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Multicellular eukaryotic organisms build complex body structures from a single cell.
Through coordinated cell proliferation and differentiation, the collective behavior of
cells forms organs that achieve physiological functions. Underlying the
developmental processes are the molecular machineries that integrate cell cycle
regulation with cell fate acquisition. While animal organogenesis occurs early during
embryogenesis, plants maintain pluripotent stem cells at the growing tips (meristems)
and generate organs iteratively throughout lifespan. The amazing ability to balance
stem cell self-renewal and differentiation underlies the extreme longevity of some
plants species. Despite the differences, common mechanisms exist across plant and
animal developmental regulation. Understanding both unique and common

mechanisms of plant development has broad implications on basic science as well as

agriculture and medicine.



The Arabidopsis TSOI gene is a regulator of cell proliferation and differentiation at
the shoot and root meristems. 7SO/ encodes a CXC domain protein and its animal
homologs encode core components of a cell cycle regulatory complex, the DREAM
complex. To investigate 7SO/ function and identify factors that act together with
TSO1, I carried out two genetic screens for suppressors and enhancers of #so/
mutants. I discovered that loss-of-function mutations in MYB3R 1, which encodes the
Arabidopsis ortholog of human B-Myb, can suppress tsol mutant defects at both the
shoot and root meristems. In zso/-1 mutant, MYB3RI is over and ectopically
expressed at the shoot and root meristems. Furthermore, MYB3R1 phospho mimic
enhanced the tso/-3 phenotype, indicating that hyper-active MYB3R 1 may mediate
the #sol-1 phenotype. TSO1 physically interacts with MYB3R1 and likely forms a
plant DREAM-like complex that operates in the plant meristems to balance cell
proliferation with differentiation.

A gain-of-function mutation of a HD-ZIP III transcription factor, REVOLUTA (REV),
was identified as an enhancer of #so/ mutants. TSO1 directly represses REV
transcription to balance adaxial and abaxial polarity of lateral organs and maintains
the shoot apical meristem. This genetic and molecular interaction between TSO1 and
the adaxial factor REV presents an integration point of cell cycle, lateral organ
polarity, and meristem regulation.

Together, our findings demonstrate a cell cycle regulatory module conserved across
plants and animals and describe its integration into plant specific developmental

context.
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Chapter 1: Introduction

My thesis focuses on the Arabidopsis TSOI gene to understand plant development.
TS0 is involved in patterning meristems at the shoot and root growing tips which are
responsible for growth on the longitudinal axis and lateral organ generation. I will
first discuss the distinct tissue organization and the underling molecular genetic

regulation of the meristems on the main axis.

The balance of meristem activity and proper patterning of lateral organs are
interdependent. The adaxial/abaxial (or dorsal/ventral) polarity of the lateral organs is
established during embryogenesis and has profound influence on plant development.
During my thesis study, I discovered that 7SO/ plays a role in repressing the adaxial
polarity at the shoot tip to balance meristem activity. I have included, in the section
1.2, an overview of the major factors that define adaxial/abaxial polarity and their

roles in meristem regulations.

To understand TSO1’s molecular function, our lab has previously carried out
extensive characterization of 7SO/ gene and its mutant phenotypes. TSO1 homologs
in animals are components of the master cell cycle regulator, the DREAM complex.
Different alleles of tso/ mutants revealed 7SO/ function in different developmental
contexts. In section 1.3, I will summarize features of TSO1 protein and its two classes

of mutant alleles.



To unveil the TSO! genetic pathway, I carried out a genetic screen and discovered
that mutations in the MYB3R1 gene can suppress all aspects of tso/ mutant
phenotype, indicating that 7SO/ function is mediated by MYB3R1. MYB3RI encodes
a transcription factor that plays the conserved role of cell cycle regulation across
plants and animals. In section 1.4, I will introduce the MYB proteins in animals and

plants, and discuss their roles in cell cycle regulation.

1.1 Plant meristems on the main axis

1.1.1 Shoot Apical Meristem (SAM): cellular organization and genetic regulation

The lifelong growth and iterative organogenesis of plants depend on mechanisms that
properly maintain and pattern the stem cell population at growing tips. Pluripotent
stem cells are maintained in specialized microenvironments, called meristems. The
shoot apical meristem (SAM) is responsible for above ground growth and the root
apical meristem (RAM) for the underground growth. In Arabidopsis, SAM can be
divided into zones based on distinct cell division activities and functions (Figure
1.1A). Cells in the Central Zone (CZ) divide slowly, and are capable of self-renewal
to maintain their pluripotency. The CZ consists of clonal cell layers L1 and L2 where
cells divide anticlinally (plane of cell division is at the right angle to the SAM
surface). The stem cell identity in CZ is promoted by signals from the Organizing
Center (OC) beneath the CZ (Figure 1.1A). Cells in the OC belong to the L3 layer
and divide in randomly oriented planes. The progeny cells of CZ then enter the
Peripheral Zone (PZ) and start proliferating rapidly, acquiring identities according

to the positional context. Cells within the PZ further accelerate their growth rate
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leading to the primordium outgrowth. The PZ and the growing primordium are

delimited by the organ boundary domain with reduced cell growth and proliferation.

Figure 1.1 Tissue organization and genetic regulation at the shoot apical
meristem

(A) Tissue organization of the shoot apical meristem. The stem cell pool (blue) is
situated under layers of cells in central zone (CZ) (yellow). The stem cell pool is
promoted by a group of cell in the organizing center (OC) (green). Cells in the
peripheral zone (PZ) (pink) then differentiate to form floral or organ primordium.
(Adapted from (Bowman and Eshed 2000) Figure 1). (B) Genetic regulation of the
shoot apical meristem. WUS is expressed at the OC (red) and promotes stem cells
above OC. WUS-CLV3 negative feedback loop controls the size of the stem cell pool.
STM promotes the biosynthesis of plant hormone cytokinins (CKs). WUS-CKs
negative feedback loop controls the relative positioning of the stem cell population.
CLV3 expressing CZ is labeled in blue and WUS expressing OC is labeled in red.
(Adapted from (Aichinger et al. 2012) Figure 1C).

Throughout the plant adult life, the relative tissue organization of SAM is maintained
by interacting molecular modules (Figure 1.1B). The stem cells in the CZ are
promoted by the plant-specific homeodomain transcription factor WUSCHEL

(WUS). WUS is expressed in the OC (Organizing Center) and produces a non-cell

autonomous proliferative signal to the stem cells above (T. Laux et al. 1996; Mayer et
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al. 1998). The WUS expressing domain (OC) and the few stem cells above constitute
the stem cell niche in SAM. Overexpression of WUS leads to increased pool of stem
cells (Brand et al. 2002; Lenhard, Jiirgens, and Laux 2002; Schoof et al. 2000; Yadav,
Tavakkoli, and Reddy 2010). WUS promotes the expression of the CLAVATA3
(CLV3) gene at CZ (Schoof et al. 2000) which encodes a mobile peptide signal
(CLV3p). CLV3p moves downward from CZ to the OC (Figure 1.1B), where CLV3p
binds and activates the receptors, CLV1/CRN-CLV2/RPK2. The receptor kinase
complexes act to repress WUS expression, thus establishing a feedback loop that
restricts the size of WUS expressing domain and the stem cell pool (Fletcher et al.

1999; Kinoshita et al. 2010; Miiller, Bleckmann, and Simon 2008).

A feedback loop also exists between WUS and plant hormone cytokinins (CKs) at
SAM (Gordon et al. 2009). SHOOTMERISTEMLESS (STM), another homeodomain
transcription factor, promotes the transcription of cytokinin biosynthetic enzyme gene
IPT7 throughout SAM except organ primordia. LONELY GUY4 (LOG4) encodes the
enzyme catalyzing the final step of cytokinin biosynthesis and is specifically
expressed in the L1 layer in CZ. Thus, cytokinin derived from the L1 layer forms a
gradient along the apical/basal axis of SAM (Chickarmane et al. 2012). The cytokinin
signal is perceived by the cytokinin receptors including ARABIDOPSIS HISTIDINE
KINASE4 (AHK4). The AHK4 expression domain overlaps with OC and establishes
a CK sensitive region that promotes WUS expression (Chickarmane et al. 2012).
WUS also represses ARABIDOPSIS RESPONSE REGULATOR (ARR) genes, which

are negative regulators of cytokinin signaling, to reinforce CK signaling (Leibfried et



al. 2005). In turn, WUS also negatively regulates cytokinin biosynthesis at L1 layer of
SAM, thus establishing another feedback loop (Chickarmane et al. 2012). This
positional cue provided by cytokinin antagonizing CLV3 function, leads to a feedback
control mechanism that maintains the relative position of WUS expressing cells and

hence the stem cell niche in the SAM over space and time (Chickarmane et al. 2012).

Antagonizing CK’s function of promoting stem cell identity, the plant hormone auxin
plays roles in promoting differentiation at the SAM. High concentration of auxin
accompanies and potentially dictates tissue outgrowth. The polar auxin efflux carrier
PIN1 directs auxin flow to form auxin maximum that potentiates primordia formation
(Heisler et al. 2005). Once a primordium is established, auxin is depleted from the
primordium by reversing auxin transport direction by PIN1 (Heisler et al. 2005). This
auxin depletion results in an auxin minimum at the boundary region between the
meristem and the growing primordium (Heisler et al. 2005). Mutations in the PIN1
gene lead to pin-shaped meristem without functional organ formation, suggesting the
spatial-temporal control of auxin concentration at the SAM is crucial for primordium

outgrowth and lateral organ formation.

1.1.2 Root Apical Meristem (RAM): cellular organization and genetic regulation

The plant root apical meristem (RAM) is derived from the opposite pole from SAM
during embryogenesis. Although the tissue organization differs between SAM and
RAM, molecular mechanisms and principles of tissue patterning are shared. In

Arabidopsis, the quiescent center (QC) in the center of the RAM consists of



mitotically relatively inactive cells and function as the organizer of RAM (Figure
1.2). QC cells and the stem cells immediately surrounding the QC constitute the stem
cell niche at the RAM. The stem cells divide asymmetrically to produce one stem cell
and one differentiating daughter cell. Based on their relative position to the QC, the
daughter cells acquire the cell fates of stele, ground tissue (cortex/endodermis),
epidermis, lateral root cap and columella. As a result, each longitudinal cell file is
made of one cell type and the cell files form concentric cylinders enclosing the
vasculature tissue in the middle. Cells divide rapidly and symmetrically along the
longitudinal axis in the meristematic zone (MZ), exit mitotic cell cycle and initiate
differentiation in transition zone (TZ), increase the length-to-width ratio in elongation
zone (EZ), and finally acquire distinct identity and function in the differentiation zone
(DZ) (Figure 1.2). This unique structure presents all cell types across the radial axis

and all stages of the development along the longitudinal axis of the primary root.

Interestingly, in contrast to Arabidopsis SAM where stem cells function in a
population mode upon positional cue, the RAM stem cells appears to operate on a
lineage-based mode in which each stem cell only generates one type of daughter cells
(Thomas Laux 2003). However, laser ablation experiments demonstrated that cues
from differentiated cells guide the cell fate acquisition, suggesting that positional
information surrounding environment seems to be the ultimate determinant of cell

identity (van den Berg et al. 1995).
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Figure 1.2 Tissue organization and genetic regulation at the root apical meristem
(A) Schematic representation of whole root longitudinal section. Stem cells are
maintained around the quiescent center and generate all cell types of the root. Cells
undergo rapid division in the meristematic zone and exit mitotic cycles in the
transition zone. The cells then elongate and differentiate. (B) Patterning and
maintenance of the root apical meristem stem cell niche. WOX35 is expressed at
quiescent center and promotes stem cell identity. The WOX5-CLE40 feedback loop
controls the number of stem cell. SHR moves from stele tissue to quiescent center to
promote WOX5 function. (C) Root apical meristem size control. Plant hormone auxin
(TAA) maximum marks the root stem cell niche. Plant hormone cytokinins (CKs)
antagonize auxin and promote cell differentiation at the transition zone. (Adapted
from (Wilson et al. 2013))



Similar to the SAM, the positional information that patterns RAM also consists of
interacting circuits of mobile peptides and plant hormone signaling modules. The QC
promotes stem cell identity of its neighboring cells through a yet unknown
mechanism. The WUS homolog, WUSCHEL-RELATEDHOMEOBOX 5 (WOX35) is
specifically expressed in QC and is required for QC function. WOX5 suppresses QC
mitotic division by repressing CYCLIN D activity (Forzani et al. 2014). Laser
ablation of QC, as well as a loss of WOX5 function lead to differentiation of
columella stem cells (Haecker et al. 2004; Sarkar et al. 2007). Conversely, over-
expression of WOX)5 generates supernumerary stem cell-like cells (Sarkar et al.
2007). The CLV3 homolog CLE40, is expressed in the columella and encodes a
mobile peptide that restricts WOXS5 expression at the QC (Stahl et al. 2009). CLE40
peptide signal is perceived by the ARABIDOPSIS CRINKLY4 (ACR4)/CLV1
receptor like kinases which then promote stem cells differentiation (Stahl et al. 2009).
The CLE40-WOX5 module is similar to CLV3-WUS, in restricting meristem
organizer cell population, but different in that CLE40 is expressed in differentiating

cells while CLV3 is derived from stem cells. (Figure 1.1B, Figure 1.2B)

While the plant hormone auxin promotes growth and differentiation of organ
primordia at the SAM, auxin promotes stem cell identity at the RAM (Sabatini et al.
1999; Petersson et al. 2009). Localization of the polar auxin transporter PIN1 in the
root suggests a root-ward-directed auxin flow in the vasculature and a shoot-ward
flow of auxin in the lateral root cap and epidermis (Figure 1.2C). Such auxin flow

creates the auxin maximum at the QC (Grieneisen et al. 2007; Wisniewska et al.



2006). Auxin signaling mediated by the auxin response regulators including
MONOPTEROS then activates WOX35 expression and specifies QC identity (Sarkar et
al. 2007). The QC and stem cells are also promoted by the GRAS family transcription
factor SHORTROOT(SHR) and SCARECROW (SCR) (Figure 1.2B). SHR is
expressed in the stele and moves one layer outside into the endodermis,
endodermis/cortex initials and QC to activate the expression of SCR. SHR and SCR
proteins then form a complex that maintains QC identity (Helariutta et al. 2000; Cui

et al. 2007).

In contrast to the SAM, where complex lateral organs are generated immediately off
the apex, the RAM is spatially and functionally separated from lateral root initiation.
Thus, the size of the RAM is determined by the timing of cell proliferation to
differentiation transition, and therefore the relative position of the transition zone
(TZ) along the longitudinal axis. Plant hormone cytokinins play an essential role in
promoting differentiation and positioning the transition zone through two major
pathways (Figure 1.2C). In the first pathway, the cytokinin responsive transcription
factor ARABIDOPSIS RESPONSE REGULATOR (ARRI) and ARRI2 are specifically
expressed at the transition zone and activate the SHY2/IAA3 (SHY2) gene, a repressor
of the auxin signaling (Dello Ioio et al. 2008). SHY2 encodes an AUX/IAA protein
which mediates the degradation of the polar auxin transporter PIN1. Activation of
SHY?2 at the RAM stops the auxin flow, thus repressing cell division and promoting
differentiation (Dello Ioio et al. 2008). Alternatively, ARR2 directly promotes the

endocycle onset by activating the expression of CCS52A41, an activator of the E3



ubiquitin ligase, anaphase-promoting complex/cyclosome (APC/C) (N. Takahashi et
al. 2013). Once entered endocycle, the root cells are committed to differentiation.
Cytokinin synthesis is promoted by the HD-ZIP III family genes that directly activate
the cytokinin synthesis enzyme gene /P77 in the root (Ioio et al. 2012). Cytokinin
signaling in turn represses the expression of HD-ZIP III genes thus forming a
feedback loop that balances cell proliferation and differentiation at the RAM (loio et
al. 2012) (Figure 1.2C). HD-ZIP III genes involved in the adaxial/abaxial tissue

polarity specification will be introduced in the following section.

1.2 Adaxial/Abaxial polarity in plant development

In plants, the adaxial/abaxial polarity defines an axis of the plant lateral organs
relative to the main shoot (longitudinal axis): the side facing the main shoot or closer
to SAM is defined as adaxial (ad), while the tissue facing away from the main shoot
or SAM is defined as abaxial (ab) (Figure 1.3) (Bowman, Eshed, and Baum 2002;
Chandler, Nardmann, and Werr 2008). The ad/ab polarity is exemplified by the leaf
upward facing side (adaxial) and downward facing side (abaxial). The first ad identity
mutant phantastica isolated in Antirrhinum produced radial symmetric rod-like
structures instead of flat leaves, demonstrating the balance of ad/ab polarity is
required for laminar outgrowth and the cell fate determination along the ad/ab axis
(Waites and Hudson 1995). Since plant lateral organs are either leaves or modified
leaves, proper ad/ab patterning is essential for proper lateral organ formation.
Established during embryogenesis, elements of ad/ab tissue polarity are incorporated

in the patterning of all major meristems in plant, thus have profound influence on
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plant development (reviewed by Aichinger et al. 2012). Here we focus on the ad/ab

polarity at the shoot apical meristem and axillary meristem.

Embryo
16-cell Cross-section

Dermatogen Late heart Adult plant Shoot apical meristem

Apical

Upper tier

Longit.udinal axis

Basal

Key
. HD-ZIP 11l . miR165/166 /KAN/FIL
[[] PLT expressing / Root stem cell niche
[] wus/ STM expressing cells

suspensor cells

Figure 1.3 Adaxial/abxial polarity in plant development

(A) Adaxial/abaxial polarity in embryo development. At 16 cell stage, HD-ZIP 111
genes define the apical fate of the upper tier cells while PLTs define the basal cell
fate. The apical cells later generate all aerial tissue with the shoot apical meristem
forming in the center of HD-ZIP III expressing domain. The adaxial polarity
established by HD-ZIP 111 is antagonized by abaxial factors including miR165/166,
KAN and FIL. (Adapted from (ten Hove, Lu, and Weijers 2015) Figure 1). (B)
Adaxial/abaxial polarity in shoot meristem development in adult plant. Lateral organs
adapt adaxial/abaxial polarity as they emerge from the SAM peripheral zone. (C) The
axillary meristem forms at the leaf axil on the adaxial side. The adaxial environment
provided by HD-ZIP III function promote the expression of meristem identity gene
STM.

11



1.2.1 Adaxial/Abaxial polarity defining factors

In Arabidopsis, the adaxial identity is promoted by the homeodomain-leucine zipper
HD-ZIP III family of transcription factors, PHABULOSA, PHAVOLUTA,
REVOLUTA, INCURVATA4 (CORONA/ATHBI15) and ATHBS (Emery et al.
2003; Ruiqin Zhong and Ye 2004; McConnell et al. 2001; McConnell and Barton
1998; Ochando et al. 2008). These transcription factors share a conserved homeobox
domain at the N-terminus. The homeodomain is followed by a leucine zipper domain
for dimerization and then a putative sterol binding START domain (Prigge and Clark
2006). All five HD-ZIP III family genes are targeted by miR165/166, which are
specifically expressed at the abaxial (ab) domain, hence restricting the HD-ZIP 111
function to the ad side of the lateral organ. In addition to miR165/166, other abaxial
defining factors that antagonize HD-ZIP III gene function include the GRAP family
transcription factor KANADI (KAN) and the Zinc-finger transcription factor
FILAMENTOUS FLOWER (FIL)/YABBY. ChIP-seq experiments have shown that
REV and KAN regulate a cohort of target genes with opposite effect (REV as
activator and KANI1 as repressor) (Brandt et al. 2012; Merelo et al. 2013). Ectopic
expression of the HD-ZIP III genes in the ab domain results in radially symmetric
leaves as ab side of the leaf has adopted the ad identity (Emery et al. 2003). Similar
adaxialized leaf phenotype were also observed in KANADI loss of function mutants or
plants with reduced level of miR165/166 (Kerstetter et al. 2001; Yan et al. 2012).
Because floral organs evolved from modified leaves, the floral organs of these
mutants also display polarity defects, resulting in reduced fertility (Kerstetter et al.

2001; Ruiqin Zhong and Ye 2004). In summary, the major ad/ab polarity defining
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factors form antagonistic regulatory modules that regulate lateral organ formation

throughout plant development.

1.2.2 The adaxial environment promotes shoot meristem activity

Early during embryogenesis, before adaxial environment is formed, the HD-ZIP 111
genes function as morphogens to specify apical cell fate of the embryo. In 16-cell
globular stage embryo, the upper tier cells expressing HD-ZIP III genes will generate
all aerial shoot tissue (Yoshida et al. 2014). HD-ZIP III functions are antagonized by
the AP2-domain PLETHORA(PLT) family genes expressed in the basal tier of cells
(Smith and Long 2010). Expressing one of the HD-ZIP III factor REVOLUTA (REV)
using the PLT promoter transformed the RAM into another SAM, producing a “two-
headed” embryo (Smith and Long 2010). Thus, adaxial factors dictate shoot fate

during embryogenesis and potentiate cells to form shoot meristem.

As the embryo reaches heart stage, the SAM forms in the center of the expanded HD-
ZIP III genes expression domain and the adaxial/abaxial polarity becomes visible in
the two emerging embryonic leaves (Figure 1.3A). The ad/ab polarity is maintained
by the antagonizing module between miR165/166, KANADI(KAN) family genes and
HD-ZIP III genes. Having these modules allows defined adaxial domain, which then
provides the environment that promotes and maintains the stem cell pool. Over and
ectopic accumulation of miR165/166 in the mutant of ZWILLE/ARGONAUTE10 gene
leads to early termination of shoot meristem due to loss of HD-ZIP III gene

expression (B. Moussian et al. 1998; Bernard Moussian, Haecker, and Laux 2003).
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The shoot meristem termination defect of ago/(0 mutant can be rescued by expressing
a mutant form of REV or PHB that is resistant to miR165/166 or by knocking down
miR165/166 using RNA mimicry (Q. Liu et al. 2009). Similarly, ectopic expression
of KANI leads to early shoot meristem termination due to its down regulation of HD-

ZIP III (Kerstetter et al. 2001, Izhaki and Bowman 2007).

Adaxial environment also promotes axillary meristem (AM) formation. Axillary
meristems (AMs) are initiated in the leaf axils (between leaves and the main stem) on
the adaxial side (Figure 1.3B). AMs differ from the SAMs as they emerge between
developed tissues and are responsible for generating side branches. Low auxin at the
leaf axils allows the expression of STM, which is further activated by the adaxial
factor REV (Wang et al. 2014; Shi et al. 2016). Loss of function rev mutants showed
reduced AM formation (Talbert et al. 1995; Otsuga et al. 2001). Furthermore, a
dominant gain-of-function allele of PHB not only led to adaxilized lateral organs and
bigger SAM, but also AM formation on the abaxial side of the leaves (McConnell and

Barton 1998).

All together, these data demonstrate that the adaxial environment promotes shoot

meristem identity. HD-ZIP III factors act to promote adaxial fate and hence may

regulate the competence of cells to form meristems in the shoot.
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1.2.3 REVOLUTA function during shoot meristem patterning

REV encodes one of the most well studied HD-ZIP III proteins due to its more
prominent function among its family members. rev loss of function alleles showed
early termination of shoot apical meristem and reduced axillary meristems formation
due to its mutant effect on reducing ad identify (Talbert et al. 1995); (Prigge et al.
2005b; Otsuga et al. 2001). Although rev loss of function mutants can still produce
some flowers, most of their flowers are missing floral organs and sterile. Despite the
downward curling leaves, the adaxial/abaxial polarity in these mutant leaves are

normal due to redundancies among HD-ZIP III genes (Talbert et al. 1995).

PHB and PHV function redundantly with REV in promoting meristem formation.
Triple mutant of phb-6 phv-5 rev-9 failed to initiate SAM (Emery et al. 2003). This
phenotype is rescued by loss-of-function mutations in the CNA and ATHBS genes,
suggesting CNA and ATHBS play antagoning roles with REV, PHB and PHV in
meristem formation (Prigge et al. 2005a). Despite the complex redundant and
antagonistic relationship among the HD-ZIP III family genes, REV seems to play a
prominent role in meristem regulation as it is the only member whose single loss-of-

function alleles showed meristem phenotypes (Prigge et al. 2005a).

REV is expressed in the upper layers of the central zone of the SAM and extends to
the boundary region before primordium inception (Heisler et al. 2005). Once the
primordium is established, REV expression is maintained at the adaxial side of the

growing organ (Heisler et al. 2005). This dynamic expression pattern suggests REV
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may be involved in the spatial-temporal regulation of tissue patterning especially at

organ boundaries and differentiating organ primordia.

Ectopic expression of REV leads to tissue adaxilization and meristem fasciation.
Gain-of-function dominant allele, rev-10d (Ler ecotype), due to its mutated
miR165/166 target sequence, was first discovered for its adaxilized leaves and
adaxilized vascular tissue (Emery et al. 2003). The meristem and floral organs are
otherwise normal in rev-10d. The same mutation was later identified in a different
ecotype as avbl (Col-0 ecotype), where the tissue adaxialization extended to floral
organs accompanied by over proliferation of shoot meristem cells (Ruigin Zhong and
Ye 2004, R. Zhong and Ye 1999), suggesting that genetic modifiers exist in different

backgrounds.

Emerging evidences suggest that REV may play a direct role in promoting shoot
meristem identity. It has been shown that REV binds STM promoter and activates
STM expression both in inflorescence shoot apices and leaf axils (Shi et al. 2016).
REV directly promotes WUS expression during de novo shoot meristem generation in
tissue culture (Zhang et al. 2017). Since STM and WUS are stem cell markers, these
data suggest REV may promote shoot meristem by directly activating meristem

identity genes.
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1.3 7SO1 encodes a meristem regulator in Arabidopsis thaliana

TSO1 plays an important role in regulating meristem patterning. The strong allele
tsol-1 was first discovered by Dr. Zhongchi Liu in an EMS mutagenesis for its
extremely fasciated SAM and infertility (Z. Liu, Running, and Meyerowitz 1997).
The TSO1 gene was subsequently cloned by the Liu lab (Song et al., 2000). My thesis

focuses on elucidating the genetic pathway and molecular mechanism of 7SO1.

