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Abstract
Lysophosphatidic acid (LPA) acts on LPA2 receptor to mediate multiple pathological effects

that are associated with tumorigenesis. The absence of LPA2 attenuates tumor progression

in rodent models of colorectal cancer, but whether overexpression of LPA2 alone can lead

to malignant transformation in the intestinal tract has not been studied. In this study, we

expressed human LPA2 in intestinal epithelial cells (IECs) under control of the villin pro-

moter. Less than 4% of F1-generation mice had germline transmission of transgenic (TG)

human LPA2; as such only 3 F1 mice out of 72 genotyped had TG expression. These TG

mice appeared anemic with hematochezia and died shortly after birth. TG mice were

smaller in size compared with the wild type mouse of the same age and sex. Morphological

analysis showed that TG LPA2 colon had hyper-proliferation of IECs resulting in increased

colonic crypt depth. Surprisingly, TG small intestine had villus blunting and decreased IEC

proliferation and dysplasia. In both intestine and colon, TG expression of LPA2 compro-

mised the terminal epithelial differentiation, consistent with epithelial dysplasia. Further-

more, we showed that epithelial dysplasia was observed in founder mouse intestine,

correlating LPA2 overexpression with epithelial dysplasia. The current study demonstrates

that overexpression of LPA2 alone can lead to intestinal dysplasia.

Introduction
Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths worldwide. CRC
develops through a series of genetic modifications that transform normal colonic epithelium to
an adenoma and the adenocarcinoma. Among the earliest events in the progression of CRC is
loss of the APC gene or activating mutation of β-catenin. Subsequent genetic alterations in
Kras gene, 18q loss of heterozogosity, Smad4, and p53 lead to adenoma-to-carcinoma
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progression [1]. In addition to the genetic instability, the activation of growth factor pathways
is common in the pathogenesis of CRC cells. The activation of Cox-2, epidermal growth factor,
and vascular endothelial growth factor is associated with various stages of CRC development
and the extent of disease progression [2].

Lysophosphatidic acid (LPA) is a small glycerolipid acting on a family of G-protein-coupled
receptor, LPA1-LPA6 and induces growth factor-like effects that regulate cell proliferation, sur-
vival, migration, and secretion of cytokines [3–5]. Among the LPA receptors, elevated expres-
sion levels of LPA2 suggest a considerable pathophysiological relevance to carcinogenesis [6–
9]. LPA2 expression is increased in CRC patients and proportionally increases with the size of
adenomas in ApcMin/+ mice [9, 10]. LPA2 was shown to protect intestinal epithelial cells (IECs)
from chemotherapeutics-induced apoptosis and radiation-induced damage [11, 12]. In addi-
tion, The LPA-LPA2 signaling axis promotes tumor cell proliferation through the activation of
transcriptional factors, such as β-catenin, Kruppel-like factor 5 (KLF5), NF-κB, and hypoxia-
inducible factor 1α (HIF-1α) [13–17]. The expression levels of LPA2 correlates with increased
sizes of adenomas in ApcMin/+ mice, and loss of LPA2 decreased carcinogen-induced colon can-
cer and a mouse model of familial adenomatous polyposis, ApcMin/+ [10, 18].

Elevated expression of LPA2 in several cancers has suggested a causative relationship
between LPA and cancer, but it still remains unclear to what extent LPA2 contributes to cancer
development and progression. Overexpression of LPA receptors as well as LPA-producing
autotaxin in mouse mammary gland resulted in invasive and metastatic mammary cancer [19].
On the other hand, LPA2 overexpression in mouse ovaries did not form spontaneous tumor
albeit elevated vascular endothelial growth factor (VEGF) and urokinase-type plasminogen
activator levels compared to non-transgenic ovaries [20]. The goal of this study is to determine
whether increased LPA2 expression in IECs alone is sufficient to induce spontaneous transfor-
mation in the intestinal tract.

Materials and Methods

Generation of LPA2 transgenic mice
Transgenic (TG) mice overexpressing human LPA2 in IECs were generated by the Emory
Transgenic Core facility. In brief, human LPA2 with a VSVG-tag fused at the N-terminus was
cloned into the MluI/BsiWI sites of pBSKS Villin MES vector [21]. The transgene DNA was
excised with SalI, purified, and injected into the pronuclei of fertilized eggs of C57BL/6J mice.
TG founder (F0) mice were identified by PCR analysis of tail genomic DNA with two sets of
primer pairs. Primer pair A: forward 5’-ATGAACCGCCTGGGTAAGAT-3’ and reverse 5’-
GCCGAGCAGGTAGTAGATGG-3’; primer pair B: forward 5’-TTGTCTTCCTGCTCATGGTG-
3’ and reverse 5’-CTCGGCAAGAGTACACAGCA-3’. Stable LPA2 TG mice (F1) were
obtained by crossing founder mice with wild type C57BL/ 6J mice. Mice were housed in indi-
vidually ventilated cages maintained at 20–22°C with constant humidity (40 ± 10%), a 12 h
light-dark cycle, and free access to regular chow and water. Mice were monitored daily for clin-
ical signs including weight loss, food and water intake, and activity levels. Newly born mice
were genotyped between 8 and 12 days of age. Transgenic F1 mice were smaller in size and
appeared frail. F1 mice were monitored twice daily by the investigators, and resident veterinari-
ans were consulted to postpone weaning by one week to have nursing supports from their
mother. After weaning, F1 mouse was provided with additional supplemental hydration and
nutrient gels. Nonetheless, the mouse had poor feeding without a significant increase in body
weight. The mouse had a low level of physical activity and appeared lethargic, requiring eutha-
nasia. All animals were euthanized by CO2 asphyxiation followed by cervical dislocation. All
efforts were made to minimize animal suffering. All animal experiments were carried out
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under approval by the Institutional Animal Care and Use Committee of Emory University and
in accordance of the NIH Guide for the Care and Use of Laboratory Animals.

