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ABSTRACT

Small RNAs play important roles in the establishment and maintenance of heterochromatin structures. We show the presence of
telomere specific small RNAs (tel-sRNAs) in mouse embryonic stem cells that are ~24 nucleotides in length, Dicer-independent,
and 2’'-O-methylated at the 3’ terminus. The tel-sRNAs are asymmetric with specificity toward telomere G-rich strand, and
evolutionarily conserved from protozoan to mammalian cells. Furthermore, tel-sRNAs are up-regulated in cells that carry null
mutation of H3K4 methyltransferase MLL (MII“"~’) and down-regulated in cells that carry null mutations of histone H3K9
methyltransferase SUV39H (Suv39h1/h2"7)), suggesting that they are subject to epigenetic regulation. These results support
that tel-sRNAs are heterochromatin associated pi-like small RNAs.
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INTRODUCTION

In the past decade, several classes of small RNAs have
been characterized in mammals including small interfering
RNAs (siRNAs), microRNAs (miRNAs), and Piwi-interacting
RNAs (piRNAs) (Birchler and Kavi 2008). siRNAs and
miRNAs are 20-22 nucleotide (nt) small RNAs in associ-
ation with the Argonaute (Ago) subfamily of Ago-Piwi
proteins. They are derived from double-stranded RNA
(dsRNA) precursors in a Dicer-dependent pathway and
widely distributed in germ line and somatic cells (Stadler
and Ruohola-Baker 2008). In contrast, piRNAs are longer
(24-30 nt), associated with Piwi-subfamily proteins, and
derived from single stranded RNAs (ssRNA) by a Dicer-
independent mechanism (Aravin et al. 2007a; Klattenhoff
and Theurkauf 2008). piRNAs in mammals have only been
reported in the male germ line (Aravin et al. 2006; Girard
et al. 2006; Lau et al. 2006; Aravin et al. 2007b). These small
RNAs have been demonstrated to play various important
roles in modulating gene expression, regulating stem cell
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self-renewal, providing defense against invading DNA, and
establishing chromosomal architecture.

Extensive studies, mostly in fission yeast, demonstrate
that small RNA-dependent processes are central for the
formation of constitutive heterochromatin (Moazed et al.
2006; Grewal and Elgin 2007). In this pathway, siRNAs
generated by a Dicer homolog (Dcrl) associate with an
Argonaut homolog (Agol) and help to recruit histone-
modifying activities to chromatin regions with homologous
sequences. In particular, histone methyltransferase Clr4, a
Drosophila Su (var) 39 homolog, methylates H3K9, leading
eventually to the formation of condensed heterochromatin
structures (Nakayama et al. 2001; Verdel et al. 2004; Zhang
et al. 2008). A similar mechanism for heterochromatin
assembly in mammalian cells was suggested, but has yet
to be firmly established. It remains controversial whether
there are Dicer-dependent small RNAs in association with
repeat sequences and heterochromatin, despite several
recent large-scale cloning and sequencing efforts to delin-
eate the small RNA profiles in both wild-type and Dicer /™
mouse ES cells (Kanellopoulou et al. 2005; Murchison et al.
2005; Calabrese et al. 2007).

An important aspect of the regulation and function-
ing of telomeres is their chromatin structures (Blasco
2007b). In mammalian cells, telomeres are assembled into
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nucleosomes. Both telomeric and subtelomeric chromatin
are enriched in heterochromatic histone modifications,
such as trimethylation of H3K9 and H4K20 (Blasco,
2007a), while there are a low abundance of euchromatic
marks, such as acetylated H3 and H4. Increasing evidence
indicates that there is a functional association between
heterochromatin formation and telomere-length homeo-
stasis. For example, mutations in the histone methyltrans-
ferases, such as Suv39h1/h2 or Suv4-20, lead to drastically
reduced H3K9me3 or H4K20me3, respectively, which are
concomitant with loss of telomere length control and
genome instability (Garcia-Cao et al. 2004; Benetti et al.
2007b). Conversely, mutations in telomere-associated pro-
teins and telomerase (TERT) can bring about changes to the
telomeric chromatin structures and/or epigenetic status.
Knocking out TERT or components of the shelterin
complex leads to reduced H3K9me3 at the telomere and
subtelomere regions (Benetti et al. 2007a). The mechanism
underlying the telomeric heterochromatin assembly
remains poorly understood, and its elucidation promises
to provide insights into telomere-mediated genome insta-
bility, as well as replicative senescence.

