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Pyruvate dehydrogenase kinase 1 (PDHK1) and carbonic anhydrase IX (CAIX) are some of the most hypoxia-inducible
proteins associated with tumors, implicated in glucose metabolism and pH regulation, respectively. They both appear to
be necessary for model tumor growth, and their high level of expression in human tumors predicts poor patient outcome.
Another thing they have in common is that hypoxia not only induces their expression but also their enzymatic activity.
This work therefore simultaneously targets these two hypoxia-inducible proteins either pharmacologically or genetically
in vitro and in vivo, leading to decreased cancer cell survival and significantly slower model tumor growth. It also suggests
that CAIX and PDHKI are important for cells originating from a colorectal primary tumor, as well as from its metastasis.
Moreover, our analysis reveals a unique relationship between these two HIF-1 target genes. In conclusion, the attributes of
PDHKI1 and CAIX predict them to be promising targets for the design of new, specific inhibitors that could negatively influ-
ence tumor cell proliferation and survival, or increase efficacy of standard treatment regimens, and at the same time avoid

normal tissue toxicity.
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Hypoxia, or decreased tissue oxygen partial pressure, is
a well-known phenomenon in cancer. Its primary cause is
worsened blood supply to tumors rapidly outgrowing the
adjacent vasculature but it can also be caused by fluctu-
ating blood flow in the aberrant newly formed tumor
vessels [1]. Cancer cells in the hypoxic environment make
a coordinated response to the oxygen-restricted condi-
tions. The HIF (hypoxia-inducible factor) transcription
factor, a heterodimer consisting of an oxygen-dependent o
subunit and a constitutive B subunit, is the main mediator
of this response. The molecular mechanism underlying the
selectivity for hypoxia is the oxygen-dependent degrada-
tion domain (ODDD) of HIF-a, which is responsible for its
normoxic degradation and hypoxic stabilization [2]. Under
normoxic conditions, HIF-a protein is rapidly targeted for
ubiquitin-mediated degradation by the proteasome, because
the HIF-a ODDD possesses two proline residues which are
hydroxylated in the presence of oxygen by prolyl hydroxy-
lases. The hydroxyproline residues are then recognized by
von Hippel-Lindau tumor suppressor protein (pVHL), the
recognition element of a multicomponent ubiquitin ligase
that ubiquitinates and targets HIF-a for proteolysis by the

ubiquitin-proteasome pathway [3]. During hypoxia, when
oxygen as a substrate for prolyl hydroxylases becomes limited,
HIF-a protein evades hydroxylation and degradation, and
is stabilized. Then, it translocates to the nucleus along with
HIF-B where they generate a transcriptional response to
hypoxia together by binding to hypoxia-response elements
(HREs) in the promoter/enhancer regions of target genes
[3]. About 100 direct HIF target genes have been identi-
fied so far. For example, HIF-1 isoform activation shifts
metabolism from oxidative to glycolytic in both hypoxic as
well as oxygenated regions of the tumor (Warburg effect) by
upregulating expression of glycolytic enzymes and glucose
transporters [4]. Considering the relative inefficiency of
glycolysis in ATP production compared to mitochondrial
oxidative phosphorylation (OXPHOS), this adaptation in
cellular bioenergetics does not appear logical. But it seems
that by switching to glycolytic metabolism, cancer cells bring
the demand for oxygen closer to the restricted supply and
conserve it for cells even further away from its source [5], as
well as provide intermediates for anabolic reactions neces-
sary for sustained proliferation [6], while maintaining suffi-
cient energy production and benefiting the tumor as a whole.
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Apart from directly upregulating glycolysis, mitochon-
drial function is also actively downregulated by HIF-1,
through the induction of pyruvate dehydrogenase kinase
1 and 3 (PDHKI1, PDHK3) [7-9] that inhibit pyruvate
dehydrogenase (PDH), a gate-keeping enzyme to the tricar-
boxylic acid-cycle (TCA) in mitochondria. PDH is inhibited
by phosphorylation of its three inhibitory serine residues
(Site 1 = Ser293, Site 2 = Ser300, Site 3 = Ser232). Interest-
ingly, PDHK1 isoform is indispensable for the phosphoryla-
tion of serine 232 [10]. When pyruvate derived from glucose
cannot be converted to acetyl-CoA by PDH, it is preferen-
tially broken down to lactate by lactate dehydrogenase in the
cytoplasm (LDH; another HIF-1 target gene [11]). There-
fore, PDHKSs likewise support glycolysis at the expense of
OXPHOS. However, excess lactate poses a threat to the
neutral intracellular environment. Apart from lactic acid,
other significant sources of acidity in tumors are protons and
carbon dioxide [12]. HIF induces a number of proton trans-
porters [13], and CO, is neutralized in a reaction generating
HCOs5 and H* by carbonic anhydrase enzymes (CAs). Of
these, transmembrane CAIX (with an extracellular catalytic
site) is almost exclusively related to cancer and is also a HIF-1
target gene [14]. Intracellular CO, freely diffuses to extra-
cellular space where CAIX converts it to bicarbonate and
proton, thus contributing to acidification of extracellular pH.
But at the same time, it prevents acidification of the intra-
cellular milieu, because the CAIX-generated bicarbonate is
transported into the cell by bicarbonate transporters, where
it neutralizes intracellular pH [15]. Standard neutral intra-
cellular pH combined with low extracellular pH promote an
aggressive tumor phenotype.

