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ABSTRACT

The work in thisdissertationlinks two diseases through a protein secreted by
Dictyostelium discoideumcells The protein, AprA, inhibg cell proliferation and
induces chemorepulsigmovement awaydf Dictyosteliumcells. This has implications
in both cancer research and the study oftAd®espiratory Distress Syndrome.

Cancer is a misregulation of cellular protdégon. Often the removal of a
primary tumor results in rapid metastatell proliferation. The rapid proliferation of
metastatic cellsndicates thepresence of dactor, caled a chalone, secreted lye
primary tumorcells that inhibits metastaticell proliferation. The ability of AprA to
inhibit proliferationof the cells that secretes it classifieasta chalone. Using the model
organism Dictyosteliumand the proteinAprA allows us to study chalone signaling
mechanisms.

Acute Respiratory Distress Syndrome (ARDS) is characterized by an excess
influx of neutrophils into the lungNeutrophils damagthe lungtissue and ultimately
recruit more neutrophils that repeat fhrecess. A need exists to remove these cells and
allow resolution to occur. One way to accomplish this is through chemorepulsion, the
directional movement of cells away from an external cue. We can use AprA to study the
mechanisms of chemorepulsion.

In this dissertation| have found that the PTENke protein CnrN, which is an
inhibitor of proliferation andchemotaxis,is involved in both AprA proliferation

inhibition and chemorepulsion ddictyosteliumcells. | have shown that the human



protein DPPIV, wich is structurally similar to AprAcauses chemorepulsion loiman
neutrophils. AdditionallyaspiratedDPPIV reduces the accumulation of neutrophils in
the lungs of a mouse model of ARDS. Work shown in the appendices suggests that
AprA signals through sific G proteincoupled receptors.

The work in thisdissertatiorstudies the role of chalones and chemorepellents. It
allows the unique opportunity to study chemorepulsion in Bathyosteliumand human
cells. The hope and goal is thiaé work inthis dissertatiorcould lead to novel therapies

for diseases such as cancer and ARDS.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

Chalones

The ability of tissues or a group of celb regulate theinumber of cells can be
explained simply by the chalone theory. A chalone is a factor, secreted by cells, that acts
by inhibiting cell division (1, 2). Historically, chalones referred to small oligopeptjdes
purified from homogenatethat inhibied cellular division of a specific tissu@). These
factorsincludedchalones fotissues such as bone marrowelivepidermis, and thymus
but researchers were unableverify these factorsvere actually secreted2-7). The
discoveryof factors other than oligopeptides, such as the protein myostatin, revived the
chalone theory8).

The most well characterized chalone is myostatin, which regulates the amhount
muscle an organism hg%). Myostatin belongs to the TG+ super famil vy,
thought to contain several chalones, including amabtiry epithelium chalonél0).
Significantincreases in muscle mass are observedyiostatin knockouinice and cattle
with mutationsof the myostatin genéll, 12). Overexpression of myostatin in mice
causes a dramatic loess muscle mass and wasti{i3). Myostatin acts by inhibiting the
proliferation of myoblasts the muscle cellsprecursors mediated through various
downstream signals, some ohih have been identifiqd4-17).

Although we know how myostatifunctions to inhibit myoblast proliferation

much less is known about the chalones #d&ir mechanisra within the larger field of

1
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chalones. The theory suggests that as a tissue size increases, the concentration of chalone
will increase to stop or slow giiferation until a tissue or group of cells reaches its ideal
size (10). The evidence fofactors that regulate cell divisias widespread. Unlike the

case for myostatinfor many tissueghe chaloneand associated signal transduction
pathways are unknowrfor exarple, the melanocyte chalone canibgcted into the

skin, under a melanoma and the chalowél inhibit further proliferation of the
melanoma trough unknown mechanisn($8, 19). An unknown liver chalone regulates

the division of cells in damaged livers to regrow the liver to its origizal (80, 21). A
splenectomizednouse regrows implanted pieces of spleen to the exass nof its
removed spleerf22). One of the most intriguing examples of the existence abales is
observed in cancer patients who have their primary tumors removed. In these patients,
metastases begin to proliferate rapidly afterghmary tumor is remove(23-28). All of

these examples point toward the éxnee of factorssuch as chalonethat sense cell

density and caregulate cell proliferation

Dictyosteliumdiscoideum

Dictyosteliumdiscoideundiverged on the evolutionary tree followiptants but
prior to fungi(29). Despite its early divergencBjctyosteliumshares more homologous
genes with mammals than yeased with mammalé29-31). In 2005, the entire 34 Mb
Dictyostelium discoideurhaploid genome was sequenced and recegglyomewide
RNA-seq wascompleted(32, 33). Both of these, along with gene annotations, are

provided on a NIHfunded, operaccess webpad#tp://dictybase.org/Additionally, the
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http://dictybase.org/

site offers stains, transformants, and vectors through an-Niktled stock center. A
number of features mak@ictyosteliuman ideal eukaryotic model. Axenic straif®sx)

can grow in simple media with a doubling timeapproximatelytwelve hours, making
Dictyosteliuminexpensiveand easy to maintain in the laboratoBictyosteliumcells
can also be grown on agar plates, where they chemotaxdamd ingest bacteri@ells
can be manipulated easily; mutagenesis can be done through restriction -enzyme
mediated insertion roshotgun antisense amectors can be expressed through simple
transfection(34-37). In additionto its vegetativegrowth in the presence of nutrients,
Dictyostelium cells can undergo deelopment When starved,Dictyostelium cells
chemotax towardelayed pulses afAMP and form fruiting bodies which each contain
appoximately 20,000 cellsThese attributes makaictyosteliuma good model to study

tissue size regulation, chemoisxand sgnal transductioii38).

DictyosteliumChalones

Dictyosteliumproduces two ftalones, AprA and CfalB9, 40). AprA and CfaD
act as inhibitors of vegetativ@ictyosteliumproliferation (39, 40). Cells lacking either
AprA or CfaD proliferate fagtr than wild type cell§¢39, 40). Mutant fast proliferation
phenotypes can be rescued by exprgs#@prA or CfaD in their respéiwe mutant
background¢39, 40). In agreement witlthe chalone theoryhe concenttiors of AprA
and CfaD increasasthe Dictyosteliumcell densityincreaseg40, 41). The transtion of
AprA and CfaD proteins is regulategb e | F2 U p h ¢48).pWhenrrecdmbinanto n

AprA (rAprA) or recombinant CfaljrCfaD) are added to wild type cells, they slow the
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proliferation of wild typecells (40, 41). rAprA rescues theprA phenotype, but not
cfaD phenotypeand rCfaD rescues th#aD phenotype but naprA (40, 41). Both
proteins ardhereforenecessary for the inhibition of proliferation. Although AprA and
CfaD are both necessary, they appear to activate separate G-pootgied receptors
(unpublished data) and dowresam signaling moleculgd3). This is in agreement with
the observation in other systems that some chalonesfunation through G mtein
coupled receptor€, 44). AprA signals through the Bprotein GB and an unidentified
G proteincoupled recptor, while CfaD appears to function througHliGand an
unknown G poteincoupled receptofd3). Several downstream signaling components of
AprA and CfaD have been identified including BzpN, a leucine eigpanscription
factor, and QkgA, a tyrosindnaselike ROCO kinasgand RbIA, the tumor suppressor
retinoblastom&45-47).

Apart from its role as ahalme, AprA functions as a chemorepellent of
Dictyosteliumcells (48). When wild typeDictyosteliumcells are plated on agar, Isel
tend to move outward away frothe dense colony cent¢46). Cells lacking AprA
maintain a tight colony edge and do not mouéward from the colon{46). Cells move
in a biased direction away from a source of rAprA, butinat biased directiofrom
buffer alone or buffer containing the cbaké rCfaD (48). While AprA affects tle
direction of cell movement, Apr&oes not affect the speatiwhich the cells movgl).
The chemorepellent activity of AprA is dependent on CfaD, the ROCO kinase QKgA,
and the @ protein GB (48). AprA does not require BzpNyhospholipase CPLC), or

the Dictyosteliumphosphatidylinositol &inase(PI3K) 1 or 2 to inducehemorepulsion
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(48). Similar toDictyosteliumcell movement outward from a colony, sonesearchers
have suggested that chemorepellents exist within tumors to cause these cells to move

away from the celtlense tumor and promote invasion ametastasegl9).

Chemotaxis

The directed movement of cells, or chemotag&n occuwhen a cell senses a
gradient of an external cu&ukaryotic cellchemotaxis has beemost extensively
studied inDictyosteliumand its mammalian coterpart, the neutroph{B8, 50-52). Both
types of cellan bias their directional movement based on external Duggostelium
offers the advantage of genetmanipulation, whichis difficult in the shortlived
neutrophil Chemoattraadbn, the movement of cells toward an external cue, is well
studied in both model®ictyosteliumcells migrate toward the bacterial product folate in
their vegetative state and cAMP during developni®&8t. Neutrophils migrate toward a
number of chemoattractants including the bacterial proditfLeu-Phe (fMLP) and
interleukin8 (IL-8) secreted by macrophegjand epithelial celi$4, 55).

