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ARTICLE INFO ABSTRACT

Handling Editor: Ying HUANG Zhen- The serine-threonine protein phosphatase PP2A holoenzymes regulate many eukaryotic cellular processes. They

consist of catalytic (C), regulatory (B) and scaffolding (A) subunits. C3-C4 and their interacting B” (Fass) subunits

Keyw?rds: of PP2A were in the focus of this study. Our tools were Arabidopsis wild-type plants and phosphatase mutants-
Pr‘)zt;m phosphatase fass (B™), c3c4 and microcystin-LR (MCY-LR), a specific inhibitor of PP2A/PP1. We have studied their role in the
PP

regulation of protein phosphatase activities and expression. In relation to this, we have focused on their
involvement in mitotic activity and histone H3 phosphorylation.

We show here for the first time that besides C3-C4, B”/Fass subunit has a crucial role in the maintenance of
normal protein phosphatase activities and levels in Arabidopsis. fass mutants show increased activities of PP2A
and PP1 (a phosphatase related to PP2A) and increased expression of PP2A/C. Both overall PP2A and PP1 ac-
tivities are inhibited in c3c4. Fass and C3-C4 are involved in the regulation of mitotic activity. C3-C4 have less
direct influence on the onset of mitosis, but Fass is involved in the regulation of metaphase-anaphase transition.
In wild-type plants, MCY-LR inhibited PP2A/C activities, related to alterations of mitotic events. Distinct effects
of MCY-LR in mutants also reveal the role of Fass/C3-C4 in the biochemical functionality of PP2A. Fass and C3-
C4 regulate the phosphorylation of histone H3, but this effect is not related to the regulation of mitotic onset in
Arabidopsis. This study gives new insights into the regulatory roles of Fass and C3-C4 subunits during mitosis in
plants.

C3-C4 subunits
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Mitosis

Histone H3 phosphorylation
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and highly variable regulatory (B) subunits with multiple (B, B, B”, B")
subfamilies (Bheri and Pandey, 2019; Farkas et al., 2007). PP1 bears the
catalytic (C) subunits bound to stimulatory or inhibitory regulator (R)

1. Introduction

One of the key eukaryotic cellular regulatory processes is reversible

protein phosphorylation of which the non-metal dependent serine-
threonine protein phosphatases PP2A and PP1 are major players (Shi,
2009). PP2A holoenzyme consists of three subunits, the catalytic (C)
subunit with five isoforms in Arabidopsis, the variable scaffolding (A)
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proteins and it also has multiple variants (up to nine PP1C isoforms in
Arabidopsis, Farkas et al., 2007). The variable regulatory subunits of
both phosphatase types are responsible for the diverse subcellular
localization and substrate specificity of holoenzymes (Shi, 2009;
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Virshup and Shenolikar, 2009).

Fass (TONNEAU?2) is a type B” regulatory subunit of PP2A, involved
in several key subcellular events including microtubule organization in
non-dividing and dividing plant cells (Camilleri et al., 2002; Kirik et al.,
2012; Spinner et al., 2013). It is part of the TTP complex, together with
TRM (TON1 Recruiting Motif) necessary for assembly and targeting of
the complex and TON1 as a regulator and the PP2A holoenzyme (Motta
and Schnittger, 2021; Schaefer et al., 2017; Spinner et al., 2013). The
connection between TRM and Fass is thought to be important for the
proper subcellular targeting of the PP2A holoenzyme-in particular, to
microtubules (MTs) to exert the regulatory role of TTP in MT organi-
zation (Rasmussen and Bellinger, 2018; Spinner et al., 2013). Fass is
known to interact with the C3 and C4, class II catalytic subunits of PP2A
with similar functions (Camilleri et al., 2002; Spinner et al., 2013).
These two subunits have redundant functions in the control of embryo
patterning and proper root development (Ballesteros et al., 2013).
Concerning the overall activities and expression of PP2A catalytic sub-
units (PP2A/C), the contribution of Fass subunits is less understood.

One of the key functions of reversible protein phosphorylation is cell
cycle and particularly, mitotic regulation. Regarding the relevant role of
protein phosphatases, although several new findings are available for all
eukaryotic cells including plants, there is still less knowledge in this field
as compared to phosphorylation catalyzed by protein kinases. Con-
cerning the Fass and C3-C4 subunits of PP2A, they are known to regulate
mitosis via influencing MT assembly during early stages (Schaefer et al.,
2017; Spinner et al., 2013). However, much research should be per-
formed in order to find more mechanistic details e.g. on how Fass (and
C3-C4) influence protein phosphatase functionality both at the
whole-plant level and during plant mitosis and how all these subunits
influence mitotic structures or post-translational modifications of key
protein players.

In plants, phosphorylation of histone H3 at the Ser10 position is
characteristic only for mitotic cells. In general, phosphorylation is
mediated by Aurora kinases, e.g. AtAuroral (see Demidov et al., 2005
for an example). The inhibition of protein phosphatase activities in-
creases the level of H3 phosphorylation in plants like broad bean/Vicia
faba (Beyer et al., 2012). Normally, the formation of Ser10 phosphory-
lated histone H3 (pH3-Ser10) starts at early prophase at the pericen-
tromeric region of chromosomes, playing a role in the mediation of
mitotic chromatin condensation. The maximum rate of H3 phosphory-
lation is reached in metaphase, where pHSerl0Q is present not only
around centromeres, but in chromosome arms as well. At
metaphase-anaphase transition, the levels of pH3 decrease to allow
sister chromatid segregation. This decrease continues in late mitosis in
parallel with the relaxation of mitotic chromatin and in late cytokinesis
will be hardly detectable (Beyer et al., 2012; Houben et al., 2007). To
date, there are no data on whether B” and C3-C4 subunits of PP2A in-
fluence dephosphorylation of pH3-Ser10 during plant mitosis in relation
to overall PP2A/C activities and levels. There is research work sug-
gesting involvement of PP1 (see Discussion section).

We used wild-type seedlings and the fass-5 (strongly altered pheno-
type), fass-15 (phenotype is altered at a lesser grade) mutants as well as
the c3c4 double mutants of Arabidopsis described by Alonso et al.
(2003), Camilleri et al. (2002), Kirik et al. (2012); Spinner et al. (2013).
fass-5 is strongly altered in both shoot and root development, while
fass-15 and c3c4 are stunted, but show axial organs and develop flowers
and c3c4 has offspring. As such, they are used for the study of subcellular
functions of these subunits (Spinner et al., 2013).

