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Brassinosteroid Biosynthesis Is Modulated via a
Transcription Factor Cascade of COG1, PIF4, and PIF5!
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Brassinosteroids (BRs) are essential phytohormones regulating various developmental and physiological processes during
normal growth and development. cog1-3D (cogwheel1-3D) was identified as an activation-tagged genetic modifier of bril-5, an
intermediate BR receptor mutant in Arabidopsis (Arabidopsis thaliana). COG1 encodes a Dof-type transcription factor found
previously to act as a negative regulator of the phytochrome signaling pathway. cog1-3D single mutants show an elongated
hypocotyl phenotype under light conditions. A loss-of-function mutant or inducible expression of a dominant negative form of
COGT1 in the wild type results in an opposite phenotype. A BR profile assay indicated that BR levels are elevated in cog1-3D
seedlings. Quantitative reverse transcription-polymerase chain reaction analyses showed that several key BR biosynthetic genes
are significantly up-regulated in cog1-3D compared with those of the wild type. Two basic helix-loop-helix transcription factors,
PIF4 and PIF5, were found to be transcriptionally up-regulated in cog1-3D. Genetic analysis indicated that PIF4 and PIF5 were
required for COGI to promote BR biosynthesis and hypocotyl elongation. Chromatin immunoprecipitation and electrophoretic
mobility shift assays indicated that COG1 binds to the promoter regions of PIF4 and PIF5, and PIF4 and PIF5 bind to the
promoter regions of key BR biosynthetic genes, such as DWF4 and BR6ox2, to directly promote their expression. These results

demonstrated that COG1 regulates BR biosynthesis via up-regulating the transcription of PIF4 and PIF5.

Brassinosteroids (BRs) are a class of naturally occur-
ring hormone mediating multiple developmental and
physiological processes during normal growth and

! This work was supported by the National Natural Science Foun-
dation of China (grant nos. 31530005, 31470380, and 91317311 to J.L.),
the Ministry of Education (2011 Scholarship Award for Excellent Doc-
toral Student to Z.W.), the China Postdoctoral Science Foundation
(grant no. 2016M602889 to Z.W.), the Ministry of Agriculture of the
People’s Republic of China (grant no. 2016Z2X08009-003-002 to K.H.),
the Navrat program from the Ministry of Education, Youth, and
Sports of the Czech Republic (grant no. LK21306 to O.N.), the Czech
Science Foundation (grant no. GA14-34792S to O.N.), and the Insti-
tute for Basic Science (grant no. IBS-R013-D1 to H.G.N.).

* Address correspondence to lijia@lzu.edu.cn.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is: Jia
Li (lijla@lzu.edu.cn).

ZW., X.G., and ].L. conceived the original screening and research
plans; J.L. supervised the experiments; Z.W. performed most of the
experiments; T.Y., D.T., and ] K. performed some of the experiments;
ZW., X.G,KH, D.T,JK, HGN. ON, and J.L. analyzed the data;
Z.W. and ].L. wrote the article.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.01778

development, such as photomorphogenesis, vascular
differentiation, senescence, cell elongation, and cell
division and differentiation (Clouse and Sasse, 1998).
Within the last four decades, BR biosynthesis, cata-
bolism, and signal transduction pathways have been
largely elucidated. It is known that brassinolide
(BL), the final product of the BR biosynthetic path-
way and the most active BR, can directly interact
with the extracellular domain of a Leu-rich repeat
receptor-like kinase (LRR-RLK), BRASSINOSTEROID-
INSENSITIVE1 (BRI1; Kinoshita et al., 2005; Hothorn
et al., 2011; She et al., 2011). BL binding to BRI1 causes
the release of BRI1 KINASE INHIBITOR1 from BRII,
allowing BRI1-BL to associate with a second LRR-RLK
named BRI1-ASSOCIATED RECEPTOR KINASE1
(BAK1; Li et al., 2002; Nam and Li, 2002; Wang and
Chory, 2006; Jaillais et al., 2011). Structure analyses
revealed that BL is directly involved in the interaction
of the BRI1-BL complex with BAK1, which is consistent
with genetic data showing that BAK1 is essential for the
early events of the BR signaling pathway (Gou et al,,
2012; He et al., 2013; Santiago et al., 2013; Sun et al,,
2013). The perception of BL at the cell surface by BRI1/
BAKI initiates a reversible phosphorylation and

1260 Plant Physiology®, June 2017, Vol. 174, pp. 1260-1273, www.plantphysiol.org © 2017 American Society of Plant Biologists. All Rights Reserved.


http://orcid.org/0000-0003-1478-1904
http://orcid.org/0000-0003-1478-1904
http://orcid.org/0000-0002-8391-0258
http://orcid.org/0000-0002-8391-0258
http://orcid.org/0000-0002-3148-6897
http://orcid.org/0000-0002-3148-6897
http://orcid.org/0000-0002-3148-6897
http://orcid.org/0000-0003-1478-1904
http://orcid.org/0000-0002-8391-0258
http://orcid.org/0000-0002-3148-6897
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.16.01778&domain=pdf&date_stamp=2017-05-25
mailto:lijia@lzu.edu.cn
http://www.plantphysiol.org
mailto:lijia@lzu.edu.cn
http://www.plantphysiol.org/cgi/doi/10.1104/pp.16.01778

dephosphorylation cascade, leading to the dephos-
phorylation and inactivation of an important nega-
tive regulator, BRASSINOSTEROID-INSENSITIVE2
(BIN2), a GSK3-like kinase (Li and Nam, 2002; Mora-
Garcia et al., 2004; Kim et al., 2009, 2011). Without early
BR signaling, BIN2 phosphorylates BRASSINAZOLE-
RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1
(BES1) to trigger their destruction (Wang et al., 2002b;
Yin et al., 2002). Recent studies revealed that BIN2
has additional substrates that modulate downstream
BR signaling. One of them is PHYTOCHROME
INTERACTING FACTOR4 (PIF4), a basic helix-loop-
helix transcription factor mainly regulating cell elon-
gation (Castillon et al., 2007; de Lucas et al., 2008; Oh
et al.,, 2012). BIN2 phosphorylates PIF4, leading this
transcriptional regulator to a proteasome-mediated
degradation process, which plays a prevalent role in
timing hypocotyl elongation to late night (Bernardo-
Garcia et al., 2014). When BR signaling is induced, BIN2
is inactivated, and BZR1/BES1 and PIF4 are rapidly
dephosphorylated and subsequently move into the nu-
cleus to form a transcription factor complex synergisti-
cally activating a common set of BR-regulated genes
involved in diverse processes of plant growth and de-
velopment (He et al., 2002; Wang et al., 2002b; Yin et al.,
2002; Sun et al., 2010; Yu et al., 2011; Oh et al., 2012).

