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Abstract

The gendin-42 is an ortholog of the mammaligeriodgene, a component of the
circadian pathway that converts environmental siimto behavioral and physiological outputs
over 24 hoursMammalianperiod also regulates adult stem cell differentiatioth@lgh this
function is poorly understood. The structure, fimtiand expression ¢ih-42 are all similar to
period Therefore, we are studyiig-42 regulation and function durin@. elegandarval
development as a model for understangiagod control of mammalian stem/progenitor cell
development.

Previous work has shown that ZTF-16 is a regulatdin-42 transcription. Théin-42
locus encodes three isoforms, and we have chamerdéin-42 isoform specific regulation by
ZTF-16 through phenotypic assays and analysisaotriptional reporter strains. Our data show
that ZTF-16 regulates the cyclic expressiohre#2A andlin-42B during larval development.
However,ztf-16is not expressed during the adult stage and data®gulatdin-42C, which is
expressed only in adults and may be responsiblhécircadian functions dh-42. We also
show thatztf-16reduction-of-function mutations phenocopy lossfafiction phenotypes of the
lin-42A/B isoforms. Finally, we have found that deletioraqiutative ZTF-16 transcription
factor binding site within then-42BC promoter abolishes tissue-specific expressiorepait
Together, these data indicate that ZTF-16 is reguio regulate the expressionliaf42A/B

duringC. eleganslevelopment, and may do this by direct bindinth&din-42BC promoter. Our



findings pave the way for testing the possible taon of period expression by HIL-family

transcription factors in mammalian tissues.
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Chapter 1: Literature Review

The field of stem-cell research has expanded dersbly in recent years, but there is
still relatively little known about the processstém cell differentiation. Dividing stem cells
have two options: to maintain their potency andabiity to self-renew, or to differentiate. The
molecular mechanisms that control the decision betwself-renewal versus differentiation are
poorly understood; until more is learned aboutffators that influence this decision, the process
cannot be manipulated or controlled and stem keliapies will be of limited use. We are
studyingC. elegans lin-42which regulates the developmental timing of stathdifferentiation
in larval C. elegansas a model to investigate fundamental and cordanechanisms of stem
cell differentiation.

C. elegans lin-42s the nematode ortholog périod, a key component of the circadian
timing pathway that controls periodic patterns bysology and behavior in vertebrates and
invertebrates in coordination with daily cycleseofvironmental inputs such as light and
temperature[1, 2]. The circadian physiological &etlavioral functions gberiod have been
extensively described in a wide array of animals #n@ molecular mechanisms of the circadian
timing pathway are well characterized. Novel depelental functions foperiod specifically in
regulation of stem and progenitor cell differentat have recently been reported[3-5].
However, the mechanisms périod regulation and function in stem cell differentietipathways
have yet to be thoroughly investigated.

Like its orthologperiod C. elegans lin-42egulates both circadian patterns of behavior
[6, 7] and cellular development, but unligeriod, the developmental functions lai-42 are
more extensively described @ elegansin addition to many otherbn-42 is a heterochronic

gene that is responsible for coordinating the tgrohdevelopmental events during post-



embryonic larval development. Specificalin-42 regulates the timing of stem/progenitor cell
division and terminal differentiation, as well ab@r developmental events such as the periodic
replacement of the outer cuticle, called moltitngg iming of periodic entry into a sleep-like
state called lethargus, and the decision to conunihie alternative, developmentally quiescent
stage called dauer in response to developmenéass?, 8, 9]. Study din-42 regulation and
function duringC. elegangost-embryonic development may lead to insights tine
developmental regulation and functionpafriodin mammals, and ultimately, insights into the

molecular mechanisms that regulate stem cell dpvedmt.

Circadian physiological roles ofperiod

The circadian timing pathway or circadian clockaimimals is a conserved molecular
mechanism that coordinates physiological and benaviesponses with environmental cues
such as daily-light and temperature changes. Tieadian clock is responsible for regulating a
variety of periodic metabolic and physiologicaltetaand behaviors, including sleep/wake
cycles, appetite, activity levels, blood glucosesls, and hormonal release [10]. In mammals,
the primary circadian clock is located in the Sgprasmatic Nuclei (SCN) of the hypothalamus,
which receives visual inputs from the retina [12]. Period protein is critical for the operation
of the circadian molecular clock. Loss of functmfimperiodgenes irDrosophila melanogaster
or mouse models typically results in an alteratmthe length of the circadian period or in
behavioral arrhythmia. In mammals, which have threeod genesRerl, Per2 andPer3), Perl
loss of function results in a shorter circadiangebcompared to their wildtype counterparts [13].
Per2loss of function also results in a shorter circagiariod and arrhythmic behavior in

constant darkness [14]. InterestingPer3appears to lack significant function in the ciread



clock, which implies that it has an alternate nawadian function [15]. This alternate role of
Per3may be developmental.

Period protein (PER) expression cycles rhythnyaaler 24 hours with a peak in
expression at night [16]. The cyclic nature of txpression pattern is controlled by a feedback
loop that regulates rates of transcription andsligtion of key clock proteins [reviewed in [17]]
(Figure 1). In the cell nucleus, the transcription factootpins CLOCK (CLK) and BMAL
(CYCLE in Drosophila) form a complex that bindsBdbox motifs in the promoters pkriod
(per) andcryptochrome (cry)or timeless (tim)n Drosophila, to activate transcription. As these
target proteins begin to accumulate in the cytap|d3ER forms a heterodimer with Casein
Kinase lg/6 (CKle/d) and, depending on its phosphorylation status atemassociate with either
cryptochrome (CRY) in mammals or Timeless (TIMQOrosophila. The PER/CRY or PER/TIM
complexes then translocate to the nucleus, wheReiRiEbits its own transcription by
inactivating the CLK/BMAL transcription complex. nather layer of clock regulation includes
other proteins activated by the BMAL/CLK complexch as REV-ERB and ROR., which act
antagonistically to regula@maltranscription through promoter elements upstrebthesBmal
gene [18]. REV-ERB is a repressor @maltranscription, whereas R@Rs an activator of
Bmaltranscription. When the PER/CRY complex translesatto the nucleus, PER also
represseRev-erly transcription, thus allowing RQRo bind to theBmal promoter and activate
Bmaltranscription [19]. Thesperiod-based transcriptional/translational loops resuttyiclic
expression of not onlgeriodtranscript and protein but also of BMAL transcrgptifactor,
which is expressed in anti-phaseriod

An important aspect of maintaining the accuracthefcircadian clocks involves tightly

regulating the stability of clock proteins, whichdone primarily through protein modifications



including phosphorylation, dephosphorylation, m&hgn, and acetylation [10]. PER
phosphorylation by CK4/6 and Glycogen Synthase Kinade(&SK33), as well as
dephosphorylation by Protein Phosphatase 2A(PPad Paotein Phosphatase 1(PP1) is vital for
modulating the stability of the protein [Reviewad 10, 20]]. In fact, mutations in the kinases or
phosphatases that control PER stability can infteehe duration of the circadian period. For
example, humans with Familial advanced sleep-pbasdrome (FASPS) have a shortened,
offset, circadian period. Mutations linked to tei;xdrome include mutations to GKadr

mutations to PER2 that affect the ability of Gd or PP1 to phosphorylate/dephosphorylate the
protein [21, 22]. These mutations affect the hiédf-bf the protein, thereby altering the amount

of time that it takes to down-regulate its own seniption.

The transcription/translation feedback loops mametad by circadian proteins define the
basic backbone of the circadian molecular clocknammals and many other eukaryotes.
Nevertheless, our understanding of the circadiaokdis still evolving and there are many
interactions that have only been partially defin¥de are aware of many proteins that modulate
the activity of PER and other circadian proteing, ltave only a limited idea of how these
additional regulators fit into the larger framewatfkthe clock and its function. Parsing out the
functions of these circadian regulators is compdideby the fact that the circadian clock is
tightly integrated with many other signaling patlywand physiological systems. Other recently
identified regulators gberiodinclude Ubiquitin specific peptidase 2 (USP2), €lcorticoids,
and the aryl hydrocarbon receptor (AhR) [23-26]P2%as been shown to de-ubiquitinate PER1
in mice [23]. The post-translational modificatiooes not affect the stability of PER1, so it is
thought that it may instead regulate PER1 functivlocalization. This hypothesis has not been

confirmed; however, USP2 does increase the locaomieriod of mutant animals during



conditions of free-running darkness, demonstratnag the mutation does affect circadian clock
function [23]. Glucocorticoids are steroid hormotiest both regulate and are regulated by the
circadian clock. Glucocorticoid levels are reguialy the circadian clock to maintain glucose
homeostasis in animals [24]. A feedback loop ialdighed because glucocorticoids are able to
bind to response elements in eyl andper2 promoters to regulate their transcription in
peripheral tissues [24]. Inhibition of glucocortide results in attenuation periodtranscription
and overall dampening of the circadian rhythmshose tissues [24]. Finally, AhR down-
regulateperl expression by disrupting the binding of CLK/BMAbroplex to theperl

promoter [26]. The mechanism controlling this regualn is largely unknown, although it is
thought that AhR binds to BMAL, thereby preventthg CLK/BMAL heterodimer from

forming [26]. Many of these regulators operate anlperipheral tissues and their exact function

within the larger context of the molecular cloclst8l under investigation.

Developmental roles operiod

In recent yearperiodhas been found to function as a regulator of ataln/progenitor
cell differentiation and is involved in controllir@@ncer cell proliferation. In mice, PER2 and
PER3 regulate endothelial progenitor cell (EPClrakprogenitor cell (NPC), and
mesenchymal stem cell (MSC) differentiation [3BER3 inhibits MSC adoption of the
adipocyte cell fate in mice; this appears to b@iisary function, as its function in the circadian
clock is limited [4]. PER3 interacts with PPARbresumably via its PAS domain, to inhibit the
adipocyte cell fate in MSCs [4]. PPARS a nuclear receptor that influences the trapson of

theap2gene. AP2 is necessary to allow for MSC diffeieditn into adipocytes, and inhibition



of PPAR is sufficient to prevent MSC differentiation. Gbhgorticoids down-regulate PER3
expression to relieve PPARNMhibition and permit adipocyte cell fate adopt{dh

PERZ2 functions as a regulatorBraltranscription in the circadian clock. Mutation of
PERZ2 results in circadian phenotypes includingaateh circadian period and the loss of
circadian rhythmicity in constant darkness [18}ehestingly, while PER2 is cyclically expressed
in the Suprachiasmatic Nuclei (SCN), it is consitiely expressed in the dentate gyrus of the
hippocampus, where it regulates NPC proliferatiod differentiation [5]. Mutation oPer2in
mice results in an increase in proliferation arftedentiation of NPCs and, surprisingly, a
decrease in EPC growth and proliferation [3, 5jsHuggests th&er2regulation of progenitor
cells is cell-type dependent.

In addition to its roles in stem cell developmem@riod has been found to function as a
tumor-suppressor. Expressionpariodis reduced in some tumor types, while overexpoessf
periodincreases apoptosis resulting from DNA damage asdlts in an overall decrease in
tumor growth[27]. Genetic mutations or other pdyaions to the normal function of the
circadian clock also result in an increased ino@eof tumorigenesis in humans, and mice with
Per2loss of function are more likely to develop tumfmbowing gamma radiation exposure
[28, 29]. Tumorigenesis is thought to increasBen2 mutant animals because p53-mediated
apoptosis of cells with extensive DNA damage isiced [29]. These results indicate tpatiod
function is required to inhibit proliferation of meer cells.

Worth noting is the fact that some of the regukstmiiperiodin the circadian pathway are
also regulators of stem cell development, whichliesghat there may be cross-regulation
between circadian and developmental pathways. @Si€Binstance, is known to modulate

stem cell differentiation in both hematopoietic andsenchymal cell lines in mammals [30]. In



the circadian pathway, GSK3nodulategeriodstability and inhibition of GSK@results in a
longer circadian period [20]. Similarly, ATF4, amscriptional regulator gfer2that is itself

regulated by CLK/BMAL, is also required for osteadtl differentiation in mammals [31, 32].

C. eleganslin-42 as a model for mammalianperiod

The relative advantage of usifg elegans lin-42s a model foperiod stems from the
difficulties associated with the studyériodfunction in mammalian or even other invertebrate
models. Stem cell development strongly reliesignading from surrounding tissues, meaning
that the study of mammalian stem catisvitro would likely not accurately refleat vivo
interactions. Mammaliaim vivo studies are complicated by the challenge of figdind
observing rare populations of stem cells in compiepticellular organisms, as well as the
difficulty of inducing genetic mutations to obsehe effects on stem cell developme®it.
eleganshas a number of anatomical and developmentalresthat overcome the difficulties
associated with stem cell studies in mammals. Tt €. elegansonsists of 959 terminally
differentiated somatic cells whose developmenteddges are fully delineated. TGeelegans
cell fate map, the only complete cell fate map lakée for any eukaryote, allows for the
identification of mutant cell division and differgation patterns over the entire time-course of
embryonic and post-embryonic development. In @&@iC. elegandias an experimentally
accessible adult stem/progenitor cell lineage st cell lineage located in the single cell layer
non-pigmented epidermis of wornisigure 2). This seam cell lineage has distinct spatio-
temporal patterns of division and differentiatibattitake place during larval development, thus
allowing for the evaluation of the interaction beem physiological and stem cell fate pathways

during post-embryonic developmeigure 2). Finally, there are a number of molecular tools



available to increase the ease of genetic manipakatinC. elegansincluding a large array of
mutant and fluorescently labeled strains and aensite RNA interference (RNAI) library.
Additionally, transgenic lines can be made morealyasC. eleganghan in most other model
organisms by introducing the foreign DNA into thengd using microinjection or
microbombardment. The simple anatomy, stereotypieaelopment and ease of genetic
manipulation inC. elegansand the accessibility &. elegansells, including seam cells, o
vivo real-time imaging makes the investigatiodinf42/periodroles in stem cell development
more tractable il€. eleganghan in most other model organisms.

