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proteins within the plant nucleoskeleton
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ABSTRACT Plants lack lamin proteins but contain a class of coiled-coil proteins that serve as
analogues to form a laminal structure at the nuclear periphery. These nuclear matrix constitu-
ent proteins (NMCPs) play important roles in regulating nuclear morphology and are parti-
tioned into two distinct groups. We investigated Arabidopsis NMCPs (called CRWNs) to
study the interrelationship between the three NMCP1-type paralogues (CRWN1, 2, and 3)
and the lone NMCP2-type paralogue, CRWN4. An examination of crwn mutants using protein
immunoblots demonstrated that CRWN4 abundance depends on the presence of the
NMCP1-type proteins, particularly CRWN1. The possibility that CRWN4 is coimported into
the nucleus with nuclear localization signal (NLS)-bearing paralogues in the NMCP1-clade was
discounted based on recovery of a crwn4-2 missense allele that disrupts a predicted NLS and
lowers the abundance of CRWNA4 in the nucleus. Further, a screen for mutations that suppress
the effects of the crwn4-2 mutation led to the discovery of a missense allele, impa-164, in
one of the nine importin-o. genes in the Arabidopsis genome. Our results indicate that the
CRWNA4 carries a functional NLS that interacts with canonic nuclear import machinery. Once
imported, the level of CRWN4 within the nucleus is modulated by the abundance of NMCP1
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proteins.

INTRODUCTION

Regulation of nuclear morphology in plants results from signaling
and physical interactions that span the nuclear envelope. A con-
served complex, called the linker of the nucleoskeleton and cyto-
skeleton (LINC) (Padmakumar et al., 2005; Crisp et al., 2006; Horn,
2014, Meier et al., 2017), serves as a bridge between the cytoskel-
eton and architectural elements within the nucleus. A key structural
element within the nucleus is the nuclear lamina (Gruenbaum et al.,
2005; Dechat et al., 2008), which lines the inner nuclear membrane
and provides mechanical stability for the nucleus (Lammerding
et al., 2004; Lammerding, 2011). In plants, one component of the
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nuclear lamina consists of a family of plant-specific nuclear coiled-
coil proteins, which were originally identified as nuclear matrix con-
stituent proteins (NMCPs) in carrot (Masuda et al., 1993, 1997, 1999;
Ciska et al., 2013). This protein family separates into two major phy-
logenetic clades, named the NMCP1-like and NMCP2-like clades
(Kimura et al., 2010), and most plant species contain at least one
homologue from each group (Poulet et al., 2017; Ciska et al., 2019).

The Arabidopsis genome contains four genes encoding NMCP-
like proteins, including three NMCP1 homologues (called CRWNT,
2, and 3 in Arabidopsis) and one NMCP2 orthologue (CRWN4)
(Dittmer et al., 2007; Sakamoto and Takagi, 2013; Wang et al.,
2013). Studies of fusion protein localization in transgenic plants indi-
cate that CRWN1 and CRWN4 are concentrated at the nuclear pe-
riphery, while CRWN2 and CRWN3 are distributed more broadly
throughout the Arabidopsis nuclei (Dittmer et al., 2007; Dittmer and
Richards, 2008; Sakamoto and Takagi, 2013). Our previous work
with loss-of-function alleles for each CRWN protein determined that
at least one functional CRWN protein is required for plant viability
(Wang et al., 2013). Single crwn mutants appear similar to wild type
(WT) at the whole-plant level. However, loss of CRWNT has a dra-
matic effect on nuclear morphology, leading to smaller spherical
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nuclei, but loss of either CRWN2 and/or CRWN3 does not (Dittmer
et al., 2007; Sakamoto and Takagi, 2013; Wang et al., 2013). Loss of
CRWN4 also causes reduced nuclear size and spherical nuclei with
additional phenotypes, including dispersal of heterochromatin ag-
gregates and irregular nuclear margins (Sakamoto and Takagi, 2013;
Wang et al., 2013). Combining crwn mutations leads to further de-
creases in nuclear size and a reduction in plant stature. Study of the
double and triple mutants demonstrated that plants cannot survive
with only CRWN1 or only CRWNA4, indicating that these proteins
have some nonoverlapping functions (Wang et al., 2013). In con-
trast, CRWN2 and CRWN3 are considered “generalists” that are
able to cover the function of both CRWN1 and CRWN4.

Although crwn1 and crwn4 mutants result in similar reductions in
nuclear size, crwn4 mutants exhibit more severe phenotypes com-
pared with crwn1 plants. For example, the degree of transcriptomic
changes is higher in crwn4 mutants (Choi et al., 2019), and chromo-
center organization is disrupted in crwn4 but not crwn 1 nuclei (Wang
et al., 2013). In combining these mutations, complex functional in-
teractions between CRWN1 and CRWN4 begin to emerge. Nuclear
size decreased further, illustrating an additive effect, while these
mutations have a synergistic effect on whole-plant morphology
(e.g., crwn1 crwn4 plants are semidwarf) (Wang et al., 2013). An-
tagonistic effects were also exhibited; for example, crwn1 crwn4
mutants show less severe gene misexpression (Choi et al., 2019) and
more normal chromocenter organization relative to crwn4 single
mutants (Wang et al., 2013). We hypothesize that physical interac-
tions, either direct or indirect, among CRWN paralogues might me-
diate these complex functional interactions. Additional support for
this hypothesis comes from coimmunoprecipitation experiments
that demonstrated that CRWN1 and CRWN4 are found together
with other proteins in large macromolecular complexes (Goto et al.,
2014; Mikulski et al., 2019). In this study, we address how the activi-
ties of NMCP1- and NMCP2-type proteins are coordinated in the
nucleus.