The signal transduction pathways mediatiBgctyostelium and neutrophil
chemotais are highly conserve(bl, 56). Chemotaxis begins with thdiéty to sense a
gradient of chemoattractant. Typicalbhemoattractantare sensed by detecting higher
concentrations of thehemoattractanon one side of the cell through uniformly
expressed G pteincoupled receptorésl, 57). Directioral movement is dependent on
the mainénance of cell polarityand the formation of pseudopods to move the cell

forward (50, 51). When a cell polarizeghe cell becomes elongated and alters the
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localization of protein signa within the cell body(51). G proteincoupled receptors
signal to PI3K which phosphorylates the membrane lipHdosphatidylinositol 4,5
bisphosphateRIP,) to phosphatidylinositol 3,4;&isphosphateRIP;) and increases PiP

at the leading edge (end of the cell closest tattractant) of the cell wherepromotes
pseudopod form@tion to move the cell forward38, 51, 58-60). Sites of actin filament
rearrangement are induced by P#Pd thesesitesare locations of pseudopod formation
(61). At the rear of the cellphosphatase and tendmomolog (PTEN) prevents the
buildup of PIR by dephosphorylating Piback into PIR (38, 51, 58, 62). In this way,
PTEN inhibits the formation of pseudopods in the opposite directbnthe
chemoattractansignal (38, 51, 58, 62). An effector of PI3K signaling and small
GTPase, Rac, helps regulate pseudopod formation at the leadjegtredgh actin
polymerization (51). Additionally, Rac inhibits Rho, another small GTPase at the
leading edgd€51). Consequently, Rho becomes polarized totth#ing edge where it
interacts with PTEN to promote myosin filament formation and inhibit actin formation,
thereby inhibiing pseudopod formatiofbl). By maintaining or altering the polarization
of these inteal signals, cells can manipulate their directional movement toward a
chemoattractant.

Another form of direct cell movement is chemorepulsion, where cells move away
from a given signal. Althoughmany cell types have the ability to undergo both
chemoattaction and chemorepulsion, the mechanisms are not as well characterized for
chemorepulsion as they are for chemoattraction. Many cells have been observed

chemotaing toward (chemoattraction) aravay from (chemorepulsiongxternal cues
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including Dictyosteium cells, neutrophils, mast cells, neuronal cells, and cancerous cells
(49, 63-66). In the developing brain, neuronal amerepellents such asemaphorig,
netrinl, and Slithelp guice axon growth(66-68). Later axon growth is blocked by
migratory inhibitory cues such asyelin-associated glycoprote{MAG) (69). Recently,

MAG was shown to activate PTEN, indicating chemorepellents, at least in neurons,
might function by potentiating inhibitory sigls to induce polarity69). An analog of
CAMP causes chemorepulsion Dictyosteliumcells (65). Similar to neurons, these
repulsedDictyosteliumcells show a reversal of chemoattractsignaling, where PTEN

is localizednearest the cue to prevent movement/pseudopod formatioa diréction of

the repellen{65). At high concentrations, K8, usually a chemoattractant of neutrophils,
becomes a chemgpellent of neutrophil@4). Cells in a gradient of high H3 also show

a reverse of attractant signaling, suggestingrophtls may also use similar pathways in
chemoattraction and chemorepulsi@4). Akt, an effector of PI3K, is localized to the
leading edge of the cells (the edge away from the highest concentratior8p{ad).
During inflammation, neutrophils move from the bloodstream into a damaged/infected
tissue (70). Most neutrophils are thought to undergo apoptosis within the tissue as
resolutionbegins(70). Reversemigration, or movement of neutrophils back into the
bloodstream, can be observedhe wounds of zebrafis{r1). A number of groups have
showvn that mammalian neutrophils can undergo reverse migration identified by altered
expression of preins on the neutrophilg2, 73). Reverse migration may be caudsd

either chemoattraahtor chemorepellent signals.



Dipeptidyl Peptidase IV

Dipeptidyl peptidase IV (DPPIV)s a protein belonging to a larggroup of
ADPPIV activity and/ or st r(4d9.DPRV ishadlébo| ogy O
kDa serine protease which cleaves peptides with a proline or alanine sedbed
positionat theN-terminus The active sitef DPPIVis a triad including S&30, Asp708,
and His740(77). DPPIV is active as a dimer in the plasma membrane of some
lymphocytes and epithelial cells and a heavily glycosylated soluble form of DPPIV is
also found in plasma, serum, cerebrospinal fluid, synovial fluid, semen, and(1Bjne
76, 79-81). The glycosylation has been predicted to be importanttferenzymatic
activity of DPPIV (75, 81).

Therole of DPPIV is extensive.uactionsof DPPIV can be broken down into
two main céegores proteolytic andellular communicatior{82). In the bloa, DPPIV
cleaves a number of substrates. Gné D B Arail Substrates iglucagonlike
peptidel (GLP-1), an incretin thatagulates insulin levelg83). Incretins are increased
in respoise to glucose ingestioi@3). Incretinssubsequently increase insulin secretion
and therefore gluge uptake from the bloo(B3). DPPIV inhibits incretin function
through enzymatic cleavag83). Inhibitors of DPPIV are beingsed as treatment for
type 2 diabetes where glucose uptake froeitmod is misregulate@3). The inhibtors
allow a longer haHife of the incretins to influence insulin settom and glucose uptake
(83). DPPIV also cleaves stromderived factor 1 (SDR) the ligand for CXCR484).

SDF1 is a chemoattractant fa€D34" hematopoieticprogenitor cells(HPCs) (85).



When cleaved by DPPIV, the affinity of SEIFfor CXCR4 decreases, allowing HPCs to
migrate into the ldodstrean{85).

DPPIV binds to many binding partners to elucidate different cellular responses.
The membrane form of DPPIV binds adenosine deaminase (ADA), which metabolizes
adenosing(86). DPPIV-ADA binding and ADA accumation at the cell surface is
proposed to aid -Eell proliferation that is inhilbed by excess adenosiri86). The
cytoplasmic domain of membrane DPPIV interacts with CD45, a membrked
tyrosine phospltase, and initiates signaling downstream effector87). DPPIV also
interacts with the mannosepbosphate receptor, a partnership tiesults in receptor
internalization folbwing T-cell activation(87). Interactions between DPPIV artde
extracellular matrix proteimolecules fibronectin and collagen are thoughintrease
cell migration(87). Additionally, soluble DPPIV (sDPPIV) can upgulae CD86 on
monocytes through a estimulation inteaction with caveloirl to activate Tcells (75,

89).

Mice lackingDPPIV have been generaté8b) and rat strainsvith spontaneous
mutatons of DPPIV have been identifie(®P0, 91). There appears to be no defect in
blood cell production a®PPIV deficient animals have normal blood levels of most
leukocyteg(92-94). WhenDPPIV knockout mice have experimentally induced arthritis
anincreased severitig observed with more thanZafold increase in the number of cells
in the joint (95). DPPIV deficient rats have ancrease in neutrophilsy ovalbumir
induced lung inflammatior{96). Reduced levels of DPPIV correlate with increased

inflammation in the joints of rhanatoid arthritis patient§97). The increased
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inflammation observed in DPPIV deficientugations has been assumed to be due to a
persistent chemokine presence, as DPPIV was not present to cleave those chemokines
(99).

DPPIV has a complex role dissase. Aggressive lymphomas and gliomas are
associated with incread expression of DPPIZ5, 99), while melanoma progression is
associated with deeasé DPPIV expressiof75, 99, 100). The conflicting implications
of DPPIV indisease arprobably due to misregulation of DPPRUbstrates from altered
l evel s of enzymat i cin bdoodigiucose trggulatiod Rdiatesy, 6 s r ol
activation and inactivation of chemokines (cell migration and immune response),
neuropeptides, and vascular regulatory peptides (angiogenesis), tissue remolding (wound
healing), fibroblast activation (immune response, fibrosis), cell adhegi@sit a wide
range of processes where its misregulation would prove detrim@nbaneficial (77,

81, 99).

Acute Respiratory Distress Syndrome

Damage to the lung tissue in Acute Respiratory Distress Syndrome (ARDS)
ultimately results in respiratory failure followed by death in 40% of patiesgiratory
assistance, such as mechanical ventilatgog 90% of unassisteghatients(101-103).
ARDS can develop following gas or acid inhalation, sepsis,ntegupneumonia, or
severeburns(104-106). In early stages of ARDS, alveolar epithelial cells are damaged

causing a vascular legk06). Immunecells, primarily neutrophils, infiltratéhe alveolar
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space (105 106). Neutrophils release reactive oxygen species and proteases that
exacerbate #hdamage to lung tissi {205, 106). Resolution of thelamage edema, and
removal of neutrophils from the lung tissenay all be misregulated in ARD&02, 103

107). Althoughapproximately60% of patientsecover from ARDS, their overall quality

of life is reduced and includes chronic respiratory probjefibsosis, and cognitive
probdems such as depressi@tD4, 108 109). No treatments toate have been effective
(103 105. Cell based therapies are cunttg being investigated103. The best

treatment is management of lung integrity urggolution occur§103).
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CHAPTER 11
A DICTYOSTELIUM SECRETED FACTOR REQUIRES A PTEN-LIKE
PHOSPHATASE TO SLOW PROLIFERATION AND IN DUCE

CHEMOREPULSION ?

