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Fic. 6. Plkl abrogates fhe pS3-mediated transcriptional activation. p53-deficient H1299 cells {6 X 10* cells/well) were transiently

co-transfected with 25 ng of the expression plasmid for p53 together with 100 ng of the luciferase reporter construct that carries the p53-responsive ~¢ -

element derived from p21%A*? (4), BAX (B), or MDM2 (C) promoter and 10 ng of the Renilla luciferase plasmid (pRL-TK) in the presence or absence
of increasing amounts of pcDNAS3-FLAG-Plk1 (50, 100, or 200 ng). The total amount of plasmid DNA per transfection was kept constant (510 ng)
with peDNA3. All transfections were performed in triplicate. Forty-eight hours after transfection, cells were lysed, and analyzed for their luciferase
activities. Firefly luminescence signal was normalized based on the Renilla luminescence signal, Results are shown as -fold induction of the firefly
luciferase activity compared with control cells transfected with peDINA3 alone. D, immunoblot analysis, H1299 cells were transiently co-transfected

with the indicated combinations of expression plasmids. Whole cell lysates were prepared 48 h post-transfection, and analyzed for the expression. .
of FLAG-Plk1 (13t panel), p53 (2nd panel), or p21¥A¥ (3rd panel) by immunohblot analysis with monoclonal anti-FLAG, monoclonal anti-p33, or

polyclonal anti-p21%AF! antibody, respectively. Total protein levels were controlled with polyclonal anti-actin antibody (42h panel).

nous p21WATL, To this end, H1299 cells were transiently co-
transfected with a constant amount of the expression plasmid
for pb3 together with or without inereasing amounts of the
FLAG-Plk1 expression plasmid. Forty-eight hours after trans-

fection, whole cell lysates were prepared and subjected to im-

munoblot analysis. Equal protein loading was confirmed by
immunoblotting with the antibody against actin. As described

(46), overexpression of p53 in H1299 cells resulted in the in- |

duction of the endogenous p31WAF! compared with basal levels
seen with empty plasmid

crease in the endogencus p21WAT! level in a dose-dependent
manner (Fig. 6D, third and fourth lanes). These findings
strongly suggest that Plkl has an ability to inhibit p53-medi-
ated transcriptional activation through physical interaction
with p53.

To assess the possible effect of the endogenous Plkl on the
transcriptional activity of p53, we have employed an antisense
strategy. As shown in Fig. 74, expression of antisense PIkI in
H1299 cells resulted in a reduction of the endogenous Plkl as
detected by immunoblot analysis. We then performed lucifer-
ase reporter analysis utilizing F[1299 cells, As expected, co-
expression of p53 with the antisense PlkI led to & slight but

s

(‘E‘ig. 6D, first and second lanes). -
Co-expression of p53 with FLAG-Plk1 caused a significant de- -

significant increase in the p53-mediated transcriptional acti-
vation as compared with cells expressing p53 alone (Fig, 7,
B-D).

Plk1 Inhibits the p53-mediated Apoptosis—To extend the

mediated apoptosis. H1299 cells were transiently co-trans-

fected with the expression plasmid encoding p53 together with ... .

or without the expression plasmid for FLAG-Plk1. Forty-eight

hours after transfeetion, cell viability was monitored by a cell
‘survival "assay. As shown in Fig. 84, overexpression of p53

resulted in & reduction of the number of viable cells ag com-
pared with that found in the control transfection, and Plkl

. alone had little effect on cell viability. The reduced number of

viable cells caused by exogencus p53 was recovered by co-
expression of FLAG-PIk1. Considering that p53 induced apo-
ptosis in transfected H1299 cells (47), Plk1 might abrogate the
pro-apoptotic function ‘of p53. To confirm this possibility,

H1299 cells were transiently co-transfected with a constant

‘functional significanee of the physical interaction between Plk1
and p53, we next determined whether Plkl could affect p53-

i

amount of the GEP expression plasmid together with the indi- -

_cated combinations of the expression plasmids. Forty-eight
hours after transfection, transfected cells were scored by fluo-.

rescence microscopy for the appearance:.of green flucrescence,
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F1a. 7. Antisense PikI increases the transcriptional activity of p33. 4, antisense Plk! expression in H1299 cells results in a reduction of
endogenous Plkl. H1299 cells were transfected with 2 ug of antisense PlkI expression plasmid (As-PlkI). Whole cell lysates prepared from
transfected cells were subjected to immunoblotting with the anti-Plk] antibody (fop panel). Western blotting for actin is shown as a control for
protein loading {(bottom panel), B-D, luciferase reporter analysis, H1299 cells were transiently co-transfected with 12.5 ng of the p53 expression
plasmid aleng with 100 ng of the mdmat.ed luciferase reporter construct in the presence or absence of increasing amounts of As- PH!I (200 and 400
ng). Determination and calculation of the luciferase activities are described in the legend to Fig. 6.

and the number of GFP-positive cells with condensed and frag-
mented nuclei were counted. Under our experimental condi-
tions, enforced expression of p53 led to an increase in the
number of apoptotic cells as compared with the control trans-
fection (Fig. 8B). In agreement with the above cell survival
assay, co-expression of p53 with FLAG-Plkl decreased the
nimber of apoptotic cells as compared with that resulting from
expression of p53 alone. Taken together, these results indicate
that Plk1 is an efficient inhibitor of p53.

Kinase-deficient Plk1 Fails to Inhibit p53—Next, we tested
whether the Plk1 kinase activity could be required for Plk1-de-
pendent inhibition of the p53 transcriptional activity. As de-
scribed previously (22), the mutant form of Plk1 (Plk1-K82M),
in which Lys®® within the ATP-binding motif is replaced by
Met, completely lost the kinase activity. We therefore gener-
ated an expression plasmid encoding FLAG-PIx1(K82M), and
then examined whether Plk1(K82M) could associate with p53,
and also affect the p53-mediated transeriptional activation,
Immunoprecipitation followed by Western detection of endog-

. enous p53 indicated that p53 interacted with both the wild-type
Plz1 and the kinase-deficient Ptk1{K82M) (Fig. 94). The effects
of the lysine mutation on the p53-mediated transcriptional
activation were tested by luciferase reporter analysis. In con-
trast to the wild-type Plkl, the kinase-deficient Plk1(K82M)
failed to reduce the p53-mediated reporter expression driven by
those constructs (Fig. 8, B-D).

To examine the effect of PIk1(K82M) on p53-dependent &po-
ptosis, H1299 cells were transfected with the expression plas-

mid for p53 along with or without the expression plasmid for
FLAG-P1k1(K82M). Forty-eight hours after transfection, their
viability was measured by cell survival assay. As expected, the
p53-dependent decrease in the number of viable cells was un-
affected in the presence of the exogenous FLAG-Plk1(K32M)
(Fig. 9E). Taken together, our results strongly suggest that the
kinase activity of Plk1 is required for Plkl-depeqdent inhibj-
tion of p53.

ATM Antagonizes the Inhibitory Effect of Plk1 on p53—Plk1l
kinase activity has been shown to be inhibited in an ATM-de-
pendent manner in response to DNA damage (19, 20). The
kinase activity of ATM was significantly increased after DNA
damage, and ATM was able to phosphorylate p53 at the NI,
terminus on serine 15 to enhance its stability as well as its
transactivation activity (48-50). To examine whether ATM
could affect the Plk1-mediated inhibition of p53, wé transiently
co-transfected H1299 cells with expression plasrmds for p53
and FLAG-Plk1 together with or without increasing amounts of
ATM expression plasmid, and the ability of p53 t¢ drive tran-
scription from the p2I™AF! reporter was measured. As ex-
pected, co-expression of p53 with ATM resulted in'an increase
in the transcriptional activity of p53 as compared with that of
cells expressing p53 alone (Fig. 10). Increasing amounts of
ATM largely ahrogated the Plkl-mediated inhibition of the
p53-dependent transcriptional activation. It thus appears that
ATM could inhibit the activity of Plk1 and thereby restore the -
transcriptional activity of p53.
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Fic. 8. Plkl inhibits the pro-apoptotic activity of p53. A, H1299
cells were transiently co-transfected with 0.6 pg of the expression

plasmid for p53 together with or without 1.2 pg of the FLAG-Plk1 -

expression plasmid, The total amount of plasmid DNA was kept con-
stant (2 ug) with the empty plasmid. At 48 h after transfection, cell
viability was determined by MTIT cell survival assays. The graph
{mean = S5.D. of three independent experiments) represents relative
viability based on the percent of viable cells compared with the control
transfection (pcDNA3). The percentage of viable cells expressing p53

alone is significantly different from that of viable cells expressing p53

and FLAG-PIk1 (p < 0.0001). B, H1299 cells were transiently co-
transfected with the indicated combinations of the expression plasmids.
A constant amount of the GFP pxpression plasmid (200 ng) was in-
cluded in all combinations, and the total amount of plasmid DNA was
kept constant (2 pg) by including an appropriate amount of empty
plasmid. Forty-eight hours after transfection, transfected cells werse

identified by the presence of green fluorescence, Cell nucleus was '

stained with propidium jodide to reveal nuclear condensation and frag-
mentation. The number of GFP-positive cells with condensed and frag-

mented nuclei was scored, and- the percentage of apoptotic cells shown,

in each column represents the méan of three independent expériments.