RESULTS

The four Arabidopsis CRWN proteins exhibit a tripartite domain
structure characteristic of NMCP proteins, consisting of a large, cen-
tral coiled-coil domain flanked by a short N-terminal and a longer
C-terminal domain (Figure 1A). The size and amino acid sequence
of the N-termini are variable among CRWN paralogues (Figure 1B),
with CRWN2 and CRWNS3 sharing the highest similarity (approxi-
mately 30% identity). Paralogues of the CRWN1-like clade have a
conserved approximately 20-amino-acid block at the end of the
C-terminus that is absent in CRWN4 and NMCP2-like members
from other species (blue regions, Figure 1A). CRWN1, CRWN2,
and CRWNS3 also contain two conserved monopartite nuclear local-
ization signals (NLSs) within the C-terminal region, including an
associated YNL sequence motif (Figure 1C). Kimura et al. (2014)
demonstrated that this motif and the neighboring NLSs (termed
NLSm3 and NLSm4) in carrot NMCP1 function to specify nuclear
localization. By comparison, carrot NMCP2 and Arabidopsis CRWN4
lack these motifs. However, CRWN4 contains a predicted monopar-
tite NLS (purple region, Figure 1, A and D), as well as an overlapping
predicted bipartite NLS, in a comparable position approximately
120 amino acids from the C-terminus.

Nuclear accumulation of CRWN4 depends on the presence
of CRWN1 and CRWN3

To probe the size and abundance of CRWN protein paralogues, we
developed antibodies to detect these proteins by exploiting the
amino acid divergence in their N-terminal regions. We focused on
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CRWN1 and CRWN4 as the representatives of the two main NMCP
clades and generated anti-peptide polyclonal antisera in rabbits
that recognize epitopes within the N-terminus of CRWN1 and
CRWN4 (underlined peptides in Figure 1B). To test whether these
antibodies detected our proteins of interest, we prepared nuclear
extracts from seedling tissue and size fractionated the proteins by
SDS-PAGE and performed protein blot analysis using the anti-
CRWN peptide antisera (Supplemental Figure S1). Three different
genotypes were used in these validation experiments: WT and two
homozygous mutants, crwn1-1 and crwn4-1, each carrying a null
allele (T-DNA insertion in the Columbia background) that blocks the
production of a full-length transcript (Dittmer et al., 2007; Wang
et al., 2013). When we probed with the anti-CRWN1 antisera, three
bands were detected, migrating with apparent molecular weights of
between 100 and 250 kDa in the WT and crwn4-1 samples. The
most intense band migrated at about 110 kDa; the predicted size of
the CRWNT1 is 129 kDa. The anti-CRWN4 antibody detected two
bands in the WT and crwn1-1 samples, with the strongest at ap-
proximately 140 kDa, in reasonable agreement with CRWN4's pre-
dicted size of 121 kDa. No bands were detected in the crwn1-1 and
crwn4-1 samples by their cognate antibodies, indicating that each
antibody is specific for its intended epitope target. The presence of
multiple bands for CRWN1 and CRWN4 could be due to posttrans-
lational modiifications, proteolytic processing, and/or degradation
during preparation of the nuclear extracts.

These antibody reagents allowed us to investigate the interde-
pendence of the different CRWN proteins. Specifically, we asked
whether there were qualitative or quantitative changes in CRWN
protein abundance in the nucleus when one of the four paralogues
was missing. To do so, we measured the abundance and size of
CRWN1 and CRWN4 species in nuclear extracts prepared from WT
and crwn single mutant seedlings (Figure 2). As expected, signals in
the crwn1-1 and crwn4-1 nuclear extract samples were not detected
using the CRWN1 and CRWN4 antibodies, respectively, demon-
strating the specificity of the antibodies as shown in Supplemental
Figure S1. We observed no significant differences in CRWN1 abun-
dance or size across the remaining crwn single mutants (Figure 2A).
However, the crwn1-1 and crwn3-1 nuclear extracts exhibited a re-
duction in CRWN4 protein abundance compared with that of WT,
while the crwn2-1 sample showed no significant change (Figure 2B).
These results indicate that CRWN1 and CRWN3 are needed for nor-
mal levels of CRWN4 to accumulate in the nucleus while loss of
CRWN2 has no effect on CRWN4 abundance.

CRWN4 mRNA expression is increased in single mutants
affecting NMCP1-clade paralogues

As the reduction in CRWN4 abundance could be due to a decrease
in expression of CRWN4 in crwn1-1 and crwn3-1 mutants, transcript
levels of CRWN4 in the crwn single mutants were examined via
quantitative reverse transcriptase (QRT-PCR) analysis (Figure 3). RNA
was extracted from WT and crwn single mutant seedlings and used
to synthesize cDNA, which was then processed as the template in
gPCRs. Using the housekeeping genes ACTIN2 and UBC as the nor-
malization controls, we observed an increase in CRWN4 transcript
levelsin crwn1-1, crwn2-1, and crwn3-1 samples compared with WT.
These results indicate that loss of CRWN1, CRWN2, or CRWN3
leads to a modest boost in CRWN4 expression at the mRNA level.
Therefore, the decrease in CRWN4 protein levels within nuclei of
crwn1-1 and crwn3-1 mutants is not due to down-regulation of the
CRWN4 transcript. Rather, these results indicate that normal levels
of CRWN4 accumulation require CRWN1 or CRWN3 at the post-
transcriptional or protein level.
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The CRWN protein family. (A) The organization of CRWN protein paralogues, specifying the positions of the
coiled-coil domains in black, the predicted NLS regions (conserved NMCP1-type motifs in red and predicted motifs in
purple), and the NMCP1-type C-terminal domain in blue. Numbers indicate amino acid residues. (B) An amino acid
sequence alignment of the N-termini of the four CRWN proteins. The peptide sequences used to raise specific
antibodies recognizing CRWN1 and CRWN4 are underlined. (C) The NMCP1-type NLS motifs in red and the associated
YNL region (denoted by the gray rectangle) using conventional Clustal color coding. The symbols below the sequence
alignments in panels B and C indicate identities (*) or decreasing levels of amino acid conservation (: then.). (D) A
corresponding but diverged region of CRWN4 lacks NMCP1-type NLS motifs, yet contains a predicted NLS (purple) and

an overlapping predicted bipartite NLS.

