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SUMMARY

DELLA proteins are plant-specific transcriptional regulators known to relay environmental
information to the transcriptional networks to modulate growth and development
accordingly. The view of DELLAs as signalling hubs is justified by two characteristics: first,
they control the activity of a large number of transcriptional factors (TFs) and other
transcriptional regulators through physical interaction; and, second, they are degraded by
the 26S proteasome in response to the phytohormone gibberellin (GA), whose metabolism
is very sensitive to environmental stimuli (e.g. light, temperature, salt stress). However, at
least two observations indicate that this mechanistic framework is still incomplete: (i) warm
temperature destabilizes the GA-insensitive DELLA rga-A17, indicating that DELLAs cannot
be destabilized only by changes in GA levels; and (ii) when found at the chromatin, DELLAs
are localized not only in gene promoters, but also in gene bodies, suggesting that DELLAs
may regulate transcription through interactions with proteins other than TFs. In this Thesis,
we provide evidence that shows how a different E3 ubiquitin ligase controls the stability of
DELLAs in a GA-independent manner, and how DELLAs regulate gene expression by
directly interacting with the basal transcriptional machinery. In the first chapter, using a
combination of genetic, physiological, and molecular approaches we demonstrate that
DELLAs are targeted to proteolytic degradation by the E3 ubiquitin ligase
CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1). We show that COP1 interacts
with the DELLAs GAI and RGA in vitro and in vivo, and that it promotes their
polyubiquitination. We propose that COP1 represents a major pathway to degrade DELLAs
in response to shade or to warm temperature. In the second chapter, we describe the
interaction between DELLAs and the transcription elongation complex Polymerase-
Associated Factor 1 (Paflc). We show that Paflc is required for the genome-wide
deposition of monoubiquitinated H2B (H2Bub), a mark necessary for the progression of
RNA polymerase Il (RNAPII), and that this function is largely dependent on the presence of
DELLAs. Likewise, impaired Paflc or DELLA function results in a similar alteration in the
accumulation and distribution of RNAPII in the Paflc-target genes. We propose that

DELLAs would exert this action by modulating the recruitment of Paflc to the chromatin.

These two new mechanisms underscore the importance of DELLAs as a central node in the
environmental signalling network and should be considered in any potential application of

DELLAs as biotechnological targets.






RESUMEN

Las proteinas DELLA son reguladores transcripcionales especificos de plantas que
transmiten informacion ambiental a las redes transcripcionales que modulan el crecimiento
y el desarrollo. La propuesta de que las DELLAs actian como “hubs” en redes de
senalizacion se justifica por dos razones: primero, controlan la actividad de un gran nimero
de factores de transcripcion (FTs) y otros reguladores transcripcionales mediante
interaccion fisica; y segundo, son degradadas por el proteosoma 26S en respuesta a la
fitohormona giberelina (GA), cuyo metabolismo es muy sensible a los estimulos ambientales
(p- €j. luz, temperatura, estrés salino). Sin embargo, al menos dos observaciones sugieren
que la informacion relativa a estos mecanismos no es completa: (i) las temperaturas altas
desestabilizan incluso a rga-A17, una version de DELLA insensible a GAs, lo que indica que
la estabilidad de las DELLAs no depende sélo de cambios en los niveles de GAs; y (ii) cuando
se encuentran en la cromatina, las DELLAs no solo se posicionan en los promotores, sino
también a lo largo de las regiones codificantes, lo que sugiere que las DELLAs podrian
regular la transcripcion mediante interacciones con otras proteinas diferentes a FTs. En esta
Tesis, proporcionamos evidencia sobre una nueva E3 ubicuitina ligasa que controla la
estabilidad de las DELLAs de una manera independiente a las GAs, y como las DELLA
regulan la expresion génica interaccionando directamente con la maquinaria de transcripcion
basal. En el primer capitulo, usando una combinacién de aproximaciones genéticas,
fisiologicas y moleculares, demostramos que las DELLAs son marcadas para su degradacion
proteolitica por la E3 ubicuitina ligasa CONSTITUTIVELY PHOTOMORPHOGENIC 1
(COP1). Mostramos que COP1 interacciona al menos con las DELLAs GAl y RGA in vitro
e in vivo, y que promueve su poliubicuitinacion. Proponemos que COP1 representa una via
importante de degradacion de DELLAs en respuesta a sombra y temperaturas altas. En el
segundo capitulo, describimos la interaccion entre las DELLAs y el complejo de elongacion
transcripcional Polymerase-Associated Factor 1 (Paflc). Mostramos que, como en animales,
Paflc se requiere para la deposicion a nivel genémico de la H2B monoubiquitinada (H2Bub),
una marca necesaria para la progresion de la RNA polimerasa Il (RNAPII), y que esta funcion
depende en gran medida de la presencia de DELLAs. Asimismo, la reduccion de la funcion
de las DELLAs provoca defectos equivalentes a los de la pérdida de funcién de Paflc en
cuanto a la acumulacion y distribucion de la RNAPIl en los genes diana de Paflc.
Proponemos que las DELLAs podrian por tanto regular la transcripcion modulando el

reclutamiento de Paflc a la cromatina.



Estos nuevos mecanismos inciden en la importancia de las DELLAs como nodos centrales
en las redes de senalizacion al ambiente y podrian ser considerados como dianas

biotecnolodgicas en aproximaciones futuras.



RESUM

Les proteines DELLA son reguladors transcripcionals especifics de les plantes conegudes
per transmetre informacid mediambiental a les xarxes transcripcionals per modular el
creixement i desenvolupament. La visié actual de DELLAs com a “hubs” de senyalitzacio es
justifica per dues caracteristiques: en primer lloc, controlen I'activitat d’'un gran nombre de
factors transcripcionals (FTs) i d’altres reguladors transcripcionals mitjangant la interaccié
fisica; i, en segon lloc, es degraden pel proteosoma 26S en resposta a la fitohormona
giberel.lina (GA), el metabolisme de la qual és molt sensible als estimuls ambientals (per
exemple, la llum, la temperatura, I'estrés sali). No obstant aixo, almenys dues observacions
indiquen que aquest marc mecanicista encara és incomplet: (i) la temperatura calida
desestabilitza la DELLA rga-Al7, que és insensible a GAs, indicant que les DELLA no es
desestabilitzen només per canvis en els nivells d’aquesta fitohormona; i (ii) quan es troben
a la cromatina, les DELLA no només es localitzen en els promotors dels gens, sind també a
la regid que es transcriu, cosa que suggereix que poden regular la transcripcié mitjangant
interaccions amb proteines diferents de FTs. En aquesta tesi, proporcionem evidéncies que
mostren com una ubiquitina E3 lligasa diferent controla I'estabilitat de les proteines DELLA
de manera independent de GAs, i com les DELLA regulen I'expressio génica interactuant
directament amb la maquinaria transcripcional basal. En el primer capitol, mitjangant una
combinacié d’enfocaments genétics, fisiologics i moleculars, demostrem que les DELLA
s’envien a la degradacié proteolitica mitjangant la ubiquitina E3 lligasa CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1). Mostrem que la COP1 interacciona amb els DELLA
GAI i RGA in vitro i in vivo, i que afavoreix la seva poliubiquitinacié. Proposem que COP1
representa la via principal per degradar les DELLA en resposta a I'ombra o a la temperatura
calida. Al segon capitol, es descriu la interaccié entre les DELLA i el complex d’allargament
de transcripcid Polymerase Associated Factor 1 (Paflc). Mostrem que Paflc es requereix
per a la deposicid a tot el genoma de H2B monoubiquitinada (H2Bub), una marca necessaria
per a la progressio de I'ARN Polimerasa | (RNAPII), i que aquesta funcié depén en gran part
de la preséncia de DELLA. De la mateixa manera, quan la funcié Paflc o DELLA esta
deteriorada, es produeix una alteracié similar en I'acumulacié i distribuci6 de RNAPII als
gens diana de Paflc. Proposem que les DELLA realitzen aquesta acci6 modulant el

reclutament de Paflc a la cromatina.



Aquests dos nous mecanismes posen de manifest la importancia de les proteines DELLA
com a node central de la xarxa de senyalitzacié ambiental i haurien de ser considerats en

qualsevol aplicacié potencial de DELLA com a objectius biotecnologics.
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Introduction






The plant hormones gibberellins (GA) are a class of diterpenoid acids that control major
aspects of plant growth and development, including seed dormancy and germination, root
and stem elongation, the induction of flowering, fruit development and pollen maturation
(Achard and Genschik, 2009; Daviere and Achard, 2013). The analysis of plants defective in
GA biosynthesis or perception revealed an additional role for GA in the response to both
abiotic and biotic stresses (Colebrook et al., 2014). Importantly, research of the last two
decades provides us with a good understanding of GA metabolism and signalling (Hedden
and Sponsel, 2015). In this section, we provide an overview of the GA signalling pathway,
focusing on the molecular function and the regulation of DELLA proteins, the major negative

regulators of the signalling pathway.

1. Gibberellin signalling: DELLA proteins as master regulators

The key elements of the GA signalling pathway have been identified through the isolation
and characterization of dwarf, GA-insensitive mutants in Arabidopsis and rice (Daviéere and
Achard, 2013; Minguet et al., 2014). The receptor GA-INSENSITIVE DWARF1 (GID1), the
DELLA proteins and the F-box proteins GID2 in rice and SLEEPY1 (SLY) and SNEEZY (SNZ)

in Arabidopsis constitute the core of the GA signalling cascade (Daviére and Achard, 2013).

DELLAs are the master negative elements in the GA signalling pathway in vascular plants
(Dill and Sun, 2001a; Itoh et al., 2002). These proteins belong to the plant-specific GRAS
family and act as transcriptional regulators (Silverstone et al., 2001). DELLAs are defined by
the N-terminal DELLA regulatory domain, which includes the DELLA (aspartic acid-glutamic
acid-leucine-leucine-alanine) (hence their name), the TVHYNP and the Poly
serine/threonine/valine (Poly S/T/V) conserved motifs (Fig. 1). As we will explain later, the
DELLA and TVHYNP motifs are involved in the interaction with the GA-loaded GID1
receptor, and the Poly S/T/V motif participates in the regulation of DELLAs by post-
translational modifications. The two-third C-terminal end of the protein corresponds to the
GRAS domain, which is present in all GRAS proteins and contains several conserved motifs
involved in protein-protein interactions (Fig. 1) (Vera-Sirera et al., 2016). GIBBERELLIC
ACID INSENSITIVE (GAI) was the first DELLA member cloned in Arabidopsis and its role
in GA signalling cascade was demonstrated by the characterization of the dwarf GA
insensitive-1 (gai-1) mutant (Koorneef et al., 1985; Peng et al., 1997). Although in some
species (e.g. rice, tomato or barley) there is only a single DELLA gene, Arabidopsis has five

(GAI, REPRESSOR of gal-3 [RGA], RGA-LIKEL [RGL1], RGL2 and RGL3) (lkeda et al., 2001;



Chandler et al., 2002; Jasinski et al., 2008). Interestingly, the phenotypic analysis of
Arabidopsis loss-of-function mutants in DELLA genes revealed that they are partially
redundant; for instance, GAl and RGA jointly control shoot or root growth (Dill and Sun,
2001a; King et al, 2001). Moreover, promoter-swapping experiments showed that the
biochemical activity of the different DELLAs in Arabidopsis is mostly conserved and that the
differences in the processes that they regulate is rather due to their differential expression

patterns (Gallego-Bartolomé et al., 2010).

DELLA regulatory domain GRAS functional domain

DELLA TVHYNP PolySTNV  LHR1 NLS VHID  LHR2 PFYRE SAW
ElEEE c

GID1 binding and

transactivation activity Protein-protein interactions (e.g. SLY1 and targets)

Fig. 1. Domain structure of DELLAs. Diagram showing both DELLA major domains: DELLA
regulatory and GRAS functional domains. The motifs contained in each domain and their functions
are indicated.

The GA signalling cascade begins with the perception of GA hormone by GID1 (Fig. 2)
(Ueguchi-Tanaka et al., 2005; Murase et al., 2008; Shimada et al., 2008). Interestingly, while
there is a single GID1 gene in rice, there are three orthologs in Arabidopsis (GID1A, GID1B
and GID1C) that have partially overlapping functions (Nakajima et al., 2006). The binding of
GA triggers an allosteric change in the N-terminal lid of the receptor that (i) blocks the GA
molecule in its position, and (ii) allows the interaction of the lid with the DELLA and
TVHYNP motifs of the DELLA protein (Fig. 2) (Ueguchi-Tanaka et al., 2007; Willige et al.,
2007; Murase et al., 2008; Shimada et al., 2008). The formation of GA-GID1-DELLA
complex leads to conformational changes in the GRAS domain of DELLA that allow the
recognition and subsequent interaction between the VHIID and LHR2 motifs of DELLA and
the F-box protein encoded by GID2 in rice and SLY1 in Arabidopsis (Hirano et al., 2010;
Ariizumi et al,, 2011; see Minguet et al., 2014 for a detailed review). The F-box protein is
part of the SCF (SKP1, CULLIN, RBX) E3 ubiquitin-ligase complex that ubiquitinates DELLA
to be degraded by the 26S proteasome (Fig. 2) (McGinnis et al., 2003; Sasaki et al., 2003;
Dill et al., 2004; Fu et al,, 2004). Importantly, deletion or mutation of the DELLA motif
renders a DELLA protein unable to interact with the GA-loaded GID1, resulting in a
constitutively active version that is insensitive to GA-induced degradation (Dill et al., 2001b;
Willige et al., 2007).
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A Formation of the GA-GID1-DELLA complex
\ N-ext M '
GA
° =

B Recruitment of SCFSLY1/CID2 for DELLA degradation

DELLA
degradation

Fig. 2. GA signalling mediates DELLAs degradation. This model illustrates the formation of
the GA-GID1-DELLA complex (A) and the subsequent recruitment of SCFSY'/GIP2 E3 ubiquitin
complex for DELLA degradation (B).

2. Post-translational modifications of DELLA proteins

In addition to the GA-stimulated degradation via ubiquitin-proteasome pathway, DELLA
activity or stability can be also regulated by other post-translational modifications (PTM)
(Camut et al,, 2017). Indeed, it has been proposed that some of these PTM might modulate
DELLA activity more dynamically than proteolysis in response to environmental cues (Conti

et al.,, 2014; Zentella et al., 2016, 2017; Camut et al., 2017).

Phosphorylation was the first PTM discovered for DELLAs although its relevance remains
still poorly understood (Sasaki et al., 2003; Fu et al., 2004; Gomi et al., 2004; Itoh et al.,
2005). Recent studies show that phosphorylation stabilizes DELLAs and is required for their
activity. The characterization of the rice mutant early flowering 1 (ell) indicated that EL1 is
a serine/threonine protein kinase that phosphorylates SLR1 (the rice DELLA protein) in vitro
in both the N- and C-terminus. Although the molecular mechanism is unclear, a hypothetical

model of EL1 function proposes that the phosphorylation at the C-terminal sustains SLR1
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activity, whereas the N-terminal phosphorylated form blocks the GA-mediated degradation
(Fig. 3A). Phenotypic analysis of EL1 loss-of-function mutant plants showed that e/l mutation
suppresses the dwarf phenotype of SLR1 over-expression, supporting the negative function
of EL1 in GA signalling pathway (Dai and Xue, 2010). On the other hand, although it had
been previously proposed that the degradation of DELLAs requires Ser/Thr
dephosphorylation activity (Wang et al., 2009), it was not until recently when a phosphatase
involved in GA signalling pathway was identified. Specifically, Qin et al. (2014) found that the
phosphatase TOPP4, one of the Arabidopsis orthologs of the mammalian phosphatase PP1,
promotes the GA-induced degradation of DELLAs by dephosphorylating these proteins (Fig.
3A). In agreement, the dwarf phenotype of topp4 mutant plants is associated with higher

levels of DELLA proteins.

Recent work by Tai-ping Sun’s laboratory (Duke University, USA) showed that DELLA
proteins can also be modified by O-fucosylation or O-GlcNAcylation (Zentella et al,,
2016, 2017). The O-fucosylation of DELLA is mediated by the O-fucosyltransferase
SPINDLY (SPY), whereas the O-GlcNAcylation is carried out by the O-linked N-
acetylglucosamine transferase SECRET AGENT (SEC) (Fig. 3B). Interestingly, the DELLA O-
GlIcNAcylated or O-fucosylated peptides identified by mass spectrometry are clustered in
the same regions at the N-terminus, including the Poly S/T/V motif. Genetic and biochemical
analysis allowed the authors to propose a model in which SEC-dependent O-GlcNAcylation
and SPY-dependent O-fucosylation of DELLA play opposite roles. O-GlcNAcylation by SEC
might modify DELLA conformation into a closed conformation that prevents the binding of
DELLA to its partners (e.g. BZR1, PIFs) and, therefore, their inactivation. In contrast, O-
fucosylation promotes an open conformation that it is more active, thereby enhancing the

binding of DELLA to their interacting proteins (Fig. 3B).

The conjugation of DELLAs by the ubiquitin-like protein SUMO (Small Ubiquitin-
like Modifier) was reported as a novel GA-independent mechanism to control their levels
(Conti et al, 2014). Conti and colleagues found that SUMO-conjugated DELLA binds to
GID1 receptor in a GA-independent manner, thereby blocking the GID1 access to non-
SUMOylated DELLAs (Fig. 3C). This mechanism reduces DELLA degradation and seems to
be particularly relevant under stress conditions, since it would allow an accumulation of
non-SUMOylated DELLAs able to start restraining growth even before the reduction of GA

levels.
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Fig. 3. DELLAs regulation by other PTM. (A) The EL1/TOPP4 model. The phosphorylation
mediated by EL1 (and other kinases?) stabilizes DELLAs, whereas TOPP4-mediated
dephosphorylation leads to DELLAs degradation. (B) The SPY/SEC model. SEC-dependent O-
GlcNAcylation inhibits DELLA activity whereas SPY-dependent O-fucosylation represses GA
responses by stimulating DELLA function. (C) SUMO modification. SUMO-conjugated DELLAs bind
to GID1 receptor in a GA-independent manner, thereby avoiding the degradation of non-
sumoylated DELLAs by the GA-GIDL1 signalling pathway. P refers to phosphorylation, Glc to O-
GlcNAcylation, Fuc to O-fucosylation and S to sumoylation.

