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CONSTITUTIVE PHOTOMORPHOGENIC 1 functions as an E3 ubiquitin ligase in
plants and animals. Discovered originally in Arabidopsis thaliana, COP1 acts in a
complex with SPA proteins as a central repressor of light-mediated responses in plants.
By ubiquitinating and promoting the degradation of several substrates, COP1/SPA
regulates many aspects of plant growth, development and metabolism. In contrast
to plants, human COP1 acts as a crucial regulator of tumorigenesis. In this review,
we discuss the recent important findings in COP1/SPA research including a brief
comparison between COP1 activity in plants and humans.
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INTRODUCTION

Plants are versatile organisms that coordinate growth and development by constantly sensing and
responding to various internal and external signals. By integrating the information from multiple
signals at the molecular level, plants orchestrate complex downstream functions that maximize
their evolutionary fitness. Among the external signals that influence plant development, light
plays a pivotal role. Besides supplying energy for photosynthesis, light functions as an important
developmental cue that shapes the life of plants starting from seed germination to senescence. Plants
perceive different wavelengths of light via specialized photoreceptors and appropriately change the
gene expression patterns that result in photomorphogenesis or light-driven plant growth.

Photoreceptors accomplish a major part of their signaling functions via regulating the activities
of CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), a master regulator of light signaling.
Discovered more than two decades ago in the model plant Arabidopsis thaliana (Arabidopsis),
COP1 is among the first-known repressors of photomorphogenesis (Deng et al., 1991). COP1,
a Really Interesting New Gene (RING)-finger E3 ubiquitin ligase, exists widely in eukaryotes
including mammals. It polyubiquitinates and facilitates the proteasome-mediated degradation of
numerous substrates (Wang et al., 1999; Yi and Deng, 2005; Lau and Deng, 2012; Han et al., 2020;
Table 1). E3 ubiquitin ligases identify and associate with protein substrates, recruit the ubiquitin
conjugating enzyme E2, and assist or directly involve in the transfer of ubiquitin molecules from E2
to the substrates (Mazzucotelli et al., 2006). In plants, the E3 ligase activity of COP1 depends on its
interaction with SUPPRESSOR OF PHYA-105 (SPA) proteins (Hoecker and Quail, 2001; Seo et al.,
2003; Laubinger et al., 2004; Zhu et al., 2008; Ordoñez-Herrera et al., 2015).

The COP1/SPA complex acts as a central repressor of light signaling in darkness,
chiefly by ubiquitinating and thereby promoting the degradation of positive regulators of
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photomorphogenesis, which mostly are transcription factors.
When plants are exposed to light, the photoreceptors
suppress COP1/SPA activity, resulting in the stabilization
of the COP1/SPA substrates which subsequently promote
photomorphogenesis (Hoecker, 2017; Podolec and Ulm,
2018; Ponnu, 2020). COP1/SPA proteins function as part of a
CULLIN4-DAMAGED DNA BINDING PROTEIN 1 (CUL4-
DDB1)-based multi-subunit, higher-order E3 ligase complex
in Arabidopsis (Chen et al., 2010). Depending on the proteins
that are targeted for degradation, COP1/SPA regulates various
light-promoted developmental processes in plants such as
hypocotyl growth, anthocyanin biosynthesis, shade avoidance,
flowering time, hormone signaling, and stomata development
(Duek et al., 2004; Jang et al., 2005, 2008; Yang et al., 2005;
Laubinger et al., 2006; Liu et al., 2008; Lau and Deng, 2012; Maier
and Hoecker, 2015; Lee et al., 2017; Wang et al., 2019; Figure 1;
Table 1). Besides facilitating the degradation of proteins
that promote photomorphogenesis, the COP1/SPA complex
stabilizes PHYTOCHROME INTERACTING FACTORs (PIFs)
in darkness, which are negative regulators of light signaling
(Bauer et al., 2004; Ling et al., 2017; Pham et al., 2018b).

Generally, COP1/SPA is an inhibitor of light signaling
that is active primarily in darkness. However, in UVB light,
COP1 promotes photomorphogenesis by interacting with the
UVB receptor UV RESISTANCE LOCUS 8 (UVR8) which
leads to the stabilization of HY5 (Oravecz et al., 2006; Liang
et al., 2019). Moreover, COP1/SPA facilitates the light-induced
degradation of PIFs by associating with phytochromes (PHYs)
(Zhu et al., 2015; Pham et al., 2018b). Furthermore, COP1/SPA
targets light-activated photoreceptors for degradation, such as
PHYA, PHYB and CRYPTOCHROME2 (CRY2) under far red,
red and blue light, respectively (Figure 1; Seo et al., 2004;
Jang et al., 2010; Weidler et al., 2012; Debrieux et al., 2013;
Liu et al., 2016).

Recent years have witnessed many breakthroughs in COP1
research. In this review, we provide an update on the structure
and functions of COP1 and discuss the latest developments.
Importance is given to the recent works performed in
Arabidopsis COP1, with a small section dedicated to mammalian
COP1. This review is intended to give a bird’s-eye view of COP1
research and the readers are requested to refer to the in-depth
reviews written on specific topics.

DOMAINS AND STRUCTURE OF THE
COP1/SPA E3 LIGASE

Arabidopsis COP1 is a 76.2 kDa protein encoded by a single gene.
It contains three distinct domains – the N-terminal zinc-binding
RING domain, the central helical coiled-coil (CC) domain,
and the C-terminal region (COP1-WD) containing tryptophan-
aspartic acid repeats (WD40). The RING domain may interact
with an ubiquitin conjugating enzyme E2, the CC domain confers
the homodimerization of COP1 and heterodimerization with
SPA proteins, and the COP1-WD binds the ubiquitination targets
and photoreceptors (Deng and Quail, 1992; von Arnim and
Deng, 1993; Torii et al., 1998; Uljon et al., 2016; Hoecker,
2017). The N-terminus of COP1 comprising the RING and CC

domains (amino acids 1-282) is indispensable for COP1 function
and can suppress the lethality of the cop1-5 null mutant when
overexpressed (McNellis et al., 1994; Stoop-Myer et al., 1999;
Stacey et al., 2000). A number of proteins were shown to interact
with the N-terminus of COP1 including COP10, an E2 variant
that also is part of a CUL4-based E3 complex (Suzuki et al., 2002;
Yanagawa et al., 2004). While COP10, COP1-INTERACTING
PROTEIN 8 (CIP8), and MIDGET (MID) bind specifically the
RING domain of COP1, other CIP proteins (CIP1, CIP4 and
CIP7) and the COP1-SUPPRESSOR 2 (CSU2) associate with the
COP1-CC (Matsui et al., 1995; Yamamoto et al., 1998, 2001; Torii
et al., 1999; Schrader et al., 2013; Xu et al., 2015). A single bipartite
nuclear localization signal (NLS) between CC and WD, and a
long cytoplasmic localization signal situated in the N-terminus
facilitate light-mediated nuclear import and export of COP1
(von Arnim and Deng, 1994; Stacey et al., 1999; Subramanian
et al., 2004). Nuclear-localized GFP-COP1 exhibits characteristic
punctate structures called speckles or nuclear bodies in which
interacting proteins also colocalize (Stacey et al., 1999).

A break-through crystallization study showed that the WDs
of plant and mammalian COP1 have a similar seven-bladed
β-propeller configuration (Uljon et al., 2016). An intact COP1-
WD is essential for COP1 function in vivo which is consistent
with its role in substrate recognition (McNellis et al., 1994;
Uljon et al., 2016). Many substrates of COP1 share a short,
conserved valine-proline (VP) motif as the COP1-WD binding
site (Holm et al., 2001; Laubinger et al., 2006; Uljon et al., 2016;
Lau et al., 2019; Ponnu et al., 2019; Yadav et al., 2020). This
mechanism was also adopted by the photoreceptors, UVR8 and
CRYs, which interact with COP1 via their conserved VP motifs
(Lau et al., 2019; Ponnu et al., 2019). To accommodate diverse
VP motifs of a wide range of interaction partners, the COP1-
WD evolved an array of conserved amino acids that form a
flexible VP-binding pocket (Uljon et al., 2016; Lau et al., 2019).
Interestingly, the interaction partners of mammalian COP1, such
as the human TRIB1 (homolog of Drosophila tribbles) can
also bind Arabidopsis COP1-WD via its VP-motifs, pointing
to the coevolution of the COP1-VP-binding pocket along with
the VP-containing proteins (Uljon et al., 2016). In addition to
substrates and photoreceptors, COP1-WD binds DDB1 in the
CUL4 complex (Chen et al., 2010).