Summary

In Dictyostelium discoideumAprA and CfaD are secreted proteins that inhibit
cell proliferation.We found that the proliferation of cells lacking CnrN, a phosphatase
and tensirhomolog(PTEN)}like phosphatase, is hmhibited by exogenous AprA and is
increased by exogenous CfalChe expression of CnrN ionrN  cells partiallyrescues
these altered sasitivities suggesting that CnrN is necessarytfor ability of AprA and
CfaD to inhibit proliferationCells lackingCnrN accumulate normal levels of AprA and
CfaD. Like cells lacking AprA and CfaDenrN  cells proliferate faster and reach a
higher maxmum cell density than wild type cells, tend to be multinucleate, accumulate
normal levels of mass and protein per nucleus,famd less viable spores. WhenrN
cells expressing mytagged CnrN are stimulated with a mixture of rAprA and rCfaD,
levels ofmembraneassociated my€nrN increase. AprA also causes chemorepulsion of
Dictyosteliumcells, andCnrN is required for this proces€ombined, thes results
suggest that Cnrifunctiors in a signal transduction pathway downstream of AprA and

CfaD mediatng some, but not all, of the effects of AprA and CfaD.

1 Reprinted with permission.r@inally published irPLoSONE Herlihy SE, Tang YGomer RH. 2013A
Dictyostelium secreted factor requires a PTHRke phosphatase to slow proliferation and induce
chemorepulsiorrLoS ONE 8(3).
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Introduction

Much remains to be understood abbiow tissue size is regulated. possible
way to regulate tissue growth is through secreted autocrine factors that slow the
proliferation of cells inthat tissueA variety of observations suggest the presence of
such factors (often referred to as chalones) in many different tissudgflé® is known
about these factors and theignal transduction pathwayg, 9, 45, 46, 110). Two such
secretedautocrine factors havbeen identified in thenodel organismDictyostelium
discoideum These proteins, AprA and CfaD, inhibit the proliferationDaftyostelium
cells as a population becomes denS&ains lacking AprA or CfaD proliferatrapidly
(39, 40, 42). Cell proliferation is slowed by adding recombinant AprA (rAprA) or
recombinant CfaD (rCfaD) to cells, by overexpressing these protei®), 41). Both
aprA  and cfaD cells are multinucleaté39, 40). Although AprA andCfaD affect
proliferation, cells lacking these proteins shamassand proteinaccumuation on a per
nucleus basisimilar to that of wild typecells indicatingthat AprA and CfaDdo not
affect the growth of cell¢39, 40). In addition to inhibiting proliferation, AprA also
causes chemorepulsion of cells, suggesting that AprA helps to disperse a colony of cells
(48). When starvedDictyosteliumcells develop to form fruiting bodies containing
spores that can be dispersed to areas vigthelh nutrient concentration¥he ability to
form viable spoes is therefore advantageoullthough AprA and CfaD slow
proliferation and appear to be deleterious, these proteins help spore development and are

thus advantageous for developmé4, 40).
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During developmentDictyostelium cells aggregate using relayed pulsas
CAMP as a chemoattractanthe cells move up a gradient of extracellular cAMP by
extending pseudopods in the direction of the cAMP souf@2 111, 112.
Phosphatidylinositol kinase PI3K), which phosphorylates the membrane lipid
phosphatidylinositol 4 bisphosphateRIP,) to phosphatidylinositol 3,4;/%isphosphate
(PIPs), translocates from the cytosol to the membrane at the leading edge of the cell in
response to CAMP and mediatesimpolymerization and pseudopod formati@8, 58
60). PTEN negatively regulates the effect of PI3K by dephosphoryld&ifgto PIR
(38,62, 113. When PTEN is localized to the membrane of cells, it inhibits the formation
of pseudopod$38, 58, 62). When PI3K translocates to the leading edge and PTEN
localizes to the back edge of the cell, pseudopod formation is inhibited at the back of the
cell, enabling movement toward cCAMBS, 111, 114).

CnrN is a PTENike protein inDictyosteliumthat has PTEMike phosphatase
activity (115 116). In the absence of €N, levels of PIR are higher thamn wild-type
cells (115. Akt, a downstream targén PI3K pathways, usually requirésanslocation
and phosphorylatiorirom the cytosol tolte membrane for its activatiofi17-119).
During development, Akt translocation and phosphorylation is increasta iabsence
of CnrN (115. The increases in & translocation, Akt phosphorylation, and levels of
PIP; in cnrN  cells suggestghat CnrN acts s.a negative regulator of PiPand Akt,
which areboth componets of PI3K pathway§115 119). Like PTEN, CnrN plays a le
in Dictyosteliumdevelopment. By antagonizing the PI3K pathway, CnrN negatively

regulates the production of cAMP and streaneakup during aggregatio(ill5).
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Compared to wild type cellsgnrN  cells have smaller aggregation territories and
fruiting bodies, increased cell motylj number of aggregation territoriesAMP levels,
Akt translocation, and actin polymerization, move faster, move further toward cAMP,
are insensitive to caiing factor, and have shorter strear(tsl5). All of these
phenotypes are rescued by thepressionof a myctagged CnrN inthe cnrN  cells
(cnrN7CnrN°5)(115).

In mammalian cells, PI3K signaling leads to cell proliferati@h3 120, 121).
PIP; binds to downstreameffectorssuch as PDK1 and Akt, which play a role in cell
proliferation growth, and survivg113 120, 122-124). As PTENeffectively counterast
PI3K, it negatively regulate proliferation in mammalian systems and functions as a
tumor suppresso(113 125128. Here we report that CnrN is necessary for the
inhibition of proliferation by AprA and faD as well as AprAinduced chemorepulsion
indicating that CnrN acts as a negative regulator of proliferation in a chalone signal

transduction pathwagnd mediates AprAnduced chemorepulsion

Materials and Methods

Ax2 wild-type andcnrN clone DBS030265 (115 were grown in HB5 media
(Formedium Ltd, Norwich, Englandds previously describe(l29. cnrN~/CnrN\PE
clone DB$302656 and Ax2/CnrN°F clone YTO5A cells were cultured in HL5
containing 15ug/mgeneticin(115. Recombinant AprA and CfaD were made following
Bakthavatsalanet al. (40). Levels of extracellular AprA and CfaD were compabsd

starting cultures of cells in axenic shaking culture at X.2%° cells/ml and collecting
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cells by centrifugation at 3000 x g for 4 minutes when cultures were d2cells/ml

A sample of the conditioned medium supernatant meeed with an equatolume of

2X loading buffer and heated to 95°C for 5 minute® ¢ | of thesen sampl e
4-20% polyacrylamide gs] and Western blots were stained for Apa& previously
described(39) or for CfaD as previously describe@0). DAPI staining of nuclei was
done as dscribed (39). Proliferation inhibition, spore viability, mass and protein
determination, doubling time calculations, and stia8swere done as previously
described46) with the exception that for spore viability assays, télls were washed
twice in 8 mIPDF (20 mM KCI, 9.2 mM KHPQ,, 13.2 mM KHPQ,, 1 mM CaC}, 2.5

mM MgSQ,, pH 6.4) prior to resuspensioin addition, proliferation inhibition was
measured using a combination éfprA and rCfaD, both at 300 ng/mEluorescence
microscopy was conducted followiri§30, 131). Briefly, vegetative cells were placed in
8-well chambered glass slides (Nalge Nunc 177402) at a density of % oellgwell,
fixed with 3.7% formaldehyde for 10 minutes, and permeabilized with 0.5% TrtonX
100in PBS (140 mM NacCl, 2.7 mM KCI, 10 mM NdPQ,, 1.8 mM KHPOy, pH 7.4)

for 5 minutes. Cells were stained witf8@&minuteincubation with antMyc antibodies
(Bethyl Laboratories) and a subsequentn@fute incubation with Alexa Fluor 488
conjugated artrabbit IgG (Invitrogen) in PBS containing 0.05% MB and 0.5% BSA

at room temperature. Images were taken using an Axioplan Fluorescence Microscope
(Carl Zeiss)Binding of AprA, CfaD, a mixture of both, @n equal volume of buffer to
myc-taggedenrN~/CnrNPE cells was done as previously descril§ét], 43). Membranes

were collected as previously descril{éd, 43), and Western blots of membrane samples
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were stained with antflyc antibodies. Membranes werepmbed with antiAprA and
ant-CfaD antibodie (Bethyl Laboratories). Chemorepulsion assays were done as

previously describe(48).

