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To study the genetic control of plant responses to cold stress, Arabidopsis thaliana mutants were isolated by
a screen for mutations that impair cold-induced transcription of the CBF3-LUC reporter gene. We report here
the characterization and cloning of a mutated gene, atnup160-1, which causes reduced CBF3-LUC induction
under cold stress. atnup160-1 mutant plants display altered cold-responsive gene expression and are sensitive
to chilling stress and defective in acquired freezing tolerance. AtNUP160 was isolated through positional
cloning and shown to encode a putative homolog of the animal nucleoporin Nup160. In addition to the impaired
expression of CBF genes, microarray analysis revealed that a number of other genes important for plant cold
tolerance were also affected in the mutants. The atnup160 mutants flower early and show retarded seedling
growth, especially at low temperatures. AtNUP160 protein is localized at the nuclear rim, and poly(A)-mRNA
in situ hybridization shows that mRNA export is defective in the atnup160-1 mutant plants. Our study suggests
that Arabidopsis AtNUP160 is critical for the nucleocytoplasmic transport of mRNAs and that it plays impor-
tant roles in plant growth and flowering time regulation and is required for cold stress tolerance.

In eukaryotic cells, the genome is enclosed within the nu-
cleus. Nucleocytoplasmic transport of macromolecules across
the nuclear membrane occurs through channels formed by
nuclear pore complexes (NPCs). Embedded in the double-lipid
bilayer nuclear envelope, NPCs form a ringlike structure sur-
rounding a central pore that is believed to facilitate the bidi-
rectional transport of RNAs, proteins, and ribonucleoprotein
particles and, at the same time, to allow the diffusion of small
molecules and ions across the double membrane (reviewed in
reference 4). The overall three-dimensional architecture and
transport mechanisms seem to be highly conserved from yeasts
to mammals. In Saccharomyces cerevisiae, NPCs are con-
structed from ~30 different nucleoporins with a combined
mass of ~50 MDa (26). The mammalian NPCs are much
larger complexes (~120 MDa) composed of ~80 different
proteins (10). Although the structural organization of NPCs,
the transport mechanism across the channels, and the function
of individual nucleoporins have been extensively studied in
yeast and vertebrates, very little is known about NPCs in
plants.

Recently, it was reported that the Arabidopsis thaliana pro-
teins MOS3/SAR3 and SARI1 share high sequence similarities
with human nucleoporins Nup96 and Nup160, respectively (25,
34). The putative nucleoporin MOS3/SAR3 was localized at
the nuclear rim. The studies suggested that nucleocytoplasmic
trafficking plays an important role in plant disease resistance,
hormone signaling, and development (25, 34). In the present
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report, we provide evidence that Arabidopsis nucleoporin
AtNUP160/SAR1 controls nucleocytoplasmic transport of
RNAs and plays important roles in seedling growth, flowering
time regulation, and cold stress tolerance.

Low temperature is one of the most important environmen-
tal factors that greatly influences the growth, development,
survival, and geographic distribution of plants. Most plants
from temperate regions can increase their freezing tolerance
by being exposed to low, nonfreezing temperatures (0°C to
10°C), i.e., by cold acclimation (20). Plant cold acclimation
involves complicated biochemical and physiological changes,
such as alterations in lipid composition and the accumulation
of sugars and other osmolytes. Low temperatures induce the
expression of diverse and numerous plant genes, many of
which are known as COR (cold regulated), KIN (cold induced),
LTI (low-temperature induced), or RD (responsive-to-desicca-
tion) genes (5, 24, 33). Transcription factors known as CBFs or
DREBIs can bind to the DRE/CRT cis elements in their pro-
moters and activate the transcription of the COR/KIN/LTI/RD
genes (33, 27). The CBF genes are also induced by low tem-
perature, and the induction is transient and precedes that of
the COR/KIN/LTI/RD genes (6, 21, 22). Ectopic overexpres-
sion of CBFI and CBF3 in Arabidopsis results in the constitu-
tive expression of the downstream cold-inducible genes even at
warm temperatures and confers increased freezing tolerance
(7,14, 16, 21). These studies demonstrate an important role for
the CBF regulon in cold acclimation.