The reduction in nuclear CRWN4 abundance in the absence
of CRWN1 is enhanced by a deficiency of CRWN2 or
CRWN3

We considered two working models to explain why the abundance
of CRWN4 in the nucleus is dependent on NMCP1-clade para-
logues. One model is that CRWN4 is stabilized by interaction with
NMCP1-type proteins or that CRWN4 levels are tuned to that of its
paralogues through regulated protein degradation. Another possi-
bility is that CRWN4, which lacks an obvious or at least a well-con-
served NLS, requires interaction with an NMCP1-clade protein,
which carries a functional NLS motif, for entry into the nucleus. Such
a mechanism has some attractive features, such as the ability to bal-
ance the stoichiometry of different monomer classes within the
nucleus.
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To begin exploring these possibilities, CRWN4 abundance was
examined using nuclear extracts of the crwn double mutants (Figure
4). We observed a dramatic reduction in nuclear CRWN4 levels in
crwn1-1 crwn2-1 and crwn1-1 crwn3-1 double mutants, suggesting
a synergistic effect of combining the crwn1-1 and crwn3-1 single
mutations. In contrast, only a modest decrease in CRWN4 levels was
observed in the crwn2-1 crwn3-1 double mutant samples. We con-
clude that the reduction in CRWN4 abundance in the mutant nuclei
is caused primarily by the absence of CRWN1 and enhanced by a
deficiency of CRWN3 or CRWN2. The synergistic effect of muta-
tions in the CRWN1-like clade on nuclear levels of CRWN4 parallels
the effect of these mutation combinations on nuclear size (Dittmer
et al., 2007; Wang et al., 2013). These findings are consistent with a
stabilization model in which CRWN4 primarily interacts with CRWN'1
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FIGURE 2: CRWN1 and CRWN4 protein abundance in crwn single mutants. Protein

sense crwn4 allele that alters a region with
similarity to an NLS. Nuclear localization sig-
nals are usually short motifs, consisting of
the basic amino acids lysine and arginine,
that are recognized by karyopherins (such as
importin-a) in the cytoplasm to form com-
plexes targeted for transport into the nu-
cleus (Kosugi et al., 2009a). As noted above,
CRWN4 was not previously known to con-
tain a functional NLS, nor were candidate
NLS motifs seen in NMCP2 (Kimura et al.,
2010) or conserved regions shared among
NMCP2-like proteins in other taxa (Ciska
et al., 2019). However, a forward genetics
screen for abnormal nuclear morphology
mutants led to the recovery of a missense
allele (designated crwn4-2) causing a phe-
notype resembling that of our well-charac-
terized loss-of-function allele, crwn4-1.
Compared with WT, the crwn4-2 mutation
results in smaller and more spherical nuclei,
as well as reduced chromocenter numbers
(typically five chromocenters or fewer in
crwn4-2 nuclei compared with 8-10 in WT)
(Figure 5A and Supplemental Figure S2).
The crwn4-2 missense allele is caused by an
ApAto CpT change at positions 26315087-8
(TAIR10 annotation of chromosome 5) within
the sixth exon of the CRWN4 gene. This di-
nucleotide change results in the single-
amino-acid change K923L, which lies within
a putative NLS motif (PSNNKKRKHD —
PSNNLKRKHD; see Figure 1D). We also in-
vestigated the nuclear abundance of
CRWN4 within this mutant and discovered a
significant decrease in CRWN4 levels com-
pared with WT (Figure 5B). These results
suggest that CRWN4 contains a functional
NLS that is disrupted by the crwn4-2 muta-
tion. However, we cannot rule out the pos-
sibility that the missense mutation leads to
increased protein turnover, perhaps due to
misfolding and/or an inability to interact
with binding partners.

Anti-CRWN1

Anti-Histone H3

Anti-CRWN4

Anti-Histone H3

immunoblots of size-fractionated nuclear extracts obtained from WT and crwn single mutant

seedlings were incubated with the indicated antibodies (panel A, anti-CRWN1; panel B,
anti-CRWN4), and the specific proteins were detected using a standard enhanced
chemiluminescence (ECL) protocol after incubation with an HRP-conjugated secondary antibody.
The abundance of histone H3 was used as a normalization standard. Quantifications of the
chemiluminescence signals were performed using a Storm imager and ImageQuant TL software
(Amersham Biosciences), and the averages of two independent experiments + SD are shown;

* represents p value < 0.05; ** represents p value < 0.01; *** represents p value < 0.001.

and then CRWN3, and with CRWN2 to a lesser extent. These re-
sults, however, are also consistent with a nuclear coimport mecha-
nism with CRWN4 translocation into the nucleus in partnership with
a hierarchy of NMCP1-clade proteins (CRWN1 > CRWN3 > CRWN2).

Discovery of a novel CRWN4 mutation revealing a putative
NLS motif

A key premise of the coimport model is that CRWN4 lacks an NLS
motif. This premise was challenged by the discovery of a novel mis-
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Isolation of an extragenic suppressor
of the crwn4-2 mutation

To gain further insight into the nuclear ac-
cumulation of CRWN4, we conducted a ge-
netic screen for second-site mutations that
suppress the effects of the crwn4-2 muta-
tion. Seeds homozygous for crwn4-2 and a
nuclear green fluorescent protein (GFP)
marker were mutagenized with ethylmethansulfonate (EMS), and
the individuals in the M, generation were screened for elongated
nuclei in root cells. We discovered one such individual out of a pop-
ulation of nearly 900 M, seedlings as a candidate carrying either a
reversion mutation or a second-site suppressor mutation. Mj
progeny of this phenotypically suppressed individual also showed
elongated nuclei in several tissues. As shown in Figure 5A,
4 ,6-diamidino-2-phenylindole (DAPI)-stained anther filament nuclei
in phenotypically suppressed M, individuals (designated crwn4-2;
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FIGURE 3: CRWN4 transcript levels are elevated in the absence of
individual NMCP1-clade proteins. The expression profile of CRWN4
was generated by qRT-PCR analysis of transcripts in WT and crwn
single mutant seedlings. ACTIN2 and UBC were used as normalization
controls. The average and SEM are represented based on eight
technical replicates.

sup; see below) were more elongated than crwn4-2 mutant nuclei,
but less so than WT nuclei. In addition, nuclei in suppressed My in-
dividuals contained higher numbers of distinct chromocenters com-
pared with nuclei from the crwn4-2 parental line (Supplemental
Figure S2).

We next sought to understand the mechanism behind the resto-
ration of these key morphological features of WT nuclei in this line.
First, we examined the abundance of CRWN4 in the phenotypically
suppressed line and determined that the changes in nuclear mor-
phology were associated with an increase in CRWN4 abundance in
the nucleus to approximately WT levels (Figure 5B). Therefore, the
genetic change in the phenotypically suppressed line leads to nor-
mal levels of CRWN4 accumulation in nuclei, although the shape of
nuclei is not fully restored.