1.3.1 7SO1 encodes a CHC domain chromatin factor

Arabidopsis TSOI encodes a nuclear protein with two cysteine rich (CXC) domains
connected by a conserved hinge region (termed CXC-hinge-CXC (CHC) domain)
(Song et al. 2000a). Each CXC domain has 9 invariant cysteines (Cys) with
conserved spacing pattern. The CXC domain has been shown to bind zinc in vitro and
is essential for TSO1 function (Andersen et al. 2007; Song et al. 2000a). Mutations
altering the conserved cysteine residues resulted in the most severe mutant alleles.
The CHC domain defines a small family of proteins that are conserved across plants
and animals (but not in fungi and prokaryotes), and play important roles in
developmental processes (Z. Liu, Running, and Meyerowitz 1997; Andersen et al.
2007). Eight CHC domain genes exist in Arabidopsis and are divided into two clades
(Figure 1.4 C) based on sequences alignment of the CHC domain (Figure 1.4 B).
Clade I includes 7SO1, TSOI-like 1 (SOL1)/At3g22760, TSOI-like 2 (SOL2)/
Atd4gl14700 and At3g04850. Clade II includes the remaining four genes. 7SO/ and
SOL?2 are the only genes that have been characterized to have function in meristem

patterning and floral organ differentiation (Sijacic et al., 2011).
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Figure 1.4 TSO1 encodes a CHC domain protein

(A) A schematic representation of TSO1 protein domains. Numbers indicate amino
acids positions. (B) Alignment of CHC domains from TSO1 homolog proteins and
the cysteine-rich domains from SET domain proteins. Cysteine residues are shaded
black, and conserved residues in the RNPXAFXPK hinge domain are shaded grey.
Amino acid positions are indicated on the right. Arrowheads show positions of tso/
mutation alleles. (Adapted from (Andersen et al. 2007) Flgure 1E) (C) Phylogenetic
tree showing the evolutionary relationships of CHC proteins from A. thaliana, O.
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sativa, M. musculus, H. sapiens, D. melanogaster, C. elegans, and D. discoideum
based on an alignment of their CHC domains in (B). Numbers at nodes are bootstrap
confidence values, 100 indicating maximum confidence. The bar placed under the
tree shows the evolutionary distance corresponding to 0.1 amino acid substitutions
per site. (Adapted from (Andersen et al. 2007) Figure 2A)

Other plant CHC domain proteins characterized to date include the soybean CPP1
protein and the maize CBBP protein. The soybean CHC protein CPP1 directly repress
the leghemoglobin gene Gmlbc3 that is involved in symbiotic root nodule formation
(Cvitanich et al. 2000). The maize CBBP (CXC domain bl-repeat binding protein)
contains two CXC domains. Expressing CBBP by a transgene can silence the b/
locus and trigger the paramutation phenomenon, where a silenced epiallele is
inheritable in transgene free progenies and can induce silencing of an active allele
(Brzeska et al. 2010). These studies indicate that CHC domain proteins can bind

DNA and mediate transcription or epigenetic regulations.

CHC domain proteins in animals form a distant clade from the plant CHC proteins
with limited conservation outside the CHC domain (Figure 1.4C). Functional
significance of CHC genes was first revealed by the genetic work from the Robert
Horvitz lab regarding C. elegans vulva development. Increased activation of the
epidermal growth factor (EGF) - RAS pathway resulted in worms with multiple egg-
laying organ (vulva), coined the multi-vulva phenotype (Aroian et al. 1990; Beitel,
Clark, and Horvitz 1990; Han and Sternberg 1990). The multi-vulva (Muv)
phenotype can be caused by combining mutants of two classes of genes: synthetic

multivulva (synMuv) A and synMuvB (Ferguson and Horvitz 1989). While synMuv
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A class of genes are EGF regulators, the synMuv B class genes encode
Retinoblastoma (RB), E2F, E2F dimerization partner (DP) and several other genes,
including the 7SO! homolog, /in-54 (Ceol and Horvitz 2001; Fay, Han, and Others
2000). Later studies revealed that the homologs of C.elegans synMuv B genes encode
components of multi-subunit protein complexes that regulate cell cycle gene
expression in Drosophila and human (Eileen L. Beall et al. 2002; Lewis et al. 2004;
Korenjak et al. 2004; Litovchick et al. 2007). Since different variation of the complex
was discovered in different developmental context and species, we refer to them in
general as DREAM (Sadasivam and DeCaprio 2013). The human DREAM complex
has been shown to recruit RB/E2F to repress G1/S genes to remain quiescence and
recruit B-Myb to activate G2/M phase genes during G2/M transition (Litovchick et al.
2007). Also, the DREAM complex recruits tissue specific components to integrate
cell cycle regulation into specific developmental context (E. L. Beall et al. 2007; Sim
et al. 2012). Further, DREAM complex has also been shown to regulate gene
expression by mediating histone methylation or recruit repressive histone variants to
its target gene body (Sim et al. 2012; Latorre et al. 2015). Thus, the DREAM
complex is deemed the master coordinator of cell cycle gene expression with
synMuvB proteins forming the invariable core (Sadasivam and DeCaprio 2013).
Mutations in DREAM complex components lead to mis-regulation of cell cycle genes
and are associated with poor prognosis in various types of cancer (Sadasivam and
DeCaprio 2013). Homologs of synMuvB genes exist in Arabidopsis and a plant
DREAM-like complex have been proposed by Kobayashi et, al (Table 1.1).

Arabidopsis homologs of RB, E2F and MYB have been shown to function in cell
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cycle regulation during developmental (ref). Thus, we hypothesize that TSO1 may
function in a plant DREAM-like complex that coordinates cell cycle regulation with

developmental processes at the Arabidopsis meristems.

Intriguingly, the CXC domain is also found in the SET domain proteins (named after
the three genes discovered in Drosophila, Su(var)3-9, enhancer of zeste E(z) and
Trithorax) (Jenuwein et al. 1998). SET domain proteins consist of major histone
lysine methyltransferases (HKMTs) that put methylation marks on the histone tail for
epigenetic gene regulation. The E(z) class HKMTs in Arabidopsis feature a cysteine
rich domain in front of the catalytic SET domain, termed the pre-SET domain. The
E(z) pre-SET domain has 8 cysteines that shared nearly identical spacing
configuration with the second CXC domain of TSO1. These HKMTs, CURLY LEAF
(CLF), Polycomb-Group and MEDEA (MEA), are epigenetic regulators during major
developmental transitions, including flowering phase transition and fertilization
(Thorstensen, Grini, and Aalen 2011). The E(z) pre-SET domain is conserved
between plants and animals and is required for HKMT function of Drosophila E(z)
and C.elegans E(z) orthologs (Ketel et al. 2005). The Su(var) class of HKMTs also
feature a cysteine rich pre-SET domain. Although the cysteine spacing configuration
in the amino acid sequence is markedly different from the TSO1 CXC domains, the
Su(var) pre-SET domain also forms a zinc-chelating structure (Zhang et al. 2002).
The pre-SET domain is indispensable for the function of SUV39 family proteins
which mediate both histone and DNA methylation in animals and plants (O’Carroll et

al. 2000; Rea et al. 2000; Tachibana et al. 2001; Tamaru and Selker 2001; Jackson et
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al. 2002). Structurally similar to the Su(var) pre-SET domain is the CXC-like domain
of the Drosophila male-specific lethal 2 (MSL2) protein (Zheng et al. 2012). The
MSL2 targets the dosage compensation complex to the X chromosome by the CXC-
like domain in a sequence-independent manner (Fauth et al. 2010). These structurally
similar CXC-like domains are functionally significant in epigenetic chromatin

regulation, suggesting that TSO1 may function as a chromatin factor.

1.3.2 TSO1I gene expression

TSO1 is expressed at the shoot apical meristem and floral primordia at low level
shown by in situ hybridization (Song et al. 2000a; B. A. Hauser et al. 2000). As the
floral primordia develop, 7SO! expression persists in the floral meristem and young
floral organ tissues with fast dividing cells. When differentiation is complete and
floral organs are fully formed, 7SO/ expression is restricted to the male and female
reproductive tissue (Song et al. 2000a; B. A. Hauser et al. 2000). 7SO/ has two
putative transcription start sites and the transcripts length appear to be under tissue
specific regulation (Song et al. 2000). The 7SO homolog, SOLI, is also expressed in
the reproductive tissues in mature flowers (B. A. Hauser et al. 2000). These
expression patterns support TSO1’s function in patterning shoot meristem and

reproductive organs.

1.3.3 Class 1 so1 alleles

To date, six tso/ mutant alelles have been identified and they are all recessive
mutations (Figure 1.4B). Missense mutations in tso/-1 and tso /-2 change the

conserved Cys residues in the CXC domains to tyrosine, leading to severe
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developmental defects and sterility (Song et al. 2000b; Z. Liu, Running, and
Meyerowitz 1997; B. a. Hauser, Villanueva, and Gasser 1998). These two missense
mutations that altered the conserved cysteines show strong phenotypes and are
grouped together as class I alleles. The remaining 4 alleles can be grouped into class
IT alleles due to their significantly milder phenotypes. Interestingly, these 4 alleles are

caused by T-DNA insertions or nonsense mutations.

Figure 1.5 #so1-1 mutant shoot apical meristem and floral meristem phenotype
(A) A wild type inflorescence meristem. (B) A wild type floral meristem. (C) A wild
type stage 3 floral meristem. (D) A wild type stage 6-7 floral meristem with floral
organs. (E) A tsol-1 mutant shoot apex. Three inflorescence meristems are formed on
the same shoot apex; each indicated by an asterisk. (F) A tso/-1 mutant floral
meristem with flat SAM dome. (G) A tsol-1 mutant stage 3 floral meristem. (H) A
tsol-1 stage 6 or 7 floral meristem. Shown are two abnormal sepals, interior to which
no floral organ develops. A, B, E, F: SEM pictures. C, D, G, H: Confocal microscopy.
Tissues stained with propidium iodide (PI). Bar 20 um in A, B, D, F; 25 um in C, G;
50um in D,H. (Adapted from Song et al. 2000b; Z. Liu, Running, and Meyerowitz
1997)
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The shoot apical meristems (SAMs) of the class I mutants are enlarged and frequently
split into two or more meristems (Figure 1.5, 1.6). Stem-cell marker genes WUS and
CLV3 expression revealed by B-glucuronidase (GUS) transcriptional reporter showed
multiple meristem centers (Paja Sijacic unpublished data). Electron microscopy of
meristem sections showed aberrant nuclear shape, incompletely formed cell wall and
increased DNA ploidy, indicating severe defects in cell division (Z. Liu, Running,
and Meyerowitz 1997). tsol-1 flowers fail to form discernible inner whorl floral
organs, resulting in sterile flowers with only distorted sepals (Figure 1.5, 1.6B) (Z.
Liu, Running, and Meyerowitz 1997). Thus, the phenotypes of #so/-1 mutant at shoot
meristems could be categorized into two aspects: over proliferation of meristems and
lack of differentiation of floral organs, suggesting a role of 7SO/ in repressing cell

proliferation and promoting cell differentiation at SAM.

tso1-3

Figure 1.6 Two classes of 7.SO1 mutant alleles

(A) A wild type (WT) plant with limited secondary branches and normal seed pods
(siliques). A normal inflorescence and a flower are also shown. (B) A young tsol-1
plant, which represents an example of class I tso/ mutant. Severe meristem fasciation
and failure of proper floral organ formation are shown. (C) A tsol-3 plant, which
represents Class II alleles. Reduced fertility is evident, indicated by smaller seed pods
(arrows). Normal inflorescence and flower are shown.
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1.3.4 Class 1l so1 alleles

The tso1-3 (same mutation as tsol-4) allele is caused by a nonsense mutation that
resulted in a truncated TSO1 missing the hinge domain, the second CXC domain, and
the putative coiled-coil domain (B. a. Hauser, Villanueva, and Gasser 1998). tsol-5
and tsol-6 are caused by T-DNA insertions that led to unstable transcripts. Both tso!-
3 and tsol-5 are grouped as class II alleles and show weaker and different phenotypes
when compared to class I alleles (zso-1 and tsol-2) (Liu et al. 1997; Hauser et al.

1998; Song et al. 2000).

Since class I mutants failed to develop floral organs, their effects on gamete
development is not known. However, class II alleles, which develop normal floral
organs and do not show any meristem fasciation, exhibited severely reduced fertility
(Figure 1.6C). The tsol-3 allele often produces aberrant ovules without embryo sack
(B. a. Hauser, Villanueva, and Gasser 1998). Although the cells in the ovule structure
are sometimes misshapen, the partially formed cell wall phenotype of the Class |
alleles was not observed (B. a. Hauser, Villanueva, and Gasser 1998). Similar ovule
phenotype was observed in tso/-5 and tsol-6 (Andersen et al. 2007). In addition, the
tsol-5 and tsol-6 produced enlarged and collapsed pollen grains (Andersen et al.
2007). Thus, the Class II alleles of 7SO! are defective in male and female

reproductive tissues and gametogenesis.

1.3.5 Class 1 tsol alleles are recessive antimorphic alleles

Work reported by our lab revealed that the class I alleles not only lost 7SO! function

but also disrupted the function of 7SO/ homolog SOL2, which led to a severe
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phenotype (Sijacic, Wang, and Liu 2011). This was shown by artificial microRNA
knockdown of tso -1 transcripts in tsol-1 plants, which converted the class I allele to
resemble class II alleles in phenotype. Further, when we combined class II alleles
(tsol-3 or tsol-5) with a loss-of-function allele of SOL?2 (sol2-1 or sol2-2), the
resulting tso-3; sol2-1 mutant plants showed class I allele phenotype including
fasciated SAM and deformed floral organs. Thus, we concluded that Class II alleles
(tsol-3, and tsol-5) are null or close to null alleles while class I alleles are recessive
antimorphic alleles that possess the ability to disrupt the function of SOL2, a 7SO/
homolog. To further support this notion, I showed that the mutant 7SO1-1 protein
could directly interacted with SOL2 protein in BiFC assay in tobacco leaf cells. The
wild type TSOI protein could interact with itself but not with SOL2 (Figure 1.7).
These results provided a potential mechanism for why zso -1 interferes with SOL2

function (Sijacic et al.,2011).

Based on our analysis of #so/ mutant alleles and surveys of Arabidopsis literature, we
found that recessive point mutations that overcome gene family redundancy and show
more severe phenotypes than null alleles are commonly found in Arabidopsis. We
proposed that antimorphism is not limited to mutant allele interfering with its own
locus (dominant), but also includes interference with related loci (recessive). The
renewed concept of antimorphism reflects the complexity of genome architecture and
has broad implications for understanding mutant alleles in both agriculture and

medicine.
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Figure 1.7 BiFC analyses showing TSO1 to TSO1 as well as tsol-1 to SOL2
interactions

Protein-protein Interactions were detected by YFP reconstitution between the YN and
YC fusion proteins, leading to yellow fluorescence shown by single confocal section
images overlaid with Nomarsky differential interference contrast (DIC) images. YC-
EERS and YN-SAC3B nuclear proteins serve as negative controls as they function in
unrelated processes from TSO1 or SOL2. Arrows point to nuclei expressing YFP
fluorescence. Scale bars represent 50 mm. (A-B) Negative control combination of
YN-TSO1 with YC-EERS (A), or YN-SAC3B with YC-TSOI1 (B). (C) Positive
interaction between YN-TSO1 and YC-TSOI indicated by fluorescent nuclei
(arrows). (D) An absence of interaction between YN-TSOI1 and YC-tsol-1 indicated
by an absence of fluorescent signals. (E-F) Negative control combination of
YNSOL2 with YC-EERS (E), or YN-SAC3B with YC-tsol-1 (F). (G) in vivo
interaction between YN-SOL2 and YC-tsol-1 shown by fluorescent nuclei (arrows).
(H) An absence of interaction between YN-SOL2 and YC-TSO1.Image taken from
doi:10.1371/journal.pgen.1002352.g006
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1.4 MYB proteins in animals and plants

1.4.1 Myb proteins in animals

The Myb gene was first discovered as the oncoprotein in myeloblastosis produced by
avian retroviruses AMV and E26 (Klempnauer and Bishop 1984; Gerondakis and
Bishop 1986; Beug et al. 1979). Through reverse transcription, the retroviruses
produced viral Myb (v-Myb) that drove the leukaemia phenotype in animals
(Klempnauer and Bishop 1984; Beug et al. 1979). The human Myb transcription
factor family consists of three genes, c-Myb, A-Myb (MYBL1) and B-Myb (MBL2)
(Figure 1.8). All studied vertebrates to date have orthologs of these three Myb genes.
Animal Myb proteins share three conserved DNA binding repeats (R1, R2, and R3)

and bind DNA through the t/cAACt/gG motif (Biedenkapp et al. 1988).

Both ¢-Myb and A-Myb encode transcription activators that are expressed in specific
tissues. c-Myb is expressed at the bone marrow, colonic crypt and neurogenic stem
cell niches and is required for the self-renewal of these stem cell populations. These
same tissues are subject to oncogenesis when c-Myb is over or ectopically expressed
(Ramsay and Gonda 2008). 4-Myb functions in a similar manner as c-Myb at the
spermatogenic tissue, the mammary gland, the central nervous system and
lymphocytes (Trauth et al. 1994). In contrast, B-Myb is more ubiquitously expressed
in all dividing cells and loss of function leads to early embryo lethality (Tanaka et al.
1999). Although B-Myb lacks the transcription activation domain that’s conserved
between c-Myb and A-Myb, B-Myb also function as transcription activators of G2/M
phase cell cycle genes(Simon, Stone, and Sidow 2002; Zhu, Giangrande, and Nevins
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2004). Drosophila has a single Myb gene that encodes a protein lacking the central
activation domain conserved in vertebrate c-Myb and A-Myb(Katzen, Kornberg, and
Bishop 1985). The Drosophila Myb knockout mutant exhibits hemocyte and lymph
gland developmental defects and could only be complemented by the vertebrate B-
Myb, but not c-Myb and A-Myb (Davidson et al. 2005). Thus, vertebrate B-Myb is
the ortholog to Drosophila Myb gene and likely resembles a more ancient form.
Hence, c-Myb and A-Myb likely evolved from gene duplication events and are
integrated into specific stem cell niches (Lipsick 2004). Myb gene seems to have been

lost during evolution of the C.elegans.
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Figure 1.8 MYB proteins in eukaryotes

(A) Schematic representation of MYB proteins encoded by representative eukaryotic
organisms. The DNA binding repeats are labeled in green, the transcriptional
activation domain is labeled in blue, and the negative regulatory domain is labeled in
red. (Adapted from (Davidson et al. 2005) Figure 6 and
https://www.stanford.edu/group/lipsick/cgi-bin/wordpress/?page 1d=369)

(B) Phylogenetic relationship of MYB3R proteins in plants. The phylogenetic tree
was constructed based on the amino acid sequence similarities in the Myb domains of
MYB3R proteins from tobacco (NtmybA1, NtmybA2 and NtmybB), Arabidopsis
(MYB3RI1-MYB3R5) and rice (Os01g12860, Os12g13570, Os01g62410 and
0s05g38460). (Adapted from (Haga et al. 2007) Figure 1A) MYB3R1 and MYB3R4
related to this study is labeled in red.
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1.4.2 DREAM complex and B-Myb

The human DREAM complex exists in two distinct states during the progression of
the cell cycle (Figure 1.9). In GO phase or quiescence, the MuvB core binds to RB
and the repressive E2Fs to repress cell cycle genes, including B-Myb (Litovchick et
al. 2007). Once the G1/S checkpoint is satisfied, RB is phosphorylated by the D-
cyclin-dependent kinase and dissociate from the repressive E2Fs and the MuvB core
(Litovchick et al. 2007). The activator E2Fs subsequently bind the promoters of the
early cell cycle genes to facilitate the G1/S transition (Y. Takahashi, Rayman, and
Dynlacht 2000). At G2/M transition, B-Myb and MuvB core bind to the promoter of
G2/M genes in a co-dependent manner and activate G2/M genes expression
(Sadasivam, Duan, and DeCaprio 2012; Litovchick et al. 2007). B-Myb function
requires phosphorylation by the Cyclin A-CDK2 and is attenuated by the degradation
of anaphase promoting complex/cyclosome (APC/C) (Figure 1.9). Thus, the MuvB
core of DREAM complex orchestrates the timed expression of hundreds of cell cycle
genes.

Importantly, B-Myb is both a target (during G0) and a component (during S-G2-M)
of the DREAM complex. B-Myb is repressed by the dREAM complex at GO and the
B-Myb protein is a component of DREAM and activates G2/M genes to facilitate cell
cycle completion and exit. Overexpression of B-Myb and its target genes are found in
tumors and is associated with poor prognosis in breast cancer patients (Perou et al.
2000; Thorner et al. 2009). On the other hand, loss of function B-Myb mutants often
exhibit mitotic defects associated with reduced late cell cycle genes expression

(Sadasivam, Duan, and DeCaprio 2012; Zhan et al. 2012). Because of the cooperative
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relationship between B-Myb and MuvB core, disruptions of the MuvB core also lead
to G2/M defects. Knocking down Lin9 leads to mitotic arrest in cultured cells and in
mice (Knight, Notaridou, and Watson 2009; Reichert et al. 2010). Knocking down
LIN54 by RNAI or expressing a mutated LIN54 with a substitution of the conserved
cysteine in the CXC domain lead to down regulation of late cell cycle genes and
cytokinesis defects (Schmit, Cremer, and Gaubatz 2009; Kittler et al. 2007; Matsuo et
al. 2012). These G2/M defects are reminiscent of zso/-1 cytokinesis defects at the

SAM.

EPyp)
¢ Late cell cycle (G2/M) genes

_— Go

Early cell cycle (G1/S) genes

Late cell cycle (G2/M) genes

Figure 1.9 DREAM complex coordinates cell cycle gene expression

In GO, the DREAM complex MuvB core is bound by the RB/DP/E2F transcription
repressors to repress early cell cycle genes expression and to maintain quiescence.
Once proliferation signal is perceived, RB is phosphorylated by the cyclin D-CDK1
and dissociates from the MuvB core. Release of RB suppression allows for the
expression of early cell cycle genes and cell cycle entry. During S phase, the MuvB
core and B-Myb bind to the late cell cycle genes promoter in a co-dependent manner.
B-Myb is subsequently phosphorylated by cyclin A-CDK2 and activates late cell
cycle genes expression to allow for G2/M transition. (Adapted from (Sadasivam and
DeCaprio 2013))
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1.4.3 MYB3R proteins in plants

In plants, the MYB gene family expanded significantly especially with large numbers
of the R2R3 type MYB genes. (Stracke, Werber, and Weisshaar 2001). The
Arabidopsis genome encodes 5 MYB proteins with all 3 conserved DNA binding
repeats (R1R2R3-MYB) and 125 MYB proteins with only the second and third DNA
binding repeats (R2R3-MYB) (Table 1.1) (Figure 1.8). Although R2R3-MYB genes
were long thought to evolve from R1R2R3-MYB proteins, a recent analysis proposed
that the R2ZR3-MYBs represent the more ancient form of MYB proteins that existed
in the plant and animal common ancestor (Du et al. 2015). In plants, the large number
of R2R3-MYB proteins regulate diverse biological processes from development,
metabolism to response to environmental challenges (Dubos et al. 2010). In contrast,
the RIR2R3-MYB proteins seem to carry out the conserved function of cell cycle
regulation just as the animal Myb proteins do (Ito 2005; Haga et al. 2007). Among the
five RIR2R3-Myb genes in Arabidopsis (MYB3R1 to MYB3R5), the closely related
MYB3RI and MYB3R4 have been shown to promote the expression of G2/M-specific
genes in leaf stomatal cells; these G2/M target genes include the B1 type cyclin
CYCBI and the plant specific syntaxin KNOLLE(KN) involved in plant cell
cytokinesis (Haga et al. 2007). Double mutant of myb3r1;myb3r4 showed cytokinesis
defects in embryos and leaf stomatal development (Haga et al. 2007, 2011). MYB3R4
has been shown to form a complex with the activator type E2F protein, consistent
with its role as an activator of G2/M phase genes (Kobayashi et al. 2015). On the
other hand, MYB3R3 was shown to form a repressor complex with repressor E2F and

RB and repress G2/M specific genes (Kobayashi et al. 2015). Single mutants of
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myb3r do not show changes in G2/M gene expression nor mitotic defects. Only
myb3r1;myb3r4 double mutant and myb3ri;myb3r3;myb3r5 triple mutants exhibited
G2/M gene expression changes and cell cycle related phenotypes, suggesting that the
Arabidopsis MYB3R1 function redundantly with both activator and repressor
MYB3R genes and plays a unique role among the 5 MYB3R proteins in Arabidopsis
(Kobayashi et al. 2015). Based on these data, MYB3R proteins are grouped into
activator MYB3Rs (MYB3R1 and MYB3R4) and repressor MYB3Rs (MYB3R1,

MYB3R3 and MYB3RS).
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DREAM complex components

Human Drosophila C.elegans Arabidopsis Representative references/Remarks
AGI code Protein name
MYBL2 Myb At4g32730 MYB3R1 Haga et al., 2007; Ito 2005
At5g00540 MYB3R2 Ito, 2005
At3g09370 MYB3R3 Ito, 2005; this study
At5g11510 MYB3R4 Haga et al., 2007; Ito 2005
At5g02320 MYB3R5 Ito, 2005; this study
E2F E2f2 EFL-1 At2g36010 E2FA Mariconti et al., 2002; De Veylder et al., 2002
At5g22220 E2FB Mariconti et al., 2002; Magyar et al., 2005
At1g47870 E2FC Mariconti et al., 2002; del Pozo et al., 2006

At5g14960 E2FD/DEL2 Mariconti et al., 2002; Sozzani et al., 2010
At3g48160 E2FE/DEL1 Mariconti et al., 2002; Vlieghe et al., 2005
At3g01330 E2FF/DEL3 Mariconti et al., 2002; Vlieghe et al., 2005

DP Dp DPL-1 At5g02470 DPa Magyar et al., 2000; De Veylder et al., 2002
At5g03415 DPb Magyar et al., 2000; del Pozo et a.l., 2006
RBL Rbf LIN-35 At3g12280 RBR Ebel et al., 2004; Mariconti et al., 2005
LIN-9 Mip130 LIN-9 At5g27610 ALY1
ABQOS380 ALY Pl homeloge soaccaly sontamlyd
At3g21430 ALY3 domain
LIN-54 Mip120 LIN-54 At5g25790
At4g29000
A2g20110 Song et al., 2000; Hauser et al., 2000;

Andersen et al., 2007; Sijacic et al., 2011
At3g22760 SOL1
At4g14770 soL2 Plant homologs constitute a family of Tesmin/

TSO-like CXC domian-containing proteins

At3g15160
At3g22780 TSO1
LIN-37 Mip40 LIN-37 no homolog in Arabidopsis
LIN-52 dLin52 LIN-52 no homolog in Arabidopsis
RBBP4 Caf1 LIN-53 At5g58230 MSI1 Guitton and Berger, 2005; Bouveret et al., 2006

At2g16780 MSI2
At4g35050 MSI3

At2g19520 MSI4 Pazhouhandeh et al., 2011
At4g29730 MSI5 Xu et al., 2013
L3MBTL L(3)mbt LIN-61 no homolog in Arabidopsis
HDAC1/2 Ppd3 HDA-1 AT4G38130 HDA1

AT5G26040 HDA2
AT5G61060 HDAS
AT5G63110 HDA6
AT5G35600 HDA7
AT1G08460 HDA8
AT3G44680 HDA9
AT3G44660 HDA10
AT4G33470 HDA14
AT3G18520 HDA15
AT3G44490 HDA17
AT5G61070 HDA18

for review, see Hollender and Liu, 2008

Table 1.1 List of Arabidopsis homologs of DREAM complex components from
human, fly and worm. (Adapted from (Kobayashi et al. 2015) supplemental table S6).
The MuvB core components were shaded in green.
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1.5 Concluding remarks

The Arabidopsis TSOI gene with its fascinating collection of mutant alleles provides
a unique opportunity to investigate mechanisms of stem cell maintenance, lateral
organ growth and differentiation. Through my Ph.D study, I utilized the plethora of
tools available for the model organism Arabidopsis thaliana to uncover the 7SO1
genetic pathway. I screened, identified, and characterized several genetic modifiers of
tsol-1 mutant, taking advantage of genome sequencing technology and CRISPR-
CAS9 genome editing tools. My work demonstrates that 7SO/ forms a regulatory
module with MYB3R1 to balance cell proliferation with differentiation (Chapter II).
The TSO1-MYB3RI module likely functions as a protein complex that resembles the
animal DREAM complex, which regulates cell cycle progression. My work on
another genetic modifier of zso/ led to the identification of an HD-ZIP III class gene
REYV. By repressing REV, the TSO1-MYB3R1 module attenuats the meristem
promoting effect of REV and the adaxial polarity of lateral organs (Chapter III).

