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ABSTRACT

Nuclear pore complexes (NPCs), which comprise multiple copies of nucleoporins (Nups), are large protein
assemblies embedded in the nuclear envelope connecting the nucleus and cytoplasm. Although it has been
known that Nups affect flowering in Arabidopsis, the underlying mechanisms are poorly understood. Here,
we show that loss of function of Nucleoporin 160 (Nup 160) leads to increased abundance of CONSTANS (CO)
protein and the resulting upregulation of FLOWERING LOCUS T (FT) specifically in the morning. We demon-
strate that Nup160 regulates CO protein stability through affecting NPC localization of an E3-ubiquitin
ligase, HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES1 (HOS1), which destabilizes CO protein
in the morning period. Taken together, these results provide a mechanistic understanding of Nup functionin
the transition from vegetative to reproductive growth, suggesting that deposition of HOS1 at NPCs by
Nup160 is essential for preventing precocious flowering in response to photoperiod in Arabidopsis.
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INTRODUCTION sembly and function, and DNA damage repair (Walther et al.,
2003; Nagai et al., 2008; Ryu et al., 2015). Functional studies in
Nuclear pore complexes (NPCs) are vast protein assemblies  pjants have shown that individual Nups are differentially involved
embedded in nuclear pores at the nuclear envelope, mediating in multiple biological processes, including pathogen defense,
communications between nucleus and cytoplasm. Each NPC  hormone signaling, abiotic stresses, symbiosis, and flowering
is composed of multiple copies of around 30 different kinds of  {jme regulation (Zhang and Li, 2005; Dong et al., 2006b; Jacob
nucleoporins (Nups) (Rout et al., 2000; Cronshaw et al., 2002; &t 41 2007; Groth et al., 2010; Wiermer et al., 2012). The early-
Tamura et al, 2010). NPCs are of fundamental importance  fiowering phenotype is the most remarkable developmental
in nucleocytoplasmic transport. Meanwhile, there is mounting defects found in several Nup mutants, including Nup760 and
evidence to suggest that NPCs contribute to genome integrity, Nup96 in the Nup107-160 subcomplex (Dong et al., 2006b; Parry
chromatin structure, and gene expression regulation, all of which et al., 2006; Jacob et al., 2007; Tamura et al., 2010). Except for
are exquisitely controlled by different Nups, independently of  ine pulk poly(A)-mRNA export defects found in most of these
their transport functions (Capelson and Hetzer, 2009; Ibarra and  pytants, the molecular mechanisms underlying these pleiotropic
Hetzer, 2015). phenotypes in plants are largely uncharacterized (Parry et al.,
2006; Wiermer et al., 2012).
The overall structure and composition of plant NPCs are similar to
those in vertebrates and yeast (Fiserova etal., 2009; Tamuraetal.,  Fowering under favorable conditions is essential for successful
2010). One of the conserved scaffold components in eukaryotic reproduction of plants. The timing of flowering is precisely
NPCs is the Nup107-160 subcomplex (Nup84 subcomplex in

yeast), which normally contains nine Nups (Nup160, Nup107,

Nup96, Nup133, Nup85, Nup43, Nup37, SEHT, and SEC13). o iicoq by the Plant Gommunications Shanghai Editorial Office in
Studies in yeast and vertebrates have revealed an essential role association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
of the Nup107-160 complex in NPC assembly, kinetochore as- IPPE, CAS.
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Figure 1. Nup160 Regulates Flowering
Time in Arabidopsis.

(A) Schematic diagram shows the gene structure
of Nup 160, the location of T-DNA insertion sites in
nup160-2  (SALK_016091) and nup160-5
(SALK_133728), and the target site of the AmiR in
35S:AmiR-nup160. Exons are represented by
black boxes, while introns and untranslated re-
gions are indicated by black lines.

(B) Nup160 expression is undetectable in
nup160-2 and nup160-5 by semi-quantitative
PCR using primers that amplify the 5 end of the
Nup160 transcript. TUB2 was amplified as an in-
ternal control.

(C) nup160-2 and nup160-5 exhibit early flower-
ing under both long days and short days.
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(D) Flowering time of nup 760 mutants under long
days and short days (n > 16, +SD).

» (E) Distribution of flowering time in T1 transgenic
plants harboring the Nup 160 genomic fragment in
nup160-2 background grown under long days.
(F) Downregulation of Nup760 in independent
35S:AmiR-nup160 transgenic plants correlates to
the degree of early flowering (left axis). Expression
levels of Nup160 determined by quantitative real-
time PCR in 9-day-old seedlings were normalized
against the expression of TUB2 and shown as
relative values (red line) to the wild-type level as 1
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(right axis). Error bars indicate SD.
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controlled by environmental and endogenous signals. Day length
is one of the most important environmental cues that affect plant
flowering in response to seasonal changes at various latitudes.
Studies in Arabidopsis thaliana have identified CONSTANS (CO)
as the key player in perceiving the photoperiodic information
(Suarez-Lopez et al., 2001). The circadian-clock regulation of CO
transcription and photoreceptor regulation of its protein stability
restrict CO activity to a narrow window in the late afternoon
(Andres and Coupland, 2012; Song et al., 2015). This allows CO
to promote flowering through directly activating the expression
of the mobile florigen gene FLOWERING LOCUS T (FT)
specifically in the long-day (LD) afternoon (Suarez-Lopez et al.,
2001; An et al., 2004).

