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Fig. 3. The activator E2FA and E2FB and the repressor E2FC transcription factors interact with -tubulin in Arabidopsis seedlings. (A) Proteins were
co-immunoprecipitated (Co-IP) from seedlings (7 DAS) expressing E2FA GFP (line 81), E2FB GFP (line 72), or E2FC GFP (line 2/8/3) grown with or
without sucrose (2% or 0% Suc, respectively) for 6 h. Input and co-IP protein samples are indicated on the top left and right side, respectively. Western

blot detection was performed with antibodies against GFP,

-tubulin, DPA, and DPB, indicated on the right side. Arrow, E2FC GFP. Asterisk, non-speci ¢

band. Molecular weight standards are indicated on the left side. Loading control: Coomassie-stained proteins on the membrane. (B) Proteins were
Co-IP from seedlings (10 DAS) expressing E2FA GFP (line 82) and E2FB GFP (line 72) grown with or without sucrose (2% or 0% Suc, respectively) for
6 h. Input and co-IP protein samples are indicated on the top. Western blot detection with antibodies against GFP and -tubulin. (C) GFP-expressing
seedlings were used as control. Western blot detection with anti- -tubulin antibody (right). GFP is demonstrated by Ponceau staining (left). M, molecular

weight standards.

co-localized (Fig. 4C, E; Supplementary Fig. S2). Two di erent
anti- -tubulin antibodies (AthTU and DQ-19) revealed a
similarly clustered immunogold labelling pattern that partially
co-localized with E2FA GFP labelling (Fig. 4C, E).

-Tubulin binds to promoters of G;/S and G,/M
regulators in an E2FA- and E2FB-dependent manner

To investigate whether -tubulin is recruited to the promoters
of E2F target genes, ChIP was performed with Col-0 plants
(Fig. 5A). We used conditions when the growth is maximal,
4 h in the light period, or when growth is arrested by a 4 h
extended dark period (Graf et al., 2010). We found enrich-
ment of -tubulin binding by ChIP on the promoter region
of the G,;/S regulator CYCD3;1 and the mitotic CDKB1;1
in the proliferation-promoting light condition but not in the
proliferation-repressing dark condition (Fig. 5A). The enrich-
ment was speci ¢ to the region of these promoters where the
E2F-binding site is located. In the e2fa-2;e2fh-1 double mutant,
the -tubulin enrichment with the CYCD3;1 and CDKB1;1
promoters was not detectable, suggesting that the E2Fs are
required for -tubulin recruitment (Fig. 5A). We also tested
whether -tubulin may associate with the promoter of a typical
S-phase-speci ¢ E2F target, proliferating cell nuclear antigen
(PCNA). For this, we used fully proliferating cultured cells and
we found a clear enrichment at the E2F site of the PCNA pro-
moter compared with the no antibody control (Fig. 5B).

The ChIP results are consistent with our protein interaction
data on binding of -tubulin to the E2F DP heterodimer in

vitro and in vivo. To investigate whether -tubulin alone or as an
E2F DP -tubulin complex may directly bind to DNA with
an E2F site, we utilized EMSA by applying in vitro translated
proteins and uorescently labelled DNA either with the con-
sensus E2F-binding site or with the E2F site mutant. As ex-
pected, either E2FB or DPB alone could not bind the E2F
element, but the E2FB DPB heterodimer did, as shown by the
mobility shift with the DNA containing the intact E2F site. The
binding of E2F DP to DNA was not observed with the mu-
tant E2F element (Supplementary Fig. S3A). -Tubulin alone
or together with E2FB did not bind to the E2F site, suggesting
that -tubulin E2F heterodimers have no ability to bind DNA.
The addition of -tubulin did not alter the binding of E2FB
DPB heterodimer to the E2F site and the binding was also ob-
served when -tubulin was pre-incubated with E2FB to form
a heterodimer and DPB was added later (Supplemenrtary Fig.
S3A). These data indicated an ability of E2F DP -tubulin
heterotrimer to bind to DNA containing an E2F site. Though
we were not able to separate the E2F DP heterodimer and
E2F DP -tubulin heterotrimer by EMSA, addition of the
antibody recognizing the His tag fused with -tubulin resulted
in a supershift of the E2F DP  -tubulin complex (Fig. S3B).
To gain further quantitative evidence on -tubulin DNA
binding, we also assayed direct protein DNA association
by ALPHA using biotin-labelled DNA and in vitro trans-
lated proteins. The DNA E2F interaction was detected by
the streptavidin donor and Ni chelate acceptor beads, and
measuring the luminescence signal. In agreement with the re-
sults we obtained by EMSA, only the E2FB DPB heterodimer
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Fig. 4. Ultrastructural immunolocalization of -tubulin and GFP E2F in nuclei of A. thaliana root meristem cells. (A) Electron micrograph of a root tip
section at low magni cation. Arrows indicate the cells shown at higher magni cation in images (B) and (D). Scale bar: 20 m. (B, D) Part of the root cell
nucleus double-immunogold-labelled with anti-GFP antibody and anti- -tubulin antibody DQ-19 (B) or AthTU (D) showing morphology of the cellular
compartments. N, nucleoplasm; NL, nucleolus; C, cytoplasm; NE, nuclear envelope. Scale bar: 500 nm. (C, E) High magni cation of the area shown by
the rectangle in (B) and (D), respectively. Small gold particles (6 nm, indicated by arrowheads) are E2F GFP; large gold particles (12 nm) are -tubulin (C,

DQ-19; E, AthTU). Scale bar: 100 nm.
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Fig. 5.

