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DNA polymerase � is essential for the onset of eukaryotic
DNA replication. Its correct folding and assembly within the
nuclear replication pre-initiation complex is crucial for normal
cell cycle progression and genomemaintenance. Due to a single
point mutation in the largest DNA polymerase � subunit, p180,
the temperature-sensitive mouse cell line tsFT20 exhibits heat-
labile DNA polymerase � activity and S phase arrest at restric-
tive temperature. In this study, we show that an aberrant formof
endogenous p180 in tsFT20 cells (p180tsFT20) is strictly localized
in the cytoplasm while its wild-type counterpart enters the
nucleus. Time-lapse fluorescence microscopy with enhanced
green fluorescent protein-tagged or photoactivatable green flu-
orescent protein-tagged p180tsFT20 variants and inhibitor anal-
ysis revealed that the exclusion of aberrant p180tsFT20 from the
nucleus is due to two distinct mechanisms: first, the inability of
newly synthesized (cytoplasmic) p180tsFT20 to enter the nucleus
and second, proteasome-dependent degradation of nuclear-lo-
calized protein. The nuclear import defect seems to result from
an impaired association of aberrant de novo synthesized
p180tsFT20 with the second subunit of DNA polymerase �, p68.
In accordance, we show that RNA interference of p68 results in
a decrease of the overall p180 protein level and in a specific
increase of cytoplasmic localized p180 in NIH3T3 cells. Taken
together, our data suggest two mechanisms that prevent the
nuclear expression of aberrant DNA polymerase �.

The highly conserved DNA polymerase �-primase complex
is the only eukaryotic polymerase that can initiate DNA synthe-
sis de novo. Thus, its recruitment is a crucial step in the tightly

regulated stepwise assembly of the replication machinery in
eukaryotic cells. This complex is required for the synthesis of
RNA primers, an essential prerequisite for the initiation of rep-
lication, and for the discontinuous synthesis of Okazaki frag-
ments on the lagging strand (1–4).Moreover, DNApolymerase
� plays a fundamental role in coordinating DNA replication,
DNA repair, and cell cycle progression (1), in telomere capping
and length regulation (5–9), and in the epigenetic control of
transcriptional silencing and nucleosome reorganization
(10, 11).
The DNA polymerase �-primase complex consists of four

subunits, each of which is conserved in eukaryotes; in yeast, all
four subunits are essential for viability (2). The largest subunit,
180 kDa (p180), harbors the catalytic polymerase� activity. The
two smallest subunits, 54 kDa (p54) and 46 kDa (p46), provide
primase activity. The p46 protein, which is coupled to p180 by
p54, synthesizes RNA primers and is involved in regulating
their length; it also functions in cell cycle checkpoints (12). The
68-kDa subunit (p68) plays a crucial regulatory role in the early
stage of chromosomal replication in yeast and has been shown
to be essential for the nuclear import of p180 in mouse cells
(13, 14).
DNA replication takes place during a restricted period in the

cell cycle, in the S phase. To avoid errors in DNA duplication
that compromise genome integrity in vertebrate cells, the tran-
sition from G1 to S phase and the onset of DNA polymerase
activity are highly regulated by at least two cyclin-dependent
kinases, cyclin E/cdk2 and cyclin A/cdk2 (15, 16). In an SV40 in
vitro system, phosphorylation of p68 inhibits replication initia-
tion as well as primer synthesis and elongation (17), and the
p180 subunit contains multiple regulatory phosphorylation
sites (18, 19). In addition to regulation by phosphorylation,
expression of the DNA polymerase � gene is controlled during
the cell cycle by E2F, GABP, and Sp1 transcription factors (20,
21). Thus, the activity of DNA polymerase � is tightly con-
trolled at the transcriptional and post-translational levels,
whereas less is known about its subcellular distribution, regu-
lation, and behavior under various stress conditions.
The tsFT20 cell line, a temperature-sensitive mutant clone

identified in a screen of N-methyl-N�-nitro-N-nitroguanidine-
treated mouse mammary carcinoma FM3A cells, has been the
subject of several genetic and biochemical studies (22–34).
Compared with parental FM3A cells, this cell line grows nor-
mally at 33 °C. However, at the restrictive temperature of
39.5 °C, they exhibit a phenotype closely resembling that con-
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ferred by arrest at theG1/S boundary. At the restrictive temper-
ature, tsFT20 cells were further characterized as defective in
DNA replication, with a highly decreased DNA synthesis rate,
reduced frequencies of replicon initiation, and extensive chro-
mosome aberrations. Purified DNA polymerase � from tsFT20
cells was found to be temperature-sensitive although composed
of the same hetero-tetrameric complex as that of FM3A cells,
and this defect was ascribed to a single point mutation that
changes amino acid 1180 of the p180 subunit from serine to
phenylalanine (28). The abnormal cessation ofDNAreplication
in tsFT20 cells at the restrictive temperature results in cell
death via the induction of DNA double strand breaks, suggest-
ing that aberrant DNA polymerase � is cytotoxic and also that
in general a specific quality control mechanism for the pool of
aberrant DNApolymerase� in wild-type cellsmay be crucial to
ensure genomic stability and accurate DNA replication.
Recently, it was reported that in Saccharomyces cerevisiae,
reduced levels of the replicative DNA polymerase � result in
greatly elevated frequencies of chromosome translocations and
chromosome loss (35). Similarly, when Mcm10 or Ctf4 are
depleted in mammalian cells, DNA polymerase � levels are
markedly reduced, suggesting that DNA polymerase � levels
are indeed crucially regulated by as yet unknown cellularmech-
anisms (36, 37).
Misfolded and non-functional proteins must be degraded to

assure the correct functioning of cellular processes. Several
mechanisms that ensure the removal of defective proteins have
been described, the most prominent being ER5-associated deg-
radation, a process that governs the degradation of unfolded ER
proteins in the cytoplasm (38, 39). Degradation systems that
function in quality control have also been identified in the
secretory pathway and in mitochondria (40). These processes
are carried out by proteasomes, organelles consisting of several
proteases that are located in the cytoplasm as well as in the
nucleus (41, 42, 43). Moreover, most cystic fibrosis patients
inherit at least onemutant allele of the ion channel cystic fibro-
sis transmembrane regulator, which has a temperature-sensi-
tive folding defect causing its detection by the endoplasmic
quality control system (44). In contrast, the degradation-de-
pendent protein quality control mechanisms that act in the
nucleus are still poorly understood. Recently, Gardner et al.
(45) reported that San1-mediated degradation acts as a protein
quality control system in S. cerevisiae nuclei. However, it is still
unclear how aberrant nuclear proteins are recognized by ubiq-
uitin E3 ligases and whether analogous systems exist in higher
eukaryotes.
In this study, we observed the subcellular distribution and

protein expression of an aberrant form of the endogenously
expressed DNA polymerase � subunit p180 in tsFT20 cells
(p180tsFT20) at the restricted temperature using a specific p180
antibody. Surprisingly, we found that endogenous p180tsFT20
was rapidly degraded in the nucleus at the restricted tempera-

