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General Introduction.

Throughout evolution, biological organisms gained complexity. As the components 
of biological organisms establish networks of interactions (Alm and Arkin, 2003), this 

evolutionary process incorporated new and more complex regulatory modules in pre-
existing biomolecular networks. Although several types of molecular interactions account 
for distinct features of life, the increased complexity of multicellular organisms is strongly 
related to transcriptional regulatory networks (TRN)(Babu et al., 2004; Huang, 2006).

In TRNs, genes or proteins (represented as network nodes) are connected by regulatory 

interactions (represented by edges), mediating the integrated response of the cell to a 
particular context (Blais and Dynlacht, 2005). Highly connected nodes are called hubs and 

they tend to be essential for survival or reproduction of the organism (He and Zhang, 2006; 

Jeong et al., 2001; Smith et al., 2004). The effect of mutations in hubs are also pleiotropic 
because they percolate in larger segments of the network, having a higher probability to be 

involved in essential regulatory interactions (He and Zhang, 2006; Jeong et al., 2001). Local 

hub connections in the dynamic global TRN, coordinate discrete sub-networks or modules 
that control specific cellular processes (Babu et al., 2004). 

For example, in the unicellular fungi Saccharomyces cerevisiae, environmental inputs trigger 

short regulatory cascades, whereas intricate processes such as the cell cycle progress 

through more complex and multiple stages (Luscombe et al., 2004). In a multicellular 
context, different proliferation rates, cell death and cell fate acquisition require extra layers 
of regulation to achieve stable patterns, which reflect the stability of the underlying TRNs 
and their connections (Huang, 2006; Salazar-Ciudad et al., 2003).

This thesis aims to shed light on the molecular mechanisms governing the plant 

RETINOBLASTOMA-RELATED1 (RBR) protein activity. RBR proteins, present in the vast 
majority of eukaryotes, are highly pleiotropic and null rbr mutants are lethal (Desvoyes et 

al., 2014; Hallmann, 2009). While RBR action can be viewed from the unicellular or the 
single cell perspective (Desvoyes et al., 2014), the protein has acquired context-dependent 
specific functions in multicellular contexts (Desvoyes and Gutierrez, 2020; Harashima and 
Sugimoto, 2016). The increasing list of interactions and their roles in both developmental 
processes and rapid environmental responses, position RBR proteins as hubs in TRN that 
coordinate cell cycle regulation, stress response and development in a context-dependent 
manner (Blais and Dynlacht, 2005). 

pRB, the first tumor-suppressor gene: the biased attention that spread like cancer. 
Statistical analysis of retinoblastoma (retinal cancer) cases led Alfred G. Knudson to the 
formulation of the two-hit hypothesis in 1971: two mutational events must occur for a 
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person to develop eye cancer, either by two independent somatic mutations, or by the loss 
of heterozygosity in inherited forms (Knudson, 1971). Over a decade later, several studies 
mapped and highlighted the relevant bi-allelic gene dysfunction underlying Knudson’s 
hypothesis, which is, besides few exceptions, the general rule for cancer types triggered by 
mutations in tumor suppressor genes (Cavenee et al., 1983; Dryja et al., 1984; Godbout et 

al., 1983; Murphree and Benedict, 1984). 

Due to its clinical importance, research on the RETINOBLASTOMA susceptibility gene (RB) 
—and its encoded protein, pRb— blasted after 1986 when its cDNA was cloned (Friend 

et al., 1986), becoming a prototype for tumor suppressor genes and cancer research. Its 

prominent anti-tumorigenesis role pointed towards its function in cell cycle regulation. For 
decades, RB research has focused on elucidating the mechanisms controlling G1 to S phase 
transition, but overlooked other important functions (Classon and Harlow, 2002). When 

research extended beyond mammalian systems and the cancer viewpoint, it became clear 

that the RB-regulated G1/S phase transition was conserved in almost all eukaryotes, but at 
the same time, other particular functions attracted the attention of researchers (Cross et al., 

2011; Gutzat et al., 2012). 

50 years after Knudson’s two-hit hypothesis, and 35 years after the molecular work on 
RB started, we know that RB-RELATED (RBR) proteins in most eukaryotes act as landing 

platforms where many chromatin modifiers and transcription factors (TF) meet to regulate 
genetic programs, cell processes and, ultimately, phenotypes at the organismal level (Dick 

and Rubin, 2013). Thus, RBR multiple functions are context-dependent because its activity 
reflects on specific protein-protein interactions (PPI) and how they are regulated.

Function and regulation of RBR during cell cycle.
Life relies on cell division, a cyclic unidirectional process to duplicate and partition the 
genetic information into two daughter cells. In eukaryotes, the sequential action of 
diverse protein complexes ensures 1) the proper internal and environmental context 

to fully replicate the genetic material, 2) the accurate and thorough replication of DNA, 
and 3) the equitable distribution of duplicated DNA packed in chromosomes. Surveillance 
molecular machineries, known as ‘checkpoints’, control irreversible phase transitions   by 
phosphorylation-dependent signaling transduction and proteolysis (De Lichtenberg et al., 

2007). Checkpoints are often driven by active Cyclin-Dependent Kinases (CDK). 

CDK activity regulated by phosphorylation (both activating and inhibitory), and protein-
protein interactions (PPI). CDK-inhibitors (CKI) include p16/INK4 and the CIP/KIP family in 
animals, and the KIP-related protein (KRP) and SIAMESE (SIM)/SIM-RELATED (SMR) families 
in plants (Besson et al., 2008; Wang et al., 2020). Conversely, CYCLIN (CYC) proteins are 

obligate interacting activators of most CDKs. Although the CYC family is large, CYCA, B, D and 
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E subfamilies comprise the main cell cycle regulators; all but CYCE are conserved in plants 

(La et al., 2006; Wang et al., 2004).

At the G1 to S phase transition, RBR binds to and represses the E2F-DP heterodimeric TF, 
which in turn activates the S-phase genetic program. This mechanism prevents the start 
of DNA replication until conditions are favorable to complete such an energy-demanding 
process. Sufficient nutrient availability and proliferating signals are integrated into the 
expression of CYCDs. Active CYCD-CDK complexes phosphorylate RBR in multiple serine 
and threonine residues, inducing structural changes to release E2F-DP, and allowing it to 

promote the transition to S-phase (Gutierrez et al., 2002).

This simplified mechanism exemplifies the mode of action of RBR proteins. Thus, RB activity 
is understood as the ability (and affinity) to interact with transcriptional regulators, being 
CDK-dependent phosphorylation the main regulation mechanism of RBR activity. How many 
and which interactions, when and where they happen, further determine the multiple 
functions and essentiality of RBR proteins (Dyson, 2016).

The RB protein structure. 
RBR-family members are defined by the presence of the “pocket” protein domain, 
comprised by the A-pocket and B-pocket sub-domains, which resemble cyclin folds and are 

assembled into a single structural unit that engages in multiple PPI (Fig. 1A). For instance, 
the interface between A- and B-pockets interacts with the transactivation domain of E2F, 
while the B-pocket contains the ‘LXCXE binding cleft’ (Fig. 1B), a structural groove where the 
LXCXE motif (being X any amino acid), conserved in many viral and cellular proteins, docks 
in  (Burke et al., 2012; Gutzat et al., 2012). Few PPIs have been mapped to the N-domain and 

the C-terminal region, both linked to the pocket domain by unstructured regions containing 

several phosphorylation sites (Desvoyes and Gutierrez, 2020; Dick and Rubin, 2013). Other 
phosphorylation sites are located to the linker between A- and B-pockets. Structural studies 
of pRb showed that specific phosphorylated sites promote intramolecular interactions 
between the pocket domain and the N- or C- regions, interfering with the binding to other 

proteins such as E2F (Burke et al., 2012, 2014).

Sequence similarity predicts a conserved structure for plant RBR proteins. Arabidopsis 

thaliana RBR protein is 1013 aminoacid residues long and contains 16 putative 
phosphorylation sites spread throughout its sequence (Fig. 1 A; Desvoyes and Gutierrez, 
2020; Gutzat et al., 2012). 
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Figure 1: The structure and binding properties of RBR are regulated by phosphorylation. 
A) Organization of the amino-terminal (N), A-pocket, B-pocket and C terminal domains (white boxes), 
inter-domain linker regions (gray boxes), and putative CDK-phosphorylation sites (lollipops) in the 
Arabidopsis RBR protein. The amino acid position of the phospho-sites and the domain limits are 
indicated. B) Depiction of the un-phosphorylated RBR protein(domains in gray)  interacting with E2F-
DP transcription factors through the A-B pocket inter-domain region and the trans activating domain 
of E2F, and with an LXCXE motif-containing protein through the LXCXE-binding cleft in the B-pocket 
subdomain. CYCLIN-DEPENDENT KINASES (CDK) activated by CYCLIN (CYC) proteins and inhibited 
by CDK INHIBITORS (CKI) phosphorylate RBR to promote intra-molecular interactions that inhibit its 
ability to bind other proteins (Adapted from Rubin, 2013). 
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Box 1. Plant cell proliferation occurs in meristems.

In plants, a cell maintains its relative position to neighboring cells throughout its life 
span, and cell divisions are spatially coordinated to maintain tissue integrity. Positional 
information plays a key role in balancing cell proliferation and differentiation throughout 
the plant life cycle because, unlike animals, organogenesis occurs post-embryonically 

at every developmental stage, either for a single season as in annual weeds, or over 

thousands of years in long-lived trees (Heyman et al., 2014).

 Plant growth relies on the activity of small groups of stem cells located within 
proliferating structures called meristems, where all cells within an organ are born. To 
sustain meristematic activity, stem cells self-renew through an asymmetric cell division 
that generates a new stem cell and a sister cell that keeps dividing and transiting 
through the meristem (transit amplifying cell, TAC) until it reaches a position where 
differentiating signals are stronger than mitogenic ones (Bennett and Scheres, 2010). The 
best understood meristems at the molecular level are the shoot apical meristem (SAM), 

and the root meristem of the model plant Arabidopsis thaliana.

Arabidopsis primary root 
meristem

The Arabidopsis root is a cylindrical 

organ with different tissues 
concentrically arranged in a radial 

pattern. From the inside outwards, 
the vascular tissues phloem and 
xylem are surrounded by the 

pericycle (altogether known as 

the stele), the ground tissue 
comprised by an endodermis and 

a cortical cell layers, and finally the 
epidermis (Dolan et al, 1993). The 

root meristem, located at the tip,  
 

Figure box 1: Schematic representation of the Arabidopsis root tip.
A) PZ, proliferation zone; TZ, transition zone; EZ, elongation zone; 
and DZ, differentiation zone. B) Root tissues are the stele; en, 
endodermis; cor, cortex; epi, epidermis; LRC, lateral root cap; and 

COL, collumella. White arrows at each stem cell (SC) point to the 
tissues they originate. SC surround the quiesent center (white cells) 
to form the SC niche. Figure adapted from  (Benfey et al., 2010; 

Bennett and Scheres, 2010).
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RBR in plants.
10 years after cloning of human RB was published, two independent studies reported the 

cDNA isolation of a maize RB-related protein encoding gene, ZmRBR1 (Grafi et al., 1996; 
Xie et al., 1996). Follow-up research led to the description of the E2F-DP/RBR/CYCD-CDK 
conserved pathway in G1/S transition (Berckmans and De Veylder, 2009; Boniotti and 
Gutierrez, 2001). Nevertheless, the notable expansion of the plant CYCD family indicates 

that their functions could have diversified in the plant lineage (Buendía-Monreal et al., 

2011; Wang et al., 2004). Accordingly, accumulated evidence over more than two decades 

in higher plants revealed a plethora of processes where CYCDs, CDKs, CKIs, E2Fs and RBR 
are involved.

RBR in root meristem development 
As expected from its role in cell cycle control, RBR downregulation leads to an increased 
number of cells in the meristem, and the opposite effect is observed upon RBR 
overexpression. Nevertheless, the effect of RBR on meristem size also relates to its 
ability to induce cell differentiation in the transition zone (Perilli et al., 2013), similar to 

the differentiation-promoting activity of pRb in animals (Lipinski and Jacks, 1999). RBR-

dependent differentiation is mediated by the cytokinin pathway and the AUXIN RESPONSE 
FACTOR 19 (Perilli et al., 2013). Interestingly, cytokinin and auxin signaling pathways control 
the differentiation vs proliferation rate to maintain meristem growth in balance (Benková 

and Hejátko, 2009). 

Meristem maintenance also depends on stem cell activity, and RBR modulates the balance 

is protected by the root cap, which contains the lateral root cap (LRC) covering the 

epidermal layer, and the columella at the center and most distal part of the meristem 

(Bennett and Scheres, 2010). Between the columella and the TACs lies the stem cell niche 
(SCN), containing all stem cells organized around an organizing center named quiescent 
center (QC) due to its low mitotic activity, and that maintains the stemness of stem cells. 
From their position, we distinguish the vascular stem cells, columella stem cells (CSC); 
LRC and epidermis develop from a single stem cell as well as cortex and endodermis do 

in young roots (Dolan et al., 1993).

 The root tip is divided in zones in the proximal-distal axis: above the columella 
there is the meristematic zone, where the TACs actively proliferate (proliferation zone), 
pushing the neighbor cells up to the transition zone. In the elongation zone, above the 
meristem, cells retain cell cycle activity but do not divide anymore, increasing their 
ploidy through this non-mitotic cell cycle named endocycle or endoreplication. The most 
proximal section, distinguishable by the presence of root hairs, is the differentiation 
zone, where cells fully acquire their functional fate (Bennett and Scheres, 2010).
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between stem cell division and differentiation (Wildwater et al., 2005). RBR likely regulates 

all stem cell types and the QC, but two cases are best described. In the columella lineage, 

RBR restricts the rate of division in the CSC, while in the CSC daughter cells, it promotes 

differentiation (Bennett et al., 2014; Wachsman et al., 2011; Wildwater et al., 2005). In 

the ground tissue, RBR restricts supernumerary ACD of the cortex and endodermis inititial 
daughter cell (CEID) to generate only a single layer of each cell type (Cruz-Ramírez et al., 2012; 

Weimer et al., 2012). ACD of the CEID is promoted by an auxin gradient and the SCARECROW-
SHORTROOT (SCR-SHR) heterodimeric TF. An LXCXE motif in SCR mediates RBR repression, 
which is released upon CYCD6;1-promoted phosphorylation of RBR pocket domain. CYCD6;1 
in turn is activated by SCR-SHR, forming a feedforward loop that resets after mitotic division 
through proteolysis of the network components (Cruz-Ramírez et al., 2012).

The LXCXE-mediated RBR-SCR interaction also regulates QC division. While the QC 
replenishes damaged SC by dividing asymmetrically (Heyman et al., 2014), quiescence is 
maintained by RBR-SCR-SHR and has a protective function that helps the meristem to cope 
with DNA damage (Cruz-Ramírez et al., 2013). CYCD1;1 and CYCD3;3 are the only CYCDs 

known to be expressed in the QC, triggering QC division during early development (Bennett 
et al., 2014), but whether they exert the same function in response to DNA damage awaits 
demonstration.

The protective functions of RBR extends beyond the QC cells. Both in plants and animals, 
depletion of RBR results in genomic instability and spontaneous cell death (Biedermann et 

al., 2017; Cruz-Ramírez et al., 2013; Horvath et al., 2017; Johnson et al., 2017; Vélez-Cruz 

and Johnson, 2017; Wachsman et al., 2011; Wildwater et al., 2005). On the other hand, 
root tips with reduced levels of RBR have a higher regenerative potential than wild-type 
roots upon tissue damage (Zhou et al., 2019), but are hypersensitive to genotoxic stress 
(Biedermann et al., 2017; Horvath et al., 2017), indicating that RBR stress-related functions 
are different according to the nature of the stimuli and the downstream activation of stress-
responsive programs.

RBR in reproductive and early development
Reproductive development of angiosperms starts when the germline generates haploid 
cells via meiosis. Subsequently, the male and female reproductive structures develop into 
mature pollen (male gametophyte or microgametophyte) and the embryo sac (female 

gametophyte or megagametphyte), respectively (Berger and Twell, 2011). The female 

gametophyte remains arrested until double fertilization, after which it resumes cell division 
and differentiation to produce seeds containing the embryo and a nourishing tissue called 
endosperm, covered by a protective seed coat (Guo and Zheng, 2013). Every stage of 

this sequential processes depend on the finely-coordinated balance of cell division and 
differentiation, and as such, RBR has prominent roles (Dante et al., 2014):
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• Inactivation of RBR leads to supernumerary embryo sacs due to ectopic mitotic division 
in the germline; RBR-controlled mitosis-to-meiosis transition relies on direct repression 
of the stem cell maintenance gene WUSCHEL (Zhao et al., 2017b). 

• A truncated RBR protein lacking the B-pocket and C-terminal regions fails to form double 

strand break-dependent foci during meiosis, leading to reduced recruitment of meiotic 
proteins to foci, reduced chiasmata and synapsis formation, and fertility defects (Chen et 

al., 2011), underlining roles in chromatin structure of RBR. 
• The low transmission rates of the rbr-1 null allele revealed both male and female 

gametophytic defects. In emasculated flowers, rbr-1 megagametophytes fail to arrest 

division, developing aberrant seed-like structures with supernumerary cells and nuclei 

in the position where embryo and endosperm would respectively form. In fertilized 
pistils, rbr-1 megagametophytes develop aberrant embryos and aborted seeds (Ebel et 

al., 2004). 

RBR in other vegetative processes.
Seedling establishment: A mature seed germinates upon hydration to resume growth and 
development. The initial phase relies on the stored nutrients, but eventually the seedling 
switches to an autotrophic program to sustain growth on environmental energy sources. RBR 

activity blocks the embryonic program, promoting a switch to autotrophic growth (Gutzat 

et al., 2011), but arrests cell division if the external energy source is depleted (Hirano et al., 

2008), pointing to an integrator role of the energy status into the seedling growth.

Stomata development: Stomata are epidermal valves formed by pairs of specialized cells 

referred to as guard cells that regulate water and gas exchange. Sequential activity of three 
bHLH TFs in the stomata lineage, namely SPHEECHLESS, MUTE and FAMA, concatenates 

complex TRNs that promote subsequent ACDs and differentiation steps culminating in 
the single symmetric division of the guard cell, and irreversible differentiation (Pillitteri 
and Dong, 2013; Simmons and Bergmann, 2016). MUTE-dependent and independent 

expression of CYCDs promote the last division, likely by phosphorylating RBR which, besides 
blocking ectopic divisions, impedes guard cell fate reversion (Borghi et al., 2010; Han et al., 

2018; Matos et al., 2014; Weimer et al., 2018). For a detailed overview of this process, see 

appendix 1.

Growth and defense: Exhaustive phenotyping of a strong inducible RBR-down-regulation 
line throughout vegetative development revealed that RBR is needed for SAM stem cell 
maintenance, vascular development, stem elongation, and lateral organ development, 
including leaves, branches and flowers. Interestingly, transcriptome analysis of the same 
line revealed that changes in stress-responsive programs upon RBR interference were even 

quicker than those in cell cycle and E2F-target genes (Borghi et al., 2010). As the G1/S 
checkpoint surveys adequate environmental conditions for cell proliferation, (Gendreau et 
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al., 2012; Gutierrez et al., 2002) RBR seems to promote a transcriptional switch between 
cell cycle and stress-related pathways. Accordingly, RBR and E2FA regulate defense genes 

and promote programmed cell death (PCD) to stop infection upon biotrophic attack (Wang 

et al., 2014). 

RBR in DNA damage
DNA damage is a serious threat to any organism, as it compromises survival and genetic 
information transmission. It can occur through internal processes (DNA metabolism, 
or metabolic production of reactive oxigen species, ROS), or by exposure to damaging 
agents (like heavy metals or ionizing radiation)(Choudhury et al., 2017; Kim et al., 2019). 
In eukaryotes, DNA damage triggers a conserved signaling cascade to arrest cell cycle and 

activate the DNA repair mechanisms, or promote PCD to avoid propagating mutations, 
altogether known as DNA damage response (DDR) (Ciccia and Elledge, 2010; Nisa et al., 

2019).

Recognition of DNA breaks activates the ATAXIA TELANGIECTASIA MUTATED (ATM) and ATAXIA 
TELANGIECTASIA AND RAD3-RELATED (ATR) kinases. ATM/ATR initiate a phosphorylation 
cascade that marks the damaged site with the phosphorylated histone variant γ-H2AX and 
recruits other proteins including repair proteins and other kinases to amplify the DDR (Ciccia 

and Elledge, 2010). Within minutes, “repair foci” become visible to the microscope when 
such proteins are tagged with a fluorophore due to their dynamic accumulation at the lesion 
sites (Firsanov et al., 2011; Kuo and Yang, 2008; Lowndes and Toh, 2005; Nakamura et al., 
2010). In this way, it was determined that pRb and RBR localize to repair foci (Biedermann 

et al., 2017; Horvath et al., 2017; Vélez-Cruz et al., 2016), pointing to their functions beyond 
transcriptional regulation, although transcriptional repression of repair genes is also 
mediated by RBR (Biedermann et al., 2017; Bouyer et al., 2018).

The main DNA repair mechanisms are non-homologous end joining (NHEJ) and homologous 

recombination. The former is mutation-prone because no DNA template is available to 
ensure the correct sequence, whereas the later relies on the availability of a homologous 
sequence, usually provided by the sister chromatid. In animals, pRb is involved in both 
repair pathways (Cook et al., 2015; Vélez-Cruz et al., 2016). Although the association with 
a particular repair mechanism has not been explored in detail for plant RBR, it co-localizes 
and interacts with BRCA1, and mediates foci recruitment of RAD51, canonical recombinases 

of the HR pathway (Biedermann et al., 2017; Horvath et al., 2017; Thompson and Schild, 

2001). RBR foci also overlap with E2FA and FBL17 foci (Gentric et al., 2020; Horvath et al., 

2017), the latter is a F-box protein that regulates cell proliferation and endoreplication by 
promoting CKIs degradation (Noir et al., 2015). These findings open new questions about 
the intricate dynamic processes at the chromatin triggered by the constant DNA damage in 
proliferating cells. 
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Besides pRb, the TF p53 is arguably the most important in maintaining genome integrity 

in animals (Lane, 1992; Williams and Schumacher, 2016). Similarly to pRb, p53 functions 
extend beyond transcriptional regulation, as it binds to HR proteins RAD51 and RAD54 to 
modulate their activity on nuclear foci (Linke et al., 2003). p53 has no homologs in plants, 

but the SUPRESSOR OF GAMMA RADIATION1 (SOG1), a plant specific TF member of the NAC 
family, is regarded as a p53 functional homolog, although not all p53 functions have been 
associated with SOG1 (Bourbousse et al., 2018; Mahapatra and Roy, 2020; Ogita et al., 2018; 
Yoshiyama et al., 2009).

Upon DNA damage, ATM/ATR phosphorylate the C-termini of SOG1 to activate it (Yoshiyama 

et al., 2013). Phosphorylated SOG1 promotes DNA repair, cell cycle arrest and PCD 
transcriptional programs binding directly to the promoters of effector genes, or other 
transcription factors that amplify the response (Bourbousse et al., 2018; Ogita et al., 2018; 
Ryu et al., 2019; Takahashi et al., 2019; Yoshiyama et al., 2009, 2017). Interestingly, RBR and 
FBL17 roles during DDR are independent of SOG1 (Gentric et al., 2020; Horvath et al., 2017). 

RBR in the DREAM complex.
RBR proteins mediate cell decisions by interacting not only with TFs, but also with chromatin 
modifiers, sometimes simultaneously, with the DREAM complex as the most prominent 
case (Fischer and Müller, 2017; Johnston et al., 2008; Kuwabara and Gruissem, 2014; Matos 
et al., 2014). Named after its constituents DP, RB-like proteins p107 and p130, E2F, and 

Multivulva-B complex (Muv-B, formed by Lin54, Lin52, Lin37, Lin9 and Rbbp4 proteins), the 
DREAM complex is cell cycle regulator best described in animals. 

Exit from G1 to a quiescent state known as G0, can be promoted by both intrinsic programs 
or stress signaling, and depends on DREAM-imposed transcriptional repression of cell cycle 
genes (Fischer and Müller, 2017). Here, E2F and Lin54 bind to gene promoters in a sequence-
specific manner, and Rbbp4 recruits histone deacetylases and chromatin modifiers to repress 
transcription (Litovchick et al., 2007; Mages et al., 2017; Schmit et al., 2009). Replacement 

of the E2F-DP/p107/p130 proteins by B-Myb proteins converts the repressor activity of the 
DREAM complex to an activator MMB (B-Myb-MuvB) complex; DREAM and MMB complexes 
regulate S/G2/M genes, while G1/S genes depend on DREAM and E2F-DP-pRb (Fischer and 

Müller, 2017; Sadasivam and DeCaprio, 2013).

A slightly divergent DREAM complex was recently reported in Arabidopsis, with RBR as the 

only pocket protein, E2FB and E2FC as activator and repressor activities on G1/S promoters, 
and MYB3R proteins regulating G2/M promoters in a sequence-specific manner (Ito et al., 

1998, 2001; Kobayashi et al., 2015). Members of the MuvB complex were also found and the 

list of possible constituents was recently expanded, offering new insights into diversification 
of alternative assemblies (Ning et al., 2020). 
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Similar to RBR, the Arabidopsis DREAM complex members play distinct roles beyond cell 
cycle repression. For example, they coordinate DNA methylation and chromatin structure 
in quiescent and dividing cells, contributing to transposable elements silencing (Ning et 

al., 2020). The Lin54 homologs TSO1 and SOL1/SOL2, play opposite roles in coupling and 
stabilizing cell division and cell fate transitions during stomata development (Simmons et 

al., 2019), whereas TSO1 and MYB3R1 form a regulatory module to coordinate meristematic 
proliferation and differentiation which, if disrupted, leads to severe developmental defects 
in flower formation and plant sterility (Wang et al., 2018). Moreover, repressor MYB3Rs 

are downstream effectors of the DDR (Bourbousse et al., 2018; Chen et al., 2017). As RBR 

participates in all these functions, it is possible that the hub properties of RBR are linked to 
the dynamic nature of the DREAM complex. Besides the RBR-E2F interaction, the molecular 
determinants of the DREAM complex assembly are largely unexplored. In Chapter 3, we 

provide new insights in this matter. 

Functional links to RBR phosphorylation.
RBR activity is regulated by phosphorylation, and the main kinases for RBR are CDKA and 
CDKBs in complex with CYCAs, CYCBs, or CYCDs (Inzé and De Veylder, 2006; Willems et al., 

2020). As such, CDKs, CYCs and CKIs coordinate cell division and differentiation alongside 
RBR (Gutierrez, 2005; Sablowski and Carnier Dornelas, 2014). While CDKs are broadly 
expressed, CYCs and CKIs are highly regulated, conveying context-dependence to RBR-
phosphorylation (Cao et al., 2018; Collins et al., 2012; Godínez-Palma et al., 2017; Jun et al., 

2013; Peres et al., 2007; Vanneste et al., 2011; Wen et al., 2013; Yi et al., 2014). For example, 

almost all CYCDs are expressed throughout maize seed germination, but their associated 
kinase activity exhibit dynamic patterns that cannot be inferred from their mRNA or protein 
accumulation (Godínez-palma et al., 2013; Gutiérrez et al., 2005; Lara-Núñez et al., 2008; 
Vázquez-Ramos and Lara-Nuñez, 2008).

While only 3 CydDs exist in humans, plant genomes encode seven CYCD sub-groups, each 

containing one or more members (Buendía-Monreal et al., 2011; Wang et al., 2004). 

