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ABSTRACT

Eukaryotic organisms are equipped with quality-control mechanisms that survey protein folding in the

endoplasmic reticulum (ER) and remove non-native proteins by ER-associated degradation (ERAD). Recent

research has shown that cytokinin-degrading CKX proteins are subjected to ERAD during plant develop-

ment. The mechanisms of plant ERAD, including the export of substrate proteins from the ER, are not fully

understood, and the molecular components involved in the ERAD of CKX are unknown. Here, we show that

heavy metal-associated isoprenylated plant proteins (HIPPs) interact specifically with CKX proteins syn-

thesized in the ER and processed by ERAD. CKX–HIPP protein complexes were detected at the ER as

well as in the cytosol, suggesting that the complexes involve retrotranslocated CKX protein species.

Altered CKX levels in HIPP-overexpressing and higher-order hipp mutant plants suggest that the studied

HIPPs control the ERAD of CKX. Deregulation of CKX proteins caused corresponding changes in the cyto-

kinin signaling activity and triggered typical morphological cytokinin responses. Notably, transcriptional

repression of HIPP genes by cytokinin indicates a feedback regulatory mechanism of cytokinin homeosta-

sis and signaling responses. Moreover, loss of function ofHIPP genes constitutively activates the unfolded

protein response and compromises the ER stress tolerance. Collectively, these results suggests that HIPPs

represent novel functional components of plant ERAD.
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INTRODUCTION

The endoplasmic reticulum (ER) is the entry gate to the secretory

pathway and serves as a dynamic protein-folding organelle

where the ER-resident molecular chaperones and folding cata-

lysts promote newly synthesized proteins to attain their native

conformations (Strasser, 2018). Misfolding not only leads to

protein dysfunction but also induces cellular toxicity. Therefore,

the ER evolved a highly efficient ER quality control (ERQC)

system to monitor an efficient and accurate folding process,

recognizing non-native protein conformations for additional

rounds of chaperone-assisted folding and targeting terminally

misfolded proteins and unassembled proteins for ER-

associated degradation (ERAD) (Berner et al., 2018). ERAD is a
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conserved, multistep process involving the recognition of

terminally misfolded proteins from folding intermediates,

retrotranslocation from the ER to cytosol, polyubiquitination,

and degradation by the ubiquitin-proteasome system (Strasser,

2018; Wu and Rapoport, 2018). Once the ERAD client proteins

are recognized, they are brought to the membrane-anchored

ERAD complexes for retrotranslocation and ubiquitination. In

yeast, there are at least two such ERAD complexes differing in

their core component, which is a membrane-embedded

protein with a RING finger-type ubiquitin ligase (E3) activity
021.
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(Strasser, 2018). Because the catalytic domains of these E3

ligases are exposed to the cytosolic surface of the ER

membrane, ERAD clients need to undergo retrotranslocation for

ubiquitination and degradation by the cytosolic proteasome

system. Despite considerable progress toward understanding

the processes controlling biogenesis and degradation of ER

proteins, the molecular mechanisms underlying the

retrotranslocation and post-retrotranslocation steps of ERAD

are not well defined (Hampton and Sommer, 2012).

The plant hormone cytokinin controls diverse developmental pro-

cesses including cell proliferation and differentiation inmeristems

and forming organs, onset of senescence, and responses to bi-

otic and abiotic signals (Werner and Schm€ulling, 2009; Z€urcher

and M€uller, 2016). In the shoot, cytokinin plays a major role in

maintaining proliferation of stem cells in the shoot apical

meristem and has a positive effect on leaf initiation and

development (Werner et al., 2003; Nishimura et al., 2004;

Leibfried et al., 2005; Bartrina et al., 2011). Cytokinin controls

the leaf size by sustaining the duration of the cell proliferation

phase and by delaying the onset of cell differentiation in leaf

primordia (Holst et al., 2011). Cytokinin is also involved in the

maintenance of prolonged morphogenetic activity and

formation of marginal serration and lobes (Rupp et al., 1999;

Shani et al., 2010; Efroni et al., 2013). In contrast to its

promoting role in shoot organs, cytokinin negatively controls

root elongation and branching (Werner et al., 2003; Laplaze

et al., 2007). Root elongation is determined by the activity of

the root apical meristem where mitotic cell division is precisely

balanced with differentiation of daughter cells. Cytokinin

controls the rate of cell differentiation in the transition zone, a

border between dividing and expanding cells (Werner et al.,

2003; Dello Ioio et al., 2007).

Cytokinin signaling involves a His–Asp phosphorelay system,

which issimilar to thebacterial two-component signaling (TCS) sys-

tems for sensing environmental stimuli (Hwang and Sheen, 2001).

The core cytokinin signaling cascade involves components that

are encoded by multigene families, including Arabidopsis

histidine kinase (AHK) receptors, histidine-containing phospho-

transfer proteins, type-B response regulators (ARRs) regulating

the transcriptional output from the phosphorelay, and type-A

ARRs functioning as negative-feedback regulators of cytokinin

signaling (Kieber and Schaller, 2018). The type-A ARRs are

cytokinin primary response genes that can be used to monitor

transcriptional activity in response to cytokinin (D’Agostino et al.,

2000; Hwang and Sheen, 2001). The cytokinin signal is perceived

by three AHK cytokinin receptors, which predominantly localize

to the ER and, to a certain degree, to the plasma membrane

(Caesar et al., 2011; Wulfetange et al., 2011), suggesting that

the cytokinin signaling is initiated in the ER and apoplast,

respectively. The functional relevance of the differential

localization of AHK receptors as well as homeostatic control of

cytokinin concentrations in the respective subcellular

compartments is currently unclear (Z€urcher et al., 2016; Romanov

et al., 2018).

The maintenance of cytokinin homeostasis in individual tissues,

cells, and organelles is dependent on biosynthesis, metabolic

conjugation, degradation, and inter- and intracellular transport

of the hormone. Cytokinin degradation is catalyzed by seven
Molecula
FAD-containing cytokinin oxidase/dehydrogenase (CKX) en-

zymes in Arabidopsis (Schm€ulling et al., 2003). Individual CKX

proteins are differentially localized and thereby control different

subcellular cytokinin pools. While CKX7 is the single isoform

acting in the cytosol (K€ollmer et al., 2014), CKX1 to CKX6 are

imported into the ER and further differentially targeted within

the secretory system. The latter CKX proteins are apparently

either retained in the ER or secreted into the apoplast (Werner

et al., 2003; Niemann et al., 2018). As these CKX proteins likely

colocalize with AHK receptors, it is apparent that their activity

will control the pool of cytokinin, which is directly perceived by

the receptors and triggers signaling responses. It has been

recently shown that the levels of CKX proteins synthesized in

the ER are controlled by ERQC, and the proteins undergo

regulated degradation by the proteasome-dependent ERAD

pathway (Niemann et al., 2015, 2018).

In this work, we report the identification of heavy metal-

associated isoprenylated plant proteins (HIPPs) that connect

the ERAD pathway with regulation of cytokinin responses. HIPPs

are characterized by the presence of one or more heavy metal-

associated (HMA) domains and C-terminal prenylation/farnesyla-

tion site. They are unique to vascular plants, and approximately

45 HIPPs are encoded in Arabidopsis (Barth et al., 2009;

Tehseen et al., 2010; Supplemental Figure 1). A small number

of HMA-containing proteins conserved in all eukaryotes function

as metallochaperones delivering metal ions to specific metallo-

proteins and subcellular compartments (Robinson and Winge,

2010). In contrast, the biological function of the diversified HIPP

family is largely unknown. The proteins have been suggested to

act in heavy metal homeostasis and in adaptation to biotic and

abiotic stresses (Suzuki et al., 2002; Barth et al., 2009; Gao

et al., 2009; Tehseen et al., 2010; de Abreu-Neto et al., 2013;

Zschiesche et al., 2015; Cowan et al., 2018).

Protein prenylation refers to post-translational lipid modification in

which either a 15-carbon farnesyl or 20-carbon geranylgeranyl iso-

prenoid is linked via a thioether bond to specific cysteine residues

of proteins containing a C-terminal prenylation site. In the case of

farnesylation, this site is represented by a CaaX motif (where

‘‘C’’ is Cys, ‘‘a’’ is an aliphatic amino acid, and ‘‘X’’ is Met, Ala,

Gln, Ser, or Cys) (Crowell and Huizinga, 2009). The prenylation

reaction occurs in the cytosol and the modification enhances the

interaction of the modified protein with the ER, where two

additional processing steps—proteolytic removal of the ‘‘aaX’’

residues and carboxymethylation of the C-terminal Cys—take

place (Resh, 2013). Attachment of hydrophobic lipid moieties to

target proteins usually facilitate their interaction with membranes

or other proteins (Hemsley, 2015). In plants, protein prenylation

has been implicated in hormone signaling, cell division, and plant

development (Crowell and Huizinga, 2009).

Here, we define the molecular function of several HIPPs in modu-

lating ERAD activity and demonstrate that they likely affect retro-

translocation of CKX proteins targeted to ER and apoplast.

