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Simple sequence repeat telomeric DNA is maintained by a specialized reverse transcriptase, telomerase. The
integral RNA subunit of telomerase contains a template region that determines the sequence added to
chromosome ends. Aside from providing the template, little is known about the role of the telomerase RNA. In
addition, no hypotheses have been suggested to account for the striking evolutionary divergence in size and
sequence between telomerase RNAs of ciliates, yeasts, and mammals. We show that the two- to threefold
increase in size of the mammalian telomerase RNAs relative to ciliate telomerase RNAs is due to the presence
of an extra domain resembling a box H/ACA small nucleolar RNA (snoRNA). The human telomerase RNA
(hTR) H/ACA domain is essential in vivo for hTR accumulation, hTR 3’ end processing, and telomerase
activity. By substituting the U64 box H/ACA snoRNA for the hTR H/ACA domain, we demonstrate that a
heterologous snoRNA can function to promote chimeric RNA accumulation and 3’ end processing but not
telomerase activity. In addition, we show that maturation of full-length hTR and its assembly into active
telomerase occur from an mRNA promoter-driven RNA polymerase II transcript but not from a U6 snRNA
promoter-driven RNA polymerase III transcript. Finally, we show that a small percentage of hTR is associated
with nucleoli. These results have implications for the biogenesis and structure of hTR and the human
telomerase ribonucleoprotein complex. They also expand the structural and functional diversity of the box

H/ACA snoRNA motif.

Telomerase is a ribonucleoprotein (RNP) reverse transcrip-
tase responsible for adding one strand of simple sequence
DNA repeats to the ends of linear chromosomes. De novo
repeat addition by telomerase is required to balance the loss of
telomeric repeats that results from incomplete replication of
the lagging strand and possibly nucleolytic cleavage (19). In
most human somatic cells, a lack of telomerase activity is
correlated with proliferation-dependent telomere shortening
(21). The attrition of telomeric DNA to an as yet undefined
“critical state” has been proposed to trigger cellular senes-
cence and thus limit proliferative lifespan (20). As predicted by
this model, the activation of human telomerase and the coin-
cident reinstatement of telomere maintenance can forestall
cellular senescence (for an example, see reference 8). Extracts
of cancer cells, germline cells, and immortalized cultured cells
are predominantly telomerase positive, and telomeres in these
cells are stably maintained (21). However, the presence of
telomerase activity in cell extracts does not absolutely predict
the maintenance of telomere length in the corresponding cells
(2), and there are telomerase-negative immortalized cell lines
with stable telomeres (10, 33).

The RNA component of telomerase has been characterized
in a variety of species, including ciliates, yeasts, and mammals
(18). Ciliate telomerase RNAs are RNA polymerase III (Pol
IIT) transcripts of ~160 to ~190 nucleotides (nt). Although
these RNAs have little primary sequence identity, they possess
a conserved secondary structure as initially predicted by phy-
logenetic analysis (38). Telomerase RNAs from the budding
yeasts Kluyveromyces lactis and Saccharomyces cerevisiae are
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much larger than their ciliate counterparts (~1,300 nt [31, 40]).
They are transcribed by Pol II and processed at their 3’ ends
from polyadenylated precursor forms (11). The mature telom-
erase RNAs of human and mouse cells are transcripts of 451
and 397 nt, respectively, and have been predicted to be prod-
ucts of Pol I mRNA-type promoters (4, 7, 13, 25, 45). The lack
of structural and phylogenetic information for nonciliate telo-
merase RNAs, combined with their low sequence identities
and disparities in length, has hindered progress in understand-
ing the structure and function of these RNAs outside the
template region.

The telomerase RNAs are intimately associated with an
incompletely defined collection of protein components. Telo-
merase proteins have been characterized predominantly in the
ciliates, by biochemical methods, and in yeasts, by genetic
methods (37). Mammalian homologs of some telomerase com-
ponents have also been identified: TEP1, a homolog of the
Tetrahymena thermophila p80 protein (22, 35), and hTERT, the
reverse transcriptase-like catalytic subunit (34). Reciprocal co-
immunoprecipitation of TEP1 and hTERT indicates that both
are associated with active telomerase (23). Although telo-
merase activity produced by coupled in vitro transcription-
translation in rabbit reticulocyte lysate requires the addition of
only human telomerase RNA (hTR) and hTERT (6, 44), the
number of proteins in the endogenous mammalian telomerase
RNP has not been determined. The mass of the active telo-
merase RNP from HeLa cell nuclear extracts (~1,000 kDa
[39]) or partially purified from rat S100 extracts (>1,000 kDa
[35]) suggests that additional telomerase and telomerase-asso-
ciated proteins remain to be identified.

Numerous families of small RNAs have been discovered,
including small nucleoplasmic RNAs (snRNAs) and small nu-
cleolar RNAs (snoRNAs). Functions of these classes of RNAs
include mRNA splicing (U1, U2, and U4 to U6 snRNAs), mnRNA
and rRNA processing (U7 snRNA; U3 and U8 snoRNAs), and
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site selection for RNA modification by methylation of the 2’
hydroxyl group (box C/D snoRNAs) or by pseudouridine for-
mation (box H/ACA snoRNAs). The box H/ACA snoRNAs
were most recently recognized as a small RNA family by virtue
of an ACA trinucleotide located 3 nt upstream of the mature
snoRNA 3’ end (41). In addition to this ACA box, they have
the consensus H box sequence (5'-ANANNA-3") but have no
other primary sequence identity. Despite this lack of primary
sequence conservation, the H and ACA boxes are embedded
in an evolutionarily conserved hairpin-hinge-hairpin-tail core
secondary structure with the H box in the single-stranded hinge
region and the ACA box in the single-stranded tail (5, 16).
Most box H/ACA snoRNAs specify sites of pseudouridine
formation in rRNA (15, 36). Although box H/ACA snoRNAs
are associated with higher-order nucleolar structures (16), lit-
tle is known about the composition of the presumed box
H/ACA snoRNPs. Two S. cerevisiae proteins, Garlp and
CbfSp, have been shown to associate specifically with box
H/ACA snoRNAs (9, 16, 17). Of these two, only Cbf5p, a
putative pseudouridine synthase, is required for H/ACA
snoRNA stability (29). Mammalian homologs of the putative
pseudouridine synthase (dyskerin or NAP57 [24, 32]) but not
Garlp have been identified.