ture, concomitantly with de novo synthesized protein accumu-
lating in the cytoplasm. Based on these crucial findings on
endogenous p180tsFT20, we transiently expressed GFP-tagged
p180tsFT20 in NIH3T3 or COS-1 cells and made the very same
observation that the aberrant p180 variant is excluded from the
nucleus and accumulates in the cytoplasm at the restrictive
temperature, whereas the wild-type counterpart normally
localizes to the nucleus. Inhibitor studies combined with
immunofluorescence analysis suggest two mechanisms that
exclude aberrant p180tsFT20 from the nucleus: defective nuclear
import of de novo synthesized protein and proteasome-
dependent degradation of nuclear localized protein. Our data
further suggests that a single point mutation in p180tsFT20 pre-
sumably causes conformational changes that alter the hydro-
phobic character of the protein surface, rendering p180tsFT20
unable to bind the p68 subunit, which leads in turn to its inabil-
ity to enter the nucleus (cytoplasmic fraction) or its recognition
by the proteasome-dependent degradation machinery (nuclear
fraction). In accordance with this assumption, we find that the
knockdown of p68 by RNA interference results in a decrease of
the overall p180 protein level and a specific increase of cytoplas-
mically expressed p180. Our findings thus offer mechanistic
insights into how the aberrantDNApolymerase� subunit p180
(and probably other malformed nuclear proteins) are cleared
from the nucleus to avoid its inappropriate involvement in
DNA replication.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Expression plasmids encoding p180
or p68 were previously described (14). Using the primers
tsFT20-s 5�-GTGATACGGTGTTCTATGTTATTTG-3� and
tsFT20-as 5�-CAAATAACATAGAACACCGTATCAC-3�, a
specific point mutation that creates the S1180F alteration was
inserted in plasmid vectors pSRa-p180, pSR�-p180-GFP, and
pSR�-H-core (14, 46) with the PCR-based QuikChange II Site-
directedmutagenesis kit (Stratagene, La Jolla, CA). To generate
the expression plasmid pSR�-p180tsFT20PA-GFP encoding
photoactivatable GFP-tagged p180tsFT20, four point mutations
(L64F, T65S, V163A, and T204H in EGFP) were introduced
(47). The p68-mRFP fusion expression plasmid was con-
structed by fusing mRFP1 cDNA to the C terminus of p68. The
identity of each construct was confirmed by sequencing using
an Applied Biosystems 3130 automatic DNA sequencer.
Cell Culture, Transfection Techniques, and Addition of

Inhibitors—NIH3T3 mouse cells were cultured in a 5% CO2
incubator in Dulbecco’s modified Eagle’s medium supple-
mented with 10% calf serum and used for direct immunofluo-
rescence analysis and time-lapse fluorescence microscopy. For
Western blot analysis and co-immunoprecipitation, COS-1
cells were grown in the same medium supplemented with 10%
fetal bovine serum instead of calf serum.Mouse FM3Acells and
the tsFT20 strain were maintained at the permissive tempera-
ture (33 °C) in RPMI 1640medium supplementedwith 10% calf
serum. NIH3T3 cells (1–3 � 104 cells/well) were kept at 37 °C
for 16 h and transfected in 8-well chamber slides (Nunc) using
Lipofectamine (Invitrogen) or transfectin (Bio-Rad) according
to the manufacturer’s instructions. COS-1 cells were trans-
fected using FuGENE 6 reagent (Roche). If not otherwise men-

5 The abbreviations used are: ER, endoplasmic reticulum; GFP, green fluores-
cent protein; LMB, leptomycin B; CHX, cycloheximide; PA-GFP, photoacti-
vatable green fluorescent protein; mRFP, mouse red fluorescent protein;
CSK, cytoskeleton buffer; PIPES, 1,4-piperazinediethanesulfonic acid;
siRNA, small interfering RNA.
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tioned, transfected cells were incubated in appropriate media
for 48 h at 33 °C and then kept at 33 °C or shifted to 39.5 °C. The
inhibitors leptomycin B (LMB) (2.5 nM, Sigma), MG132 (5 �M,
Calbiochem), and cycloheximide (CHX) (0.1mM,Aldrich)were
added 1 h before the temperature shift, if not otherwise
mentioned.
Preparation of Cell Extracts—Following transfection, COS-1

cells were washed twice with phosphate-buffered saline,
scraped from plates into ice-cold phosphate-buffered saline,
centrifuged (3000 � g, 5 min, 4 °C) and frozen as pellets at
�80 °C. After thawing, the cells were resuspended in cytoskel-
eton buffer (CSK) (10 mM PIPES, pH 6.8, 300 mM sucrose, 100
mM NaCl, 3 mM MgCl2, 1 mM EGTA) supplemented with a
protease inhibitor mixture (Roche), 0.2 mg/ml phenylmethyl-
sulfonyl fluoride, 1 mM dithiothreitol, and 0.1% Triton X-100
for 1 h at 4 °C, and centrifuged (3000 � g, 5 min, 4 °C). The
supernatant (S1 fraction) was collected and the insoluble chro-
matin fraction was further extracted with the same solution as
above but supplementedwith 0.3MKCl, incubated for 30min at
4 °C, and separated by centrifugation (3000 � g, 5 min, 4 °C).
Again, the supernatant was collected (S3 fraction) and the
remaining insoluble material (pellet fraction) was dissolved in
70 �l of SDS sample buffer. The tsFT20 cells were incubated at
permissive (33 °C) or restrictive (39.5 °C) temperatures for the
indicated times, harvested by centrifugation, and resuspended
in SDS sample buffer.
Western Blot Analysis—For Western blot analysis, the S1 or

the pellet fraction was subjected to 8% SDS-PAGE and trans-
ferred to a 0.45-�m polyvinylidene difluoride membrane (Mil-
lipore). The membranes were washed three times (5 min at
room temperature) with TBSSM buffer (50 mM Tris-HCl, pH
7.5, and 150 mM NaCl), blocked with 5% skim milk (30 min at
room temperature), incubated with primary antibodies dis-
solved in TBSSM buffer (16 h at 4 °C), and washed three times
with TBS buffer containing 0.05% Tween 20. Horseradish per-
oxidase-coupled secondary antibodies dissolved in TBSSM
buffer were applied to the membranes (1 h at room tempera-
ture), whichwere thenwashed again three times, incubated in 2
ml of SuperSignal reagent (Pierce), and observed using the LAS
system (Fuji). To detect polyubiquitinated p180 in tsFT20 cells,
6% SDS-PAGE was used andWestern blot analysis was carried
out using amonoclonal anti-polyubiquitin antibody (FK2, Nip-
pon Biotest Laboratory).
Co-immunoprecipitation Analysis—To detect polyubiquiti-

nated p180, 1 � 107 tsFT20 cells were harvested after incuba-
tion for 9 h at 39.5 °C in the presence of 2 mM MG132. Cells
were extractedwithCSK/TritonX-100 buffer for 20min at 4 °C
and the detergent-resistant fraction was separated by centrifu-
gation (10,000 � g for 5 min). The remaining pellet was mixed
with CSK/Triton X-100 buffer and sonicated well by handy
sonic UR-20P (TOMY SEIKO Inc. Japan). One mg of extract
was mixed with 3 �l of anti-p180 antiserum for 16 h at 4 °C.
Each sample was mixed with 20 �l of Protein G-Sepharose for
2 h at 4 °C and the unbound fraction was separated by centrif-
ugation (10,000 � g for 2 min). The remaining pellet was
washed with CSK/Triton X-100 buffer, dissolved in 30 �l of
SDS sample buffer, and subjected to SDS-PAGE and Western