Hypoxia-inducible PDHK1 and CAIX both appear to be
necessary for model tumor growth, and their high level of
expression in human tumors predicts poor patient outcome
[16-18]. Another characteristic they share is that hypoxia
not only induces their expression but also their activity
[10, 19-21]. This work therefore attempts to target these
two highly HIF-1 responsive genes in vitro as well as in
vivo, because their attributes predict them to be promising
new targets for the design of specific inhibitors that could
negatively influence tumor cell proliferation and survival,
and at the same time avoid normal tissue toxicity or increase
efficacy of standard treatment regimens.

Materials and methods

Cell lines and cell culture. Human colorectal carci-
noma RKO cell line, RKO control, RKO shPDHKI, and
human pancreatic carcinoma SU.86.86 control and SU.86.86
shPDHK1 cell lines were a kind gift from Dr. Nicholas Denko
(Ohio State University, Columbus, OH). Human colorectal
adenocarcinoma SW480 cell line and metastatic SW620 cell
line derived from the same patient were purchased from
ATCC. Cells were grown in DMEM medium (Merck) with
10% FCS in high glucose (25 mM) or low glucose (5 mM).

Hypoxia (0.5-1% O,) was achieved in an Invivo, humidified
hypoxia workstation (Ruskinn Technologies).

Generation of knockout cell lines. RKO knockout cell
lines were generated using the CRISPR/Cas9 technique. To
create PDHK1 knockouts, RKO cells were co-transfected
with pX335-crisprPDHK1 A, pX335-crisprPDHK1 B, and
pTK-Hygro using TurboFect (Thermo Fisher Scientific),
followed by selection in 500 pug/ml hygromycin B (Sigma-
Aldrich) (control cells were co-transfected with empty
pX335 vector and pTK-Hygro). To create CAIX knockouts
and double PDHK1-CAIX knockouts, RKO cells and RKO
PDHKI1 knockout cells, respectively, were transfected with
pX459-crisprCAIX using TurboFect, followed by selec-
tion in 1 pg/ml puromycin (Sigma-Aldrich) (control cells
were transfected with empty pX459 vector). Drug-resistant
colonies were tested by Western blotting, and four positive
clones were randomly pooled for study. The PDHK1 gRNA/
Cas9nickase pX335 plasmid generation was described
previously [10]. The CAIX gRNA/Cas9nuclease plasmid
(pX459-crisprCAIX) was generated by introducing targeting
sequence 5" ATGCAGGAGGATTCCCCCTT 3’ into the BbsI
site in pSpCas9(BB)-2A-Puro (PX459) (Addgene plasmid #
48139).

Cell viability assays. RKO cells were plated in a 96-well
plate at 25000 cells/well and preincubated in hypoxia (1% O,)
overnight (to induce CAIX and PDHK1). The following day,
inhibitors were added in fresh complete DMEM medium and
incubated for 24 hours in normoxia. 100 pM 4-aminometh-
ylbenzenesulfonamide (homosulfanilamide, HSFA) (Sigma-
Aldrich) was used as a cell-impermeable carbonic anhydrase
inhibitor and 10mM dichloroacetate (DCA) (Sigma-
Aldrich) as a general pyruvate dehydrogenase inhibitor, plus
their combination. To assess viability, CellTiter-Blue reagent
(Promega) was added, cells were incubated for additional 3
hours, and fluorescence (530(25)g/590(35)ex) intensity was
measured using the Synergy H4 microplate reader (BioTek).

For colony formation assay, 100 cells/well were plated in
a 6-well plate in complete DMEM medium. The following
day, medium was changed to high-glucose (25 mM), high-
glutamine (4 mM) DMEM medium with or without 1 mM
pyruvate, and low-glucose (5 mM), low-glutamine (1 mM)
DMEM medium with or without pyruvate, and cells were left
to grow for two weeks in normoxic conditions, after which
the surviving colonies were fixed and stained with 0.25%
crystal violet in ethanol (Sigma-Aldrich).

