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Abstract

In humans, telomeric repeats (TTAGGG)n are known to be present at internal chromosomal sites. These interstitial telomeric se-
quences (ITSs) are an important source of genomic instability, including repeat length polymorphism, but the molecular mechanisms
responsible for this instability remain to be understood. Here, we studied the mechanisms responsible for expansions of human
telomeric (Htel) repeats that were artificially inserted inside a yeast chromosome. We found that Htel repeats in an interstitial chro-
mosome position are prone to expansions. The propensity of Htel repeats to expand depends on the presence of a complex of two
yeast proteins: Tbf1 and Vid22. These two proteins are physically bound to an interstitial Htel repeat, and together they slow replica-
tion fork progression through it. We propose that slow progression of the replication fork through the protein complex formed by the
Tbf1 and Vid22 partners at the Htel repeat cause DNA strand slippage, ultimately resulting in repeat expansions.
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Significance Statement:

Telomeric repeats that are present at internal chromosomal sites lead to genome instability in health and disease. We studied the
mechanisms of instability of human interstitial telomeric repeats in a yeast experimental system. We found that it is mediated by
the complex of two proteins, Tbf1 and Vid22, bound to those repeats. Since both proteins have human counterparts, our discovery
points to the targets potentially responsible for the instability of interstitial telomeric repeats in human cells.

Introduction
Telomeres, special nucleoprotein structures at the ends of chro-
mosomes, play a key role in genome stability by protecting chro-
mosomal ends and tackling the end-replication problem (1–3). For-
mation of a protective cap at the ends of chromosomes in mam-
mals depends on several protein factors interacting with simple
telomeric repeats (TTAGGG)n. The six-subunit protein complex
shelterin is essential for telomere maintenance in vertebrates (4).
It consists of TRF1, TRF2, POT1, TPP1, TIN2, and RAP1 proteins.
A total of three of these proteins, TRF1, TRF2, and POT1, directly
interact with telomeric DNA: TRF1 and TRF2 interact with double-
stranded telomeric repeat, while POT1 interacts with a single-
stranded G-rich overhang at the tip of the telomere.

Lower eukaryotes, such as budding yeast, lack the shelterin
complex; instead, the Rap1 protein (an ortholog of human RAP1)
binds to double-stranded telomeric repeats. Yeast telomeres are

typically short and carry tracts of irregular sequence (TG1-3)n,
whereas vertebrate telomeres are much longer and composed of
nearly perfect (TTAGGG)n repeats.

Structural alterations of telomeric DNA were also implicated
in chromosome stability and maintenance. A substantial body of
evidence demonstrates that capping of telomeric ends is achieved
via the formation of T-loops. These are the structures formed
upon invasion of single-stranded telomeric 3’-ends into adjacent
duplex DNA that are additionally stabilized by the presence of
the TRF2 (and possibly other) proteins (5, 6). Besides T-loops,
single-stranded telomeric ends can form G4-DNA: a four-stranded
DNA structure built of stacked G-quadruplexes (7, 8). The role
of G4-DNA in the chromosome end-protection and telomere
maintenance is also broadly discussed. Importantly both T-loops
and G4-DNA are formed by human telomeric (Htel) repeats in
vivo (6, 9).
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Telomeric repeats are also found at various loci inside
the genome in many organisms and their function at these
loci is not fully understood. Such sequences are called Inter-
stitial Telomeric Sequences (ITSs) and they can significantly
vary in size and quantity in different genomes. The human
genome carries short ITSs (s-ITSs) tracts in multiple locations
and a few long, fusion ITSs which originate from telomere–
telomere fusion of ancestral chromosomes (10–12). Little is
known about the functional role of such sequences, although
recent data relate ITSs with the maintenance of telomeric
loops, genome stability, and regulation of gene expression (13–
16). ITSs often colocalize with sites of fragility, hyperrecombi-
nation, and chromosomal aberrations and coincide with chro-
mosomal translocations and abnormalities found in various hu-
man diseases (17–31). Like other microsatellites, s-ITSs show sub-
stantial length polymorphism (12, 30, 32–34). Importantly, the
length of the s-ITSs tract becomes destabilized in some tu-
mors (30, 32). There is mounting evidence that shelterin com-
ponents occupy selective interstitial telomeric sites in human
genome. TRF1, TRF2, RAP1, and TIN2 were found at ITS re-
gions outside of telomeres, where they are thought to im-
pact stability of these sequences and regulate transcription
(11, 29, 35–38).

Interestingly, budding yeast also carry a few copies of human
TTAGGG repeats within subtelomeric Y’ and X regions (39–41).
These elements are called STAR-repeats (subtelomeric antisilenc-
ing regions) since they function as insulators by blocking hete-
rochromatin from spreading from telomeric regions inside chro-
mosome. STAR-repeats are bound by the Tbf1 (TTAGGG binding
factor 1) protein, a homolog of human TRF1 and TRF2 proteins
(39, 42–44).

Using a yeast model system, we have previously shown that
short tracts of perfect yeast telomeric (Ytel) repeats, when ar-
tificially placed inside a chromosome, are able to induce gross
chromosomal rearrangements and mutagenesis in adjacent loci
(45). They also undergo spontaneous tract length changes by ei-
ther expanding or contracting (45, 46). This instability results from
the formation of double-stranded breaks or single-stranded gaps
within Ytel-repeats during their replication and subsequent repair
of these lesions via homologous DNA recombination or postrepli-
cation DNA repair (46).

Here, we examined the stability of Htel repeats placed into
the body of yeast chromosome III. Similar to Ytel repeats,
they appear to undergo expansions with high frequency. De-
spite this similarity, the genetic control of Htel repeat insta-
bility differs dramatically from that of Ytel repeats. First, it
depends on the functionality of the Tbf1 protein, as a dele-
tion within its N-terminal insulation domain (tbf1�i) dramati-
cally (more than 100-fold) stabilizes the repeat. Second, it also
depends on the presence of the Tbf1 partner, Vid22: deletion
of the VID22 gene stabilizes the repeat to the same extent
as the mutant tbf1�i allele. Using 2D electrophoretic analy-
sis of replication intermediates, we found that replication fork
stalls at the Htel repeat, and this stalling is decreased in
both the tbf1�i and vid22� mutants. Finally, the rate of Htel
repeat instability is decreased in yeast strains carrying mu-
tant alleles of replicative DNA polymerases, which is particu-
larly pronounced in DNA polymerase epsilon mutants. We hy-
pothesize that binding of the Tbf1 and Vid22 proteins to the
Htel repeat results in the slow replication through the re-
peat provokes strand slippage, which ultimately leads to its
expansion.

Materials and Methods
Plasmids
Plasmids with Htel repeats in the URA3 reporter cassette were
constructed during this study. Construction of these and other
plasmids is described in the Supplementary Material.

Strains
Strains are listed in Table S1 (Supplementary Material), individ-
ual gene deletions were obtained via PCR-based method for gene
replacement (47, 48). PCR cassettes for gene replacements were
obtained using plasmids pAG32 (hphMX4 cassette), pRS303 (HIS3
cassette), pFA6-kanMX4 (kanMX4 cassette), pAG25 (natMX4 cas-
sette), and pUC19-hphMX4 (hphMX4 cassette). Primers used to cre-
ate these cassettes are listed in Table S2 (Supplementary Mate-
rial). Strains carrying the TBF1 or tbf1�i fused with 13xMyc tag
were constructed as follows: genomic DNA from strains YVR032
and YVR118, described in (49) was used for PCR to amplify TBF1-
13xMyc-HIS3MX6 and tbf1�i-13xMyc-HIS3MX6 alleles, respectively.
Genomic DNA from YVR032 was also used to amplify VID22-
13xMyc-HIS3MX6. These PCR products were integrated into the
SMY758 strain to get SMY904, SMY901, and SMY1075 strains (Ta-
ble S1, Supplementary Material). Mutations in the POL2 and POL3
genes encoding the catalytic subunits of the DNA polymerases
epsilon and delta were constructed via pop-in pop-out method
as described in (50). All these polymerase mutations were ob-
tained in the �I(-2)I-7B-YUNI300 strain background (51). The UR-
(CCCTAA)38-A3 cassette was then introduced into these strains.
The strain with tbf1�i without 13xMyc tag (SMY1076) used in the
chromatin immunoprecipitation (ChIP) experiment was obtained
using a simplified CRISPR-Cas9 approach using the pRCC-N plas-
mid (Addgene) (52).