Results
cnrN cells show aberrant proliferation inhibition by AprA and CfaD

The proliferation of wildtype cells is inhibitedoy AprA or CfaD (39-41). If
AprA and/or CfaD transduce signaling thgh CnrN, we would expechrN cells to be
insensitive to AprA and/or CfaD. We incubated proliferating cells with rAprA or rCfaD
and determined the decrease in cell density compared to a buffer control afleowr 16
incubation. As previously observedjladvtype cells had an approximately Zfercent
decrease in proliferation in q@snse to rAprA or rCfaD (Figure 135, 46). cnrN cells
were essentially insensitive to rAprA, and this phenotype was rescued by expressing
CnrN in the mutant background (Figuré&)l Comparedto the addition of buffer, the
addition of rCfaD tocnrN cells significantly increasetheir proliferation (Figure 1B.
Expressing CnrN in thenrN backgroundblocked the ability of rCfaD to increase
proliferation, but did not restore the ability of rCfaD to inhibit proliferati{bigure 1B).
A combination of rAprA and rCfaD inhibited wild type proliferation similarty gither
recombinant protein alone (Figure 1C). The responsmidd cellsto the combination
of rAprA and rCfaD mimicked their response to rCfaD alone (Figure 1C). The
difference in the increase of proliferation@frN cells between the addition of r&ld

alone and the combination of rCfaD and rAprA is statistically significatdsft p <
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0.05). The proliferation otnrN_/CnrN°F cells was inhibited by the combination of
rAprA and rCfaD (Figure 1C).dgether, these results suggest that CnrN is necessary

AprA and CfabD to inhibit proliferation.

cnrN  cells have fast proliferation

Cells lacking AprA or CfaD proliferate faster and to a higher stationary density
then wildtype cells(39, 40). Like aprA  and cfaD cells, cnrN  cells proliferate faster,
have a faster doubling time, and reach a higher maximum cell density than wild type
cells (Figure 2A and Table 1). Occasionally, for unknown reasons, we observaaddhis
other clones of cnrN  cells proliferating slower than wild type cells. There are many
reasons a mutant might proliferate slower, such as defects in a metabolic pathway, but it
is unusual to find clones that proliferate faster than wild type. Therefereelieve the
fast proliferation phenotype is the true phenotype of cnrN  cells. cnrN /CnrNOE and
Ax2/CnrNOE cells showed no significant difference in doubling time or maximal cell
density compared to wild type (Figure 2A and Table 1). Although cnrNNGE and
Ax2/CnrNOE cells appeared to proliferate slower and to a lower cell density than cnrN
cells, only the differences between the maximum cell densities were statistically
significant. Unlike the proliferation in liquid culture, wild type, cnrN—,MnfCnrNOE,
and Ax2/CnrNOE cells showed similar proliferation rates on bacteria (Figure 2B).
Together, the data suggest that in shaking liquid culture, Gackeases the

proliferation ofcells.
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Figure 1: cnrN cells are insensitive to rAprA and havaltered sensitivity to rCfaD. Cell
densities were measured after ahbdir incubation with 300 ng/ml of rAprA or rCfaD, a
combination of 300 ng/ml rAprA and 300 ng/ml rCfaD, or an equivalent volume of buffer. The
percent of proliferation inhibition by (A)AprA, (B) rCfaD, or (C) rAprA and rCfaD compared

to the proliferation of the buffer control is shown. Values are mean + SEM from at least three
independent experiments. * indicates that the difference is statistically significant at p < 0.05, **
indicatesp < 0.01, *** indicates p < 0.001, and ns indicates not significant-{ae ANOVA,
Tukeybs test). Compared to the addition of
the combination of rAprA and rCfaD to cnrN  cells significantly increaselif@ration (ttest, p

< 0.05).
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Figure 2: CnrN affects cell proliferation. (A) Log phase cells were inoculated into HL5 media

at 1 x 10 cells/ml and cell densities were measured daily. Values are mean + SEM,on = 3
more for all conditions. WT indicates wild typ@) 1000 cells were plated on SM/5 plates with

K. aerogenedacteria and the total number of cells was determined daily. By 72 hours, cells had
begun to overgrow the bacteria. Values are mean + SEMfan=8l conditions. The absence of

error bars indicates that the error was smaller than the plot symbol. For cells grown on bacteria,
there were no statistically significant differences in cell density at any time between the four
strains (fway ANOVA, Tukk y 6 s t est ) .
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Table 1 The effect of CnrN on doubling time and stationary density of celldDoubling times

and stationary densities were measured for the data shown in Figure 2A. Values are mean +

SEM from at least 3 independent experiments. * indicaaéses are significantly different from

wild-type with p < 0.05 (on&vay ANOVA, Dunnett 6s test) . * ok ok
significantly different compared to wild type with p < 0.001 (enay A NOVA, Tukeyobs
The difference in maximum cell density ®tatistically significant betweerenrN  and

cnrN~/CnrNE with p < 0.01 and betweeenrN™ and Ax2CnrN°E with p < 0.001 (onavay

ANOVA, Tukeyds test).

Maximum observed cell

Cell Type Doubling time, hours

density, 10 cells/ml
Wild-type 13.7+1.1 20.2 +0.6
cnrN— 10.9 £ 0.2* 27.9 £ 1.4*%**
cnrN~/CnrE - 12.2+0.8 21.6+0.7
Ax2/CnrN°E 12.8+0.5 19.8+1.5
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cnrN  cells secrete AprA and CfaD

One explanation for théast proliferation phenotype ofnrN cells could be a
decrease inextracellular accumulationf AprA or CfaD. To test this hypothesis, we
examined the extracellular levels of AprA and CfabcimN~ andcnrN~/CnrNPE cells.
Both AprA and CfaD accumulate in the medium to levels that are comparable to wild
type levels (Figure 3)Although CfaD accumulation appears to be increasezhi
and cnrN~/CnrN°E cells, this increase is not significant compared to wild type
accunulation (Figure 3D)This suggests that tHast proliferation phenotype afnrN
cells is not due to a de=ase irextracellular levels of AprA or CfaD
cnrN  cells are multinucleate

Both aprA  andcfaD cells tend to be multinuclea(89, 40). To determine if
cnrN  cells exhibit the same phenotype, the number of nuclei per cell was measured.
Compared to wildype cells, cnrN cells have significantly fewer cells thi one
nucleus per cell and significantly more cells with two nuclei or three or more nuclei per
cell (Table 2). Expression of CnrN in thearN  backgroundpartially rescud this
phenotypeExpression of CnrN in a wild type background caused no signifddaarnge
in the number of nuclei per cell compared to wild type. These results suggest that like

AprA and CfaD, CnrN may be involved in cytokinesis.
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Figure 3: Cells lacking and overexpressing CnrN secrete normal levels of extracellular
AprA and CfaD. Conditioned media from the indicated cell lines was assayed by Western blot
with anttAprA (A) or antiCfaD (B) antibodies. Data is representative of four separate
experiments. Molecular weights in kDa are shown at the left of the blots. Asterisk indi@#es

kDa breakdown product of CfaD whose amount varied somewhat between cell lines and
between experiments [5]. (C) Conditioned medium samples were run-80% #AGE gel and

silver stained as a loading control. (D) Quantification of AprA and CfaD adetiom
Autoradiogram densities were normalized to the aylae value, and are mean £+ SEM. n = 4.
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Table 2 The effect of CnrN on the number of nuclei per cellFluorescence microscopy was

usedto count the number of nuclei per cell (at least 200 cells for each condition) for log phase

cells stained with DAPI. Values are mean = SEM from at least three independent experiments. *
indicates value is significantly different compared to vijide valie at p < 0.05, ** indicates p

< 0.01, and *** indicates p < 0.001 (omeay ANOVA, Tukeybs test). Th
number of cells with 1 nucleus or 3 or more nuclei was significantly different betovebin

and Ax2CnrN°E cells with p < 0.001 and beeencnrN_/CnrNE and Ax/CnrNCE cells with p <

0.0l (oneway ANOVA, Tukeyds test).

Percent of cells with n nuclei
Cell Type 1 2 3+
Wild-type 77918 19.0+x2.1 31+03
cnrN 401+ 4.4%* 32.2+3.9* 19.3+2.2%*
cnrN/CnrN® - 55,6 + 0.8 30.8 +2.1* 13.6 + 1.9**

Ax2/CnrN°E 748 +15 23.3+1.0 1.8+05

CfaD decreases the multinucleate phenotype of cnrN  cells

The addition of rCfaD t@nrN cells increases their proliferation (Figure 1). One
explanation for this increase in proliferation is that rCfaD increases the cytokinesis of
cnrN cells, which are more multinucleate than wild type cells. To test this possibility,
wild type andcnrN  cells were incubated with and without rCfaD for 16 hours. After
verifying that rCfaD decreased the proliferation of wild type cells and increased the
proliferation ofcnrN  cells cells were stained with DAPI, and the nuclei per cell were
counted. rCfaD did ot cause a significant change in the nuclear phenotype of wild type
cells. Adding rCfaD tacnrN  cells significantly increased the number of cells with a

single nucleus and significantly decreased the number of cells with two nuclei and cells
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with three or more nuclei compared ¢arN cells with no rCfaD (Table 3). The
addition of rCfaD to either wild type @nrN cells significantly decreased the number

of nuclei per 100 cells (Table 3). Together, these data indicate that rCfaD reduces the
multinuclearity ofcnrN  cells, presumably by increasing cytokinesis, and this would

account for the increase in proliferation during inhibition assays.