In contrast to a single COP1 protein, Arabidopsis has four
SPA proteins (SPA1 to SPA4) which have partially redundant,
but also distinct functions (Hoecker et al., 1999; Laubinger
et al., 2004, 2006; Menon et al., 2016). All four SPAs carry
similar domains, with a CC and WD-repeat comparable to
that of COP1 (Hoecker, 2017). But instead of a RING domain
in COP1, SPA proteins have a weakly conserved N-terminal
kinase-like domain. At least for SPA1, the kinase activity of
the N-terminal domain was demonstrated recently (Paik et al.,
2019; Wang et al., 2020). Accordingly, missense mutations in the
kinase domain severely compromise SPA1 function in transgenic
Arabidopsis plants (Holtkotte et al., 2016; Paik et al., 2019).
The N-terminal domains of SPA1 and SPA2 are also responsible
for the destabilization of these SPA proteins (Fittinghoff et al.,
2006; Yang and Wang, 2006; Chen et al., 2016). Like the
respective domains of COP1, the CC of SPA1 engages in homo-
and heterodimerization (with other SPAs and with COP1),
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FIGURE 1 | COP1/SPA acts as a central regulator of plant growth and development. A simplified schematic showing the major functions of the COP1/SPA complex
as a repressor of light signaling in darkness. Phytochrome and cryptochrome photoreceptors inhibit COP1/SPA activity in the light. When photoreceptors are
inactive, COP1/SPA polyubiquitinates a number of substrates and thereby promotes hypocotyl elongation, skotomorphogenesis, warm temperature and shade
avoidance responses, but suppresses deetiolation, anthocyanin biosynthesis, stomata development, TOR kinase activity, circadian rhythm and flowering. The
Arabidopsis COP1/SPA E3 ligase functions as part of a CUL4-DDB1-RBX1 complex and co-acts with the C3D complex. Green and red arrows represent promotion
and suppression, respectively. Solid lines show direct regulation, and the dotted lines show indirect regulation. Question mark (?) shows the mechanisms that are not
yet well understood.

and the WD participates in substrate interactions. However, in
contrast to COP1, detailed structural information is lacking for
SPA-WD as no crystallization studies have been successful to
date. Transgenic plants expressing individual point mutations
in SPA1-WD revealed the indispensable functions of many
residues in this region (Yang and Wang, 2006). In fact, the
SPA1-WD contains the same conserved amino acids that make
up the COP1-VP-binding pocket, suggesting that SPA proteins
also engage in VP-mediated interactions (Ponnu et al., 2019).
Consistent with this hypothesis, the C-termini of CRYs interact
with SPA1-WD via their VP motifs (Ponnu et al., 2019).

One of the functional COP1/SPA complexes is likely a
heterotetramer consisting of a COP1 homodimer with different
combinations of two SPA proteins (SPA homo/heterodimers)
(Zhu et al., 2008). Since photoreceptor-mediated suppression
of COP1 activity involves direct interactions of light-activated
photoreceptors with COP1 and SPA proteins (Podolec and Ulm,
2018), a COP1/SPA tetramer may interact with a tetramer of
photoreceptors. In agreement with this idea, the Arabidopsis
CRYs were recently demonstrated to form blue light-induced

homo- and heterooligomers (Liu Q. et al., 2020; Shao et al.,
2020; Palayam et al., 2021). A possible scenario of CRY-
COP1/SPA interactions might be the binding of CRY-homo-
or heterotetramers with a COP1/SPA heterotetramer, with each
photoreceptor monomer in direct association with a COP1 or
SPA monomer. In-depth structural and proteomic studies are
required to confirm the presence of such large protein complexes
in planta.

COP1/SPA AS A PART OF A
CUL4-BASED E3 LIGASE

There is very good evidence that in both plants and animals,
COP1 acts as a part of a CUL4-based E3 ligase consisting of
the core proteins CUL4, DDB1 and a RING-BOX protein (RBX)
(Wertz et al., 2004; Chen et al., 2006). CUL4 is a scaffold protein
anchoring a DDB1-based adaptor module and the E2-recruiting
protein RBX1 at its N and C termini, respectively. In the
adaptor module, DDB1 forms the core linker that attaches DWD
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TABLE 1 | Substrates of the Arabidopsis COP1/SPA E3 ligase.

Substrate AGI code Identity Interaction with Functions in References

COP1 SPA

ABI1 AT4G26080 Protein phosphatase 2C Yes Nd ABA signaling Chen et al., 2020

AHG3 AT3G11410 Protein phosphatase 2C Yes Nd ABA signaling Chen et al., 2020

BBX1/CO AT5G15840 B-box zinc finger protein Yes Yes Flowering Laubinger et al., 2006;
Jang et al., 2008;
Sarid-Krebs et al., 2015

BBX4/COL3 AT2G24790 B-box zinc finger protein Yes Nd Photomorphogenesis Heng et al., 2019

BBX10/COL12 AT3G21880 B-box zinc finger protein Yes Yes Flowering Ordoñez-Herrera et al.,
2018

BBX20/BZS1 AT4G39070 B-box zinc finger protein Yes Nd Photomorphogenesis, BR
signaling

Fan et al., 2012

BBX21 AT1G75540 B-box zinc finger protein Yes Nd Photomorphogenesis Xu et al., 2016a

BBX22/STH3/ LZF1 AT1G78600 B-box zinc finger protein Yes Nd Photomorphogenesis Datta et al., 2008; Chang
et al., 2011

BBX24/STO AT1G06040 B-box zinc finger protein Yes Nd Photomorphogenesis Holm et al., 2001; Yan
et al., 2011; Jiang et al.,
2012

BBX25/STH AT2G31380 B-box zinc finger protein Yes Nd Photomorphogenesis Gangappa et al., 2013

BBX28 AT4G27310 B-box zinc finger protein Yes Nd Photomorphogenesis Lin et al., 2018

BBX29 AT5G54470 B-box zinc finger protein Yes Nd Photomorphogenesis Song Z. et al., 2020

BIT1 AT2G36890 MYB transcription factor Yes Nd Photomorphogenesis Hong et al., 2008

BZR1 AT1G75080 Transcription factor Yes Nd BR signaling Kim et al., 2014

COR27 AT5G42900 Nuclear protein Yes Yes Photomorphogenesis,
circadian clock, flowering

Kahle et al., 2020; Li et al.,
2020; Zhu et al., 2020

COR28 AT4G33980 Nuclear protein Yes Yes Photomorphogenesis,
circadian clock, flowering

Kahle et al., 2020; Li et al.,
2020

CRY2 AT1G04400 Cryptochrome Yes Yes Light perception Weidler et al., 2012; Liu
et al., 2016

EBF1 AT2G25490 F-box protein Yes Nd Ethylene signaling Shi et al., 2016

EBF2 AT5G25350 F-box protein Yes Nd Ethylene signaling Shi et al., 2016

ELF3 AT2G25930 Nuclear protein Yes Nd Circadian clock, flowering Yu et al., 2008

GAI/RGA2 AT1G14920 DELLA domain protein Yes Yes GA signaling Blanco-Touriñán et al.,
2020a

GATA2 AT2G45050 GATA transcription factor Yes Nd Photomorphogenesis Luo et al., 2010

GI AT1G22770 Nuclear protein Indirect Nd Circadian clock, flowering Yu et al., 2008; Jang et al.,
2015

HEC2 AT3G50330 bHLH transcription factor Yes Yes Photomorphogenesis Kathare et al., 2020

HFR1 AT1G02340 bHLH transcription factor Yes Nd Photomorphogenesis,
shade avoidance

Duek et al., 2004; Jang
et al., 2005; Yang et al.,
2005

HRT AT5G43470 Resistance (R) protein Yes Nd Plant defense Jeong et al., 2010

HY5 AT5G11260 bZIP transcription factor Yes Yes Photomorphogenesis Osterlund et al., 2000; Saijo
et al., 2003; Wang et al.,
2020

