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Abstract

Background: The plant nuclear pore complex has strongly attracted the attention of the scientific community
during the past few years, in particular because of its involvement in hormonal and pathogen/symbiotic
signalling. In Arabidopsis thaliana, more than 30 nucleoporins have been identified, but only a few of them
have been characterized. Among these, AtNUP160, AtNUP96, AtNUP58, and AtTPR have been reported to
modulate auxin signalling, since corresponding mutants are suppressors of the auxin resistance conferred by
the axrl (auxin-resistant) mutation. The present work is focused on AtNUP62, which is essential for embryo
and plant development. This protein is one of the three nucleoporins (with AtNUP54 and AtNUP58) of the

central channel of the nuclear pore complex.

Results: AtNUP62 promoter activity was detected in many organs, and particularly in the embryo sac, young
germinating seedlings and at the adult stage in stipules of cauline leaves. The atnup62-1 mutant, harbouring
a T-DNA insertion in intron 5, was identified as a knock-down mutant. It displayed developmental phenotypes
that suggested defects in auxin transport or responsiveness. Atnup62 mutant plantlets were found to be
hypersensitive to auxin, at the cotyledon and root levels. The phenotype of the AtNUP62-GFP overexpressing
line further supported the existence of a link between AtNUP62 and auxin signalling. Furthermore, the atnup62
mutation led to an increase in the activity of the DR5 auxin-responsive promoter, and suppressed the auxin-resistant
root growth and leaf serration phenotypes of the axrl mutant.

Conclusion: AtNUP62 appears to be a major negative regulator of auxin signalling. Auxin hypersensitivity of the
atnup62 mutant, reminding that of atnup58 (and not observed with other nucleoporin mutants), is in agreement with
the reported interaction between AtNUP62 and AtNUP58 proteins, and suggests closely related functions. The effect of
AtNUP62 on auxin signalling likely occurs in relation to scaffold proteins of the nuclear pore complex (AtNUP160,

AtNUP96 and AtTPR).

Keywords: Nuclear pore complex, Nucleoporin, Auxin, Arabidopsis

Background

The nuclear pore complex (NPC) is a huge multipro-
tein complex, which controls exchanges of macromol-
ecules (RNAs and proteins) between the nucleus and
the cytosol in eukaryotes. It forms a doughnut-
shaped, eight-fold symmetry structure composed of
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nucleoporins assembled in different kinds of com-
plexes, forming a spoke/ring structure arranged
around a central channel [1 3]. Whereas macromole-
cules readily diffuse through the NPC when their mo-
lecular weight is lower than ca. 30 kDa [4], they need
to interact with nucleoporin-associated receptors
(importins and exportins) to be carried from one side
to the other when their molecular weight is larger
than 40 50 kDa [4, 5]. The NPC is organized in in-
terconnected subcomplexes with distinct functions.
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Some nucleoporins form the scaffold of the NPC
structure, whereas FG nucleoporins, which display
large domains containing multiple Phenylalanine-
Glycine repeats, are involved in transport of macro-
molecules in the tunnel by binding to receptor-cargo
complexes [5].

The plant NPC has recently attracted the interest of
the scientific community due to the discovery of its
contribution to several signalling pathways and, so far,
30 nucleoporins have been identified in Arabidopsis
thaliana [6]. Plant nucleoporins are involved in cell
responses to diverse hormonal signals as well as to
biotic or abiotic environmental stimuli, such as auxin,
symbiosis and pathogen attack [3, 7 9]. Suppressor of
Auxin Resistance (sarl and sar3) Arabidopsis mu-
tants, which were screened as suppressors of axrl
(auxin-resistant 1), happened to be invalidated in
nucleoporin genes (Arabidopsis NUP160 and NUP96/
MOS3, respectively) [10]. Sarl sar3 double mutants
are deficient in mRNA export. Furthermore, regarding
auxin signalling, the sar3 and double sarl sar3 mu-
tants display altered localization of AXR3/IAAl7,
which is an auxin response repressor from the AUX/
IAA family. In these mutants, AXR3/IAA1l7 was not
confined to the nucleus, as expected, but found
throughout the cell, suggesting that AUX/IAA repres-
sors are not properly imported or poorly retained in-
side the nucleus [10]. A nucleoporin of inner
filaments of the nuclear basket, named AtTPR or
NUA, is also involved in auxin signaling [11], and the
nua mutant is deficient in mMRNA export like sarl
and sar3 [11, 12]. Based on two-hybrid and genetic
interactions, a functional relationship has also been
suggested between AtNUP58 and hormonal (auxin/
gibberellin) and light signalling [13].