DISCUSSION

In the present study, we have found that Plk1 interacts with
p53 and inhibits its transactivation as well as apoptosis-indue-
ing activity in mammalian cultured cells. This interaction is
mediated by the sequence-specific DNA-binding domain of p53

and the region of Plkl containing the kinase domain. Impor- -

tantly, Plkl-mediated inhibiion of p53 requires its kinase ac-
tivity and is attenuated with ATM. Thus, our present data

support the hypothesis that p53 is one of the critical targets of -

Pikl, and that Plkl.mediated inhibition of p53 contributes at

least in part to cell fate decisions regarding survival 'and

tumorigenesis.

The expression of PlkI was significantly down-regulated in
response to cisplatin treatment. Recently, Ree et l. (51) found
that ionizing radiation leads to the suppression of Pkl mRNA
expression, It is of interest to examine whether genotoxic

stresses other than cisplatin‘and jonizing radiation could also

repress the expression of P[k1. On the other hand, PIkI mRNA
expression is significantly induced in various human primary

tumors {27). It is necessary fo identify the promoter region as -

well as the transcription factor(s) required for the transcrip-
tional regulation of PI&I in cincercus cells. In good agreement

Functional Interaction between Plk1 and p53

with the previous observations {52), Uchiumi et al. {53) have

- identified the regulatory regions responsible for the activation

of the human P{k] promoter, which include a consensus Sp1-
binding site and a CCAAT box. It has been shown that the
transcripticn factor NF-Y, a heterotrimeric complex consisting
of NF-YA, NF-YB, and NF-YC, recognizes and binds to the
CCAAT box (54). Indeed, the electrophoretic mobility shift as-
say revealed that NF-Y binds to the CCAAT box present within

the human PlkI promoter region, however, it remains to be = &+ -

determined whether NF-Y and/or Spl could actually transac-
tivate the PlkI promoter in tumor cells (53). Recently, Lee and
Pedersen (55) have reported that there exist 6 GC boxes and
the CCAAT box within the type IT hexokinase (HKII) promoter,
and that NF-Y and Sp family members including Sp1 might
contribute to up-regulation of the HKII gene in tumor cells.
Further studies regarding the transecriptional regulation of the
Plk1 gene are necessary to clarify the molecular mechanisms of
Plk1-dependent tumorigenesis.

During the DNA damage response, the activity of ATM is
significantly increased and is responsible for the rapid phos-
phorylation of p53 at Ser'® (48-50). This ATM-dependent phos-
phorylation contributes to the increased stability and activity
of p53 by facilitating its dissociation from MDM2 (56). In ad-

. dition, phosphorylation of p53 at Ser'® induces its binding to

the transeriptional co-activator p300 (57). Recently, it has been
shown that Plkl activity is inhibited in response to DNA dam-
age, and this inhibition occurs in an ATM-dependent manner
(19, 20). Our present data demonstrate that the Plkl-mediated
inhibition of p53 activity is rescued by the co-expression of
ATM, suggesting that, in addition to the ATM-dependent phos-
pherylation of p53, the activity of p53 may be enhanced at least
in part by the ATM-dependent inhibition of Plk1. Intriguingly,
Liu and Erikson (33) reported that p33 is significantly stabi-

FI

. lized in Plk1-depleted cells. In accordance with their findings, ..
we have shown that the exposure of SH-SY5Y cells to cisplatin. - - - -
leads to 2 remarkable accumulation of p53, which is strongly * : .-

associated with a significant down-regulation of the endoge- - '

nous Plkl both at mRNA and protein levels, suggesting that

Plk1 is closely involved in the regulation of p53 stability and

thereby modulates its activity. Under our experimental condi- - e
" tions, however, overexpression of FLAG-Plk1 did not affect the

. amounts of the endogenous as well as the ectoplcally expressed o
~p53.- n Sl
The pro-apoptotm ﬁmctmn of p53 mvolves its ablhty to act as

a transcription factor in transactivating downstream target
gene promoters. The majority of missense mutations of p53
detected in human tumors oceur within its sequence-specific
DNA-binding domain, and these mutations cause the loss of
p53 activity (58). Thus, the structural integrity of this domain

is required for p53 function. On the other hand, several viral ... ... ...

and cellular proteins inactivate p53 through a variety of differ- - -
ent mechanisms (58). MDM2 and Pirh2 promote ubiguitination -

and degradation of p53 (59-62). Sir2« interacts with p53 and---- .,

induces its deacetylation (63). In addition, S100B calcium-bind-
ing protein prevents the oligomerization of p53 to inhibit its
function (64). Based on our systematic immunoprecipitation
analysis, Pik1 binds to p53 through the sequence-specific DNA-
binding domain of p53. Intriguingly, SV40 large T antigen
binds to the sequence-specific DNA-binding domain of p53, and
abrogates DNA binding as well as the transactivation function
of p53 (65, 66). It is thus likely that, like SV40 large T antigen,
Pli1 might mask this domain of p53 by direct binding, and
thereby inhibit its sequence-specific transcriptional activity.
Further study is requlred to 1dent1fy the detmled molecular
mechanism, "~

In sharp contrast to Plk1, Xie ef al. (26) found that the kinase -
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Fic. 9. Kinase-deficient Plk1(K82M) fails to reduce the activity of p53. A, PIk1{K32M) retains an ability to interact with pd3. COS7 cells
were transiently transfected with the expression plasmid for FLAG-PIk1 or FLAG-PIkJ(K82M). Forty-eight hours after transfection, cell lysates
were prepared and subjected to anti-FLAG immunaprecipitation followed by immunoblotting with monoclonal anti-p53 antibody. Immunopre-
cipitation with NMS was used as a negative control. Equal amounts of protein derived from cell lysates were immunoblotted with monoclonal
anti-p53, monoclonal anti-FLAG, or with polyclonal anti-actin antibody. B-D, Plk1(K82M) has an undetectabie effect on the transcriptional activity
of p53. H1299 cells were transiently co-transfected with a fixed amount of the p53 expression plasmid (25 ng) and the p53-responsive luciferase
reporter construct carrying the p21™A77 (B), BAX (C), or MDM2 {D) promoter (100 ng) in the presence or absence of increasing amounts of the
expression plasmid encoding FLAG-PIk1(K82M) (100 or 200 ng). The total amount of plasmid DNA per transfection was kept constant (510 ng}
with pcDNA3. Determination and ealculation of the lucifersse activities are described in the legend to Fig. 6. E, Plk1(K82M) is uriablé to inhibit
the pro-apoptotic function of p53. H1299 cells were transiently co-transfected with the p53 expression plasmid (0.6 pg) together with or without
the expression plasmid for FLAG-Plk1(K82M) (1.2 ug). Forty-sight hours after transfection, their viability was measured by MTT cell survival
assays as described in the legend to Fig. 8. .

