). Du et al.  
(2010) suggest that each centromere is capable of producing 
RNA. Indeed, in D. melanogaster, we observe active centro-
meric transcription by RNA polymerase II on all chromosomes 
(Fig. S5 B). This indicates that centromeric RNAs might have 
redundant functions, similar to what is described for the dosage  
compensation complex in Drosophila. Here, roX1 and roX2 
RNA are required for spreading of the compensasome to the 
entire X chromosome. These two RNAs are redundant in their 
function, even though they have little sequence similarity (Meller 
and Rattner, 2002). The presence of redundant RNAs may also 
explain why the majority of chromosomes usually segregate cor-
rectly upon SAT III RNA depletion, and why only some chromo-
somes are lagging.

We showed here that SAT III RNA function is independent 
of heterochromatin formation (Fig. S4, A and B). In support of 

Figure 7. Model for a role of SAT III RNA  
in centromere regulation. SAT III RNA inter-
action with CENP-C is required to stably localize 
CENP-C and therefore CENP-A to centromeres. 
Disruption of this process by SAT III knock-
down impairs a stable association of CENP-C 
and CENP-A with centromeres and disrupts the 
formation of a functional kinetochore during 
mitosis. This in turn results in reduced chromo-
somal attachment to the spindle, lagging chro-
mosomes, and general genome instability.
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BSA in PBS. Primary antibodies diluted in blocking solution were incubated 
for 1 h at RT. After three washes with PBS for 5 min each, cells were incu-
bated with the corresponding, fluorescently labeled secondary antibodies 
(diluted in blocking solution) for 1 h at RT. The secondary antibody incuba-
tion and all the following steps were performed while protected from light. 
After three washes in PBS, DNA was stained for 5 min with DAPI (1 µg/ml 
in PBS). The cells were then washed two more times with PBS before mount-
ing them in Aqua/Polymount medium, and covered with a glass coverslip 
of 1.5 mm thickness. The slides were stored at 4°C until imaging.

Preparation of mitotic chromosome spreads
Mitotic chromosome spreads were essentially performed as described previ-
ously (Mathew et al., 2014). To obtain mitotic chromosomes, 2 × 105 ex-
ponentially growing cells were arrested in mitosis with 2.5 µg/µl Colcemid 
for 1 h, centrifuged for 10 min at 1,000 g, resuspended in 0.5 ml hypotonic 
sodium citrate solution (0.5% Na-citrate in ddH2O), and incubated for 
8–10 min. 500 µl of swelled cells were spun on positively charged slides in  
a cytocentrifuge (Shandon 4 Cytospin; Thermo Fisher Scientific) at 900 rpm 
for 10 min. Mitotic chromosome spreads were fixed with 4% PFA for 10 min 
and subsequently treated for IF.

Image acquisition and quantification
Microscopy was performed on a DeltaVision Core system (Applied Preci-
sion) using softWoRx v.5.5 suite (Applied Precision) and a charge-coupled 
device camera (CoolSNAP HQ2; Photometrics). Images were acquired 
with 100× UPlan-SApochromat (NA 1.4; Olympus) or 60× Plan-Apochromat 
N (NA 1.42; Olympus) objective lenses with a binning of 1 × 1 or 2 × 2. 
Images were taken as z stacks, with 0.3 µm interval distance. For live cell 
imaging, 250 µl of exponentially growing cells in SM were placed into a 
sterile 8-well-chambered slide (Ibidi). Cells were imaged at 25°C with the 
following settings: 12 µm in z, 0.2–0.3 µm stack interval distance, binning 
1 × 1, with a time lapse of 2 min until the end of cell division.

Image processing
All images were deconvolved and projected (maximum intensity) using the 
softWoRx v.5.5 suite. Deconvolution was performed with the following set-
tings: Ratio (conservative), 10 cycles (for settled cells) or Additive, 5 cycles 
(for mitotic chromosomes). The distances between SAT III RNA and CENP-C 
signals were measured using the softWoRx v.5.5 suite, and the distance 
between the closest points was measured.

For live cell imaging, images were equalized before quick projec-
tion, using time point 3 as a reference. The acquired images were pro-
cessed and analyzed using ImageJ software. The brightness and contrast 
of the images were adjusted using Photoshop software (Adobe).

