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Effect of SLC34A2 gene mutation on extracellular
phosphorus transport in PAM alveolar epithelial cells
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Abstract. A mutation in the IIb sodium phosphate transporter
SLC34A2 gene has recently been described in pulmonary
alveolar microlithiasis (PAM) patients. Experiments in this
study were aimed at confirming the role of the gene product in
PAM by comparing phosphorylated products in extracellular
fluid of alveolar epithelial cells overexpressing the SLC34A2
gene or its mutated version. Eukaryotic expression vectors
were constructed and transfected into A549 human alveolar
epithelial cells. There were three groups of cells including those
transfected with empty vector plasmid pcDNA3.1(+) (plasmid
control group), those transfected with normal SLC34A2 gene
expressed from pcDNA3.1 (normal control group), and those
transfected with a version of the PAM SLC34A2 gene linked
to the pcDNA3.1(+) (PAM group). Transfection efficiencies
were detected by reverse transcription-polymerase chain reac-
tion (RT-PCR). At 48 h after transfection, the concentration
of inorganic phosphorus in the culture medium was detected
using an automatic biochemical analyzer. Our results showed
the concentration of inorganic phosphorus in the supernatant
of the normal control group was significantly lower than that in
the plasmid control and PAM groups (P<0.01), and the concen-
tration in the PAM group was significantly lower than that in
the plasmid control group (P<0.01). Based on our findings it
is possible that the SLC34A2 gene mutation is the cause of
the pathogenic changes observed in PAM patients, given that
the function of the phosphate transporter seems to be affected
and it is conceivable that it would lead to extracellular fluid
alterations in vivo.

Introduction

Pulmonary alveolar microlithiasis (PAM) is a long-term
disease, which progresses slowly, producing a gradual decline
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in lung function. The disease can show a familial distribution in
approximately 38-61% of cases, belonging to the group of auto-
somal recessive genetic diseases (1). X-ray energy dispersive
spectroscopy of the lung suggests that the ratio of phosphorus
to calcium ions in the microlithiasis observed in patients with
PAM is 1:2, which is equivalent to the ratio in calcium phos-
phate and hydroxyapatite, suggesting that the main component
in the microlithiasis is phosphate. The SLC34A2 gene encodes
atype IIb sodium phosphate co-transporter (NaPi-IIb), involved
in the metabolism of inorganic phosphorus in vivo (2).

A ¢575C>A homozygous mutation (T192K phenotype)
has been found in all of three patients of a family affected
by PAM, by sequencing all the exon PCR products of the
SLC34A2 gene, additionally, heterozygous mutations were
found in the parents and children of the patients (3). In order
to further confirm that ¢.575C>A homozygous mutations
cause the functional changes seen in PAM, in this study, we
constructed a eukaryotic expression vector of the SLC34A2
gene and transfected it into human alveolar epithelial cells.
The effects of the SLC34A2 and normal gene expression,
respectively, on the phosphorylation of extracellular fluid by
the alveolar epithelial cells was compared.

Materials and methods

Tissue and cell sources. Normal lung tissues were obtained
from patients undergoing pulmonary bulla resections; PAM
lung tissues were from patients undergoing CT-guided percu-
taneous lung biopsies that belonged to the same family. The
human alveolar epithelial cells A549 were routinely preserved,
recovered, passed and counted for further use in the labora-
tory. The study was approved by the Ethics Committee of the
Second Hospital of Jilin University and informed consents
were signed by the patients and/or guardians.

Construction of an SLC34A2 gene eukaryotic expression
vector. Total RNA extractions from lung tissue samples were
performed with a total RNA extraction kit (RNAiso Reagent,
Takara Bio Inc., Dalian, China). Reverse transcription
synthesis of cDNA was performed using a reverse transcrip-
tion kit (D6110A, Takara Bio Inc.).

