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Cell expansion is an essential process in plant morphogenesis and is regulated by the coordinated action of environmental

stimuli and endogenous factors, such as the phytohormones auxin and brassinosteroid. Although the biosynthetic pathways

that generate these hormones and their downstream signaling mechanisms have been extensively studied, the upstream

transcriptional network that modulates their levels and connects their action to cell morphogenesis is less clear. Here, we

show that the miR319-regulated TCP (TEOSINTE BRANCHED1, CYCLODEA, PROLIFERATING CELL FACTORS) transcription

factors, notably TCP4, directly activate YUCCA5 transcription and integrate the auxin response to a brassinosteroid-

dependent molecular circuit that promotes cell elongation in Arabidopsis thaliana hypocotyls. Furthermore, TCP4 modulates

the common transcriptional network downstream to auxin-brassinosteroid signaling, which is also triggered by environmental

cues, such as light, to promote cell expansion. Our study links TCP function with the hormone response during cell

morphogenesis and shows that developmental and environmental signals converge on a common transcriptional network to

promote cell elongation.

INTRODUCTION

Cell expansion is crucial for all stages of plant development, from

germination to flowering, and for growth responses to changing

environmental conditions. The major plant hormones, including

gibberellic acid (GA), auxin, and brassinosteroid (BR),mediate cell

expansion during organ morphogenesis and environmental re-

sponses (Lau and Deng, 2010; Depuydt and Hardtke, 2011; Bai

et al., 2012b;Ohet al., 2012,2014). Auxin influenceshypocotyl cell

expansion by triggering the degradation of IAA3 (AUXIN/INDOLE-

3-ACETIC ACID3), thereby releasing the ARF (AUXIN RESPONSE

FACTOR) transcription factors, specifically ARF6 and 8, from

inhibition (Vernoux et al., 2011; Oh et al., 2014). Consequently, the

hypocotyl cells of the dominant shy2-2 (short hypocotyl2-2)

mutant, where ARF6 is permanently sequestered by an auxin-

insensitive IAA3, fail to expand even in the presence of auxin (Tian

andReed, 1999;Ohetal., 2014).BRalsopromotescell expansion,

among other developmental responses, by binding to the

plasma membrane receptor BRI1 (BR INSENSITIVE1) and

inducing downstream signal transduction, subsequently in-

activating BR-INSENSITIVE2 kinase activity (Vert et al., 2005).

This, in turn, results in an increased level of the de-phosphorylated

BR-responsive transcription factors BZR1 (BRASSINAZOLE

RESISTANT1) and BZR2/BES1 (bri1-EMS suppressor 1) (Kim and

Wang, 2010), which bring about cell expansion via the upregulation

of targetgenes, suchasPACLOBUTRAZOLRESISTANT (PRE) and

SMALL AUXIN UPREGULATED RNA (SAUR) (Bai et al., 2012b).

Recent studies have demonstrated that there is crosstalk be-

tween the auxin and BR signaling pathways in regulating the

common target genes during cell expansion (Nemhauser et al.,

2004; Oh et al., 2014). The integration of auxin and BR responses

relyonARF6-BZR1heterodimer formation,which is indispensable

for the activation of the PRE/SAUR transcriptional network that

promotes cell expansion (Oh et al., 2014). A dominant form of

BZR1, bzr1-1D, fails to promote cell expansion in the shy2-2

background, even in the presence of BR or auxin (Oh et al., 2014).

Similarly, increased ARF6 activity by auxin-mediated degradation

of IAA3 is insufficient to induce cell growth in the bri1 mutant

background, where BZR1 is inactive (Nemhauser et al., 2004).

Thus, both BR signaling and auxin signaling are required for the

activation of the PRE/SAUR genes by BZR1-ARF heterodimer.

The role of auxin and BR in cell expansion is further supported

by altered cell expansion phenotypes of mutants where the levels

of these hormones are perturbed. Mutants deficient in the BR

response have short stature and small cells, while BRI1 over-

expression results in enlarged organs (Oh et al., 2011; Zhiponova

et al., 2013). Similarly, cell expansion is perturbed in mutants with

altered auxin levels. The major auxin biosynthetic pathway is

dependent on endogenous tryptophan, and a key enzymatic step

in this pathway is catalyzed by multiple monooxygenases en-

coded by the YUCCA (YUC ) genes (Zhao et al., 2001; Korasick

et al., 2013). The elevated auxin levels following YUC over-

expression result in pleiotropic phenotypes, including increased

hypocotyl length (Zhao et al., 2001).

Even though the molecular circuits involved in BR and auxin

signaling and the enzymatic pathways that synthesize these

hormones are known, the transcriptional network that promotes

their tissue-specific expression and thereby connects their

function with organ morphogenesis has started to emerge only

recently (Guo et al., 2010; Sun et al., 2012; Lucero et al., 2015). It
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has been demonstrated that the TCP (TEOSINTE BRANCHED1,

CYCLOIDEA, PROLIFERATING CELL FACTOR) family of DNA

binding transcription factors plays a key role in multiple de-

velopmental processes (Martín-Trillo and Cubas, 2010). Five

closely related, class II TCP genes, i.e., TCP2, 3, 4, 10, and 24,

redundantly promote cell maturation during leaf morphogenesis

and their transcripts aredegradedbymiR319 (Palatnik et al., 2003;

Efroni et al., 2008). Loss of function of these genes results in

enlarged leaves, due to an excess of cells that are smaller in size,

while their gain of function leads to smaller leaves (Efroni et al.,

2008; Sarvepalli and Nath, 2011b). However, because leaf size is

regulated by a feedback mechanism in which an alteration in cell

proliferation is compensated for by a corresponding but opposite

effect on cell size (Hisanaga et al., 2015), the exact role of class II

TCP genes on cell morphogenesis is not fully apparent. For ex-

ample, it is still not clear whether the TCP genes directly promote

cell expansion during organ morphogenesis.

While the transcription factors that activate auxin synthesis

during environmental regulation of cell elongation have been

identified (Sun et al., 2012), the proteins that promote de-

velopmentally regulated auxin synthesis during tissue morpho-

genesis are not known. By altering the levels of miR319-targeted

TCP genes in mutant and transgenic lines, we show here that

TCP4 directly activates YUC5 transcription and that this in turn

integrates organ morphogenesis with auxin and brassinosteroid

responses in promoting hypocotyl cell elongation.

RESULTS

TCP4 Promotes Hypocotyl Cell Elongation

Hypocotyl growth depends on cell elongation in response to both

endogenous and environmental factors and represents an ideal

model to study the integration of hormone responses on cell size

(Gendreau et al., 1997; Oh et al., 2014). Earlier studies from our

laboratory suggested that gain of function of TCP4 enhances cell

elongation (Sarvepalli andNath, 2011b) inArabidopsis thaliana. To

examine whether TCP4 and its homologs are required for cell

growth, we compared hypocotyl length in several single and

multiple tcp mutants and observed that their loss of function

redundantly reduced hypocotyl elongation (Figures 1A and 1B).

The highest reduction was observed in the jaw-D mutant, where

TCP2, 3, 4, 10, and 24 transcripts are reduced due to miR319

overexpression (Palatnik et al., 2003). To examinewhether these

TCP genes are sufficient for hypocotyl elongation, we generated

transgenic lines in the Col-0 background in which a miR319-

resistant form of TCP4 (Palatnik et al., 2003) fused to rat glu-

cocorticoid receptor (GR) (Simon et al., 1996) was expressed

under the TCP4 promoter (ProTCP4:mTCP4:GR) or 35S pro-

moter (Pro35S:mTCP4:GR) (Figure 1C). Upon induction of TCP4

activity by external application of the GR-analog dexametha-

sone (DEX), the ProTCP4:mTCP4:GR seedlings showed in-

creased hypocotyl length (Figures 1E and 1F) and reduced rosette

size (Supplemental Figure 1A), compared with noninduced seed-

lings of the same age, which is consistent with previous results

of TCP4 gain-of-function phenotypes (Schommer et al., 2008;

Sarvepalli and Nath, 2011b).