Only cells cotransfected with dextran were considered for the quan-
tification. To determine the intensity of centromeric dots, we used the Im-
ageJ plug-ins DoG spot enhancer and ROI particle analyzer, developed by 
the Nikon Imaging Center (University of Heidelberg; Bade et al., 2014). 
Final graphs were plotted using GraphPad Prism software. The significance 
(p-value) was determined using a Student’s t test.

For colocalization analysis, a single z stack was used for every  
mitotic spread. Intensity profiles were made using an RGB profile tool for 
ImageJ from the ZMBH Imaging Facility.

RT-PCR
RNA was isolated using the PureLink RNA Mini kit (Ambion), according to 
the manufacturer’s instructions. Reverse transcription of RNA (1 µl) was per-
formed using the combination of oligo (dT) and random hexamer primers 
in equal proportions. A control reaction with no reverse transcription was 
always performed in parallel. RT reaction was followed by PCR with prim-
ers specific for transcript of interest, according to Usakin et al. (2007).

Quantitative RT-PCR
RT-qPCR was performed after cDNA synthesis on a LightCycler 480 (Roche) 
using ABsolute qPCR SYBR Green Mix (Thermo Fisher Scientific) or Light-
Cycler 480 SYBR Green I Master (Roche). All reactions were run in tripli-
cate in a LightCycler 480 multiwell plate. Actin was used as a reference. 
The level of SAT III in the control mock-treated sample was normalized to 1, 
and compared with the SAT III–depleted samples.

3 RACE
3 RACE was performed using the FirstChoice RLM-RACE kit (Ambion). 1 µl 
total RNA of S2 cells was used for reverse transcription with oligo (dT) 
bound to the 3 RACE adapter. The cDNA was subjected to PCR using a 
primer complementary to the adapter and the SAT III forward primer.

centromeric chromatin. In conclusion, we identified SAT III 
RNA as an epigenetic factor involved in centromere regulation 
and function through interaction with the centromeric protein 
CENP-C, which suggests a vital and evolutionarily conserved 
role of noncoding RNAs in centromere determination and chro-
mosome segregation.

Materials and methods
Gene constructs
All standard molecular biology techniques were performed as described 
by Sambrook and Russell (2001). Constructs created for this study were cloned 
into AscI and PacI sites of the pCopia–localization and purification (LAP) 
vector with a basal expression Copia promoter and an N-terminal EGFP 
tag (Erhardt et al., 2008). For overexpression studies, SAT III was cloned into 
KpnI (forward primer) and NotI (reverse primer) sites of the pAc5.1/V5-His 
C plasmid (Invitrogen). Plasmids encoding CENP-A or CENP-C tagged with 
an N-terminal SNAP tag have been described previously (Mellone et al., 
2011). The genes were under control of the Copia promoter, and cloned 
using AscI and PacI restriction enzymes.

Transfection of S2 cells with plasmids, dsRNA, or LNA probes
S2 cells were grown and maintained, as described previously (Bade  
et al., 2014), under sterile conditions at 25°C in Schneider medium con-
taining 10% heat-inactivated fetal bovine serum and 100 µg/ml penicillin- 
streptomycin. For R-IP experiments, cells were grown in suspension culture 
with the addition of 4 U/ml heparin and 0.05% Synperonic. For transfec-
tion, actively dividing cells of 106 cells/ml density were seeded into 25-cm2 
flasks 2 d before transfection. Transfection was performed using Cellfectin 
II (Life Technologies) according to the manufacturer’s instructions with 5 µg 
of desired plasmid, or 100 nM of LNAs in total. Dextran was used in a 
concentration of 30 µg/ml. To create stable cell lines, 5 µg of pCopia-
Hygro vector was added, and the selection process with 250 µg/ml Hy-
gromycin B was started 2 d after transfection. dsRNA was made using the 
MEGAscript kit (Ambion) according to the manufacturer’s instructions. RNAi 
was performed using DOTAP liposomal transfection reagent (Roche) accord-
ing to manufacturer’s instructions with 5 µg of dsRNA or by soaking of 13 µg 
CENP-C or Brown dsRNA as reported previously (Erhardt et al., 2008). In 
brief, one million actively dividing cells were plated in 1 ml of serum-free me-
dium and dsRNA was added. After 1 h of incubation, 1.5 ml of fresh serum-
containing medium (SM) was added to the cells. Cells were analyzed 72 h 
after treatment.

