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Genetic disruption of the pHi-regulating proteins Na+/H+ 
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ABSTRACT

Hypoxia and extracellular acidosis are pathophysiological hallmarks of aggressive 
solid tumors. Regulation of intracellular pH (pHi) is essential for the maintenance of 
tumor cell metabolism and proliferation in this microenvironment and key proteins 
involved in pHi regulation are of interest for therapeutic development. Carbonic 
anhydrase 9 (CA9) is one of the most robustly regulated proteins by the hypoxia 
inducible factor (HIF) and contributes to pHi regulation. Here, we have investigated 
for the first time, the role of CA9 via complete genomic knockout (ko) and compared 
its impact on tumor cell physiology with the essential pHi regulator Na+/H+ exchanger 
1 (NHE1). Initially, we established NHE1-ko LS174 cells with inducible CA9 
knockdown. While increased sensitivity to acidosis for cell survival in 2-dimensions 
was not observed, clonogenic proliferation and 3-dimensional spheroid growth in 
particular were greatly reduced. To avoid potential confounding variables with use 
of tetracycline-inducible CA9 knockdown, we established CA9-ko and NHE1/CA9-dko 
cells. NHE1-ko abolished recovery from NH4Cl pre-pulse cellular acid loading while 
both NHE1 and CA9 knockout reduced resting pHi. NHE1-ko significantly reduced tumor 
cell proliferation both in normoxia and hypoxia while CA9-ko dramatically reduced 
growth in hypoxic conditions. Tumor xenografts revealed substantial reductions in 
tumor growth for both NHE1-ko and CA9-ko. A notable induction of CA12 occurred 
in NHE1/CA9-dko tumors indicating a potential means to compensate for loss of 
pH regulating proteins to maintain growth. Overall, these genomic knockout results 
strengthen the pursuit of targeting tumor cell pH regulation as an effective anti-
cancer strategy.

INTRODUCTION

Solid tumors are distinguished from normal tissues 
by the presence of an acidic and hypoxic extracellular 
environment arising from exacerbated and predominantly 
glycolytic tumor cell metabolism. Thus, both hypoxia-
regulated and metabolism-related proteins are being 
pursued as cancer specific targets for therapeutic 
development (For a recent review refer to [1]). A 
key advantage that tumor cells posses in this harsh 
environment is an extremely efficient intracellular pH 
(pHi) regulating system. Maintenance of pHi is essential 
for a wide range of cellular functions (for a recent review 

of a range of pathologies impacted by pH disturbances 
see [2]) and tumor cells have proven to be exceptional 
at regulating their pHi in the face of extracellular (pHe) 
acidosis. Consequently, disruption of pHi regulation 
in tumor cells has been of great interest in the past 
decade [3].

After cellular buffering systems are exhausted 
(for a review of the importance of cellular buffering see 
[4]) secretion of H+ or uptake of HCO3

- is required to 
prevent acidification of pHi. The most robust and well 
described H+ secreting protein found in all cells is the 
Na+/H+-exchanger 1 (NHE1/SLC9A1). Early enthusiasm 
for the targeting of tumor cell pHi regulation as an 
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anti-cancer strategy was generated from mutated cells 
exhibiting exclusively glycolysis or respiration in the 
presence or absence of NHE1. Both in vitro and tumor 
xenografts using these cells demonstrated the essential 
nature of pHi regulation via NHE1 for both tumor 
initiation and growth [5–9]. This led to translational 
oncology studies using pharmacological inhibitors of 
NHE1 [10–12]. Unfortunately, toxicity due to NHE1 
inhibitors in concomitant cardiac clinical trials resulted in 
their abandonment in all areas of the clinic (see [3, 13] 
for a more extensive discussion). Despite this, NHE1 
continues to be investigated for its importance in tumor 
cell progression and in particular cell migration/metastasis 
and blockade of the H+ secreting strategy in cancer cells 
remains an attractive therapeutic target [14–17].

Contributions of CO2/HCO3
- balance to tumor 

pHi and pHe surged to the forefront of the literature 
following the discovery that the extracellular facing 
carbonic anhydrase 9 (CA9) is robustly regulated by 
hypoxia [18]. CA9 expression in normal physiology 
is limited to a small region of the gastrointestinal tract 
whereas it is overexpressed in numerous solid tumors 
and acts as a poor prognostic factor (for an extensive 
list see [19]). Confirmation that CA9 contributes to the 
control of pHi regulation in addition to acidification of 
pHe [20–23] prompted a widespread effort to develop 
pharmacological agents to target this almost exclusive 
cancer protein. Recent support for importance of HCO3

- 
uptake in tumor cells has strengthened the need to further 
understand CA9 activity in the tumor microenvironment 
[24, 25]. The majority of pre-clinical data for CA9 has 
involved mixed use of shRNA and various inhibitors 
with the greatest success being realized in syngeneic 
mouse tumor models [26]. Despite the intense interest in 
small molecule inhibitor development targeting CA9 (for 
extensive review refer to [19, 27]) no cellular knockout 
models have been reported to serve as validation tools in 
drug development. Progress has been made however and 
clinical trials targeting CA9 in solid tumors are currently 
ongoing [27].

Our goal in this study was two-fold. An unresolved 
question stemming from earlier work in our lab involving 
CA9 knockdown was whether NHE1 inhibition would 
synergize with disruption of CO2/HCO3

- regulating 
systems. Limitations of the ability to use NHE1 specific 
inhibitors and tetracycline for induction of shRNA [28, 
29] in mouse models led us to develop complete allelic 
disruption of either NHE1 (NHE1-ko), CA9 (CA9-ko) or 
both (NHE1/CA9-dko). This gene disruption approach 
validates the importance of CA9 in both in vitro and in vivo 
tumor progression, particularly in hypoxia. Interestingly, 
we observed that NHE1-ko has a dramatic impact on 
tumor cell growth both in normoxia and hypoxia however 
there is not a clear synergy with combined NHE1/CA9-
dko potentially due to a strong concomitant induction of 
CA12.