-Tubulin binds to promoters of E2F-regulated genes. (A) ChIP analysis showed -tubulin association with the promoter regions of CDKB1;1 and

CycD3 in wild-type (WT) plants grown in proliferative conditions (light) but not in the e2fa-2;e2fb-1 double mutant plants. AthTU antibody was used for
immunoprecipitation, and DNA regions containing binding sites for E2F (E2F-site) were analysed. Upstream regions were used as negative controls. (B)
ChlP analysis showed -tubulin association with promoter regions of the E2F-regulated replication gene PCNA in dividing cultured Col-0 cells, while there
was no binding to the CENH3 promotor. No antibody (NoAb) was used as control. Error bars indicate the SD. A non-parametric Mann Whitney U-test
was performed to test for differences between site-speci ¢ DNA content in ChIP samples (E2F-site versus upstream region; **P<0.01).

produced luminescence above the background level with the
E2F site-containing DNA, but not with its mutant form. This
proximity-generated uorescence signal between ther E2FB
DPB heterodimer and the DNA was reduced when -tubulin
was added (Supplementary Fig. S4). This observation indicates
that -tubulin may modulate E2F DP association with DNA
through ternary complex formation.

Expression of E2F target genes is elevated in plants
with reduced -tubulin levels

We have found that -tubulin forms protein complexes with
E2Fs, co-localizes with E2FA in the nucleus, binds to promoters
of E2F target genes in an E2F-dependent manner, and modu-
lates binding of the E2F DP heterodimer to DNA at the E2F

220z 1udy 62 uo Jesn aupips|p Aysisalun siempwwes Aq £/6€195/S9ZL// L Z/810nie/qxl/wod dnoolwepede//:sdiy woly papeojumoq



1272 | KAllai et al.

site. To investigate how the expression of selected E2F target
genes is a ected by -tubulin, we analysed the mRNA levels
of genes involved in proliferation and the endocycle in seed-
lings where -tubulin was silenced by RNAI (Binarova et al.,
2006). gRT-PCR analyses were performed on young newly
emerged leaves of the WT control and -tubulin RNAI plants
with mild and strong silencing e ects (Fig. 6A). The expression
of the PCNA1, ORC2,CDKB1;1,CCS52A2,CYCD3;1, and
RBR genes was found to be elevated in comparison with the
WT, and the up-regulation of the expression correlated with
the strength of -tubulin silencing (Fig. 6B). Our data suggest
that -tubulin acts as a repressor of E2F-regulated genes at
G,/S and G,/M transitions and at the switch to the endocycle.

Silencing of -tubulin leads to ectopic cell divisions and
enhanced levels of endoreduplication

As we published previously, a reduction of -tubulin levels af-
fects cell division in both roots and aerial parts of -tubulin
RNAI Arabidopsis plants (Binarova et al., 2006).We performed
SEM and showed that the leaves of -tubulin RNAI plants
developed a rough blade surface as compared with leaves of
the WT control that have lobed pavement cells and regular
pattern of stomata (Fig. 7A). More detailed inspection of the
epidermis of -tubulin RNAI leaves by SEM and by immuno-
uorescence showed that the cellular outcome of -tubulin si-
lencing was mixed, and both enlarged isodiametric cells as well
as small cells and stomatal clusters were observed (Fig. 7B, C).
In contrast to leaf epidermal cells of RNAI plants (Fig. 7B, C),
the WT leaves grown in the presence of the anti-microtubular
drug, APM, showed only large swollen pavement cells with
no lobes, an e ect typically found when microtubules are de-
polymerized (Supplementary Fig. S5). The consequence of
-tubulin silencing was also observed in the mesophyll leaf
cells. We observed groups of cells with a centrally localized
large nucleus and dense cytoplasm that were ~2.5 times smaller
than the average cell size in the WT, while there were also cells
that were enlarged and appeared vacuolated, a sign that is typ-
ical of non-dividing cells (Fig. 7D, E). The population of the
small meristematic-like cells showed 4.0% (n=3533) division,
while hardly any division was observed in mesophyll cells of
the WT control (n=1274; Fig. 7D, E).
We applied EdU labelling to visualize DNA replication in
-tubulin RNAI plants (Fig. 8A, B). After a 1 h EdU pulse,
large EdU-positive nuclei were observed in cotyledons of
RNAI plants, but not in the WT cotyledons (Fig. 8A). As
expected, many nuclei with uniform size were labelled with
EdU in the youngest leaf of the WT seedlings (10 d) after
a 1 h pulse of EAU treatment. However, in leaves where
-tubulin was silenced, we observed a mixture of large nu-
clei with EdU signal and EdU-positive nuclei typical of WT
leaves at this time point (Fig. 8B). This observation suggests
that the enlarged cells with large EdU-positive nuclei in the
-tubulin RNA. line represent cells that prematurely entered
the endocycle. Further support for over-endoreduplication
upon -tubulin silencing comes from ow cytometry meas-
urements of DNA content. As compared with WT con-
trol, the DNA content was elevated in cotyledons as well
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Fig. 6. Expression of E2F target genes is up-regulated proportionally to
the strength of the -tubulin RNAI silencing. (A) Protein level of -tubulin