Western blotting and antibodies. Lysates were generated
in RIPA buffer containing protease and phosphatase inhibi-
tors (5 mM sodium fluoride, 2 mM [-glycerophosphate,
ImM sodium orthovnadate, 1 mM phenylmethylsulfonyl
fluoride, and Complete Mini protease inhibitor cocktail
(Roche)), and 50 pg of total proteins were separated in
8-10% SDS-PAGE and blotted to PVDE. Antibodies used
were for CAIX (M75 hybridoma medium produced in our
laboratory, 1:5), PDHK1 (1:4000, Assay Designs), pSer232-
PDH (1:2000, Merck), total PDH (1:2000, Abcam), HIF-1a
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(1:500, BD), LDHA (1:10000, Cell Signaling Technology),
B-actin (1:10000, Cell Signaling Technology), and a-tubulin
(1:10000, Sigma-Aldrich). Primary antibodies were detected
with fluorochrome-labeled secondary antibodies (Li-Cor)
and visualized on Li-Cor Odyssey or with HRP secondary
antibodies (1:4000, Santa Cruz) and visualized with ECL on
film.

Tumor growth delay. 2x10°, 3x10°, or 4x10° cells were
injected s.c. into the flanks of 6-16-week old female nude
mice (six tumors per cell type, in triplicate experiments), and
caliper measurements of two perpendicular diameters were
used to monitor tumor volumes (volume=(d,) x (d,)? x 0.52).
Three random tumors per cell type were harvested in RIPA
and analyzed by Western blotting as described above. Error
bars represent the standard error of the mean. All animal
experiments were performed following protocols approved
by the State Veterinary and Food Administration of the
Slovak Republic (project 292/16-221g).

Statistical analyses. The data are presented as mean *
standard deviation (SD) or standard error of the mean (SEM)
where indicated. For comparison between two groups, they
were tested by two-tailed Student’s t-test and by two-way
ANOVA for tumor growth curves. The p-value <0.05 was
considered significant. The analyses were performed using
Prism, version 7 (GraphPad, La Jolla, CA).

Results

PDHK1 and CAIX expression pattern. The hypoxic
signature of cancer cells poses many problems to the treat-
ment of cancer. Hypoxic tumors are more resistant to chemo-
therapy, radiation, and even surgery. Additionally, hypoxia
induces a number of genes responsible for increased invasion,
aggressiveness, and metastases. However, the expression of
HIF target genes is not universal and does not always overlap.
To compare PDHK1 and CAIX expression, we first employed
a Genevestigator analysis of selected genes across public
microarray datasets [22] (Figure 1). Among selected genes
were four HIF-1 targets: CA9 (carbonic anhydrase IX gene),
PDK1 (PDHKI1 gene; PDK is an alternative abbreviation for
PDHK), PDK3 (PDHK3 gene), and CA12 (transmembrane
carbonic anhydrase XII gene). The selection also included
related genes, such as CAS5A (mitochondrial carbonic
anhydrase VA gene), PDK2 and PDK4 (PDHK2 and 4 genes),
PDP] and PDP2 (pyruvate dehydrogenase phosphatase 1
and 2 that activate PDH by dephosphorylation), and CA2
(cytoplasmic carbonic anhydrase II gene). The first evident
detail from the comparison is a very similar CA9 and PDKI
gene expression pattern. Both are downregulated or upregu-
lated by the same chemicals, in a number of neoplasms, and
in siRNA studies (Figure 1). Interestingly, two other related
HIF-1 target genes, PDK3 and CAI2, do not share this
expression pattern. They are co-expressed with PDKI and
CA9 only in samples where HIF-1 levels are manipulated
directly, either by deferoxamine (iron chelator that stabilizes

HIF-a by inhibition of prolyl-hydroxylases) or by silencing of
HIF-1a (Figure 1).

Nevertheless, protein expression of PDHK1 and CAIX
does not match in healthy tissues according to the Human
Integrated Protein Expression Database (HIPED, residing
in GeneCards®, www.genecards.org) created from publicly-
available mass spectrometry-based proteomics sources.
Based on the data, CAIX expression is restricted to the
gastrointestinal tract (such as the stomach, cardia, and colon)
and secretory tissues (gallbladder, Langerhans islets), while
PDHKI1 expression is much wider, covering blood cells and
immune tissue (B-lymphocytes, CD4 and CD8 T cells, plate-
lets, lymph node, tonsil), frontal cortex, retina, heart, bone,
gastrointestinal tissues (esophagus, cardia, stomach, colon,
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Figure 1. PDHKI1 and CAIX are coexpressed in samples from diverse
microarray datasets. Expression pattern heat map of CA9 (CAIX gene),
PDKI1 (PDHKI1 gene), CA5A (CAVA gene), PDK2-4 (PDHK2-4 genes),
PDPI1-2 (PDP1-2 genes), CA12 (CAXII gene), and CA2 (CAII gene) cre-
ated with Genevestigator from public microarray datasets. Red color sig-
nifies upregulation, while green indicates downregulation of expression.
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liver), adipocytes, testis, secretory tissue (salivary gland,
adrenal gland, breast, pancreas, placenta, Langerhans islets),
and skin. It thus seems that CAIX is a better tumor marker
than PDHK]1 due to its limited protein expression in healthy
tissues. However, it is unknown whether PDHKI1 kinase
activity towards serine 232 on PDH, which is preferentially
induced in hypoxia, couldn’t serve as an equally distinctive
indicator of malignancy [10].

