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Evolutionary-conserved telomere-linked helicase
genes of fission yeast are repressed by
silencing factors, RNAi components

and the telomere-binding protein Taz1
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ABSTRACT

In Schizosaccharomyces pombe the RNAi machinery
and proteins mediating heterochromatin for-
mation regulate the transcription of non-coding
centromeric repeats. These repeats share a high
sequence similarity with telomere-linked helicase
(tlh) genes, implying an ancestral relationship
between the two types of elements and suggesting
that transcription of the t/h genes might be regulated
by the same factors as centromeric repeats. Indeed,
we found that mutants lacking the histone methyl-
transferase Clr4, the Pcu4 cullin, CIr7 or CiIr8, accu-
mulate high levels of tlh forward and reverse
transcripts. Mutations and conditions perturbing his-
tone acetylation had similar effects further demon-
strating that the t/h genes are normally repressed
by heterochromatin. In contrast, mutations in the
RNA.i factors Dcr1, Ago1 or Rdp1 led only to a modest
derepression of the t/h genes indicating an alternate
pathway recruits heterochromatin components to
telomeres. The telomere-binding protein Taz1 might
be part of such a redundant pathway, t/h transcripts
being present at low levels in Ataz1 mutants and at
higher levels in Ataz1 Adcr1 double mutants.
Surprisingly, the chromodomain protein Chp1, a
component of the Ago1-containing RITS complex,
contributes more to t/h repression than Ago1, indic-
ating the repressive effects of Chp1 are partially inde-
pendent of RITS. The tlh genes are found in the
subtelomeric regions of several other fungi raising
the intriguing possibility of conserved regulation
and function.

INTRODUCTION

The heterochromatic regions associated with the centromeres
of many higher eukaryotes contain an abundance of repeats
originating from transposable elements. The epigenetic asso-
ciation of these centromeric regions with particular sets of
proteins is in some respects more critical to centromere func-
tion than specific DNA sequences as indicated e.g. by the
properties of neocentromeres [reviewed in (1)].

In spite of their relatively small size of ~40-100 kb, the
three Schizosaccharomyces pombe centromeres resemble
those of higher eukaryotes [reviewed in (2)]. Their central
cores (cnt) are associated with the CENH3/CenpA protein,
a hallmark of eukaryotic centromeres defining the region
of kinetochore attachment. The central cores are flanked by
repeated sequences packaged into heterochromatin, the inner
most (imr) and outer repeats (otr). The otr can in turn be
subdivided into two types of repeats whose relative positions
differ between the three centromeres (3—8), designated here dh
and dg repeats (Figure 1A). Both inner and outer repeats are
required for efficient chromosome segregation (9,10) as are
components of heterochromatin [reviewed in (2)]. The origin
of centromeric repeats is not known.

A dh-dg repeat unlinked to centromeres is found in the
silenced part of the mating-type region. This particular
element has been designated cenH, for centromeric homo-
logy (11). cenH facilitates heterochromatin formation in the
mating-type region by recruiting the histone methyltransferase
(HMT) Clr4 and the chromodomain protein Swi6 (12—15). All
or parts of cenH can also promote heterochromatin formation
at an ectopic site (16) as can fragments derived from
centromeric DNA (17).

The centromeric dh and dg repeats and cenH have been
implicated in RNAi-dependent heterochromatin formation
(15,18-20). In S.pombe the RNAi pathway involves a member
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Figure 1. Regions of sequence homology in S.pombe centromeres and subtelomeres. (A) Schematic representation of S.pombe centromeres. dh and dg repeats are
indicated in red and blue, respectively. Regions of homology (>60% sequence identity) between t/h genes and centromeric repeats are indicated by open arrows.
These regions map within 3921 bp in the 5662 bp #/h/ ORF, 1102 bp (seven segments; <2% gap) of ¢/l displaying an identity to centromeric sequences >75%.
Centromeric repeats that have not been sequenced are indicated by double bars. dh and dg repeats were placed according to published data (8) and our own sequence
comparisons. The green arrowhead indicates a previously unidentified fragment from a #f2-retrotransposable element. Available cosmid sequences (8) are
represented by bars below each centromere. (B) Schematic representation of S.pombe subtelomeric regions. The subtelomeric cosmids SPAC212, SPBCPT2R1
and SPAC750 are represented. Dashed lines between SPAC212, SPBCPT2R1 and SPAC750 point to regions of synteny. The /2 homology to centromeric repeats is
represented in red (dh) or blue (dg). Green arrows indicate the presence of LTRs. Open arrows denote ORFs. Bracketed grey lines in the left portion of tel IR represent
a hypothetical 7/h gene that is not part of the SPAC750 sequence. Its presence and position are suggested by hybridization experiments (35) and by the syntenic

relationship between the three represented telomeres (see text).

