RNAI drives nonreciprocal translocations
at eroding chromosome ends to establish
telomere-tree linear chromosomes
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The identification of telomerase-negative HAATTI (heterochromatin amplification-mediated and telomerase-
independent) cells, in which telomeres are superseded by nontelomeric heterochromatin tracts, challenged the idea
that canonical telomeres are essential for chromosome linearity and raised crucial questions as to how such tracts
translocate to eroding chromosome ends and confer end protection. Here we show that HAATTI arises when telomere
loss triggers a newly recognized illegitimate translocation pathway that requires RNAi factors. While RNAI is
necessary for the translocation events that mobilize ribosomal DNA (rDNA) tracts to all chromosome ends (forming
“HAATTPNA” chromosomes), it is dispensable for HAATT™®™* maintenance. Surprisingly, Dicer (Dcr1) plays a
separate, RNAi-independent role in preventing formation of the rare HAATI subtype in which a different repetitive
element (the subtelomeric element) replaces telomeres. Using genetics and fusions between shelterin components
and rDNA-binding proteins, we mapped the mechanism by which rDNA loci engage crucial end protection factors—
despite the absence of telomere repeats—and secure end protection. Sequence analysis of HAATI'™PNA genomes
allowed us to propose RNA and DNA polymerase template-switching models for the mechanism of RNAi-triggered
rDNA translocations. Collectively, our results reveal unforeseen roles for noncoding RNAs (ncRNAs) in assembling

a telomere-free chromosome end protection device.
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The linearity of eukaryotic chromosomes creates two ma-
jor hazards for the cell: First, chromosome ends resemble
DNA double-strand breaks (DSBs) with the potential to
activate an inappropriate DNA damage response (DDR).
Second, the end replication problem inflicts progressive
erosion of chromosome termini. Telomeres, which tame
these agents of danger, comprise tandem arrays of simple
DNA repeats (TTAGGG in vertebrates and related repeats
in most other eukaryotes) ending in a single-stranded 3’
overhang (de Lange et al. 1990; Jain and Cooper 2010).
These repeats engage six telomere-specific proteins, col-
lectively known as shelterin and including ssDNA- and
dsDNA-binding proteins (Miyoshi et al. 2008; Palm and
de Lange 2008). Shelterin restrains local DDR activities
and regulates the telomere repeat-specifying reverse tran-
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scriptase telomerase, which replenishes terminal se-
quences lost due to the end replication problem.

The life span of most human cells is limited by progres-
sive telomere attrition due to inactivation of telomerase
from embryogenesis onward. To overcome this eventual
replicative senescence, cancer cells must find strategies
to restore and preserve telomere length. While many can-
cer cells reactivate telomerase expression, telomerase
stays inactive in some cancers in which alternative strate-
gies can counteract telomere shortening. At least 10%—
15% of cancers survive via a recombination-dependent
mechanism known as “alternative lengthening of telo-
meres” (ALT), where break-induced replication, normally
prevented at telomeres, is activated by a combination of
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replication stress and deregulation of telomeric chromatin
structure (Pickett and Reddel 2015; Apte and Cooper
2017). Moreover, in specific cancer types, including lipo-
sarcomas, approximately half of samples fail to show char-
acteristics of either telomerase activation or ALT (Costa
et al. 2006; Johnson et al. 2007). Therefore, as-yet-unrecog-
nized modes beyond ALT may be exploited by cancer cells
to escape the requirement of telomerase for long-term
maintenance of linear chromosomes.

In unperturbed circumstances, the fission yeast Schizo-
saccharomyces pombe uses the classical telomere archi-
tecture to define its chromosome ends: Approximately
300 base pairs (bp) of double-stranded TTAC(A)GG(G1_4)
repeats are bound by a conserved suite of shelterin pro-
teins whose DNA-binding lynchpins are Tazl and Potl.
Tazl (ortholog of human TRF1 and TRF2), which binds
the double-stranded repeats, prevents lethal chromosome
end fusions, promotes telomeric semiconservative repli-
cation, and enforces telomere length homeostasis, among
other telomeric roles. Potl binds terminal overhangs, as it
harbors oligonucleotide-binding (OB) folds with high
affinity for single-stranded telomeric sequences and pre-
vents rampant telomeric degradation. Shelterin is com-
pleted by Rapl, Pozl, Tpzl, and Ccql. Rapl binds Tazl
and mediates some of its functions (Kanoh and Ishikawa
2001; Miller et al. 2005). Pozl, Tpzl, and Ccql, identified
by purifying Potl-associated factors (Miyoshi et al. 2008),
coordinate communication between the single-stranded
and double-stranded telomeric regions.

S. pombe averts the end replication problem via con-
stitutive expression of telomerase, in whose absence
three types of survivors have been described (Nakamura
et al. 1998; Jain et al. 2010). First, the low fission yeast
chromosome number (three per haploid genome) allows
the end fusions unleashed by telomere loss to result in
cells harboring three intrachromosomal end fusions
with no interchromosomal fusions; such circular chro-
mosome-containing cells (referred to here as “circulars”)
lack telomeres. Second, heterogeneous telomeres can be
maintained by ongoing homologous recombination—pre-
sumably break-induced replication—between eroding
telomeres (“linear” survivors). Third, a survivor type
that we dubbed HAATTI (heterochromatin [HC] amplifi-
cation-mediated and telomerase-independent) emerges
under competitive culturing conditions. HAATI cells re-
tain chromosome linearity by replacing telomeres with
blocks of nontelomeric HC that acquire the ability to pre-
vent chromosome end fusions.

HAATI encompasses two subtypes that harbor different
repeats at their noncanonical chromosome ends (Jain et al.
2010). By far, the most common is HAATTPNA in which
the ribosomal DNA (rDNA) repeat region spreads from its
wild-type loci just inside either telomere of chromosome
III to all of the termini of all three chromosomes. In the
vastly rarer second subtype, HAATISTE the rDNA re-
mains at its original loci on chromosome III, while the
so-called subtelomeric elements (STEs) are amplified
from the subterminal regions of chromosomes I and II to
all chromosome termini as well as multiple internal geno-
mic loci. In both cases, the newly acquired termini engage
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Potl, which is required for preservation of chromosome
linearity despite the absence of terminal telomeric re-
peats. The terminal rDNA (or, rarely, STE) tracts undergo
continual expansion and contraction. However, upon re-
introduction of telomerase to HAATTI cells, canonical
telomere repeats are added to HAATI chromosome ends,
stabilizing the rearranged genomes; expansion/contrac-
tion of terminal rDNA or STE tracts ceases, essentially
“freezing” the sequence arrangement at the moment of
telomere addition.

As HAATI™PNA can be reliably obtained under com-
petitive conditions, much has been learned about the un-
derlying genetic requirements. HC generally comprises
repetitive sequences packed in a repressive structure in
which nucleosome turnover rates are low and histones
are decorated with specific modifications (Choi et al.
2005; Aygun et al. 2013). These modifications tend to ex-
clude histone acetylation and include histone H3 Lys9
dimethylation or trimethylation (H3K9me2/3), which
provides a binding site for the chromodomain HP1 (HC
protein 1) proteins. Accordingly, histone deacetylases
(HDACs) such as those in SHREC (Snf2/HDAC-contain-
ing repressor complex) are recruited to fission yeast HC,
as are the histone H3K9 methyltransferase Clr4 and the
HP1 ortholog Swi6 (Cowieson et al. 2000; Nakayama
etal.2001; Sugiyama et al. 2007). Notably, while telomeric
DNA isembedded in HC across all species studied, the het-
erochromatic nature of telomeres is dispensable for the
crucial telomere functions of preventing rampant DNA
degradation and chromosome end fusions (Tuzon et al.
2004; Khair et al. 2010). On the contrary, HAATTPNA cells
rely on Clr4, Swi6, and SHREC to maintain protected
chromosome ends; they also rely on the SHREC-interact-
ing shelterin component Ccql (Jain et al. 2010). These
data led us to propose that the SHREC-bound HC at
HAATTPNA chromosome termini recruits Ceql, which
in turn promotes local accumulation of Potl.

The discovery of HAATT overturned the notion that fis-
sion yeast telomere sequences per se are essential for chro-
mosome linearity. Moreover, HAATI resembles the
approach taken by Drosophila melanogaster to maintain
linear chromosomes. Flies lack both telomere repeats
and telomerase; instead, their terminal sequences consist
of the retrotransposons HET-A, TART, and TAHRE (re-
ferred to collectively as HTT arrays) (Mason et al. 2008).
HP1 binds these terminal HT T arrays and is required for re-
cruitment of specific end protection factors (including
HOAP, HipHop, and Ver) (Cenci et al. 2003; Gao et al.
2010). Remarkably, the protection of fly chromosome
endsis sequence-independent, as stable terminally deleted
chromosomes lacking HTT repeats can be isolated. As at
HTT-containing chromosome ends, such cells harboring
terminal deletions require HP1 and its interactors for chro-
mosome linearity (Fanti et al. 1998). Hence, the stability of
linear chromosomes in flies is determined epigenetically.
The analogy between fission yeast HAATI and Drosophila
telomeres suggests that epigenetic chromosome end
maintenance strategies are widely conserved and likely
to represent alternative means for telomerase-minus can-
cer cells to attain unlimited proliferative capacity.