The tbf1�i-13xMyc-HIS3MX6 or vid22� alleles were integrated
into the SMY710 strain, to create SMY1070 and SMY1106 strains,
respectively. All these three strains were then transformed with
the plasmid pRS425-7-18B that contains the (CCCTAA)60 repeat
(Figure S1, Supplementary Material). The wt SMY710 strain was
also transformed with the control pRS425-UIRL plasmid without
Htel repeats.

ChIP
Yeast were grown in 40 mL liquid YPD at 30◦C to reach OD600 = 1.0.
After cross-linking with 1% formaldehyde, cells were lysed using
glass beads and ChIP lysis buffer (50 mM HEPES/KOH, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% Na-deoxycholate)
in a Mini-Beadbeater Homogenizer (Biospec products). Then
cells were sonicated using Diagenode bioruptur (three cycles of
1 minute sonication and 1 minute pause). Immunoprecipitation
(IP) was performed using 1 μL of anti-Myc (9E10 sc-40 Santa-
Cruz) antibodies and then protein G beads. After cross-linking
was reversed, DNA was purified using phenol–chloroform extrac-
tion. ChIP and input samples were analyzed by duplex PCR using
two sets of primers: ChrV-fwd and ChrV-rev for the normaliza-
tion in combination with UIRL1 and UIRL2 followed by gel elec-
trophoresis (Table S2, Supplementary Material). The gels were
then scanned using the Amersham Typhoon laser scanner with
532 nm laser and Cy3 filter. Intensity of the bands for IP and in-
put samples was measured by NIH ImageJ software. Then IP/input
values for the cassette band were normalized to IP/input values
for the ChrV fragment. SEM for three or four independent experi-
ments was calculated and the difference between the strains was
evaluated with t test.
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Analysis of replication intermediates by 2D gel
electrophoresis
The protocol of yeast plasmid 2D gels was modified from (53–
55). A volume of 50 mL of overnight yeast cultures grown in
selective Leu– YNB media were diluted with 350 mL of YPD to
have OD600 = 0.2. When the OD600 reached 2.0, cell cultures were
poured into 500 mL centrifuge tubes with frozen 0.2 M EDTA and
cell growth was stopped by adding 4 mL of 10% NaN3. Cultures
were shaken until EDTA was thawed. Cells were pelleted for 5 min-
utes at 2,500 rpm, washed twice with cold water and frozen at
−80◦C. The next day, cells were resuspended in 5 mL NIB buffer
(17% glycerol, 50 mM morpholinepropanesulfonic acid, 150 mM
NaOAc, 2 mM MgCl2, 0.5 mM spermidine, 0.15 mM spermine, and
pH 7.2) and 50 μL of zymolyase (1,000 U). After 1 hour of incu-
bation at 30◦C, an additional 50 μL of zymolyase was added. Af-
ter centrifugation at 5,000 rpm for 20 minutes, cells were resus-
pended in 5 mL of G2 Buffer from the Qiagen Blood and Cell Cul-
ture DNA Midi Kit. Lysates were treated with 150 μL of proteinase
K for a total of 1.5 to 2 hours. After centrifugation at 9,000 rpm
for 10 minutes, the supernatant was mixed with an equal (5 mL)
amount of QBT buffer and loaded on a Qiagen Genomic-tip 100/G
column. The column was washed twice with 7.5 mL buffer QC.
DNA was eluted with 5 mL of QF buffer followed by isopropanol
precipitation. The DNA was resuspended in 200 μL of elution
buffer or TE.

A volume of 25 μg of DNA was digested with 20 μL of ScaI and
20 μL of AflII for more than 10 hours. Digested DNA was purified
with phenol–chloroform, eluted in 22 μL of water and loaded into
the gel.

The first dimension was run in 0.4% in 1xTBE agarose gel at
30 V (1 V/cm) for 24 hours, the second dimension was run in 1%
1xTBE agarose gel at 150 V (5 V/cm) for 9 hours in the presence
of 0.3 μg/mL ethidium bromide. The gels were incubated for 12 to
15 minutes in 0.25 N HCl and then washed three times with water.
Transfer to a charged nylon membrane (Hybond-XL, GE Health-
care) was performed in 0.4 N NaOH. Hybridization of the mem-
brane was performed overnight at 65◦C with a 394 bp P32 primed
probe, corresponding to the AmpR sequence of the pRS425 plas-
mid. Membranes were washed twice with the washing solution
I (SSC 2× and 1% SDS) and twice with the washing solution II
(SSC 0.1× and 0.1% SDS) for 15 minutes per wash. Membranes
were exposed on IR-sensitive screens for 7 to 10 days and de-
tection was performed on Amersham Typhoon Scanner Platform.
Quantifications were performed with the NIH ImageJ program and
a custom R-script as described in (53) and in the Supplemental
Material.

Measurements of rates of expansion,
contraction, and gene inactivation
Rates were calculated using the Ma-Sandri-Sarkar maximum like-
lihood estimator (MSS-MLE) method with correction for plating
efficiency (VZ-MLE) as described earlier (46, 56). At least 12 inde-
pendent cultures were studied for each strain. At least 48 colonies
grown on the 5-FOA media in the fluctuation test were analyzed
by PCR to evaluate the length of the repetitive tract. The distri-
bution of the expanded clones in the analyzed independent cul-
tures was used to calculate the rates of expansion. In total, 95%
CI (error bars) were calculated based on distribution of expanded
clones in independent cultures using the MSS-MLE with a correc-
tion for sampling efficiency (MSS-MLE and VZ-MLE) as described
in (46, 56).

Other methods
Selection of 5-FOA resistant colonies was performed on 0.1% 5-
FOA media and analyzed by colony PCR as described in detail pre-
viously (46, 56). Sequencing was performed at the University of
Chicago Sequencing Facility, at GENEWIZ (www.genewiz.com) and
at the Research Resource Center for Molecular and Cell Technolo-
gies (Research Park, St. Petersburg State University, Russia).

Results
Interstitial Htel sequences are unstable and
inactivate reporter gene expression in yeast
Htel sequences of varying lengths were cloned into an intron of
the artificially split URA3 gene (57). Specifically, we cloned 25, 32,
39, and 60 Htel repeats in G-orientation (TTAGGG)n and 25, 32,
38, and 60 Htel repeats in C-orientation (CCCTAA)n into this split
URA3 cassette (45, 46, 57). The corresponding cassettes carrying
the URA3-Intron with Htel insertions were inserted close to the
ARS306 on chromosome III (Fig. 1A). The G- or C-orientation of
the telomeric tract denotes the sense strand for transcription,
which is also the lagging strand template for DNA replication.
Similar to Ytel repeats, the URA3 reporter becomes inactivated as
the repeat’s length increases (46). The presence of 60 CCCTAA re-
peats in the URA3-Intron makes yeast fully Ura– and resistant to
5-fluoroorotic acid (5-FOAR), while the presence of 32-to-38 CC-
CTAA repeats results in a phenotype, which is partially Ura+ and
partially 5-FOAR. At the same time, a yeast strain with 60 TTAGGG
repeats is Ura+, bueut is slightly resistant to 5-FOA (Fig. 1B). These
phenotypes are due to an obvious decrease in the amount of ma-
ture URA3 mRNA (Fig. 1C): 60 CCCTAA repeats completely elimi-
nate it, while shorter (CCCTAA)n repeats as well as (TTAGGG)n re-
peats decrease its amount. Thus, inactivation of gene expression
by Htel repeat is orientation-dependent, as the gene inactivation
is more pronounced in C-orientation of the repeat.

We assumed, therefore, that expansions of shorter Htel repeats
would make the corresponding strains Ura– and 5-FOAR. To test
this assumption, we conducted fluctuation test experiments. In
brief, individual colonies of strains carrying Htel repeats of vary-
ing lengths that were grown on nonselective (YPD) medium are
plated on selective media (5-FOA) followed by PCR analysis of re-
peat length among the resistant clones (45). Figure 1(D) shows
an example of repeat-length analysis in 5-FOAR clones from the
strain with the (CCCTAA)38 repeat. In accord with our hypothe-
sis, 5-FOAR clones often contain expanded repeats, and one can
see expansions ranging from small- to large-scale. Figure 1(E)
shows the length distributions of expanded repeats. The majority
(80%) of them are small-scale ranging from 1 to 10 repeats added;
medium-scale expansions (up to 20 extra repeats) were observed
in 13% of 5-FOAR clones, while the remaining 7% corresponded to
large-scale (> 21 extra repeats) expansions. This scale distribution
is not very surprising given the partial Ura+/partial 5-FOAR phe-
notype of the initial strain with 38 CCCTAA repeats. Note that this
system allowed us to study a wide range of expansions at once.

