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General Introduction 

Figure 1.1. Histology of the Uterine Cervix . Haemotoxylin- and eosin-stained section (Magnification 

x 200) (24). 
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and 0.5 M EDTA pH 7.0) and 8 ~d water. Samples were electrophoresed at 100V for 1-

2 hrs and compared to kb Ladder DNA markers (range 72 to 23130 bp), which were 

loaded in adjacent wells and run in parallel. The gel was viewed under UV light and 

documented by photography. 

kb 

23130 
9416 
6557 
4361 

2322 
2027 

1353 
-28S 

1078 
-I8S 

872 

603 

1 2 3 4 

Figure 2.1. Photograph of EtBr-stained agarose gel showing RNA extracted according to section 2.3.J . 
Lane I shows kb Ladder DNA markers, Lanes 2- 4 are representative RNA samples extracted using Tri­
Reagent. 

2.3.4- Reverse-Transcription (RT) Reaction 

Total RNA was extracted from cervicaJ tissue US1l1g Tri-Reagent (Sigma) 

following the manufacturer's instructions as described in section 2.3.1. Aliquots of 3 Ilg 

of RNA were treated with DNase I (Gibco) following the manufactures protocol. 

Briefly, 3 Ilg total RNA was added to a reaction mixture containing 3 III DNase I 

reaction buffer, 3 U DNase I to a final volwne of 30 Ill. The samples were incubated at 

room temperature for 15 min and then inactivated by addition of 3 ~d of 25mM EDT A 
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Expression, Localisation and Signalling of COX enzymes and PGE2 in 
Cervical Tissues 
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Figure 3.1. (A) Relative expression of COX-I and COX-2 RNA in cervical squamous cell carcinoma 
(C I-C 14), adenocarcinoma (C 15-C IS) and normal cervix (N I -NS) as determined by real-time quantitative 
RT-PCR. (8) Western blot analysis of total protein isolated from human cervical carcinoma tissue. A 
specific COX-I and COX-2 band of approximately 72 kDa was detected in all squamous cell carcinomas 
(panel I; C 19-C32) and adenocarcinomas (panel lJ; C33-C36). COX-l expression was detected in 7/S 
normal cervices. No COX-2 expression was detected in normal cervical tissue (panel Ill; N9-N 16). 
Preadsorbing the antibody with the blocking peptide (panel [II; B) abolished the COX-I and COX-2 
immunoreactivity (a representative sample is shown using sample C21). 
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Chapter 3 Expression, Localisation and Signalling of COX enzymes and PGE2 in 
Cervical Tissues 

Figure 3.2. COX-I expression is detected in neoplastically transformed epithelial cells of all squamous 
cell carcinomas investigated. (Figures A and C) as well as all adenocarcinomas investigated (Figures E and 
G). In this figure, two cases of squamous cell carcinoma and adenocarcinoma are shown. Sections that were 
stained with COX-I antibody pre-adsorbed with the neutral ising peptide are shown in Figures 8, D, F and 
H respectively. Scale bar is 100 11m. 
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Chapter 3 Expression, Localisation and Signalling of COX enzymes and PGEz in 
Cervical Tissues 

Figure 3.3. COX-2 expression is detected in epithelial cells of squamous cell carcinoma in all cases of 
squamous cell carcinoma (Figures A and C) and adenocarcinoma (Figures E and G) investigated. In this 
figure, two cases of squamous cell carcinoma and adenocarcinoma are shown. Sections that were stained 
with COX-2 antibody pre-adsorbed with the neutral ising peptide are shown in Figures B, 0, F and H 
respectively. Scale bar is 100 J.lm. 
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Chapter 3 Expression, Localisation and Signalling of COX enzymes and PGE2 in 
Cervical Tissues 

Figure 3.4. Localisation of the site of PGE2 synthesis in epithelial cells of squamous cell carcinoma (A 
and C) and adenocarcinomas (E and G). Sections of tissue stained with PGE2 pre-incubated with excess 
exogenous PGE2 (negative controls) are shown for squamous cell carcinoma (8 and D) and adenocarcinoma 
(F and H). Scale bar is 100 j.lm. 
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Chapter 3 Expression, Localisation and Signalling of COX enzymes and PGE2 in 
Cervical Tissues 

Figure 3.5. COX-2 expression (A and B; representing two different cases of adenocarinoma) and PGE2 

synthesis (C and D; representing two different cases of adenocarcinoma) are detected in endothelial cells 
(arrowed) of all carcinoma tissues. Vascular endothelial cells in cervical cancer tissues were localised using 
antibodies raised against the human CD34 endothelial cell marker (E). Figure F is a representative section 
incubated with non-immW1e goat serum in place of the primary antibody (CD34 negative control). Scale 
bar is 50 ~m. 
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Chapter 3 Expression, Localisation and Signalling of COX enzymes and PGE2 in 
Cervical Tissues 

Figure 3.6. Localisation of COX-\ (A and B) and COX-2 (C an D) expression and PGE2 synthesis (E 
and F) respectively in normal cervical tissues. Figures show staining in two different cases of normal cervix 
respectively. Minimal COX-I, COX-2 and PGE2 signal was detected in normal cervical tissue. Scale bar is 
100 )lID. 

71 



Univ
ers

ity
 of

 C
ap

e T
ow

n

was 

± 3.2 106± 

9· 
DEP2 

8 .EP4 

7 

6 

5 

<I.) 

4 .~ ..., 
CIl 

"is 
0::: 3 

2 

o _LL---. ....... L .. _DIiIII_ .. 

C59 C60 C61 C62 C63 C64 C65 C66 N22 N23 N24 N25 N26 

cell carcinoma 
""tit";·i",, RT-PCR. 

of EP2 and EP4 (solid 
adenocarcinoma (C66) and normal cervix 

,.",..""j·rwc in cervical squamous 
as determined real-time 



Univ
ers

ity
 of

 C
ap

e T
ow

n

cAMP were 

was 

(4.0 ± at 

P<0.05). 

treatment on 

same manner. fold 

was 51.1 ± 1 

cancer 5.8 ± 1 9.18 ± 1 

1 ). 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

120 

100 

80 

60 

40 

20 

o +-----~--~--~~~----_.r_----~--~--~--~----_, 

INDOMETHACIN 

250 

200 

150 

lOa 

50 

o 

To O/N OIN 
+ 

Cervical Carcinoma 

IJ unstimulated 
• stimulated 
II forskolin 

To OiN OIN 
+ 

Normal Cervix 

C73 C74 C75 C76 C77 C78 C79 N32 N33 N34 N35 N36 

m 

Basal cAMP levels protein) in cervical tissues ± SEM of 
squamous cell carcinomas C67-Cn and normal N27-N31). Basal cAMP levels 

after (TO) and after overnight (OIN) culture in the absence (-) or presence 
indomethacin. cAMP response (pmol in squamous cell carcinoma 
adenocarcinoma and normal cervix Cervical tissues were treated with indomethacin 
overnight and either stimulated with 300 nM PGE2 (solid or 50 forskolin (striped 
control) or left unstimulated 



Univ
ers

ity
 of

 C
ap

e T
ow

n

of 

In 

as 

converSIOn 

(8). 1, 

manner. 

data 

of 

to 

and 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

it was 

structures is IS 

co-treatment 

manner 

In 

pathways 

an 

manner 



Univ
ers

ity
 of

 C
ap

e T
ow

n
to 

of to ""-JlUll',",,", 

tumor mass. 

a treatment 

a 

treatment 

numbers of 

as 



Univ
ers

ity
 of

 C
ap

e T
ow

n

treatment 

as 

IS 

IS 

normal 

was 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n
1 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 

monomer. 

a 31 

vitro 

as a 

was to create a 

from 

.L"" ......... "" by Gey, 

81 

events 

and 

9. 

a 

a 

18). 

to 

adenocarcinoma origin, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 1 

one 

in vivo. The 

4.1) is a 

IS 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 

Schematic 

culture medium. 

a area 

, , , , 

(Tc) or its 

were 

copy of response 

The Gene of interest cloned into the 
(DOX) is removed from the 

our 

is 

to of 

were 



Univ
ers

ity
 of

 C
ap

e T
ow

n

as a 

were 

one 

by vacuum 

vacuum was 

lLUJ.HUlU\.AJ 5 % 

(v/v). L"lUU15 100 18. 

by 

ate 

were Ul"'Jl",",U at 

as 

was a to access to a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

as 

vector were '-'£\0.",,"' ... , .... 

(w/v) 

at 

to 

was vector at a 3:1 

to vector (18.9 to 50 

DNA at room ,"'.",..,"'. 5 

to 

I) 

was rp('·rnrprp·" as as 



Univ
ers

ity
 of

 C
ap

e T
ow

n

constant 

of pH 8.0, 10 

10 3M acetate 5 

86 

as 

eOllenlcea as 

10 

was 

100 

L-.:H.'V\.<''''"'U at 

to a 

was 

by 

10mis 



Univ
ers

ity
 of

 C
ap

e T
ow

n

lysate was 

(1 

was 

2.3 

was 

volume of 1 

13000 was 

(10 

of DNA was 

was 

15 % 

to a 

"''''"'VAL'''''' at 13000 

5 min at 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 4 Construction of a HeLa COX-l Tet-Off model system 
to promote inducible overexpression of COX-l 

4.2.5. Identification Of Clones With cDNA Insert Of Correct Size 

The plasmid vector (pTRE2, Clontech) used in this study has a number of 

unique enzyme restriction sites (Appendix III). Digestion of the plasmid vector with 

restriction enzymes enables the size of the ligated cDNA insert to be confinmed. 

Identitication of the vector containing thc DNA insert of correct size as well as the 

direction of cDNA insert was carried out by restriction endonuclease digestion and 

further confinmed by automated DNA sequencing. DNA from competent cells 

transformed with vector containing the COX-I cDNA was digested with EcoRl. 

KB 
23130 - -9416 -6557 -
4361 

2322 

:.,..., 
2027 ..,.., .., 
1358 - -
1078 
872 - --- -- -
603 

234 

2 4 6 7 

Figure 4.2. Agarase gel electrophoresis of EcoRl digested plasmid containing insert in the sense 
orientaion (Lanes 2 and 5) and anti-sense orientation (Lanes 3, 4, 6) The sizes of the fragments were 
determined relative to the mobility of the molecular weight standard (Lanes I and 7). The agarose gel was 
stained with ethidium bromide, 

For endonuclease digestion, plasmid vector (0.5 !-lg to I !-lg) was incubated for 1 

to 4 hrs at 37°C in a reaction mix containing 10 U of EcoRl restriction enzyme in EcoRl 

reaction buffer (90 mM Tris-HCI pH 7.5, 50 mM NaCI, 10 mM MgCI2 and 0.05 mglmJ 

BSA) to a final volume J 0 III with ddH20. Digest products were subsequently analysed 

by agarose gel electrophoresis (section 2.3.3). Both sense and anti-sense clones were 

expected following ligation of the COX-l cON A and pTRE2 plasmid. Predicted sizes 

for fragments following EcoRl digestion of plasmid containing COX -I cON A in the 

sense orientation (5' to 3' orientation) were 255 kb, 2905 kb and 3032 kb respectively. 

Digestion of the plasmid containing COX-l cDNA in the anti-sense orientation yielded 
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Chapter 4 Construction of a HeLa COX-l Tet-Off model system 
to promote inducible overexpression of COX-l 

As shown in Figure 4.3, no difference in the relative expression of COX-J was observed 

between wild-type cells grown in the absence or presence of DOX. In all experiments, 

uninduced cells were maintained in J )lg/ml DOX, which was supplemented daily. 

4.3.2. Western Blot Analysis Of Stable Transfectants. 

Western blot analysis was performed on clones 1.2, 2.2 and 3.1, which produced 

the greatest inducible overexpreSSlOn of COX-l by real-time R T -PCR analysis . 