Although HC was traditionally considered transcrip-
tionally inactive, a low level of RNA polymerase II (Pol
II)-mediated transcription is needed for RNAi-induced si-
lencing mechanisms (Djupedal et al. 2005). These mecha-
nisms generate small interfering RNAs (siRNAs) from
transcripts via the RNA-dependent RNA polymerase
Rdpl and the RNase IIl ribonuclease Dicer (Dcrl) (Colme-
nares et al. 2007). These siRNAs are loaded onto the nu-
clear Argonaute (Agol) complex RITS, which is targeted
by the siRNA to cognate nascent RNA sequences (Irvine
et al. 2006); such targeting is sufficient to initiate Swi6/
Clr4-dependent silencing (Buhler et al. 2006). Similar
mechanisms of RNAi-based HC assembly have been iden-
tified in both plants and animals (Moazed 2009; Castel
and Martienssen 2013). Dicer also promotes HC mainte-
nance by displacing RNA Pol II from highly transcribed
and repetitive DNA regions, including the rDNA, where
Dicer-mediated release of RNA Pol II serves to limit
collisions between the transcription and replication ma-
chineries, safeguarding both genome stability and HC
reassembly following replication (Kloc et al. 2008; Zara-
tiegui et al. 2011; Castel et al. 2014).

The HC nature of HAATI chromosome ends led us to
investigate the role of RNAi. Here we report that RNAi
and the HC assembly machinery perform remarkably sep-
arate functions in assisting HAATI survival. While HC
components are required for the continual recruitment
of Potl to HAATT termini, the RNAi pathway is dispensa-
ble for HAATI maintenance. We found that Dcrl, but not
the other canonical RNAi components, actively inhibits
the amplification of STE sequences upon loss of telome-
rase and thereby prevents HAATISTE formation, revealing
an RNAi-independent role of Derl in preventing STE mo-
bilization. Most surprisingly, the canonical RNAi path-
way is essential for the genomic rearrangements that
lead to HAATI™PNA formation. Hence, we define a previ-
ously unrecognized RNAi-based translocation pathway;
this pathway is prohibited by canonical telomeres.

Results

HC engages Pot1 at HAATIPN? terminal repeats

A defining difference between the end protection strate-
gies of HAATT and wild-type telomeres is the dependence
of the former, but not the latter, on the heterochromatic
nature of the terminal sequences. HAATTPNA cells rely
on Clr4 to maintain protected chromosome ends; they
also require the SHREC-interacting shelterin component
Ccql (Jain et al. 2010). The SHREC HC machinery con-
sists of four core proteins—Clrl, Clr2, Clr3, and Mitl—
all of which are dispensable for the maintenance of linear
or circular trt1A survivors (Sugiyama et al. 2007; data not
shown). To assess their role in HAATTPN4 maintenance,
we scored the loss of HAATI maintenance via chromo-
some circularization, which occurs when HAAT[FPNA
cells lose end protection capability; circularization is as-
sessed via the exquisite sensitivity of circular strains to
low concentrations of the alkylating agent methyl meth-
anesulfonate (MMS) and by pulsed-field gel electrophoret-
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ic (PFGE) analysis of chromosome arrangement (Jain et al.
2010; see below). Deletion of cIr3* (encoding the SHREC
HDAC) or mit1* (encoding the SHREC chromatin remod-
eler) compromises HAATI"™PNA maintenance, as contin-
ued survival depends on chromosome circularization in
~40% of HAATIPNA cultures deleted for either of these
genes (Fig. 1A); this decline in HAATI™®™4 maintenance
resembles the effects seen upon clr4* deletion (Jain et al.
2010).

Why is HC important for HAATT™N* maintenance? As
both Potl and Ccql are essential for HAATI (Jain et al.
2010), we hypothesized that Ccql links Potl to rDNA ter-
mini through SHREC (Jain et al. 2010). To test this hy-
pothesis and assess whether artificial Potl recruitment
would be sufficient to guarantee HAATIPN* mainte-
nance in the absence of SHREC activity, we developed
an ectopic tethering strategy. Ccql was fused with the
GFP-binding protein (GBP) in cells in which Rebl, a pro-
tein that binds the intergenic spacer of each rDNA unit,
was endogenously tagged with GFP. With this system,
Ccql is recruited to the rtDNA in a SHREC-independent
manner (Fig. 1B). Telomere length is not significantly af-
fected by simultaneous tagging of Ccql-GBP and Rebl-
GFP (Supplemental Fig. SIA); moreover, coexpression of
these fusion proteins never compromises HAATIPNA
maintenance (Fig. 1A). In contrast to the chromosome cir-
cularization seen in 40% of HAATIPNA cells upon clr3*
deletion, 100% of cIr3A reb1-GFP ccql-GBP HAATTPNA
transformants retain chromosome linearity (Fig. 1A).
Hence, SHREC becomes dispensable for HAATIPNA
maintenance when Potl is artificially recruited to the
rDNA repeats. This observation demonstrates that the
principle function of terminal HC in HAATI™NA mainte-
nance is engaging Ccql to then capture Potl.

To further investigate the interplay between HC and
Potl-mediated end protection, we tested the requirement
for two Potl partners: Tpzl and Pozl. In wild-type cells
with canonical telomeres, the N-terminal domain of
Tpzl forms a heterodimer with Potl, and the C-terminal
domain of Tpzl interacts with Pozl and Ccql (Harland
etal.2014). Loss of Tpzl in a wild-type setting leads to im-
mediate chromosome end fusions, with chromosome cir-
cularization being the sole survival mode, as seen upon
pot1* deletion. Similarly, deletion of tpz1* in HAATTPNA
results in chromosome circularization (Fig. 1C). Thus, as
at wild-type telomeres, Potl acts in concert with Tpzl
to protect HAATI chromosome ends.

Pozl regulates telomere length and silencing but is dis-
pensable for preventing chromosome circularization in a
trt1* setting. In contrast, 100% of HAATI™PNA cells circu-
larize their chromosomes upon Pozl loss (Fig. 1D). This
crucial end protection role of Pozl is specific to
HAATIPNA a5 100% of poz1A HAATISTE cells maintain
linear chromosomes (Fig. 1D; data not shown). To deter-
mine whether Pozl acts in HAATT'PNA by promoting lo-
cal HC, we used the pozl1-W209A mutation, which
affects telomere silencing without significantly modify-
ing telomere length (Tadeo et al. 2013). As poz1-W209A
HAATTPNA cells robustly maintain chromosome lineari-
ty (Fig. 1E) and since all poz1-W209A trt1A cells establish
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Figure 1. Potl engagement at HAATI chromo-
some ends. (A) Table showing the requirement of
shelterin and SHREC proteins for maintenance of
HAATTPNA chromosomes. The gene deletions in-
dicated in the table (poz1A, mit1A, and cIr3A) were
constructed by one-step gene replacement in al-
ready formed haploid HAATI™NA survivors. Pre-
viously reported data for clr4* deletion (Jain et al.
2010) are marked by an asterisk and shown
for comparison. “n” indicates the total number of
HAATI'PNA  transformants analyzed for each
gene deletion; percentages indicate the frequency
at which HAATTPNA capability is lost, leading to
chromosome circularization. This was scored first
by exposure to MMS, as circulars display extreme
hypersensitivity to this agent (Jain et al. 2010);
forasubset of isolates, the chromosome circularity
was further confirmed by PFGE (explained in detail
in Fig. 3). (B) Schematic illustrating the strategy for
tethering Ccql to rDNA arrays in the absence of
SHREC by forcing interaction between Rebl and
Ccql via the GFP-binding protein (GBP)-GFP
interaction. (C) Fivefold serial dilutions of the indi-
cated (107 cells per milliliter) cultures on medium
lacking or containing MMS. (D) Schematic depict-
ing wild-type and HAATI chromosome organiza-
tion. (Top) In wild-type cells, the telomeres on
chromosomes I and II are flanked by the STE re-
gions, comprising ~20 kb of imperfect ~86-bp re-
peats. The telomeres of chromosome III are
flanked by the rDNA repeats, which comprise
~1 Mb of the 3.6-Mb chromosome. (Middle)
HAATI™NA contains rDNA at the ends of all chro-
mosomes. (Bottom) In HAATISTE cells, STE se-
quences localize to the ends of all chromosomes
as well as multiple sites in the chromosomal inte-
riors. (E) Table summarizing the requirement of
telomere-associated proteins for maintenance of
HAATI'PNA versus HAATISTE, The genes indicat-
ed in the table were deleted by one-step gene re-
placement in already formed haploid HAATIPNA
or HAATISTE survivors. Percentages indicate the
frequency of chromosome circularization in each
HAATI subtype. Chromosome circularization

was measured by assessing MMS sensitivity. The asterisks mark published results (Jain et al. 2010) shown for comparison. (F) Dilution assay
performed as in C. (G) Schematic illustrating the strategy for tethering Potl to Ccql (via GBP-GFP interaction) in the absence of Pozl.