Effect of PDHK and extracellular CA inhibition on cell
viability. Since both PDHK1 and CAIX are important for
tumor growth and often co-expressed in different neoplasms,
it would be beneficial to try manipulating them in order to
reverse tumor adaptation and negatively influence tumor cell
proliferation and survival. Reversing tumor adaptation by
making cancer cells more normal-like should make them less
aggressive or be potentially toxic as such a change shouldn’t
be able to sustain their proliferation rates. To test this hypoth-
esis, we first treated RKO colorectal carcinoma cells with
4-homosulfanilamide (HSFA, 4-aminomethylbenzenesul-
fonamide, CAIX and CAXII inhibitor) and dichloroacetate
(DCA, pan-PDHK inhibitor), separately and in combina-
tion. DCA is a synthetic analogue of pyruvate and a general
PDHKI1-4 inhibitor (there is no PDHKI-specific inhib-
itor). PDHK2 and PDHK4 are the most sensitive to DCA,
followed by PDHK1 and then PDHK3 [23]. DCA transiently
changes glycolytic metabolism to oxidative by activating
PDH through PDHK inhibition. HSFA is a membrane-
impermeable sulfonamide analogue, therefore inhibiting
only CAs with extracellular catalytic domains, such as CAIX
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Figure 2. Simultaneous pan-PDHK and transmembrane CA inhibi-
tion appears to have a modestly synergistic effect on RKO cell viability.
CellTiter-Blue viability assay of RKO cells treated with 100 pyM homosul-
fanilamide (HSFA, CAIX and CAXII inhibitor), 10 mM dichloroacetate
(DCA, pan-PDHK inhibitor), and their combination for 24 hours (data
represented as mean + SD; two-tailed Student’s t-test).

and CAXII [24]. 24-hour treatment with HSFA did not result
in reduced viability of RKO cells, while DCA decreased cell
viability by 20% (Figure 2). However, when both inhibitors
were used together, there was a slightly enhanced effect on
viability, with an additional 10% decrease compared to cells
treated with DCA alone (Figure 2).

Expression of PDHK1 and CAIX is mutually influenced.
After the encouraging results from pharmacologic inhibition
of PDHKSs and transmembrane CAs, we decided to prepare
PDHKI1, CAIX, and double (PDHK1 and CAIX) knockout
cells using the CRISPR/Cas9 genome editing technology. We
established stable RKO cell lines with knocked-out PDHK1
(PDHK1-/CAIX+), CAIX (PDHKI+/CAIX-), or both
(PDHK1-/CAIX-) (Figure 3A). Interestingly, expression
of these two proteins was mutually influenced. Absence of
PDHKI led to decreased CAIX expression, while knocking
out CAIX similarly reduced PDHKI levels (Figure 3A).
A possible explanation is the absence of HIF-1a transcrip-
tion factor that induces their expression [9, 14] (Figure 3A).
Reduced PDHKI1 expression in CAIX knockouts however
wasn't reflected in decreased phosphorylation of serine 232
on PDH. This PDH-inhibitory site was phosphorylated only
in hypoxia (the total PDH level remained the same in all the
samples), and only in RKO cells positive for PDHKI1. This
confirms the previously published results in pancreatic carci-
noma cells that PDHKI is indispensable for PDH serine 232
phosphorylation and is active towards this site specifically
under hypoxic conditions, where it significantly reduces
PDH activity and OXPHOS [10].

We were also able to reproduce the effect of PDHKI1
downregulation on CAIX expression after silencing of
PDHK1 with shRNA in RKO colorectal carcinoma cells
(Figure 3B), as well as in the pancreatic carcinoma SU.86.86
cell line (Figure 3C). Interestingly, expression of CAIX was
decreased even more than PDHK1 after PDHKI1 silencing in
RKO cells (Figure 3B) and about the same in SU.86.86 cells
(Figure 3C). In both cases, silencing of PDHKI removed
serine 232-PDH phosphorylation almost completely, just
like in the case of PDHKI1 knockouts, even though the
PDHKI1 protein levels were still relatively high, especially
in RKO cells (Figure 3B). In this case, HIF-1a levels were
affected only slightly by PDHK1 silencing, and the decrease
was obvious only in low-glucose (5 mM) conditions that
reflected in PDHKI1 and CAIX expression as well (LG,
Figure 3C).