Primers and vectors were constructed according to the
SLC34A2 cDNA sequence (accession no. XM_005248129)
included in Genbank, two primers were designed, vector
corresponding restriction endonuclease recognition sites and
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protective bases were added to the 5' end of the upstream and
downstream primers, respectively. The primers were synthe-
sized and purified by the BGI, the iterated words were the
endonuclease recognition sequences. The sequence for the
upstream primer f was 5'-ACGGTACCTAATGGCTC
CTGGCCTGAAT-3, including a Kpnl endonuclease recogni-
tion site and the two protective bases. The sequence for the
downstream primer r was 5-TAGCGGCCGCCTACAAG
GCCGTGCATTCG-3', containing a Notl digestion recogni-
tion site (Fig. 1). The size of the target gene fragment was
2073 bp.

For PCR amplification, the reaction system included 4.0 ul
c¢DNA + 4.0 ul ANTP (100 gmol/l) + 1.5 ul of upstream and
downstream primers (50 ng/ul each) + 0.5 ul Premix Ex Taq
+ 5.0 1 10X PCR buffer (containing magnesium chloride),
adding water to make the total volume reach 50 pl. The reac-
tion conditions consisted of 97°C for 5 min, a total of 30 cycles
of 94°C for 50 sec, 55°C for 55 sec, and 72°C for 60 sec, and
then a final extension at 72°C for 10 min. The amplified
products were analyzed by 2% agarose gel electrophoresis to
determine whether the electrophoretic bands were consistent
with the design.

For extraction of gel purified products, the DNA gel
recovery kit (Takara Bio Inc.) was used. Enzyme digestions
were performed on the pcDNA3.1(+) plasmid (Touching
Technology Co., Ltd., Shanghai, China) using restriction
endonucleases Kpnl and Nofl (Takara Bio Inc.). Ligations
were done using the DNA quick connect kit (Takara Bio Inc.).
Escherichia coli DH5a competent cells (iCloning Beijing
Biotech Co., Ltd., Beijing, China) were prepared and used for
transformations.

Recombinant plasmids were transformed, screened
and extracted using a plasmid DNA kit (DP103; Tiangen
Biochemical Technology Co., Ltd., Beijing, China). The
recombinant plasmid pcDNA3.1(+)-SLC34A2 was digested
with Kpnl and Nofl and 2% agarose gel electrophoresis was
used to visualize the resulting fragments. The recombinant
plasmid pcDNA3.1(+)-SLC34A2 (normal) and pcDNA3.1(+)-
SLC34A2 (PAM) with the target gene was conserved in
glycerol, and sent to Beijing BGI for sequencing.

Cell transfection. For plasmid extractions, 20 ul of bacterial
liquid cultures containing pcDNA3.1(+) plasmid, pcDNA3.1(+)-
SLC34A2 (normal) plasmid and pcDNA3.1(+)-SLC34A2
(PAM) plasmid were inoculated into 100 ml LB medium with
ampicillin, respectively, and incubated overnight for 15 h. The
plasmids were extracted according to the endotoxin free plasmid
DNA Maxi kit (DP117; Tiangen Biochemical Technology Co.,
Ltd.). Liposome-mediated transfections of A549 cells were
performed in three groups: empty vector plasmid pcDNA3.1(+)
transfection (plasmid control group), normal SLC34A2 gene-
linked pcDNA3.1(+) recombinant plasmid transfected (PAM
group), pcDNA3.1(+) plasmid recombined with PAM SLC34A2
gene (PAM group).

The transfection efficiency was detected by reverse tran-
scription PCR (RT-PCR). RNA was extracted using the TRIzol
method (Takara Bio Inc.), cDNA was synthesized with reverse
transcription kit, PCR primers, amplification system and the
conditions were the same as above, products were identified
by electrophoresis.
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Figure 1. Recombinant plasmid SLC34A2-pcDNA3.1(+).

Detection of inorganic phosphorus concentration in culture
medium. After 48 h of co-cultivation, the concentration of
inorganic phosphorus was determined using a Hitachi 3700
automatic biochemical analyzer (Beijing no. 6 plant) using the
phosphorus molybdenum blue colorimetric detection method.
Measurements were repeated three times and average values
were obtained for each experiment.

