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ABSTRACT

V-ATPases are hetero-oligomeric enzymes consisting of 14 subunits and playing
key roles in ion homeostasis and signaling. Differential expressions of these
proton pumps have been implicated in carcinogenesis and metastasis. To
elucidate putative molecular signatures underlying these phenomena, we
evaluated the V-ATPase genes expression in Esophageal Squamous Cell
Carcinoma (ESCC) using gene expression microarray data and extended the
analysis to other cancers the Oncomine database. Among all differentially
expressed genes, those encoding the V-ATPase C isoforms exhibited striking
expression patterns validated by gRT-PCR in paired ESCC samples and
respective normal surrounding tissues. Structural modeling of C2a isoform
uncovered motifs for oncogenic kinases in an additional peptide stretch, and an
actin-biding domain downstream to this sequence. This study reveals multi-
cancer molecular signatures in the V-ATPase structure and establishes that the
expression ratios of its subunits/isoforms could form a conformational code that
controls the pump regulation and interactions related to tumorigenic events.
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INTRODUCTION

Esophageal cancer (EC), the sixth most common cause of death from cancer
worldwide (Bray, Ferlay et al. 2018, Ferlay, Colombet et al. 2018) , encompass
two histological subtypes, esophageal adenocarcinoma (EAC) and esophageal
squamous cell carcinoma (ESCC), the last one responsible for about 90% of all
diagnosed cases (Rustgi and El-Serag 2014). The very poor overall survival of
ESCC patients is mainly due to its late stage detection and poor response to
treatments (Bird-Lieberman and Fitzgerald 2009, Roshandel, Nourouzi et al.
2013). Therefore, it is essential to understand the molecular mechanisms
involved in ESCC towards identifying new therapeutic targets and molecular

biomarkers that can improve the detection and clinical managements.

The V-type H*-ATPase (V-ATPase) has attracted increasing attention in the
field of molecular oncology (Stransky, Cotter et al. 2016) due to its differential
overexpression in tumor cell membranes (Sennoune, Bakunts et al. 2004,
Capecci and Forgac 2013) and the consequent intra- and extracellular pH
dysregulation (Webb, Chimenti et al. 2011), both associated with key tumorigenic
cellular processes, such as, migration and invasion (Sennoune, Bakunts et al.
2004, Capecci and Forgac 2013, Cotter, Capecci et al. 2015), regulation of
signaling pathways frequently altered in cancer (Lim, Park et al. 2007, Cruciat,
Ohkawara et al. 2010, Zoncu, Bar-Peled et al. 2011, Sennoune and Martinez-
Zaguilan 2012, Faronato, Nguyen et al. 2015), immunomodulation (Katara,
Jaiswal et al. 2014, Ibrahim, Kulshrestha et al. 2016) and therapy resistance
(Martinez-Zaguilan, Raghunand et al. 1999, De Milito and Fais 2005, Liao, Hu et
al. 2007, Wojtkowiak, Verduzco et al. 2011, Lu, Lu et al. 2013). These ATP-
dependent proton pumps translocate H* ions across endomembranes of all
eukaryotic cells and also through plasma membranes of some specialized cells,
acidifying intracellular compartments and the extracellular matrix, respectively
(Nishi and Forgac 2002, Forgac 2007, Cipriano, Wang et al. 2008). The V-
ATPase is a complex enzyme composed of 14 subunits organized into a
cytoplasmic domain (V1) responsible for ATP hydrolysis and a proton
translocation transmembrane domain (V0. The V1 domain consists of eight (A-

H) subunits, while VO sector, in human cells, is formed by the subunits c, c", a, d
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and e, as well as two accessory subunits, Ac45 and M8-9 (Marshansky,
Rubinstein et al. 2014, Cotter, Stransky et al. 2015).