RESULTS

NHE1 knockout development

NHE1 knockout (NHE1-ko) mutations were 
achieved in LS174pTerCA9 [20] cells using Zinc Finger 
Nucleases (ZFN). Western blot analysis revealed that the 
glycosylated band of ~115kDa is the specific band for 
NHE1 with a non-specific band at 100kDa (Figure 1A). 
Cellular membrane enrichment protocols were performed 
to improve NHE1 signal with another membrane protein 
(LAT1) serving as an internal loading control. NHE1-ko 
clones (named NHE1-ko#1&#2) maintained the tetracycline 
(tet) inducible shRNA knockdown (kd) of CA9 (Figure 
1A lower panel). The LiCl H+-suicide technique, which 
takes advantage of the reversibility of Li+ transport 
via NHE1 to acid load cells [7] was used to confirm 
functional knockout of NHE1 activity in clonogenicity 
survival assays for NHE1-ko#1&#2 cells (Figure 1B). The 
NHE1 specific inhibitor HOE694 (100µM) was used as a 
control during LiCl H+-suicide experiments (Figure 1B). 
Therefore, although LS174 cells express mRNA for NHE2 
and NHE3 (Supplementary Figure 2), NHE1 appears to 
carry the dominant NHE activity in these cells. Effects of 
NHE1-ko on pHi regulation are discussed below. Genomic 
PCR screening and sequencing in the ZFN targeting 
region for NHE1 was performed to confirm disruption in 
two alleles (Figure 1C and Supplementary Figure 1).

Clonogenicity assays performed in normoxia (Nx) 
and hypoxia (Hx) revealed a reduction in proliferation 
with NHE1-ko but not to the same extent as tet-inducible 
CA9-kd (Figure 2A). A more extensive analysis of 
cell proliferation is provided below. Survival in acidic 
conditions was then assessed to determine if loss of 
NHE1 function renders LS174 cells more susceptible 
to acidic stress. Previously, we had demonstrated the 
survival advantage provided by Hx during acidosis in 
2-dimensional culture conditions [30]. We pursued a 
similar protocol for NHE1-ko cells and observed that 
there was minimal impact on cell survival at a wide range 
of acidic pH exposures and time points (data not shown). 
As LS174 cells have proven to be extremely resistant 
to acidosis [30], we exposed them to a drastic acidic 
treatment in combination with oligomycin (Figure 2B). 
CA9-kd did not have an impact on cell survival in either 
Nx or Hx. NHE1-ko increased cell death slightly (10%) in 
Nx conditions with no noticeable effect in Hx (Figure 2B). 
No synergy was observed with combined NHE1-ko and 
CA9-kd.

Impact of NHE1-ko and CA9-kd on 
3-dimensional growth

3-dimensional (3-D) spheroid growth experiments 
were performed to mimic aspects of the tumor 
microenvironment including hypoxia as has been 
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previously established [20, 24]. NHE1-ko dramatically 
altered the ability of LS174 cells to form compact 
spheroids resulting in a more diffuse morphological 
phenotype (Figure 3A). Differential spheroid growth was 
observed in external pH of 7.4 vs. 6.7 with maintenance 
of phenotypic differences between WT and NHE1-ko cells 
(Supplementary Figure 3A). NHE1-ko alone reduced 3-D 
proliferation by ~50% while CA9-kd reduced growth 
to a greater degree than NHE1-ko (Figure 3A, 3B). 
CA9-kd in spheroids was confirmed by WB analysis 
of protein extracts obtained at the time of cell counting 
(Supplementary Figure 3B). Despite the considerable 
impact on 3-D proliferation, appreciable differences in 
cell viability were not observed with either NHE1-ko or 
CA9-kd (Figure 3C).

CA9 knockout development, cell proliferation 
and pHi regulation

In light of recent concerns over the use of tetracyclines 
due to their inhibition of mitochondrial function [28, 29], we 
wished to develop CA9 knockout cells (CA9-ko) to avoid 
confounding metabolic disruptions when assessing the 
combined disruption of CA9 and NHE1. CA9-ko cells were 
created from WT cells using CRISPR-cas9 and subsequent 
ZFN targeting of NHE1 was performed to obtain NHE1/
CA9 double knockout (dko) cells. Western blot analysis was 
used to observe the different protein knockouts achieved 
(Figure 4A). Genomic sequencing confirmed the knockout 
mutations introduced by CRISPR-Cas9 (Supplementary 
Figure 1). Cell proliferation assays performed in Nx and 

Figure 1: Generation of NHE1 knockouts (NHE1-ko) in LS174 cells via genomic disruption using ZFN 
targeting. Ai. WB analysis of NHE1-ko generation in clones derived from ZFN transfection and subsequent H+-suicide. LAT1 was used as 
an internal loading control as WB was performed on membrane enriched cell extracts. Aii. WB confirming maintenance of the tetracycline 
(tet) inducible knockdown of CA9 (CA9-kd) in NHE1-ko cells. B. H+-suicide using LiCl confirmed functional removal of NHE1 activity in 
NHE1-ko#1&#2 cells compared to WT cells as determined by clonogenicity survival assays. The NHE1 specific inhibitor HOE694 (100µM) 
was applied to control cells for comparison purposes. C. Genomic PCR screening was used to confirm the mutated alleles introduced via 
ZFN. Genomic sequence data is provided in Supplementary Data (Supplementary Figure 1).
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Hx revealed classical exponential growth curves with data 
from day 6 being represented for simplicity (Figure 4B). 
WT cells were unaffected by presence of the general CA 
inhibitor acetazolamide (ACTZ, 100μM) (Figure 4B). 
NHE1-ko significantly reduced cell proliferation by a similar 
magnitude in Nx and Hx compared to WT cells while CA9-
ko dramatically reduced proliferation in Hx but to a much 
lesser extent in Nx. Combining CA9-kd (tetracycline) in 
NHE1-ko cells significantly decreased proliferation in Nx 
but did not alter growth in Hx. NHE1/CA9-dko cells grew at 
the same rate as single NHE1-ko cells in Nx while growing 

at a slightly lower but non-significant rate in Hx as compared 
to CA9-ko cells (Figure 4B).

Cells grown in hypoxia were monitored for resting 
pHi and pHi recovery characteristics following acid-
loading with NH4Cl pre-pulse using the pHi fluorescent 
indicator SNARF-1 and confocal microscopy. NHE1-
ko, CA9-ko and NHE1/CA9-dko cells displayed a lower 
resting pHi (between 0.2-0.4 pH units) compared to WT 
cells (Figure 5A). NHE1-ko completely abolished pHi 
recovery from NH4Cl pre-pulse induced acidosis while 
expression of CA9 did not alter pHi recovery (Figure 5A). 

