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Voltage-gated calcium channels: Novel targets for cancer therapy
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Abstract. Voltage-gated calcium channels (VGCCs) comprise
five subtypes: The L-type; R-type; N-type; P/Q-type; and
T-type, which are encoded by a, subunit genes. Calcium
ion channels also have confirmed roles in cellular functions,
including mitogenesis, proliferation, differentiation, apoptosis
and metastasis. An association between VGCCs, a reduction
in proliferation and an increase in apoptosis in prostate cancer
cells has also been reported. Therefore, in the present study,
the online clinical database Oncomine was used to identify
the alterations in the mRNA expression level of VGCCs in
19 cancer subtypes. Overall, VGCC family genes exhibited
under-expression in numerous types of cancer, including
brain, breast, kidney and lung cancers. Notably, the majority of
VGCC family members (CACNAIC, CACNAI1D, CACNAIA,
CACNAI1B, CACNAIE, CACNAI1H and CACNAII) exhib-
ited low expression in brain tumors, with mRNA expression
levels in the top 1-9% of downregulated gene rankings. A
total of 5 VGCC family members (CACNA1A, CACNAIB,
CACNAIE, CACNAIG and CACNAI) were under-expressed
in breast cancer, with a gene ranking in the top 1-10% of the
low-expressed genes compared with normal tissue. In kidney
and lung cancers, CACNAIS, CACNAIC, CACNAID,
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CACNAIA and CACNAIH exhibited low expression, with
gene rankings in the top 1-8% of downregulated genes. In
conclusion, the present findings may contribute to the develop-
ment of new cancer treatment approaches by identifying target
genes involved in specific types of cancer.

Introduction

Conventional studies on ion channels have primarily focused
on the crucial roles these channels perform in excitatory
cell types, including neurons, cardiomyocytes and secretory
cells (1). The roles of ion channels in various cell functions,
including mitogenesis, cell proliferation, differentiation,
apoptosis and metastasis are now well recognized (2-4). The
expression of ion channel transcripts has been highlighted as a
potential biomarker of certain types of cancer, including pros-
tate cancer and breast cancer (5-8). Therefore, the investigation
of the functional roles of ion channels in cancer development
may identify novel approaches for tumor prognosis (9,10).

Calcium channels may be generally categorized into two
major classes: Voltage-gated calcium channels (VGCCs)
and ligand-gated calcium channels (LGCCs). VGCCs may
be classified into five subtypes: L-type (10,11); N-Type (12);
P-type (13-15); T-type (16-18); and R-type (19,20). These ion
channels have been implicated in the progression of numerous
cancers. Members of the LGCC class, namely the inositol
trisphosphate receptor (21) and ryanodine (22), are also well
documented to regulate certain processes occurring during
cancer metastasis.

The role of calcium has been well documented in numerous
cellular processes, including cell proliferation and inhibition
and activation of various intracellular enzymes (23-25). The
effect of calcium on these processes varies by location, extent
and calcium homeostasis stage (26,27). The transcript levels
of calcium channels may cause different domino effects on
specific cell functions, as well as on cell proliferation, motility
or even cell apoptosis (28).

The recessive inheritance pattern of tumor suppressor genes
presents the greatest challenge in their identification. Another
challenge is the diversity of their action mechanisms, which
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range from variations in structure and copy number to epigen-
etic changes and single base modifications. In addition, the
molecular mechanism of action of a tumor suppressor gene may
change depending on the tumor type. These variations affect
the abnormal activation of oncogenes and/or the inactivation
of tumor suppressor genes, resulting in tumor formation and
development.

Expression levels of genes are currently recognized as
potential biological markers (29-32). The recent publication of
a public database (Oncomine; www.oncomine.org) containing
mRNA expression profiles for various cancers has now led
to the supply of a prodigious number of datasets, which may
improve the identification of critical biomarkers in cancers
and assist the development of improved molecular signatures,
once in full operation (33,34). However, tumor suppressor
genes tend to exhibit low or reduced expression in tumor tissue
compared with normal tissue. A previous study specifically
evaluated a tumor suppressor gene in breast cancer datasets
from the Oncomine database and observed significant down-
regulation and low expression of the tumor suppressor gene
ADAM metallopeptidase with thrombospondin type 1 motif 1
in breast carcinomas, when compared with normal tissue (35).
Another study revealed that the expression of sirtuin-3
(SIRT3), a mitochondria-localized tumor suppressor, was
decreased in breast tumors relative to normal type-matched
tissue. SIRT3 induced destabilization of hypoxia-inducible
factor-1a, whereas knockdown of SIRT3 increased cancer cell
growth and angiogenesis (36). The SIRT3 gene also exhibited
lower expression in various tumor types, including clear cell
hepatocellular, head and neck squamous cell, glioblastoma
multiforme, testicular and prostate cancers (37).

VGCCs are likely to be possible targets for future clinical
cancer treatments. The blockage of T-type calcium channels
in HCT116 cells was shown to inhibit cell development and
promote apoptosis (38). The T-type calcium channel also
confers anti-proliferative properties in malignant tumor
cells (39). Cells that highly express the majority of types of
calcium channels are significantly reduced in their prolif-
eration capabilities (40). The calcium voltage-gated channel
subunit al G (CACNAIG; Cav3.1) gene, a T-type o subunit
of a calcium channel, has been studied in colorectal cancer
for its involvement in methylation and silencing. CACNAI1G
is also considered a potential tumor suppressor gene, which
may reduce the effects of hypermethylation of CpG islands,
thereby attenuating cancer development (41). Another study
reported an association between the CACNAI1G gene, a reduc-
tion in proliferation and an increase in apoptosis in prostate
cancer cells. However, the molecular mechanisms of the role
of calcium channels as tumor suppressors remain unclear and
require additional study (42).