Their expression patterns and studied functions indicate that they participate in seed 
development and germination (Collins et al., 2012; Godínez-palma et al., 2013; Masubelele 

et al., 2005; Vázquez-Ramos and Lara-Nuñez, 2008) lateral root formation (Nieuwland et 
al., 2009; Sanz et al., 2011), stem cell division in embryos and roots (Cruz-Ramírez et al., 

2012; Forzani et al., 2014), vascular growth (Collins et al., 2015; Zhao et al., 2017a), and 

stomatal development (Han et al., 2018; Weimer et al., 2018) . Similarly, CYCAs expression is 

developmentally controlled, and they regulate plant growth at several stages besides acting 
during S/G2/M phases, endocycle and meiosis (Boudolf et al., 2009; Bulankova et al., 2013; 

Magnard et al., 2001; Vanneste et al., 2011; Wang and Yang, 2014). CYCBs regulate G2/M 
(Ito et al., 1998, 2001) and, together with CDKBs, promote RBR nuclear foci accumulation 
alongside other roles during DDR (Biedermann et al., 2017; Weimer et al., 2016). 
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Another indication that RBR functions are influenced by phosphorylation is the wide range 
of RBR-mediated processes affected by CKIs (Gutierrez, 2005). By controlling cell division 

rates, endocyle entry, and cell size, CKIs contribute to vegetative growth and development 
under- and above ground (Jun et al., 2013; Sanz et al., 2011; Serrano-Mislata et al., 2017; 

Sizani et al., 2019; Wen et al., 2013). Reproductive success and gametophyte development 
are affected by changes in KRP expression associated with de-regulation of the RBR networks 
(Jun et al., 2013; Sizani et al., 2019; Zhao et al., 2012, 2017b). Furthermore, CKIs regulate 
biotic stress responses, organ regeneration, and a SOG1-dependent G2/M checkpoint in 
DDR (Bourbousse et al., 2018; Cheng et al., 2015; Coelho et al., 2017; Ogita et al., 2018; 
Wang et al., 2014; Yi et al., 2014).

Arabidopsis encodes 5 A/B-type CDKs, 31 A-,B-, and D-type CYCs, and 20 CKIs differentially 
expressed genes but only one RBR gene (Menges et al., 2005; Vandepoele et al., 2002; Wang 

et al., 2004; Yi et al., 2014). The huge combinatorial potential of specific kinase complexes is 
overwhelming to study. Although RBR is not the only protein phosphorylated by CDKA/B, the 
overlapping functions and the putative 16 CDK-substrates within its structure, suggest that 
RBR integrates part of the CDK-dependent signaling. The increasing list of RBR-interacting 
transcriptional regulators, and the suppression of cdka mutants by rbr supports this idea 

(Nowack et al., 2012). 

In conclusion, the initially proposed simple mechanism of progressive CDK-CYCDs-mediated 
phosphorylation of Rb proteins to release E2F TFs and activate S-phase genes has shifted to 
a complex picture, where RBR proteins remain central but phosphorylation is no longer an 
on/off switch, but a fine-tuning mechanism to modulate RBR-context dependent activity. A 
pRb ‘phosphorylation code’ has been hypothesized in mammals (Munro et al., 2012; Rubin, 

2013), and contradictory evidence for differential pRb phosphotylation states suggests that 
deciphering it will not be an easy task (Gubern et al., 2016; Sanidas et al., 2019). The need 

to understand differential phosphorylation and protein-interaction activity of RBR within 
the physiological context is also emerging in plant research (Desvoyes and Gutierrez, 2020; 
Harashima and Sugimoto, 2016).  

Outline of the thesis.
In Chapter 2, we describe a systematic experimental approach to tackle the question of 
the functional relevance of RBR phosphorylation. The current knowledge of RBR functions 
derive mostly from knock-out alleles, or transcriptional up- and down regulation of the gene. 
To overcome gamethophytic lethality of knock-out alleles, we combined a down-regulation 
system that allows complementation analysis of transgenic RBR, with phosphorylation 
variants harboring either loss- and gain of function point mutations of RBR phospho-sites. 
The results indicate that RBR sub-functions can be partially disentangled by combinatorial 
phosphorylation, and provide new insights on specific RBR-phosphorylation roles in the 
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Arabidopsis primary root meristem. Interestingly, phosphorylation-mediated functions of 
RBR depend for a significant part on the integrity of the LXCXE motif-binding cleft.

In Chapter 3, we set out to discover new RBR protein interactors. We used ten different 
versions of RBR, including eight highly substituted phosphorylation variants, and an RBR 
allele that disrupts LXCXE-mediated interactions, as baits in the Y2H screening of the 
Arabidopsis TFs library (Pruneda-Paz et al., 2014). Previously known and unknown nuclear 

proteins showed differential binding properties to the baits. Our results indicate that not 
all RBR interactions are regulated by phosphorylation. Interestingly, those interactions that 
were not affected by the phosphorylation state of RBR, are somehow related to general 
stress responses, as it is the case of NAC044; thus, we speculate that, upon stressful 

conditions, RBR must be able to interact with such proteins regardless the cell cycle phase. 
Moreover, our results offer an insight into the plant DREAM complex assembly through the 
LXCXE motif-mediated binding with a MuvB component. 

In Chapter 4, we show that the structural and transcriptional roles of RBR during DDR depend 
on the same molecular determinant: the B-pocket subdomain interaction with proteins 
containing the LXCXE motif. The biochemical constraint of having to bind different proteins 
through the same docking site, imposes a spatio-temporal series of events to coordinate 
DNA damage repair with NAC044-mediated cell cycle arrest, and subsequent resumption 
of cell division. 

In Chapter 5 I discuss our experimental findings in the context of the available literature, 
and provide a bigger picture of the molecular mechanisms underlying RBR functions looking 
through the lens of evolution. On the basis of an ancient phosphorylation-regulated RBR-
centric network that successfully couples cell size control, cell cycle, and DDR, I elaborate on 

the central position RBR as an integrator hub for developmental and environmental signals 
into cell decisions.

Appendix. Although the experimental work in this thesis does not contemplate stomata 

development investigation, I include an appendix with our preview highlighting and 
reflecting published insights on the RBR position within the TRN that regulates the final 
guard cell division (Zamora-Zaragoza and Scheres, 2018).
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Abstract

The RETINOBLASTOMA-RELATED (RBR) protein plays a central role in higher eukaryotes, 
coordinating cell division and differentiation within an environmental and developmental 
context. The many RBR functions are context-dependent and reflect its ability to engage 
in multiple protein interactions. Despite their role in regulation of RBR, the functional 
implications of RBR phosphorylation patterns remain largely unexplored. We here tested 
whether phosphorylation is a fine-tuning mechanism that allows diversification of RBR 
functions and uncoupling of pleiotropy observed in rbr mutants. Using a collection of 
transgenic loss- and gain of function point mutations in RBR phospho-sites, we analysed 
their complementation capacity for stem cell maintenance, cell proliferation, and cell 
death in Arabidopsis thaliana root meristems and reproductive organs. While the number 
of mutated residues often correlated to the phenotypic strength of RBR phospho-variants, 
phospho-sites in different regions of the protein contributed unevenly to distinct RBR-linked 
phenotypes. Moreover, the effect of phopspho-sites was influenced by the phosphorylation 
state of other sites. Thus, additivity and specificity of phospho-sites on RBR activity define 
a combinatorial mechanism to control RBR functions. Moreover, a phospho-mimetic 
and a phospho-defective variant, both promoting cell death, pointed to distinct ways in 
which RBR controls similar cell fate choices. Finally, we show that  a mutation disrupting 
RBR interactions with LXCXE-containing proteins partially suppresses dominant phospho-
defective RBR phenotypes. Altogether, we show that RBR functions are defined and 
separable by a combinatorial phosphorylation code.
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Introduction

Multicellular organisms coordinate cell division and differentiation in space and time to 
ensure proper development (Gutierrez, 2005; Sablowski and Carnier Dornelas, 2014). When 

the environment is variable, external cues need to be incorporated in this coordination 
process. Orchestration of developmental programs and environmental responses 
becomes particularly challenging in sessile species like plants. The multifunctional protein 
RETINOBLASTOMA-RELATED1 (RBR) of Arabidopsis, homolog of the human Retinoblastoma 
(RB) susceptibility gene product (pRb), acts as an integrator of environmental cues and 
internal programs into cell fate decisions (Gutierrez, 2005; Harashima and Sugimoto, 2016). 

RBR belongs to the pocket-protein family, which function as protein interaction platforms 
that bring together multiple transcriptional and chromatin regulators, thus controlling genetic 
programs (Dick and Rubin, 2013; Gutzat et al., 2012). For example, RBR controls cell division by 

interacting with and inhibiting the E2F-DP heterodimeric transcription factors from activating 
the S-phase program. Stable repression of cell cycle genes leads to a quiescent state achieved 
by the DREAM complex (named after its constituents DP-E2F-RBR and the Multivuvla B 
complex, MuvB), which regulates chromatin structure and DNA methylation (Kobayashi et al., 
2015; Ning et al., 2020). RBR-mediated repression is alleviated by active CYCLIN-DEPENDENT 
KINASES (CDK): CDKA associates with D-type CYCLINS (CYCD), which contain a LXCXE motif to 
bind and phosphorylate RBR, thereby releasing E2F repression. RBR also controls formative 
divisions through similar mechanisms (Cruz-Ramírez et al., 2012; Han et al., 2018; Matos et al., 

2014; Weimer et al., 2018) to couple cell division and fate decisions. 

Promoted by CDKB-CYCB1 activity, RBR plays both a structural and transcriptional role 
in DNA repair  (Biedermann et al., 2017; Horvath et al., 2017). The involvement of RBR, 

and distinct CYC-CDKs and CDK inhibitors (CKI) in both developmental and stress-related 
processes (Biedermann et al., 2017; Gutierrez, 2005; Horvath et al., 2017; Perilli et al., 2013; 
Sablowski and Carnier Dornelas, 2014; Wang et al., 2014a; Weimer et al., 2016; Wen et al., 

2013; Yi et al., 2014; Zhao et al., 2017), some of which occur simultaneously, points to a 

central, as yet unspecified role for RBR phosphorylation in the integration of signaling inputs 
to orchestrate coordinated cell behavior.

Both human pRb and Arabidopsis RBR contain 16 putative CDK phosphorylation sites, most of 
them located in the inter-domain regions. Crystal structures of pRb fragments demonstrate 

that specific phosphorylated residues induce discrete structural changes that promote 
different intramolecular interactions to either prevent or compete with intermolecular 
interactions (Burke et al., 2010, 2012). Biochemical characterization of the effect of specific 
phosphorylation residues on the interaction with E2Fs and with the LXCXE motif indicates 
that the phospho-sites contribute differentially to regulate RBR-protein interactions (Burke 
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et al., 2010, 2014; Rubin et al., 2005). These observations led researchers to speculate of a 
‘phosphorylation-code’ where distinct phosphorylation events generate unique structural 
changes that influence pRb binding properties and functions (Munro et al., 2012; Rubin, 

2013). Although attractive, the phosphorylation code hypothesis requires experimental 
evidence, particularly in plants. 

Here, we took a systematic approach to study the biological relevance of RBR phosphorylation. 
Using a large collection of transgenic loss- and gain of function point mutations in 
RBR phospho-sites, we set out to disentangle RBR roles by specific phosphorylation 
combinations, and to address whether a phosphorylation code fine-tunes RBR activity. We 
found that, whereas phosphorylation within the N-domain of RBR seems less important 
for plant growth, phosphorylation within the pocket-domain has a greater influence on 
meristem cell proliferation, and the C-terminal region markedly associates with the stem 
cell maintenance activity of RBR. Surprisingly, specific combination of phosoho-defective 
mutations lead to hyper-active variants of RBR that promote cell death while restraining 
proliferation; and the contribution of a phospho-site to the function of RBR varies according 
the the phosphorylation state of other sites. Finally, we show that the strong dominant 
effects of non-phosphorylatable RBR variants are suppressed by interfering with the 
ability to bind LXCXE motif-containing proteins. Our findings provide new insights on the 
conserved mechanisms underlying RBR function, uncovering the combinatorial nature of 
RBR phosphorylation-dependent control of cell division, differentiation and survival.

Results

A system to study phospho-variants by circumventing early lethality
The substantial knowledge on plant RETINOBLASTOMA-RELATED (RBR) proteins derives 
from expression studies, null or hypomorphic alleles, and up- or down-regulation of the 
gene (Ach et al., 1997; Borghi et al., 2010; Chen et al., 2011; Cruz-Ramírez et al., 2013; 

Ebel et al., 2004; Grafi et al., 1996; Gutzat et al., 2011; Perilli et al., 2013; Wachsman et al., 
2011; Wildwater et al., 2005; Xie et al., 1996). However, the functional outcome of RBR 
phosphorylation remains largely unexplored, in spite of being a major regulatory mechanism 
of RBR activity. We approached this subject by constructing a collection of transgenic RBR 
phospho-variants comprising all putative CDK-substrates (Desvoyes and Gutierrez, 2020; 
Desvoyes et al., 2014)(Fig. 1). 

Tests of all possible phosphorylation states on 16 sites would entail the construction of 316
 (~ 

43 million) variants, so we simplified the analysis by taking a domain approach. Briefly, we 
split the coding sequence of RBR in three combinable modules named as “N”, “P”, and “C” 
(after the N-terminal, AB-Pocket, and C-terminal protein domains), each bearing a subset of 

phosphosites in the one of three states: phosphorylatable (wild-type), phospho-defective, and 
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Figure 1: A system to study phospho-variants by circumventing gametophytic lethality.
A) We cloned three combinable fragments (N, P, and C) comprising the full length RBR cDNA into 

the level -1 vector of the Golden Gate MoClo toolbox (Engler et al., 2014). White boxes represent 

RBR protein domains (N-terminal, A- and B-pocket subdomains, and C-terminal) as predicted by pfam 

server (https://pfam.xfam.org/), and gray boxes represent unstructured protein regions. Note that the 
P module contains all phospho-sites within the Pocket domain, but due to cloning convenience, the 

C-module encodes the B-pocket sub-domain. Each level -1 module encodes a subset of phosphorylation 
sites indicated by empty or colored lollipops, and the corresponding the amino acid residue (S/T) 
position. Since all phospho-sites within a module are in the same state, we use colored circles and the 
signs “0”, “-“, and “+” to denote the module state: white/0 for phosphorylatable (Ser/Thr), dark red/- 
for phospho-defective (Ala), and teal/+ for phosphomimetic. All combinations are possible (arrows), 
but we avoided phospho-defective with phosphomimetic combinations (dotted arrows).  B) Color code 
and text nomenclature of phospho-variants. C) Generation and selection of transgenic RBR phospho-
variants plants. Modules were assembled into the level 0 vector to generate full length RBR phospho-

variants CDS, subsequently assembled with RBR promotor, the CDS of SCFP3A fluorescent tag, and a 
terminator (not illustrated) into Level 1 constructs. Level 2 constructs containing the FAST-R selection 
cassette and the corresponding phospho-variant were transformed in 35::amiGO-RBR plants (amiGO). 
T1 seedlings pre-selected by the red seed coat were selected for the best SCFP3A intensity and taken 

to T3 generation for complementation analysis. D) amiGO selectively down-regulates endogenous RBR 
transcripts by targeting the 3’-UTR, which is absent in the transgenic RBR:SCFP3A CDS. See Figure S1 
for the full list of modules and phosphovariants generated.
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phospho-mimetic, the later resembling constitutive phosphorylation (Antonucci et al., 2014; 

Chen et al., 2017; Dissmeyer and Schnittger, 2011; Sanidas et al., 2019; Wang et al., 2014b), 
depicted by “0”, “-“ and “+” signs, respectively (or by a colored circles code in figures, Fig 1A,B; 
S1A). We refer to each RBR phospho-variant as the specific combination of modules, with a 
superscript indicating the total number of mutated sites. For example, [N0,P0,C0]0

 refers to the 

fully phosphorylatable RBR, while [N0,P-,C0]5 and [N0,P+,C0]5 respectively denote phospho-
defective and phosho-mimetic versions of the five phosphor-sites in central module only (Fig 
1B). We refrained from combining phospho-defective with phospho-mimetic modules and 
assembled all other possible variants with the native RBR promoter and a SCFP3A C-terminal 
tag (Fig. 1B,C,  Fig S1B). All RBR phospho-variants were transformed into plants homozygous 

for the amiGO-RBR  genetic construct (hereafter, amiGO; Fig 1C,D), an artificial microRNA 
driven by the 35S promoter that selectively down-regulates endogenous RBR transcripts only 
after the gametophyte stage and early embryogenesis (Cruz-Ramírez et al., 2013). This late 

reduction in RBR levels bypasses early developmental stages and enhances cell proliferation 
and death similar to a true null RBR clone (Wachsman et al., 2011). Through analysis of the 

complementation capacity of all viable homozygous transgenic variants at stages when the 
amiGO phenotypes were fully penetrant (Fig S2), we could assess the effect of site-specific 
mutant combinations in RBR.

Restriction of stem cell (SC) division is most sensitive to RBR C domain phosphorylation
Since downregulation of RBR leads to supernumerary QC and SC (Cruz-Ramírez et al., 2013; 

Wildwater et al., 2005), we asked whether stem cell niche (SCN) proliferation is affected by 
specific RBR-phosphorylation events. Aberrant division planes hinder lineage separation in 
the absence of markers, so we quantified the pooled number of QC, cortex and endodermis 
initials (CEI), and columella stem cells (CSC) to explore the effect of the phospho-variants in 
SCN maintenance. 

All viable phospho-defective variants displayed complementation of SCN overproliferation 
at least equal to the level of complementation of wildtype RBR, consistent with the 
dephoshoryated RBR as the repressor of SCN activity (Figure 2A,B). Among these variants, 
the combination of phospho-defective residues in N and P domains [N-,P-,C0]12

 showed 

a higher level of repression, hence the phosporylations in these domains have an additive 
effect. Thus, dephosphorylation is essential for RBR activity in the SCN, and single-domain 
dephosphorylation is not sufficient to maximize RBR mediated repression.
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Figure 2: Restriction of stem cell (SC) division is most sensitive to RBR C domain phosphorylation.
A) Representative confocal images of modified pseudo-Schiff propidium iodide (mPS-PI) stained root 
tips of the indicated genotypes. Sub-panels marked with ⌧ correspond to lethal genotypes. B) Box 

plot of pooled QC cells, CEI, and CSC number excluding cells with evident starch granules accumulation. 
Data from two biological replicates presented as median and interquartile range, n denotes total 
number of scored roots. Dunett’s test against Col-0, ***p < 0.001, *p < 0.05.
Scale bar, 20 μM.
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Consistent with a role for dephosphorylated RBR in repressing SCN activity, several 
variants with a phospho-mimetic module failed to complement SCN overproliferation. 
Overproliferation never exceeded that seen in the amiGO background, but increased with 
the number of domains containing phospho-mimetic residues. Thus, phosphorylations in 
more than one RBR domain are needed to release the repression of SCN divisions. However, 

[N0,P0,C+]4 revealed incomplete repression of SCN activity similar to [N+,P+,C0]12
, despite 

having less phospho-mimetic residues, indicating that phosphorylation sites in the C domain 
have a larger influence on SCN regulation than those in the N and P domains. Taken together, 
a range of phospo-defective and phospho-mimetic mutant combinations reveals additive 
but differently sized contributions to the regulation of SCN activity by RBR phospho-sites in 
all three protein domains.

Meristem size maintenance depends most strongly on the Pocket domain phosphorylation
Similarly to their effect on SCN activity, down-and up-regulation of RBR have opposite 
effects on root meristem size (Perilli et al., 2013). To elucidate whether cell division activity 
is controlled by a similar ‘phosphorylation code’ in the transit amplifying cells of the root 
meristem than in the SCN, we measured the effects of the phospho-site variants on the size 
of the transit amplifying cell pool in the meristem. As expected, amiGO meristems were 
slightly longer and contained more cells than Col-0, which could be fully complemented 

using the WT RBR version [N0,P0,C0]0
 (Fig 3A, 3B).

Similar to the observations in the SCN, all phospho-defective variants complemented 
overproliferation in the meristem (Fig 3B). However, in this case mutations in the single 
Pocket domain [N0,P-,C0]5 were sufficient to over-complement the amiGO mutants, giving 
rise to shorter meristems than WT, but without significant effect on the SCN (Fig 2B, 3B,C). 
Phospho-mimetic variants in any combination were all able to complement the amiGO 
meristem phenotype, except for [N0,P0,C+]4. Unlike observed for the SCN proliferation 
phenotype, no other variant containing the C+ module exhibited significant changes; our 
data indicate distinct effects for RBR phosphorylation sites in control over SCN and meristem 
proliferation, with a larger role for the C-region phosphorylation in the SCN, and a larger role 
for Pocket phosphorylation in the transit amplifying cells of the meristem.

Interestingly, despite presenting more cells (Fig 3B), [N0,P0,C+]4 
did not increase meristem 

length (Fig 3C), indicating that a compensatory mechanism maintains meristem size. Similar 
compensation effects were seen for [N-,P0,C-]11, where less cells did not lead to a difference 
in meristem length compared to Col-0. Compensatory mechanisms did not sustain meristem 

size whenever the phospho-defective P module was present. Thus, phosphorylation of the 
Pocket domain is particularly important to maintain meristem size, consistent with a site-
specific component in the phosphorylation code.
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Suppression of cell death is rescued by all but two distinct RBR phosho variants.
Spontaneous cell death in the root tip constitutes a hallmark of reduced RBR activity (Cruz-

Ramírez et al., 2013; Wildwater et al., 2005), likely due the inability to cope with intrinsic 

DNA damage (Biedermann et al., 2017; Horvath et al., 2017). We examined the protective 
role of RBR phosphorylation variants with propidium iodide (PI), which permeates only dead 
cells. As expected, all amiGO roots presented dead cells, while Col-0 and the vast majority 
of the phospho-variants had around 25% or less root tips with dead cells. Two phospho-
variants reached a comparable cell death frequency to amiGO seedlings (Fig 4A, 4B). The full 
phospho-mimetic variant [N+,P+,C+]16 fits the paradigm of hyper-phosphorylated RBR being 
inactive. Accordingly, [N+,P+,C+]16 also presented overproliferation of SCN and meristematic 
cells (Figs. 2 and 3A,B), corroborating that phospho-mimetic mutations inactivate RBR. 

Figure 3: Meristem size maintenance depends most strongly on the Pocket domain phosphorylation.
A) Representative confocal images of root meristems of the indicated genotypes; yellow arrowheads 
mark the end of the meristem proliferation zone. Sub-panels marked with ⌧ correspond to lethal 

genotypes. B,C) Box plots of meristem proliferation and size quantified as the number of cortex cells 
B) and length C) from QC to the first rapidly elongating cortex cell. Data from two biological replicates 
presented as median and interquartile range, n denotes total number of scored roots. Dunett’s test 
against Col-0, ***p < 0.001, **p < 0.01.  Scale bar, 100 μM.
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However, the phospho-defective variant [N-,P0,C-]11
 presented a striking outcome for a 

presumed active, less-phosphorylatable RBR isoform. [N-,P0,C-]11
 over-complemented the 

amiGO cell proliferation phenotypes (Figs 2 and 3A,B) but failed to promote cell survival, in 
contrast with [N0,P-,C0]5 and [N-,P-,C0]12, that also over-complemented cell proliferation 
but fully restored the cell death phenotype (Fig 2B, 4A,B). Additionally, some phospho-
mimetics that failed to restrain SCN proliferation still suppressed cell death. Thus, cell 
proliferation is always promoted by RBR phosphorylation to a greater or lesser extent 
according to specific phospho-sites, but cell death emerges either upon constitutive RBR 
hyper-phosphorylation or with a specific combination of un-phosphorylated sites, implying 
two different mechanisms for RBR-promoted cell survival.

Since phospho-defective [N-,P0,C-]11 hyper-actively restrains cell division, we asked whether 
the cell death phenotype is caused by the activity of RBR, or results from a reduced protective 
function. We out-crossed the amiGO background to assess the effect of [N-,P0,C-]11

 

and [N0,P0,C0]0
 in the presence of endogenous RBR.  While 4 copies (endogenous and 

Figure 4: Suppression of cell death is rescued by all but two distinct RBR phosho variants.
A and C) Representative confocal images of PI-stained root tips of the indicated genotypes. Sub-panels 
marked with ⌧ correspond to lethal genotypes. In C) the genetic background of phospho-variants is 
indicated in black text boxes. B and D) Bar graphs from A) and C), respectively, showing percentage 
of root tips with dead cells. Data from two biological replicates presented as means, n denotes total 
number of scored roots. Dunett’s test against Col-0, ***p < 0.001. Scale bars, 50 μM.
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transgenic) of wild-type RBR conferred a protective effect, more than 50% of the [N-,P0,C-]11
 

roots still displayed dead cells in the Col-0 genetic background (Fig 4 C,D). However, in the 
amiGO background the frequency increased to more than 80% (Fig 4C,D), indicating that  
[N-,P0,C-]11 is an RBR active isoform triggering the cell death program, possibly counteracted 
by the endogenous RBR. 

The specific phenotypic effect of an individual phospho-site is defined in combination 
with phospho-sites in other protein domains.
The distinct contributions of phospho-sites in different RBR protein domains to cell division 
phenotypes (C-region sites to SNC activity and Pocket domain sites to meristem size) 
contrasts with the more equal contribution of sites to the cell death effect (Fig 4, compare 
[N-,P0,C-]11 to [N-,P0,C0]7 and [N0,P0,C-]4). To  explore potential effects of a single specific 
phospho-site in one module to RBR phenotypes when combined with defective sites in 
other modules, we generated a new “N” phospho-module containing a single phospho-
defective site on position T406, thus named as “406-” (Figs. 5A, S1A). All combinations of 
the 406- module with the WT and phospho-defective P and C modules were phenotyped 
—except for [406-,P-,C-]10

 that is not viable.

Similar to the fully phospho-defective N-domain, meristem size was not affected by 406- 
on its own, but it was reduced by one third in [406-,P-,C0]6 (Fig. 5C-E). Since this effect 
was milder than in [N-,P-,C0]12 (Fig 3), we conclude that T406 has an additive effect to the 
strong influence of the Pocket domain phosphorylation on meristem size. Noteworthy, [406-
,P0,C-]5 showed an equally strong effect (Fig 5C-E), and even more severe than [N-,P0,C-]11

 

(Fig 3) suggesting that, when combined with those in the C-region, not all phospho-sites in 
the N-domain are additive with respect to the repressive function of RBR in meristem size 
maintenance.   

Unlike [406-,P-,C0]6, [406-,P0,C-]5
 displayed increased cell death (Fig 5L), but to a lesser 

extent than its high order counterpart [N-,P0,C-]11 (Fig 4). Since [N0,P0,C-]4 and [406-,P0,C0]1
 

showed full or even enhanced cell survival in the latter case (Fig 5 F,G; see Fig 4 A,B, for 
[N0,P0,C-]4), we conclude that none of the phospho-sites by their own, but the combination 
of de-phosphorylated sites in the N and C regions trigger cell death, and that individual sites 

in the N domain exhibit an additive effect on the phenotype penetrance. 

In turn, [NT406-,P-,C0]6 restricted SC divisions but to a lesser extent than [N-,P-,C-0]12
 (Fig 

5 H,I), suggesting the additive effect of N and Pocket domains phosphorylation on RBR 
activity, while the full complementation conveyed by [N-,P0,C0]7 and [N0,P-,C0]5

 (Fig 2), 

indicates that combinatorial dephosphorylation of the RBR N and Pocket domains restricts 
SCN activity. Unfortunately, we could not assess the effect of [406-,P0,C-]5

 on SC divisions 

due to limited seed availability. Altogether, the phospho-defective 406 residue enhanced 
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the activity of the P- and C-contained phospho-sites to restrict cell division (to even a greater 
extent than the N- module when combined with C-), and triggered cell death activation 
only in combination with the C-terminal phospho-defective module, indicating that the 
phenotypic effect of an individual phospho-site depends on the phosphorylation status of 
the remaining ones.