Antibodies
Mouse anti-VSVG polyclonal antibody and rabbit anti-NHE3 polyclonal antibody were previ-
ously described [22]. Rabbit anti-KLF5 polyclonal antibody was a kind gift of Dr. Jonathan
Katz (Univ. of Pennsylvania). Rabbit polyclonal anti-Ki67 antibody was obtained from Leica
(Newcastle, UK). Rabbit monoclonal anti-cleaved caspase-3 antibody was obtained from Cell
Signaling Technology (Danvers, MA). Rabbit monoclonal anti-lysozyme antibody and rabbit
polyclonal anti-chromogranin (CgA) antibody were obtained from Abcam (Cambridge, MA).

Immunohistochemistry (IHC)
Immunohistochemical analysis was performed as previously describe with modifications [23].
Mouse intestine sections were flushed with cold PBS, and were fixed overnight in 10% buffered
formalin. Intestinal tissues were paraffin-embedded, and sectioned at 4 μm. Tissue sections
were deparaffinized and dehydrated in a graded series of xylene and ethanol. Antigen retrieval
was achieved by heating the samples in 10 mM citrate buffer, pH 6.0 with 0.05% Tween 20, in a
cooker for 10 min at 125°C. After inhibition of endogenous peroxidase activity by immersion
in 3% H2O2/methanol solution, tissue sections were blocked with goat serum, and incubated
with primary antibody overnight at 4°C. After 3 washes in PBS, sections were incubated with
biotinylated secondary antibody and then with avidin-biotin horseradish peroxidase solution
(Vector Laboratories, Burlingame, CA). Finally, tissue sections were incubated with 0.01%
H2O2 and 0.05% 3,3'-diaminobenzidine tetrachloride. Nuclear counterstaining was accom-
plished using Mayer’s hematoxylin.

Confocal immunofluorescence
Sections were deparaffinized and rehydrated, and antigen unmasking was performed as above.
The fluorescence staining procedures were described previously [23]. Briefly, tissue sections
were permeated with PBS containing 0.2% Triton-X 100 for 10 min, followed by washes. Then
tissue sections were blocked with goat serum, and incubated with anti-VSVG polyclonal anti-
body for 1 h at room temperature. After washes with PBS, sections were incubated with Alexa
Fluor 488-conjugated goat anti–mouse immunoglobulin G (IgG) and Hoechst 33342 for 30
min at room temperature. After washes with PBS, the specimens were mounted with ProLong
Gold Antifade Reagent (Invitrogen) and observed under a Zeiss LSM510 laser confocal micro-
scope (Zeiss Microimaging, Thornwood, NY).

Ki67 and cleaved caspase-3 staining
Rabbit polyclonal anti-Ki67 antibody and rabbit monoclonal anti-cleaved caspase-3 antibody
were used for staining as described above. Proliferating cells were quantified by counting
Ki67-positive cells per crypt. Thirty crypts were quantified in each mouse. The level of apopto-
sis was expressed as percentage of cleaved caspase-3-positive cells over total number of cells
within a field of vision at a magnification of x200. A total of twenty fields were scanned for
each mouse.

Intestinal alkaline phosphatase staining
Tissue sections were stained for endogenous intestinal alkaline phosphatase activity using Vul-
can Fast Red Chromogen kit (Biocare Medical), following manufacturer's recommendations.
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Alcian Blue staining
Deparaffinized tissue sections were incubated in 3% glacial acetic acid solution for 3 minutes,
followed by 20 min incubation in alcian blue solution (1% alcian blue in 3% glacial acetic acid,
pH2.5). Sections were counter stained with Nuclear Fast Red (Sigma) for 1 minute. Goblet cells
were quantified by counting alcian blue positive cells in cross-sectional views of 30 intestinal
villi or 30 colonic crypts per each mouse.

Statistical analysis
Statistical significance was assessed by two-tailed unpaired Student’s t test. Values are
expressed as mean ± standard error of mean (SEM). A P value of< 0.05 was considered statis-
tically significant.

Results

Generation of LPA2 transgenic mice
Transgenic mice were generated using the pBS-KS Villin-LPA2 construct, which contains
human LPA2 gene fused with a VSVG tag at the N-terminus. Seven transgenic founder (F0)
mice were identified by PCR analysis from four independent microinjections into oocytes of
C57BL/6J mice (Fig 1A). Founder mice were backcrossed to C57BL/6J mice to generate prog-
eny. Out of 72 offsprings, only three mice, 2 males and 1 female, showed germline transmission
of the transgene. Two of the three F1 transgenic mice died at the age of 15 days and the remain-
ing mouse was small in size compared with the wild type mouse of the same age and sex, and
appeared anemic with hematochezia. Despite the provision of moisturized chow and gelpacs,
the body weight of the transgenic mouse was only 8.1 g at the age of 35 days compared to an
average weight of 19 g for WT C57BL/6J mice. The transgenic mice were euthanized according
to the guideline by the Emory University Animal Case and Use Committee.