Although CO transcripts are expressed at high levels from after-
noon to next early morning under both short days (SDs) and
LDs, CO protein only accumulates in the LD afternoon. Destabi-
lization of CO protein in the dark period is due to activity of the
CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1)-SUP-
PRESSOR of PHYA-105 (SPA) complex, which prevents flower-
ing under SDs (Jang et al., 2008; Liu et al., 2008). Under LDs,
HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE
GENES1 (HOS1) affects degradation of CO protein in the
daylight period possibly through its interaction with a
photoreceptor phytochrome B (phyB) (Valverde et al., 2004;
Lazaro et al., 2012, 2015). Apart from its E3-ubiquitin ligase
activity, HOS1 has been reported to be associated either
with chromatin to influence gene expression through its nonpro-
teolytic functions (Dong et al., 2006a; Lazaro et al.,, 2012;
Jung et al., 2013, 2014), or with NPCs to affect the mRNA
export (Tamura et al., 2010; MacGregor et al., 2013). Despite
the above progress in understanding HOS1 function, the

35S:AmiR-nup160

molecular mechanism underlying its control of CO abundance
during the daylight period remains largely unknown.

In this study, we reveal that a scaffold nucleoporin Nup160 pre-
vents precocious flowering through mediating localization of
HOS1 at NPCs, which is required for HOS1 function in degrading
CO protein in the morning. Loss of function of Nup160 results in
mislocalization of HOS1 from NPCs, which abolishes HOS1’s
role in destabilizing CO protein in the morning period. The
increased abundance of CO protein causes pre-activation of FT
in the morning, thus causing an early-flowering phenotype. Our
findings demonstrate that scaffold Nup functions as a docking
site to provide spatial control specifically over a key regulator dur-
ing cell signaling and plant development.

RESULTS

Nup160 Affects Flowering Time in Arabidopsis

As it has been mentioned that Nup 160 affects flowering in Arabi-
dopsis (Cernac et al., 1997; Dong et al., 2006b), we proceeded to
understand its underlying mechanism through first examining the
flowering phenotypes of two T-DNA insertional mutants, nup160-
2 and nup160-5 (also known as sar1-5) (Parry, 2014), in which the
N-terminal region of Nup160 was undetectable (Figure 1A and
1B). Both nup160 mutants exhibited much earlier flowering than
wild-type plants under LDs and SDs (Figure 1C and 1D),
indicating a repressive function of Nup760 in regulating
flowering time. To understand how Nup160 influences flowering
in response to various flowering signals, we examined nup160-
2 phenotype and Nup160 expression in different growth
conditions and various flowering mutants. Gibberellic acid,
vernalization, and ambient temperature similarly affected

2 Plant Communications 1, 100033, March 2020 © 2020 The Author(s).
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Figure 2. Nup160 Represses FT Expression in the Morning
through CO.

(A and B) Diurnal expression of FT (A) and CO (B) determined by quan-
titative real-time PCR in 9-day-old wild-type (WT) and nup160-2 seedlings
grown under long days. Samples were harvested every 4 hours from the
onset of illumination, which are shown in hours as Zeitgeber time (ZT).
Gene expression levels were normalized against the expression of TUB2
and shown as relative values to the highest level in each panel as 1.0.
Asterisks indicate statistically significant differences in FT expression
between WT and nup160-2 plants (two-tailed paired Student’s t-test, P <
0.005).

(C and D) Expression levels of FT at ZT4 (C) and ZT16 (D) determined by
quantitative real-time PCR in 9-day-old WT, nup160-2, co-9, and co-9
nup160-2 seedlings grown under long days. Gene expression levels were
normalized against the expression of TUB2 and shown as relative values
to the WT level as 1.0. Error bars indicate SD.

(E) Flowering time of various mutants grown under long days (n >
16, +SD).

flowering of wild-type and nup160-2 (Supplemental Figure 1) and
barely changed Nup760 mRNA expression (Supplemental
Figure 2B, 2C, and 2E), indicating that Nup160 is not
specifically required for flowering responses to these
environmental and developmental signals. In addition, Nup7160
mRNA expression was only slightly altered in various mutants
of the photoperiod and autonomous pathways (Supplemental
Figure 2A and 2D), indicating some effects of these two
pathways on Nup 160 expression.

Plant Communications

To verify that loss of function of Nup 760 is responsible for the early-
flowering phenotype of nup160-2, an 11.4-kb genomic fragment of
Nup 160 (gNup160) that includes the 2.1-kb upstream sequence,
the 9-kb coding sequence plus introns, and the 0.3-kb downstream
sequence (Supplemental Figure 3A), was transformed into nup 160-
2. Most of the gNup160 nup160-2 T1 transformants displayed
similar flowering time to wild-type plants, confirming that Nup 160
is required for repressing the floral transition (Figure 1E).

We further created Nup 160 knockdown transgenic plants by artifi-
cialmicroRNA (AmiR) interference. Most of the T1 transgenic AmiR-
nup160 plants showed an early-flowering phenotype to different
extents. The levels of downregulation of Nup760 in five selected
35S:AmiR-nup160 lines were closely related to the degrees of early
flowering (Figure 1F), indicating that downregulation of Nup 160 has
a dosage-dependent effect on the floral transition.