(H) Dilution assay performed as in C. (O) Circular strain.

HAATI™PNA survival (Supplemental Fig. S1B; data not
shown), we infer that Pozl is required for HAATI'™PNA in
some capacity other than HC promotion. To address
the alternative idea that Pozl stabilizes interactions be-
tween Ccql and Potl, we constructed strains expressing
Ccql-GBP and Potl-GFP. This coexpression does not
perturb telomere maintenance in a wild-type background
(although telomeres are slightly elongated in all strains
carrying Potl-GFP) (Fig. 1F; Supplemental Fig. S1A);
likewise, HAATI'PNA s efficiently maintained in the
presence of Ccql-GBP and Potl-GFP (Fig. 1G). All pozIA
ccq1-GBP pot1-GFP HAATIPNA transformants main-
tain the HAATI™N? survival mode (Fig. 1G). Therefore,
the essential role of Poz1 in HAATTPN is to ensure inter-
action between Ccql and Potl. As wild-type cells do not
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require Pozl to reinforce the Ccql-Potl association, we
infer that Ccql-Potl interaction is augmented by the
presence of canonical telomere repeats, which bind Potl
with high affinity, in wild-type settings (Supplemental
Fig. S1C).

RNAI is not involved in the HC dynamics that protect
HAATIPNA chromosomes

As HC is required for the maintenance of Pot1 association
with HAATIPNA chromosome termini, we investigated
the determinants of HC over the rDNA ends. At wild-
type telomeres, HC is nucleated by Tazl and its interact-
ing partners (Cooper et al. 1997; Kanoh et al. 2005); how-
ever, HAATI chromosomes lack telomere repeats, and


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311712.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311712.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311712.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311712.118/-/DC1

Tazl is dispensable for HAATI maintenance (Jain et al.
2010). As the RNAi pathway is also implicated in driving
HC formation at subtelomeres (Kanoh et al. 2005; Buhler
et al. 2006), we investigated its role in HAATI mainte-
nance. Loss of Derl in already formed HAATIPNA cells
has no effect on HAATI maintenance (Fig. 2A); likewise,
agol™ is dispensable for HAATI maintenance (Fig. 2A).
Hence, the RNAi pathway is dispensable for HAATI
maintenance.

The dispensability of RNAi for HAATI maintenance
stands in stark contrast to the important role played by
Clr4. To clarify the distinction between general HC fac-
tors and RNAi in HAATI dynamics, we inspected the pat-
tern of Swi6-GFP distribution as an initial proxy for HC
organization; rtDNA was viewed via mCherry tagging of
Rebl. HAATIPNA cells show enhanced Rebl fluores-
cence compared with wild-type cells, in line with the av-

% HAATI
failure
der1A 22 0 22 0%

| ago1A |23 0 23 0%

| rdp1A || 18| 2 | 16 | 1% |
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erage sixfold increase in rDNA levels in these cells (Jain
et al. 2010). Swi6-containing HC foci are also brighter
and more numerous in HAATTIPNA than in wild-type cells
(Fig. 2B; Jain et al. 2010). Moreover, while only a small pro-
portion of Swi6 intensity overlaps with rDNA in wild-
type cells, a substantial proportion of the intense Swi6
foci colocalizes with Rebl in HAATI'PNA cells (Fig. 2B,
D). This increase in Swi6 foci is lost in that subset of
clr3A mutants that maintains HAATTPNA chromosomes
(Fig. 2C), indicating that SHREC and/or hypoacetylated
nucleosomes are important for localizing Swi6 to HAATI
rDNA tracts. In contrast, dcrlA HAATIPNA mutants pre-
serve the amplified Swi6 pattern (Fig. 2B). Furthermore,
while it has been reported that pericentromeric HC levels
are further reduced in dcriA clr3A cells compared with
single mutants (Buscaino et al. 2013), in no case did double
deletion of dcr1* and cIr3* lead to additive levels of

Figure 2. RNA:I is dispensable for the HC that
maintains HAATTPNA, (A) Table summariz-
ing the requirement of dcrl* and agol™ for
maintenance of HAATIN# chromosomes.
“n” indicates the total number of HAATTPNA
transformants analyzed for each gene deletion;
percentage of HAATTPNA fajlure was scored
via chromosome circularization in already
formed HAATIPNA as described in Figure
1A. (B) Dicer is dispensable for Swi6 localiza-
tion in HAATIPNA  Two representative
examples of cells harboring endogenously GFP-
tagged Swi6 and endogenously tdTomato-
tagged Reb1 are shown for each genotype. Cells
were photographed as described in the Materi-
als and Methods. The rDNA is tightly local-
ized in wild-type cells and barely overlaps
with Swi6; in contrast, the tDNA expands in
HAATI™PNA cells and contains domains har-
boring intense Swi6 fluorescence. This is con-
sistent with localization of Swi6 to the
amplified rDNA sequences, which is retained
even after deletion of dcr1* (shown in the bot-
tom two rows). (C) Clr3 is required for Swi6
localization in HAATIPNA Two represen-
tative examples of HAATIPNA and clr3A
HAATIPNA  cells  harboring endogenously
GFP-tagged Swi6 are shown. (D) Quantitation
of Swi6 foci (left) and Swi6é-Rebl colocaliza-
tion (right). The total number of Swi6 foci
from 50-80 cells (from two to three indepen-
dent experiments) for each genetic background
is shown. A standard t-test was used to com-
pute meanzSE. HAATIPNA shows an in-
creased number of Swi6 foci relative to wild
type. This increase is Dcrl-independent but
Clr3-dependent. While Swi6 foci rarely coloc-
alize with Rebl in wild type, they do in
HAATIPNA HAATTPNA cells also show en-
hanced Rebl1 signal with or without Dcrl.
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HAATI™PNA chromosome circularization relative to clr3*
loss alone (data not shown). Thus, RNAi is dispensable for
HAATIPNA maintenance even under conditions of re-
duced HDAC availability. We conclude that while HC as-
sembly factors such as Clr4 and SHREC safeguard the
rDNA HC and therefore ensure Potl association with
HAATI™PNA termini, the RNAi machinery does not share
this role in HAATTPNA maintenance.

RNAI is required for HAATFPNA formation

Having ruled out a contribution to HAATI maintenance,
we investigated the involvement of RNAi in HAATI for-
mation. We generated trt1A mutants carrying or lacking
dcr1* and propagated them under conditions in which vir-
tually all trt1A survivors use HAATTPNA, As described
above, survivor type was initially assessed by exposure
to MMS (Jain et al. 2010) and then verified by analyzing
chromosome organization via PFGE. Digestion of linear
chromosomes with the rare cutting restriction enzyme
Notl releases four terminal fragments—referred to as L,
M, I, and C—from linear chromosomes I and II (Fig. 3A),
while circular chromosomes yield fused terminal frag-
ments (L+I and C+M) (Fig. 3A,B). In contrast to DNA
from both linear and circular survivors, the terminal frag-
ments of HAATI chromosomes fail to enter gels, resulting

A B

in retention of LMIC hybridization signal in the well
(Fig. 3B); this is presumably due to the continual expan-
sion and contraction (and hence the continual presence
of branched recombination intermediates) of the rDNA
or STE tracts at HAATI chromosome termini (Jain et al.
2010). In an otherwise wild-type setting, 10 out of 10
trt1A populations survive using the HAATI mode (Fig.
3B). Remarkably, however, the majority of dcriAtrt1A
populations yields cells with circular chromosomes (Fig.
3B). Thus, the absence of Dcrl severely compromises
HAATI formation. Moreover, deletion of agol* complete-
ly abolishes HAATI formation (Fig. 3C). Collectively, we
conclude that while RNAIi is dispensable for HAATI
maintenance, it is crucial for the processes involved in
HAATI establishment.