LPA2 transgenic mice show dysplasia in the intestine
Comparison of the entire intestinal tract of the transgenic mice with WT counterparts showed
that the luminal diameter of the intestinal tract was smaller in the TG mice than WT control
although the length was similar. In addition, blood clots were found posterior to cecum consis-
tent with the presence of hematochezia (Fig 1B). Histological analysis showed that the intesti-
nal villi were disarranged and blunted throughout the small intestine. (Fig 2) The epithelial
cells were dysplastic with shorter length. However, the crypt density was not significantly dif-
ferent compared with WT mice. Surprisingly, the alteration in TG colon was markedly differ-
ent from that of TG small intestine. There was an increase in colonic crypt depth, and the effect
was more prominent in the proximal than distal part of the colon. Higher magnification view
of the TG colon revealed that there were hyperplatic changes with mild dysplasia. However,
the overall extent of dysplasia in the distal colon was relatively low and was not consistently
observed.

The transgenic expression of VSVG-LPA2 was confirmed by immunohistochemistry analy-
sis with anti-VSVG antibody. LPA2 expression was detected at the apical and basolateral mem-
branes of the epithelium in both small intestine and colon (Fig 3A). Cytoplasmic staining of
the anti-VSVG antibody was also observed, probably indicating internalized LPA2. Immuno-
fluorescence analysis of small intestinal and colonic tissues using anti-VSVG antibody under
the identical conditions showed that the fluorescence intensity of VSVG is about two-fold
greater in the small intestine than in colon (Fig 3B).
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Altered IEC proliferation and differentiation in LPA2 transgenic mice
To get an insight into the cellular changes induced by the transgenic expression of LPA2, we
initially determined cell proliferation and apoptosis by immunohistochemical staining of Ki67
and cleaved caspase-3, respectively. There was a significant decrease in Ki67-positive cells in
the intestinal crypts of the transgenic mice compared with WT controls (11.5 ± 0.8 Ki67-posi-
tive cells/crypt in TG vs 22.4 ± 1.1 cells/crypt in WT, p< 0.01) (Fig 4A). Moreover, while
Ki67-positive cells continuously labeled the crypts, Ki67-positive cells were spread unevenly
with non-continuous presence of proliferating cells in transgenic crypts. This was a surprising
outcome in light of previous studies that LPA2 induces cell proliferation [14]. In contrast to the
small intestine, transgenic mice had increased numbers of proliferating cells in the colonic

Fig 1. Generation of LPA2 TGmice. (A) Schematic representation of LPA2 TG construct and genotyping of TGmice using two sets of primers are shown.
(B) The entire intestinal tract of LPA2 TG andWTmice are shown. Bar: 1 cm.

doi:10.1371/journal.pone.0154527.g001
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crypts than WT, and Ki67-positive cells extended to the middle of the crypts (13.8 ± 0.95 vs
6.0 ± 0.47, p<0.01), consistent with the hyperplasia in the colon. However, we did not observe
a marked difference in the number of apoptotic cells between transgenic and WTmice (small
intestine, 0.96 ± 0.11% of total cells for TG vs 0.93 ± 0.20% for WT; colon, 0.81 ± 0.06% for TG
vs 0.89 ± 0.13% for WT) (Fig 4B).

Previous studies have shown that LPA2 activates β-catenin in colon cancer cells [13, 14, 17].
Hence, we examined whether β-catenin expression is altered by LPA2 transgenic expression.
Unlike the observation in colon cancer cells, β-catenin expression in transgenic mouse was
similar to that of WT controls (Fig 5). β-catenin was localized to the membrane and nuclear β-
catenin was hardly evident. These results suggest that although LPA2 enhances β-catenin phos-
phorylation in colon cancer cells that harbor a mutation in the Wnt/β-catenin pathway, LPA2

alone is not sufficient to modulate β-catenin in the absence of a predisposing mutation in Wnt
pathway.

Fig 2. TG expression of LPA2 in the intestinal tract results in dysplasia.H&E staining of small intestine (jejunum and ileum) and colon (proximal and
distal) of LPA2 TG andWTmice are shown. Magnification: x100. Right panels show high power images. Bar: 100 μm. n = 3 per group.

doi:10.1371/journal.pone.0154527.g002
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KLF5, a transcription factor enriched in proliferating cells in the crypt compartment of the
intestine, is another target gene regulated by a LPA2-dependent mechanism [14, 24]. Immuno-
histochemical analysis showed the expression of KLF5 in the crypt compartments of WT small
intestine with a gradual decrease toward the villus tip (Fig 6). In comparison, KLF5 expression
was confined to the crypt regions of transgenic mice with infrequent presence above the crypts.
In the colon, KLF5 expression extended past the mid-crypt region compared with WT colon.
Together, these results suggested that overexpression of LPA2 is sufficient to promote IEC pro-
liferation in the colon, but LPA2 overexpression results in dysplasia and inhibits proliferation
of IECs in the small intestine.