Following the removal of DOX from the culture medium, an immunoreactive band 

migrating at approximately 72 kDa was observed to increase in intensity when compared 

with cells maintained with DOX after 72 hrs (Figure 4.4) . Although all three clones 

exhibited the same growth characteristics and phenotype and produced similar results, 

the clone with the greatest COX-l overexpression (clone 1.2) was chosen for further 

studies. 

Doxycycline + + + 

COX-l ;iP- 'C.j1.I4_. -72kDa 

Clone 3.1 Clone 2.2 Clone 1.2 

Lane: 2 3 4 5 6 

Figure 4.4. Western blot analysis of Hyg-resistant clones . HeLa Tet-Off cells were transfected with 
COX-I cDNA and stable transfectants were selected again st 200 ~g/ml Hyg. Approximately 20 )lg per 
lane of each clone, un induced (maintained with DOX) and induced (grown without DOX) was 
electrophoresed and probed with a specific antibody raised against the C-terminus of Human COX-I. 
Lanes I, 3, 5 shows clones 3. 1, 2.2 and 1.2 uninduced (maintained with medium containing DOX). 
Lanes 2, 4, 6 shows the same clones 72hrs after the removal of DOX from the culture medium. 
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Chapter 5 Autocrine/Paracrine Regulation of COX-2, POES, Prostaglandin E2 
receptors and Angiogenic Factors following inducible overexpression of COX-I. 

A 

Doxycycline + 
Hrs 72 24 48 72 

Wild-type 72 kDa 
COX-l 72 kDa 

COX-l+BP 
Actin 46 kDa 

B 

600 o Untreated 

500 
• Indomethacin 

D NS-398 

400 ,-. 

~ 
c:: 

300 '-' 
N 

~ 
0 200 ~ 

100 

0 
Uninduced 24hrs 48hrs 72hrs 

Figure 5.1. (A) Western blot analysis of20 I1g of total clarified cell lysate isolated from Wild-type 
HeLa Tet-Off and He La COX-\ Tet-Off cells grown for 72 hrs in the presence of DOX or 24, 48 and 
72 hrs respectively in the absence of DOX. No immunoreactivity was detected by preadsorbing the 
antibody with the blocking peptide (BP). COX-l was normalised for protein loading against ~-actin 
on the same blot. (8) The functionality of the transfected COX-l cDNA was assessed by Elf SA, by 
measuring PGE2 secretion into the culture medium following COX-l induction in the presence or 
absence of COX-enzyme inhibitor, and treatment of HeLa COX-l Tet-Off cells with 5 I1g/m I 
arachidonic acid. 
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Chapter 5 AutocrinelParacrine Regulation of COX-2, PGES, Prostaglandin E2 
receptors and Angiogenic Factors following inducible overexpression of COX- I. 

5.3.2. COX-l Overexpression induces COX-2 and PGES 

COX-enzyme products including PGE2 are known to induce COX-2, as well 

as COX-I expression (95). In order to investigate the effect of COX-I-enzyme 

products on expression of COX-2 and the microsomal glutathione-dependent 

inducible PGES, HeLa cells were grown in the presence or absence of the dual COX­

enzyme inhibitor indomethacin or highly selective COX-2 inhibitor NS-398 for 24, 

48 and 72 hrs. Following the removal of DOX from the culture medium, a time­

dependent increase in COX-l overexpression was observed in I-leLa COX-I Tet-Off 

cells after COX-I induction for 48 hrs, with maximal sustained overexpression after 

72 ills (Figure 5.2A). Concomitant with this increase in COX-I expression was a 3.2 

± 8.9 fold increase in COX-2 expression after 72 hrs and a 2.5 ± 0.45 and I J ± 0.78 

fold increase in PGES after 24 hrs and 48 hrs respectively (Figure 5.2A). After 72hrs 

PGES levels had returned to basal. Co-treatment of the He La COX-I Ter-Off cells, 

induced for 24,48 and 72 hrs respectively, with indomethacin Or NS-398 showed no 

alteration in COX-I overexpression (Figures. 5.2B and 5.2C), however indomethacin 

(3 Ilglml) treatment inhibited COX-2 as well as PGES induction (Figure 5.2B). No 

significant change in COX-2 expression was observed after treatment of HeLa COX­

I Tet-Off cells with NS-398 (Figure 5.2C). Induction of PGES by COX-J 

overexpression was delayed by 24 hrs following treatment of HeLa COX-I Tet-Off 

cells with NS-398 (Figure 5.2C). 
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Chapter 5 AutocrinelParacrine Regulation of COX-2, PGES, Prostaglandin E2 
receptors and Angiogenic Factors following inducible overexpression of COX-I. 

A 

Doxycycline + 
Indomethacin -
NS-398 
Hrs 72 24 48 72 

COX-J 72 kDa 

COX-2 72 kDa 

PGES 16 kDa 
Actin 46 kDa 

B 
Doxycycline + 
Indomethacin + + + + 
NS-398 
Hrs 72 24 48 72 

COX-J 

COX-2 

PGES 
Actin 

C Doxycycline + 
Indomethacin -
NS-398 + + + + 
Hrs 72 24 48 72 

COX-l 

COX-2 

PGES 
Actin 

Figure 5.2. Western b lot analysis of 20 Ilg of total clarified ceJl lysate isolated from HeLa COX-l 
Tet-Off cells grown for 72 hrs in the presence of DOX (uninduced) or 24, 48 and 72 hrs respectively 
in the absence of DOX to induce COX-i expression. (A) Expression of COX-2 and PGES are 
induced coincident with COX-l overexpression in HeLa COX-l Tet-Off cells. (8) Co-treatment of 
HeLa COX-l Tet-Off cells with indomethacin abolishes the COX-i-mediated up-regulation of COX-
2 and PGES. (C) Partial inhibition of the COX-I-mediated up-regulation of COX-2 and PGES 
expression in HeLa COX-l Tet-Off cells by the selective COX-2 inhibitor NS-398. Proteins were 
normalised for loading against ~-actin on the same blot. 
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Chapter 5 AutocrinelParacrine Regulation of COX-2, PGES, Prostaglandin E2 
receptors and Angiogenic Factors following inducible overexpression of COX-I. 

5.3.3. PGE2 induces COX-2 Expression in HeLa Cells 

In order to demonstrate whether COX-2 up-regulation 10 HeLa cells is 

induced by COX-I-mediated PGE2, HeLa S-3 cells were treated with 0 nM (control) 

or 300 nM PGE2 for 24, 48 and 72 hrs respectively. After treatment of HeLa cells 

with 300 nM PGE2 for 72 hrs, COX-2 levels were elevated by 3.7 ± 0.78 :old 

compared with control cells grown for 72 hrs in the absence of PGE2 (Figure 5.3). 

No significant elevation in COX-I expression was observed in HeLa S-3 cells after 

72 hrs of stimulation with PGE2. These data suggest that the up-regUlation of COX-

2 expression, following induced overexpression of COX-I, may be mediated by 

PGE2· 

PGE2 

Hrs 

COX-2 

COX-l 

Actin 

+ + + 
72 24 48 72 

72kDa 

72kDa 

Figure 5.3. Immunoblot of HeLa S-3 cells grown in the presence or absence of 300 nM PGE" 
showing PGE2 mediated induction of COX-2. No significant increase in COX-I expression was 
observed in cells inbuated with PGE2• Proteins were normalised for loading against ~-actin. 

5.3.4. COX-l Overexpression in HeLa Cells induces Prostaglandin E2 

Receptor Expression 

The effect of COX-lover-expressIOn on the four subtypes of PGE 2 

receptors, namely EP1-EP4, was investigated by real-time quantitative RT-PCR, 

following DOX withdrawal from the culture medium and subsequent induction of 

COX-I. Induced overexpression of COX-I for 24, 48 and 72 hrs had no significant 

effect on EPI receptor expression when compared with cells co-treated with 

indomethacin. This suggested that although PGE2 may be functioning via EPI 

receptors coupled to inositol phosphate production and release of intracellular 
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Chapter 5 AutocrinelParacrine Regulation of COX-2, POES, Prostaglandin E2 
receptors and Angiogenic Factors following inducible overexpression of COX-I. 

expression system to investigate the effect of overexpression of COX-I in BeLa 

cells. 

A B 

Doxycycline + Doxycycline 
Hrs 

+ 
Hrs 72 24 48 72 72 24 48 72 

bFGF 21kDa VEGF 

NS-398 
Indomethacin 

NS-398 

Indomethacin 

Actin ii~i;.I!.~ t-"""=====~~===­
Actin 

C D 
Doxycycline + Doxycycline + 
Hrs 72 24 48 72 Hrs 72 24 48 72 

Ang-l 66kDa Ang-2 
NS-398 NS-398 
Indomethaci Indomethacin 

Actin Actin 

Figure 5.6. Western blot analysis of 20 Ilg of total clarified cell lysate isolated from HeLa COX-I 
Tet-Off cells grown for 72 hrs in the presence of DOX (with or without indomethacin or NS-398) for 
24,48 and 72 hrs respectively in the absence of DOX (with or without indomethacin or NS-398) to 
induce COX-I expression. Immunoblots of (A) bFGF; (B) VEGF; (C) Ang-I; (D) Ang-2 expression. 
Proteins were normalised for loading against ~-actin. 

Overexpression of COX-I in HeLa cells up-regulates expression of COX-2 

and the membrane-bound glutathione-dependent POES concomitant with increased 

POE2 production. Co-treatment of HeLa COX-I Tet-Off cells with indomethacin, 

but not NS-398, abolished the up-regulation of expression of COX-2 and POES. 

This suggests that the observed up-regulation of COX-2 and POES is mediated by 

prostanoids produced by overexpression of COX-I. In addition, NS-398 treatment 

significantly reduced the POE2 synthesis at 72 hrs but not 48 hrs. This is not 

surprising, since COX-2 expression in HeLa COX-I Tet-Off cells was only 

maximally induced at 72 hrs, therefore the POE2 production after 72 hrs of COX-I 
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Chapter 6 Discussion and Conclusions 

autoimmune response such as that observed in the endometrium under conditions of 

endometriosis (250), as many women presenting with cervical cell dysplasias also 

test positive for infections such as chlamydia (13). Consequently, during infection a 

variety of cytokines are secreted from these inunune cells and macrophages, 

including IL-l and IL-2 (250). These cytokines could then act on the neoplastic 

epithelial cells of the cervix to induce COX enzyme expression. 

PGE: FROM 
~ SEMI~AL PL~l\L\ 

MO~OCYfESI 
~IACROPHAGES 

~ 

--------

HPV E.6/E70NCOGENES 

/AC . ,q 
PJ<A 

• 
• •• 

Figure 6.1. A model for regulation of COX enzyme expression in cervical carcinoma cells. 

• 

In sexually active women, neoplastic cervical epithelial cells may be directly 

regulated by PGE2 present in seminal plasma. Prostaglandins are present 5000 to 

10000 fold more in seminal plasma than at the site of inflammation and PGE2 is one 

of the predominant prostanoids detected (251). PGE2 is known to induce COX-2 

expression in a number of model systems (95, 252, 253). In addition, we have 

demonstrated that PGE2 up-regulates COX-2 expression in HeLa cells (as discussed 

in chapter 5). Thus, in sexually active women, COX enzyme expression in cervical 

carcinomas may be modulated by prostaglandins present in seminal plasma. 

COX enzyme expressIOn in cervical carcinomas may also be regulated and 

maintained in an autocrine/paracrine/intracrine manner by prostanoids, such as PGE2, 
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APPEND LX II 

XhOI 
I~l 

(.-..~tR 

pTet-Off 
1TA~#,Pl AD 

1.4 kb 

B.sa I 
O~-4GI 

The pTet-Off vector encodLng the tetracycline-controlled transactivator protein 

(tTA), adapted from the Clontech web site (www.clontech.com). 
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APPENDIXll 

pTRE2 
J.e kb. 