Recently, a number of studies have investigated the regula-
tion of the CBF regulon. ICE] is a positive regulator of CBF
genes and encodes a MY C-like basic helix-loop-helix transcrip-
tional activator (1). The ice/ mutation reduces the expression
of CBF3 and many other cold-responsive transcription factor
genes, decreases the expression of numerous genes down-
stream of the transcription factors, and significantly reduces
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chilling and freezing tolerances (1, 17). On the other hand, the
Arabidopsis HOS1 protein is a negative regulator of CBF
genes. CBF genes and their downstream COR genes show
enhanced cold induction in hos! mutant plants (13). HOS!
encodes a RING-finger ubiquitin E3 ligase that targets ICE1
and possibly other positive regulators of CBF genes for ubiq-
uitination and degradation (3, 19). In addition to ice! and hosl1,
mutations in the translation elongation factor 2 (11) and an
RNA helicase (9) also alter the expression of CBF genes under
cold treatment.

To identify additional regulatory components in plant re-
sponses to cold stress, we performed a genetic screen to search
for mutations that impair cold-induced expression of the
CBF3-LUC reporter gene (1). One of the mutated genes,
atnupl60-1, was characterized in the present study. The
atnupl60-1 mutation greatly reduces CBF3-LUC expression in
response to cold treatment, and the mutant plants are highly
sensitive to chilling and freezing stresses. In addition, the
atnupl60-1 mutation also affects plant growth and flowering
time. We cloned AtNUP160 using a map-based approach and
found that it encodes a putative homolog of the human nucleo-
porin Nup160. AtNUP160 protein is enriched at the nuclear
rim, and atnupl60 mutant plants are defective in mRNA ex-
port from the nucleus. Our results suggest the possibility of a
critical role for RNA export in cold stress responses and in the
regulation of plant growth and development.

MATERIALS AND METHODS

Plant materials and mutant isolation. Construction of Arabidopsis (ecotype
Columbia gl1) plants expressing CBF3-LUC (referred to as the wild type), ethyl
methanesulfonate mutagenesis, and mutant screening by luminescence imaging
were carried out as described previously (1). Mutants were backcrossed to the
wild type three times to eliminate other mutations from the genetic background.
Plants were grown in a growth chamber set at 22°C, with 16 h light (70 pmol -
m~2- s 1), 8 h dark, and 75% relative humidity.

RNA expression analysis. Two-week-old wild-type and mutant plants grown
on agar plates with Murashige and Skoog (MS) salts plus 3% sucrose were
treated at 4°C in light (20 pmol - m~2 - s™!). Total RNA was extracted from
whole seedlings. Gene-specific probes used in the RNA analysis were described
previously (1).

For Affymetrix GeneChip array analysis, 20 ng of total RNA from wild-type
and atnupl60-1 mutant seedlings grown on two separate halves of the sample
agar plates treated with cold (0°C, 24 h) was extracted using the RNeasy plant
minikit (QIAGEN) and used to make biotin-labeled cRNA targets. An Af-
fymetrix Arabidopsis ATH1 genome array, the GeneChip array, which contains
>22,500 probe sets representing ~24,000 genes, was used, and hybridization,
washing, and staining were carried out as instructed in the manufacturer’s man-
ual. Microarray data were obtained from scanned GeneChip images and ana-
lyzed using Microarray Suite version 5.0.1 software (Affymetrix) (1). The array
experiment was repeated with independent plant materials.

Electrolyte leakage and cold tolerance assays. The electrolyte leakage test was
performed to compare membrane integrity and chilling sensitivity of wild-type
and atnupl60-1 plants. Two-week-old plants grown in soil were transferred to a
cold room and treated at 4°C in the light. Several rosette leaves from either
treated or untreated plants were detached and transferred to tubes with 10 ml of
deionized water. The conductivity of the solution was measured after shaking
overnight at room temperature. After measurement, the samples were auto-
claved. After shaking at room temperature for 2 h, the conductivity of the
solution was measured again. The percentage of electrolyte leakage was calcu-
lated as the percentage of the conductivity before autoclaving divided by that
after autoclaving (18).

For observation of chilling tolerance, 2-week-old plants grown in soil under
normal growth conditions were transferred to a cold room at 4°C in light. The
freezing test was carried out as described previously (1).

Genetic mapping and cloning of AtNUPI60. For genetic mapping of the
atnupl60-1 mutation, the mutant plants from the Columbia ecotype were crossed
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with wild-type plants of the Ler ecotype. A total of 1,011 homozygous atnupl60-1
mutants were chosen from the segregated F, population. Genomic DNA ex-
tracted from these seedlings was used for PCR-based mapping with simple
sequence polymorphism markers.

