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Telomeres protect the ends of linear chromosomes, which if eroded to a critical length can become
uncapped and lead to replicative senescence. Telomerase maintains telomere length in some cells, but
inappropriate expression facilitates the immortality of cancer cells. Recently, proteins involved in RNA
processing and ribosome assembly, such as hnRNP (heterogeneous nuclear ribonucleoprotein) A1, have

Keywords: been found to participate in telomere maintenance in mammals. The Saccharomyces cerevisiae protein
gl:l; Npl3 shares significant amino acid sequence similarities with hnRNP A1. We found that deleting NPL3
< accelerated the senescence of telomerase null cells. The highly conserved RNA recognition motifs
hnRNP A1 . . . . .
Senescence (RRM) in NplI3 appear to be important for preventing faster senescence. Npl3 preferentially binds telo-

mere sequences in vitro, suggesting that Npl3 may affect telomeres directly. Despite similarities between
the two proteins, human hnRNP A1 is unable to complement the lack of Npl3 to rescue accelerated senes-
cence in ticl npl3 cells. Deletion of CBC2, which encodes another hnRNP-related protein that associates
with Npl3, also accelerates senescence. Potential mechanisms by which hnRNP-related proteins maintain

Telomere capping

telomeres are discussed.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Telomeres contain highly repeated DNA sequences and are typ-
ically characterized by G-rich single stranded 3’-overhangs. Telo-
meres shorten when chromosomes are replicated, but the
enzyme telomerase is able to restore telomere lengths. Removing
components of the telomerase complex in Saccharomyces cerevisiae
(the catalytic component, Est2 or the RNA template, TLC1) results
in progressively shortened telomeres and cell senescence. In addi-
tion to being lengthened by telomerase, telomere integrity is main-
tained by a large set of proteins that organize the chromosome
terminus into a protective “capped” structure. Capping the telo-
meres resists typical responses to DNA ends, including exonucleo-
typic degradation, end-joining, recombination, and activation of
checkpoint-mediated arrest.

We are particularly interested in understanding how proteins
with well-known roles for RNA processing contribute to maintain-
ing telomere integrity. Mammalian heterogeneous nuclear ribonu-
cleoprotein (hnRNP) A1 regulates splicing and exports mRNA
(reviewed in [1]), and several studies have shown its role in
telomere maintenance. Deletion in hnRNP A1 causes significantly

Abbreviations: hnRNP, heterogeneous nuclear ribonucleoprotein; RRM, RNA
recognition motif; PD, population doubling; TFL, telomere fragment length.
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short telomeres [2]. hnRNP A1 also interacts with telomeric DNA
[3,4] and telomerase [5,6] as well as stimulates telomerase-
dependent telomere maintenance in vivo [7]. hnRNP Al likely has
protective roles at the telomeres.

The RNA processing protein in yeast, Npl3, is very similar to
hnRNP A1 (Fig. S1). Both contain two highly conserved RNA recog-
nition motifs (RRMs) [8] and RGG boxes, which are closely spaced
arginine-glycine-glycine repeats. Like hnRNP A1, Npl3 is involved
in mRNA transport [9-11]. While the C-terminus of hnRNP A1 has
nuclear localization sequences, Npl3 lacks them but uses methyla-
tion of the arginine residues within the RGG for protein localization
[12-14]. Npl3 also appears to be a multi-faceted protein that binds
to the 3’ end of mRNA to regulate transcription termination
[15,16], is involved in spliceosome assembly [17], and promotes
translation termination [18-20]. With mRNA cap-binding proteins,
Cbc1/Cbc2, Npl3 co-transcriptionally packages mRNA for nuclear
export [21].