Dnl r S 1tfJ I 
118~:;t 1116::, 

MCS 

rCGCGGCCCCGAATICG.A!GCTCG GTACCCGGGGATCCICTAGTCAG eTG 
Sac II F~':fll toPJ? I B.smH d P'vb II 

AOGCGTGCTAGCGCGGCCGCATCGAT AA~CTIG1fCGAC{;A l' ATcrcr.AGA 
MI.., l NM I E~ ~ \ eli!" H~nd IIJ SaIl Ec.ofI V Xii a , 

Notl Ace I 

The pTRE2 vector containing the gene of interest cloned into the mUltiple cloning 

site (MCS). Adapted from the Clontech web site (www.clontech.com). 
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The pTK-Hyg vector containing the gene for hygromycin resistance to allow for 

selection of stable transfectants using hygromycin. Adapted from the Clontech web 

site (www.clontech.com). 
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K. J. M. D. 
R. P. uu..JU ....... C1.I. .. , 

Dw'cn."n ... £I")' (K.J.S., 
Town 

Human Hennld'LCt,ive ~cl~en'''''' 
([(.J.S., R.P.M., H.N.J.), Edinburgh, 

ABSTRACT 

OF THE uterine cervix is one of the 
causes of cancer-related death in women w()rl,cHNule. 

and America, 
Asia, and sub-Saharan Africa where 80% of the world's 
cervical cancers occur (4). of cervical cancer 
in South African women is to be the in the 
world, on the average, in 60 of every 100,000 
women (3, 5, of the cervix is the most common 
cancer in (31.2%) and colored (22.9%) South African 
women, the second most common cancer in Asian women 

and the fourth most common cancer in white South 
women (2.7%) The lifetime risk of 

cervical cancer is 1:34 women and 1:93 for 
women (7). Three hlstmogllcal 
of the cervix are 

29, 2000. Revision received December 28, 2000. 
2001. 

autocrinelparacrine effect in cervical carcinomas, we investigated the 
expression oftwo EP2 and EP4, 
by real-time and EP4 re­

= 8) than in 
the function-

investlll!al:inl! cAMP 

squamous cell carcinoma, adenocarcinoma, and other less 
common types of tumors. The most common his-

of cervical carcinoma is cell carci-
noma, accounts for 60-80% of 
Adenocarcinoma accounts for appr'Dximatl~ly 
sive cervical carcinoma. 

enzymes, also called PG 
in the conver-
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rel,!nclnslttio between COX-2, its syr\th,esi:l~ed 
nellplastic transformation 

established (15, 16). Tralnscriptil:m 

Uv-n:')I;IJUi1"",U in 
of 

Materials and Methods 

Real-time quantitative PCR 

Tissue collection 

Western blotting 

TABLE 1. Extent of invasiveness and racial distribution of cervical carcinoma biopsy samples of South African women 

I)ql~arllOtlB carcinoma 
""I'~"jUIJ"~ carcinoma 

Adenocarcinoma 
8qllarllOtlll carcinoma 
8qllarnOtlll carcinoma 
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COX-2 EXPRESSION AND PGE2 SYNTHESIS IN CERVICAL CARCINOMAS 2245 

Tris-Hc! (pH 6.8), 4% SDS, 5% 2-mercaptoethanol, 20% glycerol, and 
0.05% bromophenol blue], boiled for 5 min at 95 C, and run on a 10% 
50S-polyacrylamide gel. Proteins were transferred onto polyvinylidene 
difluoride membrane (Millipore Corp., Watford, UK) and subjected to 
immunoblot analysis. Membranes were blocked for 1 hat 25 C in 5% 
skimmed milk powder diluted in washing buffer [SO mmol/L Tris-HC!, 
lSO mmol/L NaC!, and 0.05% (vol/vol) Tween-20]. Thereafter, mem­
branes were incubated with goat anti-COX-2 primary IgG antibody 
(sc-1745, Autogenbioclear, Wiltshire, UK) at a dilution of 1:500 at 4 C for 
18 h. Control samples were incubated with goat anti-COX-2 antibody 
preadsorbed to blocking peptide (sc-1745p, Autogenbioclear) according 
to the manufacturer's protocol. Membranes were subsequently incu­
bated for 1 h, respectively, with rabbit antigoat secondary IgG antibody 
conjugated to biotin (DAKO Corp., High Wycombe, UK; 1:S00) and 
streptavidin-biotin-horseradish peroxidase complex (Amersham Phar­
mad a Biotech, Aylesbury, UK). Proteins were revealed by chemilwni­
nescence (ECL Plus kit, Amersham Pharmacia Biotech) following the 
manufacturer's instructions. The molecular mass of the COX-2 protein 
was approximately 72 kDa, as determined from the relative mobility on 
50S-PAGE compared with the molecular mass standard. 

Immunohistochemistry 

The site of COX-2 expression and PGE, synthesis was localized in 
cervical tissues by immunohistochemistry using archival cervical blocks 
(squamous cell carcinomas, Cll-C20; adenocarcinomas, C21-C30; nor­
mal cervix, N5-NlO) obtained from the Department of Anatomical Pa­
thology, University of Cape Town (Cape Town, South Africa). Five­
micron paraffin wax-embedded tissue sections were cut and mounted 
onto coated slides (TESPA, Sigma). Sections were dewaxed in xylene, 
rehydrated in graded ethanol, and washed in water followed by T65 (SO 
mM Tris-HCI and 150 mM NaC!, pH 7.4) and blocked for endogenous 
endoperoxidase (1 % H20 2 in methanol). Antigen retrieval was per­
formed by pressure cooking for 2 min in 0.01 mol/L sodium citrate, pH 
6 (for COX-2 and PGE2). No antigen retrieval was performed for CD34 
immunohistochemistry. Sections were blocked using 5% normal rabbit 
serum (for COX-2), 5% swine serum (for PGE,), or 5% normal goat serum 
(for CD34) diluted in T6S. Subsequently, the tissue sections were incu­
bated with polyclonal goat anti-COX-2 antibody (sc-1745, Autogenbio­
clear) at a dilution of 1 :400, rabbit anti-PGE, antibody (supplied by Prof. 
R. W. Kelly, Medical Research Council Human Reproductive Sdences 
Unit, Edinburgh, UK) at a dilution of 1:100, or monoclonal mouse an­
tihuman CD34 primary antibody (mca-547, Serotec, Oxford, UK) at a 
dilution of 1:25 at 4 C for 18 h. The rabbit antiserum that was raised 
against PGE,-complexed keyhole limpet hemocyanin has been previ­
ously characterized (27). Control tissue was incubated with 5% antisera 
(for CD34) or goat anti-COX-2 antibody preadsorbed to blocking peptide 
(sc-1745p, Autogenbioc!ear) according to the manufacturer's protocol. 
Control tissue for PGE, was incubated with rabbit anti-PGE, antibody 
preadsorbed to excess exogenous PGE,. Briefly, the PGE, antibody was 
incubated together with a 10-fold excess of exogenous PGE, (Sigma) at 
37 C for 2 h. Thereafter, the antibody-ligand mixture was diluted, and 
immunohistochemistry was performed as described above. After thor­
ough washing with TBS, the tissue sections probed with the goot anti­
human COX-2 and rabbit anti-PGE, primary antibodies were incubated 
with biotinylated rabbit antigoat secondary IgG antibody (for COX-2; 
DAKO Corp.) or swine antirabbit secondary IgG antibody (for PGE,; 
DAKO Corp.) at a dilution of 1:500 at 25 C for 40 min. Thereafter, the 
tissue sections were incubated with streptavidin-biotin peroxidase com­
plex (DAKO Corp.) at 25 C for 20 min. Tissue sections probed with the 
mouse antihuman CD34 antibody were developed using a mouse En­
Vision Kit (DAKO Corp.) according to the manufacturer's instructions. 
Color reaction was developed by incubation with 3,3' -diaminober.zidine 
(DAKO Corp.). The tissue sections were counterstained in aqueous 
hematoxylin, followed by sequential dehydration using graded ethanol 
and xylene, before mounting and coverslipping. 

PGE2 stimulation and cAMP measurement 

DetermilUltion o/basal cAMP levels in ceroicaltissues.Initially, basal cAMP 
levels were measured in cervical tissue (squamous cell carcinomas, 
C39-C44; normal cervix, N16-N20; Fig. SA). Carcinoma and normal 
cervical tissues were obtained on the day of surgery /biopsy, sectioned 

finely, and divided equally into three a1iquots. The tissue was trans­
ported at 4 C and then incubated in 35-mm tissue culture dishes con­
taining 2 mL DMEM (Sigma), 10% FCS, 0.3 mg/mL L-glutamine, 100 IU 
penicillin, and 100 /Lg streptomycin for 1.5 h. One aliquot of tissue was 
snap-frozen to determine the basal cAMP concentration in the tissue at 
the time of collection. The other two aliquots were incubated overnight 
at 37 C in humidified 5% CO2 in the presence or absence of 3 /Lg/mL 
indomethacin (a dual COX enzyme inhibitor). Subsequently, tissue sec­
tions were harvested by centrifugation at 2000 x g. The supernatant was 
discarded, and the tissue was homogenized in 0.1 moll L HCI. The cAMP 
concentration was quantified by ELISA using a cAMP kit (Biomol, Af­
finiti, Exeter, UK) according to the manufacturer's protocol and nor­
malized to the protein concentration of the homogenate. Protein con­
centrations were determined using protein assay kits (Bio-Rad 
Laboratories, Inc., Hemel Hempstead, UK). 

cAMP production in ceroical tissues in response to exogenous PGE2. Cervical 
tissues (squamous carcinoma, C45--C49; adenocarcinoma, C50; normal 
cervix, N21-N25) were sectioned finely, divided equally into three ali­
quots, and incubated overnight in DMEM (Sigma), containing 10% FCS, 
0.3 mg/mL L-glutamine, 100 IU penidllin, 100 /Lg streptomydn, and 3 
/Lg/mL indomethacin. After overnight incubation, samples were incu­
bated in the same medium containing isobutylmethylxanthine (Sigma) 
to a final concentration of 1 mmol/L for 30 min at 37 C and then 
stinlulated with 0 nmol/L PGE" 300 nmol/L PGE" or SO /Lmol/L 
forskolin (forskolin treatment in sample C45 was excluded due to the 
small size of the biopsy) for 5 min. Tissue sections were harvested by 
centrifugation at 2000 x g. The supernatant was discarded, and the tissue 
homogenized in 0.1 mol/L HCI. cAMP and protein concentrations were 
determined as described above. 

Results 

Expression of COX-2 in cervical carcinomas was investi­
gated using real-time quantitative RT-PCR (Fig. lA) and 
Western blot analysis (Fig. 18). Expression of COX-2 was 

A 

1111 .. 

IU 

CI Cl 

B 

COX-2 ·72kDa 

FIG. 1. A. Relative expression of COX-2 RNA in cervical squamous 
cell carcinoma (C1-C8), adenocarcinoma (C9 and C10), and normal 
cervix (N1-N5), DS determined by real-time quantitative RT-PCR. B, 
Western blot analysis of 100 J.LI5 total protein isolated from human 
cervical carcinoma tissue. The proteins were loaded onto a 10% SDS­
gel. electrophoresed. and subsequently transferred to a polyvinyl[. 
dene difluoride membrane. The immunoblot was probed with anti­
body raised against the C-terminus of human COX-2. A specific band 
of approximately 72 kDa was detected in all squamous (C1-C8) and 
adenocarcinoma (C9 and C10). No signal was detected in normal 
cervical tissue (a representative sample is shown). Moreover, pre ad· 
sorbing the antibody with the blocking peptide (B) abolished the 
COX-2 signal in all carcinoma samples (a representative sample is 
shown). 
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FIG. 2. COX-2 expression and PGE. 
synthesis are detected in epithelial cells 
of squamous cell carcinoma (A and B, 
respectively) and columnar and glandu­
lar epithelium of adenocarcinomas (C 
and D, respectively). Minimal COX-2 
and PGE2 signal was detected in nor­
mal cervical tissue (E aod F, respective­
ly). Insets are serial sections that were 
stained with pre adsorbed COX-2 or 
PGE2 serum, respectively (negative 
controls). Scale bar, 100 /-Lm. 

