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ABSTRACT OF THE DISSERTATION 

 

The Molecular Mechanisms Governing Shoot Stem Cell 

Maintenance and Organ Patterning by a Family of Transcription Factors 

in Arabidopsis thaliana 

 

by 

 

Jared Allan Sewell 

Doctor of Philosophy in Molecular, Cellular, and Developmental Biology 

University of California, Los Angeles, 2016 

Professor Jeffrey Aaron Long, Chair 

 

Genome duplication in eukaryotes and particularly in plant species has led to gene 

families with both redundant and specialized functions. How closely related transcription factor 

families compete to alter gene expression and ultimately manifest a morphological phenotype is 

a key biological question. In Arabidopsis, the Class III Homedomain-Leucine Zipper (HD-

ZIPIII) transcription factor family controls many developmental processes, such as embryo 

patterning and shoot stem cell formation, through complex genetic interactions. However the 

specific molecular mechanisms behind these genetic observations remain unresolved. I have 

discovered that HD-ZIPIIIs collaboratively and antagonistically regulate entire pathways at 

multiple, sometimes opposing steps, which can occur on a stage, tissue or cell type specific level. 

I found that HD-ZIPIIIs form preferential heterodimers in planta, co-occupy hundreds of 
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genomic locations and regulate target gene expression both positively and negatively. 

Transcriptional repression by HD-ZIPIIIs is correlated with the co-occupancy and association 

with the co-repressor TOPLESS. Finally, I uncovered a novel HD-ZIPIII protein interaction 

partner that exhibits a similar genome-wide DNA binding profile and transcriptional response 

and interacts with both TPL and the HD-ZIPIIIs and thus may bridge a transcriptional complex 

required for HD-ZIPIII-mediated repression. These results demonstrate how a highly related 

family of TFs can collectively regulate important developmental signaling networks and will 

help unravel the inherent complexities of TF family interrelationships at both the molecular and 

network level. 
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INTRODUCTION 
 

Both plants and animals rely on small pools of stem cells to continually divide and 

produce an identical self-renewed stem cell as well as a differentiated daughter cell that will go 

on to generate new tissue. Plants rely on two major populations of stem cells, located in the shoot 

apical meristem (SAM) and root apical meristem (RAM), which share many similarities with 

animal stem cells, including their dependence on positional information for maintaining 

pluripotency [1]. Although embryonic stem cell populations have much in common in both 

plants and animals, post-embryonic stem cell populations from the SAM or RAM in plants 

remain pluripotent while stem cell populations in animals are more limited post-embryonically. 

Thus, plant model systems offer a unique opportunity to study the genetic and molecular 

mechanisms of self-renewal and differentiation.  

Current understanding of stem cell maintenance and tissue patterning in plants has been 

mainly driven by genetic analyses, which have identified several transcription factors affecting 

these processes [2, 3]. The major regulators of both embryonic and post-embryonic patterning 

consist of a family transcription factors (TFs) known as the CLASS III HOMEODOMAIN-

LEUCINE ZIPPER (HD-ZIP III) proteins. The HD-ZIPIIIs are highly conserved among land 

plants and can be traced back to the earliest mosses indicating the HD-ZIPIIIs play a crucial role 

during the evolution of plant development [4]. In Arabidopsis, this family is comprised of five 

members including REVOLUTA (REV/IFL1), PHABULOSA (PHB/ATHB-14), PHAVOLUTA 

(PHV/ATHB-9), INCURVAT4 (ICU4/CNA/ATB-15) and ARABIDOPSIS THALIANA 

HOMEOBOX 8 (ATHB8). In the last 20 years, this gene family has been shown to play pivotal 

roles in specifying adaxial fate of ovules [5], apical patterning in the embryo [6, 7], specifying 

and maintaining shoot stem cell populations post-embryonically [8-11], patterning the dorsal side 
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of differentiating tissues (stems, leaves and flowers) [8, 9, 11] and patterning tissue within the 

root [12-15]. The function of the HD-ZIPIIIs in plant development was first discovered in a 

genetic screen in which a mutant named Interfasicular fiberless 1 (ifl1) was found to completely 

disrupt interfasicular fiber formation in inflorescence meristems. Subsequent positional cloning 

of ifl1 found this gene to belong to the HD-ZIP family of transcription factors [14]. It was later 

discovered that IFL1, also called rev, displayed defects in SAM development and cell divisions 

in leaves [16, 17] Subsequent genetic screens identified dominant gain-of-function mutants for 

all members except for ATHB8, leading to phenotypes that disrupted leaf, vascular tissue and 

meristem formation [8, 9, 18-20], thus pointing to the master regulatory role of the HD-ZIPIIIs 

during plant development.  

To date, the ifl1/rev-1 mutant is the only loss of function HD-ZIPIII allele that displays a 

phenotype, suggesting a high degree of redundancy among family members. Indeed, 

phylogenetic and genetic analyses suggested these TFs are closely related and share highly 

overlapping functions. For example, PHB and PHV share 85% amino acid similarity yet display 

no developmental phenotypes in their respective loss-of-function background on their own or in 

combination with each other [9]. However, REV shares 60% amino acid similarity with other 

members and when combined with phb/phv, the resulting triple mutant (phb/phv/rev) leads to a 

complete failure of embryo patterning exhibiting both a termination of the SAM, ventralization 

of leaves and ultimately, lethality [7, 10, 11].  Furthermore, different combinations of hd-zipIII 

mutants indicate antagonistic roles among family members. For example, ICU4 and ATHB8 

share 75% amino acid similarity, and when combined with a rev loss-of-functions allele, the 

resulting double mutant  (icu4/rev or athb8/rev) can partially suppress the rev mutant phenotype 

[11]. Moreover, in contrast to phb/phv/rev plants, combined loss of function mutants between 
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phb, phv and icu4 (phb/phv/icu4) results in a plant with an increase in SAM size compared to 

wild type plants [11]. These observations suggest a direct antagonism between ICU4 and REV. 

Together, genetic analyses of HD-ZIPIII mutants highlight complex interactions taking place 

between these TFs. Varying expression patterns between family members may explain the 

genetic observations however, with the exceptions of ATHB8, the expression patterns of the HD-

ZIPIII family is somewhat overlapping throughout the course of development [11]. Thus, there 

are likely other mechanisms imparted on each family member to determine their specific 

function.  

HD-ZIPIII Regulation 

The HD-ZIPIIIs are a subclass of the HD-ZIP super family, which is named based on its 

protein structure [21-23]. At the N terminus resides a DNA binding homeodomain (HD) 

followed by a leucine zipper domain (ZIP). Because of their prominent roles during 

development, it is not surprising that HD-ZIPIIIs are exposed to various levels of regulation 

including transcriptional, post-transcriptional, translational and post-translational regulation. 

Much of this regulation occurs at specific domains encoded in the HD-ZIPIIIs such as the 

putative sterol/lipid binding StAR-related lipid transfer (START) [22] domain and the 

MEHKLA/PAS domain [24]. At the transcriptional level, several factors regulate their spatio-

temporal patterns of expression. DOF5.1 binding at the REV promoter stimulates REV 

expression in leaves where dominant gain-of-function DOF5.1 leads to an increase in REV 

expression and subsequent adaxialization of leaves [25]. Additionally, VASCULAR-RELATED 

NAC DOMAIN 7 (VND7) was shown to directly repress the expression of REV and PHB during 

secondary cell wall synthesis in the root [26]. Post-transcriptionally, HD-ZIPIIIs are under the 

control of a 9-member family of microRNAs (miR) 165/166. MicroRNAs 165/166 regulate HD-
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ZIPIII activity by recognizing sequences found in the START domain. Binding of these miR’s 

results in a cleavage of mRNA transcript and subsequent degradation [8, 27]. Moreover, all HD-

ZIPIII gain-of-function alleles identified contain point mutations or insertions within the miR 

recognition sequence thus abolishing cleavage and leading to an increase in HD-ZIPIII 

transcript.  

Post-translational HD-ZIPIII regulation has been shown to take place in two forms: 1) 

through modulation of the MEKHLA/PAS domain and 2) through protein-protein interactions 

with other proteins. MEKHLA/PAS domains have been shown to act as redox sensors in both 

plants and animals [28] and are unique to the HD-ZIPIIIs in the Arabidopsis proteome [24]. A 

recent study showed that the MEKHLA domain can act as a negative regulator of REV activity 

by preventing homo-dimerization formation until relieved by an unknown signal [29]. Another 

study found that a mutation in the MEKHLA domain of ICU4, the hoc allele, could generate 

shoots in vitro without the application of exogenous hormones [30]. Protein interactions also 

play an integral role in the regulation of HD-ZIPIII activity. Heterodimer formation by a family 

of LITTLE ZIPPER proteins (ZPR1-4), negatively regulate the formation of active dimers and 

thus preventing the HD-ZIPIIIs from binding DNA. Notably, the expression of ZPR genes is 

induced by HD-ZIPIII activity, which in turn creates a negative feedback loop [31]. The AP2 

transcription factors DORNROESCHEN and DORNROESCHEN LIKE were also identified as 

HD-ZIPIII interacting partners. HD-ZIPIII-DRN/DRNL interactions are thought to control 

embryonic patterning [32] but the molecular mechanisms behind this regulation is unresolved. 

The HD-ZIPIIIs are also capable of forming heterodimers in vitro but the result of heterodimer 

formation between individual HD-ZIPIII family members in planta remains unknown.  
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Embryonic Patterning 

At the earliest stage of embryogenesis, the zygote divides giving rise to two daughter 

cells. The apical lineage gives rise to the basic body plan of the plant while the basal lineage 

gives rise to the embryonic suspensor. At this stage, the HD-ZIPIIIs are expressed throughout the 

apical cell, and expression is subsequently restricted to the apical half of the 16-cell globular 

embryo. Later, during the transition stage, HD-ZIPIII expression is refined to regions defining 

provascular cells, the SAM and adaxial regions of developing cotyledons and is completely 

absent from abaxial and RAM domains [7, 11]. This pattern holds true throughout the course of 

development. During shoot and root fate establishment, correct spatial restriction of HD-ZIPIIIs 

by SERRATE (SE) and miRs165/166 is necessary for proper development and the loss of this 

spatial restriction results in a failure to form an embryonic root and leads to embryonic lethality 

[6]. Moreover, a miR resistant version of REV expressed ectopically is sufficient to convert the 

root pole to a second shoot pole [7]. These studies suggest that the HD-ZIPIIIs act as master 

regulators of apical fate during embryonic development. Furthermore, shoot fate is established in 

the apical domain by the transcriptional co-repressor TOPLESS (TPL) along with the HD-

ZIPIIIs, by directly repressing and antagonizing the expression of the master regulators of root 

fate, the PLETHORA (PLT) TFs, respectively [7]. Whether TPL and the HD-ZIPIIIs are acting as 

a complex or in a parallel pathway to control embryonic apical polarity remains unknown.  

The phytohormone auxin is required for plant embryonic patterning. Several studies have 

found that the HD-ZIPIII expression patterns overlap with the pattern of auxin distribution [33, 

34]. Down-regulation of HD-ZIPIII transcripts, specifically REV, in ARGONAUTE10 

(AGO10/ZLL/PNH) mutants results in an up-regulation of AUXIN RESPONSE FACTOR 2 

(ARF2) and auxin signaling, which ultimately leads to a terminated SAM [35-37]. Interestingly, 
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phb/phv/rev loss of function embryo’s that have lost bi-lateral symmetry, show an altered 

expression pattern of the auxin efflux transporter PIN-FORMED 1 (PIN1), suggesting the HD-

ZIPIIIs play a role in regulating auxin flow and transport [38]. The HD-ZIPIII-interacting 

proteins DRN and DRNL displayed a similar change in auxin transport and flow, suggesting a 

common embryonic patterning pathway [32]. Mutant alleles from the Class II HD-ZIP (HD-

ZIPII) transcription factors also display defects in auxin flow and embryonic patterning similar 

to HD-ZIPIII mutants and these effects are enhanced when mutant alleles from both classes are 

combined together [39]. In later stages of development, REV targets several HD-ZIPIIs members 

and auxin components [40], and may directly regulate auxin expression or distribution during 

embryonic patterning. 