PDHKI1 is important for cancer cell survival under
nutrient-restricted conditions. We next used our estab-
lished knockout RKO cancer cell lines in a clonogenic
survival assay, where we wanted to see how cells without
PDHK1 and/or CAIX would fare under stressful conditions
of nutrient deprivation, as are typical for hypoxic tumors
because of their poor blood perfusion. We let equal number
of cells grow for two weeks in full culture medium (25 mM
glucose, 4 mM glutamine, 1 mM pyruvate) or under
nutrient-limited conditions (5 mM glucose, 1 mM gluta-
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Figure 3. Genetic PDHK1 downregulation decreases CAIX expression. A) Western blots of control (PDHK1+/CAIX+), PDHKI1 knockout (PDHK1-/
CAIX+), CAIX knockout (PDHK1+/CAIX-), and double knockout (PDHK1-/CAIX-) RKO cells incubated in normoxia (21% O, NO) or hypoxia (1%
0., HY) for 16 hours, showing effect on CAIX and PDHKI1 expression, HIF-1a levels, and phosphorylation of serine 232 on PDH (pSer232-PDH com-
pared to total PDH, reflecting PDHK]1 activity). p-actin (BACT) served as loading control. Visualized on Li-Cor Odyssey. B) Western blots of control
and PDHK1-silenced (shPDHK1) RKO cells incubated in normoxia (21% O, NO) or hypoxia (0.5% O, HY) for 16 hours, detecting the same antigens
as in (A) and confirming decreased CAIX expression after genetic downregulation of PDHK]1. a-tubulin (TUB) served as loading control. Detected by
ECL. C) Western blots of control and PDHKI1-silenced (shPDHK1) SU.86.86 cells incubated in normoxia (21% O,, NO) or hypoxia (0.5% O, HY) in
high-glucose (25 mM, HG) or low-glucose (5 mM, LG) medium for 16 hours, followed by the same detection as in (B).

mine, with or without 1 mM pyruvate), and at the end of the
experiment stained surviving colonies with crystal violet for
visualization. As can be seen in Figure 4, RKO cells without
PDHK1 had much poorer clonogenic survival, indepen-
dent of CAIX. That points to the importance of PDHKI
in glucose cancer metabolism and its potential value in
cancer treatment. The role of CAIX is neutralizing intracel-
lular pH in an acidic tumor microenvironment, therefore
it is unlikely that CAIX would have an effect on clonogenic
survival in the conditions of our assay, because the cells had
to be grown in normoxia and were very sparse. Therefore,
even if they were highly glycolytic, it wouldn’t be in their
capacity to acidify the ample medium volume. However, it
seems that in low glucose, low glutamine conditions (with
or without exogenous pyruvate) there was a slight increase
in the number of surviving colonies in PDHKI-positive
RKO cells with concurrent CAIX expression (PDHKI1+/
CAIX+) compared to CAIX knockouts (PDHK1+/CAIX-)
(Figure 4). Another interesting point is that without the
addition of exogenous pyruvate, more PDHKI-positive
RKO cell colonies survived in media with reduced glucose
and glutamine concentrations.

PDHKI1 and CAIX knockout RKO cells grow slower
as xenografted tumors. In the following step, we wanted
to see what effect PDHK1 and/or CAIX genetic manipula-
tion would have in vivo, specifically how it would impact
xenografted tumor growth in nude mice. We therefore
injected subcutaneously the same number of RKO knockout
cells into the flanks of nude mice and followed their growth
for approximately three weeks (Figure 5A). The control RKO
xenografts, positive for both PDHK1 and CAIX, grew signifi-

cantly faster than any of the knockouts. It therefore seems
questionable if targeting both PDHKI1 and CAIX in vivo is
really that much more beneficial than just targeting CAIX
or PDHKI1 individually. However, when we pooled several
independent experiments together that differed in the age
of experimental animals (6-16 weeks) and in the number of
injected cells (2-4 million/tumor), the differences in tumor
size weren't as obvious due to the variation within each
group, but the double-knockout RKO xenografts (PDHK1-/
CAIX-) still remained the smallest after three weeks of prolif-
eration, followed by CAIX knockouts (PDHK1+/CAIX-)
(Figure 5B). Three random tumors from each cell type were
also harvested and subjected to Western blot analysis for
the detection of CAIX and PDHK1 to confirm their expres-
sion (Figure 5C). In the case of PDHKI1 knockouts, there
is no PDHK1 expression, and we also see concurrently
decreased expression of CAIX, just like in 2D cell culture
in vitro (Figure 3A). The single bands in CAIX-negative
tumor samples represent immunoglobulin from mouse
blood and not CAIX (double-band in CAIX-positive tumor
samples). Anti-CAIX M75 monoclonal antibody produced
in our laboratory is of mouse origin, therefore the secondary
anti-mouse antibody used for its detection, also detects the
heavy chains of mouse immunoglobulin in the size of CAIX
(50-54kDa) (Figure 5C).