Several lines of evidence demonstrated that the identified HIPPs

determine the abundance of the active CKX protein species in the

ER and thereby regulate cytokinin responses and plant develop-

ment. This work provides important knowledge toward fully deci-

phering the function of the evolutionary young HIPP family in land

plants.
r Plant 14, 1918–1934, November 1 2021 ª The Author 2021. 1919
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RESULTS

CKX proteins interact with distinct members of the
HIPP family

It has been previously shown that the cellular levels of CKX pro-

teins are regulated by ERQC/ERAD, which significantly impacts

on the cytokinin responses (Niemann et al., 2015). To explore

further molecular mechanisms underlying this regulation, we

searched for CKX-interacting proteins by conducting a yeast

two-hybrid (Y2H) screen using CKX1 as bait. Coding sequences

corresponding to six different HIPPs were recovered with high

frequency (~65% of all isolated interactions; Supplemental

Table 1). Interestingly, the isolated HIPPs fall into two

phylogenetically distinct clades of the HIPP family: HIPP5,

HIPP6, and HIPP7 belong to cluster I and HIPP32, HIPP33, and

HIPP34 form a separate cluster III (Tehseen et al., 2010;

Supplemental Figure 1). Full-length cDNAs corresponding to

HIPP5, HIPP6, HIPP7, and HIPP34 were cloned and the interac-

tions with CKX1 confirmed in one-on-one Y2H assays (Figure 1A).

To confirm that CKX1 interacts with HIPPs in planta, we tran-

siently coexpressed myc-CKX1 with GFP-HIPP7 in Nicotiana

benthamiana and used total protein extracts for coimmunopreci-

pitation (co-IP) assays. As shown in Figure 1B, myc-CKX1 was

clearly detected in the GFP-HIPP7 immunocomplex, but it did

not coimmunoprecipitate with GFP alone, supporting the notion

of a direct CKX1–HIPP interaction. Similarly, myc-HIPP6 and

myc-HIPP7 were coimmunoprecipitated when GFP-CKX1 was

used as bait (Supplemental Figure 2A).

The Y2H screen suggested that only a specific subset of HIPPs

forms complexes with CKX1. To further test this idea, we cloned

additional members of the HIPP family and tested them for their

interaction with CKX1. Figure 1A shows that HIPP1 and HIPP9,

additional members of cluster I, interacted with CKX1. In contrast,

randomly chosen HIPPs outside the clusters I and III, HIPP19 and

HIPP35, showed no interaction with CKX1 in yeast (Figure 1A).

Next, we analyzed whether other CKX proteins are interacting

partners of identified HIPPs. All tested HIPPs interacted strongly

with CKX5 in yeast; the strongest interaction was conferred by

HIPP6 (Supplemental Figure 2B). An apparently weaker

interaction was observed between CKX2 and HIPP5, HIPP6,

and HIPP7, and an even weaker interaction was detected

between CKX4 and HIPP6 and HIPP7. Interestingly, CKX3 and

CKX7 showed no interaction with tested HIPPs in Y2H assays.

Together, the Y2H assays support the notion of promiscuous

interactions between the ER/apoplast-localized CKX isoforms

and HIPPs from specific subgroups of the HIPP family.
Isoprenylation of HIPP7 is essential for the interaction
with CKX1

To understand themechanism of CKX–HIPP interaction, we stud-

ied protein domains required for this interaction, taking the

CKX1–HIPP7 complex as a case example. To test whether preny-

lation of HIPPs is relevant for CKX–HIPP complex formation, we

mutated the prenyl-accepting Cys residue within the isoprenyla-

tion motif of HIPP7 (HIPP7C352G; Figure 1C) and analyzed

interaction of this mutant with CKX1. As shown in Supplemental

Figure 2C, the mutation completely abolished the interaction in
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yeast. Similarly, no interaction was detected using co-IP

(Figure 1D), indicating that the prenylation of HIPP7 is required

for the interaction with CKX1.

Several HIPPs, including HIPP7, were previously shown to bind

various heavy metals via their HMA domain (Dykema et al.,

1999; Suzuki et al., 2002). We mutated both HMA domains in

HIPP7 by exchanging metal-binding Cys residues to glycines

(HIPP7hma; Figure 1C) and tested the resulting mutant variant

for interaction with CKX1. Y2H and co-IP assays clearly

showed that the interaction was not affected (Figure 1D and

Supplemental Figure 2C), suggesting that metal binding is

dispensable for CKX–HIPP interactions.

Next, we examined which CKX protein region mediates the inter-

action with HIPP by performing C-terminal deletion analysis of

CKX1 (Figure 1E). Whereas truncation of CKX1 by 145 amino

acids (CKX1430) did not strongly influence the interaction with

HIPP7 (data not shown), deletion of 21 additional residues

(CKX1409) strongly suppressed the yeast growth (Figure 1F).

Similarly, the interaction of CKX1409 with other tested HIPPs was

completely abolished or strongly reduced (Figure 1F), suggesting

that the region between amino acid residues 409 and 430 is

important for conferring the binding to HIPP. We examined this

region for a sequence motif conserved among CKX proteins

interacting with HIPP. The Asn-Ile-Leu-Thr (NILT) residues posi-

tioned in the short sequence stretch predicted to be exposed on

the CKX1 protein surface were selected (Figure 1E and

Supplemental Figure 2D). These residues were mutagenized in

CKX1 to Asp-Leu-Val-Lys residues (CKX1421DLVK), thus mimicking

the sequence of CKX7 at this position. Y2H tests showed that the

CKX1421DLVK mutant can no longer or only weakly interact with

HIPPs (Figure 1G), confirming the relevance of the 409–430

sequence region of CKX1 for the HIPP binding and suggesting

that the mutated residues may be part of the interaction interface.

We next analyzed potential protein–protein interactions among

the isolated HIPPs. HIPP7 showed homodimerization in yeast

and in co-IP experiments, but did not interact with HIPP6

(Supplemental Figure 2F and 2G). Interestingly, the HIPP7

homodimerization was lost when the HIPP7C352G and HIPP7hma

mutant variants were used, suggesting that both the protein

isoprenylation and metal binding is essential for the HIPP7

homocomplex formation.
Subcellular localization of clade-I HIPPs

To gain insight into cellular mechanisms underlying the activity of

HIPPs, we investigated their subcellular localization. HIPP7 and

HIPP1 were fused to GFP at their N termini to avoid interference

with the potential C-terminal prenylation, and the fusion proteins

were expressed under the control of the 35S promoter in N. ben-

thamiana leaf epidermis and in stably transformed Arabidopsis.

Confocal microscopy revealed that GFP-HIPP7 was localized

mainly in the cytoplasm of N. benthamiana cells, as indicated by

a diffuse staining of the cytoplasmic strands and nucleoplasm

(Figure 2A). However, in comparison with free mCherry

cytoplasmic/nuclear marker, GFP-HIPP7 also accumulated at

the nuclear envelope (Figure 2A, arrowhead) and less frequently

within distinct puncta at the cell periphery (Supplemental

Figure 3A); a pattern characteristic of plasmodesmal localization
021.
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Figure 1. CKX1 and HIPPs interact in vitro and in vivo
(A) Interaction between CKX1 and HIPPs detected by yeast two-hybrid (Y2H) assays. Growth of yeast strains harboring CKX1 as bait and the indicated

HIPPs as prey on control medium (SDII), interactionmedium (SDIV), and SDIV supplementedwith 3-amino-1,2,4-triazole (3-AT). Empty vector pACT2-GW

was used as control.

(B) In vivo interaction of CKX1 with HIPPs. myc-CKX1 was transiently coexpressed with GFP-HIPP6, GFP-HIPP7, or GFP in N. benthamiana. Protein

extracts were used for immunoprecipitations with anti-GFP antibody followed by immunoblotting with anti-myc and anti-GFP antibodies. The left panel

shows the input (20 mg of crude extracts used for co-IP assay); the right panel shows the pellet fractions from co-IP.

(C) Scheme of HIPP7 protein structure with conserved motifs. Introduced mutations are indicated in bold/underlined.

(D) Co-IP assays reveal the loss of CKX1–HIPP7 interaction upon mutating isoprenylation site in HIPP7 (HIPP7C352G), whereas mutation of HMA domains

(HIPP7hma) does not affect the interaction. Similar experimental setup as in (B) was used. Single, double, and triple arrowheads indicate the apparent

monomeric, dimeric, and higher-order oligomeric forms of myc-HIPP7.

(E) Schematic representation of the CKX1 protein and its mutant variants used in the interaction assays. A segment of the sequence alignment of CKX

proteins tested for the interaction with HIPPs covering the region with the introducedmutations (bold/underlined). The full-length CKX protein sequences

were aligned using ClustalW.

(F) Interaction between the C-terminally truncated CKX1409 and HIPPs is strongly reduced in Y2H assay.

(G) The mutation of CKX1 at positions 421–424 (CKX1421DLVK) abolishes the interaction with HIPP6 and HIPP7 in yeast.
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(Oparka et al., 1997; Yuan et al., 2016). In the cortical region, GFP-

HIPP7 showed cytosolic localization adjacent to the ER network

labeled with the coexpressed ER marker protein RFP-p24 (Lerich

et al., 2011) (Figure 2B). Colocalization of GFP-HIPP7 with RFP-

p24 was observed with low occurrence (Figure 2C). In contrast,

GFP-HIPP7C352G mutant form lacking the prenylation site was

localized mainly to the cytosol, and the signal was apparent

neither at the ER nor plasmodesmata. Similar subcellular

localization ofGFP-HIPP7wasdetected in stably transformedAra-

bidopsis; however, in comparisonwith theN.benthamiana system,

the protein labeled plasmodesmata more strongly (Supplemental

Figure 3C). Interestingly, the frequency of plasmodesmal

localization was lower and the fluorescence signal associated

with plasmodesmata was significantly weaker in Arabidopsis

plants expressing GFP-HIPP7C352G (Supplemental Figure 3D). In

contrast, GFP-HIPP7C352G showed increased occurrence in the
Molecula
cytosol, suggesting that prenylation is largely required for the

localization of HIPP7 to plasmodesmata. However, the weak

plasmodesmal localization of GFP-HIPP7C352G in Arabidopsis

suggests that other targeting determinants might be involved.