HYH AT3G17609 bZIP transcription factor Yes Nd Photomorphogenesis Holm et al., 2002

ICE1 AT3G26744 bHLH transcription factor Yes Nd Stomatal differentiation,
cold responses

Lee et al., 2017

ICE2/SCRM2 AT1G12860 bHLH transcription factor Yes Nd Stomatal differentiation,
cold responses

Lee et al., 2017

LAF1 AT4G25560 MYB transcription factor Yes Nd Photomorphogenesis Seo et al., 2003

MYC2/JAI1 AT1G32640 bHLH transcription factor Yes Nd Photomorphogenesis, JA
signaling

Chico et al., 2014

PAP2/MYB90 AT1G66390 MYB transcription factor Yes Yes Anthocyanin biosynthesis Maier et al., 2013; Ponnu
et al., 2019

PAR1 AT2G42870 bHLH transcription factor Yes Nd Photomorphogenesis Zhou et al., 2014

PAR2 AT3G58850 bHLH transcription factor Yes Nd Photomorphogenesis Zhou et al., 2014

(Continued)
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TABLE 1 | Continued

Substrate AGI code Identity Interaction with Functions in References

COP1 SPA

PCH1 AT2G16365 F-box protein Yes Nd Phytochrome signaling Cheng et al., 2020

PCHL AT4G34550 F-box protein Yes Nd Phytochrome signaling Cheng et al., 2020

PHYA AT1G09570 Phytochrome Yes Yes Light perception Seo et al., 2004; Saijo
et al., 2008; Debrieux et al.,
2013; Sheerin et al., 2015

PHYB AT2G18790 Phytochrome Yes Yes Light perception Jang et al., 2010; Ni et al.,
2014; Lu et al., 2015;
Sheerin et al., 2015

PIF1 AT2G20180 bHLH transcription factor Yes Yes Photomorphogenesis Zhu et al., 2015

PIF5 AT3G59060 bHLH transcription factor Yes Yes Photomorphogenesis,
shade avoidance

Pham et al., 2018a

PIF8 AT4G00050 bHLH transcription factor Yes Nd Photomorphogenesis Oh et al., 2020

PIL1 AT2G46970 bHLH transcription factor Yes Nd Photomorphogenesis Luo et al., 2014

RGA/RGA1 AT2G01570 DELLA domain protein Yes Yes GA signaling Blanco-Touriñán et al.,
2020a

SCAR1 AT2G34150 SCAR family protein Yes Nd Root growth Dyachok et al., 2011

SIZ1 AT5G60410 SUMO E3 ligase Yes Nd Photomorphogenesis,
hormonal signaling,
flowering, abiotic stress
responses

Kim et al., 2016

SPA2 AT4G11110 Serine/threonine kinase Yes Yes Photomorphogenesis Chen et al., 2015

SRS5 AT1G75520 RING finger-like zinc finger protein Yes Nd Photomorphogenesis Yuan et al., 2018

WDL3 AT3G23090 Microtubule regulatory protein Yes Nd Photomorphogenesis,
hypocotyl elongation

Lian et al., 2017

List of proteins targeted by COP1/SPA E3 ubiquitin ligase. Fourth column is based on in vivo/in vitro data from the literature. Nd, not determined.

box-containing proteins as substrate receptors. A wide range
of DWD proteins that interact with DDB1 provide functional
specificities to the CUL4-DDB1 E3 ligases (Hua and Vierstra,
2011). In vitro biochemical experiments showed that COP1/SPA
proteins function as DWD proteins and associate with DDB1
via their DWD boxes to form a CUL4-COP1/SPA complex
(Chen et al., 2010). However, the crystal structure of COP1-
WD revealed that the DWD box is buried within and cannot be
accessed without destroying the WD (Uljon et al., 2016). Hence,
further studies are necessary to decipher the details of specific
interactions between COP1/SPA and DDB1.

In addition to the observed DDB1-COP1/SPA protein-
protein interactions, genetic evidence also strongly supports
that COP1/SPA acts as part of a CUL4-based E3 ubiquitin
ligase. Viable, hypomorphic cul4 cosuppression lines exhibit
constitutive photomorphogenesis in darkness and early flowering
phenotypes similar to those of cop1 and spa mutants. Moreover,
cosuppression of CUL4 synergistically interacts with a weak
mutation in COP1 (Chen et al., 2010). Also, COP1/SPA action
in PIF degradation or thermomorphogenesis involves CUL4
(Delker et al., 2014; Zhu et al., 2015; Gangappa and Kumar, 2017).
Unclear, however, is the role of the RING finger in COP1, since
the COP1 RING finger, like RBX1, can bind E2 (Schulman et al.,
2000; Zheng et al., 2002; Choi et al., 2014), suggesting redundant
activities in the CUL4-RBX1-DDB1-COP1/SPA complex. Indeed,
in vitro, recombinant COP1 has ubiquitin ligase activity via its
RING finger domain without the need for other CUL4 complex

components (Saijo et al., 2003; Seo et al., 2003). In agreement
with this finding, the RING finger of COP1 is essential for COP1
function in vivo (Torii et al., 1998; Stoop-Myer et al., 1999). It is
therefore possible that COP1/SPA proteins may not always occur
in association with the CUL4-RBX1-DDB1 complex but may also
act as a CUL4-independent E3 ubiquitin ligase.

Not well understood is the co-action of COP1 with
DET1, another essential protein in the suppression of
photomorphogenesis in darkness (Pepper et al., 1994). DET1
associates with DDB1, COP10, and DDB1-ASSOCIATED 1
(DDA1) to form a COP10-DDB1-DET1-DDA1 (C3D) complex
that binds CUL4 and functions as a CUL4-based E3 ligase (Chen
et al., 2006; Irigoyen et al., 2014; Fonseca and Rubio, 2019).
Since Arabidopsis COP1 interacted with DDB1 independently
of DET1, it was proposed that the CUL4-DDB1-COP1/SPA
complex may be structurally distinct from the CUL4-C3D
complex (Chen et al., 2010; Lau and Deng, 2012; Irigoyen et al.,
2014). However, a recent preprint demonstrated an in vivo
association of COP1/SPA proteins with the C3D complex in
dark-grown Arabidopsis cell cultures that constitutively express
DET1 (Cañibano et al., 2020). This argues for the possibility that
COP1/SPA proteins may form a part of the DET1-containing
C3D complex in Arabidopsis. The direct interaction between
COP1 and COP10, a component of the C3D complex (Suzuki
et al., 2002), may support this idea. Also, multiple pieces of
evidence show that DET1 and COP1/SPA act in concert in
regulating photomorphogenesis and thermomorphogenesis
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(Chen et al., 2010; Delker et al., 2014; Gangappa and Kumar,
2017). det1 and cop1 mutants have similar pleiotropic phenotypes
with highly comparable gene expression patterns, such as the
constitutive and abnormally high expression of light-responsive
genes (Mayer et al., 1996; Ma et al., 2003). A weak allele of
det1, acting as an enhancer of a spa1 mutation, provided
further evidence for DET1-COP1/SPA co-action throughout the
developmental stages of plants (Nixdorf and Hoecker, 2010). In
agreement with this, double mutant and biochemical analyses
showed that CUL4 and DET1 act synergistically with COP1
in repressing photomorphogenesis (Chen et al., 2010). Further
studies are required to decipher the molecular mechanism
involved in the co-action between COP1/SPA proteins and the
components of the C3D complex.

FUNCTIONS OF COP1/SPA IN SEEDLING
ETIOLATION

Dark-grown seedlings undergo skotomorphogenesis and show
etiolation characterized by an elongated hypocotyl, closed and
yellow cotyledons, and a tightly folded apical hook. The elongated
hypocotyl increases the likelihood that a soil-covered seedling
reaches the light. Hence, energy is diverted from cotyledon
development to elongation growth. Once exposed to light,
hypocotyl elongation is inhibited, hook and cotyledons open,
and chlorophyll is synthesized, i.e., the seedling deetiolates.
COP1/SPA prevents deetiolation in darkness by marking several
transcription factors for degradation. This includes HY5, HY5
HOMOLOG (HYH) and LONG HYPOCOTYL IN FAR-RED
1 (HFR1) and a number of other positive regulators of the
light responses. In spa quadruple and cop1 mutants, these
transcription factors also accumulate in darkness, causing
constitutive photomorphogenesis in complete darkness (Deng
et al., 1991; Laubinger et al., 2004; Ordoñez-Herrera et al., 2015).