To evaluate the extent to which TCP4 contributes to hypocotyl

elongation, we expressed the ProTCP4:mTCP4:GR cassette in

the jaw-D line, in which expression of TCP4 and its redun-

dant homologs is markedly reduced (Palatnik et al., 2003). The

resulting jaw-D;ProTCP4:mTCP4:GR transgenic line completely

rescued the jaw-D phenotype upon TCP4 induction with DEX

(Supplemental Figures 1B to 1E), demonstrating that TCP4 alone

compensates for the loss of all miR319-targeted TCPs. However,

the ProTCP4:mTCP4:GR and jaw-D;ProTCP4:mTCP4:GR plants

undernoninductiveconditionswere indistinguishable fromCol-0and

jaw-D, respectively (Supplemental Figures 1A and 1B), showing

that the transgenic TCP4 protein is functional only upon DEX

induction. The jaw-D;ProTCP4:mTCP4:GR seedlings showed

a larger relative increase in hypocotyl length upon TCP4 in-

duction than did the ProTCP4:mTCP4:GR seedlings (Figures 1E

to1G). The increasewas further enhanceduponDEX induction in

the Pro35S:mTCP4:GR seedlings (Figures 1E and 1F), which

expressed higher levels of TCP4 transcript (Figure 1D). By

contrast, the increase in hypocotyl length was marginal in the

Pro35S:TCP4:GR seedlings (Figures 1E and 1F), which expressed

amiR319-susceptible formofTCP4with lowerTCP4 transcript level

(Figure 1D), implying that the hypocotyl elongation is a result of

miR319 activity on TCP transcripts (Figure 1H). The effect of TCP4

induction on hypocotyl length appears to be light dependent, as

the dark-grown jaw-D;ProTCP4:mTCP4:GR seedlings failed to

show increased hypocotyl elongation upon TCP4 induction

(Supplemental Figure 2). To examine the cellular basis of hypocotyl

elongation,wecompared the lengthof hypocotyl epidermal cells

in jaw-D;ProTCP4:mTCP4:GR and Pro35S:mTCP4:GR seed-

lings. Upon TCP4 induction, the cell length increased in both of

these lines (Figures 1I and 1J). Taken together, these results

provide genetic evidence that TCP4 promotes hypocotyl cell

elongation, the extent to which is directly proportional to its

transcript abundance (Figure 1H).

TCP4 Induction Alters the Auxin and BR Response

The inductive role of auxin, BR, and GA in hypocotyl elongation

has been established (Oh et al., 2014). Furthermore, it has been

demonstrated that the TCP genes alter the level or response of

multipleplanthormones, includingauxinandGA (Schommeretal.,

2008; Koyama et al., 2010; Yanai et al., 2011; Das Gupta et al.,

2014). To testwhether the TCP4-dependent hypocotyl elongation

shown above is mediated by these hormones, we monitored the

effect of TCP4 induction on jaw-D;ProTCP4:mTCP4:GR hypo-

cotyl length in thepresenceof thesehormonesor inhibitorsof their

responses. Even though GA3 application caused increased hy-

pocotyl length (Figures 2A and 2B), the extent of increase was

identical in theabsenceandpresenceofTCP4 inductionat various

GA3 concentrations (Figure 2C; Supplemental Figure 3). By

contrast, BR and auxin analogs altered the effect of TCP4 in-

duction (Figures 2A, 2B, 2F, and2G). TheBRbiosynthetic inhibitor

propiconazole (PPZ) (Bai et al., 2012b) inhibited the hypocotyl

elongation in jaw-D;ProTCP4:mTCP4:GR (Figures 2Aand2B) and

Pro35S:mTCP4:GR (Figures 2D and 2E) plants in the absence of

DEX, and the inhibition could not be rescued by TCP4 induction,

suggesting that TCP4 requires the BR response for promoting

hypocotyl growth. Conversely, the bioactive BR epibrassinolide

2118 The Plant Cell

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/2
8
/9

/2
1
1
7
/6

0
9
8
3
2
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://www.plantcell.org/cgi/content/full/tpc.16.00360/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00360/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00360/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00360/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00360/DC1


(epiBL) increased hypocotyl length in jaw-D seedlings in a dose-

dependentmanner, a response thatwasmuch reduceduponTCP4

induction (Figures 2A, 2B, and 2F), suggesting that TCP4 alters BR

sensitivity. The synthetic auxin analog picloram (PIC) (Savaldi-

Goldsteinetal.,2008)significantly increasedthehypocotyl lengthof

jaw-D;ProTCP4:mTCP4:GR (Figures 2A and 2B) and Pro35S:

mTCP4:GR (Figure 2G) plants under noninductive conditions but

failed to induce any increase under TCP4-inducing conditions. The

inhibition of hypocotyl growth by TCP4 activity in the presence of

PIC (Figures 2A, 2B, and 2G) is consistent with previous ob-

servations that an excessive auxin response inhibits hypocotyl

growth (Collett et al., 2000). These results establish a link between

TCP4 function and auxin and BR responses during cell expansion.

TCP4 Upregulates the Expression of Genes Involved in

Auxin Biosynthesis and the Auxin/BR Response

The involvement of auxin and BR in TCP4-mediated hypocotyl

growth suggests that TCP4 regulates the expression of genes

implicated in the biosynthesis or response of these hormones to

promote cell elongation. Previous microarray studies aimed at

identifying TCP targetswere performed in stablemutant lineswith

Figure 1. The miR319-Targeted TCP Genes Promote Hypocotyl Elongation.

(A) and (B) Seven-day-old seedlings (A) and their average hypocotyl lengths (B). n = 10 to 12.

(C) Schematic diagram of mTCP4:GR construct. Synonymous mutations (red) were introduced in the miR319 target region on TCP4 ORF to generate

amiR319-resistant version ofTCP4 (mTCP4) without changing the protein sequence (Palatnik et al., 2003). LB andRB refer to left border and right border of

T-DNA, respectively; HPT, hygromycin phosphotransferase; GR, glucocorticoid receptor.

(D) Relative transcript levels of TCP4 determined by RT-qPCR analysis of 9-d-old seedlings. Average of three independent biological samples is shown.

Transcript levels were normalized to that of PP2A.

(E) and (F) Seven-day-old seedlings grown in the absence (M, Mock) or presence of 12 mM DEX (E) and their average hypocotyl length (F). n = 10 to 12.

(G) Relative hypocotyl length of DEX-induced seedlings (a ratio of length under inductive condition to that under non-inductive condition). n = 12.

(H) A correlation analysis between TCP4 transcript level and relative hypocotyl length in three TCP4 gain-of-function lines.

(I) and (J)Scanning electronmicroscopy images of the hypocotyls of 7-d-old seedlings (I)grown in thepresence or absenceof 12mMDEXand their average

epidermal cell length (J). The average cell lengthwas based on 120 to 150 cells from four hypocotyls. Representative cells are highlighted in red, green, and

blue (I).