 

Root Patterning 

Emerging evidence suggests that the HD-ZIPIIIs regulate the phytohormone cytokinin, 

which plays a pivotal role in root formation and patterning. Specifically, cytokinin regulates the 

cell division activity of a highly dividing population of cells derived from the RAM called 

transit-amplifying (TA) cells [41]. Recent studies have found that PHB controls TA cells in the 

root meristem and subsequently, root length through modulation of cytokinin levels and type B 

Arabidopsis Response Regulator (B-ARR) activity [42]. After newly formed daughter cells leave 

the root meristem region, they enter the transition zone (TZ) where they begin to differentiate. 

Cytokinin is also thought to govern root development by delineating the TZ boundary [43]. 

Briefly, up regulation of cytokinin by PHB leads to a regulatory feed-forward loop by activating 

ARRABIDOPSIS RESPONSE REGULATOR1 (ARR1), which subsequently represses PHB 

expression at the transition zone (TZ) of the vasculature. ARR1 also blocks mir165a activity, and 
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thus de-represses PHB [44]. This mechanism may allow for boundary positioning between 

differentiating and dividing cells during cytokinin oscillations. Together, these studies indicate 

that PHB plays an integral part in modulating cytokinin production and activity throughout 

different zones of the root. A role for other HD-ZIPIII family members in the regulation of 

cytokinin remains to be seen.  

The HD-ZIPIIIs are also necessary for specifying xylem fate. Dose dependent HD-ZIPIII 

expression is important for metaxylem (MX) and protoxlyem (PX) formation; high to low levels 

of HD-ZIPIII transcripts leads to MX and PX formation respectively and lack of expression leads 

to loss of xylem formation altogether [13, 45]. While auxin plays a paramount role in patterning 

different tissues during the course of development, there appears to be an intimate link between 

this phytohormone and the HD-ZIPIIIs in root patterning. Indeed, tryptophan-dependent auxin 

biosynthesis is able to promote HD-ZIPIII expression and MX identity [46]. Interestingly, PHB 

was found to directly regulate a key vascular formation factor, MONOPTEROS/AUXIN 

RESPONSE FACTOR5 (MP/ARF5) and INDOLE ACETIC ACID 20 (IAA20), which together 

stabilize the auxin response and form the xylem axis [47].  

Similar to embryogenesis, spatial-regulation of HD-ZIPIII expression patterns in the root 

are controlled by mir165/166. The transcription factors SHORTROOT (SHR) and SCARECROW 

(SCR) activate mir165a and 166b in the endodermis where they then become mobile and move 

into the stele to regulate HD-ZIPIII transcripts [13]. SHR and SCR are also involved in 

maintaining the root quiescent center (QC) and by mediating PHB levels through post-

transcriptional suppression by mir165 [42]. 
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Shoot and leaf patterning   

SAM formation, leaf initiation and leaf patterning is a series of complex events and 

involves a plethora of transcription factors and small RNAs that appear to form a mutual 

antagonistic relationship leading to boundary separation and leaf expansion [48-50].  In the past 

two decades, there have been an extensive number of genetic studies designed to uncover the 

role of the HD-ZIPIIIs during shoot and leaf formation. Both loss and gain of function HD-

ZIPIII mutants result in plants displaying morphological defects in the SAM and the 

dorsoventrality of leaves. However, their role within the SAM is complex and involves both the 

inhibition and promotion of stem cell maintenance. A recent study found that the HD-ZIPIIIs 

maintain the SAM through repressive activity of PHB, PHV and ICU4 and antagonistic REV 

activity [51]. In Arabidopsis, a parallel stem cell maintenance pathway exists; the transcription 

factor WUSCHEL (WUS) is essential for initiating and maintaining stem cells within the SAM. 

More recent studies indicate that these pathways may not be independent of one another; the 

HD-ZIPIIIs appear to indirectly regulate WUS expression, and a loss of HD-ZIPIII activity leads 

to increased WUS activity and thus an increase in meristem size and meristem activity [52, 53]. 

Similar to embryogenesis, HD-ZIPIII expression within the SAM is regulated through the 

sequestering of mir165/166 by AGO10 [42, 52, 53]. It would be interesting to find an opposing 

negative regulation on the HD-ZIPIIIs by WUS through transcriptional regulation or through 

AGO10 or mir165/166 sequestering. 

One important aspect of leaf development is the formation of leaf veins. The vein-

forming procambial cells selectively activate ATHB8 expression and a recent study found that 

ATHB8 is required for stabilizing and spatially restricting the preprocambial cell fate 

specification against auxin perturbation. The authors also found the auxin response factor MP 
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directly promotes ATHB8 expression in preprocambial cells [54]. Within the xylem precursor 

cells ATHB8 positively regulates xylem differentiation. ATHB8-mediated xylem differentiation 

is tightly controlled through a negative regulatory feedback loop with ACAULIS5 (ACL5), 

which restricts ATHB8 expression [55]. Interestingly, ACL5 overexpression also down regulates 

auxin transport proteins LIKE AUXIN RESITANT 2 (LAX2) and LAX3, direct targets of REV 

[55]. The antagonistic and overlapping regulatory pathways taking place in leaf veins appear to 

share characteristics observed in other tissues and earlier developmental stages and may 

represent conserved regulatory mechanisms regulating and governed by the HD-ZIPIIIs. 

 

Genome-wide target genes 

Because of their critical role in growth and developmental, there has been extreme 

interest in the identification of HD-ZIPIII target genes. The advent of next generation sequencing 

(NGS) techniques like ChIP-seq and RNA-seq has allowed researchers to explore transcription 

factor binding and regulation on a genome-wide scale. To date there is only a single report of the 

genome-wide targets for an HD-ZIPIII family member, REV. Targets identified by this study 

include shade-avoidance regulators and Class II HD-ZIP transcription factors ARABIDOPSIS 

THALIANA HOMEOBOX 4 (ATHB4), HAT2, HAT3, and HAT4/ATHB2 as well as auxin 

biosynthesis genes AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) and YUCCA5 [40]. A 

similar approach revealed that in response to oxidative stress REV directly regulates WRKY53, a 

master regulator of age-induced leaf senescence, linking REV to late stages of leaf development 

[56]. There have also been multiple reports analyzing whole-genome transcriptional responses to 

an inducible REV protein. These studies revealed that REV is capable of regulating processes 

including auxin transport and signal transduction, ABA signaling and many regulators of organ 
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polarity, meristem formation and leaf development [57, 58].  These approaches have also 

identified regulatory feedback loops that include the direct regulation of AGO10 and ZPR 

proteins allowing REV to control its activity both positively and negatively, respectively [59]. 

Similarly, transcription factors INDETERMINATE DOMAIN4 (IDD4) and TEOSINTE 

BRANCHED, CYCLOIDEA AND PCF 14 (TCP14) were also found to be regulated by and 

capable of physically interacting with REV, yet appear to act oppositely of REV during leaf 

development, indicating that additional and unexplored regulatory feedback loops exist [58]. 

Interestingly, many of the genes regulated by REV were also found to be oppositely regulated by 

the antagonistic transcription factor KANADI (KAN) suggesting the existence of a molecular 

regulatory module previously proposed by genetics studies [5, 8, 38, 57, 58]. Together, these 

studies identify REV as a key integrator of many developmental pathways. However, previous 

genetic studies of the HD-ZIPIII members indicate complex overlapping and antagonistic roles 

among this family and future studies comparing the genome-wide targets of all five HD-ZIPIII 

members will likely be informative.
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CHAPTER 1  
 
Combinatorial and differential pathway regulation by a family of transcription factors 
 
Abstract 
 

Gene regulation in both plants and animals is orchestrated by complex interactions 

between multiple, often times related transcription factors. How these related factors are able to 

regulate pathways in both common and unique ways is a key question that is not fully 

understood. In Arabidopsis, the Class III Homedomain-Leucine Zipper (HD-ZIPIII) family 

controls key developmental processes, such as shoot stem cell formation, and displays complex 

genetic interactions. We show that HD-ZIPIIIs form heterodimers in planta, co-occupy hundreds 

of genomic locations and regulate target gene expression both positively and negatively.  

Transcriptional repression by HD-ZIP IIIs is correlated to co-occupancy and association with the 

co-repressor TOPLESS. We find the HD-ZIPIIIs act on entire pathways at multiple, sometimes 

opposing, steps which can occur on a stage, tissue or cell type specific level. 

Introduction 
 

Throughout plant growth and development, all above ground organs arise from a group of 

stem cells collectively referred to as the shoot apical meristem (SAM). Within the SAM, highly 

coordinated events including stem cell maintenance, organ initiation and organ patterning are 

controlled by a complex network of transcription factors (TFs), phytohormones and other small 

molecules [60-63]. Among these key factors, the phytohormone cytokinin is necessary for 

promoting and preserving stem cell activity through a positive feedback loop with the 

homeodomain TF WUSCHEL (WUS) [60, 61]. Additionally, the Class III Homeodomain 

Leucine Zipper (HD-ZIPIII) TFs have been shown to play pivotal roles in specifying and 

maintaining the SAM, as well as patterning the dorsal/adaxial side of newly formed organs such 
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as leaves [8, 9]. Genetic studies have suggested that HD-ZIPIII family members 

(REVOLUTA/REV, PHABULOSA/PHB, PHAVOLUTA/PHV, INCURVATA4/ICU4 and 

ARABIDOPSIS THALIANA HOMEOBOX 8/ATHB8) display both redundant and antagonistic 

functions [11]. However the specific molecular mechanisms behind these genetic results remain 

unresolved [11].  

Results 

Genome-wide analysis of HD-ZIPIII DNA binding 

Despite the critical roles of the HD-ZIPIIIs during development, there is limited 

information regarding the genes under their direct regulation [26, 40, 58, 64-67].   A recent 

genome-wide binding profile for REV was reported using an overexpression approach [40], but 

the binding sites for the remaining four HD-ZIPIIIs members have not be identified. To identify 

genome wide targets of the HD-ZIPIIIs, we used recombineering [68] to generate endogenously 

expressed proteins fused to 2xYPet-3xHA (ex. REVg:2xYPet-3xHA) (Fig. 1.1A and fig. S1.1A-

O). These transgenes were all able to rescue the developmental and molecular phenotypes of 

their corresponding mutants (fig. S1.1P-R).  

We then used these lines to perform chromatin immunoprecipitation (ChIP) followed by 

deep sequencing (ChIP-seq) on 10-day old seedlings. Similar to many TFs, thousands of binding 

sites were observed with as few as 2,790 for PHB and as many as 10,383 for ICU4 which 

corresponded to 2,660 and 8,431 genes, respectively (Fig. 1.1B, Table 1, and tables S1 and S2). 

Binding sites were enriched in promoter/intergenic regions upstream of transcriptional start sites 

(fig. S1.2A). In our data sets we found that known REV direct targets, Class II HD-ZIP members 

HAT2 and ARABIDOPSIS THALIANA HOMEOBOX-LEUCINE ZIPPER PROTEIN 4 (ATHB4), 

were bound by all five HD-ZIPIII members at identical locations, validating our approach (fig.  
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Sup. Fig. 1.1. Protein accumulation and rescue by HD-ZIPIII recombineered constructs.  
(A) Schematic of C-terminal fusion proteins made with recombineering. (B to K) Protein accumulation of REV (B), PHB (C), 
PHV (D), ICU4 (E) and ATHB8 (F) during embryogenesis matches their respective mRNA expression patterns (G to K). (L to 
N) Recombineered reporters accumulate in the meristem and adaxial/dorsal side of leaves for PHB (L), PHV (M) and ICU4 (N). 
(O) ATHB8 is expressed in vascular cells only and not the meristem (F). (P and Q) Recombineered REVg:2xYPet-3xHA (Q) 
rescues the axillary meristem phenotype seen in rev-1 plants (P). () qPCR analysis (normalized gene expression compared to 
actin) of loss of function mutants vs. recombineered constructs.  
 
