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Light quality surrounding a plant is largely determined by the density of its neighboring vegetation. Plants are able to sense
shade light signals and initiate a series of adaptation responses, which is known as shade avoidance syndrome (SAS).
PHYTOCHROME INTERACTING FACTORS (PIFs) are key factors in the SAS network by regulating the biosynthesis of
multiple phytohormones and the expression of cell expansion genes. Although the protein levels of PIFs were found to be
acumulated in shade, the transcriptional regulation of PIFs in response to such an environmental signal remains poorly
understood. Here we show that TCP17 and its two closely related homologs, TCP5 and TCP13, play an important role in
mediating shade-induced hypocotyl elongation by up-regulating auxin biosynthesis via a PIF-dependent and a PIF-independent
pathway. In constitutive white light, a tcp5, 13, 17 triple mutant (3tcp) showed a subtle hypocotyl defective phenotype. In shade,
however, 3tcp showed a significantly reduced hypocotyl elongation phenotype, indicating a positive role of TCPs in regulating
SAS. Our in-depth biochemical and genetic analyses indicated that TCP17 can be significantly accumulated in shade. TCP17
binds to the promoters of PIFs and YUCCAs to indirectly or directly up-regulate auxin levels in shade. These data provide new

insights into our better understanding of the regulatory mechanisms of SAS in plants.

Shade-avoidance syndrome (SAS) is a phenomenon
widely observed in plant kingdom (Mathews, 2006).
Shade light signals regulate various growth and de-
velopmental processes such as repressing seed germi-
nation, promoting hypocotyl and petiole growth,
changing leaf angle, arresting leaf and root develop-
ment, accelerating flowering, and reducing branching
(Cerdan and Chory, 2003; Casal, 2012; Gonzalez-
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Grandio et al., 2013). These adaptive responses to
shade can increase the fitness of plants in crowded
environments.

Shade light signals mainly include a reduced ratio of
red light to far red light (low R:FR) and reduced blue
light, which can be sensed by PHYB (Halliday et al.,
1994; Schepens et al., 2004; Keller et al., 2011) and CRY1
(Yu et al., 2010; Keller et al., 2011; Sellaro et al., 2011;
Pedmale et al., 2016), respectively. In response to shade
avoidance, the Pr and Pfr forms of PHYB are present in
a R:FR ratio-dependent balance. Under white light with
a higher R:FR, the photo-equilibrium is displaced to-
ward the active Pfr form, which interacts with a group
of PHYTOCHROME INTERACTING FACTORS (PIFs)
in the nucleus and mediates their rapid phosphoryla-
tion and degradation. Under lower R:FR, on the other
hand, the photo-equilibrium is displaced toward the
inactive Pr form, leading to the accumulation of PIFs in
the nucleus (Cifuentes-Esquivel et al., 2013). The accu-
mulated PIFs subsequently promote the expression of
shade responsive genes (Lorrain et al., 2008; Li et al,,
2012), including those for the synthesis of multiple
phytohormones, to promote rapid growth in shade.
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Previous studies indicated that a number of phyto-
hormones including auxin (Tao et al., 2008; Won et al.,
2011; Li et al., 2012; Hayes et al., 2014; Hersch et al., 2014),
gibberellins (Devlin et al., 2003; Djakovic-Petrovic et al.,
2007), and brassinosteroids (Luccioni et al., 2002; Sorin
et al., 2009) play key roles in the establishment of SAS.
Auxin is thought to be the most important phytohormone
regulating shade-induced rapid growth (Casal, 2012).
Mutants affecting auxin perception, biosynthesis, or
transport show impaired hypocotyl growth under shade
(Tao et al., 2008). It was demonstrated that shade can
rapidly increase auxin accumulation through promoting
transcriptional levels of a number of auxin biosynthesis
genes (Tao et al., 2008; Won et al.,, 2011; Li et al., 2012;
Hayes et al., 2014; Hersch et al., 2014). Trp-dependent
IAA biosynthesis via indole-3-pyruvic acid (IPA) has
been suggested as the most abundant IAA biosynthesis
pathway (Mashiguchi et al., 2011). In this pathway, Trp is
converted to IPA by TAA1 (Stepanova et al., 2008; Zhou
etal., 2011), and IPA is then converted to IAA. The second
step is catalyzed by a family of flavin monooxygenases
encoded by YUCCA genes (YUCs; Zhao et al., 2001). As
YUCs are the rate-limiting enzymes in Trp-dependent
auxin biosynthesis pathway, the transcription of YUCs
is therefore strictly controlled. PIF transcription factors
are critical in regulating the expression of YUCs in shade,
and auxin synthesized through PIF-regulated pathway is
significant for shade-induced rapid growth (Hornitschek
et al, 2012; Li et al., 2012). Although the mechanism that
shade light signals increase the stability of PIFs has been
elucidated, little is known about the transcriptional net-
work regulating the expression of PIFs in response to
shade (Lorrain et al., 2008; Li et al., 2012).

The TEOSINTE BRANCHEDI1, CYCLOIDEA, and
PCF (TCP) family of transcription factors plays impor-
tant roles in multiple aspects of plant growth and de-
velopment (Cubas et al., 1999; Martin-Trillo and Cubas,
2010). For example, several TCPs were found to regulate
cell elongation, leaf morphogenesis, leaf senescence, and
architecture establishment through mediating phyto-
hormone biosynthesis and signal transduction (Aguilar-
Martinez et al., 2007; Schommer et al., 2008; Guo et al.,
2010; Koyama et al., 2010; Challa et al., 2016). In Arabi-
dopsis, five closely related CIN TCPs including TCP2, TCP3,
TCP4, TCP10, and TCP24, whose transcripts can be de-
graded by miR319, redundantly regulate cell division and
elongation during organ morphogenesis. TCP5, TCP13, and
TCP17 belong to the CIN subfamily but are not regulated
by miR319. Previous studies suggested that they are involved
in regulating leaf morphogenesis, petal development, and
flowering (Efroni et al., 2008; Huang and Irish, 2015).