Bars =1mm in (A) and 2mm in (E). Error bars indicate SD in (B), (D), (F), and (G) and SE in (J). Asterisk indicates P<0.05; unpairedStudent’s t testwasused to

determinesignificantdifferences relative to theCol-0 values ([B], [D], and [G]) or themockvalues (F). In (H)and (J),35S;GR,Col-0;GR, and jaw-D;GRdenote

Pro35S:mTCP4:GR, ProTCP4:mTCP4:GR, and jaw-D;ProTCP4:mTCP4:GR plants, respectively.
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TCP loss-of-function or in transgenic lines constitutively ex-

pressing dominant forms of TCPs (Efroni et al., 2008; Schommer

et al., 2008;Sarvepalli andNath, 2011a;DasGuptaet al., 2014). To

identify the early, and therefore potentially direct, targets of TCP4

without interfering contributions from its close homologs, we

compared the transcriptomes of jaw-D;ProTCP4:mTCP4:GR

seedlings induced with TCP4 for 2 and 4 h with that of uninduced

seedlings. The number of upregulated genes after a 2-h induction

(743) was reduced (to 435) after a 4-h induction (Figure 3A),

suggesting thatmany early targets upregulated by TCP4 return to

theiroriginal level, possiblydue to feedback inhibition.Thenumber

of downregulated genes remained similar after 2 h (1027) and 4 h

(1089) of induction (Figure 3A).

Among the 176 upregulated and 311 downregulated genes

common to the 2- and 4-h time point data (Figure 3A), 28 were

related to auxin synthesis or response (Supplemental Table 1). One

of these genes was YUC5, which is involved in auxin biosynthesis

(Zhao et al., 2001; Cheng et al., 2006), while the remaining genes

respond to external applications of auxin (Figure 3B; Supplemental

Figure 4) (Nemhauser et al., 2006). RT-qPCR analysis showed

that YUC5 transcript level increased ;2.5-fold within 1 h of TCP4

induction and continued to increase until 4 h before receding

(Figure 3C), suggesting that YUC5 is an early upregulated target of

TCP4. Consequently, transcripts of several auxin-responsive

genes, including PIN3, IAA2, GH3.12, and SAUR20, increased

within 1 to 4 h of TCP4 induction (Figures 3B and 3C), suggesting

that TCP4-induced YUC5 elevated the auxin level in the

jaw-D;ProTCP4:mTCP4:GR seedlings. The levels of YUC5

andPIN3werealsoelevated inanotherTCP4gain-of-function line,

ProTCP4:TCP4:VP16, in which an activated form of TCP4 is

expressed under its endogenous promoter (Sarvepalli and Nath,

2011b) (Figures 3D). By contrast, YUC5 and PIN3 levels were

reduced in tcp loss-of-function mutants, including jaw-D (Figure

3D; Supplemental Figure 5), implying that TCPs are required

and sufficient to promote their targets involved in auxin synthesis

and response.

Transcripts of several genes required for cell expansion also

increased upon TCP4 induction (Supplemental Tables 1 and 2 and

Supplemental Figures 6A to 6C), the prominent ones among

them being PRE1 and SAUR genes. The Arabidopsis genome

encodes sixPREmembers (PRE1 toPRE6), amongwhichPRE1, 5,

and 6 are direct targets of the BR response protein BZR1 (Oh et al.,

2012). RT-qPCR validation showed that the PRE1 transcript level

increased ;3-fold within 2 h of TCP4 induction, then declined

slightly and stabilized (Figure 3E). Expression ofPRE1, 5, and 6 and

SAUR15 (another BZR1 target) (Oh et al., 2012) increased in

ProTCP4:TCP4:VP16 seedlings and that of PRE1 and SAUR15

decreased in jaw-D (Figure 3F), showing that TCP4 activates the

BZR1-mediated transcriptional network responsible for cell ex-

pansion. However, transcript levels of BR biosynthetic genes

(DET2) and BR-response transcription factors (BZR1, BES1, and

BEH1-4) remained unaltered when TCP activity was perturbed in

Figure 2. Altered Auxin and BR Responses of TCP4-Induced Hypocotyl Elongation.

(A) Seven-day-old jaw-D;ProTCP4:mTCP4:GR seedlings grown without (M, Mock) or with 12 mM DEX in the presence of 2 mM GA3, 0.5 mM PPZ, 0.4 mM

epiBL, or 1 mM PIC (2 indicates no chemicals).

(B) Average hypocotyl lengths of the seedlings shown in (A) (n = 10 to 15).

(C) Relative hypocotyl lengths of 7-d-old seedlings grown in the presence of 12 mM DEX and various concentrations of GA3.

(D) and (E) Eight-day-old Pro35S:mTCP4:GR seedlings (D) and their hypocotyl lengths (E) grown without (M, Mock) or with 12 mMDEX in the presence of

0.5 mM PPZ.

(F) Relative hypocotyl lengths of 7-d-old seedlings grown in the presence of 12 mM DEX and various concentrations of epiBL.

(G) Relative hypocotyl lengths of 7-d-old Pro35S:mTCP4:GR seedlings grown without (Mock) or with 12 mM DEX and various concentrations of PIC.

Bars = 2mm in (A) and 1mm in (D). Error bars indicate SD. Asterisk indicates P < 0.05; ns indicates not significant. An unpaired Student’s t test was used to

assess significance. In (C) and (F), jaw-D;GR denotes jaw-D;ProTCP4:mTCP4:GR seedlings.
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jaw-D or ProTCP4:TCP4:VP16 seedlings (Supplemental Figure

6B). Taken together, these results show that TCP4 promotes the

expression of genes involved in auxin biosynthesis and the

auxin/BR-responsive genes.

YUC5 Is a Direct Target of TCP4

Since YUC5 expression was upregulated within an hour of TCP4

induction (Figure 3C), we examinedwhetherYUC5 is a direct target

of TCP4. Induction of TCP4 increasedYUC5, but notPRE1, even in

the absence of protein synthesis (Figures 4A and 4B), suggesting

that TCP4 directly promotes YUC5 transcription. Sequence anal-

ysis of theYUC5 locus yielded four TCP4bindingmotifs (BS1-BS4;

Figure 4C) (Schommer et al., 2008). Recombinant TCP4D3-MBP

protein, a fusion between the TCP4 DNA binding domain and

maltose binding protein tag (Aggarwal et al., 2010), strongly and

specifically retarded synthetic oligonucleotides corresponding to

BS2, but not to other motifs in the electrophoretic mobility shift

assay (Figure 4D). Induction of TCP4 resulted in increased DNA

accessibility at the YUC5 locus in the chromatin context compared

with themock control (Supplemental Figure 7), as estimated by the

FAIRE (formaldehyde-assisted isolation of regulatory element)

experiment (Simonetal., 2012;Omidbakhshfardet al., 2014). Taken

together, these results strongly suggest that TCP4 brings about

changes in the chromatin of theYUC5 locus, possibly by binding to

the upstream regulatory sequences directly, and promotes its

transcriptional activity within hours of its induction.

Further, the transcriptional activity of a 1.9-kb fragment

corresponding to the YUC5 upstream region (Robert et al.,

2013) that included the BS2 cis-element, was reduced in

jaw-D;ProTCP4:mTCP4:GR X ProYUC:GUS seedlings com-

paredwithCol-0XProYUC5:GUS, asestimatedbyaGUSreporter

assay under noninductive conditions (Figure 5A). However,

GUS activity of the jaw-D;ProTCP4:mTCP4:GR X ProYUC5:GUS

seedlings was restored to normal levels when TCP4 was induced

(Figure 5A). These results, together with the data shown in Figure

3, provide biochemical evidence that TCP4 directly promotes the

level of YUC5 transcript in Arabidopsis seedlings.

TCP4 Induces the YUC-Dependent Auxin Response

in Seedlings

Increased YUC5 transcript elevates endogenous auxin levels

(Woodward et al., 2005), which can bemonitored by analyzing the

Figure 3. TCP4 Upregulates Auxin- and BR-Responsive Genes.

(A) Venn diagram of global transcriptome analysis of 9-d-old jaw-D;ProTCP4:mTCP4:GR seedlings treated with 12 mM DEX for 2 or 4 h.