A cDNA containing a full-length open reading frame (ORF) of AtNUPI160
was obtained by reverse transcription (RT)-PCR and cloned into a vector
(pEGAD) in frame with a gene encoding green fluorescent protein (GFP). The
transient expression of GFP-AtNUP160 was conducted as previously described
(2). Photographs were taken using a confocal laser scanning microscope (Leica
TCS SP2).

Poly(A)-mRNA in situ localization. Poly(A)-mRNA in situ hybridization was
conducted as described previously (8). The samples were observed under a
confocal laser scanning microscope (Leica TCS SP2).

RESULTS

Identification of the afnup160-1 mutant plants. To study the
genetic control of plant responses to cold stress, we previously
generated transgenic Arabidopsis plants expressing the firefly
luciferase reporter gene under control of the cold-responsive
CBF3 promoter (1). The transgenic plants emit biolumines-
cence in response to low temperatures. Using these plants as
the starter line (herein referred to as the wild type), mutants
with an altered luminescence response to cold treatment were
selected from ethyl methanesulfonate-mutagenized plants by
luciferase imaging. Preliminary screening identified a number
of mutant genes that showed abnormal responses to the cold
regulation of CBF3-LUC expression. One of these, subse-
quently identified as an Arabidopsis homolog of human nucleo-
porin, Nup160, was designated as AtNUP160. Figure 1A shows
a comparison of luminescence images of atnupl60-1 mutant
seedlings and wild-type seedlings under cold treatment (4°C)
in the light. The luminescence images of atnupl60-1 mutant
seedlings appear less bright than those of the wild type. After
6 h of cold treatment, atnupl60-1 mutant plants emitted only
~30% of the luminescence of the wild-type plants (Fig. 1B).

The atnupl60-1 mutant plants were backcrossed with the
wild type, and the resulting F, seedlings were examined for
CBF3-LUC luminescence after 6 h of cold treatment at 4°C.
All of the F, plants showed a wild-type level of luminescence.
The F, population from the self-fertilized F, plant segregated
in ~3:1 ratio of wild-type to mutant plants, respectively (data
not shown), indicating that the mutant is caused by a recessive
mutation in a single nuclear gene. atnupl160-1 mutant plants
were backcrossed to the wild type three times to remove pos-
sible unlinked mutations. All subsequent characterizations
were performed using the mutants that had been backcrossed.

Effect of the atnupl160 mutation on endogenous cold-regu-
lated gene expression. We conducted Northern blot hybridiza-
tion to determine the transcript levels of cold-induced CBF
genes and their downstream genes. Total RNA was extracted
from atnup160-1 mutant seedlings and wild-type seedlings that
were treated with low temperatures. The transcript level of
CBF3 as well as that of CBFI and CBF2 was substantially
reduced in the mutant plants. Wild-type plants showed induc-
tion of the CBF genes after 1 h of cold treatment, and the
expression peaked at 3 h. For atnup160-1 plants, the transcript
levels of CBF genes also peaked at 3 h after cold treatment, but
the levels were greatly reduced compared to those of the wild
type (see Fig. S1 in the supplemental material). This observa-
tion of reduced endogenous CBF gene expression in the
atnupl60-1 mutant plants is consistent with that of the reduced



VoL. 26, 2006

A

WT atnupl60-1

AtNUP160, CRITICAL FOR RNA EXPORT AND COLD TOLERANCE

9535

WT atnupl60-1

[¢)]
o

N
o

w
o
—

Luminescence Intensity
Count/seedling x 10000

atnup160-1

20
£y . 3 N
10 =2 —
*
O T T T T T 1
0 10 20 30 40 50 60
Time of Cold Treatment (h)

FIG. 1. The atnupl60-1 mutation impairs cold-induced luminescence expression from CBF3-LUC. (A) Luminescence images of wild-type (WT,
left) and atnup160-1 (right) mutant plants taken after cold treatment at 4°C for 6 h. The color scale at the right shows the luminescence intensity,
from dark blue (lowest) to white (highest). (B) Time course of luminescence induction in wild-type and atnupl60-1 mutant plants by cold treatment.
Shown are the means * standard deviations from 20 individual seedlings.

luminescence of the CBF3-LUC transgene in the mutant plants
(Fig. 1). We also examined the transcript levels of two CBF
target genes and found that the transcript levels of COR47 and
RD29A in the atnupl60 mutants were not lower than those in
wild-type plants. Rather, COR47 and RD29A transcript levels
were higher in the mutant plants at the 12- and 48-h time
points during cold treatment (see Fig. S1 in the supplemental
material).