Microcystin-LR (MCY-LR) is a cyanobacterial heptapeptide, a spe-
cific and potent inhibitor of both PP2A and PP1. Due to its high speci-
ficity, it proved to be an excellent tool for the study of regulation of plant
subcellular processes by protein phosphatases (Mathé et al., 2016,
2021). We have used it as a research tool in the present study to place
our findings on Fass and C3-C4 in the general context of protein phos-
phatases: for many organisms, it inhibits all isoforms of PP2A and PP1
catalytic subunits (MacKintosh and Diplexcito, 2010).
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Besides their role in the localization and substrate specificity of
PP2A, several “B” subunits are modulating the activity of the holoen-
zyme (Mathé et al., 2023). Our central hypothesis was that Fass subunits
are doing so, although there were nearly no previous data on this. Thus,
an additional mechanism of mitotic regulation by Fass (through the
interacting C3/C4 subunits) would be their activity modulatory function
for controlling phosphorylation state of cell cycle regulatory proteins
including that of histone H3.

In the light of the above statements, the aims of the present study are
as follows.

(i) To reveal the contributions of Fass and their interacting C3-C4
subunits of PP2A holoenzyme to the overall protein phospha-
tase functionality/activities and expression of the total catalytic
subunit pool.

(ii) To reveal their role played in the proper mitotic activity and the
onset of mitosis in the Arabidopsis root apical meristem (RAM).
Related to this, to reveal their role in the regulation of histone H3
phosphorylation during mitosis. All these aspects were aimed to
be studied in relation to the above mentioned overall PP2A
functionalities and expression.

2. Materials and methods
2.1. Plant material and MCY-LR treatments

The genotypes of Arabidopsis thaliana used in this study were (i) wild-
type Columbia ecotype (Col0) (ii) the protein phosphatase (PP2A)
related mutants described by Alonso et al. (2003), Camilleri et al.
(2002), Kirik et al. (2012) and Spinner et al. (2013): ¢3c4, a double
T-DNA insertion mutant for the respective catalytic subunits and the fass
(ton2) mutants for the B” regulatory subunit. The fass-15 and fass-5
loss-of-function mutants used were created by EMS mutagenesis. They
are characterized by abnormal phenotypes with fass-5 as a strongly
altered phenotype with the lack of fully differentiated axial organs
(Spinner et al., 2013). These well visible developmental anomalies are
present only for the homozygote recessive (HZ) genotypes used
throughout our experiments.

Seed sterilization, seedling culture and the method for drug treat-
ments were performed essentially according to Freytag et al. (2021) and
Nagy et al. (2018). Surface sterilized seeds were transferred to
Murashige-Skoog medium with Gamborg’s vitamins (Gamborg et al.,
1968; Murashige and Skoog, 1962). After a 48 h-cold treatment, plates
with seeds were transferred to a plant tissue culture chamber under a
14,10 h photoperiod, 22 + 2 °C, 60 pmol m~2s~! photon flux density in
the light period. Five days after, seedlings were transferred on sterilized
filter paper soaked in liquid modified MS media and treatments (0.05
and 1 pM microcystin-LR/MCY-LR) started. High quality (>95 % purity)
MCY-LR used in this study was purified in our laboratories as described
previously (Kos et al., 1995, modified by Vasas et al., 2004). Pooled
cyanobacterial (Microcystis aeruginosa BGSD243) cells were extracted
with methanol, followed by removal of the organic solvent and resus-
pension of dried samples in Tris-HCI, pH 7.5. These aqueous suspensions
were subjected to ion-exchange (DEAE-cellulose), then size exclusion
(Toyopearl) chromatography. Purity of preparations was checked by an
HPLC method (see Freytag et al., 2021).

The concentrations of MCY-LR were carefully selected after pre-
liminary assays for the effects of the inhibitor. Therefore, we avoided
high concentrations (above 2 pM) that proved to be lethal or severely
harmful for plants in a short term. Treatments lasted for 24 h for each
type of experiments presented in this study.

2.2. The assay of protein phosphatase activities and expression

For Col0, phosphatase activities were measured both in whole
seedlings and in whole roots of seedlings. For fass-5 HZs, fass-15 HZs and



A. Kelemen et al.

c3c4, roots were frequently not distinguishable (for fass-5, the stronger
fass phenotype) and/or we could not collect enough root material for the
assays, thus for these genotypes (along with Col0 seedlings for a refer-
ence) we measured activities from whole seedlings.

Protein phosphatase assays were performed essentially as described
previously (Erdodi et al., 1995; Garda et al., 2018; Mathé et al., 2013).
Briefly, plant extracts were prepared with 50 mM Tris-HCI (pH 7.5), 0.1
mM EDTA, 0.2 mM EGTA, 0.1 % (w/v) DTT, 0.2 mM PMSF (Sigma-Al-
drich, St. Louis, MO., USA) and 0.5 % (v/v) protease inhibitor cocktail
(Roche Appl. Sci., Indianapolis, IN, USA). After centrifugation, protein
content of supernatants was assayed according to Bradford (1976). The
substrate for the phosphatase assay was >2P-MLC20 (turkey gizzard 20
kDa myosin light chain). Specific protein phosphatase activities were
expressed as pmol 32pj released mg protein_l. To distinguish PP2A and
PP1 activities, 2 pM Inhibitor-2 (I-2) protein was used (Dedinszki et al.,
2015). Total (PP2A + PP1) as well as PP2A and PP1 activities were all
measured in 3-6 repetitions for each plant sample.