Nup160 Represses FT Expression in the Morning in a
CO-Dependent Manner

To understand the mechanism through which Nup160 affects
flowering, the expression of several key flowering time genes
was examined in wild-type and nup160-2 plants. We observed
a significant upregulation of FT expression during the morning
period (Zeitgeber time [ZT] 4 and 8) in nup160-2 under LDs, while
peak expression of FT at ZT16 was not altered (Figure 2A).
Because FT activation in response to photoperiod is largely
determined by the activity of CO protein (Golembeski and
Imaizumi, 2015; Suarez-Lopez et al., 2001), we also examined
CO circadian expression pattern and did not observe an
obvious change in its expression between wild-type and
nup160-2 plants under LDs (Figure 2B). Similarly, there was an
obvious increase in FT expression at ZT4 and ZT8 in nup160-2
versus wild-type plants under SDs (Supplemental Figure 4A),
while CO circadian expression pattern under SDs was only
slightly changed in nup160-2 versus wild-type plants
(Supplemental Figure 4B). In addition, the expression of another
floral integrator, SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOCT), which was activated by FT (Wigge et al.,
2005), was consistently upregulated within 24 hours in the
nup160-2 under both LDs and SDs (Supplemental Figure 4C
and 4D).

To test whether upregulation of FT in nup760-2 depends on CO,
we measured FT transcript levels in wild-type, nup160-2, co-9,
and co-9 nup160-2 seedlings grown under LDs at ZT4 and
ZT16. Loss of function of CO almost completely abolished the
activation of FT in both wild-type and nup160-2 backgrounds at
ZT4 and ZT16 (Figure 2C and 2D), indicating that upregulation
of FT in nup160-2 at ZT4 is still dependent on CO. Further
genetic analyses revealed that the crossed progenies between
nup160-2 and ft-10, ft-10 soc1-2, or co-9 all displayed much
later flowering than wild-type plants (Figure 2E), suggesting that
the early-flowering phenotype of nup160-2 is suppressed by
these mutants. These observations support that Nup160 sup-
presses flowering at least partially through the CO-FT regulatory
module.

Nup160 Destabilizes CO Protein in the Morning Period

Because CO mRNA expression is not greatly changed in nup 160-
2 under both LDs and SDs (Figure 2B and Supplemental

Plant Communications 1, 100033, March 2020 © 2020 The Author(s). 3
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Figure 4B), we sought to test whether Nup160 affects CO at the
protein level. To this end, we generated a SUC2:3FLAG-CO
transgenic line, in which FLAG-tagged CO was driven by the
promoter of SUCROSE TRANSPORTER 2 (SUC2) that is
actively expressed in leaf companion cells where CO promotes
FT transcription (Imlau et al., 1999; An et al., 2004).
SUC2:3FLAG-CO flowered earlier than wild-type plants and sub-
stantially rescued the late-flowering phenotype of co-9 (Figure 3A
and Supplemental Figure 5A), indicating that 3FLAG-CO protein
retains its biological function in promoting flowering. We further
crossed this SUC2:3FLAG-CO allele with nup160-2
(Supplemental Figure 5), and found that nup160-2 further
accelerated SUC2:3FLAG-CO flowering as compared with
SUC2:3FLAG-CO (Figure 3A). In agreement with this
phenotype, FT expression was significantly upregulated at ZT4
and ZT8 in SUC2:3FLAG-CO nup160-2 versus SUC2:3FLAG-
CO (Figure 3B). This result is consistent with the observed
pattern of upregulation of FT in nup160-2 versus wild-type plants
under LDs (Figure 2A). In contrast, circadian expression of CO
mRNA, including the endogenous CO and 3FLAG-CO,
remained almost at the same levels in SUC2:3FLAG-CO
nup160-2 and SUC2:3FLAG-CO (Figure 3C). We then
compared the circadian patterns of 3FLAG-CO expression in
nuclear extracts of wild-type and nup160-2 plants. CO protein
was expressed throughout the daytime with two peaks at ZT0.5
and ZT8 in wild-type plants, while its expression in nup160-2
was much higher at ZT0.5 and ZT4 (Figure 3D and 3E). This
increased expression of CO protein in nup160-2 is consistent
with an increased FT expression in the morning (Figure 3B),

indicating that loss of function of Nup760 results in an increase
in CO protein abundance in the morning period, which
precociously activates FT expression.

Nup160 Genetically and Physically Interacts with HOS1

Nup160 functions to downregulate CO protein specifically during
the morning period. However, there were no obvious changes in
circadian expression of Nup760 under LDs (Supplemental
Figure 6A), and its protein localization and abundance were also
not altered in response to light signals (Supplemental Figure 6B).
Thus, it is possible that Nup160 acts through cooperating with
other component(s) that confer morning-specific functions.
Among the reported CO protein regulators, phyB and HOS1 pro-
mote CO degradation during the morning, while COP1 destabilizes
CO under dark conditions (Suarez-Lopez et al., 2001; Jang et al.,
2008; Lazaro et al., 2015). Although hos1-3, phyB-9, and cop1-4
single mutants all flowered earlier than wild-type plants, only
phyB-9 and cop1-4 further enhanced the early-flowering pheno-
type of nup160-2, while nup 160-2 hos1-3 exhibited similar flower-
ing time to nup160-2 (Supplemental Figure 6C). This raises the
possibility that Nup760 and HOS1 could function in the same
genetic pathway to regulate the floral transition.

We then proceeded to compare the spatial expression patterns
of Nup160 and HOS1 by generating gNup160-GUS and
gHOS1-GUS, in which the g-Glucuronidase (GUS) reporter
gene was fused in frame at the C terminus of Nup760 and
HOS1 in their genomic fragments that were able to rescue their
respective mutants (Supplemental Figure 3). Because most of

4 Plant Communications 1, 100033, March 2020 © 2020 The Author(s).
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Figure 4. Nup160 Interacts with HOS1 at
NPCs.