The rates of repeat expansions determined as described in (46,
56) are shown in Fig. 1(F) and Table S3 (Supplementary Material).
They are clearly length-dependent in both orientations. Further-
more, the expansion rate seemed significantly higher in the C-
orientation of the repeat as compared to the G-orientation (Fig. 1F
and Table S3, Supplementary Material). We were concerned, how-
ever, that this orientation-dependence could be a selection arti-
fact resulting from a stronger inhibition of the reporter’s expres-
sion by Htel repeats in the C-orientation (Fig. 1C), which would

http://www.genewiz.com
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Fig. 1. The URA3-Intron system used to study instability of Htel repeats. (A) The map of the URA3-Intron cassette and its position when integrated in the
genome. The cassette contains flanking sequences from chromosome III (black), flanking and coding sequences from the URA3 gene (yellow and red,
respectively), an intron sequence derived from the ACT1 gene from chromosome VI (blue), and the TRP1 flanking and coding sequences (pale green
and dark green, respectively). Htel repeats were inserted in both orientations into the indicated XhoI site (blunted) within the intron of the URA3 gene.
Numbers above the cassette indicate the position in the cassette, and numbers below the line are the SGD coordinates for S288C reference genome. (B)
Phenotypes of strains carrying Htel repeats in the URA3-Intron reporter gene. Suspensions containing approximately equal amounts of cells were
plated as drops on three different types of medium: 5-FOA-containing synthetic media, synthetic media without uracil, and complete YPD media. (C)
Expression of the URA3-Intron gene in strains with insertions of Htel repeats. We examined expression of the URA3-Intron gene by RT-PCR in strains
carrying 25, 32, 39, and 60 copies of Htel repeat in G-orientation and strains carrying 25, 32, and 38 copies of Htel repeat in C-orientation. The strain
carrying no repeats in the URA3-Intron gene was used as a control. The rows labeled URA3 and ACT1 mRNA show the relative amounts of spliced URA3
mRNA and the control actin mRNA, respectively. (D) Gel electrophoresis of the PCR analysis of 5-FOAR colonies derived from a fluctuation test of a
strain with the (CCCTAA)38 repeat. c—nonexpanded (CCCTAA)38 repeat (270 bp), s—small-scale expansion (1 to 10 repeats added), m—medium-scale
expansion (11 to 20 repeats added), and l—large-scale expansion (more than 20 repeats added); red dashed line shows nonexpanded (CCCTAA)38

repeat (270 bp PCR product); 2% TBE-agarose gel; 50 bp Quick-load ladder (NEB) is shown on both sides of the gel. (E) Length distribution of expanded
repeats among 5-FOAR clones in the wt strain carrying the (CCCTAA)38 repeat. (F) Htel repeats are prone to expansions in both orientations and the
expansion rate correlates with the tract length. Blue with circles trend is the rate of (TTAGGG)n repeat expansions, orange with circles trend is the rate
of (CCCTAA)n repeat expansions. Rates were calculated using MSS-MLE and VZ-MLE as described in (46, 56). In total, 95% confidence limits are shown
for each spot.
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consequently lower the threshold for repeat expansions in 5-FOAR

clones.
To address this concern, we compared the rates for sponta-

neous tract alterations in individual colonies that grew without
any selection between the strains carrying 39 Htel repeats in G-
orientation or 38 Htel repeats in C-orientation (Figure S2, Supple-
mentary Material), as described in (45). Since this experiment al-
lowed us to primarily detect small-scale expansions and contrac-
tions, comprising vast majority of all instability events, some of
which may not be selected for on the 5-FOA media, the observed
rates were very high, reaching up to 6 × 10–3 per replication. Im-
portantly, however, the rates of repeat tract alteration on the non-
selective media did not differ significantly between Htel repeats
of the similar length in either orientation, contrary to what was
observed under selective pressure. We conclude, therefore, that
at least small-scale length instability of Htel repeats is largely ori-
entation independent.

We also sequenced the URA3 gene and Htel repeats in multi-
ple independent 5-FOAR clones from strains with 25 and 38 to
39 repeats in both orientations. We found that in all cases, ex-
panded repetitive tracts remained uninterrupted. 5-FOAR clones
from strains with 38 to 39 repeats did not have genetics changes
besides repeat expansions, while 5-FOAR clones from strains with
25 Htel repeats contained point mutations, deletions and rear-
rangements in the URA3 gene likely contributing to their 5-FOA
resistance (Table S4, Supplementary Material).

Instability of Htel repeats depends on the
presence and/or functionality of protein partners
Tbf1 and Vid22
Short Htel (TTAGGG)n repeats are present in the yeast genome
in subtelomeric areas, where they are bound by the Tbf1 pro-
tein (a homolog of shelterin proteins TRF1 and TRF2). These el-
ements of the yeast genome are called STAR-repeats since they
can block heterochromatin from spreading from telomeric regions
inside the chromosomes (39, 40, 42–44). It was reasonable to ex-
pect, therefore, that Tbf1 will bind interstitial Htel repeats within
our cassettes as well. To address this question, we studied bind-
ing of the Tbf1 protein with 13xMyc tag added to its C-terminus
described in (49) via ChIP analysis. Figures 2(A) and (B) show that
Myc-tagged Tbf1 protein is strongly (9-fold) enriched at the Htel
tract as compared to the strain with 0 repeats.

TBF1 is an essential gene. Besides its insulation function at sub-
telomeric regions, Tbf1 protein is also responsible for transcrip-
tion of snoRNA and several other genes (39). The protein contains
two main domains: SANT/Myb-like, which is responsible for DNA
binding, and Insulation domain, which is needed for the insula-
tion function as well as transcription activation (44, 58, 59). A vi-
able mutation called tbf1�i removes a large part of the insulation
domain (49, 58, 59). Consequently, the mutant Tbf1�i protein can
still bind to DNA, but is deficient in the insulator and transcription
functions (59). Figures 2(A) and (B) show that the enrichment of
the Myc-tagged-Tbf1�i protein described in (49) at the interstitial
Htel repeat is almost the same (8-fold) as that of the Myc-tagged
Tbf1 protein.

Tbf1 forms a strong complex with two proteins containing a
putative BED zinc-finger domain, Vid22 and Env11 (Ygr071c) (60,
61). Both of these proteins were shown to colocalize with Tbf1 at
subtelomeric regions and promoters of some non-sno-RNA genes,
where Tbf1 contributes to nucleosome displacement (62). Vid22 in
a complex with Tbf1 is also involved in resection at HO-induced
DSBs that are repaired by nonhomologous repair pathway (NHEJ)

(63, 64). Recently, it was also demonstrated that Vid22 protein
binds to and stabilizes G4-DNA forming sequences within the
yeast genome (65). Note that these observations are at odds with
earlier data showing that Vid22 is a plasma membrane protein re-
quired for the fructose-1,6-bisphosphatase degradation pathway
(66, 67), while Env11 is involved in lysosomal vacuole functioning
(68).

To confirm that Vid22 is indeed bound to the Htel repeat in our
cassette, we conducted ChIP analysis for the Myc-tagged Vid22
protein. Figures 2(A) and (C) show that, similarly to the Tbf1, it is
strongly (11-fold) enriched at the repeat as compared to nonrepet-
itive DNA. In the tbf1�i genetic background, enrichment of the
Vid22 protein is quite similar (10-fold). These data demonstrate
that Vid22 can bind to the repeat independently of the insulator
domain of the Tbf1 protein, consistent with the results in (65).

We then analyzed the role of the Tbf1 and Vid22 proteins in
the instability of interstitial Htel repeats by conducting the fluc-
tuation test experiments described above. One can see from Fig.
2(D) that the addition of the 13xMyc tag to the C-terminal end
of the Tbf1 protein decreases the rate of the (CCCTAA)38 repeat
expansion by 18-fold, suggesting that just tagging of the protein
decreases its ability to promote repeat expansions. Remarkably,
the strain carrying the tbf1�i-13xMyc allele demonstrated a dras-
tic 150-fold decrease in the repeat instability as compared to the
wt TBF1 strain (Fig. 2D). We, therefore, conclude that Tbf1 pro-
tein and specifically its insulator domain is responsible for the
Htel repeat expansions. Deletion of VID22 decreased the expan-
sion rate of (CCCTAA)38 repeat 113-fold, i.e. similarly to the tbf1�i-
13xMyc mutation (Fig. 2D). In contrast, deletion of ENV11 gene only
mildly affects the rate of Htel repeat expansions (Figure S3, Sup-
plementary Material). To assess genetic interactions between TBF1
and VID22 genes, we created a double tbf1�i-13xMyc vid22� mu-
tant. The rate of repeat expansions in this double mutant was de-
creased 224-fold. Note that the differences in rates of the repeat
expansions between single and double tbf1 and vid22 mutants are
not statistically significant. This points to the epistatic interac-
tions of the TBF1 and VID22 genes when it comes to the Htel re-
peat instability, albeit additive interactions cannot be ruled out at
present.

