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Abstract. The present study examined the mRNA expression 
levels of different isoforms of the plasma membrane calcium 
ATPase 2 (PMCA2) gene generated by alternative splicing 
at the first intracellular loop (site A) and C‑terminal region 
(site C) in 85 human breast cancer tumor and 69 adjacent 
non-tumor tissues. Associations were identified between 
the expression of PMCA2 splice isoforms and the following 
clinical variables: Estrogen receptor (ER), progesterone 
receptor (PR) and human epidermal growth factor receptor 2 
(HER2) status, tumor size, staging and histological classifi-
cation, and lymph node status. Transcripts including splice 
site A or splice site C were amplified by reverse transcrip-
tion-quantitative polymerase chain reaction using PMCA2 
isoform‑specific primers. Tumor and adjacent tissues were 
determined to express the different PMCA2 splice isoforms 
2w, 2x and 2z (site A), and 2b (site C). The mRNA levels 
for these variants indicated high biological variability, but 
increased expression was observed in breast tumor tissues, 
compared with in adjacent tissues. Significantly increased 
PMCA2x/b expression levels were detected in breast tumor 
tissues histologically classified as lobulillar, compared with 
in ductal-types breast tumor tissues (P<0.028). Furthermore, 

PMCA2z expression was significantly associated with PR 
status (P<0.024, compared with in PR-negative tumor tissues), 
and PMCA2w expression was significantly associated with 
ER status (P<0.048, increased in ER-positive tumor tissues, 
compared with ER-negative tumor tissues). Finally, PMCA2b 
was overexpressed in HER2-positive tumor tissues, compared 
with in HER2-negative tumor tissues (P<0.014). The data 
demonstrated the differential mRNA expression of a number 
of splice site A and C variants of PMCA2 in breast tumor and 
adjacent tissues, depending on tumor hormone receptor status 
and histological classification. In agreement with previous 
data, PMCA2b was overexpressed in HER2-positive tumor 
tissues, indicating that high mRNA levels of this variant could 
be a marker of poor prognosis.

Introduction

The human plasma membrane calcium ATPase (PMCA2) 
cooperates with other calcium transport systems and with 
soluble Ca2+ binding proteins to control calcium homeostasis 
in eukaryotic cells (1-3). The precise control of intracellular 
calcium levels is required due to the critical role of Ca2+ in the 
modulation of vital physiological processes, including lacta-
tion, proliferation and apoptosis (3‑5). In humans, PMCA2 is 
expressed in a limited range of tissues, with high expression 
levels observed in the nervous system, including cerebellar 
Purkinje cells and cochlear hair cells, and the lactating epithe-
lial mammary gland, and reduced expression levels of the 
enzyme are observed in pancreatic beta, corneal epithelium 
and muscle cells (6‑10). Recent studies have identified elevated 
PMCA2 mRNA levels in human breast cancer (11-15). 
Furthermore, it has been established that two alternative 
splicing domains at the N-terminal first intracellular loop 
(site A; 2w, 2x, 2z) and at the C-terminal region (site C; 2a, 
2b, 2c) produce >9 different variants through mechanisms in 
which exons are included or excluded (Fig. 1). Site A includes 
exons (33, 60 and 42 bp) that encode residues in the vicinity of 
a phospholipid-responsive domain located in the cytoplasmic 
loop between the second and third transmembrane domain, 
which may be incorporated into the mature mRNA in diverse 
combinations (16-19), affecting protein targeting. Site C 
comprises of exons (172 and 55 bp) that may be included or 
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excluded in the mature mRNA, inducing changes in the length 
of the C-terminal tail, which provide different regulatory and 
trafficking characteristics to the splice isoforms (17‑20). All 
of these alternative-splicing variants have been detected in a 
tissue‑specific gene expression manner, indicating that diver-
sity in PMCA2 expression variants serve an important role 
in Ca2+ signaling in the physiological and disease conditions; 
however, splice sites have only been studied independently 
and for a number of isoforms, these sites have not yet been 
confirmed at the protein level (7,20). Although the expression 
of PMCA2 site A or C splice variants has been described in 
different tissues (18) and breast cancer cell lines (11), there is 
limited knowledge regarding their expression in different types 
of human breast tumor tissues. Previous studies regarding 
tumor cells have identified 2w/b as the most important isoform 
expressed in breast cancer; however, no comprehensive inves-
tigation regarding PMCA2 splice variants has been conducted 
in human breast and breast cancer tissues. In the present study, 
the identification of three PMCA2 splice variants (2w, 2x and 
2z) produced by alternative exon choice in the N-terminal 
region of the protein, and one PMCA2 splice variant (2b) in 
the C-terminal domain in breast cancer tumor and adjacent 
non-tumor tissues of Spanish patients was reported. Relative 
expression levels of the different splice isoforms of PMCA2 
were also associated with estrogen receptor (ER), progesterone 
receptor (PR), human epidermal growth factor receptor 2 
(HER2) and lymph node status, and tumor stage and histo-
logical classification. The data presented in the present study 
indicate variable expression of the different PMCA2 isoform 
mRNAs in breast tumor and normal tissues and highlight the 
relevance of this p-type ATPase in the context of breast cancer 
and the physiology of the breast. 