Small RNAs have been implicated in heterochromatin
assembly in subtelomeric regions of fission yeast (Kanoh
et al. 2005). Transcription repression at the chromosomal
ends, also referred to as telomere position effect (TPE),
requires the H3K9-specific histone methyltransferase Clr4,
as well as components of the RNAi machinery (Kanoh et al.
2005). However, the short telomeres of yeast are not
assembled into nucleosomes. Similar functions of small
RNAs in telomere heterochromatin assembly have not been
reported in mammalian cells. Recently, noncoding RNA
transcripts (TERRA or Tel-RNA) up to several kilobases
long are detected at telomere and subtelomere regions in
mammalian cells (Azzalin et al. 2007; Luke et al. 2008;
Schoeftner and Blasco 2008). The levels of these long
telomere transcripts are dependent on RNA polymerase
I1, and are also regulated by development status, telomere
length as well as chromatin structures at telomeres (Azzalin
et al. 2007; Schoeftner and Blasco 2008). As noncoding
RNA transcripts are often precursors to small RNAs and are
required for establishing RNAi-dependent heterochromatin
assembly in a wide range of eukaryotic systems (Grewal and
Elgin 2007), we decided to test whether telomere specific
small RNAs are present in mammalian cells, and if so,
whether these small RNAs are involved in the epigenetic
regulation of telomeres.

RESULTS AND DISCUSSION

In order to test for the presence of telomere-specific
small RNAs in mammalian cells, we purified small RNA-
enriched RNA samples from mouse embryonic stem cells
(ES). These RNAs were then treated with DNase I, blotted,
and probed with 32p end-labeled oligos (TTAGGG); or

(CCCTAA);. Telomeric-specific small RNAs (tel-sRNAs)
corresponding to the G-strand were detected, with an esti-
mated length of 24 nt (Fig. 1A), which is longer than small
interfering RNAs (siRNAs) and micro-RNAs (miRNAs).
We could not detect any C-strand specific tel-sRNAs,
indicating that the generation of tel-sRNAs is asymmet-
ric and G-strand-specific (UUAGGG)—similar to the re-
cently reported telomere-associated long RNA transcripts
(TERRA/TelRNA). In order to further confirm that there
are telomere-repeat-containing small RNAs in vivo, we
specifically amplified the tel-sRNAs by PCR (see Materials
and Methods), cloned the PCR products into the TA
vector, and sequenced 20 individual clones using a primer
specific for TA vector. From 15 sequences obtained from 20
clones, 87% of the clones contained the partial telomere
repeat sequences. Among them, 33% of the clones contain
asequence of TAGGG, TAGG, or TAG between the primer,
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FIGURE 1. Analysis of telomeric small RNA transcripts in mouse
embryonic stem cells. (A) Total RNA was size fractionated using a
PureLink miRNA isolation kit. Samples of small RNA molecules from
wild-type and Dicer™ ™ cells were analyzed by Northern blot after
DNase 1 treatment. A**P-end labeled (CCCTAA); oligonucleotide
probe was used to detect small-sized telomeric transcripts. For sizing
control, the radio labeled RNA decade marker (Ambion) is shown on
the left. The blot was reprobed with miR-293 (middle panel) and
tRNA-Ile-ATT, which serves as a loading control (bottom panel). (B)
The small RNAs treated with and without sodium periodate and
B-elimination were separated on a 15% gel. The **P-end labeled
(CCCTAA); oligonucleotide probe was used to detect small-sized
telomeric transcripts. RNA marker is shown on the lef. As a control, a
synthetic RNA oligo (with free 2'OH) treated with or without sodium
periodate and B-elimination were 5’ end labeled with *P and
separated on a 12% gel. (C) Quantitative PCR for tel-sRNAs in
various cell lines as indicated on the bottom.
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(TAGGGT)3, and poly A sequences of the PCR products.
Fifty-four percent clones have either thymidine (T) or
adenosine (A) at the junction of telomere repeats and
poly(A) sequence. This result suggests that tel-sRNAs are
heterogeneous populations. The narrow size distribution of
the signals detected by Northern blot analysis (Fig. 1A,B)
argues against it being an artifact of random RNA degra-
dation. Instead, the size and asymmetric nature of tel-
sRNAs are suggestive of Piwi-interacting small RNAs (pi-
RNAs) recently found in germ-line stem cells in Drosophila,
zebrafish, and mammals. In order to decide whether tel-
sRNAs are pi-like small RNAs or siRNAs, we tested the level
of tel-sRNAs in Dicer’™ ™ cells. As shown in Figure 1A,
comparable levels of tel-sRNAs in wild type and Dicer ™~
embryonic stem cells were detected by Northern blot
analysis. In contrast, miR-293, a miRNA expressed in ES
cells, was completely abolished in Dicer’ ™~ cells (Fig. 1A,
middle panel). Northern blot using the tRNA-Ile-AAT
probe was included as a loading control (Fig. 1A, bottom
panel). In addition to Dicer independence, another feature
that is unique to piRNAs is the 2’-O-methylation at the 3’
terminus. This modification blocks periodate oxidation
(NalO,) and B-elimination of the piRNAs (Gunawardane
et al. 2007). To test whether tel-sRNAs are resistant to
B-elimination reaction, the small RNAs from mouse ES
cells were subjected to oxidation and B-elimination treat-
ment. As a control, we treated a synthetic RNA probe that
is not 2'-O-methylated in parallel. As expected, the
unblocked control small RNA migrates faster on the
denatured gel after treatment (Fig. 1B, bottom panel). In
contrast, the mobility of tel-sRNAs on the gel remains the
same after treatment, suggesting that they are protected at
the 3’ terminus, a feature unique to pi-RNAs (Gunawar-
dane et al. 2007). The narrow size distribution, as well as
the 3’ block by 2’-O-methylation strongly argues that the
tel-sRNAs are not the abortive transcripts or the degrada-
tion products of long telomere transcripts TERRA/Tel-
RNAs. Instead, tel-sRNAs are most likely pi-like small
RNAs. It is worth noting that unlike the germ-line specific
pi-RNAs in mammals, tel-sSRNAs were detected in ES cells
(Fig. 1A), as well as other somatic cells like mouse
embryonic fibroblast (MEF) cells, albeit at much lower
abundance (Fig. 1C).

