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The basic helix-loop-helix domain-containing transcription factors that interact physically with the red and far-red light
photoreceptors, phytochromes, are called PHYTOCHROME INTERACTING FACTORS (PIFs). In the last two decades, the
phytochrome-PIF signaling module has been shown to be conserved from Physcomitrella patens to higher plants. Exciting recent
studies highlight the discovery of at least four distinct kinases (PPKs, CK2, BIN2, and phytochrome itself) and four families of
ubiquitin ligases (SCFEBFU 2 ‘CUL3™® CUL3P°? and CUL4® Pl'S'PA) that regulate PIF abundance both in dark and light
conditions. This review discusses these recent discoveries with a focus on the central phytochrome signaling mechanisms

that have a profound impact on plant growth and development in response to light.

Plants undergo two contrasting developmental pro-
grams: skotomorphogenesis in the absence of light and
photomorphogenesis in the presence of light. Dark-
grown plants display etiolated phenotypes such as
longer hypocotyls, apical hooks, and closed and yel-
lowish cotyledons. In contrast, light-grown plants dis-
play photomorphogenic phenotypes characterized by
short hypocotyls and open and expanded green coty-
ledons. Light also modulates other growth and devel-
opmental programs by regulating directional growth,
shade avoidance, and photoperiodic flowering.

One of the most important photoreceptors that per-
ceives and responds to the red and far-red light spec-
trum is the phytochrome (phy) family (Bae and Choi,
2008). Phytochromes are chromoproteins where the
apoprotein is attached to a billin chromophore, forming
a holoprotein. Upon red light exposure, phytochromes
allosterically change the conformation from the inactive
Pr to the active Pfr form. The inactive Pr form resides in
the cytosol, while the active Pfr form of all phyto-
chromes translocates into the nucleus. (Van Buskirk
et al.,, 2012; Klose et al., 2015). In the cytosol, the Pfr
forms of phytochromes regulate the translation of
mRNA (Paik et al.,, 2012). However, in the nucleus,
phytochromes interact with multiple partners to mod-
ulate the transcription of downstream target genes to
mediate light responses (Huq and Quail, 2005). One of
the pivotal interacting partners is PHYTOCHROME
INTERACTING FACTORs (PIFs), which act as a key
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regulator of the transition from skotomorphogenesis
to photomorphogenesis (Castillon et al., 2007; Leivar
and Quail, 2011). PIFs are encoded by a subset of the
basic helix-loop-helix (bHLH) transcription factor
superfamily. PIFs function as negative regulators of
light responses by repressing photomorphogenesis and
maintaining the skotomorphogenic state of the etio-
lated seedlings in darkness (Leivar and Quail, 2011;
Leivar and Monte, 2014). Upon exposure to light, phyto-
chromes promote the turnover of PIFs through rapid
phosphorylation, ubiquitination, and proteasome-mediated
degradation, which inhibits PIF function to induce
transcriptional reprogramming, resulting in photo-
morphogenic development (Xu et al., 2015). Rapid
progress has been made in recent years in defining the
phytochrome-PIF signaling module that underlies the
biochemical mechanism of phytochrome function. In this
Update, we review the diverse regulatory mechanisms
between phytochromes and PIFs from nonvascular to
vascular plants, the diversity of PIF functions in plant

ADVANCES

e The phytochrome-PIF signaling module is
evolutionarily conserved.

e Inresponse to light, phytochromes induce rapid
degradation of PIFs to promote
photomorphogenesis.

e PIFs are degraded under both dark and light
conditions.

e Four kinases (CK2, BIN2, PPKs, and
phytochromes) phosphorylate PIFs, of which
PPKs and phytochromes are involved in light-
regulated phosphorylation and degradation.

e Four ubiquitin ligases (SCF®"2, CUL3'%, CUL3B%?
and CUL4PSP) induce ubiquitination and
subsequent degradation of PIFs.

e PIFs regulate gene expression either as homo-
and heterodimer or in association with other
interacting factors.
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growth and development, as well as the updated mech-
anistic details of the posttranslational regulation of PIF
abundance by phytochromes, various kinases, and E3
ligase complexes. We also highlight the fact that PIF
degradation occurs not only under light but also in
darkness. Finally, we discuss the dynamic regulation of
PIF DNA-binding and transcriptional activities through
PIF-interacting partners. For details on the roles of phy-
tochromes and PIFs in other pathways, readers are di-
rected to recently published review articles (Legris et al.,
2017; Paik et al., 2017).

THE PHYTOCHROME-PIF SIGNALING MODULE IS
EVOLUTIONARILY CONSERVED FROM
BRYOPHYTES TO ANGIOSPERMS

Phytochromes are present in all land plants and most
green algal lineages, except in the chlorophytes (Li
et al., 2015). The function of phytochrome as red/far-
red light sensors has been investigated extensively in
terms of photochemistry, protein structures, and
transduction of light signal in seed plants (Rockwell
et al.,, 2006; Bae and Choi, 2008). In angiosperms, the
phytochrome family consists of two types, a light-labile
type I and a light-stable type II, based on physiological
and spectroscopic analyses (Li et al., 2015). The diver-
gence of two types of phytochromes occurred imme-
diately after the branching of ferns and seed plants.
In nonseed plants, although phytochromes are well
documented, the molecular mechanism of phytochrome
signaling is beginning to be understood.

In Arabidopsis (Arabidopsis thaliana), the phyto-
chrome family consists of five members designated as
phyA to phyE (Fig. 1). Unlike the dicots, the phyto-
chrome family in monocots contains three different
phytochromes designated as phyA, phyB, and phyC
(Mathews and Sharrock, 1997). Phytochromes in rice
(Oryza sativa) are present as single-copy genes (Li et al.,
2015). However, in maize (Zea mays), due to the gene
duplication from the ancient tetraploidization in the
maize ancestral lineage, phytochrome genes are present
as homolog pairs for each of the three genes, known as
phyAl and phyA2, phyB1 and phyB2, and phyC1 and
phyC2 (Sheehan et al., 2004). Sharing three classes of
phytochromes (phyA/B/C) and missing two counter-
parts (phyD/E) in monocots suggest unique roles of
phyD/E in dicots and also highlight the fundamental
differences between the monocot and dicot phyto-
chrome signaling pathways.

Interestingly, in Marchantia polymorpha, a liverwort,
the genome contains only one phytochrome (Mpphy)
gene (Inoue et al., 2016). Mpphy is unique: it is very
similar to the light-stable type II phytochromes in
angiosperms in terms of light stability in vivo; how-
ever, the light-dependent nuclear localization is similar
to that of type I phytochrome in Arabidopsis (Inoue
et al, 2016). Furthermore, similar to Arabidopsis,
Mpphy regulates LHCB (LIGHT HARVESTING
COMPLEX PHOTOSYSTEM II SUBUNITS) and POR
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Figure 1. The phytochrome-PIF signaling module in land plants.
Schematic illustration shows the interactions between various phyto-
chromes and PIFs from nonvascular plants to vascular plants. The
schematic is based on available data on the diversification of phyto-
chromes and PIFs in land plants. Connecting lines with the same color
illustrate the interaction of each phytochrome with different PIFs. The
red and green circles on different PIFs indicate the active phyB-binding
(APB) and active phyA-binding (APA) motifs, respectively.