Materials and methods

Tissue collection and tumor specimens. In total, 85 tumor 
and 69 adjacent non-tumor tissue specimens, obtained from 
85 Spanish patients with primary breast cancer, were examined 
in the present study. Paired tumor and non-tumor tissues 
were available for 69 of the patients with breast cancer. RNA 
samples were obtained from Biobanc de l'Hospital Clínic de 
Barcelona, Institut d'Investigacions Biomèdiques August Pi 
i Sunyer (Barcelona, Spain); however, they were unable to 
provide information regarding age and sex distribution, and 
the data range of recruitment/sample collection. Informed 
consent was obtained from all patients who donated samples 
to this tumor bank. The study protocol was approved by the 
National Research Ethics Committee of the Hospital Clinic 
and the Regional Research Ethics committee of the Madrid 
Community. All tumor tissues were histologically classified 
as ductal or lobular carcinomas by the Biobanc de l'Hospital 
Clínic de Barcelona, Institut d'Investigacions Biomèdiques 
August Pi i Sunyer (Table I). Data on ER, PR and HER2 
receptor status, determined through immunohistochemistry 
conducted by the Biobanc de l'Hospital Clínic de Barcelona, 
Institut d'Investigacions Biomèdiques August Pi i Sunyer, 
were available for 78, 79 and 54 tumor tissues, respectively, 
and were positive in 55, 52 and 36 cases, respectively (Table I). 
For 7, 6 and 31 tumor tissues, no data were available regarding 
ER, PR and HER2 status, respectively. A total of 38 primary 
breast tumor tissues were lymph-node positive and 42 were 
lymph-node negative, with no information available for the 
5 remaining tumor tissues. A total of 24 of the tumor tissues 
were <2 cm, 45 were 2-5 cm and 13 were >5 cm; the size data 
were not available for 3 tumors (Table I). Disease was staged 

Figure 1. Diagram illustrating the structure of human plasma membrane calcium ATPase 2 and its splice isoforms. The protein consists of 10 transmembrane 
domains numbered and indicated in gray tubes. The two alternative splicing sites are depicted in the figure, the splice sites A (N‑terminal domain) and C 
(C-terminal tail) within the regulatory domain (calmodulin-binding domain). The intracellular loop connecting TM4 and TM5 is termed the catalytic loop, and 
contains the phosphorylation and ATP-binding sites. Alternative splicing of human PMCA2 pump at site A located between transmembrane domains 2 and 3 
generates three isoforms w, z and x. At site C three isoforms a, b or c could be generated by alternative splicing in the C-terminal region. Constitutively spliced 
exons are depicted as black boxes and alternatively inserted exons are depicted in white with different patterns. nt, number of nucleotides; N, N-terminal 
domain; C, C-terminal domain. 
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as recommended by the American Joint Committee on Cancer 
based on tumor extension (T), spread to the lymph nodes (N) 
and the presence of metastasis (M) [TNM system, (21)]. A total 
of 18 tumor tissues were classified as stage I, 35 as stage II and 
25 as stage III, and 7 were not staged. 

RNA isolation and cDNA synthesis. RNA samples were 
directly obtained from Biobanc de l'Hospital Clínic de 
Barcelona, Institut d'Investigacions Biomèdiques August Pi i 
Sunyer. RNA was extracted using an RNeasy plus Universal 
Mini kit (Qiagen, Inc., Valencia, CA, USA), according to 

the manufacturer's protocols. RNA integrity and concentra-
tion was determined using an Agilent Bioanalyzer (Agilent 
Technologies, Inc., Santa Clara, CA, USA). cDNA was synthe-
sized at the Universidad Europea de Madrid using Superscript 
III First‑Strand Synthesis SuperMix (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), according to the 
manufacturer's protocols. For cDNA synthesis, 250 ng RNA 
from each sample was used as the starting material. Negative 
RT was performed according to the manufacturer's protocols 
without adding SuperScript™ III enzyme for a set of repre-
sentative samples (3 tumor and 3 adjacent non-tumor tissues). 

Table I. Relative mRNA levels (mean and standard deviation) for the 2w, 2z, 2x and 2b splice isoforms of PMCA2 in breast 
tumor tissue vs. adjacent non-tumor tissue by histological and clinical features. 