Despite the crucial roles of TCP transcription factors
in regulating organ morphogenesis have been well
studied, detailed mechanisms regarding their functions
in integrating environment signals and endogenous
gene expressions are not well established. In this study,
we provide strong evidence showing that TCP17,
TCP5, and TCP13 play critical roles in mediating
shade-induced auxin biosynthesis through directly
up-regulating the expression of PIFs and YUCs. Our
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results uncover a new function of TCP transcription
factors in linking environmental signals to endogenous
gene expression and phytohormone biosynthesis.

RESULTS
TCP17 Acts as a Positive Regulator in Response to Shade

Our previous research indicated that TCP1 can pos-
itively regulate brassinosteroid (BR) biosynthesis via
directly binding to the promoter of a key BR biosyn-
thetic gene, DWF4 (Guo et al., 2010). To reveal biolog-
ical functions of other TCP transcription factors in
Arabidopsis (Arabidopsis thaliana), we overexpressed all
24 TCPs under the control of a cauliflower mosaic virus
35S promoter in Arabidopsis. Among all the transgenic
plants obtained, we found that overexpression of
TCP17 (TCP17-OX) resulted in various developmental
defects, including narrow leaf blades, abnormal floral
organs, and reduced male sterility (Supplemental Fig.
S1A, C, and D). Our detailed analyses showed that the
hypocotyls of TCP17-OX transgenic seedlings are sig-
nificantly longer than those of Col-0 in a long-day
growing condition (Supplemental Fig. S2, B and C). In
dark, TCPI17-OX transgenic seedlings, however,
showed no obvious phenotypes (Supplemental Fig. S2,
D and E). GUS staining analysis of 5-d-old pTCP17::
GUS transgenic seedlings grown under a light condi-
tion showed that GUS signals can be observed in hy-
pocotyls in addition to cotyledons and mature zones of
the roots (Supplemental Fig. S1B). These results suggest
that TCP17 plays a crucial role in promoting hypocotyl
growth under a light condition.

Light quality is an important environmental factor
affecting hypocotyl elongation (Casal, 2012). To investi-
gate whether TCPs are involved in regulating hypocotyl
growth under a low R:FR, (also known as shade), we
analyzed the hypocotyl response of Col-0, tcp17, and
TCP17-OX to shade. Hypocotyl measurements showed
that TCP17-OX caused longer hypocotyls than wild type
under either constitutive white light (Wc) or shade;
however, the hypocotyls of tcpl7 mutant appeared to be
similar to that of wild type (Supplemental Fig. S3).
Considering the functional redundancy of TCPs in reg-
ulating plant growth and development, we examined
the roles of TCP5 and TCP13, the two most closely re-
lated homologs of TCP17, in shade avoidance. TCP5-OX
and TCP13-OX transgenic plants showed longer hypo-
cotyls than wild type in both Wc and shade conditions
(Supplemental Fig. S3). Although tcp17, tcp5, and tcp13
single mutants did not show significant defects in re-
sponse to shade, a tcp5 tcpl7 double mutant showed
significantly reduced hypocotyl elongation phenotypes
compared to wild-type seedlings. A tcp5 tcpl3 tepl7
(3tcp) triple mutant displayed even shorter hypocotyls
than the seedlings of wild-type, single, or double mutant
in shade (Fig. 1, A and B; Supplemental Fig. S3). We next
investigated the sensitivity of Col-0 and 3tcp to lighting
conditions with various ratios of R:FR in detail. Treat-
ment in shade with an increasing amount of FR can
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Figure 1. TCP17 positively regulates shade-induced hypocotyl elongation. A and B, Phenotypes and hypocotyl measurements of Col-0
and the triple mutant 3tcp seedlings grown under a Wc or a shade condition. Seedlings are grown under Wc for 3 d and then transferred
to shade or stayed in Wc for an additional 5 d before the pictures were taken and the measurements were carried out. Scale bars =1 cm.
C, Hypocotyl elongation in response to the changes of R:FR ratio for Col-0 and 3tcp seedlings. Seedlings were grown under simulated
Wec for 3 d before being transferred to simulated Wc or shade at the indicated R:FR for an additional 5 d. Data shown are the average of
three independent biological replicates and SE (n = 20 for each experiment). *P < 0.05 and **P < 0.01; based on Student’s ¢ test.

significantly increase hypocotyl elongation of wild-type
seedlings, but the sensitivity of 3tcp in response to shade
is greatly reduced (Fig. 1C). Quantitative real-time PCR
(gqRT-PCR) analysis showed that the expression of many
shade response genes, including PILI, IAA19, IAA29,
and GH3.3, is greatly increased in TCP17-OX seedlings
but decreased in the 3tcp mutant in shade compared to
those of wild type (Supplemental Fig. S4). These results
indicated that TCP17, TCP5, and TCP13 are important
factors redundantly promoting hypocotyl elongation in
response to shade.

Because TCP17-OX showed a more significant role in
promoting hypocotyl growth compared to either TCP5-
OX or TCP13-OX (Supplemental Fig. S3), we used
TCP17 as a representative of the three TCPs to reveal
their detailed molecular mechanisms in regulating hy-
pocotyl elongation in shade.