We next investigated the nature of the underlying genetic
change. The CRWN4 gene from the suppressed line was rese-
quenced from PCR amplicons to confirm the presence of the origi-
nal crwn4-2 mutation, thereby ruling out a true reversion event. In
addition, we found no nucleotide changes in the coding region in
CRWN4 or in the region directly upstream, excluding the possibility
that the line contained an intragenic suppressor mutation. These
results indicated that an extragenic mutation is the most likely expla-
nation for the observed phenotypic suppression.
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FIGURE 4: CRWN4 protein abundance across crwn single and double
mutants. Protein immunoblots of size-fractionated nuclear extracts
obtained from WT and select crwn single and double mutant
seedlings were incubated with the antibody against CRWN4, and the
protein was detected via an ECL protocol as described in Figure 2.
The abundance of histone H3 was used as a normalization standard.
Quantifications of the chemiluminescence signals, indicated by
fractional numbers relative to WT between the blot panels, were
performed using a Storm imager and ImageQuant TL software
(Amersham Biosciences). This experiment is representative of blots
done with independent samples from at least three independent
biological replicates and additional technical replicates.
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This provisional conclusion was then tested by observing the ge-
netic behavior of the putative extragenic suppressor mutation. We
crossed the putative crwn4-2; sup line to WT plants (outcross) as
well as the nonmutagenized crwn4-2 parental line (backcrossed).
The outcrossed CRWN4/crwn4-2; SUP/sup Fy individuals had elon-
gated nuclei, while the crwn4-2/crwn4-2; SUP/sup F; individuals
generated by the backcross showed partial suppression of the nu-
clear phenotypes. After self-pollination of the outcrossed
CRWN4/crwn4-2; SUP/sup Fy plants, we recovered individuals that
had spherical nuclei characteristic of crwn4 homozygotes. This find-
ing demonstrates that the sup mutation can be segregated from the
crwn4-2 mutation and therefore lies at a separate genetic locus.

Self-pollination of backcrossed crwn4-2/crwn4-2; SUP/sup par-
ents yielded a range of nuclear phenotypes among F; individuals.
Plants with spherical (unsuppressed) nuclei were observed in inde-
pendent F;, families at a frequency of approximately 30%: 27 of 89
in one family and 83 of 249 in another. Among the F, individuals
with nonspherical nuclear phenotypes, the morphology ranged
from highly elongated to intermediate, making it difficult to assign
precise phenotypic categories. This genetic behavior is best ex-
plained by the action of a semidominant suppressor mutation un-
linked to the crwn4-2 mutation.

To gain further insight into the mechanisms of suppression, we
tested the allele specificity of the sup mutation. We crossed the sup
mutation (tracked using a linked molecular marker; see below) into
a background carrying the loss-of-function crwn4-1 allele and com-
pared the morphology of anther filament nuclei between crwn4-1;
sup and crwn4-2; sup individuals, with reference to their respective
parental crwn4 strains (see Figure 5A). We found that the sup muta-
tion failed to suppress the crwn4-1 null mutation, indicating that the
suppression is not due to a bypass mechanism (Guarente, 1993).
Rather, the allele specificity of the sup mutation suggests that the
suppression is mediated by a direct interaction between the prod-
uct of the sup locus and the CRWN4 protein carrying the crwn4-2
missense allele.

We also recovered plants carrying only the sup mutation in an
otherwise WT background. At the whole-plant level, CRWN4; sup
individuals are indistinguishable from WT plants; Supplemental
Figure S3 shows that CRWN4; sup nuclei are elongated and resem-
ble nuclei from WT plants.

Molecular identification of the SUP locus

Our next objective was to identify the molecular nature of the
sup mutation. Returning to the F, population generated from the
crwn4-2; SUP X crwn4-2; sup cross, we generated F3 families (via
self-pollination of F; individuals) and tested for segregation of the
sup mutation. Six true-breeding crwn4-2; SUP families and three
crwn4-2; sup families were chosen, and genomic DNA was prepared
from pooled tissue for each F3 family. Genomic libraries were then
prepared for whole-genome resequencing using short-read tech-
nology. This bulked segregant approach allowed us to identify EMS-
induced nonreference polymorphisms that were present in the ho-
mozygous state in the crwn4-2; sup pooled sample compared with
reference alleles in the crwn4-2; SUP F3 pool. Through this analysis,
we localized the sup mutation to an approximately 2.5 mega base
pair region on the top arm of chromosome 3. This region was de-
fined by 18 nonreference polymorphisms in the homozygous state
that affect coding sequences (listed in Supplemental Table S1).

The causal polymorphism in this region was narrowed down by
genetic mapping. An expanded F;, family (parents: crwn4-2; SUP X
crwn4-2; sup) was screened and genomic DNA prepared from plants
showing unsuppressed, spherical nuclear morphology (presumptive
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isoforms of importin-a. in Arabidopsis (Hicks
et al, 1996; Ballas and Citovsky, 1997).
The induced G146E missense mutation in
IMPA-1 occurs between two of the protein’s
eight Armadillo (ARM) repeats (Figure 6) re-
sponsible for NLS recognition (Conti et al.,
1998). The nature of the crwn4-2 missense
allele, which alters a motif resembling an

b NLS, and the allele-specific behavior of the
(¢] .
sup allele support the hypothesis that the
SUP locus corresponds to IMPA-1.
.

We tested this hypothesis using a trans-
genic recapitulation experiment in which ei-
ther a WT or a G146E version of the IMPA-1
coding region was expressed in a crwn4-2
mutant background. As shown in Figure 7,
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FIGURE 5: Characterization of the crwn4-2 missense allele and an extragenic suppressor
mutation. (A) Measurements of nuclear shape, expressed as the ratios of long-vs.-short axes in
anther filament nuclei of different genotypes; numbers of nuclei measured: 28 (WT); 31 (crwn4-2);
31 (crwn4-2; sup); 37 (crwn4-1); and 41 (crwn4-1; sup). Central values shown are means. A
one-way analysis of variance (ANOVA) Tukey honest significant difference (HSD) test was
performed to identify significant differences (p < 0.01) among the genotypes; different lowercase
letters represent genotypes that are significantly different from one another. (B) Protein
immunoblots of size-fractionated nuclear extracts obtained from WT, crwn4-2, and crwn4-2; sup
mutant seedlings were incubated with antibodies recognizing either CRWN4 or histone H3. After
detection of the proteins using an ECL protocol, quantification of signals was performed using
ImageQuant TL software (Amersham Biosciences). This experiment is representative of blots
done with independent samples from three independent biological replicates.