A number of structural and functional parallel$amenC. elegans lin-42ndperiodin
Drosophila or mammals makie-42 an appropriate model for studying the developnientas
of period At the molecular level, LIN-42 contains the PA®tgin-protein interaction domain
(PERIOD/ARNT/SIM), which is characteristic of cidian proteins [1]. Furthermorkn-42 and
periodare both expressed cyclically, although on difiétene scalesperiod expression
oscillates over 24-hours, wherdas42 levels oscillate over the time coursefelegangarval
development, peaking once every larval stage [10R, More recently, the functional
similarities betweelfin-42 andperiodhave become apparent as circadian and developmenta
functions have been reported for both. The rolpesfod as a regulator of stem cell
differentiation mirrors the role din-42 in C. elegandarval development. In adipose and other
tissue typesperiod down-regulation is required for differentiationtbe stem/progenitor cells
[4]. Similarly, lin-42 loss of function results in precocious termindiegdentiation of epidermal
progenitor cells, wheredi-42 gain of function causes a delay in differentiataomd allows the
inappropriate continuation of larval stage traitslsas continued self-renewal into the adult

stage [2]. Thudjn-42 mutant phenotypes indicate that the gene is requo promote stem cell



self-renewal/proliferation during post-embryonivd®pment and its down-regulation is
required to promote terminal differentiation. Sed@ther features din-42 make it easier to
study than its vertebrate counterpart. First, thmeependenperiodloci have been identified in
mammals, while th€. elegangenome only has ori@-42 locus. Null mutants can therefore be
produced with more ease @ eleganghan in other mammalian model organisms because onl
one gene must be inactivated. Second, some aetelopmental functions @h-42 have

already been described and investigated at theigemel molecular levels, whereas very little is
known about the developmental functiongefiodin mammals. The parallels in function
betweerlin-42 andperiod and the ease with whidh. elegansan be manipulated makias-42

uniquely suited to define the developmental roligseriod.

C. eleganslin-42 isoform structure, expression and functions

Although there is only onkn-42 locus in theC. elegangenome, there are three
alternatively spliced isoforms ¢ih-42, designatedin-42A, lin-42B andlin-42C, which differ in
structure, function, and expressi@h@pter 2, Figure 1 and Table ). Two of the isoformdjn-
42Aandlin-42B, are expressed coordinately throughout larval idgveent, with peaks of
expression during each of the four larval stages.ialegangChapter 2, Figure 2, while lin-
42Cis expressed only during the adult stagbgpter 2, Figure 2 and Figure 1). Expression
of lin-42A andlin-42B is repressed on transition to the adult stagenguwrhich all somatic
lineages terminally differentiate, and during enttryauer, a developmentally quiescent alternate
life-stage that is adopted in response to enviranaistressors [9], (Banerjee, unpublishdid}.
42 is broadly expressed athid-42 expression has been reported in the hypodermiseent

cells, vulva muscle cells, distal tip cells, intest muscle, and some head and tail cells [1, 2].



In addition to the differences in spatio-temporghression patterns, eatth-42 isoform
differs in its protein structure. The longest isafp LIN-42B, consists of a portion of the exonic
regions of bothin-42A andlin-42C, and the protein contains SYQ and LT motifs, ab agethe
PAS domain characteristic of circadian protein2]{Chapter 2, Figure 1). The LIN-42A
isoform, which is comprised of exons 7-12 of thaamic region, includes only the SYQ and LT
motifs. Only the PAS domain is present in LIN-42@ich is made up of exons 1-6 of the
genomic region. The two amino acid motifs, SYQ &afidand the PAS domain are all
conserved in the human PERL1 protein [1, 2]. Thectdral differences among tha-42
isoforms suggest that their molecular interactiomsld vary and that they fulfill different
molecular functions.

Further evidence th#in-42 isoforms have different functions can be founthi loss of
function phenotypes of variolis-42 mutants Chapter 2, Table J). In all of the known
mutants, théin-42B isoform is presumably eliminated, as it contaixsns from both thé and
C isoforms [2]. For exampldin-42(mgl52)andlin-42(n1089)are mutations that affect tige
andC isoforms, leaving only tha isoform intact [2]. These two mutations have milde
phenotypes resulting only in precocious terminékdentiation. Conversely, mutations such as
lin-42(vell)andlin-42(0k2385) which eliminate thé\ andB isoforms, are much more severe
and result in precocious terminal differentiatiomd dethality [2, 8]. These differences indicate
thatlin-42A andlin-42B are important for coordinating developmental psses, whildin-42C
is not vital for larval development.

The structure of thin-42 locus indicates that expression of time42 isoforms may be
differentially regulated transcriptionally and pasinscriptionally. Thdin-42B andlin-42C

isoforms share a common promoter, but have difte8&#iTRs. Similarly,lin-42B andlin-42A

10



share the same 3'UTR, but have different promagions. As a result, it may be predicted that
lin-42B andlin-42C may have the same or similar transcriptional ragoh, whilelin-42B and
lin-42A may have similar post-transcriptional regulatilmaleed, our research group has shown
thatlin-42A andlin-42B are post-transcriptionally regulated by tee7 family microRNAs

while lin-42C is not [33]. The variety in the structure, regidaf expression, and function lofi-

42 isoforms indicate that they are not redundant.

Circadian Function of C. eleganslin-42

Circadian rhythms were not describeddnelegansuntil 2002 [7, 34]. Subsequent
studies showed that ad@t elegangxhibit circadian rhythms dependent on temperature
osmotic stress, and to a lesser degree, light, [85,736]. Little is known about the role lof-42
in circadian timing, althougln-42 is the only reported circadian homologGneleganghat
exhibits an aberrant circadian phenotype when redtatoss of function mutation 6h-42
results in a locomotory period in adult mutantd tedonger than that of adult wildtype worms,
suggesting thdin-42 has a circadian timing function that is distircinh its developmental
timing functions [6]. However, neithéin-42 nor any othe€. elegangircadian homologs
exhibit cyclic expression patterns in the adulgstf86]. Few other circadian homologs have
been tested for loss of function effect on circadiaythms. The only reported homolog to be
tested isaha-1, theC. elegansromolog ofBmalor Clock No circadian rhythm defects were
observed iraha-1mutants, suggesting that t6e elegan<ircadian timing pathway, while still
involving lin-42/period may be regulated differently than the Drosopbilanammalian

circadian clock[6].
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Developmental Functions ofC. eleganslin-42: seam cell terminal differentiation and the
heterochronic pathway

The heterochronic pathway consists of a networdgesies and microRNAs that regulate
the timing of developmental events. Mutations ia fleterochronic pathway result in changes to
the timing of cell fate programs. Mutations carmertprematurely turn on development
programs, resulting in the precocious enactmefdtef stage events, or they can delay the
activation of developmental programs, resultinghiea reiteration of events from the previous
stage and the ultimate retardation of stage ap@tepevents until a later stage. It is important to
note that heterochronic mutations do not changéseties of the cells, for example hypodermal
cells do not instead adopt intestinal cell fates,dnly affect the timing of when the cell fates ar
adopted. Heterochronic mutations are often stuii¢ke C. elegan®pidermal stem/progenitor
cells known as seam cells. The seam cells areeafigells that run the length of the lateral sides
of the worm [37](Figure 2). With the exception of the L2 stage, these stelts divide
asymmetrically at the start of each larval stadee anterior daughter cell differentiates and
migrates away from the seam to become part of ypedermis. Conversely, the posterior
daughter maintains its ability for self-renewalid pattern is maintained at the start of every
larval stage except at the beginning of the L2estaghen the seam cells undergo a proliferative
cell division prior to the normal asymmetrical cdiNision. At the beginning of the adult stage,
all of the seam cells terminally differentiate, dus form a hypodermal syncytium, and begin
secreting adult cuticle, called alae. The constddevision pattern of these stem cells makes
them ideal for studying the effects of heterochecanutations as changes in the seam cell
number or the timing of the terminal differentiatievent are indicative of heterochronic mis-

regulation.
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One common regulatory theme in the heterochrortiowsy is the down-regulation of
gene products via the microRNAs (miRs). miRs aralsmon-coding RNAs that bind to
complementary portions of the 3'UTR of target genipts, thereby preventing the translation of
the mRNA. This type of post-transcriptional regigdatis used frequently in the heterochronic
pathway to down-regulate genes and allow progradsithe next developmental stagég(ire
3). For example, at the L3 to L4 transition, tee7 family miRs,mir-48, -84, and-241, function
redundantly to down-regulatil-1 and allow progression from the L3 stage. Lossiatfion of
thelet-7 family microRNAs results in reiteration of L3 stagell fates. Two other instances of
miR regulation of the heterochronic pathway arevkmol) lin-14 andlin-28 regulation bylin-4
miR in the L1 and L2 stages, and 2) regulation nofiaber of factors, includingn-41 andlin-

42, by thelet-7 miR during the L4 to adult transition [Reviewed38, 39]] (Figure 3).

Whereas most heterochronic genes are expressedsgiagifically to act as switches for
developmental eventbn-42 is reiteratively expressed at each larval stagggessting that it
functions at multiple developmental stages. Lossiotion oflin-42 results in precocious
developmental events in multiple cell types. Inskam celldin-42 loss of function mutations
do not change seam cell division patterns untilLghatage, at which point the L4 seam cells
undergo precocious terminal differentiation [2]owEver,lin-42 does exhibit stage specific
phenotypes earlier in development if the42 loss of function mutation is placed in
combination with other heterochronic mutations. &mmple]in-42(n1089); lin-14(n179ts)
double mutants skip the L2 proliferative seam dalision, a phenotype that is not observed in
either single mutant [38, 40]. Knock-downlmf-42 expression by RNA interference reveals
early larval stage precocious phenotypes in noretigpmal tissues, most notably in the gonad

and vulva [2]. Iin-42(RNAi)animals, precocious division of the vulval precursells is often
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observed by the end of the L2 stage [2]. Gonadatimn is also affected iin-42(RNAI)

animals. In wildtype worms the gonad migrates ¢istantil the late L3 stage. During the late L3
stage, the distal tip cells (DTCs) of the gonad @md migrate dorsally, and finally flex back
towards the mid-body. During the L4 stage, the DTtigrate back towards the midbody/vulva,
forming a U-shape [41]. In marin-42(RNAi)worms, the DTCs have already started migrating
towards the midbody during the L3 stage, rathen #itathe start of the L4 stage [2]. The L2 and
L3 heterochronic phenotypes seetimrd2(If) mutants and ifin-42(RNAi)animals indicate that

lin-42 function is necessary for both early and late lateaelopment.

Developmental Functions ofC. eleganslin-42: the Dauer Decision

Dauer is an alternative larval stage that is ileduo animals experiencing adverse
environmental conditions such as high temperatimesgased population density, or low food
availability (Figure 4). To enter the dauer stage requires precise auatidn of developmental
and environmental response programs. Not only thestarvae sense the poor environmental
conditions, but normal developmental programs rbastuspended and dauer development,
which includes extensive physiological remodelimgist begin. Environmental conditions are
relayed to developmental and physiological prograiasnputs from the TG; steroid and
insulin signaling pathways [Reviewed in [42]].

Each of the signaling pathways that regulate daaeverges on the nuclear receptor
DAF-12, which acts as the coordinator between ocootiis development programs, dauer
development programs, and environmental sigratgite 3). In favorable environmental
conditions, ingested cholesterol is converted d#tachronic acid (DA), a ligand for the DAF-12

nuclear receptor protein. The DAF-12::DA complesrmpptes continuous larval development.
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Conversely, if environmental conditions are unfaobe, less Dafachronic acid is produced and
DAF-12 interacts with DIN-1. An excess of the DAE::DIN-1 complex inhibits continuous
larval development and instead promotes dauer.énihout mediation from another molecule,
even a small excess of the DAF-12::DIN-1 complex gash an animal towards dauer entry.
lin-42 acts as that mediator and has been shown to fieiexnif to prevent dauer entry in
conditions of mild environmental stress [9].

Down-regulation ofin-42 expression is required prior to dauer entry amajeroudin-
42 expression in animals at the L2d stage, an exteh@estage in which larvae assess their
environmental conditions and prepare for dauer &iwon, can prevent dauers from forming [9]
(Figure 4). Other studies have shown that line42A promoter contains DAF-12 binding sites
and is directly regulated by DAF-12 [43]. The otderelopmentally important isoforim-42B,
does not contain any DAF-12 binding sites in itsmpoter; howeverjn-42A andlin-42B
expression cycles in tandem during larval develamireiggesting that their expression is co-

regulated in some manner.

Developmental Functions ofC. eleganslin-42: lethargus and molting

Larval development i€. eleganss comprised of four distinct stages (designatédd-
L4) during which cell division and differentiatidake placeKigure 4). The larval stages are
separated by periods of behavioral quiescenceeccldthargus, after which the larvae replace
their outer cuticles in a process called moltinige Tour periods of lethargus that are part of each
larval stage are characterized by reduction inrfluation and cessation of feeding@. elegans
lethargus has all of the behavioral hallmarks eép| meaning that lethargus is a reversible

behavioral state, results in a reduction in respengss to mechanical stimuli, and is
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homeostatic in nature [44]. Lethargus and moltirggeriodically timed events, with lethargus
and molts occurring at the end of each of the fawvwal stages and typically 8-10 hours apart if
the animals are raised at 25°C [45]. Despite thl-@oordinated nature of molting and
lethargus, only a few molecules involved in thetoolrof the molt timer have been identified.
Wildtype C. elegangxhibit a peak olin-42 expression during each larval stage, or
intermolt, followed by a steady decrease untilrtiadt, after whichin-42 expression begins to
increase again [2]. The only known heterochroniteg® exhibit a cyclic expression pattern that
is so well coordinated with the timing of moltdiis42, suggesting that there may be connection
betweerlin-42 expression and the molting timer. Indeed, rectrdias have shown thih-42A
expression is required to maintain the rhythmiggras of lethargus and molting [8].
Specifically, thdin-42(ok2385)mutant, in whicHin-42Aexons are deleted, shows irregular
molts. Thdin-42(ok2385)mutant animals often spend considerably more tmethargus than
wildtype animals and may enter lethargus more trare prior to molting. Exogenous
expression olin-42Ain these mutants restores regular molt cycles;gvewlin-42A
overexpression also results in asynchronous aed aftypical molts. These results indicate that
lethargus and molting behaviors are dependent NRAAA protein function, and just as

importantly on the periodic expressionliof42A.