Shade Causes the Accumulation of TCP17 Protein

As a positive regulator of SAS, TCP17 was expected
to be activated by shade. Our quantitative RT-PCR
analysis, however, showed that the transcript abun-
dance of TCP17 was rapidly decreased when Wc grown
seedlings were transferred to shade (Fig. 2A). These
unexpected results prompted us to investigate the re-
sponse of TCP17 protein level to shade treatment. Be-
cause TCP17 antibody was not available, proTCP17::
TCP17-GFP transgenic seedlings were generated for
protein accumulation analysis. Our immunoblotting
analysis showed that TCP17-GFP was significantly ac-
cumulated after transferring from Wc to shade (Fig. 2B;
Supplemental Fig. S5A). Further analysis by using 35S::
TCP17-FLAG transgenic seedlings, whose transcription
was not significantly up-regulated by shade (Fig. 2C),
showed the accumulation of TCP17-FLAG is greatly
increased in shade as well (Fig. 2D; Supplemental Fig.
S5B). To examine whether protein stability plays a role
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in TCP17 regulation, we examined the in vivo stability
of TCP17-FLAG by treating 355::TCP17-FLAG trans-
genic seedlings with a protein biosynthesis inhibitor
cycloheximide (CHX). We found that TCP17-FLAG
was significantly decreased after 1 h treatment with
CHX, whereas addition of proteasome inhibitor MG132
largely prevented the TCP17-FLAG from degradation
(Fig. 2E; Supplemental Fig. S5C), indicating TCP17 is an
unstable protein that may be degraded via a 26S pro-
teasome degradation pathway. Additionally, the accu-
mulation of TCP17-FLAG was greatly decreased after
being transferred from shade to Wc. The Wc-induced
degradation of TCP17-FLAG can be significantly sup-
pressed by the treatment of MG132 (Fig. 2F; Supplemental
Fig. S5D). These results suggest that TCP17 is an unstable
protein in Wc, whereas shade can significantly slow its
degradation, resulting in protein accumulation.

TCP17 Is a Key Transcription Factor Regulating Shade-
Induced Free IAA Accumulation

It has been demonstrated that auxin plays a pre-
dominant role in response to shade-induced rapid
growth (Tao et al., 2008; Casal, 2012). To examine
whether TCP17 promotes shade avoidance via regu-
lating an auxin pathway, Col-0 and 3tcp seedlings were
grown in media containing various concentrations of
picrolam (PIC), an analog of auxin, under Wc for 3 d,
and then transferred to shade or remained in Wc for
additional 5 d. Hypocotyl measurements showed that
in Wc the hypocotyl growth of 3tcp can be stimulated by
PIC in a way similar to that of Col-0 (Fig. 3A). In shade,
exogenous PIC had no significant effect on hypocotyl
elongation of Col-0, whereas it can greatly rescue hy-
pocotyl growth of 3tcp (Fig. 3B). We also treated Col-0
and 3tcp seedlings with two other growth-promoting
hormones, GA; and 24-epiBL, in Wc or shade.
Our results showed that the responses of hypocotyls of

Plant Physiol. Vol. 176, 2018
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Figure 2. The accumulation of TCP17 protein is increased in shade. A, TCP17 transcriptional level is repressed in shade. Seven-
day-old Col-0 seedlings grown under Wc were kept in Wc or transferred to shade for the indicated period of time before being
harvested for RNA extraction. The error bars represent the SE of three independent biological replicates. *P < 0.05 and **P <
0.01; based on Student’s ttest. B, TCP17 protein level is accumulated in shade. Seven-day-old Wc-grown proTCP17::TCP17-GFP
transgenic plants were transferred to shade or stayed in Wc for 2 or 4 h. Total protein extracts were separated by SDS-PAGE and
analyzed by an immunoblotting approach using an anti-GFPantibody. An immunoblotting assay using antitubulin (TUB) antibody
was carried out for a loading control. C and D, TCP17 protein levels were increased, although TCP17transcription levels were not
significantly accumulated, in 355::TCP17-FLAG transgenic plants after shade treatment. 355::TCP17-FLAG transgenic plants
were treated as shown in B. Total RNA and proteins were extracted for quantitative RT-PCR and immunoblotting assay. Data
shown are average of three independent biological replicates and SE. *P < 0.05 and **P < 0.01; NS, not significant (P = 0.05);
based on Student’s ttest. E, TCP17 is an unstable protein in Wc. Seven-day-old 35S::TCP17-FLAG transgenic seedlings grown in
Wc were treated with mock solution, 10 um CHX, or 10 um CHX plus 20 um MG132 for 1 h before the samples were collected for
an immunoblotting assay. F, TCP17 is more stable in shade than in Wc. Seven-day-old 35S::TCP17-FLAG transgenic seedlings
grown in Wc were transferred to shade for 1 d. The seedlings were kept in shade or exposed to Wc with or without 20 um MG132
for 4 h. Immunoblotting assays were used to detect protein levels.

3tcp to GA; and BR treatments in Wc and shade
remained unaltered to those of wild type
(Supplemental Fig. S6). These results suggested that
auxin, instead of other phytohormones, plays an im-
portant role in TCP17-mediated hypocotyl growth in
shade.

Plant Physiol. Vol. 176, 2018

Previous studies indicated that TCPs are involved in
regulating biosynthesis of multiple phytohormones,
including jasmonates and brassinosteroids (Schommer
et al., 2008; Guo et al., 2010). To investigate whether
TCP17 regulates auxin accumulation, we analyzed the
expression levels of DR5::GUS reporter in Col-0 and
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Figure 3. TCP17 positively regulates IAA biosynthesis. A and B, Re-
sponses of Col-0 and 3tcp mutants to an auxin analog picloram (PIC).
Col-0 and 3tcp seedlings were grown under Wc with different con-
centrations (0, 0.01, 0.1, 1.0, 2.0 um) of PIC for 3 d and then transferred
to Wc (A) or shade (B) for an additional 5 d before hypocotyl length was
measured. C, TCP17 transgenic plants contain more free IAA than Col-0.
Free IAA levels were analyzed in 7-d-old Col-0 and TCP17-OX transgenic
seedlings grown under Wc. D, Shade induced free IAA accumulation is
significantly impaired in triple mutant 3tcp. Col-0 and 3tcp were grown
under Wc for 7 d and transferred to Wc or shade for 2 h before being
collected for the measurements. Data shown are the average of three
independent biological replicates and SE. *P < 0.05 and **P < 0.01;
NS, not significant (P = 0.05); based on Student’s t test.