blot analysis using polyclonal anti-p180 antibody and mono-
clonal anti-polyubiquitin antibody.
ImmunofluorescenceMicroscopy—Eight-well chamber slides

were pre-treated with poly-L-lysine (1 mg/ml) for 2 h at 37 °C
and 3� 104 cells were seeded per well and incubated for 16 h at
37 °C. The cells were transfected as described above and incu-
bated for 48 h at 33 °C. Inhibitors were applied either separately
or in combination as described above and the cultures were
incubated for another 1 h at 33 °C. The cells were then either
shifted to 39.5 °C or kept at 33 °C as a control. Cell fixing, stain-
ing with anti-p180, anti-p68, and anti-Mcm7 (Sigma) antibod-
ies, and subsequent observation by fluorescence microscopy
(Olympus, AX70) were done as previously described (14, 46).
To increase the detection sensitivity and to eliminate the
endogenous p180 signal, monoclonal anti-GFP antibodies
(Sigma) were used for staining. In three independent experi-
ments, a total of 600 cells was counted and localization of over-
expressed protein was classified as nuclear, nuclear and cyto-
plasmic, or cytoplasmic. The direct GFP signal and the signal
detected with anti-GFP antibodies were visualized as green and
red, respectively. DNA was stained with Hoechst 33258 (blue).
To detect endogenous p180 in tsFT20 cells, digital images were
captured and processed with fluorescence microscopy and
deconvolution analysis using a nearest neighbor method with
HazeBuster software (VayTek, Inc.) (48). The stack images of 10
optical sections with a step size of 200 nm were then decon-
volved in three dimensions. To visualize cytoplasm in FM3A
cells, endogenous biotin in the mitochondria was labeled with
Alexa Fluor 488 streptavidin (Invitrogen).
Time-lapse Fluorescence Microscopy—To observe living

cells, 2.0 � 105 NIH3T3 cells in 2 ml of Dulbecco’s modified
Eagle’s medium containing 10% calf serum were seeded in
35-mm dishes with a glass slide on the bottom and incubated
for 16 h at 37 °C. The cells were transfected with 2.4 �g of
p180tsFT20GFP DNA, 1.6 �g of p68 DNA, 6 �l of transfectin,
and 500 �l of serum-free media. After incubation for 48 h at
33 °C, the media was changed to CO2-independent media and
the temperature was up-shifted and kept constant at 39.5 °C
using a microscope stage heater (Olympus, MI-IBC-I). To
monitor p180tsFT20GFP, cells were kept for 5 h at 39.5 °C, and
the temperature was then reduced and maintained at 33 °C.
TheGFP signal was observed and pictureswere taken every 6 or
10 min. For photoactivation experiments, cells expressing PA-
GFP-tagged p180 or p180tsFT20 were photoactivated by a 10-s
exposure to 420 nm light (filter BP400–440, Olympus) from a
shuttered 100-watt mercury epi-illuminator with a �40 UPla-
nApo objective. Cells were co-transfected with monomeric
RFP1-p68 to identify those expressing p180tsFT20PA-GFP. Live
cell images were acquired with a �20 UPlanApo objective.
siRNA Depletion—Two rounds of siRNA oligonucleotide

transfections were performed to reduce the expression level of
p68. siRNA duplexes were transfected into NIH3T3 cells using
siLentFect lipid reagent (Bio-Rad) according to themanufac-
turer’s instructions. 20 pM duplex RNA was used for each
transfection. The procedure was repeated on the second day,
and cells were harvested on the fourth day. The following
RNA oligonucleotides were used: control, 5�-UUCUCCGA-
ACGUGUCACGUTT-3�; si68-1, 5�-CGGUAAAGCGAAA-
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GGAUAATT-3�; si68-2, 5�-GAGAAGUUCUGACCAGUA-
ATT-3�; si68-3, 5�-GAUUCAGCCGAGUCCUUAATT-3�;
si68-4, 5�-CAGAGACAUUGUUUCUAUATT-3�.

RESULTS

Endogenous p180tsFT20 Is Degraded in the Nucleus at Restric-
tive Temperature and Expressed in the Cytoplasm—The tem-
perature-sensitive mutant cell line tsFT20 is characterized by
severe defects in cell cycle progression and DNA replication.
These phenotypes were assigned to a single point mutation in
the largest subunit of the mouse DNA polymerase � complex,
p180. The properties of the respective protein (designated
p180tsFT20) have been studied on a biochemical level, but its
expression levels, localization pattern, turnover rate, and
nuclear transport properties remained unknown. For the
intriguing possibility to use this protein variant as a tool to
study protein quality control mechanisms specifically in the
nucleus, we decided to look at the endogenous p180tsFT20
expression levels in the original tsFT20 cell line.
For that, FM3A wild-type cells and tsFT20 cells were incu-

bated at 33 or 39.5 °C for 2–24 h, harvested by centrifugation,
and lysed in SDS sample buffer. The cellular level of DNA po-
lymerase � was monitored with anti-p180 and anti-p68 antibod-
ies. Surprisingly, as shown in Fig. 1A, endogenous p180tsFT20 was
rapidly degraded at the restrictive temperature, whereas the level
of endogenous p180 in both FM3A wild-type cells at 39.5 °C and

tsFT20 cells at 33 °C (permissive tem-
perature) remained constant. Inter-
estingly, the level of the second largest
subunit, p68, also decreased similarly
to that of p180, whereas the levels of
Mcm7 and proliferating cell nuclear
antigen (used as controls) did not
change. Therefore, we concluded
that endogenous p180tsFT20 is rap-
idly degradedupon temperature up-
shift in the tsFT20 cell line, concom-
itantly with the tightly associated
p68 subunit. To define whether
the disappearance of endogenous
p180tsFT20 from the nucleus is
dependent on nuclear export or the
ubiquitin-mediated proteasome
pathway, tsFT20 cells were incu-
bated in the presence or absence of
the nuclear export inhibitor LMB or
the proteasome inhibitor MG132,
and protein levels of p180tsFT20
were quantified by Western blot
analysis (Fig. 1B). LMB showed
no significant effect on the re-
duction of p180tsFT20, whereas
MG132 reduced the degradation
of p180tsFT20. This suggests that
first, the CRM1-dependent nuclear
export pathway is not involved in
the degradation of endogenous
p180tsFT20 and second, that the deg-

radation of endogenous p180tsFT20 is dependent on the ubiq-
uitin-mediated proteasome pathway and may be specifically in
the nucleus. To verify ubiquitin-mediated degradation, protea-
some function was inhibited by incubation with MG132 and
samples were prepared for immunoprecipitation and Western
blot analysis (Fig. 1C). One mg of protein fromMG132-treated
tsFT20 cells at the restrictive temperature was incubated with
anti-p180 antiserum and Western blot was performed with a
monoclonal anti-polyubiquitin antibody as shown in Fig. 1C.
Interestingly, polyubiquitinated p180 was only observed in the
soluble fraction of tsFT20 cell extracts at the restrictive temper-
ature, and in the presence of MG132. In sonication-dependent
insoluble fractions, p180 is clearly detectable, however, not in
its polyubiquitinated form.
Cytoplasmic Localization of the p180tsFT20 Protein in tsFT20

