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Introduction

The E2F-Rb pathway is remarkably conserved in pleegulating the balance between
cell proliferation and differentiation. Keeping shbalance is central to plant growth and
development. Our previous results revealed thaBg#te main candidate for transcriptionally
activating cell cycle genes Wrabidopsisis a key dose dependent regulator of cell prodacti
in meristems. Thereby E2FB can boost biomass, whileeeds it regulates development
through other target genes, including WRINKLED1 (WRand LEAFY COTYLEDON2
(LEC?2). Thus E2FB can be a promising breeding tfagecrop improvement. Here we further
study the regulatory role of E2FB during plant depenent in the model plamtrabidopsis,
and in its closest relative in the rapeseed, wis@n important crop plant. We have decided to
repeat the same experiments in rapeseed we hawe idoftirabidopsis aiming to improve
growth and oil content. Accordingly, we modulate tevels of E2FB, WRI1 and LEC2 in
rapeseed by introducing extra genomic copies iiedtirom the rapeseed. In addition, we have
further studied the function of E2FB Arabidopsis;, we show that the activator E2FB could
function as transcriptional repressor in cell typecific manner regulating the division of
meristemoid cells. Recently it was demonstrateghimals, that E2F and Rb proteins function
in multiprotein complexes called DREAM to regulal cycle and development. By using
mass spectrometry we identified different DREAMelikomplexes in Arabidopsis for the first
time and suggested that they have either repressactivator functions (Kobayashi et al.,
2015).



Results

1. E2FB regulates cell proliferation and differentation. Gene regulatory E2FB function

in growth.

Previously we have shown that E2FB functions assttaptional activator on cell cycle
genes (manuscript in preparation). Plants lacki2igHEeine2fb T-DNA insertion mutants show
reduced expression of cell cycle genes confirmimgy transcriptional activator function of
E2FB. However these mutant plants develop fairlymad indicating that E2FB function is not
essential for cell cycle progression. In addititime double homozygous loss of function
e2fa/e2fb (e2fa-2/e2fb-1) mutant that lack both activator E2Fs with tratisation function are
still viable and develops into fertile plants. Taessults are in complete agreement with current
findings in the animal cell cycle fields where flaaction of activator E2F transcription factors
was demonstrated not to be necessary for normbhpuoaiferation. Interestingly however,
anothere2fa mutant allele €2fa-1) where the T-DNA is inserted further upstream itite so
called MARKED box region could not produce doubtamtozygous plants when combined
with thee2fb loss of mutants (our unpublished data). This destrated a potential novel role
for the MARKED box region in the function of plaB2Fs. Animal studies confirmed that the
MARKED box domains of both E2F and DP are import@nprovide contact with the Rb
protein and our results show that this interactiomain to form protein complexes is important
for E2FA and E2FB functions. Thus contrary to tlpextation the transactivator function of
the so called activator E2FsAmabidopsis is not essential for the control of cell cycle thair

complexes with RBR play crucial regulatory rolgplant development.

By expressing an E2FB mutant (p35S::HA-E2R#/DPA) unable to transactivate and making
complex with RBR we discovered that E2FB can atsafrepressor complex with RBR but

cell type specific manner controlling the divisiohsmall meristemoid-like cells in the leaf. In

contrast to meristemoid like cells, pavement ciisd to be enlarged in comparison to the
wild type control leaf indicating that they premtly stop dividing in the mutant leaf. On the
basis of our data we suggest that E2FB has diffexadas in these leaf epidermal cells; it
operates as an activator in the pavement cellsfuaradions as a co-repressor in complex with
RBR in meristemoid leaf cells belong to the stonliatzage.
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Figure 1. Reducing E2FB level by using microRNA based methothrgeting a sequence in the 3’ non-
translated region of E2FB change growth rate of trasgenicArabidopsis plants. The artificial microRNA was
produced by the strong viral promoter p35S (p358EaiFB). (A) Transgenic lines expressing the amiE2RBw
different growth-related phenotype. (B) Total pioteas isolated from pulled seedlings of a parécphenotype
and the E2FB protein level was determined in wesdot by using E2FB-specific antibodies. Anti-CDKIA
antibody against the PSTAIRE region was used asaoifhe abundant Rubisco small subunit was sthimi¢h
Ponceau-S on the membrane and showed as equaido@diows show the newly form leaves in WT-Coldan

in normal sized transgenic seedling.