TCP17-OX plants. GUS staining results showed that,
compared to that in Col-0, the expression of DR5::GUS is
significantly elevated in TCP17-OX (Supplemental Fig.
S7). In addition, measurements showed that the accu-
mulation of free IAA is significantly increased in TCP17-
OX seedlings while decreased in 3tcp in Wc (Fig. 3, C and
D). Moreover, free TAA level elevated in shade is
diminished in 3tcp mutant (Fig. 3D). These results
demonstrated that TCPs are involved in regulating
shade-induced auxin biosynthesis.

TCP17 Promotes Shade Avoidance Partially through PIF
Transcription Factors

PIF transcription factors are key regulators in inte-
grating environmental signals and endogenous re-
sponses (Castillon et al., 2007; Lucyshyn and Wigge,
2009; Wigge, 2013). Previous studies indicated PIF4,
PIF5, and PIF7 act as central components in shade-
induced rapid growth through promoting free IAA
accumulation (Hornitschek et al., 2012; Li et al., 2012).
To investigate whether TCP17 promoting hypocotyl
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Figure 4. TCP17 positively regulates shade avoidance partially through
PIF transcription factors. The hypocotyl phenotypes and the measure-
ments of Col-0, TCP17-OX, pif4, pif4 TCP17-OX, pifq, and pifq TCP17-
OX plants grown in Wc or shade. Three-day-old Wc grown seedlings
were transferred to shade or remained in Wc for an additional 5 d before
analyses were taken. Scale bars represent 1 cm. Data shown are the
average of three independent biological replicates and SE (n = 20 for
each experiment). *P < 0.05 and **P < 0.01; based on Student’s ¢ test.

elongation depends on PIFs, we overexpressed TCP17
in pif4 single and pif1,3,4,5 (pifs) quadruple mutants.
The transgenic lines with transcriptional level of
TCP17 similar to that of TCP17-OX seedlings were
used for further analyses (Supplemental Fig. S8). Our
results showed that in shade, the hypocotyls of pif4
TCP17-OX and pifg TCP17-OX transgenic seedlings
are much shorter than that of TCP17-OX seedlings
(Fig. 4). Consistently, transgenic plants over-
expressing PIF4 in 3tcp appeared a response similar to
PIF4-OX plants, displaying a constitutive shade re-
sponse in white light (Supplemental Fig. S9). These
results suggest that TCP17 regulates shade avoidance
in a PIF-dependent manner.

TCP17 Promotes the Expression of PIF4 and PIF5 and Binds
to Their Promoters in a Light Quality-Dependent Manner

To determine how TCP17 interacts with PIFs in re-
sponse to shade, we investigated the expression of PIF4

Plant Physiol. Vol. 176, 2018
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and PIF5 in TCP17-OX transgenic plants after transfer
to Wc or shade for various time duration. The tran-
scriptional levels of PIF4 and PIF5 were significantly
increased in TCP17-OX seedlings in shade (Fig. 5, A-D).
However, the transcriptional levels of PIF4 and PIF5
were not significantly impaired in 3tcp in Wc and shade
(Supplemental Fig. S10). These results suggest that
TCP17 can positively regulate the expression of PIF4
and PIF5, but the expression of these two transcription
factors may also rely on other undetermined cues. We
also investigated the expression of TCP17 in pif4 and
pify mutants and found the transcriptional level of
TCP17 remained unchanged in both mutants in either
Woc or shade (Supplemental Fig. S11). To determine
whether TCP17 directly binds to the promoters of PIF4
and PIF5 and regulates their expression, chromatin
immuno-precipitation (ChIP) assay with primers
flanking TCP binding sites (TBS) in both genes was
performed (Fig. 5E). Transgenic plants harboring 35S::
TCP17-FLAG were grown in Wc for 2 weeks and
transferred to shade or remained in Wc for 2 h before
being harvested for analyses. CHIP-qPCR analyses
showed that TCP17 binds to the promoters of both PIF4
and PIF5. Interestingly, increased enrichment of PIF4
and PIF5 promoters was observed after shade

The Important Roles of TCPs in Shade Avoidance

treatment, suggesting shade can increase the function
of TCP17 (Fig. 5F). These results indicated TCP17 can
directly associate with the promoters of PIF4 and PIF5
and promotes their expressions in shade.

TCPs Are Required for Shade-Mediated Up-Regulation
of YUCs

Our results showed that TCP17 promotes shade
avoidance through directly regulating the transcript a-
bundance of PIF4 and PIF5 (Fig. 5). However, defects of
PIFs cannot completely suppress the hypocotyl elon-
gation response of TCPI17-OX transgenic plants in
shade (Fig. 4). Additionally, the IAA accumulation in-
duced by shade was significantly impaired in 3tcp (Fig.
3D); however, the transcription levels of both PIF4 and
PIF5 were not influenced in 3fcp (Supplemental Fig.
510). These results suggested there is an additional
mechanism of TCP17 in promoting shade avoidance.
Because the expression of many auxin biosynthesis
genes is greatly influenced by shade avoidance, we then
assayed the transcriptional levels of auxin biosynthesis
genes in 3tcp after treatment with Wc or shade. qRT-
PCR analyses showed that YUC2, YUC5, and YUCS8
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Figure 5. TCP17 binds to the promoters of PIF4 and PIF5 and positively regulates their expression in a shade dependent manner. A
to D, TCP17 promotes the expression of PIF4 and PIF5 in shade. Col-0 and TCP17-OX plants were grown in Wc for 7 d then
transferred to shade or Wc for various times. Total RNA was extracted and the transcriptional levels of PIF4 and PIF5 were an-
alyzed by quantitative RT-PCR. Data shown are average of three independent biological replicates and SE (*P < 0.05 and
**P < 0.01; NS, notsignificant [P = 0.05]; based on Student’s ttest). E, Schematic diagrams showing the presence of TBS
in the promoters of PIF4 and PIF5. F, Shade improves TCP17 to bind to the promoters of PIF4 and PIF5. Two-week-old Wc
grown Col-0 and 355::TCP17-FLAG plants were transferred to shade or Wc for an additional 2 h before being collected
for CHIP-PCR assay using the primers flanking the TBS indicated in C. Data shown are average of three independent
biological replicates and SE (*P < 0.05 and **P < 0.01; based on Student’s t test).
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were greatly induced by shade in Col-0 (Fig. 6, A-C).
The induced expression levels of these three genes by
shade, however, were greatly reduced in 3tcp (Fig. 6, A—-
C). The responses to shade of other tested auxin bio-
synthesis genes were not significantly impaired in 3tcp
(Supplemental Fig. S12). These data suggested that
TCPs are critical for shade-mediated up-regulation of
several auxin biosynthesis genes.