The V-ATPase subunits B, C, E, G, a, d, and e have multiple isoforms
encoded by different genes, which have been postulated to exhibit tissue specific
expression patterns (Smith, Borthwick et al. 2002, Sun-Wada, Yoshimizu et al.
2003, Toei, Saum et al. 2010). However, up to now, no clear functional roles have
been attributed to the distinct isoforms, except for the four a isoforms described
as responsible for the enzyme targeting to different cellular membranes
(Kawasaki-Nishi, Bowers et al. 2001), by which al and a2 are found in pumps of
intracellular membranes, while pumps assembled with a3 and a4 are usually
directed to plasma membrane (Morel, Dedieu et al. 2003, Toyomura, Murata et
al. 2003, Wagner, Finberg et al. 2004, Toei, Saum et al. 2010, Capecci and
Forgac 2013). In addition, it has also been demonstrated that yeast V-ATPase
complexes containing two different a isoforms show distinct cellular localization,
coupling efficiency and regulation by association/dissociation of the V1 and VO
domains (Kawasaki-Nishi, Nishi et al. 2001, Samarao, Teodoro et al. 2009). V-
ATPase plays essential roles in a variety of cellular processes, and the existence
of multiple subunit isoforms might reflect multifunctional conformations, including
specific compositions for specific cell types and pathophysiological conditions.
Here, we investigated the differential expression patterns of the V-ATPase
subunits/isoforms in human ESCC and in other types of tumors, exploring the
potential of these proton pumps as putative cancer biomarkers for early diagnosis

and more effective prognosis.

RESULTS
Expression profile of V-ATPase subunits in ESCC

The expression profiles of 25 genes encoding V-ATPase subunits were
obtained from an ESCC transcriptome developed by the Brazilian National
Institute of Cancer — INCA (Nicolau-Neto, Da Costa et al. 2018). An unsupervised
hierarchical clustering analysis showed that ESCC exhibits striking changes in
expression of most isoforms of the V-ATPase subunits in comparison with normal

esophageal tissues excised surrounding the tumors, in a profile which clearly
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segregates these two groups and suggests a pattern of tumor-specific V-ATPase
expression (Figure. la; the fold change and p-value of each gene is shown in
Table S1). The genes were considered differentially expressed when their p-
value was less than 0.005. It is of note that the A and B subunits, which constitute
the evolutionary conserved catalytic domain of the V-ATPase, presented no
significant expression changes (ATP6V1A: 1-fold change and p = 0.78;
ATP6V1B1: 1-fold change and p = 0.79; ATP6V1B2: -1.08-fold change and p =
0.45) (Table 1, Figure S1).

The subunit ¢” (ATP6VOB), which compose the proteolipid ring of the V-
ATPase, exhibited higher expression in ESCC samples than in normal tissues.
Even more interesting were the changes found among the isoforms expression
of the same subunit, as observed for d and G subunits, where, d2 (ATP6V0D2)
and G2 (ATP6V1GZ2) isoforms were more expressed in tumor, while d1, G1 and
G3 isoforms (ATP6VOD1, ATP6V1G1 and ATP6V1G3, respectively) were less

expressed in tumor compared with normal surrounding tissue (Figure S2).

However, among all differentially expressed V-ATPase genes, only genes for
the subunits C and a presented the highest differences among their respective
isoforms. In ESCC compared with normal surrounding tissue, ATP6V1C1 and
TCIRG1 mRNAs were upregulated (2.79 and 1.53-fold change, respectively),
while those of ATP6V1C2 and ATP6V0A4 were downregulated (-1.28 and -2.76-
fold change, respectively). In addition, significant differences in expression in
these four genes were also observed between ESCC and healthy esophageal
tissues from individuals without cancer (Figure 1b and c; Figure S3). The
TCIRG1 and ATP6V0A4 genes encode two of the four distinct a isoforms, a3 and
a4 (VO sector), whereas in the V1 domain, ATP6V1C1 and ATP6V1C2 encode
the different C subunit isoforms; ATP6V1C1 encodes the C1 isoform (NCBI gene
ID: 528) and ATP6V1C2 encodes two alternative transcriptional splice variants,
namely C2a and C2b isoforms (NCBI gene ID: 245973).