Comparison of CAIX and PDHKI1 expression in cells
originating from primary colorectal tumor and lymph-
node metastasis. The SW480 cell line derived from a
primary adenocarcinoma of the colon, and the SW620 cell
line established from a lymph node metastasis taken from
the same patient one year later, served as our model for
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Figure 4. PDHK1 is essential for long-term growth of tumor cells under nutrient-restricted conditions. Photograph of RKO control and PDHK1/CAIX
knockout cell colonies stained with crystal violet following growth in complete medium (25 mM glucose, 4 mM glutamine) with or without 1 mM
pyruvate, or low-glucose (5 mM), low-glutamine (1 mM) medium with or without 1 mM pyruvate for two weeks, showing decreased clonogenic sur-

vival of PDHK1-negative cells.

comparison of CAIX and PDHKI expression in primary
tumor vs metastatic cells. We incubated both of these cell
lines in normoxia and hypoxia (1% O,) for 24 hours and after
harvesting performed Western blot analysis. Figure 6 shows
that the expression of CAIX (normoxia and hypoxia), as well
as PDHKI1 (hypoxia), is increased in the metastatic SW620
cell line, which suggests that their presence is important for
metastatic cells. However, when it comes to PDHK1 activity
as estimated by serine 232-PDH phosphorylation, the signal
was stronger in SW480 cells from the primary tumor despite
having less PDHK1 (Figure 6), which should result in a
more pronounced PDH inhibition, decreased mitochondrial
function, and increased glycolysis. Interestingly, the culture
medium was also more acidic in the case of hypoxic SW480
than in hypoxic SW620 cells (data not shown), which would
also support this assumption, because it is a typical accompa-
nying feature of glycolytic cells producing lactate or of cells
with active CAIX [25]. Nevertheless, in both cases, serine 232
of PDH was phosphorylated even in normoxia, which means
that PDHKI1 is active in both of these cell types even under
those conditions, and these cell lines are therefore more
glycolytic than oxidative in general. Expression of another
HIF-1 target, LDHA, wasn’t affected (Figure 6) but it might
have been more active in hypoxic SW480 primary tumor
cells due to the acidic culture medium (not shown).

Discussion

Recent findings in the field of tumor metabolism have
brought the Warburg effect [26] back into the scientific
spotlight. The unique cancer metabolism exposed several
novel pathways that may be targeted thanks to being prefer-
entially used in tumor cells compared to cells from healthy
tissue [27]. Cancer cells respond to the distinctive demands
within the tumor by systematic changes in their metabolism,
and consequently become more viable and resilient. It was
this concept that prompted the idea of targeting PDHK1
and CAIX. If these two enzymes were essential for aggres-
sive hypoxic tumors of diverse genetic background, their
inhibition may significantly weaken them and make them
more vulnerable. In this combination scheme, we aimed to
bi-directionally target glycolytic tumor cells and additionally
affect cells that may express just one of these two proteins due
to tumor heterogeneity. Although the expression of hypoxic
target genes usually correlates with HIF-1a in most tumor
areas, exceptions have been observed [28]. CAIX for instance
is much more stable than HIF-1a [29], which means that
cells that had been hypoxic and then reoxygenated may still
express CAIX but not HIF-1a. Or cells that have just become
hypoxic may be positive for HIF-1a but not yet for CAIX.
PDHKI1 protein is also very stable after reoxygenation and
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Figure 5. Genetic PDHK1 and/or CAIX downregulation significantly slows down growth of xenografted tumors. A) Tumor growth curves of RKO
control (PDHK1+/CAIX+), PDHK1 knockout (PDHK1-/CAIX+), CAIX knockout (PDHK1+/CAIX-) or double knockout (PDHK1-/CAIX-) cells
grown in 6-week old nude mice (3 x 10° cells/tumor). Statistically significant differences exist between control and PDHK1/CAIX knockout tumors
as indicated (mean + SEM; two-way ANOVA). B) Tumor size of individual RKO tumors from three separate experiments at day 21 (6-16-week old
nude mice, 2-4x10° cells/tumor). Statistically significant differences exist between control and CAIX-negative tumors (two-tailed Student’s t-test).
C) Western blots from three random tumors from (B) showing absence of PDHK1 in PDHK1-negative cells and of CAIX in CAIX-negative cells, plus
decreased CAIX expression in PDHK1 knockout cells. Single bands in CAIX-positive cells in the size of CAIX represent immunoglobulin heavy chain
contamination from mouse blood. a-tubulin (TUB) served as loading control.

is regulated more acutely at the level of activity, which can
be visualized by phospho-serine 232-PDH signal that disap-
pears within few hours of reoxygenation [10].