S1.2B) [40]. We also found that four HD-ZIPIII members directly bind the upstream regions of 

known negative regulators of HD-ZIPIII activity, LITTLE ZIPPER 1 and 4 (ZPR1, ZPR4) 

(Fig.1.1C) [31]. Additionally, we observed binding at HD-ZIPIII promoter regions suggesting an  
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Fig. 1.1. Genome-wide analysis of HD-ZIPIII targets.  
(A) Protein accumulation of HD-ZIPIII member (REVg:2xYPet-3xHA). (B) Venn diagram comparing target genes identified by ChIP-
seq. (C) ChIP-seq profiles of HD-ZIPIIIs show co-occupancy on genomic regions for ZPR1 and ZPR4. (D and E) Metaplot (D) and heat 
map (E) showing relative ChIP-seq read enrichment by ICU4, PHB, PHV, REV and ATHB8 (± 5000 bp from ICU4 bound regions). (F) 
De-novo motif analysis identifies two dominant motifs enriched among HD-ZIPIII peaks, defined as HD-ZIP motif (AAT(G/C)ATT) 
and G-box motif (CACGTG). (G) FLAG-tagged REV co-immunoprecipitates with YFP-tagged PHB, PHV and ICU4. IB, immunoblot; 
IP, immunoprecipitation. (H) Global RNA-seq gene expression changes after 15 minutes, 1 hour and 4 hours of induction HD-ZIPIIIs. 
Color bar represents log2 values from +3 (yellow) to -3 (blue) for. (I) The number of direct targets with differential expression after 
inductions. Scale bar represent 20μm in (A). 
 
internal regulatory feedback loop within this TF family (fig. S1.3A-E). When we compared the 

overlap of peaks between 4 family members (REV, PHB, PHV, ICU4) or all five family members 

we found it to be relatively low (835 and 311 respectively) (Fig. 1.1B, fig. S1.2C, and table S3). 
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These data suggest there is a core group of shared candidate target genes, as well as target genes 

unique to individual family member or specific to different HD-ZIPIII combinations. Among 

these targets, known key meristem and leaf polarity regulators were found to be enriched (fig. 

S1.2D and table S8). We further examined and compared ChIP-seq read abundance among HD-

ZIPIIIs and found distinct combinations of enrichment between family members, suggesting 

preferential co-regulation of specific target genes (Fig. 1.1D and E, and fig. S1.22E-L). These 

results are consistent with previous genetic studies, which indicate shared and unique functions 

within this gene family [5, 11].  

HD-ZIPIIIs are enriched at G-box regions and co-occupy WUS target regions 

Among the unique and common targets, we observed enriched Gene Ontology (GO) 

categories for genes involved in post-embryonic development, meristem maintenance, response 

to far red light and hormone-mediated signaling pathways (fig. S1.2M), which all fit well with 

the characterized developmental roles for these TF’s [8, 40, 51, 66, 69]. To identify the cis-

regulatory elements present in both individual and overlapping peaks, we performed a de novo 

motif discovery analysis and found enrichments of the canonical HD-ZIP binding motif 

AAT(C/G)ATT [40, 70]. We also identified enrichment of the G-box motif, CACGTG, which is 

typically associated with basic Helix-Loop-Helix (bHLH) proteins [71] (Fig. 1.1F). Although 

HD-ZIPIIIs have not previously been shown to associate with G-box motifs, the homeodomain 

TF WUS, which is thought to work in parallel pathways with the HD-ZIPIIIs to maintain stem 

cells within the SAM, also binds G-boxes [51, 72]. Consistent with this, comparison of our data 

sets with previously published WUS ChIP data revealed that 55 out of 159 WUS bound genomic 

regions were co-occupied by at least one HD-ZIPIII family member (Table 1.1 and table S4). 

Furthermore, major shoot stem cell regulators including CLAVATA1 (CLV1), CORYNE (CRN),  
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Sup. Fig. 1.2. ChIP-seq analyses of genome-wide HD-ZIPIII targets.  
(A) Distribution of HD-ZIPIII occupancy across genomic regions. (B) ChIP-seq profiles of HD-ZIPIIIs show co-occupancy of 
HAT2 and ATHB4. (C) Venn diagrams comparing target genes between (C) PHB, PHV, REV and (C’) PHB, PHV, REV and 
ICU4. (D) Hierarchal cluster analysis of differentially expressed target genes that are key regulators of the leafy polarity and 
meristem patterning pathways. (E to L) Metaplots (E to H) and heat maps (I to L) showing relative ChIP-seq read enrichment by 
HD-ZIPIIIs to bound regions for REV (E and I), PHB (F and J), PHV (G and K) and ATHB8 (H and L) (± 5000 bp from peak). 
(L) Select enriched GO terms among overlapping targets. 
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Table 1.1. The number of HD-ZIPIII and TPL targets identified by ChIP-seq and RNA-seq  
Factor 
Analyzed 

# of peaks 
(ChIP-seq) 

Genes 
associated 
with peaks 

Bound and regulated 
targets (ChIP-seq + 
RNA-seq) 

Peaks co-
occupying WUS 
bound sites 

REV 5,815 2,155 15 min: 108 (7D, 101U) 
1 hr: 608 (337D, 271U) 
4 hr: 292 (165D, 127U) 

14/159 

PHB 2,790 2,660 15 min: 132 (82D, 50U) 
1 hr: 526 (320D, 206U) 
4 hr: 593 (294D, 299U) 

26/159 

PHV 2,872 2,681 15 min: 74 (23D, 51U) 
1 hr: 572 (368D, 204U) 
4 hr: 796 (419D, 377U) 

23/159 

ICU4 10,383 8,431 15 min: 139 (59D, 80U) 
1 hr: 355 (162D, 193U) 
4 hr: 621 (306D, 315U) 

52/159 

ATHB8 4,813 1,494 15 min: 105 (33D, 72U) 
1 hr: 336 (181D, 155U) 
4 hr: 433 (222D, 211U) 

4/159 

TPL 12,785 11,992 n/a 74/159 
 
The total number of identified binding sites (peaks) and target genes associated with the peaks (within +/- 5kb) identified for 
REV, PHB, PHV, ICU4, ATHB8 and TPL after ChIP-seq analysis. These target genes were compared to transcriptional changes 
identified through RNA-seq analysis after 15 minutes, 1 hour or 4 hour of dexamethasone inductions. The overlap between the 
two experiments were considered to be bound and regulated targets for both up (U) and down (D) differentially expressed 
transcripts. HD-ZIPIIIs peaks were also compared to WUS ChIP-ChIP data [72] 
 
 

POLARIS (PLS), HECTATE1 (HEC1), TOPLESS (TPL), TOPLESS RELATED (TPR) and 

ARABIDOPSIS RESPONSE REGULATORS (ARR) were found to be bound by both WUS and 

HD-ZIPIIIs (table S4) [72]. These data suggest either cooperative or competitive binding of 

WUS and HDZIPIIIs at key meristem regulatory genes, with a recent study suggesting 

competitive binding is more likely [51].   

 

HD-ZIPIIIs form heterodimers in vivo 

Our ChIP-seq analyses suggest that HD-ZIPIII family members co-occupy many 

regulatory regions (Fig. 1.1B-E). Although studies have shown that HD-ZIPIIIs are capable of 
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forming dimers in in vitro [29, 70], there are no reports of these interactions in vivo. To 

determine whether dimerization could explain co-occupancy near target genes, we 

immunoprecipitated REV, PHB and ICU4 from stable lines expressing 3xFLAG tagged fusion 

proteins, followed by mass spectrometry (IP-MS). Within our IP-MS data, we found peptides 

unique to every HD-ZIPIII member (Table 1.2). We validated the IP-MS results by performing 

co-immunoprecipitation assays in planta and found that REV co-precipitated with three other 

family members (Fig. 1.1G). Furthermore, our IP-MS data revealed enriched interaction ratios 

between certain family members (Table 1.2). For example, ICU4 consistently pulled down more 

peptides associated with PHB than with other members. These results are in agreement with our 

ChIP-seq analyses that showed PHB is more highly enriched at ICU4 bound regions than regions 

bound by other HD-ZIPIIIs (Fig. 1.1D and E). Taken together, our results support the hypothesis 

that the co-occupancy observed in our ChIP-seq analyses are due to HD-ZIPIII dimerization and 

suggest this TF family works together at target loci in specific, preferential combinations. 

 

Identifying the HD-ZIPIII transcriptional response 

To understand if these binding events lead to downstream transcriptional activity, we 

correlated our ChIP-seq data with a transcriptional profile for each HD-ZIPIII family member. 

To accomplish this, we created inducible, microRNA (miR) resistant versions of each HD-ZIPIII 

member fused to the glucocorticoid receptor  (ex. p35s:PHB*miR-GR) (fig. S1.3 F-N) [73]. To 

capture dynamic changes in gene expression not easily observed in a steady state, we induced 

each fusion protein for 15 minutes, 1 hour or 4 hours. Following induction, RNA-seq analyses 

revealed altered expression levels of thousands of genes with each HD-ZIPIII displaying a 

unique molecular signature (Fig. 1.1H, fig. S1.3O and P). We then compared our RNA-seq and  
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Table 1.2. HD-ZIPIIIs form heterodimers and associate with TPL and TPR proteins. 

 
LocusID Description Spectra NSAFe5 % of REV 

 
AT5G60690    REV 30     88 448    294 100					100	

 
AT1G30490    PHV 14     44 209    147 47								50	

 
AT2G34710    PHB 13     40 192    132 43								45	

REV-Flag AT1G52150    ICU4       7      22      105      74 23								25	

 
AT4G32880    ATHB-8 10     17 151      57 34								20	

 
AT1G15750 TPL 	2						12	 		22							30	 	5									10	

 
AT1g80490 TPR1 		-							12	 				-								30	 		-									10	

 
AT5G27030    TPR3 -       4      -       10 		-											3	

 
AT3G15880    TPR4 -       6     -       15 		-											5	

     	
 

LocusID Description Spectra NSAFe5 % of PHB 

 
AT2G34710    PHB 24     50 479     97 100     100 

 
AT5G60690    REV 14     17 283     33 59       34 

PHB-Flag AT1G30490    PHV       8      14 162     27 34       28 

 
AT1G52150    ICU4 -       5    -       10  -        10 

 AT4G32880 ATHB8 8       -     163      -     34        -  

 
AT1G15750 TPL  -      18     -       25   -        26 

 
AT1g80490 TPR1  -      16     -       25   -        26 

	
AT3G15880    TPR4  -      10     -       14   -        15 

	 	 	 	 	 	
 

LocusID Description Spectra NSAFe5 % of ICU4 

 
AT1G52150    ICU4 20    45 262    139 100						100	

 
AT5G60690    REV  7     10   91      31 35								22	

 
AT1G30490    PHV   -     18    -       55 		-									40	

ICU4-Flag AT2G34710    PHB 14    20 180     60 69								44	

 
AT4G32880    ATHB-8  9     19 118     59 45								42	

 
AT1G15750 TPL 2						9	 		19						21	 		7								15	

 
AT1g80490 TPR1 -							9	 				-							21	 		-									15	

	
AT5G27030    TPR3 -      4     -        9 		-											7	

 
The total number of identified spectra, the normalized spectral abundance factor (NSAF) and the percentage relative to 
REVg:3xFLAG, PHBg:3xFLAG or ICU4g:3xFLAG are given for two biological replicates. 
 