The GFP-HIPP1 fusion protein expressed in N. benthamiana was

localized mainly in the cytoplasm and nucleus (Figure 2D). In the

nucleus, the fluorescence labeled nucleoplasm and small bright

foci, which were usually localized to nucleolus (Figure 2E). With

lower frequency, the GFP-HIPP1 fluorescence was also associ-

ated with plasmodesmata (Figure 2D, inset). Comparable

subcellular localization of GFP-HIPP1 was observed also in the

transgenic Arabidopsis plants (Supplemental Figure 3E);

however, the frequency and intensity of the GFP-HIPP1 signal

at the plasmodesmata was significantly stronger than in N.

benthamiana.
r Plant 14, 1918–1934, November 1 2021 ª The Author 2021. 1921
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Figure 2. Analysis of the subcellular localization of GFP-HIPP7
and GFP-HIPP1 fusion proteins in N. benthamiana
(A–C) Confocal microscopy analysis of N. benthamiana leaf epidermal

cells transiently expressing 35S:GFP-HIPP7. In the central plane of the

cell, the protein is detected in the cytosol (pCAMBIA-mCherry, magenta),

in the nucleoplasm, and at the nuclear membrane (arrowhead) (A). In the

cell cortex, GFP-HIPP7 localizes mainly adjacent to the ER (RFP-p24,

magenta) (B); less frequently, they colocalize (C).

(D and E) Representative confocal microscopy images of N. benthamiana

leaf epidermal cells coexpressing 35S:GFP-HIPP1 with the cytosolic

marker (magenta). GFP-HIPP1 localizes in the nucleus (arrowhead) and in

the cytoplasm. Occasionally, GFP-HIPP1 fluorescence was associated

with plasmodesmata (magnified in the inset) (D). In the nucleus, the GFP-

HIPP1 fluorescence labels the nucleoplasm (arrow) and small bright foci

within the nucleolus (arrowhead) (E).

Scale bars represent 10 mm (A), 5 mm (B, C, and E), and 25 mm (D).
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Microscopic analysis suggested that the examined HIPPs might

exist in different forms, as cytosolic and as being associated

with other cellular structures such as the ER and plasmodesmata.

To substantiate this notion and gain further insight into the basic

cellular properties of the HIPPs, we studied the solubility and

possible membrane association of the GFP-HIPP7 protein stably
1922 Molecular Plant 14, 1918–1934, November 1 2021 ª The Author 2
expressed in Arabidopsis under the control of the UBIQUITIN10

(UBQ10) promoter (Geldner et al., 2009). Cellular protein

fractionation followed by protein gel blot analysis revealed that

GFP-HIPP7 was predominantly associated with microsomal

membranes and almost absent in the supernatant fraction of

soluble proteins (Supplemental Figure 3F). Interestingly, the

apparent molecular mass of GFP-HIPP7 was higher than ex-

pected for the GFP-HIPP7 monomer, suggesting that HIPP7 is

part of a larger molecular complex, which was not fully resolved

under SDS–PAGE conditions. Importantly, in contrast to GFP-

HIPP7, the membrane association of the mutant form lacking

the prenylation site (GFP-HIPP7C352G) was strongly reduced,

indicating that the prenylation is one important factor for attach-

ing HIPP7 to membranes.
HIPPs interact with the CKX1 protein exported from the
ER

Previous studies have demonstrated that CKX proteins, identified

in this work as interacting with HIPPs, are localized to various

compartments of the secretory pathway including mainly the

ER and apoplast (Werner et al., 2003; Niemann et al., 2018). In

view of the described CKX–HIPP interactions, it is therefore

intriguing that HIPP1 and HIPP7 apparently localize on the

cytosolic side of the ER and plasma membrane, raising the

question about cellular mechanisms underlying these protein–

protein interactions.

To address this, we tested CKX1–HIPP7 interaction using bimo-

lecular fluorescence complementation (BiFC) (Gookin and

Assmann, 2014). CKX1 and HIPP7 were fused at their N termini

to the N- and C-proximal halves of the Venus fluorescent

protein (NVen and CVen, respectively). To monitor non-specific

assembly of NVen and CVen, we used the parent vector express-

ing NVen-CKX1 together with unfused CVen as control. As illus-

trated in Figure 3A, no or very weak BiFC was detected in the

cells expressing the control vector. In contrast, all cells

expressing NVen-CKX1 and CVen-HIPP7 showed strong Venus

fluorescence (Figure 3B), indicating BiFC between the fusion

proteins and suggesting that CKX1 and HIPP7 interact also in

planta. GFP-HIPP7C352G did not interact with CKX1 in the BiFC

assay (Figure 3C and Supplemental Figure S4A), confirming the

hypothesis that post-translational protein modification is

required for the complex formation.

Most interestingly, in contrast to GFP-HIPP7 predominantly

localized to cytosol (Figure 2), the fluorescence of the NVen-

CKX1/CVen-HIPP7 complex clearly localized to the cortical and

perinuclear ER and small punctate structures (Figure 3F and

Supplemental Figure 4B). This pattern closely resembled the

subcellular localization of CKX1-GFP (Niemann et al., 2018).

The BiFC experiments thus indicate that the CKX1–HIPP7 com-

plex formation involves specifically the ER-associated HIPP7

protein fraction (Figure 2C), or that the protein–protein interaction

increases the affinity of HIPP7 to the ER membrane. Most impor-

tantly, we have previously shown that CKX1 exhibits a transmem-

brane topology with the C terminus residing in the ER lumen

(Niemann et al., 2018). Given that the CKX1 domain mediating

the interaction with HIPPs is localized in the luminal part of the

protein (Figure 1 and Supplemental Figure 4C), BiFC between

CKX1 and HIPP7 implicates that the CKX1 protein in the
021.
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Figure 3. CKX1 interacts with HIPPs in planta
(A–E) Confocal microscopy analysis of bimolecular fluorescence complementation assay (BiFC) in N. benthamiana epidermal leaf cells expressing the

NVen-CKX1/CVen parent vector control (A) and the indicated CKX1/HIPP7 protein pairs (B–E). Upper images show the Venus-derived fluorescence

(yellow); lower images show the expression controls as indicated by mTq2 fluorescence.

(F)NVen-CKX1/CVen-HIPP7BiFC fluorescence signal localizes to the cortical ER and small punctate structures. Yellow, Venus BiFC;magenta, RFP-p24.

(G and H) Reconstitution of the Venus-derived fluorescence demonstrates NVen-CKX1 interaction with CVen-HIPP1 (G). NVen-CKX1/CVen-HIPP1 BiFC

(yellow) signal is distributed mainly in the nucleus and weakly in the cytoplasm, as indicated by the colocalization with pCAMBIA-mCherry (magenta) (H).

Scale bars represent 100 mm (A–E and G) and 10 mm (F and H).
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detected complex represents a form which was relocated to the

cytosolic side of the membrane. This is consistent with the recent

finding that CKX1 is targeted to the ERAD pathway (Niemann

et al., 2015), which requires retrotranslocation of target proteins

from the ER prior to delivery to the cytosolic/nuclear

proteasome (Hampton and Sommer, 2012). To test whether

CKX1–HIPP7 interaction involves the retrotranslocated CKX1

protein, we performed BiFC assays using CKX1421DLVK and

CKX1409 that were unable to interact with HIPPs in yeast.

As shown in Figure 3D and 3E and Supplemental Figure S4A,

no interaction was detected between HIPP7 and these two

CKX1 mutant variants, corroborating the idea that HIPP7

interacts with the luminal domain of CKX1 during or upon

retrotranslocation from the ER. The results therefore implicate

a function of HIPP7 during retrotranslocation or post-

retrotranslocation processing of CKX1.

As shown in Figure 3G, a clear BiFC signal was detected also for

the NVen-CKX1/CVen-HIPP1 pair. The fluorescence signal was
Molecula
mainly localized in the nucleus and cytoplasm (Figure 3H),

suggesting that the complex also involves the retrotranslocated

cytosolic CKX1 fraction. However, unlike NVen-CKX1/CVen-

HIPP7, the NVen-CKX1/CVen-HIPP1 complex was not detected

at the ER, suggesting that it was detached from the ER mem-

brane upon CKX1 retrotranslocation.
Overexpression of clade-I HIPP genes causes
pleiotropic phenotypes and alters cytokinin responses
in a prenylation-dependent manner

To explore the physiological function of the isolated HIPPs, we

first performed gain-of-function experiments by expressing

selected GFP-HIPPs under the 35S promoter in Arabidopsis. In-

dividual transgenic lines expressing 35S:GFP-HIPP6 and

35S:GFP-HIPP7 (called 35S:HIPP6 and 35S:HIPP7 hereafter)

developed very similar pleiotropic phenotypes that have not

been observed previously (Suzuki et al., 2002). Transgenic lines

expressing either construct developed smaller rosette leaves
r Plant 14, 1918–1934, November 1 2021 ª The Author 2021. 1923
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with strongly altered morphology, which correlated with the

expression levels of the respective transgene (Figure 4 and

Supplemental Figure 5). Similar, yet more severe, changes in

leaf development resulted from overexpression of GFP-HIPP1

under the UBQ10 promoter (Supplemental Figure 5),

suggesting that clade-I HIPP genes might generally display

similar activity in controlling leaf development. The transgenic

leaves were characterized by shorter petioles and smaller lamina

with serrated and crinkly leaf margins (Figure 4B). These

morphological changes were reminiscent of those observed in

cytokinin-overproducing plants or mutants with an increased

expression of class-1 KNOX homeobox genes (Chuck et al.,

1996; Rupp et al., 1999). As leaf size and shape are determined

by patterns of cell division and cell expansion, we analyzed the

cell size of epidermal cells in the fully developed 35S:HIPP7

rosette leaves. Microscopic analysis revealed a strongly

increased number of the 35S:HIPP7 epidermal cells, which

were reduced in size by ~60% in comparison with wild type

(Figure 4C). Moreover, whereas differentiated adaxial epidermal

pavement cells of wild-type plants had a characteristic puzzle-

shape morphology, the 35S:HIPP7 cells developed much less

convoluted shape with fewer lobes and indentations

(Figure 4D), indicating a delayed differentiation. This notion was

corroborated by the frequent occurrence of apparently recent

cell-division events in the expanded 35S:HIPP7 leaves

(Figure 4D, arrowheads).

