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Transcriptional regulation, a core component of gene 
regulatory networks, plays a key role in controlling individual 
organism’s growth and development. To understand 
how plants modulate cellular processes for growth and 
development, the identification and characterization of 
gene regulatory networks are of importance. The SHORT-
ROOT (SHR) transcription factor is known for its role in cell 
divisions in Arabidopsis (Arabidopsis thaliana). However, 
whether SHR is involved in hypocotyl cell elongation remains 
unknown. Here, we reveal that SHR controls hypocotyl 
cell elongation via the transcriptional regulation of XTH18, 
XTH22, and XTH24, which encode cell wall remodeling 
enzymes called xyloglucan endotransglucosylase/hydrolases 
(XTHs). Interestingly, SHR activates transcription of the XTH 
genes, independently of its partner SCARECROW (SCR), 
which is different from the known mode of action. In 
addition, overexpression of the XTH genes can promote cell 
elongation in the etiolated hypocotyl. Moreover, confinement 
of SHR protein in the stele still induces cell elongation, 
despite the aberrant organization in the hypocotyl ground 
tissue. Therefore, it is likely that SHR-mediated growth is 
uncoupled from SHR-mediated radial patterning in the 
etiolated hypocotyl. Our findings also suggest that intertissue 
communication between stele and endodermis plays a role 
in coordinating hypocotyl cell elongation of the Arabidopsis 
seedling. Taken together, our study identifies SHR as a new 

crucial regulator that is necessary for cell elongation in the 
etiolated hypocotyl.

Keywords: GRAS, hypocotyl growth, SHORT-ROOT, transcrip-

tional regulation, xyloglucan endotransglucosylase/hydrolase 

INTRODUCTION

Despite their sessile nature, plants are remarkably flexible in 

their growth and development, enabling them to adapt to 

the ever-changing environmental conditions. In particular, 

hypocotyl growth, which is mainly controlled by cell elon-

gation, is influenced by various environmental signals and 

intrinsic factors (Chaiwanon et al., 2016). To understand 

how environmental stimuli and developmental programs 

coordinately regulate cellular processes for plant growth and 

development, the hypocotyl of the reference plant Arabidop-

sis (Arabidopsis thaliana) has served as a reasonably attractive 

model system (Boron and Vissenberg, 2014; Chaiwanon et 

al., 2016).

 In particular, the hypocotyl of dark-grown (etiolated or 

skotomorphogenic) Arabidopsis seedlings exhibits drastic 

cell elongation. For example, the epidermis cells in the eti-

olated Arabidopsis hypocotyl increase in length by approx-

imately 100-fold, as compared with those in the embryo 
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(Gendreau et al., 1997; Refrégier et al., 2004). It is widely 

believed that selective loosening and remodeling of cell walls 

by cell wall modifying enzymes play important roles in cell 

elongation (Chebli and Geitmann, 2017; Cosgrove, 2005; 

2016a; 2016b). Indeed, previous work demonstrated that 

overexpression of genes which encode cell wall remodeling 

enzymes such as xyloglucan endotransglucosylase/hydro-

lases (XTHs) promoted hypocotyl cell elongation of etiolated 

Arabidopsis seedlings (Miedes et al., 2013). Nonetheless, 

the relationship between upstream transcription factors and 

downstream cell wall modifying enzymes (e.g., which tran-

scription factors regulate which cell wall modifying enzymes 

for hypocotyl growth) requires further elucidation.

 The SHORT-ROOT (SHR) transcription factor is a key regu-

lator for formative and proliferative cell divisions in Arabidop-

sis roots and shoots (Benfey et al., 1993; Carlsbecker et al., 

2010; Cruz-Ramírez et al., 2012; Dhondt et al., 2010; Helar-

iutta et al., 2000; Levesque et al., 2006; Lucas et al., 2011; 

Sozzani et al., 2010). Both SHR protein and mRNA are local-

ized in the stele, but the protein moves to the adjacent cells 

(e.g., endodermis, ground tissue stem cells, and quiescent 

center) to regulate expression of target genes, indicating that 

SHR acts as a mobile transcription factor (Cui et al., 2007; 

Gallagher and Benfey, 2009; Gallagher et al., 2004; Gardiner 

et al., 2011; Koizumi et al., 2012a; 2012b; Nakajima et al., 

2001; Yoon et al., 2016). In the canonical mode of action, 

SHR acts in conjunction with its partner transcription factor, 

SCARECROW (SCR), to activate expression of downstream 

target genes (Carlsbecker et al., 2010; Cruz-Ramírez et al., 

2012; Cui et al., 2007; Dhondt et al., 2010; Gallagher et al., 

2004; Hirano et al., 2017; Koizumi et al., 2012a; 2012b; Na-

kajima et al., 2001; Sozzani et al., 2010; Yoon et al., 2016). 

In contrast to SHR localization, SCR localization is excluded 

from the stele (Di Laurenzio et al., 1996; Wysocka-Diller et 

al., 2000), thus indicating that the SCR-independent SHR 

pathway may also occur in the stele. However, this has yet to 

be verified.

 Previous studies reported that as in the root of the shr 

seedling, the hypocotyl of the etiolated shr seedling did not 

possess functional endodermis in the ground tissue, resulting 

in no response to a change in the gravity vector (Fukaki et 

al., 1998; Kim et al., 2017; Morita et al., 2007; Yoon et al., 

2016). In addition, the etiolated shr hypocotyl showed stunt-

ed growth (Fukaki et al., 1998; Yoon et al., 2016), implying 

that apart from its role in cell division, SHR may be involved 

in another growth parameter, cell elongation. However, the 

role of SHR in hypocotyl cell elongation is currently unknown.

 In this study, we employed various experimental approach-

es, including phenotypic, transcriptomic, molecular, and 

genetic analyses, to unravel the role of SHR in cell elongation. 

Overall, we reveal that SHR is necessary for cell elongation in 

the etiolated Arabidopsis hypocotyl. Genome-wide transcrip-

tome analyses allowed us to the identification of several XTH 

genes that were down-regulated in the etiolated shr hypocot-

yl. We found that SHR directly activated transcription of three 

of these differentially expressed XTH genes. Interestingly, 

unlike the known mode of action, transcriptional activation 

of these XTH genes was subject to the SCR-independent SHR 

regulation. Furthermore, we also found that confinement of 

SHR protein in the nuclei of the stele cells was able to pro-

mote cell elongation of the etiolated shr hypocotyl, despite 

the defective radial organization of the ground tissue. Taken 

together, our results provide novel and significant insights 

into the previously unknown regulatory role of SHR in the 

Arabidopsis hypocotyl.

MATERIALS AND METHODS

Plant material and growth conditions
In this study, we used the Columbia ecotype as the wild-

type (WT) control. The mutants and the transgenic lines are 

as follows: shr-2 (Benfey et al., 1993; Fukaki et al., 1998; 

Helariutta et al., 2000), shr-6 (Yu et al., 2010), scr-5 (Heo et 

al., 2011; Paquette and Benfey, 2005), ProSHR::SHR-GFP 

(Nakajima et al., 2001), xth18-1 (SALK_025862), xth22-2 

(SAIL_158_A07), and xth24-1 (SALK_005941C). We per-

formed polymerase chain reaction (PCR)-based genotyping 

to verify homozygous plants from genetic crosses. Seeds 

were surface-sterilized, vernalized for 3 days at 4°C in the 

dark, and grown on half-strength of Murashige-Skoog (MS) 

agar plates (0.5X MS salt mixture, 0.5 mM MES, pH 5.7-5.8, 

1% sucrose, and 1% agar) as described previously (Heo et 

al., 2011; Lee et al., 2016; Yoon et al., 2016). For phenotypic 

analysis of etiolated seedlings, seeds grown on 0.5X MS agar 

plates were treated with white light for 24 h, and subse-

quently transferred into the dark as described previously (Sun 

et al., 2016; Yoon et al., 2016). For genetic crosses and seed 

multiplication, seedlings grown on 0.5X MS agar plates were 

transferred to soil and grown under long day conditions (16-

h light/8-h dark cycles) to maturity as described previously 

(Heo et al., 2011; Lee et al., 2016; Yoon et al., 2016). The 

sequence information of PCR primers used for genotyping is 

listed in Supplementary Table S1.

