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Inhibition of carbonic anhydrase activity modifies the toxicity
of doxorubicin and melphalan in tumour cells in vitro

Roben G. Gieling'*, Catriona A. Parker®*, Lisa A. De Costa? Naomi Robertson®, Adrian L. Harris?

Ian J. Stratford? and Kaye J. Williams'

'Hypoxia and Therapeutics Group, School of Pharmacy and Pharmaceutical Sciences, University of Manchester,
Manchester, UK, ?Experimental Oncology Group, School of Pharmacy and Pharmaceutical Sciences, University of
Manchester, Manchester, UK, and *CRUK Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Oxford, UK

Abstract

Carbonic anhydrase IX (CA IX) is a hypoxia-regulated enzyme, overexpressed in many types of human cancer. CA
IX is involved in pH homeostasis, contributing to extracellularacidification and' tumourigenesis. Acidification of
the extracellular milieu can impact upon cellular uptake of chemotherapeutic drugs by favouring weak acids (e.g.
melphalan), but limiting access of weak bases (e.g. doxorubicin). We investigated whether alterations of CA IX activity
affected anti-cancer drug uptake and toxicity. CA-inhibitor acetazolamide (AZM) enhanced doxorubicin toxicity but
reduced melphalan toxicity in cell lines that highly expressed CA IX under anoxic conditions (HT29 and MDA435 CA9/18).
The toxicity changes reflected modification of passive drug uptake. AZM did not alter toxicity or uptake in cells with low
CA IX activity (HCT116 and MDA435 EV1). AZM lowered intracellular pH in HT29 and MDA435 CA9/18 cells under anoxic
conditions. CA IX activity has chemomodulatory properties and is-an attractive target for anti-cancer therapy.

Keywords: Tumour cells, anoxia, acidification, pH, acetazolamide

Introduction

Areas of low oxygen tension (termed. hypoxia) are a
common feature of solid tumours as the growth rate of
tumours often exceeds the rate of angiogenesis, result-
ing in an abnormal vasculature'. Chronic hypoxia results
from cells being too distant from a blood vessel for oxy-
gen to diffuse. Temporary obstructions in blood flow in
the disorganized vasculature can lead to areas of tran-
sient hypoxia*®. The presence of hypoxia has been found
to contribute to tumour progression, for example by
selecting for cells with reduced apoptotic potential*. The
central mediator of the cellular response to hypoxia is
the hypoxia inducible factor (HIF-1) transcription factor.
HIF-1 regulates a wide range of genes that are involved
in adaptation to hypoxic stress, including erythropoietin,
glycolytic enzymes, VEGF (vascular endothelial growth

factor) and carbonic anhydrase IX (CA IX)>¢. Evidence
is also emerging that hypoxic tumour cells in primary
tumours contribute to metastatic growth in distant
organs through the upregulation of HIF-associated genes
like lysyl oxidase (LOX)". In patients, tumour hypoxia
reduces the survival rate by increasing the resistance to
radio- and chemotherapy®’ affecting the loco-regional
control of tumour growth as well as the development of
lymph node and distant metastases'*-'>.

CA IX is a member of the a carbonic anhydrases
(CA) that reversibly catalyze the hydration of carbon
dioxide (H,0 + CO, <= H* + HCO,) and serve a
diverse range of physiological functions'. CA IX is
one of four transmembrane CA (the others being 1V,
XII, XIV) with an extracellular catalytic unit. CA IX
converts the CO, diffusing out of a cell into carbonic
acid, thus producing protons in the extracellular
space'. CA IX is known to be strongly associated with
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tumours, being rarely expressed in normal tissues but
overexpressed in corresponding neoplastic tissues'®.
Wycoff et al'” demonstrated a hypoxia-dependent
upregulation of CA IX in several tumour cell lines in
vitro and correlated this to the presence of a hypoxia
response element (HRE), to which HIFs bind, within
the CA IX promoter. Increased CA IX activity enhanced
extracellular acidification in cultures of various tumour
cell lines'®. CA IX is currently under investigation as
an endogenous marker of hypoxia in various tumour
types, in hope of avoiding problems associated with
invasive techniques or administration of chemical
markers prior to biopsy'”9-%.

