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ABSTRACT

REGULATION AND DYMANIC BEHAVIOR OF THE HEAT SHOCK
TRANSCRIPTION FACTOR HSH IN C. ELEGANS

Elizabeth A. Morton
S. Todd Lamitina, PhD

Eukaryotic cells respond to heat stress by activdliagranscription factor HSE1
In addition to itsrole in stress responselSF1 also functionsin protein homeostasis,
aging, innate immunity, and canceRespite prominenHSF1involvement inprocesses
pertinentto human healtland diseasdhere arestill gaps in oumunderstandingf HSF1
For example, controversy exisegading the localization oHSF1, the identity of HSF1
regulators, and the functioand conservation of heatduced HSF1 stress granules.
Many of the physiologicaloles for HSF1 havéeen defined using the model organism
Caenorhabditis elegansyet little is known abouhow the molecular and biological
properties of HSH in C. eleganscompare to HSF1 in other organisms, including
humans To address these questionsg \generated animals expressing physiological
levels ofa GFRtaggedC. elegandHSF1 protein We studiedthe localization of HSF
1::GFPin vivoand observed its behaviopon heat shock C. elegans Furthermore, &
conducted a genogrwide, RNAkbased screefor regulatorsof an HSF1-dependent
heat shockinducible transcriptional reporterWe found that in live C. elegansHSF1
localizes predominantly to the nucleus before and after heat shdesllowing heat
shock, H%-1 redistributesinto sulnuclear puncta that share many characteristics with
human nuclear stress granules, including rapid formation, reversibilitgodmchlization

with markers of active transcriptionGranule formation in worms was affected by
v



growth temperature, implyinghysiological regulation of thiprocess. From our RNAI
screen, wedentified 44 regulator®f HSF1 target gene expression, the majority of
which were positive regulators. One RNAI clorencoding the worm homolog of the
posttranslational modifier SUMGOresulted inhyperinduction of the HSH targetafter
heat shock.Our findingsfrom the screersuggesthat basal repression of HSFunder
low-temperature conditions may be very strict, and shatoylation may be involved in
downregulation othe activatedheat stress responpathway. Our data also support a
model of constitutively nuclea€. elegansHSF1 and present evidendbat HSF1

nudear stress granule formation maydreevolutionarily conservgghenomenon
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1. Introduction

Summary

The heat shock transcription factor HSF1 is highly evolutionarily conserved
among eukaryotes, with several functional domains throughout the proteim the
nearly thrty years since its identification asmaajor factor involvedin the heat shock
resporse, model systems have also revealedes for HSF1 in development, innate
immunity, cancer, andaging. Qr understanding of the regulation of thisitical
transcripton factor is yet incompleteHSF1clearly has a complex, mukitep activation
process involving posttranslational modification and interand intramolecular
interactions, but many questions about these interactions are unans\Wespdrties as
straightforward as its localization are still debated, and it likely has many regulators not
yet identified. Despite manyears of studywe still have much to learn about HSF1.
Discovery of heat shock response

The heat shock response was discovereDrosophilaby FerruccioRitossa in
1962, when arunintendedincrease in incubator temperature changed phiern of
nucleic acid puffs irfly salivary glandg§De Maio et al.2012 Ritossa, 196 In these
puffs, Ritossaobservedrapid synthesis ohew RNA with heat shockRitossa, 1996
Ritossa, 196§ The induced genesencoded heat shock proteins (HSPs), of various
molecular weightqLindquist, 1986 Sched! et al., 1998 HSPs were latter linked to
protection against stresand many were determinedo be molecular chaperones
(Beckmannet al., 1990 Ellis, 1993 Huot et al., 1991Kang et al., 1990Parsell and
Lindquist, 1993 Pelham, 1986 This reaction to heat stress now known as thaeat
shock response The heatshockinduced upregulation specifically of HSRFs also

1



accompanied by a globdbwnregulation of general gene expressipttKenzie et al.,
1975 Spradling et al., 197 Tissieres et al., 1974

Heat shocknduced target genes were found to have enservedregulatory
sequence involving inverted repeatsnofcleotides GAA(Amin et al., 1988 Bienz and
Pelham, 1982Mirault et al., 1982 Pelham, 1982Shuey and Parker, 1986A protein
factor that boundo these upstream elements of heat shock geaed had increased
activity with heat shockvas eventually identifiedKingston et &, 1987 Parker and
Topol, 1984 Wu, 19843, and feat shock factors (HS}were soon cloned from yeast
(Sorger and Pelham, 1988lies (Clos et al., 1990 and humarcells (Rabindran et al.,
1991).
HSFs

Vertebratesiow have four majodescribedHSFs. The primary mammalian HSFs

are HSF1, HSF2 and HSF(Nakai et al., 1997Rabindran et al., 19955chuetz et al.,
1991). Thefourth factor, H&3, was long thought to be aviapecific, butwasrecently
observed in mice and functionally ableto induce some gene expression in H3El
embryonic fibroblastgFujimoto et al., 2010Nakai and Morimoto, 1993 HSF1 is the
best studiedmammalian HSFand activates the heat shock response intucible
trimerization, DNA binding and transactivati¢Baler et al., 1993Sarge et al., 1993
HSF2, the secontdest studied, has constitte DNA binding whertranscribedn vitro or
expressed irEscherichia coli(Anckar et al., 2006Manuel et al., 2002Sarge et al.,
1991 but in somdn vivocircumstancegxhibitsinducibleDNA binding (Sistonen et al.,
1994 Sistonen et al., 1992 HSF2 fhas primaidly been implicagd in differentiation and
developmentin mice (Mezger et al., 1994Murphy et al., 1994 Rallu et al., 1997

2



Sistonen et al., 1992along with being active in adult mouse teqt®arge et al., 1994
More recentlyit has been proposed that HSF2 does have a role during stress, interacting
with HSF1 (forming heterotrimers) andinding somehsp promotersand repeat DNA
(Ostling et al., 2007Sandgqvist et al., 2009 HSF4 is important in # mammalian lens,
where its absenaesults in cataract formatidfujimoto et al., 2004Somasundaram and
Bhat, 2004. Additionally, studies have identifiedvo more potentialmammalianHSFs
on the X and Y chromosomes (termed HSFX and HSFY), which remain to be fully
characterize@Bhowmick et al., 2006Shinka et al., 2004Tessari et al., 2004

While mammals have a handful of HSFs atahts even more2(l HSFs have
been cloned fromArabidopsis for instance(Nover et al., 2000, many inwertebrate
models have only a&ingle, essential HSF. These incluBeosgphila melangaster
Saccharomyces cerevisjagchizaosaccharomyces pombad Caenorhabditis elegans
(Clos et al., 1990Gallo et al., 1993Garigan et al., 20Q2Jedlicka et al., 199Morton
and Lamitina, 2013Sorger and Pelham, 1988\ote that arHSF1 paralogin theC.
elegansgenome HSF2, hasrecentlybeen propose(Barna et al., 2002 Fewer HSFs
simplifies study in these systems, making them useful todle study of HSF function
HSF1 Domains

DNA bindingdomain The DNA binding domainDBD) of HSF1is the most
highly conserved regioaf the protein, forming &vingedhelix-turn-helix structureat the
N-terminus (Ukerfelt et al., 2010Anckar and Sistoen, 2011 Harrison et al., 1994
Vuister et al., 199 Target promoters contamultiple copies oh DNA motif known as
the heat shock element (HSE), which consists of three or more inverted repeats of
NGAAn( wher e fAno i $Ama etwl., 1083€dlhano dand Biem2, 198Xiao

3



and Lis, 1988 One DBD contacts one nGAAIKImM et al., 1994, and he number and
arrargement of repeats influences the strendttH8F1 binding(Bonner et al., 1994
Xiaoetal,199L The f#Awingo of dtoéeirdved in psoteiprotenp o s e
interactions in the HSF1 triméAhn et al., 2001Littlefield and Nelson, 1999

Heat shock induces protein binding to HSEs umhans, Drosophila and C.
elegangChiang et al., 203,XKingston et al., 1987Sarge et al., 199%orger et al 1987
Wu, 1984ab). In S. cerevisiagHSF is constitutively bound to DNAQJakobsen and
Pelham, 1988Sorger et al.,, 1987Sorger and Pelham, 1988&vhereagegulation inS.
pombehasmore similaity to humas andflies, with heat shocknducedDNA binding
(Gallo et al., 19911

Trimerizationdomain HSF1forms trimersin human(Baler et al., 1993Zuo et
al., 1994, mouse(Sarge et al., 1993Drosophla (Westwood et al., 199Westwood and
Wu, 1993, yeast(Sorger and Nelson, 198%andC. elegangChiang et al., 2012 With
the exception of constitutively trimerizedl cerevisiaddSF, trimerization isinduced by
heat shock.Trimerization is mediated by a sequencéyifrophobic heptadepeat{HR-
A/B), or leucine zipper motifsthat follow the DBD(Peterandeé and Nelson, 1992
Rabindran et al., 1991Rabindran et al., 1993orger and Nelson, 1989%uo et al.,
1994. The sequence is proposed to formCmelix in which hydrophobic residues (like
leucing form a surface that will interact with similar helices, thus promoting
intermolecular interaction(Sorger and Nelson, 1989 This domain $ capable of
inducing DNA binding of a heterologol®NA binding domain that requiremerization

(Zuo et al., 199



Regulatory domain HSF1 contains regulatory domainlocated between the
trimerization and transactivation domaitisat is not present in HSF2 or HSE3reen et
al., 1995. In chimeric proteins of HSE andthe GAL4 DNA binding domain, the HSF1
activation donain conferred constitutive transcriptional activity, wherpasgteinswith
both the activation antegulatory domais wereactive only after heat shockGreen et
al., 1995. The reguktory domain is rich in serinesd subject to many pestnslational
modificationsthat modulateactivity (Holmberg et al., 20Q1Hong et al., 2001Kline and
Morimoto, 1997 Murshid et al., 2010

HR-C domain HSFL possesss another hydrophobic heptad repeatif near its
C-terminus termed the HRC region HSF1 mutated in this mdétdisplaysincreased
binding activityand constitutive trimerizatiofRabindran et al., 1993 This domain is
thought to interact with the HR/B trimerizationdomainin monomericdHSF1 in order to
inhibit trimerization, keeping the moleculeactive (Farkas et al., 199&Rabindran et al.,
1993 Zuo et al., 199% Avian HSF3 andDrosophilaHSF also contain HEC regions
(Nakai andMorimoto, 1993 Rabindran et al., 1993 S. cerevisiaegHSF and human
HSF4, both of which appear to constitutivéfymerize andbind DNA, lack tle HRC
domain (Nakai et al., 1997Rabindran et al., 1991Sorger et al., 1987Sorger and
Nelson, 198%

Transactivationdomain The transactivation (TA) domain of HSF1 is located at
the Gterminus of the protejncapable of activating transcription when fused to a
heterologous DNA binding domaii&Green et al., 1995VNisniewski et al., 1996Yuan et

al., 1997. YeastHSFdiffersslightly in that it has two transactivation domains, at the N



and C termin{Chen et al., 19935orger, 1990 Figure k1 presents a visual summary of

thedomains in human HSF1.

A Human
DBD HR-A/B Regulatory HR-C TA
116 123137 212 221 383 418 529
B k600 sy441
C. elegans 2 .
284 413 v
DBD HR-A/B HR-C
1 90 199 213 288 561 596 671
Identity 49.1% 28.9% 16.7%
Consensus 63.6% 53.9% M1.7%

Figure 1-1. HSF1 domains

(A) Human HSF1 domains, including DNA binding domain (DBD), trimerization leucine
zipper domain (HRA/B), regulatory domain, trimerization repression domain {E)R
and transactivation domain (TA), with aminoidiresidue positions beloWkerfelt et

al., 2010 Green et al., 199%°irkkala et al., 2001Rabindran et al., 199 Rabindran et
al., 1993 Zuo et al.,, 1999 (B) PutativeC. elegansHSF1 domains. Above ar
locations of the two alleles available 10r elegandHSF1: sy441 a nonsense mutation at
W585, andok60Q a frame shifting deletion starting at amino acid 284jdu-Cronin et

al., 2004 Morton and Lamitina, 203 Sequence comparison places potential DNA
binding and trimerization domains near theexWminus, while a possible HR doman
occurs at near the-terminus Identity and consensus position percentages from the
human domains alignetb C. elegansHSF1 are below (BLOSUM62mt2 alignment).
The exact location of the transactivation domairCinelegandHSF1 is unclear, as the

sy44lallele retains some transactivation ability.



HSF1 Regulation

Localization

Localization of a protein hasubstantial implicabns for its potential interaction
partnersand regulation. The role localization plays in the activation of HSF1 has been
long debated.Human cells androsophilaaretwo of the most prominensystems used
to studyearly stages of ISF1 activation, buboth have produced multiple conflicting
reportson thelocation of HSF1 nder norstressconditions

Cytoplasmic extracts frongcontrol human Hela cells contained inactive HSF1
(Larson et al., 1999Mosser et al., 1990 Early studies describeuclear localization as a
step in the activation of HSHBaler et al., 1993Sarge et al., 1993 Baleret al report
exclusive localization of HSF1 to cytosolic fractions obtained after lysis and
centrifugation of unstressed Hela cel#s)d Sargeet al report unstressed HSFs
diffuse in both the nucleus and the cytoplasm of HeLa and 3T3 cells by
immunofluorescence (Baler et al., 1993 Sarge et al., 1993 Two later
immunofluorescence experimsnthowever,showed predominantly nuclear HSF1 in
unstressed HelLa, 3T3 (mouse), and €E0@onkey) cellfMartinezBalbas et al., 1995
Vujanac et al., 2005with only an estimated 5% of HSHi eénucleatedytosolof HelLa
cells (Vujanac et al., 2005 Vujanac et al report thatthe predominathy nuclear
localization of HSF1 is due to strong nuclear import of HSF1, opposing weak nuclear
export, which stress inactivat@gujanac et al., 2005 Several other studies using both
immunofluorescence arm@dFP taging also visualizectonstitutive nuclear localization of

HSF1(Cotto et al., 1997Jolly et al., 2002Jolly et al., 199Y.



DrosophilaHSF wasalsopresent incytosolicextracts fromunstresse®L2 cells
by biochemical fractionatio(Clos et al.,1990 Zimarino et al., 1990 but constitutively
nuclear byimmunofluorescenc@Vestwood et al., 1991 Anotherimmunofluorescence
study, howeve disagreed and saw primarily cytoplasmic HBFSL2 cells andstress
induced nuclear entrgZandi et al., 1997 Still other studiesdescribe constitutively
nuclear HSF, both bynmunofluroescece and by fluorescent tagging of H§Brosz et
al., 1996 Yao et al., 2006

The preponderance of fractionation studies that place HSF1 in the cytoplasm are
most likely responsie for early models of cytoplasmic to nuclear traositng of HSF1,
and yet areprone to artifacts such as fraction contaminabn. The first
immunofluorescence study Drosophilaobserved nuclear HSF in unstressed cells, but
also reproduced the earlieesults of HSF present in simesed isolated cytoplasmic
fractions (Westwood et al., 1991 The authorsperformed immunofluorescence on
nuclear fractionof homogenied cells with and w#thout heat shock and found reduced
nuclear staining in thenstressed fractions, even though staining of intact unsirestis
showed high nuclear HSEhus suggesting that the homogenization process erayitp
leakage of inactive HSF from ndreat shocked nucléWestwood et al., 1991 Mercier
et al. attempted to examin@e discrepancies in HSF1 localization and also foundhleat
fractionation procedure heavily influenced the amount of HSF1 observed in the cytosol
(Mercier et al.,, 1999 They further speculate th#te variation in antibodies used by
different studies, perhaps possessing different affinities for the various forms of HSF1
could explain somémmunofluorescence discrepanci@gercier et al., 1999 Despite
strongcontradiction in the literature, the dogma of cytoplasmic HSF1 perdssisause
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experiments hag@rimarily beendone incell cukure or Drosophilasalivary glandsthere
were no reports of HSF1 localization in a whole animatil 2012 Chianget al
attempted to determine HSFlocalization n C. elegandy overexpressingiSF1::GFP,
reportingthat it haddiffuse nucleecytoplasmic fluorescence before heat shock and weak
nuclear accumulation after heat sh@€hiang et al., 20)2 However, & HSFis a low
abundance protein compared to typical transcription fag¢®iggin, 2011 Fritsch and
Wu, 1999 Mivechi et al., 1994aWu et al., 198, high levels othe proteinare far from
its native state and may interfere with its regulatidie have thus recently examahe
localizationof physiological levels of HSR in a live orgaram Our studies suggest that
HSF1 is indeed a nuclear protein even in the absence of $iMeston and Lamitina,
2013.

Trimerization

MammalianHSF1 exists predominantly as a monomer before stress activation,
and trimerizatn appears to be a step in gaghcompetenceo bind HSE promoters
(Baler et al., 1993Sarge et al., 1993 Trimerization and DNA binding can be separated
from transcriptionalactivation, however, as some activatglike salicylate)lead to
trimerization andoromoter binding but no subsequent transcrip{iGotto et al., 1996
Jurivich et al., 1996

S. cerevisiaeHSF forms a trimer both when bound to DNA and in solution
(Sorger and Nelson, 1989 Human HSF2 which constitutively trimerizes in yeast,
complements HSfeeficient yeast, whilehHSF1 does not(Liu et al., 1997.
Interestingly, nutated forms ohHSF1 that cortgutively trimerize do, in fagtrescue
function in yeasthinting at the importance of trimerization in HSF1 regulaion et

9



al., 1997. Furthermoremutations that enhance human HSF1 oligomerization enhance
binding to certain varieties of HSE sequences (those that are discontinuous, with gaps
between repeatrrays), promptinghe hypothesis that oligomerization may have a role in
promote-binding specificityTakemori et al., 2009

Trimerization isoften thought to be the regulatory step control®dinteraction
with other factors, including chaperones and RNA, discussed below

Chaperones

Becausehe primary known targets of H&Fare molecular chaperon@4SPs) it
has lang been hypothesized that the protein stathefcell may play a role in regulating
HSF1 activity Amino acid analoguesyhich can cause misfolding when incorporated
into proteins activate the heashock response, suggesting that disruptiorpratein
folding may be a key factor iAlSF1activation(Kelley and Schlesinger, 197Blosser et
al., 1989. Furthermorejnjection of denatured proteins ink@nopugocytes induces the
heat shock respong@nanthan et al., 1986Mifflin and Cohen, 1994 One group
notably, only observed this response when the denatured proteins were injected directly
into the nucleus of theocytegMifflin and Cohen, 1994

Evidence aroséhat HSF1 may beegulateddirectly by HSPs particularly HSP70
and HSP90 These two chaperonegereseparatelfoundin vitro to inhibit heatinduced
activation(trimerization and DNA binding) of HSF@Abravaya et al., 199Zou et al.,
19989. HSP70 and HSP9@eakly associate withiISF1 from unstressed Hela celis;
both cases the interactiorequired very specific condition® be detectedand was
descri bed (8aerdia.nl9yezobdt &.01998 Overexpression of HSP70
in human cells reduced heat shacluced HSF1 DNA binding andepressed
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transactivation by a GAL#HSF1(TA domain) fusionMosser et al., 1993Shi et al.,
1998. Injection of antibodies against HSP90 ienopusocyte nuclei caused HSF1 to
gain HSEbinding activity even in the absence of heat shi@dket al., 1998 Bharadwaj
et al., 199%

The above adence has led to a commonly held matiek HSF1 is kepihactive
by association with HSPs. Heat sho@ndtures proteins, competichaperonesway
from HSF1, allowing it to trimerize bind DNA, and activate target transcription
However, it is clear thatHSPs do interact with activated HSFIAIli et al., 1998
Bharadwaj et al., 199Rabindran et al., 1994 It is possible thatni some case${SPs
may beless involved in the maintenanceioéctive basal HSFandhave a greater role
the deactivation of HSF1 after heat shockWestwood and Wu found that before
activation, HSF1 in fliessimonomeric and does not appear to be in a stable complex with
chaperonegWestwood and Wu, 1993andAbravayaetal 6 s 1 9 @rdy reportadd y
association of HSP70 with activated (DMNvdund) HSF1(Abravaya et al., 1992
Anothergroup bund that elevated HSP70 could not inhibit DNA binding of HSF1 in rat
cells, nor did HSP70 have a higher affinitythe inactive form of BF1 than the active
form, butelevated HSP70 could increase the loss of DNA binding during heat shock
recovery(Rabindran et al., 1994 Mosseret al reported that HSP70verexpressionn
vivo increased the rate of HSF1 release from DRMosser et al., 1993 Multi-
chaperone complex constituentSPPRO, p23 and immunophilifKBP52 associate with
trimeric DNA-bound HSF1lin Xenopusand seem taepress transcriptional activity
(Bharadwaj et al., 1999Guo et al., 2001 while injection of antibodies against these
proteins delayed HSF1 attenuati@efined agrimer disassembly and DNA releagg)i
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et al., 1998 Bharadwaj et al., 1999 Microinjection of purified HSP90 into aryte
nuclei also increasedSF1 release from HSE8haradwaj et al., 1999 These studies
indicate that KBP interaction with HSF1 iskely a step in its deactivationluring
recovery after heat shockbut do notin every casesupport involvemenin routine
repression of HSF1 during basal growth or in derepression during activati@amy
factors that mediate the fat may yet be unidentified

One question, in light of the studies on HSF1 localizatisrhow cytoplamic
chaperones might be regulatiagnuclear trargiption factor. A simple explanation is
that some of thehaperones localize to the nucleddSP7Q though cytoplasmic before
heat shockwas localized to the nucleus of Heleells after heat shoc{Sarge et al.,
1993, and snall amounts of HSP90 were detected in nuclear extracts from both stressed
and unstressedenopusoocytes(Bharadwaj et al., 1999 Immunotargeting experiments
that activated HSF1 using HSP90 antibodies did so via direct nuclear injection
(Bharadwaj et al., 1999 Nevertheless, the majority of HSP#cytoplasmic(Ali et al.,
1998 Bharadwaj et al., 1999 It has also been proposed that shuttling of HB&h the
nucleus into the cytoplasm and back allows interaction with cytoplasmic fé¢tgesac
et al., 200% though the fact that the vast majority of HSF1 is nuclear at any given time
would argue that the bulk of its repressive regoiaimust occur in the nucleus.

RNA

An RNA has also beeproposed to regulate HSF1 trimerizatiocBhamovskyet
al. discovered thatheat shockedmammalian HSF1 coimmunoprecipitated with
translaton factor eEF1A and aRNA termed heat shock RNA 1 (HSR@Ehamovsky et
al., 200§. These twocomponents @re capable ofinducingin vitro trimerizationand
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DNA binding of HSF1, andsiRNA against HSR1 decreased timevivo heat shock
responséShamovsky et al., 2006 The authors propose that the general downregulation
of translation that occurs with heat shock could make eEF1A avaitabled HSF1 A
putative RNAbinding protein was recently found to negatively regulatstnof the 21
HSFs inArabidopsis(Guan et al., 2012 A precedent exists in bacteria feNA to act &
amolecular thermometer, folding into a secondary structure at low temperature that heat
shockrelieves permittingproteintbinding to the RNAMorita et al., 1999 Certainlythe
potential for RNAbased regulationftHSF1warrants much further investigation.

Posttranslational modification

Phosphorylation = Human HSF1 is bot constitutively ad inducibly
phsophorylated, with as many as pOtential phosphoylation siteglentified. The
purpose of thesmodifications varies Some residues (S303 and S307) are constitutively
phosphorylated and act to keep HSF1 activity reprefiskde and Morimoto, 1997.
Other residues are inducibly phosphorylated and enhartisétya¢S320, S326), while
others still are inducibly pisphorylated andeduceactivity (S363) (Dai et al.,200Q
Guettouche et al., 200®urshid et al., 2010 The mechanism of function haselne
determined fosome ofthese modifications and includes such actions as affecting nuclear
localization, DNA binding, transactivation (independent of DNA binding), and recovery
from granule formation.Table 1-1 summarizegproposed roles of phosphorylation sites
and their identified kinases Mass spectrometry has detected phosphorylation at many
other sites in human HSF1 that have not bieetiner experimentally confirmed: S292,
S314, S319, T323, T328367, S368, T3695344, and S444Guettouche et al., 2005
Mayya et al., 2000Isen et al., 2010
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Most of the identificatiorof phosphorylation sites and kinases was danatro
and throughoverexpression, perhaps leading to the occasional domgliceports on
specific modificatios.  For instance, Kline and Morimotdound S303 to be
constitutively phosphorylated, while Hietakangets al observed heat shoakduced
phosphorylation and gdaial dephosphorylation during attenuati@tietakangas et al.,
2003 Kline and Morimoto, 199/ Residue S363 has been propodedhave two
different primary kimases: c-Jun Nterminal kinase (JNK) and protein kinase C (PKC)
(Chu et al., 1998Dai et al., 200 Though one explanatidior contradictory results is
artifacts in kinase overexpression assays, theay also be an indication that
phosphorylation states and kinases of HSF1 have previously unsdspstke or
conditionspecfic complexity.

S. cerevisiaeHSF is phosphoylated with heat stressthe degree of which
correlates with transcriptional activifsorger et al., 1987Sorger and Pelham, 1988
BecauseS. cerevisiadHSF is constitutively trimerized and bound to DNA, it has been
proposed that this phosphortytan is a major step in convertingSF toa strong activator
of transcription(Sorger et al., 1997 although, as with human HSF1, phosphorylation of
some residues has been reportedeesctivating(Hgj and Jakobsen, 19p4In contrast,
Drosophila HSF total phosphorylation load is unclged with heat shockand
phosphorylationdoes not seem to affect DNA bindinthough different residuesare
phorsphorylated before and after str@sstsch and Wu, 1999 Recently,C. elegans
HSF1 has also been reported to undergo heat strdased jmosphorylation, buthe

exact effect of this modification has not been expl¢@uang et al., 2012
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Modification | Residue| Domain Kinase Activity Affected Proces]
Phosphorylatio] S121 DBD MK2 (Wang eRepressiv§Wang e DNA binding
al., 2006 al., 2006
Phosphorylatio| T142 HR-A/B | CK2 (Soncin |Activating (Soncin ¢ DNA binding
et al., 2003 al., 2003
Phosphorylatio| S216 Linker Plkl(Lee et| RepressivéLee et| Degradation
al., 2009 al., 2009 (during mitosis)
Phosphorylatio| S230 | Regulatory| CaMKIl |Inducible, activating Transactivation
(Holmberg et (Holmberg et al.,
al., 200} 2007
Phosphorylatioj S303 | Regulatory | GSK-3b (Chu Corstitutive, Transactivation
et al., 1998 [repressivégKline andgranule recoven
Morimoto, 1997; priming for
inducible repressivf sumoylation
(Hietakangas et al
2003
Phosphorylatiof S307 | Regulatory ERK Constitutive,  |Priming for S30]
(He et al., [repressivdKline ang phosphorylatior|
1998 Morimoto, 197)
Phosphorylatio] S320 | Regulatory |PKA (MurshidInducible, activatin Nuclear
etal., 2019 | (Murshid et al., localization
2010
Phosphorylatio] S326 | Regulatory mTOR? (ChoyInducible, activatin
et al., 2012 | (Guettouche et al.
2009
Phosphorylatioj S363 | Regulatory| JNK (Dai et (Inducible, repressiyGranule recover
al., 2000 or | (Dai et al., 200D
PKC (Chu et
al., 1999
Phosphorylatio] S419 TA PLK1 (Kim et| Activating (Kim et Nuclear
al., 2009 al., 2009 localization
Acetylation K80 DBD Inducible, repressiy DNA binding
(Westerheide et al
2009
Sumoylation | K298 | Regulatory Activating (Hong et
al., 200} or
repressive
(Hietakangas et al
2009

Table 1-1. Posttranslational modifications to human HSF1
DBD = DNA binding domainHR-A/B = trimerization domainTA = transactivation domain.