HY5 is a bZIP transcription factor that was recently shown
to function mainly by activation of gene expression rather than
by gene repression (Burko et al., 2020). Along with HYH and
HFR1, HY5 suppresses the elongation of hypocotyls in light-
grown seedlings (Lau and Deng, 2012; Hoecker, 2017; Yuan
et al., 2018; Bhatnagar et al., 2020). HY5 is a non-canonical
transcriptional regulator that carries a DNA-binding domain but
no transcriptional activation domain. It was postulated earlier
that HY5 may act in concert with other transcription factors
that provide a domain for transcriptional activation. Indeed,
members of a large family of B-box transcription factors (BBXs)
were recently shown to interact with HY5 and to modulate HY5
activity (Datta et al., 2007, 2008; Gangappa et al., 2013; Wei et al.,
2016; Lin et al., 2018; Burko et al., 2020; Bursch et al., 2020;
Song Z. et al., 2020; Zhao et al., 2020). In particular, BBX20
to BBX22 were shown to be required for HY5 activity (Bursch
et al., 2020). Interestingly, like HY5, many BBX proteins are also
substrates of COP1 (Vaishak et al., 2019; Yadav et al., 2020).
Hence, both types of transcription factors (bZIP and BBXs) that
are mostly unrelated in sequence evolved to be targeted by COP1
in darkness. Many BBXs and HY5 do share COP1-WD-binding
VP motifs mediating the interaction with COP1 (Gangappa and

Botto, 2014; Yadav et al., 2020). BBX proteins also regulate the
expression of other BBX proteins in a feedback regulatory loop
involving COP1. For example, BBX4 promotes the expression
of BBX11, a negative regulator of photomorphogenesis, but
BBX11 interacts with COP1 to regulate the activity of BBX4
(Liu B. et al., 2020). A systematic approach is needed to identify
the BBXs that interact with the COP1/SPA complex and to
study the implications of these associations on light-mediated
plant development.

In addition to ubiquitinating proteins that promote
photomorphogenesis, COP1/SPA stabilizes PIFs in darkness
to positively regulate skotomorphogenesis. PIFs are bHLH
transcription factors that, like COP1/SPA, are required for
seedling etiolation in darkness (Leivar et al., 2008; Pham
et al., 2018b). They upregulate many elongation-related genes
(Pham et al., 2018b). Interestingly, COP1 stabilizes PIFs via
a non-canonical mechanism and apparently not via its E3
ligase activity: PIF3 and PIF4 abundance is regulated by
BRASSINOSTEROID-INSENSITIVE 2 (BIN2), a GSK3-like
kinase. BIN2 phosphorylates PIF3 and PIF4 which leads to their
degradation under dark conditions (Bernardo-García et al., 2014;
Ling et al., 2017; Figure 2). The COP1/SPA complex prevents
PIF phosphorylation by BIN2, thereby inhibiting the degradation
of PIF3 and PIF4. While COP1 interacts with BIN2 and thereby
sequesters BIN2 from binding to PIFs, SPA1 occupies the BIN2-
binding domain of PIF3 (Ling et al., 2017). By stabilizing PIF3
levels, the COP1/SPA complex promotes etiolation in darkness.
While suppressing photomorphogenesis by stabilizing PIFs, the
COP1/SPA complex also prevents the over-accumulation of PIFs,
such as PIF1, via a co-degradation mechanism involving HFR1
in darkness (Xu et al., 2017).

Under light conditions, photoreceptors such as CRYs, PHYs
and UVR8 suppress the activity of the COP1/SPA complex to
promote photomorphogenesis (Hoecker, 2017; Podolec and Ulm,
2018; Ponnu, 2020). As revealed by recent studies, the COP1/SPA
complex also functions as a promoter of photomorphogenesis,
via destabilizing PIFs under light conditions. The COP1/SPA
complex mediates the light-induced degradation of PIF1 by
functioning as a CUL4-COP1/SPA E3 ligase in a PHYB-
dependent manner (Zhu et al., 2015). In this complex, SPA1
functions as a serine/threonine kinase and phosphorylates PIF1,
which is necessary for light-induced PIF1 degradation (Paik et al.,
2019). The PHOTOPERIODIC CONTROL OF HYPOCOTYL
1 (PCH1) and PCH1-LIKE (PCHL) that regulate the thermal
reversion of PHYB, enhance the degradation of PIF1 in light,
by promoting PHYB-PIF1 and COP1/SPA-PIF1 associations
(Cheng et al., 2020).

FUNCTIONS OF COP1/SPA IN SHADE

Plants growing under dense canopies (low red to far-red
ratio) undergo adaptive changes in response to shade. These
responses include enhanced hypocotyl and internode elongation,
hyponasty, reduced branching and accelerated flowering, and
are collectively known as shade-avoidance syndrome (SAS)
(Fiorucci and Fankhauser, 2017). Both COP1 and SPA proteins
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FIGURE 2 | Function of the COP1/SPA complex in hormone responses. An overview of the major signaling pathways that involve hormones and the COP1/SPA
complex. Effects of auxin (IAA), jasmonic acid (JA), gibberellic acid (GA), brassinosteroid (BR) and ethylene are shown. Solid lines show direct regulation and dotted
lines represent indirect influence.

are essential for most facets of the SAS, except for earlier
flowering (McNellis et al., 1994; Rolauffs et al., 2012).
Shade enhances elongation growth by promoting the nuclear
accumulation of COP1 (Pacín et al., 2013) which subsequently
promotes the degradation of HFR1, a negative regulator of
shade avoidance responses. Low levels of HFR1 lead to an
activation of PIF-mediated gene expression which enhances
hypocotyl elongation via auxin (Pacín et al., 2016; Iglesias
et al., 2018). In addition, COP1 may act via HY5 and
HYH which suppress stem growth in Arabidopsis (Nozue
et al., 2015). Genetic interaction between COP1 and BBX
transcription factors (BBX21, BBX22 and BBX25) demonstrated
the involvement of BBXs in SAS responses (Crocco et al.,
2010; Gangappa et al., 2013). Hence, BBX and HY5 may act
in concert to regulate the SAS. The SAS responses are strongly
inhibited by UVB via UVR8-COP1 interactions, resulting in
stabilization of HY5 and suppression of PIFs (Favory et al., 2009;
Hayes et al., 2017).

COP1/SPA PROTEINS IN TEMPERATURE
RESPONSES

During their life cycle, plants are challenged with fluctuations
in temperature. Extreme temperatures (frost, excessive heat)
lead to stress responses, while smaller alterations lead to

adaptive growth. Such adaptive growth responses to high ambient
temperature (ca. 27–29◦C for Arabidopsis) mimic growth
responses in canopy shade: hypocotyls and internodes elongate
and leaves show upward (hyponastic) growth, perhaps to cool
the plant surface and to protect the meristem from soil heat
(Crawford et al., 2012). Light and temperature signaling are
strongly interconnected (Quint et al., 2016). Indeed, PHYB is a
sensor of high ambient temperature because high temperature
promotes dark reversion of PHYB from the active to the
inactive conformation (Jung et al., 2016; Legris et al., 2016).
Since active PHYB inhibits COP1/SPA activity, one can expect
that COP1/SPA is also involved in temperature signaling.
Experimental results confirm this idea: both COP1 and SPA are
required for the response to high ambient temperature (Delker
et al., 2014; Gangappa and Kumar, 2017; Lee et al., 2020).