 PMCA2 splice isoform
 ------------------------------------------------------------------------------------------------------------------------------------------------
Clinicopathological data 2w 2z 2x 2b

ER statusa     
  Positive (n=55), mean ± SD 4.14±10.96 2.60±5.01 2.22±3.09 3.25±5.52
  Negative (n=23), mean ± SD  3.64±8.08 3.36±4.70 2.42±3.69 2.11±2.50
  P-value 0.048 0.588 0.917 0.977
PR statusa    

  Positive (n=52), mean ± SD 2.69±4.27 1.77±2.64 1.95±2.98 3.45±5.68
  Negative (n=27), mean ± SD 6.38±16.12 4.77±7.19 2.84±3.68 1.81±2.19
  P-value 0.352 0.024 0.215 0.717
HER2 statusa    

  Positive (n=36), mean ± SD 2.62±3.47 1.98±3.0 2.47±3.44 3.90±4.60
  Negative (n=18), mean ± SD 3.11±5.45 2.67±3.52 1.88±2.52 0.175±2.66
  P-value 0.248 0.811 0.378 0.014
Nodal statusa    

  Positive (n=38), mean ± SD 4.18±13.65 2.27±3.82 1.65±2.70 1.75±1.51
  Negative (n=42), mean ± SD 3.47±4.94 3.18±5.65 2.74±3.57 3.74±6.29
  P-value 0.165 0.112 0.054 0.881
Tumor size (cm)b    

  ≤2 (n=24), mean ± SD 3.16±5.39 3.28±6.97 1.97±2.20 4.36±7.78
  2-5 (n=45), mean ± SD 5.09 ± 12.69 2.99 ± 3.96 2.76±3.91 2.46±2.71
  ≥5 (n=13), mean ± SD 0.78±0.66 0.89±0.54 0.89±0.64 1.40±1.50
  P-value 0.100 0.07 0.168 0.476
Histological classificationa    

  Ductal/CDI (n=59), mean ± SD 4.26±11.48 2.58±3.93 1.93±2.89 2.63±5.27
  Lobulillar/CLI (n=26), mean ± SD 2.59±3.35 4.33±9.26 3.44±4.70 4.27±5.76
  P-value 0.285 0.689 0.028 0.006
Tumor stageb    

  I (n=18), mean ± SD 3.40±5.81 3.32±7.81 1.79±2.10 4.09±7.88
  II (n=35), mean ± SD 6.34±14.85 3.14±4.22 3.30±4.47 2.61±3.03
  III (n=5), mean ± SD 1.19±1.35 1.72±2.61 1.13±0.83 1.74±1.48
  P-value 0.515 0.097 0.250 0.796

To compare variables across different categorical clinicopathological characteristics including ER, PR, and HER2 status, lymph node involve-
ment, and explanatory variables, tumor size, histological classification and stage, the non‑parametric Kruskal Wallis test was used, and the 
Mann Whitney U test was used for pairwise comparison. The pathological staging was conducted as recommended by the American Joint 
Committee on cancer [Tumor-Node-Metastasis system (21)]. aMann Whitney U test; bKruskal Wallis test. P<0.05 was considered to indicate 
a statistically significant difference. ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; PR, progesterone receptor; 
PMCA2, plasma membrane calcium ATPase 2; SD, standard deviation; CDI, carcinoma ductal invasive; CLI, carcinoma lobulillar invasive.



ROMERO-LORCA et al:  PMCA2 mRNA ISOFORMS IN BREAST TUMOR TYPES 6953

Design of isoform specific primers. The primers used for 
reverse transcription-polymerase chain reaction (RT-PCR) 
and RT-quantitative PCR (RT-qPCR) were purchased from 
Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). Primer 
sets for RT-PCR were based on published studies of PMCA2 
mRNA expression in different human tissues and breast 
cancer cell lines (6,16,18), and are included in Table II. In the 
present study, pair 5AF-5AR was used for splicing site A and 
pair 8BF‑8BR was used for splicing site C (Table II). These 
primers were gene‑specific and selected to flank the alterna-
tive splicing sites A (2w, 363 bp; 2x, 270 bp; 2y, 320 bp; and 
2z, 228 bp) and C (2a, 584 bp; 2b, 357 bp; and 2c, 529 bp). 
Primers for RT‑qPCR quantification of human PMCA2 mRNA 
were designated using Primer3 software v3.0.1 (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Amplification 
primer sets for qPCR were based on published human PMCA2 
sequences available at www.ensembl.org, and amplicons were 
intron-spanning and 50-152 bp in length. These primers were 
isoform‑specific and selected to flank alternative splice sites 
A and/or C (Table II). Designs were optimized to ensure high 
efficiencies, and verified by generating standard curves using 
serial dilutions of either cDNA or a purified polymerase PCR 
template.

Nomenclature. A naming system was used for full-length 
PMCA molecules described by Chicka and Strehler (19) and 
also was used to label splice variants with the isoform number 
and letter. Accordingly, 2w refers to the ‘w’ splice variant of 
PMCA2, and PMCA2w/b refers to PMCA2 with variant 2w 
at splice-site A and variant 2b at splice-site C. Furthermore, 
PMCA2w refers to PMCA2 with 2w at splice-site A and either 
variant at splice-site C.