For the assay of PP2A catalytic (PP2A/C) subunit levels, Western blot
analyses of protein extracts from whole seedlings were performed by
using the methods of Freytag et al. (2023); Waadt et al. (2008), further
modified in our laboratory. Seedlings were homogenized in a buffer
containing 50 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 0.2 mM EGTA, 1 mM
phenyl methyl sulphonyl fluoride (PMSF, PanReac AppliChem, Darm-
stadt, Germany), 2x protease inhibitor cocktail, B-mercaptoethanol
(Sigma-Aldrich), 4 % (w/v) poly-vinyl-pyrrolidone (PVP). Extracts were
then centrifuged at 20.000xg for 20 min (Beckman Avanti series
centrifuge, Beckman, Indianapolis, IN, USA) at 4 °C. Protein content of
supernatants was assayed by the Bradford (1976) method, then Laemmli
buffer was added and samples were subjected to boiling at 95 °C for 5
min. Equal amounts of proteins (10 pg) were loaded on gels, along with a
molecular weight marker (Thermo Fisher Scientific, Waltham, MA.,
USA). Running gel contained 12 % (w/v) polyacrylamide. SDS-PAGE
was according to Laemmli (1970). Proteins were blotted into nitrocel-
lulose membranes (Millipore, Burlington, Ma., USA) with an electroblot
system (Cleaver Scientific, Rugby, UK). The transfer buffer was 25 mM
Tris; 192 mM glycine; 20 % (v/v) methanol; pH 8.3. Membranes were
then blocked with 1xTBST (1xTBS + 0,05 % Tween 20) + 5 % (w/v) BSA
for 1 h at room temperature. Afterwards, primary antibodies were
applied. Polyclonal anti-PP2A/C raised in rabbit (Sigma-Aldrich) was
used at a dilution (in TBST + 3 % BSA) of 1:3000, while anti-p-tubulin
(Abcam, Cambridge, UK) was used as a loading control at a dilution of
1:12000. Labeling was performed overnight at 4 °C. After several
washing steps, a HRP conjugated goat anti-rabbit secondary antibody
(Abcam) was applied at a 1:4000 dilution for 2 h at room temperature.
After several washing steps, protein bands were detected by the Chem-
idoc Touch chemoluminescence system (BioRad, Hercules, CA., USA).
At least thirty seedlings per treatment per experiment were used and at
least three independent experiments were performed. Bands were
quantified with the GelAnalyzer19.1® software (Lazar and Lazar) and
expressed as pixel numbers. Values for PP2A/C bands were normalized
to B-tubulin and plotted.

2.3. Immunohistochemistry and histochemistry. The quantification of
mitotic activities

Mitotic figures were detected essentially by labeling of MTs
(immunohistochemistry) and chromatin (DAPI staining). However,
prophases are not well distinguishable solely by these methods in Ara-
bidopsis. Since labeling of Ser10-phosphorylated histone H3 by immu-
nohistochemistry is ideal for detecting prophases (Beyer et al., 2012 and
this study), this method was employed together with MT and DAPI
labeling.

Immunohistochemistry methods used in principle the whole mount
labeling protocols for Arabidopsis roots as described previously (Freytag
et al., 2021; Pasternak et al., 2015). Briefly, intact tips of control and
MCY-LR treated primary roots were fixed with 2 % (w/v)
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paraformaldehyde (PFA) + 0.1 % (v/v) Triton X-100 in 2x microtubule
stabilizing buffer (MTSB). Vacuum infiltration was performed twice for
5 min, then further incubation occurred for 50 min without vacuum,;
then samples were washed with 1x MTSB three times. Root tips were
treated with methanol and rehydrated with a series of decreasing
methanol concentrations. Afterwards, cell walls were digested with 0.2
% (w/v) Driselase (Sigma-Aldrich) and 0.15 % macerozyme (Serva
Electrophoresis GmbH, Heidelberg, Germany) in 2 mM MES (Sig-
ma-Aldrich) for 25 min at 37 °C and samples were washed with 1x
MTSB. Seedlings were then permeabilized with 10 % (v/v) DMSO/3 %
(v/v) IGEPAL (Sigma-Aldrich) in 1x MTSB for 20 min at 37 °C and
washed with 1x MTSB. Samples were pre-incubated in 1x MTSB +4 %
(w/v) BSA (Sigma-Aldrich) for 30 min. For obtaining higher resolution
mitotic cytoskeletal figures (for checking purposes/without pH3-Ser10
labeling, see Suppl. Fig. 1a), samples were incubated with primary
anti-B-tubulin antibody in 1x MTSB +4 % BSA overnight at 4 °C, then
washed with 1x MTSB. The primary antibody was anti-B-tubulin raised
in rabbit (Abcam) at a 1:100 dilution. Secondary antibody was Alexa
488 conjugated anti-rabbit IgG generated in goat (Abcam) diluted 1:200.
Incubation with secondary antibody was in 1x MTSB +4 % BSA for 4h at
37 °C, then samples were washed with 1x MTSB and counterstained with
3 pg mL™! 46-diamidino-2-phenylindole (DAPI, Fluka, Buchs,
Switzerland) to visualize all nuclei according to Beyer et al. (2012).
Preparations were analyzed with a Zeiss LSM 880 (Carl Zeiss AG, Jena,
Germany) confocal microscope with Zen Black 2.3 software and the
conventional settings for Alexa 488 visualization (Arg laser for excita-
tion; emission was observed beside a 490 nm dichroic mirror and a
490-530 filter set). DAPI visualization was performed with a 405 nm
diode laser and signal detection was as for the conventional LSM pa-
rameters for this dye.

The antibodies used for pH3-Ser10 labeling were: anti-Ser10 phos-
pho-histone H3 diluted 1:50 (primary antibody, Abcam) and Alexa 488
conjugated rabbit polyclonal secondary antibody (IgG) (Abcam) diluted
1:100. Labeling protocol was essentially the same as described above.

For pH3-Ser10 labeling and DAPI counterstaining, microscopy pa-
rameters were as follows. Samples were immediately visualized with a
Nikon Ti-E inverted super-resolution microscope (Nikon Instruments
Inc., Melville, NY, USA) with NIS-elements Ar software (version number:
5.30.02). We used Plan Apo VC 60xA WI DIC N2 objective. For DAPI dye
visualization we used 405 nm laser (Excitation/Emission wavelength
405/450), and for the detection of Alexa 488 dye we used 488 nm laser
(Excitation/Emission wavelength 488/550).

For the proper detection of mitotic figures, labeling of pH3-Ser, of p
—tubulin and chromatin were performed altogether. In this case, a direct
labeling method for § —tubulin labeling was more suitable, thus a 50-fold
diluted Cy3-conjugated anti-f —tubulin antibody (Sigma-Aldrich) was
used simultaneously with the anti — pH3-Ser10 primary antibody (see
above). This was followed by the use of the Alexa488 rabbit secondary
antibody and DAPI staining (see above). Cy3 was detected by a 561 nm
laser on the Nikon CLSM, while Alexa 488 and DAPI was detected as
described above.

2.4. The quantification of mitotic activities and histone H3
phosphorylation signal

Mitotic indices were calculated as the percentage of total mitotic as
well as early (prophase + prometaphase + metaphase, P + PM + Me)
and late (anaphase + telophase + cytokinesis, A + T) mitotic cells out of
the total cell number of RAMs from primary roots. The quiescent center
(QC) zone and the meristematic cells that will give rise to vascular tissue
and root cap region were excluded from counting. Roots of at least three
seedlings per treatment per experiment were used and at least five in-
dependent experiments were performed.