Summary and Rationale for Study
The mammalian gengeriod, which has a well-defined role in the circadiathpay, has
recently been shown to function in regulating stath differentiation. Little is currently

understood about the mechanisms that copegdbdregulation of stem cells. We are studying
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theC. elegans periodrtholog,lin-42, as a model for understanding the developmenteitions
of period

C. elegans lin-4Aas a circadian phenotype in adult worms and adgsila number of
developmental timing events duri@g elegangost-embryonic development, including seam
cell terminal differentiation, dauer entry, lethasgand molting. Whiléin-42 has been
implicated in the regulation of these developmeptatesses, the mechanisms that cotitrel
42 expression and function have still not been fdi§ined. Previous work from our lab has
shown that ZTF-16, a zinc-finger transcription tacind member of thdunchback/lkaros-like
(HIL) family of proteins, is a candidate transcriptal regulator ofin-42 expression [33]. The

aim of this study is to characterize the regulabbhn-42 by ZTF-16.
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Figure 1. Transcription-translation feedback reguldion of period in the Drosophila
circadian timing pathway.

A complex transcriptional/translational feedbackodoinvolving auto-inhibition ofperiod
transcription by the PER protein is at the coréhefmolecular circadian clock. The transcription
factors CLK/CYC activatgeriod transcription in the nucleus. The PER protein thegins to
accumulate in the cytoplasm, where it is eitherrdégd or binds to TIM and CKIThe PER
heterodimer then translocates to the nucleus tibiinits own transcription by inactivating the
CLK/CYC complex. Figure from [33].
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Figure 2. C. elegans Seam Cell Lineages (H0-2, V1-6, T).

(A) Adult C. elegansof wis78strain with GFP marking seam cell nuclei. (B) Seasth division
and differentiation patterns during larval devel@om Double horizontal bars represent terminal
differentiation in the adult stage. An X representdl apoptosis. These seam cell division
patterns are stereotypical in wildty@e elegans For that reason, the results of heterochronic
mutations can be easily followed using strains wWlitbrescently labeled seam cell nuclei. Figure
from [33].
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Figure 3.1in-42 function in the C. elegans heterochronic pathway.

This schematic illustrates the known actions ofetathronic genes durinG. eleganslarval
development. At both the early and late larval esalin-42 acts to regulate larval development.
Arrows indicate activation, whereas lines with barsthe end indicate inhibition. Figure from

[33].
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Figure 4.C. eegans life cycle showing alternative Dauer developmentatages
During adverse environmental conditiorf3, elegandarvae can enter an alternative L3 stage
called dauer. Dauer entry is preceded by a lengthér2 stage, called L2d, during which the

worms assess the environmental conditions and dpadauer entry if required. Expression of
lin-42A andB must be down-regulated to allow dauer entry taindeéigure from [46]
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Chapter 2: Characterization of ZTF-16 control oflin-42 isoforms

BACKGROUND AND RATIONALE

The gengeriodis a key member of the molecular circadian cldek ts conserved in
most animals. The circadian clock is responsibtecémtrolling a number of physiological and
behavioral responses to daily environmental sigeiath as light and dark cycles and changes in
temperature. In most animals, the clock is resfm@g$or regulating behaviors such as
sleep/wake cycles, activity levels, and even fegdnythms [Reviewed in [16]]. Recent studies
have also implicatederiodin post-embryonic cellular development, specificetie regulation
of differentiation of adult and tissue stem celisl @rogenitor cells. For examplggriod has
been shown to regulate neural progenitor cell diffiéation, adoption of the adipocyte cell fate
by mesenchymal stem cells, and proliferation ofoginelial progenitor cells in mammals [3-5,
47]. In the circadian pathway, the regulatory nettbat controlgeriod expression and
function is very well defined at the molecular Iej®, 16, 17, 48]. However, little is currently
known abouperiodregulation and function in stem cell developmeptthways. There are
reports thaperiodis not cyclically expressed in all tissue typestather exhibits constitutive
expression in some tissues, like in the dentategggf the brain [5]. Additionally, there is
evidence thaperiod expression is controlled in a number of cell typgdactors other than
CLOCK and BMAL, includingGSK3, ATF4and glucocorticoids [20, 24, 31, 32]. Many of
theseperiodregulators have dual functions in the circadiatkland in stem cell development
[20, 24, 31, 32]. Our aim is to define the expresgatterns, regulation, and functiongefiod
in controlling post-embryonic stem cell developmdrd that end, we have studied the regulation
of theC. elegans periodrthologlin-42 during post-embryonic development as a model for

periodregulation of adult stem cell development in marisma
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Like period, lin-42has both circadian physiological and developmewiak. Unlike
period, however, the developmental functiondinf42 are better described than the circadian
functions C. elegangarval development is comprised of four stagesl(#] during which most
active cell division and differentiation take pla@é&e end of each larval stage and the beginning
of the next stage is marked by a period of behaViquiescence followed by shedding or
molting of the outer cuticle. During the behavityajuiescent period, called lethargus, the
worms synthesize a new cuticle in preparation éatysis [44]. Expression dih-42 oscillates
throughout larval development, with peaks in exgi@sduring the larval stages and a reduction
in expression during lethargus and molting [1]n#mber of stage-specific and reiterative
developmental processes are regulatelinb42, including terminal differentiation of epidermal
stem cells, called seam cells, the timing of legliar and entry into dauer, an alternative larval
stage in which the animal is developmentally ae@stue to poor environmental conditions.

The proper timing of seam cell terminal differetita is reliant upotin-42. Seam cells
divide asymmetrically at the beginning of each dhstage with the exception of one
proliferative symmetric division at the L2 stage these asymmetric divisions, one daughter cell
differentiates and migrates into the hypodermigjemine other cell remains part of the self-
renewing seam. At the beginning of the adult stafieseam cells terminally differentiate, fuse
together into a syncytium and begin to secretetanicle. This terminal differentiation is
regulated byin-42, andlin-42 loss of function results in a timing defect in aiithe seam cells
undergo precocious terminal differentiation andatetsecretion at the L4 larval stage [1]. In
addition to controlling the correct developmeniaing of terminal differentiationjn-42 also
functions as a regulator of lethargus [8]. Lethargua periodic behavior that typically occurs

after each of the larval stages. One of the thne42 isoforms lin-42A, is required to maintain
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the proper timing of this behavidm-42Aloss of function or constitutive overexpressiorutes
in desynchronization of lethargus in which the wenmay spend an abnormally long time in
lethargus or may enter and exit lethargus sevienaistbefore molting [8]. Finallyin-42 is
involved in the dauer induction pathway. In ordarWworms to enter daudm-42 must be
down-regulated at the L2 stage [9]. Overexpressfdim-42 at this stage is sufficient to inhibit
dauer induction. Additionallyin-42 loss of function sensitizes worms to dauer fororatn
conditions in which they would otherwise not forauers. These developmental phenotypes
caused byin-42 loss of function or mis-expression clearly indectiiat temporal cyclic pattern
of lin-42 expression that mirrors the larval stages is cup@unt importance to normal
development. Therefore, it is imperative to deteeriiow the dynamic expression patteriirof
42is controlled.

In the circadian timing pathwageriod expression is regulated by a complex set of
feedback loops that are generated through a comidrinaf transcriptional and post-translational
control [Reviewed in [10, 16]franscription ofperiodis activated by a protein heterodimer
comprised of the cyclically expressed transcripfastors CLOCK and BMAL (CYCLE in
Drosophila). In the cytoplasm of mammalian and Dpbsla cells, the PERIOD protein (PER)
forms a dimer with CRYPTOCHROME (CRY) or TIMELESSIl), respectively. The stability
and localization of the individual PER protein ahd PER/CRY or PER/TIM complex is
regulated through phosphorylation by a number n&d&es and phosphatases, including Casein
Kinase l¢/6 and Protein Phosphatase 1A. Phosphorylation dPER/CRY complex results in
translocation to the nucleus, where PER subsequimatttivates the CLOCK/BMAL complex to

inhibit its own transcription.
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There are number &. eleganfiomologs of the mammalian and Drosophila circadian
genes, several of which interact genetically Wwith42, includingkin-20, the homolog of Casein
Kinase 1tim-1,the homolog of the Drosophitanelessggene, and homologs of Protein
Phosphatase 1A [49], (Banerjee Lab, unpublishedyelheless, evidence indicates that a
different mechanism of regulation is employedliot42 expression durin@. elegans
development that does not involve theelegansiomologs of circadian genes. First, although
lin-42 is expressed cyclically during. eleganglevelopment, the oscillations are not on a 24-
hour timescale. Rathdim-42 oscillations are on a 6-10 hour timescale thatetates with the
developmental progression of tBe elegandarval stages [1]. Furthermor€, elegandack the
cryptochromegene which is responsible for the transductiongtitito the machinery of the
circadian clock [10, 49]. Therefore, the input pedlys that drivdin-42 expression iiC. elegans
larvae are more likely to be controlled by develepial signals as opposed to circadian
environmental signals. Additionally, the translaabfeedback auto-inhibition gleriod
expression in Drosophila and mammalian circadidhvpays appears to be absenCirelegans
Thelin-42(mg152)mutant contains a frame-shift mutationim42 that results in production of
full-length mMRNA but no functional protein [1]. Thevels oflin-42 mRNA in the lin-
42(mgl52mutant cycle normally even in the absence of foned LIN-42 protein, suggesting
thatlin-42 auto-inhibition is not part of the developmentdulation oflin-42 expression [1].
Finally, theC. elegandiomologs ofClock Cycle andBmaldo not controlin-42 expression,
according to RNA interference screens performetiénsearch folin-42 regulators [33].
Therefore, our aim was to identify transcriptioregulators ofin-42 and characterize the
function of these regulators in the generationyofainic temporalin-42 expression patterns

duringC. elegangarval development.
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We previously identified the zinc-finger transcigot factor ZTF-16 as a regulator laf-
42 expression durin@. elegandarval development based on both molecular intevacnd
genetic interaction screens [33]. EMSAs (Electraphio Mobility Shift Assays) were used to
identify three 50-100 base pair regions (BR1-3hwmithelin-42BC promoter that were
specifically bound b¥C. elegansiwuclear proteins, which may have included trapsiom
factors. Analysis of these three BRs by bioinfolicgatevealed transcription factor binding site
(TFBS) motifs that were conserved betwékrelegansC. briggsaeandC. remaneiA list of C.
eleganshomologs of the Drosophila and mammalian trangonpfactors that bind the TFBS
motifs was then constructed. These candi@atelegangranscription factors were tested
through RNA interference (RNAI) screens for genetteractions with a known regulator lof-
42 expression. This set of assays identified ZTF-18 pssitive regulator din-42 transcription.
A putative TFBS within a 65 bp region (BR2) of he42BC promoter was also identified, and
ZTF-16 is predicted to bind to this putative TFBS.

In addition to the identification of ZTF-16 viagtmolecular and genetic interaction
screensztf-16is an attractive candidate flin-42 regulation for other reasons. Firatf-16is
expressed throughout larval development and irepigermal progenitor cells, aslis-42 [1,

50]. Also, ZTF-16 is a member of tiunchback/Ikaros-lik¢HIL) family of proteins.

Hunchback and lkaros are both transcription factotis known roles in development in
Drosophila and mammals [51, 52]. The aims of thuslg were to characterize the transcriptional
regulation oflin-42 by the zinc-finger transcription factor ZTF-16. Mapecifically, we sought

to characterize whether ZTF-16 is necessary arfitiguit for lin-42 expression, whether ZTF-

16 differentially regulates the thrén-42 isoforms, and whethettf-16loss of function affects

development in ways similar tm-42 loss of function irC. elegans
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MATERIALS AND METHODS

GFP Transcriptional Reporter Constructs

To generate full length GFP transcriptional repoctnstructs, PCR was used to amplify
approximately 3 kb of the upstredm-42A promoter and approximately 2.0 kb of the upstream
lin-42BC promoter. GFP-PEST and thac-543'UTR were amplified from the plasmid pAF207
(courtesy of Alison Frand). The PCR promoter fragtaavere purified using gel purification
(Qiagen, Catalog Number 28704) and cloned into T@BEors using Invitrogen TOPO XL
cloning kits (Invitrogen, Catalog Number K4750-10he promoter sequences, GFP-PEST, and
unc-543'UTR were then amplified from their vectors aneé tieporter constructs were created
using the Invitrogen MultiSite Gateway cloning @itvitrogen, Catalog Number 12537-023).
Vector sequences were confirmed by sequencing.

To construct théin-42BCATFBStranscriptional reporter, overlap extension PCR used [53].
The promoter sequence on either side of the de€bbd deletion was amplified from the TOPO
clones containing the full length (2.0 Kb)-42BC promoter using primers that contained
overlapping T7 primer sequence. These overlappihgequences were then allowed to anneal
and a secondary PCR reaction was used to ampéfgdmplete sequence. The deletion
sequence was cloned into the pENTR vector fromthiérogen MultiSite Gateway kit and the
reporter construct was created and confirmed asqugly described. Primer sequences used in

reporter gene construction can be foundppendix A.

C. elegans Reporter Strain Construction

C. eleganstrain preparatiorunc-119(ed3)nutant worms were used in the reporter strain

transformation. In preparation for transformatiGnelegansvere chunked on to NEP plates
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(enriched peptone agar supplemented with 10,0000Ngdtatin) seeded with NA2R2. col..

When the plates were freshly starved and the nigjofiworms were L1 larvae, they were
washed from the plates using M9 buffer and transteto tubes. The worms were then held on
ice for 10 minutes to allow the larger, adult wortmgall to the bottom of the tube. The
supernatant containing the L1 larvae was trangddoe fresh tube. This was repeated two
additional times to obtain a population of primgatill larvae. The larvae were then washed
twice with M9, plated immediately on NEP plates atidwed to grow to egg-laying stage, at
which time the eggs were harvested and synchromiged) the hypochlorite method [54]. The
synchronized L1 larvae were subsequently placed DdtNEP/NA22 plates at a density of
~20,000 worms per plate and allowed to grow at Z6rG2-54 hours or until a single row of
eggs could be seen in the worms. At this poin2@@ 000 worms were transferred to 2 unseeded
NEP plates for ballistic transformation.