Dicer acts independently of the RNAi pathway to inhibit
HAATI™E formation

As three out of 10 dcr1Atrt1A populations yield PFGE pat-
terns common to HAATTPNA and HAATIS™E (Fig. 3B), we
investigated their sequence arrangement in more detail.
Remarkably, the STE1 probe hybridizes to all of the inter-
nally located Notl fragments from these three dcr1Atrt1A
isolates, demonstrating that STE1 sequences have spread
to internal genomic loci; this pattern is diagnostic of
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Figure 3. RNAi is essential for HAATT'PNA formation. (A) Notl digestion of wild-type chromosomes releases four terminal
fragments—referred to as L, M, I, and C—from the ends of chromosomes I and II; in circulars, these are replaced by fusion fragments
L+I and C+M. (B) Derl is important for HAATI formation. Heterozygous dcr1A/dcr1™ trt1A[/trt1* diploids were sporulated, and the in-
dicated progeny (10 trt1A and 10 dcrlAtrt1A progeny) were grown for 30 d under competitive conditions that favor HAATTPNA forma-
tion. PFGE of Notl-digested chromosomes from each of the resulting survivor populations was performed. All 10 trt1A survivors use
HAATI, as indicated by retention of hybridization signal in the well; in contrast, seven out of 10 dcr1Atrt1A progeny yield a circular
hybridization pattern. (Left) As a reference, Notl digests of wild-type (“WT”), circular (“O”), and HAATIPNA (“H”) cells are shown.
(C) HAATI survival requires Agol. agolAtrt1A progeny were raised from heterozygous agolA/agol™ trt1A/trt1* diploids as in B. All
agolAtrt1A progeny are circulars.
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The table summarizes the results from experi-

ments in Figure 3, B and C, and additional

repeats.

| trt1A | 10 | 0% 0% 100% 0% |

10 0% 70% 0% 30%
deri1A trt1A

10 0% 90% 0% 10%

8 0% 100% 0% 0%

8 0% 100% 0% 0%
ago1A trt1A

8 0% 100% 0% 0%

8 0% 100% 0% 0%

HAATISTE (Fig. 4A,B). To determine whether these iso-
lates also undergo rDNA rearrangement, we analyzed
chromosome arrangement following reintroduction of tel-
omerase, which results in telomere addition and cessation
of terminal chromosome rearrangements; the resulting
“HAATI+Trtl” cells have stable telomere-containing
chromosome ends that enter gels despite retaining
rDNA repeats just inside from the added telomeres at all
chromosome ends (Fig. 4C). In all three dcrilAtrt1A iso-
lates, the rDNA remains localized exclusively on chromo-
some III. We conclude that in the absence of Dcrl, only
the HAATIS™E subtype can arise.

The elevated level of HAATIS™® formation in the ab-
sence of Derl suggests that the rarity of HAATISTE stems
from an active role for Dcrl in barring establishment of
this survival mode. To explore this idea, we assessed
the dcr1A survivor profile under single-colony conditions
in which competition between survivors does not drive

the choice of survivor pathway. Under these conditions,
3% of dcrlAtrt1A colonies harbor HAATI™® chromo-
somes (Fig. 4D). This is in marked contrast to the survivor
distribution seen in a dcrl” setting, in which only 0.3% of
trt1A colonies survive as HAATISTE. This 10-fold increase
in the frequency of HAATIS'® formation demonstrates
that upon telomerase loss, Dcrl inhibits the occurrence
of HAATT®™®,

Surprisingly, we were never able to isolate HAAT
survivors from ago1Atrt1A populations under competitive
growth conditions (Fig. 4E). Moreover, when analyzing
HAATI formation in single-colony conditions, HAATISTE
arose at the same low frequency in an agolAtrt1A back-
ground as in a trtIA background, confirming that Agol
does not share Dcrl’s role in blocking HAATIS™® forma-
tion (Fig. 4D). We also observed that in some instances,
RNAIi mutants give rise to survivors displaying dicentric
dichromosome circles (Fig. 4D). This phenomenon has
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been described previously in trtlIAclrdA survivors (Jain
et al. 2010) and is most likely made possible by a deficit
in pericentric function that confers a higher probability
of centromere inactivation. These dicentric chromosomes
are stably maintained, as the corresponding restriction
pattern is conserved over many generations (data not
shown).

Hence, Dcrl actively inhibits the establishment of
HAATIS™E survival through mechanisms that are inde-
pendent of the canonical RNAi pathway. At the same
time, Dcrl is required via canonical RNAi to promote
HAATI™PNA establishment.

The catalytic activity of Dicer is required for its roles
in HAATI regulation

To explore the mechanism by which Dcrl acts indepen-
dently of RNAI to inhibit HAATIS™ formation, we used
two mutant alleles. The dcri-cd allele harbors two muta-
tions (D937A and D1127A) that abolish Dicer’s RNase III
catalytic activity; this allele abrogates the genesis of
siRNA (Colmenares et al. 2007). The dcr1-ACTD allele en-
codes a C-terminally truncated protein that prevents nu-
clear import and abolishes RNAi (Emmerth et al. 2010).
We raised telomerase-minus survivors from cells in which
dcr1* was replaced with either the dcr1-ACTD or dcrl-cd
allele. In both cases, HAATT"™PNA formation was abolished
(Supplemental Fig. S2A). Hence, rDNA jumping requires
the endoribonuclease activity of Dicer. Moreover, both
dcr1-ACTD and dcrl-cd confer HAATISTE survival to an
extent resembling that of dcrIA (Supplemental Fig. S2A).
Hence, catalytic activity is required for Dicer’s role in pro-
hibiting HAATISTE formation, notwithstanding the fact
that Agol is dispensable for this prohibition. These results
suggest that HAATISTE formation is elicited by a tran-
script whose generation follows telomere loss and whose
role in STE mobilization is inactivated by Dcrl-mediated
cleavage.

One of the phenotypes associated with loss of RNAi
components is a defect in telomere clustering during
mitotic interphase (Hall et al. 2003); although telomeres
remain localized to the nuclear periphery in RNAi-defec-
tive settings, the number of Taz1 foci increases, indicating
dispersion (Supplemental Fig. S2B; Hall et al. 2003). We
considered the possibility that telomere clustering pro-
motes the spreading of tDNA tracts from chromosome
III to other chromosome ends, thus explaining the need
for RNAI factors. Quantitation of telomere foci, of which
there are two to three in most wild-type cells, shows a
modest dispersion of telomeres upon dcrl* deletion; this
telomere clustering defect is retained and slightly exacer-
bated by the dcrl-ACTD and dcri-cd alleles (Supple-
mental Fig. S2B,C). At first glance, these effects of Dicer
inactivation on telomere clustering appear disproportion-
ately small relative to the complete loss of HAATIPNA
formation in RNAi-defective settings; however, as we
discuss below, the role of RNAI in bringing disparate chro-
mosome ends together may be intensified under condi-
tions in which telomeres are eroding and chromosome
mobility is increasing.
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RNAI is required only for the rDNA translocations
necessary to initiate HAATI

Formation of HAATIPN* minimally comprises a two-
step process: First, the rDNA repeats must spread to all
chromosomal termini. Second, the new nontelomeric
chromosome ends must acquire the ability to engage
Potl. To delineate which of these steps requires RNAI,
we used HAATIPNA4Trtl cells, in which translocation
of rDNA to all chromosomal termini has already occurred
(prior to the addition of telomere repeats by reintroduced
Trtl). We forced the loss of Trt1 in a HAATIPNAL Trt] set-
ting to induce progressive telomere attrition against this
backdrop of rDNA repeat tracts occupying every subtelo-
mere (Fig. 5A). Remarkably, in this scenario, HAATTI be-
comes the exclusive mode of survival regardless of
whether cells are grown under single-colony or competi-
tive conditions (Fig. 5B; Supplemental Fig. S3). Hence,
the rarity of HAATT'PN survival stems solely from the
rDNA translocations required for its establishment; once
the rDNA has spread to every subtelomere, HAATT-PNA
arises readily.

Is RNAi required for HAATTPN formation upon Trtl
loss in the HAATIPNALTrtl setting? Strikingly, trt1*
deletion in cells bearing rDNA at all subtelomeres yields
HAATI™PNA regardless of the presence or absence of Derl
(Fig. 5B; Supplemental Fig. S3). Hence, RNAI is dispensa-
ble for HAATI'PNA establishment when the tDNA has
already been transferred to chromosome ends. These ob-
servations point to an unanticipated role for the RNAi
pathway in promoting the transfer of rDNA repeats from
their original sites on chromosome III to all chromosome
ends lacking telomeres.

A conspicuous feature of HAATI chromosomes is their
continual size alteration, which reflects the constant ex-
pansion and contraction of rDNA tracts; this size varia-
tion ceases as soon as canonical telomeres are added
back via telomerase reintroduction (Jain et al. 2010). Nota-
bly, the size variation persists after dcrl™ deletion (Fig.
5C), indicating that continual rDNA rearrangement oc-
curs independently of RNAi. Hence, an RNAi-dependent
pathway is required only for the initial translocation or
“jumping” that places rDNA at all chromosome ends.