The authors of the present study previously performed a
meta-analysis on public microarray datasets and demonstrated
the existence of voltage-gated calcium gene signatures in
patients with cancer (43). However, compared with normal
tissue, certain VGCC family genes exhibited low expression in
tumor tissue. In addition, at present, the way in which VGCC
family genes function as tumor suppressors in cancer develop-
ment remains largely unknown. To the best of our knowledge,
the present study is the first exploration of the reduced
expression of VGCC genes in cancer development, and the
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present findings indicated that VGCC genes may be prospec-
tive targets for cancer treatment. Based on bioinformatics
screening, the under-expression of VGCCs at the mRNA level
has raised the question of their possible association with the
development and progression of cancer. This potential asso-
ciation between VGCCs and cancer was investigated using
Oncomine, a clinical online microarray database (44). The aim
of the present study was to examine the expression of VGCC
genes in various types and subtypes of cancer, and to identify
critical indicators supporting prospective research on the role
of VGCC channels in cancer onset and progression.

Materials and methods

Meta-analysis. According to the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis guidelines, a
meta-analysis of public microarray data was performed to
analyze the under-expression of VGCC mRNA in clinical
cancer tissue (Fig. 1) (45,46). Oncomine (www.oncomine.org)
was used to conduct a systematic analysis of all public cancer
microarray data (44). The Oncomine Platform Overview
Q1 2014 website comprises >700 independent datasets with
~90,000 microarray experiments. Analyses of these data
determined the under-expression of VGCC genes in diverse
types and subtypes of cancer.

Threshold specifications were set to evaluate the potential
tumor suppressor genes in the datasets that could control
VGCC transcript expression in cancer tissue. Samples that
showed under-expression with a fold change <-2.0, P<0.001
and a gene rank in the top 10% were included in the analysis.
A fold-change-based standard for under-expression was used
to establish the linear model association between mRNA
levels and VGCC gene expression in cancer tissues compared
with normal expression levels in matched tissue. The P-values
were used to determine the gene rank percentile, indicating
the degree of expression. Ultimately, 34 studies were retained,
comprising 4,443 samples (47,48). To investigate VGCC
expression in cancer cell lines, gene expression data on VGCC
genes across a panel of 967 cancer cell lines was downloaded
and analyzed from the Cancer Cell Line Encyclopedia
(CCLE) (49).

Results and Discussion

Voltage-gated calcium channel family in cancer development.
VGCCs consist of the o, subunit, which controls the construc-
tion of calcium selective pores. Five subtypes of VGCC are
recognized, consisting of the L-type, R-type, N-type, P/Q-type
and T-type, which are encoded by the a, subunit genes (50,51).
CACNAI1S,CACNAIC,CACNA1D and CACNA1Fencode the
L-type, CACNAIE encodes the R-type, CACNA1B encodes
the N-type, CACNA1A encodes the P/Q type, and CACNAIG,
CACNAIH and CACNAII encode the T-type (52). Tumor
suppressor genes have been well documented as cell division
regulators that control protein expression. A mutation of these
anti-oncogenes may affect cell proliferation, cell cycle and
apoptosis, which is then likely to trigger the onset of a specific
type of cancer (53). In cancer tissues, abnormal cell growth is
mainly caused by the inactivation or lack of tumor suppressor
genes (54). Tumor suppressor genes are also a type of cell
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Figure 1. Flow chart describing the process of data identification and accumulation for the quantitative analysis.

growth inhibitor and suppress tumor formation genes. Tumor
suppressor genes are also under-expressed or downregulated
in tumor tissues compared with normal tissue (53).

Previous studies have specifically used the Oncomine
database to screen and evaluate tumor suppressor genes. For
example, protein tyrosine phosphatase, receptor type D was
expressed at significantly lower levels in glioma relative to
matched tissue in the brain (55). Another study using the
Oncomine database revealed that the level of castor zinc
finger 1 (CASZ1) expression was lower in numerous cancer
cell types, including gastric intestinal-type adenocarcinoma,
head and neck squamous cell carcinoma and clear cell renal
cell carcinoma. CASZ1 was also revealed to function as a
tumor-suppressor in neuroblastoma (56). A high expression of
CASZ]1 may interrupt the cancer development process of other
types of tissue and play a role in their tumorigenesis (57).

The present bioinformatics analysis revealed that
CACNALIS, CACNAIC, CACNAID and CACNAITA were
abundantly expressed in normal tissue but not in cancer tissue;
thus, they could serve as tumor suppressor gene markers
for specific subtypes of cancer. For these specific types and
subtypes of cancer, patients may be supplemented with healthy
food or a calcium agonist. This would enable the regulation
of CACNAI1S, CACNAIC, CACNAI1D and CACNAIA
signal transduction, thereby offering a method to treat cancer
and even cardiovascular disease (58-61), obesity (62) and
diabetes (63-65). However, no global method currently exists
to screen for the under-expression of VGCCs in diverse types
and subtypes of cancers. Therefore, the present study used
Oncomine, an online clinical microarray database, to calculate

the changes in mRNA expression levels of VGCCs in 20
types of cancer, and to determine a suitable threshold based
on P-values (<0.001), fold change (<-2.0) and gene rank (<top
10%) to select satisfactory datasets. Fig. 1 showed VGCC gene
under-expression in 20 cancers, including the corresponding
fold changes, P-values and top gene ranks.