Chapter IV analyzed yet another modifier, whose function is not yet established.

These discoveries establish TSO1 and 7SO/-MYB3R1 module as the key coordinator
between cell proliferation and differentiation at plant meristems and provide
explanations and insights into various defects exhibited by zso/ mutants (Chapter II).
Further, the thesis work revealed a cell-cycle regulating machinery shared between
plants and animals. The involvement of this common module in plant organ polarity
regulation shed light on how such as a common cell cycle regulatory module is

incorporated into plant-specific transcriptional network for polarity establishment
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(Chapter III). A novel gene identified in the 7SO/ pathway (Chapter IV), as well as
other as yet uncharacterized enhancers and suppressors, provided a rich resource to
uncover previously unknown genes, gene networks, and functional interactions

during higher plant meristem development.
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Chapter 2: TSO1-MYB3R1 regulatory module at the shoot and

root meristems

2.1 Introduction

Fundamental to the proper development of a multicellular organism is the progressive
differentiation of stem cells with a more restricted cell fate. Both genetic and
epigenetic regulators gradually stabilize the specialized gene expression programs
and hence specialized cell fate. A simultaneous change in a cell that accompanies cell
fate specialization is the underlying cell cycle regulation. Undifferentiated cells retain
the ability to rapidly proliferate upon inductive cues while differentiated cells appear
to “permanently” exit the cell cycle and express highly specialized morphology and

function.

Disruption of cell cycle control lead to development disorder such as cancer, as
cancerous cells often proliferate and fail to commit to a normal cell type. And many
proto-oncogenes or cancer suppressor genes encode cell cycle regulators such as B-
Myb and Retinoblastoma (RB), respectively. RB binds to E2F transcription factors
during G1 phase and inhibit the cells from passing the G1/S checkpoint (Cam et al.
2004; Litovchick et al. 2007). However, CDK-Cyclin-mediated phosphorylation of
RB resulted in release of E2F, allowing E2F to activate genes involved in DNA
synthesis and cells entering the S phase of the cell cycle (Weinberg 1995). Loss-of-
function mutations in the Rb gene or reduced expression of Rb due to alteration in Rb
regulators are common themes in cancer (Sherr and McCormick 2002). The B-Myb

genes on the other hand encode activators of G2/M genes involved in mitosis. While
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loss of B-Myb leads to G2/M defects (Sadasivam et al. 2012; Zhan et al. 2012),
overexpression of B-Myb is correlated with poor prognosis in breast cancer
(Amatschek et al. 2004). Therefore, understanding the mechanism of how genes
coordinate cell cycle with cell fate commitment is critical to the understanding of

cancer initiation and development.

In the past 10-15 years, a multiprotein complex, the DREAM complex, has gained
increasing recognition as a critical cell cycle regulatory complex that not only
coordinates G1/S with G2/M phases but also maintains cells at the GO quiescent
phase. Initially found and biochemically characterized in Drosophila, C. elegans, and
mammals, the core complex consists of five conserved members: LIN9, LIN37,
LINS2, LIN53, LIN54 (Sadasivam and DeCaprio 2013). Depending on the organism,
these components are also called MIP (MY B-Interacting Protein) or MuvB
(Multivulva class B proteins) (Beall et al. 2007; Ceol and Horvitz 2001). The core
complex (termed MuvB core) associates with different co-factors at different cell
cycle phases. In GO phase, the core complex binds to RB-like pocket proteins (p130
or p107) and repressor E2F/DP to control the G1 to S checkpoint (Litovchick et al.
2007). Once a cell enters the S phase, the DREAM core complex recruits B-Myb and
then recruits FOXMI to the promoters of G2/M phase-expressed genes to promote
their expression (Sadasivam et al. 2012). Hence the core complex, depending on
which co-factors it binds or associates with, supports either repression or activation of
gene expression and plays a critical role in regulating cell-cycle phase-specific gene

expression. Interestingly, in Drosophila, myb mutant adult lethality can be suppressed
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by mutations in the core component (LIN9/mip130/ALY) (Beall et al. 2004),
suggesting that B-Myb and MuvB core component are interdependent for their
normal function. Although tremendous knowledge about cell cycle were gained from
animal cell lines, less is known about how cell cycle control is integrated into specific

developmental context.

In contrast to animals where cell lineage commitment occurs during embryogenesis,
plants maintain stem cells at the growing tips (meristems) and generate new organs de
novo throughout life span. The progenies of the stem cells go through rapid
proliferation and quickly differentiate. Plant cells have high developmental plasticity
and acquire cell fate mainly from positional cues rather than lineage information.
Thus, the interplay between cell cycle and developmental context is at the center of

the stage.

Plants and animals shared conserved cell cycle regulation machinery. In addition to
the conserved cyclin-CDKs system, recently the DREAM complexes have also been
isolated (Kobayashi et al., 2015; Fischer and DeCaprio, 2015). While human
DREAM has one activator B-Myb, Drosophila Myb is both an activator and
repressor, Arabidopsis genome has 5 MYB3R genes that are divided into activator
and repressor MYB3Rs (Kobayashi et al. 2015); both activator and repressor
MYB3Rs appear to bind to the DREAM core complex (TCXS5, ALY2, ALY3, RBR1)
and regulate G2/M cell cycle genes (Kobayashi et al. 2015). While the core complex
associates with activator MYB3R (MYB3R4) and the activator E2Fs (E2FB) to

activate G2/M phase-specific gene expression, the core complex also associates with
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the repressor MYB3R (MYB3R3) and E2FC to repress G2/M genes to maintain
quiescence or enter endocycle (Kobayashi et al. 2015; Fischer and DeCaprio 2015).
Therefore, one obvious complication for the plant DREAM core complex when
compared with the animal DREAM core complex is that each of the core complex
component can have either activator or repressor MYBs as well as activator or

repressor E2Fs.

The discovery of the DREAM complex in Arabidopsis offers an exciting opportunity
to investigate the conserved cell cycle regulating machinery in the plant
developmental scheme. What are the phenotypes of the core complex components?
How do the mutant members of the DREAM core complex genetically interact? What
is the mechanism of coordination between cell cycle regulation and plant organ
development and differentiation? Could the unique features of a plant DREAM
complex underlie the plasticity of higher plant development? The excellent genetic
system and molecular tools in Arabidopsis offers an unprecedented opportunity to

address these questions.

To address the question of how TSO1, homolog of the DREAM complex core
component LIN54, affect stem cells at SAM and RAM as well as floral organ
development and differentiation, I have taken a genetic approach to identify genetic
interactors. The hypothesis is that if TSO1 acts in a plant DREAM-like complex,
mutations in components of this complex could be identified as suppressors or

enhancers of the #so/ mutation. These genetic interactors will provide mechanistic
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insights to how TSO1 regulates plant stem cells.

2.2 Material and methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Landsberg erecta (Ler) was used as the wild type. All
mutants are in the Ler-0 background and were described previously: tsol-1 (Liu,
Running, and Meyerowitz 1997), tsol-1+/+sup-5 (Sijacic, Wang, and Liu 2011) and
tsol-3 (Hauser, Villanueva, and Gasser 1998). tsol-3+/+sup-5 heterozygous line
was created by crossing tso/-3 stigma with sup-5 (Gaiser, Robinson-Beers, and
Gasser 1995) pollen. dCAPs markers used to genotype these mutant alleles were also
described previously (Sijacic, Wang, and Liu 2011).

Plants were grown on Metromix soil (Griffin) under a 16 hour light-8 hour dark cycle
at 25°C. Sterilized seeds were germinated on half-strength Murashige and Skoog (1/2

MS) medium containing 1% (w/v) sucrose and 0.6% (w/v) phyto agar.

Vector construction and plant transformation

To construct 35S::TSO1-GR, full length TSO1 cDNA was amplified from floral RNA
with primer TSO1-GR.F and TSO1-GR.R (Table 2.1) containing BamHI sites and the
PCR fragment was inserted into pBI121(Clontech)-based pBI-AGRBX vector (Lloyd
et al. 1994) at the BamHI site. The construct was transformed into tso/-1+/+sup-5
heterozygous plants via Agrobacterium (GV3101). Plants that are homozygous for
both tsol-1 and 35S::TSO1-GR transgene were identified through PCR genotyping.
One line was chosen due to good rescue of the #so/-1 phenotype by dexamethasone
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(DEX) treatment. DEX was sprayed daily to plant shoots for 10 days at 50 uM

concentration. DEX was dissolved in water containing 0.015% Silwet L-77.

To generate pTSO!::TSO1-GFP and p7SO1::TSO1-cMyc translational fusion lines,
4.1kb TSO1 genomic sequence containing 1kb promoter and full length coding region
(without the stop codon) was PCR amplified using Phusion® (NEB) with primers
TSO1.geno.F and TSO1.geno.R (Table 2.1) and cloned into pCR8/GW/TOPO®.
After sequence confirmation, the genomic fragment was recombined into pMDC107
(Curtis and Grossniklaus 2003) and pEarlyGate303 (Earley et al. 2006) to create
pTSO1::TSO1-GFP and p7SO!::-TSO1-cMyc, respectively. These constructs were
introduced into tsol-1+/+sup-5. T2 plants homozygous for tso/-1 and the transgene

were subsequently identified through PCR genotyping.

pMYB3R1::GUS and pMYB3R4::GUS reporter constructs were generously provided
by Masaki Ito (Haga et al. 2007). Because of antibiotic selection incompatibility, the
promoters from above vectors were cloned into pMDC162 (Curtis and Grossniklaus
2003). Specifically, the above pMYB3R1::GUS and pMYB3R4::GUS served as
templates, and respective promoters were PCR amplified using Q5® (NEB) and
cloned into pCR8/GW/TOPO®, which were then recombined into the pMDC162
vector via LR reaction. The resulting pMDC162-based vectors of pMYB3R1::GUS
and pMYB3R4::GUS were introduced into tsol-1+/+sup-5 and 35S::TSOI-GR; tsol-
1 plants, respectively, via Agrobacterium (GV3101). At least 5 T1 transgenic lines for
each construct were characterized, and 10 T2 plants derived from three T1 lines (4-5,

4-6 and 4-8) were analyzed. To generate fluorescent transcriptional reporter,
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pMYB3RI and pMYB3R4 fragments described above in pCR8/GW/TOPO entry
vector? were recombined into pGreenll-NLS-3xEGFP (Takada and Jiirgens 2007).

The constructs were then introduced into tso/-1/sup-5 plants.

To generate translational reporters for MYB3R1, a 6.4kb genomic fragment was PCR
amplified using Q5® (NEB) with primers pMYB3R1.F, MYB3RI.non.stop.R (Table
2.1) from Ler wild type DNA and cloned into pCR8/GW/TOPO. After sequencing
confirmation, the genomic fragment of MYB3R1 were recombined into pMDC107
(Curtis and Grossniklaus 2003) and pEarlyGate303 (Earley et al. 2006) to create
pMYB3RI1::MYB3RI1-GFP and pMYB3R1::MYB3R[-cMyc, respectively. To generate
a fluorescent translational reporter line with enhanced GFP signal, the 6.4kb genomic
fragment of MYB3R1 was PCR amplified with primers pMYB3R1.F and
MYB3R1.3xGFP.n.R (Table 2.1) to correct the reading frame and was recombined
into pGreenlI-NLS-3xEGFP (Takada and Jiirgens 2007). These constructs were

introduced into tsol-1/sup-5 plants.

To generate phospho-mimicking pMYB3R1::MYB3R1-GFP constructs, the
pCR8/GW/TOPO vector harboring the 6.4 kb MYB3R1 genomic fragment was
modified using the Q5® Site-Directed Mutagenesis Kit (NEB) following the
manufacturer's instruction. Briefly, primers S656D.F/S656D.R were used to amplify
the MYB3R1 gDNA TOPO construct. The changes in the coding sequence result in
the change of 656 serine to aspartic acid (S656D) in the protein sequence. Similarly,
primers S709D.F/S709D.R were used to generate the S709D change. The modified

MYB3RI gDNA pCR8/GW/TOPO constructs were recombined into pMDC107
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(Curtis and Grossniklaus 2003) to generate gMYB3R1-S656D and gMYB3R1-S709D

respectively.

To generate construct for Co-IP assay, the TSO1 cDNA was cloned into PHB-FLAG-
X vector to generate 35S::Flag-TSO1. The 35S::MYB3RI(cDNA) construct were

generously provided by Masaki Ito (Haga et al. 2007). The cDNA was subcloned into
pEarleyGate104 (Earley et al. 2006) to generate 35S::YFP-MYB3R1. Both constructs

were transformed into Agrobacterium strain GV3101.

Suppressor screen and complementation tests

The genetic screen scheme is shown in Figure 2.1A. 35S::TSOI-GR; tsol-1
homozygous seeds were treated with 0.2% EMS solution for 12 hours. After
repeatedly washing off the mutagen with water, the seeds were germinated in soil.
Dexamethasone (DEX) was supplied to M1 plants at the stage of bolting. For the first
2000 M1 plants, seeds were collected from individual M1; for the next 1000 M1
plants, seeds were pooled into one pool. These seeds were grown into M2 plants and
screened for the ability to set seeds, forming elongating siliques. 45 suppressors were
identified from screening the progeny of ~3000 M1 plants. These M2 suppressor
plants were backcrossed to the parental line, 35S5::TSOI-GR; tsol-1. For each
suppressor, the F1 progeny at bolting was supplied with DEX to allow for seed
production. The resulting F2 progeny showed suppressed (~25%) and unsuppressed
(~75%) phenotype; these two populations served as the mapping populations (Figure

2.1B).
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For complementation test, M2 suppressor lines were crossed with one another. Since
the suppressors are recessive, F1 progeny should show un-suppressed phenotype
unless the suppressor mutations are allelic to each other, which would show

suppressed phenotype in F1.

Mapping by sequencing

For each suppressor F2 mapping population, leaf tissues were collected and pooled
from 35 to 50 plants, and genomic DNA was extracted from the pooled leaf tissue
using the NucleoSpin Plant II Midi kit (MACHEREY-NAGEL). Each DNA pool was
sequenced at 15-20x coverage with 51bp single end reads (Table 2.2). Reads were
aligned to TAIR10 Arabidopsis genome with Bowtie2 (Langmead and Salzberg
2012) and variants were called with SAMtools (Li et al. 2009). Six independent
suppressors (A144, A156, A176, A317, B636, B763) were mapped and sequenced as
described above. A 35S::TSOI-GR; tsol-1 parental line was also sequenced at about
8X coverage (Table 2.2). Variants shared among all 6 samples (556864 total variants)
are likely carried over from prior EMS mutagenesis that generated tso/-1/ in the Ler
background; they were removed from further analysis. SNPs unique to each
suppressor pool were identified using the genotype calling feature of SAMtools. G-to-
A or C-to-T changes were further selected as candidate SNPs as they are most likely
caused by EMS. Enrichment of candidate SNPs in 0.1Mbp window was plotted using
R and circos (Krzywinski et al. 2009). Annotation of variants was done using the
VariantAnnotation package (Obenchain et al. 2014) from Bioconductor to identify

nonsynonymous SNPs within exons as well as SNPs affecting splicing.
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CRISPR/Cas9 gene editing and genotyping of resulted mutants

Single guide RNA (gRNA) was designed to target the 4th exon of the MYB3R1 gene.
The gRNA sequence (ACGGTCCTTTCACAAGCTCT) was inserted between the
AtU6 promoter and scaffold followed by the AtU6 terminator using overlapping PCR
(Table 2.1) with pPCAMBIA-CAS9+gRNA (Jiang, Yang, and Weeks 2014) as the
template. The above PCR fragment was cloned into pCR8/GW/TOPO, excised by
Sall and Kpnl, and ligated into Sall and Kpnl sites in pPCAMBIA-CAS9+sgRNA,
which was provided by Dr. Donald Week (Jiang, Yang, and Weeks 2014).
Agrobacterium tumefaciens (GV3101) harboring the CRISPR/Cas9 vectors were then
used to transform the tso/-1+/+sup-5 and tsol-3 plant by floral dip. T1 seeds were
selected on 1/2 MS plates containing hygromycin. No phenotypic change was
observed in T1 plants. For tso/-1, seeds from 5 individual T1 WT plants were
collected and 2 of the 5 T1 plants (line 19 and 9) gave rise T2 plants showing genetic
chimeric with part of the branches showing wild type phenotype in tsol-1
homozygous plants . Specifically, for line 19, seventeen of 236 tsol-1 plants
developed chimeric branches; for line 9, eighteen of the 39 tsol-1 plants developed
chimeric branches, DNA was extracted from individual suppressed branches of the
tsol-1 T2 chimera, and PCR primers (MYB3R1.CRISPR.con.F/R; Table 2.1) were
used to amplify DNA fragment spanning the gRNA target site within MYB3R 1, which

were then sequenced.

For tsol-3 transformed with the CRISPR constructs, seeds from 7 individual T1
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plants were collected and 1 of the 7 T1 plants (line 16) gave rise to 6 T2 plants (out of
750) with partially rescued seed set. DNA was extracted from the 6 T2 plants and
sequenced to reveal heterozygous mutation in MYB3R1. T3 progeny of these 6 T2

plants segregated 25% completely rescued plants.

To construct CRISPR vector for MYB3R4 gene editing, gRNA was designed to target
the 2nd exon. Primers MYB3R4.CRIPSR.F/R (Table 2.1) were annealed and ligated
into the Bsal cutting site of pHEE401E vector (Z.-P. Wang et al. 2015). The construct
was introduced into tsol-1/sup-5 plants via Agrobacterium by floral dipping. CRISPR
generated mutations likely destroy a BbvCl restriction site at the gRNA target, which
allows for screening of CRISPR generated mutants. PCR primers MYB3R4.seq.pro.F
and MYB3R4.4th.exon.R (Table 2.1) were used to amplify DNA fragment spanning

the gRNA target site within MYB3R4, which were then sequenced.

Propidium iodide (PI) staining and microscopy

Seven days old seedlings were immersed in 10ug/ml PI in water for 2 minutes. Roots
were then mounted on slides in water and observed using the 63X (1.2 HCXPLAPO
CS) water objective of Leica SPX5 confocal microscope. Fluorescent signal, excited
by a white light laser at 536nm, was detected with detection channel set at 550nm-
660nm. Tile scans were taken and processed using Leica Application Suite 2.0.0

software.

Beta-Glucuronidase (GUS) staining
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GUS staining was carried out as previously described (Takahashi et al. 2013). Briefly,
samples were washed with phosphate buffer (pH 7.4), and then incubated in the
staining buffer (100 mM sodium phosphate buffer, I mg/ml 5-bromo-4-chloro-3-
indolyl B-D-glucuronide, 0.5 mM ferricyanide and 0.5 mM ferrocyanide (pH 7.4)) in
the dark at 37 °C for 12 hours. The root tips were then incubated with clearing
solution (8 g chloral hydrate: 1ml 100% glycerol: 1 ml water) for 1 hour and mounted

on slides in clearing solution.

Co-immunoprecipitation assays

The Agrobacterium harboring 35S::Flag-TSOI and 35S.:YFP-MYB3R1 were used to
co-transfect tobacco leaves. Samples were collected after 48h and were ground in
liquid nitrogen and homogenized in lysis buffer (50 mM Tris-HCI pH7.5, 150 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.2% Trition-X-100, 1 mM Pefabloc, cocktail, 50
uM MG132) were used. After centrifugation, supernatant was incubated with 1 uL
anti-Flag (Sigma) antibody bound to 10 uL protein G (Invitrogen) beads for 2 h at 4 °
C. Then the beads were washed three times with 1 mL lysis buffer and eluted by
boiling with 20 uL 2X SDS sample buffer for 5 min and then separated in 10%SDS-
PAGE gel. Anti-Flag (Sigma,1:5000) and anti-GFP (Abmart,1:2000) antibodies were

used to detect Flag-TSO1 and YFP-MYB3R1, respectively.

2.3 Results

2.3.1 Identification of zso1-1 suppressor mutations

To investigate the molecular mechanism of 7SO/ function, we have taken a genetic
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approach to identify suppressors of tso/ mutants. Suppressor mutations may identify
critical co-regulators or downstream targets of TSO1; they may help place 7SO/ into
existing or novel regulatory pathways. We chose to mutagenize tsol-1 as it is 100%

sterile and the strongest allele, making suppressed phenotype easily detectable.

Since tsol-1 produces no seed, we first developed an inducible system to
conditionally rescue tso/-1. TSOI1 full length cDNA was fused with the rat
glucocorticoid receptor (GR) hormone binding domain driven by the constitutive 35S
promoter. The transgenic #sol-1 plant harboring this construct (zsol-1; 35S::TSO1-
GR) produces seeds upon treatment with dexamethasone (DEX) (Figure 2.2 B, C).

These seeds were then subject to EMS mutagenesis (Figure 2.1A).

By screening the M2 progeny of about 3000 M1 tsol-1; 35S::TSOI-GR plants, 45
suppressors were isolated based on their ability to develop seeds, which result in
elongated seed pods (siliques). The degree of suppression varied from weak to strong
based on the size of the seed pot (Figure 2.2 D, E) or number of seeds produced per
silique. To quantify these varied degree of suppression in different suppressor lines,
the number seeds produced per silique was measured for each line and shown (Figure

2.2 F). (tsol-1 mutant is 100% sterile and do not set any seeds).
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Figure 2.1 Scheme of the suppressor screen and generation of mapping
populations

(A) 358::TSOI1-GR; tsol-1 seeds were treated with EMS. Then seeds were
germinated on soil. Since these M1 35S::TSOI-GR, tsol-1 plants were completely
sterile, they were sprayed with DEX at bolting to give rise to seeds for M2
generation. Multiple M2 plants from individual M1 family were grown and screened
for their ability to set seeds and form siliques. (B) Individual suppressor was back
crossed with its unmutagenized parent 355::TSOI-GR; tsol-1. F1 cross progeny was
supplied with DEX to set F2 seeds. F2 plants are grouped into suppressed and
unsuppressed mapping populations. BC: Backcross. Red shoot apex denotes fertile
flowers.
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Figure 2.2 Phenotype of an inducible 7SO1 line and suppressors isolated

(A) The flowering shoot of a wild type (WT) Arabidopsis of the Ler accession. (B)
The inflorescence shoot of a #so /-1 mutant containing the 35S::7SO1-GR construct.
No dexamethasone (DEX) was applied. (C) An tsol-1 mutant inflorescence
containing the 35S::TSO1-GR construct. DEX treatment (+DEX) resulted in the
rescue of the fertility defect. Note the long siliques. (D) A weak suppressor in the
tsol-1; TSOI-GR background. No DEX was applied. Siliques are formed although
shorter than WT. (E) A strong suppressor identified in the tsol-1; TSO1-GR
background. No DEX was applied. Siliques are long similarly to those of wild type.
(F) Box plot of seeds set per silique from wild type plant (Ler), tso/-3 mutant and 28
suppressors isolated. Data ranked and ordered by median. (around 10 siliques were
sampled from representative M3 suppressor plants).
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2.3.2 tsol-1 intragenic suppressors support the antimorphic nature of tso1-1

To determine the molecular identity of these suppressors, we used the bulk-segregant
mapping-by-sequencing approach. To generate mapping populations, Five
suppressors were back crossed with the tsol-1; 35S::TSO1-GR parent line to yield F2
mapping populations (Figure 2.1 B). Genomic DNA from about 35 to 50 F2 plants
showing suppressed phenotype were sequenced. Analysis of the DNA sequence for
linked SNPs mapped five suppressors to specific regions (Figure 2.1; Figure 2.3,
Figure 2.4 Table 2.2). Two suppressors (A156 and A176) were mapped to 7SO/ and
thus are intragenic suppressors (Figure 2.3). Suppressor A176 contains a G-A
mutation at the splicing acceptor sites in the first intron of TSO1. Suppressor A156
contains a G-A change at the splicing donor site in the 8th intron. Both mutations
likely alter splicing and shift the translational reading frame, which may lead to
truncated protein and nonsense-mediated decay (NMD). The identification of
intragenic suppressors is not surprising given that the zso/-1 allele is antimorphic in
nature (Sijacic, Wang, and Liu 2011) and mutations that abolish zso/-1 proteins could
suppress the zsol-1 phenotype. In fact, the identification of intragenic suppressors
further supported our previous finding of zso/-1 being antimorphic. However, the two
suppressors are more fertile than the #so/-3 allele, which causes a stop codon and a
truncated protein with only a single CXC domain. Notably, the A156 mutation
disrupted the DGSL motif at the end of the second CXC domain, suggesting the
importance of this motif, which is conserved between TSO1 and Arabidopsis

Enhancer of zeste (E(z)) homologs (Song et al. 2000).
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Figure 2.3 Identification of two #sol-1 intragenic suppressors

(A-B) Genome wide SNP mapping of F2 mapping populations, showing the linked
SNP distribution for suppressor A156 (A) and suppressor A176 (B). Peaks of linked
SNP for both A156 and A176 are located at the upper arm of Arabidopsis
chromosome 3. Y-axis indicates the ratio of linked SNPs to all SNPs in a 100,000bp
sliding window. X-axis denotes position on the chromosomes. (C) A diagram of
TSO1 gene structure with mutations relevant to this study indicated. The
corresponding two CXC domains are underlined. The #so/-1 and tso /-3 mutations are
denoted above the CXC domains. The A156 suppressor mutation (green) altered the
splicing donner site of the 8" intron. The A176 suppressor mutation (red) altered the
splicing acceptor site of the 1% intron. Capital letters indicate exon sequence, lower
case letter indicate intron sequence.