Significantly up-regulated in all cases of squamous cell car­
cinoma and adenocarcinoma investigated. COX-2 expression 
as assessed by quantitative RT-PCR was 150.8 :': 43.18-fold 
greater in cervical carcinoma tissues than in normal cervical 
tissue (P < 0.05). Western blot analysis on these cervical 
carcinomas revealed immWloreactive bands of approxi­
mately 72 kDa. Minimal levels of COX-2 transcript was de­
tected in normal cervical tissue by quantitative RT-PCR, and 
no COX-2 protein was detected in any of the normal cervical 
samples. Preadsorbing the primary antibody with the block­
ing peptide abolished the COX-2 signal in the carcinoma 
samples, thus confirming the specificity of detection of the 
72-kDa COX-2 protein in the carcinoma samples. 

The site of COX-2 expression and PG~ synthesis in the 
carcinoma tissue was investigated by irnmWlohistochemis­
try. InunWloreactive COX-2 and PG~ were up-regulated in 
all carcir.oma samples. COX-2 and PG~ were localized to the 
neoplastically transformed squamous epithelium in squa­
mous celJ carcinoma (Fig. 2, A and B, respectively), and to 
neoplastically transformed columnar epithelium lining the 
endocervical canal and the glandular epithelium of the en-

docervical glands in adenocarcinomas (Fig. 2, C and D, re­
spectively). In adclition, COX-2 and PGE2 immWlostaining 
was observed in endothelial cells lining the vasculature in all 
squamous cell carcinoma and adenocarcinoma sections in­
vestigated (Fig. 3, A and B). To confirm that COX-2 expres­
sion and PG~ synthesis were localized to the endothelial 
cells of blood vessels, irnmWlohistochemistry was performed 
on tissue sections using antibodies raised against the CD34 
endothelial cell marker. The pattern of expression with CD34 
was identical to that observed with COX-2 and PGE", thus 
confirming that COX-2 expression and PG~ synthesis are 
localized to the endothelial cell layer of blood vessels in 
human cervical carcinoma (Fig. 3C). Negligible staining was 
observed in the stromal compartment of all carcinoma tissue 
investigated. Moreover, little or no staining for COX-2 and 
PGE, was observed in the normal cervical tissues (Fig. 2, E 
and F, respectively). Preadsorbing the antibody with the 
blocking peptide (COX-2-negative control) or incubating sec­
tions with PG~ preincubated with exogenous PG~ ligand 
(PG~-negative control) abolished the COX-2 and PGEz sig­
nals in all carcinoma samples (insets in figures show negative 
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COX-2 EXPRESSION AND PGE2 SYNTHESIS IN CERVlCAL CARCINOMAS 2247 

fiG. 3. GOX-2 (A) expression and PGE2 (B) synthesis are detected in endothelial cells (arrowed) of all carcinoma tissues. Vascular endothelial 
cells in cervical cancer tissues were localized using antibodies raised against the human GD34 endothelial cell marker (G). D, A representative 
section incubated with nonimmune goat serum (GD34-negative control). Scale bar, 50 !Lm. 

II fl.rI 
01 el2 Cll CJ4 CJ5 Cl6 CJ7 CJ8 Nil Nil Nil NI4 NI5 

fiG. 4. Relative expression of EP2 (0) and EP4 (.) receptors in 
cervical squamous cell carcinoma (G31-C37), adenocarcinoma (G38) 
and normal cervix (Nll-N15) as determined by real-time quantita­
tive RT-PGR. 

controls for COX-2 and PGE2 performed on serial sections). 
No C034 staining was observed in sections incubated with 
noninuTIlme serum in place of primary antibody (Fig. 3~). 

The expression of two subtypes of PGE2 receptors, namely 
EP2 and EP4, was investigated by real-time quantitative RT­
PCR in cervical carcinoma and normal cervix (Fig. 4). Ex­
pression of both receptors was Significantly up-regulated in 
all carcinoma tissues compared with that in normal cervix 
(P < 0.01). The relative expressions of EP2 and EP4 receptor 
in carcinoma tissue were 14.5 :!: 3.2- and 106 :!: 25.B-fold 
(respectively) greater than that in normal cervix. To assess 

the activity of the EP2/EP4 receptors in the cervical tissue, 
basal levels of cAMP were determined at the time of tissue 
collection and after overnight incubation in the absence or 
presence of 3 J-(.g/mL indomethacin (Fig. SA). The cAMP 
concentration inunediately after tissue excision was signifi­
cantly higher in carcinoma compared with normal cervix 
(77.9 :!: 30.9 VS. 32.5 :!: B.7 pmol cAMP /mg protein; P < 0.05). 
cAMP concentrations in carcinoma tissue after overnight 
incubation in the absence of indomethacin was similar to that 
detected in the tissue at the time of excision (64.2 :!: 5.1 pmol 
cAMP/mg protein), but was significantly reduced when the 
tissue was cultured in the presence of indomethacin (2.59 :!: 
0.64 pmol cAMP /mg protein). In normal cervical tissue, lev­
els of cAMP were Significantly reduced after overnight in­
cubation in the absence or presence of indomethacin (11.96 :!: 
1.35 and 4.0 :!: 0.7 pmol cAMP / mg protein, respectively; P < 
0.05). Subsequently, we determined the effect of exogenous 
PGE2 and forskolin treatment on cAMP production in car­
cinoma and normal cervical tissues (Fig. 5B). Stimulation of 
cervical carcinoma tissue with 300 nmol/L PGEz or 50 
J-(.mol/L forskolin (positive control) yielded a greater cAMP 
response than in normal cervical tissue treated in the same 
marmer. Overall, the inductions of cAMP generation after 
PGE2 and forskolin stimulation were 51.1 :!: 12.3- and 55.3 :!: 
15.84-fold, respectively, in cancer tissue and 5.B :!: 1.68- and 
9.1B :!: 1.59-fold, respectively, in normal cervix (P < 0.01). 

Discussion 

This study confirms up-regulation of COX-2 expression 
and PGE2 production in squamous cell carcinoma and ad­
enocarcinoma of the human cervix, as demonstrated by real-
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ABSTRACT 

This study was designed to investigate the expression and molecular 
signaling of cyclooxygenase-I (COX-I) in cervical carcinomas. Real-time 
quantitative reverse transcription-polymerase chain reaction and Western 
hlot analysis confirmed enhanced expression of COX-1 RNA, and protein 
in squamous cell carcinomas and adenocarcinoma of the cervix. COX-1 
expression in all carcinoma tissues was associated with enhanced expres­
sion of COX-2 RNA and protein. The site of COX-] expression was 
localized by immunohistochemistry to the neoplastic epithelial cells in all 
squamous cell carcinomas and adenocarcinomas studied. Minimal COX-1 
immunoreactivity was detected in normal cervix. To explore events asso­
ciated with COX-] up-regulation, we developed II doxycycline-regulated 
expression system in HeLa (cervical carcinoma) cells. Overexpression of 
COX-} in HeLa cells resulted in induced expression of cyclooxygenase-2 
(COX-2) and prostaglandin E synthase (PGES) concomitant with in­
creased prostaglandin E, (PGE,) synthesis. Treatment of HeLa cells 
overexpressing COX-] with the dual COX enzyme Inhibitor indomethacin 
or selective COX-2 inhibitor NS-398 significantly reduced PGEz synthesis. 
Indomethacin, but not NS-398, treatment aholished the up-regUlation of 
expression of COX-2 and PGES in HeLa celis, suggesting that the ob­
served up-regUlation of COX-2 and PGES was mediated by COX-}­
enzyme products. To assess whether enhanced PGE, synthesis after 
COX-1 induction would act in an autoerine/paraerine manner, we inves­
tigated the effect of COX-Ion the expression of the different isoforms of 
PGE, receptors (EPI-EP4). We found that the cAMP-linked PGE, recep­
tors were significantly up-regulated by COX-1 overexpression coincident 
with enhanced cAMP responsiveness of these cells to exogenolls PGEz 
ligand. Finally, overexpression of COX-1 was associated with enhanced 
expression of the angiogenic factors basic fibroblast growth factor, vas-
cular endothelial growth factor, angiopoietin-l, and This 
lip-regulation of angiogenic factor expression was by indo-
methacin and partially reduced by NS-398. These data indicate that 
COX-] up-regulation modulates the expression of factors that may act in 
an alltocrine/paracrine manner to enhance and sustain tumorigenesis in 
neoplastic cervical epithelial cells. It is likely that similar mechanisms may 
act in vivo to modulate tumorigenesis of cervical carcinomas. 

INTRODUCTION 

Uterine cervical cancer is considered an important clinical problem 
in developing countries, with a high incidence of invasive disease 
reported for South African women (1). Three histological categories 
of epithelial tumors of the cervix are recognized by the World Health 
Organization (2): squamous cell carcinoma, adenocarcinoma, and 
other less common types of epithelial tumors. The most corrunon 
histological type of cervical carcinoma is squamous cell carcinoma, 
which accounts for 60- 80% of all cervical cancers. Adenocarcinoma 
accounts for <20% of invasive cervical carcinomas. Numerous stud­
ies have demonstrated that epithelial tumors may be regulated by 

11112101. 
of this artidc were defrayed in 
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COX-2-enzyme products (3-7). Two distinct isoforms of the COX 
enzyme, COX-I and COX-2, have been reported (8-10). The relative 
contributions of COX-I- andlorCOX-2-derived products in mediating 
events a<;sociated with cervical neoplasia remain to be elucidated. 
COX-I expression is considered to be constitutive and generates 
prostaglandins for normal physiological functions (4, 11, 12). Tran­
scription of COX-2 RNA and protein is up-regulated in several 
epithelial carcinomas (3, 12-15), including carcinomas of the cervix 
(16-18). This has prompted the suggestion that the increased level of 
prostaglandins and other eicosanoids present in cancer tissue is a 
consequence of induced COX-2. More recently, however, it has been 
demonstrated that both COX isofonns are inducible. In some cell 
types, including pulmonary artery endothelial cells, COX-I levels are 
induced during differentiation (19, 20). COX-I expression can be 
induced ill vitro by VEGF (21), arachidonic acid, forskolin, dibutyryl­
cAMP, and PGEz (22). In addition, elevated COX-I expression has 
been reported in mouse lung tumors (23), human breast cancer (24), 
and human prostate carcinoma (25). These data suggest that both 
COX enzymes andlor their products may function in promoting and 
maintaining the neoplastic state. COX catalyzes the double oxygen­
ation and reduction of arachidonic acid after its relea<;e from mem­
brane glycerophospholipids by phospholipase A2 to the intermediate 
fonn prostaglandin H2 . This intennediate serves as the substrate for 
terminal prostanoid syntha<;es, which produce their specific prostag­
landins such as PGE2 • being synthesized by PGES (26-28). PGE2 has 
been shown to stimulate gene transcription (29), influence mitogen­
esis of nonnal human bone cells (30), and promote growth and 
metastasis of tumors (31). More recently, enhanced synthesis of PGE2 

resulting from up-regulated COX-2 has been shown to induce malig­
nant change in epithelial cells through immunosuppression (32), in­
hibiting apoptosis (13), increasing metastatic potential of epithelial 
cells (6), and promoting angiogenesis (33, 34). Two segregated bio­
synthetic pathways have been described for PGE2 biosynthesis. These 
pathways synthesize PGE2 via PGES functionally and preferentially 
coupled with either COX-lor COX-2 (27). The biological actions of 
PGE2 have been attributed to its interaction with G-protein-coupled 
seven-transmembrane-domain receptors, which belong to the rhodop­
sin superfamily of serpentine receptors (35). Four main subtypes of 
PGE2 receptors have been identified (EPl , EP2 , EP3 , and EP.), which 
use alternate and, in some cases, opposing intracellular pathways (36). 
Most studies have focused on neoplastic events associated with COX 
enzyme products as a consequence of COX-2 overexpression. In this 
study, we investigated (a) COX-l expression and localization in 
cervical squamous cell carcinomas and adenocarcinomas compared 
with normal cervical tissue, and (b) a possible autocrine/paracrine role 
for COX-I enzyme products in regulating the expression of COX-2, 

2 The abbreviations used are: COX, c~~~~O~~;::,~::~~;,~Vi~EGF, vascular endothelial 
factor; PGE2• prostaglandin:l( E synthase; bFGF, basic 

growlh factor; DOX, RT· 
PCR, rcverse "",w·mlllon··t"LK: 

TBS. Tris-buffcrcd 
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PGES, PGE2 receptors, and angiogenic factors in cervical epithelial 
carcinoma cells using an inducible expression system. 