Figure 2: NHE1-ko and CA9-kd reduces clonogenic proliferation but does not substantially affect cell survival during 
acidic stress. A. Clonogenicity in Nx and Hx conditions revealed a decreased proliferation rate in NHE1-ko cells compared to WT. CA9-
kd reduced clonogenic proliferation more dramatically than NHE1-ko in both Nx and Hx. B. NHE1-ko marginally increased cell death upon 
exposure to extracellular acidosis and the OXPHOS inhibitor oligomycin (1μg/ml) in Nx only while CA9-kd did not affect cell survival 
in isolation or in combination with NHE1-ko (Nx and Hx). Significant differences compared to Ctl (-) tet are represented by an ‘*’ for Nx 
conditions (p<0.05). No significant differences were observed between Hx conditions.
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Analysis of pHi recovery rates indicated the essential 
nature of NHE1 for recovery from intracellular acidosis 
(Figure 5B) despite the gene expression of other NHE 
isoforms mentioned above (NHE2/3; Supplementary 
Figure 2). The NHE1 specific inhibitor HOE694 was 
used to confirm the absence of pHi recovery from NH4Cl 
induced acidosis (data not shown).

NHE1-ko and CA9-ko dramatically reduce 
growth of tumor xenografts

As NHE1-ko cells demonstrated a notable 
disruption of 3-D spheroid growth, we performed tumor 

xenograft studies to observe the impact in an in vivo 
model. Tumor xenograft initiation was reduced by 40% 
in CA9-ko and NHE1/CA9-dko groups while 100% 
initiation occurred in WT and NHE1-ko tumors. NHE1-
ko reduced tumor growth to an even greater extent 
(~70%) than what was observed for in vitro cell growth 
(Figure 6A). CA9-ko resulted in the most substantial 
tumor growth reduction (~90%) while NHE1/CA9-dko 
tumors grew at a surprisingly greater rate than both 
NHE1-ko and CA9-ko tumors. Protein extracts from 
tumor xenografts confirmed that the NHE1 and CA9 
knockout phenotype induced by ZFN and CRISPR-cas9 
was maintained (Figure 6B and Supplementary Figure 4). 

Figure 3: NHE1-ko and CA9-kd significantly impact 3-D spheroid growth characteristics. A. 3-D spheroid growth 
(pHe 6.7) demonstrated reduced proliferation and altered morphology in NHE1-ko cells. CA9-kd (+tet) dramatically reduced 3-D 
proliferation with no apparent morphological alterations. Two independent NHE1-ko clones are presented to indicate the consistency of 
NHE1-ko. B. Summary of combined experiments showing significant reductions in 3-D proliferation with NHE1-ko and even further 
decreases with CA9-kd. A synergistic effect of NHE1-ko and CA9-kd was only observed in one NHE1-ko cell line. Statistical differences 
compared to Ctl (-tet) are represented by an ‘*’ while an ‘#’ represents differences compared to Ctl (+tet) (p<0.05) C. Summary of cell 
viability in 3-D growth assays showing minimal impacts on viability with either NHE1-ko or CA9-kd.
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In addition, a striking increase of CA12 expression was 
observed in NHE1/CA9-dko tumor extracts (Figure 6B). 
CA2 was also increased in CA9-ko tumors and this 
increase was maintained in NHE1/CA9-dko tumors 
(Figure 6B).

DISCUSSION

Tumor cell pH regulation has been a major theme 
in the understanding of cellular function within the 
tumor microenvironment. It is now clear that hypoxia 

Figure 4: Generation of CA9-ko cells using CRISPR-cas9 to create single and NHE1/CA9 double knockout cell lines: 
impact on proliferation in Nx and Hx. A. WB showing protein expression patterns for HIF1, NHE1, CA9, CA12 and loading controls 
(Actin, ARD1) in CA9-ko, NHE1-ko and NHE1/CA9-dko generated cells in comparison to WT cells from Nx and Hx growth conditions. 
B. Cellular proliferation assays from day 6 represented as fold increase standardized to the starting number of cells at 24h post-plating. 
Proliferation in Nx and Hx are presented on the same figure. The general CA inhibitor acetazolamide (ACTZ, 100μM) was used for 
comparative purposes. Statistical differences are indicated by an asterisk ‘*’ as compared to WT cells with analyses occurring in Nx and Hx 
assays individually. P values less than 0.05 are represented as ‘*’ while p values less than 0.001 are represented by ‘**’. Proliferation data 
were obtained from duplicate measurements on 3-4 independent experiments.
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drives numerous adaptations that protect tumor cells 
in acidic surroundings. These hypoxic alterations 
combine with inherent cellular machinery to provide 
a robust pHi regulating capacity. Thus, the essential 
nature of stable pHi for cellular function has led to 

the desire to disrupt pHi regulation in cancer cells for 
novel therapeutic development. CA9 has been at the 
forefront of therapeutic development due to its nearly 
exclusive tumor expression pattern and induction by 
hypoxia.

Figure 5: NHE1-ko abolishes HCO3
- independent pHi recovery from an acid-load while altering resting pHi along with 

