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Normal biological functions of leaves such as intercepting light and exchanging
gases during photosynthesis rely on proper differentiation of adaxial
(dorsal)-abaxial (ventral) identity. Although several families of transcriptional and
translational regulators have been identified in leaf polarity, their targets and the
molecular basis for the regulatory circuitry are largely unknown. KANADII (KANI),
a member of the GARP family of transcription factors, is a key regulator of adaxial
identity in leaf morphogenesis. The goal of my thesis study is to discover novel
players and mechanisms associated with KAN to better elucidate the establishment
of leaf polarity. My dissertation investigated the DNA binding specificity of KAN1
both in vitro and in vivo. In the in vitro assay, I identified the 6 base pair motif
GNATA (A/T) that the Myb-like domain in KAN1 recognizes. I also found that
KANT acts as a transcriptional repressor in vivo and directly regulates several genes
implicated in auxin responses and one in gibberellin (GA) metabolism. In addition, I

studied in detail a specific target ASYMMETRIC LEAVES?2 (AS2), a key promoter of
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adaxial leaf fate. I demonstrated that KAN1 directly interacts with 452 and
represses its transcription in abaxial cells. Mutation of a single nucleotide in a
KAN1 binding motif in the 452 promoter abolishes KAN1 targeting leading to
ectopic expression of AS2 in abaxial cells and conferring a dominant, adaxialized
phenotype. These results suggest the significant role of KANI in determining abaxial
fate and provide novel insights in dissecting the transcriptional network of leaf
morphogenesis.

In addition to the transcriptional regulation, I also gave my focus to the
translational regulation of leaf polarity by characterizing an enhancer of KAN,
ARROWI (AROI). arol-1 mutant shows pleotropic defects in development with
significantly reduced overall growth rate that is due to the impaired proliferation of
division competent cells in both leaves and roots. It also interacts with mutants of
important leaf polarity genes probably by altering their expression timing, which
suggests that ARO1 plays significant roles in dorsiventral patterning. I cloned ARO1
and it encodes a protein with a Pumilio/PUF RNA-binding domain. PUF domains
have been shown to function in sequence-specific RNA binding and translational
inhibition in various organisms. I also found that ARO! functions specifically in 18S
rRNA biosynthesis, a critical step for translational regulation in eukaryotes. These
results indicate the importance of the translational network in controlling leaf
polarity and provide a novel view for understanding the relationship of growth and

leaf patterning, two essential factors responsible for leaf morphogenesis.
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Introduction

The leaves of most plants exhibit differences between their adaxial (dorsal) and
abaxial (ventral) surfaces[1]. In Arabidopsis thaliana, the adaxial side of the leaf is
usually dark green and trichome-rich, while the abaxial side is pale green with fewer
trichomes. Moreover, the internal tissues of the leaf blade are polarized along this
adaxial-abaxial axis[1]. Mesophyll cells adjacent to the adaxial surface are densely
packed and contain plenty of chloroplasts for photosynthesis. On the abaxial side,
mesophyll cells have more air spaces specialized for gas exchange.

Proper specification of adaxial and abaxial identity is required for the formation and
function of leaves. This process is regulated by interactions between genes that
individually promote either adaxial or abaxial identity[2, 3]. In Arabidopsis, adaxial
identity is specified by the class III homeodomain-leucine zipper (HD-ZIPIII) genes,
Myb and LOB domain transcription factors ASYMMETRIC LEAVESI (ASI) and AS2,
and the trans-acting short-interfering RNA (ta-siRNA), whereas in the abaxial region,
four KANADI genes, the AUXIN RESPONSE FACTORS (ARF) ETTIN (ETT/ARF3)
and ARF4, four YABBY genes, and microRNA165/166 are essential promoters. The
HD-ZIPIII family consists of members such as REVOLUTA (REV), PHABULOSA
(PHB), and PHAVOLUTA (PHV). These genes are expressed adaxially and encode
proteins with partially redundant functions. Gain-of-function mutations in a single
gene result in adaxialized radial leaves [4, S]and simultaneous knock-out of all three

genes results in plants with abaxialized radial cotyledons [4]. Similar to HD-ZIPIII



family, KANADI genes also have overlapping functions. Mutations in any single gene
have relatively mild defects in leaf polarity[6-8]. However, if several of these genes
are lacking or down-regulated, plants exhibit prominent defects associated with the
loss of abaxial identity. For instance, kanl kan2 double mutant has reduced leaf blade
expansion and develops ectopic outgrowths on the abaxial side of the leaf [9]. And
even more dramatically, in the kanl kan2 kan3 triple mutant, leaves are almost fully
radialized and adaxialized, and the ectopic outgrowths observed in double mutants are
greatly reduced [9]. ETT/ARF3 and ARF4 are mediators of the auxin signaling
pathway. The arf3 arf4 double mutant has a phenotype similar to kanl kan2,
suggesting their function in promoting abaxial identity and a potential role of auxin in
leaf polarity [10]. Compared to the other genes, single or even double mutants in
YABBY gene family members don’t render striking defects in leaf polarity. However,
when the activity of KANADI is also compromised, the function of Y4ABBY genes
becomes more obvious. In the kanl kan? fil yab3 quadruple mutant, leaves are narrow
and short, showing dramatic loss of abaxial identity [11].

These mutant phenotypes imply a mutually antagonistic relationship between adaxial-
and abaxial- promoting genes. Furthermore, genetic studies demonstrated that these
morphological defects caused by the malfunction of genes specifying one side of the
leaf are usually accompanied with impaired expression pattern of genes specifying the
other side, such as abaxial expression of PHB in kanl kan2 kan3 triple mutants [11]
and loss of YABBY activity in the PHB and PHV gain-of function alleles[12]. More

direct evidence for this antagonism is the functions of small regulatory RNAs.



MicroRNA165/166 are expressed on the abaxial side and may repress HD-ZIPIII
genes to promote abaxial identity by direct targeting and post-transcriptional gene
silencing [13-16]. Conversely, ta-siRNA targets ETT/ARF3 and ARF4 to specify
adaxial cell fate [17-19]. These antagonistic interactions constitute the basis for
establishing a complex network for leaf initiation and blade expansion.

Among this network of regulatory genes, my dissertation research mainly focuses on
the KANADI (KAN) family. In the following chapters, I will discuss my two projects,
(1) Analysis of the DNA binding properties and downstream targets of KANI, (2)
Identification and characterization of ARROWI, an enhancer of KAN. These two
projects investigated transcriptional and translational regulatory mechanisms
associated with KAN in leaf polarity. I hope the result of this study can aid us in

further understanding the process of leaf patterning and development.
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Chapter 1

KANADI1 acts as a transcriptional repressor in adaxial —abaxial polarity and

regulates genes involved in auxin responses

Introduction

KANADI encodes a protein with a conserved DNA-binding domain belonging to the
Myb-related GARP family[1]. This gene family includes transcription factors such as
Arabidopsis RESPONSE REGULATORS (ARR)[2]. The GARP domains of ARRI and
ARR2 have been shown to be multifunctional for both nuclear localization and
sequence-specific DNA binding [3]. Similar to the ARRs, KANI also shows nuclear
localization [4]. We postulate that KANI functions as a transcription factor for
establishing abaxial leaf identity in Arabidopsis. To further characterize the DNA
binding capacity and specificity of KANI, our lab has pursued the identification of the

downstream targets of KAN/I both in vitro and in vivo.

Results

KANI protein recognizes a specific DNA sequence in vitro.

To determine if KANI binds to a specific DNA sequence in vitro, I performed a
PCR-assisted DNA binding site selection using purified KAN1 protein. The
full-length KANI1 protein proved toxic when expressed in E.coli (data not shown), so

I generated a truncated protein containing the predicted KAN1 DNA-binding domain



(KAN1bd) and fused it to a Glutathione S-Transferase (GST) tag. The recombinant
protein KAN1bd-GST was affinity purified and applied to the oligonucleotide
selection. After 6 cycles of selection, analysis of the final PCR products produced 50
non-redundant oligonucleotide sequences that contained one or more instances of the
partly degenerate 6 bp motif GNATA(T/A), which we termed the KANADI box
(KBX) (Fig.1-1, Suppl. Fig. 1-1). To investigate the contribution of each base of KBX
to KAN1 binding, I synthesized double-stranded oligonucleotides bearing point
mutations in KBX (Table 1-1) and utilized EMSA to analyze the binding activity of
KANT1 protein to these mutant variants. The result demonstrated that the nucleotides
at the first, third, fourth and sixth positions were critical for effective binding by
KANTI in vitro (Fig.1-1). I also tested an 8 bp palindrome, GAATATTC that appeared
in six of the fifty selected sequences and the DNA binding site (AGATT) of the
GARP protein ARR10 [3] (Fig.1-1). KANI1 protein appeared to bind equally well to
the palindrome and showed very little affinity to the binding motif of ARR10. These
results suggest that KAN1bd selectively binds to a specific DNA sequence in vitro

and define a novel binding site for this member of the GARP family.
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Figure 1-1. EMSA reveals KAN1 DNA-binding characteristics in vitro. The in
vitro KAN1 DNA binding site (KBX, boxed) was identified using affinity purified
KAN1db-GST protein in EMSA-based oligonucleotide selection (Suppl. Fig. 1-1).
The height of each nucleotide letter is proportional to its representation. Effects of
mutating individual sites within the consensus DNA binding site are shown
immediately below each position in the consensus KBX site. The mean fraction of
bound DNA in three independent replicates was calculated relative to the consensus
(GAATAA, lane 1), which was arbitrarily set to 1.0. EMSA of KAN1db-GST bound
to a perfect palindrome of KBX (GAATATT, lane 8) was similar to that of that of a
single site. The KAN1db-GST showed little affinity for the consensus binding site for
the GARP protein ARR10 (AGATT, lane 9)[3].

KANT1 binds to specific target genes involved in plant development

In order to identify KANI1 target (KANT) genes in vivo, I applied Chromatin Immuno-
precipitation (ChIP) in a system with inducible KAN1 overexpression. In this
experiment, KANI cDNA with a glucocorticoid receptor (GR) regulatory domain tag
is uniformly expressed by the CaMV 35S promoter[5]. In the absence of the steroid

inducer dexamethasone (DEX), KANI-GR protein is sequestered in the cytosol and

unable to regulate its targets in the nucleous, so transgenic plants bearing



3585:KANI-GR (KAN-GR) were morphologically normal despite slightly slower
growth than wild type (Fig. 1-2. Suppl. Fig. 1-2 ). However, KAN-GR seedlings
grown on media containing 1 uM DEX displayed dramatic defects due to the
translocation of KAN1-GR into nuclei [6]. These plants have narrow cotyledons, the
first two true leaves emerged as small, radialized, peg-like structures, and no
subsequent leaves were formed (Fig. 1-2. Suppl. Fig. 1-2). These phenotypes were
strikingly similar to 35S:KANI plants [4, 7, 8]. These plants also displayed defects in
root gravitropism and root hair production (Fig. 1-3).In contrast, soil-grown seedlings
treated with the same concentration of DEX every two days had relatively milder
defects which resembled those observed in as/ and as2 mutants [9](Fig. 1-2 Suppl.

Fig. 1-2).

Figure 1-2. Post-translational activation of KAN-GR produces defects in leaf
polarity and meristem function. Continuous exposure of KAN-GR seedlings to 10
mM DEX (b) on media for 9 days led to loss of cotyledon blade expansion, formation
of partially radialized leaf primordia, and inhibition of further shoot meristem activity
consistent with strong KANI1 overexpression. Mock-treated KAN-GR seedlings (a)
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resembled mock- or DEX- treated Col seedlings (Suppl. Fig. 1-2). In contrast, soil
grown KAN-GR seedlings exposed every other day to 10 mM DEX (d, and f)
displayed reduced petiole and blade expansion with strong epinasty leading to leaves
with an asymmetric appearance (g, bottom) that was not evident in mock-treated
plants (c, e, and g top). Plants were photographed at 14 (¢ & d) and 29 days old (e, f,
g). Bar=Icm

KAN-GR KAN-GR
mock DEX %

KAN-GR KAN-GR
mock DEX

Figure 1-3: DEX and mock-treated KAN-GR plants display defects in root
development. Roots were analyzed on 5 day old seedlings grown on vertically
oriented media with DEX or mock supplementation. The angle of root growth relative
to gravity was measured with Image J. Angles were allocated to 5° bins and with
length of each bar indicating the fraction of plants within that bin (upper panel). Root
angles diverged more in DEX-treated KAN-GR seedlings than mock-treated seedlings
(upper panel right) indicating potential defects in sensing or responding to gravity. No
differences were detected between mock- and DEX-treated Col roots. Root hair
formation was also affected by DEX-treatment. DEX-treated KAN-GR seedlings
failed to produce root hairs, which was not observed in mock-treated (lower right
panels) or wild-type seedlings (lower left panels).  Surprisingly, DEX influenced
Col root hair formation; the number and length of hairs was slightly reduced in DEX-
compared to mock-treated Col roots (lower left panels).
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ChIP was performed on KAN-GR plants treated with DEX and mock and the
enrichment of a particular gene promoter in the DEX-treated versus mock-treated
samples serves as strong evidence for a direct interaction with the KAN1 protein. Our
lab is particularly interested in genes involved in transcriptional regulation of leaf
patterning and phytohormone signaling and biosynthesis. So I chose some candidates
in these categories for ChIP based on previous microarray and RT-PCR results (Huang
et al., 2008, submitted, Appendix 1). Quantitative assay of ChIP products has revealed
12 target gene promoters that are bound by KAN1 protein (Fig. 1-4). This list includes
genes implicated in auxin response and signaling, such as PIN-FORMED 4 (PIN4), an
auxin efflux carrier[10], /442, a negative regulator of AUXIN RESPONSE
FACTORSJ[11], HAT2, a homeobox gene that is rapidly and specifically induced by
auxin and promotes auxin responses[12], and FLS2, a protein which mediates
flagellin-induced expression of miR393a, a miRNA that targets the auxin receptor
TIRI[13]. Other phytohormone-related KANT genes are identified as well, including
the gibberellin catabolism gene GIBBERELLIN-2 OXIDASE 6 (GA20x6) [14] and
BRASSINOSTEROID ENHANCED EXPRESSION [ (BEEI), a bHLH transcription
factor that mediates early responses to brassinosteroids [15]. Another target of interest
is RADIALIS-LIKE 2 (RL2), a putative Myb transcription factor closely related to an
Antirrhinum gene required for dorsal-ventral asymmetry during flower development
[16]. ChIP applied with wild type plants did not reveal detectable differences between
DEX- and mock-treated samples, confirming that the DEX-induced enrichment of

promoter fragments in KAN-GR plants are solely attributed to KAN-GR (Suppl. Fig.
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Figure 1-4. Chromatin immunoprecipitation confirms DEX-dependent
association of KAN-GR with the promoters of KANT genes. Chromatin
immunoprecipitation (ChIP) was performed on 9 day old transgenic Arabidopsis
seedlings using antibodies specific for GR. Immunoprecipitated genomic DNA from
mock (M) and DEX (D) treated KAN-GR and wild-type control seedlings was
amplified with primers specific for the indicated promoters. Fold enrichment was
calculated by normalizing PCR product intensities to a negative control, the
RIBOSOMAL PROTEIN L4D (RPL4D) coding region, followed by calculating the
ratio DEX IP/input to mock IP/input. The mean of at least two independent IP
experiments with technical replicates is reported as fold-enrichment. Schematics of
the gene promoters are shown with the positions and orientations of KBX sites
indicated by < or > and the amplified region represented by a grey bar.

Along with the identification of KANT genes, another goal of ChIP is to evaluate the
biological significance of KBX in vivo. The region I selected to represent an
individual promoter in ChIP is always including or flanking a KBX. Although most
tested regions appeared to be associated with KAN, there are some exceptions, such

as in HAT?2 promoter, only one of the two KBX-containing regions (HAT2b) was
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enriched in DEX (Fig. 1-4). This result indicates that KBX alone is not sufficient to
render the binding of KAN to its targets.

KANTI1 directly represses the transcription of 452, a critical promoter of adaxial
leaf fate

In order to further investigate the function of KAN in determining abaxial identity and
more deeply understand the biological significance of KBX, we studied in detail a
specific target of KAN, ASYMMETRIC LEAVES?2 (AS2). We first identified a mutant
with a dominant, adaxialized phenotype. Plants homozygous or heterozygous for the
mutation produced upwardly curled leaves and displayed impaired polarity in
mesophyll cells (Fig. 1-5). The mutation was proved to be localized in the 5’-
promoter region of 452, a LOB domain transcription factor promoting adaxial cell
fate [17, 18], so we dubbed this mutant as as2-5D. Sequencing the promoter of
as2-5D revealed a G-to-A change in the first nucleotide of a tandem KBX repeat
(GAATAAGAATAA). ). Existing ESTs and cDNAs (www.arabidopis.org) and the
results of 5> RACE (data not shown) indicate that 4S2 has multiple transcription start
sites. The as2-5D mutation is located in the first intron of one of these transcripts, but

is in the promoter of most of the transcripts produced from this locus (Fig. 1-5).
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Figure 1-5. as2-5D has an adaxialized phenotype. (a) 8-day (top) and 21-day
(bottom) old wild-type Columbia and as2-5D/+ plants. as2-5D causes immature
leaves and cotyledons to curl upwards, (b) Camera-lucida drawings of the adaxial and
abaxial mesophyll of leaf 3 demonstrating the loss of tissue polarity in as2-5D/+. (¢)
as2-5D affects a predicted KANT1 binding site. AS2 transcripts share exons 2 and 3,
but have variable first exons. The location of the as2-5D mutation is indicated in red.

To examine the effect of the as2-5D mutation on the expression of 452, we generated
promoter-reporter lines containing wild type or mutated 4S2 regulatory sequences

fused to B-glucuronidase (GUS). Transgenic plants bearing the following constructs,
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pAS2:GUS (wild-type AS2 promoter fused to GUS ), pAS2-5D:GUS (4S2-5D
promoter fused to GUS), and pAS2-m:GUS (4S2 promoter in which the second G in
the GAATAAGAATAA repeat was mutated and fused to GUS) were stained for GUS
activity. Consistent with the expression pattern of 452 revealed by in situ
hybridization [19, 20], GUS stain is distributed exclusively in the adaxial domain of
cotyledons in pAS2:GUS embryos and seedlings (Fig. 1-6). In contrast,
pAS2-5D:GUS plants expressed GUS throughout the cotyledons and the hypocotyl
(Fig. 1-6), whereas pAS2-m:GUS embryos and seedlings exhibited the same
expression pattern as the wild type construct (Fig. 1-6). These results proved that the
as2-5D mutation caused ectopic expression of 452 and provided strong evidence that
KANI repressed 4S2 through transcriptional regulation. They also further confirmed
that the KBX sequence is necessary but not sufficient to confer KAN1-mediated

repression on its target genes.

GAATA GAATA AAATA GAATA GAATA AAATA

Figure 1-6. KAN1 binding site determines the spatial expression pattern of AS52.
The expression pattern of p4S2:GUS (a,d), pAS2-5D:GUS (b,e) and pAS2m:GUS (c,f)
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in embryos (upper row), and the leaf primordia of 8 day-old Columbia seedlings
(lower row). The sequence of the KAN1 binding site in each construct is shown, with
the mutated nucleotide shown in red. The as2-5D mutation causes 4S2 to be
expressed in the abaxial domains of cotyledons and leaves, and in the hypocotyl. Bar
=20 um in a-c and 100 um in d-f.

In order to provide direct evidence that KANT1 binds to this sequence in the AS2
promoter, I performed ChIP in KANI-GR and as2-5D KANI-GR seedlings. I tested
three putative KBXs in the promoter of 452 and the enrichment in DEX was only
detected on the site affected by the as2-5D mutation (Fig. 1-7). The ~3-fold
enrichment is comparable to the enrichment observed in the previous identified target
I4A2. No enrichment was observed in KANI-GR plants homozygous for as2-5D,
proving that the as2-5D mutation prevents or greatly reduces the binding of KAN1 to
this site. Consistent with this result, in as2-5D KANI-GR seedlings, DEX-dependent
effects on cotyledon and leaf morphology, and root growth orientation are highly
suppressed (Fig. 1-7). These results further confirmed that AS2 is a direct target of
KANT1 and suggested that the repression of AS2 contributed to the phenotype of plants

that ectopically express KANI.
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Figure 1-7. KAN1-GR represses AS2 directly (a) Chromatin immunoprecipitation
(ChIP) performed on DEX (D)- and mock (M)-treated 35S:KANI-GR and
35S:KANI-GR as2-5D seedlings (b). Chromatin from three different regions 5' of 452
(A, B, and C indicated by grey bars) were analyzed with semi-quantitative PCR prior
to (input) and after ChIP. Fragment A contains the as2-5D point mutation. Average
fold enrichment is indicated on the right of each image, and was calculated for three
replicates in DEX versus mock samples after normalizing the band intensity to that of
the control gene RPL4D. Note that as2-5D blocks the binding of KAN1-GR to the

AS2 promoter, as well as the effect of KAN-GR on seedling morphology (b) and root
growth directions (¢). Bar=1 mm.