Acetylation After stress, human HSF1 is acetylated at residue K80 as well as

eight other lysinegWesterheide et al., 2009K80 is in the DNA binding domain, and a
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mutant at this residue was found to be Hfhomctional, localizing to the nucleus but
unable to form nuclear stress granules or induce target gene stap(®gesterheide et
al., 2009. SIRT1 is he deacetylase proposed to aid in HSF1 activity by removing
acetylation, as SIRT1 siRNA or sirtuin inhibitors reduce the production of HSg#&t
MRNASs in HelLa cellfWesterhale et al., 200p SIRT1 siRNA reduced the amount of
HSF1 bound to thbsp70promoter over the whole course of a-Bour heat shock, and
overexpression of SIRT1 enhanced DNA binding, indicating that acetylation regulates
HSF1 through its ability to bind DNAWesterheide et al., 2009

Sumoylation SUMO is a small (11 kDa), ubiquititke protein modifier
originally identified conjugating t®RanGTPase activating proteiMatunis et al., 1996
Sumoylationof a proteincan influence many differenprocessesincluding protein
localization, potein-protein interactions, proteirDNA interactions, and protein
ubiquitination(Desterro et al., 199®uprez et al., 1999G00dson et al., 200Hirano et
al., 2003 Kim et al., 2002 Mahajan et al., 1997Ross et al., 2002 One of the bes
studied roles oSUMO is as a regulator ofranscriptioml activity. Sumoylation may
inhibit (Bies et al., 2002Hirano et al., 2003Muller et al., 2000 Ross et al., 2002
Subramanian et al., 20P8r activate activityKim et al., 2002 Muller et al., 200. In
mammals, there are three SUMOs, SUHHICBUMO-2 andSUMO-3. SUMO2 and-3
contain sumoylation motifs in their-términal regions, and form pelyUMO chainsin
vitro, while SUMO1 does no{Tatham et al., 2001 SUMO conjugations a process
very similar to ubiquitinationan Elactivating enzyme (SAE1/SAEZ2 in humamsnds
first to SUMOin an ATRdependent manner, followed by transfer toE@2hcorjugating
enzyme (UBC9which, with the aidbf an E3 igase, conjugatabe Gterminus of SUMO
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to a lysine residue iits target protein(Anckar and Sistonen, 200Dye and Schulman,
2007. SUMO-1 does not absolutely require an E3 enzyme, however, and can be
conjugatedn vitro with only the E1, E2 and ATEDuprez et al., 1999 The canonical
consensus site for sumoylation is the m&@KXE (where@ i s a | arge hyd
amino acid) though this exact sequence is not present in every case of sumoylation
(Rodriguez et al., 2005entis et al., 2005

In humans, both HSF1 andSH2 are SUMEL targets(Goodson et al., 2001
Hietakangas et al., 20pBlong et al., 2001l In bothof these cases, howevenntroversy
existson the role of this modification For HSF2, sumoylation occurs in the DNA
binding domain (residue K82nd was initially reported to activateammalianHSF1
DNA binding (Goodson et al., 2001 The proposed mechanism of tlastivationwas
that sumoylation stabilized the HSF1 timannodelbased on the location of K82 tin
a Awingo region of the [Applarshoifarndprotegroteino ma i n
contracts rather than proteldNA contacts (Littlefield and Neton, 199% This
conclusion was supported by the observation ¥etopus laeviexpresses an HSF2
homologue that is also sumoylated on K8ih a way that promotes DNA binding
(Hilgarth et al.,2004). A later studyby Anckaret d., howeverfound that sumoylation
of the mammalian HSF2mpaired DNA bindingand did not affect oligomerization
(Anckar et al., 2006 This dudy concludes that the majority of HSF2 is unsumoylated
and bound to DNAAnNckar et al., 2006 One way Anckaet al. proposed to reconcile
the results was the possibility of differences between the HSEs used to determine DNA
binding capacity, in which case, sumoylation may serve more as a promoter specificity
regulator than a regulator of general activity.
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Sumoylation of HSF1 tells a similatory. All reports agree that sumoylation of
humanHSF1 occus inducibly with stressn the regulatory domaimn residue K298
(Hietakangas et al., 2008long et al., 2001 In the first report of this modification,
mutation of this residue to argime eliminatedn vitro DNA binding and decreased heat
inducedin vivo activity of an HSE reporterindications that sumoylation serves to
enhance DNA binding of HSF{Hong et al., 20001 Subsequent reports found that
phosphorylation of S308a repressive modificationyas required for sumoylation and
that nonsumoylated HSF1 was still capable of inigdDNA, contradicting Honget al
(Hietakangas et al., 20D3 Hietakangaset al later reportedthat K298R had increased
activity in a GAL4HSF1 chimerasystemas well as inHsf1-/- MEFs stressed with
MG132 (a proteasome inhibitor), arguingat sumoylation of HSF1 represses activity
(Hietakangas et al., 2006 The exact role of sumoylation in HSF1 regulation remains
uncertain. Th later model that SUMO represses strassluced activityi is supported
by our recent screen for regulators of heat stress gene expression. We foundCthat in
elegans inhibition of SUMO led to hyperexpression of an HEHependent reporter
after heashock This result is in agreement with Hietakangasl, placing SUMO as a
repressor of HSR activity (Morton and Lamitina, unpublished data).

Granule formation

In their studies of HSF1 localization in HelLa cells, Saggal noted that heat
shocled HSF1 seemed to stain in distinct puncta within the nu¢targe et al., 1993
A pair of papers in 1997 characterized thgsnules and revealed that they are present in
heat shockegrimary fibroblasts, epithelial cells and several transformed human cell
lines (Cotto et al., 1997Jolly et al., 199Y. In Hela cells, they falinto two different
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populdions based on size, 0155 um and 1.52.5um, with approximately 7 granules per
nucleus (fewer in primargells) (Cotto et al., 1997 They were declared novel
subnuclear structure because they ribt colocalze with sites of DNA replicatio,
kinetochores, splicing factor S6, coiled bodies (marked by p80ilin), promyelocytic
leukemia bodiesnuclear laminspr nucleoli (detected by a marker of the dense fibrillar
center)(Cotto et al., 199 Surprisingly, heyalsodo not colocalize withranscript foci

of eitherHSP70 or HSPI0, leading to the conclusion that HSF1 granalesnot forming

at target gene logdolly et al., 199Y.

HSF1 granules form rapidly, starting to appear after only 30 sec°&f h2at
shock, and are highly dynamic: fluorescence recovery after photobleaching (FRAP)
shows full recovery of HSFGFP granule fluorescenaeithin 3 minutes(Jolly etal.,

1999. Granules are also reversibispersing again after as little as 8nnirecovery

time is longer if exposure time to tir@tial heat shocks increasedjJolly et al., 1999

This dispersal is facilitated by overexpression of kinases JNK or-8S{0ai et al.,

200Q He et al., 1998 A secondheat fiock following recoverycausegranules to re

form in the same location as in the original heat shock, suggesting an underlying nuclear
structure may be involvedolly et al., 1999 The nunber of granules per nucleus seems

to show a degree of correlation to cell plgidgplicating DNA in their formatior{Cotto

et al., 1997Jolly et al., 199Y.

Granules can be induced without heat stress via other reagents, indicating that it is
not heat as a physical propethat causes therfCotto et al., 1997 The heavy metal
stressor cadmium and the amino acid analogue azetidine induced granule formation in the
absence of hedCotto et al., 1997 Both of thesestressorareknown to induce HSF1
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DNA binding and transcriptional activatiqivlosser et al., 1988 Salicylate is a non
steroidal antinflammatory drug that induces HSF1 trinzation and DNA bindingand
yet does not induce transcripti¢@otto et al., 1996Jurivich et al., 1996 Interestingly,
salicylate doesiot induce granule formatio(Cotto et al., 1997 This suggests that
granule formatiorcorrelates with the activeHSF1. However, aruncated fornof HSF1
containing only theDBD and trimerization domain dodsrm constitutive granules (at
either37°C or 42°C) (Jolly et al., 2002 HSF1 granules havalsobeen observedfter
heat shockn nontranscibing mitotic cells as well as cells treated with actinomycin D,
indicating that transcripnal activityis nd necessary for granules to ex{3olly et al.,
1997 Jolly et al., 1999

Eventually, other granule components were detechuatlearSUMO transiently
colocalizes with HSF1 granuléklietakangas et al., 200Blong et al., 2001l Thismay
indicate that granudocalized HSF1 is sumoylatedsince Hong et al report
HSFL(K298R) is incapable of forming granules whildietakangaset al report
HSF1(K298R)still forms granules but no longer colocalizes with SUKHetakangas et
al., 2003 Hong et al.,, 2001 HSF2 is alsgoresent inmost (but not all)granules, in
hetep-oligomers with HSF1(Alastalo et al., 2003

The most intriguing components mdied in granules, however,r&a RNA
binding proteins and splicing factoré&pproximately an hour after HSF1 granules form,
heterogeneous nucleaibonucleoproteinhnRNP) A1 associategrotein (HAP) forms
overlapping granules (Weighardt et al., 1999 This recruitment depends on RNA
synthesis, antHAP remains in these granulesell after HSF1 has dispersed again in
recovery(Weighardt et al., 1999 Serine/arginine rich (SR) proteirsgse a family of
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splicing factors involved in both constitutive aniemative splicing;two prototypical
members are SF2/ASF and SQ&Bng and Caceres, 2009 SC35 doesiot colocalize
with eitherHSF1or HAP after heat shock, but SF2/ASF strongly colocalizes with stress
induced HAP granulefCotto et al., 1997/Denegri et al., 2001 Two other SR proteins,
SRp30c and 9G&nd the RNA processing factoai®68 also colocalize with HAP after
stresgDenegri et al., 2001 A subset of HAP granulesolocalize with hnRNP Ms well
(Chiodi et al., 2000 Thus there is strong evidence for a role RNA processingn
nuclear granules, althougalternative functions for these proteins are possibbe
instance,SF2/ASFis also known to stimulate sumoylation of prote{f®lisch et al.,
2010, and HAP was first identified assaaffold attachment factor involved in chromatin
structure(Renz and Fackelmayer, 1996

In 2002, the DNA locus underlying granule formation was fin@gntified. The
DNA binding domain of HSF1 was showo benecessary for granule formation, and a
heterotiromatic region of chromosonmene, 9912, was linkdto HSF1 granule location
using FISH(Denegri et al., 20Q2Jolly et al., 2002 This region consists primarily of
satellite 111 DNA, which in turn largely consisiof GGAAT repeatgGrady et al., 1992
Jolly et al., 2002Prosser et al., 1986 These dmot form gerfect HSEs, but HSF1 wa
capableof binding the sequencén vitro (Jolly et al.,, 200 A single locus does not
account for the number of gransigbserved in cellshowevey andHSF1 was later found
to bind to pericentromeric regions of 14 other chromosomes as well, all of which contain
satellite Il (similarly containing GGAAT repeat®)y Ill repeat sequencéPeneqgri et al.,

2002 Eymery et al., 201,(Prosser et al., 198G agarro et al., 1994
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Despite failure of granule® colocalize wih traditional HSF1 targets, granules
are associatd with newly synthesized RNAgHe et al., 1998 though notpoly(A)*
RNAs (Weighardt et al., 1999 After identification of thegranule targethranosomal
locus sat Il repeatswere found to beanducibly transcribedin an HSFidependent
manner(Jolly et al., 2004Rizzi et al., 2004 The sat Ill transcripts are stable aathain
associated with the 9912 locus long after HSF1 has dispglskglet al., 2001 Sat IlI
transcripts also contain putative binding sites for SF2/ASkiodi et al., 2004 and
recruitment of SF2/ASF an8Rp30c to granules requiraat Il transcripts(Metz et al.,
2004. HSF1ltranscription in granules may be in part regulated by H&B8Xepleting
HSF2 leads to increasedressinducedsat Il transcription but HSF2 overexpression
results in sat Il transcription in the absence of stfBasdqviset al., 2009

Sargeet al observed by immunofluroescence that HSF1 in Hglueman) cells
formed granule struates after heat shock, but that HSF1 in 3T3 (mouse) cells was
diffuse within the nucleugSarge et al., 1993 The authors state that they observed
granules in a number of otherrhan cell lines, but never mouse lines From this they
positthat granulesnight be a distinctly human phenomendfwo other groupsikewise
failed to seegranulesin murine cells ihouse 3T3 or hamster BA460 or HA-1 cells
(Denegri et al., 2002Mivechi et al., 1994 The discovery that sat Ill repeats are
grarule targets firmly reinforced thbelief that ganules are a human characteristic
becausesatellite Il DNA is specificto primategJarmuz et al., 2007 This assumption
has beenchallenged, however, by our very recent discovery thaklegansHSF1

redistribues into nukear puncta after stregMorton and Lamitina, 2093 C. elegans
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HSF1 granules share many properties with human granules, though their target DNA
locus has not yet been identified.
Physiological roles of HSE

Stress resistance

As discused earlier, théeststudied function of HSF1 ihatin stressinducible
gene transcription.HSF1 has been well defiden its ability tobe activated by a wide
variety of stresses, includirigeat, heavy mats, amino acid analoguemjergy depletion
oxidative stressand many different chemical@ncluding proteasome and protease
inhibitors) (Hahn and Thiele, 2004Holmberg et al., 20Q0JacquietSarlin and Polla,
1996 Massie et al., 20Q3Mosser et al., 1988Rossi et al., 1998Sarge et al., 1993
Westerheide and Morimoto, 2008/esterheide et al., 201Zhong et al., 1998 HSF1 is
an essential part of the heat shock respomsfl-/- mice grow to adulthood, but induce
no HSP production with heat shokiao et al., 1999 Mutations in HSF1 also prevent
robustheat shock genexpression in fliesyeast, anavorms (Hajdu-Cronin et al., 2004
Jdllicka et al., 1997Smith and Yaffe, 1991 Interestingly, in both mouse celandC.
elegans HSF1 loss does not seem to affect survival during an initial heat.shuastiead,
HSF1 is required for the acquisition of increased thermotolerance after a preconditioning
stresgyMcColl et al., 2010McMillan et al., 1993.

Development

Although HSF1is most strongly associatedth stressin the literaturejt is an
essential gene in many organisms understogss conditions. Bot8. cerevisiaeandS.
pomberequire HSF for growth atormal temperature@allo et al., 1993Sorger and
Pelham, 1988 HSF1 is also essential for growth beyond an early larval stage in
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elegangHajdu-Cronin et al., 2004Morton and Lamitina, 2003 In Drosophila HSFis
required for oogessis and larval development, thougbt for general cell growth
(Jedlicka et al., 1997 In mice which have multiple HSEHSF1 is dispensable for
viability, but deletion results in placental defects, slowed jpasal growth,andfemale
infertility (Xiao et al., 1999 HSF1is present at high levelsy oocytesand zygotes
(while HSF2 leels are very lowjChristians et al., 199 Metchat et al., 2009 andHsf1-
/- oocytesexhibit meiosis diects and, if fertilized, arrest before the blastocyst stage
(Christians et al., 200MMetchat et al., 2009 HSF1 is thus not only atressinducible
factor butis also an indispensible player fartility and development. Hsf1 mutant
oocytesalsoexhibit higher levels of reactive oxygen species and shows ©ifoxidative
damage, further supporting a role of HSF1 in redox homeo$Bisikamp et al., 2010

Cancer

A great deal of @cent attention has been given to the role of HSF1 in cancer
promdion. HSP levelswere known to beelevated inmany different types of tumors
(Ferrarini et al., 1992Jameel et al., 199dolly and Morimoto, 2000Kaur and Ralhan,
1995 Ralhan and Kaur, 1995andin facta member of the HSP family was onetloé
first identified tumor antigengUlIrich et al., 198%. The Lindquist groupevealedan
association betweemdSF1 and cancey observing that HSF1 is involved imany
processes during transformatigai et al., 200Y, thoughthe transcriptional network
regulated by HSF1 in carcinogenesis appeardiffer from that induced during heat
shock (Mendillo et al., 201p Deficiencies in HSF1 in mice reduce the degree of
turmarigenesis induced bp53 or NF1 mutatioror chemical carcinogen@dai et al.,
2012 Dai et al., 2007Jin et al., 201l High HSF1expression is associated with poor
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breast cancer prognos{®endillo et al.,, 2012 Santagata et al., 20lland HSF1
reduction in human cancer cell lines interferes with prolifera(ioai et al., 2007
Mendillo et al., 2012Meng et al., 2010Sato et al., 2012 HSF1 ha thusbeenproposed
asa promising target for cancer prognositics and therapies.

I nnate immunity

HSPs have a role in immunity in mammalian systems. Extracellular HSP60
seemsteser ve as a fAdanger signal o for innate
them to producero-inflammatorycytokinesTNF-U, interleukin (L) 12 and 11-15 (Chen
et al., 1999 Hsfl-/- mice haveincreased susceptibility t&. coli lipopolysaccharide
(LPS) (Xiao et al., 1999 and are deficient in LPSriggered expression of {6 and
chemokineCCLS5 (Inouye et al., 2004 HSPs are also protectors in the innate immune
responsén C. elegans Worms with HSFL reduced throughithermutaion or RNAI die
from Pseudomonas aeruginospathogenicity more rapidly than wild type, and
overexpression of HSE extends survival in a manner requiring HSP produdi8ngh
and Aballay, 2006a Several hypothesis abottie potential mechasin by whichHSF1
and HSPs aid immunitigave been proposedhey may regulate antimiocrobipéptide
gene expression and protéoiding, they may be necessary for the cell to survive stresses
or toxins induced by the pathogen, thegty be involved in recgnizing foreign peptides,
or they may serve as immune signals themselves when released during cell necrosis
(Chen et al., 199%ingh and Aballay, 2006b The exact mechanism of the heat shock

responseods role in pathogen resistance 1is
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Aging

It has been known for decades that mutations in eiggines can drastically
increasethe lifespan ofC. elegangFriedman and Johnson, 1988nyon et al., 1993
Mutations in these genes also confareased thermotolerangkithgow et al., 1995
linking stress tolerance to longevitgtressinducedHSPexpression declines witgein
rats, C. elegans and human fibroblastBen2Zvi et al., 2009 Fargnoli et al., 1990
Kregel et al., 1995Liu et al., 1989Udelsman et al., 1993andoverexpression of HSPs
extends lifespan iDrosophilaandC. elegangTatar et al., 199/Walker and Lithgow,
2003 Yokoyama et al.,, AR). Pretreatment with a nonlethal heat shoak also
increasevorm and flylifespan(Khazaeli et al., 19971.ithgow et al., 199h

HSF-1 itself was directly implicated iraging by Gariganet al, who foundthat
reduction of HSFL acceleratesging inC. elegangGarigan et al., 2002 Conversely,
HSF1 overexpressiomcreass overall lifespan(Hsu et al., 2008 HSF1 hasalsobeen
directly linked totheinsulin/insulinlike signaling pathwayBarna et al., 2032ZChiang et
al., 2012 Hsu et al., 2003Morley and Morimoto, 2004 a pathwaythat has been
extensively studied for its role in lifespanC. elegansDrosophilaand mice(Bluher et
al., 2003 Clancy et al., 2001Dorman et al., 19955iannakou et al., 2004olzenberger
et al., 2003 Kenyon et al.,, 1993 Mutations of the insulin receptatat2 extendC.
elegandifespan and protect againstoteotoxicity in a manner dependent on both BAF
16 (a FOXO transcription factor) and H3HCohen et al., 20Q06Hsu et al., 2003
Morley and Morimoto, 2004 Dietary restriction, aseparatelongevity-inducing
pathway, also protects against featoxicity by a mechanisndependent orHSFK1
(Steinkraus et al., 2008 One of the current models of aging is that the proteostasis
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network of the cell becomesverburdenedwith age accounting for the critical effect
expression of molecular aperones can hawn longevity. Indeedn C. elegansaging

is a determinant of protein misfolding and proteotoxicity, apparently due to a declining
ability to detoxify damaging protein®en-Zvi et al., 2009 Cohen et al., 2006 HSF1,

as aregulator & molecular chaperonggplays a major part irproteostasis andhe
constituents of aging.

The integral role of HSFih these manyreas relevant to human healtlistrates
the importance of gaining a fulinderstandingof HSF1 regulation. Moreover, our
knowledgeof the behavior of HSR in C. elegansspecifically is surprisingly sparse,
given he prevalence of the woras a moddior HSF1-dependent processes. It was our
goal to gain a greater understanding of HS&ctivation inC. elegansand use this model
organismto explore its regulation.

Project summary

With the aim of determining HSHL localization in a live, intact organism,ew
visualizedtaggedHSF1 in C. elegansandconcluded thain wormsit is a constitutively
nuclear protein During this study, wgenerated many useful reporter worm straind
further charaterizedan hst1 mutant allelein this widely used mael organism. W
discovered thatheat stress induce€. elegansHSF1 to form structuresthat are
reminiscent ofhuman nuclear stress granule€omparison of aange of properties of
these two structures revealed substantial implications for the evolutionary conservation of
granule formation We alsoused the RNAI tools available in the worm to screen for new
regulators ofthe heat stress response pathwain the process, we developeal
MATLAB -based tool to automate analysis afaqgtitative fluorescent datdacilitating
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future largescale screensOne of the many genes identifiedaor screen encodethe
small ubiquitinlike modifier SUMQ We hypothesize #t this modification may be a

direct regulator of HSHA function in worms
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2. HSF-1is an essential nuclear protein that forms stress
granule-like structures following heat shock

Summary

The heat shock transcription factor (HSF) is a conserved regulator of heat shock
inducible gene expression. Physiological roles for HSF inprocesses such as
development, aging, and munity have been defined in great piaarbugh studies of the
single C. elegansHSF homolog,hstl. However, the molecular and cell biological
properties ofhstl in C. elegansare incompletely understood. We generated animals
expressing physiological levels of an H$FGFP fusion protein and examined its
function, localizéion, and regulationn vivo. HSF1::GFP was functional as measured
by its ability to rescue phenotypes associated with hsfl mutant alleles. Rescue of
hst1l development phenotypes was abolished in a HiWAlingdeficient mutant,
demonstrating thahe transcriptional targets ofst1 are critical to its function even in
the absence of stress. Under 1stress conditions, HSE:GFP was found primarily in
the nucleus. Following heat shock, HEEGFP rapidly and reversibhgdistributed into
dynami¢ submuclear structures that share many properties with human nuclear stress
granules, including colocalization with markers of active transcription. Rapid formation
of HSF1 stress granules was promoted H$F~1 DNA binding activity and the
threshold fo stress granule formation was altered by growth temperature -1H8€ss
granule formation was not induced by inhibition of IGF signaling, a pathway previously

suggested to function upstreamhst1l. Our findings suggest that development, stress,

! This chapter is adapted from the published work under the same title by Elizabeth A. Morton and Todd
Lamitina,Aging Cell 12, 112120 (2013).
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and a@ing pathways may regulate H3Ffunction in distinct ways, and that H3F
nuclear stress granule formation is an evolutionarily conserved aspect ofl HSF
regulationin vivo.
Introduction

The heat shock transcription factor (HSF) plays essential and ievalrly
conserved roles in the activation of heat shiockicible gene expression. While HSFs
are best recognized as regulators of stie$sced gene expression, they also contribute
to morecomplex organismabrocesses such as development, growth, agmguunity,
and reproduction. HSFs are also central to many pathophysiological processes and
contribute to tumorogenesias well as to the pathology underlying diseases of protein
mi sfolding, such as Hunt (Cohgriebah,@G0®a etdl., Al z he
2007 Hsu et al., 2003Morley and Morimoto, 2004 Given the importance of HSFs to
these physlogical states, understanding the mechanisms that regulate HSF function
could provide new insights and therapeutic strategies for a variety of diseases
(Westerheide and Morimoto, 2005

In mammals, HSF1 encodes the master regulator of the heat shock response
(Ukerfelt et al., 201 Regulation of HSF1 is thought to occur at several levels. In the
absence of heat shodke predominant model presents mammalian HSF1 as prinaarily
monomeric protein that is bound and repressedhaperones such &gat shock protein
90 (HSP90)(Voellmy and Boellmann, 2007 Following an acute heat shocthese
chaperongbind to misfolded client proteins, releasing HSF1 sat thcan trimerize, bind
sequencespecific heat shock elements (HSEs), and transactivate gene expression. In
human(but not rodentxells, HSF1 also responds to stress by localizing to subnuclear
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structures termed nuclear stress granules (or nucless $&toeliegBiamonti and Vourc'h,
2010). HSF1 stress granules represent the binding of HSF1 to heterochromatic,
pericentromeric repeat regions of DNA, leading to transcription ofcedimg RNAsS
(ncRNAS)(Denegri et al., 200ZEymery et al., 201,QJolly et al., 2004Jolly et al., 1997
Jolly et al., 1999 Stress granule formation seems to be determined by specific DNA
sequences, since rodent HSF1 can be induced to form stress granules when it is in the
presence of human chromoson{&enegri et al.,, 2002 Despite intensive study, the
functional role of HSF1 stress granules and their associated ncRNAs remains one of the
most mysterious aspects of HSF1 regulation. Since HSF1 stress granule formation has
only been observed in primatellse their study has been hampered by the lack of a
suitable system in which to manipulate stress granule formation and ncRNA synthesis.
Moreover, while the biochemical and cell biological properties of HSF1 are well
described in isolated cells, studigsestigating whether similar regulation occurs in a
multicellular organism are more limited.

Recent studies inCaenorhabditis eleganshave played a major role in
understanding how HSF contributes to organigphgsiology While vertebrates express
four major HSFs, worms express a single HSF homdisgl. By sequence homology,
C. eleganHSF1 contains Nlerminal DNA binding and trimerization domains, with a
putative transactivation domain at thet€€minus(Hajdu-Cronin et al., 2004 RNAI-
mediated knockdown dfist1 gives rise to a progeric phenotyf@arigan et al., 2002
while hst1 overexpression promotes longevity and delaysratgged protein misfolding
and proteotoxicityCohen et al., 2008Hsu et al., 2003Morley and Morimoto, 2004
hstl also plays important functional roles € elegansinnate immunity(Singh and
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Aballay, 20063 where it helpsinhibit pathogernduced protein aggregatiom the
intestine(Mohri-Shiomi and Garsin, 2008 Despite these many roles, the localization
pattern and dynamic regulation of th@&. elegansHSF1 protein expressed at
physiological levels have not been reported.

Here, we generate@. elegansexpressing a functional singt®py HSF1::GFP
transgene driven by the natistl promoter. We find thain vivo, HSF1::GFP is a
ubiquitouslyexpressed, predominantly nuclear protein. Following heat shock; HSF
1::GFP does not exhibit furtheudear enrichment but does undergo rapid andrsegvie
reorganization into sutuclear structures that share many characteristics with human
HSF1 stress granules. The rapid formation of these structur@s elegansrequired
DNA binding activity but wasiot induced by inactivation of the insulin/IGF signaling.
These studies are among the first to demonstrate the dynamic nuclear behavior of HSF in
native tissues in a live animal setting, suggesting that nuclear stress granule formation
may be an evolutiarily ancient mechanism for regulating HBFvivo.