Ballistic Transformation: Microbombardment was usedreate worm strains with genomically

integrated transcriptional reporters [55]. Two damsts were simultaneously bombarded into the
worms: the desired transcriptional reporter and gMI theC. briggsae unc-11fhutation

rescue construct which restores wildtype movemetti¢ worms if successfully transformed.
5ug of each plasmid was used in the bombardmeni. \Bere linearized by restriction enzyme
digestion and purified prior to use. The complaetenbardment protocol is described in
Appendix B.

Screening and Strain Confirmation: Post-bombardntbatworms were allowed to recover at

15°C for 1 hour, after which they were transferi@®EP/NA22 plates. The plates were allowed
to dry overnight at room temperature and were plate25°C the following day. To screen for

transformed worms, the plates were allowed to cetepl starve (~7-10 days) after which NA22
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bacterial food source was reintroduced to the plaAéter 3 to 4 days, the plates were screened
for worms with wildtype movement. Any worms exhibg wildtype movement were picked
onto individual plates and allowed to propagatecdnfirm the presence of the reporter
construct, genomic DNA was extracted using the mimextraction method and PCR using
GFP-PEST specific primers was performed.

Reporter Strain CrosseBbhe full length transcriptional reporter straitin-42AFPp::GFP-

PEST::unc-54andlin-42BCFLp::GFP-PEST::unc-54were crossed into thaf-16(ok3028)If
background by generating reporter strain malescaogsing them witlatf-16(ok3028)
hermaphrodites. The two reporter strains werealhytcrossed with wildtype males. Male
progeny expressing GFP were selected using fluenegcmicroscopy and crossed wo#8028
hermaphrodites. F1 hermaphrodite progeny fromcdtads were picked onto individual plates
and allowed to self-fertilize. F2 progeny exhibiirtf-16(If) phenotypes were picked onto
individual plates and screened for GFP expressyoitubrescence microscopy. Once the F2
progeny laid eggs, they were screenedztbd 6(If)homozygosity using PCR. GFP expression
was not visible in thén-42BCFLp::GFP-PEST::unc-54;ztf-16(0k302B2 worms, so GFP
screening was also done using PCR once the F2mydagiel eggs. Progeny expressing GFP and
containing theztf-16(If) mutation were allowed to reproduce and their Iwese followed for

several generations to ensure GFP homozygosity.

Fluorescence Microscopy

glo-1 andglo-3 RNAI constructs: Initial attempts at fluorescemaeroscopy with the

transcriptional reporter strains in the wildtypel atf-16(If) backgrounds were inhibited by gut

granule auto-fluorescencAgpendix E). To reduce this auto-fluorescence, RNA interfeeen
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constructs targeting the genes responsible fofotmeation of gut granuleglo-1 andglo-3,
were made [56, 57§lo-1 andglo-3 were amplified from cDNA synthesized from mixedgs
N2 total RNA (Seé\ppendix C for primer sequences). The PCR products wereliated into
linearized pL4440 RNAI vector by TA cloning. Thegdition reaction was transformed irigo
coli strain HT115 and transformants were confirmed uBiG&.

Fluorescence Microscopy: The transcriptional regrastrains were synchronized using the

hypochlorite method. The synchronized L1 larvaeen@ated onto Nematode Growth Media
(NGM) plates supplemented with 1ImM IPTG and 100m&hpicillin, and seeded witglo-1
andglo-3 RNAI bacteria. The two types of bacteria were rdisé¢a 1:1 ratio prior to seeding and
the mixture was allowed to dry on the plates foi728hours prior to use. The strains were placed

at 15°C and fluorescence microscopy was perfornueithgl larval and adult stages.

Quantitative Real-Time PCR (qRT-PCR)

C. elegangarval staging and harvests: Tie-42A andlin-42BC reporter strains in the wildtype

andztf-16(ok3028)Ibackground were synchronized using the hypockelongthod and the L1
larvae were plated on NGM plates seeded with GPB6Ii. The worms were grown at 25°C.
Starting at 11 hours post-plating and every thma$iuntil 38 hours post-plating, worms from a
subset of the plates were harvested by washingM®&hThe worms were pelleted, the
supernatant was removed, and the worms were ftagl in liquid nitrogen and stored at -80°C

until RNA extraction was performed.

RNA extraction and cDNA preparationhe frozen worm pellets were thawed and total RNA
was extracted by the phenol/chloroform method ugimipion TRI-Reagent (Catalog Number

AM9738). The RNA was quantified using the Invitrog@uant-iT RiboGreen kit (Catalog
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Number R11490) and 1ug of RNA was used to make mmgntary DNA using M-MLV
Reverse Transcriptase (Promega, Catalog Number 170

gRT-PCRQuantitative Real-Time PCR was performed using Taughemistry (TagMan
Master Mix from ABI, Catalog Number 4440040) usspecially designed probes (ABI) and
primers forlin-42A, lin-42B, lin-42C, ztf-16 GFP-PESTandama-1 The threshold values (Ct)
for eachlin-42 isoform, GFP-PEST, amtf-16were compared to the threshold valuawia-1at
the same time point to calculate the relative diffiee between transcript levels. Primer and
probe sequences for gRT-PCR are listeAppendix D.

N2 adult stagingStaging of wildtype adult. elegansvas performed as described for the

reporter strains with the following exceptions: Tlielarvae were plated on NGM plates
supplemented with 1mM IPTG and 100mg/L of Ampiailind seeded withos-1RNAI bacteria

to prevent eggs from hatching. S&apendix C for primer sequences used in the construction of
pos-1RNAI vector. The adult harvests were performedeoewery 24 hours starting at 24 hours
post-plating through 9 days post-plating. For tB&lé synthesis, 3ug of total RNA was used to
increase the likelihood of detectiatf-16transcripts. All other aspects of the harvest, RNA

extraction, and qRT-PCR were performed as descfiettheC. elegandarval staging.

Lethargus Assays

Synchronized populations of N2 oif-16(0k3028).1 larvae were obtained using the
hypochlorite method. The worms were plated on NGalgs seeded with OPH) coliat a

density of ~50 worms per plate. The worms were k&g0°C and scored each hour post-plating
for the presence or absence of pharyngeal pumgiadack of which is a hallmark of lethargus.

The plates were scored up to 57 hours post-plafihgee plates were scored per time point.
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High-temperature induced dauer (HID) Assays

Eggs were obtained from NEn-42(mg152)lin-42(n1089) ztf-16(ok3028)andztf-16(0k1916)
using the hypochlorite method. The un-hatched agge immediately plated onto NGM plates
seeded witlE. coliOP50 at a density of approximately 50 eggs pdepBaplates per strain. The
plates were placed at 27°C for 48 hours, after wkine they were scored for dauer and partial
dauer formation. Partial dauer formation was di@ssas any worm approximately the same
size as an L2 larva after 48 hours, with no visihllva formation but an unconstructed,

pumping, pharynx.

RESULTS
ztf-16(If) results in down-regulation oflin-42 isoforms

Genetic interaction screens have identified the-fimger transcription factor ZTF-16 as
a candidate regulator 6h-42 expression [33]. To verify that ZTF-16 is indeekihad2
transcriptional regulator, mRNA levels lof-42 were measured using quantitative real-time
polymerase chain reaction (QRT-PCR). Three isofdimsi2A, lin-42B, andlin-42C) are
expressed from the-42 genomic region and are controlled by differenutatpry regions,
suggesting that they may have variant expressitiarpa Figure 1). We thus designed isoform
specific qRT-PCR primers and probes to measuresegmn of all threén-42 isoforms
(Appendix D). Thelin-42 transcript levels were measured by gRT-PCR froueld@mentally
synchronized populations of larval worms grown Bt that were harvested every 3 hours over

the time course of larval development. Tine42 transcripts were measured in N2 wildtype
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worms (full ztf-16function), N2 worms in whichtf-16expression was knocked-down by RNA
interference (RNAI), and thaf-16(ok3028)oss-of function mutant strairfrigure 2).

In wildtype genetic backgrountin-42A andlin-42B are expressed cyclically with peaks
of expression during each larval stage and dowuala¢ign at the molt between each stage
(Figure 2A). These expression patterns are consistent withspell reports olfin-42 expression
that did not distinguish among the-42 isoforms [1, 2]. However, our data show thatlthe
42Cisoform, which shares 5’ regulatory sequences Intd2B, is expressed only basally
during larval developmenEigure 2A).

Whenztf-16expression was reduced using RNAI;42A andlin-42B expression
patterns were wildtype until the L4 larval stagewhich time the expression was down-
regulated approximately 3-fold relativelio-42A andlin-42B expression in wildtype at the
equivalent stage [33F(gure 2B). Down-regulation ofin-42A/Bat the L4 stage suggests either
that ZTF-16 is a stage-specific regulator that daténg late larval development or thzt-16
down-regulation by RNAI is not sufficient in thergalarval stages. Therefore, to test whether or
not the L4lin-42 down-regulation was the result of stage-specifieractions with ZTF-14jn-

42 transcript levels were measuredztit 16(ok3028mutants [33]. Thetf-16(ok3028)mutation
is a deletion that removes exons 8 to 10 of thengoegion, but does not remove any zinc-
finger domainslin-42A andlin-42B expression were both down-regulated inztiel6(ok3028)If
mutant and cyclic expression at all larval stagas {@st Figure 2C). These data indicate that
ZTF-16 function is required to regulate the wildtypyclic expression patternsiof-42AandB
throughout larval development. Nevertheldgss42A andB expression is not completely

abrogated in thetf-16(ok3028nutants, suggesting that the deletion mutation dogegliminate
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all ZTF-16 transcriptional activity or that basapeession ofin-42A andB isoforms are

regulated by additional factors.

ztf-16 is expressed cyclically and in anti-phase ton-42

Our expression analysis lfi-42 isoforms indicates that ZTF-16 is directly or ireditly
responsible for the cyclic expressioniof42A andlin-42B during larval development iG.
elegans Cyclic expression of the mammalian dasophilalin-42 ortholog,period, is
regulated by the transcription fact@tckandBmal which are themselves cyclically expressed
in a complex feedback loop wipleriod[Reviewed in [16, 17]]. To determine whetlztf-16
exhibits cyclic expression similar @ockandBmal ztf-16expression was measured in wildtype
larvae using qRT-PCRF{gure 3). We found thartf-16is expressed cyclically and in anti-phase
to lin-42A/B expression pattern. Thugf-16expression peaks during the lowest expression
levels oflin-42 and is lowest during the peaksliofF42 expressionKigure 3A). These data are
consistent with thetf-16andlin-42 expression profiles generated from a temporaéseri
whole genome microarrays of synchronized larvalestd2/wildtypeC. elegangFigure 3B)
[33]. Theztf-161in-42 anti-phase expression pattern is similar toGleck/Bmalexpression
pattern relative tperiod Our data suggest that cyclic expressiohmfi2 may be driven by

pulses ofztf-16expression and activity.

ztf-16 loss of function phenocopielin-42 loss of function
Sincelin-42A andlin-42B expression is down-regulated but not completetpgdited in
ztf-16(If), we sought to determine whetl®f-16regulation ofin-42 is functionally relevant. We

thus investigated whethetf-16(If)down-regulation resulted in phenotypes consistett hn-
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42AandB loss of function, such as precocious terminakdéhtiation, abnormal lethargus and
molting and dauer sensitization.

The thredin-42 isoforms vary in their exonic and protein struetyrhave different
regulatory regions and are not redundant in thaictions. For example, thi@-42(n1089)
mutation, which affects only tHm-42B andC isoforms, exhibits precocious heterochronic
phenotypes, low penetrance egg-laying defects andrdnduction phenotypes, but is not lethal
[2, 9] (Table 1, Figure 1. These observations indicate that42B functions in the
heterochronic pathway to regulate the asymmetyiisioin patterns of hypodermal seam cells.
Loss of function ofin-42B/C causes the seam stem/progenitor cells to diffeentiuring the L3
or L4 larval stage of development instead of atli#hé¢o adult transition. In contrasin-
42(0k2385)s a deletion mutation that eliminates bothlthet2A andlin-42B isoforms [2]. This
deletion mutant has sevdme-42(If) phenotypes, including precocious seam cell diffeaéion,

a loss of synchronization in lethargus and moltagjgher penetrance of egg-laying defects, and
lethality caused by molting defects [2, 8japle 1). The more severe phenotypes are due in part
to the loss ofin-42A and the molting irregularities that result fromatthoss. Recent work has
shown thatin-42Ais required to maintain the synchronous pattefristbargus, a sleep-like

state during whiclC. elegandarvae synthesize a new cuticle in preparatioshted the old one

[8]. A loss of synchrony in lethargus also resuitsnolting defects and lethality. Taken

together, the phenotypes of the differlm42 mutant strains indicate that loss of LIN-42B in

the presence of LIN-42A activity primarily affedeyminal differentiation during late larval
development, while loss of LIN-42A and LIN-42B tdiger result in more severe developmental
defects including asynchronous lethargus and lgghabss oflin-42A andlin-42B also

sensitizes larvae to enter dauer under normal e@mviental conditions, and this sensitization is
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substantially more severe with LIN-42A loss in cangon to loss of only LIN-42B [9]. Our
research group has previously shown #thfil6loss or reduction of function resultslin-
42B(If) heterochronic phenotypes, including precocious seglhterminal differentiation and
precocious alae formation [33]. Therefore, to datee whether thén-42A down-regulation
observed iretf-16(If) mutants is developmentally relevant, we assaybaigus and dauer
sensitization phenotypes atf-16(ok3028 mutants.