(B) Genevestigator database (https://genevestigator.com/gv/) analysis showing that the auxin-related genes that were altered in the microarray of

jaw-D;ProTCP4:mTCP4:GR plants largely overlapped with the previously reported transcriptome profiles of IAA-treated and naphthaleneacetic acid

(NAA)-treated seedlings. The top 14 correlated transcriptome profiles of IAA/NAA-treatedmicroarrays are shown. The original Genevestigator -generated

figure is provided in Supplemental Figure 4.

(C) to (F) Relative transcript levels of the indicated genes determined by RT-qPCR analysis in 9-d-old jaw-D;ProTCP4:mTCP4:GR seedlings treated with

12 mMDEX for the given durations ([C] and [E]) or of the indicated genotypes ([D] and [F]). TCP4:VP16 denotes ProTCP4:TCP4:VP16 plants. All transcript

levelswerefirst normalized toPP2A/TUB2 transcripts and then the test sampleswere comparedwith the respective controls. Error bars indicate SD. Asterisk

indicates P < 0.05; ns indicates not significant. An unpaired Student’s t test was used. Averages from three independent biological samples are shown.
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activity of the synthetic ProDR5:GUS construct in transgenic

plants (Sabatini et al., 1999). Consistent with elevated YUC5

(Figures 3 and 5A), TCP4 induction increased ProDR5:GUS ac-

tivity in the jaw-D;ProTCP4:mTCP4:GR;ProDR5:GUS seedlings

(Figures 5B and 5F), suggesting that TCP4 induces the auxin

response inplanta. To test whether the elevated auxin response

is dependent on YUC5, we established a yuc5 mutant line in

which the gene was disrupted by an insertion of a large T-DNA

cassette 295 bp upstream of the predicted translation start

site (Figure 4C; Supplemental Figure 8A). RT-PCR analysis

showed that YUC5 transcript level was not abolished in yuc5

(Supplemental Figure 8B), suggesting that the T-DNA insertion

did not completely disrupt the locus. Furthermore, even

though TCP4 induction increased YUC5 transcript level in the

jaw-D;ProTCP4:mTCP4:GR plants (Figure 3C), it failed to do so

when the upstream region of YUC5 was disrupted by the TDNA

insertion in the jaw-D;ProTCP4:mTCP4:GR;ProDR5:GUS;yuc5

seedlings (Figure 5E; Supplemental Table 3), suggesting that

the presence of the T-DNA cassette between the BS2 element

and YUC5 coding region interferes with transcriptional acti-

vation by TCP4.

The above results provide some evidence that TCP4 directly

promotesYUC5 transcription. However, the yuc5mutation failed to

eliminate the TCP4-induced ProDR5:GUS activity and hypocotyl

elongation in the jaw-D;ProTCP4:mTCP4:GR;ProDR5:GUS;yuc5

seedlings (Figures 5C and 5D), pointing to a YUC5-independent

effect of TCP4 on modulating the auxin response, possibly via

otherYUChomologs. Indeed, TCP4 induction increased the level of

YUC2 and YUC8 transcripts, in addition to YUC5 (Figure 5E).

Moreover, previousmicroarray experiments showed that YUC2, 5,

and 8 levels are reduced in TCP loss-of-function mutants and in-

creased in the gain-of-function lines (Supplemental Figure 9). TCP4

induction barely increased YUC2 and failed to activate YUC8 in

the absence of protein synthesis (Figure 4B), indicating that the

activation of YUC2/8 by TCP4 is indirect. Recent studies

demonstrated that jasmonic acid (JA) signaling upregulates

YUC genes and increases endogenous auxin levels (Cai et al.,

2014). It is already known that TCP4 promotes JA biosynthesis

and response (Supplemental Figure 6C and Supplemental

Table 1) (Schommeretal., 2008), suggestingamechanisticbasisof

TCP4-induced YUC2/8 activation in jaw-D;ProTCP4:mTCP4:GR

seedlings.

The action of the YUC-encoded flavin monooxygenases in the

tryptophan-dependent auxin biosynthesis pathway is preceded

by a key step catalyzed by tryptophan aminotransferase TAA1,

which can be inhibited by the small molecule L-kynurine (L-kyn)

(He et al., 2011). To assess the contribution of YUC genes to

TCP4-induced hypocotyl elongation, we measured the length

of DEX-induced Pro35S:mTCP4:GR hypocotyls in the pres-

ence of L-kyn. Application of L-kyn inhibited GUS activity in the

jaw-D;ProTCP4:mTCP4:GR;ProDR5:GUS cotyledons in the

mock condition (Figure 5F). When TCP4 was induced with DEX,

addition of L-kyn markedly reduced GUS activity (Figure 5F),

suggesting that the elevated auxin response upon TCP4 in-

duction is primarily mediated by the YUC genes. The residual

GUS activity in the presence of L-kyn can be explained by the

YUC-independent effect of TCP4, perhaps mediated by JA

(described above) (Cai et al., 2014). After downregulation of the

auxin response, application of L-kyn reduced the TCP4-induced

increase in hypocotyl elongation in Pro35S:mTCP4:GR seed-

lings in a dose-dependent manner (Figure 5G), suggesting that

TCP4 is dependent on the YUC-mediated auxin response in

promoting hypocotyl elongation. Taken together, these results

Figure 4. TCP4 Directly Upregulates YUC5.

(A) Relative transcript levels determined by RT-qPCR analysis of 9-d-old

jaw-D;ProTCP4:mTCP4:GR seedlings treatedeitherwith40mMCHXalone

or with a combination of 40 mM CHX and 20 mM DEX (CHX DEX) for 4 h.

(B) RT-qPCR analysis of the relative transcript levels in 9-d-old

Pro35S:mTCP4:GR seedlings treatedwith 40 mMCHXorCHXplus 20mMDEX

for4h.Transcript levelswerefirstnormalizedtoPP2A ([A]and [B])andcompared

with the level with only CHX treatment (Con). For both (A) and (B), error bars

indicate SD. Asterisk indicatesP<0.05; ns indicates not significant. Anunpaired

Student’s t test was used. Averages from biological triplicates are shown.

(C) Schematic representation of the YUC5 genomic region and the four

predicted TCP4bindingmotifs (BS1 toBS4) in the upstream region (black line)

and coding region (gray box) of the locus. Arrow indicates the predicted trans-

lation start site. The triangle indicates the T-DNA insertion site in the yuc5 line.

(D) Electrophoreticmobility shift assaygel showing retardation of radiolabeled

oligonucleotidescontainingBS1-BS4 (shown in [C]) by recombinantTCP4D3-

MBPprotein. The+and the2symbols show thepresence and theabsenceof

the indicatedcompounds, respectively.A250-fold (leftpanel)or25- to150-fold

(right panel) higher concentration of unlabeled oligonucleotides was used as

competitors. Anti-MBP antibody was used for the super shift reactions.
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demonstrate that TCP4 induces YUC2/5/8 transcription and the

auxin response.