Figure 5: Combinatorial effects of phospho-defective T406 residue on RBR activity.
A) Schematic representation of the phospho-defective 406 module and its colored circle code. B) The ⌧ 

symbol indicates that the [406-,P-,C-]10 phospho-variant is lethal. C, F, H) Representative confocal images 
of PI- C,F) or mPS-PI- H) stained root tips of the indicated genotypes; yellow arrowheads mark the end of 
the meristem proliferation zone.  D and E) Box plots from C) of meristem proliferation and size quantified 
as the number of cortex cells D) and length E) from the QC to the first rapidly elongating cortex cell. L) 
Bar graph from F) showing the percentage of root tips with dead cells. I) Box plot from H) quantifying 
the pooled QC cells, CEI, and CSC number excluding cells with evident starch granules accumulation. 
Data from two biological replicates presented as median and interquartile range D,E,I) or as means G); 
n denotes total number of scored roots. Dunett’s test against Col-0 D,E,G,I) and against [N-,P-,C0]12

 I), 

***p < 0.001, black asterisks indicate significant differenced against Col-0; red asterisks in I) against [N-,P-
,C0]12. Shared labels in ‘x’ axis for D),E),G). Scale bars, 100 μM in (C), 50 μM in (F), 20 μM in (H).
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Ovule and embryo growth are compromised in highly substituted RBR phospho-defec-
tive variants.
Limited seed production in [N-T406,P0,C-]5, [N-,P-,C0]12 and [N-,P0,C-]11

suggested sterility 

due to defects during female reproductive development. To determine the nature of sterility 
defects found in some of these phospo-defective variants, we quantified and cytologically 
analyzed ovule development and seed formation in both [N-,P-,C0]12 and [N-,P0,C-]11 

genotypes. Contrary to amiGO and Col-0 wild-type controls, the two genotypes showed at 
least 80% of non fertilized ovules following pollination in both genetic backgrounds, indicating 
an important degree of female sterility (Figure S4A). Both lines showed defects during ovule 

development. Although the initiation of ovule primordia appeared normal (Figure S4B), in 
73% ([N-,P-,C0]12) and 55% ([N-,P0,C-]11

) of developing ovules the integuments were short 

and had not covered the developing female gametophyte at the 4-nuclear stage (Figure S4C 

and S4D). This lack of integument growth was due to defective cell proliferation in the inner 
and outer integuments, impeding the ovule to complete anatropy (the inverted condition 
that brings the egg cell in close proximity to the funiculus for successful double fertilization), 
and pleiotropically causing defects in female gametophytic nuclear proliferation and 
cellularization. In some cases, the defective ovules also showed evidence of epidermal cell 
degeneration (Figure S4C). Male reproductive organs in both lines also showed growth 
defects, with smaller locular space and limited amount of viable pollen (Figures S4F to S4H). 

Moreover, the few [N0,P-,C-]9
 transformants obtained also showed high levels of sterility (Fig 

S3 A-D), confimirng the importance of phosphorylation in P and C regions to sustain plant 
reproduction.  These results indicate that defective reproductive development results not 
only from reduced RBR activity as previously reported (Ebel et al., 2004; Zhao et al., 2017), 

but also from hyper-active isoforms, indicating that RBR is regulated by phosphorylation 
during ovule growth and development.

Since Agrobacterium-mediated transformation occurs specifically in the female reproductive 
tissues (Desfeux et al., 2000), gametophytic defects may account for the impossibility to 
recover transgenic seedlings expressing [N-,P-,C-]16 or [406-,P-,C-]10

 phospho-variants. But 

even if some transformed ovules could be successfully fertilized, embryo lethality can 
occur as RBR regulates embryonic genetic programs (Gutzat et al., 2011). To explore this 

possibility, we used the red fluorescent seed coat selection marker (see Fig 1C) to select 
[N-,P-,C-]16 primary transformants in both amiGO and Col-0 backgrounds, and recovered 
all embryos from non-germinated seeds. A small fraction of embryos (~3.5%, n=318) was 
arrested at heart- to torpedo stages and showed enlarged cells regardless the presence of 

endogenous RBR (Fig. 6 A). Some arrested embryos presented residual or absent radicles 

(Fig S3F,G), single or uneven cotyledons (Fig S3H,J), and signs of early differentiation like root 
hairs (Fig S3I). Conversely, we did not find any of these features in non-germinated seeds of 
Col-0 nor in primary transformants of a viable phospho-defective RBR variant (Fig. 6A, S3K). 
Considering the phenotypic similarities in arrested embryos of [N0,P-,C-]9

 transformants (Fig 
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S3E), our results indicate that a dominant effect of phospho-defective mutants (particularly 
in the P and C regions) blocks embryonic development. Altogether, defective reproduction 
and early developmental arrest underlie the viability loss of highly substituted phospho-
defective variants, leading us to conclude that RBR multi-phosphorylation, particularly on 
the Pocket domain and C-terminus, is essential for plant survival.

A point mutation in the B-pocket sub-domain partially rescues highly substituted phosp-
ho-defective mutants.
If RBR phosphorylation disrupts its protein interactions, the dominant phenotypes of highly 
substituted phospho-defective RBR variants might reflect more stable protein interactions. 
Therefore, we introduced the point mutation N849F (human N757F, mouse N750F —
hereafter NF), which disrupts interactions with LXCXE motif-containing proteins in plants 
and animals (Bourgo et al., 2011; Chen and Wang, 2000; Cruz-Ramírez et al., 2013), into two 

“C” modules to generate two new phospho-defective RBR alleles: [N-,P-,NFC0]12 and [N-,P-
,
NFC-]16

 (Fig 6A, S1). Strikingly, we recovered viable plants and homozygous lines, even for the 

fully phospho-defective variant.

To investigate the suppressive effect of the NF mutation, we compared the phospho-
defective NF variants alongside pRBR::RBRNF:vYFP (hereafter RBRNF

), with both Col-0 and 

[N-,P-,C0]12
. As reported previously (Cruz-Ramírez et al., 2013; Zhou et al., 2019), the RBR

NF
 

allele showed a slight overproliferation of the SCN (Fig 6 F,G). The NF mutation partially 
restored the meristem size phenotypes of the over-complementing [N-,P-,C0]12

 variant (Fig 

3 vs Fig 6 C-E); similarly, SCN differentiation was also partially rescued (Fig 2 vs Fig 6 F,G). 
Moreover, the fully phospho-defective [N-,P-,NFC-]16 variant showed little, if any, phenotypic 
variation as compared with [N-,P-,NFC0]12 (Fig 6 C-I). Even non-germinating [N-,P-,NFC-]16

 

primary transformants showed more advanced development than [N-,P-,C-]16
 arrested 

embryos (Fig 6 A vs S3K). Thus, the partial rescue of highly substituted phospho-defective 
variants phenotypes by the NF mutation suggests that RBR-LXCXE protein interactions 
constitute a predominant component of RBR-mediated developmental processes regulated 
by phosphorylation.
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Figure 6: A point mutation in the B-pocket sub-domain partially rescues highly substituted phospho-
defective mutants.
A) Confocal images of mPS-PI stained embryos from non-germinated seeds 4 days after sowing (das) 
stratified for 4 days of Col-0 and primary transformants of [N-,P-,C-]16 in the genetic backgrounds amiGO 
and Col-0. B) Schematic representation of the NF

C0 and 
NF

C- modules and its colored circle code. C,F,H) 

Representative confocal images of PI- C,H) or mPS-PI- F) stained root tips of the indicated genotypes; 
yellow arrowheads mark the end of the meristem proliferation zone. D,E) Box plots from C) of meristem 
proliferation and size quantified as the number of cortex cells D) and length E) from the QC to the first 
rapidly elongating cortex cell. G) Box plot from F) quantifying the pooled QC cells, CEI, and CSC number 
excluding cells with evident starch granules accumulation. I) Bar graph from H) showing the percentage 
of root tips with dead cells. Data from two biological replicates presented as median and interquartile 
range D,E,G), or as means I); n denotes total number of scored roots. Dunett’s test against Col-0 and 
against [N-,P-,C0]12, ***p < 0.001, **p<0.01, black asterisks indicate significant difference against Col-0; 
red asterisks, against [N-,P-,C0]12. Col-0 and [N-,P-,C0]12

 values are the same as in Figure 5 as experiments 

were performed in parallel sharing these controls. Shared labels in ‘x’ axis for D),E),G), I). Scale bars, 100 
μM in (A,C), 20 μM in (F), 50 μM in (H).
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Discussion

Here, we have explored the separability of roles for plant RBR phosphorylation, which 
has emerged as a prominent regulatory mechanism of RBR in the multitude of RB 
proteins functions described so far. Taken together, our results support the notion that a 
phosphorylation code fine-tunes RBR activity and function. While our phospho-defective 
variants often showed dominant effects and over-complementation of ‘amiGO’ plants with 
reduced RBR levels (Figs. 2,3,4C,D,5, 6A, S3,S4A), the phenotypic strength of phospho-

mimetic variants ranged between those observed for wild-type and amiGO (Figs. 2-4), which 
supports the prevailing conception that an active, unphosphorylated RBR, is inactivated 
by regulatory phosphorylations. Our work provides evidence that three additions to this 
generic idea are to be made: phosphorylation events on RBR (1) are independent of each 
other, (2) unequally contribute to RBR activity, and (3) disentangle RBR functions. 

RBR phospho-sites are independent of each other
We observed an additive effect in the phenotypic strength as the mutated phospho-sites 
on RBR variants increased. Together with the phenotypic differences between full phospho-
site variants ([N-,P-,C-]16 and [N+,P+,C+]16) and all single phospho-module combinations, our 
findings exclude a nucleation mechanism for RBR hyper-phosphorylation, and demonstrate 
that phosphorylation events on RBR are independent of each other.   

Uneven contribution of phospho-sites to RBR activity regulation
Unlike [N-,P-,C0]12 and [N-,P0,C-]11, the less substituted phospho-defective variant [N0,P-
,C-]9

 was lethal. Therefore, the phosphorylatable Pocket domain and C-region, but not the 

N-region of RBR protein,  were sufficient to sustain plant growth and viability on their own 
despite bearing less phospho-sites. Moreover, phosphorylation within the Pocket domain 
and the C-region markedly influenced the proliferative activity of the meristem and SCN, 
respectively, whereas phosphorylation of the N domain seemed unimportant on its own 
(Figs 2,3). Accordingly, phosphorylation within the Pocket domain and C-region of pRb 
regulate E2F and LXCXE motif binding (Burke et al., 2010; Knudsen and Wang, 1997), while 

the relevance of phosphorylating the N-domain has been shown to emerge upon stressful 
conditions (Gubern et al., 2016). Future research should unveil the functions of RBR 
N-domain phosphorylation during plant stress responses. 

RBR functions are separable by phosphorylation
While the phospho-defective variant [N0,P-,C0]5

 over-complemented root meristem size but 

not SCN division, all three double phospho-mimetic modules combinations displayed over-
proliferation of the SCN but not of transit amplifying cells. Notably, several phopsho-mimetic 
variants that failed to restrict SCN activity complemented the cell death phenotype. On the 
other hand [N-,P0,C-]11 and [N-T406,P0,C-]5 repressed cell division and frequently displayed 
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dead cells, whereas [N-,P-,C0]12 and [N-T406,P-,C0]6 were equally, or even more actively 
blocking meristematic and stem cell division without inducing cell death (Figs 2-4). Contrary 
to previously observed pleiotropic effects in knock-out or altered expression approaches, our 
findings revealed the capacity of RBR to independently regulate cell division, differentiation 
and survival according to its phosphorylation state.

We found increased cell death in roots of both phosho-mimetic and phospho-defective variants. 
Accordingly, apoptotic stimuli can promote phosphorylation as well as de-phosphorylation of 
pRb (De Leon et al., 2008; Nath et al., 2003); pRb in turn, can either promote or inhibit apoptosis 

(Antonucci et al., 2014; Goodrich, 2006; Ianari et al., 2009), a fate decision largely mediated by 

its phosphorylation state (Antonucci et al., 2014; Egger et al., 2016; Gubern et al., 2016; Lee 

et al., 2018; De Leon et al., 2008; Nath et al., 2003). Which particular phosphorylation state 
is preferred, and what outcome it takes might depend on circumstances. In plants, biotrophic 

attackers promote RBR hyper-phosphorylation to trigger immunity-related PCD (Wang et al., 

2014a), correlating with our fully phospho-mimetic variant. We speculate that rapid immune 
responses to pathogen attack, sensed and signaled by phospho-relay cascades, prioritize an 
urgently required activation of PCD to avoid infection spread. On the other hand a proper 
balance between cell division, differentiation, and developmental PCD could involve a more 
accurate, finely-tuned mechanism. Probably this includes coordinated action of CDKs and 
phosphatases, reflected by the combinatorial specificity of our phospho-defective variants 
triggering cell death and inhibiting cell division (Fig 4, 5L). Thus, hyper-phosphorylation of RBR 
may well act “quick and dirty” to counteract stresses, while combinatorial phosphorylation 
entails a timely coordination of cell fate decisions.

Great endeavors in the late 90s utilized systematic mutagenesis to understand the functional 
nature of pRb phosphorylation (Barrientes et al., 2000; Brown et al., 1999; Knudsen and 
Wang, 1997, 1996; Knudsen et al., 1999), pointing to a combinatorial role in pRb regulation 
(Munro et al., 2012; Rubin, 2013). But  this notion found defiance in recent years based on a 
report where pRb was found in only three states in cellular lines: un-phosphorylated, hyper-

phosphorylated and mono-phosphorylated (Narasimha et al., 2014). A more recent report 

(Sanidas et al., 2019), recaptured the concept of the phosphorylation code, but focused 
on mono-phosphorylated isoforms. In that study, the authors found that more than one 

third of the pRb interactome (434 proteins) bind neither un-phosphorylated nor any of 

the 14 mono-phosphorylated variants, and assumed that  this portion of the interactions 
correspond to hyper-phosphorylated pRb (Sanidas et al., 2019). Since the phenotypes of our 

fully phospho-mimetic variant suggest that hyper-phosphorylated RBR is mostly inactive, 
we believe more evidence is needed before the possibility of intermediate phosphorylation 
states of RB proteins is overthrown. Particularly, investigation of pRb phosphorylation states 
in whole-organism context remains a future challenge.
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To our knowledge, this is the first systematic study of RBR phospho-variants in a full organismal 
context. We did not determine the existence of intermediate phosphorylation RBR isoforms, 
but our “artificial” phospho-variants recapitulated functional outcomes of RBR, implying 
its potential to “understand” a combinatorial phosphorylation code modulated by additive 
effects. We are aware that not all putative phospho-sites have been confirmed in vivo, but 

all phospho-defective variants showed at least a mild and additive effect, implying that 
at least the majority of phospho-sites are functional. Two shortcomings in our approach 
are the potential effect of residual RBR in the amiGO genetic background, and the static 
nature of the phosphorylation substitutions –contrasting with the dynamics entailed by 
phosphorylation-dependent regulation of a multifunctional protein, achieved by concerted 
action of CDKs and phosphatases. The former issue could be addressed by postembryonic 
gene editing to generate a postembryonic rbr null background; the latter would require 
thorough characterization of the endogenous phosphorylation isoforms of RBR within its 
diverse spatio-temporal contexts. In this regard, single-cell and single-molecule approaches 
promise an exciting future for RB protein biology.

Our results support a combinatorial RBR-phosphorylation code in plants –whose sessile 
nature requires precise coordination of cell fate decisions and environmental responses– 
and suggest that distinct CYC-CDKs complexes target RBR phospho-sites with distinct 
affinities as is the case for CYCDs on pRb (Paternot et al., 2006). Accordingly, residues T406 

and S911 are preferentially phosphorylated by CYCA3;4, whose overexpression results in 
RBR-associated phenotypes (Willems et al., 2020); and CYCD6;1, a developmental and 

stress-responding gene (Bertolotti et al., 2020; Cruz-Ramírez et al., 2012; Zhou et al., 2019), 
drives the kinase activity of CDKB1 to the Pocket domain (Cruz Ramirez 2012). The distinct 
expression patterns of CYC genes (Collins et al., 2012; Menges et al., 2005), the intricate 

regulation of CDK activity (Sanz et al., 2011), and their substrate-specificity, all suggest a 
complex mechanism to orchestrate RBR multiple functions during the plant life cycle, posing 
new challenges to our understanding of RBR regulatory networks. 

On the same track, RBR-protein interactions mediated by the B-pocket constitute a major 
component of phosphorylation-mediated functions of RBR (Fig 6), pointing out to proteins 
containing an LXCXE motif. Noteworthy, RB interactions with LXCXE-containing proteins, 
both in plants and animals, play prominent roles to sustain differentiation and growth 
arrest decisions (Chen and Wang, 2000; Cruz-Ramírez et al., 2012; Matos et al., 2014), and 

to withstand stressful growth conditions (Bourgo et al., 2011; Collins et al., 2015; Cruz-

Ramírez et al., 2013; Zhou et al., 2019). The partial rescue of all phenotypes associated to 
highly substituted phospho-defective variants by the NF mutation reveals the vast importance 
of LXCXE protein interactions. At the same time, it also points to the existence of a LXCXE-
independent component in the phosphorylation-dependent functions of RBR; obvious 
candidates are the functions mediated by E2F proteins, central players not only in cell cycle, 
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but in developmental and stress-related processes (Berckmans et al., 2011b, 2011a; Gómez 

et al., 2019; Henriques et al., 2013; Horvath et al., 2017; Magyar et al., 2005; Oszi et al., 2020; 
del Pozo et al., 2002; Wang et al., 2014a). Together with our findings and the role of CYCDs in 
both processes (Forzani et al., 2014; Han et al., 2018; Weimer et al., 2018; Zhou et al., 2019), 

the integrative functions of RBR (Harashima and Sugimoto, 2016) seem to rely on the dynamic 

phosphorylation-regulated RBR-LXCXE, and possibly RBR-E2F interactions.

Altogether, we have taken first steps to “decipher” RBR phosphorylation code. In addition, our 
RBR phospho-variants collection and combinable phospho-modules represent a steppingstone 
for future research. On the one hand, characterization of in vivo-phosphorylated sites 

under environmentally varying conditions may guide the choices to expand the collection. 
On the other hand, using the collection for cell-type specific, high-throughput experiments 
(proteomics, Chip-seq, INTACT, ATAC, RNA-seq), and studies on CYC-CDK specificities could 
help to understand RBR networks throughout development and stress responses. Since RBR is 

a multifunctional growth regulatory protein, implementation of RBR phosphorylation codes in 
crops could help to face future food security challenges. 

Materials and methods

Plant Material and growth conditions
Arabidopsis thaliana ecotype Col-0 was used as wild-type control. Unless otherwise noticed, 
amiGO-RBR (Cruz-Ramírez et al., 2013) was used as genetic background for transgenic 
plants. Seeds were fume-sterilized in a sealed container with 100 ml bleach and 3 ml of 

37% hydrochloric acid for 3–5 h; then suspended in 0.1% agarose, stratified for 2 d (4 d 
for arrested embryos) at 4ºC in darkness, plated on 0.5x Murashige and Skoog (MS) plus 

vitamins, 1% sucrose, 0.5g/l 2-(N-morpholino) ethanesulfonic acid (MES) at pH 5.8,  and 
0.8% plant agar, and grown vertically for 6 d (4 d for arrested embryos) at 22°C with a 16h 
light/8h dark cycle. For cytological analysis of reproductive organs seeds were germinated 
in Murashige and Skoog (MS) medium under short-day conditions (16 h light/8 h dark) at 
25 °C. Seedlings were then transplanted to soil and grown in a greenhouse under long-day 
conditions. Fully developed siliques containing seeds with cotyledonary embryos from at 
least five individuals per genotype were dissected before dehiscence and examined under a 
stereomicroscope Leica. The number of unfertilized ovules; normal and collapsed seeds were 
counted in each silique. Gyneocia were dissected longitudinally with hypodermic needles (1 
ml insulin syringes; Becton Dickinson) and fixed with FAA buffer (50% ethanol, 5% acetic 
acid, and 10% formaldehyde), dehydrated in increasing ethanol concentration, cleared in 
Herr’s solution [phenol:chloral hydrate:85% lactic acid:xylene:clove oil (1:1:1:0.5:1), and 
observed with a Leica microscope (Wetzlar, Germany) under Nomarski illumination.



Chapter 2

54

RBR phospho-variants plasmid construction and Plant transformation and transgenic 
selection.
The goldengate modular cloning (MoClo) system for plants (Engler et al., 2014) was used to 

generate all phospho-variants. A detailed description of phospho-variants cloning is offered in 
supplemental methods. Level 2 constructs were transformed in homozygous amiGO plants by 
flower dip method. Primary tansformants were selected for fuorescent red seed coats under 
a fluorescence microscope; at least 16 primary transformants were visualized with confocal 
laser scanning microscopy (CLSM) and selected for the presence of nuclear SCFP3A signal. At 

least two independent lines were taken to homozygous T3 generation for phenotyping.

Microscopy
A 10 µg/mL Propidium Iodide staining solution was used for whole-mount visualization of 
live roots with CLSM using a Zeiss LSM 710 system as described in  (Zhou et al., 2019). 

For arrested embryos, seed coats were removed as described in (Lee and Lopez-Molina, 

2013); modified pseudo-Schiff propidium iodide (mPS-PI) staining of roots and embryos was 
performed as described in (Zhou et al., 2019). Images were taken with ZEN 2012 software 
(Zeiss) and processed with ImageJ software, using the Stitching Plug-in stitchin multiple 
images.Brightness and contrast of the final figures was enhanced to the exact same values 
except for figure S3B,C, where CLSM and brightness/contrast parameters were maximized 
due to the very weak SCFP3A signal. DIC images of gametophytes were obtained with a 

Nomarsky illumination Leica DRM system.

Phenotypic analysis
At least two independent transgenic lines for each genotype were analysed in at least 

two independent occasions. For the three phenotypes analysed (meristem size, stem cell 

proliferation and cell death), independent replicates of each line were compared among 
them; and independent lines of the same genotype we compared among them, with no 

significant difference. Each line was compared with the Col-0 control, obtaining similar 
results for each line of the same genotype. Only one line is presented for each genotype. 
Quantification of the root meristem size was done by imaging the median longitudinal 
section of the root tip and averaging the number of cortex cells from the QC to the first 
rapidly elongating cell in the two visible cortex layers; and by measuring and averaging 
the distance spanned by these cells. Cell death was quantified as the percentage of root 
tips presenting dead cells as visualized with PI and scanning throughout the Z-axis. Stem 
cells were visualized by mPS-PI staining and imaging the median longitudinal section of the 
root tip. Statistical analysis was performed by a One-way ANOVA followed by Dunnett’s 
multiple comparisons test was performed using GraphPad Prism version 5.0.0 for Windows, 
GraphPad Software, San Diego, California USA www.graphpad.com. Histological analysis of 
female gametophytes was performed with one line per genotype as described above.
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Cloning of RBR phospho-variants 
All primers used for cloning, carrying relevant restriction sites and 4 bp overhangs were 
designed using the Primer3 software (Untergasser et al., 2012) and are listed in Table 

S1.The CDS of Wt RBR was amplified in three fragments, namely N0, AB0, C0, with the 
primer pairs RBR_n1_WT_F / RBR_n3_WT_R, RBR_AB_F / RBR_AB_R, RBR_C_F / RBR_C_R. 
Each fragment was cloned in level -1 vector pAGM1311 (generating pAGM1311-RBR_N0, 
pAGM1311-RBR_AB0, and pAGM1311-RBR_C0). To clone the phospho-defective (N-) 
and phospho-mimetic (N+) mutant modules, we divided the N fragment it in three sub-
fragments (namely n1, n2, n3); fragments n1 and n2 were amplified with primers that 
introduced the corresponding mutation in the phospho-sites T9 and S290: RBR_n1_T9D F / 
RBR_n1_S290D_R, and RBR_n1_T9A_F / RBR_n1_S290A_R for n1; RBR_n2_S290D_F / RBR_
n2_R, and RBR_n2_S290A_F / RBR_n2_R for n2. Mutations in the remaining phospho-sites 
of module N, were introduced by a synthetic probe, corresponding to n3 fragment, carrying 
the corresponding mutant codons. The single stranded n3 probes were complemented to 

double stranded DNA using the n3RvComp primer in a Klenow fragment reaction (Thermo 
Scientific™, EP0421). Phospho-defective and phospho-mimetic fragments n1, n2, n3 were 
assembled and cloned into pAGM1311 vector to generate N- and N+ modules (pAGM1311-
RBR_N- and pAGM1311-RBR_N+). Phosphorylation mutations in the AB and C regions were 
obtained amplifying the relevant fragments from pre-existing unpublished phosphorylation 
mutants (generated by serial rounds of directed mutagenesis) with the same primer paris as 

for the wild type fragments. The amplicons were cloned into pAGM1311 (pAGM1311-RBR_

AB+, pAGM1311-RBR_AB-, pAGM1311-RBR_C+, pAGM1311-RBR_C-). The NT406 mutant 
modules were obtained by amplifying the corresponding wild type RBR CDS fragment with 

the primer pairs RBR_n1_WT_F / n3T406A_R, and  RBR_n1_WT_F / n3T406E_R, and cloning 
into pAGM1311 (pAGM1311-RBR_NT406- and pAGM1311-RBR_NT406+). The N849F 
mutation was introduced in the C0 and C- modules by amplifying two overlapping fragments 
from the corresponding level -1 modules with the primer pairs RBR_C_F / N849F_R for 
the first fragment, and N849F_F / RBR_C_R for the second one; both fragments for each 
C module (wild type and phospho-defective) were assembled and cloned in pAGM1311 
vector (pAGM1311-RBRNF_C0 and pAGM1311-RBRNF_C-). 

The combinations of level -1 modules specified in figure S1 were assembled into level 0 
vector pAGM1287, creating full length RBR CDS of the corresponding phospho-variant 
(pAGM1287-RBR_N*AB*C*, where “*” indicates the diverse phospho-modules). For RBR 
promoter, the intergenic region comprising 1150 bp upstream of the ATG was amplified with 
primer pair GGpRBR_F / GGpRBR_R, that removed internal BpiI sites, and then cloned into 
level 0 pICH41295 vector (pICH41294-pRBR). The CDS of the SCFP3A fluorescent protein was 
amplified with the primer pair GGvYFP_F / GGvYFP_R from an existing clone and sub-cloned 
into level 0 pAGM1301 vector (pAGM1301-SCFP3A). Each pAGM1287-RBR_N*AB*C* was 
then combined with pICH41295-pRBR, pAGM1301-SCFP3A, and pICH41421-NosT (from the 
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MoClo toolbox) into level 1 pICH47742 vector (pICH47742-pRBR_RBR_N*AB*C*_SCFP3A_
NosT). Level 1 phospho-variants were cloned into level 2 pAGM4723 vector together 

with the pICH47732-FAST-R selection marker cassette. All digestion-ligation reactions 
were performed using 30 fmol of the relevant fragments, plasmids and vector, 1x Green 

buffer (Thermo Scientific™, No.), 1 µM ATP (Thermo Scientific™), either 1unit/µL BsaI or 
BpiI enzymes (Thermo Scientific™), T4 DNA ligase (Thermo Scientific™) and water to a final 
volume of 15 µL.
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Supplementary Information

Figure S1: List of RBR-phosphovariants.
A) Schematic list of all modules cloned in Level -1 of the GoldenGate MoClo system. Text nomenclature 
and colored circles and their relative position within the gray background box indicate the phosphorylation 
state and position of each module within the full length CDS of phosphovariants according to Fig 1. Note 
that in modules “406” only the Thr406 residue is mutated, and in modules “NFC” the Asn849 within the 
LXCXE binding cleft of the B-pocket sub-domain is mutated to Phe. B)  Schematic list of all phospho-variants 
generated. All variants listed exist as Level 0, Level 1 (with RBR promotor, SCFP3A CDS and NOS terminator), 
and Level 2 (with FAST-R selection cassette in position 1) constructs, and as transgenic seed, except for 
those marked with the symbol ◎ on the left-most column,  which were either not viable or not transformed 
and thus, only the plasmids are available. Note that [406-,P0,C-]5

 is marked with double circle because 

reduced fertility hindered propagation and all seed was used for the experiments reported in Fig 5.
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Figure S2: amiGO-RBR penetrancy.
Confocal images of amiGO-RBR root tips by 4,5, 6 and 10 days after germination (dag). Top panels, 
mPS-PI staining; bottom panels, PI staining. Note that by 5 das we detected roots with very weak or 
no amigo-associated phenotypes. By 6das, cell death and SCN extra divisions were evident in all roots.