To estimate which class of expansions is affected most in the
tbf1 and vid22 mutants, we analyzed the repeat size among 5-FOAR

clones (Figure S4, Supplementary Material). While all classes of re-
peat expansions had to decrease in those mutants to account for
the dramatic rate decrease shown in Fig. 2(D), small-scale expan-
sions were affected the most: down to ∼20%.

Altogether, these data suggest that it is not the binding of indi-
vidual Tbf1 and Vid22 proteins to the Htel repeat, but rather their
interaction, likely via the Tbf1 insulation domain, that triggers re-
peat expansions.

Tbf1 and Vid22 cause a roadblock to DNA
replication through the repeat
Previous research on replication fork progression through differ-
ent structure-forming sequences and protein barriers has shown
that Htel repeats stall replication fork in yeast (69). Here, we
cloned (CCCTAA)60 repeats into the multicopy pRS425 plasmid
with the C-rich strand as the lagging strand template for replica-
tion. This plasmid was transformed into the wt strain or into the
mutant strains that showed decreased repeat expansions: tbf1�i
or vid22�. Replication fork progression through the repeat was
then analyzed using 2D gel electrophoresis of the replication in-
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Fig. 2. Influence of the TBF1, tbf1�i, and vid22� on Htel tract stability. (A) ChIP analysis demonstrates that Tbf1-13xMyc, tbf1�i-13xMyc, and
Vid22-13xMyc are enriched at (CCCTAA)38 interstitial Htel repeat. ChIP analysis was performed in seven strains: SMY904 (TBF1-13xMyc, (CCCTAA)38

repeat), SMY901 (tbf1�i-13xMyc, (CCCTAA)38 repeat), SMY906 (TBF1-13xMyc, no repeats), SMY904 (tbf1�i-13xMyc, no repeats), SMY1075 (VID22-13xMyc,
(CCCTAA)38 repeat), SMY1083 (tbf1�i VID22-13xMyc, (CCCTAA)38 repeat), and SMY1081(VID22-13xMyc, no repeats) using anti-Myc antibodies that
recognize Tbf1, Tbf1�i, or Vid22 proteins fused with C-terminal 13 × Myc epitope. Duplex PCR analysis of the input (IN) and immunoprecipitated (IP)
samples was performed with UIRL1/UIRL2 primers that amplify the repeat (Repeat) and ChrV-fwd/ChrV-rev primers that amplify a chromosome
V-specific product (Reference). ChIP method and antibodies are described in Materials and Methods. (B) Densitometry of the ChIP analysis. Optical
density of the IP/IN samples for the repeat fragment was normalized to optical density of IP/IN values for the reference fragment. Densitometry
methods are described in Materials and Methods. SEM for three or more independent ChIP experiments are shown as error bars. Numbers above the
bars indicate protein fold enrichment at the (CCCTAA)38 repeat compared to the corresponding strain with no repeats. ∗∗—indicate significance at
alpha level 0.01. (C) Densitometry of the ChIP analysis. Optical density of the IP/IN samples for the repeat fragment was normalized to optical density
of IP/IN values for the reference fragment. Densitometry methods are described in Materials and Methods. SEM for three or more independent ChIP
experiments are shown as error bars. Numbers above the bars indicate protein fold enrichment at the (CCCTAA)38 repeat compared to the
corresponding strain with no repeats. ∗—indicate significance at alpha level 0.05. (D) Expansion rate of the (CCCTAA)38 repeat is decreased in strains
carrying TBF1-13xMyc, tbf1�i-13xMyc, and vid22� alleles. Error bars represent 95% CI. Numbers above the bars indicate fold change in expansion rate
in mutant strains compared to the isogenic wt (SMY758) strain. ∗∗—nonoverlapping 95% CI.
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termediates as described in Materials and Methods and Supple-
mental Material.

Analysis of plasmid replication in the TBF1, tbf1�i, and vid22�

strains is shown in Fig. 3. The presence of the long Htel repeat
slows the replication fork progression down ∼3-fold, as compared
to the no-repeat plasmid (Fig. 3B and C). This is, in fact, one of
the strongest fork stalling signals that we have observed. In the
tbf1�i strain, fork stalling at the repeat is 1.8-fold weaker than in
the wt. Since Tbf1 binding is not significantly affected by the tbf1�i
mutation, we conclude that it is not DNA binding per se, but the
presence of its insulator domain that makes fork stalling at the
repeat particularly strong.

Fork stalling at the repeat is similarly (2.1-fold) decreased in
the absence of Vid22 protein (Fig. 3). Note, however, the presence
of the Vid22 protein at the Htel repeat in the tbf1�i mutant, is in-
sufficient to cause strong replication stalling. These results sup-
port the idea that a complex formed by the Tbf1 and Vid22 pro-
teins causes strong replication stalling ultimately leading to the
expansions of the Htel repeat.

Role of DNA replication in Htel repeat expansions
Previous research on the genetic control of Ytel repeat expansions
implicated homologous recombination and postreplication repair
(46). Thus, we looked at the effects of recombination and repair
genes on expansions of the Htel (CCCTAA)38 repeat. Contrary to
our observations in the Ytel repeat, strains carrying the rad52�,
sgs1�, rad5�, and rad6� deletions showed no significant differ-
ence in the Htel repeat expansions relative to the wt strain (Fig-
ure S5A, Supplementary Material). A mild (4-fold) increase in the
expansion rate relative to the wt strain was observed in tof1� and
srs2� deletions (Figure S5A, Supplementary Material). Notably, in
the case of Ytel repeats, both tof1� and srs2� deletions resulted
in a decrease in the expansion rates (46). Mre11 is a key enzyme in
DNA double-strand break repair and homologous recombination.
Htel expansion rate in mre11� was not significantly different from
wt. Thus, the genetic control of Htel repeat expansion is radically
different from that of the Ytel repeat.

The Tof1 protein is a component of the fork-stabilizing com-
plex (70). Our data that its inactivation destabilizes the Htel repeat
confirms that steady replication fork progression through the re-
peat is needed for its stability. Mrc1 is also a part of fork-stabilizing
complex, but unlike Tof1, the Mrc1 protein is not required for repli-
cation fork pausing (71). Deleting the MRC1 gene had no effect on
expansion rate of Htel repeats. We hypothesized, therefore, that
replication slippage, which is known to account for the instability
of numerous microsatellites (72), might destabilize Htel repeats
as well.

To address this possibility, we first measured expansion rates
of the (CCCTAA)38 repeat in strains in which ORFs of DNA poly-
merases epsilon and delta (encoded by POL2 and POL3 genes,
respectively) and polymerase alpha-primase (encoded by POL1,
POL12, and PRI2 genes) were placed under the control of the
TET-promoter (“TET-mutant alleles”) (73). We and others have
previously found that TET-mutant alleles are recessive, and the
expression of the corresponding genes is dysregulated (73, 74).
Figure 4(A) shows the rate of repeat expansions was decreased
in all these TET-mutants, the strongest (22-fold) inhibition was
observed in TET-POL2 mutant. This data supports the replicative
model for Htel repeat expansions, specifically implicating leading
strand synthesis by DNA polymerase epsilon. The profound de-
crease in repeat expansions in the hypomorph TET-POL2 mutant

could be caused by the exchange of Pol epsilon for Pol delta at the
replication fork.

We then analyzed several missense mutations in the genes en-
coding for the catalytic subunits of replicative DNA polymerases
epsilon and delta. Mutations pol2-4 and pol3-5DV abolish the
proofreading activity of DNA polymerases epsilon and delta, re-
spectively, resulting in a mutator phenotype (75, 76). Mutations
pol2-M644G and pol3-L612M are within the conservative A-motif
of the corresponding DNA polymerases, which is essential for
dNTP selection in the polymerases’ active sites (77–80). DNA
polymerases carrying these mutations retain robust polymeriza-
tion activity, but their DNA synthesis fidelity is reduced (77–81).
Importantly, the signature of Pol2-M644G leading strand poly-
merase is misincorporation of dTTP opposite to T in the DNA tem-
plate. Since in our case, the leading strand template contains the
TTAGGG repeat, misincorporation of T opposite to T within the
repetitive run is expected to decrease its ability for slippage. The
effects of different DNA polymerase mutations on expansions of
the (CCCTAA)38 repeat within the URA3-Intron reporter are shown
in Fig. 4(B). Clearly, defects in the proofreading activity of DNA
polymerases epsilon and delta do not affect Htel repeat expan-
sions (Fig. 4B). At the same time, repeat expansion rates are sig-
nificantly decreased by the pol2-M644G mutation, but not by the
pol3-L612M mutation (Fig. 4B).