To investigate the expression pattern of V-ATPase genes in others cancer
types, we systematically analyzed mRNA transcriptome between normal
tissues and tumor tissues of 18 sites comprising different histological types

using the Oncomine database. The threshold was designated according to the
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Figure 1. V-ATPase expression profile in ESCC by microarray database. (a)
Unsupervised hierarchical clustering analysis of 15 esophageal samples (tumors and
respective surrounding tissues) showing the expression of the 25 genes of V-ATPase.
Green indicates decreased gene expression and red increased genes expression. N
and black bar = normal surrounding tissue; T and grey bar = Tumor. (b) ATP6V1C1
and ATP6V1C2 expression levels in tumor, normal-appearing surrounding tissue and
healthy esophageal mucosa from individuals without cancer. *p < 0.05; ***p < 0.001;
ek < 0.0001.

following values: p-value 1E-4, fold-change 2, and top gene ranks 10%. Was
possible to verify a common regulation of the V-ATPase isoforms expression
in different tumor types. Remarkably, ATP6V1C1 and TCIRGL1 expression was
constantly higher in most cancer types compared to normal tissues, while

ATP6V1C2 and ATP6V0OA4 were downregulated, in the same way as founding
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the ESCC microarray experiments (Figure S4). These results imply a
coordinate expression and a balance between specific isoforms of the subunits

C and a in tumors.
ATP6V1C1 and ATP6V1C2 transcripts are differentially expressed in ESCC

In order to validate the most expressive results of the microarray analysis, we
evaluated ATP6V1C1 and ATP6V1C2 mRNA levels by RT-PCR in 38 ESCC
paired samples (tumors and respective normal surrounding tissues). The
ATP6V1C1 expression in ESCC relative to respective normal tissue ranged from
0.43 to 7.37-fold change, with the median value of 2.33-fold change. Assuming a
fold change cut-off of = 2, about half (54%) of the ESCC samples presented
ATP6V1C1 mRNA levels increased when compared to their respective normal
surrounding tissues (Figure 2a), while the expression of the ATP6V1C2 gene
was downregulated in most of the tumors analyzed, considering a cut-off < -2
(67.6% for v1; 72.2% for v1,2). For ATP6V1C2 fold change values ranged from -
0.46 to -48.9 with the median value of -3.96 for v1 and of -0.51 to -52.9 with the

median value of -6.53 for v1,2 (Figure 2b and c).

Next, a comparative analysis of mMRNA levels of subunit C isoforms in tumors
and normal surrounding tissues was performed. Expression levels of ATP6V1C1
in ESCC samples group was approximately 2.5-fold higher than those detected
in the normal surrounding tissues group (median values of 0.008196 and
0.003301, respectively) (Figure 2d). For ATP6V1C2-vl and ATP6V1C2-v1,2 the
MRNA levels were significantly lower in the ESCC group than those in the normal
surrounding tissues group, with the median values of -4.3 and -9.6-fold,
respectively (vl: median of 0.000489 in ESCC and 0.00241074 normal
surrounding; v1,2: median of in 0.000629 ESCC and 0.006044 normal
surrounding) (Figure. 2e and 2f). These findings are in agreement with the data
obtained from microarray analysis (Figure 1), confirming that the V-ATPase C
isoforms present a remarkable differential expression in ESCC, when compared

to normal surrounding tissue.
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Figure 2. The expression pattern of V-ATPase C isoforms in ESCC. Left images:
RT-PCR analysis of (a) ATP6V1C1, (b) ATP6V1C2-vl and (c) ATP6V1C2-v1,2
MRNA levels in paired ESCC samples. ESCC samples presenting over 2-fold
increase (red dashed line) in relative ATP6V1C1 expression were considered
upregulated and ESCC samples presenting decrease of -2-fold (red dashed line) in
relative ATP6V1C2 expression were considered downregulated. Values are
expressed as relative to those obtained in tumors respective normal surrounding
tissue (= 1 or -1). Right images: gqRT-PCR evaluation of (d) ATP6V1C1, (e)
ATP6V1C2-vl and (f) ATP6V1C2-vl, 2 mRNA levels distribution in the groups of
normal surrounding and their paired ESCC tissues. Values are shown in relative units.
MRNA levels were normalized by those of GAPDH, used as the housekeeping gene.