CA9-ko. A. NH4Cl pre-pulse was used to acidify pHi and observe Na+-dependent pHi recovery in WT, NHE1-ko, CA9-ko and NHE1/
CA9-dko cells. Each curve represents averaged values from a representative set of experiments. To improve ease of visualization, error bars 
are only provided for WT and NHE1/CA9-dko cells (-/+ SD). B. Statistical summary of pHi recovery rates in different cell types following 
acidosis. Recovery rates were calculated from the initiation of pHi recovery (see methods for further details). Values that are significantly 
different from WT cells are noted by an ‘*’. The total number of cells used for summary analyses were as follows: WT n=255, NHE1-ko 
n=178, CA9-ko n=91, NHE1/CA9-dko n=133.
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Studies involving CA9 knockdown from our group 
and others established that CA9 contributes to tumor 
cell proliferation in vitro and in vivo and this has been 
linked to its role in regulating pHi [20, 26, 31]. CA9 also 
plays a role in the metastatic capacity of tumor cells due 
to its catalytic generation of H+ in the extracellular space 
[26, 32, 33]. CA9 is also now implicated as an important 
protein in the generation of cancer stem cells (CSCs) 
[34–37]. Furthermore, CA9 disruption has been shown to 
be effective individually and to synergize with classical 
therapeutic approaches such as radiation [38, 39] and 
chemotherapy [31]. Our CA9-ko cells confirm previous 
reports for the important role of CA9 in promoting colon 
tumor cell proliferation. We have further confirmed this 
in another ongoing CA9-ko study involving lung cancer 
cells (unpublished data). Importantly, in light of recent 
concerns raised for the use of tetracylines to achieve 
gene knockdown [28, 29], our CA9-ko cells provide 
confirmation that off target effects due to mitochondria 
dysfunction were not responsible for reduced tumor 
growth with CA9 knockdown in previous studies. By 
characterizing these CA9-ko cells in terms of both in 
vitro and in vivo growth we believe that they will become 
valuable tools for future pharmacological development, 
particularly in the ability to determine potential off-target 
effects with novel inhibitors.

Due to the established pro-survival role of hypoxia 
in acidic cell culture conditions, we were keen to 

investigate if a combination of NHE1 and CA9 removal 
would lead to greater cell death. Somewhat surprisingly, 
we observed no increase in cell death for NHE1-ko/CA9-
kd cells grown in hypoxic and extremely acidic conditions 
in the presence of oligomycin. This does however align 
with previous considerations of the difficulty to achieve 
an adequately low pHi required to kill a tumor cell as 
compared to putting it into a static state by disruption 
of pHi regulating proteins [3]. Therefore it appears that 
treatment development strategies to slow tumor cell 
growth based on pH disturbance techniques will require 
combination with known cellular killing agents to improve 
efficacy. However, we must interpret 2-dimensional 
culture results with caution and encourage greater in vivo 
assessment of cell survival pathways in the 3-dimensional 
tumor microenvironment for pHi disrupting anti-cancer 
strategies.

3-dimensional spheroids revealed noticeable 
differences in morphology with NHE1-ko lacking the 
ability to grow in a compact formation compared to WT 
cells (Figure 3). This could indicate that NHE1 plays 
an important role in controlling tumor cell-cell contact 
mechanisms. Both NHE1 and CA9 have indeed been 
implicated in a number of studies regarding the migratory/
invasive capacity of tumor cells [40, 41] suggesting a role 
in cell adhesion processes. Unfortunately, colon cancer 
cell models are essentially non-migratory and are therefore 
not amenable to adequately test migration. However, the 

Figure 6: Knockout of NHE1 and CA9 significantly impairs tumor xenograft progression in a non-synergistic manner. 
A. Tumor growth curves (mm3) over time for mice injected with WT, CA9-ko, NHE1-ko or NHE1/CA9-dko cells. Statistical differences 
(p<0.05) compared to WT tumors are represented by ‘*’. ‘**’ Represents statistical differences from both NHE1-ko and NHE1/CA9-dko 
tumors. B. WB analysis of tumor extracts for carbonic anhydrase isoforms 2, 9 and 12 (CA 2/9/12). Two protein-loading controls (ARD1 
and HSP90) are provided for comparison purposes. 2 independent tumors are represented for each cell type. Additional tumor extracts were 
used in other WB to confirm these results.
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role of NHE1 in cell-cell contact and the ability to grow in 
3-dimensions represents an interesting initiation point for 
future research.

Previously, an analysis of pHi regulation for 8 cancer 
cell lines revealed a dominant NHE activity in response to 
acid loading that was reduced upon hypoxia incubation 
[16]. Hypoxia inhibition of NHE was reversible and did 
not appear to involve post-translational modification of 
NHE1 leading to speculation that de-phosphorylation 
events are linked to a hypoxic inhibition of NHE. We 
have also observed an apparent hypoxia limitation of 
NHE1 activity in a survival assays based on resistance 
to NH4Cl pre-pulse acid-loading (Unpublished data). 
Modification of NHE1 activity by hypoxia would have 
potential implications for understanding its importance 
in the tumor microenvironment. However, as strong 
acute acid-load events such as those induced by NH4Cl 
pre-pulse are unlikely to be experienced within tumors, 
it appears that NHE1 activity (to maintain resting pHi) is 
indeed fundamental for growth in hypoxia as we observed 
significant decreases with NHE1-ko in both in vitro 
hypoxia assays and in tumor xenograft experiments. 
Furthermore, concerns have been raised previously about 
the acidic pH of the tumor microenvironment limiting 
NHE1 activity. In vitro data suggests acidic pHe levels 
found in tumors would not substantially limit NHE1 
activity [16, 30]. Our tumor xenograft growth studies 
showing the importance of NHE1 further strengthen the 
validity for a functional NHE1 within the in vivo hypoxic 
and acidic tumor microenvironment. Comparatively, 
NHE1 knockout was performed recently in the triple-
negative breast cancer model cell line MDA-MB-231 
where a strong reduction in tumor xenograft growth was 
also observed [42]. However, in these breast cancer cells, 
NHE1-ko strongly reduced tumor formation whereas 
this was not observed in our colon cancer cell studies 
indicating that cell specific responses to NHE1 disruptions 
likely exist. NHE1-ko in breast cancer cell growth has also 
been recently extended to studies on MCF7 and MDA-
MB-231 spheroids [15].

