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Lauren M Zasadil, BPhil, BA
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Many complex mechanisms regulate cytoskeletal-dependant changes in cell morphology
and behavior embryonic and adult life. The actin-binding protein Shroom 3 (Shrm3) appears to
interact with Rho kinase (Rok) to direct the assembly of a contractile actomyosin network in
neuroepithelial cells, causing apical constriction during neural tube formation. An ortholog of
Shrm3 was identified, Drosophila Shroom (dShrm), that contains homology to the Shrm3
domain responsible for constriction. When properly targeted, the invertebrate domain also
exhibits the ability to cause apical constriction, suggesting that the pathway is conserved in
invertebrates. Drosophila melanogaster will likely provide a powerful model system to study
the localization and function of Shrm during tissue morphogenesis. The project has three goals:
to classify the endogenous expression of dShrm, to investigate the effects of over expressing
dShrm in various tissues, and to determine a potential interaction between dShrm and dRok.
There are two isoforms of dShrm we have primarily studied, dShrmA and dShrmB. Using in situ
hybridization and immunohistochemistry, we have shown that endogenous dShrm proteins
localizes to adherens junctions (dShrmA) and the apical plasma membranes (dShrmB) of cells in
the ectoderm, trachea system, and other cell populations during embryogenesis. Over
expression of dShrm in the ectoderm, as well as the eye and wing imaginal discs, causes
dramatic defects in tissue architecture. Over expression of dShrmA with dRok has shown that
there is an interaction between these two proteins. Further work will focus on defining the
mechanism by which dShrm functions and which tissues require its activity during

embyogenesis.
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I. INTRODUCTION

During metazoan development, numerous changes in cell morphology must occur to
create tissues of the appropriate fate, size, shape, and position. Epithelial cells, which are
present in many tissues in both vertebrates and invertebrates, undergo many changes
throughout development (reviewed in [1, 2]). In polarized epithelial cells, the apical and
basal surfaces are molecularly distinct, with the apical side facing the lumen [3].
Differential protein expression in these cells effects changes in one part of the cell but
leaves the other parts of the cell unaltered. One such change is apical constriction, which
shrinks the apical surface area of a cell with relatively few alterations to the rest of the cell
[4]. However, there are cases where apical constriction is also associated with increases in
either cell height and/or basal width [5]. Apical constriction is achieved by the assembly
of contractile actomyosin network within the apical region of the cell which provides the
mechanical force to constrict the cell's apical surface [4]. There are two different types of
apical contractile networks that can be assembled in polarized epithelia. The first of these
is a circumferential actomyosin network that is associated with the apical-most adhesion
structure and encircles the entire apical region of the cell [6]. This is the type of network
that is seen epithelia comprising many tissues in vertebrates, including the neural
plate/tube, retina, intestines, and lung [6, 7]. This is also observed in Drosophila tissue such

as the lateral ectoderm [8, 9]. The second type is a cortical, mesh-like network that is

10



associated with the entirety of the apical plasma membrane in polarized cells. This type of
network has been best characterized in the ventral furrow of the Drosophila embryo [10-
12]. It is currently unclear why these two different mechanism exist, but both have the
ability to convert a columnar epithelial cell into a wedge shaped cell. When this type of
change in individual cell morphology occurs synchronously in multiple cells in a sheet of
cells or a tissue it can cause a change in the overall morphology of the tissue and result in
bending or invagination of the tissue [4]. In addition these types of changes in contractility

may play key roles in the regulation of overall tissue stiffness or rigidity [13].

Apical constriction is regulated temporally and spatially by numerous signaling and
cytoskeletal regulatory proteins, most of which have been characterized in Drosophila.
These include the secreted factors Fog, Unpaired, Wnt, Hedgehog, and Dpp and cytoplasmic
guanine nucleotide exchange factors (Gefs) RhoGef2 and RhoGef64C [8, 14-19]. It should
be noted that these pathways and Gefs all serve to activate the small GTPase Rho, which in
turn stimulates the catalytic function of the serine/threonine kinase Rock (reviewed in
[20]). Rock then regulates the contractile activity of non-muscle myosin II by either directly
phosphorylating the myosin regulatory light chain (MRLC) or by phosphorylating and
inactivating the myosin light chain phosphatase [21-24]. In the last few years, the Shroom
(Shrm) family of proteins has been identified and characterized as an additional pathway
that can change cytoskeletal, cellular, and tissue architecture by regulating either the
position or activation of actomyosin networks [6, 25]. In vertebrates, Shrm is expressed
primarily in polarized epithelial tissues, where is acts to cause constriction of the apical
surfaces of cells in a sheet of epithelial tissue, causing an overall morphological change in

the tissue [6, 25-29].
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Shrm proteins have multiple activities associated with them, which correspond
with their identified domains. There are three domains that appear in the family members,
although not every domain is found in each member of the Shrm family [30]. The domain
closest to the N-terminus is a PDZ domain, which is a structural domain which helps anchor
transmembrane proteins to the cytoskeleton and is associated with protein-protein
interactions in invertebrates, although it is currently not known what function this domain
plays in the activity of vertebrate Shrm proteins. The most central of the domains is an SD1
(Shrm Domain 1) domain, which associates with actin and has been shown to be
responsible for localization of the proteins [25, 26]. The C-terminally localized SD2 (Shrm
Domain 2) is the last of the conserved motifs and this has been shown to be both necessary

and sufficient to cause apical constiction in polarized epithelial cells [6, 26].

In vertebrates, the function of the Shrm family of polypeptides has been an area of
research for several years. These studies have resulted in a working model for how the
Shrm3 protein causes apical constriction. While this model is specific for Shrm3, we
predict that most of the Shrm proteins may function in a similar manner, at least in the
regulation of myosin II activity. First, Shrm3 is targeted to stress fibers (composed of actin
filaments, crosslinking proteins, and myosin motors), particularly F-actin localized at tight
junctions in polarized epithelia. Shrm3 is directly bound to filamentous actin and Rho-
kinase, and causes the redistribution of actin as well as contractile activity of non-muscle
myosin Il [6, 31]. Second, the analysis of the neuroepithelium within Shrm3 null embryos
reveals altered distribution of several cytoskeletal proteins, which is caused by the loss of
Shrm3 [25]. The interaction between Shrm and Rho-kinase (Rock) causes Rock-mediated

phosphorylation of myosin regulatory light chain (MRLC), which controls Myoll activity.
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Rok is regulated by auto-inhibitory intramolecular interactions, as well as binding to Rho

[23, 32].
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Figure 1. Schematic of dShrm isoforms. (A), region in the genome that contains dShrm isoforms, and (B)
cartoon of dShrm protein products, showing sequence differences (in color) R11 and R20 indicate the region of
the proteins detected by the antibodies of these names.

To date it has been unclear if Shrm functional activities are conserved, particularly
in invertebrates, and so a search was done to identify a most divergent family member that
would have functional similarities to Shrm. This project started with the initial
identification of a gene in Drosophila that encodes a protein with limited homology to the

Shrm3 SD2 domain [26]. Although Drosophila are invertebrates and lack the tissues that
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are primarily the focus of vertebrate Shrm work (neural tube and endothelial cells), they do
possess analogous tissue types such as the polarized epithelia that undergo many of the
complex morphogenic events that are observed in mammals. Many of these are driven by
actomyosin networks and involve apical constriction of epithelia. These include but are not

limited to ventral furrow formation and invagination of the salivary glands and spiracles.