Cells—To further examine whether endogenous p180tsFT20 is
degraded in the nucleus or cytoplasm at the restrictive temper-
ature, tsFT20 cells were stained with anti-p180 antibodies. For
visualizing the cytoplasm in tsFT20 cells, endogenous biotin in
the mitochondria was stained with Alexa Fluor 488-streptavi-
din and deconvolution imaging performed. We found that
endogenous p180tsFT20 was exclusively localized in the nucleus
at the permissive temperature, whereas surprisingly, p180tsFT20
accumulated in the cytoplasm at the restrictive temperature (Fig.
2A). Importantly, theobserved specificity for cytoplasmic localiza-
tion occurred even despite a rapid decrease of the overall

FIGURE 1. Degradation of aberrant endogenous p180 in tsFT20 cells. A, FM3A and tsFT20 cells were incu-
bated at the restrictive or permissive temperatures for the indicated time, harvested, and lysed in SDS sample
buffer. Twenty �g of whole cell extract was loaded on each lane and Western blot analysis was carried out using
anti-p180, anti-p68, anti-Mcm7, and anti-proliferating cell nuclear antigen antibodies. B, tsFT20 cells were
incubated in the presence of LMB (1.8 or 3.6 nM) or MG132 (1 or 2 �M) or without treatment at 33 or 39.5 °C for
the indicated hours and protein levels of p180 were quantified by Western blot analysis. C, tsFT20 cells were
incubated at 33 or 39.5 °C for 9 h in the presence or absence of 2 mM MG132, harvested, and fractionated into
a soluble protein fraction (CSK�T solution without sonication (�), after sonication (�)). One-mg extracts were
immunoprecipitated with anti-p180 antibody, and precipitates were loaded on a 6% acrylamide gel and West-
ern blot analysis was carried out using anti-p180 antibody, and anti-polyubiquitin monoclonal antibody.
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p180tsFT20 level (Fig. 1A). To test the dependence of cytoplasmic
accumulation of aberrant endogenous p180tsFT20 on protein syn-
thesis, nuclear export, and proteasome-dependent degradation,
tsFT20 cells were incubated in the presence of various inhibitors
(Fig. 2B). In the presence of the protein synthesis inhibitor CHX,
cytoplasmic expression of p180 was clearly decreased, indicating
that the accumulation of cytoplasmic p180tsFT20 in the absence of
CHXisnewly synthesizedp180. In thepresenceof theproteasome
inhibitorMG132,most of the signal remained in thenucleusp180.
Interestingly, aggregates of aberrant proteins that cannot be
degraded by the proteasome are only visible in the nucleus. In the
presence of leptomycin B, a nuclear export inhibitor, the overall
effects concerning protein expression (Fig. 1B) and subcellular
staining of p180tsFT20 (Fig. 2B) are milder, indicating that nuclear
exportmechanismsarenotamajorcauseof theobservedcytoplas-
mic accumulation. Taken together, these results suggested that
clearance of aberrant endogenous p180tsFT20 from the nucleus at
the restricted temperature is mainly due to proteasome-depend-
ent degradation, whereas its cytoplasmic expression is due to de
novo protein synthesis.
Transient Expression of p180tsFT20 in Mammalian Cultured

Cells—To confirm and extend our results on endogenous
p180tsFT20 and get a clearer picture on the mechanisms that
exclude aberrant p180tsFT20 from the nucleus, we transiently
expressed p180 (WT and p180tsFT20) in mammalian cultured
cells (supplemental Fig. S1A).
All constructs were expressed at the expected molecular

weights and at similar levels (supplemental Fig. S1B). Co-trans-
fection with a plasmid encoding the second largest subunit of
the DNA polymerase � complex, the p68 protein, strongly
increased the expression of p180 (14) andp180tsFT20, independ-
ent of the presence of the GFP tag. These results indicate that
like wild-type p180, the level of newly synthesized p180tsFT20
increases in the presence of p68. The more rapidly migrating
p180 and p180GFP bands are due to amino-terminal degrada-
tion of full-length p180, as described previously (14).Moreover,
temperature up-shift decreased the expression level of
p180GFP and p180tsFT20GFP (data not shown; Fig. 3D), how-
ever, NH2- and COOH-terminal truncated variants of His-

tagged p180, designated H-core and H-coretsFT20, showed con-
stant expression in the presence and absence of p68
(supplemental Fig. S1B). Because p68 associates with the
COOH-terminal region of p180, the presence of p68 had no
effect on H-core expression, as previously described (14). The
finding also raises amodel inwhich p180 is degraded via degron
motifs in the COOH terminus that can be covered via associa-
tion with p68.
Nuclear Exclusion of Transiently Expressed Aberrant

p180tsFT20 Protein—To determine the subcellular localization
of transiently expressed p180GFP and p180tsFT20GFP, NIH3T3
cells were transfected with plasmids in the presence or absence
of the p68 expression construct. The cells were seeded in 8-well
chamber slides and incubated for 48 h at 33 °C to assure full
protein expression. The temperature was then shifted to
39.5 °C or kept at 33 °C as a control, and the cells were fixed and
observed by immunofluorescence microscopy. For protein
detection, we monitored the direct GFP signal and also used
polyclonal anti-p180 antibodies that could be visualized with
Alexa 594-labeled secondary antibodies. In cells that were not
transfected with the p180GFP or p180tsFT20GFP constructs,
anti-p180 antibodies did not produce a signal under these con-
ditions (data not shown).
At permissive temperature, both wild-type p180GFP and

mutant p180tsFT20GFP clearly localized in the nucleus ofmouse
NIH3T3 cells in the presence of ectopically expressed p68 pro-
tein (supplemental Fig. S2,A andC). At restrictive temperature
in the presence of p68, the wild-type protein remained in the
nucleus, whereas the mutant form was found exclusively in
the cytoplasm (supplemental Fig. 2, B and C). We confirmed
these results in COS-1 cells (data not shown). In the absence of
transiently expressed p68, both p180GFP and p180tsFT20GFP
exclusively localized in the cytoplasm, thus confirming the
essential role of the p68 protein in nuclear entry of the p180
protein (supplemental Fig. S2, A–C) (14). Cell counting exper-
iments revealed that these correlations are very specific. For
each condition, more than 150 transfected cells were observed
and the staining pattern was categorized as nuclear or cytoplas-
mic (supplemental Fig. S2C). Notably, in the case of
p180tsFT20GFP co-expressedwith p68,we found thatmore than
80% of transfected cells exhibited nuclear fluorescence at the
permissive temperature, whereas after incubation for 16 h at
the restrictive temperature, the protein was expressed in the
cytoplasm in more than 95% of transfected cells.
For comparison, we determined the localization pattern of

the p180 H-core constructs. As expected, H-core proteins with
or without the tsFT20-specific point mutation were expressed
exclusively in the cytoplasm at 33 °C as well as at 39.5 °C, inde-
pendent of the presence of p68 (supplemental Fig. S2D). Thus,
these truncated proteins exhibited a localization pattern iden-
tical to that of p180tsFT20GFP at the restrictive temperature.
To eliminate the possibility that the GFP tag affects the sub-

cellular distribution of p180tsFT20GFP, we monitored the exog-
enous expression of untagged protein in NIH3T3 cells by
immunostaining with anti-p180 antibodies. Consistent with
the experiments in which the GFP-tagged constructs were
used, untagged p180 entered the nucleus at the permissive tem-
perature in the presence of p68, whereas the p180tsFT20 protein