To test whether the presence of tel-sRNAs is evolution-
arily conserved, we performed small RNA Northern blot
analyses in the ciliate Tetrahymena thermophila, an early
branching eukaryote. A particular class of small RNAs, scan
RNAs (scnRNAs), are abundantly present in Tetrahymena
during conjugation, the sexual phase of the Tetrahymena
life cycle (Mochizuki and Gorovsky 2004). Total RNAs
were extracted at different conjugation time points, blotted,
and hybridized with telomere specific probes (TGGGGT);
or (ACCCCA);. We were able to detect tel-sRNAs, which
are RNase A sensitive, homologous to both the G- and
C-strands (Fig. 2A). However, the level of G-strand is much
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FIGURE 2. Tel-sRNA generation is correlated with genome reorga-
nization and heterochromatin formation in Tetrahymena thermophila.
(A) Northern blot analyses of RNAs collected at different times of
conjugation (shown on top) from wild-type cells. For RNase treat-
ment, RNAs extracted at 4 h of conjugation were used. (B)
Quantitative RT-PCR of tel-sRNAs using RNA samples in A. Signals
were presented as fold differences relative to Tel-C signal in 0 h of
conjugation, which was arbitrarily set as 1. (C) Northern blot analyses
of RNAs collected at different time of conjugation (shown on top)
from or Dcl1”™"™ cells. In both A and C, the blots were hybridized
with (ACCCCA);, (TGGGGT)s, or M-scnRNA probes, respectively.
The transcripts were indicated on the right. Ethidium bromide stained
PAGE gel was shown at bottom as the loading control.