Scale bars, 50 μM.
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Figure S3: Primary transformants of lethal phospho-defective RBR variants.
A-C,E-K) Confocal images of PI stained root tips A-C), mPS-PI stained E,G,H,K), and transmitted light 
images F,I,J) of embryos from non-germinated seeds 4 das stratified for 4 days. D) 3 week old seedling. 
Genotypes: [N0,P-,C-]9 A-E), [N-,P-,C-]16 F-J), [N-,P-NF,C-]16 K); Genetic background: Col-0 A,B,G,K), 
amiGO C-F,H,-J). Max power and gain for CLSM settings and image brightness and contrast in B,C) 
were set to in order to visualize sCFP signal from [N0,P-,C-]9 expression. Scale bars, 100 μM in (A,E-K), 
50 μM in (B,C).
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Figure S4: Reproductive defects in highly substituted RBR phospho-defective variants.
(A) Fertility analysis quantified as percentage of non-fertilized ovules (white), normally developed 
seeds (gray), and aborted seeds (black). (B) Ovule primordium of [N-,P-,C0]12 in amiGO background. 
(C) [N-,P-,C0]12 amiGO ovule showing a 4-nucleated female gametophyte and restricted growth of 
the inner and outer integuments; asterisks indicate degeneration of epidermal cells in the dorsal 
outer integument. (D) Fully differentiated [N-,P-,C0]12 amiGO ovule with extruded and collapsed 
female gametophyte and arrested growth of the inner and outer integument. (E) Fully differentiated 
Col-0 ovule showing a cellularized female gametophyte and normal growth of the integuments.  

(F) Alexander staining of a Col-0 anther showing normal locular space and viable pollen production. 
(G) Alexander staining of [N-,P-,C0]12

 anther showing restricted locular growth and limited amount of 

viable pollen. (H) Alexander staining of [N-,P0,C-]11
 anther showing limited amount of viable pollen. 

Abbreviations: MMC, megaspore mother cell; FG, female gametophyte; II, inner integument; OI, outer 
integument. Scale bars: B=7µm; C=14µm; D-E=21µm.
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Supplementary Table 1: 
Primer Sequence

RBR_n1_WT_F AAAGGTCTCAACATAATGGAAGAAGTTCAGCCTCCAGT

RBR_n3_WT_R AAAGGTCTCAACAACTGGTGTTGCTGCCAACTTGGTA

RBR_AB_F AAAGGTCTCAACATCCAGTGAGCACAGCAATGACAAC

RBR_AB_R TTTGGTCTCTACAATCTGCACAAGTTTCTCCTCCACCTCC

RBR_C_F CCCGGTCTCGACATCAGAAACTGGAATCAATATTTTCTT

RBR_C_R TTTGGTCTCTACAACGAATCTGTTGGCTCGGTTTTAAGGG

RBR_n1_T9D F AAAGGTCTCAACATAATGGAAGAAGTTCAGCCTCCAGTGGACCCGCCCATTGAACCAAATG-

GGAAA

RBR_n1_T9A_F AAAGGTCTCAACATAATGGAAGAAGTTCAGCCTCCAGTGGCTCCGCCCATTGAACCAAATG-

GGAAA

RBR_n1_S290D_R CCCGGTCTCGATCTGGCTTTTTCTTCAGTATGGTTTCTA

RBR_n1_S290A_R GCGGGTCTCGAGCTGGCTTTTTCTTCAGTATGGTTTCTA

RBR_n2_S290D_F AAAGGTCTCAAGATCCAGCATCTGAGTGCCAAACTGACAAGCTA

RBR_n2_S290A_F AAAGGTCTCAAGCTCCAGCATCTGAGTGCCAAACTGACAAGCTA

RBR_n2_R CCCGGTCTCCGCTCAAAGCATCAATTTTCCTCTTA

n3T406A_R taaGGTCTCtACAACTGGagctgctgccaacttggtagcac

n3T406E_R taaGGTCTCtACAACTGGctctgctgccaacttggtagcac

GGpRBR_F aaGAAGACaaGGAGtgcctcgtgtcggaaatatctaattctctctctggatccactcacactcgaagatgacgaag-

tagacttaatctgaatccatc

GGpRBR_R ccgaagacggcattagtctccaacgcagctgaaaacatgcaaaatcaagctaattttacttccaattaaactgctaactg-

tagacgaagaaaaagggacttttcaa

GGvYFP_F ttGAAGACaaTTCGtctgtgagcaagggcgaggagctgttc 

GGvYFP_R gcGAAGACttAAGCttacttgtacagctcgtccat

N849F_F GAGGTCTCCactttgaaatatttattcctgccgtaaagccg

N849F_R GGGGTCTCCaagtagaatgtgatgatgtcaacatgatctg

n3RvComp TGGGGTCTCTACAACTGG

n3 synthetic probes  

RBR_n3-5E TTTGGTCTCTGAGCGATCCTGCAAGGACATTTATAGAACCACTTGATCCTCATAAGGACCCT-

GCTGCTAAGACAAATGGTATTAGCGGTGCTACCAAGTTGGCAGCAGAGCCAGTTGTAGAG-

ACCCCA

RBR_n3-5A TTTGGTCTCTGAGCGCTCCTGCAAGGACATTTATAGCACCACTTGCTCCTCATAAGGCACCT-

GCTGCTAAGACAAATGGTATTAGCGGTGCTACCAAGTTGGCAGCAGCTCCAGTTGTAGAGAC-

CCCA
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Abstract

Developmental and environmental signals are often integrated by hub proteins into genetic 
programs regulated by transcription factors. The RETINOBLASTOMA-RELATED (RBR) protein 
is an example of a transcriptional hub whose structure is affected by signalling events. 
The signals acting on RBR regulate its multiple interactions with transcription factors, thus 
coordinating a broad transcriptional output. RBR activity is regulated by phosphorylation on 
multiple CYCLIN-DEPENDENT KINASE substrate residues. However, the binding properties 
of (un)phosphorylated RBR with its protein interactors are poorly understood. By screening 

an arrayed library encoding 1956 Arabidopsis nuclear proteins in yeast, we analysed direct 

interactions of Arabidopsis RBR. As baits, we used the wild type version of RBR plus 4 
phospho-defective variants, their 4 phospho-mimetic counterparts and RBRNF, the latter 
being a point mutation that disrupts interactions with the LXCXE motif present in multiple 
proteins that bind RBR. This mutant revealed that RBR binds to the LXCXE motif in the cysteine 
rich repeat proteins TCX6 and most likely TCX5, which participate in the DREAM complex, 
a major cell cycle regulator in eukaryotes. Moreover, a high number of the interactors 

are involved in responses to stress, pointing to a central role of RBR as an integrator of 
environmental inputs. While phosphorylation generally affected the binding properties of 
RBR, to our surprise some interactions were independent of the phosphorylation state of 
RBR. Our results provide a steppingstone for investigating how RBR phosphorylation helps 
to coordinate transcriptional programs such as growth and stress response in response to 
environmental signals.



Binding properties of the RBR protein interactors

3

71

Introduction

Spatio-temporal coordination of cellular processes and responses requires the 
orchestratation of transcriptional programs. Such control can be exerted on transcription 
factors (TFs), nuclear proteins that bind DNA in a sequence specific-manner, and/or other 

TF in multimeric complexes that bridge gene promoters to the transcription machinery. 
Transcriptional regulation therefore depends on dynamic protein-DNA and protein-protein 
interactions (PPIs). On the other hand, transcriptional control is also exerted by chromatin 
structure, which determines the accessibility of TFs to their target genes. Chromatin 
modifiers do not bind DNA sequences, but interact with TFs, or with previously marked 
chromatin regions (Kouzarides, 2007; Narlikar et al., 2002; Vaissière et al., 2008). 

A remarkable example of coordinating cell fate decisions through transcriptional and chromatin 
regulation surges upon DNA damage. The DNA damage response (DDR) evokes a plethora of 
events in the nucleus: cell cycle arrest, transcriptional activation of DNA repair genes, and 
chromatin remodelling at the lesion sites (Hu et al., 2016; Kim, 2019; Kim et al., 2019; Lorković 
et al., 2017; Nisa et al., 2019). If repair is successful, cell division is reactivated and repair 
genes repressed; if not, cell differentiation or death are transcriptionally activated to prevent 
the spread of mutations (Chen, 2016; Ciccia and Elledge, 2010; Hu et al., 2016). Likewise, cells 

coordinate division, differentiation and death within a developmental and environmental 
context (Abrash and Bergmann, 2009; Fox et al., 2018; Kumpf and Nowack, 2015; Tsukagoshi 
et al., 2010). As expected from a protein partner of multiple TFs and chromatin modifiers, 
the conserved RETINOBLASTOMA-RELATED (RBR) proteins participate in all aforementioned 
events in eukaryotes (Calo et al., 2010; Cao et al., 2010; Indovina et al., 2015; Litovchick et al., 

2007; Perilli et al., 2013; Thomas et al., 2003; Wildwater et al., 2005).

RBR proteins are landing platforms that bridge chromatin regulators with DNA-specific TFs to 
control target gene expression (Dick and Rubin, 2013; Narlikar et al., 2002). The uncovering 

of RBR-TF interactions has fostered our understanding of how cell fate decisions are 
transcriptionally orchestrated. For example, in the cell cycle control, E2F-DP heterodimeric 
TFs reside on promoters and activate the expression of S-phase genes; RBR binds E2F, thus 
connecting multimeric chromatin modifiers to repress gene expression (Fiorentino et al., 
2013; Raynaud et al., 2014; Sanchez et al., 2008; Zhang et al., 2000). CYCLIN (CYC) proteins 

activate CYCLIN-DEPENDENT KINASES (CDKs) to drive RBR phosphorylation in multiple 
sites; hyper-phosphorylated RBR releases E2F to allow target gene expression (Boniotti and 
Gutierrez, 2001; Burke et al., 2014; Gutierrez et al., 2002).

RBR protein controls other cell fate decisions in similar manners, where the corresponding 

TF determines the transcriptional program regulated by RBR, which is controlled by specific 
CYC-CDKs (Cruz-Ramírez et al., 2012; Matos et al., 2014) (Cruz-Ramírez et al., 2012; Weimer 
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et al., 2012, 2018). Within the TFs regulating root ground tissue asymmetric cell division 
and stomata differentiation, a conserved LXCXE-motif hints at RBR-interaction, as this motif 
docks the B-pocket subdomain of RBR (Chan et al., 2001; Singh et al., 2005). Moreover, it 

suggests phosphorylation-mediated regulation, since crystal structures have demonstrated 
that the state of particular phospho-sites influences human pRb-LXCXE interactions (Burke 

et al., 2012).

RBR proteins are multifunctional, context-dependent transcriptional regulators whose 
functions are determined by PPIs (Desvoyes and Gutierrez, 2020; Dick and Rubin, 2013; 
Harashima and Sugimoto, 2016). Not surprisingly, several studies have focused on 

discovering RBR protein interactions (Morris and Dyson, 2001; Mushtaq et al., 2016; Sanidas 
et al., 2019). IP-MS experiments offer an insight into in vivo complexes but overlook direct 

interactions. Conversely, cDNA library screenings by Yeast two-hybrid (Y2H) tackle direct 
interactions but often dig up biologically irrelevant partners due to high abundance of 
cytosolic proteins. Here, we focused on discovering direct interactors of the Arabidopsis 

thaliana RBR, with high likelihood of biological meaning by focusing on nuclear proteins. By 

using a set of RBR point mutations in phosphorylation sites and the LXCXE-binding site, we 
gained additional insight into the regulation of these interactions.

Results

Although human pRb has cytoplasmic functions (Antonucci et al., 2014; Zhang et al., 2016), 

nuclear interactors are predominantly important for RBR-mediated processes because 

they regulate whole genetic programs (Morris and Dyson, 2001; Mushtaq et al., 2016). 
Thus, we set out to detect RBR protein partners by probing the Y2H library of Arabidopsis 

transcription factors comprising 1956 nuclear proteins arrayed in 96-well plates (Pruneda-

Paz et al., 2014).

Besides the wild-type RBR (RBR
Wt), we explored the interaction properties of diverse RBR 

mutants (Fig1). In a previous phenotypic analysis of our transgenic RBR phospho-variants 

collection, we observed stronger phenotypes associated to the highly substituted CDK-
phosphosite mutants (see Chapter 2), and therefore, we used such variants as baits (Fig 

1). We also included the RBR-NF allele, a substitution of the conserved Asn849 for Phe that 
suppressed phospho-defective RBR variants (Chapter 2), and disrupts interactions with 
LXCXE motif-containing proteins in plants and animals (Bourgo et al., 2011; Chen and Wang, 

2000; Cruz-Ramírez et al., 2013). In total, we included 10 RBR baits: RBR
Wt

, 4 phospho-

defective variants, their 4 phospho-mimetic counterparts and RBRNF
 (Figure 1). 
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Figure 1: Schematic representation of the Arabidopsis pEXP22-TF library Y2H screenings with RBR-baits. 
A) We used total of 10 RBR variants cloned in the pDEST32 vector: RBR-Wt, four phospho-defective 
variants, four phospho-mimetic variants, and the RBR-NF allele, containing the N849F point mutation. 
Lollipops in the schemes of RBR structure represent the phosphorylation sites; empty, red and green 
lollipops depict WT, phospho-defective and phospho-mimetic state, respectively. The WT phospho-
sites positions are indicated above RBR-Wt scheme. Notation for each phospho-variant is taken from 
Chapter 1. B) Each bait was mated with the Arabidopsis pEXP22-TF containing 1956 TFs arrayed in 

96 well plates. Plating on selection media for positive mating (SD –LW) was followed by plating on 
SD –LWH +1.5mM3AT, and SD –LW to select positive protein interactions and confirming the presence 
of both plasmids, respectively. Plasmid DNA from grown yeast on interaction-selective medium was 
isolated and amplified to verify the identity of the pray by sequencing. Recovered pEXP22-TF plasmids 
were individually co-transformed in yeast along with each RBR bait and plated in selective media to 
confirm interaction patterns.
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Table 1. List of prays that interacted with RBR baits in Y2H screenings. “x” indicates interacti

  

Baits 

    

Prays Gene ID RBRWt Phosho-defective Phospho-mimetic RBRNF 

GBF4* AT1G03970 x          

E2FC* AT1G47870  x x x x x     

TCP3* AT1G53230 x  x x       

TCP15 AT1G69690   x  x  x x x  

TCP22 AT1G72010        x x  

DREB2D* AT1G75490    x       

HMGB4 AT2G17560          x 

TCX6* AT2G20110 x x x x x x     

TKI1* AT2G36960    x x      

NATA2 AT2G39020   x        

LBD15 AT2G40470   x x x      

TLP3 AT2G47900 x         x 

NAC044* AT3G01600 x x x x x x x x x  

ATL6 AT3G05200          x 

GRF5* AT3G13960     x      

TCP4 AT3G15030 x x x x x x x x x x 

TCP14 AT3G47620  x x x x   x   

POB1* AT3G61600     x      

UNE12 AT4G02590 x          

HD-like* AT4G03250    x       

OFP9 AT4G04030     x      

ERF015 AT4G31060      x     

COP3 AT4G37580    x       

ZFHD3 AT5G15210  x         

ARIA* AT5G19330 x x    x    x 

NAC090* AT5G22380           

TCX7* AT5G25790 x x x x x x x    

XND1* AT5G64530   x x x      
Total interactions per 

bait: 10 8 11 13 13 7 4 5 4 5 

*Confirmed interactors (see Figure 1). 
 

NF

Figure 1: List of prays that interacted with RBR baits in Y2H screenings. “x” indicates interaction.
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From the 10 library screenings, we identified 28 interactors in total, ranging in frequency 
from 4 to 13 per bait (Table 1). Since both RBR

NF and RBR phosphorylation disrupt RBR PPIs, 
it is not surprising that RBR-Wt detected more interactors than RBR

NF
 and the phospho-

mimetic variants, but less than the phospho-defective ones in general. Among reported 
RBR-binding proteins, we found E2FC, XYLEM NAC DOMAIN1 (XND1), and TCX6 (Ning et al., 

2020; del Pozo et al., 2002; Zhao et al., 2017), whereas SCARECROW, FAMA, and E2FA, direct 
partners of RBR (Cruz-Ramírez et al., 2012; Magyar et al., 2012; Matos et al., 2014), did not 

show interaction with any of the baits, indicating that the library screening yielded partial 
coverage of RBR PPIs. Moreover, neither E2FC nor XND1 arose with the RBR

Wt
 bait, similar 

to a report showing no binding between Arabidopis E2Fc and maize RBR in yeast (De Jager 

et al., 2001).Therefore, we decided to confirm the binding patterns by co-transforming the 
corresponding plasmids into the yeast instead of using the mating procedure (See Fig 1). 

After confirming the identity of the 28 interactors (Fig 1), the co-transformed baits and prays 
growing in selective media displayed a different binding pattern than the one obtained in 
the original screenings (fig 2 vs Table 1). Strikingly, half of the interactions could not be 
confirmed (Table 1), suggesting that the 3-AT concentration was stringent enough to exclude 
weak interactions (and false positives) as E2FC and XND1 again failed to bind RBRWt

. We 

nevertheless continued with these conditions because without 3-AT, the negative control 
grew and the effect of phospho-mimetic regulation was lost (data not shown). Thus, we are 
confident of the 14 remaining interactors and their binding pattern. 

Phospho-defective variants established more interactions than phospho-mimetic variants, 
with the remarkable exception of [N0,AB+,C+]. Since the root phenotypes induced by this 
variant in transgenic complementation related more to phospho-mimetic than to phospho-
defective isoforms (see Chapter 2), we cannot readily explain its observed binding properties. 
On the other hand, with few exceptions, the binding capacity of the TFs differed drastically 
(Table 1, Fig 2). For example, GBF4, NAC090, and AT1G75490 interacted with only one bait 

in the screenings, but in the co-transformation experiment they bound strongly to all RBR 
versions (Table 1, Fig 2 B,C). Conversely, TCP4/14/15 were picked up by at least 5 different 
baits in the screenings, but interacted with none in the co-transformation experiment; 
meanwhile ARIA, NAC044, TCX6 and E2FC performed consistently across both experimental 

procedures (Table 1, Fig 2 B). 

Noteworthy, ARIA interacted strongly and exclusively with all RBR variants containing an 

intact N-domain, pinpointing to the specificity of this interaction (Fig 2 B,C). Unlike ARIA, the 
interaction of all RBR versions with GROWTH REGULATING FACTOR 5 (GRF5) was variable: 
along the three replicates, it interacted with all RBR variants in at least one replicate, but 

consistently only with RBR
Wt, [N-, AB0, C-], and [N-, AB-, C-] (Fig S1). Strikingly, in most 

positive cases, GRF5-RBR interaction was maintained in the most stringent condition, 
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i.e. SD -LWHA (Fig S1). Other TFs with similar binding strength displayed a consistent 
phosphorylation-independent interaction with RBR, suggesting that GRF5 potentially binds 
RBR independently of its phosphorylation state, but perhaps other factors are needed to 
stabilize the RBR-GRF5 complex.

RBR
NF

 failed to interact with 4 proteins that did bind to RBR
Wt

, out of which all but TCP3 

contain a canonical LXCXE motif (Fig 2 B). Two proteins bearing a divergent LXCXE-like motif, 
XND1 and POB1, failed to interact with both RBRNF

 and RBR
Wt, but showed interaction 

with phospho-defective variants (Fig 2 B). Among the canonical LXCXE-containing 
proteins, NAC044 established the strongest interaction without any evident effect of the 
phosphorylation state of RBR (Fig 2 B,C). 

RBR interacts with TCX proteins through a specific LXCXE motif. A showcase for DREAM 
complex assembly determinants.
The multimeric DREAM complex (named after its constituents in animals, DP, RB, E2F, and 

Multivulva B, MuvB complex), a conserved cell cycle regulatory complex, was recently also 
detected in Arabidopsis (Kobayashi et al., 2015). In mammals, the MuvB component LIN54 

confers DNA-binding specificity to the DREAM complex by the recognition of cell cycle gene 
homology region (CHR) elements in promoters (Marceau et al., 2016; Schmit et al., 2009). 

LIN54 belongs to the Tesmin-like TCX family, that contains two tandem cysteine rich (CXC) 

rich domains (Sugihara et al., 1999). Phylogenetic analysis of the TCX family showed that 

Figure 2: Interaction pattern of RBR variants with TFs.
Y2H analysis of co-transformed pEXP32-RBR*and pEXP22-TFs dropped on SD-LW A), SD-LWH +1.5mM 
3AT B) and SD –LWHA C). The identity and accession number of each TF fused to the GAL4 activating 
domain is indicated on the left column; if present, LXCXE and LXCXE-like motifs sequences are indicated 
in the rightmost column; the total number of interactions per RBR variant is indicated on the lower-
most row. Negative control is the empty pDEST22 vector.
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the TCX5/6/7 clade resides closer to human LIN54 (Fig 3A). Accordingly, TCX5 and TCX6 are 
the only LIN54 orthologs identified in the plant DREAM complex so far (Kobayashi et al., 
2015; Ning et al., 2020), indicating that not all TCX proteins take part in a DREAM complex. 
Since the direct interactions between TCX6/7 (TCX5 is absent of the library) and RBR are 
disrupted by the N849F mutation (Fig 2), we searched for LXCXE-like motifs, and found two 
likely candidates (Fig 3 B). The first is a divergent IXCXE motif within the second CXC domain. 
TCX8, contains a similar aligning motif but did not interact with any RBR bait, suggesting 
that this motif is not mediating the interaction with RBR. The second one is a canonical 
LXCXE motif, located in the less conserved C-terminal region and only present in TCX5/6/7. 
To investigate whether RBR interacts with TCX5/6/7 proteins through any of these motifs, 
we mutated them both to GXCXG in TCX6, as they are identical in TCX5, TCX6 and TCX7 (Fig 
3B). Whereas disrupting the non-canonical IXCXE motif did not affect the interaction with 
RBR, mutating the canonical LXCXE abolished it (Fig 3C). We conclude that only the bona-
fide LXCXE mediates TCX5/6/7-RBR direct binding.

Figure 3: TCX6 protein binds to RBR through the 
second LxCxE motif.
A) Neighbor-joining phylogenetic tree of human 
LIN54 and Arabidopsis TCX proteins. B) Clustal 

omega multiple sequence alignment fragments 
of Arabidopsis TCX proteins showing LXCXE-

like motifs within the conserved CXC domain 
(highlighted in red) and LXCXE motifs (in green) 
within a less conserved region; asterisks and 

dots indicate identical and similar residues, 
respectively. C) Schematic representation of 
TCX6 protein organization as predicted by Pfam 
showing the relative positions of the cyctein-
rich domains (cxc) and LXCXE and LXCXE-like 

motifs. D) Yeast two-hybrid analysis showing that 
RBR interacts with TCX6 and a TCX mutated on 

the LXCXE-like motif ‘1’ within the CXC domain, 
but not with TCX6 mutated on the canonical 

LXCXE motif ‘2’. E2FC is positive control, and 
empty pDEST22 vector is negative control. Co-
transformed yeast dropped on SD –LW to select 

transformants, and on SD -LWH +1.0 mM 3AT to 
select interactions.

E2FC

TCX6

TCX6GCG-1

TCX6GCG-2

AD
(empty)

DBD-RBR

-LW
-LWH
+3AT

     2
LXCXE
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     1
IXCXETCX6
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D

TCX8  RGCKCKRTRCLKKYCECFQANLLCSDNCKCINCKNVSEAF  187 
TCX7  KGCHCRKSGCLKKYCECYQANILCSENCRCQDCKNFEGSE  219 
TCX6  KGCHCKKSGCLKKYCECFQANILCSENCKCLDCKNFEGSE  243 
TCX5  KGCHCKKSGCLKKYCECFQANILCSENCKCLDCKNFEGSE  256 
TCX4  RGCNCRKSGCSKKYCECFMMGVGCSSNCRCMGCKNTFGHT  578 
TSO1  RGCNCKKSNCMKKYCECYQGGVGCSMNCRCEGCTNVFGRK  526 
SOL1  RGCNCKKSNCLKKYCECYQGGVGCSINCRCEGCKNAFGRK  453 
SOL2  RGCNCKKSNCLKKYCECYQGGVGCSINCRCEGCKNAFGRK  500 
      :**:*::: * ******:  .: ** **:* .*.*           
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DNA damage stress triggers CYCD6;1 expression. 
Besides few cell cycle regulators, most RBR-interactors identified are development and stress 
regulators, including components of the DDR, where RBR plays prominent roles (Biedermann 

et al., 2017; Gómez et al., 2019; Horvath et al., 2017; Takahashi et al., 2019). Since several of 

these interactions are affected by phosphorylation, we asked whether CYCDs, the canonical 
Cyclins driving RBR phosphorylation, respond to DNA stress. Strikingly, out of the ten 
Arabidopsis CYCDs, only CYCD6;1 was induced by treatment with the radiomimetic drug 
zeocin (Fig S2). CYCD6;1 phosphorylates RBR during stem cell division (Cruz-Ramírez et al., 

2012), and it is implicated in stress-responsive networks along with RBR downstream of the 

JA signalling (Zhou et al., 2019), suggesting that CYCD6;1-driven RBR phosphorylation can 
be triggered by both developmental and environmental signals to coordinate development 

and stress response. 

Discussion

In this study we identified direct nuclear interactors of RBR, whose functions are linked to 
transcriptional control. By screening the Arabidopsis pEXP22-TF library with ten different 
RBR baits, we recovered 28 proteins, out of which half were confirmed with high confidence 
(Table 1, Fig 2). The interaction between RBR phospho-variants and TFs revealed that not 
all RBR PPIs are regulated by phosphorylation, even when they are mediated by the LXCXE 
motif, as it is the case of NAC044. To our knowledge, this is the first example of an RBR-
LXCXE interaction not modified by phosphorylation.

The numerous interactions and phenotypes of phospho-defective variants in transgenic 
Arabidopsis seedlings (Chapter 2) indicate that a functional RBR protein structure is likely 
preserved despite the point mutations on phospho-sites. Still, ARIA only binds to RBR if 
the N-domain is intact (Fig 2 B,C), suggesting that this protein docks closely to, or even 
on the phospho-sites without being necessarily affected by phospho-site variation in other 
domains. In contrast, other interactors bind to RBR domains devoid of phospho-sites, but 

are regulated by global structural changes induced by distal phosphorylation, such as some 
mediated by the B-pocket-LXCXE-motif bond (Burke et al., 2012; Liu and Marmorstein, 

2007). Therefore, we interpret that ARIA-RBR interaction is regulated by local changes in 
the vicinity of phospho-sites within the N-domain, unveiling an unknown mechanism of RBR 

PPIs regulation by phosphorylation.

Some known RBR interactors were not detected in the screenings (Table S1), with E2FA 

being a conspicuous case. Similarly, E2FC and XND1 failed to bind RBR
Wt

 (Table 1, Fig  2). A 

recent study reported similar observations for the multifunctional transcriptional regulator 
GIBBELRELLIC ACID INSENSITIVE (GAI), a DELLA protein (Lantzouni et al., 2020), indicating 
that the Y2H screenings of the arrayed TF library are prone to false negatives. False positives 
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also occur, as our confirmation experiments by co-transformation ruled out half of the 
initial 28 interactions. For example, four out of five initially picked interactions with TCP 
proteins (TCP3/4/14/15/22) could not be confirmed. However, as they are cell division 
and morphogenetic regulators functionally linked to the plant cell cycle control involving 
the RBR pathway (Cubas et al., 1999; Davière et al., 2014; Kieffer et al., 2011; Li, 2015; Li 
et al., 2012; Sablowski and Carnier Dornelas, 2014), and as they may bind more tightly in 
cooperative multimeric complexes(Shimotohno et al., 2018), these interactions should be 
tested through different methods before discarding them.