Next, we examined whether the extended proliferation and de-

layed leaf maturation reflect altered cytokinin responses in the

HIPP-overexpressing plants. To this end, we increased the

endogenous cytokinin content in the analyzed plants by treat-

ment with the CKX inhibitor INCYDE (Zatloukal et al., 2008) and

analyzed the leaf growth responses. Figure 4E and 4F show

that the wild type responded to the low INCYDE concentration

by increasing the leaf area, which is typical for plants treated

with low cytokinin concentrations (Efroni et al., 2013) or

displaying enhanced cytokinin activity (Bartrina et al., 2017). In

contrast, the leaf areas of 35S:HIPP6 and 35S:HIPP7 were

reduced in response to already low INCYDE concentration, and

the reduction was significantly stronger after treatment with

higher concentrations than in wild type. Moreover, the crinkly

leaf phenotype was strongly enhanced after the inhibitor

treatment (Figure 4E). Together, these results suggest that the

35S:HIPP6 and 35S:HIPP7 plants are hypersensitive to cytokinin.

To test the effect of HIPP expression on cytokinin sensitivity in

more detail and to avoid the strong leaf morphological changes

associated with 35S:HIPP expression, we generated transgenic

lines expressingGFP-HIPP7 under the control of the UBQ10 pro-

moter (UBQ10:HIPP7). Selected lines displayed no detectable

changes in leaf morphology under the control conditions

(Supplemental Figure 6A). Nevertheless, the UBQ10:HIPP7

leaves responded more sensitively than the wild type

toward INCYDE (Figure 4G), corroborating the notion of

increased cytokinin sensitivity through HIPP expression. Most

importantly, the hypersensitive responses were completely

abolished in plants expressing the GFP-HIPP7 mutant

form lacking the prenyl-accepting site (UBQ10:HIPP7C352G;

Figure 4G and Supplemental Figure 6). These data suggest that

the CKX–HIPP complex formation enhanced by HIPP7 expres-

sion was likely causal for the enhanced cytokinin sensitivity.
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Notably, an increased sensitivity toward cytokinin was observed

also in the generated UBQ10:HIPP1 lines (Supplemental

Figure 6D), suggesting that the ability to modulate cytokinin

responses may be common to clade-I HIPPs.
The altered development ofHIPP-overexpressing plants
is causally linked to enhanced cytokinin activity

To further explore the cytokinin effect on the development of

HIPP-expressing plants, we crossed 35S:HIPP7 plants with

repressor of cytokinin deficiency4 (rock4), which is a dominant

gain-of-function mutation of the cytokinin biosynthesis isopente-

nyltransferase 3 (IPT3) genewith increased endogenous cytokinin

content (I. Bartrina, T. Werner, and T. Schm€ulling, unpublished

data). This mutant was isolated based on its ability to suppress

the cytokinin deficiency (Niemann et al., 2015). Figure 5A

illustrates that the elevated cytokinin biosynthesis severely

enhanced the 35S:HIPP7 leaf developmental defects,

corroborating the enhanced cytokinin sensitivity of the

transgenic line.

Next, we analyzed whether the phenotypic changes in HIPP-

overexpressing plants were reflected by the content of endoge-

nous cytokinins. The analysis revealed that the contents of

most cytokinin metabolites were relatively weakly changed in

the transgenic plants (Supplemental Tables 2 and 3). The

strongest changes were detected for isopentenyladenine (iP)

and trans-zeatin (tZ) nucleotides, which were reduced to about

70% of the wild-type levels. In contrast, concentrations of cyto-

kinin O-glucosides were significantly increased. Interestingly, in

contrast to iP- and tZ-type cytokinins, all cis-zeatin metabolites

were increased in all transgenic lines. Together, the complex

changes of the cytokinin profiles indicate that a number of ho-

meostatic reactions were activated in response to the expression

of different HIPP genes.

Because of the subtle changes of cytokinin concentrations, we

directly analyzed the cytokinin status of the HIPP1- and HIPP7-

overexpressing plants by introgressing the cytokinin output

sensor TCSn:GFP (Z€urcher et al., 2013). Since the TCSn:GFP

reporter displays a relatively low fluorescence signal in rosette

leaves, we analyzed its expression levels by qRT–PCR.

Figure 5B shows that TCSn:GFP expression was significantly

increased in the transgenic lines. These results correlate with

the increased sensitivity toward cytokinin and suggest that

clade-I HIPPs increase cytokinin activities.

To further corroborate these results, we analyzed the expression of

type-A ARR genes encoding the downstream component of the

cytokinin signaling pathway (To et al., 2004). qRT–PCR analysis

revealed an upregulation of ARR5 and ARR7 in HIPP-

overexpressing plants (Supplemental Figure 7A). Interestingly, the

steady-state transcript levels of most analyzed ARRs were unal-

tered or decreased in comparison with wild type, suggesting their

differential regulation in response to HIPP expression. Notably,

among the downregulated type-A ARRs were genes previously

shown to be specifically expressed in the expanding leaves to

inhibit cytokinin responses and cell proliferation (Efroni et al.,

2013). For example, the ARR15 and ARR16 were strongly

downregulated in HIPP-overexpressing leaves, and the reduction

was progressively stronger during the later stages of leaf
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Figure 4. Overexpression of clade-I HIPP genes alters leaf development and enhances cytokinin responses
(A) Four-week-old wild-type (WT) and 35S:GFP-HIPP7-expressing plants. Two independent lines are shown.

(B) Morphology of the sixth rosette leaf of plants shown in (A) and Supplemental Figure 5A.

(C) Average size of abaxial epidermal cells of the fifth and sixth rosette leaves of the WT and 35S:HIPP7-15 line at 28 days after germination (DAG). Data

are mean ± SD (n R 15). ***P < 0.005, calculated by Student’s t-test.

(D) Abaxial epidermis of the sixth leaf of plants analyzed in (C). Cells at 25% distance from tip to base are shown. Examples of apparently recently formed

cell walls are indicated by arrowheads.

(E) Leaf 7 from WT and two independent homozygous lines expressing 35S:HIPP6 and 35S:HIPP7 treated repeatedly with INCYDE (10 and 50 mM) for

4 weeks.

(F) Relative growth of rosette leaf 7 of plants shown in (E). Data are mean ± SE (n = 8–9). All mutant lines differed significantly from WT for both INCYDE

treatments (Student’s t-test, P < 0.05, false discovery rate [FDR]-corrected).

(G) Relative growth of rosette leaf 7 of WT and UBQ10:HIPP7 and UBQ10:HIPP7C352G plants treated as in (E). Data are mean ± SE (n = 8). *P < 0.05,

***P < 0.005, calculated by FDR-corrected Student’s t-test.

Scale bars represent 1 cm (A, B, and E) and 50 mm (D).
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maturation (Supplemental Figure 7B), which correlates with the

appearance of the severe leaf developmental defects in

the transgenic plants. Hence, the diminished expression of these

ARRs correlates with the higher TCSn:GFP activity and enhanced

cytokinin responsiveness in HIPP-overexpressing plants.

To test whether the enhanced cytokinin activity is causally

involved in the establishment of the HIPP-overexpression pheno-

type, we crossed 35S:HIPP6 to 35S:ARR15, which displays

reduced cytokinin sensitivity (Ren et al., 2009). As shown in

Figure 5C and Supplemental Figure 7, the 35S:HIPP6 phenotype

was significantly suppressed, indicating that the altered leaf

development in HIPP-overexpressing plants is largely caused by

enhanced cytokinin activity.

Next, we analyzed the potential activity of the selected HIPP

genes during root development. We observed that the UBQ10:-

HIPP1 lines, which displayed the most severe changes in shoot

morphology, also developed a strongly retarded root system.

The primary root elongation and lateral root formation was

severely impaired in correlation with the transgene expression
Molecula
(Supplemental Figure 8A and 8B). As cytokinin regulates cell

differentiation in the root apical meristem, we analyzed

the root meristem size in different UBQ10:HIPP1 lines by

scoring the number of the meristematic cortex cells. The cell

number was strongly reduced in UBQ10:HIPP1 meristems

(Supplemental Figure 8C), indicating premature cell

differentiation and suggesting that the altered root meristem

activity was due to enhanced cytokinin responses. In

agreement with this, the TCSn:GFP activity was significantly

enhanced in UBQ10:HIPP1 meristems; the GFP signal was

stronger in the procambial cells and expanded upward into

the root vasculature in comparison with control (Figure 5E

and Supplemental Figure 8D).