At the cellular level, PIF4 coordinates light and warm
temperature signals to promote hypocotyl elongation (Martínez
et al., 2018; Vu et al., 2019). A DET1-COP1-HY5 hub
controls PIF4 levels (Delker et al., 2014). While DET1 and
COP1 stabilize PIF4 and promote hypocotyl elongation at
elevated temperatures, HY5 negatively regulates thermosensory
growth by competing with PIF4 targets (Gangappa and
Kumar, 2017). Warm temperature-stabilized COP1/SPA complex
reduces HY5 levels and stabilizes PIF4 (Legris et al., 2017;
Martínez et al., 2018). Consistent with this observation, elevated
temperatures were shown to promote nuclear accumulation of
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COP1 which leads to the suppression of HY5 activity and
hypocotyl elongation (Park et al., 2017). In addition, elevated
temperatures reduce anthocyanin biosynthesis via the COP1-
HY5 module. Plants grown at warm temperatures accumulate
less HY5 and also show reduced accumulation of anthocyanins
(Kim et al., 2017). By directly binding and repressing MYB-
LIK2 (MYBL2) transcription factor that negatively regulates
anthocyanin biosynthesis (Matsui et al., 2008), HY5 acts as a
positive regulator of anthocyanin accumulation (Wang et al.,
2016). Lower HY5 at elevated temperatures leads to the
enhanced expression of MYBL2, causing reduced anthocyanin
biosynthesis (Kim et al., 2017). The enhancement of COP1
activity under elevated temperature seems to be tissue-specific,
as COP1 was shown to be depleted at higher temperatures
in the Arabidopsis rosettes which stabilizes GIGANTEA (GI)
and accelerates flowering (Jang et al., 2015). In contrast, cold
temperature depletes COP1 from the nuclei of root cells and
causes HY5 accumulation which leads to the expression of cold-
responsive genes (Catalá et al., 2011). Taken together, these
observations point to the complexity of COP1-regulation by
temperature signals. Future research should aim at elucidating
the mechanisms that govern temperature-dependent nuclear
import and export of COP1 in different tissues and at different
developmental stages of plant growth.

In addition to COP1, SPA proteins are also required for PIF4-
mediated thermomorphogenesis (Delker et al., 2014; Lee et al.,
2020). SPAs were required for PIF4 activity, and SPA1-mediated
phosphorylation of PIF4 was recently demonstrated in vitro.
In contrast to BIN2-mediated phosphorylation that destabilizes
PIF4 (Ling et al., 2017), SPA1-mediated phosphorylation appears
to stabilize PIF4. Also, SPAs promote PHYB degradation in
the SPA1-PHYB-PIF4 complex under warm temperatures, which
may further stabilize PIF4 (Lee et al., 2020). The mechanistic
details underlying the differential fates of PIF4 stability based on
the phosphorylating kinases will be of interest in future research.

THE COP1/SPA COMPLEX IN
HORMONAL SIGNALING

COP1/SPA activity intersects with multiple hormone signaling
pathways in the control of growth, development, and stress
responses (Wang et al., 2019). In particular, responses to shade
and elevated ambient temperature involve the hormone auxin.
Auxin is a universal promoter of hypocotyl and petiole growth.
PIF transcription factors have been shown to enhance auxin
levels in the shade by directly activating auxin biosynthesis genes
such as YUCCAs, and COP1/SPA is required for this activation
(Rolauffs et al., 2012; Pacín et al., 2016; Iglesias et al., 2018;
Figure 2). Under warm temperatures and shade conditions,
COP1 stabilizes PIFs leading to an enhancement in auxin levels
(Gangappa and Kumar, 2017; Park et al., 2017). In contrast,
under UVB light, UVR8 interacts with COP1 to suppress the E3
ubiquitin ligase activity, leading to destabilization of PIF4 and
inhibition of hypocotyl growth via reduced auxin biosynthesis
(Hayes et al., 2017; Tavridou et al., 2020). COP1 regulates polar

auxin transport and hence root growth, perhaps by regulating
PIN-FORMED (PIN) auxin transporters (Sassi et al., 2012).

Brassinosteroids (BRs) are plant hormones that are repressors
of light-mediated de-etiolation and chlorophyll biosynthesis
(Gupta and Nath, 2020). Consequently, BR-insensitive and
deficient mutants show constitutive photomorphogenesis in
darkness (Li et al., 1996; Nam and Li, 2002; Song et al.,
2009). The signaling cross-talk mediated by COP1 and the BR
pathway is an emerging field (Figure 2). One of the converging
points of light and BR signaling may involve the GATA2
transcription factor that positively regulates light signaling.
Both COP1 and BR signaling suppress the activities of GATA2
in darkness to promote skotomorphogenesis. While COP1
targets GATA2 for degradation, BRASSINAZOLE-RESISTANT
1 (BZR1) transcription factor inhibits GATA2 expression in
darkness (Luo et al., 2010). It is possible that COP1 may affect
BZR1 via the inhibition of BIN2 (Ling et al., 2017), a kinase
that phosphorylates both BZR1 (He et al., 2002, 2) and PIF4
(Bernardo-García et al., 2014), and also act as a negative regulator
of BR signaling. Consistent with this, elevated temperatures
increase the nuclear accumulation of COP1, which sequesters
BIN2 and enhances the function of PIF1 and BZR1 (Nieto et al.,
2020). Alternatively, COP1 may reduce the BR sensitivity at
cellular level by regulating MEMBRANE STEROID BINDING
PROTEIN 1 (MSBP1) involved in suppressing the BR perception
(Song et al., 2009). In darkness the activity of MSBP1 is
suppressed in a COP1-dependent manner, which may increase
BR perception and promote etiolation (Shi et al., 2011).

Gibberellins (GA) act similar to BR and suppress
photomorphogenesis in darkness (Alabadí et al., 2004, 2008;
Figure 2). GA and COP1 intersect at the DELLA proteins which
are key negative regulators of GA signaling. In response to
shade and elevated ambient temperatures, COP1 directly targets
DELLAs for degradation and thereby promotes plant growth
under these conditions (Blanco-Touriñán et al., 2020a). DELLAs
are also degraded in response to GA via the SLEEPY1 (SLY1)
ubiquitin ligase (Dill et al., 2004; Blanco-Touriñán et al., 2020b).
SLY1 and COP1 interact with different domains in the DELLA
proteins, suggesting independent mechanisms (Blanco-Touriñán
et al., 2020a). DELLAs are negative regulators of PIFs, and by
causing DELLA degradation, GA, promotes skotomorphogenesis
by enhancing PIF activity. The COP1-HY5 pathway plays a
crucial role in mediating GA-dependent skotomorphogenesis
probably also via PIFs (Mazzella et al., 2014). Light promotes
photomorphogenesis by suppressing GA signaling, mainly by
reducing the GA content, and presumably also via regulating
COP1-HY5-PIF module (Alabadí et al., 2008; Mazzella et al.,
2014).

Ethylene is a gaseous hormone that acts contrastingly in dark
and light. Under light conditions, ethylene promotes hypocotyl
growth, but suppresses it in darkness (Yu and Huang, 2017;
Figure 2). However, most of the ethylene-mediated processes
in plants require light. COP1 co-operates with ethylene via
stabilizing ETHYLENE INSENSITIVE 3 (EIN3), which promotes
ethylene responses (Zhong et al., 2014). COP1 stabilizes EIN3 by
degrading EIN3-BINDING F-BOX PROTEINs (EBFs) that target
EIN3 for degradation (Shi et al., 2016). Interestingly, ethylene
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via EIN3 positively regulates the nuclear accumulation of COP1
in the light and thereby causes HY5 degradation to modulate
hypocotyl growth (Yu et al., 2013). Taken together, the present
knowledge suggests that under light conditions the COP1-HY5
module acts together with the ethylene-EIN3-PIF pathway to
promote hypocotyl growth. The mechanisms of ethylene-COP1
coaction in darkness are not fully understood.