Hypocotyl phenotype analysis
For phenotypic analysis of the etiolated hypocotyls, the 

etiolated seedlings (n > 30 at each time point) were pho-

tographed with a digital camera (Olympus, Japan), and 

the hypocotyl length of each seedling was measured by 

using NIH Image J software (http://rsb.info.nih.gov/ij) as 

previously described (Oh et al., 2014; Sun et al., 2016). We 

independently repeated each experiment three times for 

biological replicates, and the data were analyzed using the 

Microsoft Excel program 2016 (Microsoft, USA). To analyze 

individual cell length in the hypocotyl, the etiolated seedlings 

were immersed in 70% ethanol overnight, and dehydrated 

through sequential ethanol series (80%, 90%, and 100% 

EtOH) for 30 min each. The samples were subsequently 

cleared with sodium hydroxide solution (7% NaOH in 60% 

EtOH) for 1 h, and sequentially exposed to a series of glycerol 

solutions (10% glycerol in 50% EtOH, 30% glycerol in 30% 

EtOH, and 0.01% TritonX-100 in 50% glycerol). The cleared 

etiolated seedlings (n > 30) were mounted on a glass slide 

with 0.01% TritonX-100 in 50% glycerol. Because both shr 

and scr mutants have no endodermis in the hypocotyl ground 

tissue (Fukaki et al., 1998; Yoon et al., 2016), the lengths of 

the inner cortex cells along the longitudinal axis of the hypo-

cotyl were measured using an Axio Imager.A1 microscope 
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equipped with AxioCam MRc5 digital camera (Zeiss, Germa-

ny).

Transcriptomic analysis
For microarray and RNA-Seq experiments, total RNA samples 

were purified from 6-day-old etiolated WT and shr-2 hypo-

cotyls using RNeasy Plant Mini Kits (Qiagen, Germany) as 

described previously (Lee et al., 2016; Yoon et al., 2016). The 

microarray experiments were performed using Affymetrix 

ATH1 GeneChips (Affymetrix, USA) by DNA Link (DNA Link, 

Korea). The results from biological triplicates were normalized 

with Affymetrix Microarray Suite 5.0 (MAS 5.0), and the dif-

ferentially expressed genes (DEGs) (> 1.5-fold and P < 0.05) 

were selected for further analysis. Raw data (CEL files) were 

deposited in the Gene Expression Omnibus (http://www.

ncbi.nlm.nih.gov/geo/) (GEO accession No. GSE97670). 

RNA-Seq was conducted using Illumina HiSeq 2500 platform 

(Illumina, USA) by DNA Link (DNA Link). The paired-end 

reads (2X 100 bp length) generated by the Illumina HiSeq 

2500 system were initially processed to remove the low-qual-

ity reads and adapter sequences (Bolger et al., 2014). Next, 

the high-quality reads for each sample were mapped to the 

Arabidopsis genome TAIR v10 by TopHat, and the alignment 

files generated by TopHat were used as input for Cufflinks 

(ver. 2.2.0). The DEGs (> 1.5-fold, P < 0.05 and FDR < 0.1) 

were identified by the Cuffdiff program by estimating FPKM 

(reads per kilobase of transcript per million mapped reads) 

values. The RNA-Seq data were also deposited in the Gene 

Expression Omnibus (GEO accession No. GSE106370). The 

web-based tool DAVID (the Database for Annotation, Visu-

alization, and Integrated Discovery) (Huang et al., 2009) was 

used to analyze the biological interpretation of DEGs, which 

were further classified according to Gene Ontology (GO) 

(Panther Ontology Database) as previously described (Sun et 

al., 2016).

Reverse transcription-associated quantitative PCR (RT- 
qPCR)
Total RNA was purified from the hypocotyls of the etiolated 

WT, mutant and transgenic seedlings using RNeasy Plant 

Mini Kit (Qiagen) as described previously (Yoon et al., 2016). 

Approximately 0.5 μg of purified RNA was used for cDNA 

synthesis using TOPscriptTM RT DryMIX (dT18/dN6 plus) 

according to the manufacturer’s instructions (Enzynomics, 

Korea), and then used as templates for RT-qPCR using Rb-

TaqTM qPCR 2X PreMIX (Enzynomics) in the Mx3000P QPCR 

System (Agilent Technologies, USA) as previously described 

(Heo et al., 2011; Lee et al., 2016; Yoon et al., 2016). The 

ACTIN2 (ACT2; AT3G18780) gene was used as an internal 

reference (Yoon et al., 2016). Each experiment was conduct-

ed independently at least three times for biological replicates. 

The error bars represent the SEM of biological triplicates. For 

dexamethasone (DEX) and cycloheximide (CHX) treatments, 

seedlings were grown on filter paper strips (∼5 mm wide) in 

0.5X MS agar plates for 6 days, transferred to new 0.5X MS 

agar plates supplemented with ethanol (control), 10 μM of 

DEX, or 10 μM of DEX with 10 μM of CHX, and then incu-

bated for 3 h, 6 h, 12 h, or 24 h. The sequence information 

for RT-qPCR primers is listed in Supplementary Table S2.

Plasmid construction and plant transformation
To generate the transcriptional fusions of the three XTH 

genes (ProXTH18::GUS, ProXTH22::GUS, and ProXTH24:: 

GUS), the putative promoter regions (the longest intergenic 

regions) of XTH18 (∼1.8-kb upstream region from the start 

codon), XTH22 (∼2.2-kb upstream region), and XTH24  

(∼2.7-kb upstream region) were amplified from Columbia 

genomic DNA using Phusion high-fidelity DNA polymerase 

(Thermo Fisher Scientific, USA), and subcloned to pDONR221 

according to the manufacturer’s instructions (Thermo Fisher 

Scientific). Subsequently, the fragments were transferred to 

the Gateway compatible destination vector pMDC162 (Curtis 

and Grossniklaus, 2003) using the Gateway recombination 

cloning technology as previously described (Heo et al., 2011; 

Lee et al., 2016; Yoon et al., 2016). For overexpression of the 

XTH genes, the coding sequences of XTH18 (849 bp), XTH22 

(855 bp), and XTH24 (810 bp) were amplified from Colum-

bia cDNA using Phusion high-fidelity DNA polymerase, and 

subcloned into pENTR/D-TOPO according to the manufac-

turer’s instructions (Thermo Fisher Scientific). The error-free 

entry clones in the pENTR/D-TOPO vector were subsequently 

cloned into the pEarleyGate100 (Earley et al., 2006) as pre-

viously described (Heo et al., 2011; Lee et al., 2016; Yoon et 

al., 2016). To create the ProSHR::SHR-nlsGFP translational fu-

sion, the MultiSite Gateway® cloning kit was used according 

to the manufacturer’s instructions (Thermo Fisher Scientific). 