SNAP-tag fusion protein blocking and labeling
Cells transfected with either SNAP-tagged CENP-A or CENP-C proteins were 
transfected with 100 nM LNA in total. Dextran was used in a concentration 
of 30 µg/ml. After 3.5 h, cells were collected and pelleted by centrifugation 
at 800 g for 3 min. The medium was removed, and cells were resuspended 
in 100 µl of fresh SM containing SNAP-Cell Block (1:200; New England 
Biolabs, Inc.), according to manufacturer’s instructions. After 30 min of incu-
bation (25°C, 400 rpm), cells were pelleted and the medium was replaced 
with 1 ml of fresh SM, then incubated for 30 min (25°C, 400 rpm). Cells 
were washed two more times in SM, then plated in 6-well plates.

48 h after transfection, cells were collected and pelleted (800 g, 
3 min), and medium was replaced with 100 µl of SM containing 4 µM 
SNAP-Cell TMR-Star (New England Biolabs, Inc.). After 15 min of incu-
bation (25°C, 400 rpm), the cells were pelleted and the medium was 
replaced with 1 ml fresh SM, then incubated for 30 min, at 25°C, 400 rpm, 
to allow unreacted TMR-Star to diffuse out of the cells. Cells were washed 
three more times in SM, and one final time in PBS, then prepared for imag-
ing. Cells were settled on a positively charged glass slide for 10 min, fixed 
with 4% PFA for 10 min, washed three times in PBS with 0.1% Triton-X 
(PBST), and counterstained with DAPI before mounting.

Indirect IF on S2 cells and mitotic spreads
IF was essentially performed as described previously (Erhardt et al., 2008). 
100–200 µl of exponentially growing cells were harvested (3 min, 1,000 g)  
and washed once in PBS. The pellet was resolved in 100 µl PBS, and cells 
were settled on a positively charged glass slide for 10 min before fixation 
with 4% PFA for 10 min. Fixed cells were washed twice in PBS and per-
meabilized for 5 min with PBS supplemented with 0.5% Triton X-100. Un-
specific binding was prevented by blocking the cells for 0.5–1 h with 1% 
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beads were incubated for 10 min with R-IP buffer supplemented with 10 mM  
Ribonucleoside Vanadyl complex (New England Biolabs, Inc.), an RNase in-
hibitor. The protein lysate was added to the beads and incubated with rotation 
for 2 h at 4°C. After incubation, the beads were collected by centrifugation 
(3,000 g for 2 min) and washed four times with R-IP buffer for 10 min, ro-
tating at 4°C. 1 ml of 2 µg/µl RNA purified from the same cells was added 
to the beads in R-IP buffer. Beads were incubated with RNA for 2 h, rotat-
ing at 4°C, then washed six times with R-IP buffer for 10 min, rotating at 
4°C. Washed beads were divided into two aliquots, one was used for WB 
and the other for RNA isolation with TRIzol and RT-PCR. Before RT, DNA 
traces were removed using a DNA-free kit (Life Technologies).

WB analysis and quantification
Cell lysates were separated on a 12% SDS poly-acrylamide gel, transferred 
onto a nitrocellulose membrane for 1 h at 400 mA, and briefly stained with 
Ponçeau. After blocking in 5% milk in PBST, primary antibodies were incu-
bated O/N at 4°C in the blocking solution. After washing, secondary anti-
bodies coupled to horseradish peroxidase were added for 2 h at RT before 
ECL detection (Thermo Fisher Scientific).

WBs were quantified using the Quantity One software (Bio-Rad Lab-
oratories) according to the manufacturer’s instructions (Bade et al., 2014).