In principle, our observation that RNAI is essential for
rDNA jumping could reflect a role in stimulating the
translocation itself or in stabilizing the translocation by
driving HC establishment at the new rDNA ends. The
RNAI pathway has been variably reported to promote si-
lencing of a LEU2 reporter inserted within rDNA arrays
(Cam et al. 2005), have no influence on H3K9 methylation
in thisregion (Castel et al. 2014), and suppress H3K9 meth-
ylation in the region specifically in quiescent cells (Roche
et al. 2016). To further address the role of RNAi in rDNA
silencing, we performed HC establishment assays on telo-
merase-positive cells using trichostatin A (TSA), an inhib-
itor of class I/TT HDACSs that promotes hyperacetylation of
nucleosomes and loss of H3K9 methylation (Vanhaecke
et al. 2004). Treatment of wild-type cells with TSA causes
a clear drop in H3K9me?2 levels genome-wide, shown by
chromatin immunoprecipitation (ChIP) using an antibody
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against H3K9me2 (Fig. 5D). As shown previously (Hall
et al. 2003; Volpe et al. 2003; Kanoh et al. 2005), Dcrl is re-
quired for robust H3K9me2 maintenance at pericentric dg/
dh repeats and is essential for H3K9me?2 re-establishment
following TSA treatment. Dcrl is dispensable for
H3K9me2 maintenance and re-establishment at subtelo-
meres (Fig. 5D), where shelterin confers HC formation; in-
deed, subtelomeric H3K9me?2 levels are slightly higherin a
dcriAbackground due to the loss of pericentric HC, which
liberates limiting HC factors to associate with subtelo-
meres (Tadeo et al. 2013). In contrast, the release of peri-
centric HC conferred by dcrl* deletion does not increase
H3K9me2 at the rDNA region; rather, Dicer is required
for wild-type levels of H3K9me?2 at the rDNA (Fig. 5D). In-
triguingly, however, re-establishment of H3K9me2 at
rDNA following TSA washout is independent of Dicer.
Thus, we propose that while RNAIi is dispensable for HC
establishment at rDNA, the failure to evict RNA Pol II
from the rDNA intergenic spacer regions in the absence
of Dicer (Castel et al. 2014) leads to a moderate loss of

-URA (+Rad52) )

rad52A HAATI®V +p52 [ RIS

probe. Cultures of the indicated genotypes
were propagated in liquid for 5 d. Aliquots
were sampled at days 1, 3, and 5 for transforma-
tion with a plasmid encoding trt1*, which con-
fers telomere addition and gel entry and thus a
snapshot of chromosome length over time in
the HAATIPNA population. (D) Levels of
H3K9me enrichment in wild-type and dcria
(trt1*) cells before (+EtOH), during (+TSA [tri-
chostatin A]), and after (+REC, for recovery)
TSA treatment. Levels of the indicated ge-
nome regions in H3K9me2 immunoprecipi-
tates were quantified by RT-PCR using
primers for pericentromeric dg/dh repeats,
subtelomeric (subTELO) regions, and the 18S
rDNA. Means are shown; error bars represent
standard deviations of three biological repeats.
(E) Rad51 is essential for HAATI maintenance.
Fivefold serial dilutions of the indicated strains
on medium selecting for (FOA) or against
EO (-URA) loss of plasmid expressing Rad51
(“+p51”). (F) Rad52 is essential for HAATI
maintenance. Fivefold serial dilutions of the
indicated strains on medium selecting for
(FOA) or against (-URA) loss of plasmid ex-
pressing Rad52 (“+p52”).

FOA (-Rad52)

HC in this region over time, leading to the reduced HC
seen in unperturbed dcrIA cells.

These observations demonstrate two principles regard-
ing the role of RNAi in rDNA jumping. First, the reduc-
tion in rDNA HC upon dcrl® deletion precludes a
model in which RNAi promotes rDNA jumping by chan-
neling HC away from rDNA (thereby facilitating rDNA
rearrangements). Second, the dispensability of Dcrl for
HC nucleation in tDNA regions precludes a model in
which rDNA jumping occurs independently of RNAi
but RNAI is required for HC formation over the translo-
cated rDNA. Reinforcing this argument is the distinc-
tion between general HC assembly mutants and RNAi
mutants; while the latter lead to complete loss of
HAATTPNA the former only partially reduce HAATTPNA
formation. Moreover, rDNA translocation is not detected
in der1A HAATISTE or circular survivors (Fig. 4C; data not
shown), arguing that jumping itself fails to occur in a
dcr1A background. Hence, our observations strongly favor
a role for RNAI in the translocation reaction itself.
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Rad51 and Rad52 are vital for HAATI perpetuation

The observation that RNAIi is dispensable for HAATI
chromosome size variation (Fig. 5C) indicates that the
mechanism of this size variation is distinct from that of
the initial rDNA jumping. We found previously that dele-
tion of rad51* completely abolishes HAATI formation
(Jain et al. 2010) and inferred that this Rad51 requirement
stems from its role in recombination. However, Rad51
may instead (or in addition) play a role in transferring non-
telomeric 3’ overhangs at HAATI termini to Potl
(Schlacher et al. 2011); in the latter scenario, Rad51 would
be necessary for prompt HAATI maintenance as well as
establishment. To determine whether Rad51 is required
for HAATI maintenance, we attempted to delete rad51°*
in already formed HAATIPNA and HAATIS™E cells;
however, we failed to isolate any such transformants.
Therefore, we used a plasmid-shuffling approach. The
rad51" gene was introduced into a pREP4 vector carrying
the selectable ura4* marker (referred to here as p51). The
efficacy of plasmid expression was verified via its ability
to complement rad51A phenotypes (Supplemental Fig.
S4A). p51 was then introduced into HAATI cells, and
the genomic copy of rad51* was deleted. Immediately
upon forced loss of p51, the viability of these rad51A
HAATI cells is lost (Fig. 5E). Therefore, Rad51 carries
out an essential role in HAATI maintenance. Rad52
assists in Rad51 loading and is similarly vital for cells har-
boring HAATI chromosomes (Fig. 5F; Supplemental Fig.
S4B). While the persistent recombination and amplifica-
tion of the repeats may be important for insulating coding
sequences from the end replication problem, this function
alone would not be expected to confer such drastic death
upon loss of Rad51 from HAATI cells. Rather, we propose
that persistent Rad51-mediated processes facilitate the
disposition of HAATI termini toward Potl loading follow-
ing DNA replication.

Sequencing of HAATFPNA genomes confirms the

illegitimate nature of rDNA jumping

The requirement of RNAi for tDNA jumping suggests a
previously unforeseen role of RNAi in genomic rearrange-
ments. To determine whether sequence homology could
underlie the jumping reaction as well as whether addition-
al genomic rearrangements invisible to our Southern blot
analyses (Jain et al. 2010; data not shown) characterize
HAATTPNA we performed whole-genome paired-end
Mlumina sequencing on three wild-type isolates and three
independent HAATT'PNA isolates derived therefrom,; pre-
liminary analysis of three additional HAATTI'PNA jsolates
suggests that the conclusions drawn from the first three
are applicable to all HAATTPNA jsolates. In addition to
mapping the rearranged chromosome ends, we performed
a comparative single-nucleotide polymorphism (SNP)
analysis (see the Materials and Methods).

The sequencing data reveal several salient points. First,
telomere sequences are indeed missing from HAATTPNA
chromosome termini (Fig. 6A). Second, the rDNA regions
flanking the junctions with centromere-proximal regions
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of each HAATI chromosome end lie within the intergenic
spacer region separating rDNA repeat units (Fig. 6B-D).
The centromere-proximal junction sites comprise DNA
from the wild-type STE regions to which the rDNA jumps.
Such junctions are unique to HAATT; they are absent from
wild-type genomes. Third, the polarity of the IDNA repeat
unit—with RNA Pol I-mediated transcription occurring
toward the chromosome end—is preserved following
rDNA translocation. Fourth, the sequences directly abut-
ting the junctions comprise one of two sequence units,
GAAAG or AGGGGGA, that occur as dimers within
the intergenic spacer units of the rDNA on wild-type
chromosome III (Fig. 6D); these dimer units are severed
upon translocation. In the case of AGGGGGA, the STE re-
gion (Fig. 6E) accommodating the translocation harbors a
single AGGGGG unit; for the other translocation junc-
tions, we failed to detect any obvious homology between
STE and rDNA sequences surrounding the junction site.
Moreover, while some S. pombe strains are reported to
have STE regions on wild-type chromosome III (Ohno
et al. 2016; Tashiro et al. 2017), our starting wild-type
strain showed no evidence of such STE repeats. Fifth,
the SNP variability among wild-type isolates is equivalent
to the SNP variability between HAATI isolates or be-
tween wild-type and HAATI cells, indicating that the
HAATI™PNA genome is not characterized by internal mu-
tations. Hence, HAATI'PNA formation involves transloca-
tion of IDNA tracts onto exposed STE regions in a manner
that preserves their original polarity. The uniqueness of
the translocations identified in HAATTPN4 demonstrate
that RNAI factors trigger a newly recognized illegitimate
translocation pathway.