activity of Plk3 is rapidly enhanced in response to DNA damage fails to phosphorylate p53, and abrogates the p53-mediated
in an ATM-dependent fashion. They also described that PIk3 transcriptional activation as well as growth suppression, indi-
has the ability to interact directly with p53 and phosphborylate cating that Plk3 might echance the p53 activity through Ser?.
p53 at Ser?®. Moreover, a kinase-defective mutant form of Plk3  phosphorylation of p53 (26). In addition to Ser'® phosphoryla-
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Fic. 10. ATM antagonizes the inhib- 24
itory effect of Plkl on the p53-
dependent transactivation, H1299
cells were transiently co-transfected with
the expression plasmids encoding p53 (25
ng) and FLAG-PIk1 (200 ng) along with
the luciferase reporter construct contain-
ing the p53-responsive element from the
P2I™AF! promoter in the presence or ab-
sence of increasing amounts of ATM ex-
pression plasmid (50 or 100 ng). pcDNA3
was used to equalize the amount of plas-
mid in each transfection, and the Renille
luciferase plasmid was included, in the
trensfection mixture to normalize the
transfection efficiency. Determination : 0
and calculation of the luciferase activities
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FI1G. 11, Schematic representation of interactions among ATM,
Plkl, PIk3, and p53 in respom'ie to DNA damage.
tion of p53, DNA da.mage-mduced phosphorylation of p53 at
Ser?® prevents its association with MDM2 and results in its
stabilization (67). Of note, it has been shown that Plk1 phos-
phorylates p53 in vitro but on residues that might be different
from that mediated by Plk3 (26). According to their phos-
phopeptide mapping analysis, at least three unique radicla-
beled tryptic peptides derived from recombinant p53 were de-
tected in the presence of Plkl. Recently, Nakajima ef al. (68)
identified a sequence (D/EXXIS/TWX(D/E) (X, any amino acid;
i, a hydrophobic amino acid).as & consensus motif for Plk1-de-

pendent phosphorylation (68} During the search for a putative

phosphorylation site(s) targeted by Plk1 within the amino acid
sequence of p53, we founad a related motif (S*ITTLED??) pres-
ent within the sequence-specific DNA-binding domain of p53,
suggesting that this motif could be one of the putative phos-
phorylation sites of p53 targeted by Plkl, although there is no
direct evidence for this possibility. According to our present
results, the kinase-deficient mutant form of Plk1 that retained

an ability to associate with p§3, failed to reduce the transerip- -

tional as well as apoptosis-inducing activity of p53, suggesting
that the kinase activity of Plk] is critical for the Plk1-depend-
ent inhibition of p53. Thus, identification of the major phos-
phorylation site(s) of p53 by Plkl is required to establish the

functional gignificance of the Plk1-mediated phosphorylation of - -
p53. In contrast, Lin and Erikson (33) reported that, like wild- -

type mouse Plk1, co-expression of the kinase-defective (KB2M)
mouse Plk1 partially rescued the apoptotic phenotype induced
by the depletion of Plkl, mchcatmg that the kinase activity is
not necessary for its anti-apoptotic activity. They also described
that their kinase-defective mouse Plk1 has 15-20% of wild-type
kinase activity, raising a posaibility that the residual kinase

@G W oe @
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activity of their mouse Plk1(K82M) might be enough to inhibit
the Plkl depletion-induced apoptosis.

Fig. 11 shows a model that incorporates our present findings,
and illustrates various interactions in response to DNA dam-
age. Given the fact that the differential expression of Pkl and
Plk3 during the cisplatin-induced apoptosis, and their differ-
ential effects on p53, it is conceivable that the balance between
intracellular expression levels of Plk1 with encogenic potential
and pro-apoptotic Plk3 is at least in part responsible for the
determination of the cell fate via the physical and funetional
interaction with p53,
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Abstract. DNA polymerase k {POLk) is a low fidelity trans-
lesional DNA polymerase implicated in spontaneous and
DNA damage-induced mutagenesis. We have previously
shown that POLk was frequently overexpressed in human
lung cancer tissues as compared with their matched non-
tumorous tissue counterpart. In the present study, we found a
close correlation between elevated POLx expression and p33
inactivation in lung cancer tissues. To investigate whether
POLK expression might be regulated by p33, we have
determined the transcriptional initiation site of POLK gene
and examined its promoter activity in A549, H358-129, and
PC-3 human lung cancer cell lines. Wild-type p53, but not a
mutant p33 (R273H) devoid of the DNA-binding activity,
strongly inhibited POLK promoter activity in these cells. In
addition, POLK promoter exhibited a significantly higher
activity in pS3~ murine embryo fibroblasts (MEF) than in
p33* and p53++ MEF. These results link p53 status with POLx
expression and suggest that loss of p33 function may in part
contribute to the observed POLx upregulation in human lung
cancers.

Introduction

A growing number of specialized DNA polymerases (Pols)
have been identified in the past faw years (1-3). These Pols
exhibit relaxed fidelity during DNA synthesis and are capable
of replicating DNA past unrepaired lesions. DNA polymerase «
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cyte Function, Research Center for AHlergy and Immunology, 666-2
Nitona, Chuo-ku, Chiba 260-8717, Japan
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(POLx) is 2 member of the newly defined Pol Y family {4).
Biochemical analyses indicate that PQLx can accurately
and efficiently bypass DNA adducts indoced by benzo(a)-
pyrene (BaP) (5.6), a major carcinogen containgd in tobacco
smoke. Consistently, studies using Polk-deficient embryonic
stem cells revealed an essential role for Polk in protecting
mammalian cells from BaP-induced lethal and muzagenic
effects (7). On the other hand, POLx has been shown to
erronecusly bypass some other DNA lesions, including N-2-
acetylaminofluorene guanine adduct and 8-oxogunine (3-11).
In addition, POLk is also highly mutagenic whén replicating
undamaged DNA (9,12) and its transient overexpression in
murine fibroblasts causes a 10-fold increase in the mutation
frequency of endogenous Hprt locus (13). These results suggest
that while POLk functions to suppress BaP-induced muta-
genesis, it may simultaneously enhance spontaneous mutations
as well as mutations induced by other DNA damaging agents.

The opposing effects of POLx in BaP-induced vs
spontaneous mutagenesis suggest that its expression must be
strictly regulated. POLk is expressed at low levels in most
normal tissues except for the testis, adrenal gland and ovary,
where it may be required for the bypass of physiclogically
arising base damage (13-15). Interestingly, POLK promoter
contains a consensus motif for the arylhydrocarbon receptor
(AhR), a ligand-activated transcription factor with high
affinities for arpmatic compounds such as BaP and 3-methyl-
cholanthrene (3MC). Indeed, POLK expression is inducible by
3MC in an AhR-dependent manner (16), consisteht with its role
in the error-free bypass of DNA adducLe mduced by these
aromatic compounds (5.6).

We previously found that POLx was frequently over-
expressed in human lung cancer tissues as cdmpared with
their matched non-tumorous tissues (17). The elevated POLx
expression was not due to POLK gene amphhcatlon or its
translocation to the vicinity of an actively transcnbed gene
(17). Moreover, no point mutations were found in the POLK
promoter region isolated from a lung cancer tissue that over- ‘
expressed POLk (unpublished results). These results suggest
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that the abserved POLx upregulation in tumor is likely due to
dysregulated trunscription, -

In the present study, we have focused on p53, a transcription
factor and a tumor suppressor that is inactivated in over 50%
of human cancers (18). We initially examined p53 status in
representative lung cancer tissues expressing different levels
of POL«x and found a good correlation between elevated POLk
expression and p33 inactivation Further analysis revealed
that homan POLK promoter .1(.11v1ty was negatively regulated
by p53.

Materials and methods

Tissue specimens. Surgically resected tumors and their
adjacent normal tissue (>3 cm away from the tumor) were
obtained from the Chiba Cancer Center Tissue Bank as frozen
tissues. Loss of heterozygosity (LOH} of the p33 allele as well
as the yeast functional assay for pS3 activity was performed
as described previously (19,20).

Cell culture. Mouse embryonic fibroblasts (MEF) were
established from E13.5 embryos derived from crossing p53+-
mice, and genotyped as described previously {(21). MEF and
A549 cells were maintained in DMEM supplemented with
10% FCS and 50 upnits of penﬁcillin-streptomycin. H358-120
and PC-3 human lung cancer cells were cultured in RPMI
medium containing 10% FCS.