of the Argonaute family (Agol), an RNase III-like enzyme
(Derl) and an RNA-dependent RNA polymerase (Rdpl).
Agol is part of a ribonucleoprotein complex called RITS
for RNA-induced initiation of transcriptional silencing com-
plex. In addition to Agol, RITS contains the Tas3 protein, the
chromodomain protein Chpl and 20-22 nt RNA molecules
(siRNA) mostly originating from centromeric dh and dg
repeats (21-23). Rdpl participates in a different complex,
the RNA-directed RNA polymerase complex or RDRC,
capable of interacting with RITS and containing the RNA

helicase Hrrl and Cid12, a member of the poly(A) polymerase
family (22). Rdpl, Dcrl, Agol, Chpl, Tas3, Hrrl and Cid12
are major players in the formation of centromeric hetero-
chromatin (19,21,22,24-26). According to all available evid-
ence, double-stranded RNAs produced by either the bi-
directional transcription of centromeric repeats, or by
RDRC acting on centromeric transcripts, are processed into
siRNA by Dcrl and one strand is incorporated into the RITS
complex. Early models proposed that the primary function of
RITS and its components was to direct heterochromatin
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formation to chromosomal regions with homology to the small
single-stranded RNA molecules contained in the complex
(15,21). It has become increasingly clear however that
the association of RITS with chromatin depends on histone
H3 lysine 9 methylation (H3K9Me) whereas H3K9Me can be
formed in cells lacking RNAi components (27,28). The current
view is therefore that H3K9Me serves as an anchor for Chpl,
tethering RITS and RDRC to heterochromatin and allowing
these complexes to propagate existing heterochromatin rather
than, or in addition to, establishing its formation (17,22,29,30).
Histones are deacetylated in the marked regions by the Clr3
and Clr6 deacetylases and histone H3 is methylated at K9 by
the ClIr4 methyltransferase, the molecular mechanisms linking
these events to RITS or RDRC remaining unknown.

The RITS component Chp1 associates not only with centro-
meric heterochromatin but also with the mating-type region
and telomeres (23,28,29). In contrast to its role at centromeres,
however, Chpl is not essential to heterochromatin formation
or transcriptional silencing in the mating-type or telomeric
regions (25,28,29). In the mating-type region, Chpl1 facilitates
silencing in a manner redundant with the DNA-binding protein
Atfl (31,32). Similarly, Chpl might promote silencing in
telomeric and subtelomeric regions in a manner redundant
with some other factor, possibly the telomeric-repeat binding
protein Tazl (33).

We report here our characterization of subtelomeric
sequences sharing a high similarity with the dh-dg centromeric
repeats and cenH element. These sequences are part of the
open reading frames (ORFs) of putative telomere-linked hel-
icases (Tlh) of the RecQ family. Expression of the #// genes is
induced in cells undergoing telomere crisis caused by the loss
of telomerase (34). Furthermore, the ectopic expression of part
of a tlh ORF speeds up recovery from crisis (35) indicating a
role in telomere rescue under this extreme condition. The level
of t/h RNA is naturally low in wild-type cells that are not
undergoing crisis and this low level has been proposed to
be brought about by RNAi (34). We examined the transcrip-
tional regulation of the t/h genes in greater detail, determining
the relative contributions of histone-modifying enzymes,
RNAi components, and of the telomere-binding protein
Tazl to their expression level. Furthermore, we determined
that related ORFs are present in the subtelomeric regions of
other fungi, suggesting an evolutionary-conserved function
and mode of regulation for the t/h genes.

MATERIALS AND METHODS
S.pombe strains and media

The strains used in this study and their genotypes are listed in
Table 1. Media were as described previously (13).

Cultures for RNA extractions

Unless indicated otherwise, cells were propagated in 25-50 ml
YES medium at 30°C and collected while in their exponential
growth phase by a 3 min centrifugation at 3000 r.p.m. in a
Heraeus megafuge 2R. The cell pellets were frozen in liquid
nitrogen immediately after centrifugation and stored at
—80°C until further processing. For the nitrogen starvation
experiments, 200 ml cultures growing exponentially in YES

Table 1. Strains and their genotypes

J11 W™ leul-32 ura4-D18 ade6-M216 tazl ::ura4*

PG2870 h™ leul-32 ura4-DI8 ade6-M210 chpl ::LEU2

PG3039 /S urad-DI18 derl::kan®

PG3267 h~S leul-32 ade6-DNIN [urad*-tlh2-ade6’]

PG3269 h~S leul-32 ade6-DNIN [urad*-2hit-ade6”]

PG3273 h~S leul-32 ade6-DNIN [urad™- tlhl-ade6']

PG3275 hS leul-32 ade6-DNIN [ura4*-1hlt-ade6"]

PG3389 AN otrIR(Sphl): :ura4™ leul -32 ura4-DS/E ade6-M210 clr8A: kan®
PG3435 h”° ura4-DI8 pcud::urad”

PTI3  1* leul-32 ura4-DS/E ade6-DNIN

PTI4  h~S leul-32 ade6-DNIN [ura4 -ade6"]

SPA15 hi otrIR(Sphl)::ura4” leul-32 ura4-DS/E ade6-M210 clr7A: :kan®
SPK10 h~

SPK20  h~S ura4-DI18 clr4::ura4

SPK27  h7S clr6-1 clr3::kan®

SPK50  h™ ura4-DI8 leul-32 derl::kan®

SPK51  h'N wura4-D18 ade6-M216 tazl :: urad*

SPK52  h™ ura4-DI18 leul-32 derl ::kan®

SPK53  h N ura4-D18 ade6-M216 tazl :: urad*

SPK54  h~S ura4-D18 ade6-M216

SPK55  h™ ura4-D18 leul-32 dcrl ::kan® tazl:: ura4*
SPK56  h™ ura4-D18 ade6-M216 leul-32