Results

HSF-1 constitutively localizes to the nucleus and forms nuclear granules
upon heat shock. Many HSF1-dependent processes have been studied. ielegans
and the properties of overexpressedelegansHSF1 have recently been investigated
(Chiang et al., 2002 However, overexpresse@. elegansHSF1 produces gahof-
function phenotype&Chiang et al., @12 Hsu et al., 2003Morley and Morimoto, 2004
Singh and Aballay, 2006@nd may not accurately reflect the physiological properties of
endogenous HSE. To characterzthese properties, we generated a fluorescent reporter
that fused GFP to the-términus of the HSH protein and integrated this transgene at
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singlecopy level into theC. elegangenomeFigure2-1A) (FrakjeerJensen et al., 2008
Quantitative reatime PCR confirmed that thisansgenic line expressdtstl at near
physiological levels Kigure 2-1B). In contrast with previous studies ofevexpressed
HSF1::GFP, singlecopy HSF1::GFP localized predominantly to the nucleus under
basal conditions (20°CJ{gure2-1C). Following heat shock (35°C for 1 min or 20 min),
HSF1::GFP did not exhibit further accumulation of fluorescence intensity within the
nucleus Figure 2-2), suggesting that during the earliest phaskeleat shock, nuclear
translocation of HSHA::GFP is a minor component of its regulation Gn elegans
However, heat shock did result in the redistributioh HSF1::GFP into distinct
sulmuclear structuresF{gure 2-1C,D), a property reminiscent of human HSF1, which
forms structures termed HSF1 nuclear stress granules upon hea{Gobttolet al., 1997

Jolly et al.,, 199Y. HSF1::GFP granule formation also occurred in tisf1(0k600)
deletion mutant, indicating that stress granule formation does not require the endogenous
HSF1 protein (data not slwn). A PCR fgionderived HSF1::YFP extrachromosomal
arraycontaining introns anthckingthe Gateway adaptor sequences also showed nuclear
enrichment and stress granule formatiéigre 2-3). Quantification of the size df.
elegansHSF1 st ress granules revealed an aver a
smaller than human HSF1 stress granules, which distribute among two populations of
structures with diameters of 0:%.6 um and 1..0 um Eigure 2-1E) (Cotto et al.,

1997. The C. elegandHSF1 structues were also similar in number to human HSF1
granules (7.1+£2.7 granules per nucleusGn elegans(Figure 2-1F) versus 6.8+2.4
granules per nucleus iHelLa cells(Cotto et al., 199)j. Stressinduced HSFL::GFP
granules were observed in all examined tissue typegie 2-4). Polyploid intestinal
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nuclei appeared to contain more granules per nucleus than other cell types, but intestinal
autofluorescencéindered precise quantification (data not shown). Granules formed
within one minute during heat shock at 35°C and dispersed following an hour of recovery
at 20°C Figure2-4). After recovery, HSH::GFP could rdorm nuclear granules with
subsequent heat shocks, althougtiorenation required a longer heat shock suggesting
that stress granule formation exhibits adaptatligure2-5). A decrease in the number

of granules formed in a second heat shock after recovery has also been observed in
human cells(Alastalo et al., 2003 Also like human granulesC. elegansHSF1
granulesfrom a second heat sho¢krmed in locations similar to the initial granules,
suggesting that another existing nuclear structure, such as DNA or RNA, acts as a
scaffold forgranule formation. When animals were grown at 16°C,-HSEFP formed
granul es at heat s h Bigure 2-6). eAmimadsr geowvruat 2@ or O 2 8
25°C formed few or no granules at this temperature, but did form stress granules when
ex posed FigureZ®s). IBisb@gests that the inction of HSF1::GFP granules

by heat shock is adaptable and regulated by growth temperature. Together these data
suggest that stressduced HSFL::GFP nuclear granules . elegangesemble human

HSF1 stress granules in their number, kineticSorenaion, and reversibility.

We considered the possibility that the behavior of HSEFP may represent an artifact

of the GFP tag. We therefore attempted to immunolocalize endogenous worh HSF
using a human antibody previously reported to recognize worfIHSy immunoblot
(Alavez et al., 2011Volovik et al., 2012 Although we could detect human HSF1
expressed in worms, we were unable to immunolocélizadegandiSF1::GFP with this
antibody following heat shock={gure 2-7). As an alternative approach, we generated
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singlecopy transgenic animals expressing an-tdgged form of HSA. We inserted
the HA tag into the H&1 protein between the predicted DNA binding and
transactivation domaingHajduCronin et al., 2004 Like HSF1::GFP, HSFL::HA
localized to the nucleus and-déstributed into granulike structures following heat
shock Figure2-1G-I). HSF1::HA retained function, as measured tsyability to rescue
anhstl mutant Figure2-8A). These data show that H3Fs a predominantly nuclear
protein that undergoes rapand reversiblehanges in sutuclear distribution in response
to acute heat shock @. elegans

HSF-1::GFP is functional. We considered the possibility that the GFP fusion
might disrupt HSFL protein function. We tested this by assessing the ability o HSF
1::GFPto rescuehstl mutant phenotypes. We also investigated the ability of a human
HSF1::GFP protein to functionally substitute f0r elegansHSF1. The hst1(sy441)
allele introduces atgp codon at position 585 preteg the predicted @erminal
transadivation domain, and mutant animals exhibit temperasamsitive growth arrest,
reduced expression of HEIB.2 after heat shock, shortened lifespan, and sensitivity to
pathogengHajdu-Cronin et al., 2004Singh and Aballay, 200¢6a A seconchstl allele,
ok60Q encodes a frameshiftingleletion that eliminates potential regulatory and
transactivation domains at thet€minus of the HSH protein Figure2-1A) and causes
a 100% peneant larval arrest phenotype at all growth temperatures, suggesting that
o0k600is a more severe allele thay441 Whether the lethality adk600is due to loss of
hst1 or another linked mutation has not been described. Soogig wormhst1p::hst
1::GFP rescued the temperatudependent growth defects, temperaiependent
induction of HSP16.2, lifespan reduction, and enhanced pathogen sensitivibsfof

35



1(sy441)mutants Figure2-8A-D). Unlike hst1l overexpression transgenes, Singbpy
HSF1::GFP did not cause increased longevity or enhanced pathogen resistance,
suggesting that this transgene does not produceogidimction phenotypes like #t
observed fohst1 overexpressionHigure2-8C,D). HSF1::GFP was also able to rescue
the larval lethality associated with theft1(ok600)allele, indicating that thek600lethal
phenotype is indeed due to losshsf#1 function Figure 2-8E,F). Human HSF1::GFP
under the control of th€. eleganshst1l promoter was expressed, properly localized to
the nucleus, and capable of forming granules following heat shigkré 2-7, Figure
2-9A), albeit with substantially slower kinetics than those observed with worm HSF
1::GFP (1 hr of heat shock required for human HSF1::GFP versus forh elegans
HSF1::GFP). Human HSF1GFP behaved the san®o granule formation after 1 min,
sparse granule formation after 1 hr of heat shadign given a 42 heat shock as with
35°C heat shock, even though°85should be close to basamperature for a human
protein (data not shown)This observation is iagreement with the behavior ofiBF1
seen in other systems, whehe activation tempature is determined by the host; for
example hHSF1 activates witlh heat shock of 3TC when exressed inXenopugBaler

et al., 1993 Zuo et al., 199 and at 3237°C in Drosophilacells (Clos et al., 1998
However, human HSF1::GFP was bleto rescuehstl(sy441) mutant phenotypes
(Figure 2-9C-F), suggesting that worm and human HSF1 are not functionally
interchangeable. These data show that, in addition to its roles in &giatggansistl

is an essential gene required for larval development and that worri +H&H°, but not
human HSF1::GFPis functional and capable of rescuiigfl-associated mutant
phenotypes itC. elegans
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HSF-1::GFP granules are dynamic and induced by specific environmental
stressors. We next considered the possibility that HEFGFP granules may simply be
the resultof protein aggregation caused by heat shock. We used fluorescence recovery
after photobleaching (FRAP) to examine the mobility of the HSGFP protein within
stressinduced nuclear granules. In contrast to protein aggregates induced by either stress
or aging(Moronetti Mazzeo et al., 20),2puncta of HSA.::GFP exhibited rapid recovery
after photobleachingFHgure 2-10). Similar results have been shown for human HSF1
stress granule@olly et al., 1999 These data demonstrate that the HSEGFP granules
are not aggregates but rather are composed of dynamid HSFP molecules.

In addition to heat shock, other environmental stressmhkiding cadmium and
azetidine, induce the formation of HSF1 granules in human @ellly et al., 1992 We
asked ifC. elegansHSF1::GFP also forms nuclear granules in response to various
environmental stressors. Exposure of HSIGFP worms to osmotic stress (219 mM
NaCl), heavy metals (100 pM cadmium), or ethanol (100 mM) did not induce granule
formation Figure2-11D-F). However, exposure to sodium azide, a welikmanhibitor
of cytochrome oxidase and cellular ATP production and a commonly used anesthetic in
the C. elegandield (Sulston and Hodgkin, 1988induced robust HSE::GFP granule
formation similar to that observed with heat shoElggre 2-11B,C). Conditions that
induced granule formation also activatesf1-dependent gene expression, as measured
using a reporter transgenlbsf16.2p::GFP (Figure 2-11H-M). HSF1:.:.GFP granule
formation can therefore be induced by elevated temperature or througfdep&tedent
inhibition of ATP production, demonstrating that heat shpek seis not required for
granule formatn.
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Posttranslational modification of HSF-1 temporally lags granule formation.
Previous data from several species demonstrate that upon heat shodkjgkibject to
a number of postranslational modification§Ukerfelt et al., 2010 We asked ifC.
elegansHSF1::GFP was similarly modified after heat shock. Consistent with other
recent observations of HSFin C. elegangChiang et al., 2002 HSF1::GFP shifted
towards a higher molecular weight in respe to heat shoclFigure 2-12A), suggesting
it is the target of stresaducible postiranslational modification (PTM). While previous
studies showe that this PTM is due to phosphorylati@@hiang et al., 2002 we were
unable to confirm this by phosphatase assay due to the extremely low abundance of the
singlecopy HSF1::GFP proteindata not shown). The molecular weight shift was not
apparent after one minute of heat shock but was detectable after 10 minutes of heat
shock, thus temporally lagging the observed kinetics of-HSfFess granule formation
(Figure2-12B).

DNA binding promotes HSF1 stress granule formation. Studies in human
cells have established that human HSF1 nuclear stress granules do not represent the
binding of HSF1 to HSEs in canonical HSF1 targets like HSB@Iy et al., 199Y, but
rather H&1 binding to and transcription of n@oding satellite 11 and Ill repeats,
elements specific to primate genom@symery et al., 2030Jolly et al., 2002
Supporting this model, the DNA binding domain of HSF1 is required for stress granule
formation in human cell@lolly et al., 2002 To assesg DNA binding was also requicke
for C. elegansHSF1::GFP stress granules formation, we generated a point mutation
(R145A, equivalent to human R71k&jgure 2-13A) in a completely conserved amino
acid within the DNA binding domain that has been previously shown to be required for
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HSF1-HSE DNA binding (Inouye et al., 2004Morley and Morimoto, 2004 We
expressd this HSFL(R145A) as a fusion with GFP under the natms#l promoter at
single copy level. Like wildype HSF1::GFP, HSF1L(R145A)::GFP was expressed and
localized to the nucleus; however, the ability of HRR145A)::GFP to form nuclear
granules inresponse to acute heat shock was significantly reduegaré 2-13B-D).
This suggests that DNA binding promotes HEgranule formation ilC. elegans

As HSF1 mutant phenotypes are probably due to an inability to transactivate
target gene expression, we examined the ability of -HEA45A)::GFP to rescue the
hst1l mutant allele®k600andsy441 Because thsy441point mutation is viable and the
ok600deletion allele lethaky441likely results in the expression of a partially functional
protein, which is predicted to contain intact DNA binding and oligomerization domains
but lack the putative ®rminal transactivation domain. Given that thé&vacform of
HSF1 is thought to be a trimgBaler et al., 1998 we hypothesized that the DNA
binding-deficient HSF1(R145A), which contains a functional transactivation domain,
might be able to interact with the truncatest1(sy44) protein and provide the missing
transactivation function. Consistent with this motiek1(sy441)animals expressing the
HSF1(R145A)::GFP transgene produced a marked increase in-stdesible gene
expression as compared to thsf1(sy441)backgroundalone Figure 2-13F), though
guantification of this was difficult due to the very low levels of HEF2 expression in
hst1(sy441) However,HSF1(R145A)::GFP was unable to rescue the developmental
functions of HSFL in either thesy441or ok600backgroundsKigure2-13E and data not
shown). The ability of HSF1(R145A)::GFP to partially rescue the strazducible
phenotype ofhstl(sy441)but not the developmental phenotype suggests that the
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functional requirements fdrst1 in stress responses and development may be genetically
separable.

HSF-1 granules inC. eleganscolocalize with markers of active transcription.
In human cells, HSF1 granules represent sites of HSF1 binding at satellite 11 and I
repeats, colocalization with mamis of active transcription such plsosphorylated RNA
poymerase Il and acetylated histones, and transcription of ncRDé&segri et al., 2002
Jolly et al., 2002Jolly et al., 2004Metz et al., 200 BecauseC. elegangontains little
if any satellite repeat DNA sequend&nmons et al., 198®ulston and Brenner, 19)/4
the putative site(s) of HSFE stress granule binding are unknown. Therefore, we asked
whether worm HSH stress granules also colocalized with general markers of active
transcription. We stained control and heat shocked anioradsther the phospholated
serine 2 form of RNA polymerase Il (RNpolll Ser2p) or the acetylategsine 5 form of
histone H2A (H2Aac), both of which have been used as markers of active transcription in
human HSF1 stress granulé3olly et al., 2004 Both of thee markers showed
colocalization with some (but not all) strassluced HSFL::GFP granules Figure
2-14A-C, K, arrows). The overall number of H2é&#&oci was significantly increased by
heat shock, consistent with transcriptionally active HSgranules being induced by
stress Figure 2-15). Although these data do not directly demonstrate transcriptional
activity of HSF1 within nuclear stress granules, they strongly suggest that active
transcription is occurring at some sites of HISgranule formation.

IGF and neuronal genetic pathways inflence HSF1 granule formation.
Previous studies have shown that several genetic and physiological pathways require
HSF1 function. For example, extension of lifespan via activation of insulin signaling
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requires HSFL activity (Hsu et al., 2003Morley and Morimoto, 2004 Likewise, a
recently described neuronal pathway regulates -H8Ependent gene expression
(Prahlad et al.2008 Prahlad and Morimoto, 20)1 To determine if these pathways
regulate HSFL in a way similar to that of heat shock, we examined the expression,
localization, and séssinducible behavior of HSH::GFP in the IGF mutantaf
2(el370)and in the AIY neuron mutaritx-3(ks5) In daf2(el1370),in the absence of
stress, HSA.::GFP localized to and was evenly distributed within the nucleus (of
hypodermis, intestine and @hcell types), as was previously observed in-sibessed
wild-type animals Kigure 2-16E,F, and data not shown). Granule formation could still
be irduced, but quantification of granule formation revealed a statistically significant
decrease in the number of granules induced by heat shodttai?ée1370)background
(Figure2-16H) in hypodermal nuclei. The effect d&f-2(e1370)n granule formation in
other tissues was more difficult to quantify due to the small size of the nuclei and
autofluorescence, although stréisduced granule formation waobserved (data not
shown). Likewise, in the AlY interneuron mutatt-3(ks5),which has beepreviously
shown to be required for nereuronal heashockinducible gene expressioiSF
1::GFP remained localized to the nucleus in the absence of skekswing heat shock

of ttx-3, HSF1::GFP continued to form stress granules in hypodermal nu€igure
2-16D) and other cell types (data not shown). However, as daff2, the number of
granules induced by heat shocktir3 animals was reduced-igure 2-16G). These
findings show that IGF and AFD signaling promote proper sirekscible HSF1::GFP

granule formation but do not alter HEEGFP nuclear localization in nestressful
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environmers, suggesting that the mechanism(s) by which IGF signaling regulatet HSF
is distinct from the mechanisms that regulate HSFR response to heat shock.
Discussion

While much of the work demonstrating a functional role for HSF1 in the
regulation of agingnd diseases of protein aggregation has been carried ©uéiegans,
there is still much to learn regarding the molecular properties of Hi8Rhis system or
any organismal context. Our findings fill important gaps in our knowledge of HSF
biology, povide new resources with which to study this conserved transcription factor,
and describe insights into HSFregulation inC. elegansthat both concur with and
contradict other recent studi@Shiang et al., 2012

The major model for HSF1 regulation predicts it to be predominantly cytoplasmic
under control conditions, constrained by interactions with cytoplasmic heat shock
proteins (HSPs)Voellmy and Boellmann, 2007 Following heat stress, HSPs are
competed away by interactions with misfolded client proteins, allowing HSF1 to
trimerize and translocate to thecleus. While all studies agree that HSF1 is localized to
the nucleus following stress, the localization of HSF1 prior to stress has been
controversial. For exampld)rosophila HSF is considered a constitutively nuclear
protein(Westwood et al., 199X ao et al., 2005 but some studies have suggested that it
is predominantly cytoplasmic and undergoes nuclear translocation with hea{zandk
et al., 1997. Likewise, human HSF1 has been reported both as a nuclear protein under
all conditions(MartinezBalbas et al., 1993ercier et al., 199Pand as a predominty
cytoplasmic protein that undergoes striggBiced nuclear translocatiofBaler et al.,
1993 Sarge et al., 1993 The reasam for these inconsistencies are unclear but may be
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due to artifacts of overexpression or biochemical preparations that artificially place
inactive HSF1 in the cytoplas(Mercier et al., 1999 Recently Chianget al reported
that an HSFL::GFP protein inC. elegansexhibited diffuse nucleaytoplasmic
fluorescence under control conditions, converting to weak nuclear localization after heat
shock (Chiang et al., 2002 This finding contrasts with our observations that HSF
1::GFP is a nuclear protein before and after stress. How can this discrepancy be
explained? One possibility is that the HEFGFP fusion protein differs between theotw
studies and these differing sequences alter localization. Both fusion proteins are derived
from an HSF1 cDNA fused with @erminal GFP via different linker sequences. The
presence of the GFP tag does not affect localization, since aiit$k proteinexhibits
similar nuclear localization to our HSE:GFP protein. Likewise, our linker sequences
also do not affect localizatiprsince an HSH.::YFP protein lacking linkers similarly
localized to the nucleus and formed granules with stress. It is |gosgibt
overexpression of HSE::GFP in the Chiangt al. study alters localization. Higlevel
expression may overwhelm HSFregulatory mechanisms, driving dysregulated HSF
into the cytoplasm. Such dysregulation would be unlikely to affect our H@porter
due to its physiologicdevel expression. This discrepancy could be best resolved by
examining the localization of the endogenous HS#totein, but such studies will require
the generation of new antibodies that are compatible with immunofueres
techniques irC. elegans

One important new finding of our work is that heat shock ind@eslegans
HSF1 to form discrete subnuclear foci that are very similar to structures previously
thought to occur only in primate cells. Whie elegansand human HSH foci share
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many characteristicsTable 2-1), we have not shown that all properties are shared
between the two structures. For examplegman HSF1 granules do not colocalize with
standard HSF1 target3olly et al., 199y but rather with heterochromatic pericentromeric
satll and satlll repeats(Eymery et al., 201,QJolly et al., 2004Metz et al., 2004 where
they promote the transcription of ncRNAs that remain astmtwith the stress granule.
While we have shown th@. elegandHSF1 granules involve DNA binding and are (in a
subset) associated with transcription, we have not shown that such binding is distinct
from the binding of HSH to target promoters or thttese binding sites are associated
with the transcription of ncRNAs. Additionally, worms do not have centromeric
sequences or satellite repeat DNA, so it remains possible that the specific properties of
stress granule binding sites @ elegansmay be dstinct from those in human cells.
Despite these potential differences, it is also possible that .tleéegansstress granules
are sites of centromeiadependent ncRNA transcription. If 0, elegansould provide
important insights regarding the raésuch ncRNAs irhst1-dependent processes. This
is currently an important but unanswered question in the HSF1 field to which studies in
C. eleganzould make an important contribution.

Our data also suggest that the mechanisms regulatinglH&&y not be the same
in all contexts. InC. eleganshstl has been primarily studied at the phenotypic level
where it has roles in aging, immunity, and development. Prior to our work, it was not
clear if these processes acted through mechanisms similar to those by which temperature
regulates HSA activity. We found that activation of HSFvia heat shock induces
granule formation, but inactivation of insulin signaling via mutatiodaH2 doesnot. It
bears noting that we were able to induce granule formation with sodium azide,
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demonstrating that heat shock itself is not required for granule formation. Like inhibition
of insulin signaling, inhibition of AFD signaling vi#x-3 mutation also des not
constitutively induce or prevent granule formation, though it does reduce number of
granules visible per nucleus. This observation could be due to a requirement of neuronal
signaling for stresgnduced granule formation, or possibly due to a deer@atotal HSF

1, as HSFL levels were not quantified in this line. Altogether, our findings provide an
alternative model to that proposed by Chian@l (Chiang et al., 20)2and suggeghat

insulin signaling and temperature might employ distinct mechanisms to contrel HSF
activity.

Consistent with the idea that multiple mechanisms may regulatelH®E also
found evidence that the activity of HSFin development and heat shock ac two
outcomes of a single activation pathway, but rather two mechanistically different
activation pathwaysHigure2-17). Similar observations have been notedDoosophila
hst1 (Jedlicka et al., 1997andC. elegansst1(Walker et al., 2008 We have built on
these observations by showing that DA binding-deficient HSF1(R145A) molecule
could partially complement the transactivateficient hst1(sy441)mutant for stress
inducible gene expression but ror development. This could be explained through
stressspecific oligomerization of HSE(R145A) and HSH.(sy44) molecules, both of
which possess intact putative trimerization domains, leading to an oligomer containing
functional domains for both transactivation and DNA binding. An alternative possibility
is that the R145A mutant may retalow levels of DNA binding activity that are
sufficient to rescudastl stress functions but not developmental functions. Regardless,
the fact that HSA(R145A) is incapable of rescuing development strongly suggests that
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HSF1 has transcriptional targetgen in the absence of stress. Such targets may even be
transcribed by monomeric HSE likely the predominant form in the absence of stress
(Figure 2-17). Further testing of this model, using more precise deletion alleles that
eliminate specific HSA functional domains, is called for.

In conclusion, we have provided néwivoinsights into the regulation of HSF
in C. elegansand its mechanism afegulation by heat shock, including a potenyiall
evolutionarily conserved suahliclear behavior that was previously thought to be present
only in primates. Expression of epitefagged, physiological levels of HSFin vivo
offers new experimental opporities to understand how this protein integrates
development, stress, aging, and metabolic pathways in a live organism setting to
determine conditiorspecific gene expression.
Materials and Methods

C. elegansstrains and culture

The following strains and alleles were used in this study: N2, EG4322
ttTi5605;unc119(ed9) PS355lhstl1(sy441) CB1370daf2(e1370) FK134 ttx-3(ks5)
VC3071 hsf1(ok600)/hinl[unel01(sy241)] UP1459 hDF10/hT2[bli4(e937) let
?(q782) qls48] TJ375 gplslhsp-16.2p::GFP::une54utr], OG153 unc
119(ed3);drEx206[hsip::genomic hsfl::YFP::unc54utr;unc119+], 0G497
drSil3[hstlp::hst1l::GFP::unc-54utr;Cb-unc119+];unc-119(ed9) OG496 drSil2[hst
1p::human hsfl::GFP::unc-54utr;Cb-unc119+];unc-119(ed9), OG566 drSi28[hsf
1p::hst1(R145A)::GFP::une54utr;Cb-unc119+];unc-119(ed9) OG636 drSi4l[hsfp
1p::hst1l::HA::unc-54utr;,Cb-unc119+];unc-119(ed9) OG576 hst1(ok600)/hT2[bk
4(e937) let?(q782) (qls48] OG575 hst1(0k600)/hT2[bk4(e937) let?(q782)
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gls48];drSil3, 0OG574 hst1(0k600);drSi1l3 0OG529 drSil3;ttx3(ks5) 0OG537
drSi13;daf2(e1370) OG532hst1(sy441);drSi13 OG528hst1(sy441);drSil2 0G584
hst1(0k600)/hT2[bh4(e937) let?(q782) qls48];drSi28 OG580 hst1(sy441);drSi28
0OG646 hst1(sy441);drSi41l ok&d0 encodes a deletion that removes sequence from
nucleotide 4212 to 5088 (marked from the A of the start codon of gerfily. This
gives rise to an 877 bp deletion, rather than the Wormbase reported 1085 bp deletion
(flanking sequences of thek600ddetion - 5 - AAATAAAAATTTCTTAGAA [877 bp
deletion] ATGTACATGGGATCCGGTCCA3 6 ) . The resulting c¢cDN
frame shift and lead to an early stop codon. The genotypes of all strains were confirmed
with PCR or DNA sequencing during crosseg/orms we&e maintained on standard
NGM medium with OP50 bacteria, except for EG4322, which was maintained on
HB101.

Molecular biology methods

Four kb of genomic sequence upstream ofHBEL start ATG (inclusive) was
PCR amplified fronC. elegansN2 genomic DNAwith added attB sites and cloned into
the Gateway promoter vector pPDONRP4R (primers OG371 and OG937; plasmid
pOG88). C. eleganshstl cDNA was cloned from EST clone yk609a8 into Gateway
entry clone pDONR221, including the start and stop codons (Ei@Q&289, 0G290,
followed by PCR with attB adaptor primers OG78 and OG79; plasmid pOG37). The first
base pair of the start codon and last two of the stop codon were deleteddyesttx
mutagenesis (QuikChange Il Kit, Cat. #200523) in order to putliree in frame for
Gateway (primers 0OG396, 0G400, 0G475, oG4 7
UTR of unc54 was cloned from pPD95.75 (which contains synthetic introns) into
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Gateway cloning vector pDONRPZP3 (0G949, OG950; plasmid pOG99). Hunheh

1 was recombined from BC014638 from the human ORFeome collection (Open
Biosystems). The HA tag was inserted iftoelegandHSF1 between amino acids 370

and 371 (as counted from the start methionine of -H5by PCR in two parts, using
pOG34 as the templasand primers containing the HA tag (M13 primer in the vector plus
0OG793, and T7 reverse primer in the vector plus OG790). These two fragments were
combined by PCR fusion and attB sites were added using primers OG745 and OG746;
the product was recombinedto pDONR221 tocreate plasmid pOG142The HSF
1(R145A) entry clone (pOG123vas created by sHeirected mutagenesis (QuikChange

Il Kit, Cat. #200523) of pOG34 Plasmids for injection werereated by Invitrogen
Multisite Gateway recombination reamtis of the above promoter, human or wdrshl

coding sequence, and GFP tag into pCFJ150 (creating plasmids pOGléRdans
HSF1::GFP), pOG108 (human HSF1l::GFP)or pOG124 . elegans HSF
1(R145A)::GFR or the above promoter, HSIF:HA entry clone, anggCM5.37 (inc54

360 UTR i n -P3piatdNpCRIATD creating pOG14@. (elegansHSFK1::HA).
Though translatedtt linker sequences are present in the above clones, these do not
appear to affect worm HSE:GFP in either localization or granule formationVe
confirmed this by using PCR aimdvivo recombination to fuse 6 kb of tihesf1 promoter
followed by the genomic version bbt1 to YFP with theunc543 6 UTR and expr
this as an extrachromosomal array. Six kb upstreahnsfdf through the firsintron was
amplified (OG275 and 0G282) from N2 genomic DNA, as h&fsl coding region after

the first exon (OG280 and OG274. OG274 contains overlapping YFP sequence). YFP
followed by theunc543 6 UTR was ampl i fied from pPD132.
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added to théast1 genomic product by PCR fusion. The fragmentas#l promoter and
hst1::YFP were coinjected foin vivo recombination, along with annc-119rescuing
plasmid (MMO051) into arunc119(ed3)mutant. Plasmids for protein expression were
created by Invitrogen Gateway recombination into the expression vector pDEST17
(containing an Nerminal 6XHis tag) using humarst1 cDNA BC014638 or wornist
1 cDNA with an intact stop codon (creating pladspOG143 and pOG20, respectively).
All primer sequences are availableTiable2-2.

