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Abstract
Carbonic anhydrase IX (CAIX) is a tumor-specific protein that is upregulated during hypoxic

conditions where it is involved in maintaining the pH balance. CAIX causes extracellular

acidification, thereby limiting the uptake of weak basic chemotherapeutic agents, such as

doxorubicin, and decreasing its efficacy. The aim of this study was to determine if doxorubi-

cin efficacy can be increased when combined with the selective sulfamate CAIX inhibitor

S4. The effect of S4 on doxorubicin efficacy was tested in vitro using cell viability assays

with MDA-MB-231, FaDu, HT29 –CAIX high and HT29 –CAIX low cell lines. In addition, the

efficacy of this combination therapy was investigated in tumor xenografts of the same cell

lines. The addition of S4 in vitro increased the efficacy of doxorubicin in the MDA-MB-231

during hypoxic exposure (IC50 is 0.25 versus 0.14 μM, p = 0.0003). Similar results were

observed for HT29—CAIX high with S4 during normoxia (IC50 is 0.20 versus 0.08 μM,

p<0.0001) and in the HT29 –CAIX low cells (IC50 is 0.09 μM, p<0.0001). In vivo doxorubicin

treatment was only effective in the MDA-MB-231 xenografts, but the efficacy of doxorubicin

was decreased when combined with S4. In conclusion, the efficacy of doxorubicin treatment

can be increased when combined with the selective sulfamate CAIX inhibitor S4 in vitro in

certain cell lines. Nevertheless, in xenografts S4 did not enhance doxorubicin efficacy in the

FaDu and HT29 tumor models and decreased doxorubicin efficacy in the MDA-MB-231

tumor model. These results stress the importance of better understanding the role of CAIX

inhibitors in intratumoral pH regulation before combining them with standard treatment

modalities, such as doxorubicin.
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Introduction
The immature and inadequate vasculature of solid tumors prevents oxygen and nutrients
supply to certain areas in those tumors. This hypoxic microenvironment selects for a more
aggressive tumor phenotype and promotes invasion, migration, and thereby metastases for-
mation [1, 2]. These hypoxic tumor cells are known to be more resistant to standard treat-
ment modalities (e.g. radio- and chemotherapy), highlighting the importance of developing
new, or increasing the efficacy of already available, therapies to specifically target hypoxic
tumor cells [2–5].

To meet with the high energy demand, tumor cells switch their energy metabolism to glycol-
ysis in hypoxic but also in well-oxygenated areas in the tumors, i.e. the Warburg effect. The
increase in glycolytic energy production leads to the production of high concentrations of acids
(e.g. lactate and carbon dioxide) [6]. To aid in maintaining cellular pH homeostasis, carbonic
anhydrase IX (CAIX) expression becomes transcriptionally upregulated through stabilization
of hypoxia-inducible factor 1 (HIF1-α), although alternative hypoxia responses also play a role
[7]. CAIX catalyzes the conversion of water and the cellular produced carbon dioxide to bicar-
bonate and protons. The protons contribute to the hostile acidic extracellular environment,
whereas the bicarbonate is transported back intracellularly to aid in maintaining a slightly alka-
line pH [8, 9]. The important role that CAIX plays in maintaining the cellular pH balance com-
bined with its predominant expression on hypoxic tumor cells make it an attractive target for
treatment [2, 4, 5, 10]. The importance of CAIX on tumors is strengthened further by the sig-
nificant association between high tumoral CAIX expression and a worse prognosis in patients
with many different cancer types [11]. CAIX expression might therefore also be a valuable
imaging tool for future clinical practice [12–14]. Previously, several CAIX inhibitors have been
shown to be effective in reducing primary tumor growth in vivo, either as a single treatment or
in combination with radiotherapy [15–17].

CAIX inhibition is also able to increase the efficacy of certain chemotherapeutics, such as
the anthracycline antitumor antibiotic doxorubicin [18, 19]. This chemotherapeutic agent is
commonly used in combination treatment regimens in different cancer types, of which breast
cancer is a prime example [20]. Doxorubicin diffuses passively across the cell membrane, inter-
calates the DNA and induces cell death. However, since doxorubicin is a weak basic compound
the reduced extracellular pH in hypoxic areas of tumors prevents passive drug uptake, referred
to as the ion trapping model. This model predicts pH modulating therapies are capable of
increasing the uptake and efficacy of doxorubicin [21–23]. Inhibiting CAIX function reduces
the degree of extracellular acidification [9, 15, 16, 19, 24], which may thereby increase the
uptake and efficacy of doxorubicin. In line with the ion trapping model non-specific carbonic
anhydrase inhibition with acetazolamide has been shown previously to increase doxorubicin
uptake in vitro [18], although the carbonic anhydrase isoform responsible for this effect
remained elusive, but was suggested to be CAIX. Furthermore, evidence exist that CAIX inhibi-
tion is able to increase doxorubicin efficacy in vivo [19].

The ureido-substituted sulfamate S4 is a member of an alternative class of CAIX inhibitory
molecules that were synthesized with high selectivity for CAIX [25] and exhibited significant
anti-proliferative efficacy in vitro in different breast cancer tumor models [26, 27]. Although
S4 was ineffective in reducing primary tumor growth in vivo, the compound decreased spon-
taneous lung metastases formation in an orthotopic MDA-MB-231 breast cancer model [25].
This study aims to determine for the first time whether the specific inhibition of CAIX with
the sulfamate S4 is able to increase doxorubicin efficacy, both in vitro and in vivo, and deter-
mine if specific CAIX targeting or CAIX knockdown will be able to increase doxorubicin
efficacy.

Combination CAIX Inhibitor S4 with Doxorubicin
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Methods

Cell culture
MDA-MB-231 triple negative breast adenocarcinoma (HTB-26), FaDu pharynx squamous cell
carcinoma (HTB-43), and HT29 colorectal adenocarcinoma (HTB-38) tumor cells, all obtained
from ATCC, were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Lonza) supple-
mented with 10% Fetal Bovine Serum (FBS, Lonza). Cells were maintained in humidified incu-
bators with 5% carbon dioxide in which they were allowed to attach overnight before the start
of experiments.

Transfection
Inducible genetic CA9 knockdown (KD) cells were constructed using the pTRIPZ doxycy-
cline inducible system (Open Biosystems). Specific shRNA targeting CA9, based on Sigma
TRCN0000180210, was inserted in the EcoR1 –Xho1 site of the vector. Lentivirus was made
in HEK293FT cells (Thermo Fisher Scientific, # R700-07) and used to infect HT29 cells.
These HT29 cells were exposed to low concentrations of doxycycline (1 μg/ml, Sigma-
Aldrich) one week prior to the start of experiments to induce a sufficient CAIX KD, as CAIX
half-life is approximately 38 hours [28]. HT29 cells exposed to doxycycline, i.e. with a CAIX
KD, are defined as HT29 –CAIX low cells, whereas HT29 cells not exposed to doxycycline,
i.e. with normal CAIX levels, are defined as HT29 –CAIX high cells.