Jasmonic acid (JA), a plant hormone crucial in biotic stresses
such as herbivory and pathogen attack, is also involved in
the regulation of skotomorphogenesis (Huang et al., 2017;
Figure 2). At lower levels of JA, JASMONATE-ZIM domain
proteins (JAZs) suppress MYC transcription factors. JA degrades
JAZ via recruiting an E3 ligase, leading to the activation of
MYC2. In presence of light, MYC2 activates HY5. In addition,
MYC2 can affect the function of both COP1 and SPA proteins
(Gangappa et al., 2010; Zheng et al., 2017). Alternatively, JA
can suppress the formation of the COP1/SPA complex and
can attenuate the function of nuclear COP1 (Zheng et al.,
2017). Whether JA-mediated COP1 suppression involves MYC2
is currently unclear. Another mode in which JA signaling
affects COP1 activity and hypocotyl growth is through FAR-RED
INSENSITIVE 219/JASMONATE RESISTANT 1 (FIN219/JAR1)
that catalyzes the synthesis of the bioactive form of JA. FIN219
regulates hypocotyl elongation in shade conditions by promoting
the cytoplasmic accumulation of COP1 (Swain et al., 2017).
This action may antagonize shade-induced nuclear accumulation
of COP1 (Pacín et al., 2013). Additionally, in blue light,
FIN219-mediated export of COP1 from the nucleus act in
concert with CRY-mediated suppression of COP1/SPA complex
(Chen H.-J. et al., 2018). However, JA enhances the CRY-
FIN219 association in blue light, thereby attenuating the CRY-
mediated suppression of the COP1/SPA complex. This leads
to enhanced COP1 activity and reduction of HY5 levels in
the nucleus that promotes hypocotyl elongation (Chen H.-J.
et al., 2018). JA-COP1 action is also implicated in the regulation
of photomorphogenesis such as anthocyanin biosynthesis and
protochlorophyllide formation (Wang et al., 2019). Similar to JA,
cytokinins (CKs) promote photomorphogenesis and might act
via other hormonal pathways. CKs may regulate plant growth via
the COP1-HY5 module, but the underlying mechanisms remain
unexplored (Vandenbussche et al., 2007).

Abscisic acid (ABA) functions opposite to light signals,
antagonizing seed germination, seedling establishment, stomatal
opening and root growth. ABA-INSENSITIVE 5 (ABI5), a bZIP
transcription factor that plays a major role in ABA responses,
colocalizes with COP1 (Lopez-Molina et al., 2003). Although
direct interaction between COP1 and ABI5 is yet to be proven,
genetic analyses suggest that COP1 acts downstream of ABI5
and promotes ABA signaling. COP1 positively regulates the
ABA-mediated post-germination growth arrest of seedlings, by
facilitating the binding of ABI5 to the promoters of ABA-
responsive genes (Yadukrishnan and Datta, 2020). In addition,
COP1 colocalizes with ABI5-binding protein AFP1, which
promotes ABI5 degradation (Lopez-Molina et al., 2003). COP1-
HY5 module also converges on ABA signaling via ABI4, another
transcription factor that mediates ABA signaling. ABI4 acts
antagonistically with HY5 in regulating COP1 and both ABI4

and HY5 are targeted by COP1 for degradation under dark
and light conditions. Since the nuclear ABI4 is activated by a
chloroplast-derived signal, COP1 integrates retrograde and light
signaling pathways (Xu et al., 2016c). Besides acting at ABA-
mediated seed germination and seedling establishment, COP1
participates in ABA-induced stomatal closure and functions as an
important regulator of abiotic stress responses in Arabidopsis and
pea (Moazzam-Jazi et al., 2018). Recently a mechanism of COP1-
mediated stomatal closure via the regulation of ABA co-receptors
has been described. COP1 directly interacts and facilitates the
degradation of type 2C phosphatases (PP2Cs), which are ABA co-
receptors that positively regulate stomatal opening in the absence
of ABA. By degrading PP2Cs, COP1 promotes stomatal closure
and acts together with ABA (Chen et al., 2020). The COP1-
interacting protein CIP1 has also been reported to promote ABA
signaling, but further details remain unknown (Ren et al., 2016).

The mechanisms underlying the activity of strigolactone
(SL) in regulating plant growth and development are poorly
understood. SL has been reported to stabilize HY5 via
suppressing COP1 activity to promote photomorphogenesis.
This is thought to occur via nuclear export of COP1 or COP1
degradation. Thus, SL may act in parallel with photoreceptors
and repress COP1 (Tsuchiya et al., 2010; Jia et al., 2014). Also
COP1 and HY5 associate with BBX20, a negative regulator of the
SL pathway (Wei et al., 2016). The role of COP1/SPA complex in
the SL pathway needs to be explored further in detail.

OTHER FUNCTIONS OF THE COP1/SPA
COMPLEX

The numerous functions of the COP1/SPA complex are mediated
by an increasing number of substrates that are being identified,
with each substrate having specific functions in plant growth,
development, and metabolism (see also Table 1). However, in
contrast to mammalian COP1, the functions of plant COP1
in cell division, cell elongation, cytoskeletal network, etc., are
relatively less explored. An earlier study suggests that in darkness,
COP1 inhibits root elongation in Arabidopsis seedlings by
targeting and degrading SCAR, a component of cytoskeletal
dynamics (Dyachok et al., 2011). A direct link between COP1
and the cortical microtubule was found also in hypocotyl cells. In
darkness, COP1 binds and promotes the degradation of WAVE-
DAMPENED 2-LIKE 3 (WDL3), a microtubule-associated
protein that promotes cell elongation and hypocotyl elongation
(Lian et al., 2017). Surprisingly, WDL3 is a cytosolic protein
(Lian et al., 2017) and therefore an unusual COP1 target since
COP1 activity usually depends on its nuclear localization (von
Arnim et al., 1997). Another example supporting a cytoplasmic
activity of the COP1/SPA complex was reported in the microRNA
(miRNA) biogenesis pathway of Arabidopsis (Cho et al., 2014).
cop1 mutants are defective in miRNA biogenesis due to low
levels of HYPONASTIC LEAVES 1 (HYL1), an RNA-binding
protein involved in miRNA processing. HYL1 is cleaved by an
unknown protein in the cytoplasm. Upon light exposure, COP1
translocates into the cytoplasm and may facilitate the degradation
of this unknown protein. In this way, COP1 stabilizes HYL1
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levels and thereby promotes microRNA biogenesis (Cho et al.,
2014). However, the implication of possible COP1 activity in
the cytosol requires further research. Interaction between COP1
and MIDGET (MID), a component of topoisomerase VI, via
the very N-terminal domain of COP1 suggests that COP1 may
have a direct effect on endoreduplication and genome integrity,
the primary functions of MID (Schrader et al., 2013). As COP1
does not affect MID protein levels, the impact of the COP1-MID
interaction in DNA replication and genome integrity is so far
unclear (Schrader et al., 2013).

Mutations in COP1/SPA genes cause pleiotropic phenotypes
throughout plant development (McNellis et al., 1994; Laubinger
et al., 2004). COP1/SPA aligns endogenous developmental
pathways with the ambient light environment by controlling
the protein stability of key developmental regulators. A pivotal
function of COP1/SPA in the regulation of flowering time by
photoperiod involves the transcription factor CONSTANS (CO).
In darkness, CO is degraded via COP1/SPA which causes a
delay in flowering under non-inductive short-day conditions,
and therefore allows adjustment of flowering time to seasons
(Laubinger et al., 2006; Jang et al., 2008; Liu et al., 2008;
Sarid-Krebs et al., 2015; Xu et al., 2016b). Consistent with
this finding, Arabidopsis cop1 mutants constitutively express
floral integrator genes and undergo flowering in complete
darkness when grown on sucrose-containing media (Nakagawa
and Komeda, 2004). COP1 also suppresses flowering time
by promoting the degradation of GI, a circadian clock-
associated protein, in an EARLY FLOWERING 3 (ELF3)-
dependent manner, and functions as an integrator of photoperiod
and circadian signals (Yu et al., 2008). In darkness, COP1
represses TARGET OF RAPAMYCIN (TOR) kinase, the central
regulator of energy signaling required for light-induced growth
activation. By suppressing TOR in darkness, COP1 prevents
light-induced stem cell activation at the shoot apex (Pfeiffer et al.,
2016) and also the light-mediated enhancement in translation
(Chen G.-H. et al., 2018).

A recent work demonstrated another mode of signal
integration between light and the circadian clock via the
regulation of COLD REGULATED 27 (COR27) and its homolog
COR28 by the COP1/SPA complex. Both CORs are key regulators
of the circadian clock and cold responses (Wang et al., 2017), and
also function as negative regulators of light signaling. In darkness,
CORs interact with the COP1/SPA complex via their VP motifs
and thereby are degraded via the 26S proteasome (Kahle et al.,
2020; Zhu et al., 2020). In light, CORs interact with HY5 and
interfere with HY5 activity on the downstream genes to fine-tune
hypocotyl growth in Arabidopsis (Kahle et al., 2020; Li et al., 2020;
Zhu et al., 2020).