Quantification of pH3-Ser10 labeling intensity was performed with
the aid of the Fiji (ImageJ for Win64) software (Linkert et al., 2010;
Schindelin et al., 2012) and given as number of pixels showing area
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integrated optical density/AIOD after background extraction. Roots of at
least three seedlings per treatment per experiment were used and at least
five independent experiments were performed.

2.5. Data analysis

All quantified data were plotted —plots are showing the mean + SE
values-with the aid of Systat Sigma Plot 10.0 ® and 12.0 ® softwares
(Systat Software, San Jose, CA). “X” symbols on graphs = significant
differences between control wild-type (Col0) and control mutants, “*”
symbols = significant differences between treatments within a given
genotype. Statistical significances for the differences between controls
and treatments were studied by a post-hoc: Holm-Sidak method and t-
tests. Symbols for significant differences on the graphs: X, * = significant
difference (P < 0.05), XX, ** = significant difference (P < 0.01), XXX,
*** = significant difference (P < 0.001). For more clarity, important
changes were labeled with numbers on graphs.
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3. Results

3.1. Fass and C3-C4 modulate both PP2A/PP1 activities and PP2A
catalytic subunit expression

Concerning the genotypes involved in the present study, both un-
treated and MCY-LR treated seedlings were analyzed.

Protein phosphatase activity assays of whole seedlings showed that
for both the fass-15 and fass-5 homozygote mutants (not MCY-LR
treated), total PP2A + PP1 activities were higher than in Col0 and this
increase was significant for fass-5 (Fig. 1a, upper chart). Middle and
lower charts of Fig. 1a show that increases of both PP2A only and PP1
only activities (assayed separately) accounted for this. For the c3c4
mutant, there were significant decreases of not only total and PP2A, but
of PP1 activities as well (Fig. 1a, all charts).

In the wild-type (Col0) genotype, total (PP2A + PP1) as well as PP2A
activities were inhibited significantly in a similar manner by 1 pM MCY-
LR in roots (Fig. 2b, number 3 on graphs) and whole seedlings (Fig. 2a,
number 1 on graphs). Meanwhile, PP2A was inhibited significantly by
0.05 pM MCY-LR in roots (Fig. 2b, middle graph, number 3), but not the
whole seedlings (Fig. 2a), where most of fresh weight is given by the
shoot system. PP1 was not affected significantly by MCY-LR in any of the
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Fig. 1. (a) Protein phosphatase activities for the controls of all genotypes involved in this study show that the fass mutations (homozygotes, HZs) increase and not
decrease PP2A (and PP1) activities, while decreases are observed for c3c4, as expected. Assays were performed in whole seedlings. Upper chart: total (PP2A + PP1),
middle chart: PP2A, lower chart: PP1 activities. (b) Western blot analysis for the levels of PP2A/C in whole seedlings for controls of all genotypes involved in this
study. This analysis shows that for the fass mutants, PP2A/C levels parallel their activities, while their level is decreased non-significantly in c3c4 as compared to
Col0. X = significant difference (P < 0.05), XX = significant difference (P < 0.01), XXX = significant difference (P < 0.001).
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Fig. 2. Protein phosphatase activities in control and MCY-LR treated Arabi-
dopsis genotypes-whole seedlings for Col0 and c3c4 (a) and roots for ColO (b).
For more clarity, several significant issues are numbered on the graphs. Legends
for numbers: 1- in whole plants of Col0, PP2A but not PP1 is inhibited by 1 pM
MCY-LR; 2- in control c3c4 whole plants, not only PP2A, but PP1 is also
inhibited significantly and for PP2A, 1 uM, but not 0.05 pM MCY-LR induces
further inhibition as compared to untreated c3c4; 3- in roots of Col0, both total
PP2A + PP1 and PP2A activities are inhibited at the lower (0.05 pM) concen-
tration of MCY-LR and at higher (1 pM) MCY concentration, inhibition is more
pronounced. “X” symbols = significant differences between control wild-type
(Col0) and control mutants, “*” symbols = significant differences between
treatments within a given genotype. XX, ** = significant difference (P < 0.01),
XXX, *** = significant difference (P < 0.001).

Col0 extracts examined (Fig. 2a, b/PP1 activity, lower graphs).

As stated before, for the c3c4 mutant, total protein phosphatase, as
well as both PP2A and PP1 activities were inhibited in controls (the
mutants not treated with MCY-LR), while 0.05 pM MCY-LR did not cause
any notable further inhibition. 1 pM MCY-LR induced further significant
inhibition of PP2A (Fig. 2a/number 2 on graphs).

For the fass homozygote recessive (HZ) control (not treated with
MCY-LR) whole seedlings, total phosphatase activities were higher as
compared to ColO as stated before (Figs. 1 and 3a, numbers 1 and 3 on
upper graph for total activities). 0.05 pM MCY-LR did not induce sig-
nificant changes in this activity pattern for fass-5, but inhibited PP2A
activity significantly in fass-15 (Fig. 3a, number 2, middle graph). 1 pM
MCY-LR inhibited both PP2A and PP1 in both fass genotypes (Fig. 3/
numbers 2 and 4 on graphs for MCY-LR treatments).

As concerning levels of PP2A/C (Western blot analysis) in whole
seedlings not treated with MCY-LR, these subunits showed significant
increases (as compared to Col0) in the fass mutants, while a non-
significant decrease could be detected in c3c4 (Fig. 1b). Extracts from
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inhibitor treated seedlings of Col0 showed a significant decrease of
PP2A/C levels at 0.05 pM MCY-LR, and 1 pM MCY-LR induced a slight/
non-significant increase (Fig. 3b). Root protein extraction from ColO for
Western blot encountered protein stability problems, but our pre-
liminary results indicate that MCY-LR had similar effects in ColO roots as
compared to whole seedlings (data not shown). In case of fass-5 seed-
lings, inhibitor treatment did not induce significant changes (Fig. 3b),
and preliminary results did not show significant changes for fass-15
either as compared to the untreated plants of the respective genotype
(data not shown).

3.2. Mitotic activities are affected in the fass and c3c4 mutants and MCY-
LR modulates mitosis in all genotypes

In case of controls (seedlings not treated with MCY-LR), mitotic ac-
tivities of the RAM were similar for ColO and fass-15 HZs (Fig. 4). In
contrast, mitosis was inhibited significantly in the fass-5 HZs and c3c4
(Fig. 4, upper graph). Moreover, arrests at early mitotic stages were
observed for the fass-5 HZ (Fig. 4, number 1 on the middle graph;
compare early and late mitotic indices).