Based on the annotated Drosophila genome, the Drosophila Shroom (dShrm) locus is
predicted to express at least three distinct protein isoforms, Shroom-PD, Shroom-PF, and
Shroom-PG, which have been designated dShrmaA, B, and C respectively. The schematic of
the locus, the proposed RNA transcripts, and the resultant protein products are depicted in
Figure 1. Isoform A is 1576 amino acids long, and isoforms B and C are both 669 amino

acids long, varying in their most N-terminal residues. The isoforms B and C both share

near complete sequence
PDZ SD1 sD2
identity with the C-terminal Shrooms (@ s ' A
67 38 67

part of dShrmA, which Shroom2 B
contains the SD2 domain and 58 58

Shroom4 |
is highly conserved within 33

dShrm-a [ | i}
the Shrm family. Figure 2. Schematic of Shrm family members. Numbers

represent percent conservation to Shrm3

Interestingly, the only
portion of the Drosophila Shrm that is conserved with vertebrate Shrm proteins is the C-
terminal SD2 motif. As can be seen in Figure 2, the dShrm SD2 domain shares 33%
conservation with the Shrm3 SD2 domain. This domain is present in all three Drosophila
isoforms, and is the only region that shows significant conservation among other family
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members. Recent experiments suggest that dShrmA does have the ability to bind F-actin
using a sequence that has some conservation with the Shrm3 SD1 domain (Hildebrand lab,
manuscript in press). Figure 3A displays an alignment showing conservation in the SD2
region of the Shrm family members ranging from vertebrates to plants. Figure 3B shows
that the region of the protein closer to the N-terminus lacks significant conservation.
There is not only sequence conservation, but also functional conservation of the SD2
domain. When targeted to the tight junctions, SD2 from dShrm also exhibits the ability to
cause an apical constriction, suggesting that the Shroom pathway is highly conserved
among invertebrates [26]. This is seen in Figure 4, which has the vertebrate SD2 domain
replaced by dShrm-SD2. Cells expressing this construct show constriction similar to that

caused by Shrm3 [6].

Based on the above information regarding Shrm and Drosophila biology, and the
long history of Drosophila as an outstanding developmental model system for studying the
regulation of cellular processes in embryonic and tissue morphogenesis, we believe that
Drosophila melanogaster could provide a powerful genetic model system to study the
function of Shrm proteins. Despite the fact that Shrm proteins have been studied in other
vertebrate model systems and tissue culture, there are some significant advantages for
undertaking this study of Drosophila Shrm. At the time this project was started there was
very little evidence that the gene we had identified as the possible Shrm ortholog was
indeed the ortholog, and no other invertebrate Shrm proteins had been characterized. In
addition, while mice and frog have their advantages for studying the function of Shrm
proteins [7, 25, 28, 33], we think that Drosophila may provide the best system for doing

studies on how Shrm proteins can alter the mechanical properties of cells using live cell
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A) ASD2 region (based on Xenopus)

Moanodelphisidamestica|UPIGO00F2D535/1- 1885 1748 LARVENVLSCLGE- -DADSEEWSSLNEKKKYLAGOHEDARELKENLDRRERVV LD I LANYLTT---~--~-~ EQLODYQHFVKMKSTLL | EQRKLDDKIKLGQEQLNC
Daniofrerio/ UPIG0017612EA/ 11677 1543 LARVENSLSALQE--EEEHDDEKSLOLKOQKOQLRSQOEDARELKENLDRRERVY LD I LACGY LSV -~~~ -~POQLHDYQRF IRMKPALLIRQRHLDELIRQGEEQTQR
Ornithorhynchusianatinus|UPIO00155CDF6/1- 1675 1568 LARVENALNNLDD- -CASPEERRTLLEKQKLLTROQHEDAKELKENLDRRDR IMFDILANYLSE- -~ - ~ESLADYEHFVKMKSAL| |EQRELEDKIKLGEEQLKC
Xenopusilaevis|Q27IV2/1-1788 1654 LARVENALSSLCGE--DASAEERKTWNEKKKOLCCOHEDARELKENLDRREKLVMDFLONYLTC- -~ - ~EEFAHYOQHFVKMKSALL | EQRELDDKIKLGQEQLRC
Takifuguirubripes|UPIG0016E9008/1-1432 1325 LARVENALNCLDD- -DATVDERRTLIEKRKLL |RQHEDAKELKENLDRRERVVY EILCNYLPE-------DCLTDYEHFVKMKSAL | | EQRKLEDKIKLGEEQLKC
Drosophilavirilis|[E4LQS0/1-670 565 LAQTECSLEVRYP - SSOQEKSTLEAKRARLYEQLEEAQRLKADFDRRCSSIAKLFCKHLSA-------DLCADYDYF|INMKAKL|ADARDLSDRIKASEEQLCA
Aedes/aegypti|Q17KE0/1-245 140 LARTDNALHCIYD---DSHPDKK | LEAKRDRLLEQLDEAKQLKDD IDRRGA| | SKILEKSLTI-------EEYADYDYF INMKAKL|IVDSREIADKIKLGEEQLAA
Equusicaballus/UPIO001797D8E/1-1538 1431 LARVENALNNLDD--STSPCDROSILLEKQRVIL | QOHEDAKELKENLDRRER I VFDILASYLSE-------ESLADYEHFVKMKSAL| | EQRELEDKIHLGEEQLKC
Staphylococcus/epidermidis| Q8CMUZ/1-2310 2024 WSDSNSASTSLSG-SLSTNVSDSTSTSTSDSASTSTSESDSNSASTSLSGSLSTSISDSTSTS-------TSDSASTSTSESASTSTSVSESDSESTSMSVSDSENST
Nematostellavectensis|A75CI1/1-188 74 MHRYEKTLSELDMSEEADRQOQRD I LOEK I EYVKNOQYEEACK IKEVNDKRCGEVY SKFLESYLDE-------EEFADFOYY | DMKTQLALMHAE IRDKVKMGEERLNT
Strongylocentrolus/purpuratus|UPIO000E487C1/1-1728 1573 LNKMESYILGS | EN- - - SEEEEKYNLEKLKVTVNSKYODAKMLKES ITCRHSTI SSMLLNK | 5N-------DOHDNFTYY IOMLPRHL IMCOELEDKVKLGEEQLEA
HomalsapiensINP_001640//1-1616 1509 LARVENALNNLDDG--ASPCGDROSLLEKQRVL IQOHEDAKELKENLDRRER I VFDILANYLSE-------ESLADYEHFVKMKSAL | | EQRELEDKIHLGEEQLKC

Rattusinarvegicus/NP_001041358(/1-1491 1384 LARVENALNNLDD- -SPSPCDRQSLLEKQRVLTQOHEDAKELKENLDRRER IVFDILATYLSE- -~ -
Mus|musculus[AAHO350! 481 340 LARVENVILRGLGE- -DASKEERSSLNEKRKVLAGOHEDARELKENLDRRERVVLD I LANYLSA--- -
CallusigallusiXP_41684. 1669 1562 LARVENALNNLDEN--TSPEERRTLVEKQKLLTQQHEDAKELKENLDRRER IVFDILANYLSE- -~ -
Tetraodon|nigroviridis| CAFS0472[/1-447 354 LARVENALYSLEE--EAPPEEKRTLTEKRKLLMROHEDAKELKENLDRRERLVSSIMESHLDA- - - -
Homo|sapiens(NP_065816//1- 1956 1855 LARVENVILSCLGED--ASNEERSSLYEKRK | LAGOHEDARELKENLDRRERVV LG I LANYLSE- -~ -
Homo|sapiens[NP_065768(/1-14832 1386 LARVENALNSIDS- EANQEKLVILIEKKQQLTCOLADAKELKEHVDRREKLVFCMVSRYLPOQ- -~ -
Homo|sapiens(NP_587713(/1-847 723 LARVRRALARAAS - ---DSDPDEQRLRLLOROEEDAKELKEHVARRERAVREVLVRALPV -~~~
DaniofreriolXP_6844 71 1464 1355 LARVENALDNLEEG--TSADEKQTLTEKRRLL | COHEDAKELKENLDRRERVVYEILTCY FRE- -~ -
CallusigallusiXP_414650//1-768 666 LARVONAMRK | DCGN--TDAEEKQSLNERHKLLSROREDAKDLKENLDRRERVVAC I LAKYLTD- -~ -
[1-2026 1888 LARVENWLSSLGEN--ANSEERSSLNEKRKLLAGOHEDARELKENLDRRERVYLD I LCNYLSE- -~ -
1677 1543 LARVENSLSALQE--EEEHDDEKSLOLKOKQLRSOQEDARELKENLDRRERVYLD I LACYLSV -~~~
1857 1548 LARVENALNSLEED--ASLEERRTLTEKRKLL |IROHEDAKELKENLDRRERVVYD I LASYLPE----
Daniolreriol XP_6877901/1-1357 1254 LARVONALSTVDDS-- IDAEEKQSLDSRYRLLCKORDDAKDLKDNLDRRERLYSGILCKQLTD- -~ -
Daniolreriol XP_6874261/1-1634 1522 LIRVESALDCVDP--ETCHOQERLOLLEKKKQLLYVOMCEAQELK EHVDRREQAVCRYLCCCLTR - -~ -
Drosophila/NP_610952 /1-669 568 LAOTESSLETROQO- ---ERGALESKRDLLYEQMEEAQRLKSDIERRGVS AGLLAKNLSA- - - -
DrosophilaNP_001097307(/1-1576 1475 LAQTESSLETRQQ- ---ERGALESKRDLLYEQMEEAQRLKSDIERRGVS |AGLLAKNLSA- -~ -
Drosophila]NP_725378(/1-669 568 LAQTESSLETRQQ- ---ERGALESKRDLLYEQMEEAQRILKSD I ERRGVS | AGLLAKNLSA- -~ -