DCA as a general PDHK inhibitor activates PDH and
mitochondrial function at the expense of glycolysis. It has
been used for several decades to treat children with inborn
errors of mitochondrial metabolism and associated lactic
acidosis [30]. Carbonic anhydrases are inhibited by sulfon-
amides used in the treatment of diverse diseases including
edema, glaucoma, epilepsy, or infections [31]. Membrane-
impermeable derivatives (like HSFA) are thought to inhibit
CAs with an extracellular catalytic site, such as the tumor-
associated CAIX and CAXII [24]. However, we didn’t observe
any decrease in viability of RKO cells after incubation with
HSFA (Figure 2), although a 24-hour incubation might
not be sufficient. DCA as a pan-PDHK inhibitor decreased
viability after 24 hours by about 20% (Figure 2), neverthe-
less, we used a supra-clinical concentration (10 mM) that
we wouldn’t be able to achieve in vivo. Yet, there is an inter-
esting paradox for this molecule; although it does not signifi-
cantly affect cell viability in vitro, there are several preclinical

SW  Sw
480 620
S CAIX
S i PDHK1
-~ pSer232-PDH
I total PDH
HIF-1a
~ LDHA
S—" BACT

Figure 6. PDHK1 and CAIX appear to be important for primary tumor
cells as well as for metastatic cells. Western blots of SW480 colorectal
primary tumor cells and matched SW620 metastatic cells incubated in
normoxia (21% O,, NO) or hypoxia (1% O,, HY) for 16 hours, showing
increased CAIX and PDHKI1 expression in SW620 cells, and increased
PDHKI activity in SW480 cells detected as phosphorylated serine 232 on
PDH (pSer232-PDH compared to total PDH). PDHKI1 activity towards
serine 232 is present also under normoxic conditions in both cell types.
LDHA expression remained constant. $-actin (BACT) served as loading
control. Visualized on Li-Cor Odyssey.
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and clinical studies showing its significant effect on tumor
growth (summarized in [32]). The reason for this discrep-
ancy probably lies in the different conditions for cells in
tissue culture and in tumors themselves. In vitro conditions
offer an excess of nutrients from culture media and the avail-
able oxygen diffuses to the cells in culture much more easily
than in the tumor mass, even under hypoxic conditions [32].
CAIX inhibition as an anti-cancer strategy has also been
shown to be significant in a number of preclinical studies
on different model tumor types [33-35], and it is possible
that HSFA might be more efficient in vivo than in vitro,
too. Nonetheless, this experiment at least indicated that by
combining PDHK and extracellular CA inhibition, we were
able to achieve an additional 10% decrease in cell viability
compared to treatment with DCA alone (Figure 2), which
encouraged us to analyze the impact of genetic downregula-
tion of these two proteins, because of the absence of specific
and potent inhibitors.

Interestingly, we found that PDHK1 and CAIX mutually
influenced each other, and PDHK1 knockout RKO cells had
less CAIX, while CAIX knockouts less PDHK1 (Figure 3A).
Moreover, we were able to confirm the effect of genetic
PDHK1 downregulation on CAIX expression also in an
shRNA silencing system (Figures 3B, 3C). It seems that this
mutual decrease in expression might be caused by reduced
stabilization of HIF-1a that controls their expression [9, 14].
The mechanism of HIF-1a regulation also includes stabili-
zation by glycolytic endproducts, pyruvate and lactate [36],
which should both be decreased in PDHKI1 knockouts.
PDHK1 downregulation activates PDH even in hypoxia (as
confirmed by loss of signal for phospho-serine232-PDH,
Figure 3), which supports the conversion of pyruvate to
acetyl-CoA and on the other hand decreases the conversion
of pyruvate to lactate. It has also been analogously reported
that DCA (PDHK inhibitor) reduces HIF-1 transactivating
activity [37]. In the case of CAIX, it has been shown that its
silencing and inhibition improve tumor oxygenation and
thus increase radiation sensitivity in vitro and in vivo [34].
Improved oxygenation should lead to HIF-1a hydroxylation
by prolylhydroxylases and its degradation by the proteasome,
which could explain the absence of HIF-1a in CAIX-negative
RKO cells (Figure 3A). We also confirmed that PDHKI1
was necessary for serine 232-PDH phosphorylation in the
colorectal RKO cell line just like in the previously published
pancreatic carcinoma cells, and that PDHK1 activity towards
this site was induced by hypoxia (Figure 3A) [10]. Apart from
decreased oxygen concentrations, hypoxic tumor areas also
display reduced levels of glucose or other nutrients because
of the insufficient blood perfusion. When these knockout
cells were incubated in culture media with reduced glucose
and glutamine concentrations, cells without PDHK1 had a
much worse clonogenic survival (independent of CAIX)
(Figure 4). Since PDHKI1 plays an important role in glucose
metabolism, this suggests that RKO cells are dependent on
glucose and glycolysis. Glutamine is the second most impor-