Previously we producerabidopsis lines with extra copy of E2FB gene. Importanthg tines
with modest elevation of E2FB compared to endogsihetel showed a clear growth advantage
to wild type, while lines with high E2FB levels wergrowth retarded (manuscript in
preparation). In contrast, the complete lack of E2f the e2fb mutant lines did not show
dramatic changes in growth. Than we asked whetheredsing E2FB level has any effect on
growth. For this reason transgewiabidopsis plants were generated where we introduced an
artificial microRNA under the control of the stromgal promoter 35S targeting the 3’ prime
region in E2FB. We have identified a single T-DN#ertion line (p35S:amiE2FB) where we
could detect growth-related phenotypes ranging fveny small retarded to normal sized wild
type looking plants (Figure 1). Interestingly, gn®wth rate of normal sized transgenic plants
was increased as the newly formed leaf developstgrfand make flower earlier in time in
comparison to the similar aged wild type contrab(ffe 1A). Similar change in growth rate

was observed in transgemcabidopsis plants overexpressing CyclinD2 (CYCDZ2), a negative



regulator of RBR (Cockcroft at al., 2000). Surpridy, these phenotypes were found inversely
correlated with E2FB protein level (Figure 1B). Byossing an E2FB variant within the
amiE2FB line insensitive to the artificial microRNx#e confirmed that the reduced E2FB level
resulted in the growth related phenotypes. Theteamfirms that E2FB is a growth regulator
controlling both organ size and growth rate. Iniadd, we suggest that there is different
readings of the E2FB expression levels in the agpmed plants. The very low E2FB level in
the amiE2FB line resulted in similar effect on gtbwvhan the zero E2FB level in tlegfb
mutants. In contrast, only a slight change eitherou down in E2FB protein level caused
dramatic changes in growth. We think that E2FB rigspnt in different complexes with
transcriptional activator and repressor functioaed might the balance between these
complexes regulates plant growth.

We have also recognized that RBR protein accunsibateording to the level of E2FB, and we
also have seen that RBR follows E2FB in its compdesegulate its activity. That indicates that
E2FB directly stimulates RBR. We confirmed that R&kpression was elevated or decreased
according to the level of E2FB. In addition, th@gphorylation level of RBR was also changed
according to the level of E2FB expression. Previowg have seen that RBR is phosphorylated
on conserved site by CYCD3;1-dependent CDKA;1 lenaghich is the canonical CDK in
Arabidopsis. CYCD3;1 expression was also elevatetepressed in ectopic E2FB or e2fb
mutant lines. These data indicates that E2FB régmildhe expression of its up-stream
regulators, RBR and CYCD3;1, and thereby conttsl®wn activity. To determine the genes
bound by E2FB on the genomic scale, we performdg @itlowed by deep sequencing (ChlP-
seq). For this purpose we have used a transgeriwviiere we introduced the E2FB-GFP under
the control of its native promoter in tlegfb-2 mutant lacking any E2FB which could bind to
target DNA sequences. Previously we have seennhehenent of E2FB-GFP containing
complexes indicating that E2FB-GFP is functionalrdfel we used E2FA or E2FC as well as
RBR genomic lines in fusion with GFP. Immunopreizpon was carried out by GFP-magnetic
beads. DNA libraries for deep sequencing were geeerfrom the immunoprecipitated DNA
fraction (ChIP DNA) and input DNA fraction, and &ysed by Illumina Genome Analyzer Il
(data not shown). This analysis identified a nundieyenes that were significantly enriched in
ChIP DNA compared with input DNA fraction (data rebtown). Currently we are analysing
these results but we could confirm that both RBR @v¥CD were among the identified genes
including WRI1 and LEC2 (see below).
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Figure 2.Brassica E2FB expressing under the control of its own pronter shows similar expression pattern
in the Arabidopsis root meristem with the endogenous E2FB(A) Total proteins from transgenic Arabidopsis
plants expressing the Brassica E2FB fused with @#fer its native promoter were immunoblotted bygsinti-
GFP antibody. Ponceau-stained proteins were usatbiw equal loading. (B) Expression of BrE2FB anB2%B

in transgenic Arabidopsis roots was analysed irfaai laser microscopy. Roots were stained withpjatiom
iodide.

We have identified and cloned the genomic copypéseed E2FB under the control of its own
regulatory sequence and fused with vYFP at ther@iteis. As a first step the genomic
Brassica E2FB clone was transformed infrabidopsis. We have identified independent
transgenic lines expressing tBeassica E2FB at various levels (Fig2A). Comparison of the
expression pattern of therassica E2FB in Arabidopsis with the Arabidopsis E2FB shows
considerable similarity in the root meristem (Fig)2Both E2F transcription factors were
localized into the nuclei of the root cells, andyttaccumulated at higher level in post-mitotic
and quiescent cells indicating that E2FB might fiorcin these cells as cell cycle repressor. In
agreement, ectopic expression of the activator ERPB\. heterodimer resulted in shorter root
in the presence of exogenous kinetin indicating kivgetin stimulates differentiation through

making repressor from the activator E2FB (manusanipreparation).



2. ldentification of proteins present in E2F-RBR conplexes.