~-ENLADYEHFVKMKSAL| | EQRELEDKIHLGEEQLKC
-EQLODYQHFVKMKSTLL | EQRKLDDKIKLGQEQYRC
~-ENLADYEHFVKMKSAL| | EQRELEDKIKLGEEQLKC
~-EDLDDYRYFVEKMKSAL| | EQRKGRTRSNWARSS - - -
-EQLODYQHFVKMKSTLL | EQRKLDDKIKLGQEQYKC
-DOLODYOHFVYEKMKSAL| | EQRELEEKIKLGEEQLKC
-~EELRVYCALLACKAAVLAQQRNLDERIRLLODOLDA
-EQLADYRHFVKMKSAL| | EQRKLEDKIKLGEEQLKC
-00LOAYRHFVOLKTSLLIEQKDLEEQIKFFKEQLEN
-EQLODYOHFVKMKSALL | EQRELDDKIKLGQEQLKC
-POLHDYQRFIRMKPALL |RQRHLDELIRQGEEQTAOR
-~ ESMADYEHFVKMKSAL| | EQRKLEDKIKLGDEQLKC
-TOMOQEYRRFIOTKASLLIRLKDLDEKQRLGEEQLEA
- EQMRDYCHFVKMKAALLYEQRQLDDKIRLGEEQLRC
-DMCADYDYF | NMKAKL | ADARDLAVRIKGSEEQLSS
~-DMCADYDYF | NMKAKL | ADARDLAVRIKGSEEQLSS
-DMCADYDYF | NMKAKL | ADARDLAVRIKGSEEQLSS

Daniojrerio]XP_700586]
Daniolreriol XP_70000!

Arabidopsisjthaliana[NP_195830], 351 DSRLRPDRYALEMG- -~~~ DMSKSGFEKSSLEDRORAEKKSREEKGOK FAPKWFDETEEWTPT -~~~ ~--PWCDLEVYOQFNGKYSVHRATAENSEDTTDVKLTQ
Methanobrevibacter{smithilDSM2374]2P_05576081(/1-+ 305 YADL INEDVNNKQWHOYRTDLGNLINVSVNNISDLKLLKLHFQYFILEANNWIHDDYSDYCNPS- - - ~FDLKFNKFRNDLIASLKLELNELQEI FNEAWDEVK I
Saccharomycescerevisiae(NP_01256 1408 1268 VGRSNSALNKNEI TAAIQGLAHQCLNPCDELCMOALQALENT LLSRASOLRTEKVAVDNLLETGLLP I FELDEIQDYKMKR ITSILSYLSK I FLGALVEGVTSNET

Methanobrevibacter/smithiiDSM2374]2P_05576082(/1-. 211 LDKETAFISLVLG- -

~NTLAED!| IHLLEHF IDDDLRGE I KQQYNSDRLPPSYSQIG---MET---- -~ TDMMDENSRNELIMGP IVGSFDAAMENPDFKNYLNG

Arabidopsisithaliana[NP_181024(/1-568 458 MKLMKKETQELSTK--CDLEAKTLVESYKACALNLEYVYEKEAAEFVKASELRLOQEAVKESEE--~~-~ ~EVOQACAAQLFALIDS | SKQKEYMDSKISEIKTGYADT
Methanobrevibacter/smithiiDSM2374] 2P 05570483(/1-. 141 AFWLEVEGNSMTAP - ~-TGSKPSFPDCGML I LYDP - -~~~ -~ EQAVEPCDFCIARLGCDEFT FKKLIRDSCOQVFLOQPLNPOQYP-------=--
ArabidopsisithalianaNP_565332 55 234 LSKYEQSDDCSTP - QVDLAHLLAARDQELRTLSAEMNQLQSELRLARSLIAERDAEYVQRYN--STNNQY | EENERLRAILSEWSMRAANLERALEVERMSNSE

EscherichiajcoliSE11]YP 00220272 954 F | PNAKGGYYESP KSGNGGGDITYAPVYQIT IQONDGONGE IGPOAIKA

s
1993 RLETLKNIEKNGERYVIPTKLKCPVCKTGVYLLES FWNKGKLNRY LKCSHNMAPP FNRCNWECCYYGSELEDLDD | EYCPSCDGILIKRYRHSDGHP FLGCTNFRET

Conservation

554653313433---0000342453244227135335364

|

310933322554367432830----

-0072443445354636544535333359335362000

Consensus

LARVENALNSLDE+-EASPEERQSLEEKRKLL IGOHEDAKELKENLDRRERVV+DILANYLSEG------ EQLADY+HFVKMKSAL| |EQRELEDKIKLGEEQLKC

B) region without conservation

gMﬂnndeml’\ls\dnmestl::\\UPIDDDDFZDS]Q,‘ 1-1889

B74 CTDWHQKKTRTASFGECGLSSCSSRAHEVENCQQPQ- ~RLCTFAEYQASWKEQRKPLEARSSCRYHSADDILDVVLEQNEKPQYVHERSRSSPSTDHYKQEASAGVRST)
Xenopus|laevis|Q271V2/1-1788 8BS TRLLKERSQSTVFECS\MDNQSMTSTSSMNSLNEHNLSY--RHREF LSKTCR\/SSTLFFCLTCI’I’DLSSFENNP EYPENRSRSSSFAHQLRSERLLDHRSKVEFGKCR-ETNKPKEV 559

Takifuguirubripes|UPIO0016ESODE/1- 1432 BlS ETEVTIKGRSSTEYPQEVTCGPOQPPNKPPSYPDQO- - ~---RLCTFAEYEAKWSTQEKKPETKDSCGRYRSVDDILNPGPAERSPLNCFHERSRSSPSTDLYCQVRT I TDRS
Drosophilalvirilis|B4LQ9O/1-670 216 VENNLNGNPEAHI FRAELISTTTTATLPKQPPPPLP -

Aedes|aegypti/QI7KEO/1-245 s memeedeememoee-—e-e----oo

Equus|caballus|UPIG001797DBE/1-1538 799 AEPCFQKRAHTTSFGEN- ADGHRTAGKLGKSEPPQ- o RLGTFAEYQASWREQRNALEARSSGRYHSADD | LDAGLDQHERPOY | HERSRSSPSTDLYKQEASYEPRDD

Staphylococeus epidermidis|Q8CMU7/1-2310 1236 ESTSTSVSDSTSTSTSDSASTSTSVSDSNSASTSLSES--- -~ TSTSISDSTSTSTSDSASTSTSVSESSSTSTSISESLSTSDSDSKSMSTSESASTSTSVSDSESASTSISESTSTIS
Nematostella\vectensis|AZSGIL/1-188 = e e e e e e e e e e e e = e e e e = o e = = = = = = = = = = = = = = = e
Strongylocentrotusipurpuratus|UPIDOGOE487C1/1-1728 938 SRPPSMSCSEQSLYRSDMYHSTSSLASGY S5SRHYPADS--LSSIGSSFSHP LHQPQDSGFCSNSDI SQVRGPHSP SQTGVYSPKDVR I AAS IAHSSSMSSSGPOYQQTTNERRR S HQI0)