DNA polymerase epsilon holoenzyme has four subunits, two of
which—the small accessory subunits Dpb3 and Dpb4–contribute
its high processivity (82, 83). Dpb3 and Dpb4 subunits also have
histone-fold motifs, which contribute to DNA polymerase ep-
silon’s ability to bind double-stranded and single-stranded DNA
and interact with nucleosomes (84). We evaluated the expansion
rate of (CCCTAA)38 tract in strains, which carry single and double
deletions of the DPB3 and DPB4 genes and found that double dele-
tion of the DPB3 and the DPB4 genes elevated expansion rate of the
(CCCTAA)38 repeat about 4-fold (Figure S5B, Supplementary Mate-
rial), further emphasizing the role of DNA Pol epsilon processivity
in the expansion of the Htel repeats.

Altogether, these results suggest that leading strand DNA poly-
merase epsilon might contribute to Htel repeat expansions to
a larger extent than DNA polymerase delta. Further studies are
needed to understand differential contribution of replicative DNA
polymerases to Htel repeat expansion.

Discussion
We have demonstrated that Htel (TTAGGG)n

�(CCCTAA)n placed
inside a yeast chromosome III demonstrate a strong propensity to
expand. An Htel tract, consisting of (CCCTAA)38 repeats, expands
at a rate of ∼4 × 10–4 per cell per generation. We observed small-,
mid-, and large-scale expansions, and in some cases a repetitive
tract can double in one step.

Previously, we have found that Ytel repeats placed inside the
same chromosome III were also prone for expansions. Expansions
of these (TGTGTGGG)n tracts were driven by homologous recom-
bination and/or postreplication DNA repair. Expansions of Htel re-
peats at the same location, in contrast, did not depend on either of
these processes. Thus, while phenomenologically similar, expan-
sions of Ytel and Htel repeats rely on different mechanisms.

In Saccharomyces cerevisiae, the Tbf1 protein is known to bind to
subtelomeric TTAGGG-like STAR-repeats preventing heterochro-
matin spreading from telomeres inward (42), i.e. working as an
insulator. The Tbf1 insulator domain is important for its transac-
tivation activity and prevention of silencing (59). The tbf1�i mu-
tation leads to a defect in length regulation of artificial telomeres
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Fig. 3. Analysis of replication intermediates with 2D gel electrophoresis. (A) Representative 2D gels of replication through (CCCTAA)60 repeat in wt,
tbf1�i-13xMyc, and vid22� strains. The strain without the repeat was used as a control. Red arrows point to the location of the (CCCTAA)60 repeat. (B)
Quantification of replication fork slowing in wt, tbf1�i-13xMyc, and vid22� strains. The ratio of radioactivity in the peak area to that corresponding
area of a smooth replication arc reflects the extent of replication slowing. Numbers above the bars indicate fold of replication slowing at the
(CCCTAA)60 repeat compared to the corresponding strain with no repeats. ∗∗—indicate significance at alpha level 0.01. SEM for three or more
independent experiments are shown as error bars. (C) Densitometric profiles corresponding to the descending Y-arc region, where the (CCCTAA)60

repeat is located; peaks on densitograms correspond to bulges on the Y-arcs. Orange, blue, and red lines represent wt, tbf1�i-13xMyc, and vid22�

strains, respectively. Densitometry methods are described in Materials and Methods and Supplemental Material.
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Fig. 4. Influence of the DNA replication on the Htel repeat expansion rate. (A) Expansion rates of (CCCTAA)38 repeat in strains with downregulated
levels of the Pol2 and Pol3 proteins (strains YL31 and YL7) as well as in strains with downregulated levels of proteins constituting the DNA polymerase
alpha-primase complex Pol1, Pol12, and Pri2 (strains YL3, YL36, and YL42, respectively) when these proteins were encoded by TET-alleles of the
corresponding genes (73). URA3-Intron cassette with (CCCTAA)38 repeats was inserted into these strains as well as into the isogenic YL1 wt strains and
Htel expansion rates were evaluated. Numbers above the bars indicate fold change in expansion rate compared to the isogenic wt (YL1).
∗∗—nonoverlapping 95% CI compared to wt. (B) Influence of mutations in the exonuclease domain and nucleotide-binding pocket of the DNA
polymerase epsilon and DNA polymerase delta on the expansion rate of the (CCCTAA)38 repeat. Strains carrying mutations pol3-5DV (exo- Pol δ), pol2-4
(exo- Pol ε), pol2-M644G (A-motif Pol ε), pol3-L612M (A-motif Pol δ), double pol3-5DV pol2-M644G, and pol2-4 pol2-M644G are derivatives of
�I(-2)I-7B-YUNI300 (51). URA3-Intron cassette with (CCCTAA)38 repeats was inserted into these strains and Htel expansion rate was evaluated.
Numbers above the bars indicate fold change in expansion rate in pol2-M644G, double pol3-5DV pol2-M644G, and double pol2-4 pol2-M644G strains
compared to the isogenic wt (�I(-2)I-7B-YUNI300 strain). ∗∗—nonoverlapping 95% CI compared to the wt.

built of TTAGGG-repeat, indicating that the insulator domain of
Tbf1 is required for regulation of telomere length (49). Using ChIP,
we found that Tbf1 is strongly enriched at interstitial Htel repeats.
Tbf1�i protein is also clearly enriched at the repeat, owing to the
fact that its DNA-binding domain lies outside of the insulator do-
main. Tbf1 has a physical and functional partner, Vid22, which
was implicated in transcription of certain genes, binding to G4-
motifs, and R-loop destabilization (62, 64, 65). Our ChIP analysis
showed a strong presence of the Vid22 protein at the interstitial
Htel repeat both in the TBF1 and the tbf1�i genetic background
(Fig. 2A and C).

We then looked at how mutations in TBF1 and VID22 genes af-
fect Htel repeat expansions. Figure 2(D) shows that deletion of
the Tbf1 insulator domain results in a dramatic stabilization of
interstitial Htel repeats. Adding a Myc-tag to Tbf1 also leads to
a decreased expansion rate. The Myc-tag is located adjacent to
the C-terminal DNA binding domain of Tbf1. It does not preclude
specific protein–DNA binding, as we see enrichment of the Tbf1-
13xMyc at the repeat (Fig. 2A and B). It is possible, however, that
the tag might decrease Tbf1-DNA binding somewhat, which re-
sults in a lower expansion rate. VID22 deletion leads to a similarly
dramatic repeat stabilization. The repeat stabilization in a dou-
ble tbf1�i vid22� mutant is slightly stronger, but this difference
is not statistically significant from the single mutant, i.e. the two
mutations are likely epistatic to each other. Note, however, that
the tbf1�i mutation does not affect the Vid22 binding to the re-
peat and it prevents repeat expansions regardless of the presence
of the Vid22 protein. We believe that VID22 deletion does not pre-
vent Tbf1 binding to its target sequence, since this strain is per-
fectly viable, as opposed to the TBF1 deletion. Altogether the ChIP
and instability data suggest that a complex of the Tbf1 and Vid22

proteins, likely stabilized by the Tbf1 insulator domain, is at heart
of the Htel repeat expansions.

Addition of extra repeats to the repetitive tract must require
DNA synthesis. For previously studied Ytel repeats, we have found
that DNA synthesis that occurs during DNA recombination or
postreplication repair is responsible for their expansions (46). In
case of the Htel repeat, however, proteins involved in homologous
recombination or postreplication repair have no bearing on its ex-
pansion (Figure S5A, Supplementary Material).