The effects of MCY-LR on mitotic activities were strongly genotype
dependent. For ColO, this protein phosphatase inhibitory drug inhibited
mitosis in a significant manner, but no mitotic arrest was observed
(Fig. 5a). For c3c4, while controls showed decreased mitosis as
compared to Col0, 0.05 pM MCY-LR increased mitotic index in a non-
significant manner (Fig. 5a, number 1 on graph for early mitotic
indices). 1 pM MCY-LR caused a slight further decrease of mitotic ac-
tivity (Fig. 5a). For fass-15, there were no significant changes in terms of
MCY-LR effects. Interestingly, in contrast to Col0, MCY-LR did not
induce significant decreases of mitotic activities, however 0.05 pM MCY-
LR induced arrests in late mitosis (Fig. 5b, number 2 on the lower graph
for late mitotic indices). In case of fass-5, as stated before, HZ controls
were characterized by decreased mitotic activities as compared to Col0.
In addition, 0.05 pM MCY-LR induced an apparent increase of mitotic
index, but this was due mainly to a more pronounced arrest in early
mitosis as compared to fass-5 HZ controls (Fig. 5b, middle graph/early
mitotic indices, numbers 3 and 4 on graph). 1 pM MCY-LR caused a non-
significant decrease in the percentage of cells in early mitosis (Fig. 5b,
middle graph/early mitotic indices).

We were also looking for the occurrence of abnormal mitotic figures
in all control and MCY-LR treated genotypes. As expected from literature
data (e.g. Camilleri et al., 2002; Spinner et al., 2013), the fass-5, fass-15
HZs and c3c4 mutants did not develop preprophase MT bands (PPBs) at
all. However, spindles were generally normal in both fass and c3c4
mutants and were not affected notably by MCY-LR (data not shown).

3.3. The phosphorylation level of mitotic histone H3 in ColO and mutants.
Effects of MCY-LR

As expected, the immunohistochemical method employed here did
not detect phospho-histone H3 (pH3-Ser10) in non-mitotic cells of the
Arabidopsis RAM. In controls (no MCY-LR treatment) of Col0, the pH3-
Ser10 phosphorylation pattern was as expected for mitotic plant cells
(see e.g. Beyer et al., 2012). That is, pH3 was detected in mid-to late
prophase, the fluorescence signal was the strongest in prometaphase and
metaphase and declined in anaphase and early telophase. When
phragmoplast was expanded and at cytokinesis, there was a total lack of
signal (Fig. 6b and Suppl. Fig. S1). Besides studying the genotype and
inhibitor dependent intensity of pH3-Serl0 signal, this labeling pro-
cedure was also helpful in more precise detection of mitotic phases.
Prophase was difficult to detect solely by chromatin (DAPI) and
microtubule (IHC) labeling (Suppl. Fig. S1/a). Because of the relatively
small size of Arabidopsis chromosomes, even high-resolution DNA
(DAPI) labeling images did not always reveal prophases clearly, while
phospho-histone H3 labeling of pericentromeric chromosomal regions
in mid-and late prophase were well detectable (Suppl. Fig. S1/b).
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Fig. 3. (a) Protein phosphatase activities in control and MCY-LR treated Arabidopsis genotypes-whole seedlings of Col0 and fass homozygotes (HZs). For Col0, see
Fig. 2 for explanation. For more clarity, several significant issues are numbered on the graphs. Legends for numbers: 1- in the fass-15 homozygote controls (not
treated with MCY-LR), both PP2A and PP1 activities are increased and 2- MCY-LR inhibits PP2A in a significant manner. 3- For fass-5 homozygotes not treated with
MCY-LR, both PP2A and PP1 activities are increased as compared to Col0, and as a result, total (PP2A + PP1) activities will increase in a significant manner; 4-
however, in this genotype, 1 pM MCY-LR induces a strong inhibition of both PP2A and PP1 activities. (b) Western blot analysis of PP2A/C levels in MCY-LR treated
Col0 and fass-5 whole seedlings. A significant decrease occurs in the presence of 0.05 pM MCY-LR in Col0. “X” symbols = significant differences between control wild-
type (Col0) and control mutants, “*” symbols = significant differences between treatments within a given genotype. X, * = significant difference (P < 0.05), XX, ** =

significant difference (P < 0.01), *** = significant difference (P < 0.001).

For c3c4, pH3 levels were significantly higher than for Col0 in pro-
phase and anaphase (Fig. 6a/compare black plot for Col0O to red plot,
number 1 on graph; see also 6b for representative microscopy images).
As concerning the fass mutants (HZs), fass-15 was characterized by
higher levels of pH3 in prophase and anaphase, but lower levels in
prometaphase and metaphase (Fig. 6a/blue plot-squares). Major
changes occurred in fass-5, where pH3 levels dropped significantly and
dramatically (Fig. 6a/blue plot-inverted triangle, number 2 on graph;
6b). It is worth mentioning that 48 h after transfer of fass-15 seedlings
for treatments, this genotype has shown a drop of histone H3 phos-
phorylation, as for fass-5 (to be published elsewhere).

MCY-LR induced several notable changes in pH3 levels in Col0 and
c3c4 as compared to the respective controls (Fig. 6¢c and d, number 3 on/

d/). In case of Col0, 1 pM MCY-LR increased histone H3 phosphorylation
during late mitosis (Fig. 6¢). In case of c3c4, 0.05 pM MCY-LR induced
significant increases in nearly all mitotic phases (number 3 om Fig. 6d)
and 1 pM MCY-LR induced a significant increase during prophase
(Fig. 6d). The inhibitor caused significant increases for HZs of fass as
well. For fass-15 HZs, 0.05 pM MCY-LR left histone H3 phosphorylation
unchanged except a drop at anaphase, while 1 pM MCY-LR induced
increases of pH3 levels at almost all phases of mitosis, with a significant
and dramatic increase in metaphase (Fig. 6e). The most dramatic
changes occurred for the fass-5 HZs, where 0.05 pM MCY-LR increased
significantly pH3 levels that were almost restored to the levels of Col0O
controls during early mitosis (Fig. 6f, number 4).
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Fig. 4. Mitotic activities in the RAM of primary roots (not treated with MCY-
LR) for all genotypes involved in this study as quantified from cells labeled
with anti- B-tubulin, anti-pH3-Ser10 and DAPI. Labels on the y axes show
mitotic index (MI, upper graph), percentage of cells in early mitosis (P + PM +
Me, %, middle graph) and percentage of cells in late mitosis (A + T, %, lower
graph). Upper graph shows low rates of mitosis in fass-5 homozygote recessives
and c3c4. For more clarity, several significant issues are numbered on the
graphs. Number 1 on the middle graph indicates the block of cells in early
mitosis in fass-5 homozygote recessives. X = significant difference (P < 0.05),
XX = significant difference (P < 0.01), XXX = significant difference (P < 0.001)
between the wild-type RAM (Col0) and mutant.
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4. Discussion