The TCP3-RBR interaction remained strong, phosphorylation-regulated, and disrupted by 
the N849F mutation despite lacking a clear LXCXE motif, confirming that not all proteins bind 
the B-pocket sub-domain through an LXCXE motif (Binné et al., 2006; Longworth et al., 2008; 

Singh et al., 2005). Together with TCP4, TCP3 regulates plant morphogenesis and regeneration 
through the auxin and cytokinin pathways (Koyama et al., 2017; Li and Zachgo, 2013; Nag et 
al., 2009; Yang et al., 2020). RBR connections to auxin, cytokinin, and regeneration have been 
established (Cruz-Ramírez et al., 2012; Perilli et al., 2013; Wang and Ruan, 2013; Zhou et al., 

2019), but whether RBR and TCP3 interact in these processes is unknown.

The variable binding of GRF5 revealed its potential to interact with all RBR variants (Fig. S1). 
Since GRF proteins functionality depend on binding their co-activator GRF-INTERACTING 
FACTOR/ANGUSTIFOLIA3 (GIF1/AN3), GIF1/AN3 may stabilize the interaction with RBR. The 
GRF5-GIF1 complex promotes cell proliferation, plant regeneration, and leaf morphogenesis 
(Horiguchi et al., 2005; Kim and Kende, 2004; Vercruyssen et al., 2015)(Debernardi et al., 2020; 
Kong et al., 2020). Interestingly, GIF1/AN3 recruits chromatin remodelers to gene promoters, 
including those of GRF genes, to control cell proliferation and differentiation in leaves 
(Vercruyssen et al., 2014). GRFs also interact with DELLA proteins to activate DREB1 genes 
(see below) to modulate growth in response to cold stress (Lantzouni et al., 2020). Thus, the 

GRF5-RBR interaction is worth further investigation given their potential to regulate chromatin 
structure in response to developmental and environmental growth control.

Remarkably, GBF4, NAC090, NAC044, and DREB2D, all involved in environment response 

pathways, interacted most strongly with RBR without being affected by phosphorylation. 
GBF4, a bZIP TF relative to the ABI5 gene (ABA-insensitive5), forms heterodimers with ABA-
induced GBF2 and GBF3 to regulate gene expression in a DNA sequence-specific manner in 
response to cold and dehydration (Lu et al., 1996; Menkens and Cashmore, 1994). NAC090 

inhibits leaf senescence by repressing reactive oxygen species (ROS) and salicylic acid (SA) 
responses together with NAC017 and NAC082 (Kim et al., 2018). Interestingly, NAC090, is 
also upregulated by ABA (Liu et al., 2015), and responsive to sound vibrations that elicit 
defence hormones, (Ghosh et al., 2016) a proposed mechanism to perceive herbivore 

chewing (Appel and Cocroft, 2014). NAC044 controls cell cycle progression in response to 
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DNA damage and heat-stress (Takahashi et al., 2019). Finally, the dehydration-responsive 
element (DRE)-binding protein 2D (DREB2D), belongs to the DREB2 subfamily that mediates 

responses to dehydration, high salinity, and heat-stress (Liu et al., 1998)(Chen et al., 2010; 

Nakashima et al., 2000).  

POB1 interacted with only two phospho-defective RBR variants. Both ARIA and POB1 contain 
a BTB/POZ domain, present in E3 ligase components that promote protein degradation 
(Gingerich et al., 2005). Accordingly, POB1 takes part of an E3 ligase complexes that regulates 
a) growth in response to light through the Phytochrome B and D pathways (Christians et 
al., 2012); b) flowering time in response to vernalization through the FRIGIDA-FLC pathway 
(Hu et al., 2014); and c) plant susceptibility to pathogens through the jasmonate signaling 
pathway (Pogoda et al., 2020). ARIA in turn, mediates ABA responses by interacting with 
ABF2, which directly controls ABA-responsive gene expression in a sequence specific manner 
(Kim et al., 2004). Thus ARIA and POB1 integrate environmental cues into plant growth, 
but wether they mediate RBR protein degradation, or to cooperate with it in coordinating 
physiological responses remains to be explored.

Finally, TKI and AT4G03250 interaction properties to RBR were similar, but not much is 
known about their function. The former interacts with a cell cycle regulated kinase (Ehsan 

et al., 2004), and the latter, encoding a homeodomain TF, was found to interact with the 
transcriptional co-repressor TOPLESS and with the DELLA protein GAI (Causier et al., 2012; 

Marín-de La Rosa et al., 2014), pointing to an environmentally controlled role during 
development. Altogether, RBR-TFs interactions point to a strong role in environmental 
signalling integration.

RBR often needs chromatin modifiers to exert transcriptional control (Johnston et al., 2008, 

2010; Kuwabara and Gruissem, 2014; Mosquna et al., 2004). A conserved mechanism to 

bridge chromatin regulators to TFs and gene promoters involves the multimeric DREAM 
complex (Fischer and Müller, 2017), a cell cycle regulator that also participates in the DDR 
in animals (Engeland, 2018). In plants, the DREAM complex maintains DNA methylation 
landscapes (Ning et al., 2020), and its components E2FC and TCX proteins, regulate cell cycle, 

the DDR, and other stress responses (Takahashi et al., 2019; Wang et al., 2018) (Bourbousse 

et al., 2018; Gómez et al., 2019; Kobayashi et al., 2015).

We showed that RBR binds to the TCX6/7 proteins through a conserved LXCXE motif (Fig 
3). In animals, the RB-like proteins p107/p130 interact with a different component, Lin52 
protein, through an LXCXE-like motif, whereas the TCX homolog Lin54 provides DNA binding 
specificity to the DREAM complex but does not bind RB-like proteins (Guiley et al., 2015; 

Schmit et al., 2009). Whether plant TCX proteins bind DNA in a sequence specific manner 
is unknown, but our results indicate divergent structural assembly of the plant DREAM 
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complex. The observations that a) RBR is the only pocket protein in Arabidopsis (Desvoyes et 

al., 2014), b) RBR phosphorylation regulates the interaction with E2FC and TCX6/7 proteins, 
and c) stress stimuli induces RBR phosphorylation and CYCD6;1 expression (Fig S2)(Wang 

et al., 2014; Zhou et al., 2019) lead us to pose the question whether stress-induced RBR 
phosphorylation promote alternative DREAM complexes formation.

Altogether, our data support a new emerging paradigm of RBR functions. The roles of RBR as 
an environmental and developmental integrator have been pointed out before (Harashima 

and Sugimoto, 2016). By discovering new direct RBR-TFs interactions, regulated or not by 
phosphorylation, and reviewing their known functions, we provided new entry points for 
research on the multiple functions of RBR.

Materials and methods

Plasmid construction and Yeast transformation.
pEXP32-RBR-Wt and pEXP32-RBRNF were reported previously (Cruz-Ramírez et al., 2013). 

The CDS of the eight phospho-variants listed in Figure 1 was amplified from the corresponding 
level 0 constructs pAGM1287-RBR_N*AB*C* (“*” indicates the diverse phospho-modules, 
reported in Chapter 2) with the primer pair cRBR-GWF/ cRBR-GWR. Purified PCR products 
carrying attB sites were cloned into pDONR221 vector with the Gateway BP clonase II 
enzyme mix (Invitrogen, 11789020), and the resulting pDONR221-RBR variants entry 
clones were recombined into pDEST32 by Gateway LR clonase II enzyme mix (Invitrogen, 

11791020) according to the provider instructions. The bait plasmids (pEXP32-RBR variants) 
were transformed into yeast strain PJ69-4α as described in (De Folter and Immink, 2011). 

For pEXP22-TCX6
gcg1

 and pEXP22-TCX6
gcg2, we first generated the corresponding entry 

clones by amplifying  the attB-flanked TCX6 CDS in a two-fragmentS overlapping PCR to 
mutagenize the LXCXE and LXCXE-like motifs with the primer pairs TCX6c-F/ TCX6gcg1-R 
and TCX6gcg1-F /TCX6c-R for TCX6gcg1 Table S2 and TCX6c-F/TCX6gcg2-R and TCX6gcg2-F 
/TCX6c-R for TCX6gcg2, followed by BP-II clonase (Invitrogen) recombination reaction into 
pDONR-221 Vector. Entry clones were recombined into pDEST22 destination vector by LR-II 
clonase (Invitrogen) recombination. 

Y2H screenings and confirmation of interactions.
An autoactivation test for all pEXP32-RBR variants was performed as described in (De Folter 

and Immink, 2011) for at least ten independent transformants; most colonies showed no 

autoactivation. One colony from each bait with no autoactivation in selective medium 
supplemented with 0mM 3-AT was inoculated in liquid -L SD-glucose medium and grown 
O/N. 1mL of the pre-culture was inoculated in 50mL -L SD-glucose medium and grown O/N. 
In parallel to bait pre-culture, 5 µL of the arrayed Arabidopsis pEXP22-TF library (Pruneda-
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Paz et al., 2014) was spotted on -W SD-glucose agar plates from PJ69-4A glycerol stock, and 
grown for 2 days.

A multichannel pipet was used as replicator to transfer the spotted pEXP22-TF library to 96-
well plates containing 50 µL of sterile mQ water. 5 µL of the resuspended yeast was spotted 
on YPD agar plates, letting spots to dry before spotting 5 µL of the pEXP32-RBR variant 
bait on top, letting spots to dry again and incubating O/N for mating. The yeast was then 
transferred from YPD to 96-well plates containing 50 µL of sterile mQ water, resuspended, 

and 5 µL spotted on -LW SD-glucose agar plates and incubated for 3-4 days to select for the 
presence of both bait and pray plasmids. The transfer procedure was repeated from the 

-LW SD-glucose to fresh -LW SD-glucose and –LWH + 1 mM 3-AT SD-glucose agar plates, and 
incubated for 4-5 days. Selection of positive interaction was based on at least 3 colonies 
per spot. To confirm the identity of the positive interactors, plasmid was extracted from the 
yeast, transformed in chemically competent E. coli DH5-α, selected in LB + ampicillin and 
mini-prepped again for sequencing. The accession numbers of all interactors are listed in 
Table 1.

To assess the interaction patterns, the bait plasmids (pEXP32-RBR variants) were transformed 
into yeast strain PJ69-4A as described in (De Folter and Immink, 2011). After proper 
selection of no autoactivatng colonies, PJ69-4A cells carrying each of the baits were made 
competent and transformed with the purified pEXP22-TF obtained from the screenings. The 
transformation was adapted from (De Folter and Immink, 2011) to be done in 96 deep well 

plates instead of 1.5 mL tubes. Transformed yeast was resuspended in 150 µL of sterile mQ 

water and spotted in triplicate on -LW SD-glucose agar plates and incubated for 3 days. The 
yeast was then transferred from to 96-well plates containing 50 µL of sterile mQ water, 

resuspended, and 5 µL spotted onto fresh -LW SD-glucose, –LWH + 1.5 mM 3-AT SD-glucose, 
and -LWHA SD-glucose agar plates, and incubated for 5 days. Selection of positive interaction 
was based on at least 3 colonies per spot. 

Small scale Y2H assays for figure 3 (RBR-TCX6) was performed by co-transforming bait and 
pray plasmids as described in (De Folter and Immink, 2011), testing 12 independent co-
transformations per interaction. All yeast incubations described above were at 30 °C. Plates 
were imaged at with a table top flatbed scanner (EPSON Expression 11,000 XL).
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Supplementary Information

Figure S1: GRF5 potentially bind to all RBR variants.
From the Y2H analysis in Figure 2, the three replicates denoted by lowcase letters show that the GRF5 
TF interacted strongly but inconsistently to all RBR variants. Co-transformed yeast dropped on SD –LW 

to select transformants, and on SD -LWH +1.0 mM 3AT and SD -LWHA to select interactions.
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Figure S1: CYCD6;1 responds to DNA damage stress.
Confocal images of PI-stained root tips of pCYCD::GFP:GUS transcriptional reporters of the ten 
Arabidopsis CYCD gene family members. Seedlings germinated on 0.5GM medium for 4 days were 

transferred to 0.5 GM medium (mock) or 0.5 GM medium supplemented with Zeocin 10 μg/mL (Zeo) 
and imaged 24 hours later. Magnification insets show expression of CYCD6;1 but not CYCD3;3 in QC 
cells after Zeo treatment. Scale bar, 100 μM.
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Supplementary Table 2: List of primers.

Primer Sequence  

TCX6c-F GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGGGAGAAGGTGAAGAAGG Gateway cloning

TCX6gcg1-F CAAACGGTCTTTGTTCTGGGAACTGCAAATGCTTGGATTG Gateway cloning

TCX6gcg1-R CAGTTCCCAGAACAAAGACCGTTTGCTTGAAAGCACTCACA Gateway cloning

TCX6gcg2-F TGGCAGGGATGTGTGACGGACGGGACACAATGTTAATGGTT Gateway cloning

TCX6gcg2-R TCCCGTCCGTCACACATCCCTGCCAAAGTTTCTGGAGATAGTG Gateway cloning

TCX6c-R GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAGAGGTCTTTCTTCTCAGACA Gateway cloning

cRBR-GWF GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAAGAAGTTCAGCCTCCAGT RBR baits 

Gateway cloning

cRBR-GWR GGGGACCACTTTGTACAAGAAAGCTGGGTAcgaaTCTGTTGGCTCGGTTTTAAG RBR baits 

Gateway cloning

Supplementary Table 1: Presence of selected RBR-interactors and related proteins in the 
Arabidopsis pExp22-TF library.

Accsession Number TF In the TF library Found in screenings

AT2G36010 E2FA Yes No

AT5G22220 E2FB No -

AT1G47870 E2FC Yes Yes

AT3G48160 DEL1 No -

AT5G14960 DEL2 No -

AT3G01330 DEL3 Yes No

AT3G54220 SCR Yes No

AT3G24140 FAMA Yes No

AT5G58230 MSI No -

AT3G20740 FIE No -

AT4G21070 BRCA1 No -

AT5G07310 ERF115 Yes No

AT3G22780 TXC1/TSO1 No -

AT4G14770 TCX2/SOL2 Yes No

AT3G22760 TCX3/SOL1 No -

AT3G04850 TCX4 No -

AT4G29000 TCX5 No -

AT2G20110 TCX6 Yes Yes

AT5G25790 TCX7 Yes Yes

AT3G16160 TCX8 Yes No
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Abstract

Living organisms face threats to genome integrity caused by environmental challenges 

or metabolic errors in proliferating cells. To avoid the spread of mutations, cell division is 
temporarily arrested while repair mechanisms deal with DNA lesions. Afterwards, cells 
either resume division or respond to unsuccessful repair by withdrawing from the cell cycle 

and undergoing cell death. How the success rate of DNA repair connects to the execution 
of cell death remains incompletely known, particularly in plants. Here we provide evidence 
that the Arabidopsis thaliana RETINOBLASTOMA-RELATED1 (RBR) protein, shown to play 
structural and transcriptional functions in the DNA damage response (DDR), coordinates 
these processes in time by successive interactions through its B-pocket sub-domain. Upon 
DNA damage induction, RBR forms nuclear foci; but the N849F substitution in the B-pocket, 
which specifically disrupts binding to LXCXE motif-containing proteins, abolishes RBR focus 
formation and leads to growth arrest. After RBR focus formation, the stress-responsive gene 
NAC044 arrests cell division. As RBR is released from nuclear foci, it can be bound by the 

conserved LXCXE motif in NAC044. RBR-mediated cell survival is inhibited by the interaction 
with NAC044. Disruption of NAC044-RBR interaction impairs the cell death response 
but is less important for NAC044 mediated growth arrest. Noteworthy, unlike many RBR 

interactors, NAC044 binds to RBR independent of RBR phosphorylation. Our findings suggest 
that the availability of the RBR B-pocket to interact with LXCXE-containing proteins couples 

the structural DNA repair functions and the transcriptional functions of RBR in the cell death 
program.
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Introduction
 

Living organisms encounter daily challenges to genome integrity that jeopardize survival and 

reproduction. In response to intrinsic or environmental factors (Chen et al., 2019; Tsegay et 

al., 2019; Yi et al., 2014), eukaryotic DNA damage triggers a variety of responses collectively 
known as DNA damage response (DDR): the ATM/ATR kinases initiate a phosphorelay 
system to tag the damage site, pause the cell cycle, and repair the lesion; if the damage 

is too extensive to repair, cells activate a suicidal program –apoptosis in animals, and 
Programmed Cell Death (PCD) in plants – to avoid propagation of mutations (Chen, 2016; 

Ciccia and Elledge, 2010; Hu et al., 2016; Kim et al., 2019; Lanz et al., 2019; Waterworth et 
al., 2019). In animals, DDR is largely mediated by p53, an transcription factor that activates 
the DNA repair machinery and the transcriptional responses leading to cell division arrest 
and, if necessary, senescence and apoptosis (Chen, 2016; Kastenhuber and Lowe, 2017; 
Williams and Schumacher, 2016). In plants, no p53 orthologs have been found, and DDR 

relies on the functional analog SUPPRESSOR OF GAMMA RESPONSE1 (SOG1), a member of 
the plant-specific NAC-transcription factor family (NAM-ATAF-CUC(Bourbousse et al., 2018; 

Mahapatra and Roy, 2020; Yoshiyama et al., 2009). 

Previous studies identified direct and indirect targets of SOG1 upon DNA damage in 
Arabidopsis thaliana (Bourbousse et al., 2018; Ogita et al., 2018). Besides activating the 
majority of the DNA repair genes, SOG1 represses cell cycle and induces cell death by 
directly activating NAC044 and NAC085, the closest SOG1 paralogs (Bourbousse et al., 2018; 

Ogita et al., 2018; Takahashi et al., 2019). NAC044/NAC085 stabilize MYB3R3 repressor 
proteins that in turn bind to the MSA sequence present in G2/M gene promoters, arresting 
cell division (Chen et al., 2017; Kobayashi et al., 2015; Takahashi et al., 2019). However, how 

NAC044/NAC085 induce cell death in after DNA injury is unclear. 

In recent years, another cell cycle regulator emerged as a central player in the DDR acting in 
parallel to SOG1: the transcriptional repressor RETINOBLASTOMA-RELATED1 protein (RBR), 
homolog of the human tumor suppressor pRB and a major regulator of the G1/S phase 
transition (Biedermann et al., 2017; Bouyer et al., 2018; Cruz-Ramírez et al., 2012; Horvath 

et al., 2017). RBR is a multifunctional protein that integrates environmental information 
into cell cycle and developmental programs by interacting with a plethora of  transcriptional 
and chromatin regulators (Cruz-Ramírez et al., 2012; Desvoyes et al., 2014a; Gutierrez, 
2005; Gutzat et al., 2012; Harashima and Sugimoto, 2016; Johnston et al., 2008; Matos et 

al., 2014)(Borghi et al., 2010; Chen et al., 2011; Cruz-Ramírez et al., 2012; Harashima and 

Sugimoto, 2016; Perilli et al., 2013). In proliferating cells, RBR binds to E2F-DP heterodimeric 
transcription factors to prevent S-phase onset until Cyclin D-CDKA kinases phosphorylate 
RBR to release E2F-DP, allowing cell cycle progression (Berckmans and De Veylder, 2009; 

Desvoyes et al., 2014b; Magyar et al., 2012; Polit et al., 2012; De Veylder et al., 2002). 
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Upon DNA damage, RBR plays both a transcriptional and a structural function. It regulates 
the expression of repair genes and mediates the localization of the RAD51 repair protein to 
DNA damage sites, visualized as nuclear foci where other proteins such as E2FA and BRCA1 

co-localize with RBR (Biedermann et al., 2017; Bouyer et al., 2018; Horvath et al., 2017). 

Reduction of RBR levels leads to genome instability, cell death, and hypersensitivity to DNA 
damaging treatments (Biedermann et al., 2017; Cruz-Ramírez et al., 2013; Horvath et al., 

2017). Thus, it is likely that RBR participates in the mechanism mediating PCD following DNA 
damage. 

RBR belongs to the ‘pocket protein’ family, characterized by the A- and B-pocket subdomains 
that fold into  the ‘pocket domain’, a N-domain, a C-terminal region, and multiple sites for 
CDK-mediated phosphorylation (Desvoyes and Gutierrez, 2020; Dick and Rubin, 2013; Gutzat 
et al., 2012; Rubin, 2013). Pocket proteins functions rely on their ability to form protein 
interactions regulated by phosphorylation (Dick and Rubin, 2013; Narasimha et al., 2014; 

Sanidas et al., 2019). E2Fs bind to the A-B subdomains interface, while Cyclin D proteins 

and many others bearing the conserved LXCXE motif dock in the LXCXE-binding cleft located 
at the B-subdomain (DeCaprio, 2009; Flemington et al., 1993; Helin et al., 1993). A point 

mutation that specifically disrupts pRB-LXCXE interactions fails to irreversibly arrest cell 
division in human cell lines (Chen and Wang, 2000), and hampers anti-tumorigenic activity 
of pRB after induced DNA damage in mice (Bourgo et al., 2011).  Here, we used the same 

amino acid change to dig deeper into the molecular determinants underlying Arabidopsis 

thaliana RBR roles during DDR. We show that the ability of RBR to interact with LXCXE-

containing proteins is crucial  to withstand DNA damage. An as yet unidentified factor 
recruits RBR to nuclear foci early after DNA damage induction. Following clearance from 
foci, RBR interacts with NAC044 in a LXCXE dependent and phosphorylation-independent 
manner. Specific disruption of RBR-NAC044 interaction revealed that the SOG1 and RBR 
pathways converge on the transcriptional regulation of cell death.  Collectively, our results 
support the existence of an LXCXE-coordinated timeframe for the dual RBR role during the 
DDR. 

Results

Full length RBR interacts with LXCXE proteins to function in the DNA damage response.
The ability of mouse pRB to interact with LXCXE proteins is dispensable under ideal growth 

conditions, but it is essential when DNA is damaged (Bourgo et al., 2011). To investigate 
the role of RBR-LXCXE interactions in the plant DDR, we analysed the effect of mutating 
asparagine (N) 849 to phenylalanine (F) in Arabidopsis RBR, hereafter referred to as RBRNF

 

(Cruz-Ramirez et al., 2013). N849 is a conserved residue of the RBR LXCXE-binding cleft 
located in the B-pocket subdomain (Gutzat et al., 2012), and other studies in mammals 
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(Bourgo et al., 2011; Chen and Wang, 2000) and Arabidopsis (Cruz-Ramírez et al., 2013) 

have used the NF allele to disrupt LXCXE interactions. We transformed pRBR::RBRNF
:vYFP 

(RBR
NF-YFP) into our previously reported amiGO-RBR line (hereafter amiGO), an RBR-

targeted amiRNA that permits complementation with transgenic RBR lacking the 3’UTR 
(Cruz-Ramírez et al., 2013). In the same background, we generated two truncated versions 

Figure 1: The LXCXE motif interacting domain of RBR is needed to cope with DNA damage.
(A-C) Root growth comparison of Col-0, amiGO, RBR-YFP and RBRNF-YFP. Seedlings germinated 
and grown on 0.5 GM medium for 4-5 days were transferred to 0.5 GM medium without (A) or with  

(B) 3 µg/mL zeocin (zeo) for 3 days after transfer (dat), or incubated on 10µM zeo for 20 h and transferred 
again to 0.5 GM for recovery over 6 dat (C). Data in A,B) presented as mean +SD of two independent 
replicates, in C) a single replicate is presented. 10<n<17. ***p < 0.001, **p < 0.01, *p < 0.05.
(D) Representative maximum-intensity projections of z-stack images from RBR-YFP and RBRNF

-YFP 

living roots nuclei after 16h incubation in 0.5 GM medium supplemented with without (mock) or with 
10µg/mL zeo.
(E) Cell death visualized by confocal imaging of longitudinal sections of propidium iodide (PI)-stained 
root tips 8 days post germination (dpg) on 0.5 GM medium without zeocin; numbers indicate roots 
presenting dead cells in Col-0, amiGO and amiGO complemented with RBR-YFP or RBRNF

-YFP.

Scale bars, 5 μM in (D), 50 μM in (E). See also Figure S1.
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lacking either the N-domain (RBR
∂N

-YFP) or both the N-domain and the C-terminal region 

(RBR
pocket-YFP), and a full length Wt RBR (RBR-YFP) to investigate the structural components 

of RBR protective function against genotoxic stress. 

While the roots of all variants grew normally in standard conditions (Fig 1A, Fig 1SA), only 
RBR-YFP was able to sustain growth on medium supplemented with zeocin (Fig 1B, Fig 1SB), 

a radio-mimetic genotoxic agent that creates double strand breaks (DSB) in the DNA (Kim 
et al., 2019) and invariably leads to cell death (Fig. S1D). A recovery period after zeocin 
treatment revealed that a full length RBR with an intact B-pocket subdomain is necessary to 

cope with DNA damage (Fig 1C, Fig 1SC).

Since RBR aggregates in nuclear foci with histone γH2AX and repair proteins RAD51 and 

BRCA1 (Biedermann et al., 2017; Horvath et al., 2017), we asked whether the inability of 

RBR variants to recover from DNA damage relates to this process. Both truncated variants 

displayed an altered accumulation of foci over time, with RBR∂N
-YFP showing a reduced 

clearance rate, and RBR
pocket-YFP having reduced foci formation and clearance (Fig S1E,F). 

Strikingly, focus formation was abolished in RBRNF-YFP (Fig 1D), suggesting that an LXCXE-
containing protein is required to tether RBR to DSB. A conserved LXCXE motif in RAD54 (fig 
S2A), a DNA repair protein that also forms repair foci with RAD51 in Arabidopsis (Hirakawa 

and Matsunaga, 2019; Hirakawa et al., 2017), led us to test whether RAD54 might recruit 

RBR to foci. We failed to demonstrate that RBR and RAD54 bind directly (Fig. S2B), and no 

co-localization of RAD54 and RBR zeocin-induced foci was observed, in contrast to the highly 
co-localized RBR/E2FA foci (Fig S2C-H). Since RBR forms foci in the absence of RAD54 (Fig 
S2I), RAD54 does not recruit RBR to the DNA damage sites. In sum, all RBR protein domains 

contribute to the DNA repair function of RBR, and the LXCXE-binding cleft is crucial for RBR 
foci formation and tethering by an as yet unidentified protein.

Root tips with reduced RBR levels display cell death even in unchallenging conditions, likely 
due to genome instability (Biedermann et al., 2017; Cruz-Ramírez et al., 2013; Horvath 

et al., 2017; Wildwater et al., 2005), but whether this phenotype relates to defective foci 
dynamics is unknown. Surprisingly, only the truncated RBR variants failed to suppress the 

spontaneous cell death observed in the amiGO roots (Fig. S1G), whereas the RBRNF
-YFP 

rescued this phenotype to the same extent that RBR-YFP (Fig 1E). Thus, the ability of RBR 

to form nuclear foci is dispensable to promote cell survival in standard growth conditions.

RBR interacts with NAC044 through a conserved LXCXE motif regardless RBR phosphory-
lation state.
In a Y2H screening of the Arabidopsis transcription factors library (Pruneda-Paz et al., 2014) 

we identified NAC044 as a strong RBR interactor (Chapter 3). NAC044 is a direct transcriptional 
target of SOG1 and, along with NAC085, the closest homolog of SOG1 (Ogita et al., 2018; 
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Takahashi et al., 2019). We noticed that NAC044 contains an LXCXE motif in the C-terminus 
(Fig 2A,B); such motif is conserved among NAC044 orthologs in monocots and dicots species 
but is absent in NAC085 and modified in SOG1 (Fig 2A). Noteworthy, the NAC044 LXCXE motif 
is identical to that of RAD54 (compare Fig 2A and S2A). To test the RBR binding capacity of 
the NAC044 LXCXE motif, we performed Y2H assays. Figure 2C shows that E2FC binds to RBR 
and RBR

NF
, but NAC044 failed to interact with RBR

NF. When the LXCXE motif in NAC044 was 
changed into GXCXG (hereafter NAC044GCG)   the interaction with RBR was abolished (Fig 2C). 
Split-luciferase assays showed that, while E2FA, E2FB and E2FC interacted in planta with both 

RBR and RBR
NF

 (Fig S3A), NAC044-RBR binding was suppressed by either RBR
NF

 or NAC044
GCG

 

mutations (Fig 2D). Moreover, RBR and NAC044 interacted in a LXCXE-dependent manner upon 
zeocin treatment as shown by a split-lucieferase assay in Arabidopsis stable transformants  

(Fig. S3B). In contrast, SOG1 was unable to interact with RBR (Fig 2C).