Single-copy injection

Singlecopy transgenetic strains were guced as in Fkjaa-Jenseret al. 2008.
Strain EG4322 was maintained at°C6on HB101. This strain contains the Mosl
insertion allele on chromosome &nd theunc119(ed9)allele Young adults were
injected vith a mix of the singleeopy insertionplasmid fisf1 cDNA in pCFJ150 at 50
ngpuL), pGH8 fab-3p::mCherryat 10 ngiL), pCFJ90 hyc2p::mCherryat 2.5 ngiL),
pCFJ104 fhyoe3p::mCherryat 5 nglL), and pJL43.1qlh-2p::transposaseat 50 ngyL.
In the case ofdrSi4l, eft3p::transposasewas usedinstead). Injected worms were
allowed to recover at 2€ for at least an howrndthen individually picked to HB101
plates and put at 26 until starved Nonred, moving worms were selectedd tleir
progeny were singled to isolat@mozygotes (no unprogeny. Only one homozygous
line was selected from any single ingttPO. Homozygous lines were grown to
starvation on 10cm plates agdnomic DNA prepared via phenol/chloroform extraction.
Single-copy insertion was confirmed by PCR amplificationtloé region using primers
just outside the recombination region (OG 967 and OG970,Tabte 2-2). PCR
products of the correct size were verifiedrbgtriction digest.
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Microscopy

Worms were anesthetized in 1 mM levamisole in M9 unless otherwise stated and
imaged on 2% agarose pads. All images (with the exception of the FRAP dtuglies,
2-8E andFigure2-11H-M,) were collected as-&tacks on a Leica DMI4000 with a 63X
lens and deconvolved (10 iterations;Hi§ blind, with background removed) using Leica
software. Images ifkigure2-11H-M were collected on the same microscope, but with a
10X lens and not deconvolved. With the exceptiofriglire 2-2 (in which raw images
were quantified), all quantification of granules was done after deconvolution, using
hypodermal and/or seam cell tail nucleil® nuclei assessed per worm). All worros f
live fluorescence imaging were grown at 20°C (unless otherwise noted) and were L4 the
day before imaging. During comparisons of worms grown at different temperatures, L4s
were picked at different times throughout the day (such that 16°C worms&aduss
more growth than 25°C). To obtain percent of nuclei with granules, nuclei were scored
as fAgr anul adtatldast orie fgrantuldy ehichdefmed as fluorescent puncta
that are distinguishable from surrounding fluorescence on all sides. rddteori of
nuclei with at least one granule for each worm was averaged among all worms to get the
mean + SEM for each sample. For quantification of number of granules per nucleus in
Figure 2-16 and quantification of percent nuclei with granules Higure 2-6, the
experimenter was blinded to genotype Assays of drSil3;ttx3(ks5) and the
corresponding controtirSi13 were performed on worms grown under sparse growth
conditions, as previously describ@@rahlad et al., 2008rahlad and Morimoto, 20),1
and imaged 2425 hr after being pickeds L4. Quantification of total nuclear GFP (for
Figure2-2) was done on nedeconvolved, 1bit images, using ImageJ to take the mean
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grayscalevalue for a nucleus before and after heat shock (1 min or 20 min at 35°C), or
before and after a mock heat shock (1 min or 20 min at 20°C), to correct for
photobleaching (the mean difference in fluorescence after mock heat shock was added to
all of the postheat shock values). Heat shocks for imaging were performed with worms
anesthetized on slides and incubated on an aluminum heat block (at 35°C 1 minute unless
otherwise stated), with the exception of heat shockigure2-11, which was done on
worms anesthetized in 1 mM levamisole on a watch glass slideepted to 35°C and
kept on an aluminum heat block for 30 min, andRgure2-12B, for which worms were
grown at 16°C and the 10 min and 20 min heat shocks were done in 1 mM levamisole on
a watch glass slide in a 35°C incubator. FRAP studm® wonducted on a Zeiss LSM
510 using a 1.2NA water immersion 40X lens. Four samples were observed after 1 min
35°C heat shock, and five samples were observed after 5 min 35°C heat shock.
Photobleaching utilized 50 iterations of a 488nm laser at 50%mpow

Lifespan and immunity assays

For lifespan assays, worms grown at 20°C were picked as L4 and allowed to grow
at 20°C until the next day, when 10 young adults were placed on five 3 cm plates.
Lifespan assays were performed with concentrated OP50 spotteNGM plates
containing 50 uM FUdR at 25°CPseudomona@PAl14) survival assays were performed
as previously describeBingh and Aballay, 200¢avith the addition of FUdRo the
growth media and use of worms grown at 20°C. Lifespan and immunity assays were
conducted at 25°C and replicated at least twice. Worms were classified as alive, dead (no
movement in response to touch with a wire), or censored (lost or bagged)wwoitesa
day duringPseudomonaassays (starting on day 2) and once a day for lifespan assays.
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Immunoblotting

Protein samples were obtained for HBEGFP detection by washing
synchronized young adult worms grown 4 days at 16°C off plates with 16°C M@V
were pelleted (2000 rpm 1 min) and the pellet distributed48 20 € L al i quot s t
tubes, which were incubated either in a 35°C heat block (heat shock) or in a 16°C
incubator (norneat shock). After incubation, samples were flash frozen indliqu
nitrogen. 2X SDSPAGE loading buffer was added to the samples which were then
boiled for >15min before loading. Samplexr HSF1::GFP molecular weight shift
Westernswvere run on a 7.5% SDBBAGE gel(Figure2-12A) or a5% TrisHCI gel (Bio-
Rad Figure2-9B); both were transferred to a nitrocellulose membrane. Membranes were
blocked with 2% milk in 1X TTBS for 1.5 hr, then probed with Roche-@mP mouse
(7.1 and 13.1, 1:100@ilution) and antb-actin mouse (Sigma, AC5, 1:2000 dilution)
primary antibodies overnight, followed by incubation with anduse HRHinked Cell
Signaling Technology secondary antibody (1:2000 dilution). Immunoblots for1I8SP
expression were penfimed on samples of 1% young adult worms (grown &46°C and
picked as L4 the previous day ori@m plates). One plate of each line was heat shocked
for 3 hr in a 35°Ancubator, followed by a 3 hr recovery at 16°&.matching plate was
left at 16°C fo the full 6 hr period (no heat shock control). Plate lids were left slightly
ajar for the first 5 hours of the time period for both sets of sampWerms were
collected into a 20puL volume of M9, 2X SBFFAGE loading buffer was added, and
samples were ol ed O15 mi n. S a mp20% 3SrisHCegele(Biot oaded
Rad) and transferred to a nitrocellulose membrane, which was probed simultaneously
with rabbit antHSP-16.2 (1:5000 dilution, #5506 R120; kind gift of Chris Link, UC
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Boulder) and mouse arfb-actin (1:2000 dilution, Sigma, AC5). Secondary antibodies
used were aminouse HRP (as above) and amatibbit HRP (1:5882 dilution, Amersham).
Bands were visualized with a Thermo Scientific chemiluminescent substrate detection
system (Prod. #34080)\Western results were replicated at least twice. Quantification of
bands was performed using ImageJ software; the intensity of thel613mand divided

by the intensity of the actin band was calculated for each lane, and normalized to the WT
heat shockdne.

Immunoblots of bacterial HSE protein were run on lystates of BL21 cells
expressing either human or worhstl cDNA N-terminally taggedwith 6XHis in
pDEST17. Five milliliterscultures were inoculated with 200uL of overnight culture,
allowed to gromo a density of ~ 0.6 Odg,, induced with 50uL 20% {arabinose, and
allowed to grow 4 more hours at 37°C. Equivalent amounts of each culture (based on
final ODgoo) Were spun down, resuspended in 25uL ICB followed by addition of 25uL 2x
SDSPAGE loading gle and boiling for 10 min. Five microliters of each sample (+/
induction) were run on duplicate 7.5% SPPBGE gels. One gel was stained overnight
with Coomassie blue and one was transferred to a nitrocellulose membrane. The
membrane was blocked with lkniand then probed with a commercial polyclonal -anti
human HSF1 antibody overnight. The antibodies used were: Calbiochem (#385580) at
1:5000 (following a block of 5% milk for 1 hr) or Enzo Life Sciences (SPA) at
1:1000 (following a block of 2% milk f0l1.5 hr). The secondary antibody was anti

rabbit, as above.
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Immunofluorescence

Worms were dissected and stained for immunofluorescence with the following
protocol: adult worms (picked as L4 the day before, grown at 25°Eidore 2-1, 20°C
for Figure 2-7) were picked toa watchglass slide of either 25°C (for no heat shock
samples inFigure 2-1) or 35°C (for heat shock samples) M9, and then placed in an
incubator of tle corresponding temperature. Slides were kept inside a container with a
moist paper towel to maintain humidity. After the heat shock interval (30 min, 1 hr, 1.5
hr, or no interval for no heat shock samples-igure 2-7), worms were picked to 100
mM K,HPQO;, after which a 28G syringe needle was used to dissect them, exposing their
intestines. Dissected worms were picked to 3% paraformaldehyde (diul€&d mM
K,HPQOy), incubated in a roostemperature humid chamber 1 hr, washed five times for
five minutes with BT buffer (20 mM §BO;, 10 mM NaOH, 0.5% Triton »00),
per meabilized with B-mércaptaethana)yincyb&ed inla tednf e r ,
temperature humid chamber 1 hr, washed once for 5 minutes with BT, twice for 5
minutes with AbA buffer (1X PBS, 0.5% BSA, 0.5% Triton2Q0, 10 mM sodium
azide), incubated in AbA in a roetemperature humid chamber 1 hr, and then placed in
200pL primary antibdy diluted in AbA. Samples were left in primary antibody in a 4°C
humid chamber overnight. Primary antibodies used were: mouskEAr{tlone 16B12,
Covance MMS&101R, 1:1000) foFigure 2-1; rabbit antthuman HSF1 (Stressgen SPA
901, 1:100 inFigure2-7E-L, 1:2000 inFigure2-7A-D) and mouse antsFP (Roche 7.1
and 13.1, 1:500) foFigure 2-7; rabbit antiacetythistone H2A (Lys5) (Cell Signaling
#2576, 1:150) and mouse a@FP (Roche 7.1 and 13.1, 1:500) feigure 2-14A-H;
mouse antRNA polymerase Il phosphorserine 2 (clone H5, Covance MNMSR,
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1:300) and Alexa 488onjugated rabbit artFP (Invitrogen A21311, 1:500) féiigure
2-141-P. On the second day, samples were washed five times for five minutes with AbA,
incubated in the appropriate secondary antibodies (Invitrégénl 207 donkey U
Alexa 594, A10680 goat antnouse Alexa 488, A21203 donkey anibuse Alexa 594)
at 1:1000 in AbA in a 4°C humid chamber 2 hr, washed three times for five minutes in
AbA, once for 10 minutes in AbA with 1 pg/mL Hoechst dye, and wdsince again for
five minutes with AbA. After the last wash, worms were picked into a drop of ProLong
Gold (Invitrogen P36934), covered with a cover slip, and imaged the following day.
H2Aac staining distribution was assessed by a MATLAB program tleat e Hoechst
staining to identify the nucleus, then binned pixels of the H2Aac stain 3x3 (in order to
smooth out artifacts of pixéb-pixel variation). The mean intensity of nuclear H2Aac
staining was calculated, and anything below one standard devatiove the mean was
subtracted from the image. The number of discrete objects left was counted as an
approximation of the number of H2Aac puncta. The MATLAB script used in these
studies is available upon request.

RNA isolation and gRT-PCR

Synchronized L1s were grown at 20°C for 3 days. Adults were washed off with
M9 and counted and collected using a COPAS Biosort. Worms were centrifuged briefly
and brought down to a volume of ~100pL, to which 400uL TRIzol was added (Ambion,
Cat. n0.15596018) and the samples were frozen. After three fréleae cycles, 200uL
TRIzol was added, followed by a 5 min room temperature incubation, addition of 140uL
choloroform, vigorous shaking, and a 2 min incubation. Samples were centrifuged at
12,000 x g fo 15 min at 4°C and the aqueous phase was moved to a new tube. From this
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point, RNA was isolated as described by the TRIzol reagent protocol. RNA was treated
with TURBO DNase (from Ambion kit AMM1340) uL DNase in 40 pL RNA sampld,5
min 37°C. An equavolume of 70% ethanol was added and purification was finished
using RNeasy columngQiagen, Cat.no. 74106) following the animal tissue RNA
purification protocol. cDNA was generated using the Applied Biosystems High Capacity
cDNA Reverse Transcriptiokit (Part no. 4368814). cDNA was diluted to 2.5 ng/uL,
9uL of which was used in each 20uL SYBR Green qPCR reaction (Qi&Zpn no.
330523. Primers foract2 andhstl are inTable2-2. Quadruplicate technical replicates
were run.

Statistical analysis

Survival studies were analyzed using the KagN&ier logrank function
(GraphPad Softwardg)Table 2-3). Comparisons of means were analyzed with either a
two-tailed Students-test (2 groups) or ANOVA (3 or more groups) using Bonferroni
posttest analysis. A pairedtést was used iRigure2-2, others were unpaired.-yalues
of <0.05 were considered significant.
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HSF1 Stress Granule Human C. elegans

Property
Reversible V V
Number per nucleus 6.8" 7.1
Size 0.5-3.04" ~0.6
Dynamic V V
Stressors that induce Heat, azetidine, Cd Heat, azide
Reform in similar location \' V
Transcriptionally active V \%
Binds centromeric DNA \% N/A
Transcribes ncCRNA \' ?
Associates with splicing \% ?
factors
Table 2-1. Comparisonof HSF1 stress granule properties between human cell€and
elegans

1 - from Cotto et al, 1997
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Oligo Oligo Sequence Purpose
Name
0G23 | AAGGGCCCGTACGGCCGACTAGTAGG Reverse primer founc543' UTR
0G78 | GGGGACAAGTTTGTACAAAAAAGCAGGCT attB1 adapter primer
0G79 | GGGGACCACTTTGTACAAGAAAGCTGGGT attB2 adapter primer
0G275 | ATTGCAATCTTCCGCTCGGTTTCC Forward primer 6 kb upstream léf1
start
0G280 | GCTGAAATTTGAAGAAAATAGCCCA Forward after firshsf1 exon
0G282 | GAGCCAATTCACTAGAAAAATCCGGCG Reverse after firdist1 intron
0G289 | AAAAAAGCAGGCTATGCAGCCAACAGGGAAT |hsfl forward with start codon plus
CA partial attB1
0G290 | AAGAAAGCTGGGTTTAAACCAAATTAGGATC |hstl reverse with stop codon plus parti
CG attB2
0G371 | GGGGCAACTTTGTATAGAAAAGTTGGAATCG |hstl promoter forward plus attB4
GCCCGGCAAGTGGTAC (upstream 3998 bp from ATG)
0G396 | CCAACTTTGTACAAAAAAGCAGGCTTGCAGC |Mutagenesis for deleting start A fisf1
CAACAGG (sense)
0OG400 | CCTGTTGGCTGCAAGCCTGCTTTTTTGTACAA |Mutagenesis for deleting start Alirsf1l
AGTTGG (antisense)
OG475 | AGTCCATCGGATCCTAATTTGGTTTACCCAGC |Mutagenesis for deletion of stoplistl
TTTCTT (sense)
0G476 | AAGAAAGCTGGGTAAACCAAATTAGGATCCG |Mutagenesis for deletion of stophisfl
ATGGACT (antisense)
0G535 | CCCAATCCAAGAGAGGTATCCTT gRT-PCR primer foract-2, forward
0G536 | GAAGCTCGTTGTAGAAAGTGTGATG gRT-PCR primer foract-2, reverse
0G611 | TATGTACGGCTTCCGAAAGATGA gRT-PCR primer fohst1, forward
0G612 | TCTTGCCGATTGCTTTCTCTTAA gRT-PCR primer fohst1, reverse
OG745 | GGGGACAAGTTTGTACAAAAAAGCAGGCTTG |hstl forward without start codon plus
CAGCCAACAGGGAATCA attB1
OG746 | GGGGACCACTTTGTACAAGAAAGCTGGGTAA |hstlreverse without stop codon plus
ACCAAATTAGGATCCG attB2
0G937 | GGGGACTGCTTTTTTGTACAAACTTGTCATTT |hstl promoter reverse attB1R (with
TACGAACTAGCAC ATG in frame)
0G949 | GGGGACAGCTTTCTTGTACAAAGTGGCAATG |GFP plus attB2R forward
AGTAAAGGAGAAGAACT
0G950 | GGGGACAACTTTGTATAATAAAGTTGAAACA |unc543' UTR plus attB3 reverse
GTTATGTTTGGTATA
0G967 | AGGCAGAATGTGAACAAGACTCG Outside of left arm of MosSCI
recombination site
0G970 | ATCGGGAGGCGAACCTAACTG Outside of right arm of MosSCI
recombination site
0G1055 AGGCAAAGCTCAGCTGATGATATTG Outside deletiomst1(ok600)(intronic)
forward
0G1057 AAAGCCAATAATTGGGCGGAGC Outside deletiomst1(ok600)(intronic)
reverse
0G1156 CATAACAATATGAATAGCATGGTCGCTCAGTT |Mutagenesis fonsf1l R145A (sense)
GAATATGTACGGCTTCCGA
0G1157 TCGGAAGCCGTACATATTCAACTGAGCGACC |Mutagenesis fonsf1l R145A (antisense)
ATGCTATTCATATTGTTATG

Table 2-2. Primers
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Mean Number p-value vs.
Lifespan*y of p-value hsf-
Trial Strain (Days £ SEM) | Worms | vs. N2 1(sy441)
1| N2 11.3+0.5 46/50 <0.0001
hst1(sy441);
drSil3[wormHSF1::GFP] 9.9+0.3 35/50| <0.0001 <0.0001
hst1(sy441) 4.9+0.3 41/50| <0.0001
2| N2 10.5+0.6] 33/50 <0.0001
hst1(sy441);
drSi13[wormHSF1::GFP] 10.4+0.3] 32/50| 0.0036 <0.0001
hst1(sy441) 5.2+0.3 44/50| <0.0001
1] N2 8.6 +0.3 49/50 <0.0001
hsf1(sy441);
drSi12[humanHSE::GFP] 50+04 48/50| <0.0001 0.6048
hst1(sy441) 5.6+0.2 50/50| <0.0001
2| N2 10.5+0.3] 50/50 <0.0001
hst1(sy441);
drSi1l2[humanHSE::GFP] 5.3+0.3 46/50| <0.0001 0.737
hsf1(sy441) 5.1+04 41/50| <0.0001
Table 2-3. Statistics for HSF1::GFP rescue ofhsf-1(sy441)ifespan
*Excludes censored worms. )
y Lifespan assays were done at 25AC
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Figure 2-1. HSF1::GFP is broadly expressed and condenses into nuclear granules
following heat shock

(A) Diagram of thehsflp::hst1(cDNA)::GFP::unc54 3 6 U elpression construct
(drSi1l3 used in this studyhstlpis 4 kb of sequence upstream of tisf1 start ATG.
Notations above the construct diagram indicate changes made to the transgene (R to A at
residue 145 and HA insertion after residue 37)fations below indicate relative
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positions of mutations in the endogenous gene (diagram not to scale.) (BGQRT
comparing wild type (N2) and HSE:GFPhsf1 mRNA levels relative to actin mRNA,
normalized to N2. Shown is the mean relative expressi®EM in drSil3 for three
independent experimentshstl mRNA in a wildtype background is less than double

control wild type, suggesting compensatory mechanisms actihgfdnexpression. (C)
HSF1::GFP localizes primarily to the nucleus at 20°C. Aier 1 min of 35°C heat

shock, HSFL::GFP collects into nuclear puncta (arrows). Shown are four merged (Z

di mension) deconvolved slices degH)HESFi ng hy
1::GFP granule size in hypodermal cells after 1 min 35°Cdtemtk (N = 349 granules).

(F) Number of HSFL::GFP granules per cell in hypodermal cells after 1 min 35°C heat
shock. (N = 100 nuclei). (@ drSi4l a singlecopy line expressindistlp::hst
1::HA:unc-5 4 3 pib Whkch the HA tag is inserted into thhegion between the

putative trimerization and transactivation domains of HeEl cDNA. drSi41 worms

were either heat shocked (G, 30 min at 35°C) or not (F, 30 min at 25°C), dissected, fixed,
probed for HA (red, @), and stained with Hoechst dye (bl@&gd 6 ) . Heat shoc
worms are shown as a control (I). Shown are nine mergelin{&nsion) deconvolved

slices. Dotted line indicates outline of nuclei as determined by Hoechst. Scale bar = 5

gm.
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Figure 2-2. The levels of nuclear HSFL::GFP are not significantly increasedin
response to heat shock

Mean intensity of HSA.::GFPin the nucleus was quantified before and after 1 min (A, N
= 40, representing 11 worms) or 20 min (B, N = 60, representing 11 worms) 35°C heat
shock. Posheat shock mean was corrected for photobleaching effect, as described in

0 Me t h oMesant&D,n.s.- ndt significant, pairedest.)
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Figure 2-3. HSF-1::YFP localization is not affected by absence of Gatewagtt linker
sequences

Thehst1 promoter (6 kb) and genomic DNwere fused to YFP and thenc543 6 UT R
through PCR andh vivo recombination to generate a multicopy array. The resulting
transgenic protein utilizes the endogenbskl start codon and fuses to YFP without any
linker sequences. As with the Gatewdgned HSF1::GFP singlecopy protein, the
HSF1::YFP protein exhibits strong nuclear localization-peat shock (left) and forms

stress granules after 1 minute of a 35°C heat shock (ri§lgle bar % € m.
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No heat shock Heat shock 1hr recovery

Oocyte Hypodermis

Intestine

Figure 2-4. HSF1::GFP is expressed and formgranules in multiple cell types

Images of hypodermal (&), oocyte (BF), or intestinal (&) nuclei in drSil3 HSF
1::GFP worms before heat shock (A,D,G), following 1 min heat shock at EQEH),
and following recovery at 20AC for 1 hour
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Recovery
(2 hr)

Figure 2-5. HSF-1::GFP granules reform in similar locations with subsequent heat
shocks

drSi1l3HSF1::GFP hypodermal nuclei were heat shocked for 1 min at 35°C (A,E,I,M),
allowed to recover for 2 hr at 20°C (B,F,J,N), heat shocked a second time for 1 min
(C,G,K,0), and then heat shocked a third time for 5 min (D,H,L,P). PanklskAow

only one (Zdimension) deconvolved slice,LI show two merged slices, and-Rlshow

three merged slices. Arrows point to HStress granules that appear to reform in the

same | ocation and pattern upon a second

65

he



I 6°C

I 20°C _*
o 1004 [ 25°c
@ * k%
=
cC *%*
E 80 4
(@)
'E 60
=
B
C:J 40
c
=
cC
® 20
o
()
o | B

28°C 33°C
Heat shock temperature

Figure 2-6. The threshold for HSF1::GFP stress granule formation is mfluenced by
growth temperature

HSF1::GFRexpressing worms were grown to young adult at 16°C (black), 20°C (dark

gray) or 25°C (light gray) ahthen subjected to a 5 minute heat shock at either 28°C or

33°C and imaged. Percent of hypodermal nuclei with at least one visible granule was
quantified for each condition (N O 13 wor |
Mean + SEM, ***- p <0001, **-p < 0.01, * p < 0.05).
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Human HSF1 Ab GFP Ab Merge Hoechst
A

Human HSF1::GFP
arSi12

C. elegans HSF-1.:.GFP
darSi13

Figure 2-7. Human HSF1 antibody does not detect heat shocked worm HSFby
immunofluorescence

Non-heat shockedirSi12 (human HSF1::GFP) (#), heat shockedrSil12 (E-H), and
heat shockedrSi13(worm HSF1::GFP) (kL) worms were dissected, fixed, and probed
with a human HSF1 antibody (red, A,E,l) and an-&#P antibody (green, B,F,J). Heat
shock was 35°C for 1 hr. GHpbsitive granules are stained by the HSRfibody in the
human HSF1::GFRxpressing line (arrows). Nuclei (intestinal) are labeled with Hoechst
staining (D,H,L). Shown are 11 mergeddinension) deconvolved slices. Note that the
human HSF1 antibody does notlogalize withC. elegandHSF1::GFP stress granules

(I-L). Scale bar = 5um.
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Figure 2-8. HSF1::GFP is functional

(A) Wild type (WT), hst(sy441);drSi4l[hsflp::hsf1::HA::unc-5 4 30UT-R] , h s
(sy441);drSi13[hsfip::hsFl::GFP::unc5 4 UBR) andhsfl(sy441l)eggs were placed

at 25°C and allowed to grow until wild type was L4/young adult. Worms were analyzed

for size (time of flight) i n a COPMAS Bi os
0.001 as compared test1(sy441). (B) Represntative Western against H3B.2 (top

p a n e | Jactia(bottombpanel) on Whst1(sy441);drSil3andhsf1(sy441worms +
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a 35°C 3h heat shock followed by 3 hr recovery at 16°C. RelativelldSPactin ratio
for WT : hst1(sy441);drSil3 hstl(sy441)is 1.0:0.67:0.22. (C) Lifespan of Whsf
1(sy441) andhst1(sy441);drSil&animals at 25°C (N = 50 for all). (p < 0.0001 between
hst1(sy441)andhst1(sy441);drSil3p = 0.0036 between WT ann$t1(sy441);drSil3
(D) Survival of WT, hst1(sy441) andhsf1(sy441); drSil3animals onP. aeruginosa
PA14 at 25°C (N = 50 for all) (p < 0.0001 betweesh1(sy441)andhst1(sy441);drSil3

p = 0.498 between WT anist1(sy441);drSil3 (E) Images ofok600 homozygous
animals with (lower) or without (upper)etdrSil3HSF1::GFP transgene. Scale bar =
1 0 0 ¢ m. Quantifidatjon what percent of total progeny that readhstage or later
within 3 days at 20°@re homozygous fark60Q with or without thedrSi13HSF1::GFP
transgene.
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Figure 2-9. Human HSF1 is expressed and localizes to the nucleus but does not
rescueC. elegandisf-1(sy441)mutant phenotypes

(A) Human HSF1::GFP @rSi12[hstlp::human hsfl::GFP::unc5 4 3 0 EXprésked
under theC. elegangpromder without heat shock (control), after 1 min 35°C, or 1 hour
35AC. poi
elegans(drSi1l3 and humandrSil2 HSF1::GFP after 30 min at 16°GHS) or 35°C
(+HS), showing shifted (S) amshifted (U) HSFL::GFP. Size markers are indicated to

Arrow nts to a stress gre&nul e.
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the left. (C) Wild typehstl1(sy441) andhsf(sy441);drSil2eggs were placed at 25°C

and allowed to grow until wild type was L4/young adult. Worms were analyzed for size

(time of flighty inaC® AS Bi osort (N O 44 -axn0.00Bhs . Me a
not significant). (D) Representative Western against-H&. 2 (t op -aggianel )
(bottom panel) on young adult wild typehst(sy441);drSil2and hstl(sy441)worms

plus or minus a ha shock of 3 hr 35°C followed by 3 hr recovery at 16°C. (E) Lifespan

of young adult wildtype, hst1(sy441) andhst1(sy441);drSilzanimals at 25°C (N = 50

for all). (p < 0.0001 between N2 ar$fl(sy441);drSil2p = 0.6048 betweehst

1(sy441)and hd-1(sy441);drSil? (D) Survival of young adult wildype, hst1(sy441)
andhst1(sy441);drSilzanimals on PA14 at 25°C (N = 50 for all) (p < 0.0001 between

N2 andhst1(sy441);drSil2p = 0.9251 betweehst1(sy441)and hst1(sy441);drSil2

In the second triahsf1(sy441);drSil2vas significantly shorter lived thdrsf1(sy441)

p < 0.0001).
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Figure 2-10. HSF-1::GFP granules are not aggregates

(A) HSF1::GFP expression after hin 35°C heat shock. A granule (arrow) was
photobleached (B, blue arrow) and imaged through recovery-16 sec recoveryD,

~76 sec recovejy Timestamp in the upper left corner = secosidse start of imaging
Scal e bar = 5¢gm. epeatadirssangbegpgeveniameanshockvof3s°C r

for 1 min (N = 4 nuclei), or 5 min (N = 5 nuclei) with similar results.
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Percent nuclei with granules
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Figure 2-11. Nuclear granules form in response to heat shock and sodium azide

Worms expressingrSil3HSF1::GFP were anesthetized 30 min in 1 mM levamisole at
either room temperature (A), 35°C (HS) (B), 5 mM sodium azide (C), 219 mM NacCl (D),

100 eM(EIJICI or 100 mM et hanol (F) . Scale b
nucki with O one visible granule were quant.i
condition, representi ngp<®.0®Ys.aonirolnsrnot Me an

significant). (HM) TJ375 fsp16.2p::GFP worms were subjected to 30 min of the
sane conditions as in 4, followed by recovery at 20°C for 4 hr before imaging. Scale
bar = 100¢&m.
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Figure 2-12. HSF1::GFP is posttranslationally modified following heat shock

(A) Immunoblot with aniGFP and antb-actin antibodies against young adults worms
expressingdrSil3HSF1::GFP. Worms were subject to 16°E$) or 35°C (+HS) for

the stated times. Arrows point to shifted (S) or unshifted (U)-HSEFP. (B)drSil3
HSF1::GFP worms imaged without heat shock, or after a 35°C heat shock for 1, 5, 10 or

