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Telomere extension by telomerase is essential for chromosome
stability and cell vitality. Here, we report the identification of a
splice variant of mammalian heterogeneous nuclear ribonucleopro-
tein A2 (hnRNP A2), hnRNP A2*, which binds telomeric DNA and
telomerase in vitro. hnRNP A2* colocalizes with telomerase in Cajal
bodies and at telomeres. In vitro assays show that hnRNP A2*
actively unfolds telomeric G-quadruplex DNA, exposes 5 nt of the
3’ telomere tail and substantially enhances the catalytic activity
and processivity of telomerase. The expression level of hnRNP
A2* in tissues positively correlates with telomerase activity, and
overexpression of hnRNP A2* leads to telomere elongation in vivo.
Thus, hnRNP A2* plays a positive role in unfolding telomere G-
quadruplexes and in enhancing telomere extension by telomerase.

H uman chromosome ends are protected by telomeres, which
are composed of TTAGGG DNA repeats and associated
proteins. Telomeres shorten with each cell division because of
incomplete DNA-end replication (1). Cells compensate for telo-
mere attrition through the action of telomerase, a specialized
reverse transcriptase that adds telomeric repeats to the 3’ end of
the telomere (2). Normal somatic cells do not express telomerase
and undergo replicative senescence. The expression of telomerase
is a hallmark of highly proliferative stem cells and most cancer
cells. In budding yeast, the recruitment of telomerase to the
telomere end is mediated by Cdcl13 and Estl. Cdc13 is a single-
stranded telomere DNA-binding protein that associates with
Estl, a protein that interacts with the RNA component of yeast
telomerase (3, 4). Similarly, in Tetrahymena, Tebl bridges the
interaction between telomerase and the telomere, which promotes
highly processive telomere extension by telomerase (5). However,
the mechanism(s) and factors required to promote a similar in-
teraction between the telomere and telomerase in mammalian
cells are poorly understood.

Telomere DNA can adopt a four-stranded G-quadruplex
structure (6) that can be either intermolecular and intramolecular.
Although an intermolecular G-quadruplex is an excellent sub-
strate for ciliate telomerases (7), an intramolecular G-quadruplex
is not. In vertebrates, intramolecular G-quadruplexes (hereinafter
referred to as G-quadruplex) preferentially form at the furthest 3’
end of the telomeric DNA (8), rendering it inaccessible to telo-
merase. As a result, this structure inhibits telomere extension (9-
11). Only a few proteins have been identified that can disrupt G-
quadruplex. One such protein is protection of telomeres 1 (POT1)
(12), a component of the telomere shelterin complex that binds
telomere overhangs with high affinity (13). Despite its ability to
disrupt G-quadruplex, POT1 actually inhibits telomere extension
by binding to the telomere overhang and blocking telomerase
access to the overhang (14-16).

Some proteins of the hnRNP family are also able to unfold
telomeric G-quadruplex (17, 18). These proteins interact with
telomeric ssDNA (19) and telomerase in vitro (20, 21), suggesting
that they play a role in telomere biology. However, hnRNPs are
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highly abundant proteins that are expressed in vast excess com-
pared with telomerase and the number of telomeres in eukaryotic
cells (22). hnRNP A2/B1 and Al alone are represented by at least
107 molecules per cell (23, 24), whereas a typical eukaryotic cell,
such as HEK-293, has 20-50 molecules of telomerase (25) and 92
telomere ends. In principle, these proteins should saturate both
telomeres and telomerase. Therefore, it is unlikely that they could
play a direct role in regulating telomere extension.

Here, we report the discovery of a mammalian protein, hnRNP
A2*, that actively unfolds telomeric G-quadruplex and enhances
the catalytic activity and processivity of telomerase. hnRNP A2*
is an isoform of hnRNP A2 that lacks exons 7-9 of the full-length
molecule. Moreover, hnRNP A2* is distinct from the hnRNP A2
and other hnRNP proteins in several respects, including binding
specificity, cellular localization, and abundance. We propose that
hnRNP A2* plays a critical role in promoting interactions be-
tween the telomere and telomerase.