Statistical analysis. Statistical analysis was performed using
SPSS 20.0 software (SPSS, IL, USA). The measurement data
are expressed as mean + standard deviation. Single factor
ANOVA analysis was used for comparisons among the groups,
and the LSD-t method was used for multiple comparisons.
A P-value of <0.05 was considered to indicate a statistically
significant difference.

Results

RT-PCR results of SLC34A2 gene. The results showed that the
amplified fragments of SLC34A2 gene in normal and PAM
patients were approximately 2000 bp, in agreement with the
expected size for SLC34A2 (Fig. 2).

Construction and identification of recombinant plasmids. The
length of the pcDNA3.1(+) plasmid was 5428 bp, when ampli-
fying SLC34A2 gene, 2 bp of protective bases were added,
the length of the gene was 2075 bp; therefore, the length of
the recombinant plasmid was calculated to be 7503 bp. After
double digestion and electrophoresis, two fragments were
generated. The large fragment was located at approximately
5000 bp, corresponding to the pcDNA3.1(+) plasmid frag-
ment (5428 bp), and the small fragment was at approximately
2000 bp, which corresponded to the PCR product (2075 bp),
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Figure 2. Electrophoresis gel after PCR amplification of SLC34A2 gene.
M, Marker DL5000; lane 1, normal lung tissue; 2, PAM lung tissue.
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Figure 3. Electrophoresis gel after pcDNA3.1(+)-SLC34A2 digestion.
M, Marker DL5000; lane 1, normal lung tissue recombinant plasmid electro-
phoresis results; 2, normal lung tissue recombinant plasmid double digestion
results; 3, PAM lung tissue recombinant plasmid electrophoresis results;
4, PAM lung tissue recombinant plasmid double enzyme digestion results.

indicating that the target gene fragment was successfully
attached to the vector pcDNA3.1(+) (Fig. 3).

RT-PCR results of recombinant plasmid transfected cells.
The results showed that the amplified fragment of SLC34A2
gene in the normal control group and PAM group was both
at approximately 2000 bp, which was consistent with the size
of SLC34A2. The plasmid control group did not contain the
SLC34A2 gene, therefore no electrophoretic band appeared
(Fig. 4).

Determination of inorganic phosphorus concentration. The
concentration of inorganic phosphorus in the supernatant of
the normal control group was significantly lower than that
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Figure 4. Electrophoresis gel after RT-PCR results from recombinant plasmid
pcDNA3.1(+)-SLC34A2 transfected cells. M, marker DL10000; lane 1,
normal control group; 2, PAM group; 3, plasmid control group.
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Figure 5. Determination of inorganic phosphorus concentration in culture
supernatant. “P<0.05 when compared to the plasmid control group. “P<0.05
when compared to the PAM group.

in the plasmid control and PAM groups, and the PAM group
showed significantly lower levels than the control group
(P<0.01) (Fig. 5).

Discussion

The SLC34A2 gene has 12 exons and its total gene fragment
is long (4). In order to clone the complete coding sequence of
the gene, total RNA from lung tissues was extracted, reverse
transcribed with Oligo (dT) and the amplified with specific
primers to obtain the target gene sequence. In this way, we
were able to remove the intron sequences and retain the
complete coding sequence, which was needed to construct the
eukaryotic expression vector in pvcDNA3.1(+). This plasmid
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contains a strong promoter of the cytomegalovirus at its 5' end,
the beginning of the replication site contains also the SV40
promoter, which expresses exogenous genes efficiently in
mammalian cells, the expression of ampicillin and neomycin
resistance genes allowed screening for the positive recom-
binant vector after transformation (4). The identity of our
expression vectors was confirmed by restriction digestion and
sequencing. The human lung adenocarcinoma cell line A549
exhibits characteristics of lung cancer malignant tumor cells
and the phenotype of alveolar type II epithelial cells. The cell
line is commonly used in the study of the occurrence, differ-
entiation and structure and function of normal alveolar type II
epithelial cells (5). Lipofectamine 2000 cationic liposome-
mediated eukaryotic cell transfections are highly efficient, and
the lipofectamine technology is the most widely used transfec-
tion method employed in research these days.