Our use of the aggressively growing LS174 tumor 
cell xenograft model revealed striking tumor growth 
reductions in both NHE1-ko and CA9-ko conditions. 
This ability to use genomic knockout models further 
reveals the importance of pH regulating proteins in 
tumor development. Interestingly, the NHE1/CA9-dko 
tumors grew better than single knockout cells. Protein 
analysis from tumor extracts revealed a strong induction 
of another important extracellular CA in cancer, CA12, 
in NHE1/CA9-dko tumors (Figure 6B). Previously, we 
have observed increases in CA12 expression in response 
to shRNA reduction of CA9 expression or CA9 inhibitors 
[20, 38, 43]. CA12 has also been described to compensate 
physiologically for CA9 loss in terms of pH regulation 
and growth [20]. We postulate that the strong induction 
of CA12 in our NHE1/CA9-dko tumor samples could 

explain the improved growth rate compared to CA9-ko 
and NHE1-ko cells. Although, the underlying mechanisms 
for CA12 induction remain unknown, this is a key event 
to further explore in the complex network of intra and 
extra-cellular CAs and their regulation by pH and/or 
pCO2. This topic is currently under investigation in our 
laboratory with a series of CA knockout combinations. 
The fact that we did not observe a strong induction of 
CA12 in vitro with NHE1/CA9-dko (Figure 4) suggests 
that there are components of the tumor microenvironment, 
perhaps extracellular acidosis, that play an important role 
in signaling the induction of compensatory pH regulating 
proteins. Furthermore, we observed that CA2 was 
increased in CA9-ko and NHE1/CA9-dko tumor extracts 
(Figure 6B). This could be explained by the studies from 
Boron’s group describing how directional movement of 
CO2 can be enhanced via a ‘push’ (intracellular CA) or 
‘pull’ (extracellular CA) mechanism [44–46]. The capacity 
for colon tumor cells to induce compensatory CA isoforms 
in the face of CA9 and/or NHE1 disruption will require 
consideration in future inhibitor development.

In summary, we have provided cellular knockout 
models to demonstrate that both NHE1 and CA9 act as 
important proteins for colon tumor cell progression. This 
occurs both in vitro and in vivo however CA9 plays a 
dominant role in hypoxia while the contribution of NHE1 
appears to act independently of O2 status. Interestingly, 
synergistic effects of NHE1 and CA9 combined 
knockout were not observed in vivo, potentially due to 
a notable increase in CA12 expression which demands 
further attention in future studies. Our work supports 
the development of therapeutics targeting pH-regulating 
proteins as a useful means to slow tumor progression. 
However, apparent redundancy and induction of 
compensatory pH regulating proteins must be assessed 
and the continued generation of genome-altered cell 
lines for pH-related proteins should greatly benefit drug 
development.

MATERIALS AND METHODS

Cell Culture and reagents

Human colon adenocarcinoma cells (LS174) 
were originally kindly provided by Dr. Van de Wetering 
(Utrecht, the Netherlands) and have been verified by 
DNA profiling. Inducible silencing cells using tetracycline 
(LS174pTerCA9) were generated and described previously 
[20]. Cells were maintained under classical culture 
conditions using DMEM supplemented with 7.5% FBS, 
penicillin (10 U/mL), and streptomycin (10 μg/mL) and 
were checked regularly for mycoplasma. Normoxia (Nx) 
cell culture was performed in a classical 37°C, 5%CO2 
incubator with hypoxia (Hx) exposure was performed in 
a Ruskinn workstation with oxygen being replaced by 
nitrogen to achieve 1% O2 conditions.
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Genomic disruption of NHE1 using ZFN

LS174WT and LS174pTerCA9 cells were 
transfected with Zinc Finger Nuclease (ZFN) plasmids 
targeting exon 2 of the SLC9A1 (NHE1) gene according 
to manufacturer protocol (Sigma-Aldrich, Saint-Louis, 
MO). To increase efficiency of obtaining NHE1 knockout 
(NHE1-ko) cells, co-transfection of GFP was performed 
and cell sorting was performed on a FACS ARIA. Sorted 
cells were allowed 7 days to recover and then the LiCl 
H+-suicide technique was used as described previously [7] 
to select for NHE1 mutated cells. Individual clones were 
selected and re-exposed to H+-suicide (2x). The NHE1 
specific inhibitor HOE694 (100µM) was used as a control 
in H+-suicide manipulations. Other experiments monitoring 
NHE1 functional activity involved the NH4Cl pre-pulse 
acid-loading and recovery technique described previously 
[47]. Sequencing of genomic DNA to confirm complete 
allelic mutations leading to NHE1-ko (Supplementary 
Figure) was performed using primers provided by Sigma 
(Primers 5’-3’; F: CAGTCCGACGTCTTCTTCCT; R: 
TGGATTTGGGTTTGTACCGT).

Genomic disruption of CA9 using CRISPR-Cas9

LS174WT cells were transfected with PX458 
plasmids containing CRISPR-Cas9 targeting regions of 
the first exon of the carbonic anhydrase 9 (CA9) gene 
using JetPRIME (Polyplus). The pSpCas9(BB)-2A-
GFP (PX458) plasmid was a gift from Dr. Feng Zhang 
(Addgene plasmid # 48138) [48]. The sgRNA sequence 
that we cloned into the vector to target CA9 was: 5’ 
GGGGAATCCTCCTGCATCCG 3’. As the PX458 
plasmid contains GFP, cells were first immediately 
sorted using flow cytometry to obtain cells containing 
the CRISPR-Cas9. Following this, cells were grown 
in hypoxia (1% O2), labeled with antibodies targeting 
CA9 and the negative cells were selected to enrich the 
population for potential CA9 knockout (CA9-ko) cells. 
Negative CA9 selection was performed twice and followed 
by classical clonal selection and screening. Sequencing of 
genomic DNA to confirm the mutations leading to CA9-ko 
(Supplementary Figure) was performed using lab-designed 
primers (5’-3’; F: CAGCTCTCGTTTCCAATGC; R: 
GGAGCCTCAACAGTAGGTAG). NHE1/CA9-dko 
cells were then created by adding the ZFN targeting 
NHE1 to confirmed CA9-ko cells and following the 
selection procedures described above with confirmation 
via genomic sequencing.

Cell proliferation and cell death

Cell proliferation was determined in 6-well plates 
(starting with 2.5x104 cells/well) grown in Nx or Hx 
over 5 days. At each time point, cells were trypsinized 
and counted using a Coulter Z1 (Beckman). The cell 
proliferation index (defined as fold increase) was 

determined as a fold increase in relation to the cell number 
obtained 24h (day “0”) following initial cell seeding. In 
certain experimental manipulations, cells were exposed 
to varying acidic growth conditions to assess viability 
following previously described techniques [30]. Cell 
death was monitored by propidium-iodide (PI) uptake on 
an ADAM (NanoEnTek) as per manufacturer protocols. 
ADAM was also used for spheroid proliferation assays 
(see below).