The promoter (∼2.1-kb upstream region) and the coding 

region (1,596 bp) without stop codon were amplified using 

plasmids containing the SHR promoter (Yu et al., 2010) and 

its coding region, respectively. Subsequently, each fragment 

was subcloned into pDONR221 P1-P4 and pDONR221 P4r-

P3r by BP recombination, respectively, according to the man-

ufacturer’s instructions (Thermo Fisher Scientific). The nucle-

ar-localized version of GFP (nlsGFP) was amplified from the 

ProWOL::SHRΔLNELDV-nlsGFP;shr-2 line (Carlsbecker et al., 

2010), and subcloned into pDONR221 P3-P2 by BP recombi-

nation according to the manufacturer’s instructions (Thermo 

Fisher Scientific). Finally, the ProSHR::SHR-nlsGFP fusion was 

transferred into pMDC123 (Curtis and Grossniklaus, 2003) 

by Gateway LR recombination as previously described (Heo 

et al., 2011; Lee et al., 2016; Yoon et al., 2016). For transient 

expression assays, the promoter regions of XTH18 (835 bp 

upstream from the start codon), XTH22 (460 bp upstream), 

and XTH24 (1728 bp upstream) were inserted into the 

pBI221 reporter plasmid containing the firefly LUC gene as 

described previously (Lee et al., 2016; Yoon et al., 2016). The 

35S promoter was replaced by the promoter fragments of 

XTH18, XTH22, and XTH24 in pBI221. To generate transgenic 

plants, Columbia plants were transformed using the floral 

dipping method (Clough and Bent, 1998). T1 plants were se-

lected by antibiotic- or herbicide-resistance, and subsequently 

T2 homozygous plants were obtained through confirmation 

in the T3 generation as described previously (Heo et al., 2011; 

Lee et al., 2016; Yoon et al., 2016). The sequence informa-

tion of primers used for plasmid construction is listed in Sup-

plementary Table S3.

GUS staining
Histochemical GUS staining of the hypocotyl was performed 
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using transgenic Arabidopsis plants carrying ProXTH18:: 

GUS, ProXTH22::GUS, or ProXTH24::GUS. Seedlings were 

immersed in GUS staining solutions (0.4 mM X-Gluc, 2 mM 

K3Fe(CN)6, 2 mM K4Fe(CN)6, 0.1 M sodium phosphate, 10 

mM EDTA, and 0.1% triton X-100) in the dark, and kept 

for 3 to 4 h at 37°C. The stained seedlings were cleared by 

dehydration through ethanol series (80%, 90%, and 100% 

EtOH) for 30 min each, and photographed using a digital 

camera (Olympus) as described previously (Yoon et al., 2016).

Transient expression assay
Transient expression assays were performed using WT or 

shr-2 scr-5 protoplasts as previously described (Lee et al., 

2016; Yoo et al., 2007; Yoon et al., 2016), with minor mod-

ifications. The protoplasts were prepared from 4-week-old 

rosette leaves using Cellulase R10 and Macerozyme R10 

(Yakult Pharmaceuticals, Japan) as described previously (Lee 

et al., 2016; Yoon et al., 2016). The firefly luciferase (LUC) re-

porter and Renilla LUC reporter were employed as previously 

described (Lee et al., 2016; Yoon et al., 2016). Relative LUC 

activity was measured using the Dual-Luciferase Reporter 

Assay system (Promega, USA). The GUS gene driven by the 

35S promoter (Pro35S::GUS) in pBI221 was introduced as an 

internal control in each assay, and the background value ob-

tained from the internal control was arbitrarily set to 1. Each 

experiment was independently repeated at least three times 

for biological replicates, and the data were analyzed using 

the Microsoft Excel program.

Chromatin immunoprecipitation-associated qPCR 
(ChIP-qPCR)
ChIP-qPCR experiments were performed as previously de-

scribed (Cui et al., 2007; 2011; Yoon et al., 2016), with mi-

nor modifications. Approximately 1.5 g of the hypocotyls of 

6-day-old etiolated shr-2 and shr-2 scr-5 seedlings harboring 

the ProSHR::SHR-GFP translational fusion were cross-linked 

in 1% formaldehyde solution (1% formaldehyde and 5 mM 

EDTA in 1X phosphate-buffered saline [PBS]) for 20 min 

under vacuum. To stop cross-linking, 100 mM glycine was 

added to the samples and incubated for 5 min. The samples 

were thoroughly washed in pre-chilled 1X PBS buffer with 5 

mM EDTA. The cross-linked samples were pulverized in liquid 

nitrogen, and dissolved in extraction buffer (50 mM Tris pH 

7.5, 150 mM NaCl, 1% Triton X-100, 0.1% sodium deoxy-

chlorate, 2.5 mM EDTA, 10% glycerol, 1X protease inhibitor 

cocktail, and 1 mM PMSF). The nuclei preparation was soni-

cated using an EpiShear Probe Sonicator (Active Motif, USA) 

to break the chromatin threads into 0.5 to 1-kb fragments. 

An aliquot was obtained from each sample for the exclusive 

use of input. The anti-GFP antibody (cat. No. ab290; Abcam, 

USA) and protein A agarose beads (Millipore, USA) were 

used for immunoprecipitation of the sheared chromatin. The 

beads were successively washed away sequentially with low 

salt buffer (150 mM NaCl, 0.2% SDS, 0.5% Triton X-100, 

2 mM EDTA, and 20 mM Tris-HCl [pH 8.0]), high salt buffer 

(500 mM NaCl, 0.2% SDS, 0.5% Triton X-100, 2 mM EDTA, 

and 20 mM Tris-HCl [pH 8.0]), LiCl washing buffer (0.25 M 

LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 

and 10 mM Tris-HCl [pH 8.0]), and TE buffer (10 mM Tris-

HCl [pH 8.0] and 1 mM EDTA). The chromatin fragments 

were eluted in elution buffer (25 mM Tris [pH 8.0], 5 mM 

EDTA, and 0.5% SDS), were incubated overnight at 65°

C, and subsequently treated with DNase-free RNase A (Sig-

ma-Aldrich, USA) and proteinase K (Thermo Fisher Scientific). 

The DNA fragments were further purified using spin columns 

(Qiagen), eluted in 50 μl TE buffer, and used for qPCR. Both 

immunoprecipitated and input DNA samples were used for 

qPCR with an Mx3000P QPCR machine (Agilent Technolo-

gies) as described previously (Yoon et al., 2016). The known 

SHR-binding region of the SCR promoter was used as a pos-

itive control. Each experiment was performed at least three 

times for biological replicates. The sequence information for 

ChIP-qPCR primers is listed in Supplementary Table S4.

Hypocotyl graft experiment
Graft experiments were performed by using the roots and 

hypocotyls of 4-day-old etiolated WT and shr-2 seedlings as 

previously described (Marsch-Martínez et al., 2013), with 

minor modifications. Initially, seedlings were grown on 0.5X 

MS agar plates supplemented with 0.5% sucrose for 4 days 

in the dark. To graft the WT hypocotyls onto the shr-2 root-

stocks or vice versa, seedlings were cut above 2 mm of the 

root-hypocotyl junction with a medical scalpel blade and the 

hypocotyls of WT and shr-2 were swapped onto the root-

stocks, respectively. As control experiments, the hypocotyls 

of WT and shr-2 were grafted onto their own rootstocks (WT 

hypocotyls onto WT rootstocks or shr-2 hypocotyls onto shr-2 

rootstocks). Subsequently, the grafted seedlings were kept in 

the dark for another 3 days and photographed with a digital 

camera (Olympus). The hypocotyl length of the survivors (n 

> 30) from the grafted seedlings was measured by using NIH 

Image J software, and the data were analyzed using the Mic-

rosoft Excel program. The graft experiments were performed 

in sterile conditions within a tissue culture hood.

Confocal microscopy
For confocal laser scanning microscopy, the roots of the light-

grown seedlings were stained in 1 μM of propidium iodide 

(Sigma-Aldrich) for 2 min, and mounted in distilled water 

as described previously (Heo et al., 2011; Lee et al., 2016; 

Yoon et al., 2016). For the hypocotyls of the etiolated seed-

lings, the samples were stained in 1 μM of propidium iodide 

(Sigma-Aldrich) for 30 min. The images were obtained using 

a Zeiss LSM 800 microscope (Zeiss) as described previously 

(Heo et al., 2011; Lee et al., 2016; Yoon et al., 2016).