We found that thérabidopsis E2Fs are making complexes with RBR and could atsociate
with MYB3R transcription factors (plant homologs Bfosophila dMyb or mammalian B-
MYB transcription factors) irArabidopsis leaves and young seedlings (Fig 3. - Kobayashi et
al., 2015a; 2015b). In animals, it was shown thaEdRb function together with Myb
transcription factors in evolutionary conserved tiquiotein complexes called DREAM or
LINC in human (DP, RB-like E2F, and MuvB - or LINdmplex), and dREAM or MMB in
Drosophila (RBF, E2F2 and Myb or MyB-MuvB), which repressesstrcell-cycle genes when
cells exit cell cycle and enter quiescence. In Dpbdla the complex consists of nine different
proteins: dMyb, Mip130/LIN9, Mip120/LIN54, Mip40/N37, p55Cafl/RbAp48, E2F2, DP,
Retinoblastma (Rb)-related protein (RBF1-2) and 32NHuman cells also have conserved
protein complexes, in which RBBP4, LIN9, LIN37, L3® and LIN54 form a stable core
complex called the MuvB core. In Arabidopsis, tihologs of these components are present
except Mip40/LIN37 and LIN52, but there are five B3R homologs (MYB3R1-5). By using
mass spectrometry based proteomics analyses diegguRRBR and E2F complexes from
Arabidopsis seedlings and leaves expressing GRgethlylYB3R3 (repressor) or MYB3R4
(activator), RBR and E2FB we have identified diier DREAM-related complexes
(summarized in Table 1). Our recent mass spectryrasalyses further confirmed the presence
of DREAM complexes irArabidopsis but also add newly identified components to tiss |
(Table 1 —Horvath et al., 2017). The plant DREAKeIcomplexes differ from those in animals
in that plants may have two distinct complexes aimmig different pairs of Myb and E2F

family proteins.
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Figure 3. MYB3R3 and MYB3R4 both interact with RBR1 and differently associate with E2F isoforms.
A, MYB3R3-GFP and GFP-MYB3R4 both interact with RBRnd CDKA;1, but with a different E2F isoform in

Arabidopsis leaves. IP was performed with anti-@Ribodies from protein extracts prepared front feeaf pairs

of MYB3R3-GFP or GFP-MYB3R4 transgenic plants afliGgated days after germination (DAG). In these
transgenic plants, expression of GFP fusion preteias driven by the corresponding native promoteeslP of
RBR1 and E2FB was examined by Western (specifie&A;1) antibodies were used. As input, 1/10 ofAls
loaded. Coomassie staining of the same membranaus@s as a loading control. (B) MYB3R3-GFP intesact
with E2FC, but GFP-MYB3R4 does not. IP was perfatnwth anti-GFP antibodies from protein extracts
prepared from first leaf pairs of MYB3R3-GFP or GMYB3R4 transgenic plants at indicated days after
germination (DAG). Co-IP of E2FC and CDKA;1 was ewaed by Western blot analyses using anti-E2FC and
anti-PSTAIRE antibodies, respectively. As inputl6l/of IP was loaded. Coomassie staining of the same
membrane was used as a loading control. C-D TdB6leBPREAM-complex interaction partners of E2FA, BF
E2FC, and DPA, DPB, RBR and (D) BrE2FB. Immunogiedi samples were analysed by LC-MS/MS (see details
in Kobayashi et al., 2015). Numbers indicate thentdied unique peptides for the respective prateione of

these proteins were identified when the GFP-exprgsontrol plants were analysed.

One represents putative activator complex contgii@FB associated with RBR, DPA or
DPB, and the LIN9 orthologs ALY2 or ALY3 (alwaysrgg, the LIN54 ortholog TCX5 or
TCX6, and MYB3RL1. In addition we have also seempeission between E2FB and the
activator MYB3R4 in young proliferating leaves and/oung seedlings maintained in nutrient
rich condition stimulating proliferations (Kobayagt al., 2015). Accordingly, two activator
transcription factors, the MYB3R4 and the E2FBiareommon complex with RBR during the
transition from G2 to M phase deep inside the cglle,. This is against the textbook picture

as we have demonstrated that RBR could make conwatéxactivator E2Fs inside actively



dividing cells although they are enriched in RBRdses. The repressor E2FC was found to
associate with all these components identified &R B, but instead of making complex with
the activator MYB3Rs it was found to associate i repressor MYB3R3 (Kobayashi et al.,
2015). Interestingly, E2FA-GFP interacts with RBRd DP proteins but did not pull down any
members of the DREAM-like complexes (like ALY2/3DEX, MSI1) further supporting that
E2FA has different functions than E2FB. Indeedenty we reported that E2FA and not E2FB
regulates cell death in complex with RBR (Horvathak, 2017 accepted for publication in
EMBO).