Discussion

RNA:I determines repair dynamics at unshielded
chromosome ends

First described mechanistically in Caenorhabditis ele-
gans, RNAI is a highly conserved pathway that has been
implicated in modulation of gene expression and an in-
creasing number of cognate cellular processes (Napoli
et al. 1990; Guo and Kemphues 1995; Fire et al. 1998). A
growing body of evidence implicates RNAi in not only
HC formation but also genome surveillance, the DDR,
and eviction of RNA Pol Il to avert collisions between tran-
scription and replication (Peng and Karpen 2006; Zaratie-
gui et al. 2011; Francia et al. 2012; Castel et al. 2014).
Here we demonstrate an unexpected and seemingly para-
doxical role for the RNAi pathway in propelling illegiti-
mate translocation events that place rDNA repeats at the
ends of unprotected chromosomes, forming HAATTPNA,

While HAATTPN# dominates the telomerase-negative
survival spectrum under competitive growth conditions,
it is exceedingly rare under noncompetitive conditions,
occurring in only ~1.7% of telomerase-negative survi-
vors. Here we found that this rarity stems exclusively
from the rDNA jumping step; when telomerase is lost
in a prerearranged genome, HAATI™NA arises readily un-
der all growth conditions. This was an initially surprising
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Figure 6. Whole-genome sequencing of
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grated Genomic Viewer browser depicting
paired-end sequencing reads mapped to the sub-
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7848 bp of STE DNA and 202 bp of telomere re-
peats (see the Materials and Methods). Three rep-
licates of wild-type cells show robust mapping of
reads to the telomeric repeats; the near-complete
absence of corresponding reads in HAATIPNA
isolates confirms the absence of canonical telo-
meres. The few sequencing reads culminating
in telomeric repeats in HAATIPNA correspond
to the four telomere repeat units found within
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The scale for bar height in both wild-type and
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relative level of coverage of each base in a DNA
string. (B, left) Wild-type genome organization.
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the telomeric repeats on each chromosome, as
identified by whole-genome sequencing from
three wild-type isolates, are shown. Red asterisks
denote the junctions between wild-type telo-
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organization. (Right) Unique junctions (J1 and
J2) between the centromere-proximal STE re-
gions and tDNA in HAATI'PN genomes. Green
asterisks denote the junctions, which are unique
to HAATI'PNA strains. (D) Schematic of the
rDNA region. Each 10.9-kb rDNA repeat is com-
posed of the 35S tDNA transcriptional unit (pink
boxes) and an intergenic spacer that includes one
origin of replication (ars3001) and four closely
spaced polar replication fork barriers (RFBs).
Green asterisks within the intergenic spacer in-
dicate the sites of junctions between the STE re-

TEL gions (always on the centromere-proximal side)

and the rDNA repeats; these junctions are
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unique to HAATTPNA cells. (E) Schematic of
the STE regions on chromosome I and chromo-

some II, which comprise ~20 kb of imperfect tandem repeats (light-blue boxes) whose sequences modulate from the distal to the proximal
ends of the region. Restriction sites (gray arrows) in the STEs are shown. Green asterisks within the STE region indicate the sites of junc-
tions between STEs and rDNA (as indicated by an asterisk in C) in HAATIPNA,

result, as we expected the engagement of Potl by non-
telomeric repeats, an event anathema to the concept of
telomeric identity, to be a major stumbling block for
HAATI formation. On the contrary, it appears that
when high-affinity Potl-binding sequences (single-strand-
ed telomeric DNA) are absent, the affinities involved in
the rDNA-to-Pot1 linkage are sufficient to ensure quanti-
tative Potl recruitment to chromosome termini. Here we
used a series of fusion proteins combined with mutations
in shelterin and SHREC to delineate the pathway from
nontelomeric HC to Potl. rDNA-bound SHREC recruits
Ccql, which in turn binds Tpzl and Pozl, both of which
are required for Potl binding; the SHREC can be replaced
experimentally with a Reb1-Ccql fusion, and the Tpzl-
Pozl linkage can be replaced by a Ccql-Potl fusion.

The HAATTPNA requirement for Pozl is notable, as
Pozl is dispensable for Potl recruitment in wild-type
cells; we surmise that high-affinity sequence-specific
binding by Potl/Tpzl in wild-type cells obviates the
need for stabilization by Pozl. Intriguingly, Potl recruit-
ment in the HAATI setting, but not wild type, appears
to require Rad51 and Rad52 (Fig. 5E,F). We suggest that
this requirement again reflects the challenge of recruiting
Potl without the reinforcement of high-affinity single-
stranded telomere binding and propose the following
HAATTPN* maintenance scenario: The stalled forks
that arise during replication of the intergenic spacers be-
tween rDNA repeats lead to local ssDNA formation.
With assistance from Rad52, Rad51 forms filaments on
this ssDNA and channels subsequent binding away
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from RPA and toward Potl. These ideas are currently be-
ing tested.

Our observation that HAATI™™™ formation upon telo-
mere attrition is limited solely by the improbability of
rDNA jumping throws the spotlight on this pivotal event.
This event shows an absolute dependence on the RNAi
pathway, requiring catalytically active Dcrl and Agol
(and Rdp1) (data not shown), none of which are required
for HAATI maintenance or formation of HAATTI from a ge-
nome in which rDNA has been pretransferred to all subte-
lomeres. We note that the RNAi dependence of the
jumping event was unexpected, as RNAI is generally asso-
ciated with HC formation, which protects underlying
repetitive DNA sequences from undergoing recombina-
tion (Ellermeier et al. 2010; Aygun et al. 2013). Thus,
rDNA jumping appears to be governed by a heretofore un-
discovered pathway of RNAi-dependent translocation.

RNA molecules have been implicated in promoting re-
combination by templating the repair of homologous
DSB-containing DNA fragments in the absence of RNase
H function (Keskin et al. 2014). This runs contrary to our
observations, in which RNA is clearly involved but there
is no pre-existing template for the rearrangements that
lead to HAATI™PNA formation; moreover, the RNAi path-
way has not been implicated in transcript RNA-templated
DNA repair. However, it is conceivable that the “repair”
reaction conferring rDNA translocation is templated by
a transcript arising from an RNA polymerase that has
switched templates from the subterminal region of one
chromosome to that of another chromosome (see below).

Our sequencing data lend some hints as to the mecha-
nism of illegitimate rDNA transfer. The sites at which
native rDNA sequences become severed upon transfer
to heterologous (STE) chromosome termini during
HAATIPNA formation lie in the intergenic spacer region
between rDNA repeat units, a region of intense regulatory
activity. The intergenic spacer of budding yeast has been
shown to accommodate RNA Pol II-mediated transcrip-
tion, the levels of which vary in response to rDNA copy
number; increased transcription leads to local cohesin
eviction and, in turn, enhanced rDNA recombination
and copy number changes (Kobayashi 2008). RNA Pol II-
mediated transcription through the rDNA intergenic
spacer has also been observed in fission yeast (Castel
et al. 2014). While rDNA replication is directionally con-
trolled to prevent collisions between the replisome and
the RNA Pol I transcription machinery, RNA Pol II runs
antisense to RNA Pol I, on a collision course with the rep-
lication machinery (Zhao et al. 1997). Dcrl has been
shown to limit these collisions by evicting RNA Pol II
from the rDNA, averting collision-associated replication
fork stalling and recombination (Castel et al. 2014). Un-
like the RNAi-mediated rtDNA jumping described here,
Dicer-mediated transcription termination was shown to
rely on neither the catalytic activity of Dicer nor its
RNAIi companion, Agol, although Agol localizes to the
rDNA (Cam et al. 2005).

Collectively, our data paint a picture of the local condi-
tions that promote HAATI'PN# formation (Fig. 7A). As
telomeres erode following loss of telomerase, telomere-
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mediated inhibition of local transcription is lost (Green-
wood and Cooper 2011; Bah et al. 2012; Maestroni et al.
2017; J Greenwood and JP Cooper, unpubl.), leading to
the accumulation of subtelomeric RNA Pol II transcripts
as well as RNAi pathway components; enhanced tran-
scription will occur at both STE and rDNA termini.
Simultaneously, the eroding telomeres and subtelomeres
are likely to harbor stalled replication forks due to both
the repetitiveness of these regions and enhanced levels
of replication/transcription collisions as local silencing
is lost. Furthermore, telomere loss abolishes the DDR pro-
hibition at chromosome termini, rendering them vulnera-
ble to activities that degrade and mobilize DNA ends. We
propose that this scenario can result in physical interac-
tions, perhaps RNA-mediated, between stressed STE and
rDNA regions (Fig. 7).