Determination of POLK transcriprional initiation site. Total

RNA was extracted from human lung cancer tissues of two -

patients. RNA ligase mediated rapid amplification of cDNA
ends (RLM-RACE) was carried out using an RLM-RACE kit
(Amibion, Austin, TX) according to the company's protocol.
The PCR products derived from Tobacco Acid Pyropho-
sphatase {TAP)-treated R’\'i were subcloned in pCR2.1
{Invitrogen Corp., Carlsbad, GA) and sequenced to determine
the 5'end of POLK mRNA, -

Plasmid constructs. A 730,—_{)p POLK promoter fragment
(corresponding to nucleotides -725 to +3 relative to the
transcriptional start site) was cloned inte PGL2 (Promega,
Madison, WI) to generate the luciferase reporter vector
POLK-luc. The human wild type p53 expression vector
p3C53-wt was a kind gift from Dr B. Vogelstein. The mutant.
pS53 cDNA (p53-R273H) was cloned from a colon cancer cell
line (HT-29). The enhanced green fluorescence pratein
expression vector pEGFP was purchased from Clontech
(Palo Alto, CA).

Transient ransfection and the dual luciferase reporter assav.
Cells were seeded in 6-well plates and allowed 1o grow until
they were 40-50 confluent. POLK-luc vector (2 ugY was
cotransfected with the same amount of p5C33-wt, p53-R273H
or control pCDNA3.1/lacZ vector using Lipofectin reagent
{Invitrogen Corp.) according to the recommended protocol.
The renilla luciferase expression vector (0.4 ug), driven by
herpes simplex virus-thymidjne kinase promoter (pRL-TK,

Promega), was included as :mfintemal standard of transfection

efficiency. Luciferase assay! was performed as previously
described (22). The luciferase activity was calculated as the

]
S
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Table I. Correlation of elevated POLk expression with p53
inactivation in buman lung cancer tissues, -

Case POLx expression LOH® * % red p33 T
lavel® o dolonye  stamst T
98-635 - 9 WT
9649 = o oo. 7 11 WwT
96-45 ) - LOH 12 wT
. 96-54 T T LOH 56 Mutant
98-668 I LOH 24 Mutant
98-616 + 43 Mutant

°-, low; +, mediuny; 4+, high {17). *Loss of heterozygosity of the p33
loci a3 determined by allelic-specific PCR (2(0). *Determined dy the
yeast functional assay (19). 9p53 status was judged based on the

" results of both LOH and the percentage of red colony, assuming a

maximum of 50% normal tissue contamination,

percentage of the activity of renilld luciferase. Each experiment
was repeated three fimes and a typical result is shown.

Cell cycle analysis. A549 cells were transfected with pEGFP
(2 pg) in the presence of 2 ug of either pSC53-wt or
pCDNA3.1/lacZ. Two days later, cells were collected and
incubated in 200 pl PBS containing 0.1% RNase A, 0.1%
Triton at room temprerature for 10 min, followed by staining
in PBS containing 50 ug/ml of propidium iodide on ice for
30 min. EGFP expression and DNA contents were analyzed
with a FACScan flow cytometer (Becton-Dickinson, Mountain
View, CA).

Results

Correlation of elevated POLK expression with p53
inacrivation in human lung cancer; tissues. We first examined
P33 status in representative lung cancer tissues with different
levels of POLx expression. LOH analysis indicated that 3 of
6 cases examined had only one intact p53 allele (Table I). To

.=determine the p33 activity, we next utilized a yeast functional

assay in' which a mutait p53 -‘gene ¢an be identified as'a red
colony (19). The percentage of the red colony, combined with
the result of LOH, indicated that p53 wag inactivated in three
cases. As shown in Table I, there was a close inverse correlation
between elevated POLk expression and p33 inactivation.

_Determination of POLK transcriptional initiation site, To

directly investigate a potential role for p33 in the regulation
of POLK gene expression, we determined the POLK trans-
criptional initiation site in a human lung cancer tissue by
using an RLM-RACE method. We obtained a major PCR
product of 471-bp and a minor product of 324-bp (Fig. 1A).
Sequence analysis revealed that both products have the same

~5 -cnd and'thus represent tmnscnpts from the same' trans--+ "

and was probably denved from altcmauvc sp]xcm g (Fig. IB).
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TAP - - .
traated control

471-bp —= .
T 324-bp = ’
-— Primar
Oct-1 - ‘ . K
COTOCSAGCOOGACGAGTTCCAGCTCTGATIATCCGACATGRAGECTCGAC AACCGAGTAGOAGACCGRCCCCCGLTCCOTOAGCTRCET -~
i ——

CAGAGGAGGCGCCCAGTCC TCOGGGTGAAGG GTCGGG%%T&-“G%CGAAGCGAAGASTGCCCGC TCCGGTGTSG Gg é'(?g’iAGCAGGAGGAG
GGACGAAGTCCGRCCGLCGCECCGOCACCECGEE TEACACCCAGCGGAGCUAGGAAGGAGGACGAGCOGTGAAGGAAGLCTACCCTTS

CARCCOTCAGCCGCOGOCGCCGTCGCCATRACCCATGCATTGCGCCCGGCGL THCCACCLAACTTASCCCCCTCGATGCCAATTICAAA
TAGGGAAGGAAAAGGRGAAAAGAAGGGRAAGAGAAAATGCGGCCGCTEAGTCCOGCGTCCACTCACACCTCTGOTAC CGCCGg (?1 ?611’?60 Ta
CCTGGCCCACTATTTACCC?CC'CJ:%ﬁ}:CCC'E GTCCTTTC%‘%‘ZCFFECCCT TCGTCCTOCCATTC TCCCCCAg;EgTCECC?‘:%'CCCGTCCGCCTCC

COGOGTCTGACGCGACACGOCGAGCCTTCOGRATCOTCETCCCGAACCCTACCTOCGRUTC TCCCAGI TGACGACBGGTAGAARAGCAGG
AGGAGCGGAGAAAGGAOAGGG%FG‘GGF‘STAGGGATGCAGCTGTGCYGCATTEETSGT(‘;éAAGGGCGT! GGICCGTCOCYCGUGUAGCUICT TGO

+1 CAP site -
GAGTTGTAG TCGUGATCCTGAGGTAACGGG TGAGT ATCCOGUACBAGEATCECTTGTLCLOTT GGAGCCTTGTCAGTOGGTGGATERGCT £

AhR .
TCGTT‘I’GACAGTTGCGTGACCAGECCCTCGGCC TCOCTTETATGCTTOOCTTGTGTGT TTATGACTAACCCTCCGHOCTTGCAGGLCCAGAC
TGAGAGAGE T TCCGC TRAAGATGACGGGCCTACTTTGCAGRGLGOC T TG TCGAAGLCCEGGAGCATCTGECCGCTTCCGCCTCAACT
ATGBGCTGAGOTTITGTGAGCTACTAGTGCCAAGGGTTTTICTTTCCACCAGACCACTGCTGTAAATETC

Fieure 1. Determination of the transcriptional initiation site of POLK gene in human lung cancer tissues. A, PCR amplification of cDNAs derived from TAP-treated
or non-treated (control) mRNA. Arrows indicate specitic PCR products detected only in TAP-treated sample. B, Schematic illustration of the RLM-RACE
products. The 47 1-bp product contained exons 1 through 4 whereas the 324-bp product lacked exon 2. An arrow indicates the position of the outer primer used
in the RLM-RACE. C. POLK promoter sequence. Amrows indicate potential DNA-binding motifs for manscription factors. The transceiptional initiation site
(CAP site) is shown in bold (+1). .

Similar results were obtained with a different lung cancer A o
tissue (data not shown). The transcriptional initiation site @
determined in the present study is identical with that recently
found in the human testis (16). The POLK promoter sequence,
along with the potential DNA-binding motifs for trans-
cription factors, is shown in Fig. 1C. No apparent p53-binding
consensus motif (RRRCWWGYYY) was present in this
1059-bp sequence.

POL&-uc+pCDNA3 1MacZ
POLk-luc+WT-p53

Effects of p53 on POLK promoter acrivity in human lung
cancer cells. We then constructed a luciferase reporter vector
driven by the human POLK promoter and examined its activity
in several human lung cancer cell lines. The luciferase activity
was dramatically repressed by co-transfection of wild-type
p53 (Fig. 2A) and in a dose-dependent manner (Fig. 2B). Co-
transfection of a mutant p533 (R273H) that lacked the DNA-
binding activity only had a mild inhibitory effect (Fig. 2C).
snggesting that efficient inhibition of POLK promoter activity
required a functional DNA binding domain of p33.