Lethargus is a behaviorally quiescent state thati@cfour times during larval
development. During these quiescent periods, fggamavior completely ceases, as observed
by a lack of pharyngeal pumping. We found that thate are four distinct periods of lethargus,
or time during which no pharyngeal pumping takeselin at least 20% of the population of
wildtype worms Figure 4A). At a population level, these periods of inad¢yivasted for
approximately 3 to 4 hours and were separatedtbyédhours of activity during which less than
10% of the population was inactive. In #té16(ok3028)mutants, periods of lethargus are
extended and after the L1 stage, the populatios doeappear to fully exit lethargusigure
4B). In the wildtype worms, there is a short periddime during which 100% of the worms are
active. In theztf-16(ok3028)nutant strain, more than 10% of the populatiomative
throughout larval development. These data are airtol reports of abnormal lethargudim
42(ok2385)mutants [8]. Loss of cycliin-42A expression itin-42(ok2385)mutants results in
prolonged periods of lethargus and an overall asyny in lethargus and molting behaviors
across worm populations. It is worthwhile to ndtattexogenous overexpressiorinf42A also
resulted in a loss of synchronization in moltingl déethargus, suggesting that the cyclic
expression ofin-42Ais required to maintain synchrony [8]. In addittonethargus arrhythmia,

thelin-42(ok2385)mutants exhibited molting defects [8tf-16(If) mutants also exhibited
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molting defects, although these defects were oleseav a low penetrance of less than 10%. Our
finding of abnormal lethargus and moltingzti-16(ok3028)nutants, in whictin-42A andlin-
42Bare non-cyclically expressed at low levels, undaess that cyclic expression lof-42 is
important for controlling the timing of developmahévents irC. elegandarvae.

In addition to the lethargus assays, we performieglatemperature induced dauer
(HID) assay to assess whetladr16(0k3028mutants are sensitized to dauer formation. HID
phenotypes occur when worms inappropriately fororeddarvae under conditions of mild-
temperature stress (27°C) but in the presence pfeafnod and low population densities. In
wildtype worms, temperature stress alone is ndtcsent to induce dauer formation. Therefore,
C. elegansnutants that exhibit this phenotype are considerdi sensitized to dauer formation.
Two lin-42 mutants have been previously tested for HID pherexyin-42(vell) a mutant
strain withlin-42A andB loss of function, antin-42(n1089),a strain in which onljin-42B s
eliminated [9] Table 1). Thelin-42(vell)exhibits a high rate of dauer formation at 71%,
whereas thén-42(n1089)exhibits 21% dauer formation according to publtsheports [9]. Our
HID assays were performed usinifr16(o0k3028)ztf-16(ok1916)N2 wildtype worms, antn-
42(n1089)mutant strains. Bothtf-16 mutant strains show statistically significant g&se in
dauer formation compared to wildtypeéidure 5). There is less dauer formation in t#té
16(ok1916)mutant, however a previous study has shown lina42(If) heterochronic
phenotypes in thetf-16(ok1916)mutant are less penetrant than indak8028strain [33]. Thus,
this result is consistent with our expectationsu®anduction in thetf-16(ok3028)s consistent
with the average dauer inductionlim-42(n1089)strain, as published in [9]. Interestingly, we

were not able to replicate tha-42(n1089)results from [9] in our own work.
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Together, our data indicate that down-regulatiothefdevelopmentally important
isoformslin-42A andlin-42B, in combination with their loss of cyclic expressigfunctionally
relevant toC. elegandarval development. In particular, the asynchranperiods of lethargus in
ztf-16(ok3028)arvaecorrelate with the loss of cyclic expressiorin{4A, the down-regulation
of lin-42B expression irztf-16 mutant correlates with precocious heterochronenplypes, and
the down-regulation of botim-42A andB isoforms inztf-16(0k3028)s sufficient to sensitize

the worms to dauer formation.

ZTF-16 regulates bothlin-42A and lin-42BC promoters

Our expression and phenotypic analyses indicatebttalin-42A andlin-42B are
regulated by the zinc-finger transcription factdi=216. Howeverlin-42A andlin-42B
expression is thought to be controlled via difféq@omoter regionsHigure 1). Thelin-42B and
C isoforms share a promoter region in addition ®ftfst 5 exons of thin-42 coding sequence.
The promoter for thén-42A isoform, on the other hand, is within the 3kbrdfanic sequence
between exons 6 and 7. This 3 kb intragenic seguleas been shown to function as an
independent promoter [8]. Therefore, using qualitadnd quantitative analysesloi-42
transcriptional reporter constructs, we soughteti@amine whether ZTF-16 regulates one or both
of thelin-42 promoters.

Three transcriptional reporters were made to t&$§t-Z6 regulation ofin-42. Each
transcriptional reporter contained GFP-PEST andCthelegans unc-58'UTR sequence. The
addition of the PEST sequence to the GFP gene esdbe half-life of the attached protein to
approximately 1 hour, allowing for dynamic changeprotein expression over the courseCof

elegangdevelopment to be observed using fluorescenceostopy [45]. Theinc-543'UTR is a
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myosin gene that is not post-transcriptionally taged, allowing us to determine which aspects
of the expression profiles are conferred throughdcriptional regulation [58]. Three different
promoter sequences were used to drive the GFP-PP&fters: 1) The 3 kb intragenic
sequence din-42A promoter [in-42AFLp), 2) Approximately 2.0 kb of the proximih-42BC
promoter upstream of the ATG translational stag sflin-42 exon 1 [in-42BCFLp, and 3) A
deletion version of then-42BC 2.0 kb promoter minus a 65 bp region (BR2) thattaims a
putative ZTF-16 transcription factor binding sikggure 9A). These transcriptional reporter
constructs were biolistically transformed into wylpe andztf-16(ok3028)Ifenetic backgrounds.
We used simultaneous RNAI gfo-1 andglo-3, which positively control gut granule formation,
in order to reduce granule auto-fluorescence isdlstrains that was obscuriing-42-specific
tissue expression patterns [56, Bpjpendix E illustrates the difference between the gut auto-
fluorescence of strains raised on OBSEoli versugglo-1;glo-3double RNAI bacteria.

To evaluate the effect atf-16(If)onlin-42 expression patterns, we first characterized
expression frontin-42A andlin-42BCfull length transcriptional reporters in wildtygenetic
background. Spatial expression patterns were nehahtical for both théin-42A andlin-42BC
promoter reporters. GFP was observed consistentiland cells in the tail and pharynx, in
hypodermal and seam cells, other pharyngeal @il$the Hermaphrodite Specific Neuron
(HSN). Less often, expression was observed in vedlig, distal tip cells (DTCs), the ventral
nerve cord (VNC), gonadal sheath cells and unifledtheurons in the mid-body and tail
(Figure 6 and 7). Expression from then-42A andlin-42BCreporters in wildtype genetic
background largely resembles previously repolited2 expression patterns obtained using
antibody staining, although neuronal and neurasabciated cell expression were not

previously reported [1, 2]. Additionally, we idefitid some of the specific cells in whith-42

39



is expressed, including the rectal gland, g1 phgeghgland, and amphid socket cells (AMso0)
(Figure 7). It is possible that inconsistencies betweemtieiously published data and our data
are due to the different methods used (antibodgiataversus transcriptional reporter
expression) or, in cases where we did not obseparter expression in a specific cell type, the
promoter sequences in our reporters may lack pdaticell/tissue-specific enhancers.
However, the observed expression patterns fronirttd2A andlin-42BCreporters indicate that
the promoter regions used in the reporters arécgarit to recapitulate wildtypkn-42 spatial
expression patterns in tissues that are known tffeeted bylin-42 mutation.

Thelin-42 transcriptional reporter strains were crossedatftd 6(0k3028)Ihenetic
background to observe whettmf-16(If)resulted in any changes in expression. liihd2A/B
reporter;ztf-16(If)expression patterns are summarizeBigure 6. Expression from thin-
42BCFLpreporter inztf-16(0k3028yvas not greatly altered in comparison to expression
wildtype backgroundKigure 6). Although the spatial expression pattern didat@nge, the
frequency of expression was reduced such that GpRegsion was observed in fewer worms at
each larval stage and the intensity of the GFPasignmany cell types was diminished.
Surprisingly, expression from thie@-42AFLpreporter was completely lost in th#-16(If)
background until the late L4 and adult stages,hatkvtime only limited tail cell expression was
observedFigure 6). This lack of expression is in stark contrasth® extensive spatial
expression patterns observed for lihed2AFLpreporter in wildtype background. These data
indicate that while expression from bdil-42 promoters requires some degree of ZTF-16
function, expression fronn-42A promoter is more dependent upon ZTF-16.

GFP expression frohin-42A andlin-42BCreporter strains, in both wildtype antl-16

mutant backgrounds, was temporally dynamic in alvemof cell types, including the seam
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cells. To quantify dynamic expression patterns, tanelvaluate the effect atf-16loss of
function on expression froifim-42A andlin-42BC promoters, we used gRT-PCR to measure
GFP transcript levels in the reporter straifigy(re 8). In wildtype genetic background, GFP
expression in then-42BCreporter cycles synchronously with the endogenioe$2B transcript,
although there are a greater number of GFP trgptsdhanin-42B transcripts relative tama-1
(Figure 8A). In combination with the tissue specific expreagpatterns from thin-42BC
reporter, the cycling of reporter transcript indam with endogenous42B indicates that the
selected 2.0 kb din-42BC promoter contains the regulatory sites that dooth spatial and
temporal expression patternsliof42B during larval development. kif-16(If) background, the
cyclic expression patterns of ba®P andlin-42B transcripts are lost, and expression is down-
regulated through most of larval developméng(re 8A). These results indicate that ZTF-16
regulatedin-42 expression, either directly or indirectly, througjtes in the 2.0 kb din-42BC
promoter used in the reporter constructs.

Thelin-42Areporter exhibits cyclic GFP expression in thedtyipbe background,;
however, the cyclic expression pattern does notadé withlin-42A endogenous transcript
expression, and during early larval stages is tr@rase to the endogenolus-42A transcript
(Figure 7B). In theztf-16(If) genetic background, the GFP expression pattetraiwatically
reduced and is non-cyclic in nature. These resméisonsistent with tissue expression data, and
indicate that the 3 kb of tHm-42A promoter is not sufficient to drivan-42A temporal
expression patterns. However, the42A transcriptional reporter recapitulates the spatial
expression pattern ¢ih-42 if not the temporal expression pattern. Furtheemtive complete
loss oflin-42A tissue specific expression in thi-16(If) background indicates that expression

from thelin-42A promoter is dependent upon ZTF-16 expression.
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lin-42BC promoter contains a putative ZTF-16 binding site that is required for gene
expression

ZTF-16 was identified as a candidéite42 transcriptional regulator based on the
presence of a putative transcription factor bindiitg (TFBS) within théin-42BC promoter
[33]. The process of discovery was as follows: 8 b region of thdéin-42BC promoter was
systematically tested for binding Ky elegandarval nuclear extracts using Electrophoretic
Mobility Shift Assays (EMSAs). The EMSAS revealdulde regions of the promoter, designated
Binding Regions 1-3 (BR1-3), that were specificédbund by nuclear proteins. These binding
regions (BRs) were subsequently analyzed by biométic analysis to identify putative
transcription factor binding motifs. A GATA trangmiion factor binding site was identified
within the 65bp BR2 that was conserved among atlosely related nematode species,
indicating that this was likely to be bona fide utgory control site. A list of mammalian
transcription factors that bind to GATA transcrgstifactor binding sites was made, &d
eleganshomologs of those transcription factors were idiedt Top candidates fdin-42
transcriptional regulators were identified by tisspecific and temporal expression patterns, if
known. ZTF-16, which is expressed in the seans ckifing larval development, was therefore
identified as a candidat&igure 9).

Our results indicate that ZTF-16 function is reqdifor transcriptional reporter
expression from then-42BC promoter. Thus, we sought to determine if deletbthe putative
ZTF-16 binding site in then-42BC promoter affects expression from {hre42BCreporter. A
deletion reporter, lacking only the 65bp BR2 wasated and transformed into wildtype genetic

background. The presence of the GFP reporter ige¢herated worm strains was confirmed by
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PCR using GFP specific primers. Expression anabfsisree independently transformed strains
revealed a complete lack of reporter expressi@il atages of larval development and also in the
adult Figure 9). These results, together with our data showiagliti-42A andB expression is
dependent on ZTF-16 function, strongly suggestttia65 bp BR2 region of thm-42BC

promoter contains a conserved ZTF-16 binding ki is required folin-42 expression.

ztf-16 does not regulatdin-42 during the adult stage

Our findings indicate that ZTF-16 regulates42 expression during larval development.
In order to determine whether the regulatory refeghip between ZTF-16 atid-42 continues
in adultC. eleganswe measured endogendins42 andztf-16transcript levels during the adult
stage.

During the larval stagefn-42 has developmental roles in the regulation of sancal
division and differentiation, but these roles caredend into the adult stage. @ elegansall
somatic lineages terminally differentiate at thd ehlarval development, leaving the germline
as the only actively dividing tissue in the adutirm, which typically lives for 10 to 12 days.
Neverthelesdjn-42 appears to function during the adult stage agalator of circadian
behavior. AdultC. elegansxhibit circadian rhythms in locomotion in respeis temperature
and light/dark cycles [7, 35, 36]. Although litieknown about the role ¢ih-42 in adult stage
circadian rhythms, there is a single report tim#2(n1089)andlin-42(mg152)mutants have
longer circadian periods than wildtype worms [@jefefore, there is a temporal separation of
developmental and physiological roles lior42 during larval versus adult stages. However, no
studies have been performed to ascertain if theedam2 isoforms that function during

development, nameln-42A andB, also function during the adult stage, whetired?2
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functions in the same cell types during both laavad adult stages, or whethiex42 is regulated
by the same molecules in both stages.

Our adult stage expression analysis shows thatrargrto larval expression pattertis-
42AandB isoform expression is repressed during the atladfeswhilelin-42C expression is up-
regulated and appears to increase as the adultssageiFigure 10A). Thelin-42A andlin-
42BCtranscriptional reporter drives GFP expressiothédHSN neurons and some vulva tissues
during the adult stagéigure 10B). Also, infrequentlyjin-42A reporter expression was
observed in the pharynx &f. elegansadults. Therefore, it is possible that LIN-42 ftion and
expression is restricted to certain cell typestipaarly neurons, during the adult stage in order
to regulate physiology and behavior. The other ipbsexplanation for these GFP expression
patterns is that tissue-specific enhancer elentbatgegulatdin-42 expression during the adult
stage are absent from the-42 promoter regions used in the reporter constructs.