Results

Identification of hnRNP A2* a Single-Stranded Telomeric DNA-
Binding Protein from the Nuclear Matrix. Telomeres attach to the
nuclear matrix in mammalian cells (26, 27), and telomere rep-
lication is believed to be associated with the nuclear matrix (28).
Because telomerase’s action is tightly coupled with telomere
replication (29), the nuclear matrix may serve as the site of
telomere extension and, thus, may contain telomere accessory
proteins. To identify nuclear matrix telomere-binding proteins,
nuclear matrix lysates were prepared (30) from rat liver. Telo-
mere binding proteins were then isolated by affinity purification
using single-stranded telomere oligonucleotides bound to strep-
tavidin beads. Eluted proteins were analyzed by SDS/PAGE
(Fig. 14, Left), followed by Southwestern blot using a **P-labeled
(TTAGGG); probe (Fig. 14, Right). This experiment identified
several telomere-binding proteins. The most abundant protein,
with a molecular mass of 28 kDa, was excised from the gel and
analyzed by MALDI-TOF mass spectrometry. Nine of the tryptic
peptides from this protein mapped to hnRNP A2, with eight
peptides being found within the N-terminal half and one near the

Author contributions: F.W., M.-..T., Y.Z., and Z.T. designed research; F.W., M.-.T.,, Z.-x.Z.,
R.-y.W., Y.X., D.-W.P., and Y.Z. performed research; FW., M.-L.T., Z.-x.Z., Y.-h.H., Y.Z,,
and Z.T. analyzed data; and F.W., M.-L.T., Y.Z.,, and Z.T. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
TF.W., M.-.T., and Y.Z. contributed equally to this work.

2Present address: Key Laboratory of Gene Engineering of the Ministry of Education, State
Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University, Guangzhou
510006, People’s Republic of China.

3To whom correspondence may be addressed. E-mail: zhaoy82@mail.sysu.edu.cn or
z.tan@ioz.ac.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1200232109/-/DCSupplemental.

PNAS | December 11,2012 | vol. 109 | no.50 | 20413-20418

E
=
4]
=
[}
=
]
=]
@



mailto:zhaoy82@mail.sysu.edu.cn
mailto:z.tan@ioz.ac.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200232109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200232109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1200232109

Wcsexzornc L B oeaskssiEl
(kD)
4 51 RO T IVE KR/ DN NSGREGRAVAVE 100
101 @.Evﬂ@xunuznnn_@&i‘swrmn 150
31 4 ! RPN 1230 SIVLOQKYHTINGHNAEVRKALSRQEMQEVQSSRSGRGG 200
20~ 201 RGGGGNFGPGPGSNFRGESDGYCSCROFGDGYNGYGGEPGAGNFGESPGY] 250
d— Y Y Y Y Y
251 300
20 - 301 341
SDS PAGE sw * * * -
I " 1dentified by MALDI-TOF MS I Exons 7-9
) Exon7 Cleavage
bp
hd hnRNP
o0 Lel el s [efefef o] n]
1375 e M | 0 T ==
<—1hnRNP A2 i e
947 | s —hnRNPBn hnRNP
831 | wn A2* 5 6 10 1
hnRNP A2 .
564 - nt# 6 117 264 475 577 658 721 841 964 1026
E M A B C D —
Exons [ 15 | 6 | 10 ]
Rat A+—

—

|I:| B = = — : =
use

B+

C - —_—

e E

Fig. 1. Identification of the 28-kDa telomere-/telomerase-interacting pro-
tein hnRNP A2*. Nuclear matrix lysate was prepared from rat liver and
telomere-binding proteins were isolated by affinity purification using
a streptavidin-bound telomere oligonucleotide (TTAGGG)s. (A) SDS/PAGE
of affinity-purified proteins (Left) and Southwestern blot (SW) probed with
32p_(TTAGGG); (Right). (B) MALDI-TOF mass spectrometric peptide mapping
of the 28-kDa protein. Red and green blocks show the tryptic peptides
mapped to the hnRNP A2 protein. The pink block shows amino acids encoded
by exons 7-9. (C) PCR of hnRNP A2 and hnRNP A2* ¢cDNA without and with
prior cleavage at the exon 7 with endonuclease Xhol. The ¢cDNAs bearing
exon 7 were annealed with a cDNA at exon 7 and then cut by Xhol to prevent
them from being amplified. (D) Exons in hnRNP A2* and hnRNP A2 mRNA.
(E) Detection of hnRNP A2* mRNA in rat liver, cultured mouse (MEFs), and
human Hela cells by RT-PCR using junction primers (solid arrows).