Plants constitutively expressing AS2 have reduced levels of KANI and KAN2 mRNA
and the leaf phenotype resembles kanl kan2 double mutant [17], whereas as2-1
mutants have elevated levels of KAN2[20]. These observations suggest that 452 and
KAN genes may mutually repress each other’s transcription. To test this hypothesis, I

investigated the expression of pKANI:GUS in wild type, as2-1 and as2-5D
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background. In wild-type plants, pKANI1:GUS expressed in the abaxial side of very
young leaf primordia and was restricted to the bottom of more mature leaves (Fig.
1-8). In as2-1, pKANI1:GUS expression extended to the adaxial side of young leaf
primordia and persisted later in leaf development (Fig. 1-8). Conversely, in as2-5D,
pKANI:GUS expression was excluded from young leaves and restricted to a small
region of the shoot apex (Fig. 1-8). This result implied that AS2 directly or indirectly
represses KANI expression. Repression of KAN genes by 4S2 was further supported
by the phenotype of kani-11 as2-5D doubly mutant (Fig. 1-8). Double mutant leaves
display abaxial outgrowths that are a characteristic feature of kan! kan2 but absent in
either kanl or as2-5D single mutants (Fig. 1-8). A reasonable interpretation of this

result is that as2-5D represses KAN2 as well.

: e
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Figure 1-8. AS2 represses KANI and KAN2. (a) The expression of pKANI:GUS in
the leaf primordia of 3- (upper row) and 9-day-old (lower row) wild-type, as2-5D and
as2-1 seedlings. Cotyledons were removed to reveal the leaf primordia. Bar =20 um
in upper row and 200 um in lower row. The expression domain of pKANI:GUS is
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reduced in as2-5D and expanded in as2-1. (b) The rosette (top row) and leaf five
(bottom row) of 18-day-old wild type, kanl-11, as2-5D , kanl-11 as2-5D, and
kanl-11 kan2-5 plants. Adaxial, abaxial, and side views of the leaf are shown from
left to right. The phenotype of kanl-11 as2-5D resembles that of kanl-11 kan2-5.

Discussion

KANADI functions in leaf patterning by mediation of auxin action

The phytohormone auxin is implicated in various important processes in different
developmental stages of plant growth. Three fundamental patterning events,
establishment of apical-basal and central-peripheral axes, and differentiation of
adaxial-abaxial symmetry, are all correlated with signaling and response of auxin.
(reviewed in Krogan and Berleth, 2007). One unique feature of auxin is its polar-
fashioned transport, which is directly relevant to most of its developmental roles [21].
Polar transport of auxin depends on a family of carrier proteins, PINFORMED (PIN),
which controls auxin efflux in plant cells. Distribution of PIN proteins predicts auxin
accumulation in different plant tissues. In embryogenesis, dynamic expression
patterns of PIN directs initial accumulation of auxin in the apical cell, followed by a
subsequent efflux of auxin to the basal domain, leading to the specification of
hypophysis and defining the future root. Afterwards, the polar localization of PIN
proteins in the late globular stage results in a focal point of auxin transport, marking
the site of cotyledon initiation. The resulting cotyledon primodium acts as an sink to
transport auxin basipetally to develop provasular strands and another auxin maxima
will form distantly to become a new primodium, which contributes to the phyllotatic

pattern of the mature plant.[22-24].
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PIN proteins determine the spatial localization of auxin that leads to wide range of
developmental events. The effectiveness of this process also relies on the factors
perceiving the signal from the differentially distributed auxin and triggering the
downstream gene expression. Members of two protein families, Aux/IAA and AUXIN
RESPONSE FACTORS (ARFs) are key players among these factors. In the absence of
auxin, IAA proteins interact with ARF proteins to repress their function in activating
the gene responsible for auxin-dependent phenotypes. However, if auxin is applied,
the IAA proteins are degraded and the de-repression of ARF proteins causes the
activation of ARF-dependent genes and results in various auxin responses.[25]. Two
members of ARF family, ARF3/ETTIN and ARF4 have demonstrated roles in leaf
polarity. Double mutant of ARF'3 and ARF4 produces features reminiscent of kan/
kan2 mutant, such as up-curling leaves and ectopic out-growths on the abaxial side of
leaves[26]. These observations imply a possible correlation between adaxial-abaxial
patterning and auxin response. Specifically, KAN genes are implicated in auxin
distribution and response by the results that PINI and DR5 (a synthetic promoter
whose expression indicates the responsiveness to auxin [23]) expression patterns are
markedly affected by the loss of KAN genes [27]. Based on these findings, our results
further supported the relationship between KAN and auxin. About half of the targets
we idenfied with ChIP are auxin-related genes. For instance, PIN4 belongs to the PIN
family involved in regulating auxin distribution and /442 is a member of Aux/IAA
family functioning in auxin signal transduction. And FLS?2 indirectly enhances 7/R1,

an auxin receptor that mediates the degradation of [AA by auxin through 26S



21

proteosome pathway[28]. Another target HAT?2 also plays a role in promoting auxin
response [12].

The identity of these target genes strongly suggests the involvement of auxin in the
function of KAN genes in leaf morphogenesis. This conclusion is also supported by
the profound developmental defects observed in KAN-GR plants treated with DEX,
such as reduced leaf initiation, impaired root hair formation and abnormal root growth
direction. All these mutant phenotypes are associated with disrupted auxin response
[29, 30] (reviewed in Krogan and Berleth, 2007). We propose that KAN1 may
function to enhance auxin accumulation, sensitivity,and signaling on the abaxial side
of the initiating leaf primordium, resulting in asymmetric changes in gene expression
and growth. In other words, the high concentration of auxin on the abaxial side of the
early leaf primordium induced by KAN versus a lower concentration on the adaxial
side leads to differential gene expression critical for establishing the asymmetry of the
primordium. This model is consistent with observations that PIN1 reverses its polarity
on the adaxial side of a leaf primordium very early in leaf initiation, thereby depleting
this region of auxin [31]. It is also a plausible explanation of the radial structure
formed after the surgical separation of young leaf from the shoot apical meristem
(SAM), which indicates establishment of leaf polarity depends on continuity between
the leaf primordium and the SAM [32]. The traditional interpretation for this result is
that a “signal” from the SAM is required for adaxial-abaxial differentiation.
According to our model, this “signal” is probably the auxin gradient in young leaf

primodium. In this scenario, surgical ablation actually perturbs this gradient and
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isolates auxin in adaxial side, which consequently causes disruption of leaf polarity.
In vivo experiments interpreted the importance of in vitro KBX in the actual
circumstance in planta

In vivo identification of KAN1 targets not only revealed the central role of KAN in
transcriptional regulation of leaf polarity, but also evaluates the biological
significance of in vitro binding motif that is the critical molecular basis for KANI
function. Particularly in as2-5Dplants, a single nucleotide change in KBX remarkably
reduces binding of KAN1, which is consistent with the EMSA result (Fig. 1-1),
indicating the key role of this base in the consensus binding motif and supporting that
this motif is necessary for KAN1 targeting in planta. However, the same mutation in
the adjacent KBX doesn’t affect 452 expression (Fig. 1-6) suggesting this motif is not
sufficient to confer KAN1-mediated interaction. This conlusion is also supported by
the ChIP result with HAT2 promoter (Fig. 1-3), in which only one of two KBXs is
bound by KANT1 in vivo. This result is partly contributed to the technical barrier we
encountered in purifying full-length KAN1 protein (as described in this chapter). The
recombinant protein we used for in vitro selection contains only part of KAN1 protein.
Although the essential DNA binding domain is included, other elements required for
proper KANI1 action, such as other functional domains or correct secondary structures,
are probably lost or not intact. Besides that, the experimental temperature is also a
possible factor. I expressed KANI protein in E.Coli in 37°C and performed in vitro
binding of protein with DNA in 4°C. Neither of these temperatures is optimal for

protein biosynthesis and protein-DNA interaction in plants. Possible changes of
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protein structure in these conditions may cause the discrepancy between in vitro and
in vivo results. In addition, other cofactor proteins required for in vivo DNA binding
by KANI1 and the accessibility of the specific motif within the context of chromatin
are also plausible explanations. In order to define the target sequence of KAN1 in vivo,
a ChIP-Seq strategy can be utilized which combines chromatin immunoprecipitation
and subsequent sequencing of DNA fragments immnunoprecipitated with KANI1
protein. Analyzing these sequences will provide the real consensus motif and facilitate
the discovery of more KANI targets and better understanding of KAN1 function.
Direct repression of AS2 by KAN contributes to the elucidation of antagonistic
interaction between adaxial and abxial identity genes

As described in the chapter of introduction, genes specifying adaxial and abaxial
identity are mutually antagonizing each other. However, the molecular mechanism
underlining this antagonistic relationship is still unclear. Based on the fact that most
of the identified players in leaf polarity belong to protein families with transcription
factors, the interactions between these genes are likely due to transcriptional
regulation. Therefore, our investigations of in vivo targets of KAN, especially
uncovering the direct interaction between KAN and a promoter element of 452,
established a platform to further demonstrate this regulatory network. Repression of
AS2 by KANI1 provides the first evidence for a direct interaction between
transcription factors involved in leaf polarity. It also serves as a standard example for
studying the mechanism of transcriptional regulation, although the situation is a bit

extreme that a single nucleotide mutation can abolish the binding of a transcription
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factor and cause profound change in gene expression. We are unaware of any other
case like this in plant because multiple binding sites are usually required for
regulation by a specific transcription factor.

Although KAN directly regulates AS2 in specifying abaxial identity, the phenotypes
associated with loss of KAN genes are not solely dependent on this interaction. The
triple mutant kanl kan2 as?2 displays a similar phenotype as kanl kan2, despite that
the vascular defect in kanl kan?2 petioles are partially rescued by loss of 452 [33]and
leaf blades of triple mutant are shorter and more irregular than the double mutant (Wu
et al., 2008, submitted, Appendix 2). These observations suggest that 452 is not the
only factor that KAN genes act on to determine abaixal cell fate. Consistent with our
previous discussion about the interplay between KAN and auxin-related genes, we
demonstrate that regulation of leaf morphogenesis by KANADI genes requires a
complex network involving genes functioning in plant hormone metabolism, transport
and response and important transcription factors. Elucidation these interactions will
be our goal in the future and identification of new targets of KAN, as well as

characterizing novel players in KAN-AS2 pathway will be of special interest.

Materials and methods

Plant materials and treatments:

All plants used in this study were in the Columbia (Col) background and were grown
at 22°C under long day (16 hour) illumination. The KAN-GR construct was produced

as follows: the p35S:KANI-mGFP5 plasmid [4]was digested with Bg/II and partially
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digested with Nhel to remove the fragment encoding mGFP5. In its place, a DNA
fragment was ligated that encoded amino acids 508-795 of the rat glucocorticoid
receptor isolated from pBS-GR (a gift from Doris Wagner) by digestion with BamHI
and Xbal. In order to generate pKANI:GUS, a 7.7 kb Bglll fragment from P1 clone
MQK4 was ligated into the BamHI site of pPCAMBIA2300 (www.cambia.org). A 3.5
kb Xbal fragment carrying the KANI promoter was subcloned into pBI101.2 to
generate a translational fusion between the first 8§ amino acids of the KAN1 coding
region and GUS. The resulting constructs were sequenced to confirm their integrity
and introduced into Arabidopsis plants using the floral dip method. Transformants
were selected using hygromycin B. A line homozygous for the KANGR T-DNA that
was phenotypically normal in the absence of DEX and showed a strong and consistent
response on DEX containing media was selected for all subsequent experiments. For
continuous DEX treatments, seeds homozygous for KAN-GR were germinated on
media containing 1/2X MS salts and 0.8% agar supplemented either with 10 uM DEX
or 0.05% ethanol for mock treatment. For intermittent treatment, soil-grown seedlings
were painted every second day either with 10 uM DEX or mock (0.05% ethanol) plus
0.015% Silwet L-77. For chromatin immunoprecipitation, 9 day old seedlings were
grown on 1/2X MS medium without sucrose before being submerged for 4 hours with
gentle agitation in liquid 1/2X MS plus 1% sucrose containing 10 uM DEX or 0.05%
ethanol (mock).

Generation of as2-5D with ethylmethan sulphonate (EMS) and mapping the mutation

in as2-5D is described in Appendix 2. To examine the effect of this mutation on gene
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expression, the wild-type AS2 promoter sequence was amplified from wild-type
genomic DNA using primers pAS2-F: 5’-
GGATCCTGGTAGCTAGCGTTGTTGACA-3’ and pAS2-R: 5’-
GGATCCGTGAACGTTTGCGAATTTTTG-3", which contained introduced BamHI
sites, and the resulting PCR products were cloned into the binary vector pCB308
generating a translational fusion to the GUS gene in the pAS2:GUS construct. The
pas2-5D:GUS and pAS2-m:GUS constructs were generated using site-directed
mutagenesis, by amplification of the pAS2:GUS template with primers containing
introduced mutations: pas2-d-F: 5’-
CCCTAGACAAAAAAAATAAGAATAAAAAGAGC-3’ and pas2-d-R: 5°-
GCTCTTTTTATTCTTATTTTTTTTGTCTAGGG-3’ or pAS2-m-F:
5’-CCCTAGACAAAAAGAATAAAAATAAAAAGAGC-3’, and pAS2-m-R: 5°-
GCTCTTTTTATTTTTATTCTTTTTGTCTAGGG-3’ with PfuTurbo DNA
polymerase (Stratagene, La Jolla, CA). The PCR products were digested with Dpnl to
restrict the parental DNA template. The resulting constructs were transformed into
Arabidopsis as described above.

Plasmid Construction for expressing KAN1bd protein in vitro: The putative DNA
binding domain of KAN1 was amplified from the cDNA clone [4] using the following
primers and cycling conditions:
5’-ATTCggatCcAAGATGCCGACAAAGCGAAGC-3’ and 5°-
AAGCgaattcCTTGTTAGTGGTCTTAACAGTTCG-3’ (lowercase letters represent

mismatched bases), 94°C for 20s, 54°C for 20s, 72°C for 15s for 34 cycles. Amplified
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DNA and the vector pGEX-2TK (Amersham Biosciences, Piscataway, NJ) were
digested with BamHI and EcoRI and recombined such that the amino acids 210-280
of KANI1 were fused in-frame with glutathione S-transferase (GST) to form
pGEX-KAN1bd.

Purification of KAN1bd protein: E.coli BL21 (DE3) cells carrying pGEX-KAN1bd
were grown at 37°C in LB medium to OD600 between 0.6-0.8 and harvested 2.5
hours after protein expression was induced with 0.1 mM IPTG. Cell pellets were
resuspended and lysed by sonication in 1X PBS at 4°C then centrifuged at 12,000xg
for 30 minutes to pellet debris. Soluble recombinant protein was purified using
MicroSpin GST Purification Modules (Amersham Biosciences, Piscataway, NJ)
according to the manufacturer’s instructions.

Purified KAN1bd protein was subsequently dialyzed against 20 mM Tris-HCI, pH 8.0
and 80 mM KCI to remove reduced glutathione. Proteins were prepared for EMSA by
treating with 0.07 U/ul DNase I (Fermentas, Hanover, MD) on ice for 1 hour to
remove contaminating E. coli DNA and DNase I was inactivated with 2 mM EDTA.
PCR-Assisted in vitro DNA binding site selection: KAN1bd DNA binding site
selection was performed essentially as described [3]. A mixture of 54-base
oligonucleotides was synthesized (IDT, Coralville, IA) with the central 16 bases
consisting of random sequences (Table 1-1). Oligonucleotides were converted into
dsDNA using Klenow fragment (Fermentas, Hanover, MD) and primer BSSr (Table
1-1). 2 nmol of dsDNA was incubated with 20 pmol of purified protein in dialysis

buffer for 1 hour at 4°C. Sample buffer (2% SDS, 10% glycerol, 60 mM Tris, 5%
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B-mercaptoethanol and 0.01% bromophenol blue, pH 6.8) was added and the
protein/DNA mixture was separated on two identical 9% native polyacrylamide gels
in 0.5X Tris-borate-EDTA (TBE) buffer at 4°C for 120 volt hours. One gel was
stained with SYBR SafeTM (Invitrogen, Eugene, OR) to visualize DNA in the
DNA-protein complex and the other gel was stained with E-ZincTM reversible stain
kit (Pierce, Rockford, IL) to visualize protein in the complex. A single band that was
retarded relative to free DNA or free protein was excised from the gel and DNA was
purified by phenol:chloroform extraction then amplified using primers BSSf and BSSr
(Table 1-1). PCR products were precipitated and used in subsequent rounds of
oligonucleotide selection. SYBR SafeTM and E-ZincTM visualized EMSA selections
were performed independently. After 6 cycles of selection, the resulting DNAs were
cloned into pGEM-T Easy (Promega, Madison, WI) and sequenced. Sequence
comparison and motif identification were performed using web implementations of
MEME [34](http://meme.nbcr.net/meme/intro.html) and the Gibbs Motif Sampler

[35](http://bayesweb.wadsworth.org/gibbs/gibbs.html).

Electrophoretic mobility shift assay (EMSA): Complementary 54-bp
oligonucleotides (Table 1-1) containing a KBX or its variants were synthesized (IDT,
Coralville, [A), annealed, and 2 pmol of DNA was incubated with 10 pmol of purified
protein for 1 hour at 4°C. DNA-protein complexes were resolved on a 9% native
polyacrylamide gels in TBE buffer at 4°C and stained with SYBR SafeTM
(Invitrogen Corp., Eugene, OR). The fluorescence intensity of each DNA fragment

was measured using KODAK Molecular Imaging Software 4.0 (Eastman KODAK
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Company, Rochester, NY). Bands were normalized using Gaussian curve with
background subtraction. Mean fluorescence intensities and standard errors were
calculated from at least three independent EMSA experiments.

ChIP analysis: 9-day-old DEX- or mock-treated KAN-GR and wild-type seedlings
were harvested, washed with deionized water and crosslinked with 1% formaldehyde.
Crosslinking was quenched with 0.125M glycine. Procedures for nuclear extracts and
immunoprecipitation were adapted [36] with following modifications: Conditions for
sonication of nuclear extracts were empirically determined to obtain an average DNA
fragment size of 600bp. Sonication was performed on ice with 4 pulses of 12 seconds
with 1 minute pauses at power setting 6 (40% duty cycle, 20% input; Heat
System-Ultrasonics, Farmingdale, NY). After chromatin shearing, 10ul anti-GR P-20
(Santa Cruz Biotechnology, Santa Cruz, CA) was added to each sample to
immunopreciptate KAN-GR proteins. After reversing crosslinks, DNA was purified
by phenol:chloroform extraction, ethanol precipitated, and resuspended in 50 ul TE.
Iul of immunoprecipitated DNA was used in semi-quantitative ChIP PCR. Input
DNA was diluted 120 times to achieve PCR product band intensities comparable to
ChIP samples. Primers recognizing different regions in the promoters and the control
gene RPL4D can be found in (Table 1-2) PCR conditions were as follows: 33 cycles,
94°C for 30s, 56°C for 30s, and 72°C for 30s. DNA band intensity was measured
using the Gaussian Curve method with background subtraction with Molecular
Imaging Software 4.0 (Eastman KODAK Company, Rochester, NY). The abundance

ratio of promoter fragments in DEX- versus mock-treated ChIP and input samples
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were normalized by dividing by the ratio of the negative-control gene RPL4D in
DEX- or mock-treated samples. The enrichment of each gene in DEX- versus
mock-treated samples results from dividing normalized DEX- to mock-treated ChIP
ratios by the DEX- to mock-treated input ratios.