MATERIALS AND METHODS 

Materials 

The following antibodies used for Western blotting were purchased from 
Santa Cruz Biotechnology (Autogenbioclear, Wiltshire, United Kingdom): 
COX-l goat polyclonal (sc-1752), COX-2 goat polyclonal (sc-1745), bFGF 
goat polyclonal (sc-1360), VEGF rabbit polyc1onal (sc-152), Ang-l goat 
polyclonal (sc-6319), Ang-2 goat polyclonal (sc-7016), and J3-actin goat poly­
clonal (sc-1616), as well as the COX-I and COX-2 blocking peptides (sc-
1752p and sc-1745p). The PGES antibody raised against the microsomal 
glutathione-dependent inducible PGES (27) was purchased from Caymen 
Chemical Co. (Cheshire, United Kingdom); antigoat-a1kaline phosphatase, 
antirabbit-a1kaline phosphatase, cloning cylinders, G418, Hyg, DOX, and 
indomethacin were purchased from Sigma Chemical Co. (Dorset, United 
Kingdom). Samples and synthetic standards for the PGE, ELISA were pur­
chased from Applied Therapeutics (Paisley, United Kingdom), and NS-398 
was purchased from Calbiochem (Nottingham, United Kingdom). HeLa Tet­
Off cells and Tet system-approved fetal bovine serum were purchased from 
Clontech (Hampshire, United Kingdom). DMEM nutrient mixture F-12 
was purchased from Life Technologies, Inc. (Paisley, United Kingdom), and 
penicillin-streptomycin was purchased from PAA (PAA Laboratories Ltd., 
Middlesex, United Kingdom). ECF chemiluminescence system was purchased 
from Amersham Biosciences (LillIe Chalfont, Buckinghamshire, United 
Kingdom). 

Tissue Collection and Processing 

Cervical specimens were obtained at the time of surgerylbiopsy from 
patients who were attending the Gynaecological Oncology Clinic at Groote 
Schuur Hospital, Cape Town and who had been diagnosed previously with 
invasive carcinoma of the cervix. Punch biopsies were taken from the lesion by 
an experienced gynecologist with a special interest in oncology. A portion of 
the biopsy was excised and fixed in formalin, followed by paraffin wax 
embedding for histopathological typing. The remaining portion was snap­
frozen in either dry ice or liquid nitrogen and stored at -700C for RT-PCR and 
Western blot analysis. The extent of invasiveness of carcinoma biopsies 
(CI-C58) is represented in Table L Histologically normal cervical samples 
(NI-N2]) were obtained from patients undergoing Wertheims hysterectomy 
for nonmalignant conditions. Pathological typing was defined according to the 
International Federation of Obstetricians and Gynaecologists (37) staging upon 
physical examination. The ages of the patients ranged from 29 to 80 years with 
a median age of 50 years. The study was approved by the University of Cape 
Town Research Ethics Committee, and informed consent was obtained from all 
patients before tissue collection. 

Cell Culture 

HeLa Tet-Off cells containing the regulatory plasmid (pTet-Off) were 
routinely maintained in DMEM nutrient mixture F-12 with Glutamax-l and 
pyridoxine, supplemented with ]0% fetal bovine serum, ]00 JLg/ml G41S, and 
I % antibiotics (stock, 500 IU/m] penicillin and 500 JLglml streptomycin) at 
37°C and 5% CO2 (v/v). 

Table 1 Extent of invasiveness of cervical carcinoma biopsy samples of South 

African wo_me_n ____________ _ 

CI-C4: CI9-C23 
C36 
CI5-C18; C33-C35; 

C4&-C58 
Adcnocarci noma 

well differentiated 
moderately differentiated 

28; well differentiated 

a FIGO, FCd~ration Intemationales des Gynaccologistcs ct ObslctriS1eS. 
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Cell Transrections 

The Tet-Off expression system we used was developed by Gossen el al. (38) 
to deliver doxycycline-regulated expression based on the high specificity of the 
Escherichia coli tet repressor-operator-doxycycline interaction. In the Tet-Off 
expression system each clonal cell line is used as its own control (cells cultured 
in the presence of DOX), and the overexpression of the integrated target gene 
is modulated solely by removing DOX from the culture medium. This elimi­
nates the need for a control clonal cell line transfected with vector alone (as 
used with constitutive stable expression systems), thereby overcoming the 
inherent variation that arises from different sites of integration of DNA 
between different clones. HeLa Tet-Off cells containing the pTet-Off vector 
stably transfected and constitutively expressing the tetracycline-controlled 
transactivator tTA (composed of a fusion of the TetR and VP 16 activation 
domain) were purchased from Clontech. The pBS(SK-)IPSHI cDNA contain­
ing the full-length COX-] gene (kindly supplied by Dr. Stephen Prescott, 
University of Utah, Salt Lake City, UT) was used as the template plasmid. The 
responsc plasmid pTRE2 (containing the minimal cytomegalovirus promoter 
containing Tet-operator sequences cloned upstream of the cDNA to be ex­
pressed) and the plasmid for antibiotic selection (pTK-Hyg) for use with the 
Tet-Off system were purchased from Clontech. The COX-} gene was excised 
from the template plasmid and ligated at the BamHI site of the pTRE2 vector. 
The orientation of the insert was verified by dideoxy DNA sequencing using 
the sequence- specific primers 5 '-CGCCTGGAGACGCCATCC-3 , and 5'­
CCACACCTCCCCCTGAAC-3' (Clontech). Cells were plated in 12-well 
dishes in complete medium containing 100 JLglml G418 per well and were 
allowed to attach and grow overnight. The pTRE2 vector containing the 
COX-] gene (2 JLg) was cotransfected with pTK-Hyg (0.1 JLg, which contains 
the Hyg gene under control of the minimal TK promoter) into the HeLa 
Tet-Off cell line at about SO% confluency using pfx-5 (Invitrogen, De Schelp, 
Netherlands) diluted in Optimem (Life Technologies, Inc.). Cells were incu­
bated for 4 h at 37'C in 5% humidified CO2 , Thereafter, the medium was 
replaced with fresh complete medium containing no G418. Cells were allowed 
to grow for 72 h. Transfected cells were then seeded together with wild-type 
cells. Clones were selected against 200 JLglml Hyg in the presence of ] JLglml 
DOX. At least 50 Hyg-resistant clones were picked using cloning cylinders. 
Clones were allowed to grow under continuous selection with Hyg in the 
presence of DOX and then screened for the ability to express COX-l in 
the presence and absence of DOX by immunoblot analysis. Three clones with 
the greatest inducible overexpression of COX-I (clones 1.2,2.2, and 3.1) were 
selected for additional experiments. All clones were characterized and exhib­
ited identical phenotypic and biochemical alterations. The results of our studies 
using the COX-l clone 1.2 are presented here. Similar reproducible results 
were obtained using clones 2.2 and 3. L Unless otherwise stated, all clones 
were maintained uninduced in I JLglml DOX, 200 JLg/ml Hyg, and 100 JLglml 
G4]8. COX inhibition studies were conducted by growing cells in medium 
containing 3 JLg/ml indomethacin or 10 JLM NS-39S. 

Real-time Quantitative RT-PCR 

Real-time quantitative RT-PCR was performed to determine COX-] and 
COX-2 expression in cervical carcinoma biopsies and normal cervical tissue as 
well as to assess the effect of COX-I overexpression on expression of the 
different isoforms of PGE, receptors (EPl, EP2, EP3, and EP4) in HeLa 
Tet-Off cells. RNA samples were extracted from cervical tissue (squamous cell 
carcinomas, CI-C14; adenocarcinomas, CI5-C18; and normal cervix, N]­
N8) using Tri-Reagent (Sigma Chemical Co.) as per the manufacturer's in­
struction. To determine the effect of COX-I overexpression on expression of 
EP receptors, cells (2 x 10') were seeded in six-well plates, and allowed to 
attach and grow overnight in the presence of DOX. The following day, the 
cells were synchronized by incubating with serum-free medium for 24 h. 
Thereafter, the medium was replaced with fresh complete medium, and COX-l 
overexpression was induced by growing cells in medium containing no DOX. 
Control cells were maintained in DOX. Cells were harvested after 24, 48, and 
72 h with 1 mJJwelJ Tri-Reagent (Sigma Chemical Co.) as per the manufac­
turer's protocol. RNA samples were reverse transcribed using MgCI2 (5.5 mM), 
dNTPs (0.5 l11M each), random hexamers (1.25 JLM), oligodeoxythymidylic 
acid (1.25 JLM), RNase irthibitor (OA unit/JLI), and multi scribe reverse tran­
scriptase (1.25 units/JLI), all from PE Biosystems (Warrington, United King­
dom). The mix was aliquoted into individual tubes (16 JLlJtube), and template 
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RNA was added (4 j,tVtube of 250 ng/jil RNA). Samples were incubated for 60 
min at 25'C, 45 min at 48'C, and then 5 min al 95'C. A reaction mix was made 
containing Taqman buffer (5.5 mM MgC12' 200 j,tM dATP, 200 j,tM dCTP, 200 
j,tM dGTP, 400 j,tM dUTP); ribosomal 18S forward and reverse primers and 
probe (all at 50 nM); forward and reverse primers for COX·I, COX-2, EPI, 
EP2, EP3, or EP4 receptor (300 11M); COX· I , COX·2, EPI, En, EP3, or EP4 
receptor probe (200 nM); AmpErase UNG (0.01 unitlj.LI); and AmpliTaq Gold 
DNA Polymerase (0.025 unitlJ.l,I), all from PE Blosystems. A volume of 48 j.Ll 
of reaction mix was aliquoted into separate tubes for each cDNA sample and 
2 j.LVreplicate of cDNA were added. After mixing, 23 j.L1 of sample were added 
to the wells on a PCR plate. Each sample was added in duplicate. A no­
template control (containing water) was included in triplicate. Wells were 
sealed with optical caps, and the PCR reaction was run on ASI Prism 7700 
using standard conditions. COX·I, COX-2, and EP receptor primers and probe 
for quantitative PeR were designed using the PRIMER express program (PE 
Biosystems). The sequences of the COX· I primers and probe as follows. 
Forward: Y·TGT TCG GTG TCC AGT TCC AAT A·3'; reverse: 5'·ACC 
TIG AAG GAG TCA GGC ATG AG-3'; probe (FAM labeled): 5' ·CGC AAC 
CGC ATI GCC ATG GAG T-3'. The sequences the COX-2 primers and 
probe were follows. Forward: 5'·Ccr TCC TCC TGT GCC TGA TO·3'; 
reverse: 5'·ACA ATC TCA TTT GAA TCA GGA AGC T-3'; probe (FAM 
labeled): 5'. TGC CCG Acr GTC. The of the 
BPI receptor primers and probe were 5'·AGA TGGTGG 
OCC AOC TIG T-3'; reverse: 5'-GCC ACC AAC AGC ATI G·3'; 
probe (FAM labeled): 5' -CAG CAG 
sequences of the EP2 receptor primers and probe 
5'·GAC CGC TIA ccr GCA OCT GTA 
AGG CGA GCA·3'; 
TICTCA TIGTcr-3'. The 

reverse: 5' ·TIG AAG A.3'; probe 
(FAM labeled): 5'·crG TCG GTC TOC TGG Tcr CCG crC·3'. The 
sequences the EP4 receptor primers and 
Y·ACGCCGCcr AcrCcr ACA TG-3'; 
CGA GAA T-3'; probe (FAM labeled): 5'·ACG CGG Gcr TCA Gcr ccr 
TCC T-3'. The ribosomal 18S primers and probe sequences were follows. 
Forward: 5'·CGG crA CCA CAT CCA AGG 5'·Gcr GGA 
A TI ACC OCG Gcr -3'; probe (VIC labeled): 5'· TOC TGG CAC CAG Acr 
TGC ccr C·3'. Expression of COX-I and EP receptors was normalized to 
RNA loading for each sample the rRNA as an illlernal standard. 
Relative COX-I and COX-2 expression in carcinoma tissue was calculated by 
dividing the expression in carcinoma tissue by the expression in normal cervix. 
Relative expression of EP receptors was calculated, from three independent 
experiments, by dividing the expression in induced cells by the expression in 
uninduced cells. The data are presented mean 