C terminus (Table S1 and Fig. 1B). Because the peptides span
a region of hnRNP A2 greater than 28 kDa and are excluded
from the regions encoded by exons 7, 8, and 9, we speculated that
the newly isolated telomere-binding protein is a splice variant of
hnRNP A2 lacking these exons. To test this, a newly developed
“exon-exclusive RT-PCR” (31) was used to specifically amplify
splice variants lacking exon 7 (Fig. 1C). Sequence analysis of the
PCR product confirmed it as an hnRNP A2 isoform lacking
exons 7-9 (Fig. 1D); hereafter, we designate this protein hnRNP
A2*. hnRNP A2* is a conserved protein that is expressed in rat,
mouse, and human cells (Fig. 1E).

hnRNP A2* Uniquely Binds Single-Stranded Telomeric TTAGGG
Repeats. The cDNA encoding hnRNP A2* was cloned and
expressed in Escherichia coli, producing a recombinant protein
with the expected molecular mass of ~28 kDa (Fig. 24). The
recombinant hnRNP A2* was then purified, and the binding
specificity of hnRNP A2* was examined using an electropho-
retic mobility-shift assay (EMSA). The results revealed that
hnRNP A2* binds the ssDNA telomeric repeat (TTAGGG); with
high specificity but has very low or no binding affinity for
(TAAGGG);, (TTGGGG);, (TTAGAG);, or double-stranded
(TTAGGG); (Fig. 2C). This high specificity likely reflects de-
letion of exons 7-9 of hnRNP A2 within the glycine-rich domain
(GRD) (Fig. 2B), which has been shown to be involved in de-
termining binding specificity (32). In contrast to hnRNP A2*,
hnRNPs A2/B1, which include exons 7-9, bind DNA sequences
that match the consensus sequence N(A,C,T)(C,T)(A,G)G(C,G,
T)(A,T)NNN (33), reflecting much broader DNA-binding
specificity than hnRNP A2*. The results of additional EMSA
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experiments revealed a minimal binding site (MBS) of 5'-
TAGGGTTAGG-3’ for hnRNP A2* (Fig. 2D). This MBS was
verified by constructing 15 mutant variants of the MBS, each
carrying a single mutation to cytosine at each nucleotide (Fig.
2E). hnRNP A2* bound the variant carrying a T¢ — C mutation,
but all other mutations within the MBS completely abolished
binding. Mutations outside of the MBS did not affect binding
(Fig. 2E). These results further demonstrate the exquisite binding
specificity of hnRNP A2*. We note that the putative hnRNP
A2* MBS resembles the MBS (5-TAGGGTTAG-3’) of human
POT]1, except that it is 1 nt longer at the 3’ end (34).