To examine additional alterations of the gene expression of
atnupl60-1, we used Affymetrix GeneChip arrays containing
about 24,000 genes per chip. Transcript levels of atnupl60-1
were analyzed after plants were transferred from 22°C to 0°C
at the 24-h time point. Comparisons between transcript levels
of atnup160-1 and those of wild-type plants indicated that the
transcript levels of 39 genes decreased and those of 17 genes
increased by at least twofold for atnupl160-1 mutant plants
relative to those for the wild-type (see Table S1 in the supple-
mental material).

The GeneChip analysis revealed that other genes important
for plant cold tolerance were affected in the atnup60-1 mutant

plants. These included a cold-induced LEA gene (At1g52690)
and genes involved in sugar metabolism or responsive to oxi-
dative stress. During cold acclimation, sugars, including su-
crose and raffinose, accumulate in Arabidopsis (7, 32), and the
genes with roles in sugar synthesis, sugar metabolism, and
sugar transport are up-regulated in response to low tempera-
tures. The transcript levels of sucrose synthase (At3g43190),
polygalacturonase (At1g48100), and arabinogalactan proteins
(At5g53250 and At4g26320) in atnupl60-1 were at least two-
fold lower than those in the wild type (see Table S1 in the
supplemental material). In addition, the expression of several
genes known to be responsive to oxidative stress was lower in
atnup160-1 mutant plants. These include a glutathione S-trans-
ferase (At1g49860), peroxidases (At5g64110 and At5g67400),
and a stromal ascorbate peroxidase (At4g08390). In contrast,
the transcript of an oxidoreductase (At3g49620) was higher in
the mutant (see Table S1 in the supplemental material). In
summary, the atnupl60-1 mutation affects the expression of a
number of stress-related genes, although its impact on global
gene expression appears to be rather limited.
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FIG. 2. Cold sensitivity of atnup160-1 mutant plants. (A) Fourteen-day-old wild-type (WT) and atnup160-1 mutant plants grown at 22°C were shifted to 4°C
in the light for 21 days. (B) Ion leakage was assayed using wild-type and atnup160-1 mutant leaves from 14-day-old plants grown in soil at 22°C and then shifted
to 4°C in the light for the indicated number of days. Data shown are means with standard errors (rn = 10). (C) Survival rates for wild-type and atnup160-1 mutant
plants were quantified 2 days after freezing treatment following a 4-day cold acclimation. Data shown are means with standard errors (n = 10).
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FIG. 3. Early flowering phenotype of atnup160-1 mutant plants. Wild-
type (WT) and atnup60-1 mutant plants gown under normal conditions
were photographed at indicated time points after imbibition.

The atnupl60-1 mutation renders the plant sensitive to
chilling and freezing stresses. Impaired cold-regulated gene
expression of atnupl60-1 prompted us to investigate the cold
stress tolerance of the mutant plants. Under normal growth
conditions, the atnupl60-1 mutant plant was like the wild type,
although the mutant seedlings were slightly smaller (Fig. 2A).
When plants were treated at 4°C in the light, the growth of the
atnupl60-1 mutant plants was dramatically retarded, and dead
leaves appeared after 3 weeks of cold treatment (Fig. 2A). In
contrast, the chilling treatment caused no apparent damage to
wild-type plants (Fig. 2A).

TABLE 1. Average length of seedling hypocotyls and main roots and
adult inflorescences of wild-type and atnupl60-1 mutant plants”

Avg length (mm) of

Genotype
Hypocotyls Roots Inflorescences
Wild type 15.2 £ 0.77 25.6 £ 1.55 259.5 + 39.54
atnupl60-1 11.0 = 0.53 13.7 £ 1.58 110.0 = 21.60

“ Values are means = SD.
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FIG. 4. Retarded seedling growth of atnup160-1 mutant seedlings.
Wild-type (WT) and atnup160-1 mutant seedlings grown under differ-
ent conditions were compared. Growth conditions are indicated at left.