Telomere maintenance roles have been attributed to some yeast
proteins involved in RNA metabolism [22], but no such role has yet
been reported for yeast hnRNPs. Based on similarities to RNA pro-
cessing protein hnRNP A1, which has telomere maintenance roles
in mammalian cells, we asked if Npl3 has similar functions in
yeast. Here, we show that Npl3 participates in the maintenance
of telomeres by preventing the faster senescence of telomerase
mutants and demonstrate that the conserved RRMs are involved.
Our results support a possible telomere-capping role for Npl3.
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2. Materials and methods
2.1. Yeast strains and senescence assays

All cells were derived from the S288C strain and cultured in
standard yeast media at 30°C. The TLC1/tlc1::LEU2, NPL3/|
npl3::kan® diploid (yJL325) was generated by mating tic1 and
npl3 haploids. Diploid cells were propagated through several re-
streaks to normalize the telomere lengths from the telomerase
mutations. The CBC2 gene was removed by complete PCR-
mediated ORF deletion in yJL325 cells to generate TLC1/tlc1::LEU2,
NPL3/npi3::kan®, CBC2|/cbc2::HygroR diploids. Cells were sporulated
and dissected to compare segregants that have lost telomerase at
the same time. Liquid senescence assays were performed as previ-
ously described [23]. To determine colony-forming efficiency, 1000
cells were spread on YPAD plates, and the numbers of colonies
were counted 2-3 days later. yJL325 cells transformed with plas-
mids were sporulated and dissected on SC-URA plates and main-
tained in SC-URA liquid medium for senescence assays.

2.2. Plasmids

Wild type and mutant proteins were expressed from subcloned
plasmids (Table SI). A 461-bp fragment of the NPL3 promoter re-
gion was amplified by primer pair 1 & 2 (Table SII) and inserted
into Sacl/Eagl-digested pRS316 (low copy expression plasmid) to
generate pJL215. WT and mutant NPL3 sequences with 6xHis tag
at the 3’ end were amplified with primer pair 3 & 4 and inserted
into Mlul/BamHI-digested pJL215. Wild type NPL3 sequence was
amplified from plasmid pPS1152 and the F160L mutant of NPL3
(npI3-F160L) from pPS879. The NPL3 sequence containing the
RK1-15 mutation where all 15 RGG triplets were converted to
KGG (npl3-RK-15) was amplified from pAM420. Mutant NPL3 with
F160L, L225S, G241N, and E244K mutations (herein referred to as
npl3-LSNK) and mutant NPL3 with L225S, G241N, and E244K muta-
tions (or npl3-SNK) were generated by site-directed mutagenesis at
GENEWIZ, Inc (South Plainfield, NJ). Plasmid expressing hnRNP A1
was generated by inserting amplified hnRNP A1 sequences (with
primer pair 5 & 6 from plasmid pBS0A1) into pJL215.

2.3. Southern blot analysis

DNA was extracted from liquid cultures of senescing cells by the
standard phenol chloroform protocol. After Xhol digestion, DNA
was separated in a 1% agarose gel and transferred onto Hybond
XL membrane (Amersham). Blots were hybridized to 32P-labeled
784 bp PCR-generated Y’ fragment [24] or TG repeats amplified
from plasmid containing yeast chromosome I-L telomeres [23].
Telomere fragment lengths (TFL) were measured using the NIH Im-
age ] software. Slopes representing rates of telomere shortening
were analyzed and compared using Student’s t-test.

2.4. Western blot analysis

Whole cell lysates from transformed cells were prepared using
the Yeast Protein Extraction Buffer Kit (GE Healthcare) following
the manufacturer’s instructions. Yeast suspension and protein
extraction buffers were supplemented with EDTA-free protease
inhibitor cocktail (Sigma). Hexahistidine-tagged WT and Npl3 pro-
teins from senescent survivors were isolated using the Y-PER
6 xHis Fusion Protein Purification Kit with chelated nickel columns,
following the manufacturer’s instructions (Thermo Scientific). The
Y-PER cell lysis reagent was supplemented with EDTA-free prote-
ase inhibitor cocktail, 1 mM PMSF, 5 mg/ml leupeptin, 100 mg/ml
bacitracin, 5 mg/ml chymostatin, 1 mM benzamidine, and 10 mg/ml