higher than that of the C-strand, which can only be
detected after prolonged exposure time. This result is
consistent with the observation in mammalian cells that
tel-sRNAs has strong G-strand bias. We further confirmed
this by small RNA quantitative PCR experiments (Fig. 2B).
Tel-sRNAs in Tetrahymena were about 28 nt in length and
their levels peaked at 4 h after the initiation of conjuga-
tion, similar to other well-characterized scnRNAs, such as
M-related scnRNAs (Fig. 2A; Liu et al. 2004; Malone et al.
2005). ScnRNAs in Tetrahymena share many features with
piRNAs in metazoans. These include association with Piwi-
clade, but not Ago-clade of the Piwi-Ago family proteins
(Mochizuki et al. 2002); increased length; and enrichment
in germ line, especially meiotic cells. One notable difference
between scnRNAs and piRNAs is the observed Dicer
dependence of the scnRNA biogenesis (Mochizuki and
Gorovsky 2004). In the absence of DCL1 (Dicer-like 1),
which is essential for processing scnRNA, tel-sRNA levels
were dramatically reduced. Interestingly, increased levels of
shorter telomere-specific small RNAs (23-24 nt) were
detected in Dcl1”™™ cells (Fig. 2C, top panel). The
abnormal accumulation of the 23-24 nt small RNAs in
conjugating Dcl1”™/ cells has been previously reported
(Malone et al. 2005; Mochizuki and Gorovsky 2005), but
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until now their identity was obscure, as they do not cross-
react with well-established scnRNAs, such as M-related
scnRNAs (Fig. 2C, bottom panel). The 23-24 nt small
RNAs are likely processed by other Dicer-homologs (DCR1
and DCR2), as a compensation mechanism in the absence
of DCL1. The results underscore the complexity of the
biogenesis pathway of tel-sRNAs in Tetrahymena. Nonethe-
less, the telomere associated small RNAs are evolutionarily
conserved.

The evolutionary conservation of tel-sRNAs suggests
that they may play important roles in telomere structure
and/or functions. A positive feedback mechanism involving
siRNAs and repressive histone modifications, especially
H3K9 methylation, has been well established for hetero-
chromatin assembly in pericentromeric regions (Grewal
and Elgin 2007). A similar mechanism has been suspected,
but never demonstrated, for telomeric heterochromatin.
Here we tested whether tel-sSRNA levels are regulated by
different chromatin modifying activities in mammalian
cells. We focused on MIl, which mediates H3K4 methyla-
tion (Milne et al. 2002; Dou et al. 2005), and Suv39h1/h2,
which deposits H3K9 methylation (Rea et al. 2000). These
two antagonistic histone methylation events are often used
to define the euchromatin and heterochromatin regions,
respectively. We carried out the experiments using M1l
(McMahon et al. 2007) and Suv39h1/h2~'~) MEF cells
(Peters et al. 2001), and their corresponding wild-type
controls. The level of tel-sRNA is significantly lower in
MEF cells compared to ES cells (Fig. 1C). However, we
were able to detect and quantify tel-sRNAs using the
previously described small RNA specific quantitative PCR
analysis. We found that G-strand tel-sRNAs increase two-
fold in Ml cells, while they decrease by more than
tenfold in Suv39h1/h2~'~ cells (Fig. 3). These results sup-
port that tel-sRNAs in mammals are regulated by epige-
netic mechanisms. It is worth noting that the effect we
observed in Suv39h1/h2"™) cells is opposite to the pre-
viously reported telomere long transcripts TelRNA or
TERRA, which are slightly increased in Suv39h1/h2~"~)
cells.

Increased tel-sRNAs in Ml cells is somewhat sur-
prising, as MIl is usually associated with transcriptionally
active genes in euchromatin. To test whether MII regulate
tel-sRNAs by playing a direct role in telomere chromatin
dynamics, we examined the MIl binding by chromatin
immunoprecipitation (ChIP) assays. We found that MIl
physically associated with both telomere (Fig. 4A,B) and
subtelomere regions (Fig. 4C). Furthermore, we found the
presence of both the heterochromatin mark H3K9me3 and
the euchromatin mark H3K4me3, although H3K4me3 was
at much lower levels than H3K9me3. In the absence of Mll,
the level of H3K4me3 at telomeres decreased and there
was a dramatic increase in H3K9me3. We also observed
reduced binding of RNA polymerase II at both telomeres
and subtelomere regions in MIl"~ cells (Fig. 4A—C). Both
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FIGURE 3. Tel-sRNA level is regulated by chromatin modifying
activities. Quantitative RT-PCR was performed usin§ RNA extracted
from wild type and either Ml or Suvh1/h2"~ knockout MEF
cells. Knockout genotypes are indicated at bottom. Signals in knock-
out cells were presented as fold differences relative to control MEF
cells. All RNA samples were treated with DNase I prior to reverse
transcription.

the increased H3K9 methylation and the decreased RNA
polymerase II binding in Ml cells reflect a shift to-
ward more heterochromatic structures at telomeres in the
absence of MIl. This suggests that there is dynamic equi-
librium between euchromatin and heterochromatin at
mammalian telomeres. Interestingly, the increased hetero-
chromatic feature is parallel to the increased levels of tel-
sRNAs (Fig. 3), lending further support to the mechanistic
connection between telomeric heterochromatin and tel-
sRNAs. Modulation of the extent of heterochromatin
formation by H3K4 methylation may be a common theme.
This is supported by the observation that mutation of
Drosophila Su (var) 3-3, a homolog of mammalian H3K4
demethylase LSD1, was shown to impair the full expansion
of H3K9me2 marks at the chromosomal end (Rudolph
et al. 2007).