SPK57  h~S ura4-D18::kan® tazl:: ura4*

SPK61  h~S ura4-DI18 ade6-M216 dcrl ::kan® tazl :: ura4*
TV292  h~S ura4-DSIE agol ::kan®

TV293  h~S ura4-DSIE derl :-kan®

TV296 ™S ura4-DS/E rdpl : :kan®

(~5 x 10° cells/ml) were spun down by a 3 min centrifugation
at 3000 r.p.m. The cells were washed once in 25 ml MSL-N
pre-warmed to 30°C, resuspended at ~5 x 10° cells/ml in
MSL-N supplemented with 100 mg/l adenine, 100 mg/l
uridine and 200 mg/l leucine, and placed back on a shaking
platform at 30°C. At each time point ~1 x 10® cells were
collected by centrifugation for RNA extraction.

Treatments with Trichostatin A (TSA)

TSA treatments were performed by adding 35 pug/ml TSA (US
Biologicals) to exponentially growing 5 ml YES cultures that
had reached ~5 x 10° cells/ml and incubating the cultures for
24 h on a shaking platform at 30°C. The cells were then spun
down by a 3 min centrifugation at 3000 r.p.m., washed once in
10 ml YES pre-warmed to 30°C, and used to inoculate 25 ml
YES recovery cultures. Cells in recovery cultures were
examined daily under a microscope, counted and used to
inoculate fresh cultures. The cultures were diluted ~250-
fold each day. Cells (~1 x 10%) were collected for RNA
extractions at the indicated time points. In the case of
PG3267 and PG3273 suspensions of cells in their repressed
state were divided in two. One half was treated with TSA for
24 h as described above while the other half was mock treated.
Following treatment, cells were plated on AA medium lacking
adenine or containing 15 mg/l adenine. The plates were incub-
ated at 33°C for 4 days and photographed. The experiment was
conducted in triplicate using three independent cultures of
each PG3267 and PG3273.

Plasmid and strain constructions

pPTI1, a plasmid containing a full-length ade6™ gene flanked by
DNA originating from the ura4™ locus, was created by ligating



into Bluescript SKII(—) (Stratagene) (i) a 645 bp Sacl-Eagl
fragment created by PCR with GTO-212 (GGGAGCTC-
GAGGGTATTATACAAGGC), GTO-213 (GGACGGCCGT-
GTGGTAATGTTGTAGGAG) and a 1.8 kb HindIII template
containing ura4* and flanking sequences (36); (ii) the 2735 bp
Eael-Spel fragment of pAS1 (37) containing the ade6* gene,
and (iii) a 201 bp Spel-Kpnl fragment created by PCR with
GTO-214 (GGACTAGTATCTTTTCTCTGGATTGAC),
GTO-215 (GGGGTACCTGACGAAACTTTTTGACATC)
and the 1.8 kb ura4* template. The predicted ORFs of t/h]
and #/h2 were amplified from genomic DNA of S.pombe 968
cells (h”°) using OKR63 (TTAGGCCTCGGCCGAT-
GGTCGTCGCTTCAGAAATTGC) and OKR64 (TTAG-
GCCTCGGCCGCGATATGAAACGTTGTCTTGCATCAG)
or OKR65 (TTAGGCCTCGGCCGGCGTGTACTATGG-
CAACTGGTGGTGTTGGCTTG) and OKR64 and the Expand
PCR system (Roche). The PCR products were cloned into the
pCRII-TOPO vector (Invitrogen), excised by Eagl digestion,
and inserted in either orientation into the Eagl site of pPTII to
create pKR44 (OKR63-OKR64 fragment with OKR64 close to
ura4"); pKR45 (OKR63-OKR64 fragment with OKR63 close
to ura4®); pKR48 (OKR64-OKR65 fragment with OKR64
close to ura4"); and pKR49 (OKR64-OKR65 fragment with
OKRG65 close to ura4"). The four plasmids and pPTI1 were
digested with Sacl and Kpnl to release their inserts and used
to transform the S.pombe strain PTI1. Ade™ transformants were
selected on AA-ade plates. To take into account the possibility
that the 1/h genes might repress transcription of ade6™, both
fast and slow growing Ade™ transformants were examined by
Southern blot. Several transformants containing correct chro-
mosomal integrations at the ura4” locus were identified in this
way for each construct including PG3267 with pKR49 (ura4*-
t1h2-ade6™"), PG3269 with pKR48 (urad4*-2hit-ade6™), PG3273
with pKR45 (ura4*-tlhl-ade6™), PG3275 with pK44 (ura4*-
2hlt-ade6™), and PTI14 with pPTIl (ura4™-ade6™).

Microscopy

DIC images were obtained using a Zeiss Axio Imager fluor-
escence microscope equipped with a Hamamatsu Orca-ER
digital camera and Volocity 3.5.1 software.