This work presents novel insights into the role of Fass in the modu-
lation of PP2A/C activities and expression and the contribution of
PP2A/C3-C4 subunits to overall catalytic activity. It was known previ-
ously, that Fass as a B” subunit is involved in the regulation of PP2A
holoenzyme localization to the cortical MTs and PPB (see Introduction
section). There was a lack of knowledge on its related functions, e.g. how
does it affect the activity of the PP2A catalytic subunits? To our surprise,
for the fass-5 and fass-15 mutants (HZs), total PP2A + PP1 activities
increased as compared to Col0 and both PP2A/C and PP1/C activities
contributed to this. Total phosphatase activity increased in a significant
manner in fass-5 and Western blot analysis showed significant increases
of total PP2A/C levels both in mutants showing weak (fass-15) and
strong (fass-5) phenotypes (Fig. 1). Levels in the weaker phenotype are
of more interest, making it more evident that these alterations are spe-
cific and not due to overall severe phenotypical alterations as in the
strongly affected fass-5 genotype. In general B regulatory subunits are
known to regulate activity, substrate specificity and subcellular locali-
zation of the PP2A holoenzyme. For example Bf subunit activates the
PP2A holoenzyme to dephosphorylate EIR1 upon ethylene treatment in
Arabidopsis (Mathé et al., 2023; Shao et al., 2022). We conclude that
under normal conditions (wild-type Arabidopsis), Fass is a moderator of
PP2A holoenzyme activity.

Fass interacts mainly with the C3 and C4 (class II) catalytic subunits
of PP2A, and to a lesser extent, with the Class I C2 subunit as well (Yoon
et al., 2018). We show here that the double c3c4 mutants show severely
decreased total phosphatase as well as PP2A/C and PP1/C activities.
Meanwhile the levels of overall PP2A/C protein in this double mutant
decrease (in a non-significant manner) as compared to Col0 (Fig. 1).
Similarly, Yoon et al. (2018) detected decreases of total PP2A/C protein
levels in Arabidopsis C-3,4 VIGS (virus-induced gene silencing system)
plants. The low levels of full-length mRNA for C3 and the lack of
full-length mRNA for C4 in the c3c4 mutant (created by T-DNA in-
sertions) (Spinner et al., 2013) predict that among catalytic subunits, C3
and C4 protein expression is low in the mutant and existing proteins are
not functional. This means that the low PP2A activities and levels in this
mutant detected in this study can be attributed to the lack of functional
PP2A/C3 and PP2A/C4. Concerning the significant decrease of PP1
activity in c3c4, it is difficult to estimate whether this is a direct
consequence of altered PP2A/C functionality or an indirect effect due to
phenotypical and physiological alterations in the mutant (these alter-
ations are shown e.g. in Freytag et al., 2023; Spinner et al., 2013). It is
worth mentioning that diquat (DQ), an inducer of reactive oxygen spe-
cies (not known to inhibit the protein phosphatases specifically) is also
inhibiting PP1 activity in c3c4 (Kelemen et al., 2024). These observa-
tions might indicate an indirect effect of these subunits on PP1. How-
ever, it should be noted that c3c4, as fass-15, is not as severely stunted as
fass-5, for example it has offspring. Thus, we cannot exclude that C3 and
C4 mediate a more direct interaction between PP2A and PP1, but this
needs further evidence.

MCY-LR inhibits both PP2A and PP1 activities in vitro and in vivo for
most of the organisms studied to date (MacKintosh and Diplexcito, 2010;
Mathé et al., 2016). However, this study proves that for Arabidopsis
Col0, only PP2A is inhibited in a significant manner by the drug in both
roots and whole five days old seedlings at a relatively short (24h)
treatment. Roots are more sensitive to the inhibitor: here, the lower
MCY-LR concentration (0.05 pM) does already inhibit overall PP2A/C
activity, while for whole seedlings, only the higher inhibitor concen-
tration (1 pM) is effective (Fig. 2). Thus, MCY-LR is an excellent tool for
the study of PP2A functions in Arabidopsis. It induces changes of auxin
distribution (in Col0) or oxidative stress (in phosphatase related mu-
tants) in Arabidopsis roots (Freytag et al., 2021, 2023): these alterations
were related to its specific phosphatase inhibitory effects and were not
only general stress reactions. The effects shown below are also attributed
to its specific biochemical targets.
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Fig. 5. Effects of MCY-LR on mitotic indices in Col0 and c3c4 (a), fass-15 and fass-5 homozygotes (HZs) (b). For more clarity, several significant issues are numbered
on the graphs. (a) shows that MCY-LR inhibits mitosis in Col0 (white bars) in a significant manner. Number 1on the middle graph in (a) indicates a (non-significant)
stimulation of mitosis at the treatment of c3c4 roots with 0.05 pM MCY-LR. Number 2 on graph in (b)/late mitotic indices indicates blockages of cells in late mitosis in
roots of fass-15 homozygotes treated with 0.05 pM MCY-LR. Numbers 3 and 4 on graph in (b)/early mitotic indices indicate blockages in early mitosis in control and
MCY-LR treated roots of fass-5 homozygotes. “X” symbols = significant differences between control wild-type (Col0) and control mutants, “*”” symbols = significant
differences between treatments within a given genotype. X = significant difference (P < 0.05), XX, ** = significant difference (P < 0.01), XXX, *** = significant

difference (P < 0.001).

MCY-LR has interesting effects on PP2A/C activities in mutants. In
c3c4, 1 M MCY-LR further decreases the already low activities (Fig. 2)
indicating that the inhibitor is effective on the remaining functional
PP2A/C subunits. For the fass mutants, MCY-LR inhibits PP2A both in
the weak and strong alleles that show high phosphatase activities when
untreated with the drug. This inhibition rate is nearly comparable to the
inhibition of phosphatase activities in ColO seedlings treated with 1 pM
MCY-LR (Fig. 3). This indicates that the inhibitor is effective on overall
PP2A functionality in the fass mutants as well. Interestingly, MCY-LR
inhibits PP1 as well in fass-5. However, this mutant shows stronger
phenotypic alterations, thus it is more sensitive to diverse stresses at the
subcellular level as we demonstrated previously (Juhasz et al., 2023)-
therefore we may conclude that the alteration of PP1 activity (here,
inhibition by MCY-LR) might not be related directly to the alteration of
Fass-C3/C4 interaction.