Helative luciferase activity

pi3-mediated inhibirion of POLK promoter acrivity was not 500
accompanicd by apoptosis induction. Since p53 is known to 80 b
induce apoptosis as well as cell cycle arrest, the observed &
decrease of POLK promoter activity might be a secondary 20
effect associated with decreased cell viability. To address this 20
point, we examined the effects of transient expression of p33 o [_L]

WT-P53

on cell cycle progression. A549 cells were transfected with p53
or lacZ expression vector in the presence of pEGFP and the
cell cycle distribution of the EGFP positive cells was analyzed
48 h later. As shown in Fig. 3, there was no striking difference
in the percentages of cells at subG1 (apoptotic), G1 and G2/M
phases between cells transfected with p53 and lacZ gene. These

Mutant P53 ez

Figure 2. Repression of POLK promoter activity by exogenous p53
expression in human Jung cancer cell lines. A. POLK-luc was co-transfected
with pSC53-wt into AS49, H358-129 of PC-3 cells. B, X549 cells were
transfected with different amount of pSC53-wt as indicatdd. 'C. A549 celly
were transfected with pSC53-wt, p53-R273H, or lacZ expression vector, The
activity of POLK-luc cotransfected with pCDNAJ . HTacZ was setas 100,
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Figure 3. Effects of transient p53 expf_cssion on cell cycle progrc;ssinri; AS549.
cells were transfected with prDNA3U/TaeZ or pSC53-wt in the presence of ~

pEGFP. Two days later, EGPP positive cells were gated and their DNA
coitents were analyzed. The pcrccntaigc’s of cells at subGl (M1}, G1 (M2)
and G2M {M3) are shown.
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Figure 4. Effects of endogenous p53 on POLK promoter activity, POLK-luc
or control CMV-luc vector was transfected into pS3+*, p33+- or p53*- MEF
cells and the luciferase activity was examined. In both cases, Juciferase
activity in p53- cells was set at 100.

v

results indicated that, at least in this transient transfection
system, p53 did not induce 2 significant increase of apoptotic
cells. ;.,_
Effects of endogenous p33 on POLK promoter activity, To
further analyze the effects of pS3 on POLK promoter activity,

we next performed POLK reporter assay in mouse embryo . . .

fibroblasts (MEF) with different p53 status, Consistent with

the results obtained with lung cancer cell lines, POLK promoter

activity was low in p53+/+ MEF, slightly increased in p33*"
MEF and significantly elevated in p33* MEF cells (Fig. 4A).
In contrast to the POLK promoter, the CMV promoter

exhibited similar activity in MEF cells regardless of their p53 ~

status (Fig. 4B). These resulis are consistent with a role for
P53 in negatively regulating POLK promoter activity.

Discussion

Although only a limited number of human lung cancer tissues
were examined in the present study. the elevated POLk

{" WANG era: NEGATIVE REGULATION OF POLK PROMOTER ACTIVITY BY ps3

expression was found to be correlated with p33 inactivation.
.- Consistent with this observation, human POLK promoter

-exhibited a significantly higher activity in p33+ cells than in”
: p53" and p33%% cells. These results collectively suggest that
v lossiof p33 functicn may lead to elevated POLk transciption.

p33 is a sequence-specific DNA binding protein (23-25)
and activates transcription of a variety of genes, including
1h05=, mwivcd in cell cycle arrest, apoptosis, and DNA repair.
“.In many cases, , p53 directly binds to the consensus motif in the

___promoter ‘of other regulatory region of the target gene to
~-.activate the transcription. p33 has also been shown to repress .

transcription of a number of genes. The mechanism for p53- * "

miediated repression is less clear since many of the p53-

--repressed genes do not contain a p33-responsive consensus

element (26). It has been shown that p33 represses transcription
through interations with the basal transcription factors such as
TATA-binding protein, or through binding to and interfering

'with the funcnon of upstream transcriptional activitors. s
The POLK promoter examined in the present study does

not contain a TATA box and no p53 consensus motif is present

“in this region. &t is unlikely that p53 directly binds to the human .

POLK promoter region and regulates its expression. In fact,
Velasco-Miguel et af recently reported that human POLK
gene was not a direct target of p53 (15). Interestingly, their

data also indicated that the basal level of human POLK -

transcripts was significantly higher in p33-null RKO cells
than in p53-intact cells (15). These observations, along with the

data presented here, suggest that p53 may indirectly suppress

POLK expression in certain cell types.

The tumor suppressor p33 is a key regulator of cell cycle
checkpoint, DNA repair and apoptosis. In response to DNA
damage, p53 induces the expression of genes involved in
DNA repair and trigger cell cycle arrest to allow sufficient time
for repair. p53 thus functions to prevent the accumulation of
DNA damage and maintain the genome integrity. Our results
link p33 status with POLK expression and suggest that p53
may be involved in the regulation of expression of the lesion-
bypassing DNA polymerases.
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Differential screening-selected gene aberrative in neuroblastoma (Dan)
protein is produced In small neurons of dorsal root ganglia. Thermal
and mechanical allodynia and Fos expression in the spinal dorsal horn
evoked by inflammation and neuropathic pain were investigated using
Dan-deficient mice, Mice showed pain reactions induced by the
introduction of complete Freund’s adjuvant (CFA) into their hind
paw (Inflammatory pain model) and after sciatic nerve ligation
(nearopathlc pain model). In the inflammatory pain model, thermal
and mechanical pain thresholds in Dan-deficlent mice were signifi-
cantly higher than those of wild-type mice. The number of Fos-
immunoreactive cells in the dorsal horn during the inflammatory
period was significantly less in Dan-deficient mice. However, In the
neuropathic pain model, no differences in thermal hypersensitivity,
mechanical allodynis, or the number of Fos-Immunoreactive cells in the
dorsal horn were observed between the mice. These data suggest that
Dan may be a nenromodulator in inflammatory pain.

© 2004 Elsevier Inc. All rights reserved.

Introduction

The differential screening-selected gene aberrative in neuroblas-
toma (Dan) was initially cloned as an mRNA dowm-regulated in v-
sre-transformed rat fbroblasts (Ozaki and Sakiyama, 1993). The
analysis of Dan function by transfection of cultured cells revealed
that Dan has an ability to suppress the transformed phenotype and
delay entry into the S phase, suggesting that Dan carries a tumor-
suppressive activity (Ozaki and Sakiyama, 1994; Ozaki et al., 1995).
Recently, it has been shown that Dan is a founding member of a
nove! gene family that includes the Xenopus head-inducing factor,
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Cerberus and the dorsalizing factor, Gremlin (Hsu et al., 1998). Dan
family members play crucial roles in early mouse embryonic
development by inhibiting the signaling derived from bone mor-
phogenetic proteins (BMPs) as well as modulating the action of
transforming growth factor p (TGF-P) superfamily members (Hsu et
al., 1998; Pearce et al, 1999; Piccolo et al.,, 1999; Stanley et al,,
1998). Dionne et al. (2001) showed that Dan-deficient mice dis-
played subtle and background-dependent defects, suggesting that
functional redundancy exists among Dan family members.

We previously showed the existence of Dan in primary small-
diameter sensory nerve fibers, and also demonstrated that Dan
mediates inflammatory pain, but not pain due to nerve injury
(Ohtori et al,, 2002). However, the precise mechanism underlying
this action is unknown. In the present study, we have produced
Dan-deficient mice and investigated inflammation and nérve inju-
ry-evoked thermal and mechanical allodynia and Fos expression in
the spinal dorsal hom of Dan-deficient and wild-type mice,