The main BR biosynthetic pathway has also largely
been elucidated (Zhao and Li, 2012). Campesterol is
thought to be the first precursor entering into the spe-
cific BR biosynthetic pathway. Campesterol is con-
verted to campestanol through a C-22 oxidation
pathway. Campestanol is then converted to castaster-
one (CS) via an early or a late C-6 oxidation pathway
(Suzuki et al., 1994a, 1994b; Fujioka et al., 1995; Choi
et al,, 1996, 1997). CS is ultimately converted to BL
(Yokota et al., 1990; Suzuki et al., 1993). Both CS and BL
are active BRs, with CS showing only about 10% of the
activity of BL (Kinoshita et al., 2005). Until now, more
than 70 BRs have been identified in plants (Fujioka and
Yokota, 2003; Bajguz, 2007). Catalytic activities of sev-
eral BR biosynthetic enzymes, such as DEETIOLATED2
(DET2), CONSTITUTIVE PHOTOMORPHOGENESIS
AND DWARFISM (CPD), ROTUNDIFOLIA3 (ROT3),
CYP90D1, DWARF4 (DWF4), BRASSINOSTEROID-6-
OXIDASE1 (BR6ox1), and BR60x2, have been eluci-
dated. For example, DET?2 catalyzes 5« reduction steps
of the early BR biosynthetic pathway (Li et al., 1996;
Fujioka et al., 1997, 2002; Noguchi et al., 1999b). CPD is
involved in the C-3 oxidation steps of BR biosynthesis
(Ohnishi et al., 2012). DWF4 encodes a C-22 hydroxy-
lase that catalyzes the C-22 hydroxylation of multiple
BR biosynthesis intermediates (Choe et al., 1998; Fujita
et al., 2006). ROT3, also known as CYP90C1, and its
homolog CYP90D1 are essential enzymes for the C-23
hydroxylation steps (Ohnishi et al., 2006). BR6ox1 and
BR60x2 catalyze multiple C-6 oxidation reactions con-
necting the early and late C-6 oxidation pathways. In
addition, BR6ox2 participates in a final biosynthetic
step, converting CS to BL (Bishop et al., 1999; Shimada
et al., 2001; Kim et al., 2005).
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COG1 Regulates BR Homeostasis

Mutants impaired in BR biosynthesis show a severely
retarded growth phenotype, whereas application of an
excessive amount of BRs also inhibits root growth,
suggesting that BR homeostasis is critical for optimal
growth and development (Chory et al., 1991; Szekeres
et al., 1996; Choe et al., 1998; Clouse and Sasse, 1998).
Plants developed several strategies to tightly control
endogenous BR levels. For example, the expression of
many BR biosynthetic genes is negatively feedback
controlled by the BR signaling pathway (Mathur et al.,
1998; Bancos et al., 2002). Activated BZR1 and BES1
can repress the expression of CPD and DWF4 by
directly binding to their promoters when BR signal-
ing is strong enough to maintain normal plant growth
and development (He et al., 2005; Sun et al., 2010; Yu
et al., 2011). Plants also can accelerate the BR biosyn-
thetic rate to quickly produce more BRs when needed
for certain developmental stages or environmental
conditions. TEOSINTE BRANCHED1/CYCLOIDEA/
PROLIFERATING CELL FACTOR1 (TCP1) and
CESTA (CES) can up-regulate the expression of
DWF4 and CPD by associating with the conserved
motifs in their respective promoters (Guo et al., 2010;
Poppenberger et al., 2011; Gao et al., 2015). Auxin or
high temperature also can induce DWF4 expression
(Chung et al., 2011; Maharjan and Choe, 2011). How-
ever, the detailed mechanisms controlling BR biosyn-
thesis by environmental cues are poorly understood.

To identify additional regulators mediating BR bio-
synthesis, we carried out a large-scale genetic screen in
an intermediate mutant of the BR receptor named bril-5.
A number of bril-5 genetic modifiers have been isolated
(Lietal., 2001, 2002; Zhou et al., 2004; Yuan et al., 2007;
Guo et al, 2010). One of these mutants is cog1-3D
(cogwheel1-3D). COG1 encodes a Dof-type transcription
factor that is involved in phytochrome signaling and
seed tolerance to deterioration (Park et al., 2003; Bueso
et al., 2016). In this report, we provide strong evidence
to show that COG1 can directly up-regulate the ex-
pression of PIF4 and PIF5 by associating with their
promoter regions. PIF4 and PIF5 bind to the promoters
of DWF4 and BR6ox2 to directly enhance their expres-
sion. Our analyses revealed that PIF4 and PIF5 are key
regulators mediating BR biosynthesis, demonstrating
that light signaling is critical to BR homeostasis.

RESULTS

cog1-3D Partially Suppresses the Short-Hypocotyl
Phenotype of bril-5

To identify additional components regulating BR
signaling or homeostasis, we generated a large-scale
activation-tagging pool in a weak bril allele, bril-5,
using a pBIB-BASTA-AT2 vector as described previ-
ously (Gou and Li, 2012). From about 120,000 trans-
genic plants, an extragenic suppressor was identified
with significantly elongated hypocotyls compared with
bri1-5 (Fig. 1, A and B). Scanning electron microscopy
analysis indicated that the longer hypocotyls of the
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double mutants are caused mainly by elongated cells
(Fig. 1, C and D). Genetic analysis indicated that the
mutant phenotype is controlled by a dominant gene
that cosegregates with the herbicide-resistant gene from
the T-DNA of the activation-tagging construct.

To clone the gene responsible for the elongated hy-
pocotyl phenotype, we backcrossed the double mutant
with W52, and the bril-5 mutation was segregated out.
The single mutants exhibit significantly longer hypo-
cotyls than those of WS2 (Fig. 2A). Thermal asymmetry
interlaced PCR was used to amplify the genomic se-
quences flanking the T-DNA insertion site (Liu and
Whittier, 1995). Sequence analysis indicated that the
T-DNA was inserted 1,400 bp upstream of the transla-
tion initiation codon of COG1 (At1g29160; Fig. 2B). The
suppressor was named cog1-3D, as two dominant alleles,
cogl-D and cog1-2D, were reported previously (Park
et al.,, 2003; Bueso et al., 2016). To further determine
whether COGI is the gene responsible for the longer
hypocotyl phenotype, transgenic plants harboring 355:
FLAG-COGI were generated. Among 50 total transgenic
plants obtained, over 90% of them showed elongated
hypocotyl phenotypes, similar to that of the cogl-3D
single mutant (Fig. 2, A and C). Real-time reverse tran-
scription (RT)-PCR analysis confirmed that COG1 is in-
deed overexpressed in both the activation-tagged
mutants and the 355:FLAG-COGTI transgenic lines (Fig.
2D). These results confirmed that elevated expression of
COGT1 is the main cause of the longer hypocotyl phe-
notypes of the activation-tagged line.
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Figure 1. cog1-3D partially suppresses the short hypocotyl phenotype
of bri1-5. A, Phenotypes of WS2, bri1-5, and bri1-5 cog1-3D seedlings.
B, Hypocotyl lengths of the seedlings shown in A. C, Scanning electron
micrographs showing that cog7-3D partially suppresses the short hy-
pocotyl cell length phenotype of bri1-5. Middle parts of the hypocotyls
were used for the scanning analyses. Bars = 150 um. D, Cell lengths of
bri1-5 and bri1-5 cogi-3D hypocotyls shown in C.
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Loss of Function by Ethyl Methanesulfonate Point
Mutation or Inducible Expression of the COGI-SRDX
Chimeric Gene Results in a Short-Hypocotyl Phenotype

To further determine whether the function of COG1
is required for hypocotyl elongation, loss-of-function
mutants of COGI were searched from various resources.
No T-DNA insertion alleles were identified from avail-
able databases. A cogl-6 mutant was identified as an
intragenic suppressor of cogl-D, the first activation-
tagged allele of COG1 (Park et al., 2003), from a large-
scale ethyl methanesulfonate-mutagenized screen. The
cog1-6 mutant contains a deletion of a single G at position
85, resulting in a premature stop codon (Fig. 2B). The
cog1-6 mutation caused a significant inhibition of the
long-hypocotyl phenotype of cogl-D and a slightly re-
duced hypocotyl length compared with that of wild-type
seedlings, especially under red light (Fig. 2, E and F;
Supplemental Fig, S1).