Since we showed that prenylation of HIPP7was necessary for the

establishment of the overexpression phenotypes in leaves, we

further tested whether this post-translational protein modification

is also important for HIPP activity in roots. Figure 5F and 5G show

that the transgenic line expressing UBQ10:HIPP7 displayed

significantly reduced (~10%) elongation of the primary root

and formation of the lateral roots (~20%). Importantly, the
r Plant 14, 1918–1934, November 1 2021 ª The Author 2021. 1925
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Figure 5. Abnormal development of HIPP-overexpressing lines
is largely caused by an enhanced cytokinin activity
(A) A dominant gain-of-function mutation of the cytokinin biosynthesis

IPT3 gene (rock4; repressor of cytokinin deficiency4) enhances the

35S:HIPP7 leaf developmental defects. Note the reduced leaf size and

extensive serration in the hybrid plants. F1 hybrid plants at 28 DAG are

shown.

(B) qRT–PCR analysis of GFP transcript levels in rosettes of 15-DAG F1

plants from the crosses between TCSn:GFP with wild-type (WT),

UBQ10:HIPP1-19, and 35S:HIPP7-15 plants. Data are mean ± SE (n = 3).

***P < 0.005, calculated by FDR-corrected Student’s t-test.

(C) Suppression of the altered leaf morphology of 35S:HIPP6 plants by the

expression of 35S:ARR15. F1 hybrid plants at 23 DAG are shown.

(D and E) Confocal microscopy of root meristems of F1 plants of

TCSn:GFP crossed with WT (D) and UBQ10:HIPP1-19 (E). Images were

captured using identical confocal settings. Note that the background GFP

fluorescence corresponding to the GFP-HIPP1 protein expressed in

UBQ10:HIPP1 lines was very low (Supplemental Figure 8D) and thus did

not interfere with analysis of the TCSn:GFP activity.

(F) Length of the primary root of the WT and plants expressing

UBQ10:GFP-HIPP7 and UBQ10:GFP-HIPP7C352G. Root elongation be-

tween days 3 and 10 after germination. Data are mean ± SD (n = 30). ***P <

0.005, calculated by FDR-corrected Student’s t-test.

(G)Number of emerged lateral roots in plants shown in (F) at 10 DAG. Data

are mean ± SD (n = 30). ***P < 0.005, calculated by FDR-corrected Stu-

dent’s t-test.

Scale bars represent 1 cm (A and C) and 25 mm (D and E).
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expression of UBQ10:HIPP7C352G did not produce a significant

change in root development, suggesting that the changes in

cytokinin activity in roots were dependent on HIPP7 prenylation.
1926 Molecular Plant 14, 1918–1934, November 1 2021 ª The Author 2
HIPPs alter the ERAD of CKX and provide feedback
control of cytokinin activity

The described phenotypic and molecular analysis provided

several indications that cytokinin activity was increased due to

HIPP overexpression. Moreover, as the BiFC assays provided in-

dications that the HIPPs may function in the ERAD of CKX pro-

teins, we asked whether the enhanced cytokinin activity in HIPP

overexpressors is linked to a perturbed function of CKX proteins.

To approach this question, we crossed the UBQ10:HIPP1,

35S:HIPP6, and 35S:HIPP7 with a transgenic line expressing

CKX1-myc, a well-studied ERAD substrate (Niemann et al.,

2015), under the Arabidopsis thaliana MERISTEM LAYER 1

(ATML1) promoter. Analysis of the ATML1:CKX1-myc, UBQ10:

HIPP1 F1 progenies revealed that the CKX1-myc levels were

strongly reduced in comparison with the control cross

(Figure 6A and Supplemental Figure 9), suggesting that the

CKX1–HIPP1 interaction triggers degradation of CKX1. These re-

sults correlate with the enhanced cytokinin activity in the HIPP1-

overexpressing plants.

In contrast, CKX1-myc levels were significantly increased upon

the expression of 35S:HIPP6 and 35S:HIPP7 (Figure 6A and

Supplemental Figure 9A), suggesting that CKX1-myc was stabi-

lized in the complex with the respective HIPPs and/or the HIPPs

impeded some steps of the ERAD pathway. Notwithstanding the

mechanism, the increased cytokinin activity in HIPP6 and HIPP7

overexpressors implicate that the accumulated CKX1-myc pro-

tein was physiologically non-functional and that less cytokinin

degradation occurred in the ER lumen.

To test this assumption, we crossed 35S:myc-CKX1 to the ebs7

mutant, which has been identified to prevent degradation of

several ERAD substrates (Liu et al., 2015). Figure 6B shows that

ebs7 completely suppressed the cytokinin-deficient growth

phenotype, indicating that EBS7 controls negatively cytokinin ac-

tivity. Intriguingly, the myc-CKX1 levels were strongly increased

(Figure 6C and Supplemental Figure 9C), suggesting an

accumulation of biologically inactive myc-CKX1 paralleled by a

loss of its activity in the ER. These results correlate with the

data obtained from HIPP6- and HIPP7-overexpressing plants,

and together support the idea that disturbance of ERAD may

result in accumulation of a substrate protein and yet cause the

loss of its function in the ER at the same time.

To gain more insights into the role of HIPPs in regulating cyto-

kinin responses, we isolated insertion mutant alleles of individ-

ual HIPP genes and generated a set of higher-order mutants

by genetic crosses (Supplemental Figure 10). The

pATML1:CKX1-myc construct was introduced into the hipp5

hipp6 hipp7 triple mutant (referred to as hipp5,6,7 hereafter),

and the CKX1-myc levels were assessed. The analysis revealed

that hipp5,6,7 significantly reduced the CKX1-myc abundance

and accordingly also suppressed the cytokinin-deficient shoot

growth phenotype (Figure 6D and 6E). These data, therefore,

strongly support the role of HIPPs in maintaining CKX levels.

To understand the relevance of this regulation under

physiological conditions, we examined root growth and

cytokinin activity in different hipp multiple mutants.

Supplemental Figure 10 shows that the primary root growth

and lateral root development were reduced in two examined

triple and hipp5,6,7,8 quadruple mutants.
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Figure 6. Regulation of CKX1 protein levels
in HIPP-overexpressing plants and ERAD
mutants
(A) Comparison of the CKX1-myc protein abun-

dances in F1 plants resulting from crosses be-

tween theATML1:CKX1-myc Arabidopsis line and

plants expressing UBQ10:HIPP1, 35S:HIPP6 and

35S:HIPP7. Hemizygous F1 plants from the cross

between ATML1:CKX1-myc and wild type (WT)

were used as a control. Protein extracts (30 mg)

from shoots were analyzed by immunoblotting

with anti-myc antibody. Coomassie blue staining

of Rubisco large subunit (RbcL) was used as

loading control. Relative densitometric analysis of

the CKX1-myc signal is shown. Data are mean ±

SD (n = 4). ***P < 0.005 (one-way ANOVAwith post

hoc Tukey–Kramer test). The transcript levels of

the CKX1 transgene were comparable in the

hybrid and control plants (Supplemental Figure 9).

(B) The ebs7 mutation suppresses the cytokinin-

deficient shoot phenotype of 35S:myc-CKX1

plants (26 DAG). Scale bar represents 1 cm.

(C) myc-CKX1 protein levels are increased in

35S:myc-CKX1 ebs7 hybrid plants. Protein anal-

ysis was performed as in (A). Relative densito-

metric analysis of the myc-CKX1 signal is shown.

Data are mean ± SD (n = 4). ***P < 0.005 (one-way

ANOVA with post hoc Tukey–Kramer test).

(D) CKX1-myc levels in WT and hipp5,6,7 plants.

ATML1:CKX1-myc was transformed into the ho-

mozygous hipp5,6,7 mutant and independent

transformation events were selected. Two

selected T1 plants (lines 30 and 40) were crossed

to WT and hipp5,6,7, and the progenies hetero-

zygous and homozygous, respectively for

hipp5,6,7 were selected. The ATML1:CKX1-myc

allele was hemizygous in both genotypes

compared. Immunoblot analysis was performed

as in (A). Relative densitometric analysis of the

CKX1-myc signal is shown. Data are mean ± SD

(n = 3). *P < 0.05, ***P < 0.005 (one-way ANOVA

with post hoc Tukey–Kramer test).

(E) hipp5,6,7 suppresses the cytokinin-deficient

shoot phenotype caused by ATML1:CKX1-

myc. Same plants as used for the analysis in

(D) are depicted at 15 DAG. Scale bar represents

1 cm.

(F) Root meristem size in WT and hipp5,6,7 plants at 7 DAG. Arrows indicate the QC, and arrowheads indicate the cortex cell at the transition zone.

Scale bar represents 25 mm. Cells in a cortex cell file between the QC and transition zone were counted. Data are mean ± SD (n = 10). ***P < 0.005,

calculated by Student’s t-test.