Histology: GUS staining was conducted according to the method of [37].
Specifically, siliques were opened along the valve margin with a needle and stained
with GUS staining buffer. After staining, developing seeds were placed on a glass
slide and the embryos were removed from the seed by applying gentle pressure with a

needle.
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Tables
Tablel-1: Primers for Oligonucleotide Selection and EMSA

Oligo Name Sequence (forward strand)
BSSlong gctgagtctgaacaagcttgNNNNNNNNNNNNNNNNcctcgagtcagagegteg
BSSr cgacgctctgactcgagg
BSSf gctgagtctgaacaagettg
GS13 gctgagtctgaacaagcttgGGAATAAAAACGTGCC Cectegagtcagagegtcg
GS15 gctgagtctgaacaagcttgGcAATAAAAACGTGC Cectegagtcagagegteg
GS17 gctgagtctgaacaagcttgGGtATAAAAACGTGCCcectcgagtcagagegteg
GS18 gctgagtctgaacaagcttgGGAtTAAAAACGTGCCcectcgagtcagagegteg
GS19 gctgagtctgaacaagcttgGGAAaAAAAACGTGCC Ccctcgagtcagagegtcg
GS20 gctgagtctgaacaagcttgGGAATtAAAACGTGCCcectegagtcagagegtcg
GS28 gctgagtctgaacaagcttgGGAATAgAAACGTGCCcectegagtcagagegtcg
GS21 gctgagtctgaacaagcttgGGAATATTCACGTGCC Cectegagtcagagegteg

GS35 (ARR10
binding site)

gctgagtctgaacaagcttgCAATCTAAAACGTGCCcectcgagtcagagegteg

GS14

gctgagtctgaacaagcttgGtAATAAAAACGTGCC Ccectegagtcagagegteg

GS16 gctgagtctgaacaagcttgGaAATAAAAACGTGCC Cectegagtcagagegtcg
GS29 gctgagtctgaacaagcttgGGAATACAAACGTGCC Cectegagtcagagegtcg
GS32 gctgagtctgaacaagcttgGGAATCAAAACGTGCC Cectegagtcagagegtcg
GS33 gctgagtctgaacaagcttgGGAATEAAAACGTGCCCectegagtcagagegteg
Tablel-2: Primers for Chromatin Immunoprecipitation
Gene left primer right primer
RPL4D/At5g02870 | tgtgtttgttcattactgtgctatge ataaagctggeggttcgagt
14A42/4t3g23030 cgggtcggecgatagaat tcggaagcatgaaaggcaag
PIN4/At2g01420 aacggtccaacagtggcettg gttttctggagggacgtgga
FLS2/At5g46330 cgctcaaaactaaatcggaaa agggatcatgtcacggatgt
HAT2a/At5g47370 ttggccatcttatttgttttgga tggtaatgaagaagagaggggatt
HAT2b/At5g47370 tgttttgtaccaaccactccaatta tggataacgcaatttgcactactt
GA20x6/At1g02400 | ggttaggcaagaatgttgacaataaa catcctacaaatcgcgtaaggtg
BEE1/At1g18400 gcattggecatttggaagtt tggtcgtgggttccattagg
AtRL2/At2g21650 ttgatatggttttcatggcagaga acgtgctcgecggaaaattac
Atlgl17990 gaaatggggtgagacagagatgat aagacgtgcacaaatgcttaaggt
At1g25550 ttttctggttacatatcttgattccaa cggattttacttgggaaagggtag
At3g06070 tttttaatggatgcgaatgcaaat ggaattcctaactaccttatccaatga
At5g28770 cgttgtaactgtaggcgaatctca taatggccccgacaagagtc
At5g61590 caagacaaccctacaagacaagca cacaaaccaaaaccaaaaagacttg
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s61 - gctgagtctgaacaagcttgACGGTGGGAATATTCCcctcgagtcagagcgtcg
sll + cgacgctctgactcgaggGGAATATTCCGCTAGCcaagcttgttcagactcage
s51 - gctgagtctgaacaagcttgAGGAATATTCCGTGCCcctcgagtcagagecgteg
z41 + gctgagtctgaacaagcttgGGAATATTCTCACAGCcctcgagtcagagecgtecg
z32 - gctgagtctgaacaagcttgGCGGAATATTCTGACCcctcgagtcagagegteg
sl2 + cgacgctctgactcgaggGGGGAATATTCGTGCGcaagcttgttcagactcage
z40 + cgacgctctgactcgaggGGAATATACTCGCCCTcaagcttgttcagactcage
s62 - gctgagtctgaacaagcttgGGGAGGAATATACGGCCcctcgagtcagagecgteg
s59 + cgacgctctgactcgaggGGCGAATATACCCTACcaagcttgttcagactcage
z38 + gctgagtctgaacaagcttgGAGTACCGAATATACCcctcgagtcagagcgtecg
sl + cgacgctctgactcgaggGGGAATATGCCGTACCcaagcttgttcagactcage
z83 -gctgagtctgaacaagcttgATTAGACGGAATATGCcctcgagtcagagcgteg
s20 + gctgagtctgaacaagcttgCCCTCACGAATATGCCctcgagtcagagcgtcga
s47 - gctgagtctgaacaagcttgACAGAATATGCCCTTCcctcgagtcagagecgtecg
z82 + gctgagtctgaacaagcttgGGGAATATCCCATCGectcgagtcagagecgtecga
z34 - gctgagtctgaacaagcttgTTTAGCGAATATCCCCcctcgagtcagagcgtecg
s9 - gctgagtctgaacaagcttgACCGCAGAATATCCCCcctcgagtcagagecgteg
z27 - gctgagtctgaacaagcttgGTAAGGAATAATCTGCcctcgagtcagagecgteg
z77 - gctgagtctgaacaagcttgAGAATAATCCCCGATAcctcgagtcagagecgteg
z29 - cgacgctctgactcgaggGGAATAA GCCTGcaagcttgttcagactcagce
z24 - cgacgctctgactcgaggGCACGAATAA TCTcaagcttgttcagactcagc
s58 + gctgagtctgaacaagcttgGGGAATAATGAGTCCcctcgagtcagagecgteg
z36 + cgacgctctgactcgaggCGAATAATGCACTATGcaagcttgttcagactcage
sl4 - gctgagtctgaacaagcttgCCAGAGAATAATGCCCcctcgagtcagagecgtecg
s46 - gctgagtctgaacaagcttgGAATAGGGAATAACCGcctcgagtcagagcgtcg
s3 - gctgagtctgaacaagcttgAAGAATAACCCAGTGCcctcgagtcagagecgteg
sl7 - gctgagtctgaacaagcttgGAATAACGTAACCGCCcctcgagtcagagecgteg
z42 - cgacgctctgactcgaggGGAATAAACGTACTAAcaagcttgttcagactcage
s6 - gctgagtctgaacaagcttgAGGAATAAACACGGGCcctcgagtcagagecgtecg
s49 - gctgagtctgaacaagcttgGGAATAAAAACGTGCCcctcgagtcagagegteg
z33 - gctgagtctgaacaagcttgTGCGAGAATAAGTCGCcctcgagtcagagecgtecg
z39 + gctgagtctgaacaagcttgAGAATATCAGCTGTACcctcgagtcagagecgteg
s60 + cgacgctctgactcgaggGGGATAATCCGTCGGTcaagcttgttcagactcage
s52 - cgacgctctgactcgaggGGGATAATCTGTGTAcaagcttgttcagactcage
s63 + cgacgctctgactcgaggGGATATCCGTGGTGTTcaagcttgttcagactcage
s5 - cgacgctctgactcgaggGGATAA CGGACCCcaagcttgttcagactcagc
sd44 + cgacgctctgactcgaggCCGGATATCGGAATGTcaagcttgttcagactcage
z81 - gctgagtctgaacaagcttgGGCATAATACAGAATAcctcgagtcagagecgteg
s22 - cgacgctctgactcgaggGGCATAATTACCGTCCcaagcttgttcagactcage
z26 + tgacgctctgactcgaggCGCATATAAT ACcaagcttgttcagactcagce
s21 - gctgagtctgaacaagcttgACAACGCATAAAGGGCcctcgagtcagagecgteg
z30 + cgacgctctgactcgaggCAAGTATATTATGGTAcaagcttgttcagactcage
z75 - cgacgctctgactcgaggGGAATGTTCTTCCAGTcaagcttgttcagactcage
sl5 - cgacgctctgactcgaggCGGAATGTTCTTCTGCcaagcttgttcagactcage
s43 - gctgagtctgaacaagcttgAAGAATGTTCTCGGGCcctcgagtcagagegteg
z28 + gctgagtctgaacaagcttgAAAGAATGTGCGCAGGcctcgagtcagagecgteg
s8 - cgacgctctgactcgaggGGACAATCGAATGTGAcaagcttgttcagactcagce
z25 - cgacgctctgactcgaggGGAATGATATAGCGGAcaagcttgttcagactcage
z37 - gctgagtctgaacaagcttgGGAATTAATATGTCCGecctcgagtcagagecgtecg
sl8 + gctgagtctgaacaagcttgGTATTACTCAATTCCCcctcgagtcagagegteg
consensus GnATdw

Supplementary Figure 1-1. Alignment of 50 sequences obtained from

PCR-assisted binding site selection. The DNA sequences of fifty unique clones
derived from two independent PCR-assisted binding site selection experiments were
manually aligned to identify the consensus DNA binding site. Each oligonucleotide
contained at least one instance of GNATDW (where N is any nucleotide, D is A, G, or
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T, and W is A or T) and 28 oligonucleotides contained a second potential binding site.
S indicates clones from DNA EMSA selection, Z indicates clones from protein EMSA
selection; + & - the clone orientation. Consensus GAATAW sites are red and
complementary (often overlapping) WTATTC sites are orange except where they
overlap with red nucleotides.

Supplementary Figure 1-2: Phenotypes in loss of function mutants and
post-translationally activated KAN-GR plants. Top row, kanl-11, kanl-11 kan2-5,
wild-type (Col), and KAN-GR seeds were germinated and grown for 9 days on media
containing mock or DEX supplementation (as indicated). Cotyledons (inset photos,
first row) of kanl-11 kan2-5 are strongly cupped and DEX-treated KANI-GR
cotyledons are narrow and pointed in contrast to Col or mock-treated KAN-GR
seedlings that form normal cotyledons and first leaves. Intermittent DEX application
has different effects on morphogenesis of soil-grown KAN-GR plants than continuous
exposure in media. Whole 14-day old (second row) and 29-day old (third row)
rosettes display effects of loss of kan function and ectopic expression of KAN-GR.
Soil-grown DEX-treated KAN-GR plants formed leaves with short petioles and
asymmetric leaf blades, which were not observed in mock-treated plants. (Bar = 1 cm)
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Supplementary Figure 1-3: ChIP on mock- and DEX-treated Col seedlings
revealed no enrichment. ChIP was performed on Col seedlings lacking the KAN-GR
transgene as a control for potential non-specific immunoprecipitation effects. None of
the promoter fragments tested showed enrichment in DEX- versus mock-treated Col
samples indicating that enrichment depends on the KAN-GR transgene. Fold
enrichment was calculated as in Fig. 1-4.
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Chapter 2

ARROWI, a translational regulator that links leaf growth with pattern formation

Introduction

Growth and pattern formation are two fundamental processes in organogenesis of
plants and animals. Proper coordination of growth and patterning determines essential
aspects of development such as achieving the correct size and proportions of different
functional compartments in an organ [1]. In plants, a typical example demonstrating
the correlation between patterning and growth is the interplay of adaxial-abaxial
polarity and leaf blade expansion. Leaf polarity is controlled by a complex network
involving multiple gene families with mutually antagonistic functions [2].
Simultaneous loss of several members in a family or ectopic expression of an critical
gene in this regulatory circuitry often results in reduced leaf blade expansion,
sometimes producing a radialized structure, indicating that specification of
adaxial-abaixal asymmetry is required for leaf lamina growth [3-7]. Another piece of
evidence for this relationship is that several leaf polarity genes are directly implicated
in modulating growth-related genes and processes. In Antirrhinum, mutations in an
adaxial determinant PHANTASTICA (PHAN) [8, 9] caused upregulation of CycD3a, a
member of CycD family functioning in cell division [10]. In Arabidopsis,
ASYMMETRIC LEAVES2 (AS2), a LOB domain transcription factor specifying

adaxial identity, regulates cell proliferation in the adaxial domain for proper blade



39

expansion [11]. If we consider the connection between leaf patterning and growth as a
two-way route, these instances will contribute to the build-up of one direction of the
communication. However, construction of the other bound still lacks solid evidence.
One breakthrough finding in this aspect was reported recently that several ribosomal
large subunit proteins are influencing leaf polarity by interacting with important
polarity genes [12, 13]. Ribosomes are critical translational regulators that play
significant roles in cell growth and proliferation [14]. Discovering the specific effect
of ribosome proteins in leaf polarity strongly indicates the “growth-to-pattern”
direction is active. However, although these studies identified obvious polarity
phenotypes when the ribosome subunit proteins were compromised in multiple
polarity mutant backgrounds, they didn’t really commit a defined model for the
function of ribosomes in leaf pattern formation. So it is still a mystery how this
pathway winds up.

In this chapter, I will introduce a novel Arabidopsis mutant involved in both leaf
polarity and growth. This mutant was dubbed as ARROWI (AROI) according to its
elliptical and serrated leaf phenotype. I will describe in detail its biological function

and significance in connecting growth regulation with leaf pattern formation.

Results

AROI enhances kanl kan2 and displays pleotropic defects in plant development
The arol-1 mutant was identified in a chemical mutagenesis screen of enhancers of
kanl kan2 double mutant. kanl kan2 has up-curling leaves with ectopic outgrowths

on the abaxial side [15] (Fig. 2-1). The arol-1 kanl kan?2 triple mutant enhances kanl
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kan?2 by producing rosette leaves with reduced blade expansion (Fig. 2-1). This defect
becomes more severe as leaf number increases. Leaf 9 of the triple mutant is almost
completely radialized indicating a dramatic loss of leaf polarity (Fig. 2-1j).
Furthermore, the abaxial outgrowths of the kan! kan2 mutant are also repressed by
the addition of aro/-1. In order to further characterize the triple mutant phenotype, we
analyzed the internal structure of the leaf petioles. Transverse section of the midveins
of arol-1 (Fig. 2-11) displayed a vascular pattern similar to wild type (Fig. 2-11k),
while kanl kan2 had a vascular bundle with partial adaxialization (Fig. 2-1m).
However, in the triple mutants, most sections showed a disorganized vascular pattern
consisting of very few phloem cells. These cells are surrounded by adjacent xylem

tissues, suggesting a remarkable loss of abaxial identity (Fig. 2-1n).
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Figure 2-1 arol-1 enhances kanl kan2 double mutant phenotype. 10-day (a) and
21-day (b) old wild type Col and arol-1, as well as 30-day old kanl kan2 (c) and
arol-1 kanl kan2 (d) were shown. The individual leaf 5, 7 and 9 of kanl kan2 (e,g,i)
were compared with those of arol-1 kanl kan2 (f,h,j). Note that the blade expansion
and the abaxial outgrowths on kanlkan2 are highly reduced in the triple mutant. The
vascular structure of petiole was examined by paraffin section on Col (k), arol-1 (1),
kanl kan2 (m) and arol-1 kanl kan2 (m). arol-1 doesn’t show defects in vascular
development and kanl kan2 has partially adaxialized vein pattern. The adaxialization
is more dramatic in the triple mutant indicated by the xylem-surrounding-phloem
phenotype. ph, phloem; x, xylem; bar=5mm in e to j and 100um in k to n.

Enhancement of the kanl kan2 phenotype implies the direct involvement of ARO! in
leaf polarity. We then characterized the single mutant. The arol-1 single mutant has

elliptical, flat and serrated leaves with a grayish green adaxial side (Fig. 2-1a,b; Fig.
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2-2a). The mutant displayed diverse developmental defects including delayed leaf
formation (2 days later than wild type, Fig. 2-2¢), delayed phase transition from
juvenile to adult measured by the appearance of the first abaxial trichomes (on leaf 17
in arol-1 versus leaf 5 in wild type Fig. 2-2b), reduced leaf venation complexity (Fig.
2-2e) and late flowering (34+2 days after planting in arol-1 and 25 + 1 days after
planting in wild type). Moreover, impaired root growth is also observed in arol-1
(4.1= 0.1cm in Col vs. 0.9+ 0.1cm in arol-1 on the 10th day after planting) and the
root cell division zone is significantly shorter than in wild type (Fig. 2-2f). In addition,
we investigated the morphology of sub-epidermal mesophylls in arol-1 and wild type
(Fig. 2-2d). In wild type leaves, adaxial mesophyll cells are round and densely packed,
whereas abaxial side consists of irregular cells with large air spaces. In arol-1, both
adaxial and abaxial mesophyll cells are fewer but slightly bigger than wild type and
the abaxial cells are more regular in shape. Thus, arol-1 affected the differentiation of

both adaxial and abaxial cells and decreased the dorsiventrality of leaf blade.
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Figure 2-2 arol-1 plays pleiotropic roles in plant development. (a) adaxial and
abxial surfaces of leaf 5 of 21-day old Col and arol-1 plants. (b) Outline of leaves
from Col (upper row) and arol-1 (lower row) indicates the delayed transition from
juvenile to adult stage. Leaves lacking abaxial trichomes are shown in light gray,
leaves with abaxial trichomes in dark gray. Bracts are in red. (¢) The rate of leaf
initiation in Col and arol-1. The first visible leaf appears 2 days later in arol-1 but
the leaf production persists longer resulting in more leaves. (d) Camera-lucida
drawing of the adaxial and abaxial mesophyll layers of leaf 5 in Col and arol-1
illustrates the reduced cell number and polarity in arol-1. (e) Chloral hydrate-cleared
leaves of Col and arol-1 show reduced complexity of vascular strands in arol-1.
Bar=1mm (f) Compared to Col, arol-1 roots have shorter cell division zone marked

by the black rectangle.
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AROI synergistically interacts with genes specifying adaxaxial identity

In addition to kanl kan2, we also combined arol-1 with other leaf polarity mutants.
Surprisingly, arol-1 showed synergistic interactions with mutants affecting adaxial
fate, such as revoluta (rev), asymmetric leavesl (asl) and asymmetric leaves?2 (as2).
REV belongs to the HD-ZIP III family composed of transcription factors redundantly
promoting adaxial identity [3]. Due to the overlapping roles of these genes, rev single
mutant is not dramatically different from wild type in the vegetative stage (Fig. 2-3a).
However, loss of ARO1 greatly modified the leaf formation in rev. arol-1 rev double
mutant produced pin-shaped structures in the center of the rosette after the emergence
of several arol-like, but more elongated and narrower leaves (Fig. 2-3b) . Petiole
sections also confirmed the effect of aro-1 on rev. Consistent with the morphological
phenotype, vascular pattern of rev is similar to that of wild type (Fig. 2-5a), whereas
in the arol-1 rev, some degree of abaxialization was observed with phloem partially
surrounding xylem (Fig. 2-5d). In addition to vegetative growth, aro-1 also enhanced
the inflorescence defects of rev. In contrast to the relatively normal leaf phenotype,
rev markedly impairs flower development. Inflorescence of rev contains both wild
type flowers and filamentous structures due to the failure of flower formation [16, 17].
arol-1 mutant strongly magnified this defect by producing a completely sterile
inflorescence with radial filamentous structures(Fig. 2-4f, g).

Besides HD-ZIPIII genes, AS7 and AS?2 are also critical regulators of adaxial fate. A4S/
is a MYB domain transcription factor closely related to PHANTASTICA (PHAN) [8, 9]

mentioned above 4S2 interacts with AS7 [18] and participates in leaf polarity by
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antagonizing KAN genes (Wu et al., 2008, submitted, Appendix 2). as/ and as2 both
produce asymmetric, rumpled leaves with ectopic leaflet-like structures on
petioles[19-23] (Fig.2-3 d,g). arol-1 showed similar interactions with as/ and as2. In
contrast to the relatively subtle polarity defects in all 3 single mutants, both double
mutants drastically altered the leaf morphology. In these plants, only the first 4-5
leaves are expanded and the subsequent leaves are replaced by radial pin-shaped or
branched structures (Fig. 2-3f, 1). The expanded leaves are also distinct from single
mutants with occasional production of a “trumpet” shape (Fig. 2-3e, h). Internal
vasculature of petioles was also analyzed in these mutants. as/ and as2 often have
slightly abaxialized vein morphology [24](Fig. 2-5b, c). However, in both double
mutants, the abaxialization is strikingly enhanced. Midveins of these plants were
radialized with phloem surrounding xylem (Fig. 2-5e, 1), a typical indication of the

complete loss of adaxial identity.



Figure 2-3 arol-1 interacts with adaxial polarity mutants. Pictures of 21-day old
rev (a), asl-1 (d), as2-2 (g), arol-1 rev (b), arol-1 asl-1 (e) and arol-1 as2-2 (h).
(¢), (f) and (i) are the higher magnification of (b), (e) and (h), respectively. White
arrowheads in (e) and (h) indicate the trumpet-shaped leaves in arol-1 asi-1 and
arol-1 as2-2 mutants. Black arrowheads in (¢), (f) and (i) show the pin-shaped
structures in the double mutants and the black arrows in (7) show the branched
radialized structures in arol-1 as2-2. Bar=1mm in (¢), (f) and (h) and 1cm in the
other pictures.
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Figure 2-4 arol-1 enhances the inflorescence phenotype of rev. (a), (b) and (¢) are
30-day old rev arol-1 and arol-1 rev plants. The inflorescence of each plant is shown
in (d), (e) and (f), respectively. (g) is the higher magnification of (f). The white
arrowhead in (d) points out the degenerate flower in rev. The sterile and filamentous
structures in arol-1 rev are indicated by the white arrowheads in (g). Bar=1cm in (a),
(b) and (¢); Bar=1mm in (d), (e) and (f); Bar=100um in (g).



Figure 2-5 Vascular phenotype of leaf petioles in genetic combination of arol-1
and adaxial polarity mutants. Transverse sections of leaf petioles in 21-day old rev
(a), asl-1 (b), as2-2 (¢), arol-1 rev (d), arol-1 asl-1 (e) and arol-1 as2-2 (f) display
the vascular patterns of these mutants. arol-1 synergistically interacts with these
adaxial mutants by producing partially or completely abaxialized vascular strands,
which is characterized by the phloem-surrounding-xylem phenotype in the double
mutants. ph, phloem; x, xylem; Bar=100um

AROI encodes a PUF domain containing protein

AROI maps to a region containing 13 genes at the bottom of chromosome I in the
overlap of bacterial artificial chromosome (BACs) T10D10 and T9N14. In the arol-1
background, sequencing 6 genes in this region revealed a single nucleotide mutation
(G—A) in Atlg72320 that disrupts the 3’-splice site of intron 5 in this gene (Fig.
2-6a), which suggests that this lesion may account for the 4rol” phenotype. Moreover,
we obtained a SAIL T-DNA line that resembled arol-1. I verified that the T-DNA
insertion in this line was in the exon 7 of this gene (Fig. 2-6a), which further
confirmed that At1g72320 is ARO!. The molecular identity of AROI was also proved

by transgene complementation. A 6.7kb genomic DNA fragment including the wild
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type Atlg72320 gene was amplified and cloned into the binary vector
pCAMBIA1300. arol-1 plants transformed with this plasmid showed wild type

phenotype, while plants carrying the empty vector still looked Arol” (Fig 2-6b).
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Figure 2-6 Molecular identification ARO1. (a) Postional cloning and gene
structure of ARO1.Two solid black lines are two BACs containing the ARO! gene.
The recombinant frequency at each molecular marker is shown as number
recombination/number chromosome. The genomic structure of ARO1 (Atlg72320) is
illustrated with grey solid bars representing exons and black lines representing
introns. ARO] has 2 non-coding exons at each 5’ and 3’-end, which are displayed by
hollow bars. The alternative splicing variants at the 5’-and 3’-end are indicated with
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5°A, 5°B, 3’A, 3’B and 3’C. The lesion of arol-1 and the SAIL T-DNA line that
confirmed the molecular identity of AROI are also shown in the graph. (b) AROI
genomic sequence transformed in arol mutant completely rescued the Arol”
phenotype (left), whereas transgenic plants with the empty vector still showed Arol”
phenotype (right).