Unpublished results from our laboratory, as well as results published by other labs, suggest
that DELLAs could be destabilized by a mechanism independent on GAs. First, a GA-
insensitive, truncated version of RGA lacking the DELLA and VHYNP motifs is destabilized
in cell-free degradation assays (Wang et al., 2009). Second, warm temperature caused a
reduction in levels of the GA-insensitive rga-A17 protein in the Arabidopsis hypocotyl, while
no effect on its transcript levels was observed (Alabadi and Blazquez, unpublished). And
third, the DELLA from Marchantia polymorpha (MpDELLA) is stabilized by the MG132

proteasome inhibitor (Hernandez-Garcia and Blazquez, unpublished), although active GAs



and GID1 receptors seem to be missing in this species (Bowman et al., 2017; Blazquez et
al, 2020). In Chapter 1 of this Thesis, we show that the E3 ubiquitin ligase
CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) defines this novel mechanism
controlling DELLA stability and that it is relevant for the plant to respond to warm

temperature and shade.

3. Molecular mechanisms of DELLA action

Current research on GA action is focused on the molecular mechanisms through which
DELLAs regulate transcription. These mechanisms are just beginning to be understood and,

in this section, we describe what is known so far.

The identification of PHYTOCHROME INTERACTING FACTORS (PIFs), PIF3 and PIF4, as
DELLA interactors represented a breakthrough in the field since it explained how DELLAs
can regulate transcription (De Lucas et al., 2008; Feng et al., 2008). This work showed by
chromatin immunoprecipitation (ChIP) and transactivation assays that the DNA binding
ability of these transcription factors (TFs) was blocked upon interaction with the DELLA
proteins (Fig. 4A). Since then, an ever-increasing number of TFs that are inhibited upon
interaction with DELLA has been identified, indicating that this sequestration
mechanism is quite extended (see Daviére and Achard, 2016; Vera-Sirera et al., 2016 and
Thomas et al., 2018 for detailed reviews). For instance, this is the case of the interaction
with the brassinoesteroids signalling element BRASSINAZOLE-RESISTANTE1 (BZR1)
(Gallego-Bartolomé et al., 2012; Bai et al., 2012; Li et al., 2012), with the positive regulators
of the ethylene-signalling pathway ETHYLENE INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1)
(An et al.,, 2012), with the trichome regulators GLABRA1 (GL1), GLABRA3 (GL3) and
ENHANCER of GLABRA3 (EGL3) (Qi et al., 2014), with the cell cycle regulators TCP14/15
(Daviére et al., 2014; Resentini et al,, 2015) or with the positive regulator of vascular

development KNAT1/BREVIPEDICELLUS (BP) (Felipo-Benavent et al., 2018).

This role of DELLAs regulating transcription while staying away from the chromatin is also
manifested through interactions with non-DNA-binding transcriptional regulators that
indirectly influence TFs activity, or with components of the chromatin remodelling
machinery. For instance, DELLAs interact with and inhibit the negative regulator of jasmonic
acid (JA) signalling JASMONATE-ZIM-DOMAIN1 (JAZ1). DELLA-JAZ1 binding releases the
bHLH TF MYC2, promoting JA signalling (Fig. 4B) (Hou et al,, 2010). Regarding chromatin
remodelling machinery, it was reported that DELLAs interact with SWITCH SUBUNIT3C
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(SWI3C) to regulate GA biosynthesis (Sarnowska et al., 2013) and PICKLE (PKL) to control
skotomorphogenesis (Zhang et al, 2014). The latter interaction inhibits the PKL-PIF3

binding, reducing the repressive histone mark H3K27me3 on cell elongation-related genes

(Fig. 4C).
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Fig. 4. Molecular mechanisms of DELLA activity. (A) DELLAs block the DNA binding activity
of TFs (e.g. PIF4). (B) DELLAs sequester a repressor of a TF. For example, DELLA-JAZ1 interaction
facilitates the activity of MYC2 TF. (C) DELLAs prevent the recruitment of the chromatin
remodeler PKL to the promoter of its target genes. DELLA-PKL interaction avoids the decrease
of the repressive mark H3K27me3 mediated by PKL and subsequently the expression of genes
promoting cell elongation. (D) DELLAs act as co-activators at the target loci. In all cases, the effect
of DELLAs in transcription is indicated.

Further insight into the mechanisms of DELLA action has been gained from recent studies
characterising the interactions between DELLAs and GAI-ASSOCIATED FACTOR
1(GAF1)/IDD2, ABSCISIC ACID INSENSITIVE 3 (ABI3)/ABI5 and ARABIDOPSIS type B
RESPONSE REGULATORL1 (ARR1) (Lim et al., 2013; Fukazawa et al., 2014; Marin-de la

Rosa et al., 2015). In all these cases, DELLAs are recruited to the target promoters to act



as transcriptional co-activators (Fig. 4D). Thus, DELLA-GAF1, ABI3/5 and ARRL are
physiological relevant to control the expression of genes involved in GA biosynthesis,
germination and root growth and de-etiolation processes, respectively. Importantly, this
transactivation mechanism is not a marginal mechanism of DELLAs action since ChlIP-
seq analyses have demonstrated that RGA sits in the promoters of more than 2.800 genes
(Marin-de la Rosa et al.,, 2015; Serrano-Mislata et al., 2017). Interestingly, the transactivation
activity resides at the N-terminal DELLA domain and seems to be conserved in nonvascular

land plants (Hirano et al., 2012; Hernandez-Garcia et al., 2019).

Both sequestration and transactivation mechanisms involve genome-wide transcriptional
control. However, our laboratory uncovered a non-genomic role for DELLA in the
regulation of cortical microtubule organization (Fig. 5) (Locascio et al., 2013). Specifically,
Locascio and colleagues reported that DELLAs physically interact with the prefoldin
complex (PFDc) in the nucleus. The localization of PFDc in the nucleus compromises its
role as co-chaperone of the main cytosolic chaperone, CTT, in the folding of actins and
tubulins (Vainberg et al., 1998). Consequently, the availability of tubulin is reduced in the
absence of GA, affecting microtubule organization and therefore preventing anisotropic cell

elongation.

The DELLA-dependent localization of PFDc in the nucleus opens the intriguing possibility
that DELLAs regulate gene expression also through a mechanism that is different to the
interaction with DNA-binding TFs. This possibility is based on the observation that the PFDc
subunit PFD4 performs a role in the nucleus in the regulation of cold acclimation by
promoting nuclear proteasome-mediated ELONGATED HYPOCOTYL 5 (HY5)
degradation that is fully dependent on DELLAs (Perea-Resa et al, 2017). It is worth
mentioning that ongoing projects in our laboratory are challenging the hypothesis of DELLA-
PFDc working together in the control of (i) chromatin remodeling through modulating the
activity of SWR1 complex that changes the canonical histone 2A (H2A) by the variant
H2A.Z (Kumar and Wigge, 2010; Mari-Carmona et al, unpublished) and, (iij) pre-mRNA
splicing by maintaining the proper levels of the Sm-like protein LSM8 (Esteve-Bruna et al,

unpublished).
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Fig. 5. A non-genomic role of DELLAs. DELLAs directly interact and hold the PFD complex
in the nucleus in the absence of GA. Higher GA levels provoke the destruction of DELLAs, so that
PFD functions as co-chaperone in the cytosol to produce active tubulin dimers that are necessary
for cell expansion. PFD in the nucleus might also mediate genomic effects of DELLAs though a
novel mechanism different to those shown in Fig. 4.

Are these the only mechanisms through which DELLAs regulate gene expression? Two
observations lead us to the hypothesis that DELLAs regulate transcription elongation: (1)
the presence of DELLAs not only in the promoters, but also in gene bodies (Marin-de la
Rosa et al., 2015; Serrano-Mislata et al., 2017); and (2) the identification of ELF7, a member
of the transcription elongation complex Polymerase-Associated Factor 1 (Paflc), as DELLA
interactor. Results presented in Chapter 2 indicate that DELLAs regulate the recruitment

of ELF7 to the chromatin to control transcriptional regulation mediated by RNAPII.
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Gibberellin(GA)-dependent regulation of DELLA levels and the modulation of transcription
factor activity by direct interaction with DELLAs provide a good mechanistic framework to
understand how DELLAs mediate environmental regulation of transcriptional programs.
However, different observations summarized in the Introduction (e.g., the temperature-
dependent changes in the protein levels of GA-insensitive DELLA alleles, and the presence
of DELLAs in gene bodies) led us to investigate additional mechanisms of DELLA protein
regulation and activity in Arabidopsis. Therefore, the two specific objectives pursued in this

Thesis are:

1. Unveiling the mechanism that destabilizes DELLA independently of
GAs. We hypothesize that DELLA levels might be controlled by the E3 ubiquitin
ligase COP1, and that this regulation could be relevant in particular growth

conditions.

2. Identifying the molecular mechanisms by which DELLAs may regulate
gene expression beyond the modulation of the transcription factor
activity. We hypothesize that DELLAs regulate the activity of the basal
transcriptional machinery and that this mechanism could involve the interaction of

DELLAs with the Pafl complex.
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Chapter 1

COP1 destabilizes DELLA
proteins in Arabidopsis
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DELLA transcriptional regulators are central components in the control of plant growth
responses to the environment. This is considered to be mediated by changes in the
metabolism of the hormones gibberellins (GAs), which promote the degradation of
DELLAs. However, here we show that warm temperature or shade reduced the stability
of a GA-insensitive DELLA allele in Arabidopsis thaliana. Furthermore, the degradation of
DELLA induced by the warmth preceded changes in GA levels and depended on the E3
ubiquitin ligase CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1). COP1
enhanced the degradation of normal and GA-insensitive DELLA alleles when co-
expressed in Nicotiana benthamiana. DELLA proteins physically interacted with COP1 in
yeast, mammalian and plant cells. This interaction was enhanced by the COP1 complex
partner SUPRESSOR OF phyA-105 1 (SPA1). The level of ubiquitination of DELLA was
enhanced by COP1 and COP1 ubiquitinated DELLA proteins in vitro. We propose that
DELLAs are destabilized not only by the canonical GA-dependent pathway but also by
COP1 and that this control is relevant for growth responses to shade and warm
temperature.



1. Introduction

A plant can adopt markedly different morphologies depending on the environment it has to
cope with. This plastic behaviour relies on highly interconnected signalling pathways, which
offer multiple points of control (Casal et al., 2004). Light and temperature are among the
most influential variables of the environment in plant life. For instance, light cues from
neighbouring vegetation as well as elevated ambient temperature (e.g. 28 °C) enhance the
growth of the hypocotyl (among other responses) respectively to avoid shade (Casal, 2013)

and enhance cooling (Quint et al., 2016).

Several features place DELLA proteins as central elements in environmental responses
(Claeys et al., 2014). First, DELLAs are nuclear-localized proteins that interact with multiple
transcription factors and modulate their activity (Van De Velde et al., 2017). Second, they
are negative elements in the gibberellin (GA) signalling pathway and their stability is severely
diminished upon recognition of their N-terminal domain by the GA-activated GIBBERELLIN
INSENSITIVEL (GID1) receptor, which recruits the SCF*-"“®2 complex to promote their
ubiquitination-dependent degradation by the proteasome (Sun, 2011). Third, GA
metabolism is tightly regulated by the environment, for instance, shade and warm

temperature induce GA accumulation (Alabadi and Blazquez, 2009; Quint et al., 2016).

DELLA levels increase during seedlings de-etiolation or cold exposure and promote
transcriptional changes associated with photomorphogenesis or with the adaptation to low
temperatures, respectively (Achard et al., 2007; Alabadi et al., 2008; Lantzouni et al., 2020).
On the contrary, they decrease during the night and in response to shade inflicted by
neighbour plants or to warm ambient temperature, allowing the promotion of hypocotyl
and/or petiole elongation by transcription factors such as PHYTOCHROME
INTERACTING FACTOR4 (Djakovic-Petrovic et al., 2007; De Lucas et al., 2008; Stavang
et al,, 2009; Arana et al,, 2011). Interestingly, the role of DELLAs in all these processes is
the opposite to that of CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1), another
central regulator of light and temperature responses. COP1 is an E3 ubiquitin ligase that
promotes proteasome-dependent degradation of a number of transcription factors involved
in light and temperature signalling. COP1 becomes inactivated by light perceived by
phytochromes and cryptochromes and by low to moderate temperature (4 °C to 23 °C)
(Liu et al,, 2011; Lian et al., 2011; Catala et al,, 2011; Lu et al., 2015; Sheerin et al., 2015;
Park et al., 2017b) and requires the activity of the SUPRESSOR OF phyA-105 proteins (SPA1

to 4 in Arabidopsis) to be active in vivo (Hoecker, 2017). Here we show the direct physical
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interaction between DELLAs and COP1/SPA1l complex and propose a mechanism of

regulation of DELLA stability different from the canonical GA signalling pathway.

2. Results

Warm temperature or shade decrease the abundance of a GA-insensitive

DELLA protein.

Warm temperatures (28 °C hereafter) or shade decrease the abundance of the DELLA
protein REPRESSOR OF gal-3 (RGA) (Fig. 1A, Fig. S1A) (Djakovic-Petrovic et al., 2007; De
Lucas et al., 2008; Stavang et al., 2009; Arana et al., 2011). Two observations indicate that
changes in GA cannot fully account for these reductions. First, increasing doses of the GA-
inhibitor paclobutrazol (PAC) elevated RGA nuclear abundance observed by confocal
microscopy in a pRGA:GFP-RGA line (Silverstone et al., 2001), but the reductions caused by
shade or warmth persisted even under saturating levels of the inhibitor (Fig. 1A, Fig. S2A).
Second, warm temperature or shade reduced the levels of rga-Al7, a mutant version of
RGA that is fully insensitive to GA, in the pRGA:GFP-(rga-A17) line (Fig. 1B and C, Fig. S1A
and S2B) (Dill et al,, 2001). Changes in RGA transcript levels do not mediate the altered
RGA abundance in response to shade (Djakovic-Petrovic et al., 2007) or warm temperature
(Fig. S1B). Importantly, treatment with the inhibitor of the 26S proteasome MG132 fully
impaired changes in RGA abundance (Fig. 2A). Altogether, these results suggest the

existence of a non-canonical pathway of DELLA degradation.

COP1 affects RGA levels in response to shade and warmth.

RGA levels are elevated in copl-4 seedlings (Cagnola et al., 2018). Compared to light at
moderate temperature, darkness, or 2 to 8 h of shade or warm temperature increased the
nuclear abundance of COP1 (Pacin et al., 2014, 2013; Park et al,, 2017b) in a 35S:YFP-COP1
copl-4 line (Oravecz et al., 2006), while reducing RGA levels (Djakovic-Petrovic et al., 2007;
Achard et al., 2007; Stavang et al., 2009) (Fig. 1D and E). The light-induced increase in RGA
showed wild-type kinetics in the cop1-4 seedlings (note parallel curves), suggesting that this
change is driven by a COP1-independent light-induced down-regulation of GA biosynthesis
(Gil and Garcia-Martinez, 2000; Zhao et al., 2007; Achard et al., 2007; Alabadi et al., 2008).
Conversely, copl-4 seedlings grown in the light at moderate temperature (20 °C) and
transferred either to shade at the same temperature or to light at 28 °C, showed a markedly

delayed decrease in GFP-RGA (Fig. 1E).
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Fig. 1. COP1 regulates RGA levels in Arabidopsis hypocotyls in response to shade and
warmth. (A) GFP-RGA levels respond to shade and warmth in the absence of GA synthesis. We
incubated the seedlings with the indicated doses of PAC for 8 h, before exposure to shade or 28
°C for 4 h. (B) GFP-(rga-A17) is insensitive to GA-induced degradation. Seedlings of pRGA:GFP-RGA
and pRGA:GFP-(rga-A17) lines were mock-treated or treated with 3 pM GA4 for 4 h. (C) Shade or
warmth reduce GFP-(rga-A17) levels in a COP1-dependent-manner. Seedlings were exposed to
the treatment for 3 days. (D-E) Dynamics of nuclear accumulation of YFP-COP1 (D) in the wild-
type and of GFP-RGA (E) in the wild-type (circles) and cop1-4 mutants (triangles) after the transfer
from darkness to light (white symbols), light to shade (green symbols), and 20 °C to 28 °C (red
symbols). (F) Time course of GA4 levels in wild-type and cop1-4 seedlings before (time =0 h) and
after transfer to 28 °C (the inset shows an extended time-course). (G) Time course of nuclear
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levels of GFP-RGA in wild-type and copl-4 seedlings before (time =0 h) and after transfer to 28
°C. (H) The reduction of GFP-RGA levels in response to 28 °C is reversible, unaffected by a
saturating dose of PAC and dependent on COP1. Seedlings of pRGA:GFP-RGA in the wild-type and
copl-4 backgrounds were returned to 20 °C after 3 h-treatment of 28 °C. We incubated the
seedlings with PAC for 8 h before exposure to 28 °C. Confocal data (A-E, G and H) show the
normalized fluorescence intensity (NFI) in nuclei (NFI= 1 in the wild-type seedling control, and in
B in the wild-type RGA control). For representative images, see D-E (8 h time point) and Fig. S2A
and B. Confocal microscopy data are means and SE of 5-10 (A), 6-9 (B), 6-14 (C), 18 (D-E), 6-13
(G) and 18 (H) seedlings (a minimum of 10 and up to 50 nuclei were averaged per seedling
replicate). GA4 data are means and SE of three independent biological replicates. In A-C and G, we
indicate the significance of the differences with the control condition (B also shows the difference
between genotypes) in Student’s t test or ANOVA followed by Bonferroni tests. In E-G we indicate
the significance of the term accounting for the interaction (int) between condition (light,
temperature) and genotype (wild type, copl) in multiple regression analysis. In H, we indicate the
significance of the comparison with the preceding bar in ANOVA followed by Bonferroni tests. * P
< 0.05, ¥* P < 0.01, *** P < 0.005; ns, non-significant.

Changes in RGA abundance precede changes in GA.

GA\ levels were unaffected by transferring the seedlings from 20 °C to 28 °C for 1 h (Fig.
1F), whilst 10 min of warm temperature were enough to induce significant nuclear
accumulation of COP1 (Fig. S2C) and decrease GFP-RGA levels in a COP1-dependent
manner (Fig. 1G). These results indicate that rapid warmth-induced degradation of RGA

requires COP1 and precedes changes in GA.

Relative contribution of each pathway.