Our in-depth analysis showed that the transcription
levels of YUC2, YUC5, and YUCS are significantly ele-
vated in TCP17-OX and decreased in 3tcp under a Wc or
a shade condition (Fig. 6, D and E). To determine
whether these three YUCs are the early targets of
TCP17, we fused TCP17 with a hormone-binding do-
main of a human estrogen receptor (ER) at its C ter-
minus. Transgenic plants overexpressing TCP17-ER
under the control of a 35S promoter were generated.
Treated 355::TCP17-ER transgenic plants with estradiol
induced phenotypes mimicking those of TCP17-OX
plants (Supplemental Fig. S13). RT-PCR analyses indi-
cated that the transcriptional levels of YUC2, YUCS,
and YUCS8 were increased significantly after 4-h treat-
ment with estradiol (Fig. 6F). To exclude the possibility
that TCP17 induces the expression of these YUCs
through other transcription factors, we pretreated 35S::
TCP17-ER seedlings with CHX for 2 h before estradiol
was applied. Consistently, the expression levels of these
three YUCs were significantly enhanced after a combi-
nation of CHX and estradiol treatment (Fig. 6G). These
results suggested that the transcriptional levels of
YUC2, YUC)5, and YUCS can be rapidly and directly
induced by TCP17.

TCP17 Directly Binds to the Promoter Regions of YUCs
and Promotes Their Expression

Previous studies demonstrated the DNA motifs that
class-I and class-II TCPs prefer to bind to are
GGNCCCAC and GTGGNCCC, respectively.
GGNCCC is the core sequence of the TBS; mutation in
this motif can reduce the interaction between TCPs
and TBS (Kosugi and Ohashi, 2002). Because the
binding specificity of each TCP is determined by the
certain residues in the DNA binding motif (Kosugi and
Ohashi, 2002; Viola et al., 2011, 2012), there are slight
differences between sequences preferred by each TCP
member. The sequences CIN members prefer to bind
to are GGACCA and its complement sequence,
TGGTCC (Schommer et al., 2008). To further confirm
that TCP17 can directly regulate the expression of
YUC2, YUC5, and YUCS, we first searched for pro-
posed TBS (GGACCA and TGGTCC) in the promoter
regions of these three genes (1.5 kb to 10 bp upstream
of the transcription starting codon ATG). We identi-
fied three classical TBSs in the promoter of YUC5 and
two in YUCS (Fig. 7A). Unfortunately, no binding
motif was identified within the 1.5-kb promoter region
of YUC2. However, there are two GGACC and two
GGTCC sequences in the promoter region of YUC?2 at
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about 4.0 kb upstream of the initial codon ATG (Fig.
7A). To test whether TCP17 can associate with the
promoter regions of these YUCs, we performed ChIP
assays using 35S:TCP17-FLAG transgenic plants.
Quantitative RT-PCR analysis showed that TCP17-
FLAG can specifically enrich the TBS of these YUCs,
and shade can significantly increase the function of
TCP17 in associating with the promoters of YUCs (Fig.
7B). These results suggested that TCP17 can directly
interact with the promoters of these YUCs.

In addition, we used a transient expression assay in
Nicotiana benthamiana leaves to verify the role of TCP17 on
the expression of YUC5. We fused wild-type YUCS5 pro-
moter (pYUC5-WT), and a mutated promoter (pYUC5-m)
with a firefly luciferase (LUC) gene. Co-infiltration of
pYUC5-WT::LUC with 355:TCP17-FLAG led to an obvi-
ous induction of luminescence intensity. However, the
activation effect of TCP17 on pYUC5-m::LUC, in which
the TCP binding motifs were altered from GGNCC to
GTNAC, was largely abolished (Supplemental Fig. 514).
This result suggested that TCP17 can activate the ex-
pression of YUC5, and TCP binding motif is critical for
TCP17 to activate its target genes.

Since TCP17 elevates endogenous auxin accumula-
tion in response to shade through directly
up-regulating the expression of YUCs, we tested
whether ectopic expression of these YUCs could rescue
the hypocotyl elongation of 3tcp under a shade condi-
tion. Because YUC) is the gene whose expression is
most significantly influenced by TCP17, we generated
transgenic plants overexpressing YUC) in 3tcp back-
ground. Transgenic seedlings with elevated expression
levels of YUC5 can completely rescue the reduced re-
sponse of hypocotyl growth of 3tcp to shade (Fig. 7, C and
D). This result proved that TCP17 genetically regulates
hypocotyl growth in response to shade through pro-
moting the transcriptions of auxin biosynthesis genes.

DISCUSSION

Light quality, as a signal, regulates many aspects of
plant growth and development (Lau and Deng, 2010).
SAS alters the function and architecture of a plant in
response to shade light signals (Casal, 2012). SAS is a
unique developmental process plants evolved to avoid
detrimental consequences caused by shade. Rapid
growth in response to shade light signals is beneficial
for a plant to survive in a crowed environment. In this
report, we illustrate a molecular framework that TCP17
integrates shade light signals and hypocotyl growth
regulation in Arabidopsis (Fig. 8). Our detailed analy-
ses demonstrated that shade light increases the stability
and function of TCP17, allowing it to bind to the pro-
moters of PIF4, PIF5, and auxin biosynthesis genes,
YUCs, to up-regulate their expression. The increased
free IAA accumulation regulated by TCP17 is impor-
tant for rapid hypocotyl growth in shade.