hnRNP A2* Actively Unfolds G-Quadruplex, Preferentially Binds to the
MBS at the 3’ End of Telomeric DNA, and Exposes a Five-Nucleotide
3’ Tail. The interaction between hnRNP A2* and telomeric G-
quadruplex was analyzed using fluorescence resonance energy
transfer (FRET). A G-quadruplex DNA substrate, 5'-(GGGTT-
A);GGG-3', was labeled with fluorescein (FAM) at the 5’ end
(the FRET donor) and tetramethylrhodamine (TAMRA) at the 3’
end (the FRET receptor) (Fig. 34). When this oligomer forms
G-quadruplex, the two fluorophores are closely juxtaposed and
FRET occurs between the two fluorophores, suppressing the
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Fig. 2. Binding of hnRNP A2* to telomeric DNA analyzed by EMSA. (A) hnRNP
A2* and His-tagged hnRNP A2* expressed and purified from E. coli. (B) Func-
tional domains in hnRNP A2* in comparison with hnRNP A2 that contains two
RNA-recognition motifs (RRMs), a GRD, and an M9 nuclear localization domain.
(C) Binding of hnRNP A2* to (TTAGGG); in the presence of competitive DNA of
increasing fold concentrations (indicated below images). (D) hnRNP A2* binds
a MBS of TAGGGTTAGG. (E) Effect of single-nucleotide mutation on the
binding of hnRNP A2* to TAGGGTTAGGGTTAG. DNAs were either wild-type
sequence (W) or carrying a mutation to cytosine at the position indicated
above the lane. Asterisks indicate mutations that disrupt binding.
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Fig.3. hnRNP A2* actively unfolds telomere G-quadruplex, binds to the MBS
at the very 3’ end of telomeric DNA, exposes a 5-nt tail, and activates
telomerase. (A) FRET analysis showing active opening of G-quadruplex by
hnRNP A2* in comparison with the spontaneous opening of G-quadruplex
trapped by complementary C-rich DNA. Donor fluorescence monitored in
real-time upon addition of hnRNP A2* or excess C-rich DNA. (B) Binding-site
preference of hnRNP A2* to telomeric DNA that does not form G-quadruplex.
The 5’ 32P-labeled DNA was incubated with hnRNP A2* before digestion with
T4 polymerase (T4), which cleaves nucleotides from the 3’ end. Lowercase
indicates mutations introduced to manipulate the number and position of
MBS (square bracket). (C) Binding-site preference of hnRNP A2* and POT1 to
telomeric DNA that forms G-quadruplex. Solid square bracket indicates MBS
for hnRNP A2* and dashed for POT1. G-quadruplex forms in K* but not in Li*
solution. Other conditions are the same as those in B. (D and E) Catalytic
activity of telomerase from Hela or rat cell lysate assayed by the TRAP
method using nontelomeric TS (D) or G-quadruplex TSG4 (E) substrate in the
presence of increasing amounts of hnRNP A2* or POT1. (E, Inset) Free TSG4
(left lane) and TSG4/hnRNP A2* complex (right lane) in EMSA. (F) Processivity
of telomerase from Hela cell lysate assayed by the modified TRAP method
using nontelomeric MTS substrate in the presence of 40% (wt/vol) PEG 200.

donor fluorescence (35, 36). When G-quadruplex was incubated
with hnRNP A2*, donor fluorescence increased rapidly, sug-
gesting that hnRNP A2* promotes G-quadruplex unwinding. We
note that the rate of fluorescence increase and G-quadruplex
unwinding in the presence of hnRNP A2* was much faster than
the slow spontaneous unwinding of G-quadruplex in the presence
of excess complementary 5'-CCC(ATTCCC);-3’; this suggests
that hnRNP A2* actively unfolds G-quadruplex. Consistent with
the binding specificity of hnRNP A2*, FRET was not altered by
hnRNP A2* when an irrelevant linear and hairpin DNA substrate
was used (Fig. S1 4 and B).

The 3’-terminal sequence of most native telomeres is TTAG-3’
(37), which is identical to that of the MBS of POT1. However, as
pointed out above, the MBS for hnRNP A2* is 1 nt longer than
the MBS for POT]1, suggesting that the two proteins might in-
teract differently with telomeric repeats. To explore this idea, the
“footprints” of hnRNP A2* and POT1 on a telomeric array were
compared by prebinding the protein to its DNA substrate, then
exposing the DNA—protein complex to the 3’-exonuclease activity
of T4 DNA polymerase. The results show that both hnRNP A2*
and POT1 bind to their respective MBS at the very 3’ end when
more than one MBS was available (Fig. 3B and Fig. S1C).
However, hnRNP A2* failed to protect the terminal GTTAG-3’
from digestion by T4 polymerase (Fig. 3B), whereas POT1 pro-
tected the entire DNA substrate from cleavage (Fig. S1C). Im-
portantly, the same 3’-end preference and specificity for each
protein was observed when the DNA substrate was telomeric
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G-quadruplex (Fig. 3C). These results do not reflect secondary
structure in the DNA substrate, because they were completely
susceptible to digestion by T4 DNA polymerase in the absence of
protein (Fig. S1D).