p < 0.0001.
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We further examined the expression ratio of ATP6V1C1 and ATP6V1C2
isoforms (C1/C2-v1 and C1/C2-v1,2 ratios). The median value of C1/C2-v1 ratio
was of 1.4-fold in normal surrounding tissues and 13.4-fold in the ESCC samples,
while the median value of C1/C2-v1,2 ratio was of 0.5-fold and 10.1-fold in the
normal surrounding and ESCC tissues, respectively (Figure S5). These results
suggest that the expression levels of the different C isoforms are carefully
guarded to achieve a proportional balance in normal tissues, which dysregulation
towards the C1 prevalence over the C2 is an intrinsic characteristic of ESCC.

C isoforms as potential diagnostic biomarker for ESCC

In order to evaluate whether C isoforms mRNA expression could be used to
discriminate between tumor and non-tumor esophageal tissues, we performed
the Receiver Operating Characteristic (ROC) curve analysis using the gene
expression values from ESCC and normal surrounding tissues. The differential
expression of ATP6V1C1 and ATP6V1C2 was able to accurately discriminate
ESCC samples from normal surrounding tissues (p<0.0001), with sensitivity and
specificity of 79.49% and 84.62% for ATP6V1C1; 83.78% and 83.78% for
ATP6V1C2-v1 and 80.56% and 86.11% for ATP6V1C2-v1,2, respectively. The
ROC curve analysis for the C1/C2 expression ratios generated an area under
curve greater than 0.94, reflecting the high accuracy of the test to discriminate
tumors and normal surrounding tissues. The C1/C2-vl and C1/C2-v1,2 ratios
showed respectively a sensitivity of 86.49% and 88.89% and a specificity of
91.89% and 91.67% (Figure 3). These results reveal that mMRNA expression ratio

of the subunit C isoforms can be useful as a diagnostic biomarker for ESCC.

Expression profiles of V-ATPase genes in EC histological subtypes

The expression profile of two genes of the V-ATPase subunit C in ESCC
prompted us to investigate if such dysregulation is involved in esophageal
carcinogenesis in general, independently of histological subtype. To this end, we
used TCGA database to analyze the expression levels of V-ATPase genes in
ESCC and EAC. The expression profile of all V-ATPase genes presented a very
similar pattern in both histological subtypes (Figure 4a). Regarding to C isoforms,
both EAC and ESCC tumors exhibited higher expression levels of ATP6V1C1
than ATP6V1C2. The ATP6V1C1 expression was increased 6.6-fold when
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compared to ATP6V1C2 expression in EAC tissues. In ESCC samples,
ATP6V1C1 was 11.6-fold more expressed than ATP6V1C2, corroborating with
the data obtained by gRT-PCR, where ATP6V1C1 was 12.7-fold more expressed
in tumors than ATP6V1C2 (Figure 4b). Finally, the ATP6V1C1 expression levels
were similar between the two-histological subtypes (expression median of 1578
for ESCC and 1479 for EAC), however, the average expression of ATP6V1C2

was lower in ESCC than in EAC (expression median of 136 for ESCC and 225
for EAC) (Figure S6).
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Figure 3. ROC curves of C isoforms mRNA expression for the discrimination of
ESCC tissue from normal surrounding mucosa samples. ROC curves are relative
to mRNA expression of: (a) ATP6V1C1, (b) ATP6V1C2-vl, (c) ATP6V1C2-v1,2, (d)
C1/C2-v1 ratio and (e) C1/C2-v1,2 ratio. The area under curve (AUC) indicates the
accuracy of the test in discriminating tumors from normal surrounding tissues.
Numbers in a box correspond to a cut-off used for the determination of the sensitivity