Dysplastic appearance of the intestinal epithelium suggests that the differentiation of IECs
might be altered by overexpression of LPA2, which then contributes to intestinal dysfunction.
To investigate the terminal differentiation of IECs in TG mice, we determined intestinal alka-
line phosphatase (IAP) expression. Fig 7A shows reduced IAP activity in the small intestinal

Fig 3. Expression of VSVG-LPA2 in mice. (A) TG VSVG-LPA2 expression in small intestine (SI, left) and colon (right) of LPA2 TG (upper two panels) and
WT (lower panel) mice was determined. Anti-VSVG antibody was used for immunohistochemistry. Magnification: x100. Lower panels showmagnified views
(x400) of the boxed area. WT was used as a negative control. Bar: 100 μm. (B) VSVG-LPA2 expression in the small intestine and colon of TG mice was
assessed by immunofluorescence microscopy. Bar: 100 μm. Images were captured under identical setting to compare the relative expression levels of
VSVG-LPA2 in small intestine and colon. Integrated fluorescence signal intensity was averaged over the area of epithelial cell layer. Lower graph shows the
relative fluorescence signal intensity. *, p < 0.01, small intestine versus colon. n = 3 per group. Statistical analysis was performed using 2-tailed Student’s t
test.

doi:10.1371/journal.pone.0154527.g003
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brush border membrane of TG mice compared with WT control. The IAP gene is only
expressed in differentiated enterocytes of the small intestine, and IEC differentiation was fur-
ther assessed by immunohistochemical analysis of Na+/H+ exchanger 3 (NHE3), which is the
apical membrane transporter that mediates sodium absorption across the luminal surface of
the small intestine and proximal colon [25]. Consistent with reduced IAP activity, NHE3
expression was markedly decreased in LPA2 TG intestine. Additionally, NHE3 staining was
reduced and discontinuous in much of the luminal surface of colon (Fig 7B).

Since the terminal differentiation of absorptive cells is altered in the LPA2 TG intestine, we
next determined whether secretory cell lineage is altered. Fig 8 depicts representative staining

Fig 4. LPA2 overexpression results in opposite effects in the small intestine and colon. IEC proliferation (A) and apoptosis (B) were determined by
immunohistochemical analysis for Ki67 and cleaved caspase-3, respectively. Representative images of TG andWTmice are shownMagnification: x200.
Arrows point to apoptotic cells positive for cleaved caspase-3. Magnification: x200. Bar: 100 μm. Right, Ki67 proliferation and cleaved caspase-3 index are
shown. The number of Ki67+ cells per crypt was quantified from thirty crypts per mouse. The level of apoptosis was expressed as percentage of apoptotic
cells. Twenty fields of vison per mouse were counted. * P < 0.01. n = 3. Statistical analysis was performed using 2-tailed Student’s t test.

doi:10.1371/journal.pone.0154527.g004
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of alcian blue (goblet cells, Fig 8A), lysozyme (Paneth cells, Fig 8B), and CgA (enteroendocrine
cells, Fig 8C). Goblet cell population in TG small intestine was significantly lower compared
with WT (11.0 ± 0.83 cells vs 15.2 ± 1.31 cells per villus, p<0.05). On the other hand, there was
increased number of goblet cells in the TG colon (27.5 ± 1.34 cells vs 18.7 ± 0.80 cells per crypt,
p<0.01). The number of Paneth and enteroendocrine cells was reduced in TG intestinal tract.

Correlation between LPA2 TG expression and dysplasia in the founder
mice
The findings in transgenic mice suggest that the defective IECs are likely cause of early mortal-
ity of transgenic mice and may also explain the low birth rate of transgenic mice such that
some fetus with germline transmission might have died in the womb. Although the founders
appeared normal, the founders were not as fertile as WT mice with a longer duration between
impregnation and infertility in males. Although the extent of LPA2 varied between individual
founder mice, all the animals showed the mosaic pattern of transgenic LPA2 expression in the
intestinal tract (Fig 9). Remarkably, some areas with transgenic LPA2 expression in both small
intestine and colon showed epithelial dysplasia. These observations confirm that transgenic
LPA2 expression is a direct cause of intestinal dysplasia.

Fig 5. LPA2 overexpression does not affect β-catenin expression. β-catenin expression in the small intestine (SI) and colon was compared between TG
andWTmice. Representative images of β-catenin staining are shown.Bar: 100 μm. n = 3.

doi:10.1371/journal.pone.0154527.g005
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Discussion
We have reported the role of LPA2 on tumor progression such that the absence of LPA2 signifi-
cantly decreases tumor burden in the ApcMin and colitis-associated tumor models of colorectal
cancer [10, 18]. Therefore, we hypothesized that TG expression of LPA2 in IEC promotes epi-
thelial cell proliferation while decreasing apoptosis throughout the intestinal tract where the
villin promoter drives human LPA2 expression. TG expression of human LPA2 in the colon
resulted in hyper-proliferation and thickening of the crypt depth. Consistently, increased num-
ber of Ki67-positive cells was observed in the colon. Surprisingly, we found blunting and severe
dysplasia of villi in the small intestine, where cell proliferation was reduced. The underpinning
reason for the discrepancy is not known, but immunofluorescence analysis for VSVG-LPA2

expression showed that the expression levels of TG LPA2 is about two-fold greater in the small

Fig 6. LPA2 overexpression results in opposite effects of KLF5 expression in the small intestine and colon. KLF5 expression in the small intestine
(SI) and colon of TG andWTmice are shown. Magnification: x200. Bar: 100 μm. n = 3.

doi:10.1371/journal.pone.0154527.g006
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intestine. Villin promoter activity and its expression are greater in the small intestine than in
colon [26, 27]. LPA is known to regulate actin cytoskeletal dynamics, which is closely associ-
ated with cell division [28]. Hence, one possibility is that increased LPA2 expression in the
small intestine might alter the rate of cell division through dysregulation of actin cytoskeleton.
Another possibility is that dysplasia in small intestinal epithelia negatively alters cell division.
Future investigation is needed to resolve these possibilities.