SUP/SUP individuals). We then scored the genotype at EMS-in-
duced polymorphic sites in these individuals and looked for strict
linkage to the SUP genotype. As shown in Supplemental Figure S4,
the sup mutation was delimited by recombination events to a mini-
mal genetic window containing three nonreference alleles that al-
tered coding regions. One mutation lies within the PPR2 gene en-
coding a chloroplast protein involved in RNA editing, and another
mutation causes an amino acid substitution in At3g06480, which
encodes a DEAD-box RNA helicase implicated in nuclear RNA
processing. Given their predicted roles in RNA metabolism, these
EMS-induced alleles are unlikely candidates for the sup mutation. In
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introduction of a transgene expressing the
crwn4-1; sup

impa-1 G146E allele altered the nuclear
shape phenotype conferred by the crwn4-2
mutation, but the transgenic individuals with
a WT IMPA-1 transgene had spherical nuclei
characteristic of the unsuppressed crwn4-2
mutant. Taken together, our results demon-
strate that the G146E version of the IMPA-1
is able to recognize a CRWN4 protein with a
K923L substitution, which destroys or se-
verely cripples the protein’s primary NLS.

Anti-CRWN4

DISCUSSION

Our results provide insight into the coordi-
nation between NMCP1- and NMCP2-clade
proteins that work together to maintain nu-
clear morphology in plant cells. Here, we
uncovered two mechanisms important for
the nuclear accumulation of the NMCP2-
type protein, CRWN4, in Arabidopsis. First,
the abundance of CRWN4 within the nu-
cleus depends on the presence of its
NMCP1-clade paralogues. Second, we
demonstrated that CRWN4 gains access to
the nucleus using an NLS that can be recog-
nized by canonical nuclear import machin-
ery. We will consider these two mechanisms
in turn, beginning with the nuclear import of
CRWN4 as an example of NMCP2-type
proteins.

Previous studies have established that
NMCP1- and NMCP2-type proteins differ in
both nuclear transport and intracellular dy-
namics during the cell cycle. NMCP1-type proteins contain two
closely spaced monopartite NLSs in their C-terminal domain. These
NLSs were identified by sequence conservation (Ciska et al., 2013)
as well as through functional assays for nuclear targeting (Kimura
et al., 2014). The latter analysis monitored the localization of tran-
siently expressed proteins containing various forms of carrot NMCP1
(DcNMCP1) fused to a fluorescent reporter protein. Interestingly,
one of these NLS regions (NLSm4) overlaps with a six-amino-acid
conserved motif that is required, along with the 141 N-terminal
amino acids of DcNMCP1, for targeting to the nuclear periphery.
NMCP2 proteins lack this six-amino-acid motif and the flanking
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FIGURE 6: The position of the missense mutation in IMPA-1 corresponds to the NLS-recognition region in yeast
importin-a (SRP1). The amino acid sequences of the eight ARM repeats of the Arabidopsis IMPA-1 protein are aligned
under the corresponding sequence of the yeast importin-o. SRP1 (blue text). The alpha helices of the yeast SRP1 ARMa
repeat are depicted at the top, and the conserved tryptophan (W) and asparagine (N) residues in helix 3 are highlighted
in yellow (Conti et al., 1998; Chang et al., 2012). The green bar marks the position of mutated glycine (G) residue (#146),
which is shown in red. The amino acid coordinates are shown to the right of the sequences.

NLSs (Kimura et al., 2010, 2014). Further,
the N-terminal domain of DcNMCP2 can-
not substitute for the N-terminal region of
DcNMCP1 in the targeting assay for nuclear
rim localization (Kimura et al., 2014). Per-
haps related to these structural differences,
the intracellular dynamics of carrot NMCP1
and NMCP2 during nuclear reformation in
mitosis are distinct (Kimura et al., 2010). Af-
ter the onset of nuclear membrane break-
down in prometaphase, much of the pool
of DcNMCP1 associates with the mitotic
spindle and then shifts to the surface of
chromatin starting in anaphase. In contrast,
DcNMCP2 disperses after prometaphase
into the mitotic cytoplasm and then associ-
ates with putative nuclear membrane vesi-
cles before accumulating at the surface of
chromatin at early telophase. Despite these
differences, NMCP2-type proteins, like
Arabidopsis CRWN4, need to be trans-
ported into the nucleus, and their lack of a
conspicuous NLS initially led us, and others
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FIGURE 7: Expression of impa-16"4E, but not WT IMPA-1, suppresses the nuclear shape

phenotype in crwn4-2 mutants. Transgene constructs expressing either the WT IMPA-1 coding
sequence or the impa-1674E coding sequence under control of the strong CaMV 35S promoter
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were introduced into crwn4-2 mutants.
Anther filament nuclei were examined from a
crwn4-2 mutant lacking a transgene or
different individuals from three transgenic
lines: line A carrying an IMPA-1 transgene or
lines B and C carrying an impa-16"46E
transgene. Measurements of nuclear shape,
expressed as the ratios of long-vs.-short axes
are shown; numbers of nuclei measured are
indicated by n = # toward the bottom of the
graph. Central values shown are medians. A
one-way ANOVA Tukey HSD test was
performed; samples that do not share a
lowercase letter are significantly different
from one another (p < 0.01).
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(Kimura et al., 2010), to consider the possibility that these proteins
associate with their NLS-containing paralogues or unrelated pro-
teins to gain access to the nucleus via a cotransport mechanism
(Fabbro et al., 2002; Knudsen et al., 2009).