Immunoblotting
Adherent cells were exposed to hypoxic conditions for 24 hours in a hypoxic chamber (MACS
VA500 microaerophilic workstation, DonWhitley Scientific, UK). The atmosphere in the
chamber consisted of 0.2% O2, 5% CO2 and residual N2. Normoxic dishes were incubated in
parallel in ambient air with 5% CO2. Protein isolates were prepared by scraping cells in RIPA,
sonicating the samples, and centrifugation them to remove cellular debris. Protein concentra-
tions were measured using Bradford protein quantification reagent (Bio-rad). Western Blot
was performed using primary antibodies against CAIX (M75, kindly provided by Professor Sil-
via Pastorekova, Institute of Virology, Slovak Academy of Science, Slovak Republic), and beta-
actin (MP Biomedicals, #691001) as a reference protein. Primary antibodies were incubated
overnight at 4°C, whereas HRP (horseradish peroxidase)-linked secondary antibody (Cell Sig-
nalling, #7076) was incubated for 1 hr at room temperature (RT).

qPCR
Cells were exposed to 0.2% O2 for 24 hours after which RNA was isolated using the NucleoS-
pin1 RNA kit (Macherey Nagel). Thereafter cDNA was synthesized using iScript mix (Bio-
Rad) and gene expression of CAIX (F-CATCCTAGCCCTGGTTTTTGG, R-GCTCACACCCC
CTTTGGTT) and vascular endothelial growth factor (VEGF) (F- GACTCCGGCGGAAGCAT,
R- TCCGGGCTCGGTGATTTA) was determined using power SYBR1 Green I (Applied Biosys-
tems). Expression of 18S RNA (F- AGTCCCTGCCCTTTGTACACA, R- GATCCGAGGGCCT
CACTAAAC) levels was used as a reference.

Cell viability assays
Tumor cells were seeded with 6000, 1000, or 4000 cells per well for MDA-MB-231, FaDu, or
HT29, respectively, in flat bottom 96-well plates. The next day cells were exposed to hypoxia
(0.2% O2) and medium was replaced by low serum medium (0.2% FBS) containing vehicle
(DMSO, final concentration 0.75%), or the sulfamate CAIX inhibitor S4 (33 μM, kindly
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provided by Professor Claudiu Supuran, University of Florence, Italy). It has previously been
demonstrated that 33 μM of S4 was effective in reducing cell viability [25–27]. Simultaneously,
cells were exposed to different concentrations of doxorubicin (ranging from 0.01 to 5 μM,
Sigma-Aldrich). After 24 hours medium with compounds was replaced with normal DMEM
with 10% FBS. Cells were allowed to grow for an additional 72 hrs under normoxic conditions
and cell viability was measured thereafter using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT, Sigma-Aldrich) for FaDu, or Alamar Blue (Life Technology) in
MDA-MB-231 and HT29 cells. Half the HT29 were exposed to doxycycline (1 μg/ml) one
week prior to the experiment and for the entire duration of the experiment to test both HT29 –
CAIX high and HT29 –CAIX low cells. Treatment response was quantified in terms of IC50,
i.e. the concentration of a drug that gives half-maximal response

In vivo experiments
All animal experiments were ethically approved by the ethical committee on animal experi-
mentation of the university of Manchester (PPL 70/7760) and the university of Maastricht
(DEC 2008–025) and performed in accordance to local legislation and guidelines. Eight weeks
old NMRI nu/nu mice (Charles River) were subcutaneously injected with MDA-MB-231,
FaDu, or HT29 tumor cells resuspended in Matrigel (Corning). Half of the mice implanted
with the HT29 cells were provided with water containing doxycycline (2 g/l) and sucrose (5%)
ad libitum during the entire experiment to obtain HT29 –CAIX high and HT29 –CAIX low
tumor xenografts. For each treatment group 6–8 animals were used. Tumors were measured
three times a week in three orthogonal dimensions to calculate tumor volume based on the for-
mula of an ellipsoid. Treatment started when tumors reached a volume of 100–150 mm3. A
treatment cycle consisted of a ‘five days on, two days off’ schedule with either vehicle (4%
DMSO in saline) or S4 (10 mg/kg ip for MDA-MB-231 and FaDu, and 25 mg/kg ip for HT29).
Doxorubicin or vehicle control (PBS) was administered ip once a week (5 mg/kg on day 4 of
treatment cycle). Total body weight was measured repeatedly for the duration of the study to
monitor possible treatment-induced toxicity. In the experiment with the HT29 –CAIX high
and HT29 –CAIX low models a parallel group of mice was sacrificed directly after the first
treatment cycle, i.e. after the last S4 injection, to investigate levels of CAIX expression in the
tumors. Treatment response was quantified as time to reach 2, 5 or 7 times start volume
(T2xSV, T5xSV, and T7xSV, respectively) depending on the growth of the tumor model.

Immunohistochemical staining
Frozen 7 μm tumor sections were fixed in acetone (4°C, 10 min), air-dried and rehydrated in
PBS. The sections were incubated with a mixture of polyclonal rabbit anti-CAIX (Novus Bio-
logicals NB100-417) and FITC-conjugated IgG1 mouse monoclonal anti-pimonidazole (clone
4.3.11.3, Hypoxyprobe™-1 Plus Kit) antibodies overnight at 4°C, followed by incubation with
secondary goat anti-rabbit AlexaFluor 594 (Invitrogen) antibody for 1 hr at RT. Images were
acquired as described previously in detail [29].

Statistical analysis
All statistical analyses were performed using GraphPad Prism (version 5.03). Curve fits of cell
viability assays were compared with the extra sum-of–squares F test. Average tumor growth
curves were fitted with linear regression. Differences in means between groups were compared
with unpaired t-tests. P<0.05 indicates statistical significant difference.

Combination CAIX Inhibitor S4 with Doxorubicin

PLOS ONE | DOI:10.1371/journal.pone.0161040 August 11, 2016 4 / 14



Results
For both MDA-MB-231 and FaDu cell lines an increased CAIX expression upon hypoxic expo-
sure was observed (Fig 1A and 1B). Cell viability of MDA-MB-231 cells decreased with increas-
ing concentrations of doxorubicin under both normoxic and hypoxic conditions but this effect
was slightly more pronounced during normoxia: IC50 0.13 vs. 0.25 μM, p = 0.0025 (Fig 1C).
While S4 did not increase the sensitivity of MDA-MB-231 cells during normoxia, IC50 reduced
to 0.14 μM during hypoxia (p = 0.0003), suggesting that S4 mediated CAIX inhibition increases
doxorubicin efficacy during hypoxia exposure in MDA-MB-231 cells. In contrast, viability of
FaDu cells decreased with increasing doxorubicin concentration independent of oxygen con-
centrations and this effect could not be enhanced by S4 under hypoxia (Fig 1D).