Protein Extraction 

Tissue. COX-I and COX-2 protein expression in cervical carcinomas and 
normal cervix was assessed by Western blotting. Proteins were extracted from 
cervical tissue (squamous cell carcinomas, CI9-C32; adenocarcinomas, C33-
C36; and normal cervix, N9-N 16) by homogenization in protein lysis buffer 
(1% TritonX-lOO, 150mMNaCI,lOmMTris·HCI,pH7.4, I mMEDTA,O.l% 
SDS containing 2 fIlM phenylmethylsulfonyl fluoride). Thereafter, insoluble 
material was pelleted by centrifugation at 14,000 x for 20 min at 4"C. The 
clarified lysate was removed to a new tube for protein qUlIlltification and 
SDS·PAGE. The protein content the supernatant fraction was determined 
using protein assay kits (Bio-Rad, Hemel Hempstead, United Kingdom). A 
total of 50 IJ.g of protein was resuspended in 20 ;.W of buffer (125 1'IlM 

Tris·HCI, pH 6.8, 4% SDS, 5% 2.mercap\oethllllol, 20% and 0.05% 
bromphenol blue), boiled for 5 min at 95'C, and run on a 10% SDS·poly· 
acrylamide gel before Western blo!!ing. 

Cells. Cells were seeded in 5·cm dishes lIlld allowed to attach overnight. 
The following day, were by incubating with serum-free 
medium for 24 Thereafter, medium was with fresh 
medium, and the cells were grown the presence Of absence DOX for 24, 
48, and 72 h, respectively. In parallel, cells 
or NS·398. Cells in protein 
NaO. 10 mM Tris·HC), pH 7.4, ) mM EDTA, 1% Triton 

IN CERVICAL CARCINOMAS 

The protein content in the supernatant fraction was determined as described 
above. The clarified cellI ysates (20 j,tg) were denatured and electrophoresed 
on 4-20% Tris·glycine gels (NOVEX, Invitrogen). 

Western Blotting 

Immunoblot analysis was perfonned on supernatant fractions of cervical 
tissues and HeLa COX-l Tet·Off cells. The proteins were transferred onto a 
PVDF membrane (Millipore, Watford, United Kingdom) and subjected to 
immulloblot analysis. Membranes were blocked for I h al 25°C in 5% 
skimmed milk powder diluted in TBS· Tween [50 mM Tris·HCl, 150 mM NaC!, 
and 0.05% (v/v) Tween 20]. Thereafter, membranes were incubated overnight 
with either COX-I (I :500)., COX·2 (I :500)·, Il.actin (I :500)·, PGES (I :250), 
bFGF (1:500)-, VEGF (1:500)·, Allg·1 (I:250h or Ang-2 (l:250)-specific 
antibodies" After transfer. membranes were subsequently incubated for I h 
with rabbit anligoat secondary antibody (for COX· In, /l·actin, Ang-1I2, and 
bFGF) at a dilution of 1 :30,000 or goat antirabbil secondary antibody (PGES 
or VEGF) at a dilution of I :30,000. Thereafter, membranes were washed in 
TBS·Tween and developed by the ECF chemiluminescence system following 
the manufacturer's instructions. Proteins were revealed and quantified by 
Phosphorlmager analysis using the STORM 860 system (Molecular Dynamics, 
Amersham Biosciences, Bucl<inghamshire, United Kingdom). Fold induction 
in induced cells was determined relative 10 uninduced cells, after normalizing 
to Il·aclin, by dividing the expression in induced cells by the expression in 
uninduced cells. The molecular weights of the respective proteins were deter· 

the relative mobility on SDS-PAGE compared with molecular 
weight standards. COX-I and COX-2 negative controls for detennination of 
antibody specificity were performed by incubating goat 
anti·COX-112 antibody preadsorbed to blocking peptide per the manufac· 
turer's protocol. nata are presented as mean :!: SE from independent 
experiments. 

Immunohistochemistry 

The site of COX· I expression was localized in cervical tissues 
nohistochemistry using archival cervical blocks (squamous 
C37-C47; adenocarcinomas, C48-C58: lIlld normal cervix, 
mined from the Department of Anatomical Pathology. Universil:V 
Town, South Africa. Five·micrometer paraffin wax-embedded 
were cut and mounted onto coated slides (TESPA. Sigma Chemical 
Sections were dewaxed in xylene, rehydrated in graded ethanol, washed 
water followed by TBS (50 mM Tris-HCi. 150 mM NaCI, pH 7.4), and 
for endogenous endoperoxidase (I % H 20, in methanol). Antigen retrieval was 
perfonned by pressure cooking for 2 min in 0.0 I M sodium pH 
Sections were blocked using 5% normal rabbit serum diluted in TBS. Subse­
quently the tissue sections were incubated with polyclonal goat allli-COX-1 
antibody (sc-1752; Autogenbioelear) at a dilution of 1:200 at 4'C for 
Control tissue was incubated with goat anti·COX-) antibody preadsorbed to 
blocking peptide (sc.1752p; Autogenbioclear) as per the manufacturer's pro­
tocol. After thorough washing with TBS, the tissue sections probed with the 
goat antihuman COX-l primary antibody were incubated with bie,tinylated 
rabbit antigoat secondary IgG antibody (DAKO, Buck:inghamshire, 
Kingdom) at a dilution of I :500 at 25°C for 40 min. Thereafter, the tissue 
sections were incubated with streptavidln.peroxidase complex (DAKO) at 
25°C for 20 min. Color reaction was developed by incubation with 3,3'· 
diamlnobenzidine (DAKO). The tissue sections were counterstained in aque· 
ous hematoxylin, followed by sequential dehydration using graded ethanol and 
xylene, before mounting and coverslipping. 

PGE, Assay 

Hell! COX-I Tet-Off cells were seeded in 5·cm dishes at a cell density of 
5 X 10' cells/dish and were allowed to grow and attach overnight. The 
following day, the cells were synchronized by incubating with serum· free 
medium for 24 h. COX· 1 expression was induced for 24, 48, and 72 h, 
respectively, by DOX withdrawal from the culture medium, in the presence or 
absence of indomethacin or NS-398. Arachidonic acid to a final concentration 
of 5 J.l,g/ml was added to the culture medium after induction for 6 h. Thereafter, 
I ml of medium was removed and added to 1 ml of methyloximating 
Control Ilnillduced celis were treated similarly but maintained with DOX 
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supplemented dnily. PGE, secrelion inlo Ihe culmre medium was assayed by 
ELISA (39). The ELISA was performed using 96-well plates (amine-binding 
plates; Cosw, High Wycombe. United Kingdom) coated with donkey antirab­
bit antibody. Plates were then coated witll rabbit IgG (I mglml diluted in PBS 
with 1% carbonate buffer, pH 9.6) at 200 /-,I/well for 16 h at 4'C. The solution 
was aspirated, and blocking solution (50 mM glycine, 10 mglml BSA) was 
added at 25 /-,I/well for 2 h at 23'(". The plates were then washed, and donkey 
antirabbit semm (Scottish Antibody Production Unit, Car luke, United King­
dom) was added to a final volume of 150 /-,I/well. before washing, air drying, 
and storage with desiccant at 4'C. The link was prepared by ether extraction 
and reverse-phase chromatography uSing 20 mg of synthetic PG£" 320 /-,1 of 
dry dimetllyJformamide, 3 /-,1 butylchloroformate, and 0.05 mM biocytin. 
Samples and synthetic standards were dillited in ELISA buffer (150 mM NaC!, 
100 ITlM Tris·HCI, 0.05% Tween 20, 50 mM phenOl red, I mM 2·methylisothia· 
zolone, I mM bromonitrodioxane, 2 mM EDTA, 2 mglml BSA to a final pH of 
7.2), and 100 /-,1 of each were added in duplicate 10 the plate. The link was 
diluted I 1.5 x 106 in ELISA buffer, nnd 50/-,1 were added to each well. 
Antisera, diluted I :50,000 in ELISA buffer, were added to a final volume of 50 
/-,1 to all wells except those used for mensuring nonspecific binding. Plates 
were incubated at 4'C for 16 h and washed, and 100 /-,I/well of 0.2 unitlml 
srreptavidin-peroxidase were added. Plates were then incubaled for 20 min at 
23-C on an orbital shaker and washed, and substrate (0.3 gIIiter urea·hydrogen 
peroxide, 0.1 gliiter tetramethylbenzene in 100 mM sodium acetate. pH 6.0) 
was added to a final volume of 200 /-,I/well for 10 min before quenching with 
50 /-,I/well I M sulfuric acid. Color reaction was measured at 450 nm by 
spectrophotometry. The rabbit antisemm that was raised against PG£,­
complexed keyhole limpet hemocyanin has been characterized previously (40). 
Data are presented as mean:!: SE from three independent experiments. 

PGE, Stimulation and cAMP :v1easurement 

Functionality of the up·regulated PGE, receptors was assessed by meas­
uring cAMP accumulation after COX·I induction in tile presence or absence of 
indomethacin. Cells (2 x 10') were plated in six-well dishes containing 4 
mJlweli of complete medium containing DOX. Cells were allowed to attach 
ol'ernight. The following day, the cells were synchronized by incubating with 
fresh medium contaioing no fetal bovine semm for 24 h. COX-I Tet-Off cells 
were induced by DOX withdrawal from the culmre medium for 48 h at 37'C 
in humidified 5% CO, in the presence or absence of indomethncin. In parallel, 
control uninduced cells were sllpplemented daily with DOX. Thereafter the 
culture medium was removed and replaced with serum-free medium contain· 
ing l-methyl·3·isobutylxanthine (Sigma Chemical Co.) to a final concentmtion 
of I mM for 40 min at 37'C. Cells were then stimulated with 0 or 300 11M PGE, 
for 5, 10, 20. or 30 min, respectively, After stimulation, the medium was 
removed and the cells were lysed in 0.1 M HCL cAMP concentration was 
quantified by ELISA using a cAMP kit (Biomol; Affiniti, Exeter, United 
Kingdom) as per the manufacturer's prolocol and normalized to the protein 
concentration of the lysate. Protein concentrations were determined using 
protein assay kits (Bio-Rart). The data are presented as mean:!: SE from three 
independent experiments. 

Slatistical Analysis 

The data in this study were analyzed by ANOYA uSlllg StatYiew 5.0 
(Abacus Concepts, Berkeley, CAl. 