A bioinformatics approach was performed in the current
study to determine the functions of VGCC genes in the devel-
opment of cancer, and to determine whether VGCC genes are
potential tumor suppressor genes similar to PTEN (66) or
SIRT3. The VGCC genes showed downregulation in 18 of
the 20 examined cancer tissues compared with normal tissue
(Fig. 1). Overall, VGCC family genes showed under-expres-
sion in numerous types of cancers, including brain, breast,
kidney and lung cancers. Notably, when compared with their
expression in normal tissue, the majority of VGCC family
members (CACNA1C, CACNAID, CACNAITA, CACNAIB,
CACNAIE, CACNA1H and CACNAI1I) were found to be
downregulated in brain tumors, with an mRNA expression
level in the top 1-9% of the gene rankings. In total, 5 of the
VGCC family members (CACNAIA,CACNAI1B,CACNAIE,
CACNAIG and CACNAII) were under-expressed in breast
cancer, with a gene ranking in the top 1-10% of the expressed
genes relative to normal tissue. In kidney cancer and lung
cancer, CACNAIS, CACNAI1C, CACNA1D, CACNAIA and
CACNAI1H had low levels of expression, with a gene ranking
in the top 1-8% of the expressed genes. In addition, certain
VGCC family genes were under-expressed in other cancer
subtypes, including colorectal, lymphoma, ovarian and
bladder cancers.
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Figure 2. Under-expression of 10 voltage-gated calcium channel genes in 19 types of cancers. The comparison of cancer vs. normal tissue was shown at
different expression levels based on P<0.001, a fold change >2.0 and a gene rank percentile <10%, to screen the microarray datasets. The color alterations

represent the changes in level of gene rank percentage.

L-type calcium channel family. The L-type calcium channel
is encoded by four genes: Cavl.l (CACNAIS); Cavl.2
(CACNAIC); Cavl.3 (CACNAI1D); and Cavl.4 (CACNAIF).
These genes are generally located in different areas, including
skeletal muscle, smooth muscle, bone (osteoblasts) and
ventricular myocytes. Previous studies explored the role of
L-type calcium channels primarily in the physiology and
pharmacology fields (67,68). Therefore, their functions are
largely unknown in terms of their role in cancer progression.
Notably, compared with our previous studies, CACNAI1S
was overexpressed relative to normal tissue samples in acute
myeloid leukemia and brain and central nervous system
(CNS) tumors (1). The present data revealed downregulated
CACNALS in renal oncocytoma, with a -3.920-fold change, as
well as in head and neck squamous cell carcinoma, (3.670-fold
change) and in squamous cell lung carcinoma (-2.038-fold
change), compared with matched normal tissue (Table I). In
addition, CACNALIS ranked in the top 5% of downregulated
genes in head-neck and renal cancer (Fig. 2). Thus, CACNAIS
showed increased mRNA expression in a number of cancer
tissues but decreased expression in others. These findings
indicated that cell context-specific alterations in CACNAI1S
expression may play a critical role in cancer biology.
CACNAIC has been revealed to affect the pathophysi-
ology of psychiatric disease (69). The present bioinformatics
analysis confirmed that CACNAIC exhibited low expressions
in the majority of types of cancer, including brain, lymphoma,
ovarian, bladder, prostate, renal, salivary gland, cervix and
colorectal cancers, compared with normal tissue (Table I). In
addition, 9 of the 20 types of cancer showed downregulation
in which CACNAI1C was ranked in the top 5% of genes that
had low expression (Fig. 2). Compared with normal tissue,

CACNAIC was significantly downregulated in the majority
of brain tumor types, including diffuse astrocytoma, glio-
blastoma, anaplastic astrocytoma and oligodendroglia, with
P-values ranging between 1.77x10* and 9.26x10?' and a
gene ranking between 1 and 6%. Lastly, CACNAIC expres-
sion decreased in centroblastic lymphoma, with a -2.381-fold
increase, a P-value of 3.77x10'"® and a gene ranking in the
top 1% relative to matched normal tissue sections. Compared
with our previous study (43), CACNAIC was overexpressed
compared with normal tissue samples in gastric, pancreas,
brain, colorectal, breast, uterus, skin and prostate cancers and
leukemia. Notably, up- and downregulated CACNAI1C was
observed in brain, prostate and colorectal tumors compared
with normal tissue. The conflicting expression profiles of
CACNAIC in the same types of cancer may be due to the
broad range of categories for each cancer subtype. For
example, our previous study (43) indicated that CACNAIC had
high expression in prostate carcinoma; however, in the present
study, CACNAIC had low expression in prostatic intraepi-
thelial neoplasia epithelia relative to normal type-matched
tissue. In addition, CACNAIC had high expression in colon
and renal adenoma; however, in the present study, CACNAI1C
had low expression in rectosigmoid adenocarcinoma relative
to normal matched tissue. In addition, CACNA1C was up- and
downregulated in brain glioblastoma. The small sample size in
the original publications (70,71) may explain this discrepancy.
Collectively, our data suggested that alterations in CACNAI1C
expression may have an adverse effect on tissue homeostasis,
which may result in tumorigenesis.