The concentration of inorganic phosphorus in the super-
natant of the normal control group was significantly lower
than that in the plasmid control and the PAM groups, and
the concentration in the PAM group was significantly lower
than that in the plasmid control group. This suggests that the
SLC34A2 gene mutation can reduce the phosphate transport
function in PAM patients, which may be lead to the charac-
teristic pathological changes observed in them. The most
important part of inorganic phosphorus metabolism in the
human body is intestinal, and intestinal inorganic phosphorus
metabolism mainly relies on NaPi-IIb. NaPi-IIb protein shows
a segmental expression in the small intestine. It displays its
most abundant expression in the ileal brush edge, and is little
or almost undetectable in the duodenum and jejunum (6).
Nicotinamide can inhibit the expression of NaPi-IIb in
the brush edge of the jejunum, thereby reducing intestinal
absorption of phosphorus (7); the antiviral drug foscarnet
co-transports with NaPi-IIb in the small intestinal epithelial
cells, competitively inhibiting phosphorus absorption, there-
fore reducing the level of phosphorus (8). The expression of
NaPi-IIb has been detected from the 16.5 days in the ratembryo,
and the expression of NaPi-IIb gets gradually increased during
development in the lung (7). The SLC34A2 gene is expressed
only in type II alveolar epithelium cells in the lungs (8), the
main component of pulmonary surfactant produced by type II
alveolar epithelial cells is dipalmitoyl lecithin. Phosphate is
an important component of phospholipids, phosphate released
by degraded phospholipids can be transported to the cells by
NaPi-IIb in the form of NaH,PO, in the presence of sodium
ions, that is alveolar phosphorus metabolism depends mainly
on the normal function of NaPi-IIb (9,10).

Our results showed that after transfection with the normal
SLC34A2 gene, the resulting cells could more effectively
transport the phosphate from the culture supernatant, causing
the concentration of inorganic phosphorus in the culture
supernatant to be significantly decreased. Furthermore, the
concentrations in the supernatant were significantly lower
than those in the control and PAM groups. Cells with the
PAM mutated SLC34A2 gene expressed from the recombi-
nant plasmid were still able to transport phosphate, therefore
the concentration of phosphate in the medium decreased
compared with that in the plasmid control group, but
increased compared to that in the normal control group. Due
to the SLC34A2 gene exon 6 ¢.575C>A homozygous muta-
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tion in PAM patients, the original threonine is mutated into a
lysine, resulting in a decreased function of the NaPi-IIb. The
mutant transporter results in an impaired phosphate transport
function, the phosphorus ion cannot be completely cleaned
from the alveoli and phosphate is deposited in large quanti-
ties in the alveoli, where it finally combines with calcium ions
to form calcium phosphate (microlithiasis) (11,12). However,
the transporter's function in the mutant is not completely
lost, so PAM patients show no significant clinical symptoms
during childhood and adolescence, when the microlithiasis is
still negligible. During the asymptomatic stages, the alveolar
and lobular septal structure is complete, gas exchange is not
affected, and normal lung function is maintained (13,14). But
with the progress of the disease, calcium phosphate deposi-
tion accumulates, and microlithiasis gradually ensues. When
eventually the entire alveolar cavity is filled, and the alveolar
wall pressure increases, alveolar injury, inflammatory infiltra-
tion, alveolar wall thickening and interstitial fibrous tissue
hyperplasia begins to appear in the alveoli, resulting in a
restrictive ventilatory dysfunction and decreased diffuse func-
tion, leading to gradually deteriorating lung function (15,16).
The identification of genes involved in the development of
PAM has resulted in early and accurate diagnosis of sporadic
cases and the diagnosis of asymptomatic family members
in the PAM family. However, several traditional therapies
developed according to PAM's molecular biology theory have
proved to be ineffective (15). New effective treatments are
sorely needed. For example, the cystic fibrosis transmembrane
regulation treatment may be used for PAM patients in the
future (16). Furthermore, gene therapy methods are expected
to be developed as more reliable information becomes avail-
able, studies like this one contribute to the growing body of
knowledge that should form the basis of such novel approaches.
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