RT‑PCR analysis for alternative splicing of PMCA2. RNA 
aliquots of 250 ng were subjected to RT as aforementioned. 
The obtained cDNA (25 µl) was used to assess the PMCA2 
alternative splicing at sites A and C. PCR was performed 
using recombinant Taq DNA polymerase (Invitrogen; Thermo 
Fisher Scientific, Inc.) and 2 mM primers, as previously 
described (6,16,18). For amplification of isoforms PMCA2 
cDNA of site A, following an initial 5 min at 95˚C, amplifica-
tion of 38 cycles consisted of 95˚C for 1 min, 52˚C for 1 min 
and 72˚C for 1 min, and then a final step of 72˚C for 10 min. For 
amplification of isoforms PMCA2 cDNA of site C, following 
an initial 5 min at 95˚C, amplification of 38 cycles consisted of 
95˚C for 1 min, 59˚C for 1 min and 72˚C for 1 min, and then 
a final step of 72˚C for 10 min. The PCR product bands were 

Table II. Primers for PMCA isoforms expression analysis using quantitative polymerase chain reaction analysis and for normal 
reverse transcription‑polymerase chain reaction (RT‑PCR) (5AF‑5AR; 8BF‑8BR).

Splicing isoform site Strand Sequence (5'→3') Amplicon size (bp) Isoform

Oligo name for PMCA-2 Site A    
  1AF Forward GTGTGAAGAAGGGGGATGGC 104 2w
  1AR Reverse CTGCATTTTACCATTGACTAGGCTGG  
  2AF Forward TCAGACTGGCATCATCTTTACCCTCC 80 2x
  2AR Reverse CCTGCATTTTACCTTTTTTGTCTTTCTTCTC  
  3AF Forward GTGTGAAGAAGGGGGATGGC 109 2y
  3AR Reverse CCGTCCTGTTGTTTGGCATTGAC  
  4AF Forward GACAAAAAAGCCAAACAACAGGACGG 73 2z
  4AR Reverse CTCGGCACTCTTGAGGGGCTG  
  5AF Forward TGACTGCTGTGGGTGTG 363 2w
  5AR Reverse CAGCTTGGTGAGCTTGC 270 2x
   320 2y
   228 2z
Oligo name for PMCA-2 Site C    
  6BF Forward GCCCTAGTCGCGTGTCGTTGTCC 77 2a
  6BR Reverse CTAGCCCTGCCCGGCTGACG  
  7BF Forward GGCAGGCAGGCTCACACAGAAG 52 2b
  7BR Reverse CACGACGCGGATCTGTGTCTGG  
  8BF Forward CACCATCCCTACCAGCAGGCT 584 2a
   357 2b
   529 2c
  8BR Reverse GCTCGAGTTCTGCTTGAGCGC  
Housekeeping oligo name    
  9HF Forward TACTTGGATAACTGTGGTAATTCTAGAG 110 18S
  9HR Reverse AGGGGCTGACCGGGTTGG  rRNA

PMCA2, plasma membrane calcium ATPase 2; bp, base pair.
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visualized by electrophoresis on 2% agarose gels for bands of 
site A, and 1.5% agarose for bands of site C using 0.5 mg/ml 
ethidium bromide for UV transillumination. Analysis of bands 
was performed with Image Lab 6.0 software (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). In order to confirm 
the specificity of the PCR products obtained for sites A and C, 
nested PCR was performed. For each PMCA2 isoform, an 
aliquot of the product of the first round of PCR was used 
as template. In the second round of PCR, specific oligos for 
each PMCA2 isoform (Table II) and identical conditions to 
RT‑qPCR quantification were used. The nested PCR product 
bands were visualized by electrophoresis on 3% agarose gels 
using RedSafe for UV transillumination. Analysis of bands 
was performed with Image Lab 6.0 software.

RT‑qPCR for alternative splicing of PMCA2. RT‑qPCR was 
performed in triplicate using a Bio‑Rad CFX96 Real‑Time PCR 
Thermocycler (Bio‑Rad Laboratories, Inc.). Using Bio‑Rad 
CFX Manager 3.0 software (Bio‑Rad Laboratories, Inc.), 
cycle quantifications (Cq) were calculated for each reaction. 
Cycle‑fluorescence growth curves for tumor and non‑tumor 
samples were measured using Bio‑Rad CFX Manager 3.0 
software (Bio‑Rad Laboratories, Inc.). By plotting fluorescence 
against the cycle number, the real-time PCR instrument 
generates an amplification plot that represents the accumulation 
of product over the duration of the entire PCR reaction. All 