While both E2FC and NAC044 interacted with a fully phospho-defective RBR, a phospho-
mimetic RBR disrupted the binding to only E2FC (Fig 2E). Since NAC044 fosters stress-induced 
cell death and G2/M cell cycle arrest (Takahashi et al., 2019), and RBR is phosphorylated at 

the G1/S-phase transition (Boniotti and Gutierrez, 2001; Nakagami et al., 2002), there is 

a logical explanation that NAC044 should be able to bind the hyper-phosphorylated form 
of RBR. Altogether, our results demonstrate that RBR interacts with NAC044 in a LXCXE-

dependent manner but independent of RBR phosphorylation state –which is relevant in the 
likely scenario where both proteins act together after the G1/S phase transition.
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Figure 2 (part 2): RBR interacts with NAC044 through a conserved LXCXE motif regardless RBR 
phosphorylation state.
(A) Protein sequence alignment of Arabidopsis NAC044 (ANAC044) and SOG1 orthologs in the indica-

ted plant species showing the fragment with LXCXE and LXXCXE/D motifs highlighted. A BLAST search 
using ANAC085 as query retrieved the same hits as when using ANAC044, and all presented the LXCXE 
motif.  (B) Schematic representation of NAC044 protein organization as predicted by https://pfam.xfam.
org/ showing the relative positions of the NAM domain and LXCXE motif. (C) Yeast two-hybrid analysis 
showing that BD-RBR, but not BD-RBR

NF, interacts with NAC044, and neither of them binds SOG1 nor 
an LXCXE-to-GXCXG-mutated NAC044 protein (NAC044GCG). E2FC and empty vector (AD) are positive 
and negative controls, respectively. Transformant yeast were dropped onto SD/-L/-W (-LW), SD/-L/-
W/-H/+1.5mM3AT (-LWH). AD and BD, GAL4 activation domain and DNA binding domain, respectively.  
(D) Split Luciferase assay of RBR binding to NAC044 in planta. N. benthamiana leaves were co-infil-
trated with the plasmid combinations and in the order indicated by dashed-line divided quadrants. 
Luciferase activity and a bright field images are shown. Representative images of 6 independent repli-
cates. (E) Yeast two-hybrid analysis reveals that NAC044 interacts with a non-phosphorylatable RBR 

mutant (phospho-defective RBR) and phospho-mimmetic RBR. All 16 putative CDK-phospho-sites in 
RBR were mutated to Ala (phospho-defective) or to Asp or Glu (Phospho-mimmetic). Transformant 
yeast were dropped onto SD/-L/-W (-LW), SD/-L/-W/-H/+1.5mM3AT (-LWH), SD/-L/-W/-H/-A (-LWHA). 
Data shown are representative of 3 independent replicates. See also Figures S2 and S3
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RBR is rapidly recruited to foci before NAC044 expression is induced by DNA damage. 
Is NAC044 the protein that recruits RBR to foci? we first generated transcriptional and 
translational reporters controlled by a promoter that comprises the intergenic region and 
harbors the SOG1 binding site, a MSA element (mitosis-specific activator) and a E2F box (Fig 
S4A). pNAC044::GUS and pNAC044::3GFP-NLS resemble the previously reported expression 

pattern in the root tip (Takahashi et al., 2019), characteristic of cell cycle-regulated, and 
DNA damage-induced genes (Fig S4B) –contrasting with its age-dependent expression in the 
floral organ abscission zone (Fig. S4C).

Figure 3: RBR is rapidly recruited to foci before NAC044 expression is induced by DNA damage. 
(A-D) RBR-YFP foci at 0, 0.5 and 1 h (A,B) or 0, 2, 4, 8 h (C,D) after zeo treatments: 20 µg/mL zeo for 
2h (A,B) and 10 µg/mL zeo for 16h (C,D). Seedlings were transferred to 0.5 GM for the indicated 
recovery time (hours after zeo treatment, hat) before imaging. Representative maximum-intensity 
projections of z-stack images from RBR-vYFP living roots nuclei (A,C) and quantification (B,D) of 
nuclear foci divided by the number of nuclei. Data in (B,D) presented as mean +SD. In (B) n > 3 roots, 
total nuclei per time point >1000; in (D) n>4, total nuclei per time point >2000. (E) Representative 
confocal images of longitudinal sections of roots from nac044-3 complementing translational fusions 
pNAC044::gNAC044:GFP and pNAC044::gNAC044

GCG:GFP after 2h incubation on 20 µg/mL zeo. 
Seedlings were transferred to 0.5 GM for the indicated recovery time before imaging. Scale bars, 5 μM 
in (A,C), 100 μM in (E). See also Figure S4 and S5. See also Figure S4.
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pNAC044::NAC044:GFP (hereafter referred to as NAC044-GFP) never formed foci after a 
zeocin treatment that promoted RBR foci formation and NAC044-GFP accumulation in the 
same nuclei (Fig S4D), indicating that focal RBR is unable to bind NAC044. Moreover, RBR 
formed foci in the absence of NAC044 (Fig. S4E). Therefore, NAC044 is not the recruiter of 

RBR at foci, and more likely acts with RBR in the later transcriptional response rather than 
in the structural aspect of DNA repair. These roles are separated in the sub-nuclear space by 

LXCXE-binding constraints.

RBR repair functions are separated in time as well. RBR foci formation started immediately 
after a short exposure to zeocin and rapidly increased within 1h (Fig. 3A,B), whereas a longer 
treatment induced a large amount of RBR foci that cleared out almost completely within 

8 hours of recovery (Fig 3C,D). Noteworthy, histone γH2AX foci formation and clearance 
kinetics are similar (Charbonnel et al., 2011). Conversely, the pNAC044 reporters increased 

only after 3 hours following a short zeocin treatment, peaking after 12h, and lasting for at 
least 3 days (Fig S4B). These results suggest that RBR is recruited to foci well before NAC044 

is highly induced, preventing their interaction during the early stages of the DDR, but 
released to the nucleoplasm where, later on, both proteins are present.

NAC044 interacts with RBR to induce cell death after DNA damage.
To further explore the biological relevance of NAC044-RBR interaction, we generated 
both NAC044-GFP and its LXCXE-mutated version (pNAC044::NAC044

GCG:GFP; hereafter 
NAC044

GCG-GFP) in the genetic background of nac044 knock-out alleles —nac044-3 (Fig 

S4F) and the reported nac044-1, both of which exhibited a similar insensitivity phenotype 
to DNA damage (Takahashi et al., 2019)(Fig S4G-I). NAC044-GFP and NAC044

GCG
-GFP fully 

complemented nac044-3 when seedlings grew on sustained zeocin conditions (Fig S4H,I). 
After a short zeocin exposure all reporters were induced, but the translational fusions 
displayed a broader expression domain than the promoter reporter (Fig 3E; Fig S4B) —maybe 

due to different protein stability or transcriptional regulatory elements within the gene 
body. Both NAC044-GFP and NAC044

GCG
-GFP gradually accumulated, reaching maximum 

levels between 6-12h, then they gradually decreased over the course of two days (Fig 3E). 

Along with NAC044 accumulation, the meristem shrinks and the cell death increases during 
the first 24h.

We further tested the effect of a prolonged pulse of zeocin on root growth to address 
the physiological role of RBR-NAC044  interaction. Besides the strong effect of RBRNF

 in 

combination with reduced endogenous RBR levels showed in Figure 1C, the RBRNF
–YFP 

prevented roots to resume growth, even in the presence of the endogenous RBR or in the 

absence of NAC044, while extra copies of Wt RBR seemed to have a positive effect on root 
growth (Fig S5A), indicating that RBRNF is not only less active due to its inability to bind 
LXCXE proteins, but has dominant features.  Therefore, failure to form foci and to interact 
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Figure 4: NAC044 interacts with RBR to induce cell death after DNA damage.
(A) Cell death visualized by PI accumulation in a representative confocal image of longitudinal sections 
of root tips from the indicated genotypes. Three independent transformant lines of NAC044-GFP 
and NAC044

GCG
-GFP in nac044-1 mutant background are shown. 4 dpg seedlings were incubated on  

10 µg/mL zeo for 24h before imaging. (B) Box plots of quantified cell death area related in the root tips 
mentioned in A). Data presented as median and interquartile range from two biological replicates, n 
denotes total number of scored roots. A third biological replicate showed similar results. Black and red 

asterisks denote ***p < 0.01 as compared to Col-0 and nac044-1, respectively. Note that all NAC044GCG
 

but no NAC044-GFP lines are different than Col-0, and one NAC044GCG line is not different than nac044-1.  
Scale bar, 100 μM. See also Figure S5.
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with NAC044 can only partially explain RBRNF’s defect. As previously determined (Takahashi 

et al., 2019), nac044-1kept growing after zeocin treatment, whereas several independent 
NAC044-GFP and NAC044

GCG-GFP transgenic lines with varying accumulation levels 
consistently showed over-complementation of nac044 mutants (Fig S5B,C), suggesting that 
the function of NAC044 on root growth is modified by the GFP fusion. Moreover, NAC044GCG

-

GFP behaved similar to NAC044-GFP (Fig S5B), indicating that the interaction with RBR does 
not influence the function of NAC044 on root growth.

NAC044 has a second function, as it also mediates SOG1-dependent cell death upon DNA 
damage (Takahashi et al., 2019). As cell death in standard and damaging conditions increases 
when RBR levels are down regulated, we asked whether NAC044 and RBR functions might 
converge in this process. After 24 h of treatment with zeocin, the cell death area was 
smaller in the nac044-1 mutant and larger in the amiGO root tips as compared to Wt (Fig 
4). Noteworthy, NAC044-GFP but not NAC044

GCG-GFP completely restored the induction 
of cell death in nac044-1. Furthermore, the introgression of nac044-1 in the amiGO line 
significantly reduced the cell death (Fig 4). Altogether, our results indicate that NAC044 
binds to RBR to inhibit its promotion of cell survival upon DNA damage. 

Discussion

We report here that the coordinated activities of RBR during the DDR are separated in 
space and time, establishing an orderly series of events that couples cell survival with DNA 
integrity. Quickly after DNA injury, RBR is recruited to nuclear foci by a protein-protein 
interaction requiring the B-pocket subdomain and, most likely, an LXCXE-containing protein. 
Meanwhile, the induction of NAC044 arrests cell proliferation and growth. If the damage 
persists, NAC044 represses the cell protective activity of RBR to promote cell death. We 
postulate that the dynamic aggregation and release of RBR from nuclear foci enables a 
spatio-temporal separation of events that determines the decision of resuming growth or 
undergoing cell death. 

Unchallenging growth conditions revealed that truncated versions of RBR are unable to fully 
rescue spontaneous cell death arising from down-regulating the endogenous transcripts, 
whereas RBR-

NF completely restored cell survival. After DNA damage, RBR∂N
-YFP and 

RBR
pocket-YFP showed altered accumulation in foci and clearance. In animals, pRb is recruited 

to nuclear foci in a E2F1-dependent manner and pRb foci kinetics are similar to those of 
histone γH2AX (Vélez-Cruz et al., 2016). Strikingly, RBR

NF
-YFP was unable to accumulate 

in nuclear foci despite being able to interact with E2F proteins, suggesting that in plants, 
a LXCXE-containing protein recruits RBR to the DNA damage site. Accordingly, the rbr1-2 

allele, which lacks the B-pocket sub-domain, displays reduced sister chromatide cross-
over and DSB-dependent foci formation of meiotic proteins during prophase I (Chen et al., 
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2011), highlighting the importance of the B-pocket-mediated interactions in programmed 
and stress-induced chromatin repair. We conclude that, when favorable growth conditions 
are maintained, the ability to interact with LXCXE proteins is somehow dispensable, but a 

full length RBR is necessary to prevent spontaneous cell death, which in turn arises from 

genomic instability upon RBR (or pRb in animals) depletion (Biedermann et al., 2017; Cook 

et al., 2015). When DNA damage occurs, the necessity for the full length RBR remains, and 

in addition LXCXE-mediated interactions become essential.

DNA repair foci are highly dynamic (Biedermann et al., 2017; Gentric et al., 2020; Nakamura 

et al., 2010; Polo and Jackson, 2011). Once at damage sites, RBR recruits and/or co-localizes 
with other proteins like E2F, F-BOX-LIKE PROTEIN 17 (FBL17) and the repair proteins BRCA1 
and  RAD51 (Biedermann et al., 2017; Gentric et al., 2020; Horvath et al., 2017). It is possible 

that RBR nuclear foci display a different composition and dynamics according to the cell 
cycle phase at the time when damage is perceived. The requirement for a full length RBR to 
withstand DNA damage and the altered foci kinetics of the truncated variants, likely reflect on 
its multiple protein interactions and binding regulation during DDR. Accordingly, the N domain 
of pRb binds components of the non-homologous end-joining DNA repair pathway (Cook et 

al., 2015) whereas the C-terminal region binds and regulates interaction with E2F proteins, 
conserved RBR partners that regulate cell cycle, cell death and DDR genes (Bouyer et al., 2018; 

Burke et al., 2012, 2014; Gómez et al., 2019; Horvath et al., 2017; Indovina et al., 2015; Lu et 

al., 2014; Magyar et al., 2012; Manickavinayaham et al., 2020; Oszi et al., 2020; del Pozo et 
al., 2002). Further research is required to discover the protein that recruits RBR to foci, and 
to characterize dynamic RBR focus composition. The structural role of RBR could be further 
elucidated using a null rbr background for RBR

NF
-YFP to follow the DNA repair process.

Our data reveal that RBR aggregates in nuclear foci during the first hour after DNA damage 
induction, and before NAC044 accumulates in root meristem cells. Nearly 90% of the RBR foci 
are cleared during the first 8 h of recovery, simultaneously with the NAC044 accumulation 
peak. Whether focus-released RBR immediately binds NAC044 is not clear, but the effects of 
disrupting the LXCXE motif in NAC044 are already evident during the first 24 hours after DNA 
damage, when cell death becomes visible. Apparently, the main biochemical constraint for 

NAC044 to bind RBR is the availability of the B-pocket sub-domain, while the phosphorylation 
state of RBR seems irrelevant for binding. However, the exact timing of the RBR-NAC044 
interaction remains to be determined. Moreover, RBR-NAC044 dimers probably establish 
other protein interactions that influence the transcriptional outcome of the complex. On 
the one hand, NAC044 is expected to interact with its closest homologs NAC085 and SOG1, 
as the single, double and triple mutants have similar effects on cell death (Takahashi et al., 

2019). On the other hand, the dominant effect of RBRNF-YFP likely reflects other non-LXCXE 
interactions of RBR, for example with E2FA. Whether these occur simultaneously to NAC044 
binding remains an open question. 
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NAC044 controls cell division by promoting accumulation of repressor MYB3R proteins in 
response to DNA damage (Takahashi et al., 2019), which in turn bind to the MSA element of 

G2/M-specific gene promoters to arrest cell cycle progression  (Bourbousse et al., 2018; Chen 

et al., 2017; Ito et al., 1998, 2001; Kobayashi et al., 2015). The mechanism by which NAC044 

promotes cell death is less clear, but also includes the action of repressor MYB3R proteins 
(Chen et al., 2017; Takahashi et al., 2019). Repressor MYB3R proteins are components of 

the Arabidopsis DREAM complex, a multimeric protein complex containing RBR and E2F 
proteins among others (Kobayashi et al., 2015; Ning et al., 2020). Thus, the SOG1 and RBR 
DDR pathways may use this protein complex to couple cell cycle and cell death decisions to 

DNA integrity. 

The DNA damage and cell cycle-dependent expression pattern of NAC044, the presence of 
MSA, E2FA and SOG1 binding elements in the NAC044 promoter, and the fact that NAC044 
is a target of SOG1, MYB3R3, E2FA and RBR (Bourbousse et al., 2018; Bouyer et al., 2018; 

Kobayashi et al., 2015; Ogita et al., 2018; Verkest et al., 2014), raises the question of whether 
different RBR protein complexes regulate DDR promoters independently, or converge in 
larger transcriptional regulatory complexes than previously thought. In animals, the SOG1 
functional analog, p53, cross talks with the RBR and DREAM complex pathways during DDR. 
In this process, p53 induces the CDK inhibitor (CKI) p21 to facilitate the DREAM complex 
formation through hypo-phosphorylation of pRb-like proteins p130 and p107, promoting 
a transcriptional switch to repress DREAM complex targets (Engeland, 2018). Since SOG1 
induces CKIs (Bourbousse et al., 2018; Ogita et al., 2018; Yi et al., 2014), it is possible that 

RBR plays a phosphorylation-regulated role in the DDR beyond the NAC044 interaction. 

Altogether, our data indicate that RBR ability to interact with the LXCXE motif is not only 
essential for its structural and transcriptional functions during the DDR, but also imposes a 
timing mechanism to coordinate them in different sub-nuclear locations. Soon after damage 
is perceived, RBR is recruited to foci to aid DNA repair; the parallel activation of NAC044 
triggers cell cycle arrest and cell death later on. The short-time dynamic accumulation of 
RBR in foci might create a flow of RBR between the damage site and the nucleoplasm where 
it can interact with NAC044. Both processes depend on the binding to LXCXE motif. The 
RBR-NAC044 interaction promotes cell death possibly by an inhibition of RBR protective 
function which, in turn seems to depend on binding E2FA (Horvath et al., 2017; Wang et 

al., 2014). Thus, LXCXE-mediated interactions of RBR lie at the interface between the DNA 
repair process and the life or death cellular decisions afterwards.
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Materials and Methods

Plant material and growth conditions and treatments
Arabidopsis thaliana ecotype Col-0 was used as wild-type control. Mutant lines nac044-

1 (Takahashi et al., 2019), nac044-3 (WiscDsLox293-296invF22), and rad54 (SALK124992) 
were obtained from The Nottingham Arabidopsis Stock Centre (NASC). RAD54-YFP (Hirakawa 

et al., 2017), E2FA-GFP (Magyar et al., 2012), amiGO-RBR (amiGO), pRBR::RBR:YFP (Cruz-
Ramírez et al., 2013), and pRBR::RBR:mRFP (Cruz-Ramírez et al., 2012) lines were previously 

published. Wild-type and all phospho-variants of pRBR::RBR:SCFP were reported in Chapter 

2. Unpublished pRBR::RBR
NF

:YFP, pRBR::RBR
pocket

:YFP and pRBR::RBR
dN

:YFP were kindly 

donated by Sara Diaz-Trivino. Unless otherwise noticed, amiGO was used as background for 
RBR transgenic plants, and nac044-3 or nac044-1 for gNAC044:GFP and gNAC044GCG:GFP. 

Homozygous pNAC044-GUS and pNAC044-3xGFP-NLS are in Col-0. Seeds were fume-sterilized 

in a sealed container with 100 ml bleach and 3 ml of 37% hydrochloric acid for 3–5 h; then 

suspended in 0.1% agarose, stratified for 2 d at 4 °C in darkness, plated on 0.5x Murashige 

and Skoog (MS) plus vitamins, 1% sucrose, 0.5g/L 2-(N-morpholino) ethanesulfonic acid 
(MES) at pH 5.8,  and 0.8% plant agar, and grown vertically for the 4-6 d (as indicated in 
each figure) at 22°C with a 16h light/8h dark cycle. For DNA damaging treatments, a filter-
sterilized 20 mg/mL stock solution prepared from zeocin powder (Duchefa Biochemie) was 
diluted to 3 µg/mL, 10 µg/mL, or 20 µg/mL in 0.5x MS + vits, 1% sucrose, 0.5g/L MES at pH 
5.8, 0.8% plant agar before pouring into plates. Seedlings were transferred to zeocin plates 

for 2, 16, or 24 h as indicated in figure legends before imaging or transfering back to fresh 
non-treatment medium. 

Plasmid construction and plant transformation
The constructs pNAC044::GUS, pNAC044::3xGFP:NLS, pNAC044::NAC044:GFP and 

pNAC044::NAC044GCG:GFP were cloned using the GreenGate system (Lampropoulos et 

al., 2013). Briefly, a ~1 Kb fragment upstream of the ATG was amplified with the primers 
pANAC044 F and pANAC044 R1 for translational fusion or pANAC044 R2 for transcriptional 
fusions; the genomic segment of NAC044 without stop codon (gNAC044) was amplified 
with the primer pair gANAC044 F / gANAC044 R. Mutagenesis of the of the LXCXE motif 
was done by amplifying the gNAC044 in two fragments with primers pairs gANAC044 F/ 
mut gANAC044 R and mut gANAC044 F/ gANAC044 R (all primers are listed in Table S1). 
Promoter and gNAC044 PCR products were cloned together with the plasmids pGGD001, 

pGGE009 and pGGF001 (translational fusion), pGGB002, pGGC025, pGGD006, pGGE009, 
and pGGF001 (3xGFP-NLS transcriptional fusion), pGGB002, pGGC051, pGGD002, pGGE009, 
pGGF001 (GUS transcriptional fusion) into pGGZ003 by combining equimolar amounts of 
each part the relevant dig-lig reactions according to the GreenGate protocol. Construct were 
transformed into Arabidopsis plants by the flower dip method.
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Previously reported entry and expression clones are listed in Table S2. The pEXP22-NAC044 

expression clone, and the product of a two fragments-overlapping PCR with primers pairs 

AttB cNAC44 F/mut cNAC44 R and mut cNAC44 F/AttB cNAC44 R that introduce attB sites and 
mutagenize the LXCXE motif to GXCXG on NAC044 CDS, were recombined into pDONR221 
vector with Gateway BP clonase II enzyme mix (Invitrogen) to generate the corresponding 

entry clones. The CDS of E2FA, E2FB and E2FC, amplified with the corresponding primers listed 
in table s. were cloned into pGEMt-easy 221 vector by BP clonase reaction. We generated 
pDEST-NLuc and pDEST-CLuc Gateway-compatible destination vectors by conventional 
cloning of the attR-flanked Gateway cassette amplified with the primers GWcass_SplitLUC_F  
and GWcass_CLuc_R or GWcass_NLuc_R (Table S1) and digested with BpiI restriction enzyme 
(Thermo) to generate sticky ends compatible with BamHI/SalI digested pCAMBIA-NLUC and 
pCAMBIA-CLuc vectors (Chen et al., 2008). Entry clones were recombined into pDEST22 or 

pDEST32 destination vectors for Y2H assays, and/or into pDEST-NLuc or pDEST-CLuc for Split-
Luciferase assays with Gateway LR clonase II enzyme mix (Invitrogen). 

Microscopy and image processing
A 10 µg/mL Propidium Iodide staining solution (or mQ water for nuclear foci imaging) was 
used for whole-mount visualization of live roots with CLSM using a Zeiss LSM 710 system as 
described in  (Zhou et al., 2019). Tissue clearing with ClearSee reagent was performed as 

described in (Kurihara et al., 2015). Images were taken with ZEN 2012 software (Zeiss) and 
processed with ImageJ. Brightness and contrast of the final figures was enhanced to the 
exact same values.

Protein-proten interaction assays
Protein-Protein interactions by Y2H was performed using the ProQuest system (Thermo 
Scientific). Co-transformation of pEXP22 and pEXP32 expression clones into the PJ69-4A 
yeast strain was performed as described in (De Folter and Immink, 2011). Split-Luciferase 

assays were performed as described in (Chen et al., 2008) using an exposure time of 7 min. 
For Split-LUC in Arabidopsis stable transformants, we used an exposure time of 10 min. 

Protein sequence retrieval and alignments
Arabidopsis thaliana NAC044, NAC085, and RAD54 protein sequences were retrieved from 
The Arabidopsis Information Resource (TAIR, arabidopsis.org) and used as query in a BLAST 
search on Gramene.org for plant orthologs, or on NCBI for non-plant orthologs. Annotated 

orthologs or the top score hit sequences were retrieved and Clustal-omega aligned with the 
corresponding Arabidopsis sequence.
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Supplementary Information

Figure S1: Full-length RBR is required in the DNA damage response.
(A-C) Root growth comparison of Col-0, amiGO, RBR-YFP, RBR∂N

-YFP and RBR
pocket

-YFP. Seedlings germinated 

and grown on 0.5 GM medium for 4-5 days were transferred to 0.5 GM medium without (A) or with (B) 3 

µg/mL zeocin (zeo) for 3 days after transfer (DAT), or incubated on 10 µg/mL zeo for 20 h and transferred 
again to 0.5 GM for recovery over 6 DAT (C). Data presented as mean +SD of two independent replicates, in 
C) a single replicate is presented though three independent replicates showed similar trend 17>n>10. ***p 
< 0.001, **p < 0.01, *p < 0.05. This dataset is derived from the same experiments presented in Fig 1 and the 
same Col-0, amiGO, and RBR-YFP are presented. (D) Cell death visualized by confocal imaging of PI-stained 
root tips of the indicated gentypes 6 dpg after a 24h treatment with 10 µg/mL zeo; numbers indicate roots 
presenting dead cells. (E) Representative maximum-intensity projections of z-stack images from RBR-YFP, 
RBR

∂N
-YFP and RBR

pocket-YFP living roots nuclei at 0 and 6 hours after transferring (HAT) the seedlings back 
to 0.5 GM medium for recovery following 16h incubation in 0.5 GM medium supplemented with 10 µg/
mL zeo. (F) Bar graphs related to (E) showing the quantification of nuclear foci divided by the number of 
nuclei. The foci accumulation ratio at 0 HAT is 1.19 for RBR∂N

-YFP and 0.67 for RBR
pocket

-YFP as compared to 

RBR-YFP; the cleared foci fraction for each RBR version at 6 HAT as compared to 0 HAT is 0.7, 0.4, and 0.6 
for RBR-YFP, RBR

∂N
-YFP, and RBR

pocket-YFP, respectively. Data presented as mean +SD. n > 3 roots, total nuclei 
per time >1300. (G) Cell death visualized by confocal imaging of longitudinal sections of PI-stained root tips 
8 dpg on 0.5 GM medium without zeocin; numbers indicate roots presenting dead cells in RBR∂N

-YFP and 

RBR
pocket-YFP. Scale bars, 50 μM in (D,G), 5 μM in (E). Related to Fig. 1.
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Figure S2: RAD54 and RBR act independently in DNA damage repair.
(A) Protein sequence alignment of RAD54 orthologs in the indicated species showing the conserved LXCXE 
motif in red. (B) Yeast two-hybrid analysis showing that RAD54 and RBR do not interact. E2FC and empty 
vector (AD) are positive and negative controls, respectively. Transformant yeast were dropped onto SD/-
L/-W (-LW), SD/-L/-W/-H/+1.5mM3AT (-LWH). AD and BD, GAL4 activation domain and DNA binding 
domain, respectively. (C) Venn diagrams showing the number of RBR foci overlapping with RAD54 or E2FA 
foci. Confocal images from >5 roots from the RBR-sCFP/RAD54-vYFP and RBR-mRFP/E2FA-GFP genotypes 
were used for pooled-counting after 16h incubation on 10 µg/mL zeo. The 17 RBR-sCFP/RAD54-vYFP 
overlapping foci resemble those highlighted in D), with only partial or no actual colocalization.  (D,E) 
Confocal images (single section) of root cells showing colocalization of RAD54-vYFP and RBR-sCFP D) and 
E2FA-GFP and RBR-mRFP E). (F,G) Comparison of Pearson correlation coefficients of E2FA-GFP/RBR-mRFP 
vs RAD54-vYFP/RBR-sCFP (E) and Manders coefficients indicating the fraction of RBR-mRFP overlapping 
with E2FA-GFP vs the fraction of RBR-sCFP overlapping with RAD54-vYFP (F). Data presented as median and 
interquartile range, n=30 foci from >5 roots. (H) Maximum-intensity projection of z-stack confocal images 
of a clearsee treated root showing RAD54-vYFP and RBR-sCFP foci after 16h incubation on 10 µg/mL zeo. 
(I) Confocal image (single section) of living root cells showing RBR-sCFP foci in rad54 T-DNA insertion allele 
SALK_124992 genetic background after 16h incubation on 10 µg/mL zeo. Representative image of >5 
independent replicates. Fluorescence intensity profiles of the indicated foci in (C,D,I) show colocalization of 
RBR (red) and E2FA (green), or RBR (blue) and RAD54 (yellow).
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Figure S3: In planta Split-LUCIFERASE assays show that RBRNF interacts with E2FA, E2FB and E2FC 
and NAC044 interacts with RBR through the LXCXE motif.
(A) Split Luciferase assay showing that RBR