CACNAI1D regulates cell firing (21) and is associated
with prostate cancer; however, the presence of CACNAI1D
in other cancer subtypes requires confirmation. The present



2063

ONCOLOGY LETTERS 14: 2059-2074, 2017

[B19310]0D)
(ror1) 10/£0/800C [09UQ [022ukDy (01 d0o3) GLL°1 LLEC eI 8- +OIXST 1 Sy BUWOUIDIED [[9 snowrenbs [eo1A10)
XIAIDD)
(con) 10/01/200¢ [oU¥ed [ Wy (¢ doy £gT 801CC- 796'6- oOIXST'C (44 ewiourored d1skd plouape pue|s AreArjes
pue[3 A1eares
(zon 81/60/600¢ 1due) DINY (z doy) 80¢ L6TT- I1L6 o0IXC6'Y L9 BUWOUIOTED [[99 [eual Arefjideq
[euoy
(Ton) 10/T10/L00C 32U 1eN (¢ do) $¢ [{IN% 18¢7¢- +OIXESL 101 erjoyido ewourdILd EISOI]
(Ton) 10/T0/L0O0T 39U_D JBN (¢ doy) pe1 6¢cl ¢ CE9 v~ «01X08C 101 erpoyido ersedoou [erpoypidoenur onesold
JreIsold
(oon) 01/20/900¢ [02UQ uId [ (9 doy) oL L3L9- 88C' 8- or-01¥00°C LST 1ooued 19ppe[q [eroyredng
(oo1) 01/20/900¢ [05UQ UId [ (9doy g9 12452 % co¢L- a-01X76'6 LST BUWOUIDILD [BI[2YI0IN 19pPEq Sulen[yuy
1opperd
(66) 10/80/600¢ 10§ 1odoue) (z doy) 81¢ 8CT LT esTel- »1-OTXCL'T 139 BUIOUISIE50U9pE SNOISS UBLIBAQ
ueLIeAQ
(86) 10/%70/S00¢C 32U 1eN (1doy) L1 18¢¢C- SIocl- gi-OIXLL'E 9¢e ewoydwA] onse[qonua)
ewoydwAT
(1L) 02/90/800¢ [02UQ UID [ (9doy) eL1°1 0ss ¢ A5 +OIXLL'T 78 EUIO)SB[qOIID
(oL) 10/70/900€ [1°D 1edue)y (+ do1) 619 0S¢ 8L8 V- +0IX6SY 081 BWOIAD01SE 9snI
(oL) 10/%70/900€ 112D 1ooues) (1 don L 991" ¢- 7688~ 10IX9%' L 081 ewojfoonse dnsefdeuy
(oL) 10/70/900C [1°D 1ooue)) (¢ doy) y0g Y20 e 6¥0°01- #1-01X6¢ | 081 BWOI[S0IPUSPOSIO
(oL) 10/70/900¢ 112D 1ooue) (¢ do) 8% €8y v~ SCrvl- 1201X9C°6 081 BUWO)SLIqOID
ureigq
JOIVNOVO
(L6) S1/¥0/S00C S9Y 1odoue) (L do1) 109 8€0C- 8¢0'9- JRURS OB €6 BwiouroIed Jun| [[20 snowenbg
Sunp
(96) C1/10/600¢ 192ue DINE (1 doy) $z¢ 8€9°9- 19C¢- o01X9T'¢ 8¢ BUWOUIOIED [[99 snowrenbs anFuoy,
(S6) 10/T0/700C $9Y Iooue)) (9 do) 817 0L9 ¢~ 81¢L- «01%X96'9 123 BUWOUIOIED [[29 snowenbs joou pue peoy
Yodu-peoy
(¥6) G1/80/S00C S9Y Iodue) ul[n (¢ doy) y¢ Ye6'C- 8L6'1C- a-01X88'Y 6 BUWOUIOTED [[99 [eual Arefjideq
(¥6) G1/80/S00C S9Y Iodue) Uiy (¢ doy) €0¢ 0c6'¢- 0s0'9¢- or-OTXLL'T 6 BWOJA000UO [euay
[euoy
STVNOVD
(sy) QOUAIJI 9, ‘Sunjuel (JewrIou;/Id0Ued) (JewrIou;/I0Ued) (TewrIou/I90URD) u ‘roquinu ad A3 190uBD pue QU
aseqere( Elicly) pIod 159} anfeAa-d juaned

*s190ued Ul uorssardxa [puueyo wniofed ad431- [ 91qey],



PHAN et al: EXPRESSION OF VOLTAGE-GATED CALCIUM CHANNELS IN CANCER

2064

(€L) 10/€0/L00C Is_AUL UI) [ (1 doy) ¢t w0 C- LSOET- a-0IXy I 09 ewoydwi[ [[99 o5re] onsejdeuy
ewoydwAT
dIVNDVD

(zoD 81/60/600¢ 1odue HING (1 doy) 1 866'C- S99~ +OIXIL'E L9 Jown)y SWIIA [eusy

[euoy

(801) 10/L0/S00T S9Y 1edue)y (¢ doy) $1¢ SSTY- 06L¢- +0IXET'9 125 ew0)£o01sIY snoIqy JueuSIe

(801) 10/L0/S00C $9Y 1aduer) (1 doy) zo1 086t~ 76917~ +01X88'C 123 ewooresodi] payenuaIyyIpaq

BUWODIBS
(Lon ¢1/20/L00C poold (¢ doy) zgg L8V ¢- LOS V- +01X0g'C 8L BWO[oAW SuLIapjows
(Lon) S1/20/L00T poold (¢ doy) ey €96°¢C- 68817~ o-01XCo'¢ 8L Q0ULDYIUTIS
paurudjopun jo Ayjedowes [BUO[OOUOIA