TCP4-Mediated Hypocotyl Growth Requires Genes Involved

in the Auxin and BR Responses

Activation of multiple YUC genes by TCP4 poses a technical

challenge to genetically test whether TCP4-induced hypocotyl

cell elongation isdependenton theauxin response.Toovercome

this, wemonitored the effect of TCP4on hypocotyl elongation by

blocking the auxin response in shy2-2 seedlings, in which the

auxin response is blocked due to the inactivation of IAA3/SHY2-

targeted ARF proteins, notably ARF6/8 (Oh et al., 2014). The

shy2-2 mutation completely suppressed the TCP4-induced

elongation of jaw-D;ProTCP4:mTCP4:GR X shy2-2 hypocotyls

(Figures 6A and 6B), even though higher YUC5 levels were

maintained in these F1 plants (Figure 6C). These results suggest

that TCP4-mediated cell elongation requires the auxin re-

sponse and possibly involves auxin-induced degradation of

IAA3 and the resulting release of ARF6/8 from repression. We

further testedwhether the activation of ARF6/8 byTCP4 requires

the BR response using mutants defective in either BR synthe-

sis (det2-1) (Noguchi et al., 1999) or signaling (bri1-6) (Li and

Chory, 1997). TCP4 induction was unable to promote hypo-

cotyl elongation when either BR biosynthesis was reduced in

the jaw-D;ProTCP4:mTCP4:GR;det2-1 seedlings or BR sig-

naling was impaired in the jaw-D;ProTCP4:mTCP4:GR;bri1-6

mutant (Figures 7A and 7B). Conversely, the dominant bzr1-1D

mutation that suppresses the BR-deficient phenotype (Wang

et al., 2002) significantly enhanced TCP4-induced elongation

of jaw-D;ProTCP4:mTCP4:GR;bzr1-1D hypocotyls (Figures

7A to 7C). The bzr1-1Dmutation also restored TCP4-mediated

hypocotyl growth, even when BR synthesis was inhibited

by PPZ (Figures 7D and 7E). These results demonstrate that

TCP4 requires both auxin-mediated activation of ARF6/8 and

BR-mediated activation of BZR1 for hypocotyl elongation,

consistent with coordination between the signaling pathways

of these two major hormones (Oh et al., 2014).

The PRE and SAUR families of genes are direct downstream

targets of ARF6-BZR1 heterodimer and their activation serves as

a readout of ARF6-BZR1 function (Oh et al., 2014). Induction of

TCP4 activatedPRE1,PRE6, andSAUR15 expression, alongwith

Figure 5. TCP4 Induces the YUC-Dependent Auxin Response.

(A) and (B) GUS reporter analysis of 6-d-old seedlings grown without (Mock) or with 12 mM DEX. jaw-D;GR denotes the jaw-D;ProTCP4:mTCP4:GR

genotype.

(C) Average hypocotyl length of 7-d-old seedlings grown with or without 12 mM DEX. Error bars indicate SD.

(D) GUS analysis of 6-d-old seedlings grown without (Mock) or with 12 mM DEX.

(E)Relative transcript levels determinedbyRT-qPCRanalysis in 5-d-old seedlings (transcript abundances areprovided inSupplemental Table 3).Mock and

DEX indicate the absence andpresence of 12mMDEX, respectively. All transcript levelswere first normalized toPP2A transcripts and then the test samples

were comparedwith the respective controls. Error bars indicate SD. Asterisk indicatesP <0.05; ns indicates not significant. An unpairedStudent’s t test was

used. Averages from three independent biological samples are shown.

(F)GUSanalysis of representative cotyledon tips from6-d-old seedlings grownonmediumcontaining the indicated chemicals; 12mMDEXand20mM L-kyn

were used.

(G)Hypocotyl length analysis of 8-d-old Pro35S:mTCP4:GR seedlings grown onmedium containingmock (gray filled circle) or DEX (black circles) with the

indicated concentrations of L-kyn. Error bars indicate SD. Bars in (A), (B), and (D) = 1 mm.
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twoother BRdownstreammarkers,ACS5 and IAA19 (Bai et al.,

2012b) (Figure 3F; Supplemental Table 2). However, their

activation was significantly reduced in the DEX-induced

jaw-D;ProTCP4:mTCP4:GR seedlings when BZR1 activation

was inhibited by adding PPZ (Figure 7F) or in the DEX-induced

jaw-D;ProTCP4:mTCP4:GR X shy2-2 seedlings (Figure 6D), in

which ARF6/8 function is repressed. These results demon-

strate that TCP4 requires both ARF6 and BZR1 for activating

downstream cell expansion genes.

TCP4-mediated hypocotyl elongation was much reduced in

the jaw-D;ProTCP4:mTCP4:GR;pre-amiR seedlings (Figures 8A

and 8B), in which PRE1, 2, 5, and 6 are simultaneously down-

regulated due to overexpression of an artificial microRNA de-

signed to degrade thesePRE transcripts (Oh et al., 2012). On the

other hand, overexpression of PRE1 markedly increased hy-

pocotyl length in Col-0 (Bai et al., 2012a) and in jaw-D;ProTCP4:

mTCP4:GR;PRE1-OX seedlings under noninductive conditions,

and TCP4 induction failed to promote further hypocotyl elon-

gation (Figures 8A and 8B), demonstrating that the PRE genes

are epistatic to TCP4.

DISCUSSION

Cell expansion is a key event during organ morphogenesis and

contributes substantially to growth and developmental plasticity

in plants. It has been demonstrated that hormone responses

and downstream transcription factors coordinately regulate cell

size depending on developmental and environmental cues

(Lau and Deng, 2010; Depuydt and Hardtke, 2011). While the

molecular mechanisms mediating the environmental regula-

tion of cell growth have been studied extensively (Bai et al.,

2012a, 2012b; Oh et al., 2012, 2014), the endogenous factors

that regulate this process during development are poorly un-

derstood. The TCP class of transcription factors regulates

multiple developmental aspects in plants, including leaf mor-

phogenesis, senescence, plant architecture, and circadian

rhythm (Martín-Trillo and Cubas, 2010). The primary function of

the class II TCP transcription factors is to promote differentiation

during organ morphogenesis (Nath et al., 2003; Efroni et al.,

2008; Koyama et al., 2010; Sarvepalli and Nath, 2011b). Even

though several direct targets of these TCP proteins have been

identified, the molecules that mediate TCP-induced cell differ-

entiationarenot known,primarilydue to twomajor reasons.First,

there is extensive functional redundancy among the class II TCP

proteins, which makes their loss-of-function analysis difficult

(Efroni et al., 2008; Koyama et al., 2010). Second, the gain-of-

function analysis of TCP genes (Sarvepalli and Nath, 2011b)

has been limited by embryonic lethality when miR319-resistant

TCP transcripts are expressed even under endogenous pro-

moters (Palatnik et al., 2003). To overcome these limitations,

we expressed dexamethasone-inducible, miR319-resistant TCP4

in the jaw-D background, in which miR319-targeted TCP tran-

scripts are much reduced.

Even though the major loss-of-function phenotypes of class II

TCP genes are apparent in leaves, their gain-of-function effect

on cell differentiation and maturity is seen throughout the plant

(Sarvepalli and Nath, 2011b). TCP4 has been shown to repress

cell proliferation to a certain extent in Arabidopsis leaves by

directly promoting the cell cycle inhibitor ICK and the microRNA

miR396, which degrades the transcripts of several GROWTH

REGULATING FACTOR genes (Schommer et al., 2014). How-

ever, the direct effect of TCP proteins on cell expansion and

maturity has not been observed in leaves. This is possibly be-

cause cell proliferation and expansion take place concomitantly

in growing leaves and a loss in one is readily compensated by

a gain in the other (Hisanaga et al., 2015). Therefore, the direct

effect of TCP4 proteins on cell differentiation should perhaps

be studied in organs in which cell expansion takes place in the

absence of proliferation, such as hypocotyls (Gendreau et al.,

1997). Loss of class II TCP function indeed shows reduced

hypocotyl cell length, whereas their gain of function shows an

increase in hypocotyl cell length (Figure 1), suggesting that TCP

proteins directly promote hypocotyl cell expansion. To examine

whether these TCP genes are expressed in hypocotyls, we

analyzed their transcript levels in 27 independent transcriptome

data sets accessed from the publicly available microarray

database using Genevestigator software. The analysis indi-

cated that these TCP genes are expressed in the hypocotyl to

differing levels, with TCP2 and 24 being the most abundant

Figure 6. TCP4-Induced Hypocotyl Elongation Requires Auxin Signaling.