2.3.3 Identification of MYB3RI1 as an extragenic suppressor of zso1-1
Three suppressors (A317, B636, B763) however were all mapped to the same locus
coding for the MYB3R1 gene (Figure 2.4 A, B, C). A317 causes a non-sense mutation

at the C-terminus region while B636 and B763 cause mis-sense mutation in the DNA

54



binding repeats of MYB3R1. Therefore, loss-of-function mutations in MYB3R1

suppress tsol-1.

For the remaining 39 suppressors, we performed complementation tests by
performing strategic pairwise crosses among some of the suppressors. Surprisingly,
most of the 39 suppressors failed to complement alleles of myb3rI and hence define
additional myb3rl alleles (Figure 2.4 F; Table 2.3). DNA sequencing of a portion of
these alleles identified specific mutations in the MYB3R1 gene (Figure 2.4 D; Table
2.3). In total, 14 independent myb3r1 suppressor mutations were confirmed and were
named as myb3ri-2 to myb3ri-13. Interestingly, 12 of the 13 alleles cause changes in
the DNA-binding domain (R1, R2, or R3); only myb3ri-13 causes a missense
mutation outside the DNA-binding domain, indicating the critical role the RIR2R3
domains play (Figure 2.4E). Alleles myb3ri-3, myb3ri-4 and myb3ri-14 were
isolated independently multiple times (Figure 2.4; Table 2.3), suggesting that our

screen has reached saturation under the current screening scheme.

Missense mutations (B341, B636, B667) in the DNA binding repeats are strong
suppressors (Figure 2.4 D, F and Figure 2.2F). B667 (C125Y) altered a conserved
Cys residue, which was thought as a redox sensor for the MYB protein (Heine,
Hernandez, and Grotewold 2004); mutations of the equivalent amino acid (Cys130 in
human MYB) significantly impair the activity of c-Myb and v-Myb (Grésser et al.
1992; Guehmann et al. 1992). Our work reveals that the critical amino acid in

maintaining structure and function of MYB is conserved from animal to plants. B12
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(G88R) is a weak suppressor (Figure 2.4 D, F and Figure 2.2F); it changes a glycine
to a bulkier arginine in the loop region connecting the R1 and R2 DNA-binding
domains and hence likely only moderately reduces the MYB3R1 activity. A317
(R652X) is a nonsense mutation, leading to a truncated MYB3R1 missing the two c-
terminal uncharacterized domains. The seed set is partially resuced by A317,
suggesting A317 caused a hypomorphic mutation and the c-terminal domains play a
minor role for MYB3R1 function (Figure 2.4 D and Figure 2.2F). These data not only
confirm the critical residues and domains of MYB3R1 but also provide novel insights
on MYB protein structure and function applicable to other systems including human.
The correlation between the extent of loss of MYB3R1 activity and the ability to
suppress tsol-1 indicates that the level of MYB3R1 activity maybe the underlying

factor mediating the #so/-1 mutant phenotypes.

We showed that in the tso/-1 background, myb3rI single mutations exhibit
significant phenotype in suppressing #so/-/ mutant phenotype including short root,
shoot meristem fasciation, sterility, and lack of floral organ differentiation. The
degree of suppression conferred by these newly isolated myb3r1 mutations (myb3ri-2
to myb3ri-14) positively correlates with the severity of the myb3r1 loss-of-function

mutations (Figure 2.2 F, Figure 2.4D and Figure 2.6 F).
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Figure 2.4 Summary of myb3rl mutations isolated from the #so1-1 suppressor
screen

(A-C) Genome wide SNP mapping of F2 mapping populations for suppressor A317
(A), B636 (B), and B763 (C). Linked SNP peaks in each case resides at the lower arm
of Arabidopsis chromosome 4. Y-axis indicates the ratio of linked SNPs to all SNPs
detected in a 100,000bp sliding window. X-axis denotes position on the chromosome.
(D) Diagram of MYB3RI gene structures and mutations relevant to this study. The
R1, R2, R3 DNA binding domains are underlined. Mutant alleles identified in this
study 1-13 (Refer to Table 2.3) are shown. Nonsense mutations are labeled in green
and missense mutations are labeled in pink. Serine 656 and serine 709 are changed
into aspartic acid in the phosphomimic constructs. (E). 3D structure of the RIR2R3
DNA binding domains modeled using Phyre2 (Kelley et al. 2015) with the structure
of human c-Myb DNA binding domain (PDB:1HS88) as template. Residues mutated in
the suppressors isolated are highlighted in pink. (F) Summary of results of
complementation tests displayed in a Circos graph. Each suppressor pair that failed to
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complement each other is connected by a ribbon, indicating allelic relationship. Two
loci were identified by the complementation tests indicated by green and pink colored
ribbons. A156, A176 and B378 are allelic with each other and represent intragenic
suppressors of tsol-1. The rest of suppressors are allelic to each other and reside in
the MYB3R1 gene.

2.3.4 CRISPR-induced myb3rl mutations also suppresses tsol-1

The EMS mutagen generally induces several hundred to even thousands of mutations
in the genome, and it is difficult to separate the effect of myb3r/ mutation from
possibly background mutations in the absence of extensive backcrosses. Further, there
exists the possibility that the suppressors acted indirectly by facilitating TSO1-GR’s
entry into the nucleus in the absence of DEX treatment. To eliminate these
possibilities, we applied CRISPR/CAS9 to knockout MYB3RI in the tsol-1
background without the TSO1-GR transgene or EMS induced background mutations.
An gRNA targeting the 4™ exon of MYB3R1 was designed (Figure 2.5H). The CAS9-
gRNA construct was transformed into tso/-1+/+sup-5 heterozygous plants. In T2
generation, we identified zso /-1 mutant plants harboring wild type (suppressed)
branches (Figure 2.5 A,B). These plants are chimeric in that they harbor wild type
clones/branches in the zso/-1 genetic background. Sequence analysis of the MYB3R1
gene from the wild type clones/branches revealed homozygous or bi-allelic mutations
in the MYB3R1 gene (Figure 2.5 H). Seeds collected from the suppressed branches
germinated to form plants indistinguishable from wild type (Figure 2.5 C). Therefore,
germline-transmitted my3r/ alleles completely suppressed the zsol-1. This
experiment indicates that it is the myb3r] mutations that completely suppress tsol-1.
Neither the 7SO1-GR transgene nor EMS-background mutations contributed to the

suppression of tsol-1.
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To determine if myb3r] mutations are suppressing specific tsol allele, ie. tsol-1 or
suppress any tso/ alleles (including class I and class II alleles), we transformed the
same CAS9-sgRNA into tso/-3, a nonsense mutation occurring between the two CXC
domain in TSOI (Sijacic, Wang, and Liu 2011). Unlike tsol-1, tsol-3 is a class 11
mutation. Mutants of zso/-3 exhibit severely reduced fertility (Figure 2.5 D) but show
normal inflorescence meristem and normal floral organs. Suppressed zso/-3 could be
identified in the T2 generation of #so/-3 plants transformed with the CRISPR-sgRNA
vector. Plants heterozygous for a CRISPR-induced mutation in MYB3R I showed
slightly elongated siliques (Figure 2.5 E, G), while those tso/-3 plants homozygous
for the CRISPR-induced myb3r] mutation are wild-type like (Figure 2.5 F, G).
Therefore, myb3rl mutations are not allele-specific suppressors; they are general

suppressors of tso/ mutations.

Together, our data indicate that the suppression effect of myb3rI mutations are tso!
gene-specific not allele-specific, suggesting that MYB3R 1 and 7SOI may interact in a
biological process that depends on each other’s function. Further, the myb3r1
mutations appear to suppress all defects of #s0/-1 including sterility, meristem
fasciation, and floral organ differentiation (Liu, Running, and Meyerowitz 1997,
Sijacic, Wang, and Liu 2011). This indicates that proper interaction between 7SO/
and MYB3RI is required in regulating all three aspects of development regulated by

TSO1.
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TCTTTTGACCACGGTCCTTTCACAAGCT --------- AAGACCT -9

tso1-3
T2
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Figure 2.5 myb3rl knockout mutations by CRISPR suppress both zsol-1 and
tsol-3

(A) A inflorescence shoot of tso /-1 mutant. (B) A T2 chimera of the tsol-1 plant,
showing wild type branches arising from a tso/-/ mutant background. (C) A T3 plant
derived from seeds collected from the wild type branch of the T2 chimera shown in
B. (D-G) T3 plants of tso /-3 transformed with the CRISPR construct. (D) A T3 plant
showing typical tsol-3 phenotype; severely reduced fertility and very small silique.
(E) A T3 tso-3 plant heterozygous for a CRISPR-mediated myb3r] mutation. (F) A
T3 tsol-3 plant homozygous for the CRISPR-mediated myb3rI mutation. (D, E, and
F are sibling plants). (G) Close-up of the siliques made by plants in (D) (top), (E)
(middle), and (F) (bottom). (H) Sequence of MYB3R] targeted by the gRNA and
mutations generated by CRISPR in different tso/-/ T2 chimera and tso/-3 T3 plants.
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2.3.5 Mutations in MYB3R1 suppress tsol-1 root phenotype

The TSO1-GR inducible system made it possible to obtain tso /-1 homozygous seeds
and subsequently observe #so/-1 mutant roots upon germination on agar. We found
that #so /-1 mutant exhibited significantly reduced root length (Figure 2.6 A). In
contrast, the tso/-3 allele did not exhibit this root defect (Figure 2.6 A). To
investigate the underlying reason for the short root phenotype, we examined root cell
organization through confocal microscopy of how many days old ? roots stained with
propidium iodide (PI), which stains cell wall. The root meristem size is defined by the
number of cells in the cortex cell file in the meristematic zone (MZ) (Figure 2.6B
arrowheads, quantified in Figure 2.6 C). Within the cortex cell file (the second cell
layer from the epidermis), the position where the next cortex cell is twice the size of
the previous ones (marked by the top arrowhead) delimits the upper boundary of the
MZ while the quiescent center (QC) denotes the lower end of the MZ (and marked by
the bottom arrowhead). We found that zso /-1 roots had significantly reduced number
of cells in the root meristematic zone and thus reduced meristem size (Figure 2.6 B,
C). The root of tsol-1 mutant does not lack any cell types in the root and the
stereotypical division of the cortex/epidermis initials divided properly (Figure 2.6.B
lower panels). The QC cells did not terminate prematurely (Figure 2.6.B lower
panels). Conversely, precocious differentiation of the root epidermis cells was
observed (Figure 2.6 B arrows). These phenotypes indicate that the short root and
reduced MZ phenotype of tsol-1 is likely due to precocious transition from

proliferation to differentiation, rather than stem cell defects.
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We asked whether the myb3r] mutations, identified as suppressors of tso-1 shoot
phenotype, also suppress the tso/-1 root phenotype. Indeed, tsol-1; myb3rl (induced
by CRISPR) developed roots with length and meristem size comparable to wild type
(Figure 2.6 B, C). Therefore, mutations in MYB3R1 suppress tsol-1 both in shoots
and in roots. These data strongly suggest that MYB3RI acts in all processes that

require 75O1.
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Figure 2.6 The tso1-1 root phenotype can be suppressed by myb3rl mutations
(A) WT(Ler), tsol-3 and tsol-1 seedlings at 42 days post germination (dpg) on a half
strength MS media plate. (B) Confocal images of root apical meristem of WT(Ler),
tsol-3, tsol-1, and tsol-1; myb3rl (progenies of plants in Figure 2.5 C) (7dpg).
Propidium iodide (PI) staining (red) was performed for observing cell outlines.
Arrowheads delimit the boundary of meristematic zone (MZ). Arrows indicate
precocious differentiation of root hair cell in #so/-1. Lower panel shows the stem cell
niche of the root. Bars = 50um (upper panels) and 25 um (lower panels). (C)
Quantification of root MZ size using cell number in the meristematic zone (n=10~15
plants). Different letters indicate statistically significant difference (p<0.01, one way
ANOVA and Tukey test). (D) Box plot of root length measured from WT(Ler), tso!-
I and suppressors isolated in the screen (n=15~58 plants). WT(Ler) and tsol-1 are
labeled pink as reference points and myb3r] mutants are labeled green.
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2.3.6 Mis-expression of MYB3RI was found in #so1-1 mutant SAM

To investigate the mechanism underlying the observed 7SO/-MYB3R1 genetic
interaction, we examined the MYB3R1 gene expression in tso /-1 mutants. A promoter
MYB3RI::GUS reporter was previously used to study MYB3R1 expression (Haga et
al. 2007). This reporter was introduced into #so/-/ and showed both increased and
ectopic GUS staining in the shoot apex when compared with wild type (Figure 2.7 A,
B). This reveals that MYB3RI mRNA is abnormally expressed in tso /-1 background
and this ectopic and over-expression of MYB3R1 likely mediates the tsol-1
phenotype. These data suggest the simplest model that TSO1 normally represses the

expression of MYB3RI.

To understand the genetic interaction of 7SO/ and MYB3R1 in the developmental
context of the SAM, we generated translational reporters of 7SO/ and MYB3RI1.
Specifically, a 4.1kb TSO1 genomic sequence including native 1kb promoter was
used for the translational reporter p7SO!::TSOI-GFP. This pTSOI::TSOI-GFP
reporter rescued #so/-1 mutants and thus could inform us where TSO1 protein is
made and functions. We studied multiple lines in which the tsol-1; pTSO1::TSO1-
GFP, and they all showed very weak GFP signal at SAM, suggesting 7SO/ gene
expression or protein level is relatively low. This made confocal microscopy at the
SAM rather challenging. To enhance the GFP signal, we fused the same genomic
fragment of TSO1 with NLS-3xEGFP (Takada and Jiirgens 2007) coding sequence to
produce pTSO1::TSO1-NLS-3xEGFP (gTSOI1-3xEGFP for short) reporter. Since

TSO1 is a nuclear protein, the added nuclear localization signal should not interfere
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with TSO1 function. a 6.4 kb genomic fragment of MYB3R1I was used to construct the
PMYB3RI1::MYB3RI-NLS-3xEGFP (gMYB3R1-3xEGFP for short) reporter. We are

in the process of confirming the functionality of these 3XEGFP reporters.

In the g7SO1-NLS-3xGFP (Ler) line, GFP signal can be observed throughout the
SAM, including the fast dividing meristem cells and also differentiating flower
primordium (Figure 2.7.E). Interestingly, the GFP signal shows a sporadic pattern
reminiscent of genes/proteins under cell cycle regulation, suggesting TSO1 protein
level may be under cell cycle regulation. In contrast, in the gMYB3R1-NLS-3xEGFP
(Ler) line, GFP signal can be observed in almost every cell (Figure 2.7.C upper
panel) with similar intensity. This is consistent with previous observation that
MYB3RI1 expression do not change during cell cycle in cultured tobacco cells (Haga
et al. 2007). In tsol-1 mutant SAM, the tissue organization is disrupted, which made
it difficult to distinguish meristem zones and floral primordia. Nonetheless, GFP
signal conferred by gMYB3R-NLS-3xEGFP transgene can be observed ubiquitously
(Figure 2.7 C lower panel). The nuclear GFP signal shows extreme variation of nuclei
size and shape, consistent with previously observed cytokinesis and nuclei defects in
tsol-1 SAM(Liu, Running, and Meyerowitz 1997). These reporter lines showed that
TSO1 and MYB3R1 expressions overlap and are both expressed in proliferating and
differentiating tissues. These expression patterns are largely consistent with available

gene expression data (Arabidopsis eFP browser) of T7SO1 and MYB3R1 (Figure 2.7F).
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Figure 2.7 Comparisons of 7.SO1 and MYB3R1 expression at the SAM

(A-B) pMYB3RI1::GUS expression in wild type (Ler) (A) and in tso/-1 (B)
inflorescence. The GUS signal is both ectopically expressed throughout the
inflorescence and at significantly high levels. The plant in (A) and (B) are siblings
harboring the same pMYB3R1::GUS line and stained in X-gluc for the same amount
of time. (C-D) pMYB3RI1::MYB3RI1-NLS-3xEGFP expression in wild type (Ler). (C)
and in tsol-1 (D) SAM. The plant in (C) and (D) are siblings harboring the same
pPMYB3RI1::MYB3RI-NLS-3xEGFP line. (E) pTSO1::TSO1-NLS-3xEGFP expression
in wild type (Ler). (F) eFP image showing similar expression pattern of 7SO/,
MYB3RI1, and MYB3R4 in young floral buds, pollen, and inflorescence meristem.
Bars= 200 um (A-B) and 50 um (C-E).
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2.3.7 Mis-expression of MYB3RI mediates tsol-1 mutant RAM phenotype

Because mutations in MYB3R1 also rescue the short root phenotype of tsol-1, we
investigate if MYB3R1 is mis-expressed at the RAM. The pMYB3R1::GUS reporter
described above showed an expression pattern similar to the pattern described
previously by Haga et,al. The GUS signal can be observed in the vasculature tissue
above the transitional zone (Figure 2.8 A). Very weak signal could also be detected at
the meristematic zone (Figure 2.8 A). When introduced into tso/-/ mutant, the
pMYB3RI1::GUS showed enhanced signal at the RAM comparing to wild type (Figure
2.8 A). Furthermore, the GUS signal seems to extend into the meristematic zone in
tsol-1 mutant (Figure 2.8 A). This reporter line revealed both overexpression and

ectopic expression of MYB3R1 at the RAM, consistent with what’s observed at SAM.

To understand the genetic interaction of 7SO/ and MYB3R1 in the developmental
context of the RAM, we investigate the transcription/translational activity of MYB3R]
and 7SOI at the RAM. The gMYB3R1-3xEGFP translational reporter showed GFP
pattern largely similar to that shown by pMYB3R1::GUS reporter (Figure 2.8 B). In
addition to the vasculature, GFP signal can observed in epidermal cells above the
transition zone (Figure 2.8 B). relatively weak GFP signals can also be observed in
the ground tissue in the meristematic zone. The difference of GUS and 3xEGFP

reporter pattern are likely due to difference in resolution.

The pTSO1::TSO1-GFP reporter showed GFP signal in the nuclei of all cell types in

the root meristematic zone (Figure 2.8 C). No GFP signal was observed in the
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columella cells and cells above the transition zone (Figure 2.8 C). This meristematic
zone specific expression pattern shown by the pTSO1::TSOI-GFP reporter is
consistent with 7SO! expression pattern revealed by the “root map” tissue specific
gene expression data (Brady et al. 2007). By transcriptome profiling of dissected
series of cross sections of the Arabidopsis root, Brady et, al generated gene
expression map of the root and performed gene clustering based on the expression
pattern along the longitudinal axis. 7SO/ transcripts are present at high level in the

root meristematic zone (clustered in Longitudinal Pattern 4 and 10) (Figure 2.8 D).
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Figure 2.8 7801 and MYB3R1 expression at the RAM

(A) pMYB3RI1::GUS expression in wild type and tso-1 root (7dpg) . Arrowheads
indicate the boundary of the meristematic zone. Brackets indicate strong GUS signal
accompanied by burst of root hair cell formation. (B) pMYB3R1::NLS-3xEGFP
expression in the root. (C) pTSO1::TSO1-GFP expression in the root. In RAM, 7SO!
and MYB3RI appear to exhibit complementary patterns of expression, supporting a
negative regulatory relationship between TSO1 and MYb3R1. PI: Propidium iodide
staining. Bars = 50um (B and C). (D) Heatmap of genes showing longitudinal
expression pattern 4 and 10 in the high-resolution gene expression map study of
Brady et al. 2007. TSOI1 is among the genes clustered in cluster 4 and 10. In the
Brady et al. 2007 study, series cross sections of the root were collected and subjected
to transcriptome profiling using ATHI DNA microarray. Genes showing distinct
expression pattern along the longitudinal axis of the root are clustered by fuzzy k-
means clustering. Red lines on the root legend (left) denote the sections. Sections are
labeled with “COLUMELLA” and numbers 1-12 on the root legend and the heatmaps
on the right.
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Interestingly, 7SO1 expression domain in root is largely complementary to MYB3R1
expression domain revealed by the transcription and translational reporters (Figure
2.8). While 7SO1 is expressed in the meristem zone, MYB3R1 is expressed above the
transition zone. 7SO and MYB3R1 show little overlap expression in the meristematic
zone. In tso -1 mutant, the MYB3R1 expression extended into meristematic zone.
These expression pattern suggest that 7SO/ normally represses MYB3R1 expression

to limit its expression to differentiating tissue in the root.

Our gene expression data from the reporter lines showed elevated and ectopic
expression of MYB3R1 in tsol-1 mutant both in SAM and RAM. Combined with the
genetic interaction where myb3rl mutations rescued tso /-1 phenotype both at SAM
and RAM, we hypothesize a shared regulatory module: 7SO/ repress MYB3R1
expression both at RAM and SAM to coordinate cell proliferation and differentiation.
In roots, TSO1 represses MYB3R1 in the MZ to prevent cells from entering
differentiation. When TSOI1 is mutated, MYB3R1 is ectopically expressed in MZ,
causing earlier and ectopic differentiation of roots. In SAM, TSO1 however, the
situation is more complicated as MYB3R1 is both a partner and a target of TSO1
regulation. Further, the difference between promoter fusion and translational fusion of
MYB3R1 in SAM suggests additional levels of regulation beyond transcriptional

regulation.
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2.3.8 Overexpression of MYB3R1 is not sufficient to cause zso7-1 mutant phenotype

If tso -1 phenotype is mediated by mis-expression of MYB3R1, we ask if
overexpression of MYB3R1 is sufficient to cause tso /-1 mutant phenotype. To test
this model, we overexpressed MYB3R1(cDNA) in wild type (Ler) by introducing the
358::MYB3RI construct into Ler plants. The resulting plants did not show any
phenotype (data not shown), suggesting that overexpressing MYB3R1 alone is not
sufficient to cause meristem or fertility defects observed in tso/-/mutants. We further
tested this hypothesis using the TSO1 weak allele tso/-3 as a sensitized background.
The resulting tso /-3, 35S::MYB3RI plants also did not show any phenotypic
difference from tso/-3 plants (data not shown), suggesting that simply over-
expressing MYB3R1 transcripts is not sufficient to cause the various defects observed
in tsol-1 mutants. Perhaps, increased MYB3R1 products alone can not cause any
effect in the absence of simultaneous increase of MYB3R1 partners (which maybe
increased simultaneously in #so/-1 background). Alternatively, post-transcriptional or
post translational regulation of MYB3R1, is also regulated directly or indirectly by

TSO1, may be necessary to cause increased and constitutive MYB3R1 activity.

2.3.9 MYB3R1 phospho mimic enhanced zso1-3 phenotype

Based on the above result, we hypothesize that one way MYB3RI1 is regulated post-
transcriptionally is the phosphorylation at the serine residues. We queried the
Arabidopsis Protein Phosphorylation Site Database (PhosPhAt 4.0)(Heazlewood et al.
2008; Durek et al. 2010) for phosphorylation sites detected for MYB3R1 protein. The
serine at position 656 (Umezawa et al. 2013) and 709 (X. Wang et al. 2013) were
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found to be phosphorylated in previous large scale phosphoproteomic studies. (level
of conservation of the protein domain, sequence). To test the functional relevance of
the phosphorylation of on these two sites, we modified pMYB3RI::MYB3R1-GFP
constructs to change serine 656 and 709 into aspartic acid to produce phospho mimics
S656D and S709D respectively. The resulting pMYB3R1::MYB3RI-GFP-S656D
(gMYB3R1-S656D for short) and pMYB3R1::MYB3RI1-GFP-S709D (gMYB3R1-
S709D for short) were introduced into the zso/-3 mutant background. We hypothesize
that the phospho mimics of functionally relevant serine residues would confer
constitutively active MYB3R1 and thus may cause a phenotype similar to #so/-1. The
tsol-3 mutants may offer a sensitized background for observing the effect of
phosphomimics. While the S709D phospho mimic did not have any obvious
phenotypic effect on tso /-3, the S656D phosphomimics enhanced the floral organ
developmental defects, particularly carpel development, and fertility defect of tso/-3
(Figure 2.9 B C D), but did not cause SAM fasciation (Figure 2.9 lower panel
inflorescence). Our data suggest the serine 656 and its phosphorylation plays a
positive role in MYB3R1 function regulation. This notion is supported by the
myb3ri-13 (A317) suppressor allele, a nonsense mutation that removes the C-
terminus of MYB3R1 where serine 656 resides (Figure 2.4 D). As a result, myb3r1-
13 is a loss-of-function allele. Taken together, MYB3R1 serine 656 appears to subject
to regulation by phosphorylation, which positively regulates MYB3R1 activity and

enhances tso/-3 floral organ developmental defect.
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wT tso1-3 gMYB3R1-S656D gMYB3R1-S709D gMYB3R1-S656D+S709D

Figure 2.9 MYB3R1 phospho mimic S656D enhanced #s0/-3 mutant

The main shoot and inflorescence of WT(Ler) (A), tsol-3 (B), tsol-3; gMYB3RI-
S656D (C), tsol-3; gMYB3RI1-S709D (D), tsol-3,gMYB3R1-S656D+S709D (E).
Bars = 1cm (upper panel) and Imm (lower panel). Two independent transgenic lines
were shown for tsol-3; gMYB3R1-S656D (Note the reduced fertility (shorter seed
pods) and malformed carpels).