Microelectrode and non-invasive measurements of
tumour pH have revealed that human tumours have
acidic extracellular pH (pH ), but the intracellular pH
(pH,) remains neutral to alkali****. CA IX has been shown
to be a key contributor to the acidification process in
tumours with the use of membrane ghost preparations?
and tumour cell lines in which CA IX activity was either
silenced or overexpressed?’. Tumour acidification is pos-
itively correlated with enhance proliferation, invasive-
ness and metastasis*”*®. Many chemotherapeutic agents
are weak electrolytes and enter cells by passive diffusion.
Low pH_ has implications for their uptake. The plasma
membrane is less permeable to ionized species and any
pH gradient between intra- and extracellular compart-
ments can result in ion trapping and altered drug dis-
tribution®. The ion trapping model predicts that weakly
basic chemotherapeutic drugs such as doxorubicin,
mitoxantrone and daunorubicin concentrate in the more
acidic extracellular compartment, hindering their uptake
and toxicity. However, weak acids chemotherapeutic
drugs (e.g. melphalan, chlorambucil) should be easily
taken up into the relatively neutral intracellular space®.

The fact that CA IX has strong tumour association
and is regulated by a common physiological feature
of solid tumours (i.e. hypoxia) has in the last decade
accelerated the research into the use of CA IX as a
diagnostic and therapeutic target in patients with can-
cer®*#, This includes the development of more selective
CA inhibitors which target the tumour-associated CA
isoforms®*?%. In some instances the use of CA IX-based
therapy has already progressed into clinical trials, as
in the case of monoclonal antibodies targeting CA IX
in renal cell carcinoma (RCC)*. The use of CA inhibi-
tors to reduce tumour acidity and possibly modulate
uptake and toxicity of anti-cancer drugs in vitro has not
previously been demonstrated. This study utilizes acet-
azolamide (AZM), a broad spectrum CA inhibitor in the
low nanomolar range, to inhibit CA IX function under
aerobic and anoxic conditions in several cell lines in
vitro and observe if changes in CA IX activity reflect the
uptake and toxicity of two anti-cancer drugs, the weak
acid melphalan (MEL) and the weak basic doxorubicin
(DOX). DOX has a pK, of 8.34 and MEL is known to be
more toxic under acidic pH_*, despite being actively
transported into cells.

© 2013 Informa UK, Ltd.

Modifying drug response through CA inhibition 361

Materials and methods

Materials

Unless otherwise stated all chemicals were purchased
from BDH Chemicals Ltd (Poole, UK). Cell culture mate-
rials were obtained from Invitrogen Ltd (Paisley, UK),
with the exception of G418 (PAA Laboratories, Colbe,
Germany). Sigma-Aldrich (Gillingham, UK) provided the
following materials: acetazolamide (AZM), melphalan
(MEL), doxorubicin (DOX), protease inhibitors, Tween-
20, reduced glutathione (GSH), trichloroacetic acid
(TCA) and 5’5’-Dithio-bis(2-nitrobenzoic acid) (DTNB).
Triethanolamine-HCl (TEA) was purchased from Fluka
(Gillingham, UK). Nitrocellulose membranes and ECL
kits were purchased from Amersham (Buckinghamshire,
UK). Seminaphtharhodafluor (SNARF-1) and nigericin
were obtained from Molecular Probes (Eugene, OR,USA).
The chemical structures of AZM, MEL and DOX are
shown in Figure 1.

Cell culture

HCT116 and HT29 colon carcinoma cells were maintained
in RPMI 1640 media with the addition of 10% foetal calf
serum (FCS) and 1% glutamine. MDA435 human mela-
noma cells, stably transfected to express empty vector (EV1)
or CA9 (CA9/18) as described in Robertson et al*’, were
routinely cultured in RPMI 1640 media with the addition
of 10% FCS, 1% glutamine and 3mg/ml G418. Cells were
exposed to normoxia (21% O,) in a 5% CO, humidified 37°C
incubator. Anoxic (< 10 ppm O,) exposures took place in a
5% CO,, 37°C anaerobic chamber. AZM stock solution was
dissolved in dimethyl sulfoxide (DMSO) and added to the
culture medium. MEL was dissolved in acidified ethanol
and added to culture medium. DOX was dissolved in deion-
ized water before addition to culture medium. Bicarbonate
free, HEPES buffered RPMI was used for AZM, MEL and
DOX exposures to reduce buffering of pH changes.