Table 3 The effect of rCfaD on the number of nuclei per cell Following a 16hour
incubation with 80 ng/ml of rCfaD or an equivalent volume of bufféwuprescence microscopy
was used to count the number of DAfRdined nuclei per cell (at least 200 cells for each
condition). Values are mean + SEM from three independent experiments. * and *** intizate
values are statistically significant betwdeand + rCfaD for the genotype with p < 0.05 and p <
0.001, respectively or@ay ANOVA, Tuk-eayparedttestst or one

Percent of cells with n nuclei Nuclei/100 cells
Cell Type rCfaD 1 2 3+
Wild-type -  85.8+21 136+2.0 06+04 115+2
Wild-type + 879+£15 116+x12 06x04 112+2*
cnrN— - 50628 415+17 79+15 1649
cnrN— + 67.1£5.3* 28.6£3.2* 43+21* 138 +8***

CnrN does not regulate growth on a percleus basis
Cell proliferation is defined asnincrease in cell numbgand cell growth as the

accumulabn of mass and proteif89, 40, 45, 46). Both aprA andcfaD cells tend to
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be more massivihanwild type, but do not accumulate mass or protein at an increased
rate on a per nucleus basmmpared to contrdB9, 40). This indicates that neither AprA
nor CfaD phy a role in the regul@n of growth.Mass and protein content was analyzed
in log phase cells to determine the effect of CnrN on groMtkss, protein, and nuclei
per 100 cells for wild type were similar to previous observat{B8s40, 45, 46). There
was no statistically significant difference in masbetween wild type cnrN -,
cnrN~/CnrNPE, or Ax2/CnrN°E cells (Table 4. Protein contenand nuclei per 100 cells
wereincreased compared to wild type fiwth cnrN~ and cnrN~/CnrNPE cells Protein
content and protein content on a per nucleus basis was decreadse2i@mrN°E cells.

On a per nucleus basisnrN cells contained significantly less mass and protein than
wild-type cnrN~/CnrNE cells had sigricantly more protein contentper nucleughan
cnrN cells, rescuing the mutant phenotype.

To estimate mass, protein, and nuclei accumulation per hour, we assumed that a
doubing in cell number also results in a doubling of mass, pro#sid, nucleiWe then
divided the mass, protein, and nuclei contents for each genotype by their ivespect
calculated doubling times (Table On a per cell per hour basi)rN~, cnrN~/CnrNPF,
and Ax2/CnrN°E cells accumulatechasssimilarly to wild-type (Table 5). BotlenrN™
and cnrN~/CnriE cells accumulated significantly more protein per cell per hour than
either wild type orAx2/CnrN°F cells cnrN™ and cnrN~/CnrNE cells accumulated
nuclei ata faster rate than wiltype. cnrN~/Cnr\E cells accumulated nuclei at a
significantly slower rate compared &nrN cells partially rescuing the fast nuclei

accumulation otnrN™ cells Ax2/CnrN°E cells accumulated nuclei at a rate similar to
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wild type, and this rate was significantly slower than tmeN~ and cnrN_/CnriPE
nuclei accumulation rates (Table ®)n a per nucleus basigere were no significant
differences inthe mass and proteiaccumulation per hour in wild typegnrN

cnrN~/CnrNPE, and Ax2/CnrN°F cells. Thee resuls suggest that like AprA and CfaD,

CnrN does not affect growth on a per nucleus basis.

Table 4: The effect of CnrN on the mass and protein content of celldMass and protein
content was measured, and the data from Table 2 were use to determine the number of nuclei per
100 cells. Values are rap + SEM from at least three independent experiments. ** indicates
value is significantly different compared to wild type at p < 0.01 and *** indicates p < 0.001

(oneway ANOVA, Tukeyo

s test).

cells are significantly different from Ax€nrN°E with p < 0.001.

Cell type

Wild-type
cnrN™—
cnrN~/CnriNPE

Ax2/CnrNCE

Per 10 cells
Mass Protein (mg)
(mg)
10.3+£0.4 0.86+£0.02
9.0+04 0.97+0.01*
11.2+1.0 1.30 £ 0.04***

94+13 0.70 £ 0.02***

Nuclei/100
cells

126 + 1
187 + 7%**
170 + 4***

131+6
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nudei is significantly different with p < 0.001 betweenrN™ andcnrN_/CnrN°® and between
cnrN~/CnrNE and Ax2CnrN°E. The difference in protein per 16ells is significantly different
betweencnrN™ and Ax2CnrN°® with p < 0.001. BotlenrN™ andcnrN™—/CnriN® nuclei per 100

Per 10 nuclei

Mass (mg)

8.2+0.3
4.8 + 0.2%**
6.6 £0.6

7.1+£0.9

Protein (mgQ)

0.68 + 0.02
0.52 =+ 0.02**
0.76 £0.03

0.53 + 0.02**
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Table 5: The effect of CnrN on mass and protein accumulation of celldMass, protein, and
nuclei values from Table 4 were divided by the doubling time for each respective genotype from
Table 1. Values are mean + SEM from at least three independent experimedtsates value
is significantly different compared to wilype value at p < 0.05 and *** is significant at p <
0.001 (oneway ANOVA, Tukeyos test) . The di fference
significantly different betweencnrN™ and Ax2CnrN°F and betveen cnrN-/Cnri® and
Ax2/CnrN°E with p < 0.01 and p < 0.001, respectivelyne differences in nuclei per 1€ells per
hour are significantly different betweenrN and cnrN~/CnrifE, cnrN~ and Ax2CnrN°E, and
cnrN~/CnrNE and Ax2CnrN°E with p < 0.001The difference in protein p&i0’ nuclei per hour
is significantly different betweeenrN™/CnrN® and Ax2CnrN°F with p < 0.05.
Per 10 cells/hour Per 10 nuclei/hour

Cell type Mass (mg) Protein (ug) Nuclei, x 10° Mass (mg) Protein (ug)

Wild-type 0.75+0.07 62.6+5.4 9.2+0.77 0.60+0.05 504

cnrN 0.82+0.04 88.6+21* 17+047** 044+0.02 47+1

cntN“/CnrNE - 0.92 £0.10 107 + 7.4%* 14 +0.94** 054+0.06 63+5

Ax2/CnrN°®  0.87+0.08 54.2+25 10+ 0.61 0.67+0.07 41+3

CnrN affects spore viability

Cells lacking AprA and CfaD have reduced spore viab{3§, 40). cnrN cells
were examined for their ability to fim detergentesistant sporeg\n equivalent number
of wild-type, cnrN~, cnrN~/CnrN°E, and Ax2/CnrNCE cells were developed, the spores
were collected, and dilutions of detemgereated spores were platethe numbes of
cells with a spore morphology arfitetnumbers of detergergsistant sposefromenrN
cells was mgnificantly less comparedo those recovered from wild type (Table 6).
Expression of CnrN in thenrN background rescued the number of detergesistant

spores and appeared to partiallyctes the number of visible spores. The number of
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recovered spores and the number of viable spores drohd /CnriN’E or Ax2/CnrN°E
cells were similar to wild type levels. These data indicate that like AprA and CfaD,

CnrN affects the ability of cells to formable spores.

Table 6: The effect of CnrN on spore viability Cells were developedn filter pads for 48

hours and the percent of visible spores was calculated as a percent of input cells. Detergent
treated spores were plated and analyzed for their ability to produce colonies. Values are mean *
SEM from at least three independent experts. ** and *** indicates differences are
significantly different compared to wiltype with p < 0.01 and p < 0.001, respectively (oragy
ANOVA, Tukeyds test). The differenadl andh t he
Ax2/CnrN°E is significantlydifferent with p < 0.01The difference in the number of detergent
resistant spores betweenrN~ andcnrN_/CnriNE is significantly different with p < 0.05. The

number of detergesesistant spores iix2/CnrN°F is significantly different from botenrN™ (p

< 0.001) ananrN—/Cnri® (p < 0.05).