RNA extraction, RT-PCR and real-time PCR

RNA was extracted with a hot-phenol procedure as described
previously (38). Detection of centromeric transcripts by
RT-PCR was performed as in Ref. (19) using GTO-223
(GAAAACACATCGTTGTCTTCAGAG) and GTO-226
(TCGTCTTGTAGCTGCATGTGA). tlh dh transcripts were
amplified with OKR40 (TCGTCTTGTAGCAGCATGTGA)
and OKR41 (GAGATGAACGTATCTCTATCGAC); tlh
DEAH  transcripts with OKR44 (CTGGAGGTGG-
AAAGTCTTTGTCG) and OKR45 (AACCGAAGACCACT-
GTTGGTTAATGC); actin transcripts with OKR70
(GGCATCACACTTTCTACAACG) and OKR71 (GAGT-
CCAAGACGATACCAGTG). OKR70 and OKR71 were also
used for —RT controls. Strand specificity was achieved by using
a single primer in the reverse transcription: GTO-226 for the
centromeric forward transcript, GTO-223 for the centromeric
reverse transcript; OKR41 for the tlh dh forward transcript;
OKR40 for the #/h dh reverse transcript; OKR45 for the #/h
DEAH forward transcript; and OKR44 for the t/h DEAH reverse
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transcript. For the amplification of centromeric or telomeric
transcripts 27 PCR cycles were performed, and 25 cycles for
the amplification of actin transcripts.

Real-time PCR was performed with a BioRad iCycler using
the Quantitect SYBR Green RT-PCR mixture (Qiagen) sup-
plemented with 10 nM Fluorescein (BioRad). Reverse tran-
scriptions of ~90 ng total RNA were allowed to take place at
50°C for 30 min in 25 pl reactions. The reverse transcription
step was followed by 15 min at 95°C to inactivate the RT and
activate the HotStarTaq polymerase. cDNAs were then amp-
lified by 40 cycles of (30s 94°C; 45s 56°C; 60s 72°C). The
OKR40 and OKR41 primers were used for t/h amplification,
and OKR70 and OKR71 for actin amplification. All primers
were used at a final concentration of 0.6 uM. The melting
curve of each sample was determined after amplification.
Reactions were set up in triplicate. Three-fold dilution series
of genomic DNA were used to determine the efficiency of
amplification for each primer pair by plotting standard curves.
Mean normalized expression (MNE) values were calculated
according to Equation 1 and standard errors on the mean
(SEmnEg) according to Equation 2 (39).

(E CTreference.mean
reference

(Etargel ) CTuarget mean
SEmne = MNE-:[(In(Earger) “SECT g0t mean )2
+ (111 (E reference) 'SECTrefe"ence,meﬂn )2] 1/2 i

MNE =

where Eeference 18 the efficiency of actin amplification, Ere
the efficiency of #/h amplification, CTyeference, mean the mean
cycle threshold value for actin, and CTiurger, mean the mean
cycle threshold value for tlh.

DNA and protein sequence analyses

Sequence analyses were performed using online available
BLAST (40) services from the Sanger Institute (www.
sanger.ac.uk), Broad Institute = (www.broad.mit.edu),
Genolevures (cbi.labri.u-bordeaux.fr/Genolevures) and NCBI
(www.ncbi.nlm.nih.gov). Multiple alignments were created
using ClustalW (41) at EBI (www.ebi.ac.uk). The cladogram
presented in Figure 2 was manually edited using NJPLOT (42).

RESULTS AND DISCUSSION

The centromeric dh and dg repeats share sequence
homology with subtelomeric helicase genes

The dh and dg repeats found at centromeres and in the mating-
type region display extensive sequence homology with large
telomeric ORFs encoding putative helicases of the recQ family
(Figure 1) (8,34). The telomere-/inked helicase (¢t/h) ORFs are
the last ORFs in the subtelomeric regions of chromosome I
(SPAC212.11 or tlhl) and chromosome II (SPBCPT2R1.08¢c
or t/h2). In addition to the high sequence similarity shared by
tlhl and tlh2 a significant conservation is observed between
the ORFs neighboring #/hl and t/h2 indicating the two sub-
telomeric regions resulted from a duplication (Figure 1B). A
region partly similar to the duplicated sequence is also found
in the right subtelomere of chromosome I suggesting that
ORFs homologous to t/hl/tlh2 might exist there as well in
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Figure 2. Conservation of /i genes in fungi. The displayed subtree was created from a full alignment including the product of 58 S.pombe helicase genes and
42 RecQ helicases from other species (see text). Black squares mark the products of telomeric ORFs (according to annotations); grey squares mark ORFs that are
first or second in contigs >500 kb; open circles mark ORFs that are more than two ORFs away from the end of a DNA segment; and open squares mark single ORFs

not assigned to any segment, or bacterial ORFs.

a region whose sequence has not been completed yet. This
hypothesis is supported by hybridization experiments (34).
Similar ORFs are not present in the sequenced chromosome
III, the telomeric repeats in chromosome III being immedi-
ately adjacent to rDNA repeats (8).