tant carbon source after glucose for ATP generation and
anabolic processes. It also enters the TCA cycle like glucose
(at the a-ketoglutarate step). However, in a “reversed” TCA
cycle, a-ketoglutarate can be reductively carboxylated to
isocitrate and citrate by isocitrate dehydrogenase 1 (preferred
in hypoxia) and contribute to lipid synthesis necessary for
tumor cell proliferation [38]. Pyruvate is also commonly
added to culture media, even though it is an intermediate
in glucose metabolism. Exogenous pyruvate was impor-
tant even in our experimental setting because the cells had
considerably lower clonogenic survival without it (and
PDHKI1 knockouts had just a few or no surviving colonies),
despite high glucose and high glutamine concentrations
(Figure 4). It is possible that RKO cells preferentially convert
glucose-derived pyruvate to lactate and use glutamine in
anabolic processes, making exogenous pyruvate essential
for basal functioning of the TCA cycle and OXPHOS. This
hypothesis could be supported by the unexpected result
that PDHK1-positive RKO cells survived better without
exogenous pyruvate in low glucose, low glutamine medium
(Figure 4), because high glucose concentrations further
stimulate glycolysis at the expense of glucose oxidation in
the TCA cycle and OXPHOS, called the Crabtree effect [39].
It is then possible that cancer cells in low glucose medium
without exogenous pyruvate are still able to perform basal
OXPHOS, while cells with maximally stimulated glycolysis
without exogenous pyruvate are not. CAIX contribution to
clonogenic survival is not evident in this experiment, likely
because CAIX might not even be active in the CAIX-positive
cells under normoxic conditions of the experiment. However,
when we generated s.c. tumors in nude mice, all of the knock-
outs grew significantly slower than control RKO cells (Figure
5A). Many studies describe significant effect of CAIX on
the growth of model tumors or formation of metastases [35,
40-42]. The same is true for PDHKI1 [10, 18, 37, 43, 44]. It is
therefore questionable if there is any added value in targeting
both of these proteins simultaneously when targeting just
one significantly slows down model tumor growth. Yet, when
we pooled the results of three independent experiments
that differed in the age of experimental animals and in the
number of injected cells per tumor, we saw that the varia-
tion within each cell type was much bigger but the double
knockout tumors still remained the smallest, followed closely
by CAIX knockouts (Figure 5B). HIF-1a being upstream of
both PDHK1 and CAIX may seem like another possible
targeting strategy but evaluation of tumor growth of HIF-1a-
silenced cells has shown only a modest effect, because HIF-1
controls the expression of many genes, some of which may
have opposite impact on tumor growth than PDHKI1 and
CAIX [10, 45].

Additionally, it seems that PDHK1 and CAIX may be
important for primary tumors in respect to their enzymatic
activity (acute effect), as well as for metastases because of
their high expression (chronic effect) (Figure 6). Increased
CAIX expression in the SW620 metastatic cancer cells may



PDHK1 AND CAIX TARGETING IN HYPOXIC TUMORS

71

reflect the role of CAIX in cancer cell deadhesion neces-
sary for metastasis, which is not only related to its ability
to affect pH but CAIX is also able to reduce E-cadherin-
mediated adhesion by binding to B-catenin [46]. Increased
PDHKI activity in the primary tumor SW480 cells suggests
they are able to acutely respond to the fluctuating conditions
within the tumor mass. All in all, our results indicate that
targeting PDHK1 and CAIX could be beneficial in the treat-
ment of hypoxic tumors that tend to be resistant to standard
therapy. It would be important however to identify patients
with increased tumor CAIX expression and PDHKI activity
(through phospho-serine 232-PDH), who could benefit from
the targeted strategy. It is equally important that new specific
and potent inhibitors of CAIX and PDHKI are designed
that could be used in such metabolically-targeted treat-
ment, either by themselves or in combination with standard
cytotoxic agents, the effective dosage of which could be
then potentially decreased in order to prevent their serious
adverse side effects that often lead to septic shock and death.
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