Two key findings from the present work, however, indicate that
CRWN4 does contain a functional NLS that can be recognized by
nuclear transport machinery. First, the crwn4-2 missense allele alters
a short stretch of basic amino acids that scores in prediction algo-
rithms as a possible monopartite NLS (Figure 1D). The amino acid
substitution, which is predicted to destroy the NLS, leads to a 60-
70% reduction in the levels of CRWN4 in the nucleus (Figure 5B).
The second line of evidence is the identification of a missense muta-
tion in the IMPA-1 gene, encoding an isoform of importin-a, as an
allele-specific suppressor of the crwn4-2 mutation that restores the
level of nuclear CRWN4 (Figures 5 and 7). The IMPA-1 mutation
(G146E) occurs at the junction between the first and second of eight
tandem Armadillo (ARM) repeats, and the altered glycine corre-
sponds to a residue conserved in other importin-o. proteins in fungi
and animals (Conti et al., 1998). More precisely, the G146E substitu-
tion falls in a region at the boundary of helix 3 in ARM repeat 1 close
to the conserved WxxxN pairs in helix 3 that form the floor of the
hydrophobic groove that orients and interacts with the NLS on
transport cargoes (Figure 6). Further, the G146E substitution lies in a
region corresponding to the superhelix of yeast importin-o. (SRP1)
that interacts with the core KKxK motif in classical monopartite NLSs
(Conti et al., 1998). These considerations support a model in which
the altered IMPA-1 protein gains the ability to interact with the al-
tered crwn4-2 NLS moitif, or possibly with an alternative cryptic NLS
in CRWN4, thereby allowing nuclear entry and restoration of normal
levels of protein in the nucleus (Figure 5B). Notably, full CRWN4
function is often not completely restored in crwn4-2; sup individuals
(see Figure 5A), suggesting either that the nuclear CRWN4 pool is
not assembled or that the crwn4-2 mutation might partially disrupt
the function of protein within the nucleus.

Our findings highlight some important open questions. First, it is
not known whether IMPA-1 is the importin-o isoform that normally
recognizes CRWN4. One possible scenario is that the WT version of
IMPA-1 does not recognize CRWN4, but the G146E mutation allows
interaction with CRWN4 carrying the altered NLS (i.e., impa-16"%£ is
a neomorphic mutation enabling recognition of novel transport car-
goes). A second question is whether or not CRWN4 relies com-
pletely on the discovered monopartite NLS for nuclear import. The
residual amount of nuclear CRWN4 detected in crwn4-2 mutants
(approximately 30%) could be due to less efficient import mediated
via a weaker secondary NLS. Alternatively, some CRWN4 might gain
entry into the nucleus via an alternative pathway, such as the previ-
ously hypothesized coimport mechanism.

The identification of a functional NLS in CRWN4 allowed us to
investigate the conservation of this motif in its orthologues. As
shown in Supplemental Figure S5, a related NLS is evident in ortho-
logues from related taxa, but the motif is not recognizable in NMCP2
proteins from more distantly related plants. Some sense of the rela-
tive divergence of NLS motifs can be gained by examining the situ-
ation in dicot Daucus carota (carrot), where the prototypic NMCPs
were first discovered and studied. The functional NLSm3 and
NLSm4 sequences in DcNMCP1 identified by Kimura et al. (2014)
are still recognizable in the three Arabidopsis NMCP1-type proteins
(Kimura et al., 2014) (see Figure 1C). In contrast, the NLS identified
in this study is not conserved between NMCP2 orthologues in carrot
and Arabidopsis. However, a potential alternative bipartite NLS mo-
tif exists in DeNMCP2 nearby, which also corresponds to the general
position of the NLS motifs in NMCP1-type proteins (see Figure 1A
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and Supplemental Figure S5). Interestingly, a candidate bipartite
NLS is found in NMCP2 orthologues in monocot taxa (represented
in Supplemental Figure S5 by the grasses rice and maize) at a posi-
tion that overlaps the NLS discovered in this study. Therefore, it is
likely that nuclear import of NMCP2 proteins relies on rapidly evolv-
ing NLS sequences whose amino acid identity is divergent but
whose position in the protein is conserved.

We turn now to the other mechanism uncovered in this study
that regulates the abundance of NMCP2-type proteins in the nu-
cleus. Once imported into the nucleus, the level of CRWN4 is af-
fected by the presence or absence of its paralogues in the NMCP1
family. As shown in Figure 2, the abundance of CRWN4 in the nu-
cleus is decreased in the absence of either CRWN1 or CRWN3. Fur-
ther, the decrease is accentuated by the deficiency of two NMCP1-
type paralogues (Figure 4), provided that CRWN1 is one of the
absent paralogues. Steady-state CRWN4 transcript levels are not
affected by mutations in the other crwn genes (Figure 3), suggesting
that the effects on CRWN4 abundance occur at the posttranscrip-
tional or protein level.

We propose two different models to explain these results. The
first posits that CRWN4 is stabilized in the nucleus in complexes with
its NMCP1-clade paralogues. Two published reports indicate that
CRWN1 and CRWN4 can be coimmunoprecipitated along with
other targeted proteins (Goto et al., 2014; Mikulski et al., 2019).
These findings demonstrate that CRWN4 interacts with CRWN1 but
do not distinguish between direct and indirect physical interactions.
Direct interaction could occur at the level of heterodimer formation
mediated by the long coiled-coil domains, analogous to the ob-
served dimerization of lamin monomers (de Leeuw et al., 2018) (al-
though recent in vivo imaging argues that tetramers might be the
fundamental aggregate form [Turgay et al., 2017]). Alternatively, in-
teraction could be indirect and result from coimmunoprecipitation
of large macromolecular complexes containing CRWN4 aggregates
and distinct CRWN1 aggregates. The available data in animals sug-
gest that the different lamin subtypes (A/C and B) form separate fila-
ment lattices in the nuclear lamina (Goldberg et al., 2008; Shimi
et al., 2008, 2015; Turgay et al., 2017). An immunolocalization study
in onion uncovered distinct microdomains that contain predomi-
nantly NMCP1 or NMCP2 proteins, suggesting that the plant nu-
clear lamina might contain distinct lattice subtypes (Ciska et al.,
2018). Regardless of the specifics of the physical interactions, any
type of complex formation involving CRWN1 and CRWN4 could
explain why loss of one protein could lead to increased turnover of
the unbound partner monomer or aggregate. One prediction of this
simple model is that the effects should be reciprocal; however, while
CRWN4 levels change significantly in the absence of CRWN1, the
converse is not true. This consideration points to an alternative
model involving more complex regulation among NMCP1- and
NMCP2-type proteins in plant nuclei. In this scenario, CRWN1 and
CRWN4 complexes might be independent but interrelated, through
either structural connections or regulatory intermediaries. Evidence
for cross-talk among nuclear lamina subtypes was reported in mam-
malian cells (Shimi et al., 2008, 2015). For example, after knocking
down expression of lamin B1 using short-hairpin RNA in Hela cells,
these authors observed an alteration in the pore size of both lamin
A and lamin B2 networks and the mobility of the nucleoplasmic frac-
tion of lamin A (Shimi et al., 2008). By analogy, it is possible that
NMCP2 networks might be altered and destabilized by changes in
the amount of NMCP1-type proteins or by the absence of specific
isoforms. Elucidating the specific mechanisms that underlie the
cross-regulation, which we have demonstrated here, between
NMCP1- and NMCP2-type proteins promises to uncover the full
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complexity of the composition and function of the plant nuclear
lamina.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia was used as the WT. The
cwn1-1, crwn2-1, crwn3-1, crwn4-1, crwn1-1 crwn2-1, crwnl-1
crwn3-1, and crwn2-1 crwn3-1 mutants used in this study were pre-
viously described (Wang et al., 2013). The crwn4-2 missense allele
was discovered in a genetic screen utilizing a fast neutron mutagen-
esis to search for novel abnormal nuclear morphology mutants. The
environmental growth chamber used in these studies were set to
long-day conditions with a 16-h light/8-h dark period at approxi-
mately 23°C and 60% relative humidity.