and specificity. ROC, receiver operating characteristic. p < 0.0001.
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Figure 4. V-ATPase mRNA expression in esophageal cancer histological
subtypes.
adenocarcinoma (EAC) and ESCC. (b) Respective ATP6V1C1 and ATP6V1C2
MRNA levels in EAC and ESCC assessed by RNA-sequencing data from TCGA and
by gRT-PCR in the current study.

(a) Expression profile of all V-ATPase genes in esophageal

Structural modeling of the subunit C isoforms

In addition, we performed the analysis of conserved domains among the human
V-ATPase subunits C1 (NP_001686.1) (hC1), C2a (NP_001034451.1) (hC2a)
and C2b (NP_653184.2) (hC2b) using the program BLASTP 2.8.0 in the
mammalian taxon of the database NCBI Protein Reference Sequences. The
three amino acid (aa) sequences were found to be highly conserved, and hC1
(382 aa), hC2a (427 aa) and hC2b (381 aa) share at least ~55,3% identity and
~74,2% similarity (Table 2). When compared to isoform hC2b, the isoform hC2a
has an additional exon that encodes for 46 aa at the position 276-321 aa. The
BlastP analysis suggested that the isoform hC2a is present in all mammals, but
absent in other taxa (yeast, nematode, mollusk, arthropod, birds, reptiles,
amphibia and higher plants). Next, were performed analysis for protein-protein
binding and for phosphorylation sites, exclusively on hC2a additional exon. These
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Figure 5. Prediction of three-dimensional structure of C subunit isoforms. (a)
hC1 isoform, (b) hC2b isoform, (c) most promising model of hC2a isoform and (d)
model of hC2a isoform validated by protein docking. C1 and C2b were modeled by
homology using as template the resolved structure from yeast V-ATPase (3J9V.pdb)
and C2a was obtained by ab initio approach. The additional peptide stretch present
in the hC2a isoform is shown in red.

analyses revealed interesting motifs for serine/threonine kinases and
phosphatases, such as ERK1 and 2, Casein Kinase Il, PKA, PKC; and three
potential binding motifs for proteins which recognize phosphorylated serine-
based motifs with binding domains to WW, MDC1 BRCT and PIk1 PBD (Tables
3 and 4). No tyrosine kinase/phosphatase binding sites were identified in this
specific region. Predictions of hC1, hC2a and hC2b three-dimensional structures
were performed by homology modeling and ab initio approaches (Figure 5). The
RMSD assessment also indicated that hC1 and hC2b are structurally very similar,
while hC2a has an additional structural motif (Table 2). Analysis of global and
local stereochemical quality using validation programs revealed that the most
stable structure predicted for the additional exon of hC2a would be an alpha-helix
conformation flanked by unstructured regions (Figure 5c¢). However, since the
subunit C binds to, and serves as a substrate for PKA and PKC (Voss, Vitavska
et al. 2007), these proteins were also used to refine the validation of the hC2a
structural model. Following a series of protein-protein dockings between
proposed hC2a models with PKA and PKC structures (Figure S7), the
conformational model that best established PKA/PKC-hC2a interaction

complexes was the hC2a predicted model for which the domain corresponding to
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the additional exon is in a beta-sheet flanked by unstructured regions (Figure 5d,
Figure S7).