pepstatin. Eluted proteins were concentrated and dialyzed with
Amicon Ultra-2 centrifugal filter units (Millipore). Protein concen-
trations were estimated by the bicinchoninic acid (BCA) assay. Cell
lysates or purified proteins were separated on 4-15% Tris-Glycine
SDS-PAGE gels, transferred to Hybond C membranes (Amersham),
and immunoblotted with anti-6xHis antibody (HIS.H8, Thermo
Scientific Pierce) or anti-hnRNP A1 (4B10, Abcam).

2.5. Gel shift assay

Purified 6 x His-tagged WT or mutant Npl3 were mixed with oli-
gonucleotides synthesized and purified by RNase-free HPLC (Inte-
grated DNA Technologies). Double stranded G-rich telomere
sequences (dsTelo, 3137 DS) were generated by annealing 3137
For (ssTelo) and 3137 Rev oligos in dH,0 (Table SII). All telomere
sequences, including the G-rich RNA sequences (TeloRNA, oligo
3137 RNA), were derived from chromosome I-L ([23]). Non-telo-
meric dsDNA was generated from annealing oligos 10 & 11
(dsDNA). Oligos were denatured (except the annealed double
strands), labeled with Y- 32p-ATP by T4 polynucleotide kinase,
and purified by ethanol precipitation. Proteins and radiolabeled
nucleic acid (0.5-1.5 pmol per reaction) were incubated for
30 min at RT in binding buffer (1 mM magnesium acetate, 50 mM
potassium acetate, 10% glycerol, 20 mM HEPES, pH 7.2, 1 mM
DTT, and 10 ng/ml Poly dI dC) [25]. Glycerol was added to 25% be-
fore loading in 5% 30:0.8 acrylamide:bis-acrylamide gels in 0.5X
TBE. All buffers were prepared in DEPC-treated dH,0. Gels were
dried and exposed to X-ray film.

3. Results
3.1. Npl3 prevents rapid senescence in cells lacking telomerase

To examine if Npl3 has a role at the telomeres in yeast, we mea-
sured steady state telomere lengths of npl3 mutants and found
them to be comparable to those in WT cells with the analyses of
12 pairs of npl3 and NPL3 cells (examples are shown in Fig. 1C,
lanes 11 and 12). Since Npl3 has no apparent role in the control
of steady-state telomere length when telomerase is present, we
wanted to determine if Npl3 might affect telomere maintenance
in the absence of telomerase. When the rates of senescence were
compared, we found that the tlc1 npl3 double mutants senesced
much faster than the tic1 single mutants. The tic1 npl3 cells reached
the lowest point in senescence much sooner (around 62 population
doublings [PDs] after the loss of telomerase) than the tic1 single
mutants (74 PDs). As expected, WT and npl3 single mutant with in-
tact telomerase did not senesce (Fig. 1A). Both the tlc1 and tic1 npl3
mutants eventually escaped senescence by recombining telomeres,
but the double mutants reached a point of greater reduced growth
before survivor formation. Telomeres relengthened by recombina-
tion are seen in lanes 5 and 10 in tlc1 and tlc1 npl3 mutant survi-
vors, respectively (Fig. 1C). NPL3 deletion in est2 mutants, lacking
the catalytic function of telomerase, also caused accelerated senes-
cence (Fig. S2). The npl3 single mutants were able to form colonies
as efficiently as the WT haploids (nearly 100% of cells spread on
YPAD plates grew and formed colonies; data not shown); this indi-
cated that the accelerated senescence is not due to a higher base-
line probability of cell cycle arrest due to the npl3 mutation alone.
The rates of telomere shortening were similar in tlc1 versus tlc1
npl3 senescing cells (examples are shown in lanes 1-3 and 6-8
in Fig. 1C) with mean rates and standard deviations of 1.9 + 0.5
and 2.2 + 1.7 bp per population doubling for tic1 and tic1 npl3 mu-
tants, respectively (N = 10 segregant pairs, P = 0.66) (Fig. 1D). The
faster senescence caused by the npl3 mutation thus may not be
linked to faster telomere shortening. Taken together, Npl3 may
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Fig. 1. Deletion of NPL3 or CBC2 accelerates the senescence of tic1 mutants, but telomere fragment lengths are comparable between senescing tic1 and tlc1 npl3 cells.
Population doublings in senescence assays were determined daily for 2 x 10° cells after 22 h of growth for sporulated and dissected TLC1/tlc1 NpI3/nplI3 (A) or TLC1/tlc1 Npl3/|
npl3 CBC2/cbc2 cells (B). Error bars represent standard error of the mean, N = 2-5. (C) Telomere fragments (indicated by a bracket) from DNA of senescing cultures at specified
population doublings (PD) were hybridized with *2P-labeled TG repeats. Ladder marker (in kb) is indicated. (D) Telomere fragment lengths (TFL) from autoradiographs were
extrapolated using the Image ] software and analyzed. Trend lines indicate average rates of telomere shortening for 10 segregant pairs of tic1 and tlc1 npl3 mutants.