(PROTOCHLOROPHYLLIDE =~ OXIDOREDUCTASE)
gene expression reversibly under red and far-red light.
In contrast to M. polymorpha, Physcomitrella patens ex-
hibits one of the most diverse phytochrome families,
with seven different phytochromes (PpPHY1, PpPHY2,
PpPHY3, PpPHY4, and PpPHY5A-PpPHY5C), essen-
tially due to three gene duplication events. These phy-
tochromes can be divided into four distinct clades
(Jaedicke et al., 2012; Possart and Hiltbrunner, 2013; Li
et al., 2015). Thus, the phytochrome gene family di-
verged early in land plant evolution.

Similar to phytochromes, the primary signaling
partners for phytochromes, PIFs, have been discovered
in a variety of plant lineages from bryophytes to an-
giosperms (Lee and Choi, 2017). Arabidopsis has eight
PIFs (PIF1, PIF3-PIF8, and PHYTOCHROME INTER-
ACTING FACTORS3-LIKE1 [PIL1], renamed as PIF2;
Fig. 1; Lee and Choi, 2017). All Arabidopsis PIFs have
an APB motif; only PIF1 and PIF3 have both an APB
and an APA motif. The light-dependent interactions
between phyB and all of the PIFs, and between phyA
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and PIF1/PIF3 are well documented (Fig. 1; Huq et al.,
2004; Lee and Choi, 2017). The importance of the APA
and APB sequence motifs in providing the Pfr speci-
ficity of phy-PIF physical interactions has been shown
by mutational analyses (Leivar and Quail, 2011).

In contrast to Arabidopsis, the functional signifi-
cance of the phytochrome-PIF relationship is not fully
understood in rice and maize. In rice, there are six
putative PHYTOCHROME-INTERACTING FACTOR-
LIKE proteins (OsPIL11-OsPIL16) with the conserved
APB motif; however, only OsPIL15 contains an APA
motif. Among rice PILs, only OsPIL14 has been shown
to interact with OsphyA, OsphyB, and OsphyC, but it
interacts preferentially with OsphyB in vitro (Fig. 1;
Cordeiro et al., 2016). Similar to Arabidopsis PIFs, the
overexpression of OsPILs also promotes hypocotyl and
internode elongation in Arabidopsis and rice, respec-
tively (Nakamura et al., 2007; Todaka et al., 2012). In-
terestingly, the overexpression of OsPIL15 in rice
inhibits seedling growth in the dark, while both red and
far-red light suppress its activity (Zhou et al., 2014). In
tobacco (Nicotiana tabacum), overexpression of OsPIL11
results in the inhibition of hypocotyl elongation under
red light (Li et al., 2012b). Thus, OsPIL11 functions
similarly to Arabidopsis PIF6 in tobacco.

In maize, the analysis of bHLH sequences
illustrates the presence of at least seven putative
PHYTOCHROME-INTERACTING FACTORSs (ZmPIFs)
with a conserved APB motif, of which two (ZmPIF3.1
and ZmPIF3.2) also contain the APA motif. Recently, it
was shown that ZmPIF3.1 and ZmPIF3.2 interact with
the Pfr form of ZmphyB1, but not ZmphyB2. None of
the other known ZmPIFs interact with either of
ZmphyB1 or ZmphyB2 (Kumar et al., 2016). Further-
more, the function of ZmPIFs in light signaling path-
ways has not been demonstrated yet.

While the molecular mechanism of the phytochrome-
PIF signaling module is well studied in higher plants,
the mechanistic details of phytochrome-PIF in basal
land plants is beginning to be unraveled. Recently, a
single PIF gene was discovered in M. polymorpha (Inoue
et al., 2016). Sequence analysis of MpPIF demonstrates
the presence of a highly conserved C-terminal domain
and a putative APA motif at its N terminus. Knocking
out MpPIF by homologous recombination shows that
MPpPIF is necessary for light-mediated responses, such
as the inhibition of gemma germination and the re-
pression of LHCB and POR mRNA expression in the
dark. In addition, Mpphy induces a rapid degradation
of MpPIF in response to red light. These data clearly
demonstrate the conservation of the phytochrome-PIF
signaling module in M. polymorpha and Arabidopsis
(Inoue et al., 2016).

Sequence analysis of the P. patens genome identifies
four putative PIF orthologs (PpPIF1-PpPIF4; Possart
et al., 2017). PpPIFs contain an APA motif and a po-
tential APB-like motif similar to those found in Arabi-
dopsis and other angiosperm PIFs. However, only
APA, but not the APB-like sequence motif, is necessary
for the light-dependent interactions between PpPIFs
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and Ppphys. Site-directed mutagenesis of critical amino
acid residues in the APA motif significantly reduces or
eliminates the interaction between PpPIFs and all
Ppphys, suggesting that the APA motif is critical for the
interaction. Overexpression of PpPIF1/PpPIF2 in wild-
type Arabidopsis induces a hyposensitive phenotype in
response to red light, while overexpression of PpPIFs in
the pif quadruple mutant (pif1 pif3 pif4 pif5, termed pifQ)
background complements, and largely rescues, the
constitutively photomorphogenic (cop-like) morpho-
logical phenotypes in the dark. Furthermore, over-
expression of PpPIFs also rescues the PIF-dependent
gene expression in the pifQ background. Taken to-
gether, these data illustrate that PpPIFs from P. patens
are functional in Arabidopsis. However, in contrast to
Arabidopsis and M. polymorpha PIFs, PpPlFs are not
degraded in response to red light exposure when
expressed in Arabidopsis. These data suggest that ei-
ther PpPIFs are not degraded like Arabidopsis PIF7 or
PpPIF degradation might be eluded in the heterologous
system tested. Thus, the light regulation of PpPIFs
awaits further studies in P. patens. Overall, the identi-
fication and characterization of phytochromes and PIFs
from lower to higher plants as discussed above high-
light a few salient features of the phytochrome-PIF
signaling module, as outlined in Box 1.

DISTINCT AND SHARED BIOLOGICAL FUNCTIONS
OF PIFS IN ARABIDOPSIS

The functional importance of PIFs has been investi-
gated extensively through genetic, biochemical, and
physiological studies. PIFs function primarily as nega-
tive regulators of photomorphogenesis. Thus, pifQ
exhibits constitutive photomorphogenic phenotypes
(Leivar et al., 2008b; Shin et al., 2009). Conversely,
overexpression of PIFs results in hyposensitive pheno-
types in response to light (Huq and Quail, 2002; Kim
et al., 2003; Khanna et al., 2004; Leivar et al., 2008a). In
addition to their prominent role in regulating photo-
morphogenesis, PIFs have been shown to regulate
many other pathways, including mediating metabolic
signals to the circadian clock (Shor et al., 2017), ther-
momorphogenesis (Quint et al., 2016), hormone sig-
naling, and biotic and abiotic responses (Paik et al.,
2017). They do so by interacting with a host of other
cellular signaling molecules (Fig. 2).