(G) Confocal microscopy analysis of TCSn:GFP in root meristems of WT and hipp5,6,7,8 mutant. White boxes indicate region of interest (ROI) used for

the quantification of the TCSn:GFP signal. Scale bar represents 50 mm. Data are mean ± SD (n = 20). **P < 0.01, calculated by Student’s t-test.
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The decreased root elongation correlated with reduced size of the

root apical meristem (Figure 6F), indicating that the examined

HIPPs play a positive role in root growth control. The root growth

in individual hipp single and double mutants was comparable

with that in wild type (data not shown), indicating a high degree

of functional redundancy among clade-I HIPP genes. Analysis of

theTCSn:GFP reporter introgressed into thehipp5,6,7,8mutant re-

vealed a significantly enhanced cytokinin signaling activity in com-

parisonwithwild type,whichwasparticularly expanded in the stele

of the proximal meristem toward the transition zone (Figure 6G).

Correlating with this observation, the transcript levels of several

type-A ARR genes were strongly elevated in hipp triple and
Molecula
quadruple mutants (Supplemental Figure 10G). These results

further support the conclusion that clade-I HIPPs are physiologi-

cally important regulators of cytokinin response.

We next asked whether the HIPP function is controlled by cyto-

kinin. To this end, we assessed the transcriptional regulation of

clade-I HIPP genes by cytokinin using qRT–PCR. After 30 min

of cytokinin treatment, the HIPP5, HIPP6, and HIPP7 transcript

levels were downregulated to about 40% relative to control plants

(Supplemental Figure 11). Interestingly, the expression was

restored to normal levels after 2 h of treatment. This fast and

transient regulation suggests that these HIPP genes are
r Plant 14, 1918–1934, November 1 2021 ª The Author 2021. 1927
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Figure 7. HIPPs are involved in ERAD and ER stress responses
(A) qRT–PCR analysis of UPR gene expression in rosettes of plants at 15

DAG. Data are mean ± SE (n = 4). *P < 0.05, ***P < 0.005, calculated by

FDR-corrected Student’s t-test.

(B) Seedlings grown on half-strength MS medium supplemented with

DMSO (control), tunicamycin (TM), or dithiothreitol (DTT) for 8 days. One

representative image of at least three independent experiments including

both WT and hipp5,6,7,8mutant with ~40 seedlings each is shown. Scale

bar represents 1 cm.

(C) A proposed model illustrating how HIPPs function in regulating cyto-

kinin responses. Cytokinin is perceived by AHK receptors localized to the

ER and apoplast. The steady-state concentrations of cytokinin in these

compartments are regulated by ER-localized and secretory CKX proteins.

These CKX proteins are monitored by ERQC to attain their biochemically

competent conformation (CKX). Our data predict that the misfolded pro-

1928 Molecular Plant 14, 1918–1934, November 1 2021 ª The Author 2
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immediate-early cytokinin response genes. Little or no response

was detected for HIPP3 transcript levels. By contrast, HIPP9was

slightly downregulated after 30 min of treatment, but the expres-

sion increased after 2 h of cytokinin application. The repression of

clade-I HIPP genes correlates with previous transcriptomic ana-

lyses (Bhargava et al., 2013) and suggests that transcriptional

regulation of HIPP genes by cytokinin may represent a novel

feedback control mechanism in the cytokinin system.

Loss of function ofHIPPs activates theUPRand reduces
ER stress tolerance

Recent studies have shown that mutations of ERQC/ERAD com-

ponents constitutively trigger the unfolded protein response

(UPR) (H€uttner et al., 2014; Liu et al., 2015). To further assess

the physiological functions of HIPPs and to test whether the

hipp mutations activate the UPR, we measured the transcript

levels of ER-resident proteins that are typically activated to alle-

viate ER stress (Howell, 2013). The analysis showed that the

expression of Binding protein 1 (BiP1), Calnexin 1 (CNX1), and

Calreticulin 2 (CRT2) was significantly increased in hipp triple

and quadruple mutant plants (Figure 7A), indicating that the

loss of HIPP causes ER stress and constitutive activation of the

UPR pathway. The increase in UPR prompted us to investigate

the stress tolerance of the mutants. We grew seedlings on

medium supplemented with tunicamycin (TM) and dithiothreitol

(DTT), widely used ER stress-inducing agents. Compared with

the wild type, the hipp quadruple mutant displayed markedly

increased sensitivity indicated by the higher percentages of dying

and dead seedlings on TM/DTT-containing media (Figure 7B and

Supplemental Figure 12). These data are in good agreement with

the proposed role of HIPPs in the modulation of the plant ERAD

processes.

DISCUSSION

HIPPs interact with the ER- and apoplast-localized
CKXs in a prenylation-dependent manner

The HIPPs identified in this study are characterized by their abil-

ity to form complexes with CKX proteins that are imported via

their N-terminal targeting domains to the ER. After initial pro-

cessing in the ER, these CKX proteins are either retained in

the ER or exported to the apoplast (Werner et al., 2003;

Niemann et al., 2018), where they control the subcellular pools

of cytokinins that represent the direct input signal perceived

by the AHK receptors (Romanov et al., 2018). The interactions

were specific toward these ER/apoplastic CKXs, because the

cytosolic CKX7 did not interact with any of the tested HIPPs.

Interestingly, the subcellular localization of GFP-HIPP1 and

GFP-HIPP7 contrasts in part with the localization of their CKX-

interacting partners. The proteins were mainly detected in the
teins (CKX*) as well as partially misfolded, but biochemically competent,

species are degraded by ERAD. Experiments with ebs7 and HIPP6 and

HIPP7 gain-of-function plants suggest that accumulation of CKX* affects

the CKX activity and cytokinin degradation. The protein–protein in-

teractions with HIPPs modulate the CKX ERAD, and the reduction of HIPP

activity results in less cytokinin degradation in the ER and apoplast, which

triggers cytokinin-related transcriptional responses. This includes a fast

transcriptional repression of HIPPs (blue line), triggering a positive regu-

latory loop, which further attenuates cytokinin degradation and reinforces

the cytokinin signal.
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cytosol, nucleus, and, in part, at the ER membrane. As the

HIPPs are likely post-translationally modified by prenylation,

the detected subcellular localizations of GFP-HIPPs are in

good agreement with the known biogenesis route of proteins

undergoing this lipid modification. However, whereas GFP-

HIPP1 is likely a soluble protein, as indicated by its localization

to the cytosol/nucleoplasm, GFP-HIPP7 was partially localized

to ER in N. benthamiana. In agreement with this, GFP-HIPP7

was predominantly associated with microsomal membranes in

Arabidopsis. The comparatively weak ER localization of GFP-

HIPP7 in N. benthamiana as detected by confocal microscopy

was likely due to occurrence of untargeted GFP fragments re-

sulting from the partial degradation of the GFP-HIPP7 that

was detected by immunoblot analyses. It is, however, not

excluded that only a fraction of GFP-HIPP7 was prenylated

and attached to the ER membrane because of limiting prenyla-

tion capacity in N. benthamiana cells. Importantly, the mem-

brane binding of GFP-HIPP7C352G was reduced, indicating

that the attachment to endomembranes is partially dependent

on the prenylation. However, the non-prenylated GFP-HIPP7

protein still showed significant membrane binding, suggesting

that other factors are involved. Prenylation generally provides

a relatively weak membrane anchor and usually requires an

additional signal to facilitate stable membrane attachment

(Hemsley, 2015). In line with this, the S-acylation of NbHIPP26

has been shown to be important for its localization to the

plasma membrane (Cowan et al., 2018). Interestingly, we

observed that GFP-HIPP7 and GFP-HIPP1 proteins partially

localized to plasmodesmata, although the significance of

this currently remains unclear.
HIPPs regulate the CKX ERAD process

The subcellular localization of the formed BiFC complexes largely

correlated with those of the individual GFP-HIPPs. The CKX1–

HIPP7 BiFC complex localized at the cortical and perinuclear

ER and small punctate structures, whereas the CKX1–HIPP1

complex was soluble as evidenced by its cytoplasmic/nuclear

localization. These results, together with the fact that CKX1 is

an ER-resident protein (Niemann et al., 2018), indicate that the

HIPPs interact with CKX1 exported from the ER lumen to the

cytosolic side of the ER membrane. This hypothesis is strongly

supported by the work of Niemann et al. (2015) who have

demonstrated that the ER/apoplastic CKXs are ERAD

substrates. Because the catalytic domain of the core

component of the ERAD complex is on the cytosolic surface of

the ER membrane, it is required to retrotranslocate the ERAD

substrates to the cytosol to undergo ubiquitination (Berner

et al., 2018). An export of CKX1 from the ER prior the

interaction with HIPPs was corroborated by the finding that the

interaction domain is in the CKX1 C terminus, which is oriented

to the ER lumen (Niemann et al., 2018).

The interaction with the retrotranslocated ERAD substrates indi-

cates that the identified HIPPs likely represent plant-specific

components of the ERAD system. This finding is in line

with growing evidence that Arabidopsis ERAD involves not only

proteins evolutionarily conserved in eukaryotes but also compo-

nents specific to plants (Liu et al., 2015; Lin et al., 2019). The

mechanism of how the isolated HIPPs connect to ERAD of

CKXs is currently unclear. Overexpression of all tested HIPPs
Molecula
increased cytokinin responses, suggesting that the HIPP likely

modulated the ERAD of the interacting endogenous ER/

apoplastic CKX proteins (Figure 7C). This is supported by the

finding that CKX1-myc levels were reduced upon coexpression

with UBQ10:HIPP1, suggesting that HIPP1 promotes the ERAD

of its interacting proteins and that the increased cytokinin re-

sponses were due to reduced CKX activity in the ER. Intriguingly,

cytokinin responses were also similarly enhanced in plants over-

expressing HIPP6 and HIPP7, yet the CKX1-myc levels were

increased. These data suggest that different HIPPs might regu-

late different steps of ERAD. Supported by the subcellular local-

ization of different BiFC complexes, we hypothesize that HIPP6

and HIPP7 control more upstream processes such as the retro-

translocation at the membrane, whereas HIPP1 promotes

downstream steps of ERAD such as escorting the substrate pro-

teins to the proteasome. These differences might be dictated by

the subcellular localization features of individual HIPPs. The cyto-

solic/nuclear HIPP1 contains a predicted nuclear localization

signal (amino acids 100–122 based on gene model of

At2g28090.2; cNLS Mapper; Kosugi et al., 2009). The nuclear

localization signal might function as a driving force that

promotes the CKX–HIPP complex accessing the proteasome.