Homol sapiens|NE_001640//1-1616 B39 TEPWSRTTSLGDSLNAHSAACKAGTSDLPR - =---RLCTFAEYQASWKEQRKPLEARSSGRCHSADDILDVSLDPOQERPOQHVHGRSRSSPSTDHYKQEASYELRSS)
Rattus/norvegicusINP_001041358//1-1451 B?STEFWI’QKRSRATSCCE\LSEDRKVEKASEKLNPFR* - ~---RLCTFAEYOQASWKEQKKSLEARSSGRYHSADDILDACLDQOQQRPOY |HERSRSSPSTDHYSQEVPVEPNGS7|
Mus/musculusiAAMO3508(/1-481 1l ----------sooon SSPTFEALPPPPPPSPPSEE- VNCTDDFPPPPPPOALCEVLLDGEASTEAGSGPCRIPRVMVTREGHVPCAAHSEGSQ IMTATES

P
fT\IKSEQPQRLCTFAEVQJ“QWKEQRKP IEEVPVEVRRQAEDLKEDGEHI FSKVNHLDEKNNSVROAG I GALRENPREKID|
LRTFAELPWLAKALTGKQRTKKISSVISRDACSAPHVTVGPRRTRLTSEPVCDLNALENDLKLPS]
--SLREPSLOPRREATLLPATVAETOQAPRDRSSSFACGRRLGERRRGDLLSCANGGTRGTQRCDETPREPSS12
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imaging, physical manipulations,
and genetic screens to identify
other pathways or proteins that
might work with Shrm to control
cell morphology. In general,
Drosophila is a useful model
system to utilize due to their small
size, short generation time, mass
numbers, conserved pathways and
tissue types with vertebrates, and

available molecular genetic tools.
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Figure 4. dShrm SD2 domain shows conserved function. (A)
Cartoon representations of Shrm3, dShrmA, and Shrm3-dShrmSD2
construct. (B) MDCK cells transfected with Shrm3-dShrmSD2
construct, stained to detect ZO-1 (red) and Shrm (green)

Il. AIMS AND HYPOTHESIS

This project has three goals: 1) to classify the endogenous expression of dShrm, 2) to

use gain-of-function (over expression) to investigate the activity of dShrm in various

tissues during embryonic and larval development, and 3) to determine if dShrm functions

with dRok to control cell morphology. Characterizing the endogenous expression data is

the first step to understanding if Drosophila Shrm has similar function to vertebrate family

members in vivo, and thus if the function is evolutionarily conserved. The gain-of-function

approaches serve as the first attempts to assess if the actual activity of dShrm has been
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conserved despite limited sequence conservation. Ectopic expression can also provide
valuable information about the subcellular localization of a given protein, and can serve to
confirm what is learned from endogenous expression experiments. An interaction between
dShrm and dRok would parallel the interaction in vertebrates and further support the
evolutionary conservation. We hypothesize that dShrm has similar localization and activity
as its vertebrate family members. Furthermore, we predcit that Drosophila will be an
execellent model for studying the Shrm family of proteins. If Drosophila provide a useful
model for Shrm function, this would allow for faster data collection, increased ability to
perform genetic manipulations and genetic screens, and the ability to better utilize live cell

imaging and biophysical approaches that are not feasible in other in vivo model system.

I11. RESULTS

At the outset of this project, there was little known about the existance and function
of dShrm, and it was not clear that there was a true Shrm ortholog in invertebrates. We
identified the putative ortholog based on limited homology to the Shrm3 SD2 domain [26].
At that time, the genome was predicted to encode the isoforms corresponding to what we
have termed dShrmB and dShrmC (See Fig 1). The genome was subsequently reannotated
to include isoform dShrmA. Our current studies have focused on isoforms dShrmA and

dShrmB, as they have the only accessible cDNAs.
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111 A. Endogenous Expression of dShrm

The first stage in understanding the in vivo function of dShrm proteins is to catalogue when

and where these proteins are expressed in the embryo, as well as where the protein is

localized within these cells. To do this,
we utilized RNA in situ hybridization,
reverse transcriptase (RT) PCR, western

blotting, and immunostaining of

embryos and larvae. We used these
approaches due to limitations of our
Specifically, we cannot

antibodies.

distinguish between dShrmB and

dShrmC, and we can only predict

based on

dShrmB/C  localization

differences in immunostaining between
antibodies that recognize only dShrmaA,

or all three isoforms.
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Figure 5. RT-PCR gel. Agarose gel from RT-PCR,
arrows indicate DNA products of expected size. +/- above lanes
indicates the presence or absence of reverse transcriptase

To determine when each isoform was expressed, RT-PCR was

performed to generate cDNA from mRNA extracted from embryos, larvae, adults, adult

heads, and adult bodies. The results of this gel show that each isoform is present in

embryos, larvae, and adults (full, heads, and bodies). Primers were designed to specifically

amplify the unique 5' regions of each putative dShrm mRNA. In Figure 5, arrows indicate

the location of bands that indicate the positive detection of each isoform. With the primers
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that are supposed to be specific to dShrmA, the expected band is in all of the reactions that

contained reverse transcriptase (+RT). In addition to the bad of the predicted size, we also

detect what we predict are non-specific DNA species that were applified in the PCR

reactions.

The dShrmC reactions produced cDNA of the expected size in all reactions

containing RT and not in any reaction that did not contain RT (-RT). The dShrmB reactions

appear to have contamination in them which resulted in a band in every lane. Based on

these results, it appears that all three isoforms may be expressed in Drosophila.

111 A.2 Western blotting and immunostaining to detect dShrm

In order to more definitively

determine where the dShroom protein is
expressed and localized, we generated
antibodies to the dShrm proteins. Antibodies
were generated in rats to the C-terminal
conserved domain of the three proteins (R11,
Figure 1). To test these antibodies, we isolated
protein extracts from either wildtype w1118
or from w!li8 over

embryos embryos

expressing dShrmB. In wildtype embryo

J*‘dShrmB

a-dShrmA

a-dShrm

Figure 6. Western Blots. Western blots from
acrylamide gels probed to detect dShrm with antibodies
indicated along the bottom. dShrmA and dShrmB samples
were from embryos ubiquitously over expressing the
protein, embryos used were up to stage 14.

lysates, we detect two proteins, of 180 kD and 100 kD. We predicted that the lower band

corresponds to dShrmB or dShrmg, as it runs at the same molecular mass as the ectopically

expressed dShrmB. The upper band is likely dShrmA. This prediction is verified by

20



western blot analysis using antibodies that are specific to dShrmA (R20, Figure 1). The
antibodies specific to the unique region of dShrmA detected only a protein of 180 kD.
However, the antibodies generated against the conserved region (R11) recognizes all
isoforms, which appears as detection of a 100 kD protein as well as a 180 kD product
(presumably dShrmB/C, and dShrmA, respectively). Western blotting of lysates from w1118
or wll18 embryos over expressing dShrmA identifies a single band of about 180 kD. These
data show that in vivo, dShrmA is the most abundant isoform expressed, but that either

dShrmB and/or dShrmC is also expressed at lower levels.

Due to previous work showing that vertebrate Shrm proteins are expressed in
various epithelial populations undergoing morphogenesis, we wanted to determine where
and when dShrm proteins are expressed, and where the proteins are localized in the
embryo. For many of these experiments, embryos were stained with R11, as it gives the
best staining results. However, most of the staining was faithfully recapitulated using
antibodies specific to dShrmA. Staining with the antibodies generated to all dShrm
isoforms was performed on all stages of embryos to detect where dShrm proteins are
expressed during embryogenesis and morphogenesis of discs. Wild-type w1118 embryos
showed no immunofluorescent detection prior to gastrulation. After the start of
gastrulation, however, dShrm proteins become detectable. Past stage 7, which marks the
start of gastrulation, dShrm is detectable at cell-cell junctions in the epithelia of embryos.
By stage 10, dShrmA can be seen localized to tri-cellular junctions. This was further
clarified by costaining with Armadillo, which localizes to adherens junctions (AJs). We

predict that this represents dShrmaA, as it can be detected with both R11 and R20.
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Various staining patterns
detected with dShrm antibodies
are seen in Figure 7. In Fig.74,
dShrm is seen localized to the
adherens junction of the follicular
epithelium of the adult ovary.
There is also  endogenous
expression of dShrm in the foregut

(Fig. 7C) and posterior spiracles

(Fig. 7D). In Fig. 7B, dShrmB is

seen localized to the tracheal pits Figure 7. Endogenous expression of dShrm. (A), localization of

dShrmA/B/C (green) in the adult ovary (red = dlg, blue = TOPRO). (B)

along the side of the embryo. dShrmA/B/C detection shows localization in tracheal system as well as

throughout the ectoderm. (C), stage 16 embryo showing immunofluorescent

. ) detection of dShrmA/B/C (green) in the foregut and (D), posterior spiracles

Endogenous detection in the (req=dig). All images of embryos are oriented with the anterior to the left
and posterior to the right.

embryonic ectoderm using R20

shows that dShrmA is undetectable in early embryos (Fig. 8A). At the time of ventral
furrow formation, dShrmA becomes detectable (Fig 8B). Later in embryonic development,
at the time of germband retraction, dShrmA can be seen localized to the adherens

junctions, particularly in the ventral furrow (Fig 8C).