To test if the efficacy of S4 is dependent on CAIX expression, HT29 cells with a doxycy-
cline-inducible knockdown (KD) of CA9 were generated. HT29 cells were chosen since these
cells are shown to be sensitive to CAIX inhibition [15, 16]. Exposing these HT29 cells to doxy-
cycline (1 μg/ml) for one week significantly reduced the mRNA levels of CAIX, but not of a dif-
ferent HIF1-α target, i.e. VEGF, thereby indicating the change in CAIX mRNA levels to be
independent on changes in HIF1-α (Fig 2A). Similar results were obtained for protein expres-
sion of CAIX which was decreased by doxycycline exposure of HT29 cells both in normoxia
and hypoxia (Fig 2B and 2C). Without doxycycline CAIX expression of HT29 cells was how-
ever similar to the parental HT29 cells (Fig 2B and 2C). These HT29 cells are therefore defined
as HT29 –CAIX high, when not exposed to doxycycline, and HT29 –CAIX low, when a doxy-
cycline-induced CAIX knockdown is present.

Contrary to what was expected, HT29 –CAIX high cells were more sensitive to doxorubicin
under hypoxic as compared to normoxic conditions (IC50 0.10 vs 0.20 μM, p = 0.0013) (Fig
2D). Doxorubicin efficacy however did increase when cells were exposed to S4 during nor-
moxic conditions (IC50 0.20 vs 0.08 μM, p<0.0001, Fig 2D), but decreased slightly during hyp-
oxia (IC50 is 0.10 vs 0.18 μM, p = 0.0039, Fig 2D). Sensitivity to doxorubicin under normoxic
conditions was increased for HT29 –CAIX low as compared to HT29 –CAIX high cells (IC50
0.09 vs 0.20 μM, p<0.0001, Fig 2D and 2E), suggestive of a CAIX dependent mechanism of
increased doxorubicin efficacy. The decreased CAIX expression in HT29 –CAIX low cells
might also explain the lack of effect of S4 on doxorubicin sensitivity in these cells during nor-
moxic conditions (IC50 0.09 vs 0.10 μM, p = 0.0972, Fig 2E), or the similar sensitivity during
hypoxia (IC50 0.09 vs 0.08 μM, p = 0.6465, Fig 2E). In contrast however, doxorubicin sensitiv-
ity decreased when HT29 –CAIX low cells were exposed to S4 during hypoxic conditions
(IC50 0.08 vs 0.17 μM, p = 0.0002, Fig 2E). Higher serum concentrations abrogated the effect
of S4 on doxorubicin efficacy (S1 Fig), which may be because of the high binding affinity of S4
to bovine serum albumin (data not shown).

To further study and validate the in vitro findings, the combination treatment of S4 with
doxorubicin was tested in tumor-bearing mice. No acute toxicity in these animals was observed
up to three treatment cycles, as no significant changes in total body weight were observed (S2
Fig). Doxorubicin treatment significantly inhibited MDA-MB-231 tumor growth as compared
to vehicle (Fig 3A): time to reach 5 times starting volume (T5xSV) were 14.3 and 8.2 days,
respectively (p<0.01, Fig 3B). Contradictory to the in vitro data and our hypothesis, S4 treat-
ment abrogated the effect of doxorubicin (p<0.01) in MDA-MB-231. In FaDu xenografts
doxorubicin treatment either alone or in combination with S4 was ineffective in reducing
tumor growth as compared to vehicle treated mice (T7xSV 10.8, 12.6 and 11.8 days, respec-
tively, Fig 3C and 3D).

To test whether the efficacy of combined treatment of doxorubicin with S4 in vivo depends
on CAIX expression we employed the HT29 –CAIX high and HT29 –CAIX low tumor models.
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The HT29 –CAIX low tumor model exhibited a markedly reduced expression of CAIX by
doxycycline exposure in the drinking water, although residual CAIX expression could still be
observed. In both the HT29 –CAIX high and HT29 –CAIX low tumor models pimonidazole-
positive labeling demonstrated presence of hypoxia (S3 Fig). Single S4 or doxorubicin treat-
ment did not inhibit the growth of HT29 –CAIX high (Fig 4A) or HT29 –CAIX low (Fig 4B)
tumors. Tumor response to doxorubicin treatment was not improved by knockdown of CAIX
as time to reach 2 times start volume (T2XSV) was not statistically different (19.4 vs 25.7 days,
p = 0.5144, Fig 4C and 4D). In addition, combination of S4 with doxorubicin was unable to
increase doxorubicin efficacy in HT29 –CAIX high (T2XSV 19.4 vs 22.4, p = 0.5801, Fig 4C),
or in HT29 –CAIX low tumors (T2XSV 25.7 vs 15.8, p = 0.3274, Fig 4D). Additional treatment
cycles were also ineffective in exerting an effect on tumor growth and caused severe toxicity in
animals.

Discussion
In the present study we investigated whether doxorubicin treatment efficacy can be enhanced
when combined with the CAIX specific sulfamate inhibitor S4 [25–27, 30]. Previously, CAIX
inhibition has been shown to potentiate the efficacy of standard treatment modalities, such as
radio- and chemotherapy [15, 16, 19]. Furthermore, non-isoform specific CA inhibition with
acetazolamide can increase doxorubicin uptake, thereby making it more effective [18]. The ion
trapping model explains the higher efficacy of the weak basic anthracycline antitumor antibi-
otic doxorubicin due to an increased uptake when the balance between intracellular and extra-
cellular pH is shifted towards a reduced extracellular acidification upon hypoxia when treated
with selective CAIX inhibitors [21–23]. The results of this study demonstrate that the selective

Fig 1. Effect of S4 on doxorubicin sensitivity in MDA-MB-231 and FaDu cells.CAIX protein expression is higher during hypoxia in
MDA-MB-231 and FaDu cells (A). Quantification of three independent biological repeats shows an almost twofold increase in CAIX
expression (normalized to actin expression levels) in both cell lines (B). Cell viability assays of MDA-MB-231 (C) and FaDu cells (D) with
increasing concentrations of doxorubicin. Cells were exposed to vehicle (black) or S4 (green) during normoxia (N), or to vehicle (red) or S4
(blue) during hypoxia (H). Results of three independent biological repeats are shown (mean ± SEM).

doi:10.1371/journal.pone.0161040.g001
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CAIX inhibitor S4 increased doxorubicin efficacy in vitro in MDA-MB-231 cells, specifically
in hypoxic conditions. These results could however not be found in FaDu, HT29 –CAIX low
and HT29 –CAIX high cells; although for the latter an increased efficacy of doxorubicin was
observed during normoxia when combined with S4. This increase in doxorubicin efficacy
therefore appeared to depend on the levels of CAIX expression in normoxic HT29 cells. Doxo-
rubicin efficacy however was not modulated by S4 under hypoxic conditions, which are essen-
tial for full CAIX activation [24, 31]. Nevertheless, this could be due to an incomplete CAIX
inhibition that would still reduce the extracellular pH and thereby reduce doxorubicin uptake
and efficacy.