Against this backdrop, we envision several possible
mechanisms for rDNA jumping. Two such possibilities
comprise template-switching events (Fig. 7B). (1) RNA
Pol IT may switch templates from the subterminal region
of one chromosome to that of another. Template switch-
ing by mammalian RNA Pol II has been observed not
only in vitro but also in vivo (Nudler et al. 1996; Kandel
and Nudler 2002) using a system in which template
switching allows a retroviral vector to be converted into
anintegrated provirus; in the latter case, switching showed
no requirement for obvious homology between sequences
flanking the translocation. In cells forming HAATT™PNA,
we could envision RNA Pol II switching from a nick,
DSB, stalled fork, or R loop on one eroding chromosome
end to that of another; the resulting STE/rDNA hybrid
transcript would serve as a template for DNA synthesis.
(2) The replisome may undergo template switching, with
DNA replication proceeding from a difficult-to-replicate
STE region to a similarly compromised rDNA region,
thus leading to translocation. (3) A microhomology-medi-
ated end-joining (MMEJ) pathway may comprise the trans-
location event in some instances, as an AGGGGGA
microhomology is seen at some of the translocation junc-
tions; in those cases, MME] would occur between an acen-
tric tDNA fragment and a broken STE end. We view MME]
as the least likely possibility, as our sequencing data have
thusfarrevealed no instance in which translocation result-
edin a switched orientation of the rDNA unit with respect
to the chromosome terminus; given that perfect homology
surrounding translocation points is unlikely, we would ex-
pect the rDNA to fuse occasionally in the “head-on” orien-
tation with respect to the STE if MME] were frequent. We
suggest that rather than conferring MME]J, microhomolo-
gies assist in aligning disparate chromosome ends for
translocation, which can be accomplished through tem-
plate switching by RNA or DNA polymerases.

What explains the absolute dependence of the rtDNA
jumping reaction on RNAi? In the RNA Pol II switching
model, the RNAi pathway might be envisioned to act after
template switching has occurred, cleaving an RNA-con-
taining translocation intermediate (Fig. 7B). For any mod-
el, the RNAi dependence of rDNA jumping could be
attributed to a role for RNAi pathway components and/
or noncoding RNAs (ncRNAs) in creating a platform for
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Figure 7. Potential routes to rDNA jumping. (A) Telomere erosion triggers the RNAi-dependent translocation of subtelomeric rDNA to
STE chromosome ends. (B) Two possibilities for the mechanism of RNAi-dependent translocation are diagrammed. In both scenarios, lo-
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circle) switches template from the subterminal region of chromosome III to that of chromosome I (or II), perhaps due to nicks, DSBs, or
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harboring a hybrid (STE- and rDNA-containing) RNA strand forms and prompts illegitimate translocation. Arrowheads represent poten-
tial cleavage sites for an enzyme that resolves branched DNA structures. (Right) The replisome (purple circle) undergoes template switch-
ing, with DNA replication proceeding from a difficult-to-replicate STE region to the similarly compromised tDNA intergenic spacer

region.

the switching event. This idea recalls studies of the mam-
malian (Francia et al. 2012) and plant (Wei et al. 2012)
DDR, in which siRNAs corresponding to the sequences
surrounding a DSB are generated upon breakage; these
siRNAs, along with Dicer and Drosha, are thought to pro-
vide a platform for assembly of DDR foci. Moreover, as
RNAs can promote the formation of phase-separated lig-
uid droplets (Shin and Brangwynne 2017}, we might postu-
late that upon telomere erosion, the subtelomeric (STE

and rDNA) RNAi products promote the nucleation of
droplets that subsequently fuse, bringing together dispa-
rate chromosome ends and facilitating translocation. We
note that while the RNAi pathway has been implicated
in promoting interphase telomere clustering (Hall et al.
2003), the modest level of disruption of this clustering
upon loss of RNAi components (Supplemental Fig. S2)
seems incommensurate with the 100% loss of HAATI for-
mation in RNAi mutants. However, under the conditions
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of subtelomeric turmoil brought on by telomere loss, the
enhanced presence of RNAI factors and siRNAs might
significantly change the dynamics of dysfunctional chro-
mosome ends to a degree not seen at unperturbed chromo-
some ends. Alternatively or in addition, R loops may be
crucial for either RNA Pol II or replisome template
switching and may be promoted by siRNAs.

Dicer quashes STE mobility

Even more rare than HAATT'PNA formation is that of
HAATISTE. Here we show that this severe rarity is due
to the presence of Dicer, as, in a dcr1A setting, HAATISTE
formation rates increase (by 10-fold under noncompetitive
growth conditions and much greater-fold in competitive
conditions). In marked contrast to Dcrl, Agol (and
Rdpl) (data not shown) fails to share Derl’s role in prohib-
iting HAATISTE formation. Hence, beyond conferring
translocation of rDNA repeats to unshielded chromo-
somes ends as part of the nuclear RNAi pathway, Derl
alone actively inhibits the rearrangement of STE arrays.
As terminal transcripts accumulate upon telomere loss,
we presume that Dicer normally prevents HAATIS™ for-
mation by cleaving a STE transcript that has the potential
to confer dramatic genomic invasion by the STE. While
the mechanism underlying this ncRNA-mediated inva-
sion is far from clear, we can attest that it is clearly dis-
tinct from the mechanism underlying rDNA jumping
and likely involves RNA-DNA hybridization at internal
genomic sites. We speculate that telomere loss in a
dcri1A setting leads to mobilization of STE transcripts as
transposon-like elements.

New avenues to genome plasticity and telomerase escape

We reiterate that the translocation events placing rDNA
or STE at all chromosome ends have never been seen in
a trt1* setting; hence, this translocation reaction can be
added to the list of events, such as nonhomologous end-
joining (NHE]J)-mediated chromosome end fusions, that
are prohibited by functioning telomeres. Whether this
RNAi-mediated translocation might occur at other geno-
mic loci is a crucial question that we are approaching: Do
DSBs at non-telomere-adjacent sites occasionally lead to
RNAi-dependent sequence jumping? If rDNA were locat-
ed away from telomeres, would it be more mobile? The
implications of such reactions for genome organization
are interesting questions for the future.

Another fascinating set of questions surrounds the
uniqueness of rDNA as a proxy for telomeres. The associ-
ation with SHREC is clearly essential for recruiting Potl;
whether a distinct (non-rDNA) repeat that also associates
with SHREC, if located near chromosome termini, could
confer a HAATI™PNA.]ike mechanism is a current focus.
The special properties of the rDNA intergenic spacer re-
gions, which attract RNA polymerases, RNAi factors,
and fork-stalling proteins, may make them optimal for
this type of telomerase-negative survival. Hence, the
proximity of tDNA to chromosome termini in human
cells, Allium species (Fajkus et al. 2016), Brachidontes
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(Pérez-Garcia et al. 2010), and other species is intriguing;
not only the principle of HAATI'PNA using nontelomeric
HC to recruit Pot1l might be conserved but also the specif-
ic ability of IDNA to translocate and supersede telomeres.
The unusual and striking similarities between such wide-
ly divergent organisms as flies and fission yeast argue
that sequence-independent strategies may provide alter-
native mechanisms of telomerase escape in some human
cancers.

In conclusion, our results show that both growth
environment and prior genomic rearrangements play a
fundamental role in favoring one or the other type of telo-
merase-minus survival. Similarly, we can envision that
the specific environment in which human tumor cells
arise—the local nutritional state and the extent to which
genome-destabilizing processes have occurred before
the cells undergo crisis—could favor or disfavor HAATI
mechanisms.

Materials and methods

Strains and media

S. pombe strains used in this study were derivatives of the stan-
dard laboratory strain 972 and are listed in Supplemental Table
S1. Strains were grown at 32°C in standard rich medium (yeast ex-
tract with supplements [YE5S]) unless indicated otherwise (More-
no et al. 1991). Plasmid-containing strains were grown under
conditions selecting for the appropriate marker. All strains were
constructed by one-step gene replacement (Bahler et al. 1998),
starting by constructing heterozygous diploids. For HAATI main-
tenance experiments, strains were constructed by one-step gene
replacement in already formed HAATI survivors. For reintroduc-
tion of telomerase, strains were transformed with p-kanMX-trt1*-
myc (Haering et al. 2000).

Generating trt1A survivors

For competitive culturing in liquid, 20-mL liquid cultures were
inoculated at 10* cells per milliliter and propagated for ~28
d. Every ~24 h, cell density was measured by optical density,
and fresh 20-mL cultures were inoculated at 10* cells per millili-
ter. For competitive culturing in patches, equal volumes of trt1A
cells were patched onto plates and propagated for ~28 d by re-
patching equal volumes onto fresh plates every ~24 h. For non-
competitive culturing, trt1A offspring were streaked to single
colonies iteratively for ~28 d.

Dilution assays

Cells were grown in liquid culture to log phase, and their density
was measured using a haemocytometer. Cultures were adjusted
to a final concentration of 1 x 107 cells per milliliter, and fivefold
serial dilutions were made in a 96-well microtiter plate with re-
peated agitation. Diluted cells were stamped onto plates using a
metal stamper (which transfers ~5 pL).