be involved in telomere maintenance but is working in a pathway
separate from the role telomerase has in extending telomeres.

Because Npl3 interacts with the nuclear mRNA cap binding pro-
tein complex, Cbc1/Cbc2, to shuttle mRNA to the cytoplasm, and
Cbc2 is an hnRNP-like protein containing an RRM and one RGG
box (Fig. S1), we asked if Cbc2 also has a role at the telomeres
and if NplI3 and Cbc2 work in the same pathway. Steady state telo-
meres in chc2 mutants are elongated compared to CBC2 cells ([26]
and Fig. S3), suggesting that Cbc2 may cap telomeres and regulate
telomere length. To examine if NpI3 and Cbc2 may work together
in the absence of telomerase, we sporulated TLC1/tlc1, NPL3/npl3,
CBC2/cbc2 diploids. In liquid senescence assay, the deletion in
CBC2 accelerated the senescence of tlcl mutants, similar to the
deletion in NPL3 (Fig. 1B). Therefore, like Npl3, Cbc2 is also in-
volved in telomere maintenance. In 40 sets of dissected tetrads,
no chc2 npl3 double or tic1 cbc2 npl3 triple mutants were recov-
ered. The synthetic lethality of npl3 and cbc2 could be due to the
two proteins contributing important roles at the telomeres and/
or in other critical RNA processes. Given the similar accelerated
senescence by the loss of either protein, Npl3 and Cbc2 may be
working similarly as capping proteins at the telomere.

3.2. The RRMs in Npl3 are required for preventing accelerated
senescence in tlc1 mutant cells

Three specific protein domains in Npl3 are important for its
RNA processing functions: two RRMs and the RGG-rich C-terminus.
We asked whether these three conserved domains might be in-
volved in preventing faster senescence. We generated plasmids
that expressed the WT NPL3 genes, no NPL3 (CV for control vector),
the mutant npl3 genes expressing mutant Npl3 with all the RGG’s
replaced with KGG (npl3-RK1-15), mutant Npl3 with no functional
RRM1 (npl3-F160L), mutant Npl3 with no functional RRM2 (npi3-
SNK), or mutant Npl3 with disrupted RRM1 and RRM2 (np[3-LSNK)
(Table SI). The RRM mutations were chosen based on previously
published reports [15,25]. Each plasmid was transformed into
TLC1/tlc1, NPL3[npl3 diploids then sporulated and dissected. In
liquid senescence assays, the exogenously expressed WT, Npl3-
RK1-15, and Npl3-F160L proteins were all able to rescue the accel-
erated senescence of the tlc1 npl3 double mutants. These cells
reached their lowest point of senescence after approximately 85
PDs after the loss of telomerase and senesced similar to the ticl
single mutants containing the same expression plasmids (Fig. 2A,
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Fig. 2. RRM2 in Npl3 is required for preventing accelerated senescence in tic1 mutant cells. (A) Before sporulation and dissection, TLC1/tlc1::LEU2, NPL3/npl3::Kan® diploid
cells (yJL325) were transformed with plasmids. Only the tlc1 npl3 strains are shown. Plasmids expressed no Npl3 (CV for control vector), 6 xHis-tagged WT or mutant Npl3
(NplI3-F160L has mutated RRM1, Npl3-SNK has mutated RRM2, Npl3-LSNK has mutated RRM1 and RRM2, and NpI3-RK1-15 has KGGs in place of RGGs). Senescence assay
was performed as described but in SC-URA medium. Error bars represent standard error of the mean, N = 3-5. (B) Cells from survivors were expanded; 6 xHis-tagged WT and
mutant Npl3 were purified by nickel column. Proteins were analyzed by SDS-PAGE and immunoblotted with anti-6xHis antibody.