To validate the efficacy of S4 treatment in vivo experiments were conducted using the same
cell lines, since tumor hypoxic and acidic microenvironment might be an important factor
influencing the potential of S4 to enhance doxorubicin cytotoxicity. Similar to the previous
report [25] S4 monotherapy did not inhibit the growth of any of the tumor models included in
this study. These results are in line with histological evaluation of tumor microenvironmental

Fig 2. Effect of S4 on doxorubicin efficacy in HT29 –CAIX high and HT29 –CAIX low cells. Exposing HT29 cells to doxycycline (doxy) reduced
CA9mRNA levels during normoxia (N) and hypoxia (H), whereas VEGF levels were unaffected (A). CAIX protein levels minimized in HT29 –CAIX
low cells when exposed to doxycycline (B). Quantification of three independent biological repeats showed minimal residual CAIX protein expression
in HT29 –CAIX low cells as compared to parental cells or HT29 –CAIX high cells without a KD (C). Cell viability assays of HT29 –CAIX high (D) or
HT29 –CAIX low cells (E) with increasing concentrations of doxorubicin. Cells were exposed to vehicle (black) or S4 (green) during normoxia (N), or
to vehicle (red) or S4 (blue) during hypoxia (H). Results of three independent biological repeats are shown (mean ± SEM).

doi:10.1371/journal.pone.0161040.g002
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characteristics in SCCNij202 xenografts demonstrating that S4 treatment did not have an effect
on proliferation, apoptosis, necrosis, and hypoxia [32]. Taken together the data indicate that S4
lacks anti-cancer efficacy in vivo in primary tumors. Previously S4 has been described to reduce
migration of MDA-MB-231 tumor cells, and prevent invasion of ex vivo breast cancer spher-
oids [25, 27]. Furthermore, treatment of orthotopic MDA-MB-231 xenografts with S4 reduced
the number of spontaneous lung metastases [25]. In addition, it has been shown that S4 can
increase ectodomain shedding of CAIX, both in vitro and in vivo, although the exact relevance
and mechanism of this finding requires additional studies [30, 32].

In this study doxorubicin treatment was only effective in reducing tumor growth in the
MDA-MB-231 xenografts, whereas no effect was observed in the FaDu, HT29 –CAIX high and
HT29 –CAIX low tumor models. This difference between models is unlikely caused by any
intrinsic variation in doxorubicin sensitivity, as no differences were observed in vitro or in pre-
vious reports [33]. The tumor microenvironment might therefore be responsible for this differ-
ence in doxorubicin response. Quantification of the exogenous hypoxia marker pimonidazole
in FaDu xenografts revealed the average hypoxic fraction to range between 10–20% [34–36].
The hypoxic fraction of the subcutaneous HT29 –CAIX high tumors was also approximately
10% and increased to 20% in the HT29 –CAIX low tumors in previous experiments (data not
shown). In contrast however, orthotopic MDA-MB-231 xenografts implanted in the mammary
fat pad have a hypoxic fraction of only 5% [37], whereas the hypoxic fraction is estimated to be

Fig 3. Effect of S4, doxorubicin, or the combination of both, on MDA-MB-231 and FaDu tumor xenograft growth.
Relative tumor volume (mean ± SEM) of MDA-MB-231 (A) and FaDu (C) xenografts treated with vehicle (black), S4
(green), vehicle with doxorubicin (red), or S4 with doxorubicin (blue). Linear fits from relative tumor growth were used to
estimate the mean time to reach 5 times start volume (T5XSV) of MDA-MB-231 (B) or 7 times start volume (T7XSV) of
FaDu (D) xenografts. ** indicates statistical significance with p<0.01.

doi:10.1371/journal.pone.0161040.g003
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approximately 7% for subcutaneous tumors (data not shown). Hypoxic areas in tumors are
characterized by extracellular acidification, which would reduce doxorubicin uptake and
thereby decrease its efficacy. The relatively lower amount of hypoxia in MDA-MB-231 tumors
as compared to FaDu and HT29 tumors could therefore explain the reduced efficacy of doxo-
rubicin in the latter tumor model. Furthermore, the difference in doxorubicin efficacy between
HT29 and MDA-MB-231 tumors can likewise be explained by a relatively higher activity of
CAIX in HT29 cells as compared to the MDA-MB-231 cells [18], leading to a higher degree of
extracellular acidification and as a result reduced doxorubicin efficacy. This is further sup-
ported by the results obtained in spheroid models showing that MDA-MB-231 cells are more
sensitive to doxorubicin as compared to HT29 cells [38].

Treating HT29 tumor-bearing mice with doxorubicin was reported previously to be effec-
tive [19]. The lack of effect observed in this study might partly be explained by retention of
doxorubicin in the abdominal cavity after intraperitoneal injections [39], as opposed to intrave-
nous injections used previously [19]. This alternative administration route might therefore pre-
vent adequate distribution of doxorubicin to xenograft tumors with poorer vasculature and
higher hypoxic fraction, i.e. FaDu and HT29. We were unable to increase the doses of doxoru-
bicin in this study due to severe cardiac toxicity caused by doxorubicin after multiple treatment
cycles [40].