FIGURE 2. Immunofluorescent staining of aberrant endogenous p180 in
tsFT20 cells. A, tsFT20 cells were cultured on poly-L-lysine-coated slide cham-
bers and incubated at 33 or 39.5 °C for 10 h. Endogenous p180 mutant was
detected with anti-p180 antibody, endogenous biotin in mitochondria was
visualized by Alexa Fluor 488-conjugated streptavidin and DNA was stained
with Hoechst 33258. Images were deconvoluted using Hazebuster software
as described under “Experimental Procedures.” B, tsFT20 cells were incubated
for 5 h at 39.5 °C in the presence of 2 �M cycloheximide or 6.8 nM LMB, or 2 �M

MG132. Endogenous p180tsFT20 was detected with anti-p180 antibodies,
endogenous biotin in mitochondria was visualized by Alexa Fluor 488-conju-
gated streptavidin, and DNA was stained with Hoechst 33258.
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was found exclusively in the cytoplasm (data not shown), thus
indicating that the GFP tag has no effect on the observed
phenotype.
Accumulation of p180tsFT20GFP in the Cytoplasm Is Rapid,

Temperature-dependent, and Reversible—To further inves-
tigate the changes in the intracellular localization of
p180tsFT20GFP after temperature up-shift, we carried out time-
lapse fluorescence microscopy analysis. Therefore, NIH3T3
cells transfected with p180tsFT20GFP and p68 were cultured for
48 h at 33 °C. The temperature was then shifted to 39.5 °C, kept
constant using a stage heater apparatus, and theGFP signal was
monitored by taking a picture every 10min. These observations
indicated that the transition from nuclear to cytoplasmic
expression was complete after less than 5 h (supplemental Fig.
S3A and Movie 1). The protein began to accumulate in the
cytoplasm a few minutes after the temperature shift, signifi-
cantly increased during the first 3 h, and then reached a plateau.
Instead, wild-type p180GFP showed stable nuclear expression
in control experiments (data not shown).
Next, to test whether the mutation-specific accumulation of

p180tsFT20GFP in the cytoplasm is reversible, we observed cyto-

plasmically stained cells after incubation for 5 h at 39.5 °C, low-
ered the temperature back to 33 °C, and quantified the signal
every 6 min. Nuclear entry rapidly occurred, and most of the
p180tsFT20GFP protein was found in the nucleus within 1 h
(supplemental Fig. S3B and Movie 2).
Alterations in p180tsFT20GFP Localization Involve de Novo

Synthesis, Nuclear Degradation, and Export—Next, we wanted
to gain further insights into the mechanisms that cause the
changes in temperature-dependent localization of aberrant
p180tsFT20. Therefore, cells expressing p180tsFT20GFP in the
presence of p68 were treated with specific inhibitors such as
CHX, LMB, andMG132. For this, NIH3T3 cells were co-trans-
fected with p180tsFT20GFP and p68 and incubated for 48 h at
33 °C (Fig. 3A). The cells were incubated with inhibitors for 1 h,
shifted to 39.5 °C for 5 h, fixed, and stained. To overcome the
cytotoxicity of LMB and MG132, we seeded NIH3T3 cells at
higher concentrations (3 � 104 cells/well) in 8-well chamber
slides in which the wells were pre-treated with poly-L-lysine for
2 h at 37 °C. To avoid detecting endogenous p180 and to
increase the sensitivity to GFP-tagged proteins, we usedmono-
clonal anti-GFP antibodies in combination with Alexa 594-la-

FIGURE 3. Effects of inhibitors on the subcellular localization of the p180tsFT20GFP variant. A, experimental protocol. Cells were transfected with
p180tsFT20GFP and p68 and incubated for 48 h at 33 °C. After the addition of inhibitors, cells were incubated for another hour before the temperature was
shifted to 39.5 °C for 5 h and cells were finally fixed and observed. B, representative staining patterns of treated cells. The GFP signal was detected using
anti-GFP and Alexa-coupled secondary antibodies and is shown in red. The nucleus was stained with Hoechst 33258 showing a blue color. The arrow indicates
aggresome formation. C, statistical evaluation. Six hundred cells from three independent experiments were counted, and staining patterns were classified:
nucleus, nucleus and cytoplasm, and cytoplasm. The mean � S.D. of three experiments are shown in the figure. D, Western blot analysis of various samples. The
soluble protein fraction S1 (CSK�T) and the pellet fraction (ppt) of lysates from COS-1 cells transfected with p180tsFT20GFP and p68 were subjected to SDS-PAGE
and Western blot analysis was carried out using polyclonal anti-p180 and anti-p68 antibodies. The inhibitors CHX, LMB, and MG132 were applied at concen-
trations of 33 �M and 0.1 mM, 2.3 and 6.8 nM, and 0.67 and 2 �M, respectively. Mcm7 was detected with anti-Mcm7 antibodies as a loading control.
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beled secondary antibodies. Inhibitors were applied either sin-
gly or doubly. For each condition, 600 transfected cells from
each of three independent experiments were counted and the
staining pattern was classified as nuclear, nuclear and cytoplas-
mic, or cytoplasmic (Fig. 3, B and C).
CHX generally inhibits protein synthesis by blocking the

peptidyltransferase in the large ribosomal subunit of mamma-
lian cells. Its addition, prior to the shift to restrictive tempera-
ture, prevented the cytoplasmic expression of p180tsFT20GFP,
whereas the level of nuclear protein decreased continuously but
was still visible after 5 h. Therefore, the strong staining of cyto-
plasmically localized p180tsFT20GFP at the restrictive tempera-
ture apparently derives from newly synthesized protein. The
application of LMB, a CRM1-dependent nuclear export inhib-
itor, shows some effect by increasing the proportion of the
nuclear-stained fraction. This observation argues that in the
absence of LMB, CRM1-sensitive export mechanisms are
to some degree involved in the reduction of nuclear
p180tsFT20GFP levels after a temperature shift to 39.5 °C. The
peptide aldehyde MG132 is a proteasome substrate analogue
that specifically inhibits proteasome-dependent protein degra-
dation. When applied to cells expressing p180tsFT20GFP, it
caused the mutant protein to persist in the nucleus, and
changes in the nuclear expression pattern were correlated with
aggresome formation in the cytoplasm and enrichment in the
ER or ER-associated compartments (Fig. 3B). Notably, as the
overall level of p180tsFT20 increased afterMG132 treatment, we
suggest that under normal conditions, proteasome-dependent
mechanisms are involved in the degradation of mutant
p180tsFT20 in the nucleus and cytoplasm.