Whereas the regulation of photomorphogenesis re-
flects the shared or overlapping function of PIFs, some
PIFs also function distinctly to modulate certain phys-
iological responses (i.e. some responses are controlled
by a single PIF, while others by two or more PIFs; Jeong
and Choi, 2013). For example, PIF1 plays a major role in
inhibiting light-dependent seed germination (Oh et al.,
2004). Two important regulatory proteins, LEU-
NIG_HOMOLOG and HFR1 (LONG HYPOCOTYL
IN FAR-RED1), are known to interact with PIF1 and
to coordinate seed germination by regulating the
expression of abscisic acid- and GA-related genes
(Fig. 2; Shi et al.,, 2013; Lee et al.,, 2015). PIF1 also
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BOX 1. Salient Features of Phytochrome-PIF
Signaling Module

e First, the discovery of PHY and PIF genes from
bryophytes to angiosperms suggests that the
phytochrome-PIF signaling module is
evolutionarily conserved.

e Second, the presence of a functional APA motif in
Physcomitrella and Marchantia PIFs suggests that
the APA motif might be the ancestral interaction
motif and that the APA-dependent phytochrome-
PIF interaction to modulate phytochrome
signaling is evolutionarily conserved from
bryophytes to land plants. The presence of a less
conserved and non-functional APB-like motif in
Physcomitrella suggests that the functional APB
motif might have evolved after the divergence of
bryophytes and vascular plants (Possart et al.,
2017).

e Third, the light-induced degradation of PIFs does
not appear to be a universal mechanism for
regulation of PIFs. Although most of the
Arabidopsis and Marchantia PIFs are degraded in
response to light (Inoue et al., 2016), the PpPIFs
expressed in Arabidopsis are not degraded in
response to red and far-red light, similar to the
Arabidopsis PIF7 (Possart et al., 2017; Leivar et al.,
2008a). However, the putative target genes of
PpPIFs are regulated in a manner similar to those
of Arabidopsis PIFs, suggesting that the PpPIF
activity is inhibited by light signal. Although it has
not been experimentally verified yet, the PpPIFs
might be sequestered in response to light as has
been shown for Arabidopsis PIFs (Park et al., 2012).
Thus, both the light-induced degradation as well
as light-induced sequestration of PIFs might have
evolved early in the phytochrome signaling
pathways.

e Fourth, a direct physical interaction between
Arabidopsis PIF1 and PIF3 with phyA and phyB,
respectively, has been shown to be necessary for
the light-induced degradation of PIF1 and PIF3 (Al-
Sady et al, 2008; Shen et al, 2008). This
requirement has not been examined for other PIFs
yet. However, a recent study called into question
whether phytochromes and PIFs need to physically
interact for the light-induced degradation of PIFs
(Kim et al., 2016b). These authors present evidence
that phyB can induce degradation of PIF1 in a non-
cell-autonomous manner. Transgenic plants
expressing PHYBin the epidermis is sufficient to
fully rescue phyB phenotypes as well as both PIF1
and PIF3 degradation in response to light.

regulates chlorophyll biosynthesis and plastid devel-
opment by modulating the expression of a number of
genes (Hugq et al., 2004; Moon et al., 2008; Kim et al.,
2016c). PIF2 (more commonly known as PIL1) also in-
teracts with COP1 and phyB in vivo (Fig. 2; Luo et al,,
2014). COP1 promotes the degradation of PIF2 in the
dark, while phyB stabilizes PIF2 in response to light.
Unlike other PIFs, PIF2 positively regulates seedling
deetiolation in response to blue, red, and far-red light.
PIF2 also interacts with PIF1, PIF3, PIF4, and PIF5 and
prevents PIF target gene expression. In this regard, PIF2
functions similar to HFR1. In fact, PIF2 also hetero-
dimerizes with HFR1 (Fig. 2) and promotes photo-
morphogenesis in an additive manner with HFRI.
Further studies are necessary to determine how PIF2
and HFR1 function together to inhibit the DNA-
binding activity of PIFs. PIF2 has all the necessary
amino acids in the basic domain and is predicted to be a
DNA-binding bHLH protein. Thus, PIF2 might recruit
other PIFs to different DNA-binding sites by hetero-
dimerization.

1028

Strikingly, the epidermal phyB induces rapid
phosphorylation and degradation of PIFs, which is
only expressed in the endodermis. These data
suggest an alternative mechanism for long
distance regulation of PIFs by phyB. Future
experiments are necessary to identify the signal(s)
that promotes the light-induced degradation of
PIFs non-cell-autonomously.

e Fifth, the light-induced degradation of PIFs
appears to be largely nucleoplasmic. Mutant forms
of both PIF1 and PIF3 severely deficient in DNA
binding are still degraded in response to light,
similar to the wild-type PIFs during transition from
dark to light (Shen et al., 2008; Al-Sady et al., 2008),
suggesting that the DNA binding is not necessary
for their degradation. A recent study proposed a
model where HEMERA, a protein necessary for PIF
degradation in light-grown seedlings, couples PIF
degradation with PIF transactivation of target
genes (Qiu et al., 2015). However, an important
control is missing in this study. The use of a mutant
PIF deficient in DNA binding will help answer
whether HMR couples PIF degradation with PIF
transactivation on a target promoter. An
alternative possibility is that the mechanisms of PIF
degradation might be different between the de-
etiolated vs. etiolated seedling stages. Further
experiments are necessary to help resolve these
issues.

e Sixth, although the phytochrome and PIF genes
have been discovered from a number of lower to
higher plants, currently available data are
insufficient to draw any conclusion whether these
two gene families are co-evolving. Recently,
evolution of phytochrome gene family has been
extensively investigated (Li et al.,, 2015). A parallel
study on the PIF gene family is necessary to
examine if these genes are co-evolving.

e Seventh, the phytochrome-PIF interaction is
robust enough to allow development of a light-
switchable reversible gene regulatory system
using the N-terminal photosensory domain of
phyB and PIF3 in yeast cells (Sato et al., 2002). This
principle was widely used as a reversible
Optogenetic tool to study dynamic control of
cellular signaling pathways in metazoan cells
(Toettcher et al., 2011, 2013; Levskaya et al., 2009).
In fact, both PIF3 and PIF6, along with the amino-
terminal domain of phyB, have been used to
develop these regulatory modules.