Gene annotation indicates that ARO! contains 10 coding and 2 non-coding exons (one
in the 5’-UTR and the other in the 3’-UTR) and has alternative splicing at both 5’ and
3’ ends (Fig. 2-6a). To study the detailed genomic structure of AROI, RACE (rapid
amplification of cDNA ends) assay was performed at 5’ and 3’ ends of the gene.
5’-RACE revealed two major and 4 minor transcription start sites and two alternative
splice sites in the 5’ region (Fig. 2-6a). These two splice forms result in two different
transcripts, each with a unique translation start site (ATG). 3’-RACE uncovered three
distinct mRNA ends, suggesting a complex form of AROI genomic sequence (Fig.
2-6a) .

AROI (At1g72320) is annotated as a Pumilio/PUF RNA-binding domain containing
protein. Computational analysis by PFAM identified 7 PUF repeats in ARO1, which
proves it is a member of the PUF family [25]. Drosophila Pumilio is a founding
member of this family and is required for establishment of anterior-posterior
polarity[26] and stem cell maintenance[27, 28] through translation inhibition. PUF
proteins specifically bind to sequences named nanos response elements (NREs) in the
3’-UTR of target mRNAs[29-31] and usually function in a complex with other
RNA-binding proteins such as Nanos (NOS)[32] and Brat[33]. Presence of PUF
domains in ARO1 suggests that AROI may function as a translational regulator in a

manner similar to Pumilio. In Arabidopsis, 26 putative PUF genes have been
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predicted by genome database (TAIR 8). However, none of these genes are
characterized in detail in terms of their developmental functions. ARO! is probably
the first functionally described PUF gene in Arabidopsis. It can serve as a reference

for extensively investigating this gene family in the future.

AROI functions in 18S rRNA biosynthesis by facilitating the cleavage of
pre-rRNA

In order to further study the molecular function of ARO!, we performed a
comparative assay to search for genes similar to ARO! in other model organisms.
Computational analysis revealed a unique yeast homolog named NOP9. NOP9 also
contains PUF repeats and functions as an essential component of pre-40S ribosomes
that is required for the cleavage of 35S pre-rRNA, a critical step for 18S rRNA
biosynthesis[34]. To test if AROI functions through the same mechanism, we first
performed a yeast complementation experiment. Because null nop9 mutant is lethal,
we employed a heterozygous diploid strain nop9/+ and transformed it with the yeast
NOP9 genomic DNA and Arabidopsis ARO1I full length cDNA that were cloned into
yeast vector BG1805. We then utilized the Magic Marker technology [35] to select the
nop9 haploid cells carrying the above plasmids after sporulation. Growth test showed
that ARO1 can partially rescue nop9 defects compared to the full complementation by
native NOP9 gene (Fig. 2-7a), which suggested some level of similarity between these
two homologs. Based on the fact that the cleavage of 35S pre-rRNA is conserved in

all eukaryotes[36], we directly focused on the function of ARO! in this aspect. In
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addition, the cleavage site in Arabidopsis has been identified in previous studies [37,
38]. We then examined the accumulation of the pre-RNA in Arabidopsis by
amplifying this specific site. As we expected, the amount of unprocessed 35S rRNA
was 2.1+0.6 fold higher in the aro/-1 than in wild type (Fig. 2-7b). This result
strongly supported that ARO! functions in 18S rRNA biosynthesis by facilitating the

cleavage of 35S pre-rRNA.

a 1X  5X 25X 125X 625X 3125X12565X b Col ol
0

pre-rRNA

Figure 2-7 AROI functions in 18S rRNA biosynthesis. (a) AROIpartially
complements its yeast homolog NOP9. Haploid nop9 mutant cells transformed with
NOPY and ARO1are compared after being serial diluted and plated on magic
medium[35]. Cells with ARO1 form smaller colonies than those with native NOP9Y.
Folds of dilution are indicated above each column. (b) Enrichment of unprocessed
35S preRNA in arol-1 is revealed by semi-quantitative RT-PCR. UBC1 serves as the
loading control.

arol-1 displays defective cell division pattern in both leaves and roots

arol-1 mutant has fewer cells in the mesophyll and shorter cell division zone in the
root, suggesting a reduced activity of cell proliferation. So we looked at the patterns
of cell division in both wild type and arol-1 using the reporter gene
cycB1:B-glucuronidase (GUS) with the destruction box [39]. GUS staining showed
that the number of the division competent cells was significantly reduced in both
leaves and roots of arol-1 when plants were 2 days and 4 days after germination (Fig.

2-8 a-f). However, active cell division persisted much longer in the leaves of arol-1
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compared to wild type that displayed an obvious basipetal decrease in cell division
resulting in the almost absence of GUS expression in leaves 7 days after germination
(Fig. 2-8 g, h). Cell proliferation is a critical process in modulating organ growth. The
initial inactive but later persistent cell division pattern suggests a delayed overall

growth in arol-1, which is consistent with the morphological phenotypes of the

mutant.
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Figure 2-8 Cell division pattern is impaired in arol-1 mutant. CycB1: GUS-db
expression in 2-day old Col (a) and arol-1 (b) roots, as well as the expression in
developing leaves. (¢),(e),(g) are leaf 2, 4 and 7 of Col and (d), (f), (h) are the
corresponding leaves of arol-1. GUS expression was highly reduced in roots and
leaves of 2-day old arol-1 and kept being lower in leaves on the 4th day compared to

Col. However, the GUS activity persists on the 7th day in aro/-1 when the Col plants
almost stopped producing the signal. Bar=100um

Expression of ARO! in plants

AROI is differentially expressed in young seedlings, inflorescences, stems and roots
as determined by RT-PCR. The relative abundance of ARO! mRNA revealed by two
internal primers (in exon 6 and 8) is the highest in the seedlings and lowest in the

stem with intermediate expression in the inflorescences and roots (Fig. 2-9a). The 5’
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and 3’ alternative splicing forms were also analyzed with RT-PCR. Both 5’ transcripts
showed the same pattern as described above. However, two splice forms at the 3* end
accumulated the highest in the inflorescences followed by roots, stems and young
seedlings. Only one mRNA had the same expression pattern as the 5’end (Fig. 2-9a).
The spatial expression pattern of ARO1 was studied with the whole-mount in situ
hybridization. In shoots, AROI mRNA was present throughout the vegetative
meristem and young organ primordium (Fig. 2-9b). However, in roots, ARO1 was
highly expressed in the cell division zone and absent from the root meristem, which is

consistent with its biological function (Fig. 2-9b).

antisense sense

Figure 2-9 Expression pattern of AROI in plants. (a) Accumulation of different
splice variants of ARO] is revealed by RT-PCR in young seedings, inflorescences,
stems and roots. Two 5° (5’A and 5°B) and three 3° (3’A, 3’B and 3°C) splice forms
were analyzed. The location of each splice junction is indicated in Fig. 2-6. An
internal region flanking exon 6 and 8 were also amplified to evaluate the overall
abundance of AROI mRNA in these tissues. UBC] is the same loading control as in
Fig. 2-7. (b) Spatial distribution of AROI/mRNA was analyzed by whole-mount in situ
hybridization in both roots and shoots. ARO1 is strongly expressed in the cell division
zone of root and doesn’t show polarized expression pattern in the leaf primodia. No
hybridization signal was detected in the sense control.

arol-1 mutant altered the expression timing of critical leaf polarity genes
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The function of ARO! in 18S rRNA biosynthesis and the universal localization of its
mRNA imply that it unlikely regulates the tissue specific pattern of leaf polarity genes.
In addition to the spatial distribution, expression timing is also an important parameter
determining the genes’ phenotypic output [40]. We then examined the expression of
two critical polarity genes, KANI and AS2, in time course by using the GUS reporter
fused to their promoters. In 1-day old wild type seedlings, pKANI:GUS was
expressed in the meristem and abaxial side of young leaf primordia (Fig. 2-10a). GUS
activity rapidly decreased in a basipetal fashion. In 5-day old plant, pKANI:GUS was
only detected on the petiole and the bottom of leaf (Fig. 2-10b, ¢). Compared to wild
type, arol-1 plants showed a similar spatial pattern of pKAN1:GUS in the early stage
of leaf development (Fig. 2-10d). However, GUS expression persisted much longer in
arol-1 mutant. GUS activity was still present on the abaxial side of the leaf blade in
5-day old plants (Fig. 2-10e, f) and disappeared until 10 days after germination (data
not shown). In contrast, pAS2:GUS displayed the same spatial and temporal pattern in
both wild type and arol-1 seedlings. GUS stain was initially detected in the adaxial
domain of leaves (Fig. 2-10 g, 1). This expression pattern was maintained in both wild
type and arol-1 plants on the 5th day after germination (Fig. 2-10h, j) and became
undetectable until the 10th day (data not shown). These results indicate that the
mutation in ARO] has distinct effects on the temporal expression pattern of different

genes involved in leaf polaity.
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] .

Figure 2-10 arol-1 affects temporal expression pattern of KANI and AS2. The
expression of pKANI:GUS in 1-(a, d) and 5-day (b, e) plants after germination. In the
early stage GUS stain showed the same pattern in Col (a) and aro/-1(d) and persisted
longer in arol-1 until 5 days after germination (e) when the Col (b) has GUS activity
restricted to the bottom of the leaf. (¢) and (f) are the abaxial view of the leaf in (b)
and (e), respectively. In contrast, pAS2:GUS displayed the same pattern in Col (g,h)
and arol-1 (i, j) on both dayl (g,i) and day 5 (h,j) after germination. Bar=50um in
(a), (d), (g) and (i). Bar=100um in (b), (c), (e), (f), (h) and (j).
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Discussion

Defective cell proliferation is responsible for majority of the arol-1 mutant
phenotypes

The major defect of arol-1 mutant at the cellular level is the reduced and prolonged
cell proliferation pattern. This defect actually accounts for most of the morphological
phenotypes of arol-1. For example, the lower number of mesophyll cells in arol-1 is
directly due to the impaired cell division, which can probably explain the pale green
color of the mutant leaves. These mesophyll cells are also slightly bigger than those in
wild type. This phenomenon is termed as “compensation”, a mechanism to coordinate
the cell number and cell size in an organ [41]. Another consequence of the reduced
cell division is the narrow and flat leaves, which is consistent with the result
demonstrated by White that overexpressing a repressor of growth resulted in leaves
with reduced curvature and blade expansion [42]. In addition, most root phenotypes,
such as decreased length and shorter cell division zone, are all attributed to this reason.
In conclusion, change of cell division pattern in aro /-1 mutant greatly affected the
morphology of the plant and retarded the overall growth rate leading to a
slow-growing and late-maturing individual.

Function of ARO! in leaf polarity suggests a novel mechanism that links leaf
growth and patterning

It has been well accepted that patterning directly affects growth in both animals and
plants[1, 43]. However, the influence of growth on patterning seems to be largely

undefined. Results of this study help to explain this aspect by providing novel



58

evidence that growth can strongly impact patterning through differential regulation of
the expression timing of critical genes. We propose to group leaf polarity genes into
two classes: the representative of the first class is KAN, whose expression is sensitive
to the growth progress. In contrast, the gene expression of the second class is much
more stable when growth is delayed and 4S2 is a typical example. Another difference
between these two classes is that the second class is expressed longer in development
than the first. Since leaf polarity is highly dependent on the antagonistic interactions
between adaxial and adaxial promoting genes, the unmatched temporal pattern of
KANI and AS2 implies another type of gene in the first class whose expression
follows the early expressed KAN genes. Based on this hypothsis, we also divide the
first class into early and late expressed genes. Furthermore, we tentatively pick up
several candidate genes to fit in these two classes according to their functions and
expression patterns. For example, on the adaxial side, HDZIPIII genes[3, 7, 44]are
proposed to be the early genes, whose expression precedes the trans-acting RNA gene
TAS3 [45], a possible late genes in the class 1. Among the abaxial promoters, A UXIN
RESPONSE FACTOR 3 and 4 (ARF3 and 4) [46] are likely to be the late genes in the
first class that follow the KAN gene in expression and YABBY genes are probably the
best candidates for the second class genes [4] [47]. In arol-1 mutant, the expression
timing of these genes are differentially altered , which may affect the regulatory
network in the early stage of leaf development. Specifically, the reduced cell
proliferation that prolongs the expression of early genes likely postpones the

expression of late genes based on the theory “cell cycle dependent clock”, which
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accounts for the phenomenon that cell cycle arrest can result in the failure of late gene
expression in a regulatory cascade[48, 49]. In the aro/-1 mutant, change of
expression timing does not directly affect the antagonism of adaxial and abaxial genes
in the development, so the defects in leaf polarity are relatively mild. However,
altered temporal pattern may reduce the complexity of genes in the network during
the early stage, which is a critical period for establishing and maintaining dorsiventral
asymmetry. As the consequence, if one important polarity gene is lost, especially the
genes expressed in the early stage including the early genes in class I and genes in
class II, it will have a significant impact on the leaf morphogenesis. This hypothesis
also suggests that mutants of late genes in class I have relatively subtle effects when
AROI is compromised, which is consistent with our observation that ZIPPY2, ZIPPY3
and RNA-DEPENDENT RNA POLYMERASE 6 (RDR6), genes involved in ta-siRNA
function[45, 50, 51] are additive to AROI when combined (data not shown).

In conclusion, this temporal regulatory mechanism provides a novel view for the
interplay of growth and pattern formation. In order to further study this aspect,
explicitly demonstrating the expression timing of these candidate genes in both wild
type and arol-1 should be carried out in the first place. In addition, local expression
of growth enhancers or repressors, followed by examining the expression pattern of
important genes and investigating the possible targets interacting with these growth
regulators, will aid us in more deeply understanding this process. We hope results
from these studies can not only explain this fundamental relationship, but also help to

generate novel tools in agriculture and horticulture to develop new plants with better
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yield and better architecture.

Materials and methods

Plant materials: wild type, arol, kanl-11 and kan2-5 plants used in this study were
in the Columbia (Col) background. as2-2 is in the an background. as/-1 (CS3374)
and rev (CS3826) were obtained from the Arabidopsis stock center. The kan2-5 allelle
was described in the first chapter. All the plants were grown at 22°C under long day
(16 hour) illumination. Double mutants arol as2-2, arol asl-1 and arol rev were
generated by initially crossing two parental lines followed by backcrossing the F1
with both parents. The progeny of the backcross was selected for parental phenotypes.
These selected plants were self-pollinated and the double mutants were identified
from the next generation by scoring different phenotypes. All the double mutants
described in the results showed the same phenotype in both of the final generations
from the reciprocal backcrosses and occupied around a quarter of the population,
eliminating the interaction of different backgrounds in these genetic crosses. In order
to make arol kanl-11 kan2-5 triple mutant, arol was first pollinated with kanl kan2.
The F1 then was crossed again by kanl kan2. The progeny was planted out and the
individuals displaying the arol phenotype were genotypied for lesions in kani-11 and
kan2-5. arol-like plants homozygous for kanl-11 and heterozygous for kan2-5 were
kept . In the next generation, the triple mutants were screened by their unique
phentoype and about 1/4 ratio in the population.

Anatomical analysis: Petioles of 21-day old plants were fixed in 2% glutaraldehyde
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in 25mM sodium phosphate buffer (pH 6.8) with 0.1% triton X-100 over night at 4°C.
Samples were washed for 3 times in the same sodium phosphate buffer and
dehydrated through an ethanol series. Ethanol was gradually replaced by histoclear in
a progression of 2:1, 1:1 and 1:2 mixtures and finally pure histoclear. Paraffin chips
were added in the histoclear in 1:1 ratio and incubated in 60 °C overnight. The
samples were infiltrated by 100% paraffin 6 times for 8 hours each in 60 °C and
finally embedded in wax blocks. 6um sections were made on a Jung Biocut microtone
and stained with 0.1% toluidine blue.

Molecular identification of AROI: AROI was cloned by a map-based approach.
arol mutants were first crossed with L er plants. The F2 generation segregating the
arol phenotype was used as the mapping population, in which 929 mutant plants were
identified. Genomic DNA was isolated from these mutants and applied in the mapping
strategy by utilizing InDel and cleaved-amplified polymorphic sequence (CAPS)
markers based on the Cereon L er/Col SNP database. These molecular markers
localized ARO! at the bottom of Chromosome I, in an approximate 17 kb region
containing 13 genes. This region lies in the overlap of two BACs T9N14 and T10D10.
Sequencing 6 candidate genes revealed a G-to-A change that disrupts the intron
splicing in At1g72320. In order to confirm the molecular identity of AROI, a 6.7kb
genomic DNA fragment containing the entire ARO! gene was released from the BAC
T10D10 by restriction digestion with Sall and Acc651 (Fermentas, Hanover, MD)
followed by electrophoresis separation and gel purification. The purified fragment

was cloned in the binary vector pPCAMBIA1300 and transformed into arol mutant
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using the floral dip method[52]. A parallel transformation was also performed with the
empty vector as a control. The T1 transgenic plants were selected on 1/2 MS medium
containing 30mg/L Hygromycin. In addition, a SAIL T-DNA line was also identified
with Arol”. The T-DNA was verified to insert in Atlg72320 by using three-primer
PCR with the following primer set: 1G20.f (5’-agactaatgctgaaacaagatgag-3’), 1G20.r
(5°-ccaaagtagtaatcaagaaacagc-3’) and SAIL.LBI
(5’-gccttttcagaaatggataaatagecttgettce-3’). The genomic sequence flanking the T-DNA
was amplified and sequenced.

5’ and 3’ RACE: 5’ and 3’RACE were performed according to the manufacturer’s
protocol (Applied Biosystems, Foster City, CA). In 5’RACE, two primers RA2r
(5°-tgaagtctctggatcaatctctttcc-3”) and RAIr (5’-cggttacccttatggtecttee-3’) served as
outer and inner gene specific primers, while 3’RACE utilized pES.f
(5’-ctggtgagatgactggaaagaatcgge-3’) and pE7.f (5’-gacagagagctgcetgagateg-3°) as
outer and inner gene specific primers, respectively.

Genetic complementation in yeast: Yeast magic marker nop9 strain (BY4743) was
obtained as a heterozygous diploid knock-out (open biosystems, Huntsville, AL).
AROI full-length cDNA was amplified from the BAC clone U09300 with primers
GATEAROIN.f (5’-atggtttctgttggttctaaatcattg-3’) and GATEAROIN.r
(5’-acgtctcaaattctcattttatttgaatgecg-3’). The PCR product was cloned into the pCR8
vector (Invitrogen, Eugene, OR) and subcloned into the yeast expression vector
BG1805 (a gift from Dr. Beth Grayhack) containing the GAL1 promoter and URA3

marker by GATEWAY cloning strategy (Invitrogen, Eugene, OR). The resulting
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plasmid BG1805-4R0O1, as well as the wild type NOP9 gene in the same vector
(BG1805-NOPY) that was commercially purchased (open biosystems, Huntsville, AL),
was transformed into the nop9/+ diploid strain. An empty vector was also transformed
separately as a control. The transformed cells were sporulated and spread on the
magic medium[35] to select haploid cells that survived in the absense of uracine. The
transformats were further confirmed by several sets of primers described as follows:
NOP9A (5’-gttttcaaacttgctaggctgtatc-3’) and NOP9B (5’°-ccagttcttctctatctagcacacce3’)
were used to prove the knock-out of NOPY gene in the yeast genome, whereas
NOP9A and kanB (5’-ctgcagcgaggagccgtaat-3’) functioned to detect the kanMX
insertion that disrupts NOP9Y. The second pair BNOPO.f
(5’-caaaccttcaaatgaacgaatcaa3’-) and BNOP9.r (5’-agactcttcttgetggatgtgctc-3”)
confirmed the presence of BG1805-NOP9 in the haploid cell and the third pair
BAROI.f (5’-gcgaagcgatgatttttgatctat-3’) and BARO1.r (5’°-cttcctacgcattccecttattect-3)
served as a similar tool for the detection of BG1805-4RO1.

Haploid cells containing either NOP9 or AROI were inoculated in the liquid magic
medium and grown in 30 °C until OD600 reached 0.6. The culture was serial diluted
with 5 times each dilution in sterile water and spotted on the solid magic medium. The
plates were incubated in 30 °C for two days and the size and the number of colonies
was compared.