Hypocotyl gravity response assay
Gravitropic responses and amyloplast staining assays of the 

etiolated hypocotyls were performed as described previously 

(Fukaki et al., 1998; Yoon et al., 2016). For gravitropic re-

sponse, seedlings were vertically grown on 0.5X MS agar 

plates without sucrose in the dark for 3 days, rotated to the 

clockwise direction by an angle of 90°, and incubated for 2 

days as described previously (Yoon et al., 2016). The etiolated 

seedlings were collected and fixed overnight in FAA solution 

(10% formaldehyde, 5% acetic acid, and 50% ethanol). 

To visualize amyloplast sedimentation, the etiolated seed-

lings were washed in 50% (v/v) ethanol, stained in Lugol’s 
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solution, and observed with DIC (differential interference 

contrast) optics using an Axio Imager.A1 microscope as de-

scribed previously (Yoon et al., 2016).

Accession numbers
All the raw data generated in this work are deposited in the 

NCBI GEO database (http://www.ncbi.nlm.nih.gov/geo/) 

with the accession number: GSE97670 (ATH1 GeneChip mi-

croarrays) and GSE106370 (RNA-Seq). Sequence data from 

this paper can be found in the Arabidopsis Genome Initiative 

under the following accession numbers: ACT2 (AT3G18780), 

SHR (AT4G37650), SCR (AT3G54220), XTH1 (AT4G13080), 

XTH2  (AT4G13090),  XTH3  (AT3G25050),  XTH4 

(AT2G06850), XTH5 (AT5G13870), XTH6 (AT5G65730), 

XTH7  (AT4G37800),  XTH8  (AT1G11545),  XTH9 

(AT4G03210), XTH10 (AT2G14620), XTH11 (AT3G48580), 

XTH12 (AT5G57530), XTH13 (AT5G57540), XTH14 

(AT4G25820), XTH15 (AT4G14130), XTH16 (AT3G23730), 

XTH17 (AT1G65310), XTH18 (AT4G30280), XTH19 

(AT4G30290), XTH20 (AT5G48070), XTH21 (AT2G18800), 

XTH22 (AT5G57560), XTH23 (AT4G25810), XTH24 

(AT4G30270), XTH25 (AT5G57550), XTH26 (AT4G28850), 

XTH27 (AT2G01850), XTH28 (AT1G14720), XTH29 

(AT4G18990), XTH30 (AT1G32170), XTH31 (AT3G44990), 

XTH32 (AT2G36870), and XTH33 (AT1G10550).

RESULTS

SHR is required for hypocotyl cell elongation in the etiolat-
ed seedling
Our previous observation that the etiolated shr seedling ex-

hibited a short-hypocotyl phenotype (Yoon et al., 2016) led 

us to hypothesize that SHR might play a role in the control of 

cell elongation. To test this, we performed a detailed pheno-

typic analysis on the etiolated hypocotyls of two null mutant 

seedlings, shr-2 (Benfey et al., 1993; Helariutta et al., 2000) 

and shr-6 (Yu et al., 2010). Under dark-grown conditions, the 

growth of shr-2 and shr-6 hypocotyls was retarded, as com-

pared with that of the Columbia wild type (hereafter referred 

to as WT) (Figs. 1A-1C). It is well known that plant growth is 

driven by cell division and/or cell elongation (Beemster and 

Baskin, 1998; Sablowski, 2016; Sablowski and Gutierrez, 

2021). We therefore measured the numbers and lengths of 

individual cells in the hypocotyls of 6-day-old etiolated WT 

and shr seedlings (see Materials and Methods section). To 

compare those parameters between WT and shr, we focused 

on the inner cortex cells along the longitudinal axis of the 

hypocotyl because the shr seedlings had no endodermis (Fu-

kaki et al., 1998; Yoon et al., 2016) and the cortex cells were 

easier to measure than the stele cells. In both shr-2 and shr-6 

etiolated seedlings, the cell numbers from the root-hypocotyl 

Fig. 1. Hypocotyl growth analysis of etiolated WT and shr seedlings. (A) Hypocotyls of 6-day-old etiolated WT, shr-2, and shr-6 seedlings. 

The white arrowheads indicate the hypocotyl-root junction of the seedlings. Scale bar = 5 mm. (B) Hypocotyl lengths of the etiolated 

WT, shr-2, and shr-6 seedlings. The data are shown as mean ± SEM (n > 30). (C) Hypocotyl growth of the etiolated WT, shr-2, and shr-6 

seedlings at different time points. The data are shown as mean ± SEM (n > 30). (D) Cortex (Co) cell numbers (x-axis) and cell lengths (y-axis) 

of the hypocotyls of 6-day-old etiolated WT, shr-2, and shr-6 seedlings. We measured the numbers and lengths of the inner cortex cells in 

the hypocotyl ground tissue because both shr-2 and shr-6 had no endodermis. (E) The inner cortex cells of the hypocotyls of the etiolated 

WT, shr-2, and shr-6 seedlings. The yellow borders outline the inner cortex cells. Scale bar = 100 μm. Statistical significance was determined 

by Student’s t-test compared with the WT. **P < 0.01; ***P < 0.001.
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junction to the point just below the apical hook were not sig-

nificantly different from those in the WT (~25 ± 3 cells vs ~28 

± 4 cells) (Fig. 1D). In contrast, the lengths of individual cells 

in shr-2 and shr-6 hypocotyls were discernibly reduced, in 

comparison with those in the WT (Figs. 1D and 1E). Because 

13th to 15th cells from the root-hypocotyl junction were 

found to be most highly elongated (Fig. 1D), we assessed 

the lengths of 13th to 15th inner cortex cells in the hypocotyl 

for cell elongation hereafter. Under light-grown conditions, 

the hypocotyl lengths of shr seedlings were also shorter than 

those of the WT (Supplementary Fig. S1), suggesting that 

SHR plays a role in hypocotyl cell elongation in both light- 

and dark-grown seedlings. Further investigation on SHR in 

the light-grown seedling hypocotyl is the subject of another 

study and is not discussed further here.

 Taken together, our results strongly support the idea that 

the short-hypocotyl phenotype of the etiolated shr seedlings 

is primarily due to a reduction in cell elongation, rather than 

in cell division.

SHR regulates expression of XTH genes in the etiolated 
hypocotyl
To understand the molecular events underlying the SHR-me-

diated control of cell elongation, we analyzed the expression 

profiles of 6-day-old etiolated WT and shr-2 hypocotyls using 

ATH1 GeneChip microarrays and Next Generation Sequenc-

ing of RNA (RNA-Seq) (cutoff: > 1.5-fold and P < 0.05) (Sup-

plementary Datasets S1 and S2). The DEGs were analyzed 

by the GO terms using DAVID resources (Huang et al., 2009; 

Supplementary Fig. S2A). Considering that cell wall modifica-

tions play vital roles in cell elongation (Chebli and Geitmann, 

2017; Cosgrove, 2005; 2016a; 2016b), we were particularly 

interested in the DEGs belonging to the cell wall category in 

the “Cellular Component” GO domain (Supplementary Fig. 

S2A). Subsequently, we analyzed the DEGs in the cell wall 

category using the “Molecular Function” and “Biological Pro-

cess” GO terms. Of the candidate genes, we found that the 

XTH genes, which encode cell wall remodeling enzymes, had 

high enrichment scores from our GO analysis (Supplementary 

Figs. S2B and S2C).

 In the Arabidopsis genome (TAIR v10), 33 XTH genes 

have been identified, ranging from group I to III (Eklöf and 

Brumer, 2010; Lee et al., 2005; Rose et al., 2002; Yokoyama 

and Nishitani, 2001). We found that 23 of these genes were 

differentially regulated between WT and shr-2 hypocotyls 

(Supplementary Fig. S3A, Supplementary Dataset S3). Next, 

we conducted RT-qPCR experiments to verify the results from 

our transcriptomic analysis. Regarding group I, the transcript 

levels of five XTH genes were significantly changed in shr-

2 (XTH4 and XTH7 were down-regulated, whereas XTH5, 

XTH9 and XTH10 were up-regulated; Supplementary Fig. 