GA levels did increase after 2 h of warm temperature (Fig. 1F, inset). However, two
observations indicate a negligible contribution of these changes in GA levels to the reduced
GFP-RGA abundance in response to warmth. First, we observed no significant decreases in
GFP-RGA between 1 and 3 h at 28 °C (i.e.,, concomitantly with the increase in GA) (Fig.
1H), despite the fact that GFP-RGA responds to exogenously applied GA in less than 15
min (Silverstone et al., 2001). Second, application of a saturating dose of PAC to block GA
synthesis significantly increased GFP-RGA levels but resulted in a parallel kinetics in
response to warm temperature (Fig. 1H). GFP-RGA levels increased rapidly after returning
the seedlings from 28 °C to 20 °C, a response also observed in the presence of PAC (Fig.
1H). cop1-4 showed reduced levels of GA4 but retained some GA4 response to temperature
(P < 0.05, Fig. 1F, inset), which may have contributed to residual GFP-RGA degradation
observed in this mutant beyond 4 h of shade or warmth (P < 0.05, Fig. 1E). Similarly, the
copl mutation lowers GA levels in pea without eliminating their response to light (Weller

et al,, 2009). Taken together, these observations indicate that changes in GA have no major
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direct contribution to the rapid changes in RGA abundance, because when GA levels are
elevated, COP1 has already induced RGA decay. However, the canonical GA pathway
would make an indirect contribution to the rapid changes, setting basal RGA levels within a
range where the system becomes sensitive to COPL. In fact, although shade and warmth
did reduce GFP-(rga-A17) levels (Fig. 1C, Fig. S2B), these effects were not rapid (Fig. S2D
and E). Similarly, warm temperature does not provoke rapid changes in RGA levels in the

GA-deficient mutant gal (Stavang et al., 2009).

COP1 promotes degradation of a GA-insensitive DELLA protein.

The fact that warm temperature or shade failed to reduce the nuclear abundance of RGA
or rga-Al7 in the copl-4 mutant (Fig. 1C, E, G, H and 2A) and that these changes are
dependent on the 26S proteasome (Fig. 2A), suggests that COP1 promotes DELLA
degradation. We first tested this possibility in transient expression assays in Nicotiana
benthamiana leaves. Co-expression of COP1 caused 26S proteasome-dependent decrease
of HA-RGA and HA-(rga-A17) in leaves of long-day grown N. benthamiana plants, while it
had no impact on levels of the unrelated protein HA-GFP (Fig. 2B and C). Warm
temperature decreased HA-(rga-A17) in a COP1-mediated manner (Fig. S3). This suggests

that COP1 mediates the destabilization of RGA by non-canonical mechanisms.

COP1 interacts physically with GAl and RGA in yeast.

To explore if COP1 mediates RGA degradation by non-canonical mechanisms, we
investigated whether COP1 physically interacts with DELLA proteins. We performed yeast
two-hybrid (Y2H) assays between COP1 and the two DELLAs with a major role in light-
and temperature-dependent growth, RGA and GIBBERELLIC ACID INSENSITIVE (GAI)
(Alabadi et al., 2004; Stavang et al., 2009; Arana et al., 2011). To avoid the reported strong
auto-activation of full-length DELLAs in yeast, we used previously established variants with
deletions of the N-terminus named M5GAI and RGA52 (De Lucas et al., 2008; Gallego-
Bartolomé et al,, 2012). COP1 was able to interact with both (Fig. 3A). SUPRESSOR OF
phyA-105 1 (SPA1) and other SPA proteins involved in a functional complex with COP1
(Hoecker and Quail, 2001; Hoecker, 2017) were also able to interact with GAIl and RGA
in Y2H assays (Fig. 3B).
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COP1 interacts with GAI and RGA in planta.

To investigate whether the interaction between DELLAs and COP1 also occurs in plant
cells, we first performed co-immunoprecipitation assays in leaves of N. benthamiana co-
expressing DsRED-COP1-HA and YFP-M5GAI or YFP-RGA52. While DsRED-COP1-HA
was pulled down by anti-GFP antibodies from leaf extracts co-expressing YFP-M5GAI and
the interaction appeared to be enhanced in the presence of c-myc-SPA1, the DsRED-COP1-
HA and YFP-RGAS2 interaction was only observed when the three proteins were co-
expressed (Fig. 3C). c-myc-SPA1 was also specifically co-immunoprecipitated with YFP-
M5GAI (Fig. 3C). These results suggest that SPA1 enhances the interaction between COP1
and DELLA proteins. Consistent with this idea, we observed re-localization of YFP-GAI,
YFP-RGA, and RGA52-YFP to nuclear bodies co-occupied by DsRED-COP1-HA in the
presence of c-myc-SPAL (Fig. 3D, Fig. S4A).

COP1/SPAL forms a ternary complex with DELLA.

The formation of a ternary complex was evidenced by bimolecular fluorescence
complementation (BiFC) assays in leaves of N. benthamiana, in which the co-localization of
signals from mRFP-SPA1 and the reconstituted YFP, due to the interaction between YFC-
DELLAs and YFN-COP1, was evident in nuclear bodies (Fig. 3E, Fig. S4B). Similarly, YFP
signal in nuclear bodies was observed by co-expressing c-myc-SPAL (Fig. S4C). However,
no YFP fluorescence was detected in the absence of SPAL1 or when YFC was fused to
Del2GAl, a truncated version of GAI that does not interact with SPA1 (Fig. 3E, Fig. S4B-E).
As expected, mRFP-SPA1 was recruited to nuclear bodies when co-expressed with YFN-

COP1 (Fig. 3E, Fig. S4B) (Seo et al., 2003).

To quantify the interaction between GAl or RGA and the COP1-SPAl complex we
expressed these proteins tagged to fluorescent reporters in mammalian cells. This
orthogonal system allows to perform such studies with the components of interest, in the
absence of other plant proteins that might interfere with the evaluation. The fluorescence
from DELLA-mCherry fusions in the cytosol and nucleus was relatively homogeneous when
either GAIl or RGA were expressed alone (Fig. 3F; note the ratio of fluorescence between
different nuclear regions close to 1 in Fig. 3G). However, the ratio between DELLA

fluorescence inside / outside the speckle-like structures formed in the nucleus by the COP1-
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(C) Co-immunoprecipitation assays showing interactions in planta. YFP-M5GAI and YFP-RGA52
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specific band, respectively. (D) YFP-GAI and YFP-RGA co-localize with DsRED-COP1-HA in
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leaves of N. benthamiana and observed by confocal microscopy. One representative nucleus is
shown. (E) BiFC assay showing that COP1 and SPA1 form a complex with M5GAIl or RGA52 in
nuclear bodies. The indicated proteins were expressed in leaves of N. benthamiana and observed
by confocal microscopy. One representative nucleus is shown. (F) Representative HEK-293T
cells co-transfected with with mVenus-COP1, NLS-mCerulean-SPA1 and either GAI-mCherry
or RGA-mCherry. Scale bar represents 10 um. The arrowheads point to two representative
speckles co-occupied by DELLAs, SPA1 and COP1. (G) Fluorescence intensities of GAI-
mCherry and RGA-mCherry in control cells and in cells co-expressing mVenus-COP1 and
mCerulean-SPA1-NLS from 10-13 transfected cells. Asterisks indicate that the difference is
statistically significant with the control condition (Student’s t test, **** P < 0.0001).

SPA1 complex was above 1 (Fig. 3F and G, Fig. S5), suggesting that the COP1-SPA1 complex
drags RGA and GAI to the speckles by physical interaction. Taken together, these

observations demonstrate that the COP1-SPA1 complex interacts with DELLA proteins.

COP1 ubiquitinates GAIl and RGA in vitro.

In vivo levels of ubiquitinated GFP-RGA were enhanced by over-expression of COP1 (Fig.
S6). To test whether this is the result of the direct interaction between COP1 and DELLA:s,
we performed an in vitro ubiquitination assay using recombinant MBP-COP1 and 6xHis-
M5GAI or 6xHis-RGA52. A slow-migrating band corresponding to the size of Ub-6xHis-
M5GAI or Ub-6xHis-RGA52 was observed only when MBP-COP1 and the E2 enzyme were
included in the assays (Fig. 4A and B). The delayed band did not appear, however, when
Zn* ions, which are required for the proper arrangement of the RING domain of E3
ubiquitin ligases like COP1 (Von Arnim and Deng, 1993), were excluded from the reaction
mixtures (Fig. 4A and B). To confirm that the slow migration of 6xHis-M5GAI and 6xHis-
RGADS52 is due to ubiquitination, we repeated the assay for 6xHis-M5GAl in the presence of
HA-tagged ubiquitin. We detected low-migrating bands in the immunoblot with anti-GAl
antibody when free ubiquitin was included in the assay, which were further upshifted when
we used the HA-tagged version of ubiquitin instead (Fig. 4C). This result indicates that

M5GAI and RGADS?2 are targets of the E3 ubiquitin ligase activity of COPL1 in vitro.

COP1 controls hypocotyl elongation in a DELLA-dependent manner.

The growth phenotypes caused by GA deficiency or copl mutations in the dark (Deng et
al, 1991; Von Arnim and Deng, 1993; Hoecker and Quail, 2001; Alabadi et al., 2004;
Gallego-Bartolomé et al., 2012), in response to light cues from neighbors (Djakovic-Petrovic
et al.,, 2007; Pacin et al,, 2013) or to warm temperature (Stavang et al., 2009; Delker et al.,
2014; Park et al,, 2017b) are very similar. To determine the physiological relevance of the
regulation of DELLA levels by COP1, we studied how mutations at COP1 and DELLA genes
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Fig. 4. COP1 ubiquitinates GAl and RGA. (A, B) 6xHis-M5GAI (A) and 6xHis-RGA52 (B)
ubiquitination assay using recombinant MBP-COP1, rice E2 and unmodified ubiquitin. (C) 6xHis-
M5GAI ubiquitination assay using unmodified and HA-tagged ubiquitin. Modified and unmodified
6xHis-M5GAIl and 6xHis-RGA52 were detected with anti-GAIl and anti-6xHis antibodies,
respectively.

and GA-treatments impact on the hypocotyl growth rate of dark-grown seedlings
transferred to light at 20 °C (de-etiolation) as well as light-grown seedlings transferred to
shaded or warm environments. Noteworthy, the patterns differed between the first case,
where DELLA levels build up, and the other two cases, where DELLA levels decrease (Fig.
1E). In fact, during de-etiolation, growth in the presence of 5 yM GA4 promoted the rate of
hypocotyl elongation in seedlings transferred to the light but not in seedlings that remained
in the dark, suggesting that endogenous GA levels are not limiting in darkness (Fig. 5). As
expected, the copl mutants showed reduced growth in darkness; however, they retained a
significant growth response to light. This response was only marginally enhanced by adding
GA; or by the gai-td1 and rga-29 (Cagnola et al., 2018) mutations of DELLA genes. In other
words, during de-etiolation, the rapid inactivation of COP1 does not appear to be rate
limiting for the RGA accumulation (Fig. 1E) or the growth inhibition (Fig. 5) responses.
Addition of 5 yM GA4 promoted growth in light-grown seedlings transferred to shade or

to warm temperature (Fig. 5), suggesting that GA signalling is limiting under those
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conditions. The copl-4 and copl-6 mutants failed to respond to shade

or warm

temperatures, but the responses were restored both the application of GAs and by the

presence of mutations of both DELLA genes. This indicates that the responses were limited

by the elevated levels of DELLAs in copl and reducing the DELLA pool either genetically or

by the GA treatment was enough to rescue the copl phenotype.
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Fig. 5. COP1 regulates the rate of hypocotyl elongation in response to shade and warm
temperature in a DELLA-dependent manner. Bars indicate the hypocotyl growth rate of
seedlings of the indicated genotypes during de-etiolation or after transfer to shade or 28 °C
measured over a period of 9 h. Where indicated, seedlings were germinated and grown in the
presence of 5 uM GA4. Values correspond to the mean and SE of 8 (light treatments) or 24
(temperature treatments) replicate boxes; 10 seedlings were averaged per box replicate. Asterisks
indicate that the difference is statistically significant with the control condition (Student’s t test, * P

< 0.05, ¥ P < 0.01, ¥* P < 0.005; ns, non-significant).
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3. Discussion

The results presented here establish a functional link between DELLA proteins and COP1,
two of the major hubs in the control of plant architecture. The growth of the hypocotyl of
Avrabidopsis shifted from light at moderate temperatures to either warm or shade conditions
requires COP1 only if DELLA proteins are present (Fig. 5). These environmental cues
reduce phyB activity (Casal, 2013; Legris et al., 2016; Jung et al., 2016) and enhance COP1
nuclear abundance (Fig. 1D), while reducing the levels of RGA in a COP1-dependent manner
(Fig. 1E). COP1 does not simply reduce DELLA protein abundance by increasing GA levels.
First, COP1 migrates to the nucleus and mediates RGA degradation in response to warm
temperature well before increasing GA levels (Fig. 1F-H, Fig. S2C). Similarly, simulated shade
takes more than 4 h to modify GA levels (Bou-Torrent et al., 2014) whilst already causing
large COP1-mediated effects on RGA at 2 h (Fig. 1E). Second, warm temperature or shade
reduce the abundance of RGA in the presence of saturating levels of a GA synthesis inhibitor
(Fig. 1A). Third, warm temperature or shade reduce the abundance of the mutant protein
rga-A17, which cannot be recognized by GID1 (Willige et al., 2007) and is fully insensitive
to GA (Fig. 1B and C, Fig. S2). The latter effects require COP1, providing evidence for a
branch of COP1 action on DELLA that does not involve activating the canonical GA/GID1

pathway.

COP1 effects on RGA and rga-A17 depend on the 26S proteasome (Fig. 2). Taking into
account the well-established role of COP1 in E3-ligase complexes that ubiquitinate and
target to proteasomal degradation proteins involved in environmental signalling (Lau and
Deng, 2012), the simplest interpretation of the above observations is that COP1 directly
regulates DELLA protein stability. Different results lend support to this hypothesis. First,
RGA and GAl interact with COP1 and its complex partner SPAL in yeast (Fig. 3A and B)
and in planta (Fig. 3C). Second, COP1, SPA1 and GAI or RGA form a tertiary complex in
mammalian and plant cells, and this complex is present in nuclear bodies (Fig. 3D-G, Fig.
S4A-C and Fig. S5). Third, COP1 ubiquitinates RGA and GAl in vitro (Fig. 4) and the levels
of ubiquitinated RGA in vivo are enhanced by COP1 (Fig. S6).

Tight regulation of abundance is a common feature of proteins that act as signalling hubs in
mammals (Love and Grossman, 2012) and in yeast (Batada et al., 2006). Post-translational
modifications (Conti et al., 2014; Zentella et al,, 2016, 2017) and interaction with other
transcriptional regulators (Yang et al., 2012; Crocco et al., 2015) modulate DELLA activity.

However, the mechanism reported here is unique. In contrast to previously reported modes
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of regulation of DELLA abundance, which converge to control its stability via GA/GID1, the
rapid COP1-mediated regulation occurs by a mechanism that acts in parallel to the canonical

GA/GID1 pathway.

COP1 might represent an ancient regulatory mechanism of control of DELLA levels,
preceding the acquisition of the GA/GID1 system because the GA/GID1 system appears in
lycophytes (Yasumura et al., 2007), whilst orthologs of COP1 and DELLA proteins are
already present in the genome of the liverwort Marchantia polymorpha (Bowman et al,,
2017). However, in Arabidopsis, these two pathways appear to operate in concert. Blocking
GA synthesis with PAC reveals that the canonical pathway makes a negligible direct
contribution to the rapid changes in RGA abundance in response to warmth or shade (Fig.
1A and H), simply because by the time GA levels increase, the COP1 pathway has already
acted (Fig. 1F and G, Fig. S2C). However, the GA-pathway has a large effect in a
developmental time scale, as demonstrated by the massive accumulation of RGA in the GA-
deficient mutant gal (Silverstone et al., 2001; Stavang et al., 2009) or the GA-insensitive
version rga-Al17 (Fig. 1B) (Dill et al,, 2001). Although rga-A17 retains the COP1-mediated
response (Fig. 1C, Fig. S2B), this effect is no longer rapid (Fig. S2D and E), consistently with
the lack of rapid changes in RGA levels in response to warmth in the gal mutant (Stavang
et al,, 2009). This indicates that the GA-pathway sets the sensitivity to the COP1 pathway.
Co-existence of the COP1- and GA-dependent regulation would provide the advantage of

a faster and tunable adjustment to the suddenly fluctuating cues of the natural environment.

4. Material and methods

Plant material.

Mutants and transgenic lines used in this study that have been described previously: cop1-4
(Deng and Quail, 1992), cop1-6 (McNellis et al., 1994), gai-td1 (Plackett et al., 2014), rga-29
(Park et al., 2017a), cop1-4 gai-td1 rga-29 (Cagnola et al., 2018), pRGA:GFP-RGA (Silverstone
et al., 2001), pRGA:GFP-RGA cop1-4 (Cagnola et al., 2018), 35S:YFP-COP1 cop1-4 (Oravecz et
al., 2006), pRGA:GFP-(rga-A17) (Dill et al., 2001) and 35S:TAP-COP1 (Rubsio et al., 2005). The
pRGA:GFP-(rga-A17) cop1-4 line and the 355:TAP-COP1 pRGA:GFP-RGA double transgenic was

prepared by genetic crosses.
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Confocal microscopy in Arabidopsis.

Seeds were sown in 0.8% agar/water and stratified at 4 °C and darkness for 3-5 days. For
the de-etiolation experiments, germination was induced with a 2 h-light treatment. For
confocal imaging during de-etiolation, seedlings were grown in darkness for three days and
were treated on the fourth day with white light (100 pmol m? s, red/far-red=1). For shade
treatment, 1 day after seed germination, seedlings were grown for 2 days under a 10 h
light:14 h dark photoperiod (white light 100 umol m? s, red:far-red= 1). One hour after
the beginning of the third day seedlings were shaded with two green filters (LEE #089)
following our established protocol in previous shade experiments (Pacin et al,, 2013). For
the temperature treatment, seedlings were grown for three days at 20 °C in continuous
white fluorescent light (25 pymol m? s1). The fourth day plants were transferred to a
chamber at 28 °C with the same lighting conditions, following our established protocol in
previous temperature experiments (Stavang et al, 2009). When indicated, either
paclobutrazol (a GA biosynthesis inhibitor; final concentration 0.1, 1, 10 or 100 pyM) or
MG132 (final concentration 100 uM) were respectively added 8 h or 3 h before starting the
application of the 28 °C or shade treatments, and confocal fluorescence images of pRGA:GFP-
RGA were taken 4 h after the application of these treatments. In kinetics experiments,
confocal fluorescence images of 35S:YFP-COP1 cop1-4 and of pRGA:GFP-RGA in the wild-type
and copl-4 backgrounds were taken at the indicated exposures to the treatments. In
experiments including the pRGA:GFP-(rga-A17) line, all confocal fluorescence images were
taken after 3 days of treatment because saturating levels of the GFP-(rga-A17) fluorescence
signal precluded the detection of fast changes. In some of the experiments including the
pRGA:GFP-(rga-A17) line, GA4 (final concentration 3 uM) was applied to seedlings grown at
20 °C in continuous white fluorescent light (25 pmol m™ s1). Confocal fluorescence was
obtained with an LSM 5 Pascal Zeiss microscope with a water-immersion objective lens (C—
Apochromat 40X/1.2; Zeiss). GFP/YFP were excited with an Argon laser (488nm) and
fluorescence was detected at 505-530 nm. Fluorescence intensity was measured using
Image). Images were taken from the epidermis and first sub-epidermal cell layers in the
upper third part of the hypocotyl. Each fluorescence intensity value in a given sample was
normalized by the average fluorescence in that particular sample. In the figures where shade
and 28 °C conditions are compared to a control, data were further normalized to the
corresponding control condition. Chloroplasts autofluorescence was detected between 675

and 760 nm.
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Western analysis of GFP-RGA and GFP-(rga-A17).