Because the mechanisms governing hTR expression, pro-
cessing, and assembly into an active telomerase RNP were
unknown, we began our investigation of telomerase RNP bio-
genesis by studying recombinant hTR transcripts in transiently
transfected human 293 cells, an adenovirus-transformed em-
bryonic kidney cell line with high levels of endogenous hTR
and telomerase activity. Our results reveal novel requirements
for the production of hTR and active telomerase RNP includ-
ing an RNA polymerase selectivity for precursor RNA synthe-
sis and an integral hTR domain resembling a box H/ACA
snoRNA. Our findings also expand the known structural and
functional diversity of the box H/ACA motif-containing RNA
family.

MATERIALS AND METHODS

Constructs. Throughout this work the following restriction enzymes are ab-
breviated as indicated: Apall, A; EcoRl, E; Nlalll, N; Sacl, S; Smal, Sm; and
Xbal, X. The hTR SE restriction fragment was generated by PCR amplification
of human genomic DNA with 5'-CCGGGAGCTCAGCGCACCGGGTTGCG
GAGGG-3' and 5'-GAATTCAGCACACTGGC-3" and cloned into pBS/KS+
after digestion with E and S (phTR4). The sequence tag was generated by
blunt-end ligation of a double-stranded linker (coding strand, 5'-GCTGATAT
AACCTTCAGGGG-3') into the Ball or Stul restriction site of phTR4. Restric-
tion fragments from phTR4 for Pol II expression constructs were cloned into the
pRc/CMYV vector (Invitrogen) at HindIII or NotI following filling in of recessed
ends with the Klenow fragment of Escherichia coli DNA polymerase I (Klenow).
Mutagenesis was performed by using the Dpnl protocol as previously described
(14). The ACA box restoration of the SN construct was performed by subcloning
the Stul-tagged SN restriction fragment from phTR4 into the filled KpnlI site of
the pRSETA vector (Invitrogen), followed by subcloning of the E-PstI restriction
fragment into the pRc/CMV vector at the HindIII site as described above. The
U64 coding region, engineered by annealing complementary primers and extend-
ing with Klenow, was cloned into pBS/KS+ at the Sm restriction site. Chimeric
hTR-U64 constructs were generated by replacing the SmE restriction fragment
of wild-type-template (WT) and altered-template (AT) versions of the Pol II SE
construct with a U64-containing restriction fragment. For hTR Pol III expression
constructs, the SE restriction fragment (sequence tagged at Ball) or XE restric-
tion fragment (sequence tagged at Stul) was cloned into a filled Bg/II site at
Tetrahymena telomerase RNA (tTR) nt 20 in pU6tTR, a construct containing the
159-nt tTR sequence (including 16 nt of the Tag sequence) with its intrinsic Pol
III transcriptional termination signal behind the human U6 snRNA promoter
(28) in the pUC119 vector. Untagged SE and SSm restriction fragments (T41A,
T101A) were engineered in phTR4 downstream of the U6 promoter (from
pUGtTR including tTR nt 1 to 24) and with a downstream (dT)g transcriptional
termination signal at either the E or Sm site.

Transient transfection, total RNA preparation, and Northern blot analyses.
Calcium phosphate-mediated transfections and total RNA preparation by acid
guanidine thiocyanate-phenol chloroform extraction were performed as de-
scribed previously (1). Each transfection was performed a minimum of two times.
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Where indicated, an in vitro-transcribed recovery control RNA (RC) was added
after the initial guanidine solublization (tTR nt 1 to 110 for transient transfec-
tions; hTR nt 1 to 80 plus 330 nt of pBS/KS+ polylinker sequence for subcellular
fractionation). RNA was separated by electrophoresis on denaturing polyacryl-
amide gels (7 M urea, 0.6X Tris-borate EDTA [TBE], 4% acrylamide:bisacryl-
amide [19:1]). «hTR hybridization probes used in this study included 5'-end-
radiolabeled h4 (5'-ACCACCCCUCCCAGG-3') and h5 (5'-GCCUACGCCC
UUCUCAGUUAGG-3") 2'-O-methyl (2'-OMe) RNA oligonucleotides with 5’
biotinylated (dT), and (dA), 5’ leader sequences, respectively; aTag (5'-CCCC
UGAAGGUUAUAUCAGC-3") 2'-OMe RNA oligonucleotide; DNA oligonu-
cleotides complementary to hTR nt 487 to 463 (h6), nt 443 to 419 (h3), nt 235 to
211 (h2), and nt 205 to 182 (h1); and random hexamer-radiolabeled SE restric-
tion fragment. Additional 5’ end-labeled DNA oligonucleotides used in this
study were ahU3 snoRNA (5'-ACCACTCAGACCGCGTTCTCTCCCTCTCAC-
3'), «hU2 snRNA (5'-AAGCTCCTATTCCAACTCCTAGTTC-3'), and «hSRP
RNA (5'-CGGTTCACCCCTCCTTAGGCAACC-3).