RT-PCR: 2 pg total RNA extracted from 10-day old seedlings using TRIzol Reagent
(Invitrogen, Eugene, OR) was treated with DNase I (Fermentas, Hanover, MD) then

reverse transcribed with 200 units of Superscript III (Invitrogen Eugene, OR). 1ul of a
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10-fold dilution was used as template for PCR. In the expression analysis of AROI,
primers pE8.f (5’-gcatcctcaaagggtttaacat-3') and pES8.r (5'-cggttacccttatggtcecttec-3'),
as well as pE9.f (5'-gcatcctcaaagggtttaacat-3') and pE9.r (5'-cggttacccttatggtccttcc-3"),
were used for the two 5' splice variants. The PCR condition is 95°C for 30s, 53°C for
30s, and 72°C for 30 s for 30 cycles. For examining the 3’ alternative splicing,
primers pE2.f (5’-gcgtcaccgagaaaaacatge-3’), pE2.r (5’-gccaggagatgaaaggagagte-3°),
together with pE3.f (5’-gcgtcaccgagaaaaacatge-3°), pE3.r
(5’-cacagagatgaggaaaatacagcttga-3’) and pE12.f (5°-tgaagcaacagataaaccaaaactage-3’),
pE12.r (5’-tggatgctgtaagctttgctactg-3”) were utilized to recognize 3 different splice
forms. The PCR condition of all the primers is 95°C for 30s, 57°C for 30s, and 72°C
for 30 s for 30 cycles. In addition, an internal pair of primers targeting exon6 and 8§,
pE1l.f (5°-tgaagcaacagataaaccaaaactagc-3’) and pEll.r
(5°-tggatgctgtaagcetttgetactg-3), were also applied to evaluate the overall expression
pattern of all the transcripts. The PCR condition of this pair is 95°C for 30s, 56°C for
30s, and 72°C for 30 s for 30 cycles.

In the experiment to quantitate the unprocessed pre-rRNA in both Col and arol-1
plants, the 35S pre-RNA was specifically reconginzed by primers Ul
(5’-cgtaacgaagatgttcttgge-3’) and U2 (5’-atgcgtcccttccataagtc-3’), and primer pair
UBC.f (5’-tcaagaggttgcagcaaga-3’) and UBC.r (5’-ctttgctcaacaacatcacg-3’) were
employed to amplify an ubiquitin conjugating enzyme gene as the loadinig control.
The PCR condition is 94°C for 15 s, 52°C for 15 s, and 72°C for 30 s for 33 cycles.

The DNA band intensity was measured by using KODAK Molecular Imaging
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Software 4.0 (Eastman KODAK Company, Rochester, NY). Bands were normalized
using Gaussian curve with background subtraction. Mean intensities and standard
errors were calculated from at least three independent experiments.

Histology: Transgenic plants containing pKANI-GUS and pAS2-GUS were
constructed as described in the chapter I. GUS staining was performed according
to[53] with modifications. Plants were fixed in 80% acetone in -20°C for 20min, then
stained with 2mM X-Gluc in 1X GUS buffer (9mM potassium ferrocyanide and
potassium ferricyanide) overnight in 30°C. After removing the chlorophyll with
ethanol series, the first two leaves were dissected from the shoot and observed under
either compound microscope or stereomicroscope.

Whole mount in situ hybridization: The whole mount in situ was conducted as
previously described[54]. using 3- day old plants. In order to make the ARO! probe,
the ARO1 cDNA were cloned into pCRS8 vector (Invitrogen, Eugene, OR) as described
above, but in both forward and reverse orientations. Antisense and sense probes were

transcribed with T7 polymerase following the linearization of the plasmid.
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Chapter 3
A novel selected and amplified binding-sequence (SAAB) approach identified the

DNA-binding motif of KANADI1 in Arabidopsis

The technique of SAAB is an important approach to study the DNA-binding activity
of transcription factors [1]. We describe a novel SAAB method based on the
electrophoretic mobility shift assay (EMSA) and PCR-assisted oligonucleotide
selection to characterize the DNA-binding specificity of a plant transcription factor
KANADII (KANT1). This strategy provides a clean, quick and reliable way to identify
consensus sequence for DNA-protein interaction.

The DNA-binding domain (DBD) is a common structural feature of transcription
factors. [2]. Studying the DNA binding specificity and capacity of the binding domain
is essential for elucidating the function of a transcription factor. As a prevailing
approach for this purpose, SAAB has been extensively applied in both animal and
plant systems. Currently, there are two major types of SAAB. One is EMSA-based
random oligonucleotide selection[3, 4],the other is affinity purification-based
selection [5, 6]. Both of them utilize oligonucleotides containing random central
sequences. These random oligos are incubated with the protein of interest. Oligos
bound to the protein are isolated and amplified by PCR. The PCR products are
reiteratively re-bound to the protein and re-amplified until the nonspecific-binding
oligos no longer contribute a significant fraction. In the final step, PCR products

(putative protein-binding oligos) are sequenced to identify the binding site of protein.
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The difference between these two methods is the strategy for random oligonucleotide
selection. In the former method, DNA-protein complex is recognized by a retarded
DNA band in EMSA. Oligos interacting with the protein are isolated from this band.
In the latter, DNA-protein complex is pulled down by a ligand immobilized to a solid
support (usually sepharose beads). The complex is released from the ligand and
protein-binding oligos can be extracted from the elute. Compared to EMSA-based
selection, affinity purification-based strategy saves time and labor by avoiding
electrophoresis and membrane-blotting in the selection process. It is also much safer
without radioactive reactions. However, as a trade for speed and safety, it is
potentially less specific due to the non-specific binding of the beads to target DNA.
Moreover, this method lacks visible detection of DNA-protein interaction by EMSA,
which makes it more vulnerable to random errors during selection. Based on these
factors, researchers are seeking alternative techniques to circumvent the disadvantages
of both methods. For this purpose, we applied the following strategy in our study to
identify the DNA-binding property of KANI in vitro, and tried to compromise the
limiting factors of both methods and provide a more efficient way for SAAB.

In this strategy, we firstly expressed and purified KAN1 DBD protein (a truncated
KANT1 protein containing the putative DBD) in Escherichia.coli cells because the
full-length KANI protein proved toxic (data not shown) in bacteria. In order to
construct the plasmid incorporating the DNA of KAN1 DBD, PCR was performed on
KANI c¢DNA with two primers, 5’-attcggatccaagatgccgacaaagcgaage-3° and

5’-aagcgaattccttgttagtggtettaacagttcg-3”. PCR conditions were 94°C for 20s, 54°C for



72

20s, 72°C for 15s for 34 cycles. PCR product was digested by BamH]1 and EcoR1 and
cloned into E. coli vector pGEX-2TK (Amersham Biosciences, Piscataway, NJ)
where the coding region of KAN1 DBD was fused with a glutathione S-transferase
(GST) tag. Plasmid construct pGEX-DBD was transformed into E.coli BL21 (DE3)
strain. Expression of KAN DBD was induced by 0.1mM IPTG in the transformed cell
culture. After IPTG induction, E.coli cells were collected and lysed with sonication.
After centrifuge, the soluble fraction of cell lysate was utilized for purification using
MicroSpin GST Purification Module (Amersham Biosciences, Piscataway, NJ).
KAN1 DBD purification was performed according to the manufacture’s instruction.
This purified protein was analyzed with SDS-PAGE eletrophoresis. A single protein
band with proper molecular weight was detected in the gel after Coomassie Blue
(Bio-rad, Hercules, CA) staining (data not shown). Before SAAB, proteins were
dialyzed in the buffer containing 20mM Tris-HCI, pH 8.0 and 80mM KCI to remove
reduced glutathione and treated with 0.07 U DNase | (Fermentas, Hanover, MD) on
ice for 1 hour to remove any contaminating E. coli DNA followed by EDTA addition
to 2 mM to inactivate DNasel. Pretreated proteins were applied to the in vitro DNA
binding site selection described in Protocol 1.This protocol was adapted from a
random oligo-selection strategy by Hosoda, et.al. [5]

Protocoll in vitro DNA binding site selection of KAN1 DBD

1. Random oligonucleotides synthesis. A mixture of 54-base oligonucleotides in
which the middle 16 bases are composed of random sequences with each of the 4

nucleotides at equal molar concentration was synthesized (IDT, Coralville, IA). These
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oligos were converted into dsDNA by extending from a primer
5’-cgacgctctgactcgagg-3’ binding to their 3°- ends using Klenow fragment (Fermentas,
Hanover, MD).

2. DNA and protein interaction. The dsDNA (0.5nmol) was incubated with purified
KAN DBD protein (50 pmol) in dialysis buffer for 1 hour at 4°C.

3. EMSA. The mixture of DNA and protein was loaded to 9% native polyacrylamide
gel in 0.5% Tris-borate-EDTA (TBE) buffer at 4°C. Two separate gels were performed
simultaneously. One gel was stained with 1xSYBR SafeTM (Invitrogen, Eugene, OR)
for 30 minutes and viewed under 306nm UV transilluminator equipped in The
KODAK Gel Logic 200 Imaging System (Eastman KODAK Company, Rochester,
NY) with 535nm WB50 filter to visualize DNA in the shifted DNA-protein complex.
The other gel was stained with E-ZincTM reversible stain kit (Pierce, Rockford, IL)
following the procedure provided by the manufacturer and viewed under white light
epi-illuminator in the same device described above to visualize protein in the complex.
Gel images were captured using KODAK molecular imaging software (version 4.0)
(Eastman KODAK Company, Rochester, NY).

4. Isolation of DNA interacting with KAN DBD. The shifted DNA-protein
complex in EMSA was excised from the gel and DNA in the complex was purified
with phenol/chloroform extraction followed by NaOAc/ethanol precipitation.

5. PCR. Purified DNA was subjected to PCR amplification using a pair of primers
binding to the ends of 54-oligos (5’-gctgagtctgaacaagettg-3°  and

5’-cgacgctctgactcgagg-3’). The PCR condition was 94°C for 15s, 54°C for 15s, 72°C
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for 15s for 15 cycles. PCR products were precipitated by NaOAc/ethanol method and
used in the subsequent selections as described above.

6. Repeat of selection for 5 additional cycles. In two parallel samples, DNA from
SYBR SafeTM staining was always used in selection with SYBR SafeTM and the
same with E-ZincTM stain.

7. Cloning of KAN DBD-binding DNA and data analysis. After 6 cycles of
selection, the resulting DNA fragments were cloned into pGEM-T Easy (Promega,
Madison, WI) and sequenced. Sequence comparison and motif identification utilized
web implementations of MEME [7](http://meme.nbcr.net/meme/intro.html) and the

Gibbs Motif Sampler [8] (http://bayesweb.wadsworth.org/gibbs/gibbs.html).

Sequence analysis identified a 6 bp motif GNATA(A/T). This motif was found at least
once in each of 50 oligonucleotides and 28 oligonucleotides contained a second
binding site (10). The probability matrix for the alignment is shown in Table 3-1. This
consensus sequence was subsequently confirmed by gel-shift assay in which KAN1
DBD exhibited higher affinity to this core-binding site than to mutant variants (Huang
et al., 2008). Furthermore, statistical analysis of promoter sequences in putative in
vivo KANI1 targets showed significant enrichment of this motif compared to other
unrelated genes (10). These results indicate the biological significance of this in vitro

binding site for the function of KANI1 in plants.
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Table 3-1

_.
o
o
2

o oo o | A4

2 48 11 11
3 78 0 0
4 0 0 0 78
5 62 0 7 9
6 32 0 0 46

Table 3-1:Alignment of oligonucleotides identified in SAAB. The first column
displays the position of each nucleotide in the binding motif. In the subsequent
columns, the number in each cell shows the actual number of different base pair (A, C,
G or T) identified in that position.

In this strategy, we applied two independent methods to detect the DNA-protein
complex in EMSA. In both SYBR Safe™ and E-Zinc™ staining, a shifted band
relative to free DNA or free protein was observed with the same migration distance to
the bottom of loading well (Fig. 3-1). Moreover, the KAN1 DBD-binding oligos
identified in both methods are strictly consistent. These results suggest that these two
staining strategies can serve as two parallel replicates. Although double stain of DNA
and protein with non-radioactive dyes is not a novel approach in EMSA, such as the
EMSA kit E33075 (Invitrogen, Eugene, OR), applying this strategy to DNA-binding
site selection hasn’t been reported so far. The SYBR Safe™ stain for DNA has low
mutagenicity, which makes it much safer than autoradiography and ethidium bromide

(EtBr) stain (http://probes.invitrogen.com/media/publications/494.pdf)

Furthermore, it provides greater sensitivity than EtBr and the abundance of DNA
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bound to protein can be quantitated. The E-Zinc™ stain is a reversible stain technique
for protein. The formation of zinc hydroxide on the gel surface produces a
semiopaque background which makes protein bands transparent in the gel [9]. The
addition of imidazole significantly increases its sensitivity to the level equivalent to
silver stain (0.25ng). E-Zinc™ stain is rapid (only 15minutes) compared to
Coomassie stain and silver stain and there is no requirement for fixation before
staining. So all the molecules (DNA and protein) remain active after elution from the
gel, which makes it feasible to isolate DNA from the retarded band and use it for

subsequent binding to KAN1 DBD protein in our approach.

1 2 3 4

L=

DNA+protein =« .« -l DNA+protein

-l free protein

free DNA D= 0 e

Figure 3-1. EMSA in the oligonucleotide selection step of SAAB. Two parallel
staining methods were applied to the samples run in the same gel for the same amount
of time. DNA and KANI1 protein mixture (Lane 1), as well as the free DNA (Lane 2)
was stained with SYBR Safe™ to visualize the DNA in the gel, whereas the protein
detection was also performed on another sample of DNA+KANI (Lane 3) and the
KANI1 protein (Lane 4) as a replicate. Note that the shifted DNA and protein complex
in two different stains migrated the same distance to the bottom of the loading well.

SYBR Safe™ and E-Zinc™ utilize two distinct mechanisms to detect DNA and

protein interaction. Combination of these two methods provides a reliable pool of
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protein-targeting oligos with high specificity. This strategy is more rapid than

traditional EMSA-based selection and provides a clean experimental condition by

avoiding hazardous reagents. All these features indicate the potential of this modified

SAAB to be broadly applicable to identify target sequence of any DNA-binding

protein that can be expressed and purified in vitro.
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Appendices

Introduction

The appendices are the two manuscripts I submitted and published.

Appendix1 describes the in vitro and in vivo identification of KAN1 targets. In this
manuscript, I demonstrate that KAN1 recognizes the 6 base pair motif GNATA(A/T)
in vitro and directly regulates genes implicated in auxin responses and gibberellin
metabolism in vivo. These results indicate important roles of KAN and its interaction
with phytohormones in leaf morphogenesis.

Appendix 2 investigates in detail a specific target of KANI1, 452. KANI1 is found to
directly bind 4S2 promoter and represses its transcription in abaxial domain of leaves.
Disruption of KANI1 binding by a mutation in the AS2 promoter causes ectopic
expression of AS2 in the abaxial region and results in an adaxialized leaf phenotype.
AS2 is an important transcription factor specifying adaixal identity. This manuscript
demonstrates that the interplay of key transcription regulators is critical for
establishing leaf polarity.

The second manuscript has been published in PNAS in Oct. 2008. The first

manuscript has also been submitted for review.
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Appendix 1

KANADI1 acts as a transcriptional repressor of genes involved in auxin

responses

The formation of leaves and other lateral organs in plants depends on the proper
specification of adaxial-abaxial (dorsal-ventral) polarity. Although
transcriptional regulators of adaxial-abaxial polarity have been identified (1-6),
their targets and the regulatory circuitry by which they operate remain unknown.
KANADII (KANI), a member of the GARP family of transcription factors, is a
key regulator of abaxial identity and leaf growth in Arabidopsis (3, 5, 6). Here,
we demonstrate that the Myb-like domain in KAN1 binds the 6 base pair motif
GNATA(A/T). In addition, we report that KAN1 acts primarily as a
transcriptional repressor and directly regulates genes implicated in auxin
responses (IAA2, PIN4, FLS2, and HAT2) and gibberellin (GA) metabolism
(AtGA20x6). These results are consistent with evidence indicating that auxin
transport is disrupted in kan mutants (7), and suggest that KAN1 regulates leaf

polarity and leaf expansion by modulating responses to auxin and GA.

Genetic studies in Arabidopsis indicate that KANADI genes (KANI to KAN4)
have over-lapping functions in the promotion of abaxial fate in lateral organs and

peripheral identity in the hypocotyl and stem (3, 5-11). Mutations in any single gene
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have relatively mild effects on shoot morphology (3, 8, 11). However, plants lacking
several of these genes exhibit conspicuous defects in embryos, lateral organs and
vascular patterning that can be attributed to the loss of abaxial or peripheral identity.
For example, kanl kan2 double mutants have reduced blade expansion and form
ectopic leaf-like outgrowths on the abaxial blade surface (5) (Suppl. Fig. Al-2),
whereas kanl kan2 kan3 triple mutants have almost no blade expansion, and produce
nearly unifacial, adaxialized leaves with radialized stem vasculature (6). Mutations in
kand4/aberrant test shape only produce defects in the polarity and growth of ovule
integuments, but in combination with kanl kan2 cause significant changes in auxin
distribution and produce major defects in embryo patterning (7, 11). Ectopic
expression of individual KAN genes causes profound abaxialization of lateral organs,
disrupted vascular patterning, and a loss of central-peripheral asymmetry in the
embryo (3, 5, 6, 9). These complementary loss- and gain-of-function phenotypes
indicate that abaxial fate depends on the level and pattern of KAN gene expression

during organogenesis.

Although other members of the GARP family have been shown to function as
transcription factors (12-14), the biochemical function of KAN proteins has not been
investigated. To determine if KAN1 binds to DNA, we performed oligonucleotide
selection experiments using purified KANI1 protein. The full-length KANI1 protein
proved toxic when expressed in E. coli (not shown), so we instead generated a
recombinant protein consisting of the predicted KAN1 DNA-binding domain

(KAN1bd) fused to glutathione-S-transferase (GST). KAN1bd-GST was affinity
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purified, and used for EMSA-based PCR-assisted oligonucleotide selection. This
experiment produced 50 non-redundant oligonucleotide sequences that contained one
or more instances of the partly degenerate 6 bp motif GNATA(T/A), which we termed
the KANADI box (KBX) (Fig. A1-1, Supp. Fig.A1-1). To clarify the contributions of
individual bases of KBX to KANI binding, we performed EMSA with
double-stranded oligonucleotides bearing point mutations throughout this sequence.
Nucleotides at the first, third, fourth, and sixth positions were critical for high affinity
binding in vitro (Fig. Al1-1). KAN1bd-GST bound equally well to the 6 bp consensus
sequence GAATAA and to an 8 bp palindrome, GAATATTC, that appeared in six of
the fifty selected sequences (Fig. Al-1, Suppl. Fig. Al-1). In contrast, the protein
showed little affinity for the consensus binding site (AGATT) of the GARP protein
ARRI10 (13) (Fig. Al-1). These results demonstrate that the KAN1 GARP domain
selectively binds DNA, and define a novel binding site for this member of the GARP

family of transcription factors.

Transgenic plants that constitutively express KANI usually fail to produce a
shoot apical meristem and die as seedlings (3, 5). In order to characterize the effects
of ectopic KAN1 expression later in shoot development, we produced an inducible
form of this protein by fusing the regulatory domain of the rat glucocorticoid receptor
(GR) to the C-terminal end of KAN1 (15). Transgenic plants expressing KANI-GR
under the regulation of the CaMV 35S promoter grew slightly slower than normal, but
were otherwise morphologically normal (Fig. A1-2, Suppl. Fig. A1-2). In contrast,

35S:KANI-GR (KAN-GR) seedlings grown on media containing 1 mM DEX were
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striking similar to 35S:KANI plants (3, 5, 16); in addition to having narrow
cotyledons, the first true leaves of these plants emerged as small, radialized, peg-like
structures, and no subsequent leaves were formed (Fig. Al-2, Suppl. Fig. Al-2).
These plants also displayed defects in root gravitropism and root hair production
(Suppl. Fig. A1-3). In contrast, soil-grown KAN-GR plants treated with DEX every
other day had relatively mild developmental defects that resembled those seen in

asymmetric leaves 1 (asl) and asymmetric leaves 2 (as2) mutants (17) (Fig. Al-2,

Suppl. Fig. A1-2).

To identify KANI target (KANT) genes that regulate leaf polarity, we
performed a microarray analysis of gene expression in mock- and DEX-treated
KAN-GR seedlings using the Affymetrix ATH1 GeneChip and RNA isolated from
9-day-old seedlings following 4-hour mock or DEX treatments. After removing loci
whose expression was affected by DEX in wild-type controls, we identified 222 loci
that displayed at least a 1.8 fold difference (p<0.005, Suppl. Table Al-1) in mock- and
DEX-treated KAN-GR plants. Of these, 133 loci were down-regulated and 89 were
up-regulated. The number of KBX sites in the promoters of these genes was compare
to their frequency in all promoters. The sequence GNATA(A/T) or its complement
occurs on average 6 times in the upstream 1000 bp of the 31,407 annotated
Arabidopsis genes (TAIR 6.0), but appeared an average of 7 times in the promoters of
the 222 responsive loci (p<<0.005, Table Al). When up- and down-regulated
promoters were examined independently, it became apparent that the down-regulated

genes possessed, on average, 8 KBX sequences (p<<0.005) whereas up-regulated
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genes were not significantly different from the genome average (Table Al). This
correlation indicates that KAN-GR may function primarily as a transcriptional

repressor.