As a founding member of the PIFs, PIF3 functions
predominantly as a negative regulator of seedling
deetiolation along with other PIFs, primarily by regu-
lating the abundance of phyB levels (Kim et al., 2003;
Monte et al., 2004; Leivar et al., 2008a). PIF3 also in-
teracts with TOC1, and this interaction optimizes the
temporal regulation of diurnal growth of hypocotyl
elongation (Soy et al., 2016). Similar to PIF1, PIF3
represses chlorophyll biosynthesis and photosynthesis
in etiolated seedlings (Stephenson et al., 2009). PIF3
interacts with HISTONE DEACETYLASE15 (Fig. 2),
which together repress the expression of target genes by
concomitant decreases in histone acetylation and RNA
polymerase II-associated transcription (Liu et al., 2013).
Furthermore, PIF3 regulates the ethylene-induced
hypocotyl elongation in light, and very recently, it
was shown that PIF3 modulates the freezing toler-
ance by negatively regulating the expression of CBF
(C-REPEAT BINDING FACTOR) genes (Zhong et al.,
2012; Jiang et al., 2017).
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Figure 2. Distinct and shared biological functions of PIFs in Arabi-
dopsis. PIFs function as negative regulators of light signaling as well as
important modulators of plant growth and development. Different PIFs
interact with a number of common but also distinct interacting partners
to regulate seed germination, cell and organ elongation, photosynthe-
sis, pigment biosynthesis, and also the integration of light and circadian
clock signaling. Contrary to the generally accepted functions of PIFs as
negative regulators of photomorphogenesis, PIF6 functions as a positive
regulator of photomorphogenesis. The distinct and shared biological
functions of PIF-interacting proteins are shown in solid color ovals and/
or hatched ovals.

Among all known PIFs, PIF4 uniquely regulates hy-
pocotyl elongation in response to light, shade, tem-
perature, and diurnal conditions (Huq and Quail, 2002;
Lorrain et al., 2008; Franklin et al., 2011; Kumar et al.,
2012). It does so by binding to the promoter sequences
and activating the expression of target genes, including
regulatory genes involved in auxin biosynthesis.
Whereas the elongation of hypocotyl by PIF4 under
different conditions provides competitive advantage
toward overall fitness and survival, the persistent ac-
tivation of PIF4 might cause a physiological imbalance
due to the possible hyperelongation of hypocotyls. To
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prevent such events, plants employ multiple regulatory
mechanisms, including inactivation of PIF4 transcrip-
tional activity. For example, EARLY FLOWERINGS3, a
component of an evening complex, interacts with PIF4
in an evening complex-independent manner and re-
duces PIF4 activity (Nieto et al., 2015). Similarly, at
higher temperature, FLOWERING TIME CONTROL
PROTEIN, an RNA-binding protein, interacts with PIF4
and induces its dissociation from the YUCCAS pro-
moter to balance hypocotyl growth (Lee et al., 2014).
While in shade, HFR1, PAR1 (PHYTOCHROME RAP-
IDLY REGULATED1), and PAR2 interact with PIF4
and subsequently prevent PIF4 from activating its tar-
get genes (Fig. 2; Hornitschek et al., 2009; Hao et al,,
2012; Lee et al., 2014; Nieto et al., 2015). Besides hypo-
cotyl elongation, PIF4 also controls several physio-
logical and development aspects, such as stomatal
development in response to light quality, circadian
gating, chlorophyll degradation and leaf senescence in
darkness, freezing tolerance, and anthocyanin bio-
synthesis under red-light conditions (Lorrain et al.,
2008; Casson et al., 2009; Lee and Thomashow, 2012;
Sakuraba et al., 2014; Song et al., 2014; Liu et al., 2015;
Zhang et al., 2015; Zhu et al., 2016a).

PIF5 regulates many of the same pathways regulated
by PIF4, albeit in an overlapping manner. PIF5 (and
PIF4) functions as a positive regulator of leaf senes-
cence through chlorophyll degradation in darkness
(Sakuraba et al., 2014; Song et al., 2014; Zhang et al.,
2015) and as a negative regulator of red light-induced
anthocyanin biosynthesis (Liu et al., 2015). PIF5 in col-
laboration with PIF4 and PIF7 functions as an impor-
tant regulator of shade avoidance in Arabidopsis
(Lorrain et al., 2008; Hornitschek et al., 2009; Li et al.,
2012a). PIF5 also functions at the interface between red
light signaling and the circadian clock through its direct
interaction with TOC1 (TIMING OF CAB EXPRES-
SION1; Fig. 2; Fujimori et al., 2004).

PIF6 produces two splice variants, « and 8, of which
the B-form regulates seed dormancy (Penfield et al.,
2010). Contrary to the general role of PIFs as negative
regulators of photomorphogenesis, PIF6 functions as a
positive regulator, as ectopically overexpressed PIF6
inhibits hypocotyl elongation under continuous red
light. Interestingly, PIF6 also interacts with TOC1 (Fig.
2); however, the functional importance of this interac-
tion has yet to be determined (Fujimori et al., 2004).
Interestingly, the APB domain of PIF6 and PIF3 along
with the N-terminal domain of phyB have been used to
develop a light-switchable gene regulatory module for
studying cellular signaling pathways in metazoans
(Shimizu-Sato et al.,, 2002; Levskaya et al., 2009;
Toettcher et al., 2011a, 2011b, 2013).

PIF7 acts as a negative regulator of seedling deetio-
lation under red light (Leivar et al., 2008a). PIF7, along
with PIF3 and PIF4, functions additively to promote
hypocotyl elongation under continuous red light by
suppressing phyB levels. PIF7 also regulates shade
avoidance responses by directly controlling auxin bio-
synthetic genes under shade conditions (Li et al.,
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2012a). In addition, PIF7 and PIF4 reduce freezing tol-
erance responses by directly down-regulating CBF gene
expression in a photoperiod-dependent manner (Lee
and Thomashow, 2012). Finally, the functional impor-
tance of PIF8 is largely unknown; therefore, further ef-
forts are necessary to examine the potential role of PIF8
in light signaling pathways.

POSTTRANSLATIONAL REGULATION OF
PIF ABUNDANCE

PIFs are known to be stable in the dark to promote
skotomorphogenesis, and the light-induced degrada-
tion of PIFs promotes photomorphogenesis. However,
in recent years, PIFs have been shown to be degraded
under both dark and light conditions. An optimum level
of PIFs is necessary for the proper transition from sko-
tomorphogenesis to photomorphogenic development.

Figure 3. Dynamic regulation of PIF levels in dark A
and light. Model shows the mechanisms of light-
dependent phosphorylation and degradation of
PIFs by various kinases and E3 ubiquitin ligases. A,
In the dark, DET1 interacts with PIFs and stabilizes
them by an unknown mechanism. PIF1 also forms
a heterodimer with HFR1, thereby triggering the
codegradation of both HFRT and PIF1. COP1
function is necessary for this codegradation of
PIF1 and HFR1. Moreover, DELLAs negatively
regulate PIF abundance by promoting PIF degra-
dation through the 26S proteasome-dependent
pathway both in dark and light conditions. In ad-
dition, the COP1-SPA complex promotes the sta-

FACTORS CONTROLLING PIF ABUNDANCE
UNDER DARKNESS

Several factors, including helix-loop-helix (HLH)
proteins, kinases, and E3 ubiquitin ligases, have been
shown to regulate PIF abundance in the dark. Many of
these factors (e.g. DET1, HECATE2 [HEC2], and the
COP1/SPA complex) stabilize PIFs in the dark to pro-
mote skotomorphogenesis, while others (e.g. BIN2,
DELLA proteins, HFR1, and COP1) promote the deg-
radation of PIFs in darkness (Fig. 3A).