We also used the rapeseed E2FB tagged with GFRessqw inArabidopsis to purify its
interactive partners. As the Table 2 shows thesege E2FB found in similar complexes like
the Arabidopsis E2FB including the RBR, DP proteins and ALY 3 aspacific member of the
DREAM complex. On the basis of this study we thim&t rapeseed E2FB functions in a similar

way as théArabidopsis one.

3. How E2FB regulates seed development and oil reges.

The E2FB expression is peculiar during seed devedop

(http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeln)cAs an activator E2F it was expected to
be high in the proliferating phase in the develgmeeds however E2FB expression reaches
the maximum values during the maturation phaset ifldécates that E2FB might regulate the
expression of non-cell cycle genes too. Our princamydidate was the WRINKLED1 (WRI1)
gene since it shows overlapping expression withEz2fd contains a putative E2F-binding
site in its regulatory sequence. WRI1 belongs ®pglant specific AP2 transcription family.
WRI1 function was primarily coupled to seed devebent as in wril mutant the seed storage
oil is reduced by 80% to the WT level. It was ebsiled that WRI1 is responsible for the
activation of genes involved in carbon metaboli3hRI1 expression was suggested to be
regulated by LEAFY COTYLEDON2 (LEC2), which alsortains E2F consensus element in
its promoter region. To follow the expression of WRLEC2 we collected siliques at four
different developmental stages representing seeds éarly dividing (silique 1 and 2) to late
maturing non-dividing stages (silique 3-4 - Figl®). We also monitor the expression of
CDKB1;1, a G2-M phase specific cell cycle regulgtgene. As it was expected CDKB1;1
expresses at the highest level in young siliqudigys 1-2), and declined afterwards in post-
mitotic maturing seeds (Figure 5B). In contrast, \VBnd LEC2 genes were found to be the
most active in the third silique representing tlegelopmental stage when the seed storage is



synthesized and accumulated in the seeds (Figuem8®). We also monitored the expression
of these genes in different transgeArabidopsis lines lacking the single, double E2F mutants
and in ectopic E2FB expressing lines (Figure 5 TIDKB1;1 is one of the known target for
E2FB. Accordingly, the expression of CDKB1;1 wadueed in twoe2fb T-DNA insertion
mutant siliques and up-regulated in ectopic E2RRessing lines (the strong 72, and the weak
61 line expressing E2FB-GFP under its native prempalthough there were some differences
(Figure 5B). These data further supports that ERFBtions as an activator on cell cycle genes
in the developing seeds. In the case of WRI1, weenked a premature elevation in its
expression at the silique 2 stage specificallyheeffb-1 line. Interestingly, WRI1 did not show
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Figure 4. E2FB differently regulates the expressionf the cell cycle gene CDKB1;1, and the seed maation
phase-dependent WRI1 and LEC2 genes during seed ddopment.(A) Q-RT-PCR was carried out in siliques
representing different developmental stages ofsg@) the expression of CDKB1;1 is the highesthia early
seed developmental stages of the control wild Y€ - silique 1-2) representing the proliferativevelopmental
stage in seed development and declined afterwattdie WRI1 (C) and LEC2 (D) expresses at the higlesel
in the third silique stage corresponding to thetymoisotic maturation seed developmental stage whenseed
storage reserves are synthesized. Expressionsesé thenes were tested in siliques collected frdferdint
transgenic plants as indicates2fp-1 ande2fb-2 are two T-DNA insertion lines for E2FB; pE2FB:gE2&FP
line 72 and 61 representing two transgenic lingsessing high and low level of E2FB-GFP under iheatiol of
its own promoter, respectivelg2fa-1 ande2fa-2 are two T-DNA insertion lines for E2FA gere2fa-2/e2fb-1 is
the double homozygous line missing both E2FA angBE22fc-1 is a T-DNA insertion line for E2FC).



this premature up-regulation in the singhfb-2 and doubles2fa-2/e2fb-1 mutants. The2fb-1
mutant is supposed to be a loss of function mutgaining some of the E2F functions including
the dimerization ability and the DNA-binding capdl while e2fb-2 is more like a null
mutant. Accordingly, we hypothesized tle2tb-1 produces a truncated E2FB protein, which
could not transactivate and form complex with RBRerefore E2FB functions as a repressor
of WRI1, and controls its temporal expression &cHjr seed developmental phase. We also
looked WRI1 expression in othe2f mutant lines. In tw&2fa mutants we have seen opposite
effects; it was up ie2fa-1, and down in the2fa-2 at silique 3 stage (Figure 5C).

pWRI1-CFP line 5/17/4 p™EFWRI1-CFP line 6/24
1% sucrose 3% sucrose 10nMIAA 1% sucrose 3% sucrose 10nM IAA

Figure 5. E2F can function as repressor on WRI1 gen We have generated transgefi@bidopsis plants
expressing CFP either under the control of the ik (PWRI1-CFP — on the left side as indicateuthe E2F-
binding site mutant WRI1 promoterf#"WRI1-CFP — on the right side) and the CFP signahefroot tip was
detected in confocal laser microscopy. Transgeniabilopsis seedlings were grown on vertical plates
supplemented with 1% or 3% or 10nM of indole acati (IAA).