The sequence similarity between #/hl and tlh2 is greater
than 99% in a 5757 nt long region. The high sequence con-
servation between t/h/ and t/h2 might be maintained by fre-
quent gene conversions between subtelomeric regions that are
known to cluster early in meiosis promoting the alignment of
homologous chromosomes [reviewed in (43)]. Consistent with
frequent physical exchanges during meiosis, we observed 3:1
segregations of restriction fragment length polymorphisms at
the t/h genes in tetrad dissections (data not shown).

In addition to SPAC212.11 and SPBCPT2R1.08c, truncated
tlh copies are present near the full-length genes in the two
subtelomeric regions. These truncated ORFs are unlikely to
encode functional proteins. However, they might serve as
structural components similar to the otr repeats at centromeres.

Conservation of tlh genes in fungi

We used ClustalW to compare Tlhl with a set of related pro-
teins. This set comprised 40 protein sequences identified in a
BLAST search performed with Tlhl against the Fungi data-
base at NCBI (Matrix: BLOSUMG62; Gap Costs: Existence: 11,
Extension:1; E-value < 1 X 10713), the protein products of all
S.pombe helicase genes (58 sequences), RecQ from Bacillus
subtilis, and the human RecQ homologue WRN. All RecQ
helicases clustered in a subtree apart from the non-recQ

helicases of S.pombe (data not shown). The RecQ subtree
could be divided into two main branches (Figure 2), one con-
taining among others human WRN and S.pombe Rqh1, and the
other primarily containing proteins encoded by telomere-
linked genes: S.pombe Tlhl and Tlh2; Ustilago maydis UTS5
(44); Metarhizium anasopliae TAH1 (45); Magnaporthe
grisea Tlh1 (46); and four telomeric helicases from Aspergillus
Sfumigatus (Gi 66853785, 66844543, 66851723 and
66846776). In addition, the latter branch contained two
proteins from Aspergillus nidulans (Gi 40740997) and Deba-
ryomyces hansenii (Gi 49655002), respectively, both encoded
by the second last ORF in segments >500 kb. According to
their position in the contigs and sequence similarity with #/h/
and t/h2 these two genes might be novel #/h genes encoding
homologues of S.pombe tlhl and tlh2 in A.nidulans and
D .hansenii.

The subtelomeric Y’ elements of Saccharomyces cerevisiae
also encode helicases (47,48). The Y’ ORFs are very distantly
related to the S.pombe tlh genes; however, they might fulfill a
similar function since their expression is increased in a class
of telomere-crisis survivors (48), as are the S.pombe tlh genes
(34). In both cases the helicases encoded by the subtelomeric
genes possibly contribute to the resolution of defective telo-
mere structures. Y’ elements help counteract telomere erosion
in other ways by being substrates for amplification (49). Their
amplification occurs by unequal recombination events (50) or
following mobilization by Tyl retrotransposons (51) and it
compensates for telomere loss. The plasticity of the th
genes suggests that similar mechanisms might operate in
S.pombe.



The tlh genes are strictly repressed during various
growth conditions

We investigated whether the #/h genes were expressed under
stresses other than the stress caused by the loss of telomeric
DNA. A large proportion of subtelomeric genes are
upregulated during nitrogen starvation and repressed by het-
erochromatin in the presence of a good nitrogen source (52,53)
suggesting that the /i genes might be under a similar control.
We observed however that expression of the /i genes did not
increase upon nitrogen starvation (Supplementary Figure 1).
We also measured t/h expression in wild-type cells entering
stationary phase in either minimal medium (EMM?2) or rich
medium (YES). No increase in t/h gene expression occurred
under these conditions either (Supplementary Figure 1).
This tight repression distinguishes the #/h genes from other
subtelomeric ORFs.

The tlh genes are repressed by heterochromatin

tlhl and t/h2 displaying a strong sequence homology to well-
characterized silenced regions, we investigated whether their
expression was controlled by known silencing factors. t/h
transcripts were easily detected in mutants lacking the histone

A

tth1

< [ qTomlsy e

OKR45 » & OKR44 OKR41»_4«OKR40

tih tih dh
DEAH

tih dh

cen

act

-RT

Nucleic Acids Research, 2006, Vol. 34, No. I 83

acetyltransferases (HDACs) ClIr3 and CIr6 or the HMT Clr4,
establishing that the t#/h genes are repressed by heterochro-
matin in wild-type cells (Figure 3).

A protein complex containing the Pcu4 cullin, CIr7 and ClIr8
was shown recently to mediate an early step in hetero-
chromatin formation (54-57). This complex possesses
ubiquitin-ligase activity (54) and it is required for H3K9Me
at centromeres and in the mating-type region (54-57). We
found that the transcriptional repression of the t/h genes
was strongly dependent on Pcu4, Clr7 and Clr8 (Figure 3B).
Deletion of any of these factors resulted in an increase in t/h
forward and reverse transcript comparable with the increase in
cells lacking Clr4. This derepression is consistent with Pcu4,
CIr7 and Clr8 controlling histone methylation and transcrip-
tion of the #/h genes similar to the control they exert in the
mating-type and centromeric regions.