hnRNP A2* Enhances the Catalytic Activity and Processivity of
Telomerase in Vitro. Interestingly, the 3’-terminal sequence left
exposed after hnRNP A2* binding, 5'-GTTAG-3’, is comple-
mentary to and forms Watson—Crick base pairs with the “align-
ment sequence,” 5'-CUAAC-3, in the RNA moiety of vertebrate
telomerase (38). It is, thus, conceivable that hnRNP A2* binding
could facilitate pairing of telomerase with its telomeric substrate
and increase telomerase activity. We tested this possibility in
vitro using a conventional telomere repeat amplification protocol
(TRAP) assay and found that hnRNP A2* significantly enhanced
the activity of human or rat telomerase (rTR) (Fig. 3D and Fig.
S24). Because the TRAP assay uses a nontelomeric TS substrate
(39), telomerase must synthesize several telomeric repeats be-
fore hnRNP A2* binds and/or G-quadruplex can form. The
results suggest that hnRNP A2* may stimulate telomere exten-
sion by inhibiting formation of G-quadruplex and leaving an
appropriate 3’-terminal sequence available for telomerase bind-
ing. In contrast, POT1 does not stimulate telomerase in a TRAP
assay (Fig. 3D). This result agrees with a previous study, which
reported that POT1 did not stimulate telomerase activity, by
a direct, non-PCR-based method using a nontelomeric primer.
These data support the proposal that “POT1 may modulate
telomerase activity by regulating the access of telomerase to the
primer but not during extension” (14).

The ability of hnRNP A2* to unwind telomeric G-quadruplex
was also examined by a modified TRAP assay using TSG4 as
a substrate in which a thymidine next to the G-tract was mutated
into cytosine so that it forms G-quadruplex but is still recognized
by hnRNP A2* (Fig. 2F). The TSG4 substrate differs from the
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Fig. 4. hnRNP A2* interacts with telomerase both in vitro and in vivo. (A)
TRAP assay of telomerase activity pulled down from rat cell lysate by His-
hnRNP A2* immobilized on nickel beads. (B) Binding to the RNA component
of rTR of hnRNP A2* at increasing concentrations (0, 0.25, 0.5, 1 uM) ex-
amined by EMSA. (C) Three-color immunofluorescence analysis of colocali-
zation among hnRNP A2*, TERT, and Rap1/Coilin in cultured rat cells. RAP1
and Coilin served as markers for telomere and Cajal body, respectively. Venn
diagrams at the farthest right show the number of cells and foci (in paren-
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sequence added to it by telomerase, allowing PCR amplification
using TSG4-specific primers (40). hnRNP A2* stimulates telo-
merase activity to a greater extent when the TRAP assay is per-
formed with this substrate (Fig. 3E and Fig. S2B) than with the
TS substrate (Fig. 3D and Fig. S24), whereas POT1 does not
stimulate telomerase activity with either DNA substrate (Fig. 3
D and E). These data suggest that hnRNP A2* promotes
telomerase function by unfolding G-quadruplex during telome-
rase extension.

Although human telomerase can processively add multiple
telomeric repeats to a single primer (41), processive DNA syn-
thesis by telomerase is inhibited by G-quadruplex, because it
interferes with telomerase translocation (9, 10, 42). Therefore,
we examined the impact of hnRNP A2* on telomerase proc-
essivity using a modified TRAP assay (43). In dilute solution,
telomerase showed a relatively high processivity (Fig. 3F and Fig.
S2C, first lane). We reported previously that in the presence of
PEG 200, a crowding agent widely used to mimic the molecularly
crowded intracellular environment, the thermal stability of
telomere G-quadruplex increases and the processivity of human
telomerase decreases (44-46) (Fig. 3F and Fig. S2C, second
lane). hnRNP A2* stimulated telomerase processivity in the
presence of PEG 200 (Fig. 3F and Fig. S2C, third lane), but
POT1 did not (Fig. 3F and Fig. S2C, fourth lane). Because both
hnRNP A2* and POT1 can disrupt G-quadruplex, this difference
may reflect the fact that hnRNP A2* exposes a free 3’ end when
it binds to telomeric DNA, but POT1 does not.