Thesee2fa mutants are rather loss of function than null miggHorvath et al., 2017 accepted
manuscript for publication in the EMBO J). We rettgshown that2fa-2 produces a truncated
protein, which could make complex with RBR throutgghconserved MARKED-box domain,
while e2fa-1 lost this feature (Molnar E, data not shown). Hestingly, the WRI1 expression
in thee2fa-2/e2fb-1 double mutant line was twice as high as in therocbwild type in maturing
silique (stage 3). These data indicates complestéohnections between individual E2Fs on
the regulation of WRI1. The expression of LEC2 D prematurely elevated in tB2fb-1
mutant while it was repressed at various levelhéothere2f mutants in proliferating silique
(stage 2 - Figure 5D). The strongest repressionseas ire2fa-2 at that developmental phase,
and interestingly, LEC2 expression was rather seqme in the double2fa-2/e2fb-1 line,



indicating that might E2FA level or activity is ireased in the2fb-1 causing the up-regulation

in LEC2. LEC2 expression peaks in silique 3 in\ttié-Col0, and it was the most significantly
down-regulated in the strong E2FB-GFP expressiniiné2and ine2fa-2 mutant (Figure 5D).
We know that increasing the level of a particulaFEould decrease the expression of the other
E2Fs (Magyar et al., 2012, and unpublished dategsé& data shows that both WRI1 and LEC2

expression IS regulated by E2Fs.

pLEC2=¥-CFP line /1

pLEC2==F-CFP line 3/9

Figure 6. E2F is able to regulate the expression @EC2 in the root meristem.Reporter CFP under the control
of wild type (upper images) or E2F-binding site amit(bottom images) LEC2 promoter was pictured unde

confocal laser microscopy. Roots were stained witpidium iodide.

Next we produced site directed mutations in theseasus E2F-binding sites of WRI1 and
LEC2 promoters. Constructs either with the non-miuta the mutant promoter have been made
driving the cyan fluorescence protein (CFP) as mepoTransgenidrabidopsis plants have
been generated and we have identified lines expge$3FP signal for each promoters by
searching up to minimum 20 independent transgeames | Interestingly, WRI1 and LEC2 show
specific expression pattern in the root meristerguie 6). The non-mutant pWRI1-CFP shows

signal in the vasculature of the proximal root rsiem, which was the strongest close to the



quiescent centre (QC). In the E2F site mutdtft*pCFP line the signal was still the most

characteristic in the vasculature but it was sigaiftly enhanced in comparison to the non-
mutant promoter and the distal root meristem wsg pbsitive (Figure 6). The CFP signal was
detectible in every stem cells, but was not pregetite QC cells (CFP in propidium iodide

stained root tip Figure 6). Previously WRI1 exprassvas reported to be up-regulated by
sucrose, therefore we have looked the signal imabes grown in the presence of 3% sucrose.
We have seen a slight increase in the CFP sign#igi non-mutant promoter, but there was no
effect on the mutant promoter (Fig 6). Since WRXpression was concentrated around the
stem cells niche of the root meristem we also aealythe effect of exogenous auxin on the
CFP signal as auxin plays essential role in thenteaance of root meristem. Therefore we
grow seedlings in the presence of auxin (10nM IAM)e non-mutant promoter showed a
broader and stronger expression in the vascul#tarethe non-treated control. In contrast, the

mutant WRI1 promoter was insensitive to auxin & tdoncentration.

LEC2 expression was concentrated only to few epideand cortex cells close to the QC as
the signal faded away in distant root meristem athle E2F-site mutant promoter was much
less active than the native regulator indicatireg #2F activates the expression of LEC2 in the
root meristem (Fig. 6). On the basis of these da2#&s differently regulate the expression of
WRI1 and LEC2 in the root meristem; they work asressor on WRI1, while activator on

LEC2. That further supports that plant E2Fs cou&y gither activator or repressor function

depending on tissue and developmental stage. We salggest that these plant specific
transcription factors have regulatory functionsemy during seed development but in the root

meristem too.