The above results showed that loss-of-function alleles of MYB3R1 suppress tsol

mutants while putative gain-of-function MYB3RI enhances #so/ mutants, suggesting

that TSO1-MYB3R1 forms a regulatory module and are functionally tied together.
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2.3.10 MYB3R1 physically interact with TSO1

Since 7SO1 and MYB3R1 encode the homologs of DREAM complex components,
and TCXS (Arabidopsis TSO1 homolog) and MYB3R3 has been shown to form a
protein complex in promoting G2/M cell cycle gene expression, we test the
hypothesis of a TSOI-MYB3R1 protein complex by co-immunoprecipitation.

Our collaborators Dr. Hongli Lian and Pengbo Xu carried out the co-
immunoprecipitation experiments.

Overexpression constructs 35S::YFP-MYB3R1 and 35S::Flag-TSO1I were transiently
co-expressed in tobacco cell and immunoprecipitates were subjected to western blot.
Both transgenes were expressed and fusion protein could be detected in western
(Figure 2.10 Input). We found that TSO1 did physically interact with MYB3R1
(Figure 2.10 IP, showing two replicates). This data suggests the biochemical nature of

the TSO1-MYB3R1 regulatory module is a TSO1-MYB3R1 protein complex.
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Figure 2.10 TSO1 physically interact with MYB3R1

Immunoprecipitation (IP) was performed with anti-Flag antibody using protein
extract from tobacco leaves transiently expressing 35S::Flag-TSOI and 35S.:YFP-
MYB3RI. Tobacco leaves transiently expressing only 35S::YFP-MYB3R1 was used as
control. Co-IP of TSO1 and MYB3R1 was examined by western blots using anti-GFP
antibody. Protein extract before IP was used as input in replicate 1. Homogenized
tissue directly boiled in loading buffer was used as input in replicate 2.
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2.3.11 myb3r4 loss-of-function mutation cannot suppress tsol-1 phenotype

The closest homolog of MYB3R1 in Arabidopsis is MYB3R4; these two genes were
previously shown to play redundant function in promoting the expression of G2/M
phase cell cycle genes in stomata in Arabidopsis leaves (Haga et al. 2011). However,
none of the suppressor mutations maps to MYB3R4, suggesting that MYB3R4 may
differ from MYB3RI in its interaction with TSO1. Alternatively, MYB3R4 may
somehow reside in a region of chromosome that is resistant to mutagen. To test if
mutations in MYB3R4 could also suppress tsol-1, we designed CRISPR-Cas9 system
to target the 2nd exon of MYB3R4. Several T2 plants that are homozygous for
CRISPR generated mutations in MYB3R4 were isolated. Among them, two plants are
tsol-1; myb3r4 double homozygous mutants and they are indistinguishable from
tsol-1 single mutant (Figure 10.A B E). This result demonstrates that unlike myb3r1

loss-of-function mutations, my3r4 loss-of-function mutations do not suppress tsol-1.

To test if MYB3R4 functions redundantly with MYB3R! in the interaction with tso/,
we introduced the MYB3R4 CRISPR-Cas9 construct into a weakly suppressed tso /-1
line, B12. The B12 suppressor line is the tsol-1; myb3ri-5 double mutant. As
described above, the myb3r1-5 is a hypomorphic allele that partially impaired
MYB3R] function. If MYB3R4 functions redundantly with MYB3R1 in suppressing
tsol-1, myb3r4 mutation should further suppress the defect of B12. In T2 plants, we
isolated tsol-1; myb3ri-5; myb3r4CRISPR triple mutant (Figure 2.10 D). Compared
with B12 (tsol-1; myb3ri-5), the triple mutant showed smaller stature and reduced

fertility. The smaller stature of the triple mutant is reminiscent of myb3rI-1,; myb3r4-

75



1 double mutant reported previously (Haga et al. 2011). However, the triple mutant
set little seeds. Thus, the CRISPR-induced bi-allelic mutations in MYB3R4 did not
further suppress the fertility defect of B12. These data suggest that MYB3R1 and
MYB3R4 do not perform redundant function with respect to the interaction and

function with TSOL.
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tso1-1,myb3r1-5 tsol-1;myb3r1-5:myb3r4dCRISPR

TTCAACTCGAGGCCAATGGACAGCTGAGGAG
tso1-1 line2 ----recrmcccsccommennea- CTGAGGAG
TTCAACTCGAGGCCAATGGACAG - - - AGGAG -3
TTCAACTCGAGGCCAATGGACAG - TGAGGAG -1

tso1-1,myb3rt1-5 line7

F pMYB3R4::NLS-3xEGFP G PMYB3R4::NLS-3xEGFP

Figure 2.11 MYB3R4 is not part of the 7SOI-MYB3R1 module

(A) A tsol-1 plant. (B) A tsol-1; myb3r4CRISPR plant. The specific mutations in
MYB3R4 caused by CRISPR is shown in E (zso -1 line2). (C) A tsol-1; myb3ri-5
plant. (D) A tsol-1; myb3ri-5; myb3r4CRISPR plant. Specific change in MYB3R4
by CRIPSR is shown in E (tsol-1; myb3ri-5 line7). (E) MYB3R4 gene structure and
mutations created in this study. RIR2R3 coding regions are underlined. The CRISPR
target sequence in the 2" exon of MYB3R4 is shown. Corresponding mutant
phenotypes are shown in (B) and (D). (F) pMYB3R4::NLS-3xEGFP expression in
wild type (Ler) and #so-1 root. This suggest that TSO1 may not repress MYB3R4
expression at least in root. (G) pMYB3R4::NLS-3xEGFP expression in wild type
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(WT) SAM. Propidium iodide staining (red) was performed to show cellular outlines
in roots in (F) and (G). Bars = 1cm (A-D) and 50um (F-G).

Although MYB3R1 and MYB3R4 are similar in amino acid sequence, their non-
redundant nature maybe due to distinct expression pattern. A transcription reporter
pPMYB3R4-NLS-3xEGFP was made and the GFP signal distribution was observed at
SAM and RAM (Figure 2.10 F G). At the SAM, MYB3R4 showed sporadic
expression pattern throughout the proliferating and differentiating tissue. This pattern
is consistent with previous observation that MYB3R4 expression changes during cell
cycle in cultured tobacco cells (Haga et al. 2007). MYB3R4 expression pattern did not
change significantly in zso/-1 mutant RAM compared to wild type (Figure 2.10 F).
Thus, we did not observe significant difference between MYB3R1 and MYB3R4
expression pattern. We speculate the difference in their ability to repress tso/ mutants

1s due to their intrinsic function.

2.4 Discussion

2.4.1 TSOI and MYB3R1 form a regulatory module functioning in multiple

developmental processes

Our results show that beside its previously described regulatory role at SAM, TSO1
also plays a role in regulating RAM. tso /-1 mutant shows significantly reduced root
length due to reduced Meristematic Zone size and early differentiation. Therefore,
TSO1 appears to play opposite roles in SAM and RAM: TSO! promotes
differentiation and represses proliferation at SAM, while promotes proliferation and
repress differentiation at RAM. This phenomenon is not unique to 7SO/ because

factors such as plant hormone cytokinins and HD-ZIP III transcription factors also
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play opposite roles in SAM and RAM. The opposite effects of 7SO! at SAM and
RAM strongly suggest a genetic connection between TSO1 and factors like

cytokinins and HD-ZIP [II transcription factors which merit further investigation.

Our study, for the first time, functionally links TSO1 to MYB3R1 in plants and
revealed a critical role of MYB3RI in SAM and RAM, which were not known before.
Strong alleles of myb3r] mutants can suppress #so/-1 almost completely, suggesting
that almost all defects in zso/-1, including defects in SAM and RAM, are mediated
through MYB3RI. As a transcription factor/chromatin factor, TSO1 may regulate
many genes involved in meristem homeostasis and cell cycle progression. The
surprising finding that mutations in a single gene, MYB3R1, could suppress almost all
aspects of tsol defects suggests that MYB3R] is critically involved in all processes

regulated by 7SO/.

tsol-3 allele is a non-sense mutation and shows a weak phenotype limited to reduced
fertility. Mutations in MYB3R1 created by CRISPR also suppress tsol-3’s fertility
defects. Thus, MYB3RI also plays a role in regulating reproductive development,
possibly the development of male and female gametes (see Appendix I: Analysis of

male meiosis and germline defects of tso-3).

2.4.2 TSO1-MYB3R1 likely function as a plant DREAM complex
TSOI encodes the homolog of LIN54, an animal DREAM complex core component.
The DREAM complex core recruit RB and E2F/DP to repress cell cycle gene

expression at GO/quiescence to present cells from entering the S-phase. During G2/M
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transition, the DREAM complex disassociates with the repressor RB/E2F and recruit
B-Myb to activate G2/M phase gene expression. Thus, the DREAM complex is
deemed the master coordinator of cell cycle genes expression. The animal ortholog of
MYB3RI, B-Myb, is a target of DREAM complex, being repressed by DREAM, at GO
phase of the cell cycle. But at G2/M transition, B-Myb is incorporated into the
DREAM complex and acts to promote G2/M phase gene expression. Mutations in
LINS54, the animal homolog of 7SO/, disrupt the DREAM complex core and
compromise the G1/S checkpoint which lead to unchecked expression of cell cycle
genes (Schmit, Cremer, and Gaubatz 2009; Kittler et al. 2007; Matsuo et al. 2012).
During G2/M phase, mutations in the DREAM complex core can impair B-Myb
function and lead to cytokinesis defects (Knight, Notaridou, and Watson 2009;
Reichert et al. 2010). Arabidopsis possesses almost all DREAM complex component
homologues (Table 1.1) suggesting the possibility of a DREAM-like complex in
plants. Indeed, putative DREAM complex has been shown by proteomic analysis
from young seedlings consists of RBR1, E2Fs, MYB3R3, ALYs and TCX5. Yet the
proteomic study lacked developmental context and did not indicate the function for

the complex.
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Figure 2.12 Working model

We hypothesize that TSO1-MYB3R1 regulatory module function as a plant DREAM-
like complex. TSOI1 as part of the complex core, represses cell cycle gene including
MYB3RI1 expression to maintain quiescence (G0). Proper MYB3R1 function depends
on TSOI and the complex core to promote late cell cycle genes for G2/M transition
or enter into endocycle.

Using genetics and biochemistry, we demonstrated that TSO1 and MYB3R1 function
together. Our data strongly suggests that TSO1 and MYB3R 1 may function in a plant
DREAM-like complex. If an analogous DREAM complex exists, where TSO1 is part
of the complex core while MYB3R1 is both a target and a component of the complex,

it explains well the observations and the meristem defects reported here.

At the SAM, tsol-1 mutant showed over proliferation of meristem cells accompanied
by overexpression of MYB3R1 (Figure 2.7). This is because the defective DREAM
core complex no longer represses MYB3R1 as well as other cell cycle genes, causing

uncontrolled meristem cell proliferation (Figure 2.12).
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Cytokinesis defects were previously observed at the zso/-1 SAM cells (Liu et
al.,1997), where partially formed cell wall stubs failed to separate daughter cells. The
cytokinesis defects of #so/-1 is similar to the cytokinesis defects of stomata cells in
my3rl; myb3r4 double mutants, which were shown to be caused by failure in
KNOLLE (KN) activation (Haga et al.2007). KN encodes Syntaxin-related protein
important for secreation of Golgi derived vesicles to form cell wall materials
(Lukowitz et al., 1996). Therefore, the similar cytokinesis phenotype of zso/-1 and
myb3ri; my3r4 is consistent with that MYB3R1 and/or MYb3R4 may need to
associate with a functional DREAM complex core in order to activate G2/M phase

genes such as KN.

This proposed model also provide explanation as to why mutating both TSO1 and
MYB3R1 shows close-to-normal phenotype. Our data suggest that TSO1 and
MYB3RI1 function are interdependent. Losing TSO1 resulted in hyper active
MYB3RI1 to drive cell cycle, but also impair MYB3R1 function at G2/M. When the
over-proliferation is suppressed by knocking out MYB3R1, the relatively normal cell
cycle progression may allow redundant factors to fix cytokinesis defects. Further
supporting the notion is the evidence that Drosophila myb mutant adult lethality can
be suppressed by mutations in the MuvB core component mip130(Beall et al. 2004),
showing that mutating interdependent DREAM complex components can show

almost normal phenotype.
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At RAM, tsol-1 mutant showed reduced proliferation and early differentiation
accompanied by overexpression of MYB3R1. The transition of proliferation to
differentiation at root is driven by the cells exiting mitotic cycle and entering
endocycles. We hypothesize that TSO1 represses MYB3R1 at RAM to inhibit entry

into endocycle and maintains RAM size.

The above proposed model highlights the integration of the 7SO/-MYB3R1 module

into different cell cycle phases in the context of different developmental processes.

2.4.3 Insights of MYB3R1 function and regulation

Our saturated mutagenesis screen resulted in 13 new myb3rl mutant alleles. Several
alleles were isolated multiple times from independent suppressors harboring the exact
same mutation. 12 of the new alleles are caused by mutations in the DNA binding
repeats of MYB3R1. Consider the relatively large gene body, the density of mutations

in the DNA binding domain demonstrates its essential role for MYB3R1 function.

5 missense mutations that changes amino acids all resides in the R2R3 repeats. This is
consistent with structural knowledge of animal Myb proteins that the R2R3 repeats
are in direct contact with DNA. Suppressor B667 (C125Y in R2 repeat) showed that a
redox sensing cysteine residue is functionally conserved from animals to plants.
These data lend support to previous knowledge of MYB3R1 DNA binding domain

structure (Heine, Hernandez, and Grotewold 2004).
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The only myb3rl allele that resides outside the DNA binding domain, myb3r1-14,
causes a premature stop codon that removed the C-terminal region containing the
serine 656. Our phospho mimic data suggest that this serine residue is likely
phosphorylated and the phosphorylation is required for MYB3R1 activity. This
revealed one post-translational regulatory mechanism of MYB3R1. It remains to be
tested if MYB3R1 is regulated by cyclin-CDKs and if serine 656 is the substrate of

cyclin-CDKs.

Intriguingly, by mining a high-resolution gene expression map of Arabidopsis root
(Li et al. 2016), we discovered that MYB3RI has 5 splicing isoforms. Isoform 3 and 5
showed cell type specific enrichment: isoform 3 is enriched in epidermal cells and
isoform 5 is enriched in QC cells. Although the functional relevance of these isoforms
remains to be explored, we observe bursts of epidermal cell differentiation into root
hair cells accompanied by high MYB3R1 expression (Figure 2.8 A). Our mutation
alleles myb3rI-3 and myb3ri-7 likely produce truncated proteins that mimic the
predicted protein product of isoform 3 and 5 respectively. Thus, these myb3r! alleles

provide valuable tools for further inquiries into MYB3RI regulation.

2.4.4 MYB3R1 may play a unique role among R1R2R3 MYB proteins in Arabidopsis
MYB3R1 and MYB3R4 were previously considered redundant factors in promoting
G2/M phase cell cycle genes. Here we show that they are very different and may have
distinct roles regarding meristem patterning. While mutations in MYB3R1 alone could

suppress all aspects of tso /-1 mutant phenotype, MYB3R4 mutations did not exert any
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effect on tsol-1 phenotype, even when combined with the weak myb3ri1-5 allele.

MYB3R1 has been shown to be both activator and repressor type of MYB3R protein
(Kobayashi et al. 2015). The activator type MYB3R4 single mutant do not show
G2/M gene expression change. Only in myb3r1;myb3r4 double mutant, G2/M gene
expression is reduced causing cytokinesis defects. Similarly, double mutant of the
repressor myb3r3,;myb3r5 do not show G2/M gene expression change (shown by
qPCR and reporter genes) unless combined with myb3r] mutant. These data suggest
that MYB3R1 plays a commanding role among MYB3R proteins. This may explain
why mutating MYB3R1 was able to rescue both over proliferation (G1/S control) and

cytokinesis (G2/M) defects of tsol-1.

Drosophila only has one Myb and it is both an activator and repressor of cell cycle
genes. It seems that MYB3R1 functions similarly to the Drosophila Myb, and the
other 4 Arabidopsis MYB3R proteins adopted specific activation or repression
function. It remains to be tested if single MYB3R1 could fulfill the function of all
five Arabidopsis MYB3R proteins, and also if Drosophila Myb gene could
complement Arabidopsis myb3rl mutant (test could be done using tsol-1;myb3rl

double mutant, since myb3rl single mutant do not have phenotype).
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Chapter 3: Identification of REVOLUTA, a HD-ZIP 111

transcription factor, as a downstream target of TSO1

3.1 Introduction

The iterative generation of aerial organs of flowering plants relies on the proper
patterning of the shoot apical meristems (SAMs), microdomains that house the stem
cell populations at the aerial growing tips. The stem cells are maintained in the central
zone (CZ) and the stem cell daughters then enter periphery zone (PZ) where cells
divide rapidly and acquire cell fate upon positional cues. Lateral organ primordia
generated from the PZ acquire adaxial/abaxial (ad/ab) polarity based on their
inherited position related to the meristem: the adaxial (ad) side is facing the SAM,
while the abaxial (ab) side is facing away from the SAM. The ad/ab polarity of
differentiating lateral organs also feeds back to the meristem, where the adaxial
environment promotes stem cell activity, while abaxial environment antagonizes it.
Thus, the proper patterning of SAM requires coordination between cell proliferation
and differentiation, as well as the balance between stem cell activity and lateral organ

ad/ab polarity.

One of the key modules that regulate the ad/ab cell fate is the bidirectional negative
feedback circuit between the HD-ZIP 11 gene REVOLUTA (REV) and the
miR165/166. REV is expressed at the adaxial side of the lateral organs and represses
miR165/166 gene expression to restrict miR165/166 expression only at the abaxial
side (Merelo et al. 2016). On the other hand, miR165/166 forms a gradient originating
from the abaxial side and represses HD-ZIP III gene expression post-transcriptionally
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at the abaxial side (Mallory et al. 2004; Emery et al. 2003). It was previously shown
that dominant mutations in these HD-ZIP III genes were caused by mutations in a
conserved region targeted by the miR165/166. The mutated miR166/165 binding site
within the HD-ZIP III sequence made HD-ZIP Il mRNA resistant to the
miR166/165-mediated degradation, leading to adaxialization of leaves (Emery et al.
2003; Zhong and Ye 2004b; McConnell et al. 2001; McConnell and Barton 1998;
Ochando et al. 2008). Knocking down miR165/166 also lead to adaxialization of
lateral organs (Emery et al. 2003; McConnell et al. 2001; Yan et al. 2012). Therefore,
the HD-ZIP III - miR165/166 regulatory circuit, together with other antagonistic
mechanisms, provides the positional information along the ad/ab axis to direct adaxial
or abaxial cell fate acquisition and maintenance (Kuhlemeier and Timmermans 2016).
Established early during embryogenesis, the HD-ZIP III - miR165/166 circuit is
involved in the patterning of multiple stem cell niches including shoot, root apical
meristems and vascular stem cell niche in Arabidopsis. At the SAM, gain-of-function
alleles of HD-ZIP III genes often exhibit enlargement or ectopic formation of
meristems (McConnell et al. 2001; Zhong and Ye 2004a), suggesting that proper level

of HD-ZIP III activity is crucial for maintaining SAM size.

The Arabidopsis TSOI gene plays an essential role in coordinating stem cell
proliferation with floral organ differentiation at the SAM. The #so/-1 allele has
fasciated shoot meristems with over proliferating stem cells and failure of floral organ
differentiation (Z. Liu, Running, and Meyerowitz 1997). Further, tsol-1 exhibited a

bushy phenotype revealing a reduced apical dominance. How does TSO1, a CXC
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domain containing transcription factor, regulate and coordinate these different
developmental processes is not well understood. In chapter II, I described a genetic
screen that identified the TSO1-MYB3R1 regulatory module at the shoot and root
apical meristem that coordinates proliferation with differentiation. My results shown
in chapter Il revealed that TSO1 and MYB3R1 likely form a protein complex to
negatively regulate target genes including MYB3R1, cell cycle genes, and other as
yet unidentified genes. However, how does the TSO1-MYB3R1 cell cycle regulatory
module get incorporated in the plant meristem tissue context and interact with known
SAM regulators remains elusive. Uncovering the additional TSO1 protein complex
components and/or target genes may provide insights to the underlying mechanism of

TSO1 function at SAM and help explain the pleiotropic defects in tso/ mutants.

The identification of 32 myb3r1 suppressor alleles in chapter II indicated that the
mutagenesis screen is reaching saturation and would unlikely lead to additional new
genetic loci. In this chapter, I report a second mutagenesis screen that led to the
identification of several dominant enhancers of #so/. This screen took advantage of a
weak suppressor of zso/-1, B12, which harbors a missense mutation in MYB3R1. The
weakly suppressed tso -1 background allowed us to screen for enhanced phenotypes
of tsol mutants. The enhancer screen was previously not possible as tso/-1 showed

very strong phenotypes including complete sterility.

Here, we report the characterization of a dominant enhancer, E2, from these second

genetic screen. We showed that E2 is a REVOLUTA gain-of-function mutant allele,
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which enhances meristem fasciation and organ formation defects of tso/-1. Our
results suggest that 7SO/ normally represses the expression of REV. Since, REV is
known to promote STM expression and axillary meristem formation, the bushy
phenotype of tsol-1 is likely due to elevated REV expression in tsol-1 mutants. In
addition, it may also explain meristem fasciation of #so/-1. The genetic interaction
between 7SO! and REV revealed by this study not only helped to explain the
pleiotropic tsol-1 mutant phenotype but also 7SO1’s crucial role in repressing HD-

ZIP III genes in different developmental context.

3.2 Material and methods

Plant material and growth conditions

Arabidopsis thaliana ecotype Landsberg erecta (Ler) was used as the wild type. All
mutants are in the Ler background and were described previously: zso/-1(Liu et al.
1997), tso1-1+/+sup-5 (Sijacic et al. 2011) and tso -3 (Hauser et al. 1998). tsol-
3+/+sup-5 (Chapter II).

Plants were grown on Metromix soil (Griffin) under a 16 hour light-8 hour dark cycle
at 25°C. Sterilized seeds were germinated on half-strength Murashige and Skoog (1/2

MS) medium containing 1% (w/v) sucrose and 0.6% (w/v) phyto agar.

EMS mutagenesis
Seeds from 10 B12 backcrossed F2 individuals (total 0.12g) were pooled. Seeds were
treated with 0.2% EMS solution overnight and rinsed with water for 4 hours before

spreading on soil.

89



Molecular cloning

REYV translational reporter pREV::VENUS was kindly provided by Dr. Meyrowitz
(Heisler et al. 2005). To make REV genomic construct carrying the E2 mutation, REV
genomic fragment was released from pREV::VENUS vector by BamHI and Ncol
digestion and cloned into pCR/8/GW/TOPO vector (Invitrogen) to produce gREV-
TOPO vector. The fragment between EcoNI and HindIII cutting sites that
encompasses the miR165/166 targeting site in the gREV-TOPO vector was then
replaced with amplified fragment from the E2 enhancers. For REV gene editing,
gRNA was designed to target the 1st exon of REV. Primers
ATTGGTACACAGCTGAGCAAGTCG and
AAACCGACTTGCTCAGCTGTGTAC were annealed and ligated into pHEE401E
(Z.-P. Wang et al. 2015) vector by Golden Gate cloning (Engler and Marillonnet

2014).

Microarray experiments and data analysis

Total RNAs were isolated from inflorescences of three #so/-1 and three WT plants
and were used in microarray assay as three biological replicates. The microarray
assay was performed at Biopolymer/Genomic Core Facility, School of Medicine,
University of Maryland, Baltimore. Wild type inflorescences (with open flowers
removed) and #so/-1 inflorescences were harvested at the same time. Three biological
replicates were collected for each genotype. 150 ng of total RNA from each sample

was used for aRNA target preparation with the 3’ IVT Express Kit (Affymetrix, Ca,
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USA). The probes were hybridized with the Arabidopsis ATH1 Genome Arrays using

The GeneChip Hybridization, Wash, and Stain Kit (Affymetrix, CA, USA).

The microarrary data was collected in the form of preprocessed and normalized CEL
files and expression measures were calculated with justRMA using RMA (Irizarry et
al. 2003). Differential expression was determined with a moderated t-statistic using
Empirical Bayes methods (Smyth 2004). Corrections for multiple testing were done
using the False Discovery Rate (FDR) method (Benjamini and Hochberg 1995).
Genes for which the fold-change between tso/-1 and wild type was greater than 1.5
(FDR-adjusted P < 0.05) were designated as “down-regulated” in tso/-1 or “up-

regulated” in tsol-1.

The “up-regulated” and “down-regulated” in tsol-1 gene lists were further filtered to
remove genes that were expressed only in “late” stage floral organs (these organs are
absent in the zso/-1 mutants). The AtGenExpress (Schmid et al. 2005) provided
microarray data sets for floral stages 1-6, 9, 10-11, and 12. The mean value of three
biological replicates of stage 9, 10-11, and 12 was respectively compared with the
mean value of three biological replicates of early floral stages 1-6. We designated
genes as being “early” (1.5x up-regulated in stages 1-6 vs any of the stages 9-12 with,
as before, FDR-adjusted P < 0.05), “late” (the reverse) or “neither”. Genes belonging
to both “up-regulated”, “down-regulated” in tso /-1 and “early” were identified using

an R script.
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Gene Set Enrichment Analysis was performed on two gene sets: first, genes that were
both “up-regulated” in tso/-1 and part of the “early” set as defined above (Table 3.1),
and second, genes that were both “down-regulated” in tso /-1 and part of the “early”
set as defined above (Table 3.2). This Gene Set Enrichment Analysis of GO BP
categories was performed using a hypergeometric test (Falcon and Gentleman 2007;
Hahne et al. 2010). Intersections between gene sets were plotted using the UpsetR
package (Conway, Lex, and Gehlenborg 2017). All analyses described in this section

were done using the R language.