(A) GUS staining of 9- and 11-day-old gHOS17-
GUS and gNup160-GUS seedlings grown under
long days. Scale bar corresponds to 1 mm.

(B and C) Subcellular localization of Nup160-GFP
and GFP-HOS1 in meristematic root cells (B) and
mature root cells (C) of 5-day-old gNup160-GFP
nup160-2 and GFP-gHOS1 hos1-3 seedlings,
respectively. GFP, green fluorescence protein;
BF, bright field; Merge, merge of GFP and BF
images. Scale bar corresponds to 10 um.

(D) In vivo BiFC analysis of the interaction be-
tween Nup160 and HOS1 in meristematic root
cells of 5-day-old nEYFP-gHOS1 gNup160-
cEYFP, nEYFP-gHOS1 CcEYFP, or nEYFP
gNup160-cEYFP seedlings. EYFP, enhanced
yellow fluorescence protein; Merge, merge of

GFP-HOS1

nEYFP-HOS1

Nup160-GFP
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the transgenic lines generated for each construct showed similar
expression patterns, we selected one representative line each for
gNup160-GUS or gHOS1-GUS for further investigation. GUS
staining revealed that both Nup160-GUS and HOS1-GUS were
highly expressed in the shoot apex and young rosette leaves,
including vasculature tissues in 9- and 11-day-old seedlings
(Figure 4A). The similar expression patterns of Nup160 and
HOS1 during the floral transition support that they may function
in the same genetic pathway.

Nup160 is a conserved scaffold Nup found in different eukaryotes
(Aitchison et al., 1995; Dong et al., 2006b; Tamura et al., 2010).
Although previous studies identified HOS1 as a potential
component associated with Arabidopsis NPCs, its localization
results obtained through overexpressing GFP-tagged HOS1
were controversial (Lee et al., 2001; Lazaro et al., 2015). To
characterize and compare the endogenous subcellular
localization of Nup160 and HOS1, we generated gNup160-GFP
nup160-2 and GFP-gHOS1 hos1-3 transgenic lines, in which
the early-flowering phenotype of nup160-2 and hos1-3 was
rescued (Supplemental Figure 3A and 3B). Subcellular
localization of Nup160-GFP and GFP-HOS1 was then examined
in different tissues of gNup160-GFP nup160-2 and GFP-gHOS1
hos1-3. As expected, Nup160-GFP was localized exclusively at
the nuclear periphery of different types of root cells (Figure 4B,
upper panel; Figure 4C, left panel). GFP-HOS1 was also enriched
at the nuclear rim with detectable signals in the nucleoplasm, but
not in the nucleolus of meristematic root cells (Figure 4B, lower
panel). Localization of GFP-HOS1 in the nuclear envelope was
more prominent in differentiated root cells (Figure 4C, right panel).

The overlapping tissue expression pattern and subcellular local-
ization of Nup160-GFP and GFP-HOS1 prompted us to investi-

Input Anti-GFP IP X X X

S - S - EYFP and bright-field images. Scale bar corre-
S S - N S = sponds to 10 um.

QN QN©O QLN QN©® . . .

S8 2882 3g 3882 (E) In vivo interaction between Nup160 and HOS1
S’E. gg.&‘-’"é f-;"g. g’§.§§ shown by co-immunoprecipitation. Nuclear pro-
uﬁ_ s é ] é s é =6 tein extracts from 9-day-old 3FLAG-gNup160
™ ™ ™ 0ol

nup160-2 and 3FLAG-gNup160 nup160-2 GFP-
gHOS1 hos1-3 seedlings were incubated with
anti-GFP antibody. The coimmunoprecipitated
protein was detected by anti-FLAG and anti-GFP
antibodies, respectively.

anti-FLAG

s anti-GFP

gate their protein interaction. To perform in vivo bimolecular fluo-
rescence complementation (BiFC) assay, we created nEYFP-
gHOS1 gNup160-cEYFP transgenic plants, in which the coding
sequences of the N- and C-terminal halves of the enhanced yel-
low fluorescence protein (EYFP) were fused in frame with the
genomic sequences of HOS7 and Nup160 (Supplemental
Figure 3A), respectively. nEYFP-gHOS1 gNup160-cEYFP was
further crossed with the transgenic plants bearing cEYFP or
nEYFP to obtain the control plants containing either nEYFP-
gHOS1 cEYFP or nEYFP gNup160-cEYFP, respectively. We
only detected EYFP signals at the nuclear rim of root cells in
nEYFP-gHOS1 gNup160-cEYFP, but not in the control plants,
indicating an in planta interaction between Nup160 and HOS1
in NPCs (Figure 4D). Furthermore, coimmunoprecipitation
analysis confirmed the in vivo interaction of FLAG-Nup160 and
GFP-HOS1 in nuclear extracts from 3FLAG-gNup160 GFP-
gHOS1 Arabidopsis seedlings, but not in those from 3FLAG-
gNup160 seedlings (Figure 4E). Taken together, these results
suggest that HOS1 interacts with Nup160 at NPCs to regulate
flowering. Notably, localization of GFP-HOS1 was detectable in
both nuclear rim and nucleoplasm (Figure 4B, lower panel),
implying that HOS1 may not be constitutively associated with
NPCs.

Nup160 Is Required for NPC Localization of HOS1

Because Nup160 does not affect HOS7T mRNA expression
(Supplemental Figure 6D), we proceeded to investigate
whether interaction between Nup160 and HOS1 affects HOS1
protein localization or abundance. We first compared
subcellular localization of GFP-HOS1 in GFP-gHOS1 hos1-3
and GFP-gHOS1 nup160-2 hos1-3. In contrast to the prominent
NPC localization in the wild-type background (Figure 5A), GFP-
HOS1 was less enriched at the nuclear envelope in nup160-2,

Plant Communications 1, 100033, March 2020 © 2020 The Author(s). 5
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Figure 5. Nup160 Is Required for the Nuclear Envelope Localization of HOS1.