To further investigate the developmental role of v&d LEC2 we have generated transgenic
Arabidopsis plants by using constructs expressing the WRILEE?2 proteins fused with GFP
at their C-terminal end under their native or thH&FEite mutant promoter. We have also
generated transgenic Arabidopsis plants where theduced the WRI-GFP into the previously
characterized wril-1 mutant. Neither WRI1-GFP n&C2-GFP give visible signal in the
transgenic roots, and we also could not see thesgeips on western blot (data not shown). On
the transcript level however we could identifieahsgenic lines with different expression levels
(Fig7 and data not shown). We suggested that WRIIL&EC?2 proteins are very unstable, and
we tested whether inhibiting the 26S proteasomedryg the chemical MG132 inhibitor could
improve their stabilities. In both cases transgesgiedlings were incubated in liquid medium

supplemented with MG132 for few hours, and thenleed&ed their roots under the confocal



laser microscopy. LEC2-GFP was still not detectdthle WRI1-GFP signal was observed in
the root meristem in the nuclei of the ground tssells (data not shown, and Fig8). That
indicates that WRI1 proteins move from the innescudar root cells to the outer layers as it
was reported in the case of other transcriptiotofadike SHORT ROOT. By using an anti-

GFP column we could immunoprecipitate WRI1-GFP @t (data not shown), and the

interacting partners of WRI1-GFP was analysed lygusiass spectrometry (in progress).

A,

wril-VpWRI-WRI1-vYFP hne 19/5

wril-VpWRI:-WRII1-vYFP ke 19/5 Control without MG132 freatment

Figure 7. WRI1 proteins move radially from the inne root tissue to the ground tissue cellsTransgenic roots
expressing WRI-GFP in the wril-1 mutant were tréatth MG132, the 26S proteosome inhibitor for 4ifsat
10pM concentration before the confocal microscopgges were taken (A, - left side). Untreated tranggroots
were also visualized (B,- right side). The markeeha with white boxes in the root pictures were mifégd on
their right side. Epidermis (Ep), Cortex (C) Endadis (En) and Pericycle (P) cells are indicatedrantop of the

image.

Thewril-1 mutant has pleiotropic phenotypes including p@ngnation rate, short hypocotyl,
failed seedling establishment on sucrose-free nnedind small, wrinkled seeds as they have
very low oil content (reduced to 20%). ExpressidMRI1-GFP in the mutant wril-1 restore
these phenotypes to normal, and interestingly, etelge same results when WRI1 was driven
by the E2F-site mutant promoter. These data shbatsWRI1-GFP is functional. Since we
have identified transgenic lines expressing WRIVaious levels first we looked whether
increasing WRI1 could improve oil content both itdaype and in wril-1 mutant background.
Fatty acid composition and triacyl glycerol (TAGvel was analysed and measured by
extracting transgenic seed contents and analysedefuin gas chromatography (Fig 9).
Interestingly, those lines where we have seen ibleebt WRI1 expression did not produce



more TAG but actually less than the control wilgdyIn contrast, we could see more TAG in
seeds where the level of WRI1 was just moderatetyeased and in the mutant wril-1
background (). Interestingly, elevating the leveM#RI1 in the wild type did not resulted in
higher TAG content. However, TAG level was increasethe WT background when WRI1
expression was under the control of its E2F-sitéamupromoter. These data indicates that
increasing WRI1 expression does not automaticakylted in improved oil content. We also
looked whethee2f mutant lines have modified oil conte2fb-1 mutant has significantly
higher TAG level than the WT control, where we hagen premature WRI1 expression during
seed development (Fig. 4C). That indicates thatging the time window in WRI1 expression
is probably the key for increasing oil contenthe seeds through WRIL1.

A 14
Ay
12
%10
=
=
< s
=
< 6
2 Medag
s
& 4
oL Il [ |
AT ISR T 0 S S - R IR
DA A AR D P P WO
A A A A I
LTSN VTN
\_-_é\,‘.“é‘.,*‘
B, c
.
60.0 o
@0
500
35
= 400
s a
3 i
300 )
= =
< E
-
= 200 ; 15
10
100
5
00 0
A S P T S S I S P S N N NN S DD @k E N NN DN NN F
L SRR RN O Lt D Lty = @ & & & N E NN TS N
SR PP, I T g R R Rt & A5 @ AN a7 S A &
FHFITITLLFIN T T T FFT &0 FEELELTLT LT T T ITF &
& &S & &£ 80 &
) A >
& ) & b

Figure 8. Modifying WRI1 expression could change T/& levels. (A) The expression of WRI-GFP
(PWRI1:gWRI-vYFP) was followed by Q-RT-PCR usingsfic primers for the GFP-tag. Transgenic lineseve
generated both in the wild type Col-0 (WT) andhawril-1 mutant. (B) Triacyl-glycerol (TAG) content of WT
and mutant seeds including theil-1 were determined by gas chromatography, and (@) sess of the same
transgenic lines was also determined (homozygous1VBRP expressing lines under the control of itsnow
promoter either in the WT-Col; wt6/3; wt8/10 ortime wril-1 mutant; wril/19/5HH, wril/1/9/1, wril&6 or
under the control of its E2F-binding site mutardgrpoter in WT-ColO (wt7/19/5, wt/7/1/6, wt7/4/5). &ks from
the e2fa (e2fa-1, e2fa-2) or the e2fb (e2fb-1, &)fbr the e2fc (e2fcl and e2fc-2) single T-DNAdrt®n lines
or the e2fa-2/e2fb-1 double, and the e2fa-2/e2#82ftF1 triple homozygous mutant lines were alsdyeea in

these studies.