20 minutes. |l mages are from separate worm
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Figure 2-13. HSF1 DNA binding promotes stress granule formation and
developmental rescue ohsf-1(sy441)

(A) Alignment of the region of the DNA binding domain containing R145 (red) from the
indicated species. (B,C) Images dfSil3 HSF1::GFP (WT) anddrSi28 HSF
1(R145A)::GFP (R145A) taken after a 1 min 35°C heat shock, showing granule
formati on (arrow) . Scal e bar -dmenstorg)m.
deconvolved slices. (D) Number of granules per nucleus was quantified for WT and
R145A. (N O 18 w4é0rnuckifor gach pine.e Meam+tSD,t*%p <O
0.001). (E) N2 wild type (WT)hst1l(sy441) andhstl(sy441);drSi2&ggs were placed

at 25°C and allowed to grow until wild type was L4/young adult. Worms were analyzed
for size (time of flight) in a COPABi osort (N O 30 anipmal s.
0.001, n.s- not significant). (F) Representative Western against-H&P (top panel)

a n d-actibn (bottom panel) on young adult wild typestl(sy441);drSi28,and hst
1(sy441worms + a 3 hr 35°C heatatk followed by 3 hr recovery at 16°C.
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Figure 2-14. HSF1::GFP granules colocalize with markers of active transcription

drSi1l3HSF1::GFP worms grown at 25°C were heat shocked for 1.5 hr at 35°C (HS) or
put at 25°C 1.5 hr (no HS) and intestinal nuclei were probed for GFP (green, B,F,J,N)
histone H2A acetylated on Lysine 5 (red, A,E), or RNA polymerase Il phosphorylated on
Serine 2 (red, I,M. Exposure times in | and M were different because we observed
substantially reduced RNA polll Ser2p staining pbstat shock). Nuclei (intestinal)

were detected by Hoechst staining (D,H,L,P). Nuclear staining showed puncta of
fluorescence, some of which show colocalization of GFP and an active transcription

marker (arows). Other puncta exhibit GF#hly (carrot) or active transcription marker

only (open arrowhead) staining. Scal e bar
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Figure 2-15. H2Aac is distributed in a greater number of discrete puncta after heat
shock

(A,B) drSi13HSF1 ::GFPwormsgrown at 25°C werefixed andprobedfor H2Aacafter
1.5 hr at 25°C (no HS) or 1.%r at 35°C (HS). Nuclei (intestinal) were detectedwith
Hoechststaining( A6, B6 ) . 5 & ma | Ima@e®\yere desonvolvedand then
analyzedwith MATLAB to detectnumberof discretepuncawith an intensity of more
thanone standardeviationover themeanintensity Thesenumbersverenormalizedto
the meannumberfor the no HSsamplegMean+ SD, N = 30 nuclej ** - p < 0.001,
St ud etest).6 s
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Figure 2-16. ttx-3 and daf-2 mutations reduce the number of HSFL granules

HSF1::GFP in wildtype (A,B), ttx-3(ks5)(C,D) ordaf2(el370)(E,F) background

before (A,C,E) or after (B,D,F) 1 min 35°C heat shock. Shown are three merged (Z

di mensi on) deconvolved slices. Wor ms wer

Average number of granules per nucleus was quantified for each of the thnee aftter

1mn35°C(NO 15 worms for each, representing O
*-p < 0. 00 1-test)SWild type (WTP anttxi3(ks5)are compared in (G) and

wild type anddaf-2(e1370)n (H).
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Figure 2-17. Model for HSF-1 regulation in C. elegans

HSF1 is a predominately nuclear proteinGn elegansand its modes of activity under
basal conditions and stress conditions (HS) differ.  Sinekgcible activity is
distinguished by stress granule formation, oligomerization, and-tostational
modification of HSF1. Due to its oligomeric nature, vinypothesize that physiological
levels of the DNA bindingleficient HSF1(R145A) can still associate with the active
HSF1 complex and contribute transactivation function to stirmdgcible targets in
trans. The observation that HSHR145A) cannot rescugevelopmental defects in the
sy441transactivatiordeficient background suggests that HBEctivity in the context of
development may not operatetians. Basal targets of HSE, including genes involved
in development and possibly lifespan, requireibinding activity, but may not involve

stress granule formation or oligomerization
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3. A suite of MATLAB -based computational tools for
automated analysis of COPAS Biosort data

Summary

Complex Object Parametric Analyzer and Sorter (COPAS) devices are large
object, fluorescenceapable flow cytometerased for higkhthroughput analysis of live
model organisms, includingprosophila melanogasterCaenorhabditiselegans and
zebrafish. The COPAS is especially useful @ eleganshigh-throughput genomeide
RNA interferencgRNAI) screens that utilize fluorescent reporterwever, analysis of
data from such screens is relatively labdensiveand timeconsuming.Currently, there
are no computational tools available to facilitate Higtoughput analysis o€COPAS
data. We used MATLAB to develop algorithms (COPAquant, COPAmulti, and
COPAcompare) to analyzdifferent types of COPAS dataCOPAquant reads single
sample files, filters and extracts values and value ratios forféachnd then returns a
summaryof the data. COPAmulti reads 96vell autosampling files generated with the
ReFLX adapter, performs sample filtering, graphs features across both wells and plates,
performs some common statistical meastioesit identification, and outputs results in
graphical formats.COPAcompare performs a correlation analysis betweplicate 96
well plates. For many parameters, thresholds may be defined through a simple graphical
user interfac€GUI), allowing our algorithms to meet a variety of screening apphicat
In a screen for regulators of stresducible GFP expression, COPAquant dramatically

accelerated data analysis and allowed us to rapidly move from raw data to hit

2 This chapter is adapted from the published work under the same title by Elizabeth Morton and Todd
Lamitina, Biotechnique#8, xxv-xxx (2010).
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identification. Because the COPAS file structure is standardized and our MATLAB code
is freely available, our algorithnshould be extremely useful for analysis of COPAS data
from multiple platforms and organismslhe MATLAB code is freely available at our
web site(www.med.upenn.edu/lamitinalab/downloads.shiml
Introduction

Automationhas been a great boon to fiedd of high-throughput screeningThe
Complex Object Parametric Analyzer a8drter (COPAS) platform (Union Biometrica,
Holliston, MA, USA) is a tool that allows farapid quantification of the fluorescence,
size, andopticd density of small biological specimersjch axCaenorhabditis elegans
Drosophila and zebrafish.The COPAS utilizes microfluidiapproaches to draw intact
live organismghrough a fluorescenesompatible flow cell aextremely high rates (~50
animals jer secondand quantifies the sizengasured as objetime-of-flight (TOF)),
object optical densitEXT), and fluorescence emissions from tg three separate
fluorescent channels for eaahimal. Because of its complete optical transparenayid
growth rates, and amenability forward and reverse genetic approackeglegangs an
excellent model system fo€EOPASbased high-throughput phenotypic and genetic
studies(Boyd et al., 2010Boyd et al., 2009Burns et al., 2006Doitsidou et al., 2008
Lamitina et al., 2006Smith et al., 2009Sprando et al., 2009 In many cases, these
studies arenabled by the expression of flescent reportaransgenegDoitsidou et al.,
2008 Lamitina et al., 2006Pujol et al., 2008 which often exhibit significarenimaktto-
animal variability. Because ofthis inherent variability in reporter expression,
guantification of fluorescence by the COPMABhin a population of animals is a more
accuratephenotypic assessment than subjective visugdection of individual animals
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(Pujol et al., 2008 While the COPAS excels at the rapid collectiorpopulationbased
data, the number of individualamples analyzed during a largeale screen casasily
reach into the thousasd Efficient analysisof such large COPAS data sets requires the
useof automated computational tools, which haegar not been developed.

Currently, the COPAS can collect datatwo modes, a singlsample mode and an
autosampler 96vell mode. The singlesamplemode permits very large sample sizes to
be analyzed, which is a tremendous advantageagwsaying highly variable or subtle
phenotypes. However, because samples must be loaded oaetiate into the sample
chamber, the throughpwf this moe is slow and labeintensive and bessuited to
smallscale screens.The autosamplemode, enabled by the ReFLX adapter system,
allows rapid analysis of liquidased samplesrom 96well plates, which provides
tremendousample throughputHowever, thesmall volumef 96-well assays limit the
number of events pevell to sample sizes much smaller than thois&ined in the single
sample mode, makinthe autosampler mode well suited to lasgale genomewide
RNA interference (RNAI) or drugcreens thatitilize phenotypes of low variabilityIn
the singlesample mode, each file contains ttega from one sampldn the autosampler
96-well mode, each file contains the data from every wathin a 96well plate,
classified according tavell address.In both cases, the time requiredfilter, extract, and
normalize the data; graph tlseimmary results of the screen; compare resartsng
plates; and statistically identify hits igv@ajor ratelimiting step in the screening pipeline.
Tools that facilitatethe analysis of such largeale data sets would tremendously
advance thdahroughput capability of COPABased assays.Such tools are currently
unavailable.
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Many different software environments aseitable for the analysis of largeale
COPASdatasets, including R, SAS, and Visual Basi&nother program suitable for
such analyses BIATLAB (MathWorks, Natick, MA, USA). MATLAB is a computer
interface progranspecifically designed for analysis of matbaseddata sets, which is
typically applied ¢ the automation and standardization of imagelysis routines.
However, MATLAB canjust as easily be applied to analyze any typawherical data
presented in a matrix formagince the COPAS data file structure istandardized 26 x
n matrix workshet (wheren is the number of events sorted), we reasonedGRERAS
generated data could be analyzedthe MATLAB environment. While analysis of
COPAS data is possible in other programmamyironments, such as Microsoft Excel
andVisual Basic, MATLAB offers several distina@dvantages for COPAS data analyses.
First, MATLAB is an interpreted languag®aking it very easy to learn, use, and modify.
It is compatible with many different operatirsystems (Windows, Linux, Macintosh,
etc.) and is thereforeaccessible to almost all userggardless of platform.Second,
MATLAB can receive user input through custom graphicsgr interfaces (GUIs); end
users need ndbave any experience with MATLAB texecute prewritten MATLAB
functions. Third, MATLAB provides access to a librangf common data handling
methods, graphicakepresentations, and statistical tools that cawisgalized in highly
flexible ways using plottingand imaging commands integrated within MATLAB
program. Such commands musiften be witten de novoin other programming
languages. Since MATLAB is written forscience and engineering applications, this
library is tailored for analysis of scientific dataFinally, MATLAB is widely used
throughouthe biomedical research community, promglaccess to a strong user base for
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teaching, implementatiomnd code sharingThese advantagesrongly support the use
of MATLAB as the software of choice for analysis of COPéd&a sets.

Herein, we describe a suite of MATLABIgorithm® COPAquant,COPAmulti,
and COPAcompate which extract, filter,normalize, graph, statistically analyze, and
compare intraand interplate values fro@OPAS Biosort data files acquired with the
Advanced Acquisition Software Packag@#nion Biometrica). COPAquant analyzdata
generated in the singkample mode, whered&OPAmulti and COPAcompare analyze
dataobtained in the 96vell autosampling ReFLXnode. Automation of this step within
the context of a higkthroughput RNAIi screerallowed us to rapidly move from
secondey validations to hit identification. Although we have used it primarily for
screens irC. elegansthe standard file format of COPAS data filesy simple GUI for
multiwell plate analysesand the freely available nature of the algorithmeke it widely
useful for analysis of any type 6IOPASgenerated data.

Resultsand Discussion

Many RNAI screens performed @. elegansare based on tha vivo expression of
GFP reporters. One such screen under investigationour laboratory involves the
temperaturalependent regulation of amspl16p::GFP reporter. In this strain, GFP
expressionwithin young adult hermaphrodites (TOF490' 1000) is negligible under
basal conditiongFigure 3-1A), but is highly induced in almost aiklls after a brief heat
shock and recovery peridqéfigure3-1B) ( see t he @ tMadeeson farlas
more detailed description of thexperiment). Quantification of this inductiormmong
young adult animals revealed a widestribution of GFPexpression levels between
individuals Figure3-1C), as has been previousigported(Link et al., 1999 Rea et al.,
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2005. However, the population meamecurately reflect expressiaf the transgene
(Figure 3-1D). In order to identify regulators dhe heatshock response pathway @
elegans we conducted a genonwdde RNAI screenfor suppressrs and enhancers of
heat shocldependenthspl16.2p::GFP expression (see Chapten.4 GFP reporter
expression was initially quantified by visuakpection. After the secondary validation
screen, RNAI treatments were quantified uding COPAS Biosort in the singgample
modeof screening.

To facilitate anbysis of the numerou€ OPAS data files generated by our RNAI
screen, we wrote an algorithm, using the programmipdatform MATLAB, to
automatically extractlesired values from COPAS *.txt data files (cile per RNAI
condition) Table3-1). The COPASexports data in a 26olumn format, in whicleach
row represents data from a single wormlhe basic function of our COPAquant
algorithm, COPASFun, imports numerical valueem a COPAS data file.After data
import, COPAquant queries the user as to whether data to be analyzed should be
filtered basedn gating criteria, which are a uniqgue combinattdrCOPAS parameters
(TOF, EXT, Chl, Ch2, and Ch3) that are usdefined during dataacquisition.
COPAquant can be instructeddnalyze gated data only, nongated data onlgllatata.
Using ourhsp16.2p::GFP screen data asn example, we chose to extract gated values
for TOF, EXT, and fluorescencéor each ofthe three fluorescent channel&ecause
COPAS-measuredGFP fluorescence is related to objesize (unpublished data),
COPASFun can corredbr this bias by normalizing to the object TOH heseratio
values (Chl/TOF, ChZOF, Ch3/TOF)are entered into new columnslThe resulting
columns for ou values of interest (TOF, EXT, Chl, Ch2, and Ca8,well as their
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associatedatios) arethen summarized with mean asthndard deviationSD). In the
current screen fdnsp16.2:: GFP regulatorsmeaningful yellow (Ch2) and red (Ch3) data
were not obtained, since this strain does awpress reporters in either of these
fluorescentchannels.These statistics, as well as the numifesgvents in the samplé\j,
are then exported the function COPASImpHigure3-2A).

The COPASImp function sends multip@OPAS *.txt files to COPASFun for
analysis(Figure 3-2A). Once the MATLAB directory iset to the appropriate folder,
COPASImp recognizeand reads all *.txt files within the foldéFigure3-2A). Once all
the files in the foldehave been analyzed, the results are presemi@thble titled Results
(which is automaticallgaved as the tatbelimited text file Results.t{br analysis outside
of MATLAB) as well as ina structure labeled ImStruc (in which each celhtains the
results for one sample)Following analysis, COPASImp queries the user asvioch
parameter should be representedriaphical format.The usesselected parametés then
plotted and displayed-{gure3-2B).

In addition to the form of normalizatiodiscussed above, COPAquant V2 will
alsonormalze all samples to a negative contsaimple to produce a relative fetthange
value(Table3-1). The program presents data in btik raw form Figure3-2B, C) and
in variousnomalized foms (igure 3-2D, E), using thelowest numbered file as the
negative controreference. The mean of the reference samplecadculated for ach
parameter, and each evevithin subsequent samples is divided by thatue, creating a
new, normalized column afalues. The means of the normalized valuas,well as their

SDvalues, are exported back@®PASImp Figure3-2D, E).

86



Using COPAquant, we dramaticalgnhanced the rate of data analysis in our
screenfor regulators ofhsp16.2p::GFP expression usinghe singlesample mode of
COPAS screeningWe were able to rapidly identify hits that affect GFP expression but
not worm growth by analyzing both normalized GFP, as well as normali@gdvalues
(i.e., normalized to the negatizentrol samplé empty vecto RNAI in this case). Prior
to implementation of COPAquarthe time required for manual analysis of a sirtjla y 6 s
worth of COPAS data obtained usittige singlesample acquisition mode frequently
exceeded 8 h Using COPAquant, data from ortay of sorihg are now analyzed,
normalized, andyraphed within 10 ex, which represents a ~3080ld increase in data
analysis efficiency.

In addition to the singlsample sortingnode described above, some labs also
employ an autosampling device called the ReFgpétem. ReFLX-equipped COPAS
systemssort and quantify events from individual wells 96-well plates using the
optional ReFLXsampler. Data from each well are stored withensingle 26écolumn
format file according taheir row and column addres3.o male ourMATLAB program
applicable to ReFLXscreening platforms, we modified our existisghglesample
MATLAB code to read ReFLXfiles. The modified programs, COPAmulti and
COPAcompareKigure3-3 andTable3-1), read raw*.txt files generated by the ReFLX,
filter and extract matices for each well, and summarigseful parametersData from
one or more 96-well files (COPAmulti) or a replicate pair oB6well files
(COPAcompare) are analyzed, ahé data for each plate is stored in a separate call of
Results Structure within MADAB. For eachplate analyzed, the raw datd and well
meant SD for each of eight different parameters for ewasll) are exported to a Results
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Structure, whicltan be accessed for export to other prograffesmake COPAmultas
userfriendly as possiblewe implemented a GUI within MATLABhat allows users to
define several criteria fadata analysis, including filtering cutoffs, tiparameter to be
utilized for analysis, and statisticatiteria and thresholds used to id@nthits (Figure
3-4A). Since these criteria can be adjusthtbugh the GUI and the data are rapidly
reanalyzedthe effects of altered filtering arstiatisticalcriteria are easily determined.
Since ReFLX files offer unique analysiballenges and opportunities not present
in singlesample data collection modes, we implemensederal additional features
commonto highthroughput multiwelbased RNAiscreening for ReFLX file analysis.
First, themean of a useselected parameter from eaebll is plotted in an 8 x 12 matrix
heat maghat is colorcoded by well valueRigure3-3B). This visualization strategy is a
useful way toccompare the data across a plate and dfedps in the identification of plate
edge effectsa common confounder in highroughputRNAI screening(Birmingham et
al., 2009. Second, instead of normalizing a single negative control sample (asdee
for singlesample data analysis), COPAmulikes advantage of the large number of
samplesand uses the plate medcalculated from thenedian 80% of nonzero value
samples to removeffects of outliers) as the negative control valUdiis approach is a
well-accepted data normalizatiostrategy for multiwell plate assays thaan be
uniformly applied across all plagBirmingham et al.,, 2009 In addition to this
normalization strategywe alsoimplemented a second approach (COPAmMUR) that
allows users to define the well(s) thabntain negative control data through the
COPAmulti GUI Figure 3-4B). Using thesecalculated negative control reference
values, wemplement three common statistical tests forithéntification that have been
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previously utilizedn RNAI screening formatst) meant k SD; 2) mediant k MAD; and

3) the multiplecomparisong-test with Bonferroni correctionThe specific significance
test and threshold for eadhst is set within the usadjustable GUI. Eachtest has
specific strengths angeaknesses and some cases may not represent the best statistical
approach for data analysisNonethelessthese methods are among the most commonly
used approaches for analysis of htgloughputRNAI screening datgBirmingham et
al., 2009, and the best approadh usually to compare results obtainedth each
statistical method. In general, the meatr k SD test is the most commonly used hit
identification technique for RNAI screening, due to its ea$ealculation(Bard et al.,
2006 DasGupta et al., 2005 Most screeners utilize 3SD) cutoff with this approach.
However this method is sensitive to outlier data and frequentigses weleer positives.
Decreasing the Sbutoff usually increases false positives tousracceptalyl high rate.

An alternative approadis the mediarx k MAD test. Like the meart k SD test, MAD is
relatively easy to calculate big much less sensitive to outlier datslAD also does a
good job of identifying weak hits whileontrolling falsepositives(Chung et al., 2008

A shortcomingof MAD is that it is not easily linked to probabilityistributions and-
values. Despite thisshortcoming, others have recommended MAD the methoof-
choice for hit selection in higthroughputRNAIi screens(Chung et al., 2008 MAD
valueso f 2 @re commonly used for hit identification genomewide RNAI screen
(Chung et al., 2008 A final commonstatistical test for RNAI screening is thaultiple-
comparisort-test. This statistic is eastp calculate (due to the large number of events in
each well), but is extremely sensitive to outliensd requires multipleomparison
correction(Birmingham et al., 2009 For multiple comparisot-tests, the simplegorm
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of correction is the Bonferroni correctiomhich scales the desirgavalue by the number
of samples to obtain an equivalent multiptenparisorp-value. In general, users should
analyzetheir data with each statisticapproach andtilize the method or combination of
methodsthat most frequently identifies known positigentrols. A major advantage of
our software isthat it allows users to rapidly adjust and teath of these statistical
methods for hit identificatio through the simple GUI.For users thatvish to perform
statistical analysis of their dat&ing other approaches, COPAmulti automaticalyorts
both summarized and raw datadiglimited text files for further analysis.

Following statistical analysishits meeting userdetermined thresholds are
binarized inan 8 x 12 matrix, with hits plotted in whitnd nonhits plotted in black
(Figure3-3C). We also visualize all data from all plates usagell index plot Eigure
3-3D). Such plots areiseful indicators of screen phenotypic behawgimong plates and
can help identify plates withhenotypic drift or substantial varianc&or example, data
in Figure3-3 demonstrate loweralues toward the end of the plate as compuaiiéd the
beginning of the plate. Finally, since some users may screen in duplicate, we
implementeda separate algorithm, COPAcompatiegt allows users toompare results
between tw@lates Figure3-5). COPAcompare plots a useelectedparameter for each
well between twauserselected platesThe degee of overall platéo-plate correlation is
determined by calculatinthe Pearson correlation coefficiei®)( where arR value of 1
equals perfect correlation among alélls and-1 equals perfect opposite correlation
among all wells.

We developed a s@tof MATLAB-basedprograms to process large COPAS file
datasets such as those associated WitlelegansRNAI screens. We implemented one
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program,COPAquant, for comparisons among datfiected in the singleample format,
which is useful forsmallscale screens with larger populationd/e also implemented
two additional programs, COPAmulti and COPAcompaithat use more advanced
filtering, analysis,normalization, and statistical analysis déta from 96éwell plates
obtained using th€OPAS RFLX system.Both programs allowsers to rapidly move
from raw COPAS dat# graphical data representation, replicate pta@parison, and
hit identification withoutextensive knowledge of or experience wikie programming
environment. Our softwaregreatly simplifies the analysis of COPAS datad fills a
major gap in our need for data analywsls for highthroughput screening using this
platform. While we used this program in thalidation steps of an RNAi screen for
regulatorsof a heat shodknducible reporter irC. elegansthe program is customized to
the standard datmrmat output by COPAS Biosort instrumemtisd thus can be used in
any type of COPAS&pplication, including data obtained from otbeganisms.
Materials and Methods

Strains

The C. elegansstrain TJ375 l{sp16.2p::GFP was used in this study and was
obtained from the Caenorhabditis Genetics Center (Universityof Minnesota,
Minneapolis, MN, USA). RNAiwas conducted as describ@damitina et al., 2006
Worms weredispensed to wells as L1s and given 4 daygrtov to adulthood at 16°C.
Worms were visuallgcreened for basal GFP fluorescence,-sbatkedat 35°C for 3 h
allowed to recover at 16°C for 3,hand then visually screed again for wells whose
RNAI treatment prevented activation of the hsehockpromoter. Clones identified as
hits from theprimary screen were rescreened in quadruplieatg compared with an
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empty vector control byjuantitative analysis on the COPA3Hits were considered
verified if their normalized values we@60% of the empty vector.
COPAS Biosort
A COPAS Biosort with Advanced AcquisitioBoftware Version 5.2.69 was

utilized. Systems without Advanced Acquisition Softwase earlier versions othe
COPAS software thato not output data in 26olumn format are natompatible with the
software as written.Youngadult animals fed either empty vector RNAiganespecific
RNAIi were sorted through theOPAS for quantification of GFP fluorescencé/orms
were washed from plates withi B) mL deionized water, placed in the COPAS sample
cup, and analyzed in the singlample formatCOPAS settings were as follows: gain ext,
1; green, 5; yellow, 1; red, 1; threshold signal, BOF minimum, 1photomultiplier tube
(PMT) settings control green, 600; yellow, O; red,Worms were gated based on TOF to
select foradults, and MATLAB analysis was performegpecifically on this gated
population. Althoughwe prefiltered our data during screeni@f)PAquant allows users
to filter raw data filedased on gating status (gated, nongated, atagdl). COPAmMulti
also filters based on gatirggatus and will additionally filter on any COPA®easured
parameter TOF, EXT, fluorescenthannel 1 (Chl), fluoresat channel 2 (Ch2)or
fluorescent channel 3 (Ch3))

MATLAB

MATLAB version 7.0.1.24704 was used in tbreation of this program. MATLAB
M-files for COPAquant, COPAmulti, and COPAcompasas, well as sample data files
and instructional documentation are dely available through ourweb site
(www.med.upenn.edu/lamitinalab/index.shtml
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Statistics

Bar graphs indicate mean value§D. In COPAmulti, we implement the meana
k SD method for hit identification by calculating thpate meant plate ® and then
determiningwhich wells exceed this minimumDOSthreshold. The median absolute
deviation (MAD) testwas conducted using the MAD function in tNATLAB library.
Multiple comparisont-testswere conducted using thetest function in theMATLAB
library. It should be noted that usdefinedP values must be corrected for multiple
comparisons by dividing the selectédvalue bythe number of samples analyzed
(Bonferronicorrection).
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Program Purpose Filtering Parameters Data
capability analyzed normalization
COPAqguant Analysis of Gating status | TOF, Ext, Ch1l, None
singlefile data Ch2, Ch3
COPAquant V2 Anlysis of Gating status | TOF, Ext, Ch1l, File 1
singlefile data Ch2, Ch3
COPAMulti Analysis of 96 Gating status, | TOF, Ext, Ch1, Plate mean
well plate data| TOF, Ext, Chl, Ch2, Ch3
Ch2, Ch3
COPAmMuIlti V2 | Analysis of 96 Gating status, | TOF, Ext, Ch1, Userselected
well plate data| TOF, Ext, Chl, Ch2, Ch3 well(s)
Ch2, Ch3
COPAcompare Pairwise Gating status, | TOF, Ext, Ch1, Plate mean
comparison of| TOF, Ext, Ch1l, Ch2, Ch3
replicate plates Ch2, Ch3
COPAcompare V2 Pairwise Gating status, | TOF, Ext, Ch1, Userselected
comparison of| TOF, Ext, Ch1l, Ch2, Ch3 well(s)
replicate plates Ch2, Ch3

Table 3-1. Analysis properties of the COPAS MATLAB analysis software
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Figure 3-1. COPAS quantification of a heat shockinducible GFP reporter
(A) Photomicrographs dfisp16p::GFP at 16°C or (B) after 3 h of heathock at 35°C

and 3 h of recovery at 16°QC) Values of TOF and green fluorescenegere recorded
for each individual adult worm using the COPAS Bios¢R) The reporter expression in
each population was summarized by mee8D GFP expression normalized to the TOF
and displayed here die foldchange increase of hesttocked worms over noheat

shocked wormsN = 149 for each.
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Figure 3-2. Data analysis flowchart for COPAquant analysis of singlsample mode
data

(A) Data flow is diagrammedor extraction of mean an8D of particular parameters
from COPAS files. Red boxes represent tasks compldigdhe furction COPASFun,
while green boxes represent COPASImp taskB) MATLAB was used to quantify
fluorescence in an RNAI screen for suppressornsspfl6p::GFP expression after heat
shock (35°C).Emptyvector (EV) RNAI represents the negative control beford after
heat shock.GFP andchst1l RNAI representhe positive controls for clones that decrease

expression.HSF1 is a transcription factor thatomoteshsp16.2 expression. Hits are

96



RNAI clones identified as repressing reporter expression in our scréatlues were
normalizedto TOF. (C) TOF values for the same samples as in panel B were graphed.
(D and E) COPASFun versidh0 normalizes each event value to the mean of the 16°C
EV control and returns the new means and stand&wations. Shown are the

normalized graphs for the data in panels B andr@.all conditonsNO 4 1 .
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Figure 3-3. Data analysis flowchart for COPAmulti and COPAcompare analysis of
ReFLX multiwell mode data