(A and C) Subcellular localization of GFP-HOS1 in meristematic root cells of 5-day-old GFP-gHOS1 hos1-3 seedlings in either WT (A) or nup160-2 (C)
background. The right panels show the magnified views of the boxes indicated in (A) and (C), respectively. Scale bars correspond to 10 um.

(B and D) Measurement of fluorescence intensity profiles of GFP-HOS1 along the lines indicated in the enlarged figures shown in (A) and (C), respectively.
Similar results were observed in meristematic root cells of 20 independent plants for each genotype.

(E and G) Subcellular localization of GFP-HOS1 in leaf phloem companion cells of 9-day-old SUC2:nIsRFP GFP-gHOS1 hos1-3 seedlings in either WT (E)
or nup160-2 background (G). GFP, GFP fluorescence; RFP, RFP fluorescence; Merge, merge of GFP and RFP images. Scale bars correspond to 10 um.
(F and H) Measurement of fluorescence intensity profiles of GFP-HOS1 and nIsRFP along the lines indicated in (E) and (G), respectively.
The similar results were observed in leaf phloem companion cells of 10 independent plants for each genotype. Scale bars correspond to 10 um (A, C, E,

and G).

and diffused to the nucleoplasm and the cytoplasm (Figure 5C).
Quantitative analysis of GFP-HOS1 distribution across cells
showed that peak signals of GFP-HOS1 at the nuclear envelope
was diminished in nup160-2 versus the wild-type background
(Figure 5B and 5D). Mislocalization of GFP-HOS1 was consis-
tently observed in root mature cells and leaf petiole cells in
nup160-2 (Supplemental Figure 7). These observations
suggest that early flowering of nup760-2 is associated with a
compromised NPC localization of HOS1.

We also generated 35S:GFP-HOS1 hos1-3 transgenic lines, in
which the early-flowering phenotype of hos7-3 was partially
rescued (Supplemental Figure 8A; Lazaro et al., 2012). This
transgenic line was further introduced into the nup160-2
background. Like GFP-HOS1 expressed at the native level
(Figure 5A-5D), overexpression of GFP-HOS1 also exhibited
relatively prominent localization of GFP-HOS1 in the nuclear en-
velope of root cells in hos7-3 versus nup160-2 hos1-3
(Supplemental Figure 8B and 8C). This observation again
suggests that Nup160 is required for NPC localization of
HOS1 even when HOST1 is overexpressed. Notably, 35S:GFP-
HOST1 nup160-2 hos1-3 showed a comparable early-flowering
phenotype to nup160-2 (Supplemental Figure 8A), indicating
that, in the absence of Nup160, compromised NPC
localization of overproduced HOS1 is unable to prevent early
flowering.

As HOS1 has been shown to function in leaf companion cells to
destabilize CO protein (Lazaro et al, 2012), we then
investigated whether Nup160 affects NPC localization of HOS1
in these cells. To label the nuclei of leaf companion cells, we
generated SUC2:nIsRFP by fusing the red fluorescent protein
(RFP) with a nuclear localization signal (nls), which was driven
by the SUC2 promoter. The nIsRFP signal was specifically
detected in leaf vasculature cells of the SUC2:nIsRFP
transgenic lines (Supplemental Figure 9). We further crossed
SUC2:nIsRFP with GFP-gHOS1 hos1-3 and GFP-gHOST
nup160-2 hos1-3, and compared GFP-HOS1 localization in
nisRFP-labeled leaf companion cells between hos7-3 and
nup160-2 hos1-3. GFP-HOS1 was clearly detected at nuclear en-
velope of nisRFP-labeled companion cells in hos7-3 (with the
presence of wild-type Nup160) (Figure 5E and 5F), whereas the
NPC localization of GFP-HOS1 largely disappeared in nlsRFP-
labeled companion cells in the nup160-2 background
(Figure 5G and 5H). These observations substantiate that
Nup160 is required for NPC localization of HOS1 in leaf
companion cells. In contrast to the effect of Nup160 on
subcellular localization of HOS1, Nup160 did not affect GFP-
HOS1 mRNA and protein expression levels (Supplemental
Figure 10A and 10B) or HOS1-GUS protein expression pattern
in seedlings (Supplemental Figure 10C-10F), suggesting that
NUP160 affects HOS1 subcellular localization rather than its
protein levels.

6 Plant Communications 1, 100033, March 2020 © 2020 The Author(s).



Nucleoporin 160 Regulates Flowering in Arabidopsis

A SUC2:3FLAG-CO with hos1-3 B
0 1 2 4 812 0 1 2 4 8 12

---“ m 1.2

anti-FLAG

antiH3 A———— '
° 0.8
i ’ Q 06

with nup160-2 with nup160-2 hos1-3 o

<
0 1 2 4 8 122 0 1 2 4 8 12 d0'4
“ 0.2

apes s GhED b an se &S an

anti-FLAG

-=-SUC2:3FLAG-CO

-8-SUC2:3FLAG-CO nup160-2
SUC2:3FLAG-CO hos1-3

~=-SUC2:3FLAG-CO nup160-2 hos1-3

Plant Communications

Figure 6. The Nup160-HOS1 Module Pre-
vents Pre-activation of FT through Destabi-
lizing CO Protein.