S3B). In group II, the levels of XTH17, XTH18, XTH19, XTH23, 

and XTH24 expression were evidently reduced, whereas 

those of XTH12, XTH14, XTH15, XTH16 and XTH20 were el-

evated in shr-2 hypocotyls (Supplementary Fig. S3C). Among 

group III, the mRNA levels of four XTH genes were discernibly 

modulated in shr-2 (XTH30 and XTH31 were down-regulat-

ed, while XTH32 and XTH33 were up-regulated; Supplemen-

tary Fig. S3D). Considering the differences between the two 

expression analysis platforms (ATH1 microarrays vs RNA-Seq), 

we extended our RT-qPCR analysis to the remaining XTH 

genes. Of the remaining XTH genes in group I, expression of 

three XTH genes was significantly changed (transcription of 

XTH6 was attenuated, whereas that of XTH8 and XTH11 was 

promoted; Supplementary Fig. S4A). In group II, the XTH22 

expression level was reduced, while both XTH21 and XTH25 

levels were elevated in shr-2 (Supplementary Fig. S4B). We 

found no obvious change in the XTH29 transcript level, 

which was the only remaining XTH gene in group III (Supple-

mentary Fig. S4C). Overall, in combination of transcriptomic 

and RT-qPCR analyses, a total of 11 XTH genes (XTH4, XTH6, 

XTH7, XTH17, XTH18, XTH19, XTH22, XTH23, XTH24, 

XTH30, and XTH31) were down-regulated in the etiolated 

shr-2 hypocotyl.

 Given the short-hypocotyl phenotype of the etiolated 

shr seedling, we assumed that the loss of SHR function 

caused the observed reduction in the XTH gene expression 

levels in the etiolated shr-2 hypocotyl. To investigate this 

hypothesis, we used Arabidopsis transgenic plants carrying 

an inducible version of SHR in the shr-2 background (Pro-

SHR::SHR-GR;shr-2). In the hypocotyl, the expression of 

XTH17, XTH18, XTH22, and XTH24 was promoted when 

SHR was induced by dexamethasone treatment (+DEX) at 3, 

6, 12, and 24 h (Supplementary Fig. S5). We further found 

that the levels of XTH18, XTH22, and XTH24 transcripts were 

elevated in the hypocotyl upon dexamethasone- and cyclo-

heximide- (DEX + CHX) induced SHR at 6 h (Supplementary 

Fig. S6). Thus, these results indicate that SHR activates tran-

scription of XTH18, XTH22, and XTH24 in the etiolated hypo-

cotyl.

 To further verify SHR-mediated activation of these three 

XTH genes in the hypocotyl, we monitored the in plan-

ta expression patterns using transcriptional GUS fusions 

(ProXTH18::GUS, ProXTH22::GUS, and ProXTH24::GUS). 

Similar to the ProSHR::GUS fusion, the expression of the 

three GUS fusions was detected in the hypocotyl stele (Sup-

plementary Fig. S7). Next, we examined their expression 

patterns in etiolated WT and shr-6 hypocotyls. Compared 

with those in the WT, the three XTH fusions were down-reg-

ulated in shr-6 (Figs. 2A-2C). In addition, we performed 

transient expression assays using Arabidopsis protoplasts, 

and found that the LUC expression, driven by the promoters 

of the three XTH genes (ProXTH18::LUC, ProXTH22::LUC, 

and ProXTH24::LUC), was elevated upon SHR introduction 

as an effector (Figs. 2D and 2E). Next, to determine whether 

SHR directly activates transcription of these XTH genes, we 

employed ChIP-qPCR using the etiolated hypocotyls of shr-2 

seedlings with the mobile version of SHR driven by the native 

SHR promoter (ProSHR::SHR-GFP;shr-2), which was shown 

to rescue the shr phenotypes in roots and shoots (Carlsbecker 

et al., 2010; Gallagher and Benfey, 2009; Gallagher et al., 

2004; Nakajima et al., 2001; Yoon et al., 2016). Indeed, SHR 

binding to the XTH promoter regions was enriched (Figs. 2F-

2H). Taken together, our findings indicate that SHR, being 

associated with the promoters, activates the transcription of 

the three XTH genes in the etiolated Arabidopsis hypocotyl.
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Overexpression of XTH18, XTH22, and XTH24 can pro-
mote cell elongation in the etiolated hypocotyl
To understand the SHR-mediated regulation of the XTH 

genes in hypocotyl growth, we first isolated T-DNA insertion 

mutants for XTH18, XTH22, and XTH24 (http://signal.salk.

edu; Supplementary Figs. S8A and S8B). Unfortunately, the 

loss-of-function mutants of these XTH genes displayed no 

visible phenotype in hypocotyl growth (Supplementary Figs. 

S8C and S8D). Furthermore, we found that the hypocotyl 

length of the triple mutant (xth18-1 xth22-2 xth24-1) was 

indistinguishable from that of the WT (Supplementary Figs. 

S8E and S8F), suggesting that these genes are highly redun-

dant in function.

 Alternatively, we generated Arabidopsis transgenic plants, 

which overexpressed these XTH genes (XTH-OXs), under the 

35S cauliflower mosaic virus (35S CaMV) promoter (Supple-

mentary Fig. S9A). In agreement with previous work (Miedes 

et al., 2013), the hypocotyls of XTH18 overexpression lines 

(XTH18-OX #7 and #10) were longer than those of WT un-

der dark-grown conditions (Supplementary Figs. S9B and 

S9C). We also found that overexpression of XTH22 (XTH22-

OX #6 and #14) and XTH24 (XTH24-OX #8 and #9) resulted 

in longer hypocotyls (Supplementary Figs. S9B and S9C). Fur-

ther microscopic analyses revealed that individual cells in the 

etiolated hypocotyls of the overexpression lines were more 

elongated than those in the WT (Supplementary Figs. S9D 

Fig. 2. Transcriptional regulation of XTH18, XTH22, and XTH24 by SHR in the etiolated hypocotyl. (A-C) The in planta expression 

patterns of ProXTH18::GUS (A), ProXTH22::GUS (B), and ProXTH24::GUS (C) in the hypocotyls of 6-day-old etiolated WT and shr-6 

seedlings. The red arrowheads indicate the hypocotyl-root junction of the seedlings. Scale bars = 5 mm. (D) Schematic illustration for the 

reporter and effector plasmids used for the transient expression assays using Arabidopsis WT protoplasts. The reporter plasmids consist of 

the XTH18, XTH22, and XTH24 promoter regions, which drive the transcription of the firefly luciferase (LUC) gene. The effector plasmid 

carries the SHR coding sequence with the 35S promoter (Pro35S::SHR). The Pro35S::GUS plasmid was used as an internal control. (E) 

The relative LUC activity driven by the three XTH promoters was measured when SHR was introduced. The value of ProXTH18::LUC, 

ProXTH22::LUC, and ProXTH24::LUC in the presence of the Pro35S::GUS internal control was set to 1. Error bars indicate mean ± SEM of 

three biological replicates. Statistical significance was determined by Student’s t-test compared with the internal control. **P < 0.01. (F-H) 

ChIP-qPCR assays using 6-day-old etiolated shr-2 seedlings with the ProSHR::SHR-GFP translational fusion (ProSHR::SHR-GFP;shr-2). Error 

bars indicate mean ± SEM of three biological replicates. The prominent SHR-binding regions were highlighted red when the enrichment 

values of SHR binding to the promoter regions of XTH18 (F), XTH22 (G), and XTH24 (H) were higher than those of the known SHR-

binding region in the SCR promoter (ProSCR as a positive control; shown as blue).
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and S9E). Subsequently, to investigate whether XTH overex-

pression could rescue the short-hypocotyl phenotype caused 

by the loss of SHR function, we introduced the XTH18-

OX, XTH22-OX and XTH24-OX transgenes, respectively, 

into the shr-6 background. Compared with the shr-6 single 

mutant, the etiolated shr-6 seedlings carrying XTH18-OX 

(XTH18-OX;shr-6), XTH22-OX (XTH22-OX;shr-6), or XTH24-

OX (XTH24-OX;shr-6) exhibited visibly slight but statistically 

significant hypocotyl cell elongation (Figs. 3A and 3B). In mi-

croscopic analyses, we also observed that the overexpression 

lines had more elongated cells than those in the shr-6 hypo-

cotyls (Figs. 3C and 3D).