'.'..c‘l'nmunm:r
Ch1/TOF

(A) Data flow is diagrammed for extraction of well mean &0 of userdefined
parameters from COPAS ReFLKles. Red boxes represent tasks completed by
COPAmulti. Blue boxes indicatspecific tasks completed b§OPAcompare. Solid
boxes indicate plots generated by COPAmulti or COPAcomp@¥gHeat map plot for
the well means of Ch1l/TOF data from a hypotheticah®8 ReFLX file. Note that the
coloring is autoscaledccording to thespecific data for each platgC) Hit matrix plot
indicating wells that passed a usifinedstatistical threshold (in this case, MAD > 3 for
Ch1/TOF). Hits are plotted in white, and ndnits are plottedn black. (D) Well index
graph plotting the GUselected parameter for each welf. multiple 96-well plates are
analyzed, all wells from all plates are plotted (i.e., plate 1, wed$;lplate 2, wells 97
192; plate 3, well493 278; etc.).
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Figure 3-4. Graphical user interface for COPAmMulti

(A) Screen shot of the COPAmulti GUI demonstrating wserfigurableparameters for
multiwell plate analysesChl, Ch2, and Ch3 refer to the respective fluorescenaenel
(green, yellow, and red on most, buttradl, COPAS systems).The parameter to be

analyzed is selecteffom the dropdown menu in the middle of the GUI. Hit

identification is accomplished via selection of one statistestland associated threshold

criteria. (B) Screen shot of the COPAmiulBUI that allows users to selenkegative

control normalization well(s).
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Figure 3-5. Two plate comparison using COPAcompare
Screen shot of the results from a hypothetical COPAcontparglate comparisonTwo
identical hypotheticalReFLX files were compared with one anothezsulting in a
calculated Pearson correlation coefficiefitl. The calculated Pearson Correlation is
displayed within the MATLAB command console, illastrated in our online tutoria
(www.med.upenn.edu/lamitinalab/downloads.shtnitach point on thgraph represents
a single well, with the xcoordinaterepresenting data from plate 1 and theogprdinate
representing data from plate 2verall correlatiorwas determined using tHeearson
Correlation functiorwithin the MATLAB library.
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4. A genomewide RNAI screen for regulators of HSF1
Summary

The eukaryotic heat shockKactor HSRA is an evolutionaly conserved
transcription factor with functions stress rgsonse protein homestasis,aging, innate
immunity, and cancerlts critical rolein these organismal processeakes its regulation
potentially of greatinterest in theunderstanding anthanagement of human health and
diseaseyet many questions persisbncerning the specifics of HSF1 activatio®ne
such question is thielentity of its upstream regulatorsThe nematode€Caenorhabditis
elegansis an established model fetudyingHSFL-dependent biological processes, and
the tools available in wormaswell as the similarity between worfdSF1 and human
HSF1, make C. ele@ns an excellent system for identifilg new regulators of this
transcription factar We useda bacteriaRNAI feedinglibrary to screen th&€. elegans
genome for regulatoref a heatshockinducible fluorescent reporteand identified 44
genes Knockdown of42 of these genesesultedin decreased reporter expression after
heat shock Knockdown ofoneresulted in limited reporter expression in the absence of
heat shockand knockdowrof anotheresulted in hypemduced reporter expression after
heat shock The hypeitinducer of reporter expression wsi1c1, a geneencodingthe
worm homolog of the pogtanslational modifier SUMO.We hypothesized that SUMO
modification may directly fiect HSF1 activity after heat shockas a mechanism of
activationdependent feedback regulation. Mutation of four potential sumoylation sites
on the HSFL molecule itselfresulted in some phenotyp#sat support this hypothesis
and others that suggest different role for SUMO in heat shocknducible gene

regulation.
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Introduction

HSFL is a highly evolutionarily conserved eukaryotianscription factor with
roles promoting not only responseheatstress but also innatémmunity, development,
andlongevity (Hsu et al., 2003Sarge et al., 199%ingh and Aballay, 2006Xiao et al.,
1999. It has been implicated protectionagainst proteotoxicitand protein aggregation
in models ofhumanneurodegenerativdisea s e s | 1 k es, thohadeloseph,tandn 6
Al z h e i(Guoleen é al., 20Q6Nollen et al., 2004TeixeiraCastro et al., 20)1 More
recently, it was identifieds a possible therapeuticmmognostic target irseveral types of
cancer(Dai et al., 2007Mendillo et al., 2012Santagata adl., 2011 Sato et al., 2012
The regulation of this transcription factor, therefore, is of great interdainran health
and disease.

When activatedy stress, HSF1 upregulates transcription of its target genes, heat
shock proteins (HSPs), to-estdlish proteostasis after stresgygered disruption of
proteinfolding. The process leading to activatiminHSF1is complex HSF1is believed
to be kept in annactive stateunder routine growth Activation upon stress exposure
involves inter and intramolecular interaction releasé&rimerization, postranslational
modification, and DNAbinding (Baler et al., 1993Gree et al., 1995Sarge et al., 1993
A common model of HSEF suppressio proposes that its inactive form is cytoplasmic,
repressed primarily by binding to cytoplasmic chaperof@dease from chaperonasad
translocation to the nucleus are major comgnts of its activatiom this modelBaler et
al., 1996 Zou et al., 1998 An increasing number géports ague howeverthatHSF1
is constitutively nucleatMercier et al., 1999Morton and Lamitina, 2023Nestwood et
al., 199), questiormg the importance of cytoplasmic chapees in its direct regulation.
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In light of thetight and rapidregulation of theactivationprocess, ere areikely many
otheryet unidentified factors involved icontrol ofHSF1activity.

C. elegandias many achntagess a tooin the study of HSE regulation. It is an
establifedmodelfor severalof the above HSE-dependent processémging immunity,
proteotoxicity. It is genetically tractable and optically transparent to fluorescent
reporters allowing localization of tagged proteins or visualization of reporter gene
expression Quantificationof fluores@nt reporte expressions rapid and straightforward
through the use of a small object sorter (COPAS Bioddrion Biometrica and
computational analjs tools (Morton and Laminha, 201Q. Finally, ®mmercially
available libraries obacterial clones expressing doubteanded RNAallow specific
knockdown of target genes thigluRNA interferencéRNAI) and permit rapid genome
wide screeningn C. elegans

The C. elegansHSF homolog,HSF1, shares approximately 32% sequence
similarity overall with human HSF1, with much greater homology in the predicted DNA
binding and trimerization domasn(Figure 1-1). It is also predicted to contain a-C
terminal transactivation domain, like human HSHBjdu-Cronin et al., 2004 Worm
HSF1 hasrecently been shown to exhibit subnuclear redistribution upon hedt stioc
structures very similato the HSF1 stress granules once thougbtbe primatespecific
(Morton and Lamitina, 2093 Smilarity between worm rad human HSF1s suggesist
regulators might be conserved between thedpexies

Here we describe a genomeéde RNAi-based screen for regulators ah
inducible HSF1-dependent transcriptiona¢porter. We identified manygeneswhose
downregulation resulted in decreased exprestiom the target promoterclassifying
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themaspositive regulators ofdat shock reporter expressiofhe predicted functions of
these screen hitsspan many ontological classescluding ribosome structure and
translation, mitochondal function, andposttranslational modification. Many fewer
negative regulators or attenuators were identifi€de latte category consisted solely of
the genesmal, encoding the worm homolog to SUMO, a small ubiquiitee protein
modifier. SUMO is a known direct pestanslational modification oiuman HSF1, but
its function is debated We present evidence that in wan8UMO may be a regulator
involved in deactivation of HSR after transient stress exposuoet that, lke in human
cells, the full effect othis modificationon regulation may be complex

Results
A genomewide RNAI screen identified 44 regulators of hat shockinducible

gene expression. To screen for regulators of a he&ioskinducedreporter, we took
advantage of the RNAI tools available@ elegans Ingestion of double stranded RNA
(dsRNA) byC. eleganss capable of drastidglreducing eypressiorof a homolgous gene
througlout most, but not all, tissues ithe organism(Timmons and Fire, 1998
Escherichia coliclones that targeC. ekgansgenesare commercially available in
librariesthatcover approximately @ of the ~19,000 predicted proteinding genesin
our screen, worms were grown from kd adult 4 day3 at 16C on induced RNAI
bacterial clones, in order to maximimgpresion of target genes.

Our screerassay utilized strain TJ375, a reporter strain expressimgat shock
inducible, HSF1-dependent promoter driving GFRsp16.2p::GFP. Expression offtis
reporter is tightly regulated, withvirtually undetectableexpressionunder growth

conditionsbut very highexpressiorfollowing heat shockKigure4-1). Unless otherwise
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stated, W references herein to heslhock (HS) or 38 treatment of TJ375 refer to 3 hr
exposureon NGM agar plategn a 35C incubator followed by 3 hr recovery at°T5
(Figure 4-1A). Worms were screened for four different phenotypes: 1) expression of
GFP without heat shock, 2) moderately reduced GFP expression following heat shock, 3)
severely reduced GFP expression following heat shock, and 4) hyperexpressed GFP
following heat shock A list of 722 pmmary hits (genes visually selected as haveng
phenotype during the initial screen) is gived able4-1.

Hits from the primaryscreen were subjected to secondary screenfegzondary
screening involved visual examinatiaof the primary hits in quadruplicate, using the
same heat shock protocol. Clones with a visible phenotype in 3 of qnadtuplicate
wells were considered viéed by the rescreenHits wereeliminated if theyalsoreduced
expression of @ol-12p::dsRedeporter(strain OG119})hat was examined suially in a
paired screenon te assumption that knockdown of that gemerfered withgeneral
transgenexpression. {Ones that passed this secondary sc{seaTable4-2, column 1)
were hen quantified fofluorescencexpressiorusing the COPAS Biosb This has the
advantage of allowing the highly variable phenotype of-hrehical gene expression to
be assesseat a population levelRigure4-1F). Additional criteria were implemented at
this step to cull genes into a final hit lidReasonsits were eliminated (or fannotated)
at this junctureincluded1l) COPAS quantification opostheat shockhsp16.2p::GFP
expression (normalized for animal size as measured by time of flight (T@Fysitive
regulators vas O 60% of EV,2) RNAI reducedexpression of norheat stresinduced
reporter,the osmotically activatedpdhlp::GFP/TOF, 3) RNAIi clone could not be
recoveed, or 4 sequencing revealed a different RNAI clone than repofseduencing

105



primer in Table 4-3). Roughly 10% of clones within the RNAbrary are incorrectly
annotated Reasons for elimination and the final gene list are givarabie4-2.

It should be noted that owalidation pocedure wasstringent, and RNAI
efficiency is variable making false negatige in our final screen results a near
inevitability. The primary listof nonvalidatedd h iig gsvénin Table4-1 andcontains
severaladditionalputativeheat shock proteiand chaperonin genédnj-16, dnj-3, cct-1,
cct4, and cct5) and 16 predicted kinases, including MAP kinase kingidel, and
insulin/insulinlike signaling pathway kinaseagel. The Radike GTPaseab-1 is also
on the list, a gene whose describB®INAI phenotype isacceleration of protein
aggregationa process known to involve HSFunction(Nollen et al., 2004 There are
therefore manyhits on this list that might prove valid regulators given further
investigation.

hst1 itself wasblindly identified as a hit during two different primary screens of
chromosome I.It was rescreened in quadruplicate twice, but in only one of these did it
meet the 3 of 4 minimum rescreen criteriastl RNAI clones were also included as
known controls during heat shock on each day of screening, expikgtiuction of GFP
expression ~9 of the time during the primary screenhus,hst1l exemplifies bothhe
general reliability and occasional fallibility of RNA..

Of the 44 verified final hits, 4geneswere idetified whose knockdown reduced
heat shocknduced gene expression. The predicted functions of these pyiasita/e
regulators vagd. The larg&t class consisteaf ribosomal and translational genes. Other
classes of positive regulatorsclude genes involved in transcription, ptsinslational
modification, mitochondria, andevelopment, among other$aple 4-4). Of the two
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remaining hits, one hitsmol, resulted inoverexpression of GFP only after initial
activation, and one hithis-63, had weak constitutive GFP expressiofrigure 4-2
presents quantification of fluorescence for the 43 -pest shock hits. The exact
guantificationvalues are given ifiable4-5.

Constitutive hsp-16.2p::GFP expression was observed with knockdown of
chaperone gene®nly at higher growth temperature. It is notable that only one hit
the histone H3 genehis-63, was identified with constitutivgvery localized) GFP
expressionduring our scree(Figure4-3). The current model of HSE regulatio states
that it is kept inactive by interaction with chaperones, makinguiprising that
knockdown of baperone genes did not indumenstitutiveGFP expresen. To explore
this result we selectively screex a chaperoneRNAI sublibrary at three diférent
growth temperatures: 16, 20°C, and 28C. We found that growit temperature greatly
influencedthe effect of chaperone RNAI amsp16.2p::GFP expression. Expression
without heat shock was visually determiradter growth on RNAI for2 daysat 25C, 3
daysat 20°C, and 4lays at 16°C. Of the 97 different genes screened, only ores
capable of inducing constitutive GFP B8°C, the temperafre at which ouroriginal
screen was conductedMany chaperonelones however,inducal higherbasal levelof
GFP wheranimals wergrown at25°C (Table4-6). GFP expression was assesagdin
the following day, before heat shookthe samples Genes that exhibited phenotype
are summarizedn Table 4-6. It should be noted that in nearly every case, GFP
expression on these clones was extremely localized and appearedpissifie.

The only RNAI clone to produceeakbasalGFPat 16C was hspl. Only 2 of
~30 worms on this clone showed tleispression, expiaing why this clone failed to be
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detectedas a constitutive GFP hit in the original screemspl was identifiedin the
original screen, howeveas having reduced heat shanduced expressiorF{gure4-2).
The contradictory phenotyps increased basal GFP and decreased Ipest shock GFP
was also observed for seveddlthe clonesvhen worms were grown 26°C (Table4-6,
last column). Whg this seems counterintuitive, ormssible explanation is that
upregulation of the stress response Ipaay before heat shogkotectsanimals suchthat
induction of the pathwaig not as robusivhenthey areexposed to acute stresi other
words, inducing basal expression of the heat shock response may be analogous to
preconditioning the animals to heat shodiltimately, we concludéhat knockdown of
single chaperones is insufficient to activagg16.2p::GFPexpression unless worms are
already subject to the mild stress of high growth temperatures.

smal RNAI increased expression othe hsp-16.2p::GFP reporter only after
heat shock. Onescreen hitvas verified with the phenotype of increased levels of GFP
postheat shock.smal encodes thesole worm homolog of SUMO, amall, 11 kDa,
ubiquitin-like peptide that covantly modifies protein SUMO isanessentiagenein C.
elegans Saccharomyces cerevisjaand Drosophila melanogasteiBroday et al., 2004
Johnson et al., 1993dohnson and Hochstrasser, 19%dnes et al., 2002 alamillo et al.,
2008. Modification by SUMO affects many different aspects of protein regulation,
including localization(Dobreva et al., 2003 stability (Desterro et la, 1998, protein
protein interaction(Lin et al., 2006, and protein conformatior(Steinacher and Schar,
2005. Sumoylation is known to occur on many nuclear proteins, often regulating

activity of transcription factorgGill, 2005).
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RNAI againstsmal had an unusual phenotype: hyperexpression of heat shock
induced GFP Kigure 4-4). Knockdown ofsmal had no effect on the reger in the
absence of stress. efbre heat shock, worms had no visible GHrgyre 4-4C),
indicating thatsmol is not a simpleessentialnegative regulator of gene expression.
Expression posteat shock, however, displayed a marked increase in GFP expression
compared to heat shocked emptygtee controls Figure 4-2, Figure4-4B, D). This is
true not only for the transgenltsp16.2p::GFP reporter, but alsdor the endogenous
HSP-16.2 protein Figure 4-4E). This obsevation led us to hypothesizbat smal is
involved in activatiordependent suppression of the heat stress pathpasgibly via
direct modification of the HSE protein

smal RNAI affects inducible expression ofgpdh1p::GFP. As part of the
rescreening proces®NAI hits were screen for phenotype on another strasslucible
reporter: the osmoticalinducedgpdh-1p::GFP. smel RNAIi was also found, in most
trials, to increae posistress expression of this reportBigure4-5B). This suggests that
effects of SUMO arenot restricted d the heat stress pathwaymo1l RNAI does not
affect all transgene expgen, as demonstrated by the unaltesegbression of the
constitutive reporteunc54p: YFP (Figure 4-5A). Our original aim being to identify
heat stresspecific regulators, we eliminated RNAI clones fridm positive regulator hit
list if they reduced expression of bdikp16.2p::GFPandgpdhlp::GFP. A literature
search revealed that human HSF1 is a known SUMO térysig et al., 2001 and
shortly after ar screen was completed, Kamingiyal. found thatC. elegandHSF1 isa

SUMO conjugate, thougthe function of the modificatiowasunclear(Kaminsky et al.,
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2009. On the basis of thesgbservationswe continued to exploreur hypothesis that
SUMO is a direct regulator of HSFand retained it in the final RNAI hit list.

gei1l7 RNAI decreased expression ohsp-16.2p::GFP reporter. If SUMO
attenuateshe heat stress response pathwa@gwnregulation of enzymes that promote
sumoylation should phenocopgmael RNAIi. Like ubiquitin conjugation,SUMO
conjugationinvolvesmultiple enzymes: ak1 activating enzymea(heterodimer of Ads
and Uba2, E2 conjugating enzymgUbc9), and E3 ligases (facilitating SUMO
conjugation to targe)s get17, theSUMO E3 ligase inC. elegangHolway et al., 200
was a verified hit in our screen, bits phaotypewas the opgpsite of the ongrediced
based orsmel RNAi. While sme1l RNAI increased heat shogkduced GFPger17
RNAI decreased it Kigure 4-2, Figure 4-6). One quality of SUMO conjugation,
however is the capacity ofthe E2 erzyme to directly interacwith target protein
sequencegBuschmann et al., 200Bampson et al., 20pland sumoylation hakeen
demonstrated toccurin the absence of an E3 vitro (Hietakangas et al., 20p0®kuma
et al., 1999 Thus, kockdown of theE3 does not necessarily precluderole for
sumoylation.

We hypothesizedhat the effects obmel and gei17 RNAI were through the
transcriptionfactor HSF1 and thusshould translate to other transcriptional targets of
HSF1. Using gRT-PCR we examined mRNA levels ofisp70 (C12C8.1)after heat
shock hsp70 expressions reduced omsf1l RNAi andger17 RNAI, and hypefinduced
on smel RNAI (Figure 4-7), the same expression pattern seen Wigp-16.2p: GFP.
The regulatory effects of SUMO and GETI therefore apply to at least two different
HSF1 targets
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Though no otheBUMO conjugation enzymes wepellled out during ouscreen,
these results prompted us to do directed screening on other members of djatsom
pathway. RNAI clones against the E1 enzymgere unavailable, but RNAI against the
E2, ubc9, showedsignificantly greatehsp16.2::GFP expression than ENsuggesting a
phenocopyingf smal (Figure4-6F).

The effect of smal RNAI is independent of growth temperature and
development, but dependent on HSA. SUMO has a role idevelopment in worms
(Broday et al., 2004Jones et al., 200Rytinki et al., 201} In order to eliminate
complicating developmentafactors inthe smel RNAi phenotype, we exposeasp
16.2p::GFPworms tosmal RNAI postdevelopmentally (plateds L43 and quantified
their GFP expression after 1, 2, or 3 days of knockdown 4@ (lBigure 4-8). After 2
days, we saw increased GFP expression o$thel RNAi worms compared to their EV
counterparts, indicating that the phenotype is independent of the developmental role of
SUMO.

As evidenced by th chaperone knockdown resudisove, growth teperature can
influence response to heat stres&4/e examinedmael RNAI on worms grown at 1€,
20°C, and 28C. At all temperatures, posteat shockhsp16.2p::GFP expression was
increased byxposure tasmal RNAI (Figure4-9). Reporter hyperexpression esmal
RNAI is not specific to growttemperature.

We asked if the effect ofmel RNAi was dependent oHSF1 activity. The
allele hst1(sy441)containsa nonsense mutatigast before the predicted transactivation
domain at the €erminus of the protein. These mutants are viable (uhigéd nulls),
but exhibit deficiencies in lifgpan, immunity, development, and strasducible gene
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expression. Expression of thep16.2p::GFPreporter in this background demonstdhate
that heat shock no longer indackigh levels of GFP osmael RNAI (Figure4-10A).
Heatinduced HSPL6.2 expression is not completely abolished in bs¢1(sy441)
hypomorph, howeverand the very low levels of GFP induced tretidoward further
reductionon hstl RNAi and slight increaseon smel RNAI, though neither to a
significant extentKigure4-10B). We concludedhatthe very high levels of GFP seen
with heat shock osma1 RNAI arethe result of an HSE-dependent pathway.

HSF-1(K4xR)::GFP rescueshsf-1 mutant phenotypes It is to be expectedhat
global knockdownof SUMO will affect more aspects of physiologhan just heat
inducedgene expressionKaminskyet al identified 248protens conjugated to SUMO
in worms of mixed developmental stag&aminsky et al., 2009 Consistent with our
hypothesisthat HSF1 is one of thedirect target of sumoylation,mass spectrometry
revealedworm HSF1 as a SUMO conjugat@Kaminsky et al., 2000 We approached
the problem ofparsing the effects of SUMO oRISF1 regulation specifically by
attemptingto generate a nesumoylatable fon of HSF1.

SUMO modification occurs on a lysineesidue and most frequently at a
consensus motifKXE, where@ i s a hydr op Kaesbkanycamimoeasid) d u e
(Rodriguez et al., 2001 Human HSF1 is sumoylated at lysine 28®ng et al., 20011
Unfortunately, this residue is in the poedgnserved regulatory domain, and there is no
equivalent lysine in wrm HSF1. We used computational methaspredict potentially
sumoylated lysines based on sequence anaysiorm HSF1 (Ren et &, 2009. The
programusedidentified potential sites based both on the consensus motif as well as
predictednon-cannonicalsumoylation sites Four residues were identified as potential
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targets of sumoylatiom the HSF1 protein lysines K24, K192K239, and K434Figure
4-11A). We used sita@irected mutagenesis toutatethese lysines to arginings hsf1
cDNA, maintainng the positively charged residwehile eliminating potential targets for
sumoylation

We expressed this mutated construct as an integraieglecopy transgene,
under 4 kb of the nativénstl promoter and with a @rminal GFP tag (HSF
1(K4xR)::GFP). This construct wascapable of reagng development as the witgipe
version of the constuct (HSF1::GFP) (Morton and Lamitina, 20)3in two different
mutant backgroundshg§fl(sy441)and the more severe allelast1(ok600) (Figure
4-11B,C). Mutationof theselysines, therefore, did not interfere with activity of HS
a developmental context.

smal RNAI decreases worm lifespaRigure4-11D). As HSF1 activation and
overexpressiorare known to extend worm lifesparfHsu et al., 2003Lithgow et al.,
1999, our hsp16.2p::GFP smel RNAI result wouldpredict knockdown osme1 to
either ingcease lifespamr more likely (given that the effect afmael in our screen as
only seen after heahock have no effect on lifespanHSF1(K4xR)::GFP and HSF
1::GFP were equally capable of rescuing the lifespan phenotyipsf bfsy441)(Figure
4-11E), though HSFL(K4xR)::GFP did have statistically reduced survival in a single trial
of pathogen resistanc&igure4-11F). Absence of a phenotypeith the lysine mutant
could be interpreted to mean we have not successfully interfered with sumqyteition
that HSF1 is notthe relevant target of sumoylatiobut it is also consistentith the
model that SUMO is a repressor only of streskiced HSFL activity, and short lifespan
onsmoal RNAI is due to effects of sumoylation on proteins other than-HSF
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On the prediction thathe effect of SUMO on HSE is stresslependent, &
asked ifHSF1(K4xR)::GFP display resistancephenotyps in assag of induced stress
In our test for thermotolerance (survival at continuously high temperatteedgain
failed toobserveincreased survivalith HSF1(K4xR)::GFP(Figure4-11G). However,
the mutanthst1(sy441)alone also failed to display a phatype in this assay This
observation has been made bef@€eurtis et al., 2012McColl et al., 201), leading to a
current model that HSE is not involved in deinse against a primary heat shololat
rather in acquisition of increased tolerance against subsequent heat shocks (an assay in
which hst1(sy441)does display a phenotype).

Based on theseesults, the betteassay to uses onethat might involvepostheat
shock gene expression. A recently published paper descmieskay for survival after
an acute heat stress with oithout a preconditionindpeat stresgKourtis et al., 201p
Unlike the published work, we were unable to detect reduced suofiVadf1(sy441)
and survival of both wildype and mutant controls was inconsist@figure4-12). The
lack of control consistency prohibits reliabledrpretation of the resultbutwe do note
thatpreconditioned HSA (K4xR)::GFP repeatedly showed the highest survival rates.

HSF-1(K4xR)::GFP exhibits normal stress behavior Formation of nuclear
stress granules is a behavior of HBFRssociated with stress activationGn elegans
(Morton and Lamitina, 2003 We hypothesizedhat H3--1(K4xR)::GFP might be
alteredin its ability to form granules, recovery from them, offgem them after a second
stress However, HSF1(K4xR)::GFP showedo defect in nalear localization, and
exhibitedthe same granulrmation behavior as HSE.:GFP (Figure 4-13A-H). The
same resultvas seen for HSE::GFP grown orsmael RNAI (data not shown).HSF
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1(K4xR)::GFP also appearetd undergoa heatinduced increase in molecular vgit
(Figure 4-13l). The molecular weight increase immediately followingahshock has
been shown to be the resultpsfosphorylationnotsumoylation(Chiang et al., 2012

HSF-1(K4xR)::GFP expression phenocopiesmol RNAI in some genetic
backgrounds smo-1 RNAIi causes an increase in H3B.2 expression after aeshock.

If the mechanism fahis involvessumoylation of one of our identified lysines, the lysine
mutant HSFL(K4xR) should phenocopgmal RNAI in its expression of HSB6.2. We
comparedrescue of HSHL6.2 induction withHSF1::GFP and HSH(K4xR)::GFP in
two differenthst1 mutant backgrounds. In the backgroundchsfl(sy441) rescue with
HSF1(K4xR)::GFPshowed hyperexpression of H3B.2 after heat shock compared to
wild-type HSF1::GFP, phenocopyingmael RNAI (Figure4-14A). Rescue in thést
1(ok600)background, surprisingly, did not display tpisenotypgFigure4-14B).

These conflicting results led su to question whether theHSP16.2
hyperexpression phenotyp&s really due to lack of HSF sumoylation If mutation of
the potentl target lysinesibolished sumoylation of HSE, andif sumoyation of HSF1
is responsible for thelISP-16.2 phenotypesmael RNAI on HSF1(K4xR)::GFP worms
should result in no further increase of HE®2 expressiorfi.e. depletionof SUMO
should haveno effect if the relevant target already cannot be sumoylateityease of
HSR16.2 onsmael RNAI would indicate thasumoylation is still capable of repressing
HSP16.2 expression even in the absence of the potential sumoylation sites dh HSF
suggesting the action is thugh a different targdor target site) Examination of HSP
16.2 expression after heat shoak hst1(ok600) HSF1(K4xXR)::GFRrescued lines on
empty vector osmael RNAi showed a decrease in H3B.2 onsmoel RNAI (Figure
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4-14C). ParadoxicallyHSF1::GFP onsmal RNAI did not show the increase in HSP
16.2 expression previously seen with wiyghe HSF1, even though control TJ37én
matching RNAI plées did display themael RNAI phenotypgdata not shown)Whether
this could bethe result of a defiency in the strain backgrourmt a characteristic of the
rescuing transgene is unclear.