This work is focused on the FG nucleoporin
AtNUP62 from Arabidopsis thaliana, which is be-
lieved to be the orthologue of yeast Nsplp and verte-
brate Nup62 nucleoporins [6, 14]. It is located in the
central channel of nuclear pores, together with
AtNUP54 and AtNUP58, which are also FG nucleo-
porins [6, 15]. AtNUP62 is not homologous to other
Arabidopsis FG nucleoporins, and it is the only one
harbouring the Nspl-C domain characteristic of yeast
and vertebrate Nup62 [6]. Arabidopsis AtNUP62 co-
suppressors and mutants were reported to display a
dwarf, early-flowering phenotype suggesting an im-
portant role in plant development [14, 15]. Overex-
pression of AtNUP62 in tobacco leaves causes severe
tissue decay in tobacco leaves [16]. A systematic
search for embryo-defective mutants also identified
two atnup62 T-DNA insertion mutants [17]. In this
study, we addressed the role of AtNUP62 from the
point of view of auxin response.
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Results

Variations of AtNUP62 promoter expression

AtNUP62 is not present on the Arabidopsis microarray
chip  (https://genevestigator.com/,  Arabidopsis EFP
browser: http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi)
and we have therefore not been able to obtain traditional
microarray data. However, there are a few tilling array
data (https://genevestigator.com/), indicating that the
gene is expressed in flowers, seedlings and juvenile
leaves, and to a lesser extent in adult leaves. In order to
get more precisely the tissue-specific expression of the
gene, transgenic plants expressing an AtNUP62 promo-
ter:GUS fusion were created. The gene contains 8 small
introns, all located in the last third of the ORF, at a
minimum distance of 1.47 kb from the ATG. This dis-
tance, together with the negative IMEter scores of these
introns (http://korflab.ucdavis.edu/cgi-bin/web-ime-
ter.pl), make it unlikely that they might have a transcrip-
tional activation function [18, 19]. The activity of the
GUS gene under the control of AtNUP62 promoter re-
gion allowed detecting a specific expression pattern
(Fig. 1). Indeed, in adult plants, GUS staining was gener-
ally low, except in stipules at the base of cauline leaves,
below flower buds (Fig. 1a and b). In other tissues, it
was diffuse and preferably localized in developing or-
gans, such as young leaves (Fig. 1c), flowers (Fig. 1d),
and root tips (Fig. 1e). In young plantlets, a low-level ex-
pression could be detected in the area of veins at the
cotyledon tip (Fig. 1f). At early stages, expression could
be found in the embryo sac (Fig. 1g and h). The highest
GUS activity was observed during germination (2 days
after sowing, before the exit of the plantlet from the seed
envelope), at the junction between the hypocotyl and
cotyledons (Fig. 1li). At the subcellular level, the
AtNUP62-GFP fusion protein was distributed at the nu-
clear periphery, as expected [14], with a clear punctuate
pattern not previously observed (Fig. 1j). The same
AtNUP62-GFP construct allowed detecting a broad
fluorescence in the cytosol (Fig. 1k), which might be due
to overexpression.

Molecular characterization of the atnup62-1 mutant

The AtNUPG62 gene displays a specific organization with
two completely different zones. The first zone is intron-
less, represents the initial two thirds of the ORF and en-
codes the FG repeat domain of the protein (Fig. 2a).
Conversely, the second zone harbours multiple small in-
trons. The encoded sequence displays many acidic and
basic amino acids forming the Nsp1-C domain homolo-
gous to that found in the yeast Nsplp nucleoporin.