Antibodies
The following primary antibodies were used: rabbit anti–Alexa Fluor 488 
(1:200 IF; Molecular Probes), mouse anti–-tubulin (1:500 IF; Sigma-Aldrich), 
rabbit anti–CENP-A (1:1,000 IF, from A. Straight, Stanford University, 
Stanford, CA), guinea pig anti–CENP-C (1:1,000 IF and 1:500 WB, from 
G. Karpen, Lawrence Berkeley National Laboratory and University of 
California, Berkeley, Berkeley, CA), mouse anti-GFP (1:500 WB; Roche), 
rabbit anti-H3K9me2 (1:500 IF; Abcam), rabbit anti-H3K16ac (1:500 IF; 
EMD Millipore), mouse anti-HP1 (1:1,000 IF; Developmental Studies Hy-
bridoma Bank), rat anti-HP1 (1:400 IF; from F. Azorin, IRB Barcelona, 
Barcelona, Spain), mouse anti-RNAPIIS2 (1:200 IF; Ambion), sheep anti-
Spc105 (1:1,000 IF; from D. Glover, University of Cambridge, Cambridge, 
England, UK), guinea pig mei-S332 (1:100 IF; from T. Orr Weaver, White-
head Institute, Cambridge, MA), and rabbit Smc1 (1:2,000 WB; from 
D. Dorsett, Saint Louis University, St. Louis, MO). Secondary antibodies 
coupled to Alexa Fluor 488, Alexa Fluor 546, and Alexa Fluor 647  
fluorophores (Molecular Probes) were used at 1:500 dilutions for IF,  
and horseradish peroxidase–conjugated secondary antibodies (Abcam) for 
WB analysis were used at 1:10,000 dilutions.

Online supplemental material
Fig. S1 shows SAT III DNA FISH on mitotic chromosome spreads and ad-
ditional SAT III RNA FISH on settled, mitotic cells. Fig. S2 shows SAT III 
overexpression and the efficiency of depletion by LNA gapmers. Fig. S3 
shows SAT III depletion with alternative LNA gapmers and the depletion 
of either only sense or anti-sense transcripts. Fig. S4 shows that the het-
erochromatin markers HP1 and histone H3 K9-dimethylation are present 
in mitosis and appear unaffected by SAT III depletion. Fig. S5 shows the 
influence of SAT III RNA on development and cohesion, and active tran-
scription of centromeric regions during mitosis. Video 1 shows a scrambled 
LNA probes–transfected S2 cell expressing H2B-GFP and mCherry-tubulin 
that divides normally. Video 2 shows a SAT III–depleted S2 cell express-
ing H2B-GFP and mCherry-tubulin that displays chromosome segregation 
defects. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201404097/DC1.

We thank the Erhardt laboratory, G. Stöcklin, and A. Teleman for discussions 
and comments on the manuscript; M. Portal for FISH protocol discussion; D. 
Glover, G. Karpen, F. Azorin, P. Verrijzen (Erasmus University, Rotterdam, Neth-
erlands), D. Dorsett, T. Orr Weaver, R. Oliveira (Instituto Gulbenkian de Ciência, 
Oeiras, Portugal), and A. Straight for flies and reagents; A. Teleman and  
K. Weischenfeldt for embryo injections; A. Villasante for sequence information; 
the Nikon Imaging Center for ImageJ plugins; H. Lorenz and G. H. Sendra 
from the ZMBH Imaging Facility for discussions; the Developmental Studies 
Hybridoma Bank for HP1 antibodies developed by L. Wallrath; and the 
Bloomington stock center for fly lines.

We acknowledge funding from the Deutsche Forschungsgemeinschaft 
through the grants ER576 and EXC81 (CellNetworks) to S. Erhardt. S. Rošić is 
an alumna of the Hartmut Hoffmann-Berling International Graduate School of 
Molecular and Cellular Biology.

The authors declare no competing financial interests.

Author contributions: S. Rošić and S. Erhardt designed and analyzed data  
and wrote the manuscript. F. Köhler performed HP1 and H3K9me2 WB  

Injection and IF on D. melanogaster embryos
For injections, 30-min-old embryos from w1118 flies were dechorionated 
by 1.5 min of treatment in sodium hypochlorite (1.2%). Healthy looking 
embryos were transferred to a glass slide, covered with halocarbon oil, 
and injected with either control (100 µM scrambled LNA probe) or probe 
(50 µM SAT III–LNA1 and SAT III–LNA2 probe, each) at 19°C. Zhr1 and 
OregonR embryos were collected for 2 h at 25°C and dechorionated by  
2 min of treatment with sodium hypochlorite (1.2%). All embryos were 
stained according to the method of Vincent and O’Farrell (1992). In brief, 
embryos were washed off the coverslip with a stream of heptane and 
pipetted out together with heptane into 37% formaldehyde (1:1), shaken 
vigorously for 15 s, and incubated for 5 min at RT. The bottom formalde-
hyde phase was replaced with 500 µl of methanol. Embryos were shaken 
for 15 s and left to settle at the bottom of the tube for 1 min. The upper  
heptane layer was replaced with methanol and left at 4°C overnight  
(O/N). To rehydrate the embryos, embryos were washed twice with PBTA 
solution (0.2% Triton-X-100, 0.1% BSA, and 0.002% sodium azide), and 
incubated in 1 ml PBTA for 15 min at RT on a rotator. For IF staining, the 
embryos were blocked in PBTA solution for 30 min at RT. The primary anti-
bodies diluted in PBTA were added to the embryos and incubated O/N at 
4°C. Embryos were washed three times. Secondary antibodies were incu-
bated for 3–4 h at RT, followed by three washes in PBTA and one wash in 
PBS. Embryos were counterstained with DAPI in PBS for 5 min, transferred 
onto a slide, and covered with mounting medium and a coverslip. The 
slides were stored at 4°C in the dark until imaging.