DET1 functions as a repressor of photomorphogen-
esis in part by positively regulating PIF abundance in
the dark. DET1 interacts with PIFs both in vitro and
in vivo (Fig. 3) and stabilizes PIFs. Strikingly, the deg-
radation of PIFs in the det] background is not mediated
by the 26S proteasome pathway, as the inhibitors of the
26S proteasome failed to block PIF degradation in the
det1 background (Dong et al., 2014). Further studies are

bility of PIF3 by inhibiting the BIN2-mediated
phosphorylation and degradation of PIF3 and
PIF4. X and Y indicate unknown factors necessary
for DET1- and DELLA-induced degradation of PIFs
in the dark, respectively. B, Upon light exposure,
different PIFs are phosphorylated by different
protein kinases, including PPKs, phytochromes,
and possibly other kinases, which triggers ubig-
uitination by different E3 ubiquitin ligase com-
plexes followed by degradation through the 26S
proteasome pathway. The ubiquitination and
degradation of PIF1, PIF3, and PIF4 involve CULA4,
CULT, and CUL3-based E3 ubiquitin ligase com-
plexes, respectively.

—

.. . ! -.'

26S Proteasome
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necessary to understand how PIFs are degraded in the
det1 background through the proteasome-independent
pathway.

The GSK3-like kinase BRASSINOSTEROID-
INSENSITIVE (BIN2) has been shown to phosphorylate
both PIF3 and PIF4 in vitro (Bernardo-Garcia et al., 2014;
Ling et al., 2017). BIN2-mediated phosphorylation pro-
motes the degradation of PIF3 and PIF4 in the dark.
Mutation in the BIN2 phosphorylation sites reduces the
degradation of both PIF3 and PIF4 in vivo. Strikingly, the
COP1/SPA1 complex prevents BIN2-mediated phos-
phorylation and proteasomal degradation of PIF3 in the
dark. COP1 interacts with and sequesters BIN2 from PIF3,
while SPA1 interacts with PIF3 in the same binding region
of PIF3 with BIN2, thus preventing BIN2 binding (Ling
et al., 2017). Therefore, BIN2 promotes the degradation of
PIFs, while COP1 and SPA1 stabilize them in the dark.

DELLA proteins have been shown to interact directly
with PIFs and inhibit their activity to regulate hypo-
cotyl elongation in response to light and GA (de Lucas
et al., 2008; Feng et al., 2008). In a recent study, DELLA
proteins also were shown to promote the degradation
of all four PIFs through the 26S proteasome pathway
under both dark and light conditions (Li et al., 2016).
Thus, DELLAs inhibit PIF activity not only by seques-
tration but also by PIF degradation to regulate hypo-
cotyl elongation. DELLA proteins are degraded in
response to GA through the SLEEPY (SLY) F-box pro-
tein (McGinnis et al., 2003). It will be interesting to ex-
amine if DELLAs and PIFs are codegraded through SLY
in the dark.

Similar to DELLA, HFR1 has been shown to se-
quester PIFs by heterodimerization to promote seed
germination and seedling deetiolation (Hornitschek
et al., 2009; Shi et al., 2013). Strikingly, HFR1 also pro-
motes the degradation of PIF1 and PIF5 in the dark in a
heterodimerization-dependent manner (Xu et al., 2017).
Conversely, PIF1 promotes the degradation of HFR1 in
darkness by enhancing the ubiquitination of HFR1 by
COP1. Therefore, HFR1 not only sequesters PIFs but
also negatively regulates their abundance in the dark.
This regulation is important for the rapid transition
from skotomorphogenesis to photomorphogenesis.

FACTORS CONTROLLING PIF ABUNDANCE
UNDER LIGHT

In general, phytochromes induce the rapid degra-
dation of PIFs in response to light signals via direct
physical interactions with PIFs (Al-Sady et al., 2008;
Shen et al., 2008), although phyB has been shown
to induce PIF1 degradation non cell autonomously
(Kim et al., 2016b). DNA binding is not necessary for the
light-induced degradation of PIFs (Al-Sady et al., 2008;
Shen et al., 2008). However, HEMERA has been shown
to couple PIF degradation with PIF transactivation of
their target genes (Qiu et al., 2015). HEMERA is nec-
essary for PIF degradation only under light-grown
seedlings (Chen et al., 2010). Two distinct biochemical
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events precede the light-induced degradation of PIFs.
First, PIFs are phosphorylated rapidly in response to
light. Second, PIFs are ubiquitinated followed by rapid
degradation through the 265 proteasome pathway
(Leivar and Quail, 2011). Kinetic and mutational anal-
yses have shown that the phosphorylation precedes the
ubiquitination and degradation (Al-Sady et al., 2006;
Shen et al., 2008). Thus, a major focus in the field is to
identify the kinases and E3 ubiquitin ligases for PIFs.
Tremendous progress has been made in this area in
recent years, as discussed below.

Kinases That Phosphorylate PIFs

Several kinases have been shown to phosphorylate
PIFs in recent years (Fig. 3B). These include Casein Ki-
nase II (CK2), BIN2, phytochrome itself, and four
members of a recently discovered Ser/Thr kinase
family called Photoregulatory Protein Kinases (PPK1-
PPK4). Among these, phytochrome is perhaps the best
candidate for several reasons. First, PIFs interact
physically with phytochromes in response to light (Ni
et al,, 1999; Huq and Quail, 2002; Huq et al., 2004;
Khanna et al., 2004). Second, direct physical interaction
with phytochrome is necessary for the light-induced
phosphorylation and degradation of PIFs (Al-Sady
et al., 2008; Shen et al., 2008). Third, phytochromes
have been shown to function as a Ser/Thr kinase
in vitro (Yeh and Lagarias, 1998). However, direct
in vivo evidence showing phytochrome function as a
kinase was lacking until recently. Interestingly, a recent
study showed that both oat (Avena sativa) and Arabi-
dopsis phytochromes function as Ser/Thr kinases for
PIFs in vitro (Shin et al., 2016). These authors have
mapped the kinase domain within the PAS-GAF-PHY
domains located at the N terminus of phytochromes
and identified critical residues that are necessary for
ATP binding. Transgenic plants expressing the mutant
oat phyA impaired in the kinase activity show a
hyposensitive phenotype compared with the wild type
under far-red light. The light-induced phosphorylation
and degradation of PIF3 is reduced significantly in the
kinase mutants compared with control plants in vivo,
which is consistent with the defects in ATP-binding
activity and mutant phenotypes. These data strongly
support that plant phytochrome functions as a kinase
for PIF3 and possibly other PIFs. However, several
questions still remain unanswered. First, PIF3 phos-
phorylation is light inducible in vivo. However, the
in vitro data presented in this study did not show any
light-induced phosphorylation of PIF3 by phyto-
chromes, suggesting that other factors might be neces-
sary in vitro to fully capture the light-regulated
phosphorylation events. Second, PIF3 is phosphory-
lated at multiple sites in response to light and displayed
a characteristic band shift in vivo (Ni et al., 2013).
However, the in vitro data presented in this study
did not show any band shift, suggesting that phyto-
chrome alone is not sufficient to mediate multiple
phosphorylations of PIF3. Third, an independent study
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from another laboratory failed to reproduce the Ara-
bidopsis phyB kinase activity toward PIF3 (Ni et al,,
2017), arguing that Arabidopsis phytochromes may not
function as protein kinases. However, these differences
might be due to the use of different buffers and/or
preparation of the phytochrome molecule used for the
kinase assays. Thus, additional experiments are neces-
sary to establish whether Arabidopsis phytochromes
indeed function as bona fide protein kinases.