BUWOTIAIN

(oL) 10/70/900C [1°D 1odue) (9 doy) L11°1 V18T [ae 1000 081 ewojAoonse asnyI

(oL) 10/%0/900€ [1°D 1odue) (6doy) zzL'l ¥60°C- SIy's- o-0IX61 € 081 ewolkoonse onsedeuy

(oL) 10/%0/900¢ [1°D Iedue) (9 doy) zz1°1 0S8°¢C- SIsor- or-01XETE 081 BUWO)SEIqOID

urergq

(901 T0/T0/C10T $9Y 1edue)y (1 doy) 1 vy LSOET- - OIXGT'C 9r¢ BUWOUIOIBOOUSPE Fun|

(oD ¢¢/v0/010C 2UO SO1d (1 doy) 16 108'%- Lyv'6l- 1e:01X9T°L 9¢1 ewiouroIed Suny [[90 snowenbg

Sung
dIVNOVDO
80/60/110C VDO.L (01 doy) 1981 eLTC 088'¢- +0IX90°¢ LET BUWOUIDIEI0UIPE PIOWSIS0I09Y
sy) QOUAIJAI 9, ‘unjuel (Tewou/Io0U®D) (JewrIou;/Id0Ued) (TewIou/I20ULd) u ‘roquinu ad A3 190ued pue QU
aseqere( Quan prod 15931-) anfea-d juaned

"panupuo) I AqeL



2065

ONCOLOGY LETTERS 14: 2059-2074, 2017

‘poy10ads 9S1MISYI0 10U ‘SON

(410) LT/€0/L00C 1due) HING (1 dom) 681 cocc 9e6 e +OIXPE6 0¢ BUIOUIDIES 1SBAIQ [E10ND SAISBAU]
jsearg
(€11) 10/20/600¢C 1odue) [ Inyg (¢ doy) 9zt €L9'9- 608G~ +0IX0r'€ 69 BUIOUTSIES0USDE PIXTIW JLNSer)
(€11 10/20/600¢ 1odue)) [ Inyg (9 doy) 0r0'1 0LEC- LeL e +0IXGTC 69 BUIOUIDILd0UdPE 2dA) [eUnSaul JLnsen
Jsen
(02) 10/60/900C £30]013)ud01580) (1 doy) 91 €L8'T- 89¢°G- <0IX19°6 8% sngeydosy
sn3eydosyg
(1D T0/CT/LO0T $9Y 1odue]) [ON (8 doy) 161 9LE €~ or'v- +0IX6E°¢ 9 euiouspe uojoy
(Trn 10/20/010C siseiseroN dxg uiy - (o1 doy) g8’ 1 LO8'C- €60 S o-0IXSTS 8 BUWIOUIDIED [€30310[0))
[810210]0D)
(or11) 1€/L0/€00T Qua309UQ (zdoy) 131 ¥80°C- 8€1°G- +OIXP8'T 4% Bw0}A00NSY
11 1€/L0/£00T dUa309UQ (¥ do) 68¢ 891°C- €75'9- +OIX60' T 4% BUWIOI[S0IPUIPOSI|O
(Ip ¥¢/10/200C 2InjeN (7 dow) 661 €8T 61" LE6 € +01X86'8 ¢8 ewojse[qo[npaw onsejdowsa
(In ¥¢/10/200C 2InjeN (g doy) 1% 1eg16- 1106~ +OIXEL'S ¢8 BUWIO)SB[QO[[NPIW JISSE[T)
(In ¥¢/10/C00C 2IeN (1 doy) ¢ 661t0L- eS10l- +OIXP9v 68 SON “Iown) [BULIDPOIO0INIU AW
(1o ¥2/10/200T 1eN (¢ doy) 08 0L6'6€1- TI0'S- +0IXLO'T S8 SON ‘Bwor[3 JueuSIeA
(an ¥¢/10/200C 2InjeN (1 doy) ¢ CeLETs- 9L L~ +OIXS0'6 ¢8 Jown) propqeyl/projera) [edtdAry
(601) S1/60/100C S9Y 1odoue) (¢ dov) 8¢ 1 Yre L 44 cOIX¥ST 59 ewo)£o0nsy
(1L) 02/90/800¢ 109UQ U1 [ (¢ doy) 8¢ vy 896'8- o-0IXCCTY 78 BUIO)Se[qOID
€0/90/€10C VDOL (¢ doy) ogg 006'9- 1ocve ¢1-01¥X60°C LSS BWOISL[QOI[S ureIg
(oL) 10/70/900C 12D 1ooue) (7 doy) L9 881°¢C- CE6'9- s0IXC0'¢ 081 ewojfoonse onsejdeuy
(oL) 10/70/900€ [1°D 1odue) (g doy) 1438 6¢0'¢- 9¢9°01- gi-OTXLL'8 081 BUWO)SBIqOID)
urelg
VIVNOVO
sy Q0URIAJAI AseqeIe( 9, ‘3UD[ULI QUAL) (Tewrou/I20URD) (Tewrou/rdoued)  (JRULIOU/IdOURD) U ‘roquinu od£y 100uEd pue SUAn)
proq 1591-) anfea-d juaned