Preparation of cell membrane extracts
Membrane extracts of each cell line following treatment
with AZM for 18 hrs in air and anoxia were prepared as

melphalan
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Figure 1. Chemical structures of doxorubicin, melphalan and
acetazolamide.
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follows. Cells were lysed in a hypotonic buffer (10mM
HEPES, 10 mM NaCl, 1 mM KH,PO,, 5mM NaHCO3, 1mM
CaCl,, 0.5mM MgCl,) with protease inhibitors added just
prior to use (1mM PMSE 10 pg/ml aprotinin, 10 pg/ml
leupeptin, 1 pg/ml pepstatin) and kept on ice for 5min.
After sonication, cells were centrifuged at 7500rpm for
5min at 4°C and the supernatant collected. The superna-
tant was centrifuged at 13000 rpm at 4°C for 1hr and the
cytosolic supernatant discarded. The crude membrane
pellet was resuspended in PBS and stored at -80°C.
Protein content was determined by Bradford assay.

Carbonic anhydrase activity assay

The CA activity of the membrane extracts was assayed by
anelectrometricassayadapted from Wilbur & Anderson®,
in which the time required for a saturated CO, solution to
lower the pH of 0.02M Tris-HCI buffer from 8.3 to 6.3 at
0°C is determined. Briefly, the pH of 6 ml chilled 0.02M
Tris-HCl was recorded and 4ml chilled saturated water
quickly added. The time taken for the pH to drop to 6.3
was recorded with (T) or without (T,) the addition of 100
pl sample. The units of activity were calculated using the
equation 2 x (T,-T)/ T x mg protein.

Western blotting

Following exposure to 18 hrs of air or anoxia, whole cells
extracts were prepared and assayed for protein content
by Bradford assay. Samples (25 pg/lane) were resolved by
10% SDS-PAGE and transferred to a nitrocellulose mem-
brane and blocked overnight in blocking buffer (10% milk
in 0.1% tris buffered saline-Tween 20, TBS-T). Membranes
were washed in TBS-T and incubated with anti-CA IX
(M75) antibody for 1hr, washed several times and incu-
bated for 30min with an anti-mouse peroxidase conju-
gated secondary antibody. Bands were detected by ECL.

Clonogenic survival assay

Single cell suspensions of each cell lines were seeded at
500 cells per well of a 6-well plate in triplicate and allowed
to recover for at least 24 hrs. The cells were pre-exposed
to AZM for 18 hrs in air or anoxia before 3 hrs exposure
to drug in air/anoxia. The media was replaced and cells
incubated for 10-14 days until visible colonies were
observed. Methylene blue was used to visualize the colo-
nies for counting and the colony efficiency calculated.

Glutathione cytotoxicity assay

The cellular levels of GSH were measured in whole cell
extracts of cells treated with AZM and MEL using an
adapted Ellman assay™®. 1 x 10° cells were lysed in air and
anoxia following 18 hrs AZM exposure and additional 3
hrs MEL treatment. 1 mM GSH stock was serially diluted
to produce a series of standard concentrations in 20 mM
triethanolamine-HCI (TEA). In Eppendorfs, 100 pl sam-
ple/standard was added to 100 pl 10% trichloroacetic acid
(TCA) solution and spun down at 1500 rpm for 15min at
room temperature. In a 96-well plate, 200 pl Tris-HCI pH
8.9, 20 ul 150 pM 5’5’-Dithio-bis(2-nitrobenzoic acid)

(DTNB) and 50 pl supernatant from TCA precipitation
were added to each well and absorbance measured at
414nm. The GSH concentrations of samples were calcu-
lated from the standard curve and corrected for the cell
number per sample.

Doxorubicin uptake measurement

The intracellular accumulation of DOX was assessed by
flow cytometry. DOX autofluorescence (590nm) was
detected in the FL-2 channel. 1x10° cells were treated
with DOX for 3 hrs with or without 18 hrs AZM pre-
incubation in air and anoxia. The cells were harvested
by trypsinisation, pelleted, washed twice with PBS and
resuspended in 0.5ml PBS. A total of 10000 events were
analyzed per sample and the amount of drug uptake
was recorded as mean fluorescence collected in the FL-2
channel (arbitrary fluorescence units).