Recently, four members of a protein kinase family
called PPK (PPK1-PPK4) were shown to phosphorylate
PIF3 in vitro (Ni et al., 2017). The PPKs display se-
quence similarity to CK1 and have been described
previously as MUT9-Like Ser/Thr Kinases (MLKs;
Wang et al., 2015; Huang et al., 2016). The addition of
phyB enhances the phosphorylation of PIF3 by PPK
in vitro; however, this enhancement is light indepen-
dent, suggesting that both the Pr and Pfr forms of phyB
enhance the phosphorylation of PIF3 by PPK. The light-
induced phosphorylation and degradation of PIF3 is
defective in the ppk mutants compared with the wild
type, suggesting that PPKs function as a protein kinase
for PIF3 both in vitro and in vivo. Although phyB is not
phosphorylated directly by PPK, PPKs also induce the
codegradation of PIF3 and phyB in vivo. Hence, both
PIF3 and phyB are more abundant in the ppk mutant
under continuous red light compared with the wild
type. Consistently, ppk mutants display a hypersensi-
tive phenotype in response to red light. This phenotype
is not consistent with PIF3 degradation; rather, it is
consistent with the higher level of phyB due to the re-
duced phyB degradation in these mutants. Although
this study provides strong evidence that PPKs function
as protein kinases for PIF3, PPKs do not appear to
function as the primary light-regulated kinase that
phosphorylates PIFs in response to light for several
reasons. The biologically active Pfr form of phyB does
not enhance the kinase activity of PPKs toward PIF3 (Ni
etal., 2017). PPKs appear to function as a general kinase
for many pathways. A companion study shows that
PPKs also phosphorylate CRY2 in response to blue light
(Liu et al., 2017). In addition, PPKs/MLKSs function as a
kinase for histone and are involved in the epigenetic
regulation of gene expression (Wang et al., 2015; Su
et al., 2017). Phosphorylation of Ser-95 of H2A is nec-
essary for the regulation of FT expression and flowering
time under long days. Thus, PPKs might be a general
kinase functioning in many pathways. This notion is
further supported by the lethality of the ppk1234 mu-
tant, as these authors failed to isolate the quadruple
mutant (Liu et al., 2017; Ni et al., 2017).

Two other kinases, CK2 and BIN2, have been
shown to phosphorylate PIFs. CK2 phosphorylates
PIF1 (Bu et al., 2011b), while BIN2 phosphorylates PIF3
and PIF4 (Ling et al., 2017; Bernardo-Garcia et al., 2014).
However, these kinases are not necessary for the
light-induced phosphorylation of PIFs in vivo. Thus,
the identification and characterization of the light-
regulated protein kinase that phosphorylates PIFs
await further study.
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E3 Ligases for PIFs

As discussed above, PIFs are degraded through the
26S proteasome pathway in response to light. In
Arabidopsis, there are three main classes of CULLIN
(CUL) RING UBIQUITIN LIGASEs (CRLs) that are
involved in the ubiquitination of substrates (Vierstra,
2009): CUL1, CUL3, and CUL4. Although the sub-
strate specificity components for each of these CRLs
are different, all three CRLs have been shown to be
involved in the light-induced degradation of PIFs
(Fig. 3B)

Genetic analysis shows that cul1-6 is hyposensitive to
red light (Moon et al., 2007). However, the substrate for
CUL1l-based E3 ligase for regulating photomorpho-
genesis is not known. A recent study shows that PIF3 is
ubiquitinated and degraded by the SCFFBF/EBF2 yyhiq-
uitin ligase (Dong et al., 2017). In this case, two previ-
ously described F-box proteins called EBF1 and EBF2
act as substrate recognition components (Guo and
Ecker, 2003; Potuschak et al., 2003). Consistently, the
ebflebf2 double mutant displayed long hypocotyls un-
der red light, similar to those of cu/1-6. This study also
provides evidence of a novel mechanism of SCF for-
mation. In general, a substrate is phosphorylated by a
stimulus, and the phosphorylated substrate is then
recognized by the E3 ubiquitin ligase for the ubiquiti-
nation followed by degradation (Pickart, 2001). How-
ever, these authors show that PIF3 is constitutively
bound to EBF1 and EBF2 in the dark, but PIF3 is not
ubiquitinated by EBF1 and EBF2 in darkness. Light-
induced phosphorylation of PIF3 triggers the forma-
tion of the SCF™P/EBF2 complex, resulting in the
ubiquitination and subsequent degradation of PIF3.
This study also shows that EBF1 and EBF2 induce the
degradation of PIF3 under a broad range of red light
conditions compared with the previously described
CUL3"® E3 ubiquitin ligase complex, which degrades
PIF3 under strong red light conditions (Ni et al., 2014).
However, PIF3 is still degraded in the ein3eillebflebf2
mutant background compared with the ein3eil1 control,
suggesting that additional E3 ubiquitin ligases are in-
volved in the light-induced degradation of PIF3.

As discussed above, CUL3-based E3 ubiquitin ligase
plays an important role in PIF3 degradation in response
to light (Ni et al., 2014). In this case, LIGHT-RESPONSE
Bric-a-Brack/Tramtrack/Broad (LRB1, LRB2, and LRB3
act as substrate recognition components in the CUL3'®
complex. However, LRBs not only recruit PIF3 but also
phyB in response to light signal and promote the
ubiquitination and subsequent codegradation of both
substrates in vivo by the 26S proteasome pathway. As a
primary signaling partner acting downstream of phyB,
a defect in PIF3 degradation is expected to result in a
hyposensitive phenotype under red light. However, the
Irb123 triple mutant displays a hypersensitive pheno-
type under continuous red light, consistent with the
higher abundance of phyB in the triple mutant com-
pared with the wild type. In addition, both SCF***/2 and
CUL3"®P display a modest effect on PIF3 degradation,
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suggesting that additional E3 ubiquitin ligases still might
be degrading PIF3 in response to light.