Our gRT-PCR data indicate tHat-42C, but notlin-42A or lin-42B, regulates the
circadian behaviors that are alteredim42(n1089)andlin-42(mg152)mutants [6]. Neither of
these mutants produce functional LIN-42B or LIN-42®@tein Table 1). Sincelin-42A andB
are not expressed in the adult stage, the lobs-d2C must be responsible for these circadian
phenotypes. Therefore, our results suggest theg thesoform-specific division din-42
function in whichlin-42A andB regulate larval somatic development #ne42C regulates
circadian patterns of behavior in the adult stade experimental design of the adult gRT-PCR
assays, which measured transcript levels at 24 ihtenvals, could not to be used to ascertain
whetherlin-42C adult stage expression is cyclic, like thapefiod, which exhibits a 12 hour
phase [17, 59]. However, a microarray study indisahatlin-42 transcripts expressed during the

adult stage do not show a circadian cyclic expogspattern [36]. The findings from the van der
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Linden study suggest that the mechanism behinddhecycliclin-42C expression in th€.
eleganscircadian pathway may be different from the cyoligulation ofperiod expression in
Drosophila and mammalian circadian pathways. Howeve found thartf-16expression is
also repressed during the adult stage, indicaliagZTF-16 is not responsible fiom-42C

expression in adulf. elegans

DISCUSSION

This study shows that ZTF-16 Hunchback/Ikaros-likéamily zinc finger transcription
factor, controls transcription of the developmdgtahportantlin-42 isoforms duringC. elegans
larval development. We have shown that ZTF-16 egsltwo of the three knowim-42
isoforms,lin-42A andlin-42B, and is required to maintain the cyclic expresgatiern of these
two isoforms throughout larval development. We halg® confirmedtf-16transcript
expression profiles from microarray data that iatkcthatztf-16expression is cyclic and anti-
phase tdin-42 expression. Our data suggest a2 cyclic expression patterns may be driven
by the periodic expression and activityztff16 We found that the down-regulationlof-42
expression that results froztf-16(If)is of phenotypic relevance becausel6(If) mutants
exhibit the developmental phenotypes associatdulini42 loss of function mutations.
Specifically,ztf-16(If) mutants exhibit precocious terminal differentiatif epithelial cell
lineages, are sensitized to dauer induction, and haynchronous periods of lethargus and
molting. Since expression driven by the42BC 2 kb proximal promoter and thie-42A 3 kb
intragenic promoter are repressed inZtielé mutant background, we are able to conclude that
ZTF-16 acts through both of these promoters. Addélly, a 65bp region within tHe-42BC

promoter that contains a putative ZTF-16 transimptactor binding site was shown to be
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essential fotin-42 expression. We further found that otily-42C is expressed during the adult
stage, whildin-42A, lin-42B, andztf-16are not expressed. These findings indicatelihat2C
must be the isoform responsible for regulatingd2-dependent circadian patterns of behavior in
adult worms. Sincetf-16is not expressed during the adult stage, a difteset of factors must

be regulatindin-42C expression with regard to the physiological ciraadunctions ofin-42.

ztf-16 regulation of [in-42B

In theztf-16(ok3028)nutant, expression @ih-42A andlin-42B is down-regulated but
not completely abrogateigure 2C). Since theztf-16(ok3028)nutation is not null, a complete
loss oflin-42 expression was not expected, although the poggiteimains that additional
regulatory proteins function with ZTF-16 to contliol42 expression. However, the deletion of
the 65 bp BR2 region containing the putative ZTRya@scription factor binding site within the
lin-42BC promoter results in a complete losdinf42 tissue-specific expression patterns
(Figure 9). Since no other conserved TFBSs were identifigdiwBR2, our results strongly
suggest that ZTF-16 is both necessary and suffiéertranscriptional control of thien-42B
isoform. Nevertheless, cryptic TFBSs may exist withhe BR that were not identified by our
bioinformatic methodology. Transcription factoratlind to these novel sites could act
independently or in combination with ZTF-16 to rigalin-42 spatio-temporal expression
patterns.

Additional, albeit indirect, evidence that-42B expression is driven by ZTF-16 can be
found in the cyclic expression pattern of ZTF-1@jel occurs prior tdin-42B cyclic expression
and may be drivingin-42B expression. Furthermore, the 2Iki342BC promoter recapitulates

the cyclic expression pattern of the endogeniond2B transcript. Cyclic expression of both
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endogenous transcript and reporter are lost iztfh&6(If) genetic background, indicating that
the cyclic expression patternlaf-42B is driven through sites in the 2 kblof-42BC promoter
and that ZTF-16 is required for cyclic expression.

Our results lead us to propose a transcriptiormehof cyclic regulation in which ZTF-
16 is periodically expressed and transiently biodhe GATA TFBS within théin-42BC
promoter to inducén-42B transcription. Falling levels of ZTF-16 dueztf-16transcriptional
down-regulation would thus be followed by a decegasin-42B expression. Nevertheless, the
data we have presented does not preclude the pibgsitat the cyclic expression patternlof-
42Bis not solely dependent on periodic transcripbgrZ TE-16. In fact, in mammals, cyclic
periodtranscription is regulated in part by inhibitiohtbe periodtranscription factorsClock
andBmal by the PER protein itself. Whilgf-16expression follows the anti-phase expression
pattern characteristic @lockandBmal there is currently no indication that-42 regulates its
own transcription through negative feedbackt®flG This is supported by expression data from
thelin-42(mgl152)mutation, which is a frame-shift mutation thatgwoes a truncated and non-
functional version of LIN-42B protein. Levels ofethn-42B mRNA continue to cycle in thien-
42 mutant, indicating that if there is a feedbackdoegulating ZTF-16 transcription bf-42, it

is not controlled by the LIN-42B protein [1].

ztf-16 regulation of lin-42A and relationship todaf-12
While our data support a direct transcriptionalutagon model ofin-42B by ZTF-16 via
the 65 bp TFBS within BR2 region bih-42BC promoter, the relationship between ZTF-16 and

lin-42A appears to be more complex.
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Spatial and temporal expression from lihed2A promoter transcriptional reporter is
dramatically repressed in ta#-16(If) mutant background={gure 8). This indicates thdin-42A
expression is dependent upon ZTF-16 function. Nbetss, qRT-PCR data shows that, unlike
2 kb oflin-42BC promoter, thdin-42A promoter sequence alone is not sufficient to drive
wildtype lin-42A expression pattern&igure 8B). This discrepancy suggests that ZTF-16
regulation oflin-42A is mechanistically different from ZTF-16 regulatiof lin-42B. That is,
ZTF-16 likely does not regulatm-42A expression directly through a transcription factor
binding site in thdin-42A promoter. Rather, ZTF-16 may regulate42A expression indirectly,
and there may be other transcription factors ine@IvTwo lines of evidence support this model.
First, bioinformatic analysis of tHa-42A promoter did not reveal any conserved bindingssite
for ZTF-16 or related transcription factors, inding that ZTF-16 does not bind to the-42A
promoter. Second, it has been shown that the trigtiso factor DAF-12, which is involved in
the dauer decision pathway, directly regulditegl2A through a site in thin-42A promoter
[43]. No such sites were found within the 2 kHinf42BC promoter used in the transcriptional
reporter. Since this 2 kb segment of the promatsuificient to recapitulate the majority of the
endogenous spatio-temporal expression pattertis-42B, DAF-12 likely does not regulata-
42Bexpression directlyHigure 8A).

DAF-12 is a key component of the dauer inductiathway. In factdaf-12mutants in
whichlin-42 expression has also been knocked-down are mocesilse to dauer formation
under mildly stressful conditions than wildtype wis [9]. Similarly,ztf-16(If) mutants, in which
lin-42 expression is low, are also sensitive to dauendbion as shown in the HID phenotype of
ztf-16(If) (Figure 5). These results suggest that both ZTF-16 and D2Br#& required folin-

42Aexpression. It is possible that ZTF-16 may intevéth DAF-12 to indirectly modulate
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transcription ofin-42A. Nevertheless, a model in which ZTF-16 interadth WAF-12 bound to
thelin-42A promoter to inducén-42A expression does not explain the discrepancy betiee
expression patterns of thie-42A transcriptional reporter and the endogenoud2A
transcripts. Théin-42A transcripts cycle in tandem wilin-42B transcripts during larval
development in wildtype genetic background, B&P transcripts from thén-42A reporter are
not coordinately expressed with endogenoud2A transcripts figure 8B). The simplest
explanation for this discrepancy is that cis-retpriaregions that are required for the cyclic
temporal expression @ih-42A are not present in thm-42A transcriptional reporter. For
example, the nativin-42A 3'UTR, which may contain regulatory sites that maguired for
correct temporal expression patterns, is not efilim oudin-42A reporter construct. Another
explanation may be théh-42A cyclic expression is dependent upor42B expression. For
example, there may be interaction betweerithd2BC andlin-42A promoter regions in order
to coordinatdin-42A transcription with that din-42B. This could potentially be achieved
throughlin-42BC promoter regulatory complexes in which time42B promoter, while bound
perhaps by ZTF-16, must contact DAF-12 andlithh&@2A promoter to induce transcription of
lin-42A. In thelin-42A transcriptional reporter strain, unbound ZTF-16/rha able to partially
substitute for ZTF-16 that is boundlie-42BC promoter DNA; however, this regulation may be

less efficient, resulting in the alterationlioF-42A cyclic expression.

CONCLUSIONS AND FUTURE DIRECTIONS
ztf-16 in C. elegans developmental pathways and beyond
ZTF-16 is a member of tdunchback/lkaros-likéHIL) family of proteins, which are

characterized by four N-terminal, DNA binding zifiegers and two C-terminal zinc-fingers
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responsible for protein-protein interactions [5Zhe mammaliatkarosfunctions in the
hematopoietic system, specifically as a transanijai activator responsible for the
development/differentiation of lymphoid precursefig into the B- and T-cells of the immune
system [52]Hunchbackthe other founding member of the HIL family obf®ins, is a zinc
finger protein that is important for patterning igrDrosophilaembryonic development [51].

Two recent studies have shown that ZTF-16 reguatasmber of important
developmental events @. elegansincluding progenitor cell differentiation in reqtuctive
development and morphological remodeling upon entydauer. More specificallytf-16is
involved in the regulation of somatic gonadal preou cell morphology irC. elegansztf-16
loss of function affects both the somatic gonadettgsment and gonad migration [50]. In
addition to its role in th€. eleganseproductive system, ZTF-16 is also involved inssey
neuron remodeling upon entry into dauer [60]. Inetdarvae, the amphid sheath glia of the
head fuse together at the tip of the nose to all@mAWC neurons to expand and overlap [60].
ztf-16is a transcriptional regulator wér-1, a receptor tyrosine kinase that is required tare-
induced neuronal remodeling in the amphid shea#h[@§l]. Loss of function ozftf-16results in
incomplete glial fusion in dauer larvae [60].

Theseztf-16gonadal and dauer phenotypes are of particulaifsignce in light of the
known functions and expression patternSrefi2. For examplelin-42 is a regulator of dauer;
down-regulation ofin-42A andB is required at the L2 stage to allow for daueryerand
exogenous expression lof-42 can prohibit dauer formation in worms that wouldeswise
form dauers [9]. These previous reports did nontidethe specific cell types in whidin-42
may be regulating dauer formation. We presentitsereports ofin-42 expression in specific

pharyngeal cells that may function in the regulatod dauer formation. This work shows that
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lin-42 is expressed in the amphid socket ghmyQre 7). There are two types of neuronal support
cells in theC. elegandiead: the amphid sheath glia (AMsh) and the amgbottet glia (AMso).
These two support cells are connected by adhewectigns near the nose of the animal. The
amphid socket glia are epithelial derived celld fbam a pore to the outside of the nose into
which they secrete cuticle [Reviewed in [62, 63Jje pore formed by the AMso allows the
chemosensory amphid neurons to sense the enviranmending the levels of dauer
pheromone [63]. This suggests that42 expression in the AMso is required as part ofdheer
induction pathway. Although no direct correlaticaslyet been made, it is interesting to note that
ztf-16is also expressed in the AMso and in the AMshiamdquired for the remodeling of the
AMsh upon entry into dauer [60]. Our data show #HEEF-16 is a positive regulator bih-42
expression. Therefore, we would anticipate tima#i2 andztf-16would be expressed in the same
tissues during continuous larval development. Raatauer entry, however, lossaif-16
expression or inhibition of ZTF-16 function resngiinlin-42 repression would be expected in
tissues involved in dauer development.

Gonad development @. elegangarvae is also regulated lig-42. Expression ofin-42
is present in the distal tip cells (DTCs), whiclk &rgely responsible for gonad migration [2].
Our observations din-42 reporter expression support these findings, ashservedin-42
reporter expression in the DTCs and other repradgeitissues such as the gonadal sheath cells.
Studies have found thatf-16is also expressed in the DTCs and #t&ai6(If), like lin-42(If),
results in gonad migration defects [2, 50]. Thess lof function phenotypes are consistent with
our findings that ZTF-16 is a positive regulatotin{42 expression during continuous larval

development.
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Finally, ztf-16andlin-42 are both expressed in the hypodermis and seamaféll
elegandarvae [1, 2, 50]. Work from our laboratory shavatztf-16 mutants exhibit a
precocious seam cell differentiation phenotype ihabnsistent with the precocious phenotypes
previously reported fdin-42(If) mutants [1, 33]. Once again, these findings suppattZTF-16
is a transcriptional regulator tih-42 expression. Taken together, these results sutdgest TF-
16 is a master regulator of cell fate in a numbdissues InC. elegangarvae and acts through
its regulation ofin-42 expression.karos a HIL family transcription factor, angeriodare also
involved in the regulation of stem cell differenioe in mammals. No connection has yet been
made betweetkarosand the regulation gderiod expression during stem cell development.
However, our findings that ZTF-16 regulates42 expression irfC. elegansuggest that other
HIL family proteins may regulateeriodtranscription in mammals to control stem/progenito
cell differentiation. Ultimately, it will be impoaint to define how ZTF-16 and HIL transcription
factors involved in stem cell and other cell fatd¢hpvays are regulated in order to be able to
define the different mechanisms through wHink42/periodexpression and functions are

controlled in developmental versus physiologicahpeys.