FISH analysis coupled with IF on S2 cells
For the probe, one repeating unit of SAT III blunt end PCR product was 
cloned into pCR-Blunt II-TOPO (pCR-SAT III) vector using a Zero Blunt TOPO 
PCR Cloning kit (Life Technologies). The probes were produced and la-
beled in a PCR reaction with ChromaTide Alexa Fluor 488–5-dUTP nucleo-
tides (Molecular Probes), according to the manufacturer’s instructions, and 
used in a concentration of 100 ng/reaction. To enhance the signal, IF with 
-Alexa Fluor 488 antibody was performed after hybridization. The do-
deca satellite probe with 5 Cy3 labeling was designed by Ocimum Bioso-
lutions, according to Abad et al. (1992), and used in a concentration of 
250 ng/reaction. The chromosome 2–specific probe was designed by Sigma- 
Aldrich, according to Ferree and Barbash (2009), and used in a concen-
tration of 250 ng/reaction.

FISH analysis was performed either on settled S2 cells or on mitotic 
chromosome spreads. Cells were settled or spun down on a glass slide 
and fixed in 4% PFA, then washed twice in PBS for 5 min. Cells were 
permeabilized by washing in PBST buffer for 5 min, then washed twice in 
2× saline-sodium citrate (SSC) buffer. For DNA FISH, probes were diluted 
in 50 µl of FISH hybridization buffer (50% formamide, 10% dextran sulfate 
in 2× SSC), added to the cells, and denatured at 95°C for 5 min. For RNA 
FISH, probes were diluted in FISH hybridization buffer and incubated at 
80°C for 10 min. The probes were added to the slides with the cells and 
incubated at 80°C for 5 min. Hybridization was performed at 42°C O/N. 
Slides were washed three times in 50% formamide/2× SSC and three 
times in 2× SSC at 42°C. After the washes, samples were fixed with 4% 
PFA for 10 min.

For additional IF, slides were blocked with 4% BSA in 2× SSC 
and incubated with the appropriate antibodies in the same solution, then 
washed three times in 2× SSC. Secondary antibodies were incubated and 
washed in the same manner. Slides were counterstained with DAPI for  
5 min and mounted.

R-IP
R-IP protocol was adapted from Durdevic et al. (2013). Cells stably ex-
pressing GFP-CENP-C, GFP-HP1, or GFP only were grown in suspension 
cultures. Cells were harvested by centrifugation (1,000 g, 20 min, 4°C), 
washed twice in ice-cold PBS, and divided into two fractions, one for RNA 
preparation and one for protein purification. RNA was isolated using 
TRIzol (Life Technologies) and RNA resuspended in RNA buffer (30 mM 
Hepes-KOH, pH 7.4, 150 mM NaCl, 2 mM magnesium acetate, and 0.5% 
NP-40 in H2O).

For protein purification, cells were resuspended in R-IP buffer (RNA 
buffer supplemented with 5 mM DTT, 1 mM PMSF, 2 µg/ml Aprotinin,  
5 µg/ml Leupeptin, 1 µg/ml Pepstatin, and 1 µl/ml RiboLock RNase Inhibi-
tor [Thermo Fisher Scientific]), then sonicated using a Biorupter (Diagenode; 
5 cycles, 30 s sonication/30 s break). Insoluble material was removed by 
centrifugation (15 min, 16,000 g, 4°C). IP was performed on 150 µg of 
NHS-activated Sepharose (GE Healthcare) coupled GFP-TRAP (Rothbauer 
et al., 2008; Mathew et al., 2014). Before the protein lysate was added, 
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