Results and discussion
Generation of Dan-deficient mice

Mice with disrupted Dan alleles were generated using homol-
ogous recombination in embryonic stem cells to replace exons 11
and III with a neomycin-resistant gene (Fig. 1A). Genotyping of
mutant mice was performed by Southern blot (Fig. 1B) and PCR
(Fig. 1C) analyses using the probes and primers, respecnvely,
indicated in Fig. 1A. Dan mRNA was expressed in several organs
in wild-type mice; however, as expected, it was not detected in
Dan-deficient mice (Fig. ID). Dionne et al. (2001) reported that
Dan-deficient mice do not show apparent defects. In the current
study, Dan-deficient mice did not show obvious differences when
compared with wild-type mice during development, infancy, and
adulthood. In the central and peripheral nervous systems, there
were no morphologic changes in the Dan-deficient mice.
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Fig. 1. Generation of Dan-deficient miéc. (A) Schematic drawing of gene targeting strategy. The map of the wild-type Dan allele spans the region between intron
I and exon [V (top). Filled boxes indiéate the exons II, TII, and [V. The targeting vector (middle) was constructed as described in the Experimental methods,
Arrowheads indicate the locations of PCR primers used for detecting the wild-type or mutant allele: forward-1 (1) and reverse-1 (r1) for the mutant allele, and
forward-2 (£2) and reverse-2 (12) for the wild-type allele. The location of the probe (0.4-kb Smal—-Xbal restriction fragment) used for Southern analysis is
indicated by the solid bar. This probe detects 13- and 1-kb fragments derived from the wild-type and the mutant alleles, respectively. The mutant allele is shown
below the targeting vector. B, BamHL, H, Hincll; E, EcoRL; S, Smal. (B) Southern blot analysis of tail DNA from wild-type (++), heterozygous (+/-), and
hotmezygous (—/—) mutant mice. Genomic DNA was digested with BanHI, transferred to a tylon membrane, and hybridized with the external probe shownin A.
The positions of migration of the fragments derived from wild-type {13 kb) and distupted alleles (1 kb) are indicated. (C) PCR analysis of tail DNA from wild-
type (++), heterozygous (+/-), and hc_)i:nozygous (—/-) mutant mice. PCR. products were separated on a 2% agarose gel by electrophoresis and visualized by
ethidium bromide staining. The positipns of migration of the fragments derived from wild-type (0.2 kb) and disrupted alleles (0.6 kb) are indicated, M, DNA -

molecular weight marker. (D) RT-PCR, analysis of Dan expression in wild-type (+/+) and homozygous (~/—) mutant mice. Total RNA was prepared from the
indicated adult mouse organs and subjected to RT-PCR using specific primers for Dan or GAPDH. Amplification of GAPDH was used as en internal control,

8P CGRE, NKI, and Dan in the primary sensory neurons under small to intermediate in size, We found that 69 + 7% (mean + SE)

Physiological conditions of all DRG neurons were Dan-IR in wild-type mice, whereas none
. ST of DRG peurons were Dan-IR in Dan-deficient mice (£ < 0.01).

Double-staining for Dan with CGRP. [B4, P2X3, or NF200 The distributions and percentages of SP- and CGRP-IR. DRG
SP- and CGRP-IR neurons were observed in the DRG of both neurons were not significantly different between wild-type and

wild-type and Dan-deficient mice (Fig. 2). These neurons were Dan-deficient mice (wild-type, SP: 26 + 4%, CGRF, 38 + 6%;
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Fig. 2. Dan was absent in DRG neurons of Dan-deficient mice (B). DRG neurons derived from wild-type (A, C, and E) and Dan-deficient n.iLc (8, D, and F)
were reacted with antibody to Dan (A and B), substance P (SP) (C and D), or calcitonin gene-related peptide (CGRF) (E and F).

Dan-deficient, SP: 23 + 5%; CGRP, 42 + 7%) (mean + SE)(P >
0.1). In the spinal dorsal horn of wild-type mice, Dap-IR. sensory
nerve terminals were observed in the inner part of lamina II, and
SP- and CGRP-IR sensory nerve terminals were observed in
laminae [ and II (Fig. 3). NK1-IR neurons were detected mainly
in laminag I and I The pattems of SP-, CGRP-, and NKI1-IR
terminals in the spinal dorsal horn were not significantly different
between wild-type and Dan-deficient mice.

Dan-IR. nerve fibers were observed where a dorsal root lesion
was made in wild-type mice (Fig. 3). Dan-IR free nerve endings
were observed in the dermis of the footpads of wild-type mice, but
not detectable in the skin of the footpads of Dan-deficient mice
(Fig. 3). Two weeks after spinal nerve root section, the number of
Dan-[R nerve terminals in the spinal dorsal hom decreased in wild-
type mice. Because Dan mRNA was expressed in small DRG
neurons {Ohtori et al, 2002), Dan was produced in small DRG
neurons and seemed to be transported into the spinal dorsal hom
and skin of footpads.

Dan immunoreactivity was seen in CGRP-, [B4-, and P2X3-[R
neurons (Fig. 4). In all of the Dan-IR nevrons, the ratios of Dan-IR
neurons labeled with CGRP, IB4, or P2X3 were 33 £+ 3%, 55 +
9%, or 64 + 8% (mean + SE), respectively. On the other hand,
some Dan was co-localized with NF200-IR myelinated A-fiber

¥
1

neurons (12 + 3%). The ratios of Dan-IR neurons also labeled with
CGRP, [B4, or P2X3 were significantly higher than that of neurons
labeled with NF-200-IR (P < 0.01). Most of the double-labeled
neurcns were small-sized A-fiber neurons (Fig. 4).

Interestingly, Dan-IR nerve terminals in the s-pir}al dorsal horn
were located only in the inner part of lamina II. Intemeurons in the
inner part of lamina II differ considerably from'those located
dorsally in lamina I and in the outer part of lamira II. Immuno-
cytochemical studies of the localization of the P2X3 receptor
indicated its presence in a subpopulation of small-diameter non-
peptidergic neurons that specifically bind IB4; these neurons
project to (the inner part of) lamina H in the dorsal horn (Bradbury
et al., 1998; Llewellyn-Smith and Burnstock, 1998). Dan-positive
small DRG neurons stained with [B4 and P2X3 could project into
the inner part of lamina I, '

Almost all of the small DRG neurons were Dan-IR. In com-
parison, it has been reported that, respectively, only 20% and about
40% of small DRG neurons are substance P- and CGRP-containing
(Neumann et al, 1996). In the current study, CGRP-IR DRG
neurons were double-labeled with Dan. Non-IB4:and P2X3-IR
Dan-positive DRG neurons were SP- or CGRP-cohtaining small
neurons projecting into lamina I and the outer layer of lamina II.
However, it is unclear why Dan immunorcacﬁvity; in the spinal '
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Fig. 3. In wild-type mice, DAN-IR sesa"sory nerve terminals were observed in the inner part of lamina II, whereas Dan was absent in the spinal dorsal horn of
Dan-deficient mice {(B). In both types of mice, SP- (C and D) and CGRP-IR (G and H) sensory nerve terminals were detected in larninae 1 and 1. Neurokinin
receptor (NK 1)-IR neurons were observed mainly in laminae [ and [IT (E and F). Dan-IR sensory aerve endings in the dermis of footpads and sensory nerves in
spinal dorsal root lesion were seen in wild-type mice (I and K}, whereas they were not observed in the footpads of Dan-deficient mice (J). I, Epidermis; II,
Dermis. Dan-IR nerve terminals in sp}'.ual dorsal horn decreased 2 weeks after dorsal root cut (L).

H

dorsal hom is seen only in the inner part of lamina II. One possible
reason is that Dan protein in peptidergic neurons may not be
transported to the central terminals in the spinal cord.

It has been reported that specific TGF-p family members are
candidate regulators of CGRP expression in embryonic sensory
neurons. BMPs 2, 4, and 6 stimulated CGRP expression in 60% of
DRG neurons. BMP4 application supported maximal CGRP in-
duction, suggesting that BMP4 is a “‘switch” rather than a
continuous modulator of neuropeptide phenotype (Ai et al.,
1999). In our study, we did not observe any differences in the
distributions and ratios of SP- and CGRP-IR DRG neurons and
sensory terminals in the spinal dorsal horn under physiological
conditions. Dan seems not to regulate CGRP expression in
embryonic and adult sensory nevrons.

iy

1 - .
Thermal hypersensitivity and mechanical allodynia after
inflammation

In the absence of inflammation or nerve injury, we found no
differences in paw withdrawal responses to thermal and me-

r

it

chanical stimulation between Dan-deficient and wild-type mice.
In wild-type and Dan-deficient mice, CFA injection produced a
significant reduction in paw withdrawal latency to a heat
stimulus on the injected side (P < 0.01) (Fig. 5A). Also, both
types of mice displayed a significant mechanical allodynia (P <
0.01) (Fig. 5B). However, this decrcase in the threshold of
thermal and mechanical allodynia in Dan-deficient mice was
significantly less than that of wild-type mice (*P < 0.05). Injury
to the sciatic nerve produced a significant decrease in the paw
withdrawal threshold to thermal and von Frey hair stimulation
on the injured side of wild-type (P < 0.01) and Dan-deficient
mice (P < 0.01); however, the decrease in threshold between the
two groups was not significantly different (P > 0.1) (Figs. 5C
and D). ) - o o
We previously showed that the Dan protein in rat DRG neurons

