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ABSTRACT

AlIM: To study the suppressng effect of acetazolamide on tumor metastasis in vivo and observe the protein
ateration of lung in mice bearing Lewislung carcinoma. METHODS: The functional role of aguaporin-1 (AQP)
was investigated in tumor tissues by SDS-PAGE and Western blot. The effect of acetazolamide on tumor metasta-
sswasanalyzed by L ewislung-carcinomamodel. Differentia proteinwasidentified by SDS-PAGE, isod ectrof ocusng
(IEF) methods, and peptide mass fingerprinting (PMF). RESULTS: Acetazolamide (40 mgkg>d™ po for 21 d)
dramatically reduced the numbers of lung metastasis after sc inoculating Lewis lung carcinoma. Theinhibition rate
of lung metastases was 83.9 %. Simultaneoudy, the AQP, protein level and actin-cytoplasmic in lungs containing
metadtatic tumor depositswere found to be higher than that in the normal tissue. After treated with acetazolamide
for 21 d, the expression of AQP, was obvioudy inhibited. CONCLUSION: Acetazolamide can suppress tumor
metagtasis, at least in part, by inhibiting the expresson of AQP,. AQP, and actin-cytoplasmic may be new prognos
tic mol ecules as well as new therapeutic targets for the prevention and treatment of metastatic tumor.

INTRODUCTION diseases involving rapid water transport and have iden-
tified them as potentia targets for therapeutic inter-
vention.

Aquaporin-1 (AQP,), thefirst characterized wa-
ter channel protein™, was identified in erythrocyte
membranes, rend proximal tubule, choroid plexus, eye,
lung, vascular endothelium, hepatobiliary epithelium, and
some tumor cells themselves?. Mog tumors have been

shown to exhibit high vascular permeability and high

Water transport occurs across plasma mem-
branesin al cdls for housekeeping functions such as
volume regulation. The recent discovery of “aqua
porins’, alargefamily of membrane proteinsthat func-
tion as highly selective water channels, has drawn at-
tention to their role in physiol ogy and severa human
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intergtitial fluid pressure, but the transport pathways

for water within tumors remain unknown.
Acetazolamideis akind of sulfanilaminde served

as carboni c anhydrase inhibitor. To be interegting, the
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tissue distribution and even the subcellular localization
of AQP,are amilar to that of carbonic anhydrase, sug-
geding that there are some relati on between the two
kinds of proteinsin their structure and function.
Parkkilas et al™® have shown that acetazol amide alone
can inhibit the invasive potentia of cancer cellsin\itro,
but the mechanism remainsunclear. We have estab-
lished a AQP, expression system by using Xenopus oo-
cytesto study the effect of acetazolamideon water trans-
port function of AQP,, and confirmed that acetazola
mide was a direct inhibitor of AQP,*%. We hypoth-
esized that the reductive action of acetazol amide on
AQP, gene expresson and water transportation might
be contributed to their ef fects on cancer invasons.

Therefore, our goal in thisstudy was to charac-
terize and eva uate the expression of AQP, in tumor tis-
sues and the effect of acetazolamide on tumor metasta-
ssinvivo. The wel-characterized Lewis-lung-carci-
noma model was chosen for these studies because the
tumor is relatively res stant to many cancer therapies
and spontaneoudy metastas zes to the lungs.

In thisresearch, aslung tissue proteins were ana-
lyzed by SDS-PAGE, we accidentally discovered that a
M, 42 000 protein increased clearly in tumor lung tis-
sues compared with normal. We evaluated this protein
with the technology of peptide mass fingerprinting
(PMF).

MATERIALSAND METHODS

Lewis-lung-carcinoma in vivo model Female
C57BL /6 mice weighing 18-20 g, were used and pur-
chased from the Experimental Animal Center of Peking
University (Certificate Hz 11-00-0004). Lewislung car-
cinoma provided by Chinese Medica Science Indtitute
was maintained in C57BL/6 mice by scinjection in the
axillary region of 0.2 mL of homogenized tumor tissue
[tumor tissue (g):0.9 % sodium chloride (mL)=1:3] pre-
pared from donors smilarly inoculated f or experimen-
ta tumor transplantation.

Drug preparation and treatment Acetazola
mide was purchased from Sgmaand given at a volume
of 0.1 mL/mice, corresponding to 40 mgkg™x™ po.
This dose has been confirmed to reduce AQP, protein

level t059.95 % after 14 d treatment by our |aboratory
(unpublished reaults). NaHCO, 30 mg/kg po was ap-
plied once every 3 d to correct the metabolic acidosis
asour previousstudies. Control micereceived the same
volume of vehicle (po). Asa positive control, cyclo-
phosphamide 100 mg/kg ip were given once a week.