Number of spores after development Detergentresistant spores as a

Cell type as a percent of input cell number percent of total spores
wild-type 100 + 12 83.3+6.3
cnrN 41.3 + 8.0** 37.8 £2.5%**
cnrN~/CnriP® 59.9 + 2.6 66.5 + 15
Ax2/CnrN>® 109 + 11 107 + 16

AprA and CfaD affect CnrN localization
PTEN can translocate from the cytosol to the inner face of the plasma membrane
in response to extracellular signal$ll). We observed CnrN localization at the

periphery of cells, in the interior of cells, and on vesiide structures inhe interior of
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cells (132. To test whether CnrN translocates in response to extracellular AprA or
CfaD, we examined the localization of mtagged CnrN in thecnrN  mutant
background. Since both ehectopicallyexpressed CnrN and our recombinant proteins
are myetagged, we used imunoblotting of partially purified membranes to specifically
examine CnrN levelsLog-phasecnrN~/CnrN°E cells were stimulated with rAprA,
rCfaD, a mix of rAprA and rCfaD, or buffdor 10 and 20 minutes. The cells were then
lysed, and Western blots of theembranes were stained with antibodies against the myc
tag At ten minutes after stimulation, all conditions showed similar amounts of
membraneassociated my€nrN compareda the zero time point (Figure).4After 20
minutes of stimulation with AprA aloner CfaD alone, there was no significant effect on
the amount of membrarassociated my€nrN (Figure 4. A significant increase in
membraneassociated my€nrN was observed at 20 minutes when cells were stimulated
with both AprA and CfaD (Figure)4For tnknown reasons, the amount of membrane
associated my€nrN decreased at 20 minutesthe buffer control (Figure)4 These
results suggest that AprA and CfabDgether can induckcalization of CnrN to the

membrane.
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Figure 4: CnrN localization. Myc-taggedcnrN™/CnriNE cells were incubated with rAprA,

rCfaD, both rAprA and rCfaD, or an equivalent volume of buffer and lysed at the indicated
times. Membranes from the lysates were collected by centrifugation and were analyzed for the
presence of mytagged CnrN by Western blotting and staining for the +#iag: Band intensities
were measured as a ratio of the zero time point. Values are mean = SEM, n = 3 or more. * and
*** indicate a significant difference with p < 0.05 or p < 0.001, respectively, cordparee

zero time point ftest). Membrane samples were run on20% PAGE gel and coomassie

stained as a loading control.

CnrN is necessary for chemorepulsion by AprA

We previously characterized AprA as a chemorepellerDiofyosteliumcells
(48). To determine if CnrN is necessary for chemorepulsion by AprA, we used Insall
chambers(48, 133) to aralyze the response airN cells to rAprA. The forward
migration index represents the displacement of cells along a gradient as a fraction of the

total cell movement. A negative forward migration index indicates displacement away
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from rAprA. The chemorepsion of wild type cells away from rAprA was similar to
previous observation@8). cnrN cells were not chemorepulsed in @adjent of AprA,

and expressing CnrN in the mutant background rescued this defect (Figure 5). This
indicates that CnrN is required for AprA to act as a chemorepelleBiabfostelium

cells.

Genotype rAprA

Wild-type ;_ l—I—l f | I x

cnriN°

cnrN™/ CnrN©E . | | | ]

Forward Migration Index

Figure 5: CnrN is necessary for chemorepulsion by AprA.Cells were assayed for
chemorepulsion in response to rAprA in an Insall chamber for 1 hour. A negative migration
index indicates movement away from the AprA source. Values are mean + SEM of at least three
independent experiments. * (p < 0.05) and ** (p.&1) indicate a significant differencetést).
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Discussion

Extracellular AprA and CfaD inhibitDictyostelium cell proliferation and
extracellular AprA causes cell chemorepuls{df, 41, 48). cnrN cells are insensitive
to both the prolérationinhibiting and chemorepellent effects of rAprA, and these
phenotypes are rescued by expressing CnrdhiN cells Like aprA andcfaD cells,
cnrN  cells have a faster doubling time and reach a higher cell density than wild type
cells, have similar mass and protein accumulation per nucleus, and form less viable
spores. LikeaprA andcfaD cells,cnrN cells are also more multinucleate than wild
type cells Interestingly, adding rCfald cells lacking CnrN increas@roliferation.The
increase inproliferation of cnrN  cells in response to rCfaD appears to be due to an
increase in cytokinesis. The significant difference in the increasendfl cell
proliferation between the combination of rAprA and rCfaD, and rCfaD alone, suggests a
cooperative role between AprA and CfaD. If AprA and CfaD function independently,
cnrN  cells would respond to the combination of rAprA and rCfaD similarly to rCfaD
alone, sincenrN  cellsare insensitive to rAprA signaling. Thus, the presence of AprA
decreases the ability of CfaD to increase the proliferatioocndfl cells Together, the
data suggest that CnrN is required for AprA and CfaD to inhibit proliferation.

PTENlike phosphatases are recruited to the plasma membrane to
dephosphorylatePIP; to PIR (113 125128. CnrN is localized in the cytosol, in
vesiclelike structures, and at the plasma membraneTEN binds to
phosphoserine/phosptimline lipid vesicles via the C2 domain of the prot€iB4).

Since CnrN contains a putative PTHKke C2 domain(115, CnrN may also bind to
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vesicles containing phosphoserine and phosipbiine. Wefound that CnrN localization
is increased on membran@s response t@ mixture ofrAprA and rCfaD after 20
minutes. AprAand CfaD may recruit CnrN to the membrane to inhibit proliferation
promoting factors. In addition, AprA may also utilize CnrN membrane recruitment to
potentiate chemorepulsion Dictyosteliumcells. CnrN is a necessary component of the
AprA chemorepellen pathway. During chemotaxis, PTEN inhibits the formation of
pseudopods at the trailing end of a 88, 58, 62). In the AprA chemorepellent system,
the PTENIlike phosphatase CnrN may be recruitedthe membrane adjacent to the
source of AprA. This would then inhibit the formation of pseudopods in the direction of
the AprA source, allowing cells to move away from the source of AprA.

Together, our radts indicate that CnrN igecruited to the mebrane in response
to a combination ofAprA and CfaD acts as a negsaé regulator of proliferation, and
mediates AprAinduced chemorepulsiorAn intriguing possibility is that in higher
eukaryotes, factors that slow proliferation and/or act as chemonmggeleay also

regulate the localization of PTEN or PTHike phosphatases.
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CHAPTER 1lI
DIPEPTIDYL -PEPTIDASE IV IS A HU MAN AND MURINE NEUTR OPHIL

CHEMOREPELLENT *

Summary

In Dictyostelium discoideun\prA is a secreted protein that inhibits proliferation
and causes chemorepulsion Dictyostelium cells, yet AprA has little sequence
similarity to any human proteins. We found that a predicted structure of AprA has
similarity to human dipeptidybeptidase IV (DPPIV). DPPIV is a serine protease
present in exacellular fluids that cleaves peptides with a proline or alanine in the
second position. In Insall chambers, DPPIV gradients below, similar to, and above the
human serum DPPIV concentration cause movement of human neutrophils away from
the higher concerdtion of DPPIV. A 1% DPPIV concentration difference between the
front and back of the cell is sufficient to cause chemorepulsion. Neutrophil speed and
viability are wunaffected by DPPIV. DPPIV inhibitors block DPRhédiated
chemorepulsionin a murine modeof acute respiratory distress syndrome (ARDS),
aspirated bleomycin induces a significant increase in the number of neutrophils in the

lungs after 3 dayd hese results indicate that DPPIV functions as a chemorepedlent

! Reprinted with permission. i@inally published inThe Journal of Immunology Herlihy SE, Pilling D,
Maharjan AS, Gomer RH. 2013. Dipeptidyl Peptidase IV Is a Human and Murine Neutrophil
Chemorepellent. J. Immunol. 19®4686477. Copyright © 2013 The American Association of
Immunologists, Inchttp://www.jimmunol.org/

35


http://www.jimmunol.org/

human and mouse neutrophils, and suggest new mechanisms to inhibit neutrophil

accumulation in ARDS.

Introduction

Chemotaxis is the directed movement of cells due to a gradient of an attractant or
repellent. Chemotaxis has been observed in both prokaryotes and euké§olss).

In humans, neutrophils show chemotaxis towards bacterial products sucfoasyiN
methionineleucinephenylalanine (fMLP), and towards signals secreted by macrophages
and epithelial ells such as interluki8 (IL-8) (54, 55). A large number of
chemoattractants have been characterized, while relatively few chemorepellents have
been identified64, 67, 68, 136-138).

Dictyostelium cells secrete two proteins, AprA and CfaD, which inhibit
Dictyosteliumcell proliferation (39, 40). Although CfaD has sequence similarity to
cathepsin L, AprA shows no significant sequence similarity to eukaryotic pr¢89ns
40). We found that AprA also functions as a chemorepellelictiyosteliumcells (48).
Wild-type cellsin a colony rapidly move away from the dense colony center, while
AprA knock-out cells show no directional movement away from the center of a colony
(46, 48). When wildtype cells are placed in a gradient of recombinant AprA (rAprA),

cells show a biased movement away from rAp48).
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Protein structure prediction can be highly accurate and reveal new functions of a
protein(139-144). The protein prediction servefTIASSER uses a mulitep process to
predict protein structur€l39 141). First, initial models of the structure are generated
from the amino acid sequen¢&39 141). The models are then adjustasing Monte
Carlo simulations to identify folds with the lowest free ene(®$9 141). Finally,
spatial constraints and optimal hydrogen bindings are used to adjust the predicted
structure(139, 141). The predicted structure can then be used to search for proteins with
similar structure$140, 142-144).

Dipeptidylpeptidase IV ([PPIV) is a 110 kDa serine protease that cleaves
peptides with a proline or alanine in the second position at #teernus(145). DPPIV
is on the extracellular surface of some lymphocytes and epithelial cells, and a heavily
glycosylated soluble form of DPPIV is also found in plasma, serum, cerebrospinal fluid,
synovial fluid, semen, and uring5, 76). DPPIV degrades glucagdike peptidel
(GLP-1) (83). Drugs that block DPPIV activity also flo this degradation, and are used
to treat type 2 diabet€83). By activating or deactivating peptidigsals, DPPIV affects
a large variety of signaling molecules regulating chemotaxis, tissue remodeling, cell
adhesion, and other proces§gs 146).