To examine the extent of chilling injury to atnup160-1 mu-
tant plants, leaves excised from soil-grown plants treated at 4°C
in the light for different time periods were used for electrolyte
leakage assays (18). As shown in Fig. 2B, wild-type leaves
showed little increase in electrolyte leakage during a 24-day
cold treatment, while atnup160-1 mutant leaves showed a dras-
tic increase in electrolyte leakage after only 12 days of cold
treatment.

We analyzed the effect of cold acclimation on the freezing
tolerance of atnup160-1 mutant plants. Without cold acclima-
tion, wild-type and atnupl60-1 mutant plants had the same
level of freezing tolerance (data not shown). Both the wild-type
and the atnup160-1 mutant plants survived —4°C freezing, but
neither survived —8°C freezing. Ten-day-old atnupl60-1 mu-
tant and wild-type seedlings grown on separate halves of the
same agar plates were cold acclimated at 4°C for 4 days and
were then subjected to a freezing tolerance assay. The
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FIG. 5. Positional cloning of AtNUP160. (A) Genetic mapping with PCR-based markers shows the position of atnupl60 on the contig of BAC
clones F10C21 and T1609. The numbers of recombination events out of the total numbers of chromosomes examined are indicated. (B) Sequence
analysis identified a single nucleotide change (C37549 to T37549) that creates a stop codon in Atl1g33410 (F10C21.8).

atnupl60-1 mutants were less tolerant to freezing than the wild
types at all freezing temperatures (Fig. 2C). For example, most
of the atnup160-1 mutant plants did not survive freezing at
—8°C. On the contrary, ~80% of the wild-type plants sur-
vived the —8°C freezing. Even after freezing at —10°C,
about half of the wild-type plants survived. These results
demonstrate that the atnup160-1 mutant is defective in cold
acclimation, i.e., the mutant is impaired in acquired freezing
tolerance.

Early flowering and growth phenotypes in atnup160-1 mu-
tant plants. As shown in Fig. 3, atmupl60-1 mutant plants
flowered earlier and produced fewer rosette leaves than wild-
type plants (average times to flowering after germination were
32.8 * 1.83 days for wild-type plants and 21.9 * 1.10 days for
atnupl60-1 mutant plants; average numbers of rosette leaves
were 11.2 = 0.79 for wild-type plants and 5.7 = 0.48 for
atnupl60-1 mutant plants). Under our standard growth condi-
tions, wild-type Arabidopsis plants produced a mean of 11
rosette leaves before they formed inflorescences, and the first
flowers opened on average 33 days after germination. In con-
trast, atnup160-1 mutant plants began flowering 11 days earlier
and formed about 6 rosette leaves (see above) (Fig. 3).

Mature atnupl60-1 mutant plants were slightly smaller than
the wild-type plants. The lengths of adult inflorescences and
seedling roots and hypocotyls were decreased in the mutant
plants (Table 1). The hypocotyl of etiolated (dark-grown) seed-
lings is an extremely rapidly expanding organ. To analyze the
effect of the atnup160-1 mutation on hypocotyl elongation, we
measured the lengths of hypocotyls of 7-day-old, dark-grown
seedlings. As shown in Fig. 4, the atnup160-1 mutant hypo-
cotyls reached only ~72% of the length of those of the wild
type. Interestingly, when the atnup160-1 mutant seedlings were

treated at 4°C in the dark for 50 days, the lengths of the
hypocotyls in the atnupl60-1 mutant seedlings was only ~25%
of that of the wild type, indicating that hypocotyl elongation in
atnupl60-1 mutants is hypersensitive to inhibition by chilling
stress.