The animals were divided into four groups. 1)
control, without tumor implantation; 2) model, with
tumor implantation; 3) acetazolamide treatment; 4) cy-
clophosphamide treatment. On d 21, 8 mice per group
werekilled to calcul ae the ratio of tumor weight to
body weight (g/g) and the lung weight. The numbers
of lung metastases were counted under mi croscopy as
well. Primary tumor and lungswere then surgically
resected and tissue specimens were snap-frozenin lig-
uid nitrogen for analyss.

SDS-PAGE and Wedern blot analyss Homog-
enized lung tissues in lysis buffer were solubilized in
sample buffer® and heated to 60 ' for 15min. Total
protein concentration was measured by Lowry’s
method, using bovine sarum abumin asstandard. These
samples containing 50 ng of protel n were loaded on a
12 % polyacrylamide gel and el ectroblotted onto nitro-
cellulose membranes, SDS-PAGE gels werestained with
Coomeassie brilliant blue to confirm equiva ence of
samples. The nitrocellulose membranes were bl ocked
in blotting buffer containing 5 % nonfat dry milk and
0.05 % Tween 20in TBS(TBST), followed by incuba
tion with anti-AQP, antibody (rabbit anti-human 1gG, a
gift from Prof YU He-Ming, Nationa Research | ngti-
tute for Family Planning, Beijing, China) diluted 1:300
in blotting buffer a 4 1 overnight. The membranes
were washed threetimesfor 5 min with TBST buffer
and incubated for 2 h with alkaline phosphatase-conju-
gatedgoat anti-rabbit 1gG diluted 1:5000in TBS buffer.
After washing three timesfor 5 min with TBST buffer,
the M, 28 000 protein were sained with BCIP/NBT.
Stained bandswere scanned and the pixel intensity was
quantified usng Gel Doc 2000 I mage sysem (Bio-Red
Ltd,USA). All of thereagents were from Bio-Rad Ltd
or Sigma Chemica Co. The experimental procedures
were carried out a room temper ature.

Isodlectrof ocusing (IEF) dectrophoress The
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reagents and e ectrophores s apparatus were from Bio-
Rad Ltd and operated asenclosed ingruction. The
monomer-ampholyte solution for two 45 mmx125
mmx0.8 mm gels H,O 5.5 mL, monomer concentrate
2.0 mL, 25 % (w/v) glycerol 2.0 mL, ampholyte 0.5
mL, 10 % (w/v) ammonium persulfate 15 ni, 0.1 %
(w/v) FMN (riboflavin-5' -phosphate) 50 mi., TEMED
(N,N’ -tetramethylene-ethylenediamine) 3 nL.. lrradiate
thesolution for approximatdy 1 h, then load the samples
8-12ni.

Proteinidentification by MALDI-TOF Thedif-
ference protein band was cut out from SDS-PAGE gel
and the Coomasse stain was removed by 50 %
acetontrile NH,HCO,2.5mmol/L. Additional gdsinthe
tubes were digested with trypsn (modified, sequenc-
ing grade from Boehringer Corp) at 37 1 for 20 h and
dried under vacuum. A sample of 120 nL of 5 %
trifluoroacetic acid (TFA) was added to the tube and
incubated at 40 1C for 1 hin awater bath. After collect-
ing the supernatant another 120 L of TFA solution
[2.5 % TFA, 50 % ACN (acetonitrile)] were added to
the tube and incubated at 30 T for 1 h in water bath.
The supernatant was combined and dried to a powder
under vacuum. Thesample of generated peptides were
dissolved in 5 nL of 0.5 % TFA and measured by ma
trix ass sted laser desorption ionization time of flight
mass spectrometry (MALDI-TOF-MS)!",

The experiments were performed using a Bruker
Inc Biflex 111 MAL DI-TOF mass spectrometer equi pped
with 337 nm nitrogen laser. Both matrice 4-hydroxy-
a-cyanocinnamic acid and sample were disolvedin 1:
1 (v/v) acetonitrilewater with 1 % trifuoroacetic acid.
And 0.5 nL of thismixture solution was placed on a

metal sample plate and air-dried at ambient temperature.
Mass spectrawere acquired in postive linear mode and
using an acceleration voltage of 19 kV. Externa mass
calibration was performed using a standard peptide
mixture. Spectra were obtained by setting the laser
power close to thethresold of ionization and generally
100 pulses were acquired and averaged. The data ob-
tained from PMF were applied in searching the protein
database to determine the identity of the protein.