*s100uBD Ul uoIssaldxa [ouueyd wnroes adA1-d 11 d[qeL



2066

study revealed that CACNAI1D expression levels decreased in
lung, brain, myeloma, sarcoma and renal cancer. In 5 of the
20 cancer tissue sections, CACNA1D was downregulated and
presented in the top 10% of downregulated genes (Fig. 2). In
addition, CACNAI1D levels also markedly declined in squa-
mous cell lung carcinoma and lung adenocarcinoma, with fold
changes ranging between-2.443 and -4.801, P-values ranging
between 2.15x10%* and 7.16x10°" and gene rankings all in the
top 1% relative to normal type-matched tissue. In brain tumors,
consisting of glioblastoma, anaplastic astrocytoma and diffuse
astrocytoma, CACNAID was substantially downregulated,
with fold changes between 2.814 and -2.850, P-values between
0.001 and 3.23x107'¢ and gene rankings in the top 6-9%. To
the best of our knowledge, these findings regarding the low
expression of CACNAI1D in myeloma, sarcoma and renal
tumors (Table I) are novel findings. In our previous study (43),
CACNAID specifically had low expression in myeloma,
sarcoma and renal tumors and was highly expressed in pros-
tate, breast, colorectal, bladder, gastric, uterine and esophageal
tumors. In addition, CACNA1D was up- and downregulated
in brain and lung cancer. CACNA1D was upregulated in lung
carcinoid tumors, but under-expressed in squamous cell lung
carcinoma and lung adenocarcinoma. Based on the current
data, CACNAI1D may be a useful marker for potential tumor
suppressor genes in cancer development; however, its mecha-
nism of action in cancer requires additional investigation in
prospective studies.

CACNAIF was reported to be involved in human physi-
ology and photoreceptors, although its role in cancer biology
is generally unknown. In the present analysis, CACNAIF was
under-expressed in anaplastic large cell lymphoma with a fold
change of -2.044, P-value of 1.14x10"'2, and gene ranking in the
top 1% (Table I). In our previous study, CACNAIF was over-
expressed in testicular teratoma relative to normal matched
tissue samples (72). Therefore, CACNAIF had increased
mRNA expression in testis cancer but decreased expression in
Ilymphoma. These findings indicated that cell context-specific
alterations in CACNAIF expression may play a critical role in
cancer biology.

P/Q-type calcium channel family. The P/Q calcium channel
is encoded by Cav2.l1 (CACNAI1A), located in Purkinje cells
and cerebellar granule cells (73). CACNAIA is known to be
involved in neurological disease (74); compared with normal
tissue, CACNA1A is downregulated in brain, colorectal, gastric
and breast cancers (Fig. 1). In 4 of the 20 cancer types studied,
the expression of CACNAI1A was low, with a gene ranking in
the top 10% of downregulated genes (Fig. 1). Brain tumors,
consisting of glioblastoma, anaplastic astrocytoma, astrocy-
toma, atypical teratoid/rhabdoid tumor, malignant glioma,
primitive neuroectodermal tumor, classic medulloblastoma,
desmoplastic medulloblastoma and oligodendroglioma, all
showed significant downregulation (P<0.05) of CACNAIA in
comparison to type-matched tissues. In silico analysis of brain
datasets showed a -2.084-fold change in CACNA1A expression
levels, with P-values ranging between 2.84x10* and 8.77x107'8
and a gene ranking in the top 1-5%. Colorectal cancers,
including colorectal carcinoma and colon adenoma, all showed
the most significant decreases in expression of CACNAIA
relative to control samples, with-2.807- to -3.376-fold
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downregulation, P-values between 3.39x10” and 5.25x10°¢ and
gene rankings in the top 8-10% (Table II). Compared with our
previous studies (43), CACNAIA specifically had low expres-
sion in colorectal, esophageal and gastric cancers, but also had
high expression in leukemia, and sarcoma, ovarian, uterine,
lung and cervical tumors. In addition, it was also identified
that CACNAIA was up- and downregulated in brain tumors.
Overall, our bioinformatics analysis verified that CACNATA
is likely to be useful as a possible cancer therapeutic target for
colorectal, esophagus, gastric and breast cancers.

N-type calcium channel family. The N-type calcium channel
is encoded by an o, subunit termed CACNAI1B (Cav2.2),
which is localized in the brain and peripheral nervous system.
In neuropathic pain, CACNAI1B serves to preserve neuronal
firing and neurotransmitter release (74). However, CACNA1B
has not yet been associated with cancer. The bioinformatics
data derived in the present study regarding brain and breast
cancer showed that CACNAI1B ranked in the top 1 and 5%
of genes with low expression, respectively. Brain tumors,
including glioblastoma, oligodendroglia, anaplastic astro-
cytoma, diffuse astrocytoma and glioblastoma all showed
significant downregulation (P<0.05) of CACNAIB relative to
control samples. In silico analyses of brain datasets showed
under-expression of CACNAIA, ranging between -4.336 and
-8.235-fold decreases in transcript expression, P-values between
1.05x107 and 3.47x10""° and gene rankings in the top 1-5%. For
CACNAIB expression in male breast carcinoma, the data also
showed decreases, with a -2.067-fold change and a P-value of
3.41x10°7 relative to control tissue (Table IIT). Compared with
our previous results (43), CACNAI1B specifically had low
expression in brain cancer, but also had high expression in
prostate tumors. In addition, CACNA1B was also upregulated
in intraductal cribriform breast adenocarcinoma, but down-
regulated in male breast carcinoma. Finally, the present data
indicated that CACNA1B was moderately expressed in brain
cancer and male breast cancer. Understanding the underlying
mechanisms behind CACNAI1B action in cancer progression
may assist in determining prospective therapeutic targets for
the treatment of brain cancer and male breast cancer.