Seed mass of the transgenic WRI1-GFP lines wassigpiificantly improved or rather
decreased but surprisingly some sirgfiEmutant seeds were heavier than the wild type seeds
and seed mass was further improved when the tviwatmt E2Fs (e2fa-2/e2fb-1) or the three
E2Fs (e2fa-2/e2fb-1/e2fc-1) were all missing (Fg8C). However, the yield of tripk2fabc
mutant plants was much less than the wild typecattig compensatory effect. Although the
promoter mutant WRI-GFP lines could complementl-1 mutant very early during seedling
development, these transgenic plants showed phaeotater during their vegetative growth
as they produce smaller roots, and smaller leavegeowth retardation was more pronounced
in the strong expressing lines (data not shownFagdre 9). These results show that WRI1 has
function not only during seed but also in post-eyphic development. In agreement, those
WRI1-expressing transgenic lines, which produceanhAG in the seeds than the WT also
grow longer roots with larger meristem (Fig. 9) ateVelop bigger cotyledons and leaves too

(data not shown).

wril-UpWRIl-gWRIl-GFP wril-/pWRII=EZF_gWRI1-GFP
Line 9/6 Line 10/20




Figure 9. Increasing WRI1 level could enlarge rootmeristem but it depends on intact E2F site in its
promoter. The roots of transgenic lines expressing WRI1-@féker the control of its native (left side) orEaF-
site mutant (right side) promoters in the 1-1 mutant background were studied under confocat laseroscopy
and compared to the WT control (middle root). Pdaphn iodide stained roots (red colour) were useadtlie

microscopy.

Mutation of the E2F site in the LEC2 promoter résdilin opposite effect than the WRI1 as
increasing the level of LEC2 in its own expresgdomain shortened the size of root meristem,
while the mutation of its E2F-site was less effexi@nd the root meristem was more like than
the WT control (Fig. 10). These data further suppdhat E2F plays positive role in the

expression of LEC2 gene.

pLEC2-gLEC2-GFP pLEC2=EX¥ o] FC2-GFP
Line 10722 Line 4/14

Figure 10. LEC2 shortened root meristem size in E2l@ependent manner.Transgenic roots expressing LEC2
under the control of its native and E2F-site mufaoimoter were analysed under confocal laser niomg and

compared to WT-Col0 as indicated. Roots were stiimith propidium iodide (red colour) before micropg.



Transgenic plants expressing high level of WRI1-GFRPEC2-GFP under their own promoter
show developmental abnormalities (Fig. 11).

wri1-1/pWRI:gWRI-GFP line 1/19 pLEC2:gLEC2-vYFP
Line 1/7

Continous light 1/2GM with 2% Suc

Figure 11. Elevating WRI1 or LEC2 transcription factors could interfere with development.Transgenic
seedlings expressing high level of WRI1-GFP inwhi-1 mutant growing in continuous light and ondiwen
supplemented with 2% sucrose show symptoms resetmigkants grow in limited light condition (left giure)
including long hypocotyl, small hardly expandingtydedons, and long petioles. Another mutant WRI-GFP
expressing seedling shows defect in seedling estabént and delayed development (above the WT-CBIL.2-
VYFP expressing seedlings show de-differentiatignson the margins of the developing new leavesows

show embryo like protrusions.

4. Test the function of E2FB, WRI1 and LEC2 as dosdependent regulator of biomass,
yield and oil content in rapeseed

To test whether elevating the expression of E2FRIWor LEC2 inBrassica could have a
similar impact on growth, and yield as well as erd oil content like irabidopsis first we
have identified and cloned the genomic clones e$éhgenes frorBrassica napus. Since the
Arabidopsis E2FB and th8rassica E2FB show considerable level of identity on seqedavel
first we have optimized thdrassica transformation method by using Agrobacterium sgai
carrying theArabidopsis E2FB construct. The transformation protocol weehased here relies
on the regeneration of viable plants from cotyledwnhypocotyl explants isolated from
germinated seedlings (Bhalla and Singh, 2007). e lused the model variety, WestaBof
napus as it has been reported to be the highest tramstavn efficiency (Bhalla and Singh,
2007). Since the selection marker gene in the malgiestination vector (pGreen-based) was



Norflurazon (NF - a chemical inhibitor of chloroptadifferentiation), first we had to change
destination vector containing different selectioarker gene (we choosed the phosphinothricin
herbicide) since thBrassica transformation starts by generating transformeldic&ells and
NF was impractical there as these cells were maigdaater in the presence of sucrose. We
could identify positive callus cells and propagateein further on regeneration medium to get
Brassica transgenic plants. In our practice the requiretetivas 20-24 weeks significantly
longer than described in the original protocol (#2weeks) to get transgenic plantlets of
rapeseed ready for establishment under glasshGeserally we needed longer time for shoot
initiation and regeneration as well as for gettprgperly developed roots of the positive
antibiotic resistant shoot explants. All togetlegét seeds from the transformant rapeseeds we
needed close to one year. The primary transforriaes first were tested by PCR for the

presence of the resistance gene (BASTA).