Fig 7. Absorptive epithelial cells in LPA2 TG intestinal tract are poorly differentiated. (A) IAP staining in the small intestine was determined by a
chromogenic assay. Red color indicates IAP activity. Magnification: x200. Bar: 100 μm. (B) Immunohistochemically staining of NHE3 on the surface
membrane of the small intestine and colon is shown. In comparison to WT, NHE3 staining in TG intestine was discontinuous and less uniform. Arrows mark
NHE3 label on the membrane. Magnification: x200. Bar: 100 μm.

doi:10.1371/journal.pone.0154527.g007
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Fig 8. Decreased number of Paneth cells and enteroendocrine cells in LPA2 TG intestinal tract.Goblet (A), Paneth (B), and enteroendocrine (C) cells
were identified by Alcian blue, lysozyme, and Chromogranin A expression, respectively. Magnification: x200. Bar: 100μm. Arrow, enteroendocrine cells.
Goblet, Paneth, and enteroendocrine cells were quantified by counting alcian blue-positive, lysozyme-positive, and ChrA-positive cells per villus or crypt,
respectively. Fifty villi or crypts were quantified for each mouse. The graphs show the number of each cell type (mean ± SEM). Statistical analysis was
performed using 2-tailed Student’s t test. * P < 0.05, ** P < 0.01.

doi:10.1371/journal.pone.0154527.g008
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LPA2 promotes proliferation of human colon cancer cell lines, such as HCT116 and
LS174T, which harbor a mutation in β-catenin [13, 14, 17]. Consistently, the absence of LPA2

decreased the activation of β-catenin in the tumors of ApcMin/+mice and azoxymethane/dex-
tran sulfate sodium model of colorectal cancer [10, 18]. Hence, our current observation that
TG LPA2 did not alter β-catenin in IECs suggests that overexpression of LPA2 alone is insuffi-
cient for activation of β-catenin. Current study is in an agreement with the earlier report by us
that the activation of β-catenin in normal-looking IECs of ApcMin/+mice was not affected by
the loss of LPA2 [10]. Together, these studies imply that the LPA-LPA2 cascade does not invari-
ably regulate β-catenin, but rather is dependent on a condition precedent of transformation
that is present in human colon cancer cell lines and adenomatous lesions of ApcMin/+ mice.

Similarly to β-catenin, we observed no significant shift in IEC apoptosis by TG expression
of LPA2. This may appear contradictory to the previous studies [11, 12], but the absence of
LPA2 does not alter IEC apoptosis, indicating that LPA2 does not modulate the survival of
IECs under basal conditions.

LPA2 TGmice were not born in a Mendelian proportion. Out of more than 70 F1 offsprings,
only 3 had germline transmission of the transgene, indicating that either the villin promoter-
driven transgene was not amenable to germline transmission or the LPA2 transgene caused
embryonic morbidity. The former is unlikely based on previous IEC-specific gene expression
using the same promoter [26, 27, 29]. The latter possibility, on the other hand, is in part

Fig 9. LPA2 overexpression correlates with the occurrence of dysplasia in founder mice. TG VSVG-LPA2 expression was determined in founder
mouse (F0) small intestine and colon. Left panels show representative IHC staining using anti-VSVG antibody. Right panels show H&E of serial sections.
Magnification: x200. Insets show a magnified view (x400) of the boxed area. Bar: 100 μm. n = 4.

doi:10.1371/journal.pone.0154527.g009
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supported by the presence of dysplasia in the founder mice. Although the expression of trans-
genic LPA2 did not always result in dysplasia, the overlap between transgenic LPA2 expression
and the presence of dysplasia is clearly noteworthy. The low frequency of germline transmis-
sion of TG LPA2 indicates that overexpression of LPA2 in the intestinal tract obstructs normal
embryonic development. Moreover, three transgenic mice as F1 were frail and had hematoche-
zia, indicating intestinal dysfunction. The latter assumption was further supported by
decreased IAP and NHE3 expression in the apical membrane of IECs. IAP is a brush border
membrane protein, whose expression in in associated with intestinal epithelial cell differentia-
tion [30]. Similarly, NHE3 is expressed on the apical surface of absorptive epithelial cells along
the villus-crypt axis of the small intestine, and on the luminal surface of the colon [25]. In TG
mice, expression of both IAP and NHE3 was discontinuous along the luminal surface, which
implies that terminal differentiation of surface epithelial cells was disrupted, thereby
compromising absorptive functions. It has been reported that LPA modulates cortical neuro-
blast morphology and myeloid differentiation [31, 32], but LPA2-deficiency does not show a
significant effect on mouse intestinal morphology [10, 18]. Interestingly, TG LPA2 decreased
the number of secretory cells with an exception of goblet cell numbers in the TG colon. The
reason for the opposite effect on goblet cells in the small intestine and colon is not clear.
Although the increase in goblet cells in the TG colon correlated with hyperplasia, a parallel
increase in enteroendocrine cell population was not observed, suggesting that hyperplasia
alone cannot account for the increased goblet cell number in the TG colon. We suspect that the
dysplastic transformation by LPA2 overexpression, rather than a direct effect on secretory line-
age, is the cause of the changes in TG mice. The specific effect of LPA on cell lineages within
the intestinal tract requires further investigations using perhaps a more malleable model such
as an inducible TG expression of LPA2.