DISCUSSION

In recent years, there has been an increasing body of evidence establishing
that the V-ATPase proton pump is implicated in several cancer hallmarks
(Hanahan and Weinberg 2011), such as, resistance to cell death, increased cell
proliferation, invasion and metastasis, induction of angiogenesis, immune system
modulation and reprogramming of energy metabolism (Webb, Chimenti et al.
2011, Stransky, Cotter et al. 2016, Pamarthy, Kulshrestha et al. 2018). However,
despite the large amount of data accumulated on V-ATPase differential
expression in various types of tumors, no clear molecular signature could be
related to the carcinogenesis process in general. In previous reports, the
overexpression of different subunits and isoforms have been highlighted in
different cancers (Whitton, Okamoto et al. 2018), including a3 isoform in ovarian
cancer (Kulshrestha, Katara et al. 2015), C1 isoform in oral cancer (Otero-Rey,
Somoza-Martin et al. 2008), G1 isoform in glioblastoma (Di Cristofori, Ferrero et
al. 2015), c subunit in hepatocellular carcinoma (Xu, Xie et al. 2012), and E1
isoform in EC (Son, Kim et al. 2016). This study aims at shedding a new light on
this controversial issue by looking at the gene expression pattern for all V-ATPase
subunits in ESCC and analyzing the expression balances among the putatively
isoforms distinctive in relation to normal tissues. The data obtained not only open
a new perspective on the structural and functional bases of the differential
activation for this proton pump in ESCC, but also provide compelling evidences
for wider significance to the carcinogenesis process in general. For this purpose,
we have also performed the Oncomine database analysis, which revealed that
specific expression patterns of V-ATPase subunits are not restricted to
esophageal cancers since a similar imbalance of isoforms found in ESCC was
also detected in different cancer types (Figure S4). The differential expression
pattern we have found in tumors, encompassing all V-ATPase subunits isoforms,
might also imply in specific coupling regulation and activation patterns quite
different from that exhibited by normal cells, but highly functional for the cancer

specific ion signaling and energy transduction demands.
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Our findings also suggest that the ratio of subunits isoforms can be part of a
cellular code that controls the regulation of V-ATPase and tumorigenic related
events. The data highlighted isoforms of subunits a, C, d, G, and the subunit ¢”
as the most differentially expressed in ESCC (Figure S2), which in turn are
subunits involved in the structural and functional coupling between the domains
V1 and VO. This reinforces the idea that the active V-ATPase holoenzyme
conformations in tumors and normal tissues might assume quite distinct
regulatory couplings. Perhaps not surprisingly, subunits A (ATP6V1A) and B
(ATP6V1B1 and ATP6V1B2), which integrate the ATP hydrolysis catalytic
domain, displayed no significant differential expression in ESCC comparing to
normal esophageal tissues (Figure S1), suggesting a conserved and stable
expression of the main subunits required for the substrate hydrolysis.
Accordingly, the V-ATPase catalytic domain has been found to be highly
conserved not only during molecular evolution and speciation, but also in relation

to the counterpart domain of the F-ATPase synthase (Cross and Muller 2004).