To detect the GFP fusions in hypocotyls, seedlings of wild-type Ler, pRGA:GFP-RGA, and
pPRGA:GFP-(rga-A17) were grown for seven days in continuous white fluorescent light (25
umol m?s1) at 20 °C or 28 °C. Hypocotyls were excised and flash frozen in liquid nitrogen.
Total proteins were extracted from frozen tissue powder prepared from 20-30 hypocotyls
in 1 volume of 2x Laemmli buffer, boiled at 95 °C for 5 min and clarified by centrifugation
at 4 °C. Proteins were quantified using the RC DC Protein Assay (Bio-Rad). Thirty pg of
proteins were separated in an 8% SDS-PAGE, transferred to a PVDF membrane (Life
Technologies) and probed with an anti-GFP antibody (JL-8, 1:5000; Clontech). The
membrane was stripped out and probed with anti-DET3 that was used to check loading.
Chemiluminiscence was detected with SuperSignalTM Woest Femto (Thermo-Fisher

Scientific) and imaged with the LAS-3000 imager (Fuijifilm).

Real-time qPCR.

Arabidopsis seedlings of pRGA:GFP-RGA and pRGA:GFP-(rga-A17) lines were grown for seven
days in continuous white fluorescent light (25 pmol m? s2) at 20 °C or 28 °C. Hypocotyls
were excised and flash frozen in liquid nitrogen. RNA was extracted with the RNAeasy Plant
Mini Kit (Qiagen). cDNA was prepared from 1 ug of total RNA with PrimeScript 1* Strand
cDNA Synthesis Kit (Takara Bio Inc). PCR was performed in a 7500 Fast Real-Time PCR
System (Applied Biosystems) with SYBR premix ExTaq (Tli RNaseH Plus) Rox Plus (Takara
Bio Inc). RGA was amplified using described primers (Gallego-Bartolomé et al., 2010).

Expression levels were normalized to EFla (Frigerio et al., 2006).

Gibberellin quantification.

Seedlings were grown and harvested as described for confocal microscopy experiments
with temperature treatments. The ground tissue (about 150 mg of frozen seedlings) was
suspended in 80% methanol-1% acetic acid containing internal standards and mixed by
shaking for one hour at 4 °C. The extract was kept a -20 °C overnight and then centrifuged
and the supernatant dried in a vacuum evaporator. The dry residue was dissolved in 1%
acetic acid and passed consecutively through a reverse phase column Oasis HLB (30 mg,
Waters) and a cationic exchange Oasis MCX eluted with MeOH, as described elsewhere
(Seo et al., 2011). The final residues were dried and dissolved in 5% acetonitrile-1% acetic

acid and the hormones were separated by UHPLC with a reverse Accucore C18 column
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(2.6 pm, 100 mm length; Thermo Fisher Scientific) with a 2 to 55% acetonitrile gradient
containing 0.05% acetic acid, at 400 pL/min over 21 min. The hormones were analysed with
a Q-Exactive mass spectrometer (Orbitrap detector; ThermoFisher Scientific) by targeted
Selected lon Monitoring (tSIM; capillary temperature 300°C, S-lens RF level 70, resolution
70.000) and electrospray ionization (spray voltage 3.0 kV, heater temperature 150°C, sheath
gas flow rate 40 plL/min, auxiliary gas flow rate 10 plL/min) in negative mode. The
concentration of GA4in the extracts was determined using embedded calibration curves
and the Xcalibur 4.0 and TraceFinder 4.1 SP1 programs. The internal standards for

quantification were the deuterium-labeled hormones (OlIChemim Ltd).

Degradation assays in Nicotiana benthamiana.

The GFP CDS was cloned into pDONR207 (Thermo-Fisher Scientific) by a BP reaction
(Thermo-Fisher Scientific). To prepare an entry vector with rga-A17, the CDS was amplified
by PCR from a cDNA pool obtained from pRGA:GFP-(rga-A17) seedlings (Dill et al., 2001)
and cloned into pPDONR207. The pENTR201-RGA was obtained from the Regia collection
(Paz-Ares et al.,, 2002). The COP1 CDS was transferred to pEarleyGate202 (Earley et al.,
2006) to create a Flag-COP1 fusion; GFP, RGA, and rga-A17 CDSs were transferred to
pEarleyGate201 to introduce an HA in the N-terminus of each protein; in all cases transfer
to the destination vector was done by LR reaction. A pCambia-based binary vector
expressing DsSRED-COP1-HA under the control of the 35S promoter was also prepared by
GoldenBraid (Vazquez-Vilar et al., 2017). Leaves of one-month-old N. benthamiana plants
grown under 16 h light:8 h dark photoperiod at 25 °C were infiltrated with the different
mixtures of Agrobacterium tumefaciens GV3101 cells carrying the vectors and the pl9
silencing suppressor. Leaves were harvested at dawn of the fourth day and frozen in liquid
nitrogen. For temperature experiments, N. benthamiana plants were grown as above and
transferred to 22 °C and continuous white light (LL; 100 umol m? s1) for three days after
infiltration or to 30 °C and LL for the last 24 h. For MG132 treatments leaves were
infiltrated with a solution of 25 pM of the inhibitor 8 h before sampling. To determine
protein levels, samples were homogenized with 3 volumes of 2x Laemmli buffer and boiled
at 95 °C for 5 min. Samples were then clarified by centrifugation at room temperature and
analysed by Western blot as described above. Fusion proteins were detected by HRP-
conjugated Flag M2 antibody (1:2000; Sigma) and anti-HA-HRP antibody (3F10, 1:2000;

Roche). Chemiluminescence was detected with the SuperSignal™ West Pico substrate
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(Thermo-Fisher Scientific) and imaged with a UVP ChemiDoc imaging system (UVP, LLC).
The VisionWorksLS (UVP, LLC) software was used to quantify protein levels.

Yeast two-hybrid assays.

The Y2H Gateway™-adapted vectors pGBKT7 and pGADT7 were used. The M5GAI, RGA52
and Del2GAI CDS cloned in pGBKT7 have been described (Gallego-Bartolomé et al., 2012).
A pENTR-COP1 vector was prepared by cloning the COP1 coding sequence (CDS) in the
pCR8/GW/TOPO vector (Thermo-Fisher Scientific). Entry vectors for SPA1, SPA2 and SPA4
were prepared by cloning their CDS in pENTR-3C (Thermo-Fisher Scientific). COP1, SPA1,
SPA2, and SPA4 CDSs were transferred to the pGADT7 vector by an LR reaction (Thermo-
Fisher Scientific). The yeast strains Y2HGold and Y187 (Takara Bio Inc) were transformed
with the constructs in pGBKT7 and pGADT7 vectors, respectively. Interaction assays were

performed in diploid cells obtained by mating and grown in selection media.

Co-immunoprecipitation.

35S:YFP-M5GAI and 35S:YFP-RGA52 were prepared by transferring the M5GAI and RGA52
CDSs from pCR8/GW/TOPO-M5GAI and pCR8/GW/TOPO-RGA52 (Gallego-Bartolomé
et al, 2012) to the pEarleyGatel104 vector (Earley et al., 2006).The CDS of SPA1 was
transferred by LR reaction to the pEarleyGate203 (Earley et al., 2006) to prepare the fusion
c-myc-SPAL. The 355:DsRED-COP1-HA construct was used to express recombinant COP1.
Leaves of one-month-old N. benthamiana plants grown under 16 h light:8 h dark
photoperiod at 25 °C were infiltrated with the different mixtures of A. tumefaciens C58 cells
carrying the vectors and the p19 silencing suppressor. Leaves were infiltrated with a solution
containing 50 yM MG132 (Calbiochem) and 10 mM MgCl, 12 h before harvesting. Leaves
were harvested at dawn of the fourth day and frozen in liquid nitrogen. Approximately 1
mL of ground, frozen tissue was homogenized in 0.5 mL of extraction buffer (25 mM Tris-
HCI pH 7.5, 10% glycerol, 1 mM EDTA pH 8.0, 150 mM NaCl, and 1x protease inhibitor
cocktail [cOmplete, EDTA-free; Roche]). Extracts were kept on ice for 15 min and cell
debris was removed by centrifugation at maximum speed in a benchtop centrifuge at 4 °C
twice. Total proteins were quantified by Bradford assay. One hundred and sixty g of total
proteins were denatured in Laemmli buffer and set aside to be used as input. Eight hundred
pg of total protein in 1 mL of extraction buffer were incubated with 50 pL of anti-GFP-
coated paramagnetic beads (Miltenyi) at 4 °C for 2 h in a rotating wheel. Extracts were

loaded into pColumns (Miltenyi) at room temperature. Columns were washed four times
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with 200 pL of cold extraction buffer and proteins were eluted under denaturing conditions
in 70 pL of elution buffer following manufacturer instructions. Sixty-three pL of the
immunoprecipitated samples (90%) were loaded in a 12% SDS-PAGE along with 60 ug of
input. Proteins were transferred to a PYDF membrane and sequentially immunodetected
with an anti-HA-HRP antibody (3F10, 1:5000; Roche) and, after strip-out, with an anti-c-
myc antibody (9E10, 1:1000; Roche). The remaining 10% of the immunoprecipitated
samples along with 60 pg of input were processed in the same way but immunodetected
with an anti-GFP antibody (JL-8, 1:5000; Clontech). Chemiluminiscence was detected with
SuperSignal™ West Femto (Thermo-Fisher Scientific) and imaged with the LAS-3000 imager
(Fujifilm).

Co-localization assays in N. benthamiana.

pCambia-based binary vectors expressing RGA52-YFP alone or with DsRED-COP1-HA
under the control of the 35S promoter were prepared by GoldenBraid (Vazquez-Vilar et
al,, 2017). 35S:YFP-GAI was described previously (Gallego-Bartolomé et al., 2011). The RGA
CDS was transferred by LR reaction to pEarleyGate104 to prepare a YFP-RGA fusion.
Leaves of one-month-old N. benthamiana plants grown under 16 h light:8 h dark
photoperiod at 25 °C were infiltrated with the different mixtures of A. tumefaciens C58 cells
carrying the vectors and the p19 silencing suppressor. Leaves were infiltrated with a solution
containing 50 yM MG132 and 10 mM MgCl, 12-16 h before imaging by confocal microscopy
(Zeiss 780 Axio Observer) with a water-immersion objective lens (C-Apochromat 40X/1.2;
Zeiss) the fourth day after infiltration. YFP was excited with an Argon laser (488 nm) and
detected at 520-560 nm. DsRED was excited the DPSS 561-10 laser (561 nm) and detected
at 580-650 nm. Samples were kept in darkness on the day of imaging. Fluorescence from
YFP was detected between 520-560 nm, and fluorescence from DsRED between 580 and

650 nm. Chloroplasts autofluorescence was detected between 675 and 760 nm.

Bimolecular fluorescence complementation.

The pCR8/GW/TOPO-Del2GAl has been described (Gallego-Bartolomé et al., 2012). The
MS5GAI, RGA52, RGA, and Del2GAI CDSs were transferred to the pMDC43-YFC (Belda-
Palazén et al., 2012) vector, while the COP1 CDS was transferred to pMDC43-YFN (Belda-
Palazén et al., 2012). The CDS of SPA1 was transferred by LR reaction to the pUBQ10-
mRFP (Grefen et al., 2010) to prepare the fusion mRFP-SPAL. Leaves were infiltrated,

treated and imaged as described for co-localization assays. A. tumefaciens cells carrying the
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p19 silencing suppressor were not included in the mixtures. YFP fluorescence was detected

as described above. mRFP fluorescence was detected as described for DsRED.

Co-localization assays in mammalian cells.

The list of oligonucleotides and details for vector construction are in Supplemental Tables
1 and 2, respectively. Human embryonic kidney cells (HEK-293T, ATCC CRL-11268), were
maintained in Dulbecco’s modified Eagle’s medium (PAN, cat. no. P04-03550) supplemented
with 10% fetal calf serum (FCS, PAN, cat. no. P30-3602) and 1% penicillin/streptomycin
(PAN, cat. no. P06-07100). For confocal imaging, cells were seeded onto glass coverslips
placed in cell culture wells. For transfection, 40,000 cells per well of a 24-well plate, were
transfected using polyethylenimine (PEl, linear, MW: 25 kDa, Polyscience) as described
elsewhere (Miiller et al., 2013). The medium was exchanged 5 h post transfection. In co-
transfections, all plasmids were transfected in equal amounts (weight-based). For confocal
imaging, cells on glass coverslips were fixed with 4% PFA for 10 min on ice followed by 10
min at room temperature. Subsequently, cells were washed once with ice-cold PBS.
Coverslips were embedded in Mowiol 4-88 (Roth) containing 15 mg mL?! 1,4-
diazabicyclo[2.2.2]octane (DABCO, Roth) and mounted onto glass microscope slides as
described (Beyer et al., 2015). Cells were imaged with a confocal microscope (Nikon
Instruments Eclipse Ti with a C2plus confocal laser scanner, 60x oil objective, NA = 1.40).
mCherry, mVenus and mCerulean were visualized using excitation lasers of 561, 488, 405

nm and emission filters of 570—620, 535-550, 425-475 nm, respectively.

Analysis of confocal images of mammalian cells.

Image acquisition, analysis and processing were performed with Fiji. The workflow for data
analysis is as follows. The mVenus-COP1 channel image was duplicated and adjusted with a
low threshold to only mark speckles as regions of interest. Then, the measurement was set
to redirect to the DELLA-mCherry channel image. Particles of a size between 100—-15.000
square pixels and of any shape were analysed for their mean fluorescence intensity given in
absolute gray values. Additionally, 5 random areas outside of the speckles in the nucleus of
each cell were analysed for their mean fluorescence intensity in the DELLA channel and the
mean background fluorescence intensity was calculated. The ratio (DELLA speckle — DELLA
background)/DELLA background was calculated for each speckle with the respective
background. The mean ratio per cell was calculated. Outlier determination was performed
using the quartile method, i.e. values smaller than Q1-1.5(Q3-Q1) or larger than

41



Q3+1.5(Q3-Q1) were excluded in each condition (with or without mCerulean-SPA1-NLS).
The co-localization assays in mammalian cells and the corresponding analysis of confocal
images were performed by Nicole Heuckenf and Tim Blomeier in the lab of Matias D.

Zurbriggen (University of Disseldorf, Germany).

Pull-down assays with pé2-beads.

Wild-type Col-0, pRGA:GFP-RGA and pRGA:GFP-RGA 35S:TAP-COP1 seedlings were grown for
five days at 20 °C in continuous white light (25 pmol m? s) and then temperature was
shifted to 28 °C for 8 h under the same lighting condition. Seedlings were treated with 50
MM MG132 during the high-temperature treatment. Proteins were extracted in buffer Bl
[50 mM Tris-HCI, pH 7.5, 20 mM NaCl, 0.1% Nonidet P-40, and 5 mM ATP, 1 mM PMSF,
50 yM MG132, 10 nM Ub-aldehyde, 10 mM N-ethylmaleimide, and plant protease inhibitor
cocktail (Sigma-Aldrich)] before incubation with pre-washed p62 agarose (Enzo Life
Sciences) or the agarose alone at 4 °C for 4 h. Beads were washed twice in Bl buffer and
once with Bl buffer supplemented with 200 mM NaCl. Proteins were eluted in Laemmli
buffer at 100 °C. The eluted proteins were separated by SDS-PAGE and analysed by
immunoblotting using anti-UBQ (1:1000; Enzo Life Sciences) or anti-GFP antibodies (JL-8,
1:5000; Clontech).

In vitro ubiquitination assay.

Assays were performed as previously reported (Yu et al., 2008) with minor modifications.
Ubiquitination reaction mixtures contained 50 ng yeast E1 (Boston Biochem), 50 ng rice
6xHis-Radé E2 (Yamamoto et al., 2004), 10 pg HA-labelled or 10 pg unlabelled ubiquitin
(Boston Biochem), and 2 pg MBP-COPL1 (previously incubated with 20 uM ZnCl,) in 30 pL
of reaction buffer (50 mM Tris pH 7.5, 5 mM MgCl,, 2 mM ATP and 0.5 mM DTT). As a
substrate, 50 ng of 6xHis-M5GAI or 6xHis-RGA52 fusions were used per reaction. After 2
h incubation at 30 °C, reaction mixtures were stopped by adding 30 pL of Laemmli buffer,
and a half of the mixtures (30 L) were boiled for 5 min and separated by 7.5% SDS-PAGE.
6xHis-M5GAI and 6xHis-RGA52 were detected using anti-GAl (Piskurewicz et al., 2008)
(1:10000) and anti-6xHis (Sigma) antibodies, respectively.

Growth assays.