Whole-cell extract preparation. Trypsinized cells were washed in ice-cold
buffer Z (20 mM HEPES [pH 7.9], 1.5 mM MgCl,, 15% glycerol [vol/vol], 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin/ml, 1 pg
of pepstatin A/ml), pelleted, resuspended in buffer Z plus 0.3% Nonidet P-40
(volvol) and sonicated for 20 s with a Heat Systems microtip on setting 2.
Following addition of NaCl to a final concentration of 200 mM, sonicates were
cleared either in a microcentrifuge for 5 min and then in a Beckman TLA100.3
rotor for 45 min at 45,000 rpm or in a microcentrifuge for 30 min.

Telomerase activity assay. Telomerase activity was detected by the PCR-based
telomere repeat amplification protocol (TRAP [27]) with minor alterations:
extension was performed at 30°C for 1 h with 5 pl of extract diluted in buffer Z
in a final volume of 47.5 ul; hot-start PCR was performed beneath a layer of
mineral oil at 94°C with the addition of 2.5 pl containing Tag polymerase,
[a-*?P]dGTP, and WT-specific primer C3TA, (5'-CCGCGCCCTAACCCTAA
CCCTA-3") or AT-specific primer A,C, (5'-AACCCCAACCCCAACCCC-3"),
C,A, (5'-CAACCCCAACCCCAACCCCAA-3"), or C,A,C, (5'-CCAACCCC
AACCCCAACC-3'). RNase A-treated samples were incubated with 0.5 pg of
RNase A for 10 min at 30°C prior to addition of the extension mix. Products were
analyzed by electrophoresis in 1X TBE in a native 10% polyacrylamide gel.

Subcellular fractionation. Subcellular fractionation was performed as de-
scribed previously (42, 43) with minor alterations: HeLa cells trypsinized off
plates at approximately 90% confluency were lysed by the addition of 0.3%
Nonidet P-40 (vol/vol); sonication was performed with a Heat Systems microtip
on setting 2 in 0.35 M sucrose-0.25 mM MgCl,. The nucleolar pellet was ob-
tained by centrifugation at 4,000 rpm for 12 min in a Beckman SW50.1 rotor. For
sucrose gradient fractionation, nucleoli were prepared as described above from
2 X 10° HeLa cells grown in suspension, resuspended in 100 pl of 0.88 M
sucrose—0.05 mM MgCl,, layered over a 10-ml 1.0 to 2.5 M sucrose gradient
containing 0.5 mM MgCl,, and sedimented for 20 min at 3,000 rpm in a Beckman
SW40Ti rotor.

RESULTS

The 3’ end of hTR has putative box H/ACA snoRNA-like
motifs. We noticed that the 3’ end of mature hTR (45) has an
ACA trinucleotide 3 nt upstream of its 3" end. In addition, the
3’ region of hTR contains a single H box consensus sequence
(5'-AGAGGA-3'). This region also has the potential to fold
into the characteristic hairpin-hinge-hairpin-tail core box
H/ACA snoRNA secondary structure, with the H and ACA
boxes located in single-stranded hinge and tail regions, respec-
tively (Fig. 1). Our hTR gene sequence differs from that ini-
tially reported (13) but is identical to a second GenBank se-
quence submitted subsequent to our sequencing (accession no.
U85256). Numbering in this report is based on the latter se-
quence.

Comparison with the murine telomerase RNA (mTR) (7)
suggests that the snoRNA-like features of h'TR are evolution-
arily conserved. The mTR 3’ end (nt 169 to 397 as numbered
in reference 25) has ~76% sequence identity with the corre-
sponding region of hTR (nt 211 to 451) and includes consensus
H (5'-ACAGGA-3") and ACA box sequences. Although the 3’
end of mTR has not been mapped precisely, the primary se-
quence identity between mTR and hTR genes drops sharply
downstream of the conserved ACA trinucleotide. The “ACA
plus 3 nt” rule governing box H/ACA snoRNA 3’ end process-
ing (5) predicts mature mTR to end at position 397. The H and
ACA box motifs of mTR, like those of hTR, can be modeled
into a consensus box H/ACA core secondary structure (Fig. 1).
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FIG. 1. Potential secondary structures of the 3’ ends of hTR and mTR. The structures (hTR nt 211 to 451 and mTR nt 169 to 397 as indicated) are based on the
conserved hairpin-hinge-hairpin-tail secondary structure of box H/ACA snoRNAs and a sequence comparison between hTR and mTR. H and ACA box primary

sequence elements are contained within the light and dark boxes, respectively.

The secondary structure models presented in Fig. 1 are in-
tended to illustrate the potential of these regions to fold into a
domain with conserved box H/ACA snoRNA-like features.
Physical and genetic methods combined with phylogenetic data
will be required to determine the details of the hTR and mTR
structures. However, as predicted by our functional data (see
below), a conserved box H/ACA snoRNA-like domain is also
found in the phylogenetic comparative analysis of telomerase
RNA from many other mammalian species (12).

Another common structural feature of box H/ACA snoRNAs
is the presence of an internal loop structure in one or both
hairpins that can direct pseudouridine formation by hybridiza-

tion with substrate RNAs (15). Confirmation of the presence
of a genuine pseudouridylation pocket requires the identifica-
tion of a modification target sequence. Without more extensive
phylogenetic comparison of mammalian telomerase RNAs and
some indication of a modification target sequence, we cannot
yet predict whether hTR directs pseudouridine modification.