Statigical analysis Data were expressed as
mean+SD and comparisonswere done by t ted or Mann-
Whitney test depending on whether the data were nor-
maly digributed. All statiical anaysiswere donein
SPSS verson 10.0, P<0.05 was considered to be sta-
tigtically sgnificant.

RESULTS

Effect of acetazolamide on primary tumor
growth and the formation of spontaneouslung me-
tasassin mice bearing Lewislung carcinoma The
murine Lewis lung carcinomais known to produce
spontaneous lung metastasis. To determine whether
treatment with acetazolamide could reduced the num-
ber of lung metagtasis, groups of 8-mice wereimplanted
with Lewis lung carcinomaand killed on d 21. The
datareportedin Tab 1. Tumor weight index means the
ratio of tumor weight to body weight (g/g)*100. Inhi-
bition rate of lung metastases %=(W,oqe—W;eamen)/
(Wooie—Weonra) X100 %, here Wis lung wet weight. Ac-
etazolamide could not inhibit the primary tumor growth
(2045) compared with vehicle-treated mi ce (244, P>
0.05). Both acetazolamide and cyclophogphamide could
sgnificantly reduce the number of lung metastass. The

Tab 1. Effect of acetazolamide on experimental tumor metastasis in mice. Mean+SD. ‘P<0.01 vs modd.

Number of Tumor weight Number of Numbgr of Inhibition
Group . . . metastasis lar ger rete of lung
surviva index metastasis
than 2 mm metastases /%
Mode 7/8 24+4 2416 6.4+2.8
Acetazolamide 40 mgkghd?, po 7/8 205 11+3° 1.6+2.2° 83.9
Cyd ophosphamide 100 mgkg™, ip 8/8 1.7+1.3 0.9+1.6° 0.4+1.1° 97.3
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inhibitionrate of lung metagasisin acetazolamide trested
group was 83.9 %.

AQP1 protein expresson Western blot analyss
showed (Tab 2) that thepratein levelsof AQPLin lungs
with metastatic tumor deposits were significant higher
compared to normal lung tissues. Treated with aceta
zolamide or cyclophogphamide clearly inhibited the ex-
presson of AQP1 compared to the tumor transplanted
model group (Fig 1).

Tab 2. Pixe intensity of AQP, expression by Western blot
in each group. Mean+SD. °P<0.01 vs control. °P<0.05,
'P<0.01 vsmodd.

Group n  Pixel intensity
Control 8 2.1+0.6
Modd 7 4.0+0.7°
Acetazolamide 40 mgkghd?, po 7 2.5+1.1°
Cyd ophosphamide 100 mgkg?, ip 8 2.240.8'
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Fig1l. Theprotein levels of aquaporin-1 from lung speci-
mensin nomal lungs (lanel), lungs containing metastatic
tumor deposits (lane 2), treated with acetazolamide (lane
3), and cycdlophosphamide (lane 4).

Characterization and quantification of thedif-
ferential protein When analyzed the proteins obtai ned
from lung specimens, we accidentaly discovered asig-
nificant increase of aM, 42 000 component from lungs
contai ning metastati c tumor deposits compared with
norma lungs (Fig 2). The isoeectrof ocusng € ectro-
phoresis method determined that the pl of M, 42 000
protein was 5.3 (Fig 3).

MALDI-TOF-MS studying and protein database
searching showed that the M, 42 000 protein was actin-
cytoplasmic analogue. The matching masses repre-
sented more than 43 % of the fragment masses obtained,
with a difference between measured and cal cul ated
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Fig 2. Totallung proteins (50 mg) wereeectr ophoresed into
12% SDS-PAGE gels and stained with Coomassieblue. Lane
1: normal lungs; lane 2: lungs containing metastatic tumor
deposits; lane 3: treated with acetazolamide; lane 4: tr eated
with cyclophosphamide. Arrow points to M, 42000 protein.
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Fig 3. Isodectrofocusing electrophoresis analysis. Lanel:
normal lungs; lane 2: lungs containing metastatic tumor
deposits. Arrow pointstothedifferential protein pl was 5.3.

masses below 0.2 (Fig 4).