The outcome of the HIPPP6 and HIPP7 activity in plants is not

easy to interpret. The surprising increase in CKX1-myc levels

by HIPP6 and HIPP7 proposes their negative function in the

ERAD of CKX (Figure 7C). However, the paradoxical increase of

cytokinin responses indicated that the accumulated CKX1-myc

protein was biologically inactive. This idea is supported

by analysis of the ebs7 mutation (Liu et al., 2015) which,

in similar manner, increased myc-CKX1 levels while enhancing

cytokinin response, as manifested by the suppression of the

cytokinin-deficient phenotype. EBS7 is a plant-specific ER

membrane protein regulating stability of HMG-CoA reductase

degradation1 (Hrd1) (Liu et al., 2015). Hrd1, the ER membrane-

anchored ubiquitin E3 ligase, is the core structural component

of the multiprotein complex that degrades different ERAD sub-

strates in yeast. Hrd1 likely represents the protein-conducting

channel for the retrotranslocation of ERAD clients (Baldridge

and Rapoport, 2016), and a similar role is discussed for Hrd1 in

plants (Strasser, 2018). The ebs7 mutation in Arabidopsis

destabilizes Hrd1 and causes accumulation of ERAD substrates

(Liu et al., 2015), which is consistent with themyc-CKX1 accumu-

lation observed in this work. The loss of biological activity of myc-

CKX1 could be the result of the accumulation of the defective

protein to the disfavor of the correctly folded and active CKX1

protein species in the ER. Alternatively, given the functionally

relevant homodimerization of CKX1 (Niemann et al., 2018), the

accumulation of the misfolded protein might cause a dominant-

negative effect on the myc-CKX1 in ebs7. Similar effects on

CKX1 levels and activity in HIPP6 and HIPP7 overexpression

backgrounds are, therefore, consistent with the proposed func-

tion of these HIPPs in regulating more upstream steps of the

CKX ERAD pathway. The model proposing a negative role of

HIPP6 and HIPP7 in the ERAD of CKX proteins (Figure 7C) is in

full agreement with reduction of CKX1-myc levels observed in

the higher-order mutant comprising hipp6 and hipp7 alleles.

Nevertheless, it remains to be studied how HIPPs execute their

function. It will be, for example, important to understand whether

HIPPs function exclusively through the interaction with the ERAD

substrate proteins or whether they also interfere with the compo-

nents of the ERAD machinery.
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CKX–HIPP interaction modulates cytokinin signaling
output to regulate plant growth and development

The cytokinin signal is perceived by AHK receptors, which

localize to plasma membrane and to the ER (Caesar et al.,

2011; Wulfetange et al., 2011). The current model predicts

that the bulk of cytokinin signaling is initiated from the ER

and the cellular response is determined by the steady-state

concentration of the hormone in the ER lumen (Romanov

et al., 2018). This work provides evidence that the CKX–HIPP

protein–protein interactions represent a new homeostatic

mechanism controlling the CKX activity in the ER and, thereby,

cytokinin responses. As discussed above, different HIPPs

likely modulate different steps of the CKX ERAD pathway,

either directly influencing the CKX degradation or modulating

the levels of the biologically active CKX proteins in the ER

lumen. Both of these activities ultimately result in changes of

cytokinin signaling through the ER-localized AHKs. In addition

to the ER-resident CKX1, other CKX isoforms that are presum-

ably secreted are apparently also controlled by ERAD

(Niemann et al., 2015). Likewise, these CKXs undergo

interaction with HIPPs, suggesting that ERAD of these CKX

isoforms may determine their export rate from the ER and

that the CKX–HIPP interaction module is relevant also for the

apoplastic cytokinin pool.
Multiple lines of evidence supporting the HIPP function in control-

ling cytokinin responses are presented in this study. TCSn:GFP

activity was significantly increased in HIPP overexpressors, and

the plants were hypersensitive to exogenous cytokinin. Genetic

analyses confirmed that the enhanced cytokinin status was

causal for the overexpression phenotypes because the morpho-

logical changes were suppressed and enhanced by repressing

the cytokinin signaling and enhancing the cytokinin biosynthesis,

respectively. Moreover, in line with the reduced CKX levels, the

investigated hippmultiple mutants displayed enhanced cytokinin

responses, providing additional evidence for the functional rele-

vance of the HIPP genes in regulating developmental processes

governed by cytokinin.
Importantly, our work revealed fast and transient repression of

the clade-I HIPP gene expression by cytokinin. The rapid

downregulation indicates that these genes are likely cytokinin

primary response genes. Based on the results from the loss-

of-function experiments, which suggest that the true physio-

logical role of the respective HIPP genes is to alleviate cyto-

kinin responses, the transcriptional repression of these genes

by cytokinin apparently constitutes a positive regulatory feed-

back loop in the cytokinin regulatory system (Figure 7C). The

transient nature of the HIPP transcriptional regulation is

typical for many immediate-early cytokinin responses

(D’Agostino et al., 2000) and suggests a dynamic control of

cytokinin by the HIPP-regulatory module. This feedback mech-

anism is predicted to transiently reinforce the cytokinin con-

centrations. Further investigations, however, are needed to un-

derstand in which physiological and developmental context

this mechanism is particularly relevant. Interestingly, the CKX

levels are regulated by another feedback mechanism involving

transcriptional induction of the corresponding genes by cyto-

kinin (Werner et al., 2006; Brenner et al., 2012), indicating

that the cytokinin concentration in the ER/apoplast
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undergoes a tight regulation underlay by an independent

mechanism.

Given the changes of CKX levels in the HIPP overexpressors, it

is interesting that the overall contents of endogenous cytokinin

metabolites were changed relatively weakly. This suggested

that different homeostatic mechanisms were activated in

response to the enhanced cytokinin activity. Indeed, we

detected that the expression of IPT1, IPT3, and IPT5 genes

was strongly reduced in all HIPP-overexpressing lines

(Supplemental Figure 13), which is consistent with the

transcriptional downregulation of these genes by cytokinin

(Miyawaki et al., 2004). This result therefore indicates that the

cytokinin biosynthesis was partially suppressed as a result of

increased cytokinin signaling. In agreement with this, the

levels of cytokinin nucleotides, which represent the primary

products of cytokinin biosynthesis (Sakakibara, 2006), were

reduced in HIPP-expressing lines. In the same line of

evidence, the cytokinin O-glucosylation, which mitigates

cytokinin activity (Bajguz and Piotrowska, 2009), was

increased, suggesting that the enhanced conjugation may

have compensated for the impaired cytokinin degradation. It is

interesting that, in contrast to the enhanced cytokinin

signaling, the overall concentrations of active cytokinins were

not significantly altered in HIPP overexpressors. Comparably

mild changes were detected in rock1 plants displaying

enhanced CKX ERAD (Niemann et al., 2015). These results

may imply that the cytokinin pool in the ER is relatively small

compared with the content of the whole cell and that the

current analytical methods provide only limited information in

this regard.
HIPPs function in mitigating ER stress

Although many changes caused by HIPP overexpression were

causally linked to altered cytokinin activity, the pleiotropic pheno-

typic changes may suggest that the HIPP functions are, in part,

exerted through cytokinin-independent pathways. Indeed, ge-

netic analysis employing the hipp higher-order loss-of-function

mutants revealed the functional involvement of HIPPs in pro-

cesses necessary tomitigate ER stress. Misfolded proteins accu-

mulate in the ER under adverse environmental conditions,

causing potentially cell damage and compromising the plant sur-

vival (Howell, 2013). This triggers the UPR to limit the deleterious

protein aggregation. Constitutive activation of the UPR pathway

and greatly compromised tolerance of hipp mutants to ER

stress show that the identified HIPP genes play a vital role in

maintaining protein homeostasis in the ER. However, it needs

to be studied whether and how specific environmental stress

responses are controlled by the identified HIPPs. Given the

numerous functions of cytokinin in diverse abiotic and biotic

stress processes (Cortleven et al., 2019), it is appealing to

speculate that HIPPs eventually couple the cytokinin action and

ER stress response pathway during these processes. Lastly, it

will be important to understand the functional diversification

among HIPPs from different clades of the family. It is interesting

that several HIPP genes have been reported to be involved in

plant responses to biotic and abiotic stresses (Barth et al.,

2009; Zschiesche et al., 2015; Cowan et al., 2018; Radakovic

et al., 2018), although the underlying mechanisms have not

been fully revealed.
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Plant materials and growth conditions

A. thaliana ecotype Columbia-0 was used as the wild type. The following

lines were described previously: 35S:ARR15 (Ren et al., 2009), TCSn:GFP

(Z€urcher et al., 2013), ebs7-2 (Liu et al., 2015), rock4 (I. Bartrina, T. Werner,

and T. Schm€ulling, unpublished data), and ATML1:CKX1-myc (Werner

et al., 2021). The T-DNA insertion mutants SALK_069207 (hipp5-1),

SALK_111020C (hipp6-1), SALK_091924C (hipp7-1), and SM_3_25 599

(hipp8-1) were obtained from the Nottingham Arabidopsis Stock Centre.