Seeds were sown in 0.8% agar/water with or without 5 pM GA, and stratified at 4 °C and
darkness for 3-5 days. For the de-etiolation experiments, germination was induced with a 2
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h-light treatment. On the day of treatment plants were imaged with a digital camera before
the beginning and after the end of the 9 h-treatment and hypocotyl elongation during this
period was measured with image processing software (Pacin et al.,, 2013). Treatments were
as described for confocal imaging. Seedlings kept in darkness, unshaded or at 20 °C were

used as controls of the respective treatments.
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5. Supplemental information

Oligonucleotides used for cloning in mammalian expression plasmids as well as the plasmids
used for expression in mammalian cells are shown in Supplemental Tables 1 and 2,
respectively. Both tables are available on the following website (Password:

NBTVALENCIA2020): http://plasticity.ibmcp.csic.es/downloads.html

Supplemental figures (Figs. S1 to S6) are shown below:
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Fig. S1. The GA-resistant rga-Al7 is regulated post-translationally by warm
temperature. (A) Western analysis of GFP-RGA and GFP-(rga-A17) in hypocotyls of seedlings
grown in continuous light at 20 °C or 28 °C. Membrane was sequentially probed with anti-GFP
and anti-DET3 antibodies. (B) RGA expression in hypocotyls was analysed by RT-qPCR. Data
correspond to mean and standard deviation from three technical replicates. The analysis was
performed twice with similar results. ns indicates that the difference is non-significant with the
control condition (Student’s t test).
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Fig. S2. COP1 regulates RGA levels. (A) Representative confocal images of GFP-RGA in
hypocotyls used for fluorescence quantifications shown in main Figure 1A. (B) Representative
confocal images of GFP-(rga-A17) in hypocotyls used for fluorescence quantifications shown in
main Figure 1C. (C) YFP-COP1 accumulates rapidly in nuclei after transfer to 28 °C. (D and E)
GFP-(rga-A17) levels do not change after transfer to 28 °C (D) or shade (E) for 4 h. Bars in A and
B represent 35 pm. Confocal data (C-E) show the normalized fluorescence intensity (NFI) in nuclei
(NFI=1 in the control seedlings). Confocal microscopy data (C-E) are means and SE of 9-12
seedlings (a minimum of 10 and up to 30 nuclei were averaged per seedling replicate). Asterisks
indicate that the difference is statistically significant with the control condition (Student’s t test, *¥*
P < 0.001; ns, non-significant).
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Fig. S3. Destabilization of the GA-resistant rga-A17 by warm temperature in N.
benthamiana leaves is dependent on COP1. HA-(rga-A17) was transiently expressed alone
or with DsRED-COP1-HA in leaves of N. benthamiana plants that were transferred to continuous
light at 22 °C for three days or 30 °C for the last 24 h. For MG132 treatments leaves were
infiltrated with a solution of 25 pM of the inhibitor 8 h before sampling. HA-GFP was used as
control to demonstrate the specificity of COP1 action. Blots show data from three individual
infiltrated leaves per mixture. Plot shows HA-(rga-A17) normalized against HA-GFP. Data are
means and SE of 3 leaves from one experiment, repeated twice with similar results. The asterisk
indicates that the difference is statistically significant with the control condition (Student’s t test, *
P < 0.05; ns, non-significant).
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Fig. S4. SPA1 helps COP1 recruiting DELLA proteins to nuclear bodies. (A) RGA52-YFP
co-localizes with DsRED-COP1-HA in nuclear bodies in the presence of c-myc-SPAL. Fusion
proteins were transiently expressed in leaves of N. benthamiana and observed by confocal
microscopy. One representative nucleus is shown. (B-C) BiFC assay showing that RGA (B) and
M5-GAI (C) form a complex with COP1 and SPAL in nuclear bodies, along with negative controls.
The indicated proteins were expressed in leaves of N. benthamiana and observed by confocal
microscopy. One representative nucleus is shown. (D) Immunoblot analysis of fusion proteins from
leaves used for BiFC. The fusion proteins have the expected size: YFN-COP1 (97 KDa), YFC-
M5GAI (55 KDa), YFC-Del2GAl (40 KDa) and c-myc-SPAL1 (117 KDa). Asterisks indicate non-
specific bands, one of them overlapping with YFC-Del2GAll. (E) Y2H assay showing that the GAI
deletion Del2GAl does not interact with SPAL.
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Fig. S5. Confocal microscopy analysis of the localization of GAl, RGA, COP1 and SPA1l
in animal cells. (A-D) The fusion proteins GAl-mCherry (A), RGA-mCherry (B), mVenus-COP1
(C) and mCerulean-SPA1-NLS (D) were transfected into Human Embryonic Kidney 293T (HEK-
293T) cells. GAl and RGA are distributed throughout the whole cell. mVenus-COP1 localizes to
nuclear speckle-like structures. mCerulean-SPA1-NLS localizes to the nucleus. (E-I) HEK-293T
cells were co-transfected with GAlI-mCherry and mCerulean-SPA1-NLS (E), RGA-mCherry and
mCerulean-SPA1-NLS (F), GAl-mCherry and mVenus-COP1 (G), RGA-mCherry and mVenus-
COP1 (H), or mVenus-COP1 and mCerulean-SPA1-NLS (I). Representative cells are shown. Scale
bar represents 10 um. Note that even when expressed separately, COP1 or SPA1l had weak
interactions with DELLAs. For instance, GAl showed more fluorescence inside the COP1 nuclear
speckles than outside them (speckles / background fluorescence in G: 1.16 *+ 0.02, P < 0.05) and
inside the nucleus where SPA1 was present than in the cytosol (bright areas in E correspond to
the nucleus and in A to the whole cell).
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Fig. S6. RGA ubiquitination in vivo is enhanced by COP1. pRGA:GFP-RGA and pRGA:GFP-
RGA 35S:TAP-COP1 seedlings along with the WT were grown for 5 days at 20 °C and then
transferred at 28 °C and treated with 50 pM MG132 for 8 h. Proteins were pulled down with p62
beads or agarose beads (A) as negative control. GFP-RGA and its polyubiquitinated forms were
detected with an anti-GFP antibody. Total ubiquitinated proteins were detected with an anti-UBQ
antibody.
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Chapter 2

DELLA proteins are required
for the recruitment of Paflc
to its target genes
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DELLA proteins are plant-specific transcriptional regulators that act as negative elements
in the gibberellin (GA) signalling pathway in vascular plants. An ever-increasing number
of studies support a central role for DELLAs in connecting environmental signals with
the transcriptional networks that control growth and development. The current model
for DELLAs action considers a transcription regulatory function through physical
interaction with multiple transcription factors (TFs). DELLAs may trigger TF
sequestration away from their target promoters or act on site with TFs as transcriptional
co-activators. Interestingly, DELLAs also occupy chromatin along gene bodies, suggesting
that there may be additional mechanisms by which these proteins modulate
transcription. Here, we report that GAl and RGA DELLA proteins interact in a yeast
two-hybrid system and in vivo with the Polymerase-Associated Factor 1 complex (Paflc)
core subunit ELF7. Paflc is required for the monoubiquitination of histone H2B (H2Bub)
to facilitate RNA Polymerase Il (RNAPII) transcription elongation. Transcriptomic
analyses identified that ELF7 and GAs regulate the expression of a common set of genes,
suggesting that DELLAs and ELF7 act in the same pathway. ChlIP-seq profiling further
showed that H2Bub and ELF7 largely target the same transcribed genes and are both
affected by GA-treatment. Hence, defects in H2Bub chromatin enrichment upon GA
treatment appear to be caused, at least in part, by decreased occupancy of ELF7 at its
targets. Consistently, we found that both RNAPII occupancy and distribution were
similarly altered upon GA-treatment and ELF7 loss-of-function. Taken together, our
findings unveil a new mechanism by which DELLAs directly act with transcription
elongation factors to regulate gene expression.



1. Introduction

DELLA proteins are master negative elements in the gibberellin (GA) signalling pathway.
They allow the integration of external information on the plant environment with the
transcriptional networks that control growth and development. DELLAs have been
proposed to modulate gene expression through different molecular mechanisms, including
(i) the inhibition of the activity of transcription factors (TFs) and other transcriptional
regulators through sequestration from chromatin; and, (ii) the activation of TF activity in
the context of their target genes (Daviére and Achard, 2016; Vera-Sirera et al., 2016).
Nevertheless, observations that DELLAs occupy gene bodies (Marin-de la Rosa et al., 2015;
Serrano-Mislata et al., 2017) also suggest a model in which DELLAs regulate gene expression
through other mechanisms, for instance affecting directly RNA polymerase Il (RNAPII)

transcription.

RNAPII transcription follows an conserved three-step cycle (initiation, elongation and
termination) that is tightly regulated to fine-tune gene expression (Hsin and Manley, 2012;
Conaway and Conaway, 2015). This regulation involves numerous accompanying factors
(proteins or protein complexes), most of them being evolutionarily conserved in all
eukaryotes (Lijsebettens and Grasser, 2014). In fact, a recent study has identified several of
these factors associated to RNAPII in Arabidopsis cell suspensions (Antosz et al., 2017),

one of which is the Polymerase-Associated Factor 1 complex (Paflc) (Van Oss et al., 2017).

The current model of how Paflc acts on RNAPI| is based on studies in yeast and mammals
(Van Oss et al, 2017). Paflc was first shown to regulate transcription through the
establishment of co-transcriptional histone modifications (e.g. Histone 3 lysine 4 methylation
[H3K4me], H3K36me and H2Bub), which influence chromatin dynamics to facilitate RNAPII
progression (Van Oss et al,, 2017). In particular, Paflc stimulates the monoubiquitination of
H2B (H2Bub) through different mechanisms in yeast and mammals. In yeast, it promotes de
activity of the enzymes involved in H2Bub, the Radé E2 ubiquitin-conjugating enzyme and
Brel E3 ubiquitin ligase (Wood et al., 2003), whereas in mammals, it is required for the
recruitment of RNF20/40 (the mammalian orthologs of Brel) to the chromatin (Wu et al,,
2014).

Several subunits of the plant Paflc have been identified genetically owing to the early
flowering phenotype of Arabidopsis mutants (Zhang and Van Nocker, 2002; Zhang et al,,
2003; Oh et al., 2004; He et al., 2004; Yu and Michaels, 2010). The plant complex contains
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six subunits, as described in animals, PLANT HOMOLOGOUS TO PARAFIBROMIN
(PHP)/CDC73, VERNALIZATION INDEPENDENCE (VIP) 2 (also known as EARLY
FLOWERING 7, ELF7; Pafl), VIP3 (Ski8), VIP4 (Ctrl), VIP5 (Rtfl) and VIP6 (also known as
ELF8; Leo) (Jaehning, 2010). In line with the role of Paflc in animals and yeast, recent studies
suggest the involvement of Paflc in H2B monoubiquitination and in transcriptional
elongation in plants: (i) mutations in ELF7, VIP4, VIP5 and ELF8 subunits cause a global
decrease in H2Bub analysed by immunoblot (Cao et al., 2015); (ii) the levels of H2Bub at
the FLC/MAF loci are reduced in elf7-3 mutant (Cao et al., 2015); (iii) Paflc subunits interact
in plant cells with different RNAPII subunits and with other transcription elongation factors
such as TFIIS, SPTS5, SPT6 and FACT (Antosz et al,, 2017); and (iv) the Paflc subunit ELF7
is associated with the Ser2P-RNAPII elongating form (Antosz et al., 2017).

To investigate if the presence of DELLAs in gene bodies reflects a role in the regulation of
transcription elongation, we carried out a targeted yeast two-hybrid (Y2H) screening and
identified the Paflc subunit ELF7 as an interactor of GAl and RGA. Molecular
characterization of these interactions in vivo indicates the participation of DELLAs in the

regulation of chromatin remodelling during transcription elongation.

2. Results

DELLA:s interact with the Paflc subunit ELF7

In a targeted Y2H screen that included proteins involved in several stages of transcriptional
regulation (Fig. S1), we found that the GRAS domain of the DELLA proteins GAI (M5-GAl)
and RGA (RG52) interacted with the Paflc subunit ELF7 (Fig. 1A and B, Fig. S1). Further
analysis confirmed that ELF7 interacted with the other Arabidopsis DELLAs (RGL1, RGL2
and RGL3) (Fig. S2). The interaction was restricted to the ELF7 subunit as no interactions
were detected with the other four Paflc subunits tested (Fig. 1A and B, Fig. S2). The
interaction of ELF7 with GAI and RGA was confirmed in plant cells by Bimolecular
Fluorescence Complementation (BiFC) (Fig. 1C) and co-immunoprecipitation (co-IP) (Fig.
1D), respectively. In the BiFC experiment, the fluorescence from the reconstituted yellow
fluorescent protein (YFP) was observed in nuclei of epidermal cells of Nicotiana benthamiana
co-infiltrated with YFC-GAI and YFN-ELF7 (Fig. 1C). The fluorescent signal showed a
homogeneous nuclear distribution, in contrast to the speckles observed for the interaction
of ELF7 with other proteins (Cao et al,, 2015), suggesting that the interactions may occur

in different locations depending on the partner. Flag-ELF7 was also specifically co-
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immunoprecipitated with anti-GFP antibodies from extracts of RGAp:GFP-RGA ELF7p:Flag-
ELF7 double transgenic plants, confirming the interaction between RGA and ELF7 in
Arabidopsis (Fig. 1D). In summary, these findings identify a physical association of DELLAs

with the transcription elongation complex Paflc through its subunit ELF7.
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Fig. 1. DELLAs interact with ELF7 in plant cells. (A-B) Y2H assays of five subunits of the
Paflc (ELF7, VIP3, VIP4, CDC73 and VIP5) with M5GAI (A) and RG52 (B). @ represents negative
control where no sequence was cloned into the activation domain (AD). The serial dilutions (1:10)
shown are indicated. +H, control medium depleted of leucine and tryptophan. —H, selective
medium also lacking histidine and containing in (A) 5 mM 3-aminotriazol (3-AT). (C) BiFC analysis
in N. benthamiana leaves of ELF7 and GAI fusions to N- and C-terminal fragments of YFP,
respectively. YFP fluorescence and bright-field images are shown. Scale bars: 40 pm. A zoom
depicting BiFC signal is shown. (D) Co-IP assay showing the interaction between RGA and ELF7 in
Arabidopsis seedlings. Soluble proteins from Flag-ELF7 and the double transgenic GFP-RGA Flag-ELF7
seedlings grown in the presence of paclobutrazol were used for the IP with anti-GFP paramagnetic
beads and were detected by immunoblotting with either anti-Flag or anti-GFP antibodies. The
position of molecular weight markers is shown on the left. The sizes of the bands correspond to
the expected sizes of the fusion proteins although Flag-ELF7 was also detected around 90 KDa
(expected size = 68.4KDa).
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DELLAs are part of a gene regulatory network with Paflc

To investigate a possible functional relationship between DELLAs and Paflc, we first
examined the transcriptomic changes caused by reducing DELLA or Paflc activity. For that
purpose, we compared the transcriptomes of 7-day-old seedlings of wild-type (WT), WT
grown in medium containing 100 yM GA; (hereafter WT+GA; this treatment causes the
depletion of DELLA proteins) and elf7-3. This showed that 631 genes were differentially
expressed in WT+GA seedlings (245 up-regulated and 386 down-regulated) and 1381 in
the elf7-3 mutant compared to WT plants (725 up-regulated and 656 down-regulated) (p
adj <0.01, fold change (FC) 21.5) (Fig. 2A-C, Supp. Table 1). As expected, the transcriptional
response to GA included the down-regulation of prototypical marker genes, such as GA 3-
OXIDASEL and GA 20-OXIDASE2 transcripts (Fig. S5A, Supp. Table 1), while elf7-3 samples
presented a significant reduction of ELF7 mRNA levels (Log, FC of -2.2, Supp. Table 1).
Importantly, 202 genes displayed similar misregulation in WT+GA and elf7-3 seedlings,
representing a statistically significant overlap (Fig. 2C and D, Supp. Table 1). This is
compatible with a model in which DELLAs and Paflc act on a common pathway, with
DELLAs having a positive effect on Paflc activity. Gene Ontology (GO) analysis of DEGs
showed an enrichment in functional categories related to external stimulus, such as
response to chitin or fungus, response to absence of light or cellular response to phosphate
starvation (Fig. 3A and B, Supp. Table 2). The list of co-regulated genes includes several that
encode enzymes involved in glucosinolate metabolism (SUR1/ALF1, UGT74B1, SOT18,
IMS2/MAM3, CYP81F2, IPMI1 —most of them up-regulated) (Gigolashvili et al., 2009; Bell,
2019) as well as some involved in the phosphate starvation responses (SPX1, SPX3, SPX4,
SQD1 and 2, PHF1 —most of them up-regulated) (Essigmann et al,, 1998; Yu et al., 2002;
Gonzilez et al., 2005; Liu et al., 2018b) (Fig. 3B, Supp. Tables 1 and 2). The identification of
misregulated phosphate response genes is in agreement with previous studies showing that
both GA and Paflc are involved in the control of phosphate homeostasis (Jiang et al., 2007;
Zhang et al., 2019; Ellison et al., 2019). However, to the best of our knowledge, neither GA
nor Paflc have been previously related to glucosinolates. Overall, these results suggest that
DELLAs may regulate gene expression through Paflc, with a specific relevance in certain

cellular processes.
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Fig. 2. Transcriptomic analysis of WT+GA and elf7-3 seedlings. (A-B) Volcano plots
showing the genes expressed in WT+GA (N=18557, A) and elf7-3 seedlings (N=18590, B).
Expressed genes are referred to those with 2 1 RPKM in the three replicates of each
condition/genotype. The red and blue dots indicate induced and repressed genes, respectively.
DEGs were considered when FC 2 1.5 and p adj < 0.01. (C) Venn diagram showing total and
overlapping DEGs in WT+GA and elf7-3 seedlings. The p-values < 0.05 show significant differences

according to the chi square test. (D) Heatmap representing the log2aFC of the common DEGs in
both WT+GA and elf7-3 seedlings (N=214).

61



A

[ wr+ca

Common elf7-3

Response to organonitrogen compound -
Response to chitin +

Regulation of cell death -

Regulation of plant-type hypersensitive response -
Protein targeting to membrane -

Defense response to fungus +

Response to fructose +

Response to absence of light -

Response to disaccharide -

Response to sucrose +

Response to nutrient levels -

Galactolipid metabolic process -

Cellular response to phosphate starvation +
Glucosinolate biosynthetic process -
Secondary metabolite biosynthetic process +
Response to extracellular stimulus -

Sulfur compound biosynthetic process -
Cellular chemical homeostasis -

RNA modification +

Nucleoside phosphate biosynthetic process +
Pyrimidine-containing compound biosynthetic process -

B

Fig. 3. Gene Ontology enrichment among genes that are differentially expressed in
WT+GA and elf7-3 seedlings. (A) Plot showing “Biological process” categories over-
represented in WT+GA, elf7-3 and “common”. The latter referred to those common DEGs that
showed a similar behaviour in both WT+GA and elf7-3 (N=202). GO categories were filtered as
described in material and methods section and those that were largely redundant were also
removed. All the GO are included in Supp. Table 2. The number of genes contained, and the
significance of each term were indicated according to the size and the brightness of the circles,
respectively. (B) GOChord plot showing a few common DEGs in WT+GA and elf7-3 mutant
seedlings in five GO categories. On the left, a heatmap showing the induced and repressed genes
in red and blue, respectively. The column on the left includes WT+GA data while the one on the

right the data from elf7-3 transcriptome.
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Both DELLAs and ELF7 influence H2Bub general abundance and distribution

Paflc is required for efficient deposition of the H2Bub mark in different organisms, including
plants (Wood et al,, 2003; Cao et al.,, 2015; Hou et al,, 2019). Therefore, to explore the
potential influence of DELLAs on Paflc activity, we investigated the global distribution of
H2Bub in GA-treated and elf7-3 seedlings by Chromatin Immunoprecipitation-Rx (ChlP-
Rx). This modified version of ChlP-seq allows for accurate quantitative comparisons of
samples with genome-wide differences in a chromatin mark abundance (Orlando et al,
2014). As previously described (Nassrallah et al., 2018), all samples were “spiked-in” with
Drosophila chromatin prior to IP. The amount of exogenous DNA was subsequently
determined in all inputs and IP samples and taken into account as a reference to avoid the
effects of technical variations. We further determined H2Bub peaks after normalization to
histone H2B occupancy profiled in the same samples by ChIP-Rx (see Methods). In
agreement with previous profiling studies in Arabidopsis (Roudier et al., 2011; Bourbousse
et al,, 2012; Nassrallah et al., 2018), H2Bub was exclusively enriched in the transcribed
regions (Fig. 4A and B, Fig. S3). Importantly, the deposition of the H2Bub mark was strongly
affected in elf7-3 and WT+GA seedlings. H2Bub peak detection showed that elf7-3 and
WT+GA seedlings had significantly less H2Bub-marked genes with a reduction of ca. 30%
(3402 fewer genes) and 16% (1758 fewer genes) as compared to untreated WT plants,
respectively (Fig. 4C, Supp. Table 3). Still, two thirds of H2Bub peaks were maintained upon
GA treatment or in elf7-3 plants but with much lower levels (Fig. 4A and B, Fig. S3).
Identification of differentially ubiquitinated genes (DUGs) confirmed a general tendency for
reduced H2Bub enrichment over most genes in elf/-3 plants, which was also apparent in

WT+GA with a lower amplitude (orange/pink dots in Fig. 4D and E, Supp. Table 4).