and data not shown). Interestingly, the tlc1 npl3 double mutants
expressing the NpI3-SNK protein with mutated RRM2 also se-
nesced quickly and reached a growth nadir at approximately 68
PDs, and these cells, interestingly, formed survivors three days ear-
lier than the tlc1 npl3 cells with control vector. All the cultures
eventually formed survivors indicating their ability to re-lengthen
telomeres using telomerase-independent mechanisms. The expres-
sion of NplI3-LSNK proteins with non-functional RRM1 and RRM2
caused the tlc1 npl3 mutants to senesce the fastest; senescence
reached the lowest point as early as 54 PDs. The mutant Npl3-LSNK
protein may have dominant negative activity since its expression
also caused tlc1 cells (with intact NPL3) to be very sick. In npl3 cells
with intact telomerase, however, the expression of WT or any of
the mutant NplI3 had no effect on colony forming efficiency (data
not shown). Expressions of 6 xHis-tagged WT and mutant proteins
were confirmed by western blots (Fig. 2B). These results imply that
the RRM2 region but not RRM1 or the RGGs of Npl3 is required in
the protein’s telomere maintenance role.

3.3. NpI3 binds double stranded and single stranded telomere
sequences

Npl3 binds to RNA in vitro with a preference for G/U-rich se-
quences [25]. We wanted to ask if this binding is specific for telo-
mere sequences, both DNA and RNA. Purified 6xHis-tagged Npl3
was mixed with double stranded TG-rich telomere sequences
(dsTelo), TG-rich single strands (ssTelo), or UG-rich RNA (TeloRNA)
(see Table SII for sequences). We observed shifted complexes with
all three types of nucleic acid, although the binding to TeloRNA was
weak (Fig. 3). Npl3 also bound non-telomeric dsDNA; however,
binding to the G-rich dsTelo could be readily displaced by ssTelo
but not as much by the non-telomeric dsDNA or TeloRNA. This
indicated that Npl3 prefers to bind telomeric DNA sequences. Bind-
ing to all types of nucleic acids was significantly diminished with
mutant NplI3-LSNK indicating the requirement of the RRMs.

3.4. Human hnRNP A1 is unable to substitute for the lack of Npl3 to
rescue accelerated senescence in tlc1 npl3 cells

Because Npl3 is similar to human hnRNP A1, we asked if hnRNP
Al is able to substitute for NpI3 during the senescence of yeast