Recombinant hTR production requires H and ACA box se-
quence elements. To investigate the role of the putative box
H/ACA snoRNA-like motifs in hTR, we expressed sequence-
tagged versions of recombinant hTR by transient transfection
in 293 cells and assayed their stability and processing. In pre-
vious studies, recombinant h'TR was expressed either from its
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FIG. 2. hTR expression by Pol II. (A) Schematic of hTR Pol II expression system indicates relative positions of restriction endonuclease sites, template residues,
H and ACA box residues, sequence tag insertion site (StuI), and probes used in Northern blot analyses (h1 to h6, aTag). Processed hTR species are indicated by gray
bars and correspond according to the number of filled circles with those in panel B. (B and C) Northern blot analysis of total RNA prepared from transiently transfected
293 cells probed with aTag oligonucleotide (B) or stripped and reprobed with h4 and h5 oligonucleotides (C). Lane 1, mock transfection; lane 2, empty pRc/CMV
vector; lanes 3 to 11, hTR restriction fragments cloned into pRc/CMV HindIlI site (except lane 4 [into NotI site]). Restriction fragments: lanes 3 and 4, SE; lane 5,
XE (note for panel C that construct does not contain the sequences complementary to h4 or h5); lane 6, SN; lane 7, SA; lanes 8 to 11, SE with the following mutations
in the ACA and H boxes: ACA—TCA, ACA—TGT, AGAGGA—ATATTA, and AGAGGA—TGTGGT, respectively (mutated resuiues are underlined). Filled circles
indicate processed hTR species in lane 3. Lane i contains in vitro-transcribed hTR standards: E and N are transcripts from the sequence-tagged SE fragment in
pRc/CMV driven by the T7 promoter and terminated approximately at the E and N restriction sites, respectively. A 110-nt RNA RC was included during sample
preparation to verify loading equivalents. In lanes 2 to 11, the U6tTR construct was included as a control for relative transfection efficiency (TC). Cross-reacting
endogenous non-hTR RNAs are indicated by an asterisk. (D) Northern blot analysis performed as described above and probed with aTag oligonucleotide. Lane 12,
SE; lane 13, SN with restored ACA box. Note that both endogenous and recombinant hTR, as well as hTR transcribed in vitro by T7 RNA polymerase, migrate as
doublets in a denaturing polyacrylamide gel.

endogenous promoter (13) or from the Pol II U2 snRNA
promoter (30). A comparative analysis of hTR and mTR pro-
moters concluded that they represent mRNA-type promoters
rather than snRNA-type Pol II promoters (25). We expressed
recombinant hTR with the cytomegalovirus Pol II mRNA pro-
moter and a downstream bovine growth hormone polyadenyl-
ation signal (Fig. 2A). A region of the hTR gene including

RNA nt 1 to 451 and an additional 109 nt of 3’ genomic
sequence (the SE restriction fragment) (Fig. 2A) was engi-
neered with a 20-nt sequence tag to facilitate the discrimina-
tion of recombinant and endogenous species. Expression of
recombinant hTR from the SE restriction fragment construct
resulted in the accumulation of a sequence-tagged hTR species
with an electrophoretic mobility and oligonucleotide hybrid-
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FIG. 3. Recombinant hTR incorporation into an active telomerase RNP. (A) Northern blot analysis of total RNA prepared from cells transiently transfected with
WT and AT versions of the sequence-tagged SE construct (arrowheads). The blot was probed with aTag oligonucleotide. Lane i contains in vitro-transcribed hTR
standards E and N. (B) TRAP activity assay of extracts prepared from WT and AT transiently transfected 293 cells. Oligonucleotides amplifying WT (C5TA,) or AT
(A,C,, C4A,, C,A,C,) telomerase extension products were used as indicated. For lanes 9 to 12 and 21 to 24, extracts were incubated with RNase A prior to the
telomerase extension reaction. Each pair of lanes corresponds to 20- and 100-fold dilutions of whole-cell extracts.

ization profile indicative of wild-type 3’ end maturation (Fig.
2B, lane 3, single circle). Note that full-length hTR (endoge-
nous, recombinant, or in vitro transcribed) migrates as a dou-
blet in a denaturing polyacrylamide gel; the significance of the
doublet and the cause of the observed variation in the relative
intensities of the bands are unknown. The correctly processed,
recombinant hTR accumulates at the level characteristic of
endogenous telomerase RNA (~1,000 copies/cell [4]; Fig. 2C
lanes 3 to 4) in a population of transfected cells. This could
reflect higher recombinant hTR levels in fewer cells (low-
efficiency transfection) or a restriction on recombinant hTR
accumulation similar to that on the endogenous form. Al-
though transfection efficiency was not monitored in each ex-
periment, high-efficiency transfection of an alkaline phospha-
tase reporter construct under similar transfection conditions in
pilot assays supports the latter conclusion.

Two faster-migrating recombinant RNAs also accumulated
from the SE restriction fragment hTR expression construct.
Mapping by oligonucleotide hybridization (Fig. 2 and data not
shown) indicated that both were processed near the wild-type
3’ end (hybridization with h3 but not h6); additional processing
occurred between the template residues and the 5’ end of the
putative H/ACA domain (hybridization with h1 but not h4 or
h5) or near the 5" end of the putative H/ACA domain (hybrid-
ization with h2 but not h1). The migration of the latter RNA
marked by three circles was similar to that of an in vitro-
transcribed RNA corresponding to the putative hTR H/ACA
domain (data not shown). Thus, although an hTR H/ACA
domain molecule is not detected as a stable endogenous form
of hTR in wild-type 293 cells, it accumulates as an indepen-
dently stable domain in transfected 293 cells that express var-
ious forms of recombinant hTR (Fig. 2B lanes 3 to 6, 8, and 10
and data not shown).

All known human box H/ACA snoRNAs are processed from
introns at their 5" and 3’ ends. We examined the potential for
5" end processing of mature recombinant hTR by adding extra
sequence between the transcriptional start site and the 5’ end
of hTR. This was accomplished by cloning the SE restriction

fragment into a polylinker restriction site further downstream
of the cytomegalovirus promoter (NotI, Fig. 2A). Expression of
hTR from this construct resulted in the accumulation of a
slower-migrating mature hTR species, suggesting that the 5’
end of the transcript including additional vector polylinker
sequence is intact (Fig. 2B, lane 4). We also tested the pro-
cessing of an hTR transcript lacking the telomerase template
region but containing the H/ACA domain. Expression of hTR
nt 160 to 560 from the XE construct resulted in the accumu-
lation of a species processed near its wild-type 3’ end (lane 5),
suggesting that nt 1 to 160 are not essential for hTR 3’ end
processing.