In summary, we demonstrate that overexpression of LPA2 induces dysplasia in mouse intes-
tine that alter IEC proliferation and differentiation. Although LPA2 overexpression did result
in intestinal malignant transformation, our results reinforce the importance of the LPA-LPA2

axis in homeostatic regulation of IECs and its potential contribution to carcinogenesis in the
intestinal tract.

Acknowledgments
This work was supported by the National Institutions of Health grant DK071597 to C.C. Yun.
M. Yoshida is a recipient of Grants-in-Aid for Scientific Research (KAKENHI, no. 25860552).
We acknowledge the Mouse Transgenic and Gene Targeting Core for generating transgenic
mice and the Winship and Emory Integrated Cellular Imaging Core, which is supported by the
NIH/NCI P30CA138292.

Author Contributions
Conceived and designed the experiments: MY CCY. Performed the experiments: MY PH. Ana-
lyzed the data: MY CCY. Wrote the paper: MY PH CCY.

References
1. Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell. 1990; 61(5):759–67.

PMID: 2188735.

2. Markowitz SD, Bertagnolli MM. Molecular origins of cancer: Molecular basis of colorectal cancer. N
Engl J Med. 2009; 361(25):2449–60. Epub 2009/12/19. 361/25/2449 [pii] PMID: 20018966; PubMed
Central PMCID: PMC2843693.

3. Mills GB, Moolenaar WH. The emerging role of lysophosphatidic acid in cancer. Nat Rev Cancer. 2003;
3(8):582–91. PMID: 12894246.

LPA2 Overexpression Induces Intestinal Dysplasia

PLOS ONE | DOI:10.1371/journal.pone.0154527 April 28, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/2188735
http://www.ncbi.nlm.nih.gov/pubmed/20018966
http://www.ncbi.nlm.nih.gov/pubmed/12894246


4. Moolenaar WH, van Meeteren LA, Giepmans BN. The ins and outs of lysophosphatidic acid signaling.
Bioessays. 2004; 26:870–81. doi: 10.1002/bies.20081 PMID: 15273989

5. Choi JW, Herr DR, Noguchi K, Yung YC, Lee CW, Mutoh T, et al. LPA receptors: subtypes and biologi-
cal actions. Annu Rev Pharmacol Toxicol. 2010; 50:157–86. Epub 2010/01/09. doi: 10.1146/annurev.
pharmtox.010909.105753 PMID: 20055701.

6. Goetzl EJ, Dolezalova H, Kong Y, Hu Y-L, Jaffe RB, Kalli KR, et al. Distinctive Expression and Func-
tions of the Type 4 Endothelial Differentiation Gene-encoded G Protein-coupled Receptor for Lysopho-
sphatidic Acid in Ovarian Cancer. Cancer Res. 1999; 59(20):5370–5. PMID: 10537322

7. Kitayama J, Shida D, Sako A, Ishikawa M, Hama K, Aoki J, et al. Over-expression of lysophosphatidic
acid receptor-2 in human invasive ductal carcinoma. Breast cancer research: BCR. 2004; 6(6):R640–6.
PMID: 15535846.

8. Schulte KM, Beyer A, Kohrer K, Oberhauser S, Roher HD. Lysophosphatidic acid, a novel lipid growth
factor for human thyroid cells: over-expression of the high-affinity receptor edg4 in differentiated thyroid
cancer. Int J Cancer. 2001; 92(2):249–56. PMID: 11291053.

9. Shida D, Watanabe T, Aoki J, Hama K, Kitayama J, Sonoda H, et al. Aberrant expression of lysopho-
sphatidic acid (LPA) receptors in human colorectal cancer. Lab Invest. 2004; 84:1352–62. PMID:
15220934.

10. Lin S, Lee SJ, Shim H, Chun J, Yun CC. The Absence of LPA receptor 2 Reduces the Tumorigenesis
by ApcMin Mutation in the Intestine. Am J Physiol Gastrointest Liver Physiol. 2010; 299(5):G1128–
G38. Epub 2010/08/21. ajpgi.00321.2010 [pii] doi: 10.1152/ajpgi.00321.2010 PMID: 20724530.

11. DengW, S E, Tsukahara R, ValentineWJ, DurgamG, Gududuru V, et al. The Lysophosphatidic Acid
Type 2 Receptor Is Required for Protection Against Radiation-Induced Intestinal Injury. Gastroenterol-
ogy. 2007; 132(5):1834–51. s0016508507005628. PMID: 17484878

12. Rusovici R, Ghaleb A, Shim H, Yang VW, Yun CC. Lysophosphatidic acid prevents apoptosis of Caco-
2 colon cancer cells via activation of mitogen-activated protein kinase and phosphorylation of Bad. Bio-
chim Biophys Acta. 2007; 1770:1194–203. PMID: 17544220

13. Yang M, ZhongWW, Srivastava N, Slavin A, Yang J, Hoey T, et al. G protein-coupled lysophosphatidic
acid receptors stimulate proliferation of colon cancer cells through the {beta}-catenin pathway. Proc
Natl Acad Sci USA. 2005; 102(17):6027–32. PMID: 15837931.