The differentiation of stomata from protodermal cells is also
under the control of light and COP1/SPA. In darkness, stomata
differentiation is suppressed by COP1/SPA-mediated degradation
of INDUCER OF CAB EXPRESSION 1 (ICE1), a transcription
factor required for stomata differentiation (Lee et al., 2017).
Accordingly, cop1 mutants accumulate higher levels of ICE1
proteins in the nuclei of abaxial leaf epidermal cells, suggesting
that the interaction partners of the COP1/SPA complex may
vary according to the tissue types. In addition to stomatal

differentiation, COP1 promotes ABA-mediated stomatal closure
(Chen et al., 2020) and functions as an important regulator
of abiotic stress in plants (Moazzam-Jazi et al., 2018). The
role of COP1 in biotic stresses has also been documented.
COP1 negatively regulates defense against Turnip Crinkle Mosaic
Virus (TMV) in darkness by interacting and marking the
resistance protein HYPERSENSITIVE RESPONSE TO TCV
(HRT) for degradation (Jeong et al., 2010). Paradoxically,
COP1 also contributes to the HRT-mediated defense against
TMV by promoting the stability of RNA-binding proteins that
are required for HRT-mediated TMV resistance (Lim et al.,
2018). COP1/SPA also regulates specific metabolic pathways
in darkness, such as anthocyanin biosynthesis, by targeting
the PRODUCTION OF ANTHOCYANIN PIGMENT (PAP)
transcription factors for degradation (Maier et al., 2013).

REGULATION OF COP1/SPA ACTIVITY

Upon illumination, plant photoreceptors suppress the E3 ligase
activity of the COP1/SPA complex by directly interacting
with COP1 and SPA proteins. This leads to a stabilization
of COP1/SPA substrates and subsequent photomorphogenesis.
Diverse mechanisms underlying the suppression of COP1/SPA
by photoreceptors have been studied in detail, such as the nuclear
export of COP1, dissociation of the COP1-SPA interaction, light-
mediated degradation of SPA proteins, prevention of COP1
dimerization, and VP-mediated displacement of substrates by
photoreceptors. Readers are encouraged to refer to recent reviews
discussing these mechanisms in detail (Menon et al., 2016;
Hoecker, 2017; Podolec and Ulm, 2018; Ponnu, 2020).

Genetic evidence indicates that both COP1 and SPA proteins
are required for COP1/SPA activity in the suppression of
photomorphogenesis in darkness. In vitro, COP1 alone has
catalytic activity as a ubiquitin ligase due to the presence of an
E2-binding zinc finger, implying that SPA proteins may have
an essential regulatory function on the activity of COP1. SPA
proteins are not necessary for nuclear accumulation of COP1
in darkness, as COP1 accumulates normally in the nucleus in
dark-gown spa null mutants (Balcerowicz et al., 2017). On the
other hand, SPA proteins via their DDB1-binding WD repeats
contribute to the formation of a CUL4-DDB1-RBX1 ubiquitin
ligase. In vitro experiments demonstrating catalytic activity of
CUL4-DDB1-RBX1-COP1/SPA complexes in the presence and
absence of SPAs are necessary to investigate the role of SPA
proteins for such an E3 ligase. Since PIFs and COP1/SPA are
both required to suppress photomorphogenesis in darkness, they
might act together. Indeed, PIF1 was shown to interact with
the WD-repeat of COP1 and SPA1. Moreover, pif and cop1/spa
mutations have synergistic effects in dark-grown seedlings and
the COP1/SPA target HY5 is not degraded in dark-grown pif
mutants. Also, PIF1 enhances COP1 ubiquitination activity
in vitro (Xu X. et al., 2014). The mechanistic nature of possible
PIF-COP1/SPA co-action is so far unknown.

Since SPA proteins are specific to the green lineage, they
may have evolved to place the activity of COP1 under the
control of light, i.e., to allow inhibition of COP1 activity by
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light. Multiple pieces of evidence support this idea. Though
both COP1 and SPA proteins can interact with photoreceptors,
SPA proteins may regulate the affinity in vivo. Indeed, SPA
proteins are required for the interaction of CRY1 with
COP1 in vivo (Holtkotte et al., 2017). SPA proteins are also
required for the light-induced nuclear exclusion of COP1 and
thereby contribute to the light-induced inhibition of COP1
(Balcerowicz et al., 2017). Moreover, red and blue light leads
to a dissociation of the COP1-SPA1 interaction, likely a very
important mechanism of light-induced inhibition of COP1/SPA
activity (Lian et al., 2011; Liu et al., 2011; Lu et al., 2015; Sheerin
et al., 2015). Light leads to destabilization of SPA1 and very
rapid degradation of SPA2 which will limit COP1 activity in
the light (Balcerowicz et al., 2011; Chen et al., 2015, 2016).
The kinase activity of SPA1 promotes photomorphogenesis
by red light-induced phosphorylation, ubiquitination and
subsequent degradation of PIF1 in a PHYB-dependent fashion
(Paik et al., 2019).

Though COP1 protein levels do not change even after
prolonged exposure to light (Zhu et al., 2008; Balcerowicz et al.,
2011), COP1 homeostasis is controlled in darkness by CSU1,
a RING-E3 ligase that was identified in a mutant screen for
cop1 suppressors. CSU1 interacts with COP1, polyubiquitinates
it, and thereby reduces COP1 levels in darkness. Similarly,
CSU1 down-regulates SPA1 levels in darkness as well (Xu D.
et al., 2014). CSU2, identified in the same suppressor screen,
inhibits COP1 activity via a different mechanism. The interaction
between CSU2 and COP1 via their respective CC domains
suppresses COP1 E3 ligase activity in vitro. It is speculated that
CSU2 may interfere with COP1 homodimerization or COP1/SPA
heterodimerization (Xu et al., 2015). A mutation in CSU4 on
the other hand genetically suppresses the cop1 mutation by
interacting with CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1)
(Zhao et al., 2018). Another mechanism of COP1 regulation
may be via the alternatively spliced COP1b, which potentially
interferes with COP1 activity, at least in certain tissues (Zhou
et al., 1998). Recently, the C3D component DET1 was also
shown to regulate the levels of COP1 toward fine-tuning HY5
activity in Arabidopsis (Cañibano et al., 2020). However, the
mechanisms underlying DET1-mediated destabilization of COP1
are not yet known.

Post-translational modifications also regulate COP1 activity.
The attachment of small ubiquitin-like modifier (SUMO)
peptides via the direct interaction of the SUMO E3 ligase
SAP AND MIZ1 DOMAIN- CONTAINING LIGASE1 (SIZ1),
enhances the COP1 E3 ligase activity toward HY5, but also leads
to SIZ1 ubiquitination and proteasome-mediated degradation
(Lin et al., 2016). csu3 suppressor of cop1 carried mutations in the
serine/threonine kinase PINOID (PID), which regulates auxin
homeostasis by phosphorylating auxin efflux carriers (Berkel
et al., 2013). PID directly interacts and phosphorylates COP1 at
serine 20, which suppresses COP1 activity (Lin et al., 2017).

Nuclear import and export of COP1 play an important
role in regulating COP1 activity (von Arnim and Deng,
1994). Light, temperature, shade, and hormonal responses
influence COP1 localization and thereby affect COP1 activity.
While exposure to light promotes nuclear export of COP1

(Pacín et al., 2014, 1; Podolec and Ulm, 2018), warm
temperature and shade promote nuclear accumulation of COP1
(Pacín et al., 2013; Park et al., 2017). Plant hormonal pathways
involving auxin and JA regulate COP1 activity mainly via
FIN219. Auxin induces FIN219 expression, which catalyzes
JA biosynthesis (Hsieh and Okamoto, 2014). Under shade
conditions, FIN219 directly interacts with COP1 and promotes
its nuclear export (Swain et al., 2017).

COP1 IN ANIMALS: A COMPARISON
WITH ARABIDOPSIS COP1

Mammalian COP1, especially human COP1 (hCOP1) was
identified as an ortholog of Arabidopsis COP1 (referred to as
AtCOP1 in this section) that binds to the bZIP transcription
factor c-Jun, an oncogenic protein (Bianchi et al., 2003). hCOP1
contains very similar domains as AtCOP1, i.e., a RING finger
domain, a coiled-coil domain and a WD repeat. Like AtCOP1,
hCOP1 is encoded by a single gene and functions as an E3
ubiquitin ligase, but in contrast to AtCOP1, it recognizes different
targets which regulate cell division, DNA repair and apoptosis
(Dornan et al., 2004; Song Y. et al., 2020). Various studies show
that hCOP1 may be a potential oncogenic factor or a tumor
suppressor, owing to its diverse roles in tumorigenesis (Lee et al.,
2010). Several substrates and interacting proteins of hCOP1
were identified over the years (Song Y. et al., 2020). Hence,
like AtCOP1, hCOP1 targets multiple substrates, and thereby,
regulates multiple processes (Figure 3).