(A) and (B) Seven-day-old seedlings grown without or with 12 mMDEX (A)

and their hypocotyl lengthsaveraged from10 to12seedlings (B). jaw-D;GR

denotes the jaw-D;ProTCP4:mTCP4:GR genotype. Bar in (A) = 2 mm.

(C) Relative transcript level of YUC5 determined by RT-qPCR analysis in

10-d-old seedlings of the indicated genotypes grown without (Mock) or

with 12 mM DEX.

(D) Relative transcript levels of the indicated genes determined by

RT-qPCR analysis in 10-d-old seedlings of the indicated genotypes grown

without (Mock) or with 12 mM DEX. Averages from three independent bi-

ological samples are shown in (C) and (D). Transcript levels were first

normalized to PP2A/TUB2 and then the test samples were compared with

the respective controls (Mock). Error bars indicate SD; asterisk indicatesP<

0.05; an unpaired Student’s t test was used.

2124 The Plant Cell

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/2
8
/9

/2
1
1
7
/6

0
9
8
3
2
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://www.plantcell.org/cgi/content/full/tpc.16.00360/DC1


(Supplemental Figure 10). However, it is possible that theTCP4-

induced hypocotyl elongation is also caused by the systemic

effect of increased auxin in the cotyledons and young leaf

primordia (Figure 5), in addition to hypocotyl-specific TCP4.

TCP function has been associated with the biosynthesis and

response pathways of several hormones in various species, in-

cluding Arabidopsis. The class I TCP proteins TCP14 and TCP15

promote the cytokinin response by physically interacting with

SPINDLY (Steiner et al., 2012).Bycontrast, theclass II TCPprotein

TCP4 inhibits cytokinin signaling by directly promoting the ex-

pression of the type B response regulator ARR16 (Efroni et al.,

2013). Furthermore, TCP4 increases the level of jasmonic acid by

directly activating the LOX2 gene, which encodes an enzyme

required for the rate limiting step in JA biosynthesis (Schommer

et al., 2008). The class II TCP protein TCP1 of Arabidopsis in-

creases the BR level by directly activating DWARF4, which

encodes a key enzyme in BR biosynthesis (Guo et al., 2010).

Here, we demonstrate that TCP4, possibly along with other

class II TCP homologs, directly promotes the transcription of the

auxin biosynthesis gene YUC5 (Figure 4) and induces the auxin

response in planta (Figure 5). Overexpression of YUC genes

promotes the endogenous auxin level, but their single loss-of-

function mutants do not show any phenotypic difference and do

not alter the endogenous auxin level due to functional redundancy

(Cheng et al., 2006, 2007). Based on the analysis of ProDR5:GUS

activity and expression of several auxin-responsive genes

(Figures 3B, 3C, and 5B), we propose that TCP4 induction in-

creases the endogenous auxin level, which then releases the

IAA3-mediated repression of ARF6/8 transcription factors to

promotehypocotyl cell elongation (Vernouxet al., 2011;Ohet al.,

2014). Plantswith lossof functionofARF6/8or gain of functionof

IAA3 show decreased hypocotyl elongation and are insensitive

to auxin and BR signaling (Tian and Reed, 1999; Oh et al., 2014).

We show here that TCP4 induction is also unable to promote

hypocotyl growth in the absence of an auxin response in the

shy2-2 lines or in the presence of L-kyn (Figures 5G and 6), an

inhibitor of YUC-mediated auxin biosynthesis (He et al., 2011),

suggesting that TCP4 promotes hypocotyl cell growth by pro-

moting YUC expression and the auxin response. It was pre-

viously demonstrated that TCP4 is involved in reducing the

transcription of ARF6/8 by upregulating miR167 transcription in

the context of floral organ maturation (Rubio-Somoza and

Weigel, 2013). Together, these findings suggest that the regu-

lation of ARF6/8 at multiple levels constitutes an important

aspect of the TCP4-mediated regulation of organ growth.

It is interesting to note that TCP3 transcriptionally activates

the expression of IAA3 and negatively regulates the auxin re-

sponse in planta (Koyama et al., 2010; Li and Zachgo, 2013).

Conversely, TCP4 promotes the auxin-induced degradation of

IAA3 protein, indicating that the miR319-targeted TCP genes

Figure 7. TCP4-Induced Hypocotyl Elongation Is Dependent on BR Signaling.

(A) and (B) Seven-day-old seedlings grown without (M) or with 12 mMDEX (A) and their hypocotyl lengths averaged from 12 to 15 seedlings (B). jaw-D;GR

denotes the jaw-D;ProTCP4:mTCP4:GR genotype.

(C) Relative increase in hypocotyl length upon DEX induction over mock.

(D)and (E)Seven-day-old seedlings (D)and their averagehypocotyl lengths (E)of the indicatedgenotypesgrownwithorwithout12mMDEX in thepresence

of 250 nM PPZ. n = 10 to 12.

(F)Relative transcript level in 5-d-old jaw-D;ProTCP4:mTCP4:GR plants grown onmedium supplementedwith 12 mMDEX and/or 0.5 mmPPZ. Transcript

levels were normalized to PP2A. n = 3.

Bars = 2 mm in (A) and 1 mm in (D). Error bars indicate SD; asterisk indicates P < 0.05. An unpaired Student’s t test was used.
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maintain auxin homeostasis in different developmental aspects

of plant growth. In contrast to TCP4, overexpression of the

class I TCPprotein TCP15 leads to a downregulation ofYUC1/4

transcripts and the auxin response (Lucero et al., 2015), con-

sistent with a proposed opposite effect of the class I and class II

TCP proteins on organ growth (Li et al., 2005; Martín-Trillo and

Cubas, 2010).

Interestingly, JA also promotes auxin biosynthesis by inducing

ETHYLENE RESPONSE FACTOR 109, which in turn directly

promotes the transcription of the auxin biosynthetic genes

ANTHRANILATE SYNTHASE ALPHA SUBUNIT1 and YUC2,

thereby inducing the accumulation of bioactive auxin in planta

(Cai et al., 2014). JA also induces YUC8/9 expression by unknown

mechanisms (Hentrichet al., 2013). TheYUCproteins redundantly

catalyze a rate-limiting step in the tryptophan-dependent auxin

biosynthetic process (Zhao et al., 2001; Cheng et al., 2006;

Mashiguchi et al., 2011; Mano and Nemoto, 2012). Besides YUC,

several other genes, including AUX1/2, IAAM, and CYP79B2,

also promote auxin production in a tryptophan-dependent and

YUC-independent manner (Mashiguchi et al., 2011; Mano and

Nemoto, 2012). Recent reports have also identified a tryptophan-

independent mechanism for auxin biosynthesis (Wang et al.,

2015). We observed that TCP4-inducedProDR5:GUS expression

was not completely abolished in the presence of L-kyn (Figure 5F),

suggesting that TCP4 promotes auxin biosynthesis in a YUC-

independentmanner aswell, perhapsby inducingJAbiosynthesis

(Figure 8C).

Mutants deficient in BR and GA share common phenotypic

defects, such as dwarf stature, smaller leaves with dark green

color, and smaller hypocotyls and petioles (Clouse et al., 1996;

Choe et al., 2001; Li et al., 2001; Oh et al., 2011). GA induces

proteasome-mediated degradation of the GRAS domain-

containing GA response repressors, DELLA proteins, and re-

leases many transcription factors, including ARFs and BZR1,

from their repressed state (Sun, 2011; Bai et al., 2012b; Oh

et al., 2014). Even though TCP-mediated hypocotyl growth

did not show an observable response to GA in our growth

conditions, TCP4 triggered the activation of the ARF-BZR1

module, which is the major downstream target in GA-induced

hypocotyl elongation (Bai et al., 2012b; Oh et al., 2014). Hence,

we cannot ignore the possibility that GA has an indirect role

in TCP-mediated hypocotyl elongation. Earlier reports have

connected TCP function to GA in various plant species in-

cludingArabidopsis (Yanai et al., 2011; Steiner et al., 2012). It is

interesting to note that PRE1 was initially identified as a sup-

pressor of paclobutrazol (Lee et al., 2006), a GA biosynthesis

inhibitor, and our molecular and genetic experiments show

that the PRE genes are epistatic to TCP4 in promoting cell

expansion (Figure 8).