samples were assayed in 96-well plates. The results provided 
are based on the means of three experiments. All expression 
data were normalized to 18S ribosomal RNA (rRNA). To 
determine mRNA expression for PMCA2 and 18S rRNA, 
SYBR® Green assays in a final volume of 10 µl/well were 
conducted. The thermocycling conditions for each isoform 
were 95˚C for 30 sec, followed by 38 cycles at 95˚C for 5 sec 
and 65˚C (isoforms: 2b and 2w) or 63˚C (isoforms: 2y, 2x 
and 2z) for 10 sec for all assays. For all reactions quantifying 
18S rRNA, primers were included at 50 nM and were cycled 
in separate plates at a 1:1,000 dilution of total cDNA using 
the same method for each specific target. For melting curve 
analysis, a dissociation step (50˚C for 5 sec, and then increased 
by 0.5˚C every 5 sec until 95˚C) was added. The melting peak 
curve was obtained using Bio‑Rad CFX Manager 3.0 software. 
The change in fluorescence/change in temperature (-ΔF/ΔT) is 
plotted against temperature to obtain a clear view of the melting 
dynamics. Agarose gel electrophoresis of the amplified products 
for all primer sets revealed single bands of the expected size 
(Table II). The bands were extracted using the MinElute Gel 
Extraction kit (Qiagen GmbH, Hilden, Germany; 10 µl final 
volume). An aliquot (3 µl) of purified product was sequenced 
(NZYTech, Lda., Lisbon, Portugal) using the RT-qPCR 
specific primers for each isoform (Table II). Sequences were 
analyzed using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_
LOC=blasthome) and human PMCA2 gene sequence 
information from Ensembl [ATP2B2 ENSG00000157087; 
www.ensembl.org, Ensembl Release 92 (22)]. 

Data and statistical analysis. PMCA2 mRNA RT-qPCR data 
were analyzed using the comparative Cq method. Normalized 
mRNA expression was calculated using the ΔCq method (23) by 
subtracting the mean Cq-value of triplicates of selected isoforms 
from the mean Cq-value of triplicates of the housekeeping gene. 
Additionally, the expression levels of each isoform of PMCA2 
mRNA relative to their expression levels in adjacent non-tumor 
tissues was estimated using the following steps and equations: 
i) Normalized level of mRNA expression of each PMCA 
isoform in all tumor and adjacent non-tumor samples: ΔCq=Cq 
of PMCA2 isoform-Cq housekeeping gene (18S rRNA). 
ii) Relative mRNA expression of each isoform in tumor tissue: 
ΔΔCq=ΔCq tumor sample-ΔCq adjacent non-tumor tissue. 
When no corresponding non-tumor tissue was available, relative 
mRNA expression was calculated vs. a non-tumor tissue sample 
from another patient with the identical tumor type. The relative 
expression (E) of each isoform (mean ± standard deviation) in a 
tumor sample=2(-ΔΔCq), where E>1 indicates over-expression 
and E<1 indicates under-expression. 

The Kolmogorov‑Smirnov test was used to confirm the 
normality of the data. In order to compare variables across 
different categorical clinicopathological characteristics 
including ER, PR and HER2 status, lymph node involvement 
and explanatory variables, including tumor size, histological 
classification and stage, the non‑parametric Kruskal‑Wallis 
test was used and the Mann-Whitney U test was used for pair-
wise comparison. All statistical tests were performed using 
the software package SPSS (version 21; IBM Corp., Armonk, 
NY, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Figure 2. RT-PCR analysis of PMCA2 performed with oligos, as previously 
described, in order to amplify sites A and C isoforms. Total RNA was isolated 
from representative human breast tumor samples and adjacent tissue samples. 
The RT-PCR products for sites A and C were run on 2 and 1.6% electro-
phoresis agarose gels, respectively. RT‑PCR amplifications were performed 
without or with reverse transcriptase. (A) For site A, three PCR amplification 
products were detected in the tumor and non-tumor tissue samples: PMCA2w 
(363 bp), PMCA2x (270 bp) and PMCA2z (228 bp). (B) For site C, one band 
corresponding to PMCA2b mRNA (357 bp) was observed in all the breast 
tissue samples and no other products were detected. The sizes of a number 
of DNA molecular weight markers are depicted. bp, base pairs; n, negative 
PCR control without complementary DNA; N, adjacent tissue samples; T, 
human breast tumor samples; -, without reverse transcriptase; +, with reverse 
transcriptase; RT-PCR, reverse transcription, polymerase chain reaction; 
PMCA2, plasma membrane calcium ATPase 2.
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Results