An alternative mechanism for repeat expansions, which is
widely discussed in the literature (72, 85), is the formation of slip-
outs on nascent DNA strands during replication. In this case, a
bumpy progression of the replication fork through the intersti-
tial Htel repeat accompanied by nascent strand slippages would
cause repeat expansions. Three groups of our data support this
hypothesis. First, replication fork progression is indeed stalled
at the Htel repeat (Fig. 3), while tbf1�i and vid22� mutations,
which preclude repeat expansions, weaken fork stalling. Second,
various mutations in the replicative DNA polymerases stabilize
Htel repeats. Notably, mutations in the leading strand DNA poly-
merase epsilon had the strongest effects. Third, deletion of the
TOF1 gene, encoding a key component of the fork stabilizing com-
plex, increases repeat expansions. The fork stabilizing complex
links the replicative CMG helicase with DNA polymerase epsilon
and is vital for the smooth replication fork progression (86, 87).
Our data on the scale of repeat expansions for (CCCTAA)38 repeat
in the wt strain and tbf1�i and vid22� mutants is in-line with our
slippage hypothesis: the majority of repeat expansion in the wt
strain are small-scale (Fig. 1E), and they are the most affected
by the tbf1�i and vid22� mutations (Figure S4, Supplementary
Material).
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Altogether, we hypothesize that replication fork progression
through the Htel repeat is impeded by the Tbf1/Vid22 protein
complexes, which leads to strand slippage during DNA synthe-
sis and, ultimately, repeat expansions. The repetitive slip-outs can
either be formed on the leading strand synthesized by DNA poly-
merase epsilon. Alternatively, impeded progression of DNA poly-
merase epsilon could provoke the formation of slip-outs during
the lagging strand synthesis.

Very recently, Galati et al. (65) showed that the Vid22 pro-
tein binds to G4-containing regions in yeast genome and pre-
vents chromosomal fragility and GCRs at those regions. In our
case, however, we see that Vid22 promotes expansions of Htel
that are known to form G4-DNA (9). What could be the rea-
sons for these differences? The first possibility is that the G4-
forming repeats studied in Galati et al. (65) are short, as com-
pared to our fairly long Htel. It is foreseeable, therefore, that
strong protein barriers formed by multiple Tbf1/Vid22 pairs at
long Htel repeats are far more detrimental for their replication
and stability than their ability to form G4-DNA. Alternatively,
one can imagine that stabilization of G4 slip-out on nascent
DNA strand by the Tbf1/Vid22 complex could result in repeat
expansions.

The latter scenario looks somewhat similar to the stabiliza-
tion of triplet repeat slip-outs by the MutSβ mismatch repair
complex in mammalian cells, which ultimately promotes repeat
expansions (88). Note that the role of MutSβ in repeat expan-
sions in yeast is far less obvious: it promotes mid-range expan-
sions of CAG repeats in some studies (89, 90), but has no effect
or even decreases them in other studies (91–93). Further, it has
no effect on (GAA)n repeat expansions (57) and only a minor ef-
fect on (GAA)n contractions (94). Aside from expandable trinu-
cleotide repeats, MMR stabilizes mono- and dinucleotide repeats
in yeast and humans, by preventing their slippage (95, 96). Fu-
ture studies are warranted to analyze the role of the mismatch
repair system in the Tbf1/Vid22-dependent instability of the Htel
repeats.

Could our yeast data help the understanding of instability of in-
terstitial telomeric repeats in human cells? Human orthologs of
the Tbf1, TRF1, and TRF2, are known to bind ITSs and recruit addi-
tional proteins (11, 29, 35, 38). Polyclonal antibodies raised against
Tbf1 C-terminal binding domain were able to recognize human
TRF1 and TRF2 proteins confirming that Tbf1 and TRF1/TRF2 are
immunologically related (44). Human orthologs of the Vid22 pro-
tein are not known. There is, however, a human protein, that con-
tains the BED-finger domain as Vid22, called ZBED1/hDREF (61,
97). ZBED1 is a transcription factor, and potential ZBED1 binding
sites are found in the promoter regions of many genes involved
in DNA replication and repair, cell cycle regulation, chromatin re-
modeling, and transcription (98, 99). Transcription of ZBED1 is el-
evated is G1-S Phase of the cell cycle and instead, reduction of
ZBED1 protein resulted in inhibition of G1-S progression (99). In-
creased expression of ZBED1 in gastric cancer tissues leads to
proliferation and apoptosis of tumor cells (100). This is particu-
larly interesting with regard to our results, since length polymor-
phism of interstitial telomeric repeats was seen in gastric can-
cers (30, 101). Therefore, ZBED1 may be a novel therapeutic target
and it would be of great interest to study the role of the ZBED1
protein in the integrity of interstitial telomeric repeats in human
genome.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Acknowledgments
We thank Toru Nakamura for pointing our attention to the Tbf1
protein, David Shore for giving us strains with the TBF1-13xMyc
and tbf1�i-13xMyc and for sharing his wisdom about the Tbf1 pro-
tein, Kirill Lobachev for the yeast strains with DNA replication
genes under TET-OFF control, Dr L. Reha-Krantz for the plasmid
with pol3-L612M allele, Thomas Kunkel for the plasmid to create
pol2-M644G allele, Tom Ebersole for fruitful discussions, Durwood
Marshall for statistical consulting, Alexey Masharsky, Elizaveta
Gorodilova, and Olga Pavlova for the support with sequencing, and
Julia Hisey for writing the custom R script and editorial help with
the manuscript.

Funding
This study was supported by the NIH grant R35GM130322 and by a
generous contribution from the White family to S.M.M. A.Y.A. was
supported by the RFBR grants #15–04–08658 and #18–04–00799,
research project in the Center for Molecular and Cell Technolo-
gies (Research Park, Saint-Petersburg State University) and the
RSF grant # 20–15–00081.

Authors’ Contributions
E.A.R., A.Y.A., and S.M.M. designed the experiments and wrote the
manuscript; E.A.R., A.Y.A., K.V.V., and A.A.S. performed the exper-
iments; Y.I.P. provided DNA polymerase mutants; and S.M.M. su-
pervised the whole project.

Data Availability
All data are presented within the manuscript or are available in
the Supplementary Material.

References
1. Bertuch AA, Lundblad V. 2006. The maintenance and masking

of chromosome termini. Curr Opin Cell Biol. 18:247–253.
2. Wellinger RJ, Zakian VA. 2012. Everything you ever wanted to

know about Saccharomyces cerevisiae telomeres: beginning to
end. Genetics. 191:1073–1105.

3. Blackburn EH, Epel ES, Lin J. 2015. Human telomere biology: a
contributory and interactive factor in aging, disease risks, and
protection. Science. 350:1193–1198.

4. de Lange T. 2018. Shelterin-mediated telomere protection.
Annu Rev Genet. 52:223–247, 10.1146/annurev-genet-032918-
021921.

5. de Lange T. 2004. T-loops and the origin of telomeres. Nat Rev
Mol Cell Biol. 5:323–329.

6. Tomaska L, Cesare AJ, AlTurki TM, Griffith JD. 2020. Twenty
years of t-loops: a case study for the importance of collabo-
ration in molecular biology. DNA Repair. 94:102901.

7. Williamson JR, Raghuraman MK, Cech TR, 1989. Monovalent
cation-induced structure of telomeric DNA: the G-quartet
model. Cell. 59:871–880.

8. Sen D, Gilbert W, 1988. Formation of parallel four-stranded
complexes by guanine-rich motifs in DNA and its implications
for meiosis. Nature. 334:364–366.

9. Bryan TM, 2020. G-quadruplexes at telomeres: friend or foe?.
Molecules. 25:3686.

https://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgac080#supplementary-data


Radchenko et al. | 11

10. Ruiz-Herrera A, Nergadze SG, Santagostino M, Giulotto E, 2008.
Telomeric repeats far from the ends: mechanisms of origin and
role in evolution. Cytogenet Genome Res. 122:219–228.

11. Simonet T, et al. 2011. The human TTAGGG repeat factors 1 and
2 bind to a subset of interstitial telomeric sequences and satel-
lite repeats. Cell Res. 21:1028–1038.

12. Lin KW, Yan J, 2008. Endings in the middle: current knowledge
of interstitial telomeric sequences. Mutat Res. 658:95–110.

13. Robin JD, et al. 2015. SORBS2 transcription is activated by telom-
ere position effect-over long distance upon telomere shorten-
ing in muscle cells from patients with facioscapulohumeral
dystrophy. Genome Res. 25:1781–1790.

14. Robin JD, et al. 2014. Telomere position effect: regulation of gene
expression with progressive telomere shortening over long dis-
tances. Genes Dev. 28:2464–2476.

15. Wood AM, et al. 2014. TRF2 and lamin A/C interact to facilitate
the functional organization of chromosome ends. Nat Com-
mun. 5:5467–5467.

16. Wood AM, Laster K, Rice EL, Kosak ST, 2015. A beginning of the
end: new insights into the functional organization of telomeres.
Nucleus. 6:172–178.