In vertebrates, Shroom proteins are expressed in tissues as they undergo
morphological rearrangements such as bending and invagination. This pattern is seen in
Drosophila as well, as is demonstrated in Figure 9. As foregut invagination occurs, dShrm

protein is detected in the constricted cells (A-C), and a lateral view of the cells shows
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localization to the
adherens junctions (D-F).
In  summary of this

section, it appears that

dShrmA is expressed Figure 8. dShrmA protein is expressed in the ectoderm at the time of
gastrulation as morphogenesis is occurring. W1118 embryos viewed ventrally side
at various developmental stages immunostained to detect dShrmA (large boxes)

primarily in populations 4 Dlg (insets)

of polarized epithelia beginning at or shortly after gastrulation. There is higher levels of
dShrmA observed in the invaginating fore- and hindgut, suggesting this protein could be
involved in the morphogenesis of these tissues. In addition, we predict that either dShrmB

and/or dShrmC is expressed in epithelial cells that comprise tubes of the tracheal system,

foregut

dShrm/

foregut

Figure 9. dShrm protein is expressed in the invaginating foregut of the embryo. W1118 embryos
at stage 10 stained to detect dShrmA (green) and Dlg (red), oriented with anterior at the top
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and that this protein appears to be localized to the apical surface of cells. This is consistent

with experiments showing that dShrmB is specifically localized to the apical plasma

membrane (see over expression data below).

In situ hybridization was performed to detect
dShrm RNA. The staining is seen in Figure
10A; cellular blastoderm staining localizes roughly
to the middle of the embryo, whereas in Fig. 10B,
hybridization is detected in the tracheal system of a
later-stage embryo. The results from in situ
hybridization =~ support those seen  from

immunofluoresence, where dShrm expression is

widespread in the ectoderm of early-stage embryos.
However, once gastrulation has begun there is a
detectable pattern of localization in populations of

tubules and the ectoderm throughout the embryo.

Figure 10. in situ hybridization of
dShrm RNA in a cellular blastoderm (lateral
view, A) and stage 14 embryo (dorsal view,
B)

111 B. Gain-of-function analysis of dShrmA and dShrmB

Transgenic Drosophila Lines

One of the strengths of Drosophila is the ability to achieve high level, tissue-

specific over expression of proteins using the Gal4-UAS system. To utilize this system,
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cDNAs encoding dShrmA, dShrmB, or DN-dRok were cloned into the P-element transposon
vector pUAST that also contain the a w* dominant marker, and the resultant plasmids were
sent to Genetic Services Inc for production of UAS-dShrmA, UAS-dShrmB, and UAS-DN-
dRok transgenic flies. Transgenic flies were characterized by two criteria. First, lines were
assessed by western blot and immunofluorescent staining to verify expression of the
protein of the correct size. Secondly, these lines that expressed proteins were mapped in
order to identify the chromosomal insertion site and facilitate genetic analysis. For
mapping, flies that are w-; Sp/Cyo; Dr/TM3 Sb (mapping stock) were used to track
segregation of the transgenes. The mapping is accomplished by first crossing the transgenic
flies to the mapping stock, and from that cross selecting w+ flies with either Sp or Cyo, and
either Dr or TM3 Sb. These flies are then mated with w118 flies, and based on the
segregation of phenotypes in the offspring the transgene's chromosomal location can be

determined.

There is currently no loss-of-function mutant for the dShrm gene, so gain-of-
function experiments were used to determine if abnormal dShrm expression perturbs the
cellular behavior and architecture. This method of analysis provides insight into the
function of a protein, but has limitations. The major drawback to this approach is that over
expression of proteins may not only disrupt the specific pathway and interactions in
question, but may also cause unwanted changes in unrelated pathways. Due to this
limitation, the results of gain-of-function experiments must be interpreted with that

potential consequence in mind.
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There are three goals to the gain-of-function analysis. They are: 1) to determine the

subcellular localization of ectopically expressed dShrm proteins, 2) to determine the

consequences of over-expression, and 3) to assess the interaction, if any, between dShrm

and dRok. This allows for analysis of the cellular phenotypes to provide insight as to the

function of dShrm.

We predict that a dShrm-dRok interaction is vital to the control of aspects

of cell morphology during embryogenesis. The Gal4-UAS expression system was utilized to

direct over-expression of transgenes in assorted specific tissues [34]. The engrailed driver

line was used to study over-expression in segmental stripes throughout the embryo, the

posterior compartment of the wing discs of larvae, and wings of adults. The pannier driver

was used to
determine the
effects of over-
expression in the
dorsal third of
the  developing
ectoderm, and
the GMR driver

was used for

over-expression
in the tissues of

the eye. The

Figure 11. Localization of ectopic dShrmA and dShrmB in the embryonic
ectoderm. Dorsal view of a stage 15 dShrmB;arm-Gal4 (A-C) embryo stained to detect
dShrmB (green in A, and B) and Dlg (red in A, and C). Z-sections located below
corresponding images. D, E show the gut (D) and leading edge (E) of a dShrmA;arm-
Gal4 embryo. In D, red is DIg and green is dShrmA. In E, red is Arm and green is
dShrmaA.
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Armadillo driver was used to direct ubiquitous over-expression. The effects of over

expression using these various drivers on dShrmA and dShrmB are summarized in Table 1.

We first wanted to verify the localization of the transgenic protein in comparison
to endogenous dShrm proteins. dShrmA and dShrmB were expressed ubiquitously and the
embryos were stained to detect dShrm. Figure 11A-C shows the ectoderm and posterior
spiracles of a stage 15 embryo with UAS-dShrmB over-expressed using the armadillo-Gal4
driver. Panels A (red) and C show Dlg staining, which distributes to the lateral membrane
as seen in a Z-section through the ectoderm in lower panels. dShrmB, seen in panels A
(green) and B, is mosaically expressed ectopically and localizes to the apical plasma
membrane as is seen in A’ (green) and B’. Over expression of UAS-dShrmA with the arm
driver shows that ectopically expressed dShrmA is detectable apical to Dlg in the gut
(Figure 11D), and colocalizes with Arm in the AJ (Figure 11E). This is interesting, as this
localtion is spatially analogous to Shrm expression in vertebrates at the tight junctions. In
their respective organisms here, these junctions are located at the most apical region of the
lateral sides. This conservation of localization suggests that the positioning of Shrm
proteins at the most apical junctions is required for the assembly of a circumfrential
actomyosin network that can cause a constriction in the apical domain. These results show
that dShrmA and dShrmB have distinct localization patterns, which suggests a difference in
function and mechanism of action as well. These results also confirm our predictions for
the endogenous distributions of these proteins, which predicts localization of dShrmA in
the AJ] of epithelial cells and localization of dShrmB to the apical surface of epithelia of

tubules.
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111 B.2 Phenotypes caused by dShrm over expression

The embryos in Fig. 12 show
the morphological effects of over-
expressing UAS-dShrmB  under
control of the Arm-Gal4 driver. Fig.
12A and Fig. 12B (enlarged) show
the mosaic expression of dShrm
(green) in a stage 14 embryo,

which causes holes in the ectoderm.