‘increased only following CFA injection, but did not change

following partial nerve injury. Furthermore, intrathecal injection
of an antibody to Dan suppressed only inflammatory pain caused
by the introduction of CFA and it did not suppress pain due to
nerve injury (Ohtori et al., 2002).
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Fig. 4. Micrographs showing double-staining for Dan with isolectin B4 (IB4) (A and B), P2X3 (C and D}, CGRP (E and F), or neurofilament 200 (NF200) (G
and H). Dan was double-labeled with CGRP-IR DRG neurons. Dan immunoreactivity was seen in most IB4 and P2X3-IR neurons. On the other hand, most of
Dan was not double-labeled in NF200-IR myelinated A-fiber neurons. Asterisks indicate Dan-IR and NF200-negative neurons,

. i

It has also been reported that, in inflammatory models, SP and Ruda, 1992; Noguchi et al., 1988) and that the neur?kinin receptor
CGRP were increased in the dorsal root ganglia and the dorsal horn (NK1) was increased in the dorsal homn {Abbadie et al, 1996;
of the lumbar spinal cord (Donnerer et al, 1992; Noguchi and McCarson and Krause, 1994},
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Fig. 5. Hyperalgesia measured by withdrawal to noxious thermal stimulation of the hind paw (A). The data are expressed as the difference in paw withdrawal
latency between wild-type and Dan-deficient mice. After injection of CFA, significant reduction in paw withdrawal latency was observed in both types of mice;
however, the decrease was significantly different between wild-type and Dan-deficient mice (P < 0.05). Inflammation also produced a significant decrease in
paw withdrawal threshold (B). Astericks indicate a significantly lower threshold on the inflammatory side in the wild-type mice compared with that of Dan-
deficient mice { P < 0.05). Nerve injury also produced hyperalgesia measured by withdrawal to noxious thermal stimulation of the hind paw (C) and 2
significant decrease in the paw withdrawal threshold to von Frey filament stimulation (D). However, there were no differences between wild-type and Dan-
deficient mice (P > 0.1). ' *
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Indeed, 4 days after mﬂammanon in the current stud.y, ‘thp',—_
fractions of SP- and CGRP-IR DRG neurons were 40 + 4% ’

(mean + SE) and 52 + 5%, respectively, in wild type and
corresponding values for Dan-deficient mice were 31 £ 4% and
49 + 5% (Figs. 6 and 7). The ratio of SP- and CGRP-IR neurons

in both types of mice significantly;increased compared with a non- .

inflammatory control (P < 0.05). The ratio of SP-IR neurons in
wild-type mice was higher than that in Dan-deficient mice (P <
0.05) (Figs. 6 and 7); however, there was no significant difference

in the ratio of CGRP-IR neurouns in both types of mice after -

inflammation {P > 0.1). The nelatlonshlp between Dan and other
peptides influenced by neuropathic or inflammatory pain remains

unclear. It is possible that Dan ‘might induce SP in DRG peurons - - --

under inflammatory conditions.

Protein kinase C gamma (PKC) staining is also confined to
interneurons of the inner part of lamina IL Mice that lack PKC
displayed normal responses to acute pain stimuli, but they almost
completely failed to develop a neuropathic pain syndrome after

partial sciatic nerve section (Malmberg et al., 1997). On the other

hand, the P2X3 receptor is important during inflammatory periods
and may play a role in the modulation of spinal nociceptive
transmission following the development of inflammation, but these
receptors play at most a minor role in spinal nociceptive processing
in normal and neuropathic animals (Liu and Tracey, 2000; Stanfa et
al., 2000). Dan, which was expressed in the inner part of lamina II,
seems to regulate only inflammatory pain. -

Depression of Fos expression in hﬂammarory pain

Fos-IR neurons were present mamly in the left dorsal horn
(Figs. 8 and 9). The time course of Fos expression following CFA
injection in wild-type and Dan-deficient mice is shown in Fig. 10.
The numbers of Fos-IR neurons}following CFA injection in the

superficial and deep laminae of Dan-deficient mice were signifi-- -

cantly less than those in wild-type mice (P < 0.05} (Fig. 11A). The

Fig. 6. Change in ratio of SP-IR DRG neurons of wild type (A, control group; C, inflammatory group) and Dan-deficient (B, control group; D, inﬂakﬁfﬁa’tdry R

. The percentages of SP- and CGRP-IR neurons
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Fig. 7. The percentages of SP- and CGRP-IR DRG neurons were not
significantly different between wild-type and Dan-deficient mice under
normal conditions (day 0; wild type, SP: 26 + 4%, CGRP, 38 & 6%; Dan-
deficient, SP: 23 + 5%, CGRP, 42 £ 7%) (mean + SE)} (P > 0.1}, Four
days after inflammation, the ratios of SP- and CGRP-IR neurons in both

..,. types. of mice. were. significantly increased compared with non-inflamma-

tory control { P < 0.05). The ratio of SP-IR neurons in wild-type mice was
higher than that in Dan-deficient mice ( P < 0.05). However, there was no
significant difference in the ratio of CGRP-IR neurons in both types of rmce

" after inflammation (P > 0.1,

l amount of Fos exprcésion in lamina II of Dan-deficient mice was
- significantly less than that in wild-type mice (P < (0.05) (Fig. 11C).

The difference was detected for all the periods we observed

group) mice after inflammation. SP was increased in wild-type and Dan-deficient mice after mﬂammauon (C e.ud D) however the number of SP-IR DRG
neurons in wild-type mice (C) was significantly higher than that in Dan-deficient mice (D).~ ]
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Fig. 8. Inflammation-induced Fos expression in the spinal dorsal hom in wild-type (A, B, and C) and Dan-deficient mice (D, E, and F). Fos-IR neurons in the
superficial and deep laminae were observed at days 2 (A and D), 4 (B and E), and 16 (C and F) after CFA injection into the hind paw. More neurons were

stained in wild-type mice than in Dan-deficient mice.

(Fig. 11). The amount of Fos expression in lamina I and 11, 4 days
after inflammation, was depressed by intrathecal injection of Dan
antibody in wild-type mice (P < 0.05) (Figs. 10 and 11D).
However, in the partial nerve injury models, the numbers of Fos-
IR neurons following merve injury in the superficial and desp
laminae of Dan-deficient mice were not significantly different from
those in wild-type mice ( P> 0.1} (Fig. 11B).

It has been reported that noxious chemical and thermal stimu-
lation of the skin leads to Fos expression i spinal dorsal hom
neurons (Hunt et al., 1987). An increase of Fos expression in the
spinal cord is observed following nerve injury in animal models
(Catheline et al., 1999; Chi et al,, 1993; Dai et al,, 2001; Hudspith

al., 1999). The increase of Fos in the superficial and deep
laminae may be related to hypersensitivity to noxious and innoc-
uous stimuli following nerve injury (Catheline et al,, 1999; Dai et
al., 2001). After inflarmation of the rat hind paw, noxious and
innocuous stimuli induced a significantly large increase in Fos
expression by dorsal homn neurons in laminae [-V1 during lasting
peripheral inflammation (Ma and Woolf, 1996).

In the current study, Fos expression was observed in superficial
and deep laminae in the inflammatory and nerve injury models. We

observed the same pattern, period, and location of spinal dorsal
hom Fos expression as previously reported. Dan-dcﬁcient mice did
not show significant hypersensitivity and mcchamcal allodynia
caused by inflammation when compared with wild-type mice.
However, the Dan-deficient mice showed hypersensitivity and
mechanical allodynia caused by nerve injury. This finding was
correlated with the decreased Fos expression observed in Dan-
deficient mice under inflammatory conditions and” with an insig-
nificant difference in Fos expression after nerve injury when
compared with wild-type mice.