We have generated independBrassica lines expressing various levelsArfabidopsis E2FB
(AtE2FB) proteins (Figure 12). Altogether we haw& Tl lines, and the positive lines were
propagated further. To see whether Anabidopsis E2FB shows its characteristic distribution
pattern in the root meristem we have analysed esguksoots under the confocal laser
microscopy. Thérabidopsis E2FB protein was found in the nucleusBoéssica root cells, and

as expected it showed the highest level in posttinitoot cells such as we could observe the
E2FB protein in the differentiated columella céfsgure 12).
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Figure 12.Brassica transgenic lines expressing different level dkrabidopsis E2FB proteins.Ten independent
T1 lines were identified and the presence of E2FBR@used protein was monitored by using immunoassay.
Ten protein samples were extracted from leave9{lsamples on the blot), the 11 and 12 samples vesieed
from flowers or flower buds as indicated. We havsoaused protein extracts from p35S:GFP transgenic



Arabidopsis seedlings (lane 13 as indicated). Ponceau-S stgireeins on the membrane were used as loading
control (left picture). TransgenRBrassica seedlings were grown on vertical plate and prapidiodide (PI) stained
root was analysed under confocal laser microscAppw marks the position of quiescent cells inteial root.

Next we have generated transgdpiessica lines with theArabidopsis WRI1 fused with GFP
and under the control of its own regulatory seqaee have identified six independent
transgenic T1 lines, and propagated further talgel2 seeds. E2FB and WRI1 transformant
T2 seeds were measured (100 seeds) and their naassompared to the seed mass of the
control rapeseeds (Table). As the preliminary dhitaws there are considerable variations in
seed mass, and we have seen some improvement ircde@s. Recently, seed specific
overexpression of WRI1 enhanced seed mass ofahsgenic rapeseeds (Wu et al., 2014). We
are currently analysing the expression levels ¢fEEAnd WRI1 in these T2 lines to couple the
expression levels of the transgene with the obslechanges in the seed mass. In addition we
have started the analyses of seed oil contentsesttseeds (in progress). Phenotypic analyses
of these lines are also in progress. Transg8rassica lines containing extra copy of BraE2FB

and BraLEC2 were also generated and their charzatien as well as their further
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Table. Elevating the expression of E2FB and WRI1 iBrassica could enhance seed mass.

Arabidopsis E2FB and WRI1 genomic clones in fusion with GFB ander their native promoter were introduced
into Brassica napus Westar variety. One hundred of T2 matured seedhM®iwere determined.



Conclusions

Arabidopsis is the most advanced model to find genes and aieyl networks controlling
biomass production, which in turn can be appliedftwther growth improvement in other
speciesBrassica and Arabidopsis are closely related, and thus has the highesnpatdor
knowledge transfer. Growth relies on the productbreells, which in plants is restricted to
meristems. Cell production in plants is regulatgdb evolutionary conserved transcriptional
master switch the E2F-RBR pathway. We have diseavérere that plant E2F and RBR
proteins function in evolutionary conserved compkexalled DREAM to regulate cell cycle
entry, control the transition from G2 to M phase amaintain quiescence in cells committed to
differentiate. Interestingly, plants have more DREA&omplexes than other eukaryotes, and
E2F and RBR could present in the same complexesusptisingly inside the cell cycle. We
revealed that E2FB from rapeseed under the cooftitd own promoter could also function in
similar DREAM complexes inArabidopsis than the endogenou&rabidopsis E2FB. We
demonstrated that E2FB transcription factor coutbee function as activator or repressor
depending on cell type or developmental stage. S¥abéshed regulatory links between E2F
and the seed specific WRI1 and LEC2 genes. Panralbiehave discovered that these plant
specific transcription factors have functions algsof seed development, and they could
regulate growth and development.Arabidopsis, we confirmed that these genes function as
dose-dependent growth regulators. We have gendratesheni®rassica lines by introducing
extra genomic copy of E2FB, WRI1 and LEC2 origindbeth from rapeseed aAdabidopsis.
The Arabidopsis E2FB shows similar expression patterns in thesrabtboth rapeseed and
Arabidopsis. Altogether our data clearly supports that gengulegory pathways can be

transferred fronArabidopsis to rapeseed, and has the potential to improvethrowapeseed.
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