(A) Effects of nup160-2 and hos7-3 on CO
protein abundance in SUC2:3FLAG-CO. 9-day-
old seedlings of SUC2:3FLAG-CO in the WT,
nup160-2, hos1-3, and nup160-2 hos1-3
backgrounds were collected at different ZT time
points under long days. Nuclear protein
was extracted and detected with anti-FLAG
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(B) Quantification of CO protein abundance
against the H3 expression levels in (A).

(C) Diurnal expression of FT mRNA
determined by real-time gqPCR in 9-day-old
WT, nup160-2, hos1-3, and nup160-2 hos1-3
seedlings grown under long days. Samples
were harvested every 4 hours from ZT0, except
ZT20. Gene expression levels were normalized
against the expression of TUB2 and shown as

1 2 4 8 12
ZT (h)

BCauline ORossette
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relative values to the WT level as 1.0. Error
bars indicates SD. Asterisks indicate statistically
significant  differences in FT  expression
SU02:3FLAG-C‘(\) between WT and nup160-2, hos1-3, or nup160-

2 hos1-3 (two-tailed paired Student’s t-test,
P < 0.005).

(D) Flowering time of nup160-2, hos1-3, nup160-2 hos1-3, and their crossed progenies with SUC2:3FLAG-CO grown under long days (n > 16, +SD).
n.s. indicates no significant difference (two-tailed paired Student’s t-test, P > 0.05).

Nup160-Dependent NPC Localization Is Required for
HOS1 to Repress Flowering

To test whether Nup160-mediated NPC localization of HOS1 af-
fects CO protein degradation, we introduced SUC2:3FLAG-CO
into hos1-3 and nup160-2 hos1-3, and compared FLAG-CO pro-
tein abundance in different genetic backgrounds. Compared with
the expression in the wild-type background, FLAG-CO protein
was expressed at comparably higher levels in hos7-3 and
nup160-2 hos1-3 only during the morning period, which is similar
to the changes observed in nup160-2 (Figure 6A and 6B).
Consistent with the higher CO protein abundance, FT mRNA
was expressed at higher levels in nup160-2 hos1-3, nup160-2,
and hos7-3 versus wild-type plants (Figure 6C). This is in
agreement with the earlier flowering time observed in the
backgrounds of nup160-2, hos1-3, and nup160-2 hos1-3
compared with wild-type plants regardless of the presence of
SUC2:3FLAG-CO (Figure 6D). These results demonstrate that
mislocalization of HOS1 caused by loss of Nup160 displays the
same flowering defect to loss of HOS1, indicating that Nup160-
mediated NPC localization of HOS1 is critical for HOS1 to sup-
press flowering.

DISCUSSION

Nups are actively involved in multiple cell signaling processes
independently of their trafficking functions in mediating the nucle-
ocytoplasmic transport of macromolecules. Although plant Nups
have been found to play important regulatory roles during plant
development, the underlying molecular mechanisms are mostly
unclear. In this study, we have shown that the Arabidopsis
Nup160, a scaffold Nup, is important for regulating the floral tran-
sition, a key developmental phase change in flowering plants,

through modulating the subcellular localization of HOS1 at
NPCs. Knockout of Nup160 causes mislocalization of HOS1
from nuclear pores, which disables HOS1 function in destabiliz-
ing CO protein during the morning period, resulting in pre-
activation of FT expression and early flowering (Figure 7).

In this study, we provide several lines of evidence to support an
essential role of Nup160 in destabilizing CO protein through
anchoring HOS1 at NPCs. First, loss of function of Nup 160 results
in precocious upregulation of FT during the morning period,
which is due to an increased CO protein expression in the
same period. Second, Nup160 physically interacts with HOS1
at NPCs, which is necessary for anchoring HOS1 at the nuclear
periphery in leaf companion cells. Third, Nup160 affects CO pro-
tein levels and flowering time primarily through influencing sub-
cellular localization of HOS1 rather than the abundance of
HOS7 mRNA and protein. Last, compromised NPC localization
of HOS1 caused by loss of Nup 160 results in the same early-flow-
ering defect exhibited by loss of HOS1 function. Taken together,
these results suggest that Nup160-mediated NPC localization of
HOS1 is critical for HOS1 to destabilize CO protein in the morning
to prevent precocious flowering in Arabidopsis.

CO plays a predominant role during the photoperiod-regulated
floral transition. Its function and its abundance at the mRNA
and protein levels are tightly controlled throughout the day to
ensure the induction of FT only in the LD afternoon (Song et al.,
2015). It has been found that tight suppression of precocious
activation of FT is mediated by several proteins relevant to CO.
For example, TOE proteins and BBX19 have been reported to
antagonize CO function to suppress FT expression in the
morning (Wang et al., 2014; Zhang et al., 2015). Here, we show
that the scaffold Nup160 plays a hitherto unknown role in
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Figure 7. Nup160 Regulates Flowering through HOS1-
Mediated CO Degradation.

Nup160 is required for HOS1 localization at NPCs, which facilitates HOS1
to destabilize CO protein in the morning period. In the absence of Nup160,
as HOS1 is no longer associated with NPCs, CO protein accumulates to
higher levels in the morning, which activates FT expression, leading to
early flowering of nup160.

promoting degradation of CO protein through a subtle control of
subcellular localization of a CO upstream repressor HOS1 to
regulate the expression of FT specifically in the morning in
response to photoperiod.