To examine the dependence of hTR accumulation and 3’
end processing on the putative H and ACA box elements, we
constructed two hTR 3’ end deletions and a series of H and
ACA box mutations. In human and yeast box H/ACA snoRNAs,
mutation of conserved H or ACA box residues prevents accu-
mulation of mature RNAs (5, 16). Engineering of the SN
construct removed the predicted ACA box but left an ACA
sequence 2 nt upstream of the wild-type box (Fig. 1). This
resulted in the accumulation of mature hTR, although much
less was accumulated than was observed with the SE construct
(Fig. 2B, compare lanes 6 and 3). When the altered spacing of
the ACA box relative to the putative upstream stem structure
was restored in the SN construct, the accumulation of mature
hTR was equal to that observed from the SE construct (Fig.
2D). Thus, hTR 3’ end processing site specificity is indepen-
dent of the genomic sequence 3’ of the ACA box, consistent
with the processing of yeast box H/ACA snoRNAs (5).

In the SA construct, deletion of the 3'-terminal 23 nt includ-
ing the ACA box prevented accumulation of any detectable
tagged hTR species (Fig. 2B, lane 7). A point mutation in the
first ACA box position (A446T) in the SE construct dra-
matically reduced recombinant hTR accumulation (lane 8),
while mutation of the ACA box to TGT rendered it unde-
tectable (lane 9). Similarly, mutation of the conserved H box
residues (AGAGGA—TGTGGT) prevented hTR accumula-
tion (lane 11), while mutation of the nonconserved residues



572 MITCHELL ET AL.

A

§

hTR-U64 8

< chimeric RNA

o hTR (h4 + h5)
B

SE hTR-U64 hTR-U64

AT AT WT

o o o D o D B B
= = =

— —— -
- prs— p—
.._.-. —
1234567890112 81415161718

4 o SN >

Oé Vn’o (¢jg Oé Vgoy Oé Va'o 0'3{9
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and chimeric hTR-U64 RNA standards. (B) TRAP activity assay of extracts
prepared from transiently transfected 293 cells. Oligonucleotides amplifying WT
(C5TA,) or AT (A,C,, C,A,C,) telomerase extension products were used as
indicated. Each pair of lanes corresponds to 5- and 25-fold dilutions of whole-cell
extracts.

(AGAGGA—ATATTA) had no effect (lane 10) (mutated res-
idues are underlined). Thus, as for the snoRNA family, the H
and ACA box motifs of hTR are important for RNA stability
and 3’ end processing.

We noticed the accumulation of high-molecular-weight
hTR-containing species from a variety of our Pol II expression
constructs, especially those lacking hTR nt 1 to 160 (lane 5) or
with certain H or ACA box defects (lanes 6, 8, and 11). Al-
though the relative amounts of these hTR species varied be-
tween transfections, production of these RNAs from a Pol II
promoter but not from a Pol III promoter (see below) suggests
that they may be polyadenylated precursor forms of hTR.
Although no such intermediates of endogenous hTR biogen-
esis have been reported, their presence may be transient and
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FIG. 5. hTR expression by Pol III. (A) Schematic of hTR Pol III expression
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and T—A mutations. (B) Northern blot analysis of total RNA prepared from
transiently transfected 293 cells probed with the random hexamer-labeled SE
restriction fragment (SE hex). Lane 1, mock transfection; lane 2, empty pRc/
CMV vector; lane 3, SE sequence tagged at Ball; lane 4, untagged SE (T41A,
T101A); lane 5, untagged SSm (T41A, T101A); lane 6, XE sequence tagged at
Stul. Unprocessed (O) and 3’ end-processed (OO) hTR species present in lane
6 are indicated. Lane i contains in vitro-transcribed hTR standards E and N.
Non-hTR cross-hybridizing RNAs are indicated by an asterisk. Relative trans-
fection efficiency and RNA recovery were monitored as described in the legend
to Fig. 2 (data not shown).

more readily detectable when RNAs are overexpressed or
compromised at their 5" or 3’ ends.

Recombinant hTR is incorporated into an active telomerase
RNP. The RNA components of various RNPs are stabilized in
vivo by assembly with associated proteins. Thus, it seemed
likely that the recombinant hTR molecules observed were as-
sembled into telomerase RNPs. To directly address whether
sequence-tagged, recombinant hTR was assembled into an ac-
tive telomerase RNP, we mutated template residues in the SE
construct to create an altered template version of the RNA. By
changing the template at two positions (T47C, T53C), telo-
meric repeat synthesis can be altered from the wild-type hu-
man repeat sequence TTAGGG to the Tetrahymena repeat
sequence TTGGGG (mutated residues are underlined). To
assay telomerase activity, a telomerase-dependent, single-
stranded primer elongation step is followed by PCR amplifi-
cation with primers specific for either the WT or AT repeat
sequence. PCR amplification of TTGGGG repeats generates a
single PCR product rather than a ladder of products (13). This
pattern of product DNA can result from differences in the
PCR amplification stage of the reaction and is not necessarily
indicative of the relative processivity of the AT versus WT
telomerase activities.
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Extracts were prepared from 293 cells transfected with WT
and AT versions of the SE hTR construct in parallel. Accu-
mulation of AT and WT recombinant sequence-tagged forms
of hTR in transfected cells is shown in Fig. 3A. Telomerase
activity was detected by PCR amplification of telomerase prod-
ucts specific for WT or AT sequences. Wild-type activity was
present in both extracts due to endogenous telomerase, which
served as a positive control for extraction (Fig. 3B, lanes 1, 2,
13 and 14). In contrast, AT telomerase activity was detected
only in AT extracts. Three primers specific for AT repeats
amplified single products of varying lengths according to their
template permutation with respect to the elongation primer
(lanes 15 to 20). Both WT and AT telomerase activities were
sensitive to pretreatment of extract with RNase A, as expected
if activity is dependent on hTR (lanes 9 to 12 and 21 to 24).
Low levels of PCR products that were detected in both RNase
A-treated and untreated samples (lanes 5 to 8, 11, 12, 23, and
24) were primer specific and telomerase independent and thus
considered to be background. We conclude that the sequence-
tagged, recombinant hTR expressed from a Pol II mRNA
promoter and processed at its 3’ end like a box H/ACA
snoRNA can be incorporated into an active telomerase RNP.