We tried to isolate homozygous plant lines for two dif-
ferent alleles, SALK_071950 and SALK_037337, both
displaying a T-DNA insertion in the 5™ intron. We were
able to isolate viable homozygous seeds only from
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Fig. 1 AtNUP62 promoter activity and protein distribution.
Tissue-specific activity of the AtNUP62 promoter was investigated
by histochemical analysis of GUS staining (blue color) in
transgenic plants expressing GUS under control of AtNUP62 promoter
region. a Stipules at the basis of cauline leaves (arrows). b Enlarged
view of stipules at the basis of a cauline leaf. ¢ margin of a cauline leaf.
d Inflorescence. e Root tip. f Cotyledon tip. The arrows indicates the
localisation of GUS staining. g Young silique and h developing seed
from this silique. i Young germinating seedling. j and k, Subcellular
localization of AtNUP62:GFP fusion protein (confocal microscopy). The
AtNUP62::GFP construct was expressed under control of the cauliflower
mosaic virus 35S promoter, and the same construct was used for plant
and protoplast transformation. j Root tip of a transgenic 35S:AtNUP62-
GFP 10-day old Arabidopsis plant. k Confocal microscopy analysis of
AtNUP62:GFP signals in a transiently transformed Arabidopsis cultured
cell protoplast

SALK 037337 (atnup62-1), in agreement with the previ-
ously observed lethal effect of the SALK_071950
(atnup62-3) mutation [15]. The third mutant,
SAIL_127_F01 or atnup62-2, displaying a 53 amino acid
deletion, has a less visible phenotype compared to
atnup62-1 [15] and was not used in this study. RT-PCR
(Fig. 2a) and quantitative real-time PCR results (Fig. 2b)
indicate that the atnup62-1 mutant is not a bona fide
knock-out plant but a mutant with reduced transcript
levels. Sequencing PCR products (obtained with primers
B in Fig. 2a) at the exon 5-exon 6-junction region re-
vealed no difference in sequence between the wild type
and the mutant (data not shown). Thus, in the mutant

Page 3 of 11

plant, the 5" intron that contains the T-DNA can be
spliced exactly as the 5" intron of the wild type gene (at
the position indicated by TAIR website, www.arabidopsi-
s.org), albeit with decreased efficiency. Real-time quanti-
tative PCR results (Fig. 2b) allowed concluding that the
atnup62 mutant displayed a strong reduction of the
spliced transcript.

Developmental defects of the atnup62 T-DNA insertion
mutant in reproductive organs and germinating seedlings
Previous analyses of a suppressive mutant [14] and two
T-DNA insertion mutants [13, 15] revealed the same
phenotypic defects. All plants impaired in AtNUP62
function were small with reduced leaf blades and bolting
occurred earlier than in the wild type.

We examined atnup62-1 plants at different growth
stages. In vitro-grown mutant seedlings (MS/2 medium)
displayed small cotyledons (Fig. 2c, lower images) and
frequent abnormalities such as cotyledon malformations,
fused cotyledons and polycotyly (3 or even (rarely) 4 cot-
yledons; Fig. 2c and Table 1). This change in cotyledon
number is exceptional in wild-type Col-0 plants (about 1

). Cotyledons of mutant plantlets also became epinas-
tic (Fig. 2c, second and third bottom pictures). In the
greenhouse on compost, at the rosette and subsequent
stages, mutant plants had smaller leaf blades than wild
type plants and flowering occurred earlier, as described
previously [14, 15]. Besides, other anomalies were also
detected. Flowers were often abnormal and siliques
much smaller than in wild type plants (Fig. 2c), with a
longer desiccation time. We harvested 603 +15 mg of
wild-type seeds per plant vs 270 + 38 mg of mutant seeds
from plants grown in parallel in individual pots. The
AtNUP62 cDNA under control of AtNUP62 gene pro-
moter complemented the germination and adult plant
phenotypes (Fig. 2b and c) as well as the cotyledon
phenotypes.

Interestingly, the 35S:AtNUP62-GFP transformed
plant displayed a high level of AtNUP62 transcript
(Fig. 2b), a marked phenotype of reduced growth at the
adult stage (Fig. 2c) and an intermediate phenotype in
cotyledons (no or weak epinasty, but presence of a few
plants with three cotyledons) (Table 1).

The atnup62 mutant and the 35S::AtNUP62-GFP
transformed plant are hypersensitive to auxin
Auxin sensitivity of wild type and mutant plants was ex-
amined by growth on 2,4-dinitrophenoxyacetic acid (2,4-
D), a stable auxin analogue. On 100 and 200 nM 2,4-D,
aerial parts of wild type and complemented plants were
moderately affected by the treatment, which mostly
inhibited root growth (Fig. 3a).