Cloning and characterization of AtNUP160. To isolate the
AtNUPI60 gene, a map-based cloning strategy was used.
atnup160-1 mutant plants of the Columbia ecotype were
crossed with wild-type plants of the Ler ecotype. The F, plants
from the cross were self-fertilized, and the resulting F, seeds
were obtained. From the segregating F, population, a total of
1,011 atnup160-1 mutant plants were identified based on their
morphology and chilling sensitivity. An initial mapping with
polymorphic markers placed AtNUP160 at the middle of chro-
mosome 1, between simple sequence length polymorphism
markers nga392 and T27K12-Sp6. Subsequent mapping by us-
ing markers K6N18, FOL11, T9L6, T1609, T1E4, and F14M2
narrowed the position of AtNUPI60 to a contig of two bacte-
rial artificial chromosome (BAC) clones (T1609 and F10C21)
(Fig. 5). The ORFs of candidate genes in this region were
sequenced from the atnup160-1 mutant plants. Sequence anal-
ysis revealed a single nucleotide substitution in the atnup160-1
mutation in the F10C21.8 gene, i.e., a C-to-T change at posi-
tion 37549 of the BAC clone. The mutation creates a prema-
ture stop codon (CAA to TAA) at exon 16 and thus truncates
the encoded protein (Fig. 5). No mutation was found in the
mutant plants in any other sequenced genes. The predicted
protein shares sequence homology in its entire length with
human nucleoporin Nup160 (25, 30) (see Fig. S2 in the supple-
mental material), indicating that Arabidopsis AtNUP160 might
be a homolog of animal Nup160. Recently, Parry et al. (2006)
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FIG. 6. Gene expression and protein localization of AtNUP160. (A) AtNUP160 expression in wild-type (WT) and atnupl60-1 mutant plants.
Fourteen-day-old plants were treated at 4°C for the indicated times. A cDNA fragment of AtNUPI160 3'-UTR was used as a probe. Included are
18S RNA and ethidium bromide-stained rRNA as loading controls. (B) AtNUPI60 gene expression pattern as indicated by promoter-GUS
analysis. Twenty-day-old seedlings grown on MS plates and flower buds from soil-grown mature plants were stained for GUS activity. Panels 1 to
5 show a seedling, a hypocotyl, a cotyledon, a leaf, and flowers, respectively. Scale bar, 0.5 mm. (C) Subcellular localization of AtNUP160. The
GFP (upper left panel) and the GFP-AtNUPI60 fusion gene (lower left panel) were transiently expressed in onion epidermal cells by particle
bombardment. (Right panel) The root of a stable transgenic Arabidopsis plant expressing GFP-AtNUPI60. Samples were observed under a
confocal microscope. Arrows point to the nuclear rim. Scale bar, 50 pum.

found that the Arabidopsis suppressor of auxin resistancel AtNUPI60 mRNA was detected in both the control and the
(SARI) gene also encodes AtNUP160 (25). cold-treated plants, and AtNUP160 expression was not cold

RNA hybridization was carried out to examine AtNUP160 regulated. The AtNUPI60 transcript was not detected in the
transcript levels in Arabidopsis seedlings. In wild-type plants, mutant plants, indicating that the mutation renders the
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FIG. 7. Chilling sensitivity of atnupl60-2 mutant plants. (A) Comparison of the chilling sensitivity phenotypes of the atnup160-1 and the
atnupl60-2 mutants. Fourteen-day-old wild-type plants (WT), atnup160-1 mutant plants, and atnup160-2 mutant plants grown at 22°C were shifted
to 4°C in the light for 2 months. (B) Luminescence images of the WT, the atnup160-1 mutant plants, and the F, progeny of the atnup160-1 mutant
crossed with the atmupl60-2 mutant. Photographs and luminescence images were taken after cold treatment at 4°C for 6 h.

AtNUP160 mRNA unstable (Fig. 6A). To examine AtNUP160
expression in various plant tissues, a 2.0-kb genomic DNA frag-
ment upstream of the AtNUPI60 start codon was fused with the
B-glucuronidase reporter gene (GUS), and the resulting construct
was introduced into wild-type Arabidopsis plants. All transgenic
lines (a total of nine lines examined) showed similar GUS staining
patterns. GUS expression was observed in all plant tissues exam-
ined (Fig. 6B). The expression was particularly strong in the
vascular tissues of cotyledons, leaves, and hypocotyls. Strong GUS
activity was also detected in the anthers of the flowers (Fig. 6B).

In order to determine the subcellular localization of the
AtNUP160 protein, a cDNA containing the AtNUPI60 full-
length ORF was amplified by RT-PCR and fused in-frame to
the C terminus of GFP under the control of the 35S promoter
of the cauliflower mosaic virus. The construct was transiently
expressed in plant cells via particle bombardment, and GFP
fluorescence was found predominantly at the nuclear rim (Fig.
6C). As a control, GFP alone from the 35S-GFP-expressing
cells was found in both the cytoplasm and the nucleus (Fig.
6C). Confocal laser scanning analysis revealed a similar pattern
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FIG. 8. Defect of atnupl60-1 mutant plants in mRNA export. Poly(A)-mRNA export is blocked in atnup160-1 mutant cells. Wild-type (WT)
and atnup160-1 mutant plants were grown at 22°C for 3 weeks. In situ hybridization with fluorescein-labeled oligo(dT) probe was performed using

leaves with or without cold treatment (22°C or 4°C, respectively).

of AtNUP160 protein localization at the nuclear rim in root tip
cells of stable transgenic Arabidopsis plants expressing the
GFP-AtNUP160 fusion protein (Fig. 6C).