A heterologous box H/ACA snoRNA is sufficient for hTR
stability and 3’ end processing but not for telomerase activity.
Because the hTR H/ACA domain is not required for a minimal
level of telomerase activity by in vitro reconstitution of nucle-
ase-treated native telomerase (3) or by in vitro assay with
reticulocyte lysate-expressed hTERT (6), we reasoned that
another box H/ACA snoRNA might substitute for the hTR
H/ACA domain in vivo. To test this, we replaced the hTR
H/ACA domain with the well-characterized human U64 box
H/ACA snoRNA (16) in our Pol II expression system. An
RNA with an electrophoretic mobility and oligonucleotide hy-
bridization profile indicative of a 3" end-processed hTR-U64
chimera accumulated in transfected cells (Fig. 4A and data not
shown). This demonstrates that a heterologous box H/ACA
snoRNA can confer stability on the telomerase template re-
gion and direct 3’ end processing of a chimeric RNA.

Because 5’ end processing of U64 out of the hTR-U64
chimera would produce a U64 species similar in size to the
endogenous RNA, we were unable to address whether some
chimera was lost to U64 5" end processing. However, it is clear
that at least some percentage of U64 remained covalently
attached to an hTR template region, a novel result considering
that endogenous U64 is processed from an intron of the ribo-
somal protein S4 transcript at both its 5" and 3’ ends (16).

Because we could detect a stable, 3" end-processed hTR-
U64 chimera, we assayed for telomerase activity of a chimeric
RNA-containing RNP using an AT version of the transfection
construct. Unlike other AT hTRs previously tested, the AT
hTR-U64 chimera did not generate a functional telomerase
RNP. Telomerase activity directed by the altered template was
undetectable in extracts of cells transfected with the AT ver-
sion of the hTR-U64 chimera (Fig. 4B, lanes 9 to 12). As a
control for the extraction of AT chimeric RNA relative to an
AT hTR control with demonstrable AT activity, we verified
that the abundance of these RNAs in extracts reflected their
abundance in whole cells (data not shown). Thus, although
U64 snoRNA is sufficient to direct 3’ end processing and
stability of a chimeric RNA containing the hTR template re-
gion, it is insufficient for activity in the chimeric RNA-contain-
ing RNP. There are several possible explanations for the inac-
tivity of the chimera. For example, U64 RNA or an associated
protein could prevent telomerase activity in a dominant fash-
ion. Alternately, sequence elements of the hTR 3’ end that are
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FIG. 6. Localization of hTR by subcellular fractionation. (A) Northern blot
analysis of RNA prepared from subcellular fractions of HeLa cells. The blot was
probed with h4 and h5 oligonucleotides to detect endogenous hTR and the
410-nt RC RNA added during sample preparation to verify loading equivalents
and then with oligonucleotides complementary to U3 snoRNA, U2 snRNA, and
SRP RNA. Brackets above lanes indicate cell equivalent loadings among the
Total, Cytoplasm, and Nuclei lanes and among the Sonicated Nuclei, Nucleo-
plasm, and Nucleoli lanes. 4X Nucleoli represents 4 cell equivalents of nucleolar
RNA relative to the Sonicated Nuclear group. (B) Northern blot analysis of
RNA prepared from sucrose gradient fractions following sedimentation of crude
HelLa nucleoli, probed as described for panel A. A fraction of total nucleolar
RNA is present in lane T.

not part of the conserved snoRNA-like core may be required
for telomerase activity.

Expression of hTR by Pol III generates only the H/ACA
domain. Ciliate telomerase RNAs are transcripts of Pol III,
whereas all known human box H/ACA snoRNAs are encoded
within introns of Pol II transcripts (41). To investigate whether
hTR processing and accumulation require expression by Pol II,
we placed the hTR SE fragment under the control of the
human Pol IIT U6 snRNA promoter (Fig. 5SA). Although the
majority of transcripts from this construct terminated near
runs of six or five T’s in the hTR gene (nt 38 to 43, 99 to 103)
constituting Pol III transcriptional termination signals, two
additional hTR species, including the hTR H/ACA domain,
accumulated (Fig. 5B, lane 3). Thus, even though full-length
hTR transcripts were made, processing events prevented accu-
mulation of mature hTR (Fig. 5B and data not shown). Ex-
pression from the Pol III SE construct with mutated internal
Pol III termination signals (T41A, T101A) resulted in the
increased accumulation of the hTR H/ACA domain relative to
the early termination products, but again no full-length hTR
accumulated (Fig. 5B, lane 4). As a control, the T41A and
T101A mutations in the Pol II SE construct did not prevent
accumulation of mature hTR (data not shown).