Very recently, a CUL3-based E3 ubiquitin ligase was
shown to promote the ubiquitination and degradation
of PIF4 (Zhang et al., 2017). In this case, two BLADE ON
PETIOLE (BOP1/2) proteins among six members of the
BTB-ankyrin protein family act as a substrate recogni-
tion component for PIF4. The ubiquitination and deg-
radation of PIF4 are reduced in the boplbop2 mutant
background compared with the wild type not only
under red light but also under elevated temperature,
suggesting that BOP proteins control PIF4 protein
abundance under red light as well as under elevated
temperature-mediated growth responses. Consistent
with an elevated level of PIF4, the bop mutant displays a
long hypocotyl under red light as well as at high am-
bient temperature. Interestingly, the phosphorylation
of PIF4 is not required for the binding between PIF4 and
BOP. This is different from PIF3, where phosphoryla-
tion is absolutel;z necessary for the PIF3-LRB interaction
or SCEEBFI/2PIF complex formation (Ni et al., 2014;
Dong et al., 2017). Furthermore, a weak level of PIF4
ubiquitination is observed in the dark, which is strongly
enhanced under light conditions in vivo (Zhang et al.,
2017). The ubiquitination level of PIF4 is much reduced
in the bop1/2 mutant both in the dark and light condi-
tions, suggesting that BOP proteins are necessary for
PIF4 ubiquitination. Although the authors concluded
that the light-induced phosphorylation of PIF4 might
not be necessary for the degradation of PIF4 via BOP1/
2, the role of light in mediating the interaction between
BOP1/2 and PIF4 was not examined extensively in this
study. The authors used a transient protoplast system
and a bimolecular fluorescence complementation assay
as in vivo interaction assays without any dark and light
controls, which may not recapture the true dark/light
conditions for seedlings. Further experiments are nec-
essary to examine if the light-induced phosphorylation
of PIF4 is necessary for enhanced binding between
PIF4 and BOP1/2.

CUL4-based E3 ubiquitin ligase has been shown to
promote the light-induced ubiquitination and degra-
dation of PIF1 (Zhu et al., 2015). In this case, COP1 and
SPA proteins act as substrate adaptor components in
recruiting the phosphorylated form of PIF1 for the light-
induced ubiquitination and subsequent degradation.
Both copl-4 and spaQ display strong hyposensitive
phenotypes in seed germination in response to red and
far-red light, consistent with the PIF1 protein abun-
dance at the seed and seedling stages. This study
highlights a novel function of the COP1/SPA complex
from a well-established negative regulator to a crucial
positive regulator complex during the early transition
from dark to light. It will be interesting to examine
whether other PIFs also are regulated by the CUL4-
based E3 ligase complex. In addition, phytochromes
inhibit COP1-SPA function to promote photomorpho-
genesis (Lu et al., 2015; Sheerin et al., 2015; Xu et al.,
2015). However, in this case, the COP1-SPA com-
plex functions in cooperation with phytochromes to
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promote the degradation of PIFs. Further studies are
necessary to understand the precise timing when phy-
tochromes and the COP1-SPA complex act together and
when phytochromes inhibit COP1-SPA function to
promote photomorphogenesis in response to light.

From the discussion above, one wonders why there
are so many kinases and E3 ubiquitin ligases regulat-
ing PIF abundance. Several speculations might help
answer this question. First, the kinetics and the effects
of different light quality and quantity on PIF degrada-
tion are different for different PIFs. Thus, having
multiple kinases and E3 ubiquitin ligases might allow
fine-tuning the rate of degradation and the sensitivity to
different fluences. Second, PIFs are not involved only in
light signaling pathways, but recent studies highlight
the importance of PIFs in multiple aspects of plant
growth and development and response pathways
(Leivar and Monte, 2014; Paik et al., 2017). Thus, PIFs
act as a central hub in many cellular signaling pathways
(e.g. GA, brassinosteroid [BR], auxin, ethylene, JA, cir-
cadian, and many others; Leivar and Monte, 2014; Paik
et al., 2017). Therefore, signaling factors from these
pathways (e.g. DELLA, BIN2, EBF1/2, and possibly
others) intersect with photomorphogenesis by regulat-
ing PIF levels.

POSTTRANSLATIONAL REGULATION OF PIF
ACTIVITY IN THE DARK AND LIGHT

Being members of the bHLH superfamily, PIFs are
predicted to bind to DNA. In vitro gel-shift, random
DNA-binding selection, and in vivo chromatin immu-
noprecipitation (ChIP) assays show that four major
PIFs (PIF1, PIF3, PIF4, and PIF5) bound to either the
G-box (CACGTG) and/or the E box (CANNTG), which
are called PIF-binding E boxes (Martinez-Garcia et al.,
2000; Huq and Quail, 2002; Huq et al.,, 2004;
Hornitschek et al., 2012). A number of proteins that
interact directly with PIFs modulate the DNA binding
and, consequently, the transcriptional activity of PIFs
(Fig. 4; Paik et al., 2017). These are divided into two
classes: factors enhancing PIF DNA-binding activity
(Fig. 4A) and factors inhibiting PIF DNA-binding ac-
tivity (Fig. 4B). This topic has been reviewed in recent
years (Leivar and Monte, 2014). However, there has
been new progress in this area, which will be empha-
sized in the discussion below.

Factors Enhancing the DNA-Binding Ability of PIFs

One of the hallmark features of the bHLH family of
proteins is that they bind to DNA as both homodimers
and heterodimers. In fact, the crystal structure of MyoD
shows that the basic domain binds to the DNA, while
the HLH domain forms homodimers and heterodimers
(Ma et al., 1994; Littlewood and Evans, 1998). PIFs also
form homodimers and heterodimers, and these dimeric
forms also bind to the DNA in vitro (Toledo-Ortiz et al.,
2003; Bu et al., 2011a).
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Figure 4. Modulation of the DNA-binding and transcriptional activities
of PIFs. PIF-interacting proteins control the transcriptional activities of
PIFs either by activating or inhibiting PIF’s capacity to bind directly to
DNA. A, PIFs can bind to the G/PBE-box as a homodimer and/or a
heterodimer with other PIFs. PIF interactions with other proteins, in-
cluding BZR1 and HY5, regulate the DNA-binding and transcriptional
activities of PIFs. In addition, PIF-interacting transcription factors (PTFs;
e.g. group A bZIP proteins) modulate the DNA-binding and transcrip-
tional activities of PIFs by binding to nearby G-box coupling elements
(GCEs). B, Various factors inhibit the DNA-binding and subsequent
transcriptional activities of PIFs either by forming heterodimers (e.g.
HFR1/HEC2/PAR1/PAR2) or by direct physical interactions with PIFs
followed by sequestration (e.g. phytochromes and DELLA proteins).