A T-DNA insertion mutant in AtNUP160 (Salk_016091)
(see Fig. S3 in the supplemental material) was obtained from
the Salk collection and designated atnupl60-2. To examine the
cold stress sensitivity of atnup160-2, the mutant plants were
treated at 4°C in the light together with the wild-type and
atnupl60-1 mutant plants. A chilling sensitivity phenotype
for atnup160-2 mutant plants was similar to that observed
for atnupl60-1 mutant plants (Fig. 7A). In addition, the
atnupl60-2 mutant plants also flowered earlier than the wild
type. When the atnupl60-2 mutant plants were crossed with
atnup160-1 mutant plants, the resulting F, plants showed a
reduced CBF3-LUC expression in the cold, compared to that
of the wild type (Fig. 7B). These results confirm that the
AtNUPI60 gene is responsible for CBF-LUC expression, chill-
ing sensitivity, and early flowering phenotypes.

Defective nucleocytoplasmic transport of mRNAs in the
atnup160-1 mutant. The sequence similarity between AtNUP160
and human nucleoporin Nup160 and its nuclear rim localiza-
tion suggested that the Arabidopsis AtNUP160 could be a
functional homolog of the human nucleoporin. To determine
the potential role of AtNUP160 in mRNA export, we carried
out in situ hybridization to localize poly(A)-mRNA in wild-
type and atnupl60-1 mutant plants. Leaves of atnup160-1 mu-

tant and wild-type plants grown under normal conditions for 3
weeks in soil were hybridized with a 45-mer oligo-(dT) probe
end-labeled with fluorescein. After hybridization and wash-
ing, the leaf cells were observed under a confocal micro-
scope. As shown in Fig. 8, strong nuclear poly(A) signals
were observed in atnupl60-1 mutant leaf cells but not in the
wild type, indicating that the export of mRNA is defective in
atnup160-1 mutant plants. We also compared the nuclear
poly(A) signals of atnup160-1 mutant plants to those of wild-
type plants after cold treatment. Cold-treated atnupl60-1 mu-
tant plants accumulated strong poly(A)-mRNA in the nuclei,
whereas the cold-treated wild-type leaf cells showed little
mRNA accumulation in the nuclei (Fig. 8). These results show
that Arabidopsis AtNUP160 is required for mRNA export un-
der both warm and cold temperatures. The observation of
mRNA export in the mutant at warm temperatures is support
that the atnupl60-1 mutation is not a cold-sensitive allele,
consistent with the lack of AtNUPI60 transcript in the mutant.

To examine the effect of the atnupl60-1 mutation on the
nucleocytoplasmic transport of proteins, the mutant was
crossed with a transgenic line tagged with a nucleus-localized
GFP-ICEL. ICE1 was known to be an upstream regulator of
the cold-induced CBF3 gene (1). A homozygous atnupl60-1
mutant line expressing GFP-ICE1 was identified from the re-
sulting F, population and was examined under a confocal mi-
croscope. The result indicated that the nuclear localization of
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GFP-ICE1 was not significantly affected by the atnupl60-1
mutation (not shown).

DISCUSSION

The nucleoporin Nup160 is conserved in various eukaryotic
organisms. These include the human Nup160 (KIAA0197), a
putative 160-kDa mouse protein (AAD17922), a 160-kDa Dro-
sophila protein (AAF53075.1), and a more distantly related
176-kDa Caenorhabditis elegans protein (AAB37803.1) (30).
Studies of vertebrates showed that Nup160 exists together with
other nucleoporins in assembled nuclear pores as a complex
and that the Nup160 complex plays important roles in nuclear
pore assembly, intranuclear architecture, and export of RNA
(12, 30, 31). Studies in yeast and animal cell cultures were
limited to single cells, and the physiological roles of Nup160 in
multicellular organisms are not known. In this study, we took
advantage of the power of forward genetics to screen Arabi-
dopsis and explored the in vivo function of AtNUP160 in the
growth, development, and environmental responses of a mul-
ticellular organism. Our results show that AtNUP160 is im-
portant for flowering time regulation and for plant tolerance
to cold stress. Recently, Parry et al. (2006) reported that
AtNUP160/SARL1 also plays an important role in auxin signal-
ing (25).