The subtle developmental phenotypes observed in
cog1-6 plants suggested that homologs of COG1 may
play redundant roles with COG1. As a matter of fact,
phylogenetic analysis revealed that a number of pro-
teins are closely related to COG1 (Yanagisawa, 2002).
Therefore, we employed a dominant negative technol-
ogy, named chimeric repressor gene silencing, to fur-
ther examine the roles of COG1 and its homologs. This
technology has been used successfully to determine
the roles of numerous functionally redundant tran-
scription factors (Hiratsu et al., 2003; Guo et al., 2010;
Poppenberger et al., 2011). COG1 was fused with an
EAR repressor domain (SRDX), and the chimeric ver-
sion should effectively repress the expression of the
target genes of COGI1 and its redundant proteins. Since
constitutive expression of COG1-SRDX driven by the
35S promoter resulted in a seedling lethality phenotype
(Supplemental Fig. S2), we made a dexamethasone
(DEX)-inducible COG1-SRDX construct (GVG:COGI-
SRDX) and generated corresponding transgenic plants
(Aoyama and Chua, 1997). Homozygous lines for the
transgene were selected and examined for the hypo-
cotyl growth phenotype with or without DEX treat-
ment. When 2-d-old seedlings from one-half-strength
Murashige and Skoog (MS) medium were transferred
to the medium containing DEX and grown for an ad-
ditional 5 d, the GVG:COG1-SRDX transgenic seedlings
showed significantly shortened hypocotyls due to re-
duced cell length (Fig. 2, G and H; Supplemental
Fig. S3), which is similar to the cog1-6 mutant and the
COGI1 antisense seedlings (Fig. 2, E and F; Park et al.,
2003). Without DEX treatment, the transgenic plants
show no defective phenotypes compared with the
wild type (Fig. 2, G and H; Supplemental Fig. S3).
Nontransgenic plants grown on one-half-strength MS
medium with or without DEX treatment did not show
any altered phenotypes, confirming that the shortened
hypocotyl phenotype was indeed caused by induced
expression of COGI-SRDX. These results demon-
strated that COG1 plays an important role in hypo-
cotyl elongation.

Plant Physiol. Vol. 174, 2017
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355:FLAG-COG1 L3

Figure 2. COG1 plays an important role in
regulating hypocotyl elongation. A, Phenotypes
of WS2, cog1-3D, and 355:FLAG-COGT seed-
lings. B, In cog1-3D, a T-DNA fragment from the
activation-tagging construct pBIB-BASTA-AT2
was inserted at 1,400 bp upstream of the start
codon of COGT (At1g29160). The cog?-6 mu-
tant contains a deletion of a single G at position
85 bp, resulting in a premature stop codon after
amino acid 51. C, Hypocotyl measurements of
the seedlings shown in A. D, Real-time RT-PCR
assay indicated that the expression of COGT was

cogl1-6 cogi1-D

elevated in both cog7-3D and 35S:FLAG-COGT
seedlings. E, Phenotypes of Columbia-0 (Col-0),
cogl-6, and cogl-D seedlings grown under
long-day conditions. F, Hypocoty! lengths of the
seedlings shown in E. G, Induced expression of a
dominant negative chimeric gene, COGT-SRDX,
inhibits hypocotyl elongation. Wild-type and
GVG:COG1-SRDX transgenic seedlings were
germinated on one-half-strength MS medium
plates for 2 d and then transferred to one-half-
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The cog1-3D Seedlings Are Insensitive to Exogenously
Applied BRs Due to Elevated Endogenous BR Levels

COGI1 partially suppressing the short-hypocotyl
phenotype of bril-5 suggests that COG1 is involved in
BR-related pathways. To investigate how COG1 regu-
lates BR-related pathways, we first examined the effect
of 24-epibrassinolide (24-epiBL) on the hypocotyl
growth of cog1-3D. The hypocotyl growth of WS2 is
promoted by exogenously applied different concen-
trations of 24-epiBL ranging from 1 to 1,000 nm (Fig.
3A). The hypocotyl growth of cog1-3D mutants, how-
ever, is insensitive to exogenously supplied different
concentrations of 24-epiBL (Fig. 3A).

Either blocking the BR signaling pathway or in-
creasing endogenous levels of BRs can result in plant
insensitivity to exogenous BRs. The fact that cog1-3D
shows an elongated but not a shortened hypocotyl
phenotype suggests the BR signaling is at least not
blocked in cog1-3D. The phosphorylation status of BES1
was investigated with a specific anti-BES1 antibody in
wild-type and cog1-3D seedlings after treatment with or
without 1 um 24-epiBL (Yin et al., 2002). Interestingly,
the levels of both phosphorylated and unphosphory-
lated BESI in cog1-3D mutants were higher than those of
wild-type seedlings without BR treatment (Supplemental
Fig. S4A). Upon BR treatment, unphosphorylated BES1
was increased dramatically, and phosphorylated BES1

Plant Physiol. Vol. 174, 2017

a DMSO » DEX strength MS medium supplemented with mock
solution (dimethyl sulfoxide [DMSOJ; top) or
10 um DEX (bottom) for an additional 5 d. H,
*xe Hypocotyl lengths of the seedlings shown in G.
#2

GVG:COG1-SRDX

disappeared in both wild-type and mutant seedlings. The
amount of unphosphorylated BES1 in cog1-3D also was
greater than that of wild-type seedlings (Supplemental
Fig. S4A). Consistently, the expression of a BR signaling
marker gene, SAUR-ACI, was increased significantly in
cogl-3D plants (Supplemental Fig. S4B). These results
confirmed that BR signaling is enhanced in cog1-3D
plants.

Next, we investigated whether the endogenous levels
of BRs are elevated in cog1-3D. If COG1 promotes BR
biosynthesis, the shortened hypocotyl phenotype of
COGI-SRDX should result from the reduced BR bio-
synthesis and the phenotype should be rescued by ex-
ogenously applied BRs. Indeed, the shortened hypocotyl
phenotype of GVG:COG1-SRDX plants grown on me-
dium containing DEX was rescued by supplying 100 nm
24-epiBL in the medium (Fig. 3B). In addition, blocking
BR biosynthesis using a specific inhibitor, brassinazole
(BRZ), should shorten the hypocotyls of cog1-3D plants
(Asami et al., 2000). Indeed, the cog1-3D seedlings ex-
hibited a hypocotyl length indistinguishable from that
of wild-type controls when grown on one-half-strength
MS medium agar plates supplied with 1 um BRZ
(Supplemental Fig. S5). These results support the hy-
pothesis that COG1 promotes hypocotyl elongation by
increasing endogenous BR levels.