ChIP-seq data sets to look for shared candidate targets, hypothesizing that those candidate genes 

both directly bound and with altered transcript abundance after HD-ZIPIII induction would 

represent biologically relevant targets. This comparison yielded approximately 400-800 direct 

target genes, for each HD-ZIPIII member (Fig. 1.1I, Table 1.1 and table S5). Unexpectedly, we 
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found these putative direct targets to be both up and down regulated in response to HD-ZIPIII 

induction and sometimes in opposing manners among individual family members (Fig.1.1I). 

Furthermore, while previous studies suggested that REV and PHB play a role in repressing 

transcription [26, 58, 67], our data indicates that all HD-ZIPIII members act as both activators 

and repressors of gene expression. To investigate the biological relevance of HD-ZIPIIIs in the 

dual roles as both activators and repressors, we fused a tetramer of the transactivation domain 

from the herpes simplex virus (VP64) to endogenously expressed REV, PHV and ICU4. These 

fusion proteins should now act as strong activators [74, 75]. Compared to wild-type (WT), 

REV/PHV/ICU4-VP64 transgenic lines displayed severe morphological defects in the SAM (Fig. 

1.2A-D) indicating that a balance between HD-ZIPIII-mediated transcriptional repression and 

activation is necessary for their role in maintaining the SAM.  

 

HD-ZIPIIIs act as both activators and repressors and interact with the co-repressor TPL 

Because HD-ZIPIIIs lack known domains associated with transcriptional repression [76], 

it is unlikely that HD-ZIPIIIs repress gene expression on their own. Consistent with this, our IP-

MS data showed that REV, PHB and ICU4 associate with transcriptional co-repressors TPL and 

TPRs [77-79]. This suggests these transcriptional co-repressors may be recruited to some HD-

ZIPIII target sites in order to provide repressive activity (Table 1.2). TPL has previously been 

shown to act in concert with the HD-ZIPIIIs during embryonic patterning [7]. In addition, TPL 

has also been shown to interact with the homeodomain TF and stem cell maintenance factor 

WUS [80] suggesting TPL plays a significant role in maintaining the SAM. To test whether TPL 

associates with genomic regions bound by HD-ZIPIIIs, we performed ChIP-seq on 

TPLg:2xYPet-3xHA lines (table S6) and compared these data to our HD-ZIPIII ChIP-seq data 
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sets. Among the bound loci common to TPL and each HD-ZIPIII, we observed a modest 

proportion of overlapping peaks with REV and ATHB8 (29% and 9%, respectively) while 

greater than 60% of TPL peaks overlap with PHB, PHV and ICU4 peaks (table S7). Furthermore 

 

Sup. Fig. 1.3.  ChIP-seq and RNA-seq design and analysis.  
(A to E) ChIP-seq profiles for HD-ZIPIIIs show co-occupancy at upstream regions for REV (A), PHB (B), PHV (C), ICU4 (D) 
and ATHB8 (E). In each panel, the topmost trace is ICU4 (blue), followed by PHB (green), PHV (red), REV (yellow), ATHB8 
(dark blue) and TPL (grey). (F) To identify differently expressed targets, microRNA resistant (*miR) versions of each HD-ZIPIII 
member were created by making silent mutations (red) in the miR site and fused to the inducible glucocorticoid receptor (ex. 
p35S:PHB*miR-GR). (G to N) Induced lines used for transcriptional profiling experiments phenocopy gain-of-function mutants 
for phb-1D (G), PHB-GR (H), phv-1D (I), PHV-GR (J), icu4-1D (K), ICU4-GR (L), rev-10D (M) and REV-GR (MN). (O) The 
number of differentially expressed genes following dexamethasone induction from RNA-seq analyses. 
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Fig. 1.2. HD-ZIPIIIs can act as repressors and recruit TPL to repress targets.  
(A) Wild-type (WT) plant with inlet showing aerial view of flower. (B) Endogenously expressed REV fused to VP64 
(REVg:VP64) displays an altered meristem compared to WT. (C and D)  PHVg:VP64 (C) and ICU4g:VP64 (D) transgenic 
plants display terminated meristems. (E) Venn diagram comparing target genes identified by ChIP-seq between TPL and HD-
ZIPIII members REV, PHB, PHV and ICU4. (F) Pearson correlation coefficients for pairwise comparisons of peaks identified by 
ChIP-seq between HD-ZIPIII members and TPL. (G) ChIP-seq profiles for HD-ZIPIIIs and TPL on select common targets. (H) 
Transcriptional responses of TPL and HD-ZIPIII common targets after HD-ZIPIII induction. (J) Heat maps showing TPL 
enrichment at sites defined in ChIP-seq experiments for HD-ZIPIIIs display lower levels of expression (brackets) compared to 
regions lacking TPL. 
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all pairwise combinations between TPL and HD-ZIPIII bound regions displayed a positive 

Pearson correlation coefficient (Fig. 1.2F). When we compared TPL targets with those shared by 

the HD-ZIPIII family (Fig. 1.1B), >80% of those genomic regions were co-occupied with TPL 

(Fig. 1.2E, G and H and fig. S1.4A). Notably, genes that contained both upstream HD-ZIPIII 

binding coupled with an enrichment of TPL ChIP-seq reads displayed lower levels of steady 

state RNA read abundance compared to regions lacking TPL (Fig. 1.2J). Taken together, these 

results strongly suggest HD-ZIPIIIs and TPL are in a complex at target sites to repress gene 

expression. 

 

HD-ZIPIIIs regulate important developmental pathways  

Given the evidence that the HD-ZIPIIIs physically interact with each other and co-occupy 

many loci, we were interested in the pathways that display co-regulation by multiple family 

members. We found that HD-ZIPIIIs directly bound and/or regulated entire families of genes 

(fig. S1.5A and B) and major hormone signaling pathways, including cytokinin, gibberellic acid 

and auxin, at multiple steps (Fig. 1.3A-C, and fig. S1.5C and D). Additionally, the regulated 

steps within these signaling pathways frequently consisted of multiple redundant genes under 

direct regulation, thus adding an additional layer of complexity within these networks (fig. S1.5E 

and table S8). This observation suggests HD-ZIPIIIs function to integrate expression of multiple 

genes at several steps within a signaling network.  

 

Cell-type specific negative regulation of CKX3 

To understand the influence that HD-ZIPIII family members exert on genes important for 

development, we focused on the cytokinin pathway (Fig. 1.3B) as it plays a critical function in 
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preserving stem cell activity within the SAM [62, 81].  Moreover, cytokinin biosynthetic 

enzymes have known roles in the patterning of specific tissues [61, 62, 82] and are regulated by 

the HD-ZIPIIIs in the root [42, 66]. We focused on REV and ICU4 targets within the SAM as 

genetic studies have suggested these two family members display both genetic antagonism and 

redundancy [11]. Our genomics data indicate that CYTOKININ OXIDASE 3 (CKX3) is a 

 

Sup. Fig. 1.4. Overlap of targets between HD-ZIPIIIs/TPL and gene expression changes of common targets.  
(A) Bar graph representing the percentage of peak overlap between TPL, individual HD-ZIPIII members and common peaks 
between combinations of HD-ZIPIIIS as observed by ChIP-seq analyses. (B to F) Gene expression changes for common targets 
between TPL and (B) REV, (C) PHB, (D) PHV, (E) ICU4 and (F) ATHB8. Color bar represents log2 values from +3 (yellow) to -
3 (blue) for (B) to (F). 
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Sup. Fig. 1.5. Regulation of select pathways by HD-ZIPIIIs.  
(A to C) Hierarchal cluster analysis of differentially expressed genes including (A) (homeodomain/homeobox proteins, (B) 
Gibberellic Acid pathway, and the (C) Auxin pathway. Color bar represents log2 values from +3 (yellow) to -3 (blue). (D) Model 
of a cytokinin gene-regulatory network as controlled by ICU4, REV, PHB and PHV. Dashed arrows represent gene activation, 
dashed blunt lines represent gene repression, solid lines ending with a circle represent binding but no observed transcriptional 
changes and solid lines ending with a square represent genes with transcriptional changes but not bound by HD-ZIPIII members.  
 
negatively regulated target of ICU4, while other family members showed no effect on its 

expression (Fig. 1.3A and C, and fig. S1.6A). CKX’s are enzymes responsible for catalyzing 

cytokinin degradation and have been shown to control postembryonic meristem size by 

degrading cytokinin in the Organizing Center (OC) of the SAM [82]. To examine the role of 

HD-ZIPIIIs in regulating CKX3 expression, we generated a transcriptional reporter for CKX3 
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(CKX3p::NLS-2xYPet) and examined accumulation in WT and HD-ZIPIII dominant gain-of-

function (g-o-f) mutant meristems. In WT plants, CKX3p::NLS-2xYPet strongly accumulates in 

the OC of the inflorescence meristem (Fig. 1.3D). However, in an icu4-1D background the 

CKX3p reporter is completely absent from the L1/epidermis of the meristem (Fig. 1.3E). In a 

rev-10D mutant background, there were no observable changes in reporter expression (fig. S1.6B 

and C). These experiments uncovered an additional cell type-specific effect, as repression of 

CKX3 was only observed in the L1 layer of the meristem, and not in the underlying cell layers 

where ICU4 is also expressed. 

 

ICU4 promotes downstream cytokinin activity in the inflorescence meristem 

Reduced CKX3 expression in the L1/epidermis may increase cytokinin levels and activity. To 

better understand the outcome of this cell type-specific regulation, we took advantage of a Two 

Component Signaling (TCSn::GFP) sensor, which provides a readout of the transcriptional 

response downstream of cytokinin signaling [83].  We observed TCSn expression within the 

inflorescence meristem, but it was excluded from the first two cell layers in WT (Fig. 1.3F). 

However, in agreement with the CKX3p reporter analysis (Fig. 1.3E), TCSn::GFP signal was 

expanded into the L1/epidermis of icu4-1D meristems (Fig. 1.4G). These data suggest that ICU4 

plays a role in increasing cytokinin levels, specifically in the epidermis of meristems. 

Furthermore, this result is in agreement with recent reports suggesting that epidermally-derived 

cytokinin can act as a positional cue to establish patterning domains within the SAM [61] and 

thus, HD-ZIPIII activity can be placed upstream of this regulation. 
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Fig. 1.3. HD-ZIPIIIs antagonistically control the cytokinin-signaling pathway in the inflorescence meristem.  
(A) Heatmap depicting hierarchal clustering analysis of gene expression changes after HD-ZIPIII induction within the cytokinin-
signaling pathway. (B) Model of HD-ZIPIII-cytokinin pathway interactions. (C) ChIP-seq profiles of select cytokinin pathway 
genes. (D and E) A transcriptional reporter for CKX3 (CKX3p::NLS-2xYPet) is expressed throughout (D) WT inflorescence 
meristems and is absent in the L1 of an (E) icu4-1D meristem (arrow and inlet). (F-G) TCSn::GFP (magenta) is expressed within 
(F) WT post-embryonic meristems but excluded from L1 and L2 cell layers yet expands into the L1 of (G) icu4-1D meristems. 
(H and I) A transcriptional reporter for LOG8 (LOG8p::NLS-2xYPet) is expressed throughout a (H) WT post-embryonic 
meristem (yellow) and displays lower expression in (I) rev-10D mutants. (J) TCSn::GFP is reduced in rev-10D. Scale bars 
represent 20μm in (D) to (J). Cells stained with SR2200 (blue). 
 