RNA extraction and quantitative real-time RT-PCR

RNA were extracted from inflorescence tissue using NucleoSpin RNA Plant kit
(MACHEREY-NAGEL). First strand cDNA was synthesized with iScript cDNA
synthesis kit (BioRad). qPCR was carried out using Sso Fast Evagreen supermix
(BioRad) using primers REV.qPCR.F:CCAAGCTGTGAATCTGTGGTC,
REV.qPCR.R:CGATCTTTGAGGATCTCTGCA (Y. Liu et al. 2014).
STM.qPCR.F:GGCCTTACCCTTCGGAGCAA, STM.qPCR.R:
GGTGAGGATGTGTTGCGTCCATT (Y. Wang et al. 2014).
PP2A.F:-TAACGTGGCCAAAATGATGC,

PP2A.R:GTTCTCCACAACCGCTTGGT.(Liberman et al. 2015)
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3.3 Results

3.3.1 Isolation of genetic modifiers of tso1-1; myb3rI-5 (B12)

Chapter II reported the discovery of the 7SOI-MYB3R1 regulatory module that
operates at the Arabidopsis shoot and root meristems. myb3rI-5 is a relatively weak
suppressor of tsol-1. Unlike strong myb3rl mutant alleles that suppressed both
meristem fasciation and sterility of tso /-1, myb3ri-5, a weak loss-of-function allele,
does not completely suppress the fertility defects of tso/-1. Hence, tsol-1; myb3ri-5
double mutant is almost wild type but may be sensitive to additional genetic changes
that may compromise the “7SO1 pathway”. Therefore, this double mutant can be used
as a sensitized genetic background for a new round of mutagenesis to screen for
enhancers of tsol-1; myb3ri-5. For simplicity, this double mutant, tsol-1; myb3ri-35,

is called B12 in the remainder of this chapter.

Using B12 as a sensitized background, we carried out an EMS mutagenesis to
identify enhancer or suppressor mutations of B12 by examining meristem or/and
fertility defects. Figure 3.1 illustrates the mutagenesis screen scheme. About 2000 M1
plants were obtained. Although most suppressors or enhancers are recessive and only
exhibit phenotypes in the M2 generation, some suppressors and enhancers were
dominant and exhibited phenotypes at the M1 generation. I screened M1 generation
and identified 3 dominant suppressors and 13 dominant enhancers (Figure 3.1).
Because B12 also contains the TSO1-GR construct, the dominant enhancers can be

rescued by DEX treatment to obtain seeds.
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For the screening of the M2 generation, seeds from 8-15 M1 plants were pooled
together and planted. Six additional suppressors and 49 enhancers were isolated in the
M2 generation. In total, 9 suppressors and 62 enhancers were identified from this

second screen using B/2 (Figure 3.1).

DEX
Suppressor
B12 seeds
-_—

oo'o. ' 0 M Enhancers (13)  Collect seeds from
056Y rescued plants
EM

M1 plants ~2000
l Suppressors (3)
M2 families
Suppressors (6) Enhancers (49)

Figure 3.1 Diagram summarizing the EMS mutagenesis screen

B12 (tsol-1;, myb3ri-5) seeds were treated with EMS and gave rise to ~2000 M1
plants. By screening the M1 population, 13 enhancers were identified that showed
meristem fasciation and sterility (denoted by green apex); they were treated with
DEX to get seeds. Three suppressors with improved fertility (denoted by big red
apex) were isolated as well. For M2 population, seeds were pooled from 8-15 M1
plants and germinated to give rise to M2 plants. Six suppressors and 49 enhancers
were isolated by screening the M2 plants.

3.3.2 REVOLUTA gain-of-function mutation enhances B12 phenotype

Two dominant enhancers E2/+ and E9/+ showed small siliques without seeds (Figure
3.2A) and fasciated inflorescence meristems with many more floral buds per shoot
(Figure 3.2B). Additionally, their leaves are sometimes trumpet-shaped (Figure. 2C).
Homozygous E2 and E9 M2 plants showed stronger defects in fasciation, sterility,

and trumpet-shaped leaves (Figure 3.3 B,C). The progeny of E2/+ segregated in a
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ratio of 31/126 (24.6%) strong phenotype; 54/126 (42.9%) medium phenotype and
41/126 (32.5%) background B12 phenotype (Chi-squared test p-value=0.125),

confirming the dominant nature of the E2 enhancer.

B12;rev-11d

REVOLUTA complenemtary sequence to miR165/166

wild-type CET GGG ATG AAG CET GOT £E6 BATTCG
rev-11d (E2) CCT GGG ATG AAG CCT GAT CCG GAT TCG
rev-10d CCTCEEATG AAG CCTGET CTG GAT TG
phb-3d,4d,5d CCT GGG ATE AAG CCT GAT CCB GAT TCG

phv-1d,2d,3d,4d

Figure 3.2 A gain-of-function allele in the REVOLUTA gene enhances B12
phenotype

(A) Phenotype of B12; +/+, B12; rev-11d/+ heterozygous and B12; rev-11d/rev-11d
homozygous plants. In the B/2 background, rev-11d (the E2 enhancer) caused
enhanced fertility defect shown by smaller siliques (middle). B12; rev-11d/rev-11d
plants showed even stronger phenotypes including even shorter siliques or curled
siliques due to defects in carpel development (right). Scale bar = Icm.

95



(B) B12; rev-11d/+ plants showed fascinated inflorescence with more floral buds
than the B12 inflorescence (middle). B12; rev-11d/rev-11d plants too showed
inflorescence fasciation. Scale bar = 1mm.

(C) Rosette leaves with abaxial side facing up. Curling (an indicator of adaxialization
of the leaf) is obvious in B12; rev-11d/+ and B12; rev-11d/rev-11d plants. Scale bar
= lcm.

(D) REV DNA sequence at the miR165/166 target site; the specific sequence
complementary to miR165/166 is labeled in green. The rev-11d (E2) mutation is
shown in red beneath the WT sequence. Previously published mutations in the HD-
ZIP III family (McConnell et al. 2001; McConnell and Barton 1998) are shown beneath
the rev-11d (E2) sequence.

The leaf phenotype of these enhancer mutants resembled gain-of-function mutants in
the HD-ZIP III gene family. To determine if the E2 and E9 are gain-of-function
mutations in the HD-ZIP III genes (PHABULOSA, PHAVOLUTA, REVOLUTA
(REV), INCURVATA4 (CORONA/ATHB15) and ATHBS), we PCR amplified a 1Kb
region of all five HD-ZIP III genes encompassing the miR165/166 binding site from
E2 and E9 and sequenced the PCR products. A G-to-A mutation, was found in the
miR165/166 targeting site of REV in both E2 and E9 (Figure 3.2D). This mutation
likely makes the REV mRNA resistant to the miRNA165/166 degradation, although it
also causes an amino acid substitution (G189D) in the START domain of the REV
protein. Hence, we renamed E2 and E9 as rev-11d, despite that E2 and E9 were
isolated independently from one another. The ability of rev-11d to confer increased
REV function due to its immunity to miRNA165/166 is supported by that several
dominant alleles of the HD-ZIP III family members PHB and PHV (phb-3d,4d,5d and
phv-1d,2d,3d,4d) had the identical G to A change at the miRNA target sites (Figure
3.2D)(McConnell et al. 2001; McConnell and Barton 1998). Therefore, the E2 and E9

enhancer mutations are mutants of the REV at the miR165/166 target site.
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3.3.3 Synergistic interaction between rev-11d/+ and B12 at the shoot apical meristem

To determine if rev-11d indeed enhances B2 instead of just being additive with B12,
we examined rev-11d/+ mutant phenotype in the absence of #so/-1. Specifically,
Dexamethasone (DEX) was supplied to the BI2; rev-11d/+ plants; DEX treatment
allowed TSO1-GR to enter nucleus and rescue tsol-1. The resulting DEX treated
plant should be no longer defective in the zso/ locus and should exhibit myb3ri-5;
rev-11d/+ phenotype only. Indeed, DEX treated plants no longer exhibited fascinated
inflorescence and the silique was fully developed and fertile (Figure 3.3A). Similarly,
the B12 (¢sol-1,myb3rI-5) alone in the absence of rev-11d/+ also showed normal
inflorescence and almost full length silique (Figure 3.2A left). Therefore, only when
B12 and rev-11d/+ were combined (ie, in the B12; rev-11d/+ plants) (Figure 3.2A
middle, Figure 3.3A, Mock), the inflorescence was fasciated and the siliques were
curled and infertile, strongly supporting a synergistic genetic interaction between B12

and rev-11d/+.

rev-11d homozygous plants have a very strong phenotype including strong meristem
fasciation, infertility, and trumpet-leaves (Figure. 2A right and 3B), addition or
removal of tso/-1 (by MOCK or DEX treatment) failed to show any changes in the
severity of the phenotype (Fig. 3B), indicating that rev-11d homozygous mutants are
not sensitive to B/2 due to its already strong gain-of-function phenotypes. Hence, the
synergistic genetic interactions can only be revealed when REV function is partially

affected.
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tsol-1, in the absence of myb3ri-35, also exhibited a strong phenotype (Chapter I, II).
We tested if rev-11d/+ could further enhance tsol-1. We crossed rev-11d; B12 (tsol-
1; myb3ri-5) with wild type (Ler) and screened for tsol-1, rev-11d/+ plants in the F2
population. The resulting tsol-1, rev-11d/+ showed an inflorescence phenotype
identical to tsol-1 single mutant as well as absence of silique development due to
failure of carpel development in tsol-1 (Figure 3.3C), suggesting that tso /-1 is

insensitive to rev-11d/+ due to its already strong defects in meristem and fertility.

B12 consists of myb3ri-5 and tsol-1. myb3ri-5 single mutant and other hypomorphic
and null alleles of MYB3R I normally do not have any obvious phenotype. To
determine if synergy is observed between rev-11d/+ and myb3rI-5 (in the absence of
tsol-1), we obtained myb3ri-5; rev-11d/+ by screening the same F2 population
described above. myb3ri-5; rev-11d/+ plants, like mock treated B12, rev-11d/+, did
not exhibit any meristem fasciation, nor reduced fertility (Figure 3.3D). This data
suggests that myb3ri-5, rev-11d/+ double mutant do not cause meristem fasciation in

the absence of tsol-1.
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A B12; rev-11d/+ C tsot1-1;rev-11d/+ D myb3r1-5; rev-11d/+

Figure 3.3 Demonstration of synergistic interaction between B12 and rev-11d/+
(A) B12; rev-11d/+ treated with DEX rescued #so /-1 and did not show any enhanced
phenotype when compared with B12; rev-11d/+ without the DEX treatment (mock).
Scale bar = 1cm (upper panel) and 1mm (lower panel).

(B) Bi12; rev-11d/rev-11d plants treated with DEX showed similar phenotype to B/2;
rev-11d/rev-11d plants without the DEX treatment (mock). Scale bar = 1cm.

(C) tsol-1; rev-11d/+ plants showing a phenotype similar to tso/-1 single mutants.
Scale bar = 1cm.

D. myb3rl-5; rev-11d/+ plants are similar to wild type in the inflorescence and
silique length. Scale bar = 1cm.

In summary, the genetic synergy is only observed when tso -1 phenotype is partially

suppressed by myb3ri-5 and when rev-11d is partially affected as a heterozygote.
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myb3r1-5 mutation likely attenuates zso/-/ mutant phenotype to allow the

enhancement effect of rev-11d/+ to be uncovered.

tsol-3 is a weak tsol allele showing normal SAM patterning with reduced fertility.
To determine if zso/-3 and rev-11d/+ also show synergistic interaction, we crossed
the B12/+, rev-11d/+ plants to the tsol-3 plants. The tsol-3; rev-11d/+ plants from

the resulting progeny will be examined in July 2017.

Our results demonstrated a synergistic genetic interaction between B2 and the REV
gain-of-function mutation (rev-11d/+), suggesting that 7SO! and REV likely function
in the same pathway to regulate proper meristem size and fertility. Induction of 7SO!
wild type function by DEX in B12; rev-11d/+ was able to rescue the meristem
fasciation and fertility defects, suggesting that wild type 7SO/ can repress rev gain of

function.

3.3.4 Genome wide identification and analysis of TSO1 downstream targets by DNA

microarray

If TSO1I and REV function in the same pathway, what is their regulatory relationship?
Since TSOI-MYB3R1 complex is often thought as a negative regulator, one possible
interpretation is that TSO1-MYB3R1 normally represses REV transcription as well as
other genes involved in meristem development and cell cycle regulation. To gain a
genome-wide understanding of 7SO/-regulated genes and processes, a former
postdoc in the Liu lab, Paja Sijacic, conducted a microarray experiment. RNAs were

extracted from inflorescence tissues (consisting of only unopened flowers) of wild
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type (Ler) and tsol-1, respectively, in triplicates; they were made into cDNA probes
and hybridized to the ATH1 microarray containing approximately 24,000 Arabidopsis
genes on the Chip. A former graduate student, Charles Hawkins, then did the data
analysis. Differentially expressed (DE) genes between WT inflorescence and tso -1
inflorescence were identified (see Methods). Up-regulated genes in tso /-1 mutants
were of particular interests as they may represent genes normally repressed by 7SO1.
On the contrary, down-regulated genes in tso/-/ may simply due to missing floral
organs in tsol-1. Therefore, genes expressed at later stages of flower development
(stages 9-12; (Schmid et al. 2005)) were filtered out from the zso/-down and -up list

to reduce these indirectly affected genes (Table 3.1 and Table 3.2).

Gene ontology (GO) enrichment analysis was conducted among the zso/-1 up and
down-regulated genes (after filtering) (Table 3.1 and 3.2). The resulting enriched GO
terms are listed in Table 3.3 and 3.4. Top 10 ranked GO terms are shown in Figure
4A and B. Consistent with the zso/-1 mutant phenotype (Liu et al., 1995), genes
involved in “maintenance of meristem identity”, “DNA replication initiation”,
“cytokinesis by cell plate formation” were significantly enriched among tso -1 up-
regulated genes, suggesting up-regulation of transcription programs favoring cell
division and stem cell maintenance (Figure 3.4A, Table 3.3). Interestingly, genes
involved in “polarity specification of adaxial/abaxial axis” were significantly
enriched in tsol-1 up-regulated genes, suggesting TSO1 perhaps normally represses
ad/ab polarity genes (Figure 3.4A, Table 3.3). In contrast, genes responsible for tissue
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differentiation processes like “sexual reproduction”, “secondary cell wall biogenesis”
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and “anther development” are enriched among the tso/-1 down-regulated genes
(Figure 3.4B, Table 3.4). Taken together, our genome-scale transcriptome analysis of
tsol-1 mutant revealed that 7SO/ represses meristem genes and adaxial/abaxial

polarity genes while at the same time promotes differentiation.

REV is among the tsol-1 up-regulated gene list (Figure 3.4C); REV expression was
increased by 1.6-fold (p-value = 0.004). Other members of the HD-ZIP III gene
family, PHV and PHB, also showed increased expression in tso -1, with PHV
showing statistically significant increase (1.32-fold change, p-value = 0.002) (Figure
3.4C). Therefore, our data support that TSO1 normally acts to repress the

transcription of REV and PHV during inflorescence development.
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Figure 3.4 Summary of 7SOI microarray and yeast-one-hybrid data
(A) Top 10 ranked GO categories (biological process) enriched among genes
upregulated in tso/-1. (B) Top 10 ranked GO categories (biological process) enriched
among genes downregulated in tso/-1. Only GO categories with gene count > 5 and
hypergeometric test p-value <0.01 were selected and ranked by odds ratio. GO
categories represented by similar sets of genes were combined to avoid redundant
listing. (C) Transcript fold change for the six target genes shown in A based on our
microarray data comparing WT inflorescence to tso/-1 inflorescence. Minimum cut
off is at +/- 1.5-fold indicated by the dashed lines. Asterisks indicate significant
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expression changes (p-value < 0.01). Bars are colored according to the target gene
name shown in (D). (D) Circos graph summarizing yeast-one-hybrid results by
mining large scale yeast-one-hybrid screens (Taylor-Teeples et al. 2014; Gaudinier et
al. 2011). One-to-one relationship between TSO1, SOLI1, and SOL2 transcription
factors (right of the dotted line) to the promoter of their respective target genes (left
of the dotted line) is indicated by colored ribbon. Shown are all target genes found by
the screens to be bound by TSO1, SOLI and SOL2.

(E) Overlapping gene numbers (Y-axis) between differentially expressed (DE) genes
in #sol-1 mutant and genes expressed at specific subdomains of the shoot apex.
CLV3, LAS, and KANI1 (green bars) represent three different subdomains defined by
their respective expression (Yadav et al 2014). Number of genes specifically
expressed in respective subdomains are indicated by the green bars to the left.
Similarly, number of LAS and AS1 subdomain (purple bars) expressed genes are
indicated to the left (Yu et al., 2014). Number of genes up- or down-regulated in tso!-
I mutants are indicated by blue bars to the left. X-axis and the matrix beneath indicate
the intersection/overlap between two specific data sets indicated by filled circles
connected by a line. The sizes of the intersections (number of overlapping genes
between the two datasets) were plotted as bar graph above the matrix columns.
Statistically significant over-representation of sub-domain genes among the tso/-1 up
or down DE genes are indicated as orange bars (hypergeomorphic test p-value <
0.05).

3.3.5 TSO1 and TSO1 homologs directly bind to the promoters of HD-ZIP I1I genes

To determine if TSO1 directly represses REV, we mined a large-scale yeast-one-
hybrid dataset (Taylor-Teeples et al. 2014). The promoters of fifty genes implicated
in root xylem cell specification were screened against 467 root-xylem-expressed
transcription factors using a high throughput yeast-one-hybrid assay. TSO1, SOL1
and SOL2 are among the 467 transcription factors tested. TSO1 and its homologs
SOL1 and SOL2 were found to bind to the REV promoter (Figure 3.4D) (Taylor-
Teeples et al. 2014; Gaudinier et al. 2011). The data indicate the possible redundancy
between TSO1 and its family members SOL1 and SOL2 in regulating REV
expression. However, TSO1 and its homologs may regulate REV in different tissues
or developmental stages. A change of REV expression in tso/-1 microarray in

inflorescence suggests that 7SO/ plays a major role in regulating REV during
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inflorescence development. In addition to REV, TSO1 and its homologs SOL1 and
SOL2 appear to bind the promoters of other HD-ZIP III genes, PHB and PHV (Figure
3.4D), consistent with increased expression of PHV in tsol-1 (Figure 3.4C). To sum
up, TSO1 and its family members, SOL1 and SOL2, may directly regulate HD-ZIP

111 gene expression by binding to the promoters of these HD-ZIP III genes.

In the yeast one-hybrid study, REV was discovered as a major hub in the gene
regulatory network for secondary cell wall synthesis (Taylor-Teeples et al. 2014;
Gaudinier et al. 2011). REV promoter was found to be bound by 35 transcription
factors (Table 3.6). In addition to TSO1, REV promoter is bound by another putative
DREAM complex component E2Fc, a cell cycle regulator in the conserved RB/E2F
complex, suggesting that REV may be negatively regulated by the DREAM-like
complex consisting of TSO1 and E2Fc. TSO1/SOL2/SOL1 and E2Fc are the only

plant DREAM-like complex components tested in the above yeast-one-hybrid study.

In addition to HD-ZIP III family members, the yeast-one-hybrid data also revealed
KNOTTED ARABIDOPSIS THALIANA7 (KNAT7), a class I KNOX transcription
factor, as another regulatory target of 7SO/ (Figure 3.4D). However, we detected
significant down-regulation of KNAT7 in tsol-1 microarray (-6.32 fold change, p-
value = 6.14E-08) indicating TSO1 as possibly a direct positive regulator of KNAT?7.
KNAT7 and BELL1-LIKE HOMEODOMAIN 6 (BLH6) were previously shown to
form a heterodimer that binds the REV promoter and represses REV expression during

secondary cell wall synthesis in root (Y. Liu et al. 2014). Therefore, 7SOI may
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positively regulate KNAT7, a repressor of REV. This feed-forward regulatory loop

between TSO1 and REV further ensures the repression of REV.

VASCULAR-RELATED NAC-DOMAIN 6 (VND6)/NAC101 is a gene, whose
promoter was bound by SOL2 (Taylor-Teeples et al. 2014) (Figure 3.4D). VND6
encodes a major factor in xylem cell fate determination and has the ability to
transdifferentiate other cell types to xylem cells (Yamaguchi et al. 2010; Ohashi-Ito,
Oda, and Fukuda 2010). V'ND6 expression did not show significant change in tso/-1
mutant (Figure 3.4C), perhaps reflecting a specific SOL2-VND6 interaction in root
tissues only and suggesting a possible function of SOL?2 in regulating xylem

formation through VNDG6.

Another direct target of SOL2 revealed by yeast-one-hybrid is AT5G60720 (Taylor-
Teeples et al. 2014), which showed significant down-regulation in the zso/-/ mutant
(-2.23 fold change, p-value= 1.91E-05) (Figure 3.4C). AT5G60720 encodes a protein
of unknown function, and showed high expression in the root xylem. It’s functional

relevance to TSO1 remains to be tested.

3.3.6 Genome-wide comparisons between zso1-1 differentially expressed (DE) genes and

SAM expressed genes.

To understand the altered transcription landscape of zso/-/ mutant, we ask if DE
genes in tso /-1 show a shift of gene expression profile characteristic of specific
subdomains of the SAM. Each subdomain of the SAM has distinct function and

possesses a unique transcription landscape (Yadav et al. 2014, 2009; Tian et al.
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2014). Using meristem subdomain specific promoters to drive GFP, Yadav et al.
applied fluorescent activated cell sorting to isolate subpopulations of cells at the
SAM. Transcription profiling of these subpopulations of cells identified subdomain
specific genes. Following three populations of cells are relevant to this study: stem
cells in the Central Zone of SAM defined by the pCLV3::GFP reporter, the cells at the
adaxial domain and organ boundary defined by the pLAS::GFP, and the cells at the
organ abaxial region, Peripheral Zone, and organ outer boundary defined by the
pKANI::GFP. To determine if fasciated zso/-1 mutant SAM is due to over-
representation of specific subdomains, we compared DE genes in tso /-1 with above
mentioned subdomain (CLV3/LAS/KANI) specific genes (Yadav et al. 2014) by gene
set enrichment analysis. Genes that are up-regulated in #so/-1 inflorescence showed
significant enrichment (ie. over-representation) of CLV3, LAS and KANI- subdomain
specific genes (hypergeometric test p-value <0.001) (Figure 3.4E). Hence, all
subdomains of SAM are over represented among the zso/-1 up-regulated genes,
suggesting that zso /-1 meristem fasciation results from over-proliferation/growth of
all subdomains of the SAM (including adaxial, abaxial and boundary regions) and

that 7SO may directly or indirectly repress the expression of these genes.

We carried out similar analysis with an independent data set derived from
transcription profiling of meristem-organ boundary (LAS) and developed leaf (4S7)
cells from young seedlings (Tian et al. 2014). In this study, specific subdomains were
isolated using the ribosome TRAP-seq method (Mustroph et al., 2009; Jiao and

Meyerowitz, 2010). Similar to the analysis above, the meristem-organ boundary
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(LAS) specific genes are significantly enriched among the tso /-1 up-regulated gene
set. In contrast, seedling leaf tissue (4S17) specific genes were significantly enriched
among the #so/-1 down-regulated gene set (Figure 3.4E). Therefore, ts0/-1 mutants
appear to over-express meristem genes while at the same time reduce the expression
of differentiation genes such as those for leaf differentiation, supporting the notion

that TSO1 normally represses meristem genes while promotes tissue differentiation.

3.3.7 REV may mediate the pleiotropic meristem defects of ts01-1

Does REV up-regulation in tsol-1 background contribute to #so/-1 mutant phenotype?
REV is well known to promote adaxial identity and meristem formation. Loss of REV
resulted in early termination of SAM and lack of axillary meristem (AM) (Otsuga et
al. 2001; Talbert et al. 1995). In contrast, gain-of-function mutations of REV
produced bushy plants with fasciated meristems in certain genetic background (Zhong
and Ye 2004a). A recent study showed that REV promotes the meristem identity gene
STM expression by directly binding to the STM promoter in axillary meristem and
inflorescence tissue (Shi et al. 2016). Therefore, increased or ectopic REV in tsol-1
may lead to increased or ectopic STM expression and meristem fasciation. Indeed,

STM is up-regulated by 0.45-fold in #so /-1 mutant (Figure 3.4C).

In addition to meristem fasciation, the tso/-/ mutants produced more secondary
shoots than wild type, giving rise to the bushy phenotype (Figure 3.5C). These
meristem defects of tso/-1 is reminiscent of that of REV gain-of-function mutants

(Zhong and Ye 2004a). If these phenotypes are mediated by REV-STM over-
107



expression, it should be reversed by combining #so/-1 with a rev loss-of-function

mutation.

To test this hypothesis, we designed CRISPR-Cas9 system to target the 1st exon of
REV and introduced the construct into tsol-1+/+sup-5 heterozygous background
(Figure 3.5A). In the T1 line 2 (tsol-1+/+sup-5), a CRISPR induced homozygous G-
to-A mutation changed a conserved valine in the homeobox domain (Prigge and Clark
2006) into aspartic acid (V34D) (Figure 3.5A). The line 2 plants showed fewer
axillary branches on the main shoot and no axillary meristem in the axil of some
cauline leaves (Figure 3.5D). This phenotype is characteristic of hypomorphic rev
mutant alleles (Otsuga et al. 2001; Talbert et al. 1995). Thus, the V34D mutation in
line 2 likely produced a hypomorphic rev allele (termed rev-12) that is ideal for
testing our hypothesis. In the T2 generation, tsol-1+/+sup-5,;rev-12 plants showed
similar phenotypes as the tsol-1+/+sup-5;rev-12 plants from T1 generation.
Surprisingly, the tsol-1;rev-12 plants in T2 showed reduced branching on the main
shoot and produced no secondary branches. Furthermore, the shoot meristems

terminated, usually between two downward curling leaves.
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Target PAM
REV  GTACGTTAGGTACACAGCTGAGCAAGTCGAGGCTCT
line2 GTACGTTAGGTACACAGCTGAGCAAGACGAGGCTCT

tsoT-1 4 GTACGTTAGGTACACAGCTGAGCAAGTT -~~~ -18
GTACGTTAGGTACACAGCTGAGCAAGCCCGAGGCTC  +1
1so1.3 €6 GTACGTTAGGTACACAGCTGAGCAA-TCGAGGCTCT -1

line8 GTACGTTAGGTACACAGTT-- -- -- - --GTCGAGGCTCT -7

tso1-1 |D tsol-1/sup-5 |E tso1-1
revCRISPR line2 revCRISPR line3

Figure 3.5 REV overexpression underlies zso/-1 AM phenotype

A. Diagram of REV protein domains and details of the CRISPR induced mutation.
REYV protein consists of a homeodomain (green), leucine zipper domain (yellow), and
a putative sterol binding START domain (blue). The miR165/166 target sequence
(red) is within the START domain. sgRNA was designed to target the 1% exon of
REV. The specific CRISPR-induced mutations in various backgrounds are highlighted
beneath the target sequence.