In this set of experimentdHSF1(K4xR)::GFP inducel HSR16.2 expression
higher than HSA.::GFP when bth wee on empty vectorqfompardanes 1 and &igure
4-14C). The only apparent difference between #perimental conditions which hsf
1(0k600Q:hst1(K4xR)::GFPshows the hyperexpression phenotype and those in which it
doesis the food source usedrhis could potentially account fahe inconsistent results,
as theRNAi-expressing strain of bacteria usedFigure 4-14C, HT115, contributes to
stress preconditioningifferently thanOP50,the standard strain used kigure 4-14A
and B(LaRue and Padilla, 20)1Clearly, furtherinvestigation is needeid reconcile the
results shown here and fully understdinelrole of SUMO in the heat shock response.
Discussion

We describe here an RNABased screen for regulatas$ heat shocknducible
gene expressionWe identified 44 genethat affected expression of an H&Hependent
reporter the majority ofwhich exhibted reducedreporterexpressiomafter heat shock.
One genavas identified as a potential feedback regatahewor més S UMO homol
Knockdown of SUMO caused no change in basal phenotype but resulted in
hyperexpression of HSE target genes after an initial heat sho¢kis was dependent on
HSF1 but independent of growth temperature and developmentattefof SUMO
knockdown. From this observatiorwe hypothesized thaumoylation may be involved
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in deactivation of thenducedheat stress response pathwag modification of HSFL.
We mutated four potentially sumoylated lysines in the S#tdein andphenocopied
smal RNAI effect onHSPR-16.2 expressin, but only in certain genetic backgrounds

Surprisingly,our screen identifietio chaperonewhose depletiorconstitutively
activatedHSP expression This was unggected in lightof the model thatchaperones
bind to HSF1 and maintain it in an inactive fo(Beler et al., 1996Zou et al., 1998
One exjanation isredundancyn the repression of HSE, such thatlepletion of a single
chaperones not sufficient for activation Another possibility is thaspecific single
chaperoneslo repress HSH, and our failure to detect them was a false negative
either to the inefficiency of RNAIi or a lack in library coverage (for instance, the
chaperone DAR1 is not present in our libraries)n combinationwith our published
observatiorthatworm HSF1 is constitutively nucleafMorton and Lamitina, 20)3we
feel the simpleséxplanation is that cytoplasmic chaperosasply do not have a major
repressiverole in the acute stresssponse. This would contradict tthengstanding
model, butothers havelso proposed inconsistencies with chapemapeession of HSF
1 (Rabindran et al., 1994NVestwood and Wu, 1993 We did find tlat RNAi against
chaperone genasducal localizedbasalhsp16.20::GFP expression when worms were
cultured at 28C. This suggests that downregulation of a €ingdiaperone is enough to
activatetarget gene expressiam certain tissuesrhenin conjunction with a mild degree
of stress.

The largest classf genes in the final hit list véaribosomal componenénd other
genesinvolved in translation Becauseknockdown of these genes did not reduce
expression in asther transgenic reporteit is unlikely that the reduceasp16.2p::GFP
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expreswn is simply due talobally reduced protein translatiorinstead, this rest may
suggest a role fdranslationin regulation of the heat shock respongerecent screen for
HSFL regulators using a library ddacharomyces cerevisiass of function alleles
similarly identified many translenal mutations with reduced H$Fctivity (Brandman
et al.,, 2012 Thesecomponent®f translationrmay be involved in sensing problems with
nascent protein foldingnd signaling to the stress response pathway. The yeast mutant
screen also identifiechany mitochondrial mutants, another class of genes present in our
hit list, suggesting that roles for these processes in -HSfegulation may be
evolutionarily conserwk

The worm homolog for SUMO was identified in our screeithwa unique
phenotype:activationdependentrepression of HSR target genesxpression. HSH
itself is a promising target for sumoylationrHuman HSF1 isnducibly modified by
SUMO-1 on lysine 298 in the regulatory domai(Hong et al., 200l Heat shock
induced phosphorylation is a prerequisite for this sumoylgtibetakangas et al., 2003
The effectof sumoylation on HSFactivity is debated. Some report that sumoylation of
HSF1 promotes granule formatiddNA bindingandtarget gend¢ransactiation(Hong et
al., 200). Others argue thatonsumoylatable HSF1 is still capable of DNA binding and
forming nuclea grandes, but sumoylationrepresss inducible gene expression
(Hietakangas et al., 2008lietakangas et al., 20p6 Our data on SUMO depletioim
worms are in general agreement with thitsdr report We hypothesized that wo HSF
1 was inducibly sumoylated and that sumoylation was an activdépandent repressor
of HSF1 activity. This hypothesis was supported by observations shail RNAI
increased podteat shock expression of twoffdrent HSF1 target genesnutatian of
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potential sumoylation sitas HSF1 phenocopied this in at least one genetic background
andtheliterature repod that worm HSFL is a SUMO conjugatéKaminsky et al., 2000
We have encounterestveral discrepancies with amodel| however discussed below.

Although we did not show herehat C. elegansHSF-1 is directly sumaglated,
proteomics for SUMO conjugates habeen done omnstressedmixed stage wors
(Kaminsky et al., 200p HSF1 was identified as a SUMO conjugate in this screen,
confirming that it is a direct target of sumoylation, buntcadicting our hypothesis that
sunoylation is stresinduced There are many possible explanations for tids.elegans
HSF1 may be constitutivdy sumoylated(unlike human HSH1 and the heat shock
specific phenotype we see is due to inteom with dher regulators. Alternatively, HSF
1 may besubject toboth constitutive and inducible sumoylatjaor the samples in the
study were stressed in some way during the extraction pro¢eddueing sumoylation.
Finally, early developmental stagesay differ from the adults used in our RNAi screen
in their HSF1 sumoylation properties SinceSUMO has a role in development, and
HSF1 in worms has recently been shown to be expressed at the highest levels during the
earliest stages of developméwblovik et al., 2012, it is not astretch to propose that the
interaction between SUMO and H8Fmay be different during development than it is in
adulthood.

We predictedhat muation of four lysines in potentialumoylation sites in HSE
would phenocopy themael RNAi-inducedoverexpression of HSP6.2 seen after heat
shock. These sites were selectarledy on sequence analysis, ists possible that HSE
is sumoylaéd on a nortanonical sequee that we did not mutateUnfortunately,we
were unable tobiochemically confirmsumoylation of HSH. As a result the
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inconsistencieseen with théHSF1 lysine mutanin this workcould be due tonutation
of incorrectlysines orto HSF1 not being the relevant direct SUMarget at all

Rescue with HSA(K4xR) reproducedthe smal RNAIi phenotype butonly in a
background of a hypomorphallele of hstl (sy44), andnot in a null ©k60Q. This
could be due to unknawgenetic differencem the backgrounsiof these straindailure
to have mutated the gect lysines, or compromised protein function conferred by
mutation of multiple lysinesWe speculate that mation of thefour lysines may have a
detrimental impacibn HSF1 outside of the proposed effect on sumoylatioif so,
expression in the presence of a partially functional H$Fotein(i.e. hst1(sy441) may
rescue ths function where expression in a null background does not. We have previously
reportedthat a functionally deficient HSA transgene is capable of rescuing sdrsiel
phenotypes in the presenoésy441 which hasintact DNA binding and trimerization
domains(Morton and Lamitina, 2093 One of the mutated lysinés HSF1(K4xR) is
within the DNA binding domia and anotheris within the trimerization domairi
mutations within either ofiese domains might interfewdth function. K192 is also a
potential acetylation site, based on sequence alignment with human a¢8#dation
sites(Westerheide et al., 20p9Proteins with residues that are targets othbacetylation
and sumoylatiorhave been described other system§ p300 (Bouras et al., 2005
estrogen receptdiSentis et al., 2005and MEF2A(Shalizi et al.,2006 i and a model
has been proposed of a SUMDetyl tradeoff paradigm in which one modification
represses and one activa(@sckar and Sistonen, 20P7In such a case, mutation of the
target lysine may well muddle théranscriptional consequerseof eliminating
sumoylation versuacetylation.
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HSF1(K4xR) induced greater HSPL6.2 levels in theok600 background when
worms were cultured on the RNAroducingE. coli strain, HT115(DE3) This was not
true for worms growrmn the standar#. colistrain,OP5Q HT115is known to influence
stress responsand can contribute anoxic strespreconditioningvhere OP50 does not
(LaRue and Padilla, 2011 Attempts to use RNAbacteria to understand the lack of
phenotype of HSF-1(K4xR) in ok600 were unsuccessful. Inconsistencies in the
phenotype suggest that H3Fegulation by SUMO may be a complex process, much
like it is for mammaliam HSF1 and HSFZAnckar et al., 2006Goodson et al., 2001
Hietakangas et al., 200Bong et al., 2001

ger17 RNAI reproducibly caused eeduction ofhsp16.2p::GFP expression, a
phenotype contrary to what we would expéetsed on its proposed role in SUMO
conjugation. In the ubiquitin pathway, E3 ligaseare responsible for substrate
specificity. There areover 600 human ubiquitin E3 ligas€ki et al., 2008, but only
approximately 11 desbed vertebrate SUMO E3 ligas€¥/ang and Dasso, 2009
suggesting that their role in SUMO conjugation may not be specificBYMO E3
ligases deseem tdacilitate SUMO transfer tdarget proteis, but the E2 enzyme UBG
is capake of conjugating SUMO taertaintargets without an E8Buschmann et al.,
2001 Okura et al., 1999Reindle et al., 2006 Therefore, even though GEF is so far
the onlydescribed SUMO E3 if€. elegangHolway et al., 2005Rytinki et al., 201},
depleting i may not eliminate sumoylation of proteindt is even conceivable that
knockdown ofgetr17 may simply shift the profile of sumoylated proteins, resulting in

increased sumoylation of proteins that do not rely on anvVi#i3ethergei-17 affectsHSF
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1 directly or indirectly, or if this phenotype is yet another example of the variable nature
of the SUMO modification, remains to be determined.

In human cells, SUMEL transiently colocalizes with HSF1 granules (overlapping
after 15 min of heat shock, but tnafter 30 min)(Hietakangas et al., 20p3 We did
attempt to express a fluorescenthgged SUMO to look for colocalization with HSF
1::GFP, but were unable to functionally rescue smel mutant with this
mCherry::SUMO (data not shown). Reports conflict on whethepbnonsumoylatable
human HSF1 is capable of forming nuclear gran(tistakangas et al., 2008long et
al., 200), but it should be noted that in the study that found lysm¢ated HSF1
retaned granule formation abiliffHietakangas et al., 2003as well as in our own lysine
mutant study, endogenous wilghe HSF1 was present in the background. Tbauld
be a confounding factor duetiwe oligoneric nature of induced HSE

In human cells, splicing faate are recruited to HSE stress granules in a manner
dependent on HSH transcription(Denegri et al., 20Q1Metz et al., 2008 Our RNAI
screen identified some predicted splicing factors as positive regulators of the heat shock
response. Rure investigation should determiniethese or other spicing factors are
recruited to HSH granules in wans, and what their role might be in stress response
regulation.

We have described here identification of many potential regulators of the heat
shock response. Wth work remains irexploring the mechanisms by which these
candidates might influence stragsponsive gene expressionnrivelng the functionof
SUMO, specifically, may be a challenging proce#ss has beerobservedn studies of
human HSF1(Hietakangas et al., 20P3it does not appear thaharacterizatiorof the
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role of sumoylation in HSF1 regulatn is straightforward Nevertheless, there is
encouragingevidence of its possibility as a feedback regulator of HISF
Materials and Methods

C. eleganstrains

The following strains and alleles were used in this study: N2, EG#BE505;une
119(ed9) PS351 hstl(sy441) TJ375 gplsl[hspl6.2p::GFP::unc54utr], AM134
rmls126[une54p::YFP], 0G233 hstl(sy441);gplsl OG119 dris4[col-
12p::dsRed;gpdiip::GFP], 0OG497 drSi13[hsflp::hstl::GFP::unc-54utr;Cb-unc
119+];unc-119(ed9) OG565 drSi27[hstlp::hst1(K4xR)::GFP::une54utr;Cb-unc
119+];unc-119(ed9) OG576 hst1(ok600)/hT2[bk4(e937) let?(q782) qls48] OG575
hst1(ok600)/hT2[bli4(e937) let?(q782) qls48];drSi13 OG593 hst1(ok600)/hT2[bk
4(e937) let?(q782) (qls48];drSi27 OG532 hsf1(sy441);drSil3 OG586 hst
1(sy441);drSi27.Single-copy strains were created as described in Chaptérh2.hst
1(sy441)point mutation background was confirmed by sequeneai®13bp PCR product
(primersOG1054 and OG1300G1054 is intronic, prevemy amplification of cDNA
transgenesSeeTable4-3). Strains were maintained on standard N@fenner, 197%
seeded with OP50. EG43®&s maintained on HB101 bacteria.

RNAI screen

Two commercially available RNAI libraries were employedhe screen The MRC
library (MRC Geneservice, Cambridge, Englandjas screened in its entirety
supplemented Yo additionalgenesfrom the ORFeomebased library (Open Biosystems
Inc., Huntsville, Alabama).The bacterial clones in these librar@tain plasmids with
T7 promoters driing expressiorof a region homologous to @. elegangyene creating
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doublestranded RNA. Expression of tlie/ RNA polymerasas regulated bya lac
operonbased promoter, which can be induced by lactose or its analog IPTG (isefpropyl
D-thiogalactopyranoside).The RNAi screerwas done in 24vell format, onstandard
NGM containing 25ug/mL carbenicillin andlOm M  -lactose(for the primary screergr

1 mM IPTG (for repeated primary screening of chromosome | and Il and additional
RNAI experiments RNAI bactera (HT115(DE3))wascultured from thdrozenlibraries

on LB plaes containing 25 pg/mL carbenicillin and 12.5 pg/mL tetracycli@ultures
were grown overnight in liquid LB an@5 pg/mL carbenicillin ad spotted 3660uL per
well, followed by a day ofyrowth at room temperature. L1 worms, synchronized by
postbleach @velopmental arrest via overnight incubation in M9 at 207€e seeded to
each well and growat 16°C for 4 days Approximately 30 L1s per well were seeded on
IPTG RNAI plates and approximatelyt00 L1sper well wereseeded on lactose RNAI
plates In the primary screening stagehnromosoms | and Il were screenecdbn both
IPTG and lactos&kNAI plates while the remaininghromosomesvere screenednly on
lactose Standard bat shock ohsp16.2p::GFP consisted of 3 hr in a 35°C incubator
followed by3 hr ofrecowery in a 16°C incubatorTo facilitate temperaturehange plate
lids were kept ajar for the entire heat shock period and most of the recovery pdsod (|
were closed between hour2lof the3 hr recovery perioll Controls with liddeft gar at
16°C for the same period of timehowed no GFP expressiorPlates were screed
visually before andafter heat shock Each gene identified as grimary hit was
rescreened in quadruplicate. o®nfirmed hit showed a phenotype an least 3 of4
redicatesand had quantified GFP expresstbat wasO 6 BWexpressior(for positive
regulators) During rescreening, control EV RNAI was included on ex&kyvell plate.
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Fluorescence was quantified usin@@PAS Biosor{Union BiometricaHolliston, MA,
USA). Worms were washeaff plates with ~1680 mL dH,O, placedn sample cupand
run through the machinéom which size (time of flight (TOF)) and GFP fluorescence
were deternmed. A threshold foTOF was seto eliminate eggs and very yayitarvae
(mean and minimum TOF values for each RNAI clondigure 4-2 are presented in
Table4-5). The fuorescence value for each individual was dividedt®y OF value to
normalize to size (GFP/TOF).For normalization to a control, individual GFP/TOF
values were dided ly the mean value of GFP/TOF fire control sampleThe mean of
these normalized values is presented in the bar graphs.identity of the finaRNAI
clones wereonfirmed by DNA sequencing

Molecular biology methods

Site-directed mutagenes{QuikChange Multi Site kit, Cat##2005155) was used to
create HSFL(K4xR)::GFP (pOG116) froninstl cDNA (pOG34). The pmers used,
0G1095, OG10% 0OG1097 and OG1028an be found iTable4-3. pOG34 contains a
silent valing/ valine mutation compared to the canonical WormBase sequence; this
mutation was unintentionally fixed by primer OG10&5d then reinstated with primer
0G1098, generatinglasmid pOG119.An Invitrogen Multisite Géeway reactionwas
performed usinglasmidspOG119,p00G88 (4 kb ohstl promoter in pPDONRP41R),
pOG99 GFP::uncb5 4 3 6in pPDONRP2RP3), andpCFJ150(chromosome Il single
copy insertion vectdrto make plasmid pOG121See Morton and Larma 2013 for
creation ofpOG34, pOG88 and pOG99.in§le-copy insertion(FragkjeerJensen et al.,

2008 of pOG121 into strain EG4322 was perfornaeddescribed in Chapter 2.
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Immunobloting

HSP16.2 andGFP reporter expression was assessed using sampl€¥ aforms
grown at 18C on RNAI platesand collected in 25uL dH,O. An equal volumeof 2x
SDSPAGE loading dyewas added after collection, followed by 15 min boiling.
Samples (15puL, approximately 30 worms) were run d®-20% TrisHCI gel (BieRad)
after another 15 min boilindpllowed by transfer to nitrocellulosand blockingin 2%
milk in 1X TTBS (IM Tris, 150 mM NacCl, 0.1% Tween 20Membrams were probed
simultaneouslyfor HSR16.2 (1:5000, rabbit, #5506 R120; kind gift of Chris Link, UC
Boul der ), GFP (1:1000, m-@aatirs (£:2000Rwoash,igna7 . 1
AC-15) overnightat 4°C. Membranes wereashed in 0.1% milk 1X TTB&reetimes
and then probed with secondary antibodsgimouse HRP and antabbit HRP (1:882
dilution both, Amersham). Immunoblots wensualized with Amersham ECL Western
Blotting System (RPN2108)Westerns foHSP-16.2expressionn hst1(sy441)andhst
1(ok6000)backgrounds wesd 20 young adults growmat 16°C on OP50 collected in M9
andb oi | e d iOah&quaiviolomeof 2x SDSPAGE loading dye These samples
were run as aboveith the following exceptions: no GFP antibody was present in the
primary antibody solution, ®condary antibodieswere antirabbit HRP (1:5882,

Amersham) and anthouse HRP (1:2000, #7076 Cell Signalingind blos were

visualized with Thermo Scientific chemiluminescent substrate detection system (Prod.

#34080). In the hsf1(ok600)background, strains were maintathover the hT2 GFP
balancer and thusongreen adult progeny of heterozygotewere selected for
immunoblotting Westerns orsf1(ok600)worms exposed to RNAIi were performed as
above,with the exception that samples consistedléfwormsgrown on RNAI plates
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(HT115 bacteriapndcollected in 3QuL total volume though only25 pL of each sample
wasloaded ina 15% polyacrylamide gellmmunoblot detection of molecular weight of
HSF1::GFP (Figure4-13) were performed on samples collectew! run on a 7.5% gabk
described foHSF1::GFP westerns in Morton and Lamitina, 2013

Rescueassays

In lifespan,Pseudomonasurvival, and thermotolerance assays, worms were grown at
20°C and picked as L4 the day before the asgay.P. aeruginosaPAl4 assay20 pL
of 11-hour PA14 culture was spotted orcid plates containin§0 uM FUdR and 0.3%
peptone and let gw overnight. The next day, ¥ung adults were placed @ach
PA14 plate, totaling 5 plates for most strains @mates forsy441 For lifespan asses,
10 young adults wergicked to 5 OP50 platesontaining50 uM FUdR. Both lifespan
andP. aeruginosassays were conducted af@5 In thermotolerance assaysplates of
10 worms eaclfor 2 plates o25 worms in trial 1) wergut at 35°C in a box with a wet
paper towelto prevent desiccation Thermotolerancerials 24 were scored blindly.
Worms were classified as alive, dead (no movement in response to touch with a wire), or
censored (lost or bagged worms) twiceay dtarting on dy 2 for Pseudomonaassay
once a day for lifespamnd every 2 hr for thermotolerance

For developmental rescue assays, adults grown ‘& 2@re allowed tqulselay
eggs for 36 hr. Eggs were placed at 25 for 4548 hr, after whichworm size was
determined  COPAS Biosortime of flight measurementdn the case ohsf1(ok600)

rescue, balancedk6000/hT2worms were allowed to lay eggs for approximatéyr

before removing adults and | eaving plates

scored 6r presence of the balancehéaryngeal GFP).
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Microscopy

Worms were anesthetéd in 1 mM levamisie in M9 and imaged on 2% agarose
pads. Images fdfigure4-13 were collected as-&tacks on a Leica DMI4000 with a 63X
lens and deconvolved (10 iterations;Hi§ blind, with background removed) using Leica
software. Heatshock of these worms was pamhed by placinghe slide on a 35°C heat
block. Imagesof hsp16.2p::GFP expressiorwere collectedcat with a 10X lenn the
same microscopand not deconvolved h e at shocks as describe
section Wormsin Figure4-13 were grownat 20°Cand were L4 the day before imaging
hsp-16.2p::GFPworms were grown 4 days at 16°C from arrested L1.

gqRT-PCR

RNA isolation and gRIPCR were cared out as described in Morton and Lamitina,
2013, with the following changes: worms were grovior 4 daysat 16°C (from
synchronized L1s) on RNAI, plates were heat shocetirecovereds described in the
ARNAI screeno secti on abooeaeh,sampl@ &nd moddDNass wer
treatment step was includedirectly after the phase separation procedurth@irrizol
(Ambion, Cat.no. 15596018 RNA extraction protocglan equal volume 70% ethanol
was added andhe RNAeasy purification protocolQiagen, Cat. no. 74106 was
implemented Quadruplicate technical replicates were run.

Heat stoke preconditioning

Preconditioning assays were modeled after published proti¢alstis et al., 201Q
with some changes made. ohg adult worms (grown from synchronizedsLat 20C
for three dayswere washed off plates with 20 M9 andsplit into two aliquotsn 1.5
mL tubes, in a final volume of 2Q@L. One tube for each strain was placed in 834
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water bath for 30 min, while the other (control) was placed in°& 2€cubator for the
same time. Worms weteansferred to &m plates and left to recover at°®0for 6 hr.
Short recovery periods (10 mior 20 mir) were not found to increase survival in
preconditioned worms and in many cases actually decreased sundiftal recovery,
worms were washed off again with 2D M9, placed into 1.5 mL tubes (2QQ final
volume), and heat stroked in a°89water bath for 15 min. Worms were placed on 6 cm
plates and left ZTC until the next day16-20 hi). Plates were scorddindly for percent
survival. Worms were considered alive if they moved in response to a plate tap.

Statistical analysis

Survival studies were analyzed usimg tKKaplarMeier logrank function (GraphPad
Software). Comparison of three or more samples useteway ANOVA with
Bonferroni pattests analysis
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Chr Chr Chr 1l

Na me A Score Na me A Score Na me A Score
F56C11.1 -1 | F23F1.5 -1 | T17A3.10 -2
rpl-7 -1 | rpt-4 -1 [ F40G9.1 -2
smol 3| etr-1 -1 | btb-1 -1
tub-2 3 | ubxn3 -1 | F40G9.5 -1
inx-13 -1 1-1111 -1 | F40G9.6 -1
rpl-13 -1 | B0432.1 -1 | mxk2 -1
F55C7.2 3 | C24H12.5 3 | mat3 3
rpn-8 -1 | C24H12.6 -1 | dacl -2
D1007.3 -1 | mit-8 -1 | rps-29 -2
rpl-24.1 -1 | clec118 -1 | KO2F3.12 -1
pde5 -1 | F46F5.6 -1 | fbxa51 -1
T19B4.1 -2 | F28A10.10 -1 | fbxa55 -1
ari-1 -1 | foxc27 -1 | MO1E10.3 -2
T08B2.11 3 | fxb-16 -1 | Y39A3A.2 -1
C10G11.1 -1 | F52C6.12 -1 | foxa7 -2
C10G11.6 -1 | fbsb36 -1 | fbxa43 -1
ZC328.1 -1 | T16A1.2 -1 | gipl -1
knl-2 -1 | KO9F6.5 -1 | H14E04.2 -2
let-607 -1 | FO9D1.1 -2 | W04B5.4 -1
dad1 -2 | FO8D12.1 -1 | W04B5.5 -2
R06C7.2 -1 | K12H6.2 -1 | W04B5.6 -2
hint-1 -1 | nhr-88 -1 | EO2H9.7 -2
dylt-1 -1 | T10D4.1 -1 | T20B6.2 -1
1-3J10 -1 | sri-56 -1 | ubl-1 -2
K04G2.4 -1 | T10D4.7 -1 | fipr-29 -1
rpl-25.2 -1 | T10D4.11 -1 | geirl -2
mfapl -1 | 2C239.4 -1 | F59A2.5 -2
pbs7 -1 | F14D2.2 -1 | spe4l -1
pas4 -1 | TO6D4.4 -1 | C34C12.2 -1
gerl7 -2 | C16C8.10 -1 | hmit-1.3 -2
lim-9 -1 | CO1F1.1 -1 | MO1F1.7 -1
F25H5.3 -1 | ntl-2 -2 | C54C6.5 -1
eft-2 -1 | fkh6 -1 | unc93 -1
rpl-14 -1 | sra-33 -1 | C46F11.2 -2
tag-179 -1 | sre-39 -1 | C46F11.3 -2
1-5B17 (seql 2 3 D8 . -2 | rpn-5 -1 | T27D1.3 -1
Y106G6E.1 -1 | RO5F9.12 -1 | pdi-1 -2
wis-1 -1 | mdt4 -1 | C14B1.2 -1
F25D7.4 3 | ZK546.14 -1 | F34D10.7 -1
Y106G6H.4 -1 | pbs3 -1 | cyp25A3 -1
Y106G6H.10 -1 | rpl-22 -2 | C36A4.4 -1
1-5C14 3 | C34F11.3 -1 | brc-1 -1
B0511.6 -1 | phol -1 | pat3 -1
Irk-1 -1 | EEEDS.2 3 | C03C10.4 -2
I-5H23 -1 | C17C3.3 -1 | unc79 -1
F56G4.6 -1 | C25H3.6 -1 | C16C10.2 -1
hsf-1 -2 | F55C12.4 -1 | glod-4 -1
gly-16 -1 | 11-4D05 -1 | R74.2 -1
gly-17 -1 | fbf-1 -1 | dnj-16 -2
FO8A8.2 -1 | F21H12.1 3| tag-131 3
pbs2 -1 | C30B5.4 -2 | B0284.4 3
WO5B5.2 -1 [ phb2 -1 | prdx3 -1
clec107 -1 | F13H8.2 -2 | mp-4 -2
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ZK1225.5

F13H8.3

F44F1.3

-1

rpl-10

VIs-2

-1

cctl

W09G3.6

-1

ifg-1

WO04A8.2

-1

nstl

clec113

-1

cct4

rps-20

-1

hell

pbs5

-1

acp-2

Y39G10AR.8

-1

frs-2

Y39G10AR.7

-1

T13H5.4

Y39G10AR.7

-1

rpl-5

Y47G6A.9

rpl-26

rpl-17

-1

C18E9.7

wwp-1

-1

jun-1

depsl

-1

let-23

1-8C23

-1

pgn95

cdk7*

-1

gst13

mis-12*

-1

Y51B9A.5

F53B6.5*

-1

M176.3

F55A12.10*

-1

mex6

sst20*

-1

zfp2

Ccrs-2*

-1

ZK1307.7

nlp-11

ZK1321.1

R53.4

F54B3.3

let-858

rpl-41

nuol

mat2

rps-9 (seqcrn-3)

agel

clec144

top-2

npp-3

Y57A10A.13

Y57A10C.9

clec64

Y81G3A.4

his-9

ZK131.11

Y39G8B.9

hot-7

Y48B6A.10

srh-41

btb-20

nspb10

tps2

tag-297

ZC101.1

CO09F9.1

Y54E2A.1

Y54E2A.1

eif-3.B

Y53F4B.23

Y46G5A.4

abex1
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-1
-2
-2
-2
-1
-2
-1
-1
-1
-1
-1
-2
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