Transcripts originating from both strands could be detected
in Aclrd, clr6-1Aclr3, Apcud, Aclr7 and Aclr§ mutants
(Figure 3), reminiscent of the situation at centromeres (19).
When using primers amplifying the region with highest dh
homology (OKR40 and OKR41), we detected similar levels of
forward and reverse strand transcripts in derepressed mutants
(Figure 3C). However, when using primers further toward the
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Figure 3. Transcriptional regulation of the S.pombe tlh genes. (A) Schematic representation of the #/4] gene and of a portion of centromere 3 indicating the location of
primers used in (B and C) and fragments amplified with these primers. (B) Abundance of forward and reverse ¢/ transcripts in heterochromatin, RNAi and Taz1
mutants. Strand specific RT-PCR was performed to estimate the levels of 7/A RNA by amplifying a region of #/ with high sequence similarity to the centromeric dh
repeats (tlh dh). Reverse transcription was primed with OKR41 to detect the /h forward strand (For), or with OKR40 to detect the t/h reverse strand (Rev).
Centromeric forward (cen For) and reverse (cen Rev) RNAs were detected as described previously (19). The bands observed above the centromeric forward and
reverse PCR products in the Aclr8 panels originate from the mating-type region in 4%’ strains. The actin transcript (act) was amplified to estimate the amount of total
RNA in the samples. —RT was performed with actin primers. wt:SPK10; Aclr4:SPK20; clr6-1Aclr3:SPK27; Achpl:PG2870; Atazl:J11; Aagol:TV292;
Adcrl:TV293; Ardpl:TV296; Aclr7:SPALS; Aclr8:PG3389; Apcu4:PG3435. (C) Variations in the abundance of reverse strand along the #/# ORF. RT-PCR
was performed as in (A). In addition, a region of t/2 RNA encoding the DEAH helicase domain (tth DEAH) was amplified, the reverse transcription being primed
with OKR45 to detect the forward strand (For) or with OKR44 to detect the reverse strand (Rev).
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Figure 4. Recovery from TSA treatment. (A) Centromeric and subtelomeric RNAs in cells recovering from TSA treatment. RT-PCR was performed on wild-type
cells (SPK10) not treated with TSA (—TSA), or treated with TSA and maintained in culture for the indicated times following TSA removal (+TSA). (B) Normal cell
morphology (—TSA) is perturbed by TSA treatment (6 h recovery) and re-established within a few generations following TSA removal (24 h recovery). White
arrowheads point to cases of pseudohyphal growth and white arrows to multiple septa in a single cell.

3’ end of the t/h genes where the sequence similarity to centro-
meric repeats is less pronounced (OKR44 and OKR45) we
observed significantly lower levels of the reverse strand tran-
script than of the forward transcript, suggesting that reverse
strand synthesis is initiated within the /A ORF and primarily
occurs near the strongest dh homology.

Derepresssion of the tlh genes by TSA

Treatment with the histone deacetylase inhibitor TSA caused
an accumulation of t/h transcripts similar to the level observed
in the clr6-1Acir3 HDAC double mutant (Figure 4). This
derepression further supports the notion that histone deacetyla-
tion is a critical determinant of #/4 gene regulation. TSA treat-
ment had a similar effect upon centromeric silencing, leading
to an accumulation of non-coding transcripts from centromeric
repeats (Figure 4).

Following TSA removal, the kinetics of repression differed
markedly at centromeres and telomeres. Centromeric silencing
was re-established within 12 h, whereas the t/h genes were
still expressed as long as 72 h after TSA removal. Dramatic
changes in cell morphology accompanied TSA treatment. Six
hours after TSA removal nearly all cells were elongated with
multiple septa and a substantial fraction were undergoing
pseudo-hyphal growth. These morphological changes likely
reflect global changes in gene expression resulting from the
loss of HDAC activity (53). Cell morphology had returned to
normal 24 h after TSA removal indicating the global effects
of TSA treatment had faded at that time, consistent with the
restored centromeric silencing. Hence, the long-term derepres-
sion of the t/h genes by TSA treatment appears very specific
for these genes. This effect points to histone deacetylation as
a key epigenetic mark controlling the expression of the #/h
genes, and to an inefficient mechanism of heterochromatin
establishment in subtelomeric regions.

Heterochromatin formation at the ¢k loci

The levels of t/h transcripts were reported recently to be con-
trolled by RNAIi (34). We found that in contrast to the deletion
of histone-modifying enzymes, deletion of the RNAi compon-
ents Agol or Dcrl caused a relatively minor accumulation of
the forward #/h transcript, the reverse strand transcript remain-
ing undetectable (Figure 3B). Strains lacking Rdpl did not

display a noticeable increase in #/h forward or reverse tran-
scripts. This is in sharp contrast with the effects of rdp/ dele-
tion at centromeres where non-coding transcripts accumulate
(Figure 3B) (19).