(B) A wildtype plant (Ler). (C), A typical tsol-1 plant. (D) A tsol-1+/+sup-
5,7evCRISPR line2 plant. The revCRISPR line2 mutation is a A-to-T mutation (green)
shown in (A), changing of a conserved valine (V34D) in the homeobox domain.
Sequence analysis confirmed homozygosity of the mutation. (E) A tsol-1;
revCRISPR line3 plant. This line contains CRISPR-induced bi-allelic mutations in
REV; the sequence is shown in (A).

(F) A close-up image showing an axillary meristem of wild type (Ler) in the leaf
axial. (G) A close-up image showing an axillary meristem of tso/-1 in the leaf axial.
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(H) A close-up image showing an absence of axillary meristem in the leaf axial of a
tsol-1+/+sup-5,revCRISPR line2. (I) A close-up image showing an absence of
axillary meristem in the zso/-1;,7evCRISPR line3. (J) A terminating meristem
between two apical leaves of the plant in (E).

Scale bar = 1cm (B to G) and 0.5mm (H, L, J).

In another T1 line 3 (zsol-1), the CRISPR-Cas9 induced bi-allelic mutations in the
REYV gene (Figure 3.5A). The complex mutations appear to result from a combination
of insertion and deletion. One allele in line 3 has 1bp insertion followed by 19bp
deletion that led to a total 18bp deletion that deleted residues 34-39 (VEALER) from
the homeobox domain. The other allele in line 3 has 1bp deletion followed by 2bp
insertion that resulted in a shifted reading frame and premature stop codon in exon 1.
This bi-allelic mutation line (line 3) likely knocked out REV gene completely and is
also homozygous for the tsol-1, leading to tsol-1; rev double homozygous mutant.
The tsol-1, rev line 3 plant also showed early termination of SAM (Figure 2.5K) and
lacked any axillary meristem (Figure 2.5E, J), supporting the results from plants from

line 2.

These results indicate that ectopic REV expression is mediating the bushy (extra AM)
phenotype of tsol-1 as rev loss-of-function mutation is epistatic to zso/-1 by
suppressing the bushy phenotype of tsol-1. Yet the rev loss-of-function alleles did
not simply revert the AM phenotype back to wildtype-like, but led to further AM
reduction and SAM termination. The strong phenotype of meristem termination in
tsol-1; rev double mutants revealed the synergistic interaction between 7SO/ and

REYV in promoting meristem formation, and the complex underling genetic network
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that might be involved. And levels of 7SO/ and REV function balances the meristem

activity.

To further test the genetic interaction between rev and the weak tso /-3 allele, we
transformed tso-3+/+sup-5 plant with the same CRISPR-Cas9 construct targeting
REV. In line 6 (rev-13) and line 8 (rev-14) (T2 generation), CRISPR induced
deletions led to frameshift (Figure 3.5). The rev-13 and rev-14 alleles on their own
showed similar phenotypes to that of rev-12 and previously described rev loss-of-
function alleles, suggesting that the mutations in rev-13 and rev-14 significantly
reduced REV function. Combining rev-13 and rev-14 alleles with tso/-3 showed
additive effects (Figure 3.6), suggesting that there is no genetic interaction between

REV loss-of-function alleles and tso!-3.

3.4 Discussion

3.4.1 B12 as a sensitized background for identifying enhancers of zs01 mutation

In this study, we took advantage of a weak myb3r1 allele, which partially suppressed
tsol-1 and provided an ideal genetic background with a mild but specific phenotype
for us to conduct genetic screen to look for enhancers or suppressors. Compared with
other myb3rl strong loss-of-function alleles which fully rescued tso /-1 phenotype,
the myb3ri-5 allele in B2 carried a missense mutation, which is likely a
hypomorphic allele and hence only partially suppressed zsol-1 phenotype. Thus, in
the B12 background, the 7SO/-MYB3R 1 pathway is partially functional and more
sensitive to mutations that compromise the 7SO/-MYB3R 1 pathway. Indeed, most

genetic modifiers isolated in this screen are enhancers (62 out of 71). We
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hypothesized several scenarios that may underlie the nature of the suppression or
enhancement: (1) suppressor mutations in the MYB3R1 gene that further disrupt
MYB3RI function; (2) enhancer mutations that cause loss-of-function mutations in a
DREAM complex component; (3) mutations in genes regulated by TSO1 or
MYB3RI1 could be identified as enhancers or suppressors depending on if they are
repressed or activated by TSO1 or MYB3R1; (4) mutations in proteins that interact
with MYB3R1 could be isolated as enhancer or suppressors. This study represents the
analysis of the first enhancer from this screen and identified a mutant allele in REV,
belonging to the (3) scenario listed above. Analysis of the remaining
enhancers/suppressors will further reveal the genetic framework of the TSO1

pathway.

3.4.2 TSO1 maintains meristem size partly by repressing REV gene expression.

Ectopic REV expression has been shown to disrupt the ad/ab polarity in leaves, floral
organs and also stem vascular bundles (Emery et al. 2003; Zhong and Ye 2004a). The
gain-of-function REV alleles also have the ability to promote SAM fasciation in
certain genetic backgrounds (Zhong and Ye 2004a). In the B12 background, rev-
11d/+ allele caused meristem fasciation and sterility, and the phenotypes were absent
when DEX was applied to rescue the tso /-1 mutation, indicating that the observed
phenotype requires tsol-1 (Figure 3.2A). Similarly, when rev-11d/+ was removed,
the B12 alone did not exhibit these phenotypes. The experiments in Figure 3.2 and
3.3 suggest that it is the synergistic genetic interaction between B2 and rev-11d/+
that led to the enhanced phenotype. Hence, this represents the first genetic and

functional connection found between 7SOI-MYB3RI and REV and as a result
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connecting 7SO1-MYB3R1 to the adaxial identity. This linkage between 7SO/ and
adaxial identity could be highly significant as it for the first time suggests that 7SO!’s
effect on SAM may be mediated by its effect on adaxial identify. Since
overexpression of 7SO/ did not show any tissue polarity or meristem patterning
defects (data not shown), 7SO! function likely requires co-factors that are under

spatial-temporal regulation.

The synergistic interaction between tso/-1 and rev-11d/+ could be explained as
following. In rev-11d/+ background, REV mRNA is stabilized due to its resistance to
miR166/165. However, TSO1-MYB3R1 wild type complex is able to repress REV
transcription to keep REV mRNA level still below critical threshold. In B72
background, TSO1-MYB3R1 complex activity is partially compromised, leading to
elevated REV transcription; combined with the resistance to miR165/166 due to rev-
11d mutation, the mutant REV mRNA level is now above the threshold level to cause

meristem fasciation and infertility.

It is still unclear how 7SOI-REV module also regulates fertility. The tsol-1 allele
fails to develop floral organs. The REV gain-of-function alleles display carpel tissue
adaxialization in certain background, but the fertility is unaffected (Zhong and Ye
2004a). In B12/+ background, rev-11d/+ displayed normal floral organs and fertility.
Only in B12 background, where tsol-1 and myb3ri-12 exist as homozygous, rev-
11d/+ caused floral organ adaxialization and sterility. This genetic interaction may

reveal a novel role of REV in regulating fertility.
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In conclusion, the identification of the 7SOI-REV regulatory module provided much
needed insights into how 7SO/ and its homologs regulate meristem. They may
restrict meristem size and new meristem initiation by restricting adaxial environment
or by indirectly restricting STM expression. Furthermore, this 7SO/-REV module
likely functions at SAM to regulate SAM size and in AM to regulate lateral shoot

branches.

3.4.3 Model

In light of the discovery of the T7SOI-REV regulatory relationship at the shoot apical
meristem and axillary meristem, we propose a model of 7SO-REV interaction. The
TSO1 protein complex that includes MYB3R1 binds REV promoter and represses
REYV expression. In addition, the TSO1 complex may promote the expression of
KNAT7, a known repressor of REV (Y. Liu et al. 2014). This TSO1 complex could be
extended to include 7SO1 family genes, SOLI and SOL2, and the regulatory module
could be extended to include the repression of other members of the HD-ZIP 111
genes. With the combinations of tissue specific expression of TSO1 family genes or
HD-ZIP III genes, tissue specific modules could be formed to pattern meristem in

different tissue and stage context.
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Figure 3.6 A Model illustrating the 7SOI-REV pathway in regulating meristems
Working model for 7SOI-REV pathway in regulating meristem patterning. The
putative plant DREAM-like complex consisting TSO1, MYB3R1 and E2Fc¢ binds
REV promoter and represses REV expression at meristems. The DREAM-like
complex also represses REV by promoting the expression of KNAT7, a known
repressor of REV. The compromised REV regulation caused by B2 is likely due to
defects in both direct regulation and indirect regulation through KNAT7. TSOl1
homologs SOL1 and SOL2 either function redundantly with TSO1, or form tissue
specific complex with different combinations of TSO1/SOL1/SOL2 to regulate HD-
ZIP III genes. The effect of HD-ZIP 11l mis-regulation maybe mediated by altered
expression of STM, a positive regulator of SAM and AM.

The TSO1-HD-ZIP III regulatory model could provide mechanistic explanation to the
pleiotropic meristem defects of 7SO/ mutants. The tsol-1 mutant has over
proliferation of SAM and AM, and reduced RAM size (Chapter II), reminiscent of
HD-ZIP III gain-of-function mutant phenotypes (Ioio et al. 2012; Zhong and Ye
2004b). Elevated HD-ZIP III gene expression in tsol-1 could lead to ectopic
expression of STM at the SAM and AM which in turn leads to meristem fasciation.
Intriguingly, REV has been shown to directly activate WUS expression together with
the cytokinin response factors, B-type ARRs during plant tissue regeneration (Zhang
et al. 2017). In contrast, at the root apical meristem, PHB activates the cytokinin
biosynthesis gene /P77 to promote cell differentiation and control the root meristem
size. Gain-of-function phb-1d/+ allele leads to reduced RAM size and early

differentiation(loio et al. 2012). Thus, ectopic expression of HD-ZIP III genes could
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be the underlying molecular contributor to the meristem defects of tso/-1 mutant. It
remains to be tested if overexpression of HD-ZIP III genes mediates tsol-1 root
phenotype. Hence, the 7SO -HD-ZIP III regulatory model suggests a conserved
regulatory module consisting of 7SO1/SOL1/SOL2-HD-ZIP III in regulating plant

stem cell populations.
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Chapter 4: A144, a novel suppressor of tsol-1

4.1 Introduction

Through our genetic screen in the zso/-/ mutant background, we isolated a novel
suppressor A144 that is distinct from the myb3rl suppressor alleles. The A144
mutation suppressed both the strong #so/-1 allele and the weak tso/-3 allele. The
causative mutation of A144 was subsequently mapped to the gene AT1G49170.
AT1G49170 encodes a small protein (126 aa) with a domain of unknown function
(DUF167). The DUF167 is a conserved protein domain exist across plants and
animals. Our data revealed the Arabidopsis DUF167 protein plays a role in meristem
regulation and possibly cell cycle regulation. In this chapter, I present the functional

characterization of AT1G49170.

4.2 Material and method

Plant material and growth condition

Refer to Chapter I1

Vector construction and Genotyping

To produce translational reporter, the 2.3kb genomic fragment of AT1G49170
including 1.5kb promoter sequence was amplified from Ler genomic DNA with
primers GAAGATTTTCCTTTTCTTGGCCG and GGTAGGTTTTGATGCTTGGG
and ligated into pCR-GW8-TOPO. After sequencing confirmation, the fragment was
recombined into pMDC107 (Curtis and Grossniklaus 2003) and pGreenII-NLS-
3xEGFP (Takada and Jiirgens 2007) to produce translational reporter. The genomic

fragment was also recombined into pEarleyGate 303 (Earley et al. 2006) to produce
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c-terminal cMyec tag fusion for protein pull down assay. Vectors were introduced into
wild type Ler or A144 suppressor by floral dipping via Agrobacterium tumefaciens

(GV3101).

To construct CRISPR vector for AT1G49170 gene editing, gRNA was designed to
target the 1st exon. Primers ATTGAAAGAAGACCAAATCGGCGG and
AAACCCGCCGATTTGGTCTTCTTT were annealed and ligated into the Bsal
cutting site of pHEE401E vector (Wang et al. 2015). The underlined sequences
provide overhangs allowing for ligation. The construct was introduced into #so/-

1/sup-5 and tsol-3/sup-5 plants via Agrobacterium by floral dipping.

The A144 mutation T40I destroyed a Bccl restriction site and generated a CAPs
marker. PCR using primers ATGGCTCCGACGAAGAAAGGAA and
ACAGAGCTCATGTACTCGAGAAGAG followed by Becl digestion was used to

genotype the A144 mutation.

Suppressor screen and complementation tests

Refer to Chapter I1

Mapping by sequencing
Refer to Chapter 11

Microscopy
Refer to Chapter I1

118



Phylogenetic analysis if DUF167 proteins in plants and animals
Full-length amino acid sequences of DUF167 genes encoded by AT1G49170 and

AT5G63440 were used for BLAST search in Arabidopsis thaliana (taxid:3702), Zea
mays (taxid:4577), Physcomitrella patens (taxid:3218), Caenorhabditis elegans
(taxid:6239), Drosophila (taxid:7215), Danio rerio (taxid:7955), Mus musculus
(taxid:10090), Homo sapiens (taxid:9606) reference proteins database. The E. coli
DUF167 protein (Swiss-Pro ID, P52060), whose 3D protein structure has been
solved, was also included in the analysis. A total of 19 protein sequences were
identified and aligned with MUSCLE (Edgar 2004) with default parameters in the
MEGA7 software (Kumar, Stecher, and Tamura 2016). The phylogenetic tree was
constructed using the Neighbour-joining method (Saitou and Nei 1987). The
evolutionary distances were computed using the Poisson correction method

(Zuckerkandl and Pauling 1965).

Protein 3D structure of AT1G49170 modeling
The amino acid sequence of AT1G49170 (total 126 residues) were used to query the

Phyre2 engine (Kelley et al. 2015). The model with the highest confidence score
derived from structure of the E. coli YggU protein (PBD ID:1YHS5) (Aramini et al.

2003) was selected for further investigation and shown in Figure 4.4.

4.3 Results
4.3.1 Isolation and phenotypic characterization of suppressor A144
In an effort to screen for EMS-induced mutations that suppress #so /-1 mutant

phenotypes, we identified a large number (45) of suppressor mutations by screening

119



an M2 population of tsol-1; 35S5::TSOI-GR plants. In Chapter 11, we showed that 32
of these suppressor mutations resided in the MYB3R1 gene. However, A144 (Figure
4.1A) is distinct from myb3ri. First, A144 was crossed with 16 other myb3ri
suppressors, and was shown to complement them (Figure 4.1B), suggesting that A144
defines a different gene from MYB3RI. Second, unlike myb3r] mutants, the fertility
defect of tsol-1 is only partially suppressed by A144 (Figure 4.2A). Like myb3r1, the
meristem fasciation phenotype is completely suppressed (Figure 4.2A). Third, A144
did not suppress the short root phenotype of tsol-1 (Figure 4.2D). A144 plants were
crossed with the parental line tsol-1; 35S::TSO1-GR to generate F1 (4144/+; tsol-1;
358::TSO1-GR), which showed the #sol-1 phenotype, indicating that A144 is

recessive.

To reliably determine the phenotype of tsol-1; A144 double mutant, we would like to
remove the TSO1-GR transgene as well as other background mutations from the
A144 background. 4144 plants from the mapping population was backcrossed to the
tsol-1/sup-5 plants, and the tsol-1/tsol-1; A144/4144 plants were re-isolated in the
F2 population. The A144 mutation again rescued the meristem fasciation phenotype
as well as the infertility phenotype (Figure 4.2A). The number of flowers in each
inflorescence, as a proxy for meristem size, is comparable to wild type plants (Figure
4.2C). The fertility defects of tso -1 were partially rescued indicated by an elongated

silique but shorter than wild type (Figure 4.2A).

120



1
) mmg
0f ihdihibad. allabidld il |~
&1
z -
Za R T N
<y
- (@]
@ =
Z o/l i @
»
o ! @
Sl B
£o
1 Q
OMM.L. lm.u_l.lh Gl

0 5 10 15 20 25 30
Position on Chromosome (Mb)

Figure 4.1 Isolation of A144, a novel suppressor of #sol-1

(A) Left: A tsol-1 mutant plant. Right: A144 suppressor isolated from the EMS
screen described in Chapter II. Note the fuller siliques indicating partially restored
fertility as well as smaller inflorescence heads due to suppression of meristem
fasciation. (B) Circos graph illustrating complementation tests done between A144
and 16 other suppressors (all myb3rI alleles) isolated in the same screen. All crosses
yielded F1 plants with #so/-1 phenotype, suggesting that A144 complemented these
16 other suppressor mutations. (C) Genome wide SNP mapping of an F2 population
pointed the A144 mutation to the lower arm of Arabidopsis chromosome 1. Y-axis
plot the ratio of SNPs linked with the suppressed phenotype over all SNPs detected in
a 100,000bp sliding window. X-axis denotes position on the chromosomes.
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A B A144: C-T/T401

tso1-1;+/+ tso1-1;A144/+  tso1-1;A144 AT1G49170
Target PAM
AAAGGAAAGAAGACCAAATCGGCGGCGGAATCA
line 26 AAAGGAAAGAAGACCAAATCGGACGGCGGAATCA +1

tso1-1/sup-5
line 20 AAAGGAAAGAAGACCAAATCGGTCGGCGGAATCA +1

line 1 AAAGGAAAGAAGACCAAATCGGTCGGCGGAATCA +1
tso1-3/sup-5
line 8 AAAGGAAAGAAGACCAAATCGGTCGGCGGAATCA +1
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Figure 4.2 A144 suppresses the meristem fasciation but not short root defect of
the tsol-1 allele

(A) Phenotype of tsol-1, tsol-1;A144/+, tsol-1;A144 and tsol-1;AT1G49170CRISPR
plants. Note the longer silique and smaller inflorescence meristem in tsol-1, A144.
(B) AT1G49170 gene structure and mutations created in this study. The A144
mutation generated by EMS mutagenesis is denoted above the first exon. CRISPR
system designed to target the sequence in the 1% exon (red) generated mutations in
both tsol-1 and tsol-3 mutants that leads to premature stop codon. (C) Boxplot
showing flower count per inflorescence as a proxy of meristem size (n=15 for each
genotype). Different letters indicate statistically significant difference (p<0.01, one
way ANOVA and Tukey test). (D) Boxplot of root length measurement at 7dpg for
WT (Ler) (n=55), tsol-1 (n=35), and A144 (n=27). Different letters indicate
statistically significant difference (p<0.01, one way ANOVA and Tukey test).

To assess if the suppressor effect of A144 is allele-specific to tsol-1, we tested a
different zso! allele, tsol-3. tsol-3 is caused by a nonsense mutation resulting in a
truncation between the two CXC domains. zso /-3 mutation only exhibits reduced
fertility phenotype and lacks meristem phenotype. A144 suppressor was crossed to

the #so1-3/sup-5 heterozygous plant and the 4144/4144; tsol-3/tsol-3 plants were
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identified in the F2 population through allele-specific genotyping (Figure 4.3). The

resulting plant also showed rescue of the fertility defect (Figure 4.3).

In all, our genetic data demonstrated that the A144 mutation suppressed the meristem
fasciation and fertility defects caused by tsol-1 or tsol-3. However, A144 does not

suppress the short root phenotype of tso/-1 mutant (Figure 4.2D).

tso 1‘—3; 7+ tso1-3;/A144/+ tso1-3;A144

Figure 4.3 A144 suppresses the fertility defect of the #sol-3 allele

Phenotype of tsol-3, tsol-3;4144/+, and tsol-3;4144 plants. Note the longer siliques
in suppressed plants. Scale bar for shoot = Icm. Scale bar for inflorescence top view
= Imm.
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4.3.2 A144 is defective in ATIG49170 coding for a small protein with unknown function.

To determine the molecular nature of A144, we crossed A144 with tsol-1;
35S8.::TSO1-GR parental line to generate a mapping population. This F2 population
has 538 non-suppressed and 100 suppressed plants. DNA from 50 suppressor plants
were pooled and sequenced at about 20X coverage. Mapping was done using method
described in Chapter II. Candidate mutations were mapped to the lower arm of
chromosome 1 (Figure 4.1C) and three of them caused amino acid changes (in gene

AT1G48650, ATIG49170 and AT1G54940).

The lack of a second allele of A144, in contrast to over 32 alleles of MYB3R]1 in the
same screen, led us to postulate that either A144 encodes a small gene, or A144 bears
a very special and unusual mutation instead of a simply loss-of-function mutation.
Among the three candidate genes, AT1G49170 encodes a small protein with 126
amino acids and is of unknown function. A nucleotide change from C-to-T led to the
T40I missense mutation located in the protein domain of unknown function DUF167
(Figure 4.2B). Little is known about this protein domain and its sequence relevance.
Gene AT1G48650 encodes a RNA helicase and is expressed at the shoot and root
meristem (Data from Arabidopsis eFP browser). The mutation in A71G48650 caused
a Ser(S) to Phe(F) change outside any conserved protein domain. Gene 471G54940 is
not expressed at the shoot apical meristem (Data from Arabidopsis eFP browser).

Hence we focused our analysis of the candidate gene AT1G49170.
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To validate that A11G49170 is indeed the gene whose mutation suppress tsol-1,
CRISPR was designed to target the 1% exon of gene AT1G49170 and the construct
was transformed into tso/-1/sup-5 plants. In T1 generation, tsol-1/sup-5 plants with
CRISPR induced mutations were isolated. In line line 26 and 20, 1 bp insertions lead
to shifted reading frame hence early stop codon (Figure 4.2B). We will analyze the
tsol-1;AT1G49170 plants in the next generation to test if loss of function mutations
in AT1G49170 can result in the suppression of tso/-1. This would provide insight as

to the nature of the A144 mutation.

tsol-3/sup-5;AT1G49170 mutants were also generated de novo through CRISPR gene
editing (Figure 4.2B). We await the tsol-3,4T1G49170 double mutant plants from
the next generation to test if the genetic interaction between 7SO1 and AT1G49170 is

allele specific.

To determine if single mutation in A7/G49170 (in the absence of tsol mutation)
exhibit any phenotype, we searched literature and found that a AT/G49170 T-DNA
knock out line at/g49170-1 (T-DNA insertion in the first exon) did not show any
phenotype at the shoot nor at root (Baldwin et al. 2013). We are in the process of
isolating single mutants of AT1G49170 with the A144 allele and the CRISPR alleles

to confirm results described by Baldwin et al. (2013).
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AT1G49170 Arabidopsis thaliana 34 PSSVARTIGENEESHAAS] QIDVSD) DINZARDEFIAAN 78
AT1G43320 Arabidopsis thaliana 34 PSSVA[RT|EENNHESHAAS| DV S D) GQ DINARDEIZZN\VNAR 78
C150rf40 Homo sapiens 33 KGCVT[RANRYSHES[NONAVIIDL T A NWARALRYEP SECEI=ENNR\ER 77
C1501f40 Mus musculus 33 KGFVT(NAMGINSIES RQNAVIIDL ST CYANAINGPSEEININER 77
C150r40 Danio refio 71 DGTI THAGINSEEAMONA VDV S E CYANANEP TDEININER 115
C 1501140 Caenorhabditis elegans 34 EGRI GL HIGINGIEANKSCVVAI GDSENDYAMGIAPREEAINEER 79
C1501f40 Drosophila melanogaster 47 SONI CIIOlLRSEHEANONG! IiGI GFECNUGYQ 91
AT1G49170 Arabidopsis thaliana 79 LEYMF "bv KRRQVSL GSESKERD@VV- i VEDMTQGSVFaA 118
AT1G43320 Arabidopsis thaliana 79 LEYM SNF [ = 93
C150rf40 Homo sapiens 78 CRYL §KWY%- - E RKSDVVL DK BIRE[QVVKLLASTTPEEI LEK 118
C150rf40 Mus musculus 78 CRYL SJK\Y4- - [AD[RRKSDVVL DK GKEVVKL LASTTPEEVLEK 118
C150rf40 Danio rerio 116 LRFL BK\Y- - [ KKSEVSL DKIESKSIRFE[SVI RVTADVSQEEI LKK 156
C150rf40 Caenorhabditis elegans 79 | SYL MSA- - MGERKNEL QF DKIEAKSINS[QVVL | DTKRLTI DEVRK 119
C150rf40 Drosophila melanogaster 92 VKFL .K- - RKSDVSLDK[ESRSIRNIM | MI TKGVSTVEAI EQ 132

AT1G49170 Arabidopsis thaliana ]
AT1G43320 Arabidopsis thaliana

XP 001768912.1 Physcomitrella patens

NP 001150562.1 Zea mays

NP 001278817.1 C150rf40 homolog Danio rerio Clade |
NP 080353.1 C150rf40 homolog Mus musculus

AAH19820.1 C150rf40 Homo sapiens

NP 001076616.1 CELE WO01A8.2 Caenorhabditis elegans
NP 647784.1 Dmel CG14966 Drosophila melanogaster

E.coli YggU

XP 001770071.1 Physcomitrella patens
XP 001752304.1 Physcomitrella patens
AT5G63440 Arabidopsis thaliana

XP 008650898.1 Zea mays
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NP 001004659.1 CXorf56 homolog Danio rerio
— NP 084227.1 CXorf56 homolog Mus musculus
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Figure 4.4 Phylogeny of AT1G49170, a conserved DUF167 gene from
prokaryotes to eukaryotes

(A) Protein sequence alignment of AT1G49170 and orthologues from plant and
animal specials. Highly conserved residues were shaded in black while similar
residues were shaded in gray. Amino acids positions are denoted beside the sequence.
(B) Phylogenetic tree of 19 DUF167 proteins from representative plant (green),
animal (organ) species and bacteria. The evolutionary history was inferred using the
Neighbor-Joining method (Saitou and Nei 1987). The optimal tree with the sum of
branch length = 6.14372292 is shown. The tree is drawn to scale, with branch lengths
in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the Poisson correction method
(Zuckerkandl and Pauling 1965) and are in the units of the number of amino acid
substitutions per site. The analysis involved 19 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 60 positions
in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al.
2016).
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4.3.3 AT1G49170 function and expression
Little is known about DUF167 proteins. Three genes in the Arabidopsis genome,

AT1G49170, AT1G43320 and AT5G63440, encode proteins with DUF167 domain.
Single and double mutants of AT1G49170 and AT5G63440 (Col-o ecotype) do not
show any morphological phenotype under normal growth conditions (Baldwin et al.
2013). ATIG49170 and AT5G63440 are distant paralogs that diverged in the
eukaryotic common ancestor (Baldwin et al. 2013) and likely have distinct functions.
Phylogenetic analysis of DUF167 proteins from representative plant and animal
organisms revealed that the DUF167 proteins form two clades that may have diverged
before the plant animal common ancestor. In the animal organisms analyzed, each

genome encodes a single ortholog of AT1G49170 (Figure 4.4B).