AtNUPI160 appears to be the only Nupl160 gene in Arabi-
dopsis. The atnup160-1 mutation truncates most of the C-ter-
minal half of the protein, and the nonsense mutation renders
the AtNUP160 transcript undetectable in the mutant, probably
due to nonsense-mediated decay. Therefore, atnupl60-1 ap-
pears to be a null allele. Consistent with a critical role for
AtNUP160 in RNA export, the mutation causes mRNA accu-
mulation in the nuclei of the mutant plant. Nevertheless, the
mutant plants can complete their life cycles and do not exhibit
severe defects in growth and development. Considering the
wide range of essential functions of the nuclear pore complex,
it is likely that other nucleoporins can partially compensate for
the loss of function of atnup160-1. This notion is supported by
the additive effects observed with the sarl sar3 double mutant,
in which the development of the plants was more severely
affected than in either of the single mutants (25). Considering
their similarities in the nuclear rim localization of AINUP160,
AtNUP96 (34, 25), and the RNA helicase-like protein LOS4
(8) and their similar roles in RNA export and in the early
flowering phenotypes of their loss-of-function mutants, it is
likely that these proteins function together or in the same
pathway which is important for plant growth, development,
disease resistance, and response to cold stress.

In contrast to its largely unessential role in plant growth and
development, AtNUP160 is necessary for plants to survive cold
stress. The atnupl60-1 mutant plants are not only defective in
acquired freezing tolerance but are also deficient in chilling
tolerance. The molecular mechanisms of chilling tolerance in
plants are poorly understood (23, 28). Membrane lipid fatty
acid desaturation has been shown to be important for chilling
tolerance (23). In addition, mutational analysis showed that an
Arabidopsis 16S TRNA methylase is required for the develop-
ment of chloroplasts at low temperatures, indicating that there
is a chilling sensitivity step in ribosome biogenesis, which is
compensated by the 16S rRNA methylase (29). Our results
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suggest that nucleocytoplasmic transport is another cellular
process critical for chilling tolerance.

The defect in chilling and freezing tolerance is probably
related to the altered cold regulation of gene expression ob-
served in the atnup160 mutant. The CBF transcription factor
genes have been shown to be important for acquired freezing
tolerance (7, 16, 17, 21). All three cold-induced CBF genes
show substantially reduced expression in atnupl60-1 mutant
plants. Intriguingly, two downstream genes of the CBF tran-
scription factors, COR47 and RD29A4, do not show reduced
expression in the mutant. Recent studies indicate that these
downstream genes are controlled by both CBF-dependent and
CBF-independent pathways (35, 36). It seems that the
atnup160-1 mutation influences both pathways that may have
antagonistic effects on downstream target genes like COR47
and RD29A. Microarray analysis showed that the transcript
levels of other genes potentially important for plant cold tol-
erance are decreased in cold-treated atnup160-1 mutant plants
versus similarly treated wild-type plants. These include a cold-
responsive LEA-like gene (At1g52690), genes involved in
sugar metabolism and oxidative stress detoxification, and genes
encoding possible signal transduction pathway components
(see Table S1 in the supplemental material). The chilling and
freezing sensitivity phenotypes of the atnup160-1 mutant under
cold conditions may be attributed to the altered expression
levels of these genes. For example, the reduced expression of
several oxidative stress-related genes such as glutathione S-
transferases, peroxidase, and stromal ascorbate peroxidase in
the atnup160-1 mutant likely contributes to the mutant pheno-
types. Lipid peroxidation produces phospholipid hydroperox-
ides that form clusters and results in an increase in membrane
permeability to electrolytes (15). Increased membrane perme-
ability resulting from the lipid peroxidation by reactive oxygen
species may contribute to the chilling sensitivity phenotype of
atnupl60-1 mutant plants.

The effect of the atnupl60-1 mutation on cold-regulated
gene expression, cold tolerance, and flowering time may be due
to the defect in RNA export seen in the mutant plants. Com-
pared to other genes in general, certain regulators of cold
responses and flowering time may have a more critical RNA
export requirement. In addition, the structure or transport
properties of the nuclear pores may be influenced by cold
temperatures such that AtNUP160 may become more impor-
tant in cold-remodeled nuclear pores.
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