To identify potential direct targets of KAN-GR, microarray analyses were
performed in the presence of cycloheximide (CHX), a potent inhibitor of protein
synthesis (18, 19). Genes directly regulated by KAN-GR are expected to be
insensitive to CHX because protein synthesis is not required for the effect of DEX on
KAN-GR activity (19). CHX treatment had a dramatic effect on global gene
expression; nearly 1/3 of the transcripts in wild-type seedlings were affected by a 4
hour exposure to CHX (not shown). Genes that showed a significant expression
difference (p<0.005) in DEX+CHX vs. mock+CHX seedlings which was in the same
direction as in the DEX- vs. mock-treated seedlings were considered to be “direct”
targets of KAN-GR. Genes that were differentially expressed in DEX but not
DEX+CHX-treated seedlings were considered to be “indirect” targets of KAN-GR.
Using these parameters, a majority (61.7%, 82 of 133) of down-regulated loci
appeared to be direct targets of KAN-GR, whereas only a minority (24.7%, 22 of 89)
of up-regulated genes was in this category (Suppl. Table Al-1). This result also
suggests that activated KAN-GR primarily functions as a repressor. Semi-quantitative
RT-PCR on independently isolated RNA samples confirmed the microarray results for
more than 80% of the 34 down-regulated “direct” target genes tested (Suppl. Fig.
Al-4). We also re-examined the expression of the Aux/IAA transcriptional regulator

IAA2 by RT-PCR because KAN genes have been implicated in auxin distribution (7)
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and response (10), and /442 expression is sensitive to CHX (20). In contrast to the
results of the microarray analysis, we found that /442 was repressed by DEX in the
presence of CHX, suggesting that it too is a direct target of KAN-GR (Suppl. Figs.
Al-4 & 5). Morphological defects caused by KAN overexpression were shown to
depend on the function of two specific AUXIN RESPONSE FACTORS, ETTIN/ARF3
and ARF4 (10). Post-translational regulation of ARF4 activity by IAA2 suggested a
possible mechanism linking the effects of KAN and ARF genes in specifying abaxial
fate. In order to determine if /442 is misregulated in kan/ mutants, we examined
I4A2 expression by quantitative RT-PCR and found that /442 was up-regulated in
kanl and further up-regulated in kanl kan2 mutant seedlings (Suppl. Fig. A1-5). This
result indicates that /442 mRNA has a reciprocal relationship with the level of KAN

activity, which would be consistent with KANT repression of /442.

To test whether KAN1 binds directly to the promoters of these putative KANT
genes, we performed chromatin immunoprecipitation (ChIP) assays on KAN-GR
seedlings using an anti-GR antibody. Because DEX treatment promotes the
translocation of GR fusion proteins to the nucleus (21), chromatin fragments bound
by KAN-GR are expected to be enriched in DEX-treated relative to mock-treated
samples. We were particularly intrigued by the fact that many putative KANT genes
are transcription factors, or have been implicated in phytohormone signaling or
biosynthesis, and therefore chose to focus on these genes. Promoter fragments of
I4A2 and eleven KANT genes that we examined were enriched in DEX-treated

KAN-GR samples (Fig. A1-3), although enrichment was dependent on the specific
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fragment tested; for example, only one of two KBX-containing regions of the HAT?2
promoter (HAT2b) appeared to be associated with KAN-GR (Fig. A1-3). This result
suggests that KBX alone is not sufficient for KAN1 binding. ChIP experiments
performed with wild-type plants did not reveal detectable differences between mock-
and DEX-treated samples, confirming that the DEX-dependent enrichment of these
fragments in KAN-GR plants depends on KAN-GR (Suppl. Fig.A1-6). We conclude
that most of the genes identified as repressed by DEX both in the presence and

absence of CHX in the microarray analysis are direct targets of KAN-GR.

Among these confirmed KANT genes are PIN-FORMED 4 (PIN4), an auxin
efflux carrier (22), I[AA2, a negative regulator of AUXIN RESPONSE FACTORS (23),
HAT2, a homeobox gene that is rapidly and specifically induced by auxin and
promotes auxin responses (24), and FLS2, a protein which mediates flagellin-induced
expression of miR393a, a miRNA that targets the auxin receptor 7/RI (25). Other
phytohoromone-related KANT genes include the gibberellin catabolism gene
GIBBERELLIN-2 OXIDASE 6 (GA20x6) (26) and BRASSINOSTEROID ENHANCED
EXPRESSION [ (BEEI), a bHLH transcription factor that mediates early responses to
brassinosteroids (27). Another target of interest is RADIALIS-LIKE 2 (RL2), a putative
Myb transcription factor closely related to an Antirrhinum gene required for

dorsal-ventral asymmetry during flower development (28).

The identity of these KANI target genes, and the profound developmental
defects associated with either the loss or inappropriate expression of KANI and

related genes reveal the central role that this gene family plays in the regulation of
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plant morphogenesis and growth. We propose that KANI may function to enhance
auxin accumulation, sensitivity, and signaling on the abaxial side of the initiating leaf
primordium, leading to asymmetric changes in gene expression and growth. Specially,
we propose that a low concentration of auxin on the adaxial side of the early leaf
primordium and higher concentration on the abaxial side leads to changes in gene
expression critical for establishing the asymmetry of the primordium. This model is
consistent with observations that the auxin efflux protein PIN1 reverses its polarity on
the adaxial side of a leaf primordium very early in leaf initiation, thereby depleting
this region of auxin (29). This model is also consistent with epidermal ablation studies
indicating that adaxial fate depends on continuity between the leaf primordium and
the shoot meristem (30). While such experiments have traditionally been interpreted
to indicate a “signal” from the meristem is required for adaxial identity, it is plausible
that ablation prevents the depletion of auxin from the adaxial side of the primordium,

resulting in its abaxialization.

METHODS SUMMARY

Plant materials and treatments: All plants used in this study were in the Columbia
(Col) background and were grown at 22°C under long day (16 hour) illumination. The
kan2-5 and kan2-6 alleles were identified in an EMS mutagenized population
homozygous for kani-11. DNA sequencing of PCR products from genomic DNA of
the mutant plants revealed that kan2-5 carries the same nucleotide lesion as kan2-1 (5)

resulting in a stop codon in the first exon and the kan2-6 allele carries a G to A change
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in the 5” splice site of the second intron. The KAN-GR construct (31) was transformed
into Col plants using the floral dip method (32) and transformants were selected using
hygromycin B. A line homozygous for the KAN-GR T-DNA that was phenotypically
normal in the absence of DEX and showed a strong and consistent response on DEX
containing media was selected for all subsequent experiments. For continuous DEX
treatments, seeds homozygous for KAN-GR were germinated on media containing
172X MS salts and 0.8% agar supplemented either with 10 mM DEX or 0.05%
ethanol for mock treatment. For intermittent treatment, soil-grown seedlings were
painted every second day either with 10 mM DEX or mock (0.05% ethanol) plus
0.015% Silwet L-77. For RNA and chromatin isolation, 9 day old seedlings were
grown on 1/2X MS basal medium without sucrose before being submerged for 4
hours with gentle agitation in liquid 1/2X MS plus 1% sucrose containing one or more
of the following: 0.05% ethanol (mock), 10 mM DEX, and 10 mM cycloheximide

(CHX).

Plasmid Construction: The putative DNA binding domain of KAN1 was amplified
from the cDNA clone (3) using the following primers and cycling conditions:
5’-ATTCggatCcAAGATGCCGACAAAGCGAAGC-3’ and
5’-AAGCgaattcCTTGTTAGTGGTCTTAACAGTTCG-3’ (lowercase letters represent
mismatched bases), 94°C for 20s, 54°C for 20s, 72°C for 15s for 34 cycles. Amplified
DNA and the vector pGEX-2TK (Amersham Biosciences, Piscataway, NJ) were
digested with BamHI and EcoRI and recombined such that the amino acids 210-280

of KANI1 were fused in-frame with glutathione S-transferase (GST) to form
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pGEX-KAN1bd.

Purification of KAN1bd protein: E.coli BL21 (DE3) cells carrying pGEX-KAN1bd
were grown at 37°C in LB medium to ODgg between 0.6-0.8 and harvested 2.5 hours
after protein expression was induced with 0.1 mM IPTG. Cell pellets were
resuspended and lysed by sonication in 1X PBS at 4°C then centrifuged at 12,000xg
for 30 minutes to pellet debris. Soluble recombinant protein was purified using
MicroSpin GST Purification Modules (Amersham Biosciences, Piscataway, NJ)
according to the manufacturer’s instructions. Purified KANIbd protein was
subsequently dialyzed against 20 mM Tris-HCI, pH 8.0 and 80 mM KCI to remove
reduced glutathione. Proteins were prepared for EMSA by treating with 0.07 U/ml
DNase I (Fermentas, Hanover, MD) on ice for 1 hour to remove contaminating E. coli

DNA and DNase I was inactivated with 2 mM EDTA.

Electrophoretic mobility shift assay (EMSA): Complementary 54-bp
oligonucleotides (Suppl. Table Al-2) containing a KBX or its variants were
synthesized (IDT, Coralville, IA), annealed, and 2 pmol of DNA was incubated with
10 pmol of purified protein for 1 hour at 4°C. DNA-protein complexes were resolved
on a 9% native polyacrylamide gels in TBE buffer at 4°C and stained with SYBR
Safe™ (Invitrogen Corp., Eugene, OR). The fluorescence intensity of each DNA
fragment was measured using KODAK Molecular Imaging Software 4.0 (Eastman
KODAK Company, Rochester, NY). Bands were normalized using Gaussian curve
with background subtraction. Mean fluorescence intensities and standard errors were

calculated from at least three independent EMSA experiments.
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Microarray analysis: After DEX- or mock treatments, seedlings were frozen in
liquid nitrogen. Total RNA was extracted from tissue ground with mortar and pestle
using TRIzol Reagent (Invitrogen) followed by subsequent purification using RNeasy
Plant Mini Kit (Qiagen). For each genotype and treatment, two independently
obtained RNA extracts from plants grown and treated at different times (biological
replicates) were labeled and hybridized to ATH1 microarrays at the Transcriptional
Profiling Shared Resource of the Cancer Institute of New Jersey (New Brunswick, NJ)
with Affymetrix reagents and protocols. Analysis was performed using the Affymetrix
Microarray Suite v5 with a median target intensity of 150. Only significant (p<0.005)
n-fold changes of at least 1.8 in DEX- versus mock-treated KAN-GR samples were

reported in Suppl. TableA1-1, although smaller changes were sometimes significant.

ChIP analysis: 9-day-old DEX- or mock-treated KAN-GR and wild-type seedlings
were harvested, washed with deionized water and crosslinked with 1% formaldehyde.
Crosslinking was quenched with 0.125M glycine. Procedures for nuclear extracts and
immunoprecipitation were adapted (33) with following modifications: Conditions for
sonication of nuclear extracts were empirically determined to obtain an average DNA
fragment size of 600bp. Sonication was performed on ice with 4 pulses of 12 seconds
with 1 minute pauses at power setting 6 (40% duty cycle, 20% input; Heat
System-Ultrasonics, Farmingdale, NY). After chromatin shearing, 10ul anti-GR P-20
(Santa Cruz Biotechnology, Santa Cruz, CA) was added to each sample to
immunopreciptate KAN-GR proteins. After reversing crosslinks, DNA was purified

by phenol:chloroform extraction, ethanol precipitated, and resuspended in 50 ml TE.
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1ul of immunoprecipitated DNA was used in semi-quantitative ChIP PCR. Input DNA
was diluted 120 times to achieve PCR product band intensities comparable to ChIP
samples. Primers recognizing different regions in the promoters and the control gene
RPL4D can be found in Suppl. Table Al-4. PCR conditions were as follows: 33
cycles, 94°C for 30s, 56°C for 30s, and 72°C for 30s. DNA band intensity was
measured using the Gaussian Curve method with background subtraction with
Molecular Imaging Software 4.0 (Eastman KODAK Company, Rochester, NY). The
abundance ratio of promoter fragments in DEX- versus mock-treated ChIP and input
samples were normalized by dividing by the ratio of the negative-control gene RPL4D
in DEX- or mock-treated samples. The enrichment of each gene in DEX- versus
mock-treated samples results from dividing normalized DEX- to mock-treated ChIP

ratios by the DEX- to mock-treated input ratios.
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Table A1: Enrichment of KBX sites in KAN-responsive promoters

Loci GNATA(A/T) Mean p value®
(Promoters®) sites (% st. dev)
Nuclear genes (31,128) 180,827 58+2.9

DEX responsive genes 222 (231) 1644 71+3.1| 9x 107"
Repressed 133 (137) 1059 77+3.0| 1x10™
Direct targets 82 (84) 646 77+29| 3x10”
Indirect targets 38 (39) 287 74+3.0| 5x10™

Induced 89 (94) 585 62+3.0| 0.087

Direct targets 22 (23) 122 53+24| 0.206

Indirect targets 61 (64) 421 6.6 £3.1 0.019

"Promoters (upstream 1,000 bp) of differentially expressed genes were analyzed for
the  occurrence of KANI  binding sites using Promomer (34)
(http://bbc.botany.utoronto.ca/). Some array element loci recognize more than one
expressed sequence. The number of promoters represented is indicated in parentheses.
°Student’s t-Test with 2-tailed distribution
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Figure Al1-1: EMSA reveals KAN1 DNA-binding characteristics in vitro. The in
vitro KAN1 DNA binding site (KBX, boxed) was identified using affinity purified
KAN1db-GST protein in EMSA-based oligonucleotide selection (Suppl. Fig. Al1-1).
The height of each nucleotide letter is proportional to its representation. Effects of
mutating individual sites within the consensus DNA binding site are shown
immediately below each position in the consensus KBX site. The mean fraction of
bound DNA in three independent replicates was calculated relative to the consensus
(GAATAA, lane 1), which was arbitrarily set to 1.0. EMSA of KAN1db-GST bound
to a perfect palindrome of KBX (GAATATT, lane 8) was similar to that of that of a
single site. The KAN1db-GST showed little affinity for the consensus binding site for
the GARP protein ARR10 (AGATT, lane 9) (13).



96

Figure A1-2: Post-translational activation of KAN-GR produces defects in leaf
polarity and meristem function. Continuous exposure of KAN-GR seedlings to 10
uM DEX (b) on media for 9 days led to loss of cotyledon blade expansion, formation
of partially radialized leaf primordia, and inhibition of further shoot meristem activity
consistent with strong KAN1 overexpression (3, 5). Mock-treated KAN-GR seedlings
(a) resembled mock- or DEX- treated Col seedlings (Suppl. Fig.A1-2). In contrast,
soil grown KAN-GR seedlings exposed every other day to 10 uM DEX (d, and f)
displayed reduced petiole and blade expansion with strong epinasty leading to leaves
with an asymmetric appearance (g, bottom) that was not evident in mock-treated
plants (c, e, and g top). Plants were photographed at 14 (¢ & d) and 29 days old (e, f,
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Figure A1-3: Chromatin immunoprecipitation confirms DEX-dependent
association of KAN-GR with the promoters of KANT genes. Chromatin
immunoprecipitation (ChIP) was performed on 9 day old transgenic Arabidopsis
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seedlings using antibodies specific for GR. Immunoprecipitated genomic DNA from
mock (M) and DEX (D) treated KAN-GR and wild-type control seedlings (Suppl. Fig.
A1-6) was amplified with primers specific for the indicated promoters. Fold
enrichment was calculated by normalizing PCR product intensities to a negative
control, the RIBOSOMAL PROTEIN L4D (RPL4D) coding region, followed by
calculating the ratio DEX IP/input to mock IP/input. The mean of at least two
independent IP experiments with technical replicates is reported as fold-enrichment.
Schematics of the gene promoters are shown with the positions and orientations of
KBX sites indicated by < or > and the amplified region represented by a grey bar.

SUPPLEMENTARY INFORMATION

SUPPLEMENTARY METHODS

PCR-Assisted in vitro DNA binding site selection: KAN1bd DNA binding site
selection was performed essentially as described (13). A mixture of 54-base
oligonucleotides was synthesized (IDT, Coralville, IA) with the central 16 bases
consisting of random sequences. Oligonucleotides were converted into dSDNA using
Klenow fragment (Fermentas, Hanover, MD) and primer BSSr (Suppl. Table 2). 2
nmol of dsDNA was incubated with 20 pmol of purified protein in dialysis buffer for
1 hour at 4°C. Sample buffer (2% SDS, 10% glycerol, 60 mM Tris, 5%
B-mercaptoethanol and 0.01% bromophenol blue, pH 6.8) was added and the
protein/DNA mixture was separated on two identical 9% native polyacrylamide gels
in 0.5X Tris-borate-EDTA (TBE) buffer at 4°C for 120 volt hours. One gel was
stained with SYBR Safe™ (Invitrogen, Eugene, OR) to visualize DNA in the
DNA-protein complex and the other gel was stained with E-Zinc™ reversible stain kit
(Pierce, Rockford, IL) to visualize protein in the complex. A single band that was
retarded relative to free DNA or free protein was excised from the gel and DNA was

purified by phenol:chloroform extraction then amplified using primers BSSf and BSSr
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(Suppl. Table A1-2). PCR products were precipitated and used in subsequent rounds
of oligonucleotide selection. SYBR Safe™ and E-Zinc"™ visualized EMSA selections
were performed independently. After 6 cycles of selection, the resulting DNAs were
cloned into pGEM-T Easy (Promega, Madison, WI) and sequenced. Sequence
comparison and motif identification were performed using web implementations of
MEME (S1) (http://meme.nbcr.net/meme/intro.html) and the Gibbs Motif Sampler

(S2) (http://bayesweb.wadsworth.org/gibbs/gibbs.html).

Reverse transcription PCR: 2 ug total RNA was treated with DNasel (Fermentas,
Hanover, MD) then reverse transcribed into first-strand cDNA using iScript (BioRad,
Hercules, CA) in 20 ul reactions. 1 ul of a 10-fold dilution was used as template for
PCR. The number of cycles for each primer set was determined empirically. PCRs
were repeated at least thrice with independent cDNA synthesis reactions. Quantitative
PCR was performed on a Rotor-Gene 3000 (Corbett Life Science, Sydney, Australia)

with IQ SYBR Green Supermix (BioRad, Hercules, CA).

SUPPLEMENTARY REFERENCES

S1. Bailey, T. L., Williams, N., Misleh, C., & Li, W. W. (2006) MEME: discovering and
analyzing DNA and protein sequence motifs. Nucleic Acids Res 34, W369-373.

S2. Thompson, W., Rouchka, E. C., & Lawrence, C. E. (2003) Gibbs Recursive Sampler:
finding transcription factor binding sites. Nucleic Acids Res 31, 3580-3585.
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SUPPLEMENTAL TABLES

Suppl. Table A1-2: Primers for Oligonucleotide Selection and EMSA

Oligo Name Sequence (forward strand)

BSSlong gctgagtctgaacaagcttgNNNNNNNNNNNNNNNNcctcgagtcagagegteg
BSSr cgacgctctgactcgagg

BSSf gctgagtctgaacaagettg

GS13 gctgagtctgaacaagcttgGGAATAAAAACGTGCCcctegagtcagagegteg
GS15 gctgagtctgaacaagcttgGeAATAAAAACGTGCCectegagtcagagegteg
GS17 gctgagtctgaacaagcttgGGtATAAAAACGTGCC Cectegagtcagagegtcg
GS18 gctgagtctgaacaagcttgGGAtTAAAAACGTGCC Cectegagtcagagegtcg
GS19 gctgagtctgaacaagcttgGGAAaAAAAACGTGCC Ccctcgagtcagagegtcg
GS20 gctgagtctgaacaagcttgGGAATtAAAACGTGCCectcgagtcagagegteg
GS28 gctgagtctgaacaagcttgGGAATAgAAACGTGCCcectcgagtcagagegteg
GS21 gctgagtctgaacaagcttgGGAATATTCACGTGC Ccectegagtcagagegteg