Unlike knockout of Nup160 in the metazoans, Arabidopsis
nup160 mutants are still viable, indicating compensatory func-
tions of other plant Nups in maintaining the integrity of NPCs
in various plant developmental processes (Galy et al., 2003;
Parry et al., 2006; Maehara et al., 2012). The evolutionally
conserved molecular function of the components in the
Nup107-160 complex is to mediate bulk mRNA export (Vasu
et al.,, 2001; Bai et al., 2004; Parry et al., 2006; Wiermer et al.,
2012; Parry, 2014). However, although SEH1 and Nup85 are
two members in the Nup107-160 complex, the seh7-1 and
nup85-2 mutants, in which poly(A)-mRNA is accumulated to
much higher level than wild-type plants, do not show flowering
defects (Wiermer et al., 2012; Parry, 2014). This suggests that
the defect in mMRNA export is not necessarily correlated with
the early-flowering phenotype exhibited by nup 160 in Arabidop-
sis. In addition to their primary function in the bulk mRNA
export, the human Nup107-160 subcomplex and its ortholog
in yeast (Nup84 subcomplex) also function as docking sites
for a desumoylating enzyme SENP2 (yeast Ulp1) at NPCs, which
is closely associated with their capability in maintaining the
cellular sumoylation homeostasis (Palancade et al., 2007;
Goeres et al., 2011). Moreover, Nup107-160 (Nup84) subcom-
plexes also provide anchoring sites for SUMO-dependent E3 li-
gases, which facilitate the relocation of DNA double-strand
break to the nuclear periphery for efficient repair in Drosophila
and yeast (Nagai et al., 2008; Ryu et al., 2015). In this study,
our findings suggest that the plant Nup160 also functions as a
docking site for a plant-specific E3-ubiquitin ligase HOS1, which
is essential for HOS1 activity to degrade CO protein specifically
in the morning. Association of HOS1 with NPCs may affect
HOS1 activity through different mechanisms. For example,
NPC-localized HOS1 could permit its quick interaction with

Nucleoporin 160 Regulates Flowering in Arabidopsis

other co-regulators, such as phyB that translocates into the nu-
cleus from cytoplasm in response to red light during the morn-
ing period (Yamaguchi et al., 1999). This could facilitate HOS1 at
NPCs to quickly respond to the light stimulus, thus ensuring
swift degradation of CO proteins during the morning period. In
addition, HOS1 interaction with the scaffold Nup160 may
expose the catalytic surface of HOS1 for its interaction with
either CO or phyB. Further analysis of chemical and physical
properties of the Nup160-HOS1 interface, the resulting struc-
tural changes in HOS1, and the specific domains required for
interaction between HOS1 and NUP160 or HOS1 and CO will
be helpful to elucidate the biological implication of Nup160-
mediated HOS1 deposition at NPCs.

Although our data suggest that Nup160 represses the floral tran-
sition by destabilizing CO protein in the morning through spatially
confining HOS1 at NPCs, there is evidence indicating that inter-
action between Nup160 and HOS1 may also mediate the floral
transition through other regulators in addition to CO. nup160-2,
hos1-3, and hos1-3 nup160-2 all partially suppress the late-
flowering phenotype of co-9 (Figure 2E), implying that CO is not
the only downstream target of Nup160 and HOS1. One CO-
independent target of Nup160 and HOS1 could be FLOWERING
LOCUS C (FLC), whose activation has been shown to require
HOS1 (Jung et al, 2013). Indeed, the decrease of FLC
expression was similarly detected in both nup160-2 and hos1-3
(Supplemental Figure 11A), while flc-3 only slightly enhanced
early flowering of nup160-2 and hos1-3 (Supplemental
Figure 11B). In addition to Nup160-mediated HOS1 deposition
at NPCs, Nups could affect flowering through other regulatory
mechanisms. For example, Nup96 has been reported to stabilize
HOS1 protein, thus modulating CO protein levels (Cheng et al.,
2019), while Nup98 might regulate flowering time in a CO-
independent manner (Jiang et al., 2019). These observations
suggest that, although Nups are commonly localized in NPCs,
they could be involved in various regulatory pathways to control
flowering time.

It is noteworthy that, in addition to their regulatory roles in the flo-
ral transition, both Nup160 and HOS1 are also required for cold-
stress response and ABA signaling (Lee et al., 2001; Dong et al.,
2006b; Zhu et al., 2017). Moreover, hos1 mutants display
pleiotropic phenotypes, many of which are comparable with
those exhibited by loss of function of different components of
NPCs (MacGregor and Penfield, 2015), indicating that the
interaction between HOS1 and NPCs may affect various plant
developmental processes. Further investigation of the dynamic
deposition of HOS1 at NPCs and the interacting partners of
NPCs and HOS1 will provide additional insights into the
mechanisms by which the NPCs-HOS1 module perceives
various environmental cues to modulate multiple signaling
pathways.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana plants were grown on soil or Murashige and Skoog
(MS) medium under LDs (16 h light/8 h dark) or SDs (8 h light/16 h dark)
at 23°C + 2°C. All the mutants used in this study, such as nup160-2
(SALK_016091), nup160-5 (SALK_133728), hos1-3 (SALK_069312), ft-
10, co-9, soc1-2, flc-3, phyb-9, and cop1-4, are in the Col ecotype.
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Plasmid Construction

For the complementation test, an 11.3-kb Nup760 genomic region
(9Nup160) was amplified and cloned into pENTR/D-TOPO (Invitrogen).
Based on this construct, 3FLAG-gNup160 was generated using a modi-
fied QuikChange site-directed mutagenesis approach. One Kpnl site
was introduced before the stop codon of Nup760 in gNup160
(9Nup160-Kpnl). Based on this construct, gNup160-GFP and gNup160-
GUS were generated by translationally fusing GFP and GUS to the C ter-
minus of Nup160. For gHOS1, an 8.08-kb genomic fragment of HOS7 was
amplified and cloned into pENTR/D-TOPO (Invitrogen). One Kpnl site was
further introduced after the start codon of HOS1 using the QuikChange
site-directed mutagenesis approach. GFP-gHOS1 was then generated
by translationally fusing GFP to the N terminus of HOS1. To construct
35S:GFP-HOS1, the coding region of GFP was first amplified and cloned
into pGreen 0229-35S (Yu et al., 2004) to generate pGreen 35S:GFP. The
coding sequence of HOS7 was amplified and cloned into pGreen
35S:GFP to obtain 35S:GFP-HOS1.