NF
 interacts with E2FA, E2FB and E2FC in N. benthamiana 

leaves that were co-infiltrated with the combinations and in the order indicated in quadrants. The 
LXCXE-mutated SCR

ACA is used as negative control. LUC activity and the corresponding bright field 
images of a representative leaf from 3 independent replicates are shown. (B) Luciferase activity and 
the corresponding bright field images of several Arabidopsis T2 independent stable transformant lines 
with the plasmids bearing the constructs indicated in the schematic representation at the bottom. 
Since the constructs contain a Red-seed coat selection marker, only seeds containing the constructs 
were germinated on 0.5GM medium plates. 4 dpg, seedlings were treated with 0.5 GM liquid medium 
supplemented with 20 µg/mL for 2h and imaged 24h later. Note that the top plates contain Split-
LUC constructs between RBR and NAC044 or NAC044

GCG, and the bottom plates contain single gene 
fusions with a full length LUCIFERASE tag. Numbers indicate the number of independent lines for each 

genotype.
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Figure S4: NAC044 is expressed after DNA damage, does not recruit RBR to nuclear foci and inhibits 
root growth.
(A) Schematic representation of the NAC044 promoter cloned for transcriptional and translational 
fusions that was sufficient to recapitulate the previously reported expression pattern of NAC044 and to 
complement the nac044 null mutants. The position of the MSA, SOG1 and E2F elements are indicated.
(B) NAC044 promoter activity at the indicated times after mock treatment or 2h incubation on 20 
µg/mL zeo as shown by transcriptional fusions with GUS (pNAC044::GUS) and a nuclear localized 
3xGFP (pNAC044::3GFP:NLS). (C) Age dependent pNAC044::GUS activity in the abscission zone of 
inflorescences. (D) Confocal image (single section) of a Clearsee treated root showing NAC044-GFP 
and RBR-mRFP colocalization in nuclei after 16h incubation on 10 µg/mL zeo. White arrows indicate 
the position of RBR foci in nuclei with NAC044-GFP signal. Representative image of >5 independent 
replicates. We never observed NAC044-GFP foci. (E) Confocal image (single section) of living root 
cells showing RBR-sCFP foci in nac044-3 genetic background after 16h incubation on 10 µg/mL zeo. 
Representative image of >5 independent replicates. (F) Schematic representation of the NAC044 
gene showing the T-DNA insertion sites of nac044-1, nac044-2 and nac044-3. Exons and introns are 

represented as black boxes and lines, respectively. (G) Confocal images of longitudinal sections of 
PI-stained root tips from 4-5 dpg Col-0, nac044-1 and nac044-3 seedlings germinated and grown in 

0.5 GM medium (top panel), or transferred to 0.5 GM supplemented with 3 µg/mL zeo for 3 days 
(lower panel). (H,I) Root growth comparison of Col-0, nac044-1, and nac044-3 complemented with 

pNAC044::NAC044:GFP (NAC044-GFP) and pNAC044::NAC044
GCG

:GFP (NAC044
GCG

-GFP). Seedlings 

germinated and grown on 0.5 GM medium for 5 days were transferred to 0.5 GM medium without 

(H) or with (I) 3 µg/mL zeo for 3 days. Data presented as mean +SD of a single replicate (due to high 
variability between independent replicates), 14>n>10. ***p < 0.001, **p < 0.01, *p < 0.05 (Student’s 
t-test). Scale bars, 100 μM in (B,C), 5 μM in (D,E), 50 μM (G).
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Figure S2: RBRNF dominantly affects the DNA damage response through a different mechanism 
than binding NAC044.
(A,B) Root growth after DNA damage. 4 dpg seedlings were incubated on 10 µg/mL zeo for 20-24 
h and transferred again to 0.5 GM medium plates for recovery over 6 days. Due to the variability 

between replicates, a single representative biological replicate is shown. Root growth was scored for 6 
days after zeo treatment (dat). Genotypes in (A) are Col-0, homozygous RBR-YFP in Col-0 background, 
homozygous RBR

NF-YFP in Col-0, and homozygous F3 generation of RBRNF-YFP in amiGO background 
crossed with nac044-3; in (B) Col-0, nac044-1, three independent transformant lines of NAC044-GFP 

in nac044-1, and three independent transformant lines of NAC044
GCG

-GFP transformed in nac044-

1 (similar results obtained in the nac044-2 background). In B) the complementing NAC044-GFP and 
NAC044

GCG-GFP form a single statistically similar group. Data presented as mean +SD of a single 
replicate (due to high variability between independent replicates); n>12. ***p < 0.001, **p < 0.01, *p 
< 0.05 (Wilcoxon  signed rank test). (C) Bar graph showing the quantification of integrated fluorescence 
density of the transformant lines of NAC044-GFP and NAC044

GCG
-GFP in nac044-1 mentioned in (B) 

and Figure 4. 4 dpg seedlings were incubated on 10 µg/mL zeo for 24h before imaging. At least 8 
roots per line were used for quantification using imageJ software. Lowercase letters denote ststistically 
different groups p<0.05 (Kruskal-Wallis).
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Supplementary Table 1: List of primers.

Primer Sequence  

GWcass_SplitLUC_F tgGAAGACcggatctggttccgcgtccat Split LUC to 

Gateway

GWcass_CLuc_R gtGAAGACtaTCGAtttgttagcagccggatcccg Split LUC to 

Gateway

GWcass_NLuc_R gtGAAGACtaTCGAtttgttggcagccggatcccgggtcgaatgaaaccactttgtacaag Split LUC to 

Gateway

pANAC044 F agGGTCTCTACCTagccatgatctcattatcactaccac GreenGate

pANAC044 R1 gtGGTCTCATGATtcccaaaacagagagagg GreenGate 

translational

pANAC044 R2 gtGGTCTCATGTTtcccaaaacagagagagg GreenGate 

transcriptional

gANAC044 F gtGGTCTCAATCATGGCGAGgtaagctttgaac GreenGate 

cloning

gANAC044 R cgGGTCTCGCTGAAGTTCCATTGAATTTTCCGAAAGTAA GreenGate 

cloning

mut gANAC044 R gaGGTCTCTTCCGTTATCTTCACTTAGGTTCA GreenGate 

cloning

mut gANAC044 F aaGGTCTCACGGAATATGCGACGGAAGCATGGAAGCTTCGTCT GreenGate 

cloning

AttB cNAC44 F GGGGACAAGTTTGTACAAAAAAGCAGGCTgcATGGCGAGGGCTTG-

GATTGT

Gateway cloning

AttB cNAC44 R GGGGACCACTTTGTACAAGAAAGCTGGGTtTTAAGTTCCATTGAATTT-

TCCGA

Gateway cloning

mut cNAC44 F ATAACGGAATATGCGACGGAAGCATGGAAGCTTCGTCT Gateway cloning

mut cNAC44 R TGCTTCCGTCGCATATTCCGTTATCTTCACTTAGGTTC Gateway cloning

gnac044-3 F TTCCATTTCGTTCACTGTTCC Genotyping 

nac044-3

gnac044-3 R ATTGATGCAGAACCCAGTTTG Genotyping 

nac044-3

gnac044-1 F TTCAGGTACTGATTCCATGGC Genotyping 

nac044-1

gnac044-1 R CAAAGAGACGAAGCTTCCATG Genotyping 

nac044-3

cE2FA AttB F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCCGGTGTCGTAC-

GATCTT

Gateway cloning

cE2FA AttB R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCTCTCGGGGTTGAGT-

CAACA

Gateway cloning

cE2FB AttB F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCTGAAGAAG-

TACCTCAACAATTC

Gateway cloning

cE2FB AttB R GGGGACCACTTTGTACAAGAAAGCTGGGTATCCGCTACCTGTAGGT-

GATCT

Gateway cloning

cE2FC AttB F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCCGCGACAT-

CAAAC

Gateway cloning

cE2FC AttB R GGGGACCACTTTGTACAAGAAAGCTGGGTATCCGCTGTTGAAGTTGCTC Gateway cloning
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General Discussion 

“Seen in the light of evolution, biology is, perhaps, intellectually the most satisfying and 

inspiring science. Without that light it becomes a pile of sundry facts -some of them 

interesting or curious but making no meaningful picture as a whole”
THEODOSIUS DOBZHANSKY 

Whether it is a single cell, a multicellular self-conscious organism, or an entire ecosystem, 
living systems are formed by elements that establish dynamic connections with each other. 
The elements of living systems organize themselves in complex networks that not only have 

to remain stable and robust, but that evolve and with them does life (Capra, 2005). In protein 

networks and transcriptional networks, so-called hub nodes connect a number of proteins 
and genes. The RETINOBLASTOMA-RELATED (RBR) proteins, prime examples of such hub 
proteins, establish multiple protein-protein interactions (PPI) that bridge, among others, 
transcription factors (TFs) and chromatin remodelers to exert transcriptional regulation. In 
turn, these PPIs are regulated by phosphorylation on multiple RBR sites, offering a potential 
mechanism to coordinate transcriptional networks and chromatin structure. 

Phylogenetic evidence suggests that RBR genes existed in the last eukaryotic common 
ancestor (LECA)(Desvoyes et al., 2014), possibly coordinating basic unicellular processes 
such as cell division, cell size, and DNA damage repair. In the following sections we expose a 
view on an RBR-centric module to which other genes might have been connected alongside 

the increasing complexity in eukaryotic evolution. Taking the plant perspective, I focus 
on the role of RBR phosphorylation as a regulation mechanism to control this expanding 
module within a developmental and environmental context. Revisiting the experimental 
results described in this thesis, I discuss the implications, unexplored questions, and future 
perspectives of RBR research in plant biology.

RBR/E2Fs/CDKs/CYC/CKIs are ancient elements of a network coupling the DNA damage 
response (DDR) to cell division.
Whereas DNA mutations are the engine of evolution, life could have only thrived by ensuring 
high fidelity of DNA replication, sensing and repair of damaged DNA, and by providing a 
unidirectional sequence of events to generate two cells with equal genetic information. In 
higher organisms that better withstand mutations (Wahl and Carr, 2001; Wilke and Adami, 

2003), a sophisticated phosphorelay system surveys the DNA integrity to coordinate repair 
mechanisms with cell division (Abraham, 2001). For example, the Checkpoint kinase1 

(Chk1) couples DNA damage perception to the DDR activation, a transcriptional cascade 
leading to DNA repair, cell cycle arrest, and programmed cell death (PCD) (Patil et al., 2013). 
Interestingly, the driving force of the eukaryotic cell cycle is provided by CYCLIN-DEPENDENT 
KINASES (CDKs), which evolved from the Chk1 clade likely present in LECA (Krylov et al., 
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2003); they participate in the DDR to maintain genome stability in plants and animals (Lim 

and Kaldis, 2013; Weimer et al., 2016).

Together with E2F TFs, RBR proteins function alongside Chk and CDKs in coupling cell cycle 
transcriptional programs to the DDR (Coschi and Dick, 2012; Gómez et al., 2019; Horvath et 

al., 2017; Manickavinayaham et al., 2021). Similarly, the CDK regulatory subunits A-, B- and 
D-type CYCLIN (CYC) proteins, and CDK-inhibitors (CKIs) play central roles in the core cell 
cycle regulation system, while some of them are transcriptionally induced by and participate 
in the DDR (Abroudi et al., 2017; Schnittger and De Veylder, 2018; Yi et al., 2014). Their 

presence in plants, animals, and unicellular eukaryotes indicate their existence in LECA, 

while the origin of RBR likely dates to a pre-eukaryotic organism (Takemura, 2005).

Although some of these elements are not present in fungi, the cell cycle regulatory network 

topology of such fungi strikingly resembles that represented by RBR/E2F/CYC/CDK/CKI 
(Cross et al., 2011; Zhao et al., 2012), suggesting that RBR network topology conveys robust 
cell cycle control (Figure 1). Noteworthy, the repressive function of RBR is covered by Whi5 
in budding yeast, a non-homologous protein that contains 12 phosphorylation sites for CDK-
mediated inactivation (Costanzo et al., 2004), indicating convergent evolution of multi-site 
phosphorylation as a strategy for modulating the activity of signal-integrating transcriptional 
regulators. 

Figure 1: The conserved topology of the cell cycle control network in eukaryotes. 
Schematic representation of the mammalian and budding yeast circuits that control the G1/S phase 
transition. Although there is no sequence homology between some fungal and mammalian proteins, 
the function and connections established by the fungi-specific proteins are conserved as compared 
with their mammalian counterparts, rendering similar regulatory network topologies (Adapted from 

Cross et al., 2011).
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Cell size-dependent cell division.
Optimal cell size ensures high efficiency of nutrient usage for cell division and prevents 
troublesome genome duplication in too small cells. Studies in unicellular eukaryotes 
revealed that cell cycle progression depends on critical cell size checks during G1/S and again 
in G2; but after the size threshold is reached, a cell size-independent mechanism drives cell 
division (Fantes, 1977; Matsumura et al., 2003; Sveiczer et al., 1996). Of these two phases 
(dependent and independent of a critical cell size) known as ‘sizer’ and ‘timer’, respectively, 
the cell sizer has a stronger influence on cell division control (Matsumura et al., 2003). The 

cell sizer relies on CDK activity modulated not only by CYCs and CKIs (Alberghina et al., 2004; 

Qu et al., 2003), but also by a membrane-growth and metabolism sensing system (Anastasia 

et al., 2012; Dante et al., 2014; Harashima et al., 2013). 

Similar sizer mechanisms exist in higher eukaryotes (Jones et al., 2017; Willis et al., 2016; Xie 

and Skotheim, 2020). Proliferating cells in the Arabidopsis thaliana shoot apical meristem 
(SAM) grow cell-autonomously at a rate that depends on their initial size after division 
(Willis et al., 2016), whereas cell size at the moment of division is determined by the growth 

rate and accumulation of CDK activity (Jones et al., 2017). Moreover, dilution of the G1/S 
CDK and the RBR homologous protein controls cell cycle progression in unicellular and 
higher eukaryotes (Fang et al., 2006; Schmoller et al., 2015). Similarly, mutants in the RBR 

orthologous gene MAT3 divide more and at smaller cell size in unicellular algae; and mat3 

phenotypes are suppressed by mutations in the E2F and DP TFs (Fang et al., 2006). Thus, 

the CYC-CDK/CKI/RB/E2F-DP network likely integrates cell growth and cell cycle control to 
establish a size-dependency on cell division commitment. 

Although not incorporated in current models, it is difficult to imagine a CDK-dependent 
mechanism coupling cell size and division not involving RBR phosphorylation, especially 
because in Arabidopsis, most phenotypes associated to down-regulation of the canonical 
cell cycle CDKA are rescued by depleting RBR (Nowack et al., 2012). The omission of RBR 

in models may be due to the fact that RBR is required for multiple processes and its less 
pleiotropic associated factors are more easily identified as instructive components for these 

processes.

Altogether, the RBR network integrates DNA integrity, cell growth, and cell division control, 

probably supporting complexity gain in eukaryotic living systems. Accordingly, the D-type 
CYC gene family correlates with multicellularity emergence, and the expression of MAT3 
gene from a colonial unicellular algae is enough to convey colonial behavior in otherwise 

unicellular disaggregate species, a phenotype suppressed by mutating the Dimerization 
Partner (DP) of E2F (Hanschen et al., 2016). 
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Implications of an RBR-centric network in higher eukaryotes
In higher eukaryotes, organ size and shape homeostasis emerges from the spatiotemporal 
coordination of growth and cell division (Whitewoods and Coen, 2017). De-regulation of 
CYC-CDK/CKI/RBR/E2F network elements trigger similar effects than those observed in 
unicellular disaggregated algae (for example, rbr/mat3 mutants divide more at smaller 
cell size). Thus, it seems that information critical for tissue self-organization was cryptically 
encoded in the RBR network before the emergence of multicellularity. The consequence of 
coupling cell size with cell division manifests in multicellular organisms as compensatory 
effects that ensure organ size and shape homeostasis.

Compensatory effects
Increased cell division compensates for reduced cell size to reach normal organ size in 

mutants of LOSS OF GIANT CELLS FROM ORGANS (LGO), a CKI gene that promotes mitotic exit, 
endoreplication, and cell size expansion in Arabidopsis (Moreno et al., 2020). Compensatory 

effects also contribute to meristem size maintenance in mutants and/or over-expressers of 
CDKA, CYCD3, and other CKIs (Cheng et al., 2015; Horiguchi and Tsukaya, 2011; Truskina and 

Vernoux, 2018). But compensation is limited, as strong overexpression or reduction of CKIs 
lead to evident changes in organ size (Cheng et al., 2015; Noir et al., 2015; Verkest et al., 2005). 

In Chapter 2 (Fig 2) we observed that root meristem size was often maintained by similar 
compensatory effects. Moreover, highly-substituted RBR phospho-defective variants displayed 
phenotypes resembling  cdka loss of function mutants (Nowack et al., 2012; Weimer et al., 2012) 

(Chapter 2, Fig 3), pointing to RBR phosphorylation as an integrator of CDK and CKI activity. 
Consistently, reduction of CKI leads to high CDK activity, elevated levels of phosohorylated 
RBR, and upregulation of E2FA target genes in Arabidopsis (Cheng et al., 2015).

Compensatory effects were also observed upon de-regulation of the proliferation-promoting 
gene GROWTH-REGULATING FACTOR5 (GRF5) (Horiguchi et al., 2005; Kim and Kende, 
2004). Noteworthy, whereas GRF5 confers low nitrate tolerance in leaves (Vercruyssen et 

al., 2015), LGO gene expression and lgo leaf phenotypes depend on nitrate concentration, 
with low nitrate triggering compensatory cell division  (Moreno et al., 2020). Thus, GRF5 

is antagonistic to the LGO and KRP2 CKIs in leaf organogenesis (Kim and Kende, 2004; 
Vercruyssen et al., 2015; Verkest et al., 2005), and their functions might be integrated in the 
RBR-centric network.

We found that GRF5 binds to all RBR phospho-variants, but the interaction was inconsistent 
throughout replicates (Chapter 3, Fig S1). This stochasticity may suggest that other factors 
could stabilize this PPI. Likely candidates are the GRF-INTERACTING FACTOR1 (GIF1) and 
E2F proteins, and they might influence the effectivity of RBR-GRF5 complex. E2FA promotes 
cell proliferation and, together with RBR, represses differentiation in actively dividing cells, 
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but activates endoreplication as cells transit towards a differentiation zone (Magyar et al., 

2012). E2FB in turn, represses proliferation in dividing cells, but it reactivates cell cycle 
in differentiating cells when ectopically expressed, bypassing RBR repression (Oszi et al., 
2020). E2FC also represses cell division, promotes endoreplication and cell expansion (Pozo 

et al., 2006). Whether E2Fs work together with an RBR-GRF5 complex downstream of CKI/
CDK requires further investigation.

Besides GRF5, the RBR network has likely expanded through other PPIs. In Chapter 2 we 

observed that the N849F mutation only partially suppresses the phenotypes of phospho-
defective RBR variants. Thus, the phosphorylation-regulated functions of RBR are mediated 
by both LXCXE-dependent and an LXCXE-independent components. As CYCD3 overexpression 

leads to similar phenotypes than CKI downregulation (Dewitte et al., 2003), which in turn 

induces the E2F-controlled genetic program (Cheng et al., 2015), E2F TFs are candidates 

for the LXCXE-independent component. Conversely, the DREAM complex members TCX5/6 
proteins regulate cell division, differentiation, and organ size (Ning et al., 2020). We showed 

that RBR-TCX6 (and most likely RBR-TCX5/7) interaction is mediated by the LXCXE motif and 
regulated by phosphorylation. Thus, these LXCXE-dependent and independent components 
of phosphorylation-regulated RBR functions might converge in the DREAM complex. 

Morphogenetic and developmental properties
Besides organ size, the RBR-centric network conveys other morphogenetic characteristics. 
For example, fluctuation of the aforementioned compensatory effects during sepal 
development can create cell size variability which contributes to the three-dimensional 

organ shape emergence (Roeder et al., 2010). 

In roots, new lateral root meristems initiate from differentiated pericycle cells, where E2FA 
promotes cell cycle re-entry downstream of auxin-dependent LBD18/LBD33 activation 
(Berckmans et al., 2011). Conversely, RBR interaction with the chromatin remodeler PICKLE 
represses LBD16 expression and inhibits LR formation, which is overcome by exogenous 
auxin (Ötvös et al., 2019), suggesting that RBR acts upstream of E2FA during LR initiation. As 
KRP2 and CYCD2;1-CDKA act antagonistically in the pericycle cells to modulate lateral root 
density (Sanz et al., 2011), the CYC-CDK/RBR/E2F/CKI network might be linked to the auxin 
signaling pathway that regulates LR density.

Coordination of cell division, size, and differentiation is also crucial for female gametophyte 
specification from a sporophytic cell cluster, where only one cell will form the megaspore 
mother cell (MMC) (Berger and Twell, 2011). MMC specification is mediated by RBR directly 
binding and repressing the promoter of the SAM maintainance regulator WUSCHEL (WUS), 

and by the balanced activities of CKIs and CYC-CDKs (Cao et al., 2018; Zhao et al., 2017). 

Strikingly, e2fabc triple mutants display similar phenotypes in the MMC specification to 
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those of rbr and cki loss of function alleles (Yao et al., 2018), suggesting that E2FA, E2FB and 
E2FC act redundantly to ensure proper gametophyte development, but the network is wired 

diferently. Whether E2Fs also control WUS expression remains an open question.

Although no obvious gametophytic defects were manifested in our RBR phospho-variant 
collection (Chapter 2), technical limitations likely influenced our observations, as the 
35S promoter driving our RBR artificial miRNA is not active at this developmental stage. 
Furthermore, as phenotyping was performed after MMC specification, phenotypes of 
dominant phospho-defective variants could have been masked by early sporophytic defects. 
An inducible CRISPRed rbr null background could aid the study of RBR phosphorylation 
during early germline specification. 

Yet another question is whether RBR also regulates WUS in the context of the SAM. On the 
one hand, RBR is necessary to maintain SC activity in the root meristem and in the SAM 
(Borghi et al., 2010; Wildwater et al., 2005). On the other hand, WUS sustains indeterminate 
growth and the SC pool from a more restricted expression domain in the SAM (Laux et al., 

1996; Schoof et al., 2000). We observed aerial rosettes in the shoots of some phospho-
defective RBR variants (not shown), indicating a reproductive to vegetative phase reversion. 
Since this phenotype occurs in wus-1 mutants (Ishiguro et al., 2002; Laux et al., 1996), a 

phosphorylation-regulated RBR repression on WUS might also operate in the SAM. 

In a nutshell, the CYC-CDK/CKI/RBR/E2F network is an evolutionarily conserved system 
that acquired additional roles as eukaryotes gained complexity. This network couples 
DNA damage, cell size, and cell division, and operates cell-autonomously to confer global 

tissue organization. As an integrator of CYC-CDK and CKI activities, RBR phosphorylation 
and its morphogenetic properties should be investigated in detail. In particular, as CYC and 
CKI gene families have expanded and gained considerable control over developmental 
and environmental processes in plants, future research should reveal the importance of 

combinatorial RBR phosphorylation for network functioning, as the phosphorylation code 
hypothesis suggests.

An environment-interactive network
In unicellular algae, changing temperatures alter cell division due to variable CDK activity 
(Zachleder et al., 2019); and favorable light conditions promote G1/S-phase transition 
through CycA, a checkpoint bypassed by downregulating RB (Moulager et al., 2010). These 

observations suggest that RB phosphorylation integrates environmental inputs conveyed by 
CYC-CDK activity.

In plants, a centralized system regulated by growth regulator (hormone) crosstalk has been 

postulated to mediate stress responses (Chapin III, 1991). Accordingly, hormone synthesis, 
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distribution, and signaling meet to modulate every aspect of plant development, with 
many hormonal pathways being directly involved in environment perception and response 
(Depuydt and Hardtke, 2011; Vanstraelen and Benkov, 2012). 

The DELLA growth regulators are central hubs in the hormone- and stress-responsive 

networks (Achard et al., 2006, 2008; Scheres and Van Der Putten, 2017). At the expense 

of growth, DELLA proteins promote survival under stressful conditions by preventing ROS 
accumulation (Achard et al., 2008), which mediates a broad range of biotic and abiotic 
stress responses (Choudhury et al., 2017; Das and Roychoudhury, 2014; Ben Rejeb et al., 

2014). Interestingly, ROS levels are internally regulated to maintain SC identity, growth, and 
division-differentiation gradients in meristems (Kong et al., 2018; Tsukagoshi et al., 2010; 
Zeng et al., 2017). Thus, the meristematic function is intimately linked to environmental 
sensing and response.

This plant growth regulator network is integrated into gene expression regulation of CYCs, 
CKIs, and cell cycle-dependent proteolytic complexes (Takatsuka and Umeda, 2014). For 

example, the DELLA protein GIBBERELLIC ACID INSENSITIVE (GAI) and ROS activate CKI 
expression to regulate cell division in meristems (Kasili et al., 2010; Noir et al., 2015; Serrano-
Mislata et al., 2017; Yi et al., 2014). Moreover, other stressful stimuli such as DNA damage, 
drought, cold and cytoplasmic acidification, induce the expression of CKIs (DIetrich et al., 

2017; Peres et al., 2007; Yi et al., 2014). In turn, CKI-induced endoreplication associates with 
plant defense: whereas higher ploidy correlates with responses to stress and stress-related 

hormones, less ploidy correlates with response to developmental hormones (Bhosale et al., 

2018); and DNA oxidative damage upon abiotic stress triggers CKI-mediated endoreplication 
(Matsuda et al., 2018; Yi et al., 2014)

Phosphorylation-dependent and independent roles of RBR in stress response
The prominent role of CKIs in stress responses points to RBR phosphorylation as a possible 
integrator of stress signaling into cell division and growth, as previously suggested 

(Harashima and Sugimoto, 2016). On the other hand, many of the RBR interactors described 
in Chapter 3 that belong to stress-responsive pathways showed no evident regulation by the 
phosphorylation state of RBR. Thus, RBR may hold at least two roles in stress response, one 
dependent and one independent of phosphorylation.

In Chapters 3 and 4 we uncovered the first indications for phosphorylation-independent 
roles of RBR. In the DDR, these seem intertwined with its phosphorylation-regulated ones. 
For instance, RBR-NAC044 interaction is independent of RBR-phosphorylation (Chapter 3), 

but the expression of NAC044 is probably regulated by RBR in a phosphorylation-dependent 
manner. On the one hand, RBR-phosphorylation regulates the interaction with E2Fs and 
TCX5/6 (Chapter 3), which form DREAM complexes together with the MSA element-binding 
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proteins, MYB3Rs (Kobayashi et al., 2015; Ning et al., 2020). On the other hand, the spotty 
expression pattern of NAC044, the presence of E2F and MSA elements in its promoter, and 
the fact that NAC044 is a direct target of both RBR and MYB3R3 (Bourbousse et al., 2018; 

Bouyer et al., 2018), indicate a cell cycle-dependent regulation by DREAM complexes, where 
RBR phosphorylation may be crucial. 

In mammals, the most prominent regulatory hub in the DDR is p53. A p53-induced CKI 
prevents pRb phosphorylation by CDKs, promoting a transcriptional switch from an activator 
B-MYB-MuvB complex (MMB) to a repressor DREAM complex (Engeland, 2018; Fischer and 

Müller, 2017). In plants, CKIs are activated by SOG1, the presumed functional homolog of p53 
(Ogita et al., 2018). Although no MMB complexes have been reported, activator and repressor 
DREAM complexes are formed by the alternative incorporation of activator and repressor 
MYB3R and E2Fs (Kobayashi et al., 2015; Ning et al., 2020). Whether RBR (de)phosphorylation 
is relevant for an activator-to-repressor DREAM complex switch remains unexplored.