BR profile analysis was performed using WS2 and
c0g1-3D seedlings. It is apparent that BL, CS, and
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Figure 3. The cogl-3D seedlings showed re- Ao B s
duced sensitivity to BR due to increased en- E8f__ e + _____ + -—i = oWS2 mGVG:COGT-SRDX #1
dogenous BR amounts. A, Hypocotyl growth E 7 F ----- +"- A E4 aGVG:COGT-SRDX #2
analyses of 7-d-old cogl-3D and wild-type £ 6 %13 Bl
seedlings grown on one-half-strength MS agar 55 g
plates containing different concentrations of = = 9
24-epiBL. B, The shortened hypocotyl pheno- § 3 g
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several of their precursors are significantly elevated in
cog1-3D seedlings (Fig. 3C). For example, dolichoster-
one, teasterone and typhasterol are increased by ap-
proximately 2-fold in cog1-3D seedlings compared with
the wild type; CS is elevated by about 5-fold in cog1-3D;
BL is increased by 3-fold in cog1-3D seedlings (Fig. 3C).
These results suggested that COG1 possibly enhances
BR biosynthesis by affecting multiple reactions in the
biosynthesis pathway. Alternatively, it is also possible
that BR catabolism is decreased in cog1-3D.

COG1 Up-Regulates the Expression of BR
Biosynthetic Genes

To examine whether BR biosynthesis is enhanced or
BR catabolism is decreased in cog1-3D, we compared
the expression levels of all known key genes involved in
both BR biosynthesis and catabolism from cog1-3D and
wild-type seedlings. The transcript levels of DET2,
CYP90D1, and BR6ox1 in cog1-3D showed no significant
differences from those of the wild type (Supplemental
Fig. 56), whereas the expression levels of CPD, DWF4,
ROT3, and BRé60x2 are significantly up-regulated in
c0g1-3D and 355:FLAG-COG1 compared with wild-type
seedlings (Fig. 4A). Consistently, inducible expression
of COGI-SRDX resulted in the down-regulation of
these four genes (Fig. 4B). All the catabolism genes are
not significantly down-regulated in cog1-3D compared
with those in wild-type seedlings. Several of the cata-
bolic genes are actually up-regulated in cog1-3D
(Supplemental Fig. S7). These results suggested that
BR accumulation in cog1-3D is caused mainly by en-
hanced BR biosynthesis rather than by decreased BR
catabolism.

To further investigate whether COG1 promoting
hypocotyl elongation relies on BR biosynthesis, cog1-3D
plants were crossed with various mutants deficient in
BR biosynthesis. The homozygous det2 cog1-3D, cpd
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cog1-3D, dwf4 cog1-3D, and br6ox1 br6ox2 cog1-3D mu-
tants were obtained and examined for their hypocotyl
growth phenotypes. All these double or triple mutants
show hypocotyl elongation phenotypes indistinguish-
able from the corresponding single or double mutants
(Fig. 4, C and D). Furthermore, deficiency in BR signal
transduction also completely inhibits the hypocotyl
elongation of cogl-3D (Supplemental Fig. S8). These
results clearly indicated that COG1 regulation of hy-
pocotyl elongation depends on BR biosynthesis and
signaling.

PIF4 and PIF5 Are Up-Regulated by COG1 and Are
Required for COG1-Mediated BR Biosynthesis and
Hypocotyl Elongation

Although the expression of CPD, DWF4, ROT3, and
BR6ox2 is transcriptionally regulated by COGI1, we
failed to detect the direct association of COG1 with their
promoters by chromatin immunoprecipitation (ChIP)
analyses, indicating that COG1 regulates the expression
of these genes possibly via other unknown transcrip-
tion factors. An RNA sequencing analysis was per-
formed to compare the expression profiles of WS2 and
cog1-3D. We identified a total of 443 genes displaying
statistically significant 2-fold expression changes in
c0g1-3D compared with wild-type seedlings, including
37 transcription factors (Supplemental Table S1). PIF4
and PIF5 are among those 37 transcription factors. PIF4
and PIF5 play a pivotal role in cell elongation by di-
rectly elevating the expression of genes involved in cell
wall loosening (Huq and Quail, 2002; de Lucas et al,,
2008; Oh et al., 2012; Supplemental Fig. 59). To inves-
tigate whether PIF4 and PIF5 are involved in COG1-
mediated hypocotyl elongation, the expression of PIF4
and PIF5 in cog1-3D and wild-type plants was con-
firmed using real-time RT-PCR. Both PIF4 and PIF5 are
up-regulated in cogl-3D as well as 355:FLAG-COGI1
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Figure 4. COGT1 up-regulates the expression of
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seedlings compared with wild-type plants (Fig. 5A). To
investigate whether the protein levels of PIF4 and PIF5
also are accumulated, we performed western-blot
analysis. Consistently, the protein level of PIF5 is in-
creased significantly in cog1-3D and 355:FLAG-COGI
seedlings (Supplemental Fig. 510). PIF4 levels in cogI-
3D and 355:FLAG-COG1 were not examined due to
unavailable specific antibody against PIF4. Inducible
expression of COGI-SRDX, on the other hand, resulted
in significantly decreased expression of PIF4 and PIF5
(Fig. 5B).

To further determine whether PIF4 and PIF5 are es-
sential for COGl-mediated cell elongation, cog1-3D
plants were crossed with pif4 and pif5 single and pif4
pifb double mutants. The pif4 cog1-3D and pif5 cog1-3D
seedlings exhibited partially inhibited hypocotyl elon-
gation compared with the cog1-3D single mutant (Fig. 5,
C and D), whereas pif4 pifb cogl-3D triple mutant
seedlings showed hypocotyl length almost identical to
that of the pif4 pif5 double mutants (Fig. 5, C and D).
Plants grown under continuous red light showed sim-
ilar results (Supplemental Fig. S11). In addition, the
expression levels of CPD, DWF4, ROT3, and BR6ox2 in
pifd pifb cog1-3D triple mutants showed no significant
differences from pif4 pif5 double mutants (Fig. 5E).
These results suggested that the function of COG1 in
regulating BR biosynthesis and hypocotyl elongation is
dependent on PIF4 and PIF5.

COG1 Binds Directly to the Promoters of PIF4 and PIF5

Since PIF4 and PIF5 are transcriptionally regulated
by COGI1 in plants and the function of COGI is de-
pendent on PIF4 and PIF5 (Fig. 5), we hypothesized that
COG1 may directly regulate the expression of PIF4 and
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PIF5. To test this hypothesis, COG1 was fused with a
hormone-binding domain of a human estrogen recep-
tor (ER) at its C terminus, and transgenic plants har-
boring the chimeric gene driven by a 355 promoter (35S:
COGI1-ER) were generated. Six-day-old transgenic
seedlings were pretreated with 10 um cycloheximide
(CHX) for 2 h to prevent the biosynthesis of new pro-
teins. Estradiol was then added to the liquid culture to
induce preexisting COGI1 to enter the nucleus. The ex-
pression of PIF4 and PIF5 was rapidly activated fol-
lowing estradiol induction, demonstrating that COG1
can directly regulate the transcription of PIF4 and PIF5
(Fig. 6A). Previous studies demonstrated that Dof-type
transcription factors bind to the 5'-A/TAAAG-3’ core
sequences or their reversibly complementary sequences
5'-CTTTA/T-3' in the promoters of their target genes to
regulate gene expression in Arabidopsis (Arabidopsis
thaliana; Yanagisawa, 2004). Sequence scanning revealed
that there are several putative Dof DNA-binding motifs in
the promoter regions of PIF4 and PIF5 (Fig. 6B). To de-
termine whether COGI1 associates with these motifs in the
PIF4 and PIF5 promoters, 355:FLAG-COGI transgenic
plants were used for ChIP assays. After immunoprecipi-
tation of protein-DNA complexes from 7-d-old seedlings
using an antibody against the FLAG epitope, enriched
DNA fragments were amplified by qRT-PCR using
primers that annealed near the Dof-binding motifs in the
promoters of PIF4 and PIF5. Our results showed that at
least one fragment in the PIF4 or PIF5 promoter region
was indeed enriched in the ChIP assays, suggesting that
COCG1 associates directly with the promoters of PIF4 and
PIF5 (Fig. 6C).