We observed the most significant changes in the subunits a and C, which
presented the highest differential expression among their respective isoforms not
only in ESCC (Figure 1, Figure S3) but also in other cancers as revealed by the
Oncomine analysis (Figure S4). Our data, in conjunction with other information
in the literature, have revealed tumor-specific imbalances in the expression of
these subunits. For instance, in our analyzes the isoforms a3 (TCIRG1) and a4
(ATP6VOA4) were upregulated and downregulated, respectively, in tumors as
compared to normal tissues. Likewise, in ovarian cancer tissues, the a3 isoform
was found to be conspicuously expressed compared to normal samples
(Kulshrestha, Katara et al. 2015). Overexpression of a3 isoform results in the
targeting of V-ATPases to the plasma membrane of breast cancer cells, and
confers high invasiveness to breast cancer and melanoma cells lines (Nishisho,
Hata et al. 2011, Capecci and Forgac 2013). Moreover, a knockdown of a4 did
not affect invasion of breast cancer cells, but unexpectedly resulted in a 2-fold
increase in the a3 mRNA levels (Capecci and Forgac 2013), which is in line with
our results suggesting a tightly regulated balance among the isoforms of these
V-ATPase subunits.
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Our approach can also help to clarify the functional and evolutionary rational
for the existence of such isoforms, an issue that remains poorly understood, since
previous works have generally addressed only the most expressed isoforms for
each subunit. This is the case of the C1 isoform (ATP6V1C1), for which the
overexpression (Otero-Rey, Somoza-Martin et al. 2008) and related potential as
biomarker (Perez-Sayans, Reboiras-Lopez et al. 2010) have been described in
oral cancer. The C1 isoform overexpression has also been correlated with
rearrangements of actin filaments in breast cancer cells (Cai, Liu et al. 2014), and
its silencing prevented breast cancer growth and bone metastasis in murine
model (Feng, Zhu et al. 2013). More recently, it was reported that ATP6V1C1
enhanced breast cancer growth through activation of the mTORC1 pathway
(McConnell, Feng et al. 2017). On the other hand, the C2a and C2b isoforms
(ATP6V1C2) have been much less studied, most likely because these isoforms
were initially proposed to be expressed specifically in kidney, lung and epididymis
(Smith, Borthwick et al. 2002, Sun-Wada, Murata et al. 2003, Sun-Wada,
Yoshimizu et al. 2003). However, we have found similar levels of expression for
both C1 and C2 isoforms in normal esophageal surrounding tissues, contrasting
with their expression imbalance in tumors characterized by a shift towards a
strong C1 dominance (Figure 2 and Figure S5).

The validation of the transcriptome data by gqRT-PCR reinforced that the
ESCC group exhibits an increase of about 2.5-fold in ATP6V1IC1 mRNA
expression and a decrease of almost 10-fold in ATP6V1C2 expression compared
with the normal surrounding tissues group. Furthermore, we demonstrated the
potential of these isoforms to be used as diagnostic markers, since their mMRNA
levels were able to clearly discriminate ESCC from normal surrounding
esophageal tissues, with the best results achieved using the C1/C2 ratio (Figure
2 and 3) rather than any individual expression pattern. This highlights an
interconnectivity among the C isoforms expression, with a wide range of
ATP6V1C1 and ATP6V1C2 expression between the tumors of different
individuals, but invariably involving a quite proportional prevalence of the
ATP6V1C1 expression over that of ATP6V1C2. The analysis of TCGA database
confirmed that the imbalance between the ATP6V1C1 and ATP6V1C2 genes

expression towards the prevalence of the first over the second is a clear
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molecular signature of esophageal tumors, regardless the histological type
(Figure 4). Ithas been shown that EAC shares several molecular alterations with
gastric adenocarcinoma, whilst ESCC is closer related to squamous carcinomas
of head and neck (Nancarrow, Clouston et al. 2011). In fact, EAC and ESCC differ
in histological type, areas of incidence around the world, risk factors and
characteristic molecular alterations (Bird-Lieberman and Fitzgerald 2009, Rustgi
and El-Serag 2014). Therefore, the similar expression patterns for C isoforms
observed in both tumors provides further evidence for this distinctive imbalance

of C isoforms as a molecular signature of the proton pump in different cancers.

This finding is also of special interest since subunit C contributes to the
structural and regulatory assembly of V-ATPase through the reversible
dissociation of V1 and VO domains (Puopolo, Sczekan et al. 1992, Curtis, Francis
et al. 2002, Smardon and Kane 2007). Interestingly, the C subunit is the only of
the 14 subunits that is released into the cytosol during the regulatory disassembly
of the proton pump (Kane and Parra 2000). In insect models, which have no
alternative isoform for C subunit in their genomes, this single subunit binds to
polymeric F-actin and monomeric G-actin and increases the initial rate of actin
polymerization in a concentration-dependent manner, regulating the thickness of
actin filaments cross-linking (Vitavska, Merzendorfer et al. 2005). The interaction
of actin and C subunit might also contribute to stabilize the proton pump in its
assembled state (Serra-Peinado, Sicart et al. 2016). Likewise, the cytoskeleton
rearrangement somehow interconnected with the V-ATPase activity has been
implicated in key cancer-related processes, such as increased migration and
invasion (Cai, Liu et al. 2014), release of exosomes containing DNA, mMRNA,
miRNA and protein of tumors (Liegeois, Benedetto et al. 2006), membrane fusion
(Strasser, lwaszkiewicz et al. 2011), and receptors recycling (Nishi and Forgac
2002). Therefore, it seems likely that humans and other complex organisms that
express multiple C isoforms would exhibit a wider array of actin-proton pump
interactions and enzymatic regulation, in comparison to other organisms

encoding only one type of subunit C.