hnRNP A2* Localizes to the Nuclear Matrix and Associates with
Telomerase at Telomeres and in Cajal Bodies in Vivo. The protein
region encoded by exons 7-9 in hnRNP A2, which is missing
from hnRNP A2*, is entirely hydrophilic (Fig. S34). As a result,
hnRNP A2* is more hydrophobic than hnRNP A2. hnRNP A2
localizes predominantly to the nucleoplasm (27), whereas sub-
cellular fractionation of cells expressing tagged hnRNP A2*
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and telomerase activity in 7-wk-old rat tissues. Expression was analyzed by
RT-PCR. Telomerase activity was assayed by TRAP. Relative abundance was
obtained by normalizing band intensity to actin and then to brain. IS, In-
ternal standard. (B) Overexpression of hnRNP A2* increases telomere length
in HelLa cells. Cells were drug-selected and cultured to the indicated pop-
ulation doublings (PDs) after they were transfected with HA-hnRNP A2* or
empty control vector. Telomere restriction fragments were detected by
Southern blot (Left) and then digitized for quantification (Right). M, marker.
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Fig. 6. Proposed working model of hnRNP A2*. A single-stranded telomere
overhang forms intramolecular G-quadruplex. hnRNP A2* assembled in Cajal
body with telomerase (1) binds to the telomere end upon unfolding telo-
mere G-quadruplex to facilitate telomere end-telomerase alignment (2) for
telomere extension (3). POT1 can also bind to the telomere end (4), making
it inaccessible to telomerase. Competition between POT1 and hnRNP A2* (5)
determines the accessibility of the telomere end to telomerase and its sub-
sequent extension.

shows that hnRNP A2* localizes exclusively to the nuclear matrix
(Fig. S3B). This suggests that hnRNP A2 and hnRNP A2* have
distinct cellular functions.

Some proteins from the hnRNP family interact directly with
telomerase, as well as with telomeric DNA, in vitro (20, 21). We
found that hnRNP A2* could pull-down telomerase activity from
cell lysate (Fig. 44) as did hnRNP A2 (Fig. S44), demonstrating
that hnRNP A2* can physically interact with telomerase. In
addition, hnRNP A2* directly binds the RNA component of rTR
in vitro (Fig. 4B). This binding is dependent on the size/sequence
and possibly the secondary structure of r'TR, because hnRNP A2
binds to the 0-269 fragment of rTR (Fig. S4B), whereas hnRNP
A2* does not (Fig. 4B).

To examine whether hnRNP A2* interacts with telomeres and
telomerase in vivo, we expressed HA-tagged hnRNP A2* in rat
cells and performed immunofluorescence experiments. The re-
sults showed that a fraction of hnRNP A2* colocalized with RAP1,
a component of the telomere-associated shelterin complex, and
with TERT, the catalytic component of telomerase (Fig. S54, top
and middle images). Control experiments showed that the anti-
body to HA-hnRNP A2* only stains HA-hnRNP A2*—expressing
cells (Fig. S5B) and that suppression of TERT expression by
siRNA dramatically reduced the fluorescence in the cells (Fig.
S5C). Interestingly, hnRNP A2* can also colocalize with Coilin,
a marker of Cajal bodies (Fig. S54, bottom images). Because
Cajal bodies are involved in the processing and positioning of
telomerase at telomeres (47), we hypothesized that hnRNP A2*
may play a role in these processes.