In addition to chromatin components, telomere struc-
ture is also regulated by the shelterin complex, which forms
a dynamic terminal structure that caps the natural ends of
linear chromosomes (Cech 2004; de Lange 2005). There-
fore, we examined the role of the shelterin complex in
regulating tel-sRNA levels. To this end, we stably knocked
down TRF1, a key component of the shelterin complex, in
MEF cells (Fig. 4D, top panel). TRF1 protein levels were
greatly diminished as indicated by the Western blot analysis
(Fig. 4D, top panel). However, the level of tel-sRNAs was
not significantly affected (Fig. 4D, bottom). This is consis-
tent with our observations that there are only slight changes
of chromatin modifications at both telomere and sub-
telomere regions in our TRF1 knockdown cells (data not
shown).

Direct roles of small RNAs in the propagation of
heterochromatin have been established in several eu-
karyotic systems, including Tetrahymena, fission yeast, and
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FIGURE 4. MLL regulates chromatin equilibriums at both subtelomeres and telomeres. (A) Slot-blot analysis of ChIP DNA using indicated
antibodies. The telomere specific probe was used for the hybridization. (B) Quantification of slot-blot results in A. Signals in ChIP DNA
was normalized against 10% input using Image J software. (C) MLL regulates chromatin structures at subtelomere regions. ChIP experiments
in MI*) and MII”/~ using the indicated antibodies. ChIP results are quantified using the primer sets specific for subtelomere region of
chromosome 1 (left) or chromosome 11 (right). Signals are normalized as a percent input. Standard deviations are indicated by error bars. (D)
Top, immunoblot was used to show the reduced levels of TRF1 in stable TRF1 knockdown cells. Immunoblot of RbBP5 protein, a component of
MIl complex, was used as a loading control. Bottom, Quantitative RT-PCR for tel-sRNA in TRF1 knockdown cells.

Drosophila (Moazed et al. 2006; Zofall and Grewal 2006;
Liu et al. 2007). However, the case remains unresolved in
mammalian cells, in large part due to the difficulty of
detecting small RNAs homologous to heterochromatin
regions, especially in somatic cells. Here we report the
presence of telomere repeat (UUAGGG) containing small
RNAs in mammalian cells and in a lower eukaryote,
Tetrahymena thermophila. The tel-sRNAs in mammalian
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cells have the following characteristics: (1) asymmetric with
specificity for the G-strand; (2) Dicer independent; (3)
2'-O-methylated at the 3’ end; (4) present in embryonic
stem cells, as well as somatic MEF cells; and (5) subject
to regulations by histone modifying enzymes, such as
MLL and Suv39 h1/h2. All these strongly suggest that tel-
sRNAs are pi-like RNAs associated with the telomeric
heterochromatin.



Piwi-like RNA associate with telomere

Previously reported piRNAs in mammalian cells are
restricted to the male germ line, where Piwi family proteins
(i.e., MIWI, MILI, and MIWI2) are specifically expressed
(Aravin et al. 2007a). The finding of pi-like tel-sRNAs
in mouse somatic cells raises the question whether the
Piwi-related slicer activity is present in cells other than
male germ line cells. Expression of MILI in prenatal ovaries
was reported (Kuramochi-Miyagawa et al. 2001), suggest-
ing that not all Piwis in mice are exclusively expressed
in the male germ line. Further characterization of the
Piwi-family proteins in mammals will help to understand
the biogenesis of tel-sRNAs. Profound strand asymmetry
of some piRNAs and their lack of Dicer dependence
prompt the view that piRNAs are not generated from
dsRNA precursors. Instead, a ping-pong model involv-
ing single strand RNA transcripts was proposed for the
generation of piRNAs in Drosophila, as well as prepachy-
tene piRNAs in mice (Aravin et al. 2007a; Hartig et al. 2007;
Klattenhoff and Theurkauf 2008). Heterogeneous single-
strand noncoding RNA transcripts (TelRNA or TERRA)
were reported to associate with telomeres in mice (Horard
and Gilson 2008). These transcripts share the same strand
specificity as tel-sRNA, consisting of UUAGGG repeats.
While tel-sRNAs are not likely a result of either abortive
transcription or the random degradation of lone telomere
RNA transcripts, the biogenesis of tel-sRNAs warrants
future investigation. In particular, it will be interesting to
test whether long telomere RNA transcripts are the pre-
cursors to tel-sRNAs.