T-type calcium channel family. The T-type calcium channel
consists of three subtypes [Cav3.] (CACNAIG), Cav3.2
(CACNA1H) and Cav3.3 (CACNAI1I)], which are located
in neurons, pacemaker cells and osteocytes. The functions
of the T-type calcium channel remain generally unknown.
CACNAIG exhibited low expression in numerous cancers,
including ovarian serous adenocarcinoma and mucinous
breast carcinoma, with a gene ranking in the top 3-5% of genes
with low expression, fold changes between -6.893 and -2.209,
and P-values between 2.42x107 and 4.27x107'° (Table IV).
Compared with our previous results (43), CACNAIG specifi-
cally had low expression in ovarian, renal, brain and bladder
cancer, but also exhibited high expression in sarcoma, lung,
uterine and prostate tumors. CACNAIG was also revealed
to be upregulated in invasive lobular breast carcinoma but
downregulated CACNAIG was observed in mucinous breast
carcinoma and mantle cell lymphoma. In addition, CACNA1G
was upregulated in rectosigmoid adenocarcinoma but down-
regulated in colorectal carcinoma.



Table III. N-type calcium channel expression in cancers.

Fold
(cancer/normal)

t-test
(cancer/normal)

P-value
(cancer/normal)

Patient
number, n

(Refs.)

Database reference

Gene ranking, %

Gene and cancer type

CACNAIB

Brain

(70)
(70)
(70)
(70)

(71)

Cancer Cell 2006/04/01
Cancer Cell 2006/04/01
Cancer Cell 2006/04/01
Cancer Cell 2006/04/01
J Clin Oncol 2008/06/20

656 (in top 4)

-8.235
-4.336
-5.134

-4.929
-5.922

-12.113

3.47x10°"

180

Glioblastoma

947 (top 5)
223 (top 2)
33 (top 1)

-7.840
-7.611
-6.720
-19.805

2.37x10™M

180

Oligodendroglioma

1.37x107
1.40x10°¢
1.05x10°

180

Anaplastic astrocytoma
Diffuse astrocytoma

Glioblastoma

180

691 (top 4)

84
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Breast

827 (top 5) TCGA2011/09/02

-2.067

-4.423

3.41x10°

593

Male breast carcinoma

CACNAI1H was downregulated in gastrointestinal stromal
tumor, sarcoma and renal cancer (Fig. 1). CACNAI1H presented
in the top 1-3% of downregulated genes in glioblastoma
and renal oncocytoma, respectively. Compared with normal
tissue, the fold changes ranged between -3.370 and -2.201, and
P-values ranged between 7.01x10™" and 1.76x10'5. CACNAIH
also exhibited low expression in bladder cancers, including
infiltrating bladder urothelial carcinoma (fold change, -6.64;
P<2.53x1075) and superficial bladder cancer (fold change,
-4.59; P=1.49x107). Notably, compared with our previous
research, CACNA1H was specifically overexpressed relative
to normal tissue samples in renal cancer, sarcoma and gastro-
intestinal stromal tumors (75). However, CACNAI1H also had
specific low expression in brain, ovarian, bladder, lung and
breast cancer (Table IV).

CACNAII exhibited low expression in invasive breast
carcinoma and breast carcinoma stroma, with a gene ranking
in the top 5 and 10%, P-values of 1.75x10** and 7.55x10°',
and fold changes between -4.405 and -2.184, respectively
(Table IV). Notably, in our previous study, CACNAII was
overexpressed in invasive breast cancer, myxoid/round cell
liposarcoma and esophageal adenocarcinoma relative to
normal tissue samples (75). Compared with normal tissue,
CACNAII exhibited low expression in brain tumors, including
brain glioblastoma, glioblastoma and anaplastic oligodendro-
glioma. Therefore, CACNAI1I was proposed as a potential
therapeutic target for these specific cancer subtypes.

R-type calcium channel family. Cav2.3 (CACNAIE) is the
only subtype of R-type calcium channels and is localized in
cerebellar granule and brain cells. Compared with normal
tissue, CACNAIE showed fold changes between -3.061 and
-2.027, P-values between 2.62x107 and 5-3.18x10°¢, and a gene
ranking in the top 1-3% of downregulated genes in gastric and
brain cancer, respectively (Table V). CACNAIE was overex-
pressed in esophageal and uterine cancer relative to normal
tissue samples (72,75); however, CACNAIE also had low
expression in prostate, leukemia, and lung and breast cancers.
Therefore, CACNAI1E was proposed as a potential therapeutic
target for these specific cancer subtypes.

VGCCs in clinical application. The present data established
that the expression of calcium channel family genes in normal
brain tissue is substantial in comparison to their expression
in brain tumor tissue. Previous studies showed that calcium
channel antagonists involved in the signaling pathway of
meningioma may affect growth factor-mediated meningioma
proliferation (75,76). Another study used human astrocytoma
U-373 MG and human neuroblastoma SK-N-MC cell lines as
models to investigate the effects of calcium channel antago-
nists, including verapamil, nifedipine and diltiazem, on cancer
cell lines (77). Cell growth inhibition occurred with interfer-
ence from agonist-induced intracellular Ca®* mobilization (78).
T-type (Cav3.1) calcium channel a, subunit expression was
changed in human glioma (76,79).

The effects of CACNA1A have been interpreted to represent
atypeof neurological disorder (80). Variationsinthe CACNATA
gene have been well documented to result in certain neuro-
logical diseases, including familial hemiplegic migraine type
1, sporadic hemiplegic type 1 and spinocerebellar ataxia type
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Table IV. Continued.

Gene
ranking, %

Fold
(cancer/normal)

t-test
(cancer/normal)

P-value
(cancer/normal)

Patient
number, n

(Refs.)