To further confirm the direct binding of COG1 to the
PIF4 and PIF5 promoters, we performed an electro-
phoretic mobility shift assay (EMSA) using purified
GST-COGT1 fusion protein from Escherichia coli. Our
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Figure 5. PIF4 and PIF5 are essential for

COG1 to promote BR biosynthesis and
hypocotyl elongation. A, Expression levels
of PIF4 and PIF5 in WS2, cogl-3D, and
35S FLAG-COGT1 seedlings. One-week-
old WS2, cogi-3D, and 35S: FLAG-COGT1
seedlings were harvested for RNA extrac-
tion and qRT-PCR analyses. B, Expression
levels of PIF4 and PIF5 in WS2 and GVG:
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results showed that GST-COG1 bound to the biotin-
labeled Dof-binding motif-containing DNA fragments
in the promoters of PIF4 and PIF5, as suggested by the
ChlIP assay (Fig. 6D). Furthermore, the binding could be
competed off by adding an excessive amount of unla-
beled same DNA fragments. However, the unlabeled
DNA probes containing mutated Dof-binding motifs
failed to compete off the binding of COG1 to the biotin-
labeled wild-type DNA fragments (Fig. 6D). Control
experiments indicated that GST protein alone failed to
bind to the labeled DNA probes (Fig. 6D). Taken to-
gether, we conclude that COG1 can bind directly to the
promoter region of PIF4 and PIF5 and directly enhance
their expression.

PIF4 and PIF5 Directly Regulate the Expression of DWF4
and BR60ox2

Two pieces of evidence suggest that PIF4 and PIF5
might directly regulate the expression of BR biosyn-
thetic genes. First, COG1 regulation of the expression of
BR biosynthetic genes is dependent on PIF4 and PIF5
(Fig. 5E). Second, the transcript levels of BR6ox2 are
reduced significantly in pif4 pif5 double mutants com-
pared with those in the wild type (Fig. 5E). Given the
fact that PIFs bind to the G-box motifs in their target
gene promoters, we searched for G-box motifs in the
promoters of CPD, DWF4, ROT3, and BR6ox2. G-box
motifs were found in the promoters of CPD, DWF4, and
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BR6ox2 but not in the promoter of ROT3 (Fig. 7A;
Supplemental Fig. S12A). To test whether PIF4 and PIF5
bind to the G-box-containing regions of these three BR
biosynthetic genes, we performed ChIP assays using
the 355:PIF4-FLAG and 35S5:PIF5-FLAG transgenic
plants and anti-FLAG antibody. PCR analyses indi-
cated that PIF4-FLAG specifically associates with the
G-box-containing promoter regions of CPD, DWF4, and
BRé6ox2 (Fig. 7B; Supplemental Fig. S12B). PIF5-FLAG
associates with the G-box-containing promoter region
of DWF4 but not with the promoter regions of CPD and
BRo6ox2 (Fig. 7B). EMSA experiments using PIF4 and
PIF5 proteins expressed in vitro further confirmed that
PIF4 directly bound to the G-box-containing DNA
fragments in the promoter regions of DWF4 and BR60x2
(Fig. 7, C and D). PIF5 specifically bound to the G-box-
containing DNA fragments in the promoter region of
DWF4 (Fig. 7E). The binding could be effectively com-
peted off by the addition of an excessive amount of
unlabeled G-box-containing DNA probes (Fig. 7, C-E).
As a control, DNA probes containing a mutated G-box
motif (CACGGQG) failed to compete off the binding of
PIF4 or PIF5 to the biotin-labeled DNA fragments (Fig.
7, C-E). Moreover, we examined whether PIF4 and
PIF5 regulate the expression of DWF4 and BR6ox2 in
planta. qRT-PCR analysis showed that the expression
of DWF4 and BR6ox2 is significantly up-regulated in
both 355:PIF4 and 355:PIF5 transgenic plants relative to
wild-type seedlings (Fig. 7F). PIF4 was taken as an ex-
ample to further confirm that this regulation is via a
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Figure 6. COGT interacts directly with the promoters of PIF4 and PIF5. A, Expression levels of PIF4 and PIF5 in WS2 and 35S:
COGT-ER transgenic plants with or without estradiol treatment in the presence of CHX. WS2 and 355:COGT-ER seedlings were
pretreated with 10 um CHX for 2 h, then either mock solution (ethanol) or 10 um estradiol was added to the liquid solution for
another 2 h before harvesting for RNA extraction and qRT-PCR analyses. B, PIF4 and PIF5 promoter regions contain multiple Dof
motifs (red or blue upright lines). P1 to P5 indicate the DNA fragments amplified in ChIP-PCR assays. C, ChIP-quantitative PCR
assays showing that COG1 associates with the promoters of PIF4 and PIF5 in vivo. One-week-old WS2 and 35S:FLAG-COGT
seedlings were harvested for ChIP experiments. qRT-PCR was used to quantify enriched DNA fragments in the PIF4 and PIF5
promoters. D, EMSA showing that COG1 binds to the Dof motifs in the promoter regions of PIF4 and PIF5 in vitro. The enriched
DNA fragments in the promoters of PIF4 and PIF5 were incubated with GST-COG1 recombinant proteins as indicated. GST
proteins were used as negative controls. Competition for COG1 binding was performed with 100X and 200X unlabeled probes
containing the enriched DNA fragments (wild type [WT]) or mutated DNA fragments (M).

direct process. Consistently, the expression of DWF4
and BR6ox2 can be rapidly up-regulated in 355:PIF4-ER
transgenic plants upon the treatment with estradiol in
the presence of CHX (Fig. 7G). As a result, the final
product of the BR biosynthetic pathway, BL, is increased
significantly in 355:PIF4 and 35S:PIF5 transgenic plants
(Fig. 7H). Together, these results corroborated that PIF4
and PIF5 redundantly and directly regulate the expres-
sion of DWF4 and BR6ox2 to promote BR biosynthesis
and hypocotyl elongation.