in WT and -tubulin RNAi ( RNAI) plants (10 DAS) with mild and strong
silencing effects. Proteins in the total extract were probed on Western blot
with anti- -tubulin antibody. (B) Expression levels of the indicated genes
were determined by qRT-PCR from seedlings of WT and -tubulin RNAI
plants with mild and strong silencing effects (10 DAS). A non-parametric
Mann Whitney U-test was performed to test for differences between the
wild type and -tubulin RNAI (*P<0.05; *P<0.01). Error bars indicate the
SD of values obtained from three independent experiments in triplicate.

as in young leaves of RNAI plants (Fig. 8C). The degree of
endoreduplication was quanti ed by the El (the number of
endoreduplication cycles per cell). There was an almost 2-fold
increase of the EI in leaves with reduced -tubulin levels
compared with theWT and a 1.2-fold increase of the El in
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Fig. 7. Silencing of -tubulin leads to ectopic division and stomatal clustering. (A) Representative SEM images of leaves of control WT and -tubulin RNAI
( RNAI) Arabidopsis plants (12 DAS). (B) SEM images, abaxial epidermis of the WT and -tubulin RNAi (11 DAS) with clusters of meristemoids and stomata
(arrows), and enlarged isodiametric cells (arrowhead). Scale bars: 100 m. (C) Immuno uorescence labelling of -tubulin (green) in the abaxial epidermis of
-tubulin RNAI (11 DAS) with a cluster of stomata (arrows) and enlarged isodiametric cells (arrowhead). DNA stained by DAPI (blue). Scale bar: 100 m. (D)
Immuno uorescence labelling of -tubulin (green) in mesophyll cells in WT and  -tubulin RNAi leaves (11 DAS) with small proliferating cells (SC, mitosis, and
cytokinesis marked by asterisks) and enlarged isodiametric cells (EC); DNA stained by DAPI (blue). Scale bars: 150 m. (E) Box plot of cell number counted
in a randomly selected de ned area (1000 m 1000 m) of mesophyll cells of WT and -tubulin RNAI leaves. Cell numbers are visualized in quartiles of
ranked data expressed by means with the SD (n=22). Asterisks indicate P<0.01 comparing WT and -tubulin RNAi by Student s t-test. Compared with the
WT with cells of uniform size, two distinct cell populations of small and enlarged cells were demonstrated in -tubulin RNAi leaves.

cotyledons (Fig. 8D). To prove that the higher DNA content  -tubulin RNAI plants. Distribution of cells with the given
in plants with silenced -tubulin is due to endoreduplication number of chromocentres showed a distinct peak corres-
and not polyploidy, we counted chromocentres in WT and ponding to the diploid number of chromosomes, and was
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Fig. 8. Elevated level of endoreduplication in plants with silenced -tubulin. (A) Representative images of EdU (1 h pulse) labelling in large nuclei

(arrows) in cotyledons of -tubulin RNAi ( RNAI) plants (7 DAS), but not WT control plants: EAU (green), DAPI (blue). Scale bars: 100 m. (B) EdU
labelling (1 h pulse) in the youngest leaves of the WT and -tubulin RNAI plants (10 DAS). Large EdU-positive nuclei (arrows). Scale bars: 100 m. (C)
Representative DNA content histograms determined by ow cytometry of WT and -tubulin RNAI leaves (13 and 17 DAS) and cotyledons (13 DAS). (D)
Endoreduplication index determined from ow cytometry data measured in leaves and cotyledons of WT and -tubulin RNAI. Data are represented as
mean with the SD (n=8). An asterisk indicates P<0.05 comparing WT and -tubulin RNAI in Students t-test. (E) Distribution of nuclei with a given number
of chromocentres in  -tubulin RNAi (n=513) and WT leaves (n=1091).

similar for WT and -tubulin RNAI leaves (Fig. 8E). Thus, cytometry data is consistent with the elevated expression of
the increased ploidy found upon -tubulin silencing is not the CCS52A2 gene upon silencing of -tubulin (Fig. 6B).

due to endomitosis, but endoreduplication. The increase in Altogether, our data showed that -tubulin silencing re-
the endoreduplication level shown by microscopic and ow sults in overproliferation in some cells and enhanced
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