For protein extraction, approximately 50 seeds were sterilized in
50% (vol/vol) bleach solution and washed at least three times with
sterile MilliQ water. Aseptic seeds were added to Murashige and
Skoog (MS) media supplemented with 1% sucrose and 1x Gambo-
rg’s Vitamin solution and were grown under continuous shaking con-
ditions at room temperature in the dark for 11 d. For gRT-PCR analy-
sis, aseptic seeds were placed on petri dishes containing MS agar
supplemented with 10 g/I sucrose. Following an incubation at 4°C
for 2 d in the dark, the plates were transferred to the environmental
growth chamber. For microscopic imaging, seeds were grown on
MetroMix 360+ soil in the environmental growth chamber.

Antibody preparation

Antipeptide polyclonal antibodies recognize the N-terminal regions
of CRWN1 and CRWN4, respectively. Peptide antigens (CRWN1:
MSTPLKVWQRWSTPT; CRWN4: RSERFPITPSTAATNRLT) were syn-
thesized and injected into rabbits by Proteintech (Rosemont, IL), a
commercial antiserum production company, to raise the corre-
sponding antisera, which were then affinity purified.

Nuclear protein extraction and Western blot analysis

For nuclear protein extractions, seedlings were harvested and ho-
mogenized thoroughly in cold Honda buffer (0.44 M sucrose,1.25%
Ficoll, 2.5% Dextran T40, 20 mM HEPES-KOH, pH 7.4, 10 mM
MgCly, 0.5% Triton X-100) with a Protease inhibitor cocktail using
mortar and pestle. The resulting homogenate was filtered through
two layers of nylon mesh (Membrane Solutions) with the top layer
having a pore size of 100 um and the bottom layer having a pore size
of 20 pm. The clear liquid phase was centrifuged at 7000 rpm for 30
min at 4°C to obtain the nuclear pellet. The pellet was then washed
three times using Honda buffer (without Protease inhibitor cocktail)
until the pellet turned gray. The nuclear pellet was either kept on ice
for immediate analysis by Western blot or stored at -20°C.

After the nuclear pellets were resuspended in 2x Laemmli buffer
(1.6% SDS, 20% glycerol, 120 mM Tris, 0.02% bromphenol blue)
with 10% B-mercaptoethanol, the samples were boiled for 5 min
and resolved on a 10% separating gel via SDS-PAGE. The gel was
then transferred to a nylon membrane (Amersham Biosciences) us-
ing electroblot transfer systems. After the membrane was blocked
at 4°C, the blot was probed with either anti-CRWN1 or anti-CRWN4
primary antibody solutions diluted at 1:1000, followed by an incuba-
tion in anti-rabbit horseradish peroxidase (HRP)-conjugated second-
ary antibody solutions. Proteins were detected using ECL Plus Sub-
strate (Thermo Scientific/Pierce) and a Storm imager (Amersham
Biosciences) and their abundance quantified using ImageQuant TL
software (Amersham Biosciences).
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RNA isolation, cDNA preparation, and gRT-PCR analysis
RNA was extracted using the E.Z.N.A. Plant RNA Kit (Omega Bio-
tek) after collecting 50 seedlings from each selected genotype. Fol-
lowing a treatment with DNase 1 (New England Biolabs), cDNA was
synthesized via the SuperScript IV First-Strand Synthesis System
(Invitrogen). To examine transcript levels of CRWN4, gRT-PCR was
performed for WT and the crwn single mutants with primers RT-
CRWN4-F (5-TTGTGTCTCGGGATGATGAA-3’) and RT-CRWN4-R
(5-AAGGGGTTAAGCCGTTCTGT-3"), using iTag Universal SYBR
Green Supermix (BioRad) on a BioRad C1000 thermal cycler for
40 cycles. ACTINZ and UBC were used as endogenous controls to
normalize the samples using the primers specified by Czechowski
et al. (2005).