The interactions between hnRNP A2*, telomerase, telomeres,
and Cajal body were further examined using multicolor immu-
nofluorescence. The results can be summarized as follows (Venn
diagrams in Fig. 4C, Right): about half of the TERT at telomeres
or in Cajal bodies was associated with hnRNP A2*. More im-
portantly, out of the 39 hnRNP A2*/RAP1 foci observed, 37 were
also positive for telomerase (hnRNP A2*/RAP1/TERT foci).
Similarly, of the 21 hnRNP A2*/Coilin foci observed, 20 were also
positive for TERT (Fig. 4C and Fig. S6 4 and B). The prevalent
colocalization of hnRNP A2* with telomerase at telomeres and in
Cajal bodies strongly suggests that hnRNP A2* is a close partner
of telomerase. It is possible that hnRNP A2* is assembled into
the telomerase holoenzyme at Cajal bodies and delivered to
telomeres. Our finding that the binding of hnRNP A2* with r'TR
(Fig. 4B) involves the 3’ region of rTR (269-419 nt), which
contains the Cajal body box (CAB) motif responsible for its
mobilization to the Cajal body (38, 48), supports this hypothesis.

hnRNP A2* Expression Correlates with Telomerase Activity, and
Overexpression of hnRNP A2* Increases Telomere Length in Vivo.
To explore whether hnRNP A2* influences telomerase func-
tion in vivo, the amount of hnRNP A2* and telomerase mRNA
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was determined by RT-PCR and telomerase activity was quan-
tified by TRAP in primary cells from freshly isolated rat tissues
(Fig. 54 and Fig. S7A). Interestingly, although telomerase
activity did not correlate well with expression of TERT mRNA
or hnRNP A2 mRNA, it did correlate well with expression of
hnRNP A2*. This correlation implies an important role of hnRNP
A2* for telomerase activity in vivo.

Because hnRNP A2* is expressed at a low level in human and
rat cells, and because the abundance of hnRNP A2* correlates
with higher telomerase activity in rat tissues (Fig. 54 and Fig.
S7A4), we predicted that overexpression of hnRNP A2* might
correlate with increased telomere length. In fact, when hnRNP
A2* was overexpressed in cultured HeLa and rat cells by retro-
virus-mediated transfection, telomere length increased relative
to control cells carrying empty vector (Fig. 5B and Fig. S7B).
Interestingly, the longer telomeres in the rat cells regressed over
time, and in this context, subsequent telomere shortening cor-
related with a gradual decrease in hnRNP A2* expression (Fig.
S7B, Lower). This result further supports the conclusion that
hnRNP A2* plays an important role in regulating telomerase
activity and telomere length.

Discussion

G-Quadruplex Unfolding in Telomere Extension and 3’ Telomere-End
Recognition. Human telomeric G-quadruplex is an extremely
stable structure (49), forming within a fraction of a second (50)
but taking hours to spontaneously unfold at 37 °C (51). There-
fore, if telomeric G-quadruplex forms in vivo, as has been pro-
posed (6, 52-54), cellular mechanisms must exist to promote
unfolding of this structure during telomere extension by telo-
merase. POT1 and proteins from the hnRNP family, like hnRNP
Al, are able to disrupt G-quadruplex (55-57). However, these
proteins also bind with high affinity to and occlude the 3’ end of
the telomere, which could limit access of telomerase to telomere
ends and inhibit telomere extension. The MBS of POT1 has the
same 3’-terminal nucleotide as a native telomere end, TTAG-3’
(34), and our data show that POT1 binding to a telomere sub-
strate leaves no free 3’ end (Fig. S1C). hnRNP A2/B1 recognizes
N(A,CT)(CT)A,G)G(C,G,T)(A,T)NNN, a consensus sequence
that encompasses and aligns “in phase” with the telomere repeat
TTAGGGTTAG (33), and would also be expected to occlude the
telomere end and render it inaccessible to telomerase. This could
also be true for other abundant hnRNPs (18, 58-61). Therefore,
hnRNP A2* may be unique in its ability to actively unfold telo-
mere G-quadruplex while still leaving a 3’ telomere end available
for telomerase binding.

hnRNP A2* Is Functionally Distinct from the hnRNP Proteins and
Specific to Telomere Extension. Although hnRNP A2* is an iso-
form of hnRNP A2, its low abundance and cellular localization
suggest that it is functionally distinct from any other hnRNP. In
contrast to previously characterized hnRNPs, the hnRNP A2*
transcript is expressed at an extremely low level, making it very
difficult to detect by RT-PCR unless other variants are selec-
tively cleaved in the sample before amplification (Fig. 1C). This
low abundance makes hnRNP A2* a reasonable candidate for
a regulator of telomerase, which is also expressed at very low
levels in typical eukaryotic cells (25).