We also tested expression of the template region alone,
without the H/ACA domain, in the Pol III expression system.
Expression from a T41A, T101A version of the SSm restriction
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fragment construct (nt 1 to 205) produced extremely low levels
of stable RNA (Fig. 5B, lane 5). In contrast, deletion of the
template region SX restriction fragment (nt 1 to 160) from a
Pol IIT expression construct allowed high levels of three hTR
species to accumulate (Fig. 5B, lane 6). Based on their relative
mobilities and oligonucleotide hybridization profiles, these
species are predicted to be the following: an unprocessed,
poly(U)-terminated precursor, a species processed only at its
3" end near the ACA box, and the hTR H/ACA domain. We
conclude that hTR is not a transcript of Pol III and, more
interestingly, cannot be stably expressed as a transcript of Pol
IIT under the control of the U6 snRNA promoter. The pres-
ence of the template region may actually destabilize Pol III
transcripts, because partially 5’ processed molecules were ob-
served for transfections with the XE construct but not the SE
construct.

Subcellular fractionation of hTR reveals a partial nucleolar
association. Human box H/ACA snoRNAs assayed by subcel-
lular fractionation are associated almost entirely with nucleoli,
as their name would suggest. To determine if hTR is enriched
in nucleoli, we examined the relative amounts of hTR in sub-
cellular fractions of telomerase-positive HeLa cells (Fig. 6A).
The majority of total hTR was recovered in the nuclear frac-
tion, although a significant proportion was recovered in the
cytoplasmic fraction as well (leakage of components from nu-
clei during their isolation is not uncommon). Purified nuclei
were further fractionated into nucleoplasm and nucleoli by a
sonication procedure that favors complete nuclear disruption
at the expense of nucleolar integrity. The majority of nuclear
hTR was recovered in the nucleoplasmic fraction, whereas a
small percentage (7 to 8% of total sonicated nuclear hTR) was
reproducibly recovered in the nucleolar fraction. Total RNA
from these subcellular fractions was probed for U3 snoRNA to
control for recovery of nucleoli, and for U2 snRNA and signal
recognition particle (SRP) RNA to control for contamination
of purified nucleoli with nonnucleolar RNAs (Fig. 6A). The
nucleolar fraction contained 50 to 65% of total sonicated nu-
clear U3 snoRNA and 2 to 5% each of total sonicated nuclear
U2 and SRP RNAs, suggesting that the amount of the hTR
detected in the nucleolar fraction is significant. We have ob-
served similar results using another transformed cell line (293)
and two primary fibroblast lines (IMR90 and F65) which lack
detectable telomerase activity but express low levels of hTR
(data not shown). We conclude that despite its H/ACA do-
main, hTR is either not predominantly nucleolar or is associ-
ated with the nucleolus in a weak or peripheral manner that
does not readily survive nucleolar purification.

If the hTR present in our crude nucleolar fraction is
indeed associated with nucleoli, it should cofractionate with
nucleoli upon further purification. To test this, crude nucle-
oli were resolved on a 1.0 to 2.5 M sucrose gradient (Fig.
6B). We observed the cosedimentation of hTR with U3
snoRNA. The majority of contaminating U2 snRNA did not
cosediment with hTR or U3 snoRNA, indicating as expected
that it is not associated with nucleoli. Although SRP RNA,
the RNA component of the SRP, is predominantly cytoplas-
mic (Fig. 6A), recent studies have demonstrated it to be
transiently associated with nucleoli (26). This is consistent
with our observation that the small percentage of SRP RNA
recovered in the nucleolar fraction cosedimented with hTR
and U3 snoRNA (Fig. 6B). Taken together, these data sug-
gest that the association of a small percentage of hTR with
nucleoli is specific.
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DISCUSSION

Identification of a box H/ACA snoRNA-like domain in hTR.
Within all telomerase RNAs, the template for DNA synthesis
is contained in less than 10% of the total RNA sequence. Little
is known about the function of the remainder of the molecule,
even for the relatively compact ciliate RNAs. This deficiency in
the state of our knowledge is more evident in light of the
apparent expansion of telomerase RNA length in yeast and
mammal cells. Surprisingly, the evolutionary “expansion” for
mammalian telomerase RNAs appears to be the result of fu-
sion with a preexisting RNA motif: a box H/ACA snoRNA.

We have identified a domain at the 3’ end of hTR that
shares some, but not all, of the demonstrated characteristics of
the box H/ACA family of snoRNAs. The hTR H/ACA domain
contains both primary sequence motifs (H and ACA boxes)
and the potential to adopt the conserved hairpin-hinge-hair-
pin-tail core secondary structure common to all box H/ACA
snoRNAs. In addition, the dependence on intact H and ACA
boxes for stability and 3’ end processing is shared by hTR and
box H/ACA snoRNAs. In contrast, the 5’ end processing typ-
ical of box H/ACA snoRNAs must be abrogated by the hTR
H/ACA domain in order to produce a functional telomerase
RNA that includes the template region. Stable nucleolar lo-
calization, a property of all known box H/ACA snoRNAs, may
also be lost in order to allow telomerase to interact with telo-
meres in the nucleoplasm, although a nucleolar phase of RNP
biogenesis could be required. In addition, hybridization to tar-
get RNA for site selection of pseudouridine modification may
or may not be conserved in hTR. Although this is a demon-
strated property of most box H/ACA snoRNAs, there re-
main examples in both yeast and human cells of box H/ACA
snoRNAs without known modification targets. Thus, it is not
known whether the direction of pseudouridine synthesis is
common to all box H/ACA snoRNAs.

The functions of conserved box H/ACA snoRNA sequence
motifs in h'TR processing, telomerase RNP assembly, and di-
rectly or indirectly in telomerase activity reveal new cellular
roles for this RNA motif. The fusion of the hTR H/ACA
domain with the template region indicates that the motif can
direct the 3’ end processing and stabilization of a 5" extended
RNA species. Although hTR is not predominantly nucleolar by
subcellular fractionation, the hTR H/ACA domain may ac-
complish a transient nucleolar localization of hTR that pro-
motes RNA folding, RNA modification, or RNP assembly.
Thus, fusion to a snoRNA-like domain may provide the hTR
template region a better opportunity to assemble into a func-
tional RNP in the context of the mammalian nucleus.