Characterizing alternative splice variant PMCA2 mRNA 
expression by qualitative RT‑PCR. RT-PCR for PMCA2 
using splice variant-sensitive primers for sites A and C deter-
mined PMCA2 products in tumor and adjacent non-tumor 
samples. A total of 20 samples were analyzed by RT-PCR 
and representative examples of samples for sites A and C 
are depicted in Fig. 2A and B. According to the oligos used 
for amplification, for site A, four RT‑PCR product bands 
(363, 320, 270 and 228 bp) should be observed; however, the 
present tumor and non-tumor samples were determined to 
express three mRNA isoforms [PMCA2w (363 bp), PMCA2x 
(270 bp) and PMCA2z (228 bp)], and it was not possible to 
detect PMCA2y (320 bp) using this technique (Fig. 2A). For 
site C, three RT-PCR product bands (584, 357 and 529 bp) 
should have been detected; however, tumor and non-tumor 
samples primarily expressed PMCA2b (357 bp) mRNA, 
with PMCA2a (584 bp) and PMCA2c (520 bp) not detected 
(Fig. 2B). Bands corresponding to particular PMCA2 
splice variants were then identified by comparing bp sizes 
of the RT-PCR products to those of published expected bp 
sizes (6,16,18).

Product specificity of RT‑qPCR analysis. The expression of 
PMCA2 splice isoforms and of the reference gene (18S rRNA) 
was determined in tumor and non-tumor samples. As an example 

of the RT‑qPCR results, cycle‑fluorescence growth curves for 
each of the splicing isoforms (PMCA2b, PMCA2w, PMCA2z 
and PMCA2x) and 18S rRNA in a number of representative 
samples are depicted in Fig. 3. The PMCA2 splicing isoforms 
exhibited Cq values ranging from 11.05-17.61 for the reference 
gene (18S rRNA), 24.28-34.63 for PMCA2b, 25.36-33.34 
for PMCA2z, 25.58-34.63 for PMCA2x and 23.87-34.72 for 
PMCA2w. In the melt peak analysis, a single homogeneous 
peak for all primer sets was detected (Fig. 4A). Agarose gel 
electrophoresis analysis of the amplified products for all 
primer sets revealed single bands of the expected size (Table II; 
Fig. 4B). Furthermore, the specificity of the PCR products was 
confirmed by a nested PCR for each PMCA2 isoform, where 
single bands of the expected size were observed for each of the 
PMCA2 isoforms (Fig. 5). Sequence data analysis of the qPCR 
products (Fig. 4B) using BLAST verified the identity of each 
of the amplified products as Human ATP2B2 using [Ensemble 
version: ENSG00000157087.18; Ensembl Release 92 (22)]. 
PMCA2b: ATP2B2‑202 ENST00000360273.6, ATP2B2‑205 
ENST00000452124.2 and ATP2B2‑204 ENST00000397077.6; 
PMCA2w: ATP2B2‑202 ENST00000360273.6 and 
ATP2B2‑214 ENST00000645850.1; PMCA2x: ATP2B2‑205 
ENST00000452124.2 and ATP2B2‑215 ENST00000643662.1; 
PMCA2z: ATP2B2‑204 ENST00000397077.6; and Human 
18S rRNA: GenBank: KY962518.1 and Chromosome 21: 
8,437,037-8,437,147 [www.ensembl.org, Ensembl Release 
92 (22)]. 

Figure 3. Representative reverse transcription‑quantitative polymerase chain reaction. The figure depicts cycle‑fluorescence growth curves for the 18S rRNA 
reference gene and for the four plasma membrane calcium ATPase 2 gene isoforms for a portion (20%) of the total tumor and adjacent tissue samples analyzed 
in the present study. Cycle quantification was measured at the quasilinear region of the curve. RFU, relative fluorescence units.
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Differential expression of alternative splicing PMCA2 mRNA 
isoforms in breast tumor tissues, compared with in adjacent 
tissues, by qPCR. mRNA expression levels of PMCA2 splice 

isoforms in the 85 mammary carcinoma tissues and 69 adjacent 
non-tumor tissues were determined by qPCR. These experi-
ments demonstrated that, for site A, the isoforms expressed 
in tumor and adjacent tissues were PMCA2w, PMCA2x and 
PMCA2z. It was not possible to quantify the expression of 
isoform PMCA2y. Table I lists the relative mRNA expression 
levels of the different splice isoforms (PMCA2w, PMCA2z, 
PMCA2x and PMCA2b) recorded in tumor tissues, compared 
with in non-tumor tissues. These experiments confirmed 
that, for site C, the isoform PMCA2b was expressed in tumor 
and adjacent tissues, and it was not possible to quantify the 
expression of the PMCA2a isoform. mRNA levels for the 
different isoforms demonstrated high biological variability 
and increased expression was observed in the breast tumor 
tissues, compared with in adjacent tissues (Table I). 