To construct AmiR-Nup 160, a set of fours primers targeting Nup160 were
designed on the website (http://wmd3.weigelworld.org/cgi-bin/webapp.
cgi) based on the published protocol (Schwab et al., 2006). The
resulting fragment was cut by EcoRl and Xbal and ligated into the
pGreen 0229-35S vector. To construct SUC2:3FLAG-CO, three tandem
repeats of FLAG were fused in frame with the full-length CO coding
sequence, and the resulting fragment was subsequently inserted into a
modified pENTR/D-TOPO vector with the SUC2 promoter. The
SUC2:nIsRFP construct was cloned in a similar way. The primers for
creating the above constructs are listed in Supplemental Table 1.

Expression Analysis

Total RNA was extracted using the FavorPrep Plant Total RNA Mini Kit (Fa-
vorgen) and reverse transcribed using M-MLV reverse transcriptase
(Promega) according to the manufacturer’s instructions. Real-time
gPCR was performed in triplicate on each of three individually collected
samples using the 7900HT Fast Real-Time PCR System (Applied Bio-
systems) and Maxima SYBR Green/ROX qPCR Master Mix (Fermentas).
The difference between the cycle threshold (Ct) of target genes and that
of TUB2 was used to calculate the normalized expression of target genes.
All primers used for gene expression analysis are listed in Supplemental
Table 1.

GUS Staining

Plant tissues were harvested and incubated in cold 90% acetone on ice
for 20 min. Tissues were then washed three times with staining buffer
without the X-Gluc substrate. New staining buffer was subsequently
added together with 2 mM X-Gluc substrate. The tissues were infiltrated
in a vacuum chamber for 20 min and subsequently placed in a 37°C
oven for an appropriate duration. Samples were washed through an
ethanol series until all chlorophyll was removed, after which the tissues
were immersed in the clearing reagent and placed on the glass slides
for observation.

Confocal Image Analysis

Confocal images used for comparison were taken with the same confocal
settings. Quantification of GFP-HOS1 and nIsRFP signal intensity was
performed using ImagedJ software. A straight line was drawn across the
nucleus using the Straight Line Selection Tool in ImageJ. Relative intensity
plots for GFP-HOS1 and nIsRFP distribution across the drawn lines were
generated using the Plot Profile function in ImageJ.

Coimmunoprecipitation and Western Blot Analysis

Coimmunoprecipitation assay of the interaction between Nup160 and
HOS1 was performed with 9-day-old 3FLAG-gNup160 nup160-2 and
3FLAG-gNup160 nup160-2 GFP-gHOS1 hos1-3 seedlings grown under
LDs. Whole seedlings were harvested for extraction of nuclear protein
as described below. GFP-HOS1 was immunoprecipitated by anti-GFP
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antibody (Invitrogen) bound to Protein A/G PLUS-Agarose (Santa Cruz).
Proteins bound to the beads were resolved by SDS-PAGE and detected
by anti-FLAG (Sigma) or anti-GFP (Santa Cruz) antibody.

To examine the abundance of CO protein, seedlings grown on MS plates
were harvested at different time points for extraction of nuclear protein us-
ing the nuclear isolation buffer (20 mM Tris—HCI [pH 6.8], 40% glycerol,
20 mM MgCl,, 5% sucrose, 0.08% B-mercaptoethanol, 0.8% Triton X-
100) with protease inhibitor and 1.3 mM phenylmethylsulfonyl fluoride. Af-
ter washed three times with the same nuclear isolation buffer, pellets were
suspended in the 2x SDS loading buffer and thereafter heated at 95°C for
10 min. The samples were then loaded on the 12% SDS-PAGE gel. For
Western blot analysis, anti-FLAG (Sigma) antibody was used to detect
FLAG-CO, while anti-histone 3 (Abcam) was used to detect H3 as a
loading control. Signals were detected by Bio-Rad ChemiDoc Touch Im-
aging System and analyzed Bio-Rad Image Lab software.

BiFC Analysis

To detect in vivo interaction between Nup160 and HOS1 in Arabidopsis,
the coding sequences of nEYFP and cEYFP were amplified from pSAT
vectors and translationally fused with the N terminus of gHOS7 and C ter-
minus of gNup160, respectively. The resulting nEYFP-gHOS1 and
gNup 160-cEYFP were further subcloned into destination vectors with Hy-
gromycin and Basta selection markers via the Gateway LR reaction,
respectively. These two vectors were simultaneously transformed into
wild-type plants and screened by both selection markers. The selected
transgenic plants were used for confocal analysis, and also crossed
with the transgenic plants bearing cEYFP or nEYFP to obtain the control
plants containing either nEYFP-gHOS1 cEYFP or nEYFP gNup160-
cEYFP, respectively.
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