GS35 (ARRI10

binding site)

gctgagtctgaacaagcttgCAATCTAAAACGTGCCcectcgagtcagagegtcg

GS14

gctgagtctgaacaagcttgGtAATAAAAACGTGCCcectegagtcagagegteg

GS16 gctgagtctgaacaagettgGaAATAAAAACGTGCCcctcgagtcagagegteg
GS29 gctgagtctgaacaagcttgGGAATACAAACGTGC Cectegagtcagagegteg
GS32 gctgagtctgaacaagcttgGGAATCAAAACGTGC Cectegagtcagagegtcg
GS33 gctgagtctgaacaagcttgGGAATgAAAACGTGCCcectegagtcagagegteg
Suppl. Table A1-3: Primers for RT-PCR
Gene forward reverse
At1g02400 gtttcggagaacattctgaccctca gccgacatacgtggcttctttg
At1g04240 gaggctgggattaccgggaaca catccaacaatctgagcctttcgag
Atlgl1210 aggagccggaggttgtgtatgaa caacggaagcgttgacttgttgc
Atlgl17990 tcccgecattgtcaacgactttag tgcaaatggcgagagtctgattce
Atlg18400 tgceccggatgttataaggcetatgg ctgcatggaatcaactgcatctgtc
Atlg21830 cagcctccctaagatattcgecttg ttgcgecatctaagegatgact
Atlg21910 cctacttcatcagecgtctegt catcgagcatcgtcgtcgagt
Atl1g22570 cgtggtcgggaactgectctatac gaccctctcgctattacctecttcg
Atl1g23480 ccctgagetccaagttcctaaatgg cgtcetgectctagtaacccgatg
Atl1g24530 atcttcctcactcagegacgtaace acggcgagacaagttacaggaagac
At1g25550 tcaccggagttacaccgcagatte actgccgttgttgtggattttcacc
Atl1g35350 ccgcttcttettcctcatggttcta agtgctttgcctctgcettgaagte
Atlg51805 ggagagtcatcgtgtgttcgttge ggtgtcacggctcacgtttaagttg
At1g52290 acccgcggttagagaatgattttg ttcgatctectgegttgtacgttg
At1g53870 cggagcaagagaggttcacgatt cttgattgcgaaaactgatccacga
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Atlg76520 gcacttgtgatcgggctcattactc gcaaccaagacgccgataatactgg
At2g01420 ccggtacgggtgtttcaactaaacc ggcggcatatgtgttcegttgt
At2g21650 gcacaatgttgctagagcetgttgg ttgettettgtetcactgeagett
At2g39380 agatgaacacaacaaccacgcagt ttgcagcgtagcettctgagttttg
At3g04210 tgcctgaatgagttggcactga ccatcccaactaagtcgetgaaate
At3g06070 tctetttccagggtttgttcagagg gggataaaggaaccgatgaatctec
At3g19850 ggggotttacgatgtggatttggtea tcctcggatgatagtttcggatgag
At3g22420 gacgtgtaggctaacggcattgg gccgtctcaaacgggaagtaaatgt
At3g23030 gcaatggcgtacgagaaagtcaac gtcaaactccgatccgaatcaaace
Atdg17460 tccgcagttctcgaagacacttte ccgcecgattetcttecgttaattte
At4g18010 ttatggattgccggaagatttggtg ttgtggccggaagttaagtgtgag
At4g30270 aaccgccaatttccacacttactca cctcatcggcttgttctttggaaac
At5g02760 gaatcagggccgcttacattcaac cctacccteggacgcaaacttct
At5g11000 atccagaagcagaggaggtttgte cgaaatcgaagacgacgaagaact
At5g14120 ccgagcetegttgtcagggacta gggccatcecgtacgcaaagaatatg
At5g20250 gcegattgtttgttcgetgatect ctcgtgctcacggattttgagtg
At5g28770 tcactggtcggttaatggaatgacg tgctcatcattggtgtagcetttgga
At5g46330 ctcacgtaagcgattttggaactge ctcacgtaagcgattttggaactge
At5g47370 agactcccatggaaccaaacattcg ctcttccegetaatggtgcttga
At5g59080 aaacatggctcacaagctcaacgta gggttetgtecattagegtegte
At5g61590 tgatattgatgctgcaagggctta ttgttgttccttgaggcetgtggta
At5g62280 ggtctgetgagaatgetactaaage gcgattagtgcaacgagtatgtcg
At5g62570 tggaaagcatctagcaggcatca cacgggaagcgatagattgtticaag
ubc/At5g25760 ctgagccggacagtcctcttaactg cggcgaggcgtgtatacatttgtg

Suppl. Table A1-4: Primers for Chromatin Immunoprecipitation

Gene left primer right primer
RPL4D/At5g02870 | tgtgtttgttcattactgtgetatge ataaagctggcggttcgagt
1AA2/At3g23030 cgggtcggecgatagaat tcggaagcatgaaaggcaag
PIN4/At2g01420 aacggtccaacagtggcttg gttttctggagggacgtgga
FLS2/At5g46330 cgctcaaaactaaatcggaaa agggatcatgtcacggatgt
HAT2a/At5¢47370 ttggecatcttatttgttttgga tggtaatgaagaagagaggggatt
HAT2b/At5¢47370 tgttttgtaccaaccactccaatta tggataacgcaatttgcactactt
GA20x6/At1g02400 | ggttaggcaagaatgttgacaataaa catcctacaaatcgcgtaaggtg
BEEI1/Atlg18400 gcattggccatttggaagtt tggtcgtgggttccattagg
AtRL2/At2g21650 ttgatatggttttcatggcagaga acgtgctcgeggaaaattac
Atlgl17990 gaaatggggtgagacagagatgat aagacgtgcacaaatgcttaaggt
At1g25550 ttttctggttacatatcttgattccaa cggattttacttgggaaagggtag
At3g06070 tttttaatggatgcgaatgcaaat ggaattcctaactaccttatccaatga
At5g28770 cgttgtaactgtaggcgaatctca taatggccccgacaagagtc

At5g61590

caagacaaccctacaagacaagca

cacaaaccaaaaccaaaaagacttg
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Ccctcgagtcagagcgtcg
CGCTAGCcaagcttgttcagactcagc
CGTGCCcctcgagtcagagcgtcg
TCACAGCcctcgagtcagagcgtcg
TGACCcctcgagtcagagcgtcg
GTGCGcaagcttgttcagactcagce
TCGCCCTcaagcttgttcagactcagc
GGCCcctcgagtcagagcgtcg
CCTACcaagcttgttcagactcagce
Ccctcgagtcagagcgtcg
CGTACCcaagcttgttcagactcagc
cctcgagtcagagcgtcg
Cctcgagtcagagcgtcga
CCTTCcctcgagtcagagcgtcg
CATCGecctcgagtcagagcgtcga
CCcctcgagtcagagcgteg
CCcctcgagtcagagcgtcg

gctgagtctgaacaagcttgGTAAGGAATAATCTGCcctcgagtcagagecgteg

gctgagtctgaacaagcttgAGAATAATCCCCGATAcctcgagtcagagcgtecg

GCCTGcaagcttgttcagactcage
TCTcaagcttgttcagactcage

gctgagtctgaacaagcttgGGGAATAATGAGTCCcctcgagtcagagecgteg
cgacgctctgactcgaggCGAATAATGCACTATGcaagcttgttcagactcage

gctgagtctgaacaagcttgCCAGAGAATAATGCCCcctcgagtcagagecgtecg

gctgagtctgaacaagcttgAAGAATAACCCAGTGCcctcgagtcagagecgteg
gctgagtctgaacaagcttgGAATAACGTAACCGCCcctcgagtcagagecgtecg
cgacgctctgactcgaggGGAATAAACGTACTAAcaagcttgttcagactcage
gctgagtctgaacaagcttgAGGAATAAACACGGGCcctcgagtcagagecgtecg
gctgagtctgaacaagcttgGGAATAAAAACGTGCCcctcgagtcagagcgteg

gctgagtctgaacaagcttgTGCGAGAATAAGTCGCcctcgagtcagagecgteg

gctgagtctgaacaagcttgAGAATATCAGCTGTACcctcgagtcagagecgteg
cgacgctctgactcgaggGGGATAATCCGTCGGTcaagcttgttcagactcage
cgacgctctgactcgaggGGGATAATCTGTGTAcaagcttgttcagactcage

GTGGTGTTcaagcttgttcagactcagce
CGGACCCcaagcttgttcagactcagc

cgacgctctgactcgaggCCGGATATCGGAATGTcaagcttgttcagactcage
gctgagtctgaacaagcttgGGCATAATACAGAATAcctcgagtcagagecgteg
cgacgctctgactcgaggGGCATAATTACCGTCCcaagcttgttcagactcage

ACcaagcttgttcagactcage

gctgagtctgaacaagcttgACAACGCATAAAGGGCcctcgagtcagagecgtceg

cgacgctctgactcgaggCAAGTATATTATGGTAcaagcttgttcagactcage
cgacgctctgactcgaggGGAATGTTCTTCCAGTcaagcttgttcagactcage
cgacgctctgactcgaggCGGAATGTTCTTCTGCcaagcttgttcagactcage
gctgagtctgaacaagcttgAAGAATGTTCTCGGGCcctcgagtcagagecgtecg
gctgagtctgaacaagcttgAAAGAATGTGCGCAGGcctcgagtcagagecgteg

cgacgctctgactcgaggGGAATGATATAGCGGAcaagcttgttcagactcage
gctgagtctgaacaagcttgGGAATTAATATGTCCGecctcgagtcagagecgtecg
gctgagtctgaacaagcttgGTATTACTCAATTCCCcctcgagtcagagecgteg

SUPPLEMENTARY FIGURES
s6l - gctgagtctgaacaagcttgACGGTGGGAATAT
sll + cgacgctctgactcgaggGGAATAT
s51 - gctgagtctgaacaagcttgAGGAATAT
z41 + gctgagtctgaacaagcttgGGAATAT
z32 - gctgagtctgaacaagcttgGCGGAATAT
sl2 + cgacgctctgactcgaggGGGGAATAT
z40 + cgacgctctgactcgaggGGAATATA
s62 - gctgagtctgaacaagcttgGGGAGGAATATA
s59 + cgacgctctgactcgaggGGCGAATATA
z38 + gctgagtctgaacaagcttgGAGTACCGAATATA
sl + cgacgctctgactcgaggGGGAATATG
z83 -gctgagtctgaacaagcttgATTAGACGGAATATG
s20 + gctgagtctgaacaagcttgCCCTCACGAATATG
s47 - gctgagtctgaacaagcttgACAGAATATG
z82 + gctgagtctgaacaagcttgGGGAATATC
z34 - gctgagtctgaacaagcttgTTTAGCGAATATC
s9 - gctgagtctgaacaagcttgACCGCAGAATATC
z27 -
z77 -
z29 - cgacgctctgactcgaggGGAATAA
z24 - cgacgctctgactcgaggGCACGAATAA
s58 +
z36 +
sl4 -
s46 - gctgagtctgaacaagcttgGAATAGGGAATAACCGcctcgagtcagagcgtcg
s3 -
sl7 -
z42 -
s6 -
s49 -
z33 -
z39 +
s60 +
s52 -
s63 + cgacgctctgactcgaggGGATATC
s5 - cgacgctctgactcgaggGGATAA
sd44 +
z81 -
s22 -
z26 + tgacgctctgactcgaggCGCATATAAT
s21 -
z30 +
z75 -
sl5 -
s43 -
z28 +
s8 - cgacgctctgactcgaggGGACAATCGAATGTGAcaagcttgttcagactcagce
z25 -
z37 -
s1l8 +
consensus GnATdw

Supplementary Figure Al-1: Alignment of 50 sequences obtained from
PCR-assisted binding site selection. The DNA sequences of fifty unique clones
derived from two independent PCR-assisted binding site selection experiments were
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manually aligned to identify the consensus DNA binding site. Each oligonucleotide
contained at least one instance of GNATDW (where N is any nucleotide, D is A, G, or
T, and W is A or T) and 28 oligonucleotides contained a second potential binding site.
S indicates clones from DNA EMSA selection, Z indicates clones from protein EMSA
selection; + & - the clone orientation. Consensus GAATAW sites are red and
complementary (often overlapping) WTATTC sites are orange except where they
overlap with red nucleotides.

Supplementary Figure A1-2: Table of phenotypes in loss of function mutants and
post-translationally activated KAN-GR plants. Top row, kanl-11, kanl-11 kan2-5,
wild-type (Col), and KAN-GR seeds were germinated and grown for 9 days on media
containing mock or DEX supplementation (as indicated). Cotyledons (inset photos,
first row) of kanl-11 kan2-5 are strongly cupped and DEX-treated KANI-GR
cotyledons are narrow and pointed in contrast to Col or mock-treated KAN-GR
seedlings that form normal cotyledons and first leaves. Intermittent DEX application
has different effects on morphogenesis of soil-grown KAN-GR plants than continuous
exposure in media. Whole 14-day old (second row) and 29-day old (third row)
rosettes display effects of loss of kan function and ectopic expression of KAN-GR.
Soil-grown DEX-treated KAN-GR plants formed leaves with short petioles and
asymmetric leaf blades, which were not observed in mock-treated plants. (Bar = 1 cm)
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Col 90KAN-GR KAN-GR
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Col Col KAN-GR KAN-GR
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Supplementary Figure A1-3: DEX and mock-treated KAN-GR plants display
defects in root development. Roots were analyzed on 5 day old seedlings grown on
vertically oriented media with DEX or mock supplementation. 72 plants were
examined in each combination of genotype and treatment. The angle of root growth
relative to gravity was measured with Image J. Angles were allocated to 5° bins and
with length of each bar indicating the fraction of plants within that bin (upper panel).
Root angles diverged more in DEX-treated KAN-GR seedlings than mock-treated
seedlings (upper panel right) indicating potential defects in sensing or responding to
gravity. No differences were detected between mock- and DEX-treated Col roots.
Root hair formation was also affected by DEX-treatment. DEX-treated KAN-GR
seedlings failed to produce root hairs, which was not observed in mock-treated (lower
right panels) or wild-type seedlings (lower left panels). Surprisingly, DEX
influenced Col root hair formation; the number and length of hairs was slightly
reduced in DEX- compared to mock-treated Col roots (lower left panels).
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Supplementary Figure Al-4: Expression of candidate KAN1 target genes was
confirmed using semi-quantitative PCR. Semi-quantitative reverse-transcription
PCR was used to confirm microarray results for select candidate KANT genes. Most
putative KANT genes displayed reduced expression in DEX (D) and DEX+CHX (DC)
compared to mock (M) and mock+CHX (MC) treated seedlings (a and b). A few
genes showed no detectable expression differences (c) in RT-PCR and may represent
false discovery. For each template-primer combination, the number of PCR cycles
was determined empirically and shown to the right of each gel image. At least two
biological replicates and two technical replicates were performed and a single
representative gel image is shown.
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Supplementary Figure A1-5: 1442 expression is up-regulated in loss-of-function
kan mutants and down-regulated in posttranslationally activated KAN-GR.
Quantitative RT-PCR was used to assay expression levels of 1442 in the following
genotypes: kanl-11 kan2-5, kanl-11, wild-type (Col), and KAN-GR treated with
mock- or DEX in the absence and presence of CHX. Results were normalized to
GAP2 with the results of KAN-GR mock arbitrarily set to 1.
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Supplementary Figure Al1-6: Chromatin immunoprecipitation experiments on
mock- and DEX-treated Col seedlings reveal no enrichment. ChIP was performed
on Col seedlings lacking the KAN-GR transgene as a control for potential non-specific
immunoprecipitation effects. None of the promoter fragments tested showed
enrichment in DEX- versus mock-treated Col samples indicating that enrichment
depends on the KAN-GR transgene. Fold enrichment was calculated as in Fig. 3.

This manuscript has been submitted. The title is “KANADI1 acts as a transcriptional
repressor that links genes involved in auxin responses with adaxial-abaxial polarity”
and the authors are Tengbo Huang, Ya€l Harrar, Changfa Lin and Randall A.
Kerstetter.

Author contributions: R.A.K conceived and designed the experiments, made the
constructs, generated transgenic lines. T.H. & Y.H. characterized the transgenic
plants, Y.H. performed the microarray experiments. C.L. performed RT-PCR to
confirm expression results. T.H. performed the oligonucleotide selection and ChIP
experiments. R.A.K analyzed the data and wrote the paper.
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Appendix 2

KANADII1 regulates abaxial-abaxial polarity in Arabidopsis by repressing the
transcription of ASYMMETRIC LEAVES?2

Introduction

Adaxial-abaxial polarity in plants is specified by interactions between genes that
individually specify either adaxial or abaxial identity (1, 2). In Arabidopsis, adaxial
identity is specified by class IIl homeodomain leucine zipper (HD-ZIPIII)
transcription factors (3, 4), the LOB domain transcription factor AS2 (5, 6), and the
trans-acting siRNA tasiARF (7), whereas abaxial identity is specified by KANADI
(KAN) (8, 9), YABBY (YAB) (10, 11), AUXIN RESPONSE FACTOR (ARF) (12)
and LITTLE ZIPPER (ZPR) (13) transcription factors, and by the miRNAs
miR165/miR166 (14, 15). Genetic analysis indicates that many of these genes
interact antagonistically: loss-of-function mutations in adaxial genes typically produce
an abaxialized phenotype that is accompanied by the expanded expression of abaxial
genes, whereas loss-of-function mutations in abaxial genes produce an adaxialized
phenotype that is associated with the expanded expression of adaxial genes; mutations
or transgenes that produce ubiquitous expression of these genes have a phenotype
opposite to that of the loss-of-function mutations. miR165/166 and tasiARF repress
the expression of their targets--respectively, HD-ZIPIII genes and ARF3/ETTIN--by

directing the cleavage of the transcripts of these genes (14, 16). The molecular basis
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for the antagonistic interactions between other adaxial and abaxial regulators is

unknown.

KANI, KAN2 and KAN3 are members of the GARP family of transcription factors and
act redundantly to promote abaxial identity in both lateral organs and the shoot axis.
These genes are expressed in abaxial cells of lateral organs and peripheral cells of the
hypocotyl and stem (9, 17). Loss-of-function mutations in individual genes have
relatively weak effects on organ polarity (9, 18), but kanl kan2 (8) and kanl kan?2
kan3 (17) mutants are strongly adaxialized and resemble plants ectopically expressing
the HD-ZIPIII genes PHB, PHV and REV (3, 15), or the LOB gene AS2 (5, 6).
Consistent with this observation, PHB is abaxially expressed in kanl kan2 kan3 triple

mutants (17).  The effect of kan on the expression of 452 has not been examined.

Here we show that KAN1 promotes abaxial identity by directly repressing the
transcription of AS2 in abaxial tissue. Specifically, we demonstrate that KAN1 binds
to a site in the promoter of 452, and that a single nucleotide mutation in this site
interferes with KAN1 binding and produces an adaxialized phenotype that is
associated with the inappropriate expression of AS2 in abaxial tissue. ~ These results
indicate that KAN1 acts as a transcriptional repressor, and provide the first evidence
for a direct interaction between transcription factors involved in the specification of
adaxial-abaxial polarity. In addition, we show that 4S2 represses the expression of
KANI in adaxial tissue, suggesting that these transcription factors may interact in a

mutually repressive fashion.



109

Results and Discussion

To identify genes involved in the specification of adaxial-abaxial polarity, we took
advantage of the observation that adaxialized mutants often have flat or upwardly
curled leaves. Screens for EMS-induced mutations with this leaf phenotype
identified a dominant mutation that was mapped to a region on chromosome 1
containing AS2. Because this new mutation had a phenotype that strongly resembled
transgenic plants that ectopically express 452 (5, 6, 19) we immediately focused on
this gene. Sequencing of the region surrounding 4S2 revealed a G-to-A substitution
1484 bp upstream of the 4AS2 ATG (Fig. A2-1A). Existing ESTs and cDNAs
(www.arabidopis.org) and the results of 5 RACE (data not shown) indicate that 452
has multiple transcription start sites. The mutation, which we refer to as as2-5D, is
located in the first intron of one of these transcripts, but is in the promoter of most of
the transcripts produced from this locus (Fig. A2-1A). To confirm that this mutation
is responsible for the as2-5D phenotype, wild-type (p4S2) and as2-5D (pas2-5D)
genomic sequences extending from the 3' end of the upstream gene to the
transcription stop site of 452 (Fig. A2-1A) were transformed into wild-type plants
and as2-1 loss-of-function mutants (Fig. A2-1B). 97% (N=422) of as2-1 plants
transformed with the wild-type genomic sequence had a wild-type phenotype,
indicating that this sequence contains all of the regulatory information necessary for
AS2 function. Interestingly, introduction of the AS2 sequence into a wild-type
background did not produce an AS2 gain-of-function phenotype, demonstrating that

additional copies of this locus are insufficient to direct ectopic adaxial development.
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In contrast, 99% (N=572) of as2-1 plants and 97% (N=570) of wild-type plants
transformed with the as2-5D genomic construct exhibited the dominant cupped leaf
phenotype (Fig. A2-1B). These results demonstrate that the as2-5D phenotype is
attributable to the G-to-A mutation in the 452 promoter sequence and that this

mutation is a gain-of-function mutation.

Plants homozygous or heterozygous for as2-5D produced erect, cupped-up
cotyledons, which remained cupped throughout their development (Fig. A2-2A, B).
The true leaves of mutant plants were strongly up-rolled early in development, but
became flatter as they expanded and at maturity were quite similar to wild-type leaves
(Fig. A2-2A -C). as2-5D also affected the polarity of the mesophyll in the leaf blade
(Fig. A2-2D). In wild-type leaves the adaxial layer of the mesophyll is occupied by
round, densely packed cells, whereas the middle and lower (abaxial) mesophyll layers
consist of irregularly shaped, loosely packed cells. In as2-5D leaves, cells in the
adaxial mesophyll had more intercellular air space than normal, whereas cells in the
abaxial layers of the mesophyll were more regular in shape and more densely arrayed
than in wild-type leaves. Thus, as2-5D reduces the polarity of the mesophyll by
affecting the differentiation of both adaxial and abaxial tissue. as2-5D plants also
exhibited a slight reduction in the size of leaves and floral organs, and had flowers
and siliques that pointed downward (Fig. A2-2C). In contrast to other adaxializing
mutations, as2-5D did not affect the production of trichomes on the abaxial surface of
the lamina; wild-type plants first produced abaxial trichomes on leaf 6.2 + 0.2 (N=10),

and as2-5D/+ plants were not significantly different (6.4 + 0.2; N=10).
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To examine the effect of the as2-5D mutation on the expression of 452, we generated
promoter-reporter constructs containing wild-type or mutated 4S2 regulatory
sequences fused to B-glucuronidase (GUS). Constructs containing the wild-type 452
promoter (pAS2:GUS), the as2-5D promoter (pas2-5D:GUS), and an 4S2 promoter in
which the second G in the GAATAAGAATAA repeat was mutated (pAS2m:GUS)
were introduced into plants. Consistent with the distribution of 452 mRNA
observed by in situ hybridization (19, 20), pAS2:GUS embryos and seedlings
displayed GUS activity exclusively in the adaxial domain of cotyledons and leaf
primordia (Fig. A2-3A, D), and this same pattern was observed in plants transformed
with p4S2m:GUS (Fig. A2-3C, F) . In contrast, plants transformed with
pas2-5D:GUS expressed GUS throughout the cotyledons, leaf primordia and the
hypocotyl (Fig. A2-3B, E). These results suggest that as2-5D interferes with the
binding of a factor that represses the transcription of 452 in abaxial tissue and the
hypocotyl. The fact that as2-5D affects the repeated sequence GAATAA suggests that
this sequence may be particularly important for the binding of this factor. However,
because a mutation in the second G in the GAATAAGAATAA repeat had no effect

on AS2 expression, the identity of this binding site remains unclear.