REV negatively regulates LOG8 and cytokinin activity in the inflorescence meristem 

To further investigate the influence of HD-ZIPIIIs on cytokinin-related target genes, we 

examined the expression of LONELY GUY 8 (LOG8) using a transcriptional reporter  
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Sup. Fig. 1.6. CKX3 and LOG8 reporter analysis in HD-ZIPIII gain-of-function mutants.  
(A) ChIP-seq profiles for HD-ZIPIIIs at the CKX5 locus. (B and C) A transcriptional reporter for CKX3 (CKX3p::NLS-2xYPet) 
is expressed in cells throughout the inflorescence meristems of (B) WT (yellow) and (C) rev-10D.  (D and E) A transcriptional 
reporter for LOG8 (LOG8p::NLS-2xYPet) in WT (D) and icu4-1D (E) inflorescence. (F and G) CKX3 reporter (CKX3p:NLS-
2xYPet) expression in a (F) WT (G) rev-10d embryo (yellow). Scale bars represent 20μm in (C) to (J). Cells stained with SR2200 
(blue). 
 
(LOG8p::NLS-2xYPet) in WT and g-o-f mutant backgrounds. LOG enzymes positively mediate 

cytokinin biosynthesis and have been shown to play a pivotal role in maintaining a functional 

SAM [62]. Our genomics data showed that REV, but not ICU4, negatively regulates LOG8 

expression (Fig. 1.3B and C). Similar to CKX3, the LOG8p reporter accumulates to high levels 

within the OC of a WT SAM (Fig. 1.4H). We found that the LOG8p reporter was not visibly 

affected in icu4-1D mutants, but in rev-10D mutants the reporter was greatly diminished (Fig. 

1.4I, and fig. 6SE). To test the downstream effect of this regulation, we examined TCSn::GFP 

activity in rev-10D g-o-f mutants hypothesizing that a decrease in LOG8 expression would lead 

to a decrease in TCSn activity. Indeed, TCSn::GFP signal was barely detectable within the 

meristems of rev-10D (Fig. 1.3J). Taken together, these results are consistent with our genomics 

data and suggest that REV and ICU4 regulate a hormone response pathway in an opposing 

manner. This functional opposition at the molecular level uncovers one mechanism for the 

antagonism between REV and ICU4 observed in genetic studies. 
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Fig. 1.4. HD-ZIPIIIs redundantly control cytokinin activity during embryogenesis.  
(A and B) CKX5 mRNA is expressed in provascular cells of (A) WT embryos and is expressed at higher levels in (B) rev-10D 
embryos. (C and D) TCSn::GFP (green) is expressed in provascular cells of (C) WT embryos and is greatly reduced in (D) rev-
10D embryos. (E and F) A transcriptional reporter for a cytokinin degradation enzyme (CKX3p::NLS-2xYPet), is expressed in 
cells underlying the SAM in a (E) WT embryo (yellow) and expands down into provascular cells (arrow) of (F) icu4-1D 
embryos. (G) TCSn::GFP accumulates at lower levels in icu4-1D embryos. Scale bars represent 20μm in (A) to (G). Cells stained 
with SR2200 (blue). 
 

REV and ICU4 negatively regulate cytokinin activity during embryogenesis semi-

redundantly 

Given the critical roles HD-ZIPIIIs play throughout development [5, 7-9, 69], we next 

asked whether the genomic data obtained from seedlings were applicable during embryogenesis. 

We first used publicly available data [84] to assess whether cytokinin-related targets were 

expressed during embryogenesis. While LOG8 did not appear to be expressed during this 

developmental stage, CYTOKININ OXIDASE 5 (CKX5) and CKX3 were expressed. CKX5 is 

positively regulated by REV (Fig. 1.3A and fig. S6A) and as expected, we observed a strong 

increase in CKX5 mRNA expression in provascular cells of rev-10D embryos compared to WT 

(Fig. 1.4A and B). We therefore hypothesized that an increase of CKX5 in rev-10D would lead to 

a reduced TCSn activity. Consistent with our results from post-embryonic tissue, we observed a 
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decrease in TCSn activity in rev-10D g-o-f mutant embryos compared to WT in the same cells 

that CKX5 was up-regulated (Fig. 1.4C and D). These results demonstrate that REV plays an 

inhibitory role on cytokinin signaling during the course of development through direct 

transcriptional regulation of enzymes that produce and degrade cytokinin. 

We next examined the expression of the CKX3 reporter. We found that in WT embryos, 

the CKX3 reporter is expressed in cells underlying the embryonic SAM (Fig. 1.4E). 

Unexpectedly, CKX3p:NLS-2xYPet expands down into the provascular cells in icu4-1D embryos 

(Fig. 1.4F). This result is in contrast to our observation of negative CKX3 regulation in post-

embryonic tissue (Fig. 1.3E), which suggests that target gene regulation can change during the 

course of development. Therefore, we hypothesized that an increase and expansion of CKX3 

would lead to a reduction in TCS activity in these cells. In agreement with this, icu4-1D embryos 

displayed much lower expression of TCSn compared to WT (Fig. 1.4G). Together, these results 

highlight the unique and specific regulatory roles that individual HD-ZIPIII members have on 

gene expression in both space and developmental time. Moreover, these data demonstrate how 

these TFs can redundantly regulate hormone response by acting on different genes with similar 

functions.  

 
Discussion 

Coordinated growth and development in multicellular organisms requires integration of 

inputs from multiple factors and pathways [63]. The HD-ZIPIIIs have been shown to exhibit 

both redundant and antagonistic functions between family members [11]. Our findings provide 

new insight into the molecular basis of these observations, which appear to be the result of both 

cooperative and antagonistic regulation of individual genes, as well as higher-level network 

regulation. Our data also highlight the importance of TFs families in controlling the gene 
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expression of enzyme encoding genes. In agreement with this, recent studies have suggested that 

this type of regulation is necessary for integrating environmental and developmental cues in 

order to precisely stabilize metabolic networks [26]. In the future, it will likely be necessary to 

utilize tissue and cell type-specific approaches in order to fully capture the complicated 

relationships between transcription factor family members, especially those that play multiple 

roles during development. These types of studies will help unravel the inherent complexities of 

developmental networks at a cell type, tissue and organ system level. 

 
 
Material and Methods 
 
Growth Conditions and mutant alleles 

Plants were grown on either soil or Petri dishes containing Linsmaier and Skoog (LS) 

salts medium. The wild-type plants used in this study were all in the Landsberg (Ler) 

background. Arabidopsis thaliana seeds were stratified for 3 to 5 days at 4°C prior to sowing. For 

ChIP-seq studies, plants were grown for 10 days after germination on 1.5% agar supplemented 

with LS plates and bulk harvested. For RNA-seq studies, growth and inductions were performed 

as previously described [31]. All plants were grown at 22 to 24°C under 16 hour light/8 hour 

dark cycle conditions. Creation of transgenic lines and reporter constructs utilized previously 

described mutants for phb-6, phv-5, rev-10d, phb-14d, icu4-1d, tpl-1 [7] and rev-1, athb8-11, 

icu4-2 [11]. 

 

Recombineering 

Recombineering experiments were performed as previously described [85] with the following 

modifications. ChIP constructs utilized 2xYPet-3xHA and were fused in frame with the C 
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terminus of REV (JAtY78C12 (57878 bp)), PHB (JAtY77D23 (54213 bp)), PHV (JAtY77A11 

(79129 bp)), ICU4 (JAtY53N08 (69067 bp)), ATHB8 (JAtY59J22 (48651 bp)) and TPL 

(JatY67H04 (79026 bp)) in a transformation-competent artificial chromosome clone using a 

bacterial recombineering approach [68, 86, 87]. Each construct was transformed via the 

Agrobacterium floral dip method [88] into their respective loss of function background. For IP-

MS experiments, constructs utilized a birA-3xFLAG and were fused in frame with the C 

terminus of REV, PHB and ICU4.  TCS transcriptional reporters utilized an NLS-2xYPet with an 

ATG and were fused before the start codon of CKX3 (JAtY72D11 (59880 bp)) and LOG8 

(JAtY71C10 (70378 bp)). Primers used for recombineering are described in Table S9. 

 

35s:GR Constructs 

To generate 2x35Sp::HD-ZIPIII*miR-GR fusions, full-length cDNA for each HD-ZIPIII was 

first amplified by PCR (as a BamHI-BamHI fragment). Silent mutations were then made in the 

microRNA recognition sequence of each HD-ZIPIII using site directed mutagenesis and cloned 

downstream of a 2x35S promoter and upstream of the rat glucocorticoid receptor (GR) in 

plasmid pBJ36. Each transgene was transferred into the NotI site of binary vector pMLBART 

and transformed into their respective loss of function mutant background with the exception of 

ICU4 and ATHB8, which were transformed into Ler. Western blot analysis using an anti-GR 

antibody (Pierce PA1-516) was then performed on transgenic lines to isolate those with similar 

protein levels. 

 

Histology and Microscopy 

For GFP and YPET analysis, ovules, seedlings and inflorescence meristems (IMs) were fixed in 
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4% paraformaldehyde, vacuum infiltrated, rinsed with phosphate buffer saline (PBS), vacuum 

infiltrated with 2% SCRI Renaissance 2200 (Renaissance Chemicals) and 4% DMSO, then 

washed twice in PBS. Seedlings and IM’s were embedded in 3% agarose and sectioned using a 

Thermo Scientific HM 650 V Vibration microtome. 50 uM sections were mounted in 20% 

glycerol while ovules were directly mounted after fixing [7]. Embryos, seedlings and IM’s were 

imaged using a Zeiss LSM 710 laser scanning confocal microscope. SR2200 was excited with 

the ultraviolet diode 405 nm line, and emission was measured between 420 and 470 nm. GFP 

was excited with a 488 nm argon laser line and emission was measured at 500–535 nm. YPET 

was excited with a 517 nm argon laser line and emission was measured at 500–535 nm.  

 

In-situs 

In situ hybridizations were detected with digoxigenin-labelled riboprobes using the methods 

found at http://www.its.caltech.edu/~plantlab/protocols/insitu.htm. PHB, PHV, and REV probes 

were generated as described [7]. ICU4 and ATHB8 probes were generated using full-length 

cDNAs. The CKX5 probe was generated as described [82]. 

ChIP 

ChIP experiments were performed as previously described [7] in duplicates with the following 

modifications. Transgenic homozygous lines were used for each construct. Starting material 

consisted of 10 grams of 10 day-old seedlings grown on 1.5% agar supplemented with 1x LS. 

Nuclear extracts were first isolated as previously described [89] prior to immunoprecipitations. 

Protein A/G magnetic beads (Pierce 88803) were used with a polyclonal anti-GFP antibody (Life 

Technologies A6455) in immunoprecipitations. 
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ChIP-seq library preparation and sequencing 

Immunoprecipitated DNA was first purified using AmpureXP beads and libraries were 

constructed using the NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (NEB) 

using Illumina adapters according to the manufacturers protocol. Input DNA was used as a 

control. Suitable size distribution of the libraries was validated by agarose gel (between 200-

500bp). Libraries were multiplexed with a total of 10 libraries/lane and sequenced on an Illumina 

HiSeq 2000 (single-end 50-bp run). 

 

ChIP-seq Analysis 

Reads were mapped using bowtie2, against the TAIR10 Arabidopsis genome. Only uniquely 

mapped reads were used to call peaks using the MACS2 peak calling algorithm [90]. Replicates 

were used as the experiment and the input file was used as a control. MACS2 was run using 

default settings with a q value cutoff of 0.05. De-novo motif discovery was conducted using the 

HOMER tool (findMotifsGenome script) [91]. The inputs to HOMER were the sequences of 

200bp around the summits of peaks, as called by MACS2. In some cases, only the top 10% or 

25% quality peaks were used, where quality was defined by the q-value output of macs2. 

Pearson correlation between two factors was calculated by using the reads at the union of the 

peak files of the respective factors. Each peak from the union is considered a separate 

observation. Heat maps and metaplot profiles of relative enrichment (log2 ChIP/Input) at defined 

genomic regions were generated by ngs.plot [92] followed by k means clustering. Mapped reads 

were visualized using the Integrative Genomics Viewer (IGV) using bigwig files for each TF. 