Many functional parallels and differences can be drawn
between AtCOP1 and hCOP1. Similar to AtCOP1, hCOP1
is nuclear-localized. Upon DNA damage, hCOP1 undergoes
phosphorylation and autoubiquitination followed by degradation
(Dornan et al., 2006). The phosphorylated residues of hCOP1
are not conserved in AtCOP1, suggesting that this mechanism of
regulation is not conserved in AtCOP1. In vitro phosphorylation
of AtCOP1 at Ser20, mediated by PID kinase, is so far the
only evidence for COP1 phosphorylation (Lin et al., 2017).
Also, though observed in vitro (e.g., Seo et al., 2003), there
is no functional evidence for a biological role of AtCOP1
autoubiquitination. However, COP1-dependent degradation of
SPA2 in light-grown seedlings was reported (Chen et al., 2015).

Like AtCOP1, hCOP1 is part of higher-order CUL4-RBX1-
DDB1-based E3 ligase complex. However, unlike in Arabidopsis,
the association between hCOP1 and DDB1 in the CUL4-E3
complex is not direct, but bridged by DET1 (Wertz et al., 2004).
Work in a recent preprint demonstrated that AtCOP1 co-purifies
with AtDET1 in vivo, raising the possibility that AtCOP1 acts
together with AtDET1 as members of the same complex or of
interacting complexes (Cañibano et al., 2020). Depending on
the ubiquitination substrates, hCOP1 could act as an E3 ligase
independently or in association with the CUL4-DDB1-RBX-
DET1 (CDD) complex. hCOP1 ubiquitinates and promotes the
degradation of the tumor suppressor protein p53 by interacting
via the RING-domain, without involving any other E3 ligases
(Dornan et al., 2004). By mediating the degradation of p53,
hCOP1 acts as a suppressor of tumorigenesis. Similarly, hCOP1
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FIGURE 3 | hCOP1 acts as part of multiple E3 ubiquitin ligases. A simplified representation of the hCOP1 function. hCOP1 itself acts as an E3 ligase and also
cooperates with other E3 ligases in ubiquitinating and thereby promoting the degradation of different substrates.

interacts with another tumor suppressor protein p27 via the
RING-domain that results in polyubiquitination and degradation
of p27 (Choi et al., 2015). Unlike with p53 and p27, hCOP1 could
directly or indirectly associate with CDD complex to degrade
targets such as c-Jun. Even though the interaction between
hCOP1 and c-Jun occurs via hCOP1-WD, the N-terminus
of hCOP1 is essential for ubiquitination and degradation of
c-Jun (Bianchi et al., 2003). Whether hCOP1 ubiquitinates
c-Jun independently of CDD remains to be investigated. As
the N-terminus is indispensable also for AtCOP1 function
(Torii et al., 1998; Stoop-Myer et al., 1999), further research is
required to determine whether AtCOP1 could act as an E3 ligase
independently of the CUL4-DDB1 complex. Similarly, PEA3, an
ETS family protein regulating cell proliferation, interacts with
the CC and WD of hCOP1 and is subjected to ubiquitination
and degradation via the CDD complex (Baert et al., 2010).
ETS2, another member of the ETS family, is also targeted by
hCOP1 to degradation, mediated by the CDD complex. However,
similar to the interaction with c-Jun, an intact RING domain
is essential for ETS2 degradation, raising the possibility that a
part of ETS2 ubiquitination may occur via hCOP1 alone (Carrero
et al., 2016). In addition, unlike c-Jun, DET1 of the CDD complex
directly interacts with ETS2. hCOP1 also suppresses ETS1, but

the involvement of the CDD complex is not reported so far.
hCOP1 targets many other proteins for degradation such as MTA
and FOXO; however, the mechanistic details are still unclear.
Taken together, the N-terminus of both AtCOP1 and hCOP1 are
essential for their functions.

hCOP1 also targets and promotes the degradation of C/EBPα,
another tumor suppressor protein, via Tribbles (TRIB) as adapter
proteins. Similarly, the interaction between AtCOP1 and GI
is mediated by ELF3 as a bridge protein (Yu et al., 2008).
Interestingly, ELF3 is also targeted for degradation by COP1
via another bridge protein BBX19 (Wang et al., 2015). hCOP1-
WD and AtCOP1-WD both co-crystallized with TRIB peptides,
indicating that the VP-binding pockets of AtCOP1 and hCOP1
are very similar and both are capable of associating with diverse
VP domain-containing proteins (Uljon et al., 2016; Lau et al.,
2019). TRIBs are pseudo serine/threonine protein kinases that
do not usually phosphorylate the substrates on their own but
instead function as scaffold proteins involved in protein binding
(Eyers et al., 2017). TRIB1 also regulates hCOP1 activity via
promoting nuclear accumulation of COP1. Interestingly, an
intramolecular interaction within hCOP1 involving a pseudo-
substrate latch and the VP-binding pocket of hCOP1 promotes
the nuclear export of hCOP1. TRIB1 via its VP motif interacts
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with the VP-binding pocket of hCOP1, displacing the pseudo-
substrate latch from hCOP1-WD, thereby masking the nuclear
export signal (Kung and Jura, 2019). Future research could
explore similar mechanisms that may operate in AtCOP1.
CRYs are important regulators of AtCOP1 under blue light
conditions (Holtkotte et al., 2017; Ponnu et al., 2019; Ponnu,
2020). However, hCRYs that function in circadian regulation do
not interact directly with hCOP1. Recently, hCRYs are shown
to disrupt the association between hCOP1 and C3D complex
by directly interacting with DET1, suggesting the evolutionary
conservation of CRY-mediated repression of COP1 E3 ligase
activity (Rizzini et al., 2019).

CONCLUSION AND PERSPECTIVES

Almost every facet of plant growth and development directly
or indirectly associates with photomorphogenesis. The
tremendous progress made in the last decades to understand
the plant responses to light signals has unraveled many
previously unknown mechanisms and established new signaling
interconnections. Many important pathways that govern plant
survival and establishment share the functions of key players
that converge on the COP1/SPA complex. An increasing number
of substrates and interaction partners that are being discovered
connects COP1/SPA to almost every aspect of a plant’s lifecycle.
Genetic, molecular, biochemical, and structural breakthroughs in
recent times have provided new insights into the functions of the
COP1/SPA E3 ligase.

However, many exciting and crucial questions remain to
be answered, such as whether the COP1/SPA complex can
function as an E3 ligase alone or only as a part of CUL4-
based E3 complexes. Moreover, while both COP1 and SPA
proteins are part of the CUL4-DDB1-RBX1 complex, they may
also associate with the C3D complex. Notably, the mutants in

the components of CUL4-based E3 complexes, including DET1,
exhibit constitutive photomorphogenesis in darkness. As hCOP1
acts together with hDET1, it remains to be explored how AtDET1
and AtCOP1/AtSPA co-act in plants. Given that the COP1/SPA
complex likely functions as a heterotetramer, large multimeric
complexes may be formed in vivo when associated with CUL4-
based E3 ligases. Therefore, it is likely that photoreceptors
suppress the activity of these large complexes via additional
mechanisms that are not known so far. In addition, such
multimeric complexes may have functional specificities in tissue
and developmental contexts. The pathways that affect these
specificities and their implications are worth exploring.

The recent discovery that SPA1 functions as a serine/threonine
kinase will further advance our understanding of the role of
SPA proteins in the COP1/SPA complex. Future research may
explore the kinase activity of SPAs other than SPA1, processes
that regulate SPA1 kinase activity and additional phosphorylation
substrates of the SPA1 kinase. Since hCOP1 shares similarities
with AtCOP1, interdisciplinary comparative studies employing
advanced biochemical and structural tools may provide more
insights into the functions of the COP1/SPA E3 ubiquitin ligase.
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