Associating PMCA2 mRNA levels with the clinical and 
histological characteristics of human breast tumor tissues. 
The expression of PMCA2 splice isoform mRNA was also 
assessed in association with the clinical characteristics of 
the patients, including tumor histological classification and 
size, disease stage, and lymph node involvement (Table I). 
Significant associations were determined between PMCA2 
expression and tumor histology, with PMCA2b expression 

Figure 4. Product specificity of reverse transcription‑quantitation polymerase chain reaction analysis through melting curve analysis. (A) Melting curves for 
the 18S rRNA reference gene and the four PMCA2 gene isoforms depicting single peaks. (B) Subsequently, 3% agarose gel electrophoresis of one representa-
tive tumoral sample resulted in the amplification of a single product of the expected size for the four PMCA2 isoforms and the 18S rRNA reference gene. 
PMCA2, plasma membrane calcium ATPase 2; bp, base pairs; RFU, relative fluorescence units.

Figure 5. Nested PCR for plasma membrane calcium ATPase 2 using specific 
RT‑qPCR oligos revealed single bands of the expected size, confirming the 
specificity of the PCR products: 2w, 152 bp; 2w, 104 bp; 2x, 80 bp; 2z, 73 bp. 
RT-PCR was performed using total RNA isolated from tissue adjacent to the 
tumor (N). For electrophoresis, PCR products were run on 3% agarose gel. 
The sizes of a number of DNA molecular weight markers are depicted. bp, 
base pairs; +, with cDNA; -, without cDNA; RT-qPCR, reverse transcrip-
tion-quantitative polymerase chain reaction.



ROMERO-LORCA et al:  PMCA2 mRNA ISOFORMS IN BREAST TUMOR TYPES 6957

levels being significantly reduced in ductal‑type tumor tissues, 
compared with in lobulillar-type tumor tissues (P<0.006; 
Table I), and PMCA2x expression was significantly increased 
in lobulillar-type tumor tissues, compared with in ductal-type 
tumor tissues (P<0.028). Additionally, non-significant 
associations were demonstrated between PMCA2z expression 
and tumor size (P<0.07). Furthermore, PMCA2x mRNA 
expression was increased in lymph node-negative tumor 
tissues, compared with lymph node-positive tumor tissues, but 
this difference was not significant (P=0.054; Table I). 

Differential expression of alternative splicing PMCA2 mRNA 
isoforms, according to the hormone receptor status. The 
splice PMCA2 isoform mRNA expression was investigated 
in association with the molecular markers of breast cancer 
ER, PR and HER2 status (Table I). Significant associations 
were determined between PMCA2z expression and PR 
status (P<0.024), with significantly increased expression in 
PR-negative tumor tissues, compared with in PR-positive 
tumor tissues. Furthermore, when comparing expression levels 
of mRNA of the PMCA2 isoforms according to the ER status, 
significantly increased PMCA2w expression determined in the 
ER-positive tumor tissues, compared with in the ER-negative 
tumor tissues (P<0.048; Table I) and PMCA2b overexpression 
observed in the HER2-positive tumor tissues, compared with 
in HER2-negative tumor tissues. 

Discussion

In humans, the expression of PMCA2 mRNA is limited to a 
reduced number of tissues, including the brain and mammary 
gland (20). Besides a role in mammary gland physiology, PMCA2 
mRNA levels are elevated in breast cancer cell lines (11,12,24) 
and a number of studies have detected a strong association 
between high PMCA2 mRNA expression and reduced survival 
time (3,14). The present data indicated that PMCA2 mRNA is 
expressed in different types of human breast tumor and adjacent 
non-tumor tissues. Despite high variability in expression levels, 
these were increased in the tumor specimens, compared with in 
adjacent healthy tissue (Table I). The differential expression of 
PMCA2 could induce changes in Ca2+ efflux and this capacity 
has been associated with the diminished sensitivity of cells to 
apoptosis and an enhanced response of cancer cells to prolifera-
tive stimuli (25-28). Following thorough consideration, a cohort 
of Spanish patients with breast tumor types were selected to 
compare the expression levels of PMCA2 splice variants in 
breast tumor and adjacent non-tumor tissues. These were 
then used to examine the relevance of PMCA2 in a context of 
human breast cancer and the physiology of the human breast. 
Currently, the expression of PMCA2 splice isoforms has been 
described in specialized tissues (20,29), including inner ear 
hair cells, the nervous system and the lactating gland. PMCA2 
exhibits the highest binding affinity for calmodulin, but simul-
taneously, in the absence of calmodulin, it exhibits high basal 
activity indicating its importance in specialized cells, where 
there is a requirement to pump Ca2+ at a high rate (30,31). 
Splicing at Site A inserts up to 3 exons and at site C one or two 
exons (Fig. 1), indicating that up to nine different variants may 
be produced by alternative splicing. The present data indicated 
that at least three different PMCA2 mRNA splice variants 