Sequence alignments of the Arabidopsis AT1G49170 with several animal orthologs
revealed that the isoleucine residues flanking the A144 mutation site T40 are highly
conserved (Figure 4.4A). Yet, the threonine T40 is not conserved. If the T401
substitution lead to suppression of tsol-1 phenotype, we speculate that the spacing of
the isoleucine residues is essential for the function of the DUF167 domain and
isoleucine specifically is disfavored at the T40 position. 3D structure of AT1G49170
protein modeled by Phyre2 server based on the E. coli ortholog YggU protein (Yee et
al. 2002; Kelley et al. 2015) produced a single globular structure with a hydrophobic
tunnel (Figure 4.5). The isoleucine at 39 and 41 are sticking into the tunnel while the
threonine at position 40 is protruding to the opposite direction. The hydrophobic
pocket structure with essential hydrophobic residues are often evolved in recognition

of hydrophobic ligands like lipids.
127



Figure 4.5 Modeled AT1G49170 protein structure

AT1G49170 protein structure modeled by Phyre2 (Kelley et al. 2015) based on the
prokaryote YggU (Swiss-Pro ID, P52060) (PBD ID:1YHS) (Aramini et al. 2003)
protein structure. Residue T40 is highlighted in pink and residues 139, 141 were
highlighted in green. Left: view of beta sheets focused on the T40 residue that is
mutated in A144. Right: view of the hydrophobic tunnel.

To understand the function of AT1G49170 in the meristem tissue context, we
generated a translational reporter fusing a 2.3 kb genomic fragment of A71G49170 to
GFP coding sequence. The reporter was introduced into A144 suppressor and
complemented A 144 mutation (reverted suppressor phenotype back to tsol-1-like),
suggesting that the fusion construct is functional and further support that the causative

mutation of A144 resides in AT1G49170.

To determine the protein subcellular localization, we first looked at the root meristem
where the tissue is free of chloroplast autofluorescence. When the reporter was
introduced to wild type plants (Ler), weak GFP signal was observed in all cell types
at the root apical meristem and also differentiated root cells (Figure 4.6B). The GFP
signal primarily localized in the nuclei but could also be detected in the cytoplasm

(Figure 4.6B).
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To enhance the signal of the translational reporter, the same 2.3 kb genomic fragment
was also used to produce a reporter fused with a nuclear localization signal and 3
copies of GFP (NLS-3xEGFP). This construct was introduced into A144 suppressor
and did not complement the mutant phenotype. We reasoned that the added nuclear
localization signal and bulky 3 copies of GFP may have impaired intra and inter
cellular movement that’s required for 477G49170 protein function. Nevertheless, the
PATIG49170::AT1G49170-NLS-3xGFP (pAT1G49170-3xGFP for short) reporter
line may be used to indicate where this gene is transcribed. At the SAM, GFP signal
was detected upon primordium inception at il and persist in the later stage
primordium. GFP signals seem to be stronger in the L1 and L2 layers and peaked at
P3 at the primordium growing tip (Figure 4.6B). Interestingly starting from P4, GFP
signals are diminished at the primordium tip while maintained at the flanking region.
After the lateral organ is fully established at P6, GFP signals become prominent in
adaxial tissue (Figure 4.6B). It seems that A71G49170 is under spatial-temporal
regulation at the SAM. Its expression is lower in the stem cell proper but higher in
emerging primordia. As the primordia develops, the GFP signal retreats from the
growing tip toward the periphery of the growing bud. The functional significance of
this dynamic regulation of AT1G49170 remains to be explored. In general, the
expression pattern of AT1G49170 overlaps with the fast dividing cell population in
the periphery zone and young flower primordium and overlaps with the expression
pattern of TSO1 (Chapter II). Thus, the expression pattern of 471G49170 support our

hypothesis that 4771 G49170 may play a role in meristem patterning.
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Figure 4.6 ATIG49170 is expressed at the shoot and the root apical meristem
(A) AT1G49170 expression pattern in the SAM based on transcription fusion to
NLS:3xEGFP. Membrane was labeled with propidium iodide (PI) (red) and
gAT1G49170-3xEGFP expression is shown in green (left panel) or using the Fire
lookup table in ImageJ (right panel). Scale bar = 20 um. Longitudinal optical sections
(5um thick maximal intensity projection of orthogonal views) through 6 successive
primordia of a representative shoot apical meristem expressing g471G49170-
3xEGFP (right panel) (Scale bar = 10um). (B) A71G49170 expression pattern
(shown by translational reporter) in the RAM. Membrane was labeled with PI and
gAT1G49170-GFP expression is shown in green. Medium longitudinal section was
shown in the upper panel (Scale bar =50um ). Sum thick maximal intensity projection
of orthogonal views was taken from line denoted to produce cross optical sections
(lower panel). (Scale bar =10um)

4.4 Discussion

Through a forward genetic screen, we identified A71G49170 as a suppressor of tsol
meristem fasciation and fertility defects and demonstrated that A7/G49170
(DUF167) plays a role in meristem and stem cell regulation. DUF167 proteins exist
broadly across plants and animals, and across single and multicellular organisms,

suggesting that DUF167 proteins may be involved in biological processes in single

130



cell organisms and are co-opted into developmental regulation in multicellular

organisms like flowering plants.

The human ortholog of AT1G49170, C150rf40, has multiple splicing isoforms.
Isoform 1 encodes a protein of 126 amino acids. The conserved DUF167 of the two
proteins (amino acids 37-105) share 55% sequence identity (E=7e-24). C150rf40
appears to be a direct target of the master cell cycle regulator, the DREAM complex.
C150rf40 promoter has been shown to be bound by DREAM complex member p130,
E2F4, E2F8 and RB proteins (Table 4.1), suggesting it may play a cell cycle related
role. C150rf40 expression did not show cell cycle phase specific changes (Table 4.2).

There is no functional description of C150rf40 to date.

The nature of 471G49170 tfunction and how does mutations in 4771G49170 suppress
tso1-1 mutant phenotype remains elusive. Based on the information that C150rf40 is
a putative target of human DREAM complex, we hypothesize that, AT/G49170 is
repressed by TSO1 and TSO1 associated DREAM-like complex in Arabidopsis.
Ectopic or overexpression of AT1G49170 may contribute to the zso/-/ mutant
phenotype. However, we did not detect significant change of 471G49170 expression
level in our microarray study comparing tso/-/ mutant and wild type plants
(described in Chaper III, data not shown). It is possible that AT1G49170 expression is
under spatial-temporal control and may only express in small groups of cells. Our
microarray data derived from whole inflorescence may not detect A71G49170

expression change due to mixing of all inflorescence cells. Alternatively, TSO1
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complex may also regulate A71G49170 indirectly through post translational

modification.

Although little is known about DUF167 protein function, a study on conserved
ancient protein complexes across metazoan species discovered that the DUF167
proteins form conserved protein complexes (Wan et al. 2015). Specifically, the
authors generated extensive soluble protein fractionations across diverse metazoan
model organisms, and subjected these protein fractions to LC-MS/MS. Proteins that
co-purify from the same fraction are deemed to have co-complex interaction. The
human C150rf40 has been discovered to form conserved protein complexes in
animals. Co-fractionation studies have shown that C150rf40 co purifies with human
Excision Repair 1 (ERCC1) protein (Wan et al. 2015). The Drosophila C150rf40 and
ERCCI1 orthologs also co-purify from the same protein fraction, suggesting that
C150rf40 and ERCCI physically interact (Wan et al. 2015). ERCC1 (RAD10 in
yeast) plays essential roles in the base-excision DNA repair pathway. A conserved
co-complex interaction was inferred between AT1G49170 and AT3G05210 in
Arabidopsis (Wan et al. 2015). C150rf40 has also been found to co-purify with
Methyltransferase Like I(METTL1) in human and mouse (Wan et al. 2015).
METTLI is a methyltransferase that catalyzes the 7-methylguanosine modification of
tRNA (Alexandrov, Martzen, and Phizicky 2002). Base on this finding, a conserved
co-complex interaction between AT1G49170 and AT5G24840 was inferred in

Arabidopsis (Wan et al. 2015). These discoveries shed light on the cellular processes
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that DUF167 proteins may be involved in and provided hypotheses for future

inquiries regarding A71G49170 functions.
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Chapter 5: Conclusions and future directions

In conclusion, we identified major players in the 7SO/ pathway through the forward
genetic approach. Multiple alleles of the MYB3R1 gene provided strong evidence that
all aspects of 7SO! function are mediated by MYB3R, which is likely a direct target
of TSO1. The biochemical data also suggest a molecular mechanism of direct
physical interaction between TSO1 and MYB3R1. Together, my data showed that
MYB3RI can be regulated by 7SO! at the transcriptional level and indirectly at the
post-translational level. And TSO1 and MYB3R1 may form a DREAM-like complex

to coordinate cell proliferation with differentiation.

One essential and unique aspect of TSO1 and MYB3R1 is that they are not expressed
in a specific domain at the shoot apical meristem. They are expressed broadly across
the meristem showing a sporadic pattern that is characteristic of cell cycle genes.
Mutations in these genes can drastically alter the course of meristem development
accompanied with cytokinesis defects. My data highlight the crucial role of TSO1-
MYB3RI in integrating the cell cycle regulation within the meristem tissue context.
Thus, to fully understand how the TSO1-MYB3R 1 module works, it is crucial to

resolve TSO1-MYB3R1 expression with higher spatial-temporal resolution.

The shoot apical meristem cells operate in a population mode driven by dynamic
auxin and cytokinins movement and signaling. As the progeny cells of stem cells get
pushed out toward the periphery of the meristem, they adopt different rules that set

the cell division plane (Shapiro et al. 2015). Thus, cell divisions need to be
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coordinated with the positional information. Observing TSO1 and MYB3R1
expression with relation to auxin signaling reporter and auxin transporter PIN
localization may provide valuable insights into the spatial coordination. On the other
hand, meristem cells also exhibit different length of cell cycle and cell cycle phases.
These temporal regulations may underlie the intricate patterns generated by the
collective cell divisions and timely switching from proliferation into differentiation
mode. Thus, using live imaging to characterize the cell cycle progression of meristem
cells with respect to TSO1-MYB3R1 protein dynamic would provide insights into
how the coordination is achieved. Cell proliferation dynamics at the RAM has been
characterized by comparing the ratio of histone variants H3.1/H3.3 by Otero and
colleagues (Otero et al. 2016). The same tool could be used to characterized cell cycle
(pahse) dynamics at the SAM. Finally, and most importantly, the dynamic expression
of TSO1 in comparison to MYB3R1 merits further investigation. For example,
observations on whether 7SO! expression proceeds a reduction of MYB3R1
expression or cell division would provide insights of 7SO/ function at cell cycle
resolution. With the advent of confocal imaging technology, and software that could

segment and trace dividing cells overtime, these goals are very much attainable.

Imaging approaches and single-cell proteomics could also address the technical
challenges that I have faced when detecting the TSO1-MYB3R1 protein complex in
vivo. Since these genes are expressed at a low level and may be sensitive to redox
condition, isolating large intact protein complexes from sonication and cell wall lysis

has been challenging.
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TSOI plays opposite roles at shoot and root apical meristem. This seemingly
paradoxical phenotype is not surprising because other factors, eg. Auxin, cytokinins,
and HD-ZIP III genes have also been shown to play opposite roles at the shoot and
root. If the same factor plays opposite roles at different context, it provides intriguing
opportunities to understand the fundamental difference in tissue organization and
genetic regulation. Through an enhancer screen, I discovered the genetic interaction
between REV gain-of-function mutation with a sensitized zso/ mutant background
and 7SOI represses REV expression by directly binding REV promoter. This finding
established the connection between 7SO and HD-ZIP III gene family at the SAM.
My preliminary data showed that rev loss-of-function mutations have no effect on the
tsol-1 root phenotype, because tsol-1; rev roots showed tsol-1 short root phenotype.
It remains to be tested if other HD-ZIP III family mutants, especially phb, suppresses
tsol-1 mutants at the root, since PHB has been shown to play a more prominent role

at the root among the HD-ZIP III family genes

The TSOI-MYB3R1 module presents a tantalizing unifying scheme of meristem cell
regulation. And the regulation is rooted in proper cell cycle control at specific
developmental context. 7SO/ and its family members have been shown to play a role
in stomata meristemoid patterning (unpublished data from Burgmann lab at Stanford).
It remains to be tested if 7SO1 is involved in patterning the third stem cell niche in
addition to the shoot and root meristem, the procambium, that generates vasculature

tissue. Since HD-ZIP III genes are known to play roles in patterning the procambium
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meristem, 7SO may regulate vasculature tissue patterning upstream of HD-ZIP II]

genes.

One important question regarding the TSO1-MYB3R1 module is why mutating both
TSOI and MYB3R1 shows a wild type-like phenotype. Although genetic suppression
is not uncommon, further investigation of the TSO1-MYB3R1 module at the systems
level and regulatory network level may shed light on the complex system that
maintains meristem homeostasis. This approach can reveal the potential gene
redundancies that balance cell proliferation and differentiation at the meristems in the
absence of TSO1-MYB3R1 in the tso/-1; myb3rl double mutants (suppressors).
These redundant factors are not likely to be discovered from genetic screen as it

requires higher order mutants that are unlikely to be produced by EMS mutagenesis.

The TSOI-MYB3R1 gene regulatory network approach can be aided by mapping and
characterizing the remaining suppressors and enhancers isolated in this study. Some
of these genetic modifiers of tso/-1 showed tissue-specific suppression (A144) and
enhancement (E2/REV) of tsol phenotype. Revealing the gene identity of the
remaining genetic modifiers may shed light on how the TSO1-MYB3R1 module is

wired in different meristem tissue context.

Furthermore, since TSO1 and MYB3R1 are conserved proteins across plants and
animals and function as a protein complex, they present a likely ancient cell cycle

regulatory module that existed in the single-celled common ancestor of plants and
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animals. During evolution, the TSO1-MYB3R1 module seems to have evolved to
regulated cell proliferation and differentiation at the meristems/meristemoid. One
intriguing question is whether the TSO1-MYB3R1 module contributed to the
emergence of meristems during evolution in plants. Plant meristems in the present
days display astonishing capability to maintain stem cell totipotency while incur low
rate of mutation, demonstrated by the resent mutation tracing of a 234-year-old
Napoleon oak tree by Sarker et al., 2017 (bioRxiv preprint) that found only 17
somatic SNVs across the tree branches. It remains enigmatic what factors enables

such capacity and how did they evolve during evolution.
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Appendix I: Analysis of male meiosis and germline defects of
tsol-3

Section I: Brief review of Arabidopsis male meiosis and germline development
Arabidopsis, as many flowering plants, leads a sporophyte dominant life cycle.
Haploid gametes are produced by diploid progenitor cells in reproductive organs,
and resume diploid fate after fertilization that involves gamete fusion. Coordination
of several cell types is required to establish the structure and function of the
reproductive organs, which are anther (male), and carpel (female). During early
anther development, 3 cell layers are formed surrounding microspore mother cells
(MMCs) (Sanders et al. 1999). The tapetum layer is immediately connected to
MMCs via plasmodesmata at stage 5 (Owen and Makaroff 1995). The tapetal cells
then detach from MMC:s, but support and modify the pollen at later stages.

Meanwhile, MMCs (2n) undergo meiosis.

During meiosis, DNA replicate once while cells divide twice. Meiosis is a modified
cell cycle that requires mitotic cell cycle machinery and meiosis specific factors (Ma
2006). In meiosis I, homologous chromosomes pair, synapse, recombine, condense
and separate. In Arabidopsis, recombination is initiated with generation of double
stranded breaks (DBSs) by SPO11 together with several other proteins (Grelon et al.
2001; Ma 2006). Double-strand DNA break (DSB) repair is mediated by BRCA2,
DMCI, and RADSI1 (Siaud et al. 2004; Li et al. 2004). Recombination crossovers
between homologous chromosomes and sister chromatids cohesion are physical

links that are essential for proper alignment of chromosomes at the metaphase plate
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and correct segregation at anaphase 1. In meiosis II, sister chromatids separate to

produce four newly formed haploid gametes (n).

Finally, microspores and megaspores go through further mitotic divisions and
differentiation to become mature gametophyte: pollen and ovule respectively, a
process termed germline development. The male germline development starts with
an asymmetric division of the microspore (n) producing one small generative cell (n)
enclosed within the larger vegetative cell (n). The smaller generative cell divides
once more to produce two sperms cells (n). The RBR1/E2F-cyclin/CDK module
controls this stereotypic series of divisions, and the termination of each lineage
(Zhao et al. 2012; Z. Chen et al. 2009). At tri-cellular pollen stage, DAPI staining
could reveal three nuclei: a vegetative nucleus (VN) with decondensed chromatin
and two sperm nuclei with compact chromosomes. Extensive epigenetic
reprogramming occurs in VN, which produces siRNAs from reactivated
transposable elements (TEs) that target sperm cells (Slotkin et al. 2009). Pollens
generate pollen tube upon female perception and deliver two sperm cells to complete
double fertilization. One sperm fuses to the egg cell to produce the diploid zygote
and the other sperm fuses to the female central cell (2n) to produce the endosperm

(3n) that provides nourishment to the developing embryo.

Section II: Material and method
Plant material

Ler ecotype was used as wild type. tsol-3 and tsol-3/sup-5 were described in

Chapter II. Plants harboring the centromere histone variant CENH3-GFP protein
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fusion (Col-0 ecotype) was gifted by the Simon Chan lab (Ravi et al. 2011). Plants
harboring sperm cell specific histone variant H3.3-RFP protein fusion transgene
(Col-0 ecotype) was kindly shared by Xiaoning Zhang. These lines were crossed
with zso -3 plants. In the cross progeny, Ler ecotype-looking plants with positive

fluorescent signal were isolated and used for this study.

Histology

For anther tissue sectioning, wild type (Ler) and tsol-3 flowers were fixed and

embedded in JB4 resin. 5 micron sections were then stained with toluidine blue.

For male meiocytes study, young flowers were fixed in ethanol-acetic acid (3:1) at
room temperature for 12h. After rinsed with citrate buffer (10mM sodium citrate,
pH=4.5), flower buds were digested with enzyme mix (0.3% cellulase, 0.3%
macerozyme in citrate buffer) for Smin. Tissue were then macerated in 60% acetic
acid followed by DAPI staining. To observe earlier meiosis events, light pressure

was applied between slides and cover slides to spread chromosomes.

DAPI stained slides were observed by fluorescent or confocal microscopy.

Section I1I: Male meiosis and germline developmental defects of tso1-3

As described in Chapter I and 11, tso/-3 allele exhibits severely reduced fertility
contributed by defects in both male and female gametes. This was further confirmed

by reciprocal crosses between tso/-3 and wild type (Ler) (Figure Al).
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Figure A1l. Both male and female contribute to #sol-3 fertility defects

Seeds set quantification from reciprocal crosses between tso/-3 and wild type (Ler)

Letters denote significantly different groups (p value <0.01, ANOVA and Tukey
test).

For the easy access of male reproductive organs and greater body of existing
knowledge, this study focuses on TSO1’s function in male gametophyte
development. 7SO! has been shown to be expressed in reproductive organs (refer to
Chater I). Here we show that 7SO/ transcripts are detected in young anther tissue

and meiocytes at anther stage 5-6 (Figure A2).

Anther tissue development shows no obvious defects. At stage 5, proper layer
formation is achieved and mature pollen has callose coating, indicating functional

tapetum. (Figure A3)
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Figure A2. TSOI is expressed in reproductive organs

In situ hybridization detected TSO1 transcript in young male and female
reproductive tissue. (In situ done by Dr. Zhongchi Liu)

WT

tsol-3

stage 4 stage 5 . sge 6 ' stage 7
Figure A3. Anther development of wild type and #s01-3 flower.

Sections of wild type (Ler) and zso/-3 anther at stages 4 -7. Staging of anthers is
done according to (Sanders et al. 1999).
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Early meiosis seems normal (Figure A4E). Homologous chromosomes are able to
juxtapose, synapse and condense. No chromosome fragmentation is observed,
indicating functional DSBs repair machinery. Defect emerges at metaphase 11
(Figure A4F), where misaligned chromosomes appear at the division plane
occasionally, with chromosomes lagging behind. In anaphase II, orientation of
division plane is occasionally altered with mis-oriented spindle. Asynchronized
chromosome separation also occurs at a low frequency (Figure A4G). At tetrad
stage, about 10% of tetrads produced are with altered cell shape and DNA staining
pattern, probably due to defect in meiosis II. Surprisingly, after the meiosis II, about
50% of the tetrads continued to divide for up to two more round to produce polyads
(Figure A3I-L). These extra rounds of division are frequently abnormal with similar
defects in meiosis II, producing cells with various sizes, shapes and different amount

of DNA.
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Figure A4: tso1-3 male meiosis progression defects

(A-D) Wild type male meiosis. (A) Metaphase 1. Five bivalents aligned at division
plane. (B) Metaphase II. (C) Telophase II. (D) Tetrad with 4 newly formed
microspores. (E-L) tsol-3 meiosis. (E) Metaphase I, showing no obvious defects.
(F) Metaphase 11, showing one bivalents lagging behind (arrowhead). (G)
Telophase, showing chromosome bridge (arrowhead). (H) A normal tetrad of tso/-3.
(I-L)) Abnormal tetrads of tso/-3. (I) Chromosomes aligned at division plane before
an extra round of division, with chromosomes lagging behind (arrowhead). (J) Extra
division leads to extra cells with scattered chromosomes (arrowheads). (K) A
polyads with 6 cells. One cell shows failed cytokinesis (arrowhead). (L) A polyads
with 8 cells.

I attempted to use the centromere histone variant GFP fusion (CENH3-GFP) to
study the meiosis defect. This effort was hindered by that the meiosis loading of
CENHS3 favors the wild type copy over the CENH3-GFP made by the transgene
(Ravi et al. 2011). As a result, no GFP signal was observed during meiosis. Utilizing

this line requires further introgress of the cenh3 mutant in the native locus.
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Nonetheless, five centromeres could be observed in the sperm cells of the wild type

and normal sized tso -3 pollen (Figure AS).

Ler CENH3-GFP | B tso1-3 CENH3-GFP

Figure AS. Normal germline development can occur in #sol-3 pollen.

(A-B) Centromere histone variant CENH3 produced by CENH3-GFP transgene
showed normal sperm cells with 5 centromeres in wildtype (Ler) (A) and tso/-3
pollen (B). (C-D) Sperm cells marketed by the H3.3-RFP signal in wildtype (Ler)
(C) and tso1-3 pollen (D).

During germline development, most microscopes are able to follow the stereotypical
division pattern to form tricellular pollen (Figure 6 A, B show two sperm cells),
indicating functioning lineage termination (differentiation) machinery. However,
decondensed thin threads of chromosomes are observed occasionally especially in
the vegetative nuclei (Figure A6). Taken together, defects in meiosis and germ line
development process in tso -3 allele result in non-viable pollens with abnormal cell

sizes and DNA content.
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Figure A6. Decondensed chromosomes observed in #so1-3 pollen.

DAPI staining of mature pollen of (A) wildtype (Ler); (B-D) and #so /-3 pollen.
Normal sized tsol-3 pollens usually develop normal Tri-nuclear pollens. (C-D)
shows tso1-3 pollens with decondensed, threads-like chromosomes likely from
sperm cells.

Section IV: Brief survey of Arabidopsis mutant that produced polyad during

male meiosis.

In mutants of ARABIDOPSIS THALIANA KINESIN 1 (ATK1), malformed spindle
led to miss oriented division, imperfect alignment of chromosomes at metaphase,
and synchronized segregation, and finally produced polyads (Mitsui et al. 1993; Liu,
Cyr, and Palevitz 1996; C. Chen et al. 2002). However, it is unknown that how loss

of kinesin function could lead to extras division.

Mutants of Arabidopsis Skp1 homolog Arabidopsis Skp1-like (ASK1) also showed

similar phenotype (Yang et al. 1999). Skp1 belongs to the largest E3 ubiquitin
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ligases family SCF (skp1-Cullin-F-Box protein) class. SCF E3 ligases ubiquitinate a
wide variety of protein substrates and target them for 26S proteasome degradation.
ASK I mutants also showed failure of chromosome separation due to delayed sister
chromatids cohesion resolution. Cohesion removal is known to be regulated by
anaphase promoting complex (APC) E3 ubiquitin ligase activated by cyclin-CDK

phosphorylation.

Reducing the expression of CDC45 by RNAI caused fragmented chromosomes and
polyads phenotypes (Stevens et al. 2004). The yeast CDC45 regulated mitotic DNA
replication (Zou and Stillman 1998, 2000), thus CDC45 in Arabidopsis has been

speculated to regulate pre-meiotic DNA replication(Ma 2006).

A novel protein MS5 has been shown to repress extra divisions in meiosis II
(Chaudhury 1993, Ross et al. 1997). MS5 encodes a novel protein with limited

sequence homology to a synaptonemal complex protein in from rat.

We’ve shown mutations in MYB3R1 also repress tsol-3 mutant phenotypes (Chapter
1), suggesting the TSO1-MYB3R1 module also functions at male meiosis/germline
development. myb3rl/+ can partially suppress tso-3 fertility defects (Chapter II)
and the segregation ratio in the next generation did not deviated significantly from
the 1:2:1, suggesting the suppression occurred at the somatic tissue or early in
meiosis (rather than gametophitic suppression). These polyads producing mutant
characterized to date presents a suite of late cell cycle genes that may be involved in

the TSO1-MYB3R1 pathway in regulating meiosis.
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