
EXTENDED DATA FIGURE LEGENDS 

Extended Data Fig. 1 │ Characterization of centromeric and pericentromeric transcripts. a, CEN 

and periCEN RNAs derived from chromosomes 3 and 8 are mapped as arrows (each indicating direction 

of synthesis and their start and end points) onto the S. cerevisiae genome1. Total RNA (including 

chromatin-embedded transcripts) were isolated from two independent mid-exponential cultures of both 

wild-type yeast and a trf4∆ mutant (deficient in TRAMP/nuclear exosome activity), converted into 

cDNA, and deep-sequenced (HiSeq RNA-Seq). The RNAs displayed were identified in at least two of 

the four samples. Transcript concentrations (number of reads) are color-indicated (grey scale). The 

orange and green boxes detail CEN3 and CEN8, respectively, and the positions of the oligomers used to 

quantitate the CEN3, periCEN3, CEN8, and periCEN8 RNAs by RT-qPCR analysis. b, Short (<200nt) 

transcripts (read pairs) that overlap with the centromere as identified in two independent, mid-

exponential cultures of both wild-type yeast and a trf4∆ mutant. CEN DNA and RNA lengths are to scale. 

Their chromosome of origin is evidenced by color. The directions of transcript synthesis from the upper 

(+) or lower (-) DNA strand are indicated by the orientation of the arrows. The DNA regions onto which 

the Cse4-harboring CEN nucleosome, the two CBF3 complexes, homodimeric transcription factor Cbf1, 

and the two CCAN kinetochore protein networks bind are indicated2,3. 

 

Extended Data Fig. 2 │ Quantification of CEN and periCEN transcript numbers. a, The number of 

CEN and periCEN transcripts derived from chromosomes 3, 5 and 8 were quantitated by RT-qPCR 

analysis and normalized to ACT1 mRNA transcript numbers. All data were derived from three 

independent biological experiments. b, Upper figure: number of CEN and periCEN transcripts derived 

from the sixteen yeast chromosomes as identified in two independent, mid-exponential cultures of wild-

type yeast. Lower figure: plot correlating the CEN and periCEN reads generated from the 16 



chromosomes. The error bars represent standard deviations. Confidence levels (p-values) were calculated 

with the unpaired, two-tailed student t-test. 

 

Extended Data Fig. 3 │ Quantification of CEN and periCEN RNA molecules, and their 

downregulation by Rio1 activity. a, Standard curves for calculating CEN and periCEN transcript 

numbers. CEN and periCEN DNA was amplified from the wild-type yeast genome by qPCR analysis 

using the indicated primer pairs (Fig. 1a, Extended Data Fig. 1a). The amplified DNA product was 

purified from the PCR reaction, quantitated (ng/µl), and converted to molarity. Next, different 

concentrations of the purified DNA were amplified by qPCR analysis and the obtained reaction Cq values 

plotted against the initial input DNA concentrations, yielding a 1st-order regression curve. Next, CEN 

and periCEN cDNAs were generated form the various yeast strains as indicated, Cq values of the qPCR 

reactions intrapolated to obtain the number of molecules using the above regression curves. b, Western 

hybridization blot of Rio1-AID protein levels (anti-AID) in the RIO1-AID strain treated for 45 min with 

500µM auxin or a mock. The wild-type strain (RIO1) acted as the negative control. Pgk1 acted as the 

loading control. c, The number of CEN and periCEN transcripts derived from chromosome 3 were 

quantitated, referenced to ACT1 mRNA levels, and then normalized to the CEN3 transcript levels in the 

wild-type strain (RIO1) (value = 1). The data were obtained from three independent biological 

experiments. The error bars represent standard deviations. Confidence levels (p-values) were calculated 

with the unpaired, two-tailed student t-test. d, CEN3 and periCEN3 (upstream of CEN3) transcript 

numbers in the RIO1-AID strain, which was released from G1 (α-factor arrest-and-release) in the 

presence of 500µM auxin or a mock. Transcript levels were normalized to those of ACT1 (all measured 

by RT-qPCR analysis), and the number of transcript molecules next derived from the standard curves 

established for each primer pair (Extended Data Fig. 3a). The cell cycle stages are indicated (G1 = G1, 

S = S-phase, M = metaphase, A = anaphase). The error bars represent standard deviations. 



 

Extended Data Fig. 4 │ Regulation of CEN and periCEN transcript levels by Rio1, Rat1, and 

TRAMP/nuclear exosome. a, Confidence levels (p-values) for the data plotted in Fig. 4c (CEN5, CEN8, 

periCEN5 (downstream of CEN5), and periCEN8 (upstream of CEN8) were calculated with the unpaired, 

two-tailed student t-test. The data were obtained from three independent biological experiments. b, CEN3 

and periCEN3 (upstream of CEN3) transcript levels were quantitated by RT-qPCR analysis in the 

indicated strains, which were treated for 45 min with 500µM auxin. All measures were referenced to 

those of ACT1 mRNA (quantitated by RT-qPCR analysis), and then normalized to those in the RIO1 

(wild-type) strain (value = 1). The data were gathered from three independent biological experiments. 