In mammals, chromatin recruitment of Paflc and RFN20/40 is inter-dependent, which
provides an explanation for the reduction of H2Bub mark in pafl knock-down cells, i.e.
lower binding of RFN20/40 to their targets (Wu et al., 2014). We next tested whether this
mechanism operates in plants. Subcellular fractionation analysis showed that the loss of
function of ELF7 did not lead to decreased chromatin enrichment of HUB1/HUB?2 (Fig. S4A),
the Arabidopsis orthologs of RFN20/40 and Brel (Liu et al, Plant Cell 2007; Fleury et al,,
Plant Cell 2007; Feng and Shen, 2014). Amounts of HUB1/2 in the chromatin fraction,
detected by custom-made anti-HUB1/2 (see Methods), were also not altered in WT+GA
seedlings (Fig. S4B). These results suggest that Paflc and DELLAs might be required for

HUB1/2 E3 ligase activity but not for their recruitment to chromatin, similar to what
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Fig. 4. DELLAs and ELF7 are required for H2Bub enrichment over protein-coding
genes. (A) Metagene plot of H2Bub distribution over the genes marked in WT seedlings
(N=10751). (B) Heatmap showing H2Bub enrichment in WT, WT+GA and elf7-3 over the genes
marked in WT seedlings. Genes are ranked from top to down according to the H2Bub enrichment
in the WT. TSS refers to “transcription start sites” and TES to “transcription end sites”. Genes are
equally scaled and 1 kb up- and downstream regions are additionally considered. Note that low
H2Bub levels were observed in elf7-3 and WT+GA. (C) Venn diagram showing the number of
H2Bub-marked genes in WT, WT+GA and elf7-3 seedlings and the overlap between the different
conditions. (D-E) Differentially ubiquitinated genes (DUGs) are showed as orange or pink dots in
elf7-3 and WT+GA seedlings, respectively. They were determined by Rx-normalised DESeq2
analysis (FDR <0.01) as described in material and methods section.
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happens in the well-characterized Paflc-dependent Brel pathway in yeast (Wood et al.,
2003). Hence, in agreement with our hypothesis of DELLAs and Paflc acting in the same
pathway, our data demonstrate that DELLAs and the Paflc subunit ELF7 are required for
H2Bub enrichment over most genes through a mechanism that does not seem to involve

the regulation of HUB1/2 chromatin recruitment.

DELLAs are required for the recruitment of Paflc to the chromatin

The physical interaction of DELLAs with ELF7 provided an appealing hypothesis to explain
the observed defects in the H2Bub mark. Still, to rule out that defects observed in WT+GA
seedlings were not due to secondary effects from gene expression misregulation, we
examined the levels of transcripts encoding Pafl complex subunits or histone H2B
ubiquitination (HUB1/2, UBC1/2 -the Arabidopsis orthologs of Radé-) or deubiquitination
(UBP22, SGF11, ENY?2) machineries. Our transcriptomic analysis showed that the transcript
levels of all these genes were not affected by the GA treatment (Fig. S5A, Supp. Tables 1
and 5). Analysis of gai-1 seedlings encoding a GA-resistant version of GAl ( Koorneef et al.,
1985) grown under the same conditions as for the ChIP-seq gave similar results (Fig. S5B,
Supp. Table 5). These results suggested that DELLAs might rather act more directly on
H2Bub deposition with Paflc.

We next investigated the possibility that the DELLA-ELF7 interaction affects Paflc or
HUB1/2 activity at the post-transcriptional level, for instance, affecting protein levels of
Paflc subunits. To test this possibility, we analysed the protein levels response to a GA-
treatment by taking advantage of available Arabidopsis transgenic lines expressing tagged
subunits, e.g. Flag-ELF7, VIP3-GFP and PHP-Flag (Park et al., 2010; Dorcey et al., 2012; Cao
et al,, 2015), and also anti-VIP5 (Lu et al,, 2017) and anti-HUB1/2 antibodies. As shown in
Fig. S6, neither endogenous HUB1/2 and VIP5 proteins nor the tagged proteins Flag-ELF7,
VIP3-GFP and PHP-Flag were affected by GA treatments.

Given that both DELLAs and the Arabidopsis Paflc subunits ELF7, CDC73 and VIP5 have
been found to occupy the coding region of a few genes (Yu and Michaels, 2010; Cao et al,,
2015; Marin-de la Rosa et al,, 2015; Lu et al., 2017; Serrano-Mislata et al, 2017), we
wondered if DELLAs affect the recruitment of Paflc to the chromatin. To address this

question, we first determined whether ELF7 association to gene bodies is a general trend in
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Fig. 5. DELLAs regulate Paflc recruitment to the chromatin. (A) Heatmap showing that
Flag-ELF7 associates over a large gene repertoire (N=11,708) and its occupancy correlates with
RNAPII. Genes are ranked from top to down according to Flag-ELF7 signal. (B) Median enrichment
of Flag-ELF7 over the 11,708 genes targeted by Flag-ELF7. The distribution of RNAPII is also shown.
TSS refers to “transcription start sites” and TES to “transcription end sites”. Genes are equally
scaled and 2 kb up- and downstream regions are additionally considered. (C) ChIP-qPCR analysis
of Flag-ELF7 at the gene bodies or 5’ end (only for Gl) of six randomly selected genes in the
presence vs the absence of GA in the growth media. Fold enrichment is given as percentage of
IP/Input. Error bars represent standard deviation from 3 technical replicates. The experiment was
repeated three times and similar results were obtained. Unpaired t-test was performed to evaluate
the statistical significance of differences between each line/condition: * p<0.01; ** p<0.001; ***
p<0.0001; ns, non-significant.

Arabidopsis as in yeast and mammals (Mayer et al,, 2010; Yang et al., 2016) by ChIP-seq
analysis of the Flag-ELF7 transgenic line. To improve the ChIP efficiency, we used an
EGS/formaldehyde dual crosslinking to obtain robust signals with discrete peaks in the
transgenic line while no significant background was found in WT plants used as mock (Fig.
5A, Fig.S7). Flag-ELF7 profiles display several notable features. First, 11,708 ELF7 peaks were
identified (usually one peak per protein-coding gene) (Fig. 5A, Supp. Table 6). This number
is considerably higher than the 1,381 DEGs identified by RNA-seq analysis (Fig. 2B and C,
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Supp. Tables 1), a situation that parallels what occurs in human cell lines (Yu et al,, 2015).
Still, ELF7 appears to target 56% of misregulated genes in elf7-3 seedlings (Fig S8A, Supp.
Table 6) and 75% of the genes commonly misregulated in elf7-3 and WT+GA seedlings (Fig
S8B, Supp. Table 6). Second, the genomic profile of ELF7 along the genes is similar to that
of the yeast ortholog Pafl (Mayer et al., 2010), exhibiting the most significant enrichment
over gene bodies and tapering off toward the transcription start sites (TSS) and transcription
end sites (TES) (Fig. 5A and B). Its genomic distribution also matches the distribution of
RNAPII obtained using seedlings grown under similar conditions (Fig. 5B) and is positively
correlated with transcript level, i.e. higher Flag-ELF7 enrichment over most expressed genes
(Fig. S9A). This is in agreement with a conserved role of Paflc being required for efficient
transcription elongation in plants. Third, comparison with our H2Bub profiles revealed that
almost two-thirds of the H2Bub-marked genes are occupied by Flag-ELF7 at the seedling
stage (Fig. S9B, Supp. Table 6). Nevertheless, ELF7 chromatin association is also found over
hundreds of genes without H2Bub marking (Fig. S9B and C, Supp. Table 6), and we identified
hundreds of genes with a Flag-ELF7 peak but no H2Bub (see examples in Fig. S7 and 9C).
The latter observations suggest that, as in mammalian cells (Yang et al., 2016), ELF7 may not
be strictly linked to H2B monoubiquitination. They could also possibly rely on H2Bub
dynamic erasure during transcription or, conversely, on differential steady levels of ELF7

and H2Bub.

Taken together, our genome wide analyses indicate that ELF7 specifically targets
transcriptional domains of genes. To test whether this association was responsive to GA,
we next determined Flag-ELF7 enrichment upon GA treatment. Remarkably, the six
randomly selected target genes examined by ChIP-qPCR (described in Fig. S7 and Supp.
Table 6) displayed lower Flag-ELF7 peaks in the presence of GA (Fig. 5C). These results

strongly suggest that DELLAs are required for proper recruitment of ELF7 to target loci.

RNAPII occupancy and distribution is dependent on DELLAs and ELF7

Paflc is required to define the global distribution of RNAPII in metazoans (Yu et al., 2015;
Chen et al,, 2015). Hence, we investigated if Paflc performs a similar role in plants and the
possible influence of DELLAs. For that purpose, we determined the global occupancy of
total RNAPII by ChIP-seq in same genotypes as the H2Bub analysis. The RNAPII showed a
biphasic distribution over the ELF7-occupied genes in the WT, with peaks around the TSS

and TES (Fig. 6A and B). Both the occupancy and distribution were, nonetheless, affected in
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elf7-3 seedlings (Fig. 6A and B). The overall occupancy was reduced in the mutant, being
more evident around the TSS, where the RNAPII peak was strongly reduced (see Fig. 6C
for an example). Importantly, the same trend was observed in WT+GA seedlings, albeit of
reduced magnitude. These results suggest (i) that Paflc is required for RNAPII to reach
proper levels and distribution, at least over ELF7-target genes, in agreement with ELF7
interacting with elongating RNAPII and other transcription elongation factors in Arabidopsis

(Antosz et al., 2017); and (ii) that this role is likely dependent on DELLA activity.
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Fig. 6. RNAPII distribution is altered in WT+GA and elf7-3 seedlings. (A) Heatmap
showing RNAPII median signal in Flag-ELF7 target genes (N=11,708). Genes are ranked from top
to down according to RNAPII signal. (B) Median enrichment of RNAPII over the 11,708 genes
targeted by Flag-ELF7 in WT, WT+GA and elf7-3 seedlings. TSS refers to “transcription start sites”
and TES to “transcription end sites”. Genes are equally scaled and 2 kb up- and downstream regions
are additionally considered. (C) Genome browser track example of RNAPII ChIP-seq in WT,
WT+GA and elf7-3 seedlings. All tracks are equally scaled. At2g16700 encodes the actin
depolymerizing factor 5 (ADF5) and it is a Flag-ELF7 target gene. ADF5 gene is not misregulated in
WT+GA or elf7-3 mutant seedlings. Note that graphs shown (A-C) results from the data of a single
biological replicate.
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3. Discussion

The current evidence supporting a role for the Paflc as a transcription elongation factor in
plants relies in its interaction in vivo with transcription elongation factors and with elongating
RNAPII (Antosz et al., 2017), and in the reduction in the transcription elongation mark
H2Bub in mutants with impaired Paflc, analysed by immunoblots (Cao et al., 2015). In this
work, we show that the scope of Paflc action is genome-wide, being required for the global
distribution of H2Bub and the RNAPII in plants, acting therefore as a transcription
elongation factor. Importantly, we show Paflc activity is dependent on the presence of
DELLA proteins, uncovering a mechanistic connection between DELLAs and Paflc that

broadens the portfolio of mechanisms by which DELLA proteins regulate gene expression.

A relevant question is whether the activity of the plant Paflc is required for RNAPI| activity,
as occurs in yeast and animals. Paflc is necessary for the deposition in gene bodies of H3
marks associated to active gene transcription in Arabidopsis (Oh et al., 2008). We show
here that it is also required for the genome-wide distribution of H2Bub, another well-known
mark that stimulates transcription elongation in different organisms and whose defects cause
gene expression alterations (Weake and Workman, 2008; Feng and Shen, 2014; Van
Lijsebettens and Grasser, 2014). Our results point out that Paflc recruitment to chromatin
and the associated histone H2B monoubiquitination leads to RNAPII chromatin enrichment
along transcriptional units. The reduction in chromatin associated RNAPIl would result in
lower transcription. Indeed, our observations indicate that either absence of DELLA
proteins or impaired Paflc function cause a qualitatively similar, global reduction in the
amount of RNAPII along the ELF7 target genes, especially along the 5> domains of gene
bodies (Fig. 6). Interestingly, the particular reduction of RNAPII around TSSs is reminiscent
of the situation observed in the human cells where knocking-down the Pafl subunit reduces
RNAPII pausing just downstream of the TSS and acts as a regulatory checkpoint for
transcription (Chen et al., 2015). Although recent studies indicate that pausing also occurs
in Arabidopsis (Zhu et al,, 2018; Kindgren et al., 2020), no regulators of this process have
been identified so far. Collectively, these observations led us to propose that Paflc and
DELLAs are required for proper RNAPII distribution in genes and that both might exert a

role in RNAPII pausing regulation.

In future studies, stronger evidence is needed to demonstrate our model. In particular, our
RNAPII ChIP-seq experiments indifferently detects all chromatin-bound RNAPII isoforms,
including elongating and stalled ones, which reduces the resolution of our approach. To
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determine whether RNAPII engagement and elongation is actually targeted by DELLAs and
Paflc, an analysis by plant native elongating transcript sequencing would be required (pNET-

seq, Zhu et al., 2018; Kindgren et al., 2020).

Our data indicate that the role of DELLAs in the regulation of gene expression goes well
beyond the modulation of the activity of TFs through a modulation of RNAPII elongation
itself. Given the emerging role of DELLAs as modulators of a broad range of genetic circuits
and the intrinsic benefit of coordinating successive steps during transcription, it is not
surprising that DELLAs also influence the activity of the basal transcriptional machinery.
Nonetheless, what is more striking to us is that their effect on the activity of the
transcription elongation factor Paflc appears on such a global scale, most likely resulting
from an upstream process (Fig. 4, 5, and 6). Several lines of evidence suggest that DELLAs
are necessary for Paflc recruitment to target genes. First, the behavior of H2Bub and
RNAPII in the absence of DELLAs or in the elf7-3 mutant is qualitatively similar, still being
stronger in the case of ELF7 loss-of-function (Fig. 4 and 6). Second, the amount of recruited
Flag-ELF7 to the loci tested is strongly reduced in the absence of DELLAs (Fig. 5C). Third,
protein levels of Paflc subunits do not change in response to GAs (Fig. S6). The simplest
model to explain the above observations is that DELLAs modulate the recruitment of Paflc
(or at least of ELF7) to the chromatin (Figure 7). The physical interaction between DELLAs
and ELF7, led us to speculate about two non-mutually excluding possibilities to explain this
modulation. First, DELLAs might facilitate the assembly of Paflc, assuming this step is
necessary for its chromatin recruitment. Second, DELLAs might promote post-translational
modifications of ELF7 necessary for its activity. Accordingly, ELF7 is phosphorylated in at
least seven residues in  Arabidopsis  (https://www.psb.ugent.be/webtools/ptm-

viewer/protein.php?id=AT1G79730.1). Although the direct interaction DELLA-ELF7 seems

a plausible explanation for the effect of DELLAs, we cannot rule out the possibility of them
being required for the expression or the activity of proteins involved in the recruitment of
Paflc to chromatin. In order to discriminate between these possibilities, the generation of
the double transgenic line gai-1-GR Flag-ELF7 will be very useful, since we could assay the
inducible activity of the GA-insensitive gai-1-GR fusion in the absence of protein synthesis
by simultaneous treatment with the inductor dexamethasone and the translation inhibitor
cycloheximide, and thus check whether the gai-1-GR can restore the Flag-ELF7 association

to its target genes in the presence of GAs.
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Fig. 7. Proposed model depicting the role of DELLAs regulating transcription
elongation. In addition to their role modulating the activity of TFs or regulators of TFs (RTF) [see
mechanisms (1) and (2)], DELLAs are required for the recruitment of Paflc to the chromatin,
which is necessary to reach adequate levels of H2Bub (mediated by HUB1/2-UBC1/2) and RNAPII.

The presence of DELLAs in gene bodies was the initial observation that prompted us to
investigate novel mechanisms of DELLA action. Our results showing that effects of reduced
DELLA activity on the H2Bub mark and in the distribution of the RNAPII are genome-wide,
paralleling those caused by impaired Paflc, would argue, however, against such effects being
local at each ELF7-targeted locus, as DELLAs seem to occupy a much smaller number of
gene bodies (Serrano-Mislata et al., 2017) than Flag-ELF7 (Fig. 5A, Supp. Table 6). DELLAs,
therefore, would be recruited to gene bodies by other proteins/protein complexes different

to Paflc.
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The activity of the RNAPII has to be tuned with the environment. The current view indicates
that the Mediator complex relays environmental information to the RNAPII by integrating
signalling from TFs (Samanta and Thakur, 2015). We propose that the DELLA-Paflc pathway
also feeds the RNAPII with information from the surrounding environment, thanks to the
high sensibility of GA and DELLA levels to changes in the environmental conditions (Sun,
Curr Biol, 2011; Chapter 1). But, what could be its physiological relevance? It is tempting
to speculate that GAs have a negative impact on transcription (due to lower levels of
chromatin associated RNAPII), causing a general reduction in the transcription regime led
to save energy and re-allocate resources. GA levels are tightly regulated in the plant and
bursts in GA production, leading to a reduction in DELLA levels, are usually associated to
particular windows of its life cycle (e.g. germination, skotomorphogenesis, flowering, etc),
developmental transitions when most energy resources need to be dedicated to rapid
growth. This also includes the reversible response to changes in the light quality (shade) or
ambient temperature (warmth) that provoke rapid elongation of different organs. In these
cases, if the environmental change persists, GAs finally contribute to accelerate flowering
to rapidly complete the life cycle of the plant. This situation would be reminiscent of COP1
function, as high COP1 activity is normally associated to physiological responses where GA
levels are also high (see Chapter 1). In all these contexts, proper re-allocation of energy
resources by reducing the transcription of all Paflc-dependent genes by GAs might be key
for adaptation to the environmental change or for the progression of the developmental
response. This mechanism could act simultaneously with other DELLA-dependent gene
regulation mechanisms (Fig. 7). The quantification of transcription rates in response to
different environments and the determination of the influence of Paflc and DELLAs would

help us to ascertain if our hypothesis holds.