Intracellular pH measurement

The pH, of cells treated with AZM for 18 hrs in air or anoxia
was analyzed using seminaphtharhodafluor (SNARF-1).
A total of 5 pM SNARF-1 was incubated with the sample
and control cells for 30min at 37°C in bicarbonate free
media prior to centrifugation at 1500rpm for 10 min. The
cell pellets were stored at 22°C in the dark until analysis.
Analysis was performed using a flow cytometer, collecting
mean fluorescence at 670nm and 575nm. For calibration
of SNARF-1 fluorescence ratios to pH, buffers A (135mM
KH,PO,, 20mM NaCl, 1mM MgCl, 1mM CaCL,, 10mM
glucose) and buffer B (135 mM K,HPO,, 20 mM NaCl, 1 mM
MgCl, 1 mM CaCl,, 10mM glucose) were mixed in various
ratios to produce a series of solutions with pH between 6
and 8. 2 pg/ml of the ionophore, inhibitor nigericin was
added to each buffer and 5x10° cells/ml suspended in
the calibration buffers and analyzed by flow cytometry.
For each experiment and cell line, a calibration curve was
determined to relate fluorescence as function of pH..

Results and discussion

Different cell lines express different levels of CA IX
activity

CA IX enzyme activity cannot be measured directly; how-
ever, membrane extracts from tumour cells isolated the
four transmembrane CA enzymes, of which only CA IX
(and XII) are known to be overexpressed’. In Figure 2A,
a range of cell lines were tested for activity levels under
aerobic and anoxic conditions and a subset with varying
levels and inductions selected for further investigation.
Two colon cell lines were shown to have different activ-
ity patterns, HCT116 cells revealing low activity in both
conditions with no anoxic induction (10.4 units/mg
protein and 10.45 units/mg protein under aerobic and
anoxic conditions respectively, p = 0.5). In contrast, HT29
cells had slightly higher normoxic activity (17.4 units/mg
protein) but substantially elevated levels in response to
anoxic conditions (108.3 units/mg protein, p = 0.019).
MDAA435 cells had not been found to express CA IX or CA

Journal of Enzyme Inhibition and Medicinal Chemistry



XII (data not shown) and were selected for transfection
to overexpress CA IX (CA9/18) and empty vector control
(EV1)*. CA9/18 cells showed increased activity under
aerobic and anoxic conditions compared to empty vector
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Figure 2. CA activity of membrane extracts in air and anoxia. (A) Wide
range of aerobic (black bars) and anoxic (white bars) levels of CA
activity observed, for example HCT116 and EV1 cells exhibited lower
activity levels with minimal anoxic induction. CA9/18 cells had high
aerobic activity and moderate induction under anoxic conditions.
Activity in HT29 cells was greatly enhanced under anoxic conditions.
(B) CA IX protein expression in the four cell lines specified reflected
the activity profiles. (C) 10-100 pM AZM reduced activity in EV1
(blackline) and CA9/18 (grey line) cells in a dose dependent manner
under aerobic conditions. *p < 0.05. Error bars indicate SEM of n = 3
samples. AZM, acetazolamide; CA IX, carbonic anhydrase IX.

Table 1. Inhibition of CA IX activity by AZM.
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control (EV1) cells. A similar pattern was observed in CA
IX protein expression in Figure 2B. Incubation with 100
puM of the CA inhibitor AZM lowered CA IX activity under
aerobic and anoxic conditions and abrogated the anoxic
induction in most cell lines. An apparent exception was
EV1 cells, however the basal levels were low in compari-
son with other cell lines and difference was not statisti-
cally significant (p = 0.13) (Table 1). Figure 2C shows that
AZM inhibited CA activity at concentrations between 10
and 100 pM, in all four of the cell lines (data not shown
for HCT116 and HT29), but toxicity was observed beyond
this range (data not shown).

Variation was observed in the aerobic levels in terms
of protein and activity in the panel of cell lines. The over-
expression noted in cell lines of different tissues of origin
correlates with the overexpression found in many human
tumours*'~**. However, not all the cell lines substantially
induced CA IX activity in response to anoxia despite the
identification of a HRE within the CA IX promoter' .
Direct measurement of CA IX activity is not currently
possible. This study isolated membrane extracts, which
contain the four transmembrane CA isozymes, of which
CA IX is by far the most active®. While it is possible that
the activity of CA IXis not accurately measured, the activ-
ity correlated well with the protein levels, suggesting that
CA IX is the predominant detected activity.