Using the {TASSER program, we identified structural similarity between
DictyosteliumAprA and human DPPIV. We shativat neutrophils are chemorepulsed by
DPPIV, and that this chemorepulsion is dependent on the enzyme activity of DPPIV. In
anin vivo model of neutrophil movement, oropharyngeal aspiration of DPPIV reduces

neutrophil accumulation in the lungs of bleomyti@ated mice. In this report, we show
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that DPPIV acts as a chemorepellent of human neutrophils and present a new potential

method to inhibit neutrophil accumulation in tissues.

Materials and Methods
Structure prediction, alignment, and superimposition

The tertiary structure of AprA was predicted usingASSER (139-141). The
PDB file of the predicted AprAtructure was input into the Dali server to find similar
protein structures and calculate structural similarities’). The structure of AprA and
DPPIV were superiposed using pairwise alignment (http://agknapp.chemie.fu

berlin.de/gplus/{148 149).

Neutrophil isolation

Blood was collected from healthy volunteers with specific approval from the
Institutional Review Board of Texas A&M University. Written consent was received,
and all samples were déentified before analysis. Neutrophils were isolatexnf the
blood using Lympholytgoly (Cedarlane Laboratories, Hornby, Canada) following the
manufacturerdéds directions and resuspended i
RPMI-1640 (Lonza).

Neutrophils were further purified using negative selection, ascribed
previously (150). Briefly, neutrophils were depleted of eosinophils, monocytes, and
lymphocyes by incubating the cells for 10 minutes at room temperature with 5 pg/ml of

antthuman CD244 (Biolegend), and then depleting CD244 positive cells with Pan
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Mouse IgG Dynabeads (Invitrogen). Cells were resuspended to a final volume of 1 ml in
2% humaralbumin-RPMI.

To determine the purity of CD24depleted neutrophil preparations, cells were
resuspended in PBS containing 2% BSA and cell smears were prepared as described
previously(151). Cells smears were air driedeamight, fixed in methanol, stained with
hematoxylin and eosin, and cell morphology was determined by microscopy, as
described previousl{150).

Human albumin was isolated from human serum (Lonza) usinegafBlue Gel
beads (BioRad). After washing beads three times with phosphate buffered saline, beads
were incubated with serum at room temperature2ftvours. Beads were collected by
centrifugation at 300 x g for 2 minutes and washed with buffer (20 mM Tris, 140 mM
NaCl, 2 mM calcium) and the albumin eluted off overnight with 500 mM NacCl.

Al bumin was then concentr at e dcedasaltdsolubanf f er

(Sigma) using a 10 kDa centrifugal filter (Millipore) and stored at 4°C.

Insall chamber assays

Recombinant human soluble DPPIV (rDPPIV) was purchased from Enzo
Lifesciences. To measure the effect of DPPIV on cell displacement, welnsad
chambers, which allows direct visualization of cell movement, as described previously
for melanoma cellsDictyostelium and neutrophil§48, 133 152). Briefly, 22 x 22mm
glass cover slips were etched with 1 M HCI, rinsed with deionized water, and coated

with 20 pg/mL bovine plasma fibronectin (Sigma) for 30 minutes at 37°C. Cover slips
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were then washed twice with PBS, and 300 pl efitrophils at 5 x 1Dcells/m| were
allowed to adhere to the coverslip for 15 minutes at 37°C. We then utilized an Insall
chamber slide, a kind gift from Robert Ins@lB3). Two concentric depressions and the
separating bridge were filled with 2%BSRPMI. The media was removed from the
coverslips, which were then placed face down on the chamber. Media was then removed
from the outer chamber dnwas replaced by DPPIV alone, DPPIV inhibitor alone
(Diprotin A, Enzo Lifesciences or DPPI 1c hydrochloride, Tocris), DPPIV plus DPPIV
inhibitor (all in 2%BSARPMI), or 2%BSARPMI. Cells located on the bridge between
the square depressions were then fidnas previously described53), using a 10X
objective for 1 hour at 37°C in a humidified 5% £@cubator. Displacement of at least
10 randomly chosen cells per experiment was measured over periods of 10 minutes. Cell
trackingand track analysis was done as previously desc(d®advith the exception that
videos of an hour in length were processei i10 minute segments to yield a TIFF
stack of 47 images for analysis (with -48cond intervals between images). Insall
chamber assays for pure neutrophils were done with the same procedures expect that
coverslips were coated with 20 pg/mL human plasrbeofiectin (Trevigen) and 2%
human albumirfRPMI was used instead of 2% BSFPMI.

For conditioned media assays, neutrophils at 5céfls/ml were incubated with
300 ng/ml DPPIV or an equivalent volume of buffer for 30 minutes at 37°C in tubes that
were pe-coated with 4% BSARPMI. Where indicated, the DPPIV inhibitor DPPI 1c
hydrochloride was added to the conditioned medium to a final concentration of 200 nM.

Cells were collected by centrifugation at 500 x g for 5 minutes and the supernatant was
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added tothe outside chamber of an Insall chamber. Cells were filmed as described
above. Samples of conditioned media were separated2@4PAGE gels (BioRad),
transferred to Immobilon P membranes (Millipore), and membranes were stained with

100 ng/ml anthumanDPPIV antibodies (R&D Systems).

Effect of DPPIV peptidase activity on albumin stability

2% BSARPMI and 2% human albumiRPMI were incubated with 300 ng/ml
rDPPIV or an equivalent volume of buffer for 3 hours. Samples were taken at 0, 15, 30,
45, 60, ad 180 minutes, mixed with SDS sample buffer, separated 209 PAGE,

and then silver stained.

Neutrophil influx in mice

4-weekold C57/BL6 mice (Jackson, Bar Harbor, ME) were treated with an
oropharyngeal aspiration p(Calbtobhengl54.die sal i ne
successful aspiration of bleomycin into the lungs was confirmed by listening for the
crackling noise heard after the aspiration. 24 hours following blelmaspiration (day
1), mi ce were treated with an oropharyngeal
pg rDPPIV (Enzo Lifesciences) or an equal volume of 0.9% saline. Mice were weighed
daily and euthanized at day 3 after bleomycin aspiration. Blaslowllected by cardiac
puncture from the euthanized mice and blood glucose was measured usinch&cku
Active (Roche). The |l ungs were perfused wit

by bronchoalveolar lavage (BAL) as described previo(hp). The primary BAL cells
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were collected by centrifugation at 500 x g for 10 minutes. Prim&dy gellets were
resuspended in the secondary and tertiary BAL fluid and the combined cells were
collected by centrifugation at 500 x g for 5 minutes. The cells were resuspended in 500
el of -PBHSB8Ad counted with a helsmwwasthénomet er .
aliquoted into cytospin funnels and spun onto glass slides (Superfrost plus white slides,
VWR, West Chester, PA) at 400 rpm for 5 minutes using a cytospin centrifuge
(Shandon, Cheshire, England). These cells were thairiad, and stained wit Gi | | 0 s
haematoxylin. Greater than 200 cells were counted for total cell number and neutrophils,
macrophages, and lymphocytes were identified by morphology. The percent of
neutrophils, macrophages, or lymphocytes was then multiplied by the total number of
cells recovered from the BAL to obtain the number of each cell type in the BAL. The
mice were used in accordance with guidelines published by the National Institutes of
Health, and the protocol was approved by the Texas A&M University Animal Use and

CareCommittee.

Immunohistochemistry

After BAL, lungs were inflated with pravarmed OCT (VWR) and then
embedded in OCT, frozen on dry ice, and store@@tC as described previougli56).
Lung tissue sections (5 &m) were prepared
described previouslfl56e x cept sl i des were incubated wit
in 4% BSAPBSfor 60 minutes. Active caspaS8estaining was done overnight at 4°C.

The lung sections were stained for Ly6G (BD Biosciences) to detect neutrophils, CD11b

42



(BioLegend) to detect infiltrating macrophages and neutrophils, CD11c (MBL) to detect
lung residentnacrophages and dendritic cells, CD206 (Biolegend) to detect the mannose
receptor on macrophages and dendritic cells, and CD107b (Mac3) (Biolegend) to detect
alveolar and tissue macrophages and granulocytes, cleaved easfizale Signaling
Technologies)to detect activated caspa3ge and isotypenatched mouse or rabbit
irrelevant antibodies as controls. Slides were then washed three times with PBS over 30
mi nutes and incubated with 5rag/ mhmgGboot bnygl
biotinylated do k e y F ( adblit )Jg& in 4% BSAPBS for 30 minutes. Slides were

then washed three times in PBS over 30 minutes and incubated with a 1:500 dilution of
streptavidin alkaline phosphatase (Vector Laboratories) in 4% B3 for 30 minutes.
Staining was developed with a VectorRed Alkaline Phosphatase Kit (Vector
Laboratories) for 10 minutes. Slides were then mounted as described preyi&@sly

Five or ten 450 um fields of viewere counted for Ly6&tained or active caspaSe
stained positive cells, respectively. Areas containing large blood vessels and bronchioles

were excluded from analysis.