(PMCA2w/b PMCA2z/b and PMCA2x/b) are expressed at 
different levels in a number of subtypes of breast tumor and 
normal breast tissue. This observation is consistent with data 
from rodent and pre-lactation human breast models, indicating 
that PMCA2 is a key pump responsible for Ca2+ efflux from the 
maternal compartment into milk (32-34), but prompts further 
questions due to >1 splice isoform were detected. Previous 
studies regarding the mammary gland in pregnant and lactating 
rats demonstrated that following parturition and during lacta-
tion, total PMCA2 protein expression is upregulated in the 
rat mammary gland due to a predominant increase in the 
PMCA2w/b splice variant (32,34-37), in order to match the 
demands of Ca2+ homeostasis in the mammary gland. This data 
is consistent with functional studies indicating that the 2b splice 
variant has an increased affinity for calmodulin, compared 
with the splice variant 2a (31,32), and the 2w splice option at 
splice site A results in the localization of PMCA2 at apical 
membranes (10,19,38-40). Consistently, high expression levels 
of the PMCA2w/b isoform have been observed on the epithelial 
cell luminal membrane in tissue specimens from a patient with 
breast cancer in the third trimester of pregnancy (41); however, 
we are unaware of the significance and localization of the other 
two isoforms 2z/b and 2x/b detected in this study in the normal 
physiology of the human mammary gland and in breast cancer. 
Previous studies regarding recombinant protein expression have 
indicated that alternative splicing at site A influences the apical 
or basolateral localization of PMCA2, including PMCA2w, 
which is located at the apical membrane, and PMCA2x and 
PMCA2z, which are located at the basolateral membrane, and 
this occurs regardless of whether the COOH terminal splices 
correspond to the 2b or 2a isoforms (19); therefore, it would 
be notable to examine whether the isoforms 2z/b and 2x/b 
are translated into functional proteins. Furthermore, it would 
also be notable to examine the 5'untranslated region (UTR) of 
PMCA2 in humans, due to the four different mice transcrip-
tional start regions being described in this UTR region (36), but 
only two are specifically used to control PMCA2 expression 
in the mammary gland during lactation. PMCA2w/a expres-
sion was not detected in the present human mammary tissue 
samples. This variant results in a truncated form of the pump 
due to the frame shift, which has been detected exclusively in 
the outer hair cells of the inner ear (29).

In the present study, there was a significantly increased 
expression of PMCA2x/b in lobulillar-type tumor tissues, 
compared with in ductal-type tumor tissues (P<0.028). This 
data is similar to recent evidence indicating that lobulillar 
and ductal are two separate subtypes of breast cancer at the 
clinical and molecular level, as demonstrated by different gene 
profiles (42). The detection of high levels of PMCA2 mRNA 
is consistent with the data of previous studies demonstrating 
that PMCA2 overexpression results in the reduced transcrip-
tion activity of nuclear factor of activated T cells (NFAT) in 
breast cancer (2,43). Furthermore, previous studies conducted 
in PC12 cells indicated that NFAT inhibition is involved in the 
regulation of the PMCA2x splice variant (44). These results 
highlighted the complex association that exists between 
PMCA2 and NFAT signaling in breast cancer.

The present results indicated high PMCA2z expression 
in PR‑negative tumor tissues, while PMCA2w was signifi-
cantly overexpressed in ER-positive tumor tissues, indicating 
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differences in tumor characteristics that may be associated 
with hormone levels, impacting the mRNA levels of these two 
variants. In agreement with previous data, the present data also 
demonstrated that PMCA2b was significantly overexpressed in 
HER2-positive tumor tissues (15); therefore, PMCA2b could 
be used as a marker for HER2-positive tumor tissues, which 
have been associated with a poor prognosis (45). A limitation 
of the present study is the lack of availability of clinical data 
on patients with breast cancer. Furthermore, PMCA2x mRNA 
expression was increased in lymph node-negative tumor 
tissues, compared with in lymph node-positive tumor tissues, 
but this difference was not significant (P=0.054); therefore, 
increased PMCA2x expression may be associated with less 
aggressive tumor behavior.

In conclusion, the present data determined the expression 
of a number of splice variants of PMCA2 in breast tumor and 
adjacent tissues, including PMCA2w, PMCA2z and PMCA2x 
for site A, and PMCA2b for site C. Notably, the expression in 
of the PMCA2z and PMCA2x variants, which are primarily 
expressed in brain tissue, was also determined in the breast 
tumor types. The differential distribution and expression of 
PMCA2 splice variants was dependent on hormone receptor 
status and histological classification of the tumor. PMCA2b 
was significantly overexpressed in HER2-positive tumor 
tissues, indicating that high mRNA levels of PMCA2b could 
be a marker of poor prognosis. The present data indicated 
PMCA2 isoform‑specific differences in human breast tissues 
and provides direction for future studies designed to produce 
further insight into the role of the alternative splicing 
isoforms PMCA2w/b, PMCA2z/b and PMCA2x/b in breast 
cancer. 
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