4. Material and methods

Plant material.

All the Arabidopsis lines used in this work have been previously described: elf7-3 (He et al,,
2004), hub1-3 hub2-2 (Liu et al., 2007), pRGA:GFP-RGA (Silverstone et al., 2001), PHPp:PHP-
Flag php-1 (Park et al., 2010) and ELF7p:Flag-ELF7 elf7-3 (Cao et al., 2015) are in the Col-0
background; gai-1 (Koorneef et al., 1985) in the Ler background; and, VIP3-GFP was obtained
in the Sav-0 ecotype (Dorcey et al, 2012). The pRGA:GFP-RGA ELF7p:Flag-ELF7 double

transgenic line was generated by genetic crosses.
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Growth conditions and treatments

All seeds were surface sterilized and sown on half-strength MS (Duchefa) plates containing
1% (wl/v) sucrose, 8 g/L agar (pH 5.7). Seedlings were grown at 22°C under continuous light
(50-60 umol m=2s71) (our standard conditions). WT+GA samples were obtained by directly
sowing seeds in MS plates supplemented with 100 yM GA; (Sigma). For the Co-IP
experiment, 3-day-old seedlings grown on sterile filter papers placed on MS plates were
transferred to MS supplemented with 10 pM paclobutrazol (PAC) or the corresponding

control (acetone) for 4 days.

Yeast two-hybrid assays

pENTR?223 vectors carrying the coding sequence (CDS) of UBC1, SAP18, MED31, ELF7,
VIP3, VIP4, CDC73, Phf5a, CDKD;2, CDKGC;2, CYCT1;4, LSM1b, LSM2, LSM3a, LSMS5,
LSMé, LSM7, LSM8, SmB, SmD1la and SmEb were obtained from SALK Institute and
transferred to the pGADT?7 vector (Clontech) by an LR reaction (Thermo-Fisher Scientific).
pDONR?221 LSM4 was obtained by a BP reaction (Thermo-Fisher Scientific) after amplifying

LSM4 by two consecutives PCRs, using first the oligos

Fw_CAGGCTTCATGCTTCCTCTATCGCTGCTT
and Rv_GCTGGGTCTCAACCACGGCCGCGACC

and then the oligos

Fw_GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
and Rv_ GGGGACCACTTTGTACAAGAAAGCTGGGTCQ).

The pGADT7 LSM4 was obtained as described above. The pGADT7 VIP5 vector was
generated using gene synthesis (GenScript, USA). pGBKT7 M5-GAI and RG52 plasmids
were previously described (Marin-de la Rosa et al,, 2015). The M5-truncated versions for
RGL1, RGL2 and RGL3 in pGBKT7 were kindly provided by Prof Salomé Prat (CNB, Spain).
The yeast strains Y2HGold and Y187 (Takara Bio Inc) were transformed with the constructs
in pGBKT7 and pGADT7 vectors, respectively, following the Clontech small-scale LiAc
yeast transformation procedure. Yeast diploid cells carrying both plasmids were obtained
by mating, and interaction tests were assayed on selective media (SD/-Trp/-Leu/-His)

containing 3-aminotriazol (3-AT) (Sigma).
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Bimolecular fluorescence complementation assay

The pMDCA43-YFC GAI vector was previously used (Crocco et al,, 2015). ELF7 CDS was
transferred into pMDC43-YFN vector (Belda-Palazén et al,, 2012) by Gateway using the LR
clonase (Thermo-Fisher Scientific). Each construct was introduced into Agrobacterium
tumefaciens C58 cells which were used to infiltrate 4-week-old Nicotiana benthamiana leaves.
BiFC samples were mixed in a 1:1 ratio to a total optical density (ODeoonm) of 0.2. After 3
days, microscopy images were collected using a Zeiss LSM780 confocal microscope. YFP

fluorescence was detected at 520-560 nm after excitation with an Argon laser (488 nm).

Co-immunoprecipitation assays

The ground frozen tissue (occupying a volume of 1 mL) was homogenized in 500 pL of
extraction buffer (25 mM Tris-HCI pH 7.5, 10% glycerol, 1 mM EDTA pH 8.0, 150 mM
NaCl, 10 mM DTT, and 1x protease inhibitor cocktail [cOmplete, EDTA-free; Roche]) and
incubated on ice for 15 min. Extracts were centrifuged twice for 15 min at full speed at 4°C
and proteins were then quantified by the Bradford assay. 100 pg of total proteins were
denatured in Laemmli buffer and set aside to be used as input. One mg of total proteins was
incubated for 2 h at 4°C in a rotating wheel with 50 pL of anti-GFP-coated paramagnetic
beads and loaded onto pColumns (Miltenyi) at room temperature. Columns were washed
twice with 700 pL of cold extraction buffer and proteins were eluted under denaturing
conditions in 70 pL of elution buffer following manufacturer’s instructions. The inputs and

immunoprecipitates were analysed by Western blot (see immunoblot analysis section).

Gene expression analysis

Two different RNA-seq with three independent biological replicates for each
condition/genotype were performed. In both cases, seedlings were grown under our
standard conditions (see growth conditions and treatments section). For the first RNA-seq,
7-day-old WT Col-0, WT+GA and elf7-3 seedlings were collected. A second RNA-seq
series was performed using 7-day-old WT Ler and gai-1 seedlings. Total RNA was extracted
with a RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s instructions. The
RNA concentration and integrity [RNA integrity number (RIN)] were measured in an RNA
nanochip (Bioanalyzer, Agilent Technologies 2100) by the IBMCP Genomics Service. The
preparation of the libraries and the sequencing were carried out by the Genomics Service

of the University of Valencia. Reads were mapped to the Arabidopsis reference genome
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using TopHat (Trapnell et al, 2012) with default parameters. Transcripts counts were
calculated with HTSeq-count software (Anders et al., 2015) and differentially expressed
genes (DEG) were identified with DESeq2 (FC 21.5, p adj. value < 0.01) (Supp. Table 1).
The normalized expression values for each gene were calculated as reads per kilobase
million (RPKM) (Supp. Table 5). The volcano plots and the heatmap representation were
generated with the EnhancedVolcano (Blighe, 2019) and Pheatmap (Kolde, 2015) R
packages, respectively. GO annotations (including biological processes(BP), molecular
functions(MF) and cellular components(CC); see Supp. Table 2) were assigned with the
clusterProfiler R package (Yu et al., 2012) using as p-value and g-value cut-offs 0.01 and 0.05,
respectively. BP categories that were over-represented among the DEG were summarized
in Fig. 3A through the method implemented by Wang et al (2007) in the GOSemSim R
package (Yu et al., 2010) using the adjusted p-value and applying a similarity cut-off of 0.7.
The GOChord plot was done with GOplot (Walter et al., 2015) in order to show some
common DEG in WT+GA and elf7-3 mutant seedlings in certain GO categories. For the
meta-analysis with the Flag-ELF7 genomic distribution (see chromatin immunoprecipitation
analysis section), genes were split into 5 groups based on the RPKM in WT Col-0 seedlings
(RPKM=0-1, RPKM=1-10, RPKM=10-100, RPKM=100-1000, RPKM above 1000).

ChIP experiments

H2B and H2Bub ChIP-Rx were conducted in parallel using the same two biological replicates
of 7-day-old WT, WT+GA and elf7-3 seedlings grown under our standard conditions. For
each biological replicate, two immunoprecipitations (IP) were performed using an anti-
H2Bub antibody (MM-0029-P, Medimabs) and one using an anti-H2B (ab1790, abcam). 100
pg of Arabidopsis chromatin mixed with 3 pg of Drosophila chromatin was used for each IP
as previously described (Nassrallah et al, 2018). DNA eluted from the two technical
replicates of H2Bub IP was pooled before library preparation. Library preparation and
sequencing were carried out by the CRG Genomics Core Facility (Barcelona, Spain). In a
second series, Flag-ELF7 ChIP-seq was performed using 7-day-old WT Col-0 and Flag-ELF7
elf7-3 samples and an anti-Flag M2 antibody (F1804, Sigma) and a double in vitro crosslinking
as recently described (Bourbousse et al., 2018; Fiorucci et al., 2019) using 1.5 mM ethylene
glycol bis (succinimidyl succinate) for 20 min and then with 1% formaldehyde for 10 min at
room temperature. Library preparation and sequencing were carried out by the CRG
Genomics Core Facility (Barcelona, Spain). A third series was performed using the anti-

RNAPII antibody (active motif, Clone: 4H8) using similar growth conditions and protocol
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than for H2Bub profiling without Drosophila cells spike-in. Library preparation and
sequencing were carried out by the Epigenomics platform at IPS2 (Paris, France). Finally,
ChIP-gPCR experiments were performed using the primers described by (Bourbousse et
al,, 2012) and included in Supp. Table 7. ChIP DNA was analysed on 7500 Fast Real-Time
PCR System (Applied Biosystems) with SYBR Premix Ex Taq Il (Tli RNaseH Plus) ROX plus
(Takara Bio) according to the supplier’s instructions. Three biological replicates, each
including three technical qPCR replicates, were performed. Enrichments were determined

as IP/Input ratios.

ChlIP-seq bioinformatics

H2B and H2Bub ChIP-Rx data were analysed using the corresponding Arabidopsis and
Drosophila reads in each Input and IP samples individually according to Nassrallah et al.
(2018). To account for an additional normalization of H2Bub levels with respect to histone
H2B occupancy, H2Bub enrichment was determined using H2B ChIP IP/Input ratio as Input
instead of cognate H2Bub Input from the same sample (as described in Zhang et al., 2008).
For tracks visualization, IGV version 2.7.22.7.2 (Thorvaldsdéttir et al., 2013) browser tracks
were obtained by scaling MACS2 values in the bedgraph pilup files with the Rx normalization
factors described above. Upon confirmation of consistency between biological replicates by
Hierarchical dendrogram clustering based on Spearman correlation, by Heatmap
representation based on Euclidean distance between samples based on read counts per
gene, and by Principal component analysis (PCA) projection, values obtained for replicates
were averaged and converted to bigwig files. To determine H2BUb-marked genes (included
in Supp. Table 3), H2Bub enriched domains reproducibly detected using MACS?2 in the two
biological replicates with an FDR<0.01 were intersected using Bedtools Utility Intersect
version v2.27.1 (Quinlan and Hall, 2010). Only peaks exhibiting intersection regions beyond
10 % of input peak lengths were kept. The resulting peaks from all samples were merged
and annotated with TAIR10 gene coordinates extended to -250 pb from gene TSS to TES.
Only genes that had intersection regions greater than 150 bp (~one nucleosome) with the
resulting peaks were kept. To determine the differentially marked genes by H2Bub (Supp.
Table 4), the number of reads mapping into the peak coordinates of each replicate sample
was calculated using Bedtools Utility Multicov and the peaks from all samples were grouped
by gene-ID to obtain unique peak coordinates per marked gene using Bedtools Utility

Groupby (Quinlan and Hall, 2010). The coverage values from all samples were then scaled
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using Rx factors, and used for DESeq2 version 1.19.37 (Love et al., 2014) analysis using

Wald test. Plots were produced with R software version 3.5.2.

ChlIP-seq analysis of Flag-ELF7 and RNPII samples were conducted as in (Fiorucci et al.,
2019). Briefly, reads were mapped to TAIR10 genome and peaks were identified using
MACS?2 (see Sup. Table 6). Flag-ELF7 target genes were considered when a peak overlapped
at least 150 pb within the gene body and 250 pb upstream of the TSS (considered as
promoter region). For the meta-analysis with RNAPII occupancy shown in Fig. 5B, the
RNAPII data was obtained from (Fiorucci et al., 2019). Metagene plots and heatmaps were

drawn with Deeptools protProfile and plotHeatmap, respectively.

Subcellular fractionation

Cytoplasmic, nucleoplasmic and chromatin-associated fractions were obtained as described
(Liu et al., 2018a) with minor modifications. Briefly, about 1.5 grams of 7-day-old seedlings
were ground in liquid nitrogen and homogenized in 3-4 mL of Honda buffer (0.44 M Sucrose,
20 mM HEPES KOH pH 7.4, 2.5% Percoll, 5% Dextran T40, 10 mM MgCl,, 0.5% Triton X-
100, 5mM DTT, 1 mM PMSF, and 1x protease inhibitor cocktail [cOmplete, EDTA-free;
Roche]). The homogenate was filtered through two double layers of Miracloth and the flow-
through was centrifuged at 2,400g for 10 min at 4°C. The supernatant (1 mL) was spun at
10,000 g for 10 min at 4°C and collected as cytoplasmic fraction. The pellet was resuspended
in 1 mL Honda buffer and centrifuged at 1,800 g for 5 min at 4°C to concentrate crude
nuclei. This pellet was then washed for 4-6 times with Honda buffer and rinsed with PBS
buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPO,, 2 mM KH,PO,) containing 1 mM
EDTA. The pellet was resuspended in 150 pL of cold glycerol buffer (20 mM Tris-HCI pH
7.9, 50% glycerol, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF, and 1x
protease inhibitor cocktail [cOmplete, EDTA-free; Roche]) and gently vortexed twice after
adding 150 pL of cold nuclei lysis buffer (10 mM HEPES KOH pH 7.4, 7.5 mM MgCl,, 0.2
mM EDTA, 0.3 M NaCl, 1 M urea, 1% NP-40, 1 mM DTT, 0.5 mM PMSF, 10 mM B-
mercaptoethanol, and 1x protease inhibitor cocktail [cOmplete, EDTA-free; Roche]). The
mixture was incubated for 2 min on ice and centrifuged at 14,000 rpm for 2 min at 4°C.
The supernatant was collected as nucleoplasmic fraction. The chromatin-associated pellet
was rinsed with PBS buffer containing 1 mM EDTA and then resuspended in 150 L cold
glycerol buffer and 150 pL cold nuclei lysis buffer. Protein concentrations were determined

by using the Pierce 660 nm protein assay (Ref. 22662) according to the manufacturer’s
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instructions. The different fractions were analysed by Western blot (see immunoblot

analysis section).

Immunoblot analysis

Total protein extracts, immunoprecipitates and subcellular fractionation samples were
separated by SDS-PAGE, transferred to PYDF membranes and immunolabeled with specific
antibodies against anti-Flag (1:1000, Sigma, Ref #F1804), anti-GFP (1:5000, JL-8 Takara Bio
Clontech), anti-HUB1/2 (1:2000, this study), anti-DET3 (1:10000, provided by Karin
Schumacher), anti-Rtf1 (1:1000, ab84564, abcam), anti-H3 (1:5000, ab1791, abcam) or anti-
tubulin (1:1000, Invitrogen, Ref #62204). Chemiluminiscence was detected with the
Supersignal west FEMTO maximum sensitivity substrate (Thermo-Fisher Scientific) and
protein bands were detected and quantified using the LAS-3000 Imaging system (Fuijifilm)
and NIH Image] software, respectively. Custom-made rabbit anti-HUB1/2 antibody was
obtained by SDIX (USA) using the immunogen sequence
MQDTLLIDKYIMDKDIQQGSAYASFLSKKSSRIEDQLRFCTDQFQKLAEDKYQKSVSLENL
QKKRADIGNGLEQARSRLEESHSKVEQSRLDYGALELEL.
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5. Supplemental information

Supplemental tables derived from our RNA-seq and ChIP-seq (Supp. Tables 1 to 7)
experiments are available on the following website (Password: NBTVALENCIA2020):

http://plasticity.ibmcp.csic.es/downloads.html

Suppl. Table 1: Gene lists summarizing differentially expressed genes (DEGs) identified by
RNA-seq in WT+GA and elf7-3 samples. This file also includes the common DEGs of
WT+GA and elf7-3.

Suppl. Table 2: File including GO enrichment categories for WT+GA and elf7-3 DEGs and
for the 202 DEGs that showed a similar trend in WT+GA and elf7-3. “BP” is referred to

biological processes, “MF” to molecular function and “CC” to cellular components.

Suppl. Table 3: File including the genes that are marked with H2Bub in each condition
(WT, WT+GA and elf7-3).

Suppl. Table 4: Differentially ubiquitinated genes (DUGs) in WT+GA and elf7-3 obtained
by DeSeq2.

Suppl. Table 5: File including RPKM values for each gene in each biological replicate of
WT Col-0, WT+GA, elf7-3, WT Ler and gai-1.