Fig 4. Effect of S4, doxorubicin, or the combination of both, on HT29 –CAIX high and HT29 –CAIX low tumor xenograft
growth.Relative tumor volume (mean ± SEM) of HT29 –CAIX high (A) or HT29 –CAIX low xenografts (B) treated with vehicle
(black), S4 (green), vehicle with doxorubicin (red), or S4 with doxorubicin (blue). Linear fits from relative tumor growth were
used to estimate the mean time to reach 2 times start volume (T2XSV) of HT29 –CAIX high (C) or HT29 –CAIX low (D)
xenografts.

doi:10.1371/journal.pone.0161040.g004
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In conclusion, treatment with the sulfamate CAIX inhibitor S4 has no monotherapeutic effect
and is unable to increase doxorubicin efficacy. In contrast, S4 abrogated the effect of doxorubicin
in MDA-MB-231 tumors. The mechanism underlying this reduction in doxorubicin efficacy
remains unclear. Nevertheless, these results, in combination with the pharmacokinetic character-
istics of S4 after oral and intravenous administration (S4 Fig) suggest sufficient concentrations of
S4 might have reached the tumor. Previously a different class of CAIX inhibitor has been shown
to increase doxorubicin efficacy and also exert an effect as single agent therapy [19]. These con-
tradictory findings stress the importance of further investigations to better understand the mech-
anism of action of different classes of CAIX inhibitors before being implemented as anti-cancer
agents in combination with standard treatment modalities such as doxorubicin treatment.

Supporting Information
S1 Fig. Cell viability assay of the HT29 –CAIX high and HT29 –CAIX low cells with 10%
FBS. Cell viability assays of HT29 –CAIX high (A) or HT29 –CAIX low cells (B) with increas-
ing concentrations of doxorubicin. Cells were exposed to vehicle (black) or S4 (green) during
normoxia (N), or to vehicle (red) or S4 (blue) during hypoxia (H). Results of three independent
biological repeats are shown (mean ± SEM).
(TIF)

S2 Fig. Relative total body weight of mice with different tumor xenografts.Mice were
implanted with MDA-MB-231 (A), FaDu (B), or HT29 –CAIX high (C) or HT29 –CAIX low
(D) xenografts. Relative total body weight (mean ± SEM) of mice treated with vehicle (black),
S4 (green), vehicle with doxorubicin (red), or S4 with doxorubicin (blue) showed no signs of
acute toxicity in any of the treatment groups for any of the included tumor models.
(TIF)

S3 Fig. Validation CAIX expression in HT29 –CAIX high and HT29 –CAIX low xeno-
grafts. CAIX expression (red) and pimonidazole-labelled hypoxia (green) in the HT29 –CAIX
high tumors, and the HT29 –CAIX low xenografts by addition of doxycycline in the drinking
water of the mice.
(TIF)

S4 Fig. Pharmacokinetic studies with S4. A single dose of S4 was administered either intrave-
nously (5 mg/kg) (A) or orally (50 mg/kg) (B) in male CD1 mice. S4 was dissolved in 12.5%
ethanol, 37.5% triethylene glycol, and 50% saline. Blood samples were taken at 7 different time
points (n = 3 mice per time point) after injection and plasma was isolated. Plasma was mixed
with methanol, centrifuged and the supernatant was transferred to mass spectrometry plate for
LC-MS/MS analysis. From the single intravenous administration several parameters could be
estimated (C). From the oral administration these parameters could not be estimated because
the concentration curve over time was too inaccurate. The curve after oral injection however
does suggest S4 to be slowly resorbed out of the intestine. Intraperitoneal injection of S4 might
therefore form a depot at the injection site, thereby only releasing limited concentrations in the
blood and eventually reaching the tumor. S4 might thereby only exert an effect in certain sensi-
tive tumor models. These studies were performed by Cyprotex Ltd. (Macclesfield, UK) as a
part of the EU 7th framework programMETOXIA (ref. 2008–222741) funded initiative.
(TIF)

S1 File. Raw data from cell viability assays doxorubicin with or without S4. The data of all
three independent biological repeats is included of all cell lines described in the manuscript.
(XLSX)
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S2 File. Raw data of CAIX and VEGF gene expression of the inducible genetic CA9 knock-
down HT29 cells.Q-PCR data of three independent repeats is included of HT29 –CAIX high
and HT29 –CAIX low cells exposed to normoxic and hypoxic conditions.
(XLSX)

S3 File. Measured tumor volume and total body weight of MDA-MB231 tumor-bearing
mice. Tumor volumes were normalized to start of treatment and tumor growth was fitted with
linear regression fits to extrapolate the time to reach 5 times start volume (T5xSV). Group 1 was
treated with vehicle, group 2 was treated with S4, group 3 was treated with doxorubicin in com-
bination with vehicle, and group 4 was treated with the combination of doxorubicin with S4.
(XLS)

S4 File. Measured tumor volume and total body weight of FaDu tumor-bearing mice.
Tumor volumes were normalized to start of treatment and tumor growth was fitted with linear
regression fits to extrapolate the time to reach 7 times start volume (T7xSV). Group 1 was
treated with vehicle, group 2 was treated with S4, group 3 was treated with doxorubicin in com-
bination with vehicle, and group 4 was treated with the combination of doxorubicin with S4.
(XLS)

S5 File. Measured tumor volume and total body weight of HT29 –CAIX high and HT29 –
CAIX low tumor-bearing mice. Tumor volumes were normalized to start of treatment and
tumor growth was fitted with linear regression fits to extrapolate time to reach 2 times start vol-
ume (T2xSV). Doxycycline (Doxy) was administered in the drinking water to induce a CAIX
knockdown. Doxorubicin is abbreviated as Doxo, where +/- indicates compound or vehicle
treatment, respectively.
(XLSX)

S6 File. Raw data of pharmacokinetic analyses of S4 administration. Concentration of S4
were measured at the indicated time points (n = 3 mice per time point) after both intravenous
and oral administration of S4.
(XLSX)

Acknowledgments
Authors would like to thank Professor Silvia Pastorekova (Institute of Virology, Slovak Academy
of Science, Slovak Republic) for providing us with the M75 antibody targeting CAIX. Authors
would also like to thank Professor Claudiu Supuran (University of Florence, Italy) for providing
us with S4. Pharmacokinetic studies were performed by Cyprotex Ltd. (Macclesfield, UK) as a
part of the EU 7th framework programMETOXIA (ref. 2008–222741) funded initiative.

Author Contributions

Conceived and designed the experiments: SK RG PL LD KW.

Performed the experiments: SK RG RN NL RB BT LD.

Analyzed the data: SK RG GH AY LD.

Wrote the paper: SK RG GH AY LD.

References
1. Hockel M, Vaupel P. Tumor hypoxia: definitions and current clinical, biologic, and molecular aspects. J

Natl Cancer Inst. 2001; 93(4):266–76. Epub 2001/02/22. PMID: 11181773.

Combination CAIX Inhibitor S4 with Doxorubicin

PLOS ONE | DOI:10.1371/journal.pone.0161040 August 11, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161040.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161040.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161040.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161040.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161040.s010
http://www.ncbi.nlm.nih.gov/pubmed/11181773


2. Pettersen EO, Ebbesen P, Gieling RG, Williams KJ, Dubois L, Lambin P, et al. Targeting tumour hyp-
oxia to prevent cancer metastasis. From biology, biosensing and technology to drug development: the
METOXIA consortium. J Enzyme Inhib Med Chem. 2015; 30(5):689–721. Epub 2014/10/28. doi: 10.
3109/14756366.2014.966704 PMID: 25347767.