 Taken together, our finding indicates that overexpression 

of each XTH gene in the shr-6 background was capable of 

promoting cell elongation, but failed to completely restore 

the short-hypocotyl phenotype to the WT level. Thus, it is like-

ly that the SHR-mediated regulation of cell elongation in the 

etiolated hypocotyl is far more complex than it looks.

SHR activates the expression of XTH18, XTH22, and 
XTH24 in a SCR-independent manner
In most developmental processes, SHR is known to act to-

gether with SCR to activate the expression of the target 

genes (Carlsbecker et al., 2010; Cruz-Ramírez et al., 2012; 

Cui et al., 2007; Dhondt et al., 2010; Helariutta et al., 2000; 

Hirano et al., 2017; Koizumi et al., 2012a; 2012b; Levesque 

et al., 2006; Sozzani et al., 2010; Yoon et al., 2016). Thus, 

to determine whether SCR is also involved in the SHR-medi-

ated hypocotyl growth, we first examined the etiolated scr-5 

hypocotyl. Under dark-grown conditions, the etiolated scr-5 

seedling also showed a short-hypocotyl phenotype (~11.2 ± 

0.23 mm) compared with the WT (~14.6 ± 0.22 mm); how-

ever, its hypocotyl length was longer than that of shr-2 (~7.1 

± 0.28 mm) (Supplementary Fig. S10A). We further found 

that on average, the individual cell length in the scr-5 hypo-

cotyl (~474.5 ± 6.4 μm) was shorter than that of WT (~604.8 

± 13.8 μm), but longer than that of shr-2 (~352.2 ± 8.7 μm) 

(Supplementary Fig. S10B). Next, we measured the hypocotyl 

length of the etiolated shr-2 scr-5 double mutant seedling 

harboring the ProSHR::SHR-GFP fusion (ProSHR::SHR-GF-

P;shr-2 scr-5), and found that its hypocotyl length was nearly 

identical to that of the scr-5 single mutant (Supplementary 

Fig. S10). In agreement with these phenotypic analyses, 

we observed that there was no significant difference in the 

mRNA levels of the three XTH genes between scr-5 and 

ProSHR::SHR-GFP;shr-2 scr-5 hypocotyls (Fig. 4A). We also 

performed transient expression assays using protoplasts from 

the shr-2 scr-5 double mutant. Interestingly, SCR alone failed 

to promote the LUC expression driven by the XTH promoters 

in the shr-2 scr-5 background (Figs. 4B and 4C). In contrast, 

the LUC expression was highly induced when only SHR was 

used as an effector (Fig. 4C). Moreover, when both SHR and 

Fig. 3. Overexpression of XTH18, XTH22, and XTH24 in shr hypocotyls. (A and B) Hypocotyl growth of 6-day-old etiolated WT, shr-6, 

and shr-6 carrying XTH18-OX (XTH18-OX;shr-6 #7 and #10), XTH22-OX (XTH22-OX;shr-6 #6 and #14), or XTH24-OX (XTH24-OX;shr-6 

#8 and #9) seedlings. The white arrowheads indicate the hypocotyl-root junction of the etiolated seedlings. Scale bar = 5 mm. (C and D) 

Hypocotyl cell elongation of 6-day-old etiolated WT, shr-6, XTH18-OX;shr-6 (#7 and #10), XTH22-OX;shr-6 (#6 and #14), and XTH24-

OX;shr-6 (#8 and #9) seedlings. The yellow borders outline the inner cortex cells. Scale bar = 100 μm. For bar graphs in (B and D), the 

data are shown as mean ± SEM (n > 30). Statistical significance was determined by Student’s t-test compared with shr-6. **P < 0.01; 

***P < 0.001.
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SCR were introduced into shr-2 scr-5 protoplasts, LUC activity 

was indistinguishable from that in the SHR-only case (Fig. 

4C). To further investigate whether SHR without its partner 

SCR directly activates the expression of the XTH genes, we 

performed ChIP-qPCR using ProSHR::SHR-GFP;shr-2 scr-

5 seedlings, along with the ProSHR::SHR-GFP;shr-2 line as 

a control. As seen in the ProSHR::SHR-GFP;shr-2 scr-5 hy-

pocotyl, enrichment of SHR binding to the XTH promoter 

fragments was similar to that of the ProSHR::SHR-GFP;shr-2 

control line (Figs. 4D-4F). Therefore, our results indicate that 

unlike the canonical SHR-mediated transcriptional regulation 

(Cui et al., 2007; Cruz-Ramírez et al., 2012; Hirano et al., 

2017; Koizumi et al., 2012a; 2012b; Yoon et al., 2016), SHR 

does not require its partner SCR to activate the transcription 

of the three XTH genes in the etiolated hypocotyl.

Restriction of SHR movement reveals that hypocotyl 
growth can be uncoupled from radial patterning
The shr mutant showed defective patterning and determi-

nate growth in the root (Benfey et al., 1993; Helariutta et al., 

2000; Sozzani et al., 2010). Thus, it is considered that both 

SHR-mediated patterning and growth may be tightly linked 

in the Arabidopsis root. To date, the non-cell-autonomous 

function of SHR has been extensively studied (Carlsbecker et 

Fig. 4. Transcriptional regulation of XTH18, XTH22, and XTH24 by SHR in a SCR-independent manner. (A) Transcript levels of the 

three XTH genes in the hypocotyls of 6-day-old etiolated WT, shr-2, scr-5, and ProSHR::SHR-GFP;shr-2 scr-5 seedlings. The value for the 

WT was set to 1 and the relative values to the WT were shown. Error bars indicate mean ± SEM of three biological replicates. Statistical 

significance was determined by Student’s t-test compared with the WT. **P < 0.01; ***P < 0.001; ns, statistically not significant. (B) 

Schematic illustration of the effector and reporter constructs used for the transient expression assays using Arabidopsis protoplasts 

from the shr-2 scr-5 double mutant. The promoter regions of the three XTH genes were fused to the firefly LUC gene (ProXTH18::LUC, 

ProXTH22::LUC, or ProXTH24::LUC). The effector plasmids consist of the coding regions of either SHR or SCR under the control of the 

35S promoter (Pro35S::SHR or Pro35S::SCR). The Pro35S::GUS construct was used as an internal control. (C) The relative LUC activity 

was measured in the presence of SCR alone (green), SHR alone (orange), or both SCR and SHR (purple). The value of ProXTH18::LUC, 

ProXTH22::LUC, and ProXTH24::LUC in the presence of the Pro35S::GUS internal control was set to 1 (light gray), respectively. Error 

bars indicate mean ± SEM of three biological replicates. Statistical significance was determined by Student’s t-test. **P < 0.01; ***P < 

0.001; ns, statistically not significant. (D-F) ChIP-qPCR assays for SHR binding to the promoter regions of XTH18 (D), XTH22 (E), and 

XTH24 (F) using the hypocotyls of etiolated ProSHR::SHR-GFP;shr-2 (blue) and ProSHR::SHR-GFP;shr-2 scr-5 (red) seedlings. Error bars 

indicate mean ± SEM of three biological replicates. The SHR-enriched fragments of the ProSHR::SHR-GFP;shr-2 scr-5 line were nearly 

indistinguishable from those of the ProSHR::SHR-GFP;shr-2 control line.
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al., 2010; Clark et al., 2016; Cui et al., 2007; Gallagher and 

Benfey, 2009; Gallagher et al., 2004; Koizumi et al., 2012a; 

2012b; Nakajima et al., 2001). Nevertheless, the cell-auton-

omous SHR pathway, which likely exists and operates in the 

stele, is poorly understood.