Suppl. Table 6: Gene lists summarizing ChIP-seq analysis of Flag-ELF7 occupancy in WT
seedlings and the meta-analysis with H2Bub-marked genes. Flag-ELF7 targets that are also

misregulated in elf7-3 or in WT+GA and elf7-3 in the same direction are also included.
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Supp. Table 7: List of primers used for ChIP-qPCR analysis
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Primer name

Sequence

Reference

At1g06680(Psbl)Fw
At1g06680(Psb1)Rv
At1g22770(Gl)Fw
At1g22770(Gl)Rv
Atlg66150(TMK1)Fw
Atlg66150(TMK1)Rv
At3g14840Fw
At3g14840Rv
At4g23100Fw
At4g23100Rv
At4g26288Fw
At4g26288Rv

5-GATCACAGCAACCGTGAATG-3
5-TGAAGAAAGCAAGCAGAGCA-3
5-CATCCGTTTGCCTCTTTCAT-3
5-ATTTCTCCACATGCCAAAGC-3
5-CGTAAGCGTTGGAGGGATAA-3’
5-TTAACCGCAATCTTCGTTCC-3
5-CTGCAAACAAGATCGGAGAAG-3’
5-GCTTCACCGCGATTACAGTT-3’
5-GGCTGGAAGCCAATTCCTA-3’
5-GCCAATGCTCTCACCCTAAA-3
5-GTCATGCTGCAAAAGGGATT-3’
5-TCATTTAGCTTGGGGCAAAC-3’

Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)
Bourbousse et al. (2012)



Supplemental figures (Figs. S1 to S9) are shown below:
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Fig. S1. DELLA protein interactors found in our Y2H targeted screening. Representation
summarizing the results obtained in our yeast screening using M5-GAIl and RG52 as bait and several
proteins involved in transcription elongation, pre-mRNA splicing and mRNA decapping as prey.
Note that Sm-like proteins (LSMs) LSM2 to 7 are core components of both LSM2-8 and LSM1-7
complexes that are required for pre-mRNA splicing and mRNA decapping, respectively (Perea-
Resa et al,, 2015; Carrasco-Lopez et al., 2017; Catala et al.,, 2019). UBC1, UBIQUITIN CARRIER
PROTEIN1 (Cao et al.,, 2008); SAP18, SIN3 ASSOCIATED POLYPEPTIDE18 (Song and Galbraith,
2006); MED31; MEDIATOR31 (Zhang et al., 2018); ELF7, EARLY FLOWERING 7 (He et al., 2004);
VIP3, VERNALIZATION INDEPENDENCE 3 (Park et al., 2010); Phf5a, PHD finger protein 5A
(Strikoudis et al., 2016); CDKD;2, Cyclin-dependent kinase D2 (Lu et al., 2017); CDKC;2 CYCLIN
DEPENDENT KINASE GROUP C2 (Wang et al.,, 2014); CYCT1;4, CYCLIN T1;4 (Wang et al,,
2014); CDC5; CELL DIVISION CYCLE 5 (Zhang et al., 2013).
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Fig. S2. RGL1, RGL2 and RGL3 interact with ELF7 but not with VIP3 in yeast. Y2H
assays of the M5 truncated versions of RGL1, RGL2 and RGL3 with the Paflc subunits ELF7 and
VIP3. @ represents negative control where no sequence was cloned into the activation domain
(AD). The serial dilutions (1:10) shown are indicated. +H, control medium depleted of leucine and
tryptophan. —H, selective medium also lacking histidine and containing 10 mM 3-aminotriazol (3-
AT).
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Fig. S3. H2Bub peaks are lower in the absence of DELLAs or ELF7. Genome browser
snapshots showing H2Bub profiles in WT, WT+GA and elf7-3 seedlings. All tracks are equally

scaled. Each track represents the average data of two independent biological replicates for H2Bub
ChIP-Rx.
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Fig. S4. Neither loss of function of ELF7 nor GA treatment result in decrease of HUB1/2
chromatin binding. (A-B) Detection by Western blot of endogenous HUB1/2 in cytoplasmic,
nucleoplasmic and chromatin-associated fractions in wild-type and elf7-3 mutant seedlings (A) as
well as in wild-type seedlings grown in MS+100uM GAs3 (B). Tubulin and Rubisco and Histone H3
were used as cytoplasmic and chromatin-associated fraction markers, respectively. Note that four
times less extracts were loaded for the nucleoplam fraction. The position of molecular weight
markers is shown on the right. The asterisk indicates a nonspecific band. The analysis was
performed twice with similar results.

84



1000+

Pafic H2B Ub H2Bde-Ub GA
100
[%2]
=
< 104
& * *
1_
0.1-3
QS LLR LGP A R D Y
SIS VIR FEF LS S’
<& RRY o
(@)
1004 Pafic HBUb  H2BdeUb GA
* *
[2)
=
< 104
o
4
1-

AP R PN NV DO D™D
O LR PGS S L S R
oS ARSI P R
g A @

s L

[ mock
B GA

JlLer
B gai-1

Fig. S5. H2Bub-related genes expression in Col-0 seedlings grown with GA or mock
and in Ler and gai-1 mutant seedlings. Note that defects in H2Bub caused by altering DELLA
levels are not due to changes in the expression of genes encoding subunits of Paflc or H2B
ubiquitination (Ub)/deubiquitination (de-Ub) modules. GA30x1 and GA200x2 are shown as examples
of differentially expressed genes in GA-treated and gai-1 mutant seedlings. Both plots show the
transcript levels in RPKM extracted from our RNA-seq experiments. Asterisks represent significant

differences (p<0.01).
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Fig. S6. Paflc and HUB1/2 protein levels are not altered by a GA treatment. (A-D) The
levels of Flag-ELF7, HUB1/2 (A), PHP-Flag, VIP5 (B) and GFP-VIP3 (C) were determined in mock-
and GA-treated seedlings by Western blot. DET3 was used as loading control. The position of
molecular weight markers is shown on the right. The size of the bands corresponds to the expected
sizes of the endogenous or the fusion proteins: HUB1 (99.7 KDa), DET3 (42.6 KDa), PHP-Flag
(48.5 KDa), VIP5 (71.3 KDa) and VIP3-GFP (61.2 KDa). Flag-ELF7 band was detected around 90-
100 KDa (expected size = 68.4KDa). (D) Plot showing the ratio of Paflc or HUB1,2/DET3 in GA-
treated seedlings with respect to mock conditions. Data are average from three biological replicates
(shown in plots from A to C). No significant differences were obtained between the two conditions
(GA- or mock-treatment) of each genotype (p<0.01).
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Fig. S7. The Paflc subunit ELF7 is recruited to gene bodies. (A-F) Genome browser track
examples of Flag-ELF7 ChlIP-seq and of H2Bub ChIP-Rx in WT, WT+GA and elf7-3. Each track
represents the average data of two independent biological replicates for H2Bub ChIP-Rx and a
single replicate for Flag-ELF7 ChIP-seq. The binding of Flag-ELF7 to the highlighted genes was
confirmed by ChIP-gPCR as shown in Fig. 5.
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Fig. S8. Meta-analysis of Flag-ELF7 ChlP-seq data and the transcriptomes of elf7-3 and
WT+GA seedlings. (A-B) Venn diagram showing the overlap of Flag-ELF7 target genes identified
by ChlIP-seq and the DEGs identified by RNA-seq in the elf7-3 mutant (A) or the 202 genes
misregulated in the same direction in elf7-3 and WT+GA seedlings (B). p<0.05 show significant
differences according to the chi square test.
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Fig. S9. Flag-ELF7 occupancy associates with highly expressed genes but is not strictly
linked to H2Bub-marked genes. (A) Mean enrichment of Flag-ELF7 on TAIR10 genes grouped
into 5 classes ranked by expression level in wild-type Col-0 seedlings. The five chosen classes
include the following number of Flag-ELF7 targets: Group 1 (0-1 RPKM)=825 genes, Group 2 (1-
10 RPKM)=2,365 genes, Group 3 (10-100 RPKM)=6,440 genes, Group 4 (100-1000 RPKM)=1,062
genes and Group 5 (over 1000 RPKM)=68 genes. (B) Venn diagram showing the overlap of Flag-
ELF7 target genes identified by ChIP-seq and the H2Bub-marked genes. (C) Genome browser track
examples of Flag-ELF7 binding in genes without H2Bub mark (also included in Supp. Table 6). Each
track represents the average data of two independent biological replicates for H2Bub ChIP-Rx and
a single replicate for Flag-ELF7 ChlP-seq.
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DELLA proteins have been proposed to coordinate growth in response to the environment
(Claeys et al., 2014). This idea is sustained by two main features: (i) DELLAs are destabilized
by GAs, whose levels are very sensitive to changes in the environmental conditions (Alabadi
and Blazquez, 2009; Sun, 2011); and (ii) they have the ability to interact with and regulate
multitude of transcription factors (TFs), with impact in growth and developmental outputs
(Marin-de La Rosa et al., 2014). Interestingly, the physical interaction between DELLAs and
chromatin remodelers (Sarnowska et al., 2013; Zhang et al., 2014; Park et al., 2017a) also
hinted towards an additional mechanism by which they would regulate transcription,
although its relevance has not been proven so far. The work presented in this Thesis
expands our view of these two features of DELLA proteins —how they are regulated and
how the transduce the information to the transcription machinery—, both of which enhance
the view of DELLAs as core components of the network that mediates between the

environment and cellular functions.

Our demonstration that DELLAs are physiologically relevant targets of the E3 ubiquitin
ligase COP1 expands the set of mechanisms that regulate DELLA levels in response to the
environment. It is well-known that DELLAs levels can be regulated by other post-
translational modifications (PTM), such as SUMOylation and phosphorylation, but COP1-
mediated degradation is unique in that it degrades DELLAs directly without converging in
the GA/GID1 pathway, contrary to the effect of phosphorylation and SUMOylation that
simply modify the capacity of DELLAs to be degraded by the GA/GID1 pathway. This does
not mean that COP1 interferes with DELLA signalling only through its direct physical
interaction. We and others have shown that COP1 also has an indirect effect in GA
biosynthesis in a longer time frame (Weller et al., 2009; this work). This sort of complex
networks is typical of plant regulatory circuits, especially around important regulatory
nodes, and allow them to properly adjust growth preventing over-regulation of downstream
pathways. Levels of proteins that function as “signalling hubs” are indeed tightly regulated in
other organisms as well. For example, the tumour suppressor p53 is targeted for
degradation by at least fifteen E3 ubiquitin ligases in mammals (Love and Grossman, 2012)
and many “signalling hub” proteins are encoded by short-lived mRNAs in yeast (Batada et

al., 2006).

Furthermore, our observation that DELLAs not only regulate gene expression through TFs
but also through the activity of the transcription elongation factor Paflc, also place DELLAs

in a central position in the transcriptional network, influencing several consecutive steps of
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the process, from the initiation of transcription to the ability of RNAPII to proceed through

the gene body.

In summary, our results add two novel players to the DELLA signalling pathway that (i)
increases connectivity with the environmental sensors (COP1) and (ii) broadens the scope
of DELLA action on the target genes (Paflc). However, several questions arise in the light
of the various mechanisms that converge in the same regulatory circuit: What is the
particular relevance of the different mechanisms? What are the evolutionary implications of
the coexistence of alternative mechanisms? How can this knowledge be useful in the

development of new biotechnological strategies?

1. Relative importance of the different mechanisms

When several mechanisms operate on a common process, it is common that each of them
provides differential regulatory layers. In the case of COP1-mediated DELLAs degradation,
we have shown in Chapter 1 that this mode of regulation is particularly relevant in response
to shade or warmth, but not during photomorphogenesis, indicating that the contribution
of this pathway depends on the biological context. Therefore, further work is required to
know whether this pathway also operates under other physiological contexts, for instance,
in germination, root growth, flowering or response to cold, under which both COP1 and
DELLAs have been involved (at least separately) (Tyler et al.,, 2004; Ubeda-Tomas et al.,
2008; Achard et al., 2008; Catala et al., 2011; Galvao et al., 2012; Sassi et al.,, 2012; Deng et
al,, 2016; Yu et al., 2016). For instance, accumulation of DELLAs in the root in response to
cold is mediated by a reduction in bioactive GA levels (Achard et al., 2008). Equally to the
situation in the hypocotyl, disappearance of COP1 from root nuclei when temperature
drops (Catala et al., 2011) might contribute to DELLA accumulation. Thus, the fact that
there are several physiological situations in which both pathways regulate DELLA stability

still begs for an explanation.

COP1 defines a faster path to destabilize DELLAs compared to that defined by GA/GID1.
In fact, the rapid response to warmth or shade is mostly dependent on COP1, while the
GA pathway is more relevant on a developmental scale. In addition to the rapid
accumulation of COPL1 in nuclei in response to warmth shown here, inactivation of phyB as
temperature increases (Legris et al., 2016; Jung et al., 2016) or due to a reduction in the
red (R) to far-red (FR) ratio, would trigger the activation of the pool of COP1 already

present in the nucleus previous to the environmental change (Park et al., 2017b), being thus
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available to de-repress the growth restrain imposed by DELLAs. This initial growth de-
repression might represent an adaptive advantage for seedlings facing the environmental
challenge, awaiting further accumulation of COP1 in the nucleus and the up regulation of
the GA pathway, which occurs later and that will consolidate the response. Interestingly,
the growth restraint imposed by DELLA stabilization after salt stress is first achieved by
DELLA SUMOylation (Conti et al., 2014), suggesting that post-translational mobilization of
DELLAs prior to changes in bioactive GAs is not restricted to responses to light or
temperature and might represent a fast, widespread way to transmit environmental changes

to growth outputs.

Our results also indicate that the two seemingly independent pathways (COP1 and
GA/GID1) are interconnected. This view is supported not only by the finding that COP1
promotes GA accumulation (Weller et al., 2009; this work), but also by the observation
that degradation by COP1 becomes quantitatively relevant only below a certain threshold
of DELLA levels, which may be established by the GA/GID1 pathway. The co-existence of
these interconnected mechanisms might for instance reinforce the cellular commitment to
grow when conditions are favourable by reducing DELLA levels, in other words, providing

robustness.

Regarding the role of DELLA in transcription, what is the benefit of having several DELLA-
operated strategies to regulate gene expression for plants? We propose that the two
mechanisms proposed in this work complement each other to coordinate different steps
during gene transcription, from the formation of the pre-initiation complex to the
recruitment of the transcription elongation factor Paflc. In addition to this, both confer
particularities to the regulation: the interaction with TFs provides specificity that might be
required to regulate gene expression in a specific process, whereas the DELLA-Paflc
module would operate on a broader scale to set the pace of transcription of Paflc-target
genes. It is worth mentioning that we assume a “global effect” of DELLAs on Paflc activity
because we observed global defects on H2Bub, although only a particular set of genes were
misregulated in seedlings lacking DELLAs or ELF7. It is not surprising, since the “final” effect

on gene expression likely depend on other mechanisms as well.

2. Evolutionary implications

It has been shown DELLAs predate the origin of GA metabolism and perception, which

seems to coincide with the appearance of the ancestor of vascular plants (Miyazaki et al.,
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2018; Yoshida et al, 2018; Hernandez-Garcia et al., 2019; Blazquez et al., 2020). The
function of DELLAs in early-diverging land plants is still under investigation, but there are
strong indications that they regulate transcription too (Briones-Moreno et al, 2017;
Hernandez-Garcia et al.,, 2019). Then, (i) how is DELLA activity regulated in land plants?

And, (ii) what is the ancestral mechanism for the regulation of transcription in those plants?

Regarding the first question, several pieces of evidence allow us to propose that, at least in
the case of the liverwort Marchantia polymorpha, the DELLA protein might be regulated by
CORPL. First, MpDELLA stability is dependent on the 26S proteasome, indicating that there
may exist a mechanism to ubiquitinate this protein (Hernandez-Garcia et al, unpublished);
and second, the orthologs of COP1 and DELLA interact each other in this species (Fig. 1).
Therefore, it is tempting to speculate that COP1 might represent an ancestral mechanism
for the regulation of DELLA stability, which was later refined or taken over by the GA/GID1

pathway.
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Fig. 1. MpDELLA interacts with MpCOPL1 in plant cells. Co-IP assay showing the interaction
between YFP-MpDELLA and HA-COPL1 in Nicotiana benthamiana leaves. Soluble proteins were
incubated with anti-GFP paramagnetic beads and were detected by immunoblotting with either
anti-HA-HRP or anti-GFP antibodies. The position of molecular weight markers is shown on the
left. The sizes of the bands correspond to the expected sizes of the fusion proteins.

Work with M. polymorpha could also shed light on the evolutionary relevance of the
regulation by DELLAs of RNAPII activity. Unpublished work in our laboratory shows that
the orthologs of several TFs, chromatin remodelers (e.g. SWI3C) and Paflc physically
interact with MpDELLA (Briones-Moreno et al, unpublished). Future work should address
the question of the relative contribution of the role of the ancestral DELLA in transcriptional

initiation vs transcriptional elongation.
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3. Biotechnological implications

Since their discovery, GAs and their inhibitors (e.g. paclobutrazol) have been widely used as
a biotechnological tool to improve many agronomic traits (see examples in Kaya et al., 2006;
Zhang et al., 2019). However, their application also provokes undesired effects, indicating
the need for different GA-related biotechnological strategies. The identification of DELLAs
as core elements of GA signalling shifted the focus of biotechnological applications towards
the modification of these proteins. Nevertheless, the fact that DELLAs are “signalling hubs”
makes their use as biotechnological tools difficult: their activity is so intertwined with
multiple processes (upstream and downstream) that any slight modification of DELLAs
affects the desired process and, potentially, also have undesired side effects. Several
strategies could be applied to overcome such difficulties: (i) the selection of DELLA edgetic
alleles that interfere only with the interaction between DELLAs and the growth-promoting
TFs, maintaining the DELLA interaction with defence-related TFs unaffected; (ii) the search
for compounds that specifically inhibit the interaction between DELLAs and growth-
promoting TFs; (iii) the manipulation of DELLA targets instead of DELLAs themselves; and,
(iv) the alteration of DELLA expression or protein slightly. Although all the different new
DELLA-based biotechnological tools are complementary, the focus on the manipulation of
the transcriptional or post-translational mechanisms involving DELLA protein stability
rather than activity might be successful for one reason: it is likely that the affinity of DELLAs
for the different interactors (be it TFs or transcriptional elongation factors) must be
different. Thus, altering the levels will necessarily affect the ones with lower affinity

preferentially.

The results in this Thesis provide two additional mechanisms to alter DELLA signalling only
slightly. First, we have shown that despite DELLAs affecting Paflc activity in a very general
manner, this causes a relatively stronger effect only in smaller subset of genes. Therefore, a
strategy targeting the interaction between DELLA and Paflc might allow us the modification
of certain GA-related traits without the undesired lateral effects. Second, the construction
of DELLA alleles insensitive to COP1 degradation, but still sensitive to the GA/GID1
pathway, could be very useful from a biotechnological point of view since each pathway
seems to be more relevant in specific biological contexts. Probably, these COP1-insensitive
DELLA alleles would reduce the waste of resources in competition among crop plants
(shade response) and excessive stem elongation (in both shade and warm responses). In

addition to this, the reduction of this response might increase the tolerance to biotic stress
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since several works indicate that shaded plants are more susceptible to pathogens (Chico
et al.,, 2014; Cerrudo et al,, 2017). In fact, DELLA alleles with increased resistance to GA-
induced degradation had been already spontaneously selected as the basis for the new grass
varieties established during the Green Revolution: the enhanced resistance to fungal

infections semi dwarf varieties (Peng et al., 1999).
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In this work, we have unveiled two new mechanisms: one for the regulation of DELLA

levels in response to the environment, and one for the regulation of gene expression by

DELLAs:

1. The E3 ubiquitin ligase COP1l mediates DELLA degradation both in a GA-
dependent and -independent manner.

2. Direct regulation of DELLA polyubiquitination by COP1 is particularly relevant
during the response to higher temperatures and to shade.

3. DELLA proteins regulate RNAPII-mediated transcriptional elongation through the
interaction with Paflc, probably by allowing its recruitment to the chromatin

through a yet unknown mechanism.
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