3. Walsh JC, Lebedev A, Aten E, Madsen K, Marciano L, Kolb HC. The clinical importance of assessing
tumor hypoxia: relationship of tumor hypoxia to prognosis and therapeutic opportunities. Antioxid
Redox Signal. 2014; 21(10):1516–54. Epub 2014/02/12. doi: 10.1089/ars.2013.5378 PMID: 24512032;
PubMed Central PMCID: PMC4159937.

4. Dubois LJ, Niemans R, van Kuijk SJ, Panth KM, Parvathaneni NK, Peeters SG, et al. New ways to
image and target tumour hypoxia and its molecular responses. Radiother Oncol. 2015; 116(3):352–7.
Epub 2015/09/02. doi: 10.1016/j.radonc.2015.08.022 PMID: 26324018.

5. Ebbesen P, Pettersen EO, Gorr TA, Jobst G, Williams K, Kieninger J, et al. Taking advantage of tumor cell
adaptations to hypoxia for developing new tumormarkers and treatment strategies. J Enzyme Inhib Med
Chem. 2009; 24 Suppl 1:1–39. Epub 2009/04/03. doi: 10.1080/14756360902784425 PMID: 19330638.

6. Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 2004; 4
(11):891–9. Epub 2004/11/02. doi: 10.1038/nrc1478 PMID: 15516961.

7. van den Beucken T, Koritzinsky M, Niessen H, Dubois L, Savelkouls K, Mujcic H, et al. Hypoxia-
induced expression of carbonic anhydrase 9 is dependent on the unfolded protein response. J Biol
Chem. 2009; 284(36):24204–12. Epub 2009/07/01. doi: 10.1074/jbc.M109.006510 PMID: 19564335;
PubMed Central PMCID: PMC2782014.

8. Swietach P, Vaughan-Jones RD, Harris AL. Regulation of tumor pH and the role of carbonic anhydrase
9. Cancer Metastasis Rev. 2007; 26(2):299–310. Epub 2007/04/07. doi: 10.1007/s10555-007-9064-0
PMID: 17415526.

9. Svastova E, Hulikova A, Rafajova M, Zat'ovicova M, Gibadulinova A, Casini A, et al. Hypoxia activates
the capacity of tumor-associated carbonic anhydrase IX to acidify extracellular pH. FEBS Lett. 2004;
577(3):439–45. Epub 2004/11/24. doi: 10.1016/j.febslet.2004.10.043 PMID: 15556624.

10. Neri D, Supuran CT. Interfering with pH regulation in tumours as a therapeutic strategy. Nat Rev Drug
Discov. 2011; 10(10):767–77. Epub 2011/09/17. doi: 10.1038/nrd3554 PMID: 21921921.

11. van Kuijk SJ, Yaromina A, Houben R, Niemans R, Lambin P, Dubois LJ. Prognostic Significance of Car-
bonic Anhydrase IX Expression in Cancer Patients: A Meta-Analysis. Front Oncol. 2016; 6:69. Epub
2016/04/12. doi: 10.3389/fonc.2016.00069 PMID: 27066453; PubMed Central PMCID: PMC4810028.

12. Peeters SG, Dubois L, Lieuwes NG, Laan D, Mooijer M, Schuit RC, et al. [(18)F]VM4-037 MicroPET
Imaging and Biodistribution of Two In Vivo CAIX-Expressing Tumor Models. Mol Imaging Biol. 2015; 17
(5):615–9. Epub 2015/02/25. doi: 10.1007/s11307-015-0831-y PMID: 25708744; PubMed Central
PMCID: PMC4768225.

13. Akurathi V, Dubois L, Celen S, Lieuwes NG, Chitneni SK, Cleynhens BJ, et al. Development and biolog-
ical evaluation of (9)(9)mTc-sulfonamide derivatives for in vivo visualization of CA IX as surrogate
tumor hypoxia markers. Eur J Med Chem. 2014; 71:374–84. Epub 2014/01/01. doi: 10.1016/j.ejmech.
2013.10.027 PMID: 24378650.

14. Akurathi V, Dubois L, Lieuwes NG, Chitneni SK, Cleynhens BJ, Vullo D, et al. Synthesis and biological
evaluation of a 99mTc-labelled sulfonamide conjugate for in vivo visualization of carbonic anhydrase IX
expression in tumor hypoxia. Nucl Med Biol. 2010; 37(5):557–64. Epub 2010/07/09. doi: 10.1016/j.
nucmedbio.2010.02.006 PMID: 20610160.

15. Dubois L, Peeters S, Lieuwes NG, Geusens N, Thiry A, Wigfield S, et al. Specific inhibition of carbonic
anhydrase IX activity enhances the in vivo therapeutic effect of tumor irradiation. Radiother Oncol.
2011; 99(3):424–31. Epub 2011/06/17. doi: 10.1016/j.radonc.2011.05.045 PMID: 21676479.

16. Dubois L, Peeters SG, van Kuijk SJ, Yaromina A, Lieuwes NG, Saraya R, et al. Targeting carbonic
anhydrase IX by nitroimidazole based sulfamides enhances the therapeutic effect of tumor irradiation:
a new concept of dual targeting drugs. Radiother Oncol. 2013; 108(3):523–8. Epub 2013/07/16. doi:
10.1016/j.radonc.2013.06.018 PMID: 23849171.

17. Monti SM, Supuran CT, De Simone G. Anticancer carbonic anhydrase inhibitors: a patent review
(2008–2013). Expert Opin Ther Pat. 2013; 23(6):737–49. Epub 2013/05/16. doi: 10.1517/13543776.
2013.798648 PMID: 23672415.

18. Gieling RG, Parker CA, De Costa LA, Robertson N, Harris AL, Stratford IJ, et al. Inhibition of carbonic
anhydrase activity modifies the toxicity of doxorubicin and melphalan in tumour cells in vitro. J Enzyme
Inhib Med Chem. 2013; 28(2):360–9. Epub 2012/11/21. doi: 10.3109/14756366.2012.736979 PMID:
23163664.

19. Rami M, Dubois L, Parvathaneni NK, Alterio V, van Kuijk SJ, Monti SM, et al. Hypoxia-targeting car-
bonic anhydrase IX inhibitors by a new series of nitroimidazole-sulfonamides/sulfamides/sulfamates. J
Med Chem. 2013; 56(21):8512–20. Epub 2013/10/17. doi: 10.1021/jm4009532 PMID: 24128000.