Database reference

Gene and cancer type

Breast

(18)
(118)

Nat Med 2008/05/01

1,871 (top 10)
758 (top 5)

-2.184

-4.405

-12.196
-11.625

7.55x10716

1.75x10*

Invasive breast carcinoma stroma

Invasive breast carcinoma

Breast Cancer Res Treat

2011/03/04

158

Brain

-19.105 -8.779 946 (top 8) TCGA 2013/06/03

4.91x10”

557

Brain glioblastoma

CACNAII
Brain
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TCGA 2013/06/03

185 (top 2)
620 (top 5)

-7.373
-2.371

-8.788
-5915

3.13x10°
0.001

557

Glioblastoma

(119)

Cancer Res2005/10/01

54

Anaplastic oligodendroglioma

6 (81-84). However, CACNAIA was revealed to be frequently
expressed in adenocarcinomas and involved in cell prolifera-
tion and differentiation (85,86). CACNAIA under-expression
in atypical teratoid/rhabdoid tumors (AT/RT), malignant
glioma and primitive neuroectodermal tumors had P-values
of 9.05x107, 2.07x10* and 4.64x10*, and gene rankings in
the top 1, 2 and 1%, respectively. These expression levels were
listed in the top 1 percentile. AT/RT is a rare malignancy
frequently identified in childhood. AT/RT may develop in the
CNS, including the spinal cord (87).

CACNAIG was also identified as a novel tumor suppressor
in lung cancer (86). CACNAIG has a significantly different
expression in squamous cell carcinoma and adenocarci-
nomas (86). Furthermore, it plays a role in cell proliferation and
differentiation (88). CACNA1G was inactivated in colorectal
cancers, colorectal adenomas, gastric cancers and acute
myelogenous leukemia (42). CACNAIC and CACNAID
are also involved in cancers and other types of disease.
CACNAID was under-expressed in VCaP-siERG cells (89). It
was also proposed to be a biomarker in patients with prostate
cancer (90). In addition, CACNAIC was under-expressed in
hypoplastic left heart syndrome (91,92).

Cancer cell lines are widely accepted as in vitro models
used to study tumorigenic molecular processes. They have
been used to perform useful molecular and functional analyses
to understand the role of signaling pathways in tumor initia-
tion and progression and also to identify potential therapeutic
targets (93). For this purpose, international cancer projects,
including the CCLE, have currently created a wide collec-
tion of human cancer cell lines from different tumor types.
To identify the expression of CACNAIS in various cell lines,
genomic data from 967 cancer cell lines in the CCLE collec-
tion was analyzed. These data showed consistency with Fig. 2.
CACNALIS was downregulated in kidney cell lines but exhib-
ited high expression in brain and leukemia cell lines (Fig. 3).
CACNAIC was downregulated in prostate and pancreatic
cell lines but exhibited high expression in breast, skin and
lymphoma cell lines. CACNA1D was downregulated in brain,
CNS and renal cell lines but had high expression in breast,
gastric and lung cell lines. CACNA1A was downregulated
in brain cell lines but exhibited high expression in leukemia,
ovarian and uterine cell lines. CACNA1B was downregulated
in brain and breast cell lines, but exhibited high expression in
lung cell lines. CACNAI1G was downregulated in bladder and
renal cell lines, but exhibited high expression in breast cell
lines. CACNA1H was downregulated in bladder and brain cell
lines, but had high expression in gastric and renal cell lines.
CACNAII was downregulated in brain cell lines, but exhibited
high expression in breast cell lines. The CCLE data were used
to confirm the differences in VGCC gene expression in cancer
tissue (Fig. 3). These data may provide unprecedented poten-
tial for discovering novel biomarkers of cancer in the VGCC
gene family.

Tumor suppressor genes show low or under-expression in
tumor tissue compared with normal tissue. Tumor suppressor
gene changes result in the onset and progression of cancer.
Determining the expression of these genes may therefore
clarify the underlying mechanisms of oncogenesis. However,
the tumor suppressor genes that are essential in numerous
types of cancer remain poorly understood (45). In the present
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Figure 3. Plots showing voltage-gated calcium channel family gene mRNA expression z-scores vs. copy number value from 967 cell lines that were obtained

through the Cancer Cell Line Encyclopedia. Each dot represents one cell line.

analysis, Oncomine was used to perform a meta-analysis of a
clinical human microarray database. VGCCs were confirmed
to play roles as tumor suppressor genes in specific cancers,
including cancer tissue and cancer cell lines. Overall, VGCC
family genes were under-expressed in numerous types of
cancers, including brain, breast, kidney and lung cancers.
Notably, the majority of VGCC family members (CACNAIC,
CACNAI1D, CACNAIA, CACNA1B, CACNAIE, CACNAIH
and CACNAI1I) were downregulated in brain tumors, with an
mRNA expression level in the top 1-9% of the gene ranking.
A total of 5 of the VGCC family members (CACNAIA,
CACNAI1B, CACNAIE, CACNAIG and CACNA1I) showed
under-expression in breast cancer, with gene rankings in the
top 1-10% of the expressed genes relative to normal tissues.
In kidney cancer and lung cancer, CACNAIS, CACNAIC,
CACNAID, CACNAIA and CACNAIH exhibited low
expression, with gene rankings in the top 1-8% of expressed
genes. Collectively, the involvement of calcium channels in

cancer development and progression remains largely obscure,
although numerous studies have investigated this topic. The
present findings may help clarify the role of VGCCs as tumor
suppressors in cancer development and may contribute to the
development of new cancer treatment approaches for specific
types and subtypes of cancer.
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