The phosphorylation-dependent role of RBR in biotic stress has been investigated in more 
detail for the process of effector triggered immunity (ETI), a hypersensitive reaction at a 
pathogen infection site that manifests as DNA fragmentation and cell death. ETI signaling 
is partly transduced by the nuclear envelope protein CPR5, which releases CKIs into the 
nucleus to promote RBR hyper-phosphorylation and E2FA-mediated activation of defense 
genes and PCD (Wang et al., 2014). This mechanism could be conserved, as mutations 
in RB and in nuclear envelope proteins lead to genomic instability in animals and plants 

(Biedermann et al., 2017; Camborde et al., 2019; Horvath et al., 2017; Vélez-Cruz and 

Johnson, 2017). CKIs promoting RBR phosphorylation during ETI is counter-intuitive, but few 
observations suggest a possible explanation. First, moderate levels of CKIs can promote RBR 
phosphorylation (Wang et al., 2014); second, CKIs confer nuclear localization to CYC proteins 
(Sanz et al., 2011); and third, RBR phosphorylation is promoted by the F-BOX LIKE PROTEIN 
17 (FBL17) protein, which mediates CKI degradation (Noir et al., 2015). Thus, a speculative 
hypothesis is that released CKIs from the nuclear envelope could internalize CYC proteins 
into the nucleus, where FBL17 promotes CKI degradation to allow RBR phosphorylation.

ETI and DDR seem intimately related, as some animal and plant pathogens elicit genotoxic 
effectors to damage the host DNA (Camborde et al., 2019). Moreover, the DNA repair 

proteins RAD51 and BRCA1, bind to defense genes promoters to activate their expression 
during ETI (Camborde et al., 2019). Whether BRCA1 and RAD51 also regulate transcription 
in DDR is unknown, but it seems that DNA breaks and effector-eliciting pathogens trigger 
similar transcriptional responses in the plant. The transcriptional and structural roles of RBR, 
E2FA, BRCA1 and RAD51 during DDR and ETI begs the question whether such roles are two 
separate functions.
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Figure 2: The RBR-centric network integrates internal and environmental inputs into cellular 
programs to coordinate the responses and developmental outputs. 
Internal inputs such as developmental programs, cell size and the internal energetic status are simultaneously 
perceived together with the environmental inputs like biotic and abiotic stresses, both of which cause DNA 
damage. All mentioned inputs regulate the accumulation of several Cyclin (Cyc) and CDK-inhibitor (CKI) 
proteins belonging to multiple sub-families, which in turn modulate the kinase activity of CDKs on RBR. RBR 
activity feedback on the DNA damage response (DDR) and the cell size. Similarly, some transcription factors 
that directly bind RBR (grouped in coloured boxes; most of which, we described in Chapter 3) participate 
in developmental and stress-responsive networks. The most studied and conserved interactors of RBR are 

E2F proteins, which could also bind as members of the DREAM complex. In general, the interaction of RBR 
within the DREAM complex and with developmental TFs is modulated by phosphorylation, while many 
stress-responsive TFs bind RBR regardless its phosphorylation state. RBR and its interactors regulate the 
transcriptional programs of cell fate decisions like stem cell maintenance, cell division, cell differentiation, 
and cell death. Thus, RBR participates in orchestrating the transcriptional programs leading to a coordinated 
developmental and environment-responsive outputs.



Chapter 5

136

Integration and future perspectives.
The co-option of genes and their encoded proteins into preexisting networks, often 
preceded by gene duplication, and the deployment of a network into a new cellular context 
are general mechanisms of evolution (McQueen and Rebeiz, 2020; True and Carroll, 2002). 

Network co-option leads to morphological and physiological novelties, but also to trade-offs 
and trait linkage. This “complexity cost” constrains the independent evolution of traits, but 
is alleviated by modularity and additional transcriptional regulation (Capra, 2005; Hansen, 

2003; McQueen and Rebeiz, 2020; True and Carroll, 2002). 

Above, I have depicted the accumulating knowledge on RBR function in the framework 
of a conserved cell-autonomous RBR-centric network linking cell cycle progression with 

cell size and DNA integrity. I have argued that this network was likely co-opted to aid 

multicellularity and morphogenetic homeostasis. As RBR gene families are notably small, 
with many species having a single member (Desvoyes et al., 2014), it seems that RBR has 

been co-opted almost without gene duplication. One way to explain this remarkable finding 
is that a complex organism may need at least some control points that integrate multiple 
sources of information at a single node of the network.  As new connections were built 
through RBR PPIs, the complexity cost of using a single protein as an integrator of traits and 

environmental responses would increase unless additional regulation layers counteract it. 

The multiple overlapping but coordinated functions of CYC-CDKs, CKIs, RBR, and E2Fs suggest 
that RBR-phosphorylation regulates network dynamics within cellular and environmental 
contexts. CYC and CKI gene family expansion in plants, their divergent gene expression, 
and different specificities for RBR phospho-sites indicate that transcriptional regulation is 
integrated by RBR phosphorylation (Menges et al., 2005; Peres et al., 2007; Vandepoele et 

al., 2002; Willems et al., 2020). In addition, the phosphorylation code of RBR represents a 
way to reduce the complexity cost by reducing pleiotropy (Chapter 2). Modulation of RBR 
PPIs reduces network connectivity in a coordinated manner, which is predicted to favor the 
evolvability of traits (Hansen, 2003). CKIs-CDKs-CYCs complexes could be regarded as writers, 
and phosphatases as erasers of the RBR phosphorylation code, with plants harboring a large 
genetic pool as CYC and CKI families have expanded notably.

In summary, I postulate that RBR is a multifunctional protein whose biochemical properties 
set the basis for emergence of interdependent traits throughout eukaryotic evolution, in 
constant interaction with their environment. The work presented in this thesis contributes 

to an appreciation of the complexity of RBR regulation while it acts as an orchestrator of 
cellular processes, and constitutes a steppingstone to further explore RBR networks. Our 
phospho-variants, RBR

NF
, and truncated RBR versions are now available as tools to use in 

combination with other new methods to fill the knowledge gaps in RBR biology.
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Future efforts should focus on understanding the regulation of RBR networks by 
phosphorylation. Our current knowledge on RBR functions was obtained by gene expression, 
up or down-regulation, loss of function alleles, transcriptomics, proteomics, ChIP-seq, and 
Y2H experiments, resulting in an incomplete picture of RBR target genes, protein interactors, 
and biological functions. To complete this picture, the dynamic connections between these 
elements are yet to be fully understood.

Special attention should be paid to the physiological role of RBR in environmental signaling 
integration and response. For example, RBR-LXCXE interactions were once considered less 
relevant because organisms carrying the NF allele grow relatively normal in lab conditions 
(Morris and Dyson, 2001). But stress treatments proved the RBR

NF
 allele to be deleterious 

in both plants and animals (Chapter 4) (Bourgo et al., 2011), suggesting that RBR-LXCXE 
interactions are essential in real-life situations. Similarly, a list of RBR target genes obtained 
from proliferating protoplasts comprises mostly cell cycle and DDR genes (Bouyer et al., 2018). 

This view may change after investigation of distinct physiological and developmental contexts 
in which a more diverse set of RBR-TF interactions and chromatin landscapes matter. 

Expression studies of CYC and CKI genes, analysis of CYC-CDK specificities on RBR phospho-
sites, and phospho-proteomics could render a comprehensive map of RBR phosphorylation. 
Additionally, determining RBR interactomes can also be worthwhile: a high throughput 
viability screen in human cell lines revealed that gene essentiality is context-specific, and 
is determined at the module or complex level rather than at the single gene or protein 

level (Bertomeu et al., 2018). Therefore, characterizing in vivo RBR-PPIs and multimeric 
complexes could be valuable. Besides IP-MS and Y2H, Proximity Labeling-MS offers an 
alternative approach for mapping dynamic interactions in space and time, and is able to 
detect low abundant, cell type-specific, and transient interactions in vivo (Lobingier et al., 

2017; Mair et al., 2019; Zhou and Zou, 2021). In this sense, resolving of the highly dynamic 

composition of DNA repair foci is particularly relevant.

Finally, integrative approaches are necessary to unveil the big picture of RBR networks. For 
instance, integration of yeast gene networks and PPI networks uncovered connections not 
seen by analyzing each network separately, and defined a core network underlying cellular 
function (VanderSluis et al., 2018). By integrating in vivo phosphorylation maps, accurate 
protein structure prediction, interactomes, and downstream transcriptional effects on target 
genes, we should be able to decipher the molecular mechanisms underlying functions of 
coordinating hub proteins like RBR. For only if we are able to understand how nature deals 
with the optimization of vast regulatory integration and the avoidance of pleiotropic effects, 
can we hope to use such knowledge in medicine or agriculture. 
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Precise coordination of cell differentiation and division within a tissue 
context is critical for plant development. In this issue of Developmental 
Cell, Han et al. (2018) report a transcriptional switch that ensures proper 
patterning, the final cell division and terminal differentiation of stomata.

Plant cells are kept in place by stiff cell walls and maintain their relative position within 
a tissue throughout their life. Thus, cell patterning in plants requires a precise spatio-
temporal balance of cell division and differentiation where the number of cell cycles must 
be coordinated with cell differentiation. During female gametogenesis, the functional 
megaspore divides three times before cellularization and cell specialization. Male gamete 
development requires one asymmetric cell division (ACD) followed by a symmetric cell 
division (SCD) of only one of the products while the other exits the cell cycle (Berger & Twell, 

2011). Within the Arabidopsis root stem cell niche (SCN), a cortex and endodermis initial 
daughter cell (CEID) undergoes only a single periclinal ACD to form two different tissue layers 
(Cruz-Ramírez et al., 2012). Stomata, which are plant epidermal valves regulating water loss 
and gas exchange, are formed by a pair of kidney-shaped Guard Cells (GC). Stomata are 

patterned over the leaf surface by an even more intriguing cascade of divisions controlled 
by the sequential activity of three bHLH transcription factors SPEECHLESS, MUTE, and FAMA 

(Simmons & Bergmann, 2016). In this issue of Developmental Cell, Han et al. (2018) show 

that MUTE directly links differentiation and cell division in this process via a transcriptional 
incoherent type 1 feed forward loop (I1-FFL).

SPCH activity in the epidermis arises in dispersed cells through a network that combines local 
self-activation of SPCH where at least one of its targets, the extracellular ligand EPIDERMAL 
PATTERNING FACTOR2 (EPF2), executes long-range inhibition much like a self-organizing 
Turing system (Horst et al., 2015) (Figure 1). SPCH initiates the stomatal lineage by triggering 
the first ACD to form a meristemoid, the stem-cell-like precursor of the Guard Mother Cell 
(GMC). After ACD, SPCH expression is restricted to the meristemoid, which either reiterates 
ACDs or stops dividing to become a GMC. The latter fate transition is coordinated with cell 
cycle control promoted by MUTE. A final fate transition then occurs when GMC symmetric 
division generates the two cells terminally differentiating into mature GCs. 

By comparing transcriptomic atlases of induced MUTE and SPCH, Han et al. (2018) 

determined that MUTE partially takes over the genetic program initiated by SPCH including 
a subset of important stomatal regulators, which turn out to be direct SPCH and MUTE 

targets. Particularly interesting is that the secreted EPF2 is directly upregulated by SPCH 
but directly repressed by MUTE (Figure 1), thus acting as a brake on the aforementioned 
Turing type patterning mechanism. On the other hand, both bHLH proteins bind and 
upregulate EPF2 receptors ERECTA-LIKE1 and 2 and TOO MANY MOUTHS, thus maintaining 
the perception system for subsequent spatial signaling through the EPF2 homologue EPF1. 
This observation indicates that MUTE constitutes a transcriptional switch for the cell-cell 
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communication system that ensures proper stomata spacing in a tissue context.

Han et al. (2018) also show that MUTE induces promoters of GMC symmetric division 

including CDKB1;1 and CYCA2s, typical G2/M cell cycle regulators (De Veylder, Beeckman, 

& Inzé, 2007). It is also noteworthy that the canonical G1- and G1/S-regulating CYCD family 
member CYCD5;1 is a MUTE target, providing a candidate to promote SCD commitment in a 

MUTE-dependent manner. Interestingly, specific expression and function of CYCD7;1 in the 
stomatal lineage cells have also been reported (Adrian et al., 2015), suggesting the presence 
of more than one SCD trigger. Nonetheless, CYCD7;1 is not regulated by MUTE, implying that 

there is an independent pathway to promote GMC division (Han et al., 2018). This notion 
is further supported by recent evidence that CYCD7;1 expression, though reduced, is not 

abolished in a mute mutant background (Weimer et al., 2018).

FAMA and FOUR LIPS repress cell cycle genes and GMC division, and their expression is 
directly induced in a slightly delayed manner by MUTE. To explain the timing of differentiation 
and division induced by MUTE function, the authors provide a theoretical model in which 
a MUTE-initiated feed-forward loop gives rise to a single strong pulse of cell cycle genes 
sufficient to trigger and ensure a single SCD (Han et al., 2018; Figure 1). While details 

remain to be resolved between the initial stomatal lineage commitment and the execution 
of the final division to create the guard cell pair, this and previous work demonstrates 
remarkable progress in understanding the logic behind the circuitry of complex patterning 
and differentiation networks in plants. 

The canonical module for G1/S control requires active CYCD-CDK complexes to inactivate 
RETINOBLASTOMA RELATED (RBR) protein via hyper-phosphorylation to release and de-
repress E2F transcription factors, which promotes cell cycle progression (De Veylder et al., 

2007). Loss of CDKB1 activity or disruption of the RBR-CYCD7;1 interaction is enough to 
abolish ectopic GC divisions caused by extra copies of CYCD7;1, suggesting that CYCD7;1 
effects result from RBR phosphorylation (Weimer et al., 2018). It is reasonable to assume 

that CYCD5;1 could also promote SCD through RBR inhibition. However, neither CYCD5;1 
nor CYCD7;1 ectopic expression triggers as many GC divisions as RBR suppression (Matos et 

al., 2014), suggesting that they don’t fully inactivate RBR. To further understand the specific 
role of CYCD5;1 and D7;1 in this context, it would be interesting to determine whether they 
phosphorylate different RBR phospho-sites.

Besides being a likely CYCD target to trigger SCD, RBR interacts with FAMA to ensure GC 

fate commitment (Figure 1), likely by altering chromatin structure of early stomatal lineage 
regulators (Matos et al., 2014). Do cell cycle programs and cell fate decisions converge on 

the same RBR complexes? Perhaps not, because both CYCDs and FAMA interaction with 
RBR depend on the same RBR-binding motif. Thus, MUTE-dependent CYCD5;1 and MUTE-
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independent CYCD7;1 activation may trigger SCD without interfering with later FAMA-
RBR-mediated GC fate establishment.  Consistently, CYCDs ectopic expression causes extra 

divisions without affecting cell fate whereas specific FAMA-RBR disruption leads to fate 
reversion (Han et al., 2018; Matos et al., 2014; Weimer et al., 2018). 

It is worth nothing that the three examples where plants coordinate cell cycle and fate 

decisions mentioned above (female and male gametogenesis, SCN divisions, and stomatal 
lineage) require RBR to ensure proper division and patterning. Accordingly, RBR has been 
proposed as a central hub that integrates external and internal cues into development and 

cell cycle (Harashima & Sugimoto, 2016). The findings of Han et al.  (2018) may therefore be 
part of a bigger picture of intricate molecular mechanisms linking environmental responses 

to development and cell cycle. 

Figure 1: Three network motifs in stomatal development: 
Local activation – long range inhibition in guard cell lineage selection; EPF2 promoter regulation to 
switch signalling pathway; and incoherent feedforward to create a single pulse of cell division.
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Summary

The development of multicellular organisms relies on an accurate coordination of cell division, 
differentiation and programed cell death. De-regulation of these processes could lead to 
aberrant development and malformations. For example, uncontrolled cell division and de-
differentiation results in tumor formation and cancer development. The RETINOBLASTOMA 
susceptibility gene (RB) was the first tumor suppressor gene characterized as the causal 
mutation for eye cancer in children. The clinical importance of RB attracted particular attention 
to its role as a cell cycle regulator, creating a research bias that masked its properties as a 
coordinator of distinct cell processes for decades. The study of RETINOBLASTOMA-RELATED 
(RBR) proteins in other organisms and cellular processes has expanded the picture of the 

RBR functions as an integrator of environmental and developmental signals in cell division 
and differentiation. This thesis is framed within an emerging paradigm, and contributes to 
our understanding of how a single, conserved protein regulates multiple processes that 
often occur simultaneously, while sometimes being exclusive.

In Chapter 1 we introduce the conserved function of RBR in cell cycle as an example of how 
RBR activity is regarded as the ability to interact with other proteins such as transcription 
factors (TF) and chromatin remodelers. RBR activity is regulated by CYCLIN-DEPENDENT 
KINASE-mediated phosphorylation on multiple sites, which in turn promotes structural 
changes that interfere with RBR-protein interactions.  We also present the current 
understanding of RBR functions in plant development and the recent description of its role 
in the plant DNA damage response (DDR), and focusing on the Arabidopsis root meristem, 

where cell division and differentiation processes are partly coordinated by RBR.

In Chapter 2 we addressed the functional relevance of the 16 putative phosphorylation 
sites in the Arabidopsis RBR protein. The text book mechanism of RBR regulation by 
phosphorylation assumes that only an un- or hypo-phosphorylated RBR is active. By analyzing 
the complementation capacity of a systematic collection of transgenic RBR phospho-
variants, both phospho-defective and phospho-mimetic, we show that the pleiotropic 
effects of RBR can be partially disentangled by its phosphorylation state, supporting the 
notion of a ‘phosphorylation code’ that governs RBR activity. Moreover, phosphorylation-
regulated functions of RBR partially depend on its ability to interact with the LXCXE motif, as 
revealed by the point mutation N849F (RBRNF

).

As an attempt to understand the molecular basis of the observed phenotypic effects in 
the previous chapter, in Chapter 3 we set out to discover nuclear proteins that interact 

directly with RBR. In a series of Yeast two-hybrid screenings, we used the most substituted 
phospho-variants, the RBR

NF
 allele, and the wild type RBR as baits to probe an arrayed 

library encoding nearly 2000 Arabidopsis nuclear proteins. Our results revealed that the 
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binding properties of RBR are not affected by phosphorylation in some cases. Interestingly, 
the proteins that bind RBR regardless its phosphorylation state are related to stress-
responsive transcriptional programs. Actually, the majority of the interactors participate in 
stress responses. On the other hand, few interactors are canonical cell cycle regulators, like 
E2FC and the DREAM complex members, TCX 6 and 7. For these, we demonstrated that an 

LXCXE motif is responsible for the interaction with RBR, providing an insight on the divergent 
molecular determinants of the DREAM complex assembly in plants.

From the list of interactors obtained in Chapter 3, we paid special attention to NAC044 
protein because it is the closest homolog and direct target of the SUPPRESSOR OF GAMMA 
RESPONSE 1, a plant specific TF that controls the DDR. NAC044 binds RBR in a LXCXE-
dependent manner but independently of RBR phosphorylation, challenging the prevalent 
paradigm that RBR-LXCXE interactions are regulated by phosphorylation. Since the role of 
NAC044 is to arrest the cell cycle upon DNA damage and other stresses, in Chapter 4 we set 

out to elucidate the relevance of its interaction with RBR. RBR has a chromatin-structural 
role and a transcriptional role in the DDR, and we determined that both are separated by the 
ability to bind LXCXE-containing proteins. On the one hand, the RBRNF mutation abolishes 
the recruitment of RBR to nuclear foci right after DNA injury, suggesting that a yet unknown 
LXCXE-containing protein recruits RBR to repair foci. On the other hand, NAC044 expression 
is induced by DNA damage but slower than RBR recruitment to foci. Therefore, after RBR 
has been cleared from repairing foci it binds NAC044. We determined that the RBR-NAC044 

interaction contributes to the activation of cell death. Thus, we believe that the structural 
and transcriptional roles of RBR in the DDR are linked through an integrative feature that 
informs the transcriptional machinery, that decides between cell death and cell division 
resumption, about the success of the DNA repair process.

Finally, in Chapter 5 we take an evolutionary perspective to contextualize the possible 
implications of a conserved RBR-centric network in coordinating eukaryotic cellular 
processes. For instance, we discuss how RBR activity on E2F TFs and its regulation by CYC-
CDKs and CDK-inhibitors couples cell size to cell division both in lower and higher eukaryotes. 
But in higher eukaryotes, the activity of the RBR network is also important for the overall 
organ size and shape emergence. Moreover, as the development of plants is particularly 
sensitive to the environmental conditions, we emphasize the integration of environmental 
inputs by the RBR network to contribute to a coordinated response. To close the general 

discussion, we also provide experimental perspectives and open questions to be addressed 
in the coming future of the RBR research field. 
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Samenvatting

De ontwikkeling van meercellige organismen is afhankelijk van een nauwkeurige coördinatie 
van celdeling, differentiatie en geprogrammeerde celdood. Deregulering van deze processen 
kan leiden tot afwijkende ontwikkeling en misvormingen. Ongecontroleerde celdeling 
en dedifferentiatie resulteert bijvoorbeeld in tumorvorming en kankerontwikkeling. Het 
RETINOBLASTOMA (RB) gen  was het eerste tumorsuppressorgen dat werd gekarakteriseerd als 
de causale mutatie van oogkanker bij kinderen. Het klinische belangrijkheid van RB trok met name 
aandacht voor zijn rol als regulator van de celcyclus, waardoor een onderzoeksstigma ontstond 
dat zijn eigenschappen als coördinator van verschillende celprocessen decennialang heeft 
gemaskeerd. Studies naar RETINOBLASTOMA-RELATED (RBR) eiwitten in andere organismen en 
cellulaire processen heeft een breder beeld gegeven waarbij RBR functioneert als integrator van 
omgevings- en ontwikkelingssignalen in celdeling en differentiatie. Dit proefschrift is gekaderd 
binnen een opkomend paradigma, en draagt   bij aan ons begrip hoe een enkel, geconserveerd 

eiwit meerdere processen reguleert die vaak gelijktijdig plaatsvinden, maar soms exclusief zijn.

In Hoofdstuk 1 introduceren we de geconserveerde functie van RBR in de celcyclus als een 
voorbeeld van hoe RBR-activiteit wordt beschouwd als het vermogen om te interacteren met 
andere eiwitten zoals transcriptiefactoren (TF) en chromatine-remodelers. RBR-activiteit wordt 
gereguleerd door CYCLIN-DEPENDENT KINASE (CDK)-gemedieerde fosforylering op meerdere 
plaatsen, wat op zijn beurt structurele veranderingen bevordert die interfereren met RBR-

eiwitinteracties. We bespreken ook de huidige kennis van RBR-functies in de ontwikkeling van 
planten, de recent beschreven rol van RBR in de DNA-schadereactie van planten (DDR), en de 
gedeeltelijk door RBR gecoördineerde celdelings- en differentiatieprocessen in het Arabidopsis-
wortelmeristeem.

In Hoofdstuk 2 hebben we de functionele relevantie van de 16 vermeende fosforylatieplaatsen 
in het Arabidopsis RBR eiwit onderzocht. Het tekstboekmechanisme van RBR regulatie door 
fosforylering gaat ervan uit dat alleen een niet- of hypo-gefosforyleerd RBR actief is. Door de 
mate van complementatie te analyseren van een systematische verzameling transgene RBR 
fosfovarianten, zowel fosfo-defecte als fosfomimetische, laten we zien dat de pleiotrope effecten 
van RBR gedeeltelijk kunnen worden ontward door zijn fosforyleringstoestand, wat het idee 

ondersteunt van een ‘fosforyleringscode’ die de RBR activiteit regelt. Bovendien hangen de door 
fosforylering gereguleerde functies van RBR gedeeltelijk af van zijn vermogen om te interacteren 
met het LXCXE-motief, zoals onthuld door de N849F puntmutatie (RBRNF

).

In een poging om de moleculaire basis van de waargenomen fenotypische effecten in het vorige 
hoofdstuk te begrijpen, gingen we in hoofdstuk 3 op zoek naar nucleaire eiwitten die direct 
interacteren met RBR. In een reeks van inteactie screenings in gist gebruikten we als lokaas de 
meest gesubstitueerde fosfovarianten, het RBR NF- allel en het wildtype RBR, om een   bank van 
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bijna 2000 nucleaire Arabidopsis eiwitten te onderzoeken. Onze resultaten lieten zien dat de 
bindingseigenschappen van RBR in sommige gevallen niet worden beïnvloed door fosforylering. 

Interessant is dat de eiwitten die RBR binden, ongeacht de fosforyleringstoestand, gerelateerd 
zijn aan op stress reagerende transcriptieprogramma’s. In feite is de meerderheid van de 
interactoren betrokken bij stressreacties. Er zijn echter maar weinig interactoren behorende tot 
de typische celcyclusregulatoren, zoals E2FC of de DREAM complexleden TCX 6 en 7. Voor deze 

eiwitten hebben we aangetoond dat een LXCXE-motief verantwoordelijk is voor de interactie 
met RBR, wat inzicht geeft in de uiteenlopende moleculaire determinanten van de DREAM-
complexassemblage in planten.

Uit de lijst van interactoren verkregen in hoofdstuk 3, hebben we in het bijzonder gekeken 

naar het NAC044 eiwit omdat het de naaste homoloog is van, en direct gereguleerd is door 

de SUPPRESSOR VAN GAMMA REACTIE 1, een plant specifieke TF die de DDR controleert. 
NAC044 bindt RBR op een LXCXE-afhankelijke manier, maar onafhankelijk van RBR-fosforylering, 
in tegenstelling tot het heersende paradigma dat RBR-LXCXE-interacties worden gereguleerd 
door fosforylering. Gezien de rol van NAC044 in het stoppen van de celcyclus bij DNA-schade en 

andere stress, hebben we ons in hoofdstuk 4 ten doel gesteld om de relevantie van zijn interactie 
met RBR op te helderen. RBR heeft een chromatine-structurele rol en een transcriptionele rol 
in de DDR en we hebben vastgesteld dat deze worden onderscheiden door het vermogen om 

LXCXE-bevattende eiwitten te binden. Enerzijds elimineert de RBRNF mutatie de rekrutering van 
RBR naar nucleaire foci direct na DNA-beschadiging, wat suggereert dat een nog onbekend 

LXCXE-bevattend eiwit RBR rekruteert om foci te repareren. Anderzijds wordt NAC044 expressie 
geïnduceerd door DNA-schade, maar langzamer dan de rekrutering van RBR naar foci. Dit 

betekent dat RBR bindt aan NAC044 nadat de foci zijn gerepareerd. We hebben vastgesteld 

dat de RBR-NAC044 interactie bijdraagt   aan de activering van gepregrammeerde celdood. 
We zijn daarom van mening dat de structurele en transcriptionele rollen van RBR in de DDR 
zijn gekoppeld in een integratieve functie die de transcriptionele machinerie informeert over 
het kansen van het DNA-herstelproces, en van daaruit kiest voor celdood of hervatting van de 
celdeling.

Tenslotte kijken we in hoofdstuk 5  vanuit een evolutionair perspectief om de mogelijke implicaties 
van een geconserveerd RBR-gecentreerd netwerk voor het coördineren van eukaryotische 
cellulaire processen in context te plaatsen. We bespreken bijvoorbeeld hoe RBR-activiteit op E2F-
TF’s, en de regulatie door CYC-CDK’s en CDK-remmers, celgrootte koppelt aan celdeling in zowel 
lagere als hogere eukaryoten. Maar in hogere eukaryoten is de activiteit van het RBR-netwerk 
ook belangrijk voor het bepalen   van de algehele orgaangrootte en vorm. Omdat de ontwikkeling 
van planten bovendien bijzonder gevoelig is voor de leefomgeving, leggen we de nadruk op de 

integratie van omgevingsfactoren door het RBR-netwerk als bijdrage aan een gecoördineerde 
reactie. Om de algemene discussie af te sluiten, bieden we experimentele perspectieven en 
stellen open vragen om te beantwoorden in de nabije toekomst van het RBR-onderzoeksveld.
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