Spheroid assays

Three-dimensional spheroid growth assays were 
performed using the previously described hanging drop 
technique [20, 24]. Spheroids were grown in media with 
a pH of 7.4 or 6.7. To monitor spheroid growth and cell 
viability, spheroids were dissociated with accutase and 
measured using the Adam as described above. Individual 
data points involved pooling 8 spheroids per condition. 
This was performed in duplicate and the experiment was 
repeated a minimum of three times.

Western blotting

Analysis of protein expression via Western Blotting 
was performed as described previously [30]. The primary 
antibodies used included NHE1/SLC9A1 (Santa-cruz), 
CA9 (M75, Bayer), CA12 (Sigma), CA2 (Sigma), and 
HIF1α [49] with ARD1 [50] and β-Actin (Pierce) being 
used as internal protein loading controls. To improve 
NHE1 signal, a cell membrane enrichment was performed 
with centrifugation. LAT1 (KE026 TransGenic Inc.) was 
used as a loading control for membrane preparations.

Confocal SNARF pHi measurements

Cells were grown on glass coverslips in hypoxia 
and fluorescent pHi measurements were performed 
using a Carboxy-SNARF1-AM (Excitation: 543 nm; 
Dual emission: 585 nm/640 nm; 15 min dye loading 
at a working concentration of 10µM) on a confocal 
microscope as previously described [24]. Recovery from 
pHi acidification induced by NH4Cl pre-pulse was used 
to monitor NHE1 activity and resting pHi status using 
previously described buffers [30].

Tumor xenograft assays

Tumor xenografts were performed as recently 
described [51] with each modified LS174 cell line (1 × 106 
cells) being re-suspended in 300 μL of serum-free DMEM 
supplemented with insulin–transferrin–selenium (Life 
Technologies) and injected subcutaneously into the back 
of 8-week-old female athymic mice (Janvier). Animal care 
and housing complied with the EU directive and ethical 
criteria (2010/63/EU) with each cage containing 5 mice 
in an enriched environment. Food and water were given 
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ad libitum, and the litter was changed on a weekly basis. 
Approval by the local animal care committee (Veterinary 
Service and Direction of Sanitary and Social Action of 
Monaco; Dr. H. Raps, Centre Scientifique de Monaco, 
Monaco) was obtained for the animal experimentation 
protocol. Tumor dimensions were measured three 
times a week using calipers, and the tumor volume was 
determined by using the formula: (4π/3) × L/2 × W/2 × 
H/2 (L, length; W, width; and H, height). When the tumor 
volume reached 1000 mm3, mice were euthanized, and 
the tumors were excised. Protein extraction from tumors 
followed previously described protocols [51].

Statistics

Data are represented as the mean ± SD or SE (see 
figure legends for details). Whenever statistical analyses 
were performed, there was a minimum of 3 experimental 
replicates. Student’s T-tests were performed with statistical 
significance set at P < 0.05.

FUNDING AND ACKNOWLEDGMENTS

SKP, YC, and JD are funded by the Centre Scientifique 
de Monaco and a Grant from GEMLUC (JP). The authors 
would like to thank Ludovic Cervera and CytoMed at 
the IRCANs’ Flow Cytometry Facility for cell sorting 
assistance. The materials of CytoMed were supported 
by the Conseil Général 06, the FEDER, the Ministère de 
l’Enseignement Supérieur, the Région Provence Alpes-Côte 
d’Azur and the INSERM. We would like to thank the team 
of Dr. Sylvie Tambutté (CSM) for the use of the confocal 
microscope to perform pHi measurements and in particular 
the assistance of Dr. Alex Venn.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Parks SK, Cormerais Y, Marchiq I and Pouyssegur J. 
Hypoxia optimises tumour growth by controlling nutrient 
import and acidic metabolite export. Molecular aspects of 
medicine. 2016; 47-48:3-14.

2. Parker MD and Boron WF. The divergence, actions, roles, 
and relatives of sodium-coupled bicarbonate transporters. 
Physiological reviews. 2013; 93:803-959.

3. Parks SK, Chiche J and Pouyssegur J. Disrupting proton 
dynamics and energy metabolism for cancer therapy. Nature 
reviews Cancer. 2013; 13:611-623.

4. Swietach P, Vaughan-Jones RD, Harris AL and Hulikova A. 
The chemistry, physiology and pathology of pH in cancer. 
Philosophical transactions of the Royal Society of London 
Series B, Biological sciences. 2014; 369:20130099.

5. L’Allemain G, Paris S and Pouyssegur J. Growth factor 
action and intracellular pH regulation in fibroblasts. 
Evidence for a major role of the Na+/H+ antiport. The 
Journal of biological chemistry. 1984; 259:5809-5815.

6. Pouyssegur J, Franchi A and Pages G. pHi, aerobic 
glycolysis and vascular endothelial growth factor in tumour 
growth. Novartis Foundation symposium. 2001; 240:186-
196; discussion 196-188.

7. Pouyssegur J, Sardet C, Franchi A, L’Allemain G and Paris 
S. A specific mutation abolishing Na+/H+ antiport activity 
in hamster fibroblasts precludes growth at neutral and acidic 
pH. Proceedings of the National Academy of Sciences of 
the United States of America. 1984; 81:4833-4837.

8. Lagarde AE, Franchi AJ, Paris S and Pouyssegur JM. 
Effect of mutations affecting Na+: H+ antiport activity on 
tumorigenic potential of hamster lung fibroblasts. Journal of 
cellular biochemistry. 1988; 36:249-260.

9. Rotin D, Steele-Norwood D, Grinstein S and Tannock I. 
Requirement of the Na+/H+ exchanger for tumor growth. 
Cancer research. 1989; 49:205-211.

10. Luo J and Tannock IF. Inhibition of the regulation of 
intracellular pH: potential of 5-(N,N-hexamethylene) 
amiloride in tumour-selective therapy. British journal of 
cancer. 1994; 70:617-624.

11. Newell K, Wood P, Stratford I and Tannock I. Effects of agents 
which inhibit the regulation of intracellular pH on murine 
solid tumours. British journal of cancer. 1992; 66:311-317.

12. Rotin D, Wan P, Grinstein S and Tannock I. Cytotoxicity of 
compounds that interfere with the regulation of intracellular 
pH: a potential new class of anticancer drugs. Cancer 
research. 1987; 47:1497-1504.