To confirm these inhibitory effects, we tested combinations
of the compounds following the same protocol (Fig. 3A).
Indeed, when CHX was included with LMB or MG132, the
cytoplasmic expression of p180tsFT20GFP remained low and the
number of cells exhibiting nuclear staining increased dramati-
cally compared with that of untreated cells and increased
slightly compared with that of cells treated only with CHX.
Thus, CHX again clearly inhibited de novo protein synthesis in
the cytoplasm, whereas LMB and MG132 both increased the
fraction of cells with nuclear staining. When MG132 and LMB
were applied together, the number of treated cells exhibiting
nuclear staining was greater than that of untreated cells. How-
ever, there was no significant difference in these frequencies
with respect to cells treated with either MG132 or LMB alone.
Therefore, MG132 and LMB seem to affect the same protein
fraction, and the export and degradation processes might be
linked. Comparison of CHX-treated cells with those treated
with both CHX and LMB reveals that LMB might inhibit the
expression of a small fraction of cytoplasmically localized pro-
tein that is visible when only CHX but not LMB was applied.
This fraction may represent exported protein.
The effect of each inhibitor was further examined by West-

ern blot analysis using COS-1 cells (Fig. 3D). The soluble pro-
tein fraction containing free proteins from the cytoplasm and
the nucleus (CSK�T) and the pellet protein fraction containing
proteins bound to nuclear structures and aggregates (ppt) were
analyzed. The results of this experiment confirmed that CHX
significantly reduces the level of free protein, whereas MG132

treatment results in an increase of this fraction due to the inhi-
bition of proteasome-dependent degradation. LMB treatment
also led to a slight decrease in free protein expression when
applied in higher concentrations. Regarding the pellet fraction,
CHX and LMB had no significant effect, whereasMG132 treat-
ment causes a dramatic increase in p180tsFT20GFP, which is
presumably complexed with the similarly abundant p68. The
smeared band of higher migrating bands may represent ubiq-
uitinated p180tsFT20 protein variants.

Based on the findings on endogenous and transiently
expressed p180tsFT20, we concluded that the turnover of
p180tsFT20GFP (namely, its exclusion from the nucleus) after a
temperature shift to 39.5 °C may be separated into two distinct
processes: first, the mutant protein is rapidly synthesized de
novo in the cytoplasm but, at the restrictive temperature, is
unable to enter the nucleus due to amutation-specific, temper-
ature-sensitive effect. Second, nuclear-localized protein is
degraded in a proteasome-dependent manner in the nucleus
and to a minor extent in the cytoplasm after export from the
nucleus.
Spatial and Temporal Monitoring of a Photoactivatable Ver-

sion of GFP-tagged p180tsFT20PA-GFP—To further distinguish
the relative contributions of protein degradation and de novo
synthesis, experiments with photoactivatable GFP (PA-GFP)
were performed. PA-GFP has been developed recently as a GFP
variant that fluoresces only after irradiation with 400–440 nm
light, allowing for the selective induction of fluorescence at a
desired site and time (47). We constructed a PA-GFP-tagged
version of p180tsFT20 (Fig. 4A) to monitor the nuclear-localized
protein at the restrictive temperature and carried out the exper-
iments as indicated in Fig. 4B. NIH3T3 cells were then trans-
fected with p180tsFT20PA-GFP and p68-mRFP1 and incubated
for 72 h at the permissive temperature. The cells were co-trans-
fectedwith p68-mRFP1 to label transfected cells (49). As shown

FIGURE 4. Photoactivation of PA-GFP-tagged p180tsFT20 in NIH3T3 cells.
A, constructs of p180tsFT20PA-GFP are depicted. Four amino acid residues in
GFP were changed as described (47). B, experimental protocol. Cells were
transfected with p180tsFT20PA-GFP and p68 and incubated for 48 h at 33 °C.
After photoactivation, cells were incubated at the restrictive temperature and
images of live cells were acquired. C, photoactivation of p180-PA-GFP and
p180tsFT20PA-GFP. NIH3T3 cells expressing p180tsFT20PA-GFP or p180-PA-GFP
together with mRFP1-p68 were irradiated with 400 – 440 nm light for 20 s and
live cell imaging after photoactivation was conducted. PA-GFP fluorescence
was not observed before photoactivation. The time after the temperature
shift is indicated in minutes, exposure times for mRFP1 and GFP were 0.1 and
1 s, respectively.
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in Fig. 4C, fluorescence of p180tsFT20PA-GFP was undetectable
before photoactivation in NIH3T3 cells but could be observed
upon irradiation with 400–440 nm light and time-lapse images
were acquired at the restrictive temperature. Photoactivated
GFP signals gradually decreased equally in the nucleus and the
cytoplasm and can be detected until 200min after photoactiva-
tion under these conditions (Fig. 4C and supplemental Movie
3). As a control, photoactivated p180tsFT20PA-GFP was visual-
ized in the nucleus, where the fluorescent intensity also
decreased gradually (supplemental Movie 4). Furthermore, the
cytoplasmic fraction of p180tsFT20 was still observed 200 min
after the up-shift to the restrictive temperature, whereas
nuclear p180tsFT20 is totally removed from the nucleus, indicat-
ing degradation of aberrant DNA polymerase � in the nucleus.
As the cytoplasmic staining remained rather constant through-
out the time course, these results are in accordance with the
conclusions that most of the nuclear-localized p180tsFT20 is
rapidly degraded in the nucleus at the restrictive temperature
and that the cytoplasmic p180tsFT20 seen at the restrictive tem-
perature is mainly due to de novo protein synthesis.
Temperature-dependent Interaction between p180tsFT20 and

p68—Based on the results obtained from the immunofluores-
cence experiments in NIH3T3 cells (supplemental Fig. S2, A
and B), we considered that the mutation in p180tsFT20 leads to
conformational changes affecting its COOH-terminal domain.
These alterations could result in an inability to bind the smaller
p68 subunit and a subsequent defect in the nuclear entry.
Indeed, wild-type p180GFP protein in the absence of p68 as
well as wild-type H-core protein lacking the p68 binding site,
were both exclusively localized in the cytoplasm (supplemental
Fig. S2, A, B, and D). To test whether failure of newly synthe-
sized p180tsFT20GFP protein to bind p68 causes its accumula-
tion in the cytoplasm, we carried out co-immunoprecipita-
tion experiments. Therefore, we co-expressed p180GFP or
p180tsFT20GFP with p68 and then precipitated the p180-asso-
ciated p68 from cell lysates using anti-GFP antibodies. This
experiment showed that although both p180GFP and
p180tsFT20GFP interactwith p68 at the permissive temperature,
the amount of p68 co-precipitating with p180tsFT20GFP was
significantly reduced at the restrictive temperature (Fig. 5A),
suggesting that the binding capacity of p180tsFT20GFP to p68 is
weakened under these conditions. To further examine the
effect of temperature up-shift on the interaction between
p180tsFT20 and p68, immunoprecipitated complexes containing
p180tsFT20 and p68, which were expressed at the permissive
temperature, were incubated for 1 h at 39.5 or 4 °C, and associ-
ated p68 was then detected byWestern blot analysis. As shown
in Fig. 5B, both p180 and p180tsFT20 associated with p68 at 39.5
or 4 °C, suggesting that once p68 and p180tsFT20 bind at the
permissive temperature, the heterodimer is stable even at the
restrictive temperature. We should note here that the amounts
of p68 retained at 39.5 °C are significantly lower than those at
4 °C, even for the wild-type p180 subunit, probably because the
interaction between p180 and p68 is less strong at 39.5 °C, espe-
cially when the p180 subunit is bound to the anti-p180 anti-
body. Taken together, the reduced level of p68 complexed with
p180tsFT20GFP at the restrictive temperature as shown in Fig.
5A might be caused by the inability of newly synthesized

p180tsFT20GFP to bind p68 rather than to the dissociation of
pre-existing p180tsFT20-p68 heterodimers. We conclude that
the p180tsFT20 mutation leads to conformational changes that
prevent newly synthesized p180tsFT20 from binding p68, thus
causing the subsequent defect in nuclear entry.
Depletion of Endogenous p68 by siRNA Causes a Decrease of