Because Dan-IR nerve terminals were in the inner part of
lamina II, the localization of Dan may lead to depression of Fos
expression only in the inner part of lamina Il in Dan-deficient mice,
However, Fos expression was decreased in all superficial and deep
laminae in the spinal dorsal hom. We postulate that the reason for
this is as follows: it has been reported that NK1 receptor-immu-
noreactive neurons with cell bodies in lamina III or IV and
dendrites that enter the superficial laminae also receive dense
synaptic innervation from SP primary afferents  (Todd et al.,
2002). After inflammation of rat hind paw, Fos expression is more
common in neurens with NK1 receptors. Therefore, a significant

Fig. 9. Fos expression after nerve ligation in the spinal dorsal hom in wild-type (A, B, and C) and Dan-deficient mice (D, E, and F). The number of Fos-IR
neurons at days 2 (A and D), 4 (B and E), and 16 (C and F) after nerve ligation was not significantly different between wild-type and Dan-deficient mice.
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Fig. 10. Effect of intrathecally administered Dan monoclonal antibody on 2 CFA model of wild-type mice 4 days after inflammation. The level of Fos
expression in superficial and deep layers 2 h after stimulation was depressed by intrathecal injection of Dan antibody in wild-type mice. (A, administration of
mouse IgG; B, administration of Dan antibody).
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Fig. 11. Time course of Fos expressi_oi:rcauscd by inflammation in wild-type (open symbols) and Dan-deficient mice (solid symbols) (A). The numbers of Fos-
IR cells in both laminae were less in Dan-deficient mice than in wild-type mice at all periods we observed (P <0.01). In lamina I, immunoreacted for Dan, the
number of Fos-IR cells was less in Dan-deficient mice (open square) than in wild-type mice (solid square) { P < 0.01) (C). Stimulation of the hind paw
produced Fos in wild-type and Dan-deficient mice after nerve injury (B). On days 2, 4, 8, and {6, we did not observe significant differences-in the numbers of
Fos-TR cells in the superficial and deep laminae between both types of mice (open circle, wild-type superficial; open square, wild-type deep; solid circle, Dan-
deficient superficial; solid square, Dan-deficient deep) (2> 0.1). The amount of Fos expression in superficial and deep layers 4 days after inflantmation was _
depressed by intrathecal injection of Dan antibody in wild-type mice (P < 0.05) (Fig. 8D). Each point represents the time after stimulation of footpads (open
circle, Fos expression in the superficial layers afier IgG administration; open square, Fos expression in the deep layers after [gG administration; solid circle, Fos
expression in the superficial layers after Dan-antibody administration; solid square, Fos expression in the deep layers after Dan-antibody administration).
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proportion of these cell bodies in deep layers would be excited by
noxious stimulation (Todd et al.,, 2002). SP was increased in the
dorsal root ganglia, and the amount of these peptides in projections
from the dorsal hom of the lumbar spinal cord would also be
increased in inflammatory models (Schaible et al., 1994; Neumann
et al.,, 1996; Noguchi et al., 1995). In the process, Dan is related to
SP induction in DRG neurons after inflammation in the current
study. We did not examine Dan receptors in the spinal cord.
However, intrathecal-administered Dan suppressed pain behavior
and Fos expression in superficial and deep layers of the spinal
cord. We therefore propose that, except for SP induction in DRG,
Dan also stimulates Fos in Dan-immunoreactive cells in the deep
layer via the Dan-receptor pathway.

Experimental methods

The protocols for animal procedures in these experiments
followed National Institutes of Health guidelines for the Care
and Use of Laboratory Animals (1996 revision) and received
approval from the ethics committees of our institutions.

Generation of Dan-deficient mice

A radio-labeled full-length mouse Dan ¢cDNA was used to
screen a mouse genomic library (WFIXII) by standard procedures.
Genomic clones that gave a positive signal in the initial screening
were digested with various combinations of restriction enzymes to
verify that rearrangements had not occurred. The targeting con-
struct was generated by replacing a 2.5-kb EcoRI-Smal restric-
tion fragment containing the exons II and III with an MC!-Neo
cassette. An MC1-DT-A cassette was then inserted into the 3'side

of the Neo cassette for negative selection. Forty micrograms of the -
linearized targeting vector were electroporated into § x 10% Rl ES

cells, and the transfected cells were maintained in the presence of
G418. Genomic DNA was prepared from the G418-resistant
clones and subjected to Southern aralysis using & radiolabeled
Smal-Xbal testriction fragment as a probe. Of 240 clones
analyzed, two clones carried the desired mutant allele. These
two targeted ES cell clones were then injected into BDFI
blastocysts to generate chimeric mice. Chimeras were mated with
C57BL/6 females and lines were maintained by backcross onto
C57BL/6 females.

Genotyping of mice at the Dan locus

Animals were genotyped either by Southern blot hybridiza-
tion or by PCR-based analysis. For Southern analysis, mouse
genomic DNA was digested completely with BamHI, separated
by 0.8% agarose gel electrophoresis, and transferred onto a
nylon membrane filter The filter was probed with the radio-
labeled Smal-Xbal restriction fragment. This strategy identified
a 13-kb wild-type allele or a 1-kb targeted allele. PCR
analysis was performed with the following primers: forward-1
(f1), 5-ATACCTGCTTCCCCACTCCT-¥, reverse-1 (rl), 5-
GAACCTGCGTGCAATCCATCTT-3; and forward-2 (£2), 5-
GACAAGAGTGCCTGGTGTGA-3', reverse-2 (r2), §-
GTGTTGGGGACGCTGTAACT-Y, which resulted in a 458-bp
mutant type and a 227-bp wild-type preduct, respectively. The
cycling conditions were 2 min at 98°C and 35 cycles of 30 s at
98°C, 30 s at 62°C, and 30 s at 72°C.

Inflammation model and nerve injury model

Forty-eight 12-week-old male Dan-deficient and wild-type
mice were used. Under anesthesia with sodium pentobarbital (40
mg/kg, ip), 20 pl of complete Freund's adjuvant (CFA; 50 pg
Mycobacterium butyricum in an oil-in-saline emulsion; Sigma, St.
Louis, MO) was injected into the left hind paw. Partial sciatic nerve

injury was caused by tight ligation of one-third to. onc—half of the. .
left sciatic nerve.
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Behavioral testing

The latency of paw withdrawal to thermal stimuli was measured
as has been previously described (Hargreaves et al., 1988). Wild-
type and Dan-deficient mice were placed in a planter test apparatus
(UGO Basile; Camerio, Italy) consisting of a radiant heat source
below an elevated floor of transparent glass. The radiant heat source
beneath the glass floor was turmed on, and the time between the start
of stimulation and hind paw withdrawal was measured five times
every 10 min. The average time for hind paw \}ithdmwal was
recorded. The [evel of tactile allodynia was estimated from 50%
probability thresholds for paw withdrawal from meghanical stimuli
using von Frey hairs, as previously described (Chapl}m etal., 1994).

A

Time course of Fos expression in CFA and nerve i'njmy models

Touch-evoked increases in Fos expression weregexmnined from
2 to 16 days after CFA injection or nerve injury to wild-type (# =
24) and Dan-deficient mice (n = 24). Gentle touch stimuli were
applied manually to the injected plantar surface of these animals
with the flat surface of the experimenter’s thumb, as described in
detail previously (Sivilotti and Woolf, 1994). Each touch, lasting 2
s-and moving from the middle position of the foot to the distal
footpad, was applied once every 4 s for 10 min undcr halothane
anesthesia.

We examined the effect of intrathecally admmlstcrcd mouse
monoclonal antibody to Dan (5 pg) (Chiba Cancer Center Research
Institute)} on the CFA model in wild-type mice 4 days after
inflammation (n = 12}. To administer antibodies intrathecally, a
30-gauge needle was inserted into the intralamina space between
L6 and S§. Stimulation of the footpad was applied after intrathecal
injection of Dan antibody. To obtain control data, 5 pg of mouse
IgG; was administered (7 = 12). The number of Fos-immunore-
active (IR} cells in the spinal cord was evaluated 2, 4, and 8 h after
stimulation.

Immunohistochemistry .

Mice were anesthetized with 3% halothane and:perfused trans- -
cardially with 100 ml of 4% paraformaldehyde (PFA) in phosphate
buffer (0.1 M, pH 7.4). The spinal cord was resected at the level of
C4 and LS5, and the LS dorsal root ganglia (DRGs) and footpad
were removed and 20-um sections cut on a cryostat. To examine
axonal transport of Dan from DRG to the spinal dorsal horn, the
spinal cord at the level of L4 was resected 2 weeks after dorsal root
section. Sections were incubated in a blocking solution containing
0.3% Triton X-100 and 5% skim milk in 0.01 M phosphate-
buffered saline (PBS) for 90 min at room temperature. Sections
were processed immunohistochemically using a free-floating avi-
din—biotin complex (ABC) technique by incubating them with
rzbbit antibody to Dan (1:1000 in blocking solution), substance P