Testing models of ZTF-16 regulation ofin-42

This work has led us to form two different model€kplain ZTF-16 regulation dh-
42Aandlin-42B. Future studies will aim to test the validity bese models. First, we
hypothesize that ZTF-16 directly binds to the 6&apscription factor binding site within the
lin-42BC promoter and drives the cyclic expression patbéfim-42B though periodic
expression or activity. This model can be testedxpressingtf-16at a constant level from a

constitutive promoter and assaying for the predittss of the cyclic pattern without total loss
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or down-regulation olin-42B expression. To determine whether ZTF-16 regulaticthelin-
42BCpromoter is direct, we could employ EMSA to tesiether purified ZTF-16 protein is
capable of binding to the 65 bp BR2 DNA from time42BC promoter. Alternatively, One-
Hybrid assay could be used to determine whethee tisedirect binding of ZTF-16 to thm-
42BCBR2 promoter region.

Our results suggest that a direct binding modetasfscriptional regulation cannot be
used to describe ZTF-16 regulationliof42A Rather, we hypothesize that ZTF-16 regulétes
42Aindirectly through interactions with the known-42A regulator, DAF-12. Based on the
coordinate expression patternliof42A andB, we hypothesize that ZTF-16, while bound to the
lin-42B promoter, interacts with DAF-12 as it is boundhelin-42A promoter. These
interactions function together to regulate the icyekpression pattern &h-42A. To test these
hypotheses, we would first test whether ZTF-16 BAfF-12 are capable of interacting through
in vitro formation of DAF-12:ZTF-16 protein complexes oe lim-42A promoter sequence using
antibodies against the two transcription factoiseately, we could use Two-Hybrid assay to
more generally test for direct interaction betw&@air-16 and DAF-12. If the results of these
assays indicate that ZTF-16 and DAF-12 are capafhilgeracting, a hybrid transcriptional
reporter strain containing both the-42A andlin-42B/C promoter regions would be generated to
determine whether the presence of both promoteéomegs required to recapitulate endogenous
lin-42Atranscript expression. These studies will alloviausiore precisely determine the
mechanism of ZTF-16 regulation lafi-42A andlin-42B, which is vital for a complete
understanding of the developmental functionBre#i2 and will provide a basis for defining the

mechanisms gberiodregulation in mammals.
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Table 1.1in-42 and ztf-16 mutants

lin-42A lin-428 lin-42C — Phenotypes
Strain Mutation MRNA/ mMRNA/ mMRNA/ €am e Lethar 1avi ; ; ;
. i i . gus Egg-laying Lethality Circadian
Protein Protein Protein Division/ and Molting Dauer (HID) |, ormal (egh|  (let) behavior
Differentiation
N2/wildtype N/A +/+ +/+ Ul + + + + + +
lin-42(n1089) (E)[(’Oer'g“f%f A 0/0 0/0 M + HID egl " M
lin-42(mg152) FJZ‘{QESE'?E'%?{';” ++ +0 +0 M + HID egl + ND
N2; lin-42B/C (RNAI) N/A ++ uyc uye M + + egl (mild) + ND
lin-42(0k2385) (Ex%ilst;?ng 0/0 0/0 ++8 M M ND egl let ND
lin-42(vel1l) 'E'é’;osﬁgs)e 210 210 +/+B M ND ND egl ND ND
N2; lin-42A (RNAI) N/A U Ul ++B M + + egl (mild) + ND
3 Deletion U] (not .
ztf-16(0k3028) (Exons 8-10) cyciic) U] (not cyclic) +/+ M M HID egl let ND
Deletion
ztf-16(0k1916) (Exon 6, zinc-fingerg ND ND ND + ND HID + + ND
3 and 4)
N2;ztf-16 (RNAI) N/A U1 (eyclic)© | |/|(cyclic) © +H+ + + + + + ND

A Refer toFigure 1
B Predicted from mutation and/or phenotype, butaxpierimentally confirmed

®Reduced expression only in L4

M indicates Mutant Phenotype

+ indicates Wildtype Phenotype

| indicates that expression is reduced
ND: Not Determined
References fofable 1[1, 2, 8, 9, 50]
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mg152 frameshift
insertion/deletion
(exon 1)
n1089 deletion (exons 1-6) 0k2385 deletion (exons 7-12)
Exons: 1 2 3 4 5 6 7 8 9 10 11 12
* 1 T HH A >
PAS domains (exons 2-4) lin-42
- Isoforms
25K aan A
lin-42A promoter lin-42A/B 3’'UTR
H > -
e LRy R ] i o B
lin-42B/C promoter lin-42A/B 3’UTR
,:I' > -
” m_ 0§ =m c
lin-42B/C promoter lin-42C 3'UTR

Figure 1. C. deganslin-42 isoforms and mutations.

Exons and regulatory regions loi-42A B andC isoforms. The positions of the deletions and nnorat
in lin-42(n1089)If lin-42(0k2385)If and lin-42(mg152)If strains are indicated. Arrows indicate the
positions of primers for isoform-specific gRT-PORgure from [33].
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Figure 2. Expression oflin-42 transcripts during larval development in (A) N2/widtype,
(B) N2;ztf-16(RNAI) and (C) ztf-16(0k3028)If mutant.

(A) lin-42A and B isoforms exhibit oscillatory expression patternstihe wildtype genetic
background whildin-42C is only expressed basally. (Bh-42A and B isoform expression is
down-regulated during L4 stage of larval developmarztf-16(RNAi)worms. (C) In theztf-
16(0k3028)strain, lin-42 isoform expression is reduced and oscillatorygoast are abolished.
Figure adapted from [33].

56



>

12 1 =0--|in-42A

~—0—lin-42B

[y
o
L

—=zif-16

Expression relative
to ama-1

8
6
4
2

Time (Hr):11 14 17 20 23 26 29 32 35 38

B
2000
~O=lin-42
T 1500 1 —=—71f-16
]
E 1000
g /o/o_o\
g - f~ N
= 500 1 ! \) -‘/\ g ’1.3,
o \/"

0 L e L e e e e B e s e e e e e e s |
Time (Hr): 12131415161718192021222324252627282930313233343536
Figure 3. Expression ofzf-16 and lin-42 isoform transcripts during larval stages in

N2/wildtype worms.

(A) Quantitative real-time PCR in wildtyp€. elegandarvae shows thattf-16is expressed in
anti-phase tdin-42A andB during larval development, with peakszif-16expression whehn-

42 levels are lowest. (B) Microarray data®@f elegangranscripts throughout larval development
confirm the anti-phase expression patteratbfi6relative tolin-42.
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Figure 4. Lethargus in (A) N2/wildtype and (B)ztf-16(ok3028)If strains.

(A) In wildtype C. elegandarvae, there are four periods of lethargus, omindweach stage of
larval development. (B) In thetf-16(ok3028mutant strain, larvae either do not exit lethargus
inappropriately reenter lethargus during larvagieta Periods of lethargus highlighted in gray are
periods of time during which at least 20% of th@ylation of worms were inactive, that is they
did not exhibit pharyngeal pumping, a hallmarkethhrgus.
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Figure 5: Dauer sensitization inztf-16(If) mutants.

ztf-16(0k3028)and ztf-16(ok1916)mutants exhibit a High-temperature induced daudD)H
phenotype. Inztf-16(ok3028)mutants, the percentage of dauer induction islainto dauer
induction previously reported iln-42(n1089) mutants [9]. We were unable to replicate the
results reported fdin-42(n1089)mutants in our experiments.

" Data from [[91]

**p-value <.0.01
*p-value<0.05
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Hypodermis &/or Seam cells Neurons

IReporter Background L1 L2 L3 L4 L1 L2 L3 L4
|Iin-42Ap::gfp-pest::unc-54 wildtype

llin-42Ap::gfp-pest::unc-54 ztf-16(0k3028)

ilin-42BCp::gfp-pest::unc-54 wildtype

llin-42BCp::gfp—pest::unc-54 ztf-16(0k3028)

lin-42BCpATFBS::gfp-pest::unc-54 |wildtype

oLIN-42 Ab * wildtype

Pharynx Taii

Reporter Background L1 L2 L3 L4 L1 L2 L3 L4
lin-42Ap::gfp-pest::unc-54 wildtype

IIin-42Ap::gfp-pest::unc-54 ztf-16(0k3028)

|Iin-4ZBCp::gfp-pest::unc-54 wildtype

lin-42BCp: gfp-pest:unc-54 2tf-16(0k3028)

IIin-428CpATFBS::gfp-pest::unc-54 wildtype

loLIN-42 Ab* wildtype

Figure 6. Summary of larval expression patterns ofin-42A and 1in-42BC transcriptional
reporters.

lin-42 transcriptional reporter expression during lardalelopment divided by reporter strain,
genetic background, and tissue typkn-42 reporter expression is observed in the
hypodermis/seam cells, neurons, pharynx and tdit @ various stages throughout larval
development. The dark green bars indicate the pcesef GFP expression. The orange bars
indicate that expression was seen in the listedidéigype; however, the frequency of expression
is reduced compared to other strains. * indicatevipusly publishedin-42 expression data
using antibody staining [2].
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Figure 7. Larval expression patterns ofin-42A and lin-42BC transcriptional reporters.

(A-I) Examples oflin-42A and lin-42BC transcriptional reporter expression patternsCin
eleganslarvae, including expression in the seam cells FA&he amphid socket cells, AMSO
(B&C), the rectal gland (D&H), the HermaphroditeeSic Neuron, HSN (E), and the Ventral
Nerve Cord, VNC ().
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Figure 8. Reporter expression driven byin-42BC and lin-42A promoters.

(A) GFP transcript expression profile from te-42BC transcriptional reporter closely mirrors
the cyclic expression profile of endogendins42B in wildtype genetic background (left panels).
In the ztf-16(ok3028)mutant strain, cyclic expression of both GFP &ndi2B transcripts are
lost (right panels). (B) GFP transcript expressoofile from thelin-42A transcriptional reporter
(left panels) does not cycle synchronously withagmhoudin-42A transcripts in the wildtype
genetic background. In thaf-16(ok3028mutant strain, the cyclic behavior of the GFP hnd
42Atranscripts is dampened and/or severely down-aggdl(right panels).
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Figure 9. The putative ZTF-16 transcription factor binding site in [in-42BC promoter.

(A) lin-42 (F47F6.1a, b, c) genomic region showing consesmabf sequence betwedd.
elegansand five other nematode species (screen captane BCSC Genome Browser). The
black dotted box represents te-42A intragenic promoter region. The GATA TFBS to which
ZTF-16 may bind is within a 2 kb region of the-42BC promoter (red dotted box). Within the 2
kb promoter segment, there are three regions (CoedeRegions, CR1-3) that are the most
conserved (magnified). The GATA transcription factonding site is within the second
conserved region and is designated Binding RegidBR2). (B) Lack of cell-specific GFP
expression in representative worm wihtit42BCABR2transcriptional reporter. Deletion of BR2
abolishes allin-42 tissue-specific expression frdm-42BC reporter strains.
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Figure 10.ztf-16 and lin-42 isoform specific expression in the adult stage

(A) ztf-16andlin-42 isoform expression in synchronized populationadilt N2C. elegansas
determined by qRT-PCRin-42A and B are down-regulated at the beginning of the adaljest
lin-42C, which is only expressed basally during larvalelepment, is up-regulated throughout
the adult stageztf-16 is not appreciably expressed during the adultestély) Representative
adult expression pattern 6h-42A and BC transcriptional reporters. Most adult expressi®n i
confined to the HSN in all reporter strains.
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APPENDIX A

Promoter/Gene

Amplified

PCR Primers Used in the Construction of Reporter Gees

Forward Primer

Primer Sequence (5'-3")

Reverse Primer

Primer Sequence (5'-3")

lin-42BC promoter 2kb

attB4-L42BC-P2

GGG GAC AAC TTT GTA TAG AAA
AGT TGT CCA AAT TTC GAG TCG
CTACTC AGC

attB1r-L42BC-P2

GGG GACTGC TTT TTT GTA CAA
ACT TGTTTG GCT GAT GGT GCC
ACGTTC

lin-42A promoter 3kb

attB4-L42A-P3

GGG GAC AAC TTT GTA TAG AAA
AGT TGA ATT CGG GAA AAG
GAC CAG AAG G

attB1r-L42A-P3

GGG GACTGC TTT TTT GTA CAA
ACT TGT AGG GTG GTAGGC TTA
GGAGTTTC

GFP-PEST

attB1-gfppest-F

GGG ACA AGT TTG TAC AAA
AAA GCA GGC TGG ATG AGT
AAA GGA GAA GAACTT TTC AC

attB2-gfppest-R

GGG GAC CAC TTT GTA CAA GAA
AGC TGG GTG CTA CAC ATT GAT
CCT AGC AGA AG

unc-543'UTR

attB2r-unc54-F

GGG GAC AGC TTT CTT GTA CAA
AGT GGT TCATTC GTAGAATTC
CAACTG AGC

attB3-uncb54-R

GGG GAC AAC TTT GTATAA TAA
AGT TGG GGA AAC AGT TAT GTT
TGG TAT ATT GG

lin-42BCATFBSOverlap
Extension Product 1

CR2_del_F1

TAA TAC GAC TCA CTATAG AGA
ATT TTATAG GTT TGG AC

attB1r-L42BC-P2

GGG GACTGC TTT TTT GTA CAA
ACT TGTTTG GCT GAT GGT GCC
ACG TTC

lin-42BCATFBSOverlap
Extension Product 2

attB4-1L42BC-P2

GGG GAC AAC TTT GTA TAG AAA
AGT TGT CCA AAT TTC GAG TCG
CTACTC AGC

BR2_del_F2

CTATAG TGA GTC GTATTA CAG
GCT CGG CTG GAG CTG TGT G

Appendix A. PCR primer sets used to constrict42A, lin-42BC, andlin-42BCATFBSreporter
constructs. There are two primer sets for lthet2BCATFBSin order to amplify the sequence
before and after the deletion region, based o®terlap Extension PCR method.
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APPENDIX B
Biolistic Transformation of C. elegans
Adapted from G. Seydoux and M. Hengartner Laboratol Protocols
I. C. elegans Preparation
Required Materials:

e unc-119(ed3pnimals

e 30 100mm NEP (Enhanced Peptone Plates) seede@ with NA22
e 2 100mm NEP plates, unseeded

* M9 buffer

1. Chunkunc-119(ed3worms onto 8 NEP plates seeded with NA22. Allowmws to starve
until most animals are L1 larvae.

2. Wash worms off the starved plates using M9 ldfel place in 15 mL conical tubes. Place
the tubes on ice for 5-10 minutes to allow theéatadult worms to fall to the bottom of the tube.
Transfer the supernatant containing the L1 lareaseftesh 15mL tube and repeat gravity
sedimentation twice more.