Error bars represent standard deviations. Confidence levels (p-values) were calculated with the unpaired, 

two-tailed student t-test. 

 

Extended Data Fig. 5 │ The Rat1 interactome. The protein interaction map of 5’-3’ exoribonuclease 

Rat1 was obtained following the affinity purification of Rat1-ProteinA from S. cerevisiae whole-cell 

extracts. Co-purifying proteins were identified by mass spectrometry (see Methods) from two 

independent biological experiments. The proteins not identified in two parallel, negative control 

experiments that were enriched with a confidence level p≤0.05 were withheld and functionally clustered 

based on the Gene Ontology term associated with each of them. The statistical significance of each 

protein is color-indicated (-Log2 (p-value)). 

 

Extended Data Fig. 6 │ Levels of spindle-bound kinetochore proteins in Rio1-depleted yeast. a, 

Exponential RIO1-AID strains endogenously expressing GFP-labeled kinetochore reporter proteins 

(Mif2-GFP, Cnn1-3GFP, Mtw1-GFP or Ndc80-3GFP) were treated for 45 min with 500µM auxin or a 

mock. The live cells were imaged across 25 Z-planes in various cell cycle stages (G1, S-phase, 



metaphase, anaphase). Next, the images were vertically projected, and maximum fluorescence intensities 

measured. The data are plotted in Fig. 6b. b, Anti-GFP ChIP-qPCR based localization of Cse4-GFP-

Cse4 at CEN5, CEN8, ACT1 (negative control), and six loci that recruit Cse4 when overexpressed4,5 in 

RIO1-AID cells treated for 45 min with 500µM auxin or a mock. The data were gathered from three 

independent biological experiments and are expressed as % of input. Error bars represent standard 

deviations. No significant recruitment of Cse4-GFP-Cse4 at sites beyond centromeres was observed in 

the presence (mock) or absence (500µM auxin) of Rio1 activity. 

 

Extended Data Fig. 7 │ Yeast depleted of Rio1 suffers from chromosome mis-segregation. 

Examples (top images) and distribution of red-sectored colonies observed for the wild-type (RIO1) and 

RIO1-AID strains that were grown for 6h (200 rpm, 25ºC) in 2% glucose synthetic medium containing 

100µM auxin, and then transferred onto 2% glucose synthetic agar medium lacking auxin (5d, 25ºC). 

 

Extended Data Fig. 8 │ Depletion of RioK1 from human cells via an auxin-inducible mAID-degron. 

a, Graphic representation of the strategy used to homozygously label RioK1 at its N-terminus with a 

miniAID (mAID) degron6. The latter is part of selection cassette that was constructed in a donor plasmid 

and then PCR-amplified. Next, the PCR product was electroporated into hTERT-immortalized, OsTIR1-

expressing RPE-1 cells together with recombinant Streptococcus pyogenesis Cas9 endonuclease, the 

crRNA-tracrRNA oligomer (its 20-bp recognition spacer sequence is highlighted in yellow), and 

inhibitor of non-homologous end-joining NU7441. The construct recombined at the N-terminus of both 

RIOK1 alleles following CRISPR/Cas9-mediated dsDNA cleavage. Recombinant cells were selected in 

the presence of 7.5µg/ml blasticidin, and resistant single clones confirmed for homozygous introduction 

of the mAID cassette at RIOK1 by PCR analysis. Following transcription and translation, the P2A self-

cleaving peptide, encoded in frame with mAID, releases the blasticidin-resistance protein from mAID-



RioK1. Upon treatment with 500µM auxin; the interaction between mAID-RioK1, auxin, and the E3 

ubiquitin ligase OsTir1 drives the ubiquitination of mAID-RioK1, resulting in its degradation by the 26S 

proteasome. b, Degradation dynamics of mAID-RioK1 following treatment with 500µM auxin. Anti-

RioK1 western blot analysis (rabbit polyclonal antibody; Novus, Cat # NBP2-47301) identified mAID-

RioK1 protein levels over-time. GAPDH protein levels (rabbit monoclonal antibody, Cell Signaling, Cat 

# 2118) acted as the loading control and internal reference to normalize RioK1 protein levels. 

 

Extended Data Fig. 9│ Depletion of RioK1 from human cells by RNA interference. a, Graphic 

representation of the RIOK1 pre-mRNA sequence, indicating exon 8 whose internal sequence (blue) was 

targeted for siRNA-mediated transcript degradation. b, siRNA interference protocol used to deplete 

RioK1. The cells were harvested and analyzed after 3 days of siRNA treatment. c, Quantitation of RIOK1 

mRNA and RioK1 protein levels after 2 and 3 days, respectively, of siRNA treatment. Levels were 

measured by RT-qPCR analysis, and anti-RioK1 western blot (mouse polyclonal antibody; Abnova, Cat 

# H00083732-B02P), respectively. In each case, values were normalized to GAPDH mRNA and protein 

levels (rabbit monoclonal antibody, Cell Signaling, Cat # 2118), respectively, and then referenced to the 

data obtained in the negative control siRNA experiment (value = 1). The data were gathered from three 

independent biological experiments. Error bars represent standard deviations. Confidence levels (p-

values) were calculated with the unpaired, two-tailed student t-test. 
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