RESULTS 
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:o..;.~ NlO i'\11 ~12 hI) 1'\)4 ;'\iIS NI6 

Fig. I. A, relative expression of COX-J and COX-2 RNA in cervical squamous cell 
carcinoma (C I-C 14). adenocarcinoma (C15--C 18), and normal ecrvi.'I,. (N I-NS) as deter­
mined by real-time quantitative KT -PCR. B. Western bIOI (\n:llysis of 50 p..g of IOt~d 
protcio isolated from human ccrvical c3Icinoma tissue. The proteins were lo(\dcd onlO a 
10c;. SDS-polyacrylamidc gel, cllXlrophoreseu. anci subsequently transferred to a PVDF 
membrJne. The immunoblot was rrohed with antibody raised against the COOH tcrminus 
of human COX·1 or COX-l. A spc..:ific band of approximately 72 kDa was detected in a.l1 
squamous cell earcinom:l.s (pallell; CI9-C32) and adcnocarcinomas (palld 1/; C3J--C36). 
Basal COX-J cxpression was detccted in Scven of eight normal cervices. :-Jo COX-2 
expression was detected in normal cervical tissue (panel III. N9-NI6). 

(P < 0.0 I). WeStern biOI analysis confirmed enhanced expression of 

COX-I and COX·2 in cervical squamous cell carcinoma (85 and 
100% of cases, respectively; Fig. I B, panel!) and adenocarcinoma 
(100% of cases; Fig. IE,panelll). Basal expression of COX· I prolein 
was detecled in 87% of cases of normal cervix. No COX·2 expression 
was detected in normal cervical tissue by Westem blot analysis (Fig. 
IB, panel 1/1). Specificity of detection of the 72-kDa COX-I and 
COX-2 prOtein was performed by competition studies USing a specific 
immunogen (blocking) peplide (dala not shown). 

Localization of the Site of COX-l Expression in Cervical Car­
cinomas and Normal Cervix, The site of COX-I expression in the 
carcinoma tissue was investigated by immlinohistochemiSlry, COX-I 
expression was up·regulated in all carcinoma samples. COX-I was 
localized 10 Ihe neoplastically transformed squamous eptthelium in 
squamous cell carcinoma (Fig. 2A), and to Ihe neoplastically Lrans· 
formed columnar epithelium lining the endocervical canal and Ihe 
glandular epithelium of the endocervical glands in adenocarcinomas 
(Fig. 2C). Little or no immunoreactivity for COX-J was observed in 
Ihe normal cervical tissues (Fig. 2E). Preadsorbing the antibody wilh 
the blocking peptide (COX· I negative control) abolished the COX·I 
immunoreaclivily in all carcinoma samples. Representalive sections 
incubated with Ihe blocking peptide are shown in Fig. 2, B, D, and F 
for squamous cell carcinoma, adenocarcinoma, and normal cervical 
tissues, respectively. 

Expression of COX-l and COX-2 in Cervical Carcinomas and 
Normal Cervix, Expression of COX-I and COX-2 in cervical carci­
nomas was investigated using real-time quantitative RT-PCR (Fig. 
IA) and Westem blot analysis (Fig. I B). Expression of COX-l and 
COX·2 RNA was significantly up-regulated in 78 and 100% of cases, 
respectively, of squamous cell carcinoma and 100% of cases of 
adenocarcinoma investigated. By contrast, minimal COX- J and 

COX·2 Lranscript was detected in normal cervical tissue by quantita­
tive RT-PCR. COX-I and COX·2 expression, as assessed by quanti­
tative RT-PCR, was 19.9:!: 5.9· and 118::': 32-fold greater in cervical 
carcinoma tissues than that ob,erved in normal cervical tissue 

Inducible COX-l Expression in HeLa Cells, To investigale the 
effect of COX-I overexpression in HeLa neoplastic cervical epithelial 
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Fig. 2. Localizauon of COX-I cxpr~~~ion in 
epithelial cells of squamous cell carcinomas and 
columnar and glandular epithelium of adenocarci· 
nomas (A and C, rcspcclively). Minimal COX-I 
signaJ was detected in normaJ ccrvicaJ tissue (E), 
Sections [hal were stained wilh prcadsorbcd COX-! 
scra arc shown in B, D. and F for squamous cell 
carcinoma, adenocarcinoma. and nonnai cervix., re­
spectively (negative controls). Scale bar, 100 Mm. 

cells, we established a DOX-regulated expression system. As shown 
in Fig. 3A, a 72-kDa immunoreactive COX-I band was observed to 

induction of COX-I expression. PG~ production was significantly 
elevated after 48 h (272.2 :!: 18.8 nM; P < 0_05) and 72 h (537 :!: 22.5 

increase in intensity 48 h after DOX withdrawal from the culture nM; P < 0.01) when compared with PGE2 levels in uninduced cells 
medium. Maximal sustained induction was achieved after 72 h. The (118:!: 6.75 nM; Fig. 38). The addition of indomethacin reduced the 
fold induction for COX-I overexpression above basal for 24,48, and PGE2 levels to 62 :!: 7 nM and 76 :!: 0.7 nM after 48 and 72 h, 
72 h was detennined to be 1.5 :!: 0.34-,3.7 :!: 0.45-, and 4.7 :!: 0,56- respectively (P < 0.01). Cotreatment of cells with NS-398 (selective 
fold, respectively. COX-I expression was normalized against f3-actin COX-2 inhibitor) partially reduced PGE2 levels to 132 :!: 26.2 and 
on the same bioI. Cells maintained in DOX for 72 h showed no 268:!: 17 nM after 48 and 72 h, respectively (P < 0.05). 
elevation of COX-I expression above basal. Preadsorbing the COX-l COX-l Overexpression Induces COX-2 and PGES. COX en-
antibody with the blocking peptide abolished the COX-l immunore- zyme products including PG~ are known to induce COX-2 expres-
activity, indicating specificity of the COX-l antibody. These data sion (22). To investigate the effect of COX-I enzyme products on 
indicate that high levels of inducible overexpression of COX-l were expression of COX-2 and the microsomal glutathione-dependent in-
achieved in HeLa cells. To determine whether COX-I expression was ducible PGES, COX-1 Tet-Off HeLa cells were grown in the presence 
altered by cell con fluency or the addition of DOX to the culture or absence of the dual COX enzyme inhibitor indomethacin or the 
medium, wild-type HeLa Tel-Off ceJls were grown for 72 h in the highly selective COX-2 inhibitor NS-398 for 24, 48, and 72 h. After 
presence or absence of DOX. No increase in COX-l expression above DOX withdrawal from the culture medium, a time-dependent increase 
basal was observed, suggesting that neither DOX nor cell density in COX-l overexpression was observed with maximal sustained over-
affected the expression of COX-l in wild-type HeLa Tet-Off cells expression after 72 h (Fig. 4A). Concomitaot with this increase in 
(Fig. 3A). COX-l expression was a 3.2 :!: 8.9-fold increase in COX-2 expression 

The functionality of the transfected COX-I cDNA was assessed by after 72 h and a 2.5 :!: 0.45- and 1.3 :!: 0.78-fold increase in PGES 
measudng PG~ secretion into the culture medium after COX-l after 24 and 48 h, respectively (Fig, 4A). After 72 h, PGES levels had 
induction for 24, 48, and 72 h, respeclively. A time-dependent in- returned to basal. Cotreatment of the HeLa cells, induced for 24,48, 
crease in PGE2 secretion into the culture medium accompanied the and 72 h, respectively, with indomethacin or NS-398 showed no 

428 



Univ
ers

ity
 of

 C
ap

e T
ow

n

UP-REGlJLATED EXPRESSION OF COX-I IN CERVICAL CARCINOMAS 
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Fig. 3. A. Wesccrn blOt analysis of 20 JAg of IOtal protein isolated from wild-type HcLa 
Tel-Off and Heu. COX-I Tel-Off cells grown lur 24, 48, and n h, ccs",elively, in Ihe 
absence of DOX. in parallel, control uninduccd HcLa COX-\ Tel-Ofr and wild-Iype HcLa 
Tel-Orr cells were maintained for 72 h under the s;lme conditions supplcmemcd daily with 
DOX \0 a final conccmr.lIion of J J1.glml. The proteins were loaded OniO a 4 -20t;{­
SOS-polyacrylamide gel, electrophoresed, and subscqucnlly u-ansfcrrcd 10 a PVDF mem­
brane. The immunoblol was probed with antibody raised ag"jnSI the COOH terminus of 
human COX-I. A spccific band of approx.imately 72 kDa was delecled. No imJllunore­
aelivity was detected by prcadsorbing the amibody with Ihe blocking peptide (BP). COX-I 
was normali%.ed for protein IOJding against ,G-aetin on the same blot. B. The functionality 
of the lransfeclcd COX-I eDNA was as~!;Ssed by ELISA, by measuring PGEz secretion 
into 'he cullure mcdium aftcr COX-l induction in th,,; presence or absence of Ihe COX 
enzyme inhibitor indomethacin. and ueatnlenl of HeLa cells with 5 .u-gimi arachidonic 
acid. 

alteration in COX-I overexpression (Fig. 4, 8 and C). However 
indomethacin lIeatment inhibiled COX-2 as well as PGES induction 
(Fig. 48). No significant change in COX-2 expression was observed 
afler treatment of He La cells wilh NS-398 (Fig. 4C). Induction of 
PGES by COX-I overexpression was delayed by 24 h after treatmenl 
of HeLa cells with NS-398 (Fig. 4C)_ 

COX-l Overexpression in fleLa Cells Induces PGEz Receplor 
Expression. The effect of COX-I overexpression on the four sub­
types of PGE2 receptors, namely EPI-EP4, was investigated by 
real-lime quanlilative RT-PCR, after DOX wilhdrawal from the cul­
ture tlIedium and sllbsequenl induclion of COX-I. Induced overex­
pression of COX-I for 24, 48, and 72 h had no significant effect on 
EP I receptor expression when compared with cells grown in the 
presence of indomethacin. COX-I overexpression for 48 and 72 h 
significantly induced expression of En receptor lranscript when 
compared wilh indomelhacin-lIeated cells (Fig. 5; P < O.OJ). Levels 
of EP3 receptor transcript were significanlly induced after 48 h of 
COX-I overexpression (P < 0.05) compared with cells grown in the 
presence of indomethacin. EP4 receptor transcript was significantly 
up-regulaled after COX-l overexpression for 24, 48, and 72 h conl­
pared wilh cells cotreated with the COX enzyme inhibitor (P < 0.05). 

cAMP Production in COX-l-overexpressing Cells in Response 
to PGEz' The effeci of COX-I-induced up-regulalion of the cAMP­
linked PG~ receptors on cAMP production was determined after 
overexpression of COX-I and stimulalion with exogenous PGEc No 
significant difference in basal cAMP production was delecled in 
uninduced and induced cells (Fig. 6). Treatment of uninduced cells 
wilh 300 nM PGE2 resulled in a 2.43 :+: 1.07-fold increase in cAMP 
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Fig. 4. Western blot analysis of 20.u-g of tolal clarified cell lysate isolaled from Hd.a 
COX-l Tel-Off cells grown for 72 h in the presence of DOX (unindueed) or 24. 48. Md 
72 h. respectively, in the ab$cnec of DOX to induce COX· I expression. A. ex-pression of 
COX-2 and PGF.S was indu!,;~d eoineidcnt with COX-\ overexprcssion in Hela cells. B. 
CQlfe;Hmem of HcLa cells with indomcthaein abolished Lhe COX-I-medialcd up-reguIJ­
tion of COX-2 and PGES. C. pan.iaJ inhibition of the COX-I-medialcd up-(egulation of 
COX-2 ilnd PGES cx-prcssion Wa$ observed after eOlfealment with the sclective COX-2 
inhibitor NS-398. Proteins were normalized for loading aga.jnst ,B-Jetin on thc same blot. 
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Fig. 5. Fold induction of expression of PGL l reccptors (EPI-F.P4) in Hela COX-l 
Tel-Off cells as determined by real-timc quantila{ive RT-PCR. CUX-J ex-pression was 
induced for 24. 48. and 72 h in Ihe presence or absenec of the COX enzyme inhibitor 
indomethacin. Fold induction wa..~ determined by dividing the relative ex.rre~slon in 
induced cells by the relalivc expression in unindueed cells. 
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Fig. 6. cAMP levels in HcLa COX-I Tel-Off aflCr lTCalmc:n{ with 0 or 300 nM PGE2. 
Cells were either mtUmained with 1 fLglmI DOX (uninduccd) or induced by incubation in 
cullurc m(.;dium without DOX for 48 h in [hI; presence or absence of the COX enzyme: 
inhibitor indomethacin. 