Combination CAIX Inhibitor S4 with Doxorubicin

PLOS ONE | DOI:10.1371/journal.pone.0161040 August 11, 2016 12 / 14

http://dx.doi.org/10.3109/14756366.2014.966704
http://dx.doi.org/10.3109/14756366.2014.966704
http://www.ncbi.nlm.nih.gov/pubmed/25347767
http://dx.doi.org/10.1089/ars.2013.5378
http://www.ncbi.nlm.nih.gov/pubmed/24512032
http://dx.doi.org/10.1016/j.radonc.2015.08.022
http://www.ncbi.nlm.nih.gov/pubmed/26324018
http://dx.doi.org/10.1080/14756360902784425
http://www.ncbi.nlm.nih.gov/pubmed/19330638
http://dx.doi.org/10.1038/nrc1478
http://www.ncbi.nlm.nih.gov/pubmed/15516961
http://dx.doi.org/10.1074/jbc.M109.006510
http://www.ncbi.nlm.nih.gov/pubmed/19564335
http://dx.doi.org/10.1007/s10555-007-9064-0
http://www.ncbi.nlm.nih.gov/pubmed/17415526
http://dx.doi.org/10.1016/j.febslet.2004.10.043
http://www.ncbi.nlm.nih.gov/pubmed/15556624
http://dx.doi.org/10.1038/nrd3554
http://www.ncbi.nlm.nih.gov/pubmed/21921921
http://dx.doi.org/10.3389/fonc.2016.00069
http://www.ncbi.nlm.nih.gov/pubmed/27066453
http://dx.doi.org/10.1007/s11307-015-0831-y
http://www.ncbi.nlm.nih.gov/pubmed/25708744
http://dx.doi.org/10.1016/j.ejmech.2013.10.027
http://dx.doi.org/10.1016/j.ejmech.2013.10.027
http://www.ncbi.nlm.nih.gov/pubmed/24378650
http://dx.doi.org/10.1016/j.nucmedbio.2010.02.006
http://dx.doi.org/10.1016/j.nucmedbio.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/20610160
http://dx.doi.org/10.1016/j.radonc.2011.05.045
http://www.ncbi.nlm.nih.gov/pubmed/21676479
http://dx.doi.org/10.1016/j.radonc.2013.06.018
http://www.ncbi.nlm.nih.gov/pubmed/23849171
http://dx.doi.org/10.1517/13543776.2013.798648
http://dx.doi.org/10.1517/13543776.2013.798648
http://www.ncbi.nlm.nih.gov/pubmed/23672415
http://dx.doi.org/10.3109/14756366.2012.736979
http://www.ncbi.nlm.nih.gov/pubmed/23163664
http://dx.doi.org/10.1021/jm4009532
http://www.ncbi.nlm.nih.gov/pubmed/24128000


20. Crown J, Dieras V, Kaufmann M, von Minckwitz G, Kaye S, Leonard R, et al. Chemotherapy for meta-
static breast cancer-report of a European expert panel. Lancet Oncol. 2002; 3(12):719–27. Epub 2002/
12/11. PMID: 12473512.

21. Mahoney BP, Raghunand N, Baggett B, Gillies RJ. Tumor acidity, ion trapping and chemotherapeutics.
I. Acid pH affects the distribution of chemotherapeutic agents in vitro. Biochem Pharmacol. 2003; 66
(7):1207–18. Epub 2003/09/25. PMID: 14505800.

22. Raghunand N, Mahoney BP, Gillies RJ. Tumor acidity, ion trapping and chemotherapeutics. II. pH-
dependent partition coefficients predict importance of ion trapping on pharmacokinetics of weakly basic
chemotherapeutic agents. Biochem Pharmacol. 2003; 66(7):1219–29. Epub 2003/09/25. PMID:
14505801.

23. Wojtkowiak JW, Verduzco D, Schramm KJ, Gillies RJ. Drug resistance and cellular adaptation to tumor
acidic pH microenvironment. Mol Pharm. 2011; 8(6):2032–8. Epub 2011/10/11. doi: 10.1021/
mp200292c PMID: 21981633; PubMed Central PMCID: PMC3230683.

24. Dubois L, Douma K, Supuran CT, Chiu RK, van Zandvoort MA, Pastorekova S, et al. Imaging the hyp-
oxia surrogate marker CA IX requires expression and catalytic activity for binding fluorescent sulfon-
amide inhibitors. Radiother Oncol. 2007; 83(3):367–73. Epub 2007/05/16. doi: 10.1016/j.radonc.2007.
04.018 PMID: 17502120.

25. Gieling RG, Babur M, Mamnani L, Burrows N, Telfer BA, Carta F, et al. Antimetastatic effect of sulfa-
mate carbonic anhydrase IX inhibitors in breast carcinoma xenografts. J Med Chem. 2012; 55
(11):5591–600. Epub 2012/05/25. doi: 10.1021/jm300529u PMID: 22621623.

26. Winum JY, Carta F, Ward C, Mullen P, Harrison D, Langdon SP, et al. Ureido-substituted sulfamates
show potent carbonic anhydrase IX inhibitory and antiproliferative activities against breast cancer cell
lines. Bioorg Med Chem Lett. 2012; 22(14):4681–5. Epub 2012/06/23. doi: 10.1016/j.bmcl.2012.05.083
PMID: 22721713.

27. Ward C, Meehan J, Mullen P, Supuran C, Dixon JM, Thomas JS, et al. Evaluation of carbonic anhy-
drase IX as a therapeutic target for inhibition of breast cancer invasion and metastasis using a series of
in vitro breast cancer models. Oncotarget. 2015. Epub 2015/08/11. PMID: 26259239.

28. Rafajova M, Zatovicova M, Kettmann R, Pastorek J, Pastorekova S. Induction by hypoxia combined
with low glucose or low bicarbonate and high posttranslational stability upon reoxygenation contribute
to carbonic anhydrase IX expression in cancer cells. Int J Oncol. 2004; 24(4):995–1004. Epub 2004/03/
11. PMID: 15010840.

29. Peeters SG, Zegers CM, Biemans R, Lieuwes NG, van Stiphout RG, Yaromina A, et al. TH-302 in Com-
bination with Radiotherapy Enhances the Therapeutic Outcome and Is Associated with Pretreatment
[18F]HX4 Hypoxia PET Imaging. Clin Cancer Res. 2015; 21(13):2984–92. Epub 2015/03/26. doi: 10.
1158/1078-0432.CCR-15-0018 PMID: 25805800.

30. Hektoen HH, Ree AH, Redalen KR, Flatmark K. Sulfamate inhibitor S4 influences carbonic anhydrase
IX ectodomain shedding in colorectal carcinoma cells. J Enzyme Inhib Med Chem. 2015:1–8. Epub
2015/08/06. PMID: 26244271.