Four cell lines were selected from the panel with
differential CA IX expression and activity for further
investigation. Two colon adenocarcinoma cell lines had
different patterns of activity, HCT116 with relatively low
aerobic activity and minimal anoxic induction of CA IX.
In contrast, slightly higher aerobic activity with substan-
tial anoxic induction of CA IX activity was identified in
HT29 cells. A similar pattern was noted in MDA435 cells
stably transfected with a control vector (EV1) and to over-
express CA IX (CA9/18), but with lower anoxic induction
compared to the colon lines (Figure 2). The CA inhibi-
tor (AZM) reduced activity under normoxic and anoxic
conditions in the four cell lines following an 18 hrs expo-
sure. Inhibition was observed from 10 to 100 pM range,

CA IX activity CA IX activity + 100 uM AZM Fold reduction with AZM
Anoxic Anoxic
Cell line Air Anoxia induction Air Anoxia induction Air Anoxia
RT112 1.7 (20.7) 4.9 (+1.0) 3.0 2.3 (£1.2) 2.5 (+0.5) 1.1 0.7 1.9
T47D 8.3 (£2.2) 6.9 (£3.0) 0.8 24.6 (£8.8) 11.8 (+1.9) 0.5 0.3 0.6
HCT116 10.4 (£6.3) 10.5 (+4.3) 1.0 4.8 (£2.0) 2.2(x1.1) 0.5 2.2 438
MDA435 10.3 (£3.0) 13.2 (£3.0) 1.3 5.7 (+1.6) 6.3 (£3.5) 1.1 1.9 2.1
EV1 12.3 (£9.9) 20.3 (£9.0) 1.6 2.9 (£1.7) 15.2 (£9.3) 5.2 4.3 1.3
MDA468 9.1 (+4.0) 50.3 (£20.8) 5.5% 5.3 (+0.9) 6.5 (+2.6) 1.2 1.7 7.8*
SW480 17.6 (+3.8) 57.9 (£2.0) 3.3* 10.3 (£0.5) 11.5(¢8.1) 1.1 1.7* 5.0*
HT29 17.4(1.8) 108.0 (+30.1) 6.2* 13.6 (£2.2) 31.0 (+6.3) 2.3 13 3.5%
MDA231 25.7 (£1.0) 61.6 (£7.2) 2.4 16.6 (£4.7) 36.4 (£18.6) 2.2 1.6 1.7
CA9/18 41.0 (£11.3) 68.0 (+18.0) 1.7 16.1 (£6.6) 23.2 (£11.8) 1.4 2.6 2.9

The addition of 100 uM AZM significantly reduced activity under both aerobic and anoxic conditions in the majority of cell lines.

AZM, acetazolamide; CA IX, carbonic anhydrase IX

< 0.05.

+ indicates SEM of n = 3 samples.

© 2013 Informa UK, Ltd.
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but studies revealed that the cell lines were sensitive to
CA-independent toxic effects above that dose (data not
shown), so 50 puM AZM was used in combination with
anti-cancer drugs MEL or DOX. AZM strongly inhibits
CA IX but also affects other isoforms including CA I1*>*".
AZM is slightly more membrane impermeable than other
general inhibitors', so will effectively inhibit CA IX as it
is the most active transmembrane form. AZM has been
shown to inhibit invasion of other cell lines in vitro and
has itself been investigated as an anti-cancer drug**.
Based on the structure of AZM, other derivates have
been chemically synthesized with many showing a high
in vitro CAIX inhibition activity with K at low nanomolar
levels*”. Sulphonamide of which AZM is a derivate shows
great potential as a chemical group as CA IX-specific
inhibitors in both in vitro as well as in vivo assays®**'.

Acetazolamide reduces the toxicity of melphalan

AZM was utilized in combination with the weakly acidic
drugMELto elucidate if changesin CA IX activity reflected
in altered drug toxicity, as assessed by clonogenic assay.
In Figure 3A, 50 pM AZM increased survival from MEL
exposure in HT29 cells under aerobic and anoxic condi-
tions. Interestingly, 50 pM AZM was more effective against
50 pM MEL than 10 pM MEL under anoxic conditions,
but nevertheless indicates that CA IX inhibition reduced
toxicity to MEL. Changes in survival of cells exposed to 10
pM and 50 pM MEL plus 50 pM AZM compared to MEL
alone for each of the cell lines under aerobic and anoxic
conditions are given in Figures 3B. Pre-treatment with 50
UM AZM for 18 hrs did not significantly affect toxicity of