Microscopic imaging

Anther filaments of flowering plants were first fixed in a 3:1 ethanol:
acetic acid solution for at least 20 min. Following a rinse in water, the
filaments were briefly dipped in DAPI working solution (at 1 pg/ml)
and then in water and placed on a slide for imaging using a Leica
DM5500 epifluorescence microscope.

crwn4-2 suppressor screening

The starting material for this screen was an A. thaliana Columbia
strain homozygous for the crwn4-2 allele and an NLS-GFP-GUS
transgene, which encodes a GFP fused to a plant nuclear localiza-
tion signal (NLS) and to B-glucuronidase (GUS) from Escherichia coli,
expressed under a constitutive CaMV 35S promoter (Chytilova
etal., 1999). This transgene marker allows for nuclei to be imaged in
live seedling tissues, and the crwn4-2 allele was one of 11 mutations
we recovered from a fast-neutron mutagenesis looking for variants
with spherical root cell nuclei. The crwn4-2 mutation, a base-pair
substitution affecting a pyrimidine dinucleotide site (5"-TpT-3/5-
ApA-3’), conforms with the known mutagenic spectrum of fast neu-
trons (Belfield et al., 2012). To generate mutations that might sup-
press the crwn4-2 phenotype, the seeds were treated with the
alkylating agent EMS, and the resulting My plants self-pollinated to
segregate mutations. Seedlings in the next generation (M,) were
screened for elongated nuclei in root cells to identify plants contain-
ing reversions or suppressor mutations. For screening, M, seeds
were grown on 1x MS agar plates with 1% sucrose and 0.7% phyto-
agar, cold-treated at 4°C overnight for stratification, and grown ver-
tically in the environmental growth chamber. After 1 wk of growth,
the roots were phenotyped using a Leica M205 fluorescence stereo-
microscope. WT and nonmutagenized crwn4-2 seeds were also
grown as controls. Candidate suppressor seedlings were trans-
planted from the MS plates to soil and returned to the environmen-
tal growth chamber. Once these plants began flowering, anther fila-
ments were harvested, DAPI stained, and imaged as described
above to observe whether or not the nuclear root phenotype ob-
served in the seedling was present in adult tissues. M3 seed was
generated from the candidate suppressor line to test for transmis-
sion to the next generation and subsequent molecular analysis and
genetic crosses. Using the urea lysis miniprep protocol (Cocciolone
and Cone, 1993), genomic DNA was extracted from candidate and
control plants. Genotyping for the presence or absence of the origi-
nal crwn4-2 allele was performed by standard PCR using GoTaq
DNA polymerase (Promega) and either adWTF 5-TGAGACTAGC-
GAACCAAGCAATAACAA-3" or adMutF 5-TGAGACTAGCGAAC-
CAAGCAATAACCT-3" with a41kbR2 5-TCCAGCCGAACACTCTT-
GCTGTTG-3’, where primer pair adWTF/a41kbR2 recognizes the
WT CRWN4 sequence while primer pair a4MutF/a41kbR2 includes
the crwn4-2 point mutation (the dinucleotide change corresponds
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to the 3’ end of the a4MutF primer). In addition, we determined the
entire CRWN4 genomic sequence in the crwn4-2; sup individual,
from PCR amplicon templates, to confirm the presence of the origi-
nal crwn4-2 missense allele, as well as to rule out the existence of
potential intragenic suppressor mutations.

Genetic mapping of the SUP locus

A bulked-segregant analysis combined with whole-genome re-
sequencing was performed on two F3 pooled genomic DNA
preps comparing crwn4-2/crwn4-2; SUP/SUP versus crwn4-2/
crwn4-2; sup/sup genotypes (the genetic crosses generating this
material are described in detail in Results). DNA sequencing li-
braries were constructed by Polar Genomics (Ithaca, NY), and
reads were generated in Cornell University’s Institute of Biotech-
nology sequencing core using lllumina NextSeq technology. The
reads were aligned to the reference Columbia genome sequence
(Arabidopsis Genome Initiative, 2000) and nonreference alleles
identified using the Genome Analysis Toolkit suite developed by
the Broad Institute (McKenna et al., 2010). EMS-induced muta-
tions that affected protein-coding genes were identified using
the SNPEff tool (Cingolani et al., 2012). The critical region con-
taining the SUP locus was identified by a segment of chromo-
some 3 that was enriched for loci that were homozygous for non-
reference alleles in the crwn4-2/crwn4-2; sup/sup sample and for
reference alleles in the crwn4-2/crwn4-2; SUP/SUP sample (see
Supplemental Table S1). Genetic fine mapping was conducted
by genotyping approximately 100 F, individuals (from a self-pol-
linated crwn4-2/crwn4-2; SUP/sup parent) that contained spheri-
cal/ovoid nuclei (i.e., SUP/SUP individuals) using PCR-based
markers developed to distinguish between reference and non-
reference alleles.

Suppressor transgenic recapitulation experiment

The coding sequence of the IMPA-1 gene or the impa-1674E allele
was amplified from genomic templates using a high-fidelity thermo-
stable DNA polymerase (Phusion; New England Biolabs) and prim-
ers IMPA-1_dTF1: 5-CACCTACATTAGCTTGCCTCAAAGAACAC-3’
and IMPA1_ORF_R2: 5-TCAGCTGAAGTTGAATCCTCCGGAT-3".
The amplified regions contained all exons (including the stop co-
don) and introns, the annotated 5-UTR and an additional 167 base
pairs upstream. These amplification products were inserted into
Gateway entry vector (pENTR/D-TOPO) using directional TOPO
cloning (Invitrogen/Life Technologies). Sequence-verified inserts
were moved via LR Clonase reactions (Invitrogen/Life Technolo-
gies) into the Gateway destination vector pEG100 (Earley et al.,
2006), which contains T-DNA borders for Agrobacterium-mediated
plant transformation, a Cauliflower Mosaic Virus 35S promoter to
amplify expression, and an OCS 3’ end. Validate constructs were
then electroporated into Agrobacterium strain LBA4404, and
crwn4-2 mutant plants were transformed using the floral dip
method (Bent, 2006). Transformants were identified among the
progeny by selection for resistance to the herbicide Basta
(glufosinate).

Additional computational analysis

In determining the coiled-coil domains of the CRWN proteins, se-
quences were analyzed using the MARCOIL program (Delorenzi and
Speed, 2002; Zimmermann et al., 2018). Alignments of CRWN pro-
tein sequences were performed using the Clustal Omega program
(version 1.2.4; Sievers et al., 2011). For NLS motif analysis, cNLS
Mapper was used on the entire sequence with a cutoff score of 5.0
(Kosugi et al., 2009b).
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ETOC:

NMCP proteins with extended coiled-coil domains are major structural components of the nucleoskeleton in plant cells. We show that
the three NMCP1-type proteins in Arabidopsis maintain the nuclear pool of the single NMCP2-type protein, which gains access to the
nucleus through interaction with the importin-o. isoform, IMPA-1.

Volume 31 December 15, 2020 Plant nucleoskeletal protein regulation | 2959