Overall Endogenous p180 Protein but Specific Accumulation of
Cytoplasmic p180—Previously, we reported that p68 facilitates
both production and nuclear translocation of p180 (14). We
showed that overexpressed p68 stabilizes p180 expression at
the post-transcriptional level and in addition activates the
nuclear localization signal of p180 at the COOH-terminal
region. As all these data were based on a transiently transfected
cDNAexpression system,wewant to confirm the roles of p68 in
p180 expression and localization at the physiological level by
depleting p68 with siRNA oligonucleotides. Four different oli-
gonucleotides were designed and transfected into NIH3T3
cells. As shown in Fig. 6,A andB, the expression level of p68was
reduced after two rounds of transfection with three of four siR-
NAs revealed byWestern analysis (si68-2, -3, and -4). Interest-
ingly, the overall protein level of p180 is also decreased by
depletion of p68, whereas the expression levels of Mcm7 and
proliferating cell nuclear antigen are not altered.Next, to exam-
ine whether p180 localization is affected by depletion of p68,
immunofluorescence analysis was performed. NIH3T3 cells
were transfected with siRNAs, fixed with formaldehyde, and
stained with anti-p180 and anti-p68 antibodies. Transfection
with the control oligonucleotide exhibited nuclear localization
of p180 and nuclear and cytoplasmic localization of p68.When
siRNAs were introduced into NIH3T3 cells, the immunofluo-
rescence signal of p68 could be reduced successfully. In con-
junction with the depletion of p68, the localization pattern of
p180 changed from nuclear to cytoplasmic expression. Taken
together, these results indicate that endogenous p68 indeed
ensures stable expression and nuclear localization of p180.

FIGURE 5. Temperature-dependent interaction between p180tsFT20 and
p68. A, interaction between p180GFP or p180tsFT20GFP and p68 at permissive
and restrictive temperatures. After incubation at the respective temperatures
for 5 h, lysates of COS-1 cells transfected with p180GFP or p180tsFT20GFP in
the presence of p68, and p180GFP or p180tsFT20GFP were precipitated with 2
�l of monoclonal anti-GFP antibodies in 50 �l of CSK buffer containing Triton
X-100 and mixed with protein G-Sepharose beads. The precipitate was sub-
jected to Western blot analysis using polyclonal antibodies against p180 and
p68. Input samples refer to COS-1 cell lysates before immunoprecipitation
(IP), whereas the bound fraction represents samples obtained from the pre-
cipitate. B, p68 and p180 or p180tsFT20 co-expressed in COS-1 cells at the
permissive temperature were immunoprecipitated with anti-p180 antibod-
ies, washed with CSK buffer, and incubated in vitro for 1 h at 4 or 39.5 °C. The
remaining fractions of bound p68 as well as p180 or p180tsFT20 in the precip-
itates were detected by Western blot analysis. IB, immunoblot.

Aberrant Polymerase � Is Excluded from the Nucleus

OCTOBER 30, 2009 • VOLUME 284 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30611

http://www.jbc.org/cgi/content/full/M109.024760/DC1
http://www.jbc.org/cgi/content/full/M109.024760/DC1
http://www.jbc.org/cgi/content/full/M109.024760/DC1
http://www.jbc.org/cgi/content/full/M109.024760/DC1
http://www.jbc.org/cgi/content/full/M109.024760/DC1
http://www.jbc.org/cgi/content/full/M109.024760/DC1


Moreover, the subcellular localization of p68 has not been char-
acterized so far. As we previously detected small amounts of
monomeric p68 in NIH3T3 cells by glycerol density gradient
sedimentation (46), the cytoplasmic expression of p68 observed
in this study may represent an excess of its monomeric form.

DISCUSSION

Quality Control of DNA Polymerase � Is Crucial for Main-
taining Genome Integrity—Several lines of evidence suggest
that the quality of DNApolymerase� is critical formaintaining
genome integrity. First, we previously found that tsFT20 cells
transiently cultured at the restrictive temperature showed
general andmassive chromosomal aberrations, including chro-
matid gaps and breaks, chromosome pulverizations, and ring
chromosomes (23). Second, tsFT20 cells cultured at the semi-
permissive temperature exhibited alterations of telomericDNA
and chromatin structure (50). Third, in yeast cells with reduced
protein levels of DNA polymerase �, highly elevated frequen-
cies of chromosome translocations and chromosome loss was
observed (35). Thus, the protein level as well as integrity of
DNA polymerase � must be accurately controlled to avoid
genome instability. In this report, we show that control systems
for DNA polymerase � exist to ensure its proper quality in the
nucleus.
Aberrant p180tsFT20 Is Excluded from the Nucleus—As pro-

tein control mechanisms regulating the fate of aberrant pro-
teins are largely unknown in the nucleus, we decided to look at
p180 as a central nuclear component of the DNA polymerase �
complex. We took advantage of a p180 variant harboring a
point mutation that results in phenotypes specifically upon
temperature up-shift to the restrictive temperature. Unexpect-
edly, we found that endogenous as well as transiently overex-
pressed p180tsFT20 strictly localizes to the cytoplasm at the
restrictive temperature and is excluded from the nucleus. We

therefore defined p180tsFT20 as a suitable model substrate that
is prone to detection by nuclear quality control mechanisms. In
the tsFT20 cell line, p180tsFT20 is the only source of p180 at the
restrictive temperature and therefore deleterious for the cells.
However, it is very likely that in wild-type cells, those p180
molecules that are misfolded and show aberrant structures are
cleared from the nucleus by the same mechanisms. Notably,
such mechanisms seem to occur in two different compart-
ments, at the nuclear entry step in the cytoplasm as well as via
degradation in the nucleus (Fig. 7).
Control Mechanisms for Nuclear Entry—Time-lapse obser-

vation of living cells and the effects of treatments with different
inhibitors suggested that following a temperature up-shift to
39.5 °C, de novo synthesized p180tsFT20GFP protein is seques-
tered in the cytoplasm. We could show in several experiments
in this and previous studies that the smaller DNApolymerase �
subunit p68 is crucial for this observation. First, newly synthe-
sized p180tsFT20GFP is significantly impaired in binding p68 at
the restrictive temperature (Fig. 5A). Second, the reduction of
p68 by RNA interference resulted in a specific increase of p180
in the cytoplasm (Fig. 6B). Third, we previously found that tran-
siently expressed p180 exclusively localizes in the cytoplasm in
the absence of concomitant p68 overexpression (14). Thus, we
conclude that the accumulation of p180tsFT20 in the cytoplasm
is due to conformational changes and a subsequent inability to
bind p68, which finally results in a defective nuclear entry. This
supports our conclusion that the nuclear localization of p180 is
absolutely dependent on its interaction with p68, which specif-
ically activates an nuclear localization signal in p180. These
findings raise amodel inwhich only properly folded and assem-

FIGURE 6. Effect of RNA interference-mediated depletion of p68 on
endogenous p180 expression and localization. A, NIH3T3 cells were trans-
fected with control or four different oligonucleotides designed to deplete
p68. Transfection was repeated once after 24 h. Cells were then harvested
48 h after siRNA transfection, and proteins were extracted with CSK buffer
containing Triton X-100. An extract with control oligonucleotides was serially
diluted to compare the expression levels. Western analysis was carried out
with anti-p180, anti-p68, anti-proliferating cell nuclear antigen (PCNA), and
anti-Mcm7 antibodies. B, subcellular distribution of p180 in p68-depleted
NIH3T3 cells was observed by immunofluorescence analysis. Cells were trans-
fected with p68 siRNA twice and fixed 48 h after transfection. Endogenous
p180 and p68 were detected by anti-p180 polyclonal and anti-p68 mono-
clonal antibodies (E4 (54)), DNA was stained with Hoechst 33258.