PIFs also interact with other transcription factors, and
these interactions modulate the PIF DNA-binding ac-
tivity. For example, PIF3 and PIF4 interact with BZR1
and bind to the same G-box DNA sequence element to
regulate genes involved in the light and BR pathways
(Oh et al., 2012; Zhang et al., 2014). PIF1 and PIF3 in-
teract with HY5, a bZIP protein, and bind to DNA as the
PIF1/PIF3-HY5 complex (Chen et al., 2013). In this case,
HY5 promotes the DNA-binding ability of PIF1 and
PIF3 and regulates genes involved in anthocyanin bio-
synthesis and reactive oxygen response pathways.
Conversely, HY5 also functions antagonistically by
binding to the same binding sites targeted by PIF1/3
and inhibits PIF1/3 function in regulating chlorophyll
and flavonoid biosynthetic pathways (Toledo-Ortiz
et al., 2014).

Interestingly, a recent study performed ChIP fol-
lowed by microarray (ChIP-chip) to identify in vivo
binding sites of PIF1 (Kim et al., 2016b). This study
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showed that PIF1 DNA-binding sites (PBSs) are
enriched with not only G-boxes but also with other
hexameric sequence elements named GCEs. This study
showed that ~59% of the PBSs contain at least one
G-box element and 41% lack G-box elements. They
proposed that PIF1 binding to PBSs might be stabi-
lized in association with other PTFs that bind to other
nearby PIF1-binding sites called GCEs. These authors
identified group A bZIP transcription factors as PTFs
and showed that ABI5, a member of the group A
bZIP family, binds to the ACGT-containing GCE
sequences. ABI5 and other group A bZIP transcription
factors interact with PIF1 and, consequently, facilitate
PIF1-binding activity to the DNA target gene pro-
moters. Although these authors demonstrated the en-
hancement of the DNA-binding ability of PIF1 by PTFs,
no biological significance of this enhanced DNA-
binding activity was presented in their study. Further
experiments are necessary to understand whether
PTFs and PIF1 coordinately regulate any biological
processes.

Factors Inhibiting the DNA-Binding Ability of PIFs

Three groups of factors inhibit the DNA-binding
ability of PIFs: the well-known HLH classes of tran-
scription factors, phyB, and DELLA proteins.

The first class encodes HLH proteins that include
HFR1, PAR1, PAR2, and HEC proteins. As HLH pro-
teins, they do not bind to DNA directly by themselves;
however, they sequester PIFs by heterodimerizing with
them (Hornitschek et al., 2009; Hao et al., 2012; Shi et al.,
2013; Zhu et al., 2016b). HFR1 and HEC1/HEC2 in-
teract with PIF1 and inhibit seed germination in re-
sponse to red and far-red light (Shi et al., 2013; Zhu
et al., 2016b). HFR1, PAR1, and PAR2 interact with
PIF4/PIF5 and inhibit shade avoidance responses
(Lorrain et al., 2008; Hao et al., 2012).

Second, the light-activated phytochromes can inter-
act physically with PIFs and not only induce their
degradation but also sequester them from binding to
DNA. It has been shown that phyB binds to PIF1/PIF3
and inhibits PIF1/PIF3-binding activity to their target
promoters using in vivo ChIP assays (Park et al., 2012).
Thus, phytochromes inhibit PIF function using two
distinct mechanisms (i.e. light-induced degradation
and light-induced sequestration).

The third class of PIF inhibitor is DELLA proteins,
which interact with PIF3 and PIF4 and block the DNA-
binding ability of these PIFs (de Lucas et al., 2008; Feng
et al., 2008). Strikingly, a recent study showed that
DELLA proteins not only sequester PIFs but also induce
their degradation to regulate target gene expression (Li
et al., 2016). Thus, DELLA proteins and phytochromes
regulate PIFs in a similar fashion. However, the dis-
tinction is that phytochromes inhibit PIF activities in
response to light, while DELLA proteins inhibit PIF
activities irrespective of any light signal. The DELLA-
mediated degradation and sequestration of PIFs results
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OUTSTANDING QUESTIONS

e Despite the conservation of phytochrome-PIF
signaling module from lower plants to higher
plants, did the phytochrome and PIF families of
proteins co-evolve in diverse plant species?

e Isthelight-induced degradation of PIFs a central
mechanism for inhibition of PIFs or does the
plant employ both light-induced degradation
and/or sequestration of PIFs to promote
photomorphogenesis?

e Istherealight-regulated kinase that
phosphorylates PIFs in response to light?

e When does phytochrome work with COP1-SPA
to induce degradation of PIFs vs. when does
phytochrome inhibit the COP1-SPA complex to
promote photomorphogenesis?

in optimum regulation of hypocotyl elongation in re-
sponse to both light and GA signals.

CONCLUSIONS AND FUTURE PERSPECTIVES

Although PIFs are known to be degraded only under
light, recent results show that PIFs also are actively
degraded in darkness. Thus, a homeostasis of PIF level
is necessary for the proper transition from skotomor-
phogenesis to photomorphogenesis. This is also im-
portant for the coordination with other factors that
interact with PIFs to regulate similar processes (e.g. cell
elongation). Collectively, all four major PIFs function to
regulate the transition from skotomorphogenesis to
photomorphogenesis. However, genetic analyses of the
factors degrading PIFs also shed light on the distinct
signaling roles of individual PIFs. For example, PPKs
and CUL3"™ induce the codegradation of PIF3 and
phyB in response to light (Ni et al., 2014, 2017). PIF3 is
more abundant in the ppk and Irb mutants compared
with the wild type under red light. However, the phe-
notypes of the ppk and Irb mutants are not consistent
with the PIF3 abundance; rather, they correlate with the
phyB levels in these mutant backgrounds. Thus, it ap-
pears that the major function of PIF3 is to attenuate
phyB signaling by inducing phyB degradation under
light. Although light-regulated gene expression is de-
fective in the pif3 mutant at an early time, pif3 displays a
phyB overexpression phenotype under continuous red
light (Kim et al., 2003; Monte et al., 2004). This conclu-
sion also is supported by the fact that the PIF3 gene
encoding a mutant PIF3 protein defective in DNA
binding still rescues the pif3 mutant phenotype under
continuous red light (Al-Sady et al., 2008). In contrast,
the light-induced degradation of PIF1 is defective in the
copl and spaQ) mutants (Zhu et al., 2015). Both mutants
display reduced seed germination in response to light,
consistent with the higher abundance of PIF1 in these
mutants compared with the wild type. Despite similar
biochemical properties of PIF1 and PIF3, PIF3 appears
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to be more dedicated to signal attenuation, while PIF1 is
dedicated to signal transduction. This distinction is not
clear for the other PIFs based on the available data. In
summary, PIFs took center stage in the last two de-
cades, since their initial discovery in 1998 (Ni et al.,
1998); much remains to be learned (see Outstanding
Questions box). Further studies are necessary to answer
these and many other questions.
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