Arabidopsis plants were grown in vitro on half-strength Murashige and

Skoog (MS) medium containing 10 g/l sucrose or in the greenhouse under

long-day conditions (16 h light/8 h dark; 21�C/18�C). N. benthamiana

plants were grown at 24�C under 14-h light/10-h dark conditions in the

greenhouse.

Generation of gene constructs for expression in plants

To generate the binary destination vectors for driving the gene expression

by the UBQ10 promoter, we PCR-amplified and cloned the UBQ10 pro-

moter into the Gateway destination vector pB7WGF2 (Karimi et al.,

2002) via HindIII/SpeI sites, replacing the cauliflower mosaic virus

(CaMV) 35S promoter (the final vector is called pB7WGF2UBQ10).

For theHIPP1-overexpressing constructs, a cDNA sequence correspond-

ing to the full-length cDNA clone AY924752 was amplified. The amplified

fragment represents an alternativeHIPP1 genemodel (At2g28090.2) start-

ing within the second exon of the At2g28090.1 gene model. A cDNA cor-

responding to At2g28090.1 as annotated by TAIR10 was not recovered in

multiple RT–PCR reactions. The HIPP1 cDNAwas cloned into pDONR221

(Invitrogen) and subsequently subcloned by Gateway LR recombination

into the pB7WGF2UBQ10 vector for expression in Arabidopsis as well

as into pK7WGF2 for subcellular localization studies. HIPP6 and HIPP7

cDNAs were first cloned into pDONR221 and subsequently subcloned

by Gateway LR recombination into pK7WGF2 and pGWB18 (Earley

et al., 2006) for expressing GFP- and myc-fusion proteins, respectively.

The HIPP7C352G and HIPP7hma mutations were introduced by the Quik-

Change site-directed mutagenesis kit (Stratagene), confirmed by

sequencing, and subcloned from pDONR221 into pB7WGF2UBQ10.

For the BiFC assays, HIPP1 and HIPP7 cDNAs and their mutant

variants were amplified by PCR and cloned into the KflI site of MCS3 in

pDOE-08-CKX1 (Niemann et al., 2018), resulting in different pDOE-08-

CKX1–HIPP constructs, expressing CKX1 N-terminally tagged with the

N-terminal fragment of monomeric Venus split at residue 210 (NVen-

CKX1) and HIPP N-terminally tagged with the C-terminal Venus fragment

(CVen-HIPP) (Gookin and Assmann, 2014). All primers used for cloning are

listed in Supplemental Table 4. The binary vector constructs were

transformed into Arabidopsis plants by an Agrobacterium tumefaciens

(strain GV3101:pMP90) mediated floral dip method (Clough and Bent,

1998).

Y2H analysis

Corresponding cDNAs encoding CKX1, 2, 3, 4, and 7 were cloned into

pDONR221 using primers listed in Supplemental Table 4 and subcloned

into destination vectors pACT2 (prey) and pBTM116-D9 (bait) as

described by Weber et al. (2005). CKX1 to CKX4 were cloned without

N-terminal signal peptide/signal anchor sequences (Niemann et al.,

2018) (http://www.cbs.dtu.dk/services/SignalP) to avoid targeting to the

secretory pathway. pACT2-CKX5 clone coding for CKX5 fragment start-

ing with the residue Cys17 at the N terminus was isolated from the prey-

encoding pACT2 cDNA library (Dortay et al., 2008). Y2H assays were

performed as described previously (Weber et al., 2005; Weber and

Hellmann, 2009). SDII selection medium supplemented with Ura and His

was used as transformation control, whereas SDIV minimal medium

without Ura and His, or SDIV supplemented with 10 mM 3-AT, was used

for interaction tests. Photographs were taken 5 days after plating.
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Transient expression in N. benthamiana and confocal laser
scanning microscopy

Gene constructs were transformed as described previously (Sparkes

et al., 2006; Niemann et al., 2018) using A. tumefaciens strain

GV3101:pMP90 and 6-week-old N. benthamiana plants. For coexpres-

sion, the Agrobacterium cultures were mixed in infiltration medium to a

final OD600 of 0.1 for each construct. 35S:p19 (Voinnet et al., 2003) was

included in all infiltrations at OD600 0.1. RFP-p24 (Lerich et al., 2011)

and pCAMBIA-mCherry (Dalal et al., 2015) were used as markers.

Confocal imaging analysis was performed using a Leica TCS SP5 laser

scanning confocal microscope 1–3 days after infiltration as described

by Niemann et al. (2018).

Protein analysis, co-IP assays, and membrane association
analysis

For standard protein expression analysis, frozen plant material was ho-

mogenized and incubated in extraction buffer (50 mM Tris [pH 7.5],

150 mM NaCl, 0.3% Triton X-100, 1 mM phenylmethylsulfonyl fluoride).

Crude extracts were centrifuged for 10 min at 6000 g (4�C). Supernatant
was subjected to bicinchoninic acid assay or Bradford assay to measure

protein concentration. Proteins (amount as indicated) were separated by

9%–10% SDS–PAGE and blotted on polyvinylidene fluoride membrane

(Millipore). Membraneswere blocked with 5% skimmilk in PBS containing

0.1% Tween 20. Amousemonoclonal anti-myc antibody (clone 4A6; Milli-

pore, dilution 1:1000) followed by a goat anti-mouse antibody coupled to

horseradish peroxidase (HRP) (sc-2005; Santa Cruz Biotechnology, dilu-

tion 1:5000) was used to detect myc-CKX1 and CKX1-myc. The detection

of GFP was performed with the anti-GFP antibody (JL-8; Clontech, dilu-

tion 1:2000) in conjunction with the secondary anti-mouse antibody).

Bound antibodies were visualized with SuperSignal West Pico chemilumi-

nescent substrate (Thermo Scientific). Respective GFP- and myc-fusion

proteins were coexpressed transiently in N. benthamiana leaves and co-

IP assays were performed as described previously (Niemann et al.,

2018). The microsomal membranes were isolated from 10-day-old Arabi-

dopsis seedlings by ultracentrifugation according to Niemann et al. (2018).

RNA extraction, cDNA synthesis, and qPCR

Whole RNA was extracted from tissues using a plant RNA extraction kit

according to the manufacturer’s manual (Machery & Nagel). RNA (2–

3 mg) was transcribed into cDNA by Superscript III reverse transcriptase

(Invitrogen) using 2.5 mM 25-mer oligo-dT primer and 4.5 mM 9-mer

random primer. cDNA (75 ng) was used as template in a qPCR reaction

consisting of 0.01 U/ml Immolase DNA-Polymerase (BioLine), the corre-

sponding 13 buffer, 2 mMMgCl2, 100 mM each deoxynucleotide triphos-

phate, 0.13 SYBR Green I (Fluka), 50 nM ROX (Sigma), and 300 nM each

primer (Supplemental Table 4). qPCR analysis was performed using a

7500 Fast Real-Time PCR system (Applied Biosystems). The qPCR tem-

perature program consisted of the following steps: 95�C for 15 min; 40 cy-

cles of 95�C 15 s, 55�C 15 s, 72�C 15s; followed bymelting curve analysis.

Two housekeeping genes (PP2AA2 and UBC10) were used as a control to

normalize the relative transcript abundances of each gene of interest ac-

cording to Vandesompele et al. (2002).

Microscopy

Abaxial epidermis of the sixth leaf of 28-day-old plants grown on soil was

analyzed by microscopy as described in Holst et al. (2011). For the root

meristem size analysis, roots were stained with 10 mM propidium iodide,

imaged with confocal microscopy, and the number of cortex cells

scored as described previously (Dello Ioio et al., 2007).

Hormone and chemical treatments

For cytokinin treatment, 10 plants of each genotypewere sprayed at 3-day

intervals for 4 weeks with N6-benzyladenine (50 mM), CKX inhibitor IN-

CYDE (10 and 50 mM) (Zatloukal et al., 2008; Niemann et al., 2015), or

mock (0.05% dimethyl sulfoxide [DMSO]) after the first two leaves

appeared. 0.01% Silwet L-77 was included in all treatments. The fully
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expanded leaf 7 was photographed and the leaf area measured with

ImageJ software (http://imagej.nih.gov/ij/). For the study of ER stress

tolerance, seedlings were grown on half-strength MS medium supple-

mented with 60 mg/l TM (Sigma), 1.5 mM DTT (Roche), or DMSO (control)

for 8 days and the numbers of seedlings that were green (alive), yellowish

(dying), or dead were counted and recorded.

Cytokinin measurements

The cytokinin contents in shoots of soil-grown plants at different develop-

mental stages were determined by ultra-performance liquid chromatog-

raphy–electrospray tandem mass spectrometry as described by

Sva�cinová et al. (2012), including modifications described by Antoniadi

et al. (2015).

Bioinformatics analysis

The protein secondary structure and solvent accessibility was predicted

using the REPROFsec and PROFacc method, respectively, at the Predict-

Protein server (https://www.predictprotein.org) (Rost et al., 2004).
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