DISCUSSION

Regarding BR related research, the least character-
ized aspect is probably the mechanisms controlling BR
homeostasis. Consistent with other growth-promoting
phytohormones, such as auxin, GA, and cytokinin, both
deficiency and excessive amounts of BR are harmful to
plant growth and development. Unlike other phyto-
hormones, BRs cannot be transported in a long-distance
manner. Therefore, controlling BR homeostasis in a

Plant Physiol. Vol. 174, 2017

certain tissue or a cell is extremely important to their
biological functions. In this study, we identified a
dominant genetic suppressor, cogl-3D, of a weak BR
receptor mutant named bril-5. cog1-3D and cog1-3D
bril-5 showed significantly longer hypocotyl pheno-
types relative to their corresponding backgrounds, WS2
and bril-5, respectively (Figs. 1A and 2A). BR profile
analyses revealed that multiple BR intermediates, in-
cluding two biologically active forms, CS and BL, are
drastically elevated in cogl-3D in comparison with
those in wild-type seedlings (Fig. 3C). Transcription
assays ruled out the possibility that it was caused by
decreasing BR catabolism. Rather, it appeared that the
accumulation of BRs is most likely caused by the en-
hanced BR biosynthesis. Consistently, several key BR
biosynthesis genes are up-regulated in cog1-3D (Fig.
4A). Detailed analyses further suggested that cog1-3D
up-regulation of the expression of BR biosynthetic
genes is largely dependent on the function of PIF4 and
PIF5. In the pif4 pif5 background, cog1-3D cannot pro-
mote the expression of BR biosynthetic genes and, as a
result, fails to enhance hypocotyl growth (Fig. 5, C-E).
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Figure 7. PIF4 and PIF5 bind directly to the promoter regions of BR biosynthetic genes and activate their expression. A, Schematic di-
agrams of the promoter regions of two BR biosynthetic genes, DWF4 and BR60x2. Red upright lines represent G-box DNA motifs. P1 and
P2 are the DNA fragments for ChIP-PCR amplification. B, ChIP analysis showing that PIF4-FLAG and PIF5-FLAG interact with the G-box-
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the DWF4 and BR60ox2 promoters. C and D, EMSA indicates that PIF4 binds to the G-box motifs within the promoter regions of DWF4 and
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gel-shift analyses. The probes incubated with the TNT expression system without the PIF4 template were used as negative controls.
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labeled probe were used as cold competitors. E, EMSA shows that PIF5 binds to the G-box motifs in the promoter of DWF4. The fragments
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or mutated G-box. F, DWF4 and BR6ox2 expression levels in 1-week-old WS2, 35S:PIF4-FLAG, and 35S:PIF5-FLAG seedlings. G, Ex-
pression levels of DWF4 and BR60x2 in WS2 and 35S:PIF4-ER transgenic plants with or without estradiol treatment in the presence of
CHX. WS2 and 355:PIF4-ER seedlings were pretreated with 10 um CHX for 2 h, then either mock solution (ethanol) or 10 um estradiol was
added to the liquid solution for another 2 h before harvesting for RNA extraction and qRT-PCR analyses. H, Endogenous BL levels in WS2,
35S:PIF4-FLAG, and 35S:PIF5-FLAG seedlings. The data shown are averages and sp from three independent replicates. FW, Fresh weight.
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EMSA experiments clearly indicated that COG1 binds
directly to the promoter regions of PIF4 and PIF5 to
regulate their expression. PIF4 and PIF5 associate with
G-box motifs in the promoters of DWF4 and BR6ox2
(Figs. 6 and 7). Our results obtained from genetic,
physiological, and biochemical analyses provide strong
evidence to support that COG1 modulates BR biosyn-
thesis and hypocotyl growth via PIF4 and PIF5 in
Arabidopsis.

How can we explain the role of COG1 in promoting
hypocotyl elongation in the wild type or a weak allele of
the BRI1 mutant but not in BR-deficient mutants or a
BRI1 null mutant? Our current observations suggest
that COG1 activates the expression of PIF4 and PIF5,
which subsequently enhance BR biosynthesis and sig-
nal transduction to promote hypocotyl growth. In the
wild-type background, BRI1- and BAK1-mediated BR
signaling results in the dephosphorylation and activa-
tion of a BZR1-PIF4 transcription factor complex that
regulates the expression of a large number of genes
involved in cell elongation to modulate hypocotyl
growth (Wang et al., 2002b; Oh et al., 2012; Bernardo-
Garcia et al., 2014). COG1 up-regulates the expression
of PIF4 and PIF5, enhancing the function of the BZR1-
PIF4 complex on hypocotyl elongation. In addition,
PIF4 and PIF5 also promote BR biosynthesis, leading to
elevated BR signaling, thus further enhancing the
function of the BZR1-PIF4 complex (Fig. 8A). In the bril-
5 background, however, BR signaling is partially im-
paired. Since BRs are largely accumulated in bril-5
(Noguchi et al., 1999a), the elevation of BR biosynthesis
alone cannot explain the hypocotyl growth seen in cog1-
3D bril-5. Itis likely that the elevated PIF4 promotes the
complex formation with a leaky amount of nucleus-
localized functional BZR1 to regulate downstream

COG1 Regulates BR Homeostasis

gene expression and slightly enhance hypocotyl growth
in bril-5 (Fig. 8B). In BR signaling or biosynthesis null
mutants, BZR1 and PIF4 are phosphorylated by BIN2,
leading to their degradation (He et al., 2002; Bernardo-
Garcia et al., 2014). Thus, COG1-mediated up-regulation
of PIF4 cannot promote the formation of the BZR1-PIF4
complex and fails to enhance hypocotyl growth (Fig. 8C).
These results indicated that the function of COGI in
regulating hypocotyl growth is dependent on both PIF4
and BRs.

PIF4 and PIF5 were found initially to interact directly
with PHYB and act as its downstream components to
mediate phytochrome signaling (Huq and Quail, 2002;
Shen et al., 2007). Recent studies suggested that they are
the main integrators in light and hormonal signaling
pathways to mediate hypocotyl elongation (de Lucas
et al., 2008; Bai et al., 2012; Gallego-Bartolomé et al.,
2012; Oh et al., 2012, 2014; Bernardo-Garcia et al., 2014).
PIF4 interacts directly with BZR1 and ARF6 to cor-
egulate a large number of target genes critical for cell
expansion, providing evidence for the cross talk among
BR, auxin, and phytochrome during hypocotyl growth
(Oh et al., 2014). Furthermore, GA promotes cell elon-
gation largely by releasing the DELLA-mediated re-
pression of PIF4, BZR1, and ARF6 (Bai et al., 2012;
Gallego-Bartolomé et al., 2012). In addition to DELLA
proteins, the activity and levels of PIF4 are regulated by
several other mechanisms. Interaction with the Pfr form
of PHYB induces the phosphorylation and degradation
of PIF4 (Huq and Quail, 2002; Shen et al., 2007). A recent
study found that BIN2 phosphorylates PIF4 to bring it
to a degradation pathway (Bernardo-Garcia et al.,
2014). Additionally, the expression of PIF4 can be in-
duced in response to far-red and red light (Huq and
Quail, 2002). Temperature and the circadian clock also
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Figure 8. A model for COG1 promoting hypocotyl elongation. A, In the wild-type background, COG1 activates the expression of
PIF4, which not only enhances the function of the BZR1-PIF4 complex on hypocotyl elongation but also promotes BR biosyn-
thesis, further enhancing BR signaling and, thus, the function of BZR1-PIF4 on cell elongation. B, In the bri7-5 background, the
elevation of BR biosynthesis has no effect on hypocotyl growth, since BR signaling is partially impaired. However, the elevated
PIF4 by COG1 promotes the complex formation of BZR1-PIF4 and, thus, downstream gene expression to partially enhance
hypocotyl growth in bri1-5. C, In BR signaling or biosynthesis null mutants, BZR1 and PIF4 are phosphorylated by BIN2, leading
to their degradation. Thus, the COG1-mediated up-regulation of PIF4 fails to enhance hypocotyl growth.
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control the transcription levels of PIFs (Leivar and
Quail, 2011). However, the transcription factors that
directly regulate the expression of PIF4 are largely un-
known. A previous study revealed that COG1 expres-
sion could be induced by far-red and red light, which is
similar to that of PIF4 (Huq and Quail, 2002; Park et al.,
2003). In this study, we demonstrated that COG1 binds
directly to the promoter regions of PIF4 and PIF5 to
regulate their expression (Fig. 6).