The change in the abundance of tel-sRNA in both
MU and Suv39h1/h2™"~) cells (Fig. 3A) suggests
that tel-sRNAs are likely regulated by epigenetic mecha-
nisms. It is well established in fission yeast that hetero-
chromatin-specific histone modifications promote small
RNA production from heterochromatin through a self-
reinforcing loop. Our results showing the positive correla-
tion between the levels of tel-sRNAs and the heterochro-
matin status at telomeres are indicative of a similar
interaction between small RNAs and chromatin marks
at telomeres. Recently, it was reported that an 18-mer
RNA oligo of (UUAGGG); can inhibit telomerase TERT
activity in vitro (Schoeftner and Blasco 2008), possibly by
RNA duplex formation in the template region of the
telomerase RNA component (TERC). If this is true in
vivo, then tel-sRNAs, which contain UUAGGG repeats,
could potentially act as sensors of chromatin status and
complete a feedback loop between the telomere length
control and telomeric heterochromatin regulation. This
is consistent with the observations that Suv39h1/h2C"~
cells, which have aberrantly long telomeres, have drasti-
cally lower level of tel-sRNAs (Fig. 3A) and higher TERT
activity (Garcia-Cao et al. 2004). Future studies on the
biogenesis and functions of tel-sRNAs will be key, to
understand the role played by tel-sRNAs in the telomere
length control.

MATERIALS AND METHODS

Cell lines, strains, and culture conditions

MI™* and MII"’~) MEF cells were isolated from 13.5-d-
post-coitum embryos, immortalized MEF cells were generated
by low oxygen incubation. Wild-type ES cells AB 2.2 (Naya et al.
1997) and Dicer’~ ES cells were grown on plates with either a
layer of STO feeder cells or gelatin coating.

Wild-type CU427, CU428 stains and Dcl1~~ strains of
Tetrahymena were grown in SPP medium at 30°C. For conjuga-
tion, log-phase cells of different mating types were starved (16—
24 h) and mixed for various time.

Small RNA Northern blot and hybridization probes

Total RNAs were isolated using TRIzol reagent (Invitrogen) and
small RNAs were further enriched using the Purelink miRNA
isolation kit (Invitrogen). DNase I (Ambion) digestion was
performed at 37°C for 25 min. For Northern blots, 2-3 pg RNAs
were separated on a 12% or 15% polyacrylamid/urea/1XTBE gel
and transferred to a Hybond-N positively charged membrane
(GE) at 2 mA/cm? for 75 min. Northern hybridization was carried
out in Church buffer (0.25 M sodium phosphate buffer at pH 7.2,
ImM EDTA at pH 8.0, 1% BSA, 7% SDS) at 42°C for 16 h
followed by three washes in 2X SSC 0.1% SDS at 42°C for 5 min
and once in 1X SSC 0.1% SDS at 42°C for 10 min.

Hybridization probes for Tetrahymena small RNA blot are: G
probe, 5'-(TGGGGT);-3'; C probe 5'-(ACCCCA);-3"; M element
probe, 5 -TGTTAGAATTTATCAGATCTACCTGTGATTTTATT
AAAAAGAAAGGCCTT-3'. For ES cells, probes are 5'-ACCCTAA
CCCTAACCCTA-3'; tRNA-Ile-AAT, 5'-CTTGGCGTTATTAGC
ACCAC-3'; and miR-293, 5'-ACACTACAAACTCTGCGGCA
CT-3', respectively.

All probes were end labeled with y->*P ATP by T4 poly-
nucleotide kinase (NEB). An end-labeled RNA decade marker
(Ambion) was used as the size marker.