14. Zhang H, Bialkowska A, Rusovici R, Chanchevalap S, Shim H, Katz JP, et al. Lysophosphatidic acid
facilitates proliferation of colon cancer cells via induction of Kruppel-like factor 5. J Biol Chem. 2007;
282:15541–9. doi: 10.1074/jbc.M700702200 PMID: 17430902

15. Lee S-J, No YR, Dang DT, Dang LH, Yang VW, Shim H, et al. Regulation of Hypoxia-inducible Factor
1α (HIF-1α) by Lysophosphatidic Acid Is Dependent on Interplay between p53 and Krüppel-like Factor
5. J Biol Chem. 2013; 288(35):25244–53. doi: 10.1074/jbc.M113.489708 PMID: 23880760

16. Lee S-J, Ritter SL, Zhang H, Shim H, Hall RA, Yun CC. MAGI-3 competes with NHERF-2 to negatively
regulate LPA2 receptor signaling in colon cancer cells. Gastroenterology. 2011; 140:923–34. doi: 10.
1053/j.gastro.2010.11.054

17. Guo L, He P, No YR, Yun CC. Kruppel-like factor 5 incorporates into the beta-catenin/TCF complex in
response to LPA in colon cancer cells. Cell Signal. 2015; 27(5):961–8. doi: 10.1016/j.cellsig.2015.02.
005 PMID: 25683913; PubMed Central PMCID: PMC4361321.

18. Lin S, Wang D, Iyer S, Ghaleb AM, Shim H, Yang VW, et al. The absence of LPA2 attenuates tumor for-
mation in an experimental model of colitis-associated cancer. Gastroenterology. 2009; 136(5):1711–
20. S0016-5085(09)00006-7. doi: 10.1053/j.gastro.2009.01.002 PMID: 19328876

19. Liu S, Umezu-Goto M, Murph M, Lu Y, Liu W, Zhang F, et al. Expression of Autotaxin and Lysopho-
sphatidic Acid Receptors Increases Mammary Tumorigenesis, Invasion, and Metastases. Cancer Cell.
2009; 15(6):539–50. doi: 10.1016/j.ccr.2009.03.027 PMID: 19477432

20. Huang MC, Lee HY, Yeh CC, Kong Y, Zaloudek CJ, Goetzl EJ. Induction of protein growth factor sys-
tems in the ovaries of transgenic mice overexpressing human type 2 lysophosphatidic acid G protein-
coupled receptor (LPA2). Oncogene. 2004; 23(1):122–9. PMID: 14712217.

21. Pinto D, Robine S, Jaisser F, El Marjou FE, Louvard D. Regulatory sequences of the mouse villin gene
that efficiently drive transgenic expression in immature and differentiated epithelial cells of small and
large intestines. J Biol Chem. 1999; 274(10):6476–82. Epub 1999/02/26. PMID: 10037740.

22. Kreis TE. Microinjected antibodies against the cytoplasmic domain of vesicular stomatis virus glycopro-
tein block its tranport to the cell surface. EMBO J. 1986; 5:931–41. PMID: 3013626

23. He P, Zhao L, Zhu L, Weinman EJ, De Giorgio R, Koval M, et al. Restoration of Na+/H+ exchanger
NHE3-containing macrocomplexes ameliorates diabetes-associated fluid loss. J Clin Invest. 2015; 125
(9):3519–31. doi: 10.1172/JCI79552 PMID: 26258413.

LPA2 Overexpression Induces Intestinal Dysplasia

PLOS ONE | DOI:10.1371/journal.pone.0154527 April 28, 2016 15 / 16

http://dx.doi.org/10.1002/bies.20081
http://www.ncbi.nlm.nih.gov/pubmed/15273989
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105753
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105753
http://www.ncbi.nlm.nih.gov/pubmed/20055701
http://www.ncbi.nlm.nih.gov/pubmed/10537322
http://www.ncbi.nlm.nih.gov/pubmed/15535846
http://www.ncbi.nlm.nih.gov/pubmed/11291053
http://www.ncbi.nlm.nih.gov/pubmed/15220934
http://dx.doi.org/10.1152/ajpgi.00321.2010
http://www.ncbi.nlm.nih.gov/pubmed/20724530
http://www.ncbi.nlm.nih.gov/pubmed/17484878
http://www.ncbi.nlm.nih.gov/pubmed/17544220
http://www.ncbi.nlm.nih.gov/pubmed/15837931
http://dx.doi.org/10.1074/jbc.M700702200
http://www.ncbi.nlm.nih.gov/pubmed/17430902
http://dx.doi.org/10.1074/jbc.M113.489708
http://www.ncbi.nlm.nih.gov/pubmed/23880760
http://dx.doi.org/10.1053/j.gastro.2010.11.054
http://dx.doi.org/10.1053/j.gastro.2010.11.054
http://dx.doi.org/10.1016/j.cellsig.2015.02.005
http://dx.doi.org/10.1016/j.cellsig.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25683913
http://dx.doi.org/10.1053/j.gastro.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19328876
http://dx.doi.org/10.1016/j.ccr.2009.03.027
http://www.ncbi.nlm.nih.gov/pubmed/19477432
http://www.ncbi.nlm.nih.gov/pubmed/14712217
http://www.ncbi.nlm.nih.gov/pubmed/10037740
http://www.ncbi.nlm.nih.gov/pubmed/3013626
http://dx.doi.org/10.1172/JCI79552
http://www.ncbi.nlm.nih.gov/pubmed/26258413