Neutrophil survival
Isolated neutrophils were cultured in RRMB40 containing 10%v(v) fetal
bovine serum and 2 mM glutamine in-@@ll tissueculture plates at 37°C for 20 hours,
as described previous(iL57). Neutrophils were cultured in the presence lusemce of
25 ng/ml human It8 or human TNFJ (bot h from Peprotech), o

After 20 hours neutrophils were labeled with annexin V (BioLegend) and propidium
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iodide (Sigma) according to the manufactur
stages of cell death. In addition, cytospin preparations were used to assess for

morphological changes associated with apoptosis, as described pre(d&usiyp9).

Statistics
Statistics were done using Prism (GraphPad Software, San Diego, CAvayne
ANOVA was used to compare bet testvasuseditb t i pl e

compare between two groups.

Results
AprA hasstructural similarity to the human protein dipeptigygptidase 1V

AprA has little sequence similarity to any mammalian pro{@@). Using }
TASSER, we generated a predicted structure for AprAufiéi@. The Dali Server, used
to compare protein structures, composes a list of the proteins with the most structural
similarity to the query protein. The proteins with the top structural similarities to the
predicted structure of AprA were Cephalosporin C deacd a slactanfjaae frobm the
fungusAcremoniun), acetyl xylan esterase (from the bactd&gcillis pumilus cleaves
carboxylester bonds), acylamirarccidreleasingenzyme (from the Archae&eropyrum
pernixK1, cleaves acylatettrminal amino acids), and dipeptidyeptidase IV (DPPIV)
(human soluble form, cleaves terminal amino acids with proline or alanine in the second
position). AprA has an 11% structural identity to the entire structure of soluble human

DPPIV (Figure 6 theU/ b hydrol ase domain of DPPIV is
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AprA, can be found as an extracellular protein, these results suggested that AprA might

have functional similarity to DPPIV or vice versa.

Figure 6: Superimposition of the predicted structs e of Apr A with the struc

hydrolase domain of human DPPIV.The catalytic domains of DPPIV (thdb hydrolase
domain of PDB ID 1J2E), and AprA (predicted structure) were superimposed and the catalytic
triads highlighted. Thé&lb hydrolase domin of DPPIV is shown in green and its catalytic triad
(Asp708, His740, and Ser630) is orange. The predicted structure of AprA is shown in cyan and
its potential catalytic triad (Asp288, His319, and Serl95) is blue.bfpr@peller domain of
DPPIV was remeed for simplicity since the predicted structure of AprA had no overlap with
this domain.

Neutrophils show biased movement away from a source of DPPIV

AprA functions as a chemorepellent Dfctyosteliumcells (48). Dictyostelium
and neutrophils share many properties of chemoték@0, 161). Therefore, we
hypothesized that DPPIV may regulate human neutrophil motility due to its structural
similarity to AprA. To examine neutrophil chetaais in gradients of DPPIV, we used
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an Insall chamber. When neutrophil movement was tracked over 10 minute periods,
there was no bias of mement in the media control (Figuré& and Figure & A biased
movement away from a source of DPPIV was observegu(&iB and Figure 8 Cells

were tracked and the average center of mass observed for the endpoints of cells in each
population was determined. The center of mass of cell endpoints showed displacement
away from the source of DPPIV (Figureand Figure 8 The concentration of DPPIV in
human blood ranges from 400 to 800 ng/ml, or 4.7 to 9.4182 163). Therefore, we

tested the ability of DPPIV to affect neutrophil migration above, below, and within this
concentration range. Neutrophils showed biased movement é&vemy higher
concentrations of rDPPIV in a variety of DPP&dncentration gradients (Tablg. An

equal concentration of DPPIV in both wells of the chamber resulted in no biased
directional movement of neutrophils (Table).7The presence of DPPIV affected
directionality, although not in any systematic manner (Taf)leBecause we used
different sets of donors for each gradient concentration, the directionality in the media
controls vary somewhat within the different sets of experiments.-ONFst i mul at ed
neurophils also ngrated away from DPPIV (Table).7For unknown reasons, some of

the cells appeared to move towards the highecammation of DPPIV. In FigureB,

two such cells can be seen. The fraction of cells exhibiting this anomalous behavior was
not obviously affected by the amount DPPIV in the gradient (Table).7Combined,

these data indicate that a gradient of DPPIV causes chemorepulsion of neutrophils.

46



Attraction Repulsion Attraction Repulsion

A €——> B <€——>

200 1 Number of tracks: 32 4| Number of tracks: 34

100

Distance [um]
|
Distance [um]
|

-100 4

-200

T T T T T S S e — 77— T
-200 -100 0 100 200 200 -100 0 100 200
Distance [um] Distance [um]

Figure 7: Human neutrophils show biased movement away from rDPPIV Neutrophil
migration was measured in th absence oB) presence of a-0.2 nM rDPPIV gradient.
Neutrophils were filmed and tracked (see Methods and Materials) oveiinl@e periods.
Orientation is such that the source of rDPPIV is on the left. Grajghdata from one of three
independent experiments (sEgure 8for the other two experiments). Red dots represent the
average center of mass for the ending positions of all cells.
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Figure 8: Human neutrophils show biased movement away from rDPIV. Neutrophil
migration was measured in the absence (left two paneskesence (right two panels) of (@

nM rDPPIV gradient. Neutrophils were filmed and tracked ovemirfute periods. Orientation

is such that the source of rDPPIV is on the I&itaphs show the remaining two replicates from
Figure 3. Red dots represent the average center of mass for all the ending positions of all cells.
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Table 7. The effect of DPPIV on forward migration and directness of neutrophilmovement The

data from at least three independent sets of cell population tracks (see Fueé8 as an
example) were analyzed to determine the forward migration index (FMI) and directionality. FMI

is a measure of migration of cells along the gradient, wheteerpials no movement, a positive
number equals movement away from the source, and a negative number indicates movement
toward the source. Directionality is the ratio of Euclidean distance to accumulated distance. For
each gradient, neutrophils from atdethree different volunteers were used. * indicates p < 0.05,

** indicates p < 0.01, and *** indicates p < 0.001 compared to the media contest(t™"

represents a gradient of DPPIVwith TNF st i mul ated neutrophil s. N/ A
Forward Migration Index Directionality Number
of cells
moving
toward
DPPIV
oPPIV | conir
gradient rDPPIV rDPPIV rDPPIV
(M) (0OnM (0OnM
rDPPIV) rDPPIV)
0-1.2 0.00£0.03] 0.21+£0.03** | 0.35%0.02 0.39 £ 0.02* 10/93
0-3.5 -0.04 £ 0.04| 0.21 +£0.06*** | 0.26 + 0.02 0.50 + 0.03*** 9/55
0-11.7 0.01 £0.06| 0.15*0.05* 0.47 £0.03 0.47 £0.02 6/50
4.7-47 | 0.01+0.06| -0.01+0.04 0.47 £0.03 0.30 £ 0.02%** N/A
4.7-11.7 | -0.02 £ 0.06| 0.22 +0.06** 0.50 + 0.03 0.42 + 0.04* 4732
9.423 | -0.01+0.05| 0.13+0.05* 0.36 +0.03 0.50 + 0.02*** 25/74
0-3.5™ | -0.02+0.03 0.10+0.03* | 0.32+0.02| 0.34+0.02 8/81

DPPIV gradients affect the probability directional movement but do not affect cell
speed

We also examined the ability of DPPIV to affect cell speed and directional
movement using the ceitacking data. A gradient of DPPIV did not affect cell speed,

and speeds were consistent with previmeasurements of neutrophil migeoe (Table
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8), and were similar to neutrophil speed observed in gradients on fMLP in an Insall
chamber (30.2 + 3.)L64, 165. P, and R can be defined as the probability that a cell
would move away or toward a source of DPPIV, respectively in-set8nd interval

(48). In gradients of DPPIV, with the exception of a-23InM gradient, either{Pwas
significantly less or Pwas significantlynore than the control (Tablg.9he probability

of a cell moving toward or away from DPPIV was similar to the control wdugral
concentrations were present on eitsele of the chamber (Tablg. DPPIV did not
significantly affect g, the probability that a cell did not move in ad&ond interval.
These results indicate that although a gradient of DPPIV does not sigthyfiadiect cell

speed, it does affect the movement of a cell toward or away from the source of DPPIV.

Table 8 The effect of DPPIV on the average speed of neutrophil¥he data from at least
three independent sets of celbpulation tracks (see Figur7 and Figure 8) were used to
determine the average speed of neutrophils. Values are mean + SEM, n = 3 or more.

Average Cell Speed (um/minute)

aradnt (o) | maroppry) | PPV
0-1.2 271 261
0-3.5 23+1 23+1
0-11.7 24+ 2 252
4.7-4.7 17+1 16+1
4.7-11.7 17+1 18+2
9.4-23 17+1 17+1
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