How are the above modulations of protein phosphatase activities
influencing mitotic parameters in the Arabidopsis RAM? According to

our previous studies on other model systems (Mathé et al., 2009; Beyer
et al., 2012), we expected that phosphatase mutants and/or inhibitor
treatments would show severe disruptions in the mitotic apparatus, in-
hibition and even blocking of mitosis. When the studied genotypes were
not treated with MCY-LR, significant decreases of mitotic activities were
detected in fass-5 and c3c4. In fass-5, this was accompanied with the
arrest of RAM cells in early mitotic phases (Fig. 4, number 1 on middle
graph; Fig. 5b, number 3 on middle graph). Are these alterations related
to specific effects of PP2A holoenzyme dysfunction or they are only
consequences of the altered phenotypes of these mutants? Specificity for
other alterations like those for mitotic microtubules in fass and c3c4 has
been shown in previous work (Spinner et al., 2013). fass-15, the less
affected fass genotype does not show mitotic arrest symptoms for early
mitosis, but shows a slight blockage in late mitosis in the presence of
lower MCY-LR concentration (Fig. 5b, lower graph, number 2)- for the 5
+ 1 days growth period used in this study. However, at further one day
of growth (5 + 2 days), early mitotic arrest was observed in (MCY-LR
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treated) fass-15 as well (to be published elsewhere). We can conclude,
that Fass regulates the onset of mitosis by keeping protein phosphatase
activities and PP2A expression at normal levels-increases induced in
PP2A + PP1 in the fass mutants induce mitotic arrest. Meanwhile, in-
hibition of mitosis in c¢3c4 parallels the inhibition of phosphatase ac-
tivities and decrease of PP2A levels without inducing mitotic arrest

(Fig. 1). In addition, it should be noted that all mutants studied here lack
the formation of normal preprophase microtubule bands (PPBs)
(Spinner et al., 2013). Because there is no early mitotic arrest in the c3c4
RAM, we can assume that the lack of PPB does not inhibit transition from
early to late mitosis in Arabidopsis and early mitotic arrest in fass is not
related to PPB alterations. It is worth mentioning, that similarly to our
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observations, Spinner et al. (2013) did not find mitotic arrest in the c3c4
mutant. Overall, Fass may be involved in the regulation of the onset of
mitosis, but this is not directly related to the regulation of PPB
formation.

MCY-LR inhibits mitosis in parallel with the inhibition of PP2A in
Col0 RAMs (compare Figs. 2 and 5a). Drug treated ColO shows a direct
relationship between PP2A and mitotic activities, a relation that seems
to be a general feature of vascular plants. Interestingly, we showed that
0.05 pM MCY-LR has a stronger inhibitory effect on mitosis, than 1 pM
MCY-LR, even though the higher inhibitor concentration has a stronger
inhibitory effect on PP2A activities. Meanwhile, Western blots show that
overall PP2A/C levels decrease at treatments with 0.05 pM MCY-LR, but
do not change significantly in the presence of 1 pM MCY-LR. This might
be caused by the perturbation of phosphatase activity-expression bal-
ance by the lower drug concentration, while the inhibitory effect at
higher concentration might be compensated by maintaining normal
PP2A levels (Fig. 3b and 5a). Previous studies for rice and cucumber
seedlings show that as a compensatory mechanism, MCY-LR increases
and not decreases phosphatase gene expression (Ma et al., 2023). Thus,
the effects of the drug in terms of phosphatase expression might be plant
species- and dose-dependent. Meanwhile, in fass-5 (and c3c4), 0.05 pM
MCY-LR induces an apparent stimulation of mitosis as compared to
untreated seedlings, but this is due mainly to an amplifying of early
mitotic block in fass-5 (but not in c3c4) (Fig. 5b, numbers 3-4). This
effect is contrasting that observed in ColO (inhibition of mitosis without
mitotic block) but one should note that 0.05 pM MCY-LR does not in-
fluence the expression of total PP2A/C protein in fass-5 in contrast to the
decrease of their levels in ColO (Fig. 3b). For fass-15, we did not find
inhibition of mitosis by MCY-LR, moreover, slight (although not sig-
nificant) stimulatory effects can be detected (Fig. 5). These data give
further support to the idea that the lack of functional Fass protein is
inducing more complex effects, than merely influencing PP2A activities.
Also, all these findings show that normal C3-C4 and Fass have specific
effects in mitotic regulation partially distinct to general roles of PP2A
holoenzymes. We suggest this needs thorough investigation and may be
central to more detailed understanding of plant mitotic regulation.

MCY-LR, while inhibiting the total PP2A holoenzyme pool and
increasing pH3Ser10 levels, does not arrest mitosis in Col0. It does have
a blocking effect in Vicia faba (Beyer et al., 2012). Here, both PP2A and
PP1 are inhibited by MCY-LR and in parallel, chromatin hyper-
condensation, histone H3 hyperphosphorylation and the inhibition of
metaphase-anaphase transition can be observed (Beyer et al., 2012;
Garda et al., 2018). Data on V. faba suggest that, both PP2A and PP1 as
well as their complex relationships are involved in the proper phos-
phorylation state of histone H3 as well as of the onset and exit from
mitosis. However, in Arabidopsis the phosphatase-mitosis-histone
phosphorylation relationship is more complex. If a direct relationship
would exist, we would expect that decreased PP2A activity induces
histone H3 hyperphosphorylation and arrest in early mitosis, as in
V. faba (Beyer et al., 2012; Garda et al., 2018). Obviously, increases of
PP2A activities would induce contrary effects. Other previous studies
have suggested that in plants, as for other eukaryotic cells, PP1 has a
pivotal role in the dephosphorylation of histone H3, but raised the
possibility for the role of PP2A as well (Beyer et al., 2012; Garda et al.,
2018; Manzanero et al., 2002). Studies with protein phosphatase in-
hibitors may give evidence for this, but different PP2A inhibitors give
diverse results (Beyer et al., 2012; Houben et al., 2007; Manzanero et al.,
2002). However, the in vitro and in vivo (Arabidopsis) studies of Biro
et al. (2012) demonstrate that NAP-related proteins (nucleosome as-
sembly proteins) inhibit PP2A activity and interact with both PP2A and
pH3.