Plants expressing the dominant form of BZR1, bzr11-1D, show

rather a mild decrease in hypocotyl length and other BR-deficient

phenotypes in the presence of light (Wang et al., 2002). These

effects are complemented when the plants are treated with ex-

ternal BR or auxin (Oh et al., 2014). We observed that TCP4 in-

ductionalsoenhancedhypocotyl growth inbzr1-1Dplants, similar

to external auxin treatment (Figures 7A to 7C). Environmental cues

such as light and temperature also regulate cell expansion during

hypocotyl morphogenesis by triggering the PIF subclass of the

canonical bHLH transcription factors (Sun et al., 2012). PIF4 di-

rectly promotes YUC8 expression and also physically interacts

with ARF6 and BZR1 to induce the molecules that cause cell

expansion, including PRE and SAUR genes (Figure 8C) (Oh et al.,

2012, 2014). Our study shows that the TCP-mediated de-

velopmental signal converges on the environmental signal

pathway at the level of auxin production and uses the common

ARF-BZR1 central circuit to regulate cell elongation (Figure 8C).

It remains to be seen whether light and temperature also in-

fluence the TCP pathway at the upstream level or whether TCP

modulates the environmental pathway by physically interacting

with its constituent member proteins, such as PIF, BZR, and

ARF, as observed in TCP4-mediated regulation of leaf com-

plexity (An et al., 2011).

Figure 8. TCP4 Requires PRE Genes for Hypocotyl Elongation.

(A)Seven-day-old seedlingsgrownwithout (M) orwith 12mMDEX (left) and

their hypocotyl lengths averaged from 10 to 12 seedlings (right). jaw-D;GR

denotes the jaw-D;ProTCP4:mTCP4:GR genotype. Bar = 2mm. Error bars

indicate SD.

(B)Schematics of a proposedpathwayofmiR319-targetedTCP-mediated

regulation of hypocotyl cell elongation. Both the TCP-mediated de-

velopmental signal (shade of blue) and PIF-mediated environmental signal

(shade of pink) converge on YUC-dependent auxin biosynthesis (shade of

violet). TCP4 isenlargedand inbold, since its contributionwas investigated

in greater detail in this study. The resulting auxin response utilizes the

common central circuit ARF-BZR1 (shown in a box) to activate the

downstream regulators (such asPRE andSAUR) to promote hypocotyl cell

elongation. Red arrows indicate direct transcriptional activation, black

arrows indicate the direct/indirect influence of the downstream mecha-

nism, the T-bar indicates transcript degradation, and the double-sided

arrow indicates protein-protein interaction.
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METHODS

Plant Materials

All the genotypes are in theCol-0 background, except for bri1-6, which

is in the En-2 background. The mutant lines tcp2-1 (SAIL 562-D05),

tcp4-2 (GABI_363408), tcp10-2 (SALK_050423), det2-1 (CS6159),

bri1-6 (CS399), and yuc5 (CS847308) were obtained from the ABRC

(http://arabidopsis.org/). The ProDR5:GUS, shy2-2, bzr1-1D, jaw-D,

ProTCP4:TCP4:VP16, PRE1-OX, pre-amiR, and ProYUC5:GUS lines

were previously reported (Sabatini et al., 1999; Tian and Reed, 1999;

Wang et al., 2002; Palatnik et al., 2003; Sarvepalli and Nath, 2011b; Bai

et al., 2012a; Oh et al., 2012; Robert et al., 2013). The ProTCP4:mTCP4:GR,

Pro35S:mTCP:GR, and Pro35S:TCP4:GR lines were established in the

Col-0 background, and ProTCP4:mTCP4:GR was established in the

indicated mutant backgrounds by crossing in the F3/F4 generation.

Establishment of DEX-Inducible TCP4 Transgenic Lines

The TCP4 open reading frame was amplified using the forward primer 59-

ATCATGTCTGACGACCAATTCCATCACC-39 and the reverse primer 59-

CGGGATCCCGATGGCGAGAAATAGAGGA-39, Pfu DNA polymerase,

and Col-0 cDNA, and fused in frame to the rat glucocorticoid receptor,

as described earlier (Simon et al., 1996), and the resulting TCP4:GR

cassette was cloned into the pBSKS vector. To generate miR319-

resistant TCP4, synonymous mutations were introduced in TCP4

by inverse PCR (Palatnik et al., 2003) using the forward primer 59-

CCCTTGCAAAGTAGCTACAGTCCCATGATCCGTGCTTGG-39 and the

reverse primer 59-GTAGCTACTTTGCAAGGGACCCCTCTGAGAATA-

CAGCTGTTGGC-39. The resulting construct was namedmTCP4:GR-KS.

In parallel, a 2.16-kb-long genomic fragment corresponding to the TCP4

upstream region (ProTCP4) including the 59 untranslated region was

amplified from genomic DNA, cloned into pGEMT-Easy vector by TA

cloning according to company protocol (Promega) using the forward

primer 59-AATTGACCCTTTTCTATCATGC-39 and the reverse primer 59-

TGGTAGAGCATATTCGTCGAGA-39 and then cloned into the pCAMBIA

1390 vector (ProTCP4-pCAMBIA 1390; Cambia; http://www.cambia.org).

The mTCP4:GR fragment from mTCP4:GR-KS was cloned downstream

of ProTCP4 in the ProTCP4-pCAMBIA 1390 construct to generate

ProTCP4::mTCP4:GR inpCAMBIA1390. To generate thePro35S:mTCP4:

GR cassette, the KpnI-XbaI fragment of the mTCP4:GR-KS construct

was cloned downstream of the 35S promoter in the pHannibal vector

and the Pro35S:mTCP4:GR cassette was cloned into the pART27

vector using NotI digestion to generate the Pro35S:mTCP4:GR cas-

sette. Similarly, the TCP4:GR cassette was cloned downstream of

the 35S promoter of pHannibal and then moved into the pART27

vector to generatePro35S:TCP4:GR. TheProTCP4:mTCP4:GR,Pro35S:

mTCP4:GR, and Pro35S:TCP4:GR constructs were integrated into the

Col-0 genome by the Agrobacterium tumefaciens-mediated floral dip

method (Clough and Bent, 1998).

Plant Growth Conditions and DEX Induction

Seeds were surface sterilized with 0.05% SDS dissolved in 70% ethanol for

10 min and washed two to three times with 100% ethanol. DEX stock

(25 mM) was prepared in 100% ethanol and a final concentration of 12 mM

DEX was added to Murashige and Skoog medium (0.53MS salts [Sigma-

Aldrich] supplemented with 0.8% phytagel and 1% sucrose) before

pouring onto plates. Ethanol (0.04%) was added to the control plates

and seeds were stratified for 3 d in darkness and then shifted to the

growth room. For long-term DEX induction, 10-d-old seedlings were

transplanted to DEX- or ethanol-treated soil and sprayed with DEX

(12 mM) or ethanol (0.04%) on alternate days for 37 d. All the experiments

were performed in long-day conditions (16 h white light [120 mmol/m2s]/8 h

darkness) at 22°C, unless mentioned otherwise. Cyclohexamide (CHX)

treatment was performed by transferring 9-d-old seedlings, without

damaging the root, fromMS agar medium to liquid MSmedium (0.5%MS

salts, 1% sucrose, and 13 vitamins; Sigma-Aldrich), which was supple-

mentedwitheither40mMCHX (control) or 40mMCHXand20mMDEX (test).