Although mammals, yeasts, and ciliated protozoa all have
telomerase RNAs and box H/ACA snoRNAs, to date only
mammals are known to have combined the two. It is possible
that the yeast K. lactis will provide another example of this
coupling: the mature telomerase RNA is processed at its 3’ end
from a polyadenylated precursor 138 nt upstream of the
poly(A) tail and 3 nt after an ACA trinucleotide (based on the
1,267-nt RNA described in reference 11, with nt 1 at position
675 of the GenBank accession no. U31465 sequence [31]). We
anticipate that phylogenetic analyses of a broad range of spe-
cies will be most useful in revealing the evolutionary relation-
ship between telomerase RNAs and snoRNAs.

hTR accumulation and processing. We show that h'TR can
be expressed from a Pol I mRNA promoter, processed at its
3’ end by an activity that requires box H/ACA snoRNA signa-
ture motifs, and assembled into an active telomerase RNP.
Although expressed from a strong promoter, recombinant full-
length hTR accumulated to levels similar to the low-copy-
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number endogenous hTR (~1,000 copies per cell [4]) in a
population of transfected cells. This suggests that one limita-
tion of the maximum attainable telomerase activation in vivo is
set by the level of hTR accumulation. The presence of the
H/ACA domain alone as a product of both recombinant Pol II
and Pol III expression may be a consequence of overexpression
of the recombinant hTR precursor. With atypically high levels
of precursor, the recombinant hTR transcript may be recog-
nized by the box H/ACA snoRNA 5’ and 3’ end processing
machineries. Interestingly, the hTR H/ACA domain excised
from full-length hTR could accumulate to a level well above
that of endogenous hTR when expressed in the Pol III system
(Fig. 5B, lanes 4 and 6) but not in the Pol II system (Fig. 2).

The enzymatic machinery involved in box H/ACA snoRNA
3’ end processing has not been identified. However, it seems
likely that hTR, the hTR H/ACA domain, and box H/ACA
snoRNAs are all processed by a common mechanism. Each
RNA requires the canonical H and ACA box sequence ele-
ments for accumulation and 3’ end processing, and both hTR
and the box H/ACA snoRNAs are trimmed to precisely 3 nt
downstream of the ACA motif. The 3" nucleolytic processing
activities recruited to hTR and box H/ACA snoRNA precur-
sors could depend on RNA structure or RNA binding proteins
either unique to hTR or the snoRNAs or shared between
them.

The potential for shared RNP protein components raises the
possibility that some mammalian telomerase proteins are not
unique to the telomerase RNP. Because ciliate telomerase
RNAs do not utilize a snoRNA 3’ end processing mechanism,
human homologs of the ciliate telomerase proteins (TEP1 and
hTERT) are likely to be telomerase specific and associated
with the template region rather than the H/ACA domain of
hTR. However, it is possible that proteins common to all
known box H/ACA snoRNAs are associated with telomerase
RNA. In S. cerevisiae, these proteins include the box H/ACA
snoRNP-specific Garlp and the putative pseudouridine syn-
thase Cbf5p. Although there is no known mammalian homolog
of Garlp, human and rat homologs of the putative pseudouri-
dine synthase Cbf5p have been identified (24, 32). In humans,
mutations in this gene cause dyskeratosis congenita, an X-
linked disorder characterized by skin abnormalities, gastroin-
testinal lesions, bone marrow failure, and a predisposition to
cancer (24). Given that telomerase may be required for normal
cellular function in highly proliferative tissues, it is tempting to
speculate that a telomerase deficiency can contribute to the
symptoms observed in these patients.

The inability of Pol III to produce stable, full-length hTR
may indicate a strict polymerase selectivity for reasons beyond
the obvious presence of Pol III termination signals early in the
transcript. We considered the possibility that only Pol II tran-
scripts were able to assemble into telomerase RNP because
only these transcripts were protected from degradation at their
5’ ends by a particular cap structure. However, some 5’ end
processing must have occurred to generate the observed
H/ACA domain alone. In addition, stable products of Pol III,
albeit not full length, did accumulate (Fig. 5B, lane 6). Thus, it
may be that the Pol II precursor or the act of transcription
itself provides information relevant to the telomerase RNP
biogenesis pathway in vivo.

Telomerase RNP biogenesis. We favor the hypothesis that
telomerase RNP biogenesis, like the biogenesis of ribosomes
and snRNPs, occurs in an obligatory multistep assembly path-
way. The in vivo requirement for the H/ACA domain and the
subcellular fractionation profile of hTR are most easily recon-
ciled with a model in which some stage of RNP biogenesis
occurs in the nucleolus, followed by transit of the RNP to the
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nucleoplasm. Recent localization studies with fluorescent SRP
RNA in mammalian cell nuclei demonstrated that microin-
jected SRP RNA transiently localizes to nucleoli before trans-
port to the cytoplasm (26). The coincident sucrose gradient
fractionation profiles of nucleolear U3 RNA, SRP RNA, and
hTR raise the possibility that telomerase RNP biogenesis has a
nucleolar phase as well. If the nucleolar population of hTR
reflects an intermediate in telomerase RNP biogenesis, it may
have properties different from the nucleoplasmic RNP pool.
Unfortunately, because human telomerase activity assays from
purified nucleolar fractions are not reliably quantitative (data
not shown), we were unable to establish whether the nucleolar
population of mature hTR was predominantly associated with
an active or inactive telomerase RNP. The incomplete nucle-
olar association of hTR relative to box H/ACA snoRNAs may
result from the absence of a snoRNP component in the telo-
merase RNP, or the presence of a dominant relocalization
factor.

It will be of interest to determine what specific roles tran-
scription by Pol II, the H/ACA domain, and the nucleolus play
in the assembly of human telomerase and to define which
components and pathways are shared by telomerase and the
box H/ACA snoRNPs.
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