31. Dubois L, Lieuwes NG, Maresca A, Thiry A, Supuran CT, Scozzafava A, et al. Imaging of CA IX with
fluorescent labelled sulfonamides distinguishes hypoxic and (re)-oxygenated cells in a xenograft
tumour model. Radiother Oncol. 2009; 92(3):423–8. Epub 2009/07/21. doi: 10.1016/j.radonc.2009.06.
019 PMID: 19616332.

32. Meijer TW, Bussink J, Zatovicova M, Span PN, Lok J, Supuran CT, et al. Tumor microenvironmental
changes induced by the sulfamate carbonic anhydrase IX inhibitor S4 in a laryngeal tumor model.
PLoS One. 2014; 9(9):e108068. Epub 2014/09/17. doi: 10.1371/journal.pone.0108068 PMID:
25225880; PubMed Central PMCID: PMC4167542.

33. Hartlieb KJ, Witus LS, Ferris DP, Basuray AN, Algaradah MM, Sarjeant AA, et al. Anticancer activity
expressed by a library of 2,9-diazaperopyrenium dications. ACS Nano. 2015; 9(2):1461–70. Epub
2015/01/03. doi: 10.1021/nn505895j PMID: 25555133; PubMed Central PMCID: PMC4344210.

34. Santiago A, Eicheler W, Bussink J, Rijken P, Yaromina A, Beuthien-Baumann B, et al. Effect of cetuxi-
mab and fractionated irradiation on tumour micro-environment. Radiother Oncol. 2010; 97(2):322–9.
Epub 2010/07/30. doi: 10.1016/j.radonc.2010.07.007 PMID: 20667608.

35. Yaromina A, Quennet V, Zips D, Meyer S, Shakirin G, Walenta S, et al. Co-localisation of hypoxia and
perfusion markers with parameters of glucose metabolism in human squamous cell carcinoma (hSCC)
xenografts. Int J Radiat Biol. 2009; 85(11):972–80. Epub 2009/11/10. doi: 10.3109/
09553000903232868 PMID: 19895274.

36. Yaromina A, Zips D, Thames HD, Eicheler W, Krause M, Rosner A, et al. Pimonidazole labelling and
response to fractionated irradiation of five human squamous cell carcinoma (hSCC) lines in nude mice:
the need for a multivariate approach in biomarker studies. Radiother Oncol. 2006; 81(2):122–9. Epub
2006/09/08. doi: 10.1016/j.radonc.2006.08.010 PMID: 16956683.

Combination CAIX Inhibitor S4 with Doxorubicin

PLOS ONE | DOI:10.1371/journal.pone.0161040 August 11, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/12473512
http://www.ncbi.nlm.nih.gov/pubmed/14505800
http://www.ncbi.nlm.nih.gov/pubmed/14505801
http://dx.doi.org/10.1021/mp200292c
http://dx.doi.org/10.1021/mp200292c
http://www.ncbi.nlm.nih.gov/pubmed/21981633
http://dx.doi.org/10.1016/j.radonc.2007.04.018
http://dx.doi.org/10.1016/j.radonc.2007.04.018
http://www.ncbi.nlm.nih.gov/pubmed/17502120
http://dx.doi.org/10.1021/jm300529u
http://www.ncbi.nlm.nih.gov/pubmed/22621623
http://dx.doi.org/10.1016/j.bmcl.2012.05.083
http://www.ncbi.nlm.nih.gov/pubmed/22721713
http://www.ncbi.nlm.nih.gov/pubmed/26259239
http://www.ncbi.nlm.nih.gov/pubmed/15010840
http://dx.doi.org/10.1158/1078-0432.CCR-15-0018
http://dx.doi.org/10.1158/1078-0432.CCR-15-0018
http://www.ncbi.nlm.nih.gov/pubmed/25805800
http://www.ncbi.nlm.nih.gov/pubmed/26244271
http://dx.doi.org/10.1016/j.radonc.2009.06.019
http://dx.doi.org/10.1016/j.radonc.2009.06.019
http://www.ncbi.nlm.nih.gov/pubmed/19616332
http://dx.doi.org/10.1371/journal.pone.0108068
http://www.ncbi.nlm.nih.gov/pubmed/25225880
http://dx.doi.org/10.1021/nn505895j
http://www.ncbi.nlm.nih.gov/pubmed/25555133
http://dx.doi.org/10.1016/j.radonc.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20667608
http://dx.doi.org/10.3109/09553000903232868
http://dx.doi.org/10.3109/09553000903232868
http://www.ncbi.nlm.nih.gov/pubmed/19895274
http://dx.doi.org/10.1016/j.radonc.2006.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16956683


37. Franco M, Man S, Chen L, Emmenegger U, Shaked Y, Cheung AM, et al. Targeted anti-vascular endo-
thelial growth factor receptor-2 therapy leads to short-term and long-term impairment of vascular func-
tion and increase in tumor hypoxia. Cancer Res. 2006; 66(7):3639–48. Epub 2006/04/06. doi: 10.1158/
0008-5472.CAN-05-3295 PMID: 16585189.

38. Doillon CJ, Gagnon E, Paradis R, Koutsilieris M. Three-dimensional culture system as a model for
studying cancer cell invasion capacity and anticancer drug sensitivity. Anticancer Res. 2004; 24
(4):2169–77. Epub 2004/08/28. PMID: 15330157.

39. Nagai K, Nogami S, Egusa H, Konishi H. Pharmacokinetic evaluation of intraperitoneal doxorubicin in
rats. Pharmazie. 2014; 69(2):125–7. Epub 2014/03/20. PMID: 24640601.

40. Eckman DM, Stacey RB, Rowe R, D'Agostino R Jr., Kock ND, Sane DC, et al. Weekly doxorubicin
increases coronary arteriolar wall and adventitial thickness. PLoS One. 2013; 8(2):e57554. Epub 2013/
02/26. doi: 10.1371/journal.pone.0057554 PMID: 23437398; PubMed Central PMCID: PMC3578811.

Combination CAIX Inhibitor S4 with Doxorubicin

PLOS ONE | DOI:10.1371/journal.pone.0161040 August 11, 2016 14 / 14

http://dx.doi.org/10.1158/0008-5472.CAN-05-3295
http://dx.doi.org/10.1158/0008-5472.CAN-05-3295
http://www.ncbi.nlm.nih.gov/pubmed/16585189
http://www.ncbi.nlm.nih.gov/pubmed/15330157
http://www.ncbi.nlm.nih.gov/pubmed/24640601
http://dx.doi.org/10.1371/journal.pone.0057554
http://www.ncbi.nlm.nih.gov/pubmed/23437398