 Before investigating the role of SHR in the hypocotyl stele, 

we first evaluated whether the short-hypocotyl phenotype of 

the etiolated shr seedling was due to defective root growth 

and development. We thus conducted grafting experiments 

by reciprocally swapping WT hypocotyls and roots with those 

of shr-2 mutants. When the shr-2 hypocotyl was grafted onto 

the WT root stock, the short-hypocotyl phenotype was nearly 

indistinguishable from the control (shr hypocotyl grafted onto 

the shr root stock) (Supplementary Fig. S11). Likewise, we 

found no significant difference in hypocotyl elongation when 

the WT hypocotyl was grafted onto the shr root stock com-

pared with the control (WT hypocotyl grafted onto the WT 

root stock) (Supplementary Fig. S11). These results suggest 

that reduced hypocotyl growth in the etiolated shr seedling is 

primarily attributable to hypocotyl defects, rather than to root 

defects.

 Previously, we demonstrated that confinement of SHR 

protein in the hypocotyl stele was unable to restore the ra-

dial organization of the ground tissue, which resulted in a 

loss of the functional endodermis in the hypocotyl (Yoon et 

al., 2016). In addition, given that the etiolated shr seedling 

showed a reduction in hypocotyl growth (Fig. 1), we hypoth-

esized that as seen in the root, SHR-mediated patterning 

and growth might also be coupled in the hypocotyl. To test 

this, we generated Arabidopsis transgenic plants with a 

non-mobile version of SHR by adding a nuclear-localization 

signal to GFP under the control of the SHR promoter (Pro-

Fig. 5. Confinement of SHR in the stele is capable of promoting hypocotyl growth. (A and B) Confocal images of the etiolated 

ProSHR::SHR-GFP (A) and ProSHR::SHR-nlsGFP (B) hypocotyls. While the mobile SHR-GFP recombinant proteins were found in both 

hypocotyl stele and endodermis (A), the non-mobile SHR-nlsGFP proteins were localized only in the stele (B). The epidermis (Ep), cortex 

(Co), endodermis (En), and stele (St) are indicated. Scale bar = 70 μm. (C-F) Gravitropic responses and amyloplast staining of the 

etiolated ProSHR::SHR-GFP (C and D) and ProSHR::SHR-nlsGFP (E and F) hypocotyls. Three-day-old etiolated seedlings were rotated by an 

angle of 90˚ and incubated for 2 days. The arrow indicates the direction of gravity (g). While the ProSHR::SHR-GFP hypocotyl exhibited 

a normal gravitropic response (C), the ProSHR::SHR-nlsGFP hypocotyl was agravitropic (E). Amyloplasts were found to be precipitated at 

the bottom of the endodermis cells of the ProSHR::SHR-GFP;shr-2 hypocotyl in response to the change of gravity vector (D). In contrast, 

no amyloplast sedimentation was observed in the ProSHR::SHR-nlsGFP;shr-6 hypocotyl because there was no functional endodermis in 

the ProSHR::SHR-nlsGFP;shr-6 hypocotyl (F). The red arrowhead indicates amyloplast sedimentation in the endodermis. Scale bars = 5 

mm (C) and 70 μm (D). (G) Hypocotyl growth of 6-day-old etiolated WT, ProSHR::SHR-GFP;shr-2, shr-6, and ProSHR::SHR-nlsGFP;shr-6 

seedlings. The non-mobile SHR in the stele (ProSHR::SHR-nlsGFP) was able to restore the hypocotyl length of shr-6 to ~80% of the WT 

and ProSHR::SHR-GFP;shr-2 hypocotyl lengths. The white arrowheads indicate the hypocotyl-root junction of the seedlings. Scale bar = 

5 mm. (H) Hypocotyl cell elongation of 6-day-old etiolated WT, ProSHR::SHR-GFP;shr-2, shr-6, and ProSHR::SHR-nlsGFP;shr-6 seedlings. 

The yellow borders outline the inner cortex cells. Scale bar = 100 μm. For bar graphs in (G and H), the data are shown as mean ± SEM (n 

> 30). Statistical significance was determined by Student’s t-test compared with shr-6. ***P < 0.001.
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SHR::SHR-nlsGFP), which was shown to sufficiently restrict 

SHR movement from the stele (Gallagher et al., 2004; Galla-

gher and Benfey, 2009). We introduced this transgene into 

the shr-6 background (ProSHR::SHR-nlsGFP;shr-6) by genetic 

crosses. Unlike the ProSHR::SHR-GFP;shr-2 control line, the 

ProSHR::SHR-nlsGFP;shr-6 root showed defective pattern-

ing and determinate growth (Supplementary Fig. S12). In 

agreement with previous work (Gallagher and Benfey, 2009; 

Gallagher et al., 2004; Yoon et al., 2016), restriction of SHR 

movement from the stele to the adjacent cells (e.g., endoder-

mis, ground tissue stem cells, and quiescent center) failed to 

rescue the patterning and growth defects of the shr root.

 Next, we extended our analysis to the etiolated hypocot-

yls of the ProSHR::SHR-nlsGFP;shr-6 and ProSHR::SHR-GF-

P;shr-2 seedlings. Unlike the ProSHR::SHR-GFP;shr-2 line, the 

non-mobile SHR in ProSHR::SHR-nlsGFP;shr-6 seedlings was 

unable to restore the radial patterning defects in shr-6, re-

sulting in no response to a change in the gravity vector (Figs. 

5A-5F). This finding is in agreement with previous report that 

the SHR-mediated patterning pathway is likely conserved in 

both root and hypocotyl (Kim et al., 2017; Yoon et al., 2016). 

Intriguingly, we found that the etiolated ProSHR::SHR-nlsGF-

P;shr-6 hypocotyl was still elongated, which was comparable 

to ~80% of the WT and ProSHR::SHR-GFP;shr-2 hypocotyl 

cell lengths (Figs. 5G and 5H). To determine whether the 

non-mobile SHR could induce hypocotyl growth via transcrip-

tional activation of XTH18, XTH22, and XTH24 in the stele, 

we analyzed the XTH transcript levels in the etiolated WT, 

shr-6, and ProSHR::SHR-nlsGFP;shr-6 hypocotyls. Compared 

with that in shr-6, the expression of the three XTH genes in 

the ProSHR::SHR-nlsGFP;shr-6 hypocotyl was induced to the 

WT levels (Supplementary Fig. S13).

 Taken together, we demonstrated that the stele-localized 

non-mobile version of SHR was capable of promoting hy-

pocotyl growth in the etiolated ProSHR::SHR-nlsGFP;shr-6 

seedling despite the patterning defects, potentially via tran-

scriptional activation of the XTH genes in the stele. Therefore, 

it is tempting to speculate that the SHR-mediated growth 

pathway is uncoupled from the SHR-mediated patterning 

pathway in the etiolated hypocotyl.