Perioxidation/B-elimination reaction

For B-elimination, DNase I treated RNAs were dissolved in
17.5 pL borax buffer at pH 8.6 (4.375 mM borax [Fluka], 50
mM boric acid [Sigma]), and 2.5 pL 0.2 M sodium periodate
(Sigma) was added. The reaction mixture was incubated for
10 min at room temperature in the dark and, after the addition
of 2 pL glycerol it was incubated for an additional 10 min. The
mixture was lyophilized using SpeedVac (Labconco), dissolved in
50 L borax buffer at pH 9.5 (33.75 mM borax, 50 mM boric acid;
pH adjusted by NaOH), and incubated for 90 min at 45°C. The
samples were desalted and subject to Northern blot analysis. As a
control, a 5'-end **P-labeled RNA oligo was treated exactly the
same way and separated on 12% gel. The sequence for the
synthetic RNA oligo is 5'~-AAGUGAUCUAAAGACCCAAGUUAU
UAGUU-3".

Quantitative RT-PCR for telomeric RNA

For small RNA RT-PCR analysis, total RNAs were treated with
DNase I (Ambion) and subject to reverse transcription using a
miScript reverse transcription kit (Qiagen). Specifically, the
reverse transcriptase mix provided in the Qiagen kit includes a
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poly(A) polymerase. It adds poly(A) tail to small RNAs, which are
not polyadenylated in vivo. The subsequent reverse transcription
is carried out using an oligo-dT primer that have a universal tag
sequence on the 5" end. This universal tag allows amplification in
the real-time PCR step. Using this approach, quantitative RT-PCR
for tel-sRNAs was performed using telomere specific primer
(TAGGGT); and miScript primer (anneal to the universal tag)
provided by miScript SYBR Green PCR kit (Qiagen). All results
were normalized against 55 RNA, which was detected by RT-PCR
using random primers. The sequences for 5s rRNA primers are (1)
forward: 5'-TCTACGGCCATACCACCCTGA-3' and (2) reverse:
5'-GCCTACAGCACCCGGTATTCC-3'.

Cloning and sequencing tel-sRNAs

The PCR products from the RT-PCR analysis described above
were purified by GIAquick Gel extraction kit (QIAGEN) and
cloned into a TA cloning vector pCR2.1-TOPO (TOPO TA cloing,
Invitrogen). Twenty clones were minimally prepared and sub-
sequently sequenced using M13 reverse primer (5'-CAGGAAACA
GCTATGAC-3") in the TA vector. For analyzing the sequencing
results, primer specific sequence and polyA sequence were iden-
tified. The sequence in between is indicative of the recovered tel-
sRNA sequence. Given the repetitive nature of the telomere se-
quence, it is possible to have variations (no more than 6 nt) in the
length of PCR products.

Stable knockdown of TRF1

Lenti-viruses expressing control and TRF1 shRNAs were obtained
by transfecting 293FT cells with the pLKO.1-puro shRNA plasmid
(Sigma-Aldrich, MISSION TRC shRNA NM_009352) or pLKO
vector in addition to the pVSV-G and pCMVdelta8.2 helper
plasmids. Virus-containing supernatant was harvested, and two
sequential viral infections were performed on immortalized MEF
cells (PD28) in the presence of 8 pg/mL hexadimethrine bromide.
The MEF cells were then selected with 4 pwg/mL puromycin and
puromycin-resistant cells were pooled after 2 wk.

ChIP assay and telomere slot blots

Chromatin immunoprecipitations were performed following man-
ufacturer’s instructions (Millipore). Antibodies used were: anti-
MLL® (Dou et al. 2005), anti-H3 trimethyl K4 (Abcam ab8580),
anti-H3 trimethyl K9 (Millipore 17-625), anti-TRF1 (Abcam
ab1423), and anti-RNA Pol II (Covance, MMS-129R). For slot
blot, DNAs (10% inputs and immunoprecipitated DNAs) were
blotted to a Hybond-N positively charged membrane (GE) and
hybridized with a->*P labeled 1.6-2 kb PCR products generated
by telomere oligos (TTAGGG), and (CCCTAA),. Hybridization
signals were quantified using Image] software. The relative in-
tensity of immunoprecipitated DNA vs. input was calculated after
extracting background signals, which is the no antibody control
lane, from both samples.

For real-time PCR, ChIP DNA is reverse-crosslinked and
subjected to quantitative PCR using primers specific to chromo-
some 1 and chromosome 11 as following: chromosome 1, 5'-TTA
GGACTTCTGGCTTCGGTAG-3" and 5'-AGCTGTGGCAGGCA
TCGTGGC-3'; chromosome 11, 5'-CACCCAGGCACAGATA
GA-3" and 5'-AGAAATGACCAGGCTCCA-3'. The PCR pro-
ducts were normalized to 5% input as previously described.
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