50 pM MEL in any of the lines under aerobic conditions
(Figure 3B, left panel). No effect of 50 pM AZM on MEL
toxicity was observed in HCT116 cells (which exhibited
minimal CA IX induction) under anoxic conditions,
however EV1 cells appeared to show potentiation of 10
UM MEL toxicity, p = 0.006 (Figure 3B, right panel). In
contrast, HT29 cells which induced CA IX activity under
anoxic conditions, exhibited a reduction in MEL toxicity
in combination with 50 pM AZM (2.3 fold at 10 uM MEL,
p =0.0009 and 6.3 fold at 50 uM MEL, p = 0.0008). AZM
alone was shown to alter survival in the majority of the
cell lines so any influence of AZM on survival had been
corrected for in the analysis, indicating the effect was due
to the combination, and not due to AZM toxicity.
Pre-exposure to AZM increased the clonogenic survival
from MEL exposure in highly inducible cell lines, indicat-
ing reduced toxicity of the weakly acidic drug. No effect
was seen in HCT116 cells with minimal CA IX induction,
suggesting that inhibition of CA IX was primarily respon-
sible for the modification of MEL toxicity. However, it was
noted that EV1 cells (which also showed low CA IX activ-
ity) actually revealed minor enhancement of MEL toxicity
in combination with AZM under anoxic conditions. It is
possible that others mechanisms of action of AZM may
be responsible for this phenomenon. The toxicity results
are largely consistent the possibility of a role of CA IX in
pH regulation, as inhibition of CA IX would be thought to
increase the extracellular pH (pH ) and relatively decrease
the pH.. Intracellular acidification would limit the uptake
of weak bases (e.g. MEL) and conversely increase the
uptake of weak acids (e.g. DOX). Previous studies using
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Figure 3. AZM reduces toxicity of melphalan. AZM alone had a minor impact on cell survival, but the results were corrected for any effects
of AZM. (A) 50 pM AZM reduced MEL toxicity in aerobic (left panel) and anoxic (right panel) HT29 cells. (B) No reduction in MEL toxicity
following 50 uM AZM exposure under aerobic conditions was noted in HCT116 (black bars) and EV1 (white bars) cells (left panel). 50 uM
AZM significantly reduced 50 uM MEL toxicity in HT29 cells (6.3 fold) under anoxic conditions (horizontal lined bars) (right panel). *p < 0.05.
Error bars indicate SEM of n = 3 samples. AZM, acetazolamide; MEL, melphalan.
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media with altered pH have shown that activity of MEL
increased in vitro atlow pH ***.

Acetazolamide enhances the toxicity of doxorubicin
AZM altered the toxicity of a weakly acidic anti-cancer
agent MEL and hence clonogenic experiments were
repeated with DOX to investigate if the opposite occurred
for a weakly basic agent.

Figure 4 shows that in the cell lines that exhibited
minimal CA IX activity and anoxic induction (HCT116
and EV1), DOX toxicity was unaffected by 50 uM AZM
in either condition. However, the highly inducible HT29
cells showed potentiation by 50 uM AZM under anoxic
conditions, producing a 5.1 fold increase in the toxicity of
1 uM DOX (p = 0.026) and 4.3 fold increase of 5 uM DOX
toxicity (p = 0.042) (Figure 4B). CA IX overexpressing
CA9/18 cells showed a 5 fold increase in the toxicity of
5 uM DOX in combination with 50 pM AZM under aero-
bic conditions (p = 0.05) (Figure 4A). A similar increase
was observed with 50 uM AZM and 1 uM DOX toxicity
(p = 0.001) but a 12.3 fold increase of 5 uM DOX toxic-
ity under anoxic conditions in CA9/18 cells (p = 0.007).
It was noted that in all the cell lines tested, DOX toxicity
was slightly reduced under anoxic versus aerobic condi-
tions (data not shown).

AZM enhanced the toxicity of the weak base DOX in
highly inducible cell lines (HT29, CA9/18) under anoxic
conditions, but had no effect in minimally inducible
cells. Again, this is consistent with the theory that CA IX
inhibition would result in increased uptake and toxicity
of weakly basic drugs. The reduced toxicity of DOX under

© 2013 Informa UK, Ltd.

anoxic conditions seen in all the lines tested has been
noted in other studies®, but others have found increased
activity in anoxia depending on the cell line****. However,
hypoxic resistance is consistent with the ion trapping
model, as low pH_ would restrict uptake of weak bases™.
This theory does however not take into account that part
of the efficiency of DOX uptake/toxicity are pH-insensi-
tive as result of the binding of DOX to slowly-releasing
nuclear binding sites®’.