Root growth on vertical agar plates was compared at
the different concentrations of hormone. Whereas roots
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Fig. 2 Analysis of the atnup62 mutant. a Upper panel: Structure of the AtNUP62 gene and position of the T-DNA insertion in the SALK_037337
(atnup62-1) mutant. Exons are represented by rectangles (9 exons) and introns by black lines. 5 and 3*-UTR are thick red lines. The protein is composed
of 739 amino acids. The ORF regions encoding the FG repeat, serine-rich domain (approximately 480 amino acids) and nsp1-C-like domain (amino
acids 565 to 647) are figured in pale green and yellow, respectively. The T-DNA insertion site is indicated (LB and RB: left and right borders) with the
sequence of the 15 bases just upstream of the insertion site, coming from our own sequencing of the junction region. The two pairs of primers (a and
b) used for PCR are indicated. Lower panel: RT-PCR amplification of RNAs prepared from inflorescences of wild-type Col-0 (Col) and atnup62-1 mutant
(nup). Left lanes (amplification of cDNAS): after reverse transcription, PCR amplification was carried out using two couples of primers, a or b, for
AtNUP62, or a couple of primers targeting the EF1- gene. Right lanes (labelled Genomic DNA); amplifications of wild-type and mutant genomic DNA
with primers B. Ladder: 1 kb plus from Promega, arrow at 1 kb. All amplified DNA fragments are present in the gel at a position consistent with in silico
prediction. b Q-PCR analysis of AtNUP62 expression in different genotypes. Results are expressed as fold changes compared to wild type. Values are
means and standard errors of two biological samples (three technical replicates per sample). ¢ Phenotype of atnup62-1 mutant and complemented
plants, at the adult stage (upper panels, zooms on flowers on top right) and on in vitro germinations on MS/2 medium (lower panels, 6 day-old
seedlings). Lower panels, from left to right: wild type, plantlets with 3 cotyledons and 1 cotyledon from the atnup62 mutant, plantlet with abnormal
cotyledons from the 35S:AtNUP62-GFP line, close to a plant (on the right) displaying a normal appearance. Arrows indicate abnormal plantlets.
Cotyledons of complemented plants are similar to those of wild-type plants

of Col, atnup62, complemented and 35S::AtNUP62-GFP
transgenic plants were all affected in the presence of 2,4-
D, the effect was stronger in the mutant and in the
35S::AtNUP62-GFP genotypes, whose residual primary
root growth on 50 nM 2,4-D was only about 21 and
16 % of that on control medium, compared to about

40 % for the other two genotypes (Fig. 3b). A phenotype
was also observed for the atnup62 mutant plants in cot-
yledons. These organs, already reduced and epinastic in
the absence of auxin analogue treatment, became tiny
and severely distorted on 100 nM 24-D (Fig. 3a and
Additional file 1. Figure S1). Despite their root
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Table 1 Number of plants with cotyledon anomalies in the phenotype similar to that of the mutant, the
different genotypes 35S::AtNUP62-GFP plantlets did not display the pheno-
Col-0 atnup62 atnup62 35S :AtNUP62-GFP  type of small epinastic cotyledons (Fig. 3a). This paradox

AtNUPE2 can be explained by the distribution of the AtNUP62-

Normal cotyledons 418 360 407 180 GFP fusion protein, which appears to be almost absent

2 abnormal cotyledons 5 24 1 14 in cotyledons both on MS/2 and 2,4-D-containing media

3 cotyledons 0 52 0 3 (Fig. 3c). _ _

1 cotyledon 0 5 0 0 The DRS syn_thetlc promoter is _commonly use_d to de-
tect auxin activity [20]. In a wild type genetic back-
ground, GUS expression under the control of DR5 can

tnup62 35S::
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AtNUP62-GFP
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Fig. 3 Auxin hypersensitivity of the different AtNUP62 genotypes. a Growth on vertical plates (9 day-old plants) on different concentrations of 24-D.

b Primary root growth measurements on plantlets grown on agar MS/2 medium containing different concentrations of 2,4-D (two experiments). Data
are means + SE. ¢ Bright field images (left panels) and corresponding fluorescence images (right panels) in wild-type control plant (placed
on the left) and a 35S:AtNUP62-GFP plantlet, on MS/2 and 2,4-D-containing medium. Seedlings of comparable root size have been chosen.
d GUS activity under the control of DR5 auxin-responsive promoter in wild-type and atnup62 mutant genetic background. Left, 11 day-
old plantlets, right, 25 day-old seedlings
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