3. Spin the L1 larvae down and wash with 10 mL & buffer to remove remaining bacteria and
dead worms. Repeat once more.

4. Plate the L1 larvae onto 10 NEP/NA22 plates @erasity of ~12,000 worms per plate. Place
plates at 25°C and grow for ~65 hours, or until nvestms are gravid.

5. Wash the gravid adults of the plates using M@eband split evenly into 4 15 mL conical
tubes. Spin the worms down and wash them with Mfeb@-3 times or until supernatant is
clear.

6. Perform large-scale egg prep:

* To 7 mL of worm suspension add 1 mL of 5M NaOH andL Bleach. Vortex the
worms vigorously for 5 minutes. Wash the eggs &&nm M9 buffer and allow them to
hatch in the M9 overnight.

7. The following day, plate the synchronized L¥ & onto 11 NEP/NA22 plates at a density of
~20,000 worms per plate. Allow the worms to grov2%itC for 52-54 hours or until all the
worms have a single line of eggs in the uterus.
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8. Wash the worms off the plates and pool intanglsi 15 mL conical tube. Spin down the
worms and wash with M9 3-4 times or until superntig clear. There should be a loose pellet
of ~2 mL of worms in the tube.

9. Resuspend the pellet in 2 mL of M9 buffer aratgll mL of the worm suspension onto one of
the unseeded NEP plates. Repeat with the secoltk@nibf worms.

10. Place the plates on ice until ready to bombard.

Il. Bombardment Procedure

Part 1 — DNA Preparation — at least 1 week before@nbardment
Required Materials:

* Qiagen Miniprep Kit (Catalog Number 27104)

e LB agar + Ampicillin (100mg/L)

* LB broth

* Restriction Enzymes

* Qiagen Qiaquick Gel Extraction Kit (Catalog NumB&i704)
» Sterile Water

1. Streak out bacterial stocks containing desimwstruct for bombardment and pMM571 rescue
construct onto LB Ampy plates. Incubate overnight at 37°C.

2. Inoculate 4-6 15 mL tubes containing 3 mL of ABip;0o With a single colony from the
streaked plate containing the construct for bonert. Repeat procedure with colonies
containing pMM571. Grow overnight at 37°C in a strak

3. Mini-prep the bacterial cultures using the Qradiniprep kit. Pool the mini-preps for each
construct and determine the DNA concentrations Wyspectroscopy. ~20- 25ug of DNA from
each construct will be needed.

4. Linearize the two constructs separately usimg@miate restriction enzymes. Run out
linearized DNA on an agarose gel and purify usiagpyrification kit. To maximize DNA yield,
add no more than 1.5ug of DNA to each gel-purifaratolumn. Elute DNA with 40 pL of
sterile water.

5. Pool the gel-purified products for each congteeparately and determine the DNA
concentration of each by UV spectroscopy. If neagsslilute or speed vacuum the DNA to
obtain a concentration of ~0.5-1p g/ Har the bombardment, 5ug of each of the two
constructs is required.

Part 2- Microbead Preparation- 3 weeks to 1 day befe Bombardment
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Required Materials:

Tungsten microbeads

Sterile Water

Sterile 50% glycerol

Siliconized 1.5 mL microcentrifuge tubes
Siliconized pipette tips

70% Ethanol

1. Weigh out 10 mg of beads per bombardment gtl{@ mg of beads for 2 plates of 100,000
worms each) into a siliconized microcentrifuge tube

2. Add 1 mL of 70% Ethanol to the tube of beads \amtiex for 15 minutes. Allow the beads to
settle for 15 minutes and then pellet the beadsrmni-centrifuge for 5-6 seconds. Pipette off
and discard the supernatant.

3. Add 1 mL of sterile water, vortex the beadsXoninute and then allow the beads to soak for
1 minute. Pellet the beads in a mini-centrifuge5d¥ seconds, pipette off and discard the
supernatant.

4. Repeat step 3, two additional times.

5. Resuspend the beads in sterile 50% glycerol.106g@L of 50% glycerol per 10 mg of beads.

6. Store beads at 4°C until ready to use. The beaysbe stored for up to 4 weeks.

Part 3- Autoclave Bombardment Materials- 1 day befce Bombardment

Required Materials:

Stopping screen

Microcarriers (14 per bombardment set)
Microcarrier Holder

Hepta Adapter

Forceps, 2 pairs

1. Wrap all items separately in aluminum foil andcgglave on a dry cycle.

Part 4 — Bead Preparation for Bombardment- Day of Bmbardment

Required Materials:

Linearized DNA to be bombarded (5ug of desired trons+ 5 g rescue construct)

2.5M CaC}
0.1M Spermadine
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* 70% Ethanol

* 100% Ethanol

* Bead Batch

» Siliconized 1.5 mL microcentrifuge tubes
» Siliconized pipette tips

1. Vortex the tube containing the bead batch forisutes. Cut the end off of a siliconized
pipette tip using a sterile razor blade. Remove 1D@f beads to a new siliconized
microcentrifuge tube using the siliconized pipéipe

2. Add, in order, and vortex for 1 minute betweanheaddition:

e 10 pg total of DNA (5ug of desired construct + Sggcue construct)
e 100 pL 2.5M CaCl(add dropwise, vortex for 1 second between eagp)dr
40 pL 0.1M Spermadine

3. Vortex for 3 minutes, let beads soak for 1 menittellet the beads in a mini-centrifuge for 5-6
seconds and aspirate off supernatant.

4. Add 280 uL of 70% Ethanol and scrape across tadleto resuspend the beads. Pellet the
beads in a mini-centrifuge for 5-6 seconds, aspiofit supernatant.

5. Add 280 pL of 100% Ethanol and scrape across tatk to resuspend the beads. Pellet the
beads in a mini-centrifuge for 5-6 seconds, aspiofit supernatant.

6. Add 100 pL of 100% Ethanol and scrape across tatk to resuspend the beads. Pellet the
beads in a mini-centrifuge for 5-6 seconds, aspiofit supernatant.

7. Resuspend the beads in 100 pL of 100% Ethamdl éh ice until ready for bombardment.
Part 5 — Load Beads onto Microcarriers — Day of Borbbardment
Required Materials:

* Microcarriers

* Forceps, sterile

* 100% Isopropanol

» Siliconized pipette tips, ends removed with staieor blade

1. Vortex 100 pL of DNA coated beads for 5 minutesesuspend.

2. Transfer 7 pL of suspended bead solution onth sterile microcarrier (14 microcarriers per
bombardment set).

3. Allow ethanol to evaporate.
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4. Using sterile forceps, place microcarriers st&rile microcarrier holder.
Part 6- Bombardment
Required Materials:

* Rupture discs (1/bombardment)

e Stopping Screen, sterile

» Microcarrier Holder with microcarriers
* Hepta Adapter

» Forceps, sterile

* PDS-1000/HE bombarder

* 100% Isopropanol

* 70% Ethanol

* M9 buffer

e Helium Tank

* Vacuum pump

* unc-119(ed3pynchronized adulf. elegan®n unseeded NEP plates

1. Wipe down inside of PDS-1000/HE bombarder amdpda holder with 70% Ethanol.
2. Soak rupture discs in 100% Isopropanol for lut@nAllow to air dry.

3. Place one rupture disc in retaining cap of H&mtapter and tighten. Place stopping screen in
microcarrier holder. Place the microcarrier holeskethe bombarder. Make sure that the
microcarrier holder and hepta adapter are aligned.

4. Place the first uncovered worm plate in chantimesample holder, bottom shelf. Use tape to
secure the plate of worms to the sample holder.

5. Open helium tank valve and adjust the pressui®50 psi.
6. Start the vacuum pump.

7. Press VAC button on the PDS-1000/HE bombardéreWthe vacuum gauge reaches 27
inches of Hg, switch VAC button to the Hold positio

8. Press the FIRE button until the rupture disc @sakloud sound. Release the FIRE button and
switch the VAC button to the Vent position. Whee tracuum drops to 0 inches of Hg, open the
bombarder and remove the worm plate.

9. Immediately add 1 mL of M9 buffer to the plafexmrms and transfer the worms to 15°C for
recovery.
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10. Remove spent microcarriers and rupture diso fite apparatus. Replace with second set of
prepared microcarriers and rupture disc. Repeps Se¢hrough 9 with the second plate of
worms.

11. To shut down bombardment equipment:

* Repeat bombardment without and discs or platesléase pressure.
e Turn off vacuum pump

* Close helium tank

e Turn power off on PDS-1000/HE bombarder.

lll. Worm Recovery and Transformation Screening
Required Materials:

e M9 Buffer PLUS (M9 buffer with 10 ug/mL tetracycland 2.5 pg/mL
Fungizone/Amphotericin B)
» 30 NEP plates seeded with NA22

1. Allow worms to recover for 1 hour at 15°C
2. Resuspend worms on each bombarded plate in 18f Ml9-PLUS in 15 mL conical tube.

3. Plate worm suspension onto 13 large NEP/NA2&g|avith 1 mL of worm suspension on
each plate.

4. Allow plates to dry down at room temperatureraight. Place at 25°C the following morning.
5. Allow the plates to starve out completely (7eEYs).

6. Reintroduce food to the starved plates by “tbpaking” or placing 5-6 chunks of NEP/NA22
agar right side up on the starved plates. Transggdrmorms will be able to climb up to the food.

7. After ~3 days, screen the worms for wild-type eroent. Wild-type movement is an
indication of a worm transformed with at least tBscue construct. If none are seen, check plates
again in another 3 days.

8. Pick any suspected transformants to individleteg. Allow them to propagate.

9. To verify the transformation of the desired dand, take a small population of the
transformed line and perfor®. elegangenomic DNA prep. Use PCR to confirm the desired
gene is present in the line.
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APPENDIX C

Primer Sequences for RNAIi Plasmid Construction

Forward Primer

Primer Sequence (5'-3")

Reverse Primer

Primer Sequence (5'-3")2

GTG TTG GTAATT GGT

CGA GTC GTATCT AGA

ATGACAC

glo-1 glo-1F GAT CCA GGT G glo-1R ATG AGT GG
GGA AGT TCT ACG TGT GAA TCA ACG GCT TTG
glo-3 Glo-3F_2 | ACA GAA GAA CAAG Glo-3R2 | ACT GAG TTC GG
sl el E CCT GAG CGG TGA AGC LR GCC GTA GAA TTG TAT
P P AAT CAT GG P CCA GAT ACG TCC
616 116, F ATG CAA GAG CAT TCA 216 R TTC GGG AGT CGG TGA

TTTCTC

Appendix C. Primer sequences used to amplify spliced seqsefmoen wild-typeC. elegans
cDNA for the construction of RNAI plasmids.
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APPENDIX D

Primer and Probe Sequences for qRT-PCR

Target Gene

Primer/Probe

Primer/Probe Name

Sequence (5'-3")

lin-42A Forward Primer lin-42A-F1 ACG ATC TTG CAG AGC CAG TAC
lin-42A Reverse Primer lin-42A-R3 GCCCTGGTTCTGATCCTTG
lin-42A TagMan Probe lin-42-TM-A1l gég AGC CAC CAC CAC CAT CAC TCA
lin-42B Forward Primer lin-42B-F6 AAT CGG AGACTC GGATGT G
lin-42B Reverse Primer lin-42B-R6 TGA CGG GAG GTG GAT GG
lin-42B TagMan Probe lin-42-TM-B1 ACC ACC ACC AGG CAT CCA GTC AA
lin-42C Forward Primer lin-42C-F5 TTC AGT AACCTT CTT ATC ATC CG
lin-42C Reverse Primer lin-42C-R4 GCT GCT GAC CAC TCT CG

. . TGC CAGTCACCGCTTATCTTCTTC
lin-42C TagMan Probe lin-42-TM-C1 TTC AGT

ztf-16 Forward Primer ztf16-F1 GGT GAAATC AGAGTTTAGC

ztf-16 Reverse Primer ztf16-R1 TCT CCG AAT CCATTG AAC

ztf-16 TagMan Probe ztf16-TM1 CGACACCTCCGATAACTC CAC

) GFP-
GFP Forward Primer  oeor ghecific F | GTG AAG GTG ATG CAA CAT ACG G
GEP Reverse Prime GFP- GCA GCT GTT ACA AAC TCA AGA AGG
PEST_ Specific R | ACC
GEP TagMan Probe GEP-TM1 CGA GAAGCATTG AAC ACC ATA
ACA G

ama-1 Forward Primer ama-1-F3 AAG GTC GCA GGT GGA TGC
ama-1 Reverse Primer ama-1-R3 GTC CTC ATT CACGTTCTT CTT CC
ama-1 TagMan Probe ama-1-TM1 12(}? g TATCAACC ATC ATA CCG CCG

Appendix D. Primer sets and TagMan Probe sequences used tama@RNA transcript levels
in C. eleganghrough quantitative real-time PCR.
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APPENDIX E

Gut-granule auto-fluorescence reduction omglo-1;glo-3 double RNAI

No RNAI glo-1;glo-3
RNAI

Appendix E. A representative image of gut-granule auto-fluorese reduction in the.
elegans lin-42BQ@eporter strain. Both worms were raised at 150Re worm was fed OP5P.
coli (left), while the other was feglo-1;glo-3double RNAI (right).
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