Red staining is Dlg, showing the

lateral edges of cells. These Figure 12. Phenotypes caused by ubiquitous dShrmB over
expression. (A) and (B), dShrmB; arm-Gal4 embryo, stage 14 stained

ectodermal abnormalities are Wwith antibodies to dShrm (green) and DlIg (red). (C), control cuticle, and
(D) dShrmB; arm-Gal4 cuticle

manifested in the cuticles deposited

by the embryos starting during stage 15. Fig. 12C shows a normal cuticle

(http://www.biologie.uni-erlangen.de/entwbio/klingler/gallery/larvae.html) in

comparison to Fig. 12D. Fig.12D shows a pinching of the cuticle where the space between

the 6t and 7t dentical bands is absent. Since the cuticle is deposited by the ectoderm as

the embryo is nearing the end of embryonic development, these abnormalities in the

cuticle can be attributed to defects in the ectoderm caused by ectopic dShrmB over-

expression.

The effects of ubiquitous dShrmB over expression causes disruption which

limits the use of these embryos for assessing dShrmB gain of function. UAS-dShrmB;pnr-
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Gal4 flies survive into adulthood, as the embryos have less damaging defects and a higher
survival rate than with the Arm-Gal4 driver. In these flies, the effects of incorrect dorsal
closure are apparent. Minor thorax and abdomen defects are apparent, and most notably
the scutellum is decreased in size, often misshapen, and has incorrect bristle number and

directionality of the large bristles found on the scutellum (data not shown).

While the ubiquitous over-expression of dShrmB did create interesting
phenotypes in the embryo, these often caused very severe defects or lethality. This damage
to the embryo limits the practical uses of the arm-Gal4 driver for studying the effects of

dShrm over-expression.

Due to the mosaic nature of the arm driver and the variability in phenotype, we
opted to further analyze dShrmB by ectopically expressing it in more specific regions of the
embryo and imaginal discs. To do this, we first expressed dShrmB in the posterior portion
of each segment and the posterior half of the wing imaginal disc using the engrailed driver.
The embryos in Fig. 13 are stage 14, showing a region of the embryo where the leading

edge of the ectoderm meets the amnioserosa during dorsal closure. The cells in the
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amnioserosa of both control and dShrmB;en-Gal4 embryos are larger than ectoderm cells
and do not express the ectopic dShrmB in the dShrmB;en-Gal4 embryos (B, C). (A) shows a
control En-Gal4 embryo with Arm protein staining. The leading edge cells are elongated as
compared to the rest of the ectoderm. In (B), the En-Gal4;UAS-dShrmB embryo shows
clusters of cells in the leading edge that are morphologically distinct (apically constricted)
from the rest of the leading edge cells (also stained with Arm antibodies). One of these
clusters is seen in the boxed region. In C, green staining is Arm and red is dShrmB, and the
clusters of cells in the leading edge that are morphologically distinct from the rest are seen
to correspond to those in the stripes of dShrmB over-expression. This shrinking of the

surface of the cells is reminiscent of the activity of vertebrate Shrm family members in vivo.
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images of dShrmB;en-Gal4 wings, oriented posterior edge down. (E), SEM image of an En-Gal4 control wing at
X370 (F), SEM image of a dShrmB;en-Gal4 wing at X550

defects that are seen with over-expression by the engrailed driver. In addition to causing
ectopic expression of the transgene in stripes within the embryo, En-Gal4 causes
overexpression in the posterior compartment of the developing wing discs. Morphological

changes in the wing disc are manifested as defects in the adult wings as is seen above. The

range of defects with this over-expression is broad, from small defects in the wing
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crossveins (Fig. 14A) to loss of the entire posterior compartment (Fig. 14D). Figure 14B
and C show loss of portions of the posterior wing as well as defects with the veins in the
posterior of the wing. There is also a disruption and loss of bristles along the posterior
edge of the wing, as seen in Fig. 14A’. It is important to note that the anterior compartment
of these wings is not altered by the over-expression, as the driver does not direct
expression of the transgene in that region. SEM data, seen in Fig. 14E (En-Gal4 control) and
Fig. 14F (UAS-dShrmB;GMR-Gal4), indicates that there are no planar cell polarity defects
seen in these wings, as all the bristles are arranged normally and point in the correct

direction (distally). The SEM data also verifies disruption of the crossvein.
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Figure 15. Ectopic dShrmB expression alters eye morphogenesis. (A), control GMR-Gal4 fly as
seen under the dissecting scope, (B), dShrmB-GMR-Gal4 viewed with a dissecting scope. (C-F), SEM
images of GMR-Gal4 control (C, E) eyes and dShrmB;GMR-Gal4 (D, F) eyes.
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To determine if Drosophila melanogaster is a useful model system for studying the
Shrm family of proteins, it must be shown that the results in flies can be translated to
vertebrates. Since the vertebrate forms of Shrm are expressed in polarized epithelial
tissues, it is of use to study dShrm in a variety of analogous tissue types. The eye discs and
eyes provide this type of tissue (as do other discs and embryos), are very sensetive to
perturbation, and may be studied into adulthood. For these reasons, UAS-dShrmB and
UAS-dShrmA were over-expressed in the eye under control of the GMR-Gal4 driver. Data
for dShrmB;GMR-Gal4 over expression is seen in Figure 15. dShrmB causes a more robust
phenotype when over expressed with the GMR-Gal4 than does the dShrmA isoform. This is
likely due to molecular interactions with the GMR-Gal4 locus and dShrm insertion sites.
Alternatively, the tissue in the developing eye may be more sensitive to excess dShrmB

than dShrmaA.

In Fig. 15A and B, dissecting scope images show the eyes of (A) a control GMR-
Gal4 fly and (B) a UAS-dShrmB;GMR-Gal4 fly. The insets in (A) and (B) show close-up
ommatidia, some of which are black in the dShrmB mutant. In SEM views (C-F) it is
apparent that the GMR-Gal4 line (C, E) has a minor rough eye phenotype, but shows overall
regularity in ommatidial and bristle spacing and directionality. In the dShrmB over-
expression flies (D, F), however, there is a loss of overall organization, incorrect bristle
placement, and structurally deformed ommatidia, which correspond to the black spots seen
under the dissecting scope. The defects seen with bristle placement are likely due to
overall organizational defects as opposed to defects in bristle development, as the bristles
arise from a separate population of cells than the rest of the eye. The black ommatidia are

likely dead cells beneath the corneal surface, as this is a phenotype observed with apoptotic
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cells in the eye [35]. Since the eye arises from an eye imaginal disc, analysis of UAS-

dShrmB;GMR-Gal4 imaginal discs from larvae would lend insight into the developmental

and organizational abnormalities in these flies

111 B.3 Analysis of dShrmA gain-of-function phenotypes

To begin characterization of dShrmA function, we initially expressed it ubiquitously

in the ectoderm using the arm-Gal4 driver. While this resulted in robust expression, it

caused 100% lethality. The phenotype of

a representative UAS-dShrmA;Arm-gal4
embryo is shown in Fig. 16. These
embryos display a severe phenotype in
germ band retraction and dorsal closure.
In order to determine the basis for the
observed phenotypes, we analyzed the
intergrity of the ectoderm by staining
embryos to detect E-cadherin, a core

component of Adherens Junctions. In

these embryos, E-cadherin is still

expressed in many cells and exhibits the

Figure 16. Ectopic dShrmA expression causes AJ
disruption. (A), cartoon with boxed region showing analogous
region as in (B). (B,C), E-cadherin, Arm staining (respectively) in
embryos during germ band retraction

correct subcellular distribution. However, we also observed large patches of the ectoderm

in which E-cadherin staining appears to be lost (Fig. 16B), suggesting that the AJs are
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disrupted by dShrmA over-expression. Structural defects in UAS-dShrmA;Arm-gal4

embryos are seen with the Arm staining in the ectoderm of a stage 12 embryo undergoing

germ band retraction (Fig. 16, boxed area in cartoon in panel A shows analogous region for

location in panel B).