TCP17 belongs to the CIN subfamily, in which many
members, including TCP2, TCP3, TCP4, TCP10, TCP24,
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Figure 6. TCP17 positively regulates the transcriptional levels of YUCs in response to shade. A to C, The transcription levels of
YUC2 (A), YUCS5 (B), and YUCS8 (C) in Col-0 and triple mutant 3tcp in response to Wc and shade. Seven-day-old Wc grown
seedlings were transferred to Wc or shade for an additional 2-h treatment before being harvested for total RNA extraction. D and E,
Quantitative PCR results showing transcript levels of auxin biosynthesis genes in Col-0, 3tcp, and TCP17-OXtransgenic seedlings
grown in Wc (D) or shade (E). Seven-day-old seedlings grown under Wc were transferred to Wc or shade for an addition |-day
treatment before being collected for measurements. F and G, The transcriptional levels of YUC2, YUC5, and YUCS8 can be in-
duced by TCP17 directly. Seven-day-old 35S::TCP17-ER transgenic seedlings grown under Wc were treated with mock solution
(1710 000 ethanol), 10 um estradiol, 10 um CHX, or a combination of 10 um CHX and 10 um estradiol for 4 h before being
harvested for measurements. All data shown are the average of three independent biological replicates and SE (*P < 0.05 and

**P < 0.01; NS, based on Student’s t test.).

are regulated by miR319 at a posttranscriptional level
(Palatnik et al., 2003). The important roles of TCPs in
regulating cell proliferation and expansion have been
well documented (Palatnik et al., 2003; Efroni et al.,
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2008; Schommer et al., 2008; Nag et al., 2009; Tao et al.,
2013; Huang and Irish, 2015). Their roles in response to
various environmental signals, however, are largely
unknown. In this study we demonstrated a novel
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Figure 7. TCP17 directly binds to the promoters of YUCs and regulates
their expression. A, Schematic diagram showing the TCP binding motifs
in the promoters of YUC2, YUC5, and YUCS. B, CHIPassay showed that
shade can increase the capacity of TCP17 to bind to the promoters of
YUCGs. Col-0 and 355::TCP17-FLAG plants were treated and analyzed
similar to those shown in Figure 5 (F), except primers used for qPCR
analyses were different. Data shown are average of three independent
biological replicates and SE (*P < 0.05 and **P < 0.01; based on Stu-
dent’s t test). C and D, YUCS5 can rescue the insensitive phenotype of
3tcp in response to shade. Col-0, 3tcp, and 3tcp/YUC5-OX transgenic
seedlings were grown in Wc for 3 d and then transferred to Wc or shade
for an additional 5 d before the measurements were taken. Scale bar =
1 cm. Data shown are the average of three independent biological
replicates and SE (n = 20 for each experiment). *P < 0.05 and
**P < 0.01; based on Student’s t test.

function of TCP17 in promoting hypocotyl elongation
in response to fluctuating light quality in environment.
Overexpression of TCP17 results in constitutive shade
response in white light, whereas a 3tcp triple mutant
shows a reduced response to shade-induced hypocotyl
elongation (Fig. 1; Supplemental Fig. S3). Although
significantly impaired, the attenuated responses of
3tcp hypocotyls to shade treatment can still be ob-
served, implying that additional factors other than
TCP5, TCP13, and TCP17 may be required for a full
response of a plant to shade. Previous studies dem-
onstrated that JAW-D mutants, with elevated expres-
sion of miR319, showed shorter hypocotyls than wild
type, suggesting important roles of miR319-targeted
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Figure 8. A hypothetical model of TCP17 in regulating hypocotyl
growth in shade. Under a white light condition, TCP17 and PIFs are
unstable and degraded, resulting in decreased expression levels of
YUCGs. Under a shade condition, on the other hand, TCP17 protein is
stable and accumulated, resulting in elevated expressions of PIF4, PIF5,
and YUCs. As a result, auxin level is increased.

TCPs in promoting hypocotyl elongation (Palatnik
et al., 2003; Challa et al., 2016). These results raise the
possibility that in addition to the three TCPs we
studied, many other CIN transcription factors may
also be involved in regulating cell elongation in re-
sponse to changing light quality.

As key regulators in response to environmental
signals, PIF transcription factors were found to reg-
ulate multiple phytohormone biosynthetic or signal-
ing pathways via mediating the expression of their
target genes (Castillon et al., 2007). For example,
DELLA proteins, the key repressors in GA signaling
pathway, can directly interact with PIF3 and PIF4 to
repress their transcriptional activities (de Lucas et al.,
2008). BZR1, BZR2/BES1, and ARFs, key transcrip-
tion factors in BR and auxin signaling pathways, can
interact with PIFs to regulate the expression of cell
elongation related genes (Oh et al., 2014). Previous
studies also demonstrated that PIFs can directly as-
sociate with the G-box motifs in the promoters of
auxin and BR biosynthetic genes to regulate endoge-
nous levels of auxin and BRs, respectively
(Hornitschek et al., 2012; Wei et al., 2017). Accumu-
lated evidence indicated that regulation of the func-
tions of PIFs is an important strategy for a plant to
increase their fitness to environments. Many envi-
ronmental cues were found to regulate the function of
PIFs. For instance, high temperature increases the
transcriptional level and binding activity of PIF4
(Koini et al., 2009; Franklin et al., 2011). Red light
sensed by photo-receptor phyB promotes the degra-
dation of PIF3, PIF4, and PIF5 through a 26S
proteasome-dependent pathway (Leivar and Quail,
2011). Shade light with low R:FR increases the sta-
bility of PIF4, PIF5, and PIF7, allowing them to be
accumulated in the nucleus and promote the expres-
sion of shade response genes (Lorrain et al., 2008; Li
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etal., 2012). Despite the fact that the mechanism of PIF
degradation has been well studied, however, the tran-
scription factors regulating the expression of PIFs are
poorly understood. In this study, we demonstrated that
TCP17 can bind to the promoters of PIF4 and PIF5 and
increase their expression in a shade-dependent manner
(Fig. 5). Our results uncover a molecular mechanism by
which shade light signals regulate the transcriptional
levels of PIF transcription factors.