Cytological analysis

Cells were grown to log phase (~0.4-0.6 OD) in rich medium at
32°C, adhered to a glass culture dish (MatTek) precoated with
0.2 mg/mL soyabean lectin (Calbiochem), immersed in YE5S lig-
uid, and visualized by fluorescence microscopy on a DeltaVision
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Spectris or DeltaVision OMX conventional mode (Applied Preci-
sion) using Soft-WoRx software (Applied Precision) to capture im-
ages and quantify foci. Equal exposures were used across all
compared genetic backgrounds. Using two to three independent
biological replicates, 50-80 cells per genotype were imaged and
analyzed for each experiment. Images were deconvolved, and all
Z-stacks were projected into a single-plane image.

DNA isolation and Southern blotting

DNA isolation and Southern blot analysis were performed as de-
scribed previously (Supplemental Table S2; Miller et al. 2006).

PFGE of whole chromosomes

PFGE of whole chromosomes was performed as described previ-
ously (Jain et al. 2010) with the following modifications: Agarose
plugs were loaded onto 0.5% agarose gels in 1x TAE (40 mM Tri-
sacetate buffer, 2 mM Na2EDTA at pH 8.3). PFGE was performed
on a Bio-Rad CHEF DR-IIl system in 1x TAE at 14°C using the fol-
lowing program: step 1, 30 h at 2 V/cm, 96° angle, and 1200-sec
switch time; step 2, 30 h at 2 V/em, 100° angle, and 1500-sec
switch time; and step 3, 30 h at 2 V/cm, 106° angle, and 1800-
sec switch time. After electrophoresis, DNA was visualized by
ethidium bromide staining, and gels were processed for Southern
blot analysis using the STE1 probe (Nakamura et al. 1998) or the
rDNA probe (Supplemental Table S2; Toda et al. 1984).

TSA assay

TSA was dissolved in 2 mg/mL ethanol and stored at —20°C. Cells
were precultured overnight in rich medium to reach log phase.
TSA was added to cultures of 5 x 10° cells per milliliter for a final
drug concentration of 35 ng/mL. Control samples were treated
with 96% ethanol. After ~24 h, cell density was estimated
by OD, cultures were adjusted to a final concentration of 5 x 10°
or 5x10° cells per milliliter, and 87.5 uL of fresh TSA/ethanol
was added. After another 24 h, cells were pelleted, washed exten-
sively in ddH,0, adjusted to a final concentration of 1 x 107 cells
per milliliter in YE5S, and stamped onto plates in fivefold serial
dilution.

ChIP

ChIP was performed as described previously (Jain et al. 2010).
Quantification of DNA by PCR was realized using SYBR Green
mix. Each sample was amplified in triplicate, and enrichment
was expressed as input/whole-cell extract (Supplemental Tables
S2, S3). For each experiment, a standard curve was calculated
from serial dilution of whole-cell extract.

PFGE of Notl-digested chromosomes

PFGE of Notl-digested chromosomes was performed as described
previously (Jain et al. 2010) with the following modifications:
Notl-digested agarose plugs were loaded onto 1% agarose gels
in 0.5x TBE (1x TBE: 89 mM Tris-borate, 2 mM EDTA). PFGE
was performed on a Bio-Rad CHEF DR-III system in 0.5x TBE at
14°C using the following program: 28 h at 6 V/cm, 120° angle,
and 60- to 120-sec switch time. After electrophoresis, DNA was
visualized by ethidium bromide staining, and gels were subjected
to Southern blot analysis using LMIC probes (Ferreira and Cooper
2001) or the STE1 probe (Supplemental Tables S2, S3).

RNAI drives tDNA translocation

Preparation of genomic DNA libraries

The genomic DNA libraries were made using Illumina TruSeq
Nano DNA library preparation kits. The S. pombe genomic
DNA was fragmented to a 400-bp insert size on the Covaris,
which generates dsDNA fragments with 3’ or 5’ overhangs. The
sheared DNA was blunt-ended, and library size selection was per-
formed using sample purification beads. A single “A” nucleotide
was added to the 3’ ends of the blunt fragments to prevent them
from ligating to each other during the adapter ligation reaction.
A corresponding single “T” nucleotide on the 3’ end of the adapt-
er provided a complementary overhang for ligating the adapter to
the fragment. The indexed adapters were ligated to the ends of the
DNA fragments and then PCR-amplified to enrich for fragments
that had adapters on both ends. The final purified product was
then quantitated by quantitative PCR (qPCR) before cluster gen-
eration, and paired-end sequencing was done on the MiSeq
sequencer (Supplemental Table S3).

Paired-end Illumina sequencing and SNP analysis

The genomes of three wild-type and three HAATIPNA strains

were sequenced using the Illumina MiSeq sequencing platform
to generate between 5 million and 5.5 million 150-bp paired-
end reads per strain. The reads were trimmed to remove adapter
sequence using Trimmomatic (Bolger et al. 2014). Duplicate reads
were removed using Picard Tools Markduplicates (Picard Tools,
http://broadinstitute.github.io/picard). The trimmed dedupli-
cated reads mapped to the S. pombe reference (ASM294v2.30),
to which was added a contig (termed the subtelomeric contig)
containing an additional 8050 bases of subtelomeric sequences
(from pNSU21 harboring the chromosome IIR sequence) (Suga-
wara 1988) and telomeric repeats not present in the reference ge-
nome. This contig was assembled by performing telo PCR using
wild-type strains in our laboratory and adding the existing se-
quencing information from pNSU21 chromosome IIR clones to
the sequenced region. Read alignment was performed with the
BWA aligner (Wood et al. 2002). Fast and accurate short read align-
ment was performed with Burrows-Wheeler Transform. (Li and
Durbin 2009). Alignment quality was assessed using Qualimap
(Okonechnikov et al. 2016). For assessment of telomere structure,
BWA was run using the “-a” flag to output all alignments regard-
less of uniqueness. For the analysis of variants, BWA was run us-
ing default parameters. The resulting alignments covered the
reference at a mean depth of >50x with 90% of the reference cov-
ered at >35x. Mean alignment quality was >57 for all strains. Cov-
erage per chromosome showed differences between wild-type and
HAATI strains. Typical coverage for chromosomes I and I was
50x-57x for wild-type strains but lower, at only 40x—45x, for
the HAATT strains. Conversely, chromosome III coverage was
higher in the HAATI strains at ~80x compared with ~67x for
the wild type. Coverage of the subtelomeric contig was much
higher in the wild-type strains, at 90x-160x as opposed to 35x—
80x in the HAATI strains; note that the residual coverage reflects
the subterminal regions of the subtelomeric contig.

Junctions between subtelomeric sequence on the subtelomeric
contig and rDNA sequence on chromosome Il in HAATI were de-
tected on the basis of “split reads,” in which one segment of a se-
quencing read aligned to the subtelomeric contig, while the
remaining segment aligned to the chromosome III contig. Such
split reads show that subtelomeric sequences are contiguous
with rDNA sequences in the sequenced genome and allow the
junctions between these sequences to be mapped with single-
base precision. Simultaneous consideration of the map of the
paired ends of the split read allows the determination of an
~300-bp region that includes the junction. Split reads were
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identified on the basis of the supplementary alignment flag set by
the aligner that marks individual reads whose alignments are
split into two separate chromosomal segments. The reads so
flagged were scanned using a script to collect reads in which
the first segment of alignment was to the subtelomeric contig,
while the second segment (supplementary alignment) was to
chromosome III or vice versa. The paired ends of the reads meet-
ing these criteria were also collected. The sets of split reads and
their paired ends were then precisely remapped to the reference
genome using the BLAST sequence alignment program (Altschul
et al. 1997). The sequences of the reference genome in the region
covered by the telomeric and chromosome III segments, respec-
tively, of the split read in the BLAST alignment were extracted.
The two segments of sequence were then joined to recreate the
genomic sequence corresponding to the original sequencing
read, with the point of the join corresponding to the subtelo-
mere:chromosome III junction. The genomic sequence extending
from the end of the split read alignment to the distal end of the
BLAST alignment of its paired end was then appended to that of
the reconstructed sequence. In this way, a sequence context in
the area of the subtelomere:chromosome III junction was ob-
tained. Mutations were called from aligned reads using SAMtools
Mpileup (Li et al. 2009) followed by conversion from BCL to VCF
format with beltools (http://github.com/samtools/bcftools). Vari-
ants were annotated using Snpeff (Cingolani et al. 2012) with
Pombase feature annotations (Wood et al. 2011).

Data and software availability

The sequencing data reported in this study were deposited in the
BioSample database (BioProject-NCBI Portal) with accession
numbers SAMNO07964785, SAMNO07964786, SAMNO07964787,
SAMNO07964788, SAMNO07964789, and SAMNO07964790. The
six accession numbers correspond to three wild-type and three
HAATIPNA jsolates. Software and algorithms used for the analy-
sis are listed in Supplemental Table S4.
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