Pnr-Gal4 over-expression of dShrmA

While our
intiatial analysis of dShrmA
function proved informative,
the dramatic defects in
embronic development made it
difficult to assess the actual
activity of dShrmA at the

cellular level. To circumvent

the global defects in
embryogenesis caused by

ubiquitous dShrm over

pnr-Gald

prr-Gald; dShrm-a

Figure 17. Ectopic dShrmA expression causes apical constriction. (A-

C), pnr-Gal4 embryos during dorsal closure, stained to detect dlg, E-cadherin,
and F-actin, respectively. (D-F), dShrmA;pnr-Gal4 embryos during dorsal
closure, stained to detect dlg, E-cadherin, and F-actin, respectively. (F inset),
dShrmA staining. Orange brackets denote amnioserosa, yellow brackets
denote the pnr expression domain.

expression, we elected to express dShrmA in a more restricted manner using the pnr-Gal4

driver. This line drives expression in the dorsal third of the ectoderm, including the

amnioserosa and the leading edge. Expression of dShrmA by the pnr-Gal4 driver also

results in near complete embryonic lethality, but this is due to defects in dorsal closure

attributed to disruption of leading edge cell morphology (Figure 17). To begin to analyze

this phenotype, UAS-dShrmA;Pnr-gal4 embryos were collected and assayed by

36



immunofluoresence staining and confocal microscopy in order to assess cell morphology,
cell-cell adhesion, and cytoskeletal organization. In Figure 17, control cell morphology and
protein localization is seen in the control pnr-Gal4 embryos. In the control embryos, the
ectoderm cells in the pnr-Gal4 expression domain are elongated along the dorsal-ventral
axis, are all approximatley the same size and shape, and are arranged in rows along the
dorsal-ventral axis (Fig. 17 A-C, yellow bracket). In contrast, in the pnr-Gal4; dShrmA
embryos, the cells within the pnr-gal4 expression domain have irregular lateral edges in
(D) as compared to (A). Embryos stained to detect E-cadherin show that while the AJs are
largely intact, there are regions where E-cadherin is highly enriched and appears to be
clustered at the cell membrane. It is unclear at this time if this represents cells that are
highly contricted or if these are tri-cellular junctions and represent regions of high
contractile activity. Consistent with the notion that these cells are undergoing apical
constriction, there is a dramatic increase in actin signal in the constricted cells in the
leading edge (Figure 17F). This increase in actin signal could be attributed to either an
increase in actin in this area, or an increase in the signal as a result of apical constriction
and decreased area with the same amount of actin more condensed and therefore
appearing brighter. Taken together, these data are indicative of apical constriction and
suggest dShrmA has the ability to activate the contractile apparatus in these cells to change
cell morphology. This is supported by additional observations from the lab that show that
activated myosin II is enriched in the adherens junctions, and tri-cellular junctions in

particular, in cells that expresses dShrmA (work from the Hildebrand lab, in press).
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To follow up on the above
results, cell morphology was also
assayed using scanning electron
microscopy (SEM, Fig. 18). Using
this approach, we see that the
leading edge cells in control cells
are flat and elongated. In contrast,

the cells at the leading edge of the

dShrmA;pnr-Gal4 appear to have
rounded apical surfaces, are

smaller in size, and are

¥ F
Spm

Figure 18. Ectopic dShrmA causes abnormal cellular
morphology. (A-C), SEM images of a pnr-Gal4 control embryo, (D-F),
SEM images of a dShrmA;pnr-Gal4 embryo. Both embryos are stage 14,
oriented with dorsal up

disorganized (Fig 18C). This phenotpye appears to be the result of apical constriction that

creates causes the apical plasma membrane of these cells to bulge outward. This could

result from apical constriction occurring at the adherens junctions due to a circumferential

contractile network and a failure of these cells to internalize apical membrane to

compensate for the decrease in apical size. This effect of apical constriction in the cells at

the leading edge is similar to the constriction seen by over expression of dShrmB in this

domain (Figurel3).

The above anlaysis of tissue behavior, cell morphology, and cytoskeletal

organization strongly suggests that dShrmA can induce robust apical constriction in
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ectodermal cells of the Drosophila embryo. These results also suggest that the activity of

Shrm proteins is conserved in invertbrates.

111 B.4 The role of dRok in dShrm activity

In vertebrates, the activity of Shrm3 in apical constriction is dependent on the
ability to bind Rho kinase and recruit it to the tight junctions [6, 31]. We hypothesized that
dShrmaA is functioning in an analogous manner, since it contains an SD2 motif and causes

robust apical constriction in vivo. To test this hypothesis, we expressed a version of

dShrmA that lacks the Rok binding SD2 motif (dShrm-
ASD2) using pnr-Gal4 driver. This protein is expressed at

high levels and exhibits the correct distribution, but does

not cause any overt phenotype of apical constriction (Fig

Figure 19. An interaction 19). This indicates that the SD2 domain is necessary for
between dShrm and dRok mediates

apical constriction. Stage 12 embryo the function of the dShrmA protein to effect physical
ectopically  expressing  dShrmA

lacking the SD2 domain (inset shows .
dShrm expression), stained to detect changes in cell shape.
Arm

To verify the role of Rho-kinase in constriction, we co-expressed dShrmA and the
region of Drosophila Rho-kinase (dRok) that binds to the dShrm SD2 motif. This domain is
termed the SBD, for Shroom Binding Domain, and spans amino acids 724-938. Expression
of the SBD protein alone does not cause any overt phenotype in dorsal closure or the
leading edge (not shown). Over expression of dShrm and a DN-dRok together would
theoretically inhibit the effects seen by over expression of dShrmA by itself. When this
dRok-SBD is co-expressed with dShrmA, it is recruited to the A] and codistributes with
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dShrmA (Figure 20). Importantly, this
protein appears to function as a
dominant-negative and reverts the
constriction phenotype that is seen
when dShrmA is over-expressed alone
(Figure 20). This data suggests that
dShrm proteins function via dRok to
control actomyosin contractility and

regulate cell morphology.

Figure 20. Co-expression of a functionally DN-dRok and
dShrm inhibits the effects of ectopic dShrm expression by itself.
Stage 12 embryos of the phenotype dShrmA;dRok-SBD;pnr-Gal4
(A-C) and dShrmA;pnr-Gal4 (D), images are of the leading edge
with dorsal oriented up. Embryos are stained to detect dShrmA
(greenin A, C, D) and Rok-SBD (red in B, C).
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IV. DISCUSSION

This project describes the initial in vivo characterization of the Drosophila ortholog of
vertebrate Shroom proteins. In this work we have shown that the dShroom locus encodes
at least two protein isoforms, and these proteins appear to mediate different functions. We
also show that dShrm proteins likely function in polarized populations of epithelial cells to
control actomyosin contractility, and thus control cell morphology during embryogenesis.

Table 1 summarizes localization and expression data that has been compiled during

these studies.

Table 1. Localization and expression effects of Shrm family members (lethality due to apical

constriction)

Shrm | Endogenous | Constriction | Constriction | Ubiquitous Pnr-Gal4 En-Gal4 GMR-Gal4
family | localization in MDCK in over driven driven driven
member cells Drosophila | expression lethality lethality lethality

embryos lethality
Shrm3 Tight +++ (not (not (not
Junctions determined) | determined) | determined)
dShrmA | Adherens +++ +++ +++ +
Junctions
dShrmB Apical + + + + +++
Plasma
Membrane

Using unique sets of reagents that we developed, we have shown that dShrmA and

dShrmB exhibit unique subcellular localization, with dShrmaA targeted to the adherens

junctions, and dShrmB targeted to the apical plasma membrane. It also appears from our
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analysis that dShrmA and dShrmB are expressed in different populations of epithelial cells.
For example, dShrmA appears to be widely expressed in ectodermal epithelia and epithelial
cells of some imaginal discs, and the follicle cells of the ovary. In contrast, dShrmB appears
to be expressed in polarized epithelia that compose tubes in the tracheal system. Our data
presented here also suggests that dShrmA and dShrmB may function differently in various
cell types. This is most clearly seen when these two proteins are ubiquitously over
expressed in the embryo. Ubiquitous over expression of dShrmA results in complete
lethality and severe defects in the ectoderm that block several developmental processes. In
contrast, ubiquitous dShrmB over expression results in significantly milder phenotypes
and does not cause significant apical constriction. This is also seen when dShrmA and
dShrmB are expressed using the pnr-Gal4 driver, as dShrmB does not induce the severe

defects observed following dShrmA expression with the same driver.