Biosynthetic pathways are frequently feedback reg-
ulated by their end products or their signaling pathway
either positively or negatively. For example, ethylene
can both positively and negatively regulate its biosyn-
thesis by up-regulating the expression of ACS2 and
ACS4 and down-regulating the expression of ACS6
(Wang et al., 2002a). Abscisic acid induces the expres-
sion of AtNCED3 to positively regulate its biosynthesis
under dehydration stress (Yang and Tan, 2014). BR
signaling is utilized to create a feedback inhibitory
regulation loop to control the expression of BR bio-
synthetic genes (He et al., 2005; Sun et al., 2010; Yuetal.,
2011). Together with previous studies, our results
support a positive feedback regulatory loop of BR bio-
synthesis by PIF4-mediated signaling (Fig. 8). In the
absence of BR, BIN2 phosphorylates PIF4, leading to its
degradation process and the inhibition of hypocotyl
elongation (Bernardo-Garcia et al., 2014). In the pres-
ence of BR, activated BRI1 and BAKI1 receptor kinase
lead to the inactivation of BIN2. PIF4 then can interact
with BZR1 to regulate the expression of their target
genes and promote hypocotyl growth (Oh et al., 2012;
Bernardo-Garcia et al., 2014). On the other hand, PIF4
activates the expression of DWF4 and BR6ox2 to pro-
duce more BRs and further promote hypocotyl elon-
gation. Meanwhile, BZR1 can inhibit the expression of
BR biosynthetic genes when BRs are excessive to plant
growth and development (He et al., 2005). Such positive
and negative feedback loops ensure optimal BR effects
on plant growth and development. How plants reset
the equilibrium of BR in response to developmental and
environmental signals is a question to be answered in
the near future.

Understanding the mechanisms controlling BR ho-
meostasis can help us to develop strategies to optimize
plant growth and development via genetic engineering
in the future. BR profile analysis showed that the sub-
strates of DWF4 are always plentiful in plants. How-
ever, the products of the DWF4-catalyzed reactions are
considerably low or even undetectable, suggesting that
DWF4 catalyzes a flux-determining step in BR biosyn-
thesis (Guo et al., 2010). BR60ox2 was identified as a
bifunctional enzyme that mediates the conversion of CS
to BL, the final and rate-limiting step in BR biosynthe-
sis, as well as BR C-6 oxidation (Kim et al., 2005).
Controlling the expression of DWF4 and/or BR6ox2
could be an effective approach to alter BR production in
response to external and internal cues. TCP1 was
identified as a transcription factor promoting the ex-
pression of DWF4 (Guo et al., 2010). Auxin and high
temperature also can induce the expression of DWF4
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via mechanisms yet to be determined (Chung et al.,
2011; Maharjan and Choe, 2011). However, transcrip-
tional regulation of BR60x2 is not described in the lit-
erature. Our data revealed that PIF4 functions as a
positive regulator enhancing the expression of DWF4
and BR6ox2, leading to an increase of bioactive levels of
BRs in cog1-3D (Figs. 3C and 7). PIF5, a homolog of
PIF4, also can bind to the promoter of DWF4 to activate
its expression (Fig. 7).

Interestingly, CPD also is up-regulated in COG1- and
PIF4-overexpressing plants, and the ChIP assay
showed that PIF4 associates with the promoter of CPD
(Fig. 4A; Supplemental Fig. S12C). However, we failed
to detect the direct binding of PIF4 to the CPD pro-
moter, indicating the existence of other transcription
factors that regulate CPD expression together with
PIF4. The expression levels of CPD and DWF4 are not
altered significantly in pif4 pif5 double mutants com-
pared with the wild type (Fig. 5E), which should be
caused by the functional redundancy of other tran-
scription factors, such as CES and TCP1, that regulate
the expression of these two BR biosynthetic genes. And
there might be more transcription factors regulating the
level of these two BR biosynthetic genes. Teasterone, an
earlier BR intermediate converted from cathasterone by
ROTS3, also is increased in cog1-3D (Fig. 3C). However,
ROTS3 is not regulated directly by PIF4 and PIF5, sug-
gesting that COG1 may regulate ROT3 expression
through other transcription factors. Typhasterol and CS
are both elevated in cogl-3D, indicating that COGl1
regulates genes essential for C-3 dehydrogenation, C-3
reduction, and C-2 hydroxylation. It is known that
OsD2 and OsD11 are responsible for the C-3 dehydro-
genation and C-3 reduction reactions in rice (Oryza
sativa), respectively (Hong et al., 2003; Tanabe et al.,
2005). C-2 hydroxylation of BRs is mediated by DDWF1
in pea (Pisum sativum; Kang et al., 2001). However, the
enzymes catalyzing these reactions in Arabidopsis are
not identified. It is possible that homologs of these three
cytochrome P450s that are up-regulated in cog1-3D are
the potential enzymes responsible for the correspond-
ing reactions in Arabidopsis.

MATERIALS AND METHODS
Plant Materials

The Arabidopsis (Arabidopsis thaliana) bril-5 cog1-3D double mutant was
obtained from a large-scale activation-tagging screen for bril-5 genetic modi-
fiers as described previously (Li et al., 2001, 2002; Yuan et al., 2007; Guo et al.,
2010). The cog1-3D single mutant was generated by backcrossing bril-5 cog1-3D
with WS2. Other plant materials, including bril-5, bril-4, det2, cpd, dwf4, and
cog1-D, were described previously (Noguchi et al., 1999a; Park et al., 2003; Guo
etal., 2010). The cog1-6 mutant was identified from an ethyl methanesulfonate-
mutagenized cog1-D seed pool. The bréox1 (Salk_148384), br6ox2 (Salk_148384),
pif4 (Salk_140393), and pif5 (Salk_087012) T-DNA insertion lines were obtained
from the Arabidopsis Biological Resource Center. The bril-5, bril-4, det2, and
dwf4 mutants are in the WS2 background. The cpd, bréox1/2, pif4, and pif5
mutants are in the Columbia-0 background. The double or triple mutants were
generated by genetic crossing using the related single mutants. The cpd cog1-3D,
br6ox1/2 cog1-3D, and pif4 pif5 cog1-3D mutants were then backcrossed with the
WS?2 ecotype for at least five times.
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Identification of the cog1-3D Locus

The flanking genomic sequence of the inserted T-DNA of pBIB-BASTA-AT2
was amplified using thermal asymmetric interlaced PCR as described previ-
ously (Liu and Whittier, 1995; Yuan et al., 2007; Guo et al., 2010). The T-DNA
insertion site was determined by sequencing the flanking genomic DNA.