 

Inductions and RNA extraction 
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Transgenic homozygous lines for each construct were used. ~200 seedlings were grown in liquid 

culture as previously described [31] with the following modifications. Each genotype was grown 

in liquid culture for 10 days in duplicates. Plants were induced for 15min, 1 hour or 4 hours 

using 50 uM dexamethasone and flash frozen using liquid N2. Un-induced samples were treated 

as controls as well as Ler mock treated plants. Total RNA was extracted using the RNeasy Plant 

Mini kit (Qiagen) followed by DNase digestion (Promega) following the manufacturers protocol.  

  

RNA-seq 

RNA quality was first assessed by agarose gel analyses. Libraries were constructed using the 

TruSeq RNA Library Preparation Kit v2 (Illumina) following the manufactures protocol. 

Samples were sequenced on an Illumina HiSeq 2000 (single-end 50-bp run) with the 8 samples 

multiplexed per lane. 

 

RNA-seq Analysis 

Raw reads were mapped to the TAIR10 Arabidopsis genome using TopHat aligner (standard 

parameters, except for intron length of 40). Uniquely mapped reads were then used to assemble 

and quantify transcripts using Cufflinks using default parameters. Cuffdiff was then used to call 

differentially expressed transcripts between induced samples and un-induced samples (15min 

induction vs. un-induced) using a p value < 0.05 [93]. 

 

Heat Maps 

Heatmaps were generated using Cluster 3.0 using hierarchical clustering with uncentered 

correlation and average linkage. Clusters were then visualized using Java TreeView. 
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IP-MS 

Immunoprecipitation and mass spectrometry analysis were done accordingly to [94]. Briefly, ten 

grams of 2-week-old seedling tissue were ground in liquid nitrogen using a RETSCH 

homogenizer and resuspended in 25 mL ice-cold IP buffer [50 mM Tris·HCl pH 8.0, 150 mM 

NaCl, 5 mM MgCl2, 0.1% Nonidet P-40, 10% (vol/vol) glycerol, 1x Protease Inhibitor Mixture 

(Roche)]. Resuspended tissue was dounced twice using a glass douncer, filtered once through 

Miracloth and centrifuged 10 min at 16,000g at 4°C. 200 μL M2 magnetic FLAG-beads 

(SIGMA, M8823) were added to the supernatant and incubated 120 min rotating at 4 °C. M2 

magnetic FLAG-beads were washed five times in ice-cold IP buffer for 5 min rotating at 4 °C. 

Immunoprecipitated proteins were eluted two times with 300 μL 250ug/mL 3xFLAG peptides 

(SIGMA, F4799) in TBS [50mM Tris-HCl pH 7.4, 150mM NaCl] for 15 min shaking at 37 °C. 

Colombia (Col) wild-type tissue was used as a negative control. IPs were then digested by the 

sequential addition of lys-C and trypsin proteases, fractionated using reversed phase 

chromatography, and then analyzed by tandem mass spectrometry on a Q-Exactive mass 

spectrometer (Thermofisher). Data was analyzed using the IP2 suite of software tools. 

 

Co-IP 

For co-immunoprecipitation experiments, one gram of floral tissue was isolated from F1 crosses 

between recombineered 2xYPet-3xHA and birA-3xFLAG constructs. Immunoprecipitations 

from detergent extracts were carried out using the micro-MACS GFP-tagged protein isolation kit 

(Miltenyi Biotec), according to the manufacturer's instructions. Immunoblot analysis was 

performed with an antibody against FLAG (SIGMA, A8592). 
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CHAPTER 2 
 
The MYB-like transcription factor JUST THE TIPS controls leaf patterning through 
interaction with PHABULOSA  
 
Introduction 

Protein interaction partners confer a number of divergent properties onto transcription 

factors (TFs). These interactions can mediate or modulate nuclear import, change DNA-binding 

site specificity or affinity and, depending on the nature of the tertiary complex, can switch TFs 

from activators to repressors, and vice versa [95-98] For example, the human transcription factor 

Ying Yang1 (YY1) functions as both activator and repressor depending on its interaction with 

specific co-factors [99] and the TF Ten-eleven translocation 1 (Tet1) serves dual functions in 

promoting the transcription of pluripotency factors [98]. Moreover, members of the Hox cluster, 

which bind identical cis-elements in vitro, obtain unique targets in vivo due to interaction with 

the co-factor Extradenticle (Exd), which uncovers unique DNA-binding affinities for each Hox-

Exd complex via subtle changes to Hox protein conformation [100]. In plants, individual 

members of the HD-ZIPIII family of stem cell maintenance transcription factors have been 

shown to both positively and negatively regulate many different genes, including major hormone 

pathways, but the mechanism by which an individual member can both positively and negatively 

regulate similar genes is unclear. 

To date there are a limited number of published studies identifying HD-ZIPIII protein 

partners. The LITTLE ZIPPER (ZPR) proteins have been shown to negatively regulate HD-

ZIPIII dimer formation and thus prevent HD-ZIPIIIs from binding DNA[31]. Additionally, the 

TFs DORNROSCHEN (DRN) and DORNROSCHEN LIKE (DRNL), which influence 

embryonic patterning, have also been shown to interact with HD-ZIPIIIs [32]. However the 
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direct affect of interactions between the HD-ZIPIIIs and their binding partners on gene 

regulation remains unknown. Data from Chapter 1 indicated that HD-ZIPIII heterodimer 

formation, as well as interaction with the co-repressor Topless (TPL), are required for HD-ZIPIII 

transcriptional control. A previous study found that a linker protein, NINJA, bridges a complex 

between JAZ proteins and TPL to repress transcription of jasmonate-responsive genes [101].  

However, the mechanisms by which interactions between TPL and other HD-ZIPIII family 

members are regulated have yet to be discovered. 

Here, we find that a previously uncharacterized MYB-like transcription factor is a novel 

HD-ZIPIII protein interaction partner that exhibits a similar genome-wide DNA binding profile 

and transcriptional response, interacts with both TPL and the HD-ZIPIIIs and thus may bridge 

the transcriptional repression complex together. Lastly, we show that the MYB-like transcription 

factor has overlapping expression with the HD-ZIPIIIs in a cell type specific manner and plays 

an important role in leaf development, likely through interactions with one HD-ZIPIII family 

member. 

Results 

Identification of HD-ZIPIII interacting partners 

To identify novel protein interaction partners an Arabidopsis protein interactome map 

was generated using a high- throughput yeast two-hybrid (Y2H). This screen found that 

PHABULOSA (PHB) physically interacts with a MYB-like (MYBL) TF [102], which we named 

JUST THE TIPS (JTT). MYB proteins are functionally diverse, are represented across all 

eukaryotes, and are involved in a variety of biological processes [103].  To ascertain the 

functional relationship with JTT and the HD-ZIPIIIs, we first performed a structural analysis to 
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identify functional domains present in the JTT protein. JTT is a relatively small protein 

containing 340 amino acids, which harbors a 51 amino acid long MYB-like DNA binding 

homeodomain similar to the Swi3 Ada2 N-Cor TFIIIB (SANT) domain, a known protein-protein 

interaction domain, at its N-terminus [104]. Upon closer inspection, we also found three 

Ethylene-responsive element binding factor-associated Amphiphilic Repression (EAR) motifs 

(LxLxL) at the C- terminus (Fig. 2.1). EAR motifs can modulate transcriptional repression 

through interactions with co-repressors such as TPL [76, 77, 79]. Interestingly, in the same Y2H 

screen TPL was also implicated as a JTT interaction partner, suggesting that JTT can act as a 

transcriptional repressor. We provided evidence in Chapter 1 that the HD-ZIPIIIs and TPL bind 

the same DNA binding sites, suggesting that they are in a complex together. However, because 

the HD-ZIPIII do not contain EAR motifs or other domains that are capable of directly 

interacting with TPL, JTT represents a likely candidate to bridge this interaction. 

 

Fig. 2.1: JTT protein domain structure.  
At amino acid position 56 to 107 near the N-terminus resides a DNA binding MYB-Like homeodomain that shares similarity to 
SANT domains. At the N-terminus of the protein resides three Ethylene-responsive element binding factor-associated 
Amphiphilic Repression (EAR) motifs (LxLxL).  

 

Genome-wide analysis of JTT binding and transcriptional response 

Members of the HD-ZIPIIIs family bind to thousand of regulatory region across the 

genome and directly regulate the expression of hundred of genes in important developmental 

pathways (Chapter 1). To �test whether JTT regulates similar genes and pathways, we performed 

RNA-seq experiments on� inducible JTT transgenic lines at the 10 day-old seedling stage, similar 
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Fig. 2.2: Genome-wide analysis of JTT transcriptional response and DNA binding profile.  
(A) RNA-seq analysis of inducible JTT revealed thousands of differentially expressed genes and showed a larger proportion of 
down regulated vs. up-regulated genes. (B and C) ChIP-seq analysis of JTT revealed greater overlap of target genes with (B) 
PHB than with other HD-ZIPIII members. Common targets between JTT and HD-ZIPIII members were enriched with the HD-
ZIPIII binding motif (AATGATT). (C) Genome browser view of the binding profile of PHB and JTT at ATHB2 loci. Red box 
indicates co-occupancy.  

to those described in Chapter 1. Comparable to the HD-ZIPIIIs, induced expression of JTT 

affected the gene expression of thousands of genes across all time points. Additionally, the 

transcriptional profile of JTT displayed a greater percentage of down-regulated vs. up-regulated 

genes, implying a stronger role for gene repression (Fig. 2.2). We found that JTT displays the� 

greatest percentage of overlapping genes with PHB, as compared to� other HD-ZIPIII members 

(Table 2.1), which suggests preferential interaction with PHB.  

To identify genome-wide JTT-DNA interactions we then used the same inducible lines 

and performed ChIP-seq using an anti-GR antibody. In total, we identified 6167 bindings sites  
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Table 2.1: Comparison the JTT and HD-ZIPIII transcriptional response. 
Comparing transcriptional profiling data sets between HD-ZIPIIIs and JTT shows greater overlap between PHB and JTT. After 
15 minutes, 60 minutes and 240 minutes post-induction JTT shares 28%, 54% and 37% of PHB targets respectively. 

 

 

 

 

Fig. 2.3: Physical interactions between JTT, TPL and HD-ZIPIIIs.  
(A-D) Semi-in vivo pull-down assays shows recombinant JTT glutathione S-transferase proteins bind (A) TPL, (C) ATHB8, (D) 
REV, PHB, PHV and ICU4 from Arabidopsis seedling cell lysates. (E-H) Ponceau Red (E) and (F-G) Coomassie Blue staining 
shows equal protein loading and efficient GST expression, respectively. 
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for JTT and similarly to the HD-ZIPIIIs, de novo motif analysis of these sites found enrichment 

for the G-box motif (CTCGTG). To determine regions of co-occupancy between JTT and HD-

ZIPIIIs, we next compared the overlap of ChIP-seq data sets and found that between 1400 to 

2500 of these sites were not only co-occupied but were enriched with the HD-ZIPIII canonical 

binding site (AAT(C/G)ATT) (Fig. 2.2). Indicating that the presence of the HD-ZIPIII binding 

motif is important for co-binding of both the HD-ZIPIIIs and JTT. Taken together,� these data 

point toward a shared transcriptional regulatory role between JTT and the HD-ZIPIIIs and a 

preferential interaction �between PHB and JTT. Moreover, these results offer a potential 

mechanism for target specificity. 

Direct interactions between JTT, the HD-ZIPIIIs and TPL  

The striking overlap between JTT and the HD-ZIPIIs prompted us to ask whether these 

physical interactions between these proteins occur in Arabidopsis. To test this, we used a semi-in 

vivo Glutathione S-Transferase (GST) pull-down assay [77, 79]. Recombinant GST-tagged JTT 

was first expressed in E. coli and purified with magnetic glutathione beads and tested against 

transgenic plant cell lysates containing either HD-ZIPIII- or TPL-YFP fusion proteins. Indeed, 

JTT was capable of interacting with all five HD-ZIPIII members as well as TPL (Fig. 2.3). These 

results suggest that JTT interaction is not specific to PHB and could be part of a general gene 

repression mechanism in an HD-ZIPIII/JTT/TPL complex.  