AZM antagonizes the uptake of melphalan

Figure 3 illustrated reduced toxicity of MEL following
treatment with AZM. In order to determine whether the
change in toxicity was due to altered passive uptake of
the drug, cellular reduced glutathione levels (GSH) were
assayed®. MEL conjugates with GSH resulting in intra-
cellular depletion of GSH, providing a surrogate marker
for the amount of melphalan entering cells.

GSH levels in untreated cells ranged from 50 pmol/
cell in EV1 cells to 450 pmol/cell in HT29 cells (data not
shown). A total of 50 uM MEL depleted GSH levels in all
the cell lines under aerobic and anoxic conditions (data
not shown). The data were corrected for any affect of
AZM alone on GSH levels. Figure 5A (left panel) revealed
that none of the cell lines altered GSH depletion when
AZM was combined with MEL under aerobic conditions.
Under anoxic conditions however, HT29 cells exhib-
ited increased GSH levels (5.3 fold, p = 0.007) with the
combination of 50 pM AZM and 50 uM MEL, compared
to 50 uM MEL alone (Figure 5A, right panel). Although
not a direct measurement of MEL uptake, these results
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Figure 5. AZM limited GSH depletion by MEL but enhanced uptake of doxorubicin. (A) Under aerobic conditions no cell line revealed
significant increased GSH levels upon the addition of 50 pM AZM to MEL (left panel). Under anoxic conditions, HT29 cells (horizontal lined
bars) showed a 5.33 fold increase in GSH levels at 50 pM MEL in combination with 50 pM AZM, but other cell lines were unaffected (right
panel). (B) AZM alone had no effect on background fluorescence in the cell line tested in air or anoxia. DOX increased the mean fluorescence
value relative to concentration (data not shown), but was observed to be lower in anoxia than normoxia. Fluorescence was unaffected in
all the cell lines by the addition of 50 uM AZM under aerobic conditions (left panel). Under anoxic conditions, 50 pM AZM significantly
enhanced the uptake of 1 uM DOX in HT29 cells (horizontal lined bars) and induced a 12 fold increase in the toxicity of 5 uM DOX in CA9/18
cells (diagonal lined bars) (right panel). *p < 0.05 Error bars indicate SEM of n = 3 samples. AZM, acetazolamide; DOX, doxorubicin; GSH,

glutathione; MEL, melphalan.

support the contention that MEL uptake was possibly
abrogated by CA IX inhibition. This would be consistent
with the theory that AZM affects uptake via pH regula-
tion as weak acids would be trapped in the extracellular
compartment.

AZM enhances doxorubicin uptake

The uptake of DOX was assessed in order to determine
if the enhanced toxicity in combination with AZM was
reflected in increased uptake. DOX has auto-fluorescent
properties so its intracellular accumulation could be
measured.

AZM alone did not modify background fluorescence
in any of the cell lines or conditions tested, but mean
fluorescence increased with increasing concentra-
tions of DOX in all the lines tested (data not shown). It
was observed that the uptake of DOX increased under
normoxic conditions, however not to a statistically sig-
nificant level (data not shown). In the lines and condi-
tions where toxicity was unaffected by 50 pM AZM (e.g.
HCT116, EV1), intracellular mean fluorescence was
unchanged (Figure 5B). A total of 50 uM AZM potenti-
ated the uptake of 1 pM DOX in anoxic HT29 cells by 4.4
fold (p = 0.002). CA9/18 cells exhibited a 12 fold increase
in fluorescence of 5 uM DOX in combination with 50 pM
DOX under anoxic conditions (p = 0.001). These results
indicate that AZM alters passive uptake of DOX.

Uptake of DOX was enhanced in HT29 and CA9/18
cells under anoxic conditions, but uptake was unaf-
fected in the low-activity cell lines. This suggests that
potentiation of toxicity by CA IX inhibition was a result
of increased uptake. The increased uptake did not cor-
relate precisely with the enhanced toxicity profiles, for
example 50 uM AZM enhanced toxicity in air, but did not
affect uptake, but was largely consistent with CA IX activ-
ity levels and toxicity. The intracellular accumulation of
DOX alone in the cell lines, regardless of CA IX status,
was lowered in anoxia, correlating with the slight anoxic
resistance observed in the toxicity experiments.