17. Devriendt K, et al. 1997. Trisomy 15 rescue with jumping
translocation of distal 15q in Prader-Willi syndrome. J Med
Genet. 34:395–399.

18. Park VM, Gustashaw KM, Wathen TM, 1992. The presence of
interstitial telomeric sequences in constitutional chromosome
abnormalities. Am J Hum Genet. 50:914–923.

19. Vermeesch JR, et al. 1997. Interstitial telomeric sequences at the
junction site of a jumping translocation. Hum Genet. 99:735–
737.

20. Fortin F, Beaulieu Bergeron M, Fetni R, Lemieux N, 2009. Fre-
quency of chromosome healing and interstitial telomeres in 40
cases of constitutional abnormalities. Cytogenet Genome Res.
125:176–185.

21. Mignon-Ravix C, et al. 2007. Recurrent rearrangements in the
proximal 15q11-q14 region: a new breakpoint cluster specific
to unbalanced translocations. Eur J Hum Genet. 15:432–440.

22. Rossi E, et al. 1993. Types, stability, and phenotypic conse-
quences of chromosome rearrangements leading to interstitial
telomeric sequences. J Med Genet. 30:926–931.

23. Boutouil M, et al. 1996. Fragile site and interstitial telomere re-
peat sequences at the fusion point of a de novo (Y;13) translo-
cation. Hum Genet. 98:323–327.

24. Lefort G, et al. 2001. Cytogenetic and molecular study of a jump-
ing translocation in a baby with Dandy-Walker malformation.
J Med Genet. 38:67–73.

25. Levy J, et al. 2015. Involvement of interstitial telomeric se-
quences in two new cases of mosaicism for autosomal struc-
tural rearrangements. Am J Med Genet A. 167A:428–433.

26. Busson Le Coniat M et al. 2000. Interstitial telomere repeats in
translocations of hematopoietic disorders. Leukemia. 14:1630–
1633.

27. Cuthbert G, McCullough S, Finney R, Breese G, Bown N, 1999.
Jumping translocation at 11q23 with MLL gene rearrange-
ment and interstitial telomeric sequences. Genes Chromo-
somes Cancer. 24:295–298.

28. Hatakeyama S, Fujita K, Mori H, Omine M, Ishikawa F, 1998.
Shortened telomeres involved in a case with a jumping translo-
cation at 1q21. Blood. 91:1514–1519.

29. Bosco N, de Lange T, 2012. A TRF1-controlled common fragile
site containing interstitial telomeric sequences. Chromosoma.
121:465–474.

30. Mondello C, Pirzio L, Azzalin CM, Giulotto E, 2000. Instability
of interstitial telomeric sequences in the human genome. Ge-
nomics. 68:111–117.

31. Schleiermacher G, et al. 2005. Stepwise occurrence of a complex
unbalanced translocation in neuroblastoma leading to inser-
tion of a telomere sequence and late chromosome 17q gain.
Oncogene. 24:3377–3384.

32. Hastie ND, Allshire RC, 1989. Human telomeres: fusion and in-
terstitial sites. Trends Genet. 5:326–331.

33. Yen CH, Pazik J, Elliott RW, 1996. A polymorphic intersti-
tial telomere array near the center of mouse chromosome 8.
Mamm Genome. 7:218–221.

34. Samassekou O, Yan J, 2011. Polymorphism in a human
chromosome-specific interstitial telomere-like sequence at
22q11.2. Cytogenet Genome Res. 134:174–181.

35. Yang D, et al. 2011. Human telomeric proteins occupy selective
interstitial sites. Cell Res. 21:1013–1027.

36. Ye J et al. 2010. TRF2 and apollo cooperate with topoisomerase
2α to protect human telomeres from replicative damage. Cell.
142:230–242.

37. Fan Y, Linardopoulou E, Friedman C, Williams E, Trask BJ, 2002.
Genomic structure and evolution of the ancestral chromosome
fusion site in 2q13-2q14.1 and paralogous regions on other hu-
man chromosomes. Genome Res. 12:1651–1662.

38. Mignon-Ravix C, Depetris D, Delobel B, Croquette M-F, Mat-
tei M-G, 2002. A human interstitial telomere associates in vivo
with specific TRF2 and TIN2 proteins. Eur J Hum Genet. 10:107–
112.

39. Brigati C, Kurtz S, Balderes D, Vidali G, Shore D, 1993. An essen-
tial yeast gene encoding a TTAGGG repeat-binding protein. Mol
Cell Biol. 13:1306–1314.

40. Koering CE, et al. 2000. Identification of high affinity Tbf1p-
binding sites within the budding yeast genome. Nucleic Acids
Res. 28:2519–2526.

41. Walmsley RW, Chan CS, Tye BK, Petes TD, 1984. Unusual DNA
sequences associated with the ends of yeast chromosomes. Na-
ture. 310:157–160.

42. Fourel G, et al. 1999. Cohabitation of insulators and silencing
elements in yeast subtelomeric regions. EMBO J. 18:2522–2537.

43. Liu ZP, Tye BK, 1991. A yeast protein that binds to vertebrate
telomeres and conserved yeast telomeric junctions. Genes Dev.
5:49–59.

44. Bilaud T, et al. 1996. The telobox, a Myb-related telomeric DNA
binding motif found in proteins from yeast, plants and human.
Nucleic Acids Res. 24:1294–1303.

45. Aksenova AY, et al. 2013. Genome rearrangements caused by
interstitial telomeric sequences in yeast. Proc Natl Acad Sci.
110:19866–19871.

46. Aksenova AY, Han G, Shishkin AA, Volkov KV, Mirkin SM, 2015.
Expansion of interstitial telomeric sequences in yeast. Cell Rep.
13:1545–1551.

47. Wach A, Brachat A, Pöhlmann R, Philippsen P, 1994. New het-
erologous modules for classical or PCR-based gene disruptions
in Saccharomyces cerevisiae. Yeast. 10:1793–1808.

48. Goldstein AL, McCusker JH, 1999. Three new dominant drug
resistance cassettes for gene disruption in Saccharomyces cere-
visiae. Yeast. 15:1541–1553.

49. Ribaud V, Ribeyre C, Damay P, Shore D, 2012. DNA-end cap-
ping by the budding yeast transcription factor and subtelom-
eric binding protein Tbf1. EMBO J. 31:138–149.

50. Pavlov YI, Shcherbakova PV, Kunkel TA, 2001. In vivo con-
sequences of putative active site mutations in yeast DNA



12 | PNAS Nexus, 2022, Vol. 1, No. 3

polymerases alpha, epsilon, delta, and zeta. Genetics. 159:
47–64.

51. Pavlov YI, Newlon CS, Kunkel TA, 2002. Yeast origins estab-
lish a strand bias for replicational mutagenesis. Mol Cell. 10:
207–213.

52. Generoso WC, Gottardi M, Oreb M, Boles E, 2016. Simplified
CRISPR-Cas genome editing for Saccharomyces cerevisiae. J Mi-
crobiol Methods. 127:203–205.

53. Krasilnikova MM, Mirkin SM, 2004. Analysis of triplet repeat
replication by two-dimensional gel electrophoresis. Methods
Mol Biol. 277:19–28.

54. Voineagu I, Narayanan V, Lobachev KS, Mirkin SM, 2008. Repli-
cation stalling at unstable inverted repeats: interplay between
DNA hairpins and fork stabilizing proteins. Proc Natl Acad Sci.
105:9936–9941.

55. Gellon L, et al. 2019. Mrc1 and Tof1 prevent fragility and insta-
bility at long CAG repeats by their fork stabilizing function. Nu-
cleic Acids Res. 47:794–805.

56. Radchenko EA, McGinty RJ, Aksenova AY, Neil AJ, Mirkin SM,
2018. Quantitative analysis of the rates for repeat-mediated
genome instability in a yeast experimental system. Methods
Mol Biol. 1672:421–438.

57. Shishkin AA, et al. 2009. Large-scale expansions of Friedreich’s
ataxia GAA repeats in yeast. Mol Cell. 35:82–92.

58. Fourel G, et al. 2001. An activation-independent role of tran-
scription factors in insulator function. EMBO Rep. 2:124–132.

59. Berthiau A-S et al. 2006. Subtelomeric proteins negatively regu-
late telomere elongation in budding yeast. EMBO J. 25:846–856.

60. Krogan NJ, et al. 2006. Global landscape of protein complexes
in the yeast Saccharomyces cerevisiae. Nature. 440:637–643.

61. Aravind L, 2000. The BED finger, a novel DNA-binding domain
in chromatin-boundary-element-binding proteins and trans-
posases. Trends Biochem Sci. 25:421–423.