Our results showed that the function of TCP17 was
greatly impaired in pif4¢ and pifg mutants, indicating
TCP17 promotes hypocotyl elongation partially
through PIFs (Fig. 4). We observed that TCP17 sig-
nificantly up-regulates the transcriptional level of PIF4
and PIF5 in shade (Fig. 5, A-D). On the other hand, the
expression of PIF4 and PIF5 was not significantly al-
tered in 3tcp compared to wild type in both Wc and
shade (Supplemental Fig. S10). These results suggest
the transcription levels of PIFs can also be regulated by
other unknown factors yet to be elucidated. In addi-
tion, our results raised the possibility that TCP tran-
scription factors form a heterodimer with PIFs and act
as transcription activators to improve the activities of
PIFs.

Auxin can be rapidly accumulated in shade and
regulate shade-induced cell elongation (Tao et al,
2008). The observation that exogenous PIC can rescue
the defective phenotype of hypocotyl growth of 3tcp in
shade suggests a close relationship between TCP17
and auxin biosynthesis (Fig. 3, A and B). Our in-depth
analysis showed that TCP17 is necessary for shade-
induced auxin accumulation (Fig. 3, C and D). The
balance of endogenous auxin is important for plant
growth and development. As rate-limited enzymes in
catalyzing auxin biosynthesis, the spatio-temporal
transcriptional regulation of YUCs is critical (Cheng
et al., 2006, 2007; Chen et al., 2014). As an important
transcription factor regulating shade avoidance,
TCP17 controls free IAA accumulation in shade
through at least two independent pathways. One is the
TCP17-PIF-auxin pathway, in which TCP17 increases
the IAA level via up-regulating the expression of PIFs.
Recently, PIFs have been reported to regulate the
transcriptional levels of several YUCs in response to
shade (Hornitschek et al., 2012; Li et al., 2012). PIF7
directly regulates the expression of YUC5, YUCS, and
YUCY; PIF4 can bind to the G box regions of YUCS8. The
other is the TCP17-YUCs pathway, in which TCP17
can directly bind to the promoters of YUCs and pro-
motes their expression. In our study, TCP17 associates
with the promoters of YUC2, YUC5, and YUCS8 and
up-regulates their expressions (Figs. 6 and 7). These
results suggest that there are not only overlaps but also
differences between TCPs and PIFs in regulating auxin
biosynthesis. The complex transcriptional networks
regulating the expression of YUCs under develop-
mental and environmental changes are yet to be clar-
ified. Nevertheless, our study demonstrated a flexible
mechanism enabling plants to adapt to the fluctuating
environments.
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MATERIALS AND METHODS
Plant Materials and Growth Condition

Wild-type and mutant plants used in this study are all in Col-0 accessions. 3tcp
triple mutant was obtained from Yuval Eshed’s lab and was previously described
(Efroni et al., 2008). All plants were grown at 22°C. The light condition used in this
study is Wc (50 wE-m™2-s71) or simulated shade (LED light, red: 13 wE-m2-s7),
blue: 1.23 uE-m 257}, far-red light: 20.2 uE-m™2-s™", RFR = 0.7) as previously
described (Tao et al., 2008; Li et al., 2012), if not specified. For hypocotyl mea-
surements, surface-sterilized seedlings were grown on half-strength Murashige
and Skoog (MS) media containing 1% Suc and 0.8% agar under Wc for 3 d and
then were left in Wc or transferred to simulated shade for 5 d before hypocotyl
measurements were carried out. For analyzing responses to different R:FR ratios,
seedlings were grown in simulated white light (LED light, red: 13 uE-m ™ 2-s™",
blue: 1.23 uE-m™2-s™") for 3 d and then were kept in simulated Wc or transferred
to various shade conditions (simulated Wc supplemented with increasing
amounts of FR) for 5 d before measurements were taken. For PIC treatment, seeds
were planted on half-strength MS medium containing various concentrations of
PIC. Image J software was used to quantify hypocotyl lengths. At least 20 seed-
lings were measured for each independent experiment.

Plant Transformation

DNA fragments including the full-length ORF of TCP17, TCP5, TCP13,
YUCS5, and PIF4 were amplified with primers listed in Supplementary Table S1
and then were cloned into entry vector pPDONR (Invitrogen) by BP reaction. To
create 355:TCP17-FLAG and 35S:TCP17-GFP transgenic plants, pDONR-
TCP17 was inserted into the binary vectors pBIB-BASTA-355::GWR-FLAG and
pBIB-HYG-355::GWR-GFP by LR reaction (Invitrogen). 355::HA-TCP5 and 35S::
HA-TCP13 transgenic plants were generated by LR recombination of pDONR-
TCP5 and pDONR-TCP13 to pEarleyGate201 vector. To generate estradiol
induction transgenic seedlings, pPDONR-TCP17 was inserted into pBIB-BASTA-
355-GWR-ER vector. pPDONR-YUCS was inserted into pBIB-HYG -355-GWR-
GFP vector. To generate proTCP17:TCP17-GFP transgenic plants, DNA
fragment including the promoter and full-length ORF of TCP17 was amplified
from genomic DNA, followed by BP and LR reactions to insert into the pBIB-
BASTA-GWR-GFP binary vector. These binary constructs were introduced into
the pGV3101 strain of Agrobacterium and transformed into wild-type Col-0,
3tcp, pifd, pifg, or DR5:GUS transgenic plants using the floral dip transforma-
tion method. Transformants were selected on BASTA or HYG-containing me-
dium. Homozygous lines were selected for followed experiments.