13. Karmazyn M. NHE-1: still a viable therapeutic target. J Mol 
Cell Cardiol. 2013; 61:77-82.

14. Amith SR, Wilkinson JM and Fliegel L. Na+/H+ exchanger 
NHE1 regulation modulates metastatic potential and 
epithelial-mesenchymal transition of triple-negative breast 
cancer cells. Oncotarget. 2016; 7:21091-113. doi: 10.18632/
oncotarget.8520.

15. Andersen AP, Flinck M, Oernbo EK, Pedersen NB, 
Viuff BM and Pedersen SF. Roles of acid-extruding ion 
transporters in regulation of breast cancer cell growth in a 
3-dimensional microenvironment. Mol Cancer. 2016; 15:45.

16. Hulikova A, Harris AL, Vaughan-Jones RD and Swietach 
P. Regulation of intracellular pH in cancer cell lines under 
normoxia and hypoxia. Journal of cellular physiology. 2013; 
228:743-752.

17. Counillon L, Bouret Y, Marchiq I and Pouyssegur J. 
Na(+)/H(+) antiporter (NHE1) and lactate/H(+) symporters 
(MCTs) in pH homeostasis and cancer metabolism. 
Biochimica et biophysica acta. 2016; 1863:2465-2480.

18. Wykoff CC, Beasley NJ, Watson PH, Turner KJ, Pastorek 
J, Sibtain A, Wilson GD, Turley H, Talks KL, Maxwell PH, 
Pugh CW, Ratcliffe PJ and Harris AL. Hypoxia-inducible 



Oncotarget10236www.impactjournals.com/oncotarget

expression of tumor-associated carbonic anhydrases. Cancer 
research. 2000; 60:7075-7083.

19. Neri D and Supuran CT. Interfering with pH regulation in 
tumours as a therapeutic strategy. Nat Rev Drug Discov. 
2011; 10:767-777.

20. Chiche J, Ilc K, Laferriere J, Trottier E, Dayan F, Mazure 
NM, Brahimi-Horn MC and Pouyssegur J. Hypoxia-
inducible carbonic anhydrase IX and XII promote tumor 
cell growth by counteracting acidosis through the regulation 
of the intracellular pH. Cancer research. 2009; 69:358-368.

21. Swietach P, Patiar S, Supuran CT, Harris AL and Vaughan-
Jones RD. The role of carbonic anhydrase 9 in regulating 
extracellular and intracellular ph in three-dimensional tumor 
cell growths. The Journal of biological chemistry. 2009; 
284:20299-20310.

22. Swietach P, Wigfield S, Cobden P, Supuran CT, Harris 
AL and Vaughan-Jones RD. Tumor-associated carbonic 
anhydrase 9 spatially coordinates intracellular pH in 
three-dimensional multicellular growths. The Journal of 
biological chemistry. 2008; 283:20473-20483.

23. Svastova E, Hulikova A, Rafajova M, Zat’ovicova M, 
Gibadulinova A, Casini A, Cecchi A, Scozzafava A, 
Supuran CT, Pastorek J and Pastorekova S. Hypoxia 
activates the capacity of tumor-associated carbonic 
anhydrase IX to acidify extracellular pH. FEBS letters. 
2004; 577:439-445.

24. Parks SK and Pouyssegur J. The Na(+)/HCO3(-) 
Co-Transporter SLC4A4 Plays a Role in Growth and 
Migration of Colon and Breast Cancer Cells. Journal of 
cellular physiology. 2015; 230:1954-1963.

25. McIntyre A, Hulikova A, Ledaki I, Snell C, Singleton D, 
Steers G, Seden P, Jones D, Bridges E, Wigfield S, Li JL, 
Russell A, Swietach P and Harris AL. Disrupting Hypoxia-
Induced Bicarbonate Transport Acidifies Tumor Cells 
and Suppresses Tumor Growth. Cancer research. 2016; 
76:3744-3755.

26. Lou Y, McDonald PC, Oloumi A, Chia S, Ostlund C, 
Ahmadi A, Kyle A, Auf dem Keller U, Leung S, Huntsman 
D, Clarke B, Sutherland BW, Waterhouse D, et al. Targeting 
tumor hypoxia: suppression of breast tumor growth and 
metastasis by novel carbonic anhydrase IX inhibitors. 
Cancer research. 2011; 71:3364-3376. 

27. McDonald PC, Chafe SC and Dedhar S. Overcoming 
Hypoxia-Mediated Tumor Progression: Combinatorial 
Approaches Targeting pH Regulation, Angiogenesis and 
Immune Dysfunction. Frontiers in cell and developmental 
biology. 2016; 4:27.

28. Chatzispyrou IA, Held NM, Mouchiroud L, Auwerx 
J and Houtkooper RH. Tetracycline antibiotics impair 
mitochondrial function and its experimental use confounds 
research. Cancer research. 2015; 75:4446-4449.

29. Moullan N, Mouchiroud L, Wang X, Ryu D, Williams 
EG, Mottis A, Jovaisaite V, Frochaux MV, Quiros PM, 
Deplancke B, Houtkooper RH and Auwerx J. Tetracyclines 

Disturb Mitochondrial Function across Eukaryotic Models: 
A Call for Caution in Biomedical Research. Cell Rep. 2015.

30. Parks SK, Mazure NM, Counillon L and Pouyssegur J. 
Hypoxia promotes tumor cell survival in acidic conditions 
by preserving ATP levels. Journal of cellular physiology. 
2013; 228:1854-1862.

31. McIntyre A, Patiar S, Wigfield S, Li JL, Ledaki I, Turley 
H, Leek R, Snell C, Gatter K, Sly WS, Vaughan-Jones 
RD, Swietach P and Harris AL. Carbonic anhydrase IX 
promotes tumor growth and necrosis in vivo and inhibition 
enhances anti-VEGF therapy. Clin Cancer Res. 2012; 
18:3100-3111.

32. Estrella V, Chen T, Lloyd M, Wojtkowiak J, Cornnell 
HH, Ibrahim-Hashim A, Bailey K, Balagurunathan 
Y, Rothberg JM, Sloane BF, Johnson J, Gatenby 
RA and Gillies RJ. Acidity generated by the tumor 
microenvironment drives local invasion. Cancer research. 
2013; 73:1524-1535.