Among the Arabidopsis genotypes not treated with MCY-LR, fass-5
shows severely altered (decreased) pH3-Ser10 levels (as compared to
Col0 controls) after the 5 + 1 days growth period used in this study
(Fig. 6a) and this is directly related to the increased PP2A/PP1 activities.
Te observed mitotic arrest contrasted our expectations, since low
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pH3Serl0 would not induce this alteration. MCY-LR treated fass-5
showed this alteration while increasing pH3Serl0 levels (compare
Figs. 6f to 5b). However, decreased pH3 levels were found even in fass-
15 seedlings grown for an additional day (5 + 2 days, to be published
elsewhere), but there was no mitotic arrest. The severe inhibition of both
PP2A and PP1 in c3c4 did induce increases in pH3-Ser10 levels in pro-
and anaphase, but no significant mitotic arrests were observed
(Fig. 6a, b, d). According to the above statements, we could find direct
relationships between phosphatase activities and pH-Ser10 levels, but
the mitotic arrest - histone H3 phosphorylation relationships in Arabi-
dopsis are either lacking or they are more complex than expected.

Treatments with MCY-LR as a phosphatase inhibitor increased pH3-
Ser10 levels in all the Arabidopsis genotypes studied (Fig. 6¢-f), and for
Col0, this is similar to our previous findings for Vicia faba RAMs (Beyer
et al., 2012). However, in contrast to V. faba this was not related to
mitotic arrest: for Col0, MCY-LR (even at the lower, 0.05 pM concen-
tration) inhibits mitotic activity and PP2A activities in roots, but does
not induce arrests in early mitosis (Fig. 2a and 5a). For mutants, most
notably in c¢3c4 and fass-5, elevations of pH3Ser10 levels were more
pronounced at MCY-LR treatments than in Col0O (Fig. 6¢-f). This may
indicate that dysfunctioning of these specific subunits will influence the
related functioning of the general PP2A holoenzyme pool (MCY-LR in-
hibits all PP2A holoenzyme combinations). Interestingly in fass-5, 0.05
UM MCY-LR restores pH3-Ser10 levels from very low to normal levels,
while not changing significantly the activity and expression of PP2A/C
protein (Figs. 3b and 6a, f). This is the single example, where we could
not found a relationship between PP2A activity and pH3Ser10 levels.

To summarize histone H3 phosphorylation issues, while they
depended on phosphatase activities, high pH3-Ser10 levels did not
coincide with mitotic arrests in Arabidopsis in most of the cases/geno-
types, regardless of the presence or absence of MCY-LR. This indicates
that phosphatases regulate the above events in a different and more
complex way in Arabidopsis vs. Vicia. Our results also suggest that lack
of functional Fass protein may alter histone phosphorylation by
inducing a mislocalization of the PP2A holoenzyme at the chromatin
level. Overall, the regulation of mitotic exit is complex and many
mechanisms need further investigation in Arabidopsis.

According to the above statements, we propose a model for the
involvement of Fass/C3C4 in the regulation of PP2A activities in relation
to mitotic events and histone H3 phosphorylation (Fig. 7). Therefore, the
main conclusions of this study are.

(i) Fass is regulating not only the correct subcellular localization of
the PP2A holoenzyme, but it also keeps PP2A/C activity and
expression at optimal levels. Its dysfunctioning raises and not
decreases PP2A activities. PP2A/C3 and C4 contributes to the
activities and levels of overall PP2A/C at optimal values.

Fass and C3-C4 do regulate mitosis in Arabidopsis. PP2A in
general and the subunits involved in this study in particular do
play roles in histone H3 phosphorylation. The effects of MCY-LR
on mitotic activities in Col0 and phosphatase mutants do also
reveal the importance of overall PP2A functioning in the regu-
lation of mitosis in general, in Arabidopsis. PP2A as a holoenzyme
is partially involved in the direct regulation of metaphase-
anaphase transition, but many other mechanisms are masking
its function in Arabidopsis. Dysfunctioning of the C3-C4 catalytic
subunits does not induce mitotic arrest. However, we have shown
for the first time that Fass as a regulatory subunit may play more
direct functions: mutants, especially fass-5 do show mitotic ar-
rest. However, this is not related directly to histone H3 phos-
phorylation in Arabidopsis.

Fass and the interacting C3-C4 subunits are influencing PP1 ac-
tivities. Currently we do not know the underlying biochemical
mechanism. Due to the important functions of both PP2A and PP1
in plants, this needs much further investigation.

(i)

(iii)
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Fig. 7. A proposed model for the involvement of Fass (B” subunit) and C (C3/C4) subunits of PP2A in the regulation of activity and expression of PP2A as well as in
the regulation of mitotic exit, microtubule organization and histone H3 phosphorylation-in Arabidopsis. For PP1, “C” is the catalytic and “R” is the regulatory
subunit. Dashed arrow between C3C4 and PP1 indicates that we detected alterations of PP1 activity in the mutants studied here, but currently we do not know the
biochemical mechanism of this. Although we have found in the present work that these subunits influence PP1 activity as well, studies for the precise role of PP1 in
plant mitotic regulation were beyond the scope of this paper. According to this model, Fass regulates mitotic microtubule organization via modulating C3-C4
functionality, while we propose that metaphase-anaphase transition is regulated by Fass via a mechanism independent to C3-C4 and histone H3 phosphor-
egulation. The model also shows the inhibitory effects of MCY-LR on the total PP2A holoenzyme pool. MT-microtubules, PPB- preprophase band, number 1- Fass is
proposed to regulate the expression of PP2A/C subunits. This model was created vith the aid of BioRender.com.

(iv) As it was described by other researchers, fass and c3c4 mutants
lack PPB in Arabidopsis meristematic cells. We show here that
this alteration is not inducing mitotic arrest in fass-15 and c3c4
for the growth period used in this study.

This work raises further important questions for future research.

(i) What is the detailed molecular mechanism for the regulation of
PP2A/C (C3-C4) activities by Fass? What are the molecular
events that lead to the increase of phosphatase activities in the
absence of functional Fass?

(i) There is a need for the identification of further key substrates for
protein dephosphorylation that regulate metaphase-anaphase
transition in Arabidopsis. We raise this question in the light of
the following: why histone H3 phosphorylation is not involved in
this key cell cycle checkpoint in Arabidopsis?

Besides other PP2A/B subunits, Fass is now known to modulate stress
responses in plants (Freytag et al., 2023; Mathe et al., 2023). These
previous studies, together with the findings presented in the present
paper concerning regulation of mitotic events, point out that research on
the regulatory functions for certain PP2A subunits may contribute to a
better understanding of stress defence events in model plants and pre-
sumably in crops. Thus, it may have practical/agricultural implications.
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