FIGURE 7. Quality control mechanisms lead to the exclusion of aberrant
p180 from the nucleus. The clearance of non-functional p180 seems to
result from two distinct concepts: nuclear entry defects of cytoplasmic pro-
tein and proteasome-dependent degradation in the nucleus. The DNA poly-
merase � p180 subunit enters the nucleus via its exposed nuclear localization
signal in complex with the smaller p68 subunit at the permissive and restric-
tive temperatures and is expressed stably in the nucleus. The temperature-
sensitive mutant form p180tsFT20 has a phenotype comparable with that of
the wild-type form at the permissive temperature. At the restrictive temper-
ature, presumably due to an impaired binding to p68 and consequently
inhibited nuclear localization signal exposure, newly synthesized mutant
p180 accumulates in the cytoplasm, whereas nuclear-localized mutant pro-
tein is directly degraded, both in the nucleus as well as to a smaller extent in
the cytoplasm after export.
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bled p180-p68 heterodimers enter the nucleus, thereby exclud-
ing aberrant proteins from nuclear import. We speculate that
this mechanism is a common concept in cell biology to assure
the stoichiometry and correct folding of multiprotein complex
subunits in the nucleus.
Proteasome-dependent Degradation of Aberrant Nuclear

Proteins—In addition to cytoplasmic sequestration of aberrant
DNA polymerase �, the levels of nuclear-localized mutant pro-
tein decrease rapidly in a separate process apparently due to
proteasome-dependent degradation in the nucleus. This is sug-
gested by the findings that inhibition of proteasome-dependent
degradation leads to aggresome formation in the nucleus, that
nuclear endogenous p180tsFT20 is degraded independently of
nuclear export, and that experiments with PA-GFP tagged
p180tsFT20 exhibit degradation of nuclear-localized p180tsFT20
in the nucleus at the restrictive temperature. Although protea-
somes are also found in the nucleus (40, 41), degradation-me-
diated protein quality control in higher eukaryotic nuclei has
not been demonstrated. Recently, it was reported that San1p-
mediated degradation functions in quality control in yeast
nuclei (45). San1 is a ubiquitin ligase that has exquisite specific-
ity for aberrant proteins in the nucleus. The authors propose
that San1-mediated degradation acts as the last line of proteo-
lytic defense against the deleterious accumulation of improp-
erly folded nuclear proteins. Thus, it is interesting to speculate
that aberrant DNA polymerase � in mammalian nuclei is rec-
ognized by a similar protein quality control system finally lead-
ing to its clearance from the nucleus.
HowMight Such Protein ControlMechanismsWork?—Aber-

rant nuclear proteins have to be at first recognized as being
malformed (e.g. by chaperones due to exposed hydrophobic
patches). Afterward, themalformed subunits have to be labeled
with ubiquitin for protein degradation (mediated, e.g. by San1
in S. cerevisiae or chromatin immunoprecipitation and yet
unknown E3 ligases in higher eukaryotes), extracted from a
multisubunit complex (e.g. by Cdc48 in S. cerevisiae or p97 in
higher eukaryotes), and finally delivered to nuclear protea-
somes for degradation. Apart from this direct nuclear degrada-
tion, the exposition of normally hidden domains in aberrant
proteins might directly lead to their recognition by the nuclear
exportmachinery as aminor parallel pathway. Additionally, the
nuclear entrance step demonstrates a quality control mecha-
nism for DNA polymerase � in such a way that only intact
p180-p68 heterodimeric complexes are permitted for nuclear
entry, whereas newly synthesized aberrant DNA polymerase �
is retained in the cytoplasm. This could indeed be a general
mechanism, which holds true for other nuclear protein com-
plexes. In such a model, only those proteins, which are fully
expressed and able to form complexes with other subunits are
capable for nuclear entry. If this stabilization by complex for-
mation with other subunits does not occur, the protein is rap-
idly targeted for degradation in the cytoplasm. Especially for
essential and accurately regulated proteins like proteins that are
involved in DNA replication, such control mechanisms are of
high value. Concerning other B-type DNA polymerases, DNA
polymerase � and � both contain a second largest subunit sim-
ilar to p68, which might have an analogous function in stabili-
zation and nuclear entry of the largest subunit in the complex.

In this context, it is further interesting to note that in tem-
perature-sensitive yeast Mcm10 mutants, depletion of Mcm10
during S phase results in degradation of DNA polymerase �
without affecting other fork components (36). Thus, the
nuclear expression level of DNA polymerase � may be tightly
controlled at the nuclear entry step as well as by protein degra-
dation in the nucleus, and Mcm10 may be directly involved in
the quality control of DNA polymerase �. In addition, several
further potential “substrates” (other than DNA polymerase �)
of such control mechanisms have been mentioned in recent
reports, thus underlining the biological significance of nuclear
protein quality control. First, we believe that the phenomenon
of nuclear exclusion of aberrant proteins does not only apply for
DNA polymerase �, but also for other nuclear multisubunit
complexes such as ORC, MCM, GINS, and other replicative or
translesion DNA polymerases. In accordance, a recent paper
(51) describes the protein stability of 8000 human proteins and
found that cell cycle control categories including proteins in
DNA replication are classified into a short-medium half-life
group. Second, we believe that not only aberrant proteins but
also basal proteins are recycled during cell cycle progression.
Indeed, DNA polymerase � and � are controlled by ubiquitina-
tion and degradation and seem to be very unstable proteins
under basal conditions (52, 53). Such protein turnovers in the
nucleus might be intimately linked with protein quality control
mechanisms.
In summary, our results explain that many phenotypes asso-

ciated with the original tsFT20 cell line, which are severely
defective in DNA replication and cell cycle progression are
probably due to the strict exclusion of aberrant p180tsFT20 (the
only source of p180 in these cells) from the nucleus. However,
more importantly, our study suggests twodistinct conceptsofhow
the pool of malformed proteins in wild-type cells might generally
be prevented from functioning inappropriately in the nucleus.
First, in the cytoplasm, import of correctly folded subunits is
assured by only allowing the import of protein complexes (as
shown here for p180-p68 heterodimers). Second, proteasome-
dependent degradation clears defective proteins in the nucleus.
These mechanisms might very well hold true for assuring the
functionality of other nuclear protein complexes.
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