RNA Extraction and Reverse Transcriptase
Quantitative PCR

Seven-day-old seedlings were grown under Wc and then treated with Wc
or shade for 2 h before being collected for further analyses, if not specified.
RNA was extracted from whole seedlings using a Tiangen Plant Total RNA kit.
Then 1 ug total RNA was used for the first-strand cDNA synthesis using an
Invitrogen reverse transcriptase kit. PCR was performed with SYBR-Green
PCR Mastermix (Takara) and amplification was detected on an Applied Bi-
osystems One Step Plus Real-time PCR system. Expression was normalized
against ACTIN2. At least three biological replicates were performed, with
three technical replicates for each. The mean and SE from three biological
replicates are shown.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation assays were performed as described pre-
viously (Ni et al., 2009). For analyzing the binding activity of TCP17 to the
promoters of PIF4, PIF5, and YUCs, 355::TCP17-FLAG transgenic seedlings
were used for CHIP assays and Col-0 was used as negative control. Col-0 and
355:TCP17-FLAG grown under Wc condition for 2 weeks and then transferred
to shade or Wc for 2 h before harvested. Two grams of seedlings and 50 uL of
the anti-FLAG Affinity Matrix (SIGMA) were used for chromatin immuno-
precipitation. Precipitated DNA was dissolved in 50 uL of ddH20O, and 1 uL
was used for PCR amplification.

Measurement of Free IAA

For quantification of free IAA in Col-0 and 3tcp in response to shade, Col-0
and 3tcp were grown in Wc for 7 d and then treated with shade light or Wc for
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2 h. Whole seedlings were harvested and approximately 200 mg of fresh tissues
were used for IAA extraction and measurement as previously described (Wang
et al., 2015). Three biological replicates were performed.

Immunoblotting

Twenty seedlings for each treatment were collected. Plant tissues were
ground to a fine powder in liquid nitrogen. Total proteins were extracted
with extraction buffer (100 mm Tris-HCI, pH 7.8, 4 M urea, 5% SDS, 15%
glycerol, 10 mm dithiothreitol, 1 mm phenylmethylsulfonyl fluoride, 1 mm
cocktail). Protein extracts were separated on 12% SDS-PAGE gels and
transferred to nitrocellulose membrane. The FLAG and GFP tags were
detected by western blotting assay using an anti-FLAG and anti-GFP anti-
body (Abmart), respectively. An antitubulin antibody (sigma) was used for
probing tubulin as a loading control. Signal was detected using the western
Lightning Plus-ECL (Perkin Elmer) kit. The experiments were repeated
three times and similar results were obtained. Here shows one of the rep-
resentative results.

GUS Staining

The promoter of TCP17 (from -1,500 to -1 bp) was amplified by PCR from
Arabidopsis (Arabidopsis thaliana) genomic DNA and cloned into the pBIB-
BASTA-GWR-GUS binary vector. pTCP17:GUS transgenic seedlings were
used for GUS staining as described (Hornitschek et al., 2012; Fukazawa
et al., 2014).

Transient Expression in N. benthamiana

Agrobacterium (pGV3101 strain) harboring each plasmid of interest were
incubated in Luria-Bertani broth containing 10 mm MES (pH 5.7) and 20 mm
acetosyringone at 28°C overnight with shaking. The pellets were collected by
centrifugation and resuspended in MS media with 10 mm MES (pH 5.7), 10 mm
MgCl,, and 150 mm acetosyringone to an ODj, of 0.6. For cotransfections, an
equal volume of appropriate agrobacteria was mixed and the mixtures were
incubated at room temperature for 3 h before injection. After 48 h of infiltration,
the leaves were used for further analysis.

Luciferase Imaging

The transient expression assays were performed in N. benthamiana leaves as
previously described (Walley et al., 2007). The wild-type and mutant YUC5
promoter was inserted into binary vector pGWB235 to generate the reporter
constructs pYUC5-WT::LUC and pYUC5-m::LUC. 355:TCP17-FLAG was used as
an effector. The experiments were repeated three times with similar results.
Luciferase activities were imaged using a Lumazone CA 1300B camera.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers TCP5 (AT5G60970), TCP13 (AT3G02150),
TCP17 (AT5G08070), PIF4 (AT2G43010), PIF5 (AT3G59060), YUC2
(AT4G13260), YUC5 (AT5G43890), and YUCS (AT4G28720).

Supplemental Data
The following supplemental materials are available.
Supplemental Table S1. List of primers used in this study.

Supplemental Figure S1. TCP17 regulates many aspects of Arabidopsis
growth and development.

Supplemental Figure S2. TCP17 plays a critical role in regulating hypo-
cotyl elongation.

Supplemental Figure S3. TCP17 acts redundantly with TCP5 and TCP13
in promoting hypocotyl elongation in shade.

Supplemental Figure S4. Expression of shade-regulated genes.

Supplemental Figure S5. Quantification of TCP17 protein shown in Figure
3 normalized to Tubulin using image J.
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Supplemental Figure S6. The response of triple mutant 3tcp to BR and GA,
treatment.

Supplemental Figure S7. TCP17 overexpression increased the GUS activity
of DR5:GUS reporter.

Supplemental Figure S8. The transcriptional level of TCP17 in Col-0,
TCP17-OX, TCP17-OX/pif4, and TCP17-OX/pifq plants.

Supplemental Figure S9. PIF4 rescued the defect of 3tcp in promoting
hypocotyl elongation in shade.

Supplemental Figure S10. The transcription levels of PIF4 and PIF5 in 3tcp.

Supplemental Figure S11. The expression of TCP17 was not impaired in
pif4 and pifqg mutants.

Supplemental Figure S12. Transcript levels of auxin biosynthesis genes in
Col-0 or 3tcp under Wc or shade condition.

Supplemental Figure S13. The phenotype of 355::TCP17-ER transgenic
plants.

Supplemental Figure S14. TCP17 increased the promoter activity of YUC5
in a transient assay.
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