A role for JTT in leaf development  

To elucidate the role JTT may play in stem cell maintenance or tissue patterning we 

generated transgenic plants to visualize JTT protein expression.  Plants with JTT fused to 

mCherry yielded no florescence expression, likely due to low JTT protein levels (data not 

shown). To circumvent this, we created a transcriptional reporter for JTT fused 2xYPet� 
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(JTTp:2xYPet-NLS). Unexpectedly, longitudinal sections through SAM and leaf tissue showed 

promoter activity in the abaxial domain of leaves, a region where the HD-ZIPIIIs are not known 

to be expressed. Upon closer inspection, transverse sections through vegetative leaves showed 

promoter activity at ‘just the tips’ of leaves in both the adaxial and abaxial domain (Fig. 2.4). 

These results are intriguing as it was recently shown that a new domain established by 

WUSHCEL –RELATED HOMEOBOX 1 (WOX1) and PRESSED FLOWER (PRS/WOX3) 

overlap with the adaxial/abaxial domains and is important for adaxial/abaxial patterning and leaf 

blade outgrowth [105]. Thus, �overlapping expression at the tips of the �adaxial/abaxial boundary 

may occur between JTT and the HD-ZIPIIIs and this overlapping expression may be represent a 

cell type-specific protein interaction domain required for leaf patterning. 

The JTT expression pattern prompted us to determine whether JTT is required for leaf 

tissue patterning. The HD-ZIPIIIs are required for leaf polarity and loss of multiple HD-ZIPIII 

member’s results in a loss of adaxial cell fate [7-9, 11]. Conversely, gain of function mutations 

result in a variety of leaf phenotypes including curled and radialized leaves, which are thought to 

be the result of abaxial to adaxial cell fate conversion [8-10, 20]. Thus, we identified mutant 

alleles for JTT to assess any phenotypic changes similar to HD-ZIPIII mutants. We isolated two 

different alleles (SALK_172072 and SALK_103038) designated at jtt-1 and jtt-2, which 

contained t-DNA insertions in the 3’-most exon and 5’-most exon, respectively. Neither allele 

displayed any visible phenotype on its own. Expression analysis by qRT-PCR of both alleles 

showed a significant reduction of transcript compared to WT (Fig. 2.5A) suggesting that either 

JTT does not play a regulatory role in the tissues examined or that it shares redundant actions 

with another protein. Another possibility is that JTT only interacts with specific HD-ZIPIII 

family members, which themselves have some redundant roles, such that loss of multiple family  
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Fig. 2.4: Reporter expression of PHB and JTT in leaves. 
(A) Longitudinal section through a translational reporter for PHB (PHBg:2xYPet) shows protein accumulation in the SAM and 
adaxial domains of leaves. (B and C) Transcriptional reporter for JTT (JTTg::2xYPet-NLS) shows promoter activity in (B) 
longitudinal sections of the abaxial regions of leaves and in (C) adaxial regions of lip tips in transverse sections.  
 
members is necessary to produce physical phenotypes. To test for genetic interactions between 

JTT and individual HD-ZIPIII members we first combined jtt l-o-f mutants with a mild dominant 

allele of PHB. The double mutant (jtt-/-,phb-14D-/-) enhances the phb-14D phenotype by 
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completely radializing the first leaves, suggesting JTT interactions may have a tissue-specific 

function (Fig. 2.5 B-E). Double mutants generated between JTT and other HD-ZIPIII members 

display no visible enhancement or suppression of their respective phenotype.  

To further examine the specific role of JTT in leaf patterning we examined plants with 

ectopic overexpression of JTT in all tissues. We overexpressed JTT using the constitutive 

Cauliflower Mosaic 35S (CaMV35s) promoter to drive the inducible rat glucocorticoid receptor 

(35S:JTT-GR), as described in Chapter 1. 10 day-old stable transgenic plants were first grown on 

media lacking the inducing agent dexamethasone and displayed phenotypes similar to WT. 

Remarkably, 3 days post-transplantation to 10 uM dexamethasone media, plants overexpressing 

JTT (35S:JTT-GR) displayed severe leaf-specific defects as compared to control plants (Fig. 2.5 

F,G). The leaves exhibited leaf curling resembling a phenotype of another HD-ZIPIII family 

member, the dominant g-o-f icu4-1D allele (Fig. 2.5H). Taken together, these results 

demonstrate a tissue and cell-type specific role for JTT in leaf patterning through interactions 

with the HD-ZIPIII member PHB. 

Discussion 

The roles of the HD-ZIPIIIs in SAM maintenance and tissue patterning in Arabidopsis 

have been extensively studied in the past decade [7, 9, 11, 29, 31, 40, 51, 58]. Moreover, recent 

work and work presented in Chapter 1 suggest that this family of transcription factors exhibit 

both overlapping and unique regulatory roles, yet the molecular mechanisms mediating these 

specific functions remain elusive. Here, we identified a novel HD-ZIPIII protein interaction 

partner that exhibited a DNA-binding profile and transcriptional response similar to the HD-

ZIPIIIs and even more so with PHB alone. We found that expression overlapped at leaf tip 

adaxial/abaxial boundaries and that ectopic overexpression led to leaf-patterning defects.  
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Fig. 2.5: JTT functions during leaf development.  
(A) Quantitative reverse transcription PCR (qRT-PCR) shows decreased levels of JTT transcript (red) in mutant alleles compared 
to WT (teal) normalized to actin. (B-C) Combining jtt-2 with (B) phb-14D results in (C) jtt/phb14d double mutant plants that 
exhibit radialized first leaves. (D) Scanning electron micrograph (SEM) of jtt/phb14d leaves. (F-H) Non-induced (F) 35S:JTT-
GR plants have no leaf phenotypes while dexamethasone induced plants (G) display leaf curling similar to (H) icu4-1D plants.  

Additionally, double mutants with HD-ZIPIII member PHB lead to severe leaf phenotypes 

pointing toward a preferential regulatory interaction with PHB. Lastly, the presence of EAR 

motifs and physical interactions with TPL provides a mechanism for HD-ZIPIII recruitment of 

TPL to repress gene expression.         

Protein interactions that drive and fine-tune gene expression are critical for growth and 

development. Specifically, the association of activator or repressor proteins with transcription 

factors can have a dramatic affect on transcriptional output. In Chapter 1, we provided evidence 

that HD-ZIPIIIs function as both activators and repressors. While interactions between the HD-
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ZIPIIIs and TPL appear to form a complex that functions to repress transcription, the mechanism 

by which these proteins interact was unclear.  The physical interaction between JTT and both 

TPL and the HD-ZIPIIIs raised the possibility that JTT forms the linker between these proteins 

to form the repression complex. Similarly, the transcription factor APETALA2 (AP2) functions 

as both an activator and repressor of gene expression and recruits TPL in order to represses C-

class genes necessary to establish floral organ identity [77]. In addition, in both the auxin and 

jasmonic acid pathway, recruitment of TPL is required for Arabidopsis embryonic and post-

embryonic development, respectively [79, 101].  However, it is still unclear whether JTT is 

required for changes in PHB-mediated transcription or for DNA binding specificity. TF partner 

complexes are critical for gene regulation during floral organ formation by PISTILLATA (PI) 

and APETALA3 (AP3) and during the regulation of flower timing by FLOWERING LOCUS C 

(FLC) and SHORT VEGETATIVE PHASE (SVP), where loss of their respective protein partner 

greatly reduces the number of binding sites genome wide [106, 107]. Analyzing the 

transcriptome or binding profile of PHB in a jtt mutant background may elucidate the mechanism 

by which PHB-JTT interaction affects gene regulation. While our initial data points toward a 

preferential PHB interaction, it is still possible that JTT heterodimer formation with other HD- 

ZIPIII members affects their activity as well. Uncovering additional HD-ZIPIII interaction 

partners will be imperative to understanding HD-ZIPIII activity and specificity 

Material and Methods 
 
Growth Conditions and mutant alleles 

Plants were grown on either soil or Petri dishes containing Linsmaier and Skoog (LS) 

salts medium. The wild-type plants used in this study were all in the Landsberg (Ler) 
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background. Arabidopsis thaliana seeds were stratified for 3 to 5 days at 4°C prior to sowing. For 

ChIP-seq studies, plants were grown for 10 days after germination on 1.5% agar supplemented 

with LS plates and bulk harvested. For RNA-seq studies, growth and inductions were performed 

as previously described [31]. All plants were grown at 22 to 24°C under 16 hour light/8 hour 

dark cycle conditions. Creation of genetic combinations utilized the previously described mutant 

for phb-14d [7] and Salk alleles SALK_172072 and SALK_103038 for JTT (At2g38300). 

 

GST pull-down assays 

Semi-in vivo pull-down experiments with JTT GST fusions, including expression and 

purification of recombinant proteins, were done as previously reported [79] with minor 

modifications.  Specifically, seedlings were harvested from stably transformed Arabidopsis lines 

(Chapter 1) and processed to produce plant lysates. 

 

Fluorescent reporters 

Recombineering experiments were performed as previously described [85] with the following 

modifications. JTT transcriptional reporters utilized an NLS-2xYPet with an ATG and were 

fused before the start codon of JTT (JAtY57F02 (70653 bp)) in a transformation-competent 

artificial chromosome clone using a bacterial recombineering approach [68, 86, 87]. The 

construct was transformed via the Agrobacterium floral dip method [88] into a Col background.  

35s:GR Constructs 

To generate 2x35Sp::JTT-GR fusions, full-length cDNA for each JTT was amplified by PCR (as 

a SalI/XhoI fragment) and cloned downstream of a 2x35S promoter and upstream of the rat 

glucocorticoid receptor (GR) in plasmid pBJ36. The transgene was transferred into the NotI site 
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of binary vector pMLBART and transformed into a Ler background. Western blot analysis using 

an anti-GR antibody (Pierce PA1-516) was then performed on transgenic lines to isolate those 

with similar protein levels. 

 

Histology and Microscopy 

For YPET analysis, seedlings were fixed in 4% paraformaldehyde, vacuum infiltrated, rinsed 

with phosphate buffer saline (PBS), vacuum infiltrated with 2% SCRI Renaissance 2200 

(Renaissance Chemicals) and 4% DMSO, then washed twice in PBS. Seedlings and IM’s were 

embedded in 3% agarose and sectioned using a Thermo Scientific HM 650 V Vibration 

microtome. 50 uM sections were mounted in 20% glycerol while ovules were directly mounted 

after fixing [7]. Imaging was performed using a Zeiss LSM 710 laser scanning confocal 

microscope. SR2200 was excited with the ultraviolet diode 405 nm line, and emission was 

measured between 420 and 470 nm. YPET was excited with a 517 nm argon laser line and 

emission was measured at 500–535 nm. 

 

ChIP 

ChIP experiments were performed as previously described [7] in duplicates with the following 

modifications. Transgenic homozygous lines for each construct were used. ~200 seedlings were 

grown in liquid culture as previously described [31] with the following modifications. Plants 

were grown in liquid culture for 10 days in duplicates. Plants were induced for 4 hours using 50 

uM dexamethasone and flash frozen using liquid N2.  Nuclear extracts were first isolated as 

previously described [89] prior to immunoprecipitations. Protein A/G magnetic beads (Pierce 

88803) were used with a anti-GR antibody (Pierce PA1-516) in immunoprecipitations. 
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ChIP-seq library preparation and sequencing 

Immunoprecipitated DNA was first purified using AmpureXP beads and libraries were 

constructed using the NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (NEB) 

using Illumina adapters according to the manufacturers protocol. Input DNA was used as a 

control. Suitable size distribution of the libraries was validated by agarose gel (between 200-

500bp). Libraries were multiplexed with a total of 10 libraries/lane and sequenced on an Illumina 

HiSeq 2000 (single-end 50-bp run). 