Agol associates with the chromodomain protein Chpl in
the RITS complex (21). We assayed therefore the effect of
Chpl on t/h RNA levels in our attempts to assess the role of
RNAI in the control of #/h expression. Previous reports showed
that Chpl is present at the #// loci in wild-type cells, together
with the H3K9Me mark and Swi6 (23,28). H3K9Me and Swi6
remain associated with #/h, and telomeric reporter genes
remain silent in Achpl cells, supporting models where a
repressive chromatin structure is formed in the absence of
Chpl (23,25,28). Surprisingly considering these previous
observations, we found that forward #/h transcripts were relat-
ively abundant in Achpl cells (Figure 3A). The abundance of
tlh transcripts in Achpl cells in spite of the presence of Swi6
at the #/h genes indicates that forward transcription of the #/h
genes is partially refractory to transcriptional silencing by
Swib6. Surprisingly as well, the derepression caused by deleting
Chpl was more pronounced that the derepression caused by
deleting Agol suggesting that Chpl does not act solely in the
context of RITS. One common effect of deleting Chpl or RNAi
components was that reverse transcripts were not detected in
these backgrounds.

Since RNAIi did not appear to be the sole, or even predom-
inant, mechanism recruiting heterochromatin to subtelomeric
regions we tested other candidates. The DNA-binding pro-
tein Tazl associates with telomeric repeats and represses
reporter genes artificially introduced in regions immediately
adjacent to telomeric repeats (33,58). Thus, it appeared likely
that Tazl might affect #/h expression as well, possibly by
recruiting silencing factors to the region. Indeed, we observed
an upregulation of #/h transcripts in Atazl cells, primarily of the
forward transcript (Figure 3B). The transcriptional repression
mediated by Tazl is therefore not restricted to the immediate
vicinity of telomeres but also affects genes located ~10 kb
away from the telomeric repeats. This observation supports a
model where a repressive chromatin structure nucleated by
Tazl bound to telomeric repeats spreads from the telomeres
into adjacent subtelomeric regions. The derepression of the t/h
genes in Atazl cells was not as strong as the derepression
in clr6-1Aclr3 or Aclr4 cells (Figure 3B) indicating a



Taz1-independent pathway mediates #/h repression in addition
to Tazl. Indeed, we found that deleting both faz/ and dcrl had
a cumulative derepressive effect on the /i genes (Figure 5A).
We further examined the expression of the t/h genes in the
progeny of a cross between a Atazl/ and a Adcrl strain
(Figure 5B). A slight derepression of the #/h genes was
observed in some of the wild-type progeny (i.e. spore 2C
in Figure 5B). This slight derepression reveals that silencing
is slowly re-established after having been compromised
by a tranms-acting mutation, consistent with the slow
re-establishment observed in cells recovering from TSA treat-
ment (Figure 4). The t/h transcript levels were consistently
higher in AtazIAdcrl double mutants than in single mutants
reinforcing the conclusion that RNAi and Tazl participate in
redundant silencing pathways in telomeric regions. Noticeably
though, the derepression observed in AtazIAdcrl double
mutants was yet not as pronounced as the derepression in a
Aclr4 mutant (Figure 5A). Other factors, such as Arp6 (59), or
the products of uncharacterized genes (58) might contribute
to tlh repression. This multiple redundancy is similar to the
redundancy of silencing mechanisms in the mating-type
region, where the transcription factor Atfl and a third pathway
work in parallel with RNAi to insure a full transcriptional
repression of the region (31,32,60).

The tlh genes repress ade6 at an ectopic site

We investigated whether the 1/ ORFs were sufficient to estab-
lish silencing and influence the expression of neighbor genes

A 0.06

0.05

MNE

0.04
0.03

0.02

0.01

0 wt Ader? Atazl Ataz1 Aclrd

Ader?

MNE

0.03

0.02
0.01

- -
1A 1B 1C 1D 28 2B 2C 2D

Ader!  Atazl Ader!  Afaz?  wt  Ataz1  wt  Alaz?
Adert Ader1
Tetrad 1 Tetrad 2

Figure 5. 1/h RNA levels in Atazl, Adcr single and double mutants. MNE
values were obtained for t/h transcripts by real-time RT-PCR analysis, using
actin transcripts for the normalization as described in Materials and Methods.
(A) wt:SPK10; Aclr4:SPK20; AtazlAdcrl:SPK61; Atazl:J11; Adcrl:TV293.
(B) Tetrad analysis of a cross between J11 and PG3039: Tetrad | (parental
ditype) [Adcrl:SPK50;  Atazl:SPK51;  Adcrl:SPK52;  Atazl:SPK53],
Tetrad 2 (non-parental ditype) [wt:SPK54; AtazlAdcrl:SPK5S5; wt:SPK56;
Atazl Adcrl:SPK57].
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by cloning #/h] and t/h2, respectively, upstream of an ade6*
marker gene introduced near the native ura4” gene (Figure 6A
and B). Both t/h genes repressed ade6”, however only when
the t/h ORF was placed in the same orientation as ade6”. No
detectable repression was observed when the ade6™ and tlh
ORFs diverged from each other (Figure 6A). The ura4* gene
was still expressed following nearby insertion of the t/h
genes. Clones with a repressed ura4” gene could be obtained
by FOA selection (Figure 6C); however, the frequency of
FOA-resistant colonies was low suggesting spreading of
transcriptional silencing to ura4* is inefficient or alternatively
raising the possibility that these clones contain additional
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Figure 6. The t/h genes affect the expression of neighboring genes. (A) Sche-
matic representation of constructs integrated at the ura4 locus and phenotypes
of corresponding strains. Ten-fold serial dilutions of cell suspensions were
spotted on the indicated media, allowed to grow for 4 days at 33°C, and
photographed. (B) Three individual PG3273 colonies in the red (PG3273R)
or white (PG3273W) epigenetic state were spotted on the indicated media. (C)
A FOA-resistant isolate of PG3273 (PG3273F) was plated along with a red and
white isolate of the same strain and two tester strains, PTI3 (Ade™ Ura ) and
PTI14 (Ade" Ura®).
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mutations affecting silencing. The epigenetic states imparted
on the ade6™ gene by tlhl or tlh2 were relatively stable. The
two epigenetic states conferred easily distinguishable pheno-
types on media containing a low concentration of adenine, or
lacking adenine (Figure 6B). Cells expressing ade6® form
white colonies on plates containing limiting adenine concen-
trations while cells in which ade6" is repressed form red col-
onies. This allowed to estimate the rates of interconversion
between the two states by counting half-sectored colonies. We
estimated the rate of change from repressed to derepressed
state at ~0.05 event per cell division (13/273 for PG3267 and
11/217 for PG3273) and the rate of change from derepressed to
repressed state at ~0.001 event per cell division (1/829 for
PG3267 and 1/852 for PG3273).