Telomerase is reported to be anchored to the nuclear matrix
through its association with chromosome scaffold protein P43 in
the ciliated protozoa Euplotes (62). Cajal bodies are also con-
sistently associated with nuclear matrix (63, 64). Data presented
here show that hnRNP A2* is localized to the nuclear matrix,
consistent with its proposed role in telomere biology. The loss of
the GRD in hnRNP A2* selectively targets it to telomeres, and

. Morin GB (1997) Telomere control of replicative lifespan. Exp Gerontol 32(4-5):
375-382.

2. Kim NW, et al. (1994) Specific association of human telomerase activity with immortal

cells and cancer. Science 266(5193):2011-2015.
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incapacitates its potential role in mRNA metabolism (65).
Consistent with this, the level of hnRNP A2*, but not the level of
hnRNP A2/Bl1, correlates with telomerase activity in rat tissues
(Fig. 54 and Fig. S7A4).

Role of hnRNP A2* in Facilitating Telomerase Action at Telomeres.
The ability of hnRNP A2* to interact with both telomeric DNA
and telomerase makes it an ideal protein to recruit telomerase
to telomere ends. Telomeric G-quadruplex is not extended by
telomerase unless it carries a single-stranded 3’ tail at least 8 nt
long (11). During processive extension, hnRNP A2* may in-
tercept newly synthesized telomeric repeats, preventing them
from forming G-quadruplex, which would expel telomerase. This
would explain the fact that hnRNP A2* stimulates telomerase
processivity (Fig. 3F and Fig. S2C), even in the presence of PEG
200, which dramatically stabilizes G-quadruplex (44-46). In-
terestingly, the function of hnRNP A2* in telomere extension
resembles that of Tebl in Tetrahymena, which bridges the telo-
mere and telomerase, conferring highly processive telomere ex-
tension by telomerase (5).

The affinity of hnRNP A2* for telomeric DNA (Ky = 11.05
nM; Fig. S8) is comparable to POT1 (~10 nM) (13). It is possible
that POT1 and hnRNP A2* compete for binding telomeric DNA
in vivo (Fig. 6). Under such conditions, the 3’ end of the telo-
mere would be exposed or capped, depending on which protein
binds. During most of the cell cycle, the 3’ end of the telomeric
overhang invades homologous dsDNA forming a D-loop (66) or
is capped by POT1, which protects the single-stranded overhang
from triggering a DNA damage response (67). During S phase,
hnRNP A2* may unwind G-quadruplex structures, thus releasing
the 3’ telomere end to facilitate recruitment of telomerase. This
would explain the findings that removal of POT1 (68) or over-
expression of hnRNP A2* (Fig. 5B and Fig. S7B) promotes
telomere lengthening.

In summary, hnRNP A2* is a telomere- and telomerase-
interacting protein that may play an essential role in recruiting
telomerase to the telomere during the process of telomerase
extension. In this context, hnRNP A2* may play a role similar to
TPP1 (69, 70). Intriguingly, although TPP1 is able to recruit
telomerase to telomere ends (71), the TPP1-POT1 complex caps
telomere ends and blocks access to them by telomerase (72). The
mechanistic “switch” that relieves this block and converts in-
accessible telomeres to accessible telomeres is not yet un-
derstood. However, our findings indicate that hnRNP A2* may
play a role in this process. For example, hnRNP A2* and TPP1/
POT1 might play opposing but complementary roles, with the
former increasing accessibility and the latter decreasing acces-
sibility of telomeric ends to telomerase. Future experiments will
be needed to address the role of hnRNP A2* in regulating
telomere accessibility, telomerase recruitment, and telomerase
processivity in greater detail.

Materials and Methods

Materials and methods are described in S/ Materials and Methods, including
identification, cloning, expression, and characterization of hnRNP A2*.
Animal experiments were approved by the Institutional Animal Care and
Use Committee of Wuhan University.
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