The phenotypic similarity between as2-5D and loss-of-function mutations of KAN/
(9) suggested that KANI might correspond to this negative regulator. To test this
hypothesis, we examined the expression of 452 and several other polarity genes in
plants transformed with 355: KANI-GR, a construct that constitutively expresses a

dexamethasone (DEX)-inducible form of KAN1. Semi-quantitative RT-PCR
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analysis of 355:KAN-GR plants grown on media with and without DEX, revealed that
DEX reduced the amount of 452 mRNA, but had no effect on the expression of A4S/,
FILI or YAB3 (Fig. A2-4A). We then tested if KAN1 binds directly to the 452
promoter by examining the chromatin fragments that immunoprecipitate with
KANI1-GR in DEX- and mock-treated 355:KANI-GR seedlings. A 300 bp region
surrounding the site of as2-5D mutation and two adjacent 300 bp regions were
amplified by PCR from immunoprecipitated material. KANTI binding (as judged by
enrichment following chromatin immunoprecipitation) was only detected for the
fragment containing the as2-5D mutation (Fig. A2-4B). No enrichment was
observed in 35S:KANI-GR plants homozygous for as2-5D, demonstrating that the
as2-5D mutation prevents or greatly reduces the binding of KANT to this site.
Consistent with this result, we found that as2-5D suppresses the morphological
defects produced by DEX treatment of 35S:KANI-GR plants. Nine-day-old KAN-GR
seedlings treated with DEX have unexpanded leaves and cotyledons (Fig. A2-4C) and
have poorly gravitropic roots (Suppl. Fig. A2-1), whereas DEX-treated as2-5D
KAN-GR seedlings closely resemble untreated as2-d KAN-GR plants and display no
defect in root gravitropism. These results indicate that AS2 is directly repressed by

KANI1 via the site that is mutated in as2-5D.

If the effect of as2-5D on the pattern of AS2 expression is attributable to a defect in
KANT1 binding, loss of KANI activity should have the same effect on AS2 expression
as as2-5D. To test this hypothesis, we examined the effect of loss-of-function

mutants of KANI and KAN2 on the expression of pAS2:GUS in embryos and
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8-day-old seedlings. Similar results were obtained with mutations isolated in the
Landsberg erecta (kanl-2, kan2-1) and Columbia (kani-11, kan2-5) genetic
backgrounds.  Consistent with their subtle morphological phenotype, mutations in
KAN?2 had no apparent effect on pAS2:GUS expression (data not shown).  In
contrast, mutations in KAN/ little or no effect on the expression of p4S2:GUS in
cotyledons (Fig A2-3H), but caused this reporter to be expressed on both the adaxial
and abaxial sides of leaf primordia (Fig. A2-3K). Plants mutant for both KAN/ and
KAN?2 expressed pAS2:GUS ubiquitously in cotyledons (Fig. A2-31), leaf primordia
(Fig. A2-3L), and the hypocotyl. These results indicate that KAN1 and KAN2
redundantly repress 4S2 in the abaxial domain of cotyledons and the hypocotyl, and
that KANT1 has a non-redundant function in the repression of AS2 in leaf primordia.
The observation that loss of KAN1 and KAN?2 has essentially the same effect on the
expression of pAS2:GUS (Fig. A2-31, L) as pas2-5D:GUS (Fig. A2-3 B, E)

suggests that both of these proteins act via the site that is mutated in as2-5D.

To determine if mis-expression of AS2 in the KANI expression domain accounts for
the phenotype of as2-5D, we generated plants expressing 4S2 under the control of the
KANI promoter. Plants transformed with pKANI:4S52 were nearly indistinguishable
from as2-5D. In addition to possessing cupped cotyledons and leaves, they
displayed the downward-pointing flowers characteristic of this mutation (Fig. A2-5).
This result demonstrates that the phenotype of as2-5D is indeed a consequence of the
misexpression of AS2 in the KANI expression domain, and along with the results

described above, supports the conclusion that the expression domain of AS2 is
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defined by KANT1 and other abaxially-expressed KAN genes. The floral phenotype of
as2-5D and pKAN1:AS2 is strikingly similar to the phenotype of loss-of-function
mutations in the KNOX gene BREVIPEDICELUS (BP) (21, 22). Because AS2
represses BP (5), this floral phenotype is likely due to the repression of BP in the

abaxial region of the pedicel by the inappropriate expression of 452 in this domain.

kanl kan2 double mutants have a very severe adaxialized phenotype with many
features that are not observed in as2-5D plants. To determine if the ectopic
expression of 4S2 contributes to this phenotype, we generated a kanl-12 kan2-4 as2-1
triple mutant. Consistent with previous studies results (23, 24), we found that triple
mutants had nearly the same phenotype as kanl kan2, although their leaf blades were
shorter and more irregular than kanl kan2 (Suppl. Fig. A2-2). The observation that
the as2-1 mutation is unable to ameliorate this adaxialized phenotype indicates that
KAN1 and KAN2 have other targets that have significant roles in leaf polarity.
Possible candidates include LBD genes that are closely related to 452, such as
LBD36/ASLI. Over-expression of ASLI produces a phenotype that is similar to that
of as2-5D, suggesting that AS2 and ASL1 have overlapping functions (25, 26). If
AS2 and ASL1 contribute redundantly to the kanl kan2 phenotype, loss-of-function
mutations in only one of these mutations may have little or no effect on this
phenotype. In addition to 452, KAN1 appears to directly regulate the transcription of
at least a dozen genes in Arabidopsis, several of which are involved in auxin and

gibberellin metabolism and response (Huang T, Harrar Y, Lin C, & Kerstetter RA,
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unpublished results). It is likely that some of these genes also contribute to the

phenotype of kanl kan2 double mutants.

Plants transformed with 355:4S2 have reduced levels of KANI and KAN2 mRNA and
have a leaf phenotype reminiscent of the kanl kan2 double mutant whereas as2-1
mutants have elevated levels of KAN2 (5, 20). These observations suggest that AS2
and KAN genes may mutually repress each other’s transcription. To test this
hypothesis, we examined the effect of as2-/ and as2-5D on the expression of the
KANI reporter pKANI1:GUS. In wild-type plants, pKANI:GUS expression was
restricted to the abaxial side of young leaf primordia and disappeared quickly as the
leaf expanded (Fig. A2-6A). Inas2-1, pKANI:GUS expression extended to the
adaxial side of young leaf primordia and persisted late in leaf development (Fig.
A2-6C). as2-5D had the opposite effect; in as2-5D plants, pKANI:GUS expression
was excluded from leaf primordia and restricted to a smaller region of the shoot apex
than in wild type plants (Fig. A2-6B). Thus, AS2 directly or indirectly represses
KANI expression. Repression of KAN genes by AS2 is further supported by the
phenotype of plants doubly mutant for kanl-11 and as2-5D (Fig. A2-6D-G). Leaves
of double mutant plants display abaxial outgrowths that are a characteristic feature of
kanl kan2 double mutants but are not present in either kan/ or as2-5D single mutants;
that is, kan-11 as2-5D plants resemble kanl kan2 double mutants (Fig. A2-6F, G).

A reasonable interpretation of this result is that as2-5D represses KAN2 as well as

KANI.
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These results provide strong evidence that the spatial expression patterns of 452 and
KANI are specified by mutual repression. and that AS2 is a direct target of KAN1. We
do not have evidence that KAN2 also binds to the AS2 promoter. However, this seems
likely because of the similarity of these proteins, and the observation that the
expression of pAS2:GUS in a kanl kan2 background is essentially identical to the
expression pattern of pas2-5D:GUS; single kanl mutations have a much less
significant effect on pAS2:GUS expression. The result is surprising because it
suggests that KAN1 and KAN2 regulate AS2 entirely via the site that is mutated in
pas2-5D. Multiple binding sites are usually required to confer regulation by a specific
transcription factor, and we are unaware of another case in which a single nucleotide
mutation in a plant promoter has such a profound effect on gene expression.

Although it is clear that KAN1 and KAN?2 play a major role in the regulation of 4S2,
these factors probably do not act alone. In particular, the observation that mutations of
ARF3/ETT are capable of suppressing the floral phenotype of AP3:KANI suggests
that ARF3/ETT cooperates with KAN1 and KAN?2 to promote abaxial identity (12).
This result is interesting in light of the observation that over-expression of ARF3
produces a phenotype nearly indistinguishable from that of as2-7 (27). This latter
result is consistent with experimental evidence indicating that ARF3 acts as
transcriptional repressor (28), and suggests that ARF3/ETT may work with KAN1
and KAN2 to repress AS2 transcription in some tissues. Defining the functional
relationships between KAN family members and these and other major regulators of

adaxial-abaxial polarity is an important goal for future research.
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Methods and Materials

Genetic stocks and growth conditions

Seeds of the Col ecotype were mutagenized by suspending in 0.4% ethyl methane
sulphonate (EMS) at room temperature for 10 hours, and then rinsed 5 times with

water. Bulked M2 progeny of mutagenized seeds were screened for defects in leaf
expansion. Phenotypic characterization was carried out on the progeny of the

second backcross of as2-5D to wild-type Col.

Unless otherwise noted, all mutants stocks were in a Col background. kan2-4
(SALK 095643) and as2-1 seed were obtained from the Arabidopsis Biological
Resource Center; the as2-1 stock was crossed to Col two times before analysis.
kanl-2 and kan2-1 were obtained from John Bowman (Monash University), and are
in Ler. kanl-11 and -12 have been previous described (9). The lesion in kan2-5
is identical to that in kan2-1 (8) but was independently isolated in Col. Seeds were
sown on Metromix 360 (Sun-Gro) and kept at 4°C for 2 days before transfer to
growth chambers. Plants were grown in 96-well flats under continuous fluorescent
light (100 pE/minute/m*; Sylvania VHO) at 22°C.  Abaxial trichomes were scored

with a stereomicroscope 2-3 weeks after planting.

as2-5D was mapped in the F2 progeny of a cross to Ler. 179 wild-type plants in the
F2 were used to map the mutation to a site between the BACs F5114 and F12P19 on

chromosome 1.



118

Transgenic plants

The AS2 ORF and the entire 5’ intergenic region were PCR-amplified from wild-type
and as2-5D genomic DNA using the 5’ primer
5’-CGCGGATCCAATTTTGGTTAATGATCGGTGAGAG-3’, which incorporates a
BamHI site, and the 3’ primer
5’-CGCATGCCATGGATCAATTAAGAGAGCAAGTCCATAAA-3’, which
incorporates an Ncol site, and the products were cloned into pPCAMBIA3301. These
clones were transformed into wild-type and as2-17 plants to confirm the identity of the
as2-5D mutation. To examine the effect of this mutation on gene expression, the
wild-type AS2 promoter sequence was amplified from wild-type genomic DNA using
primers pAS2-F: 5’-GGATCCTGGTAGCTAGCGTTGTTGACA-3’ and pAS2-R:
5’-GGATCCGTGAACGTTTGCGAATTTTTG-3’, which contained introduced
BamHI sites, and the resulting PCR products were cloned into the binary vector
pCB308 (29)generating a translational fusion to the GUS gene in the p4S2:GUS
construct. The pas2-5D:GUS and pAS2-m:GUS constructs were generated using
site-directed mutagenesis, by amplification of the pAS2:GUS template with primers
containing introduced mutations: pas2-5D-F:
5’-CCCTAGACAAAAAAAATAAGAATAAAAAGAGC-3’ and pas2-5D-R:
S’-GCTCTTTTTATTCTTATTTTTTTTGTCTAGGG-3’ or pAS2-m-F:
5’-CCCTAGACAAAAAGAATAAAAATAAAAAGAGC-3’, and pAS2-m-R:
5-GCTCTTTTTATTTTTATTCTTTTTGTCTAGGG-3’ with PfuTurbo DNA

polymerase (Stratagene, La Jolla, CA). The PCR products were digested with Dpnl
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to restrict the parental DNA template and dsDNA containing the introduced mutation
was transformed into TOP10 E. coli cells (Invitrogen, Carlsbad, CA). The
p35S:KANI1-GR construct was produced as follows: the p35S:KANI-mGFP5 plasmid
(9)was digested with Bgl/II and partially digested with Nhel to remove the fragment
encoding mGFP5. Inits place, a DNA fragment was ligated that encoded amino
acids 508-795 of the rat glucocorticoid receptor isolated from pBS-GR (a gift from
Doris Wagner) by digestion with BamHI and Xbal. In order to generate
pKANI:GUS, a 7.7 kb Bglll fragment from P1 clone MQK4 was ligated into the

BamHI site of pPCAMBIA2300 (www.cambia.org). A 3.5 kb Xbal fragment carrying

the KANI promoter was subcloned into pBI101.2 to generate a translational fusion
between the first 8 amino acids of the KAN1 coding region and GUS. The resulting
constructs were sequenced to confirm their integrity and introduced into Arabidopsis
plants using the floral dip method. To generate the pKAN1:A4S2 construct, the KANI
promoter was amplified from genomic DNA using the primers pKAN1-F:
5'-ACTAGTAAGACCAACACAAACAAATTACC-3' and pKAN1-R:
5'-CCATGGAATTAAAGAAACCTTTCTCTTGCT-3', which contained introduced
Spel and Ncol restriction sites, respectively. The amplified promoter fragment was

fused to the 452 coding sequence and an OCS3’ terminator in pCB302.

Histology

GUS staining was conducted according to the method of Donnelly et al (30), with

the exception that specimens were placed directly in the staining solution. Siliques
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were opened along the valve margin with a needle and stained with GUS staining
buffer. After staining, developing seeds were placed on a glass slide and the

embryos were removed from the seed by applying gentle pressure with a needle.

RT-PCR and ChIP analysis

Semi-quantitative RT-PCR analysis of transcript levels in 35S:KANI-GR plants was
performed as previously described (5). For ChIP analysis, approximately 200
surface-sterilized seeds of as2-5D 35S:KANI-GR, as2-5D, AS2 355:KANI-GR or
wild-type were sown on 1/2X MS media without sucrose. 9-day-old seedlings were
treated with 10uM dexamethasone or mock solution for 4 hours. Seedlings were
harvested, washed with deionized water and crosslinked with 1% formaldehyde.
Crosslinking was quenched by adding 0.125M glycine. Nuclear extract preparation
and immunoprecipitation procedures were adapted (31) with the following
modifications: Sonication conditions for nuclear extracts were empirically determined
to obtain an average DNA size of 600bp. Sonication was performed on ice at power
setting 6 (40% duty cycle and 20% input) for 12 seconds repeated 4 times with
I-minute pauses between for 35S:KANI-GR and wild-type or 9 seconds repeated 4
times with 1-minute pauses between for as2-5D 355:KANI-GR and as2-5D samples.
After chromatin shearing, 10ul anti-GR P-20 (Santa Cruz Biotechnology, Santa Cruz,
CA) was added to immunopreciptate KAN1-GR proteins. After reversing crosslinks,
DNA was purified by phenol:chloroform extraction, ethanol precipitated, and

resuspended in 50 ml TE. 1ul of immunoprecipitated DNA was used in ChIP PCR.
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Input DNA was diluted 120 times to achieve comparable PCR product band
intensities. Primers recognizing different regions in the promoter of 452 indicated in

Fig. 3 were as follows: AS2A-F: 5’-TTTGACCGAAGAAACTTTGAGGAC-3’,

AS2A-R: 5’-AACCCTTGGACCCTAGCATAGACT-3’, AS2B-F:
5’CGAAAAGCACCTTCATGTTACTCA-3, AS2B-R:
5’-AAGTTGCTCAATCTTTATTGTTGTCA-3, and AS2C-F:
5>-TTGACAATCGCTTAACCCAAAGTT-3’, AS2C-R:

5’-GGCACCGTTTCTTAGATGCTTTAG-3". Control primers were RPLA4-F:

TGTGTTTGTTCATTACTGTGCTATGC, RPL-R:
5’-ATAAAGCTGGCGGTTCGAGT-3’ and TIAA2-L:
5’-CGGGTCGGCCGATAGAAT-3’, TIAA2-R:

5’-TCGGAAGCATGAAAGGCAAG-3’. PCR conditions were 33 cycles of 94°C
for 30s, 56°C (except AS2C which was 53°C) for 30s, and 72°C for 30s. ChIP
analysis performed on wild-type and as2-5D seedlings lacking KAN1-GR displayed
no detectable differences (not shown). DNA band intensity was measured using the
Gaussian Curve method with background subtraction with Molecular Imaging
Software 4.0 (Eastman KODAK Company, Rochester, NY). To compare the
abundance of promoter fragments in DEX- versus mock-treated plants, band
intensities were first normalized to the negative-control gene RPL4D. The band
intensities of Dex- and mock-treated samples were then divided by the band
intensities of the input samples, to obtain input-normalized values. The relative

abundance of a fragment in DEX- versus mock-treated samples was calculated by
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determining the ratio of these input-normalized values.
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Figure A2-1. as2-5D affects a predicted KAN1 binding site. (A) AS2 transcripts
share exons 2 and 3, but have variable first exons. The location of the as2-5D
mutation is indicated in red. (B) The phenotype of wild-type and as2-1 plants
transformed with wild-type (p4S2) and mutant (pas2-5D) genomic constructs.
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Figure A2-2. as2-5D has an adaxialized phenotype. (A) 8-day-old, (B)
21-day-old, and (C) mature wild-type Columbia and as2-5D/+ plants. as2-5D
causes immature leaves and cotyledons to curl upwards, and flowers and siliques to
bend downwards. (D) Camera-lucida drawings of the adaxial and abaxial mesophyll
of leaf 3 demonstrating the loss of tissue polarity in as2-5D/+.
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Figure A2-3. KAN1 and KAN2 determine the spatial expression pattern of AS52.
The expression pattern of pAS2:GUS (A, B), pAS2-5D:GUS (B, E) and
pAS2m:GUS (C, F) in embryos (upper row), and the leaf primordia of 8 day-old
Columbia seedlings (lower row). The sequence of the KANT1 binding site in each
construct is shown, with the mutated nucleotide shown in red. The as2-5D mutation
causes 452 to be expressed in the abaxial domains of cotyledons and leaves, and in
the hypocotyl. The expression of pAS2:GUS in embryos and the first two leaf
primordia of 8-day-old Landsberg erecta (Ler) (G, J), kanl-2 (H, K)), and kani-2
kan2-1 (1, L) seedlings. The expression pattern of pAS2:GUS in  kanl kan2 is similar
to expression pattern of pas2-5D:GUS. Cotyledons were removed in D-F and J-L in
order to reveal leaf primordia. Bar = 20 um in A-C and G-I and 100 pm in D-F and
J-L.
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Figure A2-4. KAN1-GR represses AS2 directly. (A) RT-PCR analysis of AS1,
AS2, FIL, and YAB3 transcripts in control and dexamethasone (DEX)-treated
355:KAN-GR plants; AS2 is repressed DEX-treated plants, primarily in leaves. (B)
Chromatin immunoprecipitation (ChIP) assays performed on DEX- and mock
(M)-treated 35S:KANI-GR and 355S:KANI-GR as2-5D seedlings (C) using antibodies
specific for GR. Chromatin from three different regions 5' of AS2 (A, B, and C
indicated by grey bars) were analyzed with semi-quantitative PCR prior to (input) and
after ChIP. Fragment A contains the as2-5D point mutation. Average fold enrichment
is indicated on the right of each image, and was calculated for three replicates in DEX
versus mock samples after normalizing the band intensity to that of the control gene
RPLA4AD. Note that as2-5D blocks the binding of KANI1-GR to the AS2 promoter, as
well as the effect of KAN-GR on seedling morphology. Bar =1 mm.

Figure A2-5. Transgenic plants expressing 452 under the regulation of the KANI
promoter resemble as2-5D. (A) Rosette of pKAN1:4S2 plant. (B) Cotyledon of
pKANI:AS2 showing cupped margin. (C) The flowers and siliques of pKANI:A4S2
plants point downward.
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Figure A2-6 AS2 represses KANI and KAN2. (A) The expression of
pKANI:GUS in the leaf primordia of 5- (upper row) and 9-day-old (lower row)
wild-type, as2-5D and as2-1 seedlings. Cotyledons were removed to reveal the leaf
primordia. Bar = 20 ym in upper row and 200 ¢m in lower row. The expression
domain of pKAN1:GUS is reduced in as2-5D and expanded in as2-1. (B) The rosette
(top row) and leaf five (bottom row) of 18-day-old wild type, kani-11, as2-5D ,
kanl-11 as2-5D, and kanl-11 kan2-5 plants. Adaxial, abaxial, and side views of the
leaf are shown from left to right. The phenotype of kani-11 as2-5D resembles that
of kanl-11 kan2-5.
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Supplementary Figure A2-1. as2-d suppresses the effects of DEX on
358:KAN-GR seedlings. The angle of root growth deviation from vertical was
determined in DEX- and mock-treated seedlings grown on vertically oriented media.
Angles were assigned to bins of 5° and the length of each bar represents the percent of
seedlings within that bin (N=27).

Supplmentary Figure A2-2. as2-1 does not rescue the mutant phenotype of kanl
kan2. (A) Wild-type Columbia. Seedlings (top row) and the first two leaves (bottom
row) of as2-1 (B) kanl-12 kan2-4 (C) and kanl-12 kan2-4 as2-1 (D).
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