GUS Assay

GUS assays were performed as described earlier (Sessions et al., 1999;

Karidas et al., 2015). Samples were collected in ice-cold 90% acetone,

incubated at room temperature for 30 min, followed by washing with

staining buffer (50 mM sodium phosphate, pH 7.0, 0.2% Triton X-100,

5mMpotassium ferrocyanide, and 5mMpotassium ferricyanide). Fresh

staining buffer was added along with 2 mM X-Gluc and vacuum in-

filtrated for 30 min followed by incubation at 37°C. Staining buffer was

replaced with 70% ethanol and samples were further cleared in choral

hydrate:water:glycerol (8:2:1) solution, followed by mounting on glass

slides. Samples were observed using an Olympus BX51 trinocular

microscopefittedwith aProgResC3camerausingProgResCapturePro

2.6 software.

Phytohormone Sensitivity and Hypocotyl Length Analysis

The phytohormone sensitivity assay was performed as described earlier

(Bai et al., 2012b; Oh et al., 2012). The indicated concentrations of GA3,

epiBL, PPZ, L-kyn, and PIC were mixed with MS agar media before

pouring onto plates. After the medium solidified, seeds were spotted on

the plates with equal spacing with autoclaved toothpicks. Sown seeds

were stratified for 3 d in darkness at 4°C and shifted to a plant growth

chamber and kept vertically under long-day conditions at 22°C. Hypo-

cotyls were photographed on the 7th or 8th day using a digital camera

(Canon) and their lengths were measured using ImageJ software

(rsbweb.nih.gov/ij/).

Microarray Experiments

Total RNA sampleswere isolated by the Trizol (Sigma-Aldrich)method

from9-d-old jaw-D;GR seedlings treatedwith DEX ormock for 2 or 4 h.

After DNase I treatment, the quality of phenol-chloroform-purified

RNA samples was assessed using an Agilent Bioanalyzer. RNA

samples were labeled with single-color dye (Cy3), hybridized on a 83

60 K Arabidopsis Agilent microarray chip, and the intensity of the

spots was measured and normalized according to company speci-

fications (Agilent Technologies). Genes that underwent expression

changes of $1.5-fold were considered to be up/downregulated

(Supplemental Data Set 1). Differentially regulated genes were compared

with existing TCP4 microarray data using the Genevestigator database

(https://www.genevestigator.com/gv/) to identify common, differentially

expressed genes.

RT-PCR Analysis

Total RNAwas isolated fromplant samples using the Trizolmethod and

1.5 mg of RNA was converted to cDNA using Revert Aid M-MuLV re-

verse transcriptase (Fermentas), according to the manufacturer’s

instructions. PCR reactions (20 mL) were performedwith the respective

primers (Supplemental Data Set 2) and 33 ng of cDNA was used as

template. PCR products were visualized on an ethidium bromide-

stained 1% agarose gel after 30 to 33 cycles of amplification. The PCR

programwas set as follows: denaturation at 94°C for 30 s, annealing at

2°C above the predicted annealing temperatures, and extension at

72°C for 30 to 60 s depending on the product length. Ubiquitin was

used as an internal loading control. Each reactionwas repeated at least

two times and one representative result is shown.
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RT-qPCR Analysis

RT-qPCR was performed using a Syber Green RT-qPCR kit (KAPA

SYBR FAST qPCR kits; Kapa Biosystems) in a 10-mL reaction volume

according to the manufacturer’s protocol. Data were analyzed using

ABIPrism7900HTSDSsoftware (AppliedBiosystems) and the intensity

ratio was calculated using the equation 22DDCT. Primer sequences are

provided in Supplemental Data Set 2.

Electrophoretic Mobility Shift Assay

Oligonucleotides were end-labeled with [g-32P]ATP using T4 polynucleotide

kinase (Thermo Fisher Scientific). The binding reaction was performed in

a 15-mL reaction volume containing oligonucleotide probe, 13binding buffer

(20 mM HEPES-KOH, pH 7.8, 100 mM KCl, 1 mM EDTA, 0.1% BSA, 10 ng

herring sperm DNA, and 10% glycerol) and ;2 mg of crude recombinant

protein (in thebacterial lysate). Thebinding reactionmixturewas incubated for

30minat roomtemperatureand loadedontoan8%nativepolyacrylamidegel.

Electrophoresiswasconductedat4V/cm for 1hwith0.53TBEbuffer at room

temperature. Gels were autoradiographed using phosphor image plate

technology for 4 to 6 h. For the super shift experiment, anti-MBPmonoclonal

antibody(Sigma-Aldrich;catalognumberM6295-2ML, lotnumber122M4796)

was additionally added to the binding reaction mixture to the final dilution of

253.Listsofallprimersusedinthisstudyaregiven inSupplementalDataSet2.

FAIRE

FAIRE assays were performed as described earlier (Simon et al., 2012;

Omidbakhshfard et al., 2014) with some modifications. Ten-day-old

Pro35S:mTCP4:GR seedlings were treated with mock or 12 mM DEX for

3 h, and 2 g of tissue was fixed with formaldehyde and regulatory elements

were isolated as described (Omidbakhshfard et al., 2014). TA3was used as

an internal control and TUB2 was used as a negative control. Lists of all

primers used are given in Supplemental Data Set 2.

Statistical Analysis

Statistical significance was determined using an unpaired two-sample

Student’s t test in GraphPad Prism software version V (GraphPad Soft-

ware). The P values are indicated in the figure legends.

Accession Numbers

The Arabidopsis Information Resource (TAIR) accession numbers of the major

genes used in this study are mirR319/JAW (AT4G23713), TCP2 (AT4G18390),

TCP3 (AT1G53230), TCP4 (AT3G15030), TCP10 (AT2G31070), TCP24

(AT1G30210),LOX2 (AT3G45140),YUC5 (AT5G43890),andPRE1 (AT5G39860).

Supplemental Data

Supplemental Figure 1. DEX-induced TCP4 activity rescues jaw-D

phenotypes.

Supplemental Figure 2. Effect of TCP4 induction on hypocotyl length

in seedlings grown in darkness.

Supplemental Figure 3. Altered auxin and BR responses in TCP4-

mediated hypocotyl elongation.

Supplemental Figure 4. Genevestigator analysis of auxin-related

genes in the jaw-D;GR;ProTCP4:mTCP4:GR microarray.

Supplemental Figure 5. Genevestigator analysis of differentially ex-

pressed, auxin-related genes in the jaw-D;ProTCP4:mTCP4:GRmicroarray.

Supplemental Figure 6. Transcriptional analysis of cell expansion

genes in the mutants of TCP genes.

Supplemental Figure 7. DEX-induced TCP4 promotes YUC5 pro-

moter accessibility for transcription in vivo.

Supplemental Figure 8. Genotyping and characterization of yuc5.

Supplemental Figure 9. Genevestigator (https://genevestigator.com/gv/)

analysis of YUC1 to YUC11 expression in the mutant lines of TCP

genes.

Supplemental Figure 10. Genevestigator analysis of miR319-targetd

TCP transcripts in wild-type hypocotyl.

Supplemental Table 1. List of auxin-related genes differentially

regulated after 2 and 4 h of DEX treatment in the jaw-D;ProTCP4:

mTCP4:GR microarray.

Supplemental Table 2. List of genes known to be involved in cell

expansion and differentially expressed at 2 and 4 h of DEX induction in

the jaw-D;ProTCP4:mTCP4:GR microarray.

Supplemental Table 3. Transcript abundance of YUC genes in TCP

mutant lines.

Supplemental Data Set 1. List of genes up/downregulated upon

TCP4 induction in the jaw-D;ProTCP4:mTCP4:GR seedlings.

Supplemental Data Set 2. List of primers and oligonucleotides used

in this study.
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