DISCUSSION

To date, it is known that SHR, as a mobile transcription factor, 

plays a crucial role in controlling cell division for patterning 

and growth in Arabidopsis roots and shoots (Benfey et al., 

1993; Carlsbecker et al., 2010; Cruz-Ramírez et al., 2012; 

Cui et al., 2007; Dhondt et al., 2010; Gallagher and Benfey, 

2009; Gallagher et al., 2004; Gardiner et al., 2011; Helariutta 

et al., 2000; Koizumi et al., 2012a; 2012b; Levesque et al., 

2006; Lucas et al., 2011; Nakajima et al., 2001; Sozzani et al., 

2010; Yoon et al., 2016). For nearly two decades, research-

ers have further elucidated the molecular characteristics and 

regulatory roles of SHR in the root, which have thus become 

fundamental and prevalent research topics. However, our un-

derstanding of SHR function in the shoot remains superficial.

 In this study, we reveal that in addition to its role in cell 

division, SHR is critically involved in controlling cell elonga-

tion of the etiolated Arabidopsis hypocotyl. To elucidate the 

molecular events underlying the SHR-mediated regulation of 

cell elongation, we employed genome-wide transcriptomic 

analyses using 6-day-old etiolated WT and shr-2 hypocoty-

ls, and identified a group of XTH genes which encode cell 

wall remodeling enzymes, as the candidate DEGs. Through 

extensive expression analyses, we found that SHR activated 

transcription of three group II XTH genes (XTH18, XTH22, 

and XTH24), as it was associated with their promoters, in the 

etiolated hypocotyl.

 Unfortunately, likely due to their functional redundancy, 

even the triple mutant (xth18-1 xth22-2 xth24-1) did not 

show discernible phenotype in hypocotyl growth. Consistent 

with previous work (Miedes et al., 2013), overexpression of 

Fig. 6. A schematic model for the SHR-mediated regulation of hypocotyl cell elongation. SHR, being associated with the promoters of 

XTH18, XTH22, and XTH24 genes, activates the transcription of the three XTH genes in the hypocotyl stele. SHR likely requires a partner 

(designated as protein X), which has DNA-binding activity, to promote the expression of the XTH genes because SHR has no canonical 

DNA binding motif. SCR, the interacting partner of SHR, is not involved in this process. Once XTH18, XTH22, and XTH24 genes are 

expressed, these cell wall remodeling enzymes likely play roles in selective loosening and remodeling of cell walls for cell elongation in the 

etiolated Arabidopsis hypocotyl.
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these XTH genes was able to promote cell elongation in both 

etiolated WT and shr-6 hypocotyls. Nevertheless, overexpres-

sion of the XTH genes, respectively, in the shr background 

could not completely induce hypocotyl cell elongation to 

the WT level. This finding suggests that other factors-medi-

ated regulatory networks play also crucial roles in hypocotyl 

growth (e.g., light conditions, plant hormones and/or expan-

sins) (Bai et al., 2012; Cosgrove, 2005, 2016a, 2016b; De 

Lucas et al., 2008; Feng et al., 2008; Oh et al., 2014).

 Interestingly, we found that the mode of the transcription-

al regulation of the three XTH genes differed from the mode 

involved in root development. In the canonical mode of ac-

tion, SHR forms protein complexes with its partner SCR tran-

scription factor to modulate the expression of downstream 

target genes (Carlsbecker et al., 2010; Cruz-Ramírez et al., 

2012; Cui et al., 2007; Gallagher and Benfey, 2009; Galla-

gher et al., 2004; Helariutta et al., 2000; Hirano et al., 2017; 

Kim et al., 2017; Koizumi et al., 2012a; 2012b; Levesque et 

al., 2006; Nakajima et al., 2001; Sozzani et al., 2010; Yoon 

et al., 2016). However, the levels of XTH18, XTH22, and 

XTH24 transcripts and SHR binding to their promoters were 

not significantly changed in the shr-2 scr-5 double mutant 

containing the ProSHR::SHR-GFP transgene (ProSHR::SHR- 

GFP;shr-2 scr-5). Our transient expression assays using shr-2  

scr-5 further corroborated that SHR alone was able to in-

duce the expression of the XTH genes. Therefore, it is likely 

that SHR does not require SCR for transcriptional activation 

of these XTH genes. Considering that SHR itself contains no 

DNA binding motif (Di Laurenzio et al., 1996; Hirano et al., 

2017; Pysh et al., 1999; Yoon et al., 2016), it is tempting to 

speculate that SHR interacts with other transcription factors 

(illustrated as protein X in Fig. 6) to promote the transcription 

of the three XTH genes for hypocotyl elongation (Fig. 6).

 Previous studies demonstrated that intercellular movement 

of SHR is essential for the patterning of root development 

(Cui et al., 2007; Gallagher and Benfey, 2009; Gallagher et 

al., 2004; Helariutta et al., 2000; Kim et al., 2017; Koizumi 

et al., 2012a; 2012b; Nakajima et al., 2001; Yoon et al., 

2016). In addition to patterning defects, the root growth of 

shr is markedly reduced (Benfey et al., 1993; Helariutta et al., 

2000; Sozzani et al., 2010), implying that the SHR-mediated 

patterning and growth processes are tightly linked. To unrav-

el the relationship between SHR-mediated patterning and 

growth in the etiolated hypocotyl, we generated shr plants 

harboring a non-mobile version of SHR in the nuclei of the 

stele cells (ProSHR::SHR-nlsGFP;shr-6). Consistent with previ-

ous studies (Carlsbecker et al., 2010; Gallagher et al., 2004), 

we found that restricting SHR movement into the adjacent 

cells did not rescue the patterning defects of both ground 

tissue and quiescent center in the root. Similarly, in the Pro-

SHR::SHR-nlsGFP;shr-6 hypocotyl, we observed the aberrant 

radial organization with no endodermis, resulting in neither 

amyloplast sedimentation nor gravitropic response. None-

theless, the stele-localized non-mobile version of SHR was 

still able to promote cell elongation in the ProSHR::SHR-nls-

GFP;shr-6 hypocotyl, which was ~80% of the WT and Pro-

SHR::SHR-GFP;shr-2 hypocotyl lengths. We also found that 

the non-mobile SHR could sufficiently induce the expression 

of XTH18, XTH22, and XTH24 to the WT levels. These find-

ings suggest that i) the autonomous SHR pathway exists and 

operates in the hypocotyl stele, and ii) SHR-mediated growth 

is uncoupled from SHR-mediated patterning. In addition, the 

result that the restoration of the stele-specific induction of 

the XTH genes in the ProSHR::SHR-nlsGFP;shr-6 hypocotyl 

failed to complement hypocotyl cell elongation to the WT 

level is in agreement with our idea that other tissue-specific 

networks are likely involved in hypocotyl growth (e.g., SCR in 

the endodermis).

 We further found that both scr-5 and ProSHR::SHR-GFP; 

shr-2 scr-5 exhibited a short-hypocotyl phenotype, thus in-

dicating that SCR might also be involved in controlling cell 

elongation in the etiolated hypocotyl. Interestingly, hypo-

cotyl elongation of the etiolated shr-6 seedling carrying the 

non-mobile SHR (ProSHR::SHR-nlsGFP;shr-6) was similar to 

that of both scr-5 and ProSHR::SHR-GFP;shr-2 scr-5, indicat-

ing that SHR in the stele was insufficient to fully rescue hypo-

cotyl elongation. Therefore, as previously reported (Ubeda-

Tomás et al., 2008; Uchida et al., 2012), it is tempting to 

speculate that intertissue communication between stele and 

endodermis exists and is necessary for coordinating cell elon-

gation in the etiolated Arabidopsis hypocotyl.

 In conclusion, we have uncovered the novel regulatory 

roles of SHR in the etiolated Arabidopsis hypocotyl (Fig. 6): i) 

SHR is necessary for cell elongation; ii) SHR, being associated 

with their promoters, activates the transcription of the three 

XTH genes (XTH18, XTH22 and XTH24) in a SCR-indepen-

dent manner; and iii) the SCR-independent SHR pathway 

exists and operates in the Arabidopsis hypocotyl stele.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org). 
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