AZM causes intracellular acidification

One explanation for altered uptake/toxicity is a change
in the pH gradient across cell membranes. The pH, was
assessed following 18 hrs incubation with AZM under
aerobic and anoxic conditions.

Figure 6 shows the pH, measurements for each cell
line in air and anoxia following incubation with the
concentrations of AZM used in the combination studies.
HCT116 and EVI cells (neither of which revealed any
alteration in toxicity or uptake) had relatively stable pH,
measurements upon treatment with AZM under aerobic
and anoxic conditions; however pH, slightly increased in
anoxic conditions. In contrast, HT29 and CA9/18 cells
exhibited decreased pH, with AZM treatment in anoxia.
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Figure 6. AZM reduced intracellular pH (pH,). The pH, of all the cell lines tested was around neutral and was not substantially affected by
AZM under aerobic conditions (left panel). Under anoxic conditions the control pH, (0 uM AZM) in all lines slightly increased in comparison
with air. HCT116 and EV1 pH, remained unaltered by AZM treatment under anoxic conditions (solid lines). CA9/18 cells (grey dashed line)
exhibited decreased pH, at 50 pM AZM in anoxia. The pH, of anoxic HT29 cells significantly reduced with both concentrations of AZM (right
panel). *p < 0.05. Error bars indicate SEM of n = 3 samples. AZM, acetazolamide.

HT29 cells had the largest reduction (1 pH unit) and
were more sensitive than CA9/18 cells. AZM acidified the
intracellular environment in the cells with highest CA IX
levels, correlating with altered toxicity and uptake.

CAIXinhibition resulted in decreased pH, under anoxic
conditions in the lines that exhibited alterations in uptake/
toxicity. No significant changes in pH, were noted in any
of the cell lines in air, in spite of the alterations in toxic-
ity/uptake seen in aerobic CA9/18 cells. pH, was assessed
using the pH sensitive fluorescent probe SNARF-1, but it
is possible that very subtle changes were not discernable.
In addition, other mechanisms could be involved in the
aerobic effects of AZM. The pH, of anoxic HT29 cells was
altered by a lower AZM concentration than CA9/18, but
this is consistent with the changes in uptake/toxicity at 10
pM and 50 uM AZM observed in HT29 cells, but only at 50
UM AZM in CA9/18 cells (10 uM AZM data not shown).
Such a shift in the pH balance would feasibly affect the
uptake of weak electrolytes, resulting in the enhanced
uptake of weak bases such as DOX. The toxicity of anti-
cancer agents has been modified by altering the extracel-
lular pH_ in vitro, for example by changing the pH of media
and/or using ionophore inhibitors to equilibrate the intra-
cellular pH?*. Teicher et al®® utilized AZM in combination
with several anti-cancer agents in vivo and observed addi-
tive growth delays. It was also noted that tumour growth
was significantly delayed by administration of AZM alone;
however, the doses were relatively high. Intracellular
acidification is thought to promote growth inhibition and
apoptosis, perhaps contributing to some of the effects of
AZM®. In addition, there are other mechanisms that regu-
late intracellular pH, including the Na*/H* antiport, Na*
dependent HCO,/HCI™ exchange, which also may have
roles in maintaining tumour pH gradients®*¢!.

The current results demonstrate that inhibition of a
tumour-associated hypoxia-regulated enzyme, CA IX,
differentially modified uptake/toxicity of MEL and DOX,
by acidifying the intracellular environment. However,
AZM is not an isoform specific CA inhibitor and as other
isoforms of CA are involved in crucial physiological pro-
cesses there is a possibility of unwanted side effects with

© 2013 Informa UK, Ltd.

systemic application of this drug. CA IX-specific inhibitors
would provide greater selectivity. In this regard, we recently
reported about a new generation of CA inhibitors (CAI)
specifically targeting the CA IX/XII isoforms®. These com-
pounds belonging to the underexposed sulfamate class of
CAJ, proved very effective as anti-cancer drugs by them-
selvesin in vitro assays. The lead compound S4 also showed
a clear anti-metastatic potential in vivo®. Whether CAI S4
potentiates the effectiveness of DOX is under investigation.
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