DISCUSSION

The present resultsindicated AQP, proteinexpres-
sonin the tumor was higher than that in the norma
tissue. Treated with acetazol amide or cyclophogpha
mide dramatically inhibited the expression of dramati-
caly AQP,. This dudy demondirated the possibility that
the tumor s growing might have a higher water perme-
ability snce a general function of AQP, is to increase
membrane water permesbility. We proposed that ap-
propriatemanagement of fluidin the vasaular, interitia,
and cells would be in paralld to tumor growth.
Furthermore, the expresson of AQP, in tumor may re-
flect arole of thiswater channel in pathologica pro-
cesses including the devel opment of effusionsor edema
due to changes in hydrostatic or tumor oncotic
pressures. Thisfinding is consgstent with the view that
transcript levelsof AQP, may serve asanew molecular
prognostic marker in patients with renal cell carcinoma
following nephrectomy!®.
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Fig 4. MALDI-TOF peptide-mass fingerprint spectrum of thetryptic digest of differential proten.

Treatment with acetazolamide or cycl ophospha
mide could s gnificantly reduced the number of lung
metastasis. The effects of acetazolamide in vivo were
surprising. Itsinhibition rate of lung metastases was
83.9 %. Thisnon-cytotoxic drug produced a robust
response to the tumor metastases. A swe know, when
acetazolamide was i ntroduced as a chemother apeutic
agent, anotable side effect was metabolic acidos s
Therefore, to correct acidification of the extrace lular
milieu. The animal s were treated with acetazolamide
and combined with NaHCO, (once every 3 d). The
present results rai se two interesting questions. First,
how does acetazolamide reduce the metastas s rate?
Second, what is the target for acetazolamide in the ana
lyzed spontaneous metastasis of Lewis lung carcinoma
in mice? Cyclophosphamide might inhibit cell prolif-
eration [tumor weight index (1.7+1.3) vs model group
(24+4), P<0. 01] and consequently reduce the tumor
metastass and the expresson of AQP,, while aceta-
zolamide [tumor wei ght index 20£5 vs model group,
P>0.05] isnot attributable to reduced proliferation of
the cancer cdlls. Our previous sudy has demonstrated
that the acetazolamide could significantly decrease AQP,
both on mRNA and protein level expression, which was
not influenced by acid-base condition®. Long-term

treatment (14 d) with acetazolamide could increase the
expresson of carbonic anhydrase (CA) Il and IV, and
recover the repressed CA activity gradually, this indi-
cates acetazolamide can directly affect AQP, (unpub-
lished reaults). Therefore, the mogt sraightforward
explanation for our finding is that acetazolamide sup-
presses tumor metastases, at least in part, by inhibiting
the expression of AQP,. The present data only repre-
sent aninitia sep toward an understanding of the com-
plex pathways of acetazolamide in inhibiting tumor
metastases, and the possible mechanisms remain to be
exploredin detail.

In this context, we found a dramaticaly increase
in M, 42 000 protein level in SDS-PAGE and the protein
wasidentified asactin-cytoplasmic analogueby MALDI -
TOF-MS, which suggests that it may be useful as a
prognodic marker incancer matastesis. Actin, the prin-
ciple component of the cortica cytoplasm, isa M,
42 000 globular protein possessng the unique ability to
<elf asociate into long polymers under introcellul ar
conditions. Cells are supported by a network of poly-
merized actinfilamentsconfiguredinto avariety of struc-
tures by actin sructural proteins. For cell locomotion
to occur, this network must bereversibly disassembled
to alow protrusion, then re-assembled to gabilize the
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resulting extension'®®, Thus, proteins to promote both
solation and gdation of actin are important for efficient
cell locomotion. Severa investigators havefound ma
lignant transformation prominently down-regulated ac-
tin structura protein-gelsolint™*?. Tumor cdl motility
is an important sep in the progress on of metastasis
and cancer metastasisis dependent on increased cell
motility. Tumor cells migrate from theprimary tumor,
intravasate into tumor blood vessal's, extravasate i nto
the secondary tumor site, and migratethrough tissue to
edtablish a secondary metatatic site. Currently thereis
no prognostic molecule of digtinguishing these patients
from those in which the tumor will progress to
metastasis. Thisisan important clinical problem. On
the bads's of our datain vivo, knowledge of the actin-
cytoplasmic in tumor cells may lead to a new prognos
tic molecule as well asa new therapeutic targetsfor the
prevention and treatment of metagtatic tumor. This
sudy aso confirmsthat proteomic anaysisis a power-
ful tool for the discovery of such molecular markers.

In conclusion, the results presently suggested that
acetazolamide, asanon-cytotoxic drug, can sgnificantly
suppressthe tumor metastases in vivo. And we pro-
vided thefirst evidencetha the mechanism of action of
acetazolamide on tumor metastasscould beinvolved in
reducing AQP1 protein expresson. The increases of
AQP1 and actin level in tumor tissuemay provide fur-
ther impetus for exploring useful prognostic marker and
therapeutic targets as well.
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