-1

-1
-1
-2
-1

-1
-1
-1
-1

-1
-1
-1
-1
-1
-1

cct5

clec151

rps-0

pal-1

C35D10.11

C27F2.1

nca2

C45G9.10

grs-1

IIl-2F08

RO2F2.7

FO1F1.2

C28H8.3

F25B5.6

Srg-6

srg-2

srg-3

gar-2

F47D12.3

hmg1.2

F47D12.9

Y102E9.6

lim-8

I11-3P01

rpl-36

prs-1

T20B12.5

cup5

rpl-9

Ipd-7

Ipd-7

ZK686.3

C14B9.3

rpl-21

C14B9.8

bath-42

rfp-1

CO6E1.1

R08D7.2

eif-3.D

F59B2.9

emb9

cbpl

K11H3.3

cyld-1

cyld-1

ttr-2

KO3H1.5

T16G12.6

bath-43

T20G5.4

cor-1

MO03C11.3

Y39A1A.18

Y39A1A.21

mrt-2

mdt21

-2
-2
-2
-1

-1
-1
-1
-2
-1
-1
-2
-1

-1
-2
-2
-1
-1
-1
-2
-2
-1
-1
-1
-1
-1

-1
-1
-1

-1
-1
-1
-1

-1
-2
-2

-1
-2
-1
-2
-1
-1
-1

-1
-2
-2
-1
-1
-1
-1




vps32.1 -1 | YA9E10.23 -2
icd-1 -1 | YA9E10.24 -1
krs-1 -1 | Y111B2A5 -2
rpl-33 -1 | 11-6G18 3
FO7F6.8* -1 | ZK1010.8 -1
ZK666.2* -1 | snf7 -2
TO5C1.1* -1 | F56A8.3 -1
ash2* 3 | klp-19 -2
sech* -1 | T27E9.2 -2
srh-99* -1 | T28A8.5 -2
Y48C3A.20* -1 | Y66D12A.1 -1
fut-1* -1 | 1-7109 1
Y53G8AR.5 -2
Y53G8AR.2 -2
HO06104.3 -1
ubl-1 -1
nlp-32 -1
Y71H2AM.5 -1
trf-1* -1
Y53G8AM.4* -1
Y69F12A.1* -1
Y39A1A.1* -2
H14E04.1* -1
gpr-1* -1
trxr-2* -2
Y39E4B.2* -2

Chr IV Chv Chr X
Na me A Score Na me A Score Na me A Score
R02D3.8 3 | egh8 -1 | sor-3 3
col-101 -1 | B0348.5 -1 | F13C5.2 -1
dsc4 -2 | rps27 -1 | T19D7.3 -1
F56B3.2 -1 | nhr-252 -1 | daf3 -1
F56B3.8 -1 | ZK6.7 -1 | cutl-21 -1
F38A1.8 -1 | B0554.3 -1 | T13G4.1 -1
pbs1 -1 | R11G11.6 3 | C36C9.5 -1
hrp-1 -1 | srh-246 -1 | FO7G6.8 -1
elks1 -1 | rab-1 -1 | Y75D11A.2 -1
F58E2.4 -1 | foxa195 -1 | F53B1.8 -1
F58E2.5 -1 | F53E2.1 -2 | F53B3.5 -1
srz-23 -1 | sru-28 -2 | Y71H10A.1 3
F56D6.6 -1 | C38C3.3 -1 | F40F4.6 -1
F47C12.1 -2 | KO2H11.4 -1 | F11D5.1 -1
hlh-30 -2 | srw-96 -1 | C04F6.2 -1
F49F1.6 -2 | sri-27 -2 | FA7TF2.1 3
Y51H4A.13 3 | str-160 -1 | C16B8.4 -1
Y24D9A.5 -1 | F59A7.9 -2 | RO2E12.4 -1
rpl-7A -1 | clec208 -1 | FO9F9.2 -1
ZK185.3 -2 | cyp-33C1 -1 | ZK470.2 -1
F28E10.1 -1 | nhr-134 -1 | F14H12.7 3
F29B9.10 -1 | cyp-33C7 -1 | spr-3 -1
E04A4.5 -1 | cyp-33C5 -1 | RO8E3.2 -1
EO3H12.5 -1 | WO2H5.3 3 | KO5B2.5 -1
ssg4 -1 | Vv-2J04 -1 | ZC8.6 -2
nspd3 -1 | lag-2 -1 | pnk4 -2
ZK354.2 -1 | T28A11.4 -2 | T0O3G11.3 3
Y4C6B.2 -1 | T28A11.5 -1 | T0O3G11.4 -2
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elo-6 -2 | T28A11.16
F41H10.9 -1 | T28A11.17
H35B03.2 -1 | F35F10.7
H32C10.1 -1 | C17B7.3
K02B2.3 -1 | C17B7.4
rps-25 -1 | srbc36
pgn-22 -2 | grl-27
nspb4 -1 | cyp-35A3
F38A5.11 -1 | srh-8
nspb?2 -2 | cyp-35A4
C01B10.7 -2 | F38H12.5
C01B10.8 -2 | TO5B4.12
C01B10.9 -1 | ugt12
Y73B6A.2 -1 | srh-22
IV-3E20 -1 | srh-23
spd3 -1 | srd-22
H34C03.2 -1 | F14F9.4
dyci-1 -1 | sagel
C17H12.5 -1 | F13H6.5
C17H12.6 -1 | atp4
C25A8.1 -2 | gad1
R13A1.5 -1 | WO2F12.5
R13A1.7 -2 | bbs8
plk-3 -1 | T15B7.6
R05G6.5 -1 | lgc-54
glt-6 -2 | srg31
F49E8.2 -1 | F20A1.1
F49E8.7 -1 | srsx32
nol-10 -2 | mysl
C46A5.4 3 | nhr-286
CO06A6.2 3 | cpsf2
nhr-258 -2 | F09G2.9
D2096.8 -1 | C0O5C8.5
spp10 -2 | C05C8.6
C53B4.6 -1 | C13A2.9
Vps26 -2 | cyp-35A1
dct15 -1 | F19F10.9
fat-3 -1 | nhr-94
C47E12.7 -2 | rpl-39
C04G2.9 -1 | his7

gst2 -1 | str-85
rack-1 -1 | V-6D23
F01G10.1 3| rbx1
Y43C5A.3 -1 | F46B6.6
T07G12.2 -1 | C08B6.5
ugt54 -1 | ZK856.12 (segF32D1.2.2)
hrs-1 -1 | papl
Y69E1A.3 -1 | Ipd-9
cyb2.1 -1 | HO9F14.1
F13H10.4 -1 | ocr-1
F13H10.5 -2 | D1054.14
rps-5 -1 | To4C12.3
imp-2 -1 | glb-3
nhr-7 -1 | gpal
his-63 1 | R13H4.7
mbfl -1 | F58H1.7
twk-25 -1 | add2
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-1
-1
-2
-1
-2
-1
-1
-1
-2
-2
-1
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-2
-2
-1
-2
-1

-1
-1
-1
-1
-2
-1
-1

-1
-1
-1
-1
-2
-1
-1

T03G11.5

kin-2

TO7H6.3

C03B1.12

KO4E7.1

TO7H6.3

C03B1.12

KO4E7.1

pgp-10

ZK867.2

unc10

sngl

spp5

C07D8.5

C07D8.6

F45E1.2

FA5E1.4

FA5E1.5

C02B8.5

M60.5

FO8F1.8

FO8F1.9

F16F9.3

sdhal

C24A3.4

tsp11

tmbi-4

F36G3.1

fip-5

fipr-21

C39B10.5

elt-2

F59F5.4

F59F5.5

syd2

F13E6.3

pgp8

F47B10.6

F38B2.3

cutl-11

F46F2.4

glb-28

Y15E3A.3

H13N06.4

hke4.2

ZK1073.2

Y13C8A.1

KO9E3.6

T23C6.5

X-7B24

T24D5.2

nhr-17

C02B4.3

ugt-50

nhr-272

pgp-15

F22E10.5

-2
-1
-1
-1
-1
-1
-1
-1
-2
-1
-1
-1
-2
-1
-2

-1
-1
-1

-1
-1

-1
-1
-1
-1

-1
-1
-2
-1
-2
-2
-1
-1
-1
-1

-2
-1
-1
-2
-1
-1
-1
-2
-1
-1
-1
-2
-1
-1
-2
-1
-1
-2




sec24.1 -2 | C27A7.6
F12F6.7 -2 | F55C5.8
F12F6.8 -1 | KO1D12.15
rps-11 -2 | ttr-27
cutl-27 -1 | T16G1.7
nhr-43 -2 | R186.3
ZK822.5 -1 | F57B1.7
ZK829.1 -1 | somtl (seqbir-2)
unc22 -1 | F53F4.11
KO8E4.7 -1 | str-165
lex-1 3| D1086.5
B0001.7 3 | srd-26
F20B10.3 -1 | T16A9.4
Y39C12A.9 -1 | T16A9.5
rps-23 -1 | rrbs-1
F08G5.1 -1 | F23B12.7
C25G4.6 -1 | C53A5.6
TO4A11.3 -1 | uncl112
sru-19 -1 | H12D21.7
rbd-1 -1 | dnj-3
K10D11.4 3 | C01G10.4
sck7 3| Y75B12A.2
col-132 -1 | cyn3
CO8F11.10 -2 | echl
rpl-18 -1 | TO6E6.1
noah?2 -1 | F35E8.9
nuo-3 -1 | F36G9.13
Y40H7A.4 3 | fbxa99
sra-30 3 | his-3
Y73F8A.13 -1 | F44G3.7
Y105C5A.15 -2 | F21H7.3
Y116A8C.10 -1 | sw-29
hsp-1 -1 | str-15
sru-15 -1 | F36D3.8
Y38F2AR.10 3 | candl
rps-28 -1 | phy3
clec174 -1 | foxa110
IV-8J02 -1 | srh-206
nhr-242 -1 | srz54
F35F11.1* -1 | srhr118
CO08F11.14* -1 | F16H6.4
ZK616.2* -1 | F16H6.9
WO08E12.8* -1 | srh-207
Y59E9AR.8* -1 | srh-209
Y67A10A.7* -1 | V-12I05
V-12E04
emb4
fbxb-63
foxb-65
C25F9.6 (secemb4)
Y43F8B.10
Y113G7B.17
mdt17
K02E2.6
rpl-2
Y44A6D.5
Y61A9LA.10
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T14G8.4

F11C1.2

K08H2.3

KO8H2.4

col-44

Y12A6A.2

gck4

F55F3.2

F19D8.2

MO03B6.1

meg2

X-6F07

dsh4

F28H6.4

F28H6.6

F28H6.7

D1025.2

unc3

dmd4

dpf2

jkk-1*

T21H8.5*

-1
-1
-1
-1
-1
-1
-1

-2
-2
-1
-1
-1
-1
-1
-1
-1
-2
-1
-1
-1
-1




Y97E10AL.2

rpt-2*

Y39B6A.42*

Zth7*

srt-1*

F31D4.2*

scpk4*

srj-15*

B0462.1*

grl-9*

-1
-1
-1
-1

3
-1
-1
-1
-1
-1

Table 4-1. Primary screen hits

Genedn the final hit list are highlighted in grayf sequencing revealed a mistakdibrary
clone annotationt is indicatedby the squenced gene nane parentheses

Score values are:

-1 = Postheat shock GFP expression slightly less than empty vector
-2 = Postheat shock GFP expression much less than empty vector
3 = Postheat shock GFP expression much greater than empty vector

1= Slight preheat shock GFP expression

* Clone from ORF RNAi library All other clones are from the MRC tdry.
A We latldid rotthdve a libranannotated sequence naare designated by their MRC library

geneservice location
y MRC | ibrary | ocat

i on
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Final sequenced

Secondaryhit list Reason forelimination hit list (44)
F53F4.11 F53F4.11
rpl-33 Reduedgpdhlp::GFP/TOF
rpl-36 COPAS >0.6 of EV
ubl-1 ubl-1
hel1 Reduedgpdh1p::GFP/TOF
smol smol
rps-5 Reduedgpdhlp::GFP/TOF
F19F10.9 F19F10.9
bli-3 COPAS >0.6 of EV
rpl-7 COPAS >0.6 of EV
rpl-21 COPAS >0.6 of EV
F58E2.5 COPAS >0.6 of EV
abcx1 abcx1
symkl Reduedgpdhl1p::GFP/TOF
Reported empty well sequenced a

T23D8.3 T23D8.3 T23D8.3
cctb Reduedgpdhlp::GFP/TOF
npp-3 npp-3
rpl-26 rpl-26
rps-29 Reduedgpdhl1p::GFP/TOF
Ipd-9 Ipd-9
Ipd-7 COPAS >0.6 of EV

Too small to sort, culture could not |
noah?2 recovered
atp-4 COPAS >0.6 of EV
cpst2 Reduedgpdhlp::GFP/TOF
hsp1l hsp1l
TO6E6.1 TO6E6.1
rps-9 Sequenced agn-3 crn-3
rps-27 rps-27
rpl-17 Reduedgpdhlp::GFP/TOF
gerl7 gerl7
Y39G10AR.8 Y39G10AR.8
B0511.6 B0511.6
T13H5.4 T13H5.4
eif-3.B eif-3.B
cbp1 COPAS >0.6 of EV
Y24D9A.5 COPAS >0.6 of EV
rpl-7A COPAS >0.60f EV
rpl-14 rpl-14
clec107 clec107
clec113 clec113
wwp-1 wwp-1
ifg-1 ifg-1
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R53.4 Reduedgpdhlp::GFP/TOF

Y39G10AR.7 Y39G10AR.7
somil Sequenced dsir-2 bir-2
sec24.1 sec24.1
rpl-39 rpl-39
rps-11 Reduedgpdhl1p::GFP/TOF

rpl-18 rpl-18
rps-28 rps-28
nuo-3 nuo-3
rpl-2 rpl-2
sdhal sdhal
his-63 his-63
rps-23 rps-23
Y61A9LA.10 Y61A9LA.10
CA7E12.7 C47E12.7
ugt12 ugt12
C08B6.5 C08B6.5
ZK856.12 Sequenced ds32D1.2.2 F32D1.2.2
D1054.14 Reduedgpdhlp::GFP/TOF

unc112 Reduedgpdhlp::GFP/TOF

col-44 col-44
Y12A6A.2 Y12A6A.2
C53B4.6 C53B4.6
C05C8.6 C05C8.6
F55C5.8 Reduedgpdhl1p::GFP/TOF

C53A5.6 Reduedgpdhlp::GFP/TOF

C25F9.6 Sequencgasemb4 emb4
srd-26 COPAS >0.6 of EV

Table 4-2. Secondary and final hit lists
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Oligo Oligo Sequence Purpose
Name
TL118 GAGTCAGTGAGCGAGGAAGC Sequencing RNAI
clones
OG130 | TCCGGGTACTGTTGCTCATT Reverse primer for
sequencingpsf
1(sy441)
OG535 | CCCAATCCAAGAGAGGTATCCTT gRT-PCR primer for
act2, forward
0OG536 | GAAGCTCGTTGTAGAAAGTGTGATG gRT-PCR primer for
act2, reverse
0G615 | GAAAGGTTGAAATCCTCGCG gRT-PCR primer for
hsp70(C12C8.1)
forward
0G616 | TCGAAAACTGTATTCTCCGGATTAC gRT-PCR primer for
hsp70(C12C8.1)
reverse
0G1029 | ACAAGGACGTCCCGAATTACTATCACAGATTCGTAG | Mutagenesis primer
AAAGCAATCGGCA K192R
0G1054 | AAGCAAGCTCCGCCCATTTATTGGCT Forward primer for
sequencindpsf
1(sy441)intronic)
0G1095 | GCTCCAGAAACTGAAACTTCTTGACGCGGAACACGC| Mutagenesis primer
ATTATCAGTTGTT K24R
0G1096 | CATTTGTGTCCACATATCGCGATTTTCACGTGTAAGC| Mutagensis primer
TTATTCATCTTATCCTCCAT K239R
0G1097 | AGCACCCTGATAATCCCGACGCAGCGCAGAAATCCC Mutagenesis primer
ACG K434R
0G1098 | TTCTTGACGCGGGACACGCATTATCAGTTGTTGCTG | Retinserting silent

Val-Val mutation

Table 4-3. Primers
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Category Gene Description
Protein folding hsp1 HSP70A, a member of the heat shock familypobteins
Ribosomal rpl-2 Large ribosomal subunit L8 protein
rpl-18 Large ribosomal subunit L18 protein
rpl-14 Large ribosomal subunit L14 protein
rps-28 Small ribosomal subunit S28 protein
rps-23 Small ribosomal subunit S23 protein
rpl-26 Large ribosomal subunit L26 protein
rpl-39 Large ribosomal subunit L39 protein
rps-27 Small ribosomal subunit S27 protein
F53F4.11 Uncharacterized conserved protein. Predicted riboso
Translation eif-3.B Eukaryotic initiationfactor
Y39G10AR.8 Translation initiation factor
ifg-1 Ortholog of the translation initiation factor 4F
ubl-1 Similar to Drosophilaubiquitin/ ribosomal protein S27a
CA7E12.7 Predicted tdbe involved in rRNA processing
BLAST homolgy to human ribosome biogenesis BMS
Y61A9LA.10 protein
PostTranslational
Modification gerl7 BLAST homology toS. cerevisia&UMO ligase
SUMO, a small ubiquitidike posttranslational
smal modification
wwp-1 Putative E3 ubiquitin ligase
Transcription/mRNA
processing T13H5.4 KOG splicing factor 3a
Homolog of the human SART1 gene, which may be
F19F10.9 involved in mRNA splicing
Locus encodes two proteins: an homolog of the WAV
complex and a putative NADIbiquinone
Mitochondrial nuo-3 oxidoreductase alpha subunit
F32D1.2.2 Mitochondrial FIFOATP synthase subunit
Ortholog of human succinate dehydrogenase complex
sdhal subunit A
Glutamategated kainatéype ion channel receptor
Membrane C08B6.5 subunit
clec113 C-type lectin
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clec107

C-type lectin

Protein with two BIR domains that may be involved in

Apoptosis bir-2 apoptosis.
crn-3 Cell deathrelated nuclease
Transporter abcx1 ABC transporter
C53B4.6 UDP N-acetylgulcosamingansporter
Growth and DEAD-box helicase; loss via RNAI indicates required
Development B0511.6 larval development
Y39G10AR.7 Involved in growth
RNAi indicates required for fat storage and for larval
Ipd-9 growth and development
RNAI indicates required for embryonic and larval
T23D8.3 development
Required for normal embryonic and postembryonic
emb4 development
Other/Unknown his-63 H3 histone
col-44 Cuticle collagen.
ugt12 UDP-glucuronosyl transferase
npp-3 Nucleoporin
sec24.1 One of twoC. eleganssec24 homologs
C05C8.6 Contains BTB domain (proteiprotein interaction)
TO6E6.1 Uncharacterized conserved protein
Y12A6A.2

Table 4-4. Predicted hit gene functions
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GFP/TOF GFP/TOF TOF
Gene mean SD N mean TOF SD
smel 2.7997 0.9768 71 0.9880 0.1280
EV 1 0.4265 97 1.0000 0.1106
ubl-1 0.5984 0.3448 155 0.7818 0.198
C53B4.6 0.5853 0.4007 23 0.8867 0.09%
sdhal 0.4588 0.2303 72 1.0021 0.1525
hsp1 0.4455 0.1811 29 0.8621 0.1042
gerl7 0.4452 0.2248 59 0.9512 0.1253
C47E12.7 0.4105 0.1944 76 0.8946 0.1281
rps-28 0.4054 0.1973 59 0.7794 0.0951
rps-27 0.3982 0.182 43 0.7941 0.1069
GFP 0.3975 0.2226 84 1.0249 0.1570
hsf1 0.3973 0.2116 75 0.9362 0.1688
col-44 0.380 0.1400 206 1.0642 0.236
emb4 0.3530 0.2259 103 1.0216 0.2060
Ipd-9 0.325 0.1297 110 0.9137 0.14%
clec107 0.3212 0.1590 28 0.9535 0.193
sec24.1 0.3193 0.27% 29 0.7714 0.0891
ifg-1 0.314 0.2032 92 0.8637 0.2014
crn-3 0.30% 0.2058 39 0.8173 0.0800
nuo-3 0.2624 0.1536 41 0.8936 0.13%6
TO6E6.1 0.258 0.1176 100 1.0039 0.1589
Y39G10AR.8 0.2519 0.2259 110 0.7683 0.24%
T23D8.3 0.278 0.1691 56 0.8353 0.10%
npp-3 0.2457 0.1873 42 0.8347 0.122
Y39G10AR.7 0.2352 0.20%8B 84 0.6379 0.1767
rpl-18 0.23(8 0.1413 47 0.8270 0.1040
clec113 0.2190 0.1440 20 0.9418 0.1250
B0511.6 0.2057 0.29%1 42 0.5548 0.1068
ugt12 0.202 0.12%8 80 0.9283 0.180r
rpl-39 0.1962 0.1823 60 0.5982 0.1110
F19F10.9 0.1916 0.0983 71 0.9091 0.1215
C08B6.5 0.18& 0.1160 64 1.0070 0.1773
F32D1.2.2 0.1838 0.0890 63 0.9836 0.1141
bir-2 0.1705 0.2272 84 0.8880 0.1131
Y12A6A.2 0.17@ 0.068 220 1.0365 0.226b
eif-3.B 0.1679 0.1248 62 0.9158 0.1518
wwp-1 0.168 0.1847 34 0.9336 0.158
T13H5.4 0.1644 0.1280 21 0.8476 0.0756
rpl-2 0.1572 0.1340 22 0.8421 0.135L
Y61A9LA.10 0.151 0.1138 44 0.8405 0.1114
rpl-14 0.1317 0.5026 37 0.5587 0.18®
rpl-26 0.1280 0.10@ 62 0.5630 0.1423
rps-23 0.1048 0.0666 24 0.4516 0.0677
abcx1 0.080 0.0621 95 0.7063 0.1658
F53F4.11 0.0755 0.0368 31 0.8032 0.0811
C05C8.6 0.0646 0.054 74 0.5215 0.11®

Table 4-5. COPAS guantification of screen hits

Both GFP/TOF and TOF ar®rmalized to empty vector (EWplues.
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No HS

Gene

16°C8

20°C

25°Ch

HS

ORF
Library

hsp12.3

*kk

*kkk

hsp-12.6

*%

*kkk

hsp16.2

*%

hsp-16.41

*%

*kkk

hsp25

*%

*%

Y55F3BR.6

*%k

*kkk

ZK1128.7

*kkk

FO8H9.3

*kkk

FO8H9.4

*kkk

hsp-1

*%

*kkk

hsp3

*kkk

hsp-4

*kk

*kk

C49H3.8

*%

*kkk

C30C11.4

*kk

*kkk

cctl

*%

*kk

cct-6

*kk

cct-8

*%

*%

*%

pfd-2

*kkk

pfd-3

*kkk

pfd-4

*%

pfd-5

*kk

dnj-7

*kkk

dnj-13

*kkk

dnj-16

*kkk

dnj-23

*kkk

F54F2.9

*kkk

cnx-1

*kkk

TO5E11.3

*kkk

asft1

*kkk

C01G10.10

*kkk

unc-23

*kkk

ZC395.10

*kkk

C17G10.2

*kkk

MRC
Library

hsp16.2

*%

*kkk

hsp43

*kkk

hspl

*%

*k%k

*kkk

hsp-6

**

*k%k

F44E5.4

*%

*kkk

cct2

**

*kkk

cct-3

*kkk

cct-6

*kkk

cct7

*%

*kkk

cct-8

*%

*kkk

dnj-13

*kkk

dnj-24

*kkk

F54F2.9

*kkk

cucl

*kkk

Table 4-6. Chaperone RNAI library screenwithout heat shock
§ Scored after 4 and 5 days°05
y Scored after 3 and 4 days°g0
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AScored after 2 an8l days25°C

* Weak GFP expregsnin oneworm

** Weak GFP expressian multiple worms

*** Moderate GFP expressioim multiple worms
***% S trong GFP expressidn nearly all worms
HS =Expression afteheat shock of 2% worms.
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p-value

Mean hsf-1(sy441);
lifespan* | Number drSil3vs.
(Days + of p-value p-value vs. | hsf-1(sy441);
Trial Strain SEM) worms vs. N2 | hsf-1(sy441) drSi27
1A | N2 10.6 £ 0.5 49/50
hst1(sy441) 41+04 36/50| p<0.0001
hst1(sy441l);
drSi13[hsfl::GFP] 9.4+0.3 43/50 0.0028 p<0.0001
hsfl-(sy441)drSi27
[hsf-1(K4xR)::GFP] 8.6 +0.3 50/50| p<0.0001 p<0.0001 0.1473
2A | N2 9.1+0.3 48/50
hst1(sy441) 3.6+0.3 37/49| p<0.0001
hstl(sy441);
drSil3[hstl::GFP] 8.8+0.3 38/50 0.0572 p<0.0001
hsfl-(sy441);drSi27
[hsf-1(K4xXR)::GFP] 8.7+0.2 39/50 0.006 p<0.0001 0.0749
RNAi | N2 (EV RNAI) 9.2+0.4| 60/110
N2 (smal RNAI) 5.4+0.2| 57/100| p<0.0001

Table 4-7. Statistics of hsf-1(sy441)hsf-1(K4xR)::GFP and smo1 RNAI lifespans
Lifespans were conducted at°€5 p-values determined using Kaptdeier log rank tests.
APerformed on plates containib® uM FUdR

*Excludes censored worms.
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A Standard heat shock protocol
Start RNAI Screen Screen

'n
[
&3
"
" Fouchmec

Wildtype

o - -

Figure 4-1. Screening strategy for regulators ohsp-16.2p::GFPexpression

Green Fluorescence
s B B

LT
P
00 400 500 600 700 800 800 1000

Fold Change GFP

Green Fluorescence
- & & & 8 B

.o
300 400 500 600 700 800 900 1000

(A) L1 hsp16.2p::GFPworms were placed on RNAIi and grown at 16°C for four days.
Adult worms were visually screened before and after heat shock (three hours at 35°C
followed by three hours of recovery at 16°C). Image of syjue worms before (B) or

after (D) heat shock, drst1(RNAi)wormsbefore (C) and after (E) heat shockcale bar

= 100um. Fluorescence of worms before (16°C) and after (35°C) heat shock was
guantified witha COPAS Biosort for wild type {Fand hst1(RNAI) (G) and plotted
versus time of flight (TOF). Scale bar = 100puinset: mean of scatterplotS3D. N O

432worms)
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* k%

1.0

Fold Change GFP

0.5 -

bir-2

Y12A6A.2
rpl-26

rpl-2
rpl-14
rps-23
abcx-1
F53F4.11

npp-3
Y61A9LA.10

Y39G10AR.7
rpl-39

T23D8.3
rpl-18
clec-113
B0511.6
ugt-12
F19F10.9
C08B6.5
F32D1.2.2
eif-3.B
wwp-1
T13H5.4
C05C8.6

Y39G10AR.8

Figure 4-2. GFP quantification of screen hits

Worms were grown on RNAI, heat shocked as described, and measured for GFP
expression using a COPAS Biosort. Plotted are wild type (B3H1(RNAI) and the 43

other RNAI clones that affected pdstat shock GFP expression. Begpresent mean
fluorescece + P after heat shock, corrected for worsize (time of flight) and
normalized to the EV sampleeat shocked at the same tiftteough only one EV sample

is graphed) ( Nwor@hs f@ @ach sample.SeeTable 4-5 for N valuesof each
sample) Oneway ANOVA was used to analyze dataall hits were significant
compared to EV by Bdarroni post test** - p < 0.001.
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his-63(RNAI)

Figure 4-3. his-63 RNAI induces weakGFP expressionbefore heat shock

DIC and fluorescence images are overlaintfep16.2p::GFPworms grown orhis-63
RNAI at 16°C. Some GFP expression is seen without heat shock (arrow). Scale bar =
100 pm.
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Figure 4-4. HSP-16.2 expressions increasedon smo1 RNAI

DIC and fluorescence images are overlainiep16.2p::GFPworms on empty vector

(A, B) orsmoel RNAI (C, D) with (+HS) and without-HS) standardheat shock. Scale

bar = 100um. (E) Western blot for HSP6 . 2 , G R&in anhsppl16.8p::GFP
worms grown on empty vector without heat shock (no HS) or with heat shock on empty
vector (EV), GFP RNAihst1l RNAi or smel RNAi. The fold increases oHSP
16.2actin intensityon smal RNAI relativeto on EV in three replicates &re 2.44.7,

and 1.8.
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