62. Preti M, et al. 2010. The telomere-binding protein Tbf1 demar-
cates snoRNA gene promoters in Saccharomyces cerevisiae. Mol
Cell. 38:614–620.

63. Bonetti D, Anbalagan S, Lucchini G, Clerici M, Longhese MP,
2013. Tbf1 and Vid22 promote resection and non-homologous
end joining of DNA double-strand break ends. EMBO J. 32:275–
289.

64. Styles EB, et al. 2016. Exploring quantitative yeast phenomics
with single-cell analysis of DNA damage foci. Cell Syst. 3:264–
277.e10-e210.

65. Galati E, et al. 2021. VID22 counteracts G-quadruplex-
induced genome instability. Nucleic Acids Res. 49:12785–
12804.10.1093/nar/gkab1156

66. Brown CR, Cui DY, Hung GG, Chiang HL, 2001. Cyclophilin
A mediates Vid22p function in the import of fructose-
1,6-bisphosphatase into Vid vesicles. J Biol Chem. 276:
48017–48026.

67. Brown CR, McCann JA, Hung GG, Elco CP, Chiang HL, 2002.
Vid22p, a novel plasma membrane protein, is required for the
fructose-1,6-bisphosphatase degradation pathway. J Cell Sci.
115:655–666.

68. Ricarte F, et al. 2011. A genome-wide immunodetection screen
in S. cerevisiae uncovers novel genes involved in lysosomal vac-
uole function and morphology. PLoS ONE. 6:e23696.

69. Anand RP, et al. 2012. Overcoming natural replication barriers:
differential helicase requirements. Nucleic Acids Res. 40:1091–
1105.

70. Katou Y, et al. 2003. S-phase checkpoint proteins Tof1 and Mrc1
form a stable replication-pausing complex. Nature. 424:1078–
1083.

71. Hodgson B, Calzada A, Labib K, 2007. Mrc1 and Tof1 regulate
DNA replication forks in different ways during normal S phase.
Mol Biol Cell. 18:3894–3902.

72. Mirkin SM, 2007. Expandable DNA repeats and human disease.
Nature. 447:932–940.

73. Zhang Y, et al. 2012. Genome-wide screen identifies pathways
that govern GAA/TTC repeat fragility and expansions in divid-
ing and nondividing yeast cells. Mol Cell. 48:254–265.

74. Zhang Y, Saini N, Sheng Z, Lobachev KS, 2013. Genome-
wide screen reveals replication pathway for quasi-palindrome
fragility dependent on homologous recombination. PLos Genet.
9:e1003979.

75. Morrison A, Bell JB, Kunkel TA, Sugino A, 1991. Eukaryotic DNA
polymerase amino acid sequence required for 3’-5’ exonucle-
ase activity. Proc Natl Acad Sci. 88:9473–9477.

76. Jin YH, et al. 2001. The 3’→5’ exonuclease of DNA polymerase
delta can substitute for the 5’ flap endonuclease Rad27/Fen1
in processing Okazaki fragments and preventing genome in-
stability. Proc Natl Acad Sci. 98:5122–5127.

77. Nick McElhinny SA, Stith CM, Burgers PMJ, Kunkel TA, 2007. In-
efficient proofreading and biased error rates during inaccurate
DNA synthesis by a mutant derivative of Saccharomyces cere-
visiae DNA polymerase delta. J Biol Chem. 282:2324–2332.

78. Pursell ZF, Isoz I, Lundström E-B, Johansson E, Kunkel TA,
2007. Regulation of B family DNA polymerase fidelity by a con-
served active site residue: characterization of M644W, M644L
and M644F mutants of yeast DNA polymerase epsilon. Nucleic
Acids Res. 35:3076–3086.

79. Pursell ZF, et al. 2007. Yeast DNA polymerase epsilon partici-
pates in leading-strand DNA replication. Science. 317:127–130.

80. Venkatesan RN, Hsu JJ, Lawrence NA, Preston BD, Loeb LA, 2006.
Mutator phenotypes caused by substitution at a conserved mo-
tif A residue in eukaryotic DNA polymerase delta. J Biol Chem.
281:4486–4494.

81. Reha-Krantz LJ, et al. 2011. Drug-sensitive DNA polymerase
delta reveals a role for mismatch repair in checkpoint activa-
tion in yeast. Genetics. 189:1211–1224.

82. Aksenova A, et al. 2010. Mismatch repair-independent increase
in spontaneous mutagenesis in yeast lacking non-essential
subunits of DNA polymerase ε. PLos Genet. 6:e1001209–
e1001209.

83. Asturias FJ, et al. 2006. Structure of Saccharomyces cerevisiae DNA
polymerase epsilon by cryo-electron microscopy. Nat Struct
Mol Biol. 13:35–43.

84. Tsubota T, Maki S, Kubota H, Sugino A, Maki H, 2003. Double-
stranded DNA binding properties of Saccharomyces cerevisiae
DNA polymerase e and of the Dpb3p-Dpb4p subassembly.
Genes Cells. 8:873–888.

85. Neil AJ, Kim JC, Mirkin SM, 2017. Precarious maintenance
of simple DNA repeats in eukaryotes. Bioessays. 39:1700077–
1700077.

86. Baretic D, et al. 2020. Cryo-EM structure of the fork protection
complex bound to CMG at a replication fork. Mol Cell. 78: 926–
940.

87. Yeeles JTP, Janska A, Early A, Diffley JFX, 2017. How the eu-
karyotic replisome achieves rapid and efficient DNA replica-
tion. Mol Cell. 65:105–116.

88. Guo J, Gu L, Leffak M, Li GM, 2016. MutSbeta promotes trinu-
cleotide repeat expansion by recruiting DNA polymerase beta
to nascent (CAG)n or (CTG)n hairpins for error-prone DNA syn-
thesis. Cell Res. 26:775–786.

89. Miret JJ, Pessoa-Brandao L, Lahue RS, 1998. Orientation-
dependent and sequence-specific expansions of CTG/CAG trin-



Radchenko et al. | 13

ucleotide repeats in Saccharomyces cerevisiae. Proc Natl Acad Sci.
95:12438–12443.

90. Kantartzis A, et al. 2012. Msh2-Msh3 interferes with Okazaki
fragment processing to promote trinucleotide repeat expan-
sions. Cell Rep. 2:216–222.

91. Kim JC, Harris ST, Dinter T, Shah KA, Mirkin SM, 2017. The
role of break-induced replication in large-scale expansions of
(CAG)n/(CTG)n repeats. Nat Struct Mol Biol. 24:55–60.

92. Schweitzer JK, Livingston DM, 1997. Destabilization of CAG trin-
ucleotide repeat tracts by mismatch repair mutations in yeast.
Hum Mol Genet. 6:349–355.

93. Su XA, Freudenreich CH, 2017. Cytosine deamination and
base excision repair cause R-loop-induced CAG repeat fragility
and instability in Saccharomyces cerevisiae. Proc Natl Acad Sci.
114:E8392–E8401.

94. Khristich AN, Armenia JF, Matera RM, Kolchinski AA, Mirkin
SM, 2020. Large-scale contractions of Friedreich’s ataxia
GAA repeats in yeast occur during DNA replication due
to their triplex-forming ability. Proc Natl Acad Sci. 117:
1628–1637.

95. Fishel R, Kolodner RD, 1995. Identification of mismatch repair
genes and their role in the development of cancer. Curr Opin
Genet Dev. 5:382–395.

96. Sia EA, Jinks-Robertson S, Petes TD, 1997. Genetic control of mi-
crosatellite stability. Mutat Res. 383:61–70.

97. Galati E, et al. 2021. VID22 counteracts G-quadruplex-induced
genome instability. Nucleic Acids Res. 49:12785–12804.

98. Jin Y, et al. 2020. ZBED1/DREF: a transcription factor that regu-
lates cell proliferation. Oncol Lett. 20:1.

99. Ohshima N, Takahashi M, Hirose F, 2003. Identification of a hu-
man homologue of the DREF transcription factor with a po-
tential role in regulation of the histone H1 gene. J Biol Chem.
278:22928–22938.

100. Jiang S, et al. 2018. High expression of ZBED1 affects prolif-
eration and apoptosis in gastric cancer. Int J Clin Exp Pathol.
11:4019–4025.

101. Kashima K, et al. 2006. Decrease of telomeres and increase of
interstitial telomeric sites in chromosomes of short-term cul-
tured gastric carcinoma cells detected by fluorescence in situ
hybridization. Anticancer Res. 26:2849–2855.