Constructs and Plant Transformation

Gateway technology was employed to clone the coding sequences of COGI,
PIF4, and PIF5 (Gou et al., 2010). The amplified COGI coding sequence was
cloned into a pEarleyGate 202 destination vector (Earley et al., 2006). The PIF4
and PIF5 coding sequences were cloned into a pBIB-355-GWR-FLAG vector
(Gou et al., 2010). For the construction of 355:COGI-ER and 35S:PIF4-ER, the
coding sequences of these two genes were introduced in a pBIB-355-GWR-ER
vector. For the construction of 355:COG1-SRDX and GVG:COG1-SRDX, COG1-
SRDX was PCR amplified and introduced in a pBIB-355-GWR vector and a
Gateway-compatible pTA7002 vector (Aoyama and Chua, 1997; Gou et al.,
2010). These expression constructs were then transformed into Agrobacterium
tumefaciens strain GV3101 for transformation of Arabidopsis plants by the
floral dip method (Clough and Bent, 1998). The primers used are listed in
Supplemental Table S2.

Hypocotyl Measurements

Seeds were surface sterilized for 15 min in 10% bleach, washed five times with
sterilized water, and planted on one-half-strength MS agar plates containing 1%
(w/v) Suc, with or without 24-epiBL, or BRZ. Plants were pretreated at 4°C for
3 d and then transferred to a growth chamber set at 22°C with a 16-h-light/8-h-
dark photoperiod or in continuous red light for 6 d. The GVG:COG1-SRDX
seeds were planted on one-half-strength MS agar plates containing 1% (w/v)
Suc. Two days after germination, the seedlings were transferred to one-half-
strength MS agar plates containing 1% (w/v) Suc and 10 um DEX, growing for
another 5 d. Hypocotyls of the seedlings were then scanned and measured as
reported previously (Yuan et al., 2007). All measurements were repeated three
times, and at least 20 seedlings were measured for each genotype. Student’s
t test was performed (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).

qRT-PCR Analyses

Long-day-grown seedlings were harvested directly or after treatment with
DEX or estradiol and CHX at the same time of day and frozen in liquid nitrogen
for RNA extraction. Total RNA was extracted using the RNAprep Pure Plant
Kit (Tiangen Biotech). Five micrograms of total RNA was reverse transcribed
into first-strand cDNAs using M-MLV reverse transcriptase (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The cDNA samples
diluted 10-fold were used as PCR templates. qRT-PCR was performed using
SYBR Premix Ex Taq II (TaKaRa) on a Step One Plus Real-Time PCR machine
(Thermo Fisher Scientific). The relative expression level was calculated from
three replicates using the AAC, method after normalization to an ACT2 control.
All the gRT-PCR analyses were performed for three biological replicates,
yielding similar results. Data shown are means and st from three biological
replicates. Student’s f test was performed (*, P < 0.05; **, P < 0.01; ***, P < 0.001;
and ns, not significant). The primers used are listed in Supplemental Table S2.

BR Profile Assays

Samples were analyzed for BR contents as described previously with a few
modifications (Swaczynova et al., 2007). Briefly, 50 mg of fresh Arabidopsis
tissue samples was homogenized to a fine consistency using 3-mm zirconium
oxide beads and an MM 301 vibration mill at a frequency of 30 Hz for 3 min
(Retsch). The samples were then extracted overnight with stirring at 4°C using a
benchtop laboratory rotator (Stuart SB3; Bibby Scientific) after the addition of
1 mL of ice-cold 60% acetonitrile and 10 pmol of [2H3]BL, [ZHS]CS, [2H3]24-epiBL,
[*H;]24-epicastasterone, [*H;]28-norbrassinolide, and [*H;]28-norcastasterone
as internal standards (OlChemIm). The samples were further centrifuged, puri-
fied on polyamide SPE columns (Supelco), and then analyzed by ultra-high-
performance liquid chromatography-tandem mass spectrometry (Micromass).
The data were analyzed using Masslynx 4.1 software (Waters), and BR content
was finally quantified by the standard isotope dilution method (Rittenberg and
Foster, 1940).
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ChIP-PCR Assay

Two grams of one-week-old WS2, 355:FLAG-COG1, 35S:PIF4-FLAG, and
355:PIF5-FLAG transgenic seedlings was harvested for ChIP experiments.
Chromatin was isolated and sonicated to generate DNA fragments with an
average size of 500 bp. The solubilized chromatin was immunoprecipitated by
an agarose-conjugated anti-FLAG antibody (Sigma-Aldrich). The coimmuno-
precipitated DNA was recovered and analyzed by quantitative PCR with SYBR
Premix Ex Taq II (TaKaRa). Relative fold enrichment was calculated by nor-
malizing the amount of a target DNA fragment against that of an ACT2 pro-
moter fragment and then against the respective input DNA samples. Three
independent biological repeats were performed, yielding similar results. Shown
are representative data from one biological replicate. Student’s t test was per-
formed (¥, P < 0.05; **, P < 0.01; and ***, P < 0.001). The primers used are listed
in Supplemental Table S2.

DNA Gel-Shift Assay

The full-length COG1 coding region was cloned into a pGEX-4T-3 vector
(GE). The resulting constructs were sequenced to confirm the correct open
reading frame and sequences and then transformed into the Escherichia coli
Rosetta strain for recombinant protein expression. Bacteria were grown in
100 mL of Luria-Bertani medium supplemented with 100 ug mL ™" ampicillin
and 30 ug mL ™" chloramphenicol, and the GST-COG1 recombinant proteins
were purified with GST-Sefinose Resin (Sangon Biotech). PIF4 and PIF5 were
synthesized using the TNT SP6 High-Yield Wheat Germ Protein Expression
System (Promega). The probes were synthesized and labeled with biotin using
the Biotin 3" End DNA Labeling Kit (Thermo Fisher Scientific). Unlabeled
competitor probes were generated from dimerized oligonucleotides. EMSA
experiments were performed using the Chemiluminescent Nucleic Acid De-
tection Module (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Probe sequences are shown in Supplemental Table S2.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: COG1 (At1g29160), PIF4 (At2g43010), PIF5 (At3g59060), DET2
(At2g38050), CPD (At5g05690), DWF4 (At3g50660), BR6ox1 (At5g38970),
BR6ox2 (At3g30180), ROT3 (At4g36380), and CYPIOD1 (At3g13730).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The cog1-6 mutant was identified as an intragenic
suppressor of cogl-D.

Supplemental Figure S2. Phenotypes of 355:COGI-SRDX transgenic
plants.

Supplemental Figure S3. Induced expression of COG1-SRDX leads to re-
duced cell length.

Supplemental Figure S4. BR signal transduction is elevated in the cog1-3D
mutant.

Supplemental Figure S5. BRZ inhibits the hypocotyl growth of cog1-3D
seedlings.

Supplemental Figure S6. Expression of DET2, CYP90D1, and BRéox1 in
cog1-3D.

Supplemental Figure S7. Expression of BR catabolism genes in cog1-3D.

Supplemental Figure S8. The bril-4 mutation completely inhibits the long-
hypocotyl phenotype of cog1-3D.

Supplemental Figure S9. PIF4 and PIF5 promote cell elongation.

Supplemental Figure S10. Protein levels of PIF5 in cog1-3D and 35S:
FLAG-COGT seedlings.

Supplemental Figure S11. COG1-mediated hypocotyl elongation is depen-
dent on PIF4 and PIF5.

Supplemental Figure S12. PIF4 regulates the expression of CPD.
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Supplemental Table S1. The expression of 37 transcription factors is sig-
nificantly altered in cog1-3D compared with WS2.

Supplemental Table S2. List of primers and probes used in this study.
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