24. Nandan MO, McConnell BB, Ghaleb AM, Bialkowska AB, Sheng H, Shao J, et al. Kruppel-like factor 5
mediates cellular transformation during oncogenic KRAS-induced intestinal tumorigenesis. Gastroen-
terology. 2008; 134(1):120–30. doi: 10.1053/j.gastro.2007.10.023 PMID: 18054006; PubMed Central
PMCID: PMCPMC2194652.

25. He P, Yun CC. Mechanisms of the regulation of the intestinal Na+/H+ exchanger NHE3. J Biomed Bio-
technol. 2010; 2010:238080. Epub 2009/12/17. doi: 10.1155/2010/238080 PMID: 20011065; PubMed
Central PMCID: PMC2789519.

26. Cui M, Li Q, Johnson R, Fleet JC. Villin promoter-mediated transgenic expression of transient receptor
potential cation channel, subfamily V, member 6 (TRPV6) increases intestinal calcium absorption in
wild-type and vitamin D receptor knockout mice. J Bone Miner Res. 2012; 27(10):2097–107. doi: 10.
1002/jbmr.1662 PMID: 22589201; PubMed Central PMCID: PMC3430830.

27. Ma K, Malhotra P, Soni V, Hedroug O, Annaba F, Dudeja A, et al. Overactivation of Intestinal SREBP2
in Mice Increases Serum Cholesterol. PLoS ONE. 2014; 9(1):e84221. doi: 10.1371/journal.pone.
0084221 PMID: 24465397

28. Fukushima N, Ishii I, Habara Y, Allen CB, Chun J. Dual regulation of actin rearrangement through lyso-
phosphatidic acid receptor in neuroblast cell lines: actin depolymerization by Ca(2+)-alpha-actinin and
polymerization by rho. Mol Biol Cell. 2002; 13(8):2692–705. doi: 10.1091/mbc.01-09-0465 PMID:
12181339; PubMed Central PMCID: PMCPMC117935.

29. Nguyen HT, Dalmasso G, Torkvist L, Halfvarson J, Yan Y, Laroui H, et al. CD98 expression modulates
intestinal homeostasis, inflammation, and colitis-associated cancer in mice. J Clin Invest. 2011; 121
(5):1733–47. doi: 10.1172/JCI44631 PMID: 21490400; PubMed Central PMCID: PMCPMC3083801.

30. Lallès J-P. Intestinal alkaline phosphatase: multiple biological roles in maintenance of intestinal homeo-
stasis and modulation by diet. Nutr Rev. 2010; 68(6):323–32. doi: 10.1111/j.1753-4887.2010.00292.x
PMID: 20536777.

31. Evseenko D, Latour B, RichardsonW, Corselli M, Sahaghian A, Cardinal S, et al. Lysophosphatidic
Acid Mediates Myeloid Differentiation within the Human Bone Marrow Microenvironment. PLoS ONE.
2013; 8(5):e63718. doi: 10.1371/journal.pone.0063718 PMID: 23696850

32. Fukushima N, Weiner JA, Chun J. Lysophosphatidic acid (LPA) is a novel extracellular regulator of cor-
tical neuroblast morphology. Dev Biol. 2000; 228(1):6–18. doi: 10.1006/dbio.2000.9930
WOS:000165702500002. PMID: 11087622

LPA2 Overexpression Induces Intestinal Dysplasia

PLOS ONE | DOI:10.1371/journal.pone.0154527 April 28, 2016 16 / 16

http://dx.doi.org/10.1053/j.gastro.2007.10.023
http://www.ncbi.nlm.nih.gov/pubmed/18054006
http://dx.doi.org/10.1155/2010/238080
http://www.ncbi.nlm.nih.gov/pubmed/20011065
http://dx.doi.org/10.1002/jbmr.1662
http://dx.doi.org/10.1002/jbmr.1662
http://www.ncbi.nlm.nih.gov/pubmed/22589201
http://dx.doi.org/10.1371/journal.pone.0084221
http://dx.doi.org/10.1371/journal.pone.0084221
http://www.ncbi.nlm.nih.gov/pubmed/24465397
http://dx.doi.org/10.1091/mbc.01-09-0465
http://www.ncbi.nlm.nih.gov/pubmed/12181339
http://dx.doi.org/10.1172/JCI44631
http://www.ncbi.nlm.nih.gov/pubmed/21490400
http://dx.doi.org/10.1111/j.1753-4887.2010.00292.x
http://www.ncbi.nlm.nih.gov/pubmed/20536777
http://dx.doi.org/10.1371/journal.pone.0063718
http://www.ncbi.nlm.nih.gov/pubmed/23696850
http://dx.doi.org/10.1006/dbio.2000.9930
http://www.ncbi.nlm.nih.gov/pubmed/11087622