production (P < 0.05) Cells in which COX-I was induced for 48 h 
before stimulation with exogenous PGE2 showed a rapid, transient 
12.67 :!: 3.7-fold cAMP response (P < 0.01). This rapid, elevated 
cAMP production in COX-I-overexpressing cells in response to PGE, 
was abolished when cells were grown in medium containing the COX 

enzyme inhibitor indomethacin. The activity of EPJ receptor was 
investigated by measuring inositol phosphate accumulation (41). No 
inositol phosphate accumulation above basal level was observed in 
COX-I Tet-Off HeLa cells after induced expression of COX-I and 
PGE2 stimulation (data not shown) 

Induction of Angiogenic Factors in Response to COX-I Over­
expression. The effect of COX-Ion expression of the angiogenic 
factors bFGF, VEGF, Ang- J, and Ang-2 was assessed by Western blot 
analysis. Overexpression of COX-I for 72 h resulted in a 2.3 :!: 0.45-
fold increase in bFGF (Fig. 7A), a 4.5 :!: 1.2-fold increase in VEGF 
(Fig. 7B), a 23 :!: O.78-fold increase in Ang-I (Fig. 7C), and a 
2.1 :!: 0.98-fold increase in Ang-2 expression (Fig. 7D), respectively. 
Indomethacin treatment inhibited the COX-I-associated up-regulation 
of bFGF, VEGF, Ang-I, and Ang-2 (Fig. 7). Treatment of cells with 

NS-398 partially reduced the up-regulation of bFGF, VEGF, Ang-I, 
and Ang-2 expression (Fig. 7), suggesting that products from both 
COX enzymes were modulating expression of these factors. 

DISClJSSION 

Recent studies have demonstrated up-regulated and inducible ex­
pression of COX-I in different biological models. COX-I expression 
is up-regulated in human breast cancer (24), human prostate cancer 
(25), and murine models of lung tumorigenesis (23). In addition, 
COX-I expression can be induced ill Vi/TO by tobacco carcinogen (42), 
VEGF (21), arachidonic acid, forskolin, dibutyryl-cAMP, and PGE2 

(22). In an ill Vi/TO model, COX-\ overexpression in endothelial cells 
implanted in mice was associated with enhanced tumorigenicity (5) 
This study confirms up-regUlation of COX-I expression in squamous 
cell carcinoma and adenocarcinoma of the human cervix as demon­
strated by real-time quantitative RT-PCR, Western blot analysis, and 
immunohistochemistry. The up-regUlation of expression of COX- I 
was associated with enhanced expression of COX-2. Moreover, the 
site of COX-I expression localized to the neoplastic epithelial cells of 
all squamous cell carcinomas and adenocarcinomas investigated, 
demonstrating a pattern of expression for COX-I in cancer of the 
cervix that is similar 10 that demonstrated for COX-2 (16, 18) and 
PGE, (18). These data suggest that both COX-enzymes and/or their 

430 

products may contribute toward the development of cervical cell 
neoplasias . 

To investigate the effect of overexpression of COX-I, we have 

established a DOX-regulated expression system in He La cells. Initial 
studies performed on wild-type HeLa Tet-Off cells showed no eleva­
tion of COX-l expression above basal levels when wild-type cells 
were grown for 72 h in the presence or absence of DOX. These data 

demonstrate that neither cell growth nor DOX affected the basal 
expression of COX-I. Overexpression of COX-l in HeLa cells up­
regulates expression of COX-2 and PGES concomitant with increased 
PGE2 production. These data suggest that COX-2 and inducible PGES 

are co-regulated. In an ill Vi/TO model system, administration of 
interleukin I f3 to A549 cells rapidly induced the expression of COX-2 
and PGES (43). Similarly, inducible PGES activity has been described 
in lipopolysaccharide-stimulated rat petitoneal macrophages, coinci­
dent with COX-2 expression and PGE2 biosynthesis (44, 45). Indo­
methacin, but not NS-398, treatment abolished the up-regUlation of 
expression ofCOX-2 and PGES and synthesis ofPGE,. Up-regulation 
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Fig. 7. WCSlem biOI analysis of 20 fLg of (QlaJ clarified ceU lysate isolated from HcLa 
COX-J Tel-Off cd Is grown for 72 h in Ihe presence of DOX or (or 24, 48, and 72 h in 
(he absence of DOX 10 induce COX-l expression. A, imrounoblol of bFGF expressioo 
after DOX withdrawal from the cliliurc medium. bFGF expression was induced coincjdcnI 
with COX-! ovcrcxprcssion. Up-rcgul,Hcd bFGF expression was abolished by indomclha­
(.;.jn ;)nd pJIlially inhibited by NS-39S. 8, irnmunoblol of VEGF expression aft~r DOX 
withdrawal from the culture medium. VEGF was induced aftcr 72 h of COX-I ovcrex­
pression. Up-rcgulmcd VEGF expression was abolished by indomethacin ;tnd pani;tlly 
inhibited by NS-398. C. immunoblOl of Ang-I cxpression after DOX withdrawal from thc 
culture medium. Ang-I was induc.:d coincid~nt with r.OX-1 overcxprcssion afler 48 h. 
Up-regulated Ang-I cxpression was :lbolished by indomcthacin and partially inru'bitcd by 
NS-398. D. immunoblol of Ang-2 exprcssion after DOX withdrawal from the culture 
mcdium. Ang-I was induced after 4~ h of COX-I ovcrexprcssion. Up-rcgulatcd Ang-2 
e.'pression WCI$ abolished by indomcthacin and panially inhibited by NS-39S. Protcins 
wer..: normnlizcd for loading against ,l3-3clin. 
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of COX-2 and PGES in HeLa cells may thus be mediated by pros­
tanoids produced following overexpression of COX-I. NS-398 treat­
ment significantly reduced PGE2 synthesis at 72 h but not 48 h. This 
is not surprising, because COX-2 expression in HeLa cells was only 
maximally induced at 72 h. This suggests that PGE2 production 
detected at 72 h after COX-l overexpression is enhanced by the 
activity of both COX enzymes. In other model systems, COX-2 
expression is up-regulated by PGE2 via the cAMP-dependent PG~ 
receptors (22). In vitro studies have shown that cAMP activity ac­
companies a concomitant increase in COX-2 synthesis, suggesting 
that eAMP is the primary secondary messenger in regulating COX-2, 
presumably via the upstream cAMP response element located on the 
COX-2 gene (46). The biological actions ofPGE2 have been attributed 
to its interaction with G-protein-coupled receptors, of which four 
subtypes (EPI-EP4) have been identified (35). COX-I overexpres­
sion in HeLa cells resulted in significant up-regulation of the cAMP­
dependent PGE2 receptors after 48 h of COX-l overexpression. This 
up-regulation was inhibited by growing cells in medium containing 
indomethacin, suggesting that the up-regulation was mediated by 
COX enzyme products. Previous studies have demonstrated enhanced 
PGE2 synthesis in cervical carcinomas together with up-regulated 
expression of EP2 and EP4 receptors and enhanced cAMP-respon­
siveness of cervical tumor tissue to PGE2 (18). Because COX-I 
overexpression in HeLa cells induces COX-2 and EP receptor expres­
sion, it is feasible that PGE2 may facilitate the process of cervical 
tumorigenesis in an autocrine/paracrine manner after enhanced EP 
receptor expression and ligand-receptor interaction. A direct role for 
EP receptors in tumorigenesis has been reported recently in colon 
cancer cells. In this model, enhanced proliferative and tumorigenic 
effects were mediated by PGE2 after interaction with the EP4 receptor 
(47). It is likely that similar mechanisms may exist in cervical carci­
nomas to enhance growth and proliferation via EP receptors in a 
cAMP-dependent manner. Because both COX enzymes catalyze the 
same reaction, enzyme products such as PGE2 from both COX en­
zymes may regulate EP receptor expression. The choice of COX 
enzyme for biosynthesis of prostaglandins may depend on the relative 
expression of each COX isofonn in the cell because, in many cells, 
COX-2 levels are typically only 20-30% of COX-I levels (46). 

Functionality of the induced EP receptors in our model system was 
assessed by measuring cAMP in response to stimulation with exog­
enous PGE2 . cAMP activity was measured in HeLa cells after over­
expression of COX-I for 48 h and stimulation with exogenous PGE2 . 

A significant fold increase in cAMP production was observed after 5 
min of PGE2 stimulation in COX-I-induced compared with unin­
duced cells. This augmented cAMP response was abolished by grow­
ing cells in medium containing indomethacin. These data suggest that 
PGE2 produced by COX-J overexpression may be acting in an auto­
crine/paracrine manner via the cAMP-linked PGE2 receptors to me­
diate its effect on target genes, such as COX-2, via the cAMP­
dependent protein kinase pathway by activating adenylate cyclase and 
increasing cAMP. Because COX-l overexpression had no significant 
effect on EPI expression, and stimulation of HcLa cells with PGE2 

resulted in no increase in inositol phosphate accumulation above basal 
levels, this suggested that although PGE2 may be functioning via EPI 
receptors coupled to inositol phosphate production and release of 
intracellular calcium in these cells, its contribution to events associ­
ated with COX-l up-regulation was minimal. 

Cancer cells produce a wide variety of factors that contribute to 
angiogenesis, including bFGF, VEGF, bFGF-binding protein, and 
platelet-derived growth factor (34). Our data demonstrate that COX-I 
overexpression in HeLa cells results in the up-regulation of expression 
of proangiogenic factors. Induced overexpression of COX-l resulted 
in an increase in bFGF, VEGF, Ang-I, and Ang-2 Co-
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treatment of these cells with indomethacin abolished the up-regulation 
of these angiogenic factors. This suggests that the up-regulation of 
these factors is mediated by prostanoids produced by COX-] overex­
pression. Moreover, because the effects of COX-l overexpression can 
be reversed by COX inhibition with indomethacin, this confinns that 
these effects are not an artifact of forced overproduction of the 
enzyme. Partial reduction in expression of these factors by treatment 
with NS-398 suggests that both enzymes (COX-I and COX-2) con­
verge to regulate expression of target genes, possibly through com­
mon prostanoid synthetic pathways. In another model system, COX-2 
overexpression and increase in PGE2 synthesis in colon carcinoma 
cells results in the up-regulation of bFGF and VEGF and this is 
associated with arrangement of endothelial cells into tubular struc­
tures (34). The up-regulation of angiogenic factors by COX enzymes 
is important in regulating angiogenesis and maintenance of the neo­
plastic tissue. As the demand for nutrients and oxygen increases for 
tissue development, an increased vascularization is necessary to sup­
ply nutrients to the tumor (48). In this study, we also observe the 
regulation of the angiogenic factors Ang-I and Ang-2 by COX en­
zymes. Ang-l is a Tie-2 receptor agonist, which is required for 
recruitment of perivascular cells leading to the fonnation and stabili­
zation of capillaries, vessel maturation, and endothelial cell survival 
(49,50). Ang-l and other angiogenic factors such as VEGF may act 
synergistically to increase vascular sprouting and branching (51, 52). 
In addition, Ang-1ITie-2 interaction enhances the mitogenic effect of 
VEGF on endothelial cell growth (53). By contrast, Ang-2 is a natural 
Tie-2 receptor antagonist, destabilizing cell contacts and thus allowing 
access to angiogenic factors such as VEGF (54). In our model system, 
enhanced synthesis of prostanoids as a consequence of up-regulated 
COX-I may thus act in an autocrine/paracrine manner to up-regulate 
the expression of COX-2 and target receptors as well as the intracel­
lular signaling to a host of angiogenic factors, which could act on 
endothelial cells and lead to the recruitment of new blood vessels to 
enhance tumor mass. 
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