To shed light on this issue, we modelled the three-dimensional structures of
each C isoform in silico. The most striking difference between C1, C2b and C2a
isoforms concerns an additional stretch of 46 amino acids endowed with binding
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sites for different kinases and phosphatases (Figure 5, Tables 3 and 4),
suggesting post-translational modifications in C2a-assembled holoenzyme. A
structural model for C2a isoform, in which the additional peptide stretch assumed
a beta sheet folding flanked by unstructured regions was produced by Swiss-
Model (Holliday 2014). Conversely, stereochemical quality analysis performed in
this study highlighted an alpha-helix bend flanked by unstructured regions as the
most stable structural model for such region (Figure 5c¢). To clarify this question,
we simulated a docking between the predicted models for C2a and PKA and PKC
kinases that are known to bind to the subunit C (Voss, Vitavska et al. 2007). The
only model that allows C2a binding to PKA and PKC was that with the additional
peptide stretch structured in a beta sheet folding flanked by unstructured regions
(Figure 5d, Figure S7). It is possible that both conformations can be expressed,
each one favored by different metabolic situations, especially considering that the
C subunit is exposed to distinct microenvironments, in the membrane bound
holoenzyme and free in the cytosol during the dissociation V1-VO regulatory
cycle. This mechanism also involves the interaction of the C and B subunits with
actin filaments (Serra-Peinado, Sicart et al. 2016), and based on the actin-binding
domain described for the B subunit (Holliday, Lu et al. 2000, Chen, Bubb et al.
2004, Zuo, Vergara et al. 2008), we found similar domains in the C subunit
isoforms (Figure S8). Curiously, the sequence corresponding to the putative
actin binding site in the C2a isoform was located immediately downstream the
additional peptide stretch, found only in this isoform and predicted to be highly

mobile, what seems quite mechanistically sound.

Nonetheless, the mRNA of ATP6V1C2-v2 (C2b isoform) was found to be
barely expressed in the evaluated samples, precluding its relative quantification
by gPCR. It was also possible to determine a highly significant correlation
between mRNA levels of ATP6V1C2-vl and ATP6V1C2-v1,2 (r = 0.9521,
p<0.00001). Therefore, it is likely that that most of the expression observed in
ATP6V1C2-v1,2 analysis is due to the expression of the variant 1 (C2a isoform).
In this context, the observed switch towards C1 in tumors assumes a major
importance, as the additional peptide stretch in the C2a isoform may integrate
kinases-dependent and actin binding mechanisms and other related regulatory

functions of normal cells, which are disturbed as the C1 isoform becomes
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ubiquitously prevalent in cancer cells. This hypothesis suggested by our in silico
models should prompt future studies on the functional relevance of this C2a
specific peptide stretch for the H*-pump regulatory coupling and cytoskeleton

interactions.

In conclusion, to the best of our knowledge, this is the first report on multi-
cancer molecular signatures for the V-ATPase holoenzyme, indicating a key role
for the differential expression of their subunits and isoforms to form a
conformational code, which ultimately would lead to specific pH signals and
energy transductions related to carcinogenesis. Compelling evidence was also
provided for a clear distinctive imbalance of the C subunit isoforms pointing to
ATP6V1C1 and ATP6V1C2 as promising targets for development of new cancer
biomarkers and further in-depth mechanistic characterization. Taken together
these findings open a new avenue towards understanding