Another very interesting observation is the differential localization of dShrmA and
dShrmB. It has been shown by others in the lab that dShrmA contains a direct actin binding
domain, which appears to be essential for its localization to the AJ. In contrast, the
localization of dShrmB appears to be independent of the actin cytoskeleton. The
localization of dShrmaA to the A] is also interesting when compared to the localization of
vertebrate Shrm3. This distribution of dShrmA is analogous to that of Shrm3, however
Shrm3 is localized to the tight junctions. This suggests that dShrmA and Shrm3 have
retained the same distribution during animal evolution, but most likely utilize somewhat
different mechanisms to localize, although both utilize the actin cytoskeleton. Also, it
should be pointed out that dShrmA and Shrm3 are both capable of inducing apical

contractile networks only when they are localized to this apicolateral position in the cell,
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suggesting that this region of the cell is favorable or permissive for assembling contractile

networks.
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V. FUTURE EXPERIMENTS

Our studies have shown that dShrmB has pronounced effects on imaginal disc
development, and causes dramatic defects in these tissues when over expressed. We would
like to do more detailed analysis of these phenotypes at the cellular level to understand the
basis for these phenotypes. I am particularly interested in studying the cellular
morphology following dShrmB over expression in the eye and if there are alterations in cell
shape, adhesion, or cytoskeleton organization. In addition, it would be useful to verify that
the dShrmB phenotypes are not caused by changes in cell proliferation or survival as

opposed to changes in cell morphology.

Currently all the analysis of dShrm activity has come through the use of gain-of-
function analysis. While this is useful, there are drawbacks to this approach. Most obvious
is that it does not indicate what the endogenous role of a given protein is during a given
biological process. Therefore, one of the major deficiencies in these studies is the lack of
loss-of-function analysis. These are crucial in order to show if dShrm activity is necessary
for any developmental processes or morphogenic events. These studies require the
production of mutants by either P-element excision or by the use of RNAi lines. RNAi lines
are now available and will be used to knock down dShrm function during embryogenesis.

This will allow us to then further assess the function of dShrm.
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V1.  MATERIALS AND METHODS

Transgenic lines carrying UAS-dShrmA, UAS-dShrmB, UAS-dShrmA ASD2, and UAS-
dRok-SBD (containing the Shrm Binding Domain (SBD) of dRok) were generated by Genetic
Services Inc. Driver lines of pnr-GAL4, arm-GAL4, en-GAL4, and GMR-GAL4 were obtained
from Dr. Beth Stronach (University of Pittsburgh), although they originated from the
Bloomington Stock Center (Department of Biology, Indiana University). w-; sp/cyo;
dr/tm3sb balancing line was obtained from Dr. Beth Stronach (University of Pittsburgh).

All crosses were set up at 25°, and all embryos were collected from plates also at 25°C.

Cells or embryos were lysed in RIPA buffer, and proteins resolved by SDS-PAGE.
Proteins were then transferred to nitrocellulose and probed with antibodies overnight at
4°C. Primary antibodies from this incubation were detected with HRP-conjugated

secondary antibodies (1:2500, GE Health Systems), and detected using ECL.

Embryos were collected at 4-12 hours post fertilization, and dechorionated in 50%
bleach for 3 minutes. They were then rinsed with water, collected in heptane, and fixed in a
1:1 mixture of 37% formaldehyde and heptane for 5 minutes with shaking at room
temperature. Fixed embryos were devitellinized by vigorous shaking in a 1:1 heptane and
methanol mixture, and dehydrated by rinsing three times in methanol. Embryos were

rehydrated in PBS + 0.1% Triton (PBT) for 30 minutes, blocked 30 minutes in PBT + 4%
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normal goat serum (NGS), and incubated overnight in primary antibody at 4°C. Primary
antibodies were washed off in PBT 6 X 10 minutes, and embryos were blocked again in PBT
+ 4% NGS for 30 minutes. Embryos were then incubated in secondary antibodies for 2 hrs
at room temperature in the dark, washed 6 X 10 minutes in PBT, and mounted on
microscope slides in Vectashield (Vector Labs). Embryos that were stained with phalloidin

were dechorionated and fixed as described, hand devitellinized, and stained as described.

Embryos were stained to detect dShrm, Arm, dE-cadherin, or membrane GFP, and
analyzed by confocal microscopy with imaging parameters maintained constant across all
samples. Images were acquired using a Biorad Radiance 2000 Laser Scanning System and a
Nikon E800 microscope with 40X and 60X oil objectives, and processed using Image]J or

Photoshop.

For detection of dShrm proteins, antisera was produced in rats using bacterially
expressed proteins of amino acids 1-183 for dShrmA (R20, R21, and R22) and 1144-1576
for dShrmA/B/C (R11 and R12), using protein segments from the dShrmA isoform.
Antibodies were affinity purified from the antisera, and all produced similar results. Other
antibodies used are: anti-Disc Large (Dlg) mAb 4F3 (1:400 DSHB), anti-Armadillo (Arm)
mAb N2 7A1 (1:100, DSHB), anti-Fasciclin III (Fas) mAb 7G10 (1:400, DSHB); anti-Myc
mAb 9E10, (1:100, a gift from Dr. Ora Wiesz, University of Pittsburgh); anti-E-cadherin
mAb (1:400, BD Bioscience); anti-phosphotyrosine mAB 4G10, (1:1000, Upstate), TRITC-
phalloidin (Sigma), To-Pro 3 (Invitrogen), goat anti-mouse, goat anti-rat, or goat anti-rabbit
secondary antibodies conjugated to Alexa-488, Alexa-568, or Alexa-633 (1:400,

Invitrogen).
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Embryos were collected and fixed as with immunofluoresence for in situ
hybridization, and the incubated in MeOH at -20°C for a minimum of 24 hours. They were
then rinsed in fresh MeOH, and then in a 1:1 mixture of MeOH and PBT with 5%
formaldehyde. The embryos were fixed in PBT-formaldehyde for 20 minutes with rocking,
and rinsed in PBT. They were then incubated with proteinase-K for 3 minutes, rinsed in
PBT 3X, and post-fixed in PBT-formaldehyde for 20 minutes. The embryos were rinsed 3X
in PBT, and placed at 65°C for 1 hour in a 1:1 mixture of PBT and Hyb solution. They were
then incubated overnight at 55°C in Hyb solution with probe, and rocked when possible.
The probe is then removed and replaced with wash solution, and embryos rinsed in wash
solution immediately, and incubated for 20 minutes at 55°C. The embryos were then
incubated in a 1:1 mixture of wash solution and PBT at 55°C for 20 minutes, then rinsed 5X
with hot (55°C) wash solution. They were cooled to room temperature, and incubated in
anti-Dig AP antibody overnight at 4°C. After overnight incubation, the embryos were rinsed
3X quickly in PBT, and the 3X 20 minutes on the nutator. They were then rinsed in AP
buffer, which was replaced with AP staining solution, and the embryos were transferred to
a 9-well Pyrex dish in the dark during staining. The staining was allowed to occur for over
2 hours, checking periodically to determine development of staining. To stop the staining
at the desired intensity, the embryos were washed in PBT 3X. For mounting, the embryos
were transferred back to an Eppendorf tube, rinsed 3X quickly, and 3X 20 minutes in 100%
EtOH, and transferred to a microscope slide. The EtOH was allowed to evaporate mostly

but not completely, and Vectashield (Vector Labs) was used for mounting with a cover slip.

For SEM, embryos were collected as above and fixed as described by [36]. Fixed

embryos were dehydrated through a graded series of EtOH, and washed through a graded
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series of EtOH:hexamethyldisilazane (HMDS) to a final 100% HMDS. Embryos were then
air dried, sputter coated, and imaged with a Jeol JSM6390LV SEM. Wings imaged by SEM

were not fixed or dehydrated prior to sputter coating.

Cuticle preps were performed by collecting embryos from apple juice agar plates, and
dechorionating in 50% bleach for 3 minutes before rinsing and transferring them to PBT. The
PBT was then replaced by a 1:1 mixture of acetic acid and glycerol at 60°C for 30 minutes; the
embryos were then placed a room temperature for at least 24 hours. The next day, the embryos
were transferred to a 1:1 mixture of CMCP-10 and lactic acid and placed at 50°C overnight.

They were then transferred to a microscope slide and mounted with Vectashield (Vector Labs).
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