The existence of two interconverting epigenetic states indic-
ated to us that the repression of ade6™ by the tlh genes was
mediated by heterochromatin rather than due to transcriptional
interference/promoter occlusion. To confirm that this was the
case, we treated cells containing an ectopic ade6” gene with
TSA. Both PG3267 and PG3273 cells were treated and plated
on medium lacking adenine and medium with a low adenine
concentration (Figure 7 and data not shown). TSA treatment
derepressed tlh-ade6™ in both strains, allowing cells to form
full-sized colonies on plates lacking adenine and largely white
colonies on limiting adenine. This derepression is consistent
with tlh-ade6™ being regulated by histone deacetylation like
the telomeric #/h genes.

Common ancestry of S.pombe tlh genes and
centromeric repeats

The dh and dg repeats in centromeric and mating-type region
and the telomeric t/h genes clearly originate from a common
ancestor. Several models can be contemplated regarding the
duplicative events that created these repeats. A possibility
suggested by the presence of transposable elements in the
pericentromeric heterochromatin of higher eukaryotes is
that the #/h genes might be parts of transposons that prefer-
entially transpose to heterochromatic regions. One class of
putative helicase-encoding transposons called helitrons has
been proposed to replicate by a rolling-circle mechanism
(61). Rolling-circle replication could create tandem repeats
similar those observed at S.pombe centromeres. Alternatively,
tlh genes might have been mobilized with the help of retro-
transposons similar to the propagation of Y’ elements in
S.cerevisiae cells undergoing telomerase crisis (51), and the
tlh cDNAs might have subsequently recombined with centro-
meric regions. A second type of event capable of creating
arrangements similar to those found at centromeres would
be the integration at internal chromosomal loci of elements
similar to the sod2 amplicons (62,63). The sod2 amplicons are
produced from telomeric regions and display a symmetry sim-
ilar to the symmetry of centromeric regions. Yet another
possibility suggested by the arrangement of the repetitive
elements at centromeres and telomeres would be that
S.pombe  centromeres arose from telomere fusions
(Figure 8). Numerous examples of telomere fusions have
taken place in evolution, e.g. during hominoid evolution the
generation of human chromosome 2 involved a telomere to
telomere fusion [reviewed in (64)]. Telomeric repeats have
been observed within or adjacent to pericentric regions in

AA - adenine

AA - adenine

AA +15 mg/l adenine

Figure 7. Sensitivity of an ectopic t/h2-ade6" reporter to histone acetylation.
PG3263 cells were treated with TSA (+TSA) or mock treated (—TSA), plated on
the indicated selective or indicator media, incubated for 4 days at 33°C, and
plates were scored and photographed.

several avian species (65) or Arabidopsis thaliana (66). Sim-
ilar observations were made in the genus of Taterillus (67).
S.pombe cells can survive in the absence of telomerase activity
by forming circularized chromosomes (68). In all character-
ized classes of such survivors the fused ends contain the t/h
genes and are able to maintain heterochromatic properties in
the absence of Tazl-binding sequences (69), demonstrating
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Figure 8. Model for the generation of a centromere by telomere fusion. Partial
tlh ORFs are found in subtelomeric regions in addition to the full-length genes,
suggesting that r/h genes were once present in several copies at these sites
(dotted arrows). A dashed line shows how a telomeric end to end fusion of
the PT2R1 (Tel IIR) and ¢212 (Tel IL) regions would create a symmetrical
structure like those at centromeres.

that such end fusions confer some of the properties required for
centromere function in S.pombe. The ability of ¢t/hl or t/h2 to
induce heterochromatin formation in a context different from
telomeres is also demonstrated by their effects at an ectopic
site. A similar origin can be imagined for the cenH element in
the mating-type region. In hemiascomycetes with triplicated
mating-type loci, the two silent mating-type cassettes are
located in subtelomeric regions (70). The mat2-P and mat3-
M loci might also once have been subtelomeric in an ancestor
of S.pombe and been internalized together with a t/h copy
creating the mating-type region.
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