lacking telomerase. Diploid TLC1/tlcl, NPL3/npl3 cells were
transformed with control vector or plasmids that expressed
6xHis-tagged-human hnRNP A1 or Npl3. While the exogenously
expressed WT Npl3 was able to rescue the faster senescence of
tlc1 npl3 double mutants, hnRNP A1 was not. The rate of senes-
cence for exogenously expressed hnRNP A1 in tic1 npl3 mutants
was accelerated, comparable to the control tic1 npl3 + CV cells with
the lowest point of senescence at around 70 PDs for both strains
(Fig. 4A). In tlc1 NPL3 strains expressing endogenous Npl3, the con-
trol or hnRNP A1l-expression vectors had no effects on tlc1 senes-
cence; lowest points of senescence in these cells were at 94 PDs
for tlc1 + CV cells and 92 PDs for tic1 + hnRNP A1 cells. The plasmid
expressing NPL3 caused the tic1 and tlc1 npl3 mutants to senesce
faster (bottoming out at 78 and 81 PDs, respectively) compared
to the tlc1 + hnRNP A1 cells (92 PDs) but slower compared to tlc1
npl3 + CV cells (~70 PDs). It is unclear whether the levels of Npl3
were too high and caused some toxicity or too low to fully rescue
the faster senescence. By western blot analysis, hnRNP A1 protein
was detected in cell lysates of tlc1 npl3 survivors (Fig. 4B). These re-
sults show that hnRNP A1 was expressed but was unable to rescue
the faster senescence of tic1 npl3 mutants.

4. Discussion

Npl3 is involved in multiple RNA processes including splicing, 3’
end formation, export, and stability. This report now attributes
telomere maintenance as another function for Npl3. The second
RNA recognition motif (RRM2) appears to be critical for this main-
tenance. Both RRM1 and RRM2 are required for Npl3 to bind pref-
erentially to telomeric DNA. Based on our data and other published
reports, we speculate that Npl3, perhaps with Cbc2, may help
maintain telomeres by working as a telomere capping protein.

Npl3 and Cbc2 may protect chromosome ends as telomere cap-
ping proteins in several ways. They may prevent cells from detect-
ing the telomere ends as double stranded breaks thus becoming
substrates for homologous recombination or chromosome end fu-
sion. Longer telomeres in mutants such as cbc2 compared to WT
suggest that capping proteins may also regulate the access of
telomerase. Without caps and without functional telomerase to
elongate the ends, telomeres may be perceived as damaged DNA
thereby causing senescence. Steady state telomere lengths being
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antibody.

similar in npl3 and WT cells support the idea that Npl3 may be
dispensable as a telomere capping protein and have additional
roles in maintaining telomeres. Telomere binding proteins may
interact with telomeres by binding directly to the single stranded
overhang or the double stranded regions. Npl3 is interesting in that
it has preference for single stranded or double stranded telomeric
DNA. It is possible that Npl3 facilitates the formation of or stabi-
lizes secondary structures at the telomere thus helping to protect
chromosome ends.

Npl3 may also work at the subtelomeric region. It physically or
genetically interacts with RNA polymerase components as well as
histones and histone modifying proteins in direct binding assays
[27,28] and genome-wide studies [29,30]. Perhaps Npl3 helps
maintain the heterochromatin and prevents the activation of

subtelomeric transcription. It will be interesting to measure the
levels of non-coding RNA telomeric repeat containing RNA (TERRA)
in npl3 mutants.

Instead of NplI3 working directly at the telomeres to prevent
faster senescence of telomerase null cells, it may modulate the
levels of other telomere binding proteins. Npl3 targets a large
number of mRNAs [31]. In the absence of Npl3, mRNAs that en-
code essential telomere maintenance proteins (Ten1 and Stnl,
for example) may not be properly processed causing telomere
instability and faster senescence. However, since Npl3 association
with these and the transcripts of other telomere-binding genes
(i.e. RAP1, CDC13, SGS1) is absent or relatively low [31], Npl3 is
not likely to cause faster senescence by regulating the expression
of these genes.
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Collectively, we have shown that RNA processing proteins, Npl3
and Cbc2, may function in maintaining telomere stability perhaps
as telomere capping proteins. Further understanding of how Npl3
works with or without Cbc2 to prevent fast senescence will shed
light on how proteins involved in RNA metabolism may participate
in protecting the stability of chromosome ends.
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