 

ChIP-seq Analysis 

Reads were mapped using bowtie2, against the TAIR10 Arabidopsis genome. Only uniquely 

mapped reads were used to call peaks using the MACS2 peak calling algorithm [90]. Replicates 

were used as the experiment and the input file was used as a control. MACS2 was run using 

default settings with a q value cutoff of 0.05. De-novo motif discovery was conducted using the 

HOMER tool (findMotifsGenome script) [91]. The inputs to HOMER were the sequences of 

200bp around the summits of peaks, as called by MACS2. In some cases, only the top 10% or 

25% quality peaks were used, where quality was defined by the q-value output of macs2. 

Pearson correlation between two factors was calculated by using the reads at the union of the 

peak files of the respective factors. Each peak from the union is considered a separate 

observation. Heat maps and metaplot profiles of relative enrichment (log2 ChIP/Input) at defined 

genomic regions were generated by ngs.plot [92] followed by k means clustering. Mapped reads 

were visualized using the Integrative Genomics Viewer (IGV) using bigwig files for each TF. 

 



 

 51 

Inductions and RNA extraction 

Transgenic homozygous lines for each construct were used. ~200 seedlings were grown in liquid 

culture as previously described [31] with the following modifications. Each genotype was grown 

in liquid culture for 10 days in duplicates. Plants were induced for 15min, 1 hour or 4 hours 

using 50 uM dexamethasone and flash frozen using liquid N2. Un-induced samples were treated 

as controls as well as Ler mock treated plants. Total RNA was extracted using the RNeasy Plant 

Mini kit (Qiagen) followed by DNase digestion (Promega) following the manufacturers protocol.  

  

RNA-seq 

RNA quality was first assessed by agarose gel analyses. Libraries were constructed using the 

TruSeq RNA Library Preparation Kit v2 (Illumina) following the manufactures protocol. 

Samples were sequenced on an Illumina HiSeq 2000 (single-end 50-bp run) with the 8 samples 

multiplexed per lane. 

 

RNA-seq Analysis 

Raw reads were mapped to the TAIR10 Arabidopsis genome using TopHat aligner (standard 

parameters, except for intron length of 40). Uniquely mapped reads were then used to assemble 

and quantify transcripts using Cufflinks using default parameters. Cuffdiff was then used to call 

differentially expressed transcripts between induced samples and un-induced samples (15min 

induction vs. un-induced) using a p value < 0.05 [93]. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 
 

Multicellular organisms utilize a variety of molecular mechanisms to control their growth 

and development. At the center of these mechanisms reside transcription factors (TFs) that 

control the expression of genes and regulatory networks necessary for the survival of the 

organism. TFs are also one of the largest functional classes of proteins as they make up 

approximately 8% of the total gene pool in eukaryotic genomes [108]. Throughout their 

evolution, plants have gone through multiple events of gene duplication resulting in extra copies 

of genes with similar function. This has lead to gene families that not only have redundant 

functions but have also evolved specific roles.  In Arabidopsis, >2,000 TFs are thought to exist 

that fall into roughly 72 different families, with each family providing specific regulatory control 

to many aspects of plant growth and development [109].  

 

Preferential co-occupancy and hetero-dimerization in the HD-ZIPIII family 

Much attention has been given to the Class III Homeodomain Leucine Zipper (HD-

ZIPIII) TFs due to their roles as master regulators of early plant development. However, a 

majority of this work has been based on genetic mutant analysis with little understanding of 

molecular mechanisms controlling mutant phenotypes [8, 9, 11]. In Chapter 1, my work focused 

on the genome-wide target analysis of each HD-ZIPIII family in order to understand the 

molecular interrelationships at both the protein-DNA and protein-protein level. While previous 

genetic studies have suggested the HD-ZIPIIIs display both redundant and antagonistic activities, 

my studies were the first to provide a molecular framework for understanding the genetic 

phenotypes. I first identified DNA binding regions on a genome-wide scale for each family 

member. When I globally assessed the ChIP-seq read enrichment for a given family member, I 
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found an unequal enrichment of reads for the other family members suggesting the existence of a 

binding hierarchy. For example, at ICU4 bound regions PHB showed the next highest level of 

read enrichment, followed by REV, PHV and ATHB8 respectively. This implies that a 

preferential co-regulation mechanism may exist between specific members to control target gene 

expression. To add support to this hypothesis, I also found that this TF family forms preferential 

heterodimers in vivo. However, the effect of these physical interactions and co-occupancy at 

DNA bound regions on downstream gene expression remains an open question. To address this 

question future genomic analyses should be performed on different HD-ZIPIII mutant 

backgrounds. For example, ChIP-seq analysis of ICU4 in a phb mutant background may yield a 

different binding profile. These experiments may ultimately lead to greater insight into the 

outcome of gene duplication.  

In animal systems, somewhat similar results have been observed between the ETS-

domain and Sox TFs. ETS TFs function in homo-oligomerization, heterodimerization, and 

transcriptional activation and repression. Moreover, distinct heterodimer formations lead to DNA 

binding specificity [110]. Similarly, sequential binding and combinations of different Sox TFs 

have been shown to facilitate the transition to neuronal differentiation [111]. Thus, the 

combinatorial actions may be common mechanism used by all eukaryotic TF families.  

 

Cooperative and antagonistic control of developmental signaling pathways 

Genome-wide analyses from Chapter 1 revealed several key developmental pathways that 

are co-regulated by HD-ZIPIIIs. Specifically, I found that the HD-ZIPIIIs regulate cytokinin 

signaling in the shoot apical meristem (SAM) and that this regulation occurs at multiple entry 

points through redundant genes within the signaling pathway, which lead to changes in the 
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overall network output. In addition, individual HD-ZIPIII family members regulate cytokinin 

biosynthetic enzymes in a cell-type and temporal-specific manner. Because the HD-ZIPIIIs 

accumulate in multiple tissue types, these experiments likely masked other tissue and cell-type 

specific mechanisms. It has been reported that the regulation of the cytokinin pathway by the 

HD-ZIPIIIs in roots is important for overall root growth and maintaining the quiescent center 

(QC) [42, 66]. Future studies utilizing both cell-type and tissue specific approaches in 

determining HD-ZIPIII targets will refine our current understanding of HD-ZIPIII transcriptional 

regulation. 

Genome-wide target analyses also identified regulatory targets within other key hormone 

pathways including gibberellic acid and auxin. While I found that the HD-ZIPIIIs likely play a 

regulatory role in these and other hormone pathways, it is likely that key pathways are modulated 

by other mechanisms as well.  The KANADI (KAN) family of transcription factors has shown to 

play opposing roles to the HD-ZIPIIIs in almost all aspects of development. For example, during 

leaf development genetics observations suggest KAN TFs promote abaxial fate while the HD-

ZIPIIIs promote adaxial fate. The absence of either TF family function results in the mis-

patterning of the leaf whereas absence of both families’ functions partially rescues these 

phenotypes [8, 19, 112]. Transcriptome analyses of both the KANs and HD-ZIPIIIs suggest 

opposing regulation of similar genes within the auxin signaling pathway including biosynthetic 

enzymes YUCC5 and TAA1, influx transporters LAX1, LAX2 and LAX3 and signal transducers 

IAA11, IAA18 and ARF3 [58]. Therefore, additional experiments will be needed to determine 

the relative importance these types of opposing regulatory mechanisms in establishing 

developmental outputs. 
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HD-ZIPIIIs functional role as both activators and repressors  

Transcriptome analysis of each HD-ZIPIII family member revealed a significant 

proportion of both up regulated and down regulated genes. The HD-ZIPIIIs have been reported 

to function as activators of gene expression but recent reports have suggested they also have the 

ability to repress gene expression [26, 58]. My work provided a molecular mechanism for HD-

ZIPIII-mediated gene repression using immunoprecipitation followed mass-spectrometry 

analysis (IP-MS), which revealed that HD-ZIPIIIs members associate with the co-repressors 

TOPLESS (TPL) and TOPLESS-RELATED (TPR) proteins. Previous studies indicated that TPL 

and the HD-ZIPIIIs worked in a parallel pathway to repress the expression of basal fate genes 

PLETHORA1 and PLETHORA2 (PLT1/2) during embryonic patterning [7]. In short, direct 

repression of PLT1/2 expression by TPL in the apical embryonic pole is necessary for proper 

patterning and the HD-ZIPIIIs are capable of genetically antagonizing PLT expression.  

Remarkably, I found HD-ZIPIII binding regions at the PLT promoters similar to TPL binding 

(data not shown), raising the possibility that TPL and the HD-ZIPIIIs are working in a complex 

during embryogenesis. There is precedence for this model in the literature; the transcription 

factor APETALA2 (AP2) functions as both an activator and repressor of gene expression and 

recruits TPL in order to represses C-class genes necessary to establish floral organ identity [77]. 

In addition, in both the auxin and jasmonic acid pathway, recruitment of TPL is required for 

Arabidopsis development [79, 101]. During embryogenesis, TPL physically interacts with 

AUX/IAAs and AUXIN RESPONSE FACTORS (ARFS) to repress auxin responsive genes 

necessary for root and vasculature development [79]. Similarly, the MYC2 TF interacts with 

JAZ/NINJA/TPL complexes to repress jasmonate responsive genes during stress and growth-

related events [101]. Interestingly, TPL also associates with the abaxial leaf fate determinant and 



 

 56 

HD-ZIPIII antagonist, the KAN TF family [113]. Thus, the repression of genes through TPL 

dependent recruitment may serve as a common mechanism during Arabidopsis patterning events. 

 

Protein interaction partners and HD-ZIPIII activity 

Protein interaction partners have the ability to change the activity of a given protein and 

in the case of TFs, these interactions have the ability to provide DNA binding target specificity 

[114]. Thus, there is extreme interest in determining the suite of interaction partners that can 

change activity or provide specificity to important developmental regulators, such as the HD-

ZIPIIIs. In Chapter 2, I identified and characterized a small MYB-like TF named JUST THE 

TIPS (JTT) that conferred both a change in transcriptional activity and specificity. I found a 

preferential genetic and molecular interaction with PHB, a cell-type specific expression pattern 

and tissue-specific function. Interestingly, the JTT protein also contained multiple EAR motifs 

that have been shown to be important for interacting with co-repressors like TPL [76, 77, 79]. 

Moreover, transcriptome analysis of JTT suggested that it behaved as a repressor and pull-down 

assays confirmed that it indeed physically interacts with TPL. The HD-ZIPIIIs lack domains 

capable of associating with TPL directly thus JTT may act as an intermediary protein within this 

complex.  The concept of an adapter protein mediating interactions with TPL and other TFs has 

support in the literature; NINJA and AUX/IAA proteins are crucial for repressing the expression 

of genes that respond to the hormones jasmonate and auxin through the formation of a repressive 

complex with TPL and DNA binding transcription factors such as MYC2 and ARF5, 

respectively [79, 101]. Currently there is a little information regarding HD-ZIPIII protein 

partners and the identification of additional factors will lead to a better understanding of the 

complex regulatory mechanisms utilized by this gene family.   
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Final remarks 

Recent studies have made significant progress toward understanding the molecular 

mechanisms regulated by the HD-ZIPIIIs. However, much of the complexity within these 

regulatory networks that control plant development remain unknown. Because this gene family is 

represented across all land plant species, these findings have the potential to aid agricultural 

studies. Many groups are beginning to apply the knowledge gained from HD-ZIPIII Arabidopsis 

studies toward various crop plants including maize, rice, peach, tomato, and rubber tree among 

others, with the goal of manipulating and improving plant growth [115-125]. Together, studies 

focused on this ancient plant TF family will provide a framework for understanding gene family 

evolution and a potential tool that will impact agricultural research. 
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