33. Gieling RG, Babur M, Mamnani L, Burrows N, Telfer 
BA, Carta F, Winum JY, Scozzafava A, Supuran CT and 
Williams KJ. Antimetastatic effect of sulfamate carbonic 
anhydrase IX inhibitors in breast carcinoma xenografts. 
Journal of medicinal chemistry. 2012; 55:5591-5600.

34. Ledaki I, McIntyre A, Wigfield S, Buffa F, McGowan S, 
Baban D, Li JL and Harris AL. Carbonic anhydrase IX 
induction defines a heterogeneous cancer cell response to 
hypoxia and mediates stem cell-like properties and sensitivity 
to HDAC inhibition. Oncotarget. 2015; 6:19413-19427. doi:  
10.18632/oncotarget.4989.

35. Lock FE, McDonald PC, Lou Y, Serrano I, Chafe SC, 
Ostlund C, Aparicio S, Winum JY, Supuran CT and Dedhar 
S. Targeting carbonic anhydrase IX depletes breast cancer 
stem cells within the hypoxic niche. Oncogene. 2013; 
32:5210-5219.

36. Papi A, Storci G, Guarnieri T, De Carolis S, Bertoni S, 
Avenia N, Sanguinetti A, Sidoni A, Santini D, Ceccarelli 
C, Taffurelli M, Orlandi M and Bonafe M. Peroxisome 
proliferator activated receptor-alpha/hypoxia inducible 
factor-1alpha interplay sustains carbonic anhydrase IX and 
apoliprotein E expression in breast cancer stem cells. PloS 
one. 2013; 8:e54968.

37. Pore N, Jalla S, Liu Z, Higgs B, Sorio C, Scarpa A, 
Hollingsworth R, Tice DA and Michelotti E. In Vivo Loss 
of Function Screening Reveals Carbonic Anhydrase IX as 
a Key Modulator of Tumor Initiating Potential in Primary 
Pancreatic Tumors. Neoplasia. 2015; 17:473-480.

38. Doyen J, Parks SK, Marcie S, Pouyssegur J and Chiche 
J. Knock-down of hypoxia-induced carbonic anhydrases 
IX and XII radiosensitizes tumor cells by increasing 
intracellular acidosis. Frontiers in oncology. 2012; 2:199.

39. Dubois L, Peeters S, Lieuwes NG, Geusens N, Thiry A, 
Wigfield S, Carta F, McIntyre A, Scozzafava A, Dogne JM, 
Supuran CT, Harris AL, Masereel B and Lambin P. Specific 
inhibition of carbonic anhydrase IX activity enhances the 



Oncotarget10237www.impactjournals.com/oncotarget

in vivo therapeutic effect of tumor irradiation. Radiother 
Oncol. 2011; 99:424-431.

40. Schwab A, Fabian A, Hanley PJ and Stock C. Role of ion 
channels and transporters in cell migration. Physiological 
reviews. 2012; 92:1865-1913.

41. Sedlakova O, Svastova E, Takacova M, Kopacek J, 
Pastorek J and Pastorekova S. Carbonic anhydrase IX, a 
hypoxia-induced catalytic component of the pH regulating 
machinery in tumors. Front Physiol. 2014; 4:400.

42. Amith SR, Wilkinson JM, Baksh S and Fliegel L. The 
Na(+)/H(+) exchanger (NHE1) as a novel co-adjuvant 
target in paclitaxel therapy of triple-negative breast cancer 
cells. Oncotarget. 2015; 6:1262-1275. doi: 10.18632/
oncotarget.2860.

43. Morris JC, Chiche J, Grellier C, Lopez M, Bornaghi LF, 
Maresca A, Supuran CT, Pouyssegur J and Poulsen SA. 
Targeting hypoxic tumor cell viability with carbohydrate-
based carbonic anhydrase IX and XII inhibitors. Journal of 
medicinal chemistry. 2011; 54:6905-6918.

44. Musa-Aziz R, Occhipinti R and Boron WF. Evidence 
from simultaneous intracellular- and surface-pH transients 
that carbonic anhydrase IV enhances CO2 fluxes across 
Xenopus oocyte plasma membranes. Am J Physiol Cell 
Physiol. 2014; 307:C814-840.

45. Musa-Aziz R, Occhipinti R and Boron WF. Evidence from 
simultaneous intracellular- and surface-pH transients that 
carbonic anhydrase II enhances CO2 fluxes across Xenopus 
oocyte plasma membranes. Am J Physiol Cell Physiol. 
2014; 307:C791-813.

46. Occhipinti R, Musa-Aziz R and Boron WF. Evidence 
from mathematical modeling that carbonic anhydrase 
II and IV enhance CO2 fluxes across Xenopus oocyte 
plasma membranes. Am J Physiol Cell Physiol. 2014; 
307:C841-858.

47. Franchi A, Cragoe E, Jr. and Pouyssegur J. Isolation and 
properties of fibroblast mutants overexpressing an altered 
Na+/H+ antiporter. The Journal of biological chemistry. 
1986; 261:14614-14620.

48. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA and 
Zhang F. Genome engineering using the CRISPR-Cas9 
system. Nat Protoc. 2013; 8:2281-2308.

49. Trastour C, Benizri E, Ettore F, Ramaioli A, Chamorey E, 
Pouyssegur J and Berra E. HIF-1alpha and CA IX staining in 
invasive breast carcinomas: prognosis and treatment outcome. 
International journal of cancer. 2007; 120:1451-1458.

50. Bilton R, Mazure N, Trottier E, Hattab M, Dery MA, 
Richard DE, Pouyssegur J and Brahimi-Horn MC. Arrest-
defective-1 protein, an acetyltransferase, does not alter 
stability of hypoxia-inducible factor (HIF)-1alpha and is 
not induced by hypoxia or HIF. The Journal of biological 
chemistry. 2005; 280:31132-31140.

51. Cormerais Y, Giuliano S, LeFloch R, Front B, Durivault 
J, Tambutte E, Massard PA, de la Ballina LR, Endou H, 
Wempe MF, Palacin M, Parks SK and Pouyssegur J. 
Genetic Disruption of the Multifunctional CD98/LAT1 
Complex Demonstrates the Key Role of Essential Amino 
Acid Transport in the Control